
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

1.
02

.2
02

6 
15

:0
4:

22
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The influences o
aDepartment of Chemistry, Yale Univers

Connecticut 06520, USA. E-mail: patrick.ho
bDepartment of Chemistry and Chemica

University, Ithaca, New York 14853, USA. E

† Electronic supplementary information (
and crystallography (PDF). CCDC 2009739
data in CIF or other electronic format see

Cite this: Chem. Sci., 2020, 11, 12710

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 22nd June 2020
Accepted 27th July 2020

DOI: 10.1039/d0sc03447a

rsc.li/chemical-science

12710 | Chem. Sci., 2020, 11, 12710–12
f carbon donor ligands on
biomimetic multi-iron complexes for N2 reduction†
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The active site clusters of nitrogenase enzymes possess the only examples of carbides in biology. These are

the only biological FeS clusters that are capable of reducing N2 to NH4
+, implicating the central carbon and

its interaction with Fe as important in the mechanism of N2 reduction. This biological question motivates

study of the influence of carbon donors on the electronic structure and reactivity of unsaturated, high-

spin iron centers. Here, we present functional and structural models that test the impacts of carbon

donors and sulfide donors in simpler iron compounds. We report the first example of a diiron complex

that is bridged by an alkylidene and a sulfide, which serves as a high-fidelity structural and spectroscopic

model of a two-iron portion of the active-site cluster (FeMoco) in the resting state of Mo-nitrogenase.

The model complexes have antiferromagnetically coupled pairs of high-spin iron centers, and sulfur K-

edge X-ray absorption spectroscopy shows comparable covalency of the sulfide for C and S bridged

species. The sulfur-bridged compound does not interact with N2 even upon reduction, but upon

removal of the sulfide it becomes capable of reducing N2 to NH4
+ with the addition of protons and

electrons. This provides synthetic support for sulfide extrusion in the activation of nitrogenase cofactors.
Introduction

Nitrogenases are enzymes that accomplish the impressive feat
of reducing N2 to NH4

+ at ambient temperatures and pressures.
The active site of the most thoroughly studied nitrogenase is the
iron–molybdenum cofactor (FeMoco), a unique iron–sulfur
cluster composed of one molybdenum and seven iron atoms
held together with a number of bridging atoms (Fig. 1a).1 A
range of kinetic, mutagenesis, and spectroscopic studies
support N2 binding at the iron atoms of FeMoco,2–8 but the
structures of intermediate species in the mechanism of N2

reduction remain unclear.1

A distinguishing feature of the FeMoco is the central carbide
(formally C4�), which is bound to six iron atoms in the resting
state.9,10 Isotopic labeling studies show that the carbide is not
exchanged during turnover.11 X-ray emission spectroscopy has
shown that the iron-carbide bonds are highly covalent.12 The
active-site clusters of nitrogenases are the only known examples
of carbides in biological systems, and they are also the only
catalysts for N2 reduction in nature, implying the carbide serves
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720
an essential role in this transformation. However, the specic
role of the carbide during the catalytic cycle for N2 reduction
remains obscure. One hypothesis for N2 binding to FeMoco
proposes cleavage of hemilabile Fe–S bonds during catalysis, in
Fig. 1 (a) Structure of the resting state of FeMoco with Fe2 and Fe6
labeled for clarity. (b) First example of a synthetic iron carbide sulfide
complex. (c) Synthetic iron complexes featuring C-donors capable of
N2 reduction to NH4

+; the CPiPr3 complex on the left can be iron(0),
iron(I), or iron(II), while the CAAC complex on the right is iron(0).

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Conversion of [LMeFe]2(m-CHSiMe3) (1) to [LMeFe]2(m-S)(m-
CHSiMe3) (2).

Fig. 2 (a) Crystal structure of [LMeFe]2(m-S)(m-CHSiMe3) (2) with
thermal ellipsoids shown at 50% probability. Color scheme: iron in
orange, nitrogen in blue, carbon in gray, silicon in green, and sulfur in
yellow. Hydrogen atoms have been omitted for clarity except on the
alkylidene ligand. (b) Structural overlay of 2with Fe2/Fe6/S2B/C rhomb
in the FeMoco (nitrogenase crystal structure PDB 3U7Q).
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which case the carbide may function to preserve structural
integrity by anchoring the core structure of the cofactor.7,8,13,14

This idea is supported by several crystallographic studies
showing that the belt sulde S2B (which bridges Fe2 and Fe6)
can be reversibly displaced from the cluster (Fig. 1a).7,8,14,15

These results suggest the Fe2/Fe6 locus as a primary substrate
binding site in the cofactor. Another hypothesis proposes Fe–C
bond cleavage during turnover to create an open coordination
site on iron.3,16 This could be accompanied by C–H bond
formation, an idea that is supported by recent work on
a synthetic diiron complex containing a bridging carbyne.17

Other proposals involve direct interactions between the carbide
and N2.18–20 The wide variety of these proposals underscores the
limited understanding of the structural and electronic contri-
butions of bridging carbon ligands to reactivity in iron–sulfur
clusters.

Synthetic complexes offer useful insights as structural or
functional models of nitrogenase, but accessing species with
both carbon and sulfur donors has been challenging.21 In
a recent study, Rauchfuss and coworkers reported the rst
synthetic example of an iron cluster with both carbide and
sulde (Fig. 1b), which have different bridging modes than
FeMoco.22 In this compound, the CO ligands lead to low-spin
iron centers that contrast with the high-spin iron centers
found in FeMoco.

In functional synthetic models, mononuclear iron
complexes have been used to gauge the N2-coordinating ability
of compounds with Fe–C bonds.16,17,23–28 Of these complexes,
only two systems produce NH4

+ (3.3–4.6 equiv. NH4
+/Fe) upon

treatment with acid and reductant (Fig. 1c).16,27 A low-spin iron
system, Fe(CPiPr3 )N2, where CPiPr3 is tris(2-(diisopropylphos-
phino)phenyl)methyl, displays lengthening of Fe–C bonds
during reduction. The other, (CAAC)2Fe (CAAC ¼ cyclic (alky-
l)(amino)carbene), is capable of mediating N2 reduction to
NH4

+.16,27,29 Studies of iron species with bridging carbon and
sulfur ligands that are high-spin with greater electronic and
structural delity to the Fe2/Fe6 site are needed to improve the
understanding of how biological S- and C-based donors impact
N2 reactivity.

