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ABSTRACT: A new potentially tetradentate redox-active o-
aminophenol-based ligand, H2L = 2-(2-ethylthio)pyridine-
anilino-4,6-di-tert-butylphenol, reacts with PdII(O2CCH3)2 in
CH3OH in the presence of air and Et3N affording isolation of a
green crystalline solid of composition [Pd(L)] 1. When
examined by cyclic voltammetry (CV), 1 exhibits two
quasireversible oxidative responses at E1/2 = 0.16 (peak-to-
peak separation, ΔEp = 100 mV) and 0.89 V (ΔEp = 90 mV)
vs SCE (saturated calomel electrode). Chemical oxidation of 1
by [FeIII(η5-C5H5)2][PF6] and AgBF4 in CH2Cl2 led to the
isolation of two crystalline solids, red [Pd(L)][PF6]·CH2Cl2 2 and dark green [Pd(L)][BF4]2·2CH2Cl2 3, respectively. Single-
crystal X-ray crystallography at 100(2) K unambiguously established that the O,N,S,N-coordinated ligand is present in the square-
planar complexes [PdII{(LAP)2−}] 1, [PdII{(LISQ)•−}][PF6]·CH2Cl2 2, and [PdII{(LIBQ)0}][BF4]2·2CH2Cl2 3, as dianionic
(LAP)2−, monoanionic o-iminobenzosemiquinonate(1−) π-radical (Srad = 1/2) (L

ISQ)•−, and neutral o-iminobenzoquinone (LIBQ)0

redox level. Reaction of 1 and 2 with PPh3 afforded isolation of two crystalline complexes: dark green [PdII(L)(PPh3)] 4 and red
[PdII{(LISQ)•−}(PPh3)][PF6]·CH2Cl2 5. X-ray structure determination of 5 at 100(2) K revealed PdIION2P coordination
environment. The square-planar complexes 1−5 possess an S = 0, 1/2, 0, 0, and

1/2 ground-state, respectively, as was established
by 1H NMR and EPR spectroscopy, and room-temperature magnetic moment data. All redox processes are thus shown to be
ligand-based. Absorption spectral measurements were done for all complexes. DFT calculations at B3LYP-level of theory
adequately describe the electronic structures of 1−3, and 5, containing a spin-paired d8 PdII ion. Time-dependent-DFT
calculations on 1−3 and 5 shed light on the origin of UV−vis−NIR spectral absorptions.

■ INTRODUCTION

Transition-metal complexes with redox-active ligands have
generated much current interest owing to their multielectron
redox chemistry and role in catalysis.1,2 Impetus for this
research direction arises from the existence of such systems in
the active sites of metalloenzymes.3−5 Because of the redox-
active character these ligands profoundly influence the
electronic structural properties of the resulting complexes.6

Therefore, it is important to have a clear understanding of the
bonding and properties of such systems of both biological and
synthetic origin to provide a rationale for their reactivity. Much
of this research has been reported on complexes containing
dioxolenes,7−9 dithiolenes,7,10 phenolates,11 1,2-bis(pyridine-2-
carboxamido)benzene,7,12 o-phenylenediamines,7,13 salen-/thi-
osalen-derivatives,14−17 and o-aminophenolates,7,18−25 o-amino-
thiolates,7,10 bis(imino)pyridines,26 and 2-(arylazo)pyridines.27

A sizable number of new ligands have also been added to this
list.28−32

o-Aminophenolates7,18−25 are prototypical redox-active li-
gands whose abilities to span oxidation levels range from
dianionic to monoanionic (iminosemiquinone) to neutral
(iminoquinone) forms, allowing them to store redox
equivalents. X-ray crystallography has proved to be a powerful

tool in determining the oxidation level of the coordinated
redox-active ligands. The situation is more complicated in
delocalized systems, where the free-electron of the radical
ligand is shared between one or more ligands.6 In such cases,
the differences in the metrical parameters for the redox-inactive
(closed-shell system) and redox-active (open shell system)
forms of the ligand are often small and may not be detectable
by X-ray crystallography.6

Recently, we reported33 synthesis, properties, and assignment
of correct electronic structure of three low-spin iron(III)
complexes of a tridentate redox-active azo-appended o-amino-
phenol-based ligand, 2-(2-phenylazo)-anilino-4,6-di-tert-butyl-
phenol, [FeIII{(LN ,N ,O)2}

•−] (S = 0), its monocation
[FeIII{(LISQ)•−}2][BF4] (S = 1/2), and its monoanion
[CoIII(η5-C10H15)2][Fe

III{(LAP)2−}2] (S = 1/2). The first two
complexes were structurally characterized, and the complexes
provided examples of a delocalized system. We provided
convincing evidence that valence-tautomerism is operative for
the monocation and the monoanion. In our search for a new o-
aminophenol-based electronically localized tetradentate ligand
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we directed our attention to the synthesis of 2-(2-ethylthio)-
pyridine-anilino-4,6-di-tert-butylphenol (H2L; Figure 1). The

unique feature of H2L is that it has a redox-active o-
aminophenol part and a primarily redox-inactive 2-(2-
ethylthio)pyridine part. Inspired by some recent work19 on
redox chemistry of Pd complexes containing redox-active
ligands which display ligand-centered redox processes and are
employed as catalysts in a huge range of reactions, in this work
we have chosen palladium(II) as the metal ion to avoid ligand
dissociation during the ligand redox-state shuttling events. We
report here on synthesis, structural characterization, and
electronic structure of a new diamagnetic complex
[PdII{(LAP)2−}] (1), through absorption and 1H NMR spectral
properties, and cyclic voltammetry. We also describe the
synthesis and characterization (room-temperature magnetic
moment, absorption, EPR, and 1H NMR spectral properties),
and elucidation of the electronic structure of the monocation
[1]1+ and the dication [1]2+ in the successful synthesis of
[PdII{(LISQ)•−}][PF6]·CH2Cl2 (2) and [PdII{(LIBQ)0}][BF4]2·
2CH2Cl2 (3), respectively. We report here also the structural
properties of 2 and 3. Reactivity of 1 and 2 toward external
substrate (ligand) has been accomplished in the successful
synthesis of complexes [PdII{(LAP)2−}(PPh3)] 4 and
[PdII{(LISQ)•−}(PPh3)][PF6]·CH2Cl2 5, respectively. Complex
5 has been structurally characterized. Density functional theory
(DFT) calculation at the B3LYP level of theory has been
utilized to assign not only the correct oxidation state of the
metal ion but also the oxidation level of the coordinated ligands
in each complex. Results of time-dependent (TD) DFT
calculations on 1−3 and 5 are also presented here throwing
light on the origin of absorption spectral absorptions for all the
complexes.

■ EXPERIMENTAL SECTION
General Considerations. All reagents were obtained from

commercial sources and used as received. Solvents were dried/purified
as reported previously.33 ([2′-Aminophenylthio]ethyl)pyridine was
synthesized following a reported procedure.34 [FeIII(η5-C5H5)2][PF6]
was prepared as reported in the literature.35 Tetra-n-butylammonium
perchlorate (TBAP) was prepared and purified as before.33

Synthesis of H2L. To a stirring solution of 3,5-di-tert-butylcatechol
(0.2 g, 0.9 mmol) in n-heptane (1 mL) was added a solution of Et3N
(0.12 mL) and ([2′- aminophenylthio]ethyl)pyridine (0.207 g, 0.9
mmol) in n-heptane (1 mL), under dinitrogen atmosphere. The
reaction mixture was heated to reflux for 6 h. Solvent was then
removed under reduced pressure, and the crude mass thus obtained
was purified by silica gel column chromatography [ethyl acetate: n-
hexane; 2:98 (v/v)]. The dark green band was collected to yield the
pure ligand as a dark green solid (0.170 g, ∼44%). Anal. Calcd for
C27H34N2OS (H2L): C 74.61, H 7.88, N 6.45. Found: C 73.78, H 8.02,
N 6.90. 1H NMR (CDCl3, 500 MHz): δ (ppm) 1.28 (s, 9H; tert-
butyl), 1.46 (s, 9H; tert-butyl), 3.07−3.10 (m, 2H, −CH2−), 3.24−
3.27 (m, 2H, −CH2−), 6.50 (d, J = 7.20 Hz, 1H, Ph-H10), 6.68−6.73

(m, 2H, Ph-H8 and Ph-H11), 6.86 (d, J = 7.34 Hz, 1H, Ph-H12), 7.01
(s, 1H, Ph-H15), 7.09−7.12 (t, d, J = 0.85 Hz, 6.02 Hz, 1H, Ph-H9),
7.18 (d, J = 7.70 Hz, 1H, Ph-H7), 7.22 (d, J = 7.08 Hz, 1H, Py-H4),
7.46 (d, d, J = 1.4 Hz, 7.73 Hz, 1H, Py-H2), 7.59−7.62 (t, d, J = 1.88
Hz, 7.65 Hz, 1H, Py-H3), 8.40 (d, J = 4.43 Hz, 1H, Py-H1). ESI-MS of
C27H34N2OS: 435.24 (M+ +1 ion peak, 100%).

