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redox-switchable behaviour of
a palladium(II)/(IV) couple†

Sebastián Mart́ınez-Vivas, Macarena Poyatos * and Eduardo Peris *

We report the preparation of two Pd(II) complexes based on (CCC)-pincer-NHC (NHC = N-heterocyclic

carbene) ligands. One of these complexes features an NDI unit (NDI = naphthalene-diimide) attached to

the CCC-pincer ligand. Reacting these complexes with bromine results in the formation of the

corresponding palladium(IV) complexes [PdBr3(NDI-CCC)] and [PdBr3(CCC)]. The NDI-containing pincer

complex exhibits a strong sensitivity to fluoride ions, which can induce a one-electron reduction of the

naphthalene-diimide moiety. We demonstrate that the addition of fluoride induces the reduction of the

NDI moiety via the formation of hydroxide anions, which are the effective reducing agents of the

process. The addition of fluoride significantly affects the reactivity of the NDI-containing palladium

complexes. For example, the palladium(IV) complex [PdBr3(NDI-CCC)] can transfer bromide to styrene in

a stoichiometric manner, but this reaction is inhibited in the presence of fluoride. Similarly, the

palladium(II) complex [PdI(NDI-CCC)] catalyzes the oxidative homocoupling of arylpyridines, but its

catalytic activity is quenched when excess fluoride is added. Notably, we demonstrate that this process

can be deactivated and reactivated by sequentially introducing an excess of fluoride and NOBF4,

revealing a rare instance of a redox-switchable process within a Pd(II)/Pd(IV) catalytic cycle. In contrast,

the (CCC)-pincer palladium(II) and (IV) complexes lacking the NDI unit show no sensitivity to fluoride. Our

study demonstrates that a simple reagent, such as the fluoride anion, can effectively modulate the

reactivity of the Pd(II)/Pd(IV) pair. More broadly, it shows that fluoride serves as a simpler alternative to the

metal-based reducing agents commonly used in redox-switchable catalysis.
Introduction

Palladium(IV) complexes have been increasingly recognized as
intermediates in many catalytic reactions,1 but these species
were initially viewed with skepticism owing to a lack of evidence
supporting their viability. This is because high-valent Pd
compounds were traditionally considered very unstable under
ambient conditions, as they tend to undergo rapid decompo-
sition via reductive elimination processes. Exploiting Pd(II)/
Pd(IV) catalysis brings new opportunities in terms of mecha-
nistic information and catalytic applications, because it
provides complementary reactivities that are unattainable for
Pd(0)/Pd(II) couples.2 Compared to Pd(0)/Pd(II) catalysis, Pd(II)/
Pd(IV) processes benet from the resistance of Pd(IV) species to
undergo b-H elimination, and because Pd(IV) compounds
tro de Innovación en Qúımica Avanzada
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undergo facile reductive elimination. This explains why high-
valent palladium complexes promote facile carbon–halogen
bond-forming reductive elimination, while this process is both
kinetically and thermodynamically unfavorable from Pd(II)
complexes. The impressive recent advances in Pd(II)/Pd(IV)
catalysis related to carbon–halogen bond formation3 and C–H
activation1b,4 have stimulated detailed studies to unveil the
factors that dictate the energetics of oxidative addition at pal-
ladium(II), and reductive elimination from palladium(IV)
complexes.1d,2,5

It is now widely recognized that Pd(IV) complexes can be
stabilized by using rigid multidentate strong electron-donating
ligands,2,6 among which bis-chelating3a,b and pincer NHC-
based5a,7 ligands (NHC = N-heterocyclic carbene) are gaining
increasing attention. We have been recently interested in
studying how oxidative addition processes at NHC-based pincer
rhodium(I) complexes can be controlled by using supramolec-
ular interactions,8 or by the addition of halides.9 In particular,
we observed that pincer-NHC-based ligands functionalized with
naphthalene-diimides (NDIs) are highly sensitive to the addi-
tion of uoride or chloride,9,10 and this has a strong inuence on
the catalytic performance of their related metal complexes. Our
studies were based on the fact that NDI-containing compounds
are known to engage in strong anion–p interactions,11 thus we
Chem. Sci., 2025, 16, 6257–6264 | 6257

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc08203f&domain=pdf&date_stamp=2025-04-05
http://orcid.org/0009-0008-4938-4099
http://orcid.org/0000-0003-2000-5231
http://orcid.org/0000-0001-9022-2392
https://doi.org/10.1039/d4sc08203f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08203f
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016015


