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ABSTRACT: Binding of N2 by the FeMo-cofactor of nitrogenase is believed to occur after transfer of 4 e- and 4 H+ equivalents to the active 

site. Although pulse EPR studies indicate the presence of two Fe-(µ-H)-Fe moieties, the structural and electronic features of this mixed valent 

intermediate remain poorly understood. Toward an improved understanding of this bioorganometallic cluster, we report herein the diiron µ-

carbyne complex (P6ArC)Fe2(µ-H) can be oxidized and reduced, allowing for the first time spectral characterization of two EPR-active Fe(µ-

C)(µ-H)Fe model complexes linked by a 2 e- transfer which bear some resemblance to a pair of En and En+2 states of nitrogenase. Both species 

populate S = ½ states at low temperatures and the influence of valence (de)localization on the spectroscopic signature of the µ-hydride ligand 

was evaluated by pulse EPR studies. Compared to analogous data for the {Fe2(µ-H)}2 state of FeMoco (E4(4H)), the data and analysis 

presented herein suggest that the hydride ligands in E4(4H) bridge isovalent (most probably FeIII) metal centers. Although electron transfer 

involves metal-localized orbitals, investigations of [(P6ArC)Fe2(µ-H)]+1  and [(P6ArC)Fe2(µ-H)]-1 by pulse EPR revealed that redox chemis-

try induces significant changes in Fe-C covalency (-50% upon 2 e- reduction), a conclusion further supported by X-ray absorption spectros-

copy, 57Fe Mössbauer studies, and DFT calculations. Combined, our studies demonstrate that changes in covalency buffer against the accu-

mulation of excess charge density on the metals by partially redistributing it to the bridging carbon, thereby facilitating multi-electron trans-

formations.

INTRODUCTION 

The active sites of the nitrogenase enzymes comprise a unique 

class of organometallic cofactors which incorporate a µ6-C4- ligand 

within a [7Fe-9S-M-C-R-homocitrate] (M = Mo, V, or Fe) cluster 

scaffold.1-6 Spectroscopic and computational studies indicate that 

the resting state of the Mo-containing isoform (FeMoco, Figure 1, 

top left) is best formulated as a mixed valent Mo(III) 3Fe(II) 

4Fe(III) cluster,7-9 though the extent of valence localization is still 

a matter of debate.10-13 Substrate binding and reduction requires an 

initial electron loading phase during which the cofactor may un-

dergo structural rearrangements.14-17 The accumulation of reducing 

equivalents at FeMoco is presumably coupled to proton transfer.18 

If protonation occurs at iron (vide infra), this would imply that the 

active site may cycle through only two formal oxidation states dur-

ing catalysis,19 both of which are mixed valent. The influence of 

the interstitial µ6-C donor on the electronic structure and catalytic 

properties of the cofactor remains poorly understood.20 Radiolabel-

ling studies demonstrate that the carbide ligand is not lost or ex-

changed during catalysis.21 However, this does not rule out an ac-

tive role for the interstitial atom in bond breaking and bond making 

steps (which has been speculated previously).22-24  

     In contrast to water oxidation by photosystem II,25 there is cur-

rently no general strategy which can generate intermediate states of 

FeMoco in a stepwise fashion for spectroscopic study. Sample het-

erogeneity complicates application of common bulk spectroscopic 

methods (XAS, XES or 57Fe Mössbauer) to the study of reduced 

states of FeMoco.13, 26-27 On the other hand, CW-EPR and pulse 

EPR/ENDOR spectroscopies can selectively interrogate nitrogen-

ase intermediates with half-integer spin states.28-30 In combination 

with cryoannealing protocols,31-32 these techniques have been em-

ployed to characterize a variety of putative intermediates, most no-

tably one which has accumulated 4 e- and 4 H+ in the form of two 

Fe-(µ-H)-Fe moieties (Figure 1, top right).33-34 It has been sug-

gested that this state is the key activated intermediate generated just 

prior to N2 binding.35-36 As such, an improved understanding of its 

electronic structure and geometrical features could provide crucial 

insight into the activation process.  

Synthetic model complexes which reproduce key structural fea-

tures of proposed nitrogenase intermediates can provide insight 

into their spectroscopic signatures. This approach has motivated 

EPR studies of a variety of metal complexes containing nitrogenous 

(Fe-NxHy)37-41 and organometallic (e.g. iron-alkene or iron-hy-

dride) ligands.42-45 Additionally, several paramagnetic diiron µ-hy-

dride complexes have been reported,46-53 two of which have been 

studied in detail using pulse EPR techniques.54-55 These investiga-

tions elucidated the 1H ENDOR signatures expected for the µ-hy-

dride motif, at least for fully delocalized (Robin-Day Class III56) 

dimers. However, analogous studies for systems containing an Fe-

(µ-C)-Fe linkage are not known, apart from a single report of pulse 

EPR data for 13C-labelled S = 3/2 resting state of FeMoco.1 Carbon-

bridged, multimetallic iron complexes are not uncommon,57-65 but, 

with few exceptions,66-71  these species have closed shell electronic 

configurations. Those that are paramagnetic all exhibit integer spin 

states and, thus, are not readily characterized by pulse EPR meth-

ods.66-71 To the best of our knowledge, only one synthetic iron com-

plex featuring a carbon-based, Xn-type (n = 1,2,3) ligand with 13C 

labelling, namely an iron(V)-carbyne complex with terminal 13C-

carbyne, has been interrogated by pulse EPR.44 Enzymatic iron-al-

kyl species have been isotopically labelled and investigated by 

ENDOR and/or HYSCORE spectroscopy,72-74 but none have been 

structurally characterized and questions remain regarding their 
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 2 

electronic structure.75-76 As such, there remains a lack of well-de-

fined reference compounds useful for comparisons against pulse 

EPR data reported for FeMoco or other bioorganometallic en-

zymes. 

Recently, we reported the synthesis and reactivity of the aryl-

carbyne-bridged diiron complex, (P6ArC)Fe2(µ-H), which features 

a biologically relevant Fe(µ-C)(µ-H)Fe core (Figure 1, bottom).66 

Remarkably, SQUID magnetometry revealed that (P6ArC)Fe2(µ-

H) features a thermally well-isolated S = 1 ground state. The unu-

sual preference of (P6ArC)Fe2(µ-H) to adopt an open shell config-

uration in spite of its strong field donor set suggested that related, 

mixed valence compounds might be accessible. Herein, we demon-

strate that (P6ArC)Fe2(µ-H) can indeed be oxidized and reduced, 

allowing for the first time spectral characterization of two EPR-

active Fe(µ-C)(µ-H)Fe model complexes linked by a 2 e- transfer 

which bear some resemblance to a pair of En and En+2 states of ni-

trogenase (Figure 1, bottom).

 

FIGURE 1. Mixed valent states are prevalent for the iron-molybdenum cofactor (FeMoco) of nitrogenase (top).7-9,19 Mixed valent diiron µ-

carbyne complexes are structural and electronic models of a carbon-bridged diiron subunit of FeMoco, proposed to be central to catalysis, 

as well as a model of the conversion of En to En+2 (bottom). 

RESULTS AND DISCUSSION 

Isolation and Characterization of a Stable {Fe2(µ-CAr)}17 Com-

plex. Towards accessing EPR-active model complexes featuring a 

biologically relevant Fe2(µ-C) motif, the S = 1 diiron µ-carbyne 

complex (P6ArC)Fe2(µ-H) was studied by cyclic voltammetry 

(CV). The CV of (P6ArC)Fe2(µ-H) in tetrahydrofuran (Figure 2) 

exhibits two quasi-reversible electrochemical events: a reduction 

with E1/2 = -2.78 V (vs. Fc/Fc+) attributed to the formation of the 

anionic species [(P6ArC)Fe2(µ-H)]1- and an oxidation with E1/2 = -

1.65 V (vs. Fc/Fc+) assigned to the generation of the corresponding 

cation [(P6ArC)Fe2(µ-H)]1+.77 Although formally these electro-

chemical features correspond to the FeII
2/FeIFeII and FeIIFeIII/FeII

2 

redox couples of (P6ArC)Fe2(µ-H), the prospect of significant co-

valency within the iron-carbon bonding renders assignments of ox-

idation state ambiguous.44, 78-86 Fischer-type carbene and carbynes 

exhibit π-acidic behavior toward a low-valent metal center, though 

it is commonly assumed this requires heteroatom substitution at the 

carbene/yne C to stabilize the sub-octet configuration at carbon.87 

Delocalization with the aryl substituent in {Fe2(µ-CAr)}17-19 may 

impart some degree of Fischer-type character to the µ-carbyne, for-

mally corresponding to a resonance structure of the form {Fe0
2(µ-

CAr+)(µ-H-)} for {Fe2(µ-CAr)}18 (Figure 3). However, in light of 

the high covalency of the Fe-C bonding, a resonance form that falls 

between the extremes of a Fischer-type and Schrock-type descrip-

tion –{FeI
2(µ-CAr+)(µ-H-)} – also warrants consideration. To ac-

count for this ambiguity, the valence electron count of the 

[(P6ArC)Fe2(µ-H)]-1/0/+1 redox series can be described by consider-

ing both the iron 3d and carbyne σ+π electrons (denoted n in 

{Fe2(µ-CAr)}n representation, see Figure 3 for resonance descrip-

tion), which is analogous to the Enemark-Feltham notation used for 

metal-nitrosyl complexes.88 Thus, in this framework the formally 

FeIIFeIII complex [(P6ArC)Fe2(µ-H)]1+ has a valence electron count 

of {Fe2(µ-CAr)}17 whereas the FeIFeII species [(P6ArC)Fe2(µ-H)]1-  

is represented as {Fe2(µ-CAr)}19 (Table 1).   

TABLE 1. Summary of Formulas for {Fe2(µ-CAr)}17-19. 

 

 

Full Formula Abbreviated Core Formula "Classical" Oxidation 

(Enemark-Feltham Style) State Formula

[(P6ArC)Fe2(µ-H)][BArF
24] {Fe2(µ-CAr)}17 {FeII(µ-CAr)3-FeIII}2+

(P6ArC)Fe2(µ-H) {Fe2(µ-CAr)}18
{FeII(µ-CAr)3-FeII}+

[K(THF)n][(P6ArC)Fe2(µ-H)] {Fe2(µ-CAr)}19
{FeI(µ-CAr)3-FeII}
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 3 

FIGURE 2. Cyclic voltammogram of (P6ArC)Fe2(µ-H) ({Fe2(µ-

CAr)}18) in tetrahydrofuran (0.4 M [nBu4N][PF6] supporting elec-

trolyte). Scan rate: 100 mV/s. 

