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Abstract
The study of biological nitrogen fixation carried out by the nitrogenase enzyme is of
scientist interest in order to propose alternatives to the high-energy Haber Bosch process
performed industrially. Nitrogenase contains a polynuclear active site, FeMoco, which stores and
delivers multiple electron equivalents and allows for variable modes of substrate binding across
multiple metal centers. While the resting state of FeMoco has been characterized, the
understanding of key intermediates responsible for substrate binding and reduction remain elusive.
Therefore, scientists have turned to synthetic polynuclear models to offer insight into the
fundamental mechanistic questions that remain. This thesis utilizes a polynucleating ligand, much
like the protein scaffolds that anchor polynuclear cofactors, to template the synthesis of open-shell
trinuclear clusters. The highly tunable nature of these clusters permits interrogation of the
electronic structure to offer insight into these fundamental questions: (1) What are the dominant
pathways by which charge is delocalized? (2) What is the effect of ligand charge on the electronic
structure of open-shell polynuclear clusters? (3) How do changes in oxidation state affect the
aggregate electronic structure? We first studied the effect of local coordination environment on
multiwavelength anomalous diffraction (MAD) data using a series of trinuclear clusters, to
conclude that appropriate control compounds must be employed. We then studied a series of
mixed-valent [Fe3] chalcogenide clusters featuring increasing bridging ligand size to show that the
dominant pathway by which electron delocalization occurs is through direct metal orbital overlap
despite the M–M distances being too long to be considered a formal bond. We then prepared a
series of isoelectronic clusters bearing bridging ligands with increasing charge to reveal that an
unprecedented cathodic shift of 1 V per charge is observed. Finally, we show that a large increase
in spin density at the metal centers is observed upon one-electron reduction of the cluster.
iii
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Chapter 1: Correlating Electronic Structure with Function in
Polynuclear Clusters
1.1. Introduction
The world sustains its growing energy demand largely through the combustion of
hydrocarbons, releasing heat which is then used to perform work. The potential energy stored in
these hydrocarbons is in the form of C–H bonds which are formed deep in the Earth’s crust over
thousands of years. Harvesting this energy via combustion, however, is accompanied by the release
of carbon dioxide (CO2), which is responsible for the largest contribution to anthropogenic
atmospheric pollutants. As a result, significant efforts have been mounted to develop alternative
methods to produce sustainable amounts of energy while minimizing release of CO2.
One primary strategy by which energy can be stored and released is through the use of
small molecule feedstocks typically found in society’s waste streams (e.g. CO2, N2, H2O, etc.).1
Activation of these small molecules requires the delivery of multiple equivalents of protons and
electrons via a single metal site that is catalytically. A major drawback to these single site catalysts
is that stepwise delivery of protons and electrons requires high-energy intermediates due to the
thermodynamic and kinetic stability of the desirable small molecule feedstocks. As a result, either
high-energy reagents or high temperatures and pressures are required in homogenous or
heterogenous catalysts, respectively, increasing the energy cost of these transformations. 2

1.

Institute for Integrated Catalysis: 2016 Program Briefing. Pacific Northwest National Lab,
U.S. Department of Energy (2016). (b) DOE Roundtable Report: Sustainable Ammonia
Synthesis. U.S. Department of Energy (2016).

2.

(a) Khodakov, A. Y.; Chu, W.; Fongarland, P., Chem. Rev. 2007, 107, 1692-1744. (b)
Bazhenova, T. A.; Shilov, A. E., Coord. Chem. Rev. 1995, 144, 69-145.
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Nature circumvents these high-energy pathways by utilizing multiple metal centers to
effect concerted multi-electron pathways. These polynuclear enzyme cofactors are capable of
efficiently facilitating multi-electron redox processes while retaining structural integrity, and
providing multiple metal centers for variable modes of substrate binding. 3 Using these energy losslimiting strategies, open-shell polynuclear assemblies in enzymes such as the Fe-Mo cofactor
(FeMoco) of nitrogenase, 4 the oxygen evolving complex (OEC) of Photosystem II, 5 the Cuz site
of nitrous oxide reductase, 6 and the C-cluster of anaerobic carbon monoxide dehydrogenase
(CODH) 7 can efficiently carry out transformations involving N2, H2O, N2O, and CO2, respectively
(Table 1.1).
In order to develop effective catalysts for small molecule activation, a thorough
understanding of these enzymatic pathways must be established. To this end, three fundamental
questions remain unanswered: (1) How are redox changes distributed throughout the cluster? (2)
How are the individual metal centers coupled to one another? (3) Is the integrity of the cluster
maintained through the catalytic cycle? Answering these questions by directly probing these
enzymes is challenging due to fast reaction rates, lack of isolable intermediates, and few methods

3.

(a) Beinert, H.; Holm, R. H.; Münck, E., Science 1997, 277, 653-659. (b) Tsibris, J. C. M.;
Woody, R. W., Coord. Chem. Rev. 1970, 5, 417-458.

4.

(a) Thorneley, R. N. F.; Eady, R. R.; Lowe, D. J., Nature 1978, 272, 557-558. (b) Scott, D.
J.; May, H. D.; Newton, W. E.; Brigle, K. E.; Dean, D. R., Nature 1990, 343, 188-190.

5.

(a) Dismukes, G. C.; Siderer, Y., Proc. Nat. Acad. Sci. 1981, 78, 274-278. (b) Ferreira, K.
N.; Iverson, T. M.; Maghlaoui, K.; Barber, J.; Iwata, S., Science 2004, 303, 1831-1838.

6.

(a) Ghosh, S.; Gorelsky, S. I.; Chen, P.; Cabrito, I.; Moura, I.; Solomon, E. I., J. Am. Chem.
Soc. 2003, 125, 15708-15709. (b) Brown, K.; Tegoni, M.; Prudêncio, M.; Pereira, A. S.;
Besson, S.; Moura, J. J.; Moura, I.; Cambillau, C., Nature Structural Biology 2000, 7, 191.

7.

Dobbek, H.; Svetlitchnyi, V.; Gremer, L.; Huber, R.; Meyer, O., Science 2001, 293, 12811285.
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that allow for the characterization of the electronic structure in these systems. To address these
issues, our group has turned to the synthesis and characterization of ligand-templated polynuclear
clusters that offer insight to nitrogenase through physical or electronic structure similarities and/or
comparable reactivity profiles.
Table 1.1. Active site composition and function of polynuclear cofactors.
Enzyme

Active Site

Function

Oxygen-evolving
complex

𝐻𝐻2 𝑂𝑂 → 𝑂𝑂2 + 4𝐻𝐻 + + 4𝑒𝑒 −

(Photosystem II)

Nitrogenase

𝑁𝑁2 + 8𝐻𝐻 + + 8𝑒𝑒 − → 2𝑁𝑁𝑁𝑁3 + 𝐻𝐻2

Anaerobic Carbon
monoxide
dehydrogenase

𝐶𝐶𝐶𝐶 + 𝐻𝐻2 𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 2𝐻𝐻 + + 2𝑒𝑒 −

Nitrous oxide reductase

𝑁𝑁2 𝑂𝑂 + 2𝐻𝐻 + + 2𝑒𝑒 − ↔ 𝐻𝐻2 𝑂𝑂 + 𝑁𝑁2

3

1.2. Polynuclear Cofactors in Enzymes: FeMoco
Research in the Betley group aims to understand electronic structure-function relationships
in metallic polynuclear clusters. The work in this thesis is particularly relevant to aiding in the
elucidation of the electronic structure of FeMoco in nitrogenase. Consequently, this section will
summarize the current understanding of the physical and electronic structure of FeMoco as it
pertains to the mechanism of dinitrogen (N2) reduction.
1.2.1. The Solid-State Structure of Nitrogenase
The most extensively studied form of nitrogenase contains the FeMoco active site and is
comprised of two proteins: the Fe protein (dinitrogenase reductase) and the MoFe protein
(dinitrogenase). 8 The Fe protein contains a 4Fe–4S cluster (Figure 1.1) close to the surface of the
protein that is used as the sacrificial one-electron reductant for the MoFe protein. To deliver the
necessary 8 e– required in nitrogen fixation, eight Fe proteins must sequentially associate and
dissociate from the MoFe protein. The MoFe protein features an 8Fe–7S cluster (P cluster) near
its surface which shuttles electrons from the Fe protein deeper into the MoFe protein to FeMoco
where dinitrogen reduction occurs (Figure 1.1). 9

Figure 1.1. Polynuclear clusters that comprise the nitrogenase complex. The Fe protein contains
the F cluster whereas the MoFe protein contains both the P cluster and FeMoco.
8.
9.

Howard, J. B.; Rees, D. C., Chem. Rev. 1996, 96, 2965-2982.
Hoffman, B. M.; Dean, D. R.; Seefeldt, L. C., Acc. Chem. Res. 2009, 42, 609-619.
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The first solid-state molecular structure of nitrogenase in 1992 revealed that FeMoco was
a 7Fe–Mo–9S cluster. 10 The geometry is that of two 4M–3S (M = Fe and Mo) clusters tethered
together by three “belt” sulfur bridges (Figure 1.1). The cluster is pseudo-C3 symmetric with the
three-fold symmetry axis lying through the apical Fe and Mo sites. The cluster is covalently
tethered to the protein super-structure via ligation of side-chain residues to the apical Mo and Fe
sites, while hydrogen bonding interactions occur between several bridging sulfurs and side-chain
residues of the protein. Notably, the data collected in this work was best modelled with a large
void in the center of the cluster, which was postulated to be the site of substrate binding and
activation. Nearly a decade later, using significantly higher resolution data, an unidentifiable light
atom was found to occupy this void which bridged six Fe sites. 11 In 2011, using higher resolution
single crystal X-ray diffraction (SC-XRD) data coupled with X-ray emission and advanced
electron paramagnetic resonance (EPR) data, the light atom was identified as a bridging carbide
(C4–).12 This assignment has raised important scientific questions about the role and biosynthesis
of this unusual bridging ligand, especially considering both nitrogen and oxygen ligands are much
more biologically abundant.
Nitrogenase can function in molybdenum-deficient environments by substitution of the
apical Mo with either V (FeVco) or Fe (FeFeco). The all-Fe form has yet to be crystallographically
characterized, and FeVco is structurally analogous to FeMoco with the exception that one of the

10.

Kim, J.; Rees, D., Science 1992, 257, 1677-1682.

11.

Einsle, O.; Tezcan, F. A.; Andrade, S. L. A.; Schmid, B.; Yoshida, M.; Howard, J. B.; Rees,
D. C., Science 2002, 297, 1696-1700.

12.

(a) Spatzal, T.; Aksoyoglu, M.; Zhang, L.; Andrade, S. L. A.; Schleicher, E.; Weber, S.; Rees,
D. C.; Einsle, O., Science 2011, 334, 940-940. (b) Lancaster, K. M.; Roemelt, M.;
Ettenhuber, P.; Hu, Y.; Ribbe, M. W.; Neese, F.; Bergmann, U.; DeBeer, S., Science 2011,
334, 974-977.
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belt sulfur bridges is replaced by an unusual carbonate (CO32–) ligand. 13 All of these forms of
nitrogenase are competent for nitrogen fixation with FeMoco being the most active. Interestingly,
whereas CO is a known inhibitor of FeMoco, performing a single metal substitution of Mo to V in
FeVco is able to catalytically covert CO into hydrocarbons.4b,14
1.2.2. Identification of Binding Site via Mechanistic Studies
Employing steady-state, freeze-quench, and stopped-flow kinetic studies led to the
development of the Lowe-Thorneley (LT) model for dinitrogen reduction by nitrogense.4a, 15 The
model described the mechanism in terms of eight states, each labelled En, where n is the number
(n = 1–8) of protons and electrons that have been delivered to FeMoco in turnover conditions to
produce two molecules of ammonia and one molecule of hydrogen (Figure 1.2). As described in
Section 1.2.1, each electron is delivered via the association and dissociation of an Fe protein to the
MoFe protein, rendering electron transfer the rate-limiting step. Several mechanistic features of
the wild-type enzyme prohibit in-depth kinetic studies. For example, N2 does not bind until at least
three protons and electrons have accumulated at the cluster (E3 or E4) after which intermediates
(E5–8) are not isolable. Furthermore, in the absence of N2, FeMoco will only accumulate three
protons and electrons in the form of bridging hydride ligands before releasing H2 and reverting to
the resting state (E0). 16

13.

Sippel, D.; Einsle, O., Nature Chemical Biology 2017, 13, 956.

14.

(a) Lee, C. C.; Fay, A. W.; Weng, T.-C.; Krest, C. M.; Hedman, B.; Hodgson, K. O.; Hu, Y.;
Ribbe, M. W., Proc. Nat. Acad. Sci. 2015, 112, 13845-13849. (b) Lee, C. C.; Wilcoxen, J.;
Hiller, C. J.; Britt, R. D.; Hu, Y., Angew. Chem. Int. Ed. 2018, 57, 3411-3414.

15. Thorneley, R. N. F.; Lowe, D. J., J. Biol. Inorg. Chem. 1996, 1, 576-580.
16. Raugei, S.; Seefeldt, L. C.; Hoffman, B. M., Proc. Nat. Acad. Sci. 2018, 115, 10521-10530.
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Figure 1.2. (a) Balanced equation for biological dinitrogen reduction. (b) A simplified scheme of
the Lower-Thorneley kinetic model. Each En state represents a concerted proton-electron transfer
until E4, when N2 is hypothesized to bind. H2 generation upon transition from E4 to E2 to E0 are
decay pathways in the absence of N2. Adenosine triphosphate (ATP) is the biological source of
electrons upon hydrolysis to form adenosine diphosphate (ADP) and free phosphate (Pi).
Crystallographic studies reported to date detail only the structure of the resting state of
nitrogenase (E0). Thus, little is known about the structure of intermediates, including the site of
dinitrogen binding and activation. Two primary hypotheses for the active site exist: (1) reduction
of N2 at a single metal center (Fe or Mo) or (2) reduction of N2 at a polynuclear iron face.17
Synthetic catalytic systems have shown that dinitrogen reduction is feasible with a single metal
center, either Fe 18 or Mo 19. However, most studies on wild-type and mutant versions of nitrogenase

17.

(a) Pickett, C. J., J. Biol. Inorg. Chem. 1996, 1, 601-606. (b) Hoffman, B. M.; Lukoyanov,
D.; Yang, Z.-Y.; Dean, D. R.; Seefeldt, L. C., Chem. Rev. 2014, 114, 4041-4062.

18.

(a) Anderson, J. S.; Rittle, J.; Peters, J. C., Nature 2013, 501, 84. (b) Creutz, S. E.; Peters, J.
C., J. Am. Chem. Soc. 2014, 136, 1105-1115. (c) Kuriyama, S.; Arashiba, K.; Nakajima, K.;
Matsuo, Y.; Tanaka, H.; Ishii, K.; Yoshizawa, K.; Nishibayashi, Y., Nature Communications
2016, 7, 12181.

19.

Yandulov, D. V.; Schrock, R. R., Science 2003, 301, 76-78.
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suggest that a polynuclear mechanism best describes the system. For example, incubation of
nitrogenase with CO in turnover conditions results in a new EPR signal 20 and a solid-state structure
of this trapped species revealed that a belt sulfur was replaced with a μ2-CO ligand bridging two
iron centres (Figure 1.3c). 21 A similar structure can be isolated on FeVco, which is active for
reducing CO to hydrocarbons, suggesting that sulfur extrusion from the belt generates two lowcoordinate, reduced iron sites where N2 binding and activation can potentially occur.14a More
recently, a solid-state structure of what was described as a late-stage intermediate of wild-type
nitrogenase was reported. 22 The structure features a light atom identified as a nitrogen in place of
the same belt sulfur that is then replaced upon introduction of CO (Figure 1.3d). While the
assignment of a nitrogen atom has been the topic of debate, 23 this clearly demonstrates the lability
of the belt sulfur ligands under turnover conditions.
To further support the hypothesis of a polyiron face being the active site of N2 binding and
reduction, site-directed mutagenesis was performed on the α-Val70 near to this hypothetical active
site to probe effects on enzymatic activity and selectivity. Substitution to a bulkier residue in
isoleucine renders the active site more selective for proton reduction, suggesting that N2 could no
longer access the appropriate binding site. 24 Substitution of the same residue with a smaller side

20.

Lee, H.-I.; Sørlie, M.; Christiansen, J.; Yang, T.-C.; Shao, J.; Dean, D. R.; Hales, B. J.;
Hoffman, B. M., J. Am. Chem. Soc. 2005, 127, 15880-15890.

21.

Spatzal, T.; Perez, K. A.; Einsle, O.; Howard, J. B.; Rees, D. C., Science 2014, 345, 16201623.