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
6/

10
/2

02
5 

2:
17

:4
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
initially hypothesized that the combination of pincer ligands
with NDIs should constitute an effective way of designing anion-
sensitive pincer ligands, which could be further used for
approaching new catalytic transformations or for facilitating
the stabilization of metal complexes in high oxidation states. In
two previous studies, we demonstrated how the addition of
halides can be used to modulate the electron-donating strength
of NDI-functionalized bis-NHC pincer ligands, thereby inu-
encing the electron richness of the metal centers to which they
are bound.9,10 Building on this foundation, we now synthesized
two NDI-functionalized (CCC)- and (CNC)-NHC-based pincer
complexes of Pd(II), and approached the preparation of their
related Pd(IV) complexes by oxidation with molecular bromine.
We thought that the stability conferred to the Pd(IV) complex by
the rigid NDI-functionalized tridentate pincer ligand could be
modulated by increasing the electron donating strength of the
ligand by addition of the uoride anion.9 As we describe herein,
the reactivity and catalytic properties of the reported NDI-
functionalized pincer complexes of Pd(IV) are highly inu-
enced by the addition of uoride.
Results and discussion

Scheme 1 shows the synthetic procedure for the preparation of
the three Pd(II) bis-NHC complexes 4–6, which are described in
the present study. The NDI-functionalized (CCC)-pincer palla-
dium complex 4 was obtained by reaction of the NDI-
substituted phenyl bisimidazolium salt [1](I)2 with palladium
acetate in the presence of sodium acetate in DMSO at 140 °C
(40% yield). By using the same synthetic procedure, but using
the methyl-substituted phenyl-bisimidazolium salt [2](I)2,
(CCC)-pincer complex 5 was obtained in 45% yield. The (CNC)
pincer complex 6 was prepared by reacting the pyridyl-
bisimidazolium salt [3](I)2 with silver oxide in CH2Cl2, and
then by transmetalating the in situ preformed silver-NHC
complex with [PdCl2(COD)] in the presence of Na(BArF4). All
three Pd(II) complexes were characterized by NMR spectroscopy
and mass spectrometry (see the ESI† le for full details). All
three complexes are very stable in solution and in the solid state
for long periods of time.

The structure of the (CNC)-pincer complex 6 was further
veried by single crystal X-ray diffraction studies (Fig. 1). The
Scheme 1 Synthesis of pincer-bis(NHC) Pd(II) complexes.

6258 | Chem. Sci., 2025, 16, 6257–6264
structure shows the pincer coordination of the pyridyl-bis-NHC
ligand, which establishes a Pd–N distance of 1.995(6) Å, and Pd–
C distances of 2.044(8) and 2.061(7) Å. The angle between the
plane formed by the pincer ligand and the NDI moiety is 67.75°.
The longer axis of the NDI moiety and the Cl–Pd–N axis estab-
lish an angle of 163.54°, thus slightly deviating from linearity.

In order to prepare the related pincer complexes of Pd(IV),
three equivalents of Br2 were added to solutions of complexes 4–
6 in CH2Cl2, and the resulting mixtures were allowed to react for
ve minutes at room temperature (see Scheme 2). Under these
mild reaction conditions, both 4 and 5 evolved to their related
Pd(IV) tribromide complexes 7 and 8, which were obtained in
very high yield (>80%). These tribromide complexes were ob-
tained regardless of the presence of the iodo ligands in 4 and 5.
The NDI-containing pincer complex of Pd(IV) 7 was also ob-
tained from the preformed pincer Pd–Br complex 9, which was
obtained at room temperature by reaction of 4 with an excess of
NaBr in acetone. Complexes 7 and 8 were characterized by NMR
spectroscopy and mass spectrometry (see the ESI† le for full
details). Complex 7 showed great stability in the solid state and
in solution, while 8 tended to decompose at room temperature
in hours in a solution of chlorinated solvents such as CHCl3 or
CH2Cl2. The (CNC)-pincer palladium(II) complex 6 did not
produce the desired Pd(IV) complex under these reaction
conditions, or even when the reaction was allowed to proceed
for a longer reaction time or at higher temperatures. While all
Pd(II) complexes 4–6 contain rigid strong electron-donating
pincer bis-NHC ligands, the unattainability of the targeted
Pd(IV) from 6 is most likely related to the lower electron richness
of the metal center due to the cationic nature of the complex.
This may also be the reason why Pd(IV) with (CNC)-pincer bis-
NHC complexes have not been reported so far.

