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ABSTRACT

A significant number of resources are allocated to maintaining the resiliency of
pharmaceutical supply chain as failure to do so thoroughly can result in drug shortages of essential
medicines. Recently, the effects of COVID-19 exacerbated flaws in the current system causing the
pharmaceutical industry and government organizations and to reassess relief strategies that could
also strengthen the supply chain. Flow chemistry has become an attractive and prominent platform
enabling continuous manufacturing (CM) technologies to synthesize active pharmaceutical
ingredients (API) quickly according to demand. Compared to traditional batch chemistry, flow
chemistry has demonstrated to be more robust in terms of throughput, scalability, and hazard
reduction while maintaining a high degree of control and product quality. This work demonstrates
these capabilities in reaction optimization and discovery with the overarching goal of
domesticating CM to make essential medicines more affordable. A two-step process for the
synthesis in diazepam was developed using a Chemtrix Labtrix S1 and Start microfluidic systems
where purities as high as 98% were achieved. The system was successfully scaled up to a larger

system that was able to produce 96% pure diazepam at a 91% vyield.
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CHAPTER 1. INTRODUCTION

1.1 Pharmaceutical Supply Chains

Supply chains of essential goods are essential in maintaining national security and
economy. These networks are comprised of various roles including suppliers, manufactures, and
distributors that help bring a product to the consumer. Safeguards such as resource diversification
and manufacturing redundancy are usually implemented to prevent disruptions that could
otherwise compromise the integrity of a supply chain.! Nevertheless, external pressures like
market demand put a strain on supply chains and can potentially cause a shortage of goods. This
was especially the case during the COVID-19 pandemic as it exposed multiple shortcomings in
the current infrastructure for supply chains in multiple markets including lumber? and computer
chips.® The pharmaceutical market in particular saw heightened demand for multiple drugs.*® This
reinforced the need for the pharmaceutical industry to create robust and resilient supply chains to
deliver quality medicines to patients should another crisis occur.

A typical pharmaceutical supply chain is depicted in Figure 1.1. Initially, suppliers will
gather up raw materials from natural sources where they can be refined into fine chemicals such
as solvents or reagents. These fine chemicals are sold to manufacturers to be employed at different
steps of a drug synthesis. A manufacturer may choose to perform the entire synthesis in-house or
synthesize a key intermediate of an active pharmaceutical ingredient (API1) and have it shipped to
another site; however, implementation of the latter will make the supply chain more complex as it
adds additional steps in the chain. Once the final API is produced and up to purity standards, it is
combined with other benign excipients (e.g. cellulose) into a usable drug product such as a tablet
or injectable. This is the product that gets distributed into the market through healthcare facilities

or other intermediaries for patient use.
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Raw Material Fine Chemical API and Drug Product Market Distribution
Suppliers Manufacturing Manufacturing to Patients

Figure 1.1 Schematic of a pharmaceutical supply chain. Raw materials are transformed into fine
chemicals that are used to synthesize API. The final drug gets distributed to patients.

The susceptibility of pharmaceutical supply chains has been a rising concern in recent years
as there is a growing dependency on international sources due to drug manufacturing jobs
gradually moving outside of the U.S.” The U.S. Food and Drug Administration (FDA) reported
that only 28% of global API manufacturing is done in the U.S. as of 2019.2 Of the remaining 72%,
China and India make up 13% and 18%, respectively, of APl manufacturing and are projected to
increase (Figure 1.2).2 A main contributor as to why foreign countries like China and India are
seeing growth in this field is because of low-cost labor and utilities as well as less stringent
regulations. This incentivizes companies to construct new facilities in these countries thus adding
complexity the drug supply chains and increasing the risk for drug shortages. During the COVID-
19 pandemic, countries limited exports as they were concerned about providing medicines and
other resources to their own citizens thus leading to global shortages of certain essential

medicines.>®°
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Percentage of APl Manufacturing
Facilities Globally by Region

India
u.S.
18% ‘ 28%
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China 26%

13%

Figure 1.2 Percentage of APl manufacturing facility globally by region.®

Drug shortages are a multifactorial issue that can result from complications aside from
foreign outsourcing. For example, supply issues can arise whenever manufacturers are unable or
unwilling to produce enough API to meet a demand. These may include manufacturing problems
like poor quality production, raw materials becoming unavailable or too expensive, or logistical
issues including the aforementioned international dependency.’® Market demand can also
contribute towards a drug shortage. Just-in-time inventory systems schedule production based on
a calculated demand in order to maximize profits; however, unpredictable increases in demand
may occur due to an epidemic or disaster thus throwing off projections and leading to a shortage.®
This is especially detrimental if a buffer stock is not accounted for during production as
manufacturers must quickly produce and distribute the medicines. Ultimately, a drug shortage can
impair a patient’s healthcare as they may be unable to receive proper treatment.

Taking these vulnerabilities into consideration, drug manufacturers may take preventative
measures to avoid possible drug shortages. One tactic is to obtain raw materials from multiple
suppliers instead of a single source.** They may also choose to be more proactive and transparent
in communication with regulatory authorities like the FDA or company shareholders in order to
make more proactive decisions should signs of a potential shortage arise.'? During an ongoing

shortage, a company may ramp up production to meet demand or reallocate their current stock to
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assist areas in more dire need. The FDA may sanction Emergency Use Authorizations upon
performing a risk assessment. This may include being more lenient on quality standards for
medicines with minor defects or increasing the expiratory date of a drug lot. Examples of both of
these latter instances occurred during the height of the COVID-19 pandemic.34

Another innovation that the industry is looking into is advanced manufacturing. This
includes cutting-edge technologies that are able to enhance the quality and production of drugs or
drug products making this a viable option for defense against shortages. Examples of these include
continuous manufacturing (CM) and 3-D printing. Although there is a large upfront cost associated,
these technologies may become advantageous in the long run as medicines can be produced at
lower costs than by traditional means.* Quality can be more precisely controlled and in real-time
given the automated nature of the systems and in-line process analytical technology. Scalability is
also highly flexible which becomes important if production needs to accommodate accordingly to
the unpredictable changes in demand. This, along with the fact that these systems often have a
smaller footprint and environmental factor (E-factor), makes advanced manufacturing an attractive,
economic option that the pharmaceutical industry is beginning to adopt. It is expected that this
technology can restore competitiveness of domestic manufacturing and ensure a more stable
supply of drugs for the U.S. market.® Ongoing research and development efforts into new
applications of advanced manufacturing has ramifications to bolster the resiliency of

pharmaceutical supply chains.