22.

Sippel, D.; Rohde, M.; Netzer, J.; Trncik, C.; Gies, J.; Grunau, K.; Djurdjevic, I.; Decamps,
L.; Andrade, S. L. A.; Einsle, O., Science 2018, 359, 1484-1489.

23.

Benediktsson, B.; Thorhallsson, A. T.; Bjornsson, R., Chem. Commun. 2018, 54, 7310-7313.

24.

Barney, B. M.; Igarashi, R. Y.; Dos Santos, P. C.; Dean, D. R.; Seefeldt, L. C., J. Biol. Chem.
2004, 279, 53621-53624.
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chain such as alanine or glycine resulted in loss of selectivity for N2 upon introduction of large
alkynes.4b,25 While the location of substrate binding appears to be well evidenced, exactly how N2
engages with this site and the integrity of the cluster over the course of the cycle remains
ambiguous.

Figure 1.3. Solid-state structures of (a) FeMoco, (b) FeVco, (c) CO-inhibited FeMoco, and (d)
light-atom substituted intermediate of FeVco. The identity of the light atom is currently under
investigation.
1.2.3. Direct Interrogation of the Electronic Structure of FeMoco
Despite significant research elaborating the site of nitrogen fixation in FeMoco, little is
understood about the electronic structure, largely because the protein features 30 individual Fe
centers (two FeMoco clusters and two P clusters, see Section 1.2.1), which complicates methods
such as 57Fe Mӧssbauer and EPR spectroscopies. As a result, there is no clear assignment of charge

25.

(a) Christiansen, J.; Cash, V. L.; Seefeldt, L. C.; Dean, D. R., J. Biol. Chem. 2000, 275,
11459-11464. (b) Mayer, S. M.; Niehaus, W. G.; Dean, D. R., J. Chem. Soc., Dalton Trans.
2002, 802-807. (c) Dos Santos, P. C.; Mayer, S. M.; Barney, B. M.; Seefeldt, L. C.; Dean,
D. R., J. Inorg. Biochem. 2007, 101, 1642-1648.
9

of the overall cluster, or oxidation states of the individual metal sites. Extended X-Ray Absorption
Fine Structure (EXAFS) spectroscopy on the MoFe protein (FeMoco and P clusters) reveals an
average Fe–Fe distance of 2.63 Å in the resting state. Interestingly, EXAFS data on the oneelectron reduced form suggests that the protein features an unusual contraction of the average Fe–
Fe distance to 2.60 Å. 26 While the resting state exhibits an S = 3/2 EPR signal,20 the signal
disappears during turnover conditions, complicating further elucidation of spin states of
intermediates. 27 In a rapidly freeze-quenched sample during turnover conditions, an EPR signal
corresponding to S > 2 was observed and hypothesized to correspond to the E7 state. 28 The COtrapped structures of both FeMoco and FeVco display an S = 1/2 signal by EPR, but it is unclear
which En state during turnover this structure is correspondsto.14b From 57Fe electron-nuclear double
resonance (ENDOR) spectroscopy, it was proposed that the CO-bound FeMoco electronic
structure is either d41 (d-electron count) with a charge of +3 or d43 with a charge of +1, but no clear
consensus has been achieved.20

1.3. Probing Electron Delocalization in FeMoco: Multiwavelength Anomalous
Diffraction
Combined utilization of synchrotron radiation for single crystal X-ray diffraction (SCXRD) and anomalous scattering has led to the development of several new crystallographic
techniques, one of which is multiwavelength anomalous diffraction (MAD). More specifically,

26.

Christiansen, J.; Tittsworth, R. C.; Hales, B. J.; Cramer, S. P., J. Am. Chem. Soc. 1995, 117,
10017-10024.

27.

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

28.

Lukoyanov, D.; Yang, Z.-Y.; Barney, B. M.; Dean, D. R.; Seefeldt, L. C.; Hoffman, B. M.,
Proc. Nat. Acad. Sci. 2012, 109, 5583-5587.
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MAD experiments employing synchrotron radiation have been used to determine site-specific
oxidation states in polynuclear systems. This technique combines the spatial resolution achieved
from SC-XRD with the valence sensitivity of X-ray absorption spectroscopy (XAS), rendering
MAD a powerful tool for the elucidation of the electronic structure of polynuclear cofactors, such
as FeMoco.
1.3.1. MAD Theory
MAD exploits the phenomenon known as anomalous scattering which represents the
change in phase and intensity of diffracted X-rays when the wavelength of incident radiation
approaches the absorption edge of heavy atoms. 29 This wavelength dependence of the atomic
scattering factor for a given element, 𝑓𝑓(λ), is defined as:

𝑓𝑓(λ) = 𝑓𝑓0 + 𝑓𝑓’(λ) + 𝑓𝑓’’(λ)

where 𝑓𝑓’(λ) and 𝑓𝑓’’(λ) are the real and imaginary corrections to the idealized atomic scattering
factor, 𝑓𝑓0. Far from an atom’s absorption edge, 𝑓𝑓(λ) = 𝑓𝑓0, however when near the edge, the values

of 𝑓𝑓’(λ) and 𝑓𝑓’’(λ) are easily measurable. MAD data collected at several energy points around a

particular element’s absorption edge (K-edge) allows for the refinement of 𝑓𝑓’ and 𝑓𝑓’’ for each

individual atom of this element, providing site-specific absorption information that is typically
described in the XAS literature (Figure 1.4). 30 For first row transition metals typically found in
biology, at incident radiation slightly lower than the K-edge, the energy is sufficient for a pre-edge
(Figure 1.4, blue) transition which is excitation of a core (1s) electron to empty valence orbitals
(3d). Since 3d orbitals are valence orbitals, this absorption (1s → 3d) is sensitive to coordination

29.

Cianci, M.; Helliwell, J. R.; Helliwell, M.; Kaucic, V.; Logar, N. Z.; Mali, G.; Tusar, N. N.,
Crystallography Reviews 2005, 11, 245-335.

30.

Sarangi, R., Coord. Chem. Rev. 2013, 257, 459-472.
11

number, geometry, degree of covalency, and oxidation state. However, the intensity of this
transition is typically weak because the excitation is formally dipole forbidden. The rising edge
(Figure 1.4, green) is best described as a core (1s) to valence (4p, 5p, etc.) transition which is also
sensitive to coordination number, geometry, degree of covalency, and oxidation state. 31 At
energies slightly higher than the K-edge is a core (1s) to continuum transition known as the white
line energy (Figure 1.4, red) which is significantly less sensitive to ligand field effects, allowing
more facile resolution of metal valency.30

Figure 1.4. Representative XAS scan of an Fe-containing sample at the Fe K-edge where each of
the shaded regions corresponds to a transition of the same color on the diagram to the right.
1.3.2. Technique Development
The first application of MAD was in the determination of the absolute configuration of
enantio-pure tartaric acid, and later, protein structures. 32,33 Improvement in data collection

31.
32.
33.

Baker, M. L.; Mara, M. W.; Yan, J. J.; Hodgson, K. O.; Hedman, B.; Solomon, E. I., Coord.
Chem. Rev. 2017, 345, 182-208.
Bijvoet, J. M.; Peerdeman, A. F.; van Bommel, A. J., Nature 1951, 168, 271-272.
(a) Phillips, J. C.; Wlodawer, A.; Yevitz, M. M.; Hodgson, K. O., Proc. Nat. Acad. Sci. 1976,
73, 128-132. (b) Hendrickson, W. A.; Smith, J. L.; Phizackerley, R. P.; Merritt, E. A.,
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technology, notably the development of advanced monochromators to tune synchrotron radiation
and high-resolution detectors, allowed for the advancement of a variety of MAD-based
techniques.29 Of particular interest to this work, as well as polynuclear cofactors, was the
development of MAD-derived valency determination. The first report of performing this valence
contrast experiment was done using the solid-state material, YBa2Cu3O6+x, to determine the
valency of Cu. 34 This led to a number of reports detailing the use of MAD in both single-crystal
and powder XRD experiments. 35 The first valence contrast experiment to be performed on a

Figure 1.5. Synthetic mixed-valent complexes that have been previously studied via MAD.

Proteins: Structure, Function, and Bioinformatics 1988, 4, 77-88. (c) Hendrickson, W.,
Science 1991, 254, 51-58.
34.

(a) Kwei, G. H.; Von Dreele, R. B.; Williams, A.; Goldstone, J. A.; Lawson, A. C.;
Warburton, W. K., J. Mol. Struct. 1990, 223, 383-406. (b) Howland, R. S.; Geballe, T. H.;
Laderman, S. S.; Fischer-Colbrie, A.; Scott, M.; Tarascon, J. M.; Barboux, P., Physical
Review B 1989, 39, 9017-9027.

35.

(a) Cheetham, A. K.; Wilkinson, A. P., J. Phys. Chem. Solids 1991, 52, 1199-1208. (b)
Cheetham, A. K.; Wilkinson, A. P., Angew. Chem. Int. Ed. 1992, 31, 1557-1570. (c)
Wilkinson, A. P.; Cheetham, A. K.; Cox, D. E., Acta Crystallogr. Sect. B: Struct. Sci. 1991,
47, 155-161. (d) Wilkinson, A. P.; Cheetham, A. K.; Tang, S. C.; Reppart, W. J., J. Chem.
Soc., Chem. Commun. 1992, 1485-1487. (e) Palancher, H.; Bos, S.; Bérar, J. F.; Margiolaki,
I.; Hodeau, J. L., Eur. Phys. J. Spec. Top. 2012, 208, 275-289. (f) Goff, R. J.; Wright, J. P.;
Attfield, J. P.; Radaelli, P. G., J. Phys.: Condens. Matter 2005, 17, 7633-7642. (g) Attfield,
J. P., J. Phys. Chem. Solids 1991, 52, 1243-1249.
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molecular system was the valence-trapped bis-μ-oxo dimanganese complex (Figure 1.5,
right). 36Shortly after, temperature-dependent MAD data was collected on an oxo-bridged triiron
acetate complex corroborating low temperature data that was first observed by 57Fe Mӧssbauer
spectroscopy (Figure 1.5, middle). 37 Both of these experiments required the use of calculated 𝑓𝑓’
curves to visualize the entire envelope due to the low-resolution data and few energy points at

which data was collected. Very recently, a high-resolution dataset was reported on a valencetrapped 6Co–8Se cluster that is site differentiated by an asymmetric ligand binding (Figure 1.5,
right). 38 The first report employing the valence contrast experiment on a biological system was
using a valence-trapped 2Fe–2S (FeIIIFeII) ferrodoxin. While this was the first report using a homovalent control (FeIII2) to contextualize the mixed-valent results, the data was still of insufficient
resolution to elaborate on finer structural details. 39 The technique was then extended to nitrogenase
to locate additional Fe sites within the protein 40 and to postulate individual metal valency within
FeMoco. The data was of sufficient resolution to obviate the need for calculated 𝑓𝑓’ and 𝑓𝑓’’ curves,
36.

Gao, Y.; Frost-Jensen, A.; Pressprich, M. R.; Coppens, P.; Marquez, A.; Dupuis, M., J. Am.
Chem. Soc. 1992, 114, 9214-9215.

37.

(a) Wu, G.; Zhang, Y.; Ribaud, L.; Coppens, P.; Wilson, C.; Iversen, B. B.; Larsen, F. K.,
Inorg. Chem. 1998, 37, 6078-6083. (b) Wu, R.; Poyraz, M.; Sowrey, F. E.; Anson, C. E.;
Wocadlo, S.; Powell, A. K.; Jayasooriya, U. A.; Cannon, R. D.; Nakamoto, T.; Katada, M.;
Sano, H., Inorg. Chem. 1998, 37, 1913-1921.

38.

Hernández-Sánchez, R.; Champsaur, A. M.; Choi, B.; Wang, S. G.; Bu, W.; Roy, X.; Chen,
Y.-S.; Steigerwald, M. L.; Nuckolls, C.; Paley, D. W., Angew. Chem. Int. Ed. 2018, 57,
13815-13820.

39.

Einsle, O.; Andrade, S. L. A.; Dobbek, H.; Meyer, J.; Rees, D. C., J. Am. Chem. Soc. 2007,
129, 2210-2211.

40.

Zhang, L.; Kaiser, J. T.; Meloni, G.; Yang, K.-Y.; Spatzal, T.; Andrade, S. L. A.; Einsle, O.;
Howard, J. B.; Rees, D. C., Angew. Chem. Int. Ed. 2013, 52, 10529-10532.
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but the control used for comparison was the P cluster (Section 1.2.1) in the MoFe protein which is
structurally different from FeMoco. 41 With such high-resolution data in hand, it is now important
to understand how effects of local coordination environment and charge delocalization across
multiple metal sites affects the output of this technique.

1.4. Synthetic Analogues of Polynuclear Cofactors
As has been laid out in the previous sections, probing the electronic structure-function
relationship in polynuclear cofactors faces several challenges: lack of intermediate trapping and
isolation, limited ability to synthetically modify clusters and understand impacts, limited
spectroscopic techniques available, and the difficulty of protein crystallization. As a result,
preparing synthetic analogues that mimic either the physical or electronic structure of these
cofactors is valuable to further investigate these cofactors. To this end, self-assembled Fe–S
clusters exhibiting various forms of nuclearity and geometry were the first synthetic analogues of
biological clusters. These clusters proved to be valid models for the physical and electronic
structure of a variety of ferrodoxins.3, 42 However, limited synthetic tunability of these systems
prevents obtaining further insight into the more complex polynuclear cofactors, such as FeMoco,
the OEC, the Cuz site of nitrous oxide reductase, and the C-cluster of CODH. Despite recent
advances in synthesizing self-assembled clusters that share significant structural similarities to

41.

Spatzal, T.; Schlesier, J.; Burger, E.-M.; Sippel, D.; Zhang, L.; Andrade, S. L. A.; Rees, D.
C.; Einsle, O., Nature Communications 2016, 7, 10902.

42.

(a) Averill, B. A.; Herskovitz, T.; Holm, R. H.; Ibers, J. A., J. Am. Chem. Soc. 1973, 95,
3523-3534. (b) Venkateswara Rao, P.; Holm, R. H., Chem. Rev. 2004, 104, 527-560. (c) Lee,
S. C.; Lo, W.; Holm, R. H., Chem. Rev. 2014, 114, 3579-3600. (d) Holm, R. H.; Lo, W.,
Chem. Rev. 2016, 116, 13685-13713.
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FeMoco 43 and the OEC, 44 electronic structure analysis of these clusters has yet to be performed.
Furthermore, the primary drawback of self-assembled clusters is that attempts to subtly modify the
structure via ligand or metal substitution or undergoing redox processes oftentimes leads to a
significant change in cluster nuclearity or geometry; phenomena that are not observed in the
biological systems.42d, 45
Consequently, several research groups have developed multi-nucleating ligand templates
that impose structural rigidity to the resulting clusters. This approach allows for the tailoring of an
organic ligand to enforce a desired nuclearity and geometry analogous to the arrangement of amino
acid side-chains in a protein scaffold. Additionally, the use of weak-field ligands encourages openshell configurations similar to those found in nature. Due to the robust nature of the pre-organized
ligand scaffold, small structural perturbations can be performed and readily analysed via
multinuclear NMR, EPR, infrared, and 57Fe Mӧssbauer spectroscopies, magnetometry, and cyclic
voltammetry. More importantly, these small molecules can be rapidly screened via facile SC-XRD
experiments as opposed to the synchrotron radiation necessary in the case of proteins.
An early report of the synthesis of a ligand-templated cluster utilized a tridentate ligand with large
a pocket capable of anchoring a typical self-assembled 4Fe–4S cluster (Figure 1.6, left). 46 Due to
the templating ligand, further ligation with isonitrile ligands to a single metal site allowed for site-

43.

(a) Lee, S. C.; Holm, R. H., Chem. Rev. 2004, 104, 1135-1158. (b) Ohki, Y.; Ikagawa, Y.;
Tatsumi, K., J. Am. Chem. Soc. 2007, 129, 10457-10465. (c) Ohta, S.; Ohki, Y.; Hashimoto,
T.; Cramer, R. E.; Tatsumi, K., Inorg. Chem. 2012, 51, 11217-11219.

44.

Zhang, C.; Chen, C.; Dong, H.; Shen, J.-R.; Dau, H.; Zhao, J., Science 2015, 348, 690-693.

45.

(a) Mingos, D. M. P., Acc. Chem. Res. 1984, 17, 311-319. (b) Muetterties, E. L.; Krause, M.
J., Angew. Chem. Int. Ed. 1983, 22, 135-148.

46.

