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Abstract

We report the synthesis and characterization of the first terminal imido complex of an Fe–S 

cluster, (IMes)3Fe4S4=NDipp (2; IMes = 1,3-dimesitylimidazol-2-ylidene, Dipp = 2,6-

diisopropylphenyl), which is generated by oxidative group transfer from DippN3 to the all-ferrous 

cluster (IMes)3Fe4S4(PPh3). This two-electron process is achieved by formal one-electron 

oxidation of the imido-bound Fe site and one-electron oxidation of two IMes-bound Fe sites. 

Structural, spectroscopic, and computational studies establish that the Fe–imido site is best 

described as a high-spin Fe3+ center, which is manifested in its long Fe–N(imido) distance of 

1.763(2) Å. Cluster 2 abstracts hydrogen atoms from 1,4-cyclohexadiene to yield the 

corresponding anilido complex, demonstrating competency for C–H activation.
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The first terminal imido complex of an iron–sulfur cluster has been synthesized and fully 

characterized. Structural, spectroscopic, and computational analysis suggest an [Fe4S4]2+–[NAr]2− 

formulation with a localized high-spin Fe3+ valence at the imido-bound site, and reactivity studies 

demonstrate competency for C–H activation.
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Studies of terminal imido complexes of the transition metals continue to push the frontiers of 

metal–ligand multiple bonding and present new opportunities in catalysis.[1–5] In particular, 

terminal Fe–imidos have attracted interest in these regards and as models for plausible 

intermediates in biological nitrogen fixation.[6–12] However, it is unclear in what ways the 

findings from mononuclear Fe–imido chemistry would translate to the chemistry of Fe–S 

clusters (such as the catalytic cofactors of nitrogenases). This is in part because mononuclear 

Fe–imido complexes are themselves electronically diverse and have been characterized 

across a wide range of oxidation and spin states.[10,13,14] Moreover, the ability of Fe–S 

clusters to support Fe–N multiple bonding is not well-established, and it is not known how 

the quintessential electronic features of Fe–S clusters—weak ligand fields and significant 

Fe–Fe exchange coupling—would impact the Fe–N bonding in an Fe–imido group. 

Characterization of a synthetic Fe–S–imido cluster could address these questions, and 

although progress has been made in preparing terminal Fe–imidos in weak ligand fields,
[15–20] polynuclear terminal Fe–imidos remain rare,[15,21] and no terminal imido complex of 

an Fe–S cluster has been reported. As such, we have begun investigating the chemistry of 
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Fe–S–imido clusters, and we herein report the synthesis and characterization of a terminal 

imido complex of an [Fe4S4] cluster.

A common route to metal–imido complexes entails two-electron oxidation with a nitrene 

group transfer reagent such as an organic azide. To extend this methodology to an Fe–S 

cluster, we used the (IMes)3Fe4S4 platform (IMes = 1,3-dimesitylimidazol-2-ylidene), which 

features a cuboidal [Fe4S4] cluster in which three Fe sites are supported by IMes ligands and 

the remaining Fe site is available for reaction chemistry.[22] Mild, one-electron reduction of 

the previously reported cluster (IMes)3Fe4S4Cl was achieved via Cl-atom abstraction using 

Cummins’s reagent Ti(N[tBu]Ar)3 (Ar = 3,5-dimethylphenyl).[23] The resulting all-ferrous, 

[Fe4S4]0 cluster was trapped using PPh3 to produce (IMes)3Fe4S4(PPh3) (1) in 77% yield 

(Scheme 1). Room-temperature addition of 1 equiv 2,6-diisopropylphenyl azide (DippN3) to 

1 in C6D6 resulted in an immediate color change from red-brown to green-brown. 1H NMR 

analysis of the reaction mixture revealed production of 1 equiv PPh3 as well as the terminal 

imido complex (IMes)3Fe4S4=NDipp (2; Scheme 1), whose structure was confirmed by 

single-crystal X-ray diffraction (vide infra). Although 2 is sufficiently stable for most 

characterization techniques, it slowly degrades in solution to give a mixture of species 

including the anilido complex (IMes)3Fe4S4–N(H)Dipp (3), which was independently 

synthesized and characterized (see SI); 3 can also be cleanly generated from 2 via H-atom 

abstraction from weak C–H bonds (vide infra).

