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1. Introduction

Advances in continuous manufacturing of
albuterol sulfate: optimization of an amination
reaction in flow

Kimberly E. Penzer,
Justin T. Turnage and James K. Ferri

Daniel G. Gregory,

*

Samantha G. Kohn, Kaitlin E. Kay,

Albuterol sulfate, an asthma therapeutic, has historically been manufactured via batch processing yet is
perennially listed on the FDA's drug shortage list. This work investigates the translation of a batch Sy2
amination reaction for synthesis of a key albuterol precursor towards continuous flow processing
monitored with on-line *H NMR. The results detailed herein enable integration and scale-up of the unit
operation within a larger end-to-end Advanced Manufacturing Technology (AMT) for continuous albuterol
sulfate production. Initial batch screening studies were conducted to optimize process variables, determine
kinetic parameters, and identify byproducts. Laminar and plug flow models were developed using batch
kinetic data to simulate reactant conversion during molecular transit through a tubular reactor; the models
were compared with experimental flow data at 20-60 °C. A pseudo first order flow model most accurately
modeled the reaction in flow - enabling intelligent reactor design and scale-up by simulating yield at
various temperatures (7), flowrates (Q), and residence times (z). The experimental flow study demonstrated
optimal solution yield (99.3 + 4.6%) and conversion (99.0 + 0.8%) of the starting material [50 mg m(™]
when the reaction was performed in isopropanol at 60 °C with a 40 min z. *H NMR was utilized as an on-
line process analytical technology (PAT); key reaction species were identified and calibrated to enable
quantification of concentration via an integrated flow cell. Ultimately, this work offers a continuous method
of synthesizing a key APl intermediate with on-line composition monitoring for integration and scale-up
within a larger end-to-end AMT system to help alleviate drug shortages.

manufacturing (CM).® Here, we investigate the translation of
a batch amination reaction for a key albuterol sulfate

In recent decades, the production of active pharmaceutical
ingredients (APIs) has been gradually offshored from the
United States to foreign nations with lower labor costs.!
Rather than directly producing APIs domestically within the
U.S., many pharmaceutical companies have prioritized supply
chain management (SCM) and have opted to import APIs
from abroad for drug formulation.” Today, the domestic
production of APIs accounts for only 14% of the global API
portfolio of small molecules.® In efforts to reverse this trend,
recent policy initiatives* seek to reshore API manufacturing;
the U.S. now has a stated goal to produce at least 25% of all
APIs domestically by 2028.° A compelling strategy for
achieving this goal is through the wuse of advanced

manufacturing technologies (AMTs)*” and continuous
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intermediate towards a streamlined, continuous flow reactor
with on-line "H NMR. This automated flow system is currently
being integrated within a larger end-to-end AMT for
continuous manufacturing of albuterol sulfate (see Fig. 1).

APIs are well-known for their complexity in synthesis, are
accompanied by strict regulatory standards, and are regarded
as high value chemicals.’ The development process from initial
synthesis to regulatory approval of an API can span several
decades, impacting the profitable lifespan of patents."”" This
implication has driven the pharmaceutical industry to
predominantly utilize legacy batch processes, where regulations
for product standards are deeply rooted.'” During traditional
pharmaceutical batch manufacturing, each process step is
typically conducted within separate vessels with no direct
flowing connection between reactors. This requires an iterative
series of synthesis, material transfer, purification, and cleaning
steps each achieved in unique vessels.*?

Conversely, the  continuous  manufacturing  of
pharmaceuticals is a process in which chemical starting
materials are transformed into APIs within interconnected

React. Chem. Eng.


http://crossmark.crossref.org/dialog/?doi=10.1039/d5re00465a&domain=pdf&date_stamp=2026-01-20
http://orcid.org/0000-0001-6611-1676
http://orcid.org/0009-0005-8416-396X
http://orcid.org/0000-0002-0710-7287
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5re00465a
https://pubs.rsc.org/en/journals/journal/RE

Open Access Article. Published on 12 January 2026. Downloaded on 4/6/2026 10:42:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Reaction Chemistry & Engineering
Advanced Manufacturing Technology for Drug Substance Manufacturing
Control System
W PAT Monitoring l T PAT Monitoring -
o Regulatory | | |
Starting iso
Material | Amination Distillation Catalytic API Salt Filter Dryer | APL |
° Reactor Column Reactor Formation Purification m\’<
Bromo-Diol SM Albuterol Sulfate

CAS# 62932-94-9

CAS# 51022-70-9

Amination in Flow With On-Line 'H NMR for Real-Time Composition Monitoring

Reagent Vessels Mixing Vessel Amination in Flow On-Line PAT  Product Throughput
System Basis: 1.0 mL/min (Optional) Solution Yield = 99.3 +/- 4.6% (95% Cl) HNMR (~45.1 mg/Hr)
Conversion 99.0 +/- 0.79% (95% Cl)
M in IPA ' ™
=
std,, =05 n;L/mln katanss ="
M 50 mg/min
T=40°C .
& ’ °
TBA i 25 L RBF, 500 RPM 4. Oequw t-Butylamine A
Qsgn = 0.5 mUmin m IPA (10V) \[<
TBAGO mgmin TERTx=0-10min - 3 20.60°C, < = 30-40 min
u = &V y T i
1BAS 12 Mol Round Bottom Flask Vapourtec Magritek Albuterol Intermediate
(25 mL) Flow Reactor 80 MHz NMR CAS# 156547-62-5

Fig. 1 A generalized schematic of the advanced manufacturing technology utilized for the continuous manufacturing of albuterol sulfate with
highlighted focus on the continuous flow system used to perform the amination reaction in this work.

