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Abstract

The impressive chemistry of the FeMco-factor of nitrogenase is still under intense
study with many remaining mechanistic questions about the important transformation of
N2 to NHs, including the role of the synthetically interesting carbide ligand and the complex
structure of the octanuclear active site cluster. This thesis describes efforts to incorporate
bridging carbon based ligands into synthetic MFeS clusters, which remains a significant
synthetic challenge in inorganic chemistry. The subsequent characterization and reactivity
studies of such clusters provide insight into how cluster structural properties, including
ligand identity, metal identity, and cluster composition and geometry affect cluster
electronic properties and reactivity.

Chapter 1l describes the synthesis of an unprecedented WFesSs3(ps-carbyne)
cluster and comparisons with a WFesS3(lu3-S) cluster provide insight into the role of the
bridging carbide in FeMco. The generality of the developed method for synthesis of
MFe3sSs(s-carbyne) clusters is also demonstrated. Characterization of the various
carbyne clusters are discussed. Cleavage of the C-Si bond of MFe3S3(us-CSiMes) clusters
towards bridging methylidyne clusters is also demonstrated.

Chapter I11 discusses the synthesis of novel octanuclear (CHy) bridged Mo2FesSe
clusters and describes the reactivity of these bridges in the context of organometallic and
nitrogenase chemistry.

Chapter IV describes spectroscopic data of an extensive family of MFeS cubane
clusters that is currently lacking in the literature and provides important structure

property benchmarking information for synthetic and biological FeS clusters.

viii



Chapter V describes the synthesis of well-defined high nuclearity Fe1s clusters
resulting from studies of WFeS clusters. These clusters exhibit high spin states and
undergo well-defined reactivity with small molecules and thus provide an unprecedented

atomically resolved study of reactivities of high-nuclearity transition metal clusters.
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Chapter |

GENERAL INTRODUCTION



Introduction

Multimetallic active sites are at the center of many essential catalytic processes in
both industry and biology. In heterogeneous catalyst processes, which account for over
80% of industrial synthesis, different metal surfaces are used to activate and turnover
small molecules.’™” For example, the Haber Bosch process uses an Fe surface to convert
N2 and Hz into NH3.° Computation and experiment have shown that certain Fe
morphologies are more efficient at N2 reduction, but the exact active site structure for N>
and H binding and subsequent NHs formation is still unknown (Fig. 1).2° Nitrogen
fixation in biology is carried out by the nitrogenase enzymes, which utilize protons and
electrons instead of Hy.! The active site architecture of nitrogenase has been precisely
determined to be a octametallic [M-7Fe-9S-C] cluster (FeMco), where M = Mo, Fe, or V
(Fig. 1 and 2).1%13 Much spectroscopic work has been carried out to determine the
mechanism of N turnover at FeMco, but questions still remain.>* While heterogeneous
and enzymatic systems are central to life on earth, they are inherently difficult to study.

There are currently limited techniques in materials chemistry that allow for atomic scale

FeNH; (111)

BriclIe(gsJ

Top-Shallow
(Ts)

FeMoco

N, + 8H" + 8e"+ 16ATP ——>
2NH; + H, + 16ADP/P;

3H2 + N2 e 2NH3

Figure 1: Schematic of Fe(111) surface for N, reduction?® (left). Structure of FeMoco-factor

responsible for N fixation in nitrogenase enzymes* (right).



of single active sites on metal surfaces.”®" In biology, studies of enzymatic active sites
are complicated by the complex protein machinery and the presence of other
spectroscopically similar species that complicate characterization techniques of species of
interest. Synthetic molecular metal clusters can help in understanding different aspects of
these complex systems by taking advantage of atomically resolved molecular
characterization techniques and synthetic tunability of model systems.

FeMoco has been well studied in attempts to understand the electronic structure of
the cluster and the catalytic mechanism of N turnover;1418-20 however, the effects of
certain structural aspects of the cluster on catalytic mechanism and reactivity are not fully
understood.41%20 Areas of interest include the role of the synthetically interesting pls-
carbide ligand, the effects of Mo, Fe, and V in the different nitrogenases, the relevance of
the octanuclear cluster structure, the fluxionality of the cluster during turnover, and the
presence of conserved secondary sphere amino acid residues surrounding FeMco in the
active site.

The relevance of some of these factors are illustrated in Fig. 2, which shows one
proposed mechanism of N2 turnover by FeMoco based on advanced spectroscopic
techniques, DFT, and crystal structures of FeMco with small molecules bound.11214.21-24
The presence and organization of multiple Fe and sulfide sites allows for the
accumulation of multiple reducing equivalents, which are stored as metal hydrides, and
protons, while also providing a site for N2 binding. While this particular mechanism
implies that the fluxionality of the FeMco core is minimal, other proposals implicate

greater fluxionality to accommodate and activate substrate, as shown in Fig. 3.1142
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Figurgz: One proposed mechanism for N reductlon by FeMoco.!

The site of N2 binding at FeMco is still under debate. Several structures with
small molecules bound at FeMco have been reported and suggest that one belt sulfide can
dissociate to accommodate ligand binding (Fig. 3 bottom left).?32426-30 Activation of N2
by mono-metallic Fe complexes provide evidence for N2 binding to single Fe sites at
FeMoco (Fig. 3, top).3! DFT studies have also proposed that the central carbide can be
protonated during N2 binding and turnover implicating high fluxionality of the carbide
ligand and a role of the carbide beyond electronic tuning and stabilization of the cluster

(Fig. 3, bottom right).232-37 Another interesting component of the FeMco-factors is the
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Figure 3: Proposed structures of N binding at FeMoco.

variability of the M atom in different nitrogenases, which lead to reactivities with
different small molecules and different product distributions.'? While the M atoms are not
proposed to be directly involved in substrate turnover, the electronic tuning by these
remote metal centers clearly plays an important role in reaction mechanism.

The ability to make synthetic models of FeMco presents an opportunity to study
how single point variations in clusters affect the different above mentioned properties and
thus provide insight into the roles of the different components of the cluster. This thesis
describes the development of well-defined cluster platforms that allow for systematic
tunability of cluster properties for detailed studies on structure property relationships with

a focus on the role of the carbide ligand of FeMco.
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SYNTHESIS OF A Fes-CARBYNE MOTIF BY OXIDATION OF AN ALKYL

LIGATED IRON-SULFUR (WFEsS3) CLUSTER
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ABSTRACT

The presence of a carbide ligand in the active site of nitrogenases remains an
unusual example of organometallic chemistry employed by a protein. Carbide
incorporation into the MFesSoC cluster involves complex biosynthesis, but analogous
synthetic methodologies are limited. Herein, we present a new synthetic strategy for
incorporating carbon based bridging ligands into iron-sulfur clusters. Starting from a
halide precursor, a WFe3S3 cluster displaying three terminal alkyl ligands and an open Fes
face was prepared. Oxidation results in loss of alkane and formation of a p3-carbyne.

Characterization of these clusters and mechanistic studies are presented.
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Introduction

Enzymatic active sites displaying complex metal clusters have prompted synthetic
exploration towards models that can facilitate spectroscopic benchmarking and structure-
function studies.’™ Nitrogenases display a remarkably complex inorganic active site with
a MFe7SoC composition (FeMco, M = Mo, Fe, or V) that contains a biologically unique
interstitial carbide moiety.*® A complicated protein machinery is involved in the
biosynthesis of this cluster, including the delivery of an alkyl-derived carbon center.’
Despite significant efforts by synthetic chemists on modeling iron-sulfur cluster

8-16

chemistry,”° the structure of FeMco remains an outstanding challenge. Clusters that show

substantial topological similarity have been prepared with interstitial O or S ligands,®1"~2°

but carbide -containing variants have been limited to CO ligated clusters which contrast

with weak field sulfides found in biological clusters.?%2
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Figure 1: Top: NifB biosynthesis of carbide bridged [8Fe-8S-C] FeMco cluster precursor. Top right
structure highlights the cubane subsite targeted in this work. Bottom: Selection of transition metal
carbide,  carbyne, and  alkylidene  complexes of  Fe."222  BAC =

bis(diisopropylamino)cyclopropenylidene.
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The biosynthesis of FeMco provides a potential blueprint for synthetic
development.” The exact mechanism of carbide generation remains ill-defined, but isotopic
labeling studies confirm that the source is a methyl group delivered from the radical S-
adenosyl methionine (SAM) enzyme NifB.?° Two [4Fe-4S] clusters are bound in close
proximity (Fig. 1) within NifB.3° A methyl group is transferred to one of the clusters upon
cleavage of SAM at the sulfonium-methyl bond initiated by radical-SAM enzyme

chemistry (Fig. 1),223132 followed by at least one more cycle of SAM chemistry to promote

the abstraction of a hydrogen atom in an oxidative process.?%3334

Synthetically, the incorporation of carbide moieties into Fe clusters is limited to CO
rich systems (A, Fig 1).21222"28 For bimetallic Fe complexes (B), a p bridging carbide was
delivered from CHCI; by activation of reactive C-Cl bonds.?® The more common bridging
carbyne (C) and carbene (D) ligands have been sourced from ring opening of the strained
cyclopropenylidene moiety and from group transfer chemistry with diazoalkanes,
respectively.?2® More closely related to the biosynthesis of FeMco, iron alkyl species can
promote C-H activation to result in di-iron bridging carbynes (E).?*?® Reminiscent of the
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Figure 2: Synthesis of [EtsN][Tp*WFe;S3(CH,SiMes)s] (2), [EtaN]o[Tp*WFesSs(u3-CSiMes)Cls]

(4) and [Et4N] [Tp*WFe3S3(|.L3-CSiMe3)C13] (6)
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activation of the methyl group toward carbide generation in nitrogenase, preparations of
terminal alkylidene and alkylidyne complexes are known for Ti and V via oxidative
promotion of abstraction chemistry from polyalkyl precursors.3%*” A suitable precursor for
targeting FeMco is an iron sulfur cluster with multiple alkyl ligands.

Structurally characterized iron clusters with alkyl ligands are very rare.®%? An

iron-alkyl cluster was prepared from Fe'!

and methyl Grignard in a process that, notably,
involves redox chemistry.* Site-differentiated FesS4 cubane clusters with three iron centers
coordinated by ancillary ligands and one binding an alkyl group have been prepared by
ligand substitution from halide precursors.3 % Conversion of cluster-bound alkyl ligands
toward a bridging carbon based ligand has not been reported. Toward facilitating such a
process, incomplete cubanes with an accessible Fes face are appealing precursors. The
cluster [EtsN]o[Tp*WFes3S3(us-C1)CIz] (1, Fig. 2; EtsN = tetracthylammonium, Tp* =
tris(3,5-dimethyl-1-pyrazolyl)borate), has a ps-halide that can be substituted with other
ligands, including sulfide, imide, and nitride.**** These bridging ligands can also be
incorporated via group transfer to an open Fes; face of incomplete iron sulfur cubanes.®®
Herein, the synthesis of a robust, open faced WFe3S3 cluster with three terminal alkyl
ligands 1s described. Oxidation of this trialkyl ligated cluster leads to the formation of a
bridging carbyne. This method demonstrates a new strategy for incorporating bridging,
non-chelating carbon-based ligands into iron sulfur clusters via halide substitution and
redox chemistry.

Results and Discussion

Treatment of 1 with LiCH>SiMe;3 in tetrahydrofuran (THF) results in a dark brown

solution. A single crystal X-ray diffraction (SC-XRD) study of the isolated product shows
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that substitution of the terminal chlorides with alkyl ligands and loss of the bridging
chloride occurs in an overall redox neutral process (Fig. 2 and 3). This is in contrast to
reactions with BAC ligands where only terminal chlorides are substituted and loss of the
us3-Cl occurs with addition of reductant.®® Compound 2 is notable given the scarcity of Fe
clusters with multiple alkyl ligands.*! Structurally, 2 is similar to the previously reported
cluster with BAC ligands instead of alkyl [Tp*WFe3S3(BAC)3][BPhs] (3; BPhs =
tetraphenylborate) that also displays an open Fes face,*® with the Fe-Fe distances averaging
2.563 A and the C-Fe bonds averaging 2.009 A. Cyclic voltammetry (CV) of 2 reveals
two quasi-reversible redox features, one at -0.97 V (v. F¢/F¢', Fig. 3) assigned to
[WFe;]”"®" which is more positive than for 3 ([WFes]”"®" at -1.10 V. Fc/Fc*), indicating
lower reducing power despite the presence of anionic alkyl ligands in 2. Electron
paramagnetic resonance (EPR) of 2 is consistent with S = 9/2 (Fig. S32).

Targeting a bridging carbon-based ligand, heating was performed to promote
hydrogen abstraction chemistry. Compound 2 is notably stable with no reactivity observed
after heating at 80 °C for 24 hours (Fig. S7). It is well established that a-hydrogen
abstraction can occur at high oxidation state metal polyalkyl complexes to form
alkylidene® or bridging alkylidyne species,* depending on the steric bulk of the alkyl
ligands, and oxidative chemistry has also been employed to promote this reaction.36’
Oxidation of 2 with silver triflate or tris(4-bromophenyl)ammoniumyl triflate ([(4-
BrCeHa4)sN][OTHf]) at -78 °C leads to the formation of multiple new species (Fig. S10, S11).
Reaction products were characterized by SC-XRD studies, which all revealed formation of

a bridging p3-CSiMes carbyne, as desired, with differing terminal Fe ligands (Fig. S35).
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However, these products were isolated in low yields (<1 mg) and alternate synthetic
protocols were targeted.

The carbyne complexes characterized by SC-XRD indicate a multi-electron
oxidation and a propensity for the Fes-carbyne motif to bind anionic ligands. Therefore,
treatment with excess [FeCpz][BPh4] (FeCp2 = ferrocenium; 3 equivalents) followed by
addition of Et4NCI (3 equivalents) was investigated. After work up and recrystallization in
N,N-dimethylformamide (DMF) with diethyl ether (Et2O) vapor diffusion, dark rod like
crystals were obtained in 65% yield. SC-XRD characterization shows formation of
[EtaN]o[ Tp*WFe3S3(us-CSiMes)Cls] (4, Fig. 3) displaying a ps-bridging carbyne ligand
and three terminal chloride ligands with pseudo-Csy symmetry. This compound is notable
because of the unchelated nature of the carbyne incorporated into an iron sulfur cluster, in
contrast to vinyl or amine chelation previously described.®® The chelated carbyne
containing WFe3S3 cluster (C) is supported by two BAC ligands displaying pseudo-Cs

symmetry and has a formal charge of [WFe3]'!"

. Despite lower symmetry, the Fe-C bond
lengths (1.943(3), 1.945(3), and 1.958(4) A)*® are all very similar. Compound 4 with the
same redox state, [WFe3]'!'*, shows only very slightly shorter Fe-C distances (1.902(5),
1.931(5), and 1.932(4) A) suggesting similar Fe-C interactions. These distances are shorter
than observed in FeMoco (2.00 A) where the C ligand bridges between six rather than three
metal centers.* 'H-NMR was used to probe the mechanism of formation of the bridging
carbyne ligand of 4. The only silyl-alkyl-derived reaction byproduct was identified as
SiMe4 consistent with hydrogen abstraction to generate the carbyne (Fig. S8). When the

reaction was performed in d8-THF, the upfield shifted 1:1:1 triplet resonance for

DCH,SiMe;s of d1-SiMes was not observed by 'H-NMR spectroscopy, indicating that the
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abstracted hydrogen does not originate from solvent (Fig. S9). Although abstraction from
Tp* cannot be ruled out, a mechanism involving abstraction from the alkyl ligand resulting
in carbyne is proposed based on precedent from monometallic systems,36:3/4546

While the presence of oxidant is necessary for formation of the bridging carbyne,
the electrochemistry of 2 indicates that [FeCp2][BPhs] does not have a redox potential more

positive than that of 2 (Fig. 3). To gain additional insight, CV and 'H- NMR studies were

performed on 2 with the addition of varying amounts of Et4NCI (Fig. S21). Shifting of the
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Figure 3: Crystal structures (left) of 2 (top) and 4 (bottom) with ellipsoids plotted at the 50%
probability level. Solvent and counter ions omitted for clarity. Cyclic voltammograms (right) of
WFesS; clusters 2, 3, 4, and 5, respectively, with varying terminal (black) and bridging ligands
(red). Boxes indicate redox couples of WFes. Conditions: 250 mV/s, 2.5 mM cluster, CH;CN

(black) and DMF (red), 0.2 M TBAPFe.
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oxidative redox feature in the CV and significant broadening of the 'H-NMR
resonances of 2 indicate a dynamic process that is consistent with halide coordination
or ligand exchange in solution (Fig. S13, S21). Chloride binding to 2 can therefore shift
the redox potential such that oxidation with [FeCp2][BPhs] is possible. While only two
equivalents of oxidant are required to balance the stoichiometry for the formation of 4,
use of two rather than three equivalents of [FeCp2][BPh4] led to 30% reaction yields,
suggesting the presence of additional redox reactivity requiring excess oxidant for
higher yields of 4. The CW-EPR of 4 is consistent with S = 3/2 that can be explained
with a ferromagnetically coupled high spin Fe'! and a non-Hund W™ that interact anti-
ferromagnetically with a high spin mixed-valent Fe'-Fe' pair of S = 9/2.4' These
interactions are reminiscent of FeMoco and match those of a previously studied
[MoFe3;S4]** cubane in the same redox state as 4 ([WFe3]''").4’

Access to carbyne 4 allows comparison of redox behavior to previously reported
chelated carbynes and other bridging ligands. The CV of 4 reveals two quasi-reversible
redox features at -2.82 and -1.48 V v. Fc/Fc* (Fig. 3) assigned as [WFe;]'""1%" and
[WFe3]' 211" respectively. The [WFes]'?"!'* couple is shifted negatively by 480 mV
compared to the sulfide bridged analogue [Et4N][Tp*WFe3S3(u3-S)Cls] (5) (-1.10 V v.
Fc/Fc™ for [WFes]'?"!"") (Fig. 3). This is a smaller difference compared to C, with a
chelating carbyne ligand, where the redox shift is nearly 2 V compared to the related
sulfide analog, [Tp*WFe3S3(us3-S)(BAC)s3][BPhs], albeit one of the terminal ligands is
also distinct.®® The comparison between isostructural 4 and 5 provides a direct measure
of the effect of the s ligand on the redox potentials, showing the significantly more
reducing character of the C- vs S-bridged cluster.*®

Chemical oxidation of 4 to form [Et4N][Tp*WFe3S3(u3-CSiMe3)Cls (6) by one

electron was achieved using [(4-BrCsH4)3;N][OTT]. Analysis of 6 using SC-XRD shows
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a shortening of Fe-S bond lengths (Fe-S average = 2.239 A versus 2.282 A in 4) and
Fe-C bond lengths (Fe-C average = 1.908 A versus 1.949 A in 4) consistent with an
increase in the oxidation state at Fe (Table 1). Comparison of Mdssbauer data for 6 (5
=0.34 mm/s and AEq = 0.62 mm/s, Fig S12) and 4 (two sites with 6 = 0.43 and 0.58
mm/s and AEq = 0.84 and 0.90 mm/s with relative intensities of 1:2, respectively; Fig.
S17)* is also indicative of an increased Fe oxidation state in 6.%

Investigations into the electronic structures of 4 and 6 were carried out using

lH_

920 1420 1920 2420 2920 3420 3920
Magnetic Field (Gauss)

Figure 4: EPR spectrum of 4 in DMF (black) with simulation shown inred (g =2.04, D = 1.44
cm-1 and E/D = 0.18). Data acquisition parameters: frequency = 9.6375 MHz, power = 2 mW,

conversion time = 10.12 ms, and modulation amplitude = 8 G.

NMR and EPR. 6 is diamagnetic (S = 0) based on 'H-NMR spectroscopy. (Fig S5). The
simulation of the EPR spectrum of 4 indicates an S = 3/2 species with g =2.04, D =
4.76 cm’!, and E/D = 0.18 (Fig. 4). A basic building block to describe the electronic

structure of FeS clusters is the [2Fe-2S]*"!" (Fe;*%; Fe*'Fe**) dimer where the oxidation
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states of the Fe centers can generally be determined using Mdssbauer spectroscopy and
the spin states identified by EPR and/or magnetism measurements.>*>® The coupling
between the two Fe centers can be described as ferromagnetically (S = 10; 9/2) or
antiferromagnetically coupled (S = 0; 1/2), where only S = 0, 1/2, or 9/2 FeS dimers
have been observed.>*° This is because the ground spin state of such clusters is largely
influenced by the Heisenberg exchange coupling value (J), where if J < 0
(antiferromagnetic coupling) the lowest possible spin state occurs and if J > 0
(ferromagnetic coupling) the highest possible spin state occurs.?® Theoretically,
however, if the double-exchange parameter (B) is significant, intermediate spin states
(for J <0; S=3/2,5/2, 7/2) can become the lowest in energy.®® While not observed yet
in FeS dimers, higher nuclearity clusters have been reported with intermediate spin
states, such as [4Fe-4S]'" clusters with S = 3/2.5164

In [4Fe-4S]" clusters, the electronic spin state results from the two
ferromagnetically or antiferromagnetically coupled FeS dimers (Fig. 5). In biology,
[4Fe-4S]™ are commonly found in the following redox and spin states: [4Fe-4S]*" (S =
Y5), [4Fe-4S]*" (S = 0), and [4Fe-4S]'" (S = 14).%5°26568 [ ess commonly observed redox
and spins states include [4Fe-4S]'" (S = 3/2) and the all ferrous [4Fe-4S]° (S = 0 or
4) 576965 The [4Fe-4S]'™ (S = 3/2) electronic configuration is hypothesized to arise from
significant contribution of B to the overall spin state manifold.®® Similar coupling
schemes can also be applied to [M-7Fe-7S] clusters. For example, S = 0 ground states
have been observed in the all ferrous oxidation state of the P-cluster of nitrogenase (M
= Fe)’® and in the oxidized state of FeMoco (Eo; M = Mo).”*"* The diamagnetic
oxidation state of FeMoco has been assigned as Mo Fe'sFe'l;,”® which would require
an intermediate spin state assignment of at least one unit of the octanuclear cluster.

FeMoco cycles through nine distinct states (En) that are either half-integer Kramers
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states or integer non-Kramers states.’® It has been difficult to understand the geometric
and electronic structures of many of these states because of challenges isolating states
of interest and identifying spectroscopic signals of interest that are convoluted by other
FeS clusters in the nitrogenase assembly.’®’®"” Nonetheless, a considerable amount of
spectroscopic and computational work has been carried out on various E, states, some
of which can be freeze trapped.>°6:707681 These studies have helped to determine metal
oxidation states, cluster spin states, coupling parameters and, ultimately, proposed
geometric and electronic structures of the E, states.

Synthetic models developed by Holm of half of FeMoco were determined to be
useful spectroscopic benchmarks based on Méssbauer, XAS, EPR, and DFT.%8283
These data, along with XAS and XMCD of FeMoco, identified the oxidation state of
Mo as 3+ and that its non-Hund electron configuration.848 Using similar approaches,
as well as SpReAD, the oxidation states for each metal atom in the Eo, E1, and E4 states
have been proposed.*”"0748-8 Based on these assignments, the coupling schemes for
the MoFes subunit of each are shown in Fig. 5, assuming high spin Fe centers and a
tetrahedral geometry about Fe.

The EPR of 4 indicates an S = 3/2 spin state, which can be explained with an
oxidation state assignment of W'Fe!';Fe!! and a coupling scheme as shown in Fig. 6,
where the W atom adopts a non-Hund electron configuration as is observed in some
oxidation states of FeMoco.*® In this case, an octahedral ligand field is assumed for W
and a tetrahedral field is assumed for the Fe centers. Isolation of 6 provides the
opportunity to investigate diamagnetic WFe3S; clusters whose electronic structures are
unprecedented in the literature,*® in contrast to more common diamagnetic FesS4
clusters. Again, assuming a simplified d-orbital splitting and high spin states for all of

the metal atoms, an S = 0 spin state would necessitate oxidation state assignments of
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Figure 5: Electronic structures of FeS clusters.
WlFe,FelV (Fig. 6). However, as discussed above, there is a lack of precedent in the
literature for the oxidations states of W™ or Fe'V in FeS clusters.’®%% Alternate

electronic structures to rationalize an S = 0 spin state include W'Fe'!!

3, Where an
intermediate spin state could be rationalized based on significant contributions of B.
For example, if a S = 1/2 W center is antiferromagnetically coupled to a S = 5/2 Fe
center intermediate spin states could be S =2 or 3 for the WFeS: dimer. If the remaining
two S = 5/2 Fe centers are antiferromagnetically coupled intermediate spin states could
be S=1, 2, or 3. Therefore coupling of an intermediate spin WFeS: dimer (S =2 or 3)

and an intermediate spin Fe>S; dimer (S = 2 or 3) could result in an overall S = 0 spin

state. Alternately, one or more of the
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Figure 6: Possible electronic configurations for clusters 4 and 6.

pseudotetrahedral Fe centers (bond angles range from 102°-116°) could adopt an
intermediate spin, as depicted in Fig. 6, due to distortions from a tetrahedral geometry
and differences in ligand field strengths of sulfide versus chloride versus carbyne
ligands. While distortions from a tetrahedral ligand field have been implicated for FeS
clusters,® intermediate spin states of single Fe centers have not been proposed based
on the distortions. Further spectroscopic characterization of 6 is necessary to determine
the factors that contribute to a spin state of S = 0.

Compared to enzymatic carbide formation on NifB, where a methyl from SAM
cleavage is proposed to transfer to one of the sulfides of the cysteine ligated FeS

8182 the bridging carbyne of 4 originates from a metal bound ligand. Ultimately,

clusters,
the alkyl group must be activated to form metal-carbon bonds in the biological system
as well. An additional oxidation event, in the form of an H-atom transfer, has been
supported experimentally.®? Similarly, though not necessarily through the same
mechanism, oxidation of 2 promotes multiple H-atom transfers and carbyne formation.

To determine if the method for the synthesis of 2 and 4 is general for other alkyl

ligands as well as Mo analogues, clusters of the general composition
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[EtsN][Tp*MFe3S3(u3-CR)Cl3] were targeted, where M = W or Mo and R = SiMes,
SiMe>Ph, or SiPh;. Mo analogues of 2, 4, and 6 were successfully synthesized using
the same synthetic protocols as for the W analogues (Fig. 7). SC-XRD studies indicate

similar bond lengths of 2-Mo, 4-Mo, and 6-Mo to those of 2, 4, and 6 (Table 1).
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Figure 7: Crystal structures or 2-Mo (top), 4-Mo (bottom left), and 6-Mo (bottom right) with

ellipsoids plotted at the 50% probability level. Solvent and counter ions omitted for clarity.

