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In situ XAS study of the local structure and
oxidation state evolution of palladium in a
reduced graphene oxide supported Pd(i) carbene
complex during an undirected C-H acetoxylation
reactiont
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In situ X-ray absorption spectroscopy (XAS) investigations have been performed to provide insights into the
reaction mechanism of a palladium(i) catalyzed undirected C-H acetoxylation reaction in the presence of
an oxidant. A Pd(i) N-heterocyclic carbene complex n-stacked onto reduced graphene oxide (rGO) was
used as the catalyst. The Pd speciation during the catalytic process was examined by XAS, which revealed a
possible mechanism over the course of the reaction. Pd(i) complexes in the as-synthesized catalyst first go
through a gradual ligand substitution where chloride ions bound to Pd(i) are replaced by other ligands with
a mean bond distance to Pd matching Pd—C/N/O. Parallel to this the mean oxidation state of Pd increases
indicating the formation of Pd(v) species. At a later stage, a fraction of the Pd complexes start to slowly
transform into Pd nanoclusters. The mean average oxidation state of Pd decreases to the initial state at the
end of the experiment which means that comparable amounts of Pd(0) and Pd(v) are present. These ob-
servations from heterogeneous catalysis are in good agreement with its homogeneous analog and they
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Introduction

The formation of carbon-oxygen (C-O) bonds directly from car-
bon-hydrogen (C-H) bonds is an attractive synthetic pathway to
many important organic compounds such as pharmaceuticals
and agrochemicals."” Such transformations are usually cata-
lyzed by transition metals (TMs) and most examples include
homogeneous catalysts, but heterogeneous TM catalysts are in
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support a Pd(i)-Pd(iv)-Pd(i) reaction mechanism.

demand, not only because these supported systems are recycla-
ble and easy to separate from the reaction mixture, but also for
their potential to introduce novel chemical reactivity.”” Re-
duced graphene oxide (rGO) was successfully applied as a
supporting material for different types of transition metal
N-heterocyclic carbene (TM-NHC) complexes and applied for
many transformations including C-H acetoxylation.®® Re-
cently, we developed an anthracene-tagged Pd(u)-NHC complex,
1, supported on rGO through n-stacking (here labeled 1@rGO)
according to an adaptation of the procedure proposed by Peris
and co-workers.® The preparation procedure is depicted in
Scheme 1.' It was shown that 1@rGO works as an active
heterogeneous catalyst in undirected C-H acetoxylation of ben-
zene and its catalytic efficiency is slightly higher than its homo-
geneous analog.'' This, together with our previous work,"
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Scheme 1 Immobilization of 1 on rGO.
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shows that Pd(u)-NHC complexes are effective as supported cat-
alysts for arene acetoxylation. Ex situ studies indicate that the
catalyst is not reduced during catalysis but there is little infor-
mation on the mechanism.*'" It can be noted that there are
also systems based on Pd(0) pre-catalysts but these were applied
for directed C-H activation.’

Although a previous study by Tato et al. has shed light on
our understanding of the reaction mechanism of C-H
acetoxylation catalyzed by Pd(n)-NHC complexes,'” such ef-
forts were limited to homogeneous reaction conditions due
to the complexity of heterogeneous systems. Also, the oxida-
tion state evolution during directed catalysis with Pd nano-
particles has been studied.'* However, there are few, if any,
experimental studies on the nature and particularly oxidation
state of the Pd catalytic species during undirected C-H activa-
tion. Many of the traditional techniques used for characteri-
zation of catalysts are either difficult to conduct under reac-
tion conditions, such as X-ray photoelectron spectroscopy
(XPS), or unable to probe the catalytic centres directly, such
as Fourier-transform infrared (FTIR) spectroscopy.

