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UV-Vis, combined with ED-XAFS shows, for the first time,
the evolution of inactive Pd dimers and trimers, that are a
possible first stage in the deactivation process of important
palladium catalysed reactions, leading to larger palladium
clusters and eventually palladium black.

Palladium is the most widely used metal in transition metal
catalysed organic synthesis, as it is capable of catalysing a wide
variety of reactions. While for many applications the desired
selectivities and activities can be achieved, the stability of many
palladium catalysts is too low for large-scale industrial
processes. It is generally assumed that the deactivation of the
catalyst occurs via clustering of palladium intermediates in the
catalytic cycle.1 The stability towards the formation of inactive
clusters and the performance of the catalyst are influenced by
modification of the metal centre with a ligand, most often a
phosphine ligand.

Although control of the deactivation is crucial for applica-
tions in industry, so far, very few studies to this behaviour have
been reported.1 NMR techniques are not suitable to study the
aggregation behaviour of the catalyst, because the palladium
atom itself cannot be observed. The indirect study of the clusters
via the phosphorus atoms of the ligand (31P NMR) is hampered
by the high mobility of the complexes.

XAFS spectroscopy2 is a very powerful technique for the
detailed determination of the local structure around an absorb-
ing atom. Measurements can be performed in situ. Spectra can
be obtained in the millisecond range, using an energy dispersive
data acquisition set-up, so-called energy dispersive XAFS (ED-
XAFS).3 Recently, an (ED-)XAFS study on homogenous Pd
catalytic systems has been presented in literature.4 UV-Vis
detects the electronic absorption by molecules both in situ and
time resolved. In our case, absorption bands originating from
metal-metal bonds are observed.

Here we present preliminary results of our UV-Vis‡ and ED-
XAFS§ studies on the deactivation of Pd catalysts in the well-
known allylic substitution reaction.5 The catalytic cycle of these
reactions is drawn in the left part of Scheme 1. The size and
nature of the inactive homogeneous palladium clusters formed
during the reaction as a function of time, depicted on the right
hand side, have been studied in detail, as will be described in
this paper.

To study the deactivation reactions, the allylic amination is
carried out using different (1,1-dimethylallyl)Pd(P–P ligan-
d)OTf complexes as the catalytic intermediate and piperidine as
the nucleophile. First, stoichiometric reactions are studied by
omitting the allylic substrate, thereby enhancing the rate of
deactivation and moreover, decreasing the number of possible
reactions. The catalytic reaction is performed using allyl acetate
as the substrate. The reactions are monitored in situ at ambient
conditions. In addition to different (P–P)-ligands, the deactiva-
tion behaviour in different solvents is investigated.

Fig. 1(a) and (b) show typical time resolved UV-Vis spectra
for the reaction of 2 mM (dppe)Pd(C5H9)OTf with 10 mM
piperidine in acetone (concentrations after mixing). The
(dppe)Pd(C5H9)OTf, complex 1, is not UV-Vis active in the
energy region > 400 nm (for all solutions applied) as can be
observed in Fig. 1(a) (dotted line). Up to ~ 390 nm the starting
complex shows strong absorptions. Immediately after addition
of the piperidine, the reaction mixture changes colour from light
yellow to red which is indicative for the formation of Pd–Pd
interactions.6–9 This colour change is reflected in the UV-Vis
spectra by the appearance of peaks at ~ 430 and ~ 490 nm,
respectively (peaks 3 and 4 in Fig. 1). In time, peaks 3 and 4 first
increase, indicated by the arrows in Fig. 1(a). Deconvolution
reveals that two species are formed which are assigned to Pd
dimers and trimers, respectively, based on peak position.6–9

Measurements at variable temperatures confirm the assignment
of the peaks to metal–metal transitions.7,10

In time, the reaction mixture turns dark red while peaks 3 and
4 disappear (Fig. 1(b)). Meanwhile, the band showing strong
absorption up to ~ 390 nm increases and becomes broader (peak
5) in time, suggesting the formation of large palladium clusters
(colloidal palladium).11 The simultaneous disappearance of
peaks 3 and 4 suggests that the dimers and trimers are
intermediates in the formation of colloidal palladium. Determi-
nation of the colloidal peak is extremely difficult since the peak
almost completely overlaps with absorptions of the starting
complex. Eventually, Pd metal precipitates in the cuvette.

