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Abstract

The intermediacy of metal-NNH2 complexes has been implicated in the catalytic cycles of several 

examples of transition-metal-mediated nitrogen (N2) fixation. In this context, we have shown that 

triphosphine-supported Fe(N2) complexes can be reduced and protonated at the distal N atom to 

yield Fe(NNH2) complexes over an array of charge and oxidation states. Upon exposure to further 

H+/e− equivalents, these species either continue down a distal-type Chatt pathway to yield a 

terminal iron(IV) nitride or instead follow a distal-to-alternating pathway resulting in N−H bond 

formation at the proximal N atom. To understand the origin of this divergent selectivity, herein we 

synthesize and elucidate the electronic structures of a redox series of Fe(NNMe2) complexes, 

which serve as spectroscopic models for their reactive protonated congeners. Using a combination 

of spectroscopies, in concert with density functional theory and correlated ab initio calculations, 

we evidence one-electron redox noninnocence of the “NNMe2” moiety. Specifically, although two 

closed-shell configurations of the “NNR2” ligand have been commonly considered in the literature 

isodiazene and hydrazido(2−) we provide evidence suggesting that, in their reduced forms, the 

present iron complexes are best viewed in terms of an open-shell [NNR2]•- ligand coupled 

antiferromagnetically to the Fe center. This one-electron redox noninnocence resembles that of the 

classically noninnocent ligand NO and may have mechanistic implications for selectivity in N2 

fixation activity.
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Graphical Abstract

1. INTRODUCTION

Since the pioneering studies of Chatt, Hidai, and co-workers,1 the synthesis and reaction 

chemistry of transition-metal complexes featuring terminal, doubly N,N-functionalized 

dinitrogen (N2) ligands (“NNR2”) have been pursued because of the proposed intermediacy 

of M(NNH2) species in thefixation of N2 to ammonia (NH3).2 In this context, the closed-

shell hydrazido(2−) configuration of the “NNR2” fragment is typically invoked to explain 

the susceptibility of the distal N atom (Nβ) toward attack by electrophiles to produce metal 

hydrazidium complexes, M(NNR3), en route to N−N bond cleavage.3 At the same time, 

many M(NNR2) complexes, especially those of the late transition metals, have been 

characterized as adducts of the charge-neutral isodiazene (NNR) oxidation state.2b Valence 

isomerization between these two closed-shell configurations−hydrazido(2−) and isodiazene

−has also been proposed.4

Despite the prominence of Fe in the catalytic fixation of N2,5the corresponding chemistry of 

Fe(NNR2) complexes is comparatively underdeveloped.2b,6 Recently, we have characterized 

[(P3
B)Fe(NNH2)]+ [P3

B = tris(o-diisopropylphosphinophenyl)borane] as a plausible 

intermediate in catalytic N2-to-NH3 conversion by [(P3
B −3 3)Fe(N2)]− (Figure 1).7 Upon 

one-electron reduction to form the charge-neutral congener (P3
B)Fe(NNH2), this species can 

be further protonated at Nβto yield NH3 and a terminal iron(IV) nitride, [(P3
B)Fe≡N]+,8 

consistent with hydrazido(2−)-like reactivity. In comparison, the isoelectronic and 

isostructural complex [(P3
Si)Fe(NNH2)]+ [PSi

3 = tris(o-

diisopropylphosphinophenyl)silylide] appears to be stable toward protonation at low 

temperature.9 Instead, this species can be further reduced to the formally 19e− complex 

(P3
Si)Fe(NNH2), which disproportionates to produce complex mixtures that, most notably, 

include the hydrazine adduct [(P3
Si)Fe(N2H4)]. When [(P3

Si)Fe(NNH2)]+ is formed in situ 

and subsequently treated with substoichiometric CoCp*2 (Cp* = 

pentamethylcyclopentadienide), high yields of both [(P3
Si)-Fe(N2 H4)]+ and (P3

Si)Fe(N2) 

are produced (Figure 1), representing, on balance, the exchange of two H atom equivalents 

between the [(P3
Si)Fe(NNH2)]+/0 redox pair to effect functionalization of the proximal N 

atom (Nα).9
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Preliminary electron paramagnetic resonance (EPR) data of (P3
Si)Fe(NNH2) and its 

alkylated analogue (P3
Si)Fe(NNMe2) reveal significant spin density on at least a single N 

atom (presumably Nα), which may serve a functional role in promoting proton-coupled 

electron transfer (PCET) chemistry at this center.10 Although [(P3
Si)Fe(N)]− 2 is a 

comparatively inefficient catalyst for N2 fixation,11 we have recently proposed that similar 

PCET processes may play a role in increasing the efficiency of N2 fixation by [(P3
B)Fe(N2)]

− when using metallocene-based reductants.12 Given this behavior, we were curious whether 

the electronic structures of [(P3
E)Fe(NNR2)]ncomplexes might feature a significant weight 

of the intermediate, open-shell hydrazyl radical anion configuration ([NNR2]•−) of this 

redox-active ligand. Although this redox state has not, to our knowledge, been explored 

experimentally,13 such a proposal is reasonable given the low-energy π* orbital of both 

parent and N,N-dialkylisodiazenes,14 which thus bear a resemblance to the classically redox-

noninnocent nitrosyl ligand (NO).15 Indeed, both neutral and cationic hydrazyl radicals 

([HNNR2]• / [H2NNR2]•+; R = H, alkyl) have been characterized in their free forms.16 Such 

an electronic structure would be conceptually similar to that proposed for metal imidyl 

([NR]•−) and aminyl ([NR2]•) complexes that promote PCET reactivity.10

A detailed characterization of the electronic structures of [(P3
E)Fe(NNH2)]n is hampered by 

their high reactivity.7–9 However, previous work has shown that the N,N-dimethylated 

complexes [(P3
E)Fe(NNMe2)]n are excellent spectroscopic models for their protonated 

congeners, while exhibiting greater stability.8,9 Herein, we exploit this stability to 

characterize the nature of the Fe−NNMe2 interaction across the [(P3
B)Fe-(NNMe2)]+/0/− 

redox series. This rich redox chemistry allows us to study representative complexes that are 

isoelectronic to each [(P3
B)Fe(NNH2)]n and [(P3

Si)Fe(NNH2)]n species implicated thus far 

in N2 fixation chemistry mediated by the (P3
E)Fe platform. Through a combination of 

spectroscopic and computational techniques, we demonstrate that these “hydra-zido” 

complexes possess ground and low-lying excited states that result from antiferromagnetic 

exchange coupling between the Fe and an open-shell [NNR2]•- ligand. A discussion of the 

relevance of these electronic structures to the N2 fixation activity of this class of complexes 

is presented.

2. RESULTS

2.1. Synthesis and Structural Analysis of [(P3
B)Fe-(NNMe2)]+/0/-.

Like its protonated analogue, (PB
3)Fe(NNMe2) has a diamagnetic ground state; the cyclic 

voltammogram (CV) of (P3
B)Fe(NNMe2) shows a reversible oxidation centered at −1.16 V 

versus Fc+/0 in tetrahydrofuran (THF).8 Accordingly, its one-electron oxidation by [FeCp*2]

[BArF
4] ([BArF 4]− = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) yields [(P3

B)-

Fe(NNMe2)][BArF
4], which populates an S = ½ ground state (Figure 2A). 

[(P3
B)Fe(NNMe2)]+ is moderately stable in the solid state and in solution but decomposes to 

an intractable mixture upon prolonged heating at 70 °C.

The CV of (P3
B)Fe(NNMe2) also shows a quasi-reversible reduction centered around −2.65 

V versus Fc+/0 in THF. This couple becomes increasingly reversible at higher scan rates 

(Figure S34), prompting us to explore whether the reduction product could be characterized 

in situ at low temperature. Indeed, the reduction of (P3
B)Fe(NNMe2) in 2-
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methyltetrahydrofuran (2-MeTHF) with stoichiometric KC8 at −78 °C produces an S = ½ 

species that, on the basis of its distinctive Mössbauer and EPR properties (vide infra), can be 

assigned as [(P3
B)Fe(NNMe2)]− (Figure 2A). [(P3

B)Fe(NNMe2)]− isunstable, decomposing 

within minutes upon warming to ambient temperatures. Nevertheless, we were able to obtain 

a single crystal of the [K(benzo-15-crown-5)2]+ salt of [(P3
B)Fe-(NNMe2)]− suitable for X-

ray diffraction [see the Supporting Information (SI) for details], confirming the structural 

assignment made on the basis of spectroscopy.

The solid-state structures of [(P3
B)Fe(NNMe2)]+/0/- determined by X-ray diffraction are 

shown in Figure 2B. For each complex, the “NNMe2” ligand is planar [∑∠(Nβ) = 360°], and 

an approximate mirror plane is formed by P1, Fe, and Nα. The equatorial phosphine 

substituents of [(P3
B)Fe(NNMe2)]0/- adopt a slightly distorted trigonal arrangement about 

the Fe center with geometries intermediate between trigonal-bipyramidal and tetrahedral (τ 
= 0.34 and 0.53, respectively).17 Upon oxidation to [(P3

B)Fe(NNMe2)]+, the P2−Fe−P3 

angle widens as an η3-B,C,C interaction forms between the Fe center and the phenylene 

linker of one of the phosphine substituents [d(Fe− C1) = 2.727(3) Å; d(Fe−C2) = 2.683(3) 

Å] (see Figure 2B). While the Fe−N−N angle is close to linear for the charge-neutral 

complex (176.1°), it becomes significantly bent in [(PB
3)Fe(NNMe2)]+(159.6°) and 

[(P3
B)Fe(NNMe2)]− (161.7°). Similar Fe−N−N angles were observed for [(P3

B)Fe-(NNH2)]
+ (~150°)7 and (PSi

3)Fe(NNH2) (~151°),9suggesting that these alkylated complexes are 

faithful structural models of their protonated analogues.

