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and benzylamine to yield a mixture of the ketones 6 and
5.00.1] In the case of tert-butylethylene (2a), only 5a was
isolated (94 % yield).

In conclusion, we identified a chelation-assisted, Rh'-
catalyzed ortho-alkylation reaction of ketimines with olefins.
This type of ortho-alkylation shows generality as well as
efficiency; the reactions of various olefins (including 1-al-
kenes, a,w-dienes, and even internal olefins) with ketimines
result in high yields of the corresponding ortho-alkylated
products. In addition, successive Rh'-catalyzed hydroacyla-
tion and ortho-alkylation of an aldehyde gave a product that
has been alkylated at two sites.

Experimental Section

Full experimental details can be found in the Supporting Information.

A typical procedure for the preparation of 5a [Eq. (6)]: A screw-capped
pressure vial (1 mL) was charged with freshly purified benzaldehyde
(0.216 mmol), 2-amino-3-picoline (4, 0.0432 mmol), benzylamine
(0.216 mmol), [Rh(PPh;);Cl] (3, 0.0216 mmol), and tert-butylethylene
(2a, 1.08 mmol), the mixture was then stirred in an oil bath at 170°C for
12 h. Purification by column chromatography (SiO,, n-hexane/ethyl
acetate =5/2) gave pure 1-[2-(3,3-dimethyl-butyl)-phenyl]-4,4-dimethyl-
pentan-1-one (5a) (0.203 mmol, 94 % yield).
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Today, high-throughput synthesis methodologies, such as
combinatorial techniques, are applied to the discovery of
pharmaceuticals, catalysts, and many other new materials.[" 2]
In the near future, huge libraries of ligands, and hence of
homogeneous catalyst precursors, will be accessible. Recent
reports have demonstrated the effectiveness of this approach
for restricted libraries and in the case of catalysis in a single
liquid phase. High-throughput screening in one liquid phase
should not represent a problem as long as the reactions are
not too fast compared with micromixing rates. The micro-
titration-based apparatus (combinatorial chemistry (CC)
factory)¢! fulfils the requirement of ensuring reproducible
tests on microquantities of samples,”) despite uncertainties
attributed to the agitation process.’! However, numerous
reactions of interest, such as hydrogenation, carbonylation,
and hydroformylation, operate in gas/liquid or gas/liquid/
liquid systems.P! Inadequate control of phase and catalyst
presentation, a result from nonoptimized agitation, may
dramatically affect the estimation of selectivity and reactivity.
Many enantio- and regioselective-catalyzed reactions, suscep-
tible to mass transport effects, are known.* 3 That may well
be the explanation for the deceptively low enantiomeric
excess (ee <20 %) obtained in the screening of a 63-member
library of rhodium/phosphane catalysts for asymmetric hydro-
genation.?l Thus, a major challenge is to develop special
reactors!!® for rapid catalyst screening, that would ensure
good mass and heat transport in a small volume.[®!

Herein we describe a new concept to achieve high-
throughput screening (HTS) of polyphasic fluid reactions.
Two test reactions, a liquid/liquid isomerization and a gas/
liquid asymmetric hydrogenation, have been chosen to
validate our approach to HTS experiments.

As a liquid/liquid test reaction, the isomerization of allylic
alcohols, a process currently of industrial interest in the field
of geraniol chemistryl! was targeted [Eq. (1)].
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Biphasic catalytic systems involving organic and aqueous
(catalytic) phases, are well known and used in industry.®!
However, whereas numerous reports describe the monophasic
isomerization of allylic alcohol,’] examples of efficient cata-
lysis in biphasic media are scarce.'”] In order to extend the scope
of this isomerization to a liquid/liquid system, a restricted
library composed of eight catalytic systems was constructed
from four transition metal precursors (Rh, Ru, Pd, Ni),* 1!
and four sulfonated phosphane or diphosphane ligands.

