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ABSTRACT: We report the development and scale-up of a continuous flow photochemical benzylic bromination en route to
belzutifan (MK-6482), a small molecule for the treatment of renal cell carcinoma associated with Von Hippel—Lindau syndrome.
Compared with the clinical supply route, the photochemical approach circumvents the need for azo radical initiators and proceeds at
room temperature. Implementation of continuous flow technology allowed tight control of irradiation and residence time, resulting
in a robust process with minimized byproduct formation. This method was selected for the manufacturing process for belzutifan and
represents the first commercial continuous flow photochemical process in our company, laying the foundation for the utilization of

photochemistry in the pharmaceutical industry.
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xploiting the energy of light for the generation of highly

reactive species is the main principle behind photo-
chemistry and photoredox catalysis."” Despite the intrinsic
synthetic value of these approaches, applications in the
pharmaceutical industry have largely been focused on the
early stages of drug development, with very few examples
showing the implementation of photochemistry beyond the lab
scale. In other industries, UV-based photochemical reactions
implemented at scale are more common.”* However, because
of the prevalence of UV-absorbing chromophores in active
pharmaceutical ingredient (API) intermediates, selective
activation of substrates with high intensity UV radiation is
rare. Moreover, the challenges associated with scale-up are
another reason behind the scarcity of photochemical steps in
process chemistry: because of the attenuation of light traveling
through a medium (as described by the Lambert—Bouguer—
Beer law), a scale-up strategy based on the use of increasingly
larger vessels is not straightforward.” The necessity to source,
qualify, and standardize light sources capable of supplying an
adequate photon flux to manufacturing reactors represents an
additional hurdle toward the implementation of photo-
chemistry in a GMP manufacturing environment. To add to
the complexity, operating a photoreactor in a plant setting,
where flammable vapors can exist, requires the implementation
of suitable safety measures and engineering controls. Advances
in reactor design, a deeper understanding of key factors in
reaction scale-up,® and preinvestment in photochemical
capabilities” have in recent years brought us closer to realizing
the potential of photochemical flow processing for future
greener and sustainable manufacturing. Herein we describe the
development and implementation of a continuous flow visible-
light-induced radical bromination process for the commercial
manufacturing process of belzutifan (MK-6482).
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Belzutifan is a first-in-class oral hypoxia-inducible factor-2a
(HIF-2a) inhibitor for the treatment of certain patients with
renal cell carcinoma that received approval by the U.S. Food
and Drug Administration in 2021.%” To bring this important
new medicine to patients with utmost urgency, a robust and
greener commercial manufacturing process for belzutifan was
rapidly developed following its acquisition through the
purchase of Peloton Therapeutics by Merck & Co., Inc,
Kenilworth, NJ, USA in mid-2019.

From a synthetic perspective, belzutifan presents a function-
alized indane core bearing a diaryl ether linkage, a methyl
sulfone and, most notably, three contiguous stereocenters. The
overall commercial manufacturing process, summarized in
Scheme 1, proceeds in nine linear steps from the commodity
raw material 3,4-dihydrocoumarin. The process development
of each step is described in this article (part 2) and the
adjoining series of papers (parts 1'* and 3—6""7'%).

A key transformation in the clinical supply route for
belzutifan comprised a radical benzylic bromination to prepare
bromide 2 utilizing indane 1, 1,3-dibromo-5,5-dimethylhydan-
toin (DBDMH) as the brominating agent, (Azobisisobutyr-
onitrile) (AIBN) as the radical initiator, and dichloromethane
(CH,CL,) as the solvent. The primary drawback of this thermal
approach resided in its sensitivity to temperature. A temper-
ature of 40 °C was necessary to initiate the radical mechanism
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Scheme 1. Overview of the Synthetic Route toward Belzutifan
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Scheme 2. Process Comparison of the Thermal and Photochemical Approaches to Benzyl Bromide 2
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via AIBN decomposition but also impacted the stability of the
product. The inability to rapidly and consistently stop the
radical reaction via cooling on a large scale triggered
uncontrolled overbromination (impurities 3 and 4) and
deketalization (impurity 5) of the desired product, posing
potential batch failure concerns. Moreover, this route required
the isolation of intermediate 2, a compound with poor long-
term stability (see Scheme 2). These safety, environmental,
and quality concerns rendered this route unsuitable for long-
term manufacturing.

