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Abstract

A molecular rotational resonance (MRR) spectrometer designed to monitor the product
composition of an asymmetric continuous flow reaction on-line is presented. The MRR
technique is highly sensitive to small changes in molecular structure, and as such is capable of
rapidly quantifying isomers as well as other impurities in a complex mixture, without
chromatographic separation or chemometrics. The spectrometer in this study operates by
automatically drawing a portion of the reaction solution into a reservoir, volatizing it by heating,
and measuring the highly resolved MRR spectra of each of the components of interest in order to
determine their relative quantity in the mixture. The reaction under study was the hydrogenation
of artemisinic acid, an intermediate step in the semi-synthesis of the anti-malarial drug
artemisinin. Four analytes were characterized in each measurement: the starting material, the
product, a diastereomer of the product, and an overreduction byproduct that was not directly
quantifiable by either HPLC or NMR methods. The MRR instrument has a measurement cycle
time of approximately 17 minutes for this analysis, and can run for several hours without any
user interaction.

Keywords
Process analytical technology; PAT; reaction monitoring; impurities; on-line spectroscopy;
molecular rotational resonance; MRR; rotational spectroscopy; stereoisomers
Introduction

On-line reaction monitoring techniques are extremely valuable for enabling rapid process
understanding, development, and optimization. In particular, quickly characterizing the yield,
specificity, and impurities generated in a chemical reaction is very important. In contrast to off-
line analyses, which require the user to manually sample, transport, measure, and read results,
on-line instrumentation can run continuously during a chemical reaction, archiving data and
alerting the process chemist when an out-of-specification result is obtained. As a result,
extensive efforts have been undertaken to apply the suite of analytical chemistry instrumentation
to on-line reaction monitoring applications, including FT-IR!-2 and NMR3-¢ spectroscopies, mass
spectrometry,” and chromatography.®12 Nevertheless, significant challenges remain in
characterizing all of the relevant species present in a chemical process, additional development is

still needed. The United States Food and Drug Administration (FDA), through its Process
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Analytical Technology (PAT) initiative, encourages these developments to further its goals of
improved process control and real-time testing for quality assurance.!3

One critical parameter in pharmaceutical manufacturing that is often not monitored
online, due to the absence of suitable methods, is the chiral purity of the product being
synthesized. The number of new small-molecule drugs with at least one chiral center has
increased considerably over the past few decades, with most of these now manufactured as single
enantiomers.!4 13 In addition, many drugs contain multiple chiral centers, leading to additional
stereoisomers known as diastereomers. A variety of chirally-sensitive chromatography and
spectroscopy techniques have been developed for resolution of enantiomers, while for
diastereomers — which are chemically similar but have different three-dimensional structures —
techniques with high structural selectivity are needed.!6-'® Techniques for distinguishing each of
the possible stereoisomers of a molecule — both enantiomers and diastereomers — are necessary in
order to obtain full process analysis and control in the synthesis of chiral drugs.

Only a few studies demonstrating on-line reaction monitoring of stereoisomers have been
published to date. Several studies have shown the capability for vibrational circular dichroism
(VCD) to monitor the enantiomeric excess of a chemical reaction!®-?!, while fast chiral
chromatography methods have also been demonstrated.??23 In this paper, we present the
application of molecular rotational resonance (MRR) spectroscopy for on-line reaction
monitoring of a pharmaceutical process. MRR, also widely known as microwave or rotational
spectroscopy, is extremely sensitive to small differences in molecular structure, and as such is
well suited for the differentiation of isomers.?* Due to the high spectral resolution of MRR, a
mixture of components, including isomers (regioisomers, diastereomers, cis-trans isomers, or

isotopologues), can be resolved without the need for separation or chemometrics. Additionally,
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while not demonstrated directly in this work, recent advances have enabled the resolution of
enantiomers by MRR using two methods — chiral tagging and three-wave mixing.?> Chiral
tagging can be performed to determine enantiomeric purity on the instrument described on this
paper without modification. This work is motivated by recent advances in continuous
manufacturing technology in pharmaceutical processing,?6-2 and seeks to demonstrate the
feasibility of MRR as a technique for directly measuring stereoisomeric purity, as well as other
impurities in the reaction, at relevant points along small-molecule synthetic processes.