The molecular structure of 7 was conrmed by means of
single crystal X-ray diffraction studies. The structure (Fig. 2)
consists of a phenylene-bis-imidazolylidene ligand with an
appended NDI moiety coordinated to palladium in a pincer
fashion. Three bromo ligands complete the pseudo-octahedral
coordination sphere about the palladium center. The NDI
moiety is disposed in a quasiperpendicular orientation with
respect to the equatorial plane of the complex, as shown by the
angle established between these two planes, which measures
82.5°. The Pd–Ccarbene distances measure 1.966(9) and 2.074(8)
Å, while the Pd–Br distances are 2.4694(11), 2.4619(12) and
2.5649(12) Å, the latter one being the one assigned to the bromo
Fig. 1 Molecular structure of complex 6. Hydrogen atoms and
counter anion (BArF4) are omitted for clarity. Carbon atoms in grey,
palladium in blue, nitrogen atoms in red, chlorine atom in yellow and
oxygen atoms in green.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Oxidation of Pd(II) complexes with bromine.

Fig. 2 Molecular structure of complex 7. Hydrogen atoms and solvent
molecules (CH2Cl2) were omitted for clarity. Carbon atoms in grey,
palladium in blue, nitrogen atoms in red, oxygen atoms in green and
bromine atoms in brown.

Fig. 3 Selected region of the 1H NMR spectra of complex 7 in DMSO-d6
upon the addition of increasing amounts of TBAF$3H2O showing the
formation of the Pd(II) complex 9, and finally the paramagnetic species
9c−. Subsequent addition of NOBF4 reoxidizes 9c− to 9 (bottom
spectrum).
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ligand trans to the phenylene ring, whose longer distance is
attributed to the trans inuence exerted by the aryl ligand.

Given that NDIs are known to be sensitive to the addition of
halides, we decided to compare the reactivity of 7 and 8 towards
the addition of tetrabutyl ammonium uoride (TBAF). It is well
known that the addition of uoride to NDI induces the reduc-
tion of NDI to the radical anion NDIc− and sometimes to the
dianion NDI2−.12 During some time the ability of uorides to
reduce NDIs was a matter of controversy, but some detailed
studies by Gabbai and co-workers proposed that, in the pres-
ence of solvents with protons (e.g. acetonitrile, DMSO, DMF),
the deprotonated solvent is the actual electron donor for the
reduction of NDI.12b More recently, two independent studies by
Ghosh12d and Tam and Xu12e proved that, in the absence of
protic solvents, uoride reacts with water (coming from
commercial TBAF$3H2O) forming the very stable diuoride
anion HF2

−. The OH− anion thus produced forms an anion–p
complex with the NDI unit, and then the electron transfer from
OH− to NDI is produced facilitating the formation of NDIc− and
nally NDI2−.12d
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 3 shows the series of spectra obtained from the reaction
of complex 7 upon addition of increasing amounts of TBAF in
DMSO-d6. As can be observed from these spectra, the addition
of TBAF produces the gradual formation of Pd(II) complex 9.
Four equivalents of TBAF are needed for the complete trans-
formation of 7 into 9. This stoichiometry is consistent with
previous studies that suggest that two equivalents of uoride
are needed to deprotonate water to form OH− and HF2

−, with
OH− performing the electron transfer process to NDI.12b,d,e As
two electrons are needed in the reduction of Pd(IV) to Pd(II), the
whole reduction process requires four equivalents of uoride.
Further addition of TBAF (ve equivalents) results in the
disappearance of the proton resonances due to the formation of
a paramagnetic species, which can be attributed to the reduc-
tion of the NDI unit to NDIc− radical in 9c−. Subsequent addi-
tion of two equivalents of NOBF4 allowed the reoxidation of 9c−

to 9 (Fig. 3, bottom spectrum), thus showcasing the reversibility
of the process.

