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ABSTRACT

Phosphine-based (PCP) palladium pincer complexes, renowned for their tunable steric and electronic properties, are effective

homogeneous catalysts but are prone to decomposition under the mild reductive conditions typical of cross-coupling reactions.

This decomposition can generate a mixture of metal complexes and nanoparticles, complicating the rationalization of the

catalytic outcome. Herein, a phosphinite Pd-POCOP-CI complex was used to synthesize silica-supported heterogenized pincer

complexes for the model arylation of p-bromostyrene with diphenyliodonium triflate, a reaction previously studied for its

homogeneous counterpart in a proposed Pd(II)/Pd(IV) cycle but underexplored in heterogeneous catalysis. The heterogenization
on SiO, produced surface complexes that evolved under reaction conditions, exhibiting a 15-fold higher catalytic activity than the
homogeneous Pd-POCOP-CI1 complex under similar conditions. This enhanced performance originated from the decomposition

of the surface complexes, even in non-reductive conditions, leading to Pd leaching into the solution and forming an inactive

PA(II) species grafted onto the solid support. This transformation was facilitated by surface hydroxyl groups on SiO,, ultimately

generating soluble Pd(0) species that retained phosphorus coordination before agglomerating into nanoparticles.

1 | Introduction

Since Shaw’s group’s pioneering work in the 1970s, palladium pin-
cer complexes have become indispensable in synthetic chemistry
due to their robust tridentate ligand framework, which confers
exceptional thermal stability, structural tunability, and reactivity
[1, 2]. Also, their air- and moisture-stability makes them more
practical and durable, allowing for effective transformations such
as cross-coupling reactions, C-H activations, and enantioselective
bond formations [3, 4]. Among these, cross-coupling reactions,
vital for C-C bond formation in organic synthesis, have benefited
extensively from these catalysts since Milstein et al.’s first Heck
reaction report [5], leading to their use in Suzuki-Miyaura [6-8],

Sonogashira [9,10], Stille [11], Negishi [12], and Hiyama couplings
[13], including carbonylative [14] and asymmetric versions [15].

A key aspect of these reactions is the role of the Pd pincer
complex in the general mechanism, which remains under debate
and is illustrated in Scheme 1 for phosphorus-carbon-phosphorus
(PCP) pincer complexes. Studies [16-18] indicated that under the
harsh conditions typical of the Heck reaction, that is, elevated
temperatures (> 100°C) in highly polar solvents, the Pd complex
decomposed. This normally irreversible process, driven by Pd-
C bond cleavage, generates Pd(0) species, including molecular
complexes, colloidal clusters, and nanoparticles (NPs). In such
cases, the pincer complex served only as a precursor of the actual
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SCHEME 1 | Pincer complexes, in situ generated species, and path-
ways in cross-coupling reactions.

active species, Pd(0), following a Pd(0)/Pd(II) cycle. Additionally,
the formation of palladium black [amorphous metallic Pd(0)],
resulting from the agglomeration of Pd(0) species, was commonly
observed as evidence of catalyst decomposition.

Other reports, however, suggested that pincer complexes were
preserved and followed a Pd(II)/Pd(IV) cycle, although such
examples remain rare in the literature [19, 20]. The introduction
of carbenes in the pincer architecture, for instance, provided more
stable Pd-C bonds, hindering the catalyst degradation into Pd(0)
species [21, 22]. Another approach to mitigate decomposition
involved conducting the reaction under an oxygen atmosphere,
when compatible with the used substrates [23]. It is worth
noting that the oxidation of Pd(II) to Pd(IV) in the Pd(II)/Pd(IV)
cycle is thermodynamically unfavorable and typically demands
strong oxidizing agents, such as hypervalent iodine reagents [24].
Nevertheless, some studies reported a Pd(II)/Pd(IV) cycle even
in the absence of oxidizing agents. As an example, a recent
investigation by Sabharwal et al. [25] supported the direct par-
ticipation of a phosphorus-nitrogen-nitrogen (PNN) Pd complex
in the Suzuki coupling of aryl halides with phenylboronic acids.
Using various analytical techniques and density functional theory
(DFT) calculations, the study proposed Pd(III) intermediates
that were integrated into a Pd(II)/Pd(IV) cycle. The reaction,
conducted in toluene at 110°C with 0.5 mol% catalyst, achieved
yields of 80%-99% after 18 h.

