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ABSTRACT: Metalloenzymes can efliciently achieve the multielectron T fe2st NiFe.S
interconversion of carbon dioxide and carbon monoxide under mild oM P § s=1/2
conditions. Anaerobic carbon monoxide dehydrogenase (CODH) Mes/N_{l}lisN(SiMes)z FeZ.sa/ A Yeze /NI
performs these reactions at the C cluster, a unique nickel—iron—sulfide y :/'_’Q\ Uy . ' )y %
cluster that features an apparent three-coordinate nickel site. How nature (MegSiN-Fe §F:e>(,(5iMe3)2 Ogerss

assembles the [NiFe;S,]—Fe, cluster is not well understood. We use /Fe_"‘Ni’S(CyS) NsiMes), &

synthetic clusters to demonstrate that electron transfer can drive \_]'F\i _rg SO — Na(HE, N =
insertion of a Ni° precursor into an [Fe,S,]*" cluster to assemble higher Fec . N oy 0o o il
nuclearity nickel—iron—sulfide clusters with the same complement of ’ messii NS sive, \ "\/v,;;a{' 'Ni Fe.s
metal ions as the C cluster. Initial electron transfer results in a [ 1Ni-4Fe- WSS :e e, M s=5/2'
48] cluster in which a Ni'* ion sits outside of the cluster. Modifying the o 1 o Fe? YN

Ni’ precursor results in the insertion of two nickel atoms into the cluster, N o ah

concomitant with ejection of an iron to yield an unprecedented [2Ni-

3Fe-4S] cluster possessing four three-coordinate metal sites. Both clusters are characterized using magnetometry, electron
paramagnetic resonance (EPR), Mossbauer, and X-ray absorption spectroscopy and supported by DFT computations that are
consistent with both clusters having nickel in the +1 oxidation state. These results demonstrate that Ni'* is a viable oxidation state
within iron—sulfur clusters and that redox-driven transformations can give rise to higher nuclearity clusters of relevance to the
CODH C cluster.

H INTRODUCTION mechanism, and structure—function relationships of this
unusual cluster remain a topic of ongoing debate.
Iron—sulfur clusters exhibit compositional and structural
diversity. A variety of cluster rearrangements have been
identified in biological and synthetic systems, with redox
state and ligand identity influencing the core structure of the
cluster.'”"" Despite decades of synthetic studies on iron—sulfur
clusters, synthetic strategies for incorporating heterometals
such as nickel into cubane iron—sulfur clusters are limited and
are summarized in Figure 1b."" Three approaches have been
used. The first involves using a multidentate ligand to
construct a [Fe;S,] cluster that allows for addition of a
heterometal, while the second approach involves a rearrange-
ment of a linear [Fe;S,] cluster upon introduction of low-
valent heterometals usinﬁg precursors such as cobalt(0) and
nickel(0) complexes.'*~"® Both strategies have given access to
[NiFe,S,] cubane clusters with four-coordinate nickel sites. In
these synthetic clusters, the nickel sites have adopted either
tetrahedral or square planar coordination geometries depend-

Nickel-containing carbon monoxide dehydrogenases
(CODHs) catalyze the interconversion of CO, and CO with
high rates and vanishingly small overpotentials.' > Both
directions of the reaction are important for biological
functions.” The oxidation of CO provides the energy required
for the growth of anaerobic organisms, while the reduction of
CO, can be coupled with acetyl-coenzyme A synthetase (ACS)
for the biosynthesis of the key metabolite acetyl-CoA.”°
Crystallographic studies of anaerobic CODHs have revealed
that the active site, known as the C cluster, is comprised of a
unique heterometallic [NiFe;S,] open-cubane cluster attached
to an additional iron site (Fe,) through a y*-sulfide ligand
(Figure 1a).”® The nickel site within the C cluster resides in a
putative three-coordinate ligand environment and is the only
crystallographically characterized example of a three-coordi-
nate nickel site in biology. The reported crystallographic
structures of the two active states of the C cluster, C,.4;, and its
two-electron-reduced form, C.q, are nearly identical and
display similar EPR spectra which leads to ambiguity in
assigning metal oxidation states.” Further, the absence of ®'Nji
coupling by ENDOR spectroscopy has led to the proposal that
the Ni site has a closed shell configuration, as low-spin Ni** or
Ni’.>” However, Ni® is unprecedented in biological systems,
especially with #-donating ligands such as the sulfides and
thiolates found in the C cluster. The biosynthesis, catalytic
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Figure 1. (a) Two catalytically relevant oxidation states of the C
cluster in CODH that feature a three-coordinate nickel site. (b)
Previously reported synthetic iron—sulfur clusters that contain four-
coordinate nickel sites. (c) The first example of a three-coordinate
nickel site in a synthetic iron—sulfur cluster. Tp* = tris(3,5-dimethyl-
1-pyrazolyl)borate.

