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Abstract

Dinitrogen coordination to iron centers underpins industrial and biological fixation in the Haber-

Bosch process and by the FeM cofactors in the nitrogenase enzymes. The latter employ local high 

spin metal centers; however, iron-dinitrogen coordination chemistry remains dominated by low 

valent states, contrasting the enzyme systems. Here, we report a high-spin mixed-valent cis-(μ-1,2-

dinitrogen)diiron(I/II) complex [(FeBr)2(μ-N2)Lbis]– (2) where [Lbis]– is a bis(β-diketiminate) 

cyclophane. Field-applied Mössbauer spectra, dc and ac magnetic susceptibility measurements, 

and computational methods support a delocalized S=7/2 Fe2N2 unit with D=–5.23 cm−1 and 

consequent slow magnetic relaxation.
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Dinitrogen coordination to multiiron complexes is instrumental in understanding the reactivity 

of nitrogenases cofactors. We report the synthesis of a high-spin mixed-valent cis-(μ-1,2-

dinitrogen)diiron(I/II) complex obtained by a one-electron reduction of a diiron(II/II) precursor. 

The electronic structure of the complex was studied using Mössbauer spectroscopy, SQUID 

magnetometry, and DFT calculations, which support a S = 7/2 ground state.
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Converting atmospheric dinitrogen into bioavailable forms (e.g., NH3) is essential to life on 

Earth. However, scission of dinitrogen is a kinetically-limited reaction.[1] The Haber-Bosh 

process (HB) for industrial production of NH3 employs the iron-based Mittasch catalyst 

and high temperatures and pressures to achieve reductive cleavage of N2.[2] Contrastingly, 

nitrogenase enzymes in biological systems effect N2 reduction to NH3 under ambient 

conditions utilizing Fe7M (M=Mo, V or Fe) cofactors with local high-spin Fe centers.[3] 

Whereas iron reactive sites in the Mittasch catalyst are predominantly in reduced states,[2] 

the nitrogenase cofactors are proposed to employ a cluster with minimal, if any, low valent 

iron character for N2 conversion to NH3.[4–7] However, N2 coordination to high-spin Fe 

centers remains dominated by low valent states.[1] Motivated by these observations, we 

explored reduction of a diiron(II) complex supported by a dinucleating cyclophane in the 

presence of dinitrogen, resulting in the most oxidized dinitrogen-bridged iron complex with 

local high spin centers to date. This complex also displays the cis-μ-1,2 coordination mode, 

which remains rare in diiron chemistry with only two other examples reported (Figure 1). 
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Notably, prior examples were obtained for highly-reduced compounds or using strong-field 

ligands contrasting the ligand field imposed here.[8,9]

Previously, trinuclear 3d metal complexes of a tris(β-diketimine) cyclophane (H3LEt/Me) 

were shown competent for N2 activation.[10–12] Analogous to the synthesis of H3LEt/Me, 

Schiff base condensation of 1,3-bis(aminomethyl)-2,4,6-triethylbenzene with the monoketal 

of acetylacetone affords H2Lbis (Scheme S2), which can be deprotonated and metalated 

with FeBr2 to give Fe2Br2Lbis (1) (92% yield). The solid-state structure of 1 is analogous 

to reported (di-μ-halido)diiron(II) cores and the Fe2(μ3-Br)(μ-Br) fragment of Fe3Br3LEt/Me 

(Figure S17).[13] Complex 1 is distinct from previous reports, however, in the dihedral 

angle of 150.6(1)° between the β-diketiminate (or BDI) planes, which is more acute than 

analogous aggregates of mononuclear metal complexes.

Reaction of Fe2Br2Lbis with 1 equiv. of [K(18-crown-6)(THF)2](C10H8) in THF at −35 °C 

under Ar affords a green solution that decomposes over several hours at low temperature. 

Attempts to crystallize this species were unsuccessful, yielding red crystals of the formally 

diiron(II) complex [(FeBr)2(μ-Br)Lbis]– (Br3) (Figure S18). In situ reaction of the reduced 

green species with dinitrogen rapidly afford the dark red compound [K(18-crown-6)(THF)2] 

[(FeBr)2(μ-N2)Lbis] (2-crown) in excellent yield (> 90% by 1H NMR), albeit only 19% was 

isolated as crystalline solid. The N–N stretching mode at 1932 cm−1 shifts to 1870 cm−1 

when 15N2 is used, consistent with the predicted value (1866 cm−1) and confirming N2 

incorporation (Figure S11). Comparable results were obtained when complex 1 was reduced 

at −35 °C under a N2 atmosphere (Scheme 1). Compound 2-crown decomposes above 40 °C 

and under reduced pressure, presumably from N2 dissociation based on loss of the assigned 

N-N stretching mode in IR spectra.