1.2 Continuous Flow Chemistry

An advanced manufacturing platform that has gained traction within industry and academia
is CM via flow chemistry. When compared to batch chemistry, both methods are analogous in the
sense that parameters such as reaction time and temperature can be manipulated; however, flow
chemistry differs from traditional batch chemistries as chemical transformations occur as the
materials travel through reactor channels as opposed to being stirred in a flask or vat. This unique
platform offers its own unique advantages compared to batch such as improved mixing, control,
safety, atom economy, and heat transfer (Figure 1.3).15” These may optimize a reaction in flow
by inducing a higher yield, enhancing volume-time output, reducing E-factor, and improving cost
efficiency. Additionally, flow chemistry can be used to screen reactions and possibly achieve

reactions that are otherwise difficult or not possible in batch.182
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Batch Reactors Flow Reactors
* Operation versatility » Improved process
+ Simple and flexible control and quality
reconfiguration * Reduced waste and
* Basic and familiar safety hazards
design « Smaller equipment
footprint
» Flexible scalability
* Responsive to drug

K / K shortages /

Figure 1.3 Comparison of benefits between batch and flow reactors.

While flow may have advantages over batch, it should be noted that flow is not always the
preferred method. For example, systems that require a stoichiometric amount of a solid reagent
would be more suitable in a batch reactor as the solid may clog the flow reactor channels. In a
similar vein, reactions that generate a precipitate also have a propensity of fouling a flow reactor.
Heterogeneous systems can be achieved in flow via installation of a packed bed reactor. These will
typically contain a solid catalyst or resin to drive a reaction forward or to clean up any impurities.
The solids may need to be exchanged with new unreacted solid or have to undergo a reactivation
process to maintain reactivity. A batch set-up is also a familiar design, and some may prefer its
simplicity over flow.

The pharmaceutical industry is starting to see a shift towards CM. Vertex became a pioneer
with their cystic fibrosis treatment Orkambi as it was the first drug to have a CM process approved
by the FDA in 2015.22 The following year, Janssen switched production of Prezista, an HIV
antiviral, from batch manufacturing to CM where it was also approved by the FDA.?? Currently,
the FDA has approved 6 drugs that are produced using CM with more anticipated to come (Table
1.1). Drugs like remdesivir have been investigated in flow chemistry to mitigate risks associated
with hazardous reagents while maintaining tight control of reaction parameters at a large scale.?
In the academic sphere, an MIT group designed a reconfigurable CM platform to synthesize 5
essential generic APIs as part of an effort towards the Pharmacy on Demand initiative.?* These

endeavors support the growing trend of CM and may lead to more resistant pharmaceutical supply
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chains whether it encourages companies to produce drugs domestically or have effective platforms

to meet demand rapidly and accurately.

Table 1.1 List of drugs currently approved by the FDA for CM.Y

Orkambi i g )
(Lumacaftorflvacaftor) Vertex Pharmaceuticals July 2015 Cystic fibrosis
Pre2|sta_1 Janssen Pharmaceuticals April 2016 HIV
(Darunavir)
Verzenio -

o —— Eli Lilly & Co. September 2017 Breast Cancer
Symdeko/Symkevi . P
(Tezacaftor/lvacaftor) Vertex Pharmaceuticals February 2018 Cystic fibrosis

Daurismo . Acute myeloid
(Glasdegib) Pfizer Inc. November 2018 leukemia (AML)
Trikafta (Elexacaftor/ Vertex Pharmaceuticals October 2019 Cystic fibrosis

Tezacaftor/lvacaftor)

Flow reactions conducted as a part of this work were achieved mainly using a Chemtrix
Labtrix S1 reactor (Figure 1.4). This system is fitted with five syringe pumps whose flow rates can
be controlled through a computer with proprietary software. The syringes can dispense solutions
through a glass microreactor chip that is positioned on a Peltier block where the temperature can
also be controlled by software. The final solution is dispensed through a stainless-steel needle. The
flow system can also be fitted with a back pressure regulator (BPR) so that reactions requiring
higher pressures can be achieved. This is especially useful for volatile solvents or reagents.

The main utility of this system lies in its ability to screen multiple reaction conditions in one
automated experiment making it ideal for Design of Experiments (DoE). For example, variables
such as temperature, residence time, stoichiometry, and flow rate of a specific reaction can be
quickly evaluated by testing two or more variables at a time thus rapidly optimizing for highest
yield or cleanest impurity profile. The installed carousel can hold up to 30 HPLC vials at a time
which can be used to collect fractions of a reaction at different timepoints or conditions which can
be analyzed with instrumentation such as LC-MS.

Microfluidic experiments were not just limited to the S1 system as we were able to

telescope two reactions using a Labtrix Start reactor. While the Start system is primarily just a chip
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holder with a Peltier block, reagents mounted on the S1 system can be directed into the reactor

chip situated in the Start system where it can flow into the second reactor in the S1 system. It is

also possible to use off-line syringe pumps; however, the ability to automate the flowrates of those

pumps is lost as they are not connected to the Chemtrix software.

1.3
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Figure 1.4. Depiction of Chemtrix Labtrix Start and S1 microfluidic reactors. Labtrix Start
(bottom left) and S1 (right) systems were used for reaction discovery and optimization.
Reactor holder (middle) and microreactor chip (top left) are also visualized. Images were
gathered from Chemtrix company website.
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CHAPTER 2. DEVELOPMENT OF AN EFFICIENT HIGH PURITY
CONTINUOUS FLOW SYNTHESIS OF DIAZEPAM

This chapter was originally submitted for publication in Frontiers in Chemical Engineering:
Nicholas, R.J.; McGuire, M.A.; Hyun, S.-H.; Cullison, M.N.; Thompson D.H., Front. Chem. Eng.,
2022, in review.

2.1 Introduction

The stability and reliability of drug supply chains are crucial for maintaining quality patient
care. Unfortunately, there are multiple factors that contribute to supply chain fragility and rapid
changes in market demand, leaving manufacturers unable to adequately respond with their current
infrastructure and production processes.! This liability is further compounded by the just-in-time
inventory systems that are practiced by multiple pharmaceutical companies in order to keep waste
and inventory costs low.? The U.S. Food and Drug Administration (FDA) has been encouraging
the pharmaceutical industry to pursue continuous manufacturing (CM) to address the supply chain
issue by providing greater responsiveness, robustness, and higher product quality as opposed to
batch processes.® In a striking example of the responsiveness possible, CM enabled the controlled
encapsulation of mRNA in lipid nanoparticles at unprecedented speeds to successfully distribute
millions of COVID-19 vaccines globally at the height of the pandemic.*

Continuous flow synthesis of various active pharmaceutical ingredients (APIs) by academic
and industrial groups has been well documented.>° One API of interest is diazepam, a fast-acting
anxiolytic, that is considered an essential medicine by the World Health Organization!® and is
among the top 200 drugs prescribed in the U.S.1! Unfortunately, diazepam is a drug that is very
susceptible to shortages and may contribute to price and/or demand increase of other
benzodiazepines when in short supply.'? Developing a robust, scalable CM process for diazepam
is timely given the upward trends in prescription rates'®!# making it a worthy target for process
optimization.

