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Abstract: Bimetallic nitrogen (N2) splitting to form metal nitrides is an attractive method for N2 

fixation. Though a growing number of pincer-supported systems can bind and split N2, the precise 

relationship between ligand properties and N2 binding/splitting remains elusive. Here we report 

the first example of an N2-bridged Re3+ complex, [(trans-P2tBuPyrr)ReCl2]2(µ-h1:h1-N2) (P2tBuPyrr 

= [2,5-(CH2PtBu2)2C4H2N]–). In this case, N2 binding occurs at a higher oxidation level than in 

other reported pincer analogues. Analysis of the electronic structure through computational studies 

shows that the weakly p-donor pincer ligand stabilizes an open shell electronic configuration that 

leads to enhanced binding of N2 in the bridged complex. Utilizing SQUID magnetometry, we 

demonstrate a singlet ground state for this Re–N–N–Re complex, and we offer tentative 

explanations for the antiferromagnetic coupling of the two local S = 1 sites. Reduction and 

subsequent heating of the rhenium(III)–N2 complex leads to chloride loss and cleavage of the N–

N bond with isolation of the terminal rhenium(V) nitride complex, (P2tBuPyrr)ReNCl. 
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INTRODUCTION 

Transition metal N2 complexes have been crucial in elucidating the various elementary steps 

involved in N2 functionalization.1 N2 can bind to one or more metals, with the linear bimetallic 

(µ-h1:h1) binding mode being particularly common for metals in groups 5–8 of the transition 

series.2 In some cases, this binding is followed by N2 splitting through homolytic cleavage of the 

N–N triple bond to form two nitride complexes (Figure 1).3 This six-electron reduction requires a 

pair of transition metals that are each capable of the required three-electron change of oxidation 

state. In 1995, the Cummins group demonstrated that N2 splitting was possible by reducing N2 

cooperatively with two Mo3+ complexes to give two equivalents of a terminal Mo6+ nitrido 

complex.4 Later thermochemical studies demonstrated that, in this system, splitting the triple bond 

of N2 (226 kcal/mol) is counterbalanced by the formation of two strong Mo–N triple bonds (155 

kcal/mol each).5-6 Computational studies indicated that cleavage proceeds through a zigzag M–N–

N–M transition state (TS), and molecular orbital (MO) correlation diagrams revealed that this 

kinetically facile reaction requires a specific electronic configuration with ten electrons in the M–

N–N–M p orbital manifold.7-8 While the Cummins system can cleave N2 in the absence of any 

exogenous reagents, other N2-bridged molybdenum complexes either do not cleave N29-10 or 

require some trigger such as reduction,11-13 oxidation,14 protonation,15 or irradiation.16 These 

reports span vastly different ligand environments, and the general principles governing the N2 

splitting reaction are not yet clear. 
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Figure 1. N2 activation through an N2 splitting mechanism 
 

Molybdenum complexes have been the most extensively studied for N2 splitting, but interest 

has increasingly moved to rhenium complexes. Although rhenium-N2 complexes have been known 

since the late 1960s, N2 splitting by rhenium complexes has been reported only recently.17 In their 

seminal work, Schneider and coworkers reported that when the Re3+ complex (PNPtBu)ReCl2 

(PNPtBu = N(CH2CH2P(tBu)2)2–) is reduced to the Re2+ oxidation state, it can bind and split N2 to 

form the terminal Re5+ nitrido complex, (PNPtBu)ReNCl.18 In a related study, (HPNPiPr)ReCl3 

(HPNPiPr = HN(CH2CH2P(iPr)2)2) proved capable of generating N2-derived organic products by 

combining electrochemical and photochemical steps.19 More recently, Bruch et al. demonstrated 

distinctly different Re–N2 chemistry with PONOP (PONOP = 2,6-bis-

(diisopropylphosphinito)pyridine) pincer complexes.20 When reduced to the Re2+ oxidation state, 

this system binds N2, but subsequent N2 splitting required photolysis.  When the resulting nitrido 

complex, cis-(PONOP)ReNCl2, was treated with SmI2 and water, stoichiometric quantities of NH3 

were formed. Although these reports highlight a new class of reactivity for rhenium complexes, 

the difference in behavior of apparently similar pincer ligand environments warrants further 
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investigation. Specifically, the relationship between electronic structure of the ligand environment 

and N2 splitting remains to be understood. 

Here, we report the synthesis and reactivity of a series of rhenium complexes bearing the 

P2tBuPyrr pincer ligand (P2tBuPyrr = (2,5-{tBu2PCH2}2C4H2N)–).21 Complexes bearing P2tBuPyrr 

have been studied for a variety of reactions, including N2 reduction.22-28 Insights from magnetic 

and computational studies reported herein indicate that the N2 reactivity of rhenium complexes 

bearing P2tBuPyrr is influenced by the weaker p-donor ligand environment and differs from the 

previously studied PNPtBu pincers that have a dialkylamido p-donor. When the P2tBuPyrr-supported 

rhenium-dinitrogen complexes are reduced to Re2+, we show that the N2 ligand cleaves to form a 

pair of terminal Re5+ nitride complexes. These complexes provide new insights into the 

correlations between the ligand identity, the electronic structure at rhenium, and the reactivity of 

bound N2. 

RESULTS 

Synthesis and Characterization of Re3+ Complexes.  Heating a 1:1 mixture of 

ReCl3(py)2PPh3 and Li(P2tBuPyrr) in tetrahydrofuran (THF) at 80 °C for 8 h resulted in the 

formation of a new species as the major product, as assessed by 1H and 31P NMR spectroscopy. 

