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Chapter 8 
 

Palladium alkyl complexes with a 
formazanate ligand: 

synthesis, structure and reactivity 
 

Palladium(II) complexes with a bidentate, anionic formazanate ligand are described. Attempts to 
prepare mono(formazanate) palladium alkyl complexes often leads to the homoleptic 
bis(formazanate) complex, which shows rich electrochemistry due to the redox-active nature of the 
ligands. Performing salt metathesis between the precursor [Pd(COD)(CH3)Cl] and the potassium salt of 
the ligand in the presence of tetrabutylammonium chloride yields a square planar mono(formazanate) 
palladate complex through coordination of chloride anion. Ligand exchange allows binding of 
unsaturated molecules and evaluation of the reactivity of the Pd-CH3 fragment. Using this approach, 
insertion reactions of CO, isocyanide and methyl acrylate into the Pd-CH3 bond are demonstrated. 

 

 

 

 

 

 
 
 
This chapter has been published: 
F. Milocco, F. de Vries, A. Dall'Anese, V. Rosar, E. Zangrando, E. Otten and B. Milani, Dalton. Trans. 2018, 47, 
14445-14451.  
DOI: 10.1039/c8dt03130d  

Ligand-based
redox event

Insertions in 
Pd-CH3 bond

-2.5 -2 -1.5 -1
Potential vs Fc+/Fc (V)



554702-L-bw-Milocco554702-L-bw-Milocco554702-L-bw-Milocco554702-L-bw-Milocco
Processed on: 2-2-2021Processed on: 2-2-2021Processed on: 2-2-2021Processed on: 2-2-2021 PDF page: 204PDF page: 204PDF page: 204PDF page: 204

Chapter 8 

194 

88.1 Introduction 

Alkylpalladium complexes with either neutral or monoanionic bidentate ligands are well-known for 
their ability to catalyze olefin oligomerization/polymerization. In particular, these catalysts show a 
remarkable tolerance to polar functional groups in comparison to early transition metal catalysts. 
Therefore, they have been studied extensively for coordination-insertion type copolymerization of 
ethylene with polar vinyl monomers, leading to polyolefins that incorporate functional groups in the 
polymer chain.1 Following the pioneering work by Brookhart and co-workers on catalysts containing 
sterically demanding neutral -diimine ligands,2 much research has been performed on these systems 
to arrive at a thorough understanding of mechanistic details and structure/activity relationships.3 Our 
long-standing interest in this type of catalysis has focused on the design of neutral N-donor ligands to 
improve catalyst activity/stability and obtain products with improved properties.4 Nickel(II) and 
palladium(II) compounds with monoanionic bidentate ligands are also known as active catalysts for 
olefin polymerization (e.g., with phosphino-sulfonate5 or salicylaldimine ligands),6 but, surprisingly, 
complexes with monoanionic nitrogen-based ligands such as -diiminates have been comparatively 
little studied in group 10 chemistry.7 Limited success in the synthesis of palladium complexes with the 
structurally related -diiminate ligands has been reported in the literature. Bercaw and co-workers 
observed insertion of COD (1,5-cis,cis-cyclooctadiene) into the Pd-C bond of the transient species ( -
diiminate)Pd(CH3)(COD).8 A competing C-H activation with the solvent (benzene) was also observed to 
give the product of insertion into a Pd-Ph bond, while performing the reaction in the presence of 
acetonitrile afforded the adduct ( -diiminate)Pd(CH3)(CH3CN). Pörschke and co-workers described 
attempts to synthesize -diiminate palladium chloride complexes, which led to formation of palladium 
black and oxidative coupling of the -diiminate ligand.9 Subsequently, the Song group has successfully 
prepared a variety of N-aryl substituted mono( -diiminate)palladium complexes and studied their 
reactivity.10 Complexes containing nitrogen-rich analogues of -diiminates, such as 
1,2,4,5-tetrazapentadienyl ligands (based on an NNCNN backbone, also known as ‘formazanates’),11 
have not been studied extensively. Although the latter ligands have been sporadically used in 
coordination compounds with Ni(II)12 and Pd(II),13 it is only recently that they have gained renewed 
interest due to their unusual redox- and optoelectronic properties.14,15,16,17 Aiming to exploit the 
tuneable steric and electronic properties of formazanate ligands in palladium chemistry, we report 
here the synthesis and characterization of formazanate palladium complexes. This includes the first 
example of a methylpalladium complex with a formazanate ligand, and a study of insertion of 
unsaturated substrates (CO, isocyanide and methyl acrylate) in the Pd-C bond in this system. 

8.2 Synthesis and characterization of palladium formazanate 
complexes 

8.2.1 Bis(formazanate) palladium complex 

Initial attempts to generate mono(formazanate) palladium compounds by protonolysis (with free 
formazan 1H) or salt metathesis (with the corresponding potassium salt 1K18) using [Pd(COD)(CH3)Cl] 
as the source of palladium were unsuccessful. Instead, these reactions invariably led to the formation 
of the homoleptic bis(formazanate) palladium complex Pd-1a, [Pd(L1)2], as the major species. To 
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confirm the identity of Pd-1a, it was prepared cleanly from the reaction of 2 equiv of 1H with Pd(OAc)2 
and characterized by spectroscopy as well as X-ray crystallography. The characterization data are 
unremarkable, and correspond to those reported by Siedle and co-workers for related compounds.13a 
In addition, given the recent interest in the redox-active properties of these and related ligands, we 
evaluated the electrochemistry of Pd-1a by cyclic voltammetry. The cyclic voltammogram shows two 
quasi-reversible reductions taking place at − 1.47 and − 1.82 V vs Fc0/+ (Fc = ferrocene), that correspond 
to the transformation of Pd-1a to the radical anion Pd-1a− and subsequently to the dianion Pd-1a2−, 
respectively (Figure 8.1 a). Moreover, a quasi-reversible oxidation to the radical cation Pd-1a+ is 
observed at + 0.41 V vs Fc0/+. DFT calculations show predominant spin density on the ligands for all 
open-shell species, confirming ligand-based reductions/oxidations taking place Figure 8.1 b-c).  

  

Figure 8.1. a) Cyclic voltammogram of compound Pd-1a (ca. 1.50 mM solution of Pd-1a in THF; 0.1 M [Bu4N][PF6] 
electrolyte; scan rate = 0.5 V·s-1). b) Spin density plot for the anion Pd-1a−; c) spin density plot for the cation Pd-1a+ 
(DFT optimized geometries). 

