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4.1 Introduction 

One-electron oxidation or reduction of molecules that contain two or more (nearly) identical redox-

active sites will result in formation of mixed-valence compounds. These compounds are defined by 

containing an element that is present in more than one (formal) oxidation state. The first modern 

synthetic pigment, Prussian blue - synthesized from an iron salt and hydrogen cyanide in 1752 by 

Pierre J. Macquer1 - is such a compound, as it contains both FeII and FeIII ions, with the intervalence 

charge transfer (IVCT) FeII  FeIII band being responsible for the intense blue color. The first 

designed mixed-valence complexes were prepared by Cowan et al.2 and by Creutz and Taube3 in the 

1970s, which resulted in improved understanding of this class of compounds. Because of the 

difficulties in directly measuring intramolecular electron transfer, there is an interest in the 

preparation of well-defined mixed-valence complexes, as they allow for measuring rate constants and 

activation barriers for intramolecular electron transfer through analysis of the IVCT band.4 For 

symmetrical mixed-valence compounds these bands are typically found in the low-energy visible or 

near-infrared (NIR) region. Analysis of a Gaussian shaped IVCT absorption band allows for 

quantification of the electronic coupling.5   

Depending on the extent of electron coupling, mixed-valence compounds have been divided into three 

groups, according to the Robin-Day classification.6 Class I systems show (almost) no interaction 

between the two redox centers, or the interaction is too small to be quantified experimentally, 

resulting in distinct sites with different valence/oxidation state. Class II systems represent an 

intermediate case, as there is a weak measurable interaction between the redox centers with a 

localized difference in valence/oxidation state. However, there is a low activation energy for 

interconversion. Class III systems are the opposite to Class I, as the interaction is so strong that no 

spectroscopically distinguishable valences/oxidation states are detected, due to full delocalization over 

the entire system.  

To further aid the understanding of basic electron-transfer in complex biophysical processes and 

electronic devices (e.g. OLEDs) there is great interest in the design and synthesis of purely organic 

mixed-valence compounds as model systems.7 Although a direct application of these systems is not 

apparent (especially for the more unstable systems), they are of interest to gain deeper understanding 

of electron-transfer phenomena and to validate spectroscopic methods, which aids the ongoing 

refinement of electron-transfer theories. Organic mixed-valence compounds are similar to donor-

acceptor compounds and metal-based mixed-valence complexes in the sense that intramolecular 

(intervalence) charge transfer gives rise to an optical absorption band. The distinguishing feature is 

that organic mixed-valence compounds are always open-shell systems, while donor-acceptor and 

metal based mixed-valence complexes may be closed-shell systems in the ground state.  

IVCT bands are commonly observed as broad bands in the visible or near infrared (NIR) range of the 

absorption spectrum. Fundamental research towards NIR absorbing materials is driven by curiosity as 
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well as several practical applications in communication, bio-imaging, sensing, and advanced 

optoelectronics.8 For example, the nickel dithiolene complexes described in Chapter 1 have found 

applications as NIR filters on plasma display panels absorbing emitted light between 850-1100 nm, 

which can cause problems with remote control devices.9 Also, the deep penetration in human tissue of 

NIR radiation has resulted in a great interest towards NIR dyes for cancer targeting and imaging.10 

Metal complexes containing (imino)semiquinonato ligands often show strong NIR intraligand charge 

transfer (CT) bands.11 In combination with the ability to readily undergo ligand oxidation state 

changes upon reduction or oxidation, such complexes are potentially useful for switchable NIR filters. 

Inspired by recent efforts in the incorporation of redox-active ligands into bimetallic complexes,12 the 

observed intramolecular redox-active ligand-to-substrate single electron transfer and the synthetic 

accessibility of dinuclear diradicals described in Chapters 2 and 3, respectively, we were interested to 

prepare a ligand scaffold containing two o-aminophenol-derived binding pockets. The incorporation 

of a dinucleating linker bearing two donating nitrogen atoms could allow to maintain a tridentate 

NNO binding mode for each metal center (Scheme 1). Such a ligand should provide a more rigid 

scaffold compared to the labile dinuclear complexes described in Chapter 3, allowing for the study of 

ligand-based mixed-valent dinuclear complexes. This would in turn allow for the study of ligand-

based mixed-valence dinuclear complexes, intervalence charge transfer (Scheme 1, right) and the 

intramolecular spin-exchange of organic diradical species (Scheme 1, left). 

  

 

 

Scheme 1. Schematic illustration of targeted bimetallic complexes with a dinucleating ligand scaffold bearing two redox-

active o-aminophenol-derived binding pockets. 

 

The presence of multiple redox-active moieties in a dinuclear molecular architecture allows for 

several possible spin states, depending on the accessible oxidation states of the binding pockets. When 

both redox-active fragments are in the iminosemiquinonato (ISQ) oxidation state, the diradical 

complex can have a triplet (ferromagnetic coupling) or singlet (antiferromagnetic coupling) ground 

state. The intramolecular spin-exchange coupling (J)13 of the dinuclear diradicals described in Chapter 

3 was found to be greatly affected by the nature of the single bridging ligand between the two metal 

centers. As such, we were interested to examine the intramolecular communication between two 

ligand-centered radicals within a more rigid dinucleating ligand scaffold (Scheme 1), as well as the 

influence of an additional bridging ligand between the M(NNO) fragments.  
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In this Chapter we describe the synthesis of a new dinucleating redox-active ligand bearing a triazole 

core and the corresponding dinuclear PdII complexes bridged by a chlorido or 1,1-azido ligand. X-ray 

structure determination of these compounds confirmed the ligand-based mixed-valence nature in the 

parent complexes obtained after coordination of the ligand to Pd under aerobic conditions. Five 

different ligand oxidation states were found to be accessible, which were studied by 

spectroelectrochemistry. Intra-ligand charge transfer bands as well as intervalence charge transfer 

(IVCT) bands were observed in the NIR and mid-IR region, which were identified using a 

combination of UV-Vis-(N)IR spectroelectrochemistry and time-dependent density functional theory 

(TD-DFT) calculations. A combined spectroscopic, magnetochemical and computational study on the 

corresponding diradicals showed that the dinucleating ligand allows for antiferromagnetic coupling 

between the two unpaired electrons, which is influenced to a minor extent by the nature of the 

(pseudo)-halide bridging ligand. 

 

4.2 Results and Discussion 

Based on the conceptual design depicted in Scheme 1, we envisioned that the triazole-containing 

ligand LH4 (Scheme 2) would allow for two NNO binding pockets that could harbour two PdII ions in 

close enough proximity to potentially display cooperative (magnetic) behavior by coordination of a 

bridging co-ligand that completes the dual square planar geometry. We planned a convergent 

synthetic route involving facile connection of an aminophenol-derived azide and an alkyne via the 

copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction. However, no triazole formation 

was observed using various conditions and solely dark mixtures were obtained, most likely due to 

aminophenol coordination to copper.14 Therefore, an alternative synthesis of LH4 was undertaken, 

starting with the CuAAC of 2-azidoaniline (1) with 2-ethynyl aniline (2) to afford diamine 3 in good 

yield (Scheme 2). Subsequent condensation with two equivalents of 1,3-di(tert-butyl)catechol 

afforded LH4 as an air-stable off-white solid in good yield. 

 

 
Scheme 2. Synthesis of dinucleating ligand LH4. Reagents and conditions: (i) CuSO4, sodium ascorbate, THF/EtOH/H2O, 70 
oC, (ii) 1,3-di(tert-butyl)catechol (2 eq.), AcOH, CH2Cl2/hexanes, rt. 
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Initial attempts to coordinate LH4 as a dinucleating ligand to palladium resulted in the formation of a 

mixture of palladium complexes. Mass spectrometry of this mixture revealed the presence of a 

dinuclear palladium complex bearing two ligands (m/z 1524.5937). Moreover, UV-vis analysis of the 

mixture showed an intense absorption at 889 nm, characteristic for antiferromagnetic coupling of two 

iminosemiquinonato (ISQ) ligand radicals in a homoleptic species.15 Various attempts to isolate a 

single product by crystallization were unsuccessful. X-ray structure determination of the impure 

crystalline material indicated the formation of a homoleptic dimeric palladium complex 4 with a 

ligand:metal ratio of 1:1 (Figure 1). The metric parameters and metrical oxidation states (MOS)16 of 

all coordinated amidophenolates are characteristic for the ISQ oxidation state and these data are well-

reproduced in the DFT optimized structure (BP86, def2-TZVP, closed-shell singlet (CSS) solution 

was found to be most stable). Each triazole ring is disordered over two orientations, as it is found at 

sites of twofold axial symmetry. The intramolecular distance between the Pd atoms of 6.25 Å is 

significantly longer than the intermolecular Pd-Pd distance of 4.00 Å. Each molecule is stacked in an 

infinite chain with an axis going through the Pd atoms. The long Pd-Pd distance excludes an 

intermolecular d8-d8 interaction, but closer inspection of the crystal packing revealed four C-H-π 

interactions (Figure 1, bottom left). Unfortunately, a synthetic procedure to selectively prepare and 

isolate this potentially interesting homoleptic dinuclear complex remains elusive. 

