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Abstract: A new concept for the high-throughput screening of multiphase reactions involving molecular cat-
alysts is described. It combines pulse injections of catalysts and substrate and mixing in a microdevice. The
novelty of the concept resides in dynamic sequential vs. batchwise operations. Some advantages over tra-
ditional batch parallel operations are lower inventory of sample (down to ~g) coupled with accurate control
of reaction time, larger range of operating conditions (pressure, temperature), simpler and fewer electro-
mechanical moving parts and easy automation. Results on liquid-liquid (biphasic allylic alcohol isomeriza-
tion), and gas-liquid (asymmetric hydrogenation) reactions indicates that the number of tests per day can
easily reach 50 d-1 with inventory of sample (Rh) per test as low as 5 ~g.
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1. Introduction

The interest in methods to speed-up dis-
covery in many fields of chemistry has been
steadily increasing since the early 1990s.
Many efforts have been put into catalyst
discovery, mostly in the field of heteroge-
neous catalysis [1], more precisely, for
gas-solid processes. Catalysis by organo-
metallic compounds is also important for
the large-scale production of polymers and
many C-C bond forming reactions such as
hydroformylation, hydrocyanation, car-
bonylation, to name a few [2]. Metallocene
compounds used as new catalysts for olefin
polymerization encompass an extraordi-
nary range of structural diversity and are
the target of fast investigation methods. Be-
sides polymer chemistry, transition metal
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complexes are also used for the small-scale
production of high-value-added (chiral)
molecules, for the pharma, agro, and fra-
grance industries. Again, chemical diversi-
ty is a key word since it is generally admit-
ted that in the view of the diversity of
the substrates (intermediates), there is no
generic catalyst that will fit the activity/se-
lectivity(enantioselectivity) required. This
may be called the substrate/catalyst speci-
ficity and is well demonstrated in the field
of asymmetric hydrogenation [3]. Many re-
ports, from academia and industry, describe
the application of fast investigation meth-
ods, albeit generally limited to slow (>Ih)
and monophasic (liquid) reactions [4].
Leading or younger high-tech companies
such as Symyx, Avantium and HTE have
built their business on what is nowadays
called high-throughput screening (HTS),
experimentation (HTE) or investigation
(HTI) for catalysis and most of the major
players in the chemical industries have set-
up HTS teams for catalysts discovery and
catalytic processes optimization.
Is there a life behind this picture? The

following is an attempt to provide both an
analysis of what is actually required for
HTS reactors as well as to disclose some

recent results from our research aimed at
the use of microstructures for HTS.

2. Requirements for HTS of
Catalytic Reactions

Traditional reactors for the investiga-
tion of multiphase reactions should fulfill at
least five requirements: i) multiphase capa-
bilities, ii) flexible residence time, iii) flex-
ible range of operating conditions, iv)
chemical compatibility, v) no mass and heat
transfer limitations and vi) ideal hydrody-
namics [5].
The three first requirements are easily

understood. A reactor must be designed
to allow the contact between the several
phases, gas-solid, gas-liquid (GIL), gas-
liquid-solid and liquid-liquid (LIL). It is
clear for example in the case of a solid-
liquid reaction that the solid must be ideally
dispersed in the reaction volume. A reactor
in which the solid decants would seldom be
classified as a good reactor. A flexible resi-
dence (reaction) time, the range of operat-
ing conditions and the material used for the
reactor are also generally taken care of
when choosing a test reactor.
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However, considerations are rarely giv-
en to mass transfer problems and non-ideal
hydrodynamics. For example, one may eas-
ily find the range of pressure and tempera-
ture as well as the building material for lab-
top pressure reactors but no data concern-
ing, for example, gas to liquid mass transfer
capabilities are provided (except for the
agitation speed), the same being true for
micromixing. Mass and heat transfer limi-
tations have been evidenced for many
gas-solid and gas-liquid-solid catalytic
reactions and chemists in these fields are
well aware of such problems. In the field
of gas-liquid (GIL) catalysis, i.e. homo-
geneous catalysis, the background of re-
searchers tends to be in synthetic chemistry.
They feel themselves generally much less
concerned with such a 'chemical engineer-
ing approach' and believe their chemistry to
be free of such phenomena. Several pieces
of evidence however demonstrate the im-
portance of such phenomena, particularly
in the field of asymmetric hydrogenation.
While the mechanism by which GIL mass
transfer limitation can affect the enantiose-
lectivity has been analyzed in detail [6], it
is true that the generality of such a coupling
remains to be demonstrated through proper
experimentation.
Three more requirements must be con-