Under the same conditions, the addition of increasing
amounts of TBAF over a DMSO-d6 solution of Pd(IV) complex 8
showed that this Pd(IV) is perfectly stable in the presence of
uoride (no changes were observed in the resulting 1H NMR
spectra, see Fig. S41 in the ESI† for details), thus indicating that
the presence of the NDI unit is needed to induce the reduction
of Pd(IV) to Pd(II). To determine whether a direct connection
between the NDI unit and the metal center is required for the
reduction of Pd(IV), we conducted an experiment in which an
equimolar mixture of compound 8 and N,N0-di-(1-ethylpropyl)-
naphthalene-diimide was reacted with four equivalents of
TBAF in DMSO-d6. The

1H NMR spectra revealed that the reso-
nances of the NDI protons disappeared, indicating the forma-
tion of NDIc−. However, the signals corresponding to
compound 8 remained unchanged (see Fig. S42 in the ESI† for
Chem. Sci., 2025, 16, 6257–6264 | 6259
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Fig. 4 (a) UV-Vis-SEC monitoring reduction of 4 in dry DMSO (0.25 M
[N(nBu)4][PF6]). The solid lines represent the UV-Vis spectra of
complex 4 (grey), the partial formation (red) and the complete
formation (blue) of the one-electron reduced species 4c−. (b) UV-Vis
spectroscopic changes in the spectrum of 4 observed upon the
addition of different amounts of TBAF$3H2O [0 equivalents of TBAF
(grey); 5 equivalents of TBAF (red); 10 equivalents of TBAF (blue)].
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details). This control experiment demonstrates that a direct
connection between the NDI unit and the metal is essential for
Pd(IV) reduction, and that the electron transfer between the NDI
unit and the metal is intramolecular.

In contrast, when either compound 8 or compound 7 was
reacted with two equivalents of cobaltocene (Cp2Co), both
complexes were readily reduced to their corresponding Pd(II)
forms, the bromo-analogue of 5 and 9, respectively (see Fig. S43
in the ESI for details†). Further addition of two equivalents of
Cp2Co to compound 9 led to the reduction of the NDI moiety,
forming 9c−. These experiments highlight that, while Cp2Co
promotes the indiscriminate reduction of both Pd(IV)
complexes, TBAF can be used as a more selective additive to
reduce only those complexes containing the NDI unit.

In order to shed some light into the mechanism of the
reduction of the NDI-containing Pd(IV) complex 7 into the Pd(II)
complex 9, we performed a series of electrochemical and spec-
troelectrochemical studies. The cyclic voltammetry of complex 7
shows one irreversible cathodic peak at −0.502 V (vs. Fc+/Fc),
and two reversible waves at −1.00 and −1.44 V (see Fig. S31 and
S32 in the ESI† for details). The rst reduction event at−0.502 V
is attributed to the one electron reduction of the palladium(IV)
center, while the two reversible waves at more negative poten-
tials are due to the one- and two electron reductions of the NDI
unit. This experiment indicates that, as the HOMO level of
NDIc− lies above the LUMO of Pd(IV), once the uoride anion
induces the reduction of NDI, then an electron transfer occurs
between NDIc− and themetal center facilitating the reduction of
Pd(IV). In the absence of the NDI unit, this process does not
occur, and this explains the absence of reactivity between 8 and
uoride.

In order to conrm that the addition of uoride induces the
reduction of the NDI unit, we compared the series of spectra
resulting from the UV-Vis spectroelectrochemical (SEC) experi-
ments, and from the UV-Vis titration of 4 with TBAF in DMSO.
The spectra resulting from both experiments are shown in
Fig. 4. As can be observed from Fig. 4a, the UV-vis spectrum of
complex 4 shows a vibronically-resolved band centered at
380 nm, which is attributed to transitions centered at the NDI
unit. Upon applying a negative potential of −1200 mV, this
band reduces its intensity and new featureless bands centered
at 470 and 620 nm appear, which are consistent with the
appearance of the one-electron reduced species [PdI(CCC-
NDIc−)] (4c−). When more negative potentials are applied (Vap =
−1600 mV), a further decrease of the intensity of the band at
380 nm is observed, with the concomitant appearance of two
bands at 710 and 770 nm, thus conrming the complete
formation of 4c−. A very similar situation is produced when
uoride is added over a solution of 4 in DMSO. As can be
observed in Fig. 4b, the addition of ve equivalents of TBAF
produced a species whose UV-Vis spectrum is quasi-identical to
that obtained from the electrochemical one-electron reduction
of 4, thus strongly suggesting that [PdI(CCC-NDIc−)] (4c−) was
formed. Further addition of TBAF (up to 10 equivalents) results
in the quantitative formation of (4c−). This experiment shows
that the NDI unit at 4 can be reduced by one electron upon
addition of a large excess of uoride, in agreement with
6260 | Chem. Sci., 2025, 16, 6257–6264
previous studies.12d,e In order to check if the addition of OH−

anions would produce a similar effect on the reduction of the
NDI unit, we also carried out a reaction between 4 and TBAOH.
As can be observed in Fig. S38 of the ESI,† the addition of two
equivalents of TBAOH to a DMSO-d6 solution of 4 results in the
disappearance of the proton resonances due to the formation of
a paramagnetic species, whose UV-Vis spectrum matches
perfectly with that of 4c−. This experiment aligns with all
previous studies suggesting that the reduction of the NDI unit
by the uoride anion proceeds through the OH−–p complex
with the NDI moiety.12b,d,e