Dropwise addition of a dilute solution of LH4 and NEt3 to an excess of PdCl2(NCMe)2 under aerobic 

conditions, followed by purification with column chromatography, allowed for isolation of 

paramagnetic complex 5 (Scheme 3). Complex 5 exhibited strong light absorption in solution – 

producing dark colors at low concentrations – but the interligand charge transfer band, characteristic 

for homoleptic NOISQ complexes, could not be detected. Magnetic susceptibility measurements using 

Evans’ method gave an effective magnetic moment (μeff) of 1.61 μB, indicating an S = ½ ground state. 

X-band EPR spectroscopy at room temperature revealed a strong isotropic signal at g = 2.0012, 

supporting the presence of a ligand-centered radical. No resolved hyperfine couplings were observed 

at room temperature or at 20 K. The effective magnetic moment in combination with a ligand-

centered radical can only be explained by a ligand-based mixed-valence assignment with one NNOISQ 

fragment. Black single crystals of 5 suitable for X-ray structure determination were grown by vapor 

diffusion of hexane into an EtOH solution. The structure depicted in Figure 2 shows one of the 

respective crystallographically independent molecules in the unit cell. Although both independent 

molecules (labeled molecule A and molecule B) in the unit cell are chemically identical, differences 

in structural conformations (concave vs. twisted through the iminosemiquinonate-triazole-

amidophenolate plane) occur in the solid state (see experimental section). Both show slightly distorted 

square planar geometries for the Pd atoms with a κ2-N,N’ bridging triazole and a μ-chlorido ligand. 
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 Bond XRD  DFT 

Pd1-O1 1.976(4) 2.021 
Pd-N1 1.973(4) 2.029 
C1-O1 1.312(2) 1.312 
C6-N1 1.361(6) 1.362 
C1-C2 1.434(4) 1.435 
C2-C3 1.387(7) 1.387 
C3-C4 1.424(9) 1.430 
C4-C5 1.368(8) 1.381 
C5-C6 1.423(7) 1.417 
C6-C1 1.419(8) 1.449 
MOS -1.16 ± 0.09 -1.08 ± 0.08 

   
 

 

 

 

 

 
 
 
 

 

 

 

Figure 1. Top left: Selected metric parameters and MOS for the experimental and DFT (CSS, BP86-def2-TZVP) optimized 

geometry of 4. Top right: Displacement ellipsoid plot (50% probability level) of complex 4. Hydrogen atoms and lattice 

solvent molecules are omitted for clarity. Bottom left: image showing the intermolecular C-H-π interactions observed in the 

solid state structure. Residual parts of the molecules omitted for clarity. Bottom right: Chemdraw structure of complex 4.  
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Scheme 3. Synthesis of complex 5. Reagents and conditions: i) 4 eq. PdCl2(MeCN)2, NEt3, MeOH, rt. 
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Brown’s metrical oxidation state (MOS) method, which allows for quantification of the oxidation 

state of o-aminophenol derived ligands through analysis of the C–C C–O and C–N bond lengths16, is 

in our experience with NOPd complexes a suitable method to gain information about the ligand 

oxidation state. We commonly find slight deviations for the NOAP oxidation state (MOS = -1.7 – -1.9) 

but these are clearly discernable from ligands in the NOISQ oxidation state (MOS = -0.9 – -1.1) that 

are coordinated to Pd. At first glance the metrical oxidation states (MOS) values do not to support the 

mixed-valent assignment of 5 but point to intermediate oxidation states for both rings. However, the 

κ2-N,N’ triazoles are disordered over two orientations - multiplying the occupancy factors with the 

theoretical oxidation states results in MOS values in agreement with ligand-based mixed-valent 

complexes (see experimental section), with Ring A and Ring B being in the amidophenolate (AP2-) 

and iminosemiquinonato (ISQ-) oxidation state, respectively. 

 

 

 

 

 

 

 

 

 
 

 

Ring A        Ring B 

Bond XRD (Å) DFT (Å) Bond XRD (Å) DFT (Å) 

C1-C2 1.418(4) 1.418 C15-C16 1.418(4) 1.432 

C2-C3 1.392(4) 1.390 C16-C17 1.395(4) 1.377 
C3-C4 1.410(4) 1.405 C17-C18 1.405(5) 1.424 
C4-C5 1.378(4) 1.387 C18-C19 1.380(6) 1.375 
C5-C6 1.401(4) 1.399 C19-C20 1.400(4) 1.412 
C6-C1 1.425(4) 1.411 C20-C15 1.415(4) 1.442 
C1-O1 1.332(3) 1.334 C15-O2 1.335(3) 1.300 
C6-N1 1.389(4) 1.414 C20-N5 1.400(4) 1.373 
Pd1-N1 1.957(2) 1.963 Pd2-N5 1.953(2) 2.007 
Pd1-O1 1.973(2) 1.987 Pd2-O2 1.979(2) 1.996 
Pd1-N3 1.987(2) 1.998 Pd2-N4 1.972(2) 1.995 
MOS  -1.51 ± 0.06 -1.70 ± 0.13 MOS -1.63 ± 0.09 -1.07 ± 0.07 

 

Figure 2. Displacement ellipsoid plot (50% probability level) of one of the independent molecules of complexes 5 in the 

respective asymmetric unit. Hydrogen atoms and lattice solvent molecules are omitted for clarity. The tabulated values are 

selected bond lengths (Å) obtained from XRD measurements and DFT calculations (b3-lyp, def2-TZVP). The values are 

given for molecule A in 5. 
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The DFT optimized geometry (b3-lyp, def2-TZVP) is in good agreement with the experimentally 

observed structure, except for the disorder in the triazole orientation. A clear localization of the 

ligand-centered radical on Ring B is observed in the spin-density plot (Figure 3) in agreement with the 

crystal structure. The minor delocalization to the oxygen and nitrogen of ring A, which is most likely 

enabled by the large conjugated system ligand system, could indicate facile electronic coupling 

between the mixed-valent redox-active rings. The difference in the MOS values for the DFT 

optimized structure clearly reflects a ligand-based mixed-valence. Analysis of the molecular orbitals 

(Figure 4) shows a singly occupied orbital (SOMO) on ring B (α HOMO-2, empty corresponding 

orbital: β LUMO), whereas an analogous orbital on ring A is doubly occupied, further underlining the 

ligand-based mixed-valent assignment. As both rings A and B are highly similar, we propose that the 

localization of ligand oxidation states is due to a subtle electronic difference. The slightly less 

electron-withdrawing nature of the ortho-C4-triazole on the phenyl ring attached to redox-active ring 

B makes it more electron-rich than ring A. Hence, the relative reduction potential of ring B is higher 

than that of its counterpart, resulting in a more stabilized NOISQ ligand radical. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. DFT (b3-lyp, def2-TZVP) calculated spin-density plot for 4 showing a localized NOISQ radical on ring B.  
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Figure 4. Molecular orbital diagram showing a singly occupied orbital on ring B (b3-lyp, def2-TZVP).  
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Cyclic voltammetry of 5 in CH2Cl2 showed three reversible consecutive one-electron oxidations and a 

single one-electron reduction event (Figure 5). The relatively low potential of the one-electron 

reduction (E½
red = -0.45 V vs. Fc/Fc+) likely corresponds to a ligand-centered reduction to 5- with two 

NOAP pockets (A, Scheme 4). The one-electron oxidation wave to 5+ (B, E½
ox = -0.20 V vs Fc/Fc+) is 

almost fully separated from the one-electron reduction wave to 5-. The barely separated reversible 

oxidation events at E½ = +0.50 V and +0.63 V vs. Fc/Fc+ (C) likely correspond to oxidation of 5+ to 

52+ and 53+, respectively (Scheme 4). The observation of these four one-electron redox processes 

indicates that all five ligand oxidation states depicted in Scheme 4 are accessible within a relatively 

narrow potential window of just over 1 V.  

  

 
Figure 5. Cyclic voltammogram of 5 in CH2Cl2 (1 * 10-3 M); scan rate 100 mV s-1. 

 

 

 

Scheme 4. The five-membered redox series based on complex 5 observed by cyclic voltammetry (A-C). The tBu groups are 

omitted for clarity. 
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Formation of 6 by salt metathesis with NaN3 

Dinuclear complex 5 could be smoothly converted to the paramagnetic 1,1-azido complex 6 by salt 

metathesis with sodium azide (Scheme 5). A characteristic azide stretch is observed at 2082 cm-1 in 

the IR spectrum of complex 6, which is similar to the signal obtained for the dinuclear azido-bridged 

palladium complex described in Chapter 3. Similar to 5, magnetic susceptibility measurements using 

Evans’ method gave an effective magnetic moment (μeff) of 1.59 μB, indicating an S = ½ ground state. 

Moreover, X-band EPR spectroscopy at room temperature revealed a strong isotropic signal at g = 

2.0012 with no resolved hyperfine couplings. The cyclic voltammogram of 6 in CH2Cl2 is nearly 

identical to that of 5, showing only a slight shift of ca. 0.1 V for all redox events to more negative 

potentials. The direction of the shift is opposite to what was observed for a mononuclear 

[PdCl(NNOISQ)] complex upon transformation to the corresponding azide complex (Chapter 3). 

