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The palladium-catalyzed Suzuki—Miyaura cross-coupling (SMCC) reaction is an essential technique for C-C
bond formation. It is considered to occur through two distinct pathways involving homogeneous and
heterogeneous mechanisms. However, there is still debate about these mechanisms due to the lack of
direct structural evidence in both spatial and temporal terms, especially regarding the conversion of
active Pd species. In this study, the Pd single-atom catalyst (Pd SAC) SMCC reaction was monitored in
real-time using ambient mass spectrometry (AMS) to study the conversions of Pd species both on the
catalyst surface and liquid phase. This revealed a
a contributors to the heterogeneous process which involves heterogeneous oxidative addition, Pd

in the leaching—oxidizing—landing path as

leaching along with transmetallation (rather than oxidative addition), and subsequent oxidation—landing

back onto the catalyst surface. The leaching—oxidizing—landing mechanism of Pd active sites during the

Pd SAC-catalyzed SMCC reaction provides an explanation for the Pd migration on the catalyst surface. A
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Accepted 4th September 2025 crucial role of molecular oxygen during the SMCC reaction was revealed and attributed to the re-
deposition of active Pd species through coordination with the catalyst support. Overall, the leaching—

DOI: 10.1039/d55c04480d oxidizing—landing mechanism of the SMCC reaction has been revealed and it not only provides insights
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Introduction

The palladium-catalyzed Suzuki-Miyaura cross-coupling
(SMCC) reaction is a notable method for the selective
construction of carbon-carbon (C-C) bonds through the reac-
tion between aryl halides and organoboron nucleophiles.* The
traditional SMCC reaction is facilitated by homogeneous Pd
complexes that are coordinated with different ligands, resulting
in major disadvantages of toxicity and the high cost of Pd
complexes.”” To address these limitations and improve the
recovery and reutilization of solid Pd catalysts upon separation,
one possible approach could be moving the reaction from
homogeneous to heterogeneous systems.® Moreover, upon
anchoring single metal atoms on different supports, the Pd
single-atom catalyst (Pd SAC) might serve as an ideal catalyst by
maximizing the metal utilization while minimizing aggregation
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into mechanistic studies and catalyst designs but also expands AMS applications.

and biotoxicity.”” Generally, the SMCC reaction catalyzed by the
Pd SAC could simultaneously involve both heterogeneous
processes (occurring on the catalyst surface) and homogeneous
processes (facilitated by Pd species in solution), which remain
under debate due to the lack of direct structural evidence in
both the spatial and temporal terms.

Briefly, the main challenge in unveiling the homogeneous/
heterogeneous paths of the SMCC reaction could be the exam-
ination of detailed changes of active Pd species throughout
a series of conversions.'’ The transformation of Pd species may
involve leaching from the solid phase, migration, and landing
on supports for subsequent catalytic cycles.”* Due to the lack of
sufficient evidence to directly demonstrate structural changes,
the natural role of Pd catalytic species is still under debate.*>**
Several studies have indicated that the soluble Pd species
leaching from the solid support are responsible for the homo-
geneous SMCC reaction,"””" whereas others argue that the
active sites for the heterogeneous reaction are located on the
solid phase.'®?° Nevertheless, there may exist a complex corre-
lation between these two mechanisms, and both pathways
could simultaneously occur during the SMCC reaction. In
addition, the unique structural properties of Pd SACs would
present additional difficulties in understanding the complex
heterogeneous/homogeneous SMCC paths.”* Although the roles
of ligands on Pd have been studied in heterogeneous
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Pd Single-Atom Catalyzed Suzuki-Miyaura cross-coupling reaction (SMCC reaction)
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Scheme 1 Ambient mass spectrometry methods for the online monitoring and mechanistic study of the Pd SAC-catalyzed Suzuki—Miyaura

cross-coupling reaction.

pathways,*** the detailed Pd transformation during leaching,
migration, and the recovery of Pd remains poorly understood.
Furthermore, the environmental factors (such as oxygen)
affecting the conversion of Pd active sites have not been
adequately examined due to the challenge of directly identifying
Pd species in real time. Hence, further efforts are necessary to
provide structural information on Pd active sites during the
leaching and migration of Pd active sites in homogeneous/
heterogeneous SMCC paths.