To meet the demand of studying the catalytic species in a di-
rect manner on atomic level, X-ray absorption spectroscopy
(XAS) has become a suitable experimental approach, as it is ele-
ment specific with high sensitivity to local structure and valence
state of the absorbing element."* XAS can be applied on all
states of aggregation as well as their mixtures, and only milli-
molar concentrations are required for successful structure anal-
ysis around the absorbing atom. Furthermore, a scanning rate
of minutes allows in situ XAS measurements to be conducted
under various chemical conditions.’>™"” In the recent years of in
situ XAS research on catalysis, major efforts have been focused
on solid-gas heterogeneous catalytic systems due to the man-
ageable design and construction of in situ reactors."®>* For
solid-liquid heterogeneous reactions or liquid homogeneous re-
actions, it becomes more challenging to build a suitable sample
cell because of more demanding reaction conditions and inter-
ference from the reaction mixture. The growing interest in in
situ XAS measurements on solid-liquid and solution phase re-
actions has promoted the development of the reactors.**®
With improved control of the chemical conditions several suc-
cessful examples have been reported.**® These studies have
proven that in situ XAS is a powerful tool to study the catalytic
species in solution and solution-solid reaction mixtures.

In the current study we aim to elucidate the palladium
species and their oxidation states over the course of the undi-
rected C-H acetoxylation of benzene catalyzed by 1@rGO
using in situ XAS spectroscopy and gain insights into the re-
action mechanism. The focus is on the heterogeneous system
and the homogeneous analog is used for comparison.

Experimental section

Materials

1@rGO (2.5 wt% Pd loading) and 1 were used as catalysts and
synthesized according to procedures reported previously.®'" All
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reagents and solvents used in the experiments were purchased
from commercial suppliers without further purification.

Catalytic reactions for in situ XAS experiments

Benzene (1.75 g, 22.44 mmol, 21.77 equiv.), (diacetoxyiodo)
benzene (oxidant, 0.33 g, 1.03 mmol, 1 equiv.), 1@rGO (0.10
g, 2.3 mol% with respect to the oxidant) and 1 (0.07 g, 9.2
mol% with respect to the oxidant), glacial acetic acid (1.50
mL), and acetic anhydride (0.17 mL) were transferred into a
reaction vessel which was sealed in the preparation room
and transported immediately to the hutch for measurements.
The reaction mixture was stirred at 92 °C during the in situ
XAS measurements.

Reactor for in situ experiments

In situ XAS data were collected using a custom-made reactor
designed for investigations under solvothermal conditions.>*
The remotely controlled reactor was used to heat and stir the
reaction mixture in a sealed 5 mL glass vial with 1 mm thick
walls, allowing the synchrotron radiation to penetrate the
sample in transmission mode. The target temperature is typi-
cally achieved within two minutes, and a thermocouple was
immersed into the reaction mixture to monitor the tempera-
ture throughout the experiment. Fig. S1 in Section S1} shows
the exploded-view illustration of the reactor.

XAS experiments

All XAS data were collected at beamline P64 at Petra III Exten-
sion, Deutsches Elektronen-Synchrotron (DESY), Hamburg,
Germany. The XAS measurements were conducted in trans-
mission mode at the Pd K-edge (24.349 keV) with an energy
range from 24.00 to 25.15 keV for dry samples or 25.00 keV
for in situ measurement.*® A palladium metal foil was mea-
sured simultaneously and its first inflection point on the ab-
sorption edge was used to individually calibrate all the XAS
spectra during the measurements. As-synthesized 1@rGO, 1,
and recycled 1@rGO were measured using a standard sample
holder for powders. For the in situ measurements, each XAS
scan was set to ca. 6 min with considerations of both time
resolution and data quality. More technical details and data
analysis are described in Section S1.}

Results and discussion

The successful preparation of 1@rGO is confirmed by both
X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) spectra of the as-
synthesized 1 and 1@rGO (Fig. S2-a in Section S2 and Fig. S3
in Section S37). The structure of 1 was described in a previ-
ous work. Each Pd binds two chloride ions (Cl'), one carbene
and one pyridine ligand. The oxidation state of Pd was deter-
mined to +IL."' This information is consistent with the analy-
sis of the XANES spectra of 1 and its structure determined by
EXAFS (Table 1). The XANES and EXAFS spectra of 1@rGO
are similar to those of 1 indicating a successful

This journal is © The Royal Society of Chemistry 2019
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Table 1 Refined distances (d/A), and mean number of distances (N) and Debye-Waller factor (°/A?) in selected scans using 1@rGO and 1 as catalysts.
Single scattering at outer shells and multiple scatterings are not shown in the table

Catalyst d(Pd-N/C/O)* N’ o d(pd-Cl)* N® o d(pd-Pd)* N? %

As-synth. 1@rGO 1.953(6) 1.0 0.0017(7) 2.293(9) 2.0 0.0045(9) — — —
2.18(8) 1.0 0.007(8)

