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Chapter 2 
 

C-H Activation of Benzene by a Photoactivated NiII(azide) 

– Formation of a Transient Nickel Nitrido Complex 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

* Part of this work has been published: V. Vreeken, M. A. Siegler, B. de Bruin, J. N. H. 

Reek, M. Lutz, J. I. van der Vlugt, Angew. Chem. Int. Ed. 2015, 54, 7055–7059. 
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2.1 Introduction 

Transition metal complexes with terminal multiple bonds to main-group elements (e.g. 

C, O, N) play critical roles in various chemical and biological processes, including but 

not limited to nitrogen fixation, water splitting and metathesis.[1] Ligands based on 

multiple-bonded heteroatoms (e.g. imido or nitrido) typically exhibit strong π-donor 

character. For stable multiple bonding to occur between a transition metal and a strong π-

donor main-group element, one or more empty metal d-orbitals of suitable symmetry and 

matching energy levels should be available to accommodate the additional π-electron 

density.[2] Hence, choosing a suitable geometry is particularly important when employing 

late transition metals, as relatively few d-orbitals are not anti-bonding (Figure 1). 

Nevertheless, even geometries featuring several non-bonding orbitals typically enforce 

high oxidation states of electron-rich metals. This explains why complexes with Group 

9-11 metals featuring multiple-bonded E-fragments are either rare or elusive, a situation 

sometimes referred to as ‘the oxo-wall dilemma’.[3] Notwithstanding the challenges 

associated with preparation of these species, their potential application in e.g. C-N bond 

formation[4] or as intermediate in alternative routes for N2 fixation warrant continued 

investigation, even when using ‘abiological’ non-Group 8 metals.  

 

 

Figure 1. Simplified qualitative orbital schemes for octahedral (left), tetrahedral (middle) and 

square planar (right) nitrido complexes.[2,3]  

Metal azides offer access to the interesting chemistry of nitrido complexes, as thermal or 

photolytic activation or (electro)chemical oxidation may result in the expulsion of N2. 

Progress in the generation of Group 9 nitrides and open-shell nitridyl radical analogues 

demonstrates the feasibility of this approach.[5] However, these studies are dominated by 

the use of 2nd and 3rd row transition metals. Only recently the first low-temperature 

characterization of a cobalt nitrido intermediate was reported, which highlights the 

potential for late first-row transition metal nitrido chemistry.[6] Still, studies on the 

activation of terminal metal azides to generate MN species with Group 10 metals are 

very scarce, particularly for nickel[7,8,9] and no bona fide (transient) nickel nitrido has been 

reported to date.  
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Photo-, thermal or redox-induced release of N2 would convert the monoanionic azido 

ligand into a trivalent nitrido (N3-) ligand, thereby raising the formal oxidation state of the 

metal center by two. Hence, stabilization of such (transient) species could potentially 

benefit from electron-donating or redox-active ligands. Terminal nitrido ligands on Group 

9 metals are often too reactive to be isolated, and ‘trapping’ these sought-after transient 

species via intramolecular insertion into ligand C-H[10] or metal-ligand[5,11] bonds is an 

attractive strategy (Figure 2). However, well-defined reactivity of a ‘trapped’ nitrido-

species toward intermolecular arene C-H bond activation has not been reported to date, 

to the best of our knowledge. 

 

 

Figure 2. Schematic representation of reported Group 9 azide-activation chemistry.[5,6,10] 

As part of our ongoing program to utilize reactive ligands with (first row) late transition 

metals for bond activation,[12] we decided to investigate the preparation of nitrido species 

for non-ligand C-H bond functionalization. Inspired by the recent examples with Group 

9 metals,[5,6] we wondered if such chemistry would be possible for the Group 10 congener 

nickel. The PNPiPr (2,2’-di(isopropylphosphino)-4,4’-ditolylamide) ligand was selected 

as supporting tridentate scaffold. Similar to some of the previously reported Group 9 

examples it contains electron-rich phosphine donors, while the redox non-innocent 

ditolylamino backbone[13] could provide additional electronic flexibility to the system.    

In this Chapter we address the question if a Ni(PNP)-nitrido complex is accessible via 

activation of an analogous azido complex. Next, we investigate if this nitrido complex is 

sufficiently stable to be characterized and/or to be trapped with suitable agents. The scope 

for further follow-up reactivity is also subject of our investigations.  
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2.2 Results and discussion 

2.2.1 Synthesis and characterization of Ni(N3)(PNP) 

The previously reported chlorido complex Ni(Cl)(PNP) (1; PNP = 2,2’-

di(isopropylphosphino)-4,4’-ditolylamide) was used as a starting point.[14] This species 

cleanly reacted via salt metathesis with excess NaN3 in THF to generate the green azido 

complex Ni(N3)(PNP), 2, in high yield (Figure 3). The substitution was confirmed by a 

small shift in the 31P NMR spectrum (singlet δ 36.3 vs. 33.7 for 1) and by a new absorption 

stretch at ν 2051 cm-1 in the IR spectrum, which is typical for a terminal azide group. The 

UV-vis spectrum of the complex shows strong absorption bands at  345 nm ( = 32,000 

L mol-1 cm-1) and at λ 316 nm ( = 24,000 L mol-1 cm-1). The 1H NMR spectrum of 

complex 2 indicates local C2-symmetry, which is further confirmed by the X-ray structure 

of 2 (Figure 4). A 15N-labelled isotopomer of 2 was also prepared by using Na15N14N2 as 

the azide source. It is important to note that only half of the enriched complex is labelled 

at the α-position in the -N3 group, while the other half is labelled at the terminal N-position 

(Figure 3). The IR spectrum of 15/14N-2 shows a small red-shift for the azide stretch (ν 

2040 cm-1). 

 

  

Figure 3. Synthesis of 2 and 15/14N-2 by salt metathesis and 3 by one-electron oxidation 

Cyclic voltammetry experiments were performed to establish the stability of the azido 

complex upon oxidation. Complex 2  exhibited fully reversible one-electron oxidation 

chemistry, with an E½ of 0.03 V vs. Fc0/Fc+ (in THF). In previous reports, DFT 

calculations showed that oxidation of chlorido-containing precursor 1 predominantly 

occurs at the nitrogen and aryl groups of the PNP backbone, making this a redox-active 

ligand. Oxidation of 1 takes place at a slightly milder potential than for 2  (ΔE = -0.10 V 

vs. 2), showing a small effect upon substitution of Cl for N3.[13] Chemical oxidation with 
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AgBF4 in acetone resulted in the blue cationic derivative [Ni(N3)(PNP)]BF4, 3 (Figure 3). 