Table 1: Average Bond Lengths = S.D. (&)
2 2-Mo 4 4-Mo 6 6-Mo
M-S 2.385 2.400 2.360 2.370 2.351 2.363
+0.004 | £0.002 +0.001 +0.001 + (0.005 +0.004
Fe-S 2.260 2.255 2.282 2.273 2.238 2.228
+0.004 | £0.005 +0.010 +0.002 + 0.005 +0.005
Fe-C 2.010 2.006 1.921 1.918 1.910 1.905
+0.003 | £0.016 +0.015 +0.011 + 0.005 +0.002
Fe-Cl N/A N/A 2.258 2.255 2.213 2.209
+0.004 +0.003 +(0.002 +0.003
Fe-Fe 2.563 2.567 2.520 2.510 2.545 2.524
distance | =0.029 | £0.025 +0.003 +0.002 +0.014 +0.001




24

To incorporate alternate bridging carbyne ligands, synthetic protocols
analogous to the generation of 2 and 4 were developed using RMgCl salts instead of
alkyl lithium salts (Fig. 8). The trialkyl clusters 7-Mo and 8-Mo were isolated and based
on SC-XRD studies show partial occupancy of a bridging chloride ligand in the
structures, which is in contrast to the open faced cubane 2 synthesized from
LiCH»SiMes (Fig. 9). The average bond lengths of the Fe-alkly bonds in 7-Mo and 8-
Mo (2.020 and 2.02 A, respectively) are slightly elongated, but similar to that of 2-Mo

(2.006 A), although it should be noted that the structure of 8-Mo is not of high quality.

o |INEt], TINEt,] ¢l JINEt,]
/ . H2R
_ 3LiR or s —(Fe 3 [FeCp,][BPh,] S —Fe
Fe P2 4 \
/LN, 3RMgCI /s\// 3ELNCI /s/\
" ,S \ cl D ——— To*M e \ > Tp* M ' F R
Tp*M \Fe7 THF p \{\ —©H,R THF/DMF or MeCN el
./ ~ClI
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7N\ cl
Cl
1M=YV 2M=W, R = SiMeg 6 M =W, R =SiMe;
1-Mo M = Mo 2-Mo M = Mo, R = SiMe, 6-Mo M = Mo, R = SiMegy
7-Mo M = Mo, R =SiMe,Ph 9-Mo M = Mo, R =SiMe,Ph
8-Mo M = Mo, R = SiPh; 10-Mo M = Mo, R = SiPh,

Figure 8: General synthesis of carbyne bridged MFeS clusters. It should be noted that 7-Mo
and 8-Mo contain partial occupancies of a bridging chloride, as shown in the crystal structures

in Fig. 7.
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Figure 9: Crystal structures 7-Mo (left) with ellipsoids plotted at the 50% probability level. The
chloride atom has 64% occupancy. Connectivity structure of 8-Meo (right). The chloride atom
has 48% occupancy. Solvent and counter ions omitted for clarity.

Clusters 7-Mo and 8-Mo, with partial Cl occupancy, were used to generate the
carbyne bridged clusters 9-Mo and 10-Mo using the same conditions as for the
generation of 4 (Fig. 8), but were recrystallized from MeCN instead of DMF. SC-XRD
studies show the formation of the desired carbyne cluster products with similar bond
metrics as to those of 4 (Fig. 10). It should be noted that further characterization of 9-
Mo and 10-Mo is required to confirm the preliminary structural assignments based on
SC-XRD. With isolation of a number of [Et4N]a[ Tp*MFe3S3(u3-CR)CI3] the described
method of carbyne formation using alkyl ligands of the type CH2SiR3 seems to be
general.

With a number of [EtsN],[Tp*MFes;S3(u3-CH2SiR3)Cl3] in hand, cleavage of
the C-Si bond was targeted to synthesize a more structurally accurate model of FeMco.

Reactions of 4, 4-Mo, 6,
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Figure 10: Crystal structures 9-Mo (left) and 10-Mo (right) with ellipsoids plotted at the 50%
probability level. Solvent and counter ions omitted for clarity.

6-Mo, 9-Mo, and 10-Mo with tetrabutylammonium fluoride (TBAF; isolated or
generated in situ, Fig. 11), CsF, AgF, iodosobenzene, FeOC(O)CH3, NaOONa, and
NaOC(O)CHj3 were carried out at room temperature and at reflux. In all cases, no silane
products were detected using 'H-NMR spectroscopy. Recrystallization attempts from
the reaction mixtures generally resulted in isolation of the starting clusters. Excitingly,
a methylidyne or carbide cluster 11 was isolated from reaction of 6 with TBAF
generated in situ (Fig. 11). A bridging methylidyne ligand is proposed based on an
elongated C ellipsoid (Fig. 12) and the average Fe-C bond lengths (1.975 A), which are
longer than the carbyne clusters described above, consistent with a more reduced
carbyne cluster (Table 1). Additionally, reaction of 6-Mo with TBAF generated in situ
resulted in isolation of a carbyne cluster that indicates C-Si bond cleavage and further
reaction with unreacted cyanofluorobenzene to form 12-Mo (Fig. 11). Isolation of the
dianionic 12-Mo provides support for the assignment of 11 as a bridging methylidyne
cluster. 11 and 12-Mo were characterized using SC-XRD (Fig. 12). Unfortunately, the
yields of 11 and 12-Mo were extremely low and the synthesis was not reproducible.
However, the isolation of these exciting clusters demonstrate the feasibility of the

synthesis of methylidyne/carbide containing cubane clusters.
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Figure 11: Reaction conditions for generations of 11 and 12-Mo.

Figure 12: Crystal structures 11 (left) and 12-Mo (right) with ellipsoids plotted at the 50%
probability level. Solvent and counter ions omitted for clarity.
Conclusion

In summary, a WFe3;S; cluster has been synthesized with terminal alkyl ligands
on each of the Fe centers and an open Fes face. The cluster is stable upon heating, a
notable feature given the scarcity of synthetic iron sulfur clusters with alkyl ligands,
suggesting that high reactivity is not a general feature of this structural motif. Hydrogen
abstraction occurs upon treatment with a mild oxidant in the presence of halide to form
a bridging carbyne cluster. This system presents a new synthetic strategy for
incorporation of carbon-based bridging ligands into iron sulfur clusters and is found to
be general for other alkylsilane ligands. It also suggests a potential intermediate for

biosynthesis of FeMco, whereby an alkyl radical is transferred to an Fe center. Carbon
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silicon bond cleave of a bridging carbyne ligand in W and Mo clusters is demonstrated,
showing a promising route for methylidyne formation.

Experimental

General Considerations

All reactions were performed at room temperature in a N>-filled M. Braun glovebox or
using standard Schlenk techniques unless otherwise specified. Glassware was oven
dried at 140 °C for at least 2 h prior to use, and allowed to cool under vacuum. Sodium
tetrafluoroborate (NaBPhs) was purchased in an anhydrous form and dissolved in
acetonitrile (CHsCN) and dried over 3 A molecular sieves for 2 days before being
filtered over Celite and dried in vacuo. [EtsN]o[Tp*WFesSs(us-CI)Cls]*® (1) (Tp* =
tris(3,5-dimethyl-1-pyrazolyl)borate),  [EtaN]2[Tp*WFesS3(us-Cl)Cls]  (1-Mo),*®
[EtaN]2[Tp*WFesSs(us-S)Cls] (5),% [Tp*WFesSs(BAC)s][BPhs] (3),% ferrocenium
tetrafluoroborate [FeCp2][BPha4],%" tetrabutylammonium fluoride (TBAF),*® and
PhsSiCH.CI*® were prepared according to literature procedures. Tetrahydrofuran
(THF), diethyl ether (Et.O), benzene (CsHe), toluene, CH3CN, hexanes, and pentane
were dried by sparging with nitrogen for at least 15 minutes, then passing through a
column of activated A2 alumina under positive N2 pressure and then degassed via
several consecutive cycles of active vacuum and agitation on the Schlenk line before
use.’®®  Dimethylformamide was purchased in an anhydrous form from
MiliporeSigma@, cannula-transferred to an oven dried Schlenk under N2, degassed via
several consecutive cycles of active vacuum and agitation on the Schlenk line, and then
brought into the glovebox and dried over 3 A molecular sieves for 48 h before
use. *H and 3'P NMR spectra were recorded on a Varian 400 MHz spectrometer. H-
NMR spectra in proteo solvents were recorded on a Varian 400 MHz spectrometer

using solvent suppression protocols. d8-THF, CD3CN, and CsDs, were purchased from
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Cambridge Isotope Laboratories, dried over calcium hydride, degassed by three freeze-
pump-thaw cycles, and vacuum transferred prior to use. All other reagents were
purchased from commercial sources in their anhydrous forms and used without further
purification.

Synthetic Procedures

Synthesis of [EtsN][Tp*WFesS3(CH2SiMes)s] (2). [EtaN]2[Tp*WFesSs(us-Cl)Cl3]
(100 mg, 0.087 mmol) was measured into a scintillation vial and suspended in THF (6
mL). LiCH2SiMes (0.63 ml of 0.7 M pentane solution, 0.44 mmol) was added to the
stirring suspension dropwise at room temperature. The reaction suspension was allowed
to stir at room temperature for 24 h. The suspension was filtered over a Celite pad and
then the volatiles were removed under vacuum. After trituration three times with Et,0,
the solids were washed with Et,O and then CsHe until the filtrate was colorless. The
desired product was extracted into a minimum of THF and crystallization was set up
with vapor diffusion of 2x volume of pentane to yield dark needle like crystals. Finally,
volatiles were removed under vacuum to yield 79.4 mg of the final product (80% yield).
H NMR (400 MHz, THF): § 16.1 (br s), 7.0 (br s), -18.3 (s) ppm. Anal. calcd. (%) for

C35H75BFe3N7S3Si3W: C, 36.98; H, 6.65; N, 8.63. Found: C, 37.13; H, 6.65; N, 8.71.
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Figure S1: *H-NMR spectrum of [EtsN][Tp*WFesSs(CH3SiMes)s] in THF.

Synthesis of [EtaN][Tp*MoFesS3(CH2SiMes)s] (2-Mo). [EtaN]2[ Tp*MoFesS3(uis-
CI)Clz] (100 mg, 0.095 mmol) was measured into a scintillation vial and suspended in
THF (6 mL). LiCH2SiMes (0.41 ml of 0.7 M pentane solution, 0.285 mmol) was
added to the stirring suspension dropwise at room temperature. The reaction
suspension was allowed to stir at room temperature for 24 h. The suspension was
filtered over a Celite pad and then dried in-vacuo. After trituration three times with
Et,O, the solids were washed with Et,O and then CeHs until the filtrate was colorless.
The desired product was extracted into a minimum of THF and crystallization was set
up with vapor diffusion of 2x volume of pentane to yield dark needle like crystals.
Finally, the crystals were dried under vacuum to yield 64.8 mg of the final product
(82% vyield). 'H NMR (400 MHz, THF): § 19.7 (br s), 12.9 (s), -0.3 (s), -10.9 (s) ppm.
Anal. calcd. (%) for C35H75BFe3N7S3Si3Mo: C, 40.08; H, 7.21; N, 9.35. Found: C,

40.11; H, 7.18; N, 9.08.
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Figure S2: *H-NMR spectrum of [EtsN][Tp*MoFe;S3(CHsSiMes)s] in THF.

Synthesis of [EtsN][Tp*MoFesS3(CH2SiMe2Ph)3(ju3-Cleass)] (7-Mo).
PhMe>SiCH.CI (52.7 mg, 0.285 mmol) was added to a vigorously stirring suspension
of activated Mg and stirred at room temperature for 24 h to generate PhMe,SiCH2MgClI.
The reaction mixture was filtered and added to a suspension of
[EtaN]2[Tp*MoFesSa(ps-Cl)Cls] (100 mg, 0.095 mmol) in THF (6 mL). The reaction
suspension was allowed to stir at room temperature for 24 h. The suspension was
filtered over a Celite pad and then dried in-vacuo. After trituration three times with
Et20, the solids were washed with Et.O and then CeHe until the filtrate was colorless.
The desired product was extracted into a minimum of THF and crystallization was set
up with vapor diffusion of 2x volume of pentane to yield dark needle like crystals.
Finally, the crystals were dried under vacuum to yield 71.7 mg of the final product

(60% yield). 'H NMR (400 MHz, THF): 5 19.1 (brs), 12.7 (s), 9.6 (s), -5.4 (br s), -12.0
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Figure S3: 'H-NMR spectrum of [EtsN][Tp*MoFesS3(CH,SiMePh)s(ls-Cleass)] in THF.
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Synthesis of [EtaN][Tp*MoFesS3(CH2SiPh3)s3(s-Clasw)] (8-Mo). PhsSiCH2CI (88
mg, 0.285 mmol) was added to a vigorously stirring suspension of activated Mg and
stirred at room temperature for 24 h to generate PhMe>SiCH>MgCI. The reaction
mixture was filtered and added to a suspension of [EtaN]2[ Tp*MoFesS3(u3-Cl)Cls] (100
mg, 0.095 mmol) in THF (6 mL). The reaction suspension was allowed to stir at room
temperature for 24 h. The suspension was filtered over a Celite pad and then dried in-
vacuo. After trituration three times with Et.0, the solids were washed with Et.O and
then CsHe until the filtrate was colorless. The desired product was extracted into a
minimum of THF and crystallization was set up with vapor diffusion of 2x volume of
pentane to yield dark needle like crystals. Finally, the crystals were dried under vacuum
to yield 64.8 mg of the final product (82% vyield). *H NMR (400 MHz, THF): § 15.4

(brs), 12.1 (brs), 9.4 (s), -4.7 (br s), -19.2 (S) ppm.
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Figure S4: *H-NMR spectrum of [EtsN][Tp*MoFesSs(CH2SiPhs)s(Hs-Class)] in THF.
Synthesis of [EtaN]2[Tp*WFesS3(us-CSiMes)Cls] (4). 2 (100 mg, 0.088 mmol) was
measured into a scintillation vial and dissolved in THF (6 mL). The solution was cooled
to -78 °C and [FeCp2][BPh4] (133.3 mg, 0.26 mmol) was added and the solution was
maintained at -78 °C for 2 h. EtsNCI (43.1 mg, 0.26 mmol) was added to the solution
and the reaction was brought to room temperature and stirred at room temperature for

3 h. It was then filtered over a Celite pad and volatiles were removed under vacuum.

After trituration three times with Et20, the solids were washed with pentane, Et.O, and
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then CeHpe until the filtrate was colorless. The product was extracted into a minimum of
THF and crystallization was set up with vapor diffusion of 2x volume of Et>0 to yield
dark block like crystals. The crystals were then dissolved in a minimum of DMF and
crystallization was set up with vapor diffusion of 3x volume of Et2O. Finally, volatiles
were removed under vacuum to yield 68.5 mg of the final product (65% vyield). H
NMR silent except for solvent peaks (DMF). Anal. calcd. (%) for
C35H71BCI3Fe3N8S3SiW: C, 35.13; H, 5.98; N, 9.36. Found: C, 35.20; H, 5.99; N,
9.46.

Synthesis of [EtaN][Tp*WFesSs(us-CSiMes)Cls] (6). 4 (100 mg, 0.084 mmol) was
measured into a scintillation vial and dissolved in DMF (6 mL) and frozen. [(4-
BrCsH4)sN][OTf] (53.0 mg, 0.084 mmol) was added to the thawing DMF solution of
4. The solution was stirred at room temperature for 30 minutes and then filtered over a
Celite pad. 20x the volume of Et,O was added and the solution was allowed to sit for
at least 6 hours before dark needle like crystals formed. The crystals were dissolved in
2 mL of DMF and then filtered over a Celite pad and then 18 mL of Et.O was added
and the solution was allowed to sit for at least 6 hours before dark needle like crystals
formed. This was performed 5x to achieve high purity. Finally, volatiles were removed
under vacuum to yield 58.2 mg of the final product (65% yield). *H NMR (400 MHz,
CD3CN): § 6.10 (s, 3H), 3.7 (s, 9H), 3.2 (g, 9H), 2.4 (s, 9H), 1.3 (td, 12H), 0.7 (s, 9H)
ppm.Anal. calcd. (%) for C27H51BCI3Fe3N7S3SiW: C, 30.41; H, 4.82; N, 9.19.

Found: C, 30.52; H, 4.84; N, 9.57.



34

-~ —6.09
2.38

— _3.66
3.4
——1.30
- 0.71

! L

50 J
01 ]
94

66 1

13.36]

ts
8

™~3.00 1
g

‘\ T o\lj T T T ) T T T T T T T T ) T T T
3.6 3.4 3.2 3.0 2.8 2.6 2.4 22 20 1.8 1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.
f1 (ppm)

63760 58 56 54 52 50 48 46 4.4 42 40 3.8
Figure S5: *H-NMR spectrum of [EtsN][Tp*WFe3Ss(3-CSiMes)Cls] in CDsCN

Synthesis of [EtsN]2[ Tp*MoFesSs(ps-CSiMes)Cls] (4-Mo). 2 (100 mg, 0.095 mmol)
was measured into a scintillation vial and dissolved in THF (6 mL). The solution was
cooled to -78 °C and [FeCp2][BPh4] (133.3 mg, 0.29 mmol) was added and the solution
was maintained at -78 °C for 2 h. EtsNCI (43.1 mg, 0.29 mmol) was added to the
solution and the reaction was brought to room temperature and stirred at room
temperature for 3 h. It was then filtered over a Celite pad and dried in-vacuo. After
trituration three times with Et,O, the solids were washed with pentane, Et>O, and then
CeHs until the filtrate was colorless. The product was extracted into a minimum of THF
and crystallization was set up with vapor diffusion of 2x volume of Et,O to yield dark
block like crystals. The crystals were then dissolved in a minimum of DMF and
crystallization was set up with vapor diffusion of 3x volume of Et2O. Finally, the
crystals were dried under vacuum to yield 68.5 mg of the final product (65% yield). H
NMR silent except for solvent peaks (DMF).

Synthesis of [EtaN][Tp*MoFesSs(u3-CSiMes)Cls] (6-Mo). 4 (100 mg, 0.090 mmol)
was measured into a scintillation vial and dissolved in DMF (6 mL). The solution was
cooled to -78 °C and [(4-BrCeHa4)sN][OTf] (56.9 mg, 0.090 mmol) was added. The
solution was stirred at room temperature for 30 minutes and then filtered over a Celite

pad. 20x the volume of Et.O was added and the solution was allowed to sit for at least
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6 hours before dark needle like crystals formed. The crystals were dissolved in 2 mL of
DMF and then filtered over a Celite pad and then 18 mL of Et2O was added and the
solution was allowed to sit for at least 6 hours before dark needle like crystals formed.
This was performed 5x to achieve high purity. Finally, the crystals were dried under
vacuum to yield 59.8 mg of the final product (65% vyield). *H NMR (400 MHz,
CD3CN):  6.01 (s, 3H), 3.6 (s, 9H), 3.2 (q, 9H), 2.3 (s, 9H), 1.2 (td, 12H), 0.6 (s, 9H)

ppm.
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Figure S6: *H-NMR spectrum of [EtsN][Tp*MoFesSs(H3-CSiMes)Cls] in CDsCN.

Synthesis of [EtaN][Tp*MoFesSs(us-CSiMe2Ph)Cls] (9-Mo). 7-Mo (113 mg, 0.095
mmol) was measured into a scintillation vial and dissolved in THF (6 mL). The solution
was cooled to -78 °C and [FeCp2][BPh4] (133.3 mg, 0.29 mmol) was added and the
solution was maintained at -78 °C for 2 h. EtsaNCI (43.1 mg, 0.29 mmol) was added to
the solution and the reaction was brought to room temperature and stirred at room
temperature for 3 h. It was then filtered over a Celite pad and dried in-vacuo. After
trituration three times with Et20, the solids were washed with pentane, Et2O, and then
CsHe until the filtrate was colorless. The product was extracted into a minimum of THF
and crystallization was set up with vapor diffusion of 2x volume of Et>O to yield dark
block like crystals. The crystals were then dissolved in a minimum of MeCN and

crystallization was set up with vapor diffusion of 3x volume of Et2O. Finally, the
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crystals were dried under vacuum to yield 60.3 mg of the final product (61% yield). H
NMR silent except for solvent peaks (THF).

Synthesis of [EtsN][Tp*MoFesS3(us-CSiPhs)Cls] (10-Mo). 8-Mo (154 mg, 0.095
mmol) was measured into a scintillation vial and dissolved in THF (6 mL). The solution
was cooled to -78 °C and [FeCp2][BPh4] (133.3 mg, 0.29 mmol) was added and the
solution was maintained at -78 °C for 2 h. EtaNCI (43.1 mg, 0.29 mmol) was added to
the solution and the reaction was brought to room temperature and stirred at room
temperature for 3 h. It was then filtered over a Celite pad and dried in-vacuo. After
trituration three times with Et>0, the solids were washed with pentane, Et2O, and then
CesHe until the filtrate was colorless. The product was extracted into a minimum of THF
and crystallization was set up with vapor diffusion of 2x volume of Et2O to yield dark
block like crystals. The crystals were then dissolved in a minimum of MeCN and
crystallization was set up with vapor diffusion of 3x volume of Et2O. Finally, the
crystals were dried under vacuum to yield 68.6 mg of the final product (62% yield). 'H
NMR silent except for solvent peaks (THF).

Synthesis of [TBA]2[Tp*WFesSs(us-CH)Cls] (11). 6 (89.5 mg, 0.088 mmol) was
measured into a scintillation vial and dissolved in THF (6 mL). The solution was cooled
to -78 °C and TBAF (47.1 mg, 0.18 mmol) generated in situ was added and the solution
was maintained at -78 °C for 2 h. It was then filtered over a Celite pad and volatiles
were removed under vacuum. After trituration three times with Et2O, the solids were
washed with pentane, Et2O, and then CsHe until the filtrate was colorless. The product
was extracted into a minimum of THF and crystallization was set up with vapor
diffusion of 2x volume of Et2O to yield a small amount of dark block like crystals.
Synthesis of [TBA]2[Tp*MoFesS3(ps-CCsF2(CN)sCls] (12-Mo). 6-Mo (81.7 mg,

0.088 mmol) was measured into a scintillation vial and dissolved in THF (6 mL). The
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solution was cooled to -78 °C and TBAF (47.1 mg, 0.18 mmol) generated in situ was
added and the solution was maintained at -78 °C for 2 h. It was then filtered over a
Celite pad and volatiles were removed under vacuum. After trituration three times with
Et>0, the solids were washed with pentane, Et>O, and then CsHs until the filtrate was
colorless. The product was extracted into a minimum of THF and crystallization was
set up with vapor diffusion of 2x volume of Et20 to yield a small amount of dark block
like crystals.

Synthesis of Tp*WFesS3(us-CSiMes)(CH2SiMes)2(CH3CN) (13). 2 (100 mg, 0.088
mmol) was measured into a scintillation vial and dissolved in THF (6 mL). The solution
was cooled to -78 °C and [(4-BrCsH4)sN][OTf] (56.8 mg, 0.088 mmol) was added and
the solution was maintained at -78 °C for 2 h. It was then filtered over a Celite pad and
volatiles were removed under vacuum. After trituration three times with Et2O, the solids
were washed with pentane, Et,O, and then CgHe until the filtrate was colorless. The
remaining solid was extracted into a minimum of THF and crystallization was set up
with vapor diffusion of 2x volume of Et>O to yield less than 1 mg of crystals.
Synthesis of Tp*WFesSs(us-CSiMes)Cl2(THF) and
Tp*WFesS3(us-CSiMes)(CH2SiMes)2(THF) (14 and 15). 2 (100 mg, 0.088 mmol)
was measured into a scintillation vial and dissolved in THF (6 mL). The solution was
cooled to -78 °C and AgOTTf (23.1 mg, 0.088 mmol) was added and the solution was
maintained at -78 °C for 2 h. It was then filtered over a Celite pad and volatiles were
removed under vacuum. After trituration three times with Et>O, the solids were
washed with pentane, Et,O, and then CeHs until the filtrate was colorless. The
remaining solid was extracted into a minimum of THF and crystallization was set up

with vapor diffusion of 2x volume of Et20O to yield less than 1 mg of crystals.
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NMR Experiments
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Figure S7: *H-NMR spectra of [EtaN][Tp*WSsFes(CH:SiMes)s] before (top) and after (bottom)
heating at 80 °C for 24 hours in THF. PhMesSi, 0.3 ppm, was used as an internal standard and

integrated as 1. The cluster peak at -18.4 ppm was used for integration for the cluster.
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Figure S8: 'H-NMR spectrum of the reaction mixture of the synthesis of 4 in THF with two
equivalents of MesPhSi (0.2 ppm) used as an internal standard. Integration of Me.Si (-0.05

ppm) generated during reaction indicates 1.6 equivalents are formed per cluster.
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Figure S9: *H-NMR spectra of reaction performed in ds-THF (bottom) and control samples
showing Si(CHj3)4 (top) and DCH.Si(CHs)s (middle) generated independently in dg-THF from

LiCH,SiMe; and CH3;OH and CD3OD, respectively.
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Figure S10: *H-NMR spectra of [EtsN][Tp*WSsFes(CH,SiMes)s] (top), after reaction with 1
equivalent of AgOTT for 2 hours at -78 °C (middle), and with 2 equivalents of AgOTf for 2

hours at -78 °C (bottom).
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Figure S11: *H-NMR spectra of [EtsN][Tp*WSsFes(CH,SiMes)s] (top) after reaction with 1

equivalent of [N(4-BrPh)s][OTf] for 2 h at -78 °C (bottom).
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Figure S12: *H-NMR spectra of [EtsN][Tp*WSsFes(CH.SiMes)s] (top), after reaction with 2
equivalents of [FeCp2][BPh.] for 12 h at -40 °C (middle) and for 12 h at room temperature

(bottom).
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Figure S13: *H-NMR spectra of [EtsN][Tp*WSsFe3(CH.SiMes)s] in THF with the addition of
increasing equivalents of EtsNCI. Increased broadening of the resonances indicates a dynamic

process in solution.

Mdossbauer Data

General

Zero applied field >’Fe Mossbauer spectra were recorded at 80 K in constant
acceleration mode on a spectrometer from See Co (Edina, MN) equipped with an
SVT- S6 400 cryostat (Janis, Wilmington, WA). The isomer shifts are relative to the
centroid of an a-Fe foil signal at room temperature. Samples were prepared by mixing
polycrystalline material (20 mg) with boron nitride in a cup fitted with a screw cap.

The data were fit to Lorentzian lineshapes using WMOSS (www.wmoss.org).
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-4.2 2.2 -0.2 1.8 3.8
Velocity (mm/s)

& (mm/s) AEq (mm/s) i Relative
Fraction
1 Site Fit 0.35 1.62 0.89 1
2 Site Fit, | 0.36 1.11 0.61 1/3
Site 1
2 Site Fit, | 0.35 1.83 213
Site 2

Figure S14: Mossbauer spectrum of [EtaN][Tp*WFesS3(CH3SiMes)s] (2) showing one and two

site fits. Parameters are shown in table. Black circles are raw data.
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—Site 1
—Site 2
—Fit
4 2 0 2 4
Velocity (mm/s)
& (mm/s) AEq (mm/s) i Relative
Fraction
1 Site Fit 0.29 1.36 0.89 1
Site 1 0.28 1.22 0.70 2/3
Site 2 0.32 1.65 1/3
Average, 2 Site | 0.29 1.36
Fit

Figure S15: Mdssbauer spectrum of [EtsN][Tp*MoFes;S3(CH3sSiMes)s] (2-Mo) showing one

and two site fits. Parameters are shown in table. Black circles are raw data.
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Velocity (mm/s)

0 (mm/s) AEq (mm/s) Relative

Fraction
Site 1 0.52 1.33 0.58 1/3
Site 2 0.42 1.04 2/3

Figure S16: Mdssbauer spectrum of [Tp*WFesS3(BAC)s][PBh4] (3) showing two site fit.