While conventional cross-coupling reactions have been exten-
sively studied, the use of strong oxidants to promote a pre-
dominant Pd(II)/Pd(IV) cycle remains relatively unexplored in
the literature. A notable example is the work of Aydin et
al. [26] using homogeneous catalysis, employing Pd PCP and
nitrogen-carbon-nitrogen (NCN) pincer complexes in the Heck-
type arylation of alkenes using iodonium salts as arylating
agents. Their approach demonstrated high chemoselectivity and
compatibility with sensitive functionalities such as allylic acetates
and aryl bromides. Catalyst integrity was confirmed via 3P
NMR and mercury-drop tests, ruling out the presence of active
Pd(0) species. The reaction achieved yields of 74%-99% using
5 mol% Pd in THF or acetonitrile at 50°C over 16 h. While
these conditions required a higher catalyst loading than conven-
tional Heck reactions, they enabled significantly milder reaction
temperatures [16].

Further insights into the Pd(II)/Pd(IV) pathway were provided
by Szabé [27], who investigated the oxidative addition of hyper-
valent iodonium salts to Pd(II) pincer complexes. This step was

identified as exothermic and irreversible, with a low activation
barrier dependent on the organic substituents. Such irreversibil-
ity facilitates key catalytic processes, including ligand exchange
and transmetallation, which enables the formation of stable
Pd(IV) intermediates and broadens the scope of Pd-catalyzed
transformations. Complementary findings by Canty and Ariafard
[28] highlighted the mechanistic complexity of Pd(II)/Pd(IV)
cycles, showing that NaHCO;, a commonly used base, can induce
a competing reduction pathway back to Pd(0) by attacking the
pincer ligand. This raises the possibility of Pd NPs formation
under these conditions, further complicating the mechanistic
landscape.

Beyond their role in homogeneous catalysis, significant research
has focused on the heterogenization of pincer complexes through
immobilization strategies to enhance catalyst separation and
enable continuous processing. These strategies have addressed
both non-covalent and covalent attachment to organic sup-
ports (e.g., polymers, resins, dendrimers) [29-31] and inor-
ganic supports (e.g., oxides, clays, carbon nanotubes) [32-34],
with covalent anchoring onto inorganic supports showing the
greatest promise for efficient catalyst recovery [35]. However,
immobilization further complicates cross-coupling reactions, as
the mechanistic role of the immobilized Pd catalyst remains
debated, involving both solid-phase and leached species. Some
studies suggested that immobilized complexes acted primar-
ily as Pd(0) reservoirs, releasing active species into solution
[36-38], while others provided evidence for genuinely het-
erogeneous catalytic mechanisms [39, 40]. Moreover, as in
homogeneous systems, heterogenized catalysts, including those
beyond the pincer family, often generate a complex mixture of
soluble molecular complexes, clusters, and nanoparticles due
to leaching, complicating the identification of the true active
species and hindering the rationalization of catalytic behavior
[41].

In the specific case of heterogeneous cross-couplings using
hypervalent iodonium salts as oxidizing arylating agents, Vadulla
et al. [42] explored a dopamine-functionalized Fe;0,-supported
Pd catalyst, achieving 65%-90% yield in the arylation of ter-
minal alkenes within 5 min under base-free conditions, with
no detectable leaching. Similarly, Perez et al. [43] developed a
Heck-arylation/cyclization method for 4-arylcoumarin synthesis
using PdO/Fe;0, catalyst, obtaining 40%-98% yield under mild
conditions. However, in this case, catalyst recyclability was
limited due to Pd reduction and iodine poisoning, with 4% Pd
leaching detected.

Here, we introduce a heterogeneous approach for the model
arylation of p-bromostyrene with diphenyliodonium triflate
under mild conditions, a reaction traditionally associated with
a Pd(II)/Pd(IV) cycle in homogeneous systems. We used a
phosphinite-based PCP Pd pincer complex, (Ph,PO),-C,H,-Pd-
Cl (referred to as Pd-POCOP-Cl), as a precursor for silica-
immobilized catalysts (denoted PCP-Pd/SiO,), containing 1 wt.%
Pd. We demonstrate that the interaction between the pincer
complex and the silica support in the reaction medium generates
highly active catalytic species that exhibit remarkable activity
even at low catalyst loadings. This work provides an investigation
into the nature, formation pathways, and catalytic behavior of
these active species.
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TABLE 1 | Optimization of the reaction conditions.