Single crystals suitable for X-ray crystal structure determination were obtained by slow evaporation of 

a CH2Cl2-THF mixture (Figure 6). The asymmetric unit contains three crystallographically 

independent molecules (labelled molecule A, molecule B and molecule C). At first glance the metrical 

oxidation state (MOS) values do not to support the mixed-valent assignments of 6 for all three 

molecules. Similar to 5, the κ2-N,N’ triazoles are disordered over two orientations - multiplying the 

occupancy factors with the theoretical oxidation states results in MOS values in agreement with 

ligand-based mixed-valent complexes, with Ring A and Ring B being in the amidophenolate (AP2-) 

and iminosemiquinonato (ISQ-) oxidation state, respectively (see experimental section). For two of 

the independent molecules in the unit cell, the N6-N7 bond is significantly shorter than the N7-N8 

bond, similar to the bridged azide complex described in Chapter 3. Notably, the opposite is observed 

for the third independent molecule, which is likely the result of an observed short contact with another 

molecule. The DFT optimized geometry (b3-lyp, def2-TZVP) for 6 is in good agreement with the 

experimentally observed structure and shows similar features as observed for 5.   

 

 

 

 
 

Scheme 5. Synthesis of 1,1-azido bridged complex 6. Reagents and conditions: i) NaN3, MeOH, rt. 
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   Ring A        Ring B 

Bond XRD (Å) DFT (Å) Bond XRD (Å) DFT (Å) 

C1-C2 1.422(4) 1.410 C15-C16 1.413(4) 1.422 

C2-C3 1.383(5) 1.386 C16-C17 1.399(4) 1.375 
C3-C4 1.404(5) 1.403 C17-C18 1.395(5) 1.419 
C4-C5 1.385(5) 1.388 C18-C19 1.390(5) 1.377 
C5-C6 1.416(5) 1.403 C19-C20 1.396(4) 1.414 
C6-C1 1.432(5) 1.413 C20-C15 1.417(4) 1.444 
C1-O2 1.314(4) 1.332 C15-O2 1.343(3) 1.303 
C6-N2 1.393(4) 1.410 C20-N5 1.416(4) 1.375 
Pd1-N1 1.967(3) 1.984 Pd2-N5 1.973(2) 2.005 
Pd1-O1 1.975(2) 1.961 Pd2-O2 1.953(2) 1.992 
Pd1-N3 1.967(2) 1.982 Pd2-N4 1.973(2) 1.986 
MOS  -1.83 ± 0.11 -1.67 ± 0.12 MOS -1.38 ± 0.12 -1.14 ± 0.08 

 

Figure 6. Displacement ellipsoid plot (50% probability level) of one of the independent molecules of complexes 6 in the 

respective asymmetric unit. Hydrogen atoms and lattice solvent molecules are omitted for clarity. The tabulated values are 

selected bond lengths (Å) obtained from XRD measurements and DFT calculations (b3-lyp, def2-TZVP). The values are 

given for molecules A in 6. 

 

Spectroelectrochemistry and TD-DFT 

To gain insight into the reversible redox events observed by cyclic voltammetry and to identify the 

envisaged IVCT transitions for the mixed-valence species, complexes 5 and 6 where studied by UV-

Vis-NIR and IR spectroelectrochemistry (SEC) using an optically transparent thin-layer 

electrochemical (OTTLE) cell. One-electron reduction of 5 to 5- and 6 to 6- proved to be reversible on 

the SEC timescale, as complete regeneration of the parent species was observed in the UV-Vis-NIR 

spectra upon re-oxidation. The changes in the absorption spectra (Figure 7) are similar for both 

species. An increase of the band at 28000 cm-1 is observed and the broad absorption at ~9000 cm-1, 

which is attributed to an intraligand CT involving the NOISQ moiety (vide infra), disappeared upon the 

B 

A
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reduction. A minor decrease in absorption at lower energies (~5500 cm-1) was also observed. To gain 

additional insight, the reduction was monitored using FT-IR spectroelectrochemistry (Figure 7). 

Reduction of the mixed-valence species 5 and 6 to the anionic 5- and 6- coincides with disappearance 

of an IVCT absorption band in the range 3000-7000 cm-1.17 In line with this assignment, this band also 

disappears on oxidation of 5 and 6 to the corresponding cations (see below). Another interesting 

observation is the subtle shift of the azide stretching frequency from 2087 cm–1 to 2083 cm–1 upon the 

reduction (Figure 7, right), proving that the negatively charged bridge is not involved significantly in 

the cathodic step.  

 

 
Figure 7. UV-Vis-NIR spectra before (blue) and after one-electron reduction (red) of complex 5 to 5- (left) and complex 6 to 

6- (right), showing the disappearance of the intraligand CT band at ~9000 cm-1. Spectra recorded in CH2Cl2 with 0.3 M [N(n-

Bu)4]PF6 at a concentration of 2 mM. 

 

 

 

Figure 8. Stacked FT-IR spectra upon one-electron reduction of 5 to 5- (left) and 6 to 6- (center) with a zoom of the azide 

stretch (right), showing the disappearance of the broad IVCT band and a shift to a smaller wavenumber for the azide stretch. 

Spectra recorded in CH2Cl2 with 0.3 M [N(n-Bu)4]PF6 at a concentration of 10 mM. 

 

The first reversible one-electron oxidation of both 5 to 5+ and 6 to 6+ (Figure 9) was also probed by 

spectroelectrochemistry, to assess the origin of the respective band at ca. 9000 cm-1 (proposed to arise 

from intraligand CT) and the small absorption band at ca. 3000-7000 cm-1 (due to intramolecular 

IVCT). Upon oxidation, the band at ca. 9000 cm-1 increased in intensity, which is in accordance with 

intraligand CT within the NOISQ chromophore, as an additional NOISQ is created upon the oxidation to 

5+ and 6+. The weak absorption band at ca. 3000-7000 cm-1 is indeed absent after the oxidation, 

complying with its assignment to an intramolecular IVCT process. This is also supported by FT-IR 

5 → 5- 6 → 6- 

5 → 5- 6 → 6- 
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spectroelectrochemistry, which revealed identical spectral changes in the IVCT region as for the one-

electron reduction (Figure 10). Unfortunately, we are unable to quantify the amount of electronic 

coupling in both systems, as both IVCT bands are far from ideally Gaussian shaped. In agreement 

with the blue shift of the azide stretching frequency observed for the one-electron reduction of 6, a 

shift to a smaller wavenumber (from 2087 cm–1 to 2093 cm–1) is observed upon the oxidation to 6+ 

(Figure 10, right).  

 

  
Figure 9. Stacked UV-Vis-NIR spectra of the one-electron oxidation of 5 to 5+ (left) and 6 to 6+ (right), showing the 

increase in the intraligand CT band at ~9000 cm-1 and disappearance of the IVCT band. Spectra recorded in CH2Cl2 

containing 0.3 M [N(n-Bu)4]PF6 and 2 mM complexes. 

 

 

 

 

Figure 10. Stacked FT-IR spectra upon one-electron oxidation of 5 to 5+ (left) and 6 to 6+ (center) with a zoom of the azide 

stretch (right), showing the disappearance of the broad IVCT band and a shift to a shorter wavelength for the azide stretch. 

Spectra recorded in CH2Cl2 containing 0.3 M [N(n-Bu)4]PF6 and 10 mM complexes. 

 

The poorly separated second and third one-electron oxidation waves of 5 and 6 in cyclic voltammetry 

prevented the accurate characterization of the oxidized species 52+, 53+, 62+ and 63+ using 

spectroelectrochemistry. Moreover, some decomposition of the dications occurred at lower scan rates. 

Nonetheless, a new intramolecular IVCT band (of fairly low intensity) appeared upon the anodic 

generation of 52+ and 62+, which faded again with the ultimate formation of 53+ and 63+ (Figure 11 and 

12). These spectral changes can be attributed to the mixed-valent character of 52+ and 62+, which 

contain both a NOISQ and an NOIBQ fragment. In agreement with the absence of NOISQ moieties upon 

oxidation to 53+ and 63+, the intraligand CT band at ca. 9000 cm-1 completely disappears and is 

5 → 5+ 6 → 6+ 

5 → 5+ 6 → 6+ 
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replaced by a strong absorption at 15000 cm-1 (Figure 11). Additionally, a new absorption band at 

~24000 is observed. In agreement with the blue shift of the azide stretching frequency observed for 

the first one-electron oxidation, very subtle shifts to larger wavenumbers, i.e. from 2093 cm–1 to 2094 

cm–1 and from 2094 cm–1 to 2095 cm–1, are observed upon the second and third one-electron 

oxidation, respectively.  

 

 

 

Figure 11. Left: UV-Vis-NIR spectra of 5 (red), after one-electron oxidation to 5+ (green) and after the second and third one-

electron oxidation to 53+ (blue). Right: UV-Vis-NIR spectra of 6 (red), after one-electron oxidation to 6+ (green) and after the 

second and third one-electron oxidation to 63+ (blue). Spectra recorded in CH2Cl2 containing 0.3 M [N(n-Bu)4]PF6 and2 mM 

complexes. 

 

 
Figure 12. Stacked FT-IR spectra upon one-electron oxidation of complex 5+ to 52+ (top left), 52+ to 53+ (bottom left), 6+ to 

62+ (top right) and 62+ to 63+ (bottom right). Spectra recorded in CH2Cl2 containing 0.3 M [N(n-Bu)4]PF6 and 10 mM 

complexes. 

