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Abstract 

Transition-metal-mediated splitting of N2 to form metal nitride complexes could constitute a key 

step in electrocatalytic nitrogen fixation, if these nitrides could be electrochemically reduced to 

ammonia under mild conditions. The envisioned nitrogen fixation cycle involves several steps: N2 

binding to form a binuclear end-on bridging complex with appropriate electronic structure to 

cleave the N2 bridge followed by proton/electron transfer to release ammonia and bind another 

molecule of N2. The nitride reduction and N2 splitting steps in this cycle have differing electronic 

demands that a catalyst must satisfy. Rhenium systems have had limited success in meeting these 

demands, and studying them offers an opportunity to learn strategies for modulating reactivity. 

Here, we report a rhenium system in which the pincer supporting ligand is supplemented by an 

isocyanide ligand that can accept electron density, moderating the redox potentials and enabling 

the protonation/reduction of the nitride to ammonia under mild electrochemical conditions. The 

incorporation of isocyanide raises the N–H bond dissociation free energy of the first N–H bond by 

10 kcal/mol, breaking the usual compensation between pKa and redox potential; this is attributed 
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to the spatial separation of the protonation site (nitride) and the reduction site (isocyanide). 

Ammonia evolution is accompanied by formation of a terminal N2 complex, which can be oxidized 

to yield bridging N2 complexes including a rare mixed-valent complex. These rhenium species 

define the steps in a synthetic cycle that converts N2 to NH3 through an electrochemical N2 splitting 

pathway, and show the utility of a second supporting ligand for enhancing nitride reactivity. 

 

Introduction 

The Haber–Bosch process (HBP, eq 1) converts dinitrogen (N2) to ammonia (NH3) on the 

industrial scale.1-2 NH3 is the key precursor to all N-containing fertilizers, commodity chemicals, 

and pharmaceuticals, which contributes to the huge scale of the HBP.1, 3-4 Although the HBP 

constitutes a critical transformation, it is currently linked to fossil fuels since the H2 used for 

integrated HBP systems comes from methane by way of the water-gas shift reaction.2 One 

alternative to the HBP is electrocatalytic nitrogen reduction (ENR), which can break the link 

between N-containing products and fossil fuels by eliminating the need for H2 as a reactant while 

also alleviating the need for high reaction temperatures and pressures (eq 2).5-9 Furthermore, low-

pressure ENR could be conducted on a small scale with solar energy, air, and water, providing the 

opportunity for local NH3 synthesis that reduces the economic and environmental costs of the large 

fertilizer distribution network.6,9 However, ENR requires an efficient catalyst with fast rates, and 

current electrocatalysts have not yet reached rates that make them scalable.10-17 

     HBP: N2 + 3 H2  2 NH3    (1) 

ENR: N2 + 8 H+ + 6 e–  2 NH4+     (2) 

Efforts toward the development of molecular catalysts for N2 reduction to NH3 through eq 

2 have utilized chemical reductants and organic acids to deliver the e– and H+ equivalents.18-19 The 
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first example of a catalytic molecular system was achieved by Schrock using a tripodal Mo 

complex.20-21 Nishibayashi greatly improved the turnover number (TON) through the use of 

pincer-supported Mo complexes, which are still the preeminent molecular catalysts using chemical 

reductants displaying turnover numbers (TONs) of over 60,000.22-23 Recently, these have also been 

found to be electrocatalysts at –1.89 V with about 12 turnovers.24  

Along with catalyst development, important work has addressed the choices of acids and 

reducing agents. The Mo-based catalysts above typically used strong metallocene reductants and 

protic acids to provide a strong driving force.18 Nishibayashi demonstrated catalysis using 

SmI2/alcohol mixtures,25-26 which are proposed to deliver the electrons and protons through a 

concerted addition pathway (proton-coupled electron transfer, PCET).27-29 Peters achieved 

electrochemical PCET to N2 complexes of Mo and W, which can be facilitated with cobaltocene-

based PCET mediators.24, 30 In a complementary approach, photosensitizers have been used to 

generate high-energy H• equivalents: Nishibayashi used an Ir photoredox catalyst in combination 

with acridine to reduce a pincer-supported Mo nitride to ammonia,31 and Peters used a Hantzsch 

ester as photosensitizer.32 

 The pincer-supported Mo catalysts that dominate the field are most often proposed to 

produce NH3 through an N2 splitting mechanism (Figure 1).13, 18-19, 33-35  (For brevity, we do not 

discuss catalysts that use other mechanisms, and refer the reader to recent reviews.18-19) The first 

part of the cycle is N2 splitting. This begins with binding of N2 to one metal center to form a 

terminal N2 complex (MNN), followed by formation of a bimetallic complex in which N2 has an 

end-on/end-on bridging mode (MNNM).36-37 The relative energies of terminal versus bridging 

bimetallic N2 complexes may be understood using qualitative MO diagrams of the p-system of the 

MNNM unit (middle of Figure 1).38-40 For tetragonal complexes, splitting occurs when the π-
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orbital manifold has 10 electrons (π10), activating the N–N bond and producing a nitride that is 

stabilized by maximal p-bonding.39, 41-42 These 10 π electrons come from the π-bonding orbitals of 

N2 (4e–) and the metal valence orbitals with the correct symmetry (3e– each, which requires d5 for 

a four-fold symmetric metal fragment because two electrons lie in d orbitals that do not engage in 

