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In the last decades great effort has been made to develop heterogeneous catalysts for Suzuki-Miyaura cross-coupling reactions. A wide variety of immobilized

organic ligands and their palladium-complexes as well as ligand-free systems on different solid supports (e.g. activated carbon [1], organic polymers [2], or silica [3])
has been reported. A special issue in this context is the leaching [4] of the metal as well as the stability of the catalysts in continuous flow systems.

In this contribution we present palladium substituted mixed cerium-tin-oxides (general formula Cegq4,Sn,Pd,,,0,.5) as heterogeneous catalysts for continuous
Suzuki-Miyaura cross coupling reactions. The Pd-substituted Ce-Sn-oxides with different proportions of tin (x = 0, 0.2, 0.495, 0.79, 0.99) have been prepared using

solution combustion methods [5].

With that method several grams of catalyst can be prepared in less than 3 hours out of inexpensive and environmentally friendly precursors (ceric ammonium nitrate,

tin(ll) oxalate, palladium(ll) chloride, glycine).

The obtained catalysts show an activity of 2000 h! in aqueous media at moderate temperatures and can be reused in batch experiments several times without
significant loss of activity. Furthermore, the catalyst proved to be highly stable for Suzuki-Miyaura reactions carried out in a packed bed microreactor system.
All in all, the novel palladium substituted cerium-tin-oxides proved to be easily preparable, inexpensive and highly active catalysts suitable for continuous Suzuki-

Miyaura cross-coupling reactions.

Five Catalysts with different proportions of tin
were synthesized from ceric ammonium nitrate,

Precursor Solution

XRD analysis of the catalysts revealed a cubic
crystal system for catalyst 1, 2 and 3, a mixed

tin(Il) oxalate, palladium (Il) chloride and glycine CefFS:‘e‘lsa" tetragonal/cubic system for catalyst 4 and a
using the solution combustion method. Water tetragonal system for catalyst 5. Diffraction

solution was introduced in a muffle furnace
where the combustion reaction took place. After
grinding and heating for another 5 hours, the
resulting porous solid could be used directly as
catalyst
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Catalyst 3 (Ceg 495SNg.495Pd0010,.5) proved to be
the most active catalyst under this conditions.
Thus, this catalyst was used for continuous flow
experiments.

Continuous Flow

Continuous flow-experiments were performed in
the so called Plug&Play-Reactor engineered and
constructed by OneA engineering (Vocklabruck,
Austria). This microreactor features a modular
design. Reaction, pumping, heating and mixing
devices are designed as displaceable modules.
This modular approach provides the possibility to
optimize the process performance over a wide
range of reaction conditions and allows the
implementation of process analytical tools. The
reaction module is designed as catalytic fixed
bed flow reactor. The use of displaceable
standard HPLC-columns as reaction modules
provides flexibility regarding the amount and
volume of used catalyst for different reactions
and flow-rates.

Figure 6 shows the performance of catalyst 3 in a
continuous flow experiment. Under the chosen
conditions, the relative yield of 4-phenyltoluene
could be kept above 80 % for at least 16 h which
corresponds to an absolute yield of 0.15 g/h and
3.72 g/d, respectively.

Figure 7 shows the catalytic performance of the
same catalyst under changing reaction conditions
(temperature and flow rate) .

Conclusions:
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Fig. 1: Solution combustion synthesis

Volume Flow:
Concentrations:
4-Bromotoluene
Phenylboronic aci:
Potassium carbonate:
Solvent:
Temperature:

Mass of Catalyst:
Mass of Palladium:
Vield of

peaks corresponding to Pd metal or PdO could
(Vp)] Catalyst 1 Ce0.09Pd0.0102.5 l not be observed.
. (7) Catalyst 2 Ce 7SN 2Pdg.01025 Combustion
GJ Catalyst 3 Ce0.4955M0.495Pd0.0102.5 Heating in a furnace
c Catalyst 4 Ce.2SN0.76Pd0.0102.5 l
) Catalyst 5 Snp.goPdy 01025 z !
2 — Catalyst 1
(- . . Porous Solid ; Catalyst 2
> The catalyst precursors were dispersed in water Grinding and_heating : —Catalyst 3
and a minimum of nitric acid was added until a 350°C 1 I
(j) clear solution was obtained. The precursor h J\AW\_A

50 0 o 0
200)

Fig. 2: XRD-spectra

Table 1: Results — Batch experiments
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Fig. 4: Batch-experiments

Yields were determined with GC analysis using
dodecane as internal standard after 2 1h and
after 3h. Blind samples (pure ceria and SnO,)
showed no activity.

c)

Figure 5: The Plug&Play-Reactor: a) schematic view, b) the reactor, c) the complete set-up
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Fig. 6: Flow-experiments: test of stability
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Fig. 7: Flow-experiments: change of temperature and flow-rate

« Solutions combustion is an easy and rapid method for the synthesis of palladium substituted cerium tin oxides at the gram scale

* Theresulting oxides are highly active catalysts for Suzuki-Miyaura cross-coupling reactions

* The catalysts show good stability in continuous flow reactions and the continuous synthesis of biaryls at the gram scale could be achieved
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