Synthesis of Complexes. [Pd(L)] (1). To a suspension of H2L
(0.200 g, 0.46 mmol) in CH3OH (10 mL) was added Et3N (0.093 g,
0.93 mmol), and the reaction mixture stirred for 5 min. Then, solid
PdII(O2CCH3)2 (0.104 g, 0.46 mmol) was added, and the reaction
mixture was refluxed for 4 h. It was then cooled, and the green
microcrystalline solid that formed was filtered, washed with CH3OH,
and dried in vacuum. Yield: 0.150 g, ∼60%. Anal. Calcd for
C27H32N2OSPd (1): C 60.16, H 5.98, N 5.20. Found: C 60.02, H
6.05, N 5.24. 1H NMR (CDCl3, 500 MHz): δ (ppm) 1.28 (s, 9H; tert-
butyl), 1.46 (s, 9H; tert-butyl), 3.19−3.22 (m, 2H, −CH2−), 3.38−
3.41 (m, 2H, −CH2−), 7.06 (m, 2H, Ph-H8 and Ph-H11), 7.14 (m, 2H,
Ph-H10 and Ph-H12), 7.18 (d, J = 7.14 Hz, 1H, Ph-H7), 7.22 (t, J = 7.22
Hz, 1H, Ph-H9), 7.31 (d, J = 6.98 Hz, 1H, Py-H4), 7.46 (t, J = 7.14 Hz,
1H, Py-H2), 7.78 (t, J = 7.45 Hz, 1H, Py-H3), 9.05 (s, 1H, Py-H1). The
green solid was redissolved in CH2Cl2−CH3OH (6 mL; 1:2 v/v) and
left for slow evaporation, affording green crystals suitable for X-ray
diffraction studies.

[Pd(L)][PF6]·CH2Cl2 (2). Complex 1 (0.060 g, 0.11 mmol) was
dissolved in CH2Cl2 (10 mL), and solid [Fe

III(η5-C5H5)2][PF6] (0.038
g, 0.11 mmol) was added to it. The mixture was stirred at 298 K for 1
h. The solution was then concentrated to ∼2 mL, diethyl ether (6 mL)
was added, and the solution was kept in the refrigerator for 1 h. The
solid which separated out was filtered off and washed thoroughly with
diethyl ether, until the washings were colorless. A red microcrystalline
solid was isolated. Yield: 0.060 g, ∼80%. Vapor diffusion of diethyl
ether to a CH2Cl2 solution of the complex afforded single-crystals
suitable for X-ray diffraction of composition [Pd(L)][PF6]·CH2Cl2.
Anal. Calcd for C28H34Cl2F6N2OPSPd (2): C 43.73, H 4.43, N 3.64.
Found: C 44.14, H 4.50, N 3.60. IR (KBr, cm−1, selected peak): 841
ν(PF6

−).
[Pd(L)][BF4]2·2CH2Cl2 (3). To a solution of 1 (0.060 g, 0.11 mmol)

in CH2Cl2 (10 mL) was added solid AgBF4 (0.043 g, 0.22 mmol). The
mixture was stirred at 298 K for 1 h and then filtered (removal of
metallic Ag). The solvent was removed by rotary evaporation under
reduced pressure, and the solid that formed was recrystallized from a
CH2Cl2−n-hexane mixture (1:3, v/v). Dark green crystals of
composition [Pd(L)][BF4]2·2CH2Cl2 that formed were found to be
suitable for X-ray structural study. Yield: 0.058 g, ∼74%. Anal. Calcd
for C29H36B2Cl4F8N2OSPd (3): C 42.16, H 4.30, N 3.51. Found: C
40.01, H 4.13, N 3.50. IR (KBr, cm−1, selected peak): 1052 ν(BF4

−).
1H NMR (CDCl3, 500 MHz): δ (ppm) 1.28 (s, 9H; tert-butyl), 1.46
(s, 9H; tert-butyl), 3.27−3.29 (m, 2H, −CH2−), 3.39−3.41 (m, 2H,
−CH2−), 7.02 (m, 2H, Ph-H8 and Ph-H11), 7.06 (m, 2H, Ph-H10 and
Ph-H12), 7.12 (d, J = 7.14 Hz, 1H, Ph-H7), 7.16 (t, J = 7.22 Hz, 1H,
Ph-H9), 7.24 (d, J = 6.98 Hz, 1H, Py-H4), 7.30 (t, J = 7.14 Hz, 1H, Py-
H2), 7.73 (t, J = 7.45 Hz, 1H, Py-H3), 9.04 (s, 1H, Py-H9).

[Pd(L)(PPh3)] (4). To a solution of 1 (0.050 g, 0.09 mmol) in
CH2Cl2 (10 mL) was added solid PPh3 (0.024 g, 0.09 mmol). The
color of the solution immediately changed from green to dark green.
After stirring for 2 h at 298 K, the volume of the solution was reduced
to ∼2 mL. Addition of n-hexane (10 mL) resulted in the precipitation
of a dark green solid, which was collected by filtration, washed with n-
hexane, and dried in vacuum. Yield: 0.055 g, ∼75%. Anal. Calcd for
C45H47N2OPSPd (4): C 67.45, H 5.91, N 3.50. Found: C 66.75, H
5.94, N 3.46. 1H NMR (CDCl3, 500 MHz): δ (ppm) 1.28 (s, 9H; tert-
butyl), 1.46 (s, 9H; tert-butyl), 3.03 (m, 2H, −CH2−), 3.23 (m, 2H,
−CH2−), 6.75 (s, 1H, Ph-H11), 6.94 (t, J = 7.45 Hz, 1H, Ph-H8), 7.02
(m, 2H, Ph-H10 and Ph-H12), 7.07 (d, 1H, Ph-H7), 7.17 (t, 1H, Ph-
H9), 7.35−7.45 (m, 2H, Ph-H17 and Py-H4), 7.54 (t, J = 7.45 Hz, 1H,
Py-H2), 7.66 (t, J = 7.45 Hz, 1H, Ph-H16), 7.78−7.74 (m, 2H, Ph-H15
and Py-H3), 8.35 (d, J = 5.75 Hz 1H, Py-H1). Electronic spectrum
[λmax, nm (ε, M−1 cm−1)] (in CH2Cl2): 650 (575), 424 (2700), 350
(20 750).

Figure 1. Ligand H2L.