IR spectroscopy of 3 indeed confirms preservation of the azide fragment. Surprisingly, 

the azide stretch of the oxidized species is found at the same wavenumber as for its neutral 

analogue (ν 2051 cm-1). DFT calculations of the oxidized structure predict that also for 

this compound the spin density resides largely on the PNP ligand (Figure 4). The 

encountered stability of the oxidized azido species excludes one-electron oxidation as a 

way to activate the -N3 group. 

 

 

Figure 4. Left: ORTEP plot (50% probability level) for 2. Hydrogen atoms are omitted for clarity. 

Selected bond lengths (Å) and angles (°): Ni1-P1 2.1956(4); Ni1-N1 1.8970(8); Ni1-P2 2.1988(4); 

Ni1-N2 1.9004(10); N2-N3 1.1826(17); P1-Ni1-P2 167.376(11); P1-Ni1-N1 83.82(4); P1-Ni1-N2 

96.63(5); N1-Ni1-N2 177.08(6); Ni1-N2-N3 120.59(10); C6-N1-C12 121.97(9). Right: Calculated spin 

density plot of 3 (BP86, def2-TZVP). 

As previously described,[5a,b] thermolysis is a well-known method for activation of azido 

groups. Species 2 proved to be thermally stable up to 200 °C and no sign of decomposition 

was observed after 5 days in refluxing toluene. Chemically induced decomposition of the 

azido group also did not provide any evidence for a (transient) nitrido species. Complex 

2 cleanly converted to the isocyanato derivative when exposed to five bars of CO, as 

confirmed by NMR (31P: singlet δ 37.7) and IR spectroscopy (νNCO 2240 cm-1). This 

reaction occurred both in the absence and presence of light, implying the direct 

(intramolecular) attack of CO on the azide with expulsion of N2.[15] Intermediacy of a 

nitrido species therefore seems unlikely. Isocyanate species 4 [Ni(NCO)(PNP)] was also 

independently synthesized by reacting 1 with KNCO (Figure 5). Addition of PMe3 or 

PPh3 to a solution of 2 in THF did not result in any appreciable reactivity. 
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Figure 5. Synthesis of isocyanate species 4 by reaction of 2 with CO (left) and by salt metathesis 

reaction of 1 with KNCO (right). 

 

2.2.2 Irradiation experiments 

Interestingly, in contrast to the thermal and oxidative stability of species 2, photolysis of 

a benzene-d6 solution of 2 (10.4 mM) using a 500 W Hg/Xe lamp with a cut-off filter at 

305 nm resulted in a clear color change from green to yellow. IR spectroscopy indicates 

complete conversion of the azide complex. Multinuclear NMR spectroscopy suggests the 

quantitative formation of a single well-defined diamagnetic species, denoted as 5D (Figure 

6). The structural characterization for this new compound will be discussed below. 

 

  

Figure 6. Formation of 5D by irradiation of a benzene-d6 solution of 2. 

The 1H NMR spectrum of 5D (Figure 7) shows complete preservation of all hydrogen 

atoms within the ligand scaffold, hence excluding ligand-based intramolecular C-H 

activation as a potential reaction pathway. Furthermore, complete loss of the C2 symmetry 

is observed, with two signals for the –CH3 groups of the ditolylamine backbone and eight 

non-equivalent  –CH3 signals from the PiPr2 groups present.  
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Figure 7. 1H NMR spectra of 2  (top) and the photolysis product 5D (bottom) in C6D6. 

Notably, the 31P NMR spectrum contains two doublets at δ 45.9 and 48.5 with a small JPP 

coupling constant of only 6.4 Hz, excluding a direct trans-coordination of the P moieties 

(Figure 8). To confirm the presence of the azide Nα-atom, the irradiation of a benzene-d6 

solution of the 15N-labelled isotopomer of 15/14N-2 was also studied. This resulted in two 

new doublets-of-doublets in the 31P NMR spectrum. Remarkably, both JPN coupling 

constants were found to be almost identical at 29.2 and 30.5 Hz, again with a JPP coupling 

constant of 6.5 Hz. This experiment not only established the presence of the azide Nα-

atom, but also show that the two P-atoms are chemically inequivalent and both couple to 

the 15N nucleus.  
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Figure 8. 31P NMR spectra of complex 2 (top) and the photolysis product 5D (bottom) in C6D6. The 

insert shows the doublet-of-doublets after irradiation of 15/14N-2 

We further analyzed the formed species 5D by coldspray ionization mass spectrometry 

(CSI-MS), which reveals the presence of a perdeuterophenyl fragment in the generated 

complex. Based on this observation, we decided to switch to C6H6 as the solvent for the 

photolysis reaction to form product 5. In line with the MS data, this resulted in the 

appearance of additional aromatic signals in the 1H NMR spectrum and, markedly, also a 

doublet at δ 0.22 with a J value of 6.5 Hz (Figure 9). By selective 31P decoupling of the 
1H NMR spectrum, this signal transforms into a singlet, supporting a P-H coupling 

interaction. The 15N-enriched material gave an additional splitting of the doublet with a 

large coupling constant (JNH 73.2 Hz), which suggests a direct bond between a hydrogen 

of the activated benzene and a nitrogen originating from the decomposed azide group. 

The existence of an N-H fragment was additionally confirmed by the appearance of a 

weak N-H vibration (ν 3365 cm-1) in the IR spectrum. Closer inspection of the IR 

spectrum of 5D reveals the presence of an N-D vibration at ν 2493 cm-1. In the 

corresponding 15N HSQC-NMR spectrum a triplet is observed at δ -365.   
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Figure 9. 1H NMR spectrum of photolysis product 5 in C6D6. Arrows pointing at new aromatic 

signals, inset shows the newly formed doublet. Traces of residual THF present. 

Yellow-colored single crystals, suitable for X-ray diffraction, were obtained by slow 

evaporation of a dichloromethane-cyclopentane mixture. The X-ray structure of square 

planar NiII-complex 5 (Figure 10) confirms the formal insertion of an –NH fragment into 

the Ni1-P1 bond, thus creating a parent iminophosphorane, with a P1-N2 bond length of 

1.5970(20) Å, typical for a P=N double bond.[16] The angles N1-Ni1-N2 (93.98(8)° vs. 

83.83(4)° for N1-Ni1-P1 in starting material 2) and N2-Ni1-P2 (177.48(7)° vs. 167.38(1) 

for P1-Ni1-P2 in 2) illustrate the expanded coordination sphere around Ni upon 

transformation of the PNP-donor into a 5,6’-chelating PNPNH donor in 5. Furthermore, 

C-H bond activation of benzene resulted in the introduction of a phenyl ligand, with 

hydrogen transfer to the nitrogen originating from the azide precursor.[17] Variable 

temperature NMR studies suggest that the phenyl ligand exhibits hindered rotation at r.t., 

causing the broadening of the ortho- and meta-H signals in the 1H NMR spectrum (Figure 

9). Decreasing the temperature of a sample in toluene-d8 to -20 °C gives rise to splitting 

of these broad signals into four well-defined peaks (see Appendix Figure 14).  