PCP-PdISiO,

Br

0.5 mol@®d)% O

y@ : S
Na2003 (1 equiv)

THF (0.1 M) 3 Q 1%

a equ,v) 50°C, 16h Ph,P—@d—"Ph,
cl
Pd-POCOP-CI

(0.1 mmol)

Entry Variation from “standard” conditions®* Yield 3"

1 None 62
2 Pd-POCOP-Cl instead of PCP-Pd/SiO, 4
3 SBA-15 instead of fumed SiO, 59
4 1.5 equiv of 2 65
5 NaHCO; instead of Na,CO, 63
6 NMP instead of THF 67
7 DMF instead of THF 31
8 2 equiv of base 61
9 room temperature instead of 50°C 15
10 1 mol% Pd instead of 0.5 mol% Pd® 35
1 argon atmosphere 58
12 PhI instead of Ph,IOTf traces
13 physical mixture of Pd-POCOP-Cl and 3

Si0, instead of PCP-Pd/SiO,

#Standard conditions: 0.5 mol% Pd, using a PCP-Pd/SiO, catalyst supported in
fumed AEROSIL SiO, with 1 equivalent of Na,CO; in THF (0.1 M) at 50°C for
16 h.

®Yield determined by GC-MS using naphthalene as internal standard. Only
minor traces of diarylated product were detected. The data corresponds to
the average of duplicate experiments, showing agreement within a 10% error
margin.

“Performed with twice the catalyst amount, while maintaining 1 wt.% Pd.

2 | Results and Discussion
2.1 | Catalytic Evaluation

The arylation of styrenes using iodonium salts has been exten-
sively investigated in literature in terms of substrate scope, includ-
ing variations in steric and electronic properties [24]. To enable
a focused and detailed comparison of the catalytic performance
of homogeneous and heterogeneous systems, we selected the
model reaction between p-bromostyrene and diphenyliodonium
triflate. The heterogenization of Pd-POCOP-CI was obtained by
producing a Pd/silica catalyst with 1 wt.% Pd loading by wet
impregnation in commercial silica (PCP-Pd/SiO,). The details of
catalyst preparation are presented in the Supporting Information.

Representative examples of reaction condition optimization are
summarized in Table 1, with additional conditions provided in
the Supporting Information (Table S1 and Figures SI and S2).
The optimal conditions using PCP-Pd/SiO, were determined
to be a reaction in THF at 50°C, employing 1 equivalent of
diphenyliodonium triflate and 1 equivalent of Na,CO; as the
base (entry 1). Under these conditions, the analysis by gas

chromatography-mass spectrometry (GC-MS) revealed a 62%
yield of p-bromostylbene as the primary product after 16 h, as
shown in the Supporting Information section (Figures S3-S5).
Under similar conditions, the homogeneous reaction (entry 2)
yielded only 4% of the product. Comparable results were obtained
using mesoporous SBA-15 as support (entry 3), indicating similar
catalytic species.

Increasing the amount of the arylating agent (Table 1, entry 4) or
replacing Na,CO; with NaHCO; (Table 1, entry 5) did not lead to
a significant improvement in product yield. Attempts to enhance
the reaction yield using other solvents commonly applied in
cross-coupling reactions resulted in only a slight improvement
for NMP (Table 1, entry 6) or reduced the yield by half for
DMF (Table 1, entry 7). Increasing the base equivalents also
had no noticeable effect on yield (Table 1, entry 8), consistent
with the limited solubility of the base in THF. Lowering the
reaction temperature to room temperature decreased the yield
to 15% (Table 1, entry 9). Doubling the catalyst loading (Table 1,
entry 10), by employing more catalyst yet maintaining 1 wt.%
Pd, unexpectedly reduced the catalytic efficiency, which could be
attributed to possible mass transfer limitations or to potential Pd
aggregation, already observed in other heterogeneously catalyzed
cross-coupling reactions [44]. Additionally, conducting the reac-
tion under inert argon atmosphere (Table 1, entry 11) similarly
showed no improvement in yield, suggesting that oxygen did
not play a significant role in the catalytic process. Replacing
the iodonium salt with iodobenzene (Table 1, entry 12) resulted
in only trace amounts of the product, indicating that the reac-
tion mechanism differs from the conventional Mizoroki-Heck
pathway.