Inorganic Chemistry Article

DOI: 10.1021/ic503103e
Inorg. Chem. 2015, 54, 5182−5194

5183

http://dx.doi.org/10.1021/ic503103e


[Pd(L)(PPh3)][PF6]·CH2Cl2 (5). To a solution of 2 (0.050 g, 0.07
mmol) in CH2Cl2 (10 mL) was added solid PPh3 (0.019 g, 0.07
mmol). The mixture was stirred at 298 K for 30 min. Solvent was then
removed under reduced pressure, and the red solid thus formed was
recrystallized from CH2Cl2−diethyl ether (1:3, v/v). Red crystals of
composition [Pd(L)(PPh3)][PF6]·CH2Cl2 that formed were found to
be suitable for X-ray structural study. Yield: 0.050 g, ∼84%. Anal.
Calcd for C46H49Cl2F6N2OP2SPd (5): C 53.58, H 4.79, N 2.72.
Found: C 54.06, H 4.85, N 2.75. IR (KBr, cm−1, selected peak): 841
ν(PF6

−).
Physical Measurements. Elemental analyses were obtained using

Thermo Quest EA1110 CHNS-O, Italy. IR spectra (KBr, 4000−600
cm−1) were recorded on a Bruker Vector 22 spectrophotometer. UV−
vis spectra were recorded at 298 K using an Agilent 8453 diode-array
spectrophotometer. NIR absorption spectra were recorded using a
JACSO V-670 (Japan) spectrophotometer. 1H NMR spectra (CDCl3)
were obtained on a JEOL JNM LA 500 (500 MHz) spectrometer.
Chemical shifts are reported in ppm referenced to TMS. ESI-MS
spectra were recorded on a Waters-HAB213 spectrometer. X-band
electron paramagnetic resonance (EPR) spectra were recorded by
using a Bruker EMX 1444 EPR spectrometer, fitted with a quartz
Dewar for measurement at 77 K, operating at 9.455 GHz. The EPR
spectra were calibrated with diphenylpicrylhydrazyl, DPPH (g =
2.0037). Spectra were treated by using the Bruker WinEPR software
and simulated using the Bruker SIMFONIA software.
Cyclic voltammetric (CV) experiments were performed at 298 K by

using CH Instruments Electrochemical Analyzer/Workstation model
600B series. The cell contained a Beckman M-39273 platinum-inlay
working electrode, a Pt wire auxiliary electrode, and a saturated
calomel electrode (SCE), as reference electrode. Details of the cell
configuration are as described before.33 For coulometry, a platinum
wire-gauze was used as the working electrode. The solutions were ∼1.0
mM in complex and 0.1 M in supporting electrolyte, TBAP.
Under our experimental conditions, the E1/2 and peak-to-peak

separation (ΔEp) values in CH2Cl2 for [FeIII(η5-C5H5)2]
+/[FeII(η5-

C5H5)2] (Fc+/Fc) couple were 0.49 V vs SCE and 120 mV,
respectively.33

Room-temperature magnetic susceptibility measurements were
made on polycrystalline samples (powder form) of [Pd(L)][PF6]·
CH2Cl2 2 and [Pd(L)(PPh3)][PF6]·CH2Cl2 5 by the Faraday method,
using a locally built magnetometer.36 The effective magnetic moment
was calculated from μeff = 2.828[χMT]

1/2, where χM is the corrected
molar susceptibility. The diamagnetic corrections were applied to the
susceptibility data.37 Solution-state magnetic susceptibilities were
obtained by the NMR technique of Evans38 in CH2Cl2 with a JEOL
JNM LA 500 (500 MHz) spectrometer and made use of the
paramagnetic shift of the methylene protons of CH2Cl2 as the
measured NMR parameter.

X-ray powder diffraction (XRPD) of 1, 2, 3, and 5 were recorded
with a bruker D8 Advance Series-2 powder X-ray diffractometer,
operated at 40 kV and 40 mA, using a Cu-target tube and a graphite
monochromator. The intensity data were recorded by continuous scan
in a 2I/I mode from 6° to 50° with a step size of 0.05° and a scan
speed of 3° min−1. Simulation of the XRPD spectra was carried out by
the single-crystal data and diffraction-crystal module of the Mercury
(Hg) program available free of charge via the Internet at http://www.
iucr.org.

Crystal Structure Determination. Single-crystals of suitable
dimensions were used for data collection. Diffraction intensities were
collected on a Bruker SMART APEX CCD diffractometer, with
graphite-monochromated Mo Kα (λ = 0.710 73 Å) radiation at 100(2)
K. The data were corrected for absorption. The structures were solved
by SIR-97, expanded by Fourier-difference syntheses, and refined with
SHELXL-97 incorporated in WinGX 1.64 crystallographic package.39

The positions of the hydrogen atoms were calculated by assuming
ideal geometries, but not refined. All non-hydrogen atoms were refined
with anisotropic thermal parameters by full-matrix least-squares
procedures on F2.

For 1, in the coordinated L(2−) the occurrence of partial thioether
oxidation was realized during the crystal structure determination. After
several runs, the optimum value for the occupancy of O atom has been
fixed at 0.8. Since it is not affecting our chemistry, we did not probe
any further about the correct occupancy value. It seems, however, that
the occupancy should be more than 0.6. We confirmed that it

Table 1. Data Collection and Structure Refinement Parameters for [Pd(L)] (1), [Pd(L)][PF6]·CH2Cl2 (2), [Pd(L)][BF4]2·
2CH2Cl2 (3), and [Pd(L)(PPh3)][PF6]·CH2Cl2 (5)

1 2 3 5

formula C27H32N2O1.75PdS C28H34Cl2F6N2OPSPd C29H36B2Cl4F8N2OSPd C46H49Cl2F6N2OP2SPd
fw 551.01 768.90 882.48 1031.17
cryst color, habit green, block red, block green, block red, block
T/K 100(2) 100(2) 100(2) 100(2)
cryst syst monoclinic triclinic triclinic monoclinic
space group P21/c (No. 14) P1̅ (No. 2) P1̅ (No. 2) P21/c (No. 14)
a/Å 13.003(3) 10.0900(14) 9.3607(6) 21.153(4)
b/Å 10.137(2) 10.8613(15) 9.9356(7) 11.155(2)
c/Å 18.384(4) 15.041(2) 20.6551(13) 20.546(4)
α/deg 90.0 98.245(2) 103.5100(10) 90.0
β/deg 92.427(4) 101.789(2) 101.0390(10) 105.840(3)
γ/deg 90.0 99.790(2) 94.5950(10) 90.0
V/Å3 2421.2(17) 1562.7(4) 1817.5(2) 4663.8(17)
Z 4 2 2 4
Dc/g cm−3 1.512 1.634 1.612 1.464
μ/mm−1 0.879 0.945 0.931 0.687
reflns measured 12 593 8399 9827 24 039
unique reflns/Rint 4493/0.0540 5684/0.0266 6596/0.0243 8654/0.0426
reflns used [I > 2σ(I)] 3631 4692 5407 6840
R1,a wR2b [I > 2σ(I)] R1 = 0.0426 R1 = 0.0708 R1 = 0.0524 R1 = 0.0423

wR2 = 0.0996 wR2 = 0.1932 wR2 = 0.1295 wR2 = 0.0992
R1,a wR2b (all data) R1 = 0.0635 R1 = 0.0852 R1 = 0.0678 R1 = 0.0604

wR2 = 0.1365 wR2 = 0.2179 wR2 = 0.1601 wR2 = 0.1330
GOF on F2 0.920 1.088 1.067 1.124

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = {∑[w (|Fo|

2 − |Fc|
2)2]/∑[w(|Fo|

2)2]}1/2.
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happened during the recrystallization step. In spite of our sincere
attempts we could not grow single-crystals of 1, without formation of
partial oxidation of thioether sulfur. Pertinent crystallographic
parameters are summarized in Table 1. CCDC-1032420 (1),
1032421 (2), 1032422 (3), and 1032423 (5) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
Computational Details. All DFT calculations were performed

using the Gaussian 09 program40 with B3LYP functional.41 Hay and
Wadt basis set LANL2DZ with pseudopotential42 was employed for
palladium. Triple-ζ quality basis sets (TZVP)43 were used for sulfur,
oxygen, and nitrogen while the SVP basis set44 was used for all other
atoms. TD-DFT calculations were done employing the B3LYP
functional and the polarizable continuum model, CPCM (CH2Cl2 as
solvent).45 TD-DFT-derived electronic spectra were plotted using
GaussSum.46 Corresponding orbitals and spin-density plots were made
using Chemcraft47 Visualization program. EPR parameters were
calculated with the optimized geometry at the same level of theory
and same basis sets.