 

TD-DFT calculations (ORCA, b3-lyp, def2-TZVP) were performed on 5 and 6 to confirm the origin 

of the intraligand charge-transfer band at ca. 9000 cm-1 and the broad intramolecular IVCT band in 

5+ → 52+ 6+ → 62+ 

52+ → 53+ 62+ → 63+ 
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the deep NIR region. The calculated electronic transition (Figure 13) have nicely reproduced the 

experimental UV-Vis-NIR absorption spectra of both 5 and 6. Analysis of the molecular orbitals 

involved in the calculated transitions confirmed the presence of a low-energy intramolecular IVCT 

band inherent to an excitation from the β HOMO-1 (Figure 4), which is localized on ring A, to the β 

LUMO, which is located on ring B. The gas-phase calculated IVCT band maximum at ca. 7000 cm-1 

is at higher energy than the experimentally observed value, which is not uncommon for TD-DFT 

calculations. An intraligand charge transfer band at ca. 11000 cm-1 is attributed to an excitation from 

the β HOMO-2 to the β LUMO, both localized on ring B. The small blue shift of the azide stretching 

frequency upon oxidation of 6 to 6+ was also reproduced by DFT calculations. 

 

 
Figure 13. TD-DFT calculated electronic absorption spectra for 4 (left) and 5 (right, ORCA, b3-lyp, def2-TZVP). 

 

As different ligand oxidation states, namely NOISQ and NOAP, are observed in the solid-state 

structures of 5 and 6 and measurable intramolecular IVCT bands are detected, both compounds can be 

classified as Robin Day Class II mixed-valence compounds.18 However, due to the low energy 

required for interconversion of the two states, these systems can be considered as a borderline of a 

Class III system. 

 

Chemical oxidation to the diradicals 

One-electron oxidation of the ligand-based mixed-valent complexes 5 and 6 was achieved by a 

reaction with one equivalent of acetylferrocenium tetrafluoroborate to generate diradicals 7 and 8 

(Scheme 6). The ionic nature of 7 and 8 allows for facile separation from the neutral acetylferrocene. 

No “diamagnetic” signals and only two broad signals at δ ~17 and 2 ppm are observed in the 1H NMR 

spectra of both compounds. Notably, for the diradical complexes described in Chapter 3, broad signals 

were observed for all protons. CSI-MS studies identified the cationic fragments of 7 and 8 with m/z 

904.1715 [M]+ and m/z 911.1869 [M]+, respectively. In agreement with the spectroelectrochemical 

experiments, the strong absorption for the azide is shifted to higher wavenumbers at 2086 cm-1 (Δν = 
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4 cm-1) and no intramolecular IVCT band is observed in the IR spectrum. X-band EPR spectroscopy 

at room temperature revealed strong isotropic signals with no resolved hyperfine couplings at g = 

2.0012 and g = 2.0011 for 7 and 8, respectively, supporting the preservation of ligand-centered radical 

character in both complexes. Contrary to expectations, upon oxidation from the monoradicals (5 and 

6) to the diradicals (7 and 8), the EPR signal intensity decreased significantly (to approx. half of the 

original intensity, Figure 14). A possible explanation for this observation is partial antiferromagnetic 

coupling of the two radicals in 7 and 8. Crystals suitable for X-ray structure determination were 

obtained by vapor diffusion of pentane into toluene solutions of both complexes.  

 

 

 

 

Scheme 6. One electron oxidation of the ligand-based mixed-valent complexes 5 and 6 to form diradicals 7 and 8. Reagents 

and conditions: i) acetylferrocenium tetrafluoroborate, C6H6, rt. 

 

 
 
Figure 14. Overlay of the EPR spectra of complexes 5 and 7 (left) and 6 and 8 (right) in toluene at the same concentration at 
room temperature. 
 

The cationic fragments in the crystal structures of 7 and 8 are almost isostructural to those of 5 and 6, 

showing slightly distorted square planar geometries around the Pd atoms with κ2-N,N’ bridging 

triazoles disordered over two orientations. For complex 7 two crystallographically independent 

molecules are found in asymmetric unit (Z’ = 2) with MOS values for the redox-active ring fragments 
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in agreement with two pairs of NOISQ ligand radicals, of which one is depicted in Figure 15. The 

MOS values for both rings in 8 are also in agreement with two NOISQ ligand radicals. Notably, the 

azido ligand is positioned out of the ligand metal plane to a greater extent than observed for 6. (Figure 

16). Closer analysis of the crystal packing revealed a close contact between the bridging azido moiety 

and another molecule of 8. 

 

 

Ring A     Ring B 

Bond XRD DFT Bond XRD DFT 

C1-C2 1.424(11) 1.433 C15-C16 1.415(12) 1.431 
C2-C3 1.371(12) 1.373 C16-C17 1.387(12) 1.374 
C3-C4 1.418(12) 1.430 C17-C18 1.458(12) 1.430 
C4-C5 1.348(12) 1.374 C18-C19 1.364(13) 1.373 
C5-C6 1.424(12) 1.406 C19-C20 1.412(11 1.410 
C6-C1 1.463(11) 1.446 C20-C15 1.454(11) 1.446 
C1-O1 1.300(10) 1.298 C15-O2 1.285(10) 1.298 
C6-N1 1.347(10) 1.370 C20-N5 1.383(11) 1.369 
Pd1-N1 1.974(6) 1.986 Pd2-N5 1.975(7) 1.993 
Pd1-O1 1.984(6) 1.983 Pd2-O2 1.976(6) 1.982 
Pd1-N3 1.989(6) 2.008 Pd2-N4 1.985(7) 2.005 
MOS -0.86 +- 0.11 -1.03 +- 0.08 MOS -0.95 +- 0.17 -1.03 +- 0.07 

 
       

Figure 15. Top: Displacement ellipsoid plots (50% probability level) of one of the two crystallographically independent 

molecules in the asymmetric unit of complex 7. Hydrogen atoms and lattice solvent molecules are omitted for clarity. 

Bottom: Selected bond lengths (Å) obtained from XRD and DFT calculations (b3-lyp, def2-TZVP). The values are given for 

molecule A. 
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Ring A     Ring B 

Bond XRD (Å) DFT (Å) Bond XRD (Å) DFT (Å) 

C1-C2 1.425(5) 1.426 C15-C16 1.415(6) 1.425 
C2-C3 1.368(6) 1.370 C16-C17 1.376(6) 1.371 
C3-C4 1.432(5) 1.426 C17-C18 1.439(6) 1.425 
C4-C5 1.372(5) 1.377 C18-C19 1.363(3) 1.375 
C5-C6 1.409(6) 1.412 C19-C20 1.407(5) 1.415 
C6-C1 1.442(5) 1.448 C20-C15 1.447(5) 1.446 
C1-O1 1.311(5) 1.298 C15-O2 1.317(5) 1.300 
C6-N1 1.372(5) 1.369 C20-N5 1.377(5) 1.369 
Pd1-N1 1.966(3) 2.993 Pd2-N5 1.972(3) 2.001 
Pd1-O1 1.972(3) 1.989 Pd2-O2 1.967(3) 1.987 
Pd1-N3 1.966(3) 1.994 Pd2-N4 1.965(3) 1.990 
MOS -1.11 +- 0.08 -1.03 +- 0.08 MOS -1.17 +- 0.11 -1.05 +- 0.07 

 

Figure 16. Top: Displacement ellipsoid plots (50% probability level) of complex 8. Hydrogen atoms and lattice solvent 

molecules are omitted for clarity. Bottom: Selected bond lengths (Å) obtained from XRD and DFT calculations (b3-lyp, 

def2-TZVP).  

 
The experimental metric parameters of 7 and 8 are well-reproduced by the DFT optimized geometries 

in the closed-shell singlet (CSS), open-shell singlet (OSS) and triplet spin states (b3-lyp, def2-TZVP). 

Similar to the dinuclear diradical complexes with a single bridging ligand described in Chapter 3, the 

OSS and triplet spin states lie very close in energy, with the former being slightly lower in energy (for 

7: EOSS – ET = -0.15 kcal mol-1; for 8: EOSS – ET = -0.19 kcal mol-1). The CSS solutions are 12.3 and 

11.9 kcal mol-1 higher in energy than the OSS solutions for 7 and 8, respectively. The spin density 

plots of the OSS and triplet solutions for both systems are very similar (Figure 17) and nicely show 

the diradical character of the systems. Moreover, in contrast with the chlorido-bridged diradical 

described in Chapter 3, there appears to be a small amount of delocalization of both spins over the 

entire ligand framework in the OSS spin density plots. The presence of the bridging triazole might be 

responsible for this, as it provides a fully conjugated system between the two redox-active moieties.  
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Figure 17. Spin density plots of the OSS (left) and triplet (right) spin states of the mono-oxidized complexes 7 (top) and 8 

(bottom) (b3-lyp, def2-TZVP). 

 

Magnetic behavior of complexes 7 and 8 in the solid state. 

The intramolecular spin-exchange coupling (J) of the dinuclear diradicals described in Chapter 3 was 

found to be significantly affected by the nature of the bridging ligand between the two metal centers. 