Parameters are shown in table. Black circles are raw data.

Velocity (mm/s)

d (mm/s) AEq (mm/s) A Relative

Fraction
Site 1 0.43 0.84 0.60 1/3
Site 2 0.58 0.90 2/3

Figure S17: Méssbauer spectrum of [EtsN]o[ Tp*WFesSs(ps-CSiMes)Cls] (4) showing two site

fit. Parameters are shown in table. Black circles are raw data.
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-4 2 0 2 4
Isomer Shift (mm/s)
0 (mm/s) AEq (mm/s) Relative
Fraction
Site 1 0.19 0.90 0.65 1/3
Site 2 0.61 1.21 1/3
Site 3 0.60 0.64 1/3
Average 0.47 0.92

Figure S18: Mdssbauer spectrum of [EtaN]2[Tp*MoFe;Ss(us-CSiMes)Cls] (3-Mo) showing fit.

Parameters are shown in table. Black circles are raw data.

-4 -2 0 2
Velocity (mm/s)
0 (mm/s) AEq (mm/s) Relative
Fraction
1 Site Fit 0.34 0.62 0.50 1
Figure S19: Mossbauer spectrum of [EtsN][Tp*WFesSs(Us-CSiMes)Cls] (6) showing fit.

Parameters are shown in table. Black circles are raw data.
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Velocity (mm/s)

& (mm/s) AEq (mm/s) i Relative
Fraction
Fit 0.34 0.61 0.70 1

Figure S20: Mdssbauer spectrum of [EtsN][Tp*MoFesSs(us-CSiMes)Cls] (5-Mo) showing fit.

Parameters are shown in table. Black circles are raw data.

Electrochemistry Data

General

Cyclic voltammetry experiments were performed with a Pine Instrument Company
AFCBP1 biopotentiostat with the AfterMathsoftware package. All measurements were
performed in a three-electrode cell, which consisted of glassy carbon (working; = 3.0
mm), Ag wire (reference), and bare Pt wire (counter), in a N2-filled MBraun glovebox
at room temperature. Dry CH3CN or DMF that contained ~0.2 M [BusN][PFs] was
used as the electrolyte solution. Redox potentials are reported relative to the
ferrocene/ferrocenium redox wave (Fc/Fc*;ferrocene added as an internal

standard).The open circuit potential was measured prior to each voltammogram being



47

collected. Voltammograms were scanned reductively in order to minimize the oxidative

damage that was frequently observed on scanning more oxidatively.
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Figure S21: Cyclic voltammograms of [EtsN][Tp*WFesS3(CH2SiMes)s] (2) with increasing
equivalents of EtsNCI showing a potential shift of the oxidative redox feature to more

negative potentials. Conditions: 250 mV/s, 2.5 mM cluster, CHsCN, 0.1 M TBAPFs.
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Figure S22: Cyclic voltammetry of [EtsN][Tp*WFesSs(CHsSiMes)s] (2) at different scan

rates. Conditions: 250 mV/s, 2.5 mM cluster, CHsCN, 0.1 M TBAPFs.
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Figure S23: Peak current vs. square root of scan rate for -0.97 V (top) and 0.59 V (bottom)

redox features of [EtsN][Tp*WFesSs(CHsSiMes)s] (2).
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Figure S24: Cyclic voltammetry of [EtsN][Tp*WFesSs(BAC)s] (3) at different scan rates.

Conditions: 250 mV/s, 2.5 mM cluster, CHsCN, 0.1 M TBAPFs.
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Figure S25: Peak current vs. square root of scan rate for the -2.25 V (top) and -1.10 V

(bottom) redox features of [EtaN][Tp*WFesS3(BAC)3] (3).
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Figure S26: Cyclic voltammetry of [EtaN]2[Tp*WFesSs(us-CSiMes)Cls] (4) at different scan

rates. Conditions: 250 mV/s, 2.5 mM cluster, DMF, 0.1 M TBAPFs.
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Figure S27: Peak current vs. square root of scan rate for the -1.48 V (top) and -2.82 VV

(bottom) redox features of [EtaN]2[Tp*WFesSs(Us-CSiMes)Cls] (4).
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Figure S28: Cyclic voltammetry of [EtN][Tp*WFesSs(us-S)Cls] (5) at different scan rates.

Potential (V v. Fc/Fc*)

Conditions: 250 mV/s, 2.5 mM cluster, CHsCN, 0.1 M TBAPFs.
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Figure S29: Peak current vs. square root of scan rate for the -1.16 and -0.66 V redox features

of [Et4N] [Tp*WF8383(].L3-S)C|3] (5)
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Figure S30: Cyclic voltammetry of [EtaN][Tp*WFesSs(us-S)Cls] (5) at different scan rates.

Conditions: 250 mV/s, 2.5 mM cluster, DMF, 0.1 M TBAPFs.
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Figure S31: Peak current vs. square root of scan rate for the -1.10, -2.56 and -2.99 V redox

features of [EtaN][Tp*WFe3Ss(us-S)Cls] (5).
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Electron Paramagnetic Resonance (EPR) Data

General

Samples were prepared as solutions (c.a. 1 mM) and rapidly cooled in liquid nitrogen
to form a frozen glass. All X-band CW-EPR experiments presented in this study were
acquired at the Caltech EPR facility. X-band CW EPR spectra were acquired on a
Bruker (Billerica, MA) EMX spectrometer using Bruker Win-EPR software (ver.3.0).
Temperature control was achieved using liquid helium and an Oxford Instruments
(Oxford, UK) ESR-900 cryogen flow cryostat and an ITC-503 temperature controller.
Data were collected at T =5 K. Spectra were simulated using EasySpin8(release 5.2.33)

with Matlab R2020b.

M

0 500 1000 1500 2000 2500 3000 3500 4000
Magnetic Field (Gauss)

Figure S32: EPR spectrum of [EtaN][Tp*WFesSs(CHsSiMes)s] (2) in 2-MeTHF. Data
acquisition parameters: frequency = 9.6390 MHz, power = 2 mW, conversion time = 10.12

ms, and modulation amplitude = 8 G.



57

)

500 1500 2500 3500 4500 5500
Magnetic Field (Gauss)

Figure S33: EPR spectrum of [EtaN]2[Tp*WFesSs(Us-CSiMes)Cls] (4) in DMF Data acquisition
parameters: frequency = 9.6375 MHz, power = 2 mW, conversion time = 10.12 ms, and

modulation amplitude = 8 G.
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Figure S34: EPR spectra of [EtaN]2[Tp*MoFesSs(us-CSiMes)Cls] (3-Mo) in DMF black. Data
acquisition parameters, respectively: frequency = 9.6371 MHz, power =2 mW, conversion time

=10.12 ms, and modulation amplitude = 8 G.
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X-ray Crystallography Data

General

XRD data were collected at 100 K on a Bruker AXS D8 KAPPA or Bruker AXS D8
VENTURE diffractometer [microfocus sealed X-ray tube, A(Mo Ka) = 0.71073 A or
MCu Ka) = 1.54178 A]. All manipulations, including data collection, integration, and
scaling, were carried out using the Bruker APEX3 software.'%* Absorption corrections
were applied using SADABS.1%? Structures were solved by direct methods using
XS(incorporated into SHELXTL),® Sir921%4 or SUPERFLIP!% and refined using full-
matrix least-squares on Olex2% to convergence. All non-H atoms were refined using
anisotropic displacement parameters. H atoms were placed in idealized positions and

refined using a riding model.

Cluster 2 4 6
CCDC 2170937 2218658 2218656
. . CasH7sBFe3sN7SsW/| C4oHg2BClz0O2Fes |Co7H5:BClsFesN7S3
Empirical formula Si3 N10SsWSi WSi
Formula weight 1136.68 1316.68 1066.57
Temperature/K 100 100 100
Crystal system Orthorhombic Triclinic Monoclinic
Space group P212121 P-1 P21/c
alA 10.5856(15) 10.7345(6) 10.7565(5)
b/A 18.200(2) 15.6406(9) 19.0986(9)
c/A 26.002(4) 17.7292(10) 19.3433(9)
a/° 90 84.975(3) 90
p/° 90 80.136(3) 90.878(2)
v/° 90 80.913(3) 90
Volume/A3 5009.5(12) 2890.2(3) 3973.3(2)
Z 4 2 4
pealc/g cm3 1.507 1.513 1.783
p/mm! 3.369 12.300 17.679
F(000) 2324 1345 2128
Crystal size/mm?3 0.10 x 0.25 x 0.35 [0.03 x 0.08 x 0.14{0.05 x 0.05 x 0.37
Radiation Mo Ka CuKa CuKa
Omax/° 37.42 72.72 72.40




59

-17<h <18 -13<h<13 -13<h<13
Index ranges -24<k<3l -19<k<19 -23<k<23
-38<1< 44 21<1< 21 -23<1< 23
Reflections measured 26456 59466 41043
Independent reflections 9865 9901 9943
Restraints/Parameters 0/498 145/761 0/428
GOF on F? 0.893 1.077 1.139
R-factor 0.0391 0.0355 0.0305
Weighted R-factor 0.0611 0.0880 0.0764
Largest d'f/{'_3peak/h°'8/ 2.144/-1.359 2.008/-1.377 1.159/-1.154
Cluster 2-Mo 6-Mo 4-Mo
CCDC
_ CssH7sBFesN7S3M|[C27H51BFe3CIsN 7| CasHs4BO4FesNeSs
Empirical formula 0Sis S3MoSi MoClsSi
Formula weight 1048.77 978.66 1134.75
Temperature/K 100 100 100
Crystal system Orthorhombic Monoclinic Monoclinic
Space group P212:12; P121/c1 P121/c1
alA 10.608(2) 10.7686(5) 10.5432(7)
b/A 18.143(4) 19.1042(8) 19.0099(15)
c/A 26.105(5) 19.3386(9) 24.6318(17)
a/° 90 90 90
p/° 90 90.852(2) 93.975(4)
y/° 90 90 90
Volume/A3 5023.9(17) 3978.0(3) 4925.0(6)
Z 4 4 4
pealc/g cm3 1.387 1.634 1.530
p/mm 10.897 14.974 12.238
F(000) 2196 2000 2316
Crystal size/mm3 0.03x0.13x0.17| 0.02x0.14 x 0.3 0.1x0.2x0.3
Radiation Cu Ka CuKa CuKa
Omax/° 72.287 72.441 72.399
-13<h<13 -13<h<13 -12<h<13
Index ranges -22<k<32 -23<k<23 -23<k<22
-32<1< 32 -22<1< 23 -30<1< 20
Reflections measured 75346 48732 65928
Independent reflections 9886 9239 9377
Restraints/Parameters 0/498 0/428 0/607
GOF on F? 1.074 1.122 1.085
R-factor 0.0528 0.0326 0.0301
Weighted R-factor 0.1222 0.0794 0.0683
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Largest d'f/{'_3peak/ holefel 5 9g9/-1.422 1.093/-0.891 0.511/-0.552
Cluster 7-Mo 9-Mo 10-Mo
CCDC
. CsoH77BClo.saFesN|CasHesBFe3CIsN60O | Cag sHesBOFesN7S3
Empirical formula ,5sMoSis 02553MOSi MoClsSi
Formula weight 1253.62 1187.94 1278.97
Temperature/K 100 100 100
Crystal system Triclinic Monoclinic Triclinic
Space group P-1 P121/c1 P-1
alA 12.6473(5) 10.7242(5) 14.2551(6)
b/A 14.5256(5) 23.3175(11) 14.8064(6)
c/A 18.9101(6) 19.4691(9) 14.8327(6)
a/° 104.4540(10) 90 113.653(2)
p/° 92.014(2) 103.921(2) 101.507(2)
y/° 115.4980(10) 90 92.616(2)
Volume/A3 2995.67(19) 4725.5(4) 2782.4(2)
Z 2 4 2
pealc/g cm? 1.390 1.670 1.527
p/mm* 9.494 12.727 10.872
F(000) 1304 2448 1314
Crystal size/mm?  [0.05 x 0.19 x 0.28 | 0.02 x 0.08 x 0.13 | 0.02 x 0.07 x 0.18
Radiation Mo Ka Cu Ka Cu Ka
Omax/° 67.679 72.703 72.48
-15<h<15 -13<h<13 -17<h <17
Index ranges -17<k<17 -28<k<28 -15<k<18
-23<1< 23 -23<1< 24 -18<1< 18
Reflections measured 50634 63821 53452
Independent reflections 9072 9767 9707
Restraints/Parameters 0/724 0/540 24/687
GOF on F? 1.039 1.091 1.024
R-factor 0.0503 0.0623 0.0251
Weighted R-factor 0.1174 0.1489 0.0580
Largest diff, peakdolel® 5 265/.1.039 | 1.476/-2.068 0.636/-0.565




Cluster 11 12-Mo
CCDC
Cs4.5Hs52BosFe1sCl
Empirical formula C44H668C|3-Fe3N88 1.5 N5.500.2551.5M0o
3WSI .
Formula weight 1304.25 801.08
Temperature/K 100 100
Crystal system Monoclinic Triclinic
Space group Cl2/c1l P-1
a/A 23.991(9) 16.031(3)
b/A 40.428(17) 19.711(3)
c/A 15.477(6) 25.366(4)
a/° 90 93.289(10)
p/° 121.029(14) 99.654(9)
y/° 90 91.004(14)
Volume/A3 12863(9) 7886(2)
Z 8 8
peaic/g cm3 1.347 1.349
p/mm* 2.720 7.682
F(000) 5265 3346
Crystal size/mm?3 0.05x0.1x025 | 02x0.2x0.1
Radiation Mo Ka Cu Ka
Omax/° 35.641 72.52
-32<h<39 -19<h<19
Index ranges -66 <k <65 -24<k<24
-25<1< 25 -26<1< 31
Reflections measured 146453 81085
Independent reflections 9714 9508
Restraints/Parameters 3/544 0/1714
GOF on F? 1.036 1.098
R-factor 0.0453 0.1091
Weighted R-factor 0.1136 0.2199
Largest dift, peakinolelel 5 20811307 | 2.077/-1.443
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Figure S35: Crystal structures (top) and ChemDraws (bottom) of isolated products from
reactions of [EtsN][Tp*WFes;S3(CH:SiMes)s] (2) with AgOTf (left and middle) or [N(4-
BrPh)s][OTf] (right): Tp*WFe;Ss(s-CSiMes)(CH2SiMes)2(CH3CN) (13, left), Tp*WFesSs(Js-
CSiMe;3)Clo(THF) (14, middle), and Tp*WFesSz(s-CSiMes)(CH.SiMes)o(THF) (15, right).

Ellipsoids plotted at the 50% probability level. Solvent and hydrogen atoms omitted for clarity.
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Abstract

Organometallic complexes of the type M(CHy) have great relevance in
industrial and biological catalysis. Enzymes have developed catalytic processes
involving such species utilizing the earth abundant metal Fe, which is incorporated
into FeS clusters that are ubiquitous in a large variety of catalytic processes. While
many FeS(CH,) species are implicated in these important biological processes, the
study of such clusters is limited, perhaps due to their instability in enzymatic systems.
Synthetic inorganic chemistry offers the opportunity to make model systems that will
allow for important structural, benchmarking, and reactivity studies to better
understand the chemistry of FeS(CHy) species. Described herein is the synthesis of
three novel Mo2Fes(p-CHn)m clusters. Characterization and reactivity studies provide
insight into the nature of the bridging ligands as well as possible reaction pathways

for these biologically relevant species.
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Introduction

Organometallic species involving CH, ligands have been intensely studied due
to their prevalence in industrial synthesis and catalysis'-? as well as in biological
catalysis.>® Development of earth abundant Fe catalysts have seen success in cross-
coupling reactions, metathesis reactions, and ethylene and olefin oligomerization and
polymerization.”*° In biology, Fe methyl species are implicated in radical SAM
enzyme catalysis®* as well as the biosynthesis of the carbide containing co-factor
FeMco.® In some proposed mechanisms of N2 reduction to NHs the central carbide of
FeMco is thought to have fluxional binding modes and protonation states.!*1" In
synthetic organometallic chemistry, bridging CHx ligands between Fe centers are
relatively rare, and mainly consist of CO or NO containing systems, with CH> being
the most common bridging ligand. Species without the strong-field ligands CO and
CN are represented in Fig. 1. Only one synthetic system was found with a (u-CHn)Fe2
bridge (n =0) in an FeS cluster (Fig. 1), although the clusters reported only contain
one sulfide ligand and multiple strong-field CO ligands.'® A (u-CHn)(u-Se)Fe; system
has also been reported, but again with strong-field ligands, NO in this case.'® As such
there are virtually no examples reported in the literature of FeS clusters with bridging
CHn ligands despite the implication of such species in various biological processes
(Fig. 1). Synthetic species of this type will aid in benchmarking the spectroscopy of
(U-CHn)Fe2 as well as understanding the reactivity of such systems.

Although bridging CHn ligands are rare for synthetic FeS clusters, one method
for incorporating bridging CR ligands is the oxidation of trialkyl clusters, such as
[EtsN][Tp*MFesS3(CHsSiMes)s] (M = W or Mo), clusters to form pz-CR carbyne
ligands, such as [EtaN][Tp*MFesS3(1s-CSiMes)Cls] (Fig. 2), where the trialkyl

cluster can be formed using LiCH3SiMes.?® Attempts to perform analogous chemistry
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Figure 1: Examples of synthetic u-CHs and p-C Fe bridged complexes not containing CO or
NO ligands (top).2?+?2 Biosynthesis of FeMoco showing proposed mechanism for carbon
ligand incorporation on NifB (middle).> One proposed mechanism for N binding and
activation by FeMoco.Y

using LiCHs or CH3MgCI (Fig. 2) resulted in low yields of the desired cluster
[EtaN][Tp*MoFesSs(CHs)s] (3) based on *H-NMR spectroscopy (Fig. S1 and S2) and
SC- XRD (Fig. 3), and pure material could not be isolated. Attempts to synthesize
[EtaN][Tp*MoFesSs3(us-CH)Cls] from as isolated [EtsN][Tp*MoFesS3(CHz)s] were
not successful.

In an attempt to improve the synthesis of 3, excess CHzMgCl and longer

reaction times were used. A SC-XRD study of the precipitate that formed under these
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Figure 2: Synthesis of trialkyl MFeS clusters and carbyne synthesis conditions.
reaction conditions revealed a novel octanuclear FeS cluster with CH, bridging
ligands [EtsN][Tp2*Mo2FesSs(1- CHn)s] (4) (Fig. 4, 5). Described herein is the
synthesis of three octanuclear FeS clusters with bridging CHi ligands. Attempts to
determine the number of hydrogens on the carbon based bridging ligands is discussed
based on the observed reactivities of the clusters. Characterization of the octanuclear
CHn bridged FeS clusters is also carried out to better understand the electronic
structure of these biologically relevant species.
Results and Discussion

In an attempt to improve the synthesis of the trialkyl cluster 3, excess
CH3MgCl was used (Fig. 4) and stirring the reaction for 48 hours in THF resulted in

the formation of 3, detected via

Figure 3: Crystal structure of 3 with ellipsoids plotted at the 50% probability level. Solvent

and counter ions omitted for clarity.
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'H-NMR spectroscopy, and a precipitate that was only soluble in N,N-
dimethylformamide (DMF). A SC-XRD study of the DMF soluble material that was
recrystallized from DMF revealed the formation of [EtsN][Tp2*MozFesSs(u- CHn)3]
(4), an octanuclear FeS cluster that does not contain a s bridging atom (Fig. 5). This
cluster is notable due to the lack of synthetic alkyl FeS clusters in the literature,?023-26
especially those containing bridging carbon based ligands.??:28 Although the number
of hydrogen atoms on the bridging carbon ligands cannot be definitively determined
using SC-XRD, the formation of the monocation cluster 4 with loss of chloride
implies reductive chemistry must occur to form the cluster.

4 recrystallized from DMF is initially only slightly soluble in DMF and
MeCN, but in the solid state slowly becomes insoluble in DMF and more soluble in
MeCN, indicating decomposition and/or disproportionation of 4 over time. To
determine the identity of the new species formed, 4 was stirred in MeCN overnight
(Fig. 4) and the reaction mixture was diffused with Et2O resulting in the formation of
a mixture of dark block like crystals. A SC-XRD study of these crystals revealed 4

and a dicationic [EtaN]2[Tp2*Mo2FesSe(U-CHn)3] cluster (5) (Fig. 4 and 6).

o JINEt, H, H,
o rd AN /C\ _| [NEt,] . e/C\ _I INEt,],
\/\ N 50 H,CMgClI /s\/\ \' S\ / e \’ s\
B0 e ——— _—
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Figure 4: Synthesis of 4 and 5.
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Figure 5: Crystal structure of 4 with ellipsoids plotted at the 50% probability level. Solvent

and counter ions omitted for clarity.

Figure 6: Crystal structure of 5 with ellipsoids plotted at the 50% probability level. Solvent
and counter ions omitted for clarity.

Starting from 4, ligand substitution reactions of two of the CH,, bridges with
sulfides or thiolates were attempted, but isolation of the desired products was
unsuccessful (Fig.7). Instead formation of another CH, bridged cluster with a e-S
atom was observed via SC-XRD (Fig. 8). The stoichiometry of these reactions are not
balanced and the source of the pe-S atom is undetermined; however, this product can
also be made in higher yields starting from 1, using an excess of MeMgCl, and with
the addition of potassium phenylthiolate (KPh) (Fig. 7). In the case of this reaction, a
precipitate forms from the THF reaction mixture that is soluble in MeCN from which

6 is recrystallized using Et>O vapor diffusion.
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Figure 7: Synthesis of 6 from 1 or 4.

Figure 8: Crystal structure of 6 with ellipsoids plotted at the 50% probability level. Solvent

and counter ions omitted for clarity.

Searching the Cambridge Crystallographic Database for (u-CHn)Fe2 motifs,
there are a very limited number of complexes found of which the majority contain p-
CHyz, or methylidene bridges (7 hits),'°2°34 followed by p-CHs, or methyl bridges (3
hits)®21:3 and p-C, or carbide bridges (3 hits),?222¢ No hits were found for u-CH, or
methylidyne bridges, or for pu-CHa bridges. The ranges of bond lengths for each of

these types of complexes are listed in Table 1.
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Table 1: Ranges of bond lengths for (u-CHn)Fe2 motifs.

(u-CHn)Fez2Bridge Type p-C p-CH2 H-CH3

Range of C-Fe Bond Lengths = 1.683-1.692 1.916-2.041 @ 2.008 — 2.366
(A)
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Figure 9: Fe-CH, bond lengths in A for clusters 4-6 where the crystal structures of the Fes(u-

v

CHn)m core are shown. Ellipsoids are plotted at the 50% probability level.

Bond lengths of the Fe-CHy, bonds in clusters 4-6 are summarized in Fig. 9, all
of which are in the range of the Fe-C bond lengths for (u-CHs)Fe; literature
compounds. Comparing the similar clusters 4 and 5, cluster 4 has symmetric Fe-
(CHn)-Fe bonds, whereas 5 has asymmetric bonds that are on average slightly longer
than those of 4. In the case of 6, one set of Fe-(CHn)-Fe bonds are nearly symmetric
whereas the other set are asymmetric, although less so when compared to those of 5.
The distances between the two cubane halves of clusters 4-6 are summarized in Fig.
10 based on the Fe-Fe distances in the clusters. Cluster 5 is the most compact, despite

having longer Fe-CHx bonds than 4.
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Figure 10: Fe-Fe distances in A for clusters 4-6 where the crystal structures of the Fes(J-
CHn)m core are shown. Ellipsoids are plotted at the 50% probability level.

Unsurprisingly, 6 has the longest Fe-Fe distances, likely due to the presence of the
additional sulfide ligand in the center of the cluster. Compared to open faced trialkyl
MoFeS clusters 2 and 3, the Fe-C bond lengths of the bridging atoms in clusters 4-6
are longer, consistent with the shorter bond lengths of the terminal CHy, ligands of 6
compared to the bridging CHy, ligands as well as the crystal structure of Al.Mes

(Table 2).%7

Table 2: Fe-CHn bond lengths of terminal and bridging Fe-CHn clusters.

Cluster 2 3 4 5 6
Average Fe- | 2.006 2.01 2.159 2.175 2.183
CHn Bond

Length (A)

Range of Fe- | 1.991(2)— | 2.00(7)— | 2.133(5)— | 2.105(3)— | 2.163(0)
CHnBond  |2022(2) |201(9) |2199(8) |2.246(9) | 2.208(5)
Lengths (A)
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Definitive determination of the number of H atoms on the carbon bridges is
not possible using SC-XRD, but refinement of the structures of 4-6 without hydrogen
atoms modelled on the bridging and terminal CHn ligands indicate between 2 and 4
hydrogen atoms (Fig. S7). Reflux of 4 for 24 hours was performed to detect the
generation of any organic products that may be released upon reactions of the clusters
at higher temperatures that could give insight into the identity of the CHn ligands. The
!H-NMR spectrum of this reaction (Fig. S5 and 6) indicates the formation of methane.
Using an internal standard, the amount of 4 was reduced by 77% after refluxing in
CDsCN and the presence of new paramagnetic species are evident in the *H-NMR
spectrum (Fig. S5).

To further elucidate the number of hydrogen atoms on the CHy ligands,
deuterated analogues of clusters 4 and 6 (4-D and 6-D) were synthesized using
Mg(CD3): instead of CH3sMgCI (see experimental section). Then an excess of
Brookhart’s acid (HBAr") was added to the clusters that were suspended (4) or
dissolved (5) in CDsCN and the formation of organic products was tracked via *H-
NMR (Fig. 11-13). Formation of CDsH was detected in both cases suggesting the
presence of u-CHs bridges in clusters 4 and 6. Additionally, the generation of H. and
HD were detected suggesting the presence and/or formation of metal hydrides during
the protonation reactions.

Addition of excess DBAr" (66% deuterium incorporation) to proteo 4 and 6
was also performed as a complementary experiment to those described above (Fig.
11-13). Similar results were obtained, where CDH3z and CHa, likely due to incomplete

labelling of the DBArF, were detected as well as Hz and HD.
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CHD,

4-D + 10 HBAY* WL
CH,
4 +10 DBAI* Jﬂ'ﬁ

6-D + 10 HBArF

6 + 10 DBAr* ka¥—
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Figure 11: 'H-NMR spectra (CDsCN) of 4, 4-D, 6, and 6-D after reaction with HBAr or

DBAIrF indicating formation of methane.

4-D + 10 HBArf w

4 + 10 DBArF

Ha
6-D + 10 HBArf

6+10DBArf  HD HD HD

' 467 465 463 461 459 457 455 453 451 449 447 445 443 441 4
f1 (ppm)

Figure 12: 'H-NMR spectra (CDsCN) of 4, 4-D, 6, and 6-D after reaction with HBAr or
DBAr* indicating formation of H..

