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ABSTRACT: The application of 35 GHz pulsed EPR and ENDOR spectro-
scopies has established that the biomimetic model complex L3Fe(μ-NH)-
(μ-H)FeL3 (L3 = [PhB(CH2PPh2)3]

−) complex, 3, is a novel S = 1/2 type-III
mixed-valence di-iron II/III species, in which the unpaired electron is shared
equally between the two iron centers. 1,2H and 14,15N ENDOR measurements
of the bridging imide are consistent with an allyl radical molecular orbital
model for the two bridging ligands. Both the (μ-H) and the proton of the
(μ-NH) of the crystallographically characterized 3 show the proposed signature of a ‘bridging’ hydride that is essentially equidistant
between two ‘anchor’ metal ions: a rhombic dipolar interaction tensor, T ≈ [T, −T, 0]. The point-dipole model for describing
the anisotropic interaction of a bridging H as the sum of the point-dipole couplings to the ‘anchor’ metal ions reproduces this
signature with high accuracy, as well as the axial tensor of a terminal hydride, T ≈ [−T, −T, 2T], thus validating both the model
and the signatures. This validation in turn lends strong support to the assignment, based on such a point-dipole analysis, that the
molybdenum−iron cofactor of nitrogenase contains two [Fe−H−−Fe] bridging-hydride fragments in the catalytic intermediate
that has accumulated four reducing equivalents (E4). Analysis further reveals a complementary similarity between the isotropic
hyperfine couplings for the bridging hydrides in 3 and E4. This study provides a foundation for spectroscopic study of hydrides in
a variety of reducing metalloenzymes in addition to nitrogenase.

■ INTRODUCTION

Both spectroscopic analysis and computational modeling of
numerous metalloenzymes have implicated hydride intermedi-
ates within their active sites as relevant to catalysis. These
include the Mo-dependent nitrogenase enzyme,1 both the
NiFe- and FeFe-hydrogenase enzymes,2−4 CO-dehydrogenase,5

and methyl coenzyme M reductase.6 As many of the studies
implicating hydrido intermediates have relied on ENDOR
spectroscopy, characterization of reference biomimetic com-
plexes is an essential component to the study of these enzyme
mechanisms. In addition, imide (NH2−), is a proposed inter-
mediate along the distal mechanism of N2 reduction to NH3,

7

and thus must be considered as a possible species formed
during N2 reduction by nitrogenase.8,9 Therefore, study of this
species in biomimetic complexes is likewise important.
Bridging hydrides have been invoked in a number of

enzymatic settings. 1H ENDOR responses measured from the S
= 1/2 nitrogenase intermediate trapped during turnover of the
V70I mutant nitrogenase enzyme under argon revealed the
presence of two exchangeable protons with a distinct ‘signature’
that involves a highly anisotropic (rhombic) hyperfine coupling
tensor. A point-dipole hyperfine coupling model was used to
interpret this signature as being characteristic of metal-bridged
hydrides,1 and was subsequently used to assign the two protons
as [Fe−H−Fe] fragments.10 Step-annealing measurements of
this intermediate identified it as the E4 state of the enzyme,
which has accumulated four electrons/protons and is primed
for reaction with N2.

11,12

In the NiFe-hydrogenase enzymes, 1H ENDOR has re-
vealed the presence of a hyperfine-coupled hydrogenic ligand
(Amax = −25 MHz), and DFT computations yielded hyperfine
parameters consistent with the measured ENDOR response,
thereby supporting a bridging geometry.3 For FeFe-hydro-
genase enzymes undergoing H+ reduction or H2 oxidation,
transient metal hydrides, both terminal and bridging, have been
modeled as possible intermediates in proposed reaction
mechanisms.4,13 In particular, the bridging geometry has been
implicated in time-resolved NMR and stopped-flow UV−vis
measurements of model complexes,14 and in a recent study
wherein a 1H isotropic hyperfine coupling, |aiso| = 76 MHz, was
measured by EPR spectroscopy, and supported by isotopic
labeling and DFT calculations, for a proposed bridging hydride
ligand in a delocalized Fe(I)−Fe(II) hydrogenase model com-
plex.15 However, such hydrogenic ligands bound to the metal
centers of the FeFe-hydrogenase enzyme have not been
detected directly.
In contrast, an intermediate that was trapped for methyl-co-

enzyme M reductase showed a strongly coupled 1H ENDOR
signal with an axial hyperfine tensor, which was assigned to a
terminal hydride bound to Ni in a tetrapyrrole.6 Recent studies of
biomimetic, mononuclear Mo16 and Fe complexes17 have verified
such an axial tensor as the signature of a terminal metal-hydride,
but no equivalent study has been reported of a bridged hydride.
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We here report the first ENDOR spectroscopic study of a
crystallographically characterized model complex displaying a
metal-bridged hydride in the form of an [Fe−H−Fe] fragment.
Molecular hydrogen can be heterolytically split by reaction with
{[PhBP3]Fe)2(μ-N)}

−(PhBP3 = PhB(CH2PPh2)3
−), 1, a low-

coordinate, low-spin di-iron II,II complex with a bridging
nitride ligand (Scheme 1).18 This reaction generates the

unusual complex {{[PhBP3]Fe}2(μ-H)(μ-NH)}
−, 2, containing

two new bridging ligands, a hydride (H−), and an imide
(NH2−). The ability to prepare appropriate isotopologues of 3
make it well suited for study by advanced paramagnetic
resonance spectroscopies. 1,2H and 14,15N ENDOR measure-
ments have yielded complete hyperfine tensors for all three
atoms in the two bridging ligands, as well as the quadrupole
tensor for the imido nitrogen. The experimental evaluation of
the signs of the hyperfine couplings have aided in comparison
to DFT calculations for both the anionic 2 and neutral
paramagnetic 3. These studies unambiguously establish that this
mixed-valence system exhibits a delocalized ground state.
Analysis of the hyperfine couplings to the bridging hydride
definitively confirm the point-dipole model for interpreting the
hyperfine signatures of metal-bound hydrides and, in particular,
confirm the proposed signature of a bridging hydride, thereby
confirming the assignment of the exchangeable hydrogenic
ligands in the E4 nitrogenase intermediate.

■ MATERIALS AND METHODS
The isotopologues of {[PhBP3]Fe}2(μ-H)(μ-NH) (3) ([PhBP3] =
[PhB(CH2PPh2)3]

−) were synthesized according to published
methods.18 Briefly, a THF solution of {[PhBP3]Fe}2(μ-N){Na-
(THF)5} (1) was exposed to an atmosphere of H2 to generate
{[PhBP3]Fe}2(μ-H)(μ-NH){Na(THF)}5 (2), which was subsequently
oxidized to give {[PhBP3]Fe}2(μ-H)(μ-NH) (3). The 15N-enriched
(50%) isotopologue, {[PhBP3]Fe}2(μ-H)(μ-

14/15NH), was prepared
analogously from {[PhBP3]Fe}2(μ-

14/15N){Na(THF)5}.
18 The fully

deuterated isotopologue, {[PhBP3]Fe}2(μ-D)(μ-ND), was prepared
by treatment of 1 with D2 followed by oxidation. The mixed H/D
isotopologue, {[PhBP3]Fe}2(μ-D)(μ-NH), was synthesized by stirring
a THF solution of {[PhBP3]Fe}2(μ-H)(μ-NH){Na(THF)5} under an
atmosphere of D2 for 2 h, followed by oxidation. {[PhBP3]Fe}2(μ-H)-
(μ-ND) was prepared analogously from {[PhBP3]Fe}2(μ-D)(μ-ND)-
{Na(THF)5} and H2.
Crystals of 3 suitable for XRD were grown from the slow

evaporation of pentanes into a saturated THF solution of 3. The
crystals were mounted on a glass fiber with Paratone N oil, and the
data were collected on a Bruker SMART 1000 diffractometer with a
CCD area detector under a stream of dinitrogen. The structure was
determined using direct methods with standard Fourier techniques
using the Bruker AXS software package19,20 All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms (except the imido
hydrogen and bridging hydride) were included in the model at
geometrically calculated positions and refined using a riding model.