π-bonding with N2).39-40 In addition to this electronic requirement, each metal fragment ideally has 

an open coordination site trans to N2, which can lower the energy input required for N2 splitting 

and enhance the strength of the metal-nitride bond in the product.13, 41, 43-45 

 
Figure 1. An N2 splitting and ammonia production cycle, highlighting the two main steps, N2 

splitting and PCET nitride reduction. The figure also shows the configurations of the p-orbital 

manifold for tetragonal complexes; each must attain a p10 configuration to split N2. 
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Sometimes, a bridging N2 complex requires oxidation or reduction to reach a π10 

configuration that enables N2 splitting. As examples, consider two complexes that do not undergo 

N2 splitting, [(depe)2Mo]2(µ-N2) (depe = 1,2-bis(diethylphosphino)ethane) which is π12 and best 

depicted as Mo–N≡N–Mo,46 and [(PNPtBu)ReCl]2(µ-N2) (PNPtBu = tBu2PCH2CH2NCH2CH2PtBu2) 

which is π8 and best depicted as Re≡N–N≡Re.47 Oxidation of the π12 complex, or reduction of the 

π8 complex, leads to the favored π10 configuration that is best depicted as M=N=N=M, and then 

N2 splitting occurs.39-40 

In principle, these guidelines should enable the use of a variety of transition metals for 

catalytic NH3 production through an N2 splitting mechanism. However, the field is still dominated 

by Mo and W catalysts.18-19 Rhenium is an interesting case because a number of Re-based N2 

splitting systems are also known,45, 47-50 but only two papers with Re catalysts have been 

reported.51-52 Thus, it is a worthy test case for  how to convert an N2-splitting system into a catalyst. 

Following N2 splitting, traversing the remainder of the cycle depends on the second stage 

of the mechanism in Figure 1: PCET reduction of the nitride complex to furnish ammonia. A key 

challenge to favorable PCET is that the preceding N2 splitting step is typically driven by the 

formation of a strong metal-nitride bond, making it energetically costly to reduce the M–N bond 

order to give the imido (M=NH) species. This corresponds to a low N–H bond dissociation free 

energy (BDFE, eq. 3).13, 53-54 The low N–H BDFE can make it challenging to find H+/e– donors 

that are sufficiently active to drive PCET to the nitride.55-57  

M≡N + H•    M=NH     (3) 

This explains why successful Mo-based catalytic systems use H• donors with low BDFE 

values (e.g. SmI2/ROH) or mixtures of reducing agents and acids with low "effective BDFE" (e.g. 

KC8/HBArF4; ArF = 3,5-(CF3)2C6H3).18-19 An "effective BDFE" is the total thermodynamic driving 

ΔG = –BDFE (N–H)
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force from PCET (eq 4; CG is a constant that depends on the solvent),27, 55, 58-60 and a low effective 

BDFE comes from the use of a strong reductant and/or a strong acid. On the other hand, mild 

conditions for catalysis require the use of weaker reductants and/or weaker acids, corresponding 

to less overpotential for eventual ENR. 

BDFE (N–H)  = 1.37 pKa(M=NH) + 23.06 E0 (M≡N) + CG   (4) 

Eq 4 is useful because it conceptually separates pKa and E° effects. Formation of a strong 

N–H bond may be facilitated with a more Brønsted basic nitride and/or a less reducing nitride. 

Viewed in this context, it is evident that an obstacle to mild catalysis is that reduction potentials 

of N2-derived nitrides are often extremely negative (< –2.0 V vs. Fc+/0).45-46, 61-63 This contrasts 

with the non-N2-derived nitride complexes with more positive potentials that lead to stronger N–

H bonds64-66 and readily form ammonia, like the OsIV(N)(tpy)(bpy) system of Meyer67 and the 

(PNP)Ru(N) system of Schneider.68-69 Chirik has quantified the thermodynamics of PCET to a 

number of nitrides,59 and driven PCET to nitride with photochemistry.70-72  

A crucial need in this area is to develop guidelines that can be used to increase the N–H 

BDFE for nitrides derived from N2 splitting.38, 59 By providing a strong driving force, the catalytic 

systems that use an N2 splitting mechanism have overcome this obstacle, but the field lacks 

principles that enable tuning of an unreactive nitride into one that can yield ammonia under mild 

conditions. Here, we present a rare example of a N2-derived nitride that can generate NH3 in high 

yields under mild conditions (room temperature, electrochemical reduction, weak acid). The 

reduction of the nitride to ammonium also yields an N2 complex, which may be cleaved to 

complete a synthetic cycle.  

The work described here builds upon the previously reported (PyrrPNP)Re(N)Cl (1), in 

which PyrrPNP is a bis-phosphine pyrrolyl L2X pincer (see Scheme 1 below), which can come from 
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N2 splitting.50 Nitride 1 was unreactive toward acids and reductants, and we surmised that the N–

H BDFE in the desired intermediate (PyrrPNP)ReIV(NH)Cl is too weak. Since reduction of nitride 

complex 1 occurred at potentials more cathodic than –3 V vs. Fc+/0 in THF, we hypothesized that 

the low ReV/IV redox potential was the main contributor to the weak N–H BDFE. Here, we 

exchange the anionic chloride for a neutral isocyanide. This second supporting ligand can act as a 

π-acceptor and makes the ReV nitride complex cationic and easier to reduce. We show that this 

redox tuning strategy gives a system that can both cleave N2 and undergo PCET at the nitride 

product to form NH3. With this next-generation nitride, ammonia formation followed by N2 

binding can be achieved electrochemically, followed by thermal N2 splitting to complete a 

synthetic cycle for electrochemical ammonia production. Further, we isolate and characterize 

rhenium-N2 intermediates that give mechanistic insight into the individual steps of the reaction. 

