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A highly integrated approach to the development of a process for the continuous synthesis and purification
of diphenhydramine is reported. Mass spectrometry (MS) is utilized throughout the system for on-line
reaction monitoring, off-line yield quantitation, and as a reaction screening module that exploits reaction
acceleration in charged microdroplets for high throughput route screening. This effort has enabled the
discovery and optimization of multiple routes to diphenhydramine in glass microreactors using MS as
a process analytical tool (PAT). The ability to rapidly screen conditions in charged microdroplets was
used to guide optimization of the process in a microfluidic reactor. A quantitative MS method was
developed and used to measure the reaction kinetics. Integration of the continuous-flow reactor/on-line

MS methodology with a miniaturized crystallization platform for continuous reaction monitoring and
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Introduction

There is an extremely rich and rapidly growing knowledge base
in the literature for organic transformations; however, the vast
majority of this is based on batch processes. Continuous-flow
reactor technology has generated significant interest due to
the variety of advantages it offers over traditional batch
processes such as much lower process costs and increased
process efficiency." These advantages arise from the rapid
mixing, superior heat transfer, safe operation at high temper-
atures and pressures, and control and automation that flow
reactions can offer.>™* These features provide the potential to
execute organic reactions and purifications at rates and in yields
not achievable in a batch system.® Additionally, there is an
inherent scalability with continuous-flow processes compared
to batch processes, whereby process quality does not diminish
as process scale increases.*’
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produce the agent in a form that is readily adapted to continuous synthesis.

These advantages have led to a growing interest in the recent
literature in microfluidic technologies, as is exemplified by
review articles,”**? and the expanding scope of chemistry being
employed in microreactors.>'*** In addition to the increasing
diversity of chemistry reported for traditional solution-phase
reactions in microreactors, this format also offers the flexi-
bility for enabling technologies to be developed to cover other
types of reactions, such as gas-liquid reactions,''® photo-
chemical reactions,'” and electrochemical reactions,"® followed
by different types of flow purifications, including extraction,*®
crystallization® and chromatography.”

All of the technologies described above have the potential for
rapid optimization by means of on-line reaction monitoring.*
Real-time analysis provides the opportunity for rapid and auto-
mated process optimization.**?* We are working to develop
a continuous synthesis system that is driven by on-line analytics.
Techniques that have previously been used to monitor micro-
fluidics processes include UV-Vis,*® Raman,”” IR,**** NMR,* and
MS.3**? The potential for rapid analysis times, as well as the
detailed product and byproduct information that can be obtained
from MS make it particularly attractive for the near real-time
monitoring of reaction mixtures. Mass spectrometry has exten-
sively been used to monitor both batch and continuous reactions,
including, for example, Sonogashira and Negishi couplings.**¢
We report here the novel use of N,(g) segmented droplets and an
inductive electrospray ionization method®**” to provide MS
feedback in under 30 seconds with minimal waste production.
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Another significant aspect of this work is the utilization of
MS as a reaction screening module by accelerating reactions
in charged microdroplets for high throughput reaction
screening.*® The acceleration factors vary from 10® to 10°
allowing accelerated access to slow reactions; reaction acceler-
ation is due to increases in reagent concentration as solvent
evaporates, pH effects, and interfacial effects.®®**** It is
important to note that MS under the appropriate conditions can
be used to either monitor or accelerate reactions. In this paper,
both types of experiments are performed to help in the opti-
mization of the synthesis of diphenhydramine. While micro-
fluidics provides the opportunity to screen conditions more
quickly than batch processes, the use of the droplet reactor as
a screening tool prior to microfluidic optimization has the
potential to significantly reduce the time required for route
selection and, subsequently, reaction optimization. The droplet
and microreactor systems are represented in Fig. 1. The
continuous-flow reactors used for this system are glass micro-
reactor chips from Chemtrix®.

In addition to conducting organic transformations in
a continuous fashion, the potential advantages for executing
continuous purifications are similarly important. This is
particularly true for the production of active pharmaceutical
ingredients (APIs), as exemplified by the recent on-demand
continuous synthesis system developed at MIT."" Liquid-
liquid extraction” and crystallization® have both been
demonstrated using continuous-flow technologies. We show
here the integration of a miniaturized pharmaceutical purifi-
cation platform (MiniPharm) with the microreactor and on-line
inductive ESI-MS monitoring. This system consists of a mass-
flow controller and temperature bath, equipped with in-line
analytics for droplet and crystal detection, with control and
process automation provided by a LabView based GUI.

