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Automation and Microfluidics for the Efficient, Fast, and
Focused Reaction Development of Asymmetric
Hydrogenation Catalysis
Robbert van Putten,[a, b] Natalie S. Eyke,[b] Lorenz M. Baumgartner,[b] Victor L. Schultz,[b]

Georgy A. Filonenko,[a] Klavs F. Jensen,*[b] and Evgeny A. Pidko*[a]

Automation and microfluidic tools potentially enable efficient,
fast, and focused reaction development of complex chemistries,
while minimizing resource- and material consumption. The
introduction of automation-assisted workflows will contribute
to the more sustainable development and scale-up of new and
improved catalytic technologies. Herein, the application of
automation and microfluidics to the development of a complex
asymmetric hydrogenation reaction is described. Screening and
optimization experiments were performed using an automated
microfluidic platform, which enabled a drastic reduction in the

material consumption compared to conventional laboratory
practices. A suitable catalytic system was identified from a
library of RuII-diamino precatalysts. In situ precatalyst activation
was studied with 1H/31P nuclear magnetic resonance (NMR), and
the reaction was scaled up to multigram quantities in a batch
autoclave. These reactions were monitored using an automated
liquid-phase sampling system. Ultimately, in less than a week of
total experimental time, multigram quantities of the target
enantiopure alcohol product were provided by this automation-
assisted approach.

Introduction

Homogeneous catalysis is a powerful tool that enables complex
chemical transformations to be performed efficiently in both
industry and academia. The potential economic- and ecological
savings upon its implementation are significant, even though
reaction development of homogeneously catalyzed reactions is
often challenging. Such complications arise from the vast
parameter space that governs catalytic performance, as well as
the relatively unpredictable reactivity of many catalytic systems.
These complications can make rational navigation of the
available parameter space difficult, tedious, and time consum-
ing. (The well-documented chiral switch of (S)-Metolachlor took
14 years![1]) In these situations it is often more attractive to
screen and model (a section of) the available parameter space
using high-throughput experimentation (HTE) and Design of
Experiment (DoE) methods instead.[2]

Although these techniques are highly effective, there are
also several disadvantages to using HTE.[2a–d] For example,
material consumption can be rather high (e.g., substrate,
reagents, consumables). Operational limitations of the equip-
ment can also severely limit experimental design. Most parallel
screening equipment offers only limited (if any) control over
temperature and pressure for different reaction zones. Multiple
plates are therefore required to screen different reaction
conditions. Because of this relative inflexibility, parallel HTE
approaches cannot practically cover the available parameter
space at high resolution. This limitation can lead to ‘missing-
out’ of more favorable catalytic systems under conditions that
were not experimentally evaluated. Unfortunately, such con-
cerns are not merely theoretical: our recent study on catalytic
ketone reduction with a Mn-based homogeneous catalyst
revealed a situation where a 10 °C reduction of the reaction
temperature led to a more than five-fold increase of the
catalyst’s lifetime (TON turnover number).[3]

The ability to simultaneously screen and optimize discrete
catalytic parameters (e.g., precatalysts) under individually-
optimized conditions (e.g., continuous reaction parameters
such as concentration, pressure, temperature) could address
this limitation and drive adoption in the field of homogeneous
catalysis. Automated microfluidic tools potentially offer an
elegant solution to this problem.[4]

Jensen and co-workers have previously developed an
automated microfluidic platform that combined good exper-
imental throughput and flexibility with high-quality chromato-
graphic analysis.[5] The introduction of a mixed-integer non-
linear optimization algorithm improved the system‘s ability to
optimize reaction conditions in non-trivial parameter spaces, as
are often encountered with catalytic multiphase reactions. This
capability has recently been demonstrated with catalytic
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applications in Suzuki-Miyaura cross-couplings[5d] and Buch-
wald-Hartwig aminations.[5i]