Stack, T. D. P.; Holm, R. H., J. Am. Chem. Soc. 1987, 109, 2546-2547.
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specific perturbation of the electronic structure resulting in a decrease in local spin state. 47 These
platforms also facilitated the preparation of heterometallic cubane clusters by extruding a single
Fe site (Figure 1.6, middle) and replacing it with several first and second row transition metals. 48
Substitution of the apical Fe site with Ni afforded isolation of a cubane cluster that structurally
resembled the C-cluster in CODH (Figure 1.6, right).48c, 49 Spectroscopic characterization of these
robust clusters led to the understanding of the degree of covalency and charge delocalization with
3Fe–4S clusters. 50

Figure 1.6. Templated Fe–S clusters capable site-specific metal substitution to form close
structural analogues of CODH. Meida = N-methylimidodiacetate.

47.

Weigel, J. A.; Holm, R. H.; Surerus, K. K.; Munck, E., J. Am. Chem. Soc. 1989, 111, 92469247.

48.

(a) Zhou, J.; Holm, R. H., J. Am. Chem. Soc. 1995, 117, 11353-11354. (b) Zhou, J.; Hu, Z.;
Münck, E.; Holm, R. H., J. Am. Chem. Soc. 1996, 118, 1966-1980. (c) Zhou, J.; Raebiger, J.
W.; Crawford, C. A.; Holm, R. H., J. Am. Chem. Soc. 1997, 119, 6242-6250.

49.

Sun, J.; Tessier, C.; Holm, R. H., Inorg. Chem. 2007, 46, 2691-2699.

50.

Dey, A.; Glaser, T.; Moura, J. J. G.; Holm, R. H.; Hedman, B.; Hodgson, K. O.; Solomon,
E. I., J. Am. Chem. Soc. 2004, 126, 16868-16878.
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The tethering of three tridentate binding pockets to a C3-symmetric quadraphenyl base
results in templation of trinuclear clusters of first row transition metals (Figure 1.7, middle). 51
Addition of an oxygen-atom transfer reagent in the presence of Ca2+ allowed for the isolation of a
CaMn3O4 cubane which closely resembles the OEC of photosystem II (Figure 1.7, left). 52 Due to
the stability imparted by the polydentate ligand, the apical Ca2+ site could be substituted for various
cations, resulting in a significant shift in the highest occupied and lowest unoccupied molecular
orbital (HOMO/LUMO) energies. 53 Further structural manipulation allowed for the attachment of
“dangling” metal ions analogous to the OEC, although attempts to prepare this cubane system with
the appropriate CaMn4O4 configuration remain unsuccessful. 54 These studies eventually led to in-

Figure 1.7. (left) Templated assembly of calcium manganese cubane clusters that mimic the
structure of the OEC. (right) Tetranuclear clusters comprised of first-row transition metal capable
of single-site reactivity supported by a trinuclear redox reservoir. OTf = trifluoromethanesulfonate;
PhIO = iodosobenzene.
51.

(a) Tsui, E. Y.; Kanady, J. S.; Day, M. W.; Agapie, T., Chem. Commun. 2011, 47, 41894191. (b) Tsui, E. Y.; Day, M. W.; Agapie, T., Angew. Chem. Int. Ed. 2011, 50, 1668-1672.

52.

(a) Kanady, J. S.; Tsui, E. Y.; Day, M. W.; Agapie, T., Science 2011, 333, 733-736. (b)
Kanady, J. S.; Mendoza-Cortes, J. L.; Tsui, E. Y.; Nielsen, R. J.; Goddard, W. A.; Agapie,
T., J. Am. Chem. Soc. 2013, 135, 1073-1082.

53.

(a) Tsui, E. Y.; Agapie, T., Proc. Nat. Acad. Sci. 2013, 110, 10084-10088. (b) Tsui, E. Y.;
Kanady, J. S.; Agapie, T., Inorg. Chem. 2013, 52, 13833-13848.

54.

(a) Kanady, J. S.; Lin, P.-H.; Carsch, K. M.; Nielsen, R. J.; Takase, M. K.; Goddard, W. A.;
Agapie, T., J. Am. Chem. Soc. 2014, 136, 14373-14376. (b) Lee, H. B.; Tsui, E. Y.; Agapie,
T., Chem. Commun. 2017, 53, 6832-6835.
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depth electronic structure analyses which concluded that the nature of the bridging ligands (i.e.
number of bridging oxide ligands) dictate the overall electronic structure. 55 With substoichiometric oxygen-atom transfer reagent, tetranuclear clusters that feature a single, interstitial
oxygen were prepared (Figure 1.7, right). 56 Isolation of these clusters in multiple oxidation states
and characterization via

57

Fe Mӧssbauer and SC-XRD reveals that these are best described as

valence-trapped. Given the conformation of the templating ligand about the cluster, this system
was well suited to function as a single reaction site supported by a trinuclear electron reservoir.
Tetrairon clusters of this archetype were capable of performing C–H/F hydroxylation chemistry in
addition to activation of NO and CO. 57 The analogous clusters with manganese were capable of
performing similar chemical transformations well as catalytic water oxidation, though likely
through a different mechanism from the OEC. 58

55.

(a) Lee, H. B.; Shiau, A. A.; Oyala, P. H.; Marchiori, D. A.; Gul, S.; Chatterjee, R.; Yano,
J.; Britt, R. D.; Agapie, T., J. Am. Chem. Soc. 2018, 140, 17175-17187. (b) Lionetti, D.;
Suseno, S.; Tsui, E. Y.; Lu, L.; Stich, T. A.; Carsch, K. M.; Nielsen, R. J.; Goddard, W. A.;
Britt, R. D.; Agapie, T., Inorg. Chem. 2019, 58, 2336-2345.
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Britt, R. D.; Agapie, T., Chem. Sci. 2013, 4, 3986-3996.
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Soc. 2016, 138, 1486-1489. (c) de Ruiter, G.; Carsch, K. M.; Gul, S.; Chatterjee, R.;
Thompson, N. B.; Takase, M. K.; Yano, J.; Agapie, T., Angew. Chem. Int. Ed. 2017, 56,
4772-4776. (d) de Ruiter, G.; Carsch, K. M.; Takase, M. K.; Agapie, T., Chem. Eur. J. 2017,
23, 10744-10748. (e) Reed, C. J.; Agapie, T., Inorg. Chem. 2017, 56, 13360-13367. (f)
Arnett, C. H.; Chalkley, M. J.; Agapie, T., J. Am. Chem. Soc. 2018, 140, 5569-5578.
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Tethering three equivalents of a commonly employed bidentate ligands, 1,3-diketimines,
in a cyclophane-type configuration results in the isolation of rigid trinuclear clusters of first row
transition metals (Figure 1.8). 59 These complexes were competent for activation of small
molecules, such as CO2 and N2, 60 achieving catalytic turnover via optimization of reaction
conditions. 61 The tunability of these clusters is highlighted by the accommodation of a wide variety
of bridging ligands and ligand conformations. 62 The electronic structure of these clusters is best

Figure 1.8. First-row transitional metal trinuclear clusters preorganized by a cyclophane ligand.
(left) Decomposition of inorganic azide to afford a bridging nitride complex. (right) Oxidation of
the all-ferrous cluster to the all-ferric upon incorporation of three bridging sulfide ligands.
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described as valence trapped, where electronic exchange coupling between the metal centers
occurs via superexchange through the bridging ligand(s). 63 However, if the molecular structure is
fully symmetrized by a single bridging ligand, maximal electron delocalization is observed. 64
Our group has utilized a polynucleating ligand featuring o-phenylenediamine arms tethered
to a three-fold symmetric backbone for the synthesis of first row transition metal trinuclear clusters
(Figure 1.9). 65 In the absence of a sterically bulky capping group on the peripheral anilido, two
trinuclear clusters readily dimerize to form well-defined octahedral hexanuclear clusters featuring
unusually high spin states and large redox capacity. 66 However, when a bulky capping moiety is
substituted on the peripheral anilido, trinuclear metal clusters can be isolated.
The electronic structure of these clusters is highly unusual, likely a result of the close metalmetal interactions (2.4–2.6 Å) which are significantly shorter compared to other systems (> 2.75
Å).48,52,62 The weak ligand field coupled with the low coordination number about each metal atom
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promotes strong metal-metal interactions via direct orbital overlap. 67 In the case of the triiron
cluster, increasing the steric bulk of the capping ligand attenuates the metal-metal interactions,
resulting in a maximally high-spin (S = 6) all-ferrous cluster which is capable of rapidly
decomposing nitrogenase-like substrates to afford μ3-imido and nitrido complexes (Figure 1.9,
right). 68 This work led to the interest in probing the strength of these metal-metal interactions, and
how these influence the aggregate electronic structure and reactivity. This thesis aims to further
elucidate the electronic structure of these clusters via perturbations in ligand covalency, cluster
charge, metal oxidation state, and degree of delocalization.

Figure 1.9. Synthesis of open-shell trinuclear clusters comprised of first-row transitional metals.
These clusters are capable of rapidly decomposing inorganic azide to form bridging nitrido
complexes.
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1.5. Correlating Physical and Electronic Structure in Trinuclear Iron Clusters

In Chapter 2 we examine a family of trinuclear iron complexes by multiple-wavelength,
anomalous diffraction (MAD) to explore the redox load distribution within cluster materials by
the free refinement of atomic scattering factors. Several effects were explored that can impact
atomic scattering factors within clusters, including (1) metal atom primary coordination sphere,
(2) M−M bonding, and (3) redox delocalization in formally mixed-valent species. Complexes were
investigated which vary from highly symmetric to fully asymmetric by 57Fe Mössbauer and X-ray
diffraction to explore the relationship between MAD-derived data and the data available from these
widely-used characterization techniques. The compounds examined include the all-ferrous clusters
[nBu4N][(tbsL)Fe3(µ3–Cl)], (tbsL)Fe3(py), [K(C222)]2[(tbsL)Fe3(µ3–NPh)], and the mixed-valent
(tbsL)Fe3(µ3–NPh). Redox load delocalization in mixed-valent imido, (tbsL)Fe3(µ3–NPh), was
explored with cyclic voltammetry (CV), zero-field

57

Fe Mössbauer, near-infrared (NIR)

spectroscopy, and X-ray crystallography techniques. We find that the MAD results show an
excellent correspondence to the

57

Fe Mössbauer data; yet also can distinguish between subtle
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changes in local coordination geometries where Mössbauer cannot. Differences within aggregate
oxidation levels are evident by systematic shifts of scattering factor envelopes to increasingly
higher energies. However, distinguishing local oxidation levels in iso- or mixed-valent materials
can be dramatically obscured by the degree of covalent intracore bonding. MAD-derived atomic
scattering factor data emphasizes in-edge features that are often difficult to analyze by XANES.
Thus, relative oxidation levels within the cluster were most reliably ascertained from comparing
the entire envelope of the atomic scattering factor data.

Seeking to combine the spin angular momentum from giant spin clusters and orbital
angular momentum from heavy element substituents, in Chapter 3 we sought to prepare trinuclear
clusters featuring heavy element chalcogenide ligands. The nominally mixed-valent cluster
[(tbsL)Fe3]− exhibits a thermally well-isolated spin ground state, illustrating the giant spin
electronic configurations attainable with the [(tbsL)Fe3] framework arising from direct-exchange
coupling. To probe the electronic structure effects of ligand installation onto the [Fe3] core, we
prepared a series of µ3−chalcogenide adducts [(tbsL)Fe3(µ3−E)]– by E-atom excision from pyridineN-oxide or KS(CPh3) [E = O2– , S2– , respectively] or by direct element addition to [(tbsL)Fe3]− [E
= Se2– , Te2– ]. The series of complexes was examined using 57Fe Mössbauer, EPR, magnetometry,
cyclic voltammetry, and by X-ray crystallography. 57Fe Mӧssbauer spectroscopy indicates each of
the adducts feature strongly delocalized clusters in near identical iron environments.
24

Magnetometry and EPR reveal the oxide to be low-spin (S = 1/2) while the heavier chalcogen
analogues each adopt S = 5/2 configurations. Structurally, the [Fe3] core expands minimally (~0.04
Å) despite a substantial increase the size of the bridgehead elements, indicating a substantial
decrease in the [Fe3(µ3−E)] covalency owing to the increasing bridgehead valence orbital size. The
diminished covalency is corroborated by low temperature, high-field/high-frequency electron
paramagnetic resonance (HFEPR) spectroscopy which shows that the magnitude of magnetic
anisotropy (D) effectively decreases (D/cm−1: S, -3.36; Se, -3.05; Te, -2.86) upon incorporation of
heavier chalcogenides. The diminishing contribution of zero-field splitting from the progressively
heavier chalcogenides suggests a diminishing contribution of the bridgehead ligand to the spinbearing orbitals, mitigating an observable heavy-ligand effect.

To probe the impact of light element substitution on cluster covalency, electronic structure,
and redox properties, Chapter 4 details the synthesis and characterization of isoelectronic, mixedvalent iron clusters that differ only in the identity of the μ3−bridging element. Specifically, we
compare the properties of clusters arising from O−, N−, and C−bearing ligands within a series of
isovalent clusters featuring formally a [FeII2FeIII] composition. The high-spin, trinuclear iron
25

complex, (tbsL)Fe3(thf) ([tbsL]6– = [1,3,5-C6H9(NC6H4-o-NSitBuMe2)3]6–), undergoes rapid ligand
exchange

with

monoanionic

ligand

LiOAd

to

afford

the

alkoxide

adduct

[Li(thf)4][(tbsL)Fe3(µ3−OAd)] (4.2) that is subsequently oxidized to the target oxidation level
(tbsL)Fe3(µ3−OAd) (4.3). Oxidative nitrene extrusion from organic azides with in situ prepared
[K(thf)n][(tbsL)Fe3] afforded imido clusters of the type [(C222)K][(tbsL)Fe3(µ3−NR)] (R = Ad, 4.4;
Naphth, 4.5; C222 = cryptand(2,2,2)). The (2-naphthyl)alkylidyne was prepared via addition of the
deprotonated (2-napthyl)diazoalkane to (tbsL)Fe3(thf) followed by subsequent reduction to afford
the dianionic cluster [(C222)K]2[(tbsL)Fe3(µ3−CNaph)] (4.8). An isolectronic phosphido adduct was
prepared by phosphide extrusion from chlorodibenzo−7λ3−phsophanorbornadiene via in situ
prepared [K(thf)n][(tbsL)Fe3] with concomitant evolution of anthracene and KCl, followed by
subsequent reduction to afford the dianionic cluster [(C222)K]2[(tbsL)Fe3(µ3−P)] (4.10). The series
of isovalent clusters featuring monoanionic (4.3), dianionic (4.4, 4.5) and trianionic (4.8, 4.10)
bridgehead ligands were examined using

57

Fe Mössbauer, EPR, magnetometry, cyclic

voltammetry, and by X-ray crystallography. Magnetometry and EPR reveal the alkoxide (4.3),
imido (4.4, 4.5), and phosphide (4.10) complexes adopt S = 5/2 configurations despite spanning a
range of Fe−Fe separations (∆(dFe−Fe) = 0.282 Å); while the alkylidyne (4.8) uniquely adopts a
higher-spin configuration as an admixture of S = 7/2 and 9/2 states. Magnetometry data for all
clusters can be modelled as a single-spin system up to room temperature, indicative of strong direct
exchange coupling between the three metal centers, as has been previously observed in
structurally-related systems. Each cluster exhibits a minimum of three accessible oxidation states
by cyclic voltammetry; wherein the isoelectronic cluster series reveals a substantial charging effect
(−1 V/n) for each successive change (n), a trend which extends to O2−, S2−, and N3− cluster variants.
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Oxidative

group

transfer

(tbsL)Fe3(thf)

to

(5.1)

with

deprotonated

(2−naphthyl)diazomethane [LiC(N2)Naph] affords the anionic (2−naphthyl)alkylidyne adduct
[Li(THF)4][(tbsL)Fe3(µ3−C(Naph))] (5.2) ([tbsL]6– = [1,3,5-C6H9(NC6H4-o-NSitBuMe2)3]6−). The
redox isomers of 5.2 were prepared by oxidation of 5.2 with [(BQA)2Fe][BPh4] to afford neutral
(tbsL)Fe3(µ3−C(Naph)) (5.3) (BQA = bis(8−quinolinyl)amide); which in turn was doubly reduced
with

potassium

graphite

(2

equiv)

to

afford

the

dianionic

analogue

[K(C222)]2[(tbsL)Fe3(µ3−C(Naph))] (5.4) following cation sequestration (C222 = 2,2,2−cryptand). In
Chapter 5 the alkylidyne redox series 5.2−5.4 was characterized by 1H NMR, EPR (5.2, 5.4), 57Fe
Mössbauer, magnetometry, and single crystal X-ray diffraction. Both neutral 5.3 and anionic 5.2
show resolvable closely overlapping quadrupole doublets in the 57Fe Mössbauer spectra; whereas
the dianionic, mixed valent 5.4 exhibits one sharp quadrupole doublet. The average isomer shifts
increase in velocity by 0.11 mm/s per formal one electron reduction (δ mm/s: 5.3, 0.27; 5.2, 0.39; 5.4,
0.48). EPR and magnetometry reveal that both neutral 5.3 (S = 1/2) and anionic 5.2 (S = 1) exhibit
low-spin electronic ground states; whereas dianion 5.4 possesses an S = 7/2 ground state that
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exhibits population of higher-spin configurations even below 4 K. Although the spin ground states
of 5.2 and 5.3 are thermally not well-isolated and exhibit monotonic increases of the molar
susceptibility as a function of temperature, the abrupt spin ground state transition for 5.4 was
rationalized based on a delocalized bonding approach mediated by the alkylidyne ligand.
Molecular orbital considerations are described to account for the giant spin configuration in the
dianionic alkylidyne cluster and bonding trends within the redox isomer series.
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Multiple-wavelength anomalous diffraction studies of
trinuclear iron clusters: effects of coordination environment, M–M
bonding, and mixed valency.*
2.1 Introduction
1

Traditional coordination complexes mediate redox processes from discrete orbitals. The
electroactive orbitals need not be uniquely metal-based and may include both transition metal and
2

ligand character. For extended solids local coordination environments change for surface bound
elements, but the redox load is distributed within the valence band under oxidative stress, or the
conduction band under reducing conditions. Clusters represent the intermediate domain which
contains M–M bonding interactions at the core and are terminated by metal–ligand interactions at
3

the periphery. Clusters maintain the properties of mononuclear coordination compounds in that

*This work has been performed in collaboration with Amymarie K. Bartholomew, Brian J.
Malbrecht, Raúl Hernández Sánchez, and Cristin Juda.
1.