In this redox series, the Fe−N/N−N distances change in a nonlinear fashion, from 1.738(3)/

1.252(4) Å in [(P3
B)Fe-(NNMe2)]+ to 1.680(2)/1.293(3) Å in (P3

B)Fe(NNMe2) to1.771(7)/

1.27(1) Å in [(P3
B)Fe(NNMe2)]−. This range of N−N distances is longer than that calculated 

for free NNR2 (1.20−1.22 Å14c,18) but significantly shorter than that observed for free 

hydrazine (1.47 Å19) or M(NNR3) (1.40−1.43 Å; R = H, alkyl3e,20) complexes, suggesting 

some degree of N−N π bonding. The Fe−N distance of (P3
B)Fe(NNMe2) falls within the 

range observed for terminal iron imido complexes (1.61−1.72 Å21) but is longer than those 

observed for C3-symmetric, terminal iron nitrides (1.51−1.55 Å8,22). The Fe−N distances of 

[(PB)Fe(NNMe2)]+/− are longer than those typically observed for iron imides but do fall into 

this range if the four-coordinate iron(III) imidyl species reported by Betley and co-workers 

are included (Fe−N = 1.77 Å).10e,f

2.2. 57Fe Mössbauer Spectroscopy.

The Mössbauer spectrum of (P3
B)Fe(NNMe2) has been reported in a recent communication,

8 and its parameters are collected in Table 1, along with those of related (P3
E)Fe complexes. 

While (P3
B)Fe-(NNMe2) has parameters very similar to those of (P3

B)Fe-(NNH2) and the 

isostructural, silylated complex (P3
B)Fe(NN-[Si2]) (N[Si2] = 2,2,5,5-tetramethyl-1-aza-2,5-

disilacyclopentyl), the isomer shift of the nominally isoelectronic terminal imido complex 

(P3
B)Fe(NAd) is significantly smaller than those of the (P3

B)Fe(NNR2) complexes. This 

difference can be attributed to greater covalency in the Fe−N interaction of the imido 

complex,8,11,23 which is consistent with the structural analysis given above. The Mössbauer 

parameters of the isoelectronic P3
Si complexes [(P3

Si)Fe(NNR2)]+ (R = H, Me) are very 

similar to those of their P3
B analogues, despite the difference in the axial ligating elements.
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For the [(P3
B)Fe(NNMe −)]+/0/-series, the isomer shift of the cationic complex increases by 

0.14 mm s−1 relative to its charge-neutral congener, while that of the anionic complex 

increases by0.22 mm s−1, reflecting the increased Fe−N and Fe−Pdistances observed 

crystallographically. As above, the Mössbauer parameters of [(P3
B)Fe(NNMe2)]+ are close 

to those reported for its protonated analogue,7 further illustrating the utility of the alkylated 

complexes as spectroscopic models. Interestingly, even at temperatures as high as 80 K, 

[(P3
B)Fe(NNMe2)]+ is in the limit of slow electronic relaxation, which has allowed us to 

estimate the 57Fe hyperfine coupling (HFC) tensor from the field dependence of the 

spectrum (Table 1 and Figure 3A).

[(P3
B)Fe(NNMe2)]− also exhibits unusually slow electronic relaxation at 80 K (Figure 3B), 

which was observed for the isoelectronic silyl complexes (P3
Si)Fe(NNR2) (R = H, Me).9 The 

similarity between the Mössbauer parameters of (P3
Si)Fe-(NNR2) (R = H, Me) and those of 

[(P3
B)Fe(NNMe2)]− (Table 1) reveals that this set of isoelectronic complexes exhibit similar 

electronic structures, as was observed for their one-electron-oxidized congeners above. 

Notably, the isotropic 57Fe HFC constant (aiso) of [(P3
B)Fe(NNMe2)]− is more than 2 times 

larger than that of [(P3
B)Fe(NNMe2)]+; indeed, a similar trend in aiso is observed for nearly 

every magnetic nucleus in the coordination sphere of Fe (vide infra). The Mössbauer 

parameters calculated for [(P3
B)Fe(NNMe2)]+/− via density functional theory (DFT) are in 

excellent agreement with the experimental ones extracted from simulation (Table 1).

2.3. Nuclear Resonance Vibrational Spectroscopy (NRVS) for the [(P3
B)Fe(NNMe2)]+/0/- 

Series.

To analyze in detail the changes that occur in the bonding of the Fe−NNMe2 unit upon 

oxidation/reduction, we collected NRVS data for the full redox series, including the [(P3
B)57 

Fe(14N14NMe2)]n and [(P3
B)57 Fe(15N15NMe2)]n isotopologues. This vibrational technique 

selectively probes motions coupled to the 57Fe nucleus and, with the aid of isotopic labeling 

and quantum-chemistry-centered normal coordinate analysis (QCC-NCA),24 allows us to 

extract force constants for the metal−ligand stretching and bending modes.

The experimental NRVS data of neutral (P3
B)Fe(NNMe2) show two major isotope-sensitive 

features at 448 and 545 cm−1 that shift to 442 and 540 cm−1, respectively, upon 15N labeling. 

DFT calculations reproduce the NRVS data of each complex studied here particularly well 

and, therefore, form a reliable basis for further refinement using QCC-NCA. Figure 4A 

shows a comparison of the experimental and QCC-NCA spectra for (P3
B)Fe(NNMe2). On 

the basis of our analysis, the band at 545 cm−1 corresponds to the Fe−N stretch, whereas the 

448 cm−1 feature is the Fe−N−N out-of-plane bend. Our simulations further show that the 

weak features at higher energy than the Fe−N stretch, which are obscured by the background 

noise but clearly visible in the QCC-NCA simulation at 572 and 605 cm−1, have Fe−N−N 

in-plane bending character. Note that, in the QCC-NCA simulations, the Fe−N−N in plane 

bend is distributed over multiple features in the 570−610 cm−1 region. Labeling of the N

−CH groups with 13C reveals three isotope-sensitive features in the IR spectrum of the 

neutral complex, at 1337, 1146, and 874 cm−1 (Figure S28). These same features shift upon 
15N labeling, demonstrating significant mode mixing between N−N and N−C vibrations, 

although the QCC-NCA analysis suggests that the mode at 1337 cm−1 is predominantly N
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−N stretching, while the two lower-energy modes are dominated by the antisymmetric and 

symmetric N−C stretching modes, respectively. Table S24 summarizes our assignments.

In the NRVS data of [(P3
B)Fe(NNMe2)]−, two isotope-sensitive bands are observed at 428 

and 541 cm−1, which shift to 422 and 530 cm−1 with 15N labeling, respectively. The feature 

at 541 cm−1 belongs to a mixed Fe−N stretch and Fe−N−N in-plane bending mode, where 

the strong mixing between these two internal coordinates is facilitated by the now bent 

structure of the Fe−N−N unit. The feature at 428 cm−1 is assigned to the Fe−N−N out-of-

plane bend based on QCC-NCA. Interestingly, the intense feature at 346 cm−1 in the NRVS 

data corresponds to a mixed N−N−C/C−N−C bend. This mode also has distinct Fe−N 

stretching character (19% contribution). However, in this normal mode, the two N atoms do 

not move, and, hence, this feature is, in fact, not 15N isotope-sensitive. Figure 4B shows a 

comparison of the experimental and QCC NCA spectra. Owing to its thermal sensitivity, IR 

spectra of [(P3
B)Fe(NNMe2)]− were not collected.

In the cationic compound [(P3
B)Fe(NNMe2)]+, the isotope-sensitive bands are observed at 

588 and 495 cm−1, which shift to 579 and 486 cm−1 upon 15N substitution, respectively. 

Here, the 588 cm−1 feature corresponds to the in-plane bend, mixed with the Fe−N stretch. 

The assignment of the 495 cm−1 band is less clear because both the Fe−N stretching and Fe

−N−N out-of-plane bending modes occur in this energy region. The QCCNCA simulations 

predict that 66% of the NRVS vibrational density of states (VDOS) intensity of the 495 cm
−1 band originates from the Fe−N stretch. The feature around 348 cm−1 is similar in nature 

to that described for the anionic compound and shows distinct Fe−N stretching character. 

Figure 4C compares the experimental and QCC-NCA spectra, showing again excellent 

agreement between the simulations and experiment. IR spectra of [(P3
B)Fe(NNMe2)]+ show 

a 15N-sensitive feature at 1495 cm−1 and another band at 1371 cm−1, the latter of which also 

shifts upon 13C labeling of the N−CH3 position (Figure S29). DFT calculations predict 

another feature at 1153 cm−1, sensitive to both 15N and 13C labeling, which, however, is 

obscured by intense resonances from the [BArF
4]− counterion in the experimental spectra. 

On the basis of our analysis (Table S24), the mode at 1495 cm−1 corresponds mostly to N−N 

stretching, while the lower-energy modes are mixtures of N−N and antisymmetric N−C 

stretching.