We next decided to evaluate the effect of the addition of
uoride on the bromine transfer reaction to styrene. The stoi-
chiometric halogen transfer reactions from Pd(IV) halide-
containing complexes to olens and alkynes have been previ-
ously reported by Kra3a,b and Guo,5a and constitute a process
that exemplies the high tendency of Pd(IV) complexes to form
carbon–halogen bonds. The reactions were carried out in
a sealed NMR tube at 80 °C in CDCl3, using an excess of 5
equivalents of styrene, and the conversion was determined by
1HNMR spectroscopy based on the formation of the corre-
sponding Pd(II) complexes and in the formation of the related
amount of 1,2-dibromoethylbenzene. As can be observed from
the time-dependent reaction proles shown in Fig. 5, aer 10 h
of reaction the bromine transfer process is produced in 70% for
complex 7, while complex 8 only reaches 50% conversion. More
interesting is the fact that, in the presence of ve equivalents of
TBAF, the NDI-containing Pd(IV) complex 7 does not cause the
formation of 1,2-dibromoethylbenzene, while under the same
reaction conditions 8 shows exactly the same bromination
capacity as in the absence of TBAF. This result shows that the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Time-dependent reaction profiles of the bromine transfer
reaction from (a) complex 7 and (b) complex 8, to styrene. The reac-
tions were monitored by 1H NMR spectroscopy, by recording the
corresponding spectra every 5 minutes. The red empty dots represent
evolution of the reaction carried out in the absence of fluoride. The
blue triangles in (b) represent the evolution of the reaction in the
presence of 5 equivalents of TBAF for the reaction carried out with 8.
Addition of 5 equivalents of TBAF to the reaction performed with 7
shows no formation 1,2-dibromoethylbenzene.
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bromination abilities of 7 can be quenched in the presence of
the uoride anion, as a consequence of its reduction from Pd(IV)
to Pd(II).

We also wanted to test if the addition of uoride could have
any effect on the catalytic properties of the two Pd(II) complexes
under study. As a model reaction, we studied the oxidative
homocoupling of 2-arylpyridines. This reaction has been
studied for almost two decades using Pd,13 Cu,14 Ru15 and Co16-
based homogeneous catalysts in combination with various
oxidants. The process is considered to be the rst evidence of
a Pd(IV) mediated C–H bond activation.13a Based on the well-
accepted mechanism for the Pd-catalysed dehydrogenative
homocoupling of aryl-pyridines, the reaction proceeds through
a Pd(II)/Pd(IV) mechanism which involves two distinct C–H
activation steps [one at Pd(II) and the other at Pd(IV)] followed by
the reductive elimination of the nal homocoupled product.13a

We rst performed the reactions at room temperature using
catalysts 4 and 5 (5 mol%) using a 0.11 M solution of 2-phe-
nylpyridine in CD3CN, and using NO+BF4

− and I2 as oxidants to
promote the Pd(II)–Pd(IV) step. Neither of these two oxidants
facilitated the homocoupling process under these reaction
conditions. Then, we performed the reactions using complexes
4 and 5 as catalysts under the same reaction conditions using
selectuor (0.66 mmol) as oxidant. We decided to use
© 2025 The Author(s). Published by the Royal Society of Chemistry
selectuor because this reagent has been used widely as an
oxidant of transition metals, especially for facilitating catalytic
processes involving selective oxidative C–H functionalization,17

