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Abstract: Flow chemistry was initially used for speed to early-phase material delivery in the development labo-
ratories, scaling-up chemical transformations that we would not or could not scale up batch for safety reasons.
Some early examples included a Newman Kwart rearrangement, Claisen rearrangement, hydroformylation, and
thermal imidazole cyclization. Next, flow chemistry was used to enable safe scale-up of hazardous chemistries
to manufacturing plants. Examples included high-pressure hydrogenation, aerobic oxidation, and Grignard for-
mation reactions. More recently, flow chemistry was used in Small Volume Continuous (SVC) processes, where
highly potent oncolytic molecules were produced by fully continuous processes at about 10 kg/day including
reaction, extraction, distillation, and crystallization, using disposable equipment contained in fume hoods.
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Introduction

In the 1970s and 1980s, Lilly used continuous reactions for large
volume, high throughput processes with challenging chemistries.
One of the drivers was productivity, needed because some of the
products were more than 100 metric tons per year. Another driver
was yield and selectivity. An ozonolysis reaction in a continuous
stirred tank reactor (CSTR), and a cryogenic lithiation, coupling,
and quench in plug flow reactors (PFRs) in series both had higher
yield and better selectivity compared to batch. Subsequently, in the
1990s and early 2000s, there was very little flow chemistry devel-
opment at Lilly. The flow chemistry group was disbanded, as the
subject matter experts focused on enabling more efficient batch pro-
cesses with their automation and process control expertise. Then,
in 2006, a flow chemistry team was reestablished in the Chemical
Process Research and Development department at Lilly. The team
had several quick wins applying continuous processing to the early
phase portfolio, scaling up chemical transformations that they would
not or could not scale up batch for safety reasons, enabling speed
to material production out of the development labs. Indeed, many
others across the industry were using flow chemistry to enable bet-
ter safety for reactions that have extreme exotherms, hazardous
reagents, high pressures, and extreme temperatures.[!l In the early-
2010s, the focus shifted to later stage processes with the goal of
installing continuous chemistries in GMP manufacturing plants.
Again, continuous processing was used for reactions that we would
not or could not scale up batch, primarily for safety reasons. In the
mid-2010s the focus of the continuous process development group
shifted to small volume continuous (SVC) processes. At that time,
a large portion of the portfolio was moving toward highly potent
active pharmaceutical ingredients (APIs) with less than 1 metric ton
per year expected demand, which had the potential to be delivered
using fully continuous processing trains contained in fume hoods,
optionally with disposable equipment.

Speed to Early-phase Material Delivery in the
Development Laboratories

The continuous group first began with a few people dedicating
part of their time, looking for opportunistic applications of flow
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chemistry in the portfolio. The group used continuous reaction to
speed early phase material delivery by enabling safe scale-up of
discovery chemistries, in collaboration with scientists from the
discovery scale-up group.

In 2007, 200 g of S-thiocarbamate 2 (Scheme 1) was needed
for toxicology studies.[?! At smaller scales, the discovery chemis-
try group had been making the S-thiocarbamate by Newman-
Kwart Rearrangement (NKR) neat at 250 °C.B! The Lilly internal
process safety group deemed the process unacceptable for scale-
up. Noting that a NKR utilizing a continuous flow reactor had
been previously reported by Pfizer,¥l the process safety group
recommended flow chemistry. The lab group delivered 200 g of
the S-thiocarbamate using a PFR to run the NKR reaction in su-
percritical DME at 300 °C and 68 bar. DME was chosen because
of solubility and because it simplified workup and isolation. Yield
and purity were higher than for the batch process.
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Scheme 1. Synthesis of S-thiocarbamate 2.

In 2008, 80 g of an early-phase intermediate 4 (Scheme 2) was
needed for toxicology studies.! It had previously been made at
small scale in the discovery chemistry labs using a Claisen rear-
rangementl®l at 220 °C in dipheny] ether solvent in a batch reactor.
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Scheme 2. Synthesis of intermediate 4.
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The chemical hazards lab identified this as potential for run-
away reaction, therefore scale-up of the existing 220 °C batch
reaction was forbidden. However, the reaction was safely scaled-
up by running the Claisen rearrangement at 230 °C in a PFR using
NMP solvent. The safety profile of the flow chemistry was deemed
superior to batch because the PFR had higher heat transfer surface
area per unit volume (A/V), and the fact that the PFR was held at
a constant temperature, as opposed to the batch reactor heating
ramp. In 2008, 170 kg of a branched aldehyde API starting mate-
rial was needed for an early phase campaign. Continuous reaction,
filtration, and multi-stage fractional distillation ran in laboratory
fume hoods at 13 kg/day production rate to generate 178 kg of
highly purified branched aldehyde 6, which was used in a GMP
pilot plant campaign. A 32 L pulsating coiled tube PFR was used
for a hydroformylation reaction in which solids precipitated from
the reaction mixture.!”! The reaction, shown in Scheme 3, used 1:1
CO:H, gas reagent at 68 bar pressure, 55 °C temperature, and
RhH(CO)[PPh,], catalyst, with substrate to catalyst ratio (S/C) =
1000.
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Scheme 3. Synthesis of aldehyde 6.

