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ABSTRACT  

The iron-molybdenum cofactor of nitrogenase (FeMoco) catalyzes fixation of N2 via Fe 

hydride intermediates. Our understanding of these species has relied heavily on the 

characterization of well-defined 3d metal hydride complexes, which serve as putative 

spectroscopic models. Although the Fe ions in FeMoco, a weak-field cluster, are expected to adopt 

locally high-spin Fe2+/3+ configurations, synthetically-accessible hydride complexes featuring d5 

or d6 electron counts are almost exclusively low-spin. We report herein the isolation of a terminal 

hydride complex of four-coordinate, high-spin (d5; S = 5/2) Mn2+. EPR and ENDOR studies reveal 

an unusually large degree of spin density on the hydrido ligand. In light of the isoelectronic 

relationship between Mn2+ and Fe3+, our results are expected to inform our understanding of the 

valence electronic structures of reactive hydride intermediates derived from FeMoco. 

 

INTRODUCTION 

Transition metal hydride complexes are ubiquitous throughout synthetic inorganic1,2 and 

bioinorganic3-7 chemistry. With respect to the latter, we have maintained a longstanding interest in 

the Fe–Mo cofactor (FeMoco) of nitrogenase enzymes. This elaborate [Fe7S9MoC] metallocluster 

catalyzes the reduction of atmospheric N2 to bioavailable NH3 as part of the global nitrogen cycle,8 

and in doing so supports roughly half the world’s human population.9 To bind and activate the 

highly inert N2, FeMoco must first, during turnover, be ‘primed’ via the accumulation of 4 H+ and 
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4 e– to afford the so-called E4(4H), or ‘Janus’ intermediate (Figure 1).10 A paradigm shift in our 

understanding of FeMoco came with the recognition that E4(4H) contains two chemically 

equivalent Fe hydrides,11 whose reductive elimination to H2 drives coordination of N2 to one or 

more Fe site(s).12  

EPR and ENDOR spectroscopies have been central in identifying and characterizing the S 

= 1/2 E4(4H) state,10-14 as well as other FeMoco intermediates featuring Fe–H bonds.15 In this 

process, structural and electronic assignments have relied heavily on comparisons to synthetic 

analogues,16-21 the majority of which feature strong-field supporting ligands and are, as a result, 

low-spin.16-18, 20-21 Useful as these model complexes have been, FeMoco is a relatively weak-field 

cluster, and, as such, transition metal hydrides that adopt locally high-spin configurations are more 

faithful spectroscopic models. Metal hydrides that model the low-coordinate (≤5), weak-field Fe 

sites within FeMoco are not uncommon.19, 22-45 Within this group, however, only a handful bear 

the half-integer spin required for meaningful ENDOR analysis, let alone the d5 or d6 configurations 

expected for Fe2+ and Fe3+, respectively.19  

FeS clusters, including FeMoco,46 have long been known to feature highly delocalized 

electronic structures.47 For example, cuboidal [Fe4S4]2+ clusters, which consist of (formally) two 

locally high-spin Fe2+ and two locally high-spin Fe3+ centers, are typically best described as 

[Fe2.5+4S4]2+, i.e. completely valence delocalized. Recently, however, it has been shown that certain 

strong-field ligands are able to disrupt electron exchange in such clusters, resulting in valence 

localization.48-52 Most pertinently, a single akyl ligand causes the bound Fe center to adopt 

partial,48 or indeed strong,49 Fe3+ character. Given the similar donor properties between alkyl and 

hydrido ligands, it seems possible that Fe–H sites in any FeMoco intermediates might be valence 

localized, most plausibly as Fe3+. We have consequently been drawn to the chemistry of terminal, 

high-spin Mn2+ hydrides, which are isoelectronic to high-spin Fe3+ hydrides, but considerably less 
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Figure 1. One (of many) possible structures for the E4(4H) 
intermediate of FeMoco.  
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oxidizing and so, presumably, more stable. Although a number of Mn hydrides have been reported, 

only the polynuclear {[tBu3CpMn]4[MnH6]}53 and the recently reported54 [(dmpe)2MnH(L)]+ are 

open-shell; both are low-spin (S = 1/2) at the hydride-bound Mn. 