The electronic structures of clusters 4 and 6 were investigated using electron
paramagnetic resonance (EPR) and Mdssbauer spectroscopy. 6 is EPR silent
indicating an integer spin state. Assuming the terminal CH, ligands to be methyl
ligands based on the bond lengths and the labelling experiments described above, the
only possible assignments of the (CHn)2(1-CHn)2 ligands are (CH3)2(p-CHs)z,
(CH3)2(1-CH2)2, or (CHs)2(u-CH): indicating [MozFes]*®*, [MozFes]?°*, or
[Mo2zFes]?** oxidations states, respectively. Thus, the (CHs)2(1-CHzs)2 assignment is
consistent with the presented data. However, based on the observation of H, and HD
in the labelling experiments described above, further characterization is necessary to

confirm the proposed structural assignment of 6. Although the ligands of the Fe
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centers in clusters 4 and 6 differ significantly, the Mdssbauer data of each cluster (Fig.

13 and 14) suggest that the Fe centers of 6 are more reduced compared to those of 4.

6 =0.47 mm/s
A=0.74mm/s

-4 -2 0 2 4
Isomer Shift (mm/s)

Figure 13: Mdssbauer spectrum of 4. For fitting details see experimental section.

& =0.63mm/s
A=0.59mm/s

Isomer Shift (mm/s)

Figure 14: Mdssbauer spectrum of 6. For fitting details see experimental section.
Conclusion

The synthesis of three novel octanuclear FeS clusters containing bridging CH,
ligands has been accomplished. This cluster motif is unprecedented in the literature
and the release of organic products from the clusters at high temperatures and in the
presence of acid provides insight into the reactivity of such systems that have

relevance in biology as well as industrial processes. The reactivity studies and
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structural and electronic characterization of the clusters provide evidence for (u-
CHa)Fe> ligands and provide support for mechanistic proposals of N2 turnover by
FeMco where the central carbide ligand has a flexible binding mode and can
participate in proton transfers. Further studies are necessary to definitively determine
the identity of the carbon based bridging ligands and the overall cluster compositions.
Experimental

General Considerations

All reactions were performed at room temperature in an No-filled M. Braun glovebox
or using standard Schlenk techniques unless otherwise specified. Glassware was oven
dried at 140 °C for at least 2 h prior to use, and allowed to cool under vacuum. Sodium
tetrafluoroborate (NaBPhs) was purchased in an anhydrous form and dissolved in
acetonitrile (CHsCN) and dried over 3 A molecular sieves for 2 days before being
filtered over Celite and dried in vacuo. [EtaN]o[Tp*WFesSs(us-CI)Cls]*® (1) (Tp* =
tris(3,5-dimethyl-1-pyrazolyl)borate) and [EtsN]2[Tp*MoFesSs(us-Cl)Cls] (1-Mo)?®
were prepared according to literature procedures. Tetrahydrofuran (THF), diethyl ether
(Et20), benzene (CsHe), toluene, CH3CN, hexanes, and pentane were dried by sparging
with nitrogen for at least 15 minutes, then passing through a column of activated A2
alumina under positive N2 pressure and then degassed via several consecutive cycles of
active vacuum and agitation on the Schlenk line before use.*® Dimethylformamide was
purchased in an anhydrous form from MiliporeSigma@, cannula-transferred to an oven
dried Schlenk under N2, degassed via several consecutive cycles of active vacuum and
agitation on the Schlenk line, and then brought into the glovebox and dried over 3
A molecular sieves for 2 days before use. *H and *'P NMR spectra were recorded
on a Varian 400 MHz spectrometer. *H-NMR spectra in proteo solvents were recorded

on a Varian 400 MHz spectrometer using solvent suppression protocols. d8-THF,
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CD3CN, and C¢Ds, were purchased from Cambridge Isotope Laboratories, dried over
calcium hydride, degassed by three freeze-pump-thaw cycles, and vacuum transferred
prior to use. All other reagents were purchased from commercial sources in their
anhydrous forms and used without further purification.

Synthetic Procedures

Synthesis of [EtaN][Tp*WFesS3(CHa)s] (3-W). [EtaN]2[Tp*WFe3Ss(ps-Cl)Cls] (100
mg, 0.087 mmol) was measured into a scintillation vial and suspended in THF (6

mL). CH3zMgCl (0.09 ml of 3 M THF solution, 0.26 mmol) was added to the stirring
suspension dropwise at room temperature. The reaction suspension was allowed to stir
at room temperature for 48 h. The suspension was filtered over a Celite pad and then
dried in-vacuo. After trituration three times with Et20, the solids were washed with
Et>O and then CeHs until the filtrate was colorless. The desired product was extracted
into a minimum of THF and crystallization was set up with vapor diffusion of 2x

volume of Et20 to yield dark block like crystals and colorless block light crystals.

50 45 40 35 30 25 20 15 10 5 0 -5 -10  -15 20 25 -30 -35 40  -45
f1 (ppm)

Figure S1: *H-NMR spectrum of crystallization mixture containing
[ELN][Tp*WFesSs(CHs)s] (3-W).

Synthesis of [EtsN][Tp*MoFesS3(CHs)s] (3). 4-Mo was prepared in an analogous
manner to 4. [EtaN]2[Tp*MoFesSs(us-Cl)Cls] (100 mg, 0.095 mmol) was measured
into a scintillation vial and suspended in THF (6 mL). CHzMgCl (0.1 ml of 3 M
pentane solution, 0.29 mmol) was added to the stirring suspension dropwise at room

temperature.
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Figure S2: *H-NMR spectrum of crystallization mixture containing
[E4N][Tp*MoFesS3(CHs)3] (3).

Synthesis of [EtaN][Tp*2Moz2FesSs(1-CHn)3] (4). [EtaN]2[Tp*MoFesSs(ps-Cl)Cls]
(100 mg, 0.095 mmol) was measured into a scintillation vial and suspended in THF (6
mL). CH:MgCl (1.60 ml of 3 M pentane solution, 4.8 mmol) was added to the stirring
suspension dropwise at room temperature. The reaction suspension was allowed to stir
at room temperature for 48 h. The precipitate was collected on a frit and washed with
THF and then MeCN until the filtrate was colorless. The desired product was
extracted into a minimum of DMF and crystallization was set up with vapor diffusion
of 2x volume of Et,0 to yield 30 mg of dark needle like crystals (10% yield). NMR

(400 MHz, DMF): 6 -15.7 (br s) and -59 (s) ppm.

—-15.70
—-58.99

35 30 25 20 15 10 5 O -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70
f1 (ppm)

Figure S3: *H-NMR spectrum of [EtaN][Tp*2Mo2FesSs(U-CHn)s] in DMF.

Synthesis of [EtsN]2[Tp*2MozFesSs(p-CHn)s] (5). Crystals of 4 (20 mg, 0.013

mmol) were suspended in MeCN (2 mL) and stirred at room temperature for 24 h.
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The reaction was filtered and crystallization was set up with vapor diffusion of 2x
volume of Et>0 to yield dark block like crystals. The crystals were a mixture of 4 and
o.

Synthesis of [EtsN]2[Tp*2Mo2zFesSs(ps-S)(U-CHn)2(CHn)z] (6).
[EtaN]2[Tp*MoFesSa(ps-Cl)Cls] (100 mg, 0.095 mmol) was measured into a
scintillation vial and suspended in THF (6 mL). CHsMgCl (1.60 ml of 3 M pentane
solution, 4.8 mmol) and KSPh (43.3 mg, 0.29 mmol) were added to the stirring
suspension at room temperature. The reaction suspension was allowed to stir at room
temperature for 48 h. The precipitate was collected on a frit and washed with THF
until the filtrate was colorless. The desired product was extracted into a minimum of
MeCN and crystallization was set up with vapor diffusion of 2x volume of Et2O to
yield 10 mg of dark needle like crystals (3% yield). NMR (400 MHz, MeCN): 6 7.4

(S), -13.6 (br s) and -22.6 (s) ppm.

|

—7.42
—-13.62

—-22.55

|
o i ™ ) N/\n " JA‘\.‘
¥ y M u Ll
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25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 -40
f1 (ppm)

Figure S4: *H-NMR spectrum of [EtaN]2[ Tp*2Mo2FesSs(lis-S) (U-CHn)2(CHhn)2] in MeCN.
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NMR Experiments
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Figure S5: *H-NMR spectra of 4 before (top) and after (bottom) refluxing for 24 hours in

CDsCN with DMF used as an internal standard.

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure S6: *H-NMR spectrum of 4 after refluxing for 24 hours in CD3CN.
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Magnetometry

General

Magnetic measurements were conducted with a Quantum Design MPMS3 SQUID
Magnetometer at the University of California, Los Angeles. A polycrystalline sample
of 3 was wrapped in plastic film and placed in a gelatin capsule. The capsule was then
inserted into a plastic straw. Magnetization data at 100 K from 0 to 4 T were collected
to confirm the absence of ferromagnetic impurities. Direct current variable temperature
magnetic susceptibility measurements were collected between 1.8 and 300 K. Reduced
magnetization data was collected between 1.8 and 9 K at fields between 1 and 7 T.
Magnetic susceptibility data was corrected for diamagnetism of the sample, estimated
using Pascal’s constants. Magnetic susceptibility data was simulated with julX (Prof.

Eckhard Bill) and reduced magnetization data was simulated with PHI.
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Figure S9: Magnetic susceptibility of 4.
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Figure 10: Reduced magnetism of 4 at different fields.

Mdossbauer Measurements

General

Zero applied field >’Fe Mossbauer spectra were recorded at 80 K in constant
acceleration mode on a spectrometer from See Co (Edina, MN) equipped with an
SVT- S6 400 cryostat (Janis, Wilmington, WA). The isomer shifts are relative to the
centroid of an a-Fe foil signal at room temperature. Samples were prepared by mixing
polycrystalline material (20 mg) with boron nitride in a cup fitted with a screw cap.

The data were fit to Lorentzian lineshapes using WMOSS (www.wmoss.orq).

Isomer Shift (mm/s)


http://www.wmoss.org/
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w2 =0.57 3 (mm/s) AEq (mm/s)
Site 1 0.37 0.54
Site 2 0.58 0.54
Site 3 0.47 1.14
Average 0.47 0.74

Figure S7: Modssbauer spectrum of 4 using a 3 site fit.

-2 2 4
Isomer Shift (mm/s)
¥’ =0.57 & (mm/s) AEq (mm/s)
Site 1 (2/3) 0.63 0.47
Site 2 (1/3) 0.63 0.88
Average 0.63 0.59

Figure S8: Figure SX: Mdssbauer spectrum of 6 using a 2 site fit.

X-ray Crystallography Data

General

XRD data were collected at 100 K on a Bruker AXS D8 KAPPA or Bruker AXS D8

VENTURE diffractometer [microfocus sealed X-ray tube, (Mo Ka) = 0.71073 A or

MCu Ka) = 1.54178 A]. All manipulations, including data collection, integration, and
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scaling, were carried out using the Bruker APEX3 software.’* Absorption corrections
were applied using SADABS.’2 Structures were solved by direct methods using

XS(incorporated into SHELXTL),” Sir92’* or SUPERFLIP® and refined using full-
matrix least-squares on Olex27® to convergence. All non-H atoms were refined using
anisotropic displacement parameters. H atoms were placed in idealized positions and

refined using a riding model.

Crystal Structure Refinement Details
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Figure S7: Refinement of 4 (top), 5 (middle), and 6 (bottom) without hydrogen atoms

modelled showing electron density possibly corresponding to hydrogen atoms near the carbon

atoms. For the structures of 5 and 6, symmetry operations must be applied to the top two sets

of electron density peaks such that they are doubled.

Cluster 4 5 6

CCDC

Empirical formula CuHesBFesNeS3:M00 [Ca7H57BO1FeaN10SsMo|CasHaBFesNgSsMo
Formula weight 1065.50 1158.77 872.49
Temperature/K 100 100 100

Crystal system Monoclinic Monoclinic Orthorhombic
Space group Cl2/cl P121/n1l Pca?2l

a/A 20.5251(14) 10.6400(4) 19.7769(5)
b/A 17.8552(13) 39.9480(16) 20.2774(5)
c/A 22.0096(15) 17.9085(7) 19.0102(5)
0/° 90 90 90

B/° 113.776(3) 97.291(2) 90

ry/° 90 90 90
Volume/A3 7381.5(9) 7550.4(5) 7623.5(3)

V4 8 6 8

peaic/g cm3 1.918 1.529 1.520
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w/mm 13.969 13.762 13.387
F(000) 4424 3546 3575
Crystal size/mm? 0.04 x 0.04 x 0.16  |0.03 x 0.06 x 0.07 0.02 x 0.05 x 0.11
Radiation Cu Ka Cu Ko Cu Ka
Omax/® 72.588 72.310 72.475
-25<h<25 -13<h<13 -24<h<24
Index ranges -22<k<22 -49 <k <49 -24<k<25
26 <1< 27 -19<1< 21 -23 <1< 23
Reflections measured 53417 106755 106570
Independent reflections 9913 9907 9359
Restraints/Parameters 0/423 0/847 1/1255
GOF on F2 1.049 1.138 1.023
R-factor 0.0302 0.0962 0.0511
\Weighted R-factor 0.0684 0.2001 0.1188
Largest diff. peak/hole/e A (0.622/-0.696 3.302/-1.558 1.438/-1.493
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Abstract

FeS clusters are ubiquitous in biology and are central to a variety of enzymatic
processes. While much work has been done on the synthetic chemistry of FeS clusters
to model enzymatic systems, detailed characterization of such clusters to determine
electronic structures are lacking. Further, the ability to perform single point
modifications on a variety of components of synthetic FeS clusters has continued to
increase, thus providing additional clusters for spectroscopic benchmarking studies.
Described herein is the detailed characterization of an extensive set of MFeS cubane
clusters that provide information on the electronic structure and properties of this
cluster motif and how these are affected by alterations in M identity, ligand identity,

and oxidation state of the cluster.
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Introduction

FeS clusters are ubiquitous in biology serving a wide variety of roles in
catalysis, electron transfer, Fe storage and transport, oxygen binding, and protein
structural stabilization.1? Enzymatic FeS clusters vary in cluster topology, terminal
ligands, and heterometal incorporation, which all affect electronic and therefore
functional properties of the clusters.>* Synthetic inorganic chemists have long sought
to model such clusters in order to create more easily tunable systems that can be
systematically studied using molecular characterization techniques and provide
benchmarking for spectroscopy of complex enzymatic systems.>® An impressive
number of synthetic FeS clusters have been developed in the literature with methods
for substituting terminal ligands and incorporating heterometals.>’ More recently,
Holm and Chen and others have developed routes for systematically incorporating
bridging atoms into MFeS (M = Mo and W) clusters using various terminal ligands.®-
13 The ability to vary the M atom, the (ps-L)Fes bridging atom, the terminal atoms, and
the oxidation states of the clusters presents an opportunity to systematically develop a
family of MFeS clusters for ideal structure property studies. These clusters are directly
relevant to the co-factors of nitrogense enzymes, FeMco, and carbon monoxide
dehyrogenases (CODH) (Fig. 1) that contain heterometals and bridging ligands other
than sulfides.}*> During turnover the nitrogenase and CODH clusters adopt different
redox states and bind non-sulfurous substrates. Thus, an understanding of how
heterometals, bridging ligands, and terminal ligands affect cluster structural and
electronic properties is important for answering outstanding mechanistic questions and
analyzing current spectroscopic characterization data.

Herein, electrochemical, Mdssbauer, EPR, and magnetism data is presented for

a family of MFeS clusters to gain insight into the effects of various structural
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components on the structural and electronic properties of the clusters. This study
provides important benchmarking data for synthetic and biological FeS clusters using

a system of tunable MFeS clusters.

S S(Cys)
(Cys)S S
Q s-Fé Fe-s ve N
\/ /X s\ Yo l OH
o-—|v|o \Fe / Fe—sS / .Fe\ /
His, \ / Fe FE\ / S=—Fe-0g g icys)
s S(Cys) .
S(Cys) N(HIS)
FeMoco NiCODH

Figure 1: Structures of the FeMoco and NiCODH co-factors.
Results and Discussion

Holm and others have done an impressive amount of synthetic work to
synthesize a large variety of [TpMFesSs(us-S)Ls]" cubane clusters®®*® (Fig. 2, Y = S)
as well as to characterize these clusters using Mdossbauer and electrochemical
techniques.'® 312 EPR and magnetism data has also been collected on some of these
clusters, although these types of characterization are more limited.*>%1° Provided in
Tables 5 and 7 are M0ssbauer parameters, spin states, and reduction potentials of
literature MFeS cubane clusters.

In the simplest form, °’Fe Mdssbauer spectra consist of quadrupole doublets and
are described by the isomer shift (5; mm/s), the center value of the quadrupole doublet,
and the quadrupole splitting (AEq; mm/s), the difference between the values of the two
components of the quadrupole doublet.?* The isomer shift is indicative of the s-electron
density at the Fe center and is sensitive to the covalency of the Fe-ligand bonds, the
type and number of ligands of the Fe center, and the oxidation and spin state of the Fe
center. Generally speaking, the isomer shift increases with more reduced and higher
spin Fe centers and decreased covalency of the Fe-L bond resulting from the presence

of hard versus soft ligands and/or increased coordination number around Fe. The
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quadrupole splitting reflects the electric field around an °’Fe center or, more generally,
the population of the d-orbitals and the symmetry of the ligand charges around the Fe
center. The sensitivity of & and AEqto a number of factors indicate the importance of
limiting the number of differences between complexes in comparative studies of
Mdossbauer parameters. The study of Fe centers in multi-metallic complexes is further
complicated by coupling interactions between the Fe atoms, which affect the overall
spin state of the cluster.?>2® Complementary use of EPR and magnetism are thus helpful
in understanding Mdssbauer parameters. The Mdssbauer parameters of FeS clusters are
well understood and can provide diagnostic information about the oxidation state and
ligand coordination of the Fe centers based on isomer shift and thus overall cluster
electronic structure.?®

MFeS clusters with alternate bridging ligands are not as well understood in
terms of how alterations in structure affect Mdssbauer parameters. However, tunability
of synthetic [TpMFesS3(us-Y)Ls]" clusters has been demonstrated and an increasing
number of synthetic compounds provide the opportunity to understand the effects of
single components of the cluster on cluster properties, which are described below. In
discussions below average isomer shifts are used because of difficulties in resolving
Mdossbauer parameters for single Fe centers in MFeS clusters. Isomer shifts could
certainly be affected by changes in the oxidation states of the M center, but this has not
been demonstrated in the literature and so other proposals are discussed. Further
characterization of the described clusters, including XAS, are needed to determine the
relative oxidation states of the metal centers in the clusters discussed. Increased
oxidation state of the M center is expected to cause decreases in the observed isomer

shifts of the clusters.
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One Electron Redox Events

In [4Fe-4S]" clusters the average change in isomer shift resulting from a one
electron redox event is 0.09 mm/s, where there are four Fe centers that can participate
in electron delocalization.?’ It should be mentioned, though, that addition of one
electron to [4Fe-4S]" clusters can result in changes of isomer shifts from 0.07 mm/s to
0.14 mm/s.”?® In [TpMFesSs(Us-Y)Ls]" cubane clusters it can be seen that one electron
redox events result in a 0.12 mm/s average change in the isomer shift, with a 0.08 —
0.14 mm/s range in reported values. This is true in clusters where L = Cl across different
metals (M = Mo, V, or W) and S or CSiMe3z bridging ligands. One exception is in
[TpMFesSa(us-S)(CN)a]" clusters, where the change in isomer shift is 0.08 mm/s upon
a one electron redox event, perhaps due to the pi accepting nature of the CN ligands.?*
Comparing the bond lengths of MoFeS clusters with terminal CN versus Cl ligands, the
Fe-L bond lengths are considerably shorter while the other bond metrics are similar
(Table 1).18° Compared to the cluster with Y = S and L = Cl, the redox features of the
L = CN cluster are positively shifted by about 500 mV. Both the bond metrics and the
redox behavior of the L = CN cluster indicate a stronger interaction with the terminal
ligands compared to the Cl case and thus greater possible electron delocalization onto
the terminal ligands that could be responsible for the lower change in isomer shift upon
a one electron redox event.?* Studies on clusters with alternate terminal and bridging
ligands are required to determine the possible ranges of changes in isomer shift per one

electron redox event in various MFeS clusters.
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Table 1: Bond Lengths and Distances (A)
M = Mo M=Mo |M=Mo
Y=S Y=S Y = CSiMes
L=Cl L=CN L=Cl
n=2- n=2- n=2-
M-S 2.368 2.36 2.370
Fe-S 2.282 2.26 2.273
Fe-Y N/A N/A 1.918
Fe-L 2.54 2.02 2.255
Fe-Fe 2.719 2.64 2.510
distance

Identity of Heterometal M

Nitrogenase enzymes implement three different metals in the different FeMco
clusters (M =V, Mo, or Fe), which impart different substrate reactivities and product
distributions.?®2° In [TpMFesSs(us-Y)Ls]" clusters substitution of V to Mo to W causes
the isomer shift to change by about 0.04 mm/s across clusters with different terminal
ligands, different bridging ligands, and different overall cluster charges. In the case of
Y =S, L=F, and n = 2 the difference between W and Mo clusters is 0.09 mm/s,
indicating a greater influence of the heterometal on the electronic structure of the Fe
centers. Another interesting case is comparing clusters with Y = CSiMes, where the
change in isomer shift between Mo and W is nearly 0 mm/s indicating a similar
influence of Mo and W on the electronic structure of the Fe centers. Comparing the
changes in bond metrics of the L = F and Y = CSiMe3 clusters as a result of changing
M to those of other clusters (Tables 2a-2¢)!%20:27303% jndicate no significant differences.
Comparisons of redox potentials do not provide any insights either and further
characterization of these clusters is necessary to explain the differences in Mdssbauer

properties.



106

Table 2a: Bond Lengths and Distances (A)
M=Mo |M=V M=Mo M=V M = Mo M=W
Y=S Y=S Y=S Y=S Y =CSiMes | Y =CSiMes
L=Cl L=Cl L=F L=F L=Cl L=Cl
n=2- n=2- n=2- n=2- n=1- n=1-
M-S 2.355 2.302 2.367 2.354 2.363 2.351
Fe-S 2.263 2.251 2.310 2.287 2.228 2.238
Fe-Y N/A N/A N/A N/A 1.905 1.910
Fe-L 2.232 2.232 1.862 1.853 2.209 2.213
Fe-Fe 2.688 2.670 2.706 2.727 2.524 2.545
distance
Table 2b: Bond Lengths and Distances (A)
M=Mo |M=W |M=Mo M=W | M=Mo M=W
Y=S Y=S Y=S Y=S Y=Cl Y=Cl
L=Cl L=Cl L=BAC | L=BAC | L=Cl L=Cl
n=1- n=1- n=1+ n=1+ n=2- n=2-
M-S 2.343 2.345 2.369 2.355 2.389 2.378
Fe-S 2.264 2.272 2.265 2.272 2.336 2.270
Fe-Y N/A N/A N/A N/A 2.443 2.495
Fe-L 2.189 2.216 2.025 2.039 2.273 2.284
Fe-Fe 2.719 2.692 2.657 2.642 2.641 2.618
distance
Table 2¢: Bond Lengths and Distances (A)
M = Mo M=W M=Mo [M=V M=Mo |[M=V
Y = Carbyne | Y=Carbyne | Y=S Y=S Y=S Y=S
L=BAC L=BAC L=CN |L=CN L=PEts | L=PEt;
n=_0 n=_0 n=2- n=2- n=1+ n=1+
M-S 2.378 2.365 2.356 2.335 2.369 2.346
Fe-S 2.257 2.270 2.259 2.261 2.224 2.240
Fe-Y 1.949 1.949 N/A N/A N/A N/A
Fe-L 2.009 1.994 2.016 2.035 2.309 2.377
Fe-Fe 2.507 2.506 2.637 2.646 2.585 2.607
distance
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Identities of Terminal Ligands

Changes in the terminal ligands can result in significant alterations of the isomer
shift in [TpMFesSs(ps-Y)Ls]" clusters. In clusters with bridging sulfides, the isomer
shift can range from 0.52 — 0.63 mm/s in clusters with the same overall cluster and
metal core (MFe3) charge, with stronger field ligands expectedly resulting in lower
isomer shifts.?* The range is even larger if one considers clusters with the same metal
core charge, but different overall complex charge (0.34 — 0.63 mm/s), where ligand
charge and overall complex charge likely play a role. Comparing bond lengths between
clusters with lower versus higher isomer shifts, the only clear trend seems to be that
decreased isomer shifts resulting from terminal ligand substitution seems to correlate
with shorter Fe-Fe bonds (Table 3a and 3b). Generally, decreases in isomer shifts are
accompanied by negative shifts in redox potentials, except for in the case of N3 versus
CN where the trend is opposite. This perhaps seems counter intuitive considering that
decreased isomer shifts would indicate more oxidized Fe centers, which should be

easier to reduce.

Table 3a: Bond Lengths and Distances (A)

M = Mo M = Mo M = Mo M=Mo ( M=Mo | M=Mo | M=Mo

Y=S Y=S Y=S Y=S Y=S Y=S Y=S

L=Cl L=SEt L=Cl L=F L=CN L=SPh | L=PEt;3

n=1- n=1- n=2- n=2- n=2- n=2- n=1+
M-S 2.343 2.354 2.368 2.367 2.356 2.367 2.369
Fe-S 2.264 2.263 2.282 2.310 2.259 2.280 2.224
Fe-L 2.189 2.231 2.254 1.862 2.016 2.276 2.309
Fe-Fe 2.719 2.688 2.719 2.706 2.637 2.693 2.585

distance




Table 3b: Bond Lengths and Distances (A)

M=V M=V M=V M=V M=V

Y=S Y=S Y=S Y= Y=S

L=Cl L=F L=CN L= L=PEt;

n=2- n=2- n=2- n= n=1+
M-S 2.302 2.354 2.335 2.349 2.346
Fe-S 2.251 2.287 2.261 2.278 2.240
Fe-L 2.232 1.853 2.035 1.970 2.377
Fe-Fe 2.670 2.727 2.646 2.695 2.607

distance

Identity of Bridging Ligand
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Comparison of isomer shifts between [TpMFesSs(us-Y)Ls]" clusters with

varying bridging ligands Y, but with [MFe3]™ cores of the same oxidation state show a

range of values. Within W clusters that contain terminal BAC ligands, the values range

from 0.30 mm/s (u3-N) to 0.49 and 0.50 mm/s for the isoelectronic pz-NSiMesz and pa-

S ligands, respectively. In W and Mo clusters with terminal Cl ligands, clusters with

[MFes]** cores show only a 0.02 mm/s difference between pz-S and ps-CSiMes

bridging ligands. Comparing the bond metrics and the redox potentials between the

clusters, there is no clear trend to account for the differences in isomer shifts.

Table 4a: Bond Lengths and Distances ( A)

M = Mo M = Mo M=W M=W
Y=S Y=CSiMes | Y=S Y = CSiMe3
L=Cl L=Cl L=Cl L=Cl
n=1- n=2- n=1- n=2-
M-S 2.343 2.363 2.345 2.351
Fe-S 2.264 2.228 2.272 2.238
Fe-Y N/A 1.905 N/A 1.910
Fe-L 2.189 2.209 2.216 2.213
Fe-Fe 2.719 2.524 2.692 2.545
distance
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Table 4b: Bond Lengths and Distances (A)
M=W M=W M=W M=W
Y=N Y=S Y =NSiMes | Y=Carbyne
L=BAC L=BAC L=BAC L=BAC
n=_0 n=1+ n=1+ n=_0
M-S 2.359 2.355 2.356 2.365
Fe-S 2.244 2.272 2.281 2.270
Fe-Y 1.849 2.275 1.949 1.949
Fe-L 1.989 2.039 2.047 1.994
Fe-Fe 2.503 2.642 2.574 2.506
distance
n
/ :
S —Fe
/s \
Tp* M F

\/'Fe

X

Figure 2: Cubane cluster of the type [TpMFesSs(Us-Y)Xs]".

