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Abstract

Atomically defined large metal clusters have applications in new reaction development and
preparation of materials with tailored properties. Expanding the synthetic toolbox for reactive

high nuclearity metal complexes, we report a new class of Fe clusters, Tp*;,Wj4Fe 3S12, displaying
a Feq3 core with M—M bonds that has precedent only in main group and late metal chemistry.

M3 clusters with closed shell electron configurations can show significant stability and have been
classified as superatoms. In contrast, Tp*4W4Fe 3S1» displays a large spin ground state of S=13.
This compound performs small molecule activations involving the transfer of up to 12 electrons
resulting in significant cluster rearrangements.
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Isolable transition metal-only high nuclearity clusters of well-defined atomic composition
and structure are of interest for understanding nanoparticle growth processes and electronic
structures, new optical and magnetic properties, designing new materials with tailored
properties, tuning reactivity, and modeling heterogeneous catalysts.[*8] Towards such
applications, larger transition metal-only clusters displaying M—M interactions, without
supporting interstitial bridging anionic ligands have been prepared for late transition metals,
most commonly noble metals, although examples are known for first row transition metals
such as Cu and Ni.[59-211 |solation of some of these clusters is proposed to be facilitated by
a closed shell electronic configuration that imparts particular stability within the superatom
model.[22:23] However, while the structure of numerous large clusters has been determined
using single-crystal X-ray diffraction (SC-XRD), use of such clusters to gain atomic level
insight into reactivity on the surface of clusters has typically been hindered by a saturated

coordination sphere and the propensity of complex clusters to fragment into smaller species.
[23,24]

Toward developing new reactivity, synthetic protocols for larger clusters with open
coordination sites for reaction chemistry and a greater number of metal-metal interactions
are desirable.[25.268] Synthetic procedures for clusters of transition metals typically

use metal salt precursors in combination with reducing agents and organic ligands.
[1.7.9.27-29] Modification of known clusters has been demonstrated as a complementary
route to new complexes.[10:12.30] Assembly of tetranuclear iron-sulfur clusters into
oligomers upon halide abstraction or reduction provides precedent for employing small
clusters to generate higher complexity structures, though typically containing interstitial
bridges.[31:32] Herein, we employ a tetranuclear precursor [EtsN]o[Tp*WFe3S3(u3-Cl)Cls]
[33] (EtyN=tetraethylammonium, Tp*=tris(3,5-dimethyl-1-pyrazolyl)borate) as a building
unit to a more complex cluster, Tp*4WFe13S12, with an unprecedented Feq3 core.
Tp*4W4Fe13S12, a cluster with high-spin ground state, displays open coordination sites
and is reactive, yet sufficiently stabilized to allow the isolation of small molecule activation
products including complexes with surface nitride, imide, and sulfide groups.

Toward lower oxidation state high nuclearity clusters for reductive reactivity, we employed
precursors anchored by the robust Tp*WS3 unit.[34] Taking advantage of the lability of

the chloride ligands in the presence of a halide abstracting reagent in comparison to the
thiolate, phosphine, carbene, sulfide, or nitride ligands of previously reported clusters,[31:33]
we previously developed reduction chemistry starting from [Et4N]o[Tp*WFe3S3(uz-Cl)Cl3]
[33] (Figure 1A,) to access Tp*WFe3S3 complexes supported by carbene ligands (L) with
Fes open faces.[3%] To generate higher nuclearity clusters, reduction was performed in the
absence of additional supporting ligands L that could trap small metal clusters.

Treatment of [Et4N],[Tp*WFe3S3(u3-Cl)Cl3] with reductant and halogen abstracting
reagent results in a cluster with the overall chemical formula Tp*,W,Fe13S1, as determined
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by SC-XRD (Figure 1A). Tp*4W4Fe13S1, consists of four Tp*WS3 units tetrahedrally
arranged (Figure 1D) around a pseudo-icosahedral Feq» core with an additional Fe atom
bound in the center.[36] The Fe—Fe distances are between 2.395(2) and 2.771(2) A (Table
S1), within the range of metal-metal bonds for molecular Fe complexes.[37:38] The W-S
distances match the parameters observed for reduced Tp*WFe3Ss3 clusters supported by
N-heterocyclic carbene ligands at Fe.[3%] The Fe—S bonds show a significant lengthening
relative to the precursor, consistent with reduction at Fe.[39 Overall, the 17 metal centers
carry a 28+ charge, M7;*. There are four open Fes faces, each with three surrounding
bridging sulfides that create a cavity around these potential binding sites (Figure 1C, S2).