A more detailed examination of the species present during salt metathesis of 1K and [Pd(COD)(CH3)Cl] 
was carried out by monitoring the reaction by NMR spectroscopy at low temperature in anhydrous 
THF-d8 solution. Addition of a cold (− 35 °C) solution of 1K in THF-d8 to [Pd(COD)(CH3)Cl] 
(formazanate:Pd ratio of 1:1) resulted in immediate colour change from dark red to blue. In the initial 
1H NMR spectrum taken at − 40 °C, no signal of the starting materials is present, and only a trace 
amount of the bis(formazanate)palladium complex Pd-1a is observed. Although a complex mixture is 
obtained, free cyclooctadiene and the palladium compound [Pd(COD)(CH3)2] (in THF-d8, Pd-CH3 1H 
NMR: 0.22 ppm; 13C NMR: 3.15 ppm)19,20 are unambiguously identified in the spectra. Judging by the 
multitude of signals observed in the aromatic region, several new formazanate-contaning species are 
present.21 However, warming the mixture to room temperature again results in formation of the 
bis(formazanate)palladium complex Pd-1a as the only formazanate-containing species (Scheme 8.1; 
see Section 8.5.3). 
When the same reaction is performed at 0 °C on a larger scale (with adventitious water present), the 
dimeric complex [Pd(μ-OH)(L1)]2, Pd-1b, is formed as the major species, together with Pd-1a (Scheme 
8.1). As indicated by NMR characterization (singlet at − 3.46 ppm) and X-ray diffraction studies on a 
single crystal (see Figure 8.2), in Pd-1b the palladium centres are connected by two bridging hydroxo 
groups. A similar μ-hydroxide complex was reported with nickel(II) and sterically demanding 3-nitro- 
or 3-cyanoformazanate ligands,12b and a related palladium(II) complex with a -diiminate ligand is 
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known.10b The origin of the hydroxide groups in Pd-1b is likely an adventitious amount of water present 
in the reaction solvent, or introduced during workup. 

 

Scheme 8.1. Salt metathesis between 1K and [Pd(COD)(CH3)Cl]. 

 

Figure 8.2. Molecular structure of compounds Pd-1a and Pd-1b showing 50% probability ellipsoids, hydrogen atoms 
are omitted for clarity. 

8.2.2 Mono(formazanate) palladium complex 

Based on these results, we hypothesized that successful synthesis of a mono(formazanate)palladium 
complex would require stabilization of the 14-electron, coordinatively unsaturated intermediate 
[Pd(L1)(CH3)] to prevent its conversion to Pd-1a. Thus, we examined the reaction of 1K with 
[Pd(COD)(CH3)Cl] in the presence of one equivalent of tetrabutylammonium chloride. After stirring for 
2 hours, the solution was filtered, after which diffusion of hexane into the THF solution afforded dark 
blue crystals of the product [Bu4N][Pd(L1)(CH3)Cl] (Pd-1c) in 83% isolated yield (Scheme 8.1). 1H NMR 
spectroscopy showed a characteristic Pd-CH3 resonance at − 0.02 ppm (13C NMR: − 5.0 ppm), and the 
observed integration was consistent with a formazanate:Pd-CH3 ratio of 1:1. The NMR spectra of Pd-1c 
indicate that the two halves of the formazanate ligand are inequivalent, as expected for a square planar 
complex with Pd-CH3 and Pd-Cl fragments. An X-ray diffraction study confirmed the proposed 
formulation (Figure 8.3 a). The anionic part of the molecule consists of a square planar Pd center bound 
to a bidentate formazanate, a chloride and methyl ligand. The Pd-N bond length is shortest for the 
nitrogen trans to the chloride ligand (Pd(1)-N(1) = 2.033(3) Å; Pd(1)-N(2) = 2.117(3) Å), which likely 
reflects the larger trans-influence of the CH3 group. The metrical parameters within the formazanate 
ligand in Pd-1c are unsurprising, and closely resemble those in Pd-1a and Pd-1b. Cyclic voltammetry in 
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THF solution (0.1 M [Bu4N][PF6] as electrolyte) shows that Pd-1c possesses a quasi-reversible reduction 
wave at E1/2 = − 1.87 V vs. Fc0/+ (Figure 8.3 b), which is likely a ligand-based event; the 400 mV shift to 
more negative potential than observed for Pd-1c is consistent with the overall charge of −1 for 
palladate complex Pd-1c. Somewhat surprisingly, the quasi-reversible nature indicates that the 
electrochemically generated radical dianion [Pd(L1)(CH3)Cl]2− does not lose Cl− on the timescale of the 
voltammetry experiment. 

 

Figure 8.3. Molecular structure of compound Pd-1c showing 50% probability ellipsoids. Hydrogen atoms and the 
Bu4N+ cation are omitted for clarity. b) Cyclic voltammogram of compound Pd-1c (ca. 1.50 mM solution of Pd-1c in 
THF; 0.1 M [nBu4N][PF6] electrolyte; scan rate = 0.1 V·s-1). Selected bond lengths (Å) and angles (°): Pd(1)-N(1) 
2.033(3); Pd(1)-N(2) 2.117(3); Pd(1)-Cl(1) 2.3055(10); Pd(1)-C(21) 2.062(3); N(1)-N(4) 1.293(4); N(2)-N(3) 1.297(4); 
N(1)-Pd(1)-N(2) 82.37(12); (N–Pd–N)/(X–Pd–X) 5.28.  

The straightforward synthesis of Pd-1c confirms that transmetallation between 1K and 
[Pd(COD)(CH3)Cl] is facile and indeed produces the target mono(formazanate)palladium compound. 
The presence of a fourth ligand to complement the Pd coordination sphere is required to stabilize the 
neutral fragment [Pd(L1)(CH3)]. This is in agreement with data reported for β-diketiminate nickel 
compounds, which are stabilized by binding lutidine as neutral co-ligand or via β-agostic interactions 
with the alkyl group.22 A similar situation is reported for organometallic palladium complexes having 
the phosphinosulfonate anion as ancillary ligand, which have been isolated as neutral lutidine23 or 
DMSO adducts,24 or as anionic complexes with chloride bound.25 In our case, the presence of chloride 
ions leads to formation of a stable four-coordinate palladate complex. Such palladate species are also 
of current interest due to their involvement in cross-coupling catalysis.26 

88.2.3 Attempts of chloride abstraction 

With the successful synthesis of Pd-1c in hand, we questioned whether chloride abstraction would 
allow to detect the (transient) putative three-coordinate compound [Pd(L1)(CH3)] and provide insight 
in the pathway of its conversion to Pd-1a (vide supra). Thus, THF-d8 solutions of Pd-1c were reacted at 
− 30 °C in three separate experiments with NaBPh4, AgBF4 or B(C6F5)3, and the reactions were 
monitored by NMR spectroscopy at − 40 °C. A detailed discussion of these experiments is provided in 
Section 8.5.4. Here, we note that in none of these reactions we were able to unambiguously identify 
[Pd(L1)(CH3)] as an intermediate. The reaction with NaBPh4 results in formation of Pd-1a as the major 
product, presumably as a result of chloride abstraction from Pd-1c. Similarly, B(C6F5)3 reacts with Pd-1c 
to form a 2:1 mixture of the borates [B(C6F5)3Cl]- and [B(C6F5)3(CH3)]- due to chloride/methyl 
abstraction from Pd-1c; again, Pd-1a is the major formazanate-containing product in solution. Finally, 
the reaction with AgBF4 does not lead to chloride abstraction, but the data indicate that 
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electron-transfer could occur as evidenced by the formation of ethane and a species that we 
tentatively assign as the chloride-bridged dimer [Pd(μ-Cl)(L1)]2 ( 
Scheme 8.2), for which there is precedent in related -diiminate chemistry.27  

Scheme 8.2. Proposed reaction sequence for reaction of Pd-1c with AgBF4 in THF-d8. 