ing on the choice of mono- or bidentate supporting ligands on
nickel. In contrast, when starting from a [Fe,S,] cluster,
addition of a heterometal (M = Ni**, Mo") instead results in
thombic dodecahedral clusters ([M,Fe S4]**/**)."" ™" Alter-
natively, Holm and others have leveraged early transition metal
tetrathiometalates (V, Mo, W) or metal trisulfides (e.g,
[Tp*MS;]~, M = Mo or W) to template the stepwise addition
of iron to assemble MFe;,S, clusters.””*" We recently used this
approach to isolate the first example of a three-coordinate
nickel site in a [W-2Fe—Ni] cluster (Figure 1c).** It remains
unclear how clusters with structurally unusual features such as
those found in the C cluster, which features a three-coordinate
nickel site and dangling iron, may be assembled synthetically.

Herein, we demonstrate an additional strategy: treating an
oxidized [Fe,S,]*" cluster (formally Fe**;Fe**) with reduced
Ni’ precursors, which leverages electron transfer to drive
insertion of the nickel into the iron—sulfur cubane. This
synthetic approach was inspired by the biosynthesis of the C
cluster, which in the final step is proposed to involve a one-
electron reduction of a [Fe,S,] cluster concomitant with nickel
insertion into an incomplete cuboidal [Fe;S,]—Fe, cluster
(Figure 2a).*>** Remarkably, the resulting heterometallic
clusters exhibit unprecedented topologies for iron—sulfur
clusters. In one instance, double insertion of the nickel into
two edges of the [Fe,S,]*" cubane ejects one Fe atom to give a
[NiyFe;S,]" cluster that features four three-coordinate metal
sites. Modification of the steric protection around the nickel
atom enables the isolation of a species in which the cubane
remains intact and conjoined to a three-coordinate Ni'* by a
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bridging amide and a cubane sulfide. The resulting [Ni—Fe—S]
clusters are characterized using magnetic, spectroscopic, and
computational methods to unequivocally identify that the
nickel sites are in the +1 oxidation state. These results may
guide future synthetic and biological studies of CODH
enzymes. For instance, the disclosed strategy for synthesizing
heterometallic clusters featuring low-coordinate metal sites
could help target synthetic models that are topologically similar
to the C cluster (i.e., models featuring a three-coordinate nickel
and external iron site). Additionally, this work gives
experimental precedent that three-coordinate Ni sites in
iron—sulfur clusters are more consistent with Ni'* rather
than the initially proposed Ni’, aligning with computational
studies which suggest that a Ni° site would reduce the nearby
iron centers.””

B RESULTS

Synthesis and Structural Characterization of Clusters.
In order to drive the insertion of Ni into a [Fe,S,] cluster
concomitant with one-electron reduction, we selected low-
oxidation state nickel(0) precursors supported by a N-
heterocyclic carbene ligand along with labile alkene/arene
ligands. 2927 We hypothesized that the redox mismatch between
this reduced nickel precursor and highly oxidized [Fe,S,]**
clusters would enable insertion of Ni into the [Fe,S,] cluster
using the electron transfer as a driving force. For the iron—
sulfur precursors, we chose the series of clusters from Lee and
Ohki that are stabilized by amide ligands (N(SiMe;),).”**’

The stoichiometric reaction between IMesNi(1,5-hexa-
diene) (IMes = 1,3-(bis-2,4,6-trimethylphenyl)-1,3-dihydro-
2H-imidazol-2-ylidene) and Na(THF),Fe,S,(N(SiMe;),),
([Fe,S,)*") in diethyl ether followed by the addition of 15-
crown-5 affords [Na(1S5-crown-5)Et,O][IMesNiFe,S,(N-
(SiMe;),),] (NiFe,S,) in isolated yields around 60% (Figure
2b). The 'H NMR spectrum of 1 in CsDg4 displays nine
paramagnetically broadened resonances between 6 1.0 and 9.0
ppm. The X-ray crystal structure of 1 reveals that the IMesNi
moiety is bound to the exterior of the [4Fe—4S] cubane via a
U,-N(SiMe;), ligand and a p,-sulfide (Figure 2c). The Ni site
in NiFe,S, has a trigonal planar geometry (sum of angles =
359.95(2)°) with a Ni—S1 distance of 2.257(1) A and a Ni—C
distance of 1.901(S) A. The geometry about the Ni site is
distorted toward T-shaped with a N—Ni—C angle of
143.9(2)°. The bond distances to the p,-sulfide (S1) in
NiFe,S, are elongated by 0.06—0.07 A relative to the ps-
sulfides in [Fe,S,]*" (Fe2—S1 2.377(1) A and Fel-S1
2.357(2) A). The molecular structure of the cubane portion
of NiFe,S, is otherwise similar to that of the [Fe,S,]**
precursor, which enables a comparison of their cubane core
volumes for insight into the cubane redox states.”” Analysis of
the structural metrics of NiFe,S, shows expansion of the S,
tetrahedron volume from 5.23(1) A® in [Fe,S,]*" to 5.44(2)
A3 in NiFe,S,, while the Fe, tetrahedron volume remains
unchanged (2.76(1) A® in [Fe,S,]>" versus 2.74(2) A® in
NiFe,S,). The changes in the S, core volume suggest a one-
electron reduction of the [4Fe—4S] core in 1, which is
consistent with a literature analysis of a redox series of [Fe,S,]"
clusters (n = 0—4).”'