The isotropic displacement parameters of all hydrogen atoms
were fixed to 1.2 times the U value of the atoms they are linked to
(1.5 times for methyl groups). The bridging hydride and imido
hydrogen atom were located in the Fourier difference map, and the
imido proton was refined semifreely with the aid of distance restraints.
One of the THF molecules was disordered, which was modeled as a
two-component disorder. Similarity restraints on 1−2 and 1−3
distances, as well as similar ADP and rigid bond restraints, were
applied to the disordered atoms.21

EPR/ENDOR samples of 3 were prepared in an N2 filled dry-
glovebox. Briefly, THF, toluene, and 1:9 2-MeTHF/THF solutions of
3 (∼1−2 mM for all samples) were prepared from crystalline material
and transferred to quartz capillaries. The samples were cooled in a cold
well (prefilled with liquid nitrogen), and the frozen solutions/glasses
were immediately transferred to a dewar filled with liquid nitrogen.

CW (35 GHz) and pulse EPR and ENDOR spectroscopic data were
collected on home-built spectrometers, described previously,22−24 that
were equipped with liquid helium immersion dewars for measure-
ments at 2 K. The CW measurements employed 100 kHz field
modulation and dispersion mode detection under rapid passage
conditions. 1H CW ENDOR spectra employed broadening of the RF
to 100 kHz to improve signal-to-noise.25 1H CW ENDOR spectra
were collected using the stochastic-field modulation detected ENDOR
sequence,26 to improve ENDOR lineshapes. Data acquisition for all
pulse experiments utilized the SpecMan software package (http://
specman4epr.com) in conjunction with a Spin-Core PulseBlaster
ESR_PRO 400 MHz word generator and an Agilent Technologies
Acquiris DP235 500MS/s digitizer.

For a single molecular orientation and for nuclei with nuclear spin
of I = 1/2 (

1H, 15N, 31P), the ENDOR transitions for the ms = ±1/2
electron manifolds are observed, to first order, at the following
frequencies:

ν ν= | ± |± A/2n

where νn is the nuclear Larmor frequency and A is the orientation-
dependent hyperfine coupling. For I ≥ 1 (2H, 14N, I = 1; 11B, I = 3/2),
the two ENDOR lines are further split by the orientation-dependent
nuclear quadrupole coupling (P). The frequency for the mI ↔ (mI −1)
ENDOR transition is then given by

ν ν= | ± − |± ± P m(3 /2)(2 1),mI I

In the Mims experiment, the ENDOR intensities are modulated by
the response factor (R) inherent to the experiment, which is a function
of the product of the hyperfine coupling (A) and the time between the
second and third microwave pulses in the three-pulse sequence (τ),
and given by the equation,

π τ≈ −R A[1 cos(2 )]

When Aτ = n (n = 0,1,2,...), the ENDOR response is at a minimum,
resulting in hyperfine ‘suppression holes’ in the Mims spectra.

At the low- and high-field edges of the EPR spectrum (g1 and g3,
respectively), ENDOR interrogates only a single molecular orientation
(‘single-crystal-like’ position). At intermediate fields, however,
ENDOR interrogates a well-defined subset of molecular orientations.
By analyzing a 2D field-frequency (‘orientation-selective’) pattern of
ENDOR spectra taken at numerous fields across the EPR envelope, it
is generally possible to determine the complete hyperfine and
quadrupole tensor principal values and their orientations relative to
g.27,28 The uncertainties in the reported hyperfine and quadrupole
couplings are estimated to be no greater than ∼5%, unless otherwise
stated.

Signs of the hyperfine couplings measured from ENDOR spectra
(more specifically, the sign of gNucANuc) have been obtained by
application of the Pulse-Endor-SaTuration-Recovery (PESTRE)
protocol,29 a pulse sequence comprising multiple Davies ENDOR
sequences, carried out in the following three distinct experimental
phases: (I) an EPR saturation phase (RF off) of 100 Davies sequences
whose spin−echo intensities quickly converge to the steady-state
‘baseline’ (BSL); (II) an ENDOR perturbation phase of 24 sequences,

Scheme 1
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in which each sequence contains a fixed RF set at one or the other of
the branches of the ENDOR spectrum (ν±); and (III) an EPR
recovery phase (RF off) of 132 sequences during which the spin echo
corresponds to the spin−echo ‘dynamic reference level’ (drl)
associated with ENDOR-induced spin polarization created in the
second phase, with the drl relaxing to the BSL during this phase. In the
slow-relaxation regime, the sign of ANuc is unambiguously given by the
sign of the difference between the drl and BSL echo intensities as
observed for either ENDOR branch.
Density functional theory calculations were carried out using the

Amsterdam Density Functional (ADF) software suite.30 Geometry
optimization of 2 and 3 was performed on the complete molecule
using the BLYP density functional and a TZP basis set with a small
frozen core potential to reduce computation time. For the para-
magnetic 3, all calculations were performed in the spin unrestricted
formalism with a spin polarization of 1 (S = 1/2). Single-point
calculations utilized the all-electron TZ2P basis with an integration
factor of 4.

■ RESULTS

Synthesis and Characterization of 3. The mixed-valence
imide-hydride 3 is readily prepared in two steps from the
diferrous bridging nitride anion, {{[PhBP3]Fe}2(μ-N)}{Na-
(THF)5} (1) (Scheme 1). As previously reported,18 exposure
of a THF solution of 1 to an atmosphere of H2 generates the
diferrous imide hydride, {{[PhBP3]Fe}2(μ-NH)(μ-H)}{Na-
(THF)5} (2), and subsequent oxidation of 2 with one
equivalent of (NO)(BF4) or PCl3 generates mixed-valence
{[PhBP3]Fe}2(μ-H)(μ-NH), 3. Though solutions of 2 are
stable to H2, the bridging hydride and μ-NH hydrogen atoms
selectively exchange when exposed to D2 over the course of
hours and days, respectively. Thus, stirring a THF solution of
the parent 2 under a D2 atmosphere for two hours results in
complete deuterium substitution at the bridging hydride ligand
and formation of {[PhBP3]Fe}2(μ-D)(μ-NH), as is evident
from the loss of the hydride signal in the 1H NMR spectrum of
monodeuterated 2. The imido μ-NH resonance is retained in
the 1H NMR spectrum. Incubating 2 for days additionally
washes out the μ-NH resonance to give dideuterated
{{[PhBP3]Fe}2(μ-D)(μ-ND)}{Na(THF)5}, 2. These deuter-
ated precursors thereby afford access to the analogous labeled
complexes of 3 by the aforementioned oxidation protocol.
The solid-state structure of mixed-valence 3 is shown in

Figure 1. The data set was of sufficient quality to allow both the

hydrido and imido protons to be located in the Fourier
difference map. The metrical parameters about the iron centers
are summarized in Table 1, and are compared to those
previously reported for diferrous 2.18 Upon oxidation, the
average Fe−N distance decreases by ∼0.3 Å to 1.78 Å, and the
average Fe−P bond distance increases by ∼0.07 Å. This trend
has also been observed in the related low-spin (S = 0) imido
species, [PhBP3]FeN(1-adamantyl)−/0, and has been attrib-
uted to increased Fe−P π backbonding in the reduced

congener.31 The metrical parameters for both iron ions of 3
(S = 1/2) are similar, suggesting delocalization of the unpaired
electron.