 

88.3 Ligand exchange and insertion reactions 

Ligand exchange and insertion reactions with the palladate complex Pd-1c were evaluated (Scheme 
8.3). Stirring complex Pd-1c with 2.6 equiv of pyridine in dichloromethane solution gave the neutral 
pyridine adduct [Pd(L1)(CH3)(Py)] (Pd-1d), which was isolated in 46% yield. The 1H NMR spectrum of 
Pd-1d shows the singlet of the Pd-CH3 group at 0.05 ppm, and inequivalent formazanate NPh groups, 
in agreement with the non-symmetrical chemical environment around palladium. 
Addition of excess CO to a THF-d8 solution of compound Pd-1c resulted in clean formation of the CO 
insertion product [Bu4N][Pd(L1)(COCH3)Cl] (Pd-1e), which shows NMR resonances at  2.33 (1H) and 
235.5/37.4 ppm (13C) that are characteristic for the palladium acyl group.28 A labelling experiment using 
13CO confirmed that the Pd-C resonance at 235.7 ppm in the 13C NMR was enhanced due to the 
incorporation the 13C label. Aside from free 13CO, no other signals attributable to 13C incorporation 
were observed, indicating that the chloride ligand is retained in the anionic product Pd-1e rather than 
Cl−/13CO exchange to give a neutral 13C-labeled palladium carbonyl species. Treatment of Pd-1c with 1 
equivalent of 4-methoxyphenyl isocyanide on NMR scale in THF-d8 resulted in a mixture of products 
and some unreacted Pd-1c, but addition of a second equivalent of isocyanide led to the formation of 
a single species according to NMR spectroscopy which was characterized as the isocyanide insertion 
product [Pd(L1)(C(CH3)=NC6H4OCH3)(CNC6H4OCH3)] (Pd-1f, Scheme 8.3). 
Diagnostic NMR data for Pd-1f include a singlet at 2.41 ppm for the iminoacyl-CH3 group, and a 13C 
NMR signal at 184.5 ppm for the Pd-bound C=N carbon. Compounds Pd-1e and Pd-1f are both 
sufficiently stable to allow characterization by NMR spectroscopy, but solutions left at room 
temperature decompose in the course of several hours to unidentified species (including palladium 
black).  
Also the pyridine adduct Pd-1d inserts CO, albeit more slowly than the anionic chloride Pd-1c, to give 
compound Pd-1h which shows acyl-CH3 NMR resonances at  1.80 (1H) and 36.7 ppm (13C). The reaction 
of Pd-1d with CO in the presence of additional pyridine (ca. 2.2 equiv) is qualitatively found to be slower 
than without added pyridine: in the former only 13% conversion of Pd-1d is obtained after 3 hours, 
while in the latter it reaches > 85% conversion in the same time. We tentatively attribute this to CO 
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insertion being preceded by (dissociative) ligand exchange between pyridine and CO (and similarly, Cl− 
and CO in Pd-1c). Although square planar 16-electron complexes typically undergo substitution by an 
associative mechanism, dissociative pathways are also reported in the literature,29 in particular for 
electron-rich complexes with strong donor ligands that raise the energy of the metal-based LUMO (dz2 
orbital) and/or with ligands that have a high trans-influence. The (imino)acyl products formed upon 
insertion are obtained as four-coordinate compounds with the fourth ligand in the palladium 
coordination sphere being either Cl− (Pd-1e), CN-p-An (Pd-1f), or Py (Pd-1h).  
Subsequently, insertion of olefinic substrates was tested. Thus, 5 equiv of styrene were added to a 
THF-d8 solution of Pd-1c, and the reaction monitored by 1H NMR spectroscopy at room temperature. 
No changes were observed at room temperature over the course of 16 hours, after which the NMR 
tube was filled with 1 bar of CO. Immediate formation of the acyl complex Pd-1e was observed, but 
subsequent insertion of styrene did not occur. Finally, to promote styrene coordination/insertion, 
abstraction of the chloride ligand from the four-coordinate complex Pd-1e was performed by the 
addition of NaBPh4. However, this resulted again in the rapid formation of Pd-1a, and no evidence for 
conversion of the olefin was seen. In agreement with these observations, tests of catalytic reactions 
under CO/styrene copolymerization conditions with compounds Pd-1c/Pd-1d only showed 
decomposition to Pd-1a and some free ligand; no oligomeric/polymeric products were obtained. 
Similarly, the addition of 1 bar of ethylene to compound Pd-1d does not lead to observable changes in 
the NMR spectrum when followed over several days.  

 

Scheme 8.3. Ligand exchange reactions with Pd-1c and insertion of unsaturated substrates in the Pd-CH3 bond. 

In contrast, the reaction of Pd-1d with methyl acrylate slowly converts to a new species which is 
formulated as the 2,1-insertion product [Pd(L1)(CH(Et)CO2CH3)(Py)] (Pd-1h) on the basis of its NMR 
spectral features. Specifically, the observation of a set of diastereotopic CH2 resonances in the 1H NMR 
spectrum at δ 1.25 and 1.06 ppm, which show scalar coupling to a Pd-bound CH (dd at δ 2.34 ppm) 
and a CH3 group (t at δ 0.70 ppm), is consistent with the proposed 2,1-insertion. Although cationic 
palladium complexes initially insert methyl acrylate with the same regiochemistry, subsequent β-
hydride elimination and re-insertion events lead to six-membered chelate rings in which the C=O 
moiety is bound to Pd.1a, 30 For neutral phosphinosulfonate-ligated palladium compounds, 2,1-insertion 
of methyl acrylate is also favoured, but in that case a subsequent 2,1-insertion of another equivalent 
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of methyl acrylate occurs which allows formation of a stable six-membered chelate ring.31 The 
observed insertion of methyl acrylate for Pd-1d contrasts the finding of Novak and co-workers, who 
demonstrated that neutral palladium complexes with anionic pyrrole-imine ligands react with methyl 
acrylate via a radical mechanism instead of coordination-insertion.32  
Although insertion of CO, isocyanides and olefins is well-documented with palladium(II) 
organometallics,4a, 33 the vast majority of these are for cationic complexes containing neutral ligands 
(e.g., phosphines, bipyridines, -diimines), and organometallic palladium chemistry with anionic 
nitrogen ligands is much less developed. Our results present rare examples of insertion chemistry in 
Pd(II) alkyl complexes with a monoanionic, bidentate nitrogen ligand.8, 34  