It was safer to scale-up the process in flow because the gas
supply was physically restricted, the reactor operated nearly com-
pletely liquid filled, the PFR had high A/V, and the reactor was
smaller than batch for the same daily throughput. Downstream
from the reaction, branched aldehyde was separated from linear
aldehyde by-product, and from the catalyst/ligand, by continuous
multi-stage fractional distillation. The desired branched aldehyde
averaged about 97% purity before distillation and 99.5% after.
Product quality from the continuous process was superior when
compared to the batch option, which consisted of a TEMPO-
catalyzed oxidation in methylene chloride solvent. The batch
process generated 128 kg waste per 1 kg product. In contrast, the
continuous process, including purification by fractional distilla-
tion, ran solvent-free and only generated about 1 kg waste per kg
product.

In 2008, an imidazole cyclization reaction was required in the
GMP sequence for an early phase campaign.l®! The reaction is
shown in Scheme 4.
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Scheme 4. Synthesis of imidazole 9.

Imidazoles are common pharmacophores in pharmaceuti-
cal compounds,! and many synthetic approaches are known.[10]
However, in this example the batch reaction by established pro-
tocols did not scale adequately due to polymeric degradation of
both starting material and product in the transitional temperature
regime where the kinetics of polymerization were favored over
cyclization. This phenomenon decreased yield upon scale-up, and
the polymeric material hindered workup and isolation. Compared
to a batch reaction, the flow chemistry overcame these problems
by rapid, precise, scalable heating and cooling times in the high
A/V PFR, and consistent time at the productive reaction tempera-
ture at all scales. 29 kg of GMP intermediate 9 was successfully

produced using a superheated PFR running the imidazole cycliza-
tion in methanol at 140 °C and 60 bar. Methanol was chosen as
the reaction solvent because it simplified workup and isolation.
As part of the development work documented in the thermal cy-
clization paper, Lilly characterized a wide range of PFRs for axial
dispersion, pressure drop, heat and mass transfer, and their impact
on conversion versus distance (see table 10 in ref. [8]).

Lilly’s discovery chemistry scale-up group has continued to
use flow chemistry to enable speed to early material delivery. Two
additional published examples are a [3+2] cycloaddition of ni-
trones at 240 °CIl11 and a SNAr reaction at 200 °C,[!2] both run in
high temperature, high pressure PFRs.

Enabling Safe Scale-up of Hazardous Chemistries to
Manufacturing Plants

Although H, is the most economical and environmentally
friendly reducing agent, high pressure H, reactions pose severe
safety risks and require expensive, high-pressure autoclaves
and explosion bunkers in batch processing. Similarly, O, is the
most economical and environmentally friendly oxidizing agent.
However, the safety hazards of an explosive mixture of organic
solvent with oxygen have stymied the use of aerobic oxida-
tions in pharmaceutical manufacturing facilities, where multi-
use stirred-tank reactors are not designed to mitigate the safety
hazards of aerobic oxidations. Lilly developed coiled tube and
vertical bubble flow pipes-in-series PFRs for continuous high-
pressure gas/liquid reactions that require low catalyst loading,
long reaction times, sufficient heat and mass transfer rates for
reaction times on the order of 5—12 h, with low axial dispersion.
These have enabled high pressure hydrogenations and aerobic
oxidation reactions to run safely in pharmaceutical manufactur-
ing plants.

In 2013, a vertical bubble flow pipes-in-series reactor design
enabled Evacetrapib penultimate 12 production at 2000 kg scale
in GMP manufacturing (Scheme 5).[13]
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Scheme 5. Ir-catalyzed reductive amination to produce 12.