To improve the overall robustness and safety of this
synthetic step, we investigated the potential to employ light
as the radical initiator.'”'® On the basis of the absorption
spectrum of DBDMH (see the Supporting Information), we
first attempted to initiate the benzylic bromination of
compound 1 with low-intensity 312 nm light. Room-
temperature irradiation of a mixture of starting material 1

and DBDMH in 1,2-dichloroethane (DCE) afforded full
conversion to the desired product within 1.5 h (Table 1,
entry 1; the lamp had 312 nm as its main emission peak). The
reaction performed similarly in acetonitrile, albeit under more
dilute conditions because of the poor solubility of ketal 1
(Table 1, entry 2). Employment of MeCN also provided the
opportunity to perform the bromination and the subsequent
oxidation step in the same solvent, obviating the need to isolate
bromide 2 with its handling issues.'"”'” Our observation that
both a solution of DBDMH in MeCN and the reaction mixture
turn orange upon irradiation suggests that DBDMH can slowly
release Br,.'® Spectroscopic measurements of the irradiated
reaction mixture showed significant absorption at 450 nm and
good spectral overlap with the absorption profile of Br, (see
the Supporting Information for spectroscopic data). When
blue (i.e, 450 nm) light was employed to initiate the reaction,
the desired product was obtained in excellent yield within 3
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Table 1. Optimization of the Benzylic Photobromination in Batch®

Benzylic
photo-bromination

Desired product

Forms via radical pathway
from Br; in presence of:

Undesired regioisomer;

. | Forms via acid-catalyzed
ionic pathway from Br,

- Light in absence of DBDMH
- DBDMH :
* Br Br
o} (o} H o}
F\©/O (J F\©/O ] F\©/O (J
SO,Me DBDMH (1.05 equiv) SOMe : SO,Me
CN MeCN, CN . CN
1 3 min, r.t. 2 : 6
entry changes from the standard conditions” LCAP‘ of 2 LCAP of 6

1 312 nm light, 1.5 h in DCE? 89 nd.c
2 312 nm light, 1.5 h 89 n.d.
3 none 91 n.d.
4 Br, instead of DBDMH, 450 nm n.d.’ 93
S Br, instead of DBDMH, no light nd.® 92
6 no light n.d.® n.d.®

“All reactions were performed on a 200 mg scale of 1 with 1.05 equiv of DBDMH or Br,. bOptimized conditions are as follows: 200 mg of 1, 1.05
equiv of DBDMH, in 4 mL MeCN. Reaction performed in an M1 Penn photoreactor with 450 nm blue LEDs (3 min of irradiation time total input
3.40 W, 20% intensity, 350 rpm stirring and 5200 rpm cooling fan rate). “Liquid chromatography area percent. 91,2-Dichloroethane. “Not detected.
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Figure 1. In situ LED—NMR spectroscopy experiments. In both panels, the reaction was performed with starting material 1 (30 mM) and 1.05
equiv of DBDMH in CD;CN. For more experimental details, refer to the Supporting Information.

min of irradiation (Table 1, entry 3). Literature reports on the
mechanism of photochemical benzylic bromination with N-
bromosuccinimide (NBS) indicate that NBS can release Br,
and HBr."” Similarly, our data suggest that Br, is the absorbing
species and the brominating agent in our system, with
DBDMH serving as a bromine reservoir. This is also in
accordance with the work of Goldfinger and co-workers, who
identified Br, as brominating agent under similar reaction
conditions.””*" Interestingly, performing the reaction with Br,
in the absence of DBDMH yielded exclusively the undesired
regioisomer 6 (Table 1, entry 4). Our hypothesis for this result
is that in the presence of Br, alone, bromination at the f-
position can occur via an ionic mechanism that does not
involve the formation of a Br radical. This ionic mechanism
requires a catalytic quantity of HBr and proceeds within
seconds upon Br, addition, thus outcompeting the light-driven
radical pathway. An identical result was obtained in the
absence of light (Table 1, entry 5), supporting the idea that the
formation of regioisomer 6 proceeds via the acid-catalyzed

ring-opening equilibrium of the ketal protecting group and
does not require irradiation.