This product features six 1H resonances and one 31P resonance. The 1H NMR spectrum spans ~25 

ppm, and the signal in the 31P{1H} NMR spectrum lies at –1620 ppm, which is characteristic of 

temperature independent paramagnetism (TIP) in d4 octahedral Re3+ complexes (Figures S1–

S2).29-30 Single-crystal X-ray diffraction (XRD) identified the product as the six-coordinate 

complex trans-(P2tBuPyrr)ReCl2(py) (1a–py), which was isolated in 61% yield (Chart 1). 

Asymmetric puckering of the methylene linkers in the ligand backbone results in the loss of a 



 5 

mirror plane, forming two C2-symmetric conformers that interconvert rapidly on the NMR 

timescale. 

 
Chart 1. Solid-state structures of complexes 1a–py, 2a, and 3a with thermal ellipsoids at 50% 

probability. Hydrogen atoms are omitted for clarity. The tBu groups of complex 2a are displayed 

as wireframes for clarity. 

 

Scheme 1. Abstraction of Pyridine From a Rhenium(III) Precursor 
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py and the formation of a new, C2v-symmetric species in 87% spectroscopic yield (Figure S5). The 

1H and 31P{1H} NMR spectra are consistent with the formation of (P2tBuPyrr)ReCl2 (1a) because 

the spectra resemble those of other diamagnetic five-coordinate rhenium(III) compounds (Figures 

S3–S4).18 Attempts to isolate 1a as a crystalline solid under Ar were unsuccessful, but brown 

crystals suitable for single crystal XRD grew from a solution of 1a under N2 at –40 °C. The XRD 

data indicate that the isolated material is [trans-(P2tBuPyrr)ReCl2]2(µ-h1:h1-N2) (2a; Chart 1), an 

S4-symmetric complex with a Re–N–N–Re bridge. The N–N bond distance (1.115(7) Å) indicates 

that the bridging N2 ligand of 2a is only slightly activated.31 A resonance Raman spectrum of solid 

2a using λex = 532 nm shows bands at 1862, 1819, and 1719 cm–1 that are absent in a sample 

crystallized under 15N2, which instead exhibits new Raman signals at 1830, 1758, and 1695 cm–1 

(Figure S27). The presence of multiple isotope-sensitive bands, and the small isotope shift, suggest 

that the observed signal is not an isolated diatomic N–N stretching mode, and that the normal mode 

has contributions from ligand motion. The coupling between N2 and other motions prevents us 

from using the vibrational frequency as a gauge of N–N bond weakening. In contrast, an overlay 

of the IR spectra of 2a and 2a–15N2 (Figure S23) highlights that all resonances are within 2 cm–1 

of one another except for a signal at 536 cm–1 in 2a that shifts to 519 cm–1 in 2a–15N2. The observed 

17 cm–1 bathochromic shift is in agreement with the harmonic oscillator approximation for a Re–

N stretching mode. Therefore, this mode is assigned as the antisymmetric combination of the Re–

N(N2) stretches, which is IR active. 

Scheme 2. Reversible N2 Binding by 1a Gives Bridging 2a 
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Complex 2a is insoluble in organic solvents, which limited spectroscopic characterization. 

Sonicating crystalline 2a in organic solvents (THF, Et2O, benzene and toluene) led to green 

solutions. When 2a was sonicated in C6D6, the 1H and 31P{1H} NMR spectra of the resulting 

solution indicated the formation of a single species with resonances that match 1a discussed above. 

Thus, we concluded that N2 dissociates from 2a readily upon sonication in solution (Scheme 2). 

To investigate the reversibility of N2 binding to 1a at low temperatures, we collected electronic 

absorption spectra of 1a in toluene under 1 atm of N2 at various temperatures. At room temperature, 

the absorption spectrum exhibits maxima at 309, 699, and 778 nm (Figures S16–S17). Cooling 

this solution to –78 °C led to the growth of new absorptions with maxima at 507 and 593 nm, 

which do not appear when the procedure is repeated under an atmosphere of Ar (Figure S18–19). 

Furthermore, when the solution is warmed to room temperature the absorbances at 507 and 593 

nm disappear. These data are consistent with reversible N2 binding to 1a. Thermodynamic 

parameters were not determined owing to the partial precipitation of 2a at lower temperatures. 

Magnetism of Re3+ Complexes. To gain deeper insight into the electronic structure of the 

new complexes, we measured the temperature dependence of their magnetic susceptibilities. The 

temperature-dependent DC magnetic susceptibility (cM) for 1a–py was collected from 2–200 K 

under an applied magnetic field of 1000 Oe. The value of cM for 1a–py at 200 K is 3.5×10–4 

cm3/mol, and is temperature independent in the temperature range of 25–200 K (Figure S28). This 

behavior deviates from the Curie law, and the corresponding cMT values (for example, cMT = 0.07 

cm3K/mol at 200 K) are significantly smaller than expected for S > 0 ground states (Figure S29). 

We propose that 1a–py has a thermally isolated S = 0 ground state with TIP (as suggested by the 

NMR spectra described above), as well as a small paramagnetic impurity that explains the upward 

trajectory of cM below 25 K. 
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In contrast to 1a–py, the magnetic susceptibility of 2a displays a strong temperature 

dependence. Plotting cMT versus temperature results in a positive slope (Figure 2). At 300 K,         

2a has a cMT value of 1.25 cm3K/mol, and this drops with decreasing temperature, approaching 

zero at 2 K. These data fit well to a model with two intermediate-spin Re3+ (SRe = 1) centers that 

are antiferromagnetically coupled, which predicts cMT = 2 cm3K/mol in the high-temperature limit 

(which is not experimentally accessible). To quantify the magnitude of the antiferromagnetic 

exchange interaction, the cMT data were modelled using the spin Hamiltonian Ĥ = D(Ŝ1z2 + Ŝ2z2) + 

(g1 + g2)µBSH – 2J(Ŝ1·Ŝ2). In this Hamiltonian, D is the axial zero-field splitting parameter, g1 and 

g2 are the isotropic electron g-value, Ŝ1 and Ŝ2 are the spin operators, and J is the exchange 

interaction. The best fit to the cMT data was achieved with J = −22(2) cm−1 (see SI for details and 

alternative simulations). 