Our lab has recently developed a new class of N,N,C heteroscorpionates (RL; where R 

denotes the metal-adjacent pyrazolyl substituents, Scheme 1))55-56 inspired by the ‘weak-weak-

strong’-field donor environment of the Fe sites in FeMoco (c.f. Figure 1). We postulated such 

ligands would be well-suited to support terminal, 3d metal hydrides due to a i) large, readily 

modulated steric profile able to hinder dimerization27-30, 33-37, 41, 44-45 and ii) high σ-donicity, which 

should act to suppress reductive elimination of H2 or RLH. We report herein the synthesis and 

characterization of a terminal hydride complex of high-spin (S = 5/2) Mn2+, (tBuL)MnH. Q-band 

EPR measurements show that this complex exists in a novel zero-field splitting regime, while 1,2H 

ENDOR reveals that spin-density on the hydride is substantially greater than for any other 

previously reported synthetic complex. Our results provide a potentially valuable point of 

reference for the continued elucidation of the electronic structure of hydride-bound FeMoco states. 

 

RESULTS 

Synthesis and Characterization 

As per our established procedures,55-56 deprotonation of tBuLH followed by metalation with 

MnI2(THF)3 gave the corresponding high-spin Mn2+ complex (tBuL)MnI as a pale yellow, 

crystalline solid in ~64% yield (Scheme 1). Addition of 1.5 equivs. K[Et3BH] to (tBuL)MnI resulted 

in an appreciable darkening of the reaction solution, from which the terminal hydride complex 

(tBuL)MnH could be isolated (38% yield; see SI). (tBuL)MnI and (tBuL)MnH have very similar 1H 

Scheme 1. Synthesis of (tBuL)MnH and its deuterium labelled 
congener. ArF = 3,5-(CF3)C6H3. 
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NMR spectra and solution state magnetic moments of 6.1 and 6.0 μB, respectively, suggesting a 

high-spin state at Mn for both with only minimal orbital contributions. We similarly prepared the 

deuterium labelled complex (tBuL)MnD from (tBuL)MnI and K[Et3BD]; the latter reagent was 

prepared via a new methodology employing cheap and widely available LiD (see SI), which we 

anticipate others will find broadly useful in the synthesis of other deuteride complexes.  

The structures of (tBuL)MnI and (tBuL)MnH were determined by single crystal X-ray 

diffraction (XRD) methods; (tBuL)MnH is shown in Figure 2. The Mn–tBuL donor distances are 

very similar in both complexes and are typical for high-spin Mn2+; for example, d(Mn–Calkyl) = 

2.178(2) and 2.215(1) Å for (tBuL)MnI and (tBuL)MnH, respectively. The hydrido ligand for 

(tBuL)MnH was located in the difference map and its location freely refined. The determined 

position renders the Mn center pseudo-threefold symmetric about the Mn–H bond, i.e. ∠ Calkyl–

Mn–H ≈ ∠Npz1–Mn–H ≈ ∠Npz2–Mn–H ≈ 120° with τ4 = 0.79. Although care should be taken in 

interpreting M–H distances without neutron diffraction data, we note that the XRD determined 

Mn–H bond length of 1.68(2) Å is similar to that obtained for high-spin, four-coordinate terminal 

hydride complexes of Co and Fe,19, 22-23, 26, 43 and is in good agreement with our calculations (see 

SI). A weak resonance at 1506 cm–1 in the FTIR spectrum of (tBuL)MnH was identified as the Mn–

H stretch, which is red shifted by the expected factor of 1.4 in (tBuL)MnD. The computed value of 

1588 cm–1 is somewhat higher, but in reasonable agreement. (tBuL)MnH appears, then, to feature 

 