flow systems."* Until recently, the application of CM
methods for the production of APIs has lacked research
motivation; however, CM offers potential benefits
including financial savings, centralized processing, a
reduction in waste, and environmentally considerate
chemistry.”” Recent work has examined the use of
amination reactions in flow for the CM of APIs."*™°
Additionally, CM offers the ability to incorporate on-line
process analytical technologies (PAT) within the system to
enable  real-time  monitoring of  composition.*’*?
Continuous manufacturing strategies have been shown to
reduce the cost of production by up to 76%.**

In efforts to strengthen the U.S. pharmaceutical supply
chain and modernize the industry, the Food and Drug
Administration (FDA), biotech companies, and researchers
are developing advanced manufacturing technologies,’”
such as modular, end-to-end continuous manufacturing
systems.>? This emerging vision entails a
compartmentalized platform with interchangeable sub-
modules which enable chemical transformations and key
unit operations (e.g., purification, formulation, and fill/
finish packaging) for continuous API synthesis under
current good manufacturing practices (cGMP).® Early CM
success has been demonstrated through the Defense
Advanced Research Project Agency's (DARPA) “Pharmacy
on Demand” (PoD) program which resulted in a series of
early CM systems.”*™° These PoD systems have enabled
the synthesis of multiple APIs, inspiring researchers to
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extend this technology to remediate the FDA's drug
shortage list.>' Here we highlight the development of a
tubular amination reactor for integration within a larger
CM system for the production of albuterol sulfate.

Albuterol sulfate (CAS# 51022-70-9) is a short-acting
bronchodilator used to treat asthma patients.**** However,
there is currently a shortage of the nebulized albuterol sulfate
solution (i.e., drug product), as listed on the FDA's drug
shortage list.>>*> Albuterol has historically been produced
through legacy batch processes involving a series of
transformations with unstable intermediates,**° and was
first manufactured as an aerosol product in the 1960s by a
U.K. manufacturer (ie., Allen and Hanburys).">*" The
process chemistry was advanced and re-patented in 1988 by
Esther Babad, et al. of Schering Corporation.*>** In the
legacy process, an intermediate amination reaction and a
catalytic hydrogenation reaction are key transformations
necessary for the production of this lifesaving API.

This study highlights the development of a key
transformation, an Sy2 amination reaction, for the
production of an albuterol sulfate intermediate in flow.
This reaction was optimized for performance in a tubular
reactor with chemistry that produces improved yields
compared to the traditional synthetic route. Several
different synthetic routes were previously proposed by
Babad; however, the highest amination yield was achieved
when the reaction was performed in a batch reactor with
IPA as the solvent medium and excess t-butylamine.** This

This journal is © The Royal Society of Chemistry 2026
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set of conditions achieved a 75% yield. Comparatively, the
new process described in this study achieves +90%
solution yields over a range of process conditions with

reduced byproduct generation for continuous flow
manufacturing with on-line "H NMR.

Scheme 1 presents the synthetic amination step
investigated in this study. The reaction involves the

conversion of a brominated starting material (molecule 1,
CAS# 62932-94-9) and t-butylamine (molecule 2, TBA, CAS#
75-64-9) into a key aminated intermediate (molecule 3,
CAS# 156547-62-5) for downstream production of albuterol
(see SI Scheme S2). The reaction was observed to form a
dimerized impurity (molecule 4) via a second parallel
reaction. A series of batch reactions were first performed
to screen the effect of process variables (i.e., temperature,
concentration, solvent) as well as to determine the kinetic
parameters for development of a tubular flow reactor.
Next, a tubular flow reactor was engineered to conduct
the transformation. The tubular reactor reduced the
amount of dimerized byproduct. Both laminar and plug
flow models were constructed and compared against
experimental flow results (see Fig. 1). Attention was then
directed to incorporate proton nuclear magnetic resonance
spectroscopy ("H NMR) as an on-line process analytical
technology (PAT), which has proven to be a successful
reaction monitoring tool.”* An analogous tubular flow
system is currently being incorporated within a continuous
GMP system with on-line "H NMR analysis. The resulting
continuous amination process detailed herein can be
readily scaled up within a larger end-to-end AMT system
for the CM of albuterol sulfate.
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2. Experimental
2.1. Materials

2-Bromo-1-[4-hydroxy-3-(hydroxymethyl)  phenyljethan-1-one
(Scheme 1 (1), 1 kg, purity >95%) was obtained from Ambeed
and used as a precursor for the synthesis of 3 (Scheme 1).
Tert-Butylamine (TBA) was purchased from Oakwood
Chemicals (Scheme 1 (2), 500 g, purity >95%). Methanol was
purchased from Fisher Chemical (4 L, HPLC grade, purity
>99%); isopropanol was purchased from Fisher Chemical (20
L, ACS grade, purity >99%) and was dehydrated with
molecular sieves from Fisher Chemical (grade 514, type 4A,
8-12 Mesh Beads).