■ RESULTS AND DISCUSSION

Synthesis of New Ligand H2L and the Complex [Pd(L)]
1. The tetradentate ligand H2L was synthesized following the
procedure reported earlier by our group.33 Stoichiometric
reac t ion of 3 ,5 -d i - t e r t -bu ty l ca techo l w i th ([2 ′ -
aminophenylthio]ethyl)pyridine in the presence of Et3N, in
n-heptane under dinitrogen atmosphere, leads to the isolation
of a crude ligand. This was further purified by silica gel column
chromatography [ethyl acetate/n-hexane; 2:98 (v/v)] to isolate
the pure ligand H2L as a green solid, which was characterized
by 1H NMR (Figure S1, Supporting Information) and ESI-MS
spectra (Figure S2, Supporting Information).
Preparation of a mononuclear palladium(II) complex

containing a O,N,S,N-coordinated tetradentate ligand H2L, in
its deprotonated form, has been performed in a straightforward
manner in CH3OH by the reaction of PdII(O2CCH3)2, H2L,
and Et3N as a base in the presence of air at refluxing
temperature. A green microcrystalline solid of composition
[Pd(L)] 1 was obtained in a moderate yield, which was
correctly analyzed by elemental analysis. Complex 1 exhibits in
CDCl3 a clean

1H NMR spectrum in the δ 0−10 ppm range,
attesting to its diamagnetic character (Figure S3, Supporting
Information). Positive ESI-MS of [Pd(L)] in CH2Cl2 showed a
peak at m/z = 539.13 corresponding to the species {[Pd(L)] +
H+}, on the basis of the simulated mass and isotopic
distribution pattern (Figure S4, Supporting Information).
Recrystallization of the microcrystalline solid from CH2Cl2−
CH3OH resulted in X-ray quality single-crystals. Notably,
recrystallization of 1 (slow evaporation in air) resulted in the
oxidation of thioether sulfur (see below; crystal structure). We
did not investigate this aspect48 any further.

Redox Properties of 1. o-Amidophenolates(2−) are redox-
active and can exist in three redox levels,5,7,18−24 and Scheme 1
shows the geometric and electronic features observed.
To investigate the possibility of identifying metal-centered

redox and/or accessibility of various ligand redox levels, CV
experiments on 1 were carried out. The CV of 1 in CH2Cl2
displays (Figure 2) two oxidative redox processes at E1/2 values

of 0.16 V (ΔEp = 100 mV) and 0.89 V (ΔEp = 90 mV) vs SCE.
Both the oxidation processes are chemically reversible (ratio of
cathodic and anodic peak current, ipc/ipa ≈ 1) and electro-
chemically quasireversible electron-transfer reactions.33

Synthesis and Characterization of [Pd(L)][PF6]·CH2Cl2
2 and [Pd(L)][BF4]2·2CH2Cl2 3. One-electron oxidized
counterpart of [Pd(L)] 1, [Pd(L)][PF6]·CH2Cl2 2, was
synthesized as a red microcrystalline solid by stoichiometric
chemical oxidation of 1 in CH2Cl2 by [FeIII(η5-C5H5)2][PF6]
(E1/2 = 0.40 V vs SCE)49 at room-temperature. Isolation of
two-electron oxidized product of [Pd(L)], [Pd(L)][BF4]2·
2CH2Cl2 3, as dark green crystals, was achieved by chemical
oxidation of 1 in CH2Cl2 by AgBF4 (E1/2 = 1.05 V vs SCE)49 at
room-temperature. The composition of 2 and 3 was established
by elemental analysis. While 2 is paramagnetic with respect to
one-unpaired electron [μeff (solid, 298 K) = 1.89 μB; μeff
(CH2Cl2, 300 K) = 1.84 μB], 3 is diamagnetic. As a
consequence, complex 3 exhibits in CDCl3 a clean 1H NMR
spectrum in the δ 0−10 ppm range (Figure S5, Supporting
Information). Positive ESI-MS of 2 in CH2Cl2 showed a peak at
m/z = 538.13 corresponding to the species [Pd(L)]+, on the
basis of the simulated mass and isotopic distribution pattern
(Figure S6, Supporting Information). Positive ESI-MS of 3 in
CH2Cl2 showed a peak at m/z = 538.13 corresponding to the
species {[Pd(L)]2+ + e−}+ (Figure S7, Supporting Information).
When examined by CV, 2 displays a one-electron oxidative

Scheme 1

Figure 2. Cyclic voltammogram (100 mV/s) of a 1.0 mM solution of
[Pd(L)] 1 in CH2Cl2 (0.1 M in TBAP) at a platinum working
electrode. Indicated peak potentials are in V vs SCE.
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response and a one-electron reductive response (Figure S8,
Supporting Information), and 3 displays two-reductive (Figure
S9, Supporting Information) one-electron redox responses, as
expected.
Complexes [Pd(L)] 1, [Pd(L)][PF6]·CH2Cl2 2, and [Pd-

(L)][BF4]2·2CH2Cl2 3 constitute a three-member electron-
transfer series. Thus, complexes 1−3 are ideally suited to
distinctly distinguish the geometrical and spectroscopic features
of the O,N,S,N-coordinated, closed-shell, diamagnetic o-
amidophenolate (LAP)2−, the corresponding open-shell o-
iminobenzosemiquinonate(1−) π-radical (LISQ)•− (Srad =

1/2),
and the closed-shell o-iminobenzoquinone (LIBQ)0.
Reactivity of 1−3 with PPh3. To investigate the reactivity

potential of 1 toward externally added substrates, the reaction
between 1 and PPh3 in CH2Cl2 was carried out. Following

usual workup we could isolate a crystalline dark green solid of
composition [Pd(L)(PPh3)] 4. Complex 4 exhibits in CDCl3 a
clean 1H NMR spectrum in the δ 0−10 ppm range, attesting to
its diamagnetic character (Figure S10, Supporting Information).
Notably, the doublet at δ 8.35 ppm could be assigned due to
Py-H1. Given the δ value for Py-H1 for free ligand at 8.40 ppm
and for 1 at 9.05 ppm, we are inclined to believe that the
pyridine of ethylpyridine arm is not coordinated. In fact, the
signals for two methylene protons of the −S−CH2−CH2−S−
moiety of 4 (3.03 and 3.23 ppm) are distinctly different from
that observed for 1 (3.19−3.22 and 3.38−3.41 ppm) but closely
similar (thioether S is coordinated but not pyridine) to that
observed for free H2L (3.07−3.10 and 3.24−3.27 ppm).
Positive ESI-MS of 4 in CH2Cl2 showed a peak at m/z = 801.22
corresponding to the species {[Pd(L)(PPh3)] + H+}, on the

Figure 3. Perspective view of the metal coordination environment in (a) [PdII(L)] 1, (b) [PdII(L)][PF6]·CH2Cl2 2, (c) [Pd
II(L)][BF4]2·2CH2Cl2 3,

and (d) [Pd(L)(PPh3)][PF6]·CH2Cl2 5.
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basis of the simulated mass and isotopic distribution pattern
(Figure S11, Supporting Information). Characterization data
(Experimental Section) corresponds to the formulation
[PdII{(LAP)2−}(PPh3)] 4. The Lewis acidic PdII center in 1
can therefore bind an additional ligand, with concomitant
coordination environment switching over from PdIIONSN (1)
to PdIIONSP (4), however, keeping four-coordination around
PdII invariant. Complexes 1 and 4 provide examples of
coordination flexibility. When examined by CV, complex 4
displays two one-electron oxidative responses (Figure S12,
Supporting Information). Unfortunately, we have not so far
successfully grown X-ray quality single-crystals of 4 for
structural characterization.

