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Abstract: The coupling of electron and proton transfer steps 

provides a general concept to control the driving force of redox 

reactions. We here report N2-splitting into nitrides coupled to a 

reaction with Brønsted acid. Remarkably, our spectroscopic, kinetic 

and computational mechanistic analysis attributes N–N bond 

cleavage to protonation in the periphery of an amide pincer ligands 

rather than the {Mo–N2–Mo} core. The strong effect on electronic 

structure and ultimately the thermochemistry and kinetic barrier of 

N–N bond cleavage represents an unusual case of a proton coupled 

metal-to-ligand charge transfer process, highlighting the use of 

proton-responsive ligands for nitrogen fixation. 

N2-fixation is a key process for agricultural productivity of 

impressive dimensions (>3 1013 mol/a). 1  The harsh reaction 

conditions of the Haber-Bosch process sparked many efforts to 

develop biomimetic catalysts. 2  Many N2-fixation landmark 

studies employ Mo-complexes, including Nishibayashi’s current 

benchmark catalyst (TON  60).3 These are proposed to operate 

via successive protonation/reduction-mechanisms, as expressed 

in the Chatt- and Schrock-cycles.4 Molecular platforms that split 

N2 into nitrides offer an alternative mechanistic entry.5,6 For both 

pathways, efficient charge storage and transfer to N2 define key 

challenges, particularly for the development of electrocatalytic 

protocols.7,8 Proton coupled electron transfer9,10 and storage of 

reduction equivalents within M–H bonds were recently 

highlighted approaches. 11 , 12  However, general guidelines that 

evolve from electronic structure considerations of key 

intermediates are yet to be developed. 

The success in small molecule activation with functional 

pincer complexes was recently transferred to N2-cleavage. 

Schrock6d and Mézailles6i reported Mo-mediated N2-splitting, 

respectively, and our group utilized a rhenium pincer platform.13 

We postulated the N2-bridged complex [{(PNP)ClRe}2(N2)] (PNP 

= N(CH2CH2PtBu2)2) as intermediate and the computed 

electronic structure in fact resembles Cummins’ iconic dimer 

[{(ArtBuN)3Mo}2(N2)] (Ar = 2,5-Me2C6H3) 14 a with respect to 

occupation of the -MO-manifold within the {M-N-N-M} core.13a 

With the molybdenum pincer platforms, MoIV nitrides were 

isolated but alternative pathways were proposed, i.e. via N–N 

bond cleavage into MoV or directly into MoIV nitrides, 

respectively.6d,i Mechanistic information for these systems is not 

available. We here report N2 bond cleavage with a novel Mo-

pincer platform. The unexpected splitting upon protonation of an 

N2-bridged intermediate provides insights into the parameters 

that govern the thermochemistry and kinetics of N2-splitting. 

The molybdenum(IV) complex [MoCl3(PNP)] (1) is obtained 

in isolated yields up to 80% upon reaction of MoCl4(NCMe)2 with 

pincer ligand H(PNP) and base (Scheme 1).15 The absence of a 
31P NMR signal and the paramagnetically shifted 1H NMR 

signals suggest an electronic d2 high-spin configuration for 1, in 

agreement with the magnetic moment derived by Evans’ method 

in solution (µeff = 2.8 ± 0.1 µB). The molecular structure obtained 

by single-crystal X-ray diffraction15 closely resembles the 

structure of our previously reported rhenium(IV) complex 

[ReCl3(PNP)].13b 

 

Scheme 1. Dinitrogen splitting with Mo pincer complex 1. 

