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I.1. Dinitrogen coordination and splitting 

1.1. Properties of Dinitrogen 

Dinitrogen (N2) is an abundant diatomic molecule (present in circa 78 % in the atmosphere) and 

represents therefore an accessible building block for nitrogen atoms. Its activation is also 

strongly required for today’s society relying on the industrial Haber-Bosch (HB) process to 

convert N2 into NH3 mainly for agricultural industry, yet also as building block for all nitrogen 

containing (fine) chemicals and pharmaceuticals. Unfortunately, it is a very inert molecule, as 

reflected in various properties: i.e. a high HOMO-LUMO gap (10.82 eV), a low proton affinity 

(5.1 eV, even lower compared to CH4 5.3 eV), and a high ionisation energy (15.8 eV), combined 

with the absence of a dipole moment. An electron affinity is basically non-present (−1.9 eV), also 

expressed in the very negative reduction potential of N2 + 1e−  [N2]− of −4.16 V vs. NHE. 

Notably, turning this reduction in a multi-electron reduction combined with protonation via 

proton-coupled electron transfer (PCET) makes the reaction substantially milder.1,2 The 

molecule’s high bond dissociation energy (226 kcal mol-1) is not outstanding compared to other 

diatomic triple bonded molecules.3 Yet, the distribution of this energy over the three NN bonds 

(1 σ and 2 π bonds) is rather uneven: the first (π-)bond is exceptionally strong (≈100 kcal mol-

1), compared to the first (π-)bond of acetylene (53 kcal mol-1).4 

 

1.2. Industrial and biological conditions for N2-activation 

Despite its inertness, it is possible to utilise dinitrogen and to transform it to ammonia. In nature 

this is done enzymatically on nitrogenases and on a large scale, the HB process was developed 

to account for agricultural needs. Both will be briefly addressed.  

 

Nitrogenase enzymes are found in certain bacteria and provide all N-containing molecules for 

plants required via atmospheric N2-uptake. The active side for N2-reduction is a metal-sulfur 

cluster located at the enzyme, of which three types are known: a Fe, FeV, and FeMo co-factor. 

The latter has the highest selectivity for N2-reduction over the competing hydrogen evolution 

reaction (HER), and is therefore extensively examined. Its structure and especially the central 

ligand has long been a topic of debate, but high-resolution X-ray spectroscopy confirmed a 

[Fe7MoS9C]-structure with an interstitial carbon atom, see Figure 1. Upon coordination to an all 

iron-based reductase, a multi-step and still partly unknown mechanism takes place including 
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ATP as energy source to allow electron and proton transfer from reductase to nitrogenase to 

reduce the co-factor and perform the overall 6-electron transformation of N2. The currently 

hypothesised mechanism is initiated by a number of 1 e−/1 H+ transfers (3 or 4) to the co-factor 

before it coordinates N2 either at an Fe or Mo centre. Then, NH3-formation can be rationalised 

via two pathways: either both N-atoms are alternatingly functionalised in an “alternating” 

mechanism. Alternatively, first the terminal Nβ is functionalised to its full extend, and 

subsequently the remaining nitride Nα, following a “distal” pathway. It is to date unclear whether 

one of these pathways or hybrid forms of it occur.5,6 The enzymatic involvement of iron and 

molybdenum has inspired many inorganic chemists to use these metals in their development of 

(bio-inspired) molecular N2-reduction complexes (vide infra).  

 

 

 

 

Figure 1. Schematic representation of N2-fixation by nitrogenase and the FeMo co-factor (top) and via the Haber-

Bosch process including a schematic representation of its dissociative mechanism (bottom).5,7 Visualisation idea from 

Mougel.8 

 

The industrial revolution ignited the increase of the world population, and towards the end of 

the 19th century, it was foreseen that nutritional demands would go beyond what natural sources 

for fertiliser could offer. Therefore, many research efforts were put into transformation of 

atmospheric dinitrogen. In the early 1910’s, Haber invented the direct reaction of N2 with H2 to 

form NH3, which reaction set up was optimised by Bosch: the HB process operates since 1913 

and produces ammonia over 100∙106 ton per year. As catalyst, a heterogeneous mixture is used 

of iron oxides, promoted and stabilised with potassium-, aluminium-, and calcium oxides.7,9 

High reaction temperatures are required (400 - 500 ˚C), to overcome the high activation barrier 

as a result of N2 inertness. As the reaction is exergonic, high pressures of roughly 200 bars are 

required to still achieve good yields. The HB process is often associated with circa 1-2 % of the 
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world’s energy consume. Yet, the majority of this demand lies in the synthesis and purification 

of H2, which relies on energy-intensive steam reforming of methane and coal.10 Due to this high 

energy consume, the development of alternative ammonia formation strategies, especially by 

means of electrochemistry, gained a lot of attention in recent years: a brief overview thereof is 

provided in Section I.2.1.2. The HB mechanism was elucidated by Ertl, who found that the initial 

elementary step is the dissociative chemisorption on N2 on the iron surface into nitrides (Figure 

1). Note how this is distinctly different from the current proposed mechanism of nitrogenase 

where the N-N bond is initially retained. Subsequent reaction with chemisorbed hydrogen atoms 

forms ammonia, which is then released.7  

 

 

 

1.3. Dinitrogen as ligand for coordination complexes 

Beyond the heterogeneous nature of the N2-activating compounds in the HB process, lies N2-

fixation on molecular defined complexes. A first characterised example of dinitrogen as ligand 

was found by Allen and Senoff in 1965, in form of [Ru(NH3)5(N2)]2+, see Figure 2.11 As highlighted 

in interesting background narratives by Leigh and Jones,12,13 the original purpose of the work 

was to synthesize the hexa-ammine ruthenium complex via reaction of [RuCl3(H2O)3] and 

hydrazine as reduction agent and ammonia source. Yet without the addition of an ammonium 

salt, the penta-ammine dinitrogen complex was formed, where the N2 originates from hydrazine. 

Especially the appearance of a stretching frequency at 2100 cm-1 by IR spectroscopy was 

indicative for coordinated N2, even though it was first interpreted as a metal-hydride. Later, it 

was shown that the N2 ligand can also originate from atmospheric uptake via reduction of a 

Ru(III) precursor under a dinitrogen atmosphere. The original work was welcomed with a lot of 

criticism, that was first tempered by the publication of the crystal structure of 

[Ru(NH3)5(N2)]Cl2. This showed a N-N bond length of 1.12 Å, which is only moderately activated 

compared to free N2 (1.10 Å, see Table 1).14  

 

 

Figure 2. Left: first characterised N2-bound complex by Allen.11 Right: qualitative σ- and π-interactions in an end-on 

M-N2 fragment.  
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Thereafter, and with the realisation how to identify a possible N2-complex, many complexes were 

developed. The metal-dinitrogen interaction relies on a σ-donation from N2 to the metal, and a 

π-backdonation from the metal into the π*-orbital of N2 (Figure 2). Both interactions will 

decrease the bond-order in dinitrogen. The reminiscence with a carbonyl ligand is evident and 

from the early complexes the same basic rules for N-N bond elongation were found, i.e. a shorter 

N-N bond is found upon oxidation of the metal centre or the coordination of π-accepting 

ancillary ligands, and vice versa. The degree of activation can be expressed by N-N bond lengths 

or stretching frequencies, as listed for various oxidation states of N2 in Table 1. Weak orbital 

overlap between N2 and the metal only results in weak bond activation compared to CO, as 

reflected in typical N-N bond lengths in M-N2 complexes usually in the range of 1.10-1.12 Å.15 

 

Table 1. Bond lengths and stretching frequencies of coordinated N2 and free N2, H2N2 and H4N2.16  

 

 

 

 

 

 

A higher degree of activation can be reached when a multi-metallic approach is pursued. Within 

this strategy, the coordination modes of N2 are various, and an overview of common binding 

motives is given in Figure 3. Evolving from mononuclear, end-on coordination, the binding to a 

second metal centre leads to an end-on N2-bridge (= μ-η1:η1), which is a well-known motif. 

Additionally, dinitrogen can be coordinated in a side-on bridging μ-η2:η2 mode, or a mixed side-

on end-on μ-η1:η2 mode. Considering the relevance for the research as performed within this 

work, the focus in the next sections will be on end-on bridging complexes.   

 

Figure 3. Common binding motives for dinitrogen as ligand.  

 

Continuing from [Ru(NH3)5(N2)]2+, Taube and co-workers isolated in 1969 the first example of 

a bimolecular end-on N2-complex, in form of [{Ru(NH3)5}2(μ-η1:η1-N2)]4+,17 which was right 

thereafter crystallised by Gray and co-workers.18 Many N2-bridging complexes followed and less 

Free N≡N 1.10 Å 2331 cm-1 

N≡N ≈ 1.10-1.20 Å ≈ 1700-2331 cm-1 

[N≡N]− n.a. n.a. 

Free H2N2 1.25 Å 1583/1529 cm-1 
[N=N]2− ≈ 1.20-1.35 Å ≈ 1200-1700 cm-1 
[N=N]3− 1.40 Å 989-1040 cm-1 

Free H4N2 1.45 Å 885 cm-1 

[N-N]4− ≈ 1.40-1.60 Å ≈ 700-1100 cm-1 
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than ten years later, Chatt reviewed the over 30 (more or less well characterised) examples 

reported within that short time frame.15 More recent reviews give an overview of the circa 50 

years of research.1,19,20 To rationalise the bonding situation of these dinuclear end-on complexes, 

the orbital interactions between the metal and the N2-ligand where considered, as initiated by 

Gray and Richards.18,21 As frontier orbitals, a π-orbital dominated manifold was found, based on 

the interaction between the metal dxz/dzy and the N2 π/π*-orbitals, see Scheme 1. This constructs 

four MO’s ranging from fully bonding (1eu, πππ), to fully anti-bonding (2eg, π*π*π*), with respect 

to the {MNNM}-manifold. A second degenerate set is oriented orthogonally. Within the same 

energy range, the combination between the metal dz2- and the N2 σ*-orbital to a σσ*σ MO is 

found, which has a strong NN anti-bonding character and will be relevant for N2-splitting (vide 

infra). If the ancillary ligand arrangement on the metal centre is threefold, the ligand-metal 

interactions raise the energy of the remaining metal orbitals (dxy and dx2-y2). In a fourfold 

coordination, the orthogonal ancillary ligands interact different with the d-orbitals, and the dxy 

orbitals appear within the relevant energy level for the {MNNM} manifold. Without finding 

interaction with N2, they remain non-bonding, metal centred orbitals, as highlighted in green in 

Scheme 1. It was found by calculations that the fully π-bonding set (1eu) is mainly N2-centred 

and the ππ*π set (2eu) is mainly metal-centred in nature. Depending on the nature of the 

ancillary ligands or the metal centres, the energy levels or degeneracy of the orbitals as sketched 

in Scheme 1 can be different.  

 

Scheme 1. Schematic qualitative orbital interaction scheme for end-on dinuclear {MNNM} fragments, as originating 

between N2 and two ‘ML3’ fragments in a threefold coordination (left) or N2 and two ‘ML4/5’ fragments in a fourfold 

coordination (right), where L represents an ancillary ligand. The orbitals are drawn with the following colour code: π 

orbitals (black, only the set in the y,z-direction is visualised), δ non-bonding (n.b.) orbitals (green) and σ orbital (blue).  
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Based on the metal valence d-electrons and the population of the orbitals, this model can be used 

to rationalise the N-N bond orders as found by XRD or vibrational spectroscopy. For pioneering 

RuII [{Ru(NH3)5}2(μ-η1:η1-N2)]4+, the N-N bond length (1.124 Å) is barely activated, compared to 

free N2 (Table 1). This is in line with occupation of 16 available electrons (4 from the dinitrogen, 

and two times 6 valence electrons from RuII) up to and including the 2eu set (in a so-called ‘δ4π12’ 

configuration). Since this latter π-orbital is N-N bonding in nature, its population will strengthen 

the N-N bond. A contrary example is the paramagnetic heteronuclear ReI/MoV 

[{ReCl(PMe2Ph)4}{MoCl4(OMe)}(μ-η1:η1-N2)] as found by the group of Richards, with an 

elongated N-N bond of 1.18(3) Å. This elongation is in line with its δ3π8 configuration, where the 

N2 π-bonding orbital π*ππ* remains unpopulated.22,23 

 

In addition to these isolated examples that illustrate the use of this MO description to rationalise 

the N-N bond metrics, various redox-series of end-on N2-bridged complexes were prepared, of 

which some will be discussed herein. Dinuclear [{Mo(NArtBu)3}2(μ-η1:η1-N2)] (Ar = 3,5-

dimethylphenyl) is the pioneering example for N2-bond splitting into terminal nitrides (vide 

infra), as characterised by Cummins. Cyclic voltammetry (CV) of this compound suggested 

synthetic access to both mono- and di-cationic congeners at mild potentials and both complexes 

were synthesised (Figure 4, left). Upon oxidation, the N-N bond order decreases as shown by 

XRD and vibrational spectroscopy. This initially seems a paradox: in a classical mononuclear 

binding situation electron removal decreases the metal to ligand backdonation, which 

strengthens the N-N bond. Yet, by considering the π10 configuration within the {MNNM} 

manifold of the neutral complex, it gives a coherent picture: subsequent removal of electrons 

from the N-N bonding π*ππ*-orbital to a π9 and π8 configuration gradually elongated the NN 

bond. In addition, both the absence of a N2-stretching band in the IR spectrum or a typical 

mixed-valent electronic absorption band for [{Mo(NArtBu)3}2(μ-η1:η1-N2)]+, highlights the high 

covalency within the {MNNM} core for this S = ½ compound.24  

Another example of a redox-series comes from our group: [{WCl(PNP)}2(μ-η1:η1-N2)] was 

characterised by Dr. B. Schluschass within our group, assigned to a δ4π8 configuration. Electron 

removal towards either the one- or two-fold oxidised products has no influence on the dinitrogen 

bond order as the bond length and stretching frequency are basically invariant within this series 

(see Figure 4, middle). The HOMO orbital of [{WCl(PNP)}2(μ-η1:η1-N2)] consist of the metal-

based δ-orbitals, and oxidation to the δ3π8 and δ2π8 configuration does indeed not interfere with 

the {MNNM} core. For the di-cationic product, two weakly anti-ferromagnetically coupled S=½ 

ions indicate a δ1δ1π8 configuration, as substantiated by SQUID magnetometry and DFT 

calculations.25 Recently, the analogue Mo series was isolated and characterised, showing the 
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same invariant behaviour. When going from W to Mo, the potentials are circa 0.25 V milder to 

access these oxidised analogues highlighting the decreased reducing properties of Mo vs. W.26  

 

 

Figure 4. Selected end-on bridging N2-complexes of Mo, W and V and their N-N bond order characteristics (bond 

length by XRD and stretching frequency by Raman spectroscopy).24–27 

 

Floriani decided to apply pure σ-donating carbon-based ancillary ligands; the lack of metal to 

ligand back-bonding was envisioned to access electron-rich metal centres favoured for N2-

fixation. Their vanadium based end-on dinuclear complex [{VMes3}2(μ-η1:η1-N2)] could be 

isolated as neutral, mono-anionic and di-anionic series (Figure 4, right). Unfortunately, no 

crystal structure of the neutral compound was obtained, but the one or two-fold reduction has 

virtually no effect on the N-N bond. DFT corroborated that the LUMO orbitals proved low-lying 

δ-symmetric metal-based orbitals, and their population upon reduction does not affect the N2-

bond metrices. The neutral complex has interesting magnetic behaviour: the low-lying vacant δ-

orbitals mix into the singlet (π8) ground state causing temperature-independent paramagnetism 

(TIP).27–29 
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Figure 5. An end-on bridging N2 complex from Chirik in different redox states and its N-N bond metrics upon 

oxidation (left), the ligand-based mono-reduced compound (top right), and the corresponding scheme of the frontier 

orbitals (bottom right).30  

 

The work by Chirik represents a remarkable example of an end-on bridging N2 complex with a 

redox-active ligand, which is stable over five redox states (Figure 5). The complex 

[{Mo(PPh2Me)2(PhTpy)}2(μ-η1:η1-N2)]2+ (PhTpy = 4’-Ph-2,2’:6’,2’’-terpyridine) shows a 

moderately activated N2-bridge (1.203(2)Å), in line with the population of the π*ππ* orbital in a 

δ4π10 configuration. Due to interactions with the π-manifold of the terpyridine ligand, which is 

in the similar energy range, the degeneracy of the π*ππ* -orbitals is lifted. Oxidation to the tris-

cationic complex (δ4π9) leads to a more activated N-N bond. Yet, the subsequent oxidation does 

not induce further bond elongation, as one of the δ-orbitals is raised in energy and a S=1 ground 

state is found for [{Mo(PPh2Me)2(PhTpy)}2(μ-N2)]4+ with a δ3π9 configuration (see Figure 5). 

Reduction of the two-fold oxidised compound populates the LUMO, which has mainly 

terpyridine π* character with a small contribution of the ππ*π set. Consequently, the first 

reduction is accompanied by a slight decrease in N-N bond order (f(N2) = 1530 cm-1), yet the 

electron density is mainly located on the ligand. The two-fold reduced neutral species was 

synthesised, but unfortunately its N-N bond metrics could not be characterised. It is a 

diamagnetic species, in analogy to the MO-scheme in Figure 5.30 

Sita prepared an extensive dataset of dinuclear N2-bridging complexes with various early 

transition metals all with virtually the same ligands, from which the metal influence on the N2 

bond can be examined. For M = Ti, V, Nb, Ta, Mo, and W, end-on N2-bridging complexes were 

found of the general formula [{M(Cp*)(NiPrC(Me)NiPr)}2(μ-η1:η1-N2)].31–33 As shown in Figure 

6, all N-N bonds are elongated and are within the diazenido (N2)2- range. Within a group (e.g. V 

– Nb – Ta of group 5) a gradual elongation of the N-N bond is observed, as assigned to the more 
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electron donating properties for the heavier metals. Notably, for M = Zr and Hf, a side-on 

coordination mode was found [{M(Cp*)(NiPrC(NMe2) NiPr)}2(μ-η2:η2-N2)],34 attributed to the 

larger covalent radius for these metals (≈ 1.75 Å (Zr/Hf)). The N-N bond for these compounds is 

extraordinarily elongated, and upon decreasing the steric demand on the amidinate 

substituents, N-N bonds up to 1.635(5) Å are found. Therefore, these complexes are best 

described as two ZrIV/HfIV with a bridging (N2)4- moiety. The contrasting description of two TiIII 

bridging a diazenido ligand for the first-row analogue is attributed to its low oxidation potential 

inhibiting the TiIV state.  

 

Figure 6. Dinuclear N2-bound series of early transition metals by Sita and co-workers. For M = Mo, the C of the 

amidinate bears a dimethylamide substituent. For M = Nb, the C of the amidinate bears a phenyl substituent.31–34  

 

Controlling the coordination mode of N2 upon ligand-exchange was found by Fryzuk, for the 

side-on N2-bridging [{ZrCl(N(SiMe2CH2PiPr2)}2(μ-η2:η2-N2)]. When replacing the ancillary 

chloride ligand for a cyclopentadienyl ring, a rearrangement takes place to the end-on N2-

bridging analogue (Scheme 2). The latter is associated with a π8 configuration, in agreement with 

a significant elongated N-N bond (1.301(3)Å). These different bridging modes were rationalised 

by considering the different MO-schemes for side-on versus end-on bridging. For the side-on 

bridging mode, interaction between the metal d- and the N2 π*-orbitals result in a π- and δ-

symmetric MO (in contrast to two π symmetric MOs for end-on bridging, see Scheme 2). When 

a Cp-ligand is coordinated, the required metal d-orbital for this δ-symmetric orbital is involved 

in the bond with the Cp ring instead, which enforces an end-on N2-bridging mode where this d-

orbital remains metal-centred. In order to rule out that the altered steric shielding play a role, a 

similar compound with a smaller metal (Ta) and a smaller ancillary ligand (neopentylidene) is 

synthesised. This compound is assumed to also adopt the end-on mode, yet without the 

indicative prove of XRD analysis.35,36  
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Scheme 2. Side-on to end-on bridging N2 isomerisation upon ligand exchange by Fryzuk.35,36 

 

Bercaw and Chirik systematically addressed increased steric demand on the same ligand. It was 

found that different N2-bridging modes were adapted depending on the number of Me-

substituents on the ancillary Cp-ligand. [{Zr(Cp*)2(N2)2}2(μ-η1:η1-N2)] and 

[{Zr(Cp*)(Cp’)(N2)2}2(μ-η1:η1-N2)] (Cp’ = C5Me4H−) are in an end-on N2-bridging mode, whereas 

[{Zr(Cp’)2(N2)2}2(μ-η2:η2-N2)] bridges N2 in a side-on coordination (Scheme 3). Computations 

suggested that the side-on coordination is in principle preferred. Yet, when more than 4 methyl 

groups are present at the Cp ring, the end-on mode is enforced because of steric repulsion (in 

the end-on mode the ancillary ligands are substantially further apart). All complexes adapt a 

twisted structure with regard to the four Cp’/* rings, that allow both appropriate (orthogonal) 

metal d-orbitals to overlap with the orthogonal π*-orbitals of N2, which induces a stronger bond 

activation of the latter.37–41  

 

 

Scheme 3. Dinuclear zirconium N2-complexes by Bercaw and Chirik with Cp-ligands bearing from left to right 

reduced steric demand; the successive -Me for -H replacement is highlighted  in orange.38–41  
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1.4. N2-splitting into terminal nitrides  

In 1995, Cummins and Laplaza showed the pioneering example of direct cleavage of a N-N bond 

into terminal, well-defined, molecular nitrides for the first time. Storing Mo(III) precursor 

[Mo(N(R)Ar)3] (R = C(CD3)2CH3, Ar = 3,5-(CH3)2C6H3) under a N2-atmosphere at low 

temperatures for prolonged time (3 days) and successive warming to RT, revealed formation of 

pale yellow Mo(VI) nitride [MoN(N(R)Ar)3] in good yields (Scheme 4). Fortunately, they were 

able to isolate the dinuclear end-on N2 bridging intermediate [{Mo(N(R)Ar)3}2(µ-N2)] (from 

here on, only ‘µ’ is used when an end-on ‘µ-η1:η1’ mode is implied). It forms the fundament for 

an in-depth mechanistic understanding of this overall 6-electron activation.42,43 As elemental 

step for the assembly of this dinuclear intermediate, they propose formation of end-on N2 bound 

[Mo(N(R)Ar)3(N2)] that reacts with a second precursor molecule. This is substantiated by the 

isolation of anionic [Mo(N(R)Ar)3(N2)]− when quantitatively reducing the precursor under N2 

with a strong reductant (Na/Hg), and the fact that the Mo(III) precursor cannot be reduced 

under Ar as verified from CV measurements. In general, sub stoichiometric amounts of Na/Hg 

accelerate the formation of the dinuclear intermediate via redox-catalysis. The steric demand of 

the amide ligand turned out to be a crucial parameter. Changing the tert-butyl groups for either 

adamantyl or iso-propyl has a dramatic effect: in the former case, no N2-splitting could be 

established.24 In the latter case, a bridging nitride linkage between two monomers was found as 

only product, presumably going through the terminal nitride.44 Smaller substituents form 

dimeric Mo-Mo structures without incorporation of N2.45  

 

Scheme 4. Pioneering example of N2-splitting into terminal nitrides by Cummins.43  

 

This pioneering example (and the isolation of the dinuclear intermediate therein) allowed to 

construct the orbital considerations for splitting, and to rationalise successful requirements for 
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the further systems that were developed since. Considering two closed shell MoVI nitrides, 4 σ-, 

and 8 π-electrons are required to construct the formal triple bond between M and N (1 σ- and 2 

π-bonds). [{Mo(N(R)Ar)3}2(µ-N2)] has 10 π-electrons within its {MNNM}-framework. 2 σ-

electrons are additionally present lower in energy, in a MO mainly comprised of the σ-orbital of 

N2  (visualised in ref 46). Therefore, re-distribution of two electrons must occur from the 

{MNNM} π-manifold into the σσ*σ-orbital to form stable, closed-shell nitrides. To 

accommodate this electron transfer, this latter orbital should be lowered in energy during 

splitting. By calculations, a transition state (TS) was proposed with a zig-zag nature regarding 

the {MNNM} core, which stabilises the σ-orbital (Scheme 5). Furthermore, adopting this TS 

lowers the symmetry, leveraging the degeneracy of the π-manifold and allowing the highest filled 

π-orbital to correlate with the σ-orbital for electron transfer. Parallel, a triplet to singlet spin flip 

occurs. In this zig-zag TS, the N-N bond is elongated and the M-N bonds are shortened, en route 

to splitting.47 Cummins determined the activation parameters for this pioneering N2-splitting 

platform, confirming a sizeable barrier (ΔG≠
exp., 25 ˚C = +22.4 kcal mol-1). The activation entropy 

(ΔS≠ = +2.9 cal mol-1 K-1) is in line with a similarly ordered transition state compared to the N2-

bridging starting compound. With these considerations and MO-scheme in hand, several 

experimental observations can be explained. First of all, it was shown that from the redox series 

[{Mo(N(R)Ar)3}2(µ-N2)]n+ (Figure 5), the π9 (n = 1) and π8 (n = 2) configurations do not split N2 

despite their more elongated N-N bond. No stable closed-shell nitrides can be formed from these 

configurations, underlining the importance of a π10 configuration.  

 

 

Scheme 5. Orbital considerations for N2-splitting into closed-shell terminal nitrides for three-fold symmetry.43  
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Beyond the electronic configuration, also the ancillary ligands and coordination geometry play 

an important role for successful N2-splitting. The end-on N2-bridged dinuclear complex 

[{Mo(N(CH2CH2NSitBuMe2)3}2(µ-N2)] by Schrock (Figure 7, left) is isoelectronic to the 

Cummins’ system having a π10 configuration. Yet, this complex is inert towards N2 splitting, even 

though this complex bears σ-donating and π-accepting amide ligands similar to Cummins. Yet, 

these are linked via an additional amine group that coordinates trans to the N2-bridge, which 

weakens the Mo-NN2 bond. The thereof resulting destabilisation of the σ-orbital that is required 

for nitride formation (see Scheme 5) increases the barrier for splitting substantially. The related 

three-fold symmetric [{MoMes3}2(µ-N2)] of Floriani is stable towards N2-splitting even in 

refluxing benzene (Figure 7, right). It bears pure σ-donating mesityl ancillary ligands instead of 

previous described σ- and π-donating amide donors. This likely causes the metal d-orbitals to be 

lowered in energy, and partially populated, thereby surpassing the favoured π10 configuration 

for N2-splitting. Notably, N2-splitting was found by means of photochemical activation as 

method to overcome high barriers.48  

 

Figure 7. End-on N2 bridging complexes that are related to the Cummins’ system, yet inert to N2-splitting to nitrides 

in a thermal manner.48,49  

 

 

Several complexes capable of N2-splitting into nitrides were discovered since the example by 

Cummins, covering a wide range of metals and ligands, as extensively reviewed recently.1,20 In 

the following Section, N2-splitting for Mo, W, and Re-complexes will be discussed. The Mo 

complexes are interesting since they continue the seminal work of Cummins, and are mainly 

inspired by the role of Mo in one of the nitrogenases; W is closely related being in the same 

group. The Re-complexes will be extensively discussed: the first N2-splitting example on Re by 

our group represents the basis of the research performed within this work. Many of these 

platforms use pincer ligands, which are stable and easy tuneable regarding their steric and 

electronic properties.  

A second example from Cummins represents a bi-metallic Mo/Nb system. The anionic 

dinitrogen complex [Mo(N(tBu)Ar)3(N2)]− reacts readily with a Nb(IV)-precursor to the end-on 

N2-bridging [{Nb(N(iPr)Ar)3}{Mo(N(tBu)Ar)3}(µ-N2)] (Scheme 6). In line with its π9-

configuration, this compound is stable towards dinitrogen splitting and shows a moderate N2-
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activation (1.235(10)Å), similar to its heteronuclear analogue [{Mo(NArtBu)3}2(μ-N2)]+. By CV 

it was shown that this compound can be reduced, and after scanning through this event, the 

characteristic reduction wave of the molybdenum nitride appears. In line with these 

observations, reaction with KC8 yields both the neutral Mo and anionic Nb terminal nitrides.50  

 

Scheme 6. Schematic representation of heterobimetallic N2-cleavage by Cummins.50 

 

Several Mo pincer complexes were developed that split N2 into terminal nitrides as shown in 

Scheme 7 from the groups of Schrock, Mézailles, and Nishibayashi.51–54 All complexes rely on the 

twofold reduction of a Mo(III)-precursor under a N2 atmosphere to readily obtain a Mo(IV) 

nitride, proposedly going via an end-on N2-bridged intermediate. These formal MoI-N2-MoI 

compounds in an idealised four-fold symmetry follow the same considerations as developed for 

Cummins’ system yet with including the metal-centred δ-orbitals: a δ4π10 configuration allows 

for splitting into closed shell nitrides. The platform of Schrock yields the anionic nitride 

[MoNI(POCOP)]− (POCOP =C6H3-1,3-(OPtBu2)2) upon reduction using Na/Hg (Ep = −2.36 V vs. 

Fc+/0)55. Upon protonation, they propose the formation of an unusual compound based on its 

NMR spectroscopic traces and coupling pattern, containing a bridging hydride between one of 

the Mo-P bonds. Notably, it was attempted to synthesise the chloride and bromide analogues of 

the precursor. Yet these compounds were always accompanied by mixed halide-iodide 

impurities, originating from the iodide traces from the ligand.51 Mézailles and co-workers started 

from [MoCl3(PPP)] (PPP = P(Ph)(CH2CH2PCy2)2) in presence of an excess NaI, leading to the 

iodide Mo(IV) nitride. This surprising halide exchange strategy is not extensively discussed, but 

they propose the end-on N2-bridging intermediate to already coordinate iodide, and the reaction 

does not proceed without this additive. Upon using an excess reductant (3 eq. of Na/Hg), the 

chloride precursor reacts in absence of NaI, to form Mo0(N2)x-species.56 Subsequently, they 

establish N-Si bond formation and fragment release.54 
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Scheme 7. N2-splitting into nitrides from Mo pincer complexes by Schrock (top left), Mézailles (top right) and 

Nishibayashi (bottom).51–54,57 

 

Nishibayashi established N2-splitting from a PNaromaticP pincer platform, either pyrrole or 

pyridine based, where the latter represents Millstein’s’ archetypical (de)hydrogenation 

catalyst.58 Starting from [MoI3(PNPyP)] (PNPyP = 2,6-(CH2CH2PtBu2)2NC5H3), reduction with 

2 eq. of Co(Cp*)2 (E1/2 = −1.84 V vs. Fc+/0 (THF))59 under N2 afforded the nitride and a small 

amount of over-reduced Mo0 end-on N2-bridged [{Mo(N2)2(PNPyP)}2(μ-N2)], that does not split 

in nitrides. Notably, starting from the trichloride analogue precursor in presence of excess 

Na/Hg, such a Mo0 dinuclear species proved the only isolatable compound.60 This reflects the 

high dependency of the reaction outcome on the used reductant and the nature of the ligands. 

[MoNI(PNPyP)] was also accessible in high yields using SmI2 (Ep = −1.22 V vs. Fc+/0 (MeCN)) 

from either the chloride, bromide, or iodide precursor, indicating quick halide exchange.57 The 

pyrrole based [MoI2(PNPyrP)] (PNPyrP = 2,6-(CH2PtBu2)2NC4H2) is reduced with lithium 

(Ep = −2.64 V vs. Fc+/0 (NH3))55 under a N2-atmosphere affording the formal anionic Mo(IV) 

nitride, that is stabilised as a dinuclear structure with bridging Li linkages.53 Both pyrrole and 

pyridine nitrides were successfully used for catalytic ammonia formation.52,53 

It gets clear from the above-mentioned examples that it is a well-known strategy to exchange the 

ancillary (halide) ligands on the metal centre and examine the thereof resulting differences. In 

addition, this strategy is also applied in the N2-fixation work of Tuczek, Liddle, and Xi using 

precursors with different halides, yet without an extensive discussion.61–63 Since N2-fixation from 

a stable precursor is often initiated by an electron transfer, the required redox potentials can 

have a large influence on the course of the reaction. Changing the ancillary ligands usually 

changes the redox potentials, as was quantified by Lever, who empirically derived electronic 

parameters (EL) for a wide range of ligands originally from a large database of RuIII/II oxidation 

couples.64 The sum of the EL values combined with a correction factor derived for numerous 

metals (i.e. Ru, Mo, Re, Fe) and oxidation states generates a decent estimation of the redox 
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potential for a certain complex.64,65 Basically, the EL of a ligand provides a measurement for the 

electron donating or accepting properties and some examples are shown in Table 2. For example, 

the large positive value of dinitrogen (EL = +0.68 V) reflects its π-accepting property and a 

complex with a coordinated N2 will be much easier to reduce compared to its analogue without 

N2. Strikingly, the halide ligands share virtually the same EL parameter and their exchange 

should not affect the redox potentials. Since the above-mentioned examples of N2-splitting are 

accompanied by reductively induced halide loss, the distinct different leaving group properties 

within the halide series (I− > Br− > Cl−) might also be a main motivation to apply this halide 

exchanging strategy. Within the context of this work, the effect of halide exchange for a rhenium 

N2-splitting platform is examined and discussed, see Chapter II.2.  

 

Table 2. Lever electronic parameters (EL) for selected ligands.64  

 

 

Within our group, N2-splitting is also established from Mo- and W-pincer. Upon reduction of 

[MoCl3(PNP)] (PNP = N(CH2CH2PtBu2)2
−) under a N2-atmosphere, the end-on bridging 

complex is formed, which is stable towards N2-splitting as rationalised by its δ4π8 configuration, 

see Scheme 8. However, upon two-fold protonation the paramagnetic Mo(V) [MoNCl(HPNP)]+ 

is formed in up to 80 % yield, with the proton on the Namide of the pincer. The same reactivity 

was found for the tungsten analogue. At low temperatures, a paramagnetic S = 2 intermediate 

could be spectroscopically characterised, which is assigned to the two-fold protonated 

compound, that splits first-order into the terminal nitrides.  

 

Scheme 8. Proton coupled N2-fixation and splitting from [MCl3(PNP)] (M = Mo, W) by Schneider. 25,66  

Ligand N2 MeCN NH3 Cl− I− Br− OH− 

EL / V +0.68 +0.34 +0.07 −0.22 −0.22 −0.24 −0.59 
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Scheme 9. Singlet to quintet transition upon double protonation of [{MoCl(PNP)}2(μ-N2)] and the subsequent zig-

zag transition state towards N2-splitting (where the electron pair in the δ-orbitals in α and β spin polarised).66  

 

A rationalisation for this high spin intermediate and the subsequent N2-splitting can be based 

on the MO-scheme consideration, as visualised for the molybdenum case in Scheme 9, showing 

the δ4π8  configuration of [{MCl(PNP)}2(μ-N2)] on the left. The p-orbital of the Namide interacts 

with the {MNNM} manifold, leading to a destabilisation of the {MNNM} π- and σ-orbitals. Upon 

protonation of the Namide, this orbital is now engaged in the N-H bond, and the respective 

{MNNM}-orbitals are stabilised. The δ-orbitals are close in energy to the π*ππ-orbital set, and 

this (quasi) degeneracy allows a spin crossover to the quintet state, promoting electrons into a 

for N2-splitting desired δ2π10 configuration. Maybe more important, also the σ orbital stabilises 

upon two-fold protonation, which population and additional stabilisation towards the zig-zag TS 

is key for successful N2-splitting. 

 

In addition, distinct different reaction outcomes were found upon using different acids with 

different anions for the tungsten platform: coordinating-anions like OTf− yielded paramagnetic 

W(V) nitrides (analogue to the Mo-system), whereas larger non-coordinating anions like BArF
24

− 

yielded the two-fold oxidised end-on N2 bridging compound and H2 (Scheme 10). By DOSY NMR 

spectroscopy, it was found that OTf− forms a hydrogen bonded complex with the protonated 

Namide, thereby favouring protonation at this site. From here, a similar mechanism as proposed 

for Mo leads to N2-splitting. This reaction is more favoured at low temperatures to minimise the 

entropic penalty upon formation of the hydrogen bond. In contrast, larger anions that are not 

capable of hydrogen bonding induce protonation at the metal centre (which is calculated to be 
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the most exergonic pathway in absence of hydrogen bonding). From here, the second 

protonation occurs at the hydride and H2 is released.  

 

 

Scheme 10. Anion dependent N2-splitting or H2-formation from [{WCl(PNP)}2(μ-N2)] by Schneider.25 

 

Ligand exchange on this tungsten dinuclear platform via reaction with CO and subsequent 

reduction yielded [{W(CO)(PNP)}2(μ-N2)], which has a formal δ4π10 configuration, see Scheme 

11. These additional electrons are reflected in the substantially shorter N-N bond length upon 

exchanging the chloride for carbonyl ligands (ΔdNN ≈ −0.08 Å), indicating population of the 

π*ππ*-orbital. Only at high temperatures, this dimer splits N2 into [WN(PNP)(CO)], in 

agreement with a high activation barrier at RT as determined from Eyring analysis (ΔG≠
298K = 

29.4 kcal mol-1). This is the result of the introduction of the π-accepting CO-ligand, which 

stabilises the {MNNM} π-manifold with respect to the σ-orbital. Besides thermal splitting, it was 

possible to cleave N2 at RT by means of photochemical activation in high yields.67 

 

 

 

Scheme 11. N2-splitting from [{W(CO)(PNP)}2(μ-N2)] at high temperatures or by photochemistry.67 

 

Most above-mentioned examples rely on the use of harsh reductants for N2-fixation: Na/Hg, 

KC8, Li, and Co(Cp*)2. Not only do they generate stoichiometric waste, they have a fixed potential 

and the therefore usually applied overpotential can introduce unwanted side-reactions. It is 

therefore an ongoing desire to perform redox-reactions by electrochemical means, ideally using 

renewable energy sources. Changing from a chemical to electrochemical strategy might not be 
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so straightforward. Often, the precipitation of salts (i.e. NaX upon reducing a M-X precursor 

with Na) adds driving force to the reaction. Soluble (homogeneous) reductants such as Co(Cp*)2 

will also provide a different concentration profile compared to the heterogeneous nature of the 

electrode in electrochemical transformations. Yet, the database of examples of N2-splitting into 

terminal nitrides is too small to fully judge the influence of these parameters.  

During the course of research executed in this dissertation, Masuda showed electrochemical N2-

splitting starting from [Mo(N2)2(depe)2] (depe = 1,2-(PEt2)2-C2H4)) in 2019, resulting in the 

terminal cationic Mo(IV)-nitride (Scheme 12). Oxidation using [Fc]BArF
24 afforded the nitride 

in 62 % isolated yield. Alternatively, the transfer of 0.94 electron per Mo in 2 h at Eappl. = +0.5 V 

(vs. the not-well defined Pt-wire) also afforded this nitride, yet no spectroscopic yield is 

mentioned. Upon oxidation to Mo(I), one dinitrogen ligand de-coordinates and Raman and UV-

vis SEC showed the subsequent formation of the end-on N2-bound [{Mo(depe)2}2(μ-N2)] as 

intermediate. This formal MoI-(N2)0-MoI represents a δ4π10 configuration, required for N2-

splitting into closed shell nitrides.68 Instead of the majority of molecular N2-splitting systems 

that use reductive conditions, this oxidative approach starting from Mo0 shows how 

understanding of the N2-splitting MO Scheme can lead to successful nitride syntheses.  

 

 

Scheme 12. (Electro)chemical N2-splitting upon oxidation of [Mo(N2)2(depe)2] by Masuda.68 

 

In addition to group 6 metals, N2-splitting was also shown for group 7 metals of which the first 

example was established in our group by Dr. I. Scheibel (née Klopsch) in 2014. Reducing 

[ReCl2(PNP)] (1Cl) under a N2-atmosphere afforded the pale-yellow nitride [ReNCl(PNP)] (3Cl) 

in high yields (85 % using Na/Hg, and 75 % using Co(Cp*)2) (Scheme 13). As intermediate, the 

end-on N2-bridging [{ReCl(PNP)}2(μ-N2)] (2Cl) was proposed,69 and overall splitting was 

calculated to be strongly exergonic (ΔG˚calc., MO6 = −40.3 kcal mol-1).70 Intrigued by the 

temporarily red colouration during the reduction reaction, just as the sizeable calculated free 
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activation energy (ΔG≠
calc., PBE = 20.2 kcal mol-1, calcd. from the open shell singlet)69, the 

reduction was carried out at −40 ˚C. This fortunately allowed for the spectroscopic 

characterisation of 2Cl. The structure of 2Cl proved to have both PNP-ligands twisted with respect 

to each other (Cl-Re-Re-Cl: 112.1˚), likely imposed by the bulky tert-butyl moieties, and 

therefore shows a C2-symmetry as also shown in solution by NMR spectroscopy. The N-N bond 

length is 1.202(10) Å, which is only moderately activated (see Table 1), in line with partial 

occupation of the π*ππ*-orbital in a δ4π10 configuration. Upon warming 2Cl to RT, clean first-

order conversion into the nitride was observed. Both the spectroscopic characterisation just as 

the kinetic analysis of splitting from 2Cl were not fully complete,71 which are continued within 

this work, see Chapter II.1.  

 

 
 
Scheme 13. N2-splitting from [ReCl2(PNP)] (1Cl) (left) and [ReCl2(P=N=P)] (=1Cl) (right) by Schneider.69,72  

 

Inspired by this work, the closely related [ReCl2(P=N=P)] (P=N=P = N(CHCHPtBu2)2
−) (=1Cl) 

was synthesised bearing the oxidised and thereby unsaturated pincer ligand (Scheme 13). This 

ligand is well-known within our group, as it provides additional stability against oxidative 

conditions and was found to stabilise a large range of oxidation states and coordination 

geometries.73–75 Backbone desaturation results in reduced π-donation from the Namide to the 

metal centre as was confirmed for series of CO or N2 complexes by IR-spectroscopy.76–78 

Reduction of =1Cl under a N2 atmosphere using either KC8, Na/Hg, or Co(Cp*)2 forms the nitride 

[ReNCl(P=N=P)] =3Cl, with a strong dependence between the used reductant and the yield 

(20 %, 30 %, and 60 %, respectively).70 This reductant-dependence behaviour, just as the in 

general slightly lower nitride yield starting from =1Cl compared to 1Cl are not well understood.71 
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Scheme 14. Protonation of (=)3Cl nitrides only results in backbone protonation.69,72 

 

The protonation behaviour of both nitrides was examined (towards ammonia formation), yet 

without imide formation. In the saturated PNP case, protonation occurs on the Namide of the 

backbone, forming [ReNCl(HPNP)]+ (4Cl). In contrast, the unsaturated ligand is most basic at a 

backbone carbon atom, forming [ReNCl(N(CHCHPtBu2)(CHCH2PtBu2)]+ (9Cl) (Scheme 14).  

Inspired by the good results for N2-splitting for 1Cl, it was aimed to expand Re-mediated N2-

splitting by modifying this platform. One example for modification is here already displayed, 

namely oxidation of the pincer backbone. Another modification series lies in the steric demand 

on the phosphorous moiety and its influence on N2-splitting. Compared to the tBu moieties, 

smaller phosphorous substituent would decrease the shielding of the Re-centre substantially. 

Calculations on a ‘PMe2’ model compound showed that even though the formation of an end-on 

N2-bridging complex is feasible, subsequent splitting is associated with a large barrier (ΔG≠
calc. = 

30.2 kcal mol-1). The main reason lies in the different confirmation this hypothetic dinuclear 

compound adopts: the smaller substituent allows free rotation of the {ReCl(PNPMe)}-fragment, 

and the two pincer ligands are oriented with an approx. 180˚ angle (in contrast to the 90˚ angle 

of 2Cl, see Scheme 13). In such an arrangement, the Namide only interacts with one of the 

orthogonally oriented π-orbitals of the {MNNM} manifold. This lifts the degeneracy, leading to 

a closed shell singlet ground state that is calculated to have a high barrier for splitting.79  

Dr. F. Wätjen (né Schendzielorz) explored this strategy using the iso-propyl substituted pincer 

ligand PNPiPr (= N(CH2CH2PiPr2)2
−). The five-coordinated complex [ReCl2(PNPiPr)] analogous 

to 1Cl, is unstable, since it coordinates solvent molecules and generally displays decomposition.71 

Therefore, the trichloride octahedral platform [ReCl3(HPNPiPr)] is used as precursor for N2-

fixation. Reduction either using Co(Cp*)2 or Eappl. = −1.85 V vs. Fc+/0 yields the end-on N2-

bridging [{ReCl2(HPNPiPr)}(μ-N2)] (Scheme 15). Despite its isoelectronic structure to 2Cl, this is 

a stable compound under thermal conditions with respect to N2-cleavage. The trans 

arrangement of the PNPiPr ligand towards the {MNNM}-bridge destabilises the σ-orbital set, 

which needs to be populated for N2-splitting. The activation barrier for splitting is calculated to 

be high (ΔG≠
calc. = 41.8 kcal mol-1), and the situation is reminiscent to the dinuclear system by 

Schrock (see Figure 7), which is also inert to N2-cleavage.  
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Scheme 15. N2-fixation and photochemical splitting starting from [ReCl3(PNPiPr)] by Schneider.80 

 

To obtain the required metal to ligand electron transfer, it was attempted to activate 

[{ReCl2(HPNPiPr)}2(μ-N2)] by means of photochemistry. Notably, N2-splitting into terminal 

nitrides was reported several times in recent years by the groups of Floriani, Cummins, Vogler, 

Nishibayashi, Sita, Schneider and very recently Miller, of which the latter will be discussed (vide 

infra).24,48,67,81–84 Irradiation of [{ReCl2(HPNPiPr)}2(μ-N2)] leads to N2-splitting into 

[ReNCl2(HPNPiPr)] in 95 % yield. Wavelength selective irradiation showed that the productive 

electronic transition is around 390 nm, which has δ  π*π*π* metal to ligand charge transfer 

character. Population of this {MNNM} anti-bonding orbital weakens the NN bond and likely 

introduces more vibrational flexibility, which promotes the route to the zig-zag TS. The resulting 

nitride is exclusively found as the cis-dichloride isomer, and it could be shown that isomerisation 

takes place after initial splitting to the trans-arrangement, which is destabilised due to the strong 

trans effects of the Namide and Nnitride. The nitride’s trans ligand influence is reflected in the Re-Cl 

bond lengths: the chloride trans to the nitride is elongated >0.2 Å versus the chloride trans to 

Namide.80  

Shortly thereafter, Miller presented the second example of Re-mediated photochemically driven 

N2-splitting (Scheme 16). Their starting platform [ReCl3(PONpyOP)] (PONpyOP = 2,6-

(OPiPr)2NC5H3) bears a pincer ligand that is substantially less electron donating, as reflected by 

the for N2-splitting required ReIII/II reduction potential at E1/2 = −1.23 V vs. Fc+/0. This represents 

a strong anodic shift compared to Re(III) complexes 1Cl and the closely related [ReCl3(HPNPiPr)] 

(Ep = −1.90 V (see Chapter II.1) and E1/2 = −1.84 vs. Fc+/0,80 respectively). In contrast to these 

systems, reduction of [ReCl3(PONpyOP)] yields the relatively stable anionic ReII compound 

without direct chloride loss, which is attributed to the reduced electron donating character of 

the pincer ligand. Halide abstraction under a N2-atmosphere results in dinitrogen fixation and 

the isolation of mainly trans-trans [{ReCl2(PONpyOP)}2(μ-N2)] with the chlorides on both Re-

centres in a trans arrangement. This compound was inert to N2-splitting up to 130 ˚C yet showed 

slow isomerisation at these temperatures: initially to the trans-cis isomer and finally to the cis-

cis isomer. All isomers proved inert to N2-splitting under thermal conditions, rationalised by 

high computed activation barriers (ΔG≠
calc. = > 50 kcal mol-1). As shown before, this is attributed 

to the trans arrangement of the ancillary ligands to the {MNNM}-bridge. Yet, photochemical 
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activation upon irradiation around 400 nm proved successful for splitting into 

[ReNCl2(PONpyOP)], although all activity originates from the cis-cis isomer and the other two 

isomers remain inert to N2-splitting. These remarkable different reaction behaviours are not 

commented in depth; it is tentatively attributed to the stronger trans ligand Npyridine in the trans-

trans isomer versus a chloride ligand in the cis-cis isomer.  

 

 

Scheme 16. N2-fixation to the end-on N2-bridging trans-trans [{ReCl2(PONpyOP)}2(μ-N2)], its isomerisation and 

subsequent photochemical activation of the cis-cis isomer by Miller.84  

 

Very recently, the group of Holland showed N2-fixation starting from [ReCl2((PNPyrP)] 

(PNPyrP = 2,6-(CH2PtBu2)2NC4H2), see Scheme 17.85 In strong contrast to the analogous 1Cl, this 

compound is not isolatable, and has to be synthesised in-situ from the 6-coordinate pyridine 

coordinating complex. Cooling down a sample under a N2-atmosphere yields the formally 

Re(III) dinuclear end-on N2-bridging [{ReCl2((PNPyrP)}2(μ-N2)], which is only stable in the solid 

state. Upon two-fold reduction at low temperatures followed by prolonged heating, N2-splitting 

occurs into the terminal nitride in high yields. Prior to heating, a mixture of unknown products 

is formed, that must convert into the nitride in high yields.  

 

Scheme 17. N2-fixation to the end-on N2-bridging [{ReCl2(PNPyrP)}2(μ-N2)], and subsequent N2-splitting via 

reduction and subsequent heating from Holland.85 
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I.2. Dinitrogen functionalisation 

So far, the different binding modes of N2 with a special focus on end-on N2-bridging complexes 

and their subsequent splitting into terminal nitrides were discussed. As another large topic, the 

functionalisation of N2 on (mainly) molecular transition metal complexes is addressed. First, 

formation of ammonia is discussed both with the N-N bond retained and from nitrides resulting 

from N2-splitting, away from the industrial and biological pathways (Section I.1.2). Beyond 

ammonia, N-X bond functionalisation (X = C, Si, and B) is considered a promising alternative. 

Regarding the research performed within in this work, most attention will be on N-C bond 

formation starting from terminal nitrides, and the need for introducing electrochemical 

transformations in this field.   

 

2.1. Ammonia formation 

2.1.1. Ammonia formation using chemical reagents  

Beyond the Haber Bosch (HB) process, renewed interest in alternative pathways for ammonia 

formation raised around the 1960’s, mainly because of increasing knowledge around 

nitrogenase. Inorganic compounds capable of N2-chemistry could function as bio-mimicking 

models to thrive the understanding of the biological mechanism of dinitrogen activation. Yet, 

most breakthrough results first came in the current century and an overview of some highlight 

findings both in the (electro)chemical homogeneous as heterogeneous field are given. An 

extended overview of all efforts on molecular ammonia formation is recently covered by Peters.86 

 

A pioneering example for stoichiometric N-H bond formation comes from Chatt in 1975: 

protonation of cis-[W(N2)2(PMe2Ph)4] with a strong acid releases ammonium in slightly less 

then quantitative yields (see Scheme 18). This is accompanied by some hydrazine formation and 

the release of 1 eq. of N2, indicating ligand dissociation.87,88 It is acknowledged that in absence 

of external reductant, the metal centre is oxidised and likely W(VI)oxo species are formed. 

Encouraged by the subsequent isolation of several intermediates, a potential catalytic cycle was 

formulated for ammonia formation, cycling through Mo0/III states, known as the ‘Chatt cycle’. 

This is also a working hypothesis model for nitrogenase. Compared to the dissociative direct N2-

splitting in the HB process, this mechanism is associative, indicating that the N-N bond is not 

broken until the first ammonia is released. The functionalisation is proposed to occur via a distal 

pathway.89,90 It is worth mentioning that very recently, a catalytic response was realised for the 

related cis-Mo analogue using the potent SmI2/ethylene glycol reagent system (vide infra).91 
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Another iconic example is the hydrogenation of side-on N2-bridging [{Zr(Cp’)2(N2)2}2(μ-η2:η2-

N2)] (Cp’ = C5Me4H−), which splits H2 to form [{Zr(Cp’)2(N2)2}2(μ-η2:η2-N2H2)] complex, see 

Scheme 18.39 At the time (2004), this was the first characterised example of N2 hydrogenation 

to hydrazine on a transition metal. Further hydrogenation at high temperatures releases NH3 in 

sub stoichiometric yields. A remarkable aspect of this example is that the closely related yet end-

on bridging [{Zr(Cp*)2(N2)2}2(μ-η1:η1-N2)] with per-methylated Cp*-rings dissociates its N2-

ligands upon reaction with H2. These subtle ligand differences and their implications for its N2-

reactivity is remarkable. A recent example by Walter also released sub-stoichiometric ammonia 

from H2, but from reaction with N2-derived nitrides via a dissociative pathway. Upon reduction 

of FeII [{FeCp”}2(μ-η2-I)2] (Cp” = 1,3,5-(tBu)3-C5H2) using KC8 under N2, a tri-iron compound is 

obtained with (μ-η3-N) nitride linkages. Protonation of this compound releases ammonium in 

circa 75 % yield. More interestingly, the compound also reacts with (high pressure) H2, which 

was examined both in the solid state and in solution. In the latter, ammonia is formed in low 

yield (3-7 %), accompanied by the formation of a di-iron nitride species and a bis(imido) species. 

This latter compound is formed quantitatively from solid-state reactivity with H2. One-pot 

reduction of the starting compound in presence of N2 and H2 unfortunately only formed iron-

hydrides, hampering catalytic formation of ammonia.92 

 

 

Scheme 18. Selected examples of stoichiometric ammonia release from N2 by Chatt and Chirik.39,87  

 

 

Between the initial work of Chatt and the first example of catalytic ammonia on a well-

characterised molecular system, some less-defined examples appeared. Shilov combined MoCl5-

salts, a large excess of Na/Hg and both phosphine and long-chain phosphites ligands, that 

generates hydrazine and ammonia catalytically. The pre-catalyst is believed to be a 

Mo(III)phosphine complex, which is not further characterised. In comparison to Chatt, the use 

of external reducing equivalents was already identified to re-generate a catalytically active 

species.93 A well-defined molecular system was developed in 2003 by Schrock, using 

[Mo((N(HIPT)CH2CH2N3)(N2)] (HIPT = 3,5-(2,4,6-iPr3C6H2)2)) as catalyst, Figure 8.94 

Compared to the earlier N2-fixation work (see Figure 7), the instable Namide-Si bonds in the 

backbone were exchanged for more stable Namide-C bonds with extensive steric bulk to shield the 

metal centre. Reacting this Mo(III) species in presence of excess luthidinium BArF
24 as acid and 
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Cr(Cp*)2 (E1/2 = −1.47 V vs. Fc+/0 (THF))59 in benzene unfortunately resulted almost exclusively 

in hydrogen evolution (HER). HER represents the main competing reaction when ammonia 

formation is attempted from separate proton and electron sources, since the redox potentials for 

both reactions are close. This was recently discussed and graphically visualised in a Pourbaix 

diagram for reactions in MeCN.95 To overcome this competing reaction, the solvent was changed 

to heptane where the acid is only limited soluble, and the reductant was slowly added via a 

syringe pump. Satisfactory formation of circa 8 equivalents of ammonium per molybdenum was 

obtained. Labelled ammonia was formed when performing the reaction under 15N2, confirming 

atmospheric dinitrogen uptake. Several catalytic active intermediates were isolated or separately 

prepared (i.e. Mo-NNH, Mo-NNH2
+, Mo=N, and M-NH3

+), which allowed to propose a catalytic 

cycle. In analogy to the ‘Chatt cycle’, this ‘Schrock cycle’ proposes a distal pathway via a Mo 

nitride, yet cycling through MoIII/VI oxidation states.94 

 

 

Figure 8. Selected examples of catalytic ammonia generation from molecular complexes using chemical reductants 

by Schrock, Nishibayashi and Peters. Ammonia eq. are reported normalised per metal centre.52,60,94,96  
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In 2010, Nishibayashi developed a Moo system capable of catalytic ammonia formation. Slow 

addition of Co(Cp)2 to a solution of dinuclear end-on bridging [{Mo(N2)2(PNPyP)}2(μ-N2)] in 

toluene with luthidinium triflate yields approx. 12 eq. ammonia per Mo-centre (49 % yield), 

(Figure 8, top right). In addition to ammonia, H2 is formed in circa 37 % yield.60 Initially, an 

exclusively monomeric mechanism was proposed. Later on, this was re-considered into a distal 

mechanism where the dinuclear framework is retained for the first ammonia release from the 

terminal nitrogen. Subsequently a mononuclear nitride complex reacts to form the second 

equivalent of ammonia, upon which the dinuclear dinitrogen coordination structure is re-

formed.82 

 

Catalytic ammonia formation was also established from the same system that shows N2-splitting 

into terminal nitrides (Section I.1.4), for both the precursor [MoX3(PNPyP)] as the resulting 

nitride [MoNX(PNPyP)] complexes with X = Cl, Br, and I (Figure 8, bottom right). From this 

series, a clear preference for catalytic activity moving to the heavier halide congeners was found. 

The authors claim that this is because the heavier congeners are easier reduced, as apparently 

the reduction potential of the nitrides follows the same order.52  

 

By now, catalytic ammonia formation is also reported for many transition metals besides Mo. 

One example using iron is discussed from the group of Peters, using their archetypical tetrapodal 

triphosphine borane ligand. The complex [Fe(P3
B)]+ (P3

B = B((2-PiPr2)C6H4)3) successfully 

catalyses dinitrogen to ammonia using KC8 (circa −2.6 V (NMP))97 and HBArF
24·(Et2O)2. Both 

reagents are strong and to prevent competing HER, the reaction proceeds at low temperatures 

(−78 ˚C) in Et2O.96 Yet, better results were obtained by combining Co(Cp*)2 and (Ph2PH2)OTf 

(Figure 8, bottom right). This is attributed to the formation of protonated [Co(Cp*)(η4-

C5Me5H))]OTf that acts as PCET reagent. By calculations, this C-H bond strength is estimated 

to be approx. 31 kcal mol-1. The resulting diazenido from the first (and most difficult) H-atom 

transfer to the [Fe-NN] complex is calculated to have a N-H bond strength of 35 kcal mol-1, 

indicating a feasible initial reaction step. This behaviour is extended by calculations to other Cp-

bearing reducing agents, as used in the previous discussed examples. Notably, such a protonated 

species could be spectroscopically characterised upon reaction between an acid and Co(Cp*)2 at 

low temperatures.98 The exciting finding of such a potent PCET strategy can off course be used 

for other transformations beyond N2-activation.99 In general, the many intermediates that were 

characterised for this system (among which Fe-NNH, Fe-NNH2, Fe=N+, Fe-NH2NH2
+) suggest a 

hybrid mechanism between a distal and alternating pathway, mainly because of the isolation of 

the latter intermediate.86 
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Scheme 19. Left: catalytic ammonia formation using SmI2/water by Nishibayashi. Right: A Sm(III)-resting state.57 

 

Recently, a very efficient PCET reagent was established for catalytic ammonia formation that 

represents a substantial improvement within this field. Nishibayashi found that the combination 

of SmI2 and alcohols (ethylene glycol) or even water proved an efficient HAT donor for nitrogen 

reduction on Mo-complexes (Scheme 19). In a large run experiment using [MoCl3(PCP)] (PCP = 

1,3-bis((di-tert-butylphosphino)methyl)benzamidazol-2-ylidine) as catalyst, > 4000 eq. of NH3 

and only 150 eq. of H2 were found, which correspond to 91 and 2 % yield respectively, see Scheme 

19. Also the turn-over frequency is circa 1-2 order of magnitudes larger compared to previous 

established systems.57 The O-H bond strength of a SmI2/H2O mixture was recently estimated to 

be approx. 26 kcal mol-1,100 which is far below the calculated N-H bond of several diazenido M-

NNH species, explaining its efficiency.46,101 Notably, catalytic ammonia formation from 

[MoX3(PNPyP)] (X = Cl, Br, I) was re-considered using the SmI2/ethylene glycol system where 

the catalytic activity was found in the order Cl ≈ Br > I. This is clearly opposite of what was found 

using Co(Cp*)2/collidinium triflate (see Figure 8), yet is not further commented. After catalysis, 

multinuclear O-linkage Sm(III) compounds were found, see Scheme 19. In a separate study, 

electrochemical reduction of SmI3 as model compound was established in high yields, thereby 

potentially recycling the reducing agent for this reaction.102 The discovery of this potent reagent 

in the field of ammonia formation has already inspired established and new systems to explore 

these promising conditions.63,84,91  

 

2.1.2. Ammonia formation by means of electrochemistry 

It is an ongoing effort to replace harsh or energy-consuming reducing agents and perform 

catalytic ammonia formation by means of electrochemistry. There are roughly two approaches 

that both try to reconsider the production route or usage of H2. As mentioned, the HB process is 

associated with a large energy consume, mostly because of the fossil-fuel based production of 

hydrogen. As alternative strategies, either the production of H2 is envisioned to be electrified via 

water electrolysis to maintain the conventional HB industry. Alternative, N2 is directly 

electrochemically reduced in presence of protons. A benefit of the latter is the possibility to set 

up this new industry de-centralised close to sources of renewed electricity. The direct reductive 
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approach could be coupled to e.g. water or hydrogen oxidation. It was recently estimated in detail 

that without e.g. carbon taxes, both methods are still 2-2.5 times more expensive per ton NH3 as 

conventional HB.103,104 All the examples discussed herein and in Section I.2.1.2 of 

electrochemical ammonia formation are far from a commercial application, yet they show the 

state of the field and general challenges encountered when transforming reactions from 

chemical reagents towards electrochemistry.  

 

Electrochemical ammonia formation from N2 mediated by molecular complexes is still very 

limited.105 In general, the use of a molecular catalyst is associated with a higher selectivity and 

therefore this is a highly interesting field. A first well-defined stoichiometric molecular example 

is from Pickett in 1985, where under reductive conditions at a Hg pool electrode, circa 0.25 eq. 

of NH3 was released from hydrazido [W(NNH2)(OTs)(PMe2Ph)4]+ (OTs = 4-CH3(C6H4)OS(O)2
−) 

(Scheme 20). The source of the required protons is intramolecular from the hydrazido 

compound that reforms a neutral bis (dinitrogen) compound. Likely, no external acid was 

introduced, as it would exclusively form H2 under these severe reducing conditions. In 

subsequent protonation and reduction cycles, 0.75 eq. of ammonia could be collected. 

Electrocatalysis on molecular complexes was realised only many years later.106  

 

 

Scheme 20. Examples of electrochemical ammonia release on molecular complexes. Left: first stoichiometric 

example by Pickett.106 Right: First electrocatalytic example by Peters.107  

 

While examining the mechanism of catalytic ammonia formation with Fe-catalyst [Fe(P3
B)]+ , 

the group of Peters measured CV of this complex in presence of acid to identify the redox state 

that initiates catalysis. A current increase of the FeI/0 reduction upon addition of acid triggered 

to perform initial electrochemical studies using HBArF
24·(Et2O)2, that however formed 

quantitatively 2.0 eq. of NH3 from coordinated N2.108 In a next attempt using the weaker acid 

(Ph2PH2)OTf, they applied the PCET knowledge from the chemical catalysis by adding 

equivalent(s) of [Co(Cp*)2]BArF
24. That proved a promising strategy: electrolysis at 

Eappl. = −2.1 V vs. Fc+/0 in Et2O at −35˚C yielded 4.0 equivalents of NH3 per iron, indicating a 

catalytic process with a faradaic efficiency (FE) of 28 % (Scheme 20).107 A glassy carbon working 
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electrode was applied, which has a large overpotential against competing HER.109 As counter 

electrode, a solid sodium rod as sacrificial reductant was used, as Na+ reduction is stable against 

electrolysis conditions, and it was made sure that this hypothetical strong reductant is not the 

origin of ammonia formation.  

 

Although not a catalytic example, Berben applied an NNN-pincer as coordinated to Al for 

electrochemical NH3 formation as alternative strategy to transition metals. The starting complex 

[Al(PDI)Cl] ((PDI = 2,6-bis[1-(2,6-diisopropylphenylimino)methyl]pyridine)) can be 

protonated twice on one of the pincer arms (Scheme 21). This doubly protonated species shows 

two reductions by CV that increase in current upon titration of 20 eq. of 4-(1,1-

dimethylamide)pyridinium. Notably, this behaviour is more prominent under Ar, and it was 

shown that reductive electrolysis under Ar forms H2 with regeneration of the starting material. 

Under N2, the HER activity decreases and is accompanied by formation of sub-stoichiometric 

amounts of NH3 (circa 25 %).110 A higher yield cannot be obtained, due to catalysts inhibition via 

ammonia coordination. Likely, a hydride transfer mechanism takes place, without direct 

interaction between dinitrogen and aluminium.   

 

Scheme 21. Sub stoichiometric NH3 formation driven by electrochemistry.110 

 

Besides organometallic molecular examples, several examples are known for non-metallic 

(catalytic) ammonia formation from for instance organic polymers or carbon based 

nanomaterials.111,112 More prominent is the huge body of work on electrochemical ammonia 

formation for heterogeneous based electrocatalysts. Most of these systems suffer from low 

selectively of NH3 formation over competing HER: faradaic efficiencies for most systems are 

below or around 10 %.113,114 A recent example of relatively high FE (≈ 20 %) is given by the group 

of Zhang. Fe-doped SnO2 layers catalyses electrochemical ammonia formation in a HCl solution 

at Eappl. = −0.3 V vs. NHE with an overall yield rate of 14 nmol s-1 cm-2. Although amongst the 

highest results within the field, it is still far from the formulated goals for commercial interest 
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(≈ 1 mmol s-1 cm-2).104 Interestingly, this material also catalyses ammonia oxidation to nitrates, 

although the selectively for this latter reaction is very low.115  

 

Hand in hand with numerous heterogeneous examples appearing in quick pace, critical notes 

towards the true origin of ammonia come up, as recently addressed by various authors.116–118 

Many possibilities for (unexpected) background ammonia presence are now identified, i.e. from 

separator (membrane) material, nitrile gloves, or a non-negligible air concentration. 

