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ABSTRACT

The utilization of water as a sustainable reaction medium has important advantages over traditional
organic solvents. Hydroxypropyl methylcellulose has emerged as a biomass-based polymeric additive that
enables organic reactions in water through hydrophobic effects. However, such conditions imply slurries
as reaction mixtures, where the efficacy of mass transfer and mixing decreases with increasing vessel size.
In order to circumvent this limitation and establish an effectively scalable platform for performing
hydroxypropyl methylcellulose-mediated aqueous transformations, we utilized oscillatory plug flow
reactors that feature a smart dimensioning design principle across different scales. Using nucleophilic
aromatic substitutions as valuable model reactions, rapid parameter optimization was performed first in a
small-scale instrument having an internal channel volume of 5 mL. The optimal conditions were then
directly transferred to a 15 mL reactor, achieving a three-fold scale-up without re-optimizing any reaction
parameters. By precisely fine-tuning the oscillation parameters, the system achieved optimal
homogeneous suspension of solids, preventing settling of particles and clogging of process channels.
Ultimately, this resulted in a robust and scalable platform for performing multiphasic reactions under
aqueous conditions.

INTRODUCTION

Synthetic processes rely traditionally on organic solvents as reaction medium.** Unfortunately, the vast
majority of solvents used are not recycled, but instead end up as an ever-increasing amount of organic
waste. This has led to a renewed interest in the use of water as an environmentally benign alternative to
organic solvents.>° However, aqueous chemistries are largely limited by the solubility of typical organic
substrates in water. In order to circumvent the issues of limited solubility and poor reaction rates, aqueous
micellar conditions have been suggested to enable organic reactions in water.!*3 In this manner,
surfactants are employed to form micelles as amphiphile nanoreactors, where organic reactions can
efficiently take place.’*” It was observed that the nature of the amphiphile is crucial in such reactions,
and as a result, an array of novel surfactants have been designed that enable diverse transformations to
be performed under agueous micellar conditions.’®2* Although designer surfactants have numerous
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desirable properties, they also have some drawbacks. For example, they can be expensive to synthesize
and co-solvents are often required to ensure uniform mixing and the achievement of high reaction yields.?

Recently, hydroxypropyl methylcellulose (HPMC) has also emerged as a surface-active additive that
enables organic reactions in water through hydrophobic effects (Scheme 1A).2522 HPMC is a semisynthetic
polymeric organic compound derived from cellulose. It is available in large quantities, inexpensive and
completely harmless.? HPMC contains both hydrophilic and hydrophobic groups, and its self-aggregation
in water leads to the formation of hydrophobic pockets where organic reactions can take place.®* HPMC-
mediated conditions have been exploited to enable a variety of reactions in water, such as amide
couplings, various reductions, Buchwald-Hartwig aminations and SyAr reactions.?62% 30 |n contrast to some
of the micelle-mediated chemistries, HPMC-enabled transformations do not require the presence of any
co-solvent. However, as a result of self-aggregation, aqueous HPMC solutions suffer temperature
dependent gelation during the course of reactions.3! This can result in biphasic mixtures and slurry
formation, which lead to significant limitations on mass transfer and low reaction rates especially at larger
scales.

Continuous flow reactors offer unique advantages for improving transport between reacting phases.3>
35 Oscillatory plug flow reactors (OFRs) have proven particularly useful for performing reactions involving
solids, as the intense mixing that results from a continuous oscillation superimposed to the net flow of the
reaction stream significantly enhances mass transport and ensures stable suspension of solid-liquid
mixtures.3** As a result, process intensification and simplification become feasible, and scalability is also
more straightforward than under traditional batch conditions.*>*®
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Scheme 1 The structure of HPMC (A), and general scheme of the present study (B).

Motivated by the large potential, but also by technical limitations of HPMC-enabled aqueous
chemistries, we aimed to develop a novel continuous flow protocol in order to realize organic syntheses
involving HPMC-containing slurries as a scalable process. Based on our earlier experiences on processing
biphasic reaction mixtures in OFRs, primarily in photocatalytic but more recently also in micelle-enabled
aqueous chemistries,*">! we selected the commercially available HANU flow reactors (Creaflow) for
process development.> The selection of this particular system was justified by the smart dimensioning
approach, which ensures a fixed geometrical layout and thus homogeneous performance across different
reactor scales, from lab to manufacturing.>3>°> This allowed us to envision rapid process development using
a lab-scale instrument, followed by facile scale-up by directly transferring optimal conditions to a larger-
scale reactor without the need for reoptimization of reaction conditions. (Scheme 1B). On the basis of
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their broad applications in medicinal chemistry as well as in pharmaceutical manufacturing,*® nucleophilic
aromatic substitutions (SnAr reactions) between various nucleophiles and electrophiles were selected as
model reactions. These reactions are typically conducted in classical organic solvents, such as DMSO, DMF,
DMAc, 1,4-dioxane, and NMP, and often require heating to temperatures >100 °C that can result in low
chemical selectivity and limited functional group tolerance.’’® In a recent report, SyAr reactions were
achieved under batch conditions using aqueous HPMC solutions as reaction medium in the presence of
KOH as an inexpensive base.? These literature findings served as starting point for our investigations.