Figure 2. Thermal ellipsoid plot (50%) of (tBuL)MnH. Pink, blue, 
yellow, and gray ellipsoids represent Mn, N, Si, and C, 
respectively. Hydrogen atoms except that bound to Mn, solvent 
molecules and CF3 groups are omitted for clarity.  
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a remarkably, if predictably, weaker Mn–H bond c.f. reported low-spin Mn terminal hydrides (e.g. 

for [(dmpe)2MnH(L)]+, ν(Mn-H) > 1700 cm-1).54, 57 A similar observation has been noted, for 

example, for the high-spin (S = 1) TpCoH ν(Co-H) = 1669 cm-1.22 

 

EPR Spectroscopy 

Figure 3a shows 35 GHz absorption-display EPR spectra of (tBuL)MnH, (tBuL)MnD and 

(tBuL)MnI obtained by rapid-passage, CW EPR at 2 K. As expected, the highly articulated spectra 

of (tBuL)MnH and (tBuL)MnD are essentially the same, while that of (tBuL)MnI differs significantly. 

Figure 3b compares the experimentally derived 2 K EPR spectrum for (tBuL)MnH (black trace) 

and a simulation obtained using EasySpin58 (red trace). Despite the presence of substantial 

structure in the (tBuL)MnH/D spectra, they could be simulated well with a small range of zero field 

splitting (ZFS) parameters. The set of parameters was then optimized by the requirement that both 

EPR and H/D ENDOR spectra be well simulated, as described below.. The simulations shown in 

Figure 3b employed ZFS parameters D = 7,600 MHz (0.25 cm–1), E/D = 0.15; in terms of a general 

ZFS tensor, these parameters are D = (3/2)Dz, E = ½(Dx – Dy). In addition, the g-tensor is assumed 

isotropic, g = 2.0, as the typically spherical spin distribution of the ground S-state of high-spin 

Mn2+ quenches orbital angular momentum, resulting in negligible g-anisotropy. Although Mn 

hyperfine is not resolved, use of a ‘standard’ isotropic hyperfine value aiso(55Mn) = −250 MHz 

optimized the simulation. (tBuL)MnI exhibits a much larger ZFS (D = 24,000 MHz (0.83 cm–1)) 

than that of (tBuL)MnH (Figure S17). The sensitivity of the ZFS in mononuclear Mn2+ ions to their 

ligand environment is well-established,59-61 with drastic differences even within the halide series.62 

In fact, the parameters for (tBuL)MnI agree well with those previously reported for iodide 

complexes, though it is worth noting that this is the first Mn2+ complex with a single iodide ligand 

so studied.62-66 

As illustrated in Figure 3b, the spectrum obtained for (tBuL)MnH is the sum of contributions 

from the five EPR-allowed transitions (ms → ms + 1) between electron-spin sublevels (–5/2 ≤ ms 

≤ 3/2), with intensities of the contributions decreasing with increasing ms due to Boltzmann 

depopulation at 2 K. The breadth and shape of the observed spectra are dominated, respectively, 

by the axial (D) and rhombic (E) ZFS parameters. The five EPR-allowed transitions include a 

roughly-isotropic, central –1/2 → +1/2 transition and the four highly anisotropic satellite 

Brian M Hoffman
Should a ref be added here?
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transitions, which give highly orientation-selective ENDOR responses.67 Of particular importance 

for the ENDOR measurements discussed below, the EPR intensity at the low-field edge of the 

observed spectrum (~5 kG ↔ ~ 7 kG) is dominated by the contribution from the –5/2 → –3/2 

manifold. For D, E > 0 this edge of this manifold predominantly arises from ‘single-crystal-like’ 

orientations in which the Y-axis of the ZFS tensor is aligned with the external magnetic field,67-68 

and so a set of related orientations are interrogated in the  ~5 kG – 7 kG range. In the higher 

magnetic field range of ~11 kG ↔ 15 kG the EPR spectrum has significant contributions from the 

ms = –5/2 and –3/2 satellite manifolds and the central –1/2 → +1/2 transition. ENDOR spectra 

collected in both field ranges are reported below. 