A liquid/liquid HTS test reactor was then designed. Such an
apparatus must be able to mix the two liquids with a low to
very low inventory of catalytic material while still offering
reasonably long residence times.'] The principle used is a
combination of pulse injections of the catalyst and the
substrate, a micromixer with negligible volume, and a tubular
reactor (Figure 1).

Substrates S - .
ubs Liquid carrier 1

ce,A__>l____>
ﬂ [ [T

Liquid carrier 2

Catalysts

Figure 1. Schematic of the principle used for high-throughput sequential
screening of i catalysts and N substrates. The substrate S is thus treated to
form the product P.

During operation, the two carrier liquid phases, namely 7-
heptane and water, flow continuously through the apparatus.
For a test, both the substrate and the catalyst are injected
simultaneously. The pulses mix perfectly in the micromixer
with a residence time less than 1072s. The liquids thereby
emulsify and behave as a reacting segment, which then travels
along the tubular reactor. Collection at the outlet of the
reactor and analysis affords the conversion and selectivity data.

Application of this principle has been possible by using a
static micromixer') mounted in a dynamic microactivity test
(Figure 2). The n-heptane/water emulsion was stable for more
than 10 minutes without noticeable separation.

The catalyst library was then screened (Table 1). Palladium
complexes were inactive when associated with monophos-
phane ligands and displayed a low activity with diphosphane
(entries 7 and 8). The use of nickel resulted in a 1,3-trans-
position of the hydroxy group (entry9). Ruthenium and
rhodium gave comparable conversions. However, the ruthe-
nium catalyst yields some hydrogenated side product due to
hydride transfer from the alcohol (entry 6). Different pre-
cursors of rhodium(l) were active (entries1 and 2) and
comparable conversions were measured with mono- and
diphosphane ligands (entries 1-5). These results led to the
selection of Rh/TPPTS as the best catalyst.

This selected RhCIy/TPPTS catalyst showed activity to-
wards a large class of allylic alcohols (Figure 3).

That similar results were obtained in the microreactor and
in a traditional well mixed batch reactor (40 cm®) proves the
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Figure 2. Appartus: a) water reservoir; b) n-heptane reservoir; c) high-
pressure liquid pumps; d) injection valve with a 200 pL loop; e) injection
valve with a 1 mL loop; f) micromixer; g) thermoregulated bath; h) tubular
stainless-steel reactor (0.4 cm i.d., 80 cm long); i) outlet to detectors. The
two scanning electron microscopy (SEM) images show the micromixer, in
which the 2 x 15 interdigitated microchannels (25 pm width) with corru-
gated walls are clear.

Table 1. Screening of catalysts for the isomerization of 1-hexene-3-ol.

Entry Catalystl] Ligand:metal Product Conv.
[%]"
o}
1 RhCl,/TPPTS 4.6:1 \/U\/\ 53
o}
2 Rh,SO,/TPPTS 4.1:1 \)j\/\ 34
o]
3 [Rh(cod)Cl]/DPPBTS 1.1:1 PPN 36
o]
4 [Rh(cod)Cl],/BDPPTS 1.1:1 PPN 15
5 [Rh(cod)CIl,/CBDTS ~ 13:1 \/[oj\/\ 1
6 RuCly/TPPTS 4:1 \/[oj\/\ 61
(o]
7 PACL,/DPPBTS 26:1 A 35
Ho/v/\/\ 9
8 Ni(cod),/TPPTS 4:1 f\/\ 5
HO'

[a] All catalysts were prepared separately beforehand and stored under
argon at 4°C.l%I [b] Gas chromatography analysis. TPPTS = tris(m-sulfo-
phenyl)phosphane, cod =cycloocta-1,4-diene, DPPBTS = di(sulfophenyl-
phosphanyl)butane, BDPPTS =sulfonated (2S5,45)-(—)-2,4-bis(diphenyl-
phosphanyl)pentane, CBDTS = sulfonated (S,S)-1,2-bis(diphenylphospha-
nylmethyl)cyclobutane.