Cyclic voltammetry of species 5 still displayed well-behaved redox-chemistry, with a 

reversible one-electron oxidation event occurring at E½ -0.34 V vs. Fc0/Fc+, significantly 

more negative (ΔE -0.37 V) than for azide 2. DFT calculations show substantial spin 

density (66%) residing on the PNPNH-ligand, indicating that the structural modification 

imposed by N-insertion has little effect on the redox non-innocence of the ligand 

backbone. 
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Figure 10. Left: Formation of 5. Right: ORTEP plot (50% probability level) for 5. Hydrogen atoms 

are omitted for clarity, except for hydrogen on N2 and hydrogens on exogenous phenyl ring. 

Selected bond lengths (Å) and angles (°): Ni1-N1 1.9770(17); Ni1-P2 2.1259(6); Ni1-N2 1.8923(18); 

Ni1-C27 1.893(2); N2-P1 1.597(2); P2-Ni1-N2 177.48(7); N1-Ni1-N2 93.98(8); N1-Ni1-P2 85.92(5); 

N1-Ni1-C27 177.74(8); Ni1-N2-P1 123.39(11); C6-N1-C12 117.99(17). 

 

2.2.3 Computational studies 

To obtain more insight into the mechanism of the formation of complex 5, DFT 

calculations were performed. For computational ease, a simplified model of complex 2 

was used, with phenyl instead of tolyl rings for the backbone and Me-substituents at the 

phosphorus atoms. Routes involving different (excited state) spin states were 

investigated, both at the hybrid b3-lyp level (Figure 11) and the pure GGA BP86 DFT 

functional (see Appendix Figure 15). Open-shell singlet (OSS) configurations for all 

investigated stationary points could only be located at the hybrid b3-lyp level. At the 

BP86 level only closed-shell singlet (CSS) configurations were found (see Appendix for 

further considerations). 

As a starting point the activation of the azide was investigated. The release of N2 proceeds 

via a high-energy transition state TS1 on all calculated surfaces and is therefore 

considered as a non-thermal, photochemical step. The reaction pathway after N2 loss from 

2 can either follow photochemical or thermal steps or a combination thereof. The meta-

stable ‘NiIV-nitrido’ intermediate B is most stable in its triplet configuration (3B), both at 

the BP86 and at the b3-lyp level. The spin density predominantly resides at the N-atom 

(b3-lyp: 89%, BP86: 81%), resulting in significant nitridyl radical character (Figure 12), 

similar to previously reported systems.[5b,d,f][6] The unusual electronic structure of 3B is 

perhaps best described with contributions from the following resonance structures: 

NiIV(N3) ↔ NiIII(N•2) ↔ NiII(•N•). 
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Figure 11. Proposed pathway for formation of 5 upon irradiation of 2 in C6H6, based on DFT 

calculations (b3-lyp, def2-TZVP). Energies in kcal mol-1 relative to CSS state of the starting 

material. 

The CSS and the OSS configurations of singlet 1B collapse via a virtually barrierless 

transition state TS2 to the coordinatively unsaturated NiII(PNPN) intermediate C, 

featuring two anionic N-donor atoms (i.e. the PNP-nitrogen and the ‘nitrido’ nitrogen). 

In fact, the barrier from 1B to 1C at the closed-shell singlet BP86 configuration is so low 

that 1B converges spontaneously to 1C. Conversion of 3B to 3C on the triplet surface also 

has a quite low barrier (both at the BP86 and the b3-lyp level) and thus might well proceed 

thermally (although photo-excitation to the singlet surface cannot be excluded). 

 

Figure 12. Spin density plot of triplet intermediate 3B (b3-lyp, def2-TZVP) and a schematic 

representation of the nickel-nitrido -bonding scheme. 
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The relative spin-state energies of intermediate C at the CSS, OSS and triplet surface are 

quite similar. While the triplet configuration of C is most stable at the b3-lyp level, the 

CSS configuration of C is most stable at the BP86 level. The reaction from C via TS3 to 

D may follow a thermal or photochemical pathway. Thermal conversion at the triplet 

surface has a prohibited high barrier at room temperature, but spin cross-over from the 

triplet to the CSS surface might facilitate the overall process. A pathway involving H-

atom abstraction from benzene followed by a radical rebound reaction was found to be 

less likely, due to a higher energy barrier (see Appendix Figure 16). At the CSS and OSS 

surfaces, direct thermal conversion from 1C to 1D is energetically possible at room 

temperature. The alternative scenarios of outer-sphere C-H activation prior to the N-

insertion step, with formation of a five-coordinate Ni(PNP)(NH)(Ph) imido-species 

intermediate, were also investigated but found to be less favorable. 

 

2.2.4 Trapping attempts of postulated intermediates 

Several attempts to trap the postulated intermediate B were undertaken. Photolysis of 2 

in benzene was conducted in the presence of various additives that were hypothesized to 

react with B. The addition of Me3NO might lead to formation of the corresponding 

nitrosyl complex Ni(NO)(PNP) and the presence of PMe3 could lead to 

Ni(N=PMe3)(PNP). However, neither of the expected trapping products were isolated, 

according to IR and NMR spectroscopic analysis. Performing the photolysis in pure 1,4-

cyclohexadiene did not lead to the generation of Ni(NH2)(PNP), nor did the use of H2 as 

trapping agent. Most interestingly, however, the known Ni(H)(PNP) complex[13] was 

observed after the latter experiment. Furthermore, NH3 was detected by 15N NMR 

spectroscopy (14/15N-2 was used) and spectrophotometric assay analysis, while use of D2 

resulted in ND3. It is possible that the NH3 and the Ni-hydride originate from reaction of 

H2 with the transient nitrido species B. Alternatively, light-induced reaction of 2 with H2 

to form Ni(H)(PNP) and HN3 and subsequent decomposition of the latter generating NH3 

and N2 is a likely scenario. Other pathways for the formation of the products can also not 

be excluded at this point. Nevertheless, it is clear that the nitrogen in the ammonia 

originates from the decomposed azido group. 