Chorkendorff emphasises the importance of appropriate background studies and presents an 

extended flow chart that can be followed to ensure that the ammonia originates from N2.117 

Simonov categorises the established research based on three criteria: 1) if the NH3 formation is 

rate sufficiently high, 2) if isotopically labelled ammonia has been formed, and 3) whether the 

background NOx impurities in the N2 feed have been quantified. In their opinion, as none of the 

reviewed studies accounts for the third criterion, successful electrochemical dinitrogen 

reduction should be approached carefully.116  

 

2.1.3. Ammonia formation in an electrochemical flow cell 

Beyond the question of electrifying the redox steps occurring in ammonia formation (or in a 

stoichiometric N-C bond formation cycle, vide infra), lies the challenge to combine all reactions 

in such a way that it could turn into a catalytic process. An often-used method is the application 

of electrochemical flow cells where the reagents and products only have a limited dwell time at 

the electrode’s surface. In recent years, the use of flow cells for CO2-reduction chemistry has 

found increased attention.119 Most of these systems rely on direct electron transfer from the 

electrode to CO2 as delivered through gas diffusion electrodes.120 Very recently, Machan 

exemplified CO2 reduction using the homogeneous mediator [Ni(cyclam)]2+ (cyclam = 1,4,8,11-

tetraazacyclotetradecane). At graphite felt electrodes, CO2 is converted to CO (FE 83 %) at an 

overpotential of circa 0.6 V in MeCN, mediated by the Ni(II/I) reduction and using NH4PF6 as 

electrolyte and proton donor. As counter reaction, Fc is oxidised. Only minor competing HER is 

observed (FE 7 %). Interestingly, a flow cell setup was compared to a classical H-cell, indicating 

a massive drop in activity and CO selectivity (FE 13 %) under otherwise identical conditions, 

attributed to the apparently beneficial mass transport in the flow cell versus a classical 

electrochemical set up with stirring bar induced convection. This work exemplifies that a 

changed electrolysis cell design and mass transport form are not only necessary for upscaling 

reactions and continuous operation, but reaction outcomes can also be dramatically different.121  

Regarding N2-splitting in such a flow cell, the examples are more scarce, and all examples apply, 

to the best of our knowledge, catalysts with a heterogeneous nature.122,123 An impressive study 
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was published in 2020 by Manthiram,123 where NH3 is produced in a flow cell, based on the 

Lithium approach: metallic Li splits N2 into lithium nitride, which is protonated to release NH3. 

A second cycle is initiated by Li+ reduction (Figure 9).124 Due to the far negative potential 

required for this latter reaction, it can only occur in organic solvents with a large solvent window 

(here THF), which in general also have a larger overpotential against competitive HER. Yet, the 

gas diffusion electrodes are not often applied in organic solvents, and usually, the coupling 

anodic reaction is basically neglected and consists of solvent oxidation. Manthiram addresses 

both problems. First, they establish efficient gas transport to the electrode by applying a slight 

over-pressure. This hinders the organic solvent to ‘wet’ the electrode, which would dissolve the 

incoming N2, and decreasing the activity. Secondly, they couple the cathodic reaction with anodic 

H2 oxidation, which allows for continuous operation without unwanted side-products from 

solvent oxidation. The protons that result from this reaction are shuttled via EtOH as mediator 

to the catholyte and protonate the nitride to form ammonia. As catalyst for the cathode and 

anode reaction, simple steel cloths were deposited with Li and Pt, respectively. Using LiBF4 as 

electrolyte and a neutral polyporous membrane, NH3 is formed in high FE (up to 47.5 %) at 

controlled current electrolysis of 25 mA/cm2. As recently emphasised (vide supra), atmospheric 

N2 uptake was confirmed upon showing similar reactivity regardless of using 14N2 or 15N2. To also 

address the traditionally very energy consuming H2 formation, the flow cell is coupled to a H2O 

electrolyser, where H2 is generated by means of electrochemistry, via the overall reaction: 

N2 + 3 H2O  2 NH3 + 1.5 O2. It should be mentioned that the whole set up induces severe 

ohmic losses (up to 80 %), so that large overpotentials are required. Still, this is a remarkable 

example of N2-splitting at ambient conditions in coupled electrochemical flow cells.  

 

Figure 9. Left: Li-mediated N2-splitting and NH3 formation and release. Right: Coupled N2-reduction and H2-

oxidation in a flow cell set up in THF as combined by Manthiram.123  
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2.2. N-Element Bond formation  

2.2.1. N-X bond formation  

Currently, all of the nitrogen-containing chemicals are synthesised from ammonia: roughly 20 % 

of the overall produced NH3 is reacted further.125 As ammonia production is associated with a 

very high energy consume, alternative approaches that incorporate N from N2 avoiding initial 

synthesis of ammonia are targeted. Besides a large interest in N-C bond formation, N-Si, N-B 

and even N-P bond formation is reported.126,127 N-C bond formation is a main topic within this 

work, and it is therefore extensively discussed in Section I.2.2.2. Here, only a state-of-the-art or 

iconic example for N-Si and N-B bond formation is briefly discussed.  

 

Besides catalytic N-H bond functionalisation, only N-Si bonds are formed catalytically. In 

general, many complexes that perform catalytic ammonia formation can also be used for 

catalytic silylation of N2 to silylamines. Amongst the systems, up to 226 eq. 

tris(trimethylsilyl)amine were obtained from [Mo(N2)2(depf)2] precursor (depf = 1,1-

bis(diethylphosphino)ferrocene) using Na and Me3SiCl, which represents one of the best results 

obtained so far (Scheme 22). 128 It should be noted that the silylamine yield with regard to the 

used equivalents of reductant and silylchloride is 1-2 orders of magnitude below catalytic 

ammonia formation for molecular complexes known so far.127 Although the silylamines can be 

hydrolysed to ammonia, the atom economy of this reaction is low because of stoichiometric silyl 

by-products and therefore this reaction is only limitedly useful. Tris(trimethylsilyl)amine itself 

also has some industrial application, i.e. conversion to dichlorophosphazene and its subsequent 

polymers.129 

 

 

 

Scheme 22. Catalytic tris(trimethylsilyl)amine formation by Nishibayashi.128  

 

N-B bond formation is established both before and after cleavage of the N-N bond of dinitrogen. 

Yet, there are no examples for subsequent release of a N-B bond containing fragment and usually 

the reactivity is limited to the coordination of a BR3 moiety. A very exceptional recent example 
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for initial B-N bond formation and subsequent reactivity is given by Braunschweig. In general, 

it is hard to mimic the partial empty and full d-orbitals of transition metals by p-block elements, 

which is crucial for N2-binding. Yet, Braunschweig found metal-like bonding characteristics 

between carbonyl and their transient boron compound (TmpB(L)) (L = 1-(2,6-di-

iso-propylphenyl)-3,3,5,5-tetrametyhlpyrrolidine-2-ylidene)), which inspired them to extend 

this system to dinitrogen fixation. Indeed, a N2-saturated solution containing this transient 

boron species (as obtained from reduction of a dibromide analogue) slowly forms a N2-bridging 

dinuclear compound formed (Scheme 23). The N-N bond length indicates moderate activation 

(1.248(4) Å), and the deviation from linearity is attributed to decreased orbital overlap between 

B and N, in contrast to transition metals.130 Notably, this species can be reduced, and in a follow 

up study, reduction is combined with protonation. This results in cleavage of the N-N bond and 

the generation of the corresponding amide. Hydrolysis yields sub-stoichiometric yields of 

ammonium (up to 27 %), and a mixture of several boron containing compounds.131 This study 

and the many intermediates that were characterised will definitely ignite more research towards 

N2-fixation at main group elements.  

 

 

Scheme 23. N2-activation on a boron organic compound and subsequent reactions to ammonium by 

Braunschweig.130,131  
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2.2.2. N-C bond formation  

Within the aim to directly form nitrogen-element bonds from N2, N-C bond formation has a lot 

of attention to generate amines or N-heterocycles. So far, catalytic systems have not been shown 

but many stoichiometric examples are realised, both with a retained N-N bond or after full 

cleavage of the triple bond.126,127 Within this subchapter, some historical, or promising, or for 

this work especially relevant examples are discussed.  

 

In 1969, Volpin showed N-C bond formation via reacting N2 with [TiCl2(Cp)2] in presence of 

excess phenyllithium. Besides ammonia, aniline and ortho-aminodiphenyl are formed 

showcasing C-N bond formation. The fate of the Ti-fragment remains unclear and the N-

incorporated products are only obtained in low yields.132 Directly after, quantitative acylation of 

coordinated N2 was shown upon reaction of trans-[W(N2)2(dppe)2] (dppe = 1,2-

bisiphenylphosphinoethane) with acetyl- and benzoyl chlorides, Scheme 24. Unexpectedly, the 

hydrazido complex was formed attributed to traces of water and deprotonation can yield the 

diazenido compound.133 For related Mo systems, N-fragment release was established as 

highlighted by means of electrochemistry in Scheme 26 (vide infra).  

 

 

Scheme 24. Left: First example of coordinated N2 acylation by Chatt.133 Left: Stoichiometric silylated aniline release 

from N2 by Holland.134  

 

Very recently, an impressive example was reported by Holland for the release of N2-derived 

silylated aniline. Upon reduction of [Fe(η6-C6H6)(HC(CCH3N(2,6-(iPr)2C6H3))2)], using an 

excess of Na in presence of a crownether, the Fe-(η1-C6H5) adduct is formed, see Scheme 24. This 

occurs via reductive induced oxidative addition of benzene and subsequent hydride abstraction. 
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This adduct coordinates N2 when cooling to –100 ˚C, and reduction in presence of Me3SiX (X = 

Br, I) leads to a surprising structure: besides silylation of the terminal nitrogen (Nβ) to form a 

hydrazido moiety, migration of the aryl group to the Nα occurred. Via control experiments, they 

propose that these reaction steps follow the same order: first silylation and then migration. 

Further reduction in presence of silylhalides and benzene provides silylated aniline and amine 

and the regeneration of the starting complex. This reaction is very impressive, yet unfortunately, 

no catalysis is realised so far: the C-H activation of the benzene ligand and subsequent hydride 

loss require at least RT as reaction condition, at which temperature sodium and 

trimethylsilylhalide are unfortunately incompatible. Larger scale one-pot reactions with 

repeating temperature cycles and additions of the silyl reagent allowed for formation of aniline 

up to 85 % yield. Concomitantly, a catalytic yield of silyl amine was found: Fe-degradation 

products that appear over time apparently catalyse the silylation of N2.134  

 

 

Scheme 25. Stoichiometric tetra substituted hydrazido release from N2 by Xi.62 

 

Xi and co-workers recently established N-C bond functionalisation from the side-on N2-bridging 

Sc complex [{Sc(Cp*)(C(Bu)(NiPr)2}2(μ-η2:η2-N2)]]− (Scheme 25). This species was formed upon 

reduction of a corresponding bridging halide-precursor under a N2-atmosphere. 

Functionalisation using MeOTf forms the doubly methylated hydrazido compound, yet in low 

yields and accompanied by the oxidised, neutral N2-bridged compound. Likely, the Me-reagent 

gets reduced, reflecting the strong reducing ability of the anionic compound. Subsequent 

additions of MeOTf and potassium fortunately increases the yield. Starting from this hydrazido 

species, several transformations are possible, such as protonation, oxidation and further 

reaction with electrophiles. The latter allowed for regeneration of the starting precursor by 
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simple addition of electrophilic halides to regenerate [{Sc(Cp*)(C(Bu)(NiPr)2}2(μ-η2:η2-X)2]] (X 

= Cl, Br). Via this route, tetra substituted hydrazido compounds were formed and a one-pot 

reaction with subsequent reduction, methylation and further reaction with benzoyl chloride 

yielded the product and starting precursor in circa 50 % yield. No catalytic activity is yet possible 

due to the incompatibility of MeOTf and the strong reductant potassium.62 

 

Both examples by Holland and Xi emphasise a mismatch of redox-potentials between the redox 

reagent (reductant) to re-generate the metal-N2 or metal-nitride precursor and the carbon-based 

reagent for C-N bond functionalisation. Substituting these redox-reagents by means of 

electrochemistry would at least diminish the over-potential that is now often applied (as only 

certain redox-potentials are available depending on the chemical reductants).  

 

The examples of electrochemical assisted N-fragment release from defined molecular complexes 

are limited and this field is dominated by the work of Pickett. A first example is from 1981, 

starting from trans-[Mo(N2)2(dppe)2], Scheme 26. It was shown before that the Nβ of a 

coordinated dinitrogen can be doubly functionalised by alkyl halides, and Br(CH2)5Br forms a 

cyclic piperazine compound.135 Reductive CPE of this compound at Eappl. = −2.35 V (vs. Fc+/0) in 

THF under a N2-atmosphere is slow, but reveals the liberation of N-aminopiperidine in 60 % 

yield accompanied by the transfer of 4 electrons per Mo. No external acid is added to this 

reaction, and traces of water likely provide the required proton equivalents. The N2 precursor is 

re-formed in circa 45 % yield, allowing to formulate a synthetic cycle (see Scheme 26).136   

 

From the same group comes the electrochemical release of amines in 1995 and 1997.137,138 The 

nitride [MoN(dppe)2], which is likely to be derived from N2 in a complex pathway (vide infra), 

reacts readily with electrophilic alkyl halides, of various chain lengths and functional 

groups.137,139 For instance, an ester functional group containing Mo(IV) imido 

[Mo(NCH2C(O)OMe)Cl(dppe)2]I is formed. Upon reduction at Eappl. = −2.3 V vs. Fc+/0 in THF in 

presence of phenol and N2, glycine methyl ester is released. On the Mo-side, both a bis N2- and 

an azavinilydene complex are formed, the latter being the result of the starting material acting 

as sacrificial proton donor, see Scheme 26, bottom. To prevent this and to increase the amide 

yield, acetic acid was examined as alternative acid. This indeed raises the amide yield up to 80 %, 

but the acetate coordinates the Mo-centre, which promotes the formation of hydrides and 

subsequently the formation of H2. Similar reactivity was also extended to only hydrocarbon 

substituted imides, as shown by the release of methylamine in Scheme 26, top right.138 
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Scheme 26. Electrochemical C-N bond containing fragment release by Pickett. Top left: N-aminopiperidine release 

from [Mo(N2)2(dppe)2].136 Top right: methylamine release from [Mo(NMe)Cl(dppe)2] in presence of phenol. Bottom: 

amine release from [Mo(NCH2C(O)OMe)Cl(dppe)2]I in presence of phenol.137  

 

Regarding N-C bond formation, especially the generation of double or triple bonds in for 

instance N-heterocycles, heterocummules or nitriles are an appealing target. Focusing on 

reactions where the N-N bond is retained, Caulton calculated a large series of possible reactions 

partners for N2 (i.e. with alkynes) and identified which reactions are exothermic. For instance, 

the reaction of two equivalents of acetylene with N2 to pyridazine is strongly exothermic (ΔH0 = 

−40.9 kcal mol-1). The double or triple bonds in the products can offset the high energy required 

for activation of N2. Hydrazido products with a single N-N bond can be unfavourable due to 

electronic repulsion of the nitrogen lone pairs in close proximity.140 Regarding splitting of N2, 

the full bond energy can be offset for instance by formation of nitriles: the bond energy of HC≡N 

(224 kcal mol-1) is the same of N2 (226 kcal mol-1)3, as will be discussed in the next Section. Here, 

examples of isocyanate and isonitrile are highlighted.  

 

Kawaguchi published the reductive splitting of N2 starting from [V(ONO)(THF)] (ONO = 2,6-

(3-tBu-5-Me-2-OC6H2CH2)-4-tBu-(p-tolyl)NC6H4) (Scheme 27). In the initial step, a V(IV) 

dimeric structure is obtained bridged by nitrides and a potassium moiety has inserted in one of 

the V-O arms of the ligands. Subsequent oxidation using benzoquinone restores the tridentate 

ligand coordination and yields terminal nitrides linked via potassium moieties in the solid state. 
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This nitride reacts both with CO and isonitrile XyNC, upon formation of formal V(III) adducts. 

Subsequent stoichiometric release of potassium isocyanate in 80 % was established with 

concomitant reformation of the precursor in a multi-step procedure closing a synthetic cycle. It 

is not specially mentioned if large-scale one-pot reactions are tried, but it assumed that the N2-

splitting and the CO coordination reaction step are incompatible, as coordination of the latter 

would block all available coordination sides for N2-activation.141 

 

 

Scheme27. Isonitrile and isocyanate formation from a vanadium nitride by Kawaguchi.141 

 

A similar example is from our group by Dr. B. Schluschaβ, who reacted the nitride 

[WN(PNP)(CO)] as established from N2-splitting (vide supra) with CO (Scheme 28). The 

corresponding isocyanate species is formed via an intramolecular mechanism as was concluded 

from NMR spectroscopy upon labelling: reaction under 13CO leads to the formation of the N12CO− 

analogue. Quantitative release of isocyanate was established upon reaction with TMSCl, and via 

a two step procedure of oxidation and irradiation, the precursor [WCl3(PNP)] is formed, which 

represents the entry for N2-fixation to close the synthetic cycle.67  

 

 

 

Scheme 28. Isocyanate formation and release from a tungsten nitride by Schneider.67 

 

For N-C bond formation (or N-E in general) from terminal nitrides, it is important to know 

whether the nitride reacts with incoming nucleophiles or electrophiles. This reactivity depends 

partly on the energy levels of the metal d- and nitrogen p-orbitals that form the (anti)-binding 

M-N π-bonds. A very schematic representation of two extreme cases is shown in Scheme 29. 

When the nitrogen orbitals are lower in energy, the π-orbital will be mainly nitrogen-based: the 
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nitride reacts with incoming electrophiles. In the opposite case, when the metal d-orbitals are 

lower in energy, the π*-orbital will be mainly nitrogen based inducing reactivity with incoming 

nucleophiles. For early transition metals, the d-orbitals are high in energy, resulting in nitrides 

that react with incoming electrophiles. Moving to the right in the periodic table slowly shows a 

transition to nitrides that prefer reactivity with incoming nucleophiles,142 yet nitride reactions 

with electrophiles is more established in general.  

 

Scheme 29. Schematic MO scheme showing one π orbital set of a metal-nitride fragment to rationalise if the nitride 

preferentially reacts with an incoming electrophile (left) or nucleophile (right).142  

 

The nitride reactivity also depends on the formal metal oxidation state, as is shown for the nitride 

[ReNCl(PNP)] (3Cl), as obtained from N2-splitting (vide supra). As Re(V) nitride, it was shown 

to only react with strong electrophiles such as alkyl triflates. Nucleophiles as MeLi result in 

halide to methyl exchange on the Re-centre, without nitride involvement. Scheme 30 shows its 

reaction with EtOTf to [Re(NCH2CH3)Cl(PNP)]OTf, that was further reacted to liberate 

acetonitrile (vide infra).79  

 

 

Scheme 30. Formal metal oxidation state influence on reactivity with incoming electrophiles (left) or incoming 

nucleophiles (right) on N2-derived [ReNCl(PNP)].79,143 

 

However, oxidation of the nitride leads to different reactivity, as shown by Holland and co-

workers. As predicted from its CV, [ReNCl(PNP)] is readily oxidised at mild potentials to the 

cationic Re(VI) species. In an attempt to form a Nnitride-O bond, its reaction with 3-chlorobenzoic 

acid (mCPBA) was explored, surprisingly showing Namide-O bond formation to the formal 

nitroxide Re(VI) compound. The weak O-Re interaction results in some donation of the lone pair 
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of the oxygen into the Re-Nnitride antibonding π-orbital, slightly weakening this bond. Addition 

of phosphines show reactivity at the Nnitride, although the resulting adduct species decompose 

over time. Phosphines are mainly considered nucleophilic reagents, yet can react ambiguous.144 

Therefore reactions kinetics for P(p-F-Ph)3, PPh3, and P(o-tolyl)3 were measured in the order of 

increasing electron density. As the latter phosphine reacts the fastest, their nucleophilic in this 

reaction is substantiated.143 This represents an Umpolung of the reactivity character compared 

to the neutral Re(V) nitride. This reactivity with a nucleophile is an exemption: in the following 

Section N2 to nitrile transformation is discussed, for which C-N bond formation is almost 

exclusively based on nitrides reacting with electrophiles.      

 

2.2.3. Nitrile generation from N2 

Within the context of this work, most attention is given to the synthesis of nitriles from N2, which 

in industry relies on building blocks starting from ammonia. Nitriles are important chemical 

compounds for instance in adhesive chemistry and polymer industry for either rubber or 

synthetic polymers. For this latter, especially acrylonitrile and adiponitrile are important. 

Acrylonitrile is commercially synthesised since the 1960’s, initially both via ammoxidation of 

propylene, and the catalytic addition of HCN to acetylene. Because of safety and high costs, this 

latter process was discontinued, and circa 5 million tons are now produced per year via 

ammoxidation.145 As side product, acetonitrile is generated, that mostly finds use as organic 

solvent. Reduction of acrylonitrile in presence of protons leads to coupling to form adiponitrile, 

which is a building block for nylon. This is done by means of electrochemistry, which represents 

one of the most developed electrochemical organic transformations by industry today.146 

 

By now, there are a handful of examples of stoichiometric nitrile syntheses directly from N2 on 

molecular compounds. A pioneering example for nitrile release is the somewhat in literature 

hidden example by Pickett in 1995 starting from the terminal nitride [MoNCl(dppe)2], which is 

functionalised to Mo(IV) imido [Mo(NCH2C(O)OEt)Cl(dppe)2]I (Scheme 31). Upon 

deprotonation, a neutral azavinyl Mo(II) intermediate is formed, that is deprotonated a second 

time (yet with a stronger base) to the anionic [Mo(NCC(O)OEt)Cl(dppe)2]−. It is assumed that 

the electron withdrawing ester group allows for this twofold deprotonation. The formation of a 

nitrile functional group from a N-C single bond requires an overall four-fold oxidation and two-

fold deprotonation. Here, the deprotonation is inter-, and the oxidation is intra-molecular: the 

Mo(IV) is parallelly reduced to Mo(0). The nitrile is readily released in good yields upon 

introducing an additional ligand, i.e. either 1 atm of CO or N2, yielding the bis CO- or N2-

complex.137 The latter Mo(0) complex can split N2 into a terminal nitride complex in a complex, 

multistep procedure. First, twofold addition of an alkylbromide yields the hydrazido complex 
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[MoBr(N2R2)(dppe)2]Br. Subsequent double reduction (both chemical and electrochemical 

pathways are established)136 to [Mo(N2R2)(dppe)2] and protonation using HBr, splits the N-N 

bond into R2NH and parent imido [Mo(NH)Br(dppe)2].147 The latter is readily deprotonated to 

the terminal nitride. The chloride congener was explored for the nitrile release in Scheme 31, 

and to the best of our knowledge, the N2-splitting was not examined with chloride. Although a 

similar N2-splitting reactivity is to be expected with chloride, halogen exchange can occur at the 

imido level. The CV of [Mo(NR)X(dppe)2]X shows an irreversible, two-electron reduction, upon 

which [Mo(NR)(dppe)2] is formed that can be oxidised and re-coordinates a halide ligand.138 

Here a Br to Cl exchange can be envisioned, to re-obtain the imido species that closes the 

synthetic cycle. The recent work by Masuda, see Scheme 12, showcasing electro-oxidative N2-

splitting on the very related depe ligand system, yields the nitride compound and is assumed to 

also provide a N2-derived nitride for this ligand system.  

 

 

 

Scheme 31. Nitrile release from [MoNCl(dppe)2] upon reaction with an alkyliodide and twofold deprotonation.137 

 

Cummins developed two examples of nitrile formation. First in 2004, from the N2-derived 

nitride of a heterobimetallic Mo-Nb system, see Scheme 32.50 A neopentyl (Np) substituted 

amide ligand was used here instead of the originally examined iso-propyl or tert-butyl 

substituted amide ligands for the Nb and Mo precursor, respectively (Scheme 4 and 6). Easier 

synthetic access to Na[Mo(N(Np)(2,4-dimethylbenzene))3(N2)] is found upon introducing this 

extra CH2-group. Reacting this anionic compound with [Nb(OTf)(N(Np)(2,4-

dimethylbenzene))3] and subsequent reduction splits into the molybdenum and niobate nitride 

complexes. The latter reacts readily with several acid chlorides to release the corresponding 

nitriles in excellent yields. The extra CH2 group in the ligand backbone proved instrumental for 

reactivity at room temperature. For the tert-butyl substituted amide nitride, the imide is an 

isolatable species and subsequent nitrile formation is only observed after heating. This is 

attributed to the increased steric demand of tert-butyl. The Nb oxo species is transformed into 

the for N2-splitting relevant triflate species via a two-step procedure. In this manner, a full 

synthetic cycle is developed, yet with a stoichiometric formation of an unused Mo nitride.148  
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Scheme 32. Key acylation step of [NbN(N(Np)(2,4-(CH3)2C6H4))3] with several acid chlorides to form the 

corresponding nitriles and the Nb oxo complex.148  

 

Cummins already reported the direct C-N bond formation for their pioneering nitride 

[MoN(N(tBu)(2,4-(CH3)2C6H3))3] with the strong electrophile PhC(O)OTf, forming the 

corresponding imido.149 A direct reaction with weaker electrophiles was not observed. In a desire 

to use acid chlorides as electrophiles, the nitride was first activated by Me3SiOTf and then 

reacted with PhC(O)Cl (Scheme 33). The now resulting Mo(VI) imido can be reduced twice in 

presence of an additional equivalent of Me3SiOTf to generate the isolatable Mo(IV) ketimido 

species. Subsequently, the addition of Lewis acids SnCl2 or ZnCl2 releases benzonitrile in high 

yields (> 90 %), where the Lewis acid cleaves off the trimethylsiloxy-group and leaves a Mo(IV) 

chloride. This is reduced once to re-generate the N2-splitting Mo(III) complex [Mo(N(tBu)(2,4-

(CH3)2C6H3)3]. Via the same principles, the formation of acetonitrile and pivalonitrile (tBuNC) 

was achieved. Reduction of the resulting MoIV compound initiates a second stoichiometric N2-

splitting cycle.150  

 

 

Scheme 33. Stoichiometric cycle for N2-splitting, benzoylchloride reactivity and Lewis acid assisted benzonitrile 

release from [MoN(N(tBu)(2,4-(CH3)2C6H3)3] developed by Cummins.150  
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Dr. I. Scheibel functionalised the nitride product 3Cl of N2-splitting as described in Section I.1.4, 

upon reaction with an electrophilic reagent. Unfortunately, 3Cl only reacts with strong reagents 

(alkyl triflates), and Me-, Et-, and in situ formed benzyl-OTf showed C-N bond formation of the 

nitride. This is exemplified in Scheme 34 for the reaction of 3Cl with EtOTf to form 

[Re(NEt)Cl(PNP)]OTf (5). From this complex, MeCN was formed and released.151 This was first 

approached via the strategy of deprotonation and intramolecular reduction of the Re(V) imido 

5 to ultimately form Re(I), analogous to the example of Pickett (vide supra). Reaction of 5 with 

strong base KHMDS results in clean deprotonation of the Cα of the ethyl-group into formal 

azavinylidene Re(III) [Re(NCHCH3)Cl(PNP)] (6). The second deprotonation step proved more 

difficult, as the resulting Re(I) is only isolated upon stabilisation with additional π-accepting 

ligands. MeCN is almost quantitatively released when 6 is reacted with KHMDS in presence of 

tert-butylisocyanide to form [Re(PNP)(CNtBu)2]. Unfortunately, it was not yet possible to 

transform this Re(I) species to a for N2-splitting suitable starting platform. Therefore, instead of 

the Re-centre as intramolecular oxidant, the use of external oxidants was examined to 

circumvent the Re(I) oxidation state.  

 
 
Scheme 34. Stoichiometric N2-splitting and functionalisation cycle to release MeCN from the PNP-pincer platform 

[ReCl2R(PNP)] (1Cl (R = none) or 8 (R = Cl)) by Schneider.151  

 

To do so, the second deprotonation was accompanied by a two-fold oxidation upon reacting 6 

with AgOTf and subsequently 2,4,6-tri-tert-butylphenoxy (TBP) as PCET reagent. The resulting 

complex is described either as an acetonitrile ReIII or vinyl imido ReV tautomer: 
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[Re(NCCH3)Cl(PNP)]OTf or [Re(NCHCH2)Cl(PNP)]OTf (7), respectively. By NMR 

spectroscopy, the latter description was found to be more suitable. From 7, MeCN is readily 

released in presence of sub stoichiometric amounts of DBU (to facilitate the tautomerisation), 

LiCl (to offer chloride ligands for the Re-centre to form 1Cl) and crown ether 12-crown-4. Yet, 

the yield in both MeCN and a Re-product was rather low (around 30 %). Alternatively, 6 is 

reacted with 2 eq. of N-chlorosuccinimide (NCS), that can act as a one or two electron oxidation, 

a base and a chloride donor; the three requirements for this transformation. MeCN and the 

Re(IV) compound [ReCl3(PNP)] (8) are obtained in high yields (80 % and 93 %, respectively). 

Successful N2-splitting was extended to this Re(IV)-platform upon reduction using 2 eq. of 

Na/Hg to 3Cl in good yields. Hereby, a synthetic cycle is closed incorporating N2-splitting, 

electrophilic C-N bond formation and subsequent MeCN release. Noteworthy, the same 

procedure was used for the successful release of benzonitrile starting from 3Cl and freshly 

prepared PhCH2OTf.152 The release of nitriles from this system relies on the use of the strong 

electrophile EtOTf and the harsh oxidant NCS. The incompatibility of these reagents and the 

reducing agent as required for N2-splitting will hinder this cycle to go beyond being 

stoichiometric. As outlined in Section I.2.4, an objective of this work is to achieve nitrile release 

electrochemically and thereby circumventing the use of NCS.  

 

 

 

Scheme 35. Nitrile formation from the cubane complex [{TiCp’’’}4(μ3-NH)2(μ3-N)2] (Cp’’’ = C5Me4SiMe3) obtained 

after N2-splitting and subsequent regeneration of the starting complex by Hou.153 

 

Parallel, the group of Hou and co-workers released nitriles from their mixed diimide dinitride 

titanium complex [{TiCp’’’}4(μ3-NH)2(μ3-N)2] (Cp’’’ = C5Me4SiMe3) obtained from N2-

splitting.154 Reaction of this latter compound with 4 eq. of an acid chloride at slightly elevated 

temperatures (60 ˚C), cleanly afforded the corresponding nitriles and the generation of a 

mixture of (less-defined) titanium complexes. However, it proved possible to obtain a selective 

species again upon protonation that is transformed into the precursor for N2-splitting by using 

an organolithium reagent. Notably, several acid chlorides with various functional groups were 



I Introduction 

 

 

 

 

 

 

58 

tested that all show high yields. Even alkyl acid chlorides function well, although the reaction 

temperature has to be raised.153 

 

The nitride [ReNCl2(HPNPiPr)] of Dr. F. Wätjen as introduced in Section I.1.4 was also used for 

subsequent nitrile release (Scheme 36). It was found to exhibit sufficient nucleophilic character 

to react with PhC(O)Cl at 80 ˚C overnight. This electrophile is to the best of our knowledge not 

examined for the related nitride 3Cl. Still, a comparison between the related systems is possible, 

as both 3Cl and [ReNCl2(HPNPiPr)] were reacted with acetyl chloride, and only for the latter 

conversion was observed.79 Therefore, the six-coordinate nitride bearing the (HPNPiPr) is 

believed to be a better nucleophile. Upon reaction with benzoyl chloride, a mixture of organic 

products was obtained that was identified as benzamide, benzonitrile, and benzoic acid in good 

yield, the latter being the product of the reaction between benzoyl chloride and benzamide. The 

required 2e−/2H+ for this reaction originate from the pincer backbone and the imine compound 

[ReCl3(N(CHCH2PiPr2)(CH2CH2PiPr2)] was isolated, indicating metal-ligand cooperativity. 

Regeneration of the ligand backbone is achieved by consecutive reaction with a hydride to 

[ReCl3(PNPiPr)] and proton donor to [ReCl3(HPNPiPr)], and even more elegantly by 

electrochemical reduction in presence of protons. Continuing electrochemical reduction at 

slightly more negative potential in presence of N2 forms the dinuclear end-on N2-bridging 

compound. This now stoichiometric cycle looks very promising towards a catalytic future. Yet it 

still has challenges: the high temperature required for reaction with benzoyl chloride, and the 

electrochemical formation of the dinuclear compound and its subsequent photochemical 

splitting show low compatibility.80   

 

 

Scheme 36. Benzonitrile release from [ReNCl2(HPNPiPr)] and subsequent electrochemical ligand re-reduction, N2-

activation and photochemical splitting by Schneider. 
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Very recently, Mézailles and co-workers continued on the N2-derived nitride by Schrock in a 

refreshing approach to generate nitriles. Starting from [MoNI(POCOP)]− (POCOP =C6H3-1,3-

(OPtBu2)2), alkyne addition in presence of an iodide-abstracting salt resulted in alkyne-

coordinated neutral Mo(IV) nitrides, initially inert to further N-C bond insertion (Scheme 37). 

Fortunately, direct RT metathesis is observed upon oxidation, generating nitriles in high yields, 

and a MoV species that is ascribed to an alkyne nitride complex. The striking different reactivity 

upon the one-electron withdrawal was rationalised by DFT. Comparing pathways between MoV 

and MoIV starting platforms reveal that substantial higher barriers are to overcome in case of the 

latter. This is especially highlighted in the first reaction: rotation of the coordinated alkyne to 

become co-planer with the nitride is a pre-requisite for metathesis, and it is substantially easier 

starting from Mo(V). Additionally, the process is overall endergonic for MoIV, in contrast to a 

strong exergonic pathway for the MoV stage, which is partly attributed to the increased electron 

density of the lower oxidation state.155 

 

 

Scheme 37. Nitrile formation via metathesis starting from a N2-derived MoIV nitride.155 
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I.3. Research scope  

This project continues the Re-mediated N2-splitting and functionalisation as started by 

Schneider in 2014. As shown in the previous Sections, the N2-splitting from [ReCl2(PNP)] (1Cl) 

relies on harsh reductants and with the reagents used for subsequent C-N bond functionalisation 

and oxidative fragment release, it represents an incompatible mixture. To move this synthetic 

cycle into the direction of a catalytic future, a next step is the replacement of the harsh chemical 

redox agents by means of electrochemistry, which is pursued within this work. Furthermore, the 

examples for Re-mediated N2-splitting are still limited, and a larger database is desired for more 

understanding of this process. These various goals, as visualised in Scheme 38, are addressed in 

Section II Results and Discussion. 

 

 
 
Scheme 38. Aimed electrification and platform modification of the Re-mediated N2-splitting and functionalisation 

to MeCN.  

 

In Chapter II.1, the electrification of N2-splitting from 1Cl is examined in detail. Encouraged by 

successful electrosynthesis of 3Cl, we used CV to examine the mechanism of this reaction that 

follows the same pathway for both electrochemical and chemical reduction. The final elemental 

step of this pathway prior to splitting is the assembly of intermediate 2Cl, which characterisation 

is continued, and we examine its splitting into the nitride 3Cl.  

 
To extend the database of platforms for Re-mediated (electro)chemical N2-splitting, we used two 

of the modification possibilities this platform offers. First, we exchange the chloride ligands for 

bromide and iodide ligands as described in Chapter II.2. We examine the influence of the 

hereby-modified electronic and steric properties on the N2-splitting ability and its mechanism. 

In addition, we characterise the dinuclear intermediates 2Br and 2I spectroscopically. As second 
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modification possibility, we examine the oxidised P=N=P-backbone starting platform for 

electrochemical N2-splitting in Chapter II.3. The influence of the decreased electron donating 

properties of this ligand are assessed for the chloride and iodide platform.  

 

In Chapter II.4, we focus on N2-functionalisation, by aiming for MeCN formation and release by 

means of electrochemistry. Although this turned out to be possible for the originally established 

PNP-compounds, we found unselective formation of several compounds on the Re-side. 

Therefore, we extend this C-N bond functionalisation and (electro)chemical MeCN release to the 

P=N=P-platform, which is more stable under oxidative conditions.  

 

With the established electrochemical N2-splitting and MeCN release in hand, a next directive is 

to perform these reactions in a flow cell set up with electrochemical equipment. As initial 

research, a commercially obtained flow cell was modified to fit with our experimental procedures 

and initial N2-splitting studies on 1Cl were performed as described in Chapter II.5.  
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II.1: Mechanism of (electro)chemical N2-splitting from [ReCl2(PNP)] 

 

Parts of this Chapter were published in the Journal of the American Chemical Society under the title: 

‘Mechanism of Chemical and Electrochemical N2 Splitting by a Rhenium Pincer Complex’ in 2018.70 

 
 

1.1. Dinuclear N2-bridged intermediate and its splitting into nitrides 

Chemical N2-splitting starting from a molecular Re-complex was established in our group using 

the platform [ReCl2(PNP)] (1Cl) forming the terminal nitride [ReNCl(PNP)] (3Cl) in yields up to 

85 % ((PNP) = N(CH2CH2PtBu2)2
−), as elaborated in Section I.1.4. This directly raised the 

question for the existence of a possible N2-bridged intermediate, as initiated experimentally by 

Dr. F. Wätjen (né Schendzielorz); chemical reduction of 1Cl at low temperatures (−40 °C) forms 

C2-symmetric [{ReCl(PNP)}2(µ-N2)] (2Cl), showing coupling doublets by 31P{1H} NMR 

spectroscopy (Scheme 39). Upon warming, this species converts to 3Cl, proving its role as 

intermediate in N2-splitting. 1H NMR spectroscopy showed paramagnetically shifted, yet sharp 

signals in the range of +12 to −17 ppm, among which by 1H COSY NMR spectroscopy eight 

signals for the PNP-pincer backbone proton are identified. The allocation of the four tert-butyl 

groups remained unclear, due to their broadness at low temperatures. 2Cl could not be isolated, 

yet crystals suitable for XRD spectroscopy were obtained, that confirm its structure.71 From this 

already elaborate starting point, the properties of 2Cl and its role in N2-splitting are examined 

further within this work.  

 

 
 

Scheme 39. Reduction of 1Cl at −30 °C with Na/Hg affords 2Cl in 75 % spectroscopic yield, which splits into 3Cl upon 

warming up in a first order manner. 
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Figure 10. Left: NMR spectroscopy of a mixture of 2Cl and 3Cl at −30 °C, 31P{1H} NMR spectrum (top) and 15N{1H} 

NMR spectrum (bottom). Right: 1H NMR spectrum of 2Cl in d8-THF at −15 °C with addition of hexamethylbenzene 

as internal standard to quantify 2Cl. 

 

First, the intense red colour of a solution of 2Cl was examined by UV-vis spectroscopy showing 

two absorption maxima at 533 and 375 nm. Resonance Raman with excitation wavelengths at 

467 and 633 nm did unfortunately not reveal a N2-stretching frequency that could complement 

the N-N bond length for insight into the degree of N2-activation. Furthermore, the NMR 

characterisation of 2Cl was completed. Upon measuring NMR spectroscopy at higher 

temperatures (−15/−10 °C), the tBu-groups sharpen, and we were able to identify four moieties 

via coupling by 1H COSY NMR spectroscopy. As already stated, 2Cl is not isolatable, and its yield 

was therefore determined spectroscopically to be circa 75 %. Since 3Cl is formed in 85 % yield 

via reduction at RT, our spectroscopic yield of 2Cl indicates formation of some additional side 

products upon performing the reduction at low temperatures (which are observed around 

50 ppm, see Figure 10). Rarely, another set of coupling doublets was visible by NMR 

spectroscopy in low amounts (δ31P{1H} [ppm] = 64.8 (d, 2JPP = 225 Hz), −10.8 (d, 2JPP = 225 Hz)). 

It will not be discussed here, yet it is briefly addressed in Section II.2.4, where a similar and more 

persistent compound is found when reducing the bromide analogue. Reduction of 1Cl under a 

15N2-atmosphere revealed a 15N{1H} singlet at 211 ppm, alongside the signal of 3Cl at 369 ppm, 

which is consistent with a symmetrically bound N2 (in contrast to a terminal N2 ligand) 

(Figure 10). Although this value lies in the typical range for coordinated N2,156 it notably differs 

for the isostructural [{MCl(PNP)}2(µ-N2)] (δ15N = 69 ppm (M = Mo), and δ15N = 30 ppm 

(M = W)).25,66  

 

The unusual strongly shifted, yet narrow NMR lines as found for 2Cl are tentatively attributed to 

an expression of temperature independent paramagnetism (TIP). This arises from mixing of 

excited states via spin-orbit coupling into a thermally well separated (>> kBT) ground state. This 
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phenomenon is well-known for d4 Re(III) phosphine complexes, i.e. [ReCl3(PMe2Ph)3], 

[ReCl3(PEt2Ph)3]157 and [ReCl3(HN(CH2CH2PiPr2)2)] or [{ReCl2(HN(CH2CH2PiPr2)2}2(μ-N2)]80 

of which the latter is isoelectronic to 2Cl. Variable-Temperature (VT-) NMR spectra of 2Cl 

between −55 and −5 °C show that most signals are basically temperature independent, 

supporting the TIP assignment, see Figure A1. Only the 31P NMR resonance at −120 ppm and 

three 1H NMR signals of the PNP-ligand backbone shift temperature-dependently 

(Δδ > 1.0 ppm), yet show a linear behaviour when plotted vs. T-1 (Curie Plots, Figure A1). The 

tert-butyl signals exhibit significant broadening at lower temperatures, suggesting that 

additional dynamic processes might be responsible for the temperature dependence of these 

signals, such as freezing out of bond rotations. It must be stated that the temperature window 

for this VT-NMR analysis was chosen rather small (ΔT = 50 °C). Unfortunately, its electronic 

structure cannot be further analysed by SQUID magnetometry due to its limited stability at RT 

and only 75 % spectroscopic purity.  

 

Due to these spin-orbit coupling effects, DFT is unable to describe 2Cl properly. Yet, the DFT 

calculations as performed by Dr. M. Finger could fully reproduce the molecular geometry as 

found by Dr. F. Wӓtjen. Within a localised description of the core, the rhenium-centred spin 

density agrees with a ReII-(N2)-ReII, or alternative a ReIII-(N2)2−-ReIII formulation. However, 

oxidation states can be meaningless in case of high covalent metal-ligand multiple bonding, as 

was addressed in literature for nitrosyl and nitride complexes.158 A more covalent binding picture 

of such a {MNNM}-fragment was presented in Section I.1.3. The 14 valence electrons that such 

a {ReIII-(N2)-ReIII}2− fragment offer are distributed over the Re-N-N-Re manifold and non-

bonding δ-orbitals, see Scheme 40. The thereof resulting δ4π10 configuration was substantiated 

by computations.  

 

Such a π10-configuration is associated with the formation of stable, closed-shell nitrides, as 

discussed in Section I.1.4. From 2Cl, it was calculated that the transition state for splitting into 

nitrides exhibits a Re-N-N-Re in-plane zig-zag structure. Upon approaching this transition state, 

the high lying σReN-σ*NN-σReN gains considerable σReN and σ*NN character and is gradually 

stabilised with respect to the π-manifold. Population of this molecular orbital from the π*ReN-

πNN-π*ReN level leads to N-N bond weakening and simultaneous Re-N strengthening, and 

ultimately N-N cleavage. 
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Scheme 40. Qualitative MO-scheme representing the δ4π10 configuration of L4ReII(N2)ReIIL4 (representing 2Cl), and 

subsequent N2-splitting into terminal nitrides. The MO’s of the nitride are depicted on the right.   

 

The activation parameters for this process can be obtained via NMR spectroscopic analysis of 

splitting from 2Cl into 3Cl, justified by the observation of 2Cl in high spectroscopic yields at low 

temperatures and its selective splitting into 3Cl. Therefore, we monitored decay of 2Cl by 1H NMR 

spectroscopy at temperatures ranging from −15 to +7.5 °C. Plotting this conversion agreed with 

first-order kinetics over two half-lives; exemplarily conversion traces for each temperature are 

shown in Figure 11. An Eyring analysis over this temperature range provides activation 

parameters for N2-splitting: ΔH‡ = 24 ± 1 kcal mol-1 and ΔS‡ = 14 ± 3 cal mol-1 K-1, in agreement 

with a short lived intermediate at RT. In the context of this in-depth study, Dr. M. Finger 

performed calculations that reflect the full N2-splitting mechanism of 1Cl (vide infra).70 The 

computed free energy of activation is higher than the experimental value 

(ΔG‡
298K, Cacld. = +26.9 kcal mol-1, ΔG‡

298K, Exp. = +19.8 kcal mol-1), but the calculated enthalpy of 

activation is in excellent agreement with the experiment (ΔH‡
298K, Cacld. = +26.2 kcal mol-1) and 

only the activation entropy is deviating from the calculated value (ΔS‡
 Cacld. = −3 cal mol-1 K-1). 

The experimental value suggests that formation of the proposed zig-zag transition state is 

accompanied by an increase in entropy. In contrast, the calculated value describes an 

entropically neutral process upon splitting via this transition state. These computations are 

supported by comparison to the activation entropy for N2-splitting of related compounds 

[{Mo(HPNP)Cl}2(μ-N2)], [{W(CO)(PNP)}2(μ-N2)] by Schneider, or the pioneering example of 

[{Mo(N(C(CD3)CH3)(3,5-C6H3(CH3)2))3}2(μ-N2)] by Cummins (ΔS‡
 exp [cal mol-1 K-1] = −5.7, +2.3, 

or +2.9, respectively).43,66,67 The activation entropy is very sensitive towards the fit of the data, 
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since it is calculated from the y-intercept. Due to the small temperature range that was examined 

(ΔT = 22.5 °C) the experimental value as derived herein should be handled with care.  

 
 

  
Figure 11. Left: Exemplary conversion plots vs. time. Right: Eyring plot for the conversion of 2Cl to 3Cl in the 

temperature range from −15 to +7.5 °C.  

 

With 2Cl identified as the intermediate that splits N2 towards nitride 3Cl, reactions potentially 

relevant to its assembly were examined, i.e. dinitrogen coordination to 1Cl. Collaboration 

partnersa examined possible N2-coordination by IR spectroscopy. A solution of 1Cl in THF under 

1 atm N2 gave no indication of end-on binding of dinitrogen. In addition, UV-vis spectra under 

Ar or N2 are identical, even upon cooling from RT to −78 °C.70 In the context of this work, 1Cl 

was examined by NMR spectroscopy as recorded under Ar or N2 (4 atm), showing no difference 

even upon cooling to −95 °C (see Figures A2). From −40 °C and lower, broadening, 

disappearance and splitting of the tBu-moieties is observed, indicating freezing out of the P-C 

bond rotation and the appearance of the individual methyl resonances. These experiments speak 

against a pre-equilibrium to form [ReCl2(N2)(PNP)] and by NMR spectroscopy an upper limit 

for this N2 pre-equilibrium to 1Cl can be estimated (Keq < 1 M-1, see experimental Section IV.6.1). 

Additionally, potential reactivity of 1Cl with chloride anions is assessed, as it is released during 

the N2-splitting reaction. NMR spectroscopic monitoring of a solution of 1Cl under N2 in presence 

of 5 eq. of (nBu4N)Cl indicate no chloride association over more than 48 h (Figure A3). These 

coordination studies demonstrate that the initial step most likely consists of reduction of 

rhenium(III). Therefore, the formation pathway of 2Cl was examined via electrochemical 

methods.  

                                                 

 

 
a IR and UV-vis spectroscopy performed by Dr. B.M. Lindley, under supervision of Prof. Dr. A.J.M. Miller, University 
of North Carolina at Chapel Hill. 
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1.2. Electrochemical N2-splitting from [ReCl2(PNP)] 

To probe whether N2-splitting can be driven electrochemically, controlled potential electrolysis 

(CPE) of 1Cl was explored in THF at Eappl. = −1.90 V vs. Fc+/0 under 1 atm N2, based on the CV 

data for 1Cl (vide infra).b During CPE for circa 1.5 h, the colour of the solution changed from 

purple to yellow and 1.2 electrons were transferred per rhenium. Concomitantly, a main 

oxidative feature is formed at Ep = 0.00 V at scan rate (ν) = 0.1 Vs-1, which is in proximity to the 

Re(VI/V) oxidation of 3Cl at E1/2 = −0.09 V, see Figure 12.c Addition of some 3Cl to this 

experiment shows an increase of this feature, underlining the formation of nitride via 

electrochemical reduction (Figure 12). It is noted that in initial electrochemical N2-splitting 

attempts no clear evidence for 3Cl by CV was found. This might be the result of using Pt as CPE 

working electrode (WE), or only using low Re-complex concentrations. The oxidation of 3Cl 

appears irreversible in the CPE set up even when reversing the scan directly after this feature. 

This is in contrast to the isolated species, which appears reversible. In a control experiment as 

presented in Figure A4, we mimicked CPE conditions by measuring 3Cl in presence of chloride 

ions. Indeed, the Re(VI/V)-reversibility is directly lost upon addition of only 1 eq. of (nHe4N)Cl, 

presumably upon formation of 6-coordinate [ReNCl2(PNP)]. Further anodic appearing oxidative 

features are attributed to PNP-ligand oxidation, as especially favoured in presence of a base.  

 

Analysis of the CPE product mixture by 31P{1H} NMR spectroscopy showed formation of 3Cl in 

circa 60 % yield, which was reproduced at least three times. Since 1.2 electrons per Re are 

needed, this corresponds to a faradaic yield of circa 50 %. Analogous reductive CPE of 1Cl under 

1 atm Ar gave an intractable mixture of unidentified products. At the time this work was 

published (2018), the conversion of 1Cl to 3Cl represented the first electrochemical synthesis of 

a terminal nitride from N2. The established yield of 3Cl from CPE is slightly below the yield as 

found for chemical reduction using Na/Hg (85 %) or Co(Cp*)2 (75 %). A productive role for 

chloride abstraction by the chemical reductant (via precipitation of NaCl or [Co(Cp*)2]Cl in THF) 

can be envisioned (since it is an elemental reaction step via K4, vide infra). This functionality is 

absent in the case of electrochemical reduction, maybe leading to lower yields. Besides 3Cl, 

several diamagnetic compounds are present in low intensity that were not further investigated.  

 

                                                 

 

 
b All potentials within this work are given versus the Fc+/0 couple, unless stated otherwise.   
c In the context of this study, the redox potential of 3Cl was reconsidered in THF using iR-compensation, instead of in 
DCM as was published (E1/2, publ. =  −0.13 V). The reversible oxidation of 3Cl was found at E1/2 = −0.09 V. 
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Figure 12. Left: electrochemical N2-splitting from 1Cl into 3Cl via CPE at Eappl. = –1.90 V. Right: CVs corresponding 

to the CPE. Inset: zoom of the oxidative area after CPE and after subsequent addition of 3Cl.  

 

To probe the build-up of intermediates during electrolysis, N2-splitting of 1Cl was examined by 

UV-vis spectroelectrochemistry (SEC).d  Electrolysis resulted in conversion of 1Cl 

(λmax. = 530 nm) to a new species with strong absorbance at 384 and 537 nm within 60 seconds, 

that is not formed when the same experiment is conducted under Ar. This intermediate is 

assigned as the N2-bridged dinuclear 2Cl, based on the close agreement of the spectral features 

as experimentally determined via chemical reduction at −30 ˚C (see Chapter II.1.1) or the TD-

DFT computed UV-vis spectrum for 2Cl (Figure A21, Section II.2.4). The intermediate converts 

to product 3Cl (λmax. = 393 nm). Kinetic data for the N2-splitting reaction was obtained by 

monitoring the decay of 2Cl in the time period after a minimum in electrolytic current was 

reached (after approx. 100 s) to avoid significant impact by diffusion and additional formation 

of 2Cl. The half-life obtained under these conditions for the conversion of 2Cl into 3Cl, τ1/2 = 28 s 

at 298 K, is in close agreement with the rate constant derived from the Eyring analysis of 

chemical N2-splitting of the same reaction (k298K = 0.018 s-1, τ1/2 = 38 s). 

 

This experiment indicates that the same N2-bridged intermediate is formed in both chemical and 

electrochemical reductions and it is the only intermediate that is observed. Its formation must 

be fast compared to the time scale of UV-vis and NMR spectroscopy. This mechanistic 

connection and the relatively high Faradaic yield found for 1Cl offer the possibility of 

                                                 

 

 
d UV-vis SEC was performed by Dr. B.M. Lindley, under supervision of Prof. Dr. A.J.M. Miller. In the context of this 
work, the here described experiment and kinetics were reproduced to verify our UV-vis SEC set up and discussed in 
Section II.2.4. The results of the cooperation partners are discussed here, since they are a key rationale for the 
mechanistic study within this Chapter.  
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electrochemical examination of a full N2-splitting sequence. We therefore examined the 

electrochemistry of 1Cl by CV in detail in the next Sections.  

 

 

 

1.3. CV study of [ReCl2(PNP)] under Ar 

On the pathway from 1Cl to N2-bridged 2Cl, several elementary steps must be involved, i.e. 

reduction, chloride loss, N2-coordination, and a reaction forming a dinuclear compound. We 

therefore turned to CV to gain a deeper understanding of the initial steps of reductive N2-

cleavage. The CV of 1Cl under Ar was examined first in order to rationalise the redox behaviour 

of the rhenium platform in absence of N2. 

 

 
 

Figure 13. Left: CV of the reductive area of 1.0 mM 1Cl in THF with 0.2 M (nBu4N)PF6, ν = 0.1 Vs-1 under Ar. Inset 

bottom right: ν-dependence of the first reduction. Inset bottom left, plot of ip,c,1 vs. ν1/2. Right: CV of the first reduction 

of 0.8 mM 1Cl in THF with 0.2 M (nBu4N)PF6 in presence of 0-20 eq. of (nBu4N)Cl under Ar, ν = 0.1 Vs-1 (measurement 

performed on a WE with A = 0.071 cm2 instead of the commonly used A = 0.020 cm2).  

 

The oxidative features of 1Cl are discussed in Chapter II.3. The reductive area of 1Cl under Ar 

shows two reduction processes at Ep = −1.96 and −2.24 V at ν = 0.1 Vs-1. A linear relationship 

between the peak current (ip,c,1) vs. ν1/2 indicates that the species that is reduced is freely diffusing 

in solution, see Figure 13. The first reduction is irreversible, even when scanning to high ν, which 

is accompanied by a cathodic peak potential shift (ΔEp = 0.04 V from ν = 0.1 to 3.0 Vs-1). This 

suggests that the first reduction is coupled to a chemical reaction. Since chloride dissociation is 

considered a plausible reduction-triggered chemical step, the influence of chloride on the first 

reduction process was examined. Upon addition of 20 eq. of (nBu4N)Cl, the first reduction shifts 

cathodically by circa 0.04 V, accompanied by increased reversibility (ip,c,1/ip,a,1 = 1.8 at 20 eq. Cl−, 
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ν = 0.1 Vs-1), Figure 13. The second reduction process remains irreversible at all examined scan 

rates and is essentially unaffected by chloride addition (Figure A6). Varying the concentration 

of 1Cl from 0.5 to 4 mM has barely any effect on the overall features of the CV and the peak 

current ratio remains the same (ip,c,1/ip,c,2 ≈ 0.8-0.9) (Figure A6). The reversibility of the first 

peak initially seems to increase, but the peak ratio does not change 

(ip,c,1/ip,a,1 = 3.1 (c1Cl = 1.0 mM) and 3.2 (c1Cl = 4.0 mM).  

 

These observations agree with an electrochemical-chemical-electrochemical (ECE) mechanism; 

initial reduction of 1Cl forms [ReCl2(PNP)]−, which undergoes reversible chloride ligand 

dissociation forming [ReCl(PNP)]. This species is subsequently reduced at the second reduction 

feature. The proposed ECE-mechanism model was probed by digital simulation of the 

electrochemical data, which is performed by prof. Dr. I. Siewert. To satisfactory model the peak 

current of the second-, and the reversibility of the first reduction, unimolecular decay (k2) of 

[ReCl(PNP)] has to be included besides reduction of [ReCl2(PNP)] (E1) and [ReCl(PNP)] (E2). 

Both reductions are connected by reversible chloride dissociation (K1, k1) (Scheme 41). The 

simulation parameters of the best fit are given in Table 3, and overlays of the experimental and 

simulated CV data can be found as published.70  

 

 

 

 

 

 

 

 

 

Scheme 41. Minimal mechanistic model of reduction of 1Cl under Ar. The PNP-pincer ligand is omitted for all species 

for clarity.   

 

 

Table 3. Thermodynamic and kinetic parameters of 1Cl as obtained via simulation of CV data under Ar.e 

 

 

 

 

 

                                                 

 

 
e Digital Simulation of the CV data was performed by Prof. Dr. I. Siewert.  

1Cl / Ar K1 

/ M 
k1 

/ s-1 
k2  

/ s-1 
E1  

/ V 
E2 

/ V 
 0.05 1∙103 0.11 −2.00 

α1 = 0.5 
ks,1 = 0.05 cm2/s 

−2.29 
α2 = 0.8 

ks,2 = 0.05 cm2/s 
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A sensitivity analysis of these results showed that doubling/halving the rate and equilibrium 

constants of chloride loss (k1 and K1) as extracted from the chloride titration experiments, lead 

to considerably worse fits. Doubling/halving of k2 leads to a substantially worse fit for the second 

reduction peak, which cannot be compensated satisfactory by changing k1.  

 

 

 
1.4. CV study of [ReCl2(PNP)] under N2 towards a N2-splitting mechanism 

The CV of 1Cl under 1 atm of N2 is dramatically different than under Ar, as shown in Figure 14. 

The first reduction becomes narrow, shifts its peak potential anodically by circa 60 mV to 

Ep = −1.90 V at ν = 0.1 Vs-1, and increases substantially in current, indicative of a multi-electron 

reduction. The feature that is assigned to the reduction of [ReCl(PNP)] near Ep = −2.2 V under 

Ar is absent under N2, indicating that N2-coordination is involved prior to this potential. A new, 

minor, and irreversible feature is observed at Ep = −2.36 V at ν = 0.1 Vs-1.  

 

First, the reduction that is relevant for (electro)chemical N2-splitting at Ep = −1.90 V is examined 

in depth. Upon increasing the scan rate, the peak potential of this reduction process shifts 

cathodically, which indicates that coupled chemical reactions follow initial reduction, see Figure 

15. This reactivity must involve N2-coordination. The characteristic reversible Re(VI/V) 

oxidation of nitride 3Cl (E1/2 = −0.09 V) is not observed among the several oxidation features 

when returning the sweep after this initial reduction, indicating that the nitride is not produced 

at the electrode in significant quantities within the timescale of CV as measured within this study 

(Figure 14). This is in line with the relatively slow N2-splitting constant as derived for 2Cl in 

Section II.1. Furthermore, the onset of a reverse wave is visible from ν = 0.25 Vs-1 and onwards, 

leading to an ip,c,1/ip,a,1 = 2.6 at ν = 1.5 Vs-1 (Figure 15). This reversibility onset is in contrast to the 

data under Ar, where the [ReCl2(PNP)]0/− reduction coupled to chloride loss showed no 

reversibility. Either this reduction is coupled to reversible chemical reactions when measuring 

under N2, or the subsequent electron transfers that occur within this multi-electron feature 

display some reversibility. 
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Figure 14. Left: CV data of 1.0 mM 1Cl in THF with 0.2 M (nBu4N)PF6 under 1 atm N2 (red), and Ar (black),   

ν = 0.1 Vs-1. Right: comparison of the whole spectrum of 1.0 mM of 1Cl with 1.0 mM of 3Cl, both in THF with 0.2 M 

(nBu4N)PF6 at ν = 0.1 Vs-1.  

 

Titration of 1Cl with chloride ions leads to a cathodic shift of the peak potential of the initial 

reduction of 1Cl , which is circa 0.04 V upon addition of 20 eq. of (nBu4N)Cl, similar to the CV 

under Ar. The ratio of cathodic and anodic peak currents increases and is 2.8 at ν = 0.1 Vs-1. To 

probe for coupled reactivity with N2, electrochemistry of 1Cl was measured in an autoclave with 

electrochemical feedthroughs (see Experimental Section IV.4.1 for details). The N2-pressure, 

and thereby the N2-concentration (according Henry’s Law), was increased from atmospheric 

pressure to 11 bars in intervals of 2 bars, which has minimal changes on the first reduction 

feature. The peak potential is constant (within an experimental error of 0.01 V), and the current 

increases by circa 10% and plateaus after 7 bars and upwards. Note that the absolute potential is 

off by 0.03 V (Ep,autoclave = −1.93 V, ν = 0.1 Vs-1). This was also found in control experiments with 

both Fc and Fc*: the difference in their potential is larger than the literature value                        

(ΔEFc-Fc*,autoclave = 0.455,  ΔE Fc-Fc*,lit = 0.427 V), and we emphasise the trends more than the 

absolute potential values. Depressurising the system reverses the current increase to most 

extend, see Figure A7. Upon increasing the Re-concentration from 0.5 to 4.0 mM of 1Cl, no peak 

potential changes are observed.  

 

The current of the smaller reduction feature at Ep = −2.36 V decreases upon increasing the scan 

rate and then disappears altogether from ν = 1.5 Vs-1 onwards. Upon increasing the N2-pressure, 

this feature gets less prominent. Both observations could indicate that this cathodic wave 

belongs to the reduction of 2Cl: The ν-dependency indicates that this species is more prominent 

at lower scan rates, allowing time for a dimerization reaction. The N2-pressure dependency could 

be explained by the coordination of several N2-ligands to a reduced monomer blocking all 
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coordination sides and thereby preventing dimerization. A more extended discussion following 

this hypothesis for 2X (X = Cl, Br, and I) is in Section II.2.8.  

 

 

 

 

Figure 15. CV of 1Cl in THF with 0.2 M (nBu4N)PF6 under N2. Top left: ν-dep on a 1 mM solution of 1Cl. Top right: 

Cl− dependence of a 1.0 mM solution of 1Cl, ν = 0.1 Vs-1, from 0-20 eq. (measurement performed on a WE with A = 

0.071 cm2 instead of the commonly used A = 0.020 cm2). Bottom left: concentration dependence of the first reduction 

feature of 1Cl, ν = 0.1 Vs-1, from 0.5 to 4.0 mM. Bottom right: N2-pressure dependence of a 1.0 mM solution of 1Cl, ν = 

0.1 Vs-1, from 1-11 bars.  

 

 

In order to construct a mechanism from 1Cl into 3Cl, we first consider the elemental steps that 

have to occur during this reaction, which include reduction (E), chloride loss (CCl), N2-

coordination (CN2), and dimerization (Cdim.). From the experiments, we can summarise the 

following trends that provide the guidelines for the digital simulation of the CVs. When 

measuring CV of 1Cl under N2, the initial, for electrochemical N2-splitting relevant reduction of 

1Cl has a multi-electron character and is clearly coupled to both N2 coordination and chloride 

loss. No clear hint for the dimerization reaction is observed, besides that any influence of a 
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bimolecular reaction is minimal on the first reduction. Based on these trends and the basic ECE-

mechanism for reduction of 1Cl under Ar, we considered several pathways to form 2Cl from 1Cl. 

Their plausibility is mainly judged by digital simulation as performed by Prof. Dr. I. Siewert. A 

main goal was to minimise the fitting parameters to prevent over-parametrisation. The 

multielectron character of this first reduction wave is explained by one Re-fragment which is 

rapidly reduced twice to a Re(I) species, prior to formation of a dinuclear compound with a 

parent 1Cl. Alternative pathways involving ReII/ReII- or mixed-valent ReII/ReIII dimerization 

would give rise to lower current of this first wave, as was found by digital simulation.  Therefore, 

Cdim. is taken to be the last step of the reaction sequence, see Scheme 42. Several pathways could 

be envisioned that start with CN2 prior to reduction. These pathways are unlikely due to the lack 

of NMR, UV-vis and IR spectroscopic evidence for a pre-equilibrium with N2 (see Section II.1.1), 

and could be excluded by the simulations using the experimentally estimated upper limit of a 

pre-coordination equilibrium (Keq < 1 M-1). The most important criterion for excluding these 

possible pathways was the experimentally found absence of a peak potential shift upon 

increasing the N2-pressure; any mechanism starting with CN2 is simulated to have a dramatic 

shift of the peak potential with increasing N2-pressure.  

 

 

Scheme 42. Flowchart for the determination of the minimally occurring N2-splitting mechanism including a brief 

description of the experimentally found or calculated criteria based on which alternative pathways (in grey) were 

discarded. 

 

Subsequently considered pathways all involve reduction of 1Cl as initial reaction step (E1), 

followed by various sequences of CN2, CCl and the required second reduction E. The possibility 

that the second reduction directly follows E1 is immediately discarded based on the Ar data and 

the calculated reduction potential of [ReCl2(PNP)]−, which is way too negative (E1/2 = −4.0 V).70 

Any mechanism including CCl after initial reduction following an ECCl·····-pathway would follow 

the reduction and kinetic of chloride loss just as observed under argon. Yet, the large anodic peak 

potential shift when measuring under N2 instead of Ar seem unrealistic when the initial two 

elemental steps are identical. Indeed, even with diffusion-controlled N2-binding, the simulation 
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could not account for the peak potential shift observed under N2. For the remaining scenario, 

where initial reduction is coupled to CN2, either ECN2ECClCdim. or ECN2CClECdim. is possible. The 

first scenario features the reduction of the product of reduction of 1Cl followed by N2-binding: 

[ReCl2(N2)(PNP)]−. Not only is this reduction potential calculated to be more negative 

(E1/2 = −3.3 V),70 the chloride dependency of the current could not adequately be simulated via 

this pathway. This brings us to an ECN2CClECdim.-pathway to form 2Cl from 1Cl, which allowed to 

simulate all CV trends in a satisfactory manner. This pathway will be discussed extensively in 

the next Section.  

 

 

 

1.5. Discussion of the N2-splitting mechanism  

The minimal scenario that could adequately simulate the CV data is the ECN2CClECdim.-pathway, 

as presented in Scheme 43. Reduction of 1Cl is followed by N2-binding to form 

[ReCl2(N2)(PNP)]−. This Re(II) species undergoes chloride loss to neutral [ReCl(N2)(PNP)], 

which is reduced once more and ultimately comproportionates with parent 1Cl. Subsequent or 

simultaneous chloride loss would form the N2-bridged 2Cl, but for simplicity, this process was 

not included in the simulations. All steps will be discussed extensively in this Section. The only 

trend that is not accounted for within this model is the rising current of the first reduction of 1Cl 

upon increasing the N2-pressure. The conversion of [ReICl(N2)(PNP)]− to bis-dinitrogen 

complex [ReICl(N2)2(PNP)]− through an additional N2-binding equilibrium can account for this 

observation, as indicated with K6 and k6 in Scheme 43. Formation of such a Re(I) might inhibit 

dimerization to 2Cl, thereby preventing the depletion of 1Cl in the diffusion layer, which results 

in higher currents at higher N2-pressure. This additional step can be included in the model 

leaving the simulations for ambient pressures virtually unchanged. 
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Scheme 43. Minimal mechanistic model for the simulation of the CV data of 1Cl under Argon (black box), or N2 (red 

box). The PNP-ligand is omitted for clarity.  