EPR Characterization of 3. The 35 GHz EPR spectrum of
3 (Figure 2) exhibits a near-axial EPR spectrum, with a small

rhombic splitting, that also is manifest in 1H ENDOR
measurements (see below): g = [2.54, 2.047, 2.031]. As
described below, 1H and 11B ENDOR measurements assign the
unique magnetic direction (g1) to lie along the Fe−Fe vector,
with g2 normal to the plane defined by the Fe(μ-H)(μ-NH)Fe
core and g3 (approximately) collinear with the NH-H vector.
The perpendicular region of the 10 K X-band EPR spectrum

of 3 shows partially resolved hyperfine structure that can be
simulated with a single strongly coupled proton (see below)
and six equivalent 31P nuclei each having A⊥ = 12 G (not
shown).18 This analysis indicates that the electron spin is
symmetrically delocalized. Although the 31P couplings are not
resolved at higher temperatures or in the 35 GHz EPR
spectrum of 3, the g values in the spectra at the two frequencies
are invariant from 77 to 2 K, indicating that the spin does not

Figure 1. Thermal ellipsoid (50%) representation of the core atoms of
mixed-valence 3.

Table 1. Table of Selected Bond Lengths for 2 and 3 As
Obtained from X-ray Crystallography (xtal) and from DFT
Geometry Optimizationa

2 (Xtal) 2 (DFT) 3 (Xtal) 3 (DFT)

Fe1H 1.51(2) 1.775 1.68(3) 1.731
Fe2H 1.51(2) 1.754 1.64(3) 1.734
Fe1N 1.826(5) 1.808 1.777(3) 1.805
Fe2N 1.790(5) 1.807 1.783(3) 1.796
Fe1P1 2.2024(13) 2.323 2.2539(8) 2.382
Fe1P2 2.2121(13) 2.397 2.2975(8) 2.413
Fe1P3 2.2274(13) 2.291 2.3027(8) 2.391
Fe2P1 2.2247(13) 2.345 2.2799(8) 2.359
Fe2P2 2.2306(13) 2.400 2.2930(8) 2.435
Fe2P3 2.2411(13) 2.337 2.3151(8) 2.466
NH 0.879(7) 1.023 0.89(2) 1.025
Fe1Fe2 2.6595(9) 2.766 2.5596(6) 2.673

aAll values give are in angstroms.18 The NH/H positions are
disordered in the solid-state structure of 2, and only the bond
distances to the major component of the disorder are given.

Figure 2. 35 GHz EPR spectrum of 3. Main: Numerical derivative of
the CW absorption-display spectrum. (Inset) The small rhombic
splitting (Δ(g2 − g3) = 0.016 (101 G)) of the perpendicular region of
the spectrum (inset). Experimental conditions: T = 2 K; modulation
amplitude, 0.33 G; microwave power, 0.01 mW; microwave frequency,
35.300 GHz. (Inset) Davies pulse sequence, π = 80 ns; τ = 600 ns;
repetition time, 20 ms; scan time, 200 s; microwave frequency, 34.714
GHz.
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localize at low temperature and that 3 is ideally described as a
type-III delocalized mixed-valence complex.32

1,2H ENDOR of 3. The 1H stochastic-field modulation-
detected (stochastic CW) ENDOR spectrum of 3 at g2 (Figure 3)

shows two well-resolved 1H ENDOR signals, with one
appearing over a range of frequencies around the hyperfine
coupling A ≈ 56 MHz, Δν+ = 25 MHz, and one a sharp signal
corresponding to A ≈ 12 MHz. Selective deuterium labeling of
the bridging ligands (see above) generated the four 1H/2H
isotopomers of 3 (1HNH/

1Hμ;
1HNH /2Hμ;

2HNH /1Hμ;
2HNH

/2Hμ). Their ENDOR responses at g2 identify the ENDOR
signals with the larger coupling as corresponding to the
bridging hydride (1Hμ), and the signal with the smaller
coupling as from the proton of the bridging imido ligand
(1HNH) (Figure 3).
Bridging Hydride. The 2D field-frequency pattern of

stochastic CW 1H ENDOR spectra for the bridging hydride
is shown in Figure 4. The large 1Hμ hyperfine coupling (|Amax| =
56 MHz) leads to a substantial overlap between ν− of the 1Hμ

ENDOR response and ν+ of the
31P ENDOR response across

the entire EPR envelope. At all fields, the 1Hμ ν+ ENDOR
response, however, is isolated from all other ENDOR
responses, permitting analysis of the 1Hμ hyperfine tensor. In
the 1,2HNH/

2Hμ isotopologues, the 1Hμ signal is lost and
replaced by a 2Hμ signal with the corresponding hyperfine
coupling, |A(2H)max| = 8.6 MHz.
To extract the full hyperfine tensor and its orientation

relative to g, 1H ENDOR spectra were obtained at multiple
field positions across the EPR envelope (Figure 4).28,33

Excellent simulation of the 2D field-frequency pattern was
achieved with a hyperfine tensor for 1Hμ of A = −[19.5, 56.3,
41.0] MHz = aiso1 + T, where aiso = −38.9 MHz, and the
through-space electron−nuclear dipolar interaction between
the bridging hydride and the unpaired spin on the iron

nuclei is T = [+19.4, −17.4, −2] MHz, nearly coaxial with g.
The optimal simulation employs a small rotation of A, T
around the g2 (y) axis (β = 5°), which tilts the A3, T3 principal
axis slightly out of the g2−g3 plane.
The relative signs of the tensor components are determined

by the simulations; absolute signs were determined through
application of the PESTRE technique to the ν±

2Hμ ENDOR
features at g2 (not shown).29 This result agrees with the
expectation that Tmax > 0 (for gn > 0) because it is dominated
by through-space electron−nuclear dipolar interactions. The
result, aiso < 0, indicates that the spin on the bridging hydride
results from spin polarization of the filled (dπ−σ(H)) bonding
orbitals.