Diphenhydramine (DPH) is an antihistamine found in several
common medicines, including Benadryl®. A continuous-flow
synthesis of DPH was published in 2013 by the Jamison
group.'® We now demonstrate the use of both on-line and off-line
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Fig. 1 Representation of (A) accelerated droplet reactor system, and
(B) microfluidic reactor system. The droplet reactor is used to rapidly
screen routes, whilst the microfluidic reactor is used to optimize
favorable routes. Two explored routes are illustrated.
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MS to optimize the synthesis of diphenhydramine employing
multiple routes using a Chemtrix Labtrix S1 microfluidic device,
along with the rapid screening of reactions accelerated in
microdroplets to guide reaction routes examined further in
continuous-flow. The route screening in microdroplets expands
upon earlier work done by Wleklinski et al.** We also show the
integration of one of the synthetic routes with a MiniPharm
continuous purification system, which implements an air-
segmented flow crystallizer to continuously produce solid prod-
ucts without clogging.

Results
Continuous-flow synthesis of DPH

Microfluidic reactors have the potential to rapidly mix materials
by diffusion, and the addition of micromixers can enhance the
process by convection.*® A 19.5 pL Chemtrix reactor chip
equipped with staggered oriented ridge (SOR) mixing sections
was used for this. The SOR sections of the chip create turbulent
flow immediately upon mixing two reagents to provide rapid
and efficient mixing. The outlet of the reactor chip is fed into
a pressure sensor and back pressure regulator (BPR) that was
used to run reactions at pressures ranging from 10-20 bar. The
first routes explored with this reactor system used either bromo-
or chlorodiphenylmethane reacting with dimethylaminoetha-
nol (DMAE) in ACN, a route previously reported in flow
(Scheme 1).*° Reaction screening using accelerated reactions in
microdroplets was attempted but proved unsuccessful due to
the formation of a gas phase hetero-dimer between dimethyla-
minoethanol and the dibenzylic carbocation which has the
same nominal mass as diphenhydramine. This represents
a case in which accelerated reaction screening failed; however,
due to the immense number of synthetic routes it is still
a powerful technique as will be shown later in this paper.

A 2.0 M solution of the halo-diphenylmethane was mixed
with neat DMAE in the first SOR section of the chip and
acetonitrile dilution was performed prior to the second SOR
section as a reaction quench. We first explored the temperature
dependence of this reaction by screening temperatures from
60-200 °C at a residence time of 5.0 min. A strong dependence
on temperature was observed with no significant product being
formed below 150 °C for both bromo- and chlorodiphenyl-
methane. While conducting reactions at temperatures higher
than 200 °C would be advantageous to potentially optimize the
process further, this was not possible due to a hardware limi-
tation of the commercial system. These results are summarized
in Table 1 and Fig. 2 with "THNMR found in ESI (Fig. S1-S37).

X=Br,Cl

Scheme 1 Synthesis of diphenhydramine from chloro/bromo
diphenylmethane.
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Table 1 Effect of residence time (RT) and temperature on synthesis of
diphenhydramine from bromo- and chlorodiphenylmethane

Entry X Temp. (°C)  RT (min)  3:(1+3)*  3:(1+3)
1 Br 60 5 3.70 42.2
2 Br 100 5 0.65 50.2
3 Br 150 5 20.3 77.8
4 Br 200 5 60.6 96.9
5 cl 60 5 6.9 66.3
6 cl 100 5 2.6 78.0
7 cl 150 5 41.3 72.5
8 cl 200 5 90.1 97.3
9 Br 150 7.5 49 81.9
10 Br 150 10 91 92.4
11 Br 200 7.5 95 95.0
12 Br 200 10 98 95.3

“ 3:(1 + 3) calculated using "H NMR. ? 3:(1 + 3) calculated using MS.

A Temperature Screen (Ry = 300
sec)

B Residence Time Screen (T =
00°C)

Fig. 2 MS quantitation of DPH synthesis from chlorodiphenylmethane.