Oxidation of a metal-bound redox-active ligand is expected to
enhance reactivity at the metal center and thus make it
susceptible to chemical reactions. In fact, oxidation of 1 to 2
leads to the oxidation of PdII-coordinated (LAP)2− to PdII-
coordinated (LISQ)•− which implies an indirect increase in the
Lewis acidity of the PdII center. The Lewis acidic PdII center in
2 can therefore bind an additional ligand. In fact, in our pursuit
to demonstrate such a reactivity we reacted 2 with PPh3 in
CH2Cl2. Interestingly, from such a reaction medium we could
isolate a crystalline red solid of composition [Pd(L)(PPh3)]-
[PF6]·CH2Cl2 5, which has also been structurally characterized.
Positive ESI-MS of 5 in CH2Cl2 showed a peak at m/z = 800.22
corresponding to the species [Pd(L)(PPh3)]

+, on the basis of

Table 2. Selected Bond Lengths (Å) and Bond Angles (deg) in [Pd(L)] (1), [Pd(L)][PF6]·CH2Cl2 (2), [Pd(L)][BF4]2·2CH2Cl2
(3), and [Pd(L)(PPh3)][PF6]·CH2Cl2 (5)

Bond Lengths (Å)

1 2 3 5

Pd−N1 1.957(4) Pd−N1 1.965(5) Pd−N1 1.978(4) Pd−N1 2.043(3)
Pd−N2 2.075(4) Pd−N2 2.035(5) Pd−N2 2.022(4) Pd−N2 2.027(3)
Pd−O1 2.004(4) Pd−O1 2.018(5) Pd−O1 2.062(4) Pd−O1 2.001(3)
Pd−S1 2.198(2) Pd−S1 2.2248(18) Pd−S1 2.2195(14) Pd−P1 2.2848(11)
C1−O1 1.367(6) 1.312(8) 1.252(6) 1.318(5)
C14−N1 1.398(7) 1.372(9) 1.316(7) 1.347(5)
C15−N1 1.389(7) 1.414(8) 1.417(7) 1.416(5)
C20−S1 1.776(5) 1.805(7) 1.801(6) 1.769(4)
C21−S1 1.796(5) 1.820(8) 1.835(6) 1.814(4)
C23−N2 1.356(6) 1.332(9) 1.343(7) 1.361(5)
C27−N2 1.354(7) 1.354(9) 1.358(7) 1.354(5)
C1−C2 1.396(7) 1.425(9) 1.457(8) 1.423(6)
C2−C7 1.398(7) 1.355(9) 1.332(7) 1.392(6)
C7−C8 1.389(7) 1.424(10) 1.469(7) 1.436(6)
C8−C13 1.386(7) 1.382(10) 1.355(8) 1.353(6)
C13−C14 1.413(7) 1.411(9) 1.406(7) 1.426(6)
C1−C14 1.413(7) 1.456(9) 1.531(7) 1.444(6)
C15−C16 1.411(7) 1.359(9) 1.398(7) 1.388(6)
C16−C17 1.398(7) 1.401(10) 1.382(8) 1.390(6)
C17−C18 1.387(8) 1.397(10) 1.386(8) 1.359(6)
C18−C19 1.387(7) 1.361(10) 1.397(8) 1.383(6)
C19−C20 1.386(8) 1.376(10) 1.381(8) 1.406(6)
C15−C20 1.410(7) 1.421(9) 1.406(8) 1.391(6)
C21−C22 1.508(7) 1.510(11) 1.536(8) 1.532(6)
C22−C23 1.528(7) 1.528(10) 1.505(8) 1.495(6)
C23−C24 1.384(7) 1.383(10) 1.383(8) 1.387(6)
C24−C25 1.379(7) 1.398(11) 1.372(8) 1.380(6)
C25−C26 1.397(7) 1.381(12) 1.377(8) 1.380(6)
C26−C27 1.364(7) 1.387(10) 1.361(8) 1.365(6)

Bond Angles (deg)

1 2 3 5

N1−Pd−O1 83.36(15) 82.9(2) 81.00(16) N1−Pd−O1 81.46(12)
N1−Pd−N2 172.62(17) 176.1(2) 173.96(18) N1−Pd−N2 92.72(13)
O1−Pd−N2 95.47(15) 98.1(2) 99.99(15) O1−Pd−N2 172.08(13)
N1−Pd−S1 86.73(13) 87.44(16) 88.79(14) N1−Pd−P1 171.20(10)
O1−Pd−S1 169.50(10) 169.54(14) 168.36(10) O1−Pd−P1 90.01(8)
N2−Pd−S1 94.80(12) 91.84(16) 90.74(13) N2−Pd−P1 95.57(10)
C20−S1−Pd 98.02(18) 95.5(2) 94.96(19) C40−P1−Pd 109.67(13)
C21−S1−Pd 98.61(18) 104.7(3) 103.09(19) C34−P1−Pd 109.66(13)
C1−O1−Pd 110.60(3) 110.2(4) 110.4(3) C1−O1−Pd 113.0(2)
C14−N1−Pd 112.30(3) 112.8(4) 115.4(4) C14−N1−Pd 112.2(3)
C15−N1−Pd 117.30(3) 117.8(4) 115.6(3) C15−N1−Pd 125.0(3)
C23−N2−Pd 126.70(3) 119.9(5) 118.9(4) C23−N2−Pd 124.6(3)
C27−N2−Pd 114.10(3) 119.4(5) 120.8(4) C27−N2−Pd 116.2(3)
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the simulated mass and isotopic distribution pattern (Figure
S13, Supporting Information). We have also investigated the
reaction of PPh3 with 3. Even though we noticed a reaction,
initial experiments suggest that the reaction is not at all
straightforward and leads to a mixture of products. We have not
investigated this reaction any further.
Description of the Structures of [Pd(L)] (1), [Pd(L)]-

[PF6]·CH2Cl2 (2), [Pd(L)][BF4]2·2CH2Cl2 (3), and [Pd(L)-
(PPh3)][PF6]·CH2Cl2 (5). Crystal structure analysis on 1−3
confirms that each complex has the tetradentate O,N,S,N-donor
ligand coordinated to Pd by utilizing all its donor sites.
Complexes 2 and 3 contain a PF6

− anion and two BF4
− anions

and one and two molecules of CH2Cl2, as solvent of
crystallization, respectively. The metal coordination environ-
ments in 1, 2, and 3 are displayed in Figure 3 and identified by
Pd−O1(phenolate), Pd−N1(amidate/iminate), Pd−N2 (pyr-
idine), and Pd−S1(thioether) distances, respectively: 2.004(4),
1.957(4), 2.075(4), and 2.2000(14) Å for 1; 2.018(5),
1.965(5), 2.035(5), and 2.2248(18) Å for 2; 2.062(4),
1.978(4), 2.022(4), and 2.2195(14) Å for 3. Relevant metric
parameters are in Table 2. The Pd−O1(phenolate) and Pd−
N1(amidate/iminate) distances monotonically increase, and
Pd−N2(pyridine) distances monotonically decrease, with
increase in subsequent one-electron oxidation level of the
coordinated ligand (see below). The Pd−S distance in 1 is the
shortest, given the distances in 2 and 3. The palladium is
present in its bivalent state, as evidenced by closely similar
distances in PdII complexes of N,O-coordinated o-amidophe-
nolates in different oxidation levels.20f,k Similar to 1 a neutral
complex of PdII with a N,O-coordinated o-amidophenolate
[(LAPN,O)

2− = 2-(2-trifluoromethyl)anilino-4,6-di-tert-butylphe-
nol] and a N,N-coordinated substituted bpy (4,4′-di-tert-butyl-
2,2′-bipyridine) has been reported by Wieghardt and co-
workers.20k

