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A B S T R A C T

In this paper, synthesis, Pd and Pt complexes and catalytic investigations of a tridentate pincer ligand 2-
(diphenylphosphaneyl)-N-(pyridine-2-ylmethyl)benzamide, {(o-PPh2)C6H4C(O)N(H)CH2(C6H5N)} (1), (here-
after referred to as “PN(H)N” and its anionic form as “PNN”) is described. Reaction of 1 with MCl2(COD) resulted
in pincer complexes [MCl(PNN-κ3-P,N,N)] (Pd 2, Pt 3), whereas the same reaction with Pd(OAc)2 afforded [CH3C
(O)OPd(PNN-κ3-P,N,N)] (4). The structures of all of the compounds are confirmed by single-crystal X-ray
analysis. The palladium complex 4 promoted the Suzuki-Miyaura cross-coupling reaction between aryl halides
and boronic acids to form the corresponding biphenyls in excellent yields. The catalytic investigation supported
by spectroscopic studies and DFT calculations suggested the involvement of PdII/PdIV catalytic cycle via a short
lived PdIII intermediate, which transforms into PdIV species rapidly. The catalytic process proceeded with a very
low catalyst loading under relatively mild reaction conditions.

1. Introduction

Phosphines with linkers capable of forming pincer complexes, are
among the most widely used ligand systems in coordination chemistry
and homogeneous catalysis, because of their ability to anchor the metal
centre and facilitate redox processes and also metal-mediated organic
transformations [1–4]. Steric and electronic properties around the donor
atoms directly influence the stability, catalytic activity and selectivity of
a catalyst, and in this context, hybrid or asymmetric pincer ligands of the
type PNN [5,6], PNP [7,8] or PCP [9] are preferred because of their
varied σ-donor and π-acceptor properties. Further, pincer complexes
have a significant advantage in organic synthesis due to the following
facts: i) their resistance to air and moisture, ii) robust tridentate
meridional coordination, iii) often metal–ligand cooperation, and iv)
thermal stability [10,11].

Carbon—carbon cross coupling reactions [12] catalyzed by Pd0

species or Pd0 in situ generated from PdII using a base are well-known
[13–15] and the Pd0/PdII-driven catalytic mechanisms are also well
studied [16]. In contrast, PdII/PdIV-catalytic cycles [17–19] received

little attention to date. No conclusive evidence of the presence of PdIII or
PdIV intermediates are shown in the mechanistic pathways, despite
many claims regarding their possible role in catalysis [20–24]. Elec-
troanalytical studies suggested the involvement of PdII/PdIV catalytic
cycle via a PdIII intermediate in certain reactions [25]. Hence, the
complete story behind the chemically catalyzed PdII/PdIV cycles via PdIII

intermediate is yet to be unveiled.
A number of chemical oxidants including hypervalent iodine re-

agents [26], elemental halogens [27], electrophilic fluorination reagents
[28], alkyl/aryl halides [29,30], ferrocenium salts, peroxides/O2 [31],
sulfonyl chlorides, and others have enabled the preparation of high-
valent palladium species [32]. Many PdIII and PdIV complexes contain-
ing neutral ligands such as bipyridine, naphthalene and biphenyl have
been both spectroscopically and structurally characterized [33–39]. In
contrast, reports on PdIII and PdIV complexes of phosphorus-based li-
gands are scarce in the literature [40,41]. Herein, we report in detail, the
synthesis, Pd and Pt chemistry of a new PN(H)N ligand {(o-PPh2)C6H4C
(O)N(H)CH2(C6H5N)}. Additionally, PdII-PNN complex-promoted
Suzuki-Miyaura cross coupling reaction between aryl halides and

* Corresponding authors.
E-mail addresses: krishna@chem.iitb.ac.in, msb_krishna@iitb.ac.in (M.S. Balakrishna).

Contents lists available at ScienceDirect

Journal of Catalysis

journal homepage: www.elsevier.com/locate/jcat

https://doi.org/10.1016/j.jcat.2024.115825
Received 8 August 2024; Received in revised form 24 October 2024; Accepted 25 October 2024

Journal of Catalysis 440 (2024) 115825 

Available online 28 October 2024 
0021-9517/© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:krishna@chem.iitb.ac.in
mailto:msb_krishna@iitb.ac.in
www.sciencedirect.com/science/journal/00219517
https://www.elsevier.com/locate/jcat
https://doi.org/10.1016/j.jcat.2024.115825
https://doi.org/10.1016/j.jcat.2024.115825
https://doi.org/10.1016/j.jcat.2024.115825
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2024.115825&domain=pdf


phenyl boronic acids is also demonstrated. The reaction proceeds via
PdII/PdIV mechanism involving a PdIII intermediate evinced by mass
spectrometry, XPS and EPR spectroscopic data and also extensive DFT
studies [42–45]. Apart from spectroscopic data, DFT calculations were
also employed to examine electronic structure, bonding, reactivity, and
NMR data to evaluate and verify various intermediates formed during
the coupling reaction. Despite the large body of literature available on
Pd0/PdII systems, studies based on PdII/PdIV catalysts are rare; under-
standing its mechanism can offer important insight into the design of
futuristic catalysts.

2. Experimental section

2.1. General procedures

All reactions were carried out under an inert atmosphere of dry ni-
trogen by using standard Schlenk and vacuum line techniques. Solvents
were dried by usual methods and distilled before use. The compounds
[MCl2(COD)] (M = Pd [46] or Pt [46]) were prepared according to the
published procedures. Other reagents were obtained from commercial
sources and used after purification.