2.2. Characterization methods

HPLC-MS analysis was performed using an Agilent 1200
Infinity Lab LC/MSD equipped with a Zorbax SB-C18 column
(3.5 um; 2.1 x 150 mm) to separate and identify primary
species. UV diode array detectors (DAD) and a mass
spectrometer (MS) provided absorbance and mass-to-charge
ratio (m/z) data. HPLC-MS facilitated identification of key
species (1, 3, 4) and impurities. HPLC-DAD was utilized to
quantify species during reaction with an Eclipse XDB-C18
column (5.0 um; 4.6 x 250 mm) and a gradient mobile phase
(85% phosphoric acid buffer, 15% methanol) at 1.50 mL
min~'. Reaction samples were filtered, diluted in methanol
(1-4 mg mL™), and stored at —24 °C prior to analysis.
Calibration curves were constructed using commercial
standards for 1, an in-house synthesized 95% pure standard
for 3, and a response factor approximation for 4 based on
chromophore counts of 1 and 3. See SI for representative
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Scheme 1 Reaction schemes showing the conversion of 1 and 2 into 3 (k;) as well as 1 and 3 into 4 (k).
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data. Benchtop NMR was performed with a Magritek
Spinsolve 80 MHz Carbon Ultra for on-line reaction analysis
and complementary HPLC characterization. Mnova was
utilized for data processing. Analysis modes included 1D1H,
carbon satellite decoupling (i.e., CDEC, "H{"*C}), and solvent
suppression (WET SUP). Calibration linearity was investigated
for species 1, 2, and 3. Samples were prepared via filtration
without dilution.

2.3. Batch studies

Amination reactions (3 h) were conducted at 0-70 °C with
reactant concentrations of 10-100 mg mL™". In a 100 mL
round-bottom flask, 1 was dissolved in MeOH or dried IPA
under nitrogen with magnetic stirring. Internal temperature
was monitored, and a condenser was employed for reactions
above 40 °C. Once the set point temperature was reached,
four molar equivalents of TBA (2) were introduced via syringe
pump. HPLC samples were collected at ¢t = 0 and ¢ = 3 h for
conversion and yield analysis. Kinetic studies included batch
reactions at 20, 40, and 60 °C in MeOH (40 mg mL™" 1) and
IPA (25 mg mL™" 1), with 2 in 4:1 molar excess on a 50 mL
scale. Aliquots were rapidly collected and analyzed via HPLC
to monitor species evolution. An excess reagent study was
conducted in IPA at 40 °C with excess molar equivalents
consisting of 10, 15, and 20x t-butylamine, and with 1 at 100
mg mL™" on a 50 mL scale. Calorimetry was performed using
a Mettler Toledo EasyMax 102 Advanced reactor with a heat
calibrator (HFCal) to quantify reaction enthalpy in MeOH
and IPA. Reactions were conducted at 35 °C with 1 (100 mg
mL™") on a 50 mL scale, and four equivalents of TBA were
delivered via syringe pump. Temperature and heat flow data
were logged. Heat capacity measurements were performed
pre- and post-reaction. Final aliquots were analyzed via HPLC
for quantification.

2.4. Flow studies

Flow studies were conducted in a Vapourtec E-series flow
reactor with residence times (7) of 3.67-60 min and tubing
diameters of 1/16-1/8". Dried IPA served as the reaction
medium at temperatures ranging from 20-60 °C. A vessel
contained 1 (100 mg mL™) at 40 °C, while a second vessel
held 2 (120 mg mL™") at room temperature, ensuring a 4:1
molar ratio. During mixing, both a pure tubular reactor
setup and a hybrid CSTR-tube flow setup were examined to
assess radial mixing effects. Solutions of 1 and 2 were
separately pumped and combined at a T-junction (tubular
flow) or CSTR (optional hybrid setup). The optional CSTR
utilized a 25 mL round bottom flask (RBF) to premix the
components within the vessel while maintaining a 10 min
residence time. The combined stream was then passed
through 20-40 mL of coiled tubing which was enclosed
within a glass container. The reactor was heated with
flowing air while on-line temperature monitoring was
recorded by the Vapourtec system. Outlet samples were
filtered and analyzed via off-line HPLC and NMR. For on-
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line flow NMR studies, a manual valve was utilized to
periodically divert flow to the NMR upon which a 30 second
scan was performed in stop-flow mode; during this time,
the primary process stream was directed into a product
collection vessel. The flow setup is depicted in Fig. 1.

3. Results & discussion
3.1. Batch reaction performance

Initial batch screening reactions were conducted as
described in section 2.3 to evaluate the effects of
temperature, initial concentration of starting material (1),
and solvent choice on production of the aminated product
(3). Fig. 2 presents the impact of these variables on the
conversion of species 1, 3, and 4 during batch screening
studies. The amination reaction is susceptible to the
formation of oligomeric byproduct species as detected via
LC-MS (see Fig. S2). The primary impurity byproduct
consisted of a dimerized species (4).

In Fig. 2A, non-dimensionalized concentration () is
plotted against temperature, normalizing selectivity and yield
across each species. Here, 0 is defined in eqn (1), where 4 is
the area of the HPLC peak compared to the maximum and
minimum concentration for species ¢ under condition j. In
MeOH, optimal conversion occurs between 20-40 °C. At 20
°C, selectivity towards species 3 is maximized, but complete
conversion of the starting material, 1, is not achieved. In IPA,
optimal conversion is observed at 40-60 °C, with complete
conversion of 1 at 40 °C; while the selectivity towards the
dimer increases as the temperature is elevated above 40 °C.
When below 40 °C, 1 remains largely insoluble in IPA [100
mg mL "] and limits the reaction.

A4,

0;
A —A

(1)

Imax Imin

Fig. 2B examines the effect of initial SM concentration, 1,
in both solvents. In MeOH, optimal performance occurs
between 20-40 mg mL™". At 20 mg mL ™", the formation of 3
is maximized, while selectivity towards the dimer impurity, 4,
is minimized; however, 1 was not fully converted under these
dilute conditions. At 40 mg mL ™, full conversion is achieved,
but product yield decreases as the formation of the dimer
increased. In IPA, the concentration of SM did not
significantly impact the selectivity towards 3 and 4; however,
full conversion of SM was achieved at 100 mg mL™", making
this the optimal condition. A table providing the solubility
limits of 1 is provided in the SI (see Table S3).