 

2.2.5 Exploration of the scope of C-H activation 

The (proposed) final step of the reaction is interesting as it involves C-H activation of 

benzene. Therefore, initial experiments were performed in an attempt to broaden the 

reactivity ‘scope’ of the trapped species C. Photolysis of 2 in toluene led to four sets of 

doublets according to in situ 31P NMR spectroscopy, suggesting that C(sp2)-H and C(sp3)-

H bond activation may be competitive processes (see Appendix Figure 17). Photolysis of 
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2 in (2,3,4,5,6)-pentafluorotoluene seemed to confirm that C(sp3)-H bond activation is 

possible, as only one pair of doublets is present in the in situ 31P NMR spectrum (see 

Appendix Figure 18). However, the presence of a second species, a singlet that is likely 

attributable to a Ni(PNP)F complex, indicates other processes also occur. Photolysis of 2 

in neat cyclohexane or heptane resulted in a myriad of unidentifiable species by 31P NMR 

spectroscopy. Due to the lack of selectivity, difficulty in the characterization of products 

and general impracticability of this method of C-H activation, further attempts were not 

made.  

A kinetic isotope effect of 3.8 could be determined by performing the photolysis in a 

mixture of C6D6 and C6H6. An attempt to confirm this value by conducting the photolysis 

in 1,3,5-trideuterobenzene was thwarted by trace amounts of chlorobenzene in the 

purchased solvent (detected by MS), culminating in the presence of two doublets at δ 46.8 

and 45.3 in the 31P NMR spectrum. These signals could be attributed to the chlorido-

derivative of 5, NiCl(PNPNH) (6). Irradiation of 2 in pure chlorobenzene resulted in 

formation of 1 and 6 after four hours, establishing that the chloride likely stems from this 

molecule. Complex 6 was also prepared independently by reaction of 5 with HCl (Figure 

13) and fully characterized by NMR spectroscopy, mass spectrometry and X-ray 

diffraction. The structural parameters for the chlorido-derivative 6 are very similar to 

those observed for 5. We speculated that deprotonation of 6 with LDA in the presence of 

an arene might lead to C-H activation. However, conducting this experiment in benzene 

did not result in arene C-H activation.  

 

 

Figure 13. Left: Synthesis of complex 6 by reaction with HCl. Right: ORTEP plots (50% 

probability level) for 6. Hydrogen atoms are omitted for clarity, except for hydrogen on N2. 

Selected bond lengths (Å) and angles (°): Ni1-N1 1.930(3); Ni1-P2 2.112(2); Ni1-N2 1.893(3); Ni1-

Cl1 2.1951(11); N2-P1 1.587(3); P2-Ni1-N2 176.80(13); N1-Ni1-N2 94.05(13); N1-Ni1-P2 86.03(11); 

N1-Ni1-Cl1 173.74(9); Ni1-N2-P1 129.7(2); C6-N1-C12 116.8(3). 
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2.3 Conclusions 

In conclusion, in this Chapter we have shown that a rare transient formal NiIV nitrido 

species can be accessed by activation of nickel-azido precursor 2. The activation of the 

azide can be achieved by irradiation, while other potential activation pathways 

(thermolysis, chemical oxidation) proved to be ineffective. The Ni-nitrido so far has 

resisted characterization or isolation, and trapping by external trapping agents (PMe3, 

Me3NO, CO and 1,4-cyclohexadiene) was not successful. Facile N-insertion into a Ni-P 

bond and subsequent intermolecular C-H activation of benzene lead to formation of 5. 

Hence, trapping of the nitrido is an intramolecular process. DFT calculations support the 

intermediacy of a Ni nitrido species with significant nitridyl radical character. The scope 

for further reactivity is limited. Other solvents appear to be activated by the trapped nickel 

nitrido intermediate (C) under photolysis conditions, but a lack of selectivity and the 

harsh experimental conditions  render this method impractible for more generally 

applicable arene C-H activation. The obtained PNPNH scaffold might however be 

interesting for cooperative catalysis, given the short distance between the P=NH site and 

the metal center.  
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2.5 Experimental Section 

2.5.1 General methods 

All reactions were carried out under an atmosphere of argon or dinitrogen using standard 

Schlenk techniques. With exception of the compounds given below, all reagents were 

purchased from commercial suppliers and used without further purification. (PNP)Ni(Cl) 

(1) was synthesized according to literature procedures.[16b] Toluene, THF, pentane and 

diethyl ether were distilled from sodium benzophenone ketyl. CH2Cl2 was distilled from 

CaH2. NMR spectra (1H, 1H{31P}, 13C{1H}, 31P{1H} and 15N (HSQC)) were measured on 

a Bruker DRX 500, Bruker AV 400, Bruker DRX 300 or on a Bruker AV 300 

spectrometer at room temperature, unless noted otherwise. Infrared spectra were recorded 
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on a Thermo Nicolet Nexus FT-IR spectrometer. High resolution mass spectra were 

recorded on a JEOL AccuTOF LC, JMS-T100LP Mass spectrometer using cold spray 

ionization (CSI) and electron spray ionization (ESI) and on a JEOL AccuTOF GC v 4g, 

JMS-T100GCV Mass spectrometer using field desorption (FD). A Shimadzu UV 2700 

spectrophotometer was used to record UV-vis spectra. Elemental analyses were carried 

out by Mikroanalytisches Laboratorium Kolbe. Cyclic voltammetry measurements were 

performed in THF containing N(n-Bu)4PF6 (0.1 M) at room temperature under an argon 

atmosphere using a platinum disk working electrode, a platinum coil counter-electrode 

and a silver coil reference electrode. All redox potentials are referenced to Fc/Fc+. For the 

irradiation experiments a 500 W Hg/Xe lamp (Hamamatsu Photonics L8288) with a 305 

nm cut-off filter was used.  

 

2.5.2 Computational details 

Geometry optimizations were carried out with the Turbomole program package[18a] 

coupled to the PQS Baker optimizer[18b] via the BOpt package,[18c] both at the BP86[18d,e] 

and at the DFT/b3-lyp[18f-i] level, using the def2-TZVP basis set.[18j,k] All minima (no 

imaginary frequencies) and transition states (one imaginary frequency) were 

characterized by calculating the Hessian matrix. ZPE and gas-phase thermal corrections 

(entropy and enthalpy, 298 K, 1 bar) from these analyses were calculated. The nature of 

the transition states was confirmed by IRC calculations.  