To confirm the hypothesis that the presence of the more rigid dinucleating redox-active ligand in 7 

and 8 would diminish the effect of the bridging co-ligand, magnetic measurements were performed on 

polycrystalline samples of both species using a SQUID magnetometer. The χMT value at room 

temperature for both 7 and 8 is ca. 0.6 cm3 mol–1 K, corresponding to an effective magnetic moment 

of approx. 2.2 μB. Similar behavior is observed for both complexes. Upon lowering the temperature, 

χMT approaches to zero, revealing a singlet ground state (Figure 18). The χM vs. T plots (Figure 18, 

insets) exhibit broad maxima at 65 and 55 K for 7 and 8, respectively, again indicating an 

antiferromagnetic interaction. Modeling of the experimental data using a fitting procedure to the 

Heisenberg-Dirac-van-Vleck (HDvV) spin Hamiltonian for isotropic exchange coupling and Zeeman 

splitting (Eq. (1)) leads to exchange coupling constants (J) of -39 and -29 cm-1 for 7 and 8, 

respectively. 

   Eq. (1)    

 

 211
ˆˆ2ˆ SSBgSSJH B
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The experimental singlet−triplet energy gaps ∆ES-T (which is equal to 2J) are –77 cm–1 or –

0.22 kcal mol–1 for 7 and –59 cm–1 or –0.17 kcal mol–1 for 8, confirming singlet ground states 

for both complexes with a weak spin-exchange interaction. These observations are supported 

by the DFT calculations, predicting a similarly weak antiferromagnetic exchange coupling 

constant for both complexes (b3-lyp, def2-TZVP: J = -35.6 cm-1 for 7 and -43.1 cm-1 for 8). 

However, whereas experimentally a stronger exchange coupling is observed for 7, DFT 

calculations revealed a slightly stronger exchange coupling for 8. Given the marginal energy 

differences, this is well within the error margin of the calculated values.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 18. Temperature dependence of χMT and χM (insets) and of complexes 7 (left) and 8 (right). The solid lines 

show the simulated data and the empty squares the experimental data. 

4.3 Conclusion 

We have successfully prepared a new dinucleating redox-active ligand (LH4) bearing two NNOH2 

binding pockets and a 1,2,3-triazole linker capable of coordinating two PdII nuclei. The rigid and near 

symmetric nature of the ligand allows for localized ligand-based mixed-valence in the dinuclear Pd 

complexes (Robin-Day Class II), which exhibit very low energy IVCT bands in the deep NIR. The 

corresponding one-electron oxidized cationic diradicals feature a strong intraligand CT band in the 

NIR region. Five different ligand oxidations are accessible and each shows distinctly different light 

absorbing properties, which may hold potential for use as a redox-switchable NIR filter. In stark 

contrast with the non-tethered diradical systems described in Chapter 3, no significant influence of the 

bridging co-ligand on both the structural features and the magnetochemistry of the diradicals was 

observed, which is ascribed to the rigid nature of the conjugated ligand framework. The particular 

architecture provided by this novel ligand framework also allows for weak antiferromagnetic 

coupling. Further research towards using the dinucleating framework as a reservoir to support multi-

electron small molecule activation is in progress.  
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4.4 Experimental section 

General Methods 

All reactions were carried out under an atmosphere of dry dinitrogen using standard Schlenk 

techniques unless noted otherwise. With the exception of 2-azidoaniline, which was synthesized 

according to a literature procedure,19 and the compounds given below, all reagents were purchased 

from commercial suppliers and used without further purification. Acetylferrocenium tetrafluoroborate 

was prepared according to literature procedure.20 THF, pentane, hexane, and diethyl ether were 

distilled from sodium benzophenone ketyl. CH2Cl2 and methanol were distilled from CaH2, and 

toluene was distilled from sodium under nitrogen. NMR spectra (31P, 1H and 13C{1H}) were measured 

on a Bruker DRX 500, Bruker AMX 400, Bruker DRX 300 or on a Varian Mercury 300 spectrometer 

at room temperature unless noted otherwise. EPR spectra were recorded on a Bruker EMP Plus 

spectrometer. Cyclic voltammetry measurements were performed in CH2Cl2 (1 × 10-3 M) containing 

[N(n-Bu)4]PF6 (0.1 M) at room temperature under an N2 atmosphere using a platinum electrode. All 

redox potentials are referenced to Fc/Fc+. UV-Vis-NIR spectroelectrochemistry was conducted using 

a Perkin-Elmer Lambda 900 double-beam spectrophotometer (50000-5000 cm-1). An optically 

transparent thin-layer electrochemical (OTTLE) cell21 was connected to a PalmSens EmStat3 

potentiostat. Infrared spectra were recorded with a Bruker Vertex 70v spectrometer. All 

spectroelectrochemical experiments were conducted in dichloromethane containing 3·10-1 M [N(n-

Bu4]PF6 and 2·10-3 M complex (UV-Vis-NIR monitoring) or 10-2 M complex (IR monitoring). 

 

Synthesis of new compounds 

 

3,5-bis(2-aminophenyl)-1,2,3-triazole (3) 

 

A solution of 2-azidoaniline (609 mg, 4,50 mmol) (1) and 2-ethynylaniline (439 

mg, 3.75 mmol) (2) in a mixture of THF (180 mL), EtOH (180 mL) and H2O 

(18 mL) was degassed by bubbling through N2 for 15 minutes. A solution of 

CuSO4 (168 mg, 28 mol%) in H2O (6 mL) and a solution of sodium ascorbate 

(370 mg, 56 mol%) in H2O (6 mL) were added. The clear brown solution was 

stirred overnight (17 h) at 70 C. Solvents were evaporated and the residue was dissolved in CH2Cl2. 

The organic layer was washed with a saturated solution of NH4Cl (300 mL), brine (2  300 mL) and 

dried over MgSO4. Volatiles were evaporated to obtain a brown residue which was dissolved in 

CH2Cl2 (~5 mL) and triturated with pentane to afford a light-brown solid (707 mg, 75%), which was 

collected by filtration. 1H NMR (300 MHz, DMSO-d6, ppm): δ 8.79 (s, 1H, tz-H), 7.59 (dd, J = 7.8, 

1.5 Hz, 1H, Ar-H), 7.32 (dd, J = 7.9, 1.4 Hz, 1H, Ar-H), 7.23 (dd , J = 7.7, 1.3 Hz, 1H, Ar-H), 7.06 

(dd , J = 7.7, 1.5 Hz, 1H, Ar-H), 6.94 (dd, J = 8.2, 1.3 Hz, 1H, Ar-H), 6.79 (d, J = 7.9 Hz, 1H, Ar-H), 

6.71 (dd, J = 7.5, 1.3 Hz, 1H, Ar-H), 6.61 (dd , J = 7.4, 1.5 Hz, 1H, Ar-H), 6.18 (s, 2H, NH2), 5.51 (s, 

2H, NH2). 
13C NMR (101 MHz, DMSO-d6, ppm): δ 147.17 (Cq), 145.74 (Cq), 142.50 (Cq), 130.07 
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(CH), 128.66 (CH), 128.03 (CH), 125.57 (CH), 122.30 (CH), 121.91 (Cq), 116.73 (CH), 116.12 (CH), 

115.99 (CH), 115.85 (CH), 112.63 (Cq). ESI+-MS (m/z) calcd for C14H13N5: 252.1249, found 

252.1963 [M+H]+. IR (ATR mode, cm-1): ν 3460 (m, N-H), 3352 (m, N-H), 1619 (s, N-H bend), 

1508, 1486, 1466, 1421, 1314 (m). 

 

3,5-di(2-(3,5-di-tert-butyl-aminophenol))1,2,3-triazole (LH4) 

To a solution of 3 (470 mg, 1.87 mmol) in a mixture of hexanes 

(15 mL) and CH2Cl2 (25 mL) were added 3,5-di-tert-butylcatechol 

(832 mg, 3.74 mmol) and 2.5 mL of glacial acetic acid. The 

mixture was stirred in air for four days, whereafter all volatiles 

were evaporated by rotary evaporation. The residue was purified 

by column chromatography (CH2Cl2, first eluting compound), 

affording a first batch of LH4 as a yellow foam (450 mg, 38%). The column was flushed with 

CH2Cl2/MeOH (1/1) and all fractions not containing LH4 were combined and all volatiles were 

evaporated. The residue was dissolved in a mixture of CH2Cl2 (12 mL) and hexanes (8 mL) and 1 mL 

glacial acetic acid was added. After stirring for 7 days all volatiles were evaporated and the residue 

was purified by column chromatography (CH2Cl2, first eluting compound) to afford an additional 

batch of LH4 as a yellow foam (600 mg, combined yield: 86%). 1H NMR (400 MHz, DMSO-d6): δ 

9.08 (s, 1H, tz-H), 8.52 (s, 1H, NH), 8.16 (s, 1H, OH), 8.12 (s, 1H, OH) 7.65 (d, J = 7.6 Hz, 1H, Ar-

H), 7.45 (d, J = 8.0 Hz, 1H, Ar-H), 7.33 (t, J = 7.8 Hz, 1H, Ar-H), 7.26 (s, 1H, NH), 7.16 (t, J = 7.8 

Hz, 1H, Ar-H) 7.05-6.75 (m, 9H), 1.40 (s, 9H, tBu), 1.36 (s, 9H, tBu), 1.21 (s, 9H, tBu), 1.18 (s, 9H, 

tBu). 13C NMR (500 MHz, CDCl3): δ 149.5 (Cq), 149.1 (Cq), 148.6 (Cq), 145.4 (Cq), 142.6 (Cq), 

142.2 (Cq), 141.0 (Cq), 135.8 (Cq), 135.3 (Cq), 130.7 (CH), 129.8 (CH), 127.9 (CH), 127.4 (Cq), 

126.1 (Cq), 124.2 (CH), 123.9 (Cq), 122.5 (CH), 122.4 (CH), 122.0 (CH), 121.9 (CH), 121.0 (CH), 

119.4 (CH), 118.6 (CH), 116.4 (CH), 115.1 (CH), 114.2 (Cq), 35.1 (Cq), 34.5 (Cq), 31.7 (CH3), 31,6 

(CH3), 29.63 (CH3), 29.59 (CH3). FD+-MS (m/z) calcd for C42H53N5O2: 659.4199, found 659.4095 

[M]+. IR (ATR mode, cm-1): ν 3448 (m, N-H), 3314 (m, O-H/N-H), 2955 (s, Calk-H), 2906 (m, Calk-

H), 2868 (m, Calk-H),1609, 1588, 1509, 1480, 1442, 1428, 1311, 1222, 1200 (m). 