Dipolar Coupling and the g Tensor Orientation. By
orienting the components of the through-space electron−
nuclear dipolar coupling tensor for Hμ, T, in the molecular
frame, we can directly determine the orientation of g in that
frame. When g anisotropy is small, the through-space dipolar
component of the hyperfine coupling, T, can be well described
by an approximate expression for a binuclear center, eq 1,

∑ββ̂ ≈ ̂ · · ̂−g g S TH In n
i

i
T

iDD e e
(1)

where T has the well-known form of a traceless (T1 + T2 + T3 = 0)
symmetric tensor. As such, it lends itself well to the
determination of the metrical parameters that relate the
position of nuclei being examined to the g tensor, and
ultimately to the molecular frame.34,35 However, when g
anisotropy is substantial, as in the present study, the general
form of this interaction must be employed, eq 2,

Figure 3. 1H ENDOR spectra measured at g2 = 2.047 for the
complexes (top to bottom): [Fe]2(H)(NH), [Fe]2(D)(NH),
[Fe]2(H)(ND), [Fe]2(D)(ND). All compounds are 2 mM in 1:9
2-methyl THF/THF. Spectral intensities are normalized to the
intensity of the 31P ENDOR response at −12 MHz. The ENDOR
response from the hydride ligand and the imido ligand proton are
marked in blue and red, respectively. The 31P ENDOR response is
marked by the gray box. Experimental conditions: microwave frequency,
34.984 to 35.342 GHz; modulation amplitude, 1.33 G; RF power,
10 W; microwave power, 100 mW; stochastic CW timings: sample, 1 ms;
delay, 1 ms; RF, 0.75 ms; and the bandwidth of RF excitation was
broadened to 100 kHz.

Figure 4. Stochastic-field modulation-detected 1H ENDOR field-
frequency pattern of 3. Spectra (black) and simulations (blue) are
centered at the proton larmor frequency. Spectral intensity is adjusted
arbitrarily for clarity. Simulation intensity is normalized to high
frequency edge of individual spectra. Experimental conditions: micro-
wave power, 10 mW; modulation amplitude, 1.3 G; stochastic
sequence timings: sample time, 1 ms; delay time, 1 ms; and RF
length, 0.75 ms; time constant, 0 ms; RF power, 10 W; temperature,
2K; and the bandwidth of RF excitation was broadened to 100 kHz.
Simulations: g = [2.54, 2.047, 2.031]; A = [19.5, 56.3, 41.0] MHz;
(α, β, γ) = (0, 5, 0); EPR line width 150 MHz; ENDOR line width
0.5 MHz; microwave frequency 35.342 GHz.
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∑β μ̂ = ̂ · · ̂H g T In n
i

i iDD
(2)

which employs the orientation dependent magnetic moment,
μ̂I = βeBo[S ̂·g·b] in the presence of an external field, Bo = Bob.

36

This leads to a nonsymmetric dipolar coupling matrix that does
not lend itself to a simple determination of its orientation
within the molecular frame through coordinate transformations
based on rotation matrices and Euler angles.34,35 To carry out
the analysis of the ENDOR data obtained for 3 we have
combined the approach of Hutchison and McKay for the
treatment of an anisotropic magnetic moment36 into a
treatment that describes the dipolar interaction of a nucleus
with a paramagnetic dimetal center.37 We find that
simplifications introduced by symmetry at the bridging hydride
and NH moieties of 3 lead to the resultant, symmetric dipole
interaction of the form of eq 1.
We begin by defining a convenient molecular coordinate

frame. Given that the Fe(μ-H)Fe moiety is nearly mirror
symmetric relative to the plane bisecting the FeHFe angle,
normal to the FeHFe plane, we take z to be along the FeFe
vector, and x to lie in that plane normal to the FeFe vector
(Figure 5), and y to be normal to the Fe(μ-H)Fe plane. In this

frame the orientation of the applied magnetic field is described
by directional cosines for Fe1H and Fe2H, eq 3:

θ θ= ±l l l( , , ) (sin , 0, cos )x y z
A/B A/B A/B

(3)

The crystal structure of 3 gives Fe−H bond lengths of
1.64(3) and 1.68(3) Å, and equivalent Fe−Fe−H angles of
40(1)o. To simplify, we symmetrize the structure by setting
r(Fe1−H) = r(Fe2−H) = r = 1.66 Å. The resulting,
nonsymmetric, point-dipole interaction matrices for a spin on
Fe1/2 are given by eq 4,

θ θ θ

θ θ θ

β β

=
− ±

−

± −

=

⎛

⎝
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⎞
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⎛
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⎜⎜⎜
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3 sin 1 0 3 sin cos
0 1 0

3 sin cos 0 3 cos 1

,
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z

n n

1/2
nl

e

e

e

2

2

nl
e e

3 (4)

The complete dipolar hyperfine tensor for the hydride of a
S = 1/2 spin-coupled/spin-delocalized center, Td, is obtained by

addition of the dipolar couplings to the two Fe ions, T1 and T2,
scaled by the spin-projection coefficients/spin-densities at each
iron, KA/B,

= +T K T K Td 1
1

2
2

(5a)

For K1 ≠ K2 and/or a nucleus at a general location in the
molecular frame, Td also is nonsymmetric, with the
disadvantages noted above. However, for nuclei equidistant
from Fe1 and Fe2, such as is the case for the μ-H and μ-NH
moieties, and with K1 = K2 = K, the dipolar tensor reduces to a
simple, diagonal form proportional to K. Complex 3 has a
single spin equally delocalized between the two Fe ions, as
initially inferred from the 31P hyperfine couplings (and see
below), giving K1 = K2 = K = 1/2, which leads to the symmetric
(diagonal) form, eq 5b,
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(5b)

This can further be decomposed into the sum of an isotropic
(pseudocontact) term, a′iso, and a diagonal, traceless dipolar
matrix, T′, of the form of eq 1, eqs 6a−6d,

= ′ + ′aT 1 Td iso (6a)
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and T′ has principal components,
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As a result, a 2D field-frequency pattern of 1Hμ ENDOR
spectra can be analyzed in terms of the standard form of the
hyperfine coupling tensor, A,

= + ′aA T(obs)1iso (6d)

= + ′a a a(obs)iso iso iso

where aiso is the true isotropic coupling due to s-orbital spin
density, Analysis of a 2D ENDOR pattern yields the diagonal
components of T′ and the orientation of this interaction
relative to the g and molecular frames, as described by the Euler

Figure 5. Schematic representation of the orientation of the g-tensor
frame and the hydride dipolar (T) frame within the molecular
coordinate system. (lx