 

Figure 2. cMT  data for 2a (green) collected from 2–300 K under an applied magnetic field of 

500 Oe. The data were simulated (black line) as two S = 1 subsites with D = 350(20) cm–1 and g1 

= g2 = 1.72(12), with antiferromagnetic coupling of J = –22(2) cm–1. The fit includes an S = 1/2 

paramagnetic impurity (0.035%) and a TIP contribution of 5.6 x 10–4 cm3/mol. 
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 Influence of Supporting Ligand on Electronic Structure and Reactivity of Re3+ 

Complexes. To our knowledge, compound 2a is the first isolable Re3+ complex with a µ-h1:h1-N2 

ligand. Rhenium(III) complexes bearing PONOP, PNPtBu, or HPNPiPr ligands have not been 

reported to react with N2 until they are reduced to rhenium(II).19-20, 32 To understand the different 

reactivities of 1a and 1b with N2, we used density functional theory (DFT) to compare their 

electronic structure and their reaction with N2. Unless otherwise stated, the reported energies were 

obtained at the M06/def2-TZVP level of theory in a polarizable continuum representing toluene 

as solvent. 

  

Figure 3. Frontier Kohn-Sham MOs for 11a and 11b. All energies given in eV. 
 
 

Compounds 1a and 1b were evaluated in the lowest energy closed-shell singlet (11a/b) and 

triplet states (31a/b). In both complexes, the singlet state has a distorted trigonal bipyramidal 

geometry with the N–Re–Cl and Cl–Re–Cl angles near 140° and 110°, respectively. These angles 

agree with the crystallographic data available for 1b.18 In the given geometry, the four d electrons 
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chloride ligands. In contrast, the LUMO of 11b is strongly p-antibonding with respect to the 

rhenium dxz AO and the pz orbital of the central dialkylamido nitrogen of the PNPtBu ligand. This 

antibonding interaction is associated with the HOMO–LUMO gap of 11b  being 1 eV larger than 

that of 11a. Consistent with the different HOMO–LUMO gaps, the triplet state from the 

(a″)2(a″)1(a′)1 d4-configuration of the pyrrole complex (31a) is only 0.8 kcal/mol above the singlet 

state 11a, whereas 31b is 3.8 kcal/mol above 11b (Figure 4). The distorted five coordinate geometry 

presumably plays a role in stabilizing the closed shell state in this system.33 

 

Figure 4. Computed Gibbs free energy of N2 binding to 1a (red) and 1b (black) to form 2a and 

2b in closed shell and open shell electronic configurations. Note that the experimentally 

observed ground state of 2a is actually an open-shell singlet, and so the energies of the lower-

right species are unlikely to be accurate. All energies given in kcal/mol. 

 
 Next, we calculated the binding of N2 to 1a/b and the formation of the terminal and bridged 
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Figure 5. Qualitative MO diagram for the p/d manifold of a bridging M–N–N–M complex in the 

12a, 52a, and 12aOS states. 

 

 The octahedral complex trans-(P2tBuPyrr)ReCl2(N2) is computed to have a triplet ground state 

(31a–N2), with nearly degenerate SOMOs (Figure S35). The singlet state (11a–N2) is 9.3 kcal/mol 
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been able to determine the origin of these discrepancies, but the lack of spin-orbit coupling and 

configuration interaction in the DFT method may contribute.35  

In contrast to 1a, the product from terminal N2 coordination to 1b, 11b–N2 (which is 

experimentally unknown) is computed to have a closed shell ground state. The destabilization of 

the triplet state can be attributed to the strongly p-donating PNPtBu ligand, which raises the energy 

of the dxz–based SOMO. Terminal N2 binding to 11b to give 11b–N2 is calculated to be endergonic 

by 9.6 kcal/mol. Cooperative N2 binding to 1b is again more favorable than terminal binding, but 

the computed net energy for bridging N2 to two molecules of 11b remains endergonic by 3.1 

kcal/mol. Thus, the greater p-donation in this complex correlates, both experimentally and 

computationally, with weaker N2 binding.   

N2 Splitting Upon Reduction to Re2+. Adding two equivalents of the reducing agent [K(18-

crown-6)][C10H8] to 2a at –78 °C, then warming the mixture to room temperature, yielded a dark 

solution containing multiple products, as determined by the 1H NMR spectrum of the mixture. 

When the mixture was heated to 60 °C for 30 min, the color of the solution changed to orange, and 

1H and 31P NMR spectra showed one major product in 87% spectroscopic yield (Figures S10–

S11). When this reaction was performed with CoCp*2 as the reducing agent instead of [K(18-

crown-6)][C10H8], a similarly complicated reaction mixture was observed, but it converted to the 

same final product when heated at 70 °C for 18 h, as judged by 1H and 31P{1H} NMR spectroscopy 

(Figures S12–S13). The product exhibits a single resonance in the 31P {1H} NMR spectrum and 

two sets of CH2 and tBu resonances in the 1H NMR spectrum, indicating the loss of a mirror plane 

containing the phosphines when compared to 1a. These solution phase data are consistent with a 

Cs-symmetric rhenium nitride product (P2tBuPyrr)ReNCl (3a, Chart 1), which results from splitting 

the N–N bond (Scheme 3). 
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Scheme 3. N2 Splitting from 2a 
 

   

Complex 3a was synthesized independently by treating a suspension of 2a in THF with either 

tetrabutylammonium azide (TBAN3) or bis(triphenylphosphine)iminium azide ([PPN][N=N=15N], 

terminally labeled with 15N), to give 3a and 3a14/15N (50% 15N enriched). The X-ray structure of 