Addition of the more sterically hindered precursor IPrNi-
(1,5-hexadiene) (IPr = 1,3-(bis-2,6-diisopropylphenyl)-1,3-
dihydro-2H-imidazol-2-ylidene) to [Fe,S,]>" leads to the
formation of a new product by 'H NMR and EPR
spectroscopy. Unfortunately, we were unable to crystallo-
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Figure 2. (a) Proposed biosynthesis of the C cluster. (b) Synthetic route to the NiFe,S, cluster. (c) Molecular structure of NiFe,S, as determined
by single-crystal X-ray diffraction presented from two view perspectives. Orange, yellow, green, blue, pink and gray represent iron, sulfur, nickel,
nitrogen, silicon, and carbon atoms, respectively. Anisotropic displacement ellipsoids depicted at 50% probability. The outer sphere cation,
hydrogen atoms, and solvent molecules are omitted for clarity, and the right view additionally omits most silicon and some carbon substituents.

graphically characterize the product. It is notable, however,
that EPR and Mossbauer spectra of the reaction products are
similar to those of NiFe,S,, suggesting that at least one of the
products could be structurally similar to NiFe,S, (see SI for
detailed discussion). Changing to a different nickel precursor
with a more labile leaving group, IPrNi(7°-C,Hg), enables the
conversion of [Fe,S,]*" to a product with a more extensive
rearrangement of the cluster core (Figure 3a). Addition of 2
equiv of IPrNi(5%-C,Hj) to [Fe,S,]** gives a product Ni,Fe;S,
in 40—60% yield. Its 'H NMR spectrum shows several
paramagnetically shifted resonances between —30 and +12
ppm. The molecular structure of Ni,Fe;S, was identified by X-
ray crystallography as [Na(THF),](IPrNi),Fe;S,(N(SiMe;),),
(Figure 3b). Surprisingly, Ni,Fe;S, has three-coordinate
metals in four of its five metal sites. Overall, the topology of
Ni,Fe;S, can be described as two intersecting M;S, linear
chains with a central tetrahedral iron site (Fe2), two peripheral
three-coordinate iron sites (Fel), and two peripheral three-
coordinate nickel sites, where each pair of peripheral metals is
crystallographically equivalent. The Fe2—S distances are
2.283(2) and 2.231(2) A, and the central Fe has a 7,
parameter of 0.94 that indicates a near-tetrahedral coordina-
tion environment. The geometry about each Fel site is trigonal
planar (sum of angles = 359.9(2)°), the Fel—S distances are
2.267(2) and 2.252(2) A, and the Fel—N distance is 1.908(6)
A. Similarly, the geometry about each Ni is trigonal planar
(sum of angles = 359.8(2)°) with Ni—S$ distances of 2.182(2)
A and a Ni—C distance of 1.899(8) A. The bond parameters
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for Ni,Fe;S, can be compared to those reported for [IPrNi(y,-
SH)], and [IPrNi(y,-S)],, which feature formally Ni'* and
Ni** sites, respectively. The Ni—C and Ni—S distances in
Ni,Fe,S, are closest to those in [IPrNi(u,-SH)], (Ni—C 1.87
A and average Ni—S 2.20 A).*” Though the similarity of these
Ni—(u,-SH) and Ni—(u3-S) cores is limited, a more direct
comparison can be made with a recently reported [W—2Fe—
Ni] cluster which has a nickel site most consistent with
nickel(I).** It has nickel—sulfide distances of 2.1681(8) and
2.1775(8) A, which are very similar to those seen in Ni,Fe;,S,,
suggesting that the sites in Ni,Fe;S, are also nickel(I), an idea
that is tested with spectroscopy below.