The Ir-catalyzed reductive amination shown in Scheme 5 re-
quired high H, pressures to keep the catalyst loading low enough
for an economically viable process. Remarkably, the hydrogena-
tion at 50 bar H, pressure was categorized as a low-risk operation
by the manufacturing plant. The main reason for the favorable
safety categorical rating was that the PFR operated outside the
building, an aspect that is not realistic in traditional batch pro-
cessing. The continuous reactor, hydrogen supply cylinders, and
hydrogen separation and venting could be located outside for a
PFR because they were always sealed, in contrast to a batch au-
toclave which must be opened periodically. The new reductive
amination synthetic route was lower cost and lower environmental
footprint compared to the previous well-developed route which
utilized a batch sodium triacetoxyborohydride (STAB) process.[!4]
In addition, the previous synthetic route presented challenges of
handling, dispensing and storage of large quantities of STAB. The
batch STAB process also evolved H, during reaction and workup,
which was a safety hazard. Capital cost for the 360 L flow reactor
and supporting infrastructure was €2.5 million, which was at least
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an order of magnitude less than it would have cost to install a new
hydrogenation bunker with batch autoclave capable of the same
overall throughput.

In 2014, the vertical bubble flow pipes-in-series reactor design
was also adopted by Takasago, a world leader in high-pressure
batch asymmetric hydrogenation. They used it for the manufac-
ture of Lilly’s Evacetrapib step 1 direct asymmetric reductive
amination (DARA)!!5] with [RuCl(p-cymene)((S)-XyIBINAP)]Cl
homogeneous catalyst, shown in Scheme 6.
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Scheme 6. Manufacture of Lilly’s Evacetrapib step 1 direct asymmetric
reductive amination (DARA)['Sl with [RuCl(p-cymene)((S)-XyIBINAP)ICI
homogeneous catalyst.

3200 kg of intermediate 16 was produced in a validation cam-
paign. The bubble flow reactor operated at 50 bar H, pressure
and 125 °C. Takasago favored the continuous reaction option be-
cause of high throughput in a small reactor compared to batch. As
part of the DARA process development, alternative PFR designs
were evaluated at research and pilot scale, including coiled tubes,
horizontal pipes in series, and vertical pipes in series.[16] Vertical
pipes in series were selected as the best option because of better
scalability compared to coiled tubes and higher vapor/liquid mass
transfer rates compared to horizontal pipes. Surging was mini-
mized by using Froude number design guidelines taken from the
commodity chemicals industry.[17]

The same type of vertical pipes in series bubble flow PFR is
also effective for aerobic oxidations. Furthermore, synthetically
versatile catalytic aerobic oxidation methods have been developed
using homogeneous Pd catalysts.[!8] Molecular oxygen oxidations
are already used for commodity chemicals,[!1 but multi-product
pharmaceutical manufacturing plants do not have the specialized
capabilities to safely run these reactions. A key to running aerobic
oxidations safely in a multi-use facility is to dilute oxygen with ni-
trogen below the flammability window so that it is not possible to
form explosive mixtures with organic solvents. On the other hand,
the key to reaction performance is to maintain a high enough dis-
solved oxygen concentration to sustain the catalyst cycle, which is
not feasible using dilute oxygen in a batch reactor. Lilly scientists
worked in an academic collaboration to develop continuous pro-
cesses that could run O, oxidations in dilute air.[20!

In 2017, an aerobic Chan-Lam coupling was scaled up to
GMP production in a vertical bubble flow pipes-in-series PFR to
manufacture the penultimate (19) of an API2!1 (Scheme 7).
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Scheme 7. Production of intermediate 19.

Homogeneous reaction conditions were designed for the chal-
lenging C-N coupling. 5% O, in N, served as the reagent gas, en-
suring that reactor compositions would not enter the flammability

window.[22! In the vertical pipes-in-series reactor, 50 bar reactor
pressure maintained sufficient O, partial pressure, multiple stages
in series in the PFR turned over headspace gases quickly, and
continuous flow achieved high enough vapor-liquid mass transfer
rates to minimize decomposition of the homogeneous catalyst.
1231 The pharmaceutical industry is striving for greener process-
es,24 and this is one more step in that direction. The chemistry
in Scheme 7 represents a class of reactions that is notoriously
difficult to scale, but it is enabled by flow chemistry. The work
exemplifies a robust strategy for safe, scale agnostic implementa-
tion of aerobic oxidations in pharmaceutical manufacturing.