The sensitive C−O and C−N bond distances (Scheme 1)
associated with the coordinated ligand in 1 are C1−O1
1.367(5) and C14−N1 1.399(6) Å. Intraring bond distances
are C1−C2 1.395(7), C2−C7 1.397(7), C7−C8 1.388(7),
C8−C13 1.386(7), C13−C14 1.410(7), and C14−C1 1.415(7)
Å, indicating the aromatic, closed-shell character of this phenyl
ring. The presence of the PdII ion, the neutral nature of 1, the
set structural benchmark for C−O and C−N bond
distances5,7,18−24 for three oxidation levels of the ligand
(Scheme 1), and the observed parameters, however, suggest
that the ligand is coordinated in its diamagnetic dianionic o-
amidophenolate oxidation level (LAP)2−. Relevant C−O and
C−N distances for 2 are C1−O1 1.312(8) and C14−N1
1.372(9) Å and for 3 are C1−O1 1.252 (6) and C14−N1
1.316(7) Å. Intraring bond distances follow the trend (a
“quinoidal” distortion of the aromatic ring with the adjacent

long−short−long−short C−C bonds) as mentioned for metal-
coordinated o-iminosemiquinonate(1−) π-radical (LISQ)•− and
o-iminobenzoquinone (LIBQ)0, respectively [C1−C2 1.425 (9),
C2−C7 1.355(9), C7−C8 1.424(10), C8−C13 1.382(10),
C13−C14 1.411(9), and C14−C1 1.456(9) Å for 2; C1−C2
1.457(8), C2−C7 1.332(7), C7−C8 1.469(7), C8−C13
1.355(8), C13−C14 1.406(7), and C14−C1 1.531(7) Å for 3].
Metric parameters for the O,N,S,N-coordinated ligand are

noticeably different in the structures of 1, 2, and 3. Thus, the X-
ray crystallographic data strongly support the formulation of 1
as [PdII{(LAP)2−}], 2 as [PdII{(LISQ)•−}][PF6]·CH2Cl2, and 3
as [PdII{(LIBQ)0}][BF4]2·2CH2Cl2. This assignment rationalizes
the absorption spectral features of 1−3.
For 1 the thioether oxidation (Figure 3a) is discussed only

briefly (see Crystal Structure Determination subsection of the
Experimental Section and Synthesis of [Pd(L)] subsection of
Results and Discussion). The following comment on the Pd−S
bond lengths for 1−3 is in order. The relevant distance is the
shortest in 1 (see above). As a consequence of comparatively
more electron donation by thioether S to PdII in 1, the sulfur
center of (LAP)2− becomes prone to nucleophilic attack. This
could be a plausible reason for observation of partial thioether
sulfur oxidation of coordinated L(2−) in 1.
Complex 5 has only O,N,N-donor sites of L(2−)

coordinated, and thioether sulfur does not take part in
coordination (Figure 3). The monocationic complex has a
PF6

− counteranion and a CH2Cl2 molecule, as solvent of
crystallization. The metal coordination environment of 5 is
identified by Pd−O1(phenolate), Pd−N1(iminate), Pd−N2-
(pyridine), and Pd−P distances, respectively: 2.001(3),
2.043(3), 2.027(3), and 2.2848(11) Å. Relevant metric
parameters are in Table 2. We note that in going from 2 to
5 a decrease in the Pd−O1 distance by ∼0.02 Å is observed, a
measurable increase (∼0.08 Å) in the Pd−N1 distance, and the
Pd−S bond is replaced by the Pd−P bond, with an increase
(0.06 Å) in the metal−ligand distance. In 5, the bond
parameters of this O,N,N,P-coordinated ligand show C1−01
and C14−N1 distances 1.318(5) and 1.347(5) Å, respectively.
As that observed in 2, a quinoidal distortion of the aromatic
ring [C1−C2 1.423(6), C2−C7 1.392(6), C7−C8 1.436(6),
C8−C13 1.353(6), C13−C14 1.426(6), and C14−C1 1.444(6)
Å] is observed. The aromatic ring is assigned as o-
iminobenzosemiquinonate(1−) π-radical anion (LISQ)•−. The
assignment of 5 as [PdII{(LISQ)•−}(PPh3)][PF6]·CH2Cl2
rationalizes its absorption spectral feature, which closely
resembles that of 2 (see Absorption Spectra). This assignment
renders the palladium ion divalent.
To the best of our knowledge, complex 5 provides the first

example of an externally added ligand (substrate)-bound metal
complex of a redox-active ligand with concomitant ligand

Table 3. Comparison of X-ray Determined Experimental Bond Lengths with the Calculated Bond Lengths (in Brackets) from
Metrical Oxidation State (MOS) Values of 1, 2, 3, and 5

1 2 3 5

C1−C14 1.413(7) [1.412] 1.456(9) [1.439] 1.531(7) [1.510] 1.444(6) [1.442]
C13−C14 1.413(7) [1.393] 1.411(9) [1.410] 1.406(7) [1.433] 1.426(6) [1.412]
C8−C13 1.386(7) [1.394] 1.382(10) [1.373] 1.355(8) [1.347] 1.353(6) [1.372]
C7−C8 1.389(7) [1.392] 1.424(10) [1.425] 1.469(7) [1.467] 1.436(6) [1.427]
C2−C7 1.398(7) [1.402] 1.355(9) [1.380] 1.332(7) [1.352] 1.392(6) [1.378]
C1−C2 1.396(7) [1.400] 1.425(9) [1.424] 1.457(8) [1.455] 1.423(6) [1.426]
C1−O1 1.367(6) [1.361] 1.312(8) [1.307] 1.252(6) [1.239] 1.318(5) [1.304]
C14−N1 1.398(7) [1.398] 1.372(9) [1.354] 1.316(7) [1.298] 1.347(5) [1.350]
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coordination sphere rearrangement, without ligand dissociation.
Such a binding has been proposed previously.13d,25a,50 Notably,
Weinstein, Sarkar, and co-workers have recently reported25b a
closely similar reactive PtII complex with PPh3 (structurally
characterized). However, in this case one of the bidentate
coligands (phenylazopyridine) was replaced by two PPh3
molecules. From a coordination sphere flexibility point of
view complex 5 deserves a special mention.
Metrical Oxidation States (MOSs) of Ligands in

Complexes 1−3 and 5. Recently in an attempt to
quantitatively determine the redox level of redox-active ligands,
Brown et al. proposed the MOS concept,24b based on least-
squares fitting of relevant C−O, C−N, and C−C bond lengths.
By this approach, using X-ray determined metrical parameters
one can determine the empirical oxidation state of ligands.
Using this concept the MOS of the ligand in complex 1 is
calculated as −1.92 ± 0.09, which is consistent with the
dianionic form (2−) of the ligand. Using this MOS value of
−1.92, the C1−O1 and C14−N1 bond distances are calculated
as 1.361 and 1.398 Å, respectively, which are in excellent
agreement with the X-ray determined values of 1.367 and 1.399
Å. Similarly, for complexes 2, 3, and 5 the MOS values are
calculated as −1.08 ± 0.13, −0.01 ± 0.13, and −1.02 ± 0.11,
respectively. These values are consistent with the proposed
redox-level of ligands in respective complexes. Table 3
describes the comparison of MOS-derived calculated bond
lengths and X-ray metrical parameters of relevant atoms.
X-ray Powder Diffraction (XRPD). To extract information

about the qualitative indicator of purity of bulk samples X-ray
powder diffraction analyses were also performed. The
experimental and computer simulated XRPD patterns of 1, 2,
3, and 5 are shown in Figures S14, S15, S16, S17, Supporting
Information, respectively. Although for 1 the experimental
pattern has a few unindexed diffraction lines in comparison
with those simulated, it still can confidently be claimed that the
bulk sample of 1 is a phase pure complex.
Electronic Structural Aspects: DFT Results. Assignment

of correct oxidation level of the coordinated ligand and the
oxidation state of Pd in 1−3 and 5 has been done by DFT
calculations at the B3LYP level of theory (see Computational
Details in the Experimental Section). Geometry-optimization of
1 with S = 0 ground-state (closed-shell configuration) was
computed (Table S1, Supporting Information) to obtain the
[PdII{(LAP

