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ENDOR characterization of (N,)Fe'(u-H),Fe!(N,)-: a spectroscopic
model for N, binding by the di-p-hydrido nitrogenase Janus
intermediate

Hao Yang’, Johnathan Rittle™# Amy R. Marts’, Jonas C. Peters”™", Brian M. Hoffman’*
‘Department of Chemistry, Northwestern University, Evanston, IL 60208, USA

TDivision of Chemistry and Chemical Engineering, California Institute of Technology (Caltech),
Pasadena, California 91125, USA

Abstract

The biomimetic diiron complex 4-(N»)», featuring two terminally bound Fe-N, centers bridged by
two hydrides, serves as a model for two possible states along the pathway by which the enzyme
nitrogenase reduces N». One is the Janus intermediate, E4(4H) which has accumulated 4[e-/H+],
stored as two [Fe-H-Fe] bridging hydrides, and is activated to bind and reduce N through
reductive elimination (re) of the hydride ligands as Hy. The second is a possible re intermediate.
1H and 14N 35 GHz ENDOR measurements confirm that the formally ‘Fe(I1)/Fe(l)’ 4-(N5),
complex exhibits a fully delocalized, Robin-Day type 11 mixed valency. The two bridging
hydrides exhibit a fully rhombic dipolar tensor form, T = [-t, +t, 0]. The rhombic form is
reproduced by a simple point-dipole model for dipolar interactions between a bridging hydride and
its “anchor’ Fe ions, confirming validity of this model, and demonstrating that, observation of a
rhombic form is a convenient diagnostic signature for the identification of such core-structures in
biological centers such as nitrogenase. Furthermore, interpretation of the 1H measurements with
the “anchor’ model maps the g tensor onto the molecular frame, an important function of these
equations for application to nitrogenase. Analysis of the hyperfine and quadrupole coupling to the
bound 14N of N, provides a reference for nitrogen-bound nitrogenase intermediates, and is of
chemical significance, as it gives a quantitative estimate of the amount of charge transferred
between Fe and coordinated N, a key element in N, activation for reduction.
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Synopsis
The biomimetic diiron complex 4-(N2)> models a possible intermediate in the activation of
nitrogenase by reductive elimination of two [Fe-H-Fe] bridging hydrides with N, binding by the
key E4(4H) Janus intermediate. The comprehensive ENDOR characterization of the rare 4-(N5)»
core structure confirms both the hydride anisotropic hyperfine tensor as a diagnostic signature of
this moiety in biological centers, and an analytical analysis of the tensor that has an important
function in studies of nitrogenase.

Introduction

Biological nitrogen fixation — the reduction of N, to two NH3 molecules — sustains life
and involves perhaps the most challenging chemical transformation in biology, the reduction
of the N=N triple bond. The catalyst for biological N fixation is the metalloenzyme
nitrogenase, composed of the electron-donating Fe protein and the catalytic MoFe protein,
with reduction of N, at the FeMo-cofactor (FeMo-co) active site of the MoFe protein,
[7Fe-9S-Mo-C-homocitrate], on the specific 4Fe-face picture in Figure 1.1

In recent years, Hoffman, Seefeldt, Dean and coworkers have shown®-10 that activation of
nitrogenase for N, reduction involves the accumulation of four reducing equivalents at the
active site FeMo-co to form a state with two [Fe-H-Fe] bridging hydrides and two sulfur-
bound protons (denoted E4(4H), the Janus intermediate). Subsequent binding and reduction
of N5 requires the reductive elimination (r€) of H, from E4(4H). This process corresponds to
the forward direction of the equilibrium formation of the intermediate, E4(2N2H) at the
diazene level, with FeMo-co having accumulated N and 2(e™/H*), Figure 2, whose reverse
is the oxidative addition (0a) of H, with release of N,. This re/oa equilibrium is nearly
thermoneutral,

E,(4H) + N, = E,(N2H) + H,, A %~ —2keal/mol

and kinetically reversible.® Whereas direct hydrogenation, N, + Hy, — NH, is highly
endergonic (> +50 kcal/mol in the gas phase), this equilibrium is rendered thermoneutral by
mechanistic coupling of the unfavorable binding and reduction of N, to the highly favorable
8.9.11-13 generation of H, driven by the ATP hydrolysis associated with electron delivery
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from the Fe to the MoFe protein, ultimately leading to cleavage of the N=N triple bond.
8,9,14

