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A heterogeneous single-atom palladium catalyst
surpassing homogeneous systems for Suzuki

coupling
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Palladium-catalysed cross-coupling reactions, central tools
in fine-chemical synthesis, predominantly employ soluble
metal complexes despite recognized challenges with prod-
uct purification and catalyst reusability’. Attempts to
tether these homogeneous catalysts on insoluble carriers
have been thwarted by suboptimal stability, which leads to a
progressively worsening performance due to metal leaching
or clustering®. The alternative application of supported Pd
nanoparticles has faced limitations because of insufficient
activity under the mild conditions required to avoid thermal
degradation of the substrates or products. Single-atom het-
erogeneous catalysts lie at the frontier>'s. Here, we show
that the Pd atoms anchored on exfoliated graphitic carbon
nitride (Pd-ECN) capture the advantages of both worlds, as
they comprise a solid catalyst that matches the high che-
moselectivity and broad functional group tolerance of state-
of-the-art homogeneous catalysts for Suzuki couplings, and
also demonstrate a robust stability in flow. The adaptive
coordination environment within the macroheterocycles of
ECN facilitates each catalytic step. The findings illustrate the
exciting opportunities presented by nanostructuring single
atoms in solid hosts for catalytic processes that remain dif-
ficult to heterogenize.

Palladium atoms isolated in graphitic carbon nitride exhibit, at
first glance, coordination spheres closely resembling those of typi-
cal homogeneous C-C coupling catalysts, which include Pd(OAc),
(palladium acetate), Pd(PPh;), (tetrakis(triphenylphosphine)pal-
ladium) and Pd(dtbpf)Cl, ([1,1'-bis(di-tert-butylphosphino)fer-
rocene]dichloropalladium(1r)), and to palladium acetate anchored
on silica functionalized by 3-mercaptopropyl ethyl sulfide (PdAc-
MPES/Si0,), one of the most successful commercial heterogeneous
catalysts for Suzuki couplings (Fig. 1). Comparatively, common
heterogeneous palladium catalysts based on supported nanopar-
ticles, such as Pd/C or even strongly modified Lindlar-type Pd-Pb/
CaCO,, feature very different geometric and electronic proper-
ties. Microwave-irradiation-assisted deposition was used to intro-
duce palladium on ECN, a pristine high-surface form of graphitic
carbon nitride obtained by thermal exfoliation without alteration
of the carrier structure (Supplementary Fig. 1). The sole presence
of isolated palladium atoms is confirmed by aberration-corrected
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scanning transmission electron microscopy (AC-STEM) (Fig. 2a
and Supplementary Fig. 2) and extended X-ray absorption fine
structure spectroscopy (Fig. 2c). A quantitative analysis of the atom
positions in the high-angle annular dark-field images highlights the
good match between the measured nearest-neighbour distances and

Pd-Pb/CaCO,4
Fig. 1| Structural comparison of the catalysts. Schematic illustrations of

the homogeneous and heterogeneous palladium catalysts studied in the
Suzuki reaction.
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Fig. 2 | Properties of Pd-ECN. a,b, AC-STEM images of the fresh (a) and used (for 15h) (b) Pd-ECN catalyst, and the corresponding nearest-neighbour
(NN) distances of the Pd atoms. The black lines indicate the Rayleigh distribution expected for a random distribution of points in the same area, and
confirm the single-atom nature of Pd-ECN. ¢, Normalized magnitudes of the k?>-weighted Fourier transform (FT) of the extended X-ray absorption fine
structure spectra in radial distance (R). d, Pd 3d core level XPS spectra of the catalyst in fresh and used form. In d, the solid black lines show the fitted
result of the raw data (open circles), whereas the dashed and dotted black lines correspond to the deconvoluted components. The grey lines indicate the

position of the assigned Pd** and Pd?* species. a.u., arbitrary units.

the calculated Rayleigh distributions for a random distribution over
the host (Fig. 2a). Elemental mapping supports the uniform con-
centration of Pd over the carrier particle, and additional imaging
on a standard microscope confirms the absence of nanoparticles
(Supplementary Fig. 3). Consistently, no Pd-Pd bond was detected
based on analysis of the X-ray absorption spectra; the two peaks
centred at 1.07 and 1.55 A confirm the coordination of palladium to
nitrogen, and possibly to carbon, in the host.