Various publications document the continuous synthesis of diazepam in two key steps: N-
acylation and sequential substitution/cyclization reactions, starting from 5-chloro-2-
(methylamino)benzophenone (1) (Figure 2.1a and 2.1b). Previously, our group used high
throughput experimentation to identify conditions for the synthesis of diazepam.'® Using a toluene
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and methanol solvent system, they were able to achieve 70% pure diazepam using a microfluidic
reactor. Adamo et al. engineered a process as part of their reconfigurable manufacturing platform
where they dissolved their reagents in NMP to produce 78% of crude target API according to
HPLC analysis.’® The collected API was obtained in 94% vyield. This same process was
implemented in a subsequent publication by Rogers et al. describing the production of 2800 dose
equivalents that met USP standards.!” Collins et al. developed an automated platform called
AutoSyn to synthesize API.18 For their two-step synthesis of diazepam, they collected a 96% yield
with 81% pure API with the other 19% being reaction intermediate 3b. Bédard et al. focused on
eliminating waste in their flow process to improve the E-factor.*® While they were only able to
obtain a 55% yield, they reduced the E-factor of the method first reported by Adamo et al. from
36 to 9, primarily by using 2-MeTHF, a solvent immiscible with water, instead of NMP to enable

in-line aqueous extractions without needing extra solvent.
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Figure 2.1 Summary of the transformation of 5-chloro-2-(methylamino)benzophenone to
diazepam. A) Scheme of the two-step synthesis of diazepam 4 from benzophenone 1. N-
Acylation with an acid chloride occurs in Stage 1. Stage 2 includes a nucleophilic substitution
with ammonia followed by an intramolecular cyclization. B) Summary of relevant literature
where authors performed a two-step diazepam synthesis in continuous flow. C) Scheme of our
optimized synthesis of diazepam in flow 49 where we obtained highly pure API directly from the
process stream.

Given the wide range of yields and purities, we anticipated that there was potential to
improve upon the published flow syntheses for diazepam. Ewan et al. and Collins et al. both report
high yields; however, their impurity profiles indicate that intermediate 3a/b did not fully react and
was present in their final products. Rogers et al. noted that the downstream liquid-liquid extraction
work-up led to yield deterioration since the product adsorbed to the membranes of the in-line phase
separators. We sought to maximize starting material and intermediate conversion to produce a high

quality API by increasing recovery from a simplified work-up. For this reason, we wanted to avoid
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high boiling protic solvents since many of them are miscible with water and require high energy
inputs for their removal by distillation. While it was not a top priority, we also considered methods
for improving the safety of the flow process. Amination reactions in flow are commonly performed
with 7N NHs in MeOH at high temperatures. Ammonia vapors will escape unless the system is
kept under high pressure,?’ thus posing a potential manufacturing safety risk upon process
upscaling.

With these considerations in mind, we sought to improve upon the reported methods by
optimizing parameters such as retention time, temperature, solvent, and ammonia source using
Chemtrix microfluidic chip reactors. We also evaluated methods for increasing reaction rates and
improving chemoselectivity. The inclusion of propylene oxide as an HCI scavenger in Stage 1
improved the conversion of 1 into 3a instead of the less reactive side product 3b. We also
discovered that saturated solutions of NH4Br dissolved in 30% NH4OH were able to convert 3a
into 4 using moderate temperatures without a back pressure regulator (BPR) (Figure 2.1c). As a
result of these efforts, we were able to develop a more efficient and simplified telescoped process
that fully converts 1 into 98% pure diazepam in 30% yield using a microscale system and up to
91% pure diazepam in 96% isolated yield with and upscaled system before final recrystallization
in EtOH.

2.2 Methods

5-Chloro-2-(methylamino)benzophenone, propylene oxide, bromoacetyl chloride, 7N
NHs/MeOH solution, triethylamine (TEA), N,N-diisopropylethylamine (DIPEA), 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), 2,6-lutidine, Na2COs, 28-30% NH4OH solution, NH4OAc,
and NH4Br were purchased from MilliporeSigma and were used without further purification.
Diazepam HPLC standard was also obtained from MilliporeSigma and used as supplied. Toluene,
ethyl acetate (EtOAC), N-methylpyrrolidone (NMP), ethanol (EtOH) and HPLC grade acetonitrile
(ACN) were supplied by Fisher Scientific and used as received.

HPLC chromatograms were acquired using an Agilent 1200 Series HPLC with a G1315B
Diode Array Detector. Samples were analyzed on a ZORBAX Eclipse XDB-18 column (5 pm
particle size, 4.6 x 150 mm) at 20°C. The mobile phase consisted of a 40:40:20 ACN:H.0:MeOH
solvent system flowing at 0.5 mL/min. UPLC chromatograms were obtained using an Acquity
UPLC H-class PLUS system with a CORTECS C18+ column (1.6 um particles, 2.1 x 100 mm)
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and an Acquity QDa Mass Detector for LC-MS. A 2.1 x 5 mm CORTECS VanGuard Pre-Column
was installed preceding the analytical column. *H and **C NMR spectra were obtained using a
Bruker Avance IlI-HD (500 MHz) instrument. Chemical shifts are reported using the residual
solvent peak as reference. All microfluidics experiments were carried out using a Chemtrix Labtrix
S1 system. Telescoped reactions used a Chemtrix Labtrix Start system as a second temperature-
controlled stage. Each system was equipped with 3222 (5 uL), 3223 (10 pL), 3225 (10 pL), or
3227 (19.5 L) reactor chips.

2.2.1 N-Acylation in Batch and Qualitative Analysis

Batch reactions were screened by adding 5-chloro-2-(methylamino)benzophenone (50 mg,
0.2035 mmol) to 4 mL vials with a stir bar and toluene or ACN (1.5 mL) as solvent. Solutions
were allowed to stir in an ice bath (4°C), room temperature (23°C), or a heated oil bath (75°C).
Once the solution temperature had equilibrated, 1 equivalent of base (TEA, DIPEA, DBU, or 2,6-
lutidine) and 0, 1, 2, 4, or 8 equivalents of propylene oxide were added to solution. The reaction
was initiated upon bromoacetyl chloride (32.1 mg, 0.2035 mmol) addition and allowed to stir for
15 minutes. Reactions were analyzed by TLC (2:1 petroleum ether:ethyl acetate) and HPLC.

2.2.2 Stage 1 Optimization in Flow

Solutions of 5-chloro-2-(methylamino)benzophenone (0.6 M), propylene oxide (1.2 M),
and bromoacetyl chloride (0.6 M) were dissolved in toluene and loaded into three 1 mL Hamilton
gastight syringes. A fourth syringe containing neat ACN was used for quenching. The filled
syringes were mounted on the Labtrix S1 system and connected to the first three and second to last
inlets of the chip holder by FEP tubing (0.8 x 0.25 mm).

Reactor chip 3225 was used for Stage 1 evaluation. Each condition was allowed to
equilibrate for three times the retention time in an attempt to achieve steady-state before collection.
Samples of 20 puL were collected in vials filled with 890 uL. ACN and 100 pL of 0.25 M Na2COs.
Prior to UPLC analysis, samples were filtered through a 0.20 um PTFE filter.