Single-Crystal-Like ENDOR spectra along DY of (tBuL)MnH/D EPR Envelope. As thus 

noted, low temperature ENDOR at the low field edge of the EPR envelope selectively probes the 

–5/2 → –3/2 transition manifold and yields single-crystal-like ENDOR spectra for molecules 

oriented so that the external field lies along the Y-axis of the ZFS D-tensor.67-68 A 1H Davies 

ENDOR spectrum thus collected, Figure 4a, shows two sharp peaks at 23 MHz and 62 MHz for 

(tBuL)MnH (red trace) that are absent in (tBuL)MnD (black trace); these can be interpreted as 

 

Figure 3. (a) 2 K 35 GHz absorption-display CW EPR spectra of (tBuL)MnH (red trace), (tBuL)MnD (black trace), and (tBuL)MnI (blue trace). 

Microwave frequency: 34.874 GHz (-H), 34.934 GHz (-D), 34.923 GHz (-I); power attenuation: 20 dB; modulation: 1.6 G; time constant: 

64 ms. Spectra scaled arbitrarily for clarity. (b) Absorption-display EPR of (tBuL)Mn(H) (black trace) with simulation (red trace) and the 

contributions from individual transitions differentiated by color. ZFS principal axes are labeled for the –5/2 → –3/2 manifold. The high field 

edge of the experimental spectrum is limited by the available magnetic fields. Parameters used for simulation are D = 7,600 MHz (0.25 cm–

1; E/D = 0.15; A = 250 MHz; f = 0.05, g = 2.0. 

 

 



7 
 

corresponding to a 1H doublet with an effective/observed hyperfine coupling constant of  A’ = –39 

MHz, whose magnitude differs from the intrinsic spin-Hamiltonian parameter, as treated below, 

and in greater detail in the SI. In addition, the procedure for determining the sign of the coupling 

is presented in the SI. This effective value for this hydride coupling is confirmed by the 2H Davies 

ENDOR spectrum of (tBuL)MnD in Figure 4b, which shows a corresponding doublet at 3.5 MHz 

and 9.5 MHz that is absent in the spectrum for (tBuL)MnH (red trace), and whose frequency 

difference yields a matching effective constant of A’ = –6.0 MHz, as predicted by the ratio of 1H 

and 2H nuclear g-values [gn(1H)/gn(2H) = 6.5 =A’s(1H)/A’(2H)]. Note the absence of quadrupole 

splitting of the narrow 2H peaks, as is to be expected for a hydride ion with roughly double-

occupancy of its 1s orbital involved in a polar σ bond with Mn. 

 

Figure 4. (a) 1H and (b) 2H Davies ENDOR for (tBuL)MnH (red trace) and (tBuL)MnD (black trace) at 5.35 kG and 2 K. Appearance of the 
frequency axis in (b) is scaled by a factor of 6.5 to account for the difference in gn between 1H and 2H. Microwave frequency: 34.6 GHz; 
microwave pulse length (π): 80 ns (1H Davies), 200 ns (2H Davies); τ: 600 ns; RF pulse length: 15 µs (1H Davies), 60 µs (2H Davies); 
repetition rate: 5 ms. Spectra intensities have been scaled arbitrarily for clarity. (c) 35 GHz ReMims ENDOR of (tBuL)MnD at 5.35 kG and 
2 K. Spectra exhibiting Mims suppression effect are shown in red. Microwave frequency: 34.6 GHz; microwave pulse length (π/2): 30 ns; 
τ1: varied from 150 – 500 ns as shown in figure; τ2: τ1 + 200 ns; RF pulse length: 60 µs; repetition rate: 5 ms. Spectra scaled to the relative 
intensity of their observed echo height. 3rd and 5th proton harmonic (*); 14N background signal (+). 

