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ABSTRACT: The mechanism of the Heck C—C coupling reaction catalyzed by PA@MOFs has been investigated using operando X-
ray absorption spectroscopy (XAS) and powder X-ray diffraction (PXRD) combined with transmission electron microscopy (TEM)
analysis and nuclear magnetic resonance (‘H NMR) kinetic studies. A custom-made reaction cell was used allowing operando PXRD
and XAS data collection using high-energy synchrotron radiation. By analyzing the XAS data in combination with ex situ studies,
the evolution of the palladium species is followed from the as-synthesized to its deactivated form. An adaptive mechanism is pro-
posed. Mononuclear Pd complexes are found to be the dominant active species at the beginning of the reaction, which then gradually
transform into Pd nanoclusters with 13-20 Pd atoms on average in later catalytic turnovers. Consumption of available reagent and
substrate leads to coordination of CI™ ions to their surfaces, which causes the poisoning of the active sites. By understanding the
deactivation process, it was possible to tune the reaction conditions and prolong the lifetime of the catalyst.

INTRODUCTION

Sustainable catalysis by transition metals' is essential for fur-
ther advances in the large-scale production of specialty chemi-
cals for pharmaceuticals, advanced materials or agrochemicals.
In this context, C—C coupling reactions remain indispensable
for creating the backbone of organic molecules. To minimize,
recycle or replace the heavy metals involved in these processes,
for economic and environmental reasons, a thorough under-
standing of reaction mechanisms is required. The Heck cou-
pling is one such process of utmost importance, forging new C—
C bonds between aryl halides and olefins, in the presence of a
metal catalyst, via a two-electron redox cycle.?

Detailed investigations into the catalyst activation, nature of
active species, factors that govern reactivity and possible deac-
tivation pathways are more difficult to perform in the case of
emerging heterogeneous systems such as metal-organic frame-
work (MOF)-supported catalysts,® for which solution-specific
characterization methods are not suitable. Heterogeneous
mechanisms are notoriously difficult to monitor*> and adapted
operando methods are highly demanding to achieve a deeper
understanding.

X-ray absorption spectroscopy (XAS) is a powerful element-
specific technique for investigating the oxidation state and co-
ordination environment of particular atoms in a material, re-
gardless of the aggregation state of the sample (solid, liquid or
gas). The concentration of the investigated element can be as
low as a few mM. These properties make XAS an ideal method

to obtain detailed information about catalytically active centers
supported in solid matrices such as MOFs. Moreover, operando
XAS methods provide great opportunities to monitor in real
time the structural changes of the catalytic center while avoid-
ing interference from the solid support.’

Constant improvements in the time resolution of XAS meth-
ods led to various reactors being designed and adapted to vari-
ous reaction conditions. In situ/operando XAS measurements
became possible in both gas-solid® and liquid-solid® reaction
systems. In the latter case, Pd nanoparticles supported on active
carbon, Al,O3 or polymers were studied by operando XAS for
oxidation'® and C—C coupling!! reactions, revealing mechanis-
tic aspects that were inaccessible with other techniques. Sur-
prisingly, catalytic reactions starting from atomic Pd pre-cata-
lysts are less explored, although they could shed light in the de-
bate over the heterogeneity of Pd-catalyzed processes. '?

Meanwhile, MOFs '3 evolved to become the most prolific sup-
ports in heterogeneous catalysis today, owing to their record-
breaking porosity and their unprecedented degree of tunabil-
ity,'* which allow more complex catalysts to be embedded in a
controlled manner.'> Our groups have previously developed
MOF-supported Pd catalysts that exhibited excellent reactivity
and recyclability for C—C cross-coupling reactions, ' and for the
functionalization of aromatic C—H bonds,'” which are essential
tools for creating new organic molecules. However, preliminary
ex situ investigations revealed that despite the apparent recycla-



bility, the catalyst compositions showed obvious differences be-
fore and after the reaction.'® In addition, the same MOF-
supported catalysts suffered from an unexplainable rapid deac-
tivation in other reactions (e.g. the Heck coupling). These pecu-
liar observations highlighted the necessity to identify better
techniques for studying the behavior of MOF-supported cata-
lysts.

A custom reactor was earlier developed by us!® for the simul-
taneous acquisition of operando XAS and powder X-ray dif-
fraction (PXRD) data. This set-up enables the correlation of in-
formation about the active catalytic species with the changes in
the structural stability of the crystalline solid support. The reac-
tor was designed for operation at synchrotron beamlines. It in-
cludes an in-built miniaturized stirring plate and parameters like
temperature, pressure as well as the addition of reagents can be
controlled remotely. Duplicate experiments under identical
conditions were followed by ex situ NMR spectroscopy, trans-
mission electron microscopy (TEM), scanning transmission
electron microscopy (STEM), and energy dispersive spectros-
copy (EDS). Combining the information extracted from these
methods we have unambiguously probed the entire “lifetime”
evolution of the Pd species in PA(II)@MOF pre-catalysts during
the Heck coupling reaction. This “lifetime” includes activation
of the pre-catalyst, catalysis driven by different types of active
species and deactivation of the catalysts. This information fur-
ther enabled us to manipulate and prolong the activity of our
catalyst.

The method described herein is widely applicable to the study
of complex catalytic systems promoted by the majority of sup-
ported transition metal complexes, where traditional spectro-
scopic techniques are not sufficient.

EXPERIMENTAL SECTION
Materials

Pd(I)@MIL-101-NH,, Pd(0)@MIL-101-NH,, Pd(II)@MIL-
88B-NH; and Pd(0)@MIL-88B-NH, (Pd@MOF, all with ca.
7-8 wt% Pd loading) were synthesized according to procedures
previously reported.'®®2° Details of synthesis and characteriza-
tion are given in Section S1 of the Supporting Information (SI).
All reagents and solvents were used as obtained from commer-
cial suppliers without further purification.