 

FIGURE 3. Limiting resonance structures for (P6ArC)Fe2(µ-H) 

({Fe2(µ-CAr)}18. 

     Chemical oxidation of (P6ArC)Fe2(µ-H) ({Fe2(µ-CAr)}18) with 

[Cp2Co][BArF
24] in tetrahydrofuran (Figure 4a) proceeds cleanly, 

affording a new paramagnetic species detected by 1H NMR spec-

troscopy (Figure S2). Single crystal X-ray diffraction (XRD) stud-

ies confirm the identity of this compound as the desired {Fe2(µ-

CAr)}17 species [(P6ArC)Fe2(µ-H)][BArF
24] ({Fe2(µ-CAr)}17, Fig-

ure 4b). Compared to {Fe2(µ-CAr)}18, oxidized {Fe2(µ-CAr)}17 

shows an elongation of the Fe-P bond lengths attributed to attenu-

ated π-backbonding (Table 2). This effect is more pronounced for 

the equatorial P donors (Δdave = 0.066(3) Å) than for the more 

tightly bound P1/P4 ligands (Δdave = 0.035(3) Å). The Fe-C1 dis-

tances in {Fe2(µ-CAr)}17 (Fe1-C1: 1.791(6) Å, Fe2-C1: 1.800(6) 

Å) are similar to those in {Fe2(µ-CAr)}18 (Fe1/2-C1: 1.792(1) Å), 

indicating that the redox active orbital is essentially non-bonding 

with respect to the carbyne ligand.  

     Unlike its one electron reduced congener, {Fe2(µ-CAr)}17 does 

not have crystallographically imposed symmetry. The two iron 

sites of {Fe2(µ-CAr)}18 are related by a C2 axis along the C1-C2 

vector (Figure 4d) which positions the metal centers on opposite 

faces of the central carbyne linker without any significant distortion 

of the C1-C2-C3-P1 torsion angle (0.36(8)o). In contrast, the solid 

state structure of the oxidized compound reveals that both P3 arms 

have rotated such that the iron centers of {Fe2(µ-CAr)}17 are ori-

ented on the same side of ligand (Figure 4c). This is accompanied 

by a deviation of the C1-C2-C3-P1 torsion angle (4.4(6)o) away 

from planarity.

 

FIGURE 4. (a). Synthesis of [(P6ArC)Fe2(µ-H)][BArF
24] ({Fe2(µ-CAr)}17) and [K(THF)n][(P6ArC)Fe2(µ-H)] ({Fe2(µ-CAr)}19) (b). Crystal 

structure of [(P6ArC)Fe2(µ-H)][BArF
24] ({Fe2(µ-CAr)}17). Hydrogen atoms on the ligand and counterion omitted for clarity. Thermal ellip-

soids shown at 50% probability (c). Top down view illustrating the loss of C2 symmetry in [(P6ArC)Fe2(µ-H)][BArF
24] ({Fe2(µ-CAr)}17) (d). 

Comparison to P6ArC)Fe2(µ-H)({Fe2(µ-CAr)}18, ref. 66) 

TABLE 2. Comparison of Selected Bond Lengths and Angles 

for {Fe2(µ-CAr)}17-19. 
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[a] Previously reported, ref. 66. [b] Structural metrics for {Fe2(µ-

CAr)}19 derived from DFT geometry optimization (TPSS/def2-

TZVP on Fe)). 

     Variable temperature 1H NMR spectroscopy indicates that 

{Fe2(µ-CAr)}17 also adopts a low symmetry structure in solution, 

at least below 228 K. At 298 K, the 1H NMR spectrum of {Fe2(µ-

CAr)}17 exhibits 16 sharp, paramagnetically shifted resonances be-

tween -20 and 85 ppm (Figure S2), consistent with C2 symmetry or 

an exchange process. As expected for an open shell species, cooling 

a solution of {Fe2(µ-CAr)}17 in tetrahydrofuran-d8 causes these 

features to shift substantially, with significant broadening of the 

signals down to 228 K (Figure 5). However, cooling below 228 K 

leads to decoalescence and sharpening of these features. The num-

ber of resonances (>30) observed at 188 K is roughly double that 

at 298 K, indicating C1 symmetry at low temperature, in good 

agreement with what is observed in the solid state (TXRD = 100 K). 

For comparison, the 1e- reduced compound {Fe2(µ-CAr)}18 does 

not display the same behavior by variable temperature 1H NMR 

spectroscopy66 and, thus, either maintains a static higher symmetry 

geometry in solution or possesses a lower barrier to structural in-

terconversion. Although the structure of {Fe2(µ-CAr)}17 is clearly 

fluxional at elevated temperatures in solution, below ~188 K the 

conformational changes are slow on the NMR time scale. Notably, 

spectroscopic studies on {Fe2(µ-CAr)}17 were conducted on sam-

ples maintained at or below liquid nitrogen temperature (77 K) and, 

therefore, likely reflect the electronic structure of the low symmetry 

geometry.  

 

FIGURE 5. Variable temperature 1H NMR spectra of 

[(P6ArC)Fe2(µ-H)][BArF
24] ({Fe2(µ-CAr)}17) in tetrahydrofuran-

d8 reveal fluxional behavior and a loss of symmetry at low temper-

atures.  

         Characterization of {Fe2(µ-CAr)}17 by EPR spectroscopy in-

timates that the iron sites are antiferromagnetically coupled, lead-

ing to a doublet ground state for the dimer. The X-band (ν ≈ 9.6 

GHz) continuous wave (CW) EPR spectrum of {Fe2(µ-CAr)}17 at 

5 K exhibits a nearly isotropic signal centered at g ~ 2.09 (Figure 

6, top left), with no resolved hyperfine coupling. Measurement at 

Q-band (ν ≈ 34 GHz) via spin echo-detected field sweep resolves 

the small g anisotropy (Figure 6, bottom left), with simulations af-

fording the rhombic g tensor g = [2.114, 2.097, 2.054]. For spin-

coupled dimers in the limit of strong coupling and low zero-field 

splitting: gi = (g1 + g2)/2 + (g1 - g2)/2S(S + 1)[S1(S1 + 1) – S2(S2 + 

1).89-90 Thus, under the assumption of low spin Fe(II), the g tensor 

of the dimer would reflect the anisotropy of the Fe(III) site.91 How-

ever, low spin Fe(III) complexes commonly exhibit highly aniso-

tropic low spin signals.92-96 Direct comparison can be made to the 

isoelectronic diiron µ-imide, µ-hydride complex [([PhBP3]Fe)2(µ-

NH)(µ-H)] which reveals the g anisotropy (g║=  2.54 g┴ ~  2.04) 

expected for a low spin FeII/low spin FeIII spin coupled system.55 In 

contrast, {Fe2(µ-CAr)}17 exhibits small g anisotropy and atypical 

symmetry within its g tensor (g┴ > g║), both of which are incon-

sistent with a low spin Fe(II)/low spin Fe(III) formulation.  

Bonds (Å) {Fe2(µ-CAr)}17 {Fe2(µ-CAr)}18 [a] {Fe2(µ-CAr)}19 [b]

Fe1-C1 1.791(6) 1.792(1) 1.796

Fe1-P1 2.156(2) 2.1307(7) 2.076

Fe1-P2 2.292(2) 2.2627(8) 2.217

Fe1-P3 2.358(2) 2.2522(6) 2.206

Fe2-C1 1.800(6) 1.792(1) 1.796

Fe2-P4 2.176(2) 2.1307(7) 2.078

Fe2-P5 2.329(2) 2.2627(8) 2.217

Fe2-P6 2.311(2) 2.2522(6) 2.206

Fe1-Fe2 2.691(2) 2.6776(6) 2.795

Angles (o)

Fe1-C1-Fe2 97.0(2) 96.66(1) 102.2

Fe1-C1-C2 130.4(5) 131.67(5) 128.9

Fe2-C1-C2 130.5(5) 131.67(5) 128.9

Sum 357.9(7) 360.00(7) 360.0

P1-C3-C4 138.1(4) 141.42(1) 141.0

P4-C7-C6 138.2(4) 141.42(1) 140.8

Torsions (o)

C1-C2-C3-P1 4.4(6) 0.36(8) 0.2

C1-C2-C7-P4 0.4(6)  -0.36(8) -0.3
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FIGURE 6. Left: X-band (top) and pseudomodulated97 Q-band ESE-EPR (bottom) CW EPR Spectra of [(P6ArC)Fe2(µ-H)][BArF
24] ({Fe2(µ-

CAr)}17) in 2-MeTHF (2 mM). Experimental data shown in black and simulations for S = ½, g = [2.114, 2.097, 2.054] are shown in red. For 

full simulation parameters, see the Supporting Information. The asterisk denotes a background signal present in the Q-band resonator, not in 

the sample. X-band Acquisition parameters: temperature = 5 K; MW frequency = 9.639 GHz; MW power = 2 mW; modulation frequency = 

100 kHz; modulation amplitude = 0.4 mT; conversion time = 82 ms. Q-band Acquisition parameters: temperature = 10 K; MW frequency = 

34.09 GHz. Right: X-band (top) and pseudomodulated97 Q-band ESE-EPR (bottom) CW EPR Spectra of [K(THF)n][(P6ArC)Fe2(µ-H)] 

({Fe2(µ-CAr)}19) in 2-MeTHF (2 mM). Experimental data shown in black and simulations for S = ½, g = [2.089, 2.036, 2.026] are shown in 

red. For full simulation parameters, see the Supporting Information. X-band Acquisition parameters: temperature = 10 K; MW frequency = 

9.636 GHz; MW power = 2 mW; modulation frequency = 100 kHz; modulation amplitude = 0.4 mT; conversion time = 82 ms. Q-band 

Acquisition parameters: temperature = 20 K; MW frequency = 34.06 GHz. Note, in both cases, the X-band spectra have been shifted along 

the field axis for plotting purposes only.