Redox and Ligand Properties. We used cyclic
voltammetry (CV) in 0.1 M [Bu,N][PF4]/THF to explore
the redox properties of NiFe,S,. The first oxidation at E =
—0.75 V (vs Fc/Fc*) is quasi-reversible with a nonlinear
dependence of the peak current on the square root of the scan
rate. The potential may be compared to that of the [Fe,S,]**/**
redox couple of the four-iron analogue NaFe,S, with a simple
Na* cation, which lies at —1.06 V.>"** The shift of almost 0.3
V suggests that the nickel is not redox innocent during the
process. The identification of this oxidation product as well as
the result of the irreversible second oxidation at —0.08 V is
ongoing.

In addition to the difference in topology, there are some
differences between the ligand environment of NiFe,S, and
the C cluster that are important to notice in this context. First,
the amide donors in NiFe,S, strongly impact the redox
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4a, upper spectrum) and reveals one quadrupole doublet with
an isomer shift (5) of 0.46 mm s' and quadrupole splitting
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Figure 3. (a) Synthetic route to the Ni,Fe;S, cluster. (b) Molecular
structures of Ni,Fe;S, as determined by single-crystal X-ray
diffraction. Orange, yellow, green, blue, gray, and pink represent
iron, sulfur, nickel, nitrogen, carbon, and sodium atoms, respectively.
Anisotropic displacement ellipsoids depicted at 50% probability. The
2,6-diisopropylphenyl and N(SiMe;), moieties are represented as
spheres of arbitrary radius, and hydrogen atoms and solvent molecules
are omitted for clarity.

potentials relative to the thiolate and histidine ligands in the
natural system. In a head-to-head comparison of synthetic
systems, the redox potentials of thiolate-bound Fe,S, clusters
are nearly 350 mV more anodic than those in NaFe,S,.”” The
amide ligands stabilize higher oxidation states of the cluster
and may have other influences on the electronic structures of
our compounds. This effect is the topic of ongoing research.
Second, NHC ligands are coordinated to the nickel sites in
NiFe,S, and Ni,Fe;S,, contrasting the thiolate/thiol and
histidine ligands found at the C cluster. NHCs are neutral
ligands that are strong o-donors and s-acceptors, and they
stabilize lower cluster oxidation states than thiol/thiolate
ligands. For example, NHC-coordinated Fe,S, clusters can be
isolated as the all-ferrous [Fe,S,]%" whereas thiolate-
coordinated all-ferrous Fe,S, clusters have only been isolated
by using closely associated potassium cations to stabilize the
negative charge.”"*> Though NHC ligands deviate from the
biological coordination environment, they provide kinetic
protection and electronic stabilization of the clusters, which
makes them valuable in many bioinorganic model com-
plexes.*>~*

Spin States from Spectroscopy and Magnetometry.
Mossbauer spectroscopy is a powerful tool to assess iron
oxidation states in iron—sulfur clusters. The zero-field
Mossbauer spectrum of NiFe,S, was collected at 80 K (Figure

1913

Isomer Shift (mm s™")

Figure 4. (a) Stacked Mossbauer spectra of NiFe,S, and Ni,Fe,S, at
80 K. NiFe,S,: 6 = 0.46 mm s~ (Sppr = 044 mm s™"), IAEql = 1.03
mm s~!, ' = 0.56 mm s~". Ni,Fe;S,, site 1 (green, 67%): 5, = 0.49
mm s~ (6,,ppr = 0.39 mm s7"), IAEq|; = 0.75 mm s, T} = 0.36 mm
s7'; site 2 (blue, 33%): 6, = 0.34 mm s™' (8, ppr = 0.35 mm s7'),
|AEql, = 0.83 mm s7, T, = 0.28 mm s™". (b) Experimental § values
for NiFe,S, and Ni,Fe;S, relative to structurally analogous amide-
supported Fe,S, clusters and to thiolate-supported linear chain Fe,S,
clusters from the literature.*”*'

(AEq) of 1.03 mm s”'. Comparing the & value for NiFe,S,
relative to the structurally analogous redox series [Fe,S,(N-
(SiMe;),]> ™~ shows an increase in the isomer shift value
relative to the [Fe,S,]*" precursor (6, = 032 mm s7').
Instead, the isomer shift is most similar to the one in [Fe,S,]**
(6 = 0.45 mm s7'), which has two mixed-valent Fe***, pairs
(Figure 4b). Thus, the Mossbauer data of NiFe,S, are
consistent with one-electron transfer from the [IMesNi’]
moiety to the [Fe,S,]*" cluster. This suggests that the metal
oxidation states in NiFe,S, are 4Fe*>* and Ni'*, consistent
with the core volume analysis presented above. Notably,
addition of tert-butyl isocyanide to NiFe,S, regenerates the
[Fe,S,]*" cluster and generates the nickel(0) species IMesNi-
(tBuNC);, showing that the electron can be transferred back to
nickel (Figures SS and S6).