 

Results 

 Reactivity of a Cationic Rhenium(V) Nitride Complex Bearing an Isocyanide Ligand. 

As noted above, chloride complex 1 can be generated from splitting of N2, though for convenience 

we typically generated it from an alternative method described in the Supporting Information. We 

first substituted the chloride in 1 with xylyl isocyanide (CNXyl; Xyl = 2,6-dimethylphenyl), 

producing [(PyrrPNP)Re(N)(CNXyl)][PF6] (2) which was crystallographically characterized 

(Figure 3A, Table 1) in 60% yield. Ison has described a rhenium(V) nitride isocyanide complex 

with a different PNP pincer, though its infrared spectrum was not reported.73 Infrared (IR) spectra 

of 2 showed bands at 1089 (1073 with Re15N) and 1077 (1050 with Re15N) cm–1, for which the 

shift with 15N labeling at the nitride indicates Re–Nnitride stretching character. Additionally, there 

was an isotope-insensitive band at 2141 cm–1 that is assigned as a CºNXyl stretching mode. It lies 
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at a higher frequency than free CNXyl (2119 cm–1), which suggests that there is little p-

backbonding from the high-valent rhenium(V) center into the isocyanide.74 This interpretation is 

consistent with the short C–N distance of 1.156(5) Å.  

 Cyclic voltammetry (CV) was used to compare the reduction potentials of the neutral 

complex 1 and cationic complex 2 in 0.2 M [NBu4][PF6] in fluorobenzene (PhF). For 1, no 

reductions were observed up to the PhF solvent window (ca. –3.2 V vs. Fc+/0, Figure 2, black 

trace). Complex 2, on the other hand, showed reduction waves at –1.79 and –2.35 V vs. Fc+/0 that 

are assigned as ReV/IV and ReIV/III couples, respectively (see Supporting Information for details and 

CV in THF solvent). Overall, replacing an anionic Cl– ligand with a neutral CNXyl ligand 

generates a cationic complex that is easier to reduce. 

 

 

Figure 2. Cyclic voltammograms (100 mV/s) of 1 (black) and 2 (red) taken in PhF with 0.2 M 
[NBu4][PF6]. Glassy carbon working electrode, Ag+/0 reference electrode, Pt wire counter 
electrode. The second reduction wave in 2 is quasi-reversible; see SI for details. 

 

 
  



 9 

Scheme 1. Synthesis of compounds 1-3. 
 

 
 

 
Next, we tried to form N–H bonds through addition of various reductant/acid combinations 

to 2 (Table S1). While SmI2/ethylene glycol gave the best yields (up to 1.5 equiv NH4+/Re), we 

opted to concentrate on reagents that would transfer protons and electrons sequentially, for analogy 

to the envisioned electrochemical nitride reduction outlined above. The cleanest transformation 

came in the presence of CoCp*2, a reductant with reducing power similar to the reduction in the 

CV. Addition of CoCp*2 to 2 followed by addition [HNEt3][PF6] dropwise in THF at –78 °C under 

an N2 atmosphere led to a new product 3 in 88% yield as judged by 1H NMR spectroscopy (Scheme 

1).  

NMR and X-ray diffraction studies identified 3 as the rhenium(I) complex 

(PyrrPNP)Re(N2)(CNXyl) (Figure 3, Table 1). In this complex, a terminal N2 ligand is coordinated 

in the plane of the pincer ligand, and it shows a N–N stretching band at 1996 cm–1 (1942 cm–1 for 

3–15N2) in its IR spectrum. The N–N bond length is 1.121(4) Å, which is close to that in free N2.37 

The isocyanide shifts away from the rhenium-pincer plane (Figure 3), with the NPyrr–Re–Cisocyanide 

angle changing from 150° in 2 to 114° in 3; thus the isocyanide is in a basal position in 2, but in 
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an axial position in 3. Additionally, the CºNXyl bond length lengthens to 1.214(4) Å, the C–N–Xyl 

angle bends to 142°, and the CºNXyl stretching frequency lowers to 1807 cm–1, demonstrating 

greater backbonding into the isocyanide in 3. This backbonding explains why the N2 is less 

activated than in other rhenium(I) complexes.75 

 

 
 

Figure 3. Solid-state structures of complexes 2 (A) and 3 (B) with thermal ellipsoids at 50% 
probability. Hydrogen atoms and PF6– are omitted for clarity.  

 
Table 1. Key bonding metrics for 1, 2, and 3. Frequencies in cm–1, distances in Å, angles in deg. 

  
1 2 3 

nRe–N 1091, 1071 1089, 1073 536 

nN–N   1996 

nC–N  2141 1807 

Re–N (Nitride / N2) 1.652(4) 1.648(3) 1.9563(3) 

Re–C  2.034(4) 1.860(3) 

Re–N (PNP) 2.049(4) 2.053(3) 2.056(2) 

C–N (isocyanide)  1.156(5) 1.214(4) 

N–Re–N 108.25(18) 112.62(14) 158.71(11) 

C–Re–N (PNP)  149.73(14) 113.61(21) 

N(Nitride / N2)–Re–C  97.51(16) 87.67(13) 

C–N–C (isocyanide)  171.4(4) 142.2(3) 

 



 11 

In order to determine the fate of the nitrido ligand during the conversion of 2 to 3, we 

repeated the reduction of 2 in the presence of [HNEt3][PF6], but instead of isolating the rhenium 

product the mixture was treated with base and the volatile components were collected and acidified 

(see Supporting Information for details). Ion chromatography (IC) indicated a 77% yield of NH4+. 