 
The simulation parameters were chosen to maintain the parameters from the Ar data (K1, k2, E1, 

E2), and to minimise the number of variables in the simulations. The numerical ranges of the fit 

parameters under N2 (E3, k3, K3, k4, K4, k5, k6, K6) are presented in Table 4. The simulated and 

experimental CV data are in good agreement over a wide scan rate and chloride ion 

concentration range. In addition, this pathway (and its alternatives) was calculated by DFT, 

showing a reasonable agreement. In general, the values are less well defined compared to the 

ECClE-mechanism under Ar, and are therefore mostly given as range or lower limits in Table 4. 

The N2-coordination equilibrium (K3) and subsequent chloride loss (k4) interdepend to a certain 

extend; a lower k4 is partially compensated by a larger K3. The potential value E3 is less well 

defined by the simulation, since changes of ± 0.02 V do not change the simulation quality 

significantly. 

 

Table 4. Thermodynamic and kinetic parameter ranges for the reduction of 1Cl presented in Scheme 43 as obtained 

via simulation of CV data under N2. Values in parentheses are used for the simulation as depicted in Figure 16.f 

 

 

                                                 

 

 
f Digital Simulation of the CV data was performed by Prof. Dr. I. Siewert.  

1Cl / 
N2 

K3 

/ M-1 
k3 

/ M-1s-1 
K4  

/ M 
k4 

/s-1 
 

k5 

/M-1s-1 
 

K6 

/ M-1 
k6 

/ M-1s-1 
E3  

/ V 

 5∙103- 
1∙104 

>5∙107 2∙10-2- 
2∙10-3 

>5∙102 4∙103- 
1∙104 

1∙103 5∙101 −1.84 - −1.88 

 (1∙104) (5∙109) (5∙10-3) (1∙105) (7∙103)   (−1.86) 
(α3 = 0.3) 

(ks,3 = 0.01 cm2/s) 
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Figure 16. Overlay of experimental (black solid lines) and simulated (green dashed lines) CV data for 1Cl under N2 in 

THF with 0.2 M (nBu4N)PF6. Simulation according to Scheme 43 (without K6), with the thermodynamic and kinetic 

parameters given in Table 4. Left: 1.0 mM 1Cl. Right: 1Cl in presence of 20 eq. of (nBu4N)Cl.  

 

The initial reaction is reduction of 1Cl at E1, as also present under Ar. By DFT computations, only 

small structural changes are found within the [ReCl2(PNP)]0/− couple, which is in line with an 

electrochemical reversible electron transfer. Upon reduction, this anionic platform is now 

capable of N2-coordination, which is both thermodynamically favourable (K3 ≈ 104 M-1) as 

kinetically very rapid (k3 > 5∙107 M-1s-1). This is in sharp contrast to the unobserved binding of 

dinitrogen to the Re(III) starting platform (Keq < 1.0 M-1). This increased affinity for the π-

accepting ligand N2 is anticipated for the more electron rich, anionic Re(II) complex. Similar 

trends are well known and were quantified by Peters and Mock (Figure 17). Peters found an 

increase in N2-binding affinity by six orders of magnitude upon reduction of a low-valent 

bimetallic iron complex.159 Their rate of N2-binding (kN2 = 3∙106 M-1s-1) is in the similar range as 

found for [ReCl2(PNP)]−. In addition, the group of Mock established a N2-coordination series 

including three oxidation states, where the equilibrium constant is improved by the order of 27 

upon reduction of FeII to Fe0.160 
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Figure 17. Increasing N2-affinity upon reduction as shown within this work on 1Cl (left), and examples on Fe from 

the group of Peters (middle) and Mock (right).159,160 All equilibrium constants are in M-1.  

  

This model reveals two key findings about N2-coordination: it occurs on the formal Re(II) 

oxidation state, and before chloride dissociation. Rapid N2-binding to Re(II) is a prerequisite to 

avoid the unimolecular decay after chloride loss as described by k2. Our bulky pincer ligand, 

which enforces a five-coordinate geometry of 1Cl, might be instrumental here for productive N2-

activation: no ligand has to detach before N2-coordination can occur at a generally instable 

Re(II) oxidation state.  

 

Subsequently, the six-coordinate anionic species [ReCl2(N2)(PNP)]− undergoes chloride loss, 

which is thermodynamically not favoured (K4 ≈ 10-2 M), but rapid (k4 > 5∙102 s-1). The rate is 

comparable or larger to chloride dissociation from [ReCl2(PNP)]− under Ar (k1 = 1∙103 s-1), and 

considerably faster than chloride loss from [ReCl3(PMe2Ph)3]−, as reported with k = 0.9 s-1, or 

from [ReCl3(dppe)(PPh3)]−, as reported with k ≈ 1 s-1.161,162 Chloride dissociation for our 

complexes is likely facilitated by the bulky tert-butyl moieties and the strong amide π-donating 

ability of the PNP-ligand. Especially the influence of the latter should not be underestimated. 

For instance, the ReIII/II reductions of [ReCl3(HPNPiPr)] and [ReCl3(PONpyOP)]       

(PONpyOP = 2,6-(OPiPr)2NC5H3) with dramatically decreased Npincer to Re electron-donation, 

appear reversible.80,84 Chemical reduction of the latter even afforded the stable rhenate 

[ReCl3(PONpyOP)]− complex, showcasing the decreased preference for chloride loss.84 The result 

of these two reaction steps is an associative substitution to form the five-coordinate 

[ReCl(N2)(PNP)].  
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Due to this overall associative ligand-exchange from a π-donating chloride- to a π-accepting 

dinitrogen ligand, the resulting complex can be reduced once more at a slightly milder potential 

compared to 1Cl (E3 = −1.86 V). This potential inversion leads to the characteristic narrow, 

multi-electron reduction wave for 1Cl under N2 and could also be backed up by the respective 

calculated potentials (E1,calc. = −2.08 V, E3,calc. = −2.02 V).70 This subsequent reduction to the 

more stable Re(I) state, likely prevents decomposition at the Re(II) state (as also found within 

this work as expressed with k2). An even larger potential inversion was found for 

[ReCl2(dppe)2]+, which is reduced in DMF at E1/2 = −0.70 V.163 The dinitrogen bound species 

[ReCl(N2)(dppe)2] is reversible oxidised at E1/2 = −0.29 V in THF, corresponding to the ReII/I 

reduction.164 Despite the formal lower oxidation state of the latter, it is reduced at substantially 

more positive potential. The onset of reversibility that is found for the first reduction feature of 

1Cl under N2 upon increasing ν is assigned to this [ReCl(N2)(PNP)]0/− couple, since the initial 

reduction within this wave ([ReCl2(PNP)]0/−) coupled to chloride loss remains irreversible as was 

shown when measuring the ν-dependency under Ar.  

 

Formation of 2Cl requires a bimolecular reaction step. Since the overall transformation from 1Cl 

into 2Cl required one electron per rhenium, and Re(II) is easily reduced to Re(I), the proposal 

involves comproportionation of Re(III) and Re(I) by reaction of 1Cl with [ReCl(N2)(PNP)]−. 

These two species can react as the anionic Re(I) complex diffuses away from the electrode and 

1Cl (which concentration is at that point depleted at the electrode surface) diffuses towards the 

electrode, and is simulated as an irreversible reaction with k5 ≈ 7*103 M-1 s-1. At this point, it 

should be stated that during CPE the solution is stirred in contrast to unstirred CV 

measurements. In such a situation, the mechanic force dominates the mass transport, analogous 

to i.e. applying a rotating disc electrode. Indeed, the stirred CV using the stirrers as used for CPE 

shows a plateau current, indicating a concentration profile that reaches a steady state. Still, the 

existence of a diffusion layer justifies the described reactivity. The result of this coupling reaction 

is [{ReCl(PNP)}{ReCl2(PNP)}(μ-N2)]−, which is the chloride adduct of 2Cl. To prevent               

over-parameterisation, the required chloride loss was not accompanied in the simulations, since 

no information about this reaction is obtained via CV. DFT calculations suggest that the 

combined dimerization and chloride dissociation is strongly exergonic 

(ΔG˚calc. = −12.0 kcal mol-1).  

 

Accordingly, at least five steps occur during the sweep of a CV to form N2-bridged intermediate 

2Cl from molecular N2. After establishing this pathway, we can discuss the by DFT calculated 
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degree of N2-activation along the pathway, see Table 1 for reference values.g N2-coordination to 

form [ReCl2(N2)(PNP)]− is accompanied by moderate N-N bond activation as reflected in a 

calculated stretching frequency of 1975 cm-1. The hypothetical Re(III) congener of this species is 

calculated at 2105 cm-1. Subsequent chloride loss and reduction to [ReCl(N2)(PNP)]− is 

accompanied by a slight bathochromic shift to 1935 cm-1 and some electron density 

accumulation on the terminal nitrogen atom. However, due this moderate degree of activation, 

this species is still best described as ReI-(N2) as opposed to a ReIII-(N2)2- diazenido complex. 

Upon dimerization into 2Cl the N-N bond distance (1.20 Å (DFT), and 1.202(10) Å (XRD)) and 

the calculated stretching frequency (1771 cm-1) range between typical values for a moderately 

activated N2-ligand and a diazenido (N2)2--bridge.16 Considerable N2-activation is first obtained 

upon dimerization to 2Cl, thereby avoiding unfavourable one-electron reduction of N2.165 

 

                                                 

 

 
g DFT calculations performed by Dr. M. Finger 
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II.2: Influence of halide substitution on N2-splitting 

Parts of this Chapter are published in: ‚(Elektro-)chemische N2-spaltung an einem Rhenium-PNP-

Pinzetten-Komplex’, P.A. Wieser, 2018, Bachelorthesis, Georg-August-Universität Göttingen.  

 

2.1. Synthesis of the bromide and iodide starting platforms 

In Chapter II.1, we activated N2 by means of electrochemistry starting from [ReCl2(PNP)] (1Cl) 

and performed an extensive mechanistic study accounting for all minimal occurring reaction 

steps to form [ReNCl(PNP)] (3Cl). In this Chapter, the platform is extended by changing the 

halide ligands to bromide and iodide to examine if and how their different properties influence 

the (electro)chemical N2-splitting performance and to substantiate or expand our understanding 

of the corresponding mechanism.  

 

Access to the iodide-substituted analogue of 1Cl was established in our group via salt metathesis, 

which is a well-known strategy to exchange halogen substituents. Fergusson and Hevelt for 

instance showed the exchange of chloride to bromide or iodide in [ReOCl3(Et3P)2], by reacting it 

with LiBr or NaI, respectively.166 Analogous, Dr. J. Abbenseth reacted 1Cl with an excess of NaI, 

upon which halogen-substitution readily occurs, see Scheme 14. Repetitive extractions with 

benzene afford [ReI2(PNP)] (1I) in 90 % yield.167 In a slightly modified procedure used herein, 

the second benzene extraction is performed over Celite, yielding 1I in circa 85 %.  

 

 
Scheme 14. Synthesis of 1I via salt-metathesis starting from 1Cl.168 

 

The bromide congener [ReBr2(PNP)] (1Br) was not reported before, and its synthesis was 

attempted by the same halogen exchange strategy. No reactivity was however observed upon 

reacting 1Cl with NaBr. Changing to more soluble LiBr resulted in full conversion, with 

concomitant formation of two species according to two new singlets in 31P{1H} NMR 

spectroscopy at −81 ppm and −110 ppm (1BrCl and 1Br respectively, vide infra). 
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Unfortunately, independent of the equivalents of added LiBr, no product was formed selectively. 

Therefore, halogen exchange to access 1Br was discarded, and we attempted a synthesis pathway 

similar to synthesis of 1Cl.  

 

 
 

  
 
 
 
 
 

 

 
 
Figure 18. Top: Synthesis of 1Br. Bottom left: NMR spectroscopy of 1Br: 31P{1H} NMR spectrum (top), and 1H NMR 
spectrum (bottom). Bottom right: Molecular structure of 1Br: ORTEP plot with anisotropic displacement parameters 
drawn at the 50% probability level. Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (deg.): 
Re-Br1: 2.4635(5), Re-Br2: 2.5123(5), Re-N1: 1.917(4), Re-P1: 2.4109(11), Re-P2: 2.4111(12), P2-Re-P1: 162.30(4), 
Br1-Re-Br2: 102.301(17), N1-Re-Br2: 144.04(12). 

 

The rhenium(III)-precursor [Re(PPh3)2Br3(MeCN)]169,170 reacts with the PNP-ligand in presence 

of base, resulting in a colour change from orange to dark brown (Figure 18). The corresponding 

31P{1H}NMR spectrum shows a main feature at −110 ppm and three signals by 1H NMR 

spectroscopy that integrate 36:4:4, indicating a C2v-symmetric species. After work up, a brown 

solid is obtained and LIFDI mass spectroscopic analysis confirms successful synthesis of 1Br. By 

layering a benzene solution with pentane, single crystals suitable for X-ray spectroscopy of 1Br 

where obtained (Figure 18). 1Br has a short PNP Namide-Re distance of 1.917(4) Å and a 

pyramidalised Namide (Σbond angles = 359.8 °), indicating strong N  Re π-donation, analogous to 

its chloride and iodide congeners (N-Re [Å] = 1.923(7) (1Cl), 1.926(2) (1I) ).69,167 A τ5-value of 

0.30 indicates distortion from both trigonal bipyramidal and square pyramidal geometry.171 

Comparing the molecular structures of 1X (X = Cl, Br, or I), we observe a trend towards a square 

pyramidal geometry being a better description going to the heavier halide homologues based on 

the τ5-values (τ5 = 0.37 (1Cl), 0.18 (1I)). This is tentatively attributed to the increased atomic 
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radius down the halogen group: in a square pyramidal geometry, steric hindrance is minimised 

by increasing the distance between the tBu-groups and the halogen atoms.  

 

Both 31P{1H} and 1H NMR shifts are unusual for a diamagnetic complex, and this observation is 

attributed to TIP, as proposed for several Re(III)-species (Section II.1.1). SQUID magnetometry 

was performed on 1Cl and 1I, revealing TIP with molar susceptibilities of 282.6 10-6 cm3 mol-1 

(1Cl) and 248.4 10-6 cm3 mol-1 (1I).168 Although no SQUID magnetometry was measured for 1Br, 

it is expected to possess similar values. 

 

Although 1Br is synthesised analytically pure according to combustion analysis, we observe a Cs-

symmetric impurity at δ31P{1H} = −81 ppm in about 2-5 %. Strikingly, its NMR features are 

precisely in between 1Br and 1Cl (δ31P{1H} = −110 ppm (1Br), −51 ppm (1Cl)), pointing in the 

direction of partial halide exchange. Indeed, when in a separate experiment 1Br and 1Cl are mixed 

in equimolar amounts, we see formation of the same species with a LIFDI mass of 661.2 m/z, 

matching to [ReBrCl(PNP)] (1BrCl) (see Scheme 45). The exchange reaction does not go to 

completion, and due to the same solubility properties, 1BrCl cannot be isolated. Similar behaviour 

is observed when 1Cl and 1I were mixed, yet upon heating (60 ˚C): formation of a Cs-symmetric 

species with a LIFDI mass of 709.1 m/z, corresponding to [ReClI(PNP)] (1ICl). The chloride that 

needs to be present to form 1BrCl in the synthesis of 1Br most likely originates from traces of 

chlorinated solvents or agents in the glovebox atmosphere. Performing the work up or storage 

of 1Br in a chlorinating-agents free glovebox decreases the presence of 1BrCl, yet it never fully 

disappears. A comparable problem is described by Schrock, where a persistent chloride impurity 

prohibits full purification of [ReBr(N(CH2CH2NC6F5)3)].172 Upon characterisation via XRD, the 

electron density of the axial halide can only be fitted when a ratio between bromide and chloride 

is considered. Although their synthetic approach is a template synthesis from a related chloride 

oxo complex, they attribute the chloride presence to residual DCM. For the parallel developed 

six-coordinate [ReX3(PNPiPr)] platforms within our group (X = Cl, Br, I), these problems were 

not encountered,h hinting towards an associative mechanism for formation of 1XCl.  
 

 

                                                 

 

 
h Unpublished results of M. Fritz, M.Sc. 
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Scheme 45. Reacting 1Br or 1I with 1Cl results in formation of 1BrCl or 1ICl as evidenced spectroscopically.  

 

 

 

2.2. (Electro)chemical N2-splitting of 1Br and 1I  

Upon establishing synthetic access to 1Br and 1I, we explored their N2-splitting ability. 

Chemically, 1Br and 1I are readily reduced under 1 atm N2 using equimolar amounts of Na/Hg 

(−2.36 V)55 or Co(Cp*)2 (E1/2 = −1.84 V in THF).59 In addition, Cr(Cp*)2 (E1/2 = −1.47 V in THF)59 

also reduces 1I. In all cases, reduction is accompanied by a colour change via red to light brown 

and the formation of [ReNBr(PNP)] (3Br) or [ReNI(PNP)] (3I) as confirmed via NMR 

spectroscopy and comparison to independently synthesised nitrides, as extensively described in 

Section II.2.3. Atmospheric N2-uptake is confirmed by reduction of 1Br and 1I under a 15N2-

atmosphere, resulting in a singlet resonance in the 15N NMR spectrum that compares well with 

the chemical shift as found for the chloride congener (δ15N{1H} = 375 ppm (3Br), 381 ppm (3I)), 

371 ppm (3Cl)69). In the bromide case, where minor 1BrCl is present, we see formation of some 

3Cl (≈ 2% yield), (Figure A8), indicating bromide as leaving group during N2-splitting.  

 

By addition of a 31P- and/or a 1H-NMR standard the N2-splitting yields for 3Br and 3I were 

determined. Yield determination via 1H NMR spectroscopy was not possible for every reaction, 

e.g. reduction of 1I with Na/Hg, because of overlapping side-product peaks. In other cases, yield 

determination via both 31P- and 1H-NMR spectroscopy was accessible, e.g. for reduction of 1I 

with Cr(Cp*)2, giving matching results. In general, 3Br and 3I can be obtained in moderate to 

high yields via chemical N2-splitting (80% for 3Br (Na/Hg), and 60% for 3I (Cr(Cp*)2 or 

Co(Cp*)2). Decreased spectroscopic yield is found when using Na/Hg for synthesis of 3I (30 %), 

or Co(Cp*)2 for 3Br (45 %). These yields are at least reproduced once and spread between the 

individual runs around 10 % (i.e. 76 % and 85 % for synthesis of 3Br using Na/Hg as reductant, 

further exact numbers are given in the Experiment Section IV.5).  
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Scheme 46. Left: (Electro)chemical N2-splitting from 1Br into 3Br using Na/Hg, Co(Cp*)2, or via CPE with an applied 

potential of Eappl. = –1.72 V. Right: (Electro)chemical N2-splitting from 1I into 3I using Na/Hg, Co(Cp*)2, Cr(Cp*)2 or 

via CPE with an applied potential of Eappl. = –1.72 V or –1.58 V. 

 

 

Electrochemical synthesis of 3Br and 3I was explored by CPE in a N2-atmosphere containing 

MBraun Glovebox at the potential of the first reduction as obtained via CV analysis (see Section 

II.2.5). CPE for 1Br at Eappl. = −1.72 V results in a colour change from purple to yellow and the 

transfer of circa 1.2 electrons per Re. Concomitantly, in situ CV shows a new, prominent, and 

irreversible peak in the oxidative region with Ep = −0.02 V (Figure 19), close to the Re(VI/V) 

oxidation of 3Br (E1/2 = −0.05 V). Although these potentials are slightly apart, no iR-

compensation is applied when measuring CV in a CPE set up. Upon addition of separately 

synthesised 3Br following CPE, the current of this new wave increases confirming nitride 

formation (Figure A11). The irreversibility of this feature is not clear at this point. In a control 

experiment, 3Br was examined in presence of (nHe4N)Br to mimic bromide release as under CPE 

conditions (Figure 19). However, the Re(VI/V) oxidation couple maintains reversible (at higher 

bromide concentrations (i.e. 5 eq.) the oxidations of 3Br and Br− are overlapping). This is in 

contrast to titration of 3Cl with Cl−, which indicates chloride coordination upon oxidation. An 

explanation might be the increased halide radius in case of bromide. To test this hypothesis, it 

would be interesting to add a smaller ligand and explore if the ReVI/V reversibility is lost in that 

case. We tentatively attribute the irreversible oxidation of 3Br under CPE conditions to coupled 

chemistry with unknown side products. 31P{1H}-NMR confirmed the formation of 3Br in 55 % 

spectroscopic yield, which represents a FE of circa 45 %.  
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Figure 19. Left: CPE of 1Br at Eappl. = −1.72 V as monitored by CV. Inset: CV of the Re(VI/V)-oxidation of isolated 

3Br in THF with 0.2 M (nBu4N)PF6 in presence of 1 and 5 eq. of (nHe4N)Br, ν = 0.1 Vs-1. Right: CPE of 1I at 

Eappl. = −1.58 V as monitored by CV. Inset: CV of the Re(VI/V)-oxidation of isolated 3I in THF with 0.2 M (nBu4N)PF6. 

 

CPE of 1I was performed at Eappl. = −1.58 V, which is accompanied by a colour change from green 

to brown and a transfer of 1.07 electrons per Re. In the CV traces in Figure 19, we see various 

oxidative waves appearing of which the wave of +0.06 V is close to the Re(VI/V) oxidation of 3I 

(E1/2 = 0.01 V) (see Section II.2.3). Upon addition of some separately synthesised 3I after a CPE 

experiment, this feature also clearly increases in intensity (Figure A11), confirming nitride 

synthesis. The nitride was spectroscopically quantified in about 50 % yield by 31P{1H} NMR 

spectroscopy, which corresponds to 47 % FE. Notably, CPE at more negative potential 

(Eappl. = −1.72 V) yields more 3I (65 %), which corresponds to a FE of 60 %. For both the 

bromide- and the iodide-case, CPE under argon only resulted in trace amounts of the 

corresponding nitrides.  

 

Having established an electrochemical yield of 3Br and 3I of about 60 %, the question rises which 

other products are formed. The CV traces show the presence of multiple peaks in the oxidative 

region. Unfortunately, only crude spectroscopic information is obtained as it was found very 

hard to separate the nitrides from the electrolyte: the nitrides are barely soluble in pentane and 

column chromatography resulted in partial decomposition. Mass spectroscopic analysis is 

hampered by the presence of the (nBu4N)-cation, since this obstructs the tubing. The 31P{1H} 

NMR spectra for quantification are low in intensity (see Figures A8 and A9), and only reveal a 

few side products present in low amounts. Likely, additional compounds remain in the noisy 

baseline or are paramagnetic (1H NMR spectroscopy was not measured after electrolysis). 

Although no side-product could be identified, we showed electrochemical N2-splitting also for 

the 1Br and 1I platform in quite good yields.  
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In Chapter II.1, we presented a pathway as minimal mechanistic model for (electro)chemical N2-

splitting for 1Cl. To answer if the bromide and iodide congeners split N2 via a similar model, we 

need to collect spectroscopic evidence if an analogous N2-bound dimer as 2Cl is found as 

intermediate, which is discussed in Section II.2.4. 

 

 

 

2.3. Synthesis of nitride reference species 

To interpret the outcome of (electro)chemical N2-splitting, we synthesised the expected nitride 

products independently. First, we examined halogen-exchange at the nitride level, by reacting 

3Cl with excess NaI to form 3I. A new peak in the 31P{1H}-NMR at 81.5 ppm is attributed to the 

desired product, due to the similarity with the chloride congener (δ31P{1H} = 84.2 ppm (3Cl)).69 

However, 3Cl was still present after heating for 48 h, indicating a very slow reaction. Therefore, 

nitride synthesis was examined using azide reagents. First, we reacted 1Br and 1I with PPN-N3 

resulting in a colour change towards yellow. 31P{1H} NMR spectroscopy indicated partial 

conversion after several hours to a reaction mixture amongst which species are identified at 

83.0 ppm and 81.5 ppm, respectively. Corresponding LIFDI mass spectra showed peaks at 

640.1 m/z (calcd. for 3Br: 640.1 m/z) and 688.1 m/z (calcd. for 3I: 688.2 m/z), confirming 

successful synthesis of both nitride compounds.  

 

In contrast to PPN-N3, addition of TMS-N3 to 1Br and 1I showed full conversion already after 

minutes and was therefore chosen as reagent to optimise the synthesis procedure. In both 

bromide and iodide case, a pentane insoluble Cs-symmetric species was obtained in about 30 % 

yield. In case of iodide, this species was examined in more detail, and reversing the addition 

order of the reagents (1I to TMS-N3 instead of vice versa) and using a large excess of azide-

source, this unknown species was almost selectively synthesised (δ31P{1H} = 69 ppm). A 1H NMR 

spectroscopic feature is found at 7.3 ppm integrating to one proton, indicating PNP-backbone 

protonation. X-ray analysis of single crystals confirmed partial hydrolysis of 3I to form 

[Re(N)I(HPNP)]I (4I-I), attributed to traces of trimethylsilanol in the azide-source, since no 

better reaction outcomes were obtained with freshly distilled TMS-N3 and the silanol cannot be 

removed via distillation.  
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Figure 20. Top: Synthesis of 3Br and 3I, and depiction of protonated 4X-X as initially formed side product. Middle: 
31P{1H} and 1H NMR spectra of 3Br (left) and 3I (right). Bottom: Molecular structure of 3Br, and 3I: ORTEP plot with 
anisotropic displacement parameters drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. 
Selected bond lengths (Å) and angles (deg.): 3Br: Re-Br1: 2.5994(4), Re-N2: 1.652(3), Re-N1: 2.017(3), Re-P1: 
2.4348(9), Re-P2: 2.4506(9), P2-Re-P1: 154.35(3), N1-Re-Br1: 150.82(8), N1-Re-N2: 106.37(12) (τ5 = 0.06). 3I: Re-
I1: 2.7942(6), Re-N2: 1.651(4), Re-N1: 2.020(4), Re-P1: 2.4647(14), Re-P2: 2.4346(13), P2-Re-P1: 153.22(5), N1-Re-
I1: 154.57(12), N1-Re-N2: 105.7(2). (τ5 = 0.02).  

 

In the bromide case, similar behaviour is observed: an additional singlet in the 31P{1H}-NMR 

spectrum at 70 ppm combined with a mass spectroscopic signal corresponding to a 

[ReNBr(HPNP)]+ fragment indicates analogous formation of 4Br-Br. Both molecules show that 

for 3Br and 3I the preferred protonation site is the PNP-backbone amide moiety, as in the case 

of 3Cl. To still obtain high nitride yields, we applied a base (KHMDS) to the reaction mixture in 

(sub)stoichiometric equivalents (NEt3 showed no reaction), resulting in clean nitride synthesis 

in high yields (89% for 3Br and 87 % for 3I). 
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X-ray analysis of 3Br and 3I show 5-coordinate compounds with the nitride in apical positions 

and Re-Nnitride distances similar to their chloride congener (1.652(3) Å (3Br), 1.651(4) Å (3I), vs. 

1.643(6) Å (3Cl))173. The Re-Namide bonds (3Br: 2.017(3) Å and 3I: 2.020(4) Å) are slightly 

elongated compared to the corresponding dihalide species, reflecting the decreased Namide  Re 

π bonding due to the absence of vacant, appropriate d-orbitals (dxz and dyz) at the metal centre. 

Both nitrides show a slightly distorted square pyramidal geometry based on their τ5-values. A 

similar trend is observed here as in the dihalide compounds 1X: the τ5-value decreases for the 

heavier homologues (τ5 = 0.14 (3Cl)173, 0.06 (3Br), 0.02 (3I)).  

 

3Br and 3I were characterised electrochemically in THF, revealing for each two oxidation events. 

The Re(VI/V) oxidations are reversible (see Figure 19 and A12), and a slight anodic shift is 

observed when comparing the nitride series (E1/2 = −0.09 V (3Cl), −0.05 V (3Br), 0.01 V (3I)). A 

second oxidation occurs at more anodic potential Ep = 0.86 V (3Br), 0.85 V (3I) which likely has 

a multi-electron character based on the high forward peak current, and shows a large ΔEp 

(0.151 V for 3I and 0.317 V for 3Br). Within this work, we compared the chloride nitride 3Cl with 

its unsaturated congener [ReNCl(N(CHCHPtBu2)2)] (=3Cl) (Figure A4). Similar to the bromide 

and iodide platform, 3Cl reveals an irreversible oxidation at Ep = 0.84 V that disappears in the 

CV of the unsaturated analogue. Based on this observation, the striking peak potential 

similarities, and the multi-electron character of the forward peak, this oxidation is attributed to 

partial PNP-backbone oxidation. 3I reveals an irreversible reduction event (Ep,c = −3.05 V, ν = 

0.1 Vs-1). Although still very negative, it is the most electropositive potential amongst this 

nitrides series 3X that can be reduced within the electrochemical window of THF (up to 

−3.5 V).174 

 

 

 

2.4. Characterisation of dinuclear N2-bound intermediate 

In case of 1Cl, we were able to characterise end-on N2-bridged dinuclear complex 2Cl as 

intermediate for N2-splitting via both UV-vis SEC and NMR spectroscopy. Aiming to either 

confirm or expand the N2-splitting model discussed in Chapter II.1, we searched for 

intermediates first by means of UV-vis SEC. Upon performing CPE at the onset of the reduction 

wave of 1Br or 1I, two absorption bands increase in intensity with a maximum around 400 and 

550 nm within 2-3 minutes, see Figure 22. These bands then decay and a weakly coloured 

reaction mixture without strong absorption bands in the vis-region is obtained after circa 5-10 

minutes.  
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Figure 21. Top: Reductive CPE on 1X to form 2X which converts into 3X. Bottom left: Exemplary UV-vis SEC traces 
following CPE of 1I to form 2I (top) and subsequent conversion into 3I (bottom). Each line represents circa 15 seconds 
of reaction time. Right: UV-vis of 2X formed via chemical reduction (solid line) and the TD-DFT calculated spectra 
(dotted line).  

 

These observations are basically identical to the chloride case and can therefore be interpreted 

as the reductively induced formation of dinuclear end-on N2-bridging [{ReX(PNP)}2(µ-N2)] 

complexes, with X =Br for 2Br and X = I for 2I, and their subsequent splitting into pale nitrides. 

The UV-vis traces during reduction of 1I that show formation of 2I and its conversion are 

presented as example (Figure 21, left). During chemical reduction of 1Br and 1I, the reaction 

mixtures show a temporary red colour with UV-vis absorption maxima that are in good 

agreement (± 10 nm) with the maxima as obtained by CPE (Figure 21). As in the chloride case, 

this observation underlines that the same dinuclear N2-bound intermediate 2Br and 2I is formed 

via electrochemical and chemical reduction. The absorption maxima within this series 2X show 

a small red shift going down the halogen group, but are basically independent of the halide, 

indicating that the transitions must be within the {ReNNRe}-fragment. This is complemented 

by comparison to end-on dinuclear N2-bridging complexes that also have a (δ4)π10 configuration, 

i.e. [{MoCO(PNP)}2(μ-N2)], [{Mo(N(tBu)(3,5-C6H3(CH3)2))3}2(μ-N2)], [{ReCl2(PNPiPr)}2(μ-N2)] 

and [{MoCp*(depf)}2(µ-N2)] (depf = 1,1’-bis(diethylphosphino)ferrocene).67,71,82,175 Just as 2X, 

these complexes share a low-energy absorption that represents an excitation within the 

{MNNM}-manifold. The TD-DFT calculated absorption maxima for the series 2X also move to 

lower energies for the higher homologues, although all absolute values are slightly blue-shifted 
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compared to the experiment (Figure 21). In the case of 2I, a UV absorption maximum at 319 nm 

is observed, that was not elucidated for 2Cl or 2Br due to noisy and overlapping data in that 

region. 

 

 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22. Left: Table with absorption maxima and half-life values of dinuclear 2X compounds as derived from UV-
vis SEC. a The half-live times represent the average of 3 runs. b -τ1/2 for 1Cl was described in Chapter II.1 to be 28 s as 
determined by cooperation partners. Right: Exemplary conversion traces of 2X as derived via UV-vis SEC.  

 

We can follow the decay of the absorption bands of 2Br and 2I to get their half-lives as discussed 

in Section II.1.2 for 2Cl. Those data were measured by cooperation partners in a different set up; 

the determination of the half-life for 2Cl was repeated here to allow a correct comparison within 

the 2X-series. As slight improvement to the previous measurement, we secured that kinetic 

analysis started after the CPE was finished, preventing that more of 2X is formed. Furthermore, 

in lack of temperature control, all measurements were performed at the same day aiming for a 

comparable glovebox temperature. Under these conditions, we measured conversion of 2X over 

three half-lives (Figure 22 and Figure A15). The half-life time of 24±5 s for 2Cl is in perfect 

agreement with the reported value (28 s).70 When going down the halogen group, the half-life 

time increases moderately from 70±8 s for 2Br to 108±11 s for 2I. Relating these values to the 

half-life time of the chloride congener via the Arrhenius equation, slightly increased barriers for 

N2-splitting are found by circa 0.6 and 0.9 kcal mol-1. This might be attributed to the increased 

radii, which will hinder formation of the proposed zig-zag transition state as proposed for N2-

splitting from 2X. 

 

 
Abs 
max     
/ nm 

Abs 
max  
/ nm 

τ1/2 
/ sa 

2Cl 375 533 24±5b 
2Br 385 540 70±8 
2I 404 560 108±11 
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To extend the characterisation of 2Br and 2I, the corresponding dihalide complexes were 

chemically reduced in d8-THF at −30 ˚C, and the resulting red solution was analysed by NMR 

spectroscopy. In the bromide case, two strongly separated doublets in the 31P{1H} NMR 

spectrum were found (δ31P{1H} :−159.4, −12.3 ppm (−30 °C)) that couple in the 31P COSY spectrum 

(Figure 23 and A13). The large coupling constant (2JPP = 227 Hz) indicates a trans arrangement 

of the phosphorous moieties. Based on the analogies to 2Cl, we assign these features to 2Br.  

 

 

Figure 23. 2Br in d8-THF at −30 °C. Top left: 31P{1H} NMR spectrum. Top right: 15N{1H} NMR spectrum. Bottom 
left: 1H-31P HMBC NMR spectrum. Bottom right: 1H COSY NMR spectrum at −75 °C. 

 
 

The 31P{1H} NMR features of 2Br couple in a 31P-1H HMBC NMR spectrum to several 

(paramagnetically shifted) signals in the 1H NMR spectrum. These proton signals couple to each 

other as revealed by 1H COSY NMR, allowing us to identify 8 equally integrating signals that we 

assign to backbone CH2-groups of a C2-symmetric 2Br molecule (Figure A23). The 4 expected 

tert-butyl signals are less straight forward to allocate. When lowering the temperature 

measuring variable temperature (VT-) NMR (Figure A16), we can however clearly distinguish 

the slightly shifting and broadening tert-butyl groups of 2Br from the diamagnetic compounds 

(1Br and 3Br) and smaller side products: 3 features around 4 ppm and 1 broad signal at −0.7 ppm 
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(−30°C). Upon reducing 1Br under a 15N2 atmosphere, we assign a broad singlet at 219.5 ppm to 

the dinuclear 15N2-bound complex, based on the similarity to the chloride platform 

(δ15N{1H} (2Cl) = 211.1 ppm), and its disappearance when the sample is warmed to RT (Figure 23). 

The low intensity of this measurement adds some uncertainty to this assignment.  

 

In the 31P COSY spectrum, another set of coupling doublets was found (δ31P{1H} = −14.3 and 

+63.9 ppm), corresponding to a side-product present in circa 5-10 %. Similar features were 

found in case of reduction from 1Cl (see Section II.1.1). Formation of this side-product could not 

be prevented, and in situ characterisation of 2Br was performed in its presence. It is not formed 

in absence of dinitrogen and therefore, it might be another dinuclear structure coordinating N2. 

The features disappear upon increasing the temperature, indicating a transient nature, and the 

phosphorous atoms are in a trans arrangement (2JPP = 220 Hz). The 31P{1H} features couple to 

proton signals mainly in the diamagnetic region (δ1H = 3.92, 3.66, 3.09, and 2.63 ppm (pincer 

backbone protons), 1.36, 1.23 ppm (tBu-groups)), and to a multiplet at −7.55 ppm. The latter 

couples via 1H COSY NMR to a backbone feature. Unfortunately, no information about its 

integral is obtained as the other signals are obscured. Due to the typical diamagnetic resonances 

of the 1H NMR features, and the absence of a significant shift when measuring VT-NMR 

(maximal shift: Δδ1H = 0.05 ppm, Δδ31P{1H} = 1.0 ppm, see Figure A16), we consider this a 

diamagnetic species, and assign the feature at −7.55 ppm to a hydride. The formation of a 

dimeric species seems unlikely, based on its few 1H NMR spectroscopic resonances. Formation 

of a hydride species combined with a low symmetry species can be strong indications for 

cyclometallation, where a C-H bond of a tert-butyl moiety is activated on the metal centre. Yet, 

the peak separation in 31P{1H} NMR (Δδ31P{1H} ≈ 80 ppm) is way larger than experimentally 

observed for comparable complexes, and also more 1H NMR spectroscopic features would be 

expected.168,176,177 The nature of this species remains therefore unknown. We also performed this 

reduction of 1Br in presence of (nHe4N)Br. Formation of 2Br is unaffected as proven by identical 

NMR features with or without additive. The above-mentioned side-product is not formed, but a 

new set of coupling doublets are observed (δ31P{1H} = 30.0 and 81.8 ppm, 2JPP = 213 Hz). The 

(nHe4N)-cation unfortunately obscures most of the 1H NMR spectrum, yet the new species shows 

a hydride signal appearing as a doublet at −6.5 ppm. Both observations also fit to a 

cyclometallation reaction (the lower Δδ31P is now strongly indicative for cyclometallation). The 

ratio between this new species and 2Br increases when more bromide anions are added (10 or 

20 eq. vs. 1Br). Furthermore, a new singlet at 84.5 ppm arises, indicative of a Re(V)-compound, 

that remains after warming to RT but unfortunately decomposes during work-up. In future 
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research, in situ ESI-MS should be performed to identify either of these triggering asymmetric 

side-products both with and without bromide addition. 

 

With successful characterisation of 2Br in hand, we turned to the iodide platform. In case of 1I, 

reduction was performed with Co(Cp*)2, and the obtained red mixture was analysed by NMR 

spectroscopy at −30 °C. However, no signals were found in the 31P{1H} NMR spectrum over a 

wide range (−2000 to +1000 ppm) that resemble a dinuclear compound (coupling doublets). 

Nevertheless, a defined set of paramagnetic shifted (−25 to +21 ppm), but sharp signals is found 

in the 1H NMR spectrum, that is closely similar to 2Cl and 2Br (Figure 24 and A17). Amongst 

these, we can identify eight signals with an equal integral of which most couple via 1H COSY 

NMR spectroscopy (Figure 24), assigned to CH2-backbone signals of 2I. As for 2Br, the 

broadened tert-butyl signals at lower temperatures hinder their direct allocation and only by VT-

NMR, the signal can be identified (3 features around 4 ppm and 1 broad signal at −1.1 ppm 

(−30°C)). No 15N{1H} signal was found for 2I when performing its synthesis under a                      

15N2-atmosphere. A similar situation is found for the related δ4π10 N2-bridging dinuclear 

[{W(CO)(PNP)}2(μ-N2)], which also lacks heteronuclear NMR resonances and shows broadly 

shifted 1H NMR spectroscopic features over 30 ppm. Its open-shell character was confirmed by 

SQUID magnetometry that was fitted as a S = 1, gav = 1.74 system with large zero-field splitting 

of 407 cm-1. 67 

 

In all synthesis attempts for this dinuclear N2-bound iodide analogue, 1I was always still present 

in large amounts. In addition, significant quantities of a diamagnetic side-product are formed 

(δ31P{1H} = 15.3) that likely contains a hydride group, as a signal at −7.8 ppm is found in the 1H 

NMR spectrum. It is not unknown that Co(Cp*)2 can act as PCET reagent upon forming hydride 

species and [Co(Cp*)(CpMe4CH2)],178 as was shown for the chloride platform. Reduction of 1Cl 

using 2 eq. of this reductant leads to exclusive formation of [ReCl(H)(PNP)] with similar NMR 

traces (δ31P{1H} = 29.8 ppm, δ1H = −9.3 ppm).71 Analogous formation of [Re(H)I(PNP)] consuming 

2 eq. of [Co(Cp*)2], would explain why 1I is still present.  
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Figure 24. Left: 1H-1H COSY NMR spectrum of 2I in d8-THF at −30°C. Right: Comparison of the 1H NMR spectra of 
2Cl, 2Br, and 2I in d8-THF at −30 °C. Backbone signals marked with an asterisk. 

 

In direct comparison of the 1H NMR spectra of 2X (Figure 24), it becomes clear that going to 

heavier homologues, the peaks are more shifted in the paramagnetic regime. The peaks are not 

broader: the line-width at half-height (LWHH) remains around 30 Hz within the series. Yet, the 

visibility of the coupling decreases: whereas the J-coupling of the backbone features is resolved 

for 2Cl, 2I only possesses singlets. The paramagnetic contribution increases when going down 

the group as a result of more spin orbit coupling involved for the heavier elements,179 as also 

reflected by the missing heteronuclear NMR spectroscopic features of 2I. Unfortunately, despite 

having longer lifetimes than the chloride analogue, the RT stability of both 2Br and 2I is still too 

low to perform SQUID magnetometry. Strikingly, all three 2X show an identical pattern within 

the tert-butyl moieties: three comparably sharp resonances close to 4 ppm and one very broad 

upfield shifted signal (δ1H = 0.7 ppm (2Cl), −0.7 ppm (2Br) and −1.1 ppm (2I)), indicating 

different dynamics for this group.  

 

To get a first indication of the electronic ground state of 2Br and 2I, VT-NMR was performed 

over a temperature range of 100 °C, as presented in Figures 25 and A16. Clearly, we see some 

temperature dependence on the NMR shifts. By 1H NMR spectroscopy, we observe that the 

backbone peaks with the most paramagnetic shifted resonance, shift towards the diamagnetic 

region when warming up (up to 3 ppm for 2Br and up to 5 ppm for 2I). Upon cooling, we see the 

broadening of the tert-butyl peaks, which indicates freezing of the C-C bond rotation that 

originally renders the methyl groups equivalent. Notably, the broad signal at −0.7 ppm (2Br) and 

−1.1 ppm (2I), fully disappears and sharp features appear <−50 °C assigned to the now 

inequivalent methyl groups. 
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Figure 25. 1H VT-NMR spectroscopy of 2Br (left) and 2I (right) in d8-THF over a temperature range of 100 °C.  

 

Plotting the change in the chemical shift versus T-1 (Figure A16 and A17) reveals non-negligible 

bending for those signals that shift significantly. This is in contrast to what was published for 

2Cl.70 However, in that case, VT-NMR was explored for a smaller temperature range (55 ˚C) and 

its linear behaviour between Δδ vs. T-1 should be handled with care. The order of temperature 

dependence can be traced back to the different contributions to the chemical shift for open-shell 

compounds. In addition to a diamagnetic shielding factor, it is build up by a Fermi-contact term 

and a pseudo-contact term. The first reflects the ‘through bond’ interaction between the metal 

centre and the measured nucleus and scales with the partial electron density of the latter; it is 

thereby a measurement for covalency. The latter reflects ‘though space’ contributions via dipole 

interactions and scales with the distance between the metal centre and the measured nucleus 

(1/r3, with r being the distance between the unpaired electron and the NMR active nucleus). In 

early, simplified models, it is proposed that the contact term scales with T-1 and the pseudo-

contact term with T-2.180,181 Sometimes, clearly one of the terms contribute more, e.g. the pseudo-

contact term for lanthanide complexes that usually form weakly covalent bonds.182 In recent 

literature, it is acknowledged that this picture from early work is too simplified, especially if 

second order spin orbit coupling introduces anisotropy in form of either zero field splitting or an 

anisotropic electron g-factor. Indeed, if for instance the latter is minimal, the above mentioned 

early relationship can be found for certain spin states, as extensively calculated by 

Autschbach.180,181 For 2Br and 2I, no clear scaling with T-1 or T-2 was found and linearity is 

observed when plotting Δδ vs. T (Figure 26). This clearly indicates that a distinct separation 

between the two terms is not possible, which we attribute to a large anisotropy of the g-factor 

(Δg) for both 2Br and 2I, originating from second order spin orbit coupling effects. This 

phenomenon might be linked to the striking, and so far unexplained large chemical shift 

different between the phosphorous moieties (Δδ31P{1H} NMR ≈ 130 ppm (2Cl), 145 ppm (2Br)), 
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which also indicates anisotropy within the molecules. In lieu of SQUID measurements, no 

deeper insight is obtained at this point. 

 

 

Figure 26. Δδ vs. T curves for the eight CH2-backbone features of 2Br (left) and 2I (right). The graph legend refers 
to the chemical shift of the peaks at ─30 °C.  

 

To gain more information from NMR spectroscopy about the solution structure of these 

complexes, we attempted to use the quadrupole active nucleus 14N that the N2-bridge offers. 

Because of magnetic anisotropy, an additional quadrupole splitting might be observable by NMR 

spectroscopy, which could provide information about the magnetic susceptibility tensor. 

Knowing the susceptibility tensor would allow for discrimination between contact and pseudo-

contact contributions to the chemical shift, thereby gaining structural information about 2X in 

solution. This might provide an rationale for the anisotropy in the molecule as reflected in the 

large separation between the 31P NMR spectroscopic signals for 2Cl and 2Br (vide supra). This 

experiment is well known for compounds containing 2H-nuclei.183–186 As first attempt, we 

scrutinised if one could see a 14N NMR resonance and if such a quadrupole splitting is observed. 

This experiment was performed using 2Cl, since it is in situ accessible in high yields. Upon 

measuring 2Cl as synthesised under a 14N2-atmosphere at −30 ˚C, we see a 14N NMR signal at 

210 ppm, in alignment with the 15N NMR signal (see Figure A18). Yet, the peak is so broadened 

(LWHH ≈ 700 Hz), that no splitting pattern is recognisable. The linewidth is proportional to Q2, 

which might explain why such experiments are only reported for 2H (Q = 0.0029 b (2H) and 

0.0193 b (14N)).187 

 

En route in the characterisation of 2Br and 2I, resonance Raman spectroscopy was attempted to 

get insight in the NN stretching frequency. Yet, no signal for the N2-bridge could be found, and 

likely, the excitation wavelengths (457 nm and 633 nm) are too far apart from the absorption 
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maxima of the dinuclear compounds (Figure 22). Despite several attempts, single crystals 

suitable for X-ray analysis of either 2Br or 2I could not be obtained. 

 

 

 

2.5. Initial electrochemical analysis of the 1X platforms 

With successful (electro)chemical N2-splitting for 1Br and 1I in hand, we can make some initial 

comments on a potential N2-splitting mechanism. Figure 27 shows a CV-overlay of the reductive 

area of a 1 mM solution of 1Cl, 1Br, and 1I under a N2-atmosphere in THF. Comparing the CV’s 

reveal interesting differences that are briefly commented here.  

 

 

 
 

Figure 27. CV overlay of 1 mM of 1Cl, 1Br, and 1I under N2 in THF with 0.2 M (nBu4N)PF6 at ν = 0.1 Vs-1. Left: only 
first reduction area. Right: extended reduction area.  

 

Most striking is the strong anodic shift of the first reduction event upon substituting chloride to 

bromide and iodide (Ep,c,1 = −1.90 V (1Cl), −1.76 V (1Br), −1.60 V (1I), ν = 0.1 Vs-1), allowing for 

much milder CPE potentials or reductants for N2-splitting in case of the heavier halides. This 

potential shift is well beyond the Lever EL parameters, as discussed in Section I.1.4. Secondly, 

we see that the CV trace of 1Br resembles more or less the trace of 1Cl: one basically irreversible 

and sharp reduction event with an ip,c of circa 8 µA at a 1.0 mM Re-concentration. In contrast, 

the CV of 1I is dramatically different having two reductions in close proximity. An irreversible 

reduction is followed by a quasi-reversible second reduction. Both are lower in current compared 

to the features observed for 1Cl and 1Br. Upon scanning more negative all three platforms reveal 

a small, irreversible reduction feature at lower potentials (Ep,c = −2.36 V (1Cl), −2.31 V (1Br), 

−2.20 V (1I), ν = 0.1 Vs-1).  
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In Chapter II.1, we established for the chloride platform that dinuclear 2Cl is formed via a 

ECN2CClECdim.-mechanism. Based on the similar CV traces under N2, we hypothesise that 1Br 

follows a similar pathway: two potential inversed reductions with coupled chemistry result in a 

multi-electron, sharp, irreversible CV trace. In strong contrast is the CV of 1I. If N2-splitting on 

1I follows the same ECN2CXECdim.-mechanism (CX stands for halide loss), these reductions could 

represent both electron transfers of the established mechanism ([ReI2(PNP)]0/− and 

[ReI(N2)(PNP)]0/−), without a potential inversion. To explore this hypothesis, an extended 

electrochemical analysis for 1I in presented in Section II.2.7. The electrochemistry of 1Br is 

discussed in Section II.2.6.  

 

 

 

2.6. CV Study of [ReBr2(PNP)] under Ar and N2 

The CV of 1Br under Ar reveals two oxidations and two reductions. Both oxidations appear quasi 

reversible (Figure A19). The first oxidation (Ep,a,1 = −0.25 V, ν = 0.1 Vs-1) remains quasi- 

reversible up to ν = 5.0 Vs-1 (ipf/ipr ≈ 1.8), whereas the second oxidation is reversible at    

ν = 2.0 Vs-1 (E1/2 = +0.08 V, ipf/ipr ≈ 1). Upon increasing ν, the ratio between both oxidations 

increases (ip,a,1/ip,a,2 = 1.4 (ν = 0.1 Vs-1), 3.0 (ν = 2.0 Vs-1)), indicating that the second event 

corresponds to the product of initial oxidation and a coupled chemical reaction of 1Br. The two 

reductions belong to freely in solution diffusing species, and appear irreversible up to    

ν = 2.0 Vs-1 (Ep,c,1 = −1.78 V, Ep,c,2 = −2.21 V, ν = 0.1 Vs-1), even when only scanning the first 

reduction (Figure 28 and A19).  

 

Figure 28. CV data of 1.0 mM solutions of 1Br in THF with 0.2 M (nBu4N)PF6 under Ar. Left: ν-dependence of the 
reductive area. Inset: plot of ip,c,2 vs. ν1/2. The plot of ip,c,2 vs. ν1/2 is presented in Figure A19. Right: first reductive wave 
with addition of 0-80 eq. of (nHe4N)Br, ν =0.1 Vs-1.  



2.6. CV Study of [ReBr2(PNP)] under Ar and N2 

   
 
 
 

 

 

103 

Both reductions are coupled to a chemical reaction as shown by a cathodic shift when increasing 

ν, in line with their irreversibility. Parallel to this shift, the ratio between both reductions 

decreases upon increasing ν (ip,c,1/ip,c,2 = 1.9 (ν = 0.05 Vs-1), 1.1 (ν = 2.0 Vs-1)). This indicates that 

after initial reduction, competing chemical reactions occur: a chemical reaction results in 

formation of the species reduced at the second reduction wave in an ECE-mechanism, and a 

reaction not forming that species (as less of the second wave is present at low ν).  

 

Based on the similarities with 1Cl so far, we probed the possibility of halogen loss as chemical 

reaction coupled to the first reduction. In initial attempts, 0-20 eq. of (nHe4N)Br are titrated in 

a solution of 1Br, as these conditions proved sufficient to examine chloride loss from [1Cl]−. Yet, 

the CV appearance changes only minimally, clearly reflecting the better leaving group properties 

of bromide. Titration of 0-80 eq. of bromide-ions shifts the first reduction cathodically by circa 

0.035 V accompanied by the appearance of a small reverse wave. Although this reverse wave 

seems to plateau at lower scan rate, a continuous increase is observed at for instance      

ν = 2.0 Vs-1 (Figure A19). These observations indicate that 1Br loses bromide after its initial 

reduction, forming [ReBr(PNP)], which is proposed to be reduced at the second reduction. This 

ECBrE-mechanism is analogous to 1Cl as measured under Ar. Based on the bromide titration 

experiment, the coupled bromide loss after initial reduction will likely be more favoured and/or 

faster compared to chloride loss from [ReCl2(PNP)]−. Furthermore, the difference in potential 

between [ReX2(PNP)]0/─ and [ReX(PNP)]0/─ (X = Cl, Br) is larger for 1Br than for 1Cl 

(ΔE = 0.43 V, 0.30 V, respectively), although the latter value is based on simulated potentials 

and the former only on peak potentials.  

 

In Figure 29, a comparison of the reductive area of 1Br measured under Ar and N2 is shown. 

Similar to 1Cl, the first reductive event under N2 changes into a sharp, multi-electron wave, and 

shifts anodically by circa 0.035 V. This shift was reproduced several times and represents an 

averaged result (Table A9). Furthermore, we see that the proposed [ReBr(PNP)]0/- wave as found 

under Ar disappears when measuring under N2 and instead a lower current reduction is observed 

(Ep = −2.31 V, ν = 0.1 Vs-1). Both observations (the anodic shift and the disappearing reduction) 

indicate the coupling of N2-coordination within the first reduction wave. These similarities 

between the chloride and bromide platform lets us firmly hypothesise that the current increase 

and potential shift are attributed to the same N2-splitting mechanism: reduction of 

[ReBr2(PNP)] coupled to N2-coordination and halogen loss, subsequent reduction of 

[ReBr(N2)(PNP)] and dimerization to form 2Br. Both reductions are potential inversed and 

appear therefore as a sharp multi-electron wave. To get more insights in N2-fixation on 1Br, ν-, 

concentration-, and N2-pressure dependent CV data under N2 were measured.  
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Figure 29. Left: CV comparison of a 1 mM 1Br solution with 0.2 M (nBu4N)PF6 in THF, measured under argon 
(black) and under dinitrogen (red), ν = 0.1 Vs-1. Right: CV under N2 of a 1.0 mM solution of 1Br of two different batches, 
ν = 0.1Vs-1. 

 

However, when repeatedly measuring 1Br under N2, we noticed that every batch of 1Br showed 

slightly different reductive traces. An extreme example thereof is given in Figure 29, where the 

CV of two batches of 1Br are compared under otherwise identical conditions. In a batch (labelled 

batch 1 in Figure 29), we see a small, yet clearly visible feature right after the first reduction with 

Ep = −1.8 V and the second reduction wave (Ep = −2.3 V) is much more prominent compared to 

a second batch. Comparing the 31P{1H} NMR spectra of both CV batches, we see that 1BrCl in 

present in different quantities (circa 8 % in the one batch, and 3 % in the second batch, based on 

both 1H and 31P{1H} NMR integration). It is assumable that 1BrCl is reduced at a potential in 

between 1Br and 1Cl and is therefore loosely attributed to the reduction at Ep = −1.8 V. In a future 

experiment, the addition of small quantities of chloride ions could qualitatively confirm this 

hypothesis, as 1BrCl is formed under those conditions. The increased current of the second 

reduction wave is not understood. The amount of impurities in batch 1 represent the most 

extreme case as observed within this work, but in general, the presence of varying amounts of 

impurities complicate the electrochemical analysis.  

 

When measuring the reductive area of 1Br with increasing ν under N2, we observe that the first 

reduction strongly shifts cathodically, indicating coupled chemistry (Figure 30). From     

ν = 1.0 Vs-1 and onwards, a small reverse feature is observed. Based on the results from 1I (vide 

infra), we attribute this onset of reversibility to the [ReBr(N2)(PNP)]0/─ couple present within 

this wave. Titration of (nHe4N)Br into a solution of 1Br, results in an increased reversibility at 

higher ν (Figure 30), and a cathodic shift at lower ν (about 0.02 V at ν = 0.1 Vs-1, see Figure A20). 

This identifies bromide loss as a coupled chemical reaction after initial reduction of 1Br under 

N2. Increasing the concentration of 1Br and measuring CV of the reductive area shows that the 
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ratio decreases between the first and far cathodic waves (ip,c,1/ip,c,2 = 3.1 at 0.5 mM and 1.7 at 

4.0 mM, see Figure 30). This means that the species being reduced at the second wave likely is 

the product of reduction and a bimolecular reaction of 1Br. The thereby expected slight anodic 

shift on the first wave is not observed. In this measurement however, the before mentioned 

impurity is clearly visible and the data should be handled with care.  

 

   

Figure 30. CV data of 1.0 mM solutions of 1Br in THF with 0.2 M (nBu4N)PF6 under a N2 atmosphere. Top left: scan 
rate dependence of the first reduction. Inset: plot of ip,c,1 vs. ν1/2. Top right: first reductive wave with addition of 0-200 
eq. of (nHe4N)Br, ν =2.0 Vs-1. Bottom left: concentration dependence of both reductions, ν = 0.1 Vs-1.Bottom right: 
N2-pressure dependence of a 1.0 mM solution, ν = 0.1 Vs-1.Inset top: plot of ip,c,1 vs. N2-pressure. Inset bottom: plot of 
peak potential difference of Ep,c,1 vs. N2-pressure (compared to 1 atm). 

 

Upon increasing the N2-pressure, we see a small increase of current on the first reduction wave 

and a slight anodic shift of about 0.015 V (Figure 30). This shift could indicate that the N2-

coordination reaction on 1Br is influenced by increasing the N2-concentration, and can therefore 

only be moderately fast or having an equilibrium constant closer to unity (in contrast to the 

situation of 1Cl: K3 ≈ 1∙104 M-1, k3 > 1∙107 M-1 s-1). However, the data are too noisy to interpret 

firmly. Clearer is the gradual current decrease of the second reduction, likely indicating that 
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formation of the corresponding species is in competing with a N2-binding reaction after the first 

reduction wave.  

 

 
 
Scheme 47. Proposed mechanistic model based on the CV data of 1Br for N2-splitting. The PNP-ligand is omitted for 
clarity.  

 

To summarise the CV of 1Br under N2, we propose that initial reduction of [ReBr2(PNP)] is 

coupled to both bromide loss and N2-coordiation, followed by a second reduction assigned to the 

[ReBr(N2)(PNP)]0/− couple, similar to 1Cl (Scheme 47). Based on this analogy, we propose that 

after the second reduction, dimerization and subsequent bromide loss take place to form 2Br. 

We hypothesise that N2-coordination on 1Br is slower and more in equilibrium compared to 1Cl. 

Therefore, the order of bromide loss and N2-coordiation after initial reduction cannot be 

specified, see Scheme 47. All further in-depth analyses by digital simulation to confirm this N2-

activation model are hampered by the small impurity present in the starting material and the 

inability to get reproducible data. We leave the bromide platform at this qualitative level.  
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2.7. CV Study of [ReI2(PNP)] under Ar and N2 

Since the electrochemical features of 1I are strikingly different compared to its chloride and 

bromide congeners, this platform has a high potential to expand our mechanistic understanding 

for N2-splitting and herein an extended electrochemical analysis of 1I is presented. 

 

The oxidative area of 1I reveals a diffusion-controlled but quasi-reversible oxidation that 

becomes fully reversible from 1.0 Vs-1 onwards (E1/2 = −0.23 V), see Figure A21. Two small waves 

are observed afterwards (Ep,a,2 = +0.20 V, Ep,a,3 = +0.50 V), that disappear at higher ν. They are 

therefore attributed to products formed by oxidation and partially occurring coupled chemical 

reaction(s) of 11. Comparable behaviour was observed for the bromide and chloride congener 

(see above and Chapter II.3, respectively). More anodically, a second irreversible oxidation 

appears (Ep,a,3 = +0.65 V, ν = 0.1 Vs-1). 

 

Analogous to 1Cl and 1Br, 1I also shows two reductions in its CV measured under Ar. The first 

reduction (Ep,c,1 = −1.61 V, ν = 0.1 Vs-1, see Figure 31) appears irreversible over a wide scan rate 

range (from 0.05 Vs-1 up to 3.0 Vs-1) and couples to a chemical reaction due to its strong cathodic 

shift upon increasing ν. The second reduction appears 0.6 V more cathodic, which shows the 

onset of a reverse wave from 0.5 Vs-1 (Ep = −2.23 V, ν = 2.0 Vs-1, see Figure A21) and shifts 

moderately cathodic when scanning at higher ν. Both reductions belong to freely diffusing 

species in solution. Increasing the Re-concentration from 0.5 to 3.5 mM leaves the first 

reduction wave barely untouched, whereas the second reduction feature shifts cathodically by 

about 0.035 V, see Figure A21. The ratio between both reduction waves is unaffected 

(ip,c,1/ip,c,  ≈ 2.3 for 0.5 mM and ≈ 2.5 for 3.5 mM). On the contrary, scan rate dependent data 

show an increased ratio at higher v (ip,c,1/ip,c,2 ≈ 2 for 0.1 Vs-1 and ≈ 1 for 2.0 Vs-1), see Figure 31. 

This behaviour indicates that a chemical reaction is coupled to the initial reduction of 1I, which 

prevents formation of the species reduced at the second reduction wave, i.e. a decomposition 

pathway. In general, the current of 1I for a one-electron transfer at 1.0 mM (circa 4.5 µA) is below 

that for 1Cl (circa 5 µA). This is traced back to their different diffusion constants via the Randles-

Ševčik equation (see eq. 10 in Section IV.6.4): D for 1Cl is about 9.1∙10-6 cm2 s-1, whereas 1I 

displays a D of 8.2∙10-6 cm2 s-1 as determined by 1H DOSY NMR, attributed to its increased size. 
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Figure 31. CV data of 1I in THF with 0.2 M (nBu4N)PF6 measured under Ar. Top left: scan rate dependence of the 
first reductive wave for a 1 mM solution. Inset: plot of ip,c,1 vs. ν1/2. Top right: scan rate dependence of the two reductive 
waves for a 1.2 mM solution. Inset: plot of ip,c,2 vs. ν1/2. Bottom left: first reductive wave with addition of 0-80 eq. of 
(nHe4N)I, ν = 1.0 Vs-1 for a 0.8 mM solution. Bottom right: concentration dependence of the two reductive waves at 
ν = 0.1 Vs-1 

 

It is expected that reduction of 1I is coupled to halide loss similar to 1Br and 1Cl, which connects 

both reductions.
 When setting up the experiment to titrate different equivalents of (nHe4N)I to 

1I, we faced problems with referencing the measurements: the oxidation of the commonly used 

[Fc*]+/0 oxidation couple (E1/2 −0.427 V in THF) is overlapping with iodide oxidation 

(Ep = −0.4 V, Figure A21), which made referencing impossible at higher iodide concentrations. 

Therefore, various coordination complexes, and a Ag+/0- or [Fc]+/0-electrode were explored as 

(pseudo-) reference possibility, each with its own challenges, as described in Appendix A4.1. A 

sound method was found in using [Co(Cp*)2]PF6 as reference compound, which is reduced more 

negative than 1I. We reproduced the iodide titration five times and repeated it without the 

presence of a reference to get analysable data. Upon increasing addition of (nHe4N)I, we observe 

a cathodic shift (up to 0.026 V at 0.1 Vs-1 from 0-80 eq.) and the onset of a reverse wave, 

indicating iodide loss as coupled reaction. Just as for 1Br, we need substantial (and even more) 
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equivalents of halide to induce these changes. In a separate experiment, the stability of 1I against 

these high iodide concentrations was confirmed (Figure A25).  

 

Based on these observations, we can formulate an ECIE-type mechanism for 1I, where CI 

represents iodide loss, to understand the CV data under Ar (see Scheme 48): after reduction of 

[ReI2(PNP)], and iodide loss to [ReI(PNP)], this species is reduced once more. A decomposition 

pathway must be present on the Re(II) stage, either prior or after iodide loss, to account for the 

ν-dependent ratio between [ReI2(PNP)] and [ReI(PNP)], and the only limited reversibility upon 

titration of iodide.  

 

The nature of the electron transfer of [ReI(PNP)], the formed species after the ECIE-pathway, 

and its coupled chemical reaction(s) are not elucidated. In case of 1Cl, an irreversible electron 

transfer was included in the model to account for its irreversible appearance. In the iodide case, 

we observe the onset of a reverse wave at higher ν, which makes the electron transfer of this 

reduction at least quasi-reversible and [ReI(PNP)]─ must undergo coupled chemistry. This 

reduction wave is not influenced by iodide titration (see Figure A21), ruling out the already 

unlikely iodide loss from this four-coordinate anionic species. A bimolecular reaction could be 

reasonable due to coordinatively unsaturated nature of this species; it is however in contrast to 

the cathodic peak potential shift upon increasing concentration. The nature of this chemical 

reaction remains unknown.  

 

We turned to digital simulation to substantiate the ECIE-proposal, as performed by Prof. Dr. I. 

Siewert, containing initial reduction of 1I (E4), and reversible iodide loss (K7, k7) from 

[ReI2(PNP)]─. As already analysed from the experiments, a unimolecular decomposition 

pathway (k8) had to be included, also to account for the limited reversibility upon iodide addition 

to 1I (Scheme 48). The simulation parameters for the best fit are given in Table 5. Iodide loss 

after reduction is fast and the equilibrium constant represents a close to thermoneutral process. 

At this stage, halide loss between [ReCl2(PNP)]− (k1 = 1∙103 s-1, K1 = 0.05 M) and [ReI2(PNP)]− 

(k7, K7, see Table 5) can be compared. These values clearly reflect the better leaving group 

character of iodide. From trans-[MoX(NEt)(dppe)2] (X = Cl or I), a similar increase in halide 

loss was found when going from chloride to iodide (kCl
-
 loss ≈ 15 s-1, kI

-
 loss ≈ 50 s-1).138 The second 

reduction was not encountered in the simulation, as it is way beyond the potential required for 

N2-splitting. In Scheme 48, it is depicted as a reversible electron transfer coupled to a not further 

specified chemical reaction (see above).  
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Scheme 48. Model for electrochemical reduction of 1I under Ar. The PNP-ligand is omitted for clarity.  

 
 
Table 5. Thermodynamic and kinetic parameters obtained from digital simulations of 1I under Ar.i  

 
 

 

 
 

 

A sensitivity analysis shows that the value for K7 is quite solid: increasing its value would not 

lead to a peak potential shift upon addition of iodide and decreasing its value should induce a 

current increase upon iodide addition, both in contrast to the experiment. The values for k7 and 

k8 are interdependent and therefore less well defined. Yet, they need to be within the order of 

magnitude as stated in Table 5 to still describe the measurements well.  