Reactor for operando experiments

Reactions were carried out in a custom-built reactor (Figure 1)
developed at the Christian-Albrechts University (Kiel, Ger-
many) in cooperation with the beamline staff at the P08 beam-
line, PETRA III, DESY (Hamburg, Germany)." The reactor al-
lows the analysis of chemical reactions and crystallographic
transformations under solvothermal conditions using synchro-
tron-based characterization techniques. It consists of an alumi-
num casing that holds Duran® glass vials with a maximum vol-
ume of 6 mL. The inner diameter of the vials used was 10 mm
and the thickness of the glass wall was 1.0 mm. The whole re-
actor was aligned on the beamline in transmission geometry.
The aluminum casing was surrounded by a heating mantle made
of copper wires. Typically, the reaction mixture was brought to
target temperature in less than 1 min. The actual temperature of
the reaction mixture was constantly monitored using a PTFE-
coated thermocouple and kept close to the target temperature
through a combination of resistive heating and direct cooling of

the heating mantle with compressed air. To initiate very fast re-
actions or alter chemical parameters during the reaction, the in-
jection of reagents was triggered remotely via two tubes embed-
ded into the reactor’s cap. The tubes were connected to a
neMESYS syringe pump fitted with 5 mL glass syringes. A
magnetic stirrer was placed under the base of the aluminum cas-
ing to ensure homogeneous distribution of particles in the path-
way of the X-ray beam.
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Figure 1. Custom-made reactor for combined operando XAS and
PXRD measurements.

Operando XAS and PXRD experiments

Operando XAS and PXRD data were collected on the beamline
BMO1B at the ESRF, Grenoble, France. Detailed descriptions
of data collection and analysis are given in Section S2. PXRD
data were collected on a Dexela 2D detector using X-rays with
an energy of 24.55 keV (A = 0.505 A).2! XAS measurements
were performed at the Pd K-edge (24.35 keV) in transmission
mode with an energy range from 24.00 to 25.25 keV. During
the catalytic reactions XAS and PXRD data were collected in
bundles of 5 scans each, alternating between the two modes of
the beamline. The acquisition of five XAS spectra required ca.
17 min (3.4 min/scan). The time necessary to switch from XAS
to PXRD, collect five diffraction patterns and switch back to
XAS was ca. 2.4 min. This sequence was repeated for the entire
duration of the experiment, as described in Figure 2.

For PXRD data, minimal changes were observed between the
five consecutive frames. Therefore, intensities from the five
frames were summed up in order to improve the intensity sta-
tistics. For XAS data, all scans were treated individually as the
sample composition changed with time. The data treatment, in-
cluding pre-edge subtraction, spline removal, normalization and
Fourier transformation, was performed with the EXAFSPAK
package.?? The experimental &*-weighted EXAFS oscillations
were analyzed by non-linear least-squares fits of the data to the
EXAFS equation, refining the model parameters, number of
backscattering atoms (N), mean interatomic distances (R), De-
bye-Waller factor coefficients (¢7), and threshold energy (E,).
The spectrum of a palladium metal foil was recorded simulta-
neously in transmission mode as reference with the first inflec-
tion point of the absorption edge defined as 24.350 keV.?3 The
theoretical phases and amplitudes used in the refinements were



calculated using the FEFF7 program.?* The standard deviations
reported for the refined parameters were obtained from &°
weighted least-squares refinements of the EXAFS function
x(k), and without including systematic errors. These statistical
error values allow reasonable comparisons, e.g. of the signifi-
cance of comparing relative shifts in the distances. However,
the variations in the refined parameters, including the shift in
the E, value (with £ = 0), using different models and data
ranges, indicate that the accuracy of the distances given for an
individual complex is between +0.005 and +0.02 A for well-
defined interactions. The “standard deviations” have been in-
creased accordingly to include estimated additional systematic
errors.

NMR and TEM experiments

The experiments at the beamline were repeated in the laboratory
under identical conditions in order to acquire NMR and TEM
data and correlate it with that obtained by XAS. Small aliquots
(<50 pL) were taken from the hot reaction mixture at regular
intervals, extracted with cold CDCl; and analyzed by 'H NMR
spectroscopy to measure conversion. The 'H NMR spectra were
recorded at 400 MHz on a Bruker Advance spectrometer. Al-
ternatively, a droplet of the aliquot was transferred to a Cu grid
without further treatment. The grid was immediately placed into
the vacuum chamber of the microscope for TEM and EDS anal-
ysis. TEM observations and EDS mapping were performed on
a JEOL JEM-2100F microscope equipped with a Schottky field
emission gun, and operated at 200 kV. Images were recorded
with a Gatan Ultrascan 1000 CCD camera.

Catalytic reactions under standard conditions

Aryl iodide (0.1 mmol), olefin (1.3 equiv.), sodium acetate (2
equiv.), and Pd@MOF (0.003 mmol) were stirred in a mixture
of deionized water (0.5 mL) and dimethoxyethane (DME, 1.5
mL) in a vial sealed with a septum-fitted cap. The reactions
were performed in air. Minimum reactivity was observed at 60
°C and optimal reactivity was observed at 90 °C. Under these
conditions, the catalyst was completely deactivated after one
run and could not be recycled. Details about the optimization of
reaction parameters and the substrate scope are given in Sec-
tions S3 and S4. p-lodobenzonitrile and zert-butyl acrylate were
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Scheme 1. Model Heck coupling for operando experiments.

Catalytic reactions for operando experiments

To achieve XAS data of sufficient quality and a rapid comple-
tion of the organic reaction, the total concentration of reagents
was doubled and the catalyst loading was further increased to
ca. 18 mol%. p-lodobenzonitrile (0.4 mmol), ferz-butyl acrylate
(1.5 equiv.), NaOAc (2 equiv.), and PdA@MOF catalyst (0.075
mmol) were mixed in HO (1 mL) and DME (3 mL) in 6 mL
vials. Full conversion was typically achieved within 1 h. At
higher overall concentrations, an increased viscosity of the re-
action medium impeded stirring. Control experiments con-
firmed that besides an increased reaction rate, no further differ-
ences were observed compared to those under standard condi-
tions. Therefore, the conclusions derived from operando studies
can be considered relevant for general catalytic experiments.