Substituting the heterogeneous PCP-Pd/SiO, catalyst with a
physical mixture of the complex with the silica support (Table 1,
entry 13) yielded 3% of the desired product. This indicates a
distinct reaction pathway when the heterogeneous catalyst was
employed. Furthermore, as detailed in the Supporting Informa-
tion, even Pd(OAc), (Table S1), a commonly used Pd source for
such reactions, failed to efficiently catalyze the reaction under
these conditions. As shown, the heterogeneous PCP-Pd/SiO,
catalyst exhibited approximately 15 times higher yield than its
homogeneous counterpart, prompting a deeper investigation into
the catalyst’s structural nature and its evolution throughout the
reaction process.

2.2 | Catalyst Characterization

The heterogeneous catalyst was characterized to determine the
nature of the species formed following the impregnation process
of the Pd-POCOP-CI complex on SiO,, described in the Support-
ing Information. Scheme 2 illustrates the possible outcomes of the
wet impregnation process. One of them involves the formation
of a non-covalently immobilized Pd-POCOP-CI] complex (O1 in
Scheme 2), where the complex remained structurally intact and
stabilized through intermolecular interactions such as hydrogen
bonding and dispersion forces. Another scenario involves grafting
the complex onto the silica surface via substitution of the chloride
ligand with a siloxyl group derived from the abundant surface
hydroxyl groups of the support, resulting in a surface-anchored
complex (02 in Scheme 2). Additionally, the inherent tendency
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SCHEME 2 | Homogeneous Pd-POCOP-CI and possible heteroge-
nization outcomes (01-04) after wet impregnation on SiO,.
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*

A

solid Pd-POCOP-CI

PCP-Pd/SBA-15
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FIGURE 1 | 3'P NMR spectra for Pd-POCOP-CI (proton-decoupled,
CDClz, 25°C, 101.3 MHz), solid-state (CP-MAS, 243.2 MHz, 10 Hz
spinning) for Pd-POCOP-CI, PCP-Pd/SBA-15 heterogeneous catalyst, and
PCP-Pd/SiO, post reaction.

of Pd to undergo reduction, coupled with the oxidation of the
phosphine arm, could lead to partially decomposed species,
such as O3, which retained the structure of a metal complex.
Further decomposition could progress to the formation of Pd NPs,
accompanied by the oxidized phosphine form of the PCP ligand
(04 in Scheme 2).

Figure 1 presents the 3P NMR spectra of the Pd-POCOP-CI
complex in CDCI, solution, its solid-state form, a freshly prepared
heterogeneous catalyst, and a post-reaction catalyst. In solution,
Pd-POCOP-CI displayed a single sharp resonance at 143 ppm,

consistent with a well-defined pincer coordination environment.
In the solid state, two distinct signals appeared at 147.0 and
149.4 ppm, also exhibiting hyperfine coupling to 1®Pd, indicative
of preserved Pd-P coordination. The presence of two signals
may reflect distinct conformers or packing-induced distortions
in the solid lattice. After impregnation, these spectral features
were retained, indicating that the pincer coordination remained
intact in the supported material (see also Figure S8). A weak
additional resonance near 0 ppm emerged, which is likely
attributed to minor phosphine degradation, potentially arising
from the hydrolytic cleavage of the P-C bond. Similar patterns
have been observed in related immobilized Ir-POCOP-CO and Ir-
POCOP-ethylene systems [45], where the presence of spinning
sidebands for only some of the signals was associated with
the restricted mobility of the pincer complexes on the silica
surface. Importantly, the absence of a resonance around 30 ppm,
characteristic of the phosphine oxide derivative of the POCOP
ligand, suggests that oxidative degradation was minimal and that
the pincer scaffold remained largely intact after impregnation.
The 3'P NMR spectrum of the post-reaction PCP-Pd/SiO,, how-
ever, showed that the original high-field resonances disappeared,
replaced by two new signals at 23 and 4.5 ppm. These shifts were
consistent with the formation of adsorbed diphenylphosphine
oxide (Ph,P(O)H) and Pd(II)-phosphinate species, respectively, as
previously reported for decomposed Ir-POCOP-CI immobilized
in silica and alumina [46]. This transformation indicated that
the original PA-POCOP structure underwent extensive structural
changes during the catalytic process.