(a) Taube, H.; Myers, H.; Rich, R. L., J. Am. Chem. Soc. 1953, 75, 4118-4119. (b) Taube,
H.; Gould, E. S., Acc. Chem. Res. 1969, 2, 321-329. (c) Taube, H., Science 1984, 226, 10281036.

2.

(a) Davison, A.; Edelstein, N.; Holm, R. H.; Maki, A. H., Inorg. Chem. 1963, 2, 1227-1232.
(b) Eisenberg, R.; Gray, H. B., Inorg. Chem. 2011, 50, 9741-9751. (c) Gray, H. B.; Billig,
E., J. Am. Chem. Soc. 1963, 85, 2019-2020. (d) Gray, H. B.; Williams, R.; Bernal, I.; Billig,
E., J. Am. Chem. Soc. 1962, 84, 3596-3597. (e) Jørgensen, C. K., Coord. Chem. Rev. 1966,
1, 164-178. (f) Schrauzer, G. N.; Mayweg, V., J. Am. Chem. Soc. 1962, 84, 3221-3221. (g)
Szilagyi, R. K.; Lim, B. S.; Glaser, T.; Holm, R. H.; Hedman, B.; Hodgson, K. O.; Solomon,
E. I., J. Am. Chem. Soc. 2003, 125, 9158-9169. (h) Sarangi, R.; DeBeer George, S.; Rudd,
D. J.; Szilagyi, R. K.; Ribas, X.; Rovira, C.; Almeida, M.; Hodgson, K. O.; Hedman, B.;
Solomon, E. I., J. Am. Chem. Soc. 2007, 129, 2316-2326.

3.

Muetterties, E. L., Science 1977, 196, 839-848.
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redox still occurs in discrete orbitals, yet begin to approximate band-like configurations as the
cluster size increases, increasing the density of near degenerate orbitals. A variety of analytical
techniques (e.g., near-infrared spectroscopy, cyclic voltammetry, 57Fe Mössbauer) can be used to
interrogate delocalization. However, these bulk techniques cannot provide site specific
information with regards to redox load on the individual metals within a cluster. Understanding
how redox loads are distributed within clusters can provide important details about the mechanisms
of substrate activation and redox changes both in biological and abiological systems.
Multiwavelength anomalous X-ray diffraction (MAD) has the potential to be a powerful
technique for understanding the local oxidation state of transition metals in both synthetic clusters
and polynuclear biological cofactors. In theory, MAD can serve as a site-specific, crystallographic
probe of a metal center’s absorption edge profile, analogous to employing XANES in mononuclear
compounds. However, examples of its application to molecular and biological systems are thus far
limited. As the capacity to collect well-resolved MAD spectra improves, it is necessary to
benchmark the results of MAD on polynuclear clusters. The effects of fully-delocalized mixed
valency and changes in local bond metrics and M−M separation must be investigated as these
factors affect the appearance of MAD data in ways that can impact the interpretation of MAD as
it is applied to synthetic and biological systems.
The MAD experiment refines the atomic scattering factor, 𝑓𝑓, which characterizes the

diffraction behavior of atoms and has a large wavelength dependence near an atom’s absorption

edge. More specifically, 𝑓𝑓 may be subdivided into three components: 𝑓𝑓 = 𝑓𝑓0 + 𝑓𝑓′ + 𝑖𝑖𝑖𝑖′′, where 𝑓𝑓0

is the scattering factor of the unperturbed atom, and 𝑓𝑓′ and 𝑓𝑓′′ are the real and imaginary
components of anomalous scattering that arise as a result of X-ray absorption and therefore vary
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4

significantly near an absorption edge. MAD experiments are conducted by collecting many Xray diffraction data sets at energies near the K-edge of the element of interest, allowing refinement
of 𝑓𝑓′ and 𝑓𝑓′′ of that element while all other scattering factors remain near constant. The values of

𝑓𝑓′′ are only reliable for non-centrosymmetric crystals, so while recent protein crystallography

examples of MAD utilize both 𝑓𝑓′ and 𝑓𝑓′′, MAD analysis of synthetic polynuclear clusters is

typically limited to 𝑓𝑓′. While 𝑓𝑓′′ is linearly related to the absorbance and therefore can be analyzed

similarly to an XAS spectrum, 𝑓𝑓′ is related to 𝑓𝑓′′ by a Kramers-Kronig transformation and is more
sensitive to fine features of the absorption edge.

5

6

MAD has been utilized extensively in polycrystalline systems but only scarcely in single7

crystal experiments. Given the dearth of literature surrounding single molecule, single crystal
MAD applications, we were interested in applying the methodology to a family of well-defined
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Coppens, P.; Cox, D.; Vlieg, E.; Robinson, I. K., Synchrotron radiation crystallography.
Academic Press: 1992.
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2012, 208, 275-289. (b) Attfield, J. P., J. Phys. Chem. Solids 1991, 52, 1243-1249. (c) Kwei,
G. H.; Von Dreele, R. B.; Williams, A.; Goldstone, J. A.; Lawson, A. C.; Warburton, W. K.,
J. Mol. Struct. 1990, 223, 383-406.
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Am. Chem. Soc. 1992, 114, 9214-9215. (b) Zhang, L.; Kaiser, J. T.; Meloni, G.; Yang, K.Y.; Spatzal, T.; Andrade, S. L. A.; Einsle, O.; Howard, J. B.; Rees, D. C., Angew. Chem. Int.
Ed. 2013, 52, 10529-10532. (c) Einsle, O.; Andrade, S. L. A.; Dobbek, H.; Meyer, J.; Rees,
D. C., J. Am. Chem. Soc. 2007, 129, 2210-2211. (d) Spatzal, T.; Schlesier, J.; Burger, E.-M.;
Sippel, D.; Zhang, L.; Andrade, S. L. A.; Rees, D. C.; Einsle, O., Nature Communications
2016, 7, 10902. (e) Hernández-Sánchez, R.; Champsaur, A. M.; Choi, B.; Wang, S. G.; Bu,
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Ed. 2018, 57, 13815-13820.
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clusters to examine how well this technique can resolve differences in atomic scattering factors
and what molecular features affect the scattering factors themselves. Additionally, we sought to
utilize this set of sample molecules to examine the interpretation of well-resolved experimental 𝑓𝑓′
curves. Towards this end, we selectively examined synthetic iron complexes so that comparisons

could be made between the MAD results and analysis of local bond-metrics and 57Fe Mössbauer
parameters.

2.2 Results
2.2.1 Synthesis
To test the applicability of MAD towards identifying the individual metal electronic
environments within a cluster, we generated a family of trinuclear clusters that allowed us to probe
the effects of cluster symmetry, local metal ion primary coordination sphere, M–M bonding, and
cluster oxidation state changes. The asymmetric, all-ferrous complex (tbsL)Fe3(py) (2.1) (Figure
Scheme 2.1. Synthesis of 2.2 and 2.4.
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2.1a) allows us to examine how major differences within the cluster ions' primary coordination
spheres might affect the 𝑓𝑓′ curves. Complex 2.1 can be rapidly converted to the C3-symmetric

chloride [nBu4N][(tbsL)Fe3(μ3–Cl)] (2.2) adduct by treatment with [nBu4N]Cl in THF (Scheme 2.1).
The symmetry of 2.2 is apparent in solution by the C3-symmetric 1H NMR spectrum. The neutral
8

phenylimido complex (tbsL)Fe3(μ3–NPh) (2.3) was selected as a representative mixed-valence
complex, and thus we targeted its all-ferrous congener through chemical reduction. The dianionic
imido was obtained via treatment of 2.3 with 2 equivalents of KC8 in thawing THF followed by
encapsulation of the K cations with [2.2.2]cryptand (C222) to afford [K(C222)]2[(tbsL)Fe3(μ3–NPh)]
(2.4, Scheme 2.1, Figure 2.1d).

2.2.2 Solid-state molecular structures
The solid-state structures for complexes 2.1–2.4 (Figure 2.1) were obtained at 100 K and at an
incident X-ray energy of 30.5 keV, well beyond the iron K-edge. The solid-state structure for 2.1
retains the asymmetric binding of the tbsL6– ligand about the trinuclear core reported for its THF9

bound congener (tbsL)Fe3(thf) . As in (tbsL)Fe3(thf), 2.1 contains one four-coordinate entirely
ligand-bound site (Fe1-Navg 2.061(3) Å), one four-coordinate solvent-bound site (Fe2-Navg
2.118(3) Å), and one three-coordinate site (Fe3-Navg 1.983(3) Å). In addition to the differences in
coordination geometry and average Fe−N distances, the Fe−Fe distances of 2.1 are also distinct:
Fe1−Fe2 2.6499(7), Fe1−Fe3 2.6306(7), Fe2−Fe3 2.5422(5) Å. The solid-state molecular structure
of the chloride adduct 2.2 is not rigorously C3-symmetric, owing perhaps to crystal packing effects

8.

Powers, T. M.; Betley, T. A., J. Am. Chem. Soc. 2013, 135, 12289-12296.

9.

Powers, T. M.; Fout, A. R.; Zheng, S.-L.; Betley, T. A., J. Am. Chem. Soc. 2011, 133, 33363338.
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of the nBu4N cation. Significant asymmetries are apparent in both the Fe–Cl and Fe–Fe distances
(Å): Fe1–Cl, 2.5185(7); Fe2–Cl, 2.4797(6); Fe3–Cl, 2.5601(7); Fe1–Fe2, 2.8428(8); Fe1–Fe3,
2.6948(8); Fe2–Fe3, 2.8184(8). However, the average Fe–N distances of the three Fe sites in 2.2
(Fe1–Navg 2.028(3) Å, Fe2–Navg 2.027(3) Å, Fe3–Navg 2.023(3) Å) are indistinguishable within
error. The average Fe–Fe separation of 2.7853(7) Å in 2.2 is expanded from 2.1, indicating
diminished Fe–Fe bonding overlap.
The crystallographically determined structure of phenylimido 2.3 was reported
previously,8 though we note the following features: the imido phenyl moiety is found in two
orientations in a nearly 1:1 ratio. The triiron core forms a nearly isosceles triangle, though with
only a small variation in absolute distances (Fe1–Fe2, 2.5365(9); Fe1–Fe3, 2.5367(8); Fe2–Fe3

Figure 2.1. X-ray single crystal structures obtained at 30.5 keV (100 K) for (a) (tbsL)Fe3(py) (2.1),
(b) [nBu4N][(tbsL)Fe3(μ3–Cl)] (2.2), (c) (tbsL)Fe3(μ3–NPh) (2.3), and (d) [K(C222)]2[(tbsL)Fe3(μ3–
NPh)] (2.4). Disorder ratio of the phenyl group on the μ3–NPh fragment in 2.3 is 48:52. Hydrogen
atoms, cations, and cocrystallized solvent molecules have been omitted for clarity. Thermal
ellipsoids set at 50% probability level. Atom color-coding: Fe orange, C grey, Si pink, and N blue.
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2.5133(8) Å), and the iron-imido N contacts are indistinguishable within error (Fe1–Nimido,
1.939(3); Fe2–N 1.936(4); Fe3–N 1.935(3) Å). Lastly, there is no evidence for ligand redox noninnocence within the imido moiety (dC–C avg: 1.394(20) Å) or within the tbsL o-phenylenediamide
units whose metrics are consistent with closed-shell dianions (dC–C

avg:

1.393(4) Å). Double

reduction of 2.3 to the dianion 2.4 maintains the overall aggregate geometry (Figure 2.1d) with
attendant expansion in the Fe–Fe (avg. dFe–Fe: 2.633(1) Å) and Fe–Nimido (avg. dFe–NPh: 2.008(2) Å)
interactions. The Fe-Fe distances and Fe-Nimido distances in 2.4 are significantly more asymmetric
than in 2.3: Fe1–Fe2, 2.6606(9); Fe1–Fe3, 2.6568(8); Fe2–Fe3 2.5817(8); Fe1–N, 1.976(2); Fe2–
N, 1.991(2); Fe3–N, 2.058(2) Å).

2.2.3

57

Fe Mössbauer

The reported zero-field,

57

Fe Mössbauer spectrum for 2.1 (Figure 2.2e) indicates three

unique iron environments that can be assigned to the three-coordinate site (δ, |∆EQ| (mm/s): 0.33,
1.84, blue trace); four-coordinate, tetraanilido-bound site (δ, |∆EQ| (mm/s): 0.55, 1.76, green trace);
and the four-coordinate, pyridine-bound site (δ, |∆EQ| (mm/s): 0.74, 1.39, yellow trace),
10

respectively, by comparison to the 57Fe Mössbauer spectra of metal-substituted variants. For 2.2,
the solid-state 57Fe Mössbauer displays a single quadrupole doublet, (δ, |∆EQ| (mm/s): 0.72, 1.31,
Figure 2.2d), consistent with the C3-symmetric 1H NMR spectrum, but relatively surprising given
the degree of asymmetry in Fe−Fe and Fe−Cl distances observed by single-crystal X-ray
diffraction studies (Figure 2.1b). The single quadrupole doublet observed for 2.2 also contrasts
with the 57Fe Mössbauer spectrum of 2.4, which has two distinct signals in a 1:2 ratio (δ, |∆EQ|

10.

Ward, M. D., Chem. Soc. Rev. 1995, 24, 121-134.
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(mm/s), %: 0.72, 1.47, 35%, blue trace; 0.75, 2.84, 65%, Figure 2.2f). The asymmetry of 2.4 by
Mössbauer decreases upon oxidation, as seen in the Mössbauer spectrum of 2.3, which was best
modeled as three closely overlapping quadrupole doublets with the following parameters [δ, |∆EQ|
(mm/s)]: 0.40, 1.08, (blue trace); 0.37, 1.72, (yellow trace); and 0.41, 2.13, (green trace) as shown
in Figure 2.15.

2.2.4 Assessing the Mixed-valent Character of (tbsL)Fe3(μ3–NPh) (2.3).
The electrochemical behavior of 2.3 displays three one-electron redox events in THF, two
reversible reductions at E1/2 = –1.25 and –2.48 V and one quasi-reversible oxidation at Epa = –0.12
11

V vs. [Cp2Fe]0/+.8 From this data the upper limit for the comproportionation constant (Kc) of 2.3
12

was calculated to be 1.3 x 1019, well in excess of 106–107 typically observed for fully delocalized
mixed valent species (Robin-Day designation of Class III).

13

While the conditions used in the

14

electrochemical experiment can vary Kc, the latter value vastly exceeds the threshold for strongly
delocalized complexes. Complex 2.3 was probed by zero-field 57Fe Mössbauer spectroscopy, as
described above, where strongly delocalized mixed valent systems appear as a single quadrupole

11.