This mechanistic picture highlights the need for well-defined model complexes that might
possess key spectroscopic signatures of nitrogenase intermediates that arise in the re/oa
transformations.” As shown in Chart 1, multiple potential mechanisms can be envisaged for
this process. The ‘dissociative’ process has been ruled out by well-known properties of
nitrogenase turnover under atmospheres of N, and D,/T».11 Detailed analysis of the
photolysis of E4(4H) has indicated that an H, complex appears as an intermediate, Y, in the
reductive elimination process, but whether N, binds to E4 prior to, or in a concerted step
concomitant with, H, formation has not been determined;%12 recent DFT studies indicate
that N binds to the H, complex in an ‘Intermediate’ mechanism (Chart 1).13

Inspired by the multimetallic FeMo-co of nitrogenase, dinuclear iron complexes with
multiple accessible redox states have been targeted as structural and functional models
relevant to multielectron N, reduction.1>19 In this context, Rittle, McCrory, and Peters have
described a diiron(l1) di hydride-bridged system, (Fe!'(u-H),Fe!!), with a high affinity for
binding N5 in its $= 0 ground state (Fe!'(u-H),Fe!/(N5)). A second equivalent of N, binds
weakly as observed by IR, UV-vis, and Mdssbauer spectroscopies.

N 1

5+ Fellqui) Fell(N,) = (N, JFell o, el (N K298 K) = L1M™

Chemical reduction generates a state with dramatically enhanced binding affinity for a
second N equivalent, providing the EPR-active S= 1/2 complex (N)Fe!!(u-H),Fe!(N,)~ (4-
(N2)o; see Chart 1).

N, + “[Fel(u-H), Fel (N = (NZ)FeI(p-H)zFeH(NZ)]_[4-(N2)2] Koy (298K) ~ 100v7~!

While the latter is formally mixed-valent, DFT computations predicted symmetric spin
density delocalization between the two iron centers. The electron density was concentrated
in dy,.yo-type orbitals on each Fe atom, with a nodal plane along the Fe-Fe vector.
Additionally, there was a significant amount of spin polarization onto the bridging hydride
and N, ligands ligands. Indeed, the largest hyperfine coupling observed in the X-band EPR
spectrum at 77 K was attributed to the bridging hydrides, confirmed by the corresponding
spectrum for (Ny)Fe!!(u-D),Fe!(N5)=.20

Herein we undertake further characterization of the 4-(N5), mixed-valence ‘Fe(ll)Fe(l)’
complex through a detailed electron-nuclear double resonance (ENDOR) analysis of 1-2H,
31p and 14N ENDOR measurements. Firstly, this complex serves as a structurally useful
model of the possible nitrogenase intermediate, ‘Y’ of the *Associative’ re activation process
(Chart 1). Secondly, the disposition of the hydrides in the E4(4H) intermediate is not
definitively known and one currently proposed alternative model has both of them bridging a
pair of Fe ions, 2L as in this complex, so characterization of these hydrides is important. This
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issue is currently under investigation in our laboratory, in studies that use an analytical
description of the hyperfine tensors of bridging hydrides,?2 and this complex provides a
further test of this description that complements an earlier study of a mixed-valence
‘Fe(I1)Fe(l)’ complex with bridging hydride and [-NH-].23 Thirdly, characterization of the
hyperfine and quadrupole couplings to the bound N, provides the first opportunity to
compare the properties of nitrogen-bound nitrogenase intermediates®:” with those of a
structurally defined model. Finally, these measurements provide an opportunity to further
characterize the Fe-Fe delocalization, and Fe-N, and [Fe-H-Fe] bonding.

Methods

EPR/ENDOR samples of 4-(N5), were prepared in an N> filled dry-glove box as described
previously.29 However, in that study, samples for EPR were prepared as 5mM solutions in
2Me-THF. In the present study, we opted for samples at 1 mM concentrations in 1:5 solvent
mixture of THF:toluene. The solvent difference leads to subtle differences in X-band EPR
spectra.