To optimize reagent stoichiometries, flow rates for the three reagents were initially set to
0.667 puL/min for 1.0 equivalents of bromoacetyl chloride. ACN wash flowed at a constant 1.00

uL/min throughout the run. As the bromoacetyl chloride equivalents increased by 0.02 increments,
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the flow rate for the benzophenone and propylene oxide decreased by 0.004 uL/min. The rate for
bromoacetyl chloride increased by 0.008 uL/min with each condition. This trend was carried
throughout the screen until the flowrate for the benzophenone and propylene oxide was 0.625
uL/min and the bromoacetyl chloride was 0.750 pL/min for 1.2 equivalents of acid chloride. A
table of this process is included in the Supplemental Information for clarity (Table 2.3). Residence
time and temperature were held constant at 5 minutes and 0°C, respectively.

Residence times were then tested between 1 and 10 minutes at 1 minute increments. The
flow rates for the starting reagents were each set to 3.33 uL/min for Rt = 1 min and decreased
equally to give the appropriate residence time in the reactor until 10 minutes. An ACN quench was
connected to the second to last port to dilute the reactant mixture by 50% v/v. Temperature was

kept at 0°C unless stated otherwise.

2.2.3 Amination/Cyclization in Batch and Qualitative Analysis

Isolated intermediate 3a was then used in batch to scout preferred ammonia sources. Vials
were charged with 3a (367 mg, 1.0 mmol) dissolved in 5 mL of solvent (toluene, ACN, or NMP)
and different ammonia analogues, 7N NHsz in MeOH (2 mL, 14 mmol), 28-30% NH4OH (2 mL,
~29.6 mmol), 6 M NH4OAc in water or MeOH (4 mL, 25.9 mmol), or a saturated solution of
NHsBr/NHsOH (2 mL, 3.27 mmol) added to the vial. Reactions were performed at temperatures
between room temperature and 100°C and allowed to react at various times between 15 minutes
and overnight. Reactions were characterized by TLC or UPLC. Results are summarized in the
Supplemental Information.

Intermediate 3a was dissolved in toluene to give a 0.20 M solution that was loaded ina 1
mL syringe. Ammonia solutions were loaded into a second syringe. Syringes were mounted on the
S1 system and fitted with FEP tubing leading to the first two inlets of the chip holder. Each sample
obtained was separated by equilibration period set for three times the retention time of the
condition about to be sampled.

In trials testing 7N NHz in MeOH, residence times (5-25 min) and temperatures (100,
120°C) were evaluated using reactor chip 3227. Flow rates for 3a, 7N NHz, and ACN quench were
each set at 1.95 puL/min for 5 min down to 0.390 puL/min for 25 min. The system was fitted with a
BPR set to 100 PSI. Solutions were collected in vials pre-filled with 225 pL. ACN until 50 pL of
product solution was collected and analyzed by UPLC.
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The NH4Br/NH4OH solution was prepared by dissolving 5.1g NH4Br in 1.36 mL NH4+OH
solution and diluting to 12.5 mL with water. This solution and 3a in toluene flowed at rates
between 0.5 puL/min to 5 pL/min to achieve residence times of 1, 3, 5, or 10 minutes in reactor
chip 3223 held at either 40°C and 60°C. The process flowed until 50 puL were dispensed into vials
containing 500 uL ACN. Samples were immediately analyzed by UPLC and stored at -80°C.

2.2.4 Telescoped Synthesis of Diazepam in Flow

For experiments using NH4OAc as an ammonia source, Stage 1 was fed solutions of 5-
chloro-2-(methylamino)benzophenone (0.6 M), propylene oxide (1.2 M), and bromoacetyl
chloride (0.6 M) in toluene at a rate of 0.667 puL/min (Rt =5 min). Reactor chip 3225 (Stage 1)
was cooled to 0°C and the contents from this stage flowed into reactor chip 3227. A solution of 6
M NH4OAc dissolved in 100:0, 98:2, 95:5, or 90:10 MeOH:H0 (v/v) was added at the second
inlet of Stage 2 at a rate of 1.9 uL/min. The reactor was heated to 120-160°C using the Labtrix
Start system. As NH4OAc induced rapid gas formation, a BPR set to 100 PSI was added to the end
of Stage 2. Fractions of 100 uL were collected for each solvent and temperature condition. A 10
uL aliquot of product was diluted in 100 uL. ACN for UPLC analysis.

Our optimized telescoped process used ACN solutions of 5-chloro-2-
(methylamino)benzophenone (0.15 M), propylene oxide (0.30 M), and bromoacetyl chloride (0.15
M) for Stage 1 and the NH4Br/NH4OH solution for Stage 2. Benzophenone and propylene oxide
solutions mixed in an external T-mixer were fed into the first inlet of reactor chip 3222 where it
mixed with the bromoacetyl chloride solution introduced via the second inlet. Flow rates for the
three reagents in Stage 1 were 0.333 pL/min giving a residence time of 5 minutes. The output of
this reactor was fed into reactor chip 3227 held at 60°C. A NH4Br/NH4OH solution was flowed
into the chip at 0.95 uL/min to produce a residence time of 10 minutes for Stage 2 (no BPR was
installed). Fractions were collected for 1 hour and analyzed by UPLC after diluting a 100 pL
aliquot up to 1000 uL. ACN. Diazepam concentrations in the final solutions were calculated based
on a UPLC standard curve.

The optimized microfluidics system was converted into a larger scale setup where FEP
tubing with an inner diameter of 1.016 mm was used. Solutions of 5-chloro-2-
(methylamino)benzophenone (0.15 M), propylene oxide (0.30 M), and bromoacetyl chloride (0.15
M) were loaded into 6 mL syringes and positioned onto syringe pumps. The benzophenone and
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propylene oxide were each pumped at a rate of 10 uL/min and mixed through a T-mixer. The
mixed solution flowed into a subsequent T-mixer where it would mix with the bromoacetyl
chloride solution also being pumped at 10 uL/min. The reactor tubing for stage one (Rt=5 min,
length = 18.5 cm) was submerged into an ice bath. The output of Stage 1 was fed into a final T-
mixer immersed in a 60°C water bath where the NH4Br/NH4OH solution was introduced at 30
uL/min via a 10 mL syringe pump. The coiled tubing of Stage 2 (Rt =5 min, length = 18.5 cm)
sat in the heated water bath and deposited the final solution into a 20 mL scintillation vial. Fractions
were collected in 1 hour increments. Solutions were worked up by EtOAc extraction and the

solvent was removed in vacuo.

2.3 Results and Discussion
2.3.1 N-Acylation Optimization in Batch

Our initial efforts were focused on developing a deeper understanding of both reactions. In
the N-acylation step (Figure 2.2a), 1 will attack 2a to give 3a in a nucleophilic acyl substitution by
the secondary amine of 1. An ammonium intermediate is formed with subsequent deprotonation
of the intermediate by chloride to generate 3a and HCI as products. It is important to note that
deprotonation by unreacted 1 competes with chloride in this process and acts as a buffer for the
HCI by-product in the reaction. In either case (Figure 2.2b), the nucleophilicity of 1 is decreased,
thus impeding reaction progress. A common strategy to offset this limitation is to increase the
equivalence of the amine; however, given our goals of maximizing conversion in flow, this was
not an option as it would increase E-factor by requiring more starting material and a downstream

purification that could negatively impact product yield.
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Figure 2.2 Microscopic steps associated with the N-acylation of Stage 1. A) Mechanism of the
intended reaction with 1 and 2a, generating HCI along with the desired intermediate 3a. B)
Unreacted 1 can be protonated by generated HCI, a strong electrolyte, or other protonated

ammonium intermediate, thereby reducing the rate of the intended reaction.