Table 5: Average Mossbauer parameters and spin states of literature

[TpMFesSs(us-S)Ls]" cubane clusters

Cluster [MFes]™ | & A Spin References
(mm/s) | (mml/s) State

[TpMoFesSa(PEts)2(Ns)] 10+ 0.44 133 2 17

[TpMoFesSsCls]* 11+ 0.49 0.77 3/2 1819

[TpMoFesSsCls]? 10+ 061 | 091

[TpMoFesSa(SEt)s]™ 11+ 039 | 1.02

[TpMoFesSaF3]% 10+ 063 | 1.28

[TpMoFesSa(SPh)s]* 10+ 052 | 1.28

[TpMoFesS4(CN)s]* 10+ 0.47 | 1.46

[TpMoFesSa(PEts)s]** 10+ 034 | 1.69
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[TpMoFesSe(CN)s* 9+ 055 | 2.31
[TpVFesSaCls]™ 11+ 043 | 119 | 3/2g=2, |9%
D =23
cm?, E/D
=0.33
[TpVFesSsCls]* 10+ 0.55 1.12 0 16
[TpVFesSsFs)> 10+ 054 | 1.10 20
[TpVFesSa(Na)s]? 10+ 056 | 1.28
[TpVFesSa(CN)s]? 10+ 042 | 1.10
[TpVFesSa(PEt)s]** 10+ 0.38 1.02 | 32(g=2,|*%*
D=111
cm?, E/D
= 0.24)
[TpMoFesSeSs(PEts)s]'* 10+ 0.51 21
[TpMoFesSeSaCls]™ 11+ 052 | 096
[TpMoFesSeSa(SEt)s]™ 11+ 0.44 | 127

Table 6: Average Mdossbauer parameters and spin states of [TpMFesSs(Js-
X)L3s]" cubane clusters. NHC = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene

(‘PraMe2NHC)

Cluster [MFes]™ | & (mm/s) | A (mm/s) Spin
State

[Tp*WFesSa(us- 12+ 0.34 0.62 0

CSiMes)(Cl)s]*

[Tp*WFesSa(js- 11+ 0.48 0.86 312

CSiMes)(Cl)3]*

[Tp*MoFesSs(ps- 12+ 0.34 0.61 0

CSiMes)(Cl)s]*

[Tp*MoFesSs(ps- 11+ 0.47 0.92 3/2

CSiMes)(Cl)s]*
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[Tp*WFesSa(us- 10+ 0.52 1.10
NPPhs)(Cl)s]*

[Tp*WFesSs(us-S)(BAC)s]™* 10+ 0.50 1.22
[Tp*WFesSs(us-N)(BAC)3] 10+ 0.30 1.82
[Tp*WFesSa(us- 10+ 0.49 1.37 2
NSiMes)(BAC)s]**

[Tp*WFesSa(us- 10+ 0.39 1.02
NSiMes)(NHC)s]**

[Tp*WFesSa(us- 11+ 0.38 1.26
carbyne)(BAC).]

[Tp*MoFesSa(us- 11+ 0.34 1.14
carbyne)(BAC):]

[Tp*MoFesSa(us- 10+ 0.45 1.22
S)(BAC)s]*

[Tp*MoFesSa(us- 8+ 0.35 1.48
CO)(BAC)s]*

[Tp*WFesS3(us-Cl)Cls]> 9+ 0.63 1.15 92
[Tp*MoFesSs(us-Cl)Cls]* o+ 0.59 1.28 9/2
[Tp*WFesSs(CH2SiMes)s]* 9+ 0.35 1.83 9/2
[Tp*MoFesS3(CH2SiMes)s]* 9+ 0.29 1.36 9/2
[Tp*WFesSs(BAC)s]'* 8+ 0.42 1.04
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Table 7: Reduction potentials vs. SCE of literature [TpMFesSs(us-S)Ls3]" cubane

clusters in MeCN

Cluster 10+/9+ 11+/10 | 12+/11 | Differenc | Referenc
(V) +(V) |+ e e
[TpVFesSa(SPh)s]* -1.50 -0.41 1.09 7
[TpVFesSa(SH)s]* -1.56 -0.37 1.19
[TpVFesS4Cls]* -1.40 -0.11 1.29 &
[TpVFesSaFs)* -1.57 -0.25 1.32
[TpVFesSa(N3)3]* -1.29 -0.11 1.18 20
[TpVFesSa(CN)s]> 118 -0.04 114
[TpMoFesSsCla]™ -1.64 057 1.08 18
[TpMoFesS4(SEt)s]* -0.96
[TpMoFesSsFs]* -1.87 -0.73 1.14
[TpMoFesS4(SPh)s]* -1.76 -0.69 1.18
[TpMoFesS4(CN)3]* -1.49 -0.23 1.26
[TpMoFesSs(PEts)s]** | -0.79
[TpMoFesSeSs(PEts)s]! | -0.89 7T
[TpMoFesSeSsCls]t -1.64 -0.69 0.95
[TpMoFesSeSs(SEt)s]! | -1.92 -1.10 0.82
[Tp*WFesSs(Hs- -1.88 -2.42 0.54 23
NSiMes)(Cl)s]“
[Tp*WFesSa(us- -0.95 -2.12 1.16

NSiMes)(SEt)s]*
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[Tp*WFesSa(us- -0.93 -2.09 1.15
NSiMes)(SMe)z]*

[Tp*WFesSs(us- -0.73 -1.85 1.12
NSiMes)(SPTol)z]*

[Tp*WFesSa(s- -0.75 -1.87 1.12
NSiMes)(SPh)s]*

[Tp*WFesSs(us- -0.85 -1.77 0.92
NSiMe3)(N3)3]*

[Tp*WFesSs(us- -1.28 -2.42 1.15
NSiMes)(NHCMe)3] 1+

Table 8: Reduction potentials vs. Fc/Fc* of [TpMFesSs(us-X)Ls]" clusters in

MeCN

Cluster 9+/8+ | 10+/9 | 11+/10 | 12+/11 | 13+/12 | Difference
+ + + +

[Tp*WFesSa(us- -2.82 -1.75 1.70

carbyne)(BAC).]

[Tp*MoFesSs(us- -2.75 -1.69 1.60

carbyne)(BAC)2]

[Tp*WFesSa(us- -2.30 |-1.10 1.20

NSiMes)(BAC)s]*

[Tp*WFesSa(us- -2.13 | -1.35 0.78

NSiMes)(NHC)s]*
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[Tp*WFesSa(us- -2.10 |-0.90 1.20

N)(BAC)3]

[Tp*WFesSa(us- -1.13 -0.65 0.48

S)(Cl)s]*

[Tp*MoFesSs(us- -0.55

S)(Cl)a]*

[Tp*WFeaSs(Ha- -1.83 |-0.62 121

S)(BAC)s]**

[Tp*MoFesSs(ps- 181 |-071

S)(BAC)s]**

[Tp*WFeaSs(Ha- 182 |-0.62 1.20

S)(NHC)s]*

[Tp*W(us- -1.23 | -0.22 1.01

NPPhs)(NHC)s]?*

[Tp*WFesSs(CH2Si | -0.97 | 0.59 156

Mes)s]*

[Tp*WFesS3(BAC) | -1.10 1.15

3]+ (-2.25)

[Tp*WFesSa(us- -2.82 -1.59 0.90

CSiMes)(Cl)3]*

Spin States
Spin states of [TpMFesS3(ps-S)Ls]" are generally lacking in the literature, but
electronic configurations of clusters with known values can be proposed (Fig. 3; see

Chapter I1). Clusters
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Figure 3: Proposed electronic structures of cubane clusters.

with [MFes]'!* cores, terminal chloride ligands, and M =

states with either ps-S and ps-CSiMes bridging ligands.

Mo or W exhibit S = 3/2 spin

This can be explained based on

a similar electronic structure to that proposed in FeMoco where two Fe?°* centers with

a delocalized electron are antiferromagnetically coupled to the Fe®*" center and W**

center that is in a non-Hund electron configuration.?® Clusters with [MFes]'°* cores (M

= Mo or W) can have the same spin states of S = 2 with differing terminal and bridging

ligands and with M in a non-Hund electron configuration, which is an electronic

configuration proposed for the E; state of FeMoco.?® Clusters with [MFes]®* cores (M

= Mo or W) exhibit spin states of 9/2 whether there is a bridging ligand or not. In these
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cases, the M atom would need to be in a Hund electron configuration and
antiferromagnetically coupled to each of the ferrous Fe centers. This type of coupling
has also been observed in all ferrous [4Fe-4S] clusters, where three Fe centers are
antiferromagnetically coupled to the final Fe center.32® In all cases, the same spin
states are exhibited for clusters with fairly different isomer shifts, up to 0.30 mm/s in
one case, which could be a consequence of different relative Fe oxidation states and/or
different ligands.

In the case of V containing clusters, different spin states are achieved for the
same core VFes oxidation states because V is a ds metal. With [VFes]'®* cores, a spin
state of S = 3/2 is observed with clusters containing bridging sulfide ligands and
chloride or phosphine terminal ligands. The electronic coupling to describe this spin
state is similar to that for clusters containing [MFes]*!* cores (M = Mo or W) and has
been proposed for one state of VFeco.?® The isomer shifts are 0.38 mm/s and 0.55 mm/s,
likely due to differences in terminal ligands, but still exhibit the same spin state. In the
case of a [VFes]''" core, an interesting spin state of S = 0 is observed, which cannot be
explained by the simplistic coupling scheme shown in Fig. 3, even if the V is reduced
to V2* and the Fe?* center is oxidized to Fe**. An alternate explanation is that the Fe
centers are in an intermediate spin state due to a non-tetrahedral d-splitting. However,
there is not precedence for this in the FeS cluster literature for clusters with bridging
sulfide ligands (see Chapter I1).%® A final explanation is that there is significant double
exchange interactions between the metal centers that results in intermediate spin
states.®” Similar explanations are proposed for the carbyne bridged clusters with a

[MFes]*?* core (M = Mo or W).
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Redox Properties

Substitutions of anionic terminal ligands or the M atom seem to have minimal
effects on the reduction potentials of the [TpMFesS3(us-S)Ls]" clusters. However,
substituting anionic terminal ligands for neutral ligands has much larger effects, as can
be seen from the 850 mV negative shift of the 10*/9" redox couple of [TpMoFesSa(3-
S)Cls]* compared to [TpMoFesSs(Us-S)(PEt)s]t*. The separation of the redox features
of the [TpMFesSa(us-S)Ls]" clusters is generally similar across different M atoms and
terminal ligands. In the case of [TpMFesSa(us-Se)ls]” clusters, this separation
decreases indicating a different electron delocalization in the case of S versus Se
bridging ligands. Listed in Table 7 are a number of reduction potentials for
[TpMFesSsa(us-Y)Ls]" clusters. Some have been reported previously, while others
represent new compounds. These clusters represent a new class of compounds where
the effects of the bridging atom can be probed. Indeed, it can be seen that Y can have a
large impact on redox potentials.

Conclusion

Presented here are new electrochemical and Mdssbauer data for TpMFezSa(Us-
Y)Xs clusters that present new information into how different cluster components
affect electronic properties of clusters. This data indicates that caution should be taken
in assigning the oxidation states of Fe centers in such clusters using Mdssbauer data
because large variations in parameters can result from changes in M, Y, and X
identity. More detailed studies, such as XANES, SQUID, and EPR will be necessary
to rigorously determine the electronic structures and oxidation states of the metal

centers in these clusters.
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Experimental

General Considerations

All reactions were performed at room temperature in an No-filled M. Braun glovebox
or using standard Schlenk techniques unless otherwise specified. Glassware was oven
dried at 140 °C for at least 2 h prior to use, and allowed to cool under vacuum.
Sodium tetrafluoroborate (NaBPhs) was purchased in an anhydrous form and
dissolved in acetonitrile (CH3CN) and dried over 3 A molecular sieves for 2 days
before being filtered over Celite and dried in vacuo. [EtsN]2[Tp*WFesSs(us-Cl)Cls]°
(Tp* = tris(3,5-dimethyl-1-pyrazolyl)borate), [EtaN]2[Tp*MoFesSs(us-Cl)Cls], 2
[EtaN][Tp*WFesSa(ps-CSiMes)(Cl)3], [EtaN][Tp*MoFesSs(us-CSiMes)(Cl)z],
[EtsN]2[Tp*WFesSa(ps-CSiMes)(Cl)3], [EtaN]2[Tp*MoFesS3(us-CSiMes)(Cl)s],
[Tp*WFesS3(us-S)(BAC)3][BPha], [Tp*MoFesSa(us-S)(BAC)s][BPh4],
Tp*WFesSs(us-N)(BAC)s, [Tp*WFesSs(us-NSiMes)(BAC)s][BPhs], Tp*WFesSs(us-
carbyne)(BAC)2, Tp*MoFesSs(us-carbyne)(BAC)2 [EtaN][Tp*WFesS3(CH2SiMes)s],
[EtaN][Tp*MoFesS3(CH2SiMes)s], and [Tp*WFesS3(BAC)3][BPh4] were prepared
according to literature procedures.'>*3 Tetrahydrofuran (THF), diethyl ether (Et,0),
benzene (CeHs), toluene, CH3CN, hexanes, and pentane were dried by sparging with
nitrogen for at least 15 minutes, then passing through a column of activated A2
alumina under positive N2 pressure and then degassed via several consecutive cycles
of active vacuum and agitation on the Schlenk line before use.® Dimethylformamide
was purchased in an anhydrous form from MiliporeSigma@, cannula-transferred to an
oven dried Schlenk under N2, degassed via several consecutive cycles of active
vacuum and agitation on the Schlenk line, and then brought into the glovebox and
dried over 3 A molecular sieves for 2 days before use.'H and 3P NMR spectra

were recorded on a Varian 400 MHz spectrometer. *H-NMR spectra in proteo
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solvents were recorded on a Varian 400 MHz spectrometer using solvent suppression
protocols. d8-THF, CDsCN, and C¢Ds, were purchased from Cambridge Isotope
Laboratories, dried over calcium hydride, degassed by three freeze-pump-thaw cycles,
and vacuum transferred prior to use. All other reagents were purchased from

commercial sources in their anhydrous forms and used without further purification.

Synthetic Procedures

Synthesis of [Tp*WFesS3(‘Pr.Me2NHC)3][BPh4].
[Tp*WFesS3(‘PraMe2NHC)s][BPha] was synthesized following the synthetic
procedure to synthesize [Tp*WFesSs(BAC)s][BPh4].1? Crystallization yielded dark

block like crystals.

y

T T — T T T — T T —— i i —— ; ; T —— T T —— T T T
40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 0 -2 -4 -6 -8 -10 -12 -14 -l
f1 (ppm)

Figure S1: *H-NMR spectrum of [Tp*WFe3S3(‘Pr2Me2NHC)3][BPha] in THF.

Synthesis of [Tp*WFesS3(us-NSiMes)('PrMe2NHC)3][BPhs]. [Tp*WFesSa(us-
NSiMes)('Pr.Me2NHC)3][BPha] was synthesized following the synthetic procedure to
synthesize [Tp*WFesS3(us-NSiMes)(BAC)s][BPh4].2  Crystallization yielded dark

block like crystals.
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Figure S2: *H-NMR spectrum of [Tp*WFe3S3(us-NSiMes)(ProMe:NHC);][BPh,] in THF.
Synthesis of [Tp*WFesS3(uz-S)(PrMe2NHC)3][BPhs].  [Tp*WFesSa(us-S)(
'ProMez2NHC)3][BPhs] was synthesized following the synthetic procedure to
synthesize [Tp*WFesSs(us-S)(BAC)s][BPhs].1? Crystallization yielded dark needle

like crystals.

f1 (ppm)

Figure S3: *H-NMR spectrum of [Tp*WFe3Ss(us-S)(‘PrMe,NHC);][BPh,] in CD3CN.

Synthesis of [EtsN][Tp*W(us-NPPh3)Cls]. [EtsN]o[Tp*WFesS3(us-CI)Cls] was
dissolved in MeCN and the solution was frozen. An MeCN solution of HNPPh3 was
added dropwise to a thawing solution of [EtaN]o[Tp*WFesSs(us-Cl)Cls] and the
reaction was stirred at -78 °C 1 h and then at room temperature for 24 h. The reaction
mixture was filtered and the solvent was then evaporated under vacuum. The solid was
washed with pentane, Et,O, and CsHp until the filtrates were colorless. The product was
extracted into THF and crystallizations were set up with vapor diffusion of a 1:1

mixture of pentane:Et.0.
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Figure S4: *H-NMR spectrum of [EtsN][Tp*W(us-NPPh3)Cls] in CDsCN.

Synthesis  of  [Tp*W(u3-NPPh3)((PrapMe2NHC)3][PFe]2.  [EtsN][Tp*W/(us-
NPPhz3)Cls] was dissolved in THF and frozen. NaPFs was added to the thawing reaction
solution until the reaction was completely thawed and then the reaction suspension was
refrozen. A THF solution of 'Pr,Me,NHC was added dropwise to the thawing reaction
suspension. The reaction was then allowed to stir at -78 °C for 5 h. The reaction
suspension was filtered and the solvent evaporated under vacuum. The solid was
washed with pentane, Et.O, and CeHs until the filtrates were colorless. The product was

extracted into THF and crystallizations were set up with vapor diffusion of Et,0.

T T T T T T T T T T T T T T T
45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25
f1 (ppm)

Figure S5: *H-NMR spectrum of [Tp*W(us-NPPhs)(Pr.Me,NHC);][PFs]. in THF.
Electrochemistry Data

General

Cyclic voltammetry experiments were performed with a Pine Instrument Company
AFCBP1 biopotentiostat with the AfterMathsoftware package. All measurements were

performed in a three-electrode cell, which consisted of glassy carbon (working; e= 3.0
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mm), Ag wire (reference), and bare Pt wire (counter), in a N>-filled MBraun glovebox
at room temperature. Dry CH3CN or DMF that contained ~0.2 M [BusN][PFe] was
used as the electrolyte solution. Redox potentials are reported relative to the
ferrocene/ferrocenium redox wave (Fc/Fc*;ferrocene added as an internal
standard).The open circuit potential was measured prior to each voltammogram being
collected. VVoltammograms were scanned reductively in order to minimize the oxidative

damage that was frequently observed on scanning more oxidatively.

-1.65 -1.15 -0.65 -0.15 0.35
Potential (V v. Fc/Fc*)

Figure S6: Cyclic voltammogram of [Tp*W(us-NPPh3)(Pr.Me,NHC)3][PFe]..
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-2.4 -1.9 -1.4 -0.9 -0.4
Potential (V v. Fc/Fc*)

Figure S7: Cyclic voltammogram of [Tp*WFe3Ss(us-S)(‘Pr.Me,NHC);][BPh.].

-2.6 -2.1 -1.6 -1.1 -0.6
Potential (V v. Fc/Fc*)

Figure S8: Cyclic voltammogram of [Tp*WFe3Ss(us-NSiMes)('Pr.Me;NHC);][BPh,].
Mdssbauer Measurements

General

Zero applied field °"Fe Mossbauer spectra were recorded at 80 K in constant
acceleration mode on a spectrometer from See Co (Edina, MN) equipped with an
SVT- S6 400 cryostat (Janis, Wilmington, WA). The isomer shifts are relative to the

centroid of an a-Fe foil signal at room temperature. Samples were prepared by mixing
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polycrystalline material (20 mg) with boron nitride in a cup fitted with a screw cap.

The data were fit to Lorentzian lineshapes using WMOSS (www.wmoss.org).

-4 -2 0 2 4
6 (mm/s)
o (mm/s) AEq (mm/s) a Relative
Fraction
Site 1 0.50 0.85 0.9 1/3
Site 2 0.53 1.31 2/3
Average 0.52 1.10

Figure S9: Mdssbauer spectrum of [EtsN] [Tp*W(us-NPPh3)Cls] showing fit. Parameters are

shown in table. Black circles are raw data.


http://www.wmoss.org/

-4 2
Velacity (mm/s)
8 (mm/s) AEq (mm/s) v
Fit 0.50 1.22 0.58
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Figure S10: Mdssbauer spectrum of [Tp*W/(us-S)(BAC)s][PFs] showing fit. Parameters are

shown in table. Black circles are raw data.



WA
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AF 3
v
]
4 2 0 2
& (mm/s) AEq (mm/s) | »? Relative
Fraction
Site 1 0.46 0.97 0.44 2/3
Site 2 0.45 1.60 1/3
Average 0.46 1.18

Figure S11: Mdssbauer spectrum of [Tp*Mo(us-S)(BAC)s][PFs] showing fit. Parameters are

shown in table. Black circles are raw data.
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-4 -2 0
Velocity/mm s~
& (mm/s) AEq (mm/s) i Relative
Fraction
Site 1 0.20 1.85 0.58 2/3
Site 2 0.5 1.78 1/3
Average 0.30 1.82

Figure S12: Mdssbauer spectrum of Tp*W(us-N)(BAC); showing fit. Parameters are shown

in table. Black circles are raw data.



-4 2 0 2
Velocity/mm s
& (mm/s) AEq (mm/s) A Relative
Fraction
Site 1 0.49 1.56 0.58 2/3
Site 2 0.50 1.00 1/3
Average 0.49 1.37

Figure S13: Mdssbauer spectrum of [Tp*W (us-NSiMes)(BAC)s][PFs] showing fit.

Parameters are shown in table. Black circles are raw data.
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Velocity (mm/s)
8 (mm/s) AEq (mm/s) v
Fit 0.39 1.02 0.6
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Figure S14: Mossbauer spectrum of [Tp*W (us-NSiMes)('Pr.Me,NHC);][PFs] showing fit.

Parameters are shown in table. Black circles are raw data.



-3 T T T
-4 ) 0 2
o (mm/s) AEq (mm/s) | »? Relative
Fraction
Site 1 0.34 0.90 0.62 2/3
Site 2 0.33 1.57 1/3
Average 0.34

Figure S15: Mdssbauer spectrum of Tp*Mo(us-carbyne)(BAC); showing fit. Parameters are

shown in table. Black circles are raw data.
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Fraction
Site 1 0.28 1.26 0.73 2/3
Site 2 0.33 1.27 1/3
Average 0.30 1.26
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Figure S16: Mdssbauer spectrum of Tp*W/(us-carbyne)(BAC); showing fit. Parameters are

shown in table. Black circles are raw data.
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4 2 0 2 4
Velocity (mm/s)
& (mm/s) AEq (mm/s) a Relative
Fraction
Site 1 0.86 2.21 0.66 1/3
Site 2 0.32 0.49 1/3
Site 3 0.70 0.75 1/3
Average 0.63 1.15

Figure S17: Mossbauer spectrum of [EtaN]o[ Tp*W (us-CI)Cls] showing fit. Parameters are

shown in table. Black circles are raw data.
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Fraction
Site 1 0.26 0.54 0.89 1/3
Site 2 0.66 0.79 1/3
Site 3 0.86 2.5 1/3
Average 0.59 1.28
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Figure S18: Mdssbauer spectrum of [EtsN].[ Tp*Mo(us-Cl)Cls] showing fit. Parameters are

shown in table. Black circles are raw data.

Magnetometry

General

Magnetic measurements were conducted with a Quantum Design MPMS3 SQUID

Magnetometer at the University of California, Los Angeles. A polycrystalline sample

of 3 was wrapped in plastic film and placed in a gelatin capsule. The capsule was then

inserted into a plastic straw. Magnetization data at 100 K from 0 to 4 T were collected

to confirm the absence of ferromagnetic impurities. Direct current variable temperature

magnetic susceptibility measurements were collected between 1.8 and 300 K. Reduced

magnetization data was collected between 1.8 and 9 K at fields between 1 and 7 T.
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Magnetic susceptibility data was corrected for diamagnetism of the sample, estimated
using Pascal’s constants. Magnetic susceptibility data and reduced magnetization data

were simulated with PHI.
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Figure S19: Magnetization data collected at 100 K from 0 to 4 T for [EtaN]2[Tp*Mo(us-

CI)Cl3] to confirm the absence of ferromagnetic impurities.
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Figure S20: Reduced magnetism plot for [EL:N].[ Tp*Mo(us-CI)Cls].
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Figure S. Magnetization data collected at 100 K from 0 to 4 T for [EtaN]2[Tp*W (us-

CI)Cls] to confirm the absence of ferromagnetic impurities.
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Figure S. Magnetic susceptibility plot for [EtaN]2[ Tp*W/(us-CI)Cls] with fit shown

with black line for S=9/2, g =2.11, and D = -1.07 cm™™.
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Figure S. Reduced magnetism plot for [EtaN]2[ Tp*W(us-CI)Cls] with fits shown

with black lines for S = 9/2, g =2.11, and D = -1.07 cm™.
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Figure S. Magnetic susceptibility plot for [Tp*W/(us-NSiMes)(BAC)s][PFs] with fit

shown with black line for S=2,g=1.85,and D =-1.00 cm™.
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Figure S. Reduced magnetism plot for [Tp*W/(us-NSiMes)(BAC)s][PFs] with fits
shown with black lines for S =2, g = 1.85, and D = -1.00 cm™,

Single Crystal X-ray Diffraction Data

General

XRD data were collected at 100 K on a Bruker AXS D8 KAPPA or Bruker AXS D8
VENTURE diffractometer [microfocus sealed X-ray tube, A(Mo Ka) = 0.71073 A or
MCu Ka) = 1.54178 A]. All manipulations, including data collection, integration, and
scaling, were carried out using the Bruker APEX3 software.3® Absorption corrections
were applied using SADABS.*® Structures were solved by direct methods using
XS(incorporated into SHELXTL),* Sir924? or SUPERFLIP* and refined using full-
matrix least-squares on Olex2* to convergence. All non-H atoms were refined using
anisotropic displacement parameters. H atoms were placed in idealized positions and

refined using a riding model.
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Chapter V

HIGH-SPIN AND REACTIVE Fe13 CLUSTER WITH EXPOSED METAL SITES
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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*4sWaiFe13S12,
displaying a Feis core with M-M bonds that has precedent only in main group and late metal
chemistry. Mzs clusters with closed shell electron configurations can show significant stability
and have been classified as superatoms. In contrast, Tp*4sWasFe13S12 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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Introduction

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.X® 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.>®2! Isolation 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
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 the saturated coordination
sphere and the propensity of complex clusters to fragment into smaller species.?>*

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.?>? Synthetic procedures for clusters of transition metals typically use metal salt
precursors in combination with reducing agents and organic ligands.>”°2"-2° Modification of
known clusters has been demonstrated as a complementary route to new complexes,'%1%
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.®>*2 Herein, we employ a tetranuclear
precursor [EtaN]2[Tp*WFesS3(us-CI)Cls]*® as a building unit to a more complex cluster,
Tp*aWaFe13Si12, with an unprecedented Feis core. Tp*sWaFe13Si2, a cluster with large spin

ground state, displays open coordination sites and is reactive, yet sufficiently stabilized to allow
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the isolation of small molecule activation products including complexes with surface nitride,
imide, and sulfide groups.
Results and Discussion

Toward lower oxidation state high nuclearity clusters for reductive reactivity, we
employed precursors anchored by the robust Tp*WSz unit (Tp* = tris(3,5-dimethyl-1-
pyrazolyl)borate).3* 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,33 we previously developed reduction chemistry
starting from [EtaN]2[Tp*WFesSs(us-CI)Cls]*® (Fig. 1A, EtsN = tetraethylammonium) to
access Tp*WFesSs complexes supported by carbene ligands (L) with Fes open faces.®® To
generate higher nuclearity clusters, reduction was performed in the absence of additional
supporting ligands L that could trap small metal clusters.