sidered for high-throughput experimenta-
tion for catalytic reactions: a) sample (cata-
lyst) quantities used for one test must de-

crease from milligrams down to micro-
grams, while providing the same quality of
data, b) the number of tests per time unit
must be significantly higher than conven-
tional techniques, i.e. the throughput testing
frequency (TIF) must ideally be more than
100 d-1, c) the HTS apparatus must be able
to operate unattended, i.e. automation
(sampling etc.) should be easy, fast and not
too expensive.
Micro devices seem to be the ideal tool

to answer these requirements. However,
while many applications of micro-struc-
tured reactors have been found for labora-
tory research and small-scale productions,
very few concern high-throughput experi-
mentation for catalysis and almost none for
organometallic catalysis [7]. Commercial
apparatus that may be used for high-
throughput (fast) screening of multiphase
catalytic reactions are in fact all based on a
very simple concept (Fig. 1, left): several
bench-top batch-type tank reactors are
down scaled (step i) and placed in a rack
(step ii). Ideally, one reaction/catalyst or
substrate can thus be screened in each of
these minireactors (step iii) [8].
A new concept for high-throughput ex-

periments that is based on dynamic sequen-
tial operations with a combination of pulse
injection and micromachined elements has
been proposed (Fig. 1, right) [9]. Two car-
rier fluids (LIL or GIL) are circulated in a
tube that ensures contact. A mixing unit (fl)

is then placed at the entrance of the tube in
order to increase the contact area thus pre-
venting mass transfer limitations. In a fur-
ther step, pulses of reagents and catalysts
are introduced. The mixer will generate
a well-mixed segment which will travel
through the tube whose length determines
the residence time. At the outlet of the sys-
tem, the pulse is collected and analyzed for
activity and selectivity. For HTS, sequential
injections of other catalysts/substrates may
be performed in a short time. The limiting
time will be that required to avoid overlap
of the reacting segments all along the tube
reactor, as demonstrated by the residence
time distribution [10]. When compared, the
advantages of this new concept are easily
understood. While in Fig. 1, left, each test
requires one physical (stainless steel) reac-
tor, it is only a pulse in Fig. 1, right, the
same physical reactor being used sequen-
tially for many diversities. Thus, some ex-
pected advantages over traditional batch
parallel operations are a lower inventory of
sample (down to flg), a larger range of op-
erating conditions (pressure, temperature),
simpler and fewer electro-mechanical mov-
ing parts.
This concept covers a broad range of re-

action types: monophasic fast reactions where
mixing is important and which cannot be
run in microtitration plates (stop-flow inves-
tigations); LIL and GIL reactions where mass
transfer might hide the chemical features.

Fig. 1. Schematic representation of the reactor set-up for fast investigation of multiphase molecular catalysis illustrating two methods for the
management of diversity. Left: parallel batch reactors. Right: sequential testing involving a micro-mixer and pulses.
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Fig. 2. Overall set-up used for HTS experiments. The liquid handler, pumps, injection valves, the
collector and the GC apparatus are commercially available. The 'heart' of the system consists
of modular interchangeable micro reaction units for UL or GIL reactions. Extension to other type
of catalytic reactions, e.g. GIUS is under progress.