35 GHz CW and pulse ENDOR spectroscopic data were collected on spectrometers,
described previously,24-26 that were equipped with liquid helium immersion dewars for
measurements 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.2” 1H CW ENDOR
spectra were collected using the stochastic-field modulation detected ENDOR sequence,8 to
improve ENDOR line shape. For a single molecular orientation and for nuclei with nuclear
spin of 1 = 1/, (H, 31P), the ENDOR transitions for the mg = +1/, electron manifolds are
observed, to first order, at frequencies, where vy, is the nuclear Larmor frequency, and A is
the orientation-dependent hyperfine coupling. For I =1 (2H, 14N, I = 1), the two ENDOR
lines are further split by the orientation-dependent nuclear quadrupole coupling (P) into 2I
lines given by equation:

I=1/2:vi= v+

n

(N[N

| @

I1>1:0, =

n 2

3P2M) -1
e[|

In the Mims experiment, the ENDOR intensities are modulated by an inherent response
factor (R),

R~[1 — cos(2rAgt)] (2)
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Where < is the interval between the first and second pulses in the three-pulse Mims. When
At=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 (g; and gs, 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 pattern of ENDOR spectra collected across
the EPR envelope, it is generally possible to determine the complete hyperfine and
quadrupole tensors and their orientations relative to g.2%-30 The absolute 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, described previously.3!

Results and Discussion

EPR Spectra of 4-(N5)».

Figure 3 presents the CW X-band and 35 GHz EPR spectra of 4-(N5)». The X-band
derivative-display EPR spectrum of 4-(N5)» is essentially identical with that reported
previously, and is characteristic of a spin S= 1/2 system with nearly axial g-tensor g =
[2.148, 2.057, 2.030]. The derivative display 35 GHz CW EPR spectrum (numerical-
derivative of 2 K dispersion rapid-passage absorption-display spectrum) clearly displays the
presence of a small rhombic splitting to the g tensor (Fig 3). Simulation of this spectrum
yields g = [2.156, 2.063, 2.036], a refinement of the previous values based on simulation of
the X-band EPR spectra. The 1H and 14N ENDOR measurements presented below orient g
in the molecular frame, in particular independently showing that g, corresponds to the
orientation normal to the [Fe(H),Fe] plane.

The g feature in both the 35 GHz and X-band spectra of the (i-H), complex exhibits a 1:2:1
splitting pattern indicative of hyperfine coupling to two magnetically equivalent /= 1/2
nuclei. The splitting is A ~ 30 gauss, or ~ 90 MHz. The assignment of the interacting /= 1/2
nuclei as protons rather than 31P, is established by the EPR spectrum of deuterium-
substituted, (1-D),, 4-(N2)2, in which the triplet splitting pattern of g is lost, as well as
poorly-resolved hyperfine splitting at g .

1H ENDOR of 4-(N,)5.

The stochastic CW H ENDOR spectrum?8 of (u-H), 4-(N5), collected at the single-crystal-
like orientation g; (Fig 4) shows a single 1H feature assigned as the v, (*H) of protons with
A1 =86 MHz, corresponding to the large proton hyperfine coupling, A1 ~ 90 MHz seen in
the EPR spectrum of Figure 3. The observation of a single sharp v, H feature indicates that
the two bridging hydrides are magnetically equivalent, as suggested by the lower-resolution
EPR spectrum.

The stochastic 2H CW ENDOR spectra of the deuterium-substituted (u-D), complex were
measured, and when scaled by the ratio of the nuclear g values: g,(*H)/gn(?H) = 6.514, the
observed coupling is essentially identical to the 'H ENDOR coupling seen at g;, Figure 4.
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Because the quadrupole splitting for 2H is small (~100 kHz) compared to the linewidths of
the v,,_ features for the bridging 2H (~ 500 kHz), it is not resolved. The fact that the 2H
hyperfine interaction correlates so closely to the 1H hyperfine interaction when scaled with
the ratio of nuclear g-factors, [(A(*H)/g(*H))I/[(A(?H):g(H)] = 0.98, contrasts with the
previous observation of a substantial isotope-induced shift in the hyperfine coupling for the
terminal hydride of a Mo-1H/2H complex, [(ACH)/g(*H)V/[(A(2H):g(3H)] = 1.14.32 That
hyperfine isotope effect was attributed to different Mo-H/D equilibrium distances that arise
because these bonds are described by a ‘soft” anharmonic potential-energy well. The
essentially negligible isotope-effect on the hydride /2H hyperfine couplings for 4-(N>),
instead indicates the hydrides are more tightly bound in a more-nearly-harmonic potential
well.