Conversely, in the presence of DBDMH, the ionic
mechanism is suppressed because DBDMH also acts as a
HBr “trap”.””*” The buffering effect of DBDMH prevents the
ring opening of the ketal protecting group. Simultaneously,
irradiation of Br, results in the formation of Br radicals, which
can abstract the benzylic hydrogen in substrate 1, thus yielding
the desired brominated product 2 upon reaction with Br,. A
control experiment with starting material 1 and DBDMH
showed that no product formation was observed in the absence
of irradiation (Table 1, entry 6).

To further probe our mechanistic hypotheses, we monitored
the reaction progress via in situ LED—NMR spectroscopy.23
This technique allows the combination of in situ light
illumination using an optical-fiber-coupled light-emitting
diode (LED) and NMR spectroscopy. Although different
concentrations and irradiation times are required compared
with batch experiments,”* useful knowledge of the species
formed during irradiation can be used to inform process
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Figure 2. (A) Relationship between the Cu content in starting material 1 and the reaction rate. (B) Impact of additives on the reaction rate. In (A)
and (B), the reactions were performed on a 200 mg scale in an Penn Photoreactor M1 with 450 nm blue LEDs (1.05 equiv of DBDMH, S mol %
additive where applicable, total input 3.40 W, 20% intensity, stirring at 350 rpm, and a 5200 rpm cooling fan rate). (C) Absorbance values for a 22-
volume solution of starting material 1 (0.12 M) and 1.05 equiv of DBDMH in MeCN. The comparison is between solutions in the presence and

absence of 5 mol % citric acid monohydrate.

development. Figure 1A shows the concentrations of starting
material 1 and product 2 over time during irradiation. The
reaction profile collected shows an induction period, consistent
with the hypothesis that formation of Br, from DBDMH is
necessary before the reaction can proceed.”> Past full
conversion, the desired product 2 can undergo further radical
bromination to yield gem-dibromo compound 3. In an
experiment where light irradiation of the reaction mixture
was temporally modulated between on and off states (Figure
1B), we observed that the reaction stops in the absence of
light, thus confirming the photoinduced nature of this
transformation. When a catalytic quantity of Br, (5 mol %)
was added to a 200 mg scale batch reaction in the presence of
DBDMH, disappearance of the induction period was observed,
thus supporting the hypothesis that Br, is the photoactive
species in our system and that its generation is the source of
the induction period (for details, see the Supporting
Information).

It is worth noting that overbromination to yield byproduct 3
is also a light-catalyzed process, the impact of which can be
minimized by appropriate control of the irradiation time.
Moreover, on the basis of fate and purge studies in
downstream processing, we established the need to run this
process at consistent conversion levels and to control the
amount of gem-dibromo compound 3. The decision to

specifically control the amount of 3 for product quality
purposes was also driven by the poor stability of 3. Upon
degradation, this side product eliminates HBr and catalyzes the
deprotection of the ketal in the desired product 2. These
considerations support the idea that in order to achieve process
robustness, targeting an ideal conversion window would be of
great importance. The necessity to tightly control both the
reaction and irradiation times, coupled with the practical
aspects of photochemistry on scale, pointed us toward the use
of a flow reactor to perform this transformation.*®