Calorimetry experiments were performed to quantify the
intrinsic molar enthalpy of reaction (AH,) in MeOH and IPA
following the procedure in section 2.2; Table 1 summarizes
these results. The reaction was exothermic in both solvents;
therefore, AH, values are reported as the absolute magnitude
of the enthalpy change (|AH,|) in k] per mole of limiting
reagent. The larger |AH,| observed in MeOH corresponds to a
greater effective heat release under process conditions and

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Batch screening reactions, effect of (A) temperature and (B) concentration on product selectivity and yield via the non-dimensionalized
concentration () of components 1 (blue), 3 (green), and 4 (red). The reactions were run with four equivalents of 2. Samples were measured after 3
hours of reaction time to observe the effects of temperature (A) and initial concentration of 1 on product selectivity and yield (B). Results for the
reaction in IPA are plotted with dashed lines and for the reaction in MeOH with solid lines.

Table 1 Intrinsic molar enthalpy of reaction (AH,) measured for the
amination reaction in MeOH and IPA. 95% confidence interval values are
listed

Solvent AH, (k] mol™) 95% CI
IPA 179.08 1.43
MeOH 265.74 5.05
necessitates additional thermal management during
processing in MeOH.

Kinetic — parameters were determined from the

experimental batch data to inform reactor design for
operation in flow. Two approaches
employed for cross-validation including operation under
standard concentrations at multiple temperatures (20-60 °C)
and with excess reagent. Fig. 3 plots the concentration
profiles of 1, 3, and 4 over time in MeOH (Fig. 3A) and IPA
(Fig. 3B). As 1 is consumed, 3 and 4 form accordingly.
MATLAB was utilized to solve the coupled ordinary
differential equations (ODEs) which govern the batch
reaction kinetics (see SI). The rate constants for product (k;)

continuous were

and byproduct (k,) formation were determined at multiple
temperatures (Table 2), while Arrhenius analysis (see Fig. S4)
was used to extract the activation energies (E,) and Arrhenius
constants (4).

The reaction progressed faster at higher temperatures
(see Fig. 3). However, when comparing solvents, the primary
reaction which forms species 3 proceeded consistently faster
in IPA than in MeOH at all temperatures (Table 2).
Additionally, the formation of byproduct (4) was notably
slower in IPA. The activation energy for the formation of 3
was markedly lower when operating in IPA versus MeOH.
Similarly, the activation energy for the formation of 4 was
higher when utilizing IPA. This data demonstrates that the
use of MeOH results in a slower reaction and favors
increased byproduct formation as compared to IPA.

A secondary method employing excess TBA, 2, was
conducted for complementary kinetic validation (see section
2.2). The logarithm of 1 was plotted against time to
determine observed rate constants. This data was then
extrapolated against initial TBA, 2, to derive the true rate
constant (0.0801 M min'l) versus the apparent rate constant

A . B 0175 C 0.175 .
T=20°C | o 4 ] T=60°C
® 3p 1 0.150 0.15 i
o i g b o .m..m
= Bl = P-4 ]
0. 0125/ | ; o
E 0B B S T 2 04125.' o .
? 0.1 L E) 0.1 - E 01k . 1
1 g = ]
2 g 2 i
g oo E 0075 . in :5-!;' 0.075 i e dm |
] £ ® 3m £ ® 3im
g oos : g oos B | g oos i =
S S LR S B 3w
0.025 oo 0025 0025}
0 ——— ° oo | L e e i ] ! e
0 0 100 150 200 250 300 0 50 100 150 200 0 50 100 150 200
Time (mins) Time (mins) Time (mins)
Fig. 3 The batch reaction conversion and product yields in MeOH (O, ----) and IPA (0, —) at (A) T = 20 °C, (B) 40 °C, and (C) 60 °C. The

concentration of components 1 (blue), 3 (green), and 4 (red) are plotted against time. Points represent experimental values determined via HPLC
whereas the curves are a fitted model. The reactions were run with four equivalents of 2.
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Table 2 Values for the kinetic rate constants (k;), activation energy (Ea), and Arrhenius constant (A) for the reactions at 20-60 °C for both solvents
(MeOH and IPA). The excess reagent method for k; in IPA at 40 °C is presented in parentheses

Parameter Methanol

Temperature (°C) k (M min™")

k, M min™)

Isopropanol

ki (M min™)

ky M min™)

20 0.0105 0.0032 0.0252 8.00 x 1078
40 0.0646 0.0043 0.1102 (0.0801) 2.51x10°
60 0.3098 0.1364 0.3557 0.0087
E, (k] mol ™) 68.79 74.56 53.77 233.14
A M min™) 1.90 x 10" 3.64 x 10"° 9.82 x 107 1.19 x 10%*

observed in excess TBA (0.1102 M™" min™"), as presented in
Table 2. Ultimately, these results indicate the reaction follows
second order kinetics when operating within a batch process,
as commonly defined for Sy2 reactions.*®

3.2. Flow studies

The effects of residence time and solvent selection were
investigated in a tubular reactor under flow following the
procedure listed in section 2.4. Fig. 4 plots the percent solution
yield and conversion versus residence time for flow reactions at
40 °C. The reaction in IPA outperformed MeOH across all
residence times by approximately 10% in both solution yield
(Fig. 4A) and conversion (Fig. 4B). Conversion and solution
yield increased and subsequently plateaued for both solvents
as the residence time was extended. Due to its superior
performance, IPA was selected for subsequent flow studies.
Additionally, the flow reactor limited the production of
oligomerized species in comparison to the batch amination
reactions (see Table S3). This is likely a result of diffusive
transport limitations which exist under laminar flow, which
limit the ability of the SM to diffuse radially and form
oligomerized species with the key aminated intermediate.