Despite numerous attempts, we were only able to determine a connectivity structure 

of 2-crown by single-crystal X-ray diffraction (SCXRD) (Figure S19). Employing 

[K(crypt-222)][C10H8] as the reductant, however, yields 2-crypt of which single crystals 

of sufficient quality for a structure solution by SCXRD could be grown. The [(FeBr)2(μ-

N2)Lbis]– complex ion is isostructural in 2-crown and 2-crypt with no apparent effect of 

the non-interacting countercation, based on the connectivity structure solutions (Figure S21), 

IR spectra (Figures S10 and S12), paramagnetic 1H NMR spectra (Figures S4 and S6), 

and calculated solution magnetic moments (μeff=7.64 μB and 7.77 μB for 2-crown and 2-
crypt, respectively). Each Fe center in 2-crypt resides in a pseudo-tetrahedral coordination 

environment with τ4 values of 0.94 and 0.93 for Fe1 and Fe2, respectively (viz. τ4=1 for 

tetrahedral).[14] The dinitrogen ligand in 2-crypt adopts a cis-μ-1,2 mode with Fe–N–N 

angles of 167.0(2) and 164.8(2) (Figure 2). The diiron core undergoes substantial structural 

rearrangement from 1 to 2 (viz. ΔdFe–Fe > 1 Å, Figure S28). Notably, 2-crypt has a longer 

Fe–Fe distance (4.7562(4) Å) than one predicted for the observed Fe–N–N bond angle based 

on structures reported (Figure S22).

Few mixed-valent dinitrogen-bridged iron complexes have been characterized,[15–18] with 

2 being the most oxidized to date. The zero-applied field 80-K Mössbauer spectrum of 

2-crown displays a single quadrupole doublet, implying valence delocalization across both 

iron centers (Figure 3a). The isomer shift for the metal centers in 2-crown (δ = 0.81 mm/s) 
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is comparable to those observed for tetrahedral high-spin Fe(II) BDI complexes, with only 

a slight decrease with respect to 1 (δ1 = 0.86 mm/s and δ1 = 0.90 mm/s, Figure S25). 

Variable temperature Mössbauer spectra (Figure S26) reveal slow relaxation behavior with 

intermediate relaxation behavior from 8–20 K and features from the fast and slow relaxation 

limits persist throughout the swept temperature range (2.35 K to 30 K). Applied-field spectra 

below 8 K or above 20 K were simulated as composites of fast- and slow-relaxing fractions 

calculated with the same S = 7/2 spin Hamiltonian (Figure 3b). Simulations of data recorded 

between 5.8 and 35 K provide estimates for the zero-field splitting parameters of D = −5 

cm−1 (±1 cm−1) and 0.2 < E/D < 1/3 (Figure S27). These values are in good agreement with 

those determined from magnetic susceptibility measurements (vide infra and Table S2).

Variable-temperature direct-current (dc) magnetic susceptibility (χMT) measurements 

corroborate the ground-state spin observed for 2-crown in the Mössbauer data (Figure 3c). 

At room temperature, the value of χMT is 8.12 cm3K/mol, which remains relatively constant 

with decreasing temperature to 50 K. The χMT value at room temperature compares well 

with the effective moment measured by Evans method and that expected for an S = 7/2 

system (7.85 cm3·K/mol, g = 2.00) rather than weakly coupled S = 2 Fe(II) and S = 3/2 

Fe(I) ions (~4.9 cm3·K/mol with g = 2.00).[19] Below 50 K, χMT values decrease rapidly 

to 5.83 cm3K/mol at 5 K due to zero-field splitting. Modeling this temperature dependence 

of χMT yields best fit values consistent with a rhombic S = 7/2 system of gx = 2.05, gy = 

2.10, gz = 1.97, and zero-field splitting terms of D = −5.23 cm–1 and |E| = 1.53 cm–1 (see 

SI for additional fitting details). The magnitude of D is in the expected range for N2 bridged 

dinuclear weak-field ligated Fe complexes.[17]

Alternating current susceptibility measurements of 2-crown at zero-applied field reveal a 

frequency-dependent out-of-phase ac susceptibility (χM”) signal near 11 Hz below 6.0 K 

(Figure 3c inset, S24). Applying a static magnetic field shifts the peaks to lower frequency, 

evidencing a slowing of the magnetic relaxation process and possible disruption of a 

contribution from a tunneling relaxation mechanism.[20] Relaxation times (τ) determined 

with a Debye model support Arrhenius-like behavior with an effective activation energy 

for relaxation (Ueff) of 16.3 cm–1 and an attempt time of 1.9 × 10–6 s (Figure S23).[21] 

Although the limited temperature range investigated here prevents conclusive assignment 

of the relaxation processes present, these observations show slow magnetization dynamics 

arising from a negative D parameter, consistent with the χMT and Mössbauer data.[20]