6 min (22, 80 min) 2.013(6) 3.0 0.009(1) 2.320(6) 1.0 0.007(2) — — —

3.5h 2.020(4) 4.0 0.006(1) — — — 2.68(2) 0.8 0.007(2)

8h (6h) 2.015(7) 3.5 0.005(2) — — — 2.70(4) 1.0 0.005(4)

Recycled (24 h) 1.966(4) 2.0 0.004(2) — — — 2.652(4) 3.5 0.010(4)

As-synth. 1 1.95(1) 1.0 0.003(2) 2.301(6) 2.0 0.0015(9) — — —
2.17(8) 1.0 0.005(9)

6 min 2.00(1) 2.5 0.009(1) 2.293(8) 1.5 0.0023(7) — — —

40 min 2.017(7) 3.0 0.003(1) 2.29(3) 1.0 0.003(1) — — —

78 min 2.034(3) 4.0 0.0036(2) — — — 2.65(2) 0.5 0.005(1)

5.5h 2.032(2) 3.5 0.0043(4) — — — 2.709(7) 1.0 0.010(1)

33h 2.025(9) 3.0 0.007(2) — — — 2.69(1) 3.0 0.012(2)

“ The standard deviations in parentheses were obtained from k* weighted least-squares refinements of the EXAFS function y(k) and do not in-
clude systematic errors of the measurement. ” The estimated error of the N values is ca. 25%. The values were optimized from several trials

and were fixed in each single refinement.

immobilization of 1 onto rGO. EXAFS refinement of 1@rGO
reveals one Pd-C bond with a length of 1.95 A which corre-
sponds to the bond between Pd and the NHC ligand. Another
bond distance to Pd with a relatively large error, 0.08 A, is ob-
served at 2.18 A. This bond length is close to the distance be-
tween Pd and pyridine ligand in 1. However, our previous re-
sults based on XPS show that the pyridine ligand dissociates
from Pd and is stacked on the support."* One possibility is
that Pd atoms are pi-bound to a C—=C double bond and 2.18
A is a reasonable bond length in such configuration.’*™
Scheme 1 describes the immobilization process based on our
understanding.

In the previous study, we have shown that 1@rGO is an ef-
fective catalyst in the acetoxylation of benzene and a few
other arenes. The reaction conditions were optimized and
used for the in situ XAS measurement as described in
Scheme 2. Benzene was chosen as a model substrate with ex-
cess amount of oxidant PhI(OAc),.

1@rGO was added to the reaction mixture and the XAS
data collection started when the reaction was initiated with a
time resolution of ca. 6 min. Due to the low concentration of
Pd (ca. 7 mM) and low signal/noise (S/N) ratio, groups of XAS
spectra with identical features were averaged to improve the
statistics. Fig. 1 displays the selected Pd K-edge XANES spec-
tra during the in situ measurement which is divided into two
parts. The first part of the measurement is from the begin-
ning of the reaction to ca. 80 min as presented in Fig. 1a.
The main changes of the XANES spectra captured here are
the increased white line intensity, especially during the first
six minutes of the reaction, and a continuous shift of edge
position towards higher energies. The increase in white line
intensity has been proposed to be caused by an increase in
the oxidation state of palladium in molecular complexes.***
Regarding the edge shift observation, theoretically, it can be
caused either by a partial oxidation of Pd(n) to Pd(wv), or a
change of bound ligands from covalently bound to more