Next, experimental flow reactions were conducted to
confirm operation in flow and to validate kinetic flow models
using the methodology listed in section 2.4. The flow reactor

A

® IPA
® McOH

;!

1 1 1

10 20 30 40
Residence Time (min)

Yield (%)

was kinetically modeled in both laminar and plug flow, ie.,
with low and high respective Reynolds numbers (Re); see
derivation in SI section 2-3.*>*” Traditional plug flow kinetic
models assume a turbulent, well mixed flow profile. However,
alcohol-based solvents traveling at low flow rates are well
within the laminar flow regime (ie., Re < 2100). Thus, a
laminar flow kinetic model was derived for both first (see
eqn (2)) and second order kinetics (see eqn (3)) to model the
reaction in flow. C, denotes the concentration at position x,
while the Damkohler number (Da, = kC} '%) provides a ratio
of the rate of reaction to the residence time. Here x can be
the concentration at either the exit or the inlet (i.e., 4,) for
species A (ie, the SM). Experimental concentrations,
determined via HPLC, were plotted versus residence time for
comparison with each model (Fig. 5).

A sensitivity analysis was conducted to assess the kinetic
rate constants for each flow model. Fig. 5 presents conversion
predictions for a laminar flow reactor (LFR, Fig. 5A) and a
plug flow reactor (PFR, Fig. 5B) under first- and second-order
kinetics (i.e., for notation: LFR'', LFR*™, PFR', PFR*™!
where superscripts denote reaction order). For a first-order
reaction with k varying from 0.5-1.3 min™", the flow regime
significantly affected conversion predictions at lower k values.
In second-order Kkinetics, both reactor models followed
similar trends. Across all conditions, model predictions were
highly sensitive to k.

B 10 : ,
’ P
@® McOH
o
§
=
F 80 ¢
@
g o
. ¢
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Fig. 4 Continuous flow amination, effect of residence time in IPA and MeOH on (A) solution yield and (B) conversion at 40 °C. Experimental
results are represented by points (o) with error bars determined by a 95% confidence interval.
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A fit was applied to the experimental data by varying the
rate constant until a curve of best fit was created. The
values for the fitted kinetic parameters are shown in
Table 3 with comparison to the batch kinetic parameters
discussed previously. The fitted first-order PFR model had
the smallest percentage difference (A = 32%) between the
experimental results and fitted rate constant (i.e., k = 0.34
min'). The flow rates employed at this scale (Q ~ 1.0 mL
min™') are conducive to laminar flow (ie., Re < 2100),
however the sensitivity analysis between LFRs and PFRs of a
first order reaction show similar conversion predictions
(Fig. 5A and B). Thus, a pseudo-first-order reaction behavior
likely exists when operating under flow with limited radial
diffusion. Additionally, both higher order models (ie.,
LFR*™ and PFR*™) present large discrepancies (i.e., 141%
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difference) versus the batch kinetic parameters, further
evidence confirming the flow reaction follows pseudo-first-
order kinetics.

The differences in yield and conversion for the reaction as
performed in a true tubular reactor versus a hybrid setup (i.e.,
incorporation of a small CSTR mixing vessel prior to the
tubular reactor) were observed to be statistically insignificant.
Both configurations could accomplish 99% conversion of 1 at
60 °C with a residence time of 40 minutes in IPA.

3.3. '"H NMR process analytical technology study

Proton NMR was utilized as an on-line PAT to analyze the
evolving amination product and excess amine after exiting
the tubular reactor for integration with the AMT system
(see Fig. 6). To enable on-line PAT monitoring, the
chemical species were first analyzed via traditional off-line
NMR analysis within standard NMR tubes to identify the
key proton signatures unique to each molecular species.
Next, a series of calibration curves were created to
accurately quantify chemical composition in flow. Finally,

B
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Fig. 5 Rate constant sensitivity analysis (k = 0.5-1.3) of developed flow models (LFR®™", PFRO™®") for the conversion of 1 over time in
isopropanol at 60 °C. (A): LFR™" (dashed), LFR®™ (solid), (B): PFR™" (dashed), PFR®™ (solid). Experimental and modeled concentration profiles for
laminar flow (C) and plug flow (D) reactors at varying residence times. The Reynolds number (Re) varied from 6.4 to 69.7. Conversion models using
the best-fit (solid curves) and original rate constants (dashed curves) are shown for first- and second-order reaction models, with error bars

representing experimental uncertainties.
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Table 3 Comparison of kinetic rate constants determined in batch
experiments versus those determined by fitting flow models for LFR and
PFR reactors. The percentage difference (%) between the kinetic rate
constants

kBatch kFlow
Flow model Experimental Simulated %Difference (A)
LFR™* 0.47 0.67 35%
LFR?™ 0.35 2.00 141%
PFR'* 0.47 0.34 32%
PFR?™ 0.35 2.00 141%

the system was configured for on-line 'H NMR flow
analysis downstream from the LFR, as depicted in Fig. 1.
During on-line analysis, the process stream was
periodically diverted to the NMR using a manual valve to
enable time-resolved characterization.

Fig. 6A and B presents representative off-line proton NMR
spectra for species 1 and 3 with shaded regions highlighting
key peaks including the aromatic protons (~10.5-11.5 ppm)
and species-unique protons (e.g., geminal protons at ~8.0

A 1D

968 7.03
OH OH

7.44 461
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ppm). The inset provides simulated peak positions as
predicted by ChemDraw, which match the relative peak
positions of the experimental results (see Fig. S6). Solvent
peaks were also observed in the spectra; however, these
signals were suppressed via software (i.e., Mnova, WET SUP
mode) and are observed as downward oriented artifact peaks.