For more than 100 years, Grignard reactions have been one of
the most powerful and efficient organic chemistry methodologies
for C—C bond formation.[25] However, Grignard reactions are also
among the most challenging reactions from both operational and
safety perspectives due to initiation difficulties and runaway po-
tential. In 2013, a continuous Grignard formation reaction was run
in a CSTR with sequestered Mg solids. The flow chemistry had
improved safety and purity compared to batch. The reaction is
shown in Scheme 8.[20]

Mg, 2-MeTHF
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Scheme 8. Grignard reaction to produce 22.

Dissolved aryl bromide was continuously pumped into the
reactor containing a large molar excess of activated Mg metal,
while Grignard reagent solution was continuously pumped out.
Solid Mg flakes were sequestered in the reactor. Fresh Mg par-
ticles were added every four hours to match consumption rate.
The freshly added metal rapidly activated as soon as it stirred with
existing Grignard solution without the need for any additional
activating agent. The reaction achieved 99.9% conversion with a
60 minute mean residence time (t) in a single CSTR operating at
41 °C. The two main methods/devices that were used to prevent
solid Mg from exiting the system were the settling pipe inside the
CSTR and the Mg settling trap immediately downstream from the
CSTR. A 100 L Grignard formation reactor, operating at the 45
L fill level, was used to manufacture 4000 L of 0.85 M solution
of 22, which served as an API starting material. Forward pro-
cessing of the Grignard reagent into a Kumada coupling reaction
was done in 8000 L batch vessels. There were significant safety
advantages of running the reaction in a 100 L CSTR instead of an
8000 L batch reactor. The Grignard formation reaction was highly
exothermic, initiation was difficult, and the reaction had runaway
potential; therefore, minimizing the size of the reactor minimized
risk. The continuous Grignard reaction maintained high instan-
taneous magnesium equivalents (4-8 eq) while requiring only
1.04 equivalents of magnesium overall for the campaign, thus
minimizing the amount of Mg to quench at the end, and therefore
minimizing the corresponding liberated H.,.

The commercial route for edivoxetine-HCI presented two ad-
ditional opportunities for converting batch Grignard formation
reactions to continuous: the metallations of compounds 25 and
30 as shown in Scheme 9.

Much of Lilly’s early development work on continuous
Grignard formation reactions in 2008-2011 was done on these
two edivoxetine steps. Lilly manufacturing decided against
scaling-up a benzyl bromide Grignard formation to their 8000-L
facility using traditional batch processing because of safety haz-
ards. However, the continuous Grignard formation reaction was
deemed safe to operate in the same facility, because the Grignard
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Scheme 9. Metallations of compounds 25 and 30 in the production of
Edivoxetine-HCI.

CSTR was much smaller. A portable 100 L CSTR was connected
between 8000 L batch feed and product tanks. The edivoxetine
clinical program ended just before the 8000 L validation campaign
started, but the adoption of the Grignard CSTR paid dividends on
future projects at the same manufacturing site. The formation of
Grignard reagent 26 has also been developed at research and pi-
lot scale to mitigate both the safety hazards and the racemization
potential.[27] In a Barbier process, Grignard reagent formation and
coupling reactions occur simultaneously in a single reactor.[?8! In
addition to a Barbier Grignard CSTR, ketone product 28 solution
was continuously quenched in a second CSTR and continuously
neutralized in a third CSTR in series. The telescoping of three
CSTRs in series minimized racemization, achieving in situ >99%
crude ee, which was significantly higher than the previous well-
developed batch process. Furthermore, by achieving >99% crude
purity, the continuously produced ketone had the potential to be
telescoped into the next synthetic step without the need for ee
upgrade by crystallization. The continuous process was deemed
safer than batch because of smaller reactor size, less diisobutyl-
aluminum hydride initiation reagent, and less Mg quench.[2] As
mentioned above, the edivoxetine program was discontinued be-
fore this process was run in the manufacturing plant; nevertheless,
the Grignard CSTR approach was adopted by Lilly manufacturing
and used for GMP production of another asset, presented below.

Small Volume Continuous (SVC)

Described earlier in this article, a continuous thermal imid-
azole cyclization produced 29 kg GMP intermediate 9 at about 8
kg/day, and a continuous hydroformylation produced 178 kg API
starting material 6 at about 13 kg/day, using only laboratory fume
hoods. By running the reactions, workup, distillation, crystalliza-
tion, and filtration all fully continuous, pilot scale material was
generated without using any large vessels or pilot plant. These
successful proof of concepts in 2008 provided Lilly with incentive
to develop more SVC processes in fume hoods.