We collected the zero-field Mossbauer spectrum of Ni,Fe;S,
at 80 K to assess the iron oxidation states and to provide
indirect evidence of the Ni oxidation states. The Mdssbauer
spectrum of Ni,Fe;S, shows one apparent quadrupole doublet
centered at § = 049 mm s~ (Figure 4a, lower spectrum).
Since Ni,Fe;S, features two unique iron sites that have
different coordination numbers and ligands, the Mdssbauer
spectrum was fitted to a model with two sites in a 1:2 ratio,
which gave §; = 0.34 mm s~ (33%) and &, = 0.52 mm s~!
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(67%). The closest structural analogues to Ni,Fe;S, are the
[Fe;S,(SR),]*” linear chain clusters whose Mdssbauer spectra
gave § values in the range of 0.23—0.29 mm s™' and are
representative of four-coordinate Fe®* sites with thiolate
ligands.“’42 This comparison is consistent with Ni,Fe;S,
having one Fe’* and two Fe® sites. However, the poor
spectral resolution of the two sites by Mossbauer spectroscopy
compels further evidence from magnetometry, X-ray absorp-
tion spectroscopy, and broken-symmetry density functional
theory calculations.

To inspect the spin ground state in NiFe,S, and Ni,Fe;S,
we measured their dc magnetic susceptibilities between 2 and
300 K under an applied magnetic field of 0.1 T. The y, T value
for NiFe,S, at 2 K is 0.38 cm®K/mol, which indicates a S =
1/2 ground state. The yyT value steadily increases at higher
temperature, suggesting that there are low-lying excited states
with higher spin (Figure Sa). To corroborate our magnetic
analysis, NiFe,S, was characterized by EPR spectroscopy
(Figure Sb). The X-band EPR spectrum of NiFe,S, was
collected in frozen toluene at S K and reveals a rhombic
spectrum that was simulated using EasySpin*’ and the spin

a.
5 -
Ni,Fe,S,
S 4-ﬁ
S
£ 37
§
<7
N1 NiFe,S,
0 T T T T T T
0 50 100 150 200 250 300
Temperature (K)
b.
g, =2.235
| g, =2.049
|
Q g;=1.99
2 |
o
—— NiFe,S,
—— Simulation
T T T T T T T T
240 280 320 360 400
Magnetic Field (mT)
g-value
286 4 3 2 15
m
3
o
Ni,Fe,S,
—— Simulation
T T T T T T T T T T
80 160 240 320 400 480

Magnetic Field (mT)

Figure 5. (a) Overlay of the dc magnetic susceptibility data for
NiFe,S, (blue) and Ni,Fe;S, (red) collected under an applied
magnetic field of 0.1 T. (b) EPR spectrum of a frozen solution of
NiFe,S, in toluene (2 mM) collected at 9.38 GHz and S K. (c) EPR
spectrum of a solid sample of Ni,Fe;S, collected at 9.38 GHz and 10
K
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Hamiltonian H = (g + g + g.)usSH, where 8xy are the
principal g values. Our best simulation gave g values of 2.23,
2.05, and 1.99. The large g, value of 2.23 supports significant
participation of the nickel site in the spin system, as such large
g values are uncommon for [4Fe-4S] clusters but are typical for
S = 1/2 Ni'* compounds.”**> However, the low g, value of
1.99 suggests that some spin density lies on the [4Fe-4S]
cclryponent, as S = 1/2 nickel species do not give g values <
2.7

Next, we probed Ni,Fe;S, by SQUID magnetometry to
assess possible spin coupling schemes that would provide
insight into the metal oxidation states and their electronic
configurations. We measured the dc susceptibility of Ni,Fe;S,
from 2 to 300 K under an applied magnetic field of 0.1 T
(Figure Sa). Ni,Fe,S, exhibits a yy,T value of 5.05 cm?®K/mol
in the temperature range of 30—250 K, close to the
theoretically expected value for a S = 5/2 ground state (yuT
= 4.875 for isotropic S = 5/2). The y\T data were simulated
using the Van Vleck equation using the spin Hamiltonian H =
DS+ E(S.? - Syz) + (g + g+ g.)usSH, where D and E are
the axial and transverse zero-field splitting parameters, S, . are
the spin operators, and g, . are the principal g values. The best
simulation to the data yielded the following parameters for
Ni,Fe;S,: g, =2.12,g,=2.18,and D = =9.0 £ 0.5 cm ™', while
E was held at zero. We corroborated our spin Hamiltonian
parameters using EPR spectroscopy. The X-band EPR
spectrum of Ni,Fe;S, at 10 K shows resonances in the range
from 50 to 350 mT, characteristic of a high-spin ground state
(Figure Sc). The EPR spectrum was simulated using the
following parameters: S = 5/2, g, = [2.11 2.15 2.15], D =
—9.0 em™}, and E/D 0.09. These spin Hamiltonian
parameters are in good agreement with those extracted from
fitting the dc magnetic susceptibility data. The D value is
unusually large for a [4Fe-4S] cluster. Previously reported IDI
values for heterometal-substituted ferredoxins are in the range
of 1.5—3 cm™.* However, the three-coordinate Fe sites in
Ni,Fe;S, likely enhance the magnetic anisotropy of the ground
state of Ni,Fe;S, relative to four-coordinate Fe sites typically
found in [4Fe-4S] clusters. We recently reported D values in
the range of 35—40 cm™' for f-diketiminate-supported Fe®*
compounds.”® Thus, spin projection of the three-coordinate
Fe’" sites on the total ground state is likely the primary
contributor to the large D value for Ni,Fe;S, relative to [4Fe-
4S] clusters that feature higher coordinate iron sites.”” Because
Ni,Fe;S, has a thermally persistent S = 5/2 ground state, the
magnitudes of the antiferromagnetic exchange energies are too
large to be determined nor do these data specify the metal
oxidation states. The origin of the downturn in T above 250
K (Figure Sa) remains unclear as collecting data above 300 K
led to sample degradation (see SI for additional discussion).