and it has also been used to facilitate the oxidative homocou-
pling of arenes using palladium(II) complexes with pincer-type
ligands.18 As mentioned before, all reactions were performed
at room temperature and their progress was monitored by 1H
NMR spectroscopy. Under these conditions, the reactions fol-
lowed zeroth order kinetics with respect to phenyl-pyridine (see
Fig. S47 in the ESI† for details). This most likely indicates that
the substrate is coordinated to the metal in the resting state of
the process, and that the product is not released from the
coordination sphere of the complex in the rate-determining
step (RDS) of the cycle. With this data in hand, the oxidation
from Pd(II) to Pd(IV) is most likely the RDS of the catalytic cycle.
Analysis of the reaction rates at three different catalyst
concentrations allowed us to determine that the reaction
follows rst order kinetics with respect to the catalyst (see Fig.
S46 in the ESI† for details). Complexes 4 and 5 show quasi-
identical reaction rates for the dimerization of 2-phenyl pyri-
dine [(2.8 ± 0.1)× 10−6 and (3.0± 0.1) × 10−6 M s−1, for 4 and 5
respectively]. We next wanted to test the effect of the addition of
TBAF on the reaction rate of this process. The reactions were
performed using both catalysts 4 and 5, under the same stan-
dard reaction conditions (5 mol% of catalyst loading, room
temperature in CD3CN), but with the addition of ve equiva-
lents of TBAF with respect to the catalyst. As can be observed in
the reaction proles shown in Fig. 6a and b, the addition of
TBAF on the reaction carried out with 5 did not have any effect
on the reaction rate, while the rate for the reaction carried out
with the NDI-appended catalyst 4 was reduced by a factor of 0.5
when 5 equivalents of uoride were added. This partial inhibi-
tion of the catalytic activity of 4 could be due to the partial
reduction of the NDI moiety of the catalyst, in agreement with
the UV-Vis spectroscopic changes observed upon addition of
uoride as discussed above (Fig. 4b), which showed that the
addition of 5 equivalents of TBAF was not enough to produce
the complete reduction of NDI. With this result in hand, we
performed another reaction using catalyst 4 and added ten
equivalents of TBAF. Under these reaction conditions, the
catalytic activity of 4 was almost completely quenched, as the
reaction rate is ve times slower than in the absence of uoride,
as can be observed in Fig. 6b.

Finally, we wanted to see if the inuence of uoride addition
on the activity of 4 was reversible. In order to do this, we per-
formed an experiment in which we followed the homocoupling
of 2-phenylpyridine using catalyst 4, and then we sequentially
added ten equivalents of TBAF and NO+BF4

−. As can be
observed in the reaction prole shown in Fig. 7, the addition of
TBAF induced the complete inhibition of the activity of the
catalyst, which was fully recovered aer addition of ten equiv-
alents of NO+BF4

−. With these results in hand, a question that
remains is whether the catalytic switchable behavior is facili-
tated by the NDIc−/NDI redox couple or the Pd(II)/Pd(IV) couple,
as the process is facilitated by sequentially adding a reducing
agent (or in this case uoride, which acts as a proxy of
a reducing reagent), and an oxidant (NO+) which, in principle,
Chem. Sci., 2025, 16, 6257–6264 | 6261
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Fig. 6 Time-dependent reaction profiles of the catalytic dehydro-
genative homocoupling of 2-phenylpyridine using 5 (a) and 4 (b) as
catalysts. Red empty dots represent the profiles for the reactions using
the catalysts (5 mol%) in the absence of additives. Blue solid dots and
green squares represent the profiles for the reactions carried out with
the catalyst +5 and +10 equivalents of TBAF, respectively. All reactions
were performed in CD3CN at room temperature, and the evolution
was monitored by 1H NMR spectroscopy.

Fig. 7 Time-dependent reaction profile of the catalytic dehydrogen-
ative homocoupling of 2-phenylpyridine initiated with 4 as catalyst
(5 mol%), and then deactivated and re-activated by sequentially adding
TBAF (10 equivalents with respect to the catalyst) and NO+BF4

− (10
equivalents with respect to the catalyst). The reaction was performed
in CD3CN at room temperature. Product yields determined by 1H NMR
spectroscopy.
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could have an effect on both redox pairs. The answer to this
question can be found in the following experimental results: (i)
the inhibition of the activity of the catalyst is explained as
a consequence of the one-electron reduction of the NDI moiety
at the catalyst, which avoids the formation of the Pd(IV) species
(catalyst 5, lacking the NDI unit, is not affected by the addition
of uoride); (ii) the recovery of the activity of the catalyst aer
the addition of NO+BF4

− is due to the reoxidation of the NDIc−

radical formed aer addition of uoride, because NO+ is not
6262 | Chem. Sci., 2025, 16, 6257–6264
a strong enough oxidant to facilitate the Pd(II)–Pd(IV) step (as we
mentioned before, the homocoupling reaction does not work
when NO+ alone is used as an oxidant); (iii) selectuor, while
being an oxidant, does not seem to react with the one-electron
reduced NDI unit, as it is not consumed aer addition of ten
equivalents of TBAF; and (iv) aer reactivating the catalyst upon
addition of NO+BF4

−, the Pd(II)–Pd(IV) step of the catalytic cycle
is facilitated by selectuor, which remains the active transition
metal oxidant. All this means that all the uoride-induced
redox-switchable properties of 4 are centered at the NDI unit
rather than at the Pd center.