The reaction under study is the Ru/C catalyzed hydrogenation of artemisinic acid (AA),
which can be produced from genetically engineered yeast,?” to dihydroartemisinic acid (DHAA)
in a trickle-bed flow reactor. DHAA can thereafter be converted into artemisinin through photo-
oxidation??; the diastereomeric selectivity of the hydrogenation step is critical in achieving high

yield of the final product, artemisinin.3!-33

Experimental Methods
Broadband MRR spectroscopy for component identification

In order to determine the MRR transition frequencies for each component in the
hydrogenation reaction, an off-line 2-8 GHz broadband MRR spectrometer was employed. The
design of this instrument has been described elsewhere.3*33 A total of four samples were
measured: commercially obtained crystalline high-purity samples of artemisinic acid (AA) and
dihydroartemisinic acid (DHAA); an intentionally over-reduced sample in order to produce the
overreduction byproduct, tetrahydroartemisinic acid (THAA); and finally, a crude reaction

mixture containing AA, DHAA, THAA, and a diastereomeric impurity of DHAA (epimerized at
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the chiral center created by the hydrogenation). The latter two samples were provided as oils
(approximately 70 mg each).

Solid samples were transferred directly into a 0.9 mm Parker Hannefin Series 9 pinhole
nozzle, modified to incorporate a sample reservoir that can be heated to volatilize liquid and
solid samples. Oil samples were first dissolved in ethanol (at a concentration of approximately
100 mg/mL) in order to allow for their transfer by syringe into the nozzles. The sample was split
among 3 nozzles, oriented in parallel, run simultaneously in order to increase measurement
sensitivity. Samples were heated to approximately 160°C to produce suitable vapor pressure (~1

Torr) for analysis. High-grade (>99.999%) neon was used as the carrier gas.

Process monitoring MRR spectrometer

The process MRR spectrometer employed in this study is presented in Figure 1. The
instrument design is based on the Fabry-Perot microwave cavity spectrometer originally
developed by Balle and Flygare®® and later miniaturized by Suenram et al.3” The dimensions of
this spectrometer are the same as those described by Suenram et al. A pair of spherical aluminum
mirrors, held under high vacuum (~10 Torr), are coupled to a microwave generator that
produces pulses with a frequency that is resonant with a mode of the cavity. The vacuum is
generated by a 6-inch diffusion pump with a rotary vane backing pump. Volatilized molecular
samples are injected into the cavity region in synchronization with the microwave pulses. When
the microwave pulse is resonant with a molecular rotational transition of a component in the
sample, the sample emits a free induction decay (FID) signal, which is coupled out of the cavity,

digitized, and Fourier transformed to yield the MRR spectrum.
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In comparison to the broadband spectrometer, this cavity-enhanced MRR spectrometer is
faster and consumes significantly less sample (by a factor of approximately 100) to achieve a
given sensitivity level. However, this instrument can only detect a narrow bandwidth in one
measurement - in most cases, a single molecular transition around one of the resonant cavity
modes - due to the high cavity finesse. One of the mirrors in the cavity spectrometer is motor
tunable, so that its position can be changed in about 5 seconds to measure a different transition
within the spectrometer bandwidth (9-18 GHz). Transitions from each of the components of

interest are measured sequentially during each measurement cycle.

Figure 1: Photograph of the MRR spectrometer used for the measurements presented in this study.

The amount of sample required for analysis by MRR - both in the initial broadband
characterization, and the process measurements - depends on the level of sensitivity needed. This
is because the sample, after it is volatilized and injected into the MRR spectrometer, is evacuated
through the system’s vacuum system. To this point, we have not undertaken any attempts to

recover samples. In the case of the reaction studied here, the strongest components in the mixture
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can be observed in a broadband measurement with 10 mg or less of sample — or with
approximately 100 pg of sample in a targeted analysis (where the MRR spectrum of the analytes
is already known). However, since the signal-to-noise ratio of the MRR spectrum depends on the
measurement time, if lower-level impurities are desired, more sample and more measurement
time are needed. The amount of sample required to reach a given sensitivity level also depends
on the molecule’s intrinsic MRR spectral strength — which depends primarily on the permanent

dipole moment and the molecular weight of each analyte.