2.2. Instrumentation

NMR spectra were recorded on Bruker FT spectrometers (Avance-
400 or 500) MHz at ambient probe temperatures. 13C{1H} and 31P{1H}
NMR spectra were acquired using a broad band decoupling method. The
spectra were recorded in CDCl3 solutions with TMS as an internal
standard; chemical shifts of 1H and 13C{1H} NMR spectra are reported in
ppm downfield from TMS. The chemical shifts of 31P{1H} NMR spectra
are referred to 85 % H3PO4 as an external standard. Positive values
indicate downfield shifts. Mass spectra were recorded using Bruker
Maxis Impact LC-q-TOF Mass Spectrometer. Infrared spectra were
recorded on a PerkinElmer Spectrum One FT-IR Spectrometer (Model No.
73465) in KBr disk. GC–MS analyses were performed on an Agilent
7890A GC system with an FID detector using a J & amp; WDB-1 column
(10 m, 0.1 mm ID). The microanalyses were performed using Elementar
(Germany) Vario Micro Cube CHNS Analyzer. The melting points of all
compounds were determined on a Veego melting point apparatus and
are uncorrected.

XPS of the reaction mixture was recorded using X-ray photoelectron
spectroscopy (XPS: Axis Supramodel, SHIMADZU group). Small aliquots
of the reaction mixture were collected at various time intervals during
the reaction. These aliquots were rapidly frozen in liquid nitrogen, and
the XPS spectra were subsequently recorded for analysis. The reaction
mixture (20 μL) was drop-casted on carbon paper, dried and used as an
XPS sample. The wide spectrum was collected with 10 acquisitions and
the high-resolution spectra of Pd 3d, C 1s, O 1s, N 1s and F 1s were
collected with 20 acquisitions. A similar sample preparation method was
employed for recording the EPR spectra. The EPR measurements were
made with a JEOL model FA200 X-band (9.5 GHz) electron spin reso-
nance spectrometer. The g-values were obtained from the EPR spectrum.

Cyclic voltammetry (CV) experiments were carried out at room
temperature using Metrohm Autolab PGSTAT 204 potentiostat. All
measurements were carried out in toluene (1 mM) in the presence of
tetrabutylammonium tetrafluoroborate (0.1 M) as the supporting elec-
trolyte. A standard three electrode system under N2/Ar atmosphere was
used with 1 mm glassy carbon disc as a working electrode, Ag as a
reference electrode connected by a vycor tip and a platinum wire as a
counter electrode. UV–vis absorption spectra were recorded using V-770
Double Beam UV–Visible/NIR Spectrophotometer using 1 cm path
length quartz cuvette.

2.3. Crystal structure determination of complexes 1–4 and C

Single crystals of all complexes were mounted on a Cryoloop with a

drop of paratone oil and positioned in the cold nitrogen stream on a
Bruker D8 Venture diffractometer. The data collections were performed
at 100 K to 150 K using Bruker D8 Venture diffractometer with a
graphite monochromatic Mo Kα radiation source (λ = 0.71073 Å) with
the ω-scan technique. The data were reduced using CrysalisPro Red
171.41_64.93a software. The structures were solved using Olex2 1.5
[47] with the ShelXT [48] structure solution program using intrinsic
phasing and refined with SHELXL [49] refinement package using least-
squares minimization. All non-hydrogen atoms were refined anisotrop-
ically. Hydrogen atoms were placed in calculated positions and included
as riding contributions with isotropic displacement parameters tied to
those of the attached non-hydrogen atoms. The given chemical formula
and other crystal data do not consider the unknown solvent molecule(s).
The reflections with error/esd more than 10 were excluded to avoid
problems related to better refinement of the data. The data completeness
is more than 99.8 % in most of the cases, which is enough to guarantee a
very good refinement of data. The details of X-ray structural de-
terminations are given in Table S5. Crystallographic data for the struc-
tures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
2359369, 2359371-2359373 and 2359376 for compound 1, 2–4 and
intermediate C respectively.

2.4. Computational details

In this investigation, we utilized Gaussian 16 (Gaussian, Inc., Wall-
ingford, CT, 2016) for all DFT calculations. Grimme’s dispersion-
corrected B3LYP functional (B3LYP-D3) was employed for geometry
optimization [50,51]. Geometry optimization and computation of
imaginary frequencies were performed for all entities, encompassing
reactants, intermediates, and transition states. The LanL2DZ basis set for
Pd metal [52] and the 6-31G* basis set for C, H, N, O, and P, Cl
[50,51,53,54] were used in the calculations. Solvation energy was
incorporated into the gas phase energy using a more advanced level of
theory (B3LYP-D3/def2-TZVP) [55]. Solvation energy determination
employed the polarizable continuum model (PCM) with toluene as the
solvent [56] accounting for electrostatic, dispersion-repulsion, and
cavitation terms. Frequency calculations were conducted to identify
minima on the potential-energy surface (PES) and final free energies
were calculated by adding zero-point energy correction. Visualization of
optimized geometries was done using Chemcraft 1.6 and Gaussview 6.0
(GaussView; Semichem Inc, 2016). Gaussian 16 software was used for
NBO (Natural Bond Orbital) [57,58] and WBI (Wiberg Bond Index)
analyses [59] using DFT methods. NBO analysis provided detailed in-
sights into bonding orbitals and natural charge distribution (see
Table S3-S4), while WBI analysis offered bond index values indicating
bond nature. All optimized geometries have been provided in
Figure S92. Ab-initio calculations for EPR were carried out using the
ORCA5.0.4 [60–63] software package using the B3LYP-G/TZVP(Pd
atom), def2-SVP (remaining all atoms) setup in toluene using a
conductor-like polarizable continuummodel (CPCM) for solvation along
the resolution of the identity (RI-JK) approximation [64]. D3BJ used for
dispersion correction by the newer recommended Becke-Johnson
damping (D3BJ). The relativistic effect was considered using the
Doughlass–Kroll–Hess (DKH) Hamiltonian [65]. The coordinates of all
the optimized geometries are included in the Supporting Information.