Several strategies have been employed to distinguish,
monitor, and examine homogeneous or heterogeneous SMCC
paths in spatial and temporal terms, particularly through
transmission electron microscopy, real-time fluorescence
imaging, and sequential electrical signals.'>**** However, the
indirect structural information is still insufficient to clearly
identify the structural changes of Pd species during homoge-
neous/heterogeneous pathways. Ambient mass spectrometry

© 2025 The Author(s). Published by the Royal Society of Chemistry

(AMS) is a label-free technique that allows rapid and direct
acquisition of structural information and has shown significant
potential for the monitoring of multiple molecules in complex
systems.>**® With the advantages of online analysis, AMS
facilitates the observation and identification of transient inter-
mediates, thereby revealing the roles and changes of active
sites.”’** Therefore, AMS-based online monitoring would
substantially provide multiple pieces of structural information
both on the SAC surface and in the liquid phase, facilitating the
examination of both leaching and migration of Pd active sites.*®

In this study, the Pd SAC-catalyzed Suzuki-Miyaura reaction
was monitored by a series of AMS methods to investigate
fundamental homogeneous/heterogeneous aspects. The AMS
monitoring (Scheme 1) was carried out during the SMCC reac-
tion. Structural information regarding both the catalyst surface
and the liquid phase illustrates the leaching-oxidizing-landing
process of the Pd active site. This study not only offers deeper
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insight into the Pd SAC-catalyzed SMCC reaction but also
provides an effective AMS method to monitor the structural
change of single-atom active sites during the reaction.

Experimental procedure
Chemicals

2-Bromopyridine, phenylboronic acid, 2-phenylpyridine, and
phosphotungstic acid were obtained from Macklin reagent
(Shanghai, China). KOH of analytical grade was purchased from
Beijing Chemicals (Beijing, China). Palladium acetate was
purchased from Aladdin (Shanghai, China). All other chemical
reagents were of analytical grade and were used directly without
further purification. Methanol of HPLC grade was purchased
from Fisher Chemical (CA, USA). Ultrapure water (Mill-Q,
Millipore, 18.2 MQ) was used in all experiments.

Instruments

Fourier transform infrared (FTIR) spectra were obtained on
a Thermo Scientific Nicolet NEXUS 670. Ultraviolet-visible
spectroscopy (UV-vis) measurements were recorded on a Shi-
madzu UV-3600 spectrophotometer. The yield of the SMCC
reaction was analyzed using an Agilent 1260 liquid chromato-
graph with a mobile phase (acetonitrile/water v/v 6 : 4). HRMS
experiments for the liquid phase were performed on a G2-XS
QTof mass spectrometer (waters). AMS experiments were per-
formed on an LTQ XL linear ion trap mass spectrometer
(Thermo Fisher Scientific).

Pd@PWO preparation

The Pd@PWO catalyst was prepared following the reported
procedures.** First, phosphotungstic acid (20.7 g, 6.29 mmol)
and KCI (1.00 g, 13.4 mmol) were dissolved in 100 mL water
under vigorous stirring. The solution was then adjusted to pH
5.5 by adding KHCO; (1 M). After removing the insoluble
precipitate, the solution was dried to obtain lacunary PWO.
Subsequently, PWO (50 mg, 0.02 mmol) and Pd(Ac), (22.4 mg,
0.10 mmol) were added in 50 mL water. After reacting for 10 h,
excess Pd(Ac), was removed by filtering, and the solution was
dried and washed with methanol to obtain Pd@PWO.

SMCC reaction

For the SMCC reaction, 1 mg of PA@PWO, 1.58 mg of 2-
bromopyridine (1 mM), 1.83 mg of phenylboronic acid (1.5
mM), and 1.68 mg of KOH (3 equiv.) were added in 10 mL of
methanol. The reaction mixture was stirred at room tempera-
ture for 2 h. The solid catalyst was separated by filtration, and
the reaction mixture was analyzed by LC.

Online monitoring of the reaction

An electrosonic spray ionization (ESSI) source was constructed
for the online monitoring of the SMCC reaction. A self-pumping
effect from the reaction system (i.d. 250 um; o.d. 365 um) was
generated by a nitrogen stream through an external capillary
(i.d. 1000 pm; o.d. 1300 pm). The SMCC reaction mixture was

19372 | Chem. Sci, 2025, 16, 19370-19380
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introduced into the MS inlet and the reactant and product were
monitored by MS analysis. MS detection was performed in full
scan positive mode over an m/z range from 100 to 500. The
capillary temperature was 275 °C, and the capillary voltage and
tube lens voltage were set at 23.0 V and 75.0 V, respectively. The
maximum ion injection time of the linear ion trap was 10 ms.
MS results were obtained and analyzed using Xcalibur software.