validity of the concept. Differences observed between the
substrates are explained by both their different solubilities in
the catalytic layer and by their different intrinsic reactivities.
Thus, substrates 1-4, which are likely to possess similar
reactivities, displayed a decreasing conversions with an
increasing hydrocarbon chain length. The molecular structure
of the substrate is also of importance: For similar solubilities, 1
is more reactive than 5, 2 more than 6, and 3 more than 7 and 8
for the C,, Cs, and C4 compounds, respectively. This pairwise
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Figure 3. Comparison between the results of the screening of substrates 1-10 against one
catalyst in a traditional batch reactor (white columns) and in the micro-dynamic test (gray
columns). The catalyst pulse was 200 uL and [Rh] =4 mwm, other conditions are given in the

Experimental Section.

comparison leads to the known conclusion that secondary
alcohols with terminal olefins are more reactive than other
configurations.” All these results are in good agreement with
those reported for monophasic systems and further validates
the use of the microapparatus for chemical investigations.

The concept has been extended to gas/liquid catalysis with
some modification to the experimental setup. Thus, hydrogen
is introduced at one of the inlet of the micromixer and the
liquid carrier phase is pumped into the other. The liquid,
ethylene glycol/water (60/40 wt%) and sodium dodecyl
sulfate (SDS) surfactant, is thus composed to ensure a stable
foam (no coalescence was noticed for residence times up to
6 min at 60 °C) with small gas bubles (about 200 um average
diameter) with a liquid volume of 20%. A pulse containing
the substrate Z-(a)-acetamidocinamic methyl ester (MAC;
0.05-0.10Mm) and the Rh/diphos catalyst (diphos ligands are
S,S-CBDTS and S,S-BDPPTS) dissolved in the liquid mixture
is injected. Using this procedure, we have found that the rate
of reaction is proportional to the catalyst concentration and
that the rate decreases with increasing SDS concentration, but
no change in the ee was noticed (see Supporting Information
for details). These results indicate strongly that the micro-
reactor is working under a chemical regime. A further
argument comes from the comparison of the enantioselectiv-
ities obtained in the microreactor and those previously
reported for the catalysts Rh/S,S-CDBTS (ee 6% versus
20% (S)) and Rh/(S,S)-BDPPTS (ee 47% versus 45% (R))
under similar conditions.!*3!

In terms of catalyst and time consumption per test, the
18 tests for the liquid/liquid isomerization (Table 1 and Fig-
ure 3) were performed twice, to test for reproducibility, using
one to two micromoles of metal and over a total screening
time of one hour. The test for the the gas/liquid asymmetric
hydrogenation showed similar features (down to 0.2 pmol Rh,
3 -5 min per test). Throughput testing frequencies (TTFs) of
more than 500 d~! are thus achievable, albeit with computer
control of the apparatus.

Such TTFs impose a characteristic time of about only 3 min
for necessary online operations, such as injection, collection,
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and analysis. The latter operation is often the
rate-limiting step in combinatorial and related
techniques. With the dynamic sequential meth-
od proposed here, any detectors that were
originally designed for HPLC or GC analysis
may be used, which includes mass detection,
UV, IR, CD, and so forth. Fast chromatography
with microcapillary columns is also possible
(see the Supporting Information).

In summary, we propose a new concept for
high-throughput experiments based on dynam-
ic sequential operations with a combination of
pulse injections and micromachined elements.
Some advantages over traditional parallel
batch operations are reduced sample amounts
(to pg levels), a larger range of operating
conditions (pressure, temperature), and fewer,
simpler electro-mechanical moving parts.

Experimental Section

Liquid/liquid isomerization: Aqueous catalyst solution pulses (200 pL),
which contain about 1-2 pmol (about 100 ug) of metal, and organic
substrate pulses (1 mL), as n-heptane solutions (0.1 mol L"), were used for
each test. Flow rates were 5 (aqueous phase) and 1 mLmin~! (organic
phase), which corresponded to a residence time of 100 s in the stainless-
steel tubular reactor (0.4 x 80 cm) that was maintained at 80°C.