A series of NMR calibration curves were created for the
SM and aminated product in IPA. This was accomplished
using a glass flow cell which was inserted into the NMR and
charged using a peristaltic pump. A five-point calibration
curve was created for standard one-dimensional analysis
(1D1H), carbon satellite decoupling (CDEC), and with solvent
suppression modes to which a 95% confidence interval was
determined for each calibration. The calibration curves
provided a linear range at concentrations ranging from ~1-
120 mg mL™" when utilizing solvent suppression and satellite
decoupling (i.e., "H{**C}). The precision and linearity of the
calibration curve changed insignificantly depending on the
processing mode. The deviation in slope only decreased from
2.7% to 2.4% for component 1 and 0.02% to 0.46% for
component 3 when comparing 1D1H to solvent suppression.
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Fig. 6 Proton NMR spectra for (A) the aminated product and (B) the starting material with peak labeling simulated via ChemDraw (center inset)
and calibration curves (right inset); (C) on-line *H NMR flow data with orthogonal comparison with off-line HPLC (inset). The *H NMR spectra were

collected utilizing solvent suppression and satellite decoupling (*H{**C}).
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Fig. 7

(A) Proton NMR spectra for the amination reactant, species 2, with peak labeling simulated via ChemDraw (top left inset) and calibration

curves (top right inset); (B) on-line *H NMR flow data with orthogonal comparison to the theoretical reaction conversion. The *H NMR spectra were

collected utilizing a standard 1D1H scan.

This 80 MHz 'H NMR flow cell system enabled a lower limit
of detection (LOD) of ~1.0 mg mL™" when using the settings
specified in section 2.2.

Fig. 7A presents representative off-line proton NMR spectra
for species 2 with shaded regions highlighting key protons
(~4.77 ppm). The inset provides simulated peak positions as
predicted by ChembDraw (see Fig. S6). A series of NMR
calibration curves were also created for species 2 in IPA.
Similarly, for the before-mentioned species 1 and 3, calibration
was accomplished using a glass flow cell which was inserted
into the NMR and charged using a peristaltic pump. A
calibration curve was created for standard one-dimensional
analysis (1D1H) to which a 95% confidence interval was
determined. The calibration curve provided a linear range at
concentrations ranging from ~1.0-10 mg mL ™" when utilizing
a standard one-dimensional analysis (1D1H).

After developing calibration curves for each major
component, the NMR system was configured as an on-line
PAT to both identify and quantify species within the process
stream after exiting the flow reactor (see Fig. 6C and 7B).
Next, chemical composition was orthogonally analyzed with
off-line HPLC to statistically validate "H NMR as an on-line
PAT (see Fig. 6C, Inset). Chemical composition of species 2
was analyzed against the theoretical amount expected to be
remaining based upon stoichiometric conversion with species

This journal is © The Royal Society of Chemistry 2026

1 (see Fig. 7B). "H NMR provided a powerful on-line PAT for
analysis of chemical components 1, 2 and 3, in flow and
closely matched the off-line analytical results as quantified
via complementary HPLC (see Fig. 6C, Inset).

3.4. Process overview and AMT integration

The industrial production of albuterol sulfate has historically
been conducted in batch operations via key process
transformations including amination, catalytic
hydrogenation, and API salt formation.**?*?%38 In each
documented process, an amination reaction plays a central
role in the synthesis of an intermediate precursor to
albuterol. This study examined optimization of the process
chemistry and reactor engineering necessary to manufacture
a key aminated intermediate species for downstream
production of albuterol sulfate in flow (see SI Scheme S2).
Ultimately, this unit operation and its associated kinetic
models enable integration within a larger end-to-end AMT
platform (see Fig. 1).*°

First, a series of batch screening studies were conducted
to validate the new process chemistry, obtain preliminary
process parameters, identify impurity byproducts, and
quantify kinetic and thermodynamic parameters. A bromo-
diol starting material (1) was utilized for this reaction with
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four excess molar equivalents of ¢-butylamine (2) to form the
aminated albuterol precursor (3). This reaction was
conducted at moderate temperatures (7 = 0-60 °C) and in
common, low-cost alcohol solvents (i.e., MeOH and IPA). The
reaction was exothermic in both MeOH and IPA, with a AH,
of 265.74 and 179.08 k] mol™" respectively. Batch kinetic
modeling enabled determination of key kinetic parameters
(e.g., ki, E,, A) for process translation. This kinetic study
demonstrated that the reaction followed second order
kinetics for both MeOH and IPA (see Table 2), a trend
commonly reported for batch Sy2 reactions in literature.***”

Next, the batch process chemistry was translated into a
continuous operation in flow to enable Sy2 amination and
incorporation within the AMT system. In both batch and flow
studies, four equivalents of TBA were found to successfully
promote Sy2 amination to enable full conversion of the SM
and +90% solution yield of the product (3). Additionally,
small amounts of oligomeric species (i.e., dimerized SM
species) were produced in a parallel side reaction as
identified with LC-MS (see Fig. S1-S2). Optimal flow
conditions were observed within the tubular reactor at 60 °C
in IPA with a 40-minute residence time and an initial SM
concentration of 50 mg mL™"; this enabled a 99.3 + 4.6%
solution yield of 3 and a 99.0 + 0.8% conversion of 1 in flow
(see Fig. 4). The process detailed herein can achieve a 76.8%
isolated yield after purification via Biichner funnel filtration
and recrystallization. This process exceeds the ~75% isolated
yields for comparable amination steps in traditional batch
studies for the production of albuterol.*****?