88.4 Conclusion 

Protonolysis or salt metathesis reactions to obtain mono(formazanate) palladium complexes lead 
instead to formation of the homoleptic bis(formazanate)palladium complex (Pd-1a) as a 
thermodynamic sink. For complex Pd-1a, a redox-series spanning 4 different oxidation states based on 
ligand-centred redox reactions is observed by cyclic voltammetry, highlighting the rich 
electrochemistry of formazanate ligands. Our attempts to synthesize mono(formazanate) analogues 
via salt metathesis starting from the precursor [Pd(COD)(CH3)Cl] were successful in the presence of Cl− 
as an additional ligand to complement the (square planar) coordination sphere around Pd, which 
allowed the synthesis and structural characterization of the methylpalladate complex Pd-1c. Exchange 
of the chloride ligand afforded the neutral pyridine adduct Pd-1d. Insertion reactions into the Pd-CH3 
bond in these mono(formazanate) palladium alkyl compounds were examined, and the products of 
CO, isocyanide and methyl acrylate insertion were characterized by NMR spectroscopy. In contrast to 
cationic Pd(II) complexes with a neutral bidentate N-donor ligand, which in general are highly reactive 
towards olefins, insertion of ethylene or styrene did not occur. The sluggish olefin insertion kinetics, 
together with decomposition to the bis(formazanate) complex Pd-1a, are responsible for the lack of 
catalytic oligomerization/polymerization reactivity with these compounds.  
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88.5 Experimental Section 

Synthetic procedure of compounds Pd-1a and Pd-1b, X-Ray crystallographic data, 1D and 2D 1H, 19F and 13C NMR 
characterization spectral data of all compounds, catalytic reactions are reported in the ESI, see DOI: 
10.1039/c8dt03130d. 

8.5.1 General Considerations 

Compounds 1H15a and 1K18 were synthesized according to literature procedures. [Pd(CH3)Cl(COD)] was 
either prepared according to the literature procedure,35 or obtained commercially (99%, Strem 
Chemicals). HCl (37%, Fluka) and 1,5-cis,cis-cyclooctadiene (Fluka) (used for the synthesis of 
[Pd(CH3)Cl(COD)]), and tetrabutylammonium chloride (99%, Sigma-Aldrich), 4-methoxyphenyl 
isocyanide (97%, Sigma-Aldrich) and [Pd(CH3COO)2] (Engelhard Italy) were used as received. 

8.5.2 Synthesis of the complexes 

 [Bu4N][Pd(L1)(CH3)Cl] (Pd-1c). 
Tetrabutylammonium chloride (54.2 mg, 1 eq, 0.195 mmol) was added to a pale yellow solution of 
[Pd(COD)(CH3)Cl] (50.0 mg, 1 eq, 0.195 mmol) in THF (15 mL). 1K (96.0 mg, 0.5 eq, 0.0975 mmol) was 
slowly added as a solid to the reaction mixture while stirring. Immediately the reaction mixture turned 
blue-turquoise. After stirring for 2h the reaction mixture was filtered and slow diffusion of hexane into 
the THF solution at room temperature afforded 114.9 mg of Pd-1c as blue crystals suitable for X-Ray 
diffraction (0.161 mmol 83%). 1H NMR (500 MHz, THF-d8, 25 °C): δ 8.41 (d, 2H, Ph o-CH), 8.05 (d, 2H, 
Ph o-CH), 7.99 (d, 2H p-Tol o-CH), 7.22-7.16 (m, 6H Ph and Ph' m-CH and p-Tol m-CH), 7.00-6.95 (m, 2H 
Ph and Ph' p-CH), 3.19 (m, 8H, NBu4+ CH2), 2.36 (s, 3H, p-Tol CH3), 1.49 (m, 8H, NBu4+ CH2), 1.28 (m, 8H, 
NBu4+ CH2) 0.88 (t, 12H, NBu4+ CH3) 0.02 (Pd-CH3). 13C NMR (101 MHz, THF-d8, 25 °C) δ 156.0 (Ph' 
ipso-C), 155.1 (Ph ipso-C), 149.3 (NCN), 138.7 (p-Tol ipso-C), 136.1 (p-Tol ipso-CCH3), 129.6 (p-Tol m-C), 
128.4 (Ph and Ph' m-C), 125.8 (Ph and Ph' p-C), 125.6 (Ph o-C), 125.5 (Ph' o-C), 125.0 (p-Tol o-C), 59.3 
(NBu4+ CH2), 24.8 (NBu4+ CH2), 21.5 (p-Tol p-C), 20.7 (NBu4+ CH2), 14.2 (NBu4+ CH3), − 5.0 (Pd- CH3). Anal. 
calcd for C37H56N5ClPd: C 62.35, H 7.92, N 9.83; found: C 62.19, H 7.93, N 9.79. IR: νmax = 1276 cm-1 
(stretch C-N), 1188 cm-1 (stretch N-N). 

[Pd(L1)(CH3)(py)] (Pd-1d). 
Complex Pd-1c (99.7 mg, 0.14 mmol) was dissolved in 3.5 mL of distilled DCM under argon atmosphere, 
to give a turquoise coloured solution. A solution of pyridine (30 μL, 29.5 mg, 0.37 mmol) in DCM (2 mL) 
was added to the palladium complex under stirring, which gave an immediate color change to a deep 
blue solution. The reaction mixture was stirred for 3 hours, after which it was filtered over Celite. The 
filtrate was taken to dryness and redissolved in 2 mL of DCM, to which 14 mL hexane was added. 
Overnight, a solid precipitated which was filtered off and the filtrate was taken to dryness to afford 
Pd-1d as a dark blue solid (33.0 mg, 0.064 mmol, 46%). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ 8.52 (d, 2H, 
pyridine CH(2,6)), 8.02 (d, 2H, Ph o-CH), 8.01 (d, 2H, p-Tol o-CH), 7.74 (d, 2H, Ph' o-CH), 7.60 (t, 1H, 
pyridine CH(4)), 7.39 (t, 2H, Ph m-CH), 7.26 (d, 2H, p-Tol m-CH), 7.19 (t, 1H, Ph p-CH), 7.13 (t, 2H, 
pyridine CH(3,5)), 7.09 (t, 2H, Ph m-CH), 6.93 (t, 1H, Ph p-CH), 2.42 (s, 3H, p-Tol p-CH3), 0.04 (s, 3H, 
Pd-CH3). 1H-13C HSQC NMR (500 MHz, CD2Cl2, 25 °C): δ 152.86 (pyridine CH(2,6)), 137.46 (pyridine 
CH(4)), 129.21 (p-Tol m-CH), 128.41 (Ph' m-CH), 128.32 (Ph m-CH), 126.06 (Ph p-CH), 125.84 (Ph' p-CH), 
125.25 (pyridine CH(3,5)), 124.93 (p-Tol o-CH & Ph o-CH), 123.72 (Ph' o-CH), 21.20 (p-Tol p-CH3), -0.35 
(Pd-CH3). Anal. calcd for C26H25N5Pd: C 60.76, H 4.90, N 13.63; found: C 60.76, H 5.14, N 13.08. 
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88.5.3 In situ NMR reactivity 