EXPERIMENTAL SECTION

Continuous flow reactor setup

Flow reactions were performed using a commercially available system containing a HANU 2X 5 or HANU
2X 15 OFR made of Hastelloy as central element (Creaflow).>? Both reactors comprise a linear plate-like
process channel equipped with a series of cubic static mixing elements (2 x 2 x 2 mm) placed within a
repeated pattern. The internal geometry (i.e., the pattern of the static mixers and the channel cross
sections) as well as the width and height of the two reactor plates are identical, the only difference is their
length and internal volume (HANU 2X 5: outer dimensions 20 x 9 x 7 cm, internal channel volume 5 mL;
HANU 2X 15: outer dimensions 56 x 9 x 7 cm, internal channel volume 15 mL). The system also contained
a pulsator module (Creaflow, Beta/5 pump with a Hastelloy pump head and PTFE membrane) that
generates pulsation superimposed to the net flow of the reaction stream to facilitate mass transfer. The
pulsator can deliver a tunable amplitude in the range approx. 0.035-0.44 mL per stroke, and adjustable
frequency in the range of 0.3—3.0 Hz. The reagent feeds were introduced via two separate streams using
Vapourtec SF-10 peristaltic pumps upstream the pulsator. To avoid entering air bubbles from the reactor
outlet during backward pulsation, pressure was applied by using an adjustable backpressure regulator
(BPR) from Vapourtec. Thermal regulation was achieved by using a Huber CC304 thermostat (transfer fluid:
diethylene glycol). Parts of the setup were connected using PTFE or PFA tubes (1/16” OD, 0.8 mm ID for
the HANU 2X 5 reactor and 1/8” OD, 1.6 mm ID for the HANU 2X 15 reactor) along with PEEK or stainless-
steel fittings.

Representative procedures for the flow experiments

Parameter optimization and reaction scope investigation were performed using the HANU 2X 5 flow
reactor. A Duran bottle was charged with the corresponding electrophile (1.0 equiv, 0.125 M, 0.25 M or
0.5 M) and KOH (0.5 equiv.) as base in 2wt% or 0.1 wt% HPMC/H,0 as reaction medium. Similarly, in
another Duran bottle a mixture containing the selected nucleophile (1.0 equiv) and KOH (0.5 equiv.) in
2wt% or 0.1 wt% HPMC/H,0 was prepared. While being stirred vigorously using a magnetic stirrer, the
mixtures were pumped continuously using peristaltic pumps. The combined stream was passed through
the pulsator and then the OFR at the selected flow rate, amplitude and frequency while maintaining 3 bar
pressure. The reactions were performed either at RT or at 60 °C. The product mixture was collected for a
duration equivalent to three times the average residence time under steady-state conditions into a stirred
flask containing EtOAc to quench the reaction. After removal of the organic phase, the aqueous phase was
extracted with EtOAc and the combined organic phases were dried over Na,SO4 and evaporated under
reduced pressure. No further purification steps were performed. Conversion and chemical selectivity were
determined by analytical HPLC after calibration.
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Preparative long-runs were performed using the HANU 2X 5 flow reactor under optimized reaction
conditions in similar manner than described above for smaller scale experiments. Reagent feeds (both in
2wt% HPMC/H,0) were pumped at identical flow rates of 0.5 mL min™t or 1.5 mL min™. The combined
stream was passed through the pulsator and then the OFR while maintaining 0.26 mL oscillation
amplitude, 3.0 Hz frequency and 3 bar pressure. The reactions were performed either at RT or at 60 °C.
The product mixture was collected for 180 min or 110 min under steady state conditions into a stirred flask
containing EtOAc to quench the reaction. Work-up and product analysis were performed similarly as
discussed above for smaller scale runs. Isolated compounds were characterized by 'H and 3C NMR
spectroscopy. Purity of products was determined by GC-FID.

Direct scale-up was performed using the HANU 2X 15 flow reactor under conditions previously
optimized in the HANU 2X 5 system using 2wt% HPMC/H,0 as reaction medium. In order to match the
increased reactor volume with residence times previously established, the flow rates utilized were tripled
(reagent streams were pumped at identical flow rates of 1.5 mL min™* or 4.5 mL min™?), but all other
reaction parameters (amplitude, frequency and temperature) were were set to the previously optimized
values. The product mixture was collected for 180 min under steady state conditions into a stirred flask
containing EtOAc to quench the reaction. Work-up, product analysis and characterization were performed
similarly as discussed above for experiments in the HANU 2X 5 OFR. See also the Supporting Information
for more experimental details as well as photographs on the setups employed.

RESULTS AND DISCUSSION

As concerns physical properties, in particular, the viscosity of aqueous HPMC solutions, the ratio of
methoxyl and hydroxypropyl groups on the cellulose backbone play an essential role.>*° In order to select
a reaction medium that can be processed optimally under flow conditions, our study was initiated by
investigating aqueous solutions prepared using different commercially available HPMC types. Mantrocel®
E5 and K4M (obtained from Gustav Parmentier GmbH) were explored as 0.2-2 wt% H,0 solutions (see
Table S1 in the Supporting Information). K-type HPMCs can be considered more cellulose-like and thus
slightly less swellable in aqueous solutions compared to E-types.? The viscosity of Mantrocel® E5 solutions
at temperatures of 25-60 °C were in the range 1.0-4.0 mPa s, meaning that as reaction medium these can
easily be pumped continuously even by using a syringe pump. In contrast, the viscosity of 2 wt% K4M
solution was very high (3200 mPa s at 25 °C), preventing any applications as a potential reaction medium.
Reducing the K4M concentration to 0.2 wt% lowered the viscosity remarkably, but at higher temperatures,
decomposition of the solution occurred suggesting the utilization of Mantrocel® E5 solutions instead as
reaction medium in all further experiments.

The SNAr reaction of 4-trifluoromethyl-2-nitro-1-fluorobenzene (1) with benzylamine (2) as nucleophile
was selected as model reaction using 2 wt% HPMC/H,0 as reaction medium in the presence of KOH as
base. In order to demonstrate the importance of mass transfer and also to investigate possible limitations
in scalability, the reaction was performed initially in conventionally stirred batch reaction vessels on scales
ranging from 1 mL to 250 mL (Figure 1). The constant and inadequately low conversion (around 50%) at
200 rpm stirring rate can be explained by the accumulation of the insoluble electrophile as a separate
phase at the bottom of the reaction vessel regardless of the volume applied. By increasing the stirring rate
to 500 rpm, the reaction mixture formed a homogeneous suspension and the conversion reached 75% in
the smallest vessel (1 mL volume). However, upon gradual scale-up to 250 mL, conversion decreased
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rapidly with the batch size to around 50%. This demonstrates a notable mass transfer limitation and implies
potential difficulties in case of direct scale-up under batch conditions.
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Figure 1 Effects of the rate of stirring on the batch model reaction at different scales. (Chemical selectivity was >95%
in all reactions. Conversion and selectivity were determined by HPLC at 215 nm.)