The following sequence of operations was used as illustrated
in Figure 2: 1. (t < 0 min): p-lodobenzonitrile (0.4 mmol, 91
mg), sodium acetate (2 equiv., 66 mg) and Pd@MOF catalyst
(0.075 mmol, ca. 100 mg for 8 wt% Pd loading in MOF) to-
gether with H,O (1 mL) and DME (2 mL) were added to the
reaction cell. XAS and PXRD data acquisition was already ini-
tiated while the mixture was allowed to stir to homogenize for
10-20 min. 2. (t = 0 min): tert-butyl acrylate (1.5 equiv.) was
injected with the remaining solvent (DME, 1 mL) and 1 mL
headspace gas was simultaneously extracted to avoid overpres-
sure. 3. (t = 0—10 min): the temperature was increased to 60 °C
in less than 1 min and held constant for 10 min. 4. (t = 10-30
min): the temperature was further increased by 10 °C every 10
min up to 90 °C. 5. (t =30-90 min): the temperature was main-
tained constant at 90 °C for 60 min to achieve completion of the
organic reaction. 6. (t > 90 min): the mixture was cooled down
gradually to room temperature (RT) during which the XAS and
PXRD data acquisition was continued.
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Figure 2. Timeline of the operando XAS and PXRD experiments.

Results and discussion
1. Catalytic activity (NMR Spectroscopy)

Kinetic profiles of the Heck reaction using Pd(Il)@MIL-
101-NH; as pre-catalyst are presented in Figure 3a, where
both conversion and temperature are plotted as a function
of time. Intriguingly, after an initial short period of rapid
conversion at 60 °C, a plateau was reached at ca. 70-80 °C



(20-30 min after olefin addition) with a clearly diminished
activity (Figure 3a, solid blue line). Upon further heating,
the rate increased again and the reaction reached comple-
tion in ca. 60—70 min. This unusual behavior is indicative
of different mechanisms being dominant under different re-
action conditions. At the attempt to isolate a single operat-
ing mode, we performed additional experiments maintain-
ing the temperature constant at 60 °C. To our surprise, the
reaction stopped after only one turnover (Figure 3a, dashed
blue line).

We hypothesized that during one of the catalytic steps,
after oxidative addition in the first catalytic turnover, Pd
lost its coordination to the MOF linker, due to the poorer
coordinating ability of anilines in the MOF compared to an-
cillary ligands such as phosphines.?® This also agrees with
our result from XAS showing that the Pd—N mean distance
decreased from 2.114(8) A (Pd coordinated to Ar—NH, in
the MOF) to 1.993(9) A (Pd coordinated to R—CN and/or C
ligands) at 47 min (vide infra, Table 1).2¢ Without the nitro-
gen donor, Pd(0) species did not have the necessary elec-
tron density to perform a second oxidative addition. Fur-
thermore, these Pd(0) species became mobile and could ag-
glomerate into clusters and further into nanoparticles.
Therefore, the plateau observed during the stepwise heating
process (ca. 20-30 min, Figure 3a, solid blue line) is likely
due to the decreased amount of mononuclear Pd complexes
coordinated to the MOF linker while the mobile Pd species
are unreactive at low temperature (below 90 °C). We antic-
ipated that in order to catalyze the reaction at 60 °C, Pd
might need to coordinate to a more electron rich ligand
(such as Ar-NH»). This was confirmed by adding aniline in
stoichiometric amounts to Pd into the reaction mixture.
Aniline represents a small homogeneous model for the
MOF linker that can simulate the same coordination mode.
Under these conditions, oxidative addition is faster than ag-
gregation, and full conversion was achieved at 60 °C (Fig-
ure 3a, dotted blue line). The shape of the reaction profile
suggests a completely homogeneous reaction.

To establish the generality of this behavior, we also tested
PA(IH@MIL-88B-NH,, and found that it operates through
a related mechanism, with subtle but important differences
(Figure 3b, Figure S1, Section S5). When the catalyst was
tested at 60 °C, the first turnover occurred at a high rate, as
in the case of PA(II)@MIL-101-NH,. Afterwards the reac-
tion continued, although at a slower rate, instead of being
completely suppressed as for Pd(ID)@MIL-101-NH,
(dashed blue line). When using the stepwise temperature
ramp to 90 °C, a similar behavior as for Pd(II)@MIL-101-
NH; was observed (solid green line), but the reactivity plat-
eau was less pronounced. We have previously shown that
Pd(Il) in MIL-88B-NH; is coordinated by two amino lig-
ands in a chelating fashion, not only one as in the case of
MIL-101-NH;. In this way, there is a higher probability
that Pd remains partly coordinated to amino donors in the
MOF, even after the first turnover and does not agglomer-
ate as fast as in MIL-101-NH;. Thus, although the activity
was diminished, this effect was not as drastic as for
PA(IH@MIL-101-NH,. Furthermore, a sustained activity

due to coordination to the second MOF linker is also in
agreement with literature reports showing that bipyridine-
type and other chelating ligands could catalyze the Heck
coupling reaction more efficiently.?’ It is worth mentioning
that the kinetic profiles for Pd(II)@MIL-101-NH, and
Pd(IT)@MIL-88-NH: at the early stage (up to 15 min) of
the reaction have almost perfect overlap (Figure S2, Section
S5). This indicates that the reaction mechanism was the
same for both materials at this early stage, and the first cat-
alytic turnover occurred inside the pores.
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Figure 3. Reaction profile for the Heck coupling catalyzed by
PA(ID)@MIL-101-NH2 (a) and Pd(I[)@MIL-88B-NH2 (b).

Importantly, when the reaction mixture was heated to 90
°C, the reactivity was restored for both catalysts (Figures
3a-3b). This indicates that as-synthesized Pd centers may
have changed their coordination environment to form mo-
bile mononuclear Pd complexes and Pd clusters or nano-
particles under the reaction conditions, which altered the
reactivity of the catalysts at 90 °C. We anticipate that such
drastic changes in the Pd coordination environment should
be reflected in the XAS spectra. Indeed, the operando XAS
monitoring of the Heck reaction revealed previously unseen
details, which support a dynamic, adaptive behavior of Pd
centers upon exposure to physical and chemical stimuli in
the reaction mixture. The XAS data is presented in the fol-
lowing section.