2.5. Complexes preparation and characterization

2.5.1. Synthesis of {(o-PPh2)C6H4C(O)N(H)CH2(C6H5N)} (1)
To a thick-walled seal tube containing a magnetic stir bar were added

2-bromo-N-(pyridin-2-ylmethyl)benzamide (1. g, 3.434 mmol), Pd
(PPh3)4 (0.238 g, 0.206 mmol, 6 mol%), K2CO3 (0.522 g, 3.774 mmol,
1.1 equiv), toluene (10 mL), and HPPh2 (0.831 g, 4.464 mmol, 1.3
equiv). The tube was sealed and heated to 150 ◦C for 24 h with vigorous
stirring. After 24 h, the reaction mixture was cooled, diluted with
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dichloromethane (40 mL), and washed with distilled water (3 × 30 mL).
The organic layer was dried over anhydrous Na2SO4 and filtered, and the
solution was concentrated under vacuo to give 1 as a white colour solid,
which was purified by flash chromatography over silica, eluting with 1:1
ethyl acetate/petroleum ether. Single crystals suitable for X-ray analysis
were obtained by slow diffusion of petroleum ether into the dichloro-
methane solution of 1. The monophosphine 1 was characterized by
multinuclear NMR spectroscopy, mass spectrometry and by X-ray crys-
tallography. Yield 70 % (0.950 g).Mp: 136–138 ◦C. 1H NMR (400 MHz,
CDCl3) δ 8.47 (s, 1H), 7.75–7.68 (m, 2H), 7.39 (td, J = 7.5, 1.4 Hz, 2H),
7.36–7.17 (m, 13H), 6.97 (ddd, J= 7.6, 4.0, 1.3 Hz, 1H), 4.65 (d, J= 5.1
Hz, 2H). 31P{1H} NMR (162 MHz, CDCl3) δ − 9.3. 13C{1H} NMR (101
MHz, CDCl3) δ 169.1, 156.2, 149, 141.3, 136.8, 134.3, 134.1, 133.9,
132.1, 130.3, 128.8, 128.6, 128.6, 127.8, 122.4, 122.3, 45. HRMS(ESI),
m/z: Calcd for C25H21N2P1O1Na [M+Na]+: 419.1284; Found: 419.1284.
Anal. Calcd for C25H21N2OP: C, 75.74; H, 5.34; N, 7.07. Found: C,
75.58; H, 5.39; N, 6.74. FT-IR (KBr disk, cm− 1) 3323 s (νNH), 3056 m,
1634 s (νCO), 1532 m, 1431 w, 1306 m, 1164 w, 1095 w, 746 s, 702 w.

2.5.2. Synthesis of [PdCl(PNN-κ3-P,N,N)] (2)
A solution of [PdCl2(COD)] (0.036 g, 0.1261 mmol) in dichloro-

methane (10 mL) was added dropwise to a solution of 1 (0.05 g, 0.1261
mmol) also in dichloromethane (5 mL), and the mixture was stirred for
6 h and dried under vacuo to give a pale-yellow residue of 2. The residue
was washed with petroleum ether (1 × 10 mL) and dried to get an
analytically pure product of 2 as a yellow solid. Single crystals of 2
suitable for X-ray analysis were obtained by slow diffusion of petroleum
ether into the dichloromethane solution of 2. Yield: 81 % (0.054 g).Mp:
154–156 ◦C. 1H NMR (400 MHz, CDCl3) δ 9.02 (q, J = 2.9 Hz, 1H), 8.60
(ddd, J = 8.1, 4.2, 1.4 Hz, 2H), 7.85 (td, J = 7.7, 1.7 Hz, 2H), 7.65–7.60
(m, 7H), 7.47–7.44 (m, 4H), 7.36–7.34 (m, 1H), 6.88 (ddd, J= 11.7, 7.8,
1.4 Hz, 1H), 5.23 (s, 2H). 31P{1H} NMR (162 MHz, CDCl3) δ 26.2. 13C
{1H} NMR (101 MHz, CDCl3) δ 162.6, 147.4, 138.8, 133.9, 133.8,
132.5, 131.9, 131.8, 131.8, 131.4, 131.3, 128.6, 128.5, 128.3, 128.2,
120.3, 61.1. HRMS(ESI), m/z: Calcd for C25H21N2P1O1Cl1Pd1 [M+H]+:
537.0107 Found: 539.0107. Anal. Calcd for C25H20N2OPClPd: C, 55.88;
H, 3.75; N, 5.21. Found: C, 55.89; H, 3.79; N, 5.23. FT-IR (KBr disk,
cm− 1): 3057 w, 1580 s (νCO), 1542 s, 1437 m, 1374 s.

2.5.3. Synthesis of [PtCl(PNN-κ3-P,N,N)] (3)
A solution of [PtCl2(COD)] (0.047 g, 0.1261 mmol) in dichloro-

methane (10 mL) was added dropwise to a solution of 1 (0.05 g, 0.1261
mmol) also in dichloromethane (5 mL), and the mixture was stirred for
6 h and dried under vacuo. The residue obtained was washed with pe-
troleum ether (1 × 10 mL) and dried under vacuo to give compound 3 as
a white solid. Single-crystals suitable for X-ray analysis were grown from
a 1:1 mixture of dichloromethane and petroleum ether at 25 ◦C. Yield:
83 % (0.066 g).Mp: 235–238 ◦C. 1H NMR (400 MHz, CDCl3) δ 9.02 (q, J
= 2.9 Hz, 1H), 8.60 (ddd, J= 8.1, 4.2, 1.4 Hz, 2H), 7.85 (td, J = 7.7, 1.7
Hz, 2H), 7.65–7.60 (m, 7H), 7.47–7.44 (m, 4H), 7.36–7.34 (m, 1H), 6.88
(ddd, J = 11.7, 7.8, 1.4 Hz, 1H), 5.23 (s, 2H). 31P{1H} NMR (162 MHz,
CDCl3) δ, − 0.2 1JPtP = 3583 Hz. 13C{1H} NMR (101 MHz, CDCl3) δ
147.4, 138.8, 133.9, 133.8, 132.5, 131.9, 131.8, 131.8, 131.4, 131.3,
128.6, 128.5, 128.3, 128.2, 120.3, 61.1. HRMS(ESI), m/z: Calcd for
C25H21N2P1O1Cl1Pt1 [M+H]+: 626.0722 Found: 627.0717. Anal. Calcd
for C25H20N2OPPtCl: C, 47.97; H, 3.22; N, 4.48. Found: C, 47.58; H,
3.30; N, 4.50. FT-IR (KBr disk, cm− 1): 3056 w, 1542 s (νCO), 1434 s,
1379 s.