N,ly
N,lz

N) (N = 1, 2) are the directional cosines
projecting the external magnetic field vector onto the Fe−H bond
vectors. Fitting of the experimentally determined principle values of
the dipolar tensor yields θ = 38° (the crystal structure value is 40°).
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angles that relate these frames. The distance of the nucleus
under examination from the Fe ions is given by Tnl (eq 4).
Simulation of the 2D field-frequency ENDOR pattern of the

bridging hydride shows that g and A are essentially coaxial
(±5°), with corresponding observed dipole tensor components,
T = [T1, T2, T3] = [19.4, −17.4, −2.0] MHz, closely
approximating to a fully rhombic interaction, T ≈ [T, −T, 0].
Such a signature tensor is predicted by eq 6c for the bridging
hydride, with the unique, Txx′, component lying in the Fe−H−
Fe plane, along the bisector of that angle. Detailed comparisons
with the structurally determined tensor components of the
traceless dipolar interaction of eq 6c, T′, as calculated for all
possible relative assignments of the gi and T′jj then establishes
that the measured T corresponds to the calculated T′ for an
assignment in which the unique g-value, g1 = 2.54, lies along the
Fe−Fe vector; g2 = 2.047, is perpendicular to the Fe−H−Fe
plane (and thus the Fe−(NH)−Fe plane); and g3 lies in the
Fe−H−Fe plane, normal to the Fe−Fe vector (along the Fe−
H−Fe bisector). The result of this analysis is visualized in
Figure 5. ENDOR measurements on the 11B and 31P nuclei of 3
(Figure 6), discussed below, likewise indicate that g1

corresponds to gz. The tensor components of T′ computed
from eq 6c and the symmetrized metrical parameters obtained
from the crystal structure, without adjustment of the structure
or modifications of the Ki from spin delocalization, are in
excellent agreement with T obtained from experiment: T′ =
[T′zz, T′yy, T′xx] = [16.4, −19.0, 2.57] MHz.38 The computed
rhombic tensor of an [M1−H−M2] fragment smoothly evolves
into the signature axial tensor, T ≈ [T, −T, 2T] for a terminal
hydride as the proton is moved to one side of the [M1, M2]
unit.

Imido Proton. The proton of the bridging imido ligand
exhibits a maximum 1H hyperfine coupling of 12 MHz at g2
(Figure 3). A complete analysis of the 2D field-frequency 1H
pattern was precluded by the overlap of the ENDOR patterns
from the imido proton and the weakly coupled protons of the
tris(phosphino)borate ligand and the solvent matrix. Instead,
we analyzed the 2H Mims 2D field-frequency ENDOR pattern
acquired from the fully deuterated isotopologue of 3, Figure 7.

Although this pattern is exceptionally well-resolved and
complex, the spectra measured at the three principal g values
are fully resolved so that the hyperfine couplings and 2H
quadrupole splitting can be read off directly. With these
couplings as initial estimates of the tensor principal values, the
hyperfine and quadrupole tensors have been refined so as to
reproduce the full 2D pattern.
To begin, the magnitudes of the 2H hyperfine coupling

tensor principal values were approximated from the Mims
ENDOR spectra taken at g1, g2, and g3: |A1| = 0.5 MHz, |A2| =
1.4 MHz, and |A3| = 0.5 MHz, respectively. Given the Fe−HNH

Figure 6. Field-frequency patterns for 11B (left) and 31P (right)
ENDOR of 3. Simulations of the 11B pattern (blue) employ the
hyperfine and quadrupole tensors given in the text. Experimental
conditions (11B): Mims pulse sequence, π = 50 ns; stochastic data
acquisition; τ = 500 ns; repetition time, 20 ms; tRF, 15 ms; and the RF
amplifier output filtered with 20 MHz low pass filter. Experimental
condition (31P): microwave power, 10 mW; modulation amplitude, 1.3
G p-p; stochastic sequence timings: sample time, 1 ms; delay time, 1
ms; and RF length, 0.75 ms; time constant, 0 ms; RF power, 10 W;
temperature, 2 K; and the bandwidth of RF excitation was broadened
to 100 kHz.

Figure 7. 2H Mims field-frequency ENDOR pattern from fully
deuterated 3. The center (δν = 0 MHz) of the simulated ENDOR
pattern was adjusted by +16 G to accommodate an offset in the center
field. The simulation intensity was matched to the individual ENDOR
spectra for clarity. Experimental conditions: Microwave frequency,
34.718 GHz; π/2 = 50 ns; τ = 500 ns; tRF = 30 μs; repetition rate,
20 ms; RF randomly hopped. Simulations. g = [2.54, 2.047, 2.031]; A =
[−0.49, −1.4, 0.5] MHz, (α, β, γ) = (90, 6, 100); P = [0.058, 0.062,
−0.12] MHz (coaxial) (g1 = z); EPR/ENDOR line width = 200/0.05
MHz; τ = 500 ns.
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distance of approximately 2.50 Å, the contribution to the Ai
from the through-space dipolar coupling is expected to be
comparable with aiso. Simulation of the ENDOR pattern then
requires that we discriminate among the four possible hyperfine
tensors that differ with respect to the relative signs of the
principal values: Ai = ±[0.5, 1.4, −0.5]; Aii = ±[0.5, −1.4, 0.5];
Aiii = ±[−0.5, 1.4, 0.5]; and Aiv = ±[0.5, 1.4, 0.5] MHz. This
was achieved by taking advantage of the hyperfine suppression
effect inherent to the Mims ENDOR experiment. In an
ENDOR pattern in which the signs of the hyperfine principal
values are not all the same, the ν+ and ν− ENDOR responses
must cross through δν = ν−νn(2H) = 0 MHz (Aobs = 0 MHz),
thus yielding an ENDOR response in the vicinity of δν = 0
MHz. In a Mims experiment, this response is suppressed (the
n = 0 suppression hole; see above), but the suppression effect
diminishes as the interval between the first and second pulses in
a Mims experiment, τ, is increased. This allows discrimination
among the different tensors by comparing spectra collected
over a range of τ values with the corresponding Mims ENDOR
simulations for the three tensor options.
This technique was applied to ENDOR spectra taken with

multiple τ at magnetic fields corresponding to g = 2.038, 2.046,
2.20, and 2.33. Simulations at g = 2.20 and 2.33 are dominated
by A2 and A3, and involve orientations in which the magnetic
field lies in the g1−g2 plane where the isotropic and dipolar
coupling cancel. These simulations exhibit a peak centered at
ν ≈ νn(

2H). If such a feature existed, it would be enhanced at
τ = 800, compared to τ = 500 ns. However, spectra collected at
these two intervals show no difference in the Mims ENDOR
response (Figure S1 A,B, SI), effectively ruling out Aii and Aiii.
The remaining two tensors, Ai and Aiv, are ideally tested at a
field between g2 and g3. Simulations for Aiv generate no
ENDOR response at δν = 0 MHz, in contrast with the Ai

simulations, which correctly predict the ENDOR response at
δν = 0 MHz that is observed in the spectra at g = 2.038 and
2.046 (Figure S1 C,D, SI). The hyperfine tensor for the imido
deuteron is therefore A(2H) = ±[0.5, 1.4, −0.5] MHz, with A
oriented relative to g by ±10° from the Fe(μ-NH)Fe plane.
Although the 1H ENDOR pattern could not itself be analyzed,
the corresponding 1H ENDOR pattern obtained by scaling
A(2H) by the ratio of the proton and deuteron nuclear g values
(gn(

1H)/gn(
2H) = 6.51) reproduce well the outer edge of the

1H ENDOR pattern (Figure S2).
The absolute sign of the isotropic hyperfine coupling to the

imido proton was determined by application of the PESTRE
technique, Figure S3 (SI). Under ‘standard’ conditions, in
which the time between the second and third Davies microwave
pulses is short relative to the electron spin−lattice relaxation
time (tmix ≪ T1e), the PESTRE responses measured at g2 for
both ν+ and ν− are weak, but can be assigned as α and β
transitions, respectively. This assignment was confirmed by the
technique of variable mixing time (VMT) Davies ENDOR,39,40

wherein tmix is increased such that T1e ≈ tmix (see SI)
These findings show that aiso(