Preliminary work has described the use
of a micromixer for the high-throughput
screening of LIL and GIL catalysis [9a].
The transformation of the basic, manually
operated set-up used in this first report for
the 'proof of principle' into a usable, unat-
tended, and efficient apparatus for routine
HTS is evaluated here.
The setting of the overall HTS appara-

tus, including automation, is described in
Fig. 2. It is composed of a liquid handler, a
reaction section and an analytical device.
The liquid handler is used for both the
preparation of catalysts and injection of cat-
alyst/reagent into a reaction unit.
During operation, the microreaction

unit is continuously fed with the carrier flu-
ids. These can be two immiscible or misci-
ble liquids or a gas (reacting gas such as Hz)
and a liquid. At periodic time intervals,
pulses of the (liquid) catalyst to be screened
and the substrate are injected. The pulses
are then mixed in a micromixer [11] placed
at the entrance of the microreaction unit.
Alternatively, for longer residence times in
LIL catalysis, the LIL emulsion is directed,

via a programmable collector, into parallel
small batch reactors arranged in a home-
made rack.

3. Results and Discussion

3.1. Monophasic Liquid Operations
The ability of the automated liquid han-

dler to operate with air-sensitive organo-
metallic catalyst was evaluated first. The
H-transfer asymmetric reduction of ace-
tophenone into (R)- and (S)-phenylethanol
in 2-propanol was choose as a test reaction
(Scheme 1). Since mixing is not an issue for
monophasic catalysis (the reaction is not so
fast, >Ih), the microreaction unit depicted
in Fig. 2 can be removed. In a first experi-
ment, a library of 60 chiralligands, cover-
ing 11 structural families, was combined
with three metal precursors of Ru ([Ru-
Clz(p-cymene) h),Rh ([RhCl( cod)h) and Ir
(Ir(acac)(cod)) since these metals are
known to be active for this reaction. Select-
ed examples of these ligands are pictured in
Fig. 3.
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Fig. 3. Selected examples of ligands L* from
the library used for evaluation in the H-trans-
fer reduction of acetophenone. Some of the
ligands (4 & 5) are commercially available.
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Thus, a chemical diversity number of
180 ligand/metal couples is achieved. How-
ever, it is also well known that reaction pa-
rameters such as the metal to ligand ratio,
the substrate vs. metal concentration and
co-catalyst (sodium isopropanolate)/metal
are important. Hence, a total number of
1800 tests was performed/analyzed in less
than ca. 20 days working time. Selected
results are shown in Fig. 4, enantiomeric
excess up to 86% have been obtained.
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Fig. 4. Enantiomeric excess (%) as a function of the ligand (A1.... N6). The test was performed
under different conditions T1, T2 & T3 (T1: [S]/[M] = 25, [L]/[M] = 1; T2: [S]/[M] = 100, [L]/[M] =
1; T3: [S]/[M] = 100, [L]/[M] = 2). Other conditions: 6h, 20°C, 400 1-11, CRu 10-3 mol. 1-1, CKOH
10-2 mol 1-1.

Fig. 5. Experimental set up for hydrogenation. The outlet is connected to an automated collec-
tor. The injection loop of the HPLC injection valve is connected to the liquid inlet L shown on
the picture. The coiled tube is placed in a temperature-controlled bath.
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extraction of the organics and analysis af-
ford conversion and ee data. Two parame-
ters are of importance for the operability of
the test: The stability of the gas-liquid foam
and the size of the reacting segment. It has
been found that the foam stability increases
with the hydrogen pressure. This ensures
residence times of up to 12 min at 70°C
without noticeable bubble coalescence.
Analysis of the residence time distribution
reveals some axial dispersion of the seg-
ment when the reacting tube is placed ver-
tically, probably due to backmixing. That
was neglected for the reactor/kinetic mod-
eling and can be attenuated by placing the
tube horizontally.
Using this set-up, the kinetics of the

asymmetric hydrogenation of methyl-Z-
acetamidocinamate (MAC) with a [Rh((S,S,l-
BDPPTS)]+ water-soluble catalyst was
studied (Scheme 2) [9c].
Control experiments have been per-

formed in a specially designed mini batch
reactor (10 cm3), optimized for low inven-
tory of reacting solution, under the same
conditions (liquid phase composition, tem-
perature, etc.). The kinetic parameters have
been computed from the hydrogen con-
sumption and not from the (R) and (S) con-
centrations but it should in theory give the
same results since rH2 = rMAC = -(rR+rS)'
Comparison of the kinetic constant at 323
K, k