The geometries for the open-shell singlet (singlet biradical) minima and transition states 

were evaluated employing the broken-symmetry protocol. The ‘real’ energy εS of the 

(multi-determinant) open-shell singlet species was estimated from the ε0 energies of the 

optimized single-determinant broken symmetry solutions and the ε1 energies from a 

separate unrestricted triplet (ms = 1) calculations at the same geometries with the same 

functional and basis set, using the approximate spin correction formula proposed by 

Noodleman and Yamagushi:[19] 

𝜀𝑠 ≈
𝑆1

2𝜀0 − 𝑆0
2𝜀1

𝑆1
2 − 𝑆0

2  

2.5.3 Synthesis and characterization of new compounds 

Synthesis of complex 2: 

To a solution of 1 (750 mg, 1.43 mmol) in THF (15 mL) was 

added NaN3 (466 mg, 7.2 mmol). The dark-green mixture was 

stirred for 20 hours, resulting in a gradual fading of color from 

green to moss-green. Upon complete conversion, based on 31P 

NMR spectroscopy, the volatiles were removed in vacuo. The 
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product was extracted with toluene and filtered over Celite. Evaporation of toluene 

yielded the desired complex as a green-brown powder (749 mg, 99%). Single crystals 

suitable for X-ray diffraction were grown from a toluene/pentane mixture at -20 °C.  

1H NMR (400 MHz, C6D6, ppm): δ 7.45 (dt, J = 8.6, 2.3 Hz, 2H), 6.86-6.82 (m, 2H), 6.69 

(dd, J = 8.5, 2.0 Hz, 2H), 2.19-2.12 (m, 4H), 2.10 (s, 6H), 1.47 (q, J = 8.8, 7.2 Hz, 12H), 

1.17 (q, J = 8.0, 7.2 Hz, 12H). 13C{1H} NMR (101 MHz, C6D6, ppm): δ 162.2 (t, J = 13.0 

Hz), 132.6 (s), 132.0 (s), 125.4 (t, J = 3.2 Hz), 119.4 (t, J = 19.5 Hz), 116.7 (t, J = 5.4 

Hz), 23.4 (t, J = 11.4 Hz), 20.4 (s), 18.4 (t, J = 2.5 Hz), 17.7 (s). 31P{1H} NMR (162 MHz, 

C6D6, ppm) : 36.3. FT-IR (CH2Cl2, cm-1): ν 2051 (N3, strong). HR-MS (CSI) calcd for 

[M]+ C26H40N4NiP2 m/z: 528.20817; found: 528.21033. El. Anal. Calc. for C26H40N4NiP2: 

C 59.00; H 7.62; N 10.59. Found: C 59.45; H 7.41; N 10.38.  

Synthesis of 15N enriched complex 15/14N-2: 

15/14N-2 was synthesized by adding Na15N14N2 (75 mg, 1.14 mmol) to a solution of 1 (150 

mg, 0.29 mmol) in THF (10 mL). The mixture was stirred for 66 hours, during which the 

green color slightly faded. Completion of the reaction was confirmed by 31P NMR 

spectroscopy, where after the volatiles were removed in vacuo. The resulting solid was 

extracted with toluene and filtered over Celite. Removal of solvent yielded the product as 

a green-brown solid, which was recrystallized from a toluene/pentane mixture at -20 °C. 

FT-IR (CH2Cl2, cm-1): ν 2040 cm-1 (N3, strong). 

Synthesis of complex 3: 

To a Schlenk charged with 2 (26.1 mg, 0.049 mmol) and 

AgBF4 (9.1 mg, 0.047 mmol) was added 2 mL acetone. The 

solution immediately colored intense blue and was stirred 

for 2 hours. The volatiles were then removed in vacuo. The 

residue was triturated with 2  1.5 mL toluene and 2  2 

mL pentane. The desired complex was then dissolved in CH2Cl2 and filtered by cannula. 

Evaporation of the solvent resulted in a dark blue/purple solid (28 mg, 97%). 

µeff: 2.047 µB (CDCl3, 25°C, Evans method). HR-MS (FD) calcd for [M]+ C26H40N4NiP2 

m/z: 528.20817; found: 528.20797. FT-IR (CH2Cl2, cm-1): ν 2051 (strong, N3 stretch) 

Synthesis of complex 4: 

Method A: A solution of 2 (3.0 mg, 5.7 µmol) in C6D6 (0.6 mL) 

was charged to a J-Young NMR tube. The tube was pressurized 

with 5 bars of CO and then covered with aluminum foil. The 

reaction was complete after 18 hours, with a color change to 

bright-green. Method B: To a Schlenk charged with 1 (104 mg, 
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0.20 mmol) and KNCO (161.4 mg, 1.98 mmol) was added THF (10 mL). The mixture 

was stirred for 68 hours. The color changed to bright-green during this period and 

completion of the reaction was confirmed by 31P NMR spectroscopy. The volatiles were 

evaporated and the residue was extracted with toluene and filtered over Celite. Toluene 

was removed in vacuo, yielding a green crystalline solid (98.1 mg, 93%). 

1H NMR (400 MHz, C6D6, ppm): δ 7.43 (dt, J = 8.6, 2.2 Hz, 2H), 6.82 (q, J = 3.6 Hz, 

2H), 6.68 (dd, J = 8.5, 2.1 Hz, 2H), 2.09 (s, 6H), 2.07 – 1.96 (m, 4H), 1.40 (q, J = 8.8, 7.6 

Hz, 12H), 1.13 (q, J = 7.6, 7.2 Hz, 12H). 13C{1H} NMR (100.6 MHz, CD2Cl2, ppm): δ 

162.0 (t, J = 13.2 Hz), 132.3 (s), 132.1 (s), 125.9 (t, J = 3.3 Hz), 119.2 (t, J = 19.6 Hz), 

116.5 (t, J = 5.6 Hz), 24.0 (t, J = 11.6 Hz), 20.3 (s), 18.5 (t, J = 2.1 Hz), 17.9 (s). 31P{1H} 

NMR (162 MHz, C6D6, ppm): δ 37.7 (s). FT-IR (CH2Cl2, cm-1): ν 2240 (strong, NCO 

band). HR MS (FD) calcd for [M]+ C27H40N2NiOP2 m/z: 528.19693; found: 528.19819. 

Synthesis of complex 5: 

A J-Young NMR tube was charged with 2 (3 mg, 5.2 µmol) 

dissolved in benzene (0.5 mL). The dark-green solution was 

irradiated for 30 minutes, during which the color of the solution 

changed to yellow. Removal of volatiles in vacuo resulted in a 

yellow solid that was used for analysis in NMR experiments. 

Crystals suitable for X-ray diffraction were grown by slow 

evaporation of a CH2Cl2/cyclopentane mixture.  