Here, we present a new diiron complex that has both carbon
and sulfur bridges between two high-spin iron centers, creating
an Fe2CS diamond core that structurally overlays with a part of
the core in FeMoco.30–32 Further, we systematically evaluate the
electronic structure and N2 reducing ability of three related
high-spin iron complexes with the carbon-based donors alkyl
and alkylidene. Importantly, the high-spin iron alkyl and alky-
lidene complexes produce NH4

+ from N2.

Results
Synthesis

We previously reported the rst high-spin iron complex with an
unsupported alkylidene bridge, [LMeFe]2(m-CHSiMe3) (1, where
LMe ¼ 3-methyl-2,4-bis(2,6-xylylimido)pentyl).33 Treatment of 1
with 1 equiv. of the sulfur atom transfer reagent Me3PS in
a thawing THF solution forms one major species, [LMeFe]2(m-
S)(m-CHSiMe3) (2), which was isolated in 89% yield (Scheme 1).
This journal is © The Royal Society of Chemistry 2020
This material is 95% pure as judged by Mössbauer spectros-
copy, and was sufficient for extensive characterization.
Extracting the crude reaction into Et2O and cooling to 233 K
yielded green crystals. The molecular structure of 2 (Fig. 2a) has
one sulde bridge and one CHSiMe3 bridge between two
identically-bonded iron(III) centers. The 1H NMR spectrum is
consistent with each diketiminate environment having a single
mirror plane perpendicular to the FeN2C3 plane, which agrees
with the core symmetry but is surprising given the overall Cs

symmetry expected for the molecule. While this may indicate
dynamic cleavage of the Fe–C bonds, we have no other evidence
for this behavior. It is also notable that the resonances in the 1H
NMR spectrum are shied and broadened, indicating pop-
ulation of paramagnetic states that is explored below through
magnetic susceptibility measurements.

Several structural comparisons are striking. The average Fe–
C bond length in the diiron(III) complex 2 is 1.994(2)�A, which is
Chem. Sci., 2020, 11, 12710–12720 | 12711
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Scheme 2 Preparation of LMeFeCH2SiMe3 (3).
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0.030(8) �A longer than the average Fe–C bond in the diiron(II)
complex 1 despite the higher oxidation state of iron. The sulde
bridge causes the Fe–C–Fe bond angle to decrease from 95.6(3)� in
1 to 81.74(6)� in 2. The diamond core in 2 is contracted relative to
the one in a previously reported bis(sulde) diiron(III) complex
[LMeFeS]2, as in 2 the Fe–S bonds are 0.116(2) �A shorter and the
Fe/Fe distance is 0.641(2)�A shorter.34,35 Importantly, the core of 2
overlays well with the rhomb containing Fe2 and Fe6 in FeMoco, as
the Fe–C and Fe–S average bond lengths in both structures are
similar (Fe–Cavg is 1.994(2)�A in 2 vs. 2.00�A in FeMoco; Fe–Savg is
2.217(8)�A in 2 and 2.25 Å in FeMoco for the Fe2/Fe6 rhomb).10 The
Fe/Fe distance in 2 is 2.6027(6) �A, which matches the distances
between belt iron atoms in the crystal structure of FeMoco (2.61�A)
quite well. The overall Fe/Fe/S/C core in 2 overlays with the Fe2/
Fe6/S2B/C core of the resting state FeMoco with an root-mean-
square deviation (RMSD) of 0.08 �A (Fig. 2b). These comparisons
indicate that despite the difference in carbon coordination
number, the alkylidene in 2 serves as an accurate structural model
for the carbide bridge in FeMoco.

To compare the inuence of the alkylidene in 1 to
a mononuclear alkyl analogue, we also prepared a three-
coordinate iron(II) alkyl complex with diketiminate support-
ing ligands using a known method.36,37 Adding 2.1 equiv. of
MgBrCH2SiMe3 to a solution of [LMeFeCl]2 38 in THF led to the
trimethylsilylmethyl iron(II) complex 3, which could be iso-
lated in 56% yield (Scheme 2). The X-ray crystallographic data
of 3 reveal a planar three-coordinate iron center featuring an
Scheme 3 Conditions for N2 reduction experiments.

Table 1 Ammonium yields from N2 mediated by iron complexes upon t

Et2O

NH4
+ per complex % Yield per complex % Yield per Fe

1 1.12 � 0.06 56 � 3 28 � 1
2 0.10 � 0.05 5 � 3 2 � 2
3 1.37 � 0.17 68 � 7 68 � 7
4 1.10 � 0.03 55 � 1 55 � 1

a Ammonium determined using the indophenol method. Error represente

12712 | Chem. Sci., 2020, 11, 12710–12720
Fe–C bond length of 2.017(3) �A, which is comparable to the
Fe–C bond lengths in other previously reported three-
coordinate b-diketiminate iron(II) alkyl species.33,36,37,39,40

Similar to these related compounds, 3 has a high-spin elec-
tronic conguration (S ¼ 2), as judged by the Evans method
in solution (meff in C6D6 at 298 K is 5.4(2) mB), and averaged
C2v symmetry evident in its 1H NMR spectrum indicating
rapid rotation around the Fe–C bond.
Reduction of N2 to NH4
+ by C-bound iron complexes

The conversion of N2 to NH4
+ with the addition of reductant and

acid was used to evaluate compounds 1–3 as functional models
of nitrogenase. These studies used KC8 and [H(Et2O)2][BAr

F
4]

(HBArF4) under conditions similar to those in several catalytic
systems (see ESI†).27,41 In our work, the reductant (10 equiv.) was
added rst to the complexes at 173 K and then the acid (10
equiv.) was added to the frozen mixture and stirred at 195 K
(Scheme 3). This order of addition minimizes the potential for
competitive protonation of the b-diketiminate ligand.42

Using Et2O as solvent, complexes 1 and 3 generate 50–70%
yield of NH4

+ per complex while 2 produces only trace amounts
(le side of Table 1). Analogous experiments using 1 and 3
performed under an atmosphere of 15N2 yield exclusively 15NH4

+

and under an atmosphere of Ar yield < 5% of NH4
+/complex

(Fig. S6, 7 and Table S1†). These control experiments demon-
strate the NH4

+ formed by 1 and 3 is derived from N2, not from
the diketiminate ligands or impurities. We also tested N2

reduction in THF (right side of Table 1), but the NH4
+ yields

were roughly ve times lower than the analogous experiments
in Et2O. We hypothesize that this difference is a result of less
favorable N2 binding in THF (vide infra).