2.5.4. Synthesis of [CH3C(O)OPd(PNN-κ3-P,N,N)] (4)
A solution of Pd(OAc)2 (0.028 g, 0.1261 mmol) in dichloromethane

(10 mL) was added dropwise to a solution of 1 (0.05 g, 0.1261 mmol)
also in dichloromethane (5 mL), and the mixture was stirred for 6 h and
dried under vacuo to give a pale yellow residue of 4. The residue was
washed with petroleum ether (1 × 10 mL) and dried to get an analyti-
cally pure product of 4 as a yellow solid. Single crystals of 4 suitable for

X-ray analysis were obtained by slow diffusion of petroleum ether into
the dichloromethane solution of 4. Yield: 80 % (0.023 g). Mp:
183–185 ◦C. 1H NMR (400 MHz, CDCl3) δ 8.47–8.44 (m, 1H), 8.35–8.31
(m, 1H), 7.86–7.82 (m, 1H), 7.78–7.72 (m, 4H), 7.60–7.57 (m, 1H), 7.52
(d, J = 2.4 Hz, 1H), 7.47–7.43 (m, 5H), 7.36–7.29 (m, 3H), 6.97–6.92
(m, 1H), 5.15 (s, 2H), 1.54 (s, 3H). 31P{1H} NMR (202 MHz, CDCl3) δ
24. 13C{1H} NMR (101 MHz, CDCl3) δ 177.1, 166.4, 162.5, 146.9,
139.2, 134.4, 134.3, 131.6, 131.6, 128.9, 128.8, 127.3, 126.7, 122.7,
122.6, 120.9, 60.1, 22.7. HRMS(ESI), m/z: Calcd for
C27H23N2P1O3Pd1Na [M+Na]+: 583.0373; Found: 583.0383. Anal.
Calcd for C27H23N2O3PPd: C, 57.82; H, 4.13; N, 4.99. Found: C, 57.68;
H, 4.078; N, 5.01. FT-IR (KBr disk, cm− 1): 3048 w, 2828 w, 1627 s (νCO),
1540 s (νCO), 1436 m, 1369 s, 1319 s, 1104 m.

2.5.5. Synthesis of [PdI(PNN-κ3-P,N,N)] (C)
The catalytic reaction involving iodobenzene and phenyl boronic

acid was halted at various time intervals, and small aliquots of the re-
action mixture were extracted and subsequently frozen to promote
crystallization for the isolation of intermediates. Crystals of complex C,
were successfully obtained from the reaction vial that had been frozen
after 10 h of reaction. 1H NMR (500 MHz, CDCl3) δ 9.04 (ddd, J = 5.5,
3.6, 1.5 Hz, 1H), 8.63 (ddd, J = 8.1, 4.2, 1.3 Hz, 1H), 7.87 (td, J = 7.7,
1.6 Hz, 1H), 7.69–7.62 (m, 5H), 7.58–7.53 (m, 3H), 7.47 (ddd, J = 8.6,
6.9, 2.8 Hz, 4H), 7.40–7.34 (m, 2H), 6.91 (ddd, J = 11.7, 7.7, 1.3 Hz,
1H), 5.26 (s, 2H). 13C{1H} NMR (126 MHz, CDCl3) δ 162.8, 147.5, 143,
138.9, 133.9, 133.8, 132.6, 131.8, 131.8, 131.4, 128.7, 128.6, 122.4,
122.4, 120.4, 120.4, 61.2. 31P{1H} NMR (162 MHz, CDCl3) δ 29.5.
HRMS(ESI), m/z: Calcd for C25H21N2P1O1I1Pd1 [M+H]+: 628.9466
Found: 628.9472. FT-IR (KBr disk, cm− 1): 3061 w, 1586 s (νCO), 1532
s,1373 s.

2.6. General procedure for the Suzuki-Miyaura cross coupling reaction

The reactions were performed in a closed vessel containing a mixture
of substituted aryl chloride/bromide (1.0 equiv.), phenyl boronic acid
(1.5 equiv.), base (2.0 equiv.) and palladium catalyst 4 (0.5 mol%), in
toluene (2 mL). The reaction mixture was heated to 110 ◦C for 18 h. The
residual mixture was diluted with H2O (10 mL) and extracted twice with
ethyl acetate (10 mL). The combined organic fractions were dried over
Na2SO4, and the solvent was evaporated under reduced pressure to give
a crude product. The crude product was purified by silica gel column
chromatography using petroleum ether/ethyl acetate as eluent.

3. Results and discussion

3.1. Synthesis of 2-(diphenylphosphaneyl)-N-(pyridine-2-ylmethyl)
benzamide (1)

The reaction of pyridin-2-ylmethanamine with 2-bromobenzoyl
chloride in 1:1 M ratio afforded amide derivative, which on further
treatment with diphenylphosphine in the presence of catalytic amount
of Pd(PPh3)4 and K2CO3 afforded PN(H)N ligand 1 in 70 % yield [66]
(Scheme 1). The 31P{1H} NMR spectrum of 1 showed a single resonance
at − 9.4 ppm. In 1H NMR spectrum, the NH proton appeared as a triplet
centered at 7.17 ppm with a 2JHH coupling of 4 Hz due to adjacent
methylene protons, which was further confirmed by 1H–1H COSY
spectrum (Fig. S4). The 13C{1H} NMR spectrum of 1 showed carbonyl
carbon resonance at 169 ppm. The IR spectrum of 1 showed the sec-
ondary amide band at 3323 cm− 1, whereas the νCO appeared at 1634
cm− 1.

Ligand 1 was crystallized in dichloromethane and its molecular
structure was established by single crystal X-ray analysis. The perspec-
tive view of 1 is shown in Fig. 1, and the specified bond lengths (Å) and
bond angles (◦) are given in the figure caption.