The E1/2 of the first reduction and the Epa of the oxidation event were used.

12.
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15

doublet. The isomer shift values (δ), reflective of the relative oxidation levels, vary minimally
amongst the modeled components. The variation observed for the quadrupole splitting values
(|∆EQ|) could reflect an electronic asymmetry induced by the µ3–NPh fragment, or simply result
from the different orientations of the imide phenyl unit in the solid-state measurement. However,
the phenomenon appears to be electronic in nature as three distinct components were resolved in
spectra collected in an amorphous glass (toluene, 90K, Figure 2.16) and as a polycrystalline solid
at 90 K, 150 K, and 210 K (Figure 2.15).
The absorption spectrum of 2.3 in C6D6 displays a discernable weak absorption band at ca.
4500 cm–1, however, upon investigating the near-IR spectrum of dianionic homovalent analogue
2.4 we observed a band of a similar intensity, shape, and energy (Figure 2.18), leading us to
conclude that this feature does not arise from intervalence charge transfer in 2.3. The NIR region
of the absorbance spectrum of 2.3 is otherwise featureless. A previously-reported wellcharacterized strongly delocalized Class III reduced triiron complex on the same ligand platform
also displayed no observable IVCT band, which supports the conclusion that mixed-valency in 2.3
is also strongly delocalized.

16

2.2.5 Multiwavelength Anomalous Diffraction
Application of MAD to the series of all-ferrous clusters 2.1, 2.2 and 2.4 consisted of
collecting 37 partial diffraction datasets around the experimentally determined Fe K-edge, in
addition to a full data structure collection at high energy as a reference (30.5 keV). A fluorescence

15.

Hernández Sánchez, R.; Bartholomew, A. K.; Powers, T. M.; Ménard, G.; Betley, T. A., J.
Am. Chem. Soc. 2016, 138, 2235-2243.

16.

Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson, K. O.; Solomon, E. I., J.
Am. Chem. Soc. 1997, 119, 6297-6314.
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scan on a crystalline sample of ferrocene was used as an energy reference standard between data
collections. Prior to collecting the diffraction data, fluorescence data was obtained on the same
single-crystal at steps of 1 eV from 7080 to 7180 eV. A highlighted region from 7100–7140 eV is
shown for 2.2, 2.1, and 2.4 in Figure 2.2d–f, respectively, and for 2.3 in Figure 2.3. No attempt
was taken to determine the edge from this data and instead it was used to define the number and
size of energy steps at which to collect diffraction data for the MAD experiment. For the more
symmetric complexes 2.2−2.4, a pre-edge feature is apparent between 7110 and 7115 eV.

17

Partial diffraction data, consisting of 500-1000 unique reflections at each energy, were
collected around the Fe K-edge in between 7085 and 7150 eV. When refining the partial diffraction
datasets only the real (𝑓𝑓′) and imaginary (𝑓𝑓′′) scattering factors for each iron site were freely refined
while position and occupancy of all atoms were held constant from the full structures determined
at 30.5 keV. Tabulated scattering factors at each energy were used for non-Fe atoms. The 𝑓𝑓′ plots

for each iron site obtained from the refinement using the 30.5 keV reference are shown in Figure
2.2g–i for 2.2, 2.1, and 2.4, respectively, and in Figure 2.3 for 2.3. The site labeling corresponds
to the atomic positions shown in Figure 2.1.

17.

(a) Rohde, J.-U.; Betley, T. A.; Jackson, T. A.; Saouma, C. T.; Peters, J. C.; Que, L., Inorg.
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Figure 2.2. (Top) Crystal structure cores with bond metrics indicated and zero-field 57Fe
Mössbauer spectra of the all-ferrous materials (a, d) [(tbsL)Fe3(μ3–Cl)]– of 2.2, (b, e) (tbsL)Fe3(py)
(2.1), and (c, f) [(tbsL)Fe3(μ3–NPh)]2– of 2.4. (g–i) (Middle) Single-crystal X-ray fluorescence scan
collected around the Fe K-edge in steps of 1 eV at 100 K; (Bottom) Anomalous scattering factor
𝒇𝒇′ (filled circles) and interpolation (solid line) for each iron center of (g) [(tbsL)Fe3(μ3–Cl)]– (2.2),
(h) (tbsL)Fe3(py) (2.1), and (i) [(tbsL)Fe3(μ3–NPh)]2– (2.4).
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In previous studies of mixed-valent MnIIIMnIV,7a FeIIFeIII2,

18

and FeIIFeIII

19

a clear

distinction of the minimum of the 𝑓𝑓′ vs. energy curves, which indicates the edge position, have

allowed an unambiguous assignment of the relative oxidation states of the individual metal sites.
For iron-containing species, benchmark studies provide baseline energy values of Fe0 (7113 eV),

FeII (7121 eV), and FeIII (7127 eV), giving a narrow energy breadth spanning only 14 eV.18 Initial
inspection of the 𝑓𝑓′ curves for the asymmetric py-adduct 2.1 reveals a complex series of plots
thatspan a broad range of energies, unlike those previously reported.18 Remarkably, the three-

coordinate site Fe3 presents the lowest energy minimum at 7115.5 eV, offset from the minima
displayed by the four-coordinate, tetraanilido-bound Fe1 (7119.5 eV) and the four-coordinate, pybound Fe2 (7125.5 eV). The data for [nBu4N][(tbsL)Fe3(μ3–Cl)] (2.2) (Figure 2.3a, d, g) reveal
essentially overlapping 𝑓𝑓′ curves for all three iron sites. Each of the iron site, however, traces

project a sharp minimum at 7117.5 eV, however the energy of this minimum is coincident with a
strong, in-edge absorption in the fluorescence scan. This feature has been observed in other
20

chloride containing transition metal complexes. Aside from this in-edge feature, the 𝑓𝑓′ curves for

all three Fe sites of 2.2 are notably broader than observed in previous Fe 𝑓𝑓′ data.

Examination of the scattering factors of the dianionic imido 2.4 reveals that each of the

three iron sites feature significantly broadened energy minima envelopes spanning 6–12 eV
(absolute minima (eV): Fe1, 7115.5; Fe2, 7121.5; Fe3, 7117.5). The asymmetry in the individual

18.

Wu, G.; Zhang, Y.; Ribaud, L.; Coppens, P.; Wilson, C.; Iversen, B. B.; Larsen, F. K., Inorg.
Chem. 1998, 37, 6078-6083.
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Zheng, S. L.; Betley, T. A. Submitted 2019.
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envelopes could be influenced by the asymmetry in the individual Fe−Nimido distances, but further
interpretation is precluded by the minimal statistical significance of the site-to-site differences in
𝑓𝑓′. Application of the MAD protocol to the mixed valent (tbsL)Fe3(μ3–NPh) 2.3 reveals an
analogously broad scattering factor envelope (Figure 2.3e) akin to that observed in 2.4. The

nominal two-electron oxidation on going from 2.4 to 2.3 is manifest in a subtle shift of the right
side of the envelope of 2.3 to higher energies than in 2.4. The shift in aggregate oxidation levels is

Figure 2.3. (Left) Crystal structure cores for (tbsL)Fe3(μ3–NPh) (2.3, a) and [(tbsL)Fe3(μ3–NPh)]2–
of (2.4, b) with relevant bond metrics indicated. (Middle) (c) Single-crystal X-ray fluorescence
scan collected around the Fe K-edge in steps of 1 eV at 100K and (d) anomalous scattering factor
𝒇𝒇′ (filled circles) and interpolation (solid line) for each iron center of (tbsL)Fe3(μ3–NPh) 2.3.
(Right) (e) X-ray fluorescence scan overlay for (tbsL)Fe3(μ3–NPh) (2.3, red) and [(tbsL)Fe3(μ3–
NPh)]2– (2.4, blue). (f) Overlay of anomalous scattering factor plots for each iron center of
(tbsL)Fe3(μ3–NPh) (2.3, red) and [(tbsL)Fe3(μ3–NPh)]2– (2.4, blue).
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more evident in comparison to the scattering factor envelopes than the composite fluorescence
scans which are overlaid for 2.3 and 2.4 in Figure 2.3c.

2.3 Discussion
The MAD data collection strategy implemented in this study resulted in high-resolution 𝑓𝑓′

data for the complexes of interest. We were able to both collect energy data points at a separation
of as little as 2 eV and collect sufficient data to minimize error in 𝑓𝑓′ such that three sites within a

similar ligand environment can be distinguished. The resulting 𝑓𝑓′ curves for all-ferrous 2.1, 2.2,

and 2.4, and mixed-valent 2.3 allowed us to discern the effects of molecular symmetry, changes in
the primary coordination spheres for the metals within the cluster, the nature of the cluster capping
ligand, and cluster oxidation state. Several general observations were apparent upon comparison
of our data to that for previously reported complexes. First, the 𝑓𝑓′ envelopes observed for the

clusters examined in this study span a broader range than previously observed; this broadness is
also observed in the fluorescence scans, and by comparison to the XAS literature19 indicates a
much higher degree of covalency within our clusters. Additionally, at the data resolution used in
this study (limited by the 1 eV energy uncertainty of the synchrotron beamline at which the data
was collected), observing and interpreting pre-edge features via 𝑓𝑓′ is challenging.

Probing the effect of coordination environment via MAD, the 𝑓𝑓′ plots of 2.1 reveal a strong

correlation between changes in individual primary coordination spheres and the resulting
anomalous scattering factors. Compared to the broad and entirely featureless fluorescence scan,
the individual 𝑓𝑓′ curves for 2.1 can resolve detailed features of the absorbance at each site,

including multiple transitions in the edge of the three-coordinate site Fe3. This highlights the
importance of employing a site-resolved technique for cluster complexes, as none of these features
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are apparent in the bulk measurements. Despite consisting of three formally FeII sites, the disparity
in the 𝑓𝑓′ minima span 10 eV (which nearly spans the previously benchmarked Fe0–FeIII
continuum). This case study shows that the absolute 𝑓𝑓′ minimum alone should not be used as an
indicator of oxidation state. Rather, we note that the individual 𝑓𝑓′ plots converge approaching the

white line energy, suggesting the right-hand rising edge should be more reflective of the relative
oxidation states of the individual sites. However, the differences in the 𝑓𝑓′ curves for the three iron

sites do indicate that there is polarization across the [Fe3] core, potentially signifying a disparity

in local electronic structures. This analysis agrees with the 57Fe Mössbauer data for 2.1, in which
all three sites differ in both isomer shift and quadrupole splitting. The combined MAD and
Mössbauer analysis are corroborated by contemporary studies in our lab wherein [(tbsL)Fe2Zn]
clusters have been prepared, allowing each of the quadrupole doublets of 2.1 to be determined
(selectively removing iron from individual sites).

21

By coordinating chloride to the face of the trinuclear cluster in 2.2, the local coordination
environments of the individual sites are nominally symmetrized compared to those of 2.1. While
the M–N bonds are indistinguishable within error, the Fe–Fe and Fe–Cl distances are highly
asymmetric (See Figure 2.2a), with standard deviations of 0.08 and 0.04 Å, respectively. Despite
these differences, the 𝑓𝑓′ curves obtained for 2.2 overlay almost completely for all energies,

indicating that the 𝑓𝑓′ plots for 2.2 are more reflective of Fe–N bond distances. The long Fe–Fe

distances (avg. 2.785(1) Å) and Fe-Cl distances (2.519(1) Å), coincident 𝑓𝑓′ plots, and the single
quadrupole doublet in

57

Fe Mössbauer spectra indicate that the local electronic structure is

dominated by the highly covalent Fe–N bonds. As anticipated, the in-edge feature observed in the
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fluorescence scan produces the strongest signal in the 𝑓𝑓′ curve, giving rise to the sharp minimum

at 7115.5 eV. The decreasing left-hand side of the curve includes a shoulder at 7111.5 eV,

coincident with the energy of the pre-edge feature in the fluorescence scan, confirming that preedge features contribute minimally to 𝑓𝑓′. Accounting for these detailed edge features, the overall

𝑓𝑓′ envelope for all three sites of 2.2 spans a similar energy range to that observed for 2.1,
corresponding to a similar degree of covalency between the two complexes.

The asymmetry in the Fe–Fe and Fe–Nimido distances of 2.4 results in an asymmetric 57Fe
Mössbauer spectrum. The unique quadrupole doublet (Figure 2.2f), which significantly differs
only in quadrupole splitting, could be associated with site Fe3 which bares significantly shorter
average Fe–Nligand distances (2.043(3) Å vs. 2.070(3) Å and 2.074(3) Å) and a longer Fe–Nimido
(2.058(2) Å vs. 1.976(2) Å and 1.991(2) Å) distance compared to the remaining sites. The siteresolved 𝑓𝑓′ plots that arise from MAD, however, are barely distinguishable within error. The more
covalent interactions between the iron sites and the µ3-capping group in 2.4 do not increase the

breadth of the curves compared to 2.2. The decreased Fe–Fe distances also do not result in
significant broadening of the curves, nor do they change the energy at which the steep descent or
ascent occurs. Synthetic clusters previously studied by MAD have much longer M–M distances
than those found in 2.4 (M–M > 3 Å vs. Fe–Feavg 2.633(1) Å). The finding here that shorter Fe–
Fe distances do not impact the curve width strengthens the conclusion that the breadth of peaks
observed for the complexes in this study is related to metal-ligand covalency, as suggested by
XANES literature. Those conducting future studies on synthetic and biological systems should
note the tendency of highly covalent systems to give significantly broadened MAD signals
compared to previous literature reports.18
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Upon oxidation to the neutral phenyl imido complex 2.3, the cluster undergoes a significant
symmetrization (std. dev. Fe–Nligand: 0.005 Å, Fe–Nimido: 0.002 Å, Fe–Fe: 0.013 Å vs. 0.017 Å,
0.044 Å, 0.045 Å, respectively, in 2.4). Furthermore, 57Fe Mössbauer reveals a broad quadrupole
doublet that can be fit as three closely overlapping components. Isomer shift and quadrupole
splittings can be obtained from a fit to the data, but the closely overlapping nature of the doublets
allows for multiple comparable fits. While the comproportionation constant and lack of IVCT band
observed for 2.3 match well with what was observed for a fully delocalized, mixed-valent anion
on the same triiron platform, the existence of multiple spectral features by
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Fe Mössbauer

contrasts with the single quadrupole doublet observed in the previous example and other Class III
iron complexes. In fact, closely overlapping but distinct quadrupole doublets were observed for a
previous triiron system (formally FeIII2FeII) which was determined by MAD to consist of a pair of
redox-delocalized sites and one redox-isolated FeIII.
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Analyzing the MAD data for 2.3 reveals three coincident 𝑓𝑓′ traces, indicating a similar

redox distribution across all three sites. Additionally, the 𝑓𝑓′ plots in 2.3 are more closely

overlapping than those in 2.4. This suggests that the dissimilarities within the
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Fe Mössbauer

spectrum of 2.3 must arise from small differences in quadrupole splitting due to small geometric
perturbations, rather than from a difference in oxidation state. MAD indicates that the three iron
sites of 2.3 are identical in oxidation state. The overall 2 electron oxidation on going from 2.3 to
2.4, however, is observable by MAD in a 4 eV shift of the overall 𝑓𝑓′ envelopes to higher energies.
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The 4 eV shift in the position of the rising edge of the 𝑓𝑓′ curves is much greater than the barely-

discernible difference between the two fluorescence scans.

2.4 Conclusions
The foregoing results allow the analysis of the impacts of aggregate oxidation level,
changes in primary coordination sphere, and metal-metal bonding on the ability of MAD to
determine site-specific redox levels. The data collection strategy employed successfully enabled
the collection of up to 21 energy data points per molecule, significantly improving the resolution
of the 𝑓𝑓′ curves obtained without sacrificing certainty in individual 𝑓𝑓′ values. The MAD results

obtained in this study show that highly covalent systems display broad 𝑓𝑓′ traces, much like the
broadening of XANES spectra with increasing covalency. Transitions that give rise to observable
in-edge features in a simple fluorescence scan disproportionately affect 𝑓𝑓′ plots, whereas pre-edge

features are difficult to discern, perhaps except at even higher resolution than was possible for this
study. Differences in local coordination geometry dramatically impact the appearance of sitespecific 𝑓𝑓′ curves. The overall 𝑓𝑓′ curve position is reflective of relative oxidation level in this study

as seen by the shift in the 𝑓𝑓′ envelope when 2.3 is reduced to 2.4. In general, the MAD results gave

excellent correspondence with the

57

Fe Mössbauer data, providing site specific resolution on

relative oxidation levels; thus portending the general usefulness of the technique. Furthermore,
MAD was able to resolve the nature of delocalization in 2.3, which was otherwise ambiguous by
57

Fe Mössbauer. More broadly, these results highlight the importance of having control

compounds that are as structurally similar as possible (e.g., 2.3 vs. 2.4), as conclusions are difficultto-impossible to draw in the absence of a direct comparison and particularly obscured by
differences in geometry (2.1 vs. 2.3).
46

2.5 Further Information
2.5.1 General Considerations
All manipulations involving metal complexes were carried out using standard Schlenk or
glovebox techniques under a dinitrogen atmosphere, unless otherwise noted. All glassware was
oven-dried for a minimum of 10 h and cooled in an evacuated chamber prior to use in the drybox.
Diethyl ether, toluene, and tetrahydrofuran (THF) were dried and deoxygenated on a Glass
Contour System (SG Water USA, Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior
to use. C6D6 was purchased from Cambridge Isotope laboratories and stored over 4 Å molecular
sieves prior to use. Nonhalogented solvents were frequently tested, by a solution of sodium
benzophenone ketyl in THF, for effective water and dioxygen removal. Potassium graphite (KC8)
was prepared according to literature procedure.