To explore the species responsible for NH4
+ production from

1, we conducted low temperature 1H NMR studies with smaller
amounts of reductant and acid. Reduction of 1with 1.6 equiv. of
KC8 in THF-d8 at 203 K showed trace amounts (<10%) of 1 and 3,
but most of the mixture consisted of unidentied species that
we were unable to isolate due to thermal decomposition above
203 K. Further attempts to isolate reduced forms of 1 were not
successful (see ESI†). As a result, we cannot condently attri-
bute the N2 reduction by 1 to any one active species. However,
we reason that since the conversion of 1 to 3 upon reduction is
relatively low, the N2 reduction activity of 1 cannot be solely
attributed to the formation of 3 under these conditions (see
ESI† for further discussion). It is therefore evident that there is
he addition of reductant (KC8) and acid (HBArF4)
a

THF

NH4
+ per complex % Yield per complex % Yield per Fe

0.29 15 7.4
— — —
0.25 � 0.03 13 � 2 13 � 2
0.19 9 9

d as a range of multiple trials; lack of error bar indicates a single trial.

This journal is © The Royal Society of Chemistry 2020
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Scheme 4 Preparation of [LMeFeCH2SiMe3][K(18-crown-6)] (4).

Fig. 3 (a) Variable temperature electronic absorption spectra of 4 in
Et2O under N2. Absorbance values were corrected to account for the
change in density of the solvent with temperature. (b) Variable
temperature 1H NMR spectra of 4 in THF-d8 under N2.
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some reduced form of 1 (or a degradation product therefrom)
that is capable of N2 binding and reduction to NH4

+.
In separate reduction experiment, treatment of 3 with 1.2

equiv. of KC8 in the presence of 1.2 equiv. of 18-crown-6 in THF
formed the iron(I) complex [LMeFeCH2SiMe3][K(18-crown-6)] (4)
in 55% yield (Scheme 4). Treatment of 4 with additional
reductant did not result in further chemical changes. It was
possible to characterize 4 in detail, including an X-ray crystal
structure that showed separated cations (in which two THF
molecules are bound to K+ in addition to the 18-crown-6; see
ESI†) and anions (in which the iron(I) ion is three-coordinate).
The THF molecules are weakly bound to the K(18-crown-6)
cation, as indicated by their absence in a low-quality crystal
structure in which the K(18-crown-6)+ unit was coordinated to
the supporting ligand. Microanalysis also indicated the absence
of the THF molecules in the isolated solid.

We investigated the ability of 4 to produce NH4
+ from N2

under conditions similar to those described above, and found
that it generates NH4

+ in comparable yields to 3 (Table 1). These
experiments suggest that 4 is a feasible intermediate during the
series of transformations leading to N2 reduction by 3.

N2 binding

Cooling 1, 2, or 3 under N2 in THF-d8 yielded no spectroscopic
changes (Fig. S8–S10 and S16†). In contrast, cooling an Et2O
solution of 4 under 1 atm N2 resulted in a color change from
green to red that was monitored using electronic absorption
spectroscopy (Fig. 3a). Under 1 atm N2, a room-temperature
solution of 4 in Et2O displayed prominent absorption bands
at 450 and 750 nm whose intensity drastically decreased upon
cooling. This marked change did not occur in upon cooling
a sample under Ar (Fig. S18†), indicating that the changes come
from N2 binding. Similar changes in the absorption spectrum
were observed when cooling solutions of 4 in THF or 2-meth-
yltetrahydrofuran (MeTHF) under N2 (Fig. S19–S21†). At 168 K,
the decrease in the intensity of the bands corresponding to 4
was greatest in Et2O, followed by THF, then MeTHF (Fig. S17–
21†). The higher conversion to 4–N2 in Et2O at a given temper-
ature is attributable to the greater solubility of N2 in Et2O than
in THF and MeTHF.43,44 Similar mononuclear complexes have
demonstrated N2 bridging to a k

1-bound alkali cation.45 Thus, in
addition to the differences in N2 solubility between these
solvents, solvent coordination to the K(18-crown-6) cation could
also contribute to the observed differences in N2 binding
affinity of 4. Further, the N2 reduction experiments in Et2O
generate approximately four-fold greater NH4

+ yields than
analogous experiments run in THF (vide supra).
This journal is © The Royal Society of Chemistry 2020
Due to decomposition at concentrations suitable for elec-
tronic absorption spectroscopy, we turned to 1H NMR spec-
troscopy for more reproducible quantication. Variable
temperature experiments in Et2O-d10 allowed us to quantify the
equilibrium between 4 and 4–N2, which are in slow exchange on
the NMR time scale. Van't Hoff plots for N2 binding to 4 gave
DH� ¼ �20 � 1 kJ mol�1 and DS� ¼ �57 � 3 J mol�1 K�1, where
the large negative entropy is characteristic of binding a gas
(Fig. S12†). A parallel experiment performed in THF-d8 yielded
the thermodynamic parameters DH� ¼ �26 � 1 kJ mol�1 and
DS� ¼ �93� 5 J mol�1 K�1 (Fig. 3b and S14†). These parameters
are similar to those for N2 binding to the related b-diketiminate
iron(I) phenyl complex and other reported iron and cobalt
complexes (Table S2†).27,46,47
Spin states and exchange coupling