In addition, several other things were happening in the 2010s
that were encouraging Lilly and other pharmaceutical companies
to pursue fully continuous processes. Many new investigational
medicines had lower projected volumes, higher potency, and
smaller patient populations relative to historical small-molecule
APIs.[301 Over the past decade, the FDA consistently advocated
for continuous processing in pharmaceutical manufacturing,3!]
which was certainly influential on Lilly’s investments in continu-

ous. An end-to-end SVC process for aliskiren hemifumarate was
published out of the Novartis/MIT partnership in 2013.321 The
Mascia publication and supporting spin-off papers were landmark
documents that helped Lilly and other companies gain internal
support for further investment in continuous processing. Indeed,
pharmaceutical companies like GSK, Novartis, and Pfizer were
all investing in continuous.l33! Academic groups continued to
develop multi-step continuous processes as well. For example,
the Ley group developed multi-step continuous processes using
a combination of solution-based chemistry and reagents on solid
supports.[34 Others were investing in miniaturization of API con-
tinuous production plants the size of refrigerators, for example
the Defense Advanced Research Projects Agency (DARPA).[3]

Next for Lilly, in 2010, 144 kg of advanced intermediate 35
(Scheme 10) was produced in a laboratory hydrogenation bunker
and laboratory fume hoods, including continuous reaction, extrac-
tion, distillation, crystallization, and semi-continuous filtration.
The continuous asymmetric hydrogenation was run in a 73 L
coiled tube reactor operating at 68 bar H, pressure. 3!

P(o-tol),
(t-Buz)oP™ Fe e
=
1) Rh(COD),0Tf, Hy, Zn(OTf),
MeOH, EtOAc, 70 °C
2) aqueous workup

3) solvent exchange to toluene
4) 2-propanol, seed, filter
90% vield, >99.8% ee

Scheme 10. Asymmetric hydrogenation reaction to produce 35.

Enantioselective reduction of tetrasubstituted alkenes is par-
ticularly challenging.[31 Furthermore, Lilly manufacturing had
no existing batch autoclave capable of high enough pressures to
enable low enough catalyst and ligand loading for an economi-
cally viable process. Asymmetric hydrogenation had been done in
continuous reactors in the past,38 so continuous was investigated
as an alternative to investing in batch high-pressure autoclave
capacity. The Lilly group designed an inexpensive, coiled tube
PFR for this homogeneously catalyzed high-pressure asymmetric
hydrogenation. The continuous reaction was followed by con-
tinuous extraction, solvent exchange distillation, crystallization,
and semi-continuous filtration. The continuous crystallization
was accomplished in mixed-suspension, mixed-product removal
(MSMPR) stirred tanks. The crystallization greatly benefitted
from continuous processing because it relied on kinetic rejection
of a chiral impurity. Kinetic impurity rejection was superior in
flow compared to batch because the MSMPRs operated in the
kinetic regime with constant steady state supersaturation.

Lilly manufacturing leadership took special interest in the
continuous lab hood production, recognizing it as an opportu-
nity to expand cytotoxic API capacity in the commercial facility.
Therefore, they requested development of fully continuous wet-
end processes for the final two steps of Tasisulam, a cytotoxic
oncolytic APL.B Shown in Scheme 11, Schotten—Baumann reac-
tion conditions were used for a new telescoped synthetic route
that directly formed the final sodium salt (38) from sulfonamide
36 and acid chloride 37, avoiding intermediate crystallization of
the free acyl sulfonamide.[40]

Cl

®
o cl Na,CO Na o
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36 37 Cl
38

Scheme 11. Schotten-Baumann reaction for the synthesis of 38.
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In 2010, this SVC Schotten—-Baumann reaction, extraction,
distillation, and crystallization process generated 20 kg API at 5
kg/day throughput contained in laboratory fume hoods. The pro-
cess used inexpensive, portable, disposable laboratory glassware,
eliminating potential for cross-contamination to other cytotoxic
APIs. Throughput of 5 kg/day was sufficient for commercial scale
production of this highly potent API. Potential for operator ex-
posure was reduced by keeping the entire continuous process in
fume hoods. Counter-current multi-stage extraction minimized
product loss to the aqueous waste and sufficiently rejected a key
benzoic acid impurity. The flow process also had fewer isolations
and greener reagents and solvents compared to the batch process
alternative.[*!l The Tasisulam program ended before the process
ran in GMP manufacturing, but the SVC capability investment
paid off on other assets, described below.