Isotopically labeled 2–15N gave 15NH4 (>99% isotopic purity, Figure S28), confirming that the 

ammonium originates from the nitride in 2. 

Electrosynthesis of NH4+ from a Rhenium(V) Nitride. Cyclic voltammetry of a solution 

of 2 along with 4 equiv of [HNEt3][PF6] results in an irreversible wave at the first reduction of 2 

with more than three-fold higher current passed (Figure 4). These observations are consistent with 

multiple rapid chemical and electrochemical reactions occurring after reduction, as might be 

expected for a series of proton and electron transfers. 

 
Figure 4. Cyclic voltammograms (100 mV/s) of 2 (black), 2 with four equiv of [HNEt3][PF6] 
added (red), and four equiv of [HNEt3][PF6] alone taken in PhF with 0.2 M [NBu4][PF6] (blue). 
Glassy carbon working electrode, Ag+/0 reference electrode, Pt wire counter electrode. 

 
Based on these results, controlled potential electrolyses of a mixture of 2 and 4 equiv of 

[HNEt3][PF6] in PhF or THF were performed at a potential of –1.9 V vs. Fc+/0. Electrolysis was 

continued until four electrons per equivalent of 2 had been passed, during which time the solution 

changed color from light yellow to orange (Scheme 2). 31P{1H} NMR analysis of the post-
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electrolysis solution confirmed the formation of 3 in approximately 60% spectroscopic yield with 

respect to the initial concentration of 2. IC and 1H NMR analyses indicated NH4+ yields in the 

range of 47–74% and Faradaic efficiencies in the range of 35–56% (Table S2). A series of control 

experiments and 15N labeling experiments verified that the ammonium was derived from the nitride 

(see Supporting Information). 

 

Scheme 2. Electrosynthesis of Ammonium and 3 via Reduction of 2 with [HNEt3][PF6]. 
 

 

 
Computational assessment of N–H BDFEs. In order to better characterize PCET to the 

nitride, we computationally queried the unobserved rhenium(IV) imido complex 

[(PyrrPNP)ReIV(NH)(CNXyl)]+ (4) product that would come from the first PCET. We used Density 

Functional Theory (DFT) to estimate the N–H BDFE of 4 in the low-spin doublet state (24), which 

is expected to be more stable than the high-spin quartet state. All calculations were carried out 

with a continuum solvent model (THF) using the BP86 functional, the def2-QZVP basis set on 

rhenium, and def2-TZVP on all other atoms (see SI for details). Using this level of theory, we also 

calculated the BDFEs for (PyrrPNP)Re(NH)Cl (25), (PNPtBu)Re(NH)Cl (26), and 

(PONOP)Re(NH)Cl2 (27) for validation and comparison.45, 50, 58  
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Figure 5. Calculated Nnitride–H BDFE values (kcal/mol) for a series of related rhenium(IV) imido 
complexes (above the scale) and the BDFEs of select H-atom donors used in nitrogen reduction 
(below the scale). 

 

 

The BDFE values for the Nnitride–H bonds in 27 and 26 were calculated to be 43 and 36 

kcal/mol, respectively (Figure 5). These values are in good agreement with previous calculations 

(43 and 33 kcal/mol, respectively).45, 58 Using this validated method, the BDFE of the N–H bond 

in 25 was calculated to be 35 kcal/mol and that in 24 was calculated to be 45 kcal/mol. Thus, 

replacement of the chloride with isocyanide leads to an impressive 10 kcal/mol increase in the first 

N–H BDFE, explaining why tuning the redox potential with the isocyanide ligand enables 

ammonia production. The BDFEs of subsequent N–H bonds are stronger47 (calculated to be > 60 

kcal/mol, see Tables S13-S14) and the CV experiments above suggest that they are formed rapidly 

to give ammonia. Since ammonia release in this system gives spontaneous binding of N2, we next 

explored the N2 complexes. 

Synthesis of a mixed-valent ReNNRe complex with an p11 configuration. Complex 3 

features a new N2 ligand, which binds terminally. This binding mode is typical of square pyramidal 

d6 metal complexes, which have the same p-bond order in terminal and bridging N2 binding 

modes.40 With respect to the d5 rhenium(II) needed for a p10 configuration in the MNNM complex 

sought for N2 splitting, the system is “over-reduced.” Therefore, we explored oxidation of 3. 
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Complex 3 undergoes an irreversible oxidation, Epa = –0.10 V vs Fc+/0 at 100 mV/s (Figure 6) that 

shifted anodically with higher scan rate, implying that an EC process was occurring. We 

hypothesized that this involved N2 dissociation and formation of a dinuclear species by analogy to 

oxidation of other p12 systems.46  

 
Figure 6. Scan rate dependence of 3’s first oxidative wave indicating lack of reversibility at fast 
scan rates. 0.2 M [NBu4][PF6] in PhF, glassy carbon working electrode, Ag+/0 reference electrode, 
Pt wire counter electrode. The full voltammogram is shown in Figure S79. 
 