The electronic structures of 1 and 2 provide valuable insights
into the inuences of S and C bridges in iron–sulfur clusters.
The Mössbauer spectrum48 of 1 at 80 K displays signals with an
Chem. Sci., 2020, 11, 12710–12720 | 12713
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isomer shi of 0.62 mm s�1, consistent with high-spin iron(II)
centers.33 Inspection of the magnetic susceptibility of 1 reveals
a sharp decrease in cMT with decreasing temperature, reaching
a value of 0.12 cm3 K mol�1 at 2 K (Fig. 4), indicating that the
two iron(II) centers are antiferromagnetically coupled. The value
of cMT depends linearly on T up to a value of 2.17 cm3 K mol�1

at 225 K, which is consistent with two high-spin iron(II) centers
that are antiferromagnetically coupled. To quantify the magni-
tude of the antiferromagnetic interaction, the data were t to
the Van Vleck equation according to the spin Hamiltonian: Ĥ ¼
D(Ŝ1z

2+ Ŝ2z
2) + E[(Ŝ1x

2 � Ŝ1y
2) + (Ŝ2x

2 � Ŝ2y
2)] + (g1 + g2)mBSH �

2J(Ŝ1$Ŝ2). In this Hamiltonian, D and E are the axial and
transverse zero-eld splitting parameters, Ŝ1 and Ŝ2 are the spin
operators, g1 and g2 are the isotropic g-values, and J is the
magnitude of the exchange interaction. The best t to the
experimental data for 1 was accomplished with an exchange
constant of J ¼ �34(2) cm�1, and was relatively insensitive to
the other parameters (see ESI†).

Next, we examined the spin states in the diiron(III) complex 2,
which has both C and S bridges. Its zero-eld Mössbauer
spectrum at 80 K displays a doublet with d ¼ 0.26 mm s�1 and
|DEQ|¼ 1.95 mm s�1 (Fig. S22†). The isomer shi is much lower
than that of 1, consistent with more oxidized iron centers. To
support this assignment, we used density-functional (DFT)
calculations at the B3LYP/def2-TZVP(Fe,Si,S,N,CHSiMe3)/def2-
SVP(C,H) level to give geometry optimized structures in all six
possible spin states, and these were used to predict Mössbauer
spectra for each spin state using the spectroscopic validation
we established for b-diketiminate complexes.49 A broken-
symmetry model with two antiferromagnetically coupled high-
spin iron(III) centers gave the lowest energy structure, repro-
duced the crystallographic structure with a RMSD of 0.24�A, and
predicted Mössbauer parameters (d1 ¼ 0.35 mm s�1, |DEQ|1 ¼
1.62 mm s�1, d2 ¼ 0.36 mm s�1, |DEQ|2 ¼ 1.67 mm s�1) that are
Fig. 4 Dc magnetic susceptibility data for 1–4 collected under an
appliedmagnetic field of 1000Oe. Black lines represent fits to the data.

12714 | Chem. Sci., 2020, 11, 12710–12720
within error of the experimental values; the other spin state
possibilities gave isomer shi values that deviated from exper-
iment by at least 0.20 mm s�1 or gave two distinct doublets (see
ESI† for details). Other four-coordinate diiron(III) sulde
complexes in the literature also have high-spin electronic
congurations.50–53 The magnetic susceptibility of 2 displays
a cMT value of 0.91 cm3 K mol�1 at 225 K that drops with
decreasing temperature, supporting an antiferromagnetic
exchange interaction between the iron(III) centers in 2 in
agreement with the calculations. We modelled the dc suscep-
tibility data with two high-spin iron(III) sites using the spin
Hamiltonian described above with an exchange constant of J ¼
�120(10) cm�1 and isotropic g ¼ 2.0 (see ESI†).

The mononuclear compounds display cMT values of 3.26 (3)
and 1.93 (4) cm3 K mol�1 at 225 K. These values are consistent
with ground states of S ¼ 2 for 3 (high-spin iron(II)) and S ¼ 3/2
for 4 (high-spin iron(I)). The value of cMT decreases with
decreasing temperature due to zero-eld splitting. We t the
data with D values of �45.7(3) cm�1 for 3 and �14.9(2) cm�1 for
4. These large zero-eld splitting parameters are consistent with
those observed in other three-coordinate iron(II) complexes.54–58

The high-spin assignment is also consistent with the
Mössbauer spectra of these mononuclear complexes, which
display quadrupole doublets with d ¼ 0.43 mm s�1 and |DEQ| ¼
1.28 mm s�1 for 3, and d ¼ 0.41 mm s�1 and |DEQ| ¼ 2.23 mm
s�1 for 4 (Fig. S23 and S24†). These values are consistent with
other high-spin iron(II) and iron(I) complexes in the literature,
and DFT calculations similar to those described above validated
these spin state assignments (see ESI†).55,59–61

We were interested in the spin state of 4–N2, but our inability
to isolate it prevented characterization by magnetometry.
However, the Mössbauer spectrum of 4 ash frozen in N2-
saturated MeTHF was collected at 80 K and displays an addi-
tional doublet that was not observed in a control experiment
under Ar. We attribute this new signal to 4–N2 (Fig. 5a), for
which the best t has d ¼ 0.64 mm s�1 and |DEQ| ¼ 2.55 mm
s�1. The isomer shi is consistent with reported values of high-
spin, four-coordinate iron(I) (S ¼ 3/2) yet too high for reported
values for iron(I) in low spin congurations (S ¼ 1/2).55,59–61

Geometry optimizations were performed for both possible spin
states of iron(I) in 4–N2, and DFT calculations49 were used to
predict Mössbauer parameters for each model. The S ¼ 3/2
model predicted parameters (d ¼ 0.64 mm s�1, |DEQ| ¼
2.14 mm s�1) that are close to the experimental values, while the
S ¼ 1/2 model (d ¼ 0.36 mm s�1, |DEQ|¼ 1.02 mm s�1) deviated
substantially from the experimental data.