In 2014, an SVC fume hood production process was designed,
developed, and run in GMP manufacturing to synthesize 24 kg
prexasertib monolactate monohydrate (44, Scheme 12), in this
case a cytostatic oncolytic molecule.[42]
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Solution in formic acid

Scheme 12. Synthesis of prexasertib monolactate monohydrate 44.

As shown in Scheme 12, the first three steps were run continu-
ously, as was the formic acid distillation at the start of the final
step. The manufacturing site only had four fume hoods at the time,
therefore the process was divided up into three individual sections,
holding dissolved intermediates in drums between each continu-
ous run. The final API crystallization, filtration, and drying were
done batchwise. In the continuous flow train, the condensation
reaction to form pyrazole 40 used fewer equivalents of hydrazine
compared to the batch alternative. The commercial scale PFR was
only 1.5 L and contained only 20 g of hydrazine at any time.
Continuous counter-current extraction reduced residual hydrazine
from 6000 ppm to <2 ppm and reduced residual acetic acid and the
deprotected pyrazole impurity, without losing significant amounts
of product to the aqueous layer. This extraction eliminated the
need for isolating the product, which had tested Ames positive and
was potentially genotoxic, while achieving assay yields of 97—
99%. The DMSO solution of 40 was then coupled with pyrazine
41inan S Arreaction, conducted in a PFR at 85 °C. A continuous
crystallization, immediately downstream the S Ar reaction, was
important to the impurity control strategy, as it rejected pyrazine-
related and regioisomeric impurities. The purity of the crystallized
solids from the MSMPRs after the second step was >99.8 area%
by UPLC. Fully automated dual filters, alternating back and forth
once every hour, filtered, washed, and dissolved the intermediate
into the solvent for the next continuous reaction in the sequence,
which eliminated manual handing of the cytostatic intermediate.
A gas-liquid PFR was used for the removal of the Boc group to af-
ford a solution of the API. Nitrogen gas was used to continuously
sweep the CO, and isobutylene from the PFR, which improved
the impurity profile. In the final flow unit operation, formic acid

was reduced to <1 equivalent by stripping, eliminating a cytostatic
formate salt isolation. Overall, the continuous process reduced
waste by 62%, eliminated three isolations, and reduced handling
of potent compounds compared to batch.

After the successful proof of concept for prexasertib, the deci-
sion was made to build a new €35 million facility to do the same
type of continuous SVC processing in fume hoods for other low
volume, highly potent APIs. The new SVC facility included enough
fume hoods and supporting feed vessels to run at least three syn-
thetic route steps simultaneously, including reactions and separa-
tion steps, at about 10 kg per day throughput. The SVC facility was
completed in 2017 and immediately used for GMP production of
204 kg of LY3023414 (50) for clinical trials (Scheme 13, Fig. 2).[43]

The SVC facility was awarded the International Society of
Pharmaceutical Engineering (ISPE) Facility of the Year Award for
Innovation, largely because of the flow chemistry and purification
advantages in the LY3023414 process. The chemistry for the multi-
step flow process is shown in Scheme 13 and ran continuously and
simultaneously. The Grignard reagent was unstable; however, in
flow it was immediately telescoped into the transmetalation. The
more stable zincate intermediate 47 was immediately telescoped
into the Negishi coupling reaction, where it reacted with a quinoline
48. Fig. 2 shows that the continuous process train was composed of 3
PFRs, 3 CSTRs, 3 continuous extractors, 2 continuous evaporators,
3 surge points, 3 MSMPRs in series for anti-solvent and cooling
crystallization, and dual agitated filters. Continuous crystallization
in MSMPRs had been used in the past for non-GMP production of
multi kg quantities of APL[* and for GMP production of multi kg
quantities of API penultimates.[51 A key quinoline dimer impurity
formed at about 1% relative to the API in the Negishi coupling reac-
tion. The dimer impurity had very poor solubility in any of the sol-
vent systems investigated during the batch crystallization develop-
ment. However, the dimer was rejected very well kinetically in the
continuous crystallization. Continuous API crystallization proved
superior to batch for kinetic impurity rejection, and it eliminated
a re-crystallization, because two crystallizations had been required
for reliable rejection of the quinoline dimer impurity in the previous
batch manufacturing campaign. Three on-line HPLCs maintained
quality assurance and quality control for the silylation, Grignard
formation, and Negishi coupling reactions. Disposable PFRs elimi-
nated cross contamination potential from the reactors. Fume hoods
provided process containment for this highly potent oncolytic API.
Numerical modeling was necessary for quantifying overall RTD for
the entire flow train and determining lot genealogy.
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