This journal is © The Royal Society of Chemistry 2019

electrostatically bound ones. In this system the only strong
electron-pair donor to Pd in 1@rGO is the NHC ligand and
the Pd-NHC bond is very stable with a calculated bond en-
ergy of 45-50 kcal mol™.?® Therefore, it is expected to remain
bound to Pd during the reaction. Furthermore, the 1@rGO
catalyst showed good recyclability and could be reused up to
four runs with only slight decrease in the activity which at-
tests to the stable Pd-C(NHC) bond. Hence, a partial oxida-
tion of Pd(n) complexes seems to take place by the shift to-
wards higher energy, together with the increased white line
intensity. Even though the edge shift is small, ca. 1 eV, and
corresponds to a mean oxidation state change less than one,
it is clearly observable. However, XAS spectra display a mean
value of the radiated absorbing species, and a shift of ca. 1
eV, ca. 25% of an expected shift between Pd(u) and Pd(wv), im-
plies a reasonable scenario where a minor fraction of the
Pd(n) complexes have been oxidized to Pd(wv), considering the
relatively short lifetime of Pd(iv) in the catalytic redox cycle.
The argument to propose Pd(v) instead of Pd(m) is that no
back Fourier transformed EXAFS spectra indicating Pd—Pd
dimers with short Pd—Pd bonds were observed; the common
form of Pd(m) species is dimers.*”*® Interestingly, the first in
situ XANES spectrum displayed changes in comparison to as-
synthesized 1@rGO, and thereafter the observed changes
slow down significantly. This implies a process of pre-catalyst
activation in the beginning of the reaction which has been re-
alized as an important procedure for the catalyst which will
be further discussed in the EXAFS analysis.>**’

[1@rGO]

[mol. Catalyst / mol. oxidant] = 2.3%
1 equiv. PhI(OAc),
AcOH:Ac,0 (9:1)

92°C,24h

OAc

®

Scheme 2 1@rGO catalyzed undirected C-H acetoxylation reaction of
benzene for in situ measurement.
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Fig. 1 In situ Pd K-edge XANES spectra of 1@rGO catalyzed C-H

acetoxylation reaction. (a) First part of measurement when edge posi-
tion shifts towards higher energy. (b) Second part of measurement
when edge position shifts towards lower energy. The edge shifts are
magnified as inset.

Selected XANES spectra of the second part of the in situ
measurement, 80 min-24 h, are given in Fig. 1b. As the mea-
surement proceeds, the edge position shifts backward to lower
energies. The shift continues until the end of the measurement
at 24 h. The XANES spectrum of the recycled 1@rGO has an
edge position and shape after the edge identical to the catalyst
at 24 h. This indicates that the evolution of the Pd species
ceases after 24 h, and that the recycling procedure does not in-
troduce further changes of the Pd species. It is noted that the
edge position of Pd at the end of the measurement returns to a
position very close to the one of as-synthesized 1@rGO (Fig. 1
and Fig. S2-b in Section S2}). This means that the mean oxida-
tion state of Pd at the end of the measurement is +II. Mean-
while, the white line intensity has a general trend of declining
even though the S/N ratio is low. The shape of the absorption
edge appears to more resemble that of metallic Pd even though
it is damped due to the small fraction.

These observations indicate that the mean oxidation state
of the Pd species changes in the opposite direction in the sec-
ond part as compared to the first one, and that the Pd(wv) spe-
cies is mostly reduced to Pd(n) and to a small extent to Pd(0)
as the reaction proceeds to the end. Interestingly, a small
fraction of Pd(v) species should remain considering the

2028 | Catal Sci. Technol., 2019, 9, 2025-2031
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mean oxidation state of +II. Kim and co-workers have shown
the co-existence of Pd(0), Pd(u) and Pd(wv) species by oxidizing
Pd nanoparticles at controlled conditions where Pd(wv)
formed polymeric species with enhanced stability."* Although
such Pd(wv) signals are not observed in the EXAFS of our ma-
terial, it can be attributed to its low content.

The specific coordination environment of the Pd species
in 1@rGO during the reaction was also studied by EXAFS and
the Fourier transformed spectra are presented in Fig. 2a. The
k range of all the EXAFS spectra is 2-9 A™* for easier compari-
son of the data at different reaction stages. The EXAFS spec-
tra in full treatable range and their refinements are reported
in Table 1 and Fig. S4 in Section S3.f From the as-
synthesized 1@rGO to 6 min an obvious shift of the main
peak towards shorter distance is observed indicating a
change in the coordination environment of Pd, Fig. 2a. The
refinement of the EXAFS spectrum of the catalyst at 6 min
shows that on average each Pd centre is bound to three L li-
gands (L ligands: C, N and/or O ligands) at a mean distance
of ca. 2.01 A and one CI™ ligand at ca. 2.32 A. Because of the
average nature of EXAFS the refinement parameters can be
also interpreted as half of the palladium centres have four co-
ordinated L ligands and no CI" ligands, while the other half
retain the coordination structure of the as-synthesized cata-
lyst. However, the second scenario does not seem reasonable
considering the local structural change of Pd slows down im-
mediately after 6 min and certain transformations should be
completed. As the changes of the XANES spectra after 6 min
in Fig. 1a are less pronounced, the differences of EXAFS spec-
tra from 6 to 80 min are also very small and cannot be re-
solved by refinements at the current resolution. This implies