Cluster 2 exhibits C3v symmetry in solution with contact-shifted resonances between +16 

and −4.5 ppm in its room-temperature 1H NMR spectrum (Figure S2). The modest shifting 

of the 1H resonances suggests that 2, like nearly all other [Fe4S4]2+ clusters,[24,25] features 

an S = 0 ground state with some thermal population of paramagnetic excited states. The 

diamagnetic ground state of 2 was confirmed by variable-temperature SQUID magnetometry 

measurements, which exhibit χMT values near 0 cm3 K mol−1 between 2 and 80 K (Figure 

S12).

The solid-state structure of 2 (Figure 1)[26] reveals an Fe–N bond length of 1.763(2) Å, 

which is among the longest Fe–N distances reported for crystallographically characterized 

Fe–NR complexes (R = aryl, alkyl).[27] The average Fe–N distance in four-coordinate Fe–

NR complexes is 1.66 Å (Figure S19); such short bond lengths reflect low- or intermediate-

spin electronic configurations with unoccupied Fe–N π* orbitals and Fe–N triple bond 

character (see Table S10 for representative examples). Notable exceptions include a pair of 

high-spin Fe3+–aryliminyl ([NAr]•−) complexes with Fe–N bond lengths of 1.766(4) and 

1.768(2) Å, respectively, and an Fe3+–alkyliminyl complex with an Fe–N bond length of 

1.761(7) Å; all three feature Fe–N bond lengths nearly identical to that observed for 2.
[19,28,29] The long Fe–N distance in 2 therefore indicates a high-spin configuration at the 

unique Fe site, attenuated Fe–N multiple bonding, and perhaps contribution from an iminyl-

type electronic configuration (vide infra). However, we note that the computed Fe–N bond 

lengths in the hypothetical, tetrahedral model complexes [Cl3Fe(NPh)]2– (high-spin Fe3+–

imido) and [Cl3Fe(NPh)]– (high-spin Fe3+–iminyl) are identical (1.76 Å; see Table S8), and 

as such, the redox state of the [NAr] fragment in 2 cannot be unambiguously inferred from 

the Fe–N bond length.
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Because of the propensity for terminal Fe–imido complexes to exhibit high Fe–N covalency, 

we anticipated that the Fe–S cluster core of 2 could be geometrically and/or electronically 

distinct from those of typical [Fe4S4] clusters. Interestingly, however, the cluster’s Fe–Fe 

and Fe–S distances fall within typical ranges for [Fe4S4]n clusters (n = 1+, 2+, 3+)[30] 

including other structurally characterized members of the (IMes)3Fe4S4 family.[22,31] The 

[Fe4S4] core of 2 exhibits a characteristic tetragonal compression from idealized Td 

symmetry, with eight long Fe–S bonds (avg. 2.316(2) Å) defining two opposing [Fe2S2] 

rhombs, and four short Fe–S bonds (avg. 2.241(1) Å) that connect the two rhombs (Figure 

1B).[32] The average Fe–S bond length for the imido-bound Fe (2.310(1) Å) is ca. 0.04 Å 

longer than those of the IMes-bound sites (vide infra). The modestly elongated—rather than 

significantly shortened—Fe–S distances at the imido-bound Fe site suggest that it does not 

adopt a locally high-valent state (e.g., Fe4+, as was observed for the structurally related 

cluster [Fe4(μ3-NtBu)4(NtBu)Cl3][15]) and is instead consistent with a local valence in the 

Fe2+–Fe3+ range as is typically observed in Fe–S clusters. Taken together, the unusually long 

Fe–N bond length and unexceptional cluster core metrics of 2 support a high-spin, mid-

valent (Fe2+ or Fe3+) configuration for the imido-bound Fe.

To further investigate the electronic structure of 2, we undertook a combined Mössbauer 

spectroscopic and computational study. The 90 K 57Fe Mössbauer spectrum of 2 is relatively 

sharp (Figure 2) and several simulations fit the data satisfactorily (Figures 2 and S13 and 

Tables 1 and S1). Before further discussing the simulation, we note some observations based 

on the spectrum itself. The absence of a quadrupole doublet centered at or below ca. 0 mm s
−1 precludes the presence of either a valence-localized Fe4+ ion or a low-spin Fe3+ imido site 

(see Table S10 for comparisons); this interpretation is consistent with the structural 

observations discussed above. In addition, the spectral centroid of the Mössbauer spectrum 

of 2 (0.43 mm s−1) is significantly lower than that of [Fe4S4]+–anilido cluster 3 (0.53 mm s
−1; Figure S14); this difference is similar to that observed for other [Fe4S4]2+/+ clusters[33] 

and is indicative of substantial charge depletion of the Fe sites in 2 relative to those in 3. On 

this basis, as well as the computational studies described below, we conclude that the 

contribution of an [Fe4S4]+–iminyl configuration to the electronic structure of 2 is likely 

minor and that 2 is best described as an [Fe4S4]2+ cluster with a closed-shell imido 

([NAr]2−) ligand.