 

Comparing the CV data of 1I under Ar vs. N2, we see that at low scan rates (ν = 0.1 Vs-1) two 

reductions appear under N2  at the potential of the first reduction under Ar. The new appearing 

reduction must therefore be a product of N2-coordination (see Figure 32). When scanning more 

cathodic, the quasi-reversible cathodic feature assigned to the [ReI(PNP)]0/- reduction under Ar 

(Ep,c = −2.24 V, ν = 0.1 Vs-1) disappears, and instead a lower current third reduction feature is 

visible (Ep,c = −2.20 V, ν = 0.1 Vs-1), that decreases upon increasing ν (see Figure 32 and A22). 

These observations are analogous to 1Br and 1Cl. To begin with, we focus on the first reductive 

area, as it is the relevant potential region for N2-splitting.  

 

Initial comparison between Ar and N2 data of 1 mM solutions at low scan rates shows unchanged 

peak potentials and currents from Ar to N2. We repeated referencing experiments on a 1 mM 

solution several times to substantiate this observation, see Table A15. The first reduction peak 

when going from Ar to N2 only experiences a small anodic shift of 0.013 V at ν = 0.1 Vs-1, yet with 

a standard deviation of circa 0.015 V, and an unchanged peak current at this scan rate. When 

measuring the ν-dependency of this region, the two reductions merge into each other. This 

                                                 

 

 
i Digital simulation performed by Prof. Dr. I. Siewert.  
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results in an overall current increase, shown by comparing the Ar with the N2 data at higher scan 

rates (ν = 1.0 Vs-1 in Figure 32). This phenomenon occurs as the first reduction feature shifts 

cathodic by 0.055 V from ν = 0.1 Vs-1 to 2.0 Vs-1, whereas the second reduction feature barely 

shifts over this range. Furthermore, the first reduction remains irreversible up to high ν, whereas 

the second features appears (quasi-)reversible already at low ν. The reversibility criterion ipf/ipr 

cannot be evaluated for this second reduction feature due to the proximity of both peaks, but its 

Epf is constant with increasing ν. Strikingly, its peak-to-peak separation on this second feature is 

very close to its maximum value of 0.06 V at RT as described by the Nernst equation for a one-

electron transfer. The current ratio ip,c,1/ip,c,2 (although not easily determined due to the close 

proximity of both peaks) increases with increasing ν under N2, which is also clearly visualised in 

the ν-normalised CV (see Figure 32). 

 

 

Figure 32. Left: CV comparison of a 1 mM 1I solution with 0.2 M (nBu4N)PF6 in THF, ν = 0.1 Vs-1 (solid line)  
ν = 1.0 Vs-1 (dashed line), measured under Ar (black) and under N2 (red). Right: scan rate normalised data of the first 
two reductive waves of a 1 mM 1I solution in THF with 0.2 M (nBu4N)PF6 under an N2 atmosphere.  

 

Combining these three observations made so far about the first two reductions (the 

irreversibility on the first feature, its strong cathodic shift, and the changing current ratio 

between these waves upon increasing ν), we conclude that these are described best by an ECE-

mechanism where coupled chemistry after initial reduction forms a species, which is reduced at 

the second reduction wave. These trends and especially the scan rate dependency of the overall 

current cannot simply be explained by the minimum model that we proposed for formation of 

2Cl: stepwise Re(III/II) and Re(II/I) reductions connected by N2-coordination and halide loss, 

yet in this iodide case without potential inversion. As described in Chapter II.1, the high (and ν-

independent) current for 1Cl results from the two electron Re(III) reduction and subsequent 

comproportionation mechanism (labelled from here 2e/comp). Alternatively, formation of 2X 
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by a one electron Re(III) reduction and Re(II)/Re(II) dimerization (1e/dim) should lead to lower 

currents. Based on the ν-dependence of the overall current and the longer life-time of species 

with the formal ReII oxidation state, we propose the existence of two competing pathways for the 

formation of 2I: a 2e/comp pathway that is dominant at high scan rates in analogy to 2Cl and a 

1e/dim mechanism that governs at low scan rates, due to rapid Re(II)/Re(II) dimerization. 

 

 

 

Figure 33. CVs of the first two reductions of 1I under N2 with 0.2 M (nBu4N)PF6 in THF. Top left: ν-dependency of 
a 1 mM solution. Insets: plot of ip,c,1 (left), or ip,c,2 (right) vs. ν1/2 (for ip,c,2 the same baseline as for ip,c,1 was used). Top 
right: 0.8 mM solution with addition of (nHe4N)I, ν = 0.1 Vs-1. Bottom left: conc. dependent data, ν = 0.1 Vs-1. Bottom 
right: N2-pressure data of a 1 mM solution, ν = 0.1 Vs-1. 

 

To examine this proposal in detail and the coupled chemistry on the first reduction, we measured 

CV in the presence of different equivalents of (nHe4N)I, as referenced using [Co(Cp*)2]PF6 (see 

Section A4.1). Just as for reductively induced iodide loss under Ar, addition of substantial iodide 

source (0-100 eq.) is required, which shifts the first feature cathodically by 0.02 V at       

ν = 0.1 Vs-1 (Figure 33). This is accompanied by a decrease of the second feature, which is even 

more prominent when measuring a higher ν (Figure A22). The species at the second reduction 
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wave is formed after iodide loss, which would agree with the proposal of it being the 

[ReI(N2)(PNP)]0/− couple. 

 

When increasing the Re-concentration, a striking observation is the increasing ratio between 

both reduction features: the ratio between ip,c,1/ip,c,2 changes from ≈ 2.8 at 0.5 mM to ≈ 4.8 at 

4.0 mM (Figure 33). Due to the proximity of both reductions, the trend is emphasised instead of 

the absolute numbers, as also reflected in the concentration-normalised data (Figure A22). 

Because of this tendency, the iodide titration under N2 was performed at 0.8 mM concentration 

when the second feature is more present. We conclude that a bimolecular reaction coupled to 

initial reduction prevents formation of the species accountable for the second reduction feature. 

Due to this bimolecular reaction, a slight anodic shift is expected on the first wave with 

increasing concentration, which we barely observe (considering the 4 mM as outliner). 

Nevertheless, this behaviour supports the hypothesis that initially formed Re(II)-species can be 

directly consumed in a bimolecular pathway (1e/dim) prior to further reduction to Re(I).  

 

More cathodically, the reduction feature at Ep,c = −2.20 V, ν = 0.1 Vs-1 gains more prominence at 

increasing concentration: ip,c,1/ip,c,3 changes from 4.3 at 0.5 mM to 2.1 at 4.0 mM. Either the 

species belonging to this third reduction is formed when more of 1I is present, or when less of 

the second reduction takes place. Because of this latter possibility, it is initially tempting to 

assign this feature to the reduction of [ReI(PNP)]0/− as observed under Ar, since its reduction 

potential is in a similar range. Yet, the decreasing current ratio indicates that this feature must 

be the product of a bimolecular reaction initiated by reduction of 1I. Secondly, no reversibility is 

shown for this feature at high ν at 4.0 mM (which is found for [ReI(PNP)]0/−), therefore we can 

exclude this possibility. 

 

The CV trace of 1I was also evaluated under increasing N2-pressure, where we observe that the 

first reduction wave is invariant both in peak current and potential with respect to N2-pressure 

(1-11 atm, see Figure 33), although the data are a bit noisy. The second reduction feature shows 

an initial increase to about 5-7 bars, after which additional N2-pressures seems to not influence 

the peak current any further. These observations support the assumption that the second 

reduction to wave is [ReI(N2)(PNP)]0/−. Furthermore, a N2-binding pre-equilibrium prior to the 

first reduction could be excluded based on high-pressure NMR spectroscopy                                       

(Kpre-equilibrium < 1.0 M-1, see Section IV.6.2). The N2-coordination reaction likely proceeds in a 

comparable time scale as iodide loss, due to a missing pronounced anodic shift of the initial 

reduction when going from Ar to N2. It has yet to be slow enough to within the CV time scale 

regime, since the second reduction becomes more prominent with increasing ν and N2-pressure 
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(indicating that on the CV time scale, it is still possible to influence this reaction). When 

measuring the extended reductive area, we see that the far cathodic reductive feature diminishes 

upon increasing N2-pressure (Figure A22), as observed for the bromide and chloride congeners. 

 

Summarised, the above-discussed data show that under N2, 1I is reduced and subsequently 

coupled to iodide loss and N2-fixation (in unknown order), and a competing bimolecular 

reaction. The first two reactions form a species that is reduced at a slightly more electronegative 

potential compared to 1I, hereby assigned to [ReI(N2)(PNP)]0/−. The observations are in line with 

the co-existence of both 2e/comp and 1e/dim pathways dependent on ν- and Re-concentration 

to ultimately form dinuclear 2I. With these guidelines from the experimental data in hand and 

the already substantiated Ar model, we turned to digital simulation of the CV-traces under N2.  

 

A minimal mechanistic model could be derived by digital simulation performed by Prof. Dr. I. 

Siewert, as presented in Scheme 49. The simulation parameters for the best fit are given in Table 

6. The parallel existence of both 2e/comp and 1e/dim pathways is needed to model the CV data 

satisfactory. In the following, all steps of these paths are discussed in more detail.  

 

 

 

Scheme 49. Minimal mechanistic model for electrochemical reduction of 1I under N2 to form 2I. For each pathway 
(1e/dim or 2e/comp), the defining reaction is highlighted. The PNP-ligand is omitted for clarity. 
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Table 6. Thermodynamic and kinetic parameters obtained from digital simulations of 1I under N2.j  

 
 
 

 

 
 
 
 
 

 

 

Starting from initial reduction of 1I, a reasonable fitting of the data is only possible if both 

reaction orders between N2-coordination and iodide loss to ultimately form [ReI(N2)(PNP)] are 

considered. [ReI2(PNP)]− either reacts with N2 as described by K9 and k9 or loses iodide as 

present under Ar via K7 (3 M) and k7 (3·104 s-1). These reactions are in direct competition and 

although the N2-coordination is thermodynamically more favoured, iodide loss is one order of 

magnitude faster. The subsequent reaction has the reversed nature: either iodide loss via K10 and 

k10 or N2-coordination via K11 and k11. Both N2-coordination reactions underline our finding from 

Chapter II.1 that Re(II) is the oxidation state to coordinate N2. The four equilibrium constants 

of these reactions interdepend, and a fixed point was found in K7 as obtained from the 

measurements under Ar. In case N2-coordination is the initial reaction to form octahedral 

[ReI2(N2)(PNP)]−, the increased N2-affinity upon reduction from ReIII to ReII                                      

(Kpre-equilibrium < 1.0 M-1 vs. K9 = 6 105 M-1) is even a little more expressed in this iodide case as 

compared to chloride (where ≈ 104 increased affinity was found (Section II.1.5). The subsequent 

iodide loss from the octahedral species is uphill (K10 = 5·10-3 M) and rather slow (k10 = 5 s-1), 

therefore only relevant at low scan rates. Compared to iodide loss from the five-coordinate 

reduction product [ReI2(PNP)]− (K7 = 3 M, k7 = 3·104 s-1), this is both substantially less favoured 

and slower. This finding is in contrast to the chloride situation: a comparable or even faster 

halide loss was found from the octahedral species compared to the five-coordinate                                

(k1,Cl, 5-coordinate = 1·103 s-1, k4,Cl, 6-coordinate > 5·102 s-1). This behaviour in the case of chloride was 

attributed to the PNP-ligand properties (bulky tert-butyl moieties and a strong PNPamide π-donor 

that facilitates halide loss). If steric factors would play a large role, dissociation of bulkier iodide 

from the octahedral species [ReI2(N2)(PNP)]− is expected to occur easier (both in comparison to 

the five-coordinate [ReI2(PNP)]−, and the chloride octahedral congener). In light of the 

contradicting findings herein, halide loss might be governed by electronic factors. From the 5- 

                                                 

 

 
j Digital simulation performed by Prof. Dr. I. Siewert.  

1I / N2 K9 

/ M-1 
k9 

/ M-1 s-1 
K10 

/ M 
k10 

/ s-1 

 6·105 1·103 5·10-3 5 

K11 

/ M-1 
k11 

/ M-1 s-1 
E5 

/ V 
k12 

/ M-1 s-1 
k13 

/ M-1 s-1 

1·103 3·104 −1.715 
α9 = 0.5 

ks,9  = 0.5 cm2/s 

3·104 1·105 
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([ReX2(PNP)]−) to the 6- ([ReX2(N2)(PNP)]−) coordinate complex, the negative charge is 

partially compensated by coordination of the π-accepting N2-ligand. Combined with the 

decreased donor properties of iodide vs. chloride (vide infra), this can rationalise the different 

halide loss patterns.  

 

From [ReI(N2)(PNP)], the 2e/comp pathway considers reduction of [ReI(N2)(PNP)] (E5) at a 

potential slightly negative compared to initial reduction of 1I, thereby showing no potential 

inversion, which is discussed in Section II.2.8. This reduction is followed by a 

comproportionation with [ReI2(PNP)] and iodide loss towards 2I (k12). This reaction is in the 

same order of magnitude compared to the chloride case (k5 ≈ 7·103 M-1 s-1). For the 1e/dim 

pathway, including dimerization of two Re(II)-species, reasonable agreement between 

experiment and simulation is obtained by considering a bimolecular reaction between 

[ReI(PNP)] and [ReI(N2)(PNP)] to form 2I (k13). These interpretations are supported by the basic 

comparison between the CVs of 1X (X = Cl, Br, I): the absence of the potential inversion increases 

the lifetime of Re(II)-species, enabling their direct dimerization. At high scan rates, 2I is mainly 

formed via the comproportionation reaction, since the reduction potential for [ReI(N2)(PNP)] is 

reached much faster.  This potential is not reached when the CV is scanned at slow scan rates 

and the bimolecular pathway becomes the dominant pathway, just as for higher Re-

concentrations.  

 

 

 

2.8. Halide Comparisons and trends  

(Electro)chemical N2-splitting and (electro)chemical mechanistic investigations are now 

performed on three starting platforms that only vary their halide ligand, which allows us to 

comment on results or trends that we found during this study. 

  

Trends in N2-splitting abilities  

The determined yields of 3Br and 3I are listed in Table 7, with yields for 3Cl added for 

comparison. In general, 3Br and 3I can be obtained in moderate to high yields via chemical N2-

splitting. 

 

 

 

 

 



2.8. Halide Comparisons and trends 

   
 
 
 

 

 

117 

Table 7. Spectroscopic yields of 3Cl, 3Br, and 3I via (electro)chemical N2-splitting.a  

 

 

 

 

 

 

 

 

 

 

 

a Average yield over at least two runs, individual yields listed in the Experimental Section IV.5. - indicates the 

experiment was not performed. b yields determined via integration of all 31P{1H}NMR peaks. c Yields determined via 

addition of an internal standard either via 31P{1H} NMR or 1H NMR spectroscopy.  
 

 

The reduction potential of Cr(Cp*)2 (−1.47 V)59 should regarding the reduction potential of 1I not 

be sufficient to reduce this compound; (partial) precipitation of [Cr(Cp*)2]I likely adds the 

required driving force. The best yields for 3Cl and 3Br where obtained using Na/Hg, yet 3I is only 

formed in low yields. The large overpotential when using Na/Hg to reduce 1I (circa 0.7 V) likely 

leads to unproductive over-reductions. Homogeneous reductant Co(Cp*)2 is performing slightly 

worse for synthesis of 3Cl and 3Br (vs. Na/Hg), which can be the effect of very efficient halide 

removal by precipitation of NaCl or NaBr, respectively.  

 

It was imagined that exchanging the halide ligands from chloride to bromide and iodide would 

influence the efficiency of N2-splitting, based on their different leaving group- and steric 

properties. However, it is concluded that for both electro- and chemical N2-activation, the nitride 

yields are basically independent of the halide of the starting platform. The differences within 

chemical N2-splitting (85 % 3Cl and 80 % 3Br using Na/Hg vs. 60 % 3I for Co(Cp*)2), are 

comparably small and might be the result of the different nature of the reductant (heterogeneous 

vs. homogeneous). A heterogeneous reductant without a large overpotential might be more 

beneficial due to higher local concentrations and therefore allows less decomposition on the 

Re(II)-level. In future research, it would be interesting to examine a heterogeneous reductant in 

the potential range required for 1I to examine this hypothesis.  

 

For electrochemical N2-splitting, the yield for all three platforms is around 60 % and FE 

efficiency is around 50 %. In case of 1I, a slightly better reaction outcome is observed when 

electrolysing at the peak potential of the second reduction. This CPE potential clearly triggers 

the 2e/comp over the 1e/dim pathway. The higher nitride yield might indicate that this first 

Chemical  3Cl  3Br , c 3I , c 

 Na/Hg 85 %b 80 % 30 % 

 Co(Cp*)2 75 % b 45 %  60 % 

 Cr(Cp*)2 - - 58 % 

     

Electrochemical Eappl. /V    

 −1.90 60 % - - 

 −1.72 - 55 %- 65 % 

 −1.58 - - 50 % 
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pathway is more efficient, although in general a more negative CPE potential will speed up 

reactions,188 and therefore maybe afford higher nitride yields.  

 

Without observing a preferred halide concerning nitride yields, the iodide platform clearly 

overrules bromide and chloride. Moving to the heavier homologues in the halogen group, a 

0.15 V less electronegative reducing agent or applied potential is required for N2-splitting. 

Moving to these more benign conditions upon halide exchange is an important finding for future 

research.  

 
 
Trends in redox potentials 

During analysis of the three halide-substituted platforms, we encountered three sets of redox 

potentials. The redox potentials of fully reversible Re(VI/V) oxidation of 3X (X = Cl, Br, and I), 

the Re(II/I) reduction of [ReCl(N2)(PNP)] and [ReI(N2)(PNP)], and the Re(III/II) reduction of 

1X. In the latter case, we experimentally only have access to a peak potential for 1Br, but for 1Cl 

and 1I, the redox potential was obtained via digital simulation. Comparing these, we clearly see 

a less electron rich metal centre going down the halide group.  

 
 
Table 8. Redox potentials of 1X, [ReX(N2)(PNP)], and 3X.  
 

 Re(III/II) 
1X  

[ReX(N2)(PNP)] Re(IV/V) 
3X 

 Ep / V E0 (sim.) / V E0 (sim.) / V E1/2 / V 

Cl −1.96 −2.00 −1.84 - −1.88 −0.09 

Br −1.78 -a - a −0.05 

I −1.61 −1.67 −1.72 +0.01 
 

a – simulation not performed for the bromide platform 

 

As elaborated in Section I.1.4, chloride, bromide, and iodide have basically the same Lever 

Parameter (EL Cl/I: −0.24 V, EL Br: −0.22 V), which implies halogen-substitution should barely 

shift the redox potential.64 This is in contrast to the here shown results. However, the Re(VI/V) 

couple was not assessed by Lever, and the Re(III/II) couple is only examined on a limited 

database. Within this already limited database, it is basically impossible to examine for trends 

amongst the halide ligands (16, 3, and 0 complexes are examined containing Cl, Br, and I, 

respectively).65 Therefore, we do not rely on the Lever Parameters to interpret these Re-trends.  
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Figure 34. Comparison to other compound series that show different redox potentials upon halide exchange by the 

groups of Pickett, Nishibayashi, and Deutsch.52,163,189 

 

Beyond the Lever Parameters, there seems to be literature precedent that the donor properties 

decrease going from Cl to I. For instance, the group of Pickett examined the redox characteristics 

of [MoX2(dppe)2] (dppe = 1,2-bis(diphenylphosphino)ethane), and find an increasingly milder 

reduction potential going down the group (E1/2 = −1.68 V (X = Cl), −1.51 V (X = Br), −1.34 V 

(X = I) vs. the saturated calomel electrode (SCE)), see Figure 34. These values should be handled 

with some care: although all reductions show a reverse peak, at lower scan rates they couple to 

halide loss and it is not specified at which scan rate these potentials are read off.189. Another 

example is given by Nishibayashi, who established the five-coordinate Mo nitrides 

[MoNX(PNpyrP)] (PNpyrP = 2,6-bis(di-tert-butyl-phosphinomethyl)pyridine) with X = Cl, Br, I. 

They share a very mild, reversible Mo(V/IV) oxidation revealing an anodic shift when going from 

Cl to I (E1/2 = −1.25 V (X = Cl), −1.18 V (Br), −1.14 V (I)). These shifts are strikingly similar to our 

3X series. It is also reported that these nitrides can be reduced, yet these waves appear 

irreversible and are substantially decreased in current compared to the one electron oxidations, 

and are therefore not over-interpreted.52 Deutsch and co-workers isolated Re(III) 

[ReX2(dmpe)2]+ (dmpe = 1,2-bis(dimethylphosphino)ethane) with X = Cl and Br, and both show 

two subsequent and reversible reductions with an anodic shift when going from Cl to Br 

(E1/2 = −0.92 V for ReIII/II and −2.06 V for ReII/I (X = Cl), E1/2 = −0.80 V for ReIII/II and −1.92 V 

for ReII/I (X = Br)). These reductions were actually used to derive the Lever Parameters, partially 

covering for the different reduction potentials, yet not to its full extend.  

 

An explanation for this decreased electron donating property when going down the halide group 

is summarised by Lautens and Fagnou, focusing on the interaction between the halide ligands 

and the metal.190 This interaction consists of a ligand to metal σ-donation, which increases down 

the halide group based on decreasing electronegativity. This is accompanied by a π-donation 

from the ligand into empty metal d-orbitals, which decreases going down the halide group 

(Figure 35). When this latter interaction dominates (when a d-orbital of appropriate symmetry 
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is vacant), iodide is the least donating ligand within the halide series as here examined. In both 

Re(III) 1X and Re(V) 3X, the d-electron count could allow an appropriate d-orbital to accept π-

donation. To substantiate this rather qualitative picture, Odom developed the Ligand Donor 

Parameters (LDP) for a series of monoanionic ligands, as quantified via the rotational barrier of 

the amide groups in [CrN(NiPr2)2X] as determined via Spin Saturation Transfer NMR 

spectroscopy. The stronger the ligand X donates, the lower the rotational barrier for the amide 

is, leading to LDP’s in the unit of energy per mole. For the here examined halides, they find 

decreasing donating properties in the order Cl>Br>I (LDP in kcal mol-1 = 15.05 ± 0.29 (Cl), 

15.45 ± 0.30 (Br), 15.80 ± 0.30 (I)).191 This could provide an explanation for the lower electron 

donating properties going to the heavier halide homologies. It should be noted that this system 

represents a high valent complex, which in our case would be only valid for the trend for 3X. 

Nevertheless, this explanation line matches with our results as obtained herein.  

 

 

Figure 35. Metal-halide σ- and π-interactions.  

 

Another trend in the redox-potentials is shown in the N2-splitting mechanistic model, where two 

reductions are proposed, [ReX2(PNP)]0/- and [ReX(N2)(PNP)]0/-. For 1Cl and 1I, the reduction 

potentials could be obtained via digital simulation of the CV traces, and were additionally 

calculated by DFT (Table 9). The chemical difference between both reductions is a) different 

formal oxidation state: Re(III) for the first and Re(II) for the latter reduction, and b) the 

exchange of a donating halide ligand with a π-accepting N2-ligand. The balance between both 

phenomena cause for a potential inversion in case of bromide and chloride, and a peak 

deconvolution in case of iodide. This underlines the statement about the different donation 

properties of the halides: since chloride and bromide are more electron donating, the influence 

on exchanging one for a N2-ligand has a larger influence than the different formal oxidation 

state. The opposite must be the case for iodide, the decreased donor properties are less of an 

influence than the formal changed oxidation state.  
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Table 9. Simulated and calculated redox potentials of [ReX2(PNP)]0/- and [ReX(N2)(PNP)]0/-.  

 
 
 
 

 

 

Visibility of dinuclear N2-bound 2X in CV 

The product of the proposed N2-binding, halogen loss and dimerization reactions is dinuclear 

2X and we probed for its presence in CV. There is precedent in literature that N2-bridging 

complexes with a (δ4)π10 configurations can be oxidised twice to the δ4π9 ([2X]+) and δ4π8 ([2X]2+) 

state. The corresponding potentials are (rather) mild, as was found for Cummins π10 system 

[{Mo(N(tBu)(3,5-C6H3(CH3)2))3}2(μ-N2)] (E1/2 = −1.46 V and −0.32 V (THF))24, the δ4π10 system 

[{ReCl2(PNPiPr)}2(μ-N2)] as found by Dr. F. Wätjen (né Schendzielorz) (E1/2 = −1.03 and −0.37 V 

(THF))71, and the tungsten π10 dimer [{W(N(CH2CH2N(4-tBuC6H4))3}2(μ-N2)] by Schrock 

(E1/2 = −1.63 and −0.37 V (THF)).192  

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 36. Exemplary CV traces of a 1.0 mM solution of 1Cl in THF with 0.2 M (nBu4N)PF6 under an N2 atmosphere. 
Measured three ranges, scanning through: a) only the oxidative area, b) the first reductive area, then the oxidative 
area, c) the whole reductive area, then the oxidative area. 

 

Upon measuring CV of 1X, we scanned a) in oxidative direction only, b) through the first 

reduction wave(s) which are proposed to productively form 2X and subsequently the oxidative 

area, and c) through the whole reductive area and subsequently the oxidative area (see Figure 

36 for the CVs of 1Cl and A26 for the CVs of 1Br and 1I). This comparison allows us to identify if 

                                                 

 

 
k Calculations performed by Dr. M. Finger using:  M06/def2-TZVP (SMD: THF) // D3(BJ)-PBE0/def2-
TZVP, def2-SVP(C,H) 

 [ReX2(PNP)]0/- [ReX(N2)(PNP)]0/-  
 E0 (sim) / V E0 (calc.) / Vk E0 (sim) / V E0 (calc.) / V 

Cl −2.00 −1.98 −1.84 to −1.88 −1.94 
I −1.67 −1.58 −1.72 −1.69 



II Results and Discussion 

 

 

 

 

 

 

122 

oxidative features of 2X are present after scanning condition b. Unfortunately, no oxidative 

features are present that resemble two successive (reversible) oxidations. All new features up to 

a potential of 0 V are present in the CV following conditions of b and c, which indicates that the 

proposed oxidations of 2X are not visible in the CV. Likely, the formation of 2X is too slow to be 

observed in the CV in substantial quantities.  

 

Another observation that triggered the search for 2X in the CV data, is the appearance of an 

irreversible, small reduction under N2 at Ep = −2.4 V for 1Cl, −2.3 V for 1Br, and −2.2 V for 1I 

(ν = 0.1 Vs-1). This feature grasps attention in the ν-, N2- and concentration-dependent data that 

could hint its belonging to 2X. In both before mentioned (δ4)π10systems by Cummins and 

Wätjen, an irreversible reduction is observed at Ep = −2.4 V (ν = 0.1 Vs-1)71,193. The calculated 

reduction potentials of 2X are in the same range (Ep,calcd. =−2.61 V (2Cl), −2.58 V (2Br) and 

−2.39 V (2I))k. When measuring 1X ν-dependent under N2, this feature diminishes with 

increasing scan rate, strongly indicating that the corresponding species is a follow up product of 

a relatively slow chemical reaction following the first reduction(s). Secondly, upon increasing 

the N2-pressure, this reduction also decreases, indicating that its formation is in competition 

with a N2-binding reaction. Coordination of additional N2-ligands to e.g. [ReX(N2)(PNP)] or 

[ReX(N2)(PNP)]− could block the free coordination site and prevent formation of 2X. An 

explanation in this direction was successfully introduced in case of 1Cl in Chapter II.1 to account 

for the N2-pressure data. The concentration dependent data of 1I and 1Br showed an increase of 

this far cathodic wave upon increasing concentrations, indicating the species forms via a 

bimolecular reaction. So far, this is in line with this reduction wave belonging to 2X. In addition, 

due to the deconvolution of [ReI2(PNP)]0/− and [ReI(N2)(PNP)]0/− in case of 1I, it is observed 

that the [ReI(N2)(PNP)]0/− reduction wave disappears parallel with the increase of this far 

cathodic wave. At high concentrations, the 1e/dim is more favoured over the 2e/comp pathway, 

and it might be that more of the dinuclear species is formed. Yet, the relatively high 

concentrations of 2X that would lead to these substantial peak currents of this far cathodic wave 

are in contrast to the here above described experiment, where no onset for the oxidative features 

of 2X was observed. This remains therefore an unsolved question and in future research, either 

low temperature CV should be examined or chemical access to [2X]+ and [2X]2+ should be 

pursued.  
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II.3: The influence of ligand oxidation on N2-splitting  

Parts of this Chapter are published in the European Journal of Inorganic Chemistry under the title: 

‘(Electro)chemical Splitting of Dinitrogen with a Rhenium Pincer Complex’ in 2020.72  

 

Parts of this Chapter are published in: Implementierung einer Flow-Zelle in die elektrochemische 

Stickstoffspaltung’, C.M.G.K. von Petersdorff-Campen 2020, Bachelorthesis, Georg-August-Universität 

Göttingen.  

 

3.1. Synthesis attempts towards the partially unsaturated chloride platform 

To expand our Re-mediated N2-splitting platform 1Cl, we examined the influence of halide 

exchange in Chapter II.2. Another variation strategy lies at the PNP-ligand, since it can be 

oxidised and deprotonated to for instance the half saturated vinyl ligand 

(N(CHCHPtBu2)(PCH2CH2PtBu2))− (P=NP) or the fully saturated divinyl ligand 

(N(CHCHPtBu2)2
− (P=N=P) in 2e−/2H+ transformations each. Upon desaturation, decreased 

Namide to metal donation results in reduced electron density at the metal centre. Chemical N2-

splitting was established from the unsaturated Re-platform [ReCl2(P=N=P)], as elaborated in 

Section I.1.4. Yet, a strong dependence of the reductant on the nitride yield was found for this 

starting complex, which was not well understood. Likely, the decreased donor properties of the 

oxidised ligand alter the redox-properties of the involved N2-splitting compounds, which is 

examined within this Chapter. 

 

Ligand desaturation is performed via template synthesis, i.e. starting from the already 

complexated ligand. Dr. Isabel Scheibel (née Klopsch) and Dr. Florian Wätjen (né Schendzielorz) 

developed the synthesis pathway to the chloride platform with the desaturated ligand 

[ReCl2(P=N=P)] (=1Cl): 1Cl is reacted with an excess of 1,3,5-tris(tert-butyl)phenoxy-radical 

(TBP) as PCET reagent, see Scheme 50. During this synthesis, a C1-symmetric product was 

observed by NMR spectroscopy with a chemical shift in between 1Cl and =1Cl, assigned to the 

complex bearing the half-saturated P=NP ligand [ReCl2(P=NP)] (-1Cl).71,79 Upon reacting 1Cl with 

only two equivalents of TBP, a mixture between all three compounds was observed.79 If this 

species could be synthesised selectively, another series of three starting platforms would be 

established, namely [ReCl2(PNP)] (1Cl), [ReCl2(P=NP)] (-1Cl), and [ReCl2(P=N=P)] (=1Cl). Within 

the context of this work, we briefly examined a different reaction pathway to aim for selective 

access to -1Cl, by separate deprotonation and (electro)chemical oxidation instead of using the 

PCET reagent TBP.  
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Scheme 50. Established synthesis of =1Cl using TBP via the half-saturated -1Cl that could not be isolated.71,79  
 

By CV, we found that 1Cl shows two quasi-reversible oxidations, at E1/2 = −0.48 V and −0.02 V 

(Figure 37 and A6) that belong to freely diffusion species in solution as judged from a linear 

relationship between ip,a vs. ν1/2. The current ratio between both oxidations is quite high and 

slightly increases when going to higher ν (ip,a,1/ip,a,2 = 3.9 (ν = 0.1 Vs-1), and 5.0 (1.0 Vs-1)), 

suggesting that the two oxidations are coupled via a chemical reaction. However, this area was 

not examined in detail (i.e. towards higher ν to induce more dramatic changes). These oxidations 

are assumed to be metal-based, as ligand oxidation is usually found at higher potentials: within 

this work, we found clear indications for ligand oxidation potentials in the range of  0.6 to 0.9 V, 

as recognised by their multi-electron character wave, and its disappearance when measuring the 

same compound bearing the P=N=P-ligand. Ligand oxidation is for instance proposed around 

0.85 V for 3X (X = Cl, Br, I) or around 0.6 V for [Re(NCHCH3)Cl(PNP)] (6) (see Section II.2.3 

and II.4.1, respectively). Yet, in presence of a base, we introduce deprotonation reactions coupled 

to the oxidation, which will shift the potential to substantial milder potentials. Therefore, we 

measured the oxidative area of 1Cl in presence of base. Upon addition of DBU multiple new waves 

are observed indicating that DBU reacts with 1Cl prior to oxidation in an non-selective manner; 

it is therefore discarded as reagent. A possible reaction might be the coordination of DBU via 

either one of the amine functional groups. Earlier, it was found by Dr. I. Scheibel that upon 

deprotonation of [ReCl3(HN(CH2CH2PiPr2)2] with a structurally similar base as DBU, the main 

reaction outcome was a species coordinating the base.79 
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Figure 37. CV of a 1.0 mM solution of 1Cl in THF with 0.2 M (nBu4N)PF6 and 0-10 eq. of NEt3. Left: first oxidation 
wave. Right: both oxidation waves, only 0-4 eq. NEt3.  

 

NEt3 proved more promising: the otherwise quasi-reversible first oxidation of 1Cl directly 

appears irreversible after addition of only 1 eq. (Figure 37). Concomitantly, the peak potential 

shifts anodically and its current increases. Both phenomena seem to reach a maximum effect 

after the addition of 4 eq. All changes in the CV point towards the ability of NEt3 to deprotonate 

[1Cl]+, and the generation of a species that is oxidised in the same potential range as 1Cl or easier 

via a potential inversion, explaining the current increase. We hypothesise that after the first 

oxidation, deprotonation forms a complex bearing the neutral imine ligand 

(N(CHCH2PtBu2)(PCH2CH2PtBu2)). It was shown before on for instance Pd- and Ir-complexes 

that the protons next to the amide moiety are the most acidic after oxidation.194 Since this imine 

species contains a formal Re(II) centre, it is reasonable that its oxidation is either similar or 

easier compared to 1Cl. Subsequent oxidation and deprotonation would form -1Cl via an overall 

ECEC-pathway. Combining the oxidation potential and the indications by CV that NEt3 can 

deprotonate [1Cl]+ roughly gives an upper limit BDFE(C- H) of ≤ 68 kcal mol-1.195 This is in well 

agreement with the TBP radical (BDFETBP (THF) = 74.4 kcal mol-1) be sufficient for HAT 

reactivity.195 More anodically a second, broader, and irreversible wave is found (Ep = 0.0 V, 

ν = 0.1 Vs-1) which resembles two oxidations in close proximity.  This event is still well separated 

from oxidation of NEt3 (Ep = 0.5 V, ν = 0.1 Vs-1, see Appendix A2) and most likely represents the 

further saturation of the backbone towards =1Cl.  

 

Based on these CV data, we first explored the electrochemical synthesis of -1Cl, by performing 

CPE at Eappl. =−0.4 V (Scheme 51) in presence of 10 eq. of NEt3. However, full conversion of this 

first wave only resulted in the transfer of one electron per rhenium atom, whereas (at least) two 

electrons were expected based on its CV trace. Both 31P{1H} and 1H NMR spectra in d8-THF after 

CPE are basically featureless, besides electrolyte and HNEt3
+. This either indicates that all 
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compound is severely decomposed, or a paramagnetic product is formed that overlaps with the 

electrolyte or shows especially broad peaks. Formation of a Re(IV) species is not impossible, as 

the applied CPE potential is close towards the envisioned oxidation potential of -1Cl. We assume 

it is between the potentials of 1Cl and =1Cl (E1/2 = −0.48 V and Ep = −0.05 V, ν = 0.1 Vs-1
, 

respectively). However, when -1Cl is formed and subsequently oxidised, three electrons should 

be transferred during CPE, in contrast to the experiment. An explanation of this odd one electron 

transfer could be a comproportionation, where the product of a two-electron oxidation reacts 

with a non-oxidised species. However, the resulting Re(IV) species should be redox-inactive 

within this potential range (as we see no peak appearing), which is rather unrealistic. No species 

could be extracted by non-polar solvents, inhibiting mass spectroscopic analysis due to the 

presence of the (nBu4N)-cation. In future research, the presence of paramagnetic species should 

be probed by EPR-spectroscopy. The outcome of this reaction is within this work not elucidated.  

 

 
Scheme 51. CPE of 1Cl in presence of 10 eq. NEt3 in THF aiming for [-1Cl]+. 

 

In a first attempt, we also examined chemical oxidation of 1Cl in presence of NEt3 and 3 eq. of 

[Fc*]BArF
24, to account for a possible oxidation of -1Cl to [-1Cl]+. The colour of the reaction 

mixture quickly changes to green and both Fc* and protonated HNEt3
+ are observed, besides 

unreacted [Fc*]BArF
24. Quite selectively, a diamagnetic Cs-symmetric species is formed with a 

31P{1H} NMR feature at 99.6 ppm, indicating no subsequent oxidation to the Re(IV)-stage. This 

species can however not bear the neutral imine ligand N((CHCH2PtBu2)(PCH2CH2PtBu2)), since 

it is C1-symmetric. No further product identification was performed at this stage, which should 

be repeated in future research.  

 

In the initial attempts as discussed here, it was not possible to synthesise -1Cl, although both the 

electro- and chemical oxidation were not sufficiently reproduced, nor fully analysed and should 

therefore not be over-interpreted. In future research, both goals of getting access to the half-

saturated system or to perform the desaturation electrochemically, are better explored starting 

from the octahedral [ReCl3(PNP)] (8) platform. Having a coordinatively saturated complex will 

likely prevent certain decomposition pathways. The oxidation potential of 8 (E1/2 = 0.05 V) is 
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still far enough separated from the oxidation potential of NEt3 (Appendix A2), allowing it to be 

the base of choice for initial attempts for this reaction in future research.  

 

 

 

3.2. Electrochemical N2-splitting from the unsaturated chloride platform 

Chemical N2-splitting from =1Cl was explored by Dr. Florian Wätjen, showing a strong 

dependence of the nitride yield and the used reductant: Co(Cp*)2 yields [ReNCl(P=N=P)] (=3Cl) 

in 60 % yield, whereas only 30 % and 20 % with Na/Hg or KC8
 were obtained, respectively . For 

electrochemical N2-splitting, CPE of a 1.0 mM solution of =1Cl was carried out at Eappl. = −1.67 V 

based on the peak potential of the first reduction wave in the CV under N2 in THF (Section II.3.3). 

Transfer of approximately 1.2 electrons per rhenium over the course of 2 h was accompanied by 

a gradual colour change of brown towards green. Concomitantly, amongst several small 

oxidative waves, one reversible feature is formed in the CV with a E1/2 = 0.23 V and by 31P{1H} 

NMR spectroscopy, a single species was observed (δ31P{1H} = 71.8 ppm). Both indicate successful 

formation of =3Cl by comparison to the independently synthesised nitride (E1/2 = 0.21 V).72 It was 

shown in a separate experiment, that the Re(VI/V)-oxidation remains reversible even in the 

presence of 1 eq. of Cl−, as is at least the case in electrochemical conditions (Figure 38). Its yield 

proved however only to be around 15 % based on 31P{1H} NMR integration. This is in stark 

contrast to the yield using Co(Cp*)2, and closer to the heterogeneous reductants (Na/Hg, KC8). 

Furthermore, it is significantly lower than the electrolysis yield of 3Cl (60 %).  

 

  

 

 

 

 

Figure 38. Left: Electrochemical N2-splitting from =1Cl into =3Cl via CPE in different solvents. Right: CPE of a 1.0 mM 

solution of =1Cl at Eappl. = −1.67 V in THF as monitored by CV. The arrow in the anodic region indicates the rise of an 

oxidation assigned to =3Cl. Inset: reversible oxidation of isolated =3Cl and in presence of 1 eq. of (nHe4N)Cl. The 

current rise is attributed to a new oxidation appearing in presence of Cl− appearing directly after the Re(VI/V) wave.  
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All electrochemical N2-splitting in Chapter II.1 and 2 so far is performed in THF as solvent. It 

was originally the solvent of choice because of its polarity leading to good solubility of all Re-

complexes and N2 (6.4 mM)196. It has a relatively low tendency to coordinate the metal centre, 

in contrast to MeCN which coordinates 1Cl.79 In addition, THF is readily and thoroughly dried 

using Na/K, which is necessary for the strongly reductive conditions. For this platform, we also 

explored other solvents, which is mainly motivated by considering the nitride functionalisation 

for this platform, which is only done by strong electrophiles, i.e. EtOTf (see Section I.2.3). Such 

electrophilic triflates are incompatible with THF towards ring-opening polymerisation, and 

therefore an alternative solvent is required. In electrochemical C-N fragment release as 

described in Chapter II.4, better results were obtained using the unsaturated ligand platform, 

explaining the rationale behind screening different solvents from this unsaturated platform =1Cl. 

Notably, it was reported for instance that halide loss kinetics can be substantially different upon 

changing the solvent, and this might lead to different reaction outcomes, i.e. higher nitride 

yields.189  

 

Table 10. Selected properties and results of the herein examined solvents for electrochemical N2-splitting for 2.0 mM 

solutions of =1Cl with (nBu4N)PF6 electrolyte for THF, fluoro- and 1,2-difluorobenzene and (nBu4N)BArF
24 electrolyte 

for Et2O.  

 

 
a The closest related molecule that was examined is hexafluorobenzene with a N2-solubility of 15.6 mM. b As 

determined via a Karl-Fischer Titration, leading to mass H2O/mass solvent values (1,2-difluorobenzene: 2.1 ppm, 

THF: 5.7 ppm, Fluorobenzene: 2.0 ppm, Et2O: 1.8 ppm) which were re-calculated to concentrations. c Using a starting 

concentration of circa 6 mM =1Cl (corresponding to a 10 mg scale).  

 

We expanded electrochemical N2-splitting to fluorobenzene, 1,2-difluorobenzene and Et2O, 

which all show compatibility with EtOTf over at least 48 h. To judge the polarity of these 

solvents, we considered the dielectric constant and dipole moment (Table 10). Whereas 

fluorobenzene is in the polarity range of THF, 1,2-difluorobenzene is more, and Et2O is less polar 

compared to THF. No values regarding N2-solubility in fluorobenzene or 1,2-difluorobenzene 

are available, but the concentration for the related hexafluorobenzene (15.8 mM) is clearly 

higher than THF, just as is the case for Et2O (8.8 mM). The water content for the examined 

solvents was determined to be between 0.1-0.3 mM, which was still unpleasantly high taking 

into account that it was freshly dried over either Na/K (Et2O/THF) or CaH2 (fluorinated 

 Dielectric 
constant197 

 

Dipole 
moment197 

d / D 

N2-
solubility198 

/ mM 

Water 
content 
/ mMb 

=3Cl   
yield 

1,2-difluorobenzene 14.3 2.53 n.d.a 0.1 4/ 15c 
THF 7.6 1.69 6.4 0.3 11  
Fluorobenzene 5.4 1.66 n.d.a 0.1 8 
Et2O 4.3 1.30 8.8 0.1 4 
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benzenes). The scale of electrolysis was therefore considerably higher than this water content 

(approx. 3.0 mM) to prevent substantial decomposition.  

 

CPE was performed in these solvents at the peak potential of the first reduction wave as found 

by CV (vide infra for a short description of the CVs in Figure 41). In all cases, full conversion was 

accompanied by the transfer of approx. 1 electron per Re and the formation of =3Cl as judged by 

NMR spectroscopy. Yet, the nitride yields are poor (≈ 5-10 %), and clearly not an improvement 

compared to THF. For 1,2-difluorobenzene, an additional experiment with larger Re-

concentration (≈ 6.0 mM) offered a nitride yield of 15 %, which is at least in the range of the THF 

performance.  

 

After establishing electrochemical synthetic access to =3Cl in poor yields, it was questioned which 

other species are formed. Even though the nitride is formally Re(V), and is considered a stable 

species, its stability under CPE conditions was examined. Therefore, we electrolysed =3Cl in 

presence of 1 eq. of (nHe4N)Cl at the N2-splitting potential (Eappl. ≈ −1.7 V) for 100 min 

(Figure A27). No decomposition of the nitride was observed, neither in the CVs, nor via NMR 

spectroscopy upon extraction with pentane after CPE. Thus, off-pathway reactions must occur 

before or during N2-splitting which decrease the yield. In experiments with a low starting 

concentration of =1Cl (1.0 mM) in THF, no other 31P{1H} NMR features are visible due to low 

intense spectra. At higher concentrations whilst examining the different solvents, a rather 

broadened feature (δ31P{1H} = 42.0 ppm) was observed in all cases. Since the NMR samples were 

prepared under a N2-atmosphere, a possible N2-coordination equilibrium was considered that 

would cause broadening of the signal. However, changing the atmosphere to Ar has no effect on 

its position nor linewidth. In order to separate this species (or any species) from the electrolyte, 

extractions with Et2O or pentane were performed. Yet, neither in the non-polar, nor in the 

electrolyte containing fraction, a species at δ31P{1H} = 42.0 ppm was re-found, which might 

indicate its decomposition during work up. 1H NMR spectroscopy was measured for the non-

polar fractions without electrolyte. No indications for paramagnetic species are observed, which 

is corroborated by the absence of an EPR signal (RT, benchtop EPR spectrometer) as tested after 

CPE in 1,2-difluorobenzene. For all solvents, the 1H NMR spectrum shows the presence of a 

species with one or multiple tBu signal(s) at +1.34 ppm (identified since it appears as an 

archetypical tBu pseudo triplet in the 1H- and a singlet in 1H{31P} NMR spectrum), that via a 1H 

COSY NMR spectrum correlates to a rather broad feature at 2.9 ppm. Besides, in the case of 1,2-

difluorobenzene, a Cs-symmetric species is observed that has its signals in striking close 

proximity to the nitride =3Cl (δ1H backbone protons: 4.2 and 6.6 ppm vs. 7.0 and 4.3 ppm of =3Cl), 

present in circa 5%. Due to this similarity, it is likely also a Re(V)-species, and an oxo-species is 
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the most likely candidate. Mass spectroscopic analysis of this species showed oxygen-containing 

peaks (at 594.3 m/z for a [ReOCl(P=N=P)]+-fragment or at 575.4 m/z for a [ReO2(P=N=P)]+-

fragment). The appearance of any oxygen containing species is attributed to residual water. In 

future research, the deliberate synthesis of an oxo-species as reference compound should be 

intentioned by reacting =1Cl with Me3NO in presence of e.g. a sodium salt, as was used for 

successful synthesis of [ReOCl(PNP)]BF4 from 1Cl.71  

 

In order to examine the possibility of decomposition before N2-splitting, the stability of =1Cl in 

THF in the presence of N2 and chloride ions was assessed. NMR spectroscopic monitoring under 

1 atm N2 reveals partial conversion to several unidentified new species in the spectral range 

δ31P{1H} = 20-60 ppm over the course of 48 h. Since =1Cl proved stable under Ar in an otherwise 

identical experiment, this suggests chemical instability under a N2 pressure. CV characterisation 

at higher N2-pressure initially shows a slight rise in current of the reduction feature by approx. 

5 % upon increasing pressure from 1 to 11 bars. However, keeping the sample under these 

conditions over the course of 45 min leads to a current drop by about 20 % (Figure A28). 31P{1H} 

NMR spectroscopic analysis after this experiment shows complete conversion into an intractable 

reaction mixture (Figure A28). Even more rapid decay was found upon addition of a chloride 

source: a mixture of =1Cl and (nBu4N)Cl under 1 atm N2 gradually changes colour from light 

brown to green over the course of only a couple of hours, with concomitant formation of a 

mixture of diamagnetic and paramagnetic species (Figure 39).  

 

 

Figure 39. Left: 31P{1H} NMR of =1Cl with 5 eq. of (nBu4N)Cl in THF at 0 h and after 15 h. Right: 1H NMR spectrum 

comparison of =1Cl with 5 eq. of (nBu4N)Cl in C6D6 (bottom) and an equimolar mixture of =8, =1Cl and (nBu4N)Cl in 

d8-THF.  

 

To examine whether any of this paramagnetic compounds is a Re(IV)-species, we mixed 

equimolar amounts of =1Cl, (nBu4N)Cl and [ReCl3(P=N=P)] (=8). The otherwise sharp NMR 

signals of this latter species (see Section II.4.5) broaden, shift, and loose intensity, leaving a 
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broad signal at δ1H = + 12 ppm. Interestingly, a signal at a very similar chemical shift is present 

when allowing a mixture of =1Cl and a chloride source to stand over a period of time (see Figure 

39) (the slight deviation is attributed to the different solvents in which these spectra are 

measured). This could indicate that some =8 is formed when =1Cl and chloride slowly react over 

hours (along with other unidentified products based on 1H NMR signals at −6 and −9 ppm for 

instance). To account for this observation, we propose that initial chloride association forming 

[ReCl3(P=N=P)]− initiates a disproportion reaction from which =8 must be formed. Reactivity 

between [ReCl3(P=N=P)]− and =1Cl would explain the appearance of a Re(IV)-species 

(Scheme 52).The simultaneous formed Re(II)-species [ReCl2(P=N=P)]− most likely decomposes 

due to its reactive nature. The NMR signals of =8 only change in presence of both =1Cl and 

chloride source (mixing =8 and =1Cl has no influence on the NMR features), which is explained 

by a redox equilibrium between [ReCl3(P=N=P]− and =8.  

 

 

Scheme 52. Proposed chloride induced disproportionation reaction of =1Cl.  

 

To evaluate the likeliness of such a decomposition pathway, both chloride association to =1Cl to 

form [ReCl3(P=N=P)]− and its subsequent disproportionation are considered, described with KCl 

and KDisp. in Scheme 52, respectively. The directly measured 31P{1H} NMR spectrum of =1Cl is 

unchanged in the presence of circa 5 eq. of (nBu4N)Cl, and no signals are present that could be 

assigned to [ReCl3(P=N=P)]− (Figure 39). This allows for the estimation of an upper limit for KCl, 

assuming slow chloride exchange. Considering a signal to noise ratio of 3:1, an upper detection 

limit for [ReCl3(P=N=P)]− is derived to be approximately 3 mM. Via equation (1) and the 

following concentrations: c(=1Cl)starting = 8.3 mM, c(Cl−)starting = 39.1 mM, c([ReCl3(P=N=P]−)upper 

limit ≈ 3 mM, c(=1Cl)limit ≈ 5.3 mM, c(Cl−)limit ≈ 36.1 mM, we can estimate the association 

equilibrium constant to be KCl ≤ 0.015, indicating an uphill equilibrium by circa 

ΔG0
Cl ≥ 2.5 kcal mol-1.  

 

                                      𝐾𝐶𝑙 =  
𝑐([𝑅𝑒𝐶𝑙3(𝑃=𝑁=𝑃)]−)

𝑐 (=𝟏𝑪𝒍)∗ 𝑐(𝐶𝑙−)
                                                           (1) 

                                                𝐾𝐷𝑖𝑠𝑝. = 𝑒 
𝑛1𝑛2𝐹(𝐸=𝟏𝑪𝒍

0 −𝐸=𝟖
0 )

𝑅𝑇
                                                        (2) 
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The subsequent disproportionation is evaluated based on the reduction potential of =1Cl which 

forms [ReCl2(P=N=P)]− and the reduction potential of =8, which corresponds to the oxidation 

of [ReCl3(P=N=P)]−, via equation (2). The first potential is derived from digital simulation as 

presented in Section II.3.3 (E6, =1Cl = −1.75 V), and the latter reduction potential is derived from 

CV at the most reversible conditions measured (E1∕2 , =8 ≈ −0.9 V, ipf/ipr = 1.8, ν = 20 Vs-1, Section 

II.4.5). This leads to a KDisp. of circa 4∙10−15,174 and a subsequent uphill equilibrium by about 20 

kcal mol-1. Overall, the disproportionation triggered by chloride association is uphill by   

ΔG ≥ 22.5 kcal mol-1 and a likely higher activation barrier. Even though the decomposition of the 

resulting Re(II)-species [ReCl2(P=N=P)]− will add driving force for the reaction to occur, it 

represents a rather slow process. However, electrochemical reduction occurs on a longer time 

scale (2 h) compared to chemical N2-splitting (5 min), indicating that this decomposition 

pathway could play a role since chloride ions accumulate during electrolysis. In general, the 

instability to chloride and in a lower degree to N2, and the longer exposure of =1Cl towards both 

in electrochemical N2-splitting will have a detrimental effect on the nitride yields.  

 

In sharp contrast, parent 1Cl proved stable under these conditions over an extended period of 

time (see Chapter II.1.1). Structural comparison is not possible between =1Cl and 1Cl directly, 

because of the lacking XRD analysis of =1Cl. Fortunately, both nitrides 3Cl and =3Cl were analysed 

by XRD, which show only minor differences: the steric shielding of the Re-centre as expressed 

by the pincer P-Re-P bite angle is basically unchanged (P-Re-P: 156.16(7)Å (3Cl)173 and 155.11(13) 

(=3Cl)). For the 1I and =1I couple, only a slightly decreased bite angle was found (P-Re-

P:161.62(3)Å (1I) and 158.12(4) (=1I)), as a result of the more rigid P=N=P-ligand.168. We 

therefore tentatively associate the reduced stability of =1Cl to electronic reasons. Backbone 

unsaturation diminished the donor properties and increases the metal Lewis acidity. Regardless, 

the estimated decay rate of the chloride-induced disproportionation type reaction suggest that 

further processes contribute to the low nitride electrolysis yields. Therefore, the reduction of =1Cl 

was examined in depth by CV, as presented in the next Section.  
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3.3. CV Study of [ReCl2(P=N=P)] 

The oxidative electrochemistry of =1Cl was already discussed by Dr. F. Wätjen, and will not be 

discussed herein.71 In the reductive area of =1Cl under Ar, (Figure 40) two irreversible reductive 

features are shown at Ep,c,1 = −1.75 V and Ep,c,2 = −1.95 V (both ν = 0.1 Vs-1). The peak currents 

ip,c,1 and ip,c,2 scale linearly with ν1/2. Both reductions distinctively shift cathodic upon increasing 

scan rates, accompanied with decreasing current ratio (ip,c,1/ip,c,2 ≈ 7 (ν = 0.05 Vs-1) 

≈ 3 (ν = 1.0 Vs-1)). These characteristics suggest the presence of competing chemical reaction 

pathways after initial reduction of =1Cl, and must include decay to a species that is redox-inactive 

in the examined potential range.  

 

 
Figure 40. CVs of the reductive area of =1Cl in THF with 0.2 M (nBu4N)PF6 under Ar. Top left: Scan rate dependence 

a 1.0 mM solution. Top right: Concentration dependence, ν = 0.1 Vs-1. Bottom left: First reduction in presence of 

varying amounts of (nBu4N)Cl (ν = 0.5 Vs-1). Bottom right: Whole reductive area in presence of varying amounts of 

(nBu4N)Cl (ν = 0.5 Vs-1). 

 

The reductive area of 1Cl shows a comparable pattern, yet without the changing current ratio 

upon varying ν. It is noted here that the potential difference between these two reductions is 
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significantly decreased compared to the saturated platform (ΔEp,c,2-p,c,1 = 0.30 V (1Cl), 

0.16 V (=1Cl)). In general, initial reduction of =1Cl is anodically shifted by approx. 0.23 V with 

respect to 1Cl, as was found for the Re(VI/V) oxidation for the corresponding nitrides (E1/2, 3Cl = 

−0.09 V, E1/2, =3Cl = 0.21 V).72 This shift is associated with weaker π-donation from the P=N=P-

pincer ligand.  

 

Further insight in the coupled chemistry was obtained by electrochemical evaluation at varying 

conditions (see Figure 40). To probe for coupled chloride loss, varying amounts of (nBu4N)Cl 

were added to a solution of =1Cl. This experiment proved difficult, since current drops were 

observed with increasing chloride concentration. We already established the instability of =1Cl 

against addition of chloride by NMR spectroscopy (vide supra), yet at a slower timescale; this 

rapid current drop is therefore not understood to its full extend. The dryness of the chloride 

source was confirmed by the absence of an O-H stretch by IR spectroscopy. The experiment was 

performed quickly, which allows us to identify the key trends, namely a modest increased 

reversibility and a slight cathodic shift obtained for the first reductive event (circa 0.01 V from 

0-20 eq. Cl−, ν = 0.5 Vs-1). This is in line with coupled, fast, and reversible chloride dissociation 

(CCl) after initial reduction of =1Cl. The second reduction feature is also influenced by increasing 

chloride concentration: it shifts cathodically and decreases in current (more than accounting for 

=1Cl decomposition). The concentration dependent data of =1Cl shows increasing current ratio 

between the two reductive waves at higher rhenium concentration (ip,c,1/ip,c,2 ≈ 5 (1.0 mM), 

≈ 18 (4.0 mM)). Within the experimental error, no peak potential shift is observed. In a 

simplified explanation, the current ratio trend indicates that the decay pathway between the two 

reductions, is bimolecular in nature.  

 

Our previous electrochemical study for the reduction of 1Cl allowed for rationalisation of the CV 

data under Ar by an ECClE-mechansim, extended by unimolecular decay at the Re(II) stage after 

chloride loss. As summarised for =1Cl, the CV data indicates at least two coupled chemical 

reactions after initial reduction event: chloride dissociation to form [ReCl(P=N=P)] in 

competition with a bimolecular decay of [ReCl2(P=N=P)]−. Via digital simulation, Prof. Dr. I. 

Siewert could simulate all CV data of =1Cl under Ar as presented in Scheme 53, with simulation 

parameters in Table 11. The overlays between the experimental and simulated CVs are published 

elsewhere.72 Within the proposed pathway, reduction of =1Cl (E6) is followed by reversible 

chloride dissociation (K14) and Re(II/I) reduction (E7). Compared to 1Cl (K1 = 0.05 M,   

k1 = 1∙103 s-1), the chloride dissociation is in similar range, only modestly slower. Importantly, 

satisfactory modelling requires two decay routes: unimolecular decay of [ReCl(P=N=P)] (k15) 

after chloride loss, as proposed and slightly larger than for 1Cl (kdecay, 2 = 0.11 s-1), and bimolecular 
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decay of [ReCl2(P=N=P)]− (k16) to account for the higher current ratio ip,c,1/ip,c,2 upon Re-

concentration increase. The nature of this bimolecular pathway is not known, but simple 

disproportionation of [ReCl2(PNP)]− to a Re(I)-species and =1Cl can be excluded, since 

simulations of such a pathway predict a higher current (ip,c,1) in contrast to the experimental 

data. Speculatively, it might be the formation of a chloride bridging dinuclear species. The 

altered backbone must however induce this reaction, since this pathway plays no significant role 

in reduction of 1Cl. Most likely, this is due to the changed electronics as the steric differences are 

small, rendering the Re-centre a stronger Lewis acid. A sensitivity analysis reveals that the fitted 

parameters are quite sensitive with respect to doubling or halving the decay constants k15 or k16. 

However, the two parameters are correlated: a higher bimolecular rate constant k16 can be 

partially compensated by lowering k15 (and vice versa).  

 

 

 

 

 

 

 

Scheme 53. Minimal mechanistic model of reduction of =1Cl under Ar. The P=N=P-pincer ligand is omitted for all 
species for clarity.   

 

Table 11. Thermodynamic and kinetic parameters of =1Cl as obtained via simulation of CV data under Ar.l 

 

 

Measuring under N2 instead of Ar, we see an anodic peak potential shift of the first reduction of 

=1Cl by circa 0.085 V to Ep,c,1 = −1.67 V, ν = 0.1 Vs-1, accompanied by a small current increase 

(5 %) (Figure 41). The second reduction feature as present under Ar (E7), is vanished without the 

appearance of new reductive events. Both anodic potential shift and the disappearance of the 

Re(II/I) reduction are in agreement with dinitrogen coordination at the Re(II) stage, as 

established in Chapter II.1 and 2. We leave the interpretation of the CV under N2 at this level, 

because of the low faradaic yield for electrochemical N2-splitting for this unsaturated platform. 

                                                 

 

 
l Digital Simulation of the CV data were performed by Prof. Dr. I. Siewert.  

=1Cl / Ar K14 

/ M 
k14 

/ s-1 
k15  

/ s-1 
k16  

/ M-1s-1 
E6 

/ V 
E7 

/ V 
 0.01 1∙102 2 2.5∙104 −1.75 

α6 = 0.5 
ks,6 = 0.01 cm2/s 

−1.92 
α7 = 0.5 

ks,7 = 0.005 cm2/s 
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It should be noted at this point that N2-splitting from =1Cl is imagined to also occur via a 

dinuclear N2-bridged compound, analogue to 2X. NMR spectroscopic studies to this hypothetical 

intermediate were performed by Dr. F. Wätjen, without direct success, which was also not 

continued within the course of this work.  

 

  

Figure 41. Left: CV of a 1.0 mM solution of =1Cl in THF with 0.2 M (nBu4N)PF6 under Ar (black), and N2 (red), ν = 

0.1 Vs-1. Right: CV Comparison of the reductive area of  a approx. 3.0 mM solution of =1Cl in THF, fluorobenzene, 1,2-

difluorobenzene with (nBu4N)PF6 and Et2O with (nBu4N)BArF
24, ν = 0.1 Vs-1. The dashed lines are only to ease the eye 

in distinguishing the CV traces.  

 

For this platform, electrochemical N2-splitting was also examined in different solvents, as 

presented in Section II.3.2. The corresponding CVs, as presented in Figure 41, were measured 

only twice; therefore the peak currents and potentials should be handled with care. It is apparent 

that the peak potential is only slightly deviating between the solvents (Ep = −1.67 V (THF), −1.70 

(1,2-difluorobenzene and Et2O), −1.77 V (fluorobenzene), ν = 0.1 Vs-1). The more cathodic peak 

potential of fluorobenzene is attributed to its low overall conductivity. Although a 0.3 M 

electrolyte concentration was used to minimise the negative effects associated with high 

resistance (i.e. smeared out waves that are less well interpretable), a large uncompensated 

resistance value remained. The peak current ip,c is within 10-15 % for THF, 1,2-difluorobenzene 

and Et2O, which is similar enough to state that there is no substantial peak current influence of 

the solvent. A stronger deviation is observed for fluorobenzene, attributed to the before-

mentioned resistance complications.  
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3.4. (Electro)chemical N2-splitting from [ReI2(P=N=P)] 

In addition to the unsaturated chloride platform, Dr. J. Abbenseth developed the unsaturated 

iodide analogue [ReI2(P=N=P)] (=1I), that was not yet explored for N2-fixation. Since 

electrochemical nitride yields starting from =1Cl are low (15%), and the unsaturated platform is 

the best performing in electrochemical N-fragment release (see Chapter II.4), the search for a 

well-performing unsaturated platform for electrochemical N2-splitting is ongoing. The iodide 

analogue might be promising, since it reduction potential will be mild (due to the weaker 

electron donating properties of iodide vs. chloride, see Chapter II.2). We synthesised =1I by 

reacting its saturated analogue with an excess of TBP, and extraction with pentane, as described 

by Dr. J. Abbenseth.168 By CV, the first, irreversible reductive event is at Ep,c,1 = −1.40 V, 

ν = 0.1 Vs-1. Amongst the platforms studied in this work, this reduction potential associated with 

N2-splitting (vide infra) represents the mildest encountered.  

 

Based on this reduction potential, we tested N2-activation using Co(Cp)2, Cr(Cp*)2, and via CPE 

at Eappl. = −1.40 V (Scheme 54). The potential of this first reductant Co(Cp)2 (E1/2 = −1.32 V in 

THF) should not be sufficient, and initial attempts with stoichiometric amounts indeed barely 

showed any conversion. However, when taking a slight excess of 2.5 eq. a colour change from 

dark to lighter brown occurred and no starting material was found by 31P{1H} NMR 

spectroscopy. Successful reduction of =1Cl despite the potential mismatch is likely driven by 

partial precipitation of [Co(Cp)2]I. One main feature in 31P{1H} NMR spectroscopy at 70 ppm is 

found, that corresponds to a Cs-symmetric species in the 1H NMR spectrum. The chemical shifts 

are very similar to =3Cl, and formation of [ReNI(P=N=P)] (=3I) could be confirmed by its 

independent synthesis via reaction of 1I and TMSN3 (Figure 42, right). The nitride was however 

only formed in circa 20 %. Since this run represents a single result, its value should be handled 

with care. A long 31P{1H} NMR spectrum revealed the presence of numerous species (i.e. a broad 

feature at δ31P{1H} = 41.8 ppm), in agreement with a low nitride yield. A species with such a 

resonance is strikingly similar as found in the case after CPE of =1Cl (δ31P{1H} = 42.0 ppm). Its 

nature was in this situation starting from =1I not further examined. More successful was the 

reduction using Cr(Cp*)2 (E1/2 = −1.47 V in THF),59 yielding =3I in 43 % yield. Besides the nitride, 

another species with two coupling doublets in the 31P{1H} NMR spectrum is observed. When 

performing the same reaction under a 15N2 atmosphere, two singlets appear in the typical nitride 

region (between 350 and 450 ppm as found for Re(V) nitrides herein and in other work69,80,84). 

The nature of this apparently N-incorporated side-product will be discussed below. When the 

same reduction is performed under Ar, NMR spectroscopy revealed no Re-complex features 
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neither in the 31P{1H} NMR in a broad range (−1000 to +1000 ppm), nor in the 1H NMR 

spectrum. In the latter, formation of isobutene was observed. Possible formation of a stable 

Re(II) compound in absence of N2 was examined by measuring EPR, which showed no signals. 

It could be that the conditions (RT and benchtop EPR spectrometer) are not sufficient to detect 

such a Re(II)-species, although a related Re(II)-compound [ReCl3(PONpyOP)]− (PONOP = 2,6-

bis(diisopropylphosphinito)pyridine) gave an EPR signal at RT (yet measured in the solid 

state).84 Most important however is the absence of nitride when reducing under Ar, which 

together with the experiment under 15N2, confirms atmospheric uptake of N2.  

 

 

Scheme 54. (Electro)chemical N2-splitting from =1I into =3I and the independent synthesis of the latter by using 

TMS-N3. Upon N2-splitting via CPE or Cr(Cp*)2, 10 and isobutene (as characterised in case of Cr(Cp*)2) are formed.   

 

 

  
Figure 42. Left: CPE of =1I at Eappl. = −1.40 V in THF as monitored by CV. The arrows indicate in the cathodic region 
the CPE potential and in the anodic region the rise of an oxidation assigned to =3I. The inset is the Re(VI/V) oxidation 
of isolated =3I. Right: NMR spectroscopy of =3I in C6D6: 31P{1H} NMR spectrum (top) and 1H NMR spectrum (bottom).  