2. Nature of the active species and catalyst de-
activation (X-ray absorption spectroscopy)



X-ray absorption spectroscopy (XAS) revealed that clear
changes at the Pd centers occurred as soon as the catalyst
was added to the reaction mixture. Both XANES and Fou-
rier transformed (FT) EXAFS of as-synthesized
PA(Il)@MIL-101-NH,, with the formula [Pd(Ar-
NH>)(CH3CN)Cl,] are markedly different from those rec-
orded in the first operando XAS scan (Figures 4 and 6, Fig-
ures S3a-b, Section S6). Even though the Heck reaction had
not yet started, anionic Cl™ ligands were already replaced
by neutral N-ligands, presumably p-iodobenzonitrile,
which form more stable complexes by several orders of
magnitude with Pd(II) in aqueous media (details can be
found in Section S2).2

We found that the Pd(II) in the resulting cationic complex
was rapidly reduced upon olefin addition, in a Wacker-type
process.?? This was proved by carrying out the oxidation of
the olefin using PA(ID@MIL-101-NH, (30 mol% Pd) un-
der the same XAS reaction conditions. Despite the low sta-
bility of the resulting a-formylacetate derivative in basic
media and high temperature, we were able to observe char-
acteristic aldehyde signals (9.9-9.6 ppm) in the 'H NMR
spectrum (Figure S4, Section S7). This process required
both olefin and water (Figure S5, Section S7). In the ab-
sence of H,O, Pd remained in oxidation state +II, even
upon heating to 60 °C, and was homogeneously distributed
in the MOF crystals as indicated from the TEM images
(Figure S5a, Section S7). The in situ generated atomic
Pd(0) triggers the Heck coupling, being re-oxidized in the
initial oxidative addition step of the catalytic cycle (vide in-
fra, Figure 8).
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The XANES features of as-synthesized Pd(I[)@MIL-
101-NH; and their evolution as a function of time under
Heck conditions is presented in Figure 4. The overview of
all XANES spectra recorded during one operando experi-
ment (as described in Figure 2) is shown in Figure 4a. The
XANES spectra have the same edge features appeared as
one smooth peak at the beginning of the measurement.
Then the smooth peak gradually split into two smaller
peaks. This overview indicates an initial stable state and
thereafter a transformation stage of Pd species during the
measurement.

To follow the changes in detail, representative XANES
spectra were selected and compared with as-synthesized
PA(IH@MIL-101-NH, and a metallic Pd foil reference
(Figures 4b and 4c). Figure 4b focuses on the initial stages
of the reaction. It is noted that the first XANES spectrum
recorded under operando measurement condition shows
significant changes compared with the XANES spectrum
of the as-synthesized Pd(I[)@MIL-101-NH, (Figure 4b,
green line). This reveals the changes of the coordination en-
vironment of Pd atoms when the as-synthesized catalyst
was added into the reaction mixture. From the start of the
operando data acquisition until the reaction temperature
reached 80 °C, the XANES spectra overlap and show al-
most identical edge positions at 24354 eV and similar pro-
files after the edge. This indicates that no major changes in
the coordination environment of Pd occurred from the start
of the operando measurement at RT to 80 °C.
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Figure 5. Fractions of mononuclear Pd(IT) complexes and Pd(0)
nanoclusters in the catalyst derived from the linear combination
fit of the XANES spectra.

During this period, edge positions are located close to the as-
synthesized Pd(I)@MIL-101-NH, and about 4 eV above the
Pd foil reference, which has the oxidation state zero and K-edge
position at 24350 eV. Considering that a one-step change in ox-
idation number commonly introduces a K-edge shift to a higher
energy by 2.0 to 2.5 eV. These results confirm that Pd mainly
maintained an oxidation state of +II during this reaction pe-
riod.3? These observations are in agreement with the NMR data
(vide supra), suggesting that the freshly reduced Pd(0) was
short-lived and reacted immediately upon heating to 60 °C. It is
thus reasonable that at sufficiently high concentration of aryl
1odide, Pd is re-oxidized much faster than the time resolution of
the present experiments (ca. 3.4 min/XAS scan). A cationic
resting state at Pd(II) during the catalytic cycle is likely to be
the one observed by XAS, thus not showing major differences
from the pre-catalyst. Figure 4c includes selected XANES spec-
tra of PA(ID)@MIL-101-NH; covering the entire experiment.
The spectrum of the recycled catalyst and that of the Pd foil are
also included. When the system was heated to 90 °C, changes
in the XANES spectra were observed compared to those rec-
orded at temperatures lower than 90 °C. The edge features be-
gan to resemble those of the Pd foil, and the Pd K-edge position
shifted towards a lower energy. These changes became even
more pronounced for the recycled catalyst and its edge position
further shifted to 24352 eV indicating the average oxidation
state of Pd was close to +1. These observations suggest a gradual
increase in the degree of transformation of mononuclear Pd(II)
complexes into Pd(0) nanoclusters and the Pd atoms in recycled
catalyst remained in a partially oxidized form.

The composition of Pd species during this transformation and
their corresponding ratios were studied by linear combination
fit (LCF) of the XANES spectra. Detailed LCF fit and analysis
are described in Figure S6 and Section S8. The fairly good fit
results confirm that the catalysis system consisted of mononu-
clear Pd(IT) complexes and Pd(0) nanoclusters. The fractions of
different Pd components during the operando experiment are
displayed in Figure 5. At the start of the operando measure-
ment, the catalyst consisted of 100% mononuclear Pd(II) com-
plexes and 0% nanoclusters. The complexes started transform-
ing into nanoclusters from 31 min when the temperature
reached 90 °C. Generally, the rate of transformation was high

in the beginning of the transformation appearing as steep slopes
and then decreased. The transformation accomplished in the re-
cycled catalyst where only Pd(0) nanoclusters were present.