The electronic properties of the Pd atoms incorporated in the
ECN were probed by X-ray photoelectron spectroscopy (XPS).
As expected, the Pd 3d;, spectra can be deconvoluted into two posi-
tively charged Pd species, tentatively assigned to Pd** at 336.5eV
and Pd** at 338.3 eV based on a comparison with database values,
with a Pd**/Pd** ratio of 0.82 (Fig. 2d). The observed shifts can be
caused partially by the isolated nature of the atoms as the Bader
computed charge is 0.5 |e7| (ref. ¥). However, no bulk metallic sig-
nature appeared at 334.9 eV, in line with the absence of palladium
nanoparticles in Pd-ECN evidenced by microscopy.

The performance of the Pd-ECN was initially evaluated in the
continuous Suzuki coupling of bromobenzene with phenylboronic
acid pinacol ester under optimized conditions (Supplementary
Fig. 4), and benchmarked with the homogeneous and hetero-
geneous catalysts (Fig. 3). Pd-ECN proved to be a very effective
catalyst that displayed a reaction rate of 0.57 mmol, g, min™ g,
towards biphenyl (63% conversion, 90% selectivity and 56% puri-
fied yield), which outperformed all of the investigated homoge-
neous catalysts. Among these, only Pd(PPh;), demonstrated a
similar performance (0.49 mmol,,, .4, min™" g, (56% conversion,
88% selectivity and 41% purified yield)), whereas Pd(dtbpf)Cl,
and Pd(OAc), exhibited only minor rates to the desired product
(0.03 and 0.06 mmol min~ g_ 7!, respectively). Comparatively,
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the grafted PdAc-MPES/SiO, catalyst showed a moderate perfor-
mance (13% yield and 0.17 mmol, 4, min™ g, '). In contrast,
Pd/C (1 or 20wt% Pd), which has been reported to efficiently
catalyse the Ullmann homocoupling of aryl halides®, was found
to be inactive. Similarly, attempts to use Pd-Pb/CaCO, (5wt% Pd
and 3wt% Pb), the dominant industrial catalyst for liquid-phase
semi-hydrogenation reactions, were unsuccessful. Based on the
total metal content, the turnover frequency (TOF) of Pd-ECN
(549h") surpasses all the other catalysts by an order of magnitude
(Fig. 3a). Impressively, in terms of TOF, Pd-ECN outperforms all
the other catalysts reported for the reaction of aryl bromides with
phenylboronic acid pinacol ester derivatives (Supplementary
Table 1). A higher conversion could be achieved by increas-
ing the catalyst amount without a significant loss of selectivity
(Supplementary Fig. 5).

A major advantage of using Pd-ECN lies in its leaching resis-
tance, which is clearly confirmed by the stable performance in con-
tinuous mode and corroborated by additional tests (Supplementary
Fig. 6). This avoids complications of determining the nature of the
active site faced in the batch mode’. Importantly, the tests evi-
dence a constant rate towards biphenyl formation for over 13 h
on stream with no variation in conversion or selectivity (Fig. 3b).
Consistently, analysis of the used catalyst confirms the virtually
identical amount (Fig. 3a), dispersion (Fig. 2b and Supplementary
Fig. 2) and electronic properties (Fig. 2d) of Pd to the fresh Pd-ECN.
This agrees with the high barrier (>2eV) predicted for leaching
(Pd +4PPh, — Pd(PPh;),). Though it is not possible to evaluate the
stability of the homogeneous catalyst equivalently, to shed light on
this aspect the Pd(PPh,), was aged in a mixture with the reagents
for different durations prior to reaction. Significant activity loss was
observed after just two hours, and a characteristic colour change
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Fig. 3 | Evaluation of the C-C coupling performance. a, Reaction scheme
and the performance in the continuous Suzuki coupling of bromobenzene
with phenylboronic acid pinacol ester. The bond formed is indicated