G. Sabharwal et al. Journal of Catalysis 440 (2024) 115825 

3 



3.2. Synthesis of PdII and PtII complexes 2 − 4

Pincer complexes of palladium and platinum, [MCl{(PNN)-κ3-P,N,
N}] (2 Pd, 3 Pt) were prepared by reacting PN(H)N (1) with
[MCl2(COD)] in CH2Cl2 at room temperature (Scheme 2). Reaction of 1
with [Pd(OAc)2] in CH2Cl2 resulted in [Pd(κ1-OC(O)CH3){(PNN)-κ3-P,
N,N}] (4). The disappearance of NH proton in the 1H NMR spectra of
complexes 2–4, confirmed the pincer complex formation. The 31P{1H}
NMR spectra consist of singlets at 26.2 and − 0.2 ppm, respectively, for 2
and 3, with platinum complex 3 showing a 1JP-Pt value of 3583 Hz; a
singlet was observed at 24 ppm for complex 4. The IR spectrum of 4
showed two distinct C-O stretching bands (νCO) at 1627 and 1540 cm− 1,
respectively, for acetate and the ligand carbonyl groups.

The molecular structures of 2–4 were confirmed by single crystal X-
ray analysis. All the pincer complexes are crystallized by slow diffusion
of petroleum ether into the dichloromethane solution of the corre-
sponding complexes. The molecular structures of 2–4 are shown in
Fig. 2, whereas the selected bond lengths and bond angles are listed in
Table 1.

The metal centres in complexes 2–4 are in a distorted square planar
environment. The maximum distortion from linearity around the metal
center can be seen in case of 4, where the P1-Pd-N1 bond angle is 171.47

(7)o.

3.3. Catalytic studies

3.3.1. Suzuki-Miyaura cross coupling reaction between aryl halides and
boronic acids catalyzed by palladium complex 4

The most essential routes to make C–C and C—N bonds to generate
building materials for polymers, chemical and pharmaceutical in-
dustries are cross coupling reactions[67]. Palladium complex catalyzed
Suzuki-Miyaura reaction is one of the most widely recognized cross
coupling reactions because of the functional group tolerance for a va-
riety of substrates[68–73]. Although Pd is expensive, Pd-catalysts are
less toxic and are resistant to moisture and oxygen as opposed to many
other metal catalysts[74–77].

Palladium complex 4 catalyzed the Suzuki-Miyaura cross coupling
reaction with product formation in 80–99 % yield. The optimized re-
action conditions are mentioned in Table 2. The percentage yield of the
biphenyl product was monitored via gas chromatography (GC)
employing chlorobenzene and phenylboronic acid as model substrates,
and the corresponding GC plots are provided in the Supporting Infor-
mation. Initial evaluation of coupling between chlorobenzene and
phenylboronic acid in the absence of the catalyst 4 did not show any
conversion (entry 1). Upon the addition of 0.06 mol% of catalyst 21 %
yield was observed (entry 2). With increase in catalyst loading, the yield
increased steadily (entries 3–5). The same reaction with Pd(OAc)2 (0.5
mol%) resulted in low yield (entry 17). Various bases such as K3PO4,
KOH, NaOH, Cs2CO3, NaOtBu and KOtBu were scanned, among them
K3PO4 showed better performance (entries 5–10). Among the solvents
such as toluene, 1,4-dioxane, THF, ethanol, methanol and water, toluene
was found to be efficient for the coupling process (entries 5 and 11–14).
On increasing the reaction temperature to 130 ◦C, the yield decreased
(entry 15). Similar trend was observed on lowering the temperature to
25 ◦C (rt) (entry 16). The yield decreased on increasing and decreasing
the reaction time (entries 18–19) with optimized time being 18 h. The
reaction showed no product formation in the absence of base (entry 20).
After optimizing the reaction conditions with Cat 4 (0.5 mol%), K3PO4
as the base and toluene as solvent at 110 ◦C for 18 h, the substrate scope
was examined as depicted in Table 3. To avoid any ambiguity regarding
homo-coupled products, the reaction conditions were optimized using 4-
methylchlorobenzene instead of chlorobenzene, along with phenyl-
boronic acid as model substrates, and monitored using GC–MS. The
optimization data are presented in Table S1, and the corresponding
GC–MS plots are included in the Supporting Information. It was
observed that extending the reaction time beyond 18 h led to the homo-
coupled product due to the excess boronic acid used (1.5 equivalent) in
the reaction (See Fig. S87). The same reaction of boronic acid with 4-

Scheme 1. Synthesis of PN(H)N ligand 1.

Fig. 1. Single X-ray crystal structure of ligand 1. All hydrogen atoms have been
omitted (except H7) for clarity. Displacement ellipsoids are drawn at 50%
probability level. Selected bond lengths [Å] and bond angles [◦]: O1-C7 1.2339
(18), N2-C7 1.3381(19), N2-H7 0.835(19), P1-C13 1.8453(15), N1-C5 1.341
(2), N2-C7-O1 123.44(14), C20-P1-C14 100.77(7), C13-P1-C14 101.62(7), C5-
C6-N2 112.72(12).

Scheme 2. Syntheses of PdII and PtII complexes 2–4.
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methyl chlorobenzene in 1:1 M ratio yielded the desired product 4-
methyl-1,1′-biphenyl in 98 % yield and no homo-coupled product was
formed even upon increasing the reaction time (Fig. S88).

Based on the ideal reaction conditions, coupling reactions between
several aryl chlorides/bromides and phenylboronic acids were carried
out to assess the overall effectiveness of the catalytic system. Excellent
yields were achieved with both the electron rich and electron deficient
aryl chlorides/bromides. Different derivatives of boronic acids coupled
effectively to produce the corresponding biphenyl in 80–99 % yields.
These findings are comparable to or better than those reported with
other catalytic systems [78–80].