The oscillatory microfluidic flow platform consists of a liquid
handling robot placed inside an Ar-filled glove bag, four syringe
pumps, a custom-made aluminum reactor block, and an on-line
high performance liquid chromatography (HPLC) system (Fig-
ure 1). Reactions are performed inside FEP (Fluorinated Ethylene
Propylene) or PFA (Perfluoroalkoxy Alkane) polymer tubing.
Discrete reaction mixtures (e.g., to screen different precatalysts)
are automatically prepared by the liquid handling robot
according to a randomized (computer-generated) experimental
design. A single 17 μL droplet of the reaction mixture is
subsequently injected into the gas-filled system and moved
around by the carrier gas. The droplet is oscillated inside the
temperature-controlled reactor for the target residence time.
Afterwards, the mixture is quenched and/or diluted, and
analyzed with on-line HPLC. Key performance indicators such as
reagent conversion and product yield are computed, and the
optimization algorithm is updated with the new information.
This cycle is repeated until an optimal solution is found.

The droplet’s oscillatory movement is critical to reach the
desired Taylor flow pattern, which is characterized by a strong
internal circulation that continuously ‘refreshes’ the gas-liquid
interface.[6] The oscillating motion of the liquid inside the
microreactor decouples its mixing with the gas-phase from its
residence time and enables experiments with vastly divergent
residence times to be performed in the same reactor.[5b]

Furthermore, the small scale of these experiments (<1.0 mg
substrate, around 0.1 mg metal complex, around 100 μL
solvent) ensures low material consumption. These character-
istics therefore make oscillatory microfluidics a promising
technique to study high-pressure, gas-liquid (catalytic)
chemistries.[7]

Here, we describe our efforts to develop an automated-
assisted workflow for rapid reaction development of high-
pressure gas-liquid (catalytic) chemistry. This approach was
demonstrated with the Ru-catalyzed asymmetric hydrogenation

of a sensitive β-aminoketone. An automated microfluidic
optimization platform was used to conveniently screen discrete
precatalysts and identify favorable reaction conditions. The
reaction was subsequently scaled up to multigram quantities
without significant modifications to the procedure, and reaction
progress was monitored with an automated sampling device.
This automation-assisted workflow ultimately afforded chemi-
cally- and optically pure (S)-2 in less than a week of total
experimental time.

We decided to demonstrate the automated, high-pressure
microfluidic platform with a challenging asymmetric hydro-
genation reaction. We selected the chiral reduction of β-
aminoketone 1 as a representative model reaction that could
reasonably be encountered in a typical reaction development
campaign in the pharmaceutical or fine-chemical industry
(Scheme 1).[8] Asymmetric hydrogenations are commonly ap-
plied in these industries for the atom-efficient (late-stage)
installation of chiral centers. Additionally, the resulting chiral γ-
aminoalcohol is an important building block for the synthesis of
several antidepressants and is a potential intermediate en route
enantiopure Fluoxetine (which is marketed under the name of
Prozac by Eli Lilly and Co.).[9]

Figure 1. Schematic overview of the automated microfluidic platform used in this work. (a) Argon-filled glove bag. (b) Gilson GX-241 liquid handler with stock
solutions. (c) Six-port two-position injection valve. (d) Oscillatory flow reactor. (e) Six-port two-position sampling valve. (f) On-line Agilent 1260 Infinity HPLC
+MS. (g) Carrier gas syringe pump. (h) Rinse, injection, and quench syringe pumps. (On-line injection was not used in this work; BPR=back pressure
regulator).

Scheme 1. Asymmetric hydrogenation of β-aminoketone 1 to chiral γ-
aminoalcohol 2 en route Fluoxetine. The side-reaction of Mannich base 1
with bases leads to (further reducible) acrylophenone (3), propiophenone
(4), and 1-phenyl-1-propanol (5).[8]
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The asymmetric hydrogenation of 1 met a number of
criteria that made it a suitable demonstration reaction. First of
all, substrate 1 is largely incompatible with transition metal
ketone hydrogenation catalysts. Most precatalysts for these
reactions (specifically RuII chlorides) require the addition of a
strong base activator. The base converts the precatalyst into a
deprotonated complex that can form catalytically-active Ru-
hydrides under H2 pressure. This requirement for basic con-
ditions is problematic for Mannich bases such as 1, because
exposure leads to undesirable elimination reactions and
degradation of the substrate, thereby causing poor yields and/
or product selectivity.[8,10c,d]