In order to further explore the scope of 4 in the coupling of
aryl-pyridines, we also tested its activity in the homocoupling of
substituted phenyl pyridines, such as 2-(p-tolyl)-pyridine and 2-
(p-methoxyphenyl)-pyridine and also phenanthroline, where it
produced the expected homocoupling products with yields
ranging from 80–90% aer 12 h of reaction, except for 2-(p-
tolyl)-pyridine, which was converted into its dimer in only 52%
yield.

Conclusions

In summary, we synthesized three different bis-NHC-based
pincer complexes of Pd(II) and demonstrated how oxidation to
their corresponding Pd(IV) complexes was strongly inuenced
by the type of pincer ligand coordinated to the metal. The
neutral Pd(II) complexes with a phenylene-bis-NHC pincer
ligand were easily oxidized to their related [PdBr3(CCC)] Pd(IV)
complexes upon reaction with Br2. In contrast, the Pd(II)
complex with a pyridyl-bis-NHC pincer ligand showed limited
oxidation to Pd(IV), likely due to the lower electron richness of
the metal in the cationic complex.

We also investigated the reactivity of the [PdBr3(CCC)] Pd(IV)
complexes, which varied signicantly depending on whether
the (CCC)-pincer ligand was attached to an NDI unit or not.
Upon the addition of an excess of uoride, the NDI-containing
complex 7 was rapidly reduced to its corresponding Pd(II)
complex 9, with the formula [PdBr(NDI-CCC)]. In contrast,
compound 8, which lacks the NDI unit, remained stable even in
the presence of an excess of uoride. The sensitivity of 7 to
uoride was further demonstrated in two model reactions with
organic substrates. The bromine transfer from 7 to styrene was
completely inhibited by an excess of uoride, and while both 4
and 5 were active catalysts in the dehydrogenative homocou-
pling of 2-arylpyridines, only the activity of 4was inhibited by an
excess of uoride.

These observations suggest that uoride induces the reduc-
tion of the NDI unit in the catalyst, which is followed by two
successive electron transfers from the NDI anion (NDIc−) to
Pd(IV), leading to the reduction of Pd(IV) to Pd(II). It is also
important to note that, consistent with previous studies,12b,d,12e

our work provides additional experimental evidence supporting
the idea that uoride anions reduce NDI through the formation
of hydroxide anions. These hydroxide anions then form an
OH−–p complex with the NDI moiety, facilitating electron
transfer from OH− to NDI and promoting the formation of the
NDIc− radical.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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In practical terms, our ndings demonstrate that the redox
transition between the Pd(II)/Pd(IV) couple can be easily modu-
lated by adding uoride to NDI-containing complexes,
providing a novel approach to control this critical chemical
step. Additionally, our results highlight how combining NDI
units with metal complexes can reveal new reactivity patterns
that have yet to be explored. This method offers a simpler
alternative to traditional metal-based reducing agents and may
pave the way for applications in adaptive catalysis and sensor
development.

Finally, we demonstrated that the catalytic activity of the
NDI-containing catalyst 4 could be switched on and off by
sequentially adding excess uoride and NO+BF4

−. To the best of
our knowledge, this is the rst example of switchable catalysis
based on a Pd(II)/Pd(IV) cycle. Furthermore, this sequence
represents one of the rare instances of a halide-induced redox-
switchable process, a phenomenon previously reported only
once.10
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providing spectroscopic facilities.

Notes and references

1 (a) A. J. Hickman and M. S. Sanford, Nature, 2012, 484, 177;
(b) J. J. Topczewski and M. S. Sanford, Chem. Sci., 2015, 6, 70;
(c) P. Sehnal, R. J. K. Taylor and I. J. S. Fairlamb, Chem. Rev.,
2010, 110, 824; (d) L. M. Xu, B. J. Li, Z. Yang and Z. J. Shi,
Chem. Soc. Rev., 2010, 39, 712.