with a red line in the product. b, The relative rate (r/r,) as a function of
time-on-stream over Pd-ECN and ageing time over Pd(PPh;), catalysts.
3|CP-OES (values in parentheses indicate the metal content of the used
heterogeneous Pd catalysts after evaluation in the library of continuous-flow
Suzuki couplings reported in Fig. 4). *Determined by high performance liquid
chromatography (X, conversion; S, selectivity). ‘Rate of biphenyl formation
per gram of catalyst. “Turnover frequency. °Nominal value. cat, catalyst.

(from red to black) evidenced degradation of the catalyst via metal
deposition, which highlights the challenge of using homogeneous
catalysts for Suzuki couplings at a large scale. Comparatively, the
heterogeneous PdAc-MPES/SiO, catalyst suffered from serious
metal leaching that resulted in about a 70% loss of Pd (Fig. 3a and
Supplementary Fig. 7).

The scope of Pd-ECN was further explored in the coupling of
partner substrates, which included aryl, alkyl, alkenyl and het-
eroaromatic compounds (Fig. 4). The isolated Pd atoms afforded
excellent purified yields to the desired products (24-73%), and
outperformed (with a few exceptions) the homogeneous Pd(PPh,),
counterparts. The fact that allcoupling reactions were conducted
over the same cartridge also highlights the exceptional stability of
this catalyst. Further insights into the performance were obtained
by assessing the influence of the metal content (Supplementary
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Fig. 4 | Comparative scope of Pd-ECN and Pd(PPh,), catalysts for
Suzuki couplings. Yield (bars) and selectivity (circles) of the desired
products (entries 1-10) over Pd-ECN (green) or Pd(PPh,), (blue). The
newly formed C-C bonds are coloured red in the products. Reaction
conditions as indicated in Fig. 3a. The specific substrates are detailed in
Supplementary Table 6.

Table 2). The rate of product formation showed an expected lin-
ear increase (from 0.22 to 0.57 mmol, 4, min™ g, ") with the
palladium amount (from 0.25 to 0.66wt%), but then decreased
to 0.32 mmol,, o4, min™" g, at 1.25wt% Pd. A comparison on a
metal basis revealed similar TOFs between 0.25 and 0.66 wt% Pd
(558 and 549h7, respectively), which confirms the equivalence of
the additional sites in the latter sample. However, a significantly
reduced TOF (163h™') was observed on increasing the Pd content
to 1.25wt%. This observation suggests the formation of some clus-
ters at this metal content, which further demonstrates the advan-
tages of isolated single atoms over standard heterogeneous catalysts
based on metal nanoparticles. To ascertain the impact of the host
structure, an additional single-atom heterogeneous catalyst was
prepared based on a mesoporous carbon nitride (Pd-MCN), which
also displayed a high selectivity and stability, but was less active
than Pd-ECN (Supplementary Table 3). The inferior performance is
tentatively linked to the increased structural disorder exhibited by
MCN compared to ECN (Supplementary Fig. 1). The results were
also generalized by conducting reference batch experiments, the
custom mode for Suzuki coupling reactions to date. A TOF of 1.9h™!
(corresponding to a conversion of 7%) was obtained with 0.66 wt%
Pd, which is comparable to other reported homogeneous catalysts
in the same reaction (Supplementary Table 1, entries 4 and 5).

To understand the promising C-C coupling performance of
Pd-ECN, we performed density functional theory (DFT) and
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Fig. 5 | Reaction pathway of the Suzuki coupling. a, Energy profiles of the Suzuki coupling of bromobenzene with phenylboronic acid pinacol ester over
Pd-ECN, Pd(PPh,), and an isolated Pd atom. The complete reaction paths are shown in Supplementary Fig. 9. TS1-TS4, transition states; a-e, starting and
final states; A1-A3, transmetallation steps. R, reactants; P, products; hyd, hydrated. b, The transmetallation step (A2 — A3) for the indicated configuration
of Pd-ECN (top) and Pd(PPh,), (bottom). Pd, green; C, grey; N, blue; H, white; O, red; B, pink. ¢, Contour plot of the interatomic Pd-N distances (d) for each
N-coordination site (schematically identified in the bottom right) at each of the intermediate and transition states indicated in a. The corresponding values

are reported in Supplementary Fig. 13.