Despite this, there are some reports on the catalytic
(asymmetric) hydrogenation of 1.[10] These examples include the
use of RhI or RuII precatalysts, which resulted in comparable
yield and optical purity of 2. Two strategies have been devised
that work around the base sensitivity of 1: i) catalyst activation
with a minimum amount of base to limit its impact, and ii)
reaction with a pre-activated, isolated Ru-borohydride adduct.
The best performing catalytic systems reported so far are
summarized in Scheme 2 (full details in Figure S3, Supporting
Information). Under optimized conditions all catalytic systems
provided 2 in excellent yield at very high enantioselectivity.

The availability of some literature precedent represented an
advantage of the selected chemistry for the development and
the demonstration of the automated platform. Sufficient
information was available to focus our campaign, while it was
sufficiently sparse to justify the need for additional screening
and optimization. Previous studies pointed to chiral RuII-diamine
as the most potent precatalysts. Furthermore, the relatively
high catalyst loadings and reaction times of the reported
chemistry also gave room for further optimization. In applied
research, such a scenario could, for example, occur if restrictions

on the use of intellectual property are encountered and specific
compounds cannot be used.

Results and Discussion

Automated catalyst screening and optimization

We assembled a modest library of structurally-related com-
plexes that were both commercially available and that had not
been used before for the target reaction (Scheme 3). These
precatalysts were activated in situ with the addition of five
equivalents of NaHBEt3 (Sodium triethylborohydride) (see
Supporting Information). Addition of the hydride reagent to a
solution of the precatalyst in tetrahydrofuran (THF) at room
temperature resulted in a pronounced and rapid colour change
from yellow/green to golden orange. This in situ preactivation
protocol allowed us to efficiently and conveniently screen a
series of RuII precatalysts without the additional workload of
(pre)catalyst isolation.

The reaction development campaign was started with a
user-defined pre-screening to scout the experimental parameter
space. We estimated that a catalyst loading of 3 mol% would
allow the evaluation of catalytic performance in approximately
30 min per experiment. Two sets of conditions were evaluated
for each catalytic system: i) a ‘long’ experiment of 30 min at
30 °C, and ii) a ‘short’ experiment of 15 min at 60 °C. The results
of these experiments are summarized in Figure 2 and Table S1.

At 30 °C, catalysts Ru-1 to Ru-4 exhibited similar activity and
selectivity. ‘RUCY’-catalyst Ru-5 performed significantly better
and provided 2 in excellent yield and enantiomeric excess. The
experiments at a higher temperature (60 °C) revealed a
diverging behavior of the catalysts. Reactions with Ru-1 to Ru-4
at 60 °C showed a much-improved conversion of the starting
material, and, at first glance, improved product enantiomeric
excess. However, close inspection of chromatograms revealed
that a chromatographically-unresolved side-product was
present that had been automatically integrated with the target
product. This side-product was identified as (RS)-1-phenyl-1-
propanol (5), which was not formed in the lower-temperature
reaction at 30 °C. This compound overlapped with (S)-2 in the

Scheme 2. Selected literature examples of the Ru-catalyzed asymmetric
hydrogenation of β-aminoketone 1 to γ-aminoalcohol 2.[10c–e,h,i] Scheme 3. Selection of RuII-diamine precatalysts used in this work.
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chromatogram, and the automated integration algorithm failed
to differentiate between the two overlapping peaks, resulting in
an artificially increased apparent yield and ee (Enantiomeric
excess) of the target product. The expected acrylophenone 3
and propiophenone 4 side-products were not detected by the
HPLC analysis. Side-product 5 was not observed after reaction
with Ru-5 at 60 °C; at full conversion, this catalyst produced
practically identical reaction mixtures under both the low- and
high-temperature conditions.