With the temperature data in hand, we then screened resi-
dence times (RT) at 150 and 200 °C, first for bromodiphenyl-
methane, using off-line MS qualitatively as a means to monitor
product formation, followed by both MS and "H NMR analysis
to calculate a relative conversion. The same trends were
observed with both techniques.

Diphenhydramine is commonly administered orally as
a hydrochloride salt. We therefore pursued chlorodiphenyl-
methane as an alternative starting material for this process to
allow us to isolate diphenhydramine directly as the hydrochlo-
ride salt. To accomplish this optimization rapidly with
a minimal amount of material, we developed an off-line quan-
titative MS method using serial dilution and diphenhydramine-
D; for monitoring product yield (Fig. S41). The temperature
screen was repeated and a more extensive residence time screen
was conducted. The quantitative MS data confirmed the
temperature dependence previously observed, and revealed
a strong RT dependence for the formation of diphenhydramine,
with the yield increasing with RT up to 60 seconds, followed by
a leveling off at residence times up to 600 seconds (Fig. 2). The
highest yield achieved was 0.5 M, which corresponds to
a production rate of 128 mg of DPH per hour. Assuming second
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order Kkinetics, this is roughly eight times faster than the
previously published continuous flow synthesis.*

The detailed structural information that MS and MS/MS can
rapidly provide make MS a powerful tool for reaction moni-
toring and process optimization. The formation of multiple N-
oxide byproducts is observed in the mass spectra and their
structures have been confirmed with MS/MS (Fig. 3 and S57%).**
Furthermore, the formation of these byproducts is dependent
on the residence time of the reagents. This information is
summarized in Fig. 3 and S5.F

On-line MS reaction monitoring

The use of off-line and slow analytical methods are common
bottlenecks in flow reaction optimization. Therefore, the
development of an on-line reaction monitoring system using
MS represents a significant advance in the capability to rapidly
optimize reaction conditions. We demonstrate here the ability
to monitor and optimize the synthesis of diphenhydramine
from chlorodiphenylmethane and dimethylaminoethanol using
on-line MS. The setup for these experiments uses the 19.5 pL
SOR chip with the outlet connected to a 2 uL injection valve that
allowed the product to be collected, sent to waste, or sent to the
MS. As the material emerging from the reactor was approxi-
mately 1.0 M, it was necessary to include an acetonitrile in-line
dilution step after the injector valve. In order to enhance the
rate of data acquisition and reduce the amount of material
wasted when collecting MS data, N,(g) segmented droplets were
created using an electronic pressure regulator (EPR) to rapidly
deliver droplets from the reactor to the MS. This provided pL
sized droplets that were approximately 0.01 M in reaction
mixture. These droplets traveled a distance of roughly 3 m,
utilizing 150 uL of tubing volume to the mass spectrometer. The
use of air-segmentation allowed data collection within 30
seconds with minimal waste generation. A video microscope
along with an optical sensor was used in-line in order to
monitor the droplets. The MS analysis was conducted using an
inductive ionization source (iESI-MS).***” These data are
summarized in Fig. 4. At a residence time of 5.0 minutes, we
demonstrated the same temperature dependence that we
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Fig. 3 Byproduct formation (A) MS/MS of m/z 272 shows presence of
isomeric ions; (B) MS follows the effect of residence time on byproduct
formation.
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Fig. 4 (A) Sample mass spectra collected on-line. (B) Calculated
conversions from MS data collected on-line demonstrate temperature
dependence of the reaction. S.M. refers to DMAE.

observed using off-line MS. No significant product is detected at
lower temperatures, and an increase in product formation
is seen at 150 °C, followed by a significant increase at 200 °C.
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The peak at m/z 550 is a gas phase dimer of the DPH product ([2
DPH + 2H + CI]").

Continuous-flow crystallization of DPH

In order to develop a completely continuous and automated
process, we designed a system capable of seamlessly tran-
sitioning between synthesis, analytics, and ultimately purifica-
tion of the final product. The purification system has been
designed as a flexible miniaturized pharmaceutical platform, so
that the appropriate purification module, such as extraction
and/or crystallization, can be implemented easily and opti-
mized depending on the synthesis being conducted. For the
synthesis of diphenhydramine from chlorodiphenylmethane,
we have utilized an air-segmented flow crystallizer in addition
to the on-line MS capabilities described above. Crystallization in
segmented droplets allows for the continuous crystallization of
material at a controlled crystal size without fouling.>*** A full
engineering diagram of the experimental setup is detailed in
Fig. 5.