 

To activate N2 by electrochemical means, CPE was performed on =1I in THF at Eappl. = −1.40 V. 

The conversion of =1I is accompanied by a colour change from dark brown to dark green, and the 
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transfer of 1.2 electrons per rhenium over the course of 1.5-2 h. By CV, a quasi-reversible 

oxidation wave appears with E1/2 = 0.25 V, which is exactly at the potential of the Re(VI/V) 

oxidation of =3I as measured from an isolated sample (E1/2 = 0.24 V) (see Figure 42 and A30). 

By 1H NMR spectroscopy, formation of the nitride was confirmed, yet quantified only in about 

12 % yield, as averaged over three runs.  

 

Besides =3I, the 31P{1H} NMR spectrum after CPE also showed doublets at 73 and 46 ppm, as 

was found for reduction using Cr(Cp*)2 (and in trace amounts using Co(Cp)2). These doublets 

integrate 1:1, couple to each other via a 31P COSY NMR spectroscopy, and show a trans-coupling 

constant (2JPP = 152 Hz). An initial proposal for a C1-symmetric species when working with the 

(P=N=P)-ligand would be the resulting species after a protonation reaction. Complexes bearing 

this ligand have the most basic reaction site at the backbone, as was shown for protonation of 

=3Cl and [NiBr(P=N=P)].72,199 Treatment of =3I with HOTf results directly in formation of a dark 

red species showing coupling doublets by 31P{1H} NMR spectroscopy (δ31P{1H} = 72.5 and 

70.2 ppm) (Figure 43). The corresponding 1H NMR spectrum shows 4 inequivalent tert-butyl 

groups and 5 equally integrating backbone signals. Unequivocal prove for backbone protonation 

to [ReNI(N(CHCH2PtBu2)(CHCHPtBu2)]OTf (9I-OTf) comes from the 1H-13C HSQC NMR, 

showing a cross peak between an upfield shifted carbon at 40.6 ppm and two backbone proton 

peaks at 4.3 and 3.4 ppm. These NMR resonances do not resemble our C1-symmetric side-

product and discard that protonation causes its formation upon N2-spliting.  

 

 

Figure 43. Left: protonation of =3I with HOTf yields 9I-OTf. Right: NMR spectroscopy of 9I-OTf in C6D6. Bottom: 
1H NMR, Top: 31P{1H} NMR.  

 

The chemical shift difference of this side-product between the doublets in 31P{1H} NMR 

spectroscopy (δ31P{1H} = 73 and 46 ppm, Δδ = 30 ppm), is reminiscent of cyclometallation via 

formal C-H activation of a tert-butyl moiety of the metal. Several examples of cyclometallation 
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are known in tert-butyl carrying phosphorous based pincer chemistry, i.e. from the group of 

Mayer,176 and within our group starting from an Osmium nitride bearing the P=N=P-ligand.168 

The upfield shift in a cyclometallated product is due to ring strain that the phosphorous atom in 

the four-membered ring experiences.200 The 1H NMR spectroscopic analysis of the side-product 

was initially hindered by the presence of a C2V-symmetric unknown compound and =3I, both 

with comparable shifts and similar solubility properties in pentane. Via extraction with 

hexamethyldisiloxane (HMDSO), we could increase the ratio between the C1-symmetric side-

product and the other Re-species, which facilitates a more in-depth look. By 1H{31P} NMR 

spectroscopy, five equally integrating resonances are observed in the typical backbone range for 

the P=N=P-ligand (from 4-8 ppm), and three tert-butyl moieties. Notably, measuring a 1H NMR 

spectrum shows that one of the smaller features at 5.7 ppm splits into two doublets, with a large 

coupling constant (1JHP = 356 Hz), as reminiscent of a direct P-H bond.200,201 In the reverse 

experiment, we found the same coupling constant in the 31P NMR spectrum, as the doublet 

around 46 ppm splits into a doublet of doublets (Figure 44). Combining these observations with 

the appearance of two singlets in the 15N{1H} NMR spectrum, we propose formation of nitride 

species [ReNI{N(CHCHPHtBu)(CHCHPtBu2)}] (10) where one tert-butyl moiety has 

decomposed and isobutene is released. Isobutene was actually found in the 1H NMR spectrum 

after chemical reduction using Cr(Cp*)2 at 1.73 and 4.65 ppm. Due to overlapping signals, the 

amount cannot be quantified. When splitting N2 on =1I by means of electrochemistry, vacuum is 

applied to the sample before NMR spectroscopic analysis, hindering the detection of this 

decomposition product. By loosely comparing the integration between the 31P{1H} NMR 

spectrum corresponding to the 15N{1H} NMR spectrum in Figure 44, =3I and 10 are assigned to 

the peak at 370.2 ppm and 364.3 ppm, respectively. This mixture was further examined by 

LIFDI mass spectroscopy, confirming formation of 10 at 628.1 m/z (calcd. for C36H32N2P2ReI: 

628.1 m/z). The stretching frequency of the P-H bond is not easily assigned as attempted via 

ATR IR spectroscopy. Three possible, very weak frequencies are found at 1833, 2304, and 2447 

cm-1 (Figure A31). The first one is too low for a P-H stretching frequency,202,203 and the middle 

one is more likely an overtone of a strong vibration at 1152 cm-1. The peak at 2447 cm-1 could 

therefore be the P-H stretching of 10, but the peaks are very low in intensity. In future research, 

when larger amounts of this mixture are obtained, full separation of =3I and 10 could be realised 

by subsequent extractions with HMDSO or with cold HMDSO, that eases its full 

characterisation. Despite several attempts, no crystals suitable for XRD spectroscopy could be 

obtained.  
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Figure 44. NMR spectroscopy of a mixture of =3I and 10. Left: 31P NMR spectrum (top), 15N{1H} NMR (bottom). 

Right: 1H{31P} NMR spectrum, where only the peaks belonging to 10 are integrated and assigned. Inset: 1H NMR 

spectrum of the region between 5.2 and 6.3 ppm.  

 

Identifying 10 as unexpected side-product, it raises the question how and why it is formed. An 

isolated sample of =3I proves stable in solution over a prolonged time, indicating that formation 

of 10 requires the reagents and/or intermediates present during N2-splitting. In general, this 

type of reactivity is not unprecedented in our group. Dr. M. van Alten (né Kinauer) studied the 

reactivity of imido complex [Ir(NtBu)(P=N=P)] with nucleophiles. This was hindered by the 

complex’ instability at higher temperature, yielding 1 eq. of isobutene and the C1-symmetric 

[Ir(NHtBu){N(CHCHPtBu2)(CHCHPtBu)}]. One tert-butyl moiety here decomposed into 

isobutene and a hydrogen atom, which is accepted by the imido moiety, transforming it into an 

amido ligand.177 The analogy with the work as described herein is evident, where for 10 the 

phosphorous moiety serves as H-atom acceptor. Noteworthy, Dr. I. Scheibel describes formation 

of a C1-symmetric product upon initial attempts of reducing 3Cl using a strong reductant (KC8 

(Ep ≈ −2.6 V (N-methylpyrrolidone))97), which also has only three tert-butyl moieties and is 

accompanied by isobutene formation.79 The fate of the H-atom was not clarified. It is assumed 

that this kind of reactivity is induced by reducing conditions or an electron rich metal, promoting 

the most likely first step of oxidative addition of a tert-butyl C-H bond. In the Ir-case no external 

reagents are required for decomposition, but the complex itself is quite reducing as reflected by 

its mild oxidation potential of E1/2 = −0.9 V.177 Comparing the strong reductant used in case of 

3Cl and the mild conditions as applied here or in the Ir-case to induce a comparable reactivity, 

we tentatively ascribe the introduction of the unsaturated P=N=P-ligand to favour such a 

pathway. The chloride analogue of 10 was never observed, yet cannot be ruled out (lower nitride 

yields are observed for this system anyway). It might well be that 10 is only a stable compound 

because of the sterically demanding iodide or in absence of chloride, being a stronger base as 

iodide. 
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Figure 45. Left: a preliminary comparison of circa 1 mM =1I under N2 (red) and Ar (black) in THF with 0.2 M 

(nBu4N)PF6, ν = 0.1 Vs-1. Right: A comparison of circa 2 mM =1I in THF with 0.1 M (nBu4N)PF6, ν = 0.1 Vs-1, two 

different experiments from the same batch.  

 

The potential for (electro)chemical N2-splitting was obtained via CV of =1I, which will be shortly 

discussed. Since these CVs are not sufficiently reproduced (and show differences between 

measurements from the same batch when measuring under N2, vide infra), the data should be 

handled with care. CV of =1I under Ar shows two reductions at Ep,c,1 = −1.44 V and Ep,c,2 = −1.81 V 

at ν = 0.1 Vs-1, that appear irreversible even when only the first event is scanned (Figure 54 and 

A32).The first peak is substantially shifted to milder potentials compared both to its saturated 

analogue 1I (Ep = −1.61 V) or its chloride analogue =1Cl (Ep = −1.75 V). The first effect is attributed 

to reduced π-donation from the backbone upon desaturation and the second effect to reduced 

donor properties of iodide vs. chloride. In strong analogy to 1I or =1Cl, the two reductions under 

Ar are likely coupled by reversible halide loss in between and are assigned to the 

[ReI2(P=N=P)]0/− and [ReI(P=N=P)]0/− couples. For the chloride species (=)1Cl, it was found that 

the difference between the reductions is decreased when the ligand is unsaturated                   

(ΔEp,c,2-ΔEp,c,1 = 0.30 V for 1Cl and 0.16 V for =1Cl). Here, the same trend is observed                

(ΔEp,c,2-ΔEp,c,1 = 0.60 V for 1I and 0.37 V for =1I). It might indicate that the second reduction is 

partially ligand based, which would then be favoured for the conjugated P=N=P-ligand. Notably, 

the (P=N=P)-ligand is potentially non-innocent and can undergo versatile proton/electron 

transfer at the vinyl-groups.199 The oxidative area of =1I shows a quasi-reversible oxidation 

(E1/2 = −0.01 V at ν = 2.0 Vs-1), which is shifted anodically by 0.21 V compared to 1I, and assigned 

to the Re(IV/III)-oxidation (Figure A32).  

 

When measuring =1I under a N2-atmosphere, the first reduction at Ep,c,1 = −1.40 V (ν= 0.1 Vs-1) 

appears irreversible and shifts cathodically when measuring up to ν = 5.0 Vs-1. Compared to Ar, 

this feature is found 0.04 V more anodically and displays a current increase of circa 15 %. Since 
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these CVs are not repeated multiple times, the emphasis is here on both trends (slight anodic 

shift and current increase). Actually, within the same batch and upon usage of the same 

electrodes, electrolyte-, and solvent batches, this first reduction feature is sometimes found with 

a small shoulder on its cathodic side (Figure 45, right). This might be because of fouling of the 

working electrode and in future research, this should be examined by repeatedly polishing the 

disk electrode when this double peak feature is observed. Nevertheless, the observed changes on 

the first feature when measuring under N2 are accompanied by a different appearance of the 

reduction assigned to [ReI(P=N=P)]0/− under Ar; this feature is either decreased in intensity or 

vanished completely and a new feature with the same potential is observed. At this point, we 

cannot distinguish between both possibilities. In all cases, it is in line with N2-coordination at 

the Re(II)-stage.  

 

 

 
3.5. Initial attempts to form ammonia from the iodide platform 

Regarding N2-functionalisation, this work mostly relates to C-N bond formation and subsequent 

fragment release as was established from 3Cl and extended to =3Cl in Chapter II.4. However, the 

electrochemistry of the iodide nitrides 3I and =3I revealed a distinct reduction feature. Although 

these features are at very negative potentials (Ep = −3.04 V (3I), and −2.97 V (=3I), ν = 0.1 Vs-1), 

it inspired us to consider formation of NH3 from these platforms. During the time period this 

research was executed, a very potent and promising PCET reagent, a combination of SmI2 and 

H2O, was reported for NH3 ammonia by Nishibiyashi, as highlighted in Section I.2.1. Inspired by 

their results, we dissolved 3I and =3I in THF with 10 eq. of SmI2, and added 100 eq. H2O, 

analogous to a procedure by Miller, who generate NH3 in circa 75 % from [ReCl3(PONOP)] 

(PONOP = 2,6-bis(diisopropylphosphinito)pyridine). 

 

 



3.5. Initial attempts to form ammonia from the iodide platform 

   
 
 
 

 

 

145 

 
Figure 46. Left: Reaction scheme for the attempt to form NH3 separately from 3I and =3I using SmI2/H2O, upon 

which exclusively 4I-I and =3I are found, respectively. Right: Zoom of region between 6.5 and 8.0 ppm of the 1H NMR 

in d8-THF after the reaction to check for NH3 formation, starting from 3I (top), and =3I (bottom). 

 

After combining all reagents, a temporally red colouration indicated formation of the SmI2/H2O 

complex, and strong gas release is attributed to H2-formation, similarly to the literature 

procedures. After evaporation in vacuo, the reaction mixtures were examined by NMR 

spectroscopy, showing the quantitative formation of 4I-I when starting from the PNP-platform 

or the retain of =3I in the other case. This reflects the higher basicity of 3I bearing the strong π-

amide donor in the backbone compared to its unsaturated analogue. Besides, no traces of NH4
+-

formation are found, as judged by the blank 1H NMR spectrum in the region around 7.2 ppm, 

where NH4
+ appears as broad triplet under these conditions.84 Even if protonation of NH3 would 

not be its full extend (which speaks against the procedures of Nishibayashi and Miller),57,84 its 

formation is highly unlikely as not even traces of ammonium are found in these NMR spectra 

and the rhenium complexes maintain their ligand environment (besides protonation of 3I). This 

indicates that for these nitrides, the barrier for PCET reactions at the nitride from the SmI2/H2O 

complex is too high and if this goal is continued in future research, a stronger acid/reductant 

combination should be examined.  
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3.6. Discussion of the (electro)chemical N2-splitting yields 

Upon establishing (electro)chemical N2-splitting for the unsaturated chloride and iodide 

platforms, and an in depth electrochemical study to =1Cl, their performance regarding nitride 

yields can be discussed. In case of =3I, the identification of 10 as a product of N2-splitting, allows 

us to add its yield to the overall N-containing product balance, see Table 12. Regarding nitride 

synthesis using chemical reductants, the results obtained from the =1I platform are from this 

work and are compared with the results starting from =1Cl as executed by Dr. F. Wätjen.72 Taking 

all known N-containing species in account, these systems behave similar, and nitride is obtained 

in yields up to 60-65 %. In case of =1Cl, the extended electrochemical study under Ar revealed 

that the Re(II/I) reduction feature is more anodically shifted compared to 1Cl, and strong 

reductants as Na/Hg and KC8 likely lead to over-reduction and decomposition. Even though this 

reduction disappears when measuring under N2, such a heterogeneous reductant is 

accompanied with strong concentration gradients where maybe local N2-concentrations are 

depleted. For =1I, very negative or heterogeneous based chemical reductants were not yet 

examined and could be considered in future research to complete the picture. Striking is the low 

yield of =3I as obtained using cobaltocene, which might have to do with the reduction potential 

mismatch.  

 

Table 12. (Electro)chemical N2-splitting from the =1X platforms (X = Cl, I) in THF. a 

 

 
 
 
 
 
 
 

 

 

 

 

 

 

a - indicates the experiment is not performed.  

 

By means of electrochemistry, overall nitride yield(s) are low for both platforms (circa 15 %), 

which markedly differs from parent 1Cl and 1I (circa 60 % yield). For both parent platforms, we 

could demonstrate rapid N2-activation (k3 > 5∙107 M-1 s-1(1Cl), k9 = 3∙104 M-1 s-1 or          

k11 = 1∙103 M-1 s-1 (1I)) by species at the formal Re(II) oxidation state. Therefore, the lifetime of 

this state influences the N2-fixation efficiency. For =1Cl, the unimolecular decay pathway (k15) is 

slightly more prominent than for 1Cl. More importantly, a bimolecular pathway (k16) from 

[ReCl2(PNP)]− may significantly reduce the lifetime of Re(II) species. Besides lowering the 

Chemical  =3Cl =3I 10 
 Na/Hg 30 %72  - - 

 Co(Cp*)2 60 %72  - - 

 Cr(Cp*)2 - 43 % 21 % 

 Co(Cp)2 - 20 % traces 

     

Electrochemical Eappl /V    

 −1.67 15 % - - 

 −1.41 - 10 % 5 % 
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electrosynthetic yield, this pathway might also be detrimental for other heterogeneous 

reductants (i.e. Na/Hg or KC8), due to the aforementioned high local concentrations of reduced 

Re-species. With this reaction in mind, it should be noted that CPE for =1Cl was performed in a 

lower and higher concentration range (1 or circa 3 mM), both giving circa 15 % yield. At low 

concentrations, the effect of the water content of THF should not be underestimated (see Section 

II.3.2), whereas at higher concentrations this bimolecular decomposition pathway can come in 

play. For =1Cl, no improvement was observed when performing the reaction in different solvents. 

This is in line with none of the here mentioned considerations for the decreased yield to be 

specifically solvent dependent. 

 

For =1Cl, we proposed a chloride induced disproportionation type reaction that might play a role 

in decreased nitride yields upon electrochemical N2-activation, initiated by an uphill chloride 

coordination (KCl ≤ 0.015). Notably, =1I proves stable in presence of (nHe4N)I over the course of 

at least 120 hours, in sharp contrast to its chloride analogue (Figure A34). It is not surprising 

that a similar reaction for iodide is significantly more uphill, due to the higher steric demand of 

iodide. Since both platforms are behaving similarly mediocre, this sheds a milder light on the 

importance of this reaction as explanation for reduced nitride yields by electrochemical N2-

splitting.  
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II.4: Electrochemical MeCN release  

A part of this Chapter is published in: ‚Elektrochemische Freisetzung von Acetonitril aus einem Rhenium 

PNP-Pinzetten Komplex’, C.I. Kiene, 2019, Bachelorthesis, Georg-August-Universität Göttingen.  

 

4.1. Electrochemical MeCN release from [Re(NCHCH3)Cl(PNP)]  

The N2-derived nitride [ReNCl(PNP)] (3Cl) was functionalised via C-N bond formation by EtOTf, 

as elaborated in Section I.2.2.3. Subsequent deprotonation with the strong base KHMDS yields 

azavinylidene [Re(NCHCH3)Cl(PNP)] (6), from which MeCN was released by oxidation and 

deprotonation in presence of chloride ions to regenerate [ReCl3(PNP)] (8). In the established 

method, all three required reagents (oxidant, base, and chloride source) are provided by the 

multifunctional reagent NCS, see Scheme 55.151 The mechanism of this oxidation is not well 

understood: two equivalents of H-succinimide are formed although only one proton originates 

from 6 to release MeCN. As alternative to a chemical reagent, the required oxidation equivalents 

can originate from electrochemistry, where the potential can be chosen selectively. To probe for 

promising conditions to transfer this MeCN release step towards electrochemical conditions, the 

electrochemistry of 6 was examined in presence of a base and a chloride source. 

 

 

Scheme 55. The previously established N-C bond functionalisation and MeCN release from 3Cl.151 

 

The CV of 6 in THF shows 4 oxidative events, see Figure 47. The first event at E1/2 = −0.49 V is 

fully reversible, diffusion controlled and assigned to a metal-centred Re(IV/III) oxidation 

(Figure A36). Its one-electron character was confirmed in a separate coulometric experiment. 

The subsequent three oxidations are at Ep = 0.50 V, 0.61 V, and 0.95 V at ν = 0.1 Vs-1. After 

scanning through the latter two events, the Re(IV/III) oxidation loses its reversibility, indicating 

that these are coupled to irreversible chemical reactions. They are therefore assigned to ligand 

backbone oxidation, as corroborated by their absence in the CV comparison between 6 and 

unsaturated [Re(NCHCH2)Cl(P=N=P)] (=6) (Figure 47, vide infra for its synthesis). In addition, 

6 shows an irreversible, far negative reduction at Ep = −3.14 V at ν = 0.1 Vs-1 (Figure A36).  
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Figure 47. CV of the oxidative region of 6 (top) and =6 (bottom) in THF with 0.2M (nBu4N)PF6, ν = 0.1 Vs-1.  

 

To enable electrochemical MeCN generation and release, the CV of 6 was examined in presence 

of base and chloride source (nHe4N)Cl. The electrochemistry of the explored additives was tested 

to secure redox-inertness in our region of interest, as presented in Appendix A2. A successful 

base for this reaction would be capable of deprotonating [6]+, of which the product can be 

oxidised again to formally form the [ReCl(NCCH3)(PNP)]+-adduct via an ECE-mechanism. This 

is indicated in the CV by the loss of reversibility of the Re(IV/III) oxidation of 6 and the 

appearance of an additional oxidation wave. The addition of 4 eq. of NEt3 has only little effect 

on the first oxidation of 6, see Figure 48. A slight current increase is observed at ν = 0.1 Vs-1, and 

the reversibility slightly decreases (ip,a/ip,c changes from 1.0 to 1.25 at ν = 0.1 Vs-1 upon addition 

of 4 eq. of NEt3). At ν = 1.0 Vs-1 no influence is observed, indicating that NEt3 is most likely close 

to the pKa of [6]+ (pKa NEt3 (THF) = 14.0)204, and the reaction is in equilibrium. More eq. of 

NEt3 should have been added to examine this hypothesis, which was not tested in the context of 

this work. Subsequent addition of Cl− ions results in an anodic peak potential shift of the 

Re(IV/III) oxidation, and the appearance of an additional, irreversible oxidative wave. Notably, 

the same behaviour was observed when no base was present. These observations strongly 

indicate that chloride association can be coupled to the Re(IV/III) oxidation of 6, yielding 

[ReCl2(NCHCH3)(PNP)], which is subsequently irreversibly oxidised at Ep = −0.32 V    

(ν = 1.0 Vs-1). This Re(V/IV) oxidation appears at only a slightly more positive potential 

compared to the Re(IV/III) oxidation of 6, attributed to the newly coordinated, electron-

donating chloride ligand. This species and the origin of its irreversible oxidation were not 

investigated further.  
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Figure 48. CV of the oxidation of 6 in presence of 4 eq. NEt3 and subsequently 4 eq. (nHe4N)Cl ν = 0.1 Vs-1 (left) 

ν = 1.0 Vs-1 (right) in THF with 0.2 M (nBu4N)PF6.  

 

Since NEt3 proved too weak to induce significant changes in the CV, stronger bases were 

explored. Addition of 10 eq. of DBU (pKa = 18.1 (THF))204 to 6 and measuring the Re(IV/III) 

oxidation shows an anodic shift of circa 0.03 V, a complete loss of reversibility and a strong 

(> twofold) current increase (Figure 49). All observations indicate the coupling of the Re(IV/III) 

oxidation to deprotonation and the subsequent oxidation of the product. Notably, 4 eq. of DBU 

already showed this behaviour. Subsequent addition of chloride causes the first redox event to 

shift even more anodically and a second oxidation is shown in proximity. Although this initially 

looks similar to the CV of 6 and (nHe4N)Cl alone (or additional presence of NEt3 as shown in 

Figure 48, left), the current on the second oxidation is substantially higher and increases further 

thereafter when DBU is present, reflecting the influence of the base. Similar results were 

obtained by using the slightly weaker tetramethylguanidine (TMG) as base (pKa = 17.0 

(THF))204. However, the CV appearance changed over time and this reagent was therefore not 

examined further.  

 

With DBU as base of choice, scanning through this oxidative wave hopefully generates MeCN 

and leaves a Re complex-fragment that is trapped by the Cl− anions to form [ReCl3(PNP)] (8). 

This might be visible in the cathodic reverse trace in the CV. The irreversible Re(IV/III) 

reduction of 8 is found at Ep = −1.10 V at ν = 0.1 Vs-1, which shifts cathodically in presence of Cl- 

(vide infra, Section II.4.5). In this region, only a very small wave at Ep = −1.12 V is found in the 

cathodic reverse trace of the CV of 6 in presence of DBU and Cl- (Figure 49). We therefore state 

that at least no significant amount of 8 is formed on the CV timescale.  
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Figure 49. Top left: CV of the Re(IV/III)-oxidation of 6 at ν = 0.1 Vs-1 in presence of 10 eq. DBU and subsequently 

10 eq. (nHe4N)Cl in THF with 0.2 M (nBu4N)PF6. Top right: CPE of the previous mixture at Eappl. = −0.30 V with a 

zoom of the region between −0.9 V and −1.2 V. The dashed line represents the potential of the reduction of 8. Bottom 

left: 31P{1H} NMR spectrum of the crude inorganic fraction of the CPE in normal THF. Bottom right: CV of the 

oxidative region of 5 at ν = 0.1 Vs-1 in presence of 5 eq. DBU and 5 eq. (nHe4N)Cl (left) in THF with 0.2 M (nBu4N)PF6. 

 

Performing a CPE of this mixture at the peak potential of the second oxidation wave at 

Eappl. = −0.30 V results in a colour change from brown to orange and a transfer of circa 7 

electrons per rhenium metal (as averaged over three experiments) (Scheme 56). During 

electrolysis, no significant wave appears close to the Re(IV/III) reduction of 8. The before 

mentioned small feature at Ep = −1.12 V remains around circa 0.5 μA peak current until 90 min. 

of CPE time after which it decreases. A small wave at Ep = −0.96 V appears, which is too 

electropositive to correspond to the reduction of 8. After electrolysis, the volatiles are vacuum 

transferred to a separate container and checked for the presence of MeCN by GC 

chromatography. Although obtaining a calibration curve for quantifying MeCN in THF proved 

challenging (see Section IV.3 for details), a reproducible release of circa 25% MeCN is 

established (based on two runs of 20 % and 32 % yield). This yield is only low and it is considered 
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if MeCN acts as a ligand to coordinatively unsaturated species. Therefore, we added in a separate 

experiment 5 eq. of a strong ligand (tBuCN) to the crude inorganic fraction, which could release 

MeCN as hypothetical ligand. Yet, no additional acetonitrile was obtained. On the inorganic side, 

the crude fraction was measured by NMR spectroscopy, and unfortunately, no 8 was found in 

the 1H NMR spectrum. Even though a large excess of electrolyte is present, 8 should be easily 

identified due to its paramagnetic nature. This is in agreement with the absence of any peak in 

the right potential range for 8 in the CVs of the CPE. Furthermore, no broad paramagnetic peaks 

are observed. Instead, the 31P{1H} NMR spectrum shows various compounds (Figure 49). No 

possible doublet pairs with the same coupling constant could be identified, indicating it to be at 

least >10 individual species. Extraction attempts with Et2O proved that most of these species 

were rather polar and not separable from the electrolyte, which inhibits mass spectroscopic 

analysis. To check if too little chloride source was present during standard CPE conditions (10 

eq. of (nHe4N)Cl) to form 8, the reaction was repeated with 60 eq., yet with the same results.   

 

 

Scheme 56. Electrochemical oxidation of 6 (either isolated or in situ formed from deprotonation of 5) in presence 

of DBU and (nHe4N)Cl to release acetonitrile and a mixture of unknown Re-complexes.  

 

 

In the course of this work, the deprotonation of the imido species [Re(NCH2CH3)Cl(PNP)]OTf 

(5) towards 6 was reconsidered, since the published route151 relies on the strong base KHMDS 

(pKa HMDS (THF) ≈ 26).205 Ideally and more economically, the same base would be used for 

electrochemical MeCN release and deprotonation of 5. To our positive surprise does DBU readily 

deprotonate 5 to quantitatively form 6 as characterised by NMR spectroscopy. The same is 

displayed by electrochemistry: 5 is irreversibly oxidised at a far anodic potential (Ep = 0.81 V, 

ν = 0.1 Vs-1). Upon addition of 5 eq. DBU, the colour changes from green to brown and the first 

oxidation is found at Ep = −0.47 V, indicating in situ formation of 6. Subsequent addition of 5 

eq. of (nHe4N)Cl leads to the same oxidative feature as starting from isolated 6 (Figure 49), and 

oxidative CPE on this mixture gives the same results. Although the electrolysis results do not 

invite to think towards catalytic N2-splitting and functionalisation on this platform, modifying 

this deprotonation towards a milder reagent is noteworthy.  
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After establishing electrochemical MeCN release from 6, initial considerations about the 

mechanism can be made. The transformation of the azavinylidene 6 to MeCN is accompanied 

by a deprotonation (C) and two oxidation steps (2xE). Isolated 6 is not deprotonated by DBU 

and based on the current increase in the CV upon addition of base, these fundamental steps can 

be arranged in an ECE mechanism: oxidation to [6]+, deprotonation and subsequent oxidation. 

The overall outcome of these steps is generation of [Re(NCH2CH2)Cl(PNP)]OTf (7), see Figure 

50. The synthesis of 7 is already established via chemical oxidation and subsequent PCET 

reactivity (Figure 50), and by its NMR characteristics found to be best described as the Re(V) 

vinylimido tautomer. In the proposed ECE-mechanism, the potential of the second oxidation 

should correspond to the Re(V/IV) reduction potential of 7. Since no CV of this compound was 

measured, its synthesis using AgOTf and TBP was repeated. Unfortunately, 7 was not 

synthesised as clean as in the published procedure but could only be isolated in circa 90% purity 

based on 31P{1H}NMR spectroscopy (Figure A37). Still, CV was measured of this batch, to get an 

estimation of the Re(V/VI) reduction potential and its relevance in the CV of 6 upon addition of 

base. 7 shows one irreversible reduction at Ep = −1.38 V at ν = 0.1 Vs-1 (Figure 50). Although this 

value seems quite negative for a cationic Re(V) compound, it is not unprecedented: cationic 

Re(V) imido compounds 5 and =5 are reduced in the same potential region (Ep = −1.84 V at ν = 

0.1 Vs-1 (5), E1/2 = −1.33 V (=5)) (Figure A35). Besides, 7 displays an irreversible oxidation with 

multi-electron character at Ep = 0.83 V at ν = 0.1 Vs-1, attributed to PNP-ligand backbone 

oxidation. Considering the basic ECE-oxidative mechanism, this indicates a remarkable 

potential inversion: the first E (oxidation of 6) is at E1/2 = −0.49 V, compared to the second E 

(analogue to the reduction of 7) at Ep = −1.38 V. To probe if this second E can be the oxidation 

envisioned to form 7, we briefly turned to digital simulation. As presented in Appendix Figure 

A37, the Re(IV/III) oxidation of 6 is simulated in agreement with the experimentally observed 

E1/2 = −0.49 V. In a next step, this oxidation of 6 is coupled to deprotonation and subsequent 

oxidation at E1/2 = −1.38 V to mimic the [7]0/- oxidation in this process, see Figure 50. This 

reveals a current increase and anodic shift in such a manner that it is considered realistically 

that such a strong potential inversion appears. From the simulations, it becomes clear that a 

current increase of a two-electron process is too small to account for the experimental observed 

increase after addition of base. This strongly suggest that additional electron transfers occur 

within this oxidation process. 
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Figure 50. Top left: Synthesis of 7 as published by Schneider.151 Top right: CV of 7 in THF with 0.2 M (nBu4N)PF6 at 

ν = 0.1 Vs-1. Inset: scan rate dependence of the first reduction. Bottom left: Simulation attempt of the Re(IV/III) 

oxidation of 6 before and after addition of 10 eq. of DBU. The electron transfers where simulated with E1/2 = −0.49 V, 

and −1.38 V respectively, where the latter represents the reduction of 7 as found by CV. The parameters for the 

chemical reactions used for this simulation are: Kdeprotonation = 10, kdeprotonation = 1∙104 M-1 s-1, KMeCN release= 1 M, 

kMeCN release: 1∙104 s-1. For more simulation parameters, see Figure A37. Bottom right: the simulated pathway: proposed 

ECE-mechanism from 6 to form 7 and subsequent MeCN release to a redox-inactive species X. The PNP-ligand is 

omitted for clarity.  

 

To recapitulate the findings so far: oxidative CPE of 6 (either added as isolated material or 

formed in situ by deprotonation of 5) in presence of DBU and (nHe4N)Cl affords 25 % of MeCN 

and a mixture of Re-compounds, yet no 8. Importantly, circa seven electrons per rhenium are 

needed to fully convert the starting material by CV, whereas only three are necessary to 

successfully release MeCN and form 8. These findings are in sharp contrast to chemical MeCN 

release, where 8 is found is circa 90% yield. One possibility for not generating 8 during CPE is 

an over-oxidation to the Re(V) stage, since an unlimited (and maybe drifting) oxidative potential 

can be present under CPE conditions. This would explain the need of more than three electrons. 

Yet, the quasi-reversible Re(V/IV) oxidation of 8 comes at E1/2 = +0.05 V, thus the >0.3 V less 

oxidising CPE potential most likely prevents further oxidation. The origin of the over-oxidation 
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is therefore attributed to reaction of the PNP-ligand backbone. Especially in presence of excess 

base, the oxidation can be coupled to follow-up chemistry (deprotonation) via PCET, shifting it 

to milder potentials (as shown for 1Cl in Chapter II.3.1). Such further oxidations would also 

support the higher current deviating from a two-electron process observed after addition of base 

to 6 in Figure 50. Backbone based reactivity was also suspected by Dr. I. Scheibel (née Klopsch), 

who examined the oxidation of 7 with CuCl2 upon which a C1-symmetric species was generated 

by 31P{1H} NMR spectroscopy.79 Although we have no clear indication for the presence of C1-

symmetric species under CPE conditions, multiple (redox-active) follow-up reactions must 

occur to account for the mixture of various Re-compounds and the high amount of transferred 

electrons. Since the regeneration of a Re-species capable of reductive N2-fixation is a pre-

requisite towards a (pseudo-)catalytic approach, the same (electro)chemical MeCN release was 

explored with the unsaturated (P=N=P)-ligand, as described in the next Sections.  

 

 

 
4.2. Platform modifications to the unsaturated ligand 

To explore (electro)chemical release of MeCN from unsaturated [Re(NCHCH2)Cl(P=N=P)] (=6), 

its synthesis needs to be developed. First, the PCET route was examined by addition of excess 

TBP to either 5 or 6 at reaction temperatures RT and 50 °C. However, no conversion was 

observed at any condition. This implies that the (P=N=P)-ligand backbone protons have a higher 

BDFE(CPNP-H) compared to the O-H of the TBP (BDFETBP (THF) = 74.4 kcal mol-1).195 

Subsequently, the electrophilic functionalisation was started from nitride [ReNCl(P=N=P)] 

(=3Cl) with EtOTf. Notably, such reactivity was already established for the similar reaction with 

MeOTf. Several conditions were explored to obtain full conversion of which 10 eq. of EtOTf at 

80°C represents the fastest route; no starting material remains after 90 minutes. Towards a 

(pseudo-)catalytic application, functionalisation at RT is elegant, and this could be achieved, yet 

with more severe reaction conditions (20 eq. of EtOTf and 48 h reaction time). The ethylation 

conditions for =3Cl are more harsh compared to ethylation of 3Cl, for which at RT only 1.2 eq. of 

EtOTf are required for full conversion after 24 h. This is attributed to the reduced nucleophilic 

character of =3Cl because of backbone desaturation. In the crude 31P {1H} NMR spectrum after 

reaction with EtOTf, two species are observed of which the major feature comes at 87.0 ppm, 

which resembles the saturated imido analogue (δ31P {1H} 5 = 90.1 ppm). This species can be 

isolated via crystallisation from THF/Et2O in 55 % yield, and LIFDI mass spectroscopy confirms 

the formation of [Re(NCH2CH3)Cl(PNP)]OTf (=5). By 1H NMR spectroscopy, the incorporated 
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ethyl fragment is clearly assigned to the nitride-N, since no 2D NMR coupling between the 

protons of the (P=N=P)-backbone and the ethyl moiety is observed. XRD of single crystals 

provides the molecular structure of =5, where the Re coordinates in a distorted square pyramidal 

geometry (τ5 =0.14), see Figure 51.m,171 Compared to the parent nitride, the Re-Nimido bond is 

basically untouched (Re-N2 =1.647(18) Å (=3Cl)72 and 1.680(5) Å (=5)). 

 
 

 

 

 

   

 

Figure 51. Top left: Synthesis of =5 from =3Cl with different eq. of EtOTf in chlorobenzene with 11 as side-product. 

Top right: crude 31P{1H} NMR spectrum after reaction of =3Cl with EtOTf. Bottom left: 1H NMR spectrum of =5 in 

CD2Cl2. Bottom right: ORTEP plot of =5 with anisotropic displacement parameters drawn at the 50% probability level. 

Hydrogen atoms and the anion are omitted for clarity. Selected bond lengths (Å) and angles (deg.): Re-Cl1: 

2.3608(14), Re-N2: 1.680(5), Re-N1: 2.005(4), Re-P1: 2.4832(15), Re-P2: 2.4695(15), N2-C21: 1.449(7), P2-Re-P1: 

151.54(5), N1-Re-N2: 110.4(2), N1-Re-Cl1: 143.11(13).  

 

Besides =5, a second species (δ31P{1H} = 75.8 ppm) is always present in the crude reaction mixtures 

in circa 35 %, independent of the applied synthesis route (Figure 51). Additionally, its formation 

is also solvent independent, as an identical ratio between =5 and this species was observed in 

C6D6, chlorobenzene and THF (quickly measured before THF polymerisation occurred). It is 

                                                 

 

 
m XRD performed by Dr. J. Abbenseth 
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Et2O-soluble, which is distinctively different than imido =5, and a relatively purified batch shows 

Cs-symmetry on the NMR time scale, see Figure 52. Initially, the presence of a signal in the 19F 

NMR spectrum triggered us to suspect triflation of the nitride-N. Especially because in case of 

the saturated nitride, such reactivity was observed upon reaction of 3Cl with Tf2O to form 

[Re(NSO2CF3)Cl(PNP)]OTf. To probe this hypothesis, =3Cl was reacted with 1 eq. Tf2O in 

chlorobenzene (Scheme 57).  

 

 

Scheme 57. Attempted synthesis of [ReCl(NSO2CF3)(P=N=P)]OTf to test the hypothesis of its formation during 

synthesis of =5. 

 

However, no initial conversion was observed and only after substantial heating (75 °C) and the 

addition of a large excess of Tf2O (circa 100 eq.), full conversion was achieved into a species with 

a 31P{1H} NMR resonance at 75.8 ppm, precisely similar to the unknown side-product. This is in 

sharp contrast to the straightforward reactivity of 3Cl with Tf2O. Although this could indicate 

that the side-product is [ReCl(NSO2CF3)(P=N=P)]OTf, two signals are to be expected in the 19F 

NMR and a cationic species is not in agreement with Et2O-solubility. Furthermore, in the 

reaction of =3Cl with EtOTf, the side product is readily formed by only using 1 eq., in contrast to 

the many equivalents of Tf2O needed here. Therefore, a different explanation was sought. Taking 

a closer look at the 1H NMR spectrum reveals the close resemblance of this side-product to the 

parent nitride, see Figure 52. A crystallisation attempt yielded the structure of 

[ReN(P=N=P)(MeCN)]OTf. This finding is unexpected, since it does not match with the 1H NMR 

spectroscopy of our side-product. Furthermore, MeCN is not regularly used in the synthesis 

glovebox used within this work. Its formation however indicates that the chloride of nitride 

complex =3Cl is labile and can be substituted, i.e. with a triflate. A LIFDI mass of the side product 

showed indeed a major peak at 706.1 m/z, which corresponds to [ReN(OTf)(P=N=P)] (11) 

(calculated mass 706.1 m/z). Assignment of this neutral species as side product is in line with 

the NMR spectra, the resemblance to =3Cl, and the observed solubility. Furthermore, the 

addition of excess (nHe4N)Cl to a sample of 11 in C6H6 results in qualitative regeneration of =3Cl, 

confirming the anion-exchange from chloride to triflate to form 11. Notably, Dr. I. Scheibel 

reported the exchange from chloride to cyanide.79  
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Figure 52. Left: NMR spectra of 11 in C6D6: 31P{1H} NMR (top), 1H NMR (bottom). Right: NMR spectra of =3Cl in 

C6D6: 31P{1H} NMR (top), 1H NMR (bottom). 

 

The saturated imido 5 was synthesised in up to 80 % yield without the mentioning of a 

repeatedly observed side-product. It cannot be fully excluded if some anion exchange occurs, but 

it is for sure less prominent in comparison to the unsaturated platform. This difference is likely 

the result of different reaction conditions between ethylation of 3Cl or =3Cl, since for the latter 

either large excess of EtOTf or higher reaction temperatures are needed, which will both favour 

anion exchange. Furthermore, it can be stated that nitride 11 is clearly not capable of ethylation, 

since no [Re(NCH2CH3)(OTF)(P=N=P)]OTf is formed. This is in line with weaker donor 

properties of triflate compared to chloride, as reflected in their respective Lever parameters 

(−0.22 V (Cl−) vs. +0.13 V (OTf−))64 or ligand donor properties (15.05 ± 0.29 kcal mol-1 (Cl−) 

15.75 ± 0.29 kcal mol-1 (OTf−), see Section II.2.8 for details),191 making the nitride less 

nucleophilic.  

 

Since the reverse reaction of 11 to =3Cl by addition of excess chloride proved successful, 

ethylation was examined in presence of (nHe4N)Cl to increase the imido yield. However, several 

C1-symmetric products were formed besides =5 as judged by the 31P{1H} NMR spectrum. Upon 

deprotonation these do not form =6. As alternative strategy, ethylation was performed in a 

repetitive approach, where after each run, 11 was separated from =5 and reacted with (nHe4N)Cl. 

Subsequent extraction with pentane affords clean =3Cl, which can be recycled for the reaction 

sequence (see Scheme 58). It was noted that during ethylation of =3Cl, some protonated nitride 

[9Cl]+ is formed, which upon addition of (nHe4N)Cl also reacts to =3Cl. In this reaction, the 

chloride can be assumed to act as a base. Via this repetitive synthesis route, which was done 

three times, =5 was isolated in 77 % yield. The theoretical maximum after three runs is only 
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slightly higher (82 %). Although the material and time consumption of this approach is 

substantial, the yield of =5 is higher.  

 

 

Scheme 58. Repetitive ethylation, separation, and chlorination cycles to increase the overall yield of the ethylation 

from =3Cl to =5 by recycling the side-product 11.  

 

To circumvent formation of 11, experiments were initiated with Meerwein salts (OEt3)BF4 or 

(OEt3)BArF
24, of which the first one contained significant traces of water, leading to quantitative 

protonation of the nitride. Upon reaction of =3Cl with the BArF
24 salt, a 31P{1H}NMR peak at 

86.9 ppm was observed, which is basically identical to =5, that could not be isolated (likely due 

to its Et2O solubility). Deprotonation of the mixture resulted in partial formation of =6 as proven 

by 31P{1H} NMR spectroscopy (vide infra for characterisation of =6), proving that 

[Re(NCH2CH3)Cl(P=N=P)]BArF
24 was formed, accompanied by side-products. Due to 

challenging purification of the crude imido mixture, the synthesis of =5 using (OEt3)BArF
24 was 

not further pursued. 

 

Upon establishing the unsaturated ethyl imido species, the electrochemistry of nitrido (=)3 and 

imido (=)5 can be compared. The nitrides are irreversible reduced at very cathodic potential (Ep 

≈ −3.4 V (3Cl, Table A2), Ep ≈ −3.1 V (=3Cl))206, both at ν = 0.1 Vs-1), whereas the imido reveals a 

much milder potential for the first reduction (Ep ≈ −1.8 V at ν = 0.1 Vs-1 (5, Table A23), 

E1/2 ≈ −1.3 V (=5, Table A22)). This represents a striking shift (by circa 40 kcal mol-1), taking into 

account that both species are formal Re(V), and the ethyl-group is assumed to be redox-inactive 

(thereby rendering the reductions at least in the saturated case metal-based).  

 

=5 was deprotonated with an excess NEt3 in chlorobenzene to form [Re(NCHCH3)Cl(P=N=P)] 

(=6). 31P{1H} NMR spectroscopy revealed full conversion after 24 h and the appearance of two 

peaks at δ31P{1H} = 34.1 and 33.2 ppm, which couple via 31P-1H HMBC spectroscopy to two ethyl-

fragment containing Cs-symmetric species. Between these species, only the ethyl-peaks seem to 

be in a different chemical environment, as their chemical shift deviates (Δδ ≈ 0.3 ppm), in 
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contrast to the overlapping backbone protons (Δδ ≈ 0-0.1 ppm). Since in LIFDI mass 

spectroscopy only one main peak is found at 620.3 m/z, the reaction mixture is explained by 

formation of two isomers of =6 as present in solution, which was shown before for the saturated 

analogue 6. Deprotonation of the imido ligand of =5 leads to an azavinylidene ligand with a 

formal N-C double bond that hinders rotation: one isomer has the methyl group pointing 

towards the ligand and vice versa.  

 
   

 

     
 

 

Figure 53. Top left: Deprotonation of =5 with NEt3 yields =6 in quantitative amounts. Top right: 1H NMR spectrum 

of =6 in C6D6. Bottom left: 31P-1H HMBC of =6 in d8-THF. Bottom right: ORTEP plot of =6 with anisotropic 

displacement parameters drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond 

lengths (Å) and angles (deg.): Re-Cl1: 2.3718(9), Re-N2: 1.794(3), Re-N1: 2.011(3), Re-P1(#): 2.4114(15), N1-C11: 

1.268(5), P1-Re-P1#: 160.60(3), N1-Re-N2: 109.01(13), N1-Re-Cl1: 144.77(9), N2-C11-C12: 122.6(4), τ5 = 0.26.  

 

Single crystals for XRD could be grown from a saturated pentane solution,n and show a distorted 

square pyramidal coordination geometry around the Re-centre (τ5 = 0.26).171 Compared to imido 

=5, the Re-Nimido bond is elongated (1.680(5) Å for =5 and 1.794(3) Å for =6) and the Nimido-C 

bond is shortened (1.449(7) Å for =5 and 1.268(5) Å for =6), in agreement with a lower bond 

                                                 

 

 
n XRD performed by Dr. C. Würtele.  
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order between Nimido-C upon deprotonation. Comparing this structure to the saturated PNP-

ligand analogue 6, especially the coordination geometry strikes the eye. The τ5 value of 6 is 0.45, 

which is mainly the result of the increased Namide-Re-Cl angle (144.77(9)° (=6) compared to 

135.07(15)° (6)). The ligand-bite angle is barely touched: P-Re-P decreases from 162.01(5)° (6) 

upon desaturation to 160.60(3)° (=6). Since the Namide,P=N=P is a weaker trans-donor compared to 

Namide,PNP, this increases the angles of the chloride with respect to the ligand, likely favourable 

due to decreased strain of the proximity to the tert-butyl moieties. 

 

At RT in solution, both isomers of =6 are present (ratio circa 1:3), indicating that the 

isomerisation rate is slower compared to the timescale of NMR. It was noted that in most 

solvents, a set of tert-butyl moieties appeared broad in the 1H and 13C{1H} NMR spectra (e.g. at 

δ1H = 1.3 ppm in Figure 54, right). This could indicate that at RT, the NMR time scale is close to 

the isomerisation rate. Therefore, we measured VT-NMR of =6 in d8-THF to 60 °C. However, 

instead of additional broadness, as expected in case the increasing temperature would allow the 

isomerisation rate to come closer to the experimental conditions, the tert-butyl moiety sharpens. 

The same behaviour was observed when =6 was heated in d8-toluene to 95 °C. This indicates that 

the isomerisation rate is clearly lower as can be examined with straightforward NMR 

spectroscopy. The observed broadness at RT is attributed to additional dynamic processes.  

 

 
 

 Figure 54. VT-NMR of =6 in d8-THF. Left: 31P{1H} NMR spectra, right: 1H NMR spectra. 
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4.3. Electrochemical MeCN release of [ReCl(NCHCH3)(P=N=P)] 

After establishing the synthesis of =6, we measured its electrochemical behaviour as isolated 

species, and in presence of base and (nHe4N)Cl, analogous to 6. CV of =6 reveals two main 

oxidations. A reversible oxidation at E1/2 = −0.28 V, that is assigned to the Re(IV/III)-couple and 

subsequently, an irreversible oxidation at Ep = 0.45 V at ν = 0.1 Vs-1. This second oxidation is 

accompanied by a small feature slightly more anodic at Ep = 0.61 V, that however quickly 

decreases at higher ν. Therefore, it is most likely a follow up product of the second oxidation in 

an ECE-pathway. In addition, an irreversible reduction with a multi-electron character is found 

at Ep = −2.58 V at ν = 0.1 Vs-1 (Figure A36). 6 shows a far more negative one-electron reduction 

(Ep = −3.14 V, ν = 0.1 Vs-1), and considering the multi-electron character of this reduction of =6, 

we attribute this to (P=N=P)-ligand reduction.  

 

Towards electrochemical MeCN release, the CV of =6 was examined in presence of different 

bases, of which first DBU was tried. However, addition of DBU directly lead to a colour change 

from blue to violet and the appearance of several new oxidation waves. Likely, DBU reacts with 

=6 prior to oxidation, and DBU was not examined further. Upon addition of an excess of NEt3 

(>10 eq.) to the CV of =6, the first reduction becomes irreversible, shifts cathodically by circa 

0.02 V, and its current increases by circa 40-50 %. This is in line with an ECE-mechanism where 

NEt3 deprotonates [=6]+, forming a species that is further oxidised at these potentials. When 

fewer equivalents are added, two features appear without current increase that slowly merge 

upon increased NEt3 concentration. This likely indicates that NEt3 is just strong enough to 

deprotonate [=6]+. Since for deprotonation of saturated [6]+ stronger bases are needed, the 

unsaturated analogue is a stronger acid; the resulting negative charge might be better stabilised 

over the conjugated system. The subsequent addition of 20 eq. of (nHe4N)Cl results in a strong 

cathodic shift (0.1 V) and a current decrease of 110-120 % of the original height of the one-

electron transfer of =6. A second prominent feature is observed at Ep = +0.08 V (ν = 0.1 Vs-1). 

Furthermore, in the reductive trace a promising appearance of reductive waves around 

Ep = −0.9 V, is observed close to the first reduction of [ReCl3(P=N=P)] (=8) (Ep = −0.90 V, 

vide infra). This behaviour was reproduced five times. Combining an ECE-mechanism with the 

fact that the current is essentially unchanged between the first oxidation of =6 before and after 

base and chloride addition, the first oxidation should not be sufficient to release MeCN. Indeed, 

when CPE was performed at the peak potential of the first wave (Eappl. = –0.27 V), neither MeCN 

nor =8 were formed as judged by GC and NMR spectroscopy, respectively. The crude NMR 

spectroscopy showed a low-intensity mixture of at least four diamagnetic and one paramagnetic 

species, but the reaction outcome was not examined further.  
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Figure 55. Top left: CV of the Re(IV/III)-oxidation of =6 at ν = 0.1 Vs-1 in presence of 10 eq. NEt3 and subsequently 

10 eq. (nHe4N)Cl in THF with 0.2 M (nBu4N)PF6. The dashed line indicates is the Re(VI/III) reduction of =8. Top 

right: CPE of the previous mixture at Eappl. = 0.08 V with the total transfer of 5.7 electrons per Re in this specific 

example. Bottom left: Electrochemical oxidation of =6 to release acetonitrile and form =8. Bottom right: 1H NMR 

series after CPE at Eappl. = 0.08 V after 2 h (where =8 (δ1
H = 15 ppm) was quantified, see Figure A38), and the 

decomposition of =8 after time.  

 

Instead, CPE was performed at Eappl. = +0.08 V as envisioned to be the sufficient potential to 

release MeCN (Figure 55). Over the course of circa 4 h of CPE, the colour changes from light blue 

via orange to green and circa 5.5 electrons are needed to fully oxidise all features at this potential, 

as averaged by several runs. In a separate experiment, we confirmed that only 1 electron is 

transferred when isolated =6 is electrolysed at this potential. In the reductive region, a feature at 

Ep = −0.95 V (ν = 0.1 Vs-1) rises that resembles the reduction of =8, which reaches a maximum 

after circa 1.5 h and decreases afterwards. After CPE, the volatiles are separated and examined 

by GC, showing the release of MeCN in circa 65 % yield (averaged from 4 runs of 55 %, 77 %, 

67 % and 58 %). The crude inorganic fraction was examined by 1H NMR spectroscopy, revealing 

the presence of =8 in 35 % yield at its initial measurement. Both results represent a significant 

optimisation compared to 6, where no Re-complex could be identified and less MeCN was 

obtained. Yet, this system is not without its challenges that are discussed in the next paragraphs.  
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First, we examine the CPE as monitored by CV. Although less electrons are transferred compared 

to 6, the required electrons for full conversion (averaged to ≈ 5.5) still represent an over-

oxidation to release MeCN and form =8. It was considered if the additives itself are being 

oxidised at this potential, yet the potentials of both base and chloride source are far more anodic 

compared to the CPE potential, see Appendix A2. In the CV traces of the CPE, it becomes evident 

that after the transfer of ≈ 2-3 electrons, a reversible oxidation is observed at E1/2 = −0.35 V. 

Further oxidation will decompose this species, which might be a source for the additionally 

transferred electrons. The Re-product =8 is oxidised at E1/2 = +0.33 V and is therefore excluded 

to account for this new oxidation. In an attempt to identify the corresponding species, the 

coordination of MeCN was tested by adding increasing equivalents MeCN to =1Cl and measuring 

CV. The irreversible oxidation of =1Cl at Ep = −0.05 V becomes reversible upon addition of MeCN 

and shifts anodically to a potential of E1/2 = −0.29 V. This is in close proximity of the observed 

oxidation during CPE and could indicate formation of [ReCl2(P=N=P)(MeCN)]. In a separate 

experiment, we performed CPE until three electrons were transferred, and added 5 eq. tBuNC to 

the inorganic fraction. Yet, no additional MeCN is formed during this experiment, which 

discards a significant relevance of MeCN coordination. The formation of such a Re(III) 

compound would also be more reasonable if less electrons were transferred as expected. 

 

Additionally, the stability of the inorganic product should be discussed, as only 35 % yield of =8 

was observed by 1H NMR spectroscopy. Intriguingly, whilst quantifying, =8 decreases over the 

course of hours (see Figure 55). As the yield thereby depends on the time between the end of 

CPE and quantification by NMR, we consider 35 % a lower limit. The decomposition of =8 is not 

accompanied by precipitation. By NMR spectroscopy, no main decomposition product is 

observed, only several low-intense paramagnetic species. We found by a separate CV study (vide 

infra) that =8 is not stable in presence of (HNEt3)+, which will be formed during CPE. This likely 

account for some of the decomposition. To examine the stability of this ReIV-species in more 

detail, separately synthesised =8 was assessed by NMR spectroscopy and CV under several 

conditions: i.e. in the presence of a clear excess of (nHe4N)Cl or electrolyte. The results of these 

experiments are not consistent and puzzling. 1H NMR spectroscopy in d8-THF shows that =8 is 

stable in the presence of electrolyte and chloride source for at least 24 h. Even though this 

experiment was not performed in presence of an internal standard, no substantial decrease is 

observed (Figure 56). Only after a couple of days in solution, the colour changes to red and =8 

decomposes (this behaviour is well understood, namely the formation of 12, and presented in 

Section II.4.5). This result is in strong contrast to the measurement of isolated =8 under CV 

conditions (Section II.4.5 for the discussion of the CV of =8), where the timescale of 

decomposition is faster, as shown in Figure 56. After 60 min, a colour change from green to 
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yellow is observed, all waves of =8 decrease and a new, reversible reduction is observed. NMR 

spectroscopy of such a mixture shows a mixture of para- and diamagnetic species with a main, 

unknown feature at 48 ppm in the 31P{1H} NMR spectrum. This behaviour was also observed 

using freshly dried THF. Since the same batch of =8 and electrolyte were used for both stability 

experiments, we can only speculate about the quality of the THF as the origin of these 

differences. Both the d8-THF for NMR spectroscopy and THF for electrochemistry are dried over 

Na/K, although the latter is pre-dried via a solvent purification system. For future examination, 

it should be considered to examine =8 in freshly dried THF that was not in contact with the SPS. 

Notably, the involvement of residual water in all the decomposition as here described is rather 

unlikely, since the product of =8 and traces of water is known (compound 12, vide infra), which 

was not observed neither by NMR-spectroscopy nor CV.  

 

 

Figure 56. Left: 1H NMR spectra over time of =8 in d8-THF with 0.2 M (nBu4N)PF6 and 5 eq. (nHe4N)Cl. =8 has 

signals at +15, −48 and −192 ppm. Right: CV of the Re(IV/III) reduction of =8 in THF with 0.2 M (nHe4N)PF6. 

 

A method to obtain a more reliable yield on =8 would be quantification via CV at an early stage 

of CPE, where barely any conversion and hopefully barely any decomposition has taken place. 

Therefore, we performed CPE of =6 in presence of chloride and base after transfer of only 10 % 

of the theoretically expected 3 electrons. Scanning negative first, CPE under these conditions 

forms a species with a reductive feature at Ep = −0.93 V at ν = 0.1 Vs-1. When this mixture is 

allowed to stand, full decomposition is observed within circa 3-4 h. Due to its similarity to the 

Re(IV/III) reduction of =8, it was initially interpreted to be the same feature. Via the Randles-

Ševčik equation (3) as valid at RT,174 the peak current was recalculated to the concentration of 

=8 (D of =8 = 7.5 10-6 cm2s-1 as determined via DOSY NMR spectroscopy), see Section IV.6.4 for 

details. 

                                                    𝑖𝑝,𝑐 =  2.69𝑒5 ∗  𝑛
3
2 ∗ 𝐴 ∗  𝐷

1
2 ∗  𝜈

1
2 ∗ 𝑐                                   (3) 
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Yet, this method showed a =8 yield of circa 24 % as reproduced twice, although at this stage 

maximum 10 % could be reached. In addition, the reduction after CPE also does not show the 

quasi-reversible character as was shown for the isolated compound (see Section II.4.5), which is 

certainly expected in the presence of excess chloride. This yield discrepancy would vanish if the 

reduction of =8 became a multi-electron character after CPE. If the Re(IV) compound for 

instance appears as a two-electron wave, the yield would reduce to circa 9 %, which would be 

indicative of almost quantitative formation of =8. During CPE, (HNEt3)+ is formed that could be 

envisioned to induce an ECE-mechanism for e.g. (P=N=P)-ligand reduction of =8. Therefore, we 

measured CV of =8 in presence of (HNEt3)Cl. This reveals the loss of the initial reversibility as is 

observed after CPE, see Figure 57, yet without a current increase. In fact, the current drops 

slightly, and after stirring of this mixture for 30 min, the current is halved, which indicates fast 

decomposition (faster than isolated =8). This provides an explanation for decomposition of =8 

after CPE, although the timescales are substantially different. A possible multi-electron 

character of =8 could not be justified, and therefore this CV method is inappropriate to quantify 

the yield of =8. In future research, one could add some of isolated =8 to this reaction mixture 

after 10 % conversion, to check for its appearance in combination with all reagents and 

intermediates during electrochemical MeCN release.  

 

 
Figure 57. Left: CV before and after the transfer of 0.3 electrons during CPE of =6 and 20 eq. of NEt3 and 20 eq. of 

(nHe4N)Cl in THF with 0.2 M (nBu4N)PF6, ν = 0.1 Vs-1. Right: CV of =8 in presence of 2 eq. of (HNEt3)Cl in THF with 

0.2 M (nBu4N)PF6, ν = 2.0 Vs-1.  

 

Despite the challenges around quantifying the formation of =8 after electrochemical MeCN 

release, it is easily stated that the P=N=P-ligand platform performs superior over the saturated 

analogue, as at least a Re-fragment was obtained combined with a higher MeCN yield. This 

different behaviour is attributed to the different ligand stabilities under the applied conditions: 
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the oxidative potential in combination with excess base will induce ligand PCET reactions that 

are unfavourable for the saturated ligand platform.     

 
4.4. Chemical MeCN release of [ReCl(NCHCH3)(P=N=P)]  

For the newly established unsaturated =6, its performance regarding chemical MeCN release is 

also of interest. Therefore, we reacted it with 2.0 eq. of NCS in C6D6, upon which the colour 

changed from blue to dark brown. By 1H NMR spectroscopy, formation of MeCN and =8 was 

observed in circa 65 % and 50 % yield respectively, as averaged from four runs (amongst one run 

with 10 mg =6), accompanied by the appearance of two equivalents of protonated H-NCS, see 

Figure 58.  

 

 
 
 

 
 
 
 
 
Figure 58. Left: Chemical oxidation of =6 to release acetonitrile and form =8. Right: 1H NMR after reaction between 
=6 and 2.0 eq. of NCS with 1,3,5-trimethoxybenzene as standard showing formation of =8 (δ1

H = 15.2 ppm), MeCN 

(δ1
H = 0.6 ppm), and H-NCS (δ1

H = 1.6 ppm). 

 

For 6, slightly more MeCN was found upon chemical release (80 %), but significantly more of 

the Re-product (93 %).79 One source of diminished yield on the Re-side could lie in the 

accurateness of the stoichiometry between =6 and NCS, since already a slight excess of the latter 

results in decomposition of =8. Although the colour remains green when =8 and NCS react in a 

separate experiment, a new paramagnetic compound is observed by 1H NMR spectroscopy with 

relatively sharp peaks at +13.7 and −30.9 ppm. These integrate in a 36:2 ratio, and most likely 

indicate the formation of a C2V-symmetric species, where the second backbone peak must be 

shifted extreme or broadened. Besides unreacted NCS, also the product of chloride-transfer N-

succinimide is observed. After three days, this species is converted into a Cs-symmetric species, 

judged by the appearance of two similarly integrating peaks at +14.5 and +14.8 ppm assigned to 

tert-butyl moieties. Multiple small paramagnetic features hinder the allocation of backbone 

features to this final compound. In both product compositions, the 31P{1H} spectrum remains 
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blank, excluding substantial redox chemistry to occur during this decomposition. Of the final Cs-

symmetric compound, LIFDI mass was measured showing a main peak at 752.0 m/z, that could 

not be assigned to any realistic species because of the high mass. In future research, LIFDI mass 

spectroscopy should be performed directly after this first compound is formed. In initial 

experiments, 8 seems stable in presence of (excess) NCS, potentially reflecting the higher Lewis 

acidity in =8 upon desaturation of the pincer backbone. Either way, the decomposition products 

from this separate experiment are found when chemically releasing MeCN from =6, yet in small 

amounts that do not account for the missing 50 % on the mass balance. The remaining fate on 

the Re-side could not be clarified. 

 
 
 
4.5. Synthesis and CV analysis of [ReCl3(PNP)] and [ReCl3(P=N=P)]  

The product of the (electro)chemical release of MeCN from 6 or =6 in presence of chloride 

source, is either the six-coordinate Re(IV) [ReCl3(PNP)] (8) or [ReCl3(P=N=P)] (=8) 

respectively. In order to recognise their presence in CV, we synthesised and electrochemically 

characterised both complexes. A synthesis pathway towards 8 was developed and published by 

Dr. I. Scheibel, which relied on NCS as chloride source and oxidant in DCM at −40 °C.  

Formation of 8 was observed via this route, yet not in a pure fashion. Therefore, a different 

synthesis pathway was developed inspired by Dr. J. Abbenseth, who found 8 as main product 

upon reaction of 1Cl with PCl3. Because of the toxicity of PCl3, the new synthesis route is not an 

optimisation, yet provides 8 in a reproducible and clean way with a yield of 64 %. To access =8, 

we reacted 8 with an excess of TBP as PCET-reagent at 50°C, upon which new features are 

formed in the 1H NMR spectrum, matching a C2V-symmetric compound (Figure 59). After work 

up, clean formation of =8 was confirmed by LIFDI mass and elemental analysis. For a Re(IV)-

compound and in comparison to 8, its 1H NMR peaks at +15.2, −51.7, and −194.6 ppm are very 

sharp. Sharp resonances of a paramagnetic compound in NMR spectroscopy usually indicates 

fast electron relaxation.207 Even though EPR spectroscopy was not examined for this Re(IV)-

species, it is likely not successful because of this fast electron relaxation.  
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Figure 59. Top: Alternative synthesis of 8, its dehydrogenation to =8 and subsequent reaction with water of HCl to 

12. Middle left: 1H NMR spectrum of =8 in C6D6. Middle right: 1H NMR spectrum of 12 in C6D6. Bottom: ORTEP plot 

of 12 with anisotropic displacement parameters drawn at the 50% probability level. Hydrogen atoms are omitted for 

clarity. Selected bond lengths (Å) and angles (deg.): Re-Cl1: 2.3745(8), Re-Cl2: 2.3254(10), Re-Cl3: 2.3583(9), Re-

Cl4: 2.4042(8), Re-N1: 2.043(3), Re-P2: 2.5349(8), C1-C2: 1.359(5), C11-C12: 1.522(5), N1-Re-Cl1: 174.34(8), Cl2-Re-

Cl3: 171.62(3), P2-Re-Cl4: 167.38(3).  

 

In attempts to examine =8 by XRD, red crystals were obtained after a couple of days (in contrast 

to the green colour of the complex), that offered a surprising structure: a 6-coordinate Re-

compound where the P=N=P-ligand is cyclised via P-C bond formation to form azaphosphole 

12, which is the formal HCl-adduct of =8 (Figure 59). Indeed, the 1H NMR spectrum measured 

from the crystals shows a C1-symmetric compound with four tert-butyl and four backbone peaks, 

one integrating to 2 protons. Analogous to =8, the peaks are strongly paramagnetically shifted, 

yet sharp. By XRD, a distorted octahedral coordination is observed, with angles around Re of 
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about 170°. In the now bidentate ligand, single protonation of the backbone can be confirmed, 

as there is single bond character between C11 and C22, and double bond character between C1 

and C2. The formation of this species is likely initiated by protonation of the carbon adjacent to 

phosphorous, upon which cyclising occurs via a nucleophilic attack of the opposite phosphorous 

atom. The positive charge from protonation is balanced by coordination of a chloride ion, which 

must come from decomposition of other Re-species. 

 

12 is likely formed via reaction of =8 with residual traces of water in the crystallisation attempt. 

Even when using NaK-dried C6H6, 12 is the only product after circa 1 week in solution. Deliberate 

addition of water to =8 also leads to (unselective) formation of 12, and a selective synthesis 

pathway is found upon reaction of =8 with HCl in Et2O. The formation of this highly unusual 

species displays the high water-sensitivity of this compound and a possible general breakdown 

pathway for the (P=N=P)-ligand. Since 12 is a Re(IV)-compound, this maybe more often 

occurring decomposition pathway is not easily recognised. Therefore, we tried to reduce it with 

1 eq. of CoCp2, to find the corresponding Re(III) diamagnetic 31P NMR-signals. This reaction 

however lead to an untraceable mixture of products.  