3a has C1 symmetry resulting from inequivalent puckering of the methylene groups. Like the 

solution behavior of 1a–py, conformers of 3a seem to interconvert on the NMR timescale. The 

geometry of the Re5+ center is nearly square pyramidal (t5 = 0.13) and likely enforced by the strong 

trans influence of the Re–N triple bond (1.651(4) Å). An overlay of the infrared (IR) spectra of 3a 

and 3a14/15N shows that all resonances are identical (within 2 cm–1) other than the expected shift 

in the Re–N stretching frequency from 1070 (Re–14N) to 1052 cm–1 (Re–15N) (Figure S26). The 

shift is less than the calculated value from the harmonic oscillator approximation (predicted Re–

15N resonance 1038 cm–1), suggesting that the observed band does not arise from an isolated 

stretching mode. 
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analogous to the reaction of the isolable [(PNPtBu)ReCl]2(µ-h1:h1-N2) (4b), we explored this 

pathway using DFT. According to the calculations, the transformation from 2a and two equiv of 

CoCp*2 into 4a and two equiv of the ion-pair [CoCp*2][Cl] in THF is exergonic by 12.2 kcal/mol 
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(Figure S36). 4a was computed in the triplet state arising from the d5-d5 (1p)4(2p)4(d)4(3p)2 

configuration of the MOs shown in Figure S38. Starting from 4a, the activation free energy for N2 

splitting via the zigzag TS in the closed-shell singlet state is only 12.1 kcal/mol, and the reaction 

is highly exergonic (–48.8 kcal/mol) Figure S37. The corresponding activation and reaction free 

energies of the PNPtBu complex (computed at the same level of theory as 4a) are 25.5 and –40.8 

kcal/mol, respectively, similar to the previously reported values.18, 32 The computed barrier for the 

PNPtBu complex is close to the experimental value of 19.8 kcal/mol determined from an Eyring 

plot.32 Thus, the calculations indicate that both the kinetics and thermodynamics for N2 splitting 

by 4a to form 3a should be even more favorable than those for 4b. These results imply that the 

requirement for heating likely arises from some step other than N2 splitting, the details of which 

have yet to be determined. 

 

DISCUSSION 

Typically, binding or splitting of N2 with rhenium complexes requires reduction to the Re2+ 

oxidation state. Reduction provides a greater number of d-electrons, raises the d-orbital energies, 

and weakens the N–N bond through p-backbonding. The few reports of Re3+ complexes that can 

bind N2, such as Re(N2)(PPh3)(SAr)3 (SAr = [SC6H2-2,4,6-iPr3]–) and (N3N)Re(N2) (N3N = 

[(C6F5NCH2CH2)3N]3– or [(C6F5NCH2CH2CH2)2[(C6F5NCH2CH2)N]3–), have strong p-donors as 

supporting ligands.36-38 By comparison, 2a is capable of binding N2 in a relatively high oxidation 

state, and binding is enhanced by the weaker p-donor in P2tBuPyrr than PNPtBu. 

N2 binding is tied to the spin state. The new complexes described here show that rhenium 

complexes of P2tBuPyrr bind N2 at the rhenium(III) level, though the closely related complexes of 

PNPtBu bind N2 only at the rhenium(II) level. The P2tBuPyrr ligand is a weak p-donor that gives 
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ground states with open-shell configurations in the terminal and bridging Re3+–N2 complexes. In 

contrast, the PNPtBu ligand is a stronger p-donor ligand which raises the energy of the dxz AO and 

renders open-shell states inaccessible. The role of the spin state is illustrated in the computed 

results, with N2 binding to Re3+ becoming more favorable in the open shell configurations of the 

P2tBuPyrr complexes. Although terminal N2 binding to 1a is weak, subsequent binding of a second 

Re3+ complex makes the overall binding slightly favorable.  

The influence of pincer p-donation on the spin state at Re3+ in 1a and 1b is reminiscent of 

reported results with the isoelectronic Mo2+ complex, [(PNPtBu)MoCl]2(µ-h1:h1-N2).15 Protonation 

of the pincer amides gave a doubly-protonated intermediate [(HPNPtBu)MoCl]2(N2)2+ with an S = 

2 ground state in solution. DFT studies indicated that protonation of the amides sequestered the 

lone pairs of the amide N atoms, and the consequent lowering in energy of the LUMO stabilizes 

the quintet ground state.  In the rhenium system studied here, moving from PNPtBu to P2tBuPyrr has 

a similar effect to protonation in the Mo system: the contribution of the p orbital of the central N 

is diminished, lowering the relative energy of the LUMO and giving rise to an open-shell 

configuration.  

Magnetic coupling and potential coupling models. We also used temperature-dependent 

magnetic susceptibility studies to delve into the ground spin state and exchange coupling in 2a. 

The cMT versus temperature plot for 2a is near zero at low temperature, and rises with increasing 

temperature. Fits to the data are most consistent with a model in which two intermediate-spin (SRe 

= 1) rhenium(III) subsites are antiferromagnetically coupled to give an open-shell singlet ground 

state. This is difficult to compare to the aforementioned [(HPNPtBu)MoCl]2(N2)2+, because the 

former lacks structural characterization and the solution magnetic moment was measured at a 

single temperature.15 Bearing these caveats in mind, the reported measurement suggests that 
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[(HPNPtBu)MoCl]2(N2)2+ has an S = 2 ground state that differs from 2a. Since these have the same 

electron configuration of (1p)4(2p)4(d)2(3p)2 in the p/d manifold, it is interesting to explore why 

the magnetic coupling may be different. While recognizing that there are differences in the ligands, 

metals, and oxidation states between the Mo and Re systems, we consider two models for 

explaining the different magnetic coupling. 