Table S24 summarizes all of our assignments and compares the experimentally observed 

vibrational frequencies to those obtained from the QCC-NCA simulations. As is evident 

from the table, a very intense degree of mode mixing within the Fe− NNMe2 unit is present 

in all three complexes, especially the cationic and anionic compounds with the bent Fe−N

−N units. It is therefore not possible to draw conclusions about changes in bonding between 

the three complexes based solely on the vibrational energies. As discussed below in section 

3.1, such conclusions rely instead on the force constants from the QCCNCA simulations, 

listed in Table 2 (see also Table S25).

2.4. Low-Lying Excited States of [(P3
B)Fe(NNMe2)]+/0.

Although (P3
B)Fe(NNMe2) is a diamagnet in its ground state, preliminary variable-

temperature (VT) NMR and DFT studies have evidenced the presence of a low-lying, S = 1 

paramagnetic excited state.8 Similar behavior was observed for the isoelectronic complex 
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[(P3
Si)Fe(NNMe2)]+ 9. In both of these cases, fitting the VT NMR data to a simple two-state, 

Boltzmann-weighted magnetization function showed that these triplet states lie only 3.7 

± 0.1 and 6.7 ± 0.3 kcal mol−1 (1300 ± 30 and 2300 ± 100 cm−1) above the diamagnetic 

ground states, respectively.8,9 It is noteworthy that the entropic contributions to these energy 

differences appear to be small, and we have obtained a more precise estimate of the 

adiabatic singlet−triplet gapof (P3
B)Fe(NNMe2) of 1266 ± 7 cm−1, assuming ΔG ≈ ΔH (see 

the SI for details).

VT 15N NMR studies of (P3
B)Fe(15N15NMe2) suggest that both Nα and Nβ accumulate spin 

density in this triplet excited state (Figure 5A). Moreover, an examination of the VT 1H 

NMR data shows that the isotropic shift of the N−CH3 protons is roughly an order of 

magnitude greater than that of any of the protons on the P3
B ligand in the excited state 

(Figure 5B). For example, taking the methine protons of the isopropyl substituents on the 

phosphines as a reference, the influence of the Fe ion in the excited state can be quantified 

by a Curie factor of approximately 1 × 105 ppm K. The Curie factor of the N− CH3 protons 

is approximately 10 × 105 ppm K, despite the fact that these protons are separated from the 

Fe ion by an additional bond. This striking observation suggests that significant spin density 

is localized on the nitrogenous ligand in the triplet excited state of (P3
B)Fe(NNMe2).

Given the behavior of (P3
B)Fe(NNMe2), we were curious whether [(P3

B)Fe(NNMe2)]+ also 

populates an excited state of higher multiplicity at relatively low temperatures. Solution-

phase VT magnetic susceptibility measurements are consistent with this hypothesis, 

revealing an increase of almost 1 βe as the temperature is raised over a 140 °C range. While 

it is not possible to determine the excited-state multiplicity from these data alone, DFT 

calculations indicate that the first sextet state is significantly higher in energy than the first 

quartet state (see the SI). Using a two-state model similar to that above, we estimate that the 

quartet state lies only ~5 kcal mol−1 (~1700 cm−1) above the doublet ground state of 

[(P3
B)Fe(NNMe2)]+ from these susceptibility measurements.

2.5. EPR Studies of [(P3
B)Fe(NNMe2)]+/−.

The indirect evidence for relatively large ligand-centered spin density in the triplet excited 

state of (P3
B)Fe(NNMe2) motivated us to experimentally determine the spin-density 

distribution within the “NNMe2” ligands of [(P3
B)Fe(NNMe2)]+/− using EPR-based 

techniques. With regard to the nature of the Fe−NNMe2 interaction, these data complement 

the structural and vibrational data presented thus far because the complete anisotropic HFC 

tensor is a sensitive probe of the valence electronic structure of a particular nucleus.

The continuous-wave (CW) X-band EPR spectrum of [(P3
B)Fe(NNMe2)]+ is shown in 

Figure 6, along with that of [(P3
B)Fe(NNH2)]+, for comparison. The overall rhombicity and 

anisotropy of the g tensors of [(PB
3)Fe(NNMe2)]+ closely matches that of the protonated 

complex [(PB
3)Fe(NNH2)]+ (Table 3),7 once again validating the use of the former as a 

spectroscopic model of the latter. This is in contrast to the g tensors of the nominally 

isoelectronic imido species, [(P3
B)Fe-(NAd)]+, which is significantly more anisotropic 

(Table 3).
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The CW spectrum of [(P3
B)Fe(NNMe2)]+ shows clear HFC to three31Pnuclei at g1 = 2.005. 

In order to measure the couplings to the rest of the magnetic nuclei in [(P3
B)Fe-(NNMe2)]+, 

we turned to pulse experiments at the Q band (~34 GHz). The electron nuclear double 

resonance (ENDOR) spectra (Figure S12) reveal coupling to 11B and three 31P nuclei, as 

well as to two nearly equivalent 13C nuclei in [(P3
B)Fe(NN-(13CH3)2)]+. The HFCs to Nα/

Nβ are quite anisotropic and were measured via hyperfine sublevel correlation (HYSCORE) 

spectroscopy using 14N and 15N isotopologues (Figures S20−S27). The complete set of 

ligand HFC tensors is given in Table 4. We assign the more strongly coupled N atom as Nα, 

and note that the 14Nα coupling at g2 (2.089) of A2 = −5.7 MHz is quite similar to that 

measured previously for [(P3
B)Fe(NNH2)]+ at g2(2.091), A2 = −6.4 MHz;7 the sign of the 

coupling is assumed here to be negative to be consistent with the published ENDOR data for 

[(P3
B)Fe(NNH2)]+. Because of the anisotropy of the hyperfine interactions, these ENDOR 

studies were unable to unambiguously define the complete HFC tensor for Nα of 

[(P3
B)Fe(NNH2)]+, consistent with the extreme rhombicity of the analogous tensor 

confirmed here for [(P3
B)Fe(NNMe2)]+ via HYSCORE spectroscopy. Similar rhombicity is 

also observed for the 14Nα couplings of the anionic complex, [(P3
B)Fe(NNMe2)]− (Table 4).

[(P3
B)Fe(NNMe2)]− possesses low g anisotropy, with a g tensor that is quite similar to those 

of the isoelectronic silyl complexes, (P3
Si)Fe(NNR2) (R = H, Me; Table 3), reinforcing the 

idea that these species exhibit similar electronic structures (vide infra). Parts A and B of 

Figure 7 show the second-derivative CW X-band EPR spectra of [(P3
B)Fe(14N14NMe2)]− 

and [(P3
B)Fe(15N15NMe2)]−, along with simulations. Although these simulations contain six 

independent HFC tensors, those of the 14/15Nα, 14/15Nβ, 11B, and 31Pγ nuclei were 

determined independently via Q-band ENDOR and HYSCORE spectroscopy, as above 

(Figures S8 and S14−S19). The HFC tensors of the remaining two, more strongly coupled, 
31P nuclei (31Pα/β) were determined through simultaneous fitting of the X-band CW and 

ENDOR data (Figure S9). As can be seen from the 14N−15N difference spectrum shown in 

Figure 7C, the final simulation is of high quality. The complete set of ligand HFCs is given 

in Table 4.

Q-band ENDOR spectroscopy resolves a single 13C HFC tensor for [(P3
B)Fe(NN(13CH3)2)]

−, whose isotropic component is more than twice the magnitude of the average 13C coupling 

observed for [(P3
B)Fe(NN(13CH3)2)]+ (Table 4). Considering that the 13C nuclei are >3.8 Å 

from the Fe center, the magnitude of this coupling is surprisingly large, corresponding to a C 

2s spin population of ~0.5%; for comparison, the most strongly coupled 31P nucleus, which 

is bound directly to the Fe center, has a P 3s spin population of ~0.9%.25 This observation is 

reminiscent of the VT 1H NMR data presented above for (P3
B)Fe(NNMe2). An examination 

of Table 4 shows that the magnitude of the isotropic ligand couplings almost uniformly 

increases upon two-electron reduction of [(P3
B)Fe(NNMe2)]+ to form [(P3

B)Fe(NNMe2)]−. 

The only exceptions are a single 31P nucleus, which remains almost unchanged, and Nβ, 

which has a decreased isotropic component (although the anisotropic coupling increases, 

vide infra). This pattern matches the observation by Mössbauer spectroscopy of nearly 2-

fold-increased 57Fe HFC upon reduction (vide supra).
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2.6. Quantum-Chemical Calculations.

2.6.1. Preliminary Bonding Considerations.—As a free molecule, NNH2 exhibits a 

planar, C2v geometry.14c The important orbitals for interaction with a transition-metal center 

consist of an a1-symmetry Nα lone pair (σN), a b1-symmetry Nα lone pair (πN), and the 

orthogonal b2-symmetry π* orbital (π*NN). The qualitative molecular orbital (MO) picture 

for a charge-neutral, linear R′3B−Fe−NNR2 fragment under pseudo-C2v symmetry is shown 

in Figure 8A.