Low-Lying Excited States in {Fe2(µ-CAr)}17. Consistent with pop-

ulation of higher spin states at elevated temperatures, a solution 

magnetic measurement of {Fe2(µ-CAr)}17 provided a χT value of 

1.26 cm3 K mol-1 (µeff = 3.19µB) at 298 K, considerably larger than 

that expected for an isolated S = ½ spin system (χT = 0.37 cm3 K 

mol-1 and µeff = 1.73µB for g = 2.00). Variable temperature mag-

netic susceptibility measurements on microcrystalline samples of 

{Fe2(µ-CAr)}17 revealed a similar value for χT (1.31 cm3 K mol-1) 

at 298 K. The value of χT decreases as the sample is cooled down, 

reaching a value of 0.46 cm3 K mol-1 (µeff = 1.92µB) at 3 K (Figure 

7). Simulations according to the Heisenberg exchange Hamiltonian 

H = -2J12(S1·S2) assuming S1 = 1 (intermediate spin Fe(II)) and ei-

ther S2 = 1/2 (low spin Fe(III) or Fe(I)) or 3/2 (intermediate spin 

Fe(III) or high spin Fe(I)) afford isotropic exchange constants J12 = 

-104 cm-1 and -112 cm-1, respectively (Figure S47). Although both 

models afford fits which are in reasonable agreement with the ex-

perimental data, analysis of the 1H hyperfine coupling by EPR 

spectroscopy indicates that {Fe2(µ-CAr)}17 is valence delocalized. 

Efforts to simulate the magnetometry data using a more general 

model involving multiple spin states at arbitrary energies with S > 

½ did not prove fruitful. In any case, the magnetometry data cannot 

be rationalized in terms of a low spin Fe(II)/low spin Fe(III) for-

mulation, consistent with the analysis of the CW-EPR spectrum of 

{Fe2(µ-CAr)}17. 

 

FIGURE 7. Variable temperature magnetic susceptibility measure-

ments for [(P6ArC)Fe2(µ-H)][BArF
24] ({Fe2(µ-CAr)}17) collected 

between 3 and 300 K with a 0.5 T field after diamagnetic correction 

(black circles). Parameters for the fit shown: S1 = 1, g1 = 2.55, S2 = 

1/2, g2 = 2.45, J = -111.6 cm-1, zJ = -0.64 cm-1. Equally satisfactory 

fits can be obtained with S2 = 3/2. See Supporting Information Fig. 

47.  

In Situ Characterization of a Reactive {Fe2(µ-CAr)}19 Species. To 

determine the effect of redox chemistry on the structural and elec-

tronic features of the Fe(µ-C)(µ-H)Fe core, we pursued characteri-

zation of the {Fe2(µ-CAr)}19 species [K(THF)n][(P6ArC)Fe2(µ-

H)]. Treatment of {Fe2(µ-CAr)}18 with potassium naphthalenide at 

-78 oC generates a new species that exhibits an EPR signal centered 

at g ~ 2.04 (Figure 8a). Q-band measurements reveal that although 
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both {Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19 exhibit axial EPR spectra, 

the symmetries of their g tensors are distinct (Figure 8). Simula-

tions indicate that gz > gx,y for {Fe2(µ-CAr)}19 (g = [2.089, 2.036, 

2.026]) whereas gx,y > gz in {Fe2(µ-CAr)}17. Solution phase struc-

tural characterization of this species via extended X-ray absorption 

fine structure (EXAFS) is consistent with its assignment as {Fe2(µ-

CAr)}19, with a geometry closely related to {Fe2(µ-CAr)}17-18 (Fig-

ure S55).  

     The signal attributed to {Fe2(µ-CAr)}19 persists and remains 

well-resolved for samples maintained at -78 oC for 30-60 minutes. 

Storing solutions of {Fe2(µ-CAr)}19 for > 1 hr. or warming above 

-78 oC results in loss of its characteristic EPR feature, concomitant 

with the appearance of several distinct S = ½ species (Figure S77). 

Thus far, efforts to characterize these decomposition products have 

proved challenging. All of the iron-containing products generated 

at higher temperatures are NMR silent; only resonances corre-

sponding to diisopropylphenylphosphine, derived from C-P bond 

cleavage of the ligand, are observed in the 1H and 31P NMR spectra. 

2H-1H Pulse ENDOR/HYSCORE Supports a Symmetric Spin Dis-

tribution in {Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19. Complementary 

Q-band electron nuclear double resonance (ENDOR) and hyperfine 

sublevel correlation (HYSCORE) measurements of the ligand hy-

perfine coupling provide further insight into the spin distribution of 

{Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19. In order to determine the 1H 

and 13C hyperfine coupling, the 2H and 13C isotopologues were pre-

pared (see the Supporting Information and the footnote herein).98 

Although the natural abundance, 2H-labelled, and 13C-labelled 

isotopologues of {Fe2(µ-CAr)}17 are broad and virtually identical 

(Figure S58), the X-band CW spectra of {Fe2(µ-CAr)}19 exhibit X-

band CW EPR spectra with slight differences among them (Figure 

8), which are better resolved in the second derivative spectra (Fig-

ure S79). Simulation of the 2H-1H difference HYSCORE spectra of 

[(P6ArC)Fe2(µ-D)][BArF
24] (Figure S59-61) affords an anisotropic 

deuterium hyperfine tensor A(2H) = ±[2.1, 5.5, 7.4] MHz, with a 

small rotation of the hyperfine tensor frame by (α,β,γ)  = (15, 25, 

0)o relative to the coordinate frame of the g tensor. Scaling the 2H 

hyperfine tensor by the proportion of the 1H/2H gyromagnetic ratios 

(1Hγ/2Hγ = 6.514) provides the 1H hyperfine tensor A(1H) = ±[14.0, 

36.0, 48.0] MHz for {Fe2(µ-CAr)}17, which is in accord with sim-

ulations of the ENDOR spectra for the natural abundance sample 

(Table 3).99 In a similar manner, simulation of the HYSCORE spec-

tra of [K(THF)n][(P6ArC)Fe2(µ-D)] provides, after scaling, the 1H 

hyperfine tensor A(1H) = ± [26.0, 18.0, 41.0] MHz for {Fe2(µ-

CAr)}19 (Table 3), rotated by (α,β,γ)o = (0,18,0)o relative to the 

frame of the g tensor. Variable mixing time 2H Mims ENDOR 

spectra were collected on [(P6ArC)Fe2(µ-D)][BArF
24]  and  

[K(THF)n][(P6ArC)Fe2(µ-D)], which allowed the absolute sign of 

the 2H hyperfine to be determined (See SI).100 Results were con-

sistent with the sign of the 2Hμ hyperfine (and by extension 1Hμ) 
being negative for both {Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19. 

TABLE 3. Hyperfine Coupling Constants in MHz Determined 

for {Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19. 

 

 

All hyperfine tensors are assumed to be collinear with g except 

A(1/2H). For {Fe2(µ-CAr)}17 the Euler angles are (α,β,γ)  = (15, 25, 

0)o. For {Fe2(µ-CAr)}19 the Euler angles are (α,β,γ) = (0,18,0)o. The 

sign of A(1/2H) was determined by variable mixing time 2H Mims 

ENDOR. The sign of A(13C) is assumed to be negative based on 

DFT. See the Supporting Information for full simulation parame-

ters, including 31P hyperfine couplings. 

 

 

FIGURE 8. X-band CW EPR Spectra of [K(THF)n][(P6ArC)Fe2H] 

(black), [K(THF)n][(P6ArC)Fe2D] (red), and [K(THF)n] 

[(P6Ar13C)Fe2H] (blue), all 2 mM in 2-MeTHF. Acquisition param-

eters: temperature = 10 K; MW frequency = 9.639 GHz; MW 

power = 2 mW; modulation frequency = 100 kHz; modulation am-

plitude = 0.4 mT; conversion time = 82 ms. 

     The 1H hyperfine tensors of {Fe2(µ-CAr)}17 and {Fe2(µ-

CAr)}19, respectively, can be decomposed into an isotropic com-

ponent aiso(1H) ({Fe2(µ-CAr)}17: -32.7 MHz, {Fe2(µ-CAr)}19: -
28.3 MHz) and an anisotropic component T(1H) ({Fe2(µ-CAr)}17: 

[+18.7, -3.3, -15.3] MHz, {Fe2(µ-CAr)}19: [+2.3, +10.3, -12.7] 

MHz). The isotropic 1H hyperfine coupling arises from delocaliza-

tion of spin density into the proton 1s orbital, either directly by a 

Fermi contact interaction or indirectly by spin polarization.101-102 

Given the large hyperfine constant expected for an electron local-

ized in a hydrogen 1s orbital (aiso
0 = 1420 MHz),103-104 the small 

difference in the aiso(1H) values of {Fe2(µ-CAr)}17 (-32.7 MHz) 

and {Fe2(µ-CAr)}19 (-28.3 MHz) implies that the spin density on 

the µ-hydride ligand changes by only 0.003 e- (ρs(1H) ≈ -0.023 e- 

and -0.020 e-, respectively) upon a 2 e- transfer, suggesting that re-

dox chemistry does not substantially affect the Fe-H covalency. 

The isotropic 1H hyperfine associated with the µ-hydride ligand in 

{Fe2(µ-CAr)}17 can also be compared with  that in the previously 

reported and isoelectronic µ-imide, µ-hydride species 

[([PhBP3]Fe)2(µ-NH)(µ-H)].55 Although the aiso(1H) value deter-

mined for [([PhBP3]Fe)2(µ-NH)(µ-H)] (-38.9 MHz) is larger than 

that in {Fe2(µ-CAr)}17 (-32.7 MHz), the differences in the µ-hy-

dride spin densities are minimal (ρs(1H) ≈ -0.027 e- and -0.023 e-, 

respectively).  

     Due to the lack of any local p-orbital contribution, the aniso-

tropic component of the 1H hyperfine arises solely from dipolar in-

teractions with the iron-based spin. For dimeric systems, it has been 

shown that the full dipolar coupling tensor can be analyzed in terms 

of a point dipole model,105-107 with T(1H) calculated by summing 

over contributions from each metal site (Figure 9). 

{Fe2(µ-CAr)}17 A 1 A 2 A 3 a iso T

1Hµ -14 -36 -48 -32.7 [+18.7, -3.3, -15.3]

13Cµ ±19 ±36 ±32 ±29 ±[+10, -7, -3]

{Fe2(µ-CAr)}19 A 1 A 2 A 3 a iso T

1Hµ -26 -18 -41 -28.3 [+2.3, +10.3, -12.7]

13Cµ ±26 ±30 ±40 ±32 ±[+6, +2, -8]
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FIGURE 9. (a) Schematic representation of the metric parameters 

used to calculate the proton dipolar tensor within the defined mo-

lecular frame of [(P6ArC)Fe2(µ-H)]n (n = -1 or +1). ]  (b) Orienta-

tion of the principal components of T(1H) in the molecular frame of 

[(P6ArC)Fe2(µ-H)][BArF
24]  ({Fe2(µ-CAr)}17). (c) Orientation of 

the principal components of T(1H) in the molecular frame of 

[K(THF)n][(P6ArC)Fe2H] ]  ({Fe2(µ-CAr)}19). 