Gas/liquid asymmetric hydrogenation: Aqueous catalyst solution pulses
(200 uL), which contain about 1-4mm of the catalyst, and organic
substrate pulses of MAC (0.05-0.10m) were used for each test. Flow rates
were 1-4mLmin™! (gas phase) and 0.3-1.0 mLmin~" (liquid phase),
which corresponded to a residence time of 3—-6 min in the tubular glass
reactor (0.285 x 156 cm), that was maintained at atmospheric pressure and
at 40-60°C.
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because they are relatively inert to common organometallic
reagents and their structures can be easily modified. The main
advantage of this type of nanosized, macromolecular catalyst
is their convenient removal from product streams as realized
recently in a continuously operating membrane reactor.[
However, the synthesis of dendrimers, that is monodisperse,
well-defined molecules, involves expensive, labor-intensive
multistep procedures that also limit the amount of available
material. In contrast, hyperbranched polymersP! can be
prepared in a single-step, one-pot procedure, from AB,, type
monomers. This greatly facilitates their synthesis and allows
the production of large quantities of material. However, as a
consequence of the uncontrolled synthesis of such polymers,
materials with high polydispersity are obtained. Furthermore,
the reactive sites introduced by functionalization will be
distributed throughout the molecules.

Recently, we reported carbosilane molecules functionalized
with NCN [C¢H;(CH,NMe,),-2,6]") ligands!®” which could
then be selectively lithiated without any decomposition of the
carbosilane backbone.®! This lithiation enabled the subse-
quent incorporation of transition metals by means of trans-
metalation with suitable Group 8 metal salts.?* % Herein, we
present the synthesis of a hyperbranched carbosilane (HCS),
its functionalization with NCN moieties, and the introduction
of palladium(1i) sites into the structure. Furthermore, we show
that this system can be conveniently converted into an
effective catalyst system that can compete with metalloden-
dritic catalysts.

To obtain hyperbranched HCS supports, neat triallylsi-
lanel”! was polymerized with platinum catalysis by polyaddi-
tion (Scheme 1).1% To keep the isomerization of the double
bonds to a minimum, the reaction temperature was kept low
(40°C). This, however, led to prolonged reaction times (4 d in
the case of 1). The internal to external double-bond ratio
could not be suppressed below 7.6 %. The presence of internal
double bonds was indicated in the '"H NMR spectrum of the
isolated HCS material which showed the presence of extra
multiplets at 6 =6.09 (SiCH=CH-CHj,) and 5.58 (SiCH=CH-
CHj;). The polytriallylsilane (PTAS) 1, was obtained as a
translucent, viscous oil, soluble in solvents such as diethyl
ether and chloroform. The molecular weight (size exclusion
chromatography (SEC), polystyrene (PS) standards was
5500 gmol~' which corresponds to an apparent degree of
polymerization of 36 (that is 72 allyl groups per molecule). As
expected for a bulk polymerization of an AB,, monomer, the
molecular-weight distribution was broad (M,/M,=5.2).l1
This polydispersity is also influenced by an intramolecular
reaction, of the Si—H groups with allyl end groups. This side
reaction consumes Si—H groups without enhancement of the
molecular weight, resulting in the formation of core-type
molecules.

Polymer 1 was hydrosilylated with HSiMe,Cl by platinum
catalysis (Scheme 1) in neat HSiMe,Cl at ambient temper-
ature. After removal of the excess HSiMe,Cl, the function-
alized polymer HCS-SiMe,Cl (2) was dissolved in diethyl
ether. This solution was added to 3,5-bis[(dimethylamino)-
methyl] phenyllithium (Li-NCN)®l at —78°C in diethyl ether
(Scheme 2). Hydrolysis followed by extraction gave the crude
HCS-SiMe,-NC(H)N product. This diaminoaryl-functional-
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