X-ray photoelectron spectroscopy (XPS) spectra of the Pd 3d
region of the Pd-POCOP-CI complex (Figure 2) present peaks
at 338.3 and 343.6 eV, corresponding to Pd 3ds, and Pd 3d;,,
contributions, respectively. The narrow peaks (FWHM Pd 3d;,, =
1.3 eV) indicate that the Pd chemical environment was homoge-
neous and consistent with a Pd(IT) oxidation state, with a binding
energy associated with a Pd-Cl bond [47, 48]. The XPS signals
for chlorine, phosphorus, carbon, and oxygen of the Pd-POCOP-
Cl complex are presented in Figure S6 and were consistent with
the molecular structure. Table S2 presents the surface atomic
concentration, confirming the expected molar ratio of Pd:P:Cl
as 1:2:1. In the case of the PCP-Pd/SiO,, XPS revealed two Pd
entities (Figure 2). The main peak, characterized by a maximum
at 338.5 eV, corresponds to the non-covalent immobilization of
the pincer complex (Scheme 1, O1). The presence of another peak
at 336.7 eV, however, demonstrated that a fraction of ca. 30% of
the Pd had a different coordination environment. The new peak
position was consistent with Pd(II) coordinated to oxygen [46,
48, 49], indicating that a fraction of the complex was grafted
onto the surface, as in the structure of O2 in Scheme 1. Previous
work demonstrated similar behavior for Ir-POCOP complexes,
in which both grafted and hydrogen-bonded complexes could
be detected during catalyst immobilization in silica [46]. The
broadening of the peaks also suggests that Pd was interacting
with the support, corroborating its immobilization on the surface
of SiO,. The XPS signals for chlorine and phosphorus in the
PCP-Pd/SiO, catalyst were below the detection limit due to the
high background signal generated by the SiO, support and could
not be analyzed. Additional XPS discussion of the other core
elements is provided in the Supporting Information (Section 4,
Table S2, Figures S6 and S7). As already pointed out by the
3P NMR, the XPS spectra of the post-reaction PCP-Pd/SiO,
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FIGURE 2 | Pd 3d XPS spectra of Pd-POCOP-CI, PCP-Pd/SiO,
(fresh), and PCP-Pd/SiO, post-reaction. The pink curve corresponds to
Pd(I1)-Cl species, while the gray represents Pd species coordinated to
oxygen atoms.

confirmed the complete transformation of the Pd species to the
Pd(IT) coordinated to an oxygen environment induced by the
reaction conditions.

CO adsorption/diffuse reflectance infrared spectroscopy (CO-
DRIFTS) was employed in the fresh PCP-Pd/SiO, catalyst to
verify the presence of metallic Pd species. The C-O stretching
frequency observed upon CO binding to Pd is highly sensitive
to the binding configuration and the specific Pd site involved,
providing a valuable probe for structural characterization. As
shown in Figure 3a, the surface complex remained stable during
the dehydration step to 150°C, a necessary preparation for CO-
DRIFTS measurements. Only bands corresponding to free CO,
originating from excess gas within the chamber, were detected,
with no evidence of chemisorbed CO (Figure 3b,c), indicating the
coordinative saturation of the species formed during the impreg-
nation step. These results further support the XPS and NMR
findings, confirming that the impregnation process preserved the
structural integrity of Pd-POCOP framework, while forming both
hydrogen-bonded complexes and physiosorbed species on the
surface, with no evidence of Pd NP formation.

2.3 | Mechanistic Studies

To gain deeper insight into how the immobilized complexes
contribute to the observed catalytic activity and the stability of the
catalyst in the reaction medium as a function of time, we moni-
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FIGURE 3 | CO DRIFTS spectra for the fresh PCP-Pd/SiO, catalyst
showing (a) in situ dehydration under heating, (b) CO chemisorption at
room temperature, and (c) CO desorption.

tored the reaction progress and correlated it with spectroscopic
data. UV-Vis absorption and liquid-phase 3P NMR spectra were
used to analyze aliquots at different time intervals after removal of
insoluble components. As shown in Figure 4a, the product yield
gradually increased, starting at approximately 38% yield after 1 h,
reaching 59% after 6 h, and stabilizing at 62% after 12 h.
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FIGURE 4 | (a)Reaction product yield over time. (b) UV-Vis absorp-
tion spectra of liquid aliquots collected during the arylation of p-
bromostyrene with diphenyl iodonium triflate using PCP-Pd/SiO, as the
catalyst (top) and separate reaction components (bottom).