F3
= 9.3 vs. 19.1 (m3 kmol-I Mpa-I

min- ) and the activation energy is 31 ± 4
vs.40 ± 4 (kJ mol-I) in the micro-test and
batch reactors respectively, indicated lower
value in the micro test unit. This illustrates
the difficulties to carry out experiments
with a very low inventory of material. The
data concerning the enantioselectivity are
more in agreement, lying between 40 and
45%.

The exploitation of these first results
point to the best catalytic systems being
Ru/4 as reported in the literature. From
these first experiments, a second library of
ca. 20 ligands was designed. A second se-
ries of ca. 1400 tests was performed which
resulted in the discovery of a new class of
ligands for this reaction that provides ees up
to 93% with good activities. To summarize,
the identification of both known and new
catalytic systems for this monophasic catal-
ysis reaction validates the use of the liquid
handler for air-sensitive reactions.

3.2. Biphasic Gas-Liquid Operations
The 'microreaction unit' (see Fig. 2) for

GIL operation is described in Fig. 5. The
range of operating conditions are pressure:
1-11 bar, temperature, 20-70 °C, residence

time: 1-12 min for the straight 0.8 m reac-
tion tube, 3-25 min for the coiled 3 m tube.
Note that the nature of the material used for
the tube, chosen for visual observation, lim-
its the pressure range. Use of a stainless
steel tube allows higher working pressures
(50 bar). Under operation, the two fluid
phases, i.e. the aqueous solution and hydro-
gen, flow continuously through the appara-
tus leading to a stable foam as observed in
the tube. For a test, a pulse containing the
substrate and the Rh/diphos catalyst dis-
solved in the water/ethylene glycol/SDS
mixture is injected. This composition of the
liquid is adjusted to obtain a good quality
foam. The reagents are perfectly mixed in
the micromixer leading to a reacting seg-
ment which travels along the tubular reac-
tor. Collection at the outlet of the reactor,

3.3. Biphasic Liquid-Liquid
Operations

The racemic or asymmetric isomeriza-
tion of allylic alcohols into carbonyls with
water-soluble catalysts in a biphasic hep-
tane-water system has been investigated
(Scheme 3).
To assess the efficiency of the mi-

cromixer, nine substrates with quite differ-
ent solubilities in the catalytic aqueous lay-
er have been tested in three set-ups. In the
first set-up, the micromixer is not used, the
mixing between the two phases is simply
achieved by needle injection of the reagents
and solvents (water, n-heptane, catalyst,
and substrate) into small vials (2 cm3) in a
home-made rack placed onto the liquid
handler. In the second set-up, the mi-
cromixer was used as apre-mixing unit, the
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Scheme 2.

Fig. 6. Comparison of the biphasic isomeriza-
tion of some allylic alcohols with four different
reactors: reaction in vials, with (II) and without
(II) the micromixer; reaction in a set-up com-
bining the micromixer and a reaction tube )
(similar to that described in Fig. 5) and in a mi-
ni-batch reactor of 10 cm3 (0). Conditions 50
°C, CRh 0.011 kmol.m-3, S/Rh 100, n-heptane.
Residence time for (II and .), 1 h; for (. and
0),100 s.
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reacting emulsion being introduced as it
was in the same vials for reaction. Note that
in both these set-ups involving vials, the
residence time was 1 h. In a third set-up, a
'micrreaction unit' for liquid-liquid opera-
tion, similar to that used for GIL experi-
ments (Fig. 5) was used. The gaseous fluid
is replaced with a organic solvent (n-hep-
tane) and the aqueous phase is now pure
water. Indeed, with the help of the
micromixer, there is no need of surfactant.
The organic-water emulsion formed is very
stable, up to several hours. The residence
(reaction) time with the third set-up is
1-3 min. The results of the comparative
study are displayed in Fig. 6. Thus except
for the residence times, the other condi-
tions, e.g. substrate and catalyst concentra-
tions, were kept constant.
The comparison with experiments run