The tubular flow reactor was modeled as both a laminar
and plug flow reactor for comparison with experimental
results. Traditional PFR's operate with high Reynolds
numbers (i.e., Re > 4000) and can be assumed well mixed in
when in the turbulent flow regime. Conversely, LFR's operate
in the laminar flow regime with low Reynolds numbers (i.e.,
Re < 2100) and maintain standing streamlines.’
Consequently, LFR's undergo limited radial mixing which
can reduce the apparent kinetics of the reaction as chemical
species must diffuse radially in order to react, as was noted
by a reduction in the dimerized material. In our process,
which operates at low flowrates in IPA (Q ~ 1.0 mL min ")
the system is well within the laminar regime (Re < 100) with
minimal difference between experimental and simulated
results. Similarly, the system possesses moderate-to-high
Péclet numbers (Pe), which is the effective ratio of advective
transport to diffusion.’® Thus, pseudo-first-order models
most accurately modeled both the kinetics and inherent
transport effects associated with the tubular amination
reactor (see eqn (2), where k = 0.67 min™' for a pseudo 1st
order LFR and 0.34 min™" for a pseudo 1st order PFR). A
recent review by Taylor et al. supports these findings; Taylor
notes that LFR and PFR models both accurately model flow
reactions on this scale (i.e., micro- to meso- flow scale) with
minimal statistical variation between each model.>>

Second order PFR and LFR kinetic models were
considered, yet these models did not match flow data as well
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as the first order models. After reviewing the literature,
limited model development was found for second-order
reactions occurring in laminar flow, as the resulting research
literature primarily focuses on reactions with equimolar
amounts of reactants. This makes direct model comparison
between our system and other studies difficult, but still offers
meaningful insights related to reaction kinetics. In a study by
Kien T. Nguyen et al, the effects of flow regime were
investigated on the kinetics of an equimolar second-order
reaction occurring within a channel using a Lagrangian
method.”®> Nguyen calculated the overall conversion,
residence time, effective reaction rate coefficient, and reactor
length necessary to achieve 80% conversion. Specifically,
Nguyen modeled the effect of Pe number and demonstrated
that systems with high Péclet numbers (Pe > 1) can
drastically reduce the apparent kinetics of a second order
reaction in laminar flow. This finding generally aligns with
our study as presented in Fig. 5A and B and demonstrates
the sensitivity of apparent kinetic parameters to Pe.

The use of four excess molar equivalents of TBA facilitate
multiple roles including (I) the first TBA equivalent
nucleophilically reacts with the alkyl halide to produce the
aminated product, (II) the second amine equivalent acts as a
weak base to scavenge the newly released HBr species while
forming a TBA-HBr salt, and (III) the final two free-amine
equivalents help drive the reaction to completion. Primary
amines (i.e., 1°) such as TBA act as strong nucleophiles due
to the presence of a lone pair electron group which rapidly
reacts with alkyl halides via an SN2 reaction.”® However, 1°
amines are also susceptible to continued side reactions
which produce higher order amine oligomers (e.g., secondary,
2°, tertiary, 3°, and quaternary ammonium salts).>®> This was
observed through the formation of a dimerized species which
constituted the primary reaction impurity. The dimer
contains ~2x chromophores in comparison to 1 and 3; thus,
its concentration was calculated from the HPLC-DAD data via
response factor scaling (see Fig. S3). The dimerized species
was observed to be limited in concentration (i.e., <1.0%)
within the final process stream.

Additionally, the tubular flow reactor was observed to
greatly reduce the generation of dimerized and oligomerized
species as compared to reactions taking place within a batch
CSTR-style system (see Fig. S7). This is likely a result of
diffusive transport limitations which exist during laminar
flow within the tubular reactor. As the process stream travels
along the axial dimension of a tubular reactor, limited radial
diffusion will occur due to the presence of standing laminar
streamlines. These transport limitations ultimately reduce
the ability of the SM and intermediate from mixing radially
and will prevent the formation of oligomeric species.
Conversely, when the reaction is conducted within a well-
mixed CSTR, intimate mixing is enabled which leads to a
promotion of oligomerized species (see Table S4).

Another variable taken into consideration in this work was
the choice of solvent medium (i.e., MeOH versus IPA). Recent
studies have examined the influence of solvent selection on

This journal is © The Royal Society of Chemistry 2026
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product distribution and its effect on the relative and
absolute rate constant of a reaction.>® The reaction screening
experiments (see Table 2) showed that even at lower
concentrations of SM (1), the kinetics were faster in IPA than
in MeOH. In a related literature study, it was found that the
most prominent solvent property which impacts the kinetics
of a reaction is solvent polarity.”” For transformations which
form molecules of ionic character, an increase in reaction
rate can be observed with an increase in polarity. Conversely,
for reactions forming molecules of non-ionic character, such
as in our process, reaction rates decrease with an increase in
solvent polarity. Thus, the reaction proceeds with faster
kinetics in IPA, as it is a less polar solvent in comparison to
MeOH, and offers a preferred environmental medium for
synthesis. Similarly, the formation of dimerized salt species
was substantially slower in IPA due to the effects of polarity.
These trends are supported by comparing the solubility of
albuterol sulfate in each solvent (see Table S2).