To corroborate our assignment of spin states for 4 and 4–N2 as
high-spin iron(I), we measured the X-band EPR spectrum of 4
frozen in MeTHF under N2 and Ar at 77 K (Fig. 5b). The EPR
spectrum under Ar displays three broad resonances with geff values
of 2.1, 3.8 and 5.6 and are consistent with a S ¼ 3/2 ground state.
We simulated the EPR spectrum with the spin Hamiltonian
employed to model the dc susceptibility data with |D| and |E|
values of 12.9 cm�1 and 1.7 cm�1, and g values of 2.36, 2.33, and
2.05. The EPR spectrum for a sample of 4 ash-frozen under N2

displays an additional feature at geff¼ 5.4 that we attribute to 4–N2.
The large effective g-value indicates that 4–N2 has a high-spin
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) Zero-field 57Fe Mössbauer spectra of a frozen solution of 4 in
MeTHF at 80 K, frozen under 1 atm of argon (top) or 1 atm ofN2 (bottom).
4: d¼ 0.42mms�1 and |DEQ|¼ 2.29mms�1 (48%ofN2 spectrum);4–N2:
d ¼ 0.64 mm s�1 and |DEQ| ¼ 2.55 mm s�1 (52% of N2 spectrum). (b)
Overlay of the X-band (9.436 GHz) EPR spectra of 4 at 77 K collected
under an atmosphere of Ar (blue) and N2 (green). The black line is
a simulation of 4–Ar spectrum that is consistent with a S ¼ 3/2 ground
state. The asterisk highlights the new resonance observed under N2.

Fig. 6 Overlay of the (a) S K-edge XAS spectra of 2 (purple) and
[LMeFeS]2 (black) and (b) Fe K-edge XAS spectra of the 1 (teal), 2
(purple), and [LMeFeS]2 (black).
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conguration (S ¼ 3/2); however, due to the spectral convolution
between 4 and 4–N2, we could not adequately model the EPR
spectrum to extract the spin Hamiltonian parameters for 4–N2. The
This journal is © The Royal Society of Chemistry 2020
agreement with the DFT computations and the Mössbauer spec-
troscopy, however, supports this assignment of the iron(I) center as
S ¼ 3/2 in 4–N2.
Covalency of bonds

To assess the effect of replacing a bridging sulde with an
alkylidene on the Fe–S covalency, we compared sulfur K-edge X-
ray absorption spectra (XAS) for 2 to the related bis-sulde
complex, [LMeFeS]2 (Fig. 6a), which also has two high-spin
iron(III) centers, but these centers are instead bridged by two
sulde ligands.34 We examined the pre-edge areas at 2470 eV
determined by peak tting of the S K-edges, in order to quantify
the S 3p character in the unoccupied metal d orbitals.62 The
contribution from the two bridging sulde ligands in [LMeFeS]2
is 14% S 3p and the contribution from the single bridging
sulde ligand in 2 is 6%. Because the 3p character in [LMeFeS]2
is twice the value for 2 and reects the contributions from two
suldes instead of one, it follows that the Fe–S covalency per
bond is not signicantly perturbed by the substitution of an
alkylidene for one of the sulde ligands. This interpretation of
the XAS agrees with the similar isomer shis observed for 2 and
[LMeFeS]2, which reect the electron density at the iron centers
(Fig. S17†).

Broken symmetry DFT calculations indicated strong anti-
ferromagnetic coupling between iron centers in both [LMeFeS]2
Chem. Sci., 2020, 11, 12710–12720 | 12715
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Fig. 7 Truncated molecular orbital diagram of 2 generated from the
broken symmetry UHF solution. UCOs are shown with the alpha
orbitals on the left and the beta orbitals on the right. Orbitals are
plotted at an isovalue of 0.03 au. S represents the overlap between the
alpha and beta orbitals.

Fig. 8 Isosurface plots of select Fe–C interactions in 1 (left) and 2
(right) with the total spin density for Fe and the alkylidene C listed for
each plot.
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and 2 (Fig. 7). The overlap (J) was �84 cm�1 for [LMeFeS]2 and
�313 cm�1 for 2, but these values from a single reference DFT
calculation relative to experiment are commonly over-
estimated.63–66 Calculated spectra (Fig. S41–43†) were thus ob-
tained using the lowest energy solution with S ¼ 0. It should be
noted that the differences in intensities of the calculated S K-
edges can be attributed to the difference in number of
absorbers. Calculated S 3p character in the unoccupied d-
orbitals was 11.94% for [LMeFeS]2 and 5.94% for 2. These
calculations agree remarkably well with the experimental data
described in the previous paragraph, and conrm that the Fe–S
covalency is the same for both compounds. These results
contrast with those presented in a study by Pollock et al., in
which the replacement of a sulde with an imido (NtBu2�) in
[Fe2S2Cl4]

2� decreased the iron–sulfur covalency.50

The Fe K-edge XAS obtained for 1, 2 and [LMeFeS]2 are pre-
sented in Fig. 6b. These data reveal a signicant shi in the
rising edges between 1 (7115 eV) and 2 (7118 eV), as expected for
more oxidized iron sites. The overlaying pre-edge and edge
features of 2 and [LMeFeS]2 in Fe K-edge XAS also reect similar
electronic structures at the iron centers, in agreement with the S
K-edge XAS data described above, despite the substitution of the
sulde for an alkylidene.
Fig. 9 Computed average electron distribution in bonds in 2 from
IAOIBO analysis.
Electronic structure

To further understand the nature of the bonding in these
complexes, we analyzed the localized orbitals of the broken-
symmetry DFT model using the intrinsic atomic orbital-
intrinsic bond order (IAOIBO) method.67 From this analysis,
the Mayer bond order68 (MBO) provides a convenient method to
sum all of the contributions to the bond; it has been applied to
FeMoco and related systems to understand the magnitude of
bonding between two atoms.68,69 The MBOs for the Fe–C
12716 | Chem. Sci., 2020, 11, 12710–12720
interactions are similar between 3 (0.87) and 1 (0.90). Upon the
introduction of a sulde ligand and oxidation of the iron
centers, the Fe–C interactions of the bridging alkylidene in 2
display a similar MBO of 0.86. This MBO analysis demonstrates
the similarity of Fe–C bonding across 1, 2, and 3, despite the
differences in metal nuclearity, oxidation state, and carbon
donor identity.