in vials, with (.) and without (.) pre-mix-
ing (i.e. with or without the micromixer)
clearly demonstrate the advantage of using
a micromixer. Conversions are significant-
ly higher when using the micromixer, ex-

cept for the readily soluble C4 for which
mass transfer to the aqueous catalytic phase
may not be an issue. However, for the long
reaction time used for these vials experi-
ments, the observed conversions are quite
high, irrespective of the substrates, which
cannot allow the ranking of reactivity be-
tween the different substrates. With the
third set-up (.), however, since the reac-
tion occurs in the segment traveling in the
reaction tube, short reaction times can be
accurately controlled and quantitative data
for e.g. ranking of the substrate reactivity or
kinetic measurements can be obtained. For
example, the decrease in conversion for C4
through C8 simply reflects the difference in
solubility, i.e. an observation of the proper-
ties of the molecules and not the signature
of the apparatus. Intrinsic chemical reactiv-
ities are actually observed with the third
set-up which is demonstrated by the lower
conversions observed for normal vs. iso-al-
lylic alcohols (C5 and C6 vs. iso-C5 and
iso-C6). Indeed, it is well known that inter-
nal C-C double bonds isomerize much

more slowly. Finally, data obtained in a
well-mixed mini-batch reactor (10 cm3) are
also displayed (0). The good agreement be-
tween data obtained with the third set-up
and that from the mini-batch further
demonstrates the validity of this concept.
This qualitative study demonstrates the
need of the micromixer to reach intrinsic
chemical properties in liquid-liquid HTS.

4. Conclusion

The following table provides features
that have been either achieved or that are
achievable for selected liquid-liquid and
gas-liquid experiments (Table). It also pro-
vides a rough comparison with traditional
albeit optimized (mini-batch) laboratory re-
actors according to the criteria discussed in
the introductory section.
These features must be considered as a

first evaluation of the potential use of mi-
crodevices for HTS. The gain in quantity of
sample required, in testing throughput and
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Table. Comparison of the performance of a traditional mini-batch reactor with the micro-
reaction units described in this work for UL and G/L reactions.

Feature Mini-batch Micro L/L MicroG/L

Reaction volume [cm3] 10 0.2 0.1

Average amount of Rh per experiment [I-Ig] 500-1000 10-80 5-20

Typical amount of ligand per expo [I-Imol] 10 0.5 0.1

Temperature range [0C] 20-100 20-70 20-80

Pressure range [bar] 1-100 1-11a

Residence time [min] >10 1-120 1-30

Average TIFb achieved during study [d-1] 2 40 15

Maximum actually achievable TIF [d-1] 3 50 40c

Range of solvents (viscosity, density, ... ) large large restrictedd

Automation of reagents/catalysts injection No Yes Yes

Automation of sample collection No e Yes

a Limitation depends on the material used for the reacting tube (quartz).
bTIF is the throughput testing frequency i.e. the number of experiments per day.
c Delay time between injection in the micro-test is only 3-5 min but both the optimised chiral
GC analysis (one run per 12 min) and the restriction of unattended operations to day time limit
the test throughput.
d Only aqueous phase containing a foaming agent and a viscosity agent can be used.
e Not yet performed.

in automation will increase. While this first
approach was based on a concept involving
mixing, the design of new microdevices
based on other concepts, e.g. contact with
falling film reactors, will overcome the bot-
tlenecks presented here.
Integration of analytics is also a chal-

lenge. Traditional techniques such as GC
or HPLC, although outstanding micro-
columns have been developed leading to
retention time of only a few minutes for
complex molecules, are limited for HTS.
New flow-through micro-devices for chiral
analysis that can be cheaply integrated to
micro-HTS reactors are needed.
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