Moving from initial results to process development, we
evaluated the sensitivity of this chemistry toward impurities
and assessed the need to implement adequate control
strategies aimed at mitigating any risks. Because of the use of
stochiometric quantities of copper in the upstream chemistry'’
and the potential for Cu impurities to be present in starting
material 1, we investigated the impact of this metal on the
photobromination reaction rate. The deleterious undesired
impact of transition metals on photochemical radical processes
is a known drawback of such synthetic approaches and often
requires strict purification of starting materials. In our case, we
observed that Cu has a significant impact on the reaction rate,
suggesting that lot-to-lot variability of the Cu impurity level in
starting material 1 may be critical to process robustness.
Subjecting a lot of starting material 1 contaminated with 22
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Figure 3. (A, B) Batch experiments: product LCAP as a function of (A) time or (B) number of photon equivalents. The reactions were performed
on a 50 g scale with 1.05 equiv of DBDMH and S mol % citric acid monohydrate in 22 volumes of MeCN (1.1 L) in a 2 L glass jacketed reactor.
The jacket temperature was set to 20 °C, and the reactor was irradiated with four LED chips (64 or 120 W output power) positioned around the
vessel. (C, D) Stop flow experiments. Reactions were performed on a 50 g scale with 1.05 equiv of DBDMH and S mol % citric acid monohydrate
in 20 volumes of MeCN in an 890 mL plug flow reactor. The jacket temperature was set to 10 °C, and the reactor was irradiated with two LED
panels (150 or 300 W output power) positioned next to the plug flow reactor.

ppm Cu to irradiation in the presence of DBDMH (1.05
equiv) required a reaction time of 20 min to reach full
conversion, as opposed to 3 min in the absence of Cu (Figure
2A, green line vs pink line). To further confirm the relationship
between the Cu content in starting material 1 and the reaction
rate, we spiked a lot of Cu-free starting material with increasing
amounts of CuBr.”” As depicted in Figure 2A, a direct
correlation between the Cu content and the reaction rate was
observed.

While upstream controls were implemented to minimize the
level of residual copper in compound 1, the dramatic influence
at such low levels necessitated further mitigation. Accordingly,
a series of known copper chelators were screened as potential
additives to our system (for a full list of additives tested, see
the Supporting Information). As depicted in Figure 2B, both
ethylenediaminetetraacetic acid (EDTA) and nitrilotriacetic
acid (NTA) emerged as feasible additives to restore an initial
reaction rate comparable to what was observed in the absence
of Cu. Further screening focusing on alkyl compounds with
multiple carboxylic acid moieties allowed us to identify citric
acid and L-tartaric acid as inexpensive and readily available
additives. The positive effect on the reaction rate observed in
the presence of citric acid surpassed what we had observed
with NTA (Figure 2B). This result and the observation that
the absorbance of the reaction mixture at 450 nm increased in
the presence of citric acid monohydrate even prior to
irradiation suggested that this additive favors the generation
of Br, from DBDMH (Figure 2C). An increased initial reaction

rate and disappearance of the induction period in the presence
of 5 mol % citric acid further served to corroborate this
hypothesis (Figure 2C).

With the citric acid additive identified, we determined the
need for an additional control strategy based on the
performance of different lots of starting material 1, which we
attributed to unknown impurities that absorb light at 450 nm.
In contaminated batches, the presence of such impurities
resulted in unproductive photon absorption and the need for
extended reaction times. We thus implemented a carbon
treatment of this substrate (activated carbon, 5—10 wt %
loading relative to starting material 1) and set acceptable
absorption values for the carbon-treated solution of compound
1 (see the Supporting Information for additional information).
This control strategy proved to be effective in standardizing the
reaction performance against lot-to-lot variability.

In parallel to the reaction optimization, various quenches to
prevent the need for isolation of the desired product were
examined. The key goal was to ensure that the quenched
reaction stream could be used directly in the subsequent
synthetic step. This investigation led to the identification of
quenching conditions involving the use of neat 2,6-lutidine and
1,3-dimethoxybenzene. The presence of 2,6-lutidine neutral-
ized any trace of HBr present in the reaction stream, and 1,3-
dimethoxybenzene reacted with any residual electrophilic
bromine (Br*). This approach proved to be useful in
improving the long-term stability of the product in the
reaction stream, which could then be carried into the following
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Reaction scale-up in a PFR: 3.5 kg scale

A Reactor set-up
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Figure 4. Overview of scale-up in a tubular PFR. (A) Photograph of the reactor immersed in a fish tank and irradiated with two LED panels. For
setup details and procedure, see the Supporting Information. (B) Product conversion over time and a table showing an overview of the results.

oxidation step without the need for product isolation (for more
details on the reaction quench and oxidation step, see ref 11).