3.3.2. Mechanistic insights from DFT calculations
DFT calculations were carried out using the Gaussian16.C suite of

program [81] employing B3LYP-D3/def2-TZVP (PCM) // B3LYP-D3/
LanL2DZ(Pd); 6-31G*(rest atoms) level of theory at 298.13 K tem-
perature (see computational details) [42–45]. The schematic mecha-
nism adapted based on the experimental evidences gathered in this
work and from earlier literature precedents, is depicted in Scheme 3
[82–91]. The DFT calculations were initiated to understand the

bonding nature of the complex 4; the frontier orbitals corresponding
to the d-based orbitals of Pd along with its energy are shown in Fig. 3.
The optimized geometry of 4 (Fig. 3,) is consistent with the X-ray
geometry (See Table S2 for comparison). The energy difference Δ
(Ez2–Ex2-y2 ) is estimated to be 3.29 eV with the square planar electronic
configuration: (dxz)2 (dyz)2 (dxy)2 (dz2)2 (dx2-y2 )0 (Fig. 3). The dz2 orbital is
significantly destabilized due to the interaction with p-orbital of the
phosphorous ligand, which helps to reduce the energy for the

Fig. 2. Molecular structures of complexes 2–4. All hydrogen atoms and solvent molecules have been omitted for the sake of clarity. Displacement ellipsoids are
drawn at 50 % probability level.

Table 1
Selected bond lengths (Å) and bond angles (◦) of 2–4.

2 (Pd) 3 (Pt) 4 (Pd)

N2-M 2.006(2) 1.999(2) 1.998(2)
P1-M 2.2114(8) 2.2052(9) 2.2086(7)
N1-M 2.089(2) 2.079(3) 2.066(2)
M-Cl 2.3065(8) 2.3224(8) −

M-O2 − − 2.029(2)
C7-O1 1.247(3) 1.249(4) 1.240(3)
N2-C7 1.333(3) 1.329(4) 1.341(4)
P1-M-N1 174.88(6) 176.31(7) 171.47(7)
P1-M-Cl1 90.63(2) 90.87(3) −

P1-M-O2 − − 97.11(6)
N1-M-Cl1 94.09(6) 92.81(8) −

N1-M-O2 − − 91.36(9)
N2-M-Cl1 174.91(6) 173.14(7) −

N2-M-O2 − − 171.97(8)
P1-M-N2 93.43(6) 94.68(7) 89.64(7)
N1-M-N2 81.75(9) 81.63(10) 82.00(9)

Table 2
Optimization of the reaction condition for Suzuki-Miyaura cross coupling
reactiona.

Entry Catalyst [mol%] Base Solvent Yield [%]

1 No Cat K3PO4 Toluene 0
2 0.06 K3PO4 Toluene 21
3 0.125 K3PO4 Toluene 42
4 0.25 K3PO4 Toluene 73
5 0.5 K3PO4 Toluene 99
6 0.5 KOH Toluene 52
7 0.5 NaOH Toluene 13
8 0.5 Cs2CO3 Toluene 82
9 0.5 NaOtBu Toluene 27
10 0.5 KOtBu Toluene 74
11 0.5 K3PO4 1,4-dioxane 85
12 0.5 K3PO4 THF 22
13 0.5 K3PO4 EtOH 11
13 0.5 K3PO4 MeOH 8
14 0.5 K3PO4 H2O 0
15b 0.5 K3PO4 Toluene 84
16c 0.5 K3PO4 Toluene 31
17d 0.5 K3PO4 Toluene 35
18e 0.5 K3PO4 Toluene 77
19f 0.5 K3PO4 Toluene 48
20 0.5 No Base Toluene 0

a Aryl chloride (0.50 mmol), phenyl boronic acid (0.75 mmol), K3PO4 (1
mmol) and solvent (2 mL), 110 ◦C, yield was determined by GC using chloro-
benzene and phenylboronic acid as model substrates.
b Temp, 130 ◦C.
c Temp, rt.
d Catalyst, Pd(OAc)2.
e Reaction time, 16 h.
f Reaction time, 24 h.
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Table 3
Substrate scope for Suzuki-Miyaura cross coupling reaction.

Entry ArX Ar′B(OH)2 Product % Yield

1 99

2 97

3 99

4 96

5 97

6 95

7 86

8 90

9 81

10 99

11 99

12 98

13 98

14 87

15 84

(continued on next page)
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oxidation process.
DFT calculations were initiated by considering complex 4 as an

active catalyst, which undergoes oxidative addition with aryl chloride
and forms a PdIII intermediate A which is found to be endothermic by
92.1 kJ/mol. The 31P{1H} NMR spectra ofA showed a signal at 27.6 ppm
and ESI-MS spectrum showed m/z 579.0823 for [M− Cl]+ ion. The XPS
and EPR spectra further confirmed the formation of PdIII species [35,92]
(Fig. 6 and Fig. 7). The DFT optimised geometry of A as shown in Fig. 3,
revealed that the unpaired electron located in the dz2 orbital with sig-
nificant delocalisation to − Cl ligand. Further we have also computed the
g-tensors from DFT calculations using ORCA suite software, which
completely match the experimental g-values reported. An additional
possibility of A being a six-coordinate species (A’) with acetate group in
the sixth position was considered, not only the formation of such species
is more endothermic, the computed g-tensors strongly deviate from the
experiments ruling out the possibility of such a species (See Fig. S94).

In the next step, the phenyl boronic acid with potassium phosphate
forms 4-phenyl-1,3,2,4-dioxaphosphaboretan-2-olate-2-oxide which
coordinates to A to form intermediate A1 which is more stable than A by
− 54.8 kJ/mol. With the cleavage of Pd-O bond, intermediate A1 trans-
forms into intermediate A2 via transition state (ts-A1) with an energy
barrier of 124.2 kJ/mol. A relatively high kinetic energy barrier stems
from very large distortions reflected in the estimated deformation en-
ergy (82.5 kJ/mol). Strong distortions in the geometry are also reflected
in the estimated Root Mean Square Deviation (RMSD) between ts-A1
from A1 (1.1576). The intermediate A2 undergoes transmetalation via
Pd—C(phenyl) formation with an energy barrier of 74.9 kJ/mol and
forms a highly stable intermediate B (− 36.9 kJ/mol). In the next step,
intermediate A2 undergoes transmetalation via Pd—C(phenyl) forma-
tion with an energy barrier of 74.9 kJ/mol and forms a relatively stable
intermediate B (− 36.9 kJ/mol). Intermediate B was characterized by
31P{1H} NMR and ESI-MS spectral data. The 31P{1H} NMR spectrum of B
showed a signal at 29.2 ppm and ESI-MS spectra of B showed molecular
ion peak at m/z 655.1139 corresponding to [M− Cl]+ ion. The presence