For the continuous flow reactions, a reactor setup was established comprising as main components the
HANU OFR, two metering pumps for the introduction of reagent streams, and an oscillatory diaphragm
pump delivering a tunable pulse superimposed to the net flow of the reaction stream (Figure 2; see also
the Experimental Section and Supporting Information for details). The plate-like process channel of HANU
reactors is equipped with a series of passive mixers placed within a repeated pattern. The beneficial
combination of passive mixing and pulsation-enabled active mixing results in a split-and-recombine mixing
phenomena accounting for an improved mass transfer compared with conventionally stirred batch
processes. Importantly, the tunable pulse delivered by the oscillator module enables the system to reach
optimal homogeneous suspension of solids without settling of particles and thus clogging of process
channels. In order to gain a better understanding on the effects of individual oscillation parameters and to
assess the mechanisms facilitating mass transfer in aqueous slurries under oscillatory flow conditions a
combined experimental and computational investigation of fluid dynamics and solid transport was
performed in parallel.®!

Pumps HANU OFR

INLET1 Pulsator BPR

L2l 5or15mL = et
Thermostat

Figure 2 Schematic representation of the continuous flow setup.

For initial investigations, the HANU 2X 5 OFR with an internal channel volume of 5 mL was selected.
This is the smallest HANU reactor available, ideally suited for quick screening of reaction conditions at a
small scale.>? By optimization of the pulsation parameters, we anticipated a robust setup for handling the
reaction slurry with small axial dispersion and a residence time distribution (RTD) approaching a plug-flow.
Experimental investigation of the RTD in the HANU 2X 5 reactor verified that at a given average flow rate,
the amplitude of oscillations significantly influenced the distribution curves, whereas oscillation frequency

5
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exhibited a lower impact. As expected, higher flow rates diminished the influence of diffusion in the system
(Figure S3 in the Supporting Information). To quantify how oscillation impacts the RTD, the Bodenstein
(Bo) number was calculated at any combination of flow rates and oscillation parameters experimentally
investigated (Table S2 in the Supporting Information). The values of Bo reflected the narrowing of the
experimental RTDs and thus confirmed the similarity of RTD characteristics to those observed earlier in
the HANU 2X 15 reactor.*>! These findings verify that direct scale-up from the HANU 2X 5 to the 2X 15
reactor can potentially be achieved by adjusting the flow rate, without the need to reoptimize the other
reaction parameters.

With a low average flow rate (0.5 mL min™) and oscillation parameters (A= 0.036 mL, v= 3.0 Hz), RTD
was compared next in case of HPMC/H,0 and pure deionized water to investigate any changes in the plug
flow character caused by the reaction medium. As detailed in the Supporting Information (see Figure S4
and Table S3), HPMC/H,0 displayed somewhat better plug flow characteristics than pure water due to its
higher viscosity; and increasing the temperature to 60 °C made the RTD profile of the HPMC/H,0 system
even narrower. The calculated Bo values allowed to conclude that the presence of HPMC does not
significantly change the fluid dynamic behaviour of pure deionized water, but it improves slightly the plug
flow character due its higher viscosity.

Table 1 Parameter optimization under flow conditions.
In 2 wt% HF’MC/HQO

KOH +

0.5 equiv. (3) H
5 mL OF N Ph
F3 —~ ~N
1.0 equiv.

KOH + Ph/\NHz T, t,es A v F3C NO,

0.5 equiv. 1.0 equiv.
In 2 wt% HPMC/H,0
c T AP v tes? Conv.e Sel.e

(M [°C] [mL] [Hz] [min] [%]  [%]

1%¢ 0125 RT 023 15 70 nd nd
2 0125 RT 023 15 70 80  >99
3 025 RT 010 15 70 92  >99
4¢ 025 RT 023 15 70 93  >99
025 RT 026 15 70 93  >99

6 025 RT 026 30 70 8  >99
025 RT 026 30 35 75  >99

8 05 RT 026 30 70 94  >99
9 025 60 026 30 70 94  >99
10¢" 025 RT 026 30 70 59  >99

aConcentration of 1 and 2 in the individual substrate feeds. PAmplitude of
oscillation given in mL displaced per pump stroke. cFrequency of oscillation
(i.e., the number of strokes per second). 9Flow rates: 2 x 1.0 mL min~ or 2 x
0.5 mL min-L. eDetermined by HPLC at 215 nm. fPerformed in 0.1 wt%
HPMC/H20. eProduct deposition was observed in the reactor plate.
hPerformed in water without any HPMC present.

Similar to preliminary batch experiments, parameter optimization in the HANU 2X 5 OFR was
performed employing the reaction of electrophile 1 with benzylamine (2) using KOH as base in (Table 1).
The effects of substrate concentration, temperature and residence time were explored first utilizing 0.1
wt% or 2 wt% HPMC/H,0 as reaction medium. Even though we readily managed good conversions and
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selective transformations during a set of small-scale runs (entries 1-4), the main challenge of the
continuous flow process development was particle deposition and clogging. Gratifyingly, fine-tuning of
oscillation frequency and amplitude proved as an effective tool to reach an optimal homogeneous
suspension that can be robustly and reproducibly processed (entries 5 and 6). The best results were
achieved at 60 °C and 7.0 min residence time using 0.25 M substrate feeds in 2 wt% HPMC/H,0, with
oscillation parameters amplitude and frequency set to 0.26 mL and 3.0 Hz, respectively (entry 9). Under
these conditions, amine 3 was attained with 94% yield without any particle deposition or clogging. Higher
substrate concentration or the reduction of the HPMC content resulted in product deposition in the
reactor plate and lowering the residence time to 3.5 min implied a considerable drop in yield (entries 1, 7
and 8). In a control experiment performed in pure water as reaction medium without any HPMC present,
separation of organic and aqueous phases occurred, and coarse particles of a sticky residue accumulated
alongside the reactor plate and the connection tubings (Figure S6 in the Supporting Information). Due to
the limited mass transfer under such conditions, conversion decreased notably, and most importantly,
significant pressure drops and frequent clogging issues even during shorter runs rendered the application
of sole water as reaction medium unfeasible for any further process development.