molecular dynamics calculations. These focused on the ideal
crystalline structure of graphitic carbon nitride as alternative
binding sites that resulted in a lower adsorption affinity for the
metal or were incompatible with the observed C/N ratio in the
scaffold (Supplementary Fig. 8 and Supplementary Table 4).
The Pd atoms were found to be slightly off centre from the sixfold
N-coordination sites in the lattice due to the positively polarized
N atoms and partially aromatic heptazine cores. Molecular dynam-
ics simulations conducted at different temperatures show that,
though the Pd atoms have some degree of freedom, they remain
confined within a given cavity (Supplementary Video 1), which is
consistent with the high stability of the catalyst. Interestingly, in
agreement with the experimental XPS observations, two preferred
positions are identified, one with the Pd atom located close to the
surface plane and a second, favoured at higher temperatures, in
which the metal sits between the two top planes. In the surface
plane, the DFT-calculated XPS binding energies indicate a less-
oxidized state, whereas a positive shift (by 2.5eV) is evidenced in
the subsurface pocket.

To search for the reaction path, we applied DFT (Fig. 5 and
Supplementary Video 2). At the beginning of the reaction cycle,
the coordination number of palladium to the lattice is close to six,
and was thus normalized to this value (normalized coordination
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number, NCN). This structure molecularly adsorbs bromobenzene
(state a in Fig. 5a) and presents a low barrier for activation (TSI,
0.11eV); the relevant energies and the changes in Bader charges are
presented in Supplementary Table 5. The reaction is exothermic by
more than 1eV, which leads to a configuration (state b in Fig. 5a)
in which the Pd reduces its coordination to the lattice N sites to
3.2. This adaptive coordination appears in several steps and is cru-
cial to the observed catalytic performance. Then, the adsorption
of hydrated (two water molecules) potassium phenylboronate acid
pinacol ester occurs (state c in Fig. 5a). This process is thermoneu-
tral and the cation from the salt ends up in a nearest-neighbour
empty cavity, which decreases the coordination number with the
scaffold to NCN=2.8. This configuration allows the displace-
ment of Br, a step that presents a relatively small barrier (0.5eV).
The process is slightly exothermic as Pd recovers part of the coor-
dination to the lattice (NCN =3.3). The displacement of Br~ allows
the coordination of phenylboronate pinacol ester, an intermediate
that resembles the organometallic structure reported by Thomas
and co-workers*>*. The subsequent transmetallation step occurs
with a barrier of 1.3eV and is rate determining in the reaction
(Fig. 5b). This parallels the well-documented Pd°/Pd** cycle
reported in the traditional homogeneous catalysts and nanoparticu-
late systems, and thus a similar mechanism is expected. In contrast,
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in the alternative Pd**/Pd** cycle the oxidative addition is rate lim-
iting*. The transmetallation is almost thermoneutral and leads to
intermediate A3, in which the Pd is again poorly coordinated to
the matrix (NCN =2.6). The boronic acid pinacol ester can then
be eliminated from the surface (state d in Fig. 5a), which leads to
an increase in NCN = 3.0. Finally, the C-C bond is formed through
TS4 with a barrier of ~0.7 eV. This process is exothermic by about
1eV, and in the bisphenyl adsorbed state the coordination of Pd
remains low (NCN=3.0). The elimination of the product to the
gas phase is endothermic and restores the initial coordination of
the Pd atom.