Having optimized the reaction conditions and the quenching
procedure, we then focused our efforts on scaling this
photochemical process. Previous endeavors by our group had
shown that the number of photon equivalents can serve as an
effective scaling factor to predict photochemical reaction
performance across scales and reactors.’ In other words, as
long as a given reaction operates under a photon-limited
regime and efficient heat and mass transfer are ensured, the
number of photon equivalents necessary to drive the reaction
to full conversion remains the same for every reactor geometry
or photon flux.

This statement can be demonstrated by comparing the
reaction profiles obtained in a 1 L batch reactor irradiated at
different light intensities (i.e,, 64 or 120 W output) (Figure 3).
When the product liquid chromatography area percents
(LCAPs) from different experiments were plotted as functions
of time (Figure 3), poor profile overlap due to the difference in
photon fluxes was observed. Conversely, plotting the product
LCAP as a function of photon equivalents emitted by the light
source® results in good profile overlap (Figure 3).”” In both
instances, delivering 0.8 equiv of photons to this reactor
resulted in the same product yield (90 LCAP), although the
times necessary for those photons to be emitted are different
(7 min at 64 W output vs 3.5 min at 120 W output).

A direct consequence of the higher absorbance of reaction
mixtures containing citric acid is an overall improvement in
productive photon capture by the system. In other words, citric
acid maximizes photon absorbance by increasing the Br,
concentration at the beginning of the reaction, resulting in a
more productive use of photons delivered by the light source
(Figure 2C). This focus on photon capture is especially
relevant when considering the use of a continuous plug flow
reactor (PFR) to further scale up this chemistry, as these
reactors usually rely on the use of small-diameter tubing and
therefore have short path lengths. The tight control of the
irradiation time and the narrow residence time distribution
typical of a PFR are instrumental in ensuring the high
conversion and minimal formation of gem-dibromo impurity 3
required to meet our process purity specifications.

We recently constructed a small-footprint tubular PFR
optimized for increased photon absorption through the
appropriate choice of tubing diameter, light source, and
reactor geometry.”*’ The tubular reactor (8 mm i.d., 890 mL

volume) is housed in a 20.8 L glass aquarium tank and is
irradiated with two panels of LEDs, each consisting of 15 high-
intensity blue LED chips mounted on an aluminum heat sink
(for more details, see the Supporting Information). Employing
this setup, we investigated the photon stoichiometry as well as
the impact of the light intensity on our system. In order to
minimize the amount of materials necessary for the experi-
ment, we employed a stop flow approach.”’

On the basis of the results obtained in the 1 L batch scale-up
(Figure 3B), we anticipated that the same number of photon
equivalents would be necessary to achieve the desired product
LCAP. At power outputs of 150 and 300 W, 0.8 equiv of
photons would correspond to reaction times of 3 and 1.5 min,
respectively. The results obtained were well in line with our
predictions: 0.8 equiv of photons resulted in 88 product LCAP
at both light intensities. The highest product LCAP (89) was
achieved at both light intensities with 1 equiv of photons
(Figure 3D, compared with the batch result depicted in Figure
3B).

Employing the same PFR, we demonstrated this trans-
formation on a kilogram scale in our kilo-lab facility. A solution
of starting material 1, DBDMH, and S mol % citric acid was
prepared and fed into the PFR via a peristaltic pump. With a
residence time of 3.75 min and a 2 X 500 W total power input,
3.25 kg of starting material 1 was converted to the desired
product 2 in approximately 6 h (0.22% 1, 2.2% gem-dibromo
impurity 3, and 88 LCAP 2, corresponding to an assay yield of
94%) (Figure 4; see the Supporting Information for additional
details). Upon exiting the reactor, the reaction stream was
flowed into a second vessel containing a quench solution of
neat 2,6-lutidine and 1,3-dimethoxybenzene. Throughout the
run, temperature control was maintained by water cooling of
both the LED panels and the reactor.