 

Since both in the basic CV of =8 and the (electro)chemical MeCN release, decomposition of =8 

was determined, the formation of 12 in these experiments was hypothesised. Via chemical MeCN 

release, we learned that new products are formed when =8 is in presence of excess NCS (a reagent 

that could potentially offer the extra chloride for 12). However, the 1H NMR traces of these new 

species do not match with 12 as they represent a symmetric species. Furthermore, 

decomposition of =8 was observed in the CV set up (Figure 56) to (amongst others) a species 

with a reversible reduction at E1/2 = −0.95 V. Yet, 12 is reduced at Ep = −1.07 V and −1.20 V at 

ν = 0.1 Vs-1 (Figure A41), that remain irreversible up to ν = 2.0 Vs-1, even if only the first reduction 

is scanned. An oxidation is observed at Ep = 0.95 V, that becomes quasi-reversible from 

ν = 0.5 Vs-1 onwards. The reductive behaviour of 12 is distinctly different from the 

decomposition product of =8 in the CV set up and its presence can therefore be ruled out.  

 

Both trichloride complexes show a reduction at mild potentials (Ep = −1.10 V (8), 

Ep = −0.91 V (=8)) attributed to the Re(IV/III) reduction, that is irreversible at ν = 0.1 Vs-1. This 

reduction must be coupled to chloride loss (via an ECCl-mechanism), as the following reductive 

trace is identical to their 5-coordinate dichloride congeners, see Chapter II.1 and II.3. In case of 

8, no reversibility was observed up to ν = 2.0 Vs-1. The coupled chemical reaction was confirmed 

by the addition of up to 40 eq. of (nHe4N)Cl at ν = 2.0 Vs-1, which induces a cathodic shift of 

0.02 V, yet without an increase of reversibility. This indicates that chloride loss from 8 must be 
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significantly fast and more extreme conditions would be necessary to probe the kinetics of this 

chemical reaction. For this Re(IV/III)-reduction, no differences are observed between 

measuring in a N2 or Ar atmosphere, which substantiates the finding by NMR-spectroscopy in 

Chapter II.1 that N2-coordination is not relevant on the Re(III)-stage. 

 

For =8, the first reduction shows quasi-reversible behaviour by having the onset of a return peak 

at 2.0 Vs-1. At 20 Vs-1 the ratio ip,f/ip,r is 1.6 and the most reliable E1/2 that is determined, 

represents an upper limit (E1/2 < –0.90 V). This reversibility indicates that the chloride loss at 

the unsaturated platform is slower, which could either have an electronic or steric reason. The 

latter could be examined via structural comparison of the ligand bite angles, however in the 

series 8 / =8 or 1Cl / =1Cl, XRD structures are only available of the saturated congener. In the 

next best series, small differences are observed between the pincer bite angles: P-Re-P [°]: 

156.16(7) for 3Cl vs. 155.11(13) for =3Cl, and 161.62(3) for 1I vs. 158.12(4) for =1I, which rules out 

steric reasons More realistically is an electronic reason, since chloride is a donating ligand 

towards the more Lewis acidic Re-centre in the case of the P=N=P-ligand. In line with the 

observed onset of reversibility of =8, probing the first reduction in presence of (nHe4N)Cl results 

in an increased reversibility even at low scan rates (Figure 60, ν = 0.05 Vs-1). However, over the 

course of the experiment, =8 decomposes, as elaborated in Section II.4.3. Therefore, this 

chloride titration was not studied in detail. In future research, a thoroughly prepared experiment 

carried out in minimal amount of time could gain chloride dissociation kinetics for =8. A first 

estimate of chloride loss is obtained via peak shift analysis according equation (4),174 where kf 

represents the rate constant for chloride loss from [ReCl3(P=N=P]−. Plotting Ep,c vs. ln(ν-1) 

(Figure A40) leads to a chloride loss of circa 14 s-1, which represents an upper limit in line with 

only the upper limit E1/2 that we can derive.  

 

                                           𝐸𝑝,𝑐 = 𝐸1
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Scanning oxidative first reveals a reversible oxidation for =8 at E1/2 = 0.33 V. For 8, this oxidation 

is quasi-reversible at Ep = 0.05 V at ν = 0.1 Vs-1 and is followed by a small re-reduction in the 

cathodic trace at Ep = −0.26 V (Figure 60). This represents a product of the oxidation of 8 after 

an EC-mechanism, since this feature becomes less prominent at higher scan rates and the 

oxidation approaches reversibility (ip,f/ip,r = 1.14 (ν = 0.1 Vs-1) 1.04 (ν = 2.0 Vs-1)). The possibility 

of solvent coordination can be ruled out since it is not observed for the less electron dense metal 

centre of =8, where it would be more likely. This EC-mechanism upon oxidation of 8 remains 

therefore unassigned.  
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1.  

 
 

 

Figure 60. Top: CV of 1.0 mM 8 in THF with 0.2 M (nBu4N)PF6. Top left: Comparison of 8 under N2 and Ar at ν = 
0.1 Vs-1. Inset top left: zoom of the first reduction under Ar. Inset bottom right: the first oxidation under Ar. Top right: 
first reduction of 8 in presence of different equivalents of (nHe4N)Cl, ν = 2.0 Vs-1. Bottom: CV of 1.0 mM =8 in THF 
with 0.2 M (nBu4N)PF6. Bottom left: Comparison of the CV of  =8 under Ar or N2 at ν = 0.1 Vs-1. Inset top left: zoom 
of the first reduction under Ar. Inset bottom right: the first oxidation under Ar. Bottom right: first reduction of =8 in 
presence of different equivalents of (nHe4N)Cl, ν = 0.05 Vs-1. 

 
 

In general, due to the decreased donor ability of the P=N=P-ligand, the whole spectrum is shifted 

anodically by circa 0.2 V. We also note that in the CV comparison between 8 and =8, no far 

anodic peak is observed until circa +1.0 V that is assigned to PNP-ligand oxidation in contrast to 

the several examples as described herein (i.e. 3Cl/=3Cl and 6/=6). 

 

 

 

4.6. Electrochemical N2-splitting from the Re(IV)-platform 

As Re-product from (electro)chemical MeCN release, the six-coordinate 8 (accessed only by 

means of chemical oxidation) or =8 (accessed via both electro- and electrochemical MeCN 

release) were found. To connect this reactivity to the N2-splitting as presented in Chapters II.1 
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and II.3, the missing link is the electrochemical N2-splitting from these Re(IV)-platforms. Both 

reactions were performed as a proof of principle, without several reproductions to precisely 

quantify the corresponding nitrides 3Cl and =3Cl. 

 

 
 

Scheme 59. Electrochemical N2-splitting in THF from the six-coordinated trichloride platform, either the saturated 

8 yielding circa 35 % 3Cl (left) and unsaturated =8 yielding traces of =3Cl (right). 

 

CPE of 8 at Eappl. = −1.90 V results in a colour change from light green via colourless to yellow, 

accompanied by the transfer of 2.25 electrons per rhenium in circa 3 h. Formation of 3Cl was 

proven by 31P{1H} NMR spectroscopy, in circa 35 % yield (Figure 61). In the CPE trace, the 

Re(IV/III) reduction decreases first and a temporarily discolouration of the solution indicates 

presence of violet 1Cl, which is only weakly coloured at low concentrations. CPE of =8 was 

performed at Eappl. = –1.73 V for 3 h, which results in a colour change from dark green via orange 

to intense light green, accompanied by a transfer of only 1.4 electrons per rhenium. By 31P{1H} 

NMR spectroscopy traces of =3Cl were observed, of which the yield was not quantified, see 

Figure 61. This result is not unexpected, since =8 showed decomposition within a CV or CPE set 

up, and CPE from Re(III) =1Cl also afforded the corresponding nitride in only 15 % yield. The CV 

traces as measured during CPE already show substantial decomposition after 15 % of the 

required two electrons for N2-splitting are transferred. If this reaction is to be quantified in 

future research, the reaction time (and thereby the presence time of =8 in the cell) should be 

decreased by taking fresh sample holders for CPE (which increases the current passed per second 

compared to the used and slightly fouled ones), and/or by applying a stronger overpotential. 

Nevertheless, both reactions prove electrochemical N2-splitting from 8 and =8.  
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Figure 61. 31P{1H} NMR spectra after CPE of 8 to form 3Cl (peak at 84.5 ppm) (left), and =8 to form =3Cl (peak at 
72.2 ppm) (right). PPh3O (peak at 24.2 ppm) was added as standard for nitride quantification, which was not 
performed in case of =3Cl, since only traces are observed.  
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II.5: N2-splitting in a flow cell 

Parts of this Chapter are published in:,Implementierung einer Flow-Zelle in die elektrochemische 

Stickstoffspaltung’, C.M.G.K. von Petersdorff-Campen, 2020, Bachelorthesis, Georg-August-

Universität Göttingen.  

 

The electrochemical N2-splitting, C-N bond functionalisation and subsequent MeCN release 

starting from the (un)saturated platform [ReCl2/3(P(=)N(=)P)] can only move closer towards a 

catalytic future if the separate reactions are carried out at isolated reaction sites, preventing all 

incompatible reagents to directly react with each other. Initially, separating the reductive N2-

splitting and the oxidative MeCN-release could be envisioned in a regular CPE set up, where 

both reactions occur and the transport of the corresponding Re-species occurs via a membrane 

or porous filter. Considering the saturated platform, the applied potentials of oxidative MeCN 

release (Eappl. =−0.3 V from 6) and reductive N2-splitting (Eappl. = −1.9 V from 8, respectively) 

would allow that the required Re-species are not reacting at the opposite electrode: reduction of 

6 is at very negative potentials (Ep = −3.1 V) and 8, which would be the starting platform of 

choice, is first oxidised at E1/2 = 0.05 V. Yet, the C-N bond functionalisation should also be 

incorporated (which is a rather slow reaction), and complicates the one CPE cell set up. 

Furthermore, intermediates (such as 1Cl during N2-splitting), might not be compatible with these 

potentials. It should be stated that EtOTf is first reduced starting from > −2.5 V in 1,2-

difluorobenzene (see Appendix A2), and it is imagined to be at least partially compatible with 

electrochemical N2-splitting. A solution can be found in a flow cell set up, where both reactions 

are separated and coupled to a separate reaction vessel where the electrophilic ethylation is 

performed, as very simply sketched in Scheme 60. As counter reaction, Fc oxidation and re-

reduction is envisioned, that can occur at high concentrations, to ensure that there are no 

limitations from the counter electrode side. A cyclic flow could be generated from a peristaltic 

pump.  

 

It is noted that the simple sketch of this envisioned flow cell set up disregards many challenges, 

for instance many compatibility questions, i.e. formation of MeCN & N2-splitting, EtOTf & THF, 

excess Cl− ions & N2-splitting, just to name some. Addressing those is beyond the scope of this 

work. As final part of this thesis, a flow cell set up was explored for the N2-splitting reduction. In 

general, the diamagnetic nitride result of such a reaction is easier to quantify compared to the 

MeCN release reaction. As found in Chapter II.4, the unsaturated platform is performing better 

for the MeCN release, giving at least some of =8. Yet, we perform test reactions on 1Cl in THF, as 

high nitride yields were obtained.  
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Scheme 60. Schematic set up of the Re-mediated N2-splitting and oxidative MeCN release, coupled via a separate 

reaction vessel where the chemical C-N bond formation reagents are injected.  

 

 

 
 

Figure 62. Flow cell set up with the syringe pump as used for initial attempts of electrochemical N2-splitting from 

1Cl. From left to right comes first the syringe pump with a solution of 1Cl (purple, back) and a solution of Fc (yellow, 

front) in THF. The syringes are connected via PTFE tubes to the stainless steel entrances of the flow cell. The flow cell 

is connected via crocodile clamps to the potentiostat. After flowing passed the electrodes, the solutions are gathered 

in the attached vials on the right.  

 

First, we recognised that the commercially obtained flow cell was made from mainly two 

materials that are not compatible with most organic solvents (EPDM, CPVC), and had to be 

modified to a PTFE set up, which is extensively described in Section IV.4.2. Meanwhile, we 

wanted to correlate the flow rates with conversion via UV-vis spectroscopy for a simple test 

system, either using the [Fc]+/0 couple in organic solvents or [Fe(CN6)]2−/3− in water. Yet, we 

encountered several obstacles that hampered a decent study at this point. Amongst the problems 

are mainly the facts that we a) explored graphite electrodes for most test runs that required high 

overpotentials to observe some current density, and b) the presence of stainless steel entrances 

of the flow cell as described in Section IV.4.2, which strangely proved incompatible with [Fc]+. 
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Despite lacking information about the flow rate/conversion correlation, we explored a first 

attempt for dinitrogen activation in the flow cell set up in the MBraun glovebox under a N2 

atmosphere, as depicted in Figure 62 and Scheme 61. Instead of a peristaltic pump, a syringe 

pump was used for these initial tests, since its handling proved easier.  

 

 
Scheme 61. Reactions examined in the flow cell: electrochemical N2-splitting from 1Cl into 3Cl at the cathode and Fc 

oxidation at the anode, with an overall cell potential of Ecell = –1.9 V.  

 

We confirmed that both 1Cl and 3Cl are stable while flowing through the stainless steel entrances 

of the flow cell, as judged from identical UV-vis traces before and after a run through the flow 

cell. Afterwards, we charged the syringes with separate solutions of 1Cl and Fc, and applied a 

flowrate of 0.04 mL min-1. This corresponds to a dwell time for the Re-species at the electrode 

surface of circa 7/8 times lower compared to a classic steady state CPE experiment. An anion-

exchange membrane was applied to secure charge compensation and to prevent Fc+ migrating 

in the cathode frame to oxidise 1Cl. Based on literature examples, we got the impression that 

large overpotentials were required,123 and CPE was initially examined at a large overpotential of 

Eappl. = −3.0 V vs. the Ag-wire (which very roughly corresponds to −3.4 V vs. Fc+/0). Although the 

colour of the Re-containing solution changed promisingly to orange, no 3Cl was found by NMR 

spectroscopy. Instead, it showed a mixture of at least 7 unknown species. Supported by full 

conversion of 1Cl in this attempt, a modest overpotential was explored next at Eappl. = −1.6 V vs. 

the Ag-wire (which very roughly corresponds to ≈ −2.0 V vs. Fc+/0). The colour on the Re-side 

changed to yellow, accompanied by a current density of ≈ 1.6 mA cm-2. In the 31P{1H} NMR 

spectrum we observe a feature at 84.2 ppm, which matches to formation of 3Cl, as shown in 

Figure 63. The nitride is formed alongside many other species as judged by the appearance of 

many signals in the 31P{1H} NMR spectrum, and was not quantified. The main species is found 

at 80 ppm, which based on its chemical shift corresponds to a Re(I) or Re(V)-species. 

Unfortunately, the mixture of compounds hinder clear allocation of 3Cl via 1H NMR 

spectroscopy: with a very optimistic eye, the backbone features at 3.10 and 3.69 ppm might be 
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recognised, yet also clearly obscured by other peaks. Surprisingly, the 1H NMR spectrum of the 

cathodic side shows the presence of Fc, which was not expected based on the anion-exchange 

membrane. Besides, paramagnetic species must be present, judged from the appearance of 

broad features in the range of −5 to −11 ppm. Via LIFDI mass spectroscopy, no clear feature for 

the nitride was observed, although the region is obscured by other features at 598 m/z and 

594 m/z (calculated for 3Cl is 596 m/z). Although the outcome now only relies on one method, 

we believe it is a promising start for future research.  

 

  
Figure 63. NMR spectroscopy of electrochemical N2-splitting in a flow cell at roughly Eappl. = −2.0 V vs. Fc+/0 with a 

flow rate of 0.04 mL min-1. Left: 31P{1H} NMR, right: 1H NMR.   
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III.1. Conclusion  

Several topics were addressed within this work: electrochemical N2-splitting into terminal 

nitrides, mechanistic examinations from the five-coordinate starting platforms into the nitrides, 

and the electrochemical release of N2-derived MeCN. A brief summary and the most important 

conclusions of each topic is highlighted.  

 

First, we showed successful electrochemical N2-splitting from flagship compound [ReCl2(PNP)] 

into the well-defined terminal nitride [ReNCl(PNP)] in 60 % yield based on rhenium and 50 % 

faradaic yield. We could expand this platform to the bromide and iodide congeners that showed 

electrochemical N2-splitting with similar nitride yields. From the chloride and iodide platform 

bearing the unsaturated P=N=P-platform, the corresponding nitrides were also accessed 

electrochemically, yet in significant detrimental yields, see Scheme 62. With regard to the 

required N2-splitting reduction potential, we identify two trends: 1) going down the halide group, 

electrosynthetic access to the nitrides becomes more favourable by circa 0.15 V per halide. This 

is attributed to the weaker electron donating properties going to the heavier halide ligand. 

Furthermore, 2) changing the PNP for the P=N=P-ligand allows for an approx. 0.2 V more 

positive applied potential, due to the diminished NAmide π-donation from this unsaturated ligand. 

Within the established series, electrochemical nitride formation from =1I is at the most benign 

potential. In general, we can conclude that the exchange of halide ligands within a ligand 

backbone series has virtually no effect on the efficiency of N2-splitting, in contrast to de-

saturation of the ligand backbone.  

 

As a second main topic, we extensively examined the mechanism of (electro)chemical N2-

splitting by spectroscopic and voltammetric techniques. First, we examined the reduction profile 

for (=)1X under Ar, always revealing two reductions, attributed to an ECE-mechanism of initial 

ReIII/II reduction ([ReX2(P(=)N(=)P)]0/−), coupled to halide loss, and the subsequent ReII/I 

reduction of [ReX(P(=)N(=)P]0/− (X= Cl, Br and I). The potential difference between these 

reductions show two trends: 1) it becomes larger down the halide group (Ep,c,1-Ep,c,2 = 0.30 V (1Cl), 

0.43 (1Br), and 0.60 (1I)), and 2) smaller when going from the PNP to the P=N=P ligand          

(Ep,c,1-Ep,c,2 = 0.16 V (=1Cl), and 0.37 (=1I)). The latter might indicate that the second reduction is 

partially ligand based, which would then be favoured for the conjugated P=N=P-ligand. The 

reductively induced halide loss was quantified for the (=)1Cl and 1I platforms, showing values 

between ≈ 102-104 s-1. This is substantially higher compared to platforms bearing only 

monodentate or less electron donating ligands, as showcased in Section II.1.5. We consider the 
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pincer ligand instrumental to favour halide loss, with most emphasis on the strong Namide-metal 

electron donation unique for the herein examined pincer platforms.  

 

 

 

Scheme 62. Graphical overview of some important findings within this work.  

 

The mechanism of N2-splitting was examined starting from 1Cl. We found a fast number of 

elemental steps that form the dinuclear N2-bridging intermediate [{(ReCl(PNP)}2(μ-N2)], that 

follow an ECN2CClECdim.-mechanism. N2-coordination is at the Re(II) stage with dramatically 

improved dinitrogen affinity compared to its oxidised Re(III) precursor 1Cl. Notably, for all 

platforms there exist indications that the oxidation state for N2-coordination is Re(II), i.e. the 

disappearance of the [ReX(P(=)N(=)P]0/− reduction when measuring CV under N2 instead of 

under Ar. Binding of the π-accepting N2 ligand to [ReCl(N2)(PNP)] leads to immediate further 

reduction to Re(I) due to potential inversion, followed by a comproportionation type reaction 

with the Re(III) precursor to reach the N2-bridged dinuclear compound. DFT calculations stated 

that considerable N2-activation is not achieved prior to formation and subsequent splitting of 

2Cl. It is reasonable to assume that the accessibility of the more stable Re(I) is instrumental to 

avoid Re(II) decay pathways. Furthermore, two reduction equivalents are stored on the metal in 

this manner, thereby avoiding unfavourable one-electron reduction of N2. Based on the similar 
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CV traces between 1Br and 1Cl, this mechanism is also assumed as the main pathway for the 

bromide congener.  

 

Regarding the iodide platform 1I, the CV trace appears dramatically different: the two for N2-

splitting effective reductions are deconvoluted, instead of potentially inversed, as is the case for 

1Br and 1Cl. The appearance of two isolated waves and their ν-dependency lead us to expand our 

N2-splitting model and to include two co-existing pathways. First, a comparable two electron 

reduction / comproportionation pathway is followed, although discrimination between the order 

of N2-coordination of iodide loss (i.e. ECN2CIECdim or ECICN2ECdim) is not possible due to faster 

and more favourite iodide loss compared to chloride. In addition, longer lifetimes for Re(II) 

species allow for direct dimerization in a one electron / dimerization pathway.  

 

These series of elemental steps yield dinuclear intermediate 2X. For 2Cl, its characterisation was 

completed within the context of this work and 2Br and 2I were spectroscopically characterised. 

Going down the group, paramagnetic contributions towards the magnetic ground state increase, 

as indicated by the more paramagnetically shifted 1H NMR spectroscopic features, the absence 

of heteronuclear NMR for 2I, and the larger chemical shift differences by VT-NMR. The lifetime 

of 2X increases slightly down the group, and they are instable with respect to N2-splitting, which 

quantitatively represents the slowest reaction in overall N2-splitting.  

 

An extended mechanistic study regarding the platforms bearing the unsaturated P=N=P is not 

reasonable, based on the low nitride yield via electrochemical N2-splitting. For =1Cl, we explored 

different solvents (Et2O, fluorobenzene, 1,2-difluorobenzene, THF), yet leading to the same 

mediocre results. Upon both chemical and electrochemical N2-splitting on =1I, we also found 

nitride [ReNI(N(CHCHPtBu2)(CHCHPHtBu))] (10), which is the product of =3I and isobutene 

loss, leaving a direct P-H bond. We believe that this reactivity is favoured for the (P=N=P)-

platform.  

 

In search for an explanation for the low yields on this platform, we can argue on three aspects: 

1) we found that the =1Cl platform is instable under a N2 atmosphere (less pronounced) and in 

presence of Cl− (more pronounced). For this latter, a chloride induced disproportionation type 

reactivity was proposed that ultimately forms [ReCl3(P=N=P)]. The overall uphill process might 

play a decomposing role during electrolysis, due to longer reaction time compared to chemical 

N2-splitting. In contrast, this was not observed for =1I (initial iodide coordination is likely more 

uphill due to steric reasons), indicating this proposed reactivity plays only a minor role as general 

pathway of decreased nitride yield from the P=N=P-platform. 2) Likely more attributing to the 



III.1. Conclusion 

 
 
 
 

 

 

185 

overall low yield is the stronger anodic shift of the second reduction compared to the first 

reduction of [ReX2(P=N=P)], which could cause overreductions that lead to decomposition. 3) 

In addition, we identified for =1Cl that at the Re(II) stage, two decomposition pathways could 

compete with N2-splitting, amongst one with a bimolecular nature. This can be especially 

unfavourable for electrochemical reduction, where high local Re(II) concentrations are 

expected.  

 

Next, we focused on the electrochemical MeCN release, which was successful upon performing 

oxidative electrolysis of 6 in presence of DBU and Cl−-source. Yet, the yield in acetonitrile was 

low, and only a mixture of several unknown Re-compounds was found instead of the expected 

[ReCl3(PNP)]. Based on the large charge excess that is needed for full conversion, we attribute 

PNP-backbone reactivity under oxidative conditions to unselective decomposition. Within this 

work, we propose for 1Cl that the ligand oxidation, as usually found at potentials > 0.6 V, shifts 

substantially anodically in presence of base indicative of PCET reactivity. Therefore, we 

synthesised the P=N=P bearing analogue =6, and oxidative electrolysis affords MeCN in circa 

65 % and =8 in minimally 35 % yield. The latter value is a lower limit, as this compound suffers 

from decomposition in solution. Amongst the decomposition products of =8 we could isolate a 

structure with a surprising cyclised ligand-backbone (12). Yet, this compound is not involved in 

decomposition of =8 in the electrochemical set up and the fate of that decomposition remains 

unsolved. The CV of both (=)8 show an irreversible Re(IV/III) reduction, which is coupled to 

chloride loss, and continue cathodically precisely identical to (=)1Cl. As a proof of principle, 

electrochemical N2-splitting from both trichloride platforms into the corresponding nitrides was 

shown.  

 

From considering both the reductive N2-splitting and oxidative MeCN, we can now emphasise 

even more the challenges towards a catalytic future for this platform. From the starting platform 

bearing the PNP-ligand, we find good nitride yields via electrochemical N2-activation, but an 

unselective mixture of Re-products in oxidative MeCN release attributed to ligand backbone 

oxidation. This latter problem is (partly) circumvented by using the unsaturated P=N=P ligand, 

yet electrochemical N2-splitting from these platforms is associated with low yields.  

 

The aim of electrifying this stoichiometric cycle of N2-splitting and MeCN release is achieved, 

and key findings towards the design of future (electro)chemical molecular N2-splitting 

complexes or catalysts were extracted.  
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III.2. Outlook  

If this system would be continued, several aspects can still be examined.  

 

Regarding electrochemical nitrile release, an alternative nitrile should be examined compared 

to MeCN from a very practical point of view. The release of MeCN is detected via GC 

chromatography, and it is found to run very close to all low-boiling solvents that can be present 

in the electrolysis solvent, box atmosphere, or GC room atmosphere (i.e. acetone for cleaning, 

see Section IV.3 for more details). Yet, not many organotriflates (RCH2OTf) compounds are 

commercially available. To increase the scope of used compounds and relief the quantification 

method, we could explore activation of 3Cl following the strategy from Cummins: first react the 

nitride with Me3SiOTf, upon which it is activated for less strong electrophiles, i.e. acid 

chlorides,150 that usually have a large variety of possible R-groups. 

 

It would be very interesting to take a closer look into the end-on N2-bridging 2X complexes. Due 

to their very limited RT-stability and decreased purity, no SQUID magnetometry is possible, and 

many questions regarding their electronic description and electrochemistry remain. Although 

their electrochemical properties could be examined by low temperature CV, the easiest solution 

would be to sequentially oxidise this δ4π10 system to its single (δ4π9) and double (δ4π8) positively 

charged complex series. Series like this (in various electronic configurations), were discussed in 

Section I.1.4.3. Although the lifetime of 2I is the longest, 2Cl is obtained in a spectroscopically 

high yield. Therefore, the chloride system is preferred and based on relatable δ4π10 systems (see 

Section II.2.8), oxidation with a [Fc]+-salt is sufficient to access this series (Scheme 63). 

Especially interesting would be to follow the reductive trace of either oxidised dimer: hopefully, 

the concentration of the re-reduced 2X species at the electrode surface is high enough to 

unequivocally conclude if the small cathodic feature in the CVs of 1X can be assigned to 2X (as 

hypothesised in Section II.2.8).   

 

 

 

Scheme 63. Envisioned sequential twofold oxidation of 2X to its putative δ4π9 and δ4π8 congener. 
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A main conclusion from this work is the incompatibility of either ligand platform with both 

electrochemical reductive N2-splitting and oxidative MeCN release. To move into a forward 

direction, there are several possibilities. Either the ligand platform is changed or the envisioned 

reactivity is modified to make it compatible with either the reductive or the oxidative chemistry. 

To follow up on this latter, Pickett provides an interesting alternative approach as exemplified 

in Scheme 26 in Section I.2.2.2. Instead of oxidising the N-C bond of an imido fragment to e.g. 

MeCN, they showed the release of amines upon reduction in presence of acid.138 Such an 

approach is currently under investigation within our research group for [ReBr3(HPNPiPr)]. It is 

possible that the same approach is feasible for our system. A key reaction is shown in Scheme 

64, imagined to start from imido 5. In order for this reaction to be successful, the reduction of 5 

should be coupled to protonation to the amido ligand, and a subsequent cycle of reduction-

protonation releases the amine. As initial experiment, it is proposed to titrate weak acids into a 

solution of 5 and measure CV: successful protonation can be assumed if the irreversible 

reduction of 5 at Ep = −1.84 V (see Chapter II.4) shifts and increases in current. Notably, this 

potential leaves us still with a choice between some acids before competing HER occurs.109 If in 

this manner an electrochemical reductive C-N fragment release can be established, it even has a 

promise to be catalytic, combining reductive N2-splitting, C-N bond formation via reaction with 

alkyltriflates and reductive amine release. Initially, competing reduction of EtOTf seems 

problematic, but the far cathodic potential (> −2.5 V, see Appendix A2) is well beyond the 

reduction of 5 and the N2-splitting potential for 1Cl. This latter would only be formed if additional 

Cl- ions are added, but alternative Re(III) species such as [ReCl(OTf)(PNP)] likely operate in the 

same potential range. It is very likely that the backbone will get protonated, which shifts the 

reduction potentials cathodically, but there is still a potential window to perform CPE more 

reductive until reduction of EtOTf or competing HER occurs.  

 

 

Scheme 64. Proposed amine release from reductive CPE of 5 in presence of protons.  

 

The other main possibility is to modify the ligand platform towards a more robust system, stable 

against both reductive and oxidative conditions. A promising strategy for increased stability 

would be to install a phenyl-linkage in the backbone, as outlined in Figure 64. A modification of 

such a platform was used to synthesise a Re(V) nitride (not originating from N2) and its 
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corresponding N-C bond formation using CO by Ison.208 Due to the increased steric demand in 

the backbone, it is unlikely to isolate the tert-butyl substituted phosphorous platform. Instead, 

iso-propyl substituted phosphorus can be synthesised and therefore a Re(IV) starting platform 

is envisioned similar to [ReCl3(PNPiPr)], as described in Section I.1.4. The extended conjugated 

system in the backbone can also introduce ligand-based electrochemistry that can shift the redox 

potentials. Studies within our group with a modification of this ligand already show good results 

regarding N2-splitting and subsequent functionalisation.  

 

 

 

Figure 64. Proposed ligand modification for future research.  
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IV.1. General working techniques 

All chemical reactions were performed under an inert atmosphere (either Ar 5.0 or N2 5.0 from 

Linde) as obtained either via a Schlenkline or upon working within an MBraun Glovebox. The 

temperature within this latter proved to fluctuate between 25 and 30 ˚C. All glassware was 

cleaned first in KOH/iso-propanol and subsequently in HCl baths, washed with demineralised 

water and pre-heated at 115 ˚C or heated with a heat gun whilst applying vacuum. At the 

Schlenkline, solvents were transferred via over-condensation or via a stainless-steel cannula. 

Filtration was performed using pre-heated PTFE tubing to which a Whatmann Glasfiberfilter 

(GF/B, 25 mm) is attached with PTFE-band or with a pre-heated small piece of this filter within 

a pipette. Small-scale chemical reactions (≤ 5 mg) were performed in a J-Young NMR tube.  

 

IV.2. Chemicals and purification methods 

All solvents were purchased in HPLC quality (Sigma Aldrich/Merck), and dried using an 

MBRAUN Solvent Purification System. All deuterated solvents were acquired from Eurio-Top 

GMBH. Solvents THF, d8-THF, d8-toluene, C6H6, C6D6, and Et2O were dried over NaK for one 

week, over-condensed, and degassed prior to use. CH2Cl2, CD2Cl2, Chlorobenzene, 

fluorobenzene, 1,2-difluorobenzene, and NEt3 were dried by stirring over CaH2 for two weeks 

and subsequent over-condensing (when NaK- or CaH2-dried non-deuterated solvents are 

required, it is specified in the experimental information). Demineralised water was used, which 

was de-oxygenated by bubbling Ar trough.  

 

The following Re-compounds were synthesised according to their literature procedure: 

[Re(MeCN)Cl3(PPh3)2],169,170 [Re(MeCN)Br3(PPh3)2],169,170, [ReCl2(PNP)] (1Cl),79 

[ReCl2(P=N=P)] (=1Cl),71 [ReI2(P=N=P)] (=1I),168 [ReCl(NCH2CH3)(PNP)]OTf (5),79 

[ReCl(NCHCH3)(PNP)](6),79 and [ReCl(NCHCH2)(PNP)]OTf (7).79 1 M Na/Hg was prepared by 

addition of Hg (0.292 mL, 4 g) to Na (6.7 mg, 0.292 mol) in the glovebox, upon which Na/Hg is 

formed. 2,4,6-tri-tert-butylphenoxy radical was synthesised as adapted from a published 

procedure by Mayer and coworkers.209 In a typical run, 2,4,6-tri-tert-butylphenol (1.25 g) was 

dissolved in C6D6 (80 mL), NaOH (15 mL, 1 M) was added, and the mixture was degassed by 

freeze pump thaw cycles. To the frozen reaction mixture, K[Fe(CN)6] (3.9 g, 2.5 eq.) was added 

and it was allowed to warm to room temperature and stirred for 2 h. Subsequently, the organic 

phase was decanted, and the water phase was washed with pentane (3 x 10 mL). The solvents 

were removed in vacuo, and the product was extracted with pentanes. Pentane was removed in 
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vacuo and lyophilisation yielded 2,4,6-tri-tert-butylphenoxy as dark blue solid in circa 90 % 

yield. (OEt3)BArF
24 was synthesised by allowing equimolar mixtures of (OEt3)BF4 and NaBArF

24 

to react in DCM for 1 h, after which it was extracted with Et2O and dried extensively. 

(nBu4N)BArF
24 was synthesised according to a modified procedure based on the published one 

by Geiger210: (nBu4N)Cl (3.3 g, 12 mmol, 1.1 eq.) was dissolved in a methanol-water mixture (2:1, 

15 mL) and are added dropwise to a solution of NaBArF
24 (10 g, 11.1 mmol, 1 eq.) in a methanol-

water mixture (2:1, 30 mL). Directly, a lot of white precipitation was observed. The suspension 

was stirred for 15 minutes, and added dropwise to water (30 mL). The precipitate was filtered-

off, dissolved in DCM (20 mL) and washed several times with water and Brine solution until 

minor yellow colouration was removed. Subsequently, the reaction mixture was dried over 

MgSO4. This suspension was filtered-off and from the filtrate, the volatiles were removed in 

vacuo. The so obtained white solid was further dried at 90 ˚C overnight. (nBu4N)BArF
24 was 

obtained as dry and clean solid as judged by a clean blank CV in THF and no water-peak in its 

IR-spectrum in 65 % yield (8.6 g, 7.8 mmol). (PPN)N3 was synthesised according to the 

procedure as described by Dr. M. Scheibel.211 [Fc]BArF
24 was synthesised upon reaction of 

equimolar amounts of NaBArF
24 and [Fc]PF6 in DCM for circa 1 h. Subsequent evaporation of 

the solvents in vacuo, extraction with Et2O and drying afforded the dark blue [Fc]BArF
24. 

 

TMS-N3 was distilled at 140 ˚C at 1 atm Ar and stored over 3Å moll sieves in the freezer. EtOTf 

was distilled at 115 °C at 1 atm Ar and stored in the freezer. Fc, NCS, and Fc* were sublimed at 

0.020 mbar at 40 °C, 80 °C, and 105 °C mbar, respectively. (nBu4N)PF6, (nBu4N)Cl, (nHe4N)Cl, 

(nHe4N)Br, and (nHe4N)I were extensively dried at 0.020 mbar at 80°C, 85°C, 85°C, 85°C, 95°C, 

respectively and the absence of water was judged based on the absence of OH-bands in the IR 

spectrum. For (nHe4N)I, the presence of Br− (≈ 2 ppm) and Cl− (≈ 8 ppm), and for (nBu4N)PF6 

the presence of Cl− (≈ 2 ppm) was determined via elemental analysis. DBU was degassed and 

stored over moll sieves. Silanised silica and Celite were heated to 150 °C for 1-2 weeks at 

0.020 mbar. PPh3, PPh3O, P(O(Si(CH3)3)3, Co(Cp*)2, [Co(Cp*)2]PF6, Cr(Cp*)2, KHMDS, 

hexamethylbenzene, 1,3,5-trimethoxybenzene, AgOTF, 2,4,6-tri-tert-butylphenol, K3[Fe(CN)6], 

(OEt3)BF4, NaBArF
24, were deoxygenated by applying vacuum and subsequently used as 

commercially obtained. HCl in Et2O, Tf2O, and 15N2 (98 %) were used as commercially obtained.  
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IV.3. Analytical methods  

Cyclic voltammetry (CV) 

CV was measured on several potentiostats: a Gamry 600 reference for the N2-measurements for 

Chapter II.1 and II.3 (the data for =1Cl), a Gamry 1010E for the N2-measurements in Chapter II.2, 

II.3 (the data for =1I), the MeCN release in Chapter II.4, and the Flow Cell chemistry in Chapter 

II.5. All data were it is explicitly mentioned that it is under an Ar atmosphere were measured on 

a Metrohm PGSTAT101. For Gamry, electrochemistry was recorded using the Gamry software, 

and for Metrohm, the software Nova 2.0 or 2.1 was used.  

 

CV was measured in a three-neck-cell with a RE (Ag-wire, ChemPur, 99.999 %), CE (Pt-wire) 

and a WE electrode (glassy carbon disk, A = 0.020 cm2, IJ Cambria) in the main compartment. 

The three-neck cell was usually charged with solvent and 0.2 M (nBu4N)PF6. All CVs were 

compensated for the remaining internal Resistance (iR-compensation) by circa 90-95 % of the 

uncompensated resistance value. Referencing was performed by addition of an internal 

reference, either during the whole measurement (i.e. for reagent titration) or only at the end of 

the measurement. Compounds that were regularly used as internal reference include Fc, Fc*, 

acetylFc, and [Co(Cp*)2]PF6.  

 

Throughout this work, redox features are assigned as being reversible, which in this context 

relates to electrochemical reversibility: where the electron transfer is faster than mass transport 

of the redox-active species to the electrode. To judge if a feature is reversible, the following four 

criteria were taken into account: the peak to peak separation ΔEp (a theoretical maximum exists 

of 0.059 V for a 1 electron transfer at RT), the ratio between the forward and reverse peak current 

ip,f/ip,r (around 1.0), a linear relationship between the square root of ν and the ip,f, and a constant 

Ep,f with increasing ν.  

 

These four criteria all have their possible error marges. Both the criterion of the peak-to-peak 

separation, and the relationship between Ep,f and ν, can suffer extremely from an insufficient iR-

compensation or by remaining resistance upon using the relatively non-conducting solvent THF. 

To reduce this problem, the electrolyte concentration was usually increased from the commonly 

used 0.1 M to 0.2 M, which lowers the resistance from 6000-7000 Ω to 2500-3000 Ω. 

Nevertheless, even for Fc & Fc*, ΔEp values are found in the range of 0.08 V at low ν (< 0.5 Vs-

1), which is therefore considered to be sufficient to still judge a feature as reversible. The criterion 

ip,f/ip,r was found to depend on the reverse point of the CV measurement after the forward wave. 
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When a sufficient wide potential range (> 0.5 V) after the forwards peak is chosen before 

returning the CV sweep, the baseline for the reverse wave can be read off precisely. However, 

either when there is a following redox feature in proximity or to acquire data for digital 

simulation, the CV is quickly reversed after scanning through the forward wave. The baseline for 

the reverse wave is less accurate and thereby the determination of ip,r. Usually, the ip,r was found 

too small, making ip,f/ip,r too large. A linear relationship between ip,f and ν1/2 is throughout this 

work found for most redox transfers. It is however not a selective criterion for an electrochemical 

reversible process, since it can also hold for electrochemical quasi- or irreversibility, and 

indicates that electron transfer occurs on a freely-diffusing species in solution (in contrast to an 

adsorbed species).174  

 

When the four criteria are met with taking the errors of the measurement into account as 

described above, a feature is assigned as reversible. Those features that are not reversible are 

either quasi-reversible or irreversible, which can either indicate their electron transfer is slower 

compared to mass transport or when the redox event is coupled to a chemical reaction. In case 

of the latter situation, they also (partially) lose their reverse CV response and show a moderate 

shift of Ep,f  with changing ν to more harsh potentials (cathodic for a reductive event, anodic for 

an oxidative event). The classification quasi-reversible is used within this work when there is a 

ν-regime where the criteria for reversibility are (almost) met.  

 

Cyclic voltammetry (CV) 

The CVs of 6 were simulated with the DigiElch8 software from ElchSoft 

 

Controlled Potential Electrolysis (CPE) 

CPE was performed in a three-neck-cell where all three electrodes were separated in different 

compartments with sample holders (IJ Cambria, with a Vycor glass tip), see Figure 65. These 

sample holders are soaked in for at least 3-4 days (more usually a couple of weeks) in 0.1 M of 

electrolyte in the CPE solvent. In a usual run, the RE (a Ag-wire) was placed in a 6 mm diameter 

sample holder to one side, and the CE (for Chapter II.1-3 a simple Pt-wire was used, in Chapter 

II.4&5 a spiral Pt-wire was used for a higher contact area (IJ Cambria)) was placed in a 9 mm 

diameter sample holder. For the WE, in Chapter II.1 a 1x1x3 cm (l * w * h) glassy carbon foam 

(3000C, 6.35 mm thickness, 0.05 gcm-3, 96.5 % porosity) was used that was connected via a 

graphite rod (C3-analysentechnik). However, this set up is very fragile and could in future be re-

applied when using a different cell (H-cell approach) and/or by connecting via a Pt-wire. From 

Chapter II.2 and onwards, CPE was performed using a 100 mm glassy carbon rod (type 2, Alfa 
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Aesar). Next to the CPE WE, a glassy carbon disk electrode was placed to record CVs for CPE 

monitoring and potential determination. Since both CV and CPE electrodes are made out glassy 

carbon, the potential is believed to be rather constant. At the start of CPE, a sacrificial redox 

agent is placed in the CE compartment (in case of reductive CPE, a sacrificial reductant and vice 

versa). As sacrificial reductant, a clear excess of 2-3 spatula tips of Fc are added. [Fc]PF6 is more 

soluble than [Fc*]PF6, explaining why Fc was used. For oxidative CPE in Chapter II.4, first 

[Fc]PF6 was used as sacrificial oxidant, that however shows a low solubility. The solution in the 

sample holder had to be replaced several times, initially leading to very long CPE times, after 

which it was replaced for the better soluble [Fc]BArF
24. When CPE was performed overnight, 

scepta were placed over the sample holders to prevent evaporation of the solvent. For the CPE 

solution, 0.1 M electrolyte is usually used and no iR-compensation was applied because of the 

sample holders that add too much noise if iR-compensation is applied. The potential for CPE 

was determined by CV versus the Ag-wire and later recalculated versus Fc+/0, either by addition 

of an internal standard or by transferring peak potential knowledge from earlier CV 

measurements. If nothing else is stated, CPE was performed until all redox waves at the CPE 

potential are sufficiently low (< 0.5 µA). CPE was controlled either via Gamry or Nova software 

on a Gamry or Metrohm potentiostat, respectively. In the first case, the current versus time 

integration was done automatically, in the second it was done by Origin. After CPE, PPh3O was 

directly added for quantification and the three neck cell was rinsed properly. The sample was 

concentrated and analysed by 31P{1H} NMR spectroscopy.  

 

 

Figure 65. Typical CPE set up with the three electrode as comparted via the sample holders. The additional scepta 

on the sample holders are only used when long measurements are performed (> 5 h) to prevent solvent evaporation.  
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Elemental analysis 

Elemental analysis were obtained from the Analytisches Labor at the Georg-August-University 

Gӧttingen using an Elementar Vario EL 3 analyser.  

 

Gas Chromatography 

Gas chromatography was measured on an Agilent Technologies 7890A GC System. The column 

was a DB-5MS 30 m x 0.25 m, 0.25 μm (Agilent), and we applied the following method: 30 °C 

for 5 min, then 65 °C/min to 250 °C, which is hold for 5 minutes. Despite the low starting 

temperature, MeCN basically shows no retention time, and comes already after 1.8 minutes 

alongside all low-boiling solvents, such as acetone (often used to rinse the GC), pentane or Et2O. 

A different column was tested, where MeCN however appeared in the tail of THF, hindering its 

quantification. Therefore, the quantification experiments were well prepared by ensuring on the 

one side that no pentane or Et2O is present in the THF and on the other hand that no acetone is 

used parallel in the GC analysis room. In a typical experiment, up to five blank runs are needed 

to get a sufficiently clean background. A calibration curve was measured for MeCN in THF, 

where the small peak in the background with the same retention time was subtracted (see Figure 

66), just as was done for the real samples.  

 

 

Figure 66. Calibration curve of MeCN in THF by GC Chromatography, with subtraction of the small background 

peak with the same retention time as MeCN.  

 

IR-spectroscopy 

IR-spectroscopy was measured on a Bruker Alpha FT-IR-Spectrometer with a Pt ATR-Module.  
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EPR-spectroscopy 

EPR-spectroscopy was measured on a magnettech MiniScope MS400 Benchtop machine at RT.  

 

Karl-Fischer Titration 

The water-content of the solvents as presented in Chapter II.3 was determined with a C20 Karl-

Fischer-Titrator from Mettler Toledo.  

 

Mass Spectroscopy 

Mass Spectroscopy was recorded by the Mass Spectroscopy department of the Institute of 

Organic and Biomolecular Chemistry of the Georg-August-University Gӧttingen. A soft 

ionisation technique was used: liquid-injected field desorption ionisation (LIFDI-MS) on a JEOL 

AccuTOF JMS-T100GCV. 

 

NMR Spectroscopy 

NMR spectroscopy was recorded on a Bruker Avance III 300, Avance III 400, or Avance 500 

spectrometer (with broadband cryoprobe) and referenced to the residual solvent signals (C6D6: 

δ1H = 7.16 ppm, δ13C = 128.4 ppm, d8-THF: δ1H: 3.58 ppm, 1.72 ppm, δ13C = 67.6 ppm, 

25.31 ppm. CD2Cl2: δ1H = 5.32 ppm, δ13C = 53.8 ppm, d8-toluene: δ1H = 2.08, 6.79, 7.01, 7.09). 

31P NMR, 14N NMR, and 15N NMR chemical shifts are reported relative to external phosphoric 

acid and nitromethane standards, respectively (δ31P = 0.0 ppm, δ14N = 0.0 ppm, δ15N = 

0.0 ppm). Signal multiplicities are abbreviates as: s (singlet), d (doublet), t (triplet), m 

(multiplet). The 1H-31P coupling constants are read off from the outer sides of the multiplet.  

 

31P{1H} NMR quantification method 

For most of the nitride yield determination after CPE, we relied on quantification via 31P{1H} 

NMR spectroscopy. Either because the nitride could not be separated from the electrolyte, or in 

some cases side-products are formed that overlap with the nitride. In both cases, no free 1H NMR 

peak of the nitride is available for quantification. As reference, PPh3O was usually chosen; since 

it is non-coordinating in comparison to PPh3. Long measurement times were secured at an NMR 

machine with a broad band observe probe head, as especially suitable for heteronuclei. To make 

quantitative 31P{1H} NMR spectroscopy the most reliable, we took care of the following: 

sufficient relaxation time was ensured by setting d1 to approx. 20 seconds, since the T1 times of 

prototype nitride 3Cl and standard PPh3O were determined via inversion recovery to be circa 0.3 
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and circa 3 seconds, respectively. To prevent signal modifications by Nucleor Overhausen Effect 

(NOE) build up during proton decoupling, an ‘inverse gated’ decoupling sequence was applied 

with decoupling only during acquisition time. After measuring, the spectra were phase- and 

baseline corrected. In some cases, when yield determination via 1H NMR spectroscopy was 

possible (i.e. chemical N2-splitting into 3Br), both nuclei were used, yielding to similar reaction 

outcomes (within 5%), which verifies the here used quantification methods.212 

 

UV-vis Spectroscopy 

UV-vis spectra are recorded on a Cary 300 UV-vis spectrometer from Agilent.  

 

UV-vis Spectroelectro (UV-vis SEC) 

A 1-mm thin layer UV-vis cell with a Pt mesh WE, a Pt disk (A = 0.071 cm2) CE, and a Ag-wire 

RE was used for SEC. UV-vis data were recorded with a BWTEK ExemplarLS, which is connected 

in to the cuvette cell via fibre optics. Electrochemistry was measured on a Gamry 600.  

 

 

IV.4. Special equipment 

4.1 High-pressure electrochemical equipment 

Electrochemistry under high N2 pressures was measured in a Parr Reactor with electrochemical 

feedthroughs (see Figure 67) The design of this set up was inspired mainly by the reported 

example by Shaw.213 The feedthrough cables were obtained from Bax Engineering, which use 

PTFE as sealing-material. On both sides of the sealing, their length is 300 mm and their 

maximum electrochemical values are 9 A and 600 V. While designing this electrochemistry 

autoclave, several constraints were considered. To prevent side-reactions with the analyte or 

solvent vapours inside the autoclave, only inert materials came into question, for which we chose 

Teflon and glass material. The dimensions and weight of the autoclave were determined by the 

constraints of large chamber of the Mbraun Glovebox (maximal 27 cm height and 25 kg 

maximum load on a point area). Yet, a sufficient large autoclave provides the possibility for up-

scaling experiments in future research. A compromise was found in a 300 mL autoclave, with a 

total height of 25 cm and a load of 11 kg, that can host electrochemical cells as low as 2 mL total 

volume. Inside the Parr reactor, we placed a PTFE inlet with lid, which has holes in different 

sizes (6x3 mm, 1x6 mm and 1x9 mm) to guide the electrodes and prevent them from touching 

each other. The PTFE inlet is equipped with a glass vial where the electrolyte solution is placed 
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in. Four electrochemical feedthrough cables were chosen as minimal requirement for a CPE 

experiment (CE, RE, WE, and CPE WE). In a future design, more than four electrochemical 

feedthrough cables would be more beneficial, in case of damage or to position several WE’s in 

the autoclave to prevent time-intensive polishing. 

 

In a typical CV experiment, the three electrodes (a 3 mm outer diameter WE, a 6 mm outer 

diameter Platinum CE, and a Ag-wire pseudo RE) are attached to the feedthrough wires via an 

insulating screw joint, and carefully brought into the PTFE inlet (CE via the 6 mm hole, WE via 

the 3 mm hole and Ag-wire via the 9 mm hole). Inside the Mbraun Glovebox, the connections 

are checked by measuring a CV, after which the autoclave is tightened. Subsequently, the 

autoclave is brought outside of the MBraun Glovebox and attached to a pre-flushed tubing 

connected to the N2-gas bottle. To remove the last parts of O2, both the tap of N2-gas towards the 

autoclave and a direct outlet next to it are opened simultaneously, to create a N2-outflow. After 

flowing N2 like this for 10-20 seconds, the gas attachment is considered O2-free. At each different 

pressure step, the system is stirred for 5 minutes to allow the system to become in equilibrium. 

De-pressurising is done via one of the two outlets. In case of a CPE experiment, a 50 mm glassy 

carbon rod was used as CPE WE, since the 100 mm rod does not fit to the inner dimensions of 

the autoclave.  

 

 

Figure 67. Parr reactor electrochemistry setup containing A: glass inlet, B: PTFE inlet, C: PTFE inlet lid, D: Parr 

Reactor bottom part, E: Parr Reactor top part with four electrochemical feedthrough cables. 
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4.2 Flow Cell 

4.2.1 Flow Cell modifications  

A flow cell was commercially obtained in form of the 1x1 C-flow flow cell from C-tech innovation. 

In general, this flow cell consists of two cell frames that are separable with a membrane, where 

in each, a half-cell reaction (anodic or cathodic) can occur. For each cell frame, a solution can 

enter, flow over an electrode and leave the frame on the other side. The electrode is connected 

to current collectors, which are connected to the potentiostat. A reference electrode (a wire with 

maximum diameter of 1 mm) can be placed in either compartments. We found out that both the 

gaskets to tight the electrode, the membrane, and the frames, just as the cell frames itself are 

constructed from materials that find no compatibility with organic solvents as THF (ethylene 

propylene diene monomer (EPDM), a synthetic rubber, or chlorinated Polyvinylchloride 

(CPVC), respectively). In order to use this flow cell, we had to change several components to a 

THF-compatible material, with polytetrafluoroethylene (PTFE) as most likely candidate. 

Therefore, we exchanged the O-rings, electrode and membrane gaskets, and the cell frames to 

PTFE, each with its own complications. Most complications arise from the hardness of PTFE, 

which is in the medium range (Shore Hardness D55), and therefore not suitable when 

specifically either a hard or a soft material is required. Regarding the O-rings on the cell frame 

that keep the solution, we acquired PTFE O-rings (Dichtelemente Arcus 40.87 x 3.53 mm and 

50.47 x 2.62 mm). Although they initially function, some leaking around these O-rings occurs 

already after a limited number of experiments (and especially when the membrane gaskets are 

applied), likely because PTFE is a too hard material to be bend for prolonged times. They likely 

need to be exchanged frequently. For the membrane and electrode gaskets, we explored PTFE 

plates of 1.0 and 0.5 mm, which showed severe leaking. Here, the PTFE is too hard to be 

sufficiently pressable as needed for a gasket. In comparison, the EPDM that was commercially 

used here has a Shore Hardness of A20-85, which is tremendously weaker. More successful was 

the use of expanded PTFE (ePTFE plates of 1 mm or 1.5 mm, VTE Industrietechnik), especially 

as material for the electrode gaskets. For the membrane gaskets, small liquid leaks around the 

O-rings were observed. Fortunately, when the right membrane material is used (see Section 

IV.4.2.3), sufficient tightness was obtained without using any membrane gaskets.  

 

Most challenging was to optimise the cell frame, which was done by the Werkstatten der 

Universitӓt Gӧttingen. Although the CPVC was successfully replaced by PTFE, this material 

proved too soft (in comparison, CPVC has a Shore Hardness of D82). The flow in- and outlets 

cannot find enough grip to construct a tight connection. To overcome this problem to do our 

initial studies, stainless steel entrances were fixed in the PTFE cell frames. However, all solutions 
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have to pass these steel inlets, which is problematic for chemical compatibility (as was found for 

[Fc]PF6). In future research, these inlets should also be constructed from PTFE. Nevertheless, 

with these changes, we ended up with a THF compatible flow cell, as shown in Figure 68.  

 

 

 

Figure 68. Sliced visualisation of the THF compatible, adapted flow cell as explored within this work. Picture made 

by C. von Petersdorff-Campen.214 

 

 

4.2.2 Electrodes  

The flow cell as described above fits electrodes with 20x20 mm dimensions that reduce by the 

cell frame to a 10x10 mm active electrochemical surface. For our first purpose (N2-splitting on 

1Cl in a flow cell), we wanted to mimic the CPE conditions, by choosing electrode materials as 

analogous to ‘normal’ CPE conditions. Therefore, a Glassy Carbon plate (25x25 mm, type 2, Alfa 

Aeser, 3 mm thickness) was required and cut with a diamond cutter to circa 20x20 mm, used as 

WE. As CE, a 19x19 mm Pt plate (99.95 % Fein Platin Blech, Götze Gold, 1.0 mm thickness) was 

used. As pseudo-reference electrode, a Ag-wire with 1.0 mm diameter was used (ChemPur, 

99.999 %), that was placed in the cell frame with the WE attached. The original flow cell had 

graphite plates as WE or CE, that were explored in initial pre-studies to parallelly oxidise Fc or 

[Fe(CN)6]2- and reduce [Fc]PF6 or [Fe(CN)6]3-. The required overpotentials were however very 

large, and it is not advised to continue using these electrodes.  
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4.2.3 Membranes  

In case the redox species of interest are inert to the potential applied to the opposite electrode, 

an undivided flow cell can be applied without any separating membrane material.215 For our 

initial case, we couple reduction of 1Cl at the cathode to oxidation of Fc at the anode. The 

oxidation potential of 1Cl (E1/2 = −0.48 V) is incompatible with the applied oxidation potential 

required to oxidise Fc, and therefore a membrane has to be inserted. Three categories of 

membranes come in question for us: cation-exchange membranes (CEM), anion-exchange 

membranes (AEM), and neutral nanoporous materials. Well known is the material Nafion® as 

CEM, which is based on polysulfonic groups that are anionic enable to shuttle cations. Within 

the context of this work, Nafion (Nafion 115, Ion Power) was explored in THF (showing quick 

swelling that makes it leaky) and in some initial water studies using LiClO4 as electrolyte. 

Although in this latter case the Nafion should behave well, we needed very high potentials to 

only obtain a minimal current response. This is attributed to the unfavoured graphite electrodes 

that were initially used (as described in Section IV.4.2.2), or to insufficient pre-treatment. Its 

incompatibility with THF is a discarding argument for our main study anyway. In organic 

solvents, where usually larger electrolytes are needed, the use of AEM is widely accepted,216 

where the charge carrier in our case is PF6
−. We therefore ordered a wide range of AEM materials 

(Fumasep® FAP-450, FAAM-15, FAS-50, FumaTech BWT). However all were basically 

incompatibility with THF, leading to leaking membranes. To overcome this problem, we ordered 

a PEEK-reinforced AEM (Fumasep® FAA-3-PK-130, FumaTech BWT), which proved sufficiently 

stable. Fortunately, when using this membrane, no membrane gaskets are needed to make the 

flow cell tight. Inspired by the literature, a third class of membranes was considered, namely 

neutral, nanoporous materials as used by Manthiram for N2-splitting in a flow cell set up using 

lithium, as described in Section I.2.1.3.123 We were able to obtain a sample of this exact material 

(DRQ-175A206A, DARAMIC). Initial experiments with this material proved it to have too large 

pores (both when 1 or 3 layers of this material are used), as judged by the generation of too much 

current. The exact composition of the nanoporous separator and the PEEK reinforced AEM is 

not known.  

 

4.2.4 Flow rates 

In general, two types of flow movements are known: laminar and turbulent flow. Since laminar 

flow is associated with a controlled and constant flow that can be mathematically described, this 

condition is aimed for. In order to qualitatively describe the flow type, the Reynolds number (Re) 

can be calculated, which is an expression of the ratio between the inertial and viscous forces a 

solution experiences when flowing through a certain dimension. Below a certain value interval 
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for Re, the flow can be considered laminar. For our flow cell, we simplified the system by taking 

the cubic area above the electrode (as highlighted in green in Scheme 65), for which the 

mathematic description for a rectangular duct to calculate Re is known.  

 

 

 

 

 

 

 

Scheme 65. Schematic representation of the square area above the electrode for which the Reynolds number was 

calculated. The arrows indicate the solvent flowing in and subsequent out of the cell frame.  

 

The Reynolds number for a rectangular duct can be described via equation 5, where νflow accounts 

for the flow rate [m3 s-1], d for the characteristic length of the space through which the solution 

[m], A for the surface area [m2], and ηkin for the kinematic viscosity of the solvent [m2 s-1]217: 

                                                                𝑅𝑒 =  
𝜈𝑓𝑙𝑜𝑤 ∗ 𝑑

𝜂𝑘𝑖𝑛 ∗ 𝐴
                                                                   (5)    

 

With a flow rate of 0.04 mL min-1, a kinematic viscosity for THF of 5.2 10-7 m2 s-1,218 and the 

dimensions of the space in front of the electrode (lxbxh: 10.2x10.2x4.8 mm), Re is calculated as 

shown in equation 6.  

 

                                      𝑅𝑒 =  
(6.7 ∗ 10−10) ∗ (6.5 ∗ 10−3)

(5.4 ∗ 10−7) ∗ (4.9 ∗ 10−5)
 =     0.16                                  (6)    

 

In literature, the area for the transition between laminar and turbulent flow is between 1500-

2800.219 Since the Re-value is far below this range, we have a laminar flow. With this confirmed 

laminar flow, we can also calculate the dwell time of a Re-species at the surface of the electrode 

at circa 12 min (which is an order of magnitude lower as for steady state CPE electrochemical 

N2-splitting). 
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IV.5. Syntheses of Rhenium compounds 

[ReBr2(PNP)] (1Br)  

[ReBr3(PPh3)2(MeCN)] (550 mg, 555 µmol, 1.0 eq), HPNP (200 mg, 554 µmol; 1.1 eq) and NEt3 

(101 mg, 1.01 mmol, 2 eq.) were suspended in THF (40 mL) and refluxed for 4 h, which is 

accompanied by a colour change towards brown. After evaporation in vacuo, the residue is 

extracted with freshly degassed benzene (3 x 10 mL), concentrated, and lyophilized, resulting in 

a brown-white solid. After extensive washing with pentanes, and lyophilisation from benzene, 

remaining PPh3 is off-sublimed for 48 h at 80 °C at 30 mTorr. The title compound is obtained 

as brown solid in 81 % yield (320 mg, 450 µmol), which is sufficiently pure for most syntheses. 

Further purification is done by crystallisation from toluene by layering with diethyl ether.  

 

1H NMR (300 MHz, C6D6, [ppm]): δ = 0.78 (m, 4H, NCH2), 1.83 (A18XX’A’18, N = ∣ 3JHP + 5JHP ∣ 

= 12.1 Hz, 36 H, P(C(CH3)3)2), 2.74 (m, 4H, PCH2). 13C NMR (125.8 MHz, C6D6, [ppm]): δ = 

33.2 (s, P(C(CH3)3)2), 42.8 (t, N = ∣ 2JAX + 3JA,X’ ∣ = 13.7 Hz, PCH2), 60.2 (t, N = ∣ 1JAX + 3JA,X’ ∣ = 

15.6 Hz, P(C(CH3)3)2), 111.3 (t, N = ∣ 2JAX + 4JA,X’ ∣ = 8.3 Hz, NCH2) 31P{1H} NMR (121.5 MHz, 

C6D6, [ppm]): δ = -109.5 (s, P(C(CH3)3)2). E.A. calcd. for C20H44Br2NP2Re (%): C, 34.00; H, 6.28; 

N, 1.98. Found: C, 34.27, H, 6.17; N, 1.88. LIFDI-MS (THF, [m/z]): 707.1 (100 %, [M]+), calcd. 

707.1. UV-vis (λmax, THF, [nm]): 312 (ε = 5320 L mol-1 cm-1), 388 (ε = 857 L mol-1 cm-1), 540 (ε 

= 257 L mol-1 cm-1). 

 

[ReI2(PNP)] (1I)  

In comparison to the published route by Dr. J. Abbsenseth,168 the second benzene extraction was 

performed over Celite. Subsequent washings with pentane and lyophilisation (from benzene) 

afforded the title compound in circa 85 % yield. The obtained E.A. was slightly deviating (C too 

high), which is attributed to minor presence of 1ClI.  

E.A.  calcd. for C20H44I2NP2Re (%): C, 30.01; H, 5.54; N, 1.75. Found: C, 30.98; H, 5.69; N, 1.75. 
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[ReBrCl(PNP)] (1BrCl) (as spectroscopically found) 

In a young NMR tube 1Cl (5 mg, 8.4 µmol) and 1Br (6.1 mg, 8.6 µmol) were dissolved in THF and 

31P{1H} NMR spectroscopy was measured that proved formation of 1BrCl (δ31P{1H} = −81 ppm) in 

about 50 % spectroscopic yield. Heating to 60˚C has no influence on the spectroscopic yield. 

Since isolation was not possible, only in situ spectroscopic characterization is performed.  

1H NMR (300 MHz, C6D6, [ppm]): δ = 1.40 (m, 2 H, backbone) 1.63 (A9XX’A’9, 3JAX = 11.8 Hz , 

18 H, P(C(CH3)3), 1.71 (A9XX’A’9, 3JAX = 12.2 Hz , 18 H, P(C(CH3)3), 1.89 (m, 2 H, backbone), 1.95 

(m, 2 H, backbone), 2.79 (m, 2 H, backbone). 31P{1H} NMR: (121.5 MHz, C6D6, [ppm]) δ = 

−80.5 (s, P(C(CH3)3)2). LIFDI-MS: (THF, [m/z]): 661.2 (100 %, M+), calcd. 661.1. 

 

 

[ReClI(PNP)] (1ClI) (as spectroscopically found) 

In a NMR Young tube, 1I (5.0 mg, 6.2 µmol) and 1Cl (3.5 mg, 5.7 µmol) were dissolved in THF, 

upon which no new peak was formed. Heating to 60 °C overnight resulted in the appearance of 

a new feature by 31P{1H} NMR spectroscopy (δ31P{1H} = −118 ppm), indicating formation of 1ICl. 

No 1H NMR spectrum was recorded.  

 

31P{1H} NMR (300 MHz, THF, [ppm]): −118. LIFDI-MS (THF, [m/z]) 709.1 (100 %, [M]+), 

calcd. 709.1.  

 

 

Synthesis attempts to [ReCl2(P=NP)] (-1Cl) 

From CPE: 1Cl (1.8 mg; 3 µmol), NEt3 (4.2 µL, 30 µmol) and 0.2 M (nBu4N)PF6 electrolyte 

solution in THF were added to the electrolysis cell. The solution was electrolysed for 1.5 h at 

−0.4 V and the colour changed from violet via red to yellow. THF was evaporated in vacuo and 

redissolved in d8-THF for NMR spectroscopic analysis.  

 

From chemical oxidation: 1Cl (5.0 mg, 8.1 µmol), NEt3 (5.6 µL, 41 µmol), and [Fc*]BArF
24 (29 

mg, 24.3 µmol) were combined in an NMR tube and d8-THF (0.5 µL) was added. Within a couple 

of minutes, the solution changed from purple to dark green and the solution was analysed by 

NMR spectroscopy.  
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[{ReCl(PNP)}2(µ-N2)] (2Cl) 

Degassed THF (0.5 mL) was vacuum transferred to a mixture of 1Cl (5.0 mg, 8.1 µmol) and 

Na/Hg (1 M, 125 mg, 1.1 eq.), and placed under a N2-atmosphere at −30 °C. The mixture was 

shaken vigorously for 3-5 minutes while cooling in a −30 °C bath, resulting in a colour change 

from violet to deep red, indicating formation of the title compound. This species was not isolable 

and was further characterised in situ with a maximum yield of 74 % by 1H NMR spectroscopy. 

For kinetic analysis, full conversion of the starting material was secured by 1H NMR spectroscopy 

where the main side-product in the mixture was 3Cl. For the 15N labelled dimer complex, the 

same procedure was carried out under a 15N2 atmosphere.  

 

1H NMR (400 MHz, THF-d8, −20 °C, [ppm]): δ −16.48 to −16.53 (m, 2 H, XCHH), −12.46 to 

−12.56 (m, 2 H, XCHH), 0.38 to 0.50 (m, 2 H, XCHH), 0.50 to 0.90 (broad, 18 H, PC(CH)3)3), 

3.25 to 3.43 (m, 36 H, PC(CH)3)3), 3.59 (m, 2 H, XCHH, overlapping with THF-d8), 3.72 to 3.94 

(m, 18 H, PC(CH)3)3), 4.06 to 4.16 (m, 2 H, XCHH), 8.60 to 8.71 (m, 2 H, XCHH), 10.49 to 10.62 

(m, 2H, XCHH). 15N NMR (50.7 MHz, THF-d8, −30 °C, [ppm]): δ = 211.1 (s, ReN2Re) 31P{1H} 

NMR (161 MHz, THF-d8, −20 °C, [ppm]): δ 16.98 (d, 2JPP = 235.8 Hz, P(C(CH3)3)2), −120.20 

(d, 2JPP = 234.5 Hz, P(C(CH3)3)2). UV-vis (λmax, THF, −30 °C, [nm]): 375, 533. 