The specific coordination environment of Pd atoms in the
MOF was further investigated by analyzing the corresponding
FT EXAFS spectra from the same operando experiment (Figure
6). The FT spectrum of the as-synthesized Pd(II)@MIL-101-
NH: is shown in Figure 6 (-22 min) which contains two major
peaks corresponding to the Pd—N and Pd—Cl bonds. Refinement
of the data suggests a formula [Pd(ArNH,)(CH3CN)Cl,]. Dur-
ing the first part of the operando measurement, the temperature
of the reaction system was increased from RT to 90 °C (up to
31 min) and the FT spectra are very similar with only one major
peak corresponding to Pd—N/C bonds with an average coordi-
nation number of 4. The Pd—Cl bonds disappeared immediately
when the as-synthesized catalyst was added into the reaction
mixture. EXAFS spectra recorded at 24 min (at 80 °C) and 34—
38 min (at 90 °C) are excluded because of the untreatable data
quality (this phenomenon is discussed in Section S2). Interest-
ingly, after the temperature was stabilized at 90 °C, the EXAFS
data quality was quickly recovered. At this stage (from 31 min),
a peak corresponding to Pd—Pd bonds appeared and later be-
came clearly visible with increasing intensity. Importantly, as
the Pd—Pd peak became more prominent, a Pd—Cl peak also
emerged, while the Pd-N/C peak decreased in intensity. It
should be noted that the shoulder side peak of Pd—Pd bond in
the Fourier transform is at about the same position of the peak
corresponding to Pd—Cl bond. A thorough EXAFS data analysis
proving the existence of Pd—Cl bonds can be found in Figures
S7-S10 and Section S9. In addition to the confirmation from
EXAFS data, inductively-coupled plasma atomic-emission
spectroscopy (ICP-OES) was used to determine the element
composition of the recycled catalyst. The results showed that
significant amount of chloride (1.05 wt%) remained in the re-
cycled catalyst. The molar ratio of Pd/Cl derived from ICP-OES
results is ca. 1.2. This is in good agreement with the result from
the EXAFS refinement (Table 1) which implies that each Pd
atom was bound to one Cl ion on average.

These observations from FT spectra are consistent with the
information obtained from XANES spectra suggesting the for-
mation of mononuclear Pd(IT) complexes from the as-synthe-
sized catalyst followed by the continuous transformation of
mononuclear Pd(II) complexes into Pd(0) nanoclusters when
the reaction system was heated to 90 °C. The existence of Pd—Cl
also explains the oxidation state of Pd in the recycled catalyst
determined by its K-edge position.

Local structures of the Pd atoms during the operando meas-
urement were determined by fitting of the EXAFS spectra cor-
responding to the FTs in Figure 6. A maximum of three shells
of Pd---Pd, one shell of Pd-N/C and one shell of Pd—Cl dis-
tances were introduced to optimize the EXAFS fitting. FT spec-
tra of Na,PdCl4 and Pd foil were used as references to confirm
the Pd—Cl and Pd—Pd bonds in our system. The model for fitting
Pd---Pd was the crystalline structure of metallic palladium, with
face-centered cubic packing. The experimental EXAFS spectra
and their best fits are shown in Figures S3, Section S6. The final
fitting parameters are given in Table 1. The average size (i.e.
average number of Pd atoms) of the
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Figure 6. Fourier transformed &3-weighted EXAFS data as a func-
tion of time showing the coordination environment of Pd in
Pd(ID@MIL-101-NHz. The spectra are not phase corrected. * The
peak at ca. 1.9 A comprises signal of Pd—Cl single scattering and
the side peak of Pd—Pd single scattering.

Pd clusters was estimated from the coordination numbers (CN)
of Pd-Pd in the first shell refined from the EXAFS data.’' It
shall be noticed that the CN values determined from EXAFS
refinements are average values without taking into account of
the fraction of each Pd species. The true CN values for Pd—Pd
equal to the CN values from EXAFS refinement divided by the
corresponding fractions of the Pd nanoclusters. It shall be
stressed that the Pd nanoclusters transformed from mononu-
clear Pd complexes are on average smaller than 1 nm in size and
each cluster consists of ca. 13 Pd atoms. They are considerably
smaller than the nanoparticles in commercial catalysts, such as
Pd@C,">3? Pd@Al,05%1%32 and Pd@polymers.!'© Mean-
while, the mean Pd—Pd bond distances in the Pd nanoclusters
were also determined from EXAFS refinements (Table 1), and
they are between 2.65 — 2.67 A. Interestingly, these bond dis-
tances are significantly shorter than the distances found in Pd
foil (2.74 A) and Pd nanoparticles with size of ca. 2 nm (>2.71
A).1011 Tt is known that Pd atoms on the surface of Pd nanopar-
ticles form shorter Pd—Pd bonds compared with Pd atoms at in-
terior due to lower coordination number of the surface atoms.3?
The average bond distances of Pd—Pd and their corresponding
particle sizes had also been investigated by an accurate all-elec-
tron density functional approach.3* These previous studies
strongly support the Pd nanoclusters model we proposed here
including the bond distance and average nanocluster size. With
an average cluster size of ca. 13 atoms, most of the Pd atoms
are on the surface of the nanoclusters. Therefore, such small Pd
nanoclusters should still be highly catalytically active, judged
by size alone® and by the number of Pd atoms with coordina-
tion sites available. However, the rise of the Pd—Cl peak in the
Fourier transforms offers a first hint into the real motive behind
the catalyst deactivation.

The average coordination number of Pd—N/C maintained at
4.0 when there was no transformation of Pd(II) species. As the

mononuclear Pd(II) started to reconstruct into Pd(0) nanoclus-
ters, the average CN of Pd—N/C decreased to ca. 3.4 at 44 min
and to ca. 0.8 at 115 min indicating a continuous transformation
process. The first Pd—CI bonds were observed after 57 min with
an average CN of ca. 0.4. The reaction conversion had at this
time already reached ca. 95% (Figure 3a). The average CN then
further increased and ended up at ca. 1.0. It shall be noted that
the bond distances of the reformed Pd—Cl bonds were 2.35-2.42
A, which is significantly longer than those in Pd(IT) complexes.
This indicates that the Pd atoms coordinated to Cl" were surface
atoms of the Pd nanoclusters, where each Pd atom bound to sev-
eral Pd atoms and the Pd—Cl bonds became longer in compari-
son with Pd(II) complexes. This also indicates that when CI-
ions are coordinated to the relatively bulky and less mobile Pd
nanoclusters, they could not easily be replaced by the amino
groups of the MOF linkers.