 



8 
 

The assignment of the two 2H peaks as a –5/2 → –3/2 hyperfine-split doublet with an 

effective splitting of A’ = –6.0 MHz is verified by the τ dependence of the ReMims (see 

Experimental, SI) ENDOR response (Figure 4c). ReMims ENDOR follows the same τ-dependence 

of the signal as Mims ENDOR, with “blind spots” (ENDOR nulls) when A (MHz)•τ (µs) = n, n = 

0,1,2,....69 Mims ENDOR is limited by the deadtime of the experiment, while ReMims circumvents 

this by use of a four-pulse stimulated echo detection subsequence, allowing for the use of much 

shorter τ values.70-71 The resulting suppression of the observed doublet in Figure 4c (red traces) at 

τ = 300 and 450 ns corresponds to the measured effective hyperfine A’ = –6 MHz for n = 2 and 3, 

establishing that these peaks are indeed a doublet separated by this effective hyperfine coupling 

constant. 

The observed hyperfine coupling differs from the intrinsic coupling because of an 

‘intermediate’ magnitude of the ZFS term for (tBuL)MnH compared to the electron Zeeman at Q-

band, neither much smaller nor much larger, which causes significant mixing of ms substates. This 

‘intermediate’ regime can, of course, be treated by exact calculations such as those performed for 

simulation with EasySpin, and such simulations are indeed done below. However, the ms mixing 

phenomenon is sufficiently unusual that it is appropriate to illuminate it with a perturbation-theory 

approach involving first-order modifications to the electron spin ms subfunctions by the ZFS 

interaction. The resultant frequencies for ENDOR transitions involving the two, corrected, lowest-

energy electron-spin states when the external field lies along the Y direction of the ZFS tensor 

(low-field edge of the EPR spectrum) can be written in terms of an ms formalism (see eqs. S1) by 

incorporating a correction factor, ∆, that accounts for the axial and rhombic contributions of the 

ZFS term to mixing of the true ms substates (eqs. 1, 2). As a result, the observed/effective hyperfine 

splitting along the Y-axis of the ZFS tensor, now specified as AY’ and defined as the difference in 

frequencies of the ENDOR doublet, ∆νobs, is related to the intrinsic hyperfine constant along the Y-

axis, denoted AY, and ∆, through eqs 1, 2. 

AY’ ≡ ∆νobs = AY(1 + 14∆2)        (1) 

  ∆ = 𝜖𝜖
4β𝑒𝑒B

  ϵ = ½(Dxx – Dzz)      (2) 

This treatment is explained in detail in the SI. The observed splitting for (tBuL)MnH, AY’ = –6.0 

MHz, combined with the ZFS parameters determined by the above EPR simulation, gives an 
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intrinsic hyperfine constant AY = –5.2 MHz, which is supported by the exact simulations presented 

in the following section.  

Determination of the full 1,2H Hyperfine Tensor through analysis of 2D field-

frequency patterns of 2H ENDOR spectra. In contrast to other studies of paramagnetic metal 

hydrides,16-21 the complexity of the EPR spectrum of the S = 5/2 (tBuL)MnH/D complexes (Figure 

3) makes it impracticable to collect and analyze a full 2-D ENDOR pattern. However, by collecting 

spectra over two field ranges, one spanning fields dominated by the lowest-lying –5/2 → –3/2 

manifold, now discussed, and a second spanning fields near g = 2 (~12.5 kG at Q-Band), discussed 

next, and analyzing both patterns through exact simulations (i.e. through full matrix 

diagonalization) using EasySpin, the full 1,2H hyperfine tensor has been determined.  