 

 

[{ReBr(PNP)}2(µ-N2)] (2Br) 

Degassed THF (0.5 mL) was vacuum transferred to a mixture of 1Br (5.0 mg, 7.1 µmol) and 

Na/Hg (1 M, 120 mg, 1.1 eq), and placed under a N2-atmosphere at −30 °C. The mixture was 

shaken vigorously for 3-5 minutes while cooling in a −30 °C cooling bath, resulting in a colour 

change from violet to deep red, indicating formation of the title compound. This species was not 

isolable and was further characterised in situ by NMR spectroscopy. For the 15N labelled dimer 

complex, the same procedure was carried out under a 15N2 atmosphere.  

 

1H NMR (400 MHz, THF-d8, −30 °C, [ppm]): δ −20.27 to −20.13 (m, 2 H, XCHH), −19.4 (s, 

2H, XCHH), −0.60 (broad, Δ1/2 = 823 Hz, 18 H, PC(CH)3)3), 3.75 (broad, overlapping with 3Br 

18 H, PC(CH)3)3), 4.01 (broad, Δ1/2 = 43 Hz, 18 H, PC(CH)3)3), 4.26 (broad, Δ1/2 = 29 Hz, 18 H, 

PC(CH)3)3), 4.58 to 4.71 (m, 2 H, XCHH), 5.25 to 5.39 (m, 2 H, XCHH), 9.3 (s, 2 H, XCHH), 

11.56 to 11.77 (m, 2 H, XCHH), 15.4 (s, 2 H, XCHH), 16.96 to 17.18 (m, 2 H, XCHH). 15N NMR 

(50.7 MHz, THF-d8, −30 °C, [ppm]): δ = 219.6 (s, ReN2Re) 31P{1H} NMR (161 MHz, THF-d8, 

−30 °C, [ppm]): δ −12.1 (d, 2JPP = 227.8 Hz, P(C(CH3)3)2), −159.1 (d, 2JPP = 227.4 Hz, 

P(C(CH3)3)2).UV-vis (λmax, THF, −30 °C, [nm]): 342, 386, 545. 
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[{ReI(PNP)}2(µ-N2)] (2I) 

Degassed d8-THF (0.45 mL) was vacuum transferred to a mixture of 1I (5.0 mg, 6.3 µmol) and 

Co(Cp*)2 (2.5 mg, 6.5 µmol, 1.05 eq.), and placed under a N2-atmosphere at −30 °C. The mixture 

was shaken vigorously for 3-5 minutes while cooling in a −30 °C cooling bath, resulting in a 

colour change from green to deep red, indicating formation of the title compound. This species 

was not isolable and was further characterised in situ by NMR spectroscopy.  

 

1H NMR (400 MHz, THF-d8, −30 °C, [ppm]): δ −25.1 (s, 2 H, XCHH), −20.7 (s, 2 H, XCHH), 

−1.1 (broad, 18 H, PC(CH)3)3), 3.83 (overlapping signals, broad, 2x18 H, PC(CH)3)3), 4.3 (broad, 

18 H, PC(CH)3)3)), 7.4 (s, 2 H, XCHH), 10.8 (s, 2 H, XCHH), 13.4 (s, 2 H, XCHH), 16.4 (s, 2 H, 

XCHH). 17.6 (s, 2 H, XCHH), 21.1 (s, 2 H, XCHH). UV-vis (λmax, THF, −30 °C, [nm]): 343, 399, 

553. 

 

 

[ReNCl(PNP)] (3Cl) 

From N2, electrochemical reduction from [ReCl2(PNP)]: 1Cl (1.8 mg, 3.0 µmol) and 3 mL 0.2 M 

(nBu4N)PF6 electrolyte solution in THF were added to the electrolysis cell. The solution was 

electrolysed for 2 h at the peak potential of the first reduction feature obtained by CV, resulting 

in a colour change from purple to brown to yellow. Integration of the current versus time plot 

gave a charge corresponding to 1.2 mol e− per mol Re. At the end of electrolysis, PPh3O was added 

as internal standard via a stock solution (7.2 µmol), the solution was evaporated and re-dissolved 

in THF (0.5 mL). The solution was analysed by 31P{1H} NMR. 3Cl was obtained in circa 60% yield 

by 31P{1H} NMR integration, see Figure A5. 

 

From N2, electrochemical reduction from [ReCl2(PNP)] in the flow cell: in a vial, 1Cl (6.0 mg, 

9.8 µmol) was dissolved in 5 mL 0.1 M (nBu4N)PF6 electrolyte solution in THF. In another vial, 

Fc (circa 9 mg, circa 50 µmol) was dissolved in 5 mL 0.1 M (nBu4N)PF6 electrolyte solution in 

THF. Both solutions were transferred to the syringes of the syringe pump, which were connected 

to ‘PTFE straight connectors (Reichelt CT GmbH)’ as attached to the stainless streel inlets of the 

flow cell. The syringe pump was started at 0.04 mL min-1, parallel to a CPE at −1.6 V vs. the Ag-

wire, which represents a slight over potential for electrochemical N2-reduction on 1Cl. After circa 

1 h, a first drop of a yellow solution was observed on the outcome side of the Re-containing 

fraction. After the syringes are emptied, they were refilled with 2 mL of THF and started again 

at the same flow rate to recover (most of) the Re-species that still resides in the flow cell. 
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Afterwards, the volatiles are evaporated in vacuo and the remaining solid is extracted with 

pentane, and analysed by 31P{1H} NMR spectroscopy, revealing trace presence of 3Cl.  

 

 

From N2, electrochemical reduction from [ReCl3(PNP)]: 8 (2.0 mg, 3.0 µmol) and 3 mL THF 

with 0.1 M (nBu4N)PF6 were added to the electrolysis cell. The solution was electrolysed for 3 h 

at a potential slightly more cathodic of the second reduction feature obtained by CV, resulting in 

a colour change from green via colourless to yellow. Integration of the current versus time plot 

gives a charge corresponding to 2.25 mol e− per mol Re. At the end of electrolysis, PPh3O was 

added as internal standard (3.6 mg, 13.2 µmol), the solution was evaporated, re-dissolved in 

THF (0.5 mL) and analysed by 31P{1H} NMR. 3Cl was obtained in 35 % yield by 31P{1H} NMR 

integration.  

 

 

[ReNCl(P=N=P)] (=3Cl) 

From N2, electrochemical reduction from [ReCl2(P=N=P)] in THF at 1.0 mM: =1Cl (2.6 mg, 4.2 

µmol) and 4 mL 0.2 M (nBu4N)PF6 electrolyte solution in THF were added to the electrolysis 

cell. The solution was electrolysed for 2 h at the peak potential of the first reduction feature 

obtained by CV, resulting in a colour change from light brown to green. Integration of the current 

versus time plot gives a charge corresponding to 1.2 mol e− per mol Re. At the end of electrolysis, 

THF was removed in vacuo, and the resulting light green solid was re-dissolved in 0.6 mL of 

THF and PPh3O (4.5 mg, 16.2 µmol) was added, and analysed by 31P{1H} NMR. =3Cl was obtained 

in 22 % yield by 31P{1H} NMR integration, see Figure A27. The title compound can also be 

removed from the electrolyte by pentane extraction, without loss of product. Reproduction 

leaded to yields of 17, 13, and 15 %, as generally averaged as a yield in =3Cl via CPE of 15 %.  

 

From N2, electrochemical reduction from [ReCl2(P=N=P)] in 1,2-difluororbenzene, THF, 

fluorobenzene, and Et2O at 2.8 mM: =1Cl (4.0 mg, 6.5 µmol) and 3.2 mL electrolyte solution 

(0.1 M (nBu4N)PF6 (1,2-difluorobenzene, THF, fluorobenzene), or 0.1 M (nBu4N)BArF
24 (Et2O)) 

in the solvent were added to the electrolysis cell. The solution was electrolysed for 160, 170, 100, 

120 min, respectively, at the peak potential of the first reduction feature obtained by CV. 

Integration of the current versus time plot gives a charge corresponding to 0.8, 1.1, 0.9, 0.9 mol 

e− per mol Re. At the end of electrolysis, the solvent was removed in vacuo, and the resulting 

solid was re-dissolved in 0.6 mL of THF and PPh3O was added, and analysed by 31P{1H} NMR. 

=3Cl was obtained in 4, 11, 8, 4 % yield, respectively, by 31P{1H} NMR integration. 
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From N2, electrochemical reduction from [ReCl3(P=N=P)]: =8 (2.6 mg, 4.0 µmol) and 2 mL THF 

with 0.1 M (nBu4N)PF6 were added to the electrolysis cell. The solution was electrolysed for 3 

hours slightly more cathodic of the second reduction feature obtained by CV, resulting in a colour 

change from dark green via orange to intensely coloured green. Integration of the current versus 

time plot gave a charge corresponding to 1.4 mol e− per mol Re. At the end of electrolysis, PPh3O 

was added as internal standard (3.4 mg, 12.5 µmol), the solution was evaporated, extracted with 

Et2O, evaporated, re-dissolved in THF (0.5 mL) and analysed by 31P{1H} NMR. Traces of =3Cl 

were found and not quantified. 

 

 

[ReNBr(PNP)] (3Br) 

From N2, chemical reduction: Degassed THF-d8 (0.45 mL) was vacuum-transferred to a mixture 

of 1Br (5.0 mg, 7.1 μmol, 1.0 eq) and reductant (Co(Cp*)2: 3.6 mg, 7.8 μmol, 1.1 eq.; Na/Hg (1 M): 

119 mg, 8.8 μmol, 1.2 eq.) in a J-Young NMR tube and placed under an N2-atmosphere at -30 

°C. The mixture was shaken vigorously upon which the colour gradually changed from purple to 

red to dark yellow. After 30 min at RT, 1,3,5-trimethoxybenzene was added and the spectroscopy 

yield was obtained by integration of non-overlapping 1H NMR-signals of 3Br vs. the standard 

(maximum 80 % for Na/Hg (Figure A8) based on two individual yields of 76 % and 85 %, 45 % 

for Co(Cp*)2 (Figure A8), based on two individual yields of 35 % and 55 %. 3Br was not isolated 

via this route.  

 

 

From N2, electrochemical reduction: 1Br (2.1 mg, 3.1 µmol) and 3 mL THF with 0.1 M 

(nBu4N)PF6 were added to the electrolysis cell. The solution was electrolysed for 2 h at the peak 

potential of the first reduction feature obtained by CV, resulting in a colour change from violet 

to red to brown/yellow. Integration of the current versus time plot gave a charge corresponding 

to 1.20 mol e− per mol Re. The electrolysis solution was concentrated to a pale yellow solution. 

PPh3O (7.2 µmol) was added via a stock solution as an internal standard and the solution was 

measured by 31P{1H} NMR. The title compound 3Br was obtained in 57 % yield by 31P{1H} NMR 

integration, see Figure A8. 

 

From azide: To a solution of 1Br (10.3 mg; 0.015 mmol; 1.0 eq) in C6H6 (4 mL) was added a 

mixture of TMSN3 (4.0 mg; 0.035 mmol; 2.5 eq) in C6H6 (1 mL) whilst stirring. The mixture was 

allowed to stir for 15 minutes and gradually changed colour to orange, after which the solvents 

were removed in vacuo. Upon re-dissolving in C6H6 (1 mL), KHMDS (1.4 mg, 0.007 mmol, 0.5 

eq.) was added to obtain a brown suspension. After 15 minutes stirring, the volatiles were 
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evaporated in vacuo, and the product was extracted with pentanes (5 x 2 mL). After evaporation 

and lyophilisation (C6H6), the title compound is obtained in 89 % yield (8.33 mg, 0.013 mmol).  

 

1H NMR (300 MHz, C6D6, [ppm]): δ = 1.22 (A9XX’A’9, 3JAX = 13.3 Hz , 18 H, P(C(CH3)3), 1.37 

(m, 2 H, P(CH2)2 overlapping), 1.41 (A9XX’A’9, 3JAX = 13.6 Hz , 18 H, P(C(CH3)3), 1.60 (m, 

ABCDXX’D’C’B’A’, N = ∣ 2JAX + 4JA,X’ ∣ = 32.7 Hz, 2 H, P(CH2)2), 3.05 (m, 2JHH = 10.8 Hz, 3JHH = 

5.3 Hz, 2 H, N(CH2)2), 3.62 (m, ABCDXX’D’C’B’A’, N = ∣ 3JAX + 4JA,X’ ∣ = 31.6 Hz, 2JHH = 10.6 Hz, 

3JHH = 7.6 Hz, 3JHH = 1.7 Hz, 2 H, N(CH2)2). 13C NMR (75.5 MHz, C6D6, [ppm]): δ = 25.7 (t, 

AXX’A’, N = ∣ 1JAX + 3JA,X’ ∣ = 22.7 Hz, P(CH2)), 29.2 (A3XX’A3’, N = ∣ 2JAX + 4JA,X’ ∣ = 4.4 Hz, 

P(C(CH3)2), 29.4 (A3XX’A3’, N = ∣ 2JAX + 4JA,X’ ∣ = 3.5 Hz, P(C(CH3)2), 35.9 (t, AXX’A’, N = ∣ 1JAX 

+ 3JA,X’ ∣ = 15.8 Hz, P(C(CH3)2), 36.9 (t, AXX’A’, N = ∣ 1JAX + 3JA,X’ ∣ = 22.0 Hz, P(C(CH3)2), 71.9 

(t, AXX’A’, N = ∣ 2JAX + 3JA,X’ ∣ = 7.3 Hz, N(CH2)2). 15N{1H} NMR (50.7 MHz, C6D6, [ppm]): δ = 

375.0 (s, ReN) 31P{1H} NMR (121.5 MHz, C6D6, [ppm]): δ = 83.0 (s, P(C(CH3)3)2). E.A. calcd. 

for C20H44IN2P2Re (%): C, 37.50; H, 6.92; N, 4.37. Found: C, 37.79, H, 6.92; N, 3.87. LIFDI-MS 

(THF, [m/z]): 640.1 (100 %, [M]+), calcd. 640.1. UV-vis: (λmax, THF; RT, [nm]) 296 (ε = 3605 L 

mol-1 cm-1), 395 (ε = 567 L mol-1 cm-1), 478 (ε = 204 L mol-1 cm-1). 

 

 

[ReNI(PNP)] (3I) 

From N2, chemical reduction: Degassed THF (0.45 mL) was vacuum-transferred to a mixture of 

1I (5.0 mg, 6.3 μmol, 1.0 eq) and reductant (Co(Cp*)2: 2.4 mg, 7.3 μmol, 1.2 eq.; Cr(Cp*)2: 2.3 mg, 

7.1 μmol, 1.1 eq.; Na/Hg (1 M): 104 mg, 7.7 μmol, 1.2 eq.) in a J-Young NMR tube and placed 

under an N2-atmosphere. After thawing of the solvent the mixture was shaken vigorously upon 

which the colour gradually changed from dark brown via red to light brown. After 30 min at RT 

internal standard was added. The spectroscopic yield of the title compound was obtained by 

integration of a PNP-ligand backbone 1H NMR signal or the 31P{1H} NMR peak vs. the internal 

standard or (58 % for Cr(Cp*)2 (see Figure A10) based on two individual yields of 58 % and 58 %, 

60 % for Co(Cp*)2 (see Figure A10) based on four individual yields of 60 %, 60 %, 57 % and 63 %, 

30 % for Na/Hg (see Figure A10) based on two individual yields of 41 % and 20 %). 3I was not 

isolated via this route.  

 

From N2, electrochemical reduction, two routes: 1I (2.1 mg, 3.1 µmol) and 3 mL 0.2 M 

(nBu4N)PF6 solution were added to the electrolysis cell. The solution was electrolysed for 1.5 h 

to 2 h in separate experiments both at the peak potential of the first reduction feature obtained 

by CV, and at the peak potential of the second reduction feature. This was accompanied by a 
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colour change from green to red orange to brown. Integration of the current versus time plot 

gave a charge corresponding to 1.07 mol e− per mol Re for electrolysis at the first peak and 1.10 

mol e- per mol Re for electrolysis at the second peak. The electrolysis solution was concentrated 

to a pale yellow solution. PPh3O (7.2 µmol) was added via a stock solution as an internal standard 

and the solution was measured by 31P{1H} NMR. The title compound (3I) was obtained in 50 % 

yield for electrolysis on the first reduction peak and in 65 % yield for electrolysis on the second 

reduction peak by 31P{1H} NMR integration, see Figures A9. 

 

From azide: To a solution of 1I (40.0 mg, 0.05 mmol, 1.0 eq) in THF (4 mL) was added a mixture 

of TMSN3 (13 mg, 0.11 mmol, 2.3 eq) in THF (1 mL) whilst stirring. A direct colour change to 

light orange was observed, after which the reaction mixture was allowed to stir for 15 minutes. 

KHMDS (10 mg, 0.05 mmol, 1.0 eq) was added, to obtain a brown suspension. After 15 minutes 

stirring, THF was evaporated in vacuo to obtain a sticky brown solid, which was washed three 

times with pentanes (2 mL each time). Extraction with benzene (3 x 2 mL) and subsequent 

lyophilisation afforded the title compound in 87 % yield (29.8 mg; 0.043 mmol). Alternatively, 

the base can be circumvented: To a solution of 1I (10.0 mg, 0.013 mmol, 1.0 eq) in THF (1.5 mL) 

was added a mixture of TMSN3 (1.4 mg, 0.13 mmol, 1 eq) in THF (1 mL) whilst stirring. A colour 

change to light orange was observed over the course of 2 h, after which the volatiles were 

evaporated in vacuo. The resulting solid was washed with pentane and extracted three 

consecutive times with Et2O. Lyophilisation afforded the title compound in 70 % yield (6.0 mg; 

0.009 mmol).  

 

1H NMR (300 MHz, C6D6, [ppm]): δ = 1.21 (A9XX’A’9, 3JAX = 13.5 Hz , 18 H, P(C(CH3)3)2), 1.40 

(2 H, P(CH2)2 overlapping),  1.4 (A9XX’A’9, 3JAX = 13.5 Hz , 18 H, P(C(CH3)3)2), 1.60 

(ABCDXX’D’C’B’A’, N = ∣ 2JAX + 4JA,X’ ∣ = 32.3 Hz , 2 H, P(CH2)2), 3.05 (ABCDXX’D’C’B’A’, N = ∣ 

3JAX + 4JA,X’ ∣ = 26.6 Hz , 2 H, N(CH2)2), 3.58 (ABCDXX’D’C’B’A’, N = ∣ 3JAX + 4JA,X’ ∣ = 30.6 Hz , 

2 H, N(CH2)2). 13C NMR (125.8 MHz, C6D6, [ppm]): δ = 25.9 (AXX’A’, N = ∣ 1JAX + 3JA,X’ ∣ = 22.5 

Hz, P(CH2)), 29.2 (A3XX’A3’, N = ∣ 2JAX + 4JA,X’ ∣ = 1.6 Hz, P(C(CH3)2), 29.4 (A3XX’A3’, N = ∣ 2JAX 

+ 4JA,X’ ∣ = 1.7 Hz, P(C(CH3)2), 35.9 (AXX’A’, N = ∣ 1JAX + 3JA,X’ ∣ = 16.3 Hz, P(C(CH3)2), 36.9 

(AXX’A’, N = ∣ 1JAX + 3JA,X’ ∣ = 22.4 Hz, P(C(CH3)2), 71.5 (AXX’A’, N = ∣ 2JAX + 3JA,X’ ∣ = 7.3 Hz, 

N(CH2)). 15N{1H} NMR (50.7 MHz, C6D6, [ppm]): δ = 380.6 (ReN). 31P{1H} NMR (121.5 MHz, 

C6D6, [ppm]): δ = 81.5 (s, P(C(CH3)3)2). E.A. calcd for C20H44IN2P2Re (%): C, 34.93; H, 6.45; N, 

4.07. Found: C, 34.93, H, 6.03; N, 3.47. LIFDI-MS (THF, [m/z]): 688.1 (100 %, [M]+), 

calculated 688.2. UV-vis: (λmax, THF; RT, [nm]) 302 (ε = 3100 L mol-1 cm-1), 403 (ε = 578 L mol-

1 cm-1), 481 (ε = 298 L mol-1 cm-1). 
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[ReNI(P=N=P)] (=3I) 

From N2, chemical reduction: Degassed d8-THF (0.45 mL) was vacuum-transferred to a mixture 

of =1I (10.0 mg, 12.6 μmol, 1.0 eq) and reductant (Cr(Cp*)2: 4.5 mg, 13.8 μmol, 1.1 eq, Co(Cp)2:2.4 

mg, 12.5 μmol, 2.5 eq. (only 4.0 mg.=1I was used in case of reduction with cobaltocene)) in a J-

Young NMR tube and placed under an N2-atmosphere. After thawing of the solvent, the mixture 

was shaken vigorously. After 30 min at RT, 1,3,5-trimethoxybenzene was added via a stock 

solution. The spectroscopic yield of the title compound was obtained by integration of a PNP-

ligand backbone 1H NMR signal vs. the internal standard or (maximum 43 % for Cr(Cp*)2, 20 % 

for Co(Cp*)2). In case of reduction under reduction under a 15N2 atmosphere, Cr(Cp*)2 was used 

as reductant. =3I was not isolated via this route. In case of reduction via Cr(Cp*)2, it was 

accompanied by formation of [ReNI(N(CHCHPtBu2)(CHCHPHtBu)] (10), which shares a 

similar solubility and cannot be separated. 

 

From N2, electrochemical reduction: =1I (4.0 mg, 5.0 µmol) and 2.5 mL 0.1 M (nBu4N)PF6 

solution were added to the electrolysis cell. The solution was electrolysed for 1.5 h at the peak 

potential of the first reduction feature as obtained by CV. This was accompanied by a colour 

change from dark brown to dark green. Integration of the current versus time plot gives a 

transferred charge corresponding to 1.2 electrons per Re. The solution was evaporated and 

PPh3O was added (4.1 mg, 0.015 mmol). Based on 31P{1H} NMR spectroscopic integration, the 

title compound is found in circa 12 % yield, as averaged between 10 %, 14 %, and 10% yield. =3I 

was accompanied by 10 (which is present in circa 5 % yield).  

 

From azide: To a solution of =1I (15.0 mg, 0.019 mmol, 1 eq.) in THF (2 mL) was added TMSN3 

(12.4 µL, 0.094 mmol, 5 eq.) in THF (1 mL) whilst stirring. It was stirred for 2 h, upon which a 

colour change towards light orange was observed. The volatiles were evaporated in vacuo, 

washed with pentane (2 x 1 mL) and extracted with Et2O. The title compound was obtained as 

orange solid in 85 % yield (11 mg, 0.016 mmol). 

 

1H NMR (500 MHz, C6D6, [ppm]): δ = 1.18 (A9XX’A’9, 3JAX = 13.4 Hz , 18 H, P(C(CH3)3)2), 1.49 

(A9XX’A’9, 3JAX = 14.2 Hz , 18 H, P(C(CH3)3)2), 1.60 (ABCDXX’D’C’B’A’, N = ∣ 2JAX + 4JA,X’ ∣ = 32.3 

Hz , 2 H, P(CH2)2), 4.3 (ABXX’B’A’, N = ∣ 3JAX + 4JA,X’ ∣ = 10.3 Hz, , 3JHH = 6.2 Hz, 2 H, P(CH)2), 

6.9 (ABXX’B’A’, N = ∣ 3JAX + 4JA,X’ ∣ = 42.6 Hz, , 3JHH = 6.2 Hz, 2 H, P(CH)2) 13C NMR (125.8 

MHz, C6D6, [ppm]): δ = 28.7 (broad s, P(C(CH3)2), 29.3 (broad s, P(C(CH3)2), 35.5 (t, AXX’A’, N 

= ∣ 2JAX + 4JA,X’ ∣ = 21.4 Hz, P(C(CH3)2), 37.4 (t, AXX’A’, N = ∣ 1JAX + 3JA,X’ ∣ = 24.0 Hz, P(C(CH3)2), 

92.9 (t, AXX’A’, N = ∣ 1JAX + 3JA,X’ ∣ = 41.2 Hz, P(CH)2), 169.4 (t, AXX’A’, N = ∣ 2JAX + 3JA,X’ ∣ = 13.6 

Hz, N(CH)2). 15N{1H} NMR (50.7 MHz, C6D6, [ppm]): δ = 370.2 (s, ReN) 31P{1H} NMR (202.5 
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MHz, C6D6, [ppm]): δ = 70.5 (s, P(C(CH3)3)2). E.A. calcd for C20H44IN2P2Re (%): C, 35.14; H, 

5.90; N, 4.10. Found: C, 35.82, H, 5.77; N, 4.00. LIFDI-MS (THF, [m/z]): 684.0 (100 %, [M]+), 

calculated 684.1.  

 

 

[ReNBr(HPNP)]Br (4Br-Br) 

After reaction of 1Br (10.0 mg, 0.014 mmol, 1.0 eq) in C6H6 (4 mL) with TMS-N3 (8.1 mg, 0.070 

mmol, 5.0 eq) in C6H6 (1 mL) (see Section II.2.3), crude NMR reveals the presence of 4Br-Br in 

about 40% yield. This species was not isolated and is only characterised in situ.  

 

1H NMR (300 MHz, C6D6, [ppm]): δ = 1.14 (A9XX’A’9, 3JAX = 14.4 Hz , 18 H, P(C(CH3)3), 1.24 

(overlapping with nitride 3Br, 18 H, P(C(CH3)3), 1.98 (m, 2 H, P(CH2)2), 2.72 (m, 2 H, N(CH2)2), 

4.01 (m, 2 H, N(CH2)2), 9.65 (broad, NH, 1 H). The missing signal for a P(CH2)2-group, is likely 

overlapping within the tert-butyl resonances 31P{1H} NMR (121.5 MHz, C6D6, [ppm]): δ = 70.0 

(s, P(C(CH3)3)2). High resolution ESI-MS (THF, [m/z]): 641.1779 (100 %, [M]+), calcd. 

641.1776. 

 

 

[ReNI(HPNP)]I (4I-I) 

To a mixture of TMS-N3 (18 mg, 156 µmol, 6.8 eq.) in THF at 0 °C was added 1I (19 mg, 24 µmol, 

1.0 eq) in THF over the course of 5 minutes. A direct colour change to orange was observed and 

after removal of the volatiles in vacuo, a pink solid was obtained.  

 

1H NMR (300 MHz, CD2Cl2, [ppm]): δ = 1.46 (A9XX’A’9, 3JAX = 15.0 Hz , 18 H, P(C(CH3)3)2), 

1.61 (A9XX’A’9, 3JAX = 14.6 Hz , 18 H, P(C(CH3)3)2), 2.3 (2 H, P(CH2)2, m), 2.59-2.79 (m, 

overlapping P(CH2)2 and N(CH2)2, 4 H), 4.28 (m, N(CH2)2, 2 H), 7.37 (broad, NH, 1 H). 31P{1H} 

NMR (121.5 MHz, CD2Cl2, [ppm]): δ = 69.0 (s, P(C(CH3)3)2). LIFDI-MS (THF, [m/z]): 689.1 

(100 %, [M]+), calcd. 689.2. 

 

 

[Re(NCH2CH3)Cl(P=N=P)] (=5) 

Quick synthesis, low yield: EtOTf (5 µL, 6.8 mg, 38.3 µmol, 1.1 eq) was added to a solution of =3 

(20.5 mg, 34.6 µmol) in chlorobenzene (5 mL). Full conversion was obtained either after 22 h at 

80 °C, or by using 10 eq. of EtOTf and a reaction time of 48 h at RT or 1.5 h at 80 °C, al 

accompanied by a colour change towards darker red. After solvent removal in vacuo, it was re-
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dissolved in THF (3 mL) and layered with excess Et2O (10 mL) to crystallise out the title 

compound after 3-4 hours at −40°C as red solid in 55 % yield.  

Slow synthesis, higher yield: EtOTf (60 mg, 335 µmol, 10 eq.) was added to a solution of =3Cl 

(20 mg, 33.8 µmol) in chlorobenzene (0.5 mL) and the mixture was heated to 80 °C. After full 

conversion, the volatiles were removed in vacuo, re-dissolved in THF and layered with Et2O. 

After 4-5 hours at −40 °C, red precipitation was formed and filtered off. The filtrate was 

evaporated, re-dissolved in C6H6 and reacted with circa 5 eq. of (nHe4N)Cl (22 mg, 58 µmol), 

upon which =3Cl was re-formed. The nitride was again reacted with EtOTf as described above. 

The quantity of =3Cl was not determined, yet estimated. In the second and third run, 

crystallisation was substantially slower due to lower concentrations of =5. After three runs, all 

fractions of =5 were combined using CH2Cl2, and dried to yield =5 in 77 % (20 mg, 26 µmol).  

 

1H NMR (400 MHz, CD2Cl2, [ppm]): δ = 1.27 (A9XX’A’9, N = |3JHP + 5JHP| = 15.27 Hz, 18 H, 

PC(CH3)3), 1.43 (t, 3JHH = 7.06 Hz, 3 H, NCH2CH3), 1.49 (A9XX’A’9, N = |3JHP + 5JHP| = 15.51 Hz, 

18 H, PC(CH3)3), 2.99 (q, 3JHH = 6.94 Hz, 2 H, NCH2CH3), 5.34 (PCH, overlapping with CD2Cl2), 

7.99 (ABXX’A’B’, N = |2JAX + 4JAX’| = 36.20 Hz, 3JAB = 6.51 Hz, 2 H, NCH), 13C NMR (100 MHz, 

CD2Cl2, [ppm]): δ = 12.2 (s, NCH2CH3), 28.7 (s, P(C(CH3)2), 30.1 (A3XX’A3’, N = ∣ 2JAX + 4JA,X’ ∣ = 

1.9 Hz, P(C(CH3)2), 69.2 (s, NCH2CH3), 99.1 (t, AXX’A’, N = ∣ 1JAX + 3JA,X’ ∣ = 21.3 Hz, PCH), 172.6 

(t, AXX’A’, N = ∣ 2JAX + 3JA,X’ ∣ = 5.3 Hz, NCH), 19F NMR (376 MHz, CD2Cl2, [ppm]): δ = −78.8 

(s, CF3), 31P{1H} NMR (162.0 MHz, CD2Cl2, [ppm]): δ = 87.0 (s, PtBu2). E.A. calcd. for 

C23H45ClN2P2ReSO3F3 (%): C, 35.86; H, 5.89; N, 3.64. Found: C, 35.74, H, 5.73; N, 3.46. LIFDI-

MS (THF, [m/z]): 621.4 (100 %, [M]+), calcd. 621.2.  

 

 

[Re(NCHCH3)Cl(PNP)] (6) 

To a solution of 5 (3 mg, 3.9 µmol, 1 eq.) in C6D6 (0.5 mL) in a NMR Young Tube was added DBU 

(0.6 µL, 3.9 µmol, 1 eq) via a Hamilton syringe. The colour directly changed towards orange and 

NMR spectroscopy revealed quantitative conversion towards the title compound.151 

 

 

[Re(NCHCH3)Cl(P=N=P)] (=6) 

NEt3 (11.4 µL, 89 µmol, 10 eq.) was added to a solution of =5 (6.9 mg, 8.9 µmol, 1.0 eq.) in 

chlorobenzene (CaH2 dried), and stirred for 1 day at RT accompanied by a colour change to dark 

blue. The solvent was removed in vacuo. After extraction with pentanes (3 x 5 mL), and 
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subsequent lyophilisation from benzene, the title compound was obtained as green solid in 87 % 

yields.  

 

1H NMR (500 MHz, d8-THF, [ppm]): 1.19 (broad, overlapping isomer 1 and 2, PC(CH3)3) 1.28 

(m, overlapping isomer 1 and 2, PC(CH3)3) 1.70 (m, NCHCH3, isomer 2, 1 H, 3JHH = 5.5 Hz), 2.03 

(m, NCHCH3, isomer 1, 1 H, 3JHH = 5.4 Hz), 3.31 (dt, NCHCH3, isomer 2, 3 H, 5JHP = 1.7 Hz,  

3JHH = 5.4 Hz), 3.60 (m, NCHCH3, overlapping with d8-THF, isomer 1, 3 H), 4.95 (m, PCH, 

isomer 1, 1 H, 3JHH = 6.5 Hz), 4.96 (m, PCH, isomer 2, 1 H, 3JHH = 6.3 Hz), 7.55 (m, NCH, isomer 

1, 1 H, 3JHH = 6.5 Hz), 7.58 (m, NCH, isomer 2, 1 H, 3JHH = 6.3 Hz) (300 MHz, C6D6, [ppm]): 1.27 

(overlapping isomer 1 and 2, PC(CH3)3), 1.69 (m, NCHCH3, isomer 1, 4JHP = 22.4 Hz,  

3JHH = 5.5 Hz), 2.02 (m, NCHCH3, isomer 2, 4JHP = 22.3 Hz,  3JHH = 5.5 Hz), 3.32 (dt, NCHCH3, 

isomer 1, 5JHP = 1.4 Hz,  3JHH = 5.5 Hz), 3.69 (dt, NCHCH3, isomer 2, 5JHP = 1.5 Hz,  

3JHH = 5.5 Hz), 4.72 (d, PCH, overlapping isomer 1 and 2,3JHH = 6.4 Hz), 7.22 (m, NCH, 

overlapping with C6D6, overlapping isomer 1 and 2) 13C NMR (125.8 MHz,d8-THF, [ppm]):  δ 

=5.1 (s, NCHCH3, isomer 1), 8.4 (s, NCHCH3, isomer 2), 29.2 (broad, P(C(CH3)2), 30.6 (t, 

P(C(CH3)2), 30.9 (t, P(C(CH3)2, isomer 2), 34.7 (t, P(C(CH3)2, isomer 2) 35.9 (t, P(C(CH3)2, 

isomer 1), 39.3 (m, P(C(CH3)2 isomer 1 and 2), 103.3 (t, PCH, isomer 1), 103.8 (t, PCH, isomer 

2), 151.2 (t, NCHCH3, isomer 2), 151.9 (t, NCHCH3, isomer 1), 170.9-171.1 (m, NCH, isomer 1 and 

2) 31P{1H} NMR (162.0 MHz, d8-THF, [ppm]): δ = 34.1 (s, P(C(CH3)3, isomer 1) 32.2 (s, 

P(C(CH3)3, isomer 2) E.A. calcd for C22H44ClN2P2Re (%): C, 42.61; H, 7.15; N, 4.52. Found: C, 

42.59, H, 7.08; N, 4.37. LIFDI-MS (THF, [m/z]): 620.3 (100 %, [M]+), calculated 620.2.  

 

 

[ReCl3(PNP)] (8) 

As alternative to the published procedure of the title compound, a more-reproducible synthesis 

procedure was found: To 1Cl (15.2 mg, 24.8 µmol) in NaK-dried C6H6 (0.5 mL) was added PCl3 

(0.75 mL of a 0.04 M stock solution in C6H6). After stirring for 15 minutes, the resulting green 

suspension is filtered and the volatiles removed in vacuo. After re-dissolving in C6H6 (0.2 mL) 

and addition of pentanes (5 mL), the precipitate is filtered off and lyophilised. The title 

compound is obtained as green solid in 64 % yield (10.3 mg, 16.0 µmol)  

 

1H NMR (300 MHz, C6D6, [ppm]) : δ = 10.7 (s, LWHH = 175 Hz), −15.8 (s, LWHH = 275 Hz). 

E.A. calcd. for C20H44Cl3NP2Re (%): C 36.78; H 6.79; N 2.14. Found: C 36.73; H 7.10; N 2.36. 

Mass spectroscopy was identical to the previous published spectrum. 
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[ReCl3(P=N=P)] (=8) 

8 (15.3 mg, 0.023 mmol) and 2,4,6-tri-tert-butylphenoxy radical (33.9 mg, 0.12 mmol, 5.4 eq.) 

were combined in NaK dried C6H6. After heating at 60 °C for 1.5 h, the solvents were evaporated 

in vacuo. After extensive washing with pentane, and lyophilisation (C6H6), the title compound is 

obtained in 70% yield (10.6 mg, 0.016µmol).  

 

1H NMR (300 MHz, C6D6,[ppm)] : δ = 15.2 ppm (s, LWHH = 7.5 Hz, 36 ), −51.7 (s, LWHH = 

14.8 Hz, 2 H), −194.6 (s, LWHH = 30.3 Hz, 2 H). E.A. calcd. for C20H40Cl3NP2Re (%): C 37.01; 

H 6.21; N 2.16. Found: C 36.66; H 6.29; N 1.96. LIFDI-MS (Toluene, [m/z]): 648.1 (100 %, 

[M]+), calcd. 648.1.  

 

 

[ReNI(N(CHCH2PtBu2)(CHCHPtBu2)]OTf (9I-OTf) 

To =3I (3.0 mg, 4.4 µmol) in C6H6 was added HOTf (0.4 µL, 4.4 µmol, 1 eq.), directly leading to 

a colour change from orange to brown. The volatiles were evaporated in vacuo, and re-dissolved 

in C6D6. NMR spectroscopy showed quantitative conversion to the title compound.  

 

1H NMR (500 MHz, C6D6, [ppm]): δ = 0.96 (d, 2JHP = 15.2, 9 H, P(C(CH3)(CH3)2), 1.08 (d, 2JHP 

= 15.1, 9 H, P(C(CH3)(CH3)2), 1.20 (overlapping d, 2JHP = 15.2, 18 H, P(C(CH3)(CH3)2), 3.37 (dd, 

2JHH = 21.3 Hz, 3JHP = 7.3 Hz, 1 H PCHHCH), 4.24 (dd, 2JHH = 21.3 Hz, 3JHP = 7.5 Hz, 1 H 

PCHHCH), 6.00 (m, 3JHH = 6.6 Hz, 1 H, PCHCH), 8.05 (m, 1 H, NCHCH), 9.29 (d, 3JHP = 20.9 

Hz, 1H, NCHCH2). 13C NMR (125.8 MHz, C6D6, [ppm]): δ = 28.0 (s, PC(CH3)2), 28.3 (s, 

PC(CH3)2), 28.6 (s, PC(CH3)2), 28.9 (s, PC(CH3)2), 35.5 (d, 2JCP = 18.8 Hz, PC(CH3)2), 35.8 (d, 

1JCP = 15.8 Hz, PC(CH3)2), 37.6 (m. PC(CH3)2), 38.1 (m, PC(CH3)2), 40.55 (d, 1JCP = 23.0 Hz, 

PCH2CH), 126.6 (d, 1JCP = 32.6 Hz, PCHCH), 163.3 (s, NCHCH), 200.8 (s, NCHCH2). 19F NMR 

(470.7 Hz, C6D6, [ppm]): −77.8 (s, (OSO2CF3)−) 31P{1H} NMR (202.5 MHz, C6D6, [ppm]): 

δ = 70.2 (d, 2JPP = 135.8 Hz, 1 P, P(C(CH3)2) 72.5 (d, 2JPP = 135.9 Hz, 1 P, P(C(CH3)2) 

 

[ReNI(N(CHCHPtBu2)(CHCHPHtBu)] (10) 

Compound 10 is formed upon (electro)chemical reduction of =1I accompanied by =3I. Similar 

solubility properties hinders its isolation, therefore 10 is spectroscopically characterised in 

presence of =3I.  
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1H NMR (500 MHz, C6D6, [ppm]): 1.14 (m, overlapping with a tert-butyl moiety of =3I, 9 H, 

P(C(CH3)3)2), 1.30 (d, 3JHP = 17.0 Hz, 9 H, PH(C(CH3)3)), 1.46 (d, 3JHP = 14.5 Hz, 9 H, 

P(C(CH3)3)2), 4.38 (m, 3JHH = 6.2 Hz, 1 H, PCHCH), 4.41 (m, 3JHH = 6.2 Hz, 1 H, PCHCH), 5.72 

(dd, 1JHP = 356 Hz, 3JHP = 7.1 Hz, 1 H, PH(C(CH3)3)), 6.81 (dd, 3JHP = 21.6 Hz, 3JHH = 6.1 Hz, 1 H, 

NCHCH), 6.87 (dd, 3JHP = 18.4 Hz, 3JHH = 6.1 Hz, 1 H, NCHCH). 15N{1H} NMR (50.7 MHz, C6D6, 

[ppm]): δ = 364.3 (s, ReN) 31P{1H} NMR (202.5 MHz, C6D6, [ppm]): δ = 46.1 (d, 2JPP = 152.2, 

1 P, PH(C(CH3)3) 73.8 (d, 2JPP = 152.2, 1 P, P(C(CH3)3)2)31P NMR (202.5 MHz, C6D6, [ppm]): 

δ = 46.1 (d, 1JHP = 357 Hz, 2JPP = 152.2, 1 P, PH(C(CH3)3) 73.8 (d, 2JPP = 152.2, 1 P, P(C(CH3)3)2). 

LIFDI-MS (THF, [m/z]): 628.1 (100 %, [M]+), calculated 628.1.  

 

 

[ReN(OTf)(P=N=P)] (11) 

In the quick synthesis of =5, 11 was found in circa 35 % and could be isolated upon removal of 

=5 via crystallization in THF/Et2O. The mother liquid was evaporated in vacuo and washed with 

pentanes. A sufficiently pure fraction of 11 is obtained via this method.  

 

1H NMR (300 MHz, C6D6, [ppm]): δ = 1.03 (A9XX’A’9, 3JAX = 14.52 Hz , 18 H, P(C(CH3)3)2), 1.40 

(A9XX’A’9, 3JAX = 14.92 Hz , 18 H, P(C(CH3)3)2), 4.13 (m, 3JHH = 6.41 Hz,
 2JHP = 4.65 Hz, P(CH2)2, 

2 H), 6.73 (m, N(CH2)2, 2 H). 31P{1H} NMR (121.5 MHz, C6D6, [ppm]): δ = 75.8 (s, P(C(CH3)3)2). 

LIFDI-MS (THF, [m/z]): 706.1 (100 %, [M]+), calcd. 706.2. 

 

 

12 

To =8 (3 mg, 4,7 µmol) was added excess of HCl (0.1 mL of 0.2 M) in C6H6 which resulted in a 

colour change from green to red. Upon degassing of the solution, red precipitation is observed. 

Extraction with THF and subsequent washing with pentane yielded 12 in circa 80 % yield.  

1H NMR (300 MHz, C6D6, [ppm]) : δ = 101.4 (s, LWHH = 52 Hz, 1 H), 8.5 (s, LWHH = 8.4 Hz, 

9 H), 6.8 (s, LWHH = 5.9 Hz, 9 H), 4.7 (s, LWHH = 8.2 Hz, 9 H), 3.7 (s, LWHH = 5.3 Hz, 9 H), 

−17.8 (s, LWHH = 26 Hz, 2 H), −78.6 (s, LWHH = 27.0 Hz, 1 H), −157.5 (s, LWHH = 26 Hz, 

1 H).  
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IV.6. Electrochemical, kinetic and various experiments  

6.1 Chapter II.1. 

NMR kinetic measurement for N2 splitting of 2Cl into 3Cl  

[{ReCl(PNP)}2(µ-N2)] (2Cl) was prepared as described in the synthesis section with addition of 

a capillary containing P(OSi(CH3)3)3 as internal standard. For kinetic analysis, full conversion of 

the starting material was secured judged by 1H NMR spectroscopy at −30 °C. The main side-

product in the mixture was 3Cl. Conversion of 2Cl was followed at −15 °C, −10 °C, −5 °C, −2.5 °C, 

0 °C, 2.5 °C, 5 °C, and 7.5 °C by 1H NMR spectroscopy over two half-lives and each run was 

repeated at least twice. The so obtained rate constants were combined via Eyring analysis, using 

equation 7: 

ln (
𝑘

𝑇
) =  −

∆𝐻≠

𝑅 
∗

1

𝑇
+ ln (

𝑘𝐵

ℎ
) +  

∆𝑆≠

𝑅
                                                       (7)   

 

With temperature T [K], activation enthalpy ΔH≠ [kJ mol-1], gas constant R [J mol-1 K-1], 

Boltzmann constant kB [m2 kg s-2 K-1], Planck constant h [m2 kg s-1], and the activation entropy 

ΔS≠ [J mol-1 K-1]. The resulting Eyring analysis is presented in Section II.1.1.  

 

 

NMR experiments of 1Cl at high pressures and with added chloride 

NMR spectroscopy of 1Cl at increased pressure.  

Complex 1Cl (6.0 mg; 9.7 µmol) was dissolved in THF-d8 (0.3 mL) in a high-pressure NMR tube 

and degassed via 3 freeze-pump-thaw cycles. 3.8 bars of N2 or Ar were applied and NMR spectra 

were measured between +25 °C and −95 °C. With no evidence of N2 coordination, this 

experiment provides an estimate for the upper limit for the equilibrium constant of N2 binding 

to 1Cl. From a signal-to-noise ratio of 3:1, a detection limit of approx. 0.5 mM of putatively 

formed [ReCl2(N2)(PNP)] could be estimated. The upper limit of KEq is determined according 

equation 8: 
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                                                      𝐾𝑒𝑞  =  
[𝑅𝑒𝐶𝑙2(𝑁2)(𝑃𝑁𝑃)]

[𝑅𝑒𝐶𝑙2(𝑃𝑁𝑃)] ∗ [𝑁2]
                                                          (8)    

[ReCl2(PNP)]starting = 32.3 mM 
[N2]starting = 3.8 * 6.4 mM = 24.3 mM198 

[ReCl2(PNP)]Lower limit ~ 31.8 mM 
[N2]Lower limit ~ 23.8 mM 

[ReCl2(N2)(PNP)] Upper limit ~ 0.5 mM 
Keq < 0.66 M-1 

 

From this calculation, Keq is assumed to be approx. below 1 M-1.  

 

NMR stability tests for 1Cl  

1Cl (5.0 mg, 8.1 µmol) was dissolved in THF-d8 (0.5 mL) in a J-Young tube and measured under 

Ar. The sample was degassed via 3 freeze-pump-thaw cycles and backfilled with N2. The stability 

under N2 was monitored via NMR spectroscopy. To examine the stability against chloride, 

(nBu4N)Cl (11.0 mg; 40.5 µmol; 5 eq.) was added forming a suspension and NMR spectroscopy 

was measured in regular time distances. 

 

Electrochemical experiments for 1Cl and 3Cl 

Chloride concentration dependence under N2 and Ar for 1Cl. 

1Cl (2.4 mg; 4.0 µmol) was dissolved in 4 mL of a 0.2 M solution of (nBu4N)PF6 in THF and a 

small amount of Fc* was added as an internal reference. In sequence, a total of 1, 2, 5, 10, 20 eq. 

of (nBu4N)Cl was added as solid. After each chloride addition, CVs for the first reduction feature 

under N2 and the first two reduction features for Ar were recorded. 

 

Chloride concentration dependence for 3Cl. 

3Cl (1.8 mg; 3.0 µmol) was dissolved in 3 mL of a 0.2 M solution of (nBu4N)PF6 in THF and a 

small amount of Fe* was added as an internal reference. 1 eq. of (nHe4N)Cl was added as solid. 

After and before the chloride addition, CVs for the first oxidation feature were recorded. 

 

N2 pressure dependence of 1Cl.  

The electrochemistry autoclave as described in Section IV.4.1 was charged with 1Cl (3.0 mg; 4.9 

µmol), 5 mL of a 0.2 M (nBu4N)PF6 solution in THF, and a pipette tip of Fc under a N2 

atmosphere. The reactor was sealed and an initial 1 atm N2 CV at a scan rate of 0.1 Vs−1 was 

recorded. The pressure of the reactor was increased to 3 atm, the solution was stirred for 5 

minutes, and a CV at a scan rate of 0.1 Vs−1 was recorded. The process was repeated for total N2 
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pressures of 5, 7, 9, and 11 atm. The pressure was then reduced and CVs were recorded at each 

of the pressures. 

 

Rhenium concentration dependence under N2 and Ar.  

A stock solution of 1Cl was prepared by dissolving 1Cl (14.7 mg, 23.8 µmol) in a 1.0 mL solution 

of 0.2 M (nBu4N)PF6 in THF. Aliquots of this stock solution were added to a 5 mL solution of 0.2 

M (nBu4N)PF6 in THF, with a spatula tip of Fc as an electrochemical reference, to afford 

solutions of 0.5, 1.0, 2.0, and 4.0 mM 1Cl. CVs for both the first reduction feature (as well as the 

first 2 reduction features under Ar) were recorded 

 

 

6.2 Chapter II.2:  

UV-vis Spectroelectrochemistry of 1Cl, 1Br, 1I 

Circa 5 mL of a 4.0 mM THF solution of 1X was prepared with 0.2 M (nBu4N)PF6 and circa 0.4 

mL was transferred to a 1 mm path SEC UV-vis cuvette for each single experiment. The cuvette 

was equipped with a Pt-mesh WE, a Pt Disk (A = 0.071 cm2) CE, and a Ag-wire pseudo-RE. By 

measuring a CV of 1X, the CPE potential was determined being at the onset of the first reduction 

wave (See Figure A15). In a separate experiment, a 1X-solution was electrolysed at this potential 

to determine after what time the highest concentration of dimer 2X was observed based on 

absorption in the simultaneously measured UV-vis. UV-vis SEC was performed by doing a CPE 

for the pre-determined time, after which UV-vis measurement started and measured every 10 

seconds to monitor the decay of 2X into 3X, with a total experiment time of 15 minutes to get a 

final absorbance. Each measurement was repeated three times. To analyse the slightly wobbly 

data, kinetics were derived from 3 wavelengths close to the absorption maximum of 2X (See 

Figure A15). The half-life of 2X was derived from a plot of ln((At-Af)/(A0-Af)) vs time, where At is 

the absorbance at time t, Af the final absorbance, and A0 the absorbance at the start (directly 

after CPE was stopped).   

 

Electrochemical experiments for 1Br 

Bromide concentration dependence under N2 and Ar.  

1Br (2.1 mg; 3.0 µmol) was dissolved in 3 mL of a 0.2 M solution of (nBu4N)PF6 in THF and a 

small amount of Fc* was added as an internal reference. In sequence, a total of 0, 20, 40, 60, 

and 80 eq. of (nHe4N)Br was added. After each bromide addition, CVs for the first reduction 

features under N2 and Ar were recorded.  
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N2 pressure dependence of 1Br.  

The electrochemistry autoclave as described in Section IV.4.1 was charged with 1Br (2.9 mg, 4.1 

µmol), 4 mL of a 0.2 M (nBu4N)PF6 solution in THF, and a pipette tip of Fc under a N2 

atmosphere. The reactor was sealed and an initial 1 atm N2 CV at a scan rate of 0.1 Vs−1 was 

recorded. The pressure of the reactor was increased to 3 atm, the solution was stirred for 5 

minutes, and a CV at a scan rate of 0.1 Vs−1 was recorded. The process was repeated for total N2 

pressures of 1, 3, 5, 7, 9, and 11 atm. 

 

Rhenium concentration dependence under N2 and Ar.  

For N2: A stock solution of 1Br was prepared by dissolving 1Br (16.0 mg, 22.5 µmol) in a 0.9 mL 

solution of 0.2 M (nBu4N)PF6 in THF. Aliquots of this stock solution were filled up to 5 mL 

solution using THF with 0.2 M (nBu4N)PF6, with a spatula tip of Fc as an electrochemical 

reference, to afford solutions of 0.5, 1.0, 2.0, 3.0, and 4.0 mM 1Br.  

 

Chloride concentration dependence for 3Br. 

3Br (1.9 mg, 3.0 µmol) was dissolved in 3 mL of a 0.2 M solution of (nBu4N)PF6 in THF and a 

small amount of [Co(Cp*)2]PF6 was added as an internal reference. 1, 2 and 5 eq. of (nBu4N)Br 

was added as solid. After and before the chloride addition, CVs for the first oxidation feature 

were recorded. 

 

NMR experiments of 1I at high pressures and with added iodide and electrolyte 

NMR spectroscopy of 1I at increased pressure.  

Complex 1I (10.8 mg, 9.7 µmol) was dissolved in THF-d8 (0.45 mL) in a high-pressure NMR tube 

and degassed via 3 freeze-pump-thaw cycles. 3.8 bars of N2 or Ar were applied and NMR spectra 

were measured between +25 °C and −95 °C. With no evidence of N2 coordination, this 

experiment provides an estimate for the upper limit for the equilibrium constant of N2 binding 

to 1Cl. From a signal-to-noise ratio of 3:1, a detection limit of approx. 0.7 mM of putatively 

formed [ReCl2(N2)(PNP)] could be estimated. Keq was determined according equation 9: 

 

                                                      𝐾𝑒𝑞  =  
[𝑅𝑒𝐼2(𝑁2)(𝑃𝑁𝑃)]

[𝑅𝑒𝐼2(𝑃𝑁𝑃)] ∗ [𝑁2]
                                                          (9)    

[ReI2(PNP)]starting = 30.0 mM 
[N2]starting = 3.8 * 6.4 mM = 24.3 mM198 

[ReI2(PNP)]Lower limit ~ 29.3 mM 
[N2]Lower limit ~ 23.6 mM 

[ReI2(N2)(PNP)] Upper limit ~ 0.7 mM 
Keq < 1.0 M-1 
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NMR stability tests for 1I  

1I (2.1 mg, 3 µmol) was dissolved in THF-d8 (0.5 mL) in a J-Young tube and measured under Ar. 

The sample was degassed via 3 freeze-pump-thaw cycles and backfilled with N2. The stability 

under N2 was monitored via NMR spectroscopy over 48 h. To examine the stability against 

iodide, (nHe4N)I (150.0 mg; 0.311 mmol; 25 eq) was added to 1I (10.8 mg, 0.012 µmol) and NMR 

spectroscopy was measured in regular time distances. Besides an initial upfield shift, no changes 

are observed. The same upfield shield could be achieved when (nBu4N)PF6 (120 mg, 0.310 µmol, 

50 eq.) was added to 1I (4.8 mg, 6 µmol) and examined by NMR spectroscopy.  

 

Electrochemical experiments for 1I 

Iodide concentration dependence under N2 and Ar.  

1I (1.9 mg, 2.4 µmol) was dissolved in 3 mL of a 0.2 M solution of (nBu4N)PF6 in THF and a small 

amount of [Co(Cp*)2]PF6 was added as an internal reference and stirred 30 minutes to fully 

dissolve the reference. In sequence, a total of 20, 40, 60, 80 eq. of (nHe4N)I was added as solid. 

After each iodide addition, CVs for the first 3 reduction features under N2 as well as the first two 

reduction features for Ar were recorded. After reproducing this experiment 5-6 times and 

averaging the peak potentials, one experiment was measured without the addition of a reference 

suitable for simulation and the peaks were referenced on the determined values. 

 

N2 pressure dependence of 1I.  

The electrochemistry autoclave as described in Section IV.4.1 was charged with 1I (3.2 mg; 4.0 

µmol), 4 mL of a 0.2 M (nBu4N)PF6 solution in THF, and a pipette tip of Fc under a N2 

atmosphere. The reactor was sealed and an initial 1 atm N2 CV at a scan rate of 0.1 Vs−1 was 

recorded. The pressure of the reactor was increased to 3 atm, the solution was stirred for 5 

minutes, and a CV at a scan rate of 0.1 Vs−1 was recorded. The process was repeated for total N2 

pressures of 1, 3, 5, 7, 9, and 11 atm.  

 

Rhenium concentration dependence under N2 and Ar.  

A stock solution of 1I was prepared by dissolving 1I (12.0 mg, 15.0 µmol) in a 0.25 mL solution 

of 0.2 M (nBu4N)PF6 in THF. Aliquots of this stock solution were added to a 3 mL solution of 

0.2 M (nBu4N)PF6 in THF, with a spatula tip of Fc as an electrochemical reference, to afford 

solutions of 0.5, 1.0, 2.0, 3.0 for both atmospheres and in addition for Ar: 3.5 mM, for N2: 4.0 

mM 1I. CVs for the first three reduction features for N2, and for the first two reduction features 

for Ar were recorded. 

 



IV Experimental Section 

 
 
 
 

 

 

222 

6.3 Chapter II.3 

(Electro)chemical stability tests  

Chemical stability tests for =1Cl 

=1Cl (5.0 mg, 8.1 µmol) was dissolved in THF (0.5 mL) in J-Young tube under Ar and the stability 

was monitored by NMR spectroscopy over time. The sample was degassed by three freeze-pump-

thaw cycles and backfilled with N2 and the stability was monitored by NMR spectroscopy over 

time. To examine the stability in the presence of chloride, a sample with =1Cl in THF was 

prepared analogue as described above, just with added (nBu4N)Cl (11.0 mg, 40.5 µmol, 5.0 eq.). 

The mixture was examined by NMR spectroscopy over time and after 15 h, the solvent was 

changed for C6D6 to examine 1H NMR spectroscopy. To check for the chloride induced 

disproportionation, a sample was prepared of =8 (2 mg, 3.1 µmol) and (nHe4N)Cl (1.5 mg, 3.8 

µmol, 1.2 eq.) in d8-THF. After measuring 1H NMR spectroscopy, =1Cl (1.9 mg, 3.1 µmol, 1 eq.) 

was added and another 1H NMR spectrum was measured.  

 

Chemical stability tests for =1I 

=1I (4.0 mg, 5.0 µmol, 1 eq.), and (nHe4N)I (9.1 mg, 25.1 µmol, 5 eq.) were dissolved in d8-THF 

(0.5 mL) in a J-Young tube under Ar and the stability was monitored by NMR spectroscopy over 

time.  

 

Electrochemical stability tests for =3Cl 

=3Cl (1.8 mg, 3.0 µmol) and 3.0 mL of a 0.1 M (nBu4N)PF6 solution in THF with addition of 

(nHe4N)Cl (1.2 mg, 3.0 µmol, 1.0 eq.) were combined in the electrolysis cell. CPE was performed 

at Eappl.≈ −1.7 V for 100 min to mimic the N2-splitting CPE conditions. A total of 0.1 electrons 

per Re-centre were transferred. After CPE, the nitride was extracted away from the electrolyte 

by pentane and analysed by NMR spectroscopy.  

 

Electrochemical experiments for =1Cl 

Chloride concentration dependence under Ar.  

=1Cl (2.5 mg; 4.0 µmol) was dissolved in 4 mL of a 0.2 M solution of (nBu4N)PF6 in THF and a 

small amount of Fc* was added as an internal reference. In sequence and quickly, a total of 0, 

10, 20 eq. of (nBu4N)Cl was added as solid to examine the first reduction by CV at ν = 0.5, 1, 2, 

3, 4, 5 Vs-1 and a total of 0, 1, 2, 5, 10 and 20 eq. to examine the whole reductive area by CV at ν 

= 0.5 Vs-1.  
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N2 pressure dependence of =1Cl.  

The electrochemistry autoclave as described in Section IV.4.1 was charged with =1Cl (2.5 mg, 4.0 

µmol), 4 mL of a 0.2 M (nBu4N)PF6 solution in THF, and a pipette tip of Fc* as electrochemical 

reference under a N2 atmosphere. The reaction was sealed and pressurised with N2 to obtain CVs 

at 1, 3, 5, 7, 9, and 11 bars. At 11 bars, the system was allowed to stay for 45 minutes, while regular 

CVs were measured. After depressurising the reaction was transferred back into the glovebox 

and the reaction mixture was analysed by 31P{1H} NMR spectroscopy.  

 

Rhenium concentration dependence under N2 and Ar.  

A stock solution of =1Cl was prepared by dissolving =1Cl (15.3 mg, 25.0 µmol) in a 1.0 mL solution 

of 0.2 M (nBu4N)PF6 in THF. Aliquots of this stock solution were added to a 5 mL solution of 0.2 

M (nBu4N)PF6 in THF, with a spatula tip of Fc as an electrochemical reference, to afford 

solutions of 0.5, 1.0, 2.0, 3.0 and 4.0 mM. CVs for the first two reduction features under Ar were 

recorded. 

 

Attempt to form NH4
+ from 3I and =3I using SmI2/H2O 

In two separate Young-flasks was weighted 3I (4.9 mg, 7.3 µmol, 1 eq.) and =3I (4.2 mg, 6.1 µmol, 

1 eq.), were weighted and to both was added SmI2 in THF (0.73 mL and 0.61 mL of a 0.1 M 

solution, respectively). Then, degassed H2O (13 µL, 0.73 mmol, 100 eq. and 11 µL, 0.61 mmol, 

100 eq.) was added via a Hamilton syringe, while the solution was stirring. In both cases, a direct 

colour change to red and a strong gas evolution was observed. After 1h stirring, the by then 

orange solution was evaporated overnight to remove most of the H2O. The flasks were brought 

into the box, and the orange solid was suspended in d8-THF. NMR spectroscopy revealed the 

exclusive presence of 4I-I and =3I, respectively, and no traces of NH4I formation.  
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6.4 Chapter II.4.  

Electrochemical MeCN release from 6 

To a solution of 6 (1.9 mg, 3 µmol, 1.0 eq.) in THF (3 mL) with 0.1 M (nBu4N)PF6, was added 

DBU (4.5 µL, 30 µmol, 10 eq.) and (nHe4N)Cl (11.7 mg, 29.9 µmol, 10 eq.) upon which the 

characteristic oxidative double features were obtained in CV. CPE was performed at Eappl. = 

−0.3 V for circa 3 h after which in repetitive experiments 7.0, 5.8, and 8.5 electrons were 

transferred per rhenium, accompanied by a colour change from brown via green to orange. After 

electrolysis, the solution was transferred to a young-flask, and the three-neck cell, the electrodes 

and the sample holders were rinsed with maximum 1 mL THF. From this young flask, the 

volatiles were vacuum transferred to a separate flask. Subsequently, its volume was measured as 

necessary for MeCN yield determination and an aliquot was taken for GC chromatography. 

MeCN yield was determined at 20 % and 32 %, as averaged to 25 %. The subsequent inorganic 

fraction was dissolved and analysed by NMR spectroscopy.  

 

Electrochemical MeCN release from 5 

To a solution of 5 (2.1 mg, 2.7 µmol, 1.0 eq.) in THF (3 mL) with 0.1 M (nBu4N)PF6, was added 

DBU (2.0 µL, 13.5 µmol, 5 eq.), and (nHe4N)Cl (6.1 mg, 15.6 µmol, 5.8 eq.). CPE was performed 

at Eappl. = −0.3 V, leading to a colour change towards brown and a transfer of 7.2 electrons per 

rhenium to fully oxidise the features at the CPE potential. After CPE, the same work up as 

described in ‘electrochemical MeCN release from 6’, was performed, yielding an MeCN yield of 

circa 15 %.  

 

Electrochemical MeCN release from =6 

To a solution of =6 (2.4 mg, 3.9 µmol, 1.0 eq) in THF (3 mL) with 0.1 M (nBu4N)PF6 was added 

NEt3 (5.4 µL, 3.9 mg, 39 µmol, 10 eq.) and (nHe4N)Cl (15.0 mg, 38.5 µmol, 9.8 eq.). CPE was 

performed at the second feature at Eappl. = +0.08 V for circa 4 h. During CPE, the colour changes 

from light blue via orange to green and in successive experiment, 5.7, 7.2, 5.1, 4.9, and 5.8 

electrons are needed to fully oxidise the oxidative features at the CPE potential. After CPE, the 

same work up as described in ‘electrochemical MeCN release from 6’ was performed, yielding 

an MeCN yield in subsequent runs of 55 %, 77 %, 67 %, and 58 %. To the inorganic fraction, 2.3 

mg 1,3,5-trimethoxybenzene was added as standard to determine the yield of =8. As described 

in Section II.4.3, =8 suffers from decomposition. The highest yield in =8 was found to be 36 %. 
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Chemical MeCN release from =6 

To =6 (3 mg, 4.8 µmol, 1.0 eq) was added NCS (1.3 mg, 9.7 µmol, 2.0 eq.) and C6D6 (0.4 mL). 

Directly, a colour change to brown was observed and the reaction was allowed to stir 3-4 h. In 

most runs, both 1,3,5-trimethoxybenzene and hexamethylbenzene were added as standard and 

yield in MeCN and =8 was determined by 1H NMR spectroscopy. Next to these small runs, also 

a large scale experiment was performed with 10 mg of =6. In successive runs, MeCN was found 

in 65, 56, 55, 66 and 66 % yield, and =8 in 46, 50, and 45 % yield. Less runs were be used for 

quantification of the inorganic product, since sometimes too much NCS was added, leading to 

decomposition of =8 (Section II.4.4).  

 

Attempts to quantify =8 electrochemically upon oxidation of (=6) 

To a solution of =6 (1.8 mg, 3.0 µmol) in THF (3 mL) with 0.1 M (nBu4N)PF6 in a CPE set up was 

added NEt3 (7.7 µL, 60 µmol, 20 eq.) and (nHe4N)Cl (29 mg, 60 µmol, 20 eq.). A CV was 

measured in the reductive direction. CPE was performed at Eappl. = +0.08 V vs. Fc+/0 until a 

charge of 87 mC was transferred, corresponding to 0.3 electrons (10 % conversion of the starting 

material). Again, a reductive scan was made, and the current was determined of the new 

reductive feature at −0.95 V at ν = 0.1 Vs-1.  

 

To quantify the amount of =8, we used the Randles-Ševčik equation (10) as described at 25 °C:174 

                                                    𝑖𝑝,𝑐 =  2.69𝑒5 ∗  𝑛
3
2 ∗ 𝐴 ∗  𝐷

1
2 ∗ 𝜈

1
2 ∗ 𝑐                                   (10) 

ip,c = 1.12∙10-6 A 
n = 1 
A = 0.02 cm2 

D = 7.5∙10-6 cm2s-1 (as determined via DOSY NMR) 
ν = 0.1 Vs-1 
 

Via this procedure a reproduced concentration of =8 of 2.5∙10-7 mol L-3 was found, which 

corresponds to a yield of approx. 25 %. This exceeds the theoretical maximum of only 10 % 

conversion.  

 

Chloride titration of 8 

A solution was prepared of 8 (2.0 mg, 3.0 µmol, 1 eq.) in 3 mL THF with 0.2 M (nBu4N)PF6 and 

a spatula tip of Fc*. By CV, the first wave was measured at ν = 0.1, 0.25, 0.5, 1.0, and 2.0 Vs-1. 