A 2D field-frequency stochastic CW H ENDOR pattern of the v, feature for the bridging
hydrides was collected across the EPR envelope of 4-(N5), (Fig 5). Simulation of the pattern
confirms that the two hydrides are indeed magnetically equivalent, and gave a hyperfine
tensor nearly coaxial with the g-frame: principle components; A = — [87, 42, 70] MHz;
Euler angle (a, B, ) = (0, 10, 0). The hyperfine tensor can be decomposed into an isotropic
component a5, = — 66 MHz, and through-space electron-nuclear dipolar component T =
[-21, +24, 3] MHz that closely approaches fully rhombic symmetry, T ~ [-t, t, 0]. The
signs of the couplings were determined by a 1H PESTRE experiment (Fig S1). The negative
sign of a&;, indicates the spin density of bridging hydrides is derived through (d-on) spin
polarization.33

For a bridging hydride, the 1H dipolar interaction tensor [Ty, Ty, T¢] equals the diagonalized
vector sum of the interactions with the spin density on the two individual Fe ions. Taking
these interactions to be point-dipolar between the hydride nuclear spin and electron spin on
the two ‘anchor’ Fe of the [Fe-H-Fe] bridge, the components of T have been shown to be
given by eqgs 3, 4:22

[1,sin23; — t,sin23,] (2gﬂgnﬂn

tan2y = [7,c082f3| + 1,c0823,] i =pi 3 ) ©)
1

oo Yty 3 1 o ) -1 4
»= 73|l +2cos2y\tlcos B +1,c082f,) a——E(t1+t2) 4

T,= —(T,+T)

with orientations relative to the Fe;H, plane as shown in Scheme 1. With incorporation of
the conclusion from the previous DFT calculations that the complex is of the type-I11 mixed-
valence 4-(N5)», with spin density, p, fully and equally delocalized between the two Fe (as
supported by the 14N, ENDOR results presented below), and ignoring modest delocalization
to the ligands, then py = p, ~ 1/2.20 Incorporating the crystallographic structure parameters
B1=33%r, =169 A, r; =173 A, these equations (eq 3, 4) yield, T = [T,, Tp, Tc] = [-16,
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18, —2] MHz with y = 29, a near-perfectly rhombic tensor whose component values
precisely reproduce the ‘rhombic’ symmetry of experiment, namely with T having an
essentially null component and describable as T = [-t, t, 0], and the values are in satisfactory
agreement with the experimental results T = [-21, 24, =3] MHz. The correlation of
calculated and experimental dipolar tensor components maps the T and g tensors onto the
molecular frame as illustrated in Figure 6. The direction associated with T, and g; is normal
to the [Fe-(H™),-Fe] plane, Ty, and go are normal to the Fe-Fe bond within [Fe-(H™),-Fe]
planes, and T. and g3 are along Fe-Fe bond, as illustrated in Figure 6. This orientation is
confirmed by the 14N ENDOR measurements on the bound N (see below).

The bridging hydrides of E4(4H) undergo low-temperature (10K) /ntra-EPR-cavity photo-
induced re of the bridging hydrides, releasing H,.912 However, we found that 4-(N2)5 is
inert to such cryophotolysis.

31p ENDOR of 4-(N5)s.

The 2D 31P ENDOR pattern is presented in Figure 7. The single-crystal-like spectrum at g4
exhibits two 31P peaks, 31P 4, 31Pg, assigned as the v, partners of two similar, but
distinguishable pairs of phosphorus ligand. Although the crystallographic structure shows
that all four Fe-P bond lengths are similar to each other (~2.25A), the molecular plane
exhibits only an approximate inversion symmetry, with the phosphorous ligands forming two
pairs of nearly equivalent nuclei, [P1, P4], [P2, P3]. The P-Fe bonds within a pair are closely
parallel; as depicted in the structure in Figure 6, £(P1-Fei-Fey) = £(P4-Fep-Feq) = 121°,
whereas £(P,-Fe;-Fey) ~ £(Ps-Feo-Feq) ~ 130°. With 4-(14N,), being a valence-
delocalized complex,20 the two observed 31P signals are each assigned to a magnetically
equivalent pair of ligands to the two Fe, with [Py, P4] arbitrarily designated as Pa, [P2, P3] as
Pg. Presumably, ‘steric’ interactions with the hydrides contribute to the compression of the
angles between the terminal P: £(P1-Fe;-Py) ~ £(P3-Fe,-Py4) ~ 110°.