23

Ferrocene was purchased from Strem and

sublimed under vacuum to form crystals suitable for X-ray diffraction. Compounds (tbsL)Fe3(py)
(2.1), [Bu4N][(tbsL)Fe3(µ3–Cl)] (2.2), and (tbsL)Fe3(µ3–NPh) (2.3)8 were prepared according to
methodology previously reported by our laboratory. Celite 545 (J. T. Baker) was dried in a Schlenk
flask for at least 20 h under dynamic vacuum while heating to 200 – 220 °C prior to glovebox use.
All other reagents were purchased from commercial vendors and used without further purification.

2.5.2 Synthesis
[K(C222)] 2[(tbsL)Fe3(μ3–NPh)] (2.4). A scintillation vial equipped with a magnetic stir bar
was charged with KC8 (26.1 mg, 0.19 mmol) and THF (2 mL). The mixture was frozen in the
liquid N2-cooled cold well. To the frozen solution was added a solution of (tbsL)Fe3(μ3–NPh) (2.3)
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(87.7 mg, 0.088 mmol) dissolved in THF (4 mL). The frozen solution was thawed and stirred
rapidly at r.t. for 1 h and then filtered through a pad of Celite, after which [2.2.2]cryptand (72.77
mg, 0.19 mmol) was added. The solution was stirred at r.t. for 1 h, filtered through a pad of Celite,
and then the volatiles were removed in vacuo. The resulting red oil was washed with diethyl ether
(8 mL) and then dried in vacuo. This yielded [K(C222)] 2[(tbsL)Fe3(μ3–NPh)] (2.4) (144.9 mg, 0.079
mmol, 90% yield) as a red-brown solid. Crystals suitable for X-ray diffraction were grown from a
1:1 THF:ether solution at -35 °C. 1H NMR (500 MHz, THF-d8): δ 143.33 (b), 38.62 (b), 32.62 (s),
13.69 (s), 10.02 (s), -13.53 (s), -27.51 (b), -47.94 (b). Anal. Calc. for C84H143Fe3K2N11O12Si3: C,
55.16; H, 7.88; N, 8.42. Found: C, 55.56; H, 8.03; N, 8.48.

2.5.3 X-ray structure determinations.
Single crystals suitable for X-ray structure analysis were coated with deoxygenated
Paratone N-oil and mounted in MiTeGen Kapton loops (polyimide). Data for compounds 2.1–2.4
was collected at 100 K using synchrotron radiation at the Argonne National Laboratory Advance
Photon Source, ChemMatCARS. A full dataset suitable for structure determination was collected
at 100 K using 30.5 keV radiation. Data was collected using a Bruker three-circle platform
goniometer equipped with a Bruker APEX II CCD and an Oxford Cryosystems cooling apparatus.
The collection method involved 0.5° scans in ϕ at –5° in 2θ. Data integration down to 0.84 Å
resolution was carried out using SAINT V8.34 C (Bruker diffractometer, 2014) with reflection
24

spot size optimization. Absorption corrections were applied using SADABS. The structure was
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solved by the Intrinsic Phasing methods and refined by least-squares methods again F2 using
25

26

SHELXL with the OLEX 2 interface (Dolomanov, et al., 2009). Space group assignments were
determined by examination of systematic absences, E-statistics, and successful refinement of the
27

structures. The program PLATON was employed to confirm the absence of higher symmetry.
Non-hydrogen atoms were refined with anisotropic displacement parameters, and hydrogen atoms
were added in idealized positions and refined using a riding model. Crystallographic data for 2.1–
2.4 are given in Tables 2.1-2.4.

2.5.4 Multiple-wavelength anomalous diffraction.
Energy referencing.
For 2.1, 2.2, and 2.4, the energy of the beamline at Argonne National Laboratory Advance
Photon Source, ChemMatCARS, was referenced by performing a fluorescence scan of the Fe Kedge of a single crystal of sublimed ferrocene in steps of 2 eV using a Vortex-EX 3070 silicon
drift diode detector. The ferrocene K-edge obtained this way was then compared to an XAS Kedge of sublimed ferrocene obtained at the Stanford Synchrotron Radiation Lightsource and the
energy of the beamline was adjusted so that the energies of the pre-edge and rising edge as
determined by both techniques were well aligned. For 2.3, the energy of the beamline was
referenced by comparison of a fluorescence scan of the Fe K-edge of a single crystal of 2.3
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collected as described above for ferrocene to an XAS K-edge of 2.3 obtained at the Stanford
Synchrotron Radiation Lightsource. All Fe XAS K-edge data collected at the Stanford Synchrotron
Radiation Lightsource was referenced to iron foil.

Data collection strategy.
The following general procedure was followed for all samples: first, the crystal was
mounted when the beam energy was at 30.5 keV. At this energy the crystal quality was judged by
checking for the presence of twin domains. The crystal of each molecule which was both most
single and gave the highest resolution at lowest exposure times was then selected to be used for
the collection. A full structure diffraction dataset was then collected at this energy (30.5 keV).
Second, the beam energy was lowered to the Fe K-edge and a fluorescence scan (Figure 2c top
and S4 top) was collected from 7080 to 7180 eV in steps of 1 eV (for 2.2–2.4) or 2 eV (for 2.1) by
using a Vortex-EX 3070 silicon drift diode detector. This data was used to determine the energies
at which to collect the partial diffraction data. Third, partial diffraction data was collected as
described below at increasing energy.
For 2.3, partial diffraction data was collected at 18 different energies between 7093.75 and
7148.75 eV (Table 2.2 and 2.3). At each energy, a total of 540 frames were collected. These were
acquired by collecting a 180° and a 90° ϕ scan at ω angles of 180° and 220°, respectively, and with
a rotation step of 0.5°. For 2.2 and 2.4 data was collected at 21 energies between 7091.5 and 7151.5
eV. For 2.1, data was collected at 20 energies between 7101.5 and 7151.5 eV. For 2.1, 2.2, and
2.4, a total of 480 frames were collected at each energy using 4 pairs of φ scans with 2θ angles of
-10°, -30°, -60°, and -90° for each pair and ω angles of 180° and 220° for the two scans within
each pair. The step size in ϕ was 0.5° for all scans.
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Anomalous diffraction data refinement.
The 30.5 keV data was modeled to provide structural data on the compound of interest.
This model was used as the reference for each partial diffraction dataset as is described below. For
the data integration of the highest energy anomalous diffraction data set, the unit cell parameters
of the reference (.p4p file) were imported into APEX3 to provide a starting point. For subsequent
energy points, a .p4p file of the preceding energy point was imported instead. A starting box size
for the refinement was estimated based on the size of a single diffraction spot and refined during
integration. A static mask was generated using AMask and employed to correct for the effects of
the beamstop during integration. Integration was performed iteratively, reimporting the .p4p file
after each run, until the unit cell parameters stabilized. For a single energy, frames with unique
values of 2θ were integrated independently using the unit cell from an integration at the same
energy and similar 2θ values wherever possible. After integration, the data was scaled in APEX3
using the default settings. The .hkl and .ins files were generated with XPREP, setting the space
group to match the one from the 30 keV reference. This procedure resulted in about 600 unique
reflections at each energy step (Tables 2.5–2.9). Subsequently, the contents of the .ins file of the
reference structure were copied into the .ins file generated for the anomalous diffraction datasets
with the exception of the CELL and ZERR lines. The SFAC line of each .ins file was adjusted to
reflect the number of unique metal sites. The atom type indices were then adjusted to account for
this change to the SFAC line. At this point every one of the anomalous diffraction data sets had an
associated .hkl and .ins file suitable for refinement in JANA2006. These two files were imported
into JANA2006. Using JANA2006 the scattering factors and were allowed to freely refine for
each iron site while keeping all structural parameters constant (using the FIXEDALL command).
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The anomalous scattering factors, and the corresponding errors (given as 2σ), obtained are
tabulated in Tables 2.3–2.6 and plotted in Figures 2.4–2.7.

2.5.5 Zero-field 57Fe Mössbauer Spectroscopy.
Spectra of 2.3 and 2.4 as polycrystalline samples restrained with Paratone-N oil were
collected at 90, 150, and 210 K. In addition, a spectrum was collected on a frozen toluene-glass
sample of 2.3. The data were measured with a constant acceleration spectrometer (SEE Co.,
Minneapolis, MN). Isomer shifts are given relative to α-Fe metal at 298 K. Data were analyzed
using an in-house package written by E. R. King in Igor Pro (Wavemetrics). γ refers to the fullwidth-at-half-maximum.

2.5.6 UV-Vis/Near-IR Spectroscopy.
Spectra of 2.3 and 2.4 were collected in 1 mm path length cuvettes on a Varian 5000
spectrometer at room temperature. All solutions were prepared in a glovebox under N2 atmosphere
and the cuvettes sealed with a J-Young cap. Data was plotted as “reduced” absorption (ε/ν versus
ν), as recommended by D’Alessandro and Keene for charge transfer bands.

28.
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Table 2.1. Crystallographic data for (tbsL)Fe3(py) (2.1) and [NBu4][(tbsL)Fe3(µ3–Cl)] (2.2).

(tbsL)Fe3(py) (2.1)

[Bu4N][(tbsL)Fe3(µ3–Cl)] (2.2)

Chemical formula

C54H88.50Fe3N7O1.75Si3

C62.03H110.06ClFe3N7O1.01Si3

Formula weight

1115.63

1257.37

Space group

P21/c

Pbca

a (Å)

10.4451 (12)

26.9430 (15)

b (Å)

27.261 (3)

19.4232 (11)

c (Å)

21.186 (3)

27.7264 (16)

α (deg)

90

90

β (deg)

102.166 (4)

90

γ (deg)

90

90

V (Å3)

5897.2 (12)

14509.6 (14)

Z

2

8

µ (mm-1)

0.165

0.142

T (K)

100

100

GOF (S)
[all data]

1.040

1.089

R1a (wR2b)
[I>2σ(I)]

0.0420 (0.0976)

0.0377 (0.1074)

R1a (wR2b)
[all data]

0.0636 (0.1072)

0.0523 (0.1222)

Reflections

12080

16504

Radiation type

Synchrotron

Synchrotron

R1 = Σ[w(Fo – Fc)]/Σ[wFo]; bwR2 = [Σ[w(Fo2 – Fc2)2]/Σ[w(Fo2)2]]1/2, w = 1/[σ2(Fo2) + (aP)2 +
bP], where P = [max(Fo2,0) + 2(Fc2)]/3

a
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Table 2.2. Crystallographic data for (tbsL)Fe3(µ3–NPh) (2.3) and [K(C222)]2[(tbsL)Fe3(µ3–NPh)] (2.4).

(tbsL)Fe3(µ3–NPh) (2.3)

[K(C222)]2[(tbsL)Fe3(µ3–NPh)] (2.4)

Chemical formula

C53.33H84.33Fe3N7O1.33Si3

C103.32H181.13Fe3K2N11O16.83Si3

Formula weight

1096.77

2176.92

Space group

C2/c

C2/c

a (Å)

22.212 (2)

54.558 (4)

b (Å)

20.339 (2)

15.2305 (11)

c (Å)

26.314 (3)

28.695 (2)

α (deg)

90

90

β (deg)

102.327 (3)

96.773 (1)

γ (deg)

90

90

V (Å3)

11614 (2)

23677 (3)

Z

8

8

µ (mm-1)

0.160

0.102

T (K)

100

100

GOF (S)
[all data]

1.109

1.036

R1a (wR2b)
[I>2σ(I)]

0.0628 (0.1333)

0.0507 (0.1334)

R1a (wR2b)
[all data]

0.0829 (0.1417)

0.0760 (0.1501)

Reflections

11866

24266

Radiation type

Synchrotron

Synchrotron

R1 = Σ[w(Fo – Fc)]/Σ[wFo]; bwR2 = [Σ[w(Fo2 – Fc2)2]/Σ[w(Fo2)2]]1/2, w = 1/[σ2(Fo2) + (aP)2 +
bP], where P = [max(Fo2,0) + 2(Fc2)]/3

a

54

Table 2.3. Statistics of the anomalous diffraction data refinement for (tbsL)Fe3(py) (2.1).

Fe1
𝑓𝑓 ′

esd

Fe2
𝑓𝑓 ′′

esd

𝑓𝑓 ′

esd

Fe3
𝑓𝑓 ′′

esd

𝑓𝑓 ′

esd

Reflections
𝑓𝑓 ′′

esd

Obs.

Total

Robs

wRall

7151.5

-5.58

0.24

3.88

0.54

-5.42

0.23

4.31

0.53

-5.67

0.25

3.93

0.62

760

952

0.091

0.105

7141.5

-5.89

0.26

4.56

0.55

-5.61

0.25

4.44

0.57

-6.26

0.26

3.76

0.63

736

944

0.095

0.106

7138.5

-6.14

0.24

4.61

0.49

-5.83

0.23

4.73

0.50

-6.44

0.24

3.90

0.56

718

945

0.095

0.104

7135.5

-6.56

0.25

5.01

0.47

-6.27

0.24

4.98

0.49

-6.69

0.25

4.06

0.55

692

939

0.101

0.113

7133.5

-6.95

0.25

4.75

0.48

-6.53

0.24

5.00

0.48

-6.76

0.25

4.18

0.55

543

654

0.085

0.096

7131.5

-7.51

0.23

4.68

0.41

-7.11

0.22

5.16

0.42

-7.12

0.23

4.31

0.47

724

931

0.101

0.113

7129.5

-7.93

0.24

4.34

0.46

-7.81

0.23

4.97

0.47

-7.54

0.24

4.24

0.52

675

926

0.100

0.105

7127.5

-8.32

0.24

4.31

0.45

-8.32

0.24

4.87

0.46

-7.74

0.25

4.23

0.51

711

927

0.105

0.117

7125.5

-8.57

0.22

3.81

0.44

-8.88

0.22

4.39

0.45

-8.08

0.23

4.11

0.49

725

924

0.107

0.119

7123.5

-8.93

0.21

3.41

0.47

-9.35

0.21

3.37

0.48

-8.38

0.22

3.63

0.52

699

924

0.097

0.105

7121.5

-9.09

0.19

2.97

0.48

-9.37

0.19

2.84

0.49

-8.33

0.20

3.19

0.52

694

919

0.088

0.097

7119.5

-9.34

0.18

1.74

0.60

-9.00

0.18

1.60

0.59

-8.39

0.19

3.18

0.58

669

920

0.091

0.094

7117.5

-8.84

0.17

0.64

0.60

-8.64

0.17

1.16

0.63

-8.57

0.18

2.93

0.52

705

916

0.086

0.097

7115.5

-8.14

0.16

0.22

0.56

-8.19

0.16

0.88

0.54

-8.84

0.17

3.14

0.44

678

912

0.078

0.088

7113.5

-7.79

0.16

1.80

0.70

-7.64

0.15

-0.23

0.88

-8.38

0.15

-0.17

0.90

661

910

0.075

0.080

7111.5

-7.40

0.15

0.45

0.77

-7.56

0.15

1.30

0.76

-7.91

0.16

1.76

0.78

701

912

0.074

0.082

7109.5

-7.10

0.14

1.38

0.80

-7.17

0.14

0.76

0.86

-7.33

0.14

-0.69

0.95

706

915

0.068

0.075

7107.5

-6.93

0.16

1.23

0.90

-6.96

0.15

0.35

1.11

-7.04

0.16

0.31

1.37

713

911

0.071

0.081

7104.5

-6.63

0.15

2.09

0.53

-6.53

0.14

0.74

0.70

-6.69

0.15

0.77

0.84

712

896

0.070

0.078

7101.5

-5.96

0.14

-1.06

0.65

-5.94

0.14

-1.76

0.60

-6.02

0.14

-0.26

0.84

690

913

0.065

0.078
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Table 2.3. Statistics of the anomalous diffraction data refinement for [nBu4N][(tbsL)Fe3(μ3–Cl)] (2.2).