1HNH) < 0, implying negative
spin density on the proton, ρH < 0,16,29 and a hyperfine tensor,
A(2HNH) = −[0.5, 1.4, −0.5] MHz, aiso(

2HNH) = −0.47 MHz,
and T = [−0.03, −0.93, 0.97] MHz. The anisotropic coupling
of the imido deuteron is, like that of the bridging hydride, fully
rhombic. T(2HNH) ≈ [0, −1, +1] MHz. This is in full agree-
ment with the coupling calculated for the [Fe−(NH)−Fe]
fragment through the point-dipole anisotropic interaction with
the delocalized spin on the two Fe ions (eq 6c): T′(2HNH) =
[−0.2, −0.8, 1] MHz (corresponding to T′(1HNH) = [−1.3,

−5.2, 6.5] MHz). We further find from that ∼3% of the
measured aiso is associated with the pseudocontact contribution
(eq 6b, aiso′)
The 2H quadrupole splitting is fully resolved in the ENDOR

spectra measured at each of the principal g values (Figure 7)
and was refined by simulation of the complete pattern, leading
to a 2H quadrupole coupling tensor, P = ±[0.06, 0.06, −0.12]
MHz, coaxial with A (and g) within the resolution of the
experiment (β ≈ ±5°). For comparison with other formulations
of the quadrupole interaction, we note that Pmax/2 = e2qQ/4
h = K(2H) = ± 0.24 MHz (the symbols having their usual
definitions).

11B and 31P ENDOR. A 11B Mims ENDOR 2D field-
frequency pattern is presented in Figure 6 (lef t). The spectrum
at g1 shows a hyperfine-split doublet centered at νB, with each
partner showing an additional triplet splitting caused by the
nuclear quadrupole interaction (I(11B) = 3/2). As shown, the
2D pattern can be simulated using a single hyperfine tensor and
single quadrupole tensor. This analysis in terms of a single type
of 11B nucleus confirms that the 11B nuclei of the two PhBP3
ligands are magnetically and geometrically equivalent, as
expected from the near mirror symmetry of the molecule
(see Scheme 1) and the symmetrical delocalization of the
electron spin of 3 (see below). In keeping with the molecular
symmetry, the two tensors have nearly axial symmetry, with the
unique direction lying along the B−Ph bond, corresponding to
g1, and are essentially coaxial with the FeFe bond as described
above. The principal values of the tensors are: A(11B) =
[0.68(02), −0.40(05), −0.50(03)] MHz, aiso = −0.07 MHz,
T(11B) ≈ [0.75, −0.33, −0.43] MHz, where the signs of the
principal values are assigned such that Tmax > 0. The vanishingly
small value of aiso implies that there is negligible spin density on
boron (<0.1% of a spin per B), as expected given the absence of
a direct B−Fe bonding interaction. The quadrupole tensor
components are, P(11B) = ±[−0.042, 0.018, 0.024] MHz, with
the small coupling (K = ±0.021 MHz, η = 0.14) again as
expected for the nearly tetrahedral symmetry at boron.
The six P-atoms from the two PhBP3

− ligands coordinating
the two Fe ions show a single ν+ ENDOR response in
sf-ENDOR measurements (Figure 6, right), as expected for six
magnetically equivalent 31P nuclei interacting with a symmetri-
cally delocalized electron spin. The 2D 31P ENDOR pattern
reveals that the 31P hyperfine coupling is primarily isotropic,
aiso ≈ ±36 MHz. As a single electron in the 3s orbital of
phosphorus would give a hyperfine coupling of ∼1.3 × 104

MHz,41 this indicates that spin density is delocalized into the 3s
orbital of each phosphorus to a minimal extent, ∼0.3%; taking
the bonding orbital to have sp3 hybridization, only ∼1% of the
spin is delocalized onto each of the six phosphorus ligands.

14,15N ENDOR. Davies 14/15N ENDOR spectra of the 50%
15N-labeled isotopologue of 3 are presented in Figure 8. The
spectrum measured at g3 = 2.031 shows 14N and 15N Larmor-
centered ENDOR doublets corresponding to A3(

14N) = 2.52
MHz and A3(

15N) = 3.54 MHz, appropriately related by the
ratio of the nuclear g-values, with the two branches of the
former further showing a quadrupole splitting, 3|P| = 0.36 MHz.
The 14/15N hyperfine coupling measured at g3 is the minimum
observed at any field. The maximum hyperfine coupling is
observed at g2, A2(

14/15N) = 5.7/8.0 MHz. The 14N ENDOR
response at g1 is not satisfactorily resolved in a Davies ENDOR
experiment, but was measurable in a 35 GHz CW ENDOR
spectrum (Figure 8), A1(

14/15N) = 3.0/4.1 MHz. The aniso-
tropy in the magnitudes of the hyperfine coupling is noticeably
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larger than usually observed for a nitrogenous ligand σ-bonded
to Fe (e.g., histidine),42,43 which indicates that the unpaired
spin at the 14/15N ligand in fact is associated with an orbital
having significant π-character.
The signs of the 14N hyperfine tensor elements were

evaluated with the VMT-ENDOR experiment (Figure 9).

Normalization of the Davies ENDOR spectra acquired with tmix
values of 5, 1000, and 3000 μs to the 14N ν− ENDOR response

shows that the ν+ ENDOR response is decreasing as the mixing
time is increasing. Such behavior is characteristic of an ENDOR
response that originates from the α electron spin manifold
(ms = −1/2), which indicates that A(14N) < 0. The sign of the
third tensor component, A1, was determined from simulations
of the 2D 15N field-frequency ENDOR pattern (see below).
The 15N ENDOR spectra measured at the principal g values
can be well simulated using the hyperfine couplings listed above
and coaxial g, A, and P (Figure 8).
A simulation of the 15N 2D field-frequency ENDOR pattern

(g = 2.031−2.190) generated from the parameters presented
above, with A1 < 0, and with the dipolar tensor slightly rotated
relative to g around the out-of-plane g2 (y) axis (β ≤ 5°),
matches the behavior of the data fairly well, notably along the
high frequency edge corresponding to the A2, ν+(

15N) ENDOR
response, Figure S4 (SI) (A3, ν−(

15N) overlaps A2, ν+(
14N) and

is not resolved). In contrast the pattern generated with A1 > 0
does not match well. The results then yield as the hyperfine
tensors for 14N and 15N, A(14N) = −[3, 5.7, 2.5] MHz, and
A(15N) = +[4.1, 8, 3.5] MHz.
The 14N tensor can be decomposed into an isotropic term,

aiso = −3.7 MHz, and anisotropic term, T ≈ −[−0.75, +2.0,
−1.25] MHz, with the largest tensor component (T2 = 2.0
MHz) lying along g2, normal to the Fe−NH−Fe plane (see
above). This tensor in turn can be decomposed into two
orthogonal axial tensors, a major contribution T2 = −[−1.1, 2.2,
−1.1] MHz, with its unique axis along g2, and a minor one, T1 =
−[0.3, −0.15, −0.15] MHz, with its unique value along the
FeFe axis (g1, z).
The isotropic coupling is very small compared to that