In situ NMR reactivity of 1K + [Pd(COD)(CH3)Cl] in THF-d8 
In a glovebox, a cold (− 30 ˚C) solution of 1K (0.5 eq, 11.2 mg, 1.13·10-2 mmol) in THF-d8 was added to 
a cold (− 30 ˚C) solution of [Pd(COD)(CH3)Cl] (1 eq,  6.0 mg, 2.26·10-2 mmol) in THF-d8 in a Young’s NMR 
tube leading to a blue reaction mixture. The sample was quickly frozen in liquid nitrogen and 
subsequently inserted into an NMR probe pre-cooled to − 40 °C. The reaction was followed for 1 day 
at − 40 °C. The first 1H NMR spectrum (Figure S38) shows that the starting materials are completely 
converted and only a trace amount of Pd-1a is formed, which does not further increase in intensity. 
The aromatic region has several unidentified resonances overlapped. Species that was possible to 
identified are free cyclooctadiene and the palladium compound [Pd(COD)(CH3)2] (in THF-d8, PdMe 1H 
NMR: 0.22 ppm; 13C NMR: 3.15 ppm).19 Moreover, there is a new 1H NMR resonance at − 0.05 ppm 
(13C: − 5.7 ppm), which reasonably is due to a Pd-Me moiety of the putative compound [(1)2PdMe]-. 
The reaction was warmed up to + 25 °C and followed for 6 days. After 24 h at room temperature the 
mixture is fully converted to Pd-1a. In the 1H NMR spectrum the resonances of Pd-1a, free COD and 
[Pd(COD)(CH3)2] account for > 90% of the total signal intensity (Figure S38). At room temperature the 
[Pd(COD)(CH3)2] decomposed over time, and formation of a palladium mirror and methane (1H NMR: 
0.19 ppm in THF-d8) and ethane (1H NMR: 0.85 ppm in THF-d8) was observed. After 6 days, compound 
Pd-1a is the major species with ca. 10% of unknown byproduct(s). 

 

Figure 8.4. 1H NMR spectra of 1K + [Pd(COD)(CH3)Cl] in distilled THF-d8: a) immediately after mixing at − 40 °C; b) 
after standing at room temperature for 1 day. 

In situ NMR reactivity of 1H + [Pd(COD)(CH3)Cl] in THF-d8 
In a glovebox, 1H (1 eq, 3.8 mg, 1.2·10-2 mmol) was added as a solid to a THF-d8 solution of 
[Pd(COD)(CH3)Cl] (1 eq,  3,2 mg, 1.2·10-2 mmol) in a J. Young’s NMR tube. The first 1H NMR spectrum 
shows the starting materials as major species with the addition of some new minor resonances. The 
reaction was followed for 1 week at + 25 °C. After 2 days the resonances of compound Pd-1a start 
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appearing, but the main species are still the starting material. After 1 week at room temperature, the 
reaction mixture was kept for 3 days at + 60 °C, which led to a brown solution and precipitation of a 
blue amorphous solid (uncharacterized). The 1H NMR spectrum shows that [Pd(COD)(CH3)Cl] has fully 
reacted, and the major soluble (diamagnetic) species is compound Pd-1a. In addition, there are also 
some minor unknown formazanate-containing species. 

 

Figure 8.5. 1H NMR spectrum of 1H + [Pd(COD)(CH3)Cl], (THF-d8, 25 °C, 500 MHz) : a) t = 20 min; b) t = 1 week at + 
25  °C, c) after 3 days at + 60 °C. 

NMR reaction of Pd-1c with CO in THF-d8 to give compound Pd-1e.  
In a glovebox, compound Pd-1c (5.8 mg, 8.1·10-3 mmol) was dissolved in a J. Young’s NMR tube in 
THF-d8. The solution was frozen in liquid N2 and the N2 atmosphere inside the J. Young’s NMR tube was 
removed at the schlenk line. Subsequently, the NMR tube was allowed to warm to room temperature 
and then was filled with 1 bar of CO, observing the solution turning to a darker shade of blue. The in 
situ formed product (Pd-1e) was characterized via NMR spectroscopy at − 40 °C. The first spectrum 
was recorded after 20 min from the addition of CO and shows that the starting material has been 
completely converted. 1H NMR (500 MHz, THF-d8, − 40 °C): δ 8.37 (d, 2H, Ph or Ph' o-CH), 8.04 (d, 2H, 
p-Tol o-CH), 7.97 (d, 2H, Ph or Ph' o-CH), 7.27-7.22 (m, 6H, p-Tol m-CH, Ph and Ph' m-CH), 7.06 (t, 1H, 
Ph or Ph' p-CH) 7.01 (t, 1H, Ph or Ph' p-CH), 3.22 (m, 8H, NBu4+ CH2), 2.38 (6H, p-Tol CH3 and Pd-COCH3), 
1.37 (m, 8H, NBu4+ CH2), 1.25 (m, 8H, NBu4+ CH2) 0.86 (t, 12H, NBu4+ CH3) ppm. 13C NMR (126 MHz, 
THF-d8, − 40 °C): δ 235.8 (Pd-COCH3), 158.1 (Ph or Ph' ipso-C), 154.6 (Ph or Ph' ipso-C), 146.1 (NCN), 
138.4 (p-Tol ipso-C), 136.4 (p-Tol ipso-CCH3), 124.8 (Ph or Ph' o-CH), 124.8 (p-Tol o-CH), 124. 7 (d, 2H 
Ph or Ph' o-CH), 130.1 (p-Tol m-CH) 128.7 (Ph or Ph' m-CH), 128.5 (Ph or Ph' m-CH), 126.5 (Ph or Ph' 
p-CH) 126.2 (Ph or Ph' p-CH), 58.4 (NBu4+ CH2), 37.4 (Pd-COCH3) 24.4 (NBu4+ CH2), 21.6 (p-Tol CH3) 20.6 
(NBu4+ CH2), 14.5 (NBu4+ CH3) ppm. 
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NMR reaction of Pd-1c with 4-methoxyphenyl isocyanide in THF-d8 to give compound Pd-1f.  
In a glovebox, 4-methoxyphenyl isocyanide (1 eq, 2.0 mg, 1.5·10-2 mmol) was added as a solid to a J. 
Young’s NMR tube containing a blue-turquoise THF-d8 solution of Pd-1c (1 eq, 10.7 mg, 1.5·10-2 mmol). 
After recording a 1H NMR spectrum at t = 30 min at − 40 °C a second equivalent of isocyanide was 
added (2.0 mg, 1.5·10-2 mmol) to the reaction mixture which turned to a darker shade of blue. The in 
situ formed product (Pd-1f) was characterized via NMR spectroscopy at − 40 °C. 1H NMR (500 MHz, 
THF-d8, − 40 °C): δ 8.18 (d, 2H  Ph' o-CH), 7.76 (d, 2H  Ph o-CH), 7.71 (d, 2H p-Tol o-CH), 7.47 (t, 2H  Ph'  
m-CH), 7.35 (t, 2H  Ph m-CH), 7.24-7.15 (m, 6H, CNPhOCH3 o-CH, Ph and Ph' p-CH, p-Tol m-CH), 7.00 (d, 
2H, CNPhOCH3 m-CH), 6.83 (d, 2H, CH3CNPhOCH3 o-CH), 6.55 (d, 2H, CH3CNPhOCH3 m-CH), 3.81 (s, 3H, 
CNPhOCH3), 3.20 (s, 3H, CH3CNPhOCH3), 2.48 (s, 3H, CH3CNPhOCH3), 2.39 (s, 3H, p-Tol CH3). 13C NMR 
(126 MHz, THF-d8, − 40 °C): δ 184.5 (CH3CNPhOCH3), 162.1 (CNPhOCH3 ipso-COCH3), 157.0 
(CH3CNPhOCH3 ipso-COCH3), 156.8 (Ph' ipso-C), 156.4 (Ph ipso-C), 146.8 (NCN), 146.6 (CH3CNPhOCH3 