Fe1
𝑓𝑓 ′

esd

Fe2
𝑓𝑓 ′′

esd

𝑓𝑓 ′

esd

Fe3
𝑓𝑓 ′′

esd

𝑓𝑓 ′

esd

Reflections
𝑓𝑓 ′′

esd

Obs.

Total

Robs

wRall

7151.5

-4.83

0.18

4.93

0.33

-4.94

0.17

4.93

0.34

-5.27

0.18

4.18

0.29

1008

1230

0.049

0.080

7141.5

-5.53

0.18

5.39

0.33

-5.62

0.17

5.39

0.34

-5.75

0.18

4.57

0.29

993

1227

0.053

0.073

7138.5

-5.74

0.18

5.35

0.31

-5.87

0.17

5.35

0.33

-6.03

0.17

4.76

0.28

990

1227

0.051

0.075

7135.5

-5.91

0.18

5.48

0.30

-6.05

0.18

5.48

0.33

-6.26

0.18

4.92

0.28

999

1228

0.052

0.077

7133.5

-6.10

0.18

5.60

0.30

-6.32

0.17

5.60

0.32

-6.37

0.17

4.74

0.28

995

1233

0.053

0.072

7131.5

-6.56

0.18

5.73

0.30

-6.64

0.18

5.73

0.33

-6.86

0.18

5.16

0.27

983

1228

0.054

0.077

7129.5

-7.10

0.18

5.58

0.31

-7.25

0.18

5.58

0.33

-7.45

0.18

4.73

0.28

976

1225

0.055

0.076

7127.5

-7.57

0.19

5.37

0.32

-7.89

0.18

5.37

0.36

-8.00

0.18

4.18

0.31

965

1232

0.062

0.081

7125.5

-7.78

0.19

4.93

0.31

-8.16

0.18

4.93

0.35

-8.10

0.18

3.74

0.30

972

1232

0.062

0.086

7123.5

-7.99

0.17

4.55

0.31

-8.27

0.17

4.55

0.35

-8.25

0.16

3.33

0.29

978

1229

0.059

0.081

7121.5

-8.17

0.17

4.37

0.31

-8.47

0.16

4.37

0.35

-8.32

0.16

3.07

0.29

990

1226

0.054

0.077

7119.5

-8.64

0.16

4.18

0.28

-8.52

0.15

4.18

0.32

-8.68

0.15

2.80

0.27

1032

1233

0.054

0.079

7117.5

-9.12

0.16

3.35

0.31

-9.06

0.15

3.35

0.38

-9.14

0.15

2.21

0.32

1037

1233

0.056

0.085

7115.5

-8.95

0.15

2.62

0.35

-8.83

0.15

2.62

0.42

-8.90

0.14

1.10

0.35

1037

1235

0.057

0.084

7113.5

-8.01

0.15

2.46

0.34

-8.01

0.15

2.46

0.41

-8.08

0.14

0.73

0.34

1074

1237

0.055

0.091

7111.5

-7.84

0.15

2.72

0.33

-7.77

0.15

2.72

0.40

-7.81

0.14

0.81

0.32

1085

1235

0.055

0.090

7109.5

-7.40

0.16

2.74

0.34

-7.40

0.15

2.74

0.43

-7.40

0.15

0.65

0.33

1090

1242

0.054

0.093

7107.5

-7.07

0.15

2.53

0.35

-7.11

0.14

2.53

0.41

-7.09

0.14

0.68

0.33

1088

1232

0.054

0.085

7104.5

-6.69

0.15

2.49

0.36

-6.80

0.14

2.49

0.40

-6.80

0.14

0.82

0.32

1103

1234

0.055

0.088

7101.5

-6.43

0.16

2.44

0.39

-6.54

0.15

2.44

0.41

-6.57

0.15

0.84

0.33

1097

1219

0.055

0.093

7091.5

-5.74

0.14

-2.35

0.36

-5.78

0.14

-2.35

0.40

-5.86

0.13

-0.23

0.37

1106

1229

0.052

0.084
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Table 2.4. Statistics of the anomalous diffraction data refinement for (tbsL)Fe3(μ3–NPh) (2.3).

Fe1
𝑓𝑓 ′

esd

Fe2
𝑓𝑓 ′′

esd

𝑓𝑓 ′

esd

Fe3
𝑓𝑓 ′′

esd

𝑓𝑓 ′

esd

Reflections
𝑓𝑓 ′′

esd

Obs.

Total

Robs

wRall

7148.75

-4.82

0.38

5.31

0.73

-4.77

0.37

4.59

0.72

-4.97

0.38

5.59

0.62

492

522

0.090

0.118

7140.75

-5.83

0.38

5.46

0.69

-5.57

0.38

5.05

0.69

-6.02

0.39

5.87

0.58

491

517

0.100

0.124

7135.75

-6.14

0.31

5.36

0.60

-6.21

0.30

4.70

0.54

-6.41

0.31

5.83

0.50

495

519

0.060

0.094

7133.75

-6.40

0.30

5.06

0.66

-6.38

0.30

4.91

0.60

-6.68

0.30

6.05

0.54

483

519

0.060

0.085

7131.75

-6.94

0.30

5.59

0.57

-6.98

0.30

5.10

0.52

-7.41

0.30

6.21

0.49

490

519

0.060

0.092

7129.75

-7.67

0.30

5.19

0.60

-7.75

0.30

5.07

0.53

-8.24

0.30

5.75

0.51

485

517

0.065

0.094

7127.75

-8.09

0.29

4.61

0.57

-8.31

0.29

4.59

0.49

-8.71

0.29

5.07

0.49

485

517

0.062

0.099

7125.75

-8.13

0.28

4.24

0.59

-8.32

0.28

3.94

0.51

-8.72

0.28

4.66

0.51

484

517

0.062

0.097

7123.75

-8.68

0.41

5.54

0.95

-8.29

0.40

3.70

0.84

-9.11

0.41

5.76

0.84

446

522

0.070

0.105

7121.75

-8.41

0.26

3.64

0.59

-8.41

0.25

3.17

0.52

-8.71

0.26

3.69

0.52

485

512

0.058

0.096

7119.75

-8.50

0.26

3.43

0.61

-8.63

0.26

3.26

0.55

-8.72

0.26

3.31

0.55

485

513

0.061

0.100

7117.75

-8.50

0.26

2.19

0.60

-8.73

0.27

2.53

0.55

-8.63

0.27

3.78

0.50

486

511

0.068

0.111

7115.75

-8.43

0.25

1.21

0.64

-8.43

0.25

1.55

0.66

-8.38

0.26

3.63

0.50

480

513

0.065

0.105

7113.75

-7.66

0.26

1.12

0.69

-7.65

0.26

0.93

0.70

-7.64

0.27

3.61

0.50

478

509

0.074

0.110

7111.75

-7.62

0.25

1.10

0.66

-7.53

0.25

0.57

0.65

-7.67

0.26

3.56

0.47

481

506

0.060

0.104

7109.75

-7.34

0.26

1.85

0.67

-7.32

0.25

0.60

0.57

-7.49

0.27

3.39

0.46

490

505

0.067

0.119

7103.75

-6.60

0.24

1.89

0.61

-6.49

0.24

0.32

0.55

-6.73

0.25

3.47

0.43

487

502

0.057

0.109

7093.75

-5.89

0.25

1.72

0.78

-5.84

0.25

0.49

0.72

-6.23

0.26

3.91

0.51

457

499

0.055

0.088
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Table 2.5. Statistics of the anomalous diffraction data refinement for [K(C222)]2[(tbsL)Fe3(μ3–NPh)] (2.4).

Fe1
𝑓𝑓 ′

esd

Fe2
𝑓𝑓 ′′

esd

𝑓𝑓 ′

esd

Fe3
𝑓𝑓 ′′

esd

𝑓𝑓 ′

esd

Reflections
𝑓𝑓 ′′

esd

Obs.

Total

Robs

wRall

7151.5

-5.47

0.25

3.83

0.65

-5.34

0.26

5.66

0.63

-5.04

0.24

3.47

0.62

894

1162

0.076

0.099

7141.5

-5.82

0.25

4.60

0.62

-5.62

0.26

6.17

0.61

-5.32

0.25

4.36

0.59

906

1153

0.072

0.092

7138.5

-6.04

0.25

4.83

0.57

-5.69

0.26

5.81

0.58

-5.54

0.24

4.59

0.55

910

1153

0.073

0.094

7135.5

-6.16

0.25

4.93

0.56

-5.76

0.25

6.01

0.57

-5.71

0.24

4.73

0.54

914

1154

0.070

0.090

7133.5

-6.36

0.25

5.05

0.52

-5.99

0.25

6.25

0.53

-6.03

0.24

4.70

0.51

928

1153

0.073

0.093

7131.5

-6.72

0.25

5.19

0.51

-6.56

0.25

6.43

0.48

-6.30

0.23

4.95

0.49

932

1150

0.073

0.092

7129.5

-7.34

0.25

5.38

0.51

-7.54

0.25

6.49

0.51

-7.08

0.24

5.11

0.50

906

1149

0.073

0.091

7127.5

-7.77

0.24

5.00

0.50

-8.36

0.24

5.97

0.49

-7.97

0.23

4.60

0.48

919

1150

0.073

0.093

7125.5

-8.12

0.23

4.82

0.49

-8.51

0.23

4.99

0.50

-8.20

0.22

3.79

0.50

909

1150

0.068

0.092

7123.5

-8.46

0.24

4.52

0.60

-8.72

0.24

4.56

0.62

-8.23

0.23

3.74

0.60

878

1146

0.070

0.089

7121.5

-8.64

0.22

3.77

0.56

-8.93

0.22

3.88

0.58

-8.30

0.21

2.99

0.58

886

1135

0.068

0.089

7119.5

-8.96

0.22

3.90

0.58

-8.84

0.22

3.25

0.66

-8.45

0.21

2.69

0.63

899

1145

0.069

0.091

7117.5

-8.95

0.21

3.10

0.62

-8.73

0.21

3.17

0.66

-8.48

0.20

1.80

0.67

894

1145

0.069

0.094

7115.5

-9.09

0.22

2.38

0.76

-8.50

0.22

3.12

0.76

-8.20

0.21

1.29

0.81

902

1144

0.067

0.090

7113.5

-8.36

0.21

2.55

0.78

-7.88

0.21

2.88

0.77

-7.56

0.21

0.57

0.90

898

1141

0.067

0.092

7111.5

-8.11

0.21

2.20

0.84

-7.61

0.21

2.91

0.79

-7.50

0.20

0.41

0.96

903

1139

0.064

0.086

7109.5

-7.73

0.21

2.23

0.84

-7.41

0.21

2.76

0.81

-7.04

0.20

-0.31

1.00

913

1143

0.066

0.089

7107.5

-7.31

0.21

2.14

0.76

-7.12

0.21

6.38

0.68

-6.77

0.19

-0.09

0.87

918

1143

0.067

0.092

7104.5

-7.04

0.21

2.84

0.75

-6.71

0.21

2.63

0.77

-6.42

0.20

0.19

0.82

909

1138

0.065

0.090

7101.5

-6.75

0.21

2.37

0.80

-6.50

0.21

2.68

0.81

-6.18

0.19

-0.07

1.00

921

1141

0.065

0.088

7091.5

-5.92

0.15

0.01

0.71

-5.74

0.16

-2.37

0.56

-5.74

0.15

-0.31

0.69

1420

1723

0.065

0.089

58

Table 2.6. Comparison of relevant structural metrics. All bond metrics are reported in Å.

(tbsL)Fe3(py) (2.1)

[Bu4N][(tbsL)Fe3(µ3–Cl)] (2.2)

(tbsL)Fe3(µ3–NPh) (2.3)

[K(C222)]2[(tbsL)Fe3(µ3–NPh)] (2.4)

Fe1–Fe2

2.6500(5)

Fe1–Fe2

2.8429(4)

Fe1–Fe2

2.5365(8)

Fe1–Fe2

2.6607(6)

Fe2–Fe3

2.5422(6)

Fe2–Fe3

2.8183(4)

Fe2–Fe3

2.5135(8)

Fe2–Fe3

2.5815(5)

Fe3–Fe1

2.6306(5)

Fe3–Fe1

2.6948(4)

Fe3–Fe1

2.5366(9)

Fe3–Fe1

2.6567(5)

Fe1–N1

2.115(2)

Fe1–N1

2.1205(17)

Fe1–N1

1.981(4)

Fe1–N3

2.065(2)

Fe1–N2

1.966(2)

Fe1–N2

1.9686(18)

Fe1–N3

2.028(3)

Fe1–N5

2.149(2)

Fe1–N3

2.030(2)

Fe1–N3

1.9964(17)

Fe1–N4

1.911(4)

Fe1–N6

2.008(2)

Fe1–N4

2.134(2)

Fe2–N3

2.1156(17)

Fe2–N3

1.993(3)

Fe2–N1

2.078(2)

Fe2–N3

2.166(2)

Fe2–N4

1.9673(18)

Fe2–N5

2.039(3)

Fe2–N3

2.120(2)

Fe2–N4

2.119(2)

Fe2–N5

1.9977(17)

Fe2–N6

1.918(3)

Fe2–N4

2.014(2)

Fe2–N5

2.031(2)

Fe3–N1

1.9985(18)

Fe3–N1

2.033(3)

Fe3–N1

2.119(2)

Fe2–N7

2.155(2)

Fe3–N5

2.1091(17)

Fe3–N2

1.924(3)

Fe3–N2

1.989(2)

Fe3–N1

1.959(2)

Fe3–N6

1.9608(18)

Fe3–N5

1.991(3)

Fe3–N5

2.023(2)

Fe3–N5

2.053(2)

Fe1–Cl

2.5185(6)

Fe1–N10 (NPh)

1.939(3)

Fe1–N7 (NPh)

1.976(2)

Fe3–N6

1.937(2)

Fe2–Cl

2.4796(6)

Fe2–N10 (NPh)

1.935(3)

Fe2–N7 (NPh)

1.991(2)

Fe3–Cl

2.5600(6)

Fe3–N10 (NPh)

1.937(3)

Fe3–N7 (NPh)

2.058(2)
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Figure 2.4. Single-crystal X-ray fluorescence (top) and anomalous scattering 𝑓𝑓 ′ plots (bottom) for
(tbsL)Fe3(py) (2.1). Fluorescence scan error bars are smaller than the circular blue symbols.
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Figure 2.5. Single-crystal X-ray fluorescence (top) and anomalous scattering 𝑓𝑓 ′ plots (bottom) for
[nBu4N][(tbsL)Fe3(μ3–Cl)] (2.2). Fluorescence scan error bars are smaller than the circular blue
symbols.
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Figure 2.6. Single-crystal X-ray fluorescence (top) and anomalous scattering 𝑓𝑓 ′ plots (bottom) for
(tbsL)Fe3(μ3–NPh) (2.3). Fluorescence scan error bars are smaller than the circular blue symbols.
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Figure 2.7. Single-crystal X-ray fluorescence (top) and anomalous scattering 𝑓𝑓 ′ plots (bottom)
for [K(C222)]2[(tbsL)Fe3(μ3–NPh)] (2.4). Fluorescence scan error bars are smaller than the circular
blue symbols.
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Figure 2.8. Anomalous scattering 𝑓𝑓 ′′ plots for (tbsL)Fe3(py) 2.1 (top) and [nBu4N][(tbsL)Fe3(μ3–
Cl)] 2.2 (bottom).
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Figure 2.9. Anomalous scattering 𝑓𝑓 ′′ plots
[K(C222)]2[(tbsL)Fe3(μ3–NPh)] 2.4 (bottom).
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for

(tbsL)Fe3(μ3–NPh)

2.3

(top)

and

Figure 2.10. Solid state molecular structure of (tbsL)Fe3(py) (2.1). The solvent molecules (Et2O)
and all hydrogen atoms have been omitted for clarity. Thermal ellipsoids are set at 50%
probability level. Atom color-coding: Fe orange, Si pink, N blue, and C grey.