The S = 5/2 ground state of Ni,Fe;S, could in principle be
rationalized using antiferromagnetic coupling between a
central Fe’* two outside Fe’* sites, and two closed-shell Ni’
sites. However, this interpretation is inconsistent with the
Mossbauer and structural data above. The more reasonable
spin coupling scheme has a central high-spin Fe®" anti-
ferromagnetically coupled to two high-spin Fe*" and two Ni'*
sites. To test this spin coupling model, we pursued X-ray
absorption spectroscopy (XAS) and broken-symmetry density
functional theory (BS DFT) calculations on NiFe,S, and
Ni,Fe,S,.

X-ray Absorption Spectroscopy and DFT Computa-
tions. The X-ray absorption spectra at the iron and nickel K-
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Figure 6. (a) X-ray absorption spectra at the iron and nickel K-edges, with derivative spectra below. In the Fe XAS of NiFe,S, and Ni,Fe,S,, the
pre-edges are found at 7112.2 and 7112.4 eV, while the first-derivative maxima are found at 7116.9 and 7115.6 eV, respectively. (b) Spin coupling
schemes for NiFe,S, (top) and Ni,Fe;S, (bottom); arrows represent dominantly antiferromagnetic exchange interactions.

edges are presented in Figure 6 together with schematic
representations of the spin coupling within the clusters. The
iron K-edge energy of NiFe,S, is typical for mixed-valent
(Fe*3*),S, systems, which are remarkably consistent across
chemical environments.”* For Ni,Fe,S,, the early edge (7114—
7117 eV) has very high intensity, and despite the trigonal-
planar Fe coordination, a pronounced 4p, feature is not
observed.”" These observations indicate the presence of many
low-lying metal—metal charge transfer (MMCT) states and
significant mixing of the metal 3d orbitals (see Figure S41).
Although local 3d transitions for the central Fe®" are calculated
to be ~0.5 €V higher in energy than those of Fe’' sites and
support the local oxidation state assignments, separate pre-
edge peaks are not experimentally resolvable (see Figure S43).

Both nickel spectra include pre-edge features at 8330 eV,
indicating significant depopulation of the Ni 3d orbitals and
consistent with Ni'* local oxidation states. In Ni K-edge time-
dependent DFT calculations (TPSSh+ZORA/ZORA-def2-
TZVP, performed with ORCA $;°* see SI for computational
details), the first excited states are beta-only with primarily
local Ni 3d character, further supporting Ni'* assignments (see
SI). For Ni,Fe;S,, an intense MMCT region (8331—8334 V)
is observed, similar to that observed in the Fe edge. The sharp
Ni 4p, feature at 8335 eV for NiFe,S, is typical for planar Ni
species;”” " it is less pronounced in Ni,Fe,;S, because the
approximately coplanar NHC and Ni coordination planes
allow for mixing of the Ni 4p, orbital with NHC #* orbitals
(see SI).56

Localized orbital analysis with BS DFT supports the above
oxidation state assignments for NiFe,S, and Ni,Fe;S,. For
both clusters, SOMOs with predominant Ni 3d character were
found (see Figures S33 and S35). NiFe,S, has a typical mixed-
valent (Fe**"),S, subsystem with the unpaired 3d electron at
Ni'* aligned antiparallel to the majority spin on the adjacent Fe
site (Figure 6). The geometry of NiFe,S, was optimized with
three BS topologies that differ in the spin coupling within the
Fe,S, subcluster, resulting in structures with energies within
4.1 kcal/mol. The lowest-energy structure has a reasonable
geometry with M—M and M-L distances having mean
absolute errors (MAEs) of 0.056 and 0.028 A, respectively,
and was used for further BS calculations. An excited state in
which the Ni'* spin is parallel to the spin at the adjacent iron
site was found to be 2.8 kcal/mol (970 cm™") higher in energy,
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indicating spin coupling between Ni'* and the Fe,S, subcluster
at the BS DFT level. Though significant, this interaction is
weaker than that between the two mixed-valent 2Fe
subsystems, estimated at 31 kcal/mol (11000 cm™). See the
SI for spin density plots and further discussion.