ipso-CNC), 141.3 (CNPhOCH3), 136.9 (p-Tol ipso-CCH3), 136.6 (p-Tol ipso-C), 129.8 (Ph' m-CH), 129.6 
(p-Tol m-CH), 129.0 (CNPhOCH3  o-CH), 128.8 (Ph  m-CH), 127.4 (Ph  p-CH), 127.3 (Ph'  p-CH), 125.5 
(p-Tol o-CH), 125.4 (Ph o-CH), 124.6 (Ph' o-CH), 121.7 (CH3CNPhOCH3 o-CH), 119.5 (CNPhOCH3 

ipso-CNC), 115.9 (CNPhOCH3 m-CH), 113.7 (CH3CNPhOCH3 m-CH), 56.4 (CNPhOCH3), 54.7 
(CH3CNPhOCH3), 35.9 (CH3CNPhOCH3), 21.6 (p-Tol CH3). 

NMR reaction of Pd-1d with CO in CD2Cl2 to give compound Pd-1g.  
Compound Pd-1d (3.86 mg, 7.51 μmol) was placed in a NMR tube and dissolved in 0.75 mL CD2Cl2 
resulting in a turquoise solution. CO was bubbled through the solution for 10 minutes which resulted 
in a slight darkening of the solution to a dark blue color. The reaction was followed over the course of 
several hours, during which the reaction proceeded and after 200 minutes the reaction had almost 
reached completion (95% conversion). The in situ formed product (Pd-1g) was characterized via NMR 
spectroscopy. 1H NMR (400 MHz, CD2Cl2, 25 °C): δ 8.71 (d, 2H, pyridine CH(2,6)), 8.08 (d, 2H, p-Tol 
o-CH), 8.03 (d, 2H, Ph o-CH), 7.59 (t, 1H, pyridine CH(4)), 7.57 (d, 2H, Ph' o-CH), 7.38 (t, 2H, Ph m-CH), 
7.30 (d, 2H, p-Tol m-CH), 7.19 (t, 1H, Ph p-CH), 7.14 (t, 2H, pyridine CH(3,5)), 7.05 (t, 2H, Ph' m-CH), 
6.91 (t, 1H, Ph' p-CH), 2.44 (s, 3H, p-Tol p-CH3), 1.81 (m, 3H, Pd-COCH3) ppm. 1H-13C HSQC NMR 
(400MHz, CD2Cl2, 25 °C): δ 151.73 (pyridine CH(2,6)), 137.61 (pyridine CH(4)), 128.97 (p-Tol m-CH), 
128.28 (Ph m-CH), 128.08 (Ph' m-CH), 126.34 (Ph p-CH), 125.70 (Ph' p-CH), 124.73 (p-Tol o-CH), 124.33 
(Ph o-CH), 124.56 (pyridine CH(3,5)), 122.77 (Ph' o-CH), 36.72 (Pd-COCH3), 20.82 (p-Tol p-CH3) ppm.  