O,N,S,N)
2−}] electronic configuration (see Crystal

Structure section). The calculated ground-state geometry
well-reproduced that found in the crystal structure (overall
square-planar geometry of 1) with the exception of the PdII−
LO,N,S,N bond distances, which are ca. 0.02−0.07 Å longer than
the experimental value (Table 2 and Table S2, Supporting
Information). Notably, the bond distances associated with the
ligand-backbone accurately reproduce the oxidation level of the
coordinated ligand (LAP)2−. Selective orbital contour plots for 1
are displayed in Figure 4.
For the one-electron oxidized form of 1, [1]1+ (S = 1/2

ground-state), the geometry-optimization (Table S3, Support-
ing Information) accurately reproduced the overall square-
planar geometry of [1]1+ and bond distances associated with
ligand-backbone (LISQ

O ,N ,S ,N)
•− to obtain the [PdII-

{(LISQ
O,N,S,N)

•−}]1+ electronic configuration (see Crystal
Structure section). Like that observed for 1, the PdII−LO,N,S,N
bond distances are longer than the experimental value by ca.
0.02−0.10 Å (Table 2 and Table S2, Supporting Information).
Spin-density plot for [1]1+ and qualitative MO diagram of the

magnetic orbital are in Figure 5. Geometry optimization (Table
S4, Supporting Information) of two-electron oxidized form of

1, [1]2+ with S = 0 ground-state (closed-shell configuration)
accurately reproduced the [PdII{(LIBQ

O,N,S,N)
0}]2+ electronic

configuration (see Crystal Structure section). Here also the
PdII−LO,N,S,N bond distances are longer than the experimental
value by ca. 0.04−0.08 Å (Table 2 and Table S2, Supporting
Information). For 5, as for that of [1]1+, geometry-optimization
(Table S5, Supporting Information) with S = 1/2 ground-state
accurately reproduced the overall square-planar geometry of 5
and reproduced the [PdII{(LISQ

O,N,N)
0}(PPh3)]

1+ electronic
configuration (see Crystal Structure section). The computed
and experimental (LISQ

O,N,N)
•− bond distances associated with

the ligand-backbone are in good agreement with experimental
metrical parameters (Table 2 and Table S6, Supporting
Information). Spin-density plot and qualitative MO diagram
of the magnetic orbital for 5 are in Figure 6. Thus, it is evident
that the observed one-electron redox processes of the series are

Figure 4. Qualitative MO diagram of the magnetic orbital plot for
[PdII{(LAP)2−}] 1.

Figure 5. (a) Qualitative MO diagram of the magnetic orbitals and (b)
spin-density plot of [1]1+.
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ligand-centered, and the coordinated ligands are present in
three oxidation levels (LAP)2−, (LISQ)•−, and (LIBQ)0 in 1, 2, and
3, respectively. This ligand oxidation level description renders
the Pd ion to remain constant at the bivalent state (d8, SPd = 0).
The C−O and C−N bond distances are in good agreement
with the oxidation level of the coordinated ligands. For [1]1+

and 4, and [1]2+, the intraring C−C distances exhibit close
agreement with the benchmark set5,7,18−24 for the (LISQ)•− and
(LIBQ)0 oxidation levels of the o-amidophenolate ligands.
Electronic Structural Aspects: EPR Spectra. X-band

EPR spectra (298 K as well as at 120 K) of the monocation 2 as
solid and in CH2Cl2 solution exhibit an isotropic signal (Figure
S18, Supporting Information). The giso value of 2.004/2.005 is
in excellent agreement with the notion that the unpaired
electron resides on the ligand in a π* orbital. This is further
supported by the fact that the DFT-calculated spin-density
(Figure 5) is mainly located on the ligand (97% total spin-
density and 23% on iminosemiquinonate nitrogen). Hyperfine-
coupling with neighboring atoms like 14N, 105Pd, and 1H nuclei
is observed only in CH2Cl2−toluene (1:1; v/v) glass (77 K)
(Figure 7a). This spectrum could be satisfactorily simulated: gx
= 2.011 (1.9938), gy = 2.0082 (2.0119), gz = 1.9855 (2.0058);
AH1

iso= −3.00 (−2.40), AH2
iso= 0.50 (0.42), AH3

iso= −2.00
(−1.96), AH4

iso= 0.95 (0.91), AH5
iso= −2.20 (−2.10), AH6

iso=
0.80 (0.77), APd

iso= 0.90 (0.0), AN
(xx) = 12.00 (−0.14), AN

(yy)=
2.00 (−0.005), AN

(zz)= 12.00 (11.12). The simulated
parameters are comparable with the DFT-calculated values
given in the parentheses, except for the hyperfine-interaction
value of 14N (iminosemiquinonate nitrogen). A similar
observation was encountered earlier.19c The monocationic 5
with PPh3 adduct, which is electronically closely similar to 2,
also exhibits an isotropic signal in the solid state at both 298
and 120 K, with giso value of 2.005 (Figure S19, Supporting

Information). This is consistent with DFT-calculated spin-
density (Figure 6) values (98.5% of total spin-density resides on
the ligand, and iminobenzosemiquinonate(1−) nitrogen
contributes 36% of the total spin-density). This observation
c o n fi r m s t h e e x i s t e n c e o f m o n o a n i o n i c o -
iminobenzosemiquinonate(1−) π-radical coordinated to Pd
center. For 5, hyperfine-interactions with the surrounding
atoms 14N, 31P, and 1H nuclei are observed in CH2Cl2 solution
at 298 K (Figure 7b). The simulated and DFT-computed (in

Figure 6. (a) Qualitative MO diagram of the magnetic orbital for 5
and (b) spin-density plot for 5.

Figure 7. (a) Lower trace: X-band EPR spectrum (77 K) recorded for
[PdII{(LISQ)•−}][PF6]·CH2Cl2 2 (O,N,S,N-coordination) in CH2Cl2−
toluene (1:1; v/v) glass (77 K). Upper trace: Simulated EPR spectrum
(parameters in the text). (b) Lower trace: X-band EPR spectrum
recorded for [PdII{(LISQ)•−}(PPh3)][PF6]·CH2Cl2 5 (O,N,N,P-coor-
dination) in CH2Cl2 at 298 K. Upper trace: Simulated EPR spectrum
(parameters in the text). (c) Lower trace: X-band EPR spectrum
recorded for [PdII{(LISQ)•−}(PPh3)][PF6]·CH2Cl2 5 (O,N,N,P-coor-
dination) in CH2Cl2−toluene (1:1; v/v) glass (77 K). Upper trace:
Simulated EPR spectrum (parameters in the text).
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parentheses) hyperfine-coupling constant and g values are as
follows: AH1

iso = −5.0 (−4.11), AH2
iso = −1.00 (−0.99), AN

iso =
6.00 (5.62), AP

iso = −5.62 (−6.34), and giso = 2.0034 (2.0021).
Complex 5 exhibits an isotropic signal in CH2Cl2 at 120 K
(Figure S18, Supporting Information). However, in CH2Cl2−
toluene (1:1; v/v) glass (77 K) (Figure 7c) a hyperfine
interaction with surrounding 14N could be observed. The
simulated and DFT-calculated (in parentheses) parameters for
this spectrum are as follows: gx = 2.0118 (1.9899), gy = 2.0057
(2.0057), gz = 1.980 (2.0108), AN

iso= 4.00 (5.62).
Absorption Spectra and TD-DFT Results. The electronic

spectra of the parent complex [PdII{(LAP)2−}] 1, and of its
monocationic and dicationic forms (2 and 3, respectively), in
which the coordinated ligands are present as o-
iminobenzosemiquinonate(1−) π-radical (LISQ)•− and o-
iminobenzoquinone (LIBQ)0 forms, respectively, are very
informative with respect to their electronic structures. The
spectra of [PdII{(LAP

O,N,S,N)
2−}] 1, [PdII{(LISQO,N,S,N)