Achieving a productivity comparable to that of the
alternative thermal radical process toward the desired product
2 was an essential requirement to enable the implementation
of this photochemical approach on the manufacturing scale. To
date, attaining productivities in the range of hundreds of
kilograms per day with a continuous flow photochemical
reactor has represented a challenge.”> " With our initial
system, a productivity of 17 kg/day was achieved. To match
the required productivity for this intermediate and to build a
system that can be operated in a manufacturing environment,
we focused our attention on the development of a second-
generation tubular PFR. A tubular reactor (0.83 L, 7.1 mm i.d.)
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Reaction scale-up in pilot plant:
A Reactor set-up

Results overview

- 91 Product LCAP, 93% AY

- 0.09% SM, 2.5% gem-dibromo
- 1.5 min residence time

- 800 W power input

- Productivity 38 kg/day
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Figure S. Overview of scale-up in a tubular PFR in the pilot plant. (A) From left to right: close-up of the tubular reactor in its housing and
surrounded by cooling liquid, the LED skid, and the tubular reactor positioned within the LED skid. (B) Steady-state reaction parameters over
time, including temperatures at different positions, the LED power, and the mass flow rate over an extended run. The batch inlet and outlet
temperatures are the temperatures of the reaction stream upon entering and exiting the flow reactor.

was coiled in a spiral fashion and housed within two glass
plates (Figure SA). The glass plates were connected to form an
enclosure that simultaneously housed the reactor and allowed
for recirculation of cooling fluid. High-intensity LED chips
were mounted on a separate metal enclosure surrounding the
reactor unit (see Figure SA and additional details in the
Supporting Information).

This reactor assembly was employed to convert 50 kg of
starting material 1 to the desired product 2 in our pilot-plant
facility in 32 h of processing time, thus bringing the
productivity of this system to 38 kg/day (Figure SB). Results
similar to those from the preparatory lab scale-up were
obtained (0.09% 1, 2.5% gem-dibromo impurity 3, and 91
LCAP 2, corresponding to an assay yield of 93%, with a
residence time of 1.5 min and a total power input of 800 W;
see the Supporting Information for additional details).
Excellent stability in terms of conversion was observed, and
the temperature and LED performance were maintained
throughout the run (Figure S; see the Supporting Information
for details on the reactor and the setup process flow diagram).

On the basis of the productivity obtained with the pilot-
plant reactor, we estimated that a numbering-up approach with
several of the described reactor units connected in series would
allow us to attain suitable productivity. We thus built a Good
Manufacturing Practice (GMP)-qualified reactor train meeting
all of the safety requirements for operation in a plant setting.
The same reactor units were employed, and each reactor was
irradiated with two LED panels. An inline quench was also
introduced, allowing the rection mixture flowing out of the last

photoreactor unit to be quenched in situ. With this optimized
setup, a productivity of >100 kg/day was achieved (0.03% 1,
2.0% gem-dibromo impurity 3, and 91 LCAP 2, corresponding
to an assay yield of 94%, with a residence time of 3 min).
Multiple successful scale-up campaigns followed these initial
results, and overall, more than 1 ton of the desired product 2
was produced with this photochemical setup and successfully
through-processed into the subsequent oxidation step.
Furthermore, the employment of these new photochemical
reactors provided a solution to the long-standing challenge of
translating bench-scale photochemistry to a manufacturing
setting.

In conclusion, we have described the development of a
photochemical benzylic bromination en route to MK-6482.
This photoflow approach enabled improved safety and
robustness compared with the alternative thermal process. In
situ LED—NMR spectroscopy experiments were used to gain a
better understanding of reaction mechanism and selectivity.
The use of substochiometric citric acid enabled reaction rate
enhancement by decreasing the induction period as well as
alleviating lot-to-lot variability due to parts per million levels of
Cu impurities. Photon stoichiometry was employed as a useful
tool to predict the reaction times at different light intensities
and in different setups. Employing a tubular plug flow reactor,
we demonstrated this chemistry on a multikilogram scale. The
precise control over irradiation and temperature as well as the
narrow residence time distribution afforded excellent selectivity
for the desired product. Technology transfer and further
development culminated in the design of a manufacturing PFR
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tubular reactor that was employed to synthesize product 2
under GMP conditions. In so doing, we have established an
elegant solution to the scale-up of photochemical processes
and expect that the photochemical renaissance of the past 10—
1S years will now pay dividends in the utilization of this
technology in the manufacture of APIs.
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