NMR reaction of Pd-1d with methyl acrylate in CD2Cl2 to give compound Pd-1h. 
Compound Pd-1d (3.80 mg, 7.4 μmol) was placed in a NMR tube and dissolved in 0.75 mL CD2Cl2, to 
which 1.35 μL (1.29 mg, 15 μmol) methyl acrylate was added. The reaction was followed over the 
course of several hours, during which the reaction proceeded very slowly. After 102 hours, the reaction 
had reached 87% conversion, and the product was characterized by NMR spectroscopy. Attempts to 
isolate the product by recrystallization were unsuccessful. 1H NMR (500 MHz, CD2Cl2, 25 °C): δ 8.51 (d, 
2H, pyridine CH(2,6)), 8.19 (d, 2H, Ph o-CH), 7.99 (d, 2H, p-Tol o-CH), 7.66 (d, 2H, Ph' o-CH), 7.56 (t, 1H, 
pyridine CH(4)), 7.45 (t, 2H, Ph m-CH), 7.27 (d, 2H, p-Tol m-CH), 7.24 (t, 1H, Ph p-CH), 7.13 (t, 2H, 
pyridine CH(3,5)), 7.11 (t, 2H, Ph m-CH), 6.93 (t, 1H, Ph p-CH), 3.36 (s, 3H, -OCH3), 2.42 (s, 3H, p-Tol 
p-CH3), 2.34 (dd, 1H, CH), 1.25 (m, 1H, CH2a), 1.06 (m, 1H, CH2b), 0.70 (t, 3H, CH3). 1H-13C HSQC NMR 
(500 MHz, CD2Cl2, 25 °C): δ 152.30 (pyridine CH(2,6)), 137.34 (pyridine CH(4)), 128.90 (p-Tol m-CH), 
128.21 (Ph m-CH), 128.10 (Ph' m-CH), 126.09 (Ph p-CH), 125.67 (Ph' p-CH), 125.03 (Ph o-CH), 124.36 
(p-Tol o-CH), 124.34 (pyridine CH(3,5)), 123.19 (Ph' o-CH), 49.67 (-OCH3), 31.27 (CαH), 24.03 (CβH2), 
20.79 (p-Tol p-CH3), 14.47 (CγH3). *  
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NMR reactivity of Pd-1c with styrene, CO and NaBPh4 in THF-d8.  NMNMNMNMR RRRR rerererer acacacaca titititiviviviviv tytytyty oooof fff f PdPdPdPd----1c1c1c1c wiwiwiwiw ththththt sssstytytytyyrerererenenenenen , ,,, COCOCOCO aaaandndndnd NNNNNaBaBaBaBPhPhPhPh4 4444 ininininn TTTTHFHFHFFHF----ddddd8888dddddd . ...  
In a glovebox, compound Pd-1c (3.6 mg, 5.1·10-3 mmol) was dissolved in a J. Young’s NMR tube in 
THF-d8. To the solution was added 4 equivalents of styrene (2.9 μL, 2.6 mg, 25.3·10-3 mmol) and the 
reaction was monitored via 1H NMR spectroscopy. No changes were observed over the course of 29 
hours. The solution was frozen in liquid N2 and the J. Young’s NMR tube was evacuated at the Schlenk 
line. Subsequently, the NMR tube was allowed to warm to room temperature and then was filled with 
1 bar of CO, resulting in a color change to a darker shade of blue. The addition of CO led to the clean 
formation of compound Pd-1e which was not influenced by the presence of styrene. Reaction of the 
in situ formed compound Pd-1e with styrene was followed by NMR spectroscopy at − 40 °C for 30 
minutes, followed by another 30 minutes at RT, which did not show any insertion of styrene. 
Subsequently, 1 equivalent of NaBPh4 (1.8 mg, 5.3·10-3 mmol) was added to the J. Young’s NMR tube 
to abstract the chloride ligand from Pd-1e, after which the CO atmosphere was restored. The 1H NMR 
spectrum taken immediately after showed decomposition of Pd-1e to the homoleptic compound 
Pd-1e and formation of palladium black was observed; no indication of olefin insertion was observed 
in the 1H NMR spectra.  

88.5.4 Attempted chloride abstraction from Pd-1c 

Attempts to study the formation and decomposition of the putative three-coordinate intermediate 
[Pd(L1)Me] were carried out by treating Pd-1c with reagents that could abstract Cl−. In all cases, a 
solution of Pd-1c was prepared in THF-d8 and cooled to − 30 °C in the glovebox freezer in a 
Teflon-sealed NMR tube. Subsequently, the chloride abstraction reagent was added and the sample 
was quickly frozen in liquid N2 before being inserted into the cold NMR probe (at − 40 °C).  

Reaction of Pd-1c with AgBF4 
Treatment of Pd-1c with AgBF4 proceeds rapidly at − 40 °C. A 1H NMR spectrum taken immediately 
upon mixing at − 40 °C shows that a Pd-Me resonance is no longer observed. A new singlet at 0.85 ppm 
appears which is attributed to the formation of ethane (Figure 8.6). A plausible explanation for these 
observations is that AgBF4 reacts with Pd-1c by electron transfer (rather than Cl− abstraction) producing 
Ag0 and the neutral radical [Pd(L1)MeCl], which subsequently results in homolysis of the Pd-Me bond 
to form CH3• and the (dimeric) complex [Pd(μ-Cl)(L1)]2 ( 
Scheme 8.2), for which there is precedent in related -diiminate chemistry.27 The presence of 
additional, very broad signals in the in situ 1H NMR spectra is indicative of (unknown) paramagnetic 
impurities, consistent with a homolytic bond cleavage (radical) pathway. A solid sample of 
[Pd(μ-Cl)(L1)]2 was obtained by precipitation, but NMR spectroscopy showed it was contaminated with 
tetrabutylammonium salts. The amount of Bu4N+ is variable between batches (based on 1H NMR 
integration, see Figure 8.7), suggesting that the [Pd(L1)]-containing fragment is not ionic, but rather 
the neutral complex [Pd(μ-Cl)(L1)]2. 

Experimental procedure for in situ NMR reaction of Pd-1c with AgBF4 in THF-d8.  
In glovebox, to a cold (− 30 ˚C) solution of Pd-1c (5.5 mg, 8.0·10-3 mmol) in THF-d8, in a Young’s NMR 
tube, AgBF4 (excess) was added as a solid. The sample was quickly frozen in liquid nitrogen and 
subsequently inserted into an NMR probe pre-cooled to − 40 °C. The reaction was followed for 1 day 
at − 40 °C and then was warmed up to + 25 °C. The volatiles were removed and the solid was redissolved 
in THF-d8 to confirm the disappearance of the peak of ethane at 0.85 ppm. Filtration of a THF through 
a 0.2 μm filter, followed by slow diffusion of hexane afforded a blue powder (the putative complex 
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[Pd(μ-Cl)(L1)]2, as a mixture with a Bu4N+ salt (the ratio between [Pd(μ-Cl)(L1)]2 and Bu4N+ is dependent 
on the batch, see Figure 8.7). 
[Pd(μ-Cl)(L1)]2. 1H NMR (400 MHz, THF-d8, 25 °C): δ 8.40 (d, 8H, Ph o-CH), 7.94 (d, 4H p-Tol o-CH), 7.53 
(t, 8H Ph m-CH), 7.37 (t, 4H Ph p-CH), 7.28(d, 4H p-Tol m-CH) 2.40 (s, 6H, p-Tol CH3) ppm. 

 

Figure 8.6. 1H NMR spectra of  Pd-1c (THF-d8, 500 MHz): a) at – 40 °C, b) + AgBF4 at – 40 °C, c) + AgBF4 at + 25 °C. 

 

Figure 8.7. 1H NMR spectrum of the isolated solid, [Pd(μ-Cl)(L1)]2, from reaction of Pd-1c with AgBF4 (THF-d8, 400 
MHz; a) and b) spectra show different batches highlighting the varying amount of Bu4N+ present). 