In the limit of large orbital overlap, mixing of πN and π*NN with the 3dxz and 3dyz orbitals, 

respectively, should result in the formation of two π bonds, one “in-plane” (b1 symmetry) 

and one “out-of-plane” (b2 symmetry). This simple imide-like bonding situation could be 

represented by an Fe≡N−NR2 valence bond (VB) picture;26 however, if Nβ donates its lone 

pair to the b2-symmetry π bond, this will lift the degeneracy of the two orthogonal π 
interactions (denoted by Δεπ in Figure 8A) and produce a frontier π-orbital system isolobal 

to ketene,27 i.e., an Fe≡N−NR2 VB picture. Bending of the Fe−N−NR2 angle, as observed in 

[(P3
B)Fe(NNMe2)]+/−, is expected to result in rehybridization of the πN lone pair, producing 

VB pictures corresponding to the bent imido (Fe≡N−NR2) and isodiazene adduct (Fe≡N

−NR2) structures shown in Figure 8B.

While these VB representations apply to the case of purely covalent bond character, in the 

limit of small orbital overlap, the Fe−NNR2 out-of-plane π bonding may be better described 

in terms of an exchange coupling interaction involving anti-ferromagnetic alignment of the 

π-symmetry electrons, that is, a formal [NNR2]•− configuration for the ligand. In this limit, 

the bonding interaction within the Fe−NNR2 moiety would take on diradical character.28

2.6.2. DFT Calculations.—To help delineate the relative weights that the VB 

representations shown in Figure 8B contribute to the electronic structures of [(P3
B)Fe-

(NNMe2)]+/0/-, we first performed a series of DFT calculations using the TPSSh functional. 

This approach was previously shown to be accurate in predicting Mössbauer and X-ray 

adsorption spectroscopy (XAS) spectra for (P3
B)Fe complexes (e.g., Table 1).8 Starting with 

[(P3
B)Fe(NNMe2)]−, the optimized Kohn−Sham wave function is significantly spin-

contaminated (〈Ŝ2〉 = 1.02), which is an indicator of broken-symmetry (BS) character. 

Indeed, an examination of the unrestricted corresponding orbitals from this calculation 

reveals a pair of magnetic orbitals corresponding to antiferromagnetic coupling of majority 

spin 3dyz and minority spin π*NN electrons. The overlap between these two spin orbitals 

(〈α|β〉 = 0.89) is in the range typically taken to correspond to metal−ligand 

antiferromagnetic coupling in, for example, Fe(NO) complexes,29 thus arguing in favor of a 

[NNMe2]•- configuration for the “hydrazido” ligand. In accordance with the qualitative MO 

diagram of Figure 8A, the uncoupled metal-based singly occupied molecular orbital 

(SOMO) is of 3dxz character (Figure 9A).

At this level of theory, only a closed-shell singlet configuration could be converged for 

(P3
B)Fe(NNMe2) in its ground state. Similarly, an unrestricted calculation of 

[(P3
B)Fe(NNMe2)]+ is relatively spin-uncontaminated, corresponding to a normal two-

electron 3dyz/π*NN interaction (27E8〈α|β〉 = 0.97). However, given that BS DFT 

calculations are highly sensitive to the percentage of Hartree−Fock exchange incorporated in 
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the exchange-correlation functional, these results are ambiguous. For example, increasing 

the Hartree−Fock exchange from 10% to 25% (a value closer to that typically used in BS-

DFT studies29) results in BS (antiferromagnetic) wave functions for both (P3
B)Fe-(NNMe2) 

and [(P3
B)Fe(NNMe2)]+ in their ground spin states (〈α|β〉 = 0.85 and 0.90 for the 3dyz/

π*NN interaction, respectively). Using 25% exact exchange in the calculation decreases the 

corresponding overlap integral to 0.70 for [(P3
B)Fe(NNMe2)]−.〉

Repeating these calculations for the low-lying triplet and quartet excited states of 

(P3
B)Fe(NNMe2) and [(P3

B)Fe-(NNMe2)]+, respectively, produces BS solutions similar to 

that of [(P3
B)Fe(NNMe2)]− (Figure 9B,C). The antiferromagnetic nature of the out-of-plane 

Fe−NNMe2 π bonding persists, although in the case of [(P3
B)Fe(NNMe2)]+, the strength of 

the magnetic coupling increases, reflected by the enhanced orbital overlap (〈α|β〉 = 0.94).30 

In the optimized structures of these redox and spin states, the Fe−N−N angle is significantly 

bent (156−164°), which can be rationalized by population of the 3dxz orbital, which would 

result in a strongly antibonding in-plane π interaction with the πN electrons in a linear 

geometry. Once more, the strength of the magnetic coupling between the 3dyz/π*NN 

electrons is highly sensitive to the amount of exact exchange included in the calculation. The 

corresponding overlapintegrals decrease to 0.74 and 0.89 for (P3
B)Fe(NNMe2) (S = 1) and 

[(PB
3)Fe(NNMe)]+ (S = 3/2), respectively, upon an increase in the the percentage of Hartree

−Fock from 10% to 25%.

2.6.3. Complete-Active-Space Self-Consistent-Field (CASSCF) Calculations.
—To resolve this ambiguity, we turned to wave-function-based calculations. In contrast to 

approximate, single-reference methods like BS DFT, multireference techniques such as the 

CASSCF method can properly represent open-shell singlet wave functions, as well as more 

general cases of metal−ligand exchange coupling.

From a ground-state-specific calculation of (P3
B)Fe-(NNMe2), some multireference 

character is evident, with the closed-shell configuration

3dxy
2 3d

x2 − y2
2

3dxz + πN
2 3d

z2 + 2pz
2

3dyz + πNN* 2

composing 79.8% of the zeroth-order wave function. The antiferromagnetic nature of the 

remaining determinants is hinted at from localization of the active space orbitals, which 

results in strong spatial separation of the Fe 3dyz and π*NN orbitals (Figure 10).28c,d A 

quantitative measure of the antiferromagnetic character of the 3dyz/π*NN interaction can be 

obtained from the occupation numbers of the corresponding bonding and antibonding 

natural orbitals (n±). Table 5 compiles an index of the diradical character (Y) of these 

interactions, with Y = 0 corresponding to a pure two-electron bond and Y = 1 corresponding 

to a pure diradical.28b In this case, the significant diradical character of 3dyz/π*NN 

interaction (17%) is consistent with the presence of a spin-coupled [NNMe2]•- ligand in the 

singlet ground state of (P3
B)Fe(NNMe2). Comparable diradical character (20−30%) is found 

from in the π bonding of porphyrin-supported Fe(NO) complexes.28c
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Repeating these calculations for [(P3
B)Fe(NNMe)]+ in its ground state results in a 50% 

decrease in the diradical character of the 3dyz/π*NN interaction (Table 5), concomitant with 

an increase in the single-reference character (about 85%) of the zeroth-order wave function. 

If we, somewhat arbitrarily, take a diradical index Y < 10% as indicative of an essentially 

closed-shell interaction, then the dominant VB picture for [(P3
B)Fe-(NNMe2)]+ in its ground 

state would be that of either a bent imido or an isodiazene adduct, with the distinction 

between the two determined by the degree of covalency. A Löwdin population analysis of 

the in-phase (bonding) 3dyz + π*NN natural orbital reveals modest π*NN character (9.7%), 

compared with that of singlet (P3
B)Fe(NNMe2) (27%), for example. This electronic 

structure is thus perhaps most consistent with the presence of an isodiazene ligand, activated 

by some degree of π back-bonding.

For completeness, we have also computed the zeroth-order CASSCF wave function for 

[(P3
B)Fe(NNMe2)]− and the excited states of [(P3

B)Fe(NNMe2)]+/0. Consistent with the BS 

DFT calculations presented above, [(P3
B)Fe(NNMe2)]− and the S = 1 state of 

(P3
B)Fe(NNMe2) are characterized by a large degree of diradical character in the out-of-

plane π-bonding interaction; the S = 3/2 state of [(P3
B)Fe(NNMe2)]+ appears to represent an 

intermediate case, with enhanced diradical character relative to the S = ½ ground state but 

less than that found in singlet (P3
B)Fe(NNMe2) (Table 5). This result is also consistent with 

our BS DFT calculations, which suggest stronger antiferromagnetic coupling for this redox 

and spin state.

The optical spectra of (P3
B)Fe(NNMe2), [(P3

Si)Fe-(NNH2)]+, and [(P3
Si)Fe(NNMe2)]+ all 

exhibit transitions in the range from 12500 to 13500 cm−1 and from 18000 to 19000 cm−1, 

which we presume are due to transitions involving the common Fe−NNR2 core. Therefore, 

to judge whether these multi reference calculations provide an accurate basis for the static 

correlation effects in the bonding of (P3
B)Fe(NNMe2), we have used the state-averaged 

(SA-)CASSCF approach to compute low-lying singlet excited states. As shown in Figure 11, 

at the SA-CASSCF level, the ab initio electronic spectrum is in qualitative agreement with 

the experimental spectrum of (P3
B)Fe(NNMe2), although there is a systematic error in the 

computed transition energies of ~3000 cm−1. Accounting for dynamic correlation through a 

second-order N electron valence perturbation theory (NEVPT2) calculation on top of our 

SACASSCF reference brings the ab initio spectrum into almost quantitative agreement with 

experiment, especially considering that we have ignored environmental effects (e.g., 

solvent). This latter calculation indicates that our chosen complete active space is well-

balanced. On the basis of these calculations, we can assign the optical transitions of 

(P3
B)Fe(NNMe2) as being principally due to transitions from the filled 3dxy and 3dx2-y2 

orbitals into the (3dxz − πN) and (3dyz − π*NN) orbitals, as postulated (Table S15).