2 B. Zhang, X. C. Yan and S. Guo, Chem.–Eur. J., 2020, 26, 9430.
3 (a) A. S. McCall, H. W. Wang, J. M. Desper and S. Kra, J. Am.
Chem. Soc., 2011, 133, 1832; (b) A. S. McCall and S. Kra,
Organometallics, 2012, 31, 3527; (c) T. Liang,
C. N. Neumann and T. Ritter, Angew. Chem., Int. Ed., 2013,
52, 8214; (d) T. Furuya, A. S. Kamlet and T. Ritter, Nature,
2011, 473, 470; (e) T. Furuya, H. M. Kaiser and T. Ritter,
© 2025 The Author(s). Published by the Royal Society of Chemistry
Angew. Chem., Int. Ed., 2008, 47, 5993; (f) T. Furuya and
T. Ritter, J. Am. Chem. Soc., 2008, 130, 10060; (g) T. Furuya,
D. Benitez, E. Tkatchouk, A. E. Strom, P. P. Tang,
W. A. Goddard and T. Ritter, J. Am. Chem. Soc., 2010, 132,
3793.

4 (a) T. W. Lyons and M. S. Sanford, Chem. Rev., 2010, 110,
1147; (b) K. Yamamoto, J. K. Li, J. A. O. Garber, J. D. Rolfes,
G. B. Boursalian, J. C. Borghs, C. Genicot, J. Jacq, M. van
Gastel, F. Neese and T. Ritter, Nature, 2018, 554, 511; (c)
D. C. Powers, D. Y. Xiao, M. A. L. Geibel and T. Ritter, J.
Am. Chem. Soc., 2010, 132, 14530.

5 (a) X. Yan, H. Wang and S. Guo, Angew. Chem., Int. Ed., 2019,
58, 16907; (b) M. Nappi and M. J. Gaunt, Organometallics,
2019, 38, 143.

6 J. Vicente, A. Arcas, F. Julia-Hernandez and D. Bautista, Inorg.
Chem., 2011, 50, 5339.

7 (a) H. B. Li, B. Zhang, R. Feng and S. Guo, Dalton Trans.,
2024, 53, 11470; (b) D. C. Najera, G. E. Martinez and
A. R. Fout, Organometallics, 2023, 42, 832.

8 S. Martinez-Vivas, M. Poyatos and E. Peris, Angew. Chem., Int.
Ed., 2023, 62, e202307198.

9 S. Mart́ınez-Vivas, D. G. Gusev, M. Poyatos and E. Peris,
Angew. Chem., Int. Ed., 2023, 62, e202313899.

10 S. Mart́ınez-Vivas, S. Gonell, M. Poyatos and E. Peris, ACS
Catal., 2024, 7600.

11 (a) M. R. Ajayakumar, P. Mukhopadhyay, S. Yadav and
S. Ghosh, Org. Lett., 2010, 12, 2646; (b) M. R. Ajayakumar,
D. Asthana and P. Mukhopadhyay, Org. Lett., 2012, 14,
4822; (c) J. F. Zhao, G. Li, C. Y. Wang, W. Q. Chen, S. Chye,
J. Loo and Q. C. Zhang, RSC Adv., 2013, 3, 9653; (d)
A. Mitra, R. J. Clark, C. T. Hubley and S. Saha, Supramol.
Chem., 2014, 26, 296; (e) M. Giese, M. Albrecht and
K. Rissanen, Chem. Commun., 2016, 52, 1778; (f) Y. J. Zhao,
Y. Cotelle, N. Sakai and S. Matile, J. Am. Chem. Soc., 2016,
138, 4270.

12 (a) S. Guha, F. S. Goodson, L. J. Corson and S. Saha, J. Am.
Chem. Soc., 2012, 134, 13679; (b) G. Belanger-Chabot, A. Ali
and F. P. Gabbai, Angew. Chem., Int. Ed., 2017, 56, 9958; (c)
S. Saha, Acc. Chem. Res., 2018, 51, 2225; (d) B. Chowdhury,
S. Sinha, R. Dutta, S. Mondal, S. Karmakar and P. Ghosh,
Inorg. Chem., 2020, 59, 13371; (e) T. L. D. Tam and
J. W. Xu, Chem. Commun., 2019, 55, 6225.

13 (a) K. L. Hull, E. L. Lanni and M. S. Sanford, J. Am. Chem.
Soc., 2006, 128, 14047; (b) J. M. Racowski, A. R. Dick and
M. S. Sanford, J. Am. Chem. Soc., 2009, 131, 10974; (c)
F. Saito, H. Aiso, T. Kochi and F. Kakiuchi,
Organometallics, 2014, 33, 6704; (d) W. B. Liu, Y. Q. Zhu
and C. J. Li, Synthesis, 2016, 48, 1616; (e) J. Vána,
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