Broken-symmetry density functional theory (BS DFT) calculations were carried out on a 

truncated model of 2 to aid in interpretation of its electronic structure and Mössbauer 

spectrum. Several BS determinants were evaluated, and in all cases the [NAr] fragment 

converged to a closed-shell, [NAr]2– configuration (see SI). The lowest-energy determinant 

is characterized by an electronic configuration in which the Fe spins are coaligned within 

each crystallographically observed [Fe2S2] rhomb, with the two rhombs 

antiferromagnetically coupled to one another; this picture corresponds to the usual coupling 

pattern for an S = 0 [Fe4S4]2+ cluster.[24,25] The calculated Mössbauer parameters (Table 1) 

include isomer shifts (δ) of 0.40 and 0.50 mm s−1 for the imido-bound Fe and the spin-

aligned IMes-bound Fe, respectively, with the remaining two IMes-bound Fe sites in the 

opposing [Fe2S2] rhomb taking on isomer shifts similar to that of the imido site (0.42 and 

0.40 mm s−1) but with significantly smaller quadrupole splittings (|ΔEQ|). This approximate 
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1:2:1 pattern of quadrupole doublets is well-accommodated by the experimental Mössbauer 

spectrum (Figure 2) and is reflected in our preferred simulation, though we again caution 

that the data can be fit by several parameter sets (see Table S1).

To facilitate interpretation of the bonding in 2, the BS DFT-derived canonical orbitals were 

localized,[34] and Löwdin population analyses were used to derive formal oxidation states 

(FOSs) of each site (Table 1 and Figure 3; see SI for details). The picture that emerges is a 

perturbation of the canonical Heisenberg double-exchange model for [Fe4S4]2+ clusters.
[24,25] Each Fe site has five singly occupied 3d orbitals in the α (or β) manifold, with an 

additional electron delocalized between pairs of Fe centers in the β (or α) manifold (Figure 

3A). As expected, the two double-exchange-coupled, IMes-ligated Fe sites evenly share their 

itinerant electron (Figure 3B, left), leading to FOSs of 2.52+ and 2.55+, respectively 

(consistent with their similar Mössbauer isomer shifts in Table 1). In contrast, the double-

exchange interaction between the imido-bound Fe site and its spin-aligned coupling partner 

is significantly polarized (Figure 3B, right), with FOSs approaching complete valence 

trapping (2.91+ and 2.16+, respectively). This electronic buffering is reminiscent of that 

observed for alkylated [Fe4S4]2+ clusters in which the strongly donating alkyl group induces 

partial localization of Fe3+ character at the alkyl-bound Fe with concomitant localization of 

Fe2+ character at its spin-aligned partner.[35,36]

Although we conclude that the imido-bound Fe site is best described as Fe3+, it is 

noteworthy that its Mössbauer isomer shift is essentially identical to those observed and 

calculated for the formally more reduced Fe2.5+–IMes sites (Table 1). The relatively high 

isomer shift for the Fe–imido site can be rationalized by considering the impact of local 

symmetry on Fe–N and Fe–S covalency: the singly occupied orbitals with Fe–N π* 

character are also antibonding with respect to the Fe–S bonds, and therefore destabilization 

of these orbitals due to Fe–N π bonding is compensated by lengthening of the Fe–S bonds, 

as reflected in the bond metrics (Figure 1B). In this manner, the Fe–N covalency, which 

lowers the Mössbauer isomer shift, is in part offset by a symmetry-enforced decrease in Fe–

S covalency. Overall, these findings demonstrate a dynamic interplay between Fe–N, Fe–S, 

and Fe–Fe bonding in Fe–S clusters featuring Fe–N multiple bonding.

Preliminary reactivity studies of 2 demonstrate its proclivity for H-atom abstraction. 