Online analysis of the solid catalyst

For the analysis of solid PA@PWO during the SMCC reaction,
a multiphase flow extractive electrospray ionization system (MF-
EESI) was constructed for MS detection. Different from the MF-
ESSI system for monitoring the reaction, an interlayer capillary
(i.d. 530 pm; o.d. 690 pm) was added for introducing water,
promoting the ionization of water-soluble solid catalysts in the
spray. MS detection was performed in negative mode over an m/
z range from 800 to 1000. The capillary temperature was 275 °C,
and the capillary voltage and tube lens voltages were set at
—26.00 V and —85.35 V, respectively. The maximum ion injec-
tion time of the linear ion trap was 1000 ms. MS results were
obtained and analyzed using Xcalibur software.

DESI-MS analysis

A desorption electrospray ionization system (DESI) was used for
the MS detection of the solid samples on glass slides with water
as the solvent. MS detection was performed in negative mode
over an m/z range from 800 to 1000. The capillary temperature
was 275 °C, and the capillary voltage and tube lens voltage were
set to —26.00 V and —85.35 V, respectively. The maximum ion
injection time of the linear ion trap was 1000 ms. MS results
were obtained and analyzed using Xcalibur software.

Results
The feasibility of the SMCC reaction catalyzed by PA@PWO

With well-defined active sites and ionic structures, a lacunary
polyoxometalate-based SAC was chosen as the support for
constructing Pd SACs for the SMCC reaction.**** As shown in
Fig. 1A, the SMCC reaction was catalyzed by the PW;;035" -
derived Pd SAC (Pd@PWO).

Initially, the construction of PA@PWO was identified by
ESSI-MS during the synthesis. As shown in Fig. 1B, the lacunary
polyoxometalates were obtained by adjusting the pH of phos-
photungstic acid to 5.5, leading to the prominent ion of Keggin-
derived lacunary PWO ([PW,,0; + 4H]>” at m/z 893.72, calc.
893.76) upon removing a W=O group from PW,0,,’ .
Notably, the anionic carrier of the lacunary polyoxometalates
possesses high ionization efficiency and facilitates the capture
and identification of instantaneous intermediates using the
ESSI system. The final Pd@PWO catalyst was successfully
characterized upon the coordination of Pd*" with four O atoms
in the PWO carrier, exhibiting a main ion peak at m/z 928.42
(calc. 928.39). This coordination between Pd** and the Keggin-
derived lacunary PWO was also confirmed by the UV-Visible
absorption spectrum (Fig. S1). Besides, the Pd-coordinated
structure of PA@PWO was further demonstrated by the peaks

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Confirmation of Pd@PWO construction and the feasibility of SMCC catalysis. (A) SMCC reaction between 2-bromopyridine and
phenylboronic acid to generate the 2-phenylpyridine product was carried out at room temperature (RT) in methanol. (B) Mass spectra of
phosphotungstic acid (i), Keggin-derived lacunary PWO (ii), and Pd@PWO {iii). (C) High-resolution mass spectrum of the reaction system before (i)
and after the SMCC reaction (i) for 2 h. (D) Diagram of the ESSI instrument for online monitoring of the SMCC reaction. (E) The extracted ion
chromatograms (EICs) of 2-bromopyridine (m/z 197.86) (i), phenylboronic acid (m/z 123.12) (ii), and 2-phenylpyridine (m/z 194.06) (iii) during the

SMCC reaction.

(P-Oa at ~1100 cm ™', W-Ob-W at ~900 cm ™' and W-Oc-W at
~750 cm ') in the infrared absorption spectrum after coordi-
nation with Pd (Fig. S2).*

Subsequently, the feasibility of the Pd@PWO-catalyzed
SMCC reaction between 2-bromopyridine and phenylboronic
acid (in the presence of KOH) was examined by liquid chro-
matography (LC) and HRMS analysis. As demonstrated in
Fig. 1C, the reactant 2-bromopyridine ([CsH4NBr + H]" at m/z
157.9608, calc. 157.9605) before the reaction and the product 2-
phenylpyridine ([CsH,NCeHs; + H]|" at m/z 156.0822, calc.
156.0813) after the reaction were observed in the HRMS spectra.
The relatively high signal intensity of the product indicated an
efficient SMCC reaction catalyzed by Pd@PWO, with a 2-
phenylpyridine yield of 93% (1 h) at room temperature (deter-
mined by LC, Fig. S3). Thereafter, the SMCC reaction was
monitored online using ESSI-MS (Fig. 1D). The SMCC reaction
system was continuously provided for MS detection through the
self-pumping of a nitrogen flow, without any sample pre-treat-
ment or isolation. As shown in Fig. 1E, the decreased reactant