Figure 4b presents the UV-Vis spectra of liquid aliquots during
the reaction, showing the evolution of the reaction medium over
time (top), and the spectra of separate reaction components and
homogeneous Pd-POCOP-CI complex (bottom). The spectrum of
Pd-POCOP-CI was characterized by two interligand 7—7* bands
at 232 and 246 nm, along with a ligand-to-metal charge transfer
(LMCT) band at 316 nm [50]. The spectra of the starting materials
and the product also exhibited strong m-7* transitions below
300 nm. For the reaction aliquots, a complex mixture of bands

16h

12h

"
2
"

‘ Pd-POCOP-CI

150 100 50 0 50 -100 -150
3P chemical shift, ppm

FIGURE 5 | 3'P NMR spectra at 500 MHz of the liquid samples in
CDCls, 25°C, during the arylation of p-bromostyrene and diphenyliodo-
nium triflate using PCP-Pd/SiO, as catalyst.

in the 300-350 nm range was observed, likely associated with
leached Pd(II) species. Among these, the 316 nm band remained
visible, suggesting that some species retain the pincer ligand as
Pd-POCOP-CL.

The formation of colloidal Pd clusters is typically evidenced in
UV-Vis spectra by the appearance of a shoulder in the 370-390 nm
region, corresponding to plasmon resonance excitation [51-53].
In our case, no distinct plasmon shoulder was initially observed
in this region. However, after 16 h of reaction, a pronounced
shoulder developed in this region, as highlighted in Figure 4b
(bottom), suggesting the gradual formation of Pd clusters over
time. Also, a marked darkening of the reaction medium was
observed, consistent with the formation of insoluble Pd black.
These observations suggest that colloidal Pd clusters form pro-
gressively during the reaction and eventually agglomerate into
larger, insoluble Pd black particles.

The same aliquots were submitted to 3P NMR analysis, shown
in Figure 5. After 1 h of reaction, the spectrum exhibited
a signal corresponding to leached Pd-POCOP-CI (143 ppm)
complex and two additional resonances at 124 and -26 ppm.
The signal at -26 ppm matched the presence of polyphos-
phates, likely originating from the condensation of leached
ligand decomposition products [54, 55]. This signal persisted
throughout the reaction. Despite extensive efforts to isolate the
species formed at the beginning of the reaction, we were unable
to satisfactorily assign a definitive structure to the 124 ppm
signal. Melero et al. [56] demonstrated that PCP pincer Pd
hydroxo complexes, in the presence of alcohols such as methanol
or isopropanol, form well-defined dimeric or polymeric Pd(0)
bridging complexes. Their study suggested that these species
arise from the decomposition of a Pd(IV) hydride interme-
diate, driven by the interaction with the hydroxyl groups of
the alcohol. This transformation was characterized by a 'P
NMR chemical shift, showing an 18-ppm downfield shift from
57 ppm in the Pd(IT) hydroxo complex to 39 ppm in the dimeric
Pd(0) complex. In Figure 5, the observed signal at 124 ppm
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was 19 ppm downfield from the homogeneous Pd-POCOP-CI
complex (143 ppm) and may correspond to the ~OPh,P-Pd(0)-
PPh,0- fragment. This indicated the formation of dimeric or
polymeric Pd(0) bridging complexes, as highlighted in gray
in Scheme 3, which is consistent with the NMR of other
complexes with similar structures [57, 58]. In contrast to the
homogeneous case [56], the surface hydroxyl groups of the

Proposed catalytic cycle for the arylation of p-bromostyrene and diphenyliodonium triflate using PCP-Pd/SiO, as catalyst.

support in our system likely played a role analogous to that of
alcohols.