Dinitrogen activation with this new molybdenum pincer 

platform was examined by reduction of 1 with Na/Hg (2 eq.) in 

THF at r.t. under N2 (1 bar, Scheme 1). The yellow N2-bridged 

complex [{(PNP)ClMo}2(N2)] (2) was isolated in over 70% yield.15 

The molecular structure of 2 in the solid-state (Figure 1) features 

an µ2:1:1-N2 ligand that bridges the apical coordination sites of 

two Mo ions in strongly distorted square-pyramidal geometry 

( = 0.33).16 The MoCl(PNP)-fragments are twisted with respect 

to each other resulting in idealized C2 symmetry with a Cl1–

Mo1–Mo2–Cl2 dihedral angle of 91.7°. This staggered 

conformation is attributed to the steric bulk of the PtBu2-

substituents and was also computed for [{(PNP)ClRe}2(N2)].13a 

The short Mo–N2 (1.799(4) Å) and long N–N (1.258(9) Å) bonds 

indicate strong N2-activation with N–N double bond character 

(HN=NH: dNN = 1.24 Å). In accordance, the N2 stretching 

vibration was assigned to a band at 1343 cm–1 (15N2 labeled 

sample (215N): 1300 cm–1) in the Raman spectrum (exc = 633 nm, 

THF), i.e. between the values for free hydrazine (1076 cm–1) and 

trans-diazene (1529 cm–1), respectively. 17  The 31P NMR 

spectrum of diamagnetic 2 (Scheme 2) features two signals at  
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= 93.1 and 99.1 ppm (trans-2JPP = 146 Hz), supporting C2 

symmetry in solution due to hindered rotation around the Mo–N–

N–Mo core. The N2-ligand of 215N was found at  = 69 ppm in the 
15N NMR spectrum. 

 

Figure 1. Molecular structure of 2 in the crystal from X-ray 

diffraction. Selected bond lengths (Å) and angles (°): Mo1–Cl1 

2.595(7), Mo1–P1 2.499(4), Mo1–P2 2.465(4), Mo1–N1 1.917(7), 

Mo1–N2 1.799(4), N2–N2’ 1.258(9); N1–Mo1–Cl1 137.3(2), P1–

Mo1–P2 156.93(12), P1–Mo1–N2 100.66(17), P2–Mo1–N2 

98.61(18), Cl1–Mo1–N2 113.43(17), N1–Mo1–N2 109.2(3), 

Mo1–N2–N2’ 173.5(5). 

The structural and spectroscopic features within the M–N–

N–M core strongly resemble Cummins’ oxidized dimer 

[{(ArtBuN)3Mo}2(N2)]2+ (S = 0; NN = 1349 cm–1; dNN = 1.21 Å) 

indicating a comparable degree of N2-activation.14b Furthermore, 

they are both thermally stable with respect to N2 cleavage, in 

case of 2 even upon prolonged heating to 60°C over several 

hours. Guided by analogy to this work and our rhenium PNP 

system, reduction of 2 appeared as a viable strategy to facilitate 

N2-cleavage. However, cyclic voltammetry of 2 in THF reveals 

two reversible oxidations at E1/2 = –1.14 and –0.64 V (vs. 

FeCp2/FeCp2
+), respectively, yet no reduction up to –2.7 V.15 

Instead, protonation with 1-2 eq. HOTf (in THF) or 

[H(OEt2)2]BArF24 (in Et2O; BArF24
– = B(C6H3-3,5-(CF3)2)4

–) at r.t. 

results in an immediate color shift to green followed by gradual 

change to pale yellowish (2 eq.) over some minutes. While the 

reaction with 1 eq. acid is sluggish and leads to several products, 

with 2 eq. the molybdenum(V) nitrides [Mo(N)Cl(HPNP)]X (3-X; 

X = OTf, BArF24) were isolated in yields up to 80 % (Scheme 

1).15 Starting from 215N gives the 15N nitride isotopologue 315N-

OTf as evidenced by HR-ESI-MS. The molecular structure of 3-

OTf in the crystal (Figure 2; for 3-BArF24 see ESI) closely 

resembles that of [ReV(N)Cl(HPNP)]Cl, with respect to metal 

coordination and MN bond length (Mo: 1.6463(16) Å; Re: 

1.642(4) Å),13a which is in the typical range found for other Mo 

nitrides. 18  Nitride 3-OTf was also prepared on an alternative 

route from MoCl3(THF)3, SiMe3N3 and HPNP followed by anion 

exchange with NaOTf in over 70% isolated yield.15 

Splitting of free N2 into nitrides is formally a 6-electron 

reduction. In this respect, triggering N2-cleavage by protonation 

is counterintuitive. Intrigued by this observation the mechanism 

was examined. The structure of 3-X defines the pincer ligand as 

most basic site in the product. However, the amide pKa strongly 

varies with metal, charge and co-ligands.19 The strongly reduced 

N2-ligand and/or metal ions of 2 possibly offer alternative kinetic 

protonation sites. For example, protonation of an N2-derived 

MoIV pincer nitride gave a Mo/P-bridging hydride,6d while amide 

ligand protonation was observed for a triamidoamine Mo-N2-

complex.4b
 Treatment of 2 with 1 eq. HOTf at -35 °C leads to 

immediate disappearance of 2 and formation of one new 

diamagnetic product (Scheme 2). Loss of the C2-axis is indicated 

by two sets of mutual doublets in the 31P NMR spectrum.15 One 

set is close in chemical shift to parent 2, while the other is 

shifted by about 15 ppm, suggesting that only one Mo(PNP) 