 

Complex 5 

A solution of LH4 (280 mg, 0.42 mmol) in MeOH (200 mL) was 

added dropwise over the course of 1.5 hours to a mixture of 

PdCl2(NCMe)2 (440 mg, 1.68 mmol) and NEt3 (0.36 mL, 2.54 

mmol) in MeOH (20 mL). The mixture was stirred overnight in a 

flask open to air, whereafter all volatiles where removed by rotary 

evaporation (water bath at 40 oC). The residue was dissolved in 

CHCl3 (200 mL), washed with H2O (2  80 mL), brine (80 mL) and dried over MgSO4. Volatiles 

where removed by rotary evaporation (water bath at 40 C) and the crude product was purified by 

silica column chromatography eluting with CH2Cl2 (top spot), yielding complex 5 as a black solid 
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(139 mg, 37%). FD+-MS (m/z) calcd for C42H49ClN5O2Pd2: 904.14962, found 904.15483 [M]+. Anal. 

Calcd for C42H47ClN5O2Pd2: C, 55.79; H, 5.46; N, 7.75 Found: C, 55.86; H, 5.57; N 7.67. IR (ATR 

mode, cm-1): ν 2952 (s, Calk-H), 2905 (m, Calk-H), 2868 (m, Calk-H), 1596, 1537 (m), 1477, 1467 (s). 

 

Complex 6 

NaN3 (32 mg, 0.5 mmol) was added to a stirred suspension of 5 

(45 mg, 0.05 mmol) in MeOH (5 mL). The mixture was stirred 

overnight in air, whereafter the precipitate was filtered off, washed 

with pentane and extracted using CH2Cl2. Volatiles were 

evaporated to afford complex 6 as a dark purple solid (43 mg, 93 

%). IR (ATR mode, cm-1): ν 2950 (s, Calk-H), 2904 (m, Calk-H), 

2867 (m, Calk-H), 2080 (vs, μ-N3), 1598, 1532 (m), 1475, 1464 (s). CSI-MS (m/z) calcd for 

C42H47N4O2Pd2Na: 876.1670, found 876.2100 [M -4N2 -2H + Na]+. Anal. Calcd for C42H49N8O2Pd2: 

C, 55.39; H, 5.42; N, 12.30 Found: C, 55.35; H, 5.51; N 12.26. 

 

Complex 7 

A solution of 5 (45 mg, 0.05 mmol) in C6H6 (2 mL) was added 

to a stirred suspension of acetylferrocenium tetrafluoroborate 

(15.8 mg, 0.05 mmol) in C6H6 (0.5 mL). After stirring for one 

hour, the reaction mixture was filtered through a Teflon syringe 

filter and added dropwise to vigorously stirred pentane (25 mL) 

in air. The mixture was stirred for 15 minutes whereafter the 

precipitate was collected by filtration. The precipitate was 

dissolved in CH2Cl2 followed by evaporation of the solvent by a stream of Ar. Vapor diffusion of 

pentane into a solution of the residue in toluene (2 mL) afforded complex 7 as a dark crystalline solid 

(35 mg, 72%). IR (ATR mode, cm-1): ν 2957 (s, Calk-H), 2906 (m, Calk-H), 2870 (m, Calk-H), 2079 (vs, 

μ-N3), 1063 (m). CSI-MS (m/z) calcd for C42H49ClN5O2Pd2: 904.1660, found 904.1655 [M]+. Anal. 

Calcd for C42H49BClF4N5O2Pd2 + 1 1/2 toluene* : C, 55.84; H, 5.44; N, 6.20 Found: C, 55.54; H, 5.34; 

N 6.07. * Present in the crystal lattice 

 

Complex 8 

 A solution of 6 (43 mg, 0.05 mmol) in C6H6 (2 mL) was added 

to a stirred suspension of acetylferrocenium tetrafluoroborate 

(14.8 mg, 0.05 mmol) in C6H6 (0.5 mL). After stirring for one 

hour, the reaction mixture was filtered through a Teflon syringe 

filter and added dropwise to vigorously stirred pentane (25 mL) 

in air. The mixture was stirred for 15 minutes whereafter the 

precipitate was collected by filtration. The precipitate was 

dissolved in CH2Cl2 followed by evaporation of the solvent by a stream of Ar. Vapor diffusion of 
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pentane into a solution of the residue in toluene (2 mL) afforded complex 8 as a dark crystalline solid 

(35 mg, 77%). IR (ATR mode, cm-1): ν 2958 (s, Calk-H), 2907 (m, Calk-H), 2870 (m, Calk-H), 2086 (vs, 

μ-N3), 1062 (m). CSI-MS (m/z) calcd for C42H49N8O2Pd2: 911.2070, found 911.1869 [M]+. Anal. 

Calcd for C42H49BF4N8O2Pd2 + 1 1/4 toluene*: C, 54.78; H, 5.34; N, 10.07 Found: C, 55.17; H, 5.58; N 

10.23.* Present in the crystal lattice.  

 

Single crystal X-ray crystallography 

All reflection intensities were measured at 100(1) (only for compound 8) or 110(2) K using a 

SuperNova diffractometer (equipped with Atlas detector) with either Mo Kα radiation (λ = 0.71073 

Å) (only for compound 8) or Cu Kα radiation (λ = 1.54178 Å) under the program CrysAlisPro 

(Versions 1.171.36.32 or 1.171.37.35, Agilent Technologies, 2013-2014). The same program was 

used to refine the cell dimensions and for data reduction. The structure was solved with the program 

SHELXS-2013/SHELXS-2014 (Sheldrick, 2015)22 and was refined on F2 with SHELXL-

2013/SHELXL-2014 (Sheldrick, 2015). Analytical numeric absorption correction based on a 

multifaceted crystal model was applied using CrysAlisPro. The temperature of the data collection was 

controlled using the system Cryojet (manufactured by Oxford Instruments). The H atoms were placed 

at calculated positions using the instructions AFIX 23, AFIX 43 or AFIX 137 with isotropic 

displacement parameters having values 1.2 or 1.5 Ueq of the attached C atoms. 

 

Complex 4: The structure is mostly ordered. The triazole ring is disordered over two orientations as it 

is found at sites of twofold axial symmetry (the twofold axis goes through the C‒H bond). Thus, the 

site N2/C14 in the asymmetric unit must be occupied equally by one N atom and one C atom with 

equal occupancy factor of 0.5. The crystal lattice also contains some amount of very disordered 

solvent molecules found in the channels along the c direction. Their contribution has been taken out in 

the final refinement using the SQUEEZE procedure.23  

4: Moiety formula: C84H98N10O4Pd2, Fw = 1524.52, black needle, 0.35  0.05  0.04 mm3, tetragonal, 

P4/nnc, a = 20.6335(2), c = 20.5058(3) Å, V = 8730.2(2) Å3, Z = 4, Dx = 1.160 g cm−3,  = 3.71 

mm−1, TminTmax: 0.4990.889. 32264 Reflections were measured up to a resolution of (sin /)max = 

0.616 Å−1. 81871 Reflections were unique (Rint = 0.0666), of which 3589 were observed [I > 2(I)]. 

233 Parameters were refined using 0 restraints. R1/wR2 [I > 2(I)]: 0.0659/0.1417. R1/wR2 [all refl.]: 

0.0750/0.1457. S = 1.162. Residual electron density found between −1.31 and 1.36 e Å−3. 

 

Complex 5: The asymmetric unit contains two crystallographically independent molecules (labelled 

A and B), and some amount of disordered solvent molecules (EtOH and hexane). The molecule of 

hexane is located at sites of inversion symmetry, and is found to be disordered. This molecule was 

treated as a rigid body group (AFIX 6) and the atomic displacement parameters were refined 

isotropically. The EtOH is quite disordered and its contribution has been taken out using the 

SQUEEZE procedure.23 The triazole rings N2XC14X (X = A, B) are always found to be disordered 

over two orientations, and the occupancy factors of the major components refine to 0.54(3) and 
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0.63(3). Three tert-butyl groups are found to be disordered over two orientations, and the occupancy 

factors of the major components refine to 0.809(6), 0.607(7) and 0.737(8), respectively.  