Investigations were then conducted to incorporate an on-
line process analytical technology to quantify the aminated
product for communication with the AMT controller. For
reaction monitoring within a continuous system, on-line PAT's
offer real-time feedback that can quantify product composition,
ensure purity, and minimize waste. Specifically, on-line 'H
NMR was utilized in this study to quantify the amount of
aminated product produced by the tubular reactor and to
quantify the presence of excess TBA impurities. NMR offers a
powerful on-line PAT tool due to its ability to provide real-time,
non-invasive monitoring of chemical reactions and is rapidly
becoming more popular in the process analytical technology
space.>*"%% Additionally, NMR offers detailed insights into
reaction kinetics, chemical structure, impurity identification,
and product formation to enable precise control and
optimization of a process. These characteristics make NMR an
invaluable asset in both research and industrial applications
for enhancing efficiency and ensuring product quality.

Alternative on-line PAT's including HPLC, UV-vis, FTIR,
and Raman spectroscopy were considered; however, they did
not offer the advanced capabilities of NMR. Both UV-vis and
FTIR do not produce the required structural detail necessary
to identify key molecular features within solution.
Additionally, UV-vis and HPLC systems which utilize DAD's
are unable to accurately detect impurity molecules which lack
chromophores (e.g., t-butylamine). Raman spectroscopy was
found unsuitable for on-line analysis as the process solution
was prone to strong fluorescence. Lastly, while HPLC is the
standard for off-line analysis, the long acquisition time
associated with this method introduces a significant time
delay making it undesirable for on-line use.

In contrast, NMR enables real-time monitoring with data
acquisition on the scale of seconds, making it a promising
PAT tool for molecular characterization. Thus, 'H NMR was
utilized to validate chemical products in flow and to assess
its on-line incorporation within a CM system. The analytical
NMR results were observed to match complementary off-line
HPLC analysis of the product stream with statistical certainty

This journal is © The Royal Society of Chemistry 2026
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for the aminated product (3) while offering detection of
t-butylamine (2), a key excess reagent. On-line 'H NMR
enabled quantification of these chemical species within the
1-120 mg mL ™" range, with a LOD ~1.0 mg mL™".

The resulting continuous amination flow system detailed
herein constitutes a key unit operation which is currently
being integrated within a continuous end-to-end
manufacturing system for c¢cGMP production of albuterol
sulfate.®’ The continuous manufacturing system currently
under development has demonstrated an overall isolated
yield of 60.6%." The final CM system will enable the
purification of albuterol sulfate via recrystallization within an
automated filter dryer. The resulting API will then be diluted,
mixed with excipients, and packaged within injectable liquid
vials as a packaged drug product. The use of on-line "H NMR
as a PAT will validate the removal of the excess TBA and the
dimerized byproduct to meet the International Conference
on Harmonization's standards for drug substance purity and
eliminate drug shortages.>>®°

4. Conclusions

We detail the development of a continuous flow reactor
system enabling Sy2 amination of a key albuterol sulfate
precursor for integration within a continuous AMT
manufacturing system for the production of albuterol sulfate.
Process variables, such as temperature, initial concentration
of starting material, and solvent medium, were screened in
batch studies for their effects on conversion and selectivity. It
was found that the temperature and solvent medium played
a crucial role in the reaction kinetics. As reaction
temperature was increased, the reaction progressed more
rapidly; however, the selectivity towards a dimerized
byproduct increased slightly in both solvent mediums. The
reaction excelled in IPA versus MeOH, and enabled greater
yields, higher conversions, and faster reaction rates under all
experimental conditions. Additionally, the use of a tubular
flow reactor reduced the formation of oligomeric byproducts.
Optimal flow conditions were achieved at 60 °C in IPA with a
40-minute residence time and an initial concentration of 50
mg mL ™" of SM; this enabled a 99.3 + 4.6% solution yield of
3 and 99.0 + 0.8% conversion of 1 in flow.

A series of kinetic models were developed and compared
against experimental data to simulate the conversion of
starting material within a tubular flow reactor under various
flow regimes. A pseudo-first-order kinetic model most
accurately modeled the experimental results in flow. All
investigated flow rates were well within the laminar flow
regime. On-line "H NMR was integrated downstream from
the reactor to quantify both chemical products and residual
amine with a ~1.0 mg mL ™" limit of detection. The data
provided by "H NMR statistically matched orthogonal off-
line HPLC data. The resulting flow system constitutes a key
unit operation for integration within a larger AMT system
and can be scaled-up for continuous manufacturing of
albuterol sulfate.
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Abbreviations

AH, Heat of reaction

1D1H One dimensional proton NMR spectroscopy
"H NMR Proton nuclear magnetic resonance

H{"C} Carbon satellite decoupling

AMT Advanced manufacturing technology

API Active pharmaceutical ingredient

CASH Chemical abstract services number

CDEC Carbon satellite decoupling

cGMP Current good manufacturing practices

CI Confidence interval

CM Continuous manufacturing

CSTR Continuously stirred tank reactor

DAD Diode array detector

DARPA Defense Advanced Research Projects Agency
FDA U.S. Food and Drug Administration

FTIR Fourier transform infrared spectroscopy

GC Gas chromatography

HPLC High-performance liquid chromatography
ICH International Council for Harmonization
IPA Isopropyl alcohol

LFR Laminar flow reactor

LOD Limit of detection

MeOH Methanol

MS Mass spectrometry

NMR Nuclear magnetic resonance

ODE Ordinary differential equation

PAT Process analytical technology

Pe Péclet number

PFD Process flow diagram
PFR Plug flow reactor

PI Process intensification

PoD Pharmacy on demand

RBF Round bottom flask

Re Reynolds number

SCM Supply chain management

S1 Supplementary information
SM Starting material

TBA ¢t-Butylamine

UV-Vis Ultraviolet-visible spectroscopy
WET SUP Solvent suppression
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