We initially thought that adding a bulky base to the reaction could quench the generated
HCI and facilitate the acylation. After evaluating a variety of bases (triethylamine, DIPEA, DBU,
and 2,6-lutidine) in 15 minute batch reactions at different temperatures, we found that they
inhibited the formation of 3a and promoted the formation of 3b (Table 1). A plausible explanation
for this is that under basic conditions, the nucleophilicity of chloride increases and substitutes at
the a-bromide on 3a. When looking at temperature as a variable, we generally observed the
formation of the chloride intermediate 3b at elevated temperatures in both the presence and
absence of base. It is possible to drive 3b to diazepam as Bédard et al. and Collins et al. have
shown; however, we have a preference for the bromide analogue 3a since the subsequent
cyclization reaction is much more facile with this species. In fact, under a wide variety of
conditions tested that fully consumed 3a, the 3b concentrations remained virtually unchanged in
the reaction mixture. Since base addition did not improve conversion into the desired 3a
intermediate, we then explored the effects of temperature and additives on reaction efficiency.
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Table 2.1 Peak areas of key compounds as determined by HPLC. The control conditions where
there was no base had the best conversion into 3a as opposed to any of the reactions with base
present. Lower temperatures generally seem to improve conversion rates into 3a.

Condition | 0°C 23°C  75°C 0°C 23°C  75°C 0°C 23°C  75°C
No base 83.17 49.07 8190 | 16.80 40.65 9.20 0 0.48 6.88
TEA 28.44 359  40.06 | 1424 3272 4128 | 38.29 4375 16.42
DIPEA 18.32 3.39 1444 | 38.44 3822 56.71 | 63.57 5525 27.28
DBU 6.04 7.24 17.02 | 64.27 47.32 48.69 | 2753 4442 33.35
2,6- 2481 11.02 20.62 | 2351 5891 6526 | 25.13 14.24 0
Lutidine

While investigating alternative methods to improve the N-acylation reaction, we began to
explore the use of propylene oxide as an auxiliary species. Balaji and Dalal?! have reported rapid
conversion of primary and secondary amine derivatives into amides using propylene oxide as a
neutral HCI scavenger. Propylene oxide has been used specifically for the purpose of quenching
HCI in reactions to form 1- and 2-chloropropanols;®? the chlorohydrin by-products were benign
spectators in those reactions as well.?® No reports of propylene oxide use in any benzodiazepine
synthesis exist to our knowledge.

In Stage 1 batch reactions with different equivalents of propylene oxide, we found that the
conversion of 1 to 3a was increased significantly. As shown in Figure 2.3, addition of one
equivalent of propylene oxide led to a 3a yield improvement from 83% to 91% and a more
complete conversion of 1 (8.6% vs. 1.2% for the two trials). Notably, the amount of 3b side-
product also decreases slightly as the propylene oxide equivalents increased. Since the increased
reaction rate with propylene oxide offered the opportunity to reduce the residence time of Stage 1
in flow while promoting better 3a vs. 3b selectivity, all subsequent experiments used two
equivalents of propylene oxide as the best compromise between reaction yield vs. reagent

consumed.
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Figure 2.3 Summary of propylene oxide screen in batch. Propylene oxide (5) was added to the
above reaction at different equivalencies. It was found that propylene oxide plays a role in
converting starting material into the resulting amide more efficiently.

2.3.2 Stage 1 Optimization in Flow

With the above conditions above in hand, we were able to translate the batch N-acylation
reaction into flow using a Chemtrix Labtrix S1 system to operate at a milligram scale for flow rate,
equivalence, and temperature optimization efforts. Solutions of 1, 5, and 2a were dissolved in
toluene to give solutions of 0.6 M, 1.2 M, and 0.6 M, respectively, loaded into 1 mL syringes, and
mounted on the S1 system. The flow rate of each reagent was adjusted to rapidly test different
concentrations of 2a at increments of 0.02 equivalents between 1.0 — 1.2 equivalents. We initially
conducted this experiment with a 10 minute residence time; however, we observed that the N-
acylation reaction reached completion for all trials tested between 1.0 - 1.1 equivalents
(Supplemental Information) thus warranting a shorter retention time.

Next, we ran 3 trials of this optimization experiment with a Rt =5 min, where each trial
was conducted on different days by different operators (Figure 2.4) and found high conversions
into intermediate 3a with a majority of the starting material being consumed even using 1.0
equivalents of 1. Since the peak areas stay fairly consistent as the amount of 2a increases with only
minor fluctuations, we concluded that the N-acylation reaction is reaching completion within 5

minutes under these conditions.
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Figure 2.4 Summary of acid chloride stoichiometry optimization in toluene in Stage 1. A) Setup
for reaction screen in microfluidic reactor with tabulated results. B) Plot of results with standard
error from 3 trials.

We then sought to determine the optimal residence time for Stage 1 at this stoichiometry
(Figure 2.5). Using the same flow setup as before, we were able to test 1-10 min residence times
at 1-minute intervals. We found that the N-acylation is fast at 0°C, such that the majority of starting
material 1 is consumed within 1 minute. There is a gradual increase in the amount of bromide
intermediate 3a up until the 5-to-6-minute mark where the amount of product plateaus as time
progresses. The amount of 1 present also reaches a minimum at 5 minutes; however, 3a slightly
decreases at residence times > 7 minutes due to formation of 3b or a reverse reaction that converts
the intermediate back into starting material 1. Based on an average of three trials, the chloride
intermediate 3b stays relatively constant at 2-3%. Given that the maximum conversion from 1 to
3a at 5 minutes, we moved forward with a 1:1:2 ratio of 1:2a:5 and a Rt = 5 min at 0°C as our
optimized results for Stage 1.
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Figure 2.5 Summary of residence time optimization in toluene in Stage 1. A) Setup for reaction
screen in microfluidic reactor with tabulated results. B) Plot of results with standard error from 3
trials.

2.3.3 Stage 2 Cyclization and the Search for an Improved Ammonia Source
NH3

The mechanism of the Stage 2 process (Figure 2.6) begins with a nucleophilic displacement
of bromide from 3a by an ammonia molecule in an Sn2 reaction that generates HBr as a by-product.
The a-amino intermediate then condenses with the ketone to form an imine to give diazepam.
Since the HBr and H2O by-products can potentially drive acid hydrolysis of the amide bond of 3a
to regenerate the starting material, it is necessary for ammonia to substitute the bromine and
quickly undergo cyclization to form diazepam. This transformation appears to be the rate-limiting

step in diazepam synthesis given the high temperatures reported in the previously cited literature.
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Figure 2.6 Mechanism associated with the substitution and subsequent cyclization in Stage 2.
Ammonia displaces bromide before engaging in an intramolecular attack of the ketone to form a
7-membered ring. Loss of water from the intermediate oxonium ion leads to imine formation of

diazepam along with HBr and H20.