Scheme 3. Synthesis of 8 and 9. 
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complex that can undergo N2 cleavage. To identify possible intermediates on the way to 2, the 

oxidation of 3 was repeated with only 0.5 equiv of [Fc][BArF4], which resulted in a color change 

from dark amber to indigo (Scheme 3). A 1H NMR spectrum of the reaction mixture showed the 

appearance of peaks corresponding to a paramagnetic compound. X-ray diffraction identified this 

compound as the monocationic N2-bridged complex {[(PyrrPNP)Re(CNXyl)]2N2}[BArF4] (8) 

(Figure 7), which was isolated in 61% yield. The CNXyl remains in the axial position, and the 

pyrrole unit is trans to the N2 bridge. The N–N bond length is 1.151(8) Å, elongated from 1.121(4) 

Å in 3 and reflecting the increased weakening of the N–N bond in the p11 configuration.39 The Re–

CCNXyl bond lengths are 1.857(9)/1.862(8) Å, the isocyanide N–C bond lengths are 

1.229(10)/1.212(9) Å, and the isocyanide C–N–C angles are 144.2(7)/154.6(8)º, indicating a 

similar amount of backbonding in the two isocyanides of the monocationic complex. The Re–

pyrrPNP bond lengths are also similar at the two Re centers, with the largest deviation only 4.7s. 

 

 
Figure 7. Solid-state structure of complex 8 with thermal ellipsoids at 50% probability. Hydrogen 
atoms and BArF4– are omitted for clarity. 
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The Evans method76 was used to measure the room temperature solution magnetic moment 

of 8 in CD2Cl2 as 1.4 ± 0.2 µB, which indicates an S = 1/2 ground state (expected 1.7 µB). No EPR 

signal was observed for solutions in CH2Cl2 at RT or 10 K (see below). The IR spectrum of 8 

displays two broad CNXyl bands at 1925 and 1819 cm–1 that do not shift in the 15N2 isotopologue, 

8–15N2. DFT calculations suggest that these are attributable to the symmetric and asymmetric 

combinations of the CNXyl stretching modes, respectively (calculated 1897 and 1856 cm–1) (Table 

2). The deviation between the calculated and experimental frequencies of these two CNXyl modes 

may be due to variation in the relative positioning of the isocyanide ligands between the calculated 

and solution-phase structures, which could perturb the coupling between the modes and therefore 

the energy difference between the symmetric and asymmetric bands. Resonance Raman (rR) 

spectra of frozen solutions (77 K, CH2Cl2) of 8 revealed a band at 1799 that shifted to 1739 cm–1 

in 8–15N2 (calcd for harmonic oscillator = 1738 cm–1), suggestive of a localized N–N stretching 

mode. An isotopically sensitive band attributable to a localized Re–N vibrational mode was seen 

in the rR spectra of 8 at 542 cm–1, shifting to 527 cm–1 for 8–15N2) (calcd for harmonic oscillator 

= 527 cm–1; Figure 8, top).  

The lack of IR activity of the N–N vibration and the similar metrical parameters at the two 

sites suggest the two Re sites are equivalent. The DFT computations show that the SOMO of 8 is 

part of the MNNM p-manifold and has spin density evenly spread over both rhenium centers 

(Figure 9). Each of these indicate full electron delocalization across both sites (Robin-Day class 

III). We tested this idea further by analyzing the near-IR spectrum of 8, which showed bands at 

866 nm (11550 cm–1) and 1194 nm (8374 cm–1) that are consistent with intervalence charge 

transfer (IVCT) transitions. The peak widths (Figure S63) suggest that l is near unity,77-78 as 

expected for a class III mixed-valence system. The delocalization of the unpaired electron across 
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the ReNNRe core of 8 may contribute to rapid relaxation of the unpaired spin, which would 

broaden the EPR signal and may explain why it is not observed (see above). 

Table 2. Comparison of 8 and 9. Frequencies in cm–1, distances in Å, angles in deg. Distances and 

angles are given as averages of the two sides of the molecule, with the range in parentheses. 

 8(exp) 8(calcd) 

S = 1/2 

9(exp) 9(calcd) 

S = 1 

9(calcd) 

S = 0 

nN–N 1799 1821 1701 1760 1759 

nC–N 1819 1856 1990 1992 1925 

nC–N 1925 1897 2031 2013 1979 

nRe–N 542 610 556 641 634, 645 

N–N 1.151(8)  1.151(9)   

Re–N (N2) 1.97(1)  1.94(1)   

Re–C 1.86(1)  1.94(1)   

C–N (isocyanide) 1.22(1)  1.17(1)   

N–Re–N 161(1)  169(6)   

C–Re–N 100(2)  93(8)   

C–N–C (isocyanide) 150(6)  163(1)   
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Figure 8. Resonance Raman spectra (lex = 568 nm; power = 15 mW; 77 K; in CH2Cl2) of 8, 8–
15N2, 9, and 9–15N2. Direct subtractions of the two spectra are shown below each pair. Residual 
signal from CD2Cl2 solvent is indicated with an asterisk (*).  
 

* 8
8-15N

8 – 8-15N

9
9-15N

9 – 9-15N
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Figure 9. Kohn-Sham SOMO (A) and spin-density plot for 8 (B) displayed at contour values of 
0.05 and 0.005 a.u., respectively. 
 

Oxidation to a ReNNRe species with a p10 configuration. Complex 8 has a p11 

configuration, so it requires one-electron oxidation to reach a p10 configuration that would be 

predicted to initiate N2 splitting.38-40 CV of 8 in PhF showed a quasi-reversible oxidation at –0.24 

V vs Fc+/0 for which the ip,a/ip,c ratio becomes larger at slower scan rates (Figure S84), suggesting 

that the oxidation is followed by a chemical reaction. We explored this phenomenon through 

chemical oxidation. Adding 1 equiv of [Fc][BArF4] to a Et2O solution of 8 at –78 °C generated the 

oxidation product, {[(PyrrPNP)Re(CNXyl)]2N2}[BArF4]2 (9) (Scheme 3). NMR spectroscopy 

including 1H–31P HMBC suggest that there is hindered rotation about the Re–N–N–Re axis (see 

Supporting Information). All NMR spectra of 9 display partial formation of the nitride product 
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that results from N2 splitting, and oxidation of 8 at room temperature results in a greater fraction 

of nitride in the product mixture. 