The recycled Pd(II)@MIL-101-NH, was measured by ex situ
EXAFS (Figure S3f, Section S6). No EXAFS signal from
Pd—N/C distances was found from the refinement and average
coordination numbers of Pd—Pd and Pd—CI bonds were deter-
mined to be ca. 6.5 and ca. 1.0, respectively. The Pd—Pd bond
distance is longer (ca. 2.69 A) than Pd—Pd bond distances (2.65
—2.67 A) during operando measurement (44 — 115 min) indi-
cating larger clusters, but still shorter than the Pd—Pd distance
of'a2 nm Pd nanoparticle. It is reasonable to propose that at this
stage of the process, Pd nanoclusters became the absolute dom-
inating species with an average size of ca. 20 atoms,** and the
surfaces of these Pd nanoclusters were almost covered by CI
ions leading to the deactivation of the catalyst.

It shall be noted that the coordination numbers and the esti-
mated sizes of Pd clusters obtained from the EXAFS fitting are
an average of various Pd species. In reality, it is likely that both
larger Pd nanoparticles with higher coordination numbers and
smaller Pd clusters with lower coordination numbers coexist in
the sample.

Based on the operando XANES and EXAFS analyses, the
evolution of Pd species was followed and the catalytically ac-
tive species under Heck conditions were identified. The kinetic
profile (vide supra) of the identified Pd species are illustrated in
Figure 7. The active species were mononuclear Pd(Il) com-
plexes coordinating to the linkers of the MOF at the beginning
of'the reaction below 90 °C. The mononuclear Pd(IT) complexes
then dissociated from the linkers after one run and their activity
was lost when the temperature was lower than 90 °C. As the
temperature was raised and maintained at 90 °C, these mobile
mononuclear Pd(II) complexes gradually converted to Pd
nanoclusters of ca. 13 Pd atoms on average. A mixture of the
mobile mononuclear Pd(II) complexes and Pd nanoclusters co-
existed and became the active species to catalyze the reaction.
The activity of the mobile mononuclear Pd complexes at 90 °C
was confirmed by adding a second load of reagents at 70 min,
when the system consisted of ca. 40% mononuclear Pd com-
plexes and 60% Pd nanoclusters covered and poisoned by coor-
dinated ClI ions (Figure 7). A full conversion of the new rea-
gents was achieved in another 70 min at 90 °C. This experi-
mental result proved that the mobile Pd mononuclear com-
plexes are catalytically active after the reaction system was
heated to 90 °C during the operando measure-



Table 1. Refined distances (d/A), and mean number of distances (N) in selected scans using the Pd(II)@MIL-101-NH, catalyst.

d(Pd- " d(Pd-Cl) CN_ d(Pd--- Pd) .. dPd--Pd) CN d(Pd --Pd) ,
Catalyst oy N (A b astshell SN ondshell A * 3rdshell A TN
Assynth. 2.114(8) 20 2298(1) 2.0 . - - . - .
Firstscan  2.083(6) 4.0 - - - - - - - -

3min 2.056(4) 3.8 27107 0.4(8.0)°
44min  2.037(6) 34 ; - 2.674(5)  0.8(4.0) ; ; - ;
47min 199309) 2.9 ; - 2.666(7)  1.8(45) 3682) 10 - ;
SOmin  2.026(8) 2.8 ; ; 26554)  2.7(6.0) 3822) L0 ; ;
S7Tmin 1.980(6) L3 237(1) 04  2654(4) 2.8(5.6) 3762) 10 4682) 20
63min  1.956(5) L0 235(1) 07 26534 3.1(5.6 374(4) 10 4732) 20
73min 1.979(7) 0.8  2382) L0  2662(3) 3.2(4.9) 376(1) L0 473(1) 20
85min  1.959(7) 0.9 238(1) L0  26623) 3.7(4.9) 3782) L0 475(1) 2.0
115min 1.978(7) 0.8 2384(7) L0  2.6622) 4.2(53) 376(2) 2.0 485(1) 3.0
Recycled 24153) L0 2689(1) 65 38156) 3.0 47473) 6.0
Pd foil 2741(1)  12.0 3.9048) 6.0 47672) 240

“ The standard deviations in parentheses were obtained from &*-weighted least square refinements of the EXAFS function y(k) and do not
include systematic errors of the measurement. ® The estimated error of the coordination is ca. 25% of the given value when refined. Under-
scored parameters have been optimized and fixed in the refinements. ¢ The CN values in parentheses are the true coordination numbers of
Pd—Pd 1% shell when the fractions of Pd nanoclusters were taken into account. These values were used to determine the average size of Pd
nanoclusters. ¢ The bond distance and CN value of Pd—Pd 1% shell at 31 min contain relatively big errors because of the weak EXAFS signal

when Pd nanoclusters just started to form.
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ment. At the beginning of this stage, mononuclear Pd com-
plexes appeared also as the major Pd species compared to the
Pd nanocluster. The mononuclear Pd complexes have even bet-
ter activity than the corresponding Pd nanoclusters considering
the size and the number of coordination sites available. This
continuous conversion of the Pd species also indicated that
mononuclear Pd complexes had a relatively high activity be-
cause it could compete with the aggregation process under the
reducing conditions. After Cl™ ions were bound to the surface of
the Pd nanoclusters, the remaining mononuclear Pd(Il) com-
plexes catalyzed the reaction to its completion. When the sub-
strates were completely consumed, mononuclear Pd complexes
could not react and they self-aggregated into Pd nanoclusters,
which were quickly poisoned by remaining Cl" ions in the sys-
tem. A similar evolution of Pd species was also observed from
PA(I)@MIL-88B-NH, catalyzed reaction. The corresponding
XANES and EXAFS spectra can be found in Figure S11, Sec-
tion S10.