To evaluate the accuracy of our approach for [(P3
B)Fe-(NNMe2)]+/−, at least in their ground 

states, we have used the g tensor as a measure because it is quite sensitive to the valence 

electronic structure. As can be seen in Table 6, the g tensors computed using a SA-CASSCF 

reference are in good agreement with experiment. We have also computed the anisotropic 

parts of the 14N HFC tensors, collected in Table 6. For [(P3
B)Fe-(NNMe2)]−, the computed 

hyperfine parameters are in excellent agreement with those determined via HYSCORE 

spectroscopy, in terms of both their magnitude (t) and rhombicity (δHFC; eq S11). Given that 
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we have neglected dynamic correlation in these calculations, our results indicate that the 

antiferromagnetic interaction identified above dominates the valence electronic structure of 

[(P3
B)Fe(NNMe2)]−. For [(P3

B)Fe(NNMe2)]+, the agreement is poorer, although the 

absolute errors remain small. This suggests that neglecting dynamic correlation leads to a 

worse approximation for this redox state.

3. DISCUSSION

3.1. Nature of the Fe−NNMe2 Interaction as a Function of the Redox and Spin States.

We begin our discussion in terms of the ground spin states of [(P3
B)Fe(NNMe2)]+/0/-. In the 

foregoing, we assume covalent Fe−B bonding, which increases the formal Fe valence by 2, 

although there is evidence supporting the redox activity of this interaction (vide infra). From 

the solid-state structures, the Fe−N bond distance follows the trend (P3
B)Fe(NNMe2) < 

[(P3
B)Fe(NNMe2)]+ < [(P3

B)Fe(NNMe2)]−. This trend is mirrored in the Mössbauer isomer 

shifts, suggesting that the Fe−NNMe2 bonding is strongest in the charge-neutral complex 

and weakest in the anionic complex. The Fe−N stretching force constants extracted by 

NRVS measurements quantify this effect (Table 2). By contrast, our vibrational analysis 

reveals that the N−N stretching force constant follows the trend [(P3
B)Fe(NNMe2)]+ > 

(P3
B)Fe(NNMe2) ≈ [(P3

B)Fe(NNMe2)]−. Therefore, while the first reduction has a 

significant effect on the N−N bonding, the formal configurations of the “NNMe2” moieties 

of the neutral and anionic complexes appear to be the same.

These two trends can be rationalized by consideration of the Fe−N−N angles in these 

complexes. In a linear geometry, two π-bonding interactions are possible within the Fe

−NNMe2 unit (vide supra). The presence of a strong in-plane π bond in (P3
B)Fe(NNMe2) is 

demonstrated by the large in-plane Fe−N−N bending force constant of 1.98 mdyn Å for this 

complex. In the bent geometries of [(P3
B)Fe(NNMe2)]+ and [(P3

B)Fe(NNMe2)]−, this drops 

to 0.59 and 0.68 mdyn Å, respectively. Given that rehybridization of the in-plane Nα lone 

pair should have no effect on the orthogonal N−N π bonding, this effect explains why the Fe

−N force constants of the neutral and anionic complexes are so different despite the fact that 

their N− N force constants are identical.

The N−N force constant of NNH is 11.7 mdyn Å−1from ab initio calculations,31 compared 

with 8.55 mdyn Å−1 measured for [(P3
B)Fe(NNMe2)]+. This latter value is significantly 

higher than the N−N force constants measured either for a trans-N2H2 ligand bridging two 

FeII centers (7.73 mdyn Å−1),32 or for [(dppe)2(F)W(NNH2)]+- (7.20 mdyn Å−1),33 which 

was described as an isodiazene adduct. Thus, [(P3
B)Fe(NNMe2)]+ is best viewed as a low-

spin, iron(III) isodiazene adduct. The rather large Fe−N force constant for this complex is 

then the result of both strong σ donation and π back-bonding. This formulation is consistent 

with our ab initio calculations, showing relatively low antiferromagnetic character and 

relatively low covalency in the out-of-plane π interaction.

In (P3
B)Fe(NNMe2) and [(P3

B)Fe(NNMe2)]−, the N−N stretching force constant is reduced 

to 6.8 mdyn Å−1, which is intermediate between that of [(dppe)2(F)W(NNH3)]2+ and that of 

[(dppe)2(F)W(NNH3)]2+ (6.03 mdyn Å −1).34 This indicates only partial reduction of the N

−N π bond, in line with our crystallographic analysis. Moreover, the significantly lower 
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isomer shift of (P3
B)Fe(NAd) versus (P3

B)Fe(NNMe2) indicates that the “amino−imido” VB 

picture of Figure 8B has relatively low weight for the latter complex. While a purely 

hydrazido(2−) configuration is thus incompatible with our observations, these data alone do 

not shed light on the possible open-shell character of the “NNMe2” ligand of these 

complexes.

The presence of a spin-coupled ligand radical in [(P3
B)Fe-(NNMe2)]− is, however, supported 

by EPR spectroscopy. Naturally, some spin density is expected at the “NNMe2” ligand 

because of polarization by Fe-centered spin. To gauge the effect of spin polarization on the 

N-centered spin density, we can take the anisotropic HFCs measured for [(P3
B)Fe(NNMe2)]

+, t(14Nα) = −2.5 and t(14Nβ) = −1.9 MHz, as a reference. Upon two-electron reduction to 

[(P3
B)Fe(NNMe2)]−, the magnitude of the π-centered spin density on Nα increases by more 

than a factor of 4 (−11.1 MHz). While the increase in t for Nβ is relatively small (−2.4 

MHz), the isotropic 13C coupling for the N−CH3 group increases to the range expected for a 

methyl group bound to a π radical (19.6 MHz). For example, aiso(13C) =38 MHz for the sp3 

carbon nucleus of the ethyl radical.35 While the 13C HFC constants of known N,N-

dimethylhydrazyl radicals have not been determined, we can compare this to aiso(13C) = 37 

MHz calculated by DFT methods for [NNMe2]•- in its equilibrium geometry and aiso(13C) = 

−22 MHz in a planar geometry resembling that observed crystallographically for the 

“NNMe2” ligand of [(P3
B)Fe(NNMe2)]−. The anisotropic 14NHFC constants calculated in 

this fashion for [NNMe2]•-[t(14Nα) = 32.0/33.3 and t(14Nβ) = 7.3/11.0 MHz in the 

equilibrium/planar geometries] are also on the same order as those measured experimentally 

for [(P3
B)Fe(NNMe2)]−.

It may be argued that these effects are due to changes in the symmetry of the metal-based 

SOMO upon reduction. That is, greater orbital overlap between the SOMO and Nα p orbitals 

would result in greater delocalization of the majority (α) spin onto the ligand, which should 

produce enhanced polarization of the local minority (β) spins. However, for this explanation 

to hold, one would expect the isotropic 57Fe HFC to decrease upon reduction, in accordance 

with enhanced covalency. Instead, as shown by the magnetically perturbed Mössbauer 

spectra, it more than doubles. At the same time, the isotropic parts of both the 11B and 

average 31P HFCs also increase. It is challenging to reconcile all of these observations 

simultaneously in terms of a simple S = ½ metalloradical picture for both [(P3
B)Fe-

(NNMe2)]+ and [(P3
B)Fe(NNMe2)]−.

On the other hand, these trends can be simply rationalized in terms of an exchange-coupling 

model of the bonding in [(P3
B)Fe(NNMe2)]−. In this framework, the Stot = ½ ground state of 

[(P3
B)Fe(NNMe2)]− results from antiferromagnetic coupling between an intermediate-spin, 

S = 1 FeII center and a S = ½ [NNMe2]•− ligand. The incomplete magnetic coupling between 

these two centers would be expected to result in a more diffuse distribution of the spin 

density, as is observed. This effect is visualized in the CASSCF-calculated spin densities 

(Figure 12), in which the magnitudes of the α spin density on Fe (in excess of that expected 

on the basis of S) and the β spin density on Nα are seen to be correlated to the 

antiferromagnetic character of the Fe−NNMe2 bonding.
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Thus, in agreement with our quantum-chemical calculations, [(P3
B)Fe(NNMe2)]- is best 

considered as containing a spin-coupled [NNMe2]•− ligand. By inference, (P3
B)Fe(NNMe2) 

is most concisely described as a low-spin FeIII center (S = 1/2) coupled antiferromagnetically 

to an S = ½ [NNMe2]•- ligand, as suggested by CASSCF and the similarly low N−N force 

constant of this compound. Compared to the neutral compound, one-electron reduction leads 

to an occupation of the in-plane, π-antibonding 3dxz orbital in [(P3
B)Fe(NNMe2)]−, which 

explains the dramatic drop in the Fe−N force constant in the reduced complex and the 

bending of the Fe−N−N unit (due to Coulomb repulsion with the Nα in-plane lone pair), 

while leaving the N−N bonding mostly unaffected.

While detailed vibrational and EPR-based studies of the triplet excited state of 

(P3
B)Fe(NNMe2) are not possible experimentally, the indirect observation of significant 

ligand-centered spin density in this excited state by VT NMR is also consistent with the 

presence of a [NNMe2]•− ligand. From our calculations, the strength of the 

antiferromagnetic coupling follows the trend (P3
B)Fe(NNMe2) (S = 0) > [(P3

B)Fe(NNMe2)]
− (S = ½) > (P3

B)Fe(NNMe2) (S = 1). As discussed above, the quartet excited state of 

[(P3
B)Fe(NNMe2)]+ represents a more ambiguous case. On the basis of our calculations, this 

state appears to contain significant contributions from both NNMe2 and [NNMe2]•- 

configurations of the ligand.