Exposure of a solution of 2 in Et2O to excess 1,4-cyclohexadiene (C–H bond dissociation 

free energy (BDFE) in Et2O of 72.2 kcal mol–1)[37] results in clean conversion to anilido 

complex 3 over 1 h with concomitant formation of 0.5 equiv benzene (Scheme 2 and Figure 

S6). Cluster 2 does not abstract H-atoms from toluene (C–H BDFE in benzene of 86.5 kcal 

mol–1)[37] at room temperature or at 50 °C, with no 1,2-diphenylethane detected by 1H NMR 

spectroscopy under these conditions (Figures S7 and S8). Taken together, these observations 

suggest that 2, like other high-spin[19,28,29,38] as well as some transiently observed or 

inferred intermediate-[16,39–41] and low-spin[42,43] Fe–NR complexes, is competent for 

activation of weak C–H bonds, and that the N–H BDFE of 3 is between ca. 72 and 87 kcal 

mol–1.

In conclusion, an [Fe4S4] cluster with a terminal imido ligand was prepared by oxidative 

group transfer between an organic azide and an all-ferrous [Fe4S4] cluster; the cluster’s 
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reducing equivalents are formally derived from the imido-bound Fe site as well as a pair of 

IMes-ligated Fe sites. The local high-spin state of the Fe3+–imido unit results in attenuated 

Fe–N multiple bonding and imbues H-atom abstraction reactivity. Overall, this study 

establishes the ability of Fe–S clusters to support Fe–ligand multiple bonding, demonstrates 

how the plasticity of Fe–S and Fe–Fe interactions accommodates covalent Fe–N bonding, 

and links the rich chemistry of Fe–imidos with Fe–S cluster model chemistry. Further 

studies on the reactivity of 2 and related complexes are underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Thermal ellipsoid plot (50%) of 2. Orange, yellow, gray, and blue represent Fe, S, C, and 

N respectively. H atoms and solvent molecules omitted for clarity. (B) Schematic of 2 
depicting the bond distances in Å. Rhombs containing parallel spin-aligned Fe atoms are 

highlighted in gray. Average Fe−S bond lengths for each site are shown in bold.[32] Standard 

uncertainties for individual distances have been omitted for clarity.

Sridharan et al. Page 8

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Zero-field 57Fe Mössbauer spectrum (90 K) of 2 with experimental data (circles), total 

simulation (black), and simulation components (colors as shown to the right). Isomer shifts 

for each site shown in mm s−1. Solid and dotted orange lines indicate equally distributed and 

polarized double-exchange interactions, respectively.
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Figure 3. 
(A) Qualitative 3d orbital diagrams of the Fe centers in 2 derived from BS DFT calculations. 

Coloring scheme is as in Figure 2. Orange circles highlight the delocalized electron within 

mixed-valent pairs. (B) Isosurface plots (0.05 au) of the local Fe contributions (obtained 

from a Löwdin population analysis) to the double-exchange interactions in the α (left) and β 
(right) manifolds. NHC ligands and N–Ar substituent represented by C and N atoms, 

respectively. Coloring scheme is as in Figure 1.
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Scheme 1. 
Synthesis of (IMes)3Fe4S4=NDipp (2). Abbreviations: Mes = 2,4,6-trimethylphenyl; Ar = 

3,5-dimethylphenyl; Dipp = 2,6-diisopropylphenyl.
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Scheme 2. 
Reaction of 2 with 1,4-cyclohexadiene yields the anilido complex 3.
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Table 1.

Experimental (90 K) and calculated Mössbauer parameters for 2
[a]

Site δ[b]
 (mm s–1) |ΔEQ|

[c]
 (mm s–1) Area (%) FOS

[d]

Fe3+=NDipp 0.41 (0.40) 1.94 (2.32) 25 2.91+

Fe2+–IMes 0.56 (0.50) 1.47 (2.32) 25 2.16+

2 × Fe2.5+–IMes 0.42 (0.42, 0.40) 1.41 (1.11, 1.04) 50 2.52+, 2.55+

[a]
Calculated parameters in parentheses.

[b]
Isomer shift.

[c]
Quadrupole splitting.

[d]
Formal oxidation states (FOSs) determined from Löwdin population analysis of the localized MOs for the lowest-energy broken-symmetry 

determinant (see SI).
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