© 2025 The Author(s). Published by the Royal Society of Chemistry

ions of 2-bromopyridine ([CsH,NBr + K]" at m/z 197.86, calc.
197.91) and phenylboronic acid ([C¢HsB(OH), + H]" at m/z
123.12, calc. 123.06), as well as the increased product ions of 2-
phenylpyridine ([CsH,NC¢H; + K] at m/z 194.06, calc. 194.04),
were observed during the SMCC reaction for 2 h. Furthermore,
the product yield was determined to be 97% (determined by LC)
in 10 min at a relatively higher temperature of 60 °C (Fig. S4).
The turnover number (TON) for the SMCC reaction was 31 and
33 at room temperature and 60 °C, and the turnover frequency
(TOF) values were 31 and 198, respectively. ESSI-MS detection
demonstrated no SMCC reaction products or additional MS
signals at 0 min (Fig. S5A), and the real-time monitoring results
of the reaction were basically consistent with LC detection
(Fig. S5B). Consequently, any reaction acceleration in the
microdroplets generated by ESSI during the SMCC reaction
could be excluded. These results demonstrate that PA@PWO
was successfully constructed to efficiently catalyze the SMCC
reaction at room temperature, prompting further investigations

Chem. Sci., 2025, 16, 19370-19380 | 19373
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to reveal the reaction mechanism in homogeneous and
heterogeneous pathways.

The heterogeneous mechanism of the SMCC reaction under
air conditions

To pertinently examine the heterogeneous path or the homo-
geneous mechanism, the SMCC reaction was monitored for 100
min, with the PdA@PWO being removed at 20 min. Compared to
the SMCC reaction catalyzed by Pd@PWO, no significant
increase in the yield was recorded after removing Pd@PWO
from the system at 20 min (Fig. 2A). This suggests that the
heterogeneous mechanism plays a significant role in the SMCC
reaction, mostly occurring on the surface of PdA@PWO. Subse-
quently, to analyze the structural changes of the Pd active sites
on the catalyst surface, PdA@PWO during the SMCC reaction was
analyzed. For direct and real-time observation of the interme-
diate structure, multiphase flow extractive electrospray ioniza-
tion mass spectrometry (MF-EESI-MS)*® was applied for the
online ionization of PA@PWO during the SMCC reaction. In
brief, a MF-EESI system was constructed using 3-layered
concentric capillaries. The SMCC reaction system was self-
pumping and introduced through the innermost capillary
(connected to a high voltage) and electro-sprayed using nitrogen
from an external capillary. Simultaneously, a stream of water in
the middle layer was introduced (Fig. S6). During MF-EES], the
reaction system within the innermost capillary interacts with

View Article Online
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the water spray from the middle layer, facilitating the dissolu-
tion of heterogeneous catalysts to accomplish PA@PWO ioni-
zation. As shown in Fig. 2B, in addition to the Pd(u) species of
Pd@PWO, an intermediate after the oxidative addition was
observed on the surface of the catalyst ([Pd(iv)(CsH4N)(OH)
PW,,034 + 2H]3’ at m/z 960.12, calc. 960.06). Therefore, it can be
inferred that the heterogeneous pathway is employed by the
Pd(u)-Pd(wv) catalysis. This could be attributed to the strong
electron-donating capability of Keggin-derived lacunary PWO,
which activates Pd(1) to perform a similar role to that of clas-
sical Pd(0) in the SMCC reaction.

Normally, the oxidation of Pd(0) to Pd(u) in the presence of
molecular oxygen can decrease the catalytic activity in the
traditional Pd-catalyzed SMCC reaction.*® Predictably, the acti-
vation of Pd(ir) in PdA@PWO would effectively avoid poisoning of
the PdA@PWO catalyst upon molecular oxygen oxidation. Excit-
ingly, the yield of 2-phenylpyridine in air (93%) was significantly
higher than that under nitrogen conditions (52%) (Fig. S7).
Consequently, molecular oxygen did not reduce the catalytic
activity of PdA@PWO but greatly enhanced the efficiency of the
SMCC reaction. Meanwhile, a relatively reduced yield (67%) was
recorded in oxygen environments, due to the oxidation of
phenylboronic acid by the molecular oxygen. Furthermore, this
product yield under oxygen conditions (67%) remained higher
than that under nitrogen conditions (52%), suggesting that
molecular oxygen significantly improves the Pd@PWO-cata-
lyzed SMCC reaction. Although this has also been reported in