In both models, the differences in magnetic coupling are tied to the extent of charge transfer 

from the metal centers to N2 (Figure 6, top). In the rhenium(III) complex 2a, the N2 bridge can be 

considered as a neutral subunit and thus the spins are localized on the rhenium centers giving rise 

to intermediate spin Re3+ (SRe = 1) subsites. On the other hand, the formally molybdenum(II) 

complex [(HPNPtBu)MoCl]2(N2)2+ has a lower formal oxidation state and a vacant coordination 

site trans to the bridging N2, and is thus likely to have a more weakened N2 bridge. Indeed, the 

computed geometry of [(HPNPtBu)MoCl]2(N2)2+ in the quintet state has a lengthened N–N bond 

distance of 1.198 Å and NBO charge on the N2 ligand (Table S2). Further support that 

[(HPNPtBu)MoCl]2(N2)2+ has a significantly weakened N–N bond can be found in the low N–N 

stretching frequencies for related Mon+ complexes (n = 2, 3, and 4).15, 39   

In the first model (Figure 6, coupling model 1), the N2 ligand in [(HPNPtBu)MoCl]2(N2)2+ is 

treated as doubly reduced and the metals are treated as d3 molybdenum(III) with a high-spin 

electronic configuration (Figure 6, top right). Note that the N22– would be a triplet as it has two 

electrons in its p* orbitals. Each of the SMo = 3/2 sites could be antiferromagnetically coupled to 

the S = 1 N22–, giving alignment between the two majority Mo spins and an overall Stotal = 2 ground 

state (Figure 6, top right), consistent with experiment. This spin alignment through mutual 

antiferromagnetic coupling to N22– is like that proposed in high-spin Fe2(µ-N2) complexes,40 and 

in the reinterpretation of the magnetic coupling in a number of other activated N2 bridges.31 
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However, our comparative computations on 52a and [(HPNPtBu)MoCl]2(N2)2+ (Table S2) show 

similar small amounts of b spin density on the N2 unit, arguing against this model. 

   

 

Figure 6. Two tentative models for spin interactions of 2a and [(HPNPtBu)MoCl]2(N2)2+. See text 

for explanation. 

 

Another potential explanation is shown at the bottom of Figure 6 (coupling model 2). In 2a, 

the N2 bridge is again considered as a neutral subunit and antiferromagnetic coupling between the 

SRe = 1 subsites gives the observed ground state (Figure 6, bottom left). In this model, the presence 

of the extra charge on N22– in [(HPNPtBu)MoCl]2(N2)2+ changes the nature of the 3p MO, so that it 

is dominated by triplet N22- character. If the molybdenum(III) sites were low spin, all of the spin-

bearing orbitals would be orthogonal to one another: the two N22- centered spins in the 3p MO and 

the molybdenum centered spins in the d MO (Figure 6, bottom right). Because none of the 3p and 

d MOs have orbital overlap with one another, this would favor ferromagnetic exchange between 
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all four spins and could give rise to the S = 2 ground state. This model predicts a spin density on 

the N2 unit, which also conflicts with the computations (Table S2). 

Thus, our data and computations have not been able to explain the magnetic coupling. We hope 

that these data and models encourage future studies that explore the nature of magnetic coupling 

through end-on N2 bridges. 

N2 splitting requires reduction to the rhenium(II) oxidation level. There are few published 

rhenium complexes capable of direct N2 splitting, all of which require reduction to the rhenium(II) 

oxidation state in order to bind N2 and acquire ten electrons in the M–N–N–M p orbital manifold.18-

20 For the systems that do not require photolysis, the reduction is also accompanied by the loss of 

a Cl– ligand and the formation of complex with pseudo D4h symmetry and no ligand trans to N2. 

These bimetallic complexes are thermally unstable and proceed to the corresponding nitrido 

species through a zigzag transition state.18 2a is an interesting case where a ten-electron 

configuration of the p manifold is achieved without reduction to Re2+. However, N2 splitting does 

not occur from 2a, likely because the occupation of the trans coordination site destabilizes both 

the zigzag TS and the product nitride.3 This phenomenon was previously observed in the 

coordinatively saturated Re2+ complexes bearing PONOP and HPNPiPr supporting ligands, as both 

systems require photolysis to split the N2 ligand.19-20 Correlation diagrams show that homolytic N2 

splitting requires two electrons from a degenerate p-MO (that is bonding with respect to the N–N 

bond) to pair in a s-MO that is antibonding with respect to the N–N bond. As discussed above, the 

presence of a ligand trans to the bridged N2 in 2a raises the energy of the s* MO (Figure S38), 

and the transition state for N2 cleavage, due to the trans influence.41  
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CONCLUSIONS 

Rhenium complexes bearing the P2tBuPyrr pincer ligand behave differently than complexes 

of the related PNPtBu pincers, because of the weak p-donor character of the P2tBuPyrr ligand. This 

stabilizes an intermediate-spin electronic configuration, which creates more favorable Re-N2 

interactions in Re3+ monomers and N2-bridged complexes. DFT computations give insight into the 

correlation between the ligand field strength, the electronic configuration, and the N2 binding 

thermodynamics. Though these rhenium(III) N2 complexes do not split N2, N–N splitting to 

nitrides is evident upon reduction to the Re2+ oxidation level. This work highlights the large 

influence on electronic structure and N2 reactivity of seemingly small modifications to the 

supporting pincer ligand. 