With sufficient amount of data on the effects of reaction conditions, we next investigated the reaction
scope using the HANU 2X 5 OFR (Table 2). A series of electrophiles (1, 10, 16) were explored in combination
with benzylamine (2), piperidine (4), piperidin-4-ol (6) and pyrrolidine (11) as N-nucleophiles, or with
naphthalene-2-thiol (8) as S-nucleophile, utilizing the previously optimized values of the oscillation
parameters (A= 0.26 mL and v= 3.0 Hz). Apart from benzylamine (2, entry 1), N-nucleophiles 4 and 6 were
reacted smoothly with electrophile 1 within 3.5-14 min residence times (entries 2—6). These reactions
furnished selective transformations and conversions up to >99% employing substrate concentrations of
0.25 M or 0.5 M at room temperature. To our delight, S-nucleophile 8 was also tolerated well by the flow
process (entry 7); however, substrate concentration had to be decreased to 0.125 M to eliminate clogging
issues. Flow reactions of 6-fluoronicotinonitrile (10) with nucleophiles 11, 4, 6 and 8 produced the desired
adducts with conversions of 87-97% and with chemical selectivities up to >99% (entries 8—-13). For these
experiments, residence times around 7 min, a gentle heating at 60 °C, and substrate concentrations of
0.125 M or 0.25 M were found optimal. Notably, in reactions of piperidin-4-ol (6), containing both amine
and alcohol functional groups, very high chemoselectivity was observed (>99% or 96%, entries 6 and 12)
thereby eliminating the need for the application of protecting groups. 2,4,5-Trichloropyrimidine (16),
exhibiting chloride as a leaving group, furnished excellent results in combination with nucleophiles 2 and
11 within residence times as low as 2.3 min or 3.5 min (entries 14—17). The conversions and chemical
selectivities achieved in investigating the reaction scope compare well with the literature batch data.?®

In order to explore the stability as well as the preparative capabilities of the flow process in the HANU
2X 5 OFR, long-run experiments were performed for some representative examples (Figure 3). Substrate
concentration, temperature, residence time and oscillation parameters were set to the same values used
during initial small-scale trials shown in Table 2, but all experiments were run continuously for 110-180
min under steady state conditions. Samples were taken for HPLC analysis at regular intervals to determine
conversion and chemoselectivity. All four experiments were accomplished exhibiting stable conversion and
selectivity values observed during the explored process times and, importantly, without any detectable
particle deposition or clogging. Since conversion and selectivity was 290% in all fractions collected,
sufficiently pure products were obtained after simple extractive work-up. As a result of the preparative
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runs, multigram quantities (1.65-5.19 g) of pure isolated material were produced (81-85% isolated yield),
correlating to space-time-yields (STY) up to 295 g L h™! and productivities up to 2.06 g h™.

Table 2 Substrate scope of the HPMC-mediated SnAr reaction under continuous flow conditions.
In HPMC/H,O

LG
KOH EWG‘©/ 5 mL OFR "

0.5 equiv. X~R2
1.0 equiv. EWG
(X:N, S)
A=0.26 mL

{ KOH 4 XHR'R?

0.5 equiv. 1.0 equiv. v= 73:(‘: Hz
In HPMC/H,0 e
i . HPMC ¢ T tres® Conv.© Sel.c
# Electrophile Nucleophile Product |
[wts] [M]  [°C] [min] [%] [%]
o F o H Ph
(2) ~
1 /@[ o ~NH, /@[ 2 025 60 7 94 99
F,C NO, FsC NO,
2 o @ (5) O 2 025 RT 35 93 >99
N
3 /©: O /@ 01 025 RT 35 97 >99
FsC NO, HN FiC NO,
4 " OH 2 025 RT 7 93 >99
F (6) OH (7
5d /@ O/ /@EN 2 0.5 RT 14  >99  >99
HN
F,C NO
6 3 2 F.C NO, 01 05 RT 14  >99  >99
1
1) F Hs (8) 9) s
7 O: /@[ 2 0125 60 7 92 99
FsC NO, FsC NO,
(10) (12)
N__F ) N D
8 S “NO S 2 0125 60 7 98 9%
NC Z NC Z
9 (10) (4) (13) 0.1 0.125 RT 3.5 89 71
N F N N
10 | _ O | 04 0125 RT 7 95 69
NGT NP HN NCAF . .
OH
11 10) © s 2 0125 60 7 79 9%
N\ F OH N\ N
12 | HN | 2 025 60 14 97 9
NC Z
NC
(10) (15)
N._F  HS._a NS
13 (s S OO 2 0125 60 7 87  >99
NCT NP NCT NP
14 (16) , wwo 2 025 RT 35 75 97
CI N C! /()\ CI\WN\ N
15 N Ph” "NH, N 2 0.25 RT 7 99 93
Cl Cl
16¢ 025 RT 35 >99 99

()
Cl /N Cl \“/ N
17 N o HN N\;[ 2 025 RT 23 >99 99

aConcentration of the electrophile and the nucleophile in the individual substrate feeds. °Flow rates: 2 x 1.5 mL min-%, 2 x 1.0 mL min~! or 2 x
0.5 mL min~1. <Determined by HPLC at 215 nm. 9Product deposition was observed in the reactor plate.
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Figure 3 Results of preparative long-run experiments in a HANU 2X 5 OFR. Reactions were performed in 2 wt%
HPMC/H:0. For all the experiments, the corresponding electrophile and nucleophile was pumped as separate
streams along with 0.5 equiv. of KOH as base in both mixtures (see also the reaction scheme in Table 2). In all runs,
amplitude was set to 0.26 mL and oscillation frequency to 3.0 Hz. (Yields shown are isolated yields. Conversion and
selectivity were determined by HPLC at 215 nm.)