Ta = -½(t1 + t2)    (1) 

Tb = ½(∣Ta∣ + 3/2*(cos2γ)-1(t1cos2β1 + t2cos2β2))   (2) 

Tc = -(Ta + Tb)   (3) 

tan2γ = (sin2β1 – (t2/t1)*sin2β2)/(cos2β1 + (t2/t1)*cos2β2)   (4) 

     Where the values Tn (n = a, b, c) in MHz are the principal com-

ponents of T(1H), β1 and β2 define the angle between r1 and r2, re-

spectively, and the Fe1-Fe2 vector d. The angle γ describes the ori-

entation of the coordinate axes Tb and Tc with respect to the Fe1-

Fe2 vector d. The distance dependence of the magnetic dipole in-

teraction of the µ-hydride with the individual iron centers Fe1 and 

Fe2, respectively, is defined by the elements t1 and t2 which take 

the classical form: 

ti = 𝐾𝑖𝑐𝑖(
2𝑔𝑒𝛽𝑒𝑔𝑁𝛽𝑁

𝑟𝑖
3 )  (5) 

     Where ri represents the distance of the µ-hydride from Fei (i = 

1,2), Ki is the spin projection coefficient for Fei (i = 1,2), and the 

effect of spin delocalization away from each Fe (such as onto the 

carbyne and P donor ligands) is parameterized by ci with 0 ≤ ci ≤ 1. 

     It can be shown that a terminal hydride ligand should possess an 

axial anisotropic coupling tensor of the form T(1H) = t[-1, –1, 

+2].43, 45, 108-109 On the other hand, this model predicts that a hydride 

which bridges two metal centers will exhibit a rhombic tensor of 

the form T(1H) = t[0, –2, +2].33, 54-55, 110-111 For intermediate cases, 

the degree of rhombicity (ρ) can be quantified by decomposing the 

anisotropic hyperfine tensor into axial and rhombic terms, with T = 

t[-(1-ρ), -(1+ρ), +2] and ρ → 1 for a fully rhombic interaction. The 

anisotropic 1H hyperfine coupling tensors of {Fe2(µ-CAr)}17 

(T(1H) = [+18.7, -3.3, -15.3] MHz) and {Fe2(µ-CAr)}19 (T(1H) = 

[+2.3, +10.3, -12.7] MHz) both exhibit a high degree of rhombicity 

(ρ = 0.65 and 0.64, respectively), consistent with the presence of 

the µ-hydride ligand. For comparison, similar deviations of the 

through-space dipolar coupling from ρ → 1  have been reported for 

[([PhBP3]Fe)2(µ-NH)(µ-H)] (ρ = 0.79)55 and an Fe1.5
2 bis(µ-hy-

dride) complex (ρ = 0.75).54 

     As expressed in equation 5, the contribution of each iron center 

to T(1H) depends on their spin projection factors. Thus, calculations 

of the dipolar coupling to the µ-hydride ligand in {Fe2(µ-CAr)}17 

and {Fe2(µ-CAr)}19 using the point dipole model (equations 1-5) 

can shed light on the distribution of spin density and, thus, the de-

gree of valence (de)localization in each complex. Most notably, the 

experimental tensor T(1H)exp = [+18.7, -3.3, -15.3] MHz is distinct 

from those expected if {Fe2(µ-CAr)}17 was valence localized with 

either S1 = 1,  S2 = 1/2 (T(1H)calc = [-18, -33, 52] MHz) or  S1 = 3/2,  

S2 = 1/2 (T(1H)calc = [-19, -51, +70] MHz) spin coupling arrange-

ments. On the other hand, good agreement between the experi-

mental and calculated (T(1H)calc = [+17.8, -0.2, -17.6]  MHz) ten-

sors is obtained assuming {Fe2(µ-CAr)}17 is valence delocalized 

(K1 = K2 = +1/2, γ = 0o) using the metric parameters r1 = 1.63 Å, r2 

= 1.67 Å, and d = 2.69 Å (Figure 9b, see the Supporting Information 

for a detailed analysis). These values of r1 and r2 compare favorably 

with those determined by crystallography (Fe1-H1: 1.63(3) Å, Fe2-

H1: 1.64(3) Å) and are similar to those reported for 

[([PhBP3]Fe)2(µ-NH)(µ-H)] (1.64 Å and 1.68 Å).55 This simulation 

indicates that the third principal component of T(1H) (T3) and, thus, 

g3 is normal to the Fe(µ-C)(µ-H)Fe plane (Ta = T3). The value of γ 

= 0o indicates that the two in-plane components of T(1H) are ori-

ented such that Tc = T2 (and, therefore, g2) lies along the Fe-Fe vec-

tor, with Tb = T1 (and g1) perpendicular to it. The orientation of 

T(1H) and g reported here for {Fe2(µ-CAr)}17 is distinct from that 

in [([PhBP3]Fe)2(µ-NH)(µ-H)], where detailed analysis of the 1H 

hyperfine coupling revealed that g2, not g3, is normal to the Fe(µ-

N)(µ-H)Fe plane (Ta = T2).55  

     Likewise, the orientation of T(1H) and g in the molecular frame 

of [K(THF)n][(P6ArC)Fe2H] can be determined by analysis of the 

dipolar coupling to the µ-hydride (Figure 9). Although a solid state 

structure of [K(THF)n][(P6ArC)Fe2H] was not obtained, the solu-

tion state structure determined by EXAFS studies is in good agree-

ment with that predicted by DFT geometry optimizations. As such, 

the computationally determined metric parameters were used in the 

calculation of T(1H): r1 = r2 = 1.79 Å, β1 = β2 = 38.7o, d = 2.79 Å. 

DFT calculations (vide infra) indicate that 

[K(THF)n][(P6ArC)Fe2H] is valence-delocalized, which implies 

that the spin projection factors are K1 = K2 = ½ and γ = 0o. The 

principal components of T(1H) are calculated to be T(1H)calc = [Tc, 

Tb, Ta] = [+2.4, +11.4, -13.8] MHz, which compares favorably with 

the experimentally determined tensor T(1H) = [+2.3, +10.3, -12.7] 

MHz and validates the structural and electronic parameters 

assumed in the simulation. This analysis indicates that Ta = T3 and, 

thus, g3 is normal to the Fe(µ-C)(µ-H)Fe plane (Figure 9c). The 

value of γ = 0o indicates that Tc = T1 (and, therefore, g1) lies along 

the Fe-Fe vector. Finally, Tb = T2 and g2 are perpendicular to the 

Fe-Fe vector in the Fe(µ-C)(µ-H)Fe plane. Combined, analysis of 

the anisotropic 1H hyperfine coupling supports an electronically-

delocalized description for both {Fe2(µ-CAr)}17 and {Fe2(µ-

CAr)}19, implying a symmetric distribution of α and β spin density.
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FIGURE 10. (a) Top panel: Q-band 2H-1H difference HYSCORE spectrum of [(P6ArC)Fe2(µ-D)][BArF
24]  acquired at 1148 mT (g = 2.122).  

Bottom panel: Monochromatic representation of the HYSCORE data (grey) with 2H simulations overlaid (red) using 1H parameters in Table 

3 scaled by γ2H/γ1H = 0.1535, with 2H nuclear quadrupole parameters e2qQ/h = 0.15; η = 0. Acquisition parameters: temperature = 12 K; 

microwave frequency = 34.086 GHz; MW pulse length (π/2, π) = 12 ns, 24 ns; τ = 120 ns, t1 = t2 = 100 ns; Δt1 = Δt2 = 12 ns; shot repetition 

time (srt) = 1.5 ms). (b) Top panel: Q-band 13C-natural abundance difference HYSCORE spectrum of [(P6Ar13C)Fe2H][BArF
24]  acquired at 

1148 mT (g = 2.122). Bottom: Monochromatic representation of the HYSCORE data (grey) with 13C simulations overlaid (red) using pa-

rameters in Table 3. Acquisition parameters: temperature = 12 K; microwave frequency = 34.086 GHz; MW pulse length (π/2, π) = 12 ns, 

24 ns; τ = 120 ns, t1 = t2 = 100 ns; Δt1 = Δt2 = 12 ns; shot repetition time (srt) = 1.5 ms). 

Pulse EPR Reveals a Decrease in Fe-C Covalency Upon Reduc-

tion. The HYSCORE spectra of the 13C-labelled compounds 

[(P6Ar13C)Fe2(µ-H)][BArF
24] (Figure 10, right) and 

[K(THF)n][(P6Ar13C)Fe2(µ-H)] clearly resolve the strong coupling 

interaction of the bridging carbon with the diiron unit (Figures S62-

64). Simulations provide anisotropic hyperfine tensors A(13C) = 

±[19.0, 36.0, 32.0] MHz for {Fe2(µ-CAr)}17 and A(13C) = ±[26.0, 

30.0, 40.0] MHz for {Fe2(µ-CAr)}19, which can both be decom-

posed to a isotropic term aiso(13C) ({Fe2(µ-CAr)}17: ±29.0 MHz, 

{Fe2(µ-CAr)}19 = ±32 MHz) and an anisotropic component T(13C) 

({Fe2(µ-CAr)}17: ±[-10, +7, +3] MHz, {Fe2(µ-CAr)}19: ±[-6, -2, 

+8] MHz). The isotropic contribution to the 13C coupling in {Fe2(µ-

CAr)}19 (aiso(13C) = ±32 MHz) is greater than that in {Fe2(µ-

CAr)}17 (aiso(13C) = ±29 MHz). However, the intrinsic coupling 

expected for a single electron localized in a carbon 2s orbital (aiso
0 

= 3777 MHz)103-104 is much larger than these differences, signifying 

that the extent of Fe → C 2s spin delocalization (ρs(13C) ≈ 7.6 x 10-

3 e- for {Fe2(µ-CAr)}17 compared to ≈8.3 x 10-3 e- for {Fe2(µ-

CAr)}19) varies moderately with redox changes. Attempts to utilize 

VMT Davies ENDOR to determine the sign of the 13C hyperfine 

coupling were unsuccessful, due to significant overlap with 

ENDOR transitions of 31P and 1H nuclei at both X- and Q-bands, 

though we note that DFT calculations indicate that the sign of 

A(13C) and A(1/2H) are both negative for {Fe2(µ-CAr)}17 and 

{Fe2(µ-CAr)}19. To the best of our knowledge, only one other syn-

thetic iron complex featuring an anionic R3C-, R2C2-, or RC3- type 

ligand has been 13C enriched at the ligating carbon and interrogated 

by pulse EPR. This species, a terminal iron(V)-carbyne complex, 

was reported to have an aiso(13C) of ±32.7 MHz,44 which is in the 

range of the values observed here.   