The icosahedral metal cluster motif is known for transition metals past group 8.[10.11.41]
Lower symmetry reduced clusters of group 8 metals, Rujg and Osy,[4243] have been
reported, but are coordinately saturated with CO ligands. Icosahedral M3 clusters of main
group and later transition metals, including [Al13]~, [Auy3]®*, and [Cuy3]°*, have been
reported to be particularly robust and are described as metallic superatoms due to their
closed shell electronic structure in the Jellium model and full shell of 12 atoms around

the central metal.[11044] To probe the open shell nature of Tp*;W4Fe;3S1, direct current
(dc) susceptibility measurements were performed on a polycrystalline sample restrained

in grease to prevent torquing (see SI). At room temperature, a y 7 value of 98.39 cm?3

K mol~1 is observed (Figure 1E), which suggests the presence of S = 13 ground state

open shell system. It is reasonable to assume all the spins within the clusters are strongly
coupled even at room temperature, given the metal-metal bonded core within the cluster.
Upon reducing the temperature, the y 7 product slightly increases to 106.67 cm3 K mol~?
at 80 K. Such behavior was also previously seen for the hexanuclear metal-metal bonded
Fe clusters.l45-471 The y 7 product remains relatively constant down to 10 K; thereafter

it decreases rapidly to reach a minimum value of 58.89 cm3 K mol~1 at 1.8 K. The low
temperature behavior is likely due to zero-field splitting. To probe further, magnetization
measurements at variable fields (0—7 T) in the temperature range of 2-9 K were performed
on Tp*4W,Feq3S1, Fitting of the data using PHI softwarel40] afforded a ground spin state
of S=13 (D=-2.1cm™, £/D=0.24, and g = 2.16, Figure 1E and S4). A continuous-wave
electron paramagnetic resonance (CW-EPR) study of Tp*;W,Fe 3S12 reveals transitions in
both parallel and perpendicular modes and fitting of the data using S= 13 yielded D= -0.2
cm™L, £/D=0.013, and g= 1.9 (Figure S8). These results clearly set this system apart from
the previously reported closed shell metallic superatoms.

To address electron distribution within the cluster, X-ray absorption near edge
spectroscopy (XANES) experiments were performed on [Et4N]o[Tp*WFe3S3(us-Cl)Cls]
and Tp*,WyFe 351, to probe the W L, and L3 edge, considering that the coordination
sphere of W is maintained across these clusters (Figures 1B, S7). Peak centers remain

at 10214.2 eV for both clusters, while there is a less than 0.1 eV white line shift for

L, and no shift for L3. Assuming an oxidation state for [Et4;N],[Tp*WFe3S3(u3-Cl)Cls]
as W(I11),148:49] 3 similar effective charge is maintained for Tp*;W4Fe;3S1, according to
the XANES data, although further studies are needed to conclusively assign the oxidation
state.[50:51] Given this tentative W(I11) assignment, the formal charge distribution on Fe

is [Fe13]16+, placing 88 electrons in Fe g-based molecular orbitals. With only three weak
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field ligands coordinated to each outer Fe center, low d-d splitting is expected. Within the
a-based molecular orbital manifold for the Fe—Fe and Fe-S interactions, the highest spin
state corresponds to 42 unpaired electrons for [Fe13]26*. A sufficiently large orbital splitting
resulting in an intermediate spin orbital population in combination with antiferromagnetic
interactions with the four W centers(®2531 could bring the spin value of Tp*;W4Fe;3S;5 in
the range estimated from the magnetization data.

Quantum chemistry calculations of different spin states (from S=1to S= 37) at BP86/
def2-SVP level of theory done using the XRD structure of Tp*;W4Fe13S12 suggest that the
lowest energy state has a considerably high total spin of S= 16 (Figure 2, Table S3); the
experimentally determined S= 13, however, is close in energy. Fitting of the magnetism and
CW-EPR data using ground spin states of S= 13 or 16 yielded satisfactory fits (Figures
S4-S6, S8). These results suggest that the spin states of similar energies are plausible ground
states for this complex. Computationally, in the S= 16 state, the Mulliken spin population
on W is —0.8/-0.9 suggesting that each tungsten carries one unpaired electron with the spin
antiparallel to the spin of Feq3 core. All spins of the Fe centers are aligned with each other,
and the spin population is 2.7/2.8 on the peripheral ions while the Fe center in the middle of
the cluster has a spin population of 1.5. The magnetic moment per Fe atom is close to the
calculated values for neutral and mono cationic/anionic Fe clusters of various sizes despite
much smaller number of electrons in the formally [Fe;3]16* core.[4]