Finally, we wanted to perform the three-fold scale-up of selected SxAr reactions using the HANU 2X 15
flow reactor. The geometrical layout of the reactor channels of the HANU 2X 5 and HANU 2X 15 OFRs is
identical, the only difference is the length and thus the internal volume (5 mL vs 15 mL).>2 The so-called
smart dimensioning design strategy ensures the homogeneity of performance at different scales.>3
Practically, this mean that the residence time and mass transfer characteristics are kept consistent, whilst
throughput is easily increased with the flow rate enabling direct scale-up without the re-optimization of
the reaction parameters. This feature is of crucial importance regarding technical difficulties related to the
processing of biphasic reaction mixtures. The agueous HPMC-mediated synthesis of compounds 3 and 18
was selected for the scale-up study (Figure 4). In order to match the increased reactor volume with the
residence time values previously studied in the small-scale reactor, flow rates were tripled for scale-up,
but all other reaction conditions were unchanged. In this manner, the 15 mL OFR ensured productivities
of around 5.6 g h™?, which is roughly three times what was obtained using the 5 mL reactor. Similar to what
was measured in the HANU 2X 5 OFR, STYs were around 270 g L h™! indicating consistent performance at
the scales explored. Both large-scale experiments were run continuously for 180 min without any technical
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difficulties and resulted around 17 g of pure isolated material after extractive work-up. Importantly, only
low amounts of waste were generated as indicated by E-factors of 1.3 and 2.7 determined for the synthesis
of 3 and 18, respectively.

(A)
In 2 wt% HPMC/H,O 100

——r———

F 15 £ w0
KOH 1y | mL min! 180 min run —
0.5 equiv. (1) H € 60 5
15 mL OFR N Ph o o 16.97 g (87% yield)
F,C NO ~ g, 5.66 g h™! productivit
10 aquiv. (6= 0.25 M) (D) g N g
.0 equiv. (c= 0. ) - WXXXXLXXXXA A3) g 20 269gL" h" STY
60 °C, 7 min F5C NO ] E-factor: 1.3
KOH + Ph*” ~NH, ()| — A= 0.6 mL. 3 2 0 actor
05equiv. 1.0 equiv. oL mint v=3.0 Hz 15 30 60 90 120 150 180
In 2 wt% HPMC/H,0 Time-on-stream [min]
(B)
In 2 wt% HPMC/H,0
10 { &—0——¢—0—0—¢
Cl\r/N Cl |,5 . T s0
KOH I (16)| mL min"! 180 min run (18) =
05equv. N AN 15 mL OFR cl _N__N S &0 16.71 g (78% yield)
) = . <N 2 e i
1.0 equiv. (c=0.125 M) ﬁf u>.> 40 5.57gh j)rci?ucnvny
TR N ANl € 2 265g L7 h" STY
'] e o E-factor: 2.7
KOH + HN an A=0.26 mL 0
i 4.5 _ 15 30 60 90 120 150 180
0.5 equiv. 1.0 equiv. i v= 3.0 Hz 15 TW )0 7 150 180
In 2 wt% HPMC/H,0 ime-on-stream [min]

Figure 4 Direct scale-up of HPMC-mediated SnAr reactions in a HANU 2X 15 OFR. (Yields shown are isolated yields.
Conversion and selectivity were determined by HPLC at 215 nm.)

CONCLUSIONS

In the present study, we exploited the benefits of OFRs in combination with smart dimensioning to realize
HPMC-mediated aqueous reactions as a directly scalable continuous process. SnAr reactions between
various nucleophiles and electrophiles were selected as model for this proof-of-concept study. The flow
reactors utilized herein ensured a beneficial combination of active and passive mixing and enabled a
significantly improved mass transfer compared to batch conditions. Initially, rapid parameter optimization
was performed by using a lab-scale instrument having an internal channel volume of 5 mL. Fine-tuning of
oscillation parameters, such as frequency and amplitude, proved particularly useful in reaching an optimal
homogeneous suspension that can be robustly and reproducibly processed. In this manner, we were able
to perform a rapid parameter optimization, and also push the lab-scale reactor to its limits and realize
selected SnAr reactions on multigram scales by performing multiple long-run experiments without any
detectable particle deposition or clogging. Ultimately, the optimal conditions from the small-scale
experiments were directly transferred to a 15 mL OFR, achieving a three-fold scale-up. Because the
residence time and mass transfer characteristics were kept consistent, direct scale-up was readily achieved
without re-optimizing the reaction parameters. This protocol ensured the production of approx. 5.6 g of
pure product per hour, which translates to around 130 grams per day using a small-footprint reactor
system and water as a sustainable reaction medium. Further utilization of the smart dimensioning-based

design strategy using a 150 mL reactor can improve throughput to production scales without changing
process characteristics.®?

10

https://doi.org/10.26434/chemrxiv-2023-jl370 ORCID: https://orcid.org/0000-0001-6673-1744 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-jl370
https://orcid.org/0000-0001-6673-1744
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACKNOWLEDGEMENTS

The Research Center Pharmaceutical Engineering (RCPE) is funded within the framework of COMET -
Competence Centers for Excellent Technologies by BMK, BMDW, Land Steiermark and SFG. The COMET
program is managed by the FFG. The authors acknowledge the financial support by the University of Graz.
We also acknowledge the financial support of the European Union and the Italian Ministry of University
and Research (MUR) received through resources from the National Operational Program (PON) Research
and Innovation 2014-2020 (CCI 20141T16M20P005). We would like to thank Creaflow for the generous
loan of the HANU reactor used in this study. We also thank Gustav Parmentier GmbH (Frankfurt, Germany)
for providing HPMC samples (Mantrocel® E5 or K4M). We are grateful to Prof. Anton Huber and Mrs. Helga
Reischl for their support in the viscosity measurements.

REFERENCES

(1) Clarke, C. J.; Tu, W.-C.; Levers, O.; Brohl, A.; Hallett, J. P. Green and Sustainable Solvents in Chemical
Processes. Chem. Rev. 2018, 118, 747-800.