Again using a 19.5 pL reactor chip, the outlet was fed into
a valve capable of splitting the flow between collection,
waste, MS, and the air-segmented flow crystallizer. As shown in
Fig. 5, the MiniPharm consists of PFA tubing connected in
a T-junction to a syringe pump filled with EtOAc, the outlet of
the microreactor, and a 0.3 m length of PFA tubing where
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Fig. 5 Engineering details for the integrated synthesis and purification system. Orange lines represent a tubular heater (Fig. S87).
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mixing takes place by diffusion. The EtOAc served as the anti-
solvent prior to droplet formation. At this point, there is
a high potential for crystal formation that could block the
tubing shortly after anti-solvent mixing (Fig. S6 and S7t). We
have, therefore, implemented cut-to-length tubing heaters
before and after the T-junction developed in-house to keep the
material solubilized and prevent fouling from occurring
(Fig. S87). This tubing section is followed by another T-junction,
which is connected to the mass-flow controller and a 1.2 m
length of PFA tubing where the crystallization takes place. The
mass-flow controller is used to modulate the precise flow rate of
N,(g) and in turn create a uniform distribution of N,(g)
segmented droplets. Currently, it takes three residence times
for the droplets to reach a uniform distribution with low vari-
ance (Fig. S91). This can be improved upon by using a BPR at the
crystallizer's outlet in the future. The controlled and accelerated
formation of N,(g) segmented crystals was subsequently
induced by immersing a section of the tubing into a dry ice
bath. The temperature was monitored and maintained at
—20 °C at the interface between the dry ice bath and the tubing.
Here, uniform crystals are formed while fouling is prevented
due to precise supersaturation within each segmented droplet.

Multiple analytical techniques were used as PAT to monitor
this process, and a LabView based GUI was developed for
process integration and automation. In addition to on-line MS,
off-line MS based quantitation was also utilized during crys-
tallization experiments in order to monitor product yield and
ensure effective crystallization. A phototransistor was also
placed in-line to monitor droplet formation. The use of the
mass flow controller resulted in a uniform droplet distribution
that allowed us to control crystal size and prevent fouling of the
tubing (Fig. 6C and S971). The phototransistor was also effective,
as shown in Fig. 6B, in detecting crystal formation, and a video
microscope was incorporated in-line for the air-segmented flow
crystallizer to visualize crystal formation (Fig. 6A). The output
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Fig. 6 (A) Droplet train from microreactor. (B) Droplet detection using
LED phototransistor, (C) droplet size distribution.
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was collected by filtration and analyzed by nESI-MS and "HNMR
(Fig. S10 and S11%).

Droplet and flow synthesis of DPH from benzhydrol

In an effort to develop a process utilizing commodity starting
materials, we sought to replace the halo-diphenylmethane with
the significantly cheaper diphenylmethanol (benzhydrol). Using
benzhydrol as a starting material for the synthesis of diphen-
hydramine has been explored previously in continuous-flow
through a p-toluene sulfonic acid catalyzed condensation reac-
tion with dimethylaminoethanol.’® We pursued a different
approach and created a better leaving group by reacting benz-
hydrol with methanesulfonyl chloride (MsCl) or p-toluene-
sulfonyl chloride (TsCl) (Scheme 2).

A major component of our analytic-directed continuous
synthesis system is a reaction screening module which takes
advantage of reaction acceleration in charged microdroplets.’® A
representation of this module is shown in Fig. 1A. When start-
ing the synthesis of a new target molecule, there is a vast
number of options not only for routes, but also for solvents and
conditions to conduct each organic transformation. The droplet
methodology provides for rapid screening of reaction pathways
and solvents to guide the subsequent continuous-flow optimi-
zation. Droplet reactions can be conducted either by spraying
directly into the MS (on-line) or by spraying onto a substrate
such as glass wool followed by dissolution and off-line analysis.
The off-line method is beneficial as it allows one to collect more
material for analysis, provides the opportunity to telescope
multiple synthetic steps, and avoids solvent effects during
ionization by dissolution into a common solvent for analysis.
We employed this approach to rapidly screen solvents for the
synthesis of diphenhydramine via the mesylation or tosylation
of benzhydrol to form 5, followed by treatment with dimethy-
laminoethanol to make DPH (3). Information obtained from
these experiments was then compared to the data obtained
from continuous-flow reactions.