expected for one electron in a 14N 2s orbital, aiso
0 = 1810 MHz,

corresponding to a 2s spin density of ρs ≈ 2 × 10−3.41 It can
also be shown that the tensor T2 is proportional to the
difference between the spin density in the 2pπ orbital normal to
the Fe−NH−Fe plane and the average of the spin densities in
the 2pσ orbitals. Given the small isotropic coupling and trigonal
geometry at N, this anisotropic contribution is clearly
dominated by spin density in the 2pπ orbital. Given the
unique value for the anisotropic coupling to a single electron in
a 14N 2p orbital is 2T0 = 110 MHz,41 the 2pπ spin density is
therefore ∼−0.02.
The 14N quadrupole splitting is well resolved in the Davies

spectra collected at g2 and g3 and only partially resolved in the
spectrum at g1 due to overlap with the 15N ν− ENDOR
response. However, the quadrupole splitting is resolved for the
ν+ ENDOR response from the CW spectrum measured at g1.
As the quadrupole tensor must be traceless, the measured
splittings lead to the quadrupole tensor, P = +[0.19, −0.31,
0.12], where the absolute sign of the nuclear quadrupole
coupling constant is assigned from the known sign of the
quadrupole moment.44 14N simulations generated with the
above P match the Davies ENDOR spectra measured at g2, g3,
and both the Davies and CW spectra measured at g1 (Figure 8).
The quadrupole tensor is roughly axial, η = 0.23, compared to
the maximum value, η = 1, with the unique axis lying along the
p−π orbital normal to the Fe−NH−Fe plane, as expected for a
‘trigonal-planar’ imide.
The partial 2D pattern of 14N ENDOR spectra shown in

Figure S5 (g = 2.031−2.152) can be adequately represented by
the spin Hamiltonian with A(14N) and P(14N) given above,
with a slight rotation of the tensors around the out of plane g2
(y) axis (β ≤ 5°) relative to g. The near coaxiality of the three

Figure 8. 35 GHz pulse 14,15N Davies ENDOR of 3(14,15N) measured
at the principal g values. The ENDOR responses for the 14N nucleus
(blue, solid) and 15N nucleus (red, solid) are noted, with simulations
for both (dotted). The inset shows the 35 GHz field-swept 14N ν+ CW
ENDOR response from 3. Experimental conditions: microwave
frequency, 34.934 GHz; π = 200 ns; τ = 600 ns; trf = 30 μs, repetition
rate, 20 ms; and the RF was hopped randomly. Inset: microwave
frequency, 35.326 GHz, microwave power, 0.01 mW; modulation
amplitude, 0.33 G; temperature, 2 K. Simulations: g = [2.54, 2.047,
2.031]; 14N: A = −[3, 5.7, 2.5] MHz, P = [0.19, −0.31, 0.12] MHz;
15N: A = +[4.1, 8, 3.5] MHz; A and g (and P for 14N) are coaxial.

Figure 9. Variable mixing time 14N Davies ENDOR of 3 at g3 = 2.031.
The spectra shown have been displayed as a direct overlay (top) and as
normalized at ν−(

14N; *) (bottom). Experimental condition: Microwave
frequency, 34.986 GHz; repetition rate, 20−23 ms; τ = 600 ns; RF
randomly hopped.
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tensors is sensible considering the near two-fold rotational
symmetry of the bridging imido (and hydrido) ligand (Scheme 1).

■ DISCUSSION
We have carried out a comprehensive EPR and ENDOR
spectroscopic study of the crystallographically characterized
mixed-valence bridging imide/hydride (3) that displays one
structural element involved in nitrogen fixation by nitrogenase
and a second that might be: (i) [Fe−H−Fe], and (ii) [Fe−
NH−Fe]. Below, we first discuss how the EPR and ENDOR
results characterize the ground state of 3 as a type-III mixed-
valence di-iron complex, comparing the present report with
DFT calculations of 3 and the one-electron reduced congener,
2. We next compare dipole interaction matrix, T′ ̧ obtained
through analysis of the proton ENDOR measurements of the
[Fe−H−Fe] moiety of 3 with the matrix computed from the
structure through use of a simple point-dipole model for a
hydride bridging two metal ions37 as refined above. The
comparison validates our use of this model for 3, and therefore
its use to assign as [Fe−H−Fe] bridging hydrides the two
magnetically equivalent 1H nuclei bound to FeMo-co in the E4
intermediate trapped during turnover of the V70I nitrogenase
mutant under Ar.1

Delocalization of the Electronic Ground State of 3.
The EPR spectrum of 3 is characterized by a strongly
anisotropic g tensor, g = [2.54, 2.047, 2.031], in keeping with
what might be expected for a low-spin d5 ion in a geometry
describable as being distorted from trigonal.45,46 In the 4 K EPR
spectrum of 3, hyperfine coupling to the hydride and the
phosphorus nuclei are partially resolved (see SI).18 The
hyperfine pattern can be simulated with a single strongly
coupled 1H nucleus (1Hμ) and six ‘equivalent’, more weakly
hyperfine coupled, phosphorus nuclei, that arise from the two
tris(phosphino)borate ligands. The hyperfine splitting of g⊥
reveals that at 4 K, the odd electron of the formally Fe3+ center
is fully delocalized over both iron centers. EPR measurements
from 77 K to 2 K show no variation in the measured g values,
indicating that the ground state does not localize at low
temperature and that it is isolated from the first excited state.
This latter is evidenced by the very small rhombic splitting of g⊥
(Δg = g2 − g3 = 0.016) caused by spin−orbit coupling to
excited states. As such, 3 is properly considered as a true,
Fe2.5+Fe2.5+ type-III mixed-valence complex, in the Robin and
Day classification scheme for mixed-valence transition metal
complexes.32

A comparison of the crystal structures for the neutral (Fe2.5+,
Fe2.5+; 3) and anionic (Fe2+,Fe2+ 2) complexes provides insight
into the ground state. Table 1 lists selected geometric values for
the P3Fe(μ-H)(μ-NH)FeP3 core structure, as well as the
corresponding values derived from density functional theory
geometry optimization performed on both systems. The
oxidation of 2 to 3 results in a contraction of r(FeFe) by
approximately 0.1 Å, from 2.66 to 2.56 Å. A similar decrease of
0.093 Å in r(FeFe) is predicted from the DFT calculations
(2.766 and 2.673 Å, respectively). As noted above, this trend
can be attributed to increased Fe−P π backbonding in the
reduced congener.31 The DFT-calculated spin densities at the
two iron centers are nearly equal (ρFe(1/2) = 0.56/0.59), as
expected for a fully delocalized ground state.47

The ENDOR determination of the hyperfine couplings for
the three bridging nuclei provides novel insights into the
character of the di-iron core of 3. The small magnitude and
negative absolute sign of the 14N spin density on the bridging

N(H) suggests that the [Fe−N(H)−Fe] unit behaves
analogously to the allyl radical. In a Hückel molecular orbital
formulation of the allyl radical, 50% of the unpaired electron is
on C(1) and 50% on C(3), with a node at C(2). Incorporation
of electron correlation induces spin polarization that leads to a
negative spin density on C(2).48 In 3, the odd electron is
likewise symmetrically delocalized over the two Fe ions, with a
small (negative) spin density at the bridging N, consistent with
the small spin density found with the DFT computation,
ρDFT(N) = 0.0155; given the small net spin density, it is hardly
surprising that the experimental and calculated signs do not
agree. The analogy between the odd-electron distribution on
the Fe−N(H)−Fe center and that on the allyl radical is
reminiscent of the recently described analogy between a Fe−
N(H)N(H)−Fe center and the butadiene anion, where the
SOMO is minimally delocalized onto the central nuclei.49