The obtained experimental results provided several impor-
tant insights into the (catalytic) chemistry under study. First, the
rate of the retro-Mannich side-reaction was negligible at 30 °C
and was comparable to the rate of the target hydrogenation at
60 °C in the presence of Ru-1 to Ru-4. This is in line with the
anticipated higher activation energy of the side-reaction
compared to the target catalytic conversion. Secondly, because
3 and 4 were not detected in these experiments, we concluded
that they were more readily reduced than substrate 1. In view
of the extraordinary hydrogenation activity observed with Ru-5,
it was selected for further studies and the scale-up reaction. (As
suitable conditions were immediately identified, the automated
optimization algorithm was not used.)

These results also underlined that automation is a very
powerful tool that enables data-rich, yet resource-efficient
experimentation. When applied strategically, it is more accurate,
reproducible, and can be operated (semi-) continuously to
shorten development time with �10x reduced material con-
sumption. However, as this case demonstrates, it is not a
proverbial ‘silver bullet’. The automated system must still be
provided with a robust chromatographic method and its actions
should be closely monitored by the operator.

Precatalyst activation

The in situ catalyst activation process was studied in more detail
to support optimization of the targeted reaction scale-up. The
transformation of precatalyst Ru-5 upon activation was moni-
tored with 1H and 31P nuclear magnetic resonance (NMR)
spectroscopy. The reaction of (R)-RUCY-XylBINAP Ru-5 with
5 equiv. NaHBEt3 in THF-d8 resulted in a rapid and pronounced
color change from green to golden orange. Spectra were
acquired immediately after mixing, after approximately 3 h at
room temperature, and after a night at room temperature
(Figure 3).

Treatment of the RuII chloride precursor Ru-5 with NaHBEt3
gave rise to two new Ru-hydride species. Directly after mixing
the solution contained Ru-5-I as the major species. This
complex was characterized by the hydride resonance in the
1H NMR spectrum at δ= � 5.05 ppm. The phosphorus nuclei of

Figure 2. Asymmetric hydrogenation of β-aminoketone 1 to γ-aminoalcohol
2 with activated precatalysts Ru-1 to Ru-5. Conditions: 0.1 M 1 in 2-propanol,
3 mol% activated Ru, 15–30 min, 30–60 °C, 30 bar H2. Yields were determined
by HPLC using 1-fluoronaphthalene as an internal standard. Translucent
data: unresolved side-product present in chromatogram. Peak integration is
unreliable. Data are presented for the sake of completeness.

Figure 3. NMR study into activation of (R)-RUCY-XylBINAP Ru-5 with 5 equiv.
NaHBEt3 in THF-d8 at room temperature. Approximate reaction times are
indicated in the figure. Assignment of Ru-hydrides Ru-5-I and Ru-5-II are
consistent with those from Matsumura et al.[11] (a) Time series of 1H NMR
spectra (400 MHz). (b) Time series of 31P NMR spectra (162 MHz).
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this complex appeared in the 31P NMR spectrum as two
doublets at 77.8 ppm and 72.9 ppm (2JPP=43.6 Hz). After 3 h at
room temperature the spectrum had changed significantly and
a second Ru-hydride species Ru-5-II was observed, which was
present in a comparable amount with Ru-5-I (45% Ru-5-I, 55%
Ru-5-II). The Ru� H resonance of Ru-5-II appeared significantly
upfield at δ= � 12.21 ppm compared to that in Ru-5-I. One of
the two doublets in the 31P NMR spectrum was also shifted
upfield (78.9 ppm and 52.1 ppm with 2JPP=26.6 Hz). After one
night at room temperature the solution contained Ru-5-II as
the major species.

The spectra of complexes Ru-5-I and Ru-5-II are consistent
with reports from Matsumura et al.,[11] who activated Ru-5 with
1 atm H2 in the presence of KOtBu (Potassium tert-butoxide)
and observed the two species with multidimensional NMR
experiments. Ru-5-I was identified as an octahedral Ru-hydride
complex that was highly active for the (asymmetric) hydro-
genation of ketones. Penta-ligated complex Ru-5-II was consid-
erably less catalytically active, which was attributed to the
decoordination of the (potentially reactive) amino group. We

therefore concluded that the activated precatalyst solution was
best used as soon as possible after mixing.