1H NMR (400 MHz, C6D6, ppm): δ 7.92 (br. s, 2H), 7.68 (dd, J = 8.6, 5.0 Hz, 1H), 7.26 

(dd, J = 8.4, 4.2 Hz, 1H), 7.16 (s, 2H), 7.02 (t, J =7.2 Hz, 1H), 6.96-6.91 (m, 2H), 6.84 

(d, J = 8.6 Hz, 1H), 6.69 (dd, J = 12.0, 2.1 Hz, 1H), 2.28-2.20 (m, 1H), 2.18 (s, 3H), 2.17 

(s, 3H), 2.11-1.97 (m, 2H), 1.85-1.75 (m, 1H), 1.54 (dd, J = 17.1, 7.1 Hz, 3H), 1.39 (dd, 

J = 16.9, 6.9 Hz, 3H), 1.21 (dd, J = 16.4, 7.3 Hz, 3H), 1.00 (dd, J = 16.6, 7.3 Hz, 3H), 

0.94 (dd, J = 10.8, 6.9 Hz, 3H), 0.65 (dd, J = 14.4, 6.9 Hz, 3H), 0.56 (dd, J = 14.6, 7.1 

Hz, 3H), 0.33 (dd, J = 13.7, 7.1 Hz, 3H), 0.22 (d, J = 6.5 Hz, 1H). 13C{1H} NMR (101 

MHz, C6D6, ppm): δ 164.4 (d, J = 22.0 Hz), 158.1 (s), 156.6 (d, J = 44.7 Hz), 139.3 (bs), 

133.0 (d, J = 2.0 Hz), 132.4 (d, J = 2.1 Hz), 130.9 (d, J = 1.1 Hz), 130.1 (d, J = 8.7 Hz), 

126.0 (bs), 124.5 (d, J = 5.4 Hz), 123.7 (s), 123.6 (d, J = 4.7 Hz), 122.2 (s), 120.9 (d, J = 

36.3 Hz), 118.4 (d, J = 10.0 Hz), 115.3 (s), 114.3 (s), 27.9 (d, J = 58.5 Hz), 22.2 (d, J = 

19.2 Hz), 21.4 (d, J = 33.2 Hz), 21.3 (dd, J = 53.5, 3.0 Hz), 20.8 (s), 20.7 (s), 19.7 (d, J = 

6.3 Hz), 17.8 (d, J = 4.7 Hz), 17.0 (d, J = 1.2 Hz), 16.9 (d, J = 1.3 Hz), 16.7 (d, J = 2.8 

Hz), 15.7 (d, J = 6.9 Hz), 15.7 (d, J = 1.8 Hz), 15.4 (d, J = 1.0 Hz). 31P{1H} NMR (162 

MHz, C6D6) δ 48.5 (d, J = 6.4 Hz), 45.9 (d, J = 6.4 Hz). FT-IR (CH2Cl2, cm-1): ν 3365 

(weak, NH stretch). HR-MS (CSI) calcd for [M+H]+ C32H46N2NiP2 m/z: 579.25679; 

found: 579.25263. El. Anal. Calc. for C32H46N2NiP2: C 66.22; H 8.16; N 4.83. Found: C 

66.31; H 7.99; N 4.92. 
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Isotopic labelling experiments: 

Enriched 15/14N-5 was prepared by irradiation of a J-Young NMR tube charged with a 

solution of 15/14N-2 in benzene. Photolysis for 30 minutes using a 305 nm cut-off filter 

yielded the 50% 15N-enriched product 15/14N-5.  

1H NMR (500 MHz, C6D6, ppm): δ 7.91 (s, 2H), 7.66 (dd, J = 8.6, 5.0 Hz, 1H), 7.24 (dd, 

J = 8.5, 4.2 Hz, 1H), 7.16 (s, 2H), 7.01 (t, J = 7.2 Hz, 1H), 6.93 (td, J = 7.6, 6.7, 2.1 Hz, 

2H), 6.84 (d, J = 8.5 Hz, 1H), 6.70 (dd, J = 11.8, 2.2 Hz, 1H), 2.32 – 2.19 (m, 1H), 2.18 

(s, 3H), 2.17 (s, 3H), 2.14 – 1.97 (m, 2H), 1.88 – 1.77 (m, 1H), 1.54 (dd, J = 17.2, 7.2 Hz, 

3H), 1.39 (dd, J = 16.9, 6.9 Hz, 3H), 1.22 (dd, J = 16.4, 7.3 Hz, 3H), 1.01 (dd, J = 16.6, 

7.2 Hz, 3H), 0.94 (dd, J = 10.8, 6.9 Hz, 3H), 0.66 (dd, J = 14.4, 7.0 Hz, 3H), 0.57 (dd, J 

= 14.6, 7.2 Hz, 3H), 0.34 (dd, J = 13.7, 7.1 Hz, 3H), 0.21 (d, J = 6.4 Hz, 0.5H), 0.21 (dd, 

J = 73.2, 6.4 Hz, 0.5H). 31P{1H} NMR (162 MHz, C6D6, ppm): δ 48.5 (dd, JNP = 30.5 Hz, 

JPP = 6.5 Hz), 48.5 (d, JPP = 6.5 Hz), 45.8 (dd, JNP = 29.2 Hz, JPP = 6.5 Hz), 45.8 (d, JPP 

= 6.5 Hz). 15N{1H} NMR (50.7 MHz, C6D6, ppm): δ -364.8 (t, J = 30.2 Hz). 

Deuterium-labelled 5D was prepared by dissolving 2 in C6D6. A J-Young NMR tube was 

filled with the solution and irradiated using a 305 nm cut-off filter. After 30 minutes the 

color had changed from green to yellow and the deuterium-labelled product 5D had 

formed. 

1H NMR (400 MHz, C6D6, ppm): δ 7.68 (dd, J = 8.7, 5.0 Hz, 1H), 7.26 (dd, J = 8.4, 4.1 

Hz, 1H), 6.93 (td, J = 7.9, 7.0, 2.2 Hz, 2H), 6.86 – 6.83 (m, 1H), 6.69 (dd, J = 11.9, 2.1 

Hz, 1H), 2.28 – 2.20 (m, 1H), 2.18 (s, 3H), 2.17 (s, 3H), 2.13-1.95 (m, 2H), 1.86-1.73 (m, 

1H), 1.54 (dd, J = 17.2, 7.2 Hz, 3H), 1.39 (dd, J = 16.8, 6.9 Hz, 3H), 1.21 (dd, J = 16.3, 

7.3 Hz, 3H), 1.00 (dd, J = 16.6, 7.2 Hz, 3H), 0.94 (dd, J = 10.8, 6.9 Hz, 3H), 0.65 (dd, J 

= 14.4, 7.0 Hz, 3H), 0.56 (dd, J = 14.6, 7.1 Hz, 3H), 0.32 (dd, J = 13.6, 7.0 Hz, 3H). FT-

IR (CH2Cl2, cm-1): ν 2493. 

Synthesis of complex 6: 

A solution of 5 (10 mg, 17.3 µmol) in 2 mL THF was prepared. 