Clusters with notably high-spin ground states are typically generated from higher nuclearity
clusters with bridging ligands, such as oxides, that facilitate superexchange pathways for
spin coupling.[55-58] However, these weak interactions are overcome at high temperatures.
Stronger coupling can be achieved through a molecular orbital manifold in complexes with
intermediate strength metal-metal interactions resulting in moderate splitting of the a-based
orbitals, where the cluster is conceptually analogous to a high-spin single metal complex.
[45,47.49.60] Qverall, Tp*;W4Fe;3S1, demonstrates a strategy to achieve high-spin states
through high nuclearity metallic cores terminated with weak field bridging sulfide ligands.

Several aspects of Tp*,Wj4Fe13S12 suggest potential for reactivity, including a relatively
reduced redox state, open coordination sites, a high spin, and metal-metal bonds. The

open, coordinately unsaturated Fez faces are reminiscent of triangular motifs known to
undergo small molecule activations for M clusters,37:61.62] including nitrogen atom and
nitrene transfer chemistry in up to four electron redox processes.[37:63-661 Sych studies

have shown that metal-metal interactions can allow for multi-electron redox chemistry
without metal centers in particularly low oxidation states. Tp*,WFe13S12 has four of these
surface Fes structural motifs as well as the additional redox active central Fe atom and
distal W centers. Considering that heterogeneous iron catalysts are employed in the Haber-
Bosch process and insight into the bonding of proposed intermediates of N5 reduction to
multimetallic sites is limited,[67:68] we targeted reactions with nitrogenous ligands. Reaction
of Tp*,W4Fe 3S1> with four equivalents of trimethylsilylazide (N3SiMes) results in the
transfer of four nitride atoms (Figure 3) to generate Tp*;,W,4Fe13S12N4 in an overall 12
electron process, a remarkable number for a single molecule. The Feq3 core has been
converted from a centered icosahedron to a centered cuboctahedron (Figure 3, 4).[10:44]
Despite the substantial reorganization of the Feq3 core and the formal transfer of 12
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electrons, the Fe—Fe distances (2.568(2)-2.737(2) A, Table S1) remain within the range

of the starting material suggesting a propensity to maintain metal-metal interactions.[38] The
W-S bond lengths shorten slightly, to an average length of 2.331(9) A, suggesting partial
oxidation at W. DFT studies of the relative stability of gas phase metal clusters without
supporting ligands!69 indicate that the metal oxidation states impact the energies of various
cluster geometries, of potential consequence here given the redox changes between M7 *

and M}?*. Comparison of Tp*;W4Fe13S12 and Tp*,W4Fe;3S1,N4 demonstrates that cluster
reorganization remains possible in the presence of surface ligands, where the energetics of
metal-ligand interactions on geometry must be taken into account. For example, whereas

the sulfides of the Tp*WS3 fragments each bind trigonal Fes faces in Tp*,W4Fe13S12, they
coordinate to Fe—Fe edges of Fe4 squares in Tp*,;WFe13S12N4 (Figure S9). Compared to
Tp*sWyFe13S12, Tp*aW4Fe13S12N,4 exhibits a white line shift of 1.5 eV for the W L, edge
and 1.0 eV for the W L3 edge (Figure 1B, S7). While this indicates a change in charge
density at W, which is remote from the site of reaction chemistry at Fe, further studies are
needed to assign formal oxidation state changes.

To gain access to an imide analog of Tp*;W4Fe 3S12N,4 for comparison, reactions with
phenyl azide (PhN3) were performed. Treatment of Tp*,W,4Fe13S12 with three equivalents
of PhNj resulted in the isolation of the tris-imide species Tp*,;WFe13S12(NPh)3.[3¢] Again,
all of the atoms of the cluster precursor are maintained, and the geometry is altered toward a
centered cuboctahedral geometry, but with substantial distortions (Figure 3, 4).

Despite the redox state and Feq3 structure being between those of Tp*,W4Fe13S1, and
Tp*sW4Fe13S12Ng, Tp*sW4Feq13S12(NPh)3 displays Fe—Fe distances that are longer than
both (up to 2.941(5) A compared to 2.737(2) and 2.771(2) A, respectively). This observation
indicates that the M—M distances are not directly predicated by the redox state of the metal.
In fact, the cluster of intermediate oxidation state has the longest M—M distance.