3.2. Implications for N2 Fixation Activity.

Combined with our previous work,8,9 the studies presented here demonstrate that the N-

alkylated complexes [(P3
E)Fe-(NNMe2)]nserve as faithful electronic models of their N-

protonated congeners, as judged by EPR, Mössbauer, NMR, UV−vis, and XAS 

spectroscopies. Moreover, when making isoelectronic comparisons, the (P3
B)Fe complexes 

do not appear to differ meaningfully from those supported by the P3
Si ligand, leading us to 

propose analogous electronic structures.

So, the question naturally arises, do the electronic structures of the title compounds 

rationalize the differential reactivity of the isoelectronic complexes (P3
B)Fe(NNH2) and 

[(P3
Si)Fe-(NNH2)]+ in the context of N2 fixation?

Assigning an [NNH]•- oxidation state to the “NNH2” ligand of (P3B)Fe(NNH2) may seem at 

odds with its apparent susceptibility toward protonation at Nβ to yield NH3 and [(P3
B)Fe≡N]

+,8 although it should be noted that the dominant resonance structure of [NNH]•- results in 

lone-pair character on Nβ. Moreover, in (P3
B)Fe(NNH2), additional reducing equivalents are 

harbored in the redox-active Fe−B interaction. According to CASSCF calculations, the 

diradical character of this interaction varies from Y = 0.11 in singlet (PB
3)Fe(NNMe2) to Y 

= 0.21 in its triplet excited state. This result is surprising, given the σ symmetry of this 

interaction, and testifies to the electronic flexibility of the Fe−B bond. Thus, as Nβ becomes 

protonated, N−H bond formation can be facilitated by transfer of these electrons to the 

“NNH2” unit. From this perspective, the protonation reaction could be viewed as a form of 

intra-molecular PCET. This flow of electrons is consistent with the XAS/time-dependent 

DFT characterization of [(P3
B)Fe≡N]+,8 which shows that the lowest unoccupied molecular 

orbital of the system is an a1-symmetry orbital of dominant (3dz
2 + B 2pz) character−i.e., the 

B atom becomes oxidized in the transformation shown in Figure 13A. Our proposal here is 
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consistent with previous observations made by us8 and the conclusions reached in a recent 

computational study.36 In essence, the compound is able to store additional reducing 

equivalents in the Fe−B bond, which can then be utilized to cleave the N−N bond and form 

the first equivalent of NH3.

This behavior helps to explain why a similar N−N bond cleavage reaction is not observed for 

[(P3
Si)Fe(NNH2)]+. From a coarse-grained perspective, the stability of this species toward 

protonation can be rationalized in terms of electrostatic effects. That is, owing to its cationic 

nature, one would expect the Nβ atom of [(P3
Si)Fe(NNH2)]+ to be less basic than that of 

(P3
B)Fe(NNH2).37 However, we can reformulate this statement in terms of the reducing 

power of the silyl ligand. That is, protonation at Nβ and N−N bond cleavage would produce 

an iron(IV) nitrido in which the silyl ligand becomes oxidized to [R3Si]+ (Figure 13B). 

Because the [R3Si]•/+ couple occurs at much higher potentials than the corresponding 

[R3B]•−/0 couple, one would expect this transformation to be more challenging for the P3
Si 

ligand compared with the P3
B ligand. If the Fe−Si bonding is substantially more covalent 

than the Fe−B bonding, then the Fe center would have to provide the reducing equivalents 

necessary for N−N bond cleavage, producing a formal FeVI oxidation state, which should 

occur at similarly high potentials.

Although [(P3
Si)Fe(NNH2)]+ is thus stable to protonation, it can be reduced to 

(P3
Si)Fe(NNH2) by CoCp*2 (Figure 13B). As discussed in the Introduction, mixtures of 

[(P3
Si)Fe-(NNH2)]+/0 decay upon warming to produce high yields of [(P3

Si)Fe(N2H4)]+, in 

which Nα, rather than Nβ, has been functionalized (Figure 1).9 On the basis of EPR studies 

of [(P3
B)Fe(NNMe2)]−, which is isoelectronic to (P3

Si)Fe-(NNH2), in this redox state, the 

distribution of N-centered spins should be weighted in favor of Nα [|t(Nα)/t(Nβ)| ≈ 5], which 

would explain preferential Nα functionalization if N−H bond formation occurs via H-atom 

transfer (HAT). Either [(P3
Si)Fe(NNH2)]+ or (P3

Si)Fe(NNH2) could serve as a suitable HAT 

donor, given the extremely weak N−H bonds of these species (bond dissociation energies 

estimated to be 49 and 37 kcal mol−1, respectively).12b,38 It should also be noted that the 

bending of the Fe−N−N angle is accompanied by greater lone-pair character at Nα (vide 

infra), and N−H bond formation via a proton-transfer or PCET mechanism is thus also 

conceivable.

Given the low potential of the [(P3
B)Fe(NNMe2)]0/- couple (ca. −2.7 V), we do not expect 

[(P3
B)Fe(NNH2)]− to be a relevant oxidation state in catalytic N2 fixation by [(P3

B)Fe-(N2)]
− using our most efficient conditions in which CoCp*2 is the reductant (E°′ = −2.1 V).12a 

However, on the basis of the results above, the [(P3
B)Fe(NNH2)]+ and (P3

B)Fe(NNH2) redox 

states should possess low-lying paramagnetic excited states that are characterized by 

weakened antiferromagnetic metal−ligand coupling. Indeed, the similarity between these 

excited states and the most reduced state, at least from the perspective of the [NNH2]•− 

ligand (cf. Figure 12), suggests that population of these states under catalytic conditions 

could engender “(P3
Si)Fe-like” reactivity, that is, a preference for a distal-to-alternating 

mechanism producing N2H4
9, rather than a purely distal mechanism producing NH3.8 While 

direct thermal population of these states seems unlikely at the low temperatures relevant to 

catalysis (−78 °C), it may be possible to access similar electronic structures photochemically 

(cf. Figure 11).
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4. CONCLUSION

Herein, we have provided experimental and theoretical evidence supporting the formulation 

of the reduced [(P3
B)Fe(NNR2)]0/- complexes as containing a [NNR2]•- ligand coupled anti-

ferromagnetically to the Fe center. This characterization completes the set of “NNR2” redox 

states commonly considered in M(NNR2) complexes: isodiazene, hydrazido(2−), and, now, 

hydrazyl radical anion. On the other hand, the cationic complex, [(P3
B)Fe(NNR2)]+, is best 

described as a “classic” isodiazene complex, similar to the Chatt-type [(“P”)4Mo(II)

(NNH2)]2+ systems.33 In many ways, this mirrors the redox activity of the nitrosyl ligand, 

which can be present in [NO]+, NO•, or [NO]− oxidation states.

The one-electron redox noninnocence of the “NNR2” ligand may manifest itself in other 

examples of transition-metal-mediated N2 fixation. For example, a key intermediate 

proposed in the catalytic cycle of Schrock’s triamidoamine-supported Mo catalyst is a 

cationic, formally MoVI, [Mo(NNH2)]+ complex; upon reduction to a putative Mo(V) 

hydrazido complex, this species undergoes a complex series of disproportionation reactions, 

yielding mixtures of Mo(NNH), Mo≡N, and [Mo(NH3)]+/0.39 This chemistry is formally 

similar to that which occurs upon the reduction of [(P3
Si)Fe(NNH2)]+9 and may have a 

common physical basis. Although the molybdenum-(V) “hydrazido” complex has not been 

observed experimentally, DFT studies suggest that the Mo-based SOMO is the repulsive 

4dxz orbital,40 causing a bending of the Mo−N−N angle, quite analogous to the reduction of 

(P3
B)Fe(NNMe2) to [(P3

B)Fe(NNMe2)]− [or the reduction of [(P3
Si)Fe(NNH2)]+ to 

(P3
Si)Fe(NNH2)]. While it has not been considered explicitly in the literature, our results 

suggest that an electronic structure consisting of a high-spin MoIV ion (S = 1) 

antiferromagnetically coupled to a [NNH2]•− ligand should be considered for this complex. 

More broadly, given the central role of M(NNR2) complexes in the catalytic fixation of N2, 

potentially including even biological N2 fixation,41 the elucidation of their electronic 

structures remains an important goal.

5. EXPERIMENTAL SECTION

General Considerations.

Unless noted otherwise, all manipulations were carried out using standard Schlenk or 

glovebox techniques under a N2 atmosphere. Solvents were deoxygenated and dried by a 

thorough sparging with N2, followed by passage through an activated alumina column in a 

solvent purification system by SG Water, USA LLC. Deoxygenated, anhydrous 2-MeTHF 

was purified by stirring over sodium−potassium alloy and filtering through a short column of 

activated alumina prior to use. Nonhalogenated solvents were tested with sodium 

benzophenone ketyl in THF in order to confirm the absence of oxygen and water. Deuterated 

solvents were purchased from Cambridge Isotope Laboratories, Inc., degassed, and dried 

over activated 3 Å molecular sieves prior to use.

The compounds (P3
B)57Fe(Cl)8, (P3

B)Fe(NNMe2),8 (P3
B)Fe(NN[Si]),6c and [(P3

B)Fe(NAd)]

[BArF 4]7 were prepared according to literature procedures. All other reagents were 

purchased from commercial vendors and used without further purification unless otherwise 

stated.
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Spectroscopic Methods.