A B (o]
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Fig. 2 Examination of the Pd@PWO-catalyzed SMCC reaction under air or nitrogen conditions. (A) Yields of 2-phenylpyridine recorded during
100 min of the SMCC reaction in air. Blue squares: normal monitoring with the time interval injections. Pink circles: monitoring with the catalyst
removed at 20 min. (B) Mass spectrum of Pd@PWO isolated from the SMCC reaction at 20 min. (C) Yields of the SMCC reaction catalyzed by the
recycled Pd@PWO in several cycles. Six catalytic cycles were employed in both nitrogen and air using the recycled catalyst. The catalysts were
washed with methanol and centrifuged after each reaction. (D) Mass spectrum of the isolated Pd@PWO after SMCC reaction under nitrogen
conditions (i) and air conditions (ii). (E) Yields of 2-phenylpyridine were recorded during 100 min of the SMCC reaction under nitrogen conditions.
Blue squares: normal monitoring with the time interval injections. Pink circles: monitoring with the catalyst removed at 20 min.
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some heterogeneous catalysis systems,'*® the detailed mecha-
nism of molecular oxygen remains poorly understood. Hence, it
is recommended to conduct further investigations into the
functions of molecular oxygen, requiring the observation of
structural changes of catalysts during the SMCC process.

The homogeneous mechanism under nitrogen conditions

The influence of molecular oxygen in the SMCC reaction was
evaluated by examining the reusability of PdA@PWO in nitrogen
and air environments. As shown in Fig. 2C, relatively stable
and high yields of the product were obtained across five cycles
in air (75-95%). A lower yield was recorded under nitrogen
conditions in the first cycle (52%), which declined substan-
tially to less than 5% in the following cycles. The decrease in
catalytic activity under nitrogen conditions could be attributed
to the structural changes of the PA@PWO catalyst after the
SMCC reaction. To examine the changes in PA@PWO struc-
tures after the SMCC reaction under nitrogen and air condi-
tions, the catalyst was isolated after the reaction for ESSI-MS
detection. Under air conditions (Fig. 2D-i), the Pd species of
[Pd(n)PW;,05 + 2H]> (at 928.40; calc. 928.39) were main-
tained after the reaction, indicating good reusability of
Pd@PWO under air conditions (Fig. 2C). While in nitrogen
(Fig. 2D-ii), only the obvious lacunary PW;;,055”~ ([PWy,050 +
3H + Na]’~ at m/z 900.74, calc. 900.75) was observed after the
SMCC reaction. This suggests that Pd active sites were leached
from the PdA@PWO catalyst, resulting in poor reusability under
nitrogen conditions.

Considering that significant leaching of Pd species would
facilitate the SMCC reaction via the homogeneous pathway,
the SMCC reaction was evaluated by removing PA@PWO at 20
min under nitrogen conditions. This reaction path was
simultaneously compared with the SMCC reaction in nitrogen
without catalyst removal. As shown in Fig. 2E, no significant
difference was observed between the two reaction systems with
or without removing the catalyst at 20 min. This result indi-
cates that the SMCC reaction under nitrogen conditions
proceeds through the homogeneous path with leached Pd
species in the liquid phase. In general, ligand-free Pd leached
into the liquid phase can easily aggregate and lose catalytic
activity during the homogeneous SMCC reaction, resulting in
the low yield under nitrogen conditions (Fig. S7 and 2C).
Therefore, the SMCC reaction under nitrogen follows the
homogeneous path, which was dramatically distinct from the
heterogeneous reaction in air.

Examination of the leaching-oxidizing-landing process of Pd
species

The leaching of Pd was further investigated due to its critical
function in the Pd SAC-catalyzed SMCC reaction. During
examination, to ensure satisfactory capture of leaching inter-
mediates, the SMCC reaction was carried out under nitrogen
conditions. It is generally believed that the oxidative addition
(by 2-bromopyridine) is the prerequisite step for the leaching of
Pd.® Therefore, the oxidative addition process was initially
investigated by evaluating structural changes of PdA@PWO with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the addition of 2-bromopyridine or phenylboronic acid to
Pd@PWO. After interacting with the two reactants separately,
the catalyst was isolated and analyzed by ESSI-MS to obtain the
structural information of PA@PWO. After interaction with 2-
bromopyridine for 2 h, the peak of the Keggin-derived lacunary
PWO ([PW;,030 + 3H + NaJ*" at m/z 900.78, calc. 900.75) was
recorded, indicating the leaching of the Pd active site from
Pd@PWO (Fig. 3A). During interaction between phenylboronic
acid and Pd@PWO for 2 h, no obvious signal of lacunary PWO
was recorded, indicating the inefficient leaching of Pd species
from Pd@PWO. Nevertheless, more efficient leaching of Pd
species was observed after the SMCC reaction under nitrogen
conditions for only 20 min, with only lacunary PWO observed
and no other Pd-related ions recorded (Fig. 3A). Consequently,
the oxidative addition process facilitated the leaching of Pd
species but was not the main force during the SMCC reaction.