To further explore the impact of the group transferred on the cluster structure, installation of
sulfide was targeted, as a ligand isolobal to both nitride and imide. Tp*,;W4Fe13S1, reacts
with two equivalents of triphenylphosphine sulfide (SPPh3) to form Tp*4W,Fe13S14 (Figure
3), as observed by SC-XRD and the byproduct PPhs (31P NMR spectroscopy, Figure S11).
[36] Two sulfur atoms have been transferred, in contrast to three and four for the reactions
with PhN3 and Me3SiN3, respectively, in a four electron redox process. The Feq3 core of the
product has lower symmetry and becomes distorted from an icosahedron such that two of the
Fe—Fe distances increase to greater than 3 A (Figure 3 and 4).

Analysis of the multiiron layers below an open triangular Fes face in the precursor
(Tp*4W4Fe13S12) versus a ligand coordinated Fes face in each of the group transfer
cluster products shows substantial Fe atom shifts (Figure 4). Notably, the most pronounced
variation of Fe—Fe distances within one cluster were observed in the cases where fewer
groups and electrons were transferred.

In summary, we report a synthetic strategy for the synthesis of metallic Feq3 clusters
upon reduction of a tetranuclear precursor, [Et4N]o[Tp*WFe3S3(3-CI)Cls]. The atomically
precise characterization of Tp*;,W4Fe13S12, Tp*sW4Fe13S1oN4, Tp*sW4Fe13S12(NPh)s3,
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and Tp*,W4Fe13S14 demonstrates that large clusters can maintain the metallic core while
performing well-defined multi-electron multiple group transfer chemistry with overall redox
changes of 4 to 12 electrons. Tp*,WFe13S12 shows a notably high magnetic moment at
room temperature for metallic clusters, highlighting the potential of this type of coordination
compound for magnetic materials applications. The structural variation observed with the
present clusters shows the ability of multimetallic systems to accommodate the bonding
requirements of large redox and ligand changes. The propensity for surface rearrangement
demonstrated with the transfer of nitrogen, nitrene, and sulfur ligands can serve as a tool

for new reactive cluster design. The availability of clusters displaying the Tp*WM3S3 motif
for other transition metals’%] provides a starting point to a broader range of large metallic
clusters related to those reported here.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Synthesis of Tp*4W4Feq13S1». Solvent and hydrogen atoms omitted for clarity

and ellipsoids plotted at the 50% probability level. (B) W Lz XANES data for
[EtsN]2[Tp*WFesS3(us-Cl)Clg] (green), Tp*sW4Fe13S12 (red), and Tp*sW4Fe13S1oNg
(blue). (C) Feq3 core highlighting one Fe3S3 cavity motif. (D) Tetrahedral arrangement

of 4 WS3 units around the central Fe atom of the Feq3 core. (E) Direct current variable
temperature magnetic susceptibility measurement for Tp*,WFe13S12 (black circles)
collected from 1.8 to 300 K, after diamagnetic correction. Red line corresponds to the best
fitting using PHI software (S= 13, D=-2.1cm™, £/D=0.24, and g = 2.16).[40]
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Figure 2.
Relative energies (in cm™1) of spin states from S = 1 to S = 20 of Tp*,W,Fe;3S1, complex

calculated with BP86/def2-SVP level of theory. Inset: XRD structure of the molecule shown
along C3 symmetry axis with the S = 16 state (lowest energy) spin density iso-surface
(contour value 0.008) where positive value shown in coral color and negative value shown in
purple color.
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Figure 3.

Reactions of Tp*;W4Fe 3S12. Tp*WS3 fragments are not shown for clarity. Triangular and
square faces are shown in dark and light blue, respectively.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 March 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Scott et al.

Page 12

AN

1

AT
!
N

[

<

.‘.‘ .

Tp*,W,Fey3S;,
Tp*,W,Fe;3S,,N,

Tp*;W,Fe 35S ,,(NPh);  Tp*,W,Fe;3S,,

Figure 4.
Thermal ellipsoid plots of Feq3 cores with substrate molecules bound for Tp*,W,Fe13S12,

Tp*4,W4Fe13S1oN4, Tp*aWaFe13S12(NPh)3, and Tp*,W4Fe13S14 and space filling models
for one Fej face of each cluster with one of bound substrate molecules and adjacent Fe
atoms shown in different shades of orange based on layer. Ellipsoids are plotted at the 50%
probability level.
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