Turning to DFT calculations, the geometry optimized structure of [(FeBr)2(μ-N2)Lbis]– 

using BP86/def2-tzvp with Grimme’s D3 dispersion correction and S = 7/2 ground state 

agrees with the crystallographic data for 2-crypt and 2-crown, including the cis-μ-1,2 

coordination mode of the dinitrogen ligand (Table S4). Vibrational analysis (B2PLYP/

def2-tzvp) yields an N–N stretching frequency of 1944.7 cm–1, which agrees with the 

experimental values of 1932 cm–1. Similarly, calculated Mössbauer parameters of δcalc=0.81 

mm/s and ΔEQ,calc=2.76 mm/s are in excellent agreement with the experimental values (viz. 
δexp=0.81 mm/s and ΔEQ,exp=2.14 mm/s). The calculated zero-field splitting parameters 

reproduce the negative value of D and E/D ~0.3; however, the magnitudes of the zero-

field splitting parameters were approximately twice that derived from the Mössbauer and 

magnetic susceptibility data. From the B2PLYP/def2-tzvp/CP(PPP) calculations, the seven 
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singly occupied orbitals are predominantly Fe 3d in character with Fe 3d compositions 

ranging from 78–98% (Figure S29). The extent of activation of the N2 ligand is readily 

reflected in the presence of only one frontier molecular orbital of appreciable Fe dπ to N2 

π*, which is predominantly N2 π* in character.

The electronic structure of 2 differs from the three-spin model and the ferromagnetically 

coupled metal centers model commonly used to explain the magnetic properties of M–

N2–M fragments.[22] The absence of significant unpaired-spin contribution on the N2 

ligand suggests that the observed delocalization is likely mediated by a double-exchange 

mechanism analogous to that reported for mixed-valent divanadium complexes.[23] Electron 

delocalization across a neutral bridging dinitrogen was previously proposed to explain 

the magnetic properties of a covalent μ-1,2-N2 dicobalt(I) BDI complex.[24] Complex 2 
demonstrate that cis-dinitrogen bridged iron complexes can display valence delocalization 

(Figure S28), affording Mössbauer parameters nearly indistinguishable from formal iron(II) 

centers, and suggest that such reduced state can be present in the enzymes cofactors.

In conclusion, we report the synthesis and characterization of the first S=7/2 mixed-valent 

cis-(μ-1,2-dinitrogen)diiron(I/II) complex. The observed N2-coordination mode remains rare 

for μ-N2-dirion complexes due to the expected decrease in π-backbonding vs. a linear mode. 

Here, [Lbis]2– limits the accessible dihedral angles between the two BDI planes resulting 

in the preferred bent mode. This compound demonstrates that polynuclear Fe species are 

competent to bind N2 with electron loadings, formal oxidation states, local spin states, and 

coordination modes feasible for the nitrogenase enzyme system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Reported cis-(μ-1,2-dinitrogen)diiron complexes
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Figure 2. 
Crystal structure of the anion [(FeBr)2(μ-N2)Lbis]– from complex 2-crypt with the thermal 

ellipsoids at the 65% probability level (left). All H atoms are omitted for clarity. C, N, 

Br, and Fe atoms depicted as gray, blue, pink, and orange ellipsoids, respectively. Core 

of [(FeBr)2(μ-N2)Lbis]– anion from 2-crypt (right). Selected bond lengths (Å): Fe1‒Fe2 

4.7562(4), N5‒N6 1.164(6). Selected angles (°): Fe1‒N6‒N5 164.8(2), Fe2‒N5‒N6 

167.0(2).
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Figure 3. 
a) Zero field Mössbauer spectrum of 2-crown recorded at 80 K. The solid line represents 

a simulation with δ = 0.81 mm s−1, ΔEQ = 2.14 mm s−1, and Γ = 0.44/0.48 mm s−1. 

b) Mössbauer spectra of 2-crown recorded at 2.35 K (top spectrum) or 5.8 K in variable 

magnetic fields applied parallel to the direction of the gamma-rays. The simulation (solid 

lines) was performed assuming only one iron site in the slow relaxation limit, with 

admixture of 18% of the absorbers in the fast relaxation limit. Fitting parameters are given in 

table S3. c) Variable temperature, dc susceptibility data for 2-crown taken under a 1000 Oe 

applied field. The black line is the best fit obtained, full fitting details can be found in the SI. 

(inset) Ac susceptibility data measured at 1.8 K under zero applied field (red) and a 1000 Oe 

applied field (blue).
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Scheme 1. 
Reaction scheme for synthesis of complex 2-crown. Yield evaluated by 1H NMR in 

parenthesis.

Torres et al. Page 10

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Scheme 1.