The crystal structure of 9 (Figure 10) is notable, as there are few examples of isolable p10 

MNNM complexes that spontaneously undergo N2 splitting.13 The N–N bond length is 1.151(9) Å 

and the Re–NN2 bond lengths are 1.948(7) and 1.936(7) Å. The Re–CCNXyl bond lengths are 

1.941(11) and 1.938(10) Å, the isocyanide N–C bond lengths are 1.173(13) and 1.164(13) Å, and 

the isocyanide C–N–C angles are 163.2(10) and 157.6(10)º, all indicating less p-backbonding into 

the isocyanide ligand than in 8. This agrees with the IR spectra of 9, which shows higher C–N 

stretching frequencies (overlapping bands at 2031 and 1990 cm–1 assigned as the symmetric and 

asymmetric combination bands) than in 8.  

The rR spectrum of 9 (77 K, CH2Cl2) shows an intense band at 1701 cm–1 (apparent Fermi 

doublet at 1646/1669 cm–1 for 9–15N2) that is assigned to the N–N stretching mode (DFT calculated 

1643 cm–1). This vibrational mode is shifted to lower energy relative to the analogous mode in 8. 

Another band at 556 cm–1 (539 cm–1 for 9–15N2) was assigned as a local Re–N stretching vibration 

(Figure 8, bottom). Notably, this band is shifted to higher energy relative to the Re-N stretching 

mode in 8. Though these oppose the trend typically expected for backbonding from metals in 

different oxidation states, these shifts (and the change in the Re–N bond distances noted above) 

agree with the depopulation of a MNNM orbital with Re–N p-antibonding character going from 

p11 complex 8 to p10 complex 9 (Figure 1 above). Thus they are neatly explained using the 

delocalized MO model of the MNNM core.39 
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Figure 10. Solid-state structure of complex 9 with thermal ellipsoids at 50% probability. Hydrogen 
atoms and BArF4– anions are omitted for clarity. 
 
 

N2 Splitting. Complex 9 has the correct p10 configuration for N2 splitting, which 

corresponds to a total N–N bond order of 2.39-40 Heating a CD2Cl2 solution of 9 to 40 °C for one 

hour resulted in a color change from purple to yellow-brown, and the 1H and 31P{1H} NMR spectra 

of this solution showed that N2 had split to give the nitride species 2 in 93% spectroscopic yield 

(Scheme 4).  

 

Scheme 4. N2 Splitting From 9 
 

 
 

 In an effort to further understand the electronic structure of 9 and the N2 splitting 

mechanism, we turned to DFT using the same protocol described above. We optimized the 

geometry of 9 in the singlet (19), triplet (39), and open shell singlet (OS19) states. The triplet 39 was 

lowest in energy, but OS19 was only 2 kcal/mol higher in energy. 19 was calculated to be higher in 
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energy than 39 by 6–7 kcal/mol, with the caveat that hybrid functionals often favor high-spin 

states.79 Direct splitting from 39 to give 2 is 7 kcal/mol downhill, but the lowest-energy transition 

state (19-TS) has a huge barrier of 52 kcal/mol (Figure 11). 

 In order to resolve this issue, we next considered a rotamer 9', where the planes of the 

PyrrPNP ligands have rotated to leave vacant coordination sites trans to the Re–N–N–Re core. The 

relative spin-state energetics are similar, but 39' is 18 kcal/mol uphill from 39, explaining why this 

rotamer is not observed experimentally. Importantly, the barrier to N–N cleavage from 39' is only 

14 kcal/mol over the singlet transition state 19'-TS, which has the familiar zigzag geometry.41-42 

We were unable to converge the structures for the isomerization transition states (see Supporting 

Information), but if this barrier is relatively low then the formation of the rotamer could explain 

the facile N–N splitting.  

 

 
Figure 11. Calculated potential energy surfaces for N2 splitting from 9 and 9' to 2. Energies are 

set relative to 39. The geometries of the rotamers are shown on the right. 
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A key step during the N2-splitting reaction is the thermal accessibility of a s-symmetry 

orbital that is collinear with the Re–N–N–Re core and s* in character with respect to the N–N 

bond.39 The energy of this orbital is related to the presence or absence of a ligand in the positions 

trans to the Re–N–N–Re core.44-45 For 39, this orbital was found at a-LUMO+10, while in 39' this 

orbital is the a-LUMO. (Diagrams of the frontier orbitals of 9, 9', and the relevant transition states 

are given in the Supporting Information.) This suggests that the N–N s* orbital for 39 becomes 

more accessible in the rotamer 39', due to the lack of a ligand trans to the N2 unit.38 This enables 

the key N–N bond splitting to take place, but heating is required to access the less-favored rotamer. 