Sampling interface

A schematic and photographs of the interface between the continuous flow reactor and
the process MRR spectrometer are presented in Figure 2. The output of the flow reactor is
directed into a gas-liquid flow separator, which was designed to give the MRR spectrometer
access to a constantly refreshing reservoir of fresh reaction mixture for analysis while allowing
the hydrogen gas in the line to escape. As more of the product solution comes out of the reactor,
the solution in the reservoir overflows and exits the separator. We estimate that this reservoir,
with a volume of about 2 mL, turns over approximately every 2 minutes under typical reaction
flow rates.

When the MRR spectrometer is ready to begin a new analysis, a solenoid dosing pump is
used to deliver a fixed volume of the reaction mixture through a valving manifold and into a
heated reservoir nozzle. This nozzle is the same design as for the broadband MRR measurements
described in the previous section, except it was fitted with two tube connections on the sides of
the nozzle to allow direct introduction of solutions. This nozzle is inserted into the back of the

stationary cavity mirror. The reservoir is first heated to a temperature slightly below the boiling
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point of the solvent, with the MRR spectrometer tuned to a solvent transition to monitor the
remaining solvent concentration in the sample. For this reaction, with ethanol (bp 78.4°C) as the
solvent, a temperature of 75°C was chosen. Once the solvent is nearly evaporated, the reservoir
temperature is increased to 160°C to volatilize the analytes. The selected transitions of each
species of interest are then measured, followed by a brief period of reservoir evacuation at a
higher temperature (in this case, 190°C) to evacuate any remaining sample. Once the reservoir is
clean, the nozzle is cooled back to the solvent volatilization temperature to receive the next
sample. The total cycle time to analyze the 4 observed species in the DHAA reaction, including
sample delivery, measurement, and cleaning, is about 17 minutes with the current system. The
amount of sample consumed per measurement is 0.99 mg (330 pL of solution mixture with a
total analyte concentration of 3 mg/mL). The reservoir has a usable volume of approximately
500 pL; however, methods can be developed to accommodate larger injection volumes if

necessary (if, for example, the analyte concentration in the solution is very low).
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Figure 2: Images of the interface between the continuous hydrogenation process and the MRR spectrometer for reaction
monitoring. Top left: The flow catalysis reactor. A flow separator is used to collect a reservoir of liquid and allow the hydrogen
gas to escape. Top right: An internal cutaway drawing of the flow separator. Bottom left: Schematic of the valving manifold to

transfer the reaction solution into the nozzle for volatilization. Bottom right: photograph of the valving manifold mounted to the
spectrometer. (The blue cables observed in this figure are the microwave signal input and output.)

Results and Discussion
Broadband spectroscopy of reaction mixture

In Figure 3, the broadband MRR spectrum of the crude DHAA reaction mixture is
presented. Each component in the species is identified by modeling its spectrum to a rotational
Hamiltonian, where the primary derived parameters are the three molecular rotational constants
(proportional to the inverse of the moments of inertia along the three principal axes of the
molecule). Each component in this mixture, has two low-energy conformational isomers,
differing by a 180° rotation of the carboxylic acid group; each of these is detected as a unique
pattern in the spectrum. Compounds are identified by comparison of the experimental rotational
constants of each fit to calculated values from electronic structure theory (see the Supporting
Information for further description). Because the spectrum consists of approximately 100,000

spectral resolution elements, and each analyte spectrum usually consists of between 100-200

10
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detectable transitions, overlaps between the spectral transitions of different species are extremely

rare, as Figure 3 shows. Therefore, we can monitor the concentration of each species without

oNOYTULT D WN =

interference by monitoring a single line known to be assigned to that species. A more complete
10 analysis of these spectra, including structural parameters of these species as derived from the
molecular moments-of-inertia, will be presented in a future paper.

15 We note that the bandwidth of the process monitoring MRR spectrometer (9-18 GHz) did
17 not overlap with the broadband MRR spectrometer used in this study (2-8 GHz). We used the fits
from the broadband spectrometer to predict the frequencies and intensities of strong transitions in
22 the bandwidth of the process spectrometer, which were confirmed by subsequent measurement

24 of trial reaction mixture samples.