A small excess of HCl (1M in Et2O) was added and the mixture 

was stirred for 2.5 h. During this period the color of the solution 

changed from yellow to green. All volatiles were removed in 

vacuo. The resulting solid was redissolved in pentane and 

filtered via cannula. After evaporation of the solvent a green powder remained as product 

(6.2 mg, 67%). 

1H NMR (400 MHz, C6D6, ppm): δ 7.50 (dd, J = 8.8, 4.8 Hz, 1H), 6.97-6.90 (m, 2H), 

6.81 (dd, J = 8.8, 0.8 Hz, 1H), 6.70 (d, J = 8.4 Hz, 1H), 6.61 (d, J = 12 Hz, 1H), 2.40 

(septet, J = 7.2 Hz, 1H), 2.11 (s, 3H), 2.09 (s, 3H), 2.07-1.95 (m, 1H), 1.86-1.71 (m, 2H), 

1.74 (dd, J = 15.2, 7.2 Hz, 3H), 1.63-1.53 (m, 6H), 1.28 (dd, J = 16.0, 7.2 Hz, 3H), 1.07 
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(dd, J = 13.8, 7.2 Hz, 3H), 0.85-0.75 (m, 6H), 0.55 (dd, J = 15.2, 7.2 Hz, 3H), 0.35 (d, J 

= 4.5 Hz, 1H). 13C{1H} NMR (100.6 MHz, CD2Cl2, ppm): δ 165.0 (s), 164.7 (s), 156.7 

(s), 132.9 (d, J = 2.3 Hz), 132.5 (d, J = 2.3 Hz), 130.9 (d, J = 1.0 Hz), 130.4 (d, J  = 8.5 

Hz), 126.7 (d, J = 12.3 Hz), 126.2 (d, J = 8.4 Hz), 125.8 (d, J = 5.9 Hz), 120.6 (d, J = 41.8 

Hz), 119.5 (d, J = 11.0 Hz), 28.0 (d, J = 56.5 Hz), 25.2 (d, J = 20.3 Hz), 23.1 (d, J = 3.8 

Hz), 22.8 (s), 22.1 (dd, J = 55.0, 3.2 Hz), 20.7 (s), 20.3 (s), 19.0 (d, J = 4.1 Hz), 18.4 (d, 

J = 1.8 Hz), 18.1 (s), 17.4 (d, J = 1.8 Hz), 16.9 (s), 16.8 (s), 15.7 (d, J = 1.0 Hz). 31P{1H} 

NMR (162 MHz, C6D6, ppm): δ 46.8 (d, 8.1 Hz), 45.3 (d, 8.1 Hz) . HR MS (FD) calcd 

for [M]+ C26H41ClN2NiP2 m/z: 536.17807; found: 536.17904. 

2.5.4 Irradiation experiments using other solvents 

For a typical experiment, 3 mg (5.7 μmol) of 2 was dissolved in 0.6 mL of the chosen 

solvent. A J-Young NMR tube was charged with the solution. The solution in the NMR 

tube was irradiated until the starting material was completely converted, based on in-situ 
31P NMR spectroscopy. 

 

2.5.5 Irradiation experiments of 2 with nitrido trapping agents 

Experiments were conducted in an attempt to trap the postulated nitrido intermediate B, 

by carrying out the photolysis of 2 in the following ways: 

- In a J-Young NMR tube, 2 (4 mg) was dissolved in degassed 1,4-cyclohexadiene (0.5 

mL) and irradiated in the usual manner. The reaction was monitored by in situ 31P NMR 

spectroscopy. When full conversion of the starting material was reached, all volatiles 

were removed in vacuo. The solid residue was dissolved in C6D6 and 31P and 1H NMR 

spectra were measured. The spectra showed no trace of Ni(NH2)(PNP). 

- In a J-Young NMR tube, 2 (4 mg, 7.6 μmol) was dissolved in C6H6 and 50 eq. of PMe3 

(39 μL, 380 μmol) were added. The mixture was irradiated in the usual manner. The 

reaction was monitored by in situ 31P NMR spectroscopy. When full conversion of the 

starting material was reached, all volatiles were removed in vacuo. The solid residue was 

dissolved in C6D6 and 31P and 1H NMR spectra were measured. The spectra showed no 

trace of Ni(N=PMe3)(PNP).  

- In a J-Young NMR tube, 15N enriched 15/14N-2 was dissolved in C6D6 and put under 5 

bar H2 pressure. The mixture was irradiated in the usual manner and when completion of 

the reaction was reached, 31P, 1H and 15N NMR spectra were measured. The spectra 

showed no trace of Ni(NH2)(PNP). Instead, the main product was the known Ni(H)(PNP) 

complex.[14] The presence of NH3 was confirmed by 1H NMR (δ -0.30, br s) and 15N 

HSQC-NMR (-385.1ppm, t) spectroscopy. After NMR analysis the organic phase was 

washed with 1 mL of a 1M H2SO4 (aq) solution. The presence of NH3 in the aqueous 
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phase was confirmed by the indophenol method[20] and by a fluorometric ammonia 

assay.[21] To exclude the involvement of 3 in the formation of NH3, 3 was irradiated in 

the presence of H2, which did not lead to formation of Ni(H)(PNP). To establish the origin 

of the hydrogen atoms in the formed NH3 and Ni(H)(PNP), 15N enriched 15/14N-2 was 

dissolved in C6H6, put under 5 bar D2 pressure and irradiated. The corresponding 2D 

NMR spectrum showed formation of ND3 and Ni(D)(PNP). 

- In a J-Young NMR tube 2 (3.3 mg, 6.2 μmol) and 18.7 eq. BPh3 (28 mg, 116 μmmol) 

were dissolved in C6H6. The mixture was irradiated in the usual manner. After full 

conversion of the starting material, the 31P NMR spectrum of the solution showed a 

mixture of products, but the desired trapping product Ni(N-BPh3)(PNP) could not be 

identified. 

- In a J-Young NMR tube 2 (3.5 mg, 6.6 μmol) was dissolved in C6D6 and the solution 

was saturated with Me3NO. The mixture was irradiated in the usual manner. After full 

conversion of the starting complex the 31P NMR spectrum showed a mixture of products. 

The IR spectrum of the resulting mixture did not show an indicative Ni-NO stretch. 

 

2.5.6 X-ray crystallographic measurements details 

For 2: Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed 

tube and Triumph monochromator (λ = 0.71073 Å) up to a resolution of (sin θ/λ)max = 

0.71 Å-1 at a temperature of 150(2) K. Intensities were integrated using the SAINT 

software.[22] Absorption correction and scaling based on multiple measured reflections 

was performed with SADABS[23] (0.70-0.75 correction range). 9601 Reflections were 

unique (Rint = 0.013), of which 9338 were observed [I>2σ(I)]. The structure was solved 

with Patterson superposition methods using the program SHELXT.[24] The crystal 

structure can be approximated in the higher symmetric space group P2/n (no. 13) with the 

metal complex on a twofold rotation axis and an inversion center in the crystal packing. 