Treatment of [EtaN]2[Tp*WFesSs(us-CI)Cls] with reductant and halogen abstracting
reagent results in a cluster with the overall chemical formula Tp*sWaFe13S12 as determined by
SC-XRD (Fig. 1A). Tp*4sWaFe13S12 consists of four Tp*WSz units tetrahedrally arranged (Fig.
1D) around a pseudo-icosahedral Fes, core with an additional Fe atom bound in the center.®
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.>”® The W-S distances match the parameters
observed for reduced Tp*WFesSs clusters supported by NHC ligands at Fe.3® The Fe-S bonds
show a significant lengthening relative to the precursor, consistent with reduction at Fe.3®
Overall, the 17 metal centers carry a 28+ charge, MZ8*. There are four open Fes faces, each
with three surrounding bridging sulfides that create a cavity around these potential binding sites
(Fig. 1C, S2).

The icosahedral metal cluster motif is known for transition metals past group 8.104041

Lower symmetry reduced clusters of group 8 metals, Ruio and Oszo,*** have been reported,
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Figure 1. (A) Synthesis of Tp*sWaFe13S12. Solvent and hydrogen atoms omitted for clarity and
ellipsoids plotted at the 50% probability level. (B) W Ls XANES data for
[EUN][Tp*WFesSs(s-Cl)Cls] (green), Tp*sWaFe13Si (red), and Tp*sWaFe13S12N4 (blue).
(C) Feas core highlighting one FesSs cavity motif. (D) Tetrahedral arrangement of 4 WS units
around the central Fe atom of the Feis core. (E) Direct current variable temperature magnetic
susceptibility measurements for Tp*sWaiFe13S12 (black circles) and Tp*sWaFei3Sia (blue
circles) collected from 1.8 to 300 K, after diamagnetic correction. Red lines correspond to the
best fitting using PHI software.** For Tp*sW4Fe1sS12, S =13, D =-0.6 cm™, and g = 2.15. For

Tp*sWa4Fe13S14, S =13, D=-0.16 cm?, and g = 1.80.
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but are coordinately saturated with CO ligands. lcosahedral M3 clusters of main group
and later transition metals, including [Alis], [Auis]®*, [Cuis]®*, 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.}1%% To probe the open shell nature of Tp*sWasFe13S12 direct current (dc)
susceptibility measurements were performed on a polycrystalline sample restrained in
grease to prevent torquing (see SI). At room temperature, a 7 value of 98.39 cm?® K mol*!
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 7 product slightly increases to 106.67 cm® K mol™? at 80 K. Such
behavior was also previously seen for the hexanuclear metal-metal bonded Fe clusters.*®-
8 The »T product remains relatively constant down to 10 K; thereafter it decreases rapidly
to reach a minimum value of 58.89 cm® K mol™ 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*sWaFe13Sa2.
Fitting of the data using PHI software** afforded a ground spin state of S = 13 (g = 2.15
and D = -0.6 cm™, Fig. 1E and S4). 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 [EtsN]2[Tp*WFe3S3(us-Cl)Cls]
and Tp*sWaFe13S12 to probe the W L, and Lz edge, considering that the coordination

sphere of W is maintained across these clusters (Fig. 1B, S5). Peak centers remain at
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10214.2 eV for both clusters, while there is a less than 0.1 eV white line shift for L. and
no shift for Ls. Assuming an oxidation state for [EtaN]2[Tp*WFesSs(us-CI)Cls] as
W(I11),49°0 a similar effective charge is maintained for Tp*sWaiFe13S12 according to the
XANES data, although further studies are needed to conclusively assign the oxidation
state.>2 Given this tentative W(111) assignment, the formal charge distribution on Fe is
[Fe1s]**, placing 88 electrons in Fe d-based molecular orbitals. With only three weak field
ligands coordinated to each outer Fe center, low d-d splitting is expected. Within the d-
based molecular orbital manifold for the Fe-Fe and Fe-S interactions, the highest spin state
corresponds to 42 unpaired electrons for [Feis]*®*. A sufficiently large orbital splitting
resulting in an intermediate spin orbital population in combination with antiferromagnetic
interactions with the four W centers®>* could bring the spin value of Tp*sWa4Fe13S12 in
the range estimated from the magnetization data. However, with the complexity given by
the presence of three types of metal centers, two for Fe (the central atom and the twelve
peripheral atoms) and one for W, additional studies will be necessary to interpret the
electronic structure and magnetism of this compound. Clusters with notably high spin
values are typically generated from higher nuclearity clusters with bridging ligands, such
as oxides, that facilitate superexchange pathways for spin coupling.>>>® 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 d-based orbitals, where the cluster is
conceptually analogous to a high spin single metal complex.*485960  Qverall,
Tp*aWaFe13S12 demonstrates a strategy to achieve high spin states through high nuclearity

metallic cores terminated with weak field bridging sulfide ligands.
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Several aspects of Tp*sWaFe13S12 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 Ms clusters,®"#162 including nitrogen atom and
nitrene transfer chemistry in up to four electron redox processes.®”%3-6¢ Such studies have
shown that metal-metal interactions can allow for multi-electron redox chemistry without
metal centers in particularly low oxidation states. Tp*sWaFe13Si12 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 N> reduction to
multimetallic sites is limited,%”%8 we targeted reactions with nitrogeneous ligands. Reaction
of Tp*sWaFe13S12 with four equivalents of trimethylsilylazide (N3SiMes) results in the
transfer of four nitride atoms (Fig. 2) to generate Tp*sWasFe13S12N4 in an overall 12
electron process, a remarkable number for a single molecule. The Feis core has been
converted from a centered icosahedron to a centered cuboctahedron (Fig. 2, 3).2%4° Despite
the substantial reorganization of the Feis core and the formal transfer of 12 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. 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® indicate that the metal oxidation states impact the
energies of various cluster geometries, of potential consequence here given the redox

changes between MZ8* and M9*. Comparison of Tp*sWaFe13S12 and Tp*sWaFe13S12Nas
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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*WSs fragments each bind trigonal
Fes faces in Tp*sWaiFe1sSi2, they coordinate to Fe-Fe edges of Fes squares in
Tp*aWaFe13S12N4 (Fig. S6). Compared to Tp*sWaFe13S12, Tp*sWaFe13S12N4 exhibits a
white line shift of 1.5 eV for the W L edge and 1.0 eV for the W L3 edge (Fig. 1B, S5).
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*sWaiFe13S12N4 for comparison, reactions

with phenyl azide (PhNs) were performed. Treatment of Tp*sWaFe13S12 with three

Tp*,W,Fey3Ss,

3Ny,Ph  Tp*,W,Fe;3S;,N,
25PPh;| 4o 6e\-3N,
- 2 PPh, |oxidation oxidation

Tp*,W,Fe,5S,, Tp*,W,Fe;3S;,(NPh);
Figure 2. Reactions of Tp*sW.Fe13S12. Tp*WS3 fragments are not shown for clarity. Triangular

and square faces are shown in dark and light blue, respectively.
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equivalents of PhNz resulted in the isolation of the tris-imide species
Tp*aWaFe13S12(NPh)s. 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 (Fig. 2, 3).
Despite the redox state and Feis structure being between those of Tp*sWa4Fe13Si12 and
Tp*aWaFe13S12N4, Tp*sWaFe13S12(NPh)s 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*aWaFe13S12 reacts with two equivalents of triphenylphosphine sulfide (SPPhs) to form

Tp*sWaFe13Sus (Fig. 2), as observed by SC-XRD and the byproduct PPhs (3P NMR
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Tp*,W,Fe ;5S,,

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

Tp* W, Fe3S,(NPh);  Tp* W, Fe Sy,

Figure 3. Thermal ellipsoid plots of Fes cores with substrate molecules bound for Tp*sWa4Fe13Si2,
Tp*sWaFe13S12Na, Tp*sWaFe13S12(NPh)s, and Tp*:WaFe13S14 and space filling models for one Fes
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.

spectroscopy, Fig. S8). Two sulfur atoms have been transferred, in contrast to three and
four for the reactions with PhN3z and MesSiNs, respectively, in a four electron redox
process. The Feis 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 (Fig. 2 and

3). Magnetic data were also measured for Tp*sWaFe13S14 with the goal to understanding
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the impact of the sulfide addition on the overall magnetic properties. At room temperature,
a lowering of the x7 value to 78.28 cm® K mol is observed (Figure 1E). However, fitting
of the data also suggests the presence of S = 13 ground state open shell system (g = 1.8 and
D =-0.16 cm™, Fig. 1E, and S11). Despite the fact that Tp*sWaiFe13S14and Tp*sWaFe13S12
differ by four electrons, their spin states are estimated to be the same. This could be a
consequence of changes in electronic structure induced by the two additional sulfide
ligands for example by altering the population of the d-orbital manifold of the Feis core,
which highlights a strategy to tune the magnetism of these compounds with the surface
ligands.

Analysis of the multiiron layers below an open triangular Fes face in the precursor
(Tp*aWaFe13S12) versus a ligand coordinated Fes face in each of the group transfer cluster
products shows substantial Fe atom shifts (Fig. 3). Notably, the most pronounced variation
of Fe-Fe distances within one cluster were observed in the cases where fewer groups and
electrons were transferred.

Conclusion

In summary, we report a synthetic strategy for the synthesis of metallic Fe1s clusters
upon reduction of a tetranuclear precursor, [EtsN]2[Tp*WFesSs(us-Cl)Cls]. The
atomically  precise  characterization of  Tp*sWaFe1sS12,  Tp*sWaFe13S12Ny,
Tp*sWaFe13S12(NPh)s, and Tp*sWaFe13S14 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*sWaFe13S12 shows notably
high spin values at room temperature for metallic clusters, highlighting the potential of this

type of coordination compound for magnetic materials applications. The structural
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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*WM3Ss motif for other transition metals’ provides a starting point to a
broader range of large metallic clusters related to those reported here.

Experimental

General Considerations

All reactions were performed at room temperature in an No-filled M. Braun glovebox or
using

standard Schlenk techniques unless otherwise specified. Glassware was oven dried at 140
°C for at least 2 h prior to use, and allowed to cool under vacuum. Trimethylsilylazide
(NsSiMes), sodium hexafluorophosphine (NaPFe), and triphenylphosphinesulfide (SPPh3)
were purchased in an anhydrous form. N3SiMes was used without further purification.
NaPFe and SPPhz were dissolved in acetonitrile (CH3CN) and tetrahydrofuran (THF),
respectively, and dried over 3 A molecular sieves for 2 days before being filtered over
Celite and dried in vacuo. [EtsN]2[Tp*WFesSs(us-CI)Cls]*® and NsPh’* were prepared
according to literature procedures. THF, diethyl ether (Et2O), benzene, toluene, MeCN,
hexanes, and pentane were dried by sparging with nitrogen for at least 15 minutes, then
passing through a column of activated A2 alumina under positive N2 pressure and then
degassed via several consecutive cycles of active vacuum and agitation on the Schlenk line
before use.”? Dimethylformamide (DMF) was purchased in an anhydrous form from

MiliporeSigma@, cannula-transferred to an oven dried Schlenk under N, degassed via
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several consecutive cycles of active vacuum and agitation on the Schlenk line, and then
brought into the glovebox and dried over 3 A molecular sieves for 2 days before use. *H
and 3P NMR spectra were recorded on a Varian 400 MHz spectrometer. *H-NMR spectra
and 3P-NMR in DMF were recorded on a Varian 400 MHz spectrometer using solvent
suppression protocols. 'H-NMR spectra of Tp*sWiFe1sS12, Tp*sWaFe13S12N4,
Tp*sWaFe13S12(NPh)s, and Tp*sWaFe13S14 were NMR silent except for solvent peaks
and so 'H-NMRs are not shown. All other reagents were purchased from commercial
sources in their anhydrous forms and used without further purification.
Physical Methods

Magnetic Measurements. Magnetic measurements were conducted with a Quantum
Design MPMS3 Magnetometer running MPMS Multivu software. Polycrystalline samples
were restrained in a matrix of vacuum grease and wrapped and sealed in a polyethylene
membrane under an inert atmosphere. The magnetization data were collected at 100 K to
check for ferromagnetic impurities, which were absent. Multiple batches of material were
tested to confirm homogeneity between samples. Diamagnetic corrections were applied for
the sample holder, and the inherent diamagnetism of the prepared sample was estimated
with the use of Pascal’s constants. y7 and reduced magnetization data were fitted using

PHI software.*

X-ray crystallography. XRD data were collected at 100 K on a Bruker AXS D8
KAPPA or Bruker AXS D8 VENTURE diffractometer [microfocus sealed X-ray tube,
MMo Ko) = 0.71073 A or MCu Ko) = 1.54178 A]. All manipulations, including data

collection, integration, and scaling, were carried out using the Bruker APEX3 software.”
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Absorption corrections were applied using SADABS.” Structures were solved by direct
methods using XS(incorporated into SHELXTL),” Sir92”® or SUPERFLIP’’ and refined
using full-matrix least-squares on Olex2® to convergence. All non-H atoms were refined
using anisotropic displacement parameters. H atoms were placed in idealized positions and

refined using a riding model.

X-ray absorption spectroscopy. W L-edge X-ray absorption data were collected
using beamline 9-3 at the Stanford Synchrotron Radiation Lightsource (SSRL) operating
with standard ring conditions of 3.0 GeV energy and 500 mA current. A Si (220) double
crystal monochromator at W Ly and Li-edge was used. The intensities of incident and
transmitted X-rays were monitored with N»-filled ion chambers before the sample (lo) and
after the sample (I. and 1I.), respectively. XAS data of samples were collected as
fluorescence excitation spectra using a 100-element Ge solid-state detector (Canberra). The
monochromator energy was calibrated with the rising edge energy of Ge foil (K-edge of
11.103 keV.). The data were collected at 10 K using a liquid He flow cryostat (Oxford
Instruments).

Synthetic Procedures and Characterization

Synthesis of [Tp*sWaFei13Si12]. [EtaN]2[Tp*WFesSz(us-Cl)Cls] (100 mg, 0.0870 mmol)
was measured into a scintillation vial and dissolved in DMF (3 mL). Sodium benzophenone
(2.75 mL, 0.1 mM THF solution, 0.175 mmol) was added to the stirring DMF solution.
Finally, NaPFe (44.0 mg, 0.262 mmol) was added portionwise. The reaction solution was
allowed to stir at room temperature for 48 h. The solution was filtered over a Celite pad

and then crystallization via vapor diffusion of 1.5 x volume of Et,O was performed to
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obtain black diamond shaped crystals after 3 days. The mother liquor was decanted from
the crystals and the crystals were washed with DMF until washes were colorless and then
washed with 3 x 2 mL of Et2O. Finally, the crystals were dried under vacuum to yield 27.7
mg of the final product (45%). The cluster is NMR silent and *H-NMR indicates no
diamagnetic or NMR active paramagnetic impurities. Magnetism data indicates no
ferromagnetic impurities. Anal. calcd. (%) for CeoHggBsFe13N24S12Wae(DMF)3(THF)2: C,

27.93: H, 3.84; N, 10.99. Found: C, 27.91; H, 3.54; N, 10.68.
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Figure S1. Crystal structure of Tp*sWa4Fe13S12. Ellipsoids are shown at the 50% probability

level. Hydrogen atoms and co-crystallized solvent molecules are not shown for clarity.
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Figure S2. Space filling model of Tp*sWa4Fe13S1, (Fe = orange, S = yellow).

M (up)
o - N w - T [-2] ~ o

H(T)

Figure S3. Magnetization data collected at 100 K from 0 to 4 T for Tp*sW.aFe13S1, to confirm

the absence of ferromagnetic impurities.
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Figure S4. Magnetization and reduced magnetization plots for Tp*;WaiFei3S1,. Black lines

represent the best fits obtained with PHI software. Fit parameters obtained were g = 2.15, S = 13,

and D =-0.6 cm™.
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Figure S5. W L (left) and Ls-edge (right) X-ray absorption near edge structure (XANES) data for

[Et4N]z[Tp*WFE3S3(u3-C|)C|3], Tp*4W4F913812, and Tp*4W4FE13812N4.

Synthesis of Tp*sWaFe13S12Na. Tp*aWaFe13S12 (66.0 mg, 0.022 mmol) was measured

into a scintillation vial and suspended in DMF (2 mL). 2 mL of a 0.1 M Et,0 solution of

N3SiPhs (0.88 mL, 0.10 M Et,0O solution, 0.088 mmol) was added and the mixture was

allowed to stir at room temperature for 14 h. The solution was filtered over a Celite pad
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and then crystallization via vapor diffusion of 2 x volume of Et,O was performed to obtain
black rod shaped crystals after 4 days. The mother liquor was decanted from the crystals
and the crystals were washed with DMF until washes were colorless and then washed with
3 x 2 mL of Et2O. Finally, the crystals were dried under vacuum to yield 18.7 mg of the
final product (26% yield). The cluster is NMR silent and *H-NMR indicates no diamagnetic
or NMR active paramagnetic impurities. Magnetism data indicates no ferromagnetic
impurities. Anal. calcd. (%) for CeoHgsBaFe13sN2gS12Wae(DMF)4: C, 25.61; H, 3.25; N,

13.28. Found: C, 25.69; H, 3.09; N, 13.36.

Figure S6. Crystal structure of Tp*sW.aFe13S12N4. Ellipsoids are shown at the 50% probability

level. Hydrogen atoms and co-crystallized solvent molecules are not shown for clarity.
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Synthesis of Tp*sWaFe13S12(NPh)s. Tp*sWaFe13S12 (34.1 mg, 0.0110 mmol) was
measured into a scintillation vial and suspended in DMF (1 mL). N3Ph (0.33 mL, 0.10 M
Et>0O, 0.0330 mmol) was added and the mixture was allowed to stir at room temperature
for 14 h. The solution was filtered over a Celite pad and then crystallization via vapor
diffusion of 2 x volume of Et,O was performed to obtain black rod shaped crystals after 4
days. The mother liquor was decanted from the crystals and the crystals were washed with
DMF until washes were colorless and then washed with 3 x 2 mL of Et2O. Finally, the
crystals were dried under vacuum to yield 7.8 mg of the final product (21% yield). The
cluster is NMR silent and *H-NMR indicates no diamagnetic or NMR active paramagnetic
impurities. Magnetism data indicates no ferromagnetic impurities. Anal. calcd. (%) for
CrsH103B4Fe13N27S1:W4(DMF)s: C, 30.28; H, 3.67; N, 11.77. Found: C, 30.30; H, 3.75; N,

11.85.
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Figure S7. Crystal structure of Tp*sWa4Fe13S12(NPh)s. Ellipsoids are shown at the 50%
probability level. Hydrogen atoms and co-crystallized solvent molecules are not shown for
clarity.

Synthesis of Tp*sWaFe13Si14. Tp*aWaFe13S12 (23.2 mg, 0.00800 mmol) was measured
into a scintillation vial and suspended in DMF (2 mL). SPPh3 (2.0 mg, 0.016 mmol) was
added portionwise and the mixture was allowed to stir at room temperature for 14 h. Et.O
(2 mL) was added to the solution and then it was filtered over a Celite pad and
crystallized via vapor diffusion of 1 x volume of Et,O to obtain black triangle shaped
crystals after 2 days. The mother liquor was decanted from the crystals and the crystals
were washed with DMF until washes were colorless and then washed with 3 x 2 mL of

Et,O. Finally, the crystals were dried under vacuum to yield 9.4 mg of the desired
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product (39.7% yield). The cluster is NMR silent and *H-NMR indicates no diamagnetic
or NMR active paramagnetic impurities. Magnetism data indicates no ferromagnetic

impurities. Anal. calcd. (%) for CeoHgsBaFe13N24S14Wa(DMF)e: C, 27.68; H, 3.95; N,

11.60. Found: C, 27.68; H, 3.75; N, 11.82.
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Figure S8. *'P NMR of synthesis of Tp*s;W.Fe13S14 after addition of 3 equivalents SPPh; (40
ppm) and formation of PPh; (-10 ppm): top (1 hour RT), middle (3 hours RT), bottom (16 hours

RT).
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Figure S9. Crystal structure of Tp*sW.Fe13S1a. Ellipsoids are shown at the 50% probability

level. Hydrogen atoms and co-crystallized solvent molecules are not shown for clarity.

H(T)

Figure S10. Magnetization data collected at 100 K from 0 to 4 T for Tp*sWaiFe13S14 to confirm

the absence of ferromagnetic impurities.
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Figure S11. Magnetization and reduced magnetization plots for Tp*s;WaiFe13S14. Black lines
represent the best fits obtained with PHI software. Fit parameters obtained were g = 1.80, S = 13,
and D =-0.16 cm™™,
Additional Crystallographic Information
Additional refinement details:
Tp*sWaFe13Si12: The asymmetric unit of the structure contains diffuse solvent peaks,
which could not be modelled satisfactorily. Therefore, the electron density for co-
crystallized solvent molecules were accounted for using the SQUEEZE procedure in
PLATON, whereby 2220 electrons were found in a volume of 6995 A3, consistent with
the presence of 13 [C3H;ON] in the asymmetric unit.
Tp*aWaFe13S12(NPh)s: The asymmetric unit of the structure contains diffuse solvent
peaks, which could not be modelled satisfactorily. Therefore, the electron density for co-
crystallized solvent molecules were accounted for using the SQUEEZE procedure in
PLATON, whereby 575 electrons were found in a volume of 2099 A3, consistent with the

presence of 2 [CsH7ON] in the asymmetric unit.
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This structure had a minor twin component. The twin was attempted to be

resolved, but the intensities and frequency of reflections were not sufficient for
integration. While the reciprocal lattice plot shows predominantly single crystal order,
there are groups of reflections that overlap. Reflections were omitted if Fobs was
significantly greater than Fcalc, which were calculated after integrating all of the
reflections together. The number of reflections omitted was one-half of one percent or
less of the total number of reflections collected and the structure remained at > 99%
completion after these reflections were omitted.
Tp*aWaFe13S14: The asymmetric unit of the structure contains diffuse solvent peaks, which
could not be modelled satisfactorily. Therefore, the electron density for co-crystallized
solvent molecules were accounted for using the SQUEEZE procedure in PLATON,"
whereby 1508 electrons were found in a volume of 3877 A3, consistent with the presence
of 2.5 [C3H7ON] in the asymmetric unit.

This structure had a minor twin component. The twin was attempted to be resolved,
but the intensities and frequency of reflections were not sufficient for integration. While
the reciprocal lattice plot shows predominantly single crystal order, there are groups of
reflections that overlap. Reflections were omitted if Fobs was significantly greater than
Fcalc, which were calculated after integrating all of the reflections together. The number
of reflections omitted was one-half of one percent or less of the total number of reflections
collected and the structure remained at > 99% completion after these reflections were

omitted.



Table S1: Comparison of cluster bond lengths (A) and angles. Average bond lengths and

angles given as the average * the standard deviation.

Tp*sWaFe1sS | Tp*sWaFe13Si2 | Tp*sWaFe1sSi2(NP | Tp*sWaFe13Sia
12 Na h)s
Fe- 2.395(2) 2.568(2) 2.437(3) 2.255(2)
Feouter -2.771(2) -2.737(2) -2.941(5) -2.845(8)
Fe- 2.486(2) 2.602(2) 2.462(9) 2.452(3)
Feinner -2.523(9) -2.646(2) -2.856(1) -2.754(1)
Avera 2.397 2.331 2.347 2.362
ge S-W +0.009 + 0.004 +0.022 +0.029
Avera 2.358 2.239 2.277 2.310
ge Fe- +0.156 +0.015 +0.064 +0.077
S
Avera N/A 1.909 1.958 2.259
ge +0.010 +0.053 + 0.057
Fe-
Xtermina
[
S-W-S 102.62° 102.21° 102.06° 102.96°
Avera +0.31 +0.26 +0.88 +0.92

ge




Table S2: Summary of statistics for diffraction data relevant for complexes.