     In contrast to that for the µ-hydride, the anisotropic component 

of the 13C coupling arises from local 2p contributions, in addition 

to dipolar interactions with the spin localized at the adjacent Fe 

ions.103 Assuming that spin polarization of the C 2p electrons is the 

dominant spin transfer mechanism,112 the anisotropic 13C hyperfine 

tensors of {Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19 can each be 

uniquely decomposed into two axial terms corresponding to spin 

transfer into the orthogonal C 2pσ and C 2pπ orbitals (for details see 

SI). Deconvolution of the experimental T(13C) tensors affords bσ = 

±5.7 MHz and bπ = ±4.3 MHz for {Fe2(µ-CAr)}17 compared to 

±1.3 MHz and ±3.3 MHz for {Fe2(µ-CAr)}19. By comparison to 

the orientation of the g tensor in the molecular frame, it can be 

shown that bπ has its largest principal component normal to the 

Fe(µ-C)(µ-H)Fe plane for both {Fe2(µ-CAr)}17 and {Fe2(µ-

CAr)}19 (Figure 9) and is associated with spin density in the out-

of-plane C 2pπ orbital. On the other hand, bσ  has its largest 
component in the  Fe(µ-C)(µ-H)Fe plane and arises from spin 

density in the C 2p orbital parallel to the Fe-Fe vector. Compared 

to the value expected for an electron localized in a 13C 2p orbital 

(b0 = 107.3 MHz),103-104 the values of bσ reported here correspond 

to spin densities of 0.053 e- and 0.012 e- in the C 2pσ orbitals of 

{Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19, respectively, reflecting a 

decrease in Fe-C σ-covalency upon reduction. Likewise, the values 

of bπ correspond to spin densities of 0.040 e- and 0.031 e- in the 2pπ 

orbitals of {Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19, respectively. For 

comparison, the degree of spin transfer into the 2pπ orbitals of the 

terminal carbyne ligand in [(SiP3)FeVCCH3]+ (ρπ(13C) ≈ +/-0.06 e-

)44 is greater than that in either {Fe2(µ-CAr)}17  or {Fe2(µ-CAr)}19. 

Combined with ρ(2s) derived from the isotropic 13C coupling in 

{Fe2(µ-CAr)}19, the total spin density on the bridging carbon is ≈ 

+/-0.051 e-. Notably, the total carbon spin density in {Fe2(µ-

CAr)}17 (ρ(13C) ≈ +/-0.101 e-) is ~98% larger than that in {Fe2(µ-

CAr)}19, suggesting that reduction leads to an overall decrease in 

Fe-C covalency.   

     It is also instructive to compare the 2s and 2p(π) spin densities 

determined by pulse EPR studies of the isoelectronic and structur-

ally homologous complexes {Fe2(µ-CAr)}17 and [([PhBP3]Fe)2(µ-

NH)(µ-H)] to assess the relative degree of Fe-C and Fe-N covalen-

cies. The isotropic 13C hyperfine coupling in {Fe2(µ-CAr)}17 cor-

responds to a carbon 2s spin density (ρs(13C) ≈ 7.6 x 10-3 e-) which 

is ~3.8 times larger than the nitrogen 2s spin density in 
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[([PhBP3]Fe)2(µ-NH)(µ-H)] (ρs(14N) ≈ 2 x 10-3 e-).55 Likewise, 

analysis of the anisotropic hyperfine coupling tensor yields a car-

bon 2p spin density (ρp(13C) ≈ +/-0.093 e-) for {Fe2(µ-CAr)}17 

which is ~4.7 times larger than the nitrogen 2p spin density in 

[([PhBP3]Fe)2(µ-NH)(µ-H)] (ρp(14N) ≈ -0.02 e-).55 Overall, the data 

convincingly demonstrates that the Fe-C covalency in {Fe2(µ-

CAr)}17 exceeds the Fe-N covalency in [([PhBP3]Fe)2(µ-NH)(µ-

H)]. Consistent with the higher electronegativity of nitrogen com-

pared to carbon, the carbyne is more easily oxidized and, therefore, 

develops more radical character in both its s and p orbitals.  

X-ray Absorption Spectroscopy Supports Metal-Centered Redox 

Chemistry in {Fe2(µ-CAr)}17-19 and Reflects Redox-Induced 

Changes in Fe-C Covalency. The magnitude of the 13C hyperfine 

coupling in {Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19 is inconsistent 

with a significant contribution of the µ-carbyne ligand to the redox-

active orbital(s). To obtain a more refined picture of the changes 

that occur in relative iron oxidation state within the {Fe2(µ-

CAr)}17-19 redox series, X-ray absorption spectra (XAS) were col-

lected at the Fe K-edge. Consistent with redox predominantly lo-

calized at the metal sites,113 the rising edge energies shift by 0.4-

0.8 eV per oxidation event, increasing from 7118.0 eV for {Fe2(µ-

CAr)}19 to 7118.4 eV for {Fe2(µ-CAr)}18 and 7119.2 eV for 

{Fe2(µ-CAr)}17 (Figure 11a).114 Systematic changes are also ob-

served in the intensity of the pre-edge, with the feature at ~ 7111 

eV gaining intensity upon oxidation while the features at ~7113-

7115 eV lose intensity (Figure 11a). Pre-edge transitions most com-

monly arise from quadrupole-allowed metal 1s → 3d transitions, 

which gain intensity from 3d/4p mixing in the absence of centro-

symmetry.115-116 Oxidation results in a larger number of valence 

holes, thereby increasing the 1s → 3d transition probability. The 

pre-edge intensities are also sensitive to changes in covalency with 

the ligand.116 The transition probability increases with the propor-

tion of metal-character in the acceptor orbital(s) because X-ray ab-

sorption spectroscopy probes metal-localized transitions. 

     Time dependent DFT calculations (TPSSh/CP(PPP) on Fe) 

were performed to determine the origin of the pre-edge features in 

{Fe2(µ-CAr)}17-19.117-118 The computations reproduce the experi-

mentally observed trends in the relative pre-edge intensities, as well 

as the increased splitting of the features between ~7113-7115 eV 

(Figure 11b). The feature at ~ 7111 eV corresponds to transitions 

into two low lying, iron-based orbitals of δ and π-symmetry, re-

spectively (Figure 11c). This pair of orbitals is predicted by DFT to 

be the redox-active set in {Fe2(µ-CAr)}17-19 (vide infra). Due to the 

increasing number of valence holes, the intensity of this feature in-

creases upon oxidation.  

     On the other hand, the features between 7113-7115 eV exhibit 

mixed Fe 1s →  3d/carbyne character119 and are split by transitions 

into two distinct acceptor orbitals (Figure 11c). The lower energy 

side of this region is dominated by transitions into a fairly covalent 

Fe-C σ* orbital whereas the higher energy region involves transi-

tions into the π*-system of the µ-arylcarbyne.120-121 The loss of in-

tensity that occurs between 7113-7115 eV in the pre-edge region is 

consistent with an increase in iron-ligand covalency upon oxida-

tion, identical to what was inferred based on changes in the 13C hy-

perfine coupling in {Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19. The avail-

ability of low-lying orbitals with substantial ligand character sug-

gests that the µ-carbyne ligand may serve a dual role as an electron-

donor and an electron-acceptor, thereby diffusing the effects of re-

dox chemistry at iron. 

 

FIGURE 11. (a) Fe K-edge XAS spectra of [(P6ArC)Fe2(µ-H)][BArF
24] ({Fe2(µ-CAr)}17, red), (P6ArC)Fe2(µ-H) ({Fe2(µ-CAr)}18, black) 

and [K(THF)n][(P6ArC)Fe2(µ-H)] ({Fe2(µ-CAr)}19, blue) with arrows indicating the trends observed upon sequential oxidation. All samples 

were measured as frozen solutions (2 mM in 2-MeTHF). (b) TD-DFT calculated pre-edge XAS spectra. (c) The first pre-edge feature is 

assigned to transitions into two Fe 3d non-bonding orbitals, rendered on the bottom right. The higher energy features arise from acceptor 

states with mixed Fe 3d/µ-CAr π* character. Quasi-restricted orbitals rendered at an isovalue of 0.05. The electrons in the non-bonding Fe 

3d set are colored to denote the orbital population. The cation {Fe2(µ-CAr)}17 has one electron (red) in the lower energy orbital, whereas 

{Fe2(µ-CAr)}18 has an additional unpaired spin (black) in the higher energy orbital. Reduction to {Fe2(µ-CAr)}19 places an additional elec-

tron (blue) in the lower energy orbital. 

57Fe Mössbauer Spectroscopy Suggests a Highly Covalent Fe-C In-

teraction. Similar to rising edge energies derived from Fe K-edge 

XAS spectra, Mössbauer isomer shifts are commonly used as an 

indicator of relative oxidation state.122 Although substantial 

Page 9 of 19

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 10 

changes in isomer shift typically occur following one-electron re-

dox changes (e.g. ~1 mm/s for high spin, six-coordinate FeII vs. 

~0.4 mm/s for high spin, six-coordinate FeIII),122 the isomer shift 

range observed for a structurally homologous series of compounds 

is highly dependent on the degree of metal-ligand covalency. 

Highly covalent metal-ligand interactions78, 123 provide a mecha-

nism to prevent the accumulation of excess charge density on the 

metal center by distributing it onto the ligand, mitigating the effect 

of redox chemistry on the isomer shift.  

     To assess the extent of iron-carbon covalency in {Fe2(µ-

CAr)}17-19, the 57Fe Mössbauer spectrum of {Fe2(µ-CAr)}17 was 

measured as a frozen solution in 2-MeTHF with a 50 mT applied 

field (Figure 12, top). Although the signal can be simulated assum-

ing only one subsite (δ = 0.23 mm s-1, │ΔEQ│ = 0.70 mm s-1, Figure 

S41), moderately improved simulations (χ2 = 0.63 vs. 1.24) were 

obtained by invoking two subsites. Two distinct models are ob-

tained – one in which the two iron sites have different isomer shifts 

(Figure S42) and one in which they have similar isomer shifts but 

distinct quadrupole splittings (Figure S43). In either case, the 

Mössbauer signals from the individual subsites in {Fe2(µ-CAr)}17 

are largely overlapping, though a subtle shoulder may be discerna-

ble for the low velocity resonance. Overall, the model which attrib-

utes similar isomer shifts to the two iron sites comports best with 

the fact that {Fe2(µ-CAr)}17 is electronically delocalized, implying 

that the iron centers bear similar charge density.122  

     The reduced complex {Fe2(µ-CAr)}19 was also evaluated by 
57Fe Mössbauer spectroscopy. At 80 K, the Mössbauer spectrum of 

{Fe2(µ-CAr)}19 in zero applied field exhibits an asymmetric line 

shape and is substantially broadened (Figure S44). The spectrum is 

significantly sharper in the presence of a weak applied field but re-

tains the asymmetric line shape characteristic of a system in the 

intermediate spin relaxation regime (Figure 12, bottom). The Möss-

bauer data could be simulated to one asymmetrically broadened 

quadrupole doublet with δ = 0.23 mm s-1, │ΔEQ│ = 1.04 mm s-1 

(Figure 12). 