 

EXPERIMENTAL SECTION 

General. All manipulations were performed under an atmosphere of N2 gas in a M. Braun 

glovebox or on a Schlenk line unless otherwise specified. Unless otherwise noted, all solvents 

were dried via passage through Q5 columns from Glass Contour Co., and stored over molecular 

sieves prior to use. Deuterated solvents were degassed and dried over calcium hydride before 

storing over molecular sieves prior to use, and THF-d8 was dried additionally with potassium 

benzophenone ketyl. Pyridine (Sigma-Aldrich, 99.8%, distilled), pyrrole (Sigma-Aldrich, 98%, 

distilled), dimethylammonium chloride (Sigma-Aldrich, for synthesis, dissolved in chloroform and 

dried with molecular sieves), 1,3,5 trimethoxybenzene (Sigma-Aldrich, >99%, sublimed) and 

decamethylcobaltocene (Sigma-Aldrich, dissolved in pentane and filtered through Celite) were 

purified prior to use. 15N2 (Cambridge Isotope Laboratories, 98+%), formaldehyde (J.T.Baker, 

37% solution), sodium azide (terminal 15N-labeled, Cambridge Isotope Laboratories, 98+%), 
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ammonium perrhenate (Sigma-Aldrich, 99+%), triphenylphosphine (Aldrich, 99%), di-tert-

butylchlorophosphine (Sigma-Aldrich, 96%), and tetra-n-butylammonium azide (TCI Chemicals, 

>95%) were used without further purification. ReCl3(py)2(PPh3),42 di-tert-butylphosphine,43 1,10-

(1H-pyrrole-2,5-diyl)bis(N,N-dimethylmethanamine),44 (Li(PtBuPyrr),45 [PPN][N=N=15N],46 

[K(18-crown-6)][C10H8],47 and BPh348 were synthesized from reported procedures. 

Instrumentation. NMR spectra were acquired on an Agilent 400 MHz spectrometer. 1H 

spectra were referenced to residual 1H signals from the deuterated solvent with which the sample 

was prepared, and 31P{1H} NMR spectra were referenced to the corresponding 1H NMR spectra 

using an absolute reference. Spectroscopic yields were determined using a capillary containing a 

solution of SPMe3 or a 1,3,5-trimethoxybenzene (TMB) internal standard. UV-vis spectra were 

collected on a Cary 60 spectrophotometer using Schlenk-adapted quartz cuvettes with a 1 mm 

optical path length. Cuvettes with a 1 cm optical path length were used for variable temperature 

(VT) UV-Vis experiments. IR spectra were obtained using a Bruker Alpha spectrometer containing 

a diamond ATR unit with 2 cm–1 resolution. Resonance Raman (RR) spectroscopy was performed 

using a Horibai-Jobin Yvon HR-800 Raman Microscope equipped with a 532 nm green laser. 

Microcrystalline samples were irradiated open to the air or sealed in quartz capillaries; both 

methods resulted in identical results. Magnetic data were acquired using a Quantum Design MPMS 

superconducting quantum interference device. Samples were prepared by suspending 

microcrystalline material in Krytox® (1a–py) or eicosane (2a) inside of a polyethylene capsule. 

The temperature-dependent dc magnetic susceptibility was collected from 2–200 K under an 

applied magnetic field of 1000 Oe. Elemental analyses were obtained from the CENTC Elemental 

Analysis Facility at the University of Rochester. Microanalysis samples were weighed on a 
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PerkinElmer Model AD-6 Autobalance, analyzed on a PerkinElmer 2400 Series II Analyzer, and 

handled in a VAC Atmospheres argon glovebox. 

trans-(P2tBuPyrr)ReCl2(py) (1a–py). In a 250 mL bomb flask equipped with a magnetic 

stir bar Li(P2tBuPyrr) (0.2730 g, 0.7010 mmol) and ReCl3(py)2PPh3 (0.5024 g, 0.7046 mmol) were 

added using 100 mL of THF. The resulting brown mixture was sealed in the flask, removed from 

the glovebox, and the flask was heated at 80 °C for 4 h. During this time the mixture became 

homogenous and darker in color. The flask was cooled to room temperature and the volatile 

components of the mixture were removed using vacuum at 60 °C. In an N2 glovebox, a minimal 

volume of hexane was added, and the mixture was added to a Celite cake on a fritted glass thimble. 

A Soxhlet extraction using 200 mL of hexanes at 100 °C for 18 hours gave a dark yellow solution, 

which was concentrated to dryness under vacuum to give a black residue. This residue was 

dissolved in toluene and layered with pentane (1:9) and stored at –40 °C. After 2 d, black needles 

were isolated and washed with cold pentane to give a yield of 0.3449 g (61% isolated yield over 

two crops). These crystals were suitable for X-ray diffraction which indicated the presence of one 

equiv. of toluene. 1H NMR (400 MHz, 25 °C, C6D6): d 9.95 (t, 2H, J = 6.5 Hz, m-H pyridine), d 

8.88 (d, 2H, J = 5.5 Hz, o-H pyridine), d 5.6 (br s, 36H, tBu), d 3.81 (t, 1H, J = 7.4 Hz, p-H 

pyridine), d 2.0 (br s, 4H, CH2), d –13.9 (s, 2H, pyrrole) ppm. 31P{1H} NMR (162 MHz, 25 °C, 

C6D6): d –1620 ppm. FTIR (solid): 2966 (w), 2942 (w), 2889 (m), 2864 (m), 1476 (m), 1441 (s), 

1351 (m), 1358 (s), 1215 (m), 1174 (m), 1105 (w), 1078 (m), 1019 (w), 933 (w), 829 (m), 807 (m), 

760 (m), 736 (s), 670 (s), 674 (s), 572 (w), 570 (w), 487 (m), 464 (s), 452 (s) cm–1. UV-vis (toluene, 

e in mM–1cm–1): 373 (6.6), 417 (6.6), 465 (sh, 4.6) nm. Elem. Anal. Found(calcd) for 

C27H47Cl2N2P2Re•0.7(C7H8) (%): C, 48.26(48.36); H, 6.81(6.84); N, 3.55(3.62). These values can 
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be attributed to the loss of some toluene when crystalline material was dried under vacuum in 

preparation for analysis. 