ENDOR spectra at fields across the low-field edge of the EPR spectrum. Orientation-

selective ENDOR spectra of the 2-D pattern of (tBuL)MnD, collected from 5.35–7.15 kG (Figure 

5), show broadening and splitting due to hyperfine anisotropy of the sharp doublet seen at the 

lowest field. Superimposed on the experimental spectra are EasySpin simulations (in red) 

calculated with the parameters for the electron-spin Hamiltonian described in Figure 3b and using 

 

Figure 5. LEFT i.e. Figure 5(a): 2 K 35 GHz 2H Davies ENDOR 2-D pattern of (tBuL)MnD. Magnetic field values from 5.35 – 7.15 kG at 
0.20 kG intervals. Black: experiment with conditions same as in Figure 4; red: EasySpin simulation with parameters of Figure S15 with 
A(2H) = [-5.32, -5.32, 1.0] MHz. EPR specta from Figure 3 are shown on left with the ENDOR probed region identified by an asterisk- 
marked bracket. Spectra normalized for clarity. RIGHT i.e. Figure 5(b): 2 K 35 GHz 2-D pattern of 2H Davies(tBuL)MnD ENDOR spectra. 
Field range, 11.0 – 12.4 kG, 0.2 kG intervals. Black: experiment with conditions as in Figure 4. Red, EasySpin simulations with HFI tensor 
of Figure 5a. On left: Experimental EPR spectrum from Figure 3, with EasySpin decomposition into ms manifolds using parameters of Figure 
3b. ENDOR-probed region highlighted by asterisk-marked bracket. Spectra scaled arbitrarily for clarity. 
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the axial intrinsic HFI tensor A(2H) = [–5.32, –5.32, 1.0] MHz  = aiso(2H)×1 + T(2H), yielding, 

aiso(2H) = –3.2 MHz (aiso(1H) = –20.9 MHz) and T(2H) = [–2.1, –2.1, 4.2] MHz (T(1H) = [−13.7, 

−13.7, 27.3] MHz).54 As anticipated, the simulations show that the unique (T3) axis lies along the 

unique (Z) axis of the ZFS tensor, which must in turn lie along the Mn–D bond. In addition, we 

again note that the pattern shows no 2H quadrupole splitting, as expected. 

Treating T(1,2H) as a dipolar interaction of the H/D nucleus with the spin on Mn gives a 

rough estimate of Mn–H/D distance: d(Mn-H) ≈ 1.8 Å,72 in line with structural data and DFT 

calculations (see above and below). The isotropic coupling of a  hydrogen nucleus to a center with 

spin S is proportional to the 1s-orbital spin density, ρ, through the relationship 𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜌𝜌𝑎𝑎0/2𝑆𝑆 

where 𝑎𝑎0= 1422.7 MHz (1H) is the isotropic hyperfine constant for a single (S = 1/2) electron in a 

hydrogen 1s orbital.73 This relation, and the measured aiso(1H) = –20.9 MHz, gives ρ = –0.073 

spins for the hydride ligand of (tBuL)MnH, with the negative sign of the spin a result of spin-

polarization.  

 ENDOR spectroscopy at magnetic Fields in vicinity of g = 2. Figure S18 shows 35 GHz 
1H (a) and 2H (b) Davies ENDOR spectra collected at 11.8 kG and 2 K for both (tBuL)MnH and 

(tBuL)MnD. Two distinctive 1H peaks for (tBuL)MnH in Figure S18a (red trace) at 37.8 MHz and 

70.8 MHz are observed; these form a 1H hydride doublet, as it matches the 2H doublet observed 

for (tBuL)MnD (Figure S18b, black trace) at frequencies 5.8 MHz and 10.9 MHz upon accounting 

for the difference in H/D nuclear g-values. The Mn–D 2H doublet at 11.8 kG is centered on 8.35 

MHz and split by an observed hyperfine coupling of A’ = –5.1 MHz. In particular, the doublet 

splittings in Figures 4 and S18 correspond well with the ‘perpendicular’ components of the 

deuteron hyperfine tensor determined above, A(2H)x,y = –5.32 MHz, as expected for a ‘powder-

like’ ENDOR pattern for a hyperfine tensor with |A┴| >> A|| ~ 0. Figure 5b shows the 2-D ENDOR 

pattern of 2H spectra for (tBuL)MnD from 11.0 – 12.4 kG. In this range the contribution of the  –