     We previously reported that {Fe2(µ-CAr)}18 exhibits an isomer 

shift of 0.25 mm s-1 (Figure 12, middle),66 which is nearly identical 

to those observed for {Fe2(µ-CAr)}17 (δave = 0.23 mm s-1) and 

{Fe2(µ-CAr)}19 (δ = 0.25 mm s-1). The invariance of δ to one-elec-

tron redox chemistry in {Fe2(µ-CAr)}17-19, despite shifts in their 

rising edge energies, reflects a high degree of covalency within the 

Fe-C bonding. Effectively, the µ-carbyne can act as an electron 

source or sink, diffusing the effects of redox chemistry via through-

bond interactions. As a rough gauge of how significant this influ-

ence is, a related series of mononuclear iron-carbonyl complexes 

[(SiP3)Fe(CO)]-1/0/+1 exhibit an isomer shift range that spans 0.09 – 

0.31 mm s-1.78 More similar to that observed here, one electron ox-

idation of the formally Fe(IV)-carbyne complex [(SiP3)FeCCH3] is 

accompanied by a negligible change in isomer shift (-0.03 mm s-1 

to 0.01 mm s-1).44 In both of these examples, an Fe-Si interaction 

provides an additional and significant pathway for covalent delo-

calization of charge, highlighting the relative importance of Fe-C 

covalency in {Fe2(µ-CAr)}17-19. 

 

FIGURE 12. 57Fe Mössbauer spectra of [(P6ArC)Fe2(µ-

H)][BArF
24] ({Fe2(µ-CAr)}17, 24 mM in 2-MeTHF, top), 

(P6ArC)Fe2(µ-H) ({Fe2(µ-CAr)}18, microcrystalline solid, middle) 

and [K(THF)n][(P6ArC)Fe2(µ-H)] ({Fe2(µ-CAr)}19, 29 mM in 2-

MeTHF, bottom) collected at 80 K with a 50 mT field applied par-

allel to γ rays. Sum fits to the experimental spectra are shown in 

red, with individual subsites shown in orange and blue where rele-

vant, with parameters included. For more detailed information, see 

the Supporting Information. 

Computational Studies Support High Fe-C Covalency. A more 

quantitative description of the Fe-C covalency in {Fe2(µ-CAr)}17-

19 was obtained from DFT calculations. Consistent with the exper-

imental results, geometry optimizations (TPSS/ZORA-def-2-

TZVP) predict that {Fe2(µ-CAr)}18 and {Fe2(µ-CAr)}19 adopt a 

C2-symmetric structure in which the central carbon retains a trigo-

nal planar conformation. Comparison of the orbital contours ob-

tained from single-point energy calculations (TPSSh/ZORA-def2-

TZVPP) on the optimized geometries of {Fe2(µ-CAr)}18 and 

{Fe2(µ-CAr)}19 reveals a direct correspondence in their electronic 

structures (Figure S102-103). Both feature molecular orbitals that 

are delocalized across the Fe-(µ-C)-Fe linkage, leading to a sym-

metric distribution of spin density on Fe1 and Fe2 (ρ(Fe) ~ 1.11 e-  

for {Fe2(µ-CAr)}18 and ρ(Fe) ~ 0.63 e-  for {Fe2(µ-CAr)}19 based 

on Löwdin population analysis). The computations predict that 

electron transfer chemistry involves two iron-localized orbitals - 

one δ* symmetry orbital derived from 3dx2-y2 and one π* symmetry 

orbital of 3dyz parentage (Figure 13). In {Fe2(µ-CAr)}18, both or-

bitals are singly occupied, resulting in the experimentally deter-

mined S = 1 ground state. Reduction of {Fe2(µ-CAr)}18 occurs in 

the non-bonding Fe-Fe δ* (3dx2-y2) orbital, leaving a single unpaired 

α electron in the Fe-Fe π* (3dyz).   
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FIGURE 13. Qualitative molecular orbital diagram for 

[(P6ArC)Fe2(µ-H)][BArF
24] ({Fe2(µ-CAr)}17, red), (P6ArC)Fe2(µ-

H) ({Fe2(µ-CAr)}18, black) and [K(THF)n][(P6ArC)Fe2(µ-H)] 

({Fe2(µ-CAr)}19, blue). The electrons in the non-bonding Fe 3d set 

are colored to denote the orbital population. The cation {Fe2(µ-

CAr)}17 has one electron (red) in the lower energy orbital, whereas 

{Fe2(µ-CAr)}18 has an additional unpaired spin (black) in the 

higher energy orbital. Reduction to {Fe2(µ-CAr)}19 places an addi-

tional electron (blue) in the lower energy orbital. Orbital plots 

(isovalue = 0.05) and population analysis are shown for key Fe-C 

interactions and the redox-active orbitals in {Fe2(µ-CAr)}18 by way 

of example. Orbitals labelled by Fe-Fe interaction indicate sym-

metry only and do not imply the relative significance of the bonding 

character. Full molecular orbital diagrams are presented in the sup-

porting information for each compound separately.  

     Considering the µ-arylcarbyne in its closed shell form would in-

fer an Fe 3d electron count of 12 for {Fe2(µ-CAr)}18 and 13 for 

{Fe2(µ-CAr)}19, corresponding to electronic structure descriptions 

of {FeII
2(µ-CAr3-)(µ-H-)} and {Fe+1.5

2(µ-CAr3-)(µ-H-)}, respec-

tively. However, Löwdin population analysis suggests that alterna-

tive resonance forms may be more appropriate. The Fe2(µ-C) bond-

ing in {Fe2(µ-CAr)}18 and {Fe2(µ-CAr)}19 engages a pair of non-

degenerate ligand-based σ-symmetry orbitals, which are largely lo-

calized on the bridging carbon, as well as a series of π-symmetry 

orbitals delocalized over the µ-arylcarbyne motif. Bonding combi-

nations with the appropriate iron-based SALCs produces two orbit-

als – one corresponding to an Fe-(µ-C)-Fe σ-interaction (HOMO-

8) and the other an Fe-(µ-CAr)-Fe π-bond (HOMO-7) – that are 

close in energy to the non-bonding Fe 3d manifold (Figure 13). Lö-

wdin population analysis reveals that both of these orbitals exhibit 

substantial Fe-character (53% for HOMO-8 and 39% for HOMO-

7), clearly demonstrating that the Fe-C interactions are highly co-

valent. As a result of this high degree of covalency, these orbitals 

should not be considered as predominantly ligand-based for elec-

tron counting purposes and may, in fact, be better described as part 

of the Fe 3d manifold. Including these electrons in the d count 

would result in oxidation states of {FeI
2(µ-CAr-)(µ-H-)} or {Fe0

2(µ-

CAr+)(µ-H-)} for {Fe2(µ-CAr)}18. We favor the intermediate elec-

tronic structure descriptor {FeI
2(µ-CAr-)(µ-H-)}, which is most rep-

resentative of both the Löwdin spin population (ρ(Fe) ~ 1.11 e- ) 

and the calculated atomic charges (-1.48 on Fe and -0.14 on C1). 

This would infer that {Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19 are best 

represented as {Fe+1.5
2(µ-CAr-)(µ-H-)} and {Fe+0.5

2(µ-CAr-)(µ-H-

)}, respectively. 

DFT Calculations for {Fe2(µ-CAr)}17. Although the electronic 

ground state of {Fe2(µ-CAr)}17 has S = ½, inversion recovery ex-

periments and magnetometry studies revealed that states with S > 

½ are energetically accessible. In accord with these findings, DFT 

calculations on {Fe2(µ-CAr)}17 indicate that both S = 1/2 and S = 

3/2 states are close in energy (Δ ~ 1-5 kcal/mol, Table S9). How-

ever, only the pure DFT functional BP86 correctly predicts an S = 

½ ground state for {Fe2(µ-CAr)}17 - all other functionals tested pro-

vide an S = 3/2 ground state. In general, the calculated bond metrics 

for both spin states compare favorably with those determined ex-

perimentally (Table S8). Notably, the S = 1/2 geometry reproduces 

the key distortions observed in the solid state structure (Table S11), 

in contrast to the optimized geometry obtained for the S = 3/2 state 

of {Fe2(µ-CAr)}17, which displays C2 symmetry. Efforts to con-

verge to a C2 symmetric geometry for the S = ½ state of {Fe2(µ-

CAr)}17, either by starting from the optimized S = 3/2 geometry or 

from the solid state structure of {Fe2(µ-CAr)}18, were unsuccess-

ful, consistent with the preference of {Fe2(µ-CAr)}17 to adopt 

lower symmetry even in solution. Although only small perturba-

tions in the individual bond lengths and angles are observed, even 

subtle geometrical changes can significantly alter metal-metal com-

munication.124-127 

     Analysis of the electronic structures derived from single-point 

energy calculations on the S = 1/2 and 3/2 states of {Fe2(µ-CAr)}17 

provide insight into the effect of structural distortion on electronic 

communication. As in Fe2(µ-CAr)}18 and Fe2(µ-CAr)}19, the S = 

3/2 state of {Fe2(µ-CAr)}17 features molecular orbitals that are 

fully delocalized (Figure S101), leading to a symmetric distribution 

of spin density between the two iron centers (ρ(Fe) ~ 1.65 e-  based 

on Löwdin population analysis). In contrast to the foregoing and at 

odds with 1H ENDOR studies, spin-unrestricted DFT calculations 

on the S = ½ ground state of {Fe2(µ-CAr)}17 yield a broken-sym-

metry solution with substantial spin contamination (Calc. S2: 

1.57, Theory: 0.75). Analysis of the unrestricted corresponding or-

bitals obtained from calculations with the TPSSh functional (10% 

HF) reveals a single pair of magnetic orbitals with a spatial overlap 

significantly less than unity (α|β = 0.52, Figure S105).128 For-

mally, this broken-symmetry state corresponds to antiferromag-

netic coupling of an intermediate spin Fe(II) center (S1 = 1) to a low 

spin Fe(III) (S2 = ½). In light of the high degree of Fe-C covalency, 

an alternative description ({FeIFeII(µ-CAr-)(µ-H-)}) that invokes 

antiferromagnetic coupling to a low spin Fe(I) center (S2 = ½) may 

be more appropriate.  