 [(trans-P2tBuPyrr)ReCl2]2(µ-h1:h1-N2) (2a). In an argon atmosphere, an Et2O (6 mL) 

solution of 1a–py (0.1010 g, 0.139 mmol) was added to an Et2O (6 mL) solution of BPh3 (0.0517 

g, 0.2135 mmol) in a 50 mL bomb flask equipped with a magnetic stir bar. Over the course of 1 h 

the color of the solution changed from dark yellow to green, and a white precipitate formed. The 

solvent was removed with vacuum and the resulting green residue was dissolved in 3 mL pentane 

and filtered through a Celite plug. The filtrate was concentrated to 1.5 mL and the vial was 

transferred to an N2 atmosphere. Toluene (1.5 mL) was added to this solution, and it was briefly 

sparged with N2. This solution was stored at –40 °C overnight. Brown crystals suitable for X-ray 

diffraction were washed with cold pentane to give a yield of 0.0820 g (90% isolated yield). FTIR 

(solid): 3009 (w), 2997 (w), 2989 (w), 2942 (m), 2895 (m), 2864 (m), 1627 (w), 1602 (w), 1472 

(s), 1455 (s), 1437 (s), 1390 (s), 1362 (s), 1311 (w), 1227 (s), 1192 (w), 1172 (s), 1109 (s), 1076 

(s), 1017 (m), 997 (w), 931 (m), 833 (s), 805 (m), 762 (s), 744 (s), 727 (s), 693 (m), 660 (w), 597 

(m), 572 (w), 536 (Re–14N, w), 491 (m), 460 (m), 446 (s) cm–1. RR (solid): 1862, 1819, 1719, 

1234, 1067, 310, 234 cm–1. Elem. Anal. Found(calcd) for C44H84Cl4N4P4Re2•0.26(C7H8) (%): C, 

42.47(41.20); H, 6.71(6.53); N, 4.02(4.22). 0.26 equiv. of toluene can be accounted for in the 1H 

NMR spectrum of the sample sent for analysis. 

[(trans-P2tBuPyrr)ReCl2]2(µ-h1:h1-15N2) (2a–15N2). The same procedure for 2a was used 

here except the crystallization was conducted under an atmosphere of 15N2. FTIR (solid): 3007 

(w), 2997 (w), 2987 (w), 2942 (m), 2895 (m), 2864 (m), 1627 (w), 1600 (w), 1472 (s), 1455 (s), 

1437 (s), 1390 (s), 1362 (s), 1309 (w), 1229 (s), 1192 (w), 1172 (s), 1109 (s), 1076 (s), 1017 (m), 

999 (w), 931 (m), 833 (s), 805 (m), 760 (s), 744 (s), 727 (s), 693 (m), 660 (w), 599 (m), 572 (w), 
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519 (Re–15N, w), 491 (m), 460 (m), 446 (s) cm–1. RR (solid): 1830, 1758, 1695, 1592, 1235, 1035, 

307, 236 cm–1. 

 (P2tBuPyrr)ReCl2 (1a). Method a: 1a–py (0.0085 g, 0.012 mmol) and TMB were 

dissolved in 0.6 mL of C6D6, transferred to a J. Young tube charged with a glass capillary 

containing SPMe3, and an initial 1H NMR spectrum was acquired. This solution was added to a 

vial containing BPh3 (0.0043 g, 0.018 mmol) and the mixture was returned to the same tube and 

mixed for 30 minutes. During this time the color of the solution changed from dark yellow to green 

which indicated the formation of 1a (87% spectroscopic yield, 1H NMR). 1H NMR (400 MHz, 25 

°C, C6D6): d 8.24 (d, 2H, J = 5.5 Hz, o-H pyridine, Ph3B–py), d 6.53 (t, 1H, J = 7.7 Hz, p-H 

pyridine, Ph3B–py), d 6.09 (t, 2H, J = 7.1 Hz, m-H pyridine, Ph3B–py), d 7.6 (br s, 3H, BPh3, 

Ph3B–py), d 7.3 (br s, 9H, Ph3B–py), d 6.35 (s, 2H, pyrrole), d 3.02 (vt, 4H, J = 3.4 Hz, CH2), d 

1.91 (vt, 36H, J = 6.3 Hz, tBu) ppm. The assignments for Ph3B–py were based on literature 

reports.49 The discrepancy between the data presented here and the literature can be attributed to 

an excess of BPh3 present during the 1H NMR experiment.  

 Method b: In a J. Young tube, C6D6 (1.0 mL) and a glass capillary were added to 2a (0.0095 

g, 0.0073 mmol). The tube was sonicated for 30 min and the heterogenous mixture dissolved to 

give a green solution. 1H NMR (400 MHz, 25 °C, C6D6): d 6.35 (s, 2H, pyrrole), d 3.02 (vt, 4H, J 

= 3.3 Hz, CH2), d 1.91 (vt, 36H, J = 6.2 Hz, tBu) ppm. 31P{1H} NMR (162 MHz, 25 °C, C6D6) d 

–147 ppm. UV-vis (toluene, e in mM–1cm–1): 309 (8.8), 699 (0.33), 778 (sh, 0.23) nm. 

(P2tBuPyrr)ReNCl (3a). Method a: In a 20 mL scintillation vial equipped with a magnetic 

stir bar, 2a (0.0139 g, 0.0106 mmol), TBAN3 (0.0063 g, 0.022 mmol), and THF (10 mL) were 

stirred at 25 °C. Over the course of 2 h the slurry became orange in color and a white precipitate 

formed. The mixture was dried under vacuum and triturated with Et2O (2 x 1.5 mL). The orange 
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product was extracted with toluene (2 x 1.5 mL). These washings were combined, filtered through 

Celite, and concentrated to dryness. The resulting orange powder was used without further 

purification and isolated in a yield (77% spectroscopic yield, 31P NMR). Orange crystals suitable 

for X-ray diffraction were grown by layering a concentrated solution of 3a in toluene with pentane. 