Prior to telescoping the two reaction steps for this synthesis,
the mesylation of benzhydrol was first performed in both the
droplet reactor and in a single microfluidic chip. When benz-
hydrol and methanesulfonyl chloride were sprayed for 5
minutes in the off-line droplet reactor, the dibenzylic carboca-
tion (m/z 167) was observed in positive mode and the two-
electron reduction product of the mesylate (m/z 263) was
observed in negative mode. In a 5 pL microfluidic reactor at
200 °C, MS analysis showed that significantly more product was
formed at a residence time of 30 seconds than at a residence
time of 60 seconds (Fig. S12 and S13%). This was likely due to
degradation of the mesylated benzhydrol on the chip after it was
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Scheme 2 Synthesis of DPH from benzhydrol.
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formed. NMR and MS evidence suggested that the mesylate
degraded under these conditions over the course of a day.

Telescoping this two-step synthesis in the droplet reactor
was accomplished by spraying benzhydrol and MsCl/TsCl onto
glass wool for 5 minutes, re-dissolving the collected material
and then spraying that solution again with DMAE. These reac-
tions were sprayed in ACN, DMF, and toluene while the analysis
was conducted in ACN for all cases. For TsCl, the droplet reactor
indicated product formation for all solvents tested with the
reaction in toluene having the highest conversion (Fig. S1471).

Fouling issues in the microfluidic reactor caused us to
abandon this route. Droplet reactions occur in an open envi-
ronment, therefore potential information about component
insolubility is not obtained. However, the large number of
synthetic routes available suggests that a subset of positive
droplet reactions will meet the requirement of providing
a successful flow synthesis.

With this information in hand, we then sought to optimize
the telescoped two-step synthesis of diphenhydramine from
benzhydrol in a microfluidic reactor. This was first attempted
using a single 15 pL reactor chip that had a third injection port
at 5 pL, effectively providing a 5 pL reactor for the first step and
a 10 uL reactor for the second step. A large number of condi-
tions were attempted using this system, including residence
time screens at 150 and 200 °C. All of these conditions failed,
however, due to fouling of the chip shortly after starting the
reaction. Triethylamine (TEA) was then incorporated into the
reaction mixture in an attempt to improve the solubility of the
process. While the addition of TEA maintained solubility
throughout the course of the reaction, the conversion to DPH
remained low for all conditions attempted (Fig. S157).

In an effort to obtain conditions that were compatible with
continuous-flow, five different bases were screened in small
batches for solubility and product formation using both meth-
anesulfonyl chloride (MsCl) and p-toluenesulfonyl chloride
(TsCl). These experiments were conducted by both adding the
base in the first step of the synthesis as well as during the
second step to explore different possible configurations for the
microfluidic setup. While 2,6-lutidine, DMAP, and DABCO all
exhibited conditions where the reactants appeared to remain
soluble while also forming product, fouling of the reactor chip
remained a major issue that prevented any of these conditions
from being optimized in continuous-flow.

The system was then reconfigured to allow this synthesis to
be conducted in two separate reactor chips. To accomplish this,
a device of multiple heating units that could be independently
controlled was designed and fabricated (Fig. S167). A 5 uL chip
was employed for the first step and a 1 uL chip was used for the
second step. The purpose behind this design was an attempt to
drive the second step of the synthesis at high temperatures in
a short residence time to prevent fouling of the chip. The
synthesis was screened in ACN, DMF, and toluene at a variety of
temperatures, residence times, and stoichiometries. The
concentrations of all reagents were kept at 0.5 M. Off-line MS
was again used to monitor this synthesis qualitatively, and
a subset of conditions were examined quantitatively in the
same manner that was done for the synthesis from
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Table 2 Effect of residence time, temperature, stoichiometry, and
solvent on the synthesis of DPH from benzhydrol in flow*”