Cluster Tp*4W4Fe1351z Tp*4W4Fe13$1zN4 Tp*4W4Fe13$1z(NPh)3
CCDC 2128366 2128364 2128365
- C73 Hi79 Ba Feis | C72 Hioo B4 Fe1s | Cas Hess B2 Fes.so
Empirical formula N37 O13 S12 W4 Ns2 O4 S12 W4 Niss5 O2 Se W2
Formula weight 3835.93 3376.35 1768.29
Temperature/K 100 100 100
Crystal system Trigonal Cubic Triclinic
Space group R-3 P2:3 P-1
a/A 18.635(2) 22.167(17) 18.130 (6)
b/A 18.635(2) 22.167(17) 18.381 (3)
c/A 61.227(19) 22.167(17) 21.755 (8)
a/° 90 90 92.901 (14)
B/l° 90 90 108.941 (12)
y/° 120 90 104.906 (15)
Volume/Azs 18414(7) 10892(25) 6555 (4)
Z 6 4 4
Pcac/g €M 1.835 2.059 1.676
B/ mm-t 20.955 6.164 5.116
F(000) 9934 6572 3212
Crystal size/mm? 0.06 x 0.11 x 0.25 [0.24 x 0.24 x 0.26 [{0.08 x 0.12 x 0.26
Radiation Cu Ka Mo Ka Mo Ka
0,./° 79.31 37.257 32.033
-23<h=<18 -36<h=<36 -26<h<26
Index ranges -16<k<23 -31<k<37 -26 <k <26
771 74 -37<1< 37 -32<1< 32
Reflections measured 36569 389217 306171
Independent 8711 18318 39093
reflections
Restraints/Parameters 82/452 0/449 37/1267
GOF on F? 1.034 1.060 1.038
R-factor 0.0828 0.0382 0.0756
Weighted R-factor 0.1641 0.0537 0.1152
Largest diff. 2.203/-2.957 1.380/-1.122 3.475/-1.806
peak/hole/e A=
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Cluster

Tp*sWiFe13S514

CCDC

2128367

Empirical formula

Cs37.5 Hso5 B2 Fes.so
N145 O25 S7 W2

peak/hole/e A=

Formula weight 1730.22
Temperature/K 100
Crystal system Monoclinic
Space group C2/c
a/A 34.544(11)
b/A 20.361(6)
c/A 21.599(5)
al° 90
Bl° 123.092(9)
y/° 90
Volume/Azs 12728(6)
Z 8
Pcac/g CM3 1.691
B/ mm-t 5.300
F(000) 6280
Crystal size/mm? 0.10 x 0.13 x 0.20
Radiation Mo Ka
01/ ° 40.492
-61<h=<57
Index ranges -36 <k <33
-35<|< 37
Reflections measured 260392
Indepe_ndent 34625
reflections
Restraints/Parameters 18/584
GOF on F? 1.018
R-factor 0.1229
Weighted R-factor 0.1503
Largest diff. 4.174/-3.440
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Appendix A

ISOLATION AND CHARACTERIZATION OF AN INTERMEDIATE IN THE
SYNTHESIS OF MFE3Ss(H3-CARBYNE) CLUSTERS
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Abstract

Metal hydrides are implicated in the life sustaining transformation of N2 to NH3,
which is performed by the nitrogenase enzymes at a complex octanuclear MFe;SoC co-
factor called FeMco. Hydrides are proposed to play multiple roles in this reaction
including imparting the ability of FeMco to accumulate multiple reducing equivalents
under biological redox conditions and, through the release of Hy, act as a driving force for
N2 binding and activation at the co-factor. While detailed studies of these proposed metal
hydrides have been conducted using spectroscopic techniques, structural confirmation
and benchmarking studies are lacking. Current synthetic model systems of the proposed
hydride intermediates consist of bi-nuclear Fe systems with sulfur based ligands, but
complexes containing FeS clusters with carbon based bridging ligands, as in FeMco, are
lacking. Described herein is the synthesis of an intermediate formed in the synthesis of
MFesS3(us-carbnye) clusters. Characterization of this cluster intermediate has led to the
proposal that a metal hydride is present on the cluster, but further characterization is

needed to confirm this hypothesis.
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Introduction

The nitrogenase enzymes are involved in N2 fixation to produce NH3 and contain
a complex metal active site termed FeMco that consists of a [M-7Fe-9S-C] cluster, where
M = Mo, Fe, or V (Fig. 1).1 Nitrogenase enzymes utilize protons and electrons to reduce
N based on the ideal reaction stoichiometry shown in Fig. 1, where H is a byproduct.*®
The transfer of an impressive 8 protons and electrons to FeMco has been described using
the Lowe-Thorneley mechanism for N reduction, which involves the transfer of one
proton and one electron in discrete steps to form intermediates E1-Es, where Eo is the
resting state of FeMco (Fig. 2).*~° N2 binds to the enzymatic cluster in the E state with

concomitant loss of H,.#1011

o—mni~
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Figure 1: Structure of FeMco and N fixation reaction stoichiometry.
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Figure 2. Lowe-Thorneley mechanism of N reduction showing formation of E;-Es states.
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Generation of the different E states of FeMco is proposed to occur via formation
of protonated sulfides and metal hydrides, which are implicated for strategically storing
reducing equivalents at the cluster, as opposed to reduction of metal centers to
biologically inaccessible and unstable redox states.**!213 The presence of these species
are hypothesized based on tracking the decomposition of the E4 state of FeMco under
photochemical conditions using electron paramagnetic resonance (EPR) spectroscopy
with cryoannealing procedures'**® and the detection of Hz loss.'®1" Additionally,
characterization of the freeze trapped Ez, E2 and E. states using *H/?H electron-nuclear
double resonance spectroscopy (ENDOR) confirms the presence of metal hydride
species.**!® For example, ENDOR and DFT have been used to propose the structure of
the important E4 state to which N2 binds and suggest the presence of two protonated
sulfides and two bridging hydrides (Fig. 3), where the presence of the bridging hydrides
is proposed to be important for N2 binding and activation due to facile reductive
elimination of H,.*® Structural confirmation of these crucial hydride species using, for
example, neutron diffraction has not been accomplished due to the difficulty of such
studies on protein FeS clusters.

In metal hydride chemistry, paramagnetic metal hydrides are difficult to detect
compared to their diamagnetic counterparts. A primary characterization method of
diamagnetic metal hydrides involves using *H-NMR where the presence of an upfield
resonance is diagnostic. However, a metal hydride in a paramagnetic species has not been
observed via *H-NMR yet, due to the broadening of paramagnetic *H-NMR features and
fast relaxation times.® IR and Raman spectroscopies have been used to detect metal

hydrides, but the corresponding stretches are generally weak and difficult to observe.
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Aside from neutron diffraction, which requires access to a beamline, another
method for their detection is pulsed EPR, where synthesis of proteo and deutero species
can provide confirmation of the presence of a metal hydride based on expected diagnostic

parameters.

/ S\
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Figure 3: Reductive elimination mechanism of N, binding to the E, state of nitrogenase with loss
of H; (bottom).

These parameters have been determined with the help of neutron diffraction studies to
confirm the presence of a metal hydride in paramagnetic species. There are a limited
number of synthetic Fe-hydrides containing bridging sulfides or thiolate ligands,*31%-2
and even fewer containing carbon based ligands,?2° as are present in FeMco. In synthetic

inorganic chemistry of FeS clusters, metal hydrides and/or protonated sulfide ligands
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have been proposed based on indirect evidence using protonated/unprotonated thiolate
ligand exchange studies.®® However, the direct identification of a metal hydride species
on a synthetic FeS cluster that contains more than two Fe centers has not been confirmed
and, further, one containing a bridging carbon based ligand.

We have previously reported the synthesis of [EtaN]2[ Tp*WSsFes(Js-
CSiMe3)Cls] (3) and [EtN][Tp*WSsFes(us-CSiMes)Cls] (5) carbyne clusters via
oxidation and chloride addition to [EtsN][Tp*WSsFe3(CH2SiMes)z] (2) with
crystallization in N,N-dimethylformamide (DMF) and oxidation using [(Br-
CsHa4)sN][BPh4], respectively (Fig. 4).3! Recrystallization of this cluster directly from
acetonitrile (MeCN) results in formation of [EtsN][Tp*WSsFe3(us-CSiMes)Cls] (4) based
on a single crystal X-ray diffraction (SC-XRD) study suggesting the formation of 5 and
an even number of d-electrons (Fig. 4). However, a perpendicular mode electron
paramagnetic resonance (EPR) study indicated a half-integer spin state of S = 3/2,
implying the presence of an additional ligand on the cluster that is not detectable via SC-
XRD, such as a hydrogen atom. Described herein is characterization data of 4 that lead to

the proposal of a hydride ligand on 4.
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Figure 4: Synthesis of carbyne bridged WFeS clusters.

Results and Discussion

The synthesis of 4 with recrystallization from MeCN exhibits a S=3/2 EPR
spectrum (Fig. 5) that is inconsistent with the SC-XRD structure and suggests either a
miss-assignment of the atoms in the crystal structure or the presence of a hydrogen atom
in the structure that cannot be resolved using SC-XRD. To determine if the presence of a
half-integer spin species is due to solution state disproportionation, EPR was also taken
of crystals of 4 diluted in boron nitride (Fig. 6) and also indicates an integer spin species.
In terms of mis-assignment in the crystal structure, the resolution of the crystal structure
does not allow for confirmation of the identity of the bridging non-metallic atoms in the
cluster as sulfide as opposed to chloride atoms, whereas all other atoms can be assigned
confidently. To determine the possibility of halide exchange within the cluster, the
bromide analogue of 1, [EtsN][Tp*WSsFes(us-Br)Brs],3 was used to synthesize
[EtsN][Tp*WS3sFes(us-CSiMes)Brs] 4-Br and using EtsNBr instead of EtaNCl in the

second step of the synthesis (Fig. 4 and 7). Due to the large difference in electron



185

920 1420 1920 2420 2920 3420 3920
Magnetic Field (Gauss)

Figure 5: CW-EPR spectra of 5 in a 3:1 mixture of butyronitrile to propionitrile (blue) and 4 in a
3:1 mixture of butyronitrile to propionitrile (red) and DMF (black). Data acquisition parameters,
respectively: frequency = 9.6375 MHz, 9.6385 MHz, and 9.6370 MHz; power =2 m\W, conversion
time = 10.12 ms, and modulation amplitude = 8 G.

density of sulfur versus bromide, the synthesis of this analogue clearly identifies the
bridging atoms in the cluster to be sulfides and the terminal atoms of the Fe centers to be
bromides based on SC-XRD (Fig. 7, S30). An EPR study of 4-Br is consistent with that
of 4 (Fig. S10), both corresponding to half-integer spin species, suggesting the presence
of either a metal hydride or a protonated sulfide.

Based on the proposal of a metal hydride or protonated sulfide, 4 was reacted with
one equivalent of the phosphazene P2Et and a *H-NMR study showed complete
consumption of the base (Fig. S3). Recrystallization of the product clusters from DMF

showed formation of [Tp*WSsFes(s-CSiMes)Cls]™ based on SC-XRD, but with P2Et co-
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Figure 6: EPR spectrum of crystals of 4 diluted in boron nitride. Data acquisition parameters:

frequency = 9.6389 MHz, conversion time = 10.12 ms, and modulation amplitude = 8 G.

Figure 7: Crystal structures of [EtaN][Tp*WSsFes(us-CSiMes)Brs] (4-Br) and
[ELN][Tp*WSsFes(us-CSiMes)Cls] (4). Ellipsoids plotted at the 50% probability level.
Hydrogen, solvent, and counterion atoms not shown for clarity.

crystallized making it difficult to determine the oxidation state of the cluster due to the
inability to resolve possible protons on P2Et. Alternatively, simply dissolving 4 in DMF

results in crystallization of 5 in 40% yield and adding one equivalent of EtsNClI results in
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90% yield of 5, suggesting that DMF acts as a base in the transformation of the
monoanionic cluster to the dianionic cluster. The EPR spectrum of 5 in both DMF and
nitrile shows EPR features distinct, but similar to 4 suggesting a similar cluster spin state
despite a difference in the cluster oxidation states (Fig. 5). One electron oxidation of 5
results in formation of the monoanionic cluster 6, as described previously, which is EPR
silent.

3,4, and 5 can be analyzed using SC-XRD to compare the bond metrics of the
clusters (Table 1) and indicate similar W-S bond lengths. 4 has shortened Fe-S, Fe-Cl,
and Fe-C bond lengths compared to 3, which is consistent with a reduction at the Fe
centers upon generation of 3 from 4, as would occur with loss of a proton from a metal

hydride rather than deprotonation of a bridging thiolate ligand to form a sulfide.

Table 1: Average Bond Lengths + St. Dev. (A)

Bond 4 3 5

W-S 2.352 £+ 0.006 2.360 £+ 0.001 2.351 £+ 0.005
Fe-S 2.240 £ 0.006 2.282 £ 0.010 2.238 £+ 0.005
Fe-ClI 2.214 + 0.003 2.258 + 0.004 2.213 £+ 0.002
C-Si 1.859 1.845 1.858

Fe-C 1.910 £ 0.007 1.921 £ 0.015 1.910 +0.005
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Figure 8: Mdssbauer spectra and parameters for 4 (left) and 5 (right). Fitting details can be found
in the experimental section.

To further confirm that 4 and 5 are different clusters, Mdssbauer spectroscopy
was performed. The Mdssbauer spectra are clearly distinct (Fig. 8), although the
Maossbauer parameters are similar. The Mo analogues of clusters 1-5 can be synthesized,
as described in the experimental section, and show the same evidence for a metal hydride
being present in terms of SC-XRD, CW-EPR, and M&ssbauer data (see experimental

section). Based on the presented data, two structures are proposed for the metal hydride

Figure 9: Proposed structures of metal hydrides of cluster 4.

species where the hydride could be bound to one of the Fe centers or to the W/Mo center
(Fig. 9).
Attempts to regenerate 4 from 3 and 5, as summarized in Fig. 10, were

unsuccessful. Reactions were analyzed using SC-XRD to determine the number of
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counterions present in the crystallized material. However, EPR spectra of the crystallized
material were not consistent with the generation of 4. This could imply that the

deprotonation of the metal hydride is irreversible, at least under the conditions tried.
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Figure 10: Synthetic routes in attempts to regenerate 4 from 5 or 6.

Despite the one electron difference in the overall metal oxidation states of 4 and
5, [MFes]*** and [MFes]'?*, respectively, the clusters exhibit similar structural and
Maossbauer parameters, indicating similar oxidation states of the Fe centers. This suggests
that the redox transformation between 4 and 5 is primarily centered at W.
Conclusion

The SC-XRD and EPR data of the carbyne cluster 4 indicate the presence of an
additional ligand on the cluster that is not detectable using SC-XRD. Based on the
structural and electronic data of 4 and comparisons of the characterization of 5 and 6, a
metal hydride is proposed. This would be the first metal hydride reported on a MFeS
cluster and in multi-metallic FeS system with a bridging carbon based ligand. The

proposed metal hydride imparts interesting electronic and structural properties on 4,
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making the bond metrics and oxidation states of the Fe centers similar to 5, despite
different spin states of the two clusters.

To confirm the presence of a metal hydride species, labelling studies are
underway to create the proposed deuterated metal hydride species. Pulsed EPR will be
performed on the clusters to further understand if a metal hydride species is present based
on published literature paramagnetic metal hydride parameters.

Experimental

General Considerations

All reactions were performed at room temperature in an No-filled M. Braun glovebox or
using standard Schlenk techniques unless otherwise specified. Glassware was oven dried
at 140 °C for at least 2 h prior to use, and allowed to cool under vacuum. Sodium
tetrafluoroborate (NaBPhs) was purchased in an anhydrous form and dissolved in
acetonitrile (CH3CN) and dried over 3 A molecular sieves for 2 days before being filtered
over Celite and dried in vacuo. [EtaN]o[Tp*WFesSs(us-CI)Cls]® (1) (Tp* = tris(3,5-
dimethyl-1-pyrazolyl)borate), [EtaN]2[Tp*MoFesSs(us-Cl)Cls]  (1-Mo),®  [(4-
BrCsH4)sN][OTf], and ferrocenium tetrafluoroborate [FeCp2][BPhs] were prepared
according to literature procedures. Tetrahydrofuran (THF), diethyl ether (Et.O), benzene
(CsHe), toluene, CH3CN, hexanes, and pentane were dried by sparging with nitrogen for at
least 15 minutes, then passing through a column of activated A2 alumina under positive N>
pressure and then degassed via several consecutive cycles of active vacuum and agitation
on the Schlenk line before use.®* Dimethylformamide was purchased in an anhydrous form
from MiliporeSigma@, cannula-transferred to an oven dried Schlenk under N, degassed

via several consecutive cycles of active vacuum and agitation on the Schlenk line, and then
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brought into the glovebox and dried over 3 A molecular sieves for 2 days before
use. *H and 3P NMR spectra were recorded on a Varian 400 MHz spectrometer. *H-NMR
spectra in proteo solvents were recorded on a Varian 400 MHz spectrometer using solvent
suppression protocols. d8-THF, CDsCN, and CeDs, were purchased from Cambridge
Isotope Laboratories, dried over calcium hydride, degassed by three freeze-pump-thaw
cycles, and vacuum transferred prior to use. All other reagents were purchased from
commercial sources in their anhydrous forms and used without further purification.
Synthetic Procedures

Synthesis of [EtsN][Tp*WFesSs(CH3SiMes)s] (2). [EtaN]2[Tp*WFesSs(ps-Cl)Clz] (100
mg, 0.087 mmol) was measured into a scintillation vial and suspended in THF (6 mL).
LiCH2SiMes (0.37 ml of 0.7 M pentane solution, 0.261 mmol) was added to the stirring
suspension dropwise at room temperature. The reaction suspension was allowed to stir at
room temperature for 24 h. The suspension was filtered over a Celite pad and then dried
in-vacuo. After trituration three times with Et.O, the solids were washed with Et,O and
then CsHe until the filtrate was colorless. The desired product was extracted into a
minimum of THF and crystallization was set up with vapor diffusion of 2x volume of
pentane to yield dark needle like crystals. Finally, the crystals were dried under vacuum to
yield 79.4 mg of the final product (80% yield). 'H NMR (400 MHz, THF): § 16.1 (br s),
7.0 (brs), -18.3 (s) ppm. Anal. calcd. (%) for C35H75BFe3N7S3Si3W: C, 36.98; H, 6.65;

N, 8.63. Found: C, 37.33; H, 6.85; N, 6.27.
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Figure S1: *H-NMR spectrum of [EtsN][Tp*WFesSs(CH3SiMes)s] in THF.

Synthesis of [EtaN][Tp*MoFesS3(CHsSiMes)s] (2-Mo). [EtaN]2[ Tp*MoFesSs(uis-
CI)Clz] (100 mg, 0.095 mmol) was measured into a scintillation vial and suspended in
THF (6 mL). LiCH2SiMes (0.41 ml of 0.7 M pentane solution, 0.285 mmol) was added to
the stirring suspension dropwise at room temperature. The reaction suspension was
allowed to stir at room temperature for 24 h. The suspension was filtered over a Celite
pad and then dried in-vacuo. After trituration three times with Et,O, the solids were
washed with Et20 and then CeHs until the filtrate was colorless. The desired product was
extracted into a minimum of THF and crystallization was set up with vapor diffusion of
2x volume of pentane to yield dark needle like crystals. Finally, the crystals were dried
under vacuum to yield 64.8 mg of the final product (82% yield). *H NMR (400 MHz,
THF): 6 19.7 (br s), 12.9 (s), -0.3 (s), -10.9 (s) ppm. Anal. calcd. (%) for

C35H75BFe3N7S3Si3Mo: C, 40.08; H, 7.21; N, 9.35. Found: C, 40.11; H, 7.18; N, 9.08.
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Figure S2: *H-NMR spectrum of [EtsN][Tp*MoFe;S3(CHsSiMes)s] in THF.

Synthesis of [EtaN]2[Tp*WFesSs(us-CSiMes)Cls] (3). 2 (100 mg, 0.088 mmol) was
measured into a scintillation vial and dissolved in THF (6 mL). The solution was cooled to
-78 °C and [FeCp2][BPhs] (133.3 mg, 0.26 mmol) was added and the solution was
maintained at -78 °C for 2 h. EtaNCI (43.1 mg, 0.26 mmol) was added to the solution and
the reaction was brought to room temperature and stirred at room temperature for 3 h. It
was then filtered over a Celite pad and dried in-vacuo. After trituration three times with
Et,O, the solids were washed with pentane, Et.O, and then CsHs until the filtrate was
colorless. The product was extracted into a minimum of THF and crystallization was set
up with vapor diffusion of 2x volume of Et,O to yield dark block like crystals. The crystals
were then dissolved in a minimum of DMF and crystallization was set up with vapor
diffusion of 3x volume of Et20. Finally, the crystals were dried under vacuum to yield 68.5
myg of the final product (65% yield). *H NMR silent except for solvent peaks. Anal. calcd.
(%) for C35H71BCI3Fe3N8S3SiW: C, 35.13; H, 5.98; N, 9.36. Found: C, 34.97; H, 6.12;
N, 8.42.

Synthesis of [EtN][Tp*WFesSs(us-CSiMes)Cls] (5). 4 (100 mg, 0.084 mmol) was
measured into a scintillation vial and dissolved in DMF (6 mL). The solution was cooled

to -78 °C and [(4-BrCsH4)sN][OTf] (53.0 mg, 0.084 mmol) was added. The solution was
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stirred at room temperature for 30 minutes and then filtered over a Celite pad. 20x the
volume of Et,O was added and the solution was allowed to sit for at least 6 hours before
dark needle like crystals formed. The crystals were dissolved in 2 mL of DMF and then
filtered over a Celite pad and then 18 mL of Et.O was added and the solution was allowed
to sit for at least 6 hours before dark needle like crystals formed. This was performed 5x to
achieve high purity. Finally, the crystals were dried under vacuum to yield 58.2 mg of the
final product (65% yield).

Synthesis of [EtaN][Tp*WFesSs(ps-CSiMes)HCIs] (4). 2 (100 mg, 0.088 mmol) was
measured into a scintillation vial and dissolved in THF (6 mL). The solution was cooled to
-78 °C and [FeCp2][BPhs] (133.3 mg, 0.26 mmol) was added and the solution was
maintained at -78 °C for 2h. EtsNCI (43.1 mg, 0.26 mmol) was added to the solution and
the reaction was brought to room temperature and stirred at room temperature for 3 h. It
was then filtered over a Celite pad and dried in-vacuo. After trituration three times with
Et20, the solids were washed with pentane, EtO, and then CsHe until the filtrate was
colorless. The product was extracted into a minimum of THF and crystallization was set
up with vapor diffusion of 2x volume of Et>O to yield dark block like crystals. The crystals
were re-dissolved in a minimum of MeCN, filtered over a Celite pad, and crystallization
was set up with vapor diffusion of 2x volume of Et,0 to yield dark block like crystals.
Finally, the crystals were dried under vacuum to yield 72.3 mg of the final product (77%
yield). 'H NMR silent except for solvent peaks. Anal. calcd. (%) for
C27H52BCI3Fe3N7S3SiW: C, 30.38; H, 4.91; N, 9.18. Found: C, 30.19; H, 4.79; N, 7.35.
Synthesis of [EtaN][Tp*WFesSs(us-CSiMes)HBr3] (4-Br). 2 (100 mg, 0.088 mmol) was

measured into a scintillation vial and dissolved in THF (6 mL). The solution was cooled to
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-78 °C and [FeCp2][BPhs] (133.3 mg, 0.26 mmol) was added and the solution was
maintained at -78 °C for 2 h. EtaNBr (54.6 mg, 0.26 mmol) was added to the solution and
the reaction was brought to room temperature and stirred at room temperature for 3 h. It
was then filtered over a Celite pad and dried in-vacuo. After trituration three times with
Et2O, the solids were washed with pentane, Et,O, and then CsHe until the filtrate was
colorless. The product was extracted into a minimum of THF and crystallization was set
up with vapor diffusion of 2x volume of Et>O to yield dark block like crystals. The crystals
were re-dissolved in a minimum of MeCN, filtered over a Celite pad, and crystallization
was set up with vapor diffusion of 2x volume of Et,O to yield dark block like crystals.
Finally, the crystals were dried under vacuum to yield 78.1 mg of the final product (74%
yield). 'H NMR silent except for solvent peaks. Anal. calcd. (%) for
C27H52BBr3Fe3N7S3SiW: C, 27.00; H, 4.36; N, 8.16. Found: C, 26.87; H, 4.21; N, 7.38.
Synthesis of [EtsN]2[ Tp*MoFesSs(us-CSiMes)Cls] (3-Mo). 2 (100 mg, 0.095 mmol) was
measured into a scintillation vial and dissolved in THF (6 mL). The solution was cooled to
-78 °C and [FeCpz][BPhs] (133.3 mg, 0.29 mmol) was added and the solution was
maintained at -78 °C for 2 h. EtsNCI (43.1 mg, 0.29 mmol) was added to the solution and
the reaction was brought to room temperature and stirred at room temperature for 3 h. It
was then filtered over a Celite pad and dried in-vacuo. After trituration three times with
Et20, the solids were washed with pentane, Et2O, and then CsHe until the filtrate was
colorless. The product was extracted into a minimum of THF and crystallization was set
up with vapor diffusion of 2x volume of Et>O to yield dark block like crystals. The crystals
were then dissolved in a minimum of DMF and crystallization was set up with vapor

diffusion of 3x volume of Et20. Finally, the crystals were dried under vacuum to yield 68.5
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mg of the final product (65% yield). *H NMR silent except for solvent peaks. Anal. calcd.
(%) for C35H71BCI3Fe3N8S3SiMo: C, 37.91; H, 6.45; N, 10.

Synthesis of [EtsN][Tp*MoFesS3(us-CSiMes)Cls] (5-Mo). 4 (100 mg, 0.090 mmol) was
measured into a scintillation vial and dissolved in DMF (6 mL). The solution was cooled
to -78 °C and [(4-BrCesHa)sN][OTf] (56.9 mg, 0.090 mmol) was added. The solution was
stirred at room temperature for 30 minutes and then filtered over a Celite pad. 20x the
volume of EtO was added and the solution was allowed to sit for at least 6 hours before
dark needle like crystals formed. The crystals were dissolved in 2 mL of DMF and then
filtered over a Celite pad and then 18 mL of Et>O was added and the solution was allowed
to sit for at least 6 hours before dark needle like crystals formed. This was performed 5x to
achieve high purity. Finally, the crystals were dried under vacuum to yield 59.8 mg of the
final product (65% vyield). 'H NMR (400 MHz, CDsCN): 5 6.01 (s, 3H), 3.6 (s, 9H), 3.2
(g, 9H), 2.3 (s, 9H), 1.2 (td, 12H), 0.6 (s, 9H) ppm. Anal. calcd. (%) for

C27H51BCI3Fe3N7S3SiMo: C, 33.14; H, 5.25; N, 10.75.
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Synthesis of [EtsN][Tp*MoFesS3(us-CSiMes)HCIs] (4-Mo). 2 (100 mg, 0.090 mmol)
was measured into a scintillation vial and dissolved in THF (6 mL). The solution was
cooled to -78 °C and [FeCp2][BPhs] (133.3 mg, 0.26 mmol) was added and the solution

was maintained at -78 °C for 2h. EtsNCI (43.1 mg, 0.26 mmol) was added to the solution



197

and the reaction was brought to room temperature and stirred at room temperature for 3 h.
It was then filtered over a Celite pad and dried in-vacuo. After trituration three times with
Et2O, the solids were washed with pentane, Et,O, and then CsHe until the filtrate was
colorless. The product was extracted into a minimum of THF and crystallization was set
up with vapor diffusion of 2x volume of Et,O to yield dark block like crystals. The crystals
were re-dissolved in a minimum of MeCN, filtered over a Celite pad, and crystallization
was set up with vapor diffusion of 2x volume of Et,O to yield dark block like crystals.
Finally, the crystals were dried under vacuum to yield 72.3 mg of the final product (77%
yield). 'H NMR silent except for solvent peaks. Anal. calcd. (%) for
C27H52BCI3Fe3N7S3SiMo: C, 33.10; H, 5.35; N, 10.

!H-NMR Experiments
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Figure S3: *H-NMR spectrum (CD3CN) spectra of P,Et, P,Et plus acid, and P,Et plus cluster 4.
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Electrochemistry Data

General

Cyclic voltammetry experiments were performed with a Pine Instrument Company
AFCBP1 biopotentiostat with the AfterMathsoftware package. All measurements were
performed in a three-electrode cell, which consisted of glassy carbon (working; = 3.0
mm), Ag wire (reference), and bare Pt wire (counter), in a No-filled MBraun glovebox at
room temperature. Dry CH3CN or DMF that contained ~0.2 M [BusN][PFe] was used as
the electrolyte solution. Redox potentials are reported relative to the ferrocene/ferrocenium
redox wave (Fc/Fc*;ferrocene added as an internal standard).The open circuit potential was
measured prior to each voltammogram being collected. Voltammograms were scanned
reductively in order to minimize the oxidative damage that was frequently observed on

scanning more oxidatively.