IMPLICATIONS  

Electronic (De)localization in Fe(µ-C)(µ-H)Fe Model Complexes.  

Calculations at the DFT level of theory suggest that the S = ½ 

ground state of {Fe2(µ-CAr)}17 is biased toward electronic locali-

zation whereas 1H ENDOR studies clearly indicate that it is not. To 

understand the possible origins of this apparent discrepancy, the ra-

tio of the delocalization energy B(S + ½), where B is the double 

exchange parameter and is larger for delocalized systems, to the 

sum of the various trapping forces present in {Fe2(µ-CAr)}17 must 
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be considered.129-130 The limited solubility of {Fe2(µ-CAr)}18 as 

well as the thermal instability of {Fe2(µ-CAr)}19 frustrated at-

tempts to observe intervalence charge transfer transitions in the 

near-IR region, which could be used to directly assess the effect of 

redox chemistry on the magnitude of B. However, it has been 

shown that the magnitude of B is proportional to the Fe-Fe σ-over-

lap130 and depends strongly on the Fe-Fe distance.126 Although a 

solid state structure of {Fe2(µ-CAr)}19 was not obtained, EXAFS 

studies suggest that the Fe-Fe separation in {Fe2(µ-CAr)}19 is 

longer than that in {Fe2(µ-CAr)}17, a conclusion validated by DFT 

geometry optimizations. Based solely on this metric, the double ex-

change in {Fe2(µ-CAr)}17 should be stronger, not weaker, than that 

in {Fe2(µ-CAr)}19. This can be verified computationally by follow-

ing previously described protocols to estimate B by DFT meth-

ods,131 which indicates a value of ~4400 cm-1 for {Fe2(µ-CAr)}17 

compared to only 1400 cm-1 for {Fe2(µ-CAr)}19, which is ~ 3-fold 

smaller. Although ligation differences may lead to non-linear 

trends in B vs. rFe-Fe, the magnitude of the double exchange inter-

actions in {Fe2(µ-CAr)}17 and {Fe2(µ-CAr)}19 predicted by DFT 

are likely upper bounds for the true values based on comparison 

with the literature ([Fe2(µ-OH)3(Me3TACN)2]2+: rFe-Fe = 2.51 Å, B 

= 1350 cm-1; [2Fe-2S]+:  rFe-Fe ~ 2.73 Å, B = 700-965 cm-1).126, 130 

Notwithstanding, this analysis demonstrates that, if anything, the 

intrinsic delocalization energy is larger for {Fe2(µ-CAr)}17 com-

pared to {Fe2(µ-CAr)}19. 

     However, the sum of the dynamic and static contributions to the 

total trapping energy may be larger in {Fe2(µ-CAr)}17 compared to 

{Fe2(µ-CAr)}19. Even in the absence of chemical asymmetry, elec-

tronic localization can be induced by a vibronic coupling mecha-

nism, which involves coupling of electron and nuclear motion 

along a vibrational coordinate described as an antisymmetric com-

bination of the local, metal-ligand breathing modes (i.e. as the co-

ordination sphere of one metal relaxes, the other contracts).130 The 

energy associated with this term (ΔEvib = λ2/k = 4π2c2µυ2n(Δr)2 

where µ is the reduced mass and n is the coordination number)132 

depends on the change in metal-ligand bond lengths induced by 

electron transfer (Δr) and the vibrational frequency (υ). If we as-

sume, albeit crudely, that the effect per redox event on the vibra-

tional frequency is similar to that reported for [2Fe-2S] clusters 

(υox
2/υred

2 ~ 1.11-1.17),133-134 we can estimate that the vibronic trap-

ping energy of {Fe2(µ-CAr)}17 is ~1.4 times (= (υox
2/υred

2)2) greater 

than that in {Fe2(µ-CAr)}19, which does not compensate for the in-

crease in B predicted upon 2 e- reduction.  

     Although geometry optimizations suggest that the iron sites of 

{Fe2(µ-CAr)}19 are chemically equivalent, the same is not true of 

{Fe2(µ-CAr)}17. Consistent with DFT calculations, 1H NMR stud-

ies suggest that {Fe2(µ-CAr)}17 adopts a low symmetry solution 

phase structure which resembles that observed in the solid state. 

Comparison of the metric parameters about Fe1 and Fe2 in {Fe2(µ-

CAr)}17 reveals subtle differences in the Fe-P bond lengths (Table 

2). These static contributions to the total trapping energy would re-

inforce the vibronic trapping effect in {Fe2(µ-CAr)}17 and could 

promote valence localization, as predicted by DFT. However, anal-

ysis of the experimental 1H hyperfine coupling clearly indicates 

that {Fe2(µ-CAr)}17 is valence delocalized, suggesting that DFT 

may not adequately describe the electronic structure of {Fe2(µ-

CAr)}17. Alternatively, the ground state of {Fe2(µ-CAr)}17 may be 

localized, but at the temperature of the pulse EPR measurements 

(20 K), the barrier to electron hopping may be low enough that it 

appears delocalized on the EPR timescale.  

Implications for Hydride-Bound Intermediates of FeMoco. A puta-

tive intermediate (E4(4H)) in the reduction of N2 by FeMoco has 

been freeze-trapped and characterized by EPR spectroscopy.35 Cry-

oannealing experiments led Hoffman and coworkers to conclude 

that this species has accumulated four reducing equivalents relative 

to the E0 state of FeMoco.32 Detailed 1H ENDOR studies revealed 

the presence of two strongly coupled protons (aiso ~ 22.3-24.3 

MHz), which were assigned to two bridging hydrides based on the 

rhombic symmetry of their dipolar coupling tensor (ρ ~ 0.72-1).33-

34 More recently, the electronic structure of this intermediate was 

revisited using high resolution ENDOR measurements in combina-

tion with quantum mechanical calculations.34 This study revealed 

that although their hyperfine tensors are nearly coaxial, the sym-

metry of the dipolar coupling to each hydride is distinct, with a 

“null” component along g2 for H1 (T(H1) = [-13.2, 0, +13.2]) com-

pared to a zero-value along g3 for H2 (T(H2) = [13.2, -13.2, 0]). 

Based on a point-dipole model for the through-space coupling of 

each µ-hydride to its anchor atoms, Hoffman and coworkers con-

cluded that this permutation of the principal values of T(1H) for H1 

vs. H2 indicates that they bridge iron centers with distinct spin-cou-

pling arrangements. Hoffman and coworkers suggest that H2 must 

bridge two metal atoms whose spins are ferromagnetically aligned 

(t1, t2 > 0) in order for T(1H) to have a vanishing element in the 

Fe2(µ-H) plane (for Tc = -(Ta + Tb) ~ 0, Ta must be ~ -Tb). On the 

other hand, the “null” component of T(H1) is believed to be normal 

to the Fe2(µ-H) plane (Ta = -½(t1 + t2)), which requires that t1 ~ -t2 

and, thus, H1 bridges two metal centers that are antiferromagneti-

cally coupled.  

     Previous 1H ENDOR studies on two distinct diiron µ-hydride 

model complexes seem to support the foregoing conclusions. De-

tailed analysis of the dipolar coupling to µ-hydride in 

[([PhBP3]Fe)2(µ-NH)(µ-H)] mapped T(1H) = [19.4, -17.4, -2.0] 

MHz onto the molecular frame, with g3 in the Fe(µ-N)(µ-H)Fe 

plane (Tc = T3 ~ 0).55 Likewise, studies of an [(N2)Fe1.5(µ-

H)2Fe1.5(N2)]- complex oriented the “null” of component of T(1H) 

= [-21, 24, -3] MHz along the Fe-Fe axis.54 Consistent with the pre-

dictions above, both complexes are formulated as fully delocalized 

Class III dimers and, thus, K1 = K2 = +1/2 and t1 = t2 > 0.55, 135 As 

discussed herein, the same is true of {Fe2(µ-CAr)}17 and {Fe2(µ-

CAr)}19 and, indeed, analysis of the anisotropic 1H hyperfine cou-

pling revealed that the vanishing element corresponds to Tc in the 

Fe(µ-C)(µ-H)Fe plane. 

     Until the present study, the effect of electronic localization on 

the symmetry of T(1H) associated with the Fe2(µ-H) motif had not 

been discussed. Only one valence localized diiron µ-hydride com-

plex is known in the literature, but pulse EPR studies have not been 

reported.52 In contrast to the electronically delocalized species dis-

cussed above, a valence localized Fe2(µ-H) dimer would have an 

asymmetric distribution of α and β spin density. As a result, the spin 

projection factors K1 and K2 (and, thus, t1 and t2) would have oppo-

site signs and unequal magnitudes. Following the analysis of Hoff-

man and coworkers for the dihydride state of FeMoco,34 we would 

expect a priori that such a species would exhibit a “null” compo-

nent normal to the Fe2(µ-H) plane (Ta ~ 0). However, as demon-

strated in the Supporting Information, even if {Fe2(µ-CAr)}17 was 

electronically localized and antiferromagnetically coupled, Ta 

would not adopt a zero-value – in fact, none of the principal com-

ponents of T(1H) would be zero. Rather, the signature of valence 

localization in {Fe2(µ-CAr)}17 is predicted to be ∣Tb∣ >> ∣Ta∣, with 

Tc ≠ 0.  

     To gain better physical understanding of why this is true, the 

effects of spin coupling must be considered carefully. Assuming 

local spins of S1 = 1 and S2 = ½, standard vector coupling meth-

ods136-137 provide spin projection coefficients of K1 = 4/3 and K2 = 

-1/3, respectively, for a ST = ½ state of {Fe2(µ-CAr)}17. If the two 

Fe-H bond lengths are roughly equivalent (r1 ~ r2), the magnitude 

of the dipolar coupling to S1 = 1 is four-fold larger than that from 

S2 = ½ (t1 = -4t2, because ti α Ki from equation 5). In order to achieve 

exact cancellation of the through-space coupling normal to the 

Fe2(µ-H) plane (Ta = -½(t1 + t2) ~ 0 when t1 ~ -t2), the distance of 

the µ-hydride to the iron bearing the minority spin (S2 = ½ ) must 
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be ~1.6-fold smaller (│K1/K2│= (r1/r2)3 = 4), which is not physi-

cally reasonable. A similar conclusion can be reached if instead the 

local spin states are S1 = 5/2 (high spin Fe(III), K1 = +7/3) and S2 = 

2 (high spin Fe(II), K2 = -4/3), though the difference in the individ-

ual bond lengths necessary to achieve Ta ~ 0 is smaller (│K1/K2│= 

(r1/r2)3 = 7/4; r1 ~ 1.2r2) but still substantial. It is important to note 

that the conclusion Ta ≠ 0 for valence localized systems is valid for 

all values of γ because Ta has no angular dependence.  