 5: Moiety formula: 2(C42H49ClN5O2Pd2), Fw = 1851.30, black small rod, 0.17  0.07  0.04 mm3, 

Triclinic, P-1, a = 14.5058(3), b = 16.7042(3), c = 18.9364(3) Å, α = 79.8808(14), β = 87.6702(13), γ 

= 70.3721(17)o, V = 4253.76(14) Å3, Z = 2, Dx = 1.445 g cm−3,  = 7.72 mm−1, TminTmax: 

0.3780.777. 49716 Reflections were measured up to a resolution of (sin /)max = 0.616 Å−1. 16506 

Reflections were unique (Rint = 0.0272) of which 14824 were observed [I > 2(I)]. 1072 Parameters 

were refined using 315 restraints. R1/wR2 [I > 2(I)]: 0.0306/0.0763. R1/wR2 [all refl.]: 

0.0356/0.797. S = 1.029. Residual electron density found between −1.09 and 1.16 e Å−3. 

 

Complex 6: The asymmetric unit contains three crystallographically independent molecules (labelled 

A, B and C), and some amount of very disordered solvent molecules, whose contribution has been 

taken out in the final refinement using the SQUEEZE procedure.23 The structure is mostly ordered. 

The triazole rings N2XC14X (X = A, B, C) are always found to be disordered over two 

orientations, and the occupancy factors of the major components refine to 0.83(3) for A, 0.82(3) for B 

and 0.58(3) for C. One tert-butyl group from molecule A and the azide anion from molecule B are 

found to be disordered over two orientations, and the occupancy factors of the major components 

refine to 0.880(5) and 0.73(3), respectively.  

6: Moiety formula: C42H49N8O2Pd2, Fw = 910.69, black needle, 0.25  0.06  0.04 mm3, triclinic, P-1 

(no.2), a = 16.9416(3), b = 20.8893(3), c = 22.9471(4),  = 103.4975(13),  = 106.7701(14),  = 

110.2509(14), V = 6774.3(2) Å3, Z = 6, Dx = 1.339 g cm−3,  = 6.749 mm−1, TminTmax: 0.4250.806. 

92385 Reflections were measured up to a resolution of (sin /)max = 0.62 Å−1. 26315 Reflections 

were unique (Rint = 0.0383) of which 21089 were observed [I > 2(I)]. 1535 Parameters were refined 

using 205 restraints. R1/wR2 [I > 2(I)]: 0.0318/0.0759. R1/wR2 [all refl.]: 0.0443/0.0812. S = 1.028. 

Residual electron density found between -0.87 and 0.74 e Å−3. 

 

Complex 7: The asymmetric unit contains two crystallographically independent molecules (labelled 

A and B), two BF4 counterions, and two lattice toluene solvent molecules. The two counterions are 

disordered over two orientations, and the occupancy factors of the major components of the disorder 

refine to 0.712(11) and 0.57(3). The triazole rings N2XC14X (X = A, B) are also found to be 

disordered over two orientations, and the occupancy factors of the major components refine to 0.51(9) 

and 0.52(8) (statistically, both orientations are equally distributed). The crystal that was mounted on 

the diffractometer is non-merohedrally twinned. The twin relationship corresponds to a twofold axis 

along the reciprocal vector -0.0006a* + -0.0093b* + 1.0000c*. The BASF scale factor refines to 

0.4320(12).  

7: Moiety formula: C42H49ClN5O2Pd2•C7H8•BF4, Fw = 1083.05, black small rod, 0.38  0.36  0.03 

mm3, triclinic, P-1, a = 14.3045(4), b = 18.1655(5), c = 18.6639(5),  = 90.624(2),  = 90.120(2),  = 

74.658(3), V = 4676.7(2) Å3, Z = 4, Dx = 1.538 g cm−3,  = 7.24 mm−1, TminTmax: 0.1510.792. 
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44233 Reflections were measured up to a resolution of (sin /)max = 0.617 Å−1. 19865 Reflections 

were unique (Rint = 0.047) of which 17967 were observed [I > 2(I)]. 1244 Parameters were refined 

using 620 restraints. R1/wR2 [I > 2(I)]: 0.0657/0.1890. R1/wR2 [all refl.]: 0.0708/0.1965. S = 1.042. 

Residual electron density found between -1.63 and 1.98 e Å−3. 

 

Complex 8: The asymmetric unit contains one crystallographically independent Pd-N3
-Pd complex, 

one BF4
 counterion, and one lattice toluene solvent molecule. The counterion and lattice solvent 

molecule are disordered over three and two orientations, respectively. The three occupancy factors of 

the three orientations of the counterion refine to 0.551(3), 0.299(3) and 0.150(3). The occupancy 

factor of the major component of the disordered solvent molecule refines to 0.531(10). The triazole 

ring N2C14 is also found to be disordered over two orientations, and the occupancy factor of the 

major component refines to 0.57(4).  

8: Moiety formula: C42H49N8O2Pd2•C7H8•BF4, Fw = 1089.63, Dark-red thin plate, 0.26  0.18  0.02 

mm3, Monoclinic, P21/c, a = 15.3207(4), b = 18.3882(4), c = 17.4978(3),  = 98.840(2) , V = 

4870.93(19) Å3, Z = 4, Dx = 1.486 g cm−3,  = 6.477 mm−1, TminTmax: 0.3670.872. 56011 

Reflections were measured up to a resolution of (sin /)max = 0.616 Å−1. 9572 Reflections were 

unique (Rint = 0.0553) of which 8523 were observed [I > 2(I)]. 767 Parameters were refined using 

713 restraints. R1/wR2 [I > 2(I)]: 0.0425/0.1040. R1/wR2 [all refl.]: 0.0489/0.1083. S = 1.123. 

Residual electron density found between -0.70 and 0.95 e Å−3. 

 

Bond length analysis  

Complex 5: The asymmetric unit contains two crystallographically independent molecules (labelled 

molecule A and molecule B, Figure 19). At first glance the metrical oxidation state (MOS) values, 

which typically provide a good indication for the ligand oxidation state, do not to support the mixed-

valent assignments of 5 but tend toward intermediate oxidation states for both rings. However, the κ2-

N,N’ triazoles are disordered over two orientations - multiplying the occupancy factors (0.54(3) for 

molecule A and 0.63(3) for molecule B) with the theoretical oxidation states results in MOS values in 

agreement with ligand-based mixed-valent complexes, with Ring A and Ring B being in the 

amidophenolate (AP2-) and iminosemiquinonato (ISQ-) oxidation state, respectively. 
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Figure 19. Two molecules that are found in the asymmetric unit of 5 (top) with selected metric parameters and metrical 

oxidation states (bottom). 

 

Multiplying the occupancy factors with the theoretical oxidation states (Molecule A: Ring A 0.46 

AP2- ;0.54 ISQ- and Ring B 0.54 AP2-; 0.46 ISQ- ; Molecule B: Ring A 0.37 AP2- ;0.63 ISQ- and 

Ring B 0.63 AP2-; 0.37 ISQ-) gives MOS values very close to the ones obtained from the observed 

metric parameters.  

 

Molecule A 

Ring A:  (0.46 * -2) + (0.54 * -1) = -1.46 (found MOS: -1.51 ± 0.06) 

Ring B:  (0.54 * -2) + (0.46 * -1) = -1.54 (found MOS: -1.63 ± 0.09) 

 

Molecule B 

Ring A:  (0.37 * -2) + (0.63 * -1) = -1.37 (found MOS: -1.34 ± 0.09) 

Ring B:  (0.63 * -2) + (0.37 * -1) = -1.63 (found MOS: -1.60 ± 0.16) 

 

Molecule A Molecule B
Ring A Ring B Ring A Ring B

Bond XRD (Å) Bond XRD (Å) Bond XRD (Å) Bond XRD (Å)

C1-C2 1.418(4) C15-C16 1.418(4) C1-C2 1.425(4) C15-C16 1.427(5)
C2-C3 1.392(4) C16-C17 1.395(4) C2-C3 1.385(5) C16-C17 1.386(6)
C3-C4 1.410(4) C17-C18 1.405(5) C3-C4 1.419(5) C17-C18 1.389(7)
C4-C5 1.378(4) C18-C19 1.380(6) C4-C5 1.376(5) C18-C19 1.380(6)
C5-C6 1.401(4) C19-C20 1.400(4) C5-C6 1.415(4) C19-C20 1.404(5)
C6-C1 1.425(4) C20-C15 1.415(4) C6-C1 1.427(4) C20-C15 1.417(5)
C1-O1 1.332(3) C15-O2 1.335(3) C1-O1 1.321(4) C15-O2 1.323(4)
C6-N1 1.389(4) C20-N5 1.400(4) C6-N1 1.385(4) C20-N5 1.409(4)
Pd1-N1 1.957(2) Pd2-N5 1.953(2) Pd3-N1 1.966(3) Pd4-N5 1.961(2)
Pd1-O1 1.973(2) Pd2-O2 1.979(2) Pd3-O1 1.981(2) Pd4-O2 1.976(2)
Pd1-N3 1.987(2) Pd2-N4 1.972(2) Pd3-N3 1.979(2) Pd4-N4 1.980(2)
MOS -1.51 ± 0.06 MOS -1.63 ± 0.09 MOS -1.60 ± 0.16 MOS -1.34 ± 0.09
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Complex 6 

The asymmetric unit contains three crystallographically independent molecules (labelled molecule A, 

molecule B and molecule C, Figure 20). At first glance the metrical oxidation state (MOS) values do 

not to support the mixed-valent assignments of 6 for all three molecules. Similar to 5, the κ2-N,N’ 

triazoles are disordered over two orientations - multiplying the occupancy factors (0.83(3) for 

molecule A and 0.82(3) for molecule B and 0.58(3) for molecule C) with the theoretical oxidation 

states results in MOS values in agreement with ligand-based mixed-valent complexes, with Ring A 

and Ring B being in the amidophenolate (AP2-) and iminosemiquinonato (ISQ-) oxidation state, 

respectively. 