For Ni,Fe;S,, the ground-state BS wavefunction has
antiferromagnetic coupling between the high-spin central
Fe** and the peripheral Ni'* and high-spin Fe** (Figure 6).
The optimized geometry has M—M and M—L MAEs of only
0.004 and 0.010 A, respectively. An all-parallel-spin, Mg = 15/2
wavefunction was found 49 kcal/mol above the ground state at
the same geometry, indicating large spin coupling, and
significant ¢ interactions were evident in the localized orbitals
between the central Fe and the other metals (see Figure S40).
We recently reported a BS DFT investigation of such M—M
bonding interactions in other clusters.”

Mossbauer isomer shifts were calculated for clusters NiFe,S,
and Ni,Fe;S, using established procedures (see SI for further
discussion). For NiFe,S,, the calculated isomer shift is 0.44
mm s~ and is within uncertainty limits of the experimental
value of 0.46 mm s~'. For Ni,Fe;S,, on the other hand, the
calculations are accurate for the central Fe (0.36 vs 0.34 mm
s™! experimental) but are less accurate for the outside Fe sites
(0.39 vs e 0.52 mm s~ experimental). This deviation may arise
from the deconvolution in the experimental spectra or from
inaccuracy in the computations because of some unmodeled
delocalization of 3d orbitals of the outside Fe onto the central
Fe. With this caveat, the qualitative electronic structure (i.e.,
the local oxidation states and spin coupling topology) from the
calculations fits well with the data for Ni,Fe,S,.

B DISCUSSION

Fe,S, cubanes are generally the most stable of iron—sulfur
clusters, but we show here that the redox mismatch strategy
enables the insertion of heterometals. Through a combination
of structural and spectroscopic studies, we first coordinated
nickel to the edge of a [Fe,S,] cluster, concomitant with
electron transfer, to yield NiFe,S,. Some of the cuboidal Fe—S§
bond lengths are elongated in NiFe,S, with respect to the
starting cluster, implying that Fe—S bonds in the new cluster
are weaker and poised to break. Switching to the more reactive
IPrNi(n5-C,Hg) precursor opens the cluster to give an
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unprecedented iron—sulfur cluster shape in Ni,Fe;S, that has
two perpendicular three-metal chains coupled physically and
electronically through the tetrahedral central Fe. Each
peripheral metal site is three coordinate, making Ni,Fe;S,
the only synthetic iron—sulfur cluster to feature more than one
three-coordinate metal site.”’ >’ The formation of this cluster
is like the reverse of the conversions from a Fe;S, linear chain
to MFe,;S, (M = Fe, Ni, Co) cubane clusters, which are known
in both synthetic and biological systems.”” The reaction to
form Ni,Fe;S, is the first synthetic example of transforming a
cubane cluster to one with a linear chain topology. The redox-
mediated insertion of Ni into an Fe,S, cluster is reminiscent of
the biosynthesis of the C cluster, where nickel incorporation
requires the D cluster (which plays a role in mediating electron
transfer in CODH), suggesting that redox events are intimately
linked to Ni insertion into the iron—sulfur cluster.®'

The redox-driven cluster rearrangement described here is
also relevant to crystallographic work by Drennan on a
reversible transformation of the C cluster that is illustrated in
Figure 7.”> Oxidation of the sample with air gave a structure in

/ oxidized

Figure 7. Redox transformation of the C cluster, as demonstrated by
X-ray crystallographic studies on D. wvulgaris CO dehydrogenase.
Reprinted with permission from ref 23. Copyright 2018 eLife; used
under a CC-BY license.

which nickel lies outside the cluster, whereas reduction with
dithionite caused nickel insertion to generate the topology of
the active C cluster with the nickel embedded in the cluster.
Though the oxidation levels are not specified by these
crystallographic studies, it is noteworthy that reduction drives
nickel insertion into the cluster. Similarly, Dobbek recently
showed the C cluster can undergo reductive reactivation after
O, damage.’” In this scenario, the reductive activation
eliminates a p*-sulfide bridging the Ni and Fe, sites. The
synthetic studies described here verify the feasibility of
reductive nickel insertion into iron—sulfur clusters with full
characterization of the metal oxidation states. We also
characterize the spin coupling within the clusters, which was
not possible in the biological clusters.