(2) Bryan, M. C.; Dunn, P. J.; Entwistle, D.; Gallou, F.; Koenig, S. G.; Hayler, J. D.; Hickey, M. R.; Hughes, S.;
Kopach, M. E.; Moine, G.; Richardson, P.; Roschangar, F.; Steven, A.; Weiberth, F. J. Key Green Chemistry
research areas from a pharmaceutical manufacturers’ perspective revisited. Green Chem. 2018, 20, 5082-
5103.

(3) Lipshutz, B. H.; Gallou, F.; Handa, S. Evolution of Solvents in Organic Chemistry. ACS Sustainable Chem.
Eng. 2016, 4, 5838-5849.

(4) Henderson, R. K.; Jiménez-Gonzalez, C.; Constable, D. J. C.; Alston, S. R.; Inglis, G. G. A.; Fisher, G.;
Sherwood, J.; Binks, S. P.; Curzons, A. D. Expanding GSK's solvent selection guide — embedding
sustainability into solvent selection starting at medicinal chemistry. Green Chem. 2011, 13, 854-862.

(5) Gao, F.; Chang, H.; Li, J.; Wang, R.; Gu, Y. Replacing polar aprotic solvents with water in organic synthesis.
Curr. Opin. Green Sustain. Chem. 2023, 40, 100774.

(6) Hazra, S.; Gallou, F.; Handa, S. Water: An Underestimated Solvent for Amide Bond-Forming Reactions.
ACS Sustainable Chem. Eng. 2022, 10, 5299-5306.

(7) Cortes-Clerget, M.; Yu, J.; Kincaid, J. R. A.; Walde, P.; Gallou, F.; Lipshutz, B. H. Water as the reaction
medium in organic chemistry: from our worst enemy to our best friend. Chem. Sci. 2021, 12, 4237-4266.
(8) Sharma, S.; Das, J.; Braje, W. M.; Dash, A. K.; Handa, S. A Glimpse into Green Chemistry Practices in the
Pharmaceutical Industry. ChemSusChem 2020, 13, 2859-2875.

(9) Kitanosono, T.; Masuda, K.; Xu, P.; Kobayashi, S. Catalytic Organic Reactions in Water toward Sustainable
Society. Chem. Rev. 2018, 118, 679-746.

(10) Lipshutz, B. H.; Ghorai, S. Transitioning organic synthesis from organic solvents to water. What's your
E Factor? Green Chem. 2014, 16, 3660-3679.

(11) Hedouin, G.; Ogulu, D.; Kaur, G.; Handa, S. Aqueous micellar technology: an alternative beyond organic
solvents. Chem. Commun. 2023, 59, 2842-2853.

(12) Lipshutz, B. H. When Does Organic Chemistry Follow Nature’s Lead and “Make the Switch”? J. Org.
Chem. 2017, 82, 2806-2816.

(13) La Sorella, G.; Strukul, G.; Scarso, A. Recent advances in catalysis in micellar media. Green Chem. 2015,
17, 644-683.

(14) Groger, H.; Gallou, F.; Lipshutz, B. H. Where Chemocatalysis Meets Biocatalysis: In Water. Chem. Rev.
2023, 123, 5262-5296.

(15) Compagno, N.; Profeta, R.; Scarso, A. Recent advances in the synthesis of active pharmaceutical and
agrochemical ingredients in micellar media. Curr. Opin. Green Sustain. Chem. 2023, 39, 100729.

11

https://doi.org/10.26434/chemrxiv-2023-jl370 ORCID: https://orcid.org/0000-0001-6673-1744 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-jl370
https://orcid.org/0000-0001-6673-1744
https://creativecommons.org/licenses/by-nc-nd/4.0/

(16) Lippincott, D. J.; Landstrom, E.; Cortes-Clerget, M.; Lipshutz, B. H.; Buescher, K.; Schreiber, R.; Durano,
C.; Parmentier, M.; Ye, N.; Wu, B.; Shi, M.; Yang, H.; Andersson, M.; Gallou, F. Surfactant Technology: With
New Rules, Designing New Sequences Is Required! Org. Process Res. Dev. 2020, 24, 841-849.

(17) Lipshutz, B. H.; Ghorai, S.; Cortes-Clerget, M. The Hydrophobic Effect Applied to Organic Synthesis:
Recent Synthetic Chemistry “in Water”. Chem. Eur. J. 2018, 24, 6672-6695.

(18) Kincaid, J. R. A.; Wong, M. J.; Akporiji, N.; Gallou, F.; Fialho, D. M.; Lipshutz, B. H. Introducing Savie: A
Biodegradable Surfactant Enabling Chemo- and Biocatalysis and Related Reactions in Recyclable Water. J.
Am. Chem. Soc. 2023, 145, 4266-4278.

(19) Adamik, R.; Herczegh, A. R.; Varga, |.; May, Z.; Novak, Z. Gate to a parallel universe: utilization of
biosurfactants in micellar catalysis. Green Chem. 2023, 25, 3462-3468.

(20) Thakore, R. R.; Takale, B. S.; Hu, Y.; Ramer, S.; Kostal, J.; Gallou, F.; Lipshutz, B. H. “TPG-lite”: A new,
simplified “designer” surfactant for general use in synthesis under micellar catalysis conditions in
recyclable water. Tetrahedron 2021, 87, 132090.

(21) Lee, N. R.; Cortes-Clerget, M.; Wood, A. B.; Lippincott, D. J.; Pang, H.; Moghadam, F. A.; Gallou, F,;
Lipshutz, B. H. Coolade. A Low-Foaming Surfactant for Organic Synthesis in Water. ChemSusChem 2019,
12,3159-3165.

(22) Cortes-Clerget, M.; Spink, S. E.; Gallagher, G. P.; Chaisemartin, L.; Filaire, E.; Berthon, J.-Y.; Lipshutz, B.
H. MC-1. A “designer” surfactant engineered for peptide synthesis in water at room temperature. Green
Chem. 2019, 21, 2610-2614.