Multiplying the occupancy factors with the theoretical oxidation states (gives MOS values very close 

to the ones obtained from the observed metric parameters.  

 

Molecule A 

Ring A:  (0.83 * -2) + (0.17 * -1) = -1.83 (found MOS: -1.83 ± 0.11) 

Ring B:  (0.17 * -2) + (0.83 * -1) = -1.17 (found MOS: -1.38 ± 0.12) 

 

Molecule B 

Ring A:  (0.82 * -2) + (0.18 * -1) = -1.82 (found MOS: -1.92 ± 0.11) 

Ring B:  (0.18 * -2) + (0.82 * -1) = -1.18 (found MOS: -1.26 ± 0.07) 

 

Molecule C 

Ring A:  (0.58 * -2) + (0.42 * -1) = -1.58 (found MOS: -1.60 ± 0.09) 

Ring B:  (0.42 * -2) + (0.58 * -1) = -1.42 (found MOS: -1.32 ± 0.12) 
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Figure 20. The three molecules that are found in the asymmetric unit of 6 (top) with selected metric parameters and metrical 

oxidation states (bottom). 

 

Complex 7 

The asymmetric unit contains two crystallographically independent molecules (labelled molecule A 

and molecule B, Figure 21). The MOS values are in agreement with both Ring A and Ring B being in 

the and iminosemiquinonato (ISQ-) oxidation state. 

 

Molecule A Molecule B Molecule C
Ring A Ring B Ring A Ring B Ring A Ring B

Bond XRD (Å) Bond XRD (Å) Bond XRD (Å) Bond XRD (Å) Bond XRD (Å) Bond XRD (Å)

C1-C2 1.413(4) C15-C16 1.422(4) C1-C2 1.412(5) C15-C16 1.425(4) C1-C2 1.407(4) C15-C16 1.420(5)
C2-C3 1.399(4) C16-C17 1.383(5) C2-C3 1.396(5) C16-C17 1.381(5) C2-C3 1.389(5) C16-C17 1.382(5)
C3-C4 1.395(5) C17-C18 1.404(5) C3-C4 1.389(5) C17-C18 1.415(5) C3-C4 1.410(5) C17-C18 1.415(5)
C4-C5 1.390(5) C18-C19 1.385(5) C4-C5 1.402(5) C18-C19 1.376(4) C4-C5 1.385(5) C18-C19 1.368(5)
C5-C6 1.396(4) C19-C20 1.416(5) C5-C6 1.391(4) C19-C20 1.406(5) C5-C6 1.400(5) C19-C20 1.406(5)
C6-C1 1.417(4) C20-C15 1.432(5) C6-C1 1.414(4) C20-C15 1.435(5) C6-C1 1.423(4) C20-C15 1.437(5)
C1-O2 1.343(3) C15-O2 1.314(4) C1-O2 1.348(4) C15-O2 1.311(4) C1-O2 1.331(4) C15-O2 1.311(4)
C6-N1 1.416(4) C20-N5 1.393(4) C6-N1 1.417(4) C20-N5 1.379(4) C6-N1 1.400(5) C20-N5 1.395(5)
Pd1-N1 1.973(2) Pd2-N5 1.967(3) Pd3-N1 1.963(2) Pd4-N5 1.966(3) Pd5-N1 1.979(3) Pd6-N5 1.962(3)
Pd1-O1 1.953(2) Pd2-O2 1.975(2) Pd3-O1 1.968(2) Pd4-O2 1.975(2) Pd5-O1 1.962(2) Pd6-O2 1.973(2)
Pd1-N3 1.973(2) Pd2-N4 1.967(2) Pd3-N3 1.945(3) Pd4-N4 1.964(2) Pd5-N3 1.951(3) Pd6-N4 1.971(3)
MOS -1.83 ± 0.11 MOS -1.38 ± 0.12 MOS -1.92 +- 0.11 MOS -1.26 +- 0.07 MOS -1.60 +-0.09 MOS -1.32 +- 0.12
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Figure 21. Two molecules that are found in the asymmetric unit of 7 (top) with selected metric parameters and metrical 

oxidation states (bottom). 

 

Magnetic measurements 

Temperature-dependent magnetic susceptibility measurements were carried out with a Quantum-

Design MPMS-XL-5 SQUID magnetometer equipped with a 5 Tesla magnet in the range from 295 to 

2.0 K at a magnetic field of 0.5 T. The freshly isolated crystalline samples were contained in a PTFE 

bucket and fixed in a non-magnetic sample holder. Each raw data file for the measured magnetic 

moment was corrected for the diamagnetic contribution of the PTFE bucket according to Mdia(bucket) 

= χg·m·H, with an experimentally obtained gram susceptibility of the PTFE bucket. The molar 

susceptibility data were corrected for the diamagnetic contribution according to χM
dia(sample) = –0.5 · 

M · 10–6 cm3·mol–1.24 Experimental data were modelled with the julX program25. Temperature-

independent paramagnetism (TIP) and paramagnetic impurities (PI) with S = ½ were included 

according to calc = (1  PI)· + PI·mono + TIP. Best fit parameters are collected in Table 1. 

Molecule A Molecule B

Ring A Ring B Ring A Ring B
Bond XRD (Å) Bond XRD (Å) Bond XRD (Å) Bond XRD (Å)

C1-C2 1.424(11) C15-C16 1.415(12) C1-C2 1.413(12) C15-C16 1.414(13)
C2-C3 1.371(12) C16-C17 1.387(12) C2-C3 1.381(3) C16-C17 1.377(12)
C3-C4 1.418(12) C17-C18 1.458(12) C3-C4 1.419(12) C17-C18 1.433(13)
C4-C5 1.348(12) C18-C19 1.364(13) C4-C5 1.388(12) C18-C19 1.349(13)
C5-C6 1.424(12) C19-C20 1.412(11 C5-C6 1.395(12) C19-C20 1.425(11)
C6-C1 1.463(11) C20-C15 1.454(11) C6-C1 1.453(10) C20-C15 1.456(11)
C1-O2 1.300(10) C15-O2 1.285(10) C1-O2 1.311(10) C15-O2 1.339(10)
C6-N1 1.347(10) C20-N5 1.383(11) C6-N1 1.355(11) C20-N5 1.351(12)
Pd1-N1 1.974(6) Pd2-N5 1.975(7) Pd3-N1 1.966(6) Pd4-N5 1.972(7)
Pd1-O1 1.984(6) Pd2-O2 1.976(6) Pd3-O1 1.988(6) Pd4-O2 1.966(6)
Pd1-N3 1.989(6) Pd2-N4 1.985(7) Pd3-N3 2.013(7) Pd4-N4 1.968(7)
MOS -0.86 +- 0.11 MOS -0.95 +- 0.17 MOS -1.15 +- 0.10 MOS -1.08 +- 0.17
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Table 1. Magnetic data for complexes 7 and 8. 

complex g J, cm−1 PI,  % TIP·10–6, cm3mol−1 

7 1.97 –39 1.8 360 

8 1.89 –29 0.9 320 

 

DFT calculations 

Geometry optimizations were carried out using TURBOMOLE26 coupled with the PQS Baker 

Optimizer27 via the BOpt package28 at the DFT level using the b3-lyp functional and the def2-TZVP 

basis set. The corrected broken symmetry energies	 εBS of the open-shell singlets (S = 0) were 

estimated from the energy εS of the optimized single-determinant broken symmetry solution and the 

energy εS 1 from a separate unrestricted triplet calculation at the same level, using the approximate 

correction formula:29 

ε
ε 	–	 ε

	–	
 

 

The UV−vis transitions of complexes 4 and 5 were calculated with TD-DFT (nroots = 50; maxdim = 

600; triplets = false) as implemented in the ORCA package30 at the b3-lyp31 level (RIJCOSX32) using 

the def2-TZVP basis set. ZORA33 scalar relativistic Hamiltonians (Special-GridAtoms = 27, 

SpecialGridIntAcc = 7) and COSMO34 dielectric solvent corrections (ε = 8.93; CH2Cl2) were 

included. The coordinates from the structures optimized in Turbomole were used as input for these 

ORCA TD-DFT calculations. The DFT calculated spin exchange interaction was obtained from the 

energy εS of the optimized single-determinant broken symmetry solution and the energy εS 1 from a 

separate unrestricted triplet calculation at the same level, using the formula13: 
 

ε 	–	ε

	–	
 

 

 

 

Figure 22. TD-DFT calculated electronic absorption spectra for 5 (left) and 6 with the horizontal axis in nm (right, ORCA, 

b3-lyp, def2-TZVP). 
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