This analysis led us to identify the most favorable ammonia source given the variety of
analogues described in the literature. Our first candidate was ammonia dissolved in methanol used
by Ewan et al., Adamo et al., and Rogers et al. We conducted Stage 2 batch reactions with isolated
intermediate 3a and 7N NHz in MeOH. Due to pressure built-up from the ammonia and low boiling
MeOH, we conducted this reaction at 65°C. Although diazepam formation was observed, the
presence of 1 was also detected by HPLC indicating that these conditions can induce hydrolysis
of the amide bond.

We moved our operations to flow where we could reproduce the conditions as described
by Ewan et al. and Rogers et al. We first set out to evaluate Stage 2 at different residence times
from 5 to 25 minutes at 100°C and 120°C using a 0.2 M solution of 3a in toluene (Figure 2.7). A
BPR was installed to maintain an internal pressure of 100 PSI. These trials were successful in
producing diazepam; however, the material collected was slightly yellow, a by-product formed
during Stage 2 that was identified by UPLC as the hydrolysis product 1. This impurity was
produced at various quantities depending on the flow conditions employed. Given this drawback
and the need for a highly pressurized system, we were motivated to investigate alternative

ammaonia sources.
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100°C | 78.28 94.17 85.38 88.11 90.19 | 9524 91.48 88.42 89.58 92.76
120°C | 7.88 4.27 14.62 11.89 9.81 378 7.00 10.10 10.00 5.61

Figure 2.7 Summary of temperature and residence time trials for NHz in Stage 2. Intermediate 3a
was dissolved in toluene whereas NH3 was dissolved in MeOH. The BPR was set to 100 PSI.

NH4OH

Reactions conducted at 70°C with 3a and NH4OH dissolved in a toluene / ACN mixture
also produced diazepam; however, a significant portion of 3a reverted back to benzophenone 1
based on UPLC analysis. While this had potential for being a viable ammonia source, especially
with the work by Collins et al. supporting this reagent, we chose not to investigate this ammonia
analogue further in flow due to the impact that the intermediate hydrolysis would have on the
process E-factor.

NHsOAc

We then pursued the use of an aqueous solution of NH4sOAc in an effort to suppress the
competition between hydrolysis and cyclization. By keeping the reaction closer to a neutral pH,
we reasoned that the hydrolysis rate might be reduced enough to enable intermediate conversion
into diazepam before the amide bond cleaves. We first carried out reactions with NH4OAc as the
ammonia source in batch with a variety of solvents, including ACN, NMP, and toluene, in a one-
pot reaction with benzophenone 1 as the starting reactant. When ACN was the solvent, we obtained
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a crude purity of 87% diazepam that could be readily crystallized to 95% pure API. Given the
promise of the NH4sOAc reagent, we moved on to flow trials.

For the flow experiments, we made a 6 M solution of NH4sOAc in MeOH and mixed it with
the Stage 1 product in Stage 2 while varying temperature between 120-160°C at 10°C intervals
(Figure 2.8). With a fixed residence time of 5 minutes, we observed 50% or more diazepam in the
crude product, although a significant amount of 1 and another prominent peak that eluted near the
toluene peak was observed. UPLC-MS analysis revealed that the new peak had an m/z value of
346 without an accompanying M+2 peak, indicative of an acetate adduct arising from bromine
displacement (Supplemental Information). Flash chromatographic isolation of this impurity and
characterization by *H and *3C NMR confirmed this structure (Supplemental Information). While
acetate is not a particularly strong nucleophile, we suspected that the abundance of this anion in
the reaction mixture could promote displacement at the halogenated a-carbon. In an effort to
suppress the amount of the acetate adduct formed, we increased the water content in the 6 M
solutions of NH4sOAc using 2%, 5%, and 10% water in MeOH by volume; however, these efforts

proved fruitless.
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X ) 6M NH40Ac X
SNH o
1 I P e T e N Fa N ™~
06M |
cl — N
. g
5 Q i cl =N

12M L— 7
2a Lm @_f O

o ) J (R 4

o ’ Chemtrix Chip 3222 Chemtrix Chip 3227
5 min, 0°C 10 min, 60°C
%4 % 6 B)

Condition | 120°C  130°C  140°C  150°C  160°C | 120°C  130°C  140°C  150°C 160°C < \)‘LN/ .
0%ILO | 5048 4698 3072 2760 1456 | 1650 1052 675 2107 529 !

2%H,0 | 3468 3890 295 248 253 | 1568 990 104 032 028 O O
5%H,0 | 59.22 6465 53.65 2887 2676 | 1510 2136 1454 2285 1701 .
10%H,0 | 5640 5767 3752 2637 2839|2275 2052 2720 297 19.05 M. 345.78

Figure 2.8 Summary of Stage 2 temperature and NH4OH solvent screen in telescoped synthesis
of diazepam. A) Setup for reaction screen in microfluidic reactor with tabulated results. Starting
materials were dissolved in toluene. NH4OH was dissolved in MeOH with 0%, 2%, 5%, or 10%
water to give 6M. BPR was set to 100 PSI. B) Proposed impurity that arises from reaction
conditions with NH4OAc.
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NH4Br/NHsOH

The formation of the acetate adduct made us focus on the role the spectator ion plays in the
reaction. Knowing that the acetate has the ability to substitute the halogenated a-carbon, we
decided to incorporate NH4Br in the case that if the common bromide ion were to act as a
nucleophile, it would be a zero sum reaction. We dissolved the salt in an aqueous NH4OH solution
to serve as our primary source of ammonia via a common ion effect to drive the formation of NH3
as shown in Figure 2.9. Since NH4Br dissociates into NHs" and Br- ions and NHsOH s in
equilibrium with NH4* and OH", NH4" is a common ion, thus shifting the equilibrium of NH4OH

towards NHs and water.

NH,OH === | NH, + OH === NHz =+ H,0

NH4Br = | NH,' +  Br

Diazepam
4

R—Br + NH3 R—NH, + HBr ——

Figure 2.9 Relevant equilibria for the NH4Br/NH4OH ammonia surrogate system. Note that
NH4Br and NH4OH will dissociate and share NH4"™ as a common ion. Since NH4Br is a strong
electrolyte, the higher concentration of NH4" generated will drive equilibrium towards NHa. This
higher equivalence of NHs appears to drive the formation of 4 from the intermediate 3a.
Constants: k.1 = 1.76*10°. k, = 25.5.

Preliminary batch trials with the NH4Br/NH4OH solution for cyclization demonstrated that
we could achieve excellent conversion of 3a into diazepam within 2.5 hours. UPLC of the crude
revealed 73% and 90% diazepam at room temperature and 40°C, respectively. Performing a one-
pot reaction from 1 to 4 generated 94% diazepam when using NH4Br/NH4OH in an overnight
reaction. In all trials attempted in flow, we observed little or no 1 by-product and traces of 3b
arising from Stage 1.