The 2D pattern that arises from overlapping intensities from the two 31P pairs was simulated
with hyperfine tensors: Pa, A = +[16, 25, 13] MHz; Pg, A = +[27, 38, 26] MHz. Figure 7
shows the contributions for the individual pairs; Figure S2 shows that the summation of the
individual simulations for P and Pg matches well with the experimental spectra. The
positive hyperfine sign was determined through PESTRE measurements (Fig S3), and
indicates that electron delocalization is the dominant mechanism for the transfer of spin
density to phosphorus. Although the isotropic couplings to the pairs are almost two-fold
different, a4 = +18 MHz, ag = +30.3 MHz, they both represent quite small spin densities on
P (1e” in a 3sorbital would give a;5,~ 107 MHz), and so the differences between the
bonding to the two pairs in fact are minimal. In agreement with this, the anisotropic terms
are roughly the same, T ~ [-(2-3), +(7-8), -(4-5)] MHz, with magnitudes that indicate they
represent a sum of dipolar interactions with the spin delocalized to phosphorous as well as
with the spin on Fe.

14N ENDOR of 4-(14N5)s.

35 GHz Mims pulsed 14N, ENDOR spectra at the g3 single-crystal-like orientation shows
four sharp signals arising from 14N of Fe-bound N=N (Fig 8). The 4-line pattern is
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characteristic of a single-crystal-like spectrum from a single type of /=1 14N (eq 1b), but
there are multiple combinations of quadrupole and hyperfine coupling that can give this
pattern. To assign the peaks, we utilized the “blind spots” associated with the Mims response
function, R (eq 2). According to the function, the signal intensity in a Mims ENDOR
experiment is nulled (“blind spot’) when the associated hyperfine coupling obeys the
relationship, A = n/x (n integer).34 As shown in the bottom spectrum of Figure 8, t© = 555
ns, a ‘blind’ spot for A = 1.8 MHz, nulls the signal response of all four peaks at once,
whereas, for example, when © = 350 ns (Fig 8, top), none of the four peaks is suppressed.
These observations require that the four peaks are attributed to the 14N with hyperfine
coupling, A = 1.8 MHz; as a result the observed pattern yields a quadrupole splitting, |3P3| =
2.8 MHz (Fig 8). This response can be assigned to two equivalent Fe-14N associated with
the two equivalent (Fe-N=N) components of the valence-delocalized?° diiron core.

We assign this small hyperfine coupling to the proximal 14N of the Fe-bound N=N. Given
the small value of this coupling, we conclude that the hyperfine interactions with the distal
14N are even smaller, and that their ENDOR signals are not detectable. This small coupling
is in fact comparable to the value seen for a nitrogenase turnover intermediate trapped
during reduction of N, and other nitrogenous substrates. In that case we concluded the N-N
bond had been cleaved and an NH3 is bound to FeMo-co.5

Figure 9 presents a partial 2D field-frequency pattern of 14N ENDOR spectra collected
between g, and g3 of the EPR envelope of 4-(N5)»; the ENDOR response weakens as the
field decreases from g, toward g, while the hyperfine coupling decreases. With the
information available from the partial orientation-selective pattern, the hyperfine and
quadrupole interaction tensors could nonetheless be reliably extracted by simulation of this
pattern: A = —[0.1, 1.8, 1.8] MHz, P = [-1.71, 0.75, 0.96] MHz; both tensors coaxial with g,
(a, B, ¥)= (0, 0, 0); for a simulation of the full 2D pattern, see Figure S4. Three-pulse X-
band ESEEM spectra were well simulated with the parameters derived from the ENDOR
experiment with minimal adjustment, confirming the 24N ENDOR analysis (Fig S5). The
14N hyperfine tensor can be decomposed into isotropic and anisotropic components: A =
disol + T; aj5o=-1.23 MHz, T = + [1.13, -0.57, —0.56] MHz. The absolute signs of the
hyperfine couplings, with &;,, < 0, were fixed by assuming that T is dominated by the
dipolar interactions with spin on Fe, which has a positive value for the unique tensor
element. This assumption is validated by noting that the magnitude of the dipolar term
corresponds to that expected for the through-space interaction with the spin density on the
adjacent Fe, as expected. The electric field-gradient at 14N of free N, of course has axial
symmetry, with the unique value (maximum value) along the N=N bond direction.