1H NMR (400 MHz, 25 °C, C6D6): d 6.61 (s, 2H, pyrrole), d 2.99 (vt, 4H, J = 3.7 Hz, CH2), d 1.38 

(vt, 18H, J = 6.8 Hz, tBu’), d 1.08 (vt, 18H, J = 6.8 Hz, tBu) ppm. 31P{1H} NMR (162 MHz, 25 

°C, C6D6) d 79 ppm. FTIR (solid): 2987 (w), 2944 (m), 2901 (m), 2866 (m), 1468 (m), 1392 (m), 

1364 (s), 1313 (w), 1235 (m), 1180 (s), 1090 (s), 1070 (Re–14N, s), 1021 (m), 935 (w), 838 (w), 

821 (m), 811 (m), 752 (s), 742 (m), 668 (w), 646 (w), 613 (w), 601 (w), 583 (m), 485 (m), 462 (s), 

424 (w) cm–1. 

Method b: In a 20 mL scintillation vial equipped with a magnetic stir bar, 2a (0.0102 g, 

0.00780 mmol) was suspended in THF (2 mL) and cooled to –78 °C. In another 20 mL scintillation 

vial, [K(18-crown-6)][C10H8] (0.0068 g, 0.016 mmol) was dissolved in THF (2 mL) and was also 

cooled to –78 °C. After 10 min at this temperature, the green solution of [K(18-crown-6)][C10H8] 

was added to the vial containing 2a.  This mixture was stirred at –78 °C for 10 min and then was 

warmed to room temperature. The solvent was removed with vacuum and the resulting black 

residue was dissolved in THF-d8. This black solution was transferred to a J. Young NMR tube 

equipped with a capillary containing a solution of SPMe3. After initial 31P and 1H NMR spectra 

were acquired, the tube was heated to 60 °C for 30 min. During this process the color of the solution 

changed from black to orange and final spectra were acquired (87% spectroscopic yield, 31P NMR). 

Method c: In a 20 mL scintillation vial equipped with a magnetic stir bar, 2a (0.0140 g, 

0.0107 mmol) was suspended in THF (2 mL) and cooled to –78 °C. In another 20 mL scintillation 

vial, CoCp*2 (0.0094 g, 0.029 mmol) was dissolved in THF (2 mL) and was also cooled to –78 
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°C. After 10 min at this temperature, the brown solution of CoCp2* was added to the vial 

containing 2a.  This mixture was stirred at –78 °C for 10 min and then was warmed to room 

temperature. The solvent was removed with vacuum and the resulting black residue was dissolved 

in THF-d8. This dark green solution was transferred to a J. Young NMR tube equipped with a 

capillary containing a solution of SPMe3. After initial 31P and 1H NMR spectra were acquired, the 

tube was heated to 70 °C for 18 h. During this process the color of the solution changed from dark 

green to brown and final spectra were acquired (88% spectroscopic yield, 31P NMR). 

(P2tBuPyrr)Re14/15NCl (3a14/15N). In a 20 mL scintillation vial, 2a (0.0820 g, 0.0627 

mmol), [PPN](N=N=15N) (0.0750 g, 0.129 mmol) and THF (10 mL) were stirred at 25 °C. Over 

the course of 2 h the slurry became orange in color and a white precipitate formed. The mixture 

was dried under vacuum and triturated with Et2O (2 x 1.5 mL). The orange product was extracted 

with toluene (2 x 1.5 mL). These washings were combined, filtered through Celite, and 

concentrated to dryness. The resulting orange powder was used without further purification and 

isolated in a yield of 0.0610 g (80% isolated yield). 1H NMR (400 MHz, 25 °C, C6D6): d 6.62 (s, 

2H, pyrrole), d 2.98 (vt, 4H, J = 3.7 Hz, methylene H, H’), d 1.38 (vt, 18H, J = 6.8 Hz, tBu’), d 

1.08 (vt, 18H, J = 6.8 Hz, tBu) ppm. 31P{1H} NMR (162 MHz, 25 °C, C6D6) d 79 ppm. 1H NMR 

(400 MHz, 25 °C, THF-d8): d 6.16 (s, 2H, pyrrole), d 3.32 (m, 2H, methylene H), d 3.22 (m, 2H, 

methylene H’), d 1.55 (vt, 18H, J = 6.8 Hz, tBu’), d 1.22 (vt, 18H, J = 6.7 Hz, tBu) ppm. 31P{1H} 

NMR (162 MHz, 25 °C, THF-d8) d 78 ppm.  FTIR (solid): 2989 (w), 2944 (m), 2901 (m), 2866 

(m), 1466 (m), 1392 (m), 1364 (s), 1313 (w), 1235 (m), 1180 (s), 1090 (s), 1072 (Re–14N, s), 1052 

(Re–15N, s), 1021 (m), 935 (w), 838 (w), 821 (m), 811 (m), 752 (s), 742 (m), 668 (w), 646 (w), 

613 (w), 601 (w), 583 (m), 485 (m), 462 (s), 424 (w) cm–1. UV-vis (toluene, e in mM–1cm–1): 302 

(1.5), 368 (0.49) nm. Elem. Anal. Found(calcd) for C22H42Cl1N2P2Re (%): C, 43.30(42.71); H, 
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6.88(6.84); N, 4.37(4.60). The discrepancy between the measured and calculated values is 

attributed to trace organic solvent. 
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Synopsis. The small modification of anionic N-donor on a pincer ligand causes a surprisingly large 

shift of N2 reactivity in a rhenium system, leading to isolation of a dirhenium(III)-dinitrogen 

complex and N2 splitting at the rhenium(II) level. 
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