Subsequent flow experiments with NH4Br/NH4OH in Stage 2 employed 3a in ACN (Figure
2.10). We transitioned to this solvent since batch experiments revealed that toluene slows down
the reaction, likely due to its immiscibility with water and its inability to dissolve NH4Br or
NH4OH. During our residence time screening campaign, we realized that a BPR was no longer
necessary for the reactor system, so it was removed. At 40°C, we were able to observe crude yield
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of diazepam as high as 61% after 10 minutes and the yield improved to 86% diazepam when the

temperature was increased to 60°C.
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Sat. NH;OH/NH,Br solution (3

N N N N AN 4
Chemtrix Chip 3223

1-10 min, 40-60°C

Time % 4 % 3a
(min) | 40°C  60°C | 40°C  60°C
1 542 1743 | 90.06 76.10
3 542 4791 | 90.06 44.96
5 3221  65.05 | 57.53 27.62
10 6124 8593 | 2853  4.63

Figure 2.10 Summary of temperature and residence time trials using NH4OH/NH4Br solution in
Stage 2. Intermediate 3a was dissolved in ACN, while NHsOH/NH4Br solution was dissolved in
water.

With a promising ammonia source in hand, we moved forward with optimization of the
telescoped sequence as shown in Figure 2.11a. The first reactor chip was set for a 5 minute
residence time at 0°C. As for Stage 2, we used a Chemtrix reactor chip 3227 heated to 60°C with
a residence time of 10 minutes. Early attempts of telescoping this reaction in flow saw varying
degrees of success that were primarily dictated by the buildup of a dark brown precipitate in Stage
2 where the NH4Br/NH4OH solution mixes with the reactant solution in the narrow channels of
the static mixer in the chip (Figure 2.11b). This was unexpected, but not unusual, as Ewan et al.
and Bédard et al. report a precipitate forming at a similar position. We were able to isolate enough

of the precipitate to identify it as diazepam based on the similarity in UPLC retention times relative
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to diazepam standard. (Supplementary Information). The solid could be easily removed using
dilute acid which is another indicator of its identity as diazepam is readily soluble in acidic
mediums. Given these observations, we inferred that the diazepam is formed instantaneously in

the mixing element and forms a salt precipitate with residual HCI.

A)

X ) sat. NH{OH/NHBr solution X
SNH o
s o
Cl
o.g M T>_ @
2a 2 -
o1sm gl > 4
Chemtrix Chip 3222 Chemtrix Chip 3227
5 min, 0°C 10 min, 60°C

B)

Diazepam, 98%

4

Intermediate 3b, ~1%
e

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.11 Summary of finalized telescoped flow process to synthesize diazepam in two-steps.
A) Setup for two-step reaction in microfluidic reactor with tabulated results. Starting materials
were dissolved in ACN. The NHsOH/NH4Br solution was dissolved in water. B) Precipitate
thought to be diazepam crashes out at the point where the ammonia analogue enters the system.
Sonication reduces the amount of precipitation that is formed here. C) Chromatogram of a
fraction collected over 60 minutes to give 30% diazepam with a purity of 98%. Retention times:
5.1 min = diazepam, 6.0 min = chloride intermediate 3b.

The solution Bédard et al. used to overcome this issue was sonication of the T-mixer where
the ammonia source was added. We initially tried this remedy by submerging the second reactor
into a bath sonicator heated to 60°C. This appeared to have helped our precipitation problem as
our conversions substantially improved. Our best fraction from the telescoped trials without
sonication was 86% pure diazepam. With sonication, we were able to consistently obtain 98% pure
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diazepam across multiple 30 minute fractions (Figure 12c), although we still observed some
precipitation buildup as before. Sonication also boosted conversion of the chloride impurity 3b
that was inert under our previous conditions. Analyzing the sonicated solutions against a
calibration curve, it was found that we obtained approximately a 30% yield over the course of 1
hour in the sonicated system. We hypothesize that the sonication, while able to accelerate the
reaction, is not as sufficient in fully dissolving diazepam and may allow crystallization to occur on
the inner walls of the reactor channels. We investigated a few different strategies to prevent or at
least reduce precipitation such as changing the solvent composition, but regardless of what we
tried still resulted in clogging. We were eventually led towards using a larger scaled system as the
higher flowrates and larger bore sizes could mitigate the issues with yield stemming from this
precipitation problem. Using the setup described in the Methods section and Supplemental
Information, this approach proved to be a useful as the solid effectively passed through the system
to the point where no buildup was observed.

We took advantage of the scaled system to collect multiple 1 hour factions of material. The
crude fractions had purities up to 91% diazepam with minimal optimization at this scale. Unlike
the microscale, we were easily able to perform work-ups with EtOAc and aqueous washes where
we were able to obtain yields by mass averaging to about 96%, a significant improvement from a
30% yield. We were also able to perform a single recrystallization with these acquired solids using
EtOH improving the purity of collected diazepam to 98% and above. These findings demonstrate
the viability and scalability of our conditions discovered in microfluidics for upscaled production
without worry of clogging by precipitation. Minor optimizations at this scale, or potentially scales
even larger, can be performed to increase diazepam purity and yield even further thus making this

a viable system for diazepam production.

2.4 Conclusion

To conclude, we have been able to build upon previous work in the literature to intensify the
production of diazepam in continuous flow achieving high crude purities using propylene oxide as
an HCI scavenger and NH4Br/NH4OH as an alternative ammonia source to improve yield and
purity while decreasing reactor temperatures. While possible to perform the two-step process on a
microscale system, diazepam crashing out of solution prevented the yield from exceeding 30%. It

was only when we shifted to a larger system that we could finally achieve satisfactory yields of
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96%. This scaling effort simultaneously demonstrates the robustness of our system as we were
able to maintain high crude purities just as on the microscale. The benefit of focusing on a high
purity is the reduced solvent consumption for purification, reduced labor costs, and improve E-
factor. Since diazepam is a member of a large family of 1,4-benzodiazepine derivatives, we
anticipate that this work may serve as a foundation to synthesize other benzodiazepines in
continuous flow to continue the ongoing effort to strengthen the supply chains of essential

medicines.

2.5 Supplementary Information

(o)

Cl Cl

\/U\N/ o ﬁ‘/\N/ o
(O OO C

cl Cl
3b 7

Figure 2.12 Structures of the two possible chloride impurities. Structure 3b results from an N-
acylation of chloroacetyl chloride or bromoacetyl chloride where the bromide is substituted by a
free chloride in a secondary reaction. Structure 7 is the proposed structure of the Sn2 reaction at

the a-bromide resulting in an acid chloride intermediate.

Protocol for the synthesis of 3b: 5-chloro-2-(methylamino)benzophenone (0.369 g, 1.5
mmol), chloroacetyl chloride (0.152 mL, 1.5 mmol), and propylene oxide (0.210 mL, 3.0 mmol)
were added to a round bottom flask with 30 mL ACN and stir bar. Reaction stirred at room

temperature for 30 minutes.
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Figure 2.13 UPLC chromatogram of chloride impurity. The product of the above reaction shares
the same residence time with the chloride impurity that is prevalent in our batch and flow trials
with bromoacetyl chloride. Red line: Product of reaction with chloroacetyl chloride as acylation
agent. Black line: Product of reaction with bromoacetyl chloride as acylation agent. Note that
both reactions generate a product with a similar retention time (6.1 min).