Despite the comparable Fe–C MBO in 1 and 2, we sought to
understand the electronic implications of the Fe–C–Fe angle
contraction from 95.6(3)� in 1 to 81.74(6)� in 2. There is also
a substantial distortion of the alkylidene carbon geometry away
from tetrahedral moving from 1 (s4 ¼ 0.85) to 2 (s4 ¼ 0.65, see
ESI†).70 Analysis of the localized Fe–C orbitals shows that in 1
the electron density in each orbital is more localized on one
discrete Fe–C bond, while in 2 there is a delocalized bonding
orbital with electron density between both iron centers and the
alkylidene carbon (Fig. 8). The IAOIBO analysis of 2 shows the
alkylidene exclusively forms s bonds with the iron centers,
while the sulde forms one s bond with each iron as well as p-
bonding interactions. The covalency of the Fe–S bonds can be
measured by summing the Fe–S bonding orbitals in 2, giving
23% Fe character and 77% S character. In the bis-sulde
complex [LMeFeS]2 these are similar (24% Fe, 76% S), consis-
tent with the S K-edge XAS data described above that show
similar Fe–S covalency for the compounds. The MBOs of the Fe–
S bonds are also identical (1.1) between the two compounds,
despite the 0.116(2)�A shorter Fe–S bonds and 0.641(2)�A shorter
Fe/Fe distance in 2 compared to [LMeFeS]2. Signicantly, the
Fe–S MBOs in 2 (1.1) are similar to the Fe–S MBO values for the
belt suldes in FeMoco (0.9).69 It is also interesting that the Fe/
Fe MBO in 2 (0.35) is similar to the Fe2/Fe6 MBO in FeMoco
(0.32).69 These comparable MBO values between 2 and FeMoco
This journal is © The Royal Society of Chemistry 2020
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underscore the electronic similarities between the model
complex and the biological cluster site.

In contrast to the copious literature study of Fe–S bonding in
FeS clusters,71–74 the Fe–C bonding interactions in high-spin
complexes remain poorly understood. The incorporation of
both a bridging alkylidene and sulde into 2 allows us to assess
the relative covalency of Fe–S and Fe–C bonds. The IAOIBO
analysis reveals the average Fe–C electron distribution in the
Fe–C bonds of 2 to be 43% Fe and 57% C in character, sug-
gesting that the Fe–C bonds are more covalent than the Fe–S
bonds (Fig. 9). Though the limited number of complexes in our
studies prevented us from clearly distinguishing the oxidation-
state dependence of covalency of Fe–C bonds, the diiron(II)
alkylidene complex 1 reveals a similar total Fe/C electron
distribution of 40% Fe and 60% C, which is consistent with the
comparable Fe–C MBO values in 1 and 2. This orbital analysis
provides insight into Fe–C bonding in high-spin iron complexes
relevant to FeMoco.

Discussion

The diiron alkylidene sulde complex 2 presented here incorpo-
rates structural elements relevant to nitrogenase, and the Fe/Fe/
S2B/C diamond core overlays extremely well with the Fe2/Fe6/S/C
rhomb in the resting state of FeMoco (Fig. 2b). Enzymatic
studies implicate the Fe2 and Fe6 centers as a primary substrate
binding site,7,8,14,15,75 and therefore it is particularly important that
the core of our synthetic model structurally resembles these
centers.

In addition to the local structural similarity, the electronic
structure of 2 has signicant similarities to this site in FeMoco.
First, the oxidation states are identical, based on the diiron(III)
assignment for the Fe2/Fe6 sites in FeMoco based on SpReAD
analysis.30 Se Ka-HERFD XAS studies on FeMoco with selective
substitution of S2B with Se31 assign these iron centers as an
antiferromagnetically-coupled diferric pair, which is consistent
with QM/MM studies.32 In 2, the iron sites have high-spin
electronic congurations and display antiferromagnetic
coupling between the iron centers, which agrees with calcula-
tions indicating that the belt irons Fe2 and Fe6 in the resting
state of FeMoco are antiferromagnetically coupled pairs.30–32

The comparison of XAS data between 2 and the analogous
doubly sulde-bridged complex [LMeFe(m-S)]2 enables us to eval-
uate the inuence of carbon donors within iron–sulfur clusters.
This is signicant because there are few other examples of high-
spin iron–sulfur clusters with any carbon-based ligands.46,76,77

The sulfur pre-edge intensities from the S K-edge XAS data indicate
that the marker sulde does not change its covalency from the
addition of the carbon-based bridge. The similarity in Mössbauer
isomer shis of the iron(III) sites in 2 and its bis-sulde analogue
further emphasizes the similarity of C and S bridges in terms of
their inuences on the iron centers. Within 2, though, the Fe–C
bonds aremore covalent than the Fe–S bonds and form exclusively
s-interactions in contrast to the p interactions contributed by
suldes (see ESI, Fig. S33–S35†). The contracted Fe–C–Fe angle in 2
gives a delocalized orbital that stretches over both iron atoms and
the carbon atom (Fig. 8 above), contributing to the greater
This journal is © The Royal Society of Chemistry 2020
antiferromagnetic exchange coupling observed in 2. An analogous
superexchange interaction between the iron centers facilitated by
the carbon bridge could help to rationalize the different coupling
present in FeMoco compared to other FeS clusters.12,78,79

Naturally, there are differences between the carbon bridges in
these synthetic complexes compared to FeMoco as well. For
example, the average Fe–C MBO in complexes 1 and 2 (0.9) are
higher than the average Fe–C MBO in FeMoco (0.32).69 The varia-
tion in the Fe–CMBO between complexes 1 and 2 and the FeMoco
may be attributed to the coordination of the carbide to six iron
centers (m6) rather than the two iron centers in 1 and 2 (m2).