of PdIV in Bwas further confirmed by XPS spectra (Fig. 7) [26]. Although
intermediate B is relatively stable species in the PES computed, given the
fact that the temperature of the reaction is sufficiently high (110 ◦C), this
species is expected to undergo C–C coupling in the next step, which leads
to the reductive elimination of C–C coupled product via ts-B resulting in
the formation of species C. The energy barrier for ts-B is 68.3 kJ/mol for
C–C bond formation. The complex C (4.5 kJ/mol) reacts with potassium
acetate to generate catalytic precursor 4. Complex C has been isolated
and structurally characterized. The computed potential energy profile
diagram for coupling of aryl chloride and phenyl boric acid in Suzuki-
Miyaura coupling catalytic cycle with solvent phase free energies (ΔG
in kJ/mol), is shown in Fig. 4.

In order to gain insight into the mechanism, the progress of the
model reaction was monitored by variable-time 31P{1H} NMR in a J.
Young NMR tube in toluene. Initially a single peak corresponding to the
complex 4 was observed at 24 ppm. After 4 h, the reaction mixture
showed two peaks at 24 and 27.6 ppm, which indicates the partial
conversion of PdII to PdIII species via oxidative addition. After 8 h, the
NMR spectrum showed a single peak at 27.6 ppm, indicating complete
conversion to PdIII species. After 10 h a single peak was observed at 29.2
ppm indicating the conversion of PdIII to PdIV species via trans-
metalation. After 12 h, the spectrum showed two peaks at 23.9 and 29.1
ppm, respectively, for PdII and PdIV, as a result of reductive elimination.
At the end of the reaction, i.e. after 18 h, a single peak observed at 24 (ca
23.9) ppm indicated the regeneration of the catalyst (Fig. 5). The 31P
{1H} NMR calculated values match closely with the experimental data as
depicted in Table 4. The regeneration of the catalyst 4 from complex C
was further confirmed by monitoring the reaction of complex C directly
with potassium acetate with time dependent 31P{1H} NMR spectroscopy
(See Fig. S91).

To Find out the reactive intermediates in the catalytic cycle, a series
of Electron Paramagnetic Resonance (EPR) experiments were carried
out at different time intervals. To investigate the role of base, EPR was
recorded for the reaction mixture with and without base. We found a

Table 3 (continued )

Entry ArX Ar′B(OH)2 Product % Yield

16 92

17 81

18 83

19 99

20 80

21 97

Conditions: Aryl chloride/bromide (0.5 mmol), phenyl boronic acid (0.75 mmol), K3PO4 (1 mmol), toluene 2 mL, 110 ◦C, and catalyst (0.5 mol%). All are isolated
yields.
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free radical signature (at g ~2.00) in the presence of a base, whereas in
the absence of a base EPR signal was not observed. To check the
oxidation state of Pd, EPR was recorded after 7 h that displayed a
rhombic, anisotropic signal with gx = 2.27, gy = 2.13 and gz = 2.09,
characteristic of a PdIII, d7 centre with dz2 as ground state [92]. We have
also computed the g-tensors for intermediate A from DFT calculations
independently, which also supports rhombic anisotropy, albeit with a
minor-variation between gx and gy values (gx = 2.153, gy= 2.124 and gz

= 2.011). These minor variations are due to the DFT methods which do
not yield accurate g-tensors compared to other methods such as ab initio
CASSCF as suggested by us earlier[93].Similarly, the EPR recorded after
10 h was identical to the spectra recorded after 7 h, albeit the intensity
was reduced by ~ 67 %. This reduction in EPR signal signifies the
conversion of PdIII to PdIV (Fig. 6). Further, XPS performed after 7 h of
the reaction, confirmed the formation of PdIII intermediate. Similar XPS
study conducted after 10 h, confirmed the formation of PdIV species [35]

Scheme 3. A plausible mechanism for the Suzuki-Miyaura cross coupling reaction.

Fig. 3. (a) Computed structural parameter of complex 4 and (b) the eigenvalue plot computed at B3LYP-D3 level of theory for d-orbitals for catalyst plotted using an
iso-surface value of 0.035.
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(Fig. 7).
In order to get insight into the redox potential of coupling reaction,

Cyclic Voltammetry (CV) experiment was performed for all the reactants
individually and with the serial addition of substrate or reactant. Fig. 8
displays the comparative CV plots for all the reactants, such as Pd
catalyst 4, chlorobenzene, phenyl boronic acid and K3PO4 (blank),
during an anodic scan ranging from 0 to +1.25 V (vs. ferrocenium/
ferrocene couple). All the potential values represented against ferroce-
nium/ferrocene couple in this article are unless otherwise mentioned.
The catalyst 4 displayed two oxidation peaks at 0.6 V and 1.03 V, which
are assigned to Pd(II/III) and Pd(III/IV), respectively. Chlorobenzene
displayed two oxidation peaks at 0.66 V & 1.0 V. Phenylboronic acid

displayed one oxidation peak at 0.85 V, whereas phenylboronic acid in
presence of base, showed increased oxidation current and one new
oxidation peak was also observed at 1.06 V. All these signals display the
oxidation tendency of the aromatic ingredients during anodic scans.

Later, the catalytic reaction was monitored by CV experiment
following the addition of reactants one at a time, which is shown in
Fig. 9. First, the shift in the Pd-based oxidation signals at 0.63 V& 1.05 V
was observed after the addition of chlorobenzene to the solution of
catalyst 4, indicating the interaction between Pd and chlorobenzene. It
was also noticeable that after the addition of phenylboronic acid into the
mixture of chlorobenzene and catalyst 4, the metal Pd(II/III) peak
shifted to 0.7 V, whereas Pd(III/IV) peak remained unchanged. This
clearly indicates that the phenylboronic acid is primarily interacting
with PdIII species. Interestingly, upon addition of base into the mixture

Fig. 4. The computed potential energy profile diagram for coupling of aryl chloride and phenyl boric acid in Suzuki-Miyaura coupling catalytic cycle with solvent
phase free energies (ΔG in kJ mol− 1).