Temp. (°C) Conv. Yield
Entry (1/2) RT (min) Stoich. (2:4) Solvent (%) (%)
1 150/200 0.50/0.067 1:1 ACN 32.1 —
2 150/200 1.0/0.13 1:1 ACN 20.2 4.85
3 150/200 2.5/0.33 1:1 ACN 54.9 5.63
4 150/200 5.0/0.66 1:1 ACN 55.2 34.5
5 150/175 2.5/0.33 1:1 DMF 47.5 —
6 150/175 5.0/0.67 1:1 DMF 41.5 5.93
7 150/175 2.5/0.25 1:2 DMF 43.0 6.79
8 150/175 5.0/0.5 1:2 DMF 49.6 8.73
9 150/200 1.0/0.13 1:1 Toluene 12.0 —
10 150/200 1.0/0.10 2:1 Toluene 17.1 0.15
11 150/200 1.0/0.08 3:1 Toluene 6.85 0.14
12 150/200 1.0/0.67 4:1 Toluene 23.1 0.29

“ Qualitative calculation of conversion from MS. ? Quantitative
calculation of yield from MS.

chlorodiphenylmethane. Qualitative conversions were calcu-
lated by considering starting materials, intermediates, and
byproducts. The experiments that were analyzed quantitatively
are summarized in Table 2, and the full dataset is detailed in the
ESI (Table S1+).

The results obtained from the solvent screen that was done
with the droplet reactor are consistent with the findings from
the microfluidic reactor. The droplet reactor indicated product
formation was possible with all solvents, but ACN is signifi-
cantly better than DMF and toluene. Due to solubility concerns,
DMF was initially screened for this system as it was the most
effective at preventing fouling of the reactor chip. A large
number of conditions were, therefore, explored in DMF, but the
presence of byproducts that resulted from solvent degradation
prevented the synthesis of DPH in a yield over 9%. Fouling
issues in toluene prevented the screening of many different
conditions, and those conditions where solubility was retained
all had yields of less than 1%. ACN also had significant issues
with precipitation and clogging of the reactor that prevented
a large screen of conditions. However, at 150 and 200 °C and RT
of 5.0 and 0.66 minutes in the first and second chips, respec-
tively, the highest yielding condition of 34.5% was achieved
(Table 2, entry 4).

Conclusions

Diphenhydramine was synthesized via multiple routes using
both a microfluidic system and an accelerated droplet reactor.
The synthesis from the reaction of bromo- and chlor-
odiphenylmethane with dimethylaminoethanol was first opti-
mized in the microfluidic system by screening temperatures
and residence times. ESI-MS was used as a process analytical
tool (PAT) both qualitatively and quantitatively to facilitate the
optimization process. These studies led to an optimal condition
from chlorodiphenylmethane in acetonitrile at 200 °C with
a residence time of only 1 minute to produce DPH at a rate of
128 mg h™'. The ability to monitor this system in real time using

This journal is © The Royal Society of Chemistry 2017
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ESI-MS was also demonstrated using N,(g) segmented droplets
and an inductive ionization. These tools were then integrated
with a MiniPharm platform and DPH was successfully crystal-
lized continuously in N,(g) segmented droplets without fouling.
The size of the droplets, and therefore the crystals, was effec-
tively controlled with a mass flow controller and a temperature
bath. The droplets and crystals are monitored using an in-line
phototransistor and a video microscope, which will be inte-
grated with an image processing algorithm for real-time droplet
size distribution calculation in the future.

The synthesis of DPH from benzhydrol using meth-
anesulfonyl and p-toluenesulfonyl chloride was also accom-
plished. This synthesis was demonstrated in both the
microfluidic system and an accelerated droplet reactor which
established its potential to be used as a rapid reaction screening
tool. A variety of solvents and conditions were screened in both
reactor systems, using both qualitative and quantitative MS to
monitor these processes. The trends in product formation with
varying solvent were established using the droplet reactor, and
these were shown to be consistent with the findings from
microfluidic reactions. Fouling issues required the develop-
ment of a two-chip system, and MS quantitation revealed that
ACN was the best solvent for this synthesis.

This study describes our initial efforts towards the develop-
ment of an automated organic synthesis system directed by
mass spectrometry. The design of this system includes using
MS as not only a PAT, but also as a way to accelerate reactions
for high throughput route screening as well as scalable
manufacturing. Future plans include the integration of a design
of experiments approach to allow for automated optimization of
a process. The accomplishments demonstrated here are
significant steps towards the development of such a system.
Increasing the speed of both route screening and route opti-
mization, along with increasing the scope of chemistry for both
the accelerated reaction screening and the microfluidic reaction
and purification are critical next steps.
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