Chemical tests: To further elucidate whether the impurity is 3b or 7, we subjected the product of
the above reaction above (red chromatogram) to one of two conditions:

Condition 1: Dissolve 50 mg of impurity in 2 mL NHz solution (7N in MeOH) then stir at 80°C
overnight. If the impurity is compound 3b, the conditions will provide diazepam as product.
Condition 2: Dissolve 50 mg of impurity in 2 mL water then stir at 80°C overnight. If the impurity

is compound 7, the conditions will convert the acid chloride into a carboxylic acid.
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Figure 2.14 TLC of chemically testing chloride impurity. Lanes from left to right: diazepam
reference, chloride impurity, product of Condition 1, product of Condition 2. Solvent: 2:1
petroleum ether:ethyl acetate. The lane for Condition 1 has a spot that has a similar retention
factor to diazepam. Condition 2 did not seem to product any product as the chloride impurity was
insoluble in water. A very faint spot with a retention factor similar to the impurity can be seen in
the Condition 2 lane.

Provided the evidence above and the NMR of impurity matching 3a in the literature, we deduced
that chloride impurity 3a forms in the presence of bromoacetyl chloride as opposed to the Sn2
product that is compound 7.
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Figure 2.15 Chromatogram of precipitate. A precipitate formed in the reactor channels upon adding

NHsOH/NH4Br solution. By removing the precipitate and running a UPLC, we observe that this

has the same retention time as diazepam. Red line: Isolated precipitate from flow reactor. The

prominent peak shares a retention time with diazepam standard (5.1 min). Black line: Diazepam

standard.
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Figure 2.16 Mass spectrum of major UPLC peak from precipitate sample. UPLC-MS was used to
obtain the mass of the peak at 5.1 minutes. Base peak matches the [M+H]" mass of diazepam
(MW = 284.7 g/mol).
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Figure 2.17 Mass spectrum of acetate impurity 6. UPLC-MS was used with a sample from the
NH4OACc trials to obtain the mass of the peak at 5.3 minutes. Base peak matches the [M+H]* mass
of proposed structure 6 (MW = 245.8 g/mol). Fragmentation of acetate provides the m/z peak
304.03.
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Figure 2.18 Summary of large-scale flow synthesis of diazepam. A) Schematic for large scale

synthesis adapted from microscale experiments. Benzophenone, propylene oxide, and acid

chloride were loaded into 6 mL gas-tight syringes and pumped at a rate of 10 uL/min. Saturated
NH4OH/NH4Br solution was loaded into a 10 mL gas-tight syringe and pumped at a rate of 30
uL/min. B) UPLC chromatogram of two 1 hour fractions analyzed prior to purification. Left:

Yield = 21.5 mg (84%). Right: Yield = 27.3 mg (106%). Theoretical: 25.6 mg. Yields are based

off of theoretical total volume of 3.6 mL that is collected over the course of 1 hour.
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Table 2.2 Summary of key batch reactions performed in batch.

Ammonia Starting | Stages Tested | Chemical Results
Source Reactant Conditions
7N NH3 3a Stage 2 65°C, 1 h, Toluene | 1: 3%, 4: 97%; by
HPLC
7N NH3 3a Stage 2 100°C, 1 h,|1: 0.61%, 3a: 3% 4:
Toluene 95%; by HPLC
NH;OH 3a Stage 2 70°C, 3 h, ACN, | 1: 15%, 4: 65%; by
Toluene UPLC
NH4OAC 1 Stage 1 and 2| 1) RT, 0.5h, NMP | 4: 86%; by UPLC
(one-pot) 2) 60°C, 2 h, H:0
NH4OAC 1 Stage 1 and 2| 1) RT, 0.5h, NMP | 4: 85%; by UPLC
(one-pot) 2) 100°C, 1 h, H,O
NH4OAC 1 Stage 1 and 2| 1) RT,0.5h, ACN | 4: 87%; by UPLC
(one-pot) 2) 100°C, 1 h, H,0O
NH4OAc 3a Stage 2 100°C, 1 h, H20, | TLC collected. SM
ACN, Toluene present after 1 h
indicating slowed
reaction
NH4Br/NH;OH | 3a Stage 2 40°C, 2 h, ACN 3b: 3%, 4: 90%; by
UPLC
NHsBr/NH;OH | 1 Stage 1 and 2 | 1) RT,0.5h, ACN | 3b: 4%, 4: 94%; by

(one-pot)
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Table 2.3 Optimization of reagent stoichiometries by adjusting flow rates in an automated
microfluidic system. Each condition depicts the flow rates of each reagent to achieve the
respective equivalents of 2a. Reagents flowed through reactor chip 3225 (10 uL) with a constant
temperature and residence time of 5 minutes.

2a Equivalents | Flow rate | Flow rate | Flow rate
2a 1 5

(UL/min) | (uL/min) | (UL/min)
1.00 0.667 0.667 0.667
1.02 0.675 0.663 0.663
1.04 0.684 0.659 0.659
1.06 0.692 0.654 0.654
1.08 0.700 0.650 0.650
1.10 0.708 0.646 0.646
1.12 0.717 0.642 0.642
1.14 0.725 0.638 0.638
1.16 0.733 0.633 0.633
1.18 0.742 0.629 0.629
1.20 0.750 0.625 0.625

Table 2.4 Results from testing acid chloride equivalence in flow at a 10 minute residence time.

2a Equivalents %3 | %3b | %1
1.00 86.55 2.29 0
1.02 88.35 2.26 0
1.04 89.01 1.99 0
1.06 89.46 2.27 0
1.08 89.82 2.19 0
1.10 92.81 2.55 0
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Figure 2.20 *C NMR of bromide intermediate 3a dissolved in chloroform.
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Figure 2.22 3C NMR of bromide intermediate 3a dissolved in chloroform.
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Figure 2.23 *H NMR of acetate adduct 6 dissolved in chloroform.
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Figure 2.24 C NMR of acetate adduct 6 dissolved in chloroform.
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Figure 2.25 *H NMR of diazepam 4 dissolved in chloroform.

5.5

T
6.0

6.5

7.0

2.0

230
220

r210

200
190

170

r160

150

140

130

120

r110
100

90
80
70
60
50
40
30
20
r10

10

20

68'bE—

€6'95—

£€6'9L
wﬁ.nnv
wLL

a9'eet
€p'8CT
8T'6CT \
6v'6CT

L ro

06'6CT 7]
P0'0ET \w
€L°0ET
ES'TET
9T'8ET

mm.NE\

00691~
£6'69T~

HiC

—-=

—N

Cl

T
110
f1 (ppm)

Figure 2.26 *C NMR of diazepam 4 dissolved in chloroform.
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