(nHe4N)Cl was added in subsequent amounts: 5 eq. (+5.4 mg), 11 eq. (+6.6 mg), 20 eq. (+12.7 

mg), 40 eq. (+26.6 mg) and 100 eq. (89.6 mg). At the latter condition, 70 % current reduction 
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was observed likely indicating some decomposition. The data was therefore not further analysed 

(although it still has no onset for reversibility). At each condition, the before mentioned scan 

rates were scanned, including the internal reference.  

 

Chloride titration of =8 

A solution was prepared of =8 (1.2 mg, 2.0 µmol, 1 eq.) in 2 mL THF with 0.2 M (nBu4N)PF6 and 

a spatula tip of Fc*. By CV, the first wave was measured at ν = 0.1, 0.25, 0.5, 1.0, and 2.0 Vs-1. 

(nHe4N)Cl was added in subsequent amounts: 5 eq. (+4.4 mg) and 15 eq. (+14.6 mg). At each 

condition, the before mentioned scan rates were scanned, including the internal reference.  

 

Stability of =8 in presence of electrolyte and chloride source 

By NMR spectroscopy: In a NMR Young tube, =8 (2 mg, 3.1 µmol, 1.0 eq) was dissolved in d8-

THF and a 1H NMR spectrum was measured. (nHe4N)Cl (6.3 mg, 5.2 eq) was added, and 1H 

NMR spectra were measured after 10 min, 2h, 6h, and 24h. Subsequently, (nBu4N)PF6 (38.7 mg, 

100 µmol, 32 eq.) was added and NMR spectra were measured directly, after 6 h and 22 h. No 

decomposition was observed.  

 

By CV: In the three-neck cell, =8 (1.4 mg, 2 µmol) was dissolved in 2.3 mL THF with 0.2 M 

(nBu4N)PF6 and a spatula tip of Fc was added. In regular time distances, CV of the Re(IV/III) 

reduction of =8 was measured, showing current decrease accompanied by colour change to 

yellow. From different runs, the time for full decomposition was in the range of 120 min – 240 

min. In attempting to perform a chloride titration into this CV mixture, similar decomposition 

was found (not significantly accelerated by addition of (nHe4N)Cl).  
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A1. Graphical overview of all used or aimed for rhenium complexes. 
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A2. pKa-values and Redox potentials of reagents/solvents used in this work 

For most reagents, a redox potential measured in acetonitrile is literature-known. Redox 

potentials in THF were determined for those reagents whose redox-behaviour was of interest 

(e.g. different bases for MeCN release in Chapter II.4). Usually, these reagents appear 

irreversible and can foil the working electrode in such a way that no referencing is possible 

afterwards. Therefore, the reversible wave of the respective reference compound (Fc* for 

reductive-, and [Co(Cp*)2]PF6 for oxidative reagents) was scanned first, before the redox wave 

of the reagent of interest was examined. Notably, the onset of a wave can lay up to 0.3 V before 

the Ep, which was taken into account when choosing a reagent.  

 
Table A1. pKa values and self-determined redox potentials of reagents used within this work.  

 

 
a in THF with 0.1 M or 0.2 M (nBu4N)PF6. a in 1,2-difluorobenzene with 0.1 M (nBu4N)PF6. From −2.5 V onwards 
current increase is observed compared to the blank.  

 
  

Reagent / Solvent Ep / V 
(ν = 0.1 Vs-1)a 

E1/2 / V a 
 

Solvent window pKa 
(THF) 

     
     

Proton sponge 0.09   11.6 
NEt3 0.49   14.0 
TMG 0.80   17.0 
DBU 0.73   18.1 

EtOTf <−2.5b    
     

Cl− 0.82    
Br− 0.02    
I− −0.40    
     

[Cr(Cp)2]+/0  −1.10   
[Cr(Cp*)(C6H6)]+/0  −1.20   

[Co(Cp)2]+/0  −1.32   
     

Fluorobenzene   −3.1 to +1.1 V   
1,2-difluorobenzene   −2.8 to +1.2 V  

Et2O   −2.8 to +1.3 V    



 

 

 

 

 

 

230 

A3. Figures and tables of chapter II.1.  

ce 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1. VT-NMR of 2Cl in d8-THF from −55°C to −5°C. Top left: 1H NMR spectrum. Top right: 1H NMR spectrum, 
zoom of the tert-butyl region. Tert-butyl and PNP-backbone peaks are indicated with a black and red asterisk, 
respectively. Middle: 31P{1H} NMR spectrum. Bottom left: Chemical shift difference vs. T-1·103 for the CH2-backbone 
signals. Bottom right: Chemical shift difference vs. T-1·103 for the phosphorous signals. For the last two mentioned 
figures: a positive shift indicates an upfield shift and the values in the legend refers to the shift at −30 °C.  
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Figure A2. NMR spectroscopy of 1Cl under N2 or Ar (4 atm) in d8-THF from RT to −95 °C (and back to 25 °C in 

case of Ar). Top left: N2, 31P{1H} NMR. Top right: N2, 1H NMR. Bottom left: Ar, 31P{1H} NMR. Bottom right: Ar, 1H 

NMR.  

 

Figure A3. 31P{1H} NMR spectra of 1Cl under N2 in THF with 5 eq. of (nBu4N)Cl over the course of 48 h.   
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Figure A4. Left: CV of 3Cl in THF with 0.2 M (nBu4N)PF6, and addition of 1 eq. of (nHe4N)Cl. Inset: first oxidation 
without additives. Right: CV comparison of 3Cl (green) and =3Cl (turquoise) in THF with 0.2 M (nBu4N)PF6. 

 
Table A2. CV Peak analysis of 3Cl in THF. 

 
3Cl ν  

/ Vs-1 
E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp  

/ V 
 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
          
1st Ox 0.1 -0.09 1.27 -0.053 0.081 1st reda 0.1 -3.390 6.5 

 0.5 -0.09 1.18 -0.053 0.076     
 1.0 -0.09 1.14 -0.055 0.073     
          
2nd Ox. 0.1 0.69 4.68 0.852 0.331     

a no reverse wave 

 
 

 
Figure A5. 31P{1H} NMR spectrum of 3Cl (84.2 ppm) as obtained via CPE of 1Cl at Eappl. = −1.90 V in THF with 0.2 M 
(nBu4N)PF6 with addition of 7.2 µmol PPh3O (24.7 ppm) for quantification. 
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Figure A6. Top left: CV of the first and second reduction of 0.8 mM 1Cl in THF with 0.2 M (nBu4N)PF6 in presence 
of 0-20 eq. of (nBu4N)Cl, ν = 0.1 Vs-1 (measurement performed on a WE with A = 0.071 cm2 instead of the commonly 
used A = 0.020 cm2). Top right: CV of the oxidative area of 1.0 mM 1Cl in THF with 0.2 M (nBu4N)PF6. Inset left: plot 
of ip,a,1 versus the square root of ν. Inset right: plot of ip,a,2 versus the square root of ν. Bottom left: Concentration 
dependence of the first and second reduction of 1Cl in THF with 0.2 M (nBu4N)PF6, ν = 0.1 Vs-1.  

 
 
Table A3. CV Peak analysis of 1Cl under Ar.  
 

1Cl ν  
/ Vs-1 

Epf 

/V 
ipf 

/µA 
 ν  

/ Vs-

1 

E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp  

/ V 

          

1st reda 0.05 -1.957 3.2 1st ox 0.05 -0.48 1.54 -0.441 0.073 

 0.10 -1.962 4.6  0.10 -0.48 1.43 -0.440 0.075 
 0.25 -1.968 7.0  0.50 -0.48 1.64 -0.442 0.079 
 0.50 -1.982 10.1  1.00 -0.48 1.61 -0.439 0.084 
 1.00 -1.997 14.1 2nd ox 0.10 -0.02 1.20 0.021 0.082 
 2.00 -2.016 18.5  0.25 -0.01 1.36 0.020 0.074 
 3.00 -2.022 22.3  0.50 -0.01 1.33 0.038 0.078 

2nd redb 0.10 -2.240 4.7  1.00 0.00 1.34 0.037 0.075 

 0.25 -2.256 7.3       
 0.75 -2.272 12.3       
 1.00 -2.280 13.9       

a – no prominent reverse wave visible. The small onset of a reverse wave is further analysed in Table A4. 
b – no reverse wave.  
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Table A4. CV Peak analysis of the first reduction of 1Cl in presence of different equivalents of (nBu4N)Cl under Ar, ν 
= 0.1 Vs-1. 

 
1Cl 

(nBu4N)Cl 
/ eq. 

E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp  

/ V 

0 -1.902 3.12 -1.965 0.127 
1 -1.921 2.55 -1.978 0.114 
5 -1.934 2.20 -1.984 0.097 

10 -1.948 1.93 -1.993 0.091 
20 -1.962 1.75 -2.004 0.083 

 
 

  
 

Figure A7. Left: N2-pressure dependence of 1.0 mM 1Cl in THF with 0.2 M (nBu4N)PF6, depressurising from 11-1 

bars. Right: Plot of the peak current of the first reduction feature of 1Cl versus 1 to 11 bars of N2 pressure.  

 

 
Table A5. CV Peak analysis of 1Cl under N2. 
 

1Cl ν  
/ Vs-1 

E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp  

/ V 
 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
1st red 0.05a - - -1.893 - 2nd reda 0.05 -2.359 1.8 

 0.10a - - -1.900 -  0.10 -2.365 2.2 

 0.25 -1.87 4.66 -1.924 0.103  0.25 -2.389 2.8 
 0.50 -1.89 3.98 -1.958 0.139  0.50 -2.415 2.9 
 1.00 -1.90 3.03 -1.983 0.166  1.00 -2.437 2.1 
 1.50 -1.91 2.61 -2.007 0.185  1.50b - - 

a – no reverse wave. b – no clear feature visible.  

 
 
Table A6. CV Peak analysis of the first reduction of 1Cl in presence of different equivalents of (nBu4N)Cl under N2, ν 
= 0.1 Vs-1. These data were measured several times within this work and by cooperation partners and averaged values 
were used as guidelines for the digital simulation.70 

 
 
 
 
 
 

 

 

1Cl E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp  

/ V 
(nBu4N)Cl 
/ eq. 

    

0 - - -1.894 - 
5 -1.85 4.20 -1.899 0.087 

10 -1.87 3.37 -1.914 0.099 
20 -1.88 2.85 -1.929 0.102 
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A4. Figures and tables of chapter II.2.  

 
 

 
 

Figure A8. NMR spectroscopy for the quantification of 3Br (δ31
P{

1
H} = 83.9 ppm) as formed via (electro)chemical 

reduction of 1Br. Top left: 31P{1H}-NMR spectrum obtained via CPE with addition of 7.2 µmol PPh3O as standard 

(δ31
P{

1
H} = 24.4 ppm) used for yield determination (57 %). Top right: using Na/Hg as reductant with addition of 19.8 

µmol hexamethylbenzene as standard (δ1
H = 6.1 and 3.7 ppm) used for yield determination (81 %). Bottom: using 

Co(Cp*)2 as reductant with addition of 12.3 µmol 1,3,5-trimethoxybenzene and 9.6 µmol PPh3O as standard used for 

yield determination (56 % via both 1H and 31P NMR spectroscopy). Left: 31P{1H} NMR. Right: 1H NMR. 

 

 

Figure A9. Left: 31P{1H}-NMR spectrum of 3I obtained via CPE at Eappl. = −1.58 V with addition of 7.2 µmol PPh3=O 

as standard for yield determination (47 %). Right: 31P{1H}-NMR spectrum of 3I obtained via CPE at Eappl. = −1.72 V 

with addition of 7.2 µmol PPh3O as standard for yield determination (64 %).  
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Figure A10. NMR spectroscopy for the quantification of 3I (δ31
P{

1
H} = 82 ppm) as formed via chemical reduction of 

1I. Top: Cr(Cp*)2 as reductant with addition of 9.6 µmol PPh3O and 12.3 µmol 1,3,5-trimethoxybenzene as standards 

(58 % via 31P{1H}-NMR and 61 % via 1H-NMR). Top left: 31P{1H}-NMR. Top right: 1H-NMR. Bottom left: 31P{1H}-

NMR spectrum from Co(Cp*)2 as reductant with addition of 32.3 µmol PPh3O as standard (63 % via 31P{1H}-NMR). 

Bottom right: 31P{1H}-NMR spectrum from Na/Hg as reductant with addition of 12.6 µmol PPh3O as standard (41 % 

via 31P{1H}-NMR). 

 

 

Figure A11 Left: CV of the oxidative region after CPE of 1Br and addition of 3Br. Right: CV of the oxidative region 

after CPE of 1I and addition of 3I. 
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Figure A12. CV in THF with 0.2 M (nBu4N)PF6 measured under N2. Top Left: CV of  1 mM of 3Br. Inset: full oxidative 
region. Top right: first oxidation of 3Br. Inset: plot of ip,a vs. ν1/2. Bottom left: CV of 2 mM of 3I. Bottom right: first 
oxidation of 3I. Inset: plot of ip,a vs. ν1/2.  

 
 
 
Table A7. CV Peak analysis of 3Br and 3I 

 
3Br ν  

/ Vs-1 
E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEP 3I ν  

/ Vs-1 
E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEP 

            
1st Ox 0.05 -0.05 1.11 -0.007 0.086  0.05 0.01 1.07 0.050 0.075 
 0.10 -0.05 1.11 -0.007 0.086  0.10 0.01 0.96 0.050 0.082 
 0.25 -0.05 1.08 -0.003 0.093  0.25 0.01 1.00 0.054 0.086 
 0.50 -0.05 1.04 0.001 0.099  0.50 0.01 1.03 0.054 0.091 
 1.00 -0.05 1.06 0.006 0.111  1.00 0.01 0.99 0.58 0.102 
            
2nd Ox 0.10 0.682 6.24 0.840 0.317  0.10 0.701 2.31 0.773 0.151 
            
1st red       0.10 -a - -3.122 - 
       0.50 -a - -3.187 - 
       1.00 -a - -3.224 - 

a no reverse wave 
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Figure A13. 31P-31P COSY spectrum of the solution after reduction of 1Br in d8-THF at −75°C. Left: region from 0 to 
–180 ppm showing 2Br. Right: region of −30 to +70 ppm.  

 
  

  

 

 

 

 

 

 

 

 

Figure A15. 1H NMR spectroscopy of 2Br in d8-THF at −30°C. 
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Figure A15. Top: CV traces of blank solutions and 1X-solutions, to determine the CPE potential for the UVvis SEC 
experiments. Top left: 1Cl, CPE at Eappl. = −1.0 V vs. Ag-wire. Top middle: 1Br, CPE at Eappl. = −0.9 V vs. Ag-wire. Top 
right: 1I, CPE at Eappl. = −0.8 V vs. Ag-wire. Middle: UV-vis traces of the decay of 2X with the three lines on which the 
decay was measured to cancel the noise from the data. Each line represent 10 seconds reaction time. Middle left: 2Cl, 
Middle middle: 2Br, Middle right: 2I.  Bottom: An exemplary plot of ln((At-Af)/(A0-Af)) vs. time of 2X to abstract the 
half-life time. Bottom left: 2Cl, bottom middle: 2Br, bottom right: 2I.  
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 Figure A16. VT-NMR of 2Br in d8-THF from −75°C to +25°C. Top left: 1H NMR spectrum, zoom of the tert-butyl 

region. Top right: 31P{1H} NMR spectrum. 2Br is indicated with an asterisk. Bottom left: Chemical shift difference vs. 

T-1·103 for the CH2-backbone signals. Bottom right: Chemical shift difference vs. T-1·103 for the phosphorous signals. 

For the two last mentioned figures: a positive shift indicates an upfield shift and the values in the legend refers to the 

chemical shift at −30 °C.  

 

 

  

Figure A17. Left: 1H NMR spectroscopy of 2I in d8-THF at −30°C. Right: Chemical shift difference vs. T-1 *103 for the 
CH2-backbone signals extracted from VT-NMR of 2I in d8-THF from −75°C to +25°C. A positive shift indicates an 
upfield shift and the values in the legend refers to the chemical shift at −30 °C. 
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Figure A18. 14N NMR spectrum of 2Cl in d8-THF at −30°C. The signal at −70.4 ppm is dissolved N2.  

 

  
 

 
 
Figure A19. CV data of 1.0 mM 1Br solutions in THF with 0.2 M (nBu4N)PF6 under Ar. Top left: ν-dependent data of 
the first oxidation wave and the whole oxidative area at ν = 0.1 Vs-1. Inset: plot of ip,a,1 vs. ν1/2. Top right: ν-dependent 
data of the first reduction wave of a 1.0 mM solution. Inset: plot of ip,c,1 vs. ν1/2. Bottom left: first reductive wave with 
addition of 0-80 eq. of (nHe4N)Br, ν =2.0 Vs-1. 
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Table A8. CV Peak analysis of 1Br under Ar. 

 

1Br  E1/2 

/V 
ipf/ipr Epf 

/V 
ΔEP 

/V 
 E1/2 

/V 
ipf/ipr Epf 

/V 
ΔEP 

/V 
ν / Vs-1           

0.05 1st Reda b  -1.770  2nd Red b  -2.199  
0.10  b  -1.776   b  -2.214  
0.25  b  -1.788   b  -2.233  
0.50  b  -1.803   b  -2.252  
0.75  b  -1.820   b  -2.263  

1.00  b  -1.828   b  -2.272  
2.00  b  -1.839   b  -2.287  

 1st Ox     2nd Ox     
0.10  b  -0.246   +0.082 1.86 +0.126 0.088 
0.50  b  -0.266   +0.083 1.18 +0.129 0.093 
1.00  -0.276 3.1 -0.216 115  +0.080 1.14 +0.131 0.102 
2.00  -0.267 2.3 -0.212 111  +0.081 1.05 +0.134 0.105 
5.00  -0.260 1.9 -0.201 117      

 

a The peak potential of the 1st reduction of the different scan rates represents the average of six runs with a standard 
deviation around 0.025 V. b no reverse wave.  

 

Table A9. Referencing ν-dependent data of 1Br under Ar and N2 using Fc* as reference compound.  

1Br ν / Vs-1 
0.05 

 
0.10 

 
0.25 

 
0.5 

 
0.75 

 
1.0 

 
2.0 

Ep, Ar / V -1.777 -1.782 -1.795 -1.808 -1.822 -1.835 -1.846 

 -1.769 -1.777 -1.795 -1.811 -1.829 -1.838 -1.847 

 -1.748 -1.750 -1.765 -1.784 -1.804 -1.818 -1.828 

 -1.743 -1.751 -1.761 -1.778 -1.794 -1.804 -1.815 

 -1.811 -1.822 -1.832 -1.839 -1.851 -1.862 -1.872 

 -1.770 -1.771 -1.782 -1.797  -1.811 -1.829 

        

Ep, N2 / V  -1.751 -1.757 -1.776 -1.802 -1.826 -1.838 -1.852 

  -1.718 -1.735 -1.752 -1.776  -1.802 

 -1.744 -1.747 -1.758 -1.781 -1.826   

 -1.712 -1.739 -1.761 -1.778 -1.801   
 -1.728 -1.741 -1.758 -1.776 -1.798 -1.813 -1824 

 -1.696 -1.709 -1.718  -1.737 -1.755 -1.779 

Averaged        

Ep, Ar / V 
(st.dev) 

-1.770 
(22) 

-1.776 
(24) 

-1.788 
(24) 

-1.803 
(20) 

-1.820 
(20) 

-1.828 
(19) 

-1.839 
(18) 

Ep, N2 / V 
(st. dev) 

-1.726 
(20) 

-1.735 
(17) 

-1.751 
(19) 

-1.778 
(16) 

-1.794 
(31) 

-1802 
(35) 

-1.814 
(27) 

 

 
Figure A20. CV data of 1.0 mM 1Br solutions in THF with 0.2 M (nBu4N)PF6 under N2. Left: ν-dependent data of 
the reduction area. Right: first reductive wave with addition of 0-200 eq. of (nHe4N)Br, ν =0.1 Vs-1. 
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Table A10. CV Peak analysis of 1Br under N2. 

 

1Br  E1/2 

/V 
ipf/ipr Epf 

/V 
ΔEP 

/V 
 E1/2 

/V 
ipf/ipr Epf 

/V 
ΔEP 

/V 
ν / Vs-1           

0.05 1st Reda b  -1.726  2nd Red b  -2.286  
0.10  b  -1.735   b  -2.306  
0.25  b  -1.751   b  -2.343  
0.50  b  -1.778   b  -2.370  
0.75  -1.758 25.5 -1.794 121  b  -2.380  

1.00  -1.759 8.6 -1.802 130      
2.00  -1.767 9.0 -1.814 152      

 

a The peak potential of the 1st reduction of the different scan rates represent the average of six runs with a standard 
deviation around 0.025 V. b no reverse wave.  

 

 

  

Figure A21. CV data of 1I in THF with 0.2 M (nBu4N)PF6 under Ar. Fc* is indicated with an asterisk. Top left: first 

reduction wave of a 0.8 mM solution with 0-80 eq. of (nHe4N)I, ν = 0.1 Vs-1.Top right: concentration dependence of 

the first reductive wave from 0.5 mM to 3.5 mM. Bottom left: oxidative area of a 1.0 mM solution. Inset: plot of ip,a,1 

vs. ν ν1/2. Bottom right: first two reduction waves of a 0.8 mM solution with 0-80 eq. of (nHe4N)I, ν = 0.1 Vs-1. 
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Table A11. CV Peak analysis of 1I under Ar. 

 

1I  E1/2 

/V 
ipf/ipr Epf 

/V 
ΔEP 

/V 
 E1/2 

/V 
ipf/ipr Epf 

/V 
ΔEP 

/V 
ν / Vs-1           

0.05 1st Reda b  -1.598  2nd Red b  -2.234  
0.10  b  -1.609   b  -2.235  
0.25  b  -1.621   b  -2.243  
0.50  b  -1.633   -2.194 3.65 -2.257 0.122 
1.00  b  -1.648   -2.206 4.28 -2.269 0.144 
1.50  b  -1.656   -2.207 3.17 -2.278 0.143 
2.00  b  -1.662   -2.209 3.44 -2.286 0.154 
3.00  b  -1.672       

 1st Ox     2nd Ox     
0.05  b  -0.192   b  +0.645  
0.10  -0.231 3.07 -0.187 0.089  b  +0.655  
0.25  -0.227 1.41 -0.184 0.085  b  +0.679  
0.50  -0.228 1.11 -0.180 0.095  b  +0.699  
1.00  -0.227 1.05 -0.173 0.108  b  +0.720  
1.50  -0.225 0.99 -0.168 0.115  b  +0.733  
2.00  -0.225 1.02 -0.164 0.122  b  +0.743  

 

a The peak potential of the 1st reduction of the different scan rates represent the average of 6 runs with a standard 
deviation around 0.015 V. b no reverse wave.  

 

Section A4.1 Referencing challenges for iodide titrations on 1I 

To probe whether reduction of 1I is coupled to iodide loss, it was aimed to titrate in increasing 

equivalents of (nHe4N)I. Nicewicz reported the value for I− oxidation to be at Ep = −0.14 V in 

acetonitrile.220 In THF however, I− oxidation occurs at circa −0.4 V, which is too close to the 

commonly used FeIII/II oxidation couple of Fc* for referencing of the CVs (E1/2 = −0.427 V). At 

high iodide concentrations (≥ 0.04 M), the I− oxidation shifts more anodically and merges into 

the Fc* oxidation (see Figure A21). In search for another referencing possibility, we first tried 

coordination compounds that have a reversible oxidation or reduction wave more 

electronegative as I− oxidation, and more electropositive as the reduction of 1I (Ep = −1.61 V, 

ν = 0.1 Vs-1). Starting with other Cp-ring containing compounds as possible reference, we found 

the current of the reference decreased upon increasing halide concentration, as exemplified for 

Cr(Cp)2 in Figure A21, which was reproduced multiple times. The cathodic potential shift on 1I 

as showed in this example varied for each measurement and is not trustworthy. We attribute this 

current decrease to partial decomposition, maybe due to slow iodide coordination or Cp for I 

substitution. Clearly, these compounds are not inert and therefore not suitable as reference 

compounds. In addition to this behaviour, when exploring Co(Cp)2, a current decrease on 1I 

upon initial addition of this reference compound was observed, attributed to partial reduction 

of 1I.  

For next attempts, we turned away from Cp ligands towards coordination compounds containing 

bulky ligands and being coordinatively unsaturated to hopefully obtain more inert complexes. 

We synthesised [Co(tpy)2](PF6)2 (tpy = 2,2’:6’,2’’-terpyridine),221 [Fe(PDI)(CO)2] (PDI = 2,6-
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bis[1-(2,6-diisopropylphenylimino)methyl]pyridine),222 [Ni(NN)2] (NN = 2,6-bis(1-

methylethyl)-N-(2-pyridinylmethylene)phenylamine, and is depicted in Table A11)223 according 

to their literature procedures and [Fe(acac)3] (acac = acetylacetone) was commercially obtained. 

However, all compounds proved either to be not inert or reversible enough. The reduction of 

[Fe(acac)3] is only reversible at low ν, due to reversible loss of a acac ligand. In case of 

[Co(tpy)2](PF6)2, small reduction features at Ep = −1.33 V and −1.69 V appear directly after 

addition of 1I, and over time the current of the reference decreases. The redox features of 

[Ni(NN)] completely disappear upon addition of 1I, likely due to its reactive character. Finally, 

the oxidation of [Fe(PDI)CO2] becomes irreversible upon addition of (nHe4N)I, attributed to 

iodide coordination.  

As final attempt, stable RE systems were explored based on both silver and Fc. In case of silver, 

a stable Ag+/0 was aimed for by dissolving 1.0 mM AgPF6 (AgNO3 is not soluble in THF) in a Ag-

wire loaded sample holder. After soaking in the SH for 1-2 days in the dark, this Ag+/Ag RE was 

tested on the titration of (nHe4N)Cl into a solution of 1Cl: for this experiment both the potential 

shift and the increased reversibility are quantified. As shown in Figure A21, this RE is not stable, 

since the peak potential shifts too large and the reverse wave barely increases. To improve its 

stability, the Ag+ concentration should have likely been increased. Overall, most promising is the 

RE based on a solution of both 4 mM Fc and 4 mM [Fc]BArF
24.224 In the chloride titration 

experiment on 1Cl, we do observe the expected increased reversibility and a cathodic peak 

potential shift, although the latter is less extended compared to the reference experiment. In 

addition, the absolute referencing was repeatedly off: it shows an Ep of −1.95 V at ν = 0.1 Vs-1, 

which is about 0.05 V too electropositive. The same behaviour was observed in the initial 

attempts to use this Fc+/0 RE for 1I. Therefore, we discarded this possibility for referencing the 

iodide titration of 1I.  

 

Table A12. Overview of the explored referencing methods for referencing I− titration of 1I.  

Coordination compound 
or methoda 

Potential / V 

Ag+/0 (1 mM) +0.20 
Fc+/0 (4 mM) 0.00 

[Fe(PDI)(CO)2] −0.47 
[Cr(Cp)2]+/0 −1.10 

[Co(tpy)2]2+/+ −1.10 
[Ni(NN)2] −1.18 

[Cr(Cp*)(C6H6)]+/0 −1.20 
[Fe(acac)3] −1.24 

[Co(Cp)2]+/0 −1.32 
[Co(Cp*)2]

+/0 −1.84 
a abbreviations, see text.  
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Figure A21. Different reference compounds or methods aiming for referencing the iodide titration to 1I, all data 
under Ar containing 0.2 M (nBu4N)PF6 in THF. Top left: Fc* in iodide titration of 1I. Top right: [Cr(Cp)2] in iodide 
titration of 1I. Middle left. [Co(trp)2](PF6)2 in iodide titration of 1I. Middle right: [Ni(NN)2] and 1I. Bottom left: Ag+/0 

RE in chloride titration of 1Cl. Bottom right: Fc+/0 RE in chloride titration of 1Cl. Abbreviations are found in the text 
of Section A4.1. 

  

Fc* [Cr(Cp)2] 

[Co(try)2](PF6)2 [Ni(NN)2] 

Ag+/0 Fc+/0 
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Expanding our potential window in looking for references, we assessed the possibility of 

[Co(Cp*)2]PF6 to be a reference compound, having a reduction at E1/2 = −1.84 V, clearly more 

electronegative as 1I. Fortunately, this reference proved stable, showing barely any current 

varieties. In Figure A22 a experiment under N2 is shown, where the current of the reference does 

decrease upon increasing equivalents of iodide. However, this current decrease is fairly parallel 

to the iodide-induced decrease of the second reduction feature: the base-line corrected current 

of the second reduction of 1I is decreased by circa 1.2, 0.5, 0.8, 0.5, 1.4 µA from 0 to 150 eq. of 

(nHe4N)I at ν = 0.1 Vs-1, whereas the peak current of the reference is decreased by circa 0.9, 0.6, 

0.7, 0.6, 1.4 µA. The peak potential of the reverse peak of the reference was not always analysed 

easy leading to a certain noisiness in the experiment, it was reproduced at least five times, see 

Table A12 for these data under an Ar- and in Table A13 under a N2 atmosphere. After 

determining the average peak potential value and its standard deviation, these values were 

transferred to a CV without added [Co(Cp*)2]PF6.  

 

 

Figure A22. Iodide titration of a 0.8 mM solution of 1I containing 0.2 M (nBu4N)PF6 in THF using [Co(Cp*)2]PF6 as 
reference, marked with an asterisk. ν = 1.0 Vs-1. Measured under a Ar (left) or N2 (right) atmosphere.  
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Table A13. Peak shifts upon iodide titration on 1I as referenced using [Co(Cp*)2]PF6, under Ar, reproduced several 

times.  

1I eq. 
(nHe4N)I 

0 

 
 

20 

 
 

40 

 
 

60 

 
 

80 

  
 

0 

 
 

20 

 
 

40 

 
 

60 

 
 

80 
ν / 
Vs-1 

     ν / 
Vs-1 

     

0.10 -1.621 -1.636 -1.645 -1.645 -1.654 0.25 -1.637 -1.647 -1.651 -1.659 -1.658 
 -1.616 -1.627 -1.627 -1.629 -1.633  -1.660 -1.667 -1.668 -1.673 -1.676 
 -1.616 -1.626 -1.632 -1.631 -1.637  -1.653 -1.647 -1.658 -1.667 -1.666 
 -1.632 -1.637 -1.645 -1.650 -1.654  -1.644 -1.655 -1.658 -1.658 -1.659 
 -1.624 -1.634 -1.637 -1.646 -1.651       
 -1.647 -1.658 -1.669 -1.675 -1.681       
 -1.647 -1.647 -1.655 -1.658 -1.663       

 -1.634 -1.645 -1.654 -1.655 -1.658       
            

0.50 -1.639 -1.644 -1.652 -1.657 -1.662 1.00 -1.649 -1.656 -1.662 -1.664 -1.668 
 -1.642 -1.644 -1.650 -1.650 -1.652  -1.661 -1.666 -1.672 -1.673 -1.679 
 -1.649 -1.657 -1.661 -1.667 -1.669  -1.659 -1.665 -1.664 -1.668 -1.670 
 -1.646 -1.652 -1.658 -1.659 -1.665  -1.684 -1.687 -1.693 -1.694 -1.701 
 -1.657 -1.658 -1.660 -1.663 -1.665  -1.664 -1.670 -1.670 -1.675 -1.677 
            

2.00 -1.652 -1.666 -1.671 -1.673 -1.678 3.00 -1.666 -1.674 -1.679 -1.681 -1.684 
 -1.674 -1.682 -1.686 -1.687 -1.692  -1.681 -1.687 -1.688 -1.691 -1.692 
 -1.674 -1.675 -1.678 -1.675 -1.682  -1.678 -1.680 -1.683 -1.683 -1.684 
 -1.700 -1.702 -1.705 -1.710 -1.712  -1.704 -1.712 -1.712 -1.713 -1.718 
 -1.677 -1.678 -1.678 -1.683 -1.687  -1.681 -1.685 -1.690 -1.691 -1.694 
            
 shifts /V 

(st.dev) 
          

 20 eq. 40 eq. 60 eq. 80 eq.        
0.10 9(3) 16(4) 20(5) 26(6)        
0.25 8(3) 10(4) 16(4) 16(3)        
0.50 4(3) 10(4) 13(5) 16(6)        
1.00 5(1) 9(3) 11(2) 16(3)        
2.00 5(5) 8(6) 10(7) 15(7)        
3.00 6(2) 8(3) 10(3) 12(4)        
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Table A15. Peak shifts upon iodide titration on 1I as referenced using [Co(Cp*)2]PF6, under N2, reproduced several 

times.  

1I eq. 
(nHe4N)I 

0 

 
 

40 

 
 

60 

 
 

80 

 
 

100 

  
 

0 

 
 

40 

 
 

60 

 
 

80 

 
 

100 
ν / 
Vs-1 

     ν / 
Vs-1 

     

0.10 -1.597 -1.602 -1.602 -1.609 -1.612 0.25 -1.611 -1.617 -1.614 -1.621 -1.630 

 -1.582 -1.590 -1.592 -1.594 -1.599  -1.594 -1.604 -1.605 -1.610 -1.614 

 -1.618 -1.626 -1.630 -1.631   -1.637 -1.638 -1.648 -1.655  

 -1.594 -1.598 -1.604 -1.607 -1.615  -1.609 -1.614 -1.622 -1.621 -1.630 

 -1.575 -1.580 -1.584 -1.588 -1.586  -1.587 -1.591 -1.594 -1.603 -1.602 

 -1.618 -1.622 -1.626 -1.629 -1.633  -1.629 -1.634 -1.637 -1.639 -1.648 

            

0.50 -1.622 -1.629 -1.632 -1.633 -1.643 1.0 -1.639 -1.640 -1.648 -1.652 -1.658 

 -1.606 -1.610 -1.615 -1.619 -1.623  -1.618 -1.622 -1.625 -1.631 -1.634 

 -1.649 -1.660 -1.667 -1.669   -1.671 -1.671 -1.674 -1.689  

 -1.628 -1.635 -1.635 -1.640 -1.641  -1.644 -1.648 -1.655 -1.656 -1.664 

 -1.600 -1.602 -1.602 -1.610 -1.617  -1.613 -1.616 -1.621 -1.627 -1.629 

 -1.644 -1.649 -1.649 -1.651 -1.659  -1.655 -1.658 -1.659 -1.659 -1.666 

            

2.0 -1.646 -1.650 -1.653 -1.662 -1.671 3.0 -1.671 -1.676 -1.681 -1.692 -1.694 

 -1.642 -1.642 -1.647 -1.650 -1.654  -1.650 -1.650 -1.656 -1.659 -1.661 

 -1.697 -1.708 -1.712 -1.715   -1.678 -1.682 -1.689 -1.691 -1.700 

 -1.668 -1.671 -1.679 -1.680 -1.689  -1.644 -1.645 -1.647 -1.651 -1.653 

 -1629 -1.630 -1638 -1645 -1645  -1.692 -1.693 -1.700 -1.703 -1.708 

 -1.681 -1.685 -1.687 -1.692 -1.694       

            

 shifts /V 
(st.dev) 

          

 40 eq. 60 eq. 80 eq. 100 eq.        
0.10 9(2) 12(1) 17(3) 20(2)        

0.25 9(3) 14(3) 19(2) 25(3)        

0.50 9(5) 12(4) 18(4) 22(5)        

1.00 7(3) 12(4) 18(4) 24(2)        

2.00 9(3) 14(3) 18(5) 20(6)        

3.00 8(3) 12(5) 16(6) 21(5)        
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Table A15. Referencing ν-dependent data of 1I under Ar and N2 using Fc* as reference compound.  

1I ν / Vs-1 
0.05 

 
0.10 

 
0.25 

 
0.5 

 
0.75 

 
1.0 

 
2.0 

 
3.0 

Ep, Ar / V -1.591 -1.600 -1.611 -1.623 -1.633 -1.639 -1.647 -1.664 

 -1.632 -1.640 -1.650 -1.661 -1.670 -1.674 -1.689 -1.695 

 -1.574 -1.586 -1.598 -1.614 -1.619 -1.625 -1.640 -1.655 

 -1.592 -1.601 -1.615 -1.626 -1.634 -1.640 -1.656 -1.664 

 -1.602 -1.609 -1.624 -1.637 -1.644 -1.655 -1.669 -1.678 

 -1.599 -1.609 -1.627 -1.634  -1.652 -1.668 -1.675 

         

Ep, N2 / V  -1.587 -1.593 -1.610 -1.632 -1.653 -1.670 -1.680  

 -1.569 -1.580 -1.590 -1.609 -1.619 -1.628 -1.648 -1.655 

 -1.605 -1.612 -1.635 -1.635 -1.653 -1.668 -1.664  

 -1.587 -1.603 -1.620 -1.620 -1.640 -1.653   
 -1.584 -1.595 -1.611 -1.622 -1.642 -1.650   
 -1.588 -1.599 -1.616 -1.628 -1.639 -1.646   

 -1.574 -1.586 -1.605 -1.619  -1.636   

         

Averaged         

Ep, Ar / V 
(st.dev) 

-1.598 
(17) 

-1.608 
(16) 

-1.621 
(16) 

-1.633 
(15) 

-1.640 
(17) 

-1.648 
(15) 

-1.662 
(16) 

 

Ep, N2 / V 
(st. dev) 

-1.585 
(11) 

-1.595 
(10) 

-1.612 
(13) 

-1.626 
(9) 

-1.641 
(11) 

-1.650 
(14) 

-1.664 
(13) 

 

 

Table A16. CV Peak analysis of 1I under N2. 

1I  E1/2 

/V 
ipf/ipr Epf 

/V 
ΔEP 

/V 
 E1/2 

/V 
ipf/ipr Epf 

/V 
ΔEP 

/V 
ν / Vs-1 1st Reda     2nd Red     

0.05  b  -1.585   -1.691 0.60 -1.734 0.059 
0.10  b  -1.595   -1.683 0.60 -1.736 0.072 
0.25  b  -1.612   -1.693 0.88 -1.739 0.057 
0.50  b  -1.626   -1.689 c -1.747 0.068 
1.00  b  -1.650   -1.700 c -1.725 0.063 
2.00  b  -1.664   -1.703 c -1.724 0.059 
3.00  b     -1.706 c -1.733 0.062 

 3th Red     3th Red     
0.05  b  -2.194       
0.10  b  -2.202       
0.25  b  -2.219       
0.50  b  -2.230       
1.00  b  -2.250   b  -2.35  
2.00  b  -2.263   b  -2.36  
3.00  b  -2.265   b  -2.37  

 1st Ox     2nd Ox     
0.05  -0.203 1.10 -0.161 0.082      
0.10  -0.203 1.09 -0.160 0.085  b  +0.686  
0.25  -0.203 1.06 -0.164 0.080      
0.50  -0.204 1.02 -0.160 0.087  b  +0.712  
1.00  -0.200 1.04 -0.157 0.082  b  +0.728  
2.00       b  +0.741  

 

a The peak potential of the 1st reduction of the different scan rates represent the average of six runs with a standard 
deviation around 0.015 V. b no reverse wave. c due to the close proximity of both reductions, no baseline drawing is 
possible.   
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Figure A22. CV data of 1I in THF with 0.2 M (nBu4N)PF6 under an N2 atmosphere. Top left: scan rate dependent 

data of the whole reductive area. Top right: First two reduction waves of a 0.8 mM solution with 0-100 eq. of (nHe4N)I, 

ν = 2.0 Vs-1. Middle left: concentration dependence of the whole reductive area from 0.5 mM to 4.0 mM, ν = 0.1 Vs-1. 

Middle right: concentration normalised data of the first two reduction waves, ν = 0.1 Vs-1. Bottom left: N2-pressure 

dependent data of the whole reductive area of a 1.0 mM solution, ν = 0.1 Vs-1.  
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Figure A23. 31P{1H} NMR spectra of 1I under N2 in THF over 48 h.  

 

 

Figure A24. 31P{1H} NMR spectroscopy of 1I under N2 or Ar (4 atm) in d8-THF from RT to −95 °C (and back to 

25 °C). Left: N2. Right: Ar.  

 

  

Figure A25. 31P{1H} NMR spectra of 1I under Ar in THF 25 eq. of (nHe4N)I over the course of 96 h (left) or 50 eq. 

(nBu4N)PF6 (right). Upon addition of the iodide source, an upfield shift of circa 10 ppm is observed, which is only due 

to the presence of ions, as proven by a similar upfield shift from −170 to −180 ppm upon addition of electrolyte.  
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Figure A26 CV of a 1.0 mM solution of 1X in THF with 0.2 M (nBu4N)PF6 under an N2 atmosphere. Measured three 

ranges, scanning through: a) only the oxidative area, b) the first reductive area, then the oxidative area, c) the whole 

reductive area, then the oxidative area. Left: 1Br. Right: 1I.  

 

 

 

A5. Figures and tables of chapter II.3.  

 

Figure A27. Left: 31P{1H}-NMR spectrum of =3Cl obtained via electrochemical reduction of =1Cl (1.0 mM) in THF at 

Eappl. = −1.67 V with addition of 16.2 µmol PPh3O as internal standard (signal at 24.7 ppm) used for yield 

determination (22 %). Right: CPE of =3Cl at Eappl. = −1.67 V in THF with 0.1 M (nBu4N)PF6 in presence of 1 eq. of 

(nHe4N)Cl for 100 min to check the stability of the nitride. The small, irreversible anodic feature at Ep = +0.42 V is 

tentatively attributed to some contamination of the GC electrode, since from the same nitride, THF and electrolyte 

batch, CVs without this feature were obtained.  
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Figure A28. Left: CV of 1.2 mM =1Cl in THF with 0.2 M (nBu4N)PF6 at increasing pressures of N2. Right: 31P{1H} 

NMR spectrum of the reaction mixture of =1Cl in THF after measuring CV of at increasing N2 pressures and remaining 

at 11 bars for 45 minutes and subsequent depressurising.  

 

 
 

Figure A29. Plot of ip,c,1 (black) and ip,c,2 of =1Cl vs. ν1/2. The baseline for the second feature is hard to set; therefore 
this fitting has more uncertainty.  

 
Table A17. CV Peak analysis of =1Cl under Ar.  

 
=1Cl ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
        

1st reda 0.05 -1.726 4.5 2nd reda 0.05 -1.948 0.6 

 0.10 -1.750 6.1  0.10 -1.951 1.1 
 0.20 -1.775 8.0  0.20 -1.968 1.7 
 0.60 -1.827 12.7  0.60 -2.024 3.5 
 0.80 -1.851 14.2  0.80 -2.050 4.3 
 1.00 -1.861 15.7  1.00 -2.069 5.1 

a – no reverse wave.  
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Table A18. CV Peak analysis of the first reduction of =1Cl in presence of different equivalents of (nBu4N)Cl under 
Ar. 

 
=1Cl,  
0.5 Vs-1 

E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp  

/ V 

=1Cl,  
1.0 Vs-1 

E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp  

/ V 
(nBu4N)Cl 
/ eq. 

         

0 - - -1.826 -  - - -1.922 - 
10 -1.74 8 -1.834 0.19  -1.78 2.4 -1.929 0.28 
20 -1.75 3.7 -1.837 0.17  -1.80 1.9 -1.934 0.27 

 
 

 
Figure A30. CV of =3I in THF with 0.2 M (nBu4N)PF6,. Top inset: first oxidation. Bottom inset: reductive area.  

 
 
Table A19. CV Peak analysis of =3I. 

 
=3I ν  

/ Vs-1 
E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp  

/ V 
 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
          
1st Ox 0.10 0.24 1.06 0.279 0.082 1st reda 0.10 -2.965 1.3 

 0.25 0.24 1.04 0.282 0.083  0.25 -2.954 1.9 
 0.50 0.24 1.06 0.284 0.079  0.50 -2.969 2.7 
 1.00 0.24 1.04 0.288 0.088  1.00 -2.981 3.8 
 2.00 0.25 1.18 0.287 0.070     
      2nd reda 0.10 -3.215 1.2 
       0.50 -3.251 2.7 
       1.00 -3.255 3.7 
          
      2nd oxa 0.10 0.979 2.56 
      3th ox a 0.10 1.120 2.33 

a no reverse wave 
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Figure A31. Top left: 31P{1H}-NMR spectrum of =3I and 10 obtained via electrochemical reduction in THF at Eappl. 

= −1.41 V with addition of 15.1 µmol PPh3O as standard (signal at 24.6 ppm) used for yield determination of =3I (14 %). 

Top right: 1H-NMR spectrum of the product mixture obtained via reduction in THF using Co(Cp)2 with addition of 

13.1 µmol 1,3,5-trimethoxybenzene as standard (signal at 6.1 ppm) used for yield determination of =3I (20 %). Bottom 

left: 1H-NMR spectrum of the product mixture containing =3I obtained via reduction in THF using Cr(Cp*)2 with 

addition of 11.6 µmol 1,3,5-trimethoxybenzene as standard (signal at 6.1 ppm) used for yield determination of =3I 

(43 %). In addition, 10 is found in 21 % yield and the unknown C2V-symmetric side-product in 10.5 % yield, as 

discussed in Section II.3.4. Bottom right: ATR IR spectrum of a mixture of =3I and 10.  

 

  
 
Figure A32 CV of 1.0 mM =1I in THF with 0.2 M (nBu4N)PF6 under Ar. Left: ν-dependence of the reductive area. 
Right: oxidative area at ν = 0.1 Vs-1. Right inset: first oxidation. Left inset: plot of ip,a vs. ν1/2.  
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Table 20 CV Peak analysis of =1Cl under Ar.  

 
 
 

 

 

 

 

 

 

 

 

a – no reverse wave.  

 
 

 
Figure A33. ν-dependence of the first reduction feature of 1.0 mM =1I in THF with 0.2 M (nBu4N)PF6 under N2.  

 

 
 
Figure A34 31P{1H} NMR spectra of =1I in THF with 5.0 eq. of (nHe4N)I under N2 directly after mixing, after 48 and 
120 h.  

 
 

 

  

=1I ν  
/ Vs-1 

E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp  

/ V 
 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
          
1st Ox 0.10a - - 0.025 - 1st reda 0.10 -1.44 3.7 

 0.25 -0.02 2.16 0.032 0.10  0.50 -1.49 7.6 
 0.50 -0.02 1.49 0.041 0.11  1.00 -1.50 10.3 
 1.00 -0.01 1.34 0.042 0.10     
 2.00 -0.01 1.28 0.049 0.11 2nd reda 0.10 -1.81 2.8 
       0.50 -1.85 7.7 
       1.00 -1.86 10.8 
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A6. Figures and tables of chapter II.4.  

 
Figure A35. Left: CV of 5 in THF with 0.2 M (nBu4N)PF6. Inset: plot of ip,c,1 vs. ν1/2. Right: CV of =5 in THF with 
0.1 M (nBu4N)PF6. Inset top left: plot of ip,c,1 vs. ν1/2. Inset bottom right: ν-dependency of the first reduction. 

 
Table A21. CV Peak analysis of 5. 

 
5 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
 ν  

/ Vs-

1 

E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp  

/ V 

          

1st Oxa 0.10 0.800 8.5 2nd red 0.10 −2.14 1.61 −2.190 0.108 

 0.25 0.809 11.  0.25 −2.15 1.51 −2.202 0.097 
 0.50 0.832 14.2  0.50 −2.15 1.38 −2.198 0.093 
 0.75 0.847 16.1  0.75 −2.15 1.26 −2.198 0.097 
 1.00 0.840 17.3  1.00 −2.15 1.25 −2.202 0.103 
          

1st reda 0.10 −1.840 4.7       

 0.25 −1.860 7.3       
 0.50 −1.866 10.0       
 0.75 −1.869 12.1       
 1.00 −1.873 13.6       

a no reverse wave 

 
Table A22. CV Peak analysis of =5. 

 
=5 ν  

/ Vs-1 
E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp

b
 

/V 
 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
          
1st red 0.10 −1.33 1.27 −1.391 0.126 2nd reda 0.10 −2.345 3.6 
 0.25 −1.33 1.18 −1.389 0.126  0.50 −2.399 8.8 
 0.50 −1.33 1.23 −1.402 0.138  1.00 −2.419 12.2 
 1.00 −1.34 1.08 −1.407 0.144 3th reda 0.10 −2.624 2.1 
 2.00 −1.33 1.06 −1.400 0.146  0.50 −2.722 2.7 
       1.00 −2.766 3.9 

 
a no reverse wave. b The ΔEp of Fc present within the measurement has similar values, indicating iR-compensation 
was not sufficient, and this wave is classified as reversible.   
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Figure A36. Left: CV of 6 in THF with 0.2 M (nBu4N)PF6. Inset top left: ν-dependence of the first oxidation. Inset 
top right: plot of ip,a,1 vs. ν1/2. Right: CV of =6 in THF with 0.2 M (nBu4N)PF6. Inset bottom right: scan rate dependence 
of the first oxidation. Inset bottom right: plot of ip,a,1 vs. ν1/2. Inset top left: CV of the cathodic region, ν = 0.1 Vs-1. 

 
Table A23. CV Peak analysis of 6.  

 
6 ν  

/ Vs-1 
E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEp 

/V 
 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
          
1st ox 0.1 −0.49 1.02 −0.448 0.081 2nd oxa 0.1 0.504 3.5 
 0.5 −0.49 1.04 −0.443 0.090  0.5 0.553 5.8 
 1.0 −0.49 1.04 −0.442 0.090  1.0 0.576 9.5 
3th ox 0.1 0.61 2.47 0.672 0.127 4th oxa 0.1 0.948 4.8 
 0.5 0.65 4.46 0.753 0.204  0.5 0.979 9.1 
 1.0 0.69 4.18 0.811 0.249  1.0 0.996 12.6 
      1st reda 0.1 −3.14 6.6 

a no reverse wave 

 
Table A24. CV Peak analysis of =6.  

 
=6 ν  

/ Vs-1 
E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEP  

/V 
 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
          
1st ox 0.1 −0.28 1.00 −0.236 0.085 2nd oxa 0.1 0.447 3.52 
 0.5 −0.28 1.15 −0.234 0.086  0.5 0.500 9.65 
 1.0 −0.28 1.09 −0.237 0.085  1.0 0.499 14.1 
 2.0 −0.27 1.06 −0.219 0.105  2.0 0.533 20.1 
      3th oxa 0.1 0.612 0.9 
          
      1st reda 0.1 −2.573 7.7 
       0.5 −2.621 17.3 
       1.0 −2.635 26.2 
       2.0 −2.681 32.6 

a no reverse wave 
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Table A25. CV Peak analysis of 7.  

 
7 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
        
1st Oxa 0.10 0.833 3.5 1st reda 0.1 −1.380 1.5 
 0.25 0.843 5.3  0.5 −1.398 2.7 
 0.50 0.856 6.9  1.0 −1.405 3.6 
 1.00 0.864 8.8  2.0b −1.415 4.9 
     3.0 b −1.431 5.8 

 

a no reverse wave. b The data are wobbly and therefore not depicted in the Figure showing the CV of 7.  
 

  

 
Figure A37. Left: 31P{1H} NMR spectrum of the best batch of 7 as obtained via this route within this work (circa 90 % 
purity). Right: Simulation of the Re(IV/III) oxidation of 6 at ν = 0.1, 0.5, 1.0 Vs-1. Parameters used: A = 0.020 cm2, 

D6/6
+ = 8.5∙10-6 cm2 s-1 (an estimation based on the complexes examined within this work), Ru = 500 Ω,          

CdL = 7*10-7 F, E1/2 = −0.49 V, α = 0.5, ks = 0.03 cm2 s-1.  
 
 

 
Figure A38. 1H NMR of the crude inorganic fraction after CPE of =6 at Eappl. = +0.08 V in C6D6 with 1,3,5-
trimethoxybenzene as standard. 
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Figure A39. Plot of of ip,a vs. ν1/2 and ip,c,1 vs. ν1/2 of 8 in THF with 0.2 M (nBu4N)PF6.  

 
 
Table A26. CV Peak analysis of 8, data here enlisted as collected under Ar. 

8 ν  
/ Vs-1 

Epf 

/V 
ipf 

/µA 
 ν  

/ Vs-1 
E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEP  

/V 
          
1st reda 0.10 −1.096 2.0 1st ox 0.10 0.05 1.14 0.089 0.080 
 0.25 −1.107 3.2  0.25 0.05 1.08 0.089 0.077 
 0.50 −1.118 4.7  0.50 0.05 1.05 0.091 0.078 
 1.00 −1.131 6.5  1.00 0.06 1.04 0.095 0.076 
 2.00 −1.143 9.3  2.00 0.06 1.04 0.098 0.081 
2nd red 0.10 −1.970 2.4       
 0.25 −1.986 3.6       
 0.50 −2.000 4.9       
 1.00 −2.009 7.0       
 2.00 −2.028 9.6       
3th red 0.10 −2.244 1.5       
 0.25 −2.258 2.2       
 0.50 −2.269 3.7       
 1.00 −2.279 5.9       
 2.00 −2.290 8.0       

a no reverse wave 

 
 
Table A27. CV Peak analysis of 8 in presence of different equivalents of (nHe4N)Cl, data here enlisted as collected 
under N2. 

 
8 ν  

/ Vs-1 
Epf 

/V 
    

(nHe4N)Cl 
/ eq. 

 0 5 10 20 40 

1st red 0.1 −1.075 −1.083 −1.086 −1.092 −1.094 
 1.0 −1.107 −1.114 −1.119 −1.125 −1.128 
 2.0 −1.126 −1.132 −1.138 −1.340 −1.344 
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Figure A40. Left: Plot of of ip,a vs. ν1/2 and ip,c,1 vs. ν1/2 of =8 in THF with 0.2 M (nBu4N)PF6. Right: Peak shift analysis 
of the Ep,c,1 of =8, plotting Ep,c vs. ln(1/ν). Only the peak potentials of the low scan rates are considered, where the 
wave still appears fully irreversible. For the analysis in Section II.4.5, E1/2 = −0.896 V is used.  

 
Table A28. CV Peak analysis of =8, data here enlisted as collected under Ar. 

 
=8 ν  

/ Vs-1 
E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEP  

/V 
 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
          
1st red 0.10a   −0.910  2nd reda 0.05 −1.694 3.2 

 0.50a   −0.925   0.10 −1.699 4.5 

 2.00 −0.883 3.12 −0.934 0.102  0.25 −1.711 6.8 

 6.00 −0.892 1.97 −0.947 0.110  0.50 −1.728 9 

 10.0 −0.891 1.73 −0.950 0.118  1.00 −1.745 11.6 

 20.0 −0.899 1.63 −0.963 0.131     

1st ox 0.10 0.330 1.09 0.371 0.083 3th reda 0.05   

 0.25 0.326 1.10 0.369 0.086  0.10 −1.894 0.6 

 0.50 0.328 1.08 0.373 0.090  0.25 −1.900 1 

 1.00 0.329 1.09 0.375 0.092  0.50 −1.923 1.7 

 2.00 0.329 1.05 0.382 0.107  1.00 −1.938 2.6 
a no reverse wave 

 

 
 
Figure A41. CV of 0.3 mM 12 in THF with 0.2 M (nBu4N)PF6, ν = 0.05 Vs-1.  
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Table A29. CV Peak analysis of 12. 

 
12 ν  

/ Vs-1 
Epf 

/V 
ipf 

/µA 
 ν  

/ Vs-1 
E1/2  

/V 
ipf/ipr Epf 

/V 
ΔEP  

/V 
          
1st reda 0.05 −1.044 0.93 1st ox 0.10a   0.336  
 0.10 −1.066 1.24  0.50 0.336 2.45 0.388 0.104 
     1.00 0.340 1.94 0.391 0.102 
2nd reda 0.05 −1.186 0.2       
 0.10 −1.201 0.34       

 

a no reverse wave.  
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A7. Crystallographic Details 

A7.1 General crystallographic experimental detailso 

Suitable single crystals for X-ray structure determination were selected from the mother liquor under an 

inert gas atmosphere and transferred in protective perfluoro polyether oil on a microscope slide. The 

selected and mounted crystals were transferred to the cold gas stream on the diffractometer. The 

diffraction data were obtained at 100 K on a Bruker D8 three circle diffractometer, equipped with a 

PHOTON 100 CMOS detector and an INCOATEC microfocus source with Quazar mirror optics (Mo-Kα 

radiation, λ= 0.71073 Å).  

 

The data obtained were integrated with SAINT and a semi-empirical absorption correction from 

equivalents with SADABS was applied. The structure was solved and refined using the Bruker SHELX 

2014 software package.225–228 All non-hydrogen atoms were refined with anisotropic displacement 

parameters. All C-H hydrogen atoms were refined isotropically on calculated positions by using a riding 

model with their Uiso values constrained to 1.5 Ueq of their pivot atoms for terminal sp3 carbon atoms 

and 1.2 times for all other carbon atoms. 

 
  

                                                 

 

 
o All XRD measurements were performed by Dr. J. Abbenseth, Dr. M. Otte, and Dr. C. Würtele and supervised by 
Dr. C. Würtele. 
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A7.2 Crystallographic Details of 1Br 

 
 

Table A30. Crystal data and structure refinement for 1Br  

Identification code     mo_CW_PW_RvA_160418_2_0m_a  

Empirical formula     C20H44Br2NP2Re  

Formula weight     706.52  

Temperature      101(2) K  

Wavelength      0.71073 Å  

Crystal system      Monoclinic  

Space group      P21/n  

Unit cell dimensions     a = 8.2636(2) Å   = 90°  

b = 13.4057(4) Å   = 93.221(2)°  

c = 22.8310(6) Å   = 90°  

Volume      2525.21(12) Å3  

Z       4  

Density (calculated)     1.858 Mg/m3  

Absorption coefficient     8.110 mm-1  

F(000)       1384  

Crystal size      0.173 x 0.077 x 0.050 mm3  

Crystal shape and color     Needle, clear intense brown  

Theta range for data collection    2.345 to 28.337°  

Index ranges      -10<=h<=11, -17<=k<=17, -30<=l<=30  

Reflections collected     72189  

Independent reflections    6284 [R(int) = 0.1161]  

Completeness to theta = 25.242°   100.0 %  

Refinement method     Full-matrix least-squares on F2  

Data / restraints / parameters    6284 / 0 / 247  

Goodness-of-fit on F2     1.039  

Final R indices [I>2sigma(I)]    R1 = 0.0341, wR2 = 0.0516  

R indices (all data)     R1 = 0.0592, wR2 = 0.0566  

Largest diff. peak and hole    1.044 and -1.648 eÅ-3  
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A7.3 Crystallographic Details of 3Br 

 

Table A31. Crystal data and structure refinement for 3Br.  

Identification code     JA_RvA_260718_3_a  

Empirical formula     C20H44BrN2P2Re  

Formula weight     640.62  

Temperature      100(2) K  

Wavelength      0.71073 Å  

Crystal system      Orthorhombic  

Space group      Pbca  

Unit cell dimensions     a = 17.1032(4) Å   = 90°  

b = 15.5203(4) Å   = 90°  

c = 18.8077(5) Å   = 90°  

Volume      4992.4(2) Å3  

Z       8  

Density (calculated)     1.705 Mg/m3  

Absorption coefficient     6.605 mm-1  

F(000)       2544  

Crystal size      0.226 x 0.124 x 0.106 mm3  

Crystal shape and color     Plate, clear intense brown  

Theta range for data collection    2.166 to 25.409°.  

Index ranges      -20<=h<=20, -18<=k<=18, -22<=l<=22  

Reflections collected     148440  

Independent reflections    4602 [R(int) = 0.1307]  

Completeness to theta = 25.242°   100.0 %  

Refinement method     Full-matrix least-squares on F2  

Data / restraints / parameters    4602 / 15 / 257  

Goodness-of-fit on F2     1.019  

Final R indices [I>2sigma(I)]    R1 = 0.0225, wR2 = 0.0346  

R indices (all data)     R1 = 0.0385, wR2 = 0.0376  

Largest diff. peak and hole    0.739 and -0.661 eÅ-3  
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A7.4 Crystallographic Details of 3I 

 
Table A32. Crystal data and structure refinement for 3I 

Identification code     CW_RvA_200418_a  

Empirical formula     C20H44IN2P2Re  

Formula weight     687.61  

Temperature      102(2) K  

Wavelength      0.71073 Å  

Crystal system      Orthorhombic  

Space group      Pbca  

Unit cell dimensions     a = 17.2431(7) Å   = 90°  

b = 15.4644(7) Å   = 90°  

c = 18.8491(8) Å   = 90°  

Volume      5026.2(4) Å3  

Z       8  

Density (calculated)     1.817 Mg/m3  

Absorption coefficient     6.199 mm-1  

F(000)       2688  

Crystal size      0.303 x 0.217 x 0.215 mm3  

Crystal shape and color     Block, clear intense yellow  

Theta range for data collection    2.362 to 28.343°  

Index ranges      -22<=h<=22, -20<=k<=20, -25<=l<=25  

Reflections collected     87608  

Independent reflections    6248 [R(int) = 0.1376]  

Completeness to theta = 25.242°   100.0 %  

Refinement method     Full-matrix least-squares on F2  

Data / restraints / parameters    6248 / 3 / 269  

Goodness-of-fit on F2     1.063  

Final R indices [I>2sigma(I)]    R1 = 0.0377, wR2 = 0.0611  

R indices (all data)     R1 = 0.0666, wR2 = 0.0682  

Largest diff. peak and hole    1.287 and -1.305 eÅ-3  
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A7.5 Crystallographic Details of 4I-I 

 
 
Table A33. Crystal data and structure refinement for 4I-I. 

Identification code    mo_CW_RvA_250418_2_0m_a  

Empirical formula    C20H45I2N2P2Re  

Formula weight    815.52  

Temperature     106(2) K  

Wavelength     0.71073 Å  

Crystal system     Monoclinic  

Space group     C2/c  

Unit cell dimensions    a = 29.3983(10) Å   = 90°  

b = 14.5529(4) Å   = 112.287(2)°  

c = 14.2548(5) Å   = 90°  

Volume     5643.0(3) Å3  

Z      8  

Density (calculated)    1.920 Mg/m3  

Absorption coefficient    6.617 mm-1  

F(000)      3120  

Crystal size     0.123 x 0.108 x 0.036 mm3  

Crystal shape and color    Plate, clear yellow  

Theta range for data collection   2.404 to 26.426°  

Index ranges     -36<=h<=36, -18<=k<=18, -17<=l<=17  

Reflections collected    44265  

Independent reflections   5797 [R(int) = 0.0425]  

Completeness to theta = 25.242°  99.9 %  

Refinement method    Full-matrix least-squares on F2  

Data / restraints / parameters   5797 / 0 / 260  

Goodness-of-fit on F2    1.039  

Final R indices [I>2sigma(I)]   R1 = 0.0215,   wR2 = 0.0453  

R indices (all data)    R1 = 0.0280,   wR2 = 0.0474  

Largest diff. peak and hole   2.467 and -1.210 eÅ-3 
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A7.6. Crystallographic Details of =5 

 

Table A34. Crystal data and structure refinement for =5. 

Identification code  JA_RvA_030919 

Empirical formula  C23H45ClF3N2O3P2ReS 

Formula weight  770.26 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 13.0607(14) Å  = 65.990(3)° 

 b = 14.8030(16) Å  = 89.823(4)° 

 c = 17.4321(18) Å  = 87.660(4)° 

Volume 3075.8(6) Å
3
 

Z 4 

Density (calculated) 1.663 Mg/m
3
 

Absorption coefficient 4.254 mm-1 

F(000) 1544 

Crystal size 0.182 x 0.160 x 0.055 mm
3 

Crystal shape and color Block, clear intense red 

Theta range for data collection 2.216 to 26.508°. 

Index ranges -16<=h<=16, -18<=k<=18, -21<=l<=18 

Reflections collected 122549 

Independent reflections 12653 [R(int) = 0.1480] 

Completeness to theta = 25.242° 99.6 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 12653 / 96 / 706 

Goodness-of-fit on F2 1.009 

Final R indices [I>2sigma(I)] R1 = 0.0370,  wR2 = 0.0698 

R indices (all data) R1 = 0.0696,  wR2 = 0.0809 

Largest diff. peak and hole 2.201 and -1.270 eÅ
-3
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A7.7. Crystallographic Details of =6 

 

Table A35. Crystal data and structure refinement for =6. 

Identification code  mo_CW_RvA_221019_0m_a 

Empirical formula  C22H44ClN2P2Re 

Formula weight  620.18 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Tetragonal 

Space group  P42/mbc 

Unit cell dimensions a = 15.3251(7) Å   = 90° 

 b = 15.3251(7) Å  = 90° 

 c = 22.4403(11) Å  = 90° 

Volume 5270.3(5) Å3 

Z 8 

Density (calculated) 1.563 Mg/m
3
 

Absorption coefficient 4.845 mm-1 

F(000) 2496 

Crystal size 0.159 x 0.100 x 0.067 mm
3
 

Crystal shape and color Plate, clear intense green 

Theta range for data collection 2.613 to 30.528° 

Index ranges -21<=h<=21, -21<=k<=21, -28<=l<=32 

Reflections collected 173871 

Independent reflections 4123 [R(int) = 0.1085] 

Completeness to theta = 25.242° 99.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4123 / 0 / 142 

Goodness-of-fit on F2 1.076 

Final R indices [I>2sigma(I)] R1 = 0.0266,  wR2 = 0.0477 

R indices (all data) R1 = 0.0398,  wR2 = 0.0514 

Largest diff. peak and hole 1.032 and -1.172 eÅ
-3
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A7.7 Crystallographic Details of 12 

 

Table A35. Crystal data and structure refinement for 12. 

Identification code  mo_CW_RvA_290819_0m_a 

Empirical formula  C27H49Cl4NP2Re 

Formula weight  777.61 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 12.2642(5) Å  = 90° 

 b = 15.5206(7) Å  = 91.632(2)° 

 c = 16.5211(7) Å  = 90° 

Volume 3143.5(2) Å3 

Z 4 

Density (calculated) 1.643 Mg/m
3
 

Absorption coefficient 4.325 mm-1 

F(000) 1564 

Crystal size 0.221 x 0.136 x 0.055 mm
3
 

Crystal shape and color Plate, dark brown 

Theta range for data collection 2.426 to 28.379° 

Index ranges -16<=h<=16, -20<=k<=20, -22<=l<=22 

Reflections collected 92832 

Independent reflections 7859 [R(int) = 0.0761] 

Completeness to theta = 25.242° 99.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7859 / 102 / 360 

Goodness-of-fit on F2 1.059 

Final R indices [I>2sigma(I)] R1 = 0.0291,  wR2 = 0.0509 

R indices (all data) R1 = 0.0478,  wR2 = 0.0565 

Largest diff. peak and hole 1.259 and -1.138 eÅ
-3
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