As the 1N quadrupole interaction exhibits this symmetry, with the quadrupole tensor
component of maximum value associated with g1, this implies that the Fe-N=N bond
direction lies along g1. This confirms the orientation of g derived through use of point-dipole
‘anchor’ analytical model, to predict the orientation of the dipolar tensors of the bridging
hydrides, Figure 6.

The nitrogen quadrupole coupling of N, can be understood within the Townes-Dailey
approximation which formulates this coupling as a function of the o and m p-orbital
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populations of the bound N. This treatment firstly shows the unique axis of the 14N
quadrupole interaction (maximum coupling) corresponds to the Fe-14N bond in a linear
complex, such as 4-(N»)». This in turn is determined by the electrical field gradient set up by
the difference between the electron occupancies of the nitrogen 2po orbital (denoted N3),
which lies along the Fe-N bond (along g;), and the average of the densities in the two
orthogonal 2,or orbitals (denoted, N1, N»). For idealized sp hybridization for the
coordinating 1N of N, this field-gradient parameter can be written,

T

(¢*Qa/h)/(e*Qa/h), = AN, =N, =N, = Ny - (N; +N,)/2<05 (5)

where e2Qq/h is the experimentally determined coupling constant and (e2Qq/h)q ~ 9.4 MHz
is the theoretical value for the contribution to the field gradient of one electron in a p orbital.
35 This equation shows that AN, = 0.5 for free Ny, and decreases in a metal complex
through the joint action of o-electron donation from the coordinated N to the metal-ion
(decreasing Ng) and m-electron back-donation from the metal-ion (increasing Ny).

The present ENDOR measurements for 4-(N2)» show that the maximum 14N quadrupole
coupling, and thus the Fe-14N bond, lies along g1, in agreement with the conclusion from
ENDOR of the bridging hydrides. The maximum coupling yields the quadrupole coupling
field-gradient parameter (€2Qq/h),

(e’Qq/h) =2P, = —3.42MHz. (6)
and thus, according to eq 5, the measured value of e2Qq/h for Fe-14N yields, AN, = 0.36.

In short, the net effect of Fe-N bond formation is to enhance to 2pm-electron population
relative to the 2po-electron population by ~ 0.14 electrons.

Conclusions

We have carried out the comprehensive ENDOR characterization of 4-(N5), as a structural
model complex of the Janus intermediate, E4(4H) which has accumulated 4[e-/H+], stored
as two [Fe-H-Fe] bridging hydrides and as a possible state along a proposed pathway for re
of Hy and N binding in nitrogenase. As outlined in the introduction, the nitrogenase Janus
intermediate, E4(4H), has accumulated 4[e/H™*], stored as two [Fe-H-Fe] bridging hydrides,
and is activated to bind and reduce N, through re of the hydrides as H,. 1H, and 14N
ENDOR measurements confirm that this formally ‘Fe(11)/Fe(l)’ complex exhibits a fully
delocalized, Robin-Day type 111 mixed valency. The two bridging hydrides exhibit a fully
rhombic dipolar interaction with the electron spin, T =~ [-t, +t, 0], as predicted by the
“anchor-model’, point-dipole egs 3, 4 with input from the structure of the complex. The 1H
measurements as interpreted through egs 3, 4 and Scheme 1, further map the g tensor onto
the molecular frame, Figure 6, and this mapping has been confirmed by its agreement with
the orientation of the 14N quadrupole interaction tensor of bound N,. This agreement
supports the conclusion that a rhombic *H hyperfine interaction provides a diagnostic
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signature that can be used to identify an [Fe-H-Fe] structure in biological systems, including
nitrogenases and hydrogenases, and that the anchor model reveals its orientation relative to
the molecular frame. Indeed, the original assignment of two bridging hydrides in the
nitrogenase E4(4H) intermediate was based on assigning the signature rhombic dipolar
tensor.