40 1 1
a
3'0;\/\/\/p_

24 h

2.54 =
“A 8h

: 35h i

FT Magnitude
N
o
1

1.5 80min [
1.0+ 6 min -
0.5 o
1@rGO
0.0 T T T
0 1 2 3 4

R-A(A)

R-A(A)

Fig. 2 Fourier transformed k*-weighted EXAFS data as a function of
measurement time showing the coordination environment of Pd in (a)
1@rGO and (b) 1. The spectra are not phase corrected and the k range
used is fixed at 2-9 A for comparison. The arrows indicate the
stepwise dissociation of Cl™ ligands.
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that the local structure of the palladium centre remains the
same after activation while a fraction of them have been fur-
ther oxidized and bound to ligands with a Pd-L bond length
of ca. 2.0 A.

Another change occurs from 80 min to 3.5 h where the
main peak moves further towards shorter distances. The re-
finement reveals that the remaining Cl” is replaced by an-
other L ligand resulting in Pd complexes with four L ligands
after 3.5 h. At the same time, the introduction of a Pd-Pd
bond distance of 2.7 A corresponding to Pd nanoclusters with
a mean coordination number of ca. 0.8 is necessary to
achieve a proper fit of the EXAFS spectrum. This signal can
be observed as the relatively small peak at ca. 2.3 A (without
phase correction) after the main peak. It strongly implies that
a small fraction of the Pd complexes have been reduced to
metallic Pd nanoclusters; this could be caused by a reductive
elimination of ligands. Interestingly, the contribution of Pd-
Pd bond distances is not rapidly growing between 6 and
8 hours, and the local environment of Pd seems to be stable.
This observation is in contrast to a previously investigated
system where the transformation of mononuclear Pd com-
plexes to Pd nanoclusters was much faster.>® Although the lo-
cal structure of the Pd appears to be the same during this
process, the nature of the L ligands bound to Pd seems to
change as the edge position shifts towards lower energies. At
24 h the peak at 2.7 A (after phase correction) became more
pronounced indicating an increased amount of metallic Pd
nanoclusters. Meanwhile, the first main peak shifts towards
longer distance at 24 h. It is known that the Pd-Pd bond has
a satellite peak with similar appearance as a Pd—-Cl bond and
it becomes more pronounced when the applied k range is
shortened.”® Due to limited EXAFS data quality for the cata-
lyst at 24 h, the satellite peak of Pd-Pd bond distances and
the Pd-L peak merge causing the abnormal peak position.
The spectrum of the recycled catalyst is similar to the one at
24 h and a small amount of Pd nanoclusters were observed,
while the remaining palladium is in the form of Pd(u) com-
plexes with a small amount of Pd(v) complexes. The Pd spe-
cies in the recycled 1@rGO are further proven by transmis-
sion electron microscopy (TEM) and X-ray energy dispersive
spectroscopy (EDS) showing the presence of Pd well dis-
persed over the whole observing area of the catalyst, includ-
ing Pd aggregates (Section S47). The oxidant is thermally de-
graded over time which means that towards the end of the
reaction there is no or little oxidant left.* In the absence of
oxidant Pd may be reduced which could lead to the forma-
tion of metallic Pd nanoclusters although these were not ob-
served in the previous ex situ investigation.'

Previously, it was also found that 1@rGO mostly retained
its activity for at least four runs in the un-directed acetoxy-
lation of benzene. However, the GC yield of acetoxybenzene
showed a slow decreasing trend from 50% (first cycle) to 46%
(fourth cycle). The solutions separated from the catalyst after
each cycle contained less than 0.011 ppm Pd."* Since there is
little Pd leaching, we propose that the slight decrease of pro-
ductivity using recovered catalyst could be related to the for-

This journal is © The Royal Society of Chemistry 2019
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mation of Pd nanoclusters which should be an inactive spe-
cies under the current reaction conditions. Although the
oxidant is in excess in the in situ measurement, its relative
amount is lower than in the reported catalysis conditions,
meaning that the formation of Pd nanoclusters in this work
is expected to be more extensive.