NMR spectra were collected on a 500 MHz instrument from Varian; chemical shifts for 1H 

are reported in ppm relative to tetramethylsilane, using resonances from residual solvents as 

internal standards; 15N resonances are reported in ppm relative to the chemical shift of 
15NH3(liq), referenced to the signal of the deuterated solvent used to lock the instrument. IR 

measurements were obtained as powders or thin films formed by the evaporation of 

solutions using a Bruker Alpha Platinum ATR spectrometer with OPUS software. Optical 

spectroscopy measurements were collected with a Cary 50 UV−vis spectrophotometer using 

a 1 cm two-window quartz cell. VT measurements were collected with a Unisoku CoolSpek 

cryostat mounted within the Cary spectrophotometer.

Mössbauer spectra were recorded on a spectrometer from SEE Co. (Edina, MN) operating in 

the constant-acceleration mode in a transmission geometry. The sample was kept in an 

SVT-400 cryostat from Janis (Wilmington, MA), using liquid N2 as a cryogen for 80 K 

measurements. Magnetically perturbed spectra were recorded in the presence of a 50 mT 

permanent magnet, aligned either parallel or perpendicular to the direction of γ-ray 

propagation. The quoted isomer shifts are relative to the centroid of the spectrum of a 

metallic foil of α-Fe at room temperature. Solution samples were transferred to a sample 

cup, chilled to 77 K inside of the glovebox, quickly removed from the glovebox, and 

immersed in liquid N2 until mounted in the cryostat. Data analysis was performed using 

version 4 of the program WMOSS (www.wmoss.org).42 Additional simulation details are 

available in the SI.

NRVS data were obtained as described previously at Beamline 3ID at the APS at ANL.43 

Samples were loaded in copper sample holders with lucite lids. During data collection, 

samples were maintained at cryogenic temperatures using a liquid-He-cooled cryostat. 

Spectra of solid samples were recorded from −50 to +120 meV in 0.25 meV steps. Multiple 

scans were taken, normalized to the intensity of the incident beam, and added together to 

achieve adequate signal-to-noise; the final spectra represent averages between 4 and 10 

scans. The program Phoenix was used to convert the raw NRVS data to the VDOS.44

X-band (9.4 GHz) CW EPR spectra were acquired using a Bruker EMX spectrometer 

equipped with a Super High-Q (SHQE) resonator using Bruker Win-EPR software (version 

3.0). Spectra were acquired at 77 K using a vacuum-insulated quartz liquid-N2 immersion 

dewar inserted into the EPR resonator. Spectra were simulated using the EasySpin 
simulation toolbox (release 5.2.15) with Matlab R2016b. All pulse X-band (9.7 GHz) and Q-

band (34 GHz) EPR, HYSCORE, and ENDOR spectra were acquired using a Bruker 

ELEXSYS E580 pulse EPR spectrometer equipped with a Bruker MD4 (X-band) or D2 (Q-

band) resonator. Temperature control was achieved using an ER 4118HVCF5-L Flexline 

Cryogen-Free VT cryostat manufactured by ColdEdge equipped with an Oxford Instruments 

Mercury ITC temperature controller. Spectra were simulated using the EasySpin simulation 

toolbox (release 5.2.15) with Matlab R2016b. Additional data collection and simulation 

details are available in the SI.
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X-ray Crystallography.

X-ray diffraction studies were carried out at the Caltech Division of Chemistry and 

Chemical Engineering X-ray Crystallography Facility using a dual-source Bruker D8 

Venture, four-circle diffractometer with a PHOTON CMOS or a PHOTON II CPAD 

detector. Data were collected at 100 K using Mo Kα (λ = 0.71073 Å) or Cu Kα (λ = 

1:54178 Å) radiation. The crystals were mounted on a glass fiber under paratone N oil. 

Structures were solved using SHELXT45 and refined against F2 on all data by full-matrix 

least squares with SHELXL.46 All non-H atoms were refined anisotropically. All H atoms 

were placed at geometrically calculated positions and refined using a riding model. The 

isotropic displacement parameters of all H atoms were fixed at 1.2 (1.5 for methyl groups) 

times the Ueq value of the atoms to which they are bonded. Refinement details for individual 

structures are available in the SI.

Synthesis of [(P3
B)Fe(NNMe2)][BArF

4].

(P3
B)Fe(NNMe2) (25 mg, 0.036 mmol) was suspended in 1 mL of Et2O in a 20 mL 

scintillation vial, which was subsequently charged with a magnetic stirbar and chilled to 

−78 °C in the cold well of a N2-filled glovebox. A solution of [FeCp*2][BArF
4] (43 mg, 

0.036 mmol) in 4 mL of Et2O was similarly chilled and then added dropwise to the stirring 

solution of (P3
B)Fe(NNMe2). After stirring for 30 min in the cold well, the resultant solution 

was allowed to warm to room temperature with stirring over 1 h, during which time a deep-

orange-brown color developed. The solvent was then removed in vacuo, and the remaining 

solids washed with C6H6 (3 × 1 mL), then extracted with Et2O (3 × 1 mL), and filtered. The 

filtrate was concentrated to ca. 1 mL, layered with pentane, and cooled to −35 °C. After 24 

h, the mother liquor was decanted, and the remaining orange-red crystals were washed 

liberally with pentane and dried in vacuo to afford 49 mg of [(P3
B)Fe(NNMe2)][BArF

4] 

(87%). Recrystallization from 4:1 toluene/Et2O at −35 °C yields material that is analytically 

pure except for the presence of cocrystallized toluene, which is not removed even under 

prolonged evacuation. NMR and elemental analysis indicate a [(P3
B)Fe-(NNMe2)][BArF

4]/

toluene stoichiometry of 1:1. Crystals suitable for X-ray diffraction were obtained by 

layering an Et2O solution of [(PB
3)Fe(NNMe2)][BArF

4] with pentane and cooling to −35 °C.
1H NMR (500 MHz, THF-d8, 293 K): δ 10.89 (v br), 7.79 (s, BArF

4 o-ArCH, 8H), 7.57 (s, 

BArF
4, p-ArCH, 4H), 2.22 (v br), −0.14 (v br).μeff (THF-d8, Evans method, 293 K): 2.4 βe 

(see the discussion of VT magnetization in the SI). UV−vis [THF, 293 K; λ, nm (ε, cm−1 M
−1)]: ~270 (20720), 309 (12100), 407 (3024), 499 (734), 698 (106). Anal. Calcd for 

C64H58B2F24FeN2P3 + C7H6: C, 55.72; H, 4.86; N, 1.69. Found: C, 55.98; H, 4.67; N, 1.26.

Synthesis of [K(2-MeTHF)x][(P3
B)Fe(NNMe2)].

A solution of (P3
B)Fe(NNMe2) in 2-MeTHF (5 to 10 mM) was chilled to −78 °C in the cold 

well of a N2-filled glovebox. A vial containing 1.2 equiv of KC8 and a magnetic stirbar was 

similarly chilled in the cold well. Using a prechilled glass pipet, the solution of 

(P3
B)Fe(NNMe2) was added to the vial containing solid KC8 in a single shot, and this 

mixture was allowed to stir at −78 °C for 30 min. At this point, the procedure diverged, 

depending on the analysis. For X-band EPR measurements, this suspension was passed 

through a prechilled glass microfiber filter into a prechilled quartz X-band sample tube. A 
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similar procedure was used for the preparation of Q-band samples, but in order to prevent 

warming of the sample during transfer into the narrow Q-band sample tube, the suspension 

was filtered into a prechilled syringe equipped with a 22-gauge steel needle inserted into the 

tube. After the filtered solution had passed through the needle into the quartz tube, the 

syringe assembly was removed. For NRVS, the solution was filtered directly onto a 

prechilled copper sample holder. For Mössbauer analysis, the suspension was transferred 

into a prechilled delrin sample holder without filtration. At this point, in each of these cases, 

the cold well bath was replaced with liquid N2, and the sample of [(P3
B)Fe(NNMe2)]− was 

frozen before being passed out of the glovebox and stored at 77 K prior to analysis.

Solutions of [(P3
B)Fe(NNMe2)]− are unstable upon warming, which has prevented its 

isolation in pure form. The decomposition kinetics are consistent with a unimolecular 

process (Figure S5), with a half-life at room temperature of approximately 4 min. Mössbauer 

analysis suggests that fresh preparations of [(P3
B)Fe(NNMe2)]−kept at T ≤ - 78 °C are 

typically ca. 75% pure. Because of this modest purity and the slow electronic relaxation of 

[(P3
B)Fe(NNMe2)]−, NMR analysis was not conducted. Additional details on the growth of 

crystals of [K(benzo-15-crown-5)2][(P3
B)Fe(NNMe2)] suitable for X-ray diffraction are 

provided in the SI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Observed reactivity of (P3

E)Fe(NNH2) complexes.
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Figure 2. 
Synthesis (A) and solid-state structures (B) of the [(P3

B)Fe(NNMe2)]+/0/- redox series. 