Complementary inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis, recycling experiments, and a
hot filtration test were conducted throughout the reaction to
correlate the distribution of Pd between the solid and liquid
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FIGURE 6 | Reaction product yields as a function of the amount of
Pd leached into the solution over time.

phases with the observed catalytic activity. As shown in Figure 6,
a clear relationship was observed between product yield and the
extent of Pd leaching up to 16 h: higher levels of Pd leached into
solution corresponded to increased formation of p-bromostilbene.
Beyond this point, the product yield remained unchanged despite
continued Pd leaching. After 16 h of reaction, the residual
Pd content in the solid phase was 0.89 wt.%, consistent with
the amount detected in solution. Since the concentration of
dissolved Pd did not decrease thereafter, it could be inferred that
redeposition of Pd onto the solid support, commonly observed
in cross-coupling systems [59], did not take place under these
conditions. In this context, Tillou and Vannuci [60] recently
reported a similar case in which the catalytic activity of a Pd-NNN
pincer in benzyl alcohol hydrodeoxygenation was not inherent
to the complex itself. Instead, the complex first evolved into an
unsupported particulate catalyst, which subsequently acted as a
reservoir for leached Pd species.

A hot filtration test, depicted in Figure 7, was performed after 4 h
of reaction. Initially, a slight increase of about 2% in yield was
observed, after which the yield remained constant throughout
the reaction, suggesting that the solid phase is required to
generate the active forms. When recycled, however, the solid
material lost all catalytic activity after the first run, indicating
that the Pd retained in the solid at the end of the reaction
was no longer active. Taken together, these observations confirm
the substantial structural changes of the initial Pd species.
Although catalysis appears to be mainly driven by the fraction
of Pd leached into solution, the solid component is necessary
to progressively generate these soluble species. The leached Pd
likely undergoes aggregation in solution, as inferred from the
leaching experiments and from the fact that, after hot filtration,
the solution-phase species could not promote further reaction, yet
remained in the liquid phase according to the final Pd analysis of
the solid.

Additionally, to better understand the role of surface
hydroxyl groups in the catalyst structure and activity, we
partially substituted the free -OH groups on SiO, using

65

60

hot filtration

Yield (%)
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40-

35 L L L L L e e |
0 2 4 6 8 10 12 14 16 18

Time (h)

FIGURE 7 | Hot filtration test after 4 h reaction of the arylation
of p-bromostyrene and diphenyliodonium triflate using PCP-Pd/SiO, as
catalyst.

hexamethyldisilazane (HMDS) prior to Pd impregnation.
The Pd loading was kept constant at approximately 0.98 wt.%
Pd, as confirmed by ICP-OES. Two surface coverages were
tested: one with HMDS added to achieve a final 1:1 OH-to-Pd
molar ratio (PCP-Pd/SiO,_HMDS_1:1), and another with excess
HMDS to mask nearly all available surface hydroxyls (PCP-
Pd/SiO,_HMDS_exc). Under the optimized reaction conditions,
the PCP-Pd/SiO,_HMDS_1:1 catalyst showed a product yield of
38%, compared to 62% for the unmodified PCP-Pd/SiO, catalyst,
representing a 40% drop in the catalytic activity. With the PCP-
Pd/SiO,_ HMDS_exc catalyst, the yield dropped significantly
to just 8%, similar to that of the homogeneous complex or
its physical mixtures with the support. Inspection of the 2°Si
NMR spectra of the catalysts (Figure S9 and Table S3) revealed
that, even with excess HMDS, similar amounts of the reagent
were grafted onto the silica surface. In the solid-state 3'P NMR
spectra (Figure 8), in addition to the two signals observed in
both Pd-POCOP-CI and PCP-Pd/SiO, (as shown in Figure 1),
the HMDS-modified catalysts, PCP-Pd/SiO,_HMDS_1:1 and
PCP-Pd/SiO,_ HMDS_exc, displayed an additional, broader
resonance at approximately 144 ppm. This new signal suggests
the presence of a distinct coordination environment between
the complex and the support. Its higher intensity in the PCP-
Pd/SiO,_HMDS_exc sample implies that this species was more
prevalent when more HMDS was present in the medium, even if
not grafted onto the support. The 144-ppm signal appeared at a
chemical shift similar to that of the homogeneous Pd-POCOP-C1
complex in solution, suggesting the presence of metal species
with limited or no interaction with the support. This may result
from steric hindrance imposed by grafted HMDS groups or
residual silazane species loosely associated with the surface.
Although quantification of the individual species was not feasible
due to a low signal-to-noise ratio, the constant Pd content across
all samples allowed us to infer that this less-interacting species
competed with the formation of hydrogen-bonded or grafted Pd
complexes. The presence of the 144-ppm signal correlated with
the observed drop in catalytic performance indicates that the
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FIGURE 8 | Solid-state 3'P CP-MAS NMR spectra at 202.4 MHz
and 10 kHz spinning rate for PCP-Pd/SiO,, and surface-modified PCP-
Pd/SiO,_HMDS_1:1 and PCP-Pd/SiO,_HMDS_exc.