The routine ADDSYM of the PLATON software[25] calculates an 82% fit for the higher 

symmetry. Only the coordinated azide ligand and the non-coordinated toluene solvent 

molecule violate the higher symmetry, and force the structure to be in the lower 

symmetric space group Pn (no. 7). Refinement in space group Pn was done as an inversion 

twin, resulting in a twin fraction (Flack parameter[26]) of 0.496(5). The SHELXL-97 

software[27] was used for the least-squares refinement against F2 of all reflections. No 

correlation matrix element was larger than 0.5. Non-hydrogen atoms were refined freely 

with anisotropic displacement parameters. All hydrogen atoms were located in 

difference-Fourier maps and refined with a riding model. 373 Parameters were refined 

with 2 restraints (floating origin restraints). R1/wR2 [I > 2σ(I)]: 0.0204 / 0.0554. R1/wR2 

[all refl.]: 0.0215 / 0.0561. S = 1.054. Residual electron density between -0.22 and 0.37 
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e/Å3. Geometry calculations and checking for higher symmetry were performed with the 

PLATON program.[25]  

For 5: All reflection intensities were measured at 110(2) K using a SuperNova 

diffractometer (equipped with Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under 

the program CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013). The same 

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

solved with the program SHELXS-2013S18 and was refined on F2 with SHELXL-2013 

(Sheldrick, 2013). Analytical numeric absorption corrections based on a multifaceted 

crystal model were applied. 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 13, AFIX 43 or AFIX 137 with isotropic 

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

H atom attached to N2 was found from difference Fourier map, and its coordinates and 

isotropic temperature factor were refined freely. The structure is ordered. Prior to the final 

refinement, the occupancy factor of N2 was refined freely, and its value refines to 

0.9983(99), which unambiguously shows that the atom type for N2 has been correctly 

assigned. In the final refinement, one residual electron density peak of ca. 1.80 e− Å-3 

was found at 0.99 Å of Ni1, but has no chemical significance. A check for twinning was 

performed, but no applicable twin laws could be detected from Fobs/Fcal analysis. 

For 6: X-ray intensities were measured on a Bruker D8 Quest Eco diffractometer 

equipped with a Triumph monochromator (λ = 0.71073 Å). Diffraction data were 

collected at 150(2) K using a CMOS Photon 50 detector. Intensity data were integrated 

with Bruker APEX2 software.[29] Absorption correction and scaling was performed with 

SADABS.[23] The structures were solved using direct methods with SHELXL-13.S18 

Least-squares refinement was performed with SHELXL-2013S18 against F2 of all 

reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. 

Heteroatom bound hydrogen atoms were refined freely with an isotropic displacement 

parameter, all other hydrogen atoms were included at calculated positions using a riding 

model. Geometry calculations and checking for higher symmetry was performed with the 

PLATON program.[25] 
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2.6 Appendix 

 

 

Figure 14. Stacked 1H NMR spectra of complex 5 at different temperatures from 203 K (bottom) 

to 273 K (top) (C7D8, 298 K, 500 MHz). 

DFT calculations, mechanistic considerations: 

The b3-lyp functional as well as the BP86 functional was used for the geometry 

optimizations. The b3-lyp functional was used to enable optimization of geometries in 

the open-shell singlet (OSS) state. Although the calculated reaction pathway was found 

to be similar in the calculated for either functional (loss of N2, insertion of N into a Ni-P 

bond, concerted C-H activation of benzene) discrepancies were found in the relative 

stability of the spin states (CSS and triplet) of several geometries. As a result, clear 

statements on the most stable spin states of intermediate and transition state structures in 

the envisioned mechanism are not possible. Furthermore, the CSS state of intermediate B 

could only be isolated using the b3-lyp functional, attempts with the BP-86 functional 

resulted in direct insertion into the Ni-P bond. A short discussion on the proposed pathway 

calculated using each will be given (vide infra). 

Using the b3-lyp functional (Figure 11): the starting azide complex A is most stable in its 

closed-shell singlet (CSS) state, as expected. Attempts to optimize an open-shell singlet 

(OSS) state resulted in convergence to the CSS state, while the triplet (T) state was found 

to be 12.3 kcal mol-1 higher in energy. Through (photochemical induced) expulsion of N2 
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in TS1 intermediate B is formed, which is most stable in its triplet state. Insertion of the 

N into the Ni-P bond through TS2 leads to the low-energy intermediate C. Energies of 

the different spin states of C are very similar, with the triplet state being slightly preferred. 

Two scenarios were considered for the activation of benzene: a concerted pathway via 

TS3 involving a spin cross-over from the triplet to the singlet surface (see Figure 11) or 

a hydrogen atom abstraction on the triplet or open-shell singlet surface via TS3* 

(Appendix Figure 16). The concerted mechanism is deemed more likely because of the 

lower energy barrier TS3 poses opposed to TS3*. As expected, the product species D was 

found to be most stable in the CSS state. 

Using the BP86 functional (Appendix Figure 15): starting complex A was found to be 

most stable in the CSS state. Expulsion of N2 in TS1 is followed by a barrierless insertion 

of N into a Ni-P bond in the CSS state leading to intermediate C. In the triplet state 

however intermediate B involving a ‘Ni-nitride’ could be isolated. A subsequent insertion 

of this ‘nitride’ into the Ni-P bond then also leads to intermediate C. A concerted C-H 

activation of benzene over the Ni-N moiety trough TS3 leads to final product D.  

 

 

Figure 15.  DFT calculated free energy profile (ΔG0
298K in kcal mol-1) of the proposed pathway 

from the starting azide complex A to the product of the photolysis D (BP86, def2-TZVP). 
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Figure 16. DFT calculated free energy profile (ΔG0
298K in kcal mol-1) for the alternative activation 

step of benzene via a hydrogen atom abstraction pathway (b3-lyp, def2-TZVP). 

 

 

Figure 17. 31P{1H} NMR spectrum of an irradiated toluene solution of 2 (CD2Cl2, 298 K, 162 

MHz), * = doublet for chlorinated complex (6), probably due to presence of traces HCl in CD2Cl2. 

HR MS (CSI) calcd for [M]+ C26H41ClN2NiP2 m/z: 592.26462; found: 592.26839. 
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Figure 18. 31P{1H} NMR spectrum of an irradiated solution of 2 in (2,3,4,5,6)-pentafluorotoluene 

(298K, 162 MHz).   
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