The ability of the complexes to reduceN2was assessed by adding
KC8 and HBArF4, a mixture that provides a substantial driving force
for NH4

+ formation (effective bond dissociation free energy [BDFE]
of 0; chemical overpotential of 1220 kJ mol�1).16,27,41,80,81 The iron
complexes 1, 3, and 4 reduce N2 to NH4

+ to give 1.1–1.4� 0.1 equiv.
NH4

+ per complex, while complex 2 gives little NH4
+.We ascribe the

difference to the open coordination sites in 1 and 3, while the iron
centers in 2 are four-coordinate. The differences in oxidation state
are less likely to be important because our N2 reduction experi-
ments used a 10-fold excess of reductant relative to the complex.
The necessity for a coordinatively unsaturated iron center in these
N2 reduction studies parallels N2 reduction in nitrogenase, as
enzymatic studies imply S2B dissociation upon binding
substrates.7,8,14 It has been hypothesized that dissociation of S2B in
the initial stages of FeMoco reduction could be the “trigger” that
brings about N2 binding and reduction, and in this context we see
that the formal loss of an S atom moving from 2 to 1 causes
a change from very little N2 reduction activity (2) to signicant N2

conversion toNH4
+ (1). Thus, these synthetic complexes support the

importance of sulfur dissociation for bringing about N2 reducing
ability in iron–carbon–sulfur clusters.

It is informative to compare the reactivity of 1 and 3 with
other diketiminate–iron complexes that lack C and S ligands.
We previously reported that addition of four or more equiva-
lents of reductant to [LMeFe(m-Cl)]2 under N2 forms complexes
M2[L

MeFe(m-N2)]3 (M¼ K, Rb, Cs).82 These clusters, which lack C
and S ligands, possess iron centers in lower oxidation states
(Fe02Fe

1+) yet they do not form measurable amounts of NH4
+

upon the addition of acid. Similarly, previously reported
diketiminate-supported iron complexes containing bridging
FeNNFe cores do not react with acid to give NH4

+.83–85 In
contrast, we see here that the incorporation of C-based ligands
and an open coordination site leads to the ability to reduce N2 to
NH4

+. Though we were unable to deconvolute the inuence of
the nuclearity and the carbon ligand identity on N2 reduction
ability in these studies, it appears that the presence of an Fe–C
bond is benecial for N2 reduction. We note that two previous
carbon-ligated iron systems from Peters and coworkers yield
NH4

+ (3.3–4.6 equiv. NH4
+/Fe) as well.16,27

Though we isolated the carbon-ligated low-valent species
relevant to the N2 reduction studies from 3, the mechanism of
N2 reduction by the diiron alkylidene complex 1 remains
unclear. However, a recent article by Agapie and co-workers
described a diiron m-alkylidyne m-hydride complex with a Fe/
Fe/H/C core, which undergoes Fe–C bond cleavage and C–H
bond formation to give various products including iron(II) alkyl
Chem. Sci., 2020, 11, 12710–12720 | 12717
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and alkylidene species with N2 bound.17 These may bear
resemblance to the intermediates during N2 reduction by 1.
This gains signicance because the Fe/Fe/H/C diamond core in
the alkylidyne complex is in a more reduced state (closer to the
level of N2-binding FeMoco intermediates) than the diiron
alkylidene sulde 2. However, the mechanisms may be different
since the strong-eld phosphine ligand sphere in the alkylidyne
complex is less electronically similar to the FeMoco than the
weak-eld ligand sphere present in 1, 2, and 3 that gives rise to
high-spin iron centers.

Conclusions

This paper has presented a series of complexes that helps to
understand the inuence of Fe–C bonding on the electronic
structure and N2 reactivity of high-spin iron sites like those in the
FeMoco of nitrogenase. The mononuclear iron(II) alkyl 3 and the
diiron(II) alkylidene 1 can reduce N2 to NH4

+ upon addition of acid
and reductant, suggesting that Fe–C bonds are benecial for N2

reduction. Importantly, the lack of a sulfur bridge is essential for
N2 reduction activity, supporting the idea that sulfur dissociation
is a reasonable step toward N2 binding in FeMoco.

The structural relevance of 1 to the resting state of FeMoco
was extended by incorporating a sulde ligand to give 2, which
has both a carbon donor and a sulde as bridges. Complex 2 has
nearly identical metrical parameters as the Fe2/Fe6/S2B/C
rhomb within the FeMoco resting state structure, and the
antiferromagnetic coupling of the iron(III) centers in 2 aligns
well with the analogous coupling of Fe2 and Fe6 in FeMoco. In
both dinuclear complexes 1 and 2, the bridging ligands facili-
tate electronic communication between the iron centers, giving
rise to antiferromagnetic coupling. The addition of a bridging
sulde ligand in 2 enhances the antiferromagnetic coupling
interaction. The IAOIBO picture of the Fe–C interactions in 1
and 2 depicts highly covalent Fe–C bonds which can mediate
superexchange, suggesting that the presence of a carbon ligand
may contribute to the different exchange interactions observed
in FeMoco compared to other FeS clusters.

The study of the bonding interactions in these simplied
structural models also shows a surprisingly strong similarity
between Fe–C bonds and Fe–S bonds. First, S K-edge XAS experi-
ments show that the substitution of an alkylidene for a bridging
sulde minimally inuences the Fe–S covalency in the other
bridge. Further, the similar Fe–C Mayer bond orders in 1–3 are
similar despite differences in the identity of the carbon ligand, the
iron oxidation state, and the complex nuclearity. This property of
the Fe–C bonds is reminiscent of the well-known similarity of Fe–S
interactions in different oxidation states of iron–sulfur clusters.86

The insights provided by these model complexes improve our
understanding of the Fe–C interactions at high spin iron sites,
which helps rene our hypotheses about the structural and elec-
tronic implications of the carbide in FeMoco, and the key deter-
minants of N2 reduction by the enzyme.