 

 
Discussion 

Electrosynthesis of NH4+ from 2. It is important that the nitrido ligand of 2 can be 

electrochemically converted to NH3. Few reports have demonstrated electrochemical N2 reduction 

and fewer yet have demonstrated this transformation catalytically.24, 30, 80-86 A seminal report from 

Pickett and coworkers found that trans-(dppe)2W(N2)2 was capable of N2 reduction to 0.23 equiv 

of NH3 at –2.6 V vs. Fc+/0 in THF using tosylic acid.83 In contrast, we electrolyzed 2 at a less 

cathodic potential of –1.8 to –1.9 V vs. Fc+/0 using [HNEt3][PF6], a milder acid with a pKa of 12.5 

in THF. Nitrides are likely involved in state-of-the-art homogenous electrocatalysis with PCET 

mediators, such as an Fe system that produces 2.6 equiv of NH3 at –2.1 V vs. Fc+/0 in Et2O at –35 

°C with 50 equiv of [H2NPh2][BArF4] (pKa = 3.2 in THF),80 and an Mo system that gives 4.7 equiv 

of NH3 at –1.9 V vs. Fc+/0 in THF at room temperature with 1000 equiv of collidinium triflate (pKa 

= 8.1 in THF).24 Beyond these examples, which invoke nitride intermediates, we are not aware of 

examples of ammonia synthesis via electroreduction of an N2-derived nitride complex. 
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Scheme 5. Synthetic Cycle for the Conversion of N2 to NH4+ Using the (PyrrPNP)Re(CNXyl) 

System 

 

Scheme 5 shows how this production of NH4+ fits into a synthetic cycle for ammonia 

formation from N2. The drawback to the system described here is that the rhenium species 3 that 

results from ammonia production is over-reduced: it needs to be oxidized to 9 in order to undergo 

N–N bond splitting. Other rhenium systems that suffered from over-reduction could be ‘rescued’ 

under electrochemical conditions by oxidation with a ReIII species (comproportionation), resulting 

in the correct oxidation states for N2 splitting.47, 87 With the electrolysis of 2, the metal species that 

predominate in solution are the ReV complex 2 and the ReI complex 3, and the intermediates 

speedily proceed to ammonia. The putative ReIII analogues that might ‘rescue’ 3 back to the ReII 

oxidation state required for splitting (e.g. Re–N–Hx) have low concentrations, and they are 

presumably reduced before they can undergo comproportionation. In the future, it may be possible 

to design new systems (e.g. alternating polarization or photoredox catalysis) to reduce and oxidize 
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in the same solution, benefitting from the mild conditions for electrochemical generation of NH3 

in this system. 

Isolation of N2 complexes with p11 and p10 cores. In this system, we were also able to 

isolate discrete steps along the N2 binding and splitting pathway, allowing for study of the 

electronic structures of intermediate metal-N2 complexes. The present Re system is noteworthy 

for having MNNM species that are isolable in both of the elusive p11  and p10 states.13, 36, 47, 49 One 

important observation is that the oxidation of the terminal N2 complex 3 to the bridging N2 complex 

8 is qualitatively slower (hours) than the oxidation of bridging 8 to bridging 9 (minutes), indicating 

that bridge formation may indeed be slow in oxidative N2 splitting systems. Previously, trans-

Mo(depe)2(N2)2 was reported to form a terminal nitride from N2 upon oxidation by [Fc][BArF4] 

(or electrolysis at Eº = +0.5 V vs. Pt wire), and it was proposed based on UV-visible 

spectroelectrochemistry and DFT computations that the rate-limiting step was N2 loss prior to 

formation of the MNNM complex.46 In complementary work, computations by Arashiba et al. 

indicate a substantial barrier to dissociation of terminal N2 ligands after an N2 bridge is formed.88 

In this work, the path to N2 cleavage starts from terminal ReI–N2 complex 3, which is "over-

reduced." As expected from the p-orbital model in Figure 1, it must be oxidized to give a bridging 

N2 complex, and further oxidized to split N2.39-40 Oxidative N2 splitting is rare, but has been 

observed in a few systems. For example, the p12 complex [(pyPNP)Mo(N2)2]2(µ-N2) performs N2 

splitting through chemical oxidation or comproportionation with more oxidized species in 

solution.87 We have also analyzed electrochemical N2 reduction mechanisms, and concluded that 

oxidation of an over-reduced ReI-N2 complex by a ReIII species) is an important step.47, 49 In the 

system described here, we attempted to electrochemically oxidize 3 to 8 but this was unsuccessful, 



 26 

possibly due to the more rapid formation of unstable intermediates on the timescale of the 

electrochemical experiment (see Supporting Information). 

The ability to isolate the p11 complex 8 enables characterization of a rare mixed-valence 

complex of N2. The lack of IR activity of the N2 stretching mode, the metrical parameters, and 

analysis of the IVCT band each indicate that the valence is fully delocalized. Class III behavior 

was also found in an amide-supported MoNNMo system with a p11 core.89 The related p11 

coordination polymer [K(N2){(PyrrPNP)Mo(N2)}2]n was recently reported and similarly does not 

split N2.90 Finally, the p11 diosmium complex [(NH3)5Os]2(µ-N2)5+ splits N2 with photolysis,91-94 

which has been evaluated computationally.95 

Further oxidation gives a p10 system 9, in which the N–N bond is weakened as expected 

from the p-orbital model. It has the correct configuration for N2 splitting, but N2 splitting is slow 

at room temperature which contrasts with most such systems.13, 88, 96 We propose that the sluggish 

N2 cleavage from 9 results from the unfavorable orientation of the pincer ligands with respect to 

the Re–N–N–Re core. In the ground-state conformation 9 has a ligand trans to MNNM, which 

raises the energy of the s* orbital that must be populated for N2 splitting. Our DFT computations 

indicate that rotation of the ligands leads to a more productive conformer where the trans positions 

are vacant. The rotated conformer 39' is calculated to be 18 kcal/mol uphill from 39, but it can split 