fragment is perturbed by protonation. The 15N NMR spectrum of 

the 15N2-isotopologue shows two doublets in the same range as 

parent 215N (15N = 53 and 51 ppm; 1JNN = 10 Hz) excluding 

protonation of the bridging N2-ligand. Finally, a 1H NMR signal at 

5.48 ppm with the typical pincer N–H broadened triplet fine-

structure indicates pincer protonation within 

[(HPNP)ClMo(N2)MoCl(PNP)]OTf (4), which is confirmed by 
1H15N-HSQC and 1H-COSY spectroscopy. 

 

Figure 2. Molecular structure of 3-OTf in the crystal from X-ray 

diffraction. Selected bond lengths (Å) and angles (°): Mo1–Cl1 

2.3763(5), Mo1–P1 2.5466(5), Mo1–P2 2.5540(5), Mo1–N1 

2.2085(14), Mo1–N2 1.6463(16); N1–Mo1–Cl1 151.81(4), P1–

Mo1–P2 151.631(16), P1–Mo1–N2 99.90(6), P2–Mo1–N2 

100.04(6), Cl1–Mo1–N2 107.68(6), N1–Mo1–N2 100.49(7). 

Protonation of 2 with 2 eq. HOTf at low temperatures 

(<-15°C) in THF gives rise to a dark green solution. In contrast to 

equimolar protonation, all 31P NMR signals vanish and the 

strongly shifted and broadened 1H NMR signals indicate the 

formation of a paramagnetic product. As in case of 4, no bands 

attributable to an N2 stretching vibration were found in the 

resonance Raman spectrum (exc = 633 and 457 nm), which is 

tentatively attributed to photochemical instability. Furthermore, 

all attempts to crystallize immediate protonation products of 2 

with various acids lead to repeated isolation of splitting products 

3-X. However, titration of 2 with HOTf (up to 2.5 equiv.) at -15°C 
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in THF indicates the clean evolution of a band at 604 nm in the 

UV-vis spectrum, which is attributed to the formation of 

diprotonation product 5.15 The magnetic moment of 5 was 

estimated with Evans’ method at –40°C (THF) giving rise to eff 

= 4.8 B (for [(N2){MoCl(HPNP)}2]OTf2), which is close to the 

spin-only value for a quintet state (4.90 B). Upon raising the 

temperature, this band decays with clean first-order kinetics in 5 

over more than two half-lifes (H‡ = 17.8·kcal·mol−1; S‡ = 

−5.7 cal·mol−1·K−1; Scheme 2). Importantly, after the bleach of 

the band at 604 nm the UV-vis trace is identical with that of an 

original sample of nitride 3-OTf. 

 

Scheme 2. Structural assignments and selected analytical data 
for intermediates in protonation triggered N2-cleavage. 