Conflicts of interest

There are no conicts to declare.
12718 | Chem. Sci., 2020, 11, 12710–12720
Acknowledgements

This work was funded by the National Institutes of Health (GM-
065313 to P. L. H.) and R35GM124908 (to K. M. L.). A. L. N. was
supported in part by a Berson Graduate Research Fellow-
ship. M. M. B. is an NSF Graduate Research Fellow. We thank Dr
Nicholas Bingham and Prof. Peter Schiffer for magnetometry
measurements. We thank Dr Daniel DeRosha for thoughtful
discussion that contributed to the synthetic improvement of 1.
We thank Reagan Hooper for assistance with calculations. We
thank Ragnar Björnsson for helpful discussions on calcula-
tions, and for sharing pre-publication data on nitrogenase
calculations. We thank Dr Kazimer Skubi for thoughtful feed-
back on the manuscript. We thank the Yale Center for Research
Computing for guidance and use of the research computing
infrastructure. XAS data were obtained at SSRL, which is sup-
ported by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences under Contract no. DE-AC02-
76SF00515. The SSRL Structural Molecular Biology Program is
supported by the Department of Energy's Office of Biological
and Environmental Research and by NIGMS (including
P41GM103393). The work at SSRL was also supported by the
U.S. Department of Energy Office of Basic Energy Sciences
proposal no. 100487.

Notes and references

1 B. M. Hoffman, D. Lukoyanov, Z.-Y. Yang, D. R. Dean and
L. C. Seefeldt, Chem. Rev., 2014, 114, 4041–4062.

2 P. C. Dos Santos, R. Y. Igarashi, H.-I. Lee, B. M. Hoffman,
L. C. Seefeldt and D. R. Dean, Acc. Chem. Res., 2005, 38,
208–214.

3 S. J. George, B. M. Barney, D. Mitra, R. Y. Igarashi, Y. Guo,
D. R. Dean, S. P. Cramer and L. C. Seefeldt, J. Inorg.
Biochem., 2012, 112, 85–92.

4 P. M. C. Benton, M. Laryukhin, S. M. Mayer, B. M. Hoffman,
D. R. Dean and L. C. Seefeldt, Biochemistry, 2003, 42, 9102–
9109.

5 H.-I. Lee, R. Y. Igarashi, M. Laryukhin, P. E. Doan, P. C. Dos
Santos, D. R. Dean, L. C. Seefeldt and B. M. Hoffman, J. Am.
Chem. Soc., 2004, 126, 9563–9569.

6 B. M. Barney, R. Y. Igarashi, P. C. Dos Santos, D. R. Dean and
L. C. Seefeldt, J. Biol. Chem., 2004, 279, 53621–53624.

7 T. Spatzal, K. A. Perez, O. Einsle, J. B. Howard and D. C. Rees,
Science, 2014, 345, 1620.

8 T. Spatzal, K. A. Perez, J. B. Howard and D. C. Rees, eLife,
2015, 4, e11620.

9 K. M. Lancaster, M. Roemelt, P. Ettenhuber, Y. Hu,
M. W. Ribbe, F. Neese, U. Bergmann and S. DeBeer,
Science, 2011, 334, 974–977.

10 T. Spatzal, M. Aksoyoglu, L. Zhang, S. L. A. Andrade,
E. Schleicher, S. Weber, D. C. Rees and O. Einsle, Science,
2011, 334, 940.

11 J. A. Wiig, C. C. Lee, Y. Hu and M. W. Ribbe, J. Am. Chem.
Soc., 2013, 135, 4982–4983.

12 J. A. Rees, R. Bjornsson, J. K. Kowalska, F. A. Lima,
J. Schlesier, D. Sippel, T. Weyhermüller, O. Einsle,
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc03447a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

1.
02

.2
02

6 
15

:0
4:

22
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
J. A. Kovacs and S. DeBeer, Dalton Trans., 2017, 46, 2445–
2455.
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Physical Methods in Bioinorganic Chemistry, ed. L. Que Jr,
University Science Books, New York, 2000, pp. 287–319.

49 S. F. McWilliams, E. Brennan-Wydra, K. C. MacLeod and
P. L. Holland, ACS Omega, 2017, 2, 2594–2606.

50 C. J. Pollock, L. L. Tan, W. Zhang, K. M. Lancaster, S. C. Lee
and S. DeBeer, Inorg. Chem., 2014, 53, 2591–2597.

51 D. S. Marlin, M. M. Olmstead and P. K. Mascharak, Inorg.
Chim. Acta, 2000, 297, 106–114.

52 C. G. Werncke, J. Pfeiffer, I. Müller, L. Vendier, S. Sabo-
Etienne and S. Bontemps, Dalton Trans., 2019, 48, 1757–
1765.

53 S. Yao, F. Meier, N. Lindenmaier, R. Rudolph, B. Blom,
M. Adelhardt, J. Sutter, S. Mebs, M. Haumann, K. Meyer,
M. Kaupp and M. Driess, Angew. Chem., Int. Ed., 2015, 54,
12506–12510.

54 S. F. McWilliams, P. C. Bunting, V. Kathiresan,
B. Q. Mercado, B. M. Hoffman, J. R. Long and
P. L. Holland, Chem. Commun., 2018, 54, 13339–13342.

55 S. A. Stoian, J. Vela, J. M. Smith, A. R. Sadique, P. L. Holland,
E. Münck and E. L. Bominaar, J. Am. Chem. Soc., 2006, 128,
10181–10192.

56 H. Andres, E. L. Bominaar, J. M. Smith, N. A. Eckert,
P. L. Holland and E. Münck, J. Am. Chem. Soc., 2002, 124,
3012–3025.

57 K. P. Chiang, P. M. Barrett, F. Ding, J. M. Smith, S. Kingsley,
W. W. Brennessel, M. M. Clark, R. J. Lachicotte and
P. L. Holland, Inorg. Chem., 2009, 48, 5106–5116.

58 G. Christou, D. Gatteschi, D. N. Hendrickson and R. Sessoli,
MRS Bull., 2011, 25, 66–71.

59 S. A. Stoian, Y. Yu, J. M. Smith, P. L. Holland, E. L. Bominaar
and E. Münck, Inorg. Chem., 2005, 44, 4915–4922.

60 M. P. Hendrich, W. Gunderson, R. K. Behan, M. T. Green,
M. P. Mehn, T. A. Betley, C. C. Lu and J. C. Peters, Proc.
Natl. Acad. Sci. U. S. A., 2006, 103, 17107.
Chem. Sci., 2020, 11, 12710–12720 | 12719

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc03447a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

1.
02

.2
02

6 
15

:0
4:

22
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
61 P. Gütlich, E. Bill and A. X. Trautwein, Mössbauer
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