The complex 4-(N2)- also serves as a model of the intermediate invoked in the ‘Associative’
pathway for re, in which E4(4H) binds N5 prior to formation and release of H,, Figure 2. Of
fundamental chemical significance, the 14N quadrupole coupling constant gives a
quantitative estimate of the amount of charge transferred between Fe and the coordinated
14N of N, a key indicator of 14N activation for reduction: the net effect of Fe-N bond
formation in 4-(N5)» is to enhance 2pm-electron population relative to the 2po-electron
population by ~ 0.14 electrons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic representation of metric parameters used to calculate the proton dipolar tensor
within the defined molecular frame.
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Figure 1.
FeM o-co, [7Fe-9S-Mo-C-homocitrate] with cartoon of active Fe 2,3,6,7 FeMo-co face.

PDB, 2AFI.
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E,(2N2H)

Figure 2. Schematic of re/oa:
Fe 2,3,6,7 FeMo-co face. The positioning of hydrides is a matter of current investigation and

shown is our current best guess; likewise for position of protons in E4(4H) and the
hemilability of bridging sulfur (see text); ‘2N2H’ denotes a diazene-level intermediate.
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Figure 3.
X-band (top) and the numerical derivative of 35 GHz (bottom) CW EPR spectra for 4-(N2),:

(black) (W=1H),: (red) (u—2H),). Experimental conditions: X-band, microwave frequency,
9.215 GHz, modulation amplitude, 10 G; temperature, 77 K. *35 GHz’ microwave
frequency, 35.084 GHz; microwave power, 10 pW; modulation amplitude 2 G; time
constant, 32 ms; temperature, 2 K.
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Figure 4.
35 GHz stochastic CW 1H (black) and 2H (red) ENDOR spectra at g4 for 4-(N>),.
Experimental conditions. sample time, 0.75 ms; delay time, 0.5 ms; RF-on time, 0.5 ms;

modulation amplitude, 4 G; microwave frequency, 35.084 GHz; microwave power, 10 uW;
temperature 2 K. (*) in 2H ENDOR spectrum indicates v_ of 3P4,
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2D field-frequency pattern of 35 GHz stochastic-CW 1H ENDOR spectra of 4-(N>)s.
Experimental conditions. sample time, 0.75 ms; delay time, 0.5 ms; RF-on time, 0.5 ms;
modulation amplitude, 4 G; microwave frequency, 35.084 GHz; microwave power, 10 uW;
temperature 2K. Simulation (Blue): g = [2.155, 2.067, 2.038], A = [87, 42, 70] MHz, and (a,

B,y) = (0, 10, 0).

Inorg Chem. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Yang et al.

Page 19

Figure®6.
Core structure of 4-(N5)» superimposed with g-frame and dipolar tensor T-frame of bridging

hydrides.
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Figure 7.
2D pattern of stochastic 31P ENDOR (Black) and the simulation of P (red) and Pg (blue).

Experimental conditions. sample time, 0.75 ms; delay time, 0.5 ms; RF-on time, 0.5 ms;
modulation amplitude, 4 G; microwave frequency, 35.084 GHz; microwave power, 10 pW;
temperature 2K. Simulation: Pa, A = +[16.5, 25, 13] MHz, (a, B, ¥) = (30, 10, 0); Pg, A=
+[27, 38, 26] MHz, (a, B, y) = (45, 20, 0).
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Frequency (MHz)

Figure 8.
35 GHz Mims 14N ENDOR spectra of 4-(14N,), collected at the single-crystal field for g,

showing suppression of the entire 14N signal when < = 1/A (eq 2): Upper/Lower spectra, T =
350/555 ns. The signal intensities of the two spectra are normalized to their 2-pulse ESE
intensity. Experimental conditions. microwave frequency, 35.075 GHz; /2 = 30 ns; tgg = 60
us, and RF randomly hopped; repetition time, 25 ms; temperature, 2 K. The arrows represent
Mims-hole suppression pattern.
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Figure.

Partial 2D field-frequency 35 GHz Mims 14N ENDOR spectra of 4-(N5) (black).
Experimental conditions. microwave frequency, 35.075 GHz; w/2 = 30 ns; © = 350 ns; trg =

60 ps, and RF randomly hopped; repetition time, 25 ms; temperature, 2K. Simulations

(blue): A = [0.1, 1.8, 1.8] MHz, P = [-1.71, 0.75, 0.96] MHz, (a, B,y) = (0, 0, 0).
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