Ellipsoids are shown at 50% probability, with H atoms and counterions omitted for clarity.
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Figure 3. 
Frozen-solution Mössbauer spectra collected at 80 K in the presence of a 50 mT external 

field, oriented parallel or perpendicular to the γ-rays, as indicated. Data are shown as open 

circles, with simulations in blue; the field-orientation difference spectra are shown at the top, 

with the simulated difference spectrum in red. (A) Spectra of [(P3
B)Fe(NNMe2)]+. (B) 

Spectra of [(P3
B)Fe(NNMe2)]−. For clarity, minor quadrupole doublet impurities have been 

subtracted from the spectra in part B.
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Figure 4. 
Experimental NRVS VDOS (top) and QCC-NCA fit (bottom) for [(P3

B)57Fe(14N14NMe2)]n 

(black) and [(P3
B)57Fe-(15N15NMe2)]n (red). (A) Neutral complex. (B) Anionic complex.(C) 

Cationic complex.
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Figure 5. 
(A) VT 15N NMR for (P3

B)Fe(15N15NMe2). (B) VT1 H NMR for (P3
B)Fe(NNMe2). The 

resonance due to the N−CH3 protons is plotted in bright red.
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Figure 6. 
(A) CW X-band EPR spectrum of [(P3

B)Fe(NNH2)]+. A full simulation can be found in ref 

7. (B) CW X-band EPR spectrum of [(P3
B)Fe(NNMe2)]+. Data are plotted in black with a 

simulation in blue. (C) Second-derivative spectra of those presented in part B. All data were 

collected at 77 K with a power of 2 mW.
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Figure 7. 
(A) CW X-band EPR spectrum (second derivative) of [(P3

B)Fe(14 N14NMe2)]−. Data are 

plotted in black with a simulation in blue. (B) CW X-band EPR spectrum (second 

derivative) of [(P3
B)Fe(15 N15NMe2)]−. Data are plotted in black with a simulation in red. 

(C) Difference spectrum for the data shown in parts A and B. Data are plotted in black with 

a difference of the simulations in pink. All data were collected at 77 K with a power of 0.2 

mW.
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Figure 8. 
(A) Qualitative MO diagram for R′3B−Fe−NNH2 under pseudo-C2v symmetry. (B) VB 

diagrams describing possible resonance structures of a M−NNR2 moiety, including covalent 

and antiferromagnetic representations. Red dots indicate α-spin electrons, while blue dots 

indicate β-spin electrons.
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Figure 9. 
Magnetic orbitals (isovalue = 0.075 au) and qualitative MO diagrams from BS DFT 

calculations (TPSSh) of (A) [(P3
B)Fe(NNMe2)]−, (B) (P3

B)Fe(NNMe2) in its triplet excited 

state, and (C) [(P3
B)Fe(NNMe2)]+ in its quartet excited state. For parts B and C, the dashed 

arrow indicates relaxation to the ground-state configurations suggested by DFT calculations, 

in which 〈α|β〉 → 1 for all corresponding orbitals.
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Figure 10. 
Active space orbitals (isovalue = 0.075 au) corresponding to the Fe−NNMe2 out-of-plane π 
interactions from a ground-state-specific CASSCF calculation of (P3

B)Fe(NNMe2). Natural 

and localized orbital bases are presented along with occupation numbers.
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Figure 11. 
Experimental and ab initio electronic spectra of (P3

B)Fe-(NNMe2). The experimental 

spectrum was collected in 2-MeTHF at 153 K. A Gaussian spectral deconvolution is shown 

for the lowest three or four singlet excited states.

Thompson et al. Page 34

Inorg Chem. Author manuscript; available in PMC 2020 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. 
Spin-density isosurfaces (isovalue = 0.005 au) from CASSCF calculations. The α density is 

shown in red, while the β density is shown in green. Selected Löwdin spin populations are 

given, along with the diradical index (Y) given in Table 5.

Thompson et al. Page 35

Inorg Chem. Author manuscript; available in PMC 2020 March 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. 
(A) Proposed mechanism of N−N bond cleavage by [(P3

B)Fe(NNH2)]+. (B) Proposed role of 

ligand radical character in the N−H bond-forming reactivity of [(P3
Si)Fe(NNH2)]+/0. Formal 

Fe oxidation states are given assuming a covalent Fe−E interaction; however, see the 

discussion in section 3.2
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Table 1.

Collected 57Fe Mössbauer Parameters
a

complex δ (mm s−1) |ΔEQ| (mms−1) aiso (MHz)
b

[(P3
B)Fe(NNMe2)]+ 0.31 [0.35(4)] 1.16 [0.6(3)] 11.8 [7.4]

[(P3
B)Fe(NNH2)]+c 0.35 1.02 n.d.

(P3
B)Fe(NNMe2)

d 0.17 1.73

(P3B)Fe(NNH2)
d 0.14 1.63

(P3
B)Fe(NN[Si2]) 0.19 1.85

[(P3
Si)Fe(NNH2)]+e 0.13 1.48

[(P3
Si)Fe(NNMe2)]+e 0.14 1.49

(P3
B)Fe(NAd)

f 0.04 1.40

[(P3
B)Fe(NNMe2)]− 0.39 [0.41(4)] 1.20 [1.1(3)] 29.1 [−20.7]

(P3
Si)Fe(NNH2)

e 0.31 0.86 25.4

(P3
Si)Fe(NNMe2)

e 0.36 0.90 26.5

a
DFT-calculated values are given in square brackets.

b
The isotropic 57Fe HFC constant (sign not determined). Full simulation parameters for magnetically perturbed spectra can be found in the SI.

c
From ref 7.

d
From ref 8.

e
From ref 9.

f
From ref 11.
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Table 2.

Summary of Key Force Constants from QCC-NCA
a

complex Fe-N N-N Fe-N-NIP
b

[(P3
B)Fe(NNMe2)]+ 3.59 8.55 0.59

(P3
B)Fe(NNMe2) 4.83 6.83 1.98

[(P3
B)Fe(NNMe2)]− 2.97 6.78 0.68

a
Force constants are in units of mdyn Å−1 for stretches and in units of mdyn Å for bends.

b
The in-plane bending force constant.
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Table 3.

Collected g Tensors

complex g1 g2 g3 giso Δg
a

[(P3
B)Fe(NNMe2)]+ 2.005 2.089 2.192 2.095 0.187

[(P3
B)Fe(NNH2)]+b 2.006 2.091 2.222 2.106 0.216

[(P3
B)Fe(NAd)]+ 1.970 2.058 2.419 2.149 0.449

[(P3
B)Fe(NNMe2)]− 2.006 2.041 2.068 2.038 0.062

(P3
Si)Fe(NNH2)

c 2.004 2.027 2.070 2.034 0.066

(P3
Si)Fe(NNMe2)

c 2.000 2.030 2.080 2.037 0.080

a
Δg = g3 − g1.

b
From ref 7.

c
From ref 9.
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Table 4.

Collected HFC Constants of [(P3
B)Fe(NNMe2)]n

n nucleus A1 (MHz)
a

A2 (MHz)
a

A3 (MHz)
a aiso (MHz)

+ 14Nα4
b −10.7 −5.7 −0.1 −5.7

+ 14Nβ
b −1.5 −7.3 −1.5 −3.4

+ N-Me 13Cα 9.7 8.5 11.0 9.7

+ N-Me 13Cβ 8.4 6.7 8.8 8.0

+ 31Pα 48.5 73.0 51.7 57.7

+ 31Pβ 55.2 49.0 36.5 46.9

+ 31Pγ 40.0 30.0 36.5 35.5

+ 11B 10.3 9.6 7.6 9.2

− 14Nα
b −3.9 −29.2 11.8 −7.1

− 14Nβ
b 1.6 −5.7 1.6 −0.9

− N-Me 13C 20.0 20.9 18.0 19.6

− 31Pα 134.6 124.6 116.6 125.3

− 31Pβ 82.9 82.6 79.3 81.6

− 31Pγ 28.1 30.0 27.6 28.6

− 11B 15.9 15.2 14.7 15.3

a
With the exception of Nα for the cationic complex (see the SI), the HFC tensors are taken to be coincident with the g frame, with g1 = gmin, g2 = 

gmid, and g3 = gmax.

b
The absolute signs of A have not been determined experimentally but are assigned to be consistent with prior ENDOR studies and calculations 

(see ref 7).
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Table 5.

Diradical Character and Population Analysis of the 3dyz/π*NN Interaction from CASSCF

3dyz + π*NN
b

complex S Y
a
 (3dyz ± π*NN) % Fe % Nα + Nβ

[(P3
B)Fe(NNMe2)]+ ½ 0.09 68.9 9.7

3 2 0.14 71.3 11.8

(P3
B)Fe(NNMe2) 0 0.17 48.9 27

1 0.28 56.0 24.9

[(P3
B)Fe(NNMe2)]− ½ 0.2S 49.1 19

a
Y = 1 - (n+ - n−)/2.

b
Löwdin population analysis.
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Table 6.

Prediction of g Tensors and Anisotropic 14N HFC Tensors from Theory

[(P3
B)Fe(NNMe2)]+ [(P3

B)Fe(NNMe2)]−

parameter expt CASSCF expt CASSCF

Δg1
a 2.7 1.8 3.7 −1.5

Δg2
a 87 113 39 35

Δg3
a 190 246 66 54

t(14Nα) (MHz) −2.5 −1.4 −11.1 −8.0

t(14Nβ) (MHz) −1.9 −0.6 −2.4 −1.8

δHFC(14Nα) ~1 0.5 0.7 0.6

δHFC(14Nβ) ~0 0.6 ~0 0.2

a
Δgi = (gi − ge) × 103.
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