1/2 → +1/2 transition to the EPR spectrum is emphasized (Figure 3b), and the ENDOR spectrum 

shows strong, well-defined signals from this manifold; signals from the other, Boltzmann 

depopulated, manifolds are very weak and broad because of the poor orientation selection. The 

‘field-evolution’ of the –1/2 → +1/2 2H doublet in Figure 5b is well reproduced by EasySpin 

simulations using the spin-Hamiltonian hyperfine tensor given above. The simulation, which is the 

sum of ENDOR responses from all orientations and transitions that contribute to the EPR spectrum 
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at the given magnetic field, corroborates that observed well-defined ENDOR peaks are indeed 2H 

doublets associated with the –1/2 → +1/2 manifold, while signals from other manifolds are 

broadened so that they are indeed indistinguishable. The center frequency of the doublet seen at 

the edge of the EPR spectrum, 7.5 MHz (at 11 kG) is only slightly shifted from the 2H Larmor 

frequency νN(2H) = 7.2 MHz and increases with field along with the Larmor frequency (Figure 

5b), which indicates that the doublet is associated with the nominally –1/2 → +1/2 electron-spin 

transition (see SI). The overlaid EasySpin simulations (Figure 5b) show this pattern is likewise 

well-replicated using the hyperfine tensor determined by simulating the low-field 2D pattern of 

Figure 5a.  

Calculations 

 To provide further electronic structure insights, (tBuL)MnI and (tBuL)MnH were subjected 

to computational analysis; tabulated spin-Hamiltonian parameters are presented in Table 1, along 

with the experimentally-determined values for comparison (details are provided in the SI). The 

computed g-tensors for (tBuL)MnI and (tBuL)MnH exhibit little anisotropy, as expected for high 

spin d5 centers. The predicted ZFS parameters are in reasonable agreement with experiment for 

(tBuL)MnH, and the calculated 1H hyperfine coupling tensor, both isotropic and anisotropic 

components and spin density (ρ = –0.071) for the terminal hydride ligand of (tBuL)MnH are in 

excellent agreement with those determined by ENDOR spectroscopy.  

 The experimental ZFS parameters for (tBuL)MnI are not as well reproduced; for example, 

the absolute magnitude of D for (tBuL)MnI is about four times larger than the value given by the 

EPR simulation. Calculated values of |D| for Mn2+ complexes including heavy-element ligand(s) 

(e.g. I) can exhibit poor accuracy, presumably due to the approximate treatment of spin orbit 

coupling under a scalar-relativistic Hamiltonian (see SI for further discussion).66 Nevertheless, the 

experimental trend is reproduced—i.e., (tBuL)MnI exhibits substantially higher D, and much 

smaller rhombicity, E/D, compared to (tBuL)MnH. The results of this method accords well with 

our previous computational results on complexes of this ligand class,55 which demonstrated that 

spin densities computed at the TPSS0 level approximate those computed at the CASSCF level. A 

more consistent treatment of the ZFS would likely require a similar multi-reference ansatz to 

properly capture the effects of spin-orbit coupling. 
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Table 1. Collected experimental and calculated spectroscopic parameters for (tBuL)MnI and (tBuL)MnH. 

Parameter (tBuL)MnI  (tBuL)MnH 

Expt. DFT  Expt. DFT 

g 2.0a [2.002, 2.009, 2.011]  2.0a [2.001, 2.002, 2.002] 

D (MHz; cm–1) 24,000; 0.83 105,000; 3.5  7,600; 0.25 5,850; 0.20 

E/D 0.03 0.05  0.15 0.11 

A(55Mn) (MHz) −250a − [88.9, 92.0, 92.9]  −250a − [167, 176, 190] 

A(1H) (MHz) – –  [−34.6, −34.6, 6.5] [−34.2, −34.0, 7.4] 
aParameter assumed and not refined in EPR simulations. 