58 11
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Figure 3: Broadband MRR spectrum of a crude reaction mixture from a continuous hydrogenation of artemisinic acid. The black
spectrum is the full reaction mixture, while the colored traces are masked to show the individual contributions of each
component (using the Hamiltonian fits to each species). The bottom panel shows an expanded view of the spectrum to show
that the rotational lines of each component do not overlap with each other.

Process measurements

We next demonstrated the ability of the spectrometer to quantitatively determine the
composition of a two-component mixture, using prepared mixtures of the starting material (AA)
and purified product (DHAA) at five different ratios from 95:5 (DHAA:AA) to 50:50. The
results of this analysis are presented in Figure 4. The instrument was operated under the same

12
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conditions as in the process monitoring measurements, except the samples were injected via
syringe from prepared solutions at each composition. The sum of the AA and DHAA
concentrations was kept constant at 3 mg/mL in each sample, the same concentration as was used

in the flow process.
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Figure 4: MRR measurements of prepared solutions of AA and DHAA, diluted to a combined concentration 3 mg/mL in ethanol.
Panels (a) and (b) show the raw spectra of DHAA and AA obtained from each mixture, while panel (c) plots the measured AA
fraction (defined by the ratio of the AA peak signal to the sum of the two signals) against the actual AA fraction. The overlaid
lines show a slope of 1 (red) and a best fit to the data, with a fixed intercept of zero (green).

In quantifying the relative concentration of each species, we account for the conformer
populations (determined directly from the broadband spectrum), calculated line strength, and the
population difference between the two states measured (assuming a typical rotational
temperature of 2 K). We did not correct for any possible differences in the vapor pressure of each
analyte in the mixture at the measurement temperature. In this reaction, the molecular weights
and structures of the different analytes are similar, and based on our observations, any vapor
pressure differences appear to be small. If desired, a calibration mixture could be used for
correction, if available, or benchmarking to another analytical technique.

In Figure 5 we show example data for monitoring the continuous hydrogenation of AA to

DHAA. During this measurement the conditions (flow rate, temperature, and pressure) were

13
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intentionally varied during the synthesis in order to initiate significant changes in the product
distribution between samples. All four species of interest are monitored in each measurement.
We note that THAA in particular, because of its saturated nature, is highly challenging for
analysis by either HPLC (with UV detection) or "TH NMR. MRR does not require a chromophore
in the same sense as these other techniques; it requires only a permanent dipole moment, which
is almost always present in chiral molecules. Therefore, MRR can help to fill analytical gaps of

other techniques.
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Figure 5: Left: Concentration data for a series of 8 sample measurements performed over the course of 4 hours with the MRR
spectrometer connected to the synthesis flow. Right: Offline 1H NMR analysis of reaction aliquots collected at the same time as
the MRR analysis.

At the same time the MRR spectrometer drew a sample for analysis, a fraction of the
reaction mixture was collected for comparative off-line analysis by '"H NMR (Bruker 600 MHz).
In these measurements, an internal standard (dimethyl sulfone) was added to determine the
absolute product yield. However, due to the lack of a characteristically-shifted proton for THAA,
it was not possible to determine its concentration directly. The MRR analysis instead determines
the product ratios between the four relevant species. This may explain the lower overall DHAA

percentage in the NMR measurements. Regardless, it can be seen that the trends in the

14
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concentrations of the three species monitored in both samples is similar between the two

analytical techniques.

Conclusion

This paper represents the first demonstration of molecular rotational resonance
spectroscopy for characterization of the purity of a pharmaceutical synthetic process. The pivotal
advantage of MRR over other process monitoring techniques is its high resolution and
specificity: different species, including regioisomers, diastereomers, and enantiomers, can be
individually resolved and quantified in a reaction mixture unambiguously. We show that the
MRR technique has extremely good structural selectivity and good quantitative accuracy.
Because advance sample preparation, internal standards, and calibration measurements are not
needed, this represents a significant new capability for reaction monitoring in continuous
synthetic processes. This method is broadly applicable to analyses of stable intermediates and

products in small-molecule pharmaceutical manufacturing.
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