Furthermore, the liquid phase of the SMCC reaction was
analyzed using HRMS to investigate the intermediates gener-
ated during the leaching of Pd species from PdA@PWO. After 10
min of the reaction, the significant signal peak of [Pd(iv)(Cs-
H,4N)(C¢H;s) — H]' (at m/z 259.9684, calc. 259.9696) was observed
in the liquid phase, which was identified as the trans-
metallation product after leaching from the PA@PWO catalyst.
Furthermore, other potential Pd-related substances (such as
oxidative addition species Pd(iv)(CsH,N)Br**) were not detected
in the liquid phase. This further demonstrates that the key step
of Pd leaching in the SMCC reaction is likely the trans-
metallation process, rather than the oxidative addition process.

Significantly, a similar transmetallation product [Pd(wv)(Cs-
H,N)(C¢Hs) — H]" (at m/z 259.9684, calc. 259.9696) was also
observed in the SMCC reaction under air conditions (Fig. S8).
This suggests that the presence of molecular oxygen did not
hinder the leaching of Pd. Therefore, the mechanism of the
SMCC reaction under air conditions is not purely heteroge-
neous, and it involves the leaching of Pd and the efficient
recovery of the leached Pd back to the catalyst in the presence of
molecular oxygen. Furthermore, the role of molecular oxygen
was further demonstrated by observing the recovered Pd on
Pd@PWO after a 2 h reaction in nitrogen and another 2 h
exposure to air (Fig. S9). Under nitrogen conditions, the leached
Pd species was unable to return to the catalyst, leading to
homogeneous catalysis in the liquid phase. While under air
conditions, the leached Pd species could be oxidized to Pd*" by
molecular oxygen, which would then be rapidly captured by
lacunary PWO to form new Pd active sites through strong
interactions. This rapid re-coordination of Pd** to lacunary
PWO ensured the excellent reusability of PA@PWO, sustaining
the efficient catalytic activity of the SMCC reaction. Therefore,
molecular oxygen was demonstrated to play an important role
in the landing of Pd species back to the catalyst and in main-
taining the single-atom Pd active sites during the SMCC
reaction.

Besides, the intermediate of oxidative addition ([Pd(wv)(Cs-
H,N)(OH)PW,;0;, + 2H]* ") was observed on the catalyst during
the SMCC reaction under air conditions (Fig. 3B). However, the
proposed transmetallation intermediate on the surface of the
catalyst of [Pd(iv)(CsH4N)(CeHs)PW1,036 + 2H]*~ (calc. 980.08)

Chem. Sci., 2025, 16, 19370-19380 | 19375
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Investigation on leaching of Pd species from Pd@PWO. (A) Mass spectra of the isolated Pd@PWO after adding 2-bromopyridine for 2 h,

phenylboronic acid for 2 h, and performing the SMCC reaction for 20 min in nitrogen. (B) High-resolution mass spectrum of the liquid phase after
SMCC reaction for 10 min in nitrogen. (C) Illustration of the leaching—oxidizing—landing mechanism of the Pd@PWO catalyzed SMCC reaction

involving the homogeneous and heterogeneous pathways.

was not observed (Fig. S10). Based on the detection of the
intermediate of the transmetallation product in the liquid
phase (Fig. S8), it can be further concluded that the leaching of
Pd occurs during the transmetallation process rather than the
oxidative addition process.

Therefore, based on the monitoring of both catalyst and
liquid phase systems, the leaching-oxidizing-landing process
of Pd species during the PdA@PWO-catalyzed SMCC reaction was
determined. As shown in Fig. 3C, the oxidative addition process
occurred on the surface of PA@PWO. Subsequently, in the
presence of phenylboronic acid, the Pd species were leached
from the catalyst surface through the transmetallation process.
Thereafter, reductive elimination in the liquid phase was
carried out, resulting in the generation of leached Pd(0) through
reduction by ligands or phenylboronic acid. Due to the difficulty
in ionizing neutral leached Pd for MS detection, future research
should focus on the mechanism of Pd(0) generation. Under
nitrogen conditions, leached Pd(0) undergoes a homogeneous
pathway in the liquid phase for the SMCC reaction. In the
presence of molecular oxygen, leached Pd is oxidized to Pd*",
and then quickly coordinates with lacunary PWO to land back
on the catalyst surface. This process ensures single-atom Pd

19376 | Chem. Sci, 2025, 16, 19370-19380

active sites for the subsequent catalytic cycles. In fact, the
leaching-oxidizing-landing process not only indicates the role
of molecular oxygen in the heterogeneous mechanism but also
offers a comprehensive explanation for the migration of Pd
active sites.