(23) Klumphu, P.; Lipshutz, B. H. “Nok”: A Phytosterol-Based Amphiphile Enabling Transition-Metal-
Catalyzed Couplings in Water at Room Temperature. J. Org. Chem. 2014, 79, 888-900.

(24) Lipshutz, B. H.; Ghorai, S.; Abela, A. R.; Moser, R.; Nishikata, T.; Duplais, C.; Krasovskiy, A.; Gaston, R.
D.; Gadwood, R. C. TPGS-750-M: A Second-Generation Amphiphile for Metal-Catalyzed Cross-Couplings in
Water at Room Temperature. J. Org. Chem. 2011, 76, 4379-4391.

(25) Lorenzetto, T.; Berton, G.; Fabris, F.; Scarso, A. Recent designer surfactants for catalysis in water. Catal.
Sci. Technol. 2020, 10, 4492-4502.

(26) Borlinghaus, N.; Ansari, T. N.; von Garrel, L. H.; Ogulu, D.; Handa, S.; Wittmann, V.; Braje, W. M.
Nucleophilic aromatic substitution reactions under aqueous, mild conditions using polymeric additive
HPMC. Green Chem. 2021, 23, 3955-3962.

(27) Sharma, S.; Ansari, T. N.; Handa, S. HPMC: A Biomass-Based Semisynthetic Sustainable Additive
Enabling Clean and Fast Chemistry in Water. ACS Sustainable Chem. Eng. 2021, 9, 12719-12728.

(28) Petkova, D.; Borlinghaus, N.; Sharma, S.; Kaschel, J.; Lindner, T.; Klee, J.; Jolit, A.; Haller, V.; Heitz, S.;
Britze, K.; Dietrich, J.; Braje, W. M.; Handa, S. Hydrophobic Pockets of HPMC Enable Extremely Short
Reaction Times in Water. ACS Sustainable Chem. Eng. 2020, 8, 12612-12617.

(29) Li, C. L.; Martini, L. G.; Ford, J. L.; Roberts, M. The use of hypromellose in oral drug delivery. J. Pharm.
Pharmacol. 2010, 57, 533-546.

(30) Borlinghaus, N.; Wittmann, V.; Braje, W. M. Using polymeric hydroxypropyl methylcellulose as an
alternative to ‘micellar catalysis’ to enable chemical reactions in water. Curr. Opin. Green Sustain. Chem.
2022, 33, 100571.

(31) Sarkar, N. Thermal gelation properties of methyl and hydroxypropyl methylcellulose. J. Appl. Polym.
Sci. 1979, 24, 1073-1087.

(32) Capaldo, L.; Wen, Z.; Noél, T. A field guide to flow chemistry for synthetic organic chemists. Chem. Sci.
2023, 14,4230-4247.

(33) Guidi, M.; Seeberger, P. H.; Gilmore, K. How to approach flow chemistry. Chem. Soc. Rev. 2020, 49,
8910-8932.

(34) Plutschack, M. B.; Pieber, B.; Gilmore, K.; Seeberger, P. H. The Hitchhiker’s Guide to Flow Chemistry.
Chem. Rev. 2017, 117, 11796-11893.

12

https://doi.org/10.26434/chemrxiv-2023-jl370 ORCID: https://orcid.org/0000-0001-6673-1744 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-jl370
https://orcid.org/0000-0001-6673-1744
https://creativecommons.org/licenses/by-nc-nd/4.0/

(35) Gutmann, B.; Cantillo, D.; Kappe, C. O. Continuous-Flow Technology—A Tool for the Safe
Manufacturing of Active Pharmaceutical Ingredients. Angew. Chem. Int. Ed. 2015, 54, 6688—-6728.

(36) Bianchi, P.; Williams, J. D.; Kappe, C. O. Oscillatory flow reactors for synthetic chemistry applications.
J. Flow. Chem. 2020, 10, 475-490.

(37) Vranckaert, M.; Gemoets, H. P. L.; Dangreau, R.; Van Aken, K.; Breugelmans, T.; Hereijgers, J. An
electrochemical oscillatory flow reactor with pillar array electrodes improving mass transfer in
electrosynthesis. Electrochim. Acta 2022, 436, 141435.

(38) Den Haese, M.; Gemoets, H. P. L.; Van Aken, K.; Pitet, L. M. Fully biobased triblock copolymers
generated using an unconventional oscillatory plug flow reactor. Polym. Chem. 2022, 13, 4406-4415.

(39) Debrouwer, W.; Kimpe, W.; Dangreau, R.; Huvaere, K.; Gemoets, H. P. L.; Mottaghi, M.; Kuhn, S.; Van
Aken, K. Ir/Ni Photoredox Dual Catalysis with Heterogeneous Base Enabled by an Oscillatory Plug Flow
Photoreactor. Org. Process Res. Dev. 2020, 24, 2319-2325.

(40) Wen, Z.; Maheshwari, A.; Sambiagio, C.; Deng, Y.; Laudadio, G.; Van Aken, K.; Sun, Y.; Gemoets, H. P.
L.; Noél, T. Optimization of a Decatungstate-Catalyzed C(sp3)—H Alkylation Using a Continuous Oscillatory
Millistructured Photoreactor. Org. Process Res. Dev. 2020, 24, 2356-2361.

(41) Doyle, B. J.; Gutmann, B.; Bittel, M.; Hubler, T.; Macchi, A.; Roberge, D. M. Handling of Solids and Flow
Characterization in a Baffleless Oscillatory Flow Coil Reactor. Ind. Eng. Chem. Res. 2020, 59, 4007-4019.
(42) Lundevall, F. J.; Elumalai, V.; Drageset, A.; Totland, C.; Bjgrsvik, H.-R. A Co2B Mediated NaBH4
Reduction Protocol Applicable to a Selection of Functional Groups in Organic Synthesis. Eur. J. Org. Chem.
2018, 2018, 3416-3425.