•−}]1+ 2,
and [PdII{(LIBQ

O,N,S,N)
0}]2+ 3, and [PdII{(LISQ)•−}(PPh3)]-

[PF6]·CH2Cl2 5 are shown in Figure 8. The absorptions are

dominated by relatively intense distinct transitions due to a
spin- and dipole-allowed charge-transfer transition in square-
planar PdII complexes, in which the coordinated ligands are
present in its three oxidation levels.20f,k

TD-DFT calculations were done on 1, [1]1+, [1]2+, and 5 to
get information about the origin of observed absorptions and to
look for a trend within this series of complexes, varying the
oxidation level of the coordinated ligands but keeping the
oxidation state of the metal (PdII) invariant. In absorption
spectroscopy, complex 1 displays in CH2Cl2 characteristic
absorptions in the 300−650 nm region: 303 (ε = 15 050 M−1

cm−1), 348 (20 050), 406 (3900), 610 (730). TD-DFT
calculations on 1 revealed [Figure S20 (cf. Figure 8), Figure
S21, and Table S7, Supporting Information] that the low-
energy transition calculated at 530 nm involves excitation from
(α/β)-HOMO to (α/β)-LUMO and (α/β)-LUMO + 1.
Inspection of frontier orbitals shows that this absorption
corresponds to a combination of intraligand (amidophenolate-
to-ligand pyridine/aminothioetherpyridine) charge-transfer
(ILCT), along with ligand-to-metal charge-transfer (LMCT)
transition. This indicates that the experimentally observed
transition at 610 nm could be a combination of ILCT and

LMCT. The origin of experimentally observed transitions in
348 and 406 nm could be correlated to the TD-DFT calculated
absorptions at 454 and 345 nm, which could be assigned as
transitions ((α/β)-HOMO to (α/β)-LUMO + 2 and (α/β)-
HOMO to (α/β)-LUMO + 4) from donor amidophenolate to
the acceptor aminothioether moiety and phenolate ring,
respectively.
Upon one-electron oxidation, complex 2/[1]1+ in CH2Cl2

solution exhibits absorption maxima at 395 sh (ε = 6110 M−1

cm−1), 542 sh (2600), 574 (2900), and two overlapping broad
absorptions at 960 (2120) and 1120 nm (1900 M−1 cm−1). TD-
DFT calculation reveals that the transition in the NIR region
(computed as 928 nm) corresponds to β-HOMO to β-LUMO
transition [Figure S20 (cf. Figure 8), Figure S22, and Table S8,
Supporting Information]. This is associated with intraligand
charge-transfer in the iminosemiquinone ring. The transition at
∼550 nm corresponds to β-HOMO − 1/β-HOMO − 2 to β-
LUMO. This absorption has significant contribution from the
metal-to-ligand charge-transfer (MLCT) component; however,
the major contribution seems to be associated with charge-
transfer in the iminosemiquinone part. The other transition at
∼400 nm involves β-HOMO − 5/β-HOMO − 4 to β-LUMO
transitions which are dominated by mainly a MLCT transition.
The MLCT transitions occurring in this case involve charge-
transfer from palladium to the electron-deficient iminosemi-
quinone part of the ligand. Other experimentally observed
transitions in the <400 nm region [318 (ε = 9930 M−1 cm−1)
and 349 (10 150)] can be correlated to the TD-DFT calculated
transitions at 305 and 336 nm, respectively. These absorptions
are mainly associated with the intraligand charge-transfer from
iminosemiquinonate and iminobenzosemiquinonate rings to
the pyridine ring.
Upon two-electron oxidation, complex 3/[1]2+ displays in

CH2Cl2 solution a characteristic feature at 582 nm (ε = 2230
M−1 cm−1) with a shoulder at 450 (2200). From TD-DFT
calculation it is observed that the lowest energy absorption
(calculated as 652 nm) is due to intraligand charge-transfer in
the iminoquinone ring, involving transitions from (α/β)
HOMO to (α/β)-LUMO [Figure S20 (cf. Figure 8), Figure
S23, and Table S9, Supporting Information]. The transition at
430 nm (consistent with experimentally observed transition at
450 nm) is primarily due to benzoquinone ring to
amidobenzoquinone charge-tranfer along with MLCT, involv-
ing α-HOMO − 4/β-HOMO − 4 to α-LUMO. Other higher
energy broad overlapping transitions could be attributed to
intraligand amidobenzoquinone, along with MLCT.
Complex 5 exhibits absorptions similar to those observed for

2: 386 (ε = 7560 M−1 cm−1), 532 (1900), 573 (2050), 950
(1450), 1120 (1050), 308 (19 720) nm. TD-DFT derived
transitions are calculated at 758, 566, 398, and 312 nm [Figure
S20 (cf. Figure 8), Figure S24, and Table S10, Supporting
Information]. Interpretation of the origin of these transitions is
similar to that of complex 2.
The predicted absorption data (Figure S20, Supporting

Information), obtained by TD-DFT calculations, reproduce
reasonably well the gross features of the observed absorption
spectra (cf. Figure 5). Given the fact that absorption spectra of
transition-metal complexes is by far the most difficult to
calculate by DFT methods, we admit that the remarks made in
this section are highly speculative in nature.33

Figure 8. Electronic absorption spectra of [PdII{(LAP)2−}] 1,
[PdII{(LISQ)•−}][PF6]·CH2Cl2 2, [PdII{(LIBQ)0}][BF4]2·2CH2Cl2 3,
and [PdII{(LISQ)•−}(PPh3)][PF6]·CH2Cl2 5 in CH2Cl2.
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■ SUMMARY AND CONCLUDING REMARKS

In summary, four mononuclear square-planar palladium(II)
complexes containing a tetradentate ligand comprising a redox-
active O,N-coordinated 2-anilino-4,6-di-tert-butylphenolate part
and supposedly a redox-inactive S,N-coordinated ([2′-
phenylthio]ethyl)pyridine part have been isolated. Three
complexes have been structurally characterized (PdIIONSN
coordination). The complexes belong to a family of three-
member ligand-based electron-transfer series. The reactivity
potential of three square-planar PdII complexes with PdIIONSN
coordination (ligands are present in three different redox levels,
dianionic, iminosemiquinone, and iminoquinone) toward an
externally added ligand PPh3 has been investigated. Coordina-
tion flexibility has been identified in the isolation of complexes
with PdIIONSP and PdIIONNP coordination. The latter one
has been structurally characterized. Crystal structure analysis at
100(2) K has established unambiguously the oxidation level of
the redox-active part of the coordinated ligand. The neutral
complex is assigned as [PdII{(LAP)2−}] (S = 0) with a closed-
shell o-amidophenolato(2−) dianion (LAP)2−. The monocation
and the dication have been assigned as [PdII{(LISQ)•−}][PF6]·
CH2Cl2 (S = 1/2) and [PdII{(LIBQ)0}][BF4]2·2CH2Cl2 (S = 0)
containing an o-iminobenzosemiquinonate(1−) (LISQ)•− π
radical and a closed-shell o-iminobenzoquinone (LIBQ)0,
respectively. The monocationic PPh3-adduct complex has
been assigned as [PdII{(LISQ)•−}(PPh3)][PF6]·CH2Cl2 (S =
1/2). The paramagnetic ligand-radical-coordinated complexes
display anisotropic EPR spectra. DFT calculations have
provided insight into the electronic structure of the complexes.
The radical resides on the ligands which are bound to a
spectroscopically innocent PdII ion. The observed switch-over
of coordination site flexibility points toward a substrate-binding
capability, expected during a catalytic reaction.13d,25a,50

Explorations of such studies and also the coordination behavior
of this new tetradentate ligand toward other transition-metal
ions are being carried out in our laboratories.
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■ NOTE ADDED IN PROOF
During the preparation of this manuscript, a relevant reference
missed out (Metzinger, R.; Demeshko, S.; Limberg, C. Chem.
Eur. J. 2014, 20, 4721−4735). Notably, this paper describes
iron chemistry of a new aminophenol-based pentadentate
ligand.
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