The experiments reveal an isotropic hyperfine coupling for
the bridging hydride of aiso = −38.9 MHz; given the coupling
for one electron in a 1H 1s orbital, aiso

0 = 1420 MHz,41 this
corresponds to a very small spin density on the hydride, ρ(1Hμ) =
−0.027.41 In agreement, the DFT computation likewise yields a
small negative spin density on hydride, ρDFT(

1Hμ) = −0.03850.
Comparable values have been seen in other ENDOR studies of
metal-bound hydrides.3,15

Recently, a paramagnetic, mixed-valence low-spin [Fe1+,Fe2+]
hydrogenase model complex has been characterized by
Jablonskyte, et al.15 Solution EPR measurements of this
complex in THF solution at T = 165 K reveal the presence
of a single hydride with an isotropic hyperfine coupling of aiso =
−75.8 MHz. The authors propose that this proton adopts a
bridging geometry, but a definitive frozen-solution EPR/
ENDOR spectroscopic study or X-ray diffraction character-
ization is required for confirmation of a bridging versus a
terminal16 geometry.

Testing the Point-Dipole Calculation of Anisotropic
Couplings to Bridging Protons. Turnover of the V70I
mutant of the nitrogenase enzyme under an Ar atmosphere
followed by rapid freeze quenching generates a new S = 1/2
intermediate signal previously unobserved in the wild-type
enzyme.1 A combination of 1H ENDOR spectroscopy1 and step
annealing11 revealed that this new species represents the E4 state
of the enzyme, in which the FeMo-cofactor has accumulated
four electron/proton equivalents.51 The 1H ENDOR measure-
ments revealed the presence of two strongly hyperfine coupled
metal-bound hydrides with equivalent hyperfine tensors,
A(1) = [11, 25, 37] and A(2) = [33, 10, 24] MHz.
The anisotropic component of the hyperfine tensors for the

hydrides exhibits a rhombic anisotropic interaction of the form
T ≈ [−t, 0, t], t = 10−12 MHz. Application of the point-dipole
model for the anisotropic coupling in a [M−H−M] fragment52

led to the conclusion that these interaction tensors are associated
with hydride ions that bridge two metal ions of the cofactor, and
that the dipolar interaction arises from the sum of through-space
point-dipolar interactions with the exchange-coupled spins of the
two anchor metal ions. Subsequently, this point-dipole model
was used to conclude that the hydrides bridge two Fe ions, and
thus correspond to [Fe−H−Fe] fragments.1,10
These conclusions rested on use of the point-dipole

interaction model to identify a bridging hydride, and to
distinguish such an entity from a terminal hydride. To test this
model, we have examined the crystallographically characterized
[Fe−H−Fe] fragment of 3, modeling the through-space dipolar
couplings of the bridging hydride and imido proton as the sum
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of the individual dipolar couplings to symmetrically delocalized
spin on the two Fe ions. The point-dipole model precisely
reproduces the experimentally derived 1,2H dipolar tensors for
3, thus validating the use of this model to assign the resolved
1,2H signals from the E4 intermediate to Fe−Fe bridging, rather
than terminal, hydrides.
The description of the anisotropic proton coupling for a

proton located between two adjacent Fe ions is possible
because there can be no ‘local’ anisotropic contribution from
p-orbital density on a proton, so the coupling is independent of
the nature of the Fe−H bonding. On the other hand, the
isotropic coupling of a bridging hydride arises from spin density
at the proton itself and thus is a measure of the bonding. The
two bridging hydrides of nitrogenase have large isotropic
hyperfine couplings, aiso ≈ ± 24 MHz. The hyperfine coupling
to the bridging hydride in 3 is roughly two-thirds larger, aiso =
−38.5 MHz. However, the hydride in 3 bridges a mixed-
valence, low-spin Fe2.5+,Fe2.5+ center, whereas the hydrides in
nitrogenase are commonly thought to bridge high-spin Fe3+

centers. The isotropic coupling to a nucleus that arises from
spin density on an ion with spin, S, is proportional to the spin
density at that nucleus, aun = ρao/2S, where ρ is the proton s-
orbital spin density, and ao is the hyperfine constant for a single
(S = 1/2) electron in the 1s orbital of H.53 For 3, the calculated
hydride spin density is ρ(1Hμ) = −0.027 spins (see above).
From the measured isotropic hyperfine coupling of the
hydrides in E4, |aobs| = 24 MHz, we can estimate a value for
the spin density on each hydride. In the light of the recent 95

Mo and 57Fe ENDOR studies of E4, we consider the hydrides
as symmetrically bridging Fe ions with spin projection factors of
KFe1 ≈ KFe2 ≈ ±1/2.10,54 If we further assume that both iron
ions are high-spin ferric (S = 5/2), then |aun | = |aobs| = 24 MHz,
yielding |ρ(H−)| ≈ 0.09 for each bridging E4 hydride. Given the
uncertainty in the values of the spin projection factors and the
spin states of the anchor Fe atoms, the similarity between aun of
the two systems is a surprisingly satisfying complement to the
definitive analyses of the anisotropic couplings.

■ SUMMARY

• The application of 35 GHz EPR and ENDOR spectros-
copies has confirmed the description of 3 as an S = 1/2
type-III mixed-valence di-iron II/III complex in which
the unpaired electron is shared equally between the two
iron centers. Compounds exhibiting this electron
structure are highly unusual.

• 1,2H and 14,15N ENDOR measurements of the bridging
imide show a very small, negative π-spin density arising
from polarization by the spin density at iron, consistent
with an allyl radical molecular orbital model for the
[Fe−(NH)−Fe] fragment.

• Both the bridging hydride and the proton of the bridging
(NH) of the crystallographically characterized 3 show
the signature of a ‘bridging’ hydride that is essentially
equidistant between two ‘anchor’ metal ions: a rhombic
dipolar interaction tensor, T ≈ [T, −T, 0]. The point-
dipole model for describing the anisotropic interaction of
a μ-H− within an [M1−H−−M2] fragment as the sum of
the point-dipole couplings to the ‘anchor’ metal ions
reproduces this signature with high accuracy, and the
computed tensor smoothly evolves into the signature
axial tensor, T ≈ [T, −T, 2T] for a terminal hydride as

the proton is moved to one side of the [M1, M2] unit,
thus validating both the model and the signatures.

• This validation in turn strongly supports the assignment,
based on such a point-dipole analysis, that the
molybdenum−iron cofactor of nitrogenase contains two
[Fe−H−Fe] bridging-hydride fragments in the inter-
mediate state that has accumulated four reducing
equivalents (E4).

• The similarity between the isotropic hyperfine couplings
for the bridging hydrides in 3 and E4 provides a
surprisingly satisfying complement to the definitive
analyses of the anisotropic couplings.

• This study provides a foundation to the spectroscopic
study of hydrides in numerous reducing metalloenzymes,
including nitrogenase and the hydrogenases.
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