A mechanism derived from the above-described investiga-
tions is proposed and shown in Figure 8. The freshly produced
Pd(0) complex (I) represents the active species that initiate the
catalytic cycle by oxidative addition in the C—I bond, leading to
the Pd(L,)Arl intermediate (II). The absence of any Pd-I dis-
tances in the EXAFS data is not surprising. The oxidative addi-
tion is rapidly followed by a ligand exchange reforming the fa-
vored cationic species stabilized by a neutral N-ligand, follow-
ing a similar preference as observed in the early stages of the
experiment. This leads to an intermediate complex (III), to
which the olefin coordinates to form a m-complex (IV). Inter-
mediates IIT and IV contain solely Pd—C/N bonds, in agreement
with the XAS data. Based on this analysis, it is reasonable to
conclude that the resting state of Pd species observed by XAS

in the early stages of the measurement corresponds to interme-
diate IV, in which Pd has an oxidation state of +II. This is also
in agreement with numerous reports that pointed out the migra-
tory insertion step to be turnover-limiting. In the following step,
a B-hydride elimination yields the final organic product and a
palladium hydride species (VI) that upon reductive deprotona-
tion returns to Pd(0), completing this cycle.

3. Framework stability and catalyst distribution
inside the MOFs (TEM, EDS, PXRD)

Duplicate experiments were recreated as described in Figure 2
and monitored by TEM and STEM/EDS. The distribution of Pd
in MIL-101-NH, crystals was investigated at various stages
during the Heck coupling reaction (Figure 9). To minimize pos-
sible Pd aggregation introduced during the TEM sample prepa-
ration, a droplet of the hot reaction mixture was directly depos-
ited onto the TEM grid and transferred into the vacuum cham-
ber of the microscope. At the initial stage, no Pd nanoparticles
were visible in the TEM images, both inside and outside MIL-
101-NH; crystals (Figure 9a:). In addition, EDS mapping
showed the presence of homogenously distributed Pd through-
out the framework (Figure 9b). This confirms that the pre-cat-
alyst consisted of Pd(IT) complexes, embedded inside the MIL-
101-NH,. After the Heck reaction was initiated, TEM images
recorded at various stages of the reaction (25%, 54% and > 99%
conversion) showed formation of Pd nanoparticles of 2—-15 nm
in size on the surfaces of the crystals (Figures 9a, - 9a4). The
presence of the Pd nanoparticles shown in Figure 9a, (25% con-
version at 70 °C) was probably caused by transformation of Pd
complexes into Pd nanoclusters during the rapid cooling and in-
terruption of the catalytic process. Considering the significantly



smaller average size of Pd species derived from EXAFS (Table
1), the presence of such large Pd nanoparticles is partially due
to the promoted aggregation of the Pd nanoclusters transformed
from resting Pd complexes especially under the condition of
solvent evaporation. The large particle size also implies that
much smaller Pd clusters should also be present in the MOF
crystals. Indeed, the small Pd clusters and mononuclear Pd com-
plexes were captured by EDS mapping which showed clear Pd
signals within the entire MOF particles (Figures 9b, - 9b4). The
EDS spectra also confirmed that Pd species remained inside the
MOF crystals at all stages of the reaction, although the Pd/Cr
ratio gradually decreased with time (Figures S12-S13, Section
S11).

Figure 9. TEM images (a) and STEM image and EDS mapping (b)
of PA(II)@MIL-101-NH2 at various stages during the Heck reac-
tion: at 0% (al-bl), 25% (a2-b2), 54% (a3-b3) and > 99% (a4-b4)
conversion. While Pd nanoparticles are observed in all samples ex-
cept the initial one, smaller Pd species (monomers, nanoclusters)
are found to be homogenously distributed in the MIL-101-NH2
crystals throughout the reaction. The arrows in Figure 8bs indicate
a Pd nanoparticle on the surface of the MOF.

The lack of recyclability of the MOF under the Heck coupling
conditions indicates that not only the possible large Pd nanopar-
ticles observed outside the MOF crystals by TEM, but also the
small Pd species within the MOF crystals were already inert.
This information is extremely important as it proves that it was
neither the Pd leaching nor the Pd aggregation itself that led to
the deactivation of the catalyst. Instead, the deactivation was
caused by the poisoning of CI ions. Furthermore, the operando
PXRD data proves that both MIL-101-NH, and MIL-88B-NH,
were completely stable and no structural changes occurred un-
der these reaction conditions (Figure S14, Section S12). Based
on all information acquired, a clear picture emerges. The deac-
tivation of the catalyst is not of a physical nature. Different from
the structural degradation factors commonly suggested in the
literature such as Pd leaching and agglomeration or MOF de-
composition, the predominant deactivation pathway here is of a
chemical nature. The irreversible capping of small Pd clusters
with chloride ligands makes the reactive sites inaccessible to the
reaction partners, long before Pd leaching or aggregation be-
comes a major issue.

4. Recyclability

With the above information in hand, we revisited the issue of
recyclability. Initial studies showed a dramatic loss of activity
in the second cycle, after the catalyst was recovered, washed

and dried. However, when fresh reagents were added during the
reaction phase of high activity, before a complete inhibition by
CI" ions was achieved, a high TOF could be maintained for at
least 3 cycles. Despite the disturbance introduced by fresh rea-
gents (temperature, solubility, reagents ratios) the reaction was
faster than what would have been necessary to convert three
batches of starting materials by fresh catalysts (Section S13).
This experiment was purely illustrative and does not represent
a practical experimental procedure. However, it suggests that
operation under continuous flow would be a suitable way to im-
prove the total turnover of the catalyst. C1™ions could be washed
away at the beginning of the experiment and a constant feed of
fresh reagents would postpone the deactivation process.