Reaction scale-up

The scaled-up asymmetric hydrogenation reaction was per-
formed twice at different reaction scale and catalyst loading.
Reactions were performed in a stainless-steel autoclave that
was fitted with a custom-built automatic sampling system
(Figure 4).[12] This Autosampler system was designed for auto-
mated high-resolution kinetic measurements and enabled us to
accurately monitor (very fast) reaction progress and selectivity
without the difficulties and cost (labor, consumables) involved
of conventional (manual) kinetic experimentation.

The reaction with 0.02 mol% Ru (S/C=5,000, substrate to
catalyst ratio) was very fast and completed within 15 min at
29 °C (Figure 4a). Product (S)-2 was formed in 97% yield.
Product ee (not shown) was constant throughout the reaction
at >99% (S). Our analysis also allowed the detection of the

Figure 4. Liquid phase concentration profiles of the asymmetric hydrogenation of 1 to 2 with pre-activated Ru-5. Samples were withdrawn with a custom-
built automated sampling system. Yields were determined by GC-FID using n-dodecane as an internal standard. Product enantiomeric excess was determined
by UPLC and was constant at >99% (representative chromatogram in Figure S8). Note that the presence of gas-liquid mass transfer limitations was not
explicitly evaluated for these experiments. (a) Conditions: 7.5 mmol 1 in 20 mL 2-propanol, 0.02 mol% activated Ru-5 (S/C=5,000), 29 °C, 30 bar H2.
(b) Conditions: 44.7 mmol 1 in 20 mL 2-propanol, 0.01 mol% activated Ru-5 (S/C=10,000), 29 °C, 30 bar H2.
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minor propiophenone (4) and 1-phenyl-1-propanol (5) products,
which were present at only 1–3% throughout the reaction.
Acrylophenone 3 presumably was too reactive and could not
be observed by GC-FID (Gas chromatography with flame
ionization detector) or UPLC (Ultra high performance liquid
chromatography) analysis. (Note that the reaction mixture was
sampled at excessive temporal resolution to demonstrate the
Autosampler’s capabilities. This was not required for the
chemistry under study and diminished the isolated yield of (S)-
2. It does, however, show the potential of automated data-rich
experimentation for accurate tracking of fast reactions and
dilute/transient impurity profiling.)

The reaction’s final scale-up was performed at 0.01 mol%
Ru-5 (S/C=10,000) with 44.7 mmol (around 8 g) 1 (liquid phase
concentration profiles in Figure 4b). This reaction was consid-
erably slower than that at S/C=5,000 and completed in
approximately 2.5 h. (S)-2 was obtained in 97% GC-yield at
>99% enantiomeric excess. The fully hydrogenated side-
product 5 was formed in approximately 3% yield. The target
product was isolated from the reaction mixture as its
hydrochloride salt. Additional purification by recrystallization
from ethanol/diethyl ether ultimately provided 5.81 g of the
chemically- and enantiomerically pure (S)-2·HCl product (84%
isolated yield based on residual reaction mixture, 65% isolated
yield on basis of initial substrate loading. Approximately 19% of
the material was removed during sampling).

Our automation-assisted workflow successfully identified a
suitable catalytic system (precatalyst and reaction conditions)
from a set of previously untested, commercially available
precatalysts. The final catalytic system outperformed the state-
of-the-art[7] and provided the target γ-aminoalcohol product in
comparable yield and catalyst loading, at approximately halved
reaction time, and improved product enantiopurity (>99%
versus 97.5%). Importantly, all development was achieved in
under a week of total experimental time, thereby highlighting
the potential of automation to intensify product development
and significantly reduce time-to-market.

Conclusion

Automation and microfluidic tools offer efficient, fast, and
focused reaction development of complex chemistries such as
homogeneously-catalyzed asymmetric hydrogenations. Devel-
opment and implementation of such tools is therefore expected
to drive adoption of atom- and/or energy- efficient catalytic
technologies in academic- and industrial- process research.