  

Pd-1c THF-d8THF-d8

Pd-1c

Pd-CH3

NBu4
+

Pd-1c

[Pd(μ-Cl)(L1)]2
THF-d8THF-d8

[Pd(μ-Cl)(L1)]2

C2H6

Pd-1c

a)

b)

c)

[Pd(μ-Cl)(L1)]2 THF-d8 THF-d8

[Pd(μ-Cl)(L1)]2

NBu4
+

a)

b)



554702-L-bw-Milocco554702-L-bw-Milocco554702-L-bw-Milocco554702-L-bw-Milocco
Processed on: 2-2-2021Processed on: 2-2-2021Processed on: 2-2-2021Processed on: 2-2-2021 PDF page: 217PDF page: 217PDF page: 217PDF page: 217

 Palladium alkyl complexes with a formazanate ligand: synthesis, structure and reactivity 

207 

Reaction of Pd-1c with NaBPh4 
The analogous reaction of Pd-1c with NaBPh4 does not proceed at − 40 °C, but increasing the 
temperature gave a complicated mixture in which Pd-1a is ultimately the major product in solution 
(Scheme 8.4, Figure 8.8). However, also the formation of a palladium mirror is observed, and a white 
solid is precipitated (NaCl).  

Scheme 8.4. Proposed reaction sequence for in situ NMR reactivity of Pd-1c + NaBPh4 in THF-d8. 

 

 

Experimental procedure for in situ NMR reaction of Pd-1c with NaBPh4 in THF-d8.  
In a glovebox, to a cold (− 30 ˚C) solution of Pd-1c (1 eq, 5.5 mg, 8.0·10-3 mmol) in THF-d8, in a Young’s 
NMR tube, NaBPh4 (1 eq, 2.7 mg, 8.0·10-3 mmol) was added as a solid. The sample was quickly frozen 
in liquid nitrogen and subsequently inserted into an NMR probe pre-cooled to − 40 °C. The reaction 
was followed for 2 h at − 40 °C (no reaction was observed), for 2 days at + 25 °C and then the sample 
was warmed up to +75 °C for 5 days after which a dark green-brownish solution was observed together 
with formation of a Pd(0) mirror and precipitation of a white solid. 

 

Figure 8.8. 1H NMR spectra of Pd-1c (THF-d8, 500 MHz): a) at – 40 °C; b) + NaBPh4 at – 40 °C t= 1h 30 min; c) + NaBPh4 

at + 25 °C t=1 day; d) + NaBPh4 after heating the sample at + 75 °C for 5 days, spectrum recorded at + 25 °C. 
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Reaction of Pd-1c with B(C6F5)3 
Chloride abstraction using the Lewis acid B(C6F5)3 at − 40 °C immediately forms Pd-1a as the major 
product in solution (Scheme 8.5). Concomitantly, a significant amount of blue solid is precipitated 
which was insoluble in common (organic) solvents including MeOH, DMSO, mineral acid and the ionic 
liquid imidazolium salt. 19F NMR analysis of the brown supernatant solution shows that the borane is 
converted to a mixture of chloro- and methylborate ([B(C6F5)3Cl]- and [B(C6F5)3Me]-, assigned by 
comparison to literature NMR data)36 in a ratio of ca. 2:1, respectively (Figure 8.9).  

Scheme 8.5. Proposed reaction sequence for in situ NMR reactivity of Pd-1c + B(C6F5)3 in THF-d8. 

 

 

In situ NMR reactivity of Pd-1c with B(C6F5)3 in THF-d8. 
In a glovebox, to a solution of B(C6F5)3 (1 eq, 4.1 mg, 8.0·10-3 mmol) in THF-d8, in a Young’s NMR tube, 
Pd-1c (1 eq, 5.5 mg, 8.0·10-3 mmol) was added as a solid, leading to a dark brown reaction mixture and 
precipitation of a dark blue solid. The reaction was followed via 1H, 19F, 1B NMR spectroscopy at + 25 
°C. The 1H NMR spectrum recorded after 20 min shows that compound Pd-1c has almost completely 
reacted, leading to compound Pd-1a as major species in addition to some traces amount of 
unidentified formazanate species and free ligand. In addition to this, in the aliphatic region the 
resonances of NBu4+ (1H NMR: 3.21, 1.64, 1.37, 0.97 ppm, in THF-d8) and of methane (1H NMR: 0.19 
ppm in THF-d8) and ethane (1H NMR: 0.85 ppm in THF-d8) are present. The 19F and 11B NMR spectra 
recorded after 20 min show a mixture of B(C6F5)3, [B(C6F5)3Cl]− and [B(C6F5)3CH3]−. 
B(C6F5)3. 19F NMR (376 MHz, THF-d8, 25 °C): − 131.8 (6H, d, o-F), − 156.5 (3H, t, p-F), − 163.3 (6H, t, m-F) 
ppm. 11B NMR (128 MHz, THF-d8, 25 °C): + 4.4 ppm. 
[B(C6F5)3Cl]−. 19F NMR (376 MHz, THF-d8, 25 °C): − 130.4 (6H, m, o-F), − 162.5 (3H, t, p-F), − 166.8 (6H, 
m, m-F) ppm. 11B NMR (128 MHz, THF-d8, 25 °C): − 7.6 ppm. 
[B(C6F5)3CH3]−. 1H NMR (400 MHz, THF-d8, 25 °C): 0.5 (br, B-CH3) ppm. 19F NMR (376 MHz, THF-d8, 25 
°C): − 130.9 (6H, m, o-F), − 165.2 (3H, t, p-F), − 167.3 (6H, m, m-F) ppm. 11B NMR (128 MHz, THF-d8, 25 
°C): − 14.9 ppm. 
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Figure 8.9. 1H NMR spectra (THF-d8, 400 MHz) of: a) Pd-1c, b) Pd-1c + B(C6F5)3 t = 20 min. 

 

Figure 8.10. 19F NMR spectra (THF-d8, 376 MHz) of: a) B(C6F5)3; b) Pd-1c + B(C6F5)3 t = 20 min. 
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Figure 8.11. 11B NMR spectra (THF-d8, 128 MHz) of: a) B(C6F5)3 (THF adduct); b) Pd-1c + B(C6F5)3 t= 20 min. 

88.5.5 DFT calculations 

Computational studies used the Gaussian09 software package.37 Geometry optimizations were carried 
out for the bis(formazanate) palladium compound Pd-1a using DFT calculations with B3LYP functional 
and a 6-31+G(d,p) basis set for all atoms except Pd, for which a LANL2DZ basis set (with ECP) was used. 
Optimized geometries were verified to be minima on the potential energy surface by frequency 
calculations. Starting from the geometry of Pd-1a also the geometries of the 1-electron reduced 
compound Pd-1a− and the 1-electron oxidized compound Pd-1a+ were optimized (as doublet states 
using unrestricted DFT). Visualization of the molecular orbitals and spin density distributions was 
performed using Chemcraft 1.7 or Gaussview 5.0. 

8.5.6 UV-Vis absorption spectroscopy 

 

Figure 8.12. a) UV-Vis absorption spectra of compounds Pd-1a, Pd-1c, and Pd-1d in CH2Cl2.  b) Physical appearance 
of the CH2Cl2 solutions of compounds Pd-1a, Pd-1c, and Pd-1d. 
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