Even though the recyclability of the material did not work as
expected, we observed remarkable differences when comparing
the activity of the Pd(I)@MOF with its homogeneous counter-
parts. When the reaction was performed using the same palla-
dium precursors (i.e. Na,PdCls and PdCl,(MeCN),) as cata-
lysts without being impregnated into the MOF support, the
yields dropped to 42-43% for both Pd(Il) salts. This clearly
shows the beneficial effect of the MOF support in this catalysis.

5. Discussion

The correlation of data from multiple characterization tech-
niques portrays PA@MIL-101-NH, and Pd@MIL-88B-NH; as
heterotopic multifaceted catalysts with more than one mode of
action. In their as-synthesized dry form, both Pd(II)@MOF pre-
catalysts contain Pd centers in a +II oxidation state and square
planar coordination geometry, bearing two anionic CI~ ligands.
When the catalyst was mixed with the other reagents except for
olefin, the chloride ligands were immediately released and re-
placed by neutral nitrogen ligands, forming a cationic complex
favored by the polar aqueous environment. Upon olefin addi-
tion in the presence of water, Pd(II) was rapidly reduced to
Pd(0) even at room temperature. The freshly reduced Pd under-
went a fast oxidative addition, initiating the catalytic cycle. The
Heck coupling product was already detectable immediately af-
ter reaching 60 °C, proving that mononuclear Pd(II) complexes
attaching to the linkers of the MOFs were competent active spe-
cies to catalyze this transformation at relatively low tempera-
tures.

The first catalytic turnovers have taken place inside the MOF
pores, and proceeded with comparable rate for both Pd@MIL-
101-NH; and Pd@MIL-88B-NH; catalysts. During the first cy-
cle, the coordination to the amino-terephthalate linker was lost
in the case of MIL-101-NH;, leading to the formation of an
even more electron-deficient Pd species, which could travel
through the pores. A second oxidative addition could not be in-
itiated by this form of electrophilic Pd, which instead gradually
agglomerated into small nanoclusters. The resulting mixture of
the mobile mononuclear Pd complexes and the Pd nanoclusters
was inert at 60 °C, and became active in the catalytic cycle at
90 °C. However, upon depletion of the starting materials and
further upon cooling the reaction mixture, the surface of Pd
clusters was covered by Cl™ ions and their catalytic properties
were finally lost. Similar conclusions can be derived for
PA(I@MIL-88B-NH, although the chelating coordination
mode of the MOF and the more confined pore space attenuated
the deactivation process.



This study fits into a larger effort to bring a better understand-
ing to the complex behavior of palladium under reaction condi-
tions specific for C—C and C-heteroatom bond formation.*¢ In
recent years, it has become evident that the actual landscape of
active species is more diverse and dynamic than previously be-
lieved. Starting from mononuclear Pd catalysts, formation of Pd
clusters is often unavoidable. However, these particulate spe-
cies not only represent an alternative resting state for Pd but can
also get involved directly in the second stage of catalysis. The
presence of rapidly inter-convertible species that possess differ-
ent levels of reactivity makes it challenging to quantify pre-
cisely their contribution to the total observed catalytic effect.’
Moreover, commonly employed heterogeneity tests may not al-
ways provide reliable results.3® Without a better understanding
of these phenomena, a rational design of superior catalysts
would not be achievable.

Towards this goal, the method presented herein can reveal
fine details of the reaction mechanism by monitoring more pre-
cisely the evolution of different Pd species and the effects of Pd
phase transitions on its catalytic activity. Moreover, we are con-
tinuously working to expand the applicability of the method.
Further development of the in situ reactor will make the acqui-
sition of fluorescence XAS data in operando mode feasible.
This would be especially beneficial to measure highly diluted
samples or catalysts with relatively low absorption edge ener-
gies. Furthermore, the new generation of synchrotron radiation
sources will provide great opportunities to improve the time res-
olution and investigate reactions with significantly shorter half-
lifetimes.

Conclusions

The mechanism of a Pd@MOF-catalyzed Heck C—C coupling
reaction was investigated in detail using a newly developed re-
action cell suitable for operando studies of heterogeneous cata-
lysts. For the first time we probed the entire lifetime of the cat-
alyst and revealed fine details of the reaction mechanism that
would otherwise remain hidden. Different active species oper-
ating at different reaction stages and under different reaction
conditions have been identified, together with their activation
and deactivation pathways. The irreversible deactivation of the
catalyst was provoked neither by leaching of the active species,
nor by decomposition of the crystalline framework. Instead a
chemical deactivation mechanism was identified, in which CI
ions cover the surface of transformed Pd clusters and nanopar-
ticles, blocking the access of starting materials to the active
sites. This information can be used to prolong the lifetime of the
catalyst and to design improved catalysts and processes in the

(1) Egorova, K. S.; Ananikov V. P. Angew. Chem. Int. Ed. 2016, 55,
12150-12162.

(2) Jutand, A. Mechanisms of the Mizoroki—Heck Reaction (Chapter
1), in The Mizoroki-Heck Reaction (ed M. Oestreich), 2009, John
Wiley & Sons, Ltd, Chichester, UK.

(3) For some of the most recent reviews discussing catalysis with
MOFs, see: a) Cohen, S. M.; Zhang, Z.; Boissonnault, J. A. /norg.
Chem. 2016, 55, 7281-7290; b) Dhakshinamoorthy, A.; Asiri, A. M.;
Garcia, H. Catal. Sci. Technol. 2016, 6, 5238-5261; c) Dhakshina-
moorthy, A.; Asiri, A. M.; Garcia, H. Chem. Soc. Rev. 2015, 44, 1922—
1947; d) Chughtai, A. H.; Ahmad, N.; Younus, H. A.; Laypkov, A.;
Verpoort, F. Chem. Soc. Rev. 2015, 44, 6804-6849; ¢) Evans, J. D.;

future. Importantly, the method described is widely applicable
to study diverse chemical reactions catalyzed by transition met-
als, including both homogeneous and heterogeneous systems,
and has the potential to provide unprecedented insight into the
fine details of the mechanism. Other complex mechanisms of
MOF-catalyzed processes are currently under investigation in
our laboratories.
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