100 mV/s 150 mV/s
—350mV/s ——450mV/s
—550 mV/s ——650mV/s
—750mV/s ——850mV/s

——950 mV/s

-2.5 -2 -1.5 -1 -0.5 0 0.5 1
Potential (V v. Fc/Fc*)

Figure S4: Cyclic voltammetry of [EtaN][Tp*WFesSs(Us-CSiMes)HCIs] (4) at different scan

rates.
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Figure S5: Peak current vs. square root of scan rate for the -1.46 V (top) and 0.15 V (bottom)

redox features of [EtsN][Tp*WFesSs(Us-CSiMes)HCIs] (4).
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Figure S8: Cyclic voltammetry of [EtsN][Tp*MoFesS3(CH2SiMes)s] (2-Mo) at different scan

rates.
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Figure S9: Cyclic voltammetry of [EtsN][Tp*MoFesSs(us-CSiMes)HCIs] (4-Mo) at different scan

rates.
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Electron Paramagnetic Resonance (EPR) Data

General

Samples were prepared as solutions (c.a. 1 mM) and rapidly cooled in liquid nitrogen to
form a frozen glass. All X-band CW-EPR experiments presented in this study were
acquired at the Caltech EPR facility. X-band CW EPR spectra were acquired on a Bruker
(Billerica, MA) EMX spectrometer using Bruker Win-EPR software (ver.3.0).
Temperature control was achieved using liquid helium and an Oxford Instruments (Oxford,
UK) ESR-900 cryogen flow cryostat and an ITC-503 temperature controller. Data were
collected at T = 5 K. Spectra were simulated using EasySpin8(release 5.2.33) with Matlab

R2020b.
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Figure S10: EPR spectrum of [EtaN][Tp*WFesSs(s-CSiMes)HCIs] (7) in 2-MeTHF and a 3:1
mixture of butyrlnitrile:propionitrile and [EtaN][Tp*WFesSs(Us-CSiMes)HBrs] (7-Br) in a 3:1

mixture of butyrlnitrile:propionitrile.
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Figure S11: EPR spectra of [EtsN]2[Tp*MoFesSs(us-CSiMes)Cls] (3-Mo) in DMF (black) and
[ELN][Tp*MoFesSs(s-CSiMes)HCIs] (4-Mo) ina 3:1 mixture of butyrlnitrile:propionitrile (blue).
Data acquisition parameters, respectively: frequency = 9.6375 MHz, 9.6385 MHz, and 9.6370
MHz; power =2 mW, conversion time = 10.12 ms, and modulation amplitude = 8 G.

Mdossbauer Measurements

General

Zero applied field >’Fe Mossbauer spectra were recorded at 80 K in constant acceleration
mode on a spectrometer from See Co (Edina, MN) equipped with an SVT- S6 400
cryostat (Janis, Wilmington, WA). The isomer shifts are relative to the centroid of an a-
Fe foil signal at room temperature. Samples were prepared by mixing polycrystalline
material (20 mg) with boron nitride in a cup fitted with a screw cap. The data were fit to

Lorentzian lineshapes using WMOSS (www.wmoss.org).
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-2.2 -0.2 1.8 3.8
Velocity (mm/s)
& (mm/s) AEq (mm/s) i Relative
Fraction

Site 1 0.36 1.00 0.63 2/3
Site 2 0.36 0.40 1/3
Average, 2 Site | 0.36 0.80
Fit

Figure S15: Mdossbauer spectrum of [EtN][Tp*WHFe;Ss(us-CSiMes)Cls]

Parameters are shown in table. Black circles are raw data.

(4) showing fit.
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Velocity (mm/s)

o (mm/s) AEq (mm/s) A Relative
Fraction

Fit 0.48 1.00 0.20 1

Figure S18: Mossbauer spectrum of [EtsN][Tp*MoHFesSs(Us-CSiMes) Cls] (4-Mo) showing fit.
Parameters are shown in table. Black circles are raw data.

Single Crystal X-ray Diffraction Data

General

XRD data were collected at 100 K on a Bruker AXS D8 KAPPA or Bruker AXS D8
VENTURE diffractometer [microfocus sealed X-ray tube, M(Mo Ka) =0.71073 A or A(Cu
Ka) = 1.54178 A]. All manipulations, including data collection, integration, and scaling,
were carried out using the Bruker APEX3 software.>® Absorption corrections were applied
using SADABS.3® Structures were solved by direct methods using XS(incorporated into
SHELXTL),%" Sir923% or SUPERFLIP®* and refined using full-matrix least-squares on
Olex2% to convergence. All non-H atoms were refined using anisotropic displacement

parameters. H atoms were placed in idealized positions and refined using a riding model.
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Crystal Structures of Mo analogues

Figure S27: Crystal structure of 2-Mo. Ellipsoids plotted at the 50% probability level. Hydrogen,
solvent, and counterion atoms not shown for clarity.

C
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Figure S28: Crystal structure of 4-Mo. Ellipsoids plotted at the 50% probability level. Hydrogen,

solvent, and counterion atoms not shown for clarity.
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Figure S29: Crystal structure of 5-Mo. Ellipsoids plotted at the 50% probability level. Hydrogen,
solvent, and counterion atoms not shown for clarity.

Special Refinement Details

Figure S30: Refinement of 4-Br showing ellipsoids when the bridging atoms are refined as sulfides

(left) versus bromides (right). Ellipsoids are plotted at the 50% probability level.



207

Cluster 2 3 4
CCDC 2170937
Empirical formula CasH7sBFesN7SsWSis C4°HSZBCV'\3/%2F83N1°S3 CasHesBCl3FesNgSsWSi
Formula weight 1136.68 1316.68 1313.88
Temperature/K 100 100 100
Crystal system Orthorhombic Triclinic Monoclinic
Space group P2:212; P-1 P2;/c
alA 10.5856(15) 10.7345(6) 10.7565(5)
b/A 18.200(2) 15.6406(9) 19.0986(9)
c/A 26.002(4) 17.7292(10) 19.3433(9)
o/° 90 84.975(3) 90
B/° 90 80.136(3) 90.878(2)
y/° 90 80.913(3) 90
Volume/A3 5009.5(12) 2890.2(3) 3973.3(2)
Z 4 2 4
Pealc/g cm3 1.507 1.513 2.196
p/mm’? 3.369 12.300 17.869
F(000) 2324 1345 2652
Crystal size/mm? 0.10 x 0.25 x 0.35 0.03 x0.08 x 0.14 0.05 x 0.05 x 0.37
Radiation Mo Ka Cu Ka Cu Ka
0l ° 38.238 72.72 72.40
-17<h<18 -13<h<13 -13<h<13
Index ranges -24<k<31 -19<k<19 -23<k<23
-38<1< 44 -21<1< 21 -23<1< 23
Reflections measured 26456 59466 41043
Independent reflections 9865 9901 9943
Restraints/Parameters 0/498 145/761 0/428
GOF on P2 0.893 1.077 1.139
R-factor 0.0642 0.0355 0.0305
Weighted R-factor 0.0611 0.0880 0.0764
Largest diff. peak/hole/e A= 2.144/-1.359 2.008/-1.377 1.159/-1.154
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Cluster

5 4-Br 2-Mo
CCDC 2170935 2170936
Empirical formula CasHs1BClsFesNgS3sWSi|Co7Hs1BBraFesN7SsSiW| Css Hzs B [;?3 Mo N7 S3
3
Formula weight 1064.57 1199.95 1048.77
Temperature/K 100 100 100
Crystal system Monoclinic Monoclinic Orthorhombic
Space group P2i/c P2i/c P21212;
a/A 10.7471(6) 10.6656(5) 10.608(2)
b/A 19.1398(10) 20.1629(9) 18.143(4)
c/A 19.2949(10) 19.0066(8) 26.105(5)
a/° 90 90 90
p/° 90.712(2) 90.587(2) 90
v/° 90 92.587(2) 90
Volume/A3 3968.6(4) 90 5023.9(17)
Z 4 4 4
Pealc/g cm® 1.782 1.952 1.387
w/mm? 17.692 18.838 10.897
F(000) 21264 2344 2196
Crystal size/mm? 0.05x010x030 | 004Xx007x015 1 4435 013x0.17
Radiation CuKa Cu Ka Cu Ka
Ol © 72.37 72.37 72.287
-13<h<12 -11<h<12 -13<h<13
Index ranges -23<k<23 -24<k<24 -22<k<22
-23<1< 22 -23<1< 23 -32<1< 32
Reflections measured 49643 45161 75346
Independent reflections 9816 9053 9459
Restraints/Parameters 0/428 0/428 0/498
GOF on F? 1.070 1.044 1.074
R-factor 0.0342 0.0356 0.0528
Weighted R-factor 0.0932 0.0821 0.1222
Largest diff. peak/hole/e A= | 1.993/-1.199 2:512/-0.948 2.989/-1.422
Cluster 3-Mo 4-Mo 5-Mo




CCDC 2170937
.. . C27 H51 B CI3 Fe3 |C4sHssBCl3FesNgS3WSi
Empirical formula CssH7sBFesN7S3WSi3 Mo N7 S3 Si 5
Formula weight 1136.68 978.66 1313.88
Temperature/K 100 100 100
Crystal system Orthorhombic Monoclinic Monoclinic
Space group P2:212; P2i/c P2i/c
alA 10.5856(15) 10.7686(5) 10.7565(5)
b/A 18.200(2) 19.1042(8) 19.0986(9)
c/A 26.002(4) 19.3386(9) 19.3433(9)
0/° 90 90 90
p/° 90 90.852(2) 90.878(2)
y/° 90 90 90
Volume/A3 5009.5(12) 3978.0(3) 3973.3(2)
Z 4 4 4
Pealc/g cm® 1.507 1.634 2.196
w/mm? 3.369 14.974 17.869
F(000) 2324 2000 2652
Crystal size/mm? 0.10 x 0.25 x 0.35 0.02 x0.14 x 0.3 0.05 x 0.05 x 0.37
Radiation Mo Ka Cu Ka CuKa
Omard° 38.238 72.441 72.40
-17<h <18 -13<h<13 -13<h<13
Index ranges 24 <k <31 -23<k<23 -23<k<23
-38<1< 44 -22<1< 23 -23<1< 23
Reflections measured 26456 48732 48732
Independent reflections 9865 9239 9239
Restraints/Parameters 0/498 0/428 0/428
GOFon P2 0.893 1.122 1.139
R-factor 0.0642 0.0326. 0.0305
Weighted R-factor 0.0611 0.0794 0.0764
Largest diff. peak/hole/e A= 2.144/-1.359 1.093/-0.891 1.159/-1.154
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SYNTHETIC PROTOCOLS FOR MISCELLANEOUS COMPOUNDS
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Experimental

General Considerations: All synthetic procedures were carried out in a MBraun
glovebox filled with purified nitrogen or using standard Schlenk techniques with nitrogen
unless stated otherwise. All solvents were bought in their anhydrous form and passed
over a column of activated A2 alumina under nitrogen for further drying. Solvents were
then bump degassed on the Schlenk line. Solvents in the glovebox were stored over 3 A
molecular sieves. THF was dried further by storing over 3 A molecular sieves for at least
48 hours before use. DMF was bought in its anhydrous form and stored over 3 A
molecular sieves for at least 48 hours before use. The NMR solvent CD3CN was dried
over calcium hydride and C¢Ds was dried over Na/benzophenone and then vacuum
transferred and degassed for use in the glovebox. All other NMR solvents were used as
received outside of the glovebox. NMR spectra were recorded on either a Varian 300
MHz instrument or a Varian 400 MHz instrument. 31P NMR were referenced with a
H3POs standard. All commercially available materials were used as received.
ClIsPNSiMes,! PysTREN,? compounds HOPhP'Pr; (1),2 HSPhP'Pr; (2),* and HsCPhP'Pr;
(3)° were synthesized based on literature procedures.

Synthesis of Sodium (2-(diisopropylphosphaneyl)phenyl)oxide (4a) and Potassium
(2-(diisopropylphosphaneyl)phenyl)oxide (4b)

4a and 4b were synthesized analogously to 1. 2-(diisopropylphosphaneyl)phenol (200
mg, 0.95 mmol) was reacted with either NaH (231 mg, 0.96 mmol) or KH (38.9 mg, 0.96

mmol) yielding



216

2a (0.2056 g, 93% yield) and 2b (0.2104 g, 89% yield) as white powders. *H NMR (400
MHz, C¢Ds, 25 °C): & (ppm) (2a) 1.03 (m, 7.0 Hz, 12H), 1.95 (m, 6.8 Hz, 2H), 6.65-6.74
(m, 2H), 7.21 (bm, 1H), 7.28 (t, 7.3 Hz, 1H) (2b) 1.15 (m, 12H), 2.02 (m, 2H), 6.18 (m,
1H), 6.69 (m, 1H), 7.25-7.32 (bm, 2H). 3P NMR (400 MHz, CeDs, 25 °C): 5 (ppm) (2a)
-14.8 (s) (2b) -13.2 (s).

Synthesis of Sodium (2-(diisopropylphosphaneyl)phenyl)sulfide (5)
2-(diisopropylphosphaneyl)benzenethiol (200 mg, .88 mmol) was dissolved in benzene (4
mL). NaH (21.4 mg, 0.89 mmol) was added in portions and the solution was stirred at
room temperature for 1 hour. The reaction solution was then filtered through celite and
concentrated to dryness yielding 5 as a light yellow solid (0.2020 g, 92% yield). *H NMR
(400 MHz, THF, 25 °C): & (ppm) 3'P NMR (400 MHz, THF, 25 °C): & (ppm) 1.03 (m,
12H), 2.09 (bm, 2H), 6.91 (bm, 2H), 7.06 (bm, 2H) .31P NMR (400 MHz, CsDs, 25 °C):
§ (ppm) -15.4 (s).

Synthesis of (2-(diisopropylphosphaneyl)benzyl)potassium (6)
Diisopropyl(o-tolyl)phosphane (200 mg, 0.96 mmol) was dissolved in hexane (6 mL).
nBuLi (0.57 mL, 1.71 M, 0.97 mmol) was added dropwise. K'BuO (111 mg, 0.99 mmol)
was then added portionwise. The reaction solution went from clear to a bright orange
suspension. The orange solid was collected on a filter frit, washed with hexane, and
concentrated to dryness. The bright orange solid 6 (0.2131 g, 90% yield) was stored at -
30 °C. *H NMR (400 MHz, C6D8, 25 °C): & (ppm) 0.94 (m, 6.9 Hz, 12H), 2.44 (m, 7.3
Hz, 2H), 4.77 (t, 6.6 Hz, 1H), 5.61 (m, 1H), 5.83 (m, 1H), 6.18 (t, 7.3 Hz, 1H), 6.18 (t,

7.3 Hz, 1H). 3P NMR (400 MHz, C6D6, 25 °C): § (ppm) -0.4 (5).
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Synthesis of [EtaN][Tp*2W2SeFea(us3-Cl)2Cl2] (7)

[EtsN][Tp*WSsFez(n-Cl)Cl2] (100 mg, 0.10 mmol) and 5 (24.7 mg, 0.10 mmol) were
mixed for 12 hours in THF (4 mL). The solution remained dark brown over the course of
the reaction. The reaction was then filtered over celite and pumped to dryness. The sticky
brown solid was triturated with Et.O twice, pumping to dryness each time. Diffusion of
Et,O into concentrated benzene solution of 7 at room temperature yielded dark brown
diamond X-ray quality crystals. 1H NMR (400 MHz, CeDs, 25 °C): 6 (ppm) -32.57 (s,
1H), -15.50 (s, 6H), -7.86 (s, 1H), -5.62 (s, 6H), 11.49 (s, 1H).

Synthesis of [EtaN]s[Tp*2W2SsFes(ns-Cl)(n-Cl)2Cl2] (8)

[EtaN]2[ Tp*WSsFes(ns-Cl)Cls] (100 mg, 0.08 mmol) and 6 (21.4 mg, 0.08 mmol) were
mixed for 12 hours in THF/MeCN (7:3). The solution remained dark brown over the
course of the reaction. The reaction was then filtered over celite and pumped to dryness.
The black solid was washed with pentane (10 mL) and then extracted into Et>O (20 mL),
filtered over celite, and concentrated to dryness to yield 8 as a black solid (0.0135 g, 15%
yield). Diffusion of Et2O into a concentrated MeCN solution of 8 yielded dark brown
diamond X-ray quality crystals. *tH NMR (400 MHz, CsDs, 25 °C): & (ppm) -7.56 (S), -
4.07 (s), -1.06 (s), 0.84 (s), 1.11 (s), 1.23 (8).

Synthesis of [EtsN][Tp*2W:2SeFea(u-Cl)2(S2TerPhenTrans)2] (9)
Di-'Bu-bis-Mesitylterphenyldithiophenol (100 mg, 0.16 mmol) was dissolved in THF (4
mL). KBn (44.6 mg, 0.34 mmol) was dissolved in THF (2 mL) and added dropwise. The
solution first turned light yellow and then dark brown. The reaction was allowed to stir
for 30 min at room temperature. Reaction solution was added dropwise to THF (2 mL)

solution of [EtsN][Tp*WSsFe2(u-Cl)ClI2] (156 mg, 0.16 mmol) and stirred for 12 hours
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at room temperature. Reaction was filtered over celite and pumped to dryness. Dark
brown solid was washed with pentane (10 mL), extracted into Et.O, filtered through
celite, and concentrated to dryness to yield 9 as a dark brown solid (0.233 g, 20% yield).
X-ray quality crystals were grown from concentrated toluene solutions with slow
diffusion of Et,O at room temperature. *H NMR (400 MHz, CDsCN, 25 °C): § (ppm) -
26.88 (s), 39.38 (s), 47.88 (5).

Synthesis of [EtsN][Tp*2W2SeFes(na-Cl)2(S2TerPhenCis)z] (10)
Di-'Bu-bis-Mesitylterphenyldithiophenol (100 mg, 0.16 mmol) was dissolved in THF (4
mL). KBn (44.6 mg, 0.34 mmol) was dissolved in THF (2 mL) and added dropwise. The
solution first turned light yellow and then dark brown. The reaction was allowed to stir
for 30 min at room temperature. Reaction solution was added dropwise to THF (2 mL)
solution of [EtaN]2[Tp*WSsFes(us-CI)Cls] (178 mg, 0.16 mmol) and stirred for 12 h at
room temperature. Reaction was filtered over celite and pumped to dryness. Dark brown
solid was washed with pentane (10 mL), extracted into Et.O, filtered through celite, and
concentrated to dryness to yield 10 as a dark brown solid (g, 18% vyield). X-ray quality
crystals were grown from concentrated toluene solutions with slow diffusion of Et,O. 1H
NMR (400 MHz, CD3CN, 25 °C): & (ppm) -17.97 (5), -11.65 (s), -9.88 (s), 15.69 (5),
24.29 (s), 64.61 (bs).

Synthesis of [EtsN][Tp*WSsFe2(n-Cl)(S2TerPhenCis)] (11)

10 (50 mg, mmol) was dissolved in THF (2 mL). 6 () was dissolved in THF (2 mL) and
added dropwise. The solution remained dark brown and was stirred for 8 h at room
temperature. The reaction was then filtered through celite and concentrated to dryness.

The black solid was washed with pentane (10 mL), extracted with EtoO (20 mL), filtered
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through celite, and concentrated to dryness to yield 11 as a dark brown solid. X-ray
quality crystals were grown from a concentrated Et>O solution at -30 °C yielding black
diamonds. *H NMR (400 MHz, CD3CN, 25 °C): & (ppm) -7.61 (8), -4.14 (s), -1.05 (s),
41.77 (s).

Synthesis of (Trimethylsilylimino)trispyridyITRENphosphorane (12)

11 (1.00 g) was dissolved in THF (10 mL) and a THF solution (4 mL) of KBn was added
dropwise resulting in a brown solution. The solution was cooled to just before freezing
and added dropwise to a thawing THF solution (10 mL) of CIsPNSiMes. The solution
was stirred at room temperature for 5 h and then concentrated to dryness. The product
was extracted in pentane (50 mL), filtered through celite, and concentrated to dryness
yielding 12 as a light yellow powder (). *H NMR (400 MHz, C¢Ds, 25 °C): & (ppm) -0.09
(s, 9H), 2.54 (dd, 6.0 Hz, 6H), 3.07 (m, 3H), 5.13 (m, 3H), 6.48 (qd, 3H), 7.12 (qd, 3H),
7.72 (dd, 8.7 Hz, 3H), 8.28 (m, 3H). 3P NMR (400 MHz, CsDe, 25 °C): & (ppm) -13.62
(s).

Synthesis of Imino-trispyridyITRENphosphorane (13)

12 (200 mg) was dissolved in MeOH and stirred at room temperature for 3 h. Solution
was concentrated to dryness, re-suspended in benzene (10 mL), filtered over celite, and
concentrated to dryness to yield 12 as an off white powder. *H NMR (400 MHz, C6D6,
25 °C): & (ppm) 2.64 (t, 4.88 Hz, 6H), 3.91 (b, 6H), 6.46 (q, 3H), 7.11 (m, 3H), 8.13 (d,
8.13 Hz, 3H), 8.23 (d, 4.48 Hz, 3H). 3P NMR (400 MHz, C6D6, 25 °C): § (ppm) 24.06

(s).
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Synthesis of Potassium Imino-trispyridyITRENphosphorate (14)

13 (200 mg) was dissolved in THF and K'BuO was added portionwise. The reaction was
filtered over cealite and concentrated to dryness to yield 14 as a white powder. *H NMR
(400 MHz, CsDe, 25 °C): 6 (ppm) 2.59 (dd, 14.7 Hz, 3H), 2.74 (td, 11.9 Hz, 3H), 3.10
(m, 3H), 4.80 (qd, 3H), 6.45 (t, 6.0 Hz, 3H), 7.08 (td, 7.6 Hz, 3H), 8.18 (d, 8.5 Hz, 3H),
8.24 (d, 4.2 Hz, 3H). 3P NMR (400 MHz, CeDs, 25 °C):  (ppm) 20.57 (s).

Synthesis of FeXsFeX2-Trispyridyl TRENphosphoramine (15a and 15b)

14 (100 mg) was dissolved in THF (4 mL) and FeX> was added. The solution was
allowed to stir for 6 h at room temperature. Reaction was concentrated to dryness and
resulting brown powder was washed with benzene (10 mL), extracted in THF (10 mL).
X-ray quality crystals were grown by Et,O diffusion into a concentrated THF solution of
15a and 15b yielding dark yellow/brown rods. *H NMR (400 MHz, CD3CN, 25 °C): §
(ppm) (a) -2.24 (s), 14.05 (s), 20.93 (s), 32.47 (S), 42.65 (S) (b) -9.45 (s), 14.58 (s), 25.54
(s), 35.17 (s), 39.67 (s).

Synthesis of VanadiumtrispyridylITREN (16)

14 (100 mg) was dissolved in THF (4 mL) and a solution of VMeszTHF (2 mL THF) was
added dropwise. Reaction was stirred for 4 h at room temperature and then filtered
through celite. Filtrate was diffused with Et2O at room temperature to give black rhombic
crystals that were characterized via X-ray crystallography. Crystals are insoluble in a
range of solvents and so NMR characterization was not possible of crystals, but crude
NMR of reaction solution is given. *H NMR (400 MHz, THF, 25 °C): § (ppm) -25.76 (s),

-5.88 (5), 14.00 (), 41.65 (5), 57.64 (s).
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Appendix C

MISCELLANEOUS CRYSTAL STRUCTURES
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Figure 1: [EtsN][Tp*2W2FesSe(1-Cl)2(us-CI)Cl2]
See Appendix B, 8.

Figure 2: [EtaN][Tp*2W2FeeSe(a-Cl)2Cl4]
See Appendix B, 7.
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Figure 3: [EtsN][Tp*2W2FesSeCls]
Crystallized from reaction of [EtaN][Tp*WSsFe2(u-CI)Cl2] with KCs.

Figure 4: [EtsN]2[ Tp*2W2FesSeCls]
Crystallized from reaction of [EtsN][Tp*WSsFe2(u-CI)Cl2] with KCs.
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Figure 5: [EtaN][Tp*2W2FesSs(syn-dithiolate).Cl2]

See Appendix B, 10.

Figure 6: [EtsN][Tp*2W-FesSe(anti-dithiolate).Cl:]

See Appendix B, 9.



Figure 7: Tp*2,W2FesSs(U-NPPh3),
Crystallized from reaction of [EtaN][Tp*WSsFes(us-NPPh3)Cls] with Naketyl.

Figure 8: Tp*2W2FesS7(1-O2CPh)3
Crystallized from reaction of Tp*4WiFe13S12 with Me2NOC(O)Ph.
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Figure 9: [EtaN][Tp*WFesS3(Us-F)F3]
Crystallized from reaction of [EtaN][Tp*WSsFes(us-CSiMes)Cls] with TBAF.

Figure 10: Tp*MoFesSs(ps-NxxSiMes)(CHz2Mes)s
Crystallized from [EtsN][Tp*WSzFes(u3-CSiMes)Cls] with NaKetyl.
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Figure 11: [EtaN][Tp*WFesS3(us-NSnMes)Cls]
Crystallized from reaction of [EtsN]2[Tp*WSzFes(us-Cl)Cls] with NsSnMes.
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Figure 12: [Tp*MoFesSs(us-NH)('ProMeNHC)3][BPha]
Synthesized using the same method as [Tp*WFesS3(us-NH)(BAC)3][BPh4].
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Figure 13: [EtaN][Tp*MoFesSs(us-Cl)(IPr-NHC).Cl]

Synthesized from reaction of [EtaN]2[ Tp*WS3zFes(us-Cl)Cls] with 2 IPr-NHC and 2
NaBPha.

Figure 14: [Tp*MoFesSs('Pr.Me2NHC)s][BPhs] Synthesized using the same procedure
as for [Tp*WFesS3(BAC)s][BPha].
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Figure 15: [Tp*WFesSs(us-NPPh3)(BAC)CI2][BPhs]
Crystallized from reaction of [EtsN][Tp*WSsFes(us-NPPhs)Cls] with BAC.
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Figure 16: [EtsN][Tp*WFe3Ss(us-NP'Pr.PhO)Cl;]
Synthesized using the same procedure as [EtaN][Tp*WSsFes(us-NPPh3)Cls].
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Figure 17: Tp*sWsFe12S12
Crystallized from the synthesis of Tp*sW3Fe13S12 with added Naketyl.

Figure 18: Tp*sWa4Fe11S12(NPh)s

Crystallized from reaction of Tp*sWsFe13S12 with 5 NaPh.
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Figure 19: Tp*sWaNigS1s
Crystallized from reaction of [EtaN][Tp*WS3] with Ni(COD), and Naketyl.

Figure 20: [Tp*MoCu3zS3(DMF)4][PFe]n
Crystallized from reaction of [EtsN][Tp*WS3] with Cu(OTf). and NaKetyl.



Figure 21: [EtaN][Tp*2W2Ni3SsCls]

Crystallized from reaction of [EtaN][Tp*WS3] with Ni(COD), and Naketyl.

Figure 22: [EtaN][Tp*WNi3Ss]

Ni atoms have partial occupancies.

Crystallized from reaction of [EtaN][Tp*WS3] with Ni(COD), and Naketyl.
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Figure 23: PysTRENPNH:FeCl.FeCls
See Appendix B, 15a.

Figure 24: Py, TRENPNSiMesFeBr>
Crystallized from synthesis of 15b (Appendix B).
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Figure 26: VPysTREN
See Appendix B, 16.

Figure 27: FesPysTREN
Crystallized from synthesis of 15a (Appendix B).
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Figure 28: V>O(PysTREN):
Crystallized from synthesis of 16 (Appendix B).

Figure 29: KPysTREN

Crystallized from the synthesis of 15a (Appendix B).
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Figure 30: Trispyrazole(PCI2NSiMes)3

Crystallized from reaction of trispyrazole with PCIsNiMes.
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“...there is more charm in one “mere” fact, confirmed by test and observation, linked to other
facts through coherent theory into a rational system, than in a whole brainful of fancy and
fantasy. | see more poetry in a chunk of quartzite than in a make-believe wood nymph, more
beauty in the revelations of a verifiable intellectual construction than in whole misty empires of

obsolete mythology. ”

~ Edward Abbey, The Journey Home