The overall picture closely follows the molecular mecha-
nism (Supplementary Fig. 9) with just a few differences*-*. The
Pd(PPh,), catalyst requires the elimination of two ligands to open
the coordination sphere prior to reaction (reference state a in
Fig. 5a) and a third one during the transmetallation step (TS3). As
entropic contributions are not considered®, the reaction profile for
Pd(PPh,), is shifted towards higher energies, similar to the case of
an isolated Pd atom in vacuum. In addition, varying the tempera-
ture has limited impact on the reaction profile (Supplementary
Fig.10). Thelability of ligands in the homogeneous systems is essen-
tial, but also increases the propensity of metal aggregation, consis-
tent with the rapid catalyst degradation observed for Pd(PPh,),.
Alternatively, if the ligand-metal interaction is too strong, then
the organometallic catalyst is poorly active as activation implies
ligand removal. In the ECN scaffolds, the two terms are modu-
lated in a versatile way: (1) the N sites fulfil the function of the
ligands in homogeneous systems that provide the electronic den-
sity required for the activation of phenylbromide and (2) the flex-
ible lattice enables an almost continuously variable coordination
pattern that adapts to the charge on palladium along the reaction
coordinate, which gives rise to the high stability (Supplementary
Fig. 11). Comparison of the variation in the Bader charge of
Pd in Pd-ECN shows that this remains similar along the entire
pathway in the range 0.4-0.7 |e| (Supplementary Table 5).
In contrast, significant changes are observed for the homoge-
neous catalyst during the oxidative addition (state a to state b from
-0.26 to 0.25 |e|) and the reductive elimination (transmetallation
step A3 to the products from 0.29 to -0.26 |e7|). Though the for-
mal oxidation state cannot be directly assigned, given the classi-
cal picture of formal oxidation states this can be mapped to the
Pd°/Pd?** cycle. Further improvements in microscopy and spectros-
copy techniques to enable operando monitoring will undoubtedly
bring valuable further insights into the changes in the chemical
environment and binding of the metal atom during the reaction
cycle (Supplementary Discussion)*.

In conclusion, a stable heterogeneous single-atom palladium
catalyst based on exfoliated graphitic carbon nitride has been iden-
tified for Suzuki coupling. This material surpasses the performance
of state-of-the-art homogeneous catalysts and conventional het-
erogeneous catalysts based on nanoparticles or grafted molecular
complexes, without evidencing metal leaching or aggregation after
the reaction. The enhanced properties could be explained at the
molecular level, which reveals the pivotal role of the carbon nitride
host, which, in addition to enabling an adaptive coordination of the
palladium, participates in the adsorption, stabilization and activa-
tion of the substrates and intermediates. The possibility to mimic
the beneficial functions of the ligands in metal complexes in an
extended scaffold is advantageous as it avoids the risk of catalyst
deactivation associated with their necessary lability. Given the range
of possibilities to tailor the composition and framework structure
of carbon nitride and related materials, the findings highlight the
wide technological potential of single atoms stabilized in appropri-
ate hosts to enable the heterogenization of challenging chemical
processes, making the manufacture of fine chemicals and pharma-
ceuticals more sustainable.
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Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
0rg/10.1038/s41565-018-0167-2.
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Methods

Catalyst preparation. A bulk graphitic carbon nitride material (BCN) was
prepared by calcining dicyandiamide (10g) at 823K (2.3 Kmin™' ramp rate) in

a crucible for 4h under a nitrogen flow (15 cm? min™'). The ECN carrier was
obtained via the thermal exfoliation of BCN (2 g) at 773K (5Kmin~' ramp rate)
for 5h in static air. The mesoporous form (MCN) was prepared by calcining
cyanamide with SiO, nanoparticles applied as the hard templates'®. Palladium
was introduced via microwave-irradiation-assisted deposition. The carrier (0.5g)
was first dispersed in H,O (20 cm®) under sonication for 1 h. Then, an aqueous
solution of Pd(NH,),(NO,), (5wt% Pd, 0.05cm?®) was added dropwise and stirred
overnight. Afterwards, the resulting solution was placed in a microwave reactor
(CEM Discover SP), with a cyclic program of 15s irradiation and 3 min cooling
with 20 repetitions using a power of 100 W. The resulting powder was collected by
filtration, washed with distilled water and ethanol, and dried at 333 K overnight.