     Simultaneously, the presence of two ions with spin projection 

factors of unequal magnitude leads to a 1H dipolar coupling tensor 

with ∣Tb∣ >> ∣Ta∣. Unlike the component of the anisotropic hyper-

fine normal to Fe2(µ-H) plane (Ta), the in-plane component Tb is 

very sensitive to the value of γ, which is determined from the ratio 

of t2/t1 and the angles β1 and β2. For a symmetrically bridged, va-

lence delocalized Fe2(µ-H) dimer, γ ≡ 0 because t1 = t2 (see equa-

tion 4). However, when t1 ≠ t2, γ ≠ 0 and a factor of (cos2γ)-1 must 

be included in the calculation of Tb.  As illustrated in the Supporting 

Information, the value of γ obtained by assuming a valence local-

ized assignment for {Fe2(µ-CAr)}17 is such that (cos2γ)-1 contrib-

utes a factor of 5 to the calculation of Tb, leading to ∣Tb∣ >> ∣Ta∣. 
The relation ∣Tb∣ >> ∣Ta∣ is also true if the local spin states are S1 
= 5/2 (high spin Fe(III), K1 = +7/3) and S2 = 2 (high spin 
Fe(II), K2 = -4/3). In fact, in this case, the value of γ is such that 
the factor (cos2γ)-1 in the calculation of Tb is ~13.  

     The possibility of making inferences regarding the distribution 

of electron density in reduced states of FeMoco is intriguing13 

since, thus far, direct information in this regard is available only for 

the resting state.8 Consistent with the study by Hoffman and 

coworkers,34 we show here that the orientation and symmetry of 

T(1H) for a bridging hydride ligand can provide valuable infor-

mation about the electronic structure of the anchoring metal atoms. 

As concluded by them,34 exact cancellation of the out-of-plane el-

ement Ta does in fact demonstrate that the two anchor metal atoms 

are antiferromagnetically coupled. Given that Ta = 0 for the hydride 

denoted H1 in the E4(4H) state of FeMoco, it is most likely that H1 

bridges a pair of Fe(III) metal centers (K1 = K2 so t1 ~ -t2).   

     However, while this Ta cancellation behavior might be true of 

isovalent ions, our results indicate that an antiferromagnetically 

coupled mixed valent pair will not exhibit this same symmetry. 

This is relevant to the hydride denoted H2 in the E4(4H) state of 

FeMoco, wherein the vanishing element of T(1H) oriented within 

the Fe2(µ-H) plane (Tc ~ 0), which indicates that the metal centers 

are ferromagnetically aligned spins, either in the same oxidation 

state or as a delocalized pair. The symmetry of T(H2) = [13.2, -

13.2, 0] MHz (Tc = 0) alone does not distinguish between these two 

valence cases for the electronic structure of the iron centers that 

bind H2. Rather, as emphasized by Hoffman and coworkers, it is 

also the fact that the principal components of T(H1) and T(H2) have 

identical magnitudes, though permuted, which suggests that the 

Fe2(µ-H1) and Fe2(µ-H2) motifs differ only in their spin coupling 

arrangement, not in their oxidation state. Thus, it is likely that H2 

also bridges two Fe(III) ions, only these are ferromagnetically 

aligned, in contrast to those that bind H1. 

Insight into the Electronic Structure and Reactivity of FeMoco from 

Pulse EPR of 13C Isotopologs. Fundamental to elucidating the role 

of the interstitial carbide is an understanding of the nature of the 

Fe-C bonding and how this bonding may change during the cata-

lytic cycle. Empirical force field simulations of nuclear resonance 

vibrational spectroscopic (NRVS) data for FeMoco yielded Fe-C 

force constants which were an order of magnitude smaller than 

those for low spin iron-carbide-carbonyl clusters.138 Reduction 

and/or substrate binding to FeMoco may induce further weakening 

and elongation of the Fe-C bond(s).139-141 This has been demon-

strated for some monometallic iron-alkyl model complexes and has 

been attributed to the ionic character of the bond, which becomes 

more polarized upon reduction.142-143 Notably, enhanced N2 reduc-

tion reactivity was observed for systems featuring more flexible ax-

ial donors.142 However, more recent QM/MM studies accounting 

for the effects of antiferromagnetic coupling within the cluster af-

forded Fe-C force constants roughly five times larger than sug-

gested from computational modelling of NRVS data.144 Further 

support of more highly covalent bonding to the interstitial carbide 

was obtained by XES studies, which revealed a decrease in the 

splitting of the Fe Kβ mainlines of FeMoco and FeVco compared 

to that in MoFe3S4 and VFe3S4 cubane models.145   

     The lack of a consistent description of the Fe-C bonding in 

FeMoco motivates complementary studies aimed at benchmarking 

Fe-C covalency. In principle, ligand hyperfine couplings can pro-

vide a direct and comparable measure of metal-ligand interac-

tions.101, 146-148 However, theoretical studies of FeMoco revealed a 

significant dependence of aiso(µ6-X) (assumed at that time to be N3-

, but equally valid for C4-) on the specific spin coupling arrange-

ment of the cofactor.149 The lowest energy BS7 solution has a sym-

metric distribution of “spin-up” and “spin-down” density around 

the central atom, which results in a small isotropic coupling. As a 

result, the relative degree of Fe-C covalency in FeMoco cannot be 

assessed based on a comparison with the aiso or ρ(13C) values re-

ported here.    

     The present pulse EPR and XAS studies support the hypothesis 

that electron loading leads to a decrease in Fe-C covalency, at least 

in a Fe2(µ-C) model system. Although the carbon 2s and 2p spin 

densities of {Fe2(µ-CAr)}17 (ρ(13C) ≈ ±0.101 e-) and {Fe2(µ-

CAr)}19 (ρ(13C) ≈ ±0.051 e-) are similar in absolute terms, in terms 

of percent change, 2 e- reduction leads to a significant decrease 

(~50%) in Fe-C covalency. This trend is in reasonable agreement 

with the predicted change in the calculated covalency150 of C1, 

which decreases from 31.7% in {Fe2(µ-CAr)}17 to 15.6% in 

{Fe2(µ-CAr)}19 based on DFT. Deconvolution of the anisotropic 

component of the 13C hyperfine coupling in {Fe2(µ-CAr)}17 and 

{Fe2(µ-CAr)}19  revealed that redox chemistry disparately affects 

the Fe-C σ- and π-bonding, with a significant decrease in σ-cova-

lency and a less substantial change in π-covalency upon reduction. 

Notably, these changes in Fe-C covalency occur despite the fact 

that redox chemistry involves metal-localized orbitals. A similar 

observation has been made for some [Fe-S] clusters (13-16% de-

crease in Fe-S covalency upon 1e- reduction) and has been at-

tributed to electronic relaxation that accompanies the redox pro-

cess.150 Even in the absence of significant structural differences, 

changes in the electron-electron repulsion induced by metal-based 

redox chemistry can trigger a redistribution of the charge density to 

the ligands via changes in covalency. This model of electronic re-

laxation via changes in Fe-C covalency is clearly in accord with our 
57Fe Mossbauer studies, which revealed that {Fe2(µ-CAr)}17-19 

have nearly identical (average) isomer shifts. The interstitial car-

bide of FeMoco may also serve as a source or sink of electron den-

sity by modulating the degree of Fe-C covalency, helping to pre-

vent the accumulation of excess charge density at iron and facili-

tating multi-electron transformations.  

CONCLUSION 

     The diiron µ-carbyne complexes {Fe2(µ-CAr)}17 and {Fe2(µ-

CAr)}19 are the first carbon-bridged, dinuclear iron complexes that 

feature odd numbers of valence electrons. Although both species 

populate S = ½ states at low temperature, spectroscopic studies re-

veal that both are valence delocalized. Computational estimates of 

the double exchange parameter B suggest that geometrical distor-

tions observed only in {Fe2(µ-CAr)}17 are largely responsible for 

this electronic localization. Both {Fe2(µ-CAr)}17 and {Fe2(µ-

CAr)}19 were amenable to investigation by pulse EPR methods, af-

fording a unique opportunity to assess the influence of valence 
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(de)localization on the spectroscopic signature of the µ-hydride lig-

and. Caution must be exercised when interpreting the orientation 

and symmetry of T(1H) for a bridging hydride in terms of the spin-

coupling of the anchoring metal atoms. However, combined with a 

study by Hoffman and coworkers,34 our results suggest that the hy-

dride ligands in the {Fe2(µ-H)}2 intermediate E4(4H) bridge isova-

lent (most probably FeIII) metal centers, providing valuable insight 

into the distribution of electron density in a reduced state of 

FeMoco.  

     Although DFT calculations indicate that electron transfer in-

volves metal-localized orbitals, pulse EPR investigations of 

{Fe2(µ-13CAr)}17 and {Fe2(µ-13CAr)}19 revealed that redox chem-

istry induces significant changes in Fe-C covalency (-98% upon 2 

e- reduction), a conclusion further supported by X-ray absorption 

spectroscopy, 57Fe Mössbauer studies, and computational studies. 

Although the relative degree of Fe-C covalency in FeMoco cannot 

be directly assessed based on a comparison with the aiso or ρ(13C) 

values reported here, computational studies suggest that 13C hyper-

fine interaction may still be a valuable reporter of structural and/or 

electronic deformations that reduce the symmetry of the cofac-

tor.139 Although use of 13C-S-adenosylmethionine allows the bio-

synthesis of FeMoco with the interstitial carbide selectively la-

belled with 13C, there is currently only one report of 13C ESEEM 

targeting the central atom, specifically for the S = 3/2 resting state 

of FeMoco.1 Further studies of the 13C-labelled cofactor are ex-

pected to be informative since pulse EPR methods have proven in-

sightful for understanding the structural and electronic features of 

the cofactor in a variety of states.28-30 These efforts, in concert with 

theoretical and synthetic modelling of the structural and spectro-

scopic features of FeMoco, may help to better elucidate the nature 

of the activation process. 
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