(43) Ferreri, M.; Drageset, A.; Gambarotti, C.; Bjgrsvik, H.-R. Continuous flow synthesis of the iodination
agent 1,3-diiodo-5,5-dimethyl-imidazolidine-2,4-dione telescoped with semi-continuous product
isolation. React. Chem. Eng. 2016, 1, 379-386.

(44) Drageset, A.; Bjgrsvik, H.-R. Continuous flow synthesis concatenated with continuous flow liquid—
liguid extraction for work-up and purification: selective mono- and di-iodination of the imidazole
backbone. React. Chem. Eng. 2016, 1, 436-444.

(45) Buglioni, L.; Raymenants, F.; Slattery, A.; Zondag, S. D. A.; Noél, T. Technological Innovations in
Photochemistry for Organic Synthesis: Flow Chemistry, High-Throughput Experimentation, Scale-up, and
Photoelectrochemistry. Chem. Rev. 2022, 122, 2752-2906.

(46) Akwi, F. M.; Watts, P. Continuous flow chemistry: where are we now? Recent applications, challenges
and limitations. Chem. Commun. 2018, 54, 13894-13928.

(47) Steiner, A.; Krieger, J.; Jones, R.; Bose, D.; Wang, Y.; Eggenweiler, H.-M.; Williams, J. D.; Kappe, C. O.
Photoredox Csp3-Csp2 Reductive Cross-Couplings of Cereblon Ligands for PROTAC Linker Exploration in
Batch and Flow. ChemCatChem 2022, 14, €202201184.

(48) Williams, J. D.; Péchlauer, P.; Okumura, Y.; Inami, Y.; Kappe, C. O. Photochemical Deracemization of a
Medicinally-Relevant Benzopyran using an Oscillatory Flow Reactor. Chem. Eur. J. 2022, 28, €202200741.
(49) Wernik, M.; Sipos, G.; Buchholcz, B.; Darvas, F.; Novak, Z.; Otvés, S. B.; Kappe, C. O. Continuous flow
heterogeneous catalytic reductive aminations under aqueous micellar conditions enabled by an oscillatory
plug flow reactor. Green Chem. 2021, 23, 5625-5632.

(50) Bianchi, P.; Williams, J. D.; Kappe, C. O. Continuous flow processing of bismuth-photocatalyzed atom
transfer radical addition reactions using an oscillatory flow reactor. Green Chem. 2021, 23, 2685-2693.
(51) Rosso, C.; Gisbertz, S.; Williams, J. D.; Gemoets, H. P. L.; Debrouwer, W.; Pieber, B.; Kappe, C. O. An
oscillatory plug flow photoreactor facilitates semi-heterogeneous dual nickel/carbon nitride
photocatalytic C—N couplings. React. Chem. Eng. 2020, 5, 597-604.

(52) For details, see: https://www.creaflow.be/hanutm-flow-reactors-0.

(53) Zondag, S. D. A.; Mazzarella, D.; Noél, T. Scale-Up of Photochemical Reactions: Transitioning from Lab
Scale to Industrial Production. Annu. Rev. Chem. Biomol. Eng. 2023, 14, 283-300.

13

https://doi.org/10.26434/chemrxiv-2023-jl370 ORCID: https://orcid.org/0000-0001-6673-1744 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://www.creaflow.be/hanutm-flow-reactors-0
https://doi.org/10.26434/chemrxiv-2023-jl370
https://orcid.org/0000-0001-6673-1744
https://creativecommons.org/licenses/by-nc-nd/4.0/

(54) Hone, C. A.; Kappe, C. O. Towards the Standardization of Flow Chemistry Protocols for Organic
Reactions. Chemistry—Methods 2021, 1, 454-467.

(55) Kayahan, E.; Jacobs, M.; Braeken, L.; Thomassen, L. C.; Kuhn, S.; van Gerven, T.; Leblebici, M. E. Dawn
of a new era in industrial photochemistry: the scale-up of micro- and mesostructured photoreactors.
Beilstein J. Org. Chem. 2020, 16, 2484-2504.

(56) Brown, D. G.; Bostrom, J. Analysis of Past and Present Synthetic Methodologies on Medicinal
Chemistry: Where Have All the New Reactions Gone? J. Med. Chem. 2016, 59, 4443-4458.

(57) Baumann, M.; Baxendale, I. R. An overview of the synthetic routes to the best selling drugs containing
6-membered heterocycles. Beilstein J. Org. Chem. 2013, 9, 2265-2319.

(58) Baumann, M.; Baxendale, I. R.; Ley, S. V.; Nikbin, N. An overview of the key routes to the best selling
5-membered ring heterocyclic pharmaceuticals. Beilstein J. Org. Chem. 2011, 7, 442-495.

(59) Gustafsson, C.; Bonferoni, M. C.; Caramella, C.; Lennholm, H.; Nystrom, C. Characterisation of particle
properties and compaction behaviour of hydroxypropyl methylcellulose with different degrees of
methoxy/hydroxypropyl substitution. Eur. J. Pharm. Sci. 1999, 9, 171-184.

(60) Nokhodchi, A.; Ford, J. L.; Rubinstein, M. H. Studies on the Interaction Between Water and
(Hydroxypropyl)Methylcellulose. J. Pharm. Sci. 1997, 86, 608-615.

(61) Nanto, F; Otvés, S. B.; Kappe, C. O.; Canu, P. Experimental and Computational Investigation of Fluid
Dynamics and Solid Transport in Split-and-Recombine Oscillatory Flow Reactors Using Water as Medium.
ChemRxiv 2023, https://doi.org/10.26434/chemrxiv-2023-hgfxs.

(62) The HANU HX 150 flow reactor was especially desgined for handling slurries at the production scale:
https://www.creaflow.be/hanu-hx-150-flow-reactor.

14

https://doi.org/10.26434/chemrxiv-2023-jl370 ORCID: https://orcid.org/0000-0001-6673-1744 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://www.creaflow.be/hanu-hx-150-flow-reactor
https://doi.org/10.26434/chemrxiv-2023-jl370
https://orcid.org/0000-0001-6673-1744
https://creativecommons.org/licenses/by-nc-nd/4.0/