The rate of formation of dimers, trimers and further
deactivation is observed to be a function of both ligand and
solvent. For complexes with a small bite angle, both dimers and
trimers are observed whereas for large bite angle ligands only
dimers are formed. Increasing the polarity of the solvent
decreases the deactivation rate.

To gain more insight into the structure of the multi-Pd
species, ED-XAFS experiments have been performed. The

† Electronic supplementary information (ESI) available: EXAFS data and
Fourier Transform. See http://www.rsc.org/suppdata/cc/b2/b206758g/

Scheme 1 The catalytic cycle of the allylic substitution reaction (left side) and the proposed deactivation mechanism (right side).
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results of a complex with a large bite angle ligand are shown
here, since it forms only dimer complexes and thus facilitates
the EXAFS analysis. For a good signal to noise ratio,
concentrations of 35 mM (Xantphos)Pd(C5H9)OTf complex
and 175 mM piperidine in acetone, after mixing, were used.
With the ED set-up the reaction was followed with a time
resolution of ~ 1.2 s, each spectrum being an average of 15
spectra with an acquisition time of 10 ms each. Since this
deactivation reaction is relatively slow, the EXAFS data of both
the (Xantphos)Pd(C5H9)OTf complex in solution (solid line)
and the complex after ~ 5 min of reaction (dotted line) are given
in Fig. 2.14 EXAFS data analysis, using the difference file
technique,15 of the (Xantphos)Pd(C5H9)OTf complex in solu-
tion shows a structure identical to the solid state.12–14 The ED-
XAFS measurements of the reaction with piperidine confirm the
appearance of a Pd–Pd interaction in time with a Pd–Pd distance
of ~ 2.70 Å.16,17 Moreover, EXAFS analysis shows that the Pd–
ligand system is still intact and one allylic moiety C5H9 remains
present in the formed palladium dimers. Since EXAFS is a bulk
technique, the average of all structures is obtained complicating
the analysis, especially for Pd complexes forming more
different Pd clusters during reaction. Nonetheless, Pd–Pd
interaction is always observed in solution. ED-XAFS confirms
the rate dependence of formation of multi-Pd clusters on ligand
and solvent used.

Both time resolved techniques indicate the formation of
dimers, trimers and possibly larger clusters directly from the
start of the catalytic allylic amination reaction. The rate of
formation of Pd clusters is lower compared with the stoichio-
metric reaction.

Based on our EXAFS analysis and on literature of correlated
Pd(P–P ligand) dimers16 and Pd(I) dimers,17 the dimer and
trimer structures, as given in Scheme 1, are proposed. During
the allylic amination, the (P–P ligand)Pd(allyl) complex reacts
to a (P–P ligand)Pd0-complex forming dimers, trimers and
bigger clusters, eventually precipitating as palladium black.
This deactivation starts immediately under true catalytic
conditions, as already observed during kinetic studies,18 thereby
directly lowering the efficiency of the catalyst. The rates of
formation and detailed structures of the different complexes are
topics of investigation.

For the first time, time resolved spectroscopic techniques are
used for the detailed study of deactivation processes of
homogeneous Pd catalysts. Important knowledge about the
deactivation mechanism is obtained, directly influencing the
efficiency of the catalysts. A set-up for the simultaneous

acquisition of both ED-XAFS and UV-Vis spectra is currently
being tested.
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Notes and references
‡ The UV-Vis spectra were recorded on a Varian Cary 50 UV-VIS
spectrophotometer. The time resolved measurements were carried out with
an optical fibre probe.
§ ED-XAFS experiments are performed at beamline ID24 of the ESRF,
Grenoble, France, using a commercially available BioLogic SFM-4
stopped-flow apparatus in the Energy Dispersive set-up of ID24. Data were
acquired using a Laue monochromator.19 Energy calibration was carried out
using a palladium foil. Data are collected using a masked Peltier cooled
Princeton CCD camera.
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Fig. 1 Time resolved UV-Vis spectra of the allylic amination reaction of the
(dppe)Pd(C5H9)OTf complex in acetone (dotted line, t = 0 s) with
piperidine. (a) One spectrum every 1 min (solid lines). (b) One spectrum
every 10 min (solid lines).

Fig. 2 k2-Weighted ED-XAFS spectra of (a) (Xantphos)Pd(C5H9)OTf in
acetone at t = 0 min (b) allylic substitution reaction with piperidine at t =
~ 5 min.
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