 

DISCUSSION 

The studies presented above provide the first characterization of a high-spin (S = 5/2), d5 

metal hydride. Given the good possibility that hydride-bound FeMoco intermediates feature 

locally d5 Fe3+–H sites, our work provides important context for the continued structural and 

electronic characterization of such catalytically relevant states. EPR/ENDOR studies of 

(tBuL)MnH/D reveal the bound hydride/deuteride to be, as expected, strongly coupled to the Mn2+ 

center (aiso(1H) = –20.9 MHz). DFT calculations are in excellent agreement with the spectroscopic 

data obtained for (tBuL)MnH/D, thus serving to bolster our EPR simulations, which depend on 

parameters not fully resolved experimentally. In line with all terminal hydride complexes for 

which such data are available, the anisotropic component of the Mn–H/D hyperfine tensor for 

(tBuL)MnH/D exhibits roughly axial symmetry.18-19, 74 By contrast, this further cements the 

assignment of E4(4H), which features a rhombic hyperfine-coupling tensor, as containing a Fe–

(μ2-H)–Fe unit, as opposed to a terminally bound hydrido ligand(s).10 We note, however, that under 

catalytically relevant conditions these hydrides are likely to be labile, and thus able to change their 

bonding, and even migrate between different Fe sites within the cluster. Consequently, a terminal 

hydride(s) of Fe forming prior to reductive elimination of H2, as suggested by us elsewhere, may 

prove mechanistically important.7 

In terms of absolute magnitude, the 1H/2H hyperfine interactions observed for 

(tBuL)MnH/D are reasonably similar to those unambiguously determined for other half-integer 
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spin, terminal metal hydrides, irrespective of metal.18-19, 74-75 Interestingly, however, the value of 

aiso(1H) determined for (tBuL)MnH appears to be considerably lower than that estimated for low-

spin (S = 1/2) [(dmpe)2MnH(L)]+ complexes (~85 MHz; |ρ| ≈ 0.06).54 However, we note that the 

estimate of the 1H hyperfine couplings from analysis of the EPR spectrum of the latter was 

compromised by the presence of extensive 31P hyperfine splittings and broadened lines, and so not 

determined with precision; aiso(1H) for these molecules could be as low as ~40 MHz, which would 

be more usual for low-spin hydrides.75 Notably, (tBuL)MnH exhibits substantially more spin 

density on the hydrido ligand (|ρ| = 0.073; see above) than any other synthetic metal hydride for 

which aiso(1H) has been determined with reasonable accuracy. For example, the intermediate spin 

(S = 3/2) [NacNacFe+H]– features |ρ| = 0.04,19 and |ρ| < 0.03 is typical.16, 18-21, 74-75 Direct 

comparison of the spin densities for mononuclear and polynuclear systems, including FeMoco, 

requires a knowledge of the spin-projection factors of the metal ions within the spin-coupled 

clusters. The analysis of the hyperfine tensors of the bridging Fe-H-Fe hydrides of the E4(4H) 

nitrogenase intermediate yields good estimates for the ratios of the spin-projection factors for the 

anchor Fe ions,11 but not their absolute magnitudes.  

 

CONCLUSION 

 Through use of a sufficiently sterically demanding and σ-donating heteroscorpionate 

supporting ligand we have isolated a complex with a terminal hydride bound to a high-spin (S = 

5/2) Mn, (tBuL)MnH. EPR and ENDOR analysis reveal an exceptional spin density on the Mn-

bound hydride ligand, which is well-corroborated by DFT calculations. Given hydride-bound 

FeMoco intermediates are expected to feature locally high-spin Fe3+–H sites, and the isoelectronic 

relationship between Mn2+ and Fe3+, our results will further inform our understanding of such 

biological clusters. Future work will, quite naturally, aim to extend our Mn chemistry to Fe. We 

are curious to assess the extent to which the hydride chemistries of these metals substantially agree, 

and where they deviate, and the implications of these results for nitrogenase enzymes. 
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