Herein, we described the application of automation and
microfluidics to the development of a complex, catalytic
asymmetric hydrogenation reaction of a sensitive β-amino-
ketone substrate. Screening and optimization experiments were
performed using an automated microfluidic platform. Favorable
reaction conditions were identified from a set of discrete RuII-
diamino precatalysts. In situ precatalyst activation was studied
with dedicated nuclear magnetic resonance (NMR) experiments
and the reaction was scaled-up in a batch autoclave reactor
system. These reactions were monitored using automated,

high-resolution kinetic analysis using a custom-built Autosam-
pler system. Ultimately, our automation-assisted approach
produced multigram quantities of the target enantiopure γ-
aminoalcohol product in less than a week of total experimental
time using a fraction of the resources required for a conven-
tional reaction development campaign.

Experimental Section

Screening and optimization experiments

Screening and optimization experiments were performed using a
modified version of the automated microfluidic oscillatory flow
platform described in previous works.[5a,c–j] Modifications were made
to the system to enable sustained operation at elevated temper-
ature and pressure (see Supporting Information for details).

In situ precatalyst activation for NMR study

Inside an Ar-filled glovebox, 4.0 mg (1.0 equiv., 3.38 μmol) (R)-
RUCY-XylBINAP was dissolved in 0.7 mL THF-d8 inside an air-free
NMR tube, and 1H and 31P spectra were measured as soon as
possible. 16.9 μL NaHBEt3 in THF (1 M, 5.0 equiv., 16.9 μmol) was
added, the mixture was shaken, and spectra were acquired
immediately, after approximately 3 h, and the next morning.
Spectra and assignments are consistent with those reported in
literature.[11]

Large scale hydrogenation of 1

Reactions were performed in a 60 mL stainless steel Parr autoclave,
equipped with a Julabo CF30 thermostat, and a gas burette system
that enabled monitoring of gas consumption. Samples were
periodically removed from the system with a custom-made
automated sampling (Autosampler) system.[12] Before the experi-
ment, the autoclave was evacuated at 80 °C for �1 h, cooled to
30 °C, and refilled with Ar.

The following is a representative procedure for both experiments:
inside the glove box, a glass vial was loaded with 250 μL n-
dodecane, 20.0 mL 2-propanol, and 7.92 g 1 (44.7 mmol). A
separate vial was loaded with 1.490 mL of the pre-activated catalyst
solution (4.47 μmol Ru, S/C=10,000). The two mixtures were
transferred to the autoclave without exposure to air. The substrate
solution was added to the main reactor vessel, and the catalyst
solution was placed inside a separate stainless-steel compartment
that was fluidically decoupled from the reactor with a ball valve.
Stirring was engaged at 700 rpm and the reaction mixture was
preheated for 5 min until it reached the desired temperature (TSet=
30 °C, TInternal=29 °C, measured with an internal thermocouple).
Hydrogen pressure was applied (30 bar) and the reaction was
started following the addition of the catalyst solution to the
reaction mixture at t=0 s. Samples were periodically removed from
the reaction mixture and were analyzed as described. Afterwards
the reactor was depressurized, purged with Ar, and the crude
reaction mixture was worked-up as described below.

Isolation of (S)-2·HCl

After the asymmetric hydrogenation was complete, the crude
reaction mixture was dried over MgSO4, filtered, and 22.5 mL of a
4.0 M HCl solution in 1,4-dioxane (90.0 mmol, 2.0 equiv.) was slowly
added. The mixture was stirred for approximately 10 min and
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volatiles were removed in vacuo to yield the crude product as a
yellow oil. The oil was triturated for 1 h with 15 mL anhydrous THF
to give the product as a white solid. The solids were collected,
dried, and recrystallized from ethanol/diethyl ether at � 20 °C to
give the analytically pure title compound as white crystals. Yield:
5.81 g (84% isolated yield based on residual reaction mixture, 65%
isolated yield on basis of initial substrate loading. Approximately
19% of the material was removed during sampling.)
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Faster and more efficient by auto-
mation: Application of automation
and microfluidic tools to the devel-
opment of a homogeneously-
catalyzed asymmetric hydrogenation
of a pharmaceutically-relevant
substrate is described herein. In less
than one week, multigram quantities
of the target γ-aminoalcohol were
produced by the automation-assisted
workflow, using a fraction of the
resources required for a typical
reaction development campaign.
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