N2 through a transition state that is 20 kcal/mol lower in energy than the transition state starting 

from 9, because the MNNM s* orbital has become the LUMO in 39'. Thus, the slowness of N–N 

cleavage to the nitride complex 2 results mostly from the activation barrier for rotation. Rapid N2 

cleavage requires a molecular design that gives a conformation with no donor trans to the bridging 

N2.38,44-45 
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Benefits of isocyanide as a second supporting ligand. The most important difference 

between 2 and the other N2-splitting-derived rhenium nitrides45, 47, 49-51, 62, 97 is the milder reduction 

potential and the reversibility of observed CV waves in the absence of protons. One advantage is 

that the relatively mild potential minimizes parasitic H2 production. It is also crucial to consider 

the BDFE for the first N–H bond formed from the nitride58 (see Figure 5 above). The isocyanide-

bearing complex 4 has a relatively high calculated N–H BDFE of 45 kcal/mol, which is much 

stronger than the chloride analogue 5 (35 kcal/mol). The large difference can be attributed to the 

dramatic >1.4 V change in the ReV/IVN reduction potential from switching the anionic chloride to 

the neutral, p-accepting isocyanide. According to eq 1, this is equivalent to a difference of >32 

kcal/mol in N–H BDFE (in the absence of a change of pKa).27, 60 Often, the change in BDFE from 

shifting the redox potential of a system is compensated by a shift in the pKa, resulting in little net 

change to the BDFE.27, 98-100 The calculated 10 kcal/mol difference between BDFE values in 4 and 

5 indicates that in this system, the pKa does not fully compensate for the dramatic change in the 

reduction potential, contributing to the ability of 2 to convert the nitride ligand to ammonia. 

Considering recent results on PCET, we suggest that this lack of adherence to the expected 

compensating relationship could result from the delocalization of the charge transfer onto the 

isocyanide unit, which is distant from the protonation site on the nitride and thus separates the 

protonation and reduction sites.101 In any case, we demonstrate here that isocyanide as a secondary 

supporting ligand benefits ammonia formation. 

The p-accepting nature of the isocyanide also contributes to the structure and physical 

properties of the species observed in the synthetic cycle in Scheme 5. Complex 3 has a terminal 

N2 ligand, as predicted from Hasanayn's "p-bond order" model for a square pyramidal complex 

with a d6 configuration.40 This contrasts with the bridging N2 ligand in {(pyPNP)ReCl(N2)}2(µ-
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N2),51 a p12 system. Backbonding into isocyanide is clearly indicated by the decrease of the C–N–

CXyl angle and elongation of the CºNXyl bond from free CNXyl, and probably is the reason for the 

anomalously broad C–N stretching bands in the IR spectra.102-104  

Though this backbonding facilitates reduction of the nitride as part of ammonia formation, 

it also facilitates over-reduction to the formal rhenium(I) level. This over-reduction necessitates 

oxidation of terminal N2 complex 3 to initially form bimetallic 8, which has formal ReIReII 

character. The bonding metrics in 8 are quite similar to those in 3, but the symmetric stretching 

band of the isocyanides in 8 is higher by 118 cm–1 relative to 3, indicating some lessening in 

isocyanide backbonding with oxidation. Further oxidation from 8 to 9 results in elongation of the 

Re–C bonds and shifting of the CºNXyl stretching modes to higher frequencies by 100-200 cm–1. 

All of these changes indicate that the rhenium centers in 9 are more weakly backbonding to the p* 

orbitals of the CNXyl ligands than in those in 8. The bridging N2 ligand responds in the opposite 

way, with oxidation of 3 to 8 resulting in a decrease in the N2 stretching frequency by 197 cm–1 

and further oxidation to 9 decreasing the frequency by another 98 cm-1. This can be attributed to 

the delocalized nature of the bonding in the ReNNRe core (see previous section, and MOs in Figure 

1),39 and indicates that the ReNNRe bonding should not be considered with the typical 

backbonding model.37 Future work will explore the influences of isocyanides on the multiple 

accessible redox levels of these rhenium complexes, with particular attention to facilitating PCET 

reduction of nitride without over-reduction to rhenium(I). 

 

Conclusions 

Complex 2 is a rare example of an N2-derived nitride that can form ammonia both 

chemically and electrochemically using a weak acid at ambient temperature and pressure. This 
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was accomplished by replacing chloride with the p-accepting, neutral xylyl isocyanide, which 

lessens the cathodic potential for nitride reduction. This change increases the BDFE of the first N–

H bond and is not fully counteracted by a change in pKa, and the decoupling of potential and pKa 

enables the production of ammonia. This system provides additional insight because it is possible 

to crystallographically characterize many intermediates in the pathway from N2 to ammonia. 

Complex 3 is the rhenium-containing product of nitride reduction and is “over-reduced” from the 

perspective of N2 splitting. Upon oxidation of 3, an N2-bridged species 8 forms which has a p11 

configuration and is fully valence-delocalized (class III). Complex 8 can be oxidized to give the 

p10 complex 9. This complex has the correct electron configuration for splitting N2 and does so 

after rotation of the supporting PyrrPNP ligand.  

Because the nitride can be regenerated via splitting of N2, the system reported here 

demonstrates a synthetic cycle for the conversion of N2 to NH4+ through the nitrido species 2. 

Overall, this work describes geometric and electronic tuning strategies for successful generation 

of ammonia from N2. More generally, we suggest that the incorporation of a second, p-accepting 

supporting ligand may be a useful tactic for enhancing the ability of various N2-splitting systems 

to navigate the various steps from N2 to ammonia. 
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