In recent work, we utilized a preorganized WFe, cluster to
support a three-coordinate nickel site in a heterometallic
cluster for the first time (Figure 1c).”” However, strong W—Fe
and W—Ni bonding dominated the cluster’s valence electronic
structure. The new compounds described here have no heavier
metal to complicate the comparison to biological clusters. The
computations indicate significant antiferromagnetic coupling
but overall weaker o interactions among the 3d metals, as 3d
orbitals are more contracted than the 5d orbitals from tungsten
in the earlier reported compounds. There are similarities,
though, in that the nickel sites are best described as Ni'*. The
metal oxidation state assignments for both NiFe,S, and
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Ni,Fe;S, are established using magnetic and spectroscopic
probes as well as broken-symmetry DFT. In both clusters, the
experimental and calculated Ni pre-edge transitions clearly
support a Ni'* assignment. This indicates that Ni'" is a
reasonable oxidation state in biologically relevant sulfide-
supported coordination environments. In NiFe,S,, the Ni'* is
exchange coupled to a mixed-valence [Fe,S,]*" cluster,
supporting the plausibility of this oxidation state topology as
assigned to the Fe—S cluster and Ni, site in preparations of the
A site of acetyl coenzyme A.°>%*

The oxidation state of nickel is unclear in the reduced forms
of the CODH C cluster, but one proposal is that the two-
electron reduction from C,.4; to C,g, is nickel localized; if the
iron sites remain in the same oxidation state, this would imply
that a nickel(II) site is reduced to nickel(0).°>*>*” Such a low
oxidation state of nickel is unprecedented in biological systems
and in synthetic systems usually requires sm-acidic ligand
environments to stabilize the low oxidation states, which are
very dissimilar to the n-donating S-based ligands in the C
cluster. The redox transformations described here indicate that
reduction of the C,4; cluster would not give nickel(0); instead,
the electron density would spread into the iron—sulfur part of
the cluster. For example, addition of a nickel(0) source gives
NiFe,S,, with nickel(I) and a reduced cluster. This redox shift
is reversible as addition of isocyanides regenerates nickel(0),
which is released from the cluster. Thus, the iron—sulfur
component can store reducing equivalents, in a manner similar
to clusters by Suess where CO binding causes shifts in the
electron density to the CO-bound iron from the other three
iron sites in the cluster.’® In the C cluster, this could be
achieved either by storing reducing equivalents in the Fe;S,
cuboid or by forming a dative bonding interaction with the Fe,
site. We cannot rule out the idea that nickel(0) present in the
CODH cluster is stabilized by some factor that was not
modeled here (e.g, hydrogen bonding), but our studies
suggest that the oxidation state of nickel in the C cluster is
unlikely to be less than +1.

B CONCLUSIONS

Here, we describe redox-driven reactions that lead to new
NiFeS clusters featuring low-coordinate metal sites. Addition
of the Ni’ precursor IMesNi(1,5-hexadiene) to an oxidized
[Fe,S,]%" cluster results in coordination of the Ni and electron
transfer to the Fe,S, cubane. The solid-state structure of the
resulting NiFe,S, displays long Fe—S bonds in proximity to the
coordinated nickel. Increasing the steric profile of the
precursor in IPrNi(1,5-hexadiene) results in a species with
comparable spectroscopic signatures to NiFe,S,; however, this
species could not be isolated. Addition of 2 equiv of IPrNi(,°-
C,Hg) to the same [Fe,S,]** cluster generates an unprece-
dented Ni,Fe;S, cluster. These reactions imply that electron
transfer into the cluster weakens the Fe—S bonds in the Fe,S,
cluster and enables the insertion of nickel atoms into the
cluster along with an iron atom being ejected. This illustrates
how redox processes can drive conformational and composi-
tional changes in heterometallic clusters, yielding products that
have sites that are unusually low-coordinate. The ability of
these unsaturated sites to bind CODH substrates will be an
interesting topic of future study.”

In both NiFe,S, and Ni,Fe;S,, the nickel centers are three
coordinate and best described as Ni'*, as determined by
magnetic, spectroscopic, and computational analysis. While
previous work had identified that electrons can move into W—
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Ni bonds to avoid Ni’, the NiFeS clusters described here do
not require strong metal—metal o interactions. Rather, the
electron donated to the cluster by Ni’ is stored on the iron
sites. These clusters are the first experimental demonstration of
the feasibility of accessing Ni'* sites within metal—sulfur
clusters having only iron and nickel. Our synthetic approach to
reductively insert Ni into an iron—sulfur cluster bears similarity
to the proposed biosynthesis of the C cluster, which uses
reduction to incorporate nickel into iron—sulfur cubanes.”
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