Catalyst characterization. Inductively coupled plasma-optical emission
spectrometry (ICP-OES) was conducted using a Horiba Ultra 2 instrument
equipped with a photomultiplier tube detector. The catalysts were dissolved in

a piranha solution and left under sonication until the absence of visible solids.
Powder X-ray diffraction was performed in a PANalytical X’Pert PRO-MPD
diffractometer operated in the Bragg-Brentano geometry using Ni-filtered Cu

Ko (4=0.1541nm) radiation. Data were recorded in the range 26 =5-70° with

an angular step size of 0.05° and a counting time of 2's per step. Argon sorption
was measured at 77K in a Micrometrics 3Flex instrument, after evacuation of

the samples at 423 K for 10h. The surface area was determined via the Brunauer—
Emmett-Teller method. XPS was performed in a Physical Electronics Instruments
Quantum 2000 spectrometer using monochromatic Al Ka radiation generated
from an electron beam operated at 15kV and 32.3 W. The spectra were collected
under ultrahigh vacuum conditions (residual pressure=5x 10-*Pa) at a pass
energy of 46.95eV. All the spectra were referenced to the C 1s peak at 284.8eV.
Thermogravimetric analysis was performed in a Mettler Toledo TGA/DSC 1 Star
system in air (40 cm® min™'), heating the sample from 298K to 1,273 K at a rate of
5Kmin'. Conventional STEM imaging and energy dispersive X-ray spectroscopy
measurements were performed on a Talos F200X instrument operated at 200kV
and equipped with an FEI SuperX detector. AC-STEM was performed using an
FEI Titan3 80-300 (Thermo Fisher Scientific) microscope operated at 300kV and
equipped with a high-brightness XFEG electron source and a CEOS aberration
corrector for the probe-forming lenses. Additional AC-STEM performed at an
accelerating voltage of 60kV used an ARM300CF (JEOL) microscope equipped
with a cold field emission electron source and a JEOL ETA corrector for the probe-
forming lenses, located in the electron Physical Sciences Imaging Centre (ePSIC)
at the Diamond Light Source. Diffuse reflectance infrared Fourier transform
spectroscopy was performed using a Bruker Optics Vertex 70 spectrometer
equipped with a high-temperature cell (Harrick) and an HgCdTe (MCT) detector.
Spectra were recorded in the range 4,000-400 cm™' at room temperature under an
Ar flow by coaddition of 64 scans with a nominal resolution of 4cm™. 'H (proton-
decoupled) NMR spectra were recorded at room temperature on a Bruker 500 MHz
spectrometer equipped with a DCH cryoprobe, on dissolution of the homogeneous
catalyst in CHCI,. Chemical shift values are reported in parts per million
downfield using the residual solvent signals (CHCL,) as an internal reference. X-ray
absorption spectroscopy was conducted at the X10DA (Super XAS) beamline of
the Swiss Light Source. The polychromatic beam from the 2.9 Tesla superbend
magnet was collimated using a Pt-coated mirror, monochromatized using a
Si(311) channel cut monochromator, and focused to a spot size of 500 X 100 pm
(horizontal X vertical) using a Pt-coated toroidal bent mirror. Data were acquired
from pressed pellets at the Pd K edge in transmission mode, using two Ar-filled
ionization chambers placed before and after the pellet. For the absolute energy
calibration, a Pd foil was measured simultaneously between the second and a third
ionization chambers. All 15cm long ionization chambers were filled with an Ar/
N, mixture. The resulting spectra were energy calibrated, background corrected
and normalized at the height of the edge step using the Athena program from the
IFEFFIT software suite’'. Fourier transformations were performed from 3 to 12 A-".

Catalyst testing. The continuous-flow Suzuki coupling reactions were
conducted in a tubular or fixed-bed microreactor (Supplementary Fig. 6).