Fig. 5. 31P{1H} variable-time NMR spectra of the model reaction.

Fig. 6. EPR of the reaction mixture at different conditions.
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of reactants, not only the oxidation peaks were shifted, but also the
oxidative current was increased, suggesting the importance of base for
the reaction to drive the reaction forward via an active catalytic cycle.

3.3.3. Comparative study of aryl chloride versus aryl iodide for C–C
coupling

To understand the mechanism and to quantitatively measure the rate
of the Suzuki reaction, attempts were made to compare the reactivity of

aryl chloride versus aryl iodide. The complete reaction profile was
modelled for aryl iodide and the potential energy comparison showed
evidence of similar reactivity pattern in case of both aryl chloride and
aryl iodide for C–C coupling reaction (Fig. 10). It has been observed that
the reactivity pattern for aryl iodide has a lower energy barrier for ts-A1
which represents the rate determining step for the reaction. Iodine,
being a soft donor; donates more electron density to PdIV, which is also
verified by natural charge onmetal ion for ts-A1. The intermediate Cwas
also isolated and crystallized as a Pd-iodide pincer complex from the
reaction mixture (Fig. 11).

To further probe the mechanism, UV–Visible spectra were plotted for
the reaction mixture recorded at 90 ◦C for 5.5 h with chlorobenzene as
the model substrate. The in-situ UV–visible analysis of the reaction
mixture revealed the gradual decrease of an absorption band at 317 nm
and shifting to 310 nm with time, signifying the conversion of PdII to
PdIII complex (Fig. 12-a)) [25]. A shift in the absorption band from 286

Fig. 7. XPS of the reaction mixture after 7 h and 10 h, showing the formation of PdIII and PdIV species, respectively.

Table 4
31P{1H} variable-time NMR data.

Species Chemical Shift (Calc.) Chemical Shift (Expt.)

4 23.8 24.0
A 26.4 27.6
B 28.4 29.2

Fig. 8. Cyclic voltammogram (CV) of reactants (inset: enlarged CV diagram)
Scan Rate: 0.1 V/s, Working Electrode: Glassy Carbon Disc (1 mm in diameter),
Reference Electrode: Standard Ag/AgCl electrode (3 M KCl), Counter Electrode:
Platinum wire. Supporting Electrolyte: tetra butyl ammonium tetra-
fluoroborate [NBu4BF4].

Fig. 9. Cyclic voltammogram (CV) plotted after the addition of reactants one
by one (inset: enlarged CV diagram) Scan Rate: 0.1 V/s, Working Electrode:
Glassy Carbon Disc (1 mm in diameter), Reference Electrode: Standard Ag/AgCl
electrode (3 M KCl), Counter Electrode: Platinum wire. Supporting Electrolyte:
tetrabutylammonium tetrafluoroborate [NBu4BF4].
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nm to 276 nm with an increase in the intensity of the absorption band
indicated more π − π* transition in PdIII complex as compared to PdII

complex. Similar studies were conducted with iodobenzene as a model
substrate, which showed similar results within 1 h to indicate faster
coupling reactions with aryl iodides as compared to aryl chlorides

(Fig. 12-(b)).
To gain further insight into the reaction mechanism, several

controlled experiments were carried out (Scheme 4). The mercury drop
experiment was carried out to assess the homogeneous nature of the
catalysis. Addition of a drop of mercury to the catalytic reaction did not
affect the reaction and yield of the product, thus confirming the ho-
mogenous nature of the coupling reaction. In order to rule out the
possibility of radical pathway, separate reactions were performed using
the optimized conditions in the presence of a radical scavenger such as
hydroquinone and radical initiator such as di-tert-butylperoxide. In both
cases yield remained unaffected, proving the absence of a radical
mechanism. A gram scale reaction conducted under optimal reaction
conditions resulted in an impressive 96 % yield.

4. Conclusions

A new amide based PN(H)N ligand was synthesised and its Pd and Pt
metal chemistry has been explored. Suzuki-Miyaura cross coupling re-
action between aryl halides and boronic acids was studied in detail using
Pd complex 4, which was found to proceed through PdII/PdIII/PdIV

catalytic cycle. The PdIII species was detected using mass spectrometry,
NMR, XPS and EPR techniques. Detailed mechanistic study using DFT
calculations (B3LYP-D3/def2-TZVP) revealed the involvement of
various oxidation states of palladium in the cross-coupling reaction. The
computed results revealed that the PdIII complex is short-lived and
converts rapidly into PdIV complex. Mass spectrometry and XPS plot also
confirmed the presence of PdIV species. Further, CV studies were con-
ducted to highlight the importance of base in the reaction. Additionally,
this investigation encompasses comparative rate studies that contrast
aryl iodides and aryl chlorides in Suzuki coupling reaction. These studies
yield valuable insight into the reaction kinetics and substrate specificity,
enhancing our understanding of the process. The catalytic process with a
very low catalyst loading performed well under moderate reaction
conditions. Similar pincer complexes of nickel, manganese and

Fig. 10. Comparative study of iodide with chloride ligand to understand the feasibility of reaction with iodide ligand for Suzuki-Coupling catalytic cycle.

Fig. 11. Single X-ray crystal structure of complex C (in case of iodobenzene) All
hydrogen atoms have been omitted for clarity. Displacement ellipsoids are
drawn at 50% probability level. Selected bond lengths [Å] and bond angles [◦]:
Pd1-I1 2.5941(9), Pd1-P1 2.205(2), Pd1-N1 2.101(7), Pd1-N2 2.016(9), P1-
Pd1-I1 96.61(6), N2-Pd1-I1 176.6(3), N1-Pd1-I1 96.1(2), N1-Pd1-P1 164.3(2).
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ruthenium have the potential to catalyse many organic transformations.
The work in this direction is under active investigation in our laboratory.
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