The homogeneous analog of 1@rGO was also investigated
to compare with the observations and conclusions from
1@rGO. 1 was used as catalyst and the in situ experiment was
repeated under the same condition as for 1@rGO except that
the concentration of Pd in the homogeneous reaction mix-
ture was increased to ca. 35 mM to improve the absorbance
and the S/N ratio of the individual in situ XAS scans. Fig. 3
shows selected Pd K-edge XANES spectra of 1 during the reac-
tion. The same strategy as for 1@rGO was used where the
measurement is divided into two parts. The first part is from
the beginning of the reaction to 78 min. It is noted that the
white line intensity increases continuously until 52 min,
while the edge position is shifting towards higher energy, a
shift that also ceases at 52 min. There is no additional
change from 52 to 78 min. From 78 min to 33 h after the
start of the reaction, the white line intensity and the edge
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Fig. 3 In situ Pd K-edge XANES spectra of 1 catalyzed C-H acetoxy-
lation reaction. (a) First part of measurement when edge position shifts
towards higher energy. (b) Second part of measurement when edge
position shifts towards lower energy. The edge shifts are magnified as
insets.
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position return to the starting point. These observations are
in good agreement with the observations using 1@rGO. The
oxidation state of Pd in 1 also increases at first, followed by a
decrease at the later stage of the measurement.

The corresponding EXAFS spectra of 1 catalyzed reaction
were analyzed as well, and their Fourier transformed spectra
are displayed in Fig. 2b. The k range used for 1 and 1@rGO
is the same for proper comparison. Due to the better S/N ra-
tio each individual in situ scan could be analyzed and they
are presented as function of reaction time. In general, the
change in local structure around Pd in 1 is the same as in
1@rGO. The first main peak gradually shifts towards shorter
bond lengths corresponding to a stepwise dissociation of CI
ligands, after which the peak corresponding to Pd-Pd single
scattering appears and grows at a later stage of the measure-
ment indicating the formation of metallic Pd nanoclusters. It
is also noted that the intensity of the white line in Fig. 3a in-
creases more smoothly than in the case of 1@rGO. This
might be a consequence of the higher Pd concentration in
the 1 catalyzed reaction. However, the earlier catalysis study
showed that 1@rGO lead to higher yield of acetoxybenzene
compared to 1 and this observation might also be correlated
to the slower activation rate of 1 in the beginning of the reac-
tion."" The results of the refinements of the EXAFS spectra
are summarized in Table 1, and the fits are shown in Fig. S5
in Section S3.f A small amount of Pd nanoclusters were ob-
served at the end of the measurement. As outlined above this
fraction is probably higher in the in situ measurements than
in the actual catalysis because of the higher mol% of the cat-
alyst with respect to the oxidant loading in the former.

To further improve the understanding of the activation of
the pre-catalyst, the XAS spectrum of 1 in the reaction mix-
ture at room temperature was collected and it is identical to
the as-synthesized 1. This demonstrates that the induced
heat triggers the exchange of the ligands bound to Pd leading
to the activation of the catalyst.

Conclusions

In conclusion, we have used in situ XAS to probe the specia-
tion and the mean oxidation state of palladium over the
course of an undirected C-H acetoxylation reaction. The
heterogeneous catalyst 1@rGO and its homogeneous analog
1 were examined. In both cases, a stepwise exchange of Cl”
ions by L ligands (L: carbon, nitrogen and/or oxygen) is ob-
served. Meanwhile a small fraction of Pd(u) is oxidized to
Pd(iv). At a later stage of the reaction, when less or no
oxidant (PhI(OAc),) remains, Pd(0) nanoclusters are slowly
formed resulting in a relatively stable mixture of mononu-
clear Pd complexes and Pd metal nano-sized aggregates. Dur-
ing this process the mean oxidation state of Pd returns to the
starting state resulting in a mixture dominated by the Pd(u)
species, and smaller amounts of Pd(0) nanoclusters and
Pd(wv) species. Overall, our observations provide evidence for
a mechanism including oxidation state changes Pd(u)-Pd(wv)-
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Pd(n) during the undirected C-H acetoxylation reaction as
proposed through computational methods.****
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