For the homogeneously catalysed reactions, the aryl bromide (1 mmol), boronic
ester (1.5 mmol), potassium carbonate (3 mmol), triphenylphosphine ligand

(0.3 mmol) and catalyst (0.1 g (Pd(PPh,),, Pd(dtbpf)Cl, or Pd(OAc),) were
dissolved in a mixture of dimethoxyethane (DME) (1.5 cm®) and water (4.5cm’),
and the mixture was pumped at a flow rate of 0.02 cm®*min~' through a Hastelloy
coil reactor of 10 cm’ internal volume. In the stability test, these quantities

were scaled up 20 times. Prior to the reaction, the purity of the investigated
homogeneous catalysts was confirmed by '"H NMR spectroscopy (Supplementary
Fig. 12). In the case of heterogeneously catalysed reactions, the catalyst (0.1g
(Pd-ECN, PdAc-MPES/SiO,, Pd-Pb/CaCO, or Pd/C) for the kinetic experiments
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and 0.3 g (Pd-ECN, PdAc-MPES/SiO,, Pd-Pb/CaCO;, or Pd/C) for the high-
conversion experiments, with particle size between 0.2 and 0.4 mm) was packed
in a quartz column reactor (0.66 cm internal diameter) and the mixture of the
aryl bromide (1 mmol), boronic ester (1.5mmol), potassium carbonate (3 mmol)
and triphenylphosphine ligand was pumped through the column at a flow rate of
0.01-0.2cm’min™". In both cases, the reaction was performed under the following
conditions: temperature T=323-413 K, pressure P=2-10bar and residence time
7=1-15min. To confirm the absence of leaching, the product solution from the
reaction over Pd-ECN was recirculated through a cartridge that contained inert
silica particles, which revealed no additional transformation. Batch experiments
were undertaken in quartz reactors approximately 12 cm® in diameter, into which
the aryl bromide (1 mmol), boronic ester (1.5 mmol), potassium carbonate

(3 mmol), triphenylphosphine ligand (0.3 mmol) and the homogeneous or
heterogeneous catalyst (0.05 g) were charged. The solids were dissolved or
dispersed in a mixture of DME (1.5 cm®) and water (4.5 cm?®). The reaction was
performed at the following conditions: temperature T=368K, pressure P=1bar
and reaction time #=12h. For batch experiments, the heterogeneous catalyst

was removed by filtration of the solution prior to analysis. The reaction aliquot
was analysed as such. Liquid chromatography-mass spectrometry analyses were
performed with an analytical Agilent G4220A pump coupled with a Thermo
MSQ Plus mass spectrometer (electrospray ionization (ESI+)) and ELSD Sedere
Sedex 90 on the Zorbax RRHD SB-Aq column from Agilent Technologies. HPLC
analytical purifications were performed with a Waters Symmetry Shield RP18
column and an acetonitrile/water mobile phase.

DFT. DFT simulations were performed using the Vienna Ab initio Simulation
Package code’”. ECN systems were modelled as four-layer slabs and a 22

unit cell was used with a k-point sampling of 33X 1. The slabs were separated

by 16 A of vacuum, employing a dipole correction. The functional used

during the simulations was generated at the Perdew-Burke-Ernzerhof level of
approximation®. The inner electrons were replaced by projector augmented
waves™. The valence electrons included were 16 for Pd, 5 for N, 4 for C, 6 for O,

3 for B, 7 for Br and K, and a single electron for H. A plane wave basis set was used
with a kinetic energy cut-off of 450 eV. The D3 approach was used to introduce the
van der Waals contributions™. The transition states were located using the climbing
image nudged elastic band algorithm”. The use of two explicit water molecules
agrees with previous computational results*. The contribution of vibrational
entropies did not modify the reaction profiles for Suzuki coupling reactions.

Ab initio molecular dynamics was employed to address the temperature effects

on the Pd-ECN system. Each run comprised 500 heating steps with AT=100K,
followed by 500 equilibration steps at a constant temperature. This cycle was
repeated five times, from 0 to 500 K. The total simulation was 10 ps with a 2 fs step.
The results are summarized in Supplementary Video 1. All the structures have
been uploaded to the ioChem-BD* database and can be retrieved at https://doi.
org/10.19061/iochem-bd-1-76.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request. The xyz coordinates for the computational chemistry results can be found
at https://doi.org/10.19061/iochem-bd-1-76.
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