The migration of the active catalytic site of Pd species

The migration of Pd during the SMCC reaction is a significant
phenomenon in heterogeneous catalysis, which has been
examined by several characterization studies.'®*® Actually, the
proposed landing-oxidizing-landing pathway effectively
accounts for the generation of new Pd active sites during the
SMCC reaction. Nevertheless, the detailed structural mecha-
nism of migration remains inadequately explained. To confirm
the migration of Pd active sites during the SMCC reaction, AMS
detection was conducted under air and nitrogen conditions.
The direct AMS detection of migration was conducted using
a previously reported device with slight modifications.* Briefly,
a quartz reaction cell with reactants continuously circulated was
constructed to magnify the migration tendency (Fig. 4A). To
evaluate the migration across a relatively long distance, two
catalysts, PdA@PWO and lacunary PWO, were respectively coated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Evaluation of migration of Pd species from Pd@PWO to lacunary PWO. (A) (i) Schematic illustration of the quartz reaction cell with reactant
flow-through. Two glass slides coated with Pd-free lacunary PWO and Pd@PWO catalysts were deposited on the bottom of the cell. (ii) DESI
instruments for detecting Pd-related species on two glass slides. (B) Picture of the quartz reaction cell with two sheets located on the cell bottom
15 mm apart. (C) MS spectra of the species on the glass slides with Pd@PWO and PWO before (i) and after the SMCC reaction in air (i) and nitrogen
(iii) for 2 h, respectively. Pink dashed frame: the characteristic peaks of lacunary PWO. Blue dashed frame: the characteristic peaks of Pd@PWO.

on two glass slides and positioned at the cell bottom about 15
mm apart. Subsequently, the reactants 2-bromopyridine and
phenylboronic acid were added in methanol and flowed from
the Pd@PWO side to the PWO side for the SMCC reaction
(Fig. 4B). To verify the proposed migration of Pd active sites
during the SMCC reaction, the catalyst on the surface of two
glass slides was directly detected by another AMS technique,
desorption electrospray ionization mass spectrometry (DESI-
MS), without any pretreatment.>** The solvent (water) was
electrosprayed onto the glass slides, and the deposited catalysts
(PA@PWO or lacunary PWO) were transported to the mass
spectrometer for analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Initially, we assessed the viability of detecting catalysts on
the glass slide using DESI-MS. As shown in Fig. 4C, before the
SMCC reaction, the main peak of Pd-related species [Pd(u)
PWy,050 + 2H]*™ (at m/z 928.40, calc. 928.39) was detected on
the PdA@PWO-coated side. While on the glass slide with the
lacunary PWO coating, only the ions of lacunary PWO ([PW;,03,
+4HJ*" at m/z 893.82, calc. 893.76, [PW,03, + 3H + NaJ*~ at m/z
900.72, calc. 900.75, and [PW,;0;35 + 2H + K + Na]’~ at m/z
913.70, calc. 913.74) were observed, and no Pd species was
identified. This confirms the successful construction of DESI-
MS evaluation systems.

Chem. Sci., 2025, 16, 19370-19380 | 19377
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To evaluate the oxygen-initiated landing of Pd species during
the migration process, the catalytic SMCC reaction was con-
ducted under nitrogen and oxygen conditions for comparison.
The reactants flowed from the PA@PWO side to the PWO side
during 2 h of the SMCC reaction in air, and then the two glass
slides were detected by DESI-MS. As displayed in Fig. 4C, no
significant ion of Pd species was observed on the glass slide
originally coated with Pd@PWO, which demonstrated the
leaching of Pd active sites, while the corresponding ions of Pd
species were detected on the lacunary PWO side ([Pd(i1))PW;,030
+ 2H]’™ at m/z 928.34, calc. 928.39 and [Pd(m)PW;030 + H +
Na]®~ at m/z 935.34, cale. 935.38). This experiment validated the
migration of Pd active sites, leaching from the PA@PWO side
and subsequently landing on the PWO side. Significantly, the
intensity of [Pd(n)PW1,059 + 2H]>” (at m/z 928.42) on the
Pd@PWO side dramatically decreased after the SMCC reaction
under nitrogen conditions, indicating that the leaching of Pd
also occurred in the absence of molecular oxygen. However, no
obvious Pd signal was found on the PWO side after the SMCC
reaction under nitrogen conditions (Fig. 4C), which indicated
no significant landing of Pd species under nitrogen conditions.
Consequently, the oxidizing effect of molecular oxygen is crucial
for the landing of Pd and further plays a significant role in the
migration of Pd active sites. In fact, molecular oxygen facilitates
the landing of Pd species back to lacunary PWO upon Pd**
coordination, leading to the migration of Pd active sites and
thereby maintaining efficient catalytic activity and the reus-
ability of PdA@PWO for the SMCC reaction.