Further insights are provided by DFT calculations on the 

fragmentation pathways of the neutral, mono- and diprotonated 

complexes 2, 4, and 5 (Scheme 3). 20  In agreement with 

experiment, the calculations indicate a well-separated singlet 

ground state for unprotonated 2 (32: G = +15 kcal·mol–1; 52: G 

= +12 kcal·mol-1). N–N bond cleavage is exergonic by RG 

= -15 kcal·mol-1, but the high activation barrier of G‡ = 

37 kcal·mol – 1 connected with transition state ts2 inhibits decay 

of 2 under the reaction conditions. Addition of the first equivalent 

of HOTf results in the formation of monoamine complex 4 for 

which a singlet ground state was computed as well, yet with 

lower lying triplet (G = +4 kcal·mol–1) and quintet states (G = 

+3 kcal·mol-1). Protonation at other conceivable sites is 

thermodynamically disfavored (Figure S24, Supporting 

Information). Nitride formation via ts4 is more exergonic (RG = 

–26 kcal·mol-1) and kinetically less demanding (G‡ = 

25 kcal·mol–1) compared to splitting of 2, which is in agreement 

with the thermal instability of 4 at r.t. In contrast to 2 and 4, 

doubly pincer protonated complex 5 features a high-spin quintet 

ground state, in agreement with the Evans measurement. TD-

DFT computations of 5 predict an electronic transition at max = 

555 nm (exp: max = 604 nm), further confirming the structural 

assignment. In comparison with 2 (and 4), the calculations 

revealed a significantly lowered activation barrier for N–N bond 

cleavage (G‡ = 21 kcal·mol-1, H‡ = 19 kcal·mol-1), which is in 

excellent agreement with the experimentally derived value (H‡ 

= 17.8 kcal·mol−1). 

 

Scheme 3. Computational ground-state multiplicities and 

thermochemistry and kinetic barriers of N–N bond cleavage. 

The variations in ground-state multiplicities and barrier 

heights can be rationalized by closer inspection of the electronic 

structures (Scheme 4). While we confine the following 

discussion to the simpler, more symmetric cases 2 and 5 we 

note that 4, in fact, represents an intermediate case.15 The 

frontier molecular orbitals in the unprotonated complex 2 

comprise contributions from the two lone-pair p-type AOs of the 

pincer N atoms (ppin) and the  and  orbital manifold of the {M–

N–N–M} framework; upon protonation, the ppin AOs are engaged 

in covalent bonding to H and do not contribute to the frontier 

orbital set discussed here. In 2, minor out-of-phase interactions 

with the ppin AOs lead to a destabilization of the two π2
–  MOs 

relative to the  MOs, such that a singlet ground state with a 

()4( π2
– )0 occupation results. The absence of ppin AO 

contributions to the corresponding orbitals in 5 reduces the 

energy gap between the 2 and the  MOs, leading to the high 

spin (1)2(2)2 occupation pattern of the quintet ground state.  

A similar line of arguments provides a rationale also for the 

substantially reduced barrier found for ts5 compared to ts2. As 

previously discussed by Cummins and co-workers,14a the 

prominent zig-zag distortion of the transition state structures for 

N–N cleavage goes back to an admixture of an antibonding 

*(Mo–N–N–Mo) MO to the occupied orbital set. As a result of 

electron transfer into this *-MO, the N–N bond grows unstable 

with the result of cleavage. Notably, the – MO in 2 is 

significantly destabilized by out-of-phase ppin AO contributions 

(Scheme 4) and its partial occupation leads to a high relative 

energy of ts2. The absence of destabilizing ppin AO interactions 

in the corresponding * orbital in 5 renders its admixture in BSts5 

energetically less demanding, which effectively facilitates N–N 

bond cleavage. 
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Scheme 4. Qualitative illustration of frontier molecular orbitals in 
12, 55, and the transition state BSts5 indicating left-right - and -

spin polarization of the  electron pair. A detailed compilation of 

molecular orbitals is provided as Supporting Information. 

In conclusion, we presented an example of N2-splitting, 

which showcases surprising auxiliary ligand effects. Schrock6d 

and Mézailles6i previously reported the formation of MoIV nitrides 

upon 2e– reduction of MoIII pincer halide complexes under N2. 

Our results demonstrate that splitting to the MoV nitride stage 

provides a viable pathway. Cleavage of the strongly reduced N2-

ligand of 2 is efficiently facilitated by Brønsted acids. Although 

counterintuitive at first sight, metal to N2 electron transfer is 

stimulated by protonation of the ligand periphery and our MO 

analysis provides a coherent explanation. -Donation by the 

pincer ligand both stabilizes the low spin configuration and 

increases the kinetic barrier to nitride formation in 2. Both effects 

are gradually reduced upon stepwise pincer protonation 

providing a possibility to tune the driving force and kinetic barrier 

of N–N bond cleavage by choice of proton-responsive ligands. 

The proton-triggered electron transfer to the N2 ligand proceeds 

from purely metal-based orbitals, which stands in contrast to 

systems studied previously. In this respect, the present case can 

be regarded as a proton coupled metal-to-ligand charge transfer 

reaction. 
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