hydrogen-bonded (O1 in Scheme 2) or grafted complexes (02 in
Scheme 2) were responsible for catalytic activity. These results
strongly indicate that surface hydroxyl groups played a crucial
role in affecting the nature of the surface species formed and,
therefore, the catalytic outcome.

Building on the mechanism discussed in the literature for the
homogeneous case [24] and supported by our experimental
observations, we propose the catalytic cycle depicted in Scheme 3.
Choosing as a starting point the most abundant hydrogen-bonded
immobilized Pd-POCOP-CI pincer complex (Scheme 3, O1), the
cycle begins with it engaging in a Pd(II)/Pd(IV) cycle. Oxida-
tive addition of diphenyliodonium triflate generates the Pd(IV)
complex A, followed by styrene coordination and migratory
insertion, referred to as carbopalladation, yielding the cationic
Pd(IV) complex B. Subsequently, 3-hydride elimination converts
B into the Pd(IV)-hydride complex C. The deprotonation of C by
the Na,CO; base can restore the O1 species, closing the cycle.
This pathway, predominant for the homogenous Pd-POCOP-C1
complex [24], appears, however, to be less efficient under the
given conditions, as indicated by the low yields observed with the
Pd-POCOP-CI catalyst and its physical mixture with the support.

Consistent with the observations of Melero et al. [56], the Pd(IV)-
hydride complex C can decompose, releasing Pd(0) species into
solution and altering the surface composition. However, in our
system, small amounts of Pd were gradually leached during
the reaction, possibly in the form of dimeric (Scheme 3D) or
polymeric (Scheme 3E) PCP-bridging Pd(0) complexes. In the
solid phase, a mixture of adsorbed ligand decomposition prod-
uct Ph,P(O)H and Pd(II)-phosphinate species are progressively
formed. These species are catalytically inactive under the reaction
conditions, as proven by the recycling tests. In solution, the
leached Pd(0) complexes can further aggregate into small clusters
that remain catalytically active via a Pd(0)/Pd(IT) redox cycle.
These molecular or small Pd clusters are likely the most active
species under the reaction conditions. Over time, their evolution
and agglomeration resulted in the formation of Pd black, a visible

outcome during the reaction, and confirmed by the hot filtration
test. This generation of highly active molecular and nanosized
Pd species, arising from modifications of the initial solid catalyst,
highlights the intricate interplay between homogeneous and
heterogeneous pathways in the transformation.

3 | Conclusion

In this work, the heterogenization of a phosphinite-based PCP
pincer Pd complex on silica was shown to preserve the pincer
ligand coordination environment and the structural integrity of
Pd-POCOP moiety. The resulting PCP-Pd/SiO, catalyst consisted
predominantly of non-covalently immobilized species, with a
small fraction covalently grafted onto the surface, and no evi-
dence of metallic Pd. Under optimized conditions, catalytic
and mechanistic studies revealed that the heterogeneous system
outperformed its homogeneous analogue. This enhanced activity
correlated with the gradual formation of small amounts of soluble
Pd(0) species, in which the phosphine arms remained coordi-
nated, while the solid phase evolved into catalytically inactive
Pd(II)-phosphinate species and ligand degradation products upon
recycling. Additionally, surface hydroxyl groups on the silica
support were identified as key actors in mediating the formation
of the active species. Lastly, a catalytic cycle was proposed,
interconnecting Pd(II)/Pd(IV) and Pd(0)/Pd(II) pathways. These
findings emphasize the intricate interplay between the surface
complex and the support, highlighting the potential of surface
hydroxyl groups in the design of efficient heterogeneous catalysts
for redox transformations under mild conditions.
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