Discussion

The homogeneous/heterogeneous paths in the SMCC reaction
catalyzed by a Pd SAC (Pd@PWO), supported by an anionic
ligand (Keggin-derived lacunary PW,;0;,” "), were investigated
by AMS monitoring. Although both of the homogeneous and
heterogeneous mechanisms have been studied previ-
ously,®****3° the dynamic changes and conversions of Pd-

19378 | Chem. Sci, 2025, 16, 19370-19380

species between the catalyst surface and liquid phase remain
ambiguous. Upon monitoring by AMS, intermediates on both
catalyst surfaces and in the liquid phase were captured and
analyzed. This study provides valuable structural information
on conversion of Pd-related species between homogeneous and
heterogeneous pathways, revealing the leaching-oxidizing-
landing process during the SMCC reaction.

Based on identifying intermediates on the catalyst surface
and in liquid phases, the leaching of Pd was confirmed under
nitrogen conditions. Comparison of leaching between the
SMCC reaction and the addition of only the oxidative reactant 2-
bromopyridine demonstrates that oxidative addition is not the
crucial step in Pd leaching. Oxidative addition products were
observed on the catalyst surface, and transmetallation products
were observed in the liquid phase rather than on the catalyst
surface. Therefore, the transmetallation process may play
a crucial role in Pd leaching. Under nitrogen conditions, the
leached Pd species follow a homogeneous path in the liquid
phase, resulting in poor reusability of PdA@PWO for the SMCC
reaction. Nevertheless, due to the technical limitations of the
AMS technique, it is not possible to determine the specific
mechanism of the reductive elimination process in the liquid
phase, since neutral leached Pd is difficult to be ionized for AMS
monitoring. Consequently, further studies on the generation of
Pd(0) species by reductive elimination are encouraged.

Molecular oxygen does not inhibit the leaching of Pd species
in the SMCC reaction under air conditions; rather, it occurs
concurrently with the transmetallation process. Furthermore,
molecular oxygen facilitates the rapid oxidation and landing of
the leached Pd species. In brief, molecular oxygen would further
trigger the oxidation of leached Pd(0) to Pd*", facilitating the
landing of the Pd active site by coordinating with lacunary PWO.
Due to the strong coordination ability of PWO, Pd is able to
quickly land back onto the catalyst surface after leaching,
resulting in excellent reusability and catalytic activity of
Pd@PWO. Given the requirement of anaerobic conditions in
the traditional reaction system, understanding this mechanism

© 2025 The Author(s). Published by the Royal Society of Chemistry
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will significantly advance the development of the SMCC reac-
tion under air conditions.

This leaching-oxidizing-landing mechanism effectively
explains the Pd migration during the SMCC reaction, which was
verified by DESI-MS detection. As demonstrated, only the
leaching process, but no landing behavior of Pd, was observed
under nitrogen conditions. While under air conditions, long-
distance migration (~15 mm) of Pd active sites was observed via
the leaching-oxidizing-landing process. Therefore, molecular
oxygen was demonstrated to facilitate the landing of leached Pd
species back to the catalyst surface, thereby supporting the
leaching-oxidizing-landing mechanism in the SMCC reaction.

Conclusions

In conclusion, AMS monitoring of the SMCC reaction catalyzed
by Pd@PWO suggested the leaching—oxidizing-landing process
of Pd, revealing the fundamental aspects of homogeneous/
heterogeneous pathways. Heterogeneous oxidative addition
between Pd(u) and Pd(wv) was performed on the surface of the
PAd@PWO catalyst (Fig. 5). Subsequently, Pd leaching occurred
concurrently with the transmetallation process, with reductive
elimination occurring in the liquid phase. Under nitrogen
conditions, the homogeneous path was employed by the
leached Pd species. This process exhibited low catalytic effi-
ciency and poor reusability of PA@PWO without Pd landing
back on the catalyst surface (Fig. 5). This limitation was effi-
ciently overcome in the presence of molecular oxygen. In this
way, the subsequent oxidation-landing process was initiated
under air conditions (Fig. 5). Significantly, molecular oxygen
facilitated the generation of Pd*>" in the liquid phase, which
could efficiently land back onto the catalyst surface. Further-
more, this leaching-oxidizing-landing mechanism effectively
explains the migration of Pd active sites on PA@PWO. The
unveiling of leaching-oxidizing-landing paths not only
provides new insights into the SMCC mechanism and catalyst
designs but also expands the application of AMS in mechanistic
investigations.
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