66

Figure 2.11. Solid state molecular structure of [Bu4N][(tbsL)Fe3(µ3–Cl)] (2.2) seen (a) parallel to
the triiron plane; and (b) from the top. The solvent molecules (THF), all hydrogen atoms, and
disorder in the countercation have been omitted for clarity. Thermal ellipsoids are set at 50%
probability level. Atom color-coding: Fe orange, Si pink, N blue, and C grey.
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Figure 2.12. Solid state molecular structure of (tbsL)Fe3(µ3–NPh) (2.3) seen (a) down the normal
axis to the triiron plane; and (b) from the side. The solvent molecules (Et2O) and all hydrogen
atoms have been omitted for clarity. Thermal ellipsoids are set at 50% probability level. Atom
color-coding: Fe orange, Si pink, N blue, and C grey.
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Figure 2.13. Solid state molecular structure of (tbsL)Fe3(µ3–NPh) (2.3) showing the disordered µ3–
NPh fragment with (a) 52 and (b) 48 % occupancy. The solvent molecules (Et2O) and all hydrogen
atoms have been omitted for clarity. Thermal ellipsoids are set at 50% probability level. Atom
color-coding: Fe orange, Si pink, N blue, and C grey.
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Figure 2.14. Solid state molecular structure of [K(C222)][(tbsL)Fe3(µ3–NPh)] (2.4). The solvent
molecules (THF) and all hydrogen atoms have been omitted for clarity. Thermal ellipsoids are set
at 50% probability level. Atom color-coding: Fe orange, Si pink, N blue, and C grey.
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Figure 2.15. Variable-temperature zero-field 57Fe Mössabuer spectra of (tbsL)Fe3(µ3–NPh) (2.3).
Data collected on a polycrystalline sample at 90 (top), 150 (middle), and 210 K (bottom). The data
was fit to three components: 1 blue, 2 yellow, and 3 green. The red trace corresponds to the overall
fit. Fit parameters are tabulated in Table 2.8.
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Figure 2.16. Zero-field 57Fe Mössabuer spectrum of (tbsL)Fe3(µ3–NPh) (2.3) collected at 90 K as
a frozen toluene sample. The data was fit to three components: 1 blue, 2 yellow, and 3 green. The
red trace corresponds to the overall fit. Fit parameters are tabulated in Table 2.8.
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𝑓𝑓 ′′ plots for (tbsL)Fe3(μ3–NPh) 2.3
(top) and [K(C222)]2[(tbsL)Fe3(μ3–NPh)] 2.4 (bottom).2.4.

Table 2.7. Mössbauer parameters for 2.3 and Anomalous scattering

(tbsL)Fe3(µ3–NPh) (2.3)

T (K)

Component (color, %)

δ (mm/s)

∆EQ (mm/s)

γ (mm/s)

1 (blue, 33%)

0.40

1.08

0.44

2 (yellow, 33%)

0.37

1.72

0.31

3 (green, 33%)

0.41

2.13

0.35

1 (blue, 33%)

0.38

1.10

0.37

2 (yellow, 33%)

0.37

1.66

0.30

3 (green, 33%)

0.38

2.01

0.35

1 (blue, 33%)

0.36

1.17

0.36

2 (yellow, 33%)

0.35

1.62

0.27

3 (green, 33%)

0.36

1.93

0.31

90

1 (blue, 33%)

0.40

1.05

0.33

frozen

2 (yellow, 33%)

0.37

1.72

0.34

toluene

3 (green, 33%)

0.41

2.15

0.41

90

150

210

[K(C222)]2[(tbsL)Fe3(µ3–NPh)] (2.4)
T (K)
90

150

210

Component (color, %)

δ (mm/s)

∆EQ (mm/s)

γ (mm/s)

1 (blue, 35%)

0.70

1.47

0.46

2 (green, 65%)

0.75

2.84

0.36

1 (blue, 34%)

0.68

1.30

0.50

2 (green, 66%)

0.73

2.76

0.39

1 (blue, 34%)

0.66

1.07

0.46

2 (green, 66%)

0.71

2.65

0.42
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Figure 2.17. Variable-temperature zero-field 57Fe Mössabuer spectra of [K(C222)]2[(tbsL)Fe3(µ3–
NPh)] (2.4). Data collected on a polycrystalline sample at 90 (top), 150 (middle), and 210 K
(bottom). The data was fit to one 35% component, blue, and one 65% component, green. The red
trace corresponds to the overall fit. Fit parameters are tabulated in Table 2.8.
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Figure 2.18. UV-Vis/Near-IR spectra of (tbsL)Fe3(µ3–NPh) (2.3) (red) and [K(C222)]2[(tbsL)Fe3(µ3–
NPh)] (2.4) (blue) at 298 K in THF.
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Conferring Magnetic Anisotropy to Giant Spin
Clusters*
3.1 Introduction
Single molecule magnets are becoming increasingly more attractive as magnetic entities
1

given their highly tunable nature. Indeed, ligand design and metal ion selection have produced
new magnetic materials whose magnetic bistability exists above liquid helium temperatures.

2

Reduction of the magnetic domain to single molecules portends desirable applications in spin

*HFEPR performed in collaboration with Dr. Samual Greer and Prof. Stephen Hill.
1.

(a) Craig, G. A.; Murrie, M., Chem. Soc. Rev. 2015, 44, 2135-2147. (b) Atanasov, M.;
Aravena, D.; Suturina, E.; Bill, E.; Maganas, D.; Neese, F., Coord. Chem. Rev. 2015, 289–
290, 177-214. (c) Gómez-Coca, S.; Aravena, D.; Morales, R.; Ruiz, E., Coord. Chem. Rev.
2015, 289-290, 379-392. (d) Bar, A. K.; Pichon, C.; Sutter, J.-P., Coord. Chem. Rev. 2016,
308, 346-380.

2.

(a) Rinehart, J. D.; Fang, M.; Evans, W. J.; Long, J. R., J. Am. Chem. Soc. 2011, 133, 1423614239. (b) Chen, Y.-C.; Liu, J.-L.; Ungur, L.; Liu, J.; Li, Q.-W.; Wang, L.-F.; Ni, Z.-P.;
Chibotaru, L. F.; Chen, X.-M.; Tong, M.-L., J. Am. Chem. Soc. 2016, 138, 2829-2837. (c)
Gupta, S. K.; Rajeshkumar, T.; Rajaraman, G.; Murugavel, R., Chem. Sci. 2016, 7, 51815191. (d) Liu, F.; Krylov, D. S.; Spree, L.; Avdoshenko, S. M.; Samoylova, N. A.;
Rosenkranz, M.; Kostanyan, A.; Greber, T.; Wolter, A. U. B.; Büchner, B.; Popov, A. A.,
Nat. Comm. 2017, 8, 16098. (e) Guo, F.-S.; Day, B. M.; Chen, Y.-C.; Tong, M.-L.;
Mansikkamäki, A.; Layfield, R. A., Angew. Chem. Int. Ed. 2017, 56, 11445-11449. (f)
Goodwin, C. A. P.; Ortu, F.; Reta, D.; Chilton, N. F.; Mills, D. P., Nature 2017, 548, 439.
(g) Goodwin, C. A. P.; Reta, D.; Ortu, F.; Chilton, N. F.; Mills, D. P., J. Am. Chem. Soc.
2017, 139, 18714-18724. (h) Guo, F.-S.; Day, B. M.; Chen, Y.-C.; Tong, M.-L.;
Mansikkamäki, A.; Layfield, R. A., Science 2018, 362, 1400-1403.
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qubits,

3

nanoscale spintronic devices,

4

and as molecular analogues to rare-earth magnetic

5

materials. Molecular magnetic bistability manifests due to a large spin reversal barrier (U) arising
from a product of spin (S) and zero-field splitting (D) (U = |D|S2 for integer spin systems,
|D|(S−1/4)2 for non-integer spin systems). Spin-orbit coupling (SOC) aggregates the spin angular
momentum (S) and orbital angular momentum (L), the latter of which scales with effective nuclear
charge as Zeff.4 Crystal field splitting, however, scales inversely with Zeff, leading to low-spin
electronic state structures for 5d elements wherein SOC should be maximized. Conversely, 3d
elements generate weak crystal field splitting owing to their contracted 3d orbitals, permitting
high-spin electronic structures to be observed, yet with diminished SOC compared to their heavier
analogues. Thus, one possibility for engendering molecular materials that can both maximize spin
and orbital angular momentum is to separate the spin and orbital components onto distinct
fragments within the molecule by binding heavy elements to spin-bearing, 3d transition elements.

6

3.

(a) Leuenberger, M. N.; Loss, D., Nature 2001, 410, 789-793. (b) Ardavan, A.; Rival, O.;
Morton, J. J. L.; Blundell, S. J.; Tyryshkin, A. M.; Timco, G. A.; Winpenny, R. E. P., Phys.
Rev. Lett. 2007, 98, 057201. (c) Stamp, P. C. E.; Gaita-Arino, A., J. Mater. Chem. 2009, 19,
1718-1730. (d) Shiddiq, M.; Komijani, D.; Duan, Y.; Gaita-Ariño, A.; Coronado, E.; Hill,
S., Nature 2016, 531, 348.

4.

(a) Bogani, L.; Wernsdorfer, W., Nat Mater 2008, 7, 179-186. (b) Thiele, S.; Balestro, F.;
Ballou, R.; Klyatskaya, S.; Ruben, M.; Wernsdorfer, W., Science 2014, 344, 1135-1138.

5.

Molecular Nanomagnets and Related Phenomena. Springer Berlin Heidelberg: 2015; Vol.
164.

6.

(a) Koziar, J. C.; Cowan, D. O., Acc. Chem. Res. 1978, 11, 334-341. (b) Saber, M. R.;
Dunbar, K. R., Chem. Commun. 2014, 50, 12266-12269. (c) Zadrozny, J. M.; Telser, J.;
Long, J. R., Polyhedron 2013, 64, 209-217. (d) Suturina, E. A.; Maganas, D.; Bill, E.;
Atanasov, M.; Neese, F., Inorg. Chem. 2015, 54, 9948-9961. (e) Coste, S. C.; Vlaisavljevich,
B.; Freedman, D. E., Inorg. Chem. 2017, 56, 8195-8202. (f) Zein, S.; Duboc, C.; Lubitz, W.;
Neese, F., Inorg. Chem. 2008, 47, 134-142. (g) Karunadasa, H. I.; Arquero, K. D.; Berben,
L. A.; Long, J. R., Inorg. Chem. 2010, 49, 4738-4740.
77

7

In the recent reports by Neese, Long,6g and Freedman,6e the groups found that substitution
of heavier halides conferred greater SOC to the spin bearing transition metal, leading to greater
zero-field splitting parameters being observed. Surprisingly, the Freedman report also reveals that
for ferrous centers bound to both heavy halide and heavy group 14 elements, the halide induces a
greater effect on the observed magnetometry data.6e The authors rationalize that while the group
14 elements form more covalent interactions with the ferrous center, the halide ligands still
constitute a larger orbital contribution to the frontier molecular orbital interactions where the
unpaired spin resides. Following these studies, we wanted to probe the heavy element effect on a
giant spin cluster.
Herein, we report the synthesis and characterization of chalcogenide-capped tri-iron
clusters of the type [(tbsL)Fe3(µ3−E)]− (E = O, S, Se, Te). As described in previous chapters, the
8

all-ferrous triiron cluster (tbsL)Fe3(thf) (3.1) exhibits a thermally persistent, high spin ground state
9

that is reinforced upon chemical reduction. We proposed that direct exchange mediated by direct
valence orbital overlap in the center of the [Fe3] core gives rise to the well-isolated spin ground

7.

Duboc, C.; Phoeung, T.; Zein, S.; Pécaut, J.; Collomb, M.-N.; Neese, F., Inorg. Chem. 2007,
46, 4905-4916.

8.

Powers, T. M.; Fout, A. R.; Zheng, S.-L.; Betley, T. A., J. Am. Chem. Soc. 2011, 133, 33363338.

9.

Hernández Sánchez, R.; Bartholomew, A. K.; Powers, T. M.; Ménard, G.; Betley, T. A., J.
Am. Chem. Soc. 2016, 138, 2235-2243.
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state as observed in related tri−

10

and hexanuclear clusters.

11

Chemical reduction of the all ferrous

complex (tbsL)Fe3(thf) induces a structural reorganization to yield a nearly C3-symmetric anion
[(tbsL)Fe3]−, maximizing the intracore M-M bonding.9 The high spin cluster is an ideal platform on
which to examine the impact of heavy element substitution as the clusters have been demonstrated
to support mono-atomic bridges while maintaining high-spin electronic structures.

12

The

[Fe3(µ3−E)] products are stable towards outer-sphere electron transfer giving rise to tunable
electronic structures. Using this tunable cluster, we sought to investigate (i) if this strong
delocalization is extended to include the µ3−bridged clusters and (ii) if this delocalization can be
exploited to modulate the magnetic properties of the resulting compound.

3.2 Results
3.2.1 Synthesis
The synthesis of the targeted single-atom adducts outlined in Scheme 3.1 can be achieved
via exposure to common group transfer reagents.8 Treating a frozen THF solution of 3.1 with
potassium graphite suspended in THF results in in situ generated K[(tbsL)Fe3], which has been
previously reported.9 Addition of either pyridine N-oxide, selenium powder, or excess tellurium
powder to [(tbsL)Fe3]− results in the formation of clusters of the type [K][(tbsL)Fe3(µ3−E)] where E

10.

(a) Eames, E. V.; Harris, T. D.; Betley, T. A., Chem. Sci. 2012, 3, 407-415. (b) Fout, A. R.;
Xiao, D. J.; Zhao, Q.; Harris, T. D.; King, E. R.; Eames, E. V.; Zheng, S.-L.; Betley, T. A.,
Inorg. Chem. 2012, 51, 10290-10299.

11.

(a) Zhao, Q.; Harris, T. D.; Betley, T. A., J. Am. Chem. Soc. 2011, 133, 8293-8306. (b)
Hernández Sánchez, R.; Betley, T. A., J. Am. Chem. Soc. 2015, 137, 13949-13956. (c)
Sánchez, R. H.; Betley, T. A., J. Am. Chem. Soc. 2018, 140, 16792-16806.
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Powers, T. M.; Betley, T. A., J. Am. Chem. Soc. 2013, 135, 12289-12296.
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= O, Se, Te, respectively, upon warming the reaction mixture to room temperature. The cluster
K[(tbsL)Fe3(S)] was synthesized by reaction of 3.1 with potassium triphenylmethane thiolate at 60
°C for 1 hr along with cogeneration of Ph3C(C6H5)CPh2. Spectroscopic analysis of these reaction
mixtures suggests near-quantitative conversion to the anticipated pseudo-C3 symmetric µ3chalcogenide clusters. Treatment of these crude reaction mixtures with 2,2,2-cryptand (C222) in a
1:1

benzene:hexanes

solution

induces

precipitation

of

the

resulting

salts:

[(C222)K][(tbsL)Fe3(µ3−E)] (E = O, 3.2; S, 3.3; Se, 3.4; Te, 3.5). In the case of 3.2 (81%), the
precipitate was of sufficient purity for further characterization; however, compounds 3.3–3.5 were

Scheme 3.1. Synthesis of [(tbsL)Fe3(µ3−E)]− complexes (E = O, S, Se, Te).
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further purified via recrystallization from a saturated THF:diethyl ether solutions (1:2) layered
with hexanes at –35 °C. Collection of the dark brown crystals afforded 3.3 (67%), 3.4 (82%), or
3.5 (75%).

3.2.2 Solid-state molecular structures
The solid-state structures of 3.2–3.5 are shown in Figure 3.1. Upon binding of the bridging
unit, the THF molecule is expelled from the cluster, to afford a pseudo-C3 symmetric helical ligand
conformation about the trinuclear core. Each iron center within the structure resides in a four
coordinate, distorted tetrahedral geometry with the peripheral anilido groups terminally bound to

(a)

(b)

Si

O

S

N
Fe

Fe

(c)

(d)
Se

Te

Fe

Fe

Figure 3.1. Solid state structures of [(tbsL)Fe3(µ3−E)]− complexes 3.2 (a, E = O), 3.3 (b, E = S),
3.4 (c, E = Se), and 3.5 (d, E = Te) with thermal ellipsoids set at 50% probability; hydrogen atoms,
solvent molecules, and outer sphere counter cations removed for clarity. Atom colors: Fe = orange,
C = gray, N = blue; Si = pink, Oxygen = red, Sulfur = yellow, Selenium = brick red, Tellurium =
green.
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a unique iron site. The average Fe–N distances are statistically identical across the series,
indicating that the ligand architecture is not perturbed by the identity of the bridging atom. The
individual and average Fe−Fe bond distances, along with pertinent spectroscopic parameters are
provided in Table 3.1. The average Fe–Fe distance is 2.592(1) Å in 3.2, 2.604(1) Å in 3.3, 2.634(1)
Å 3.4, to 2.643(1) Å in 3.5, where the slight increase is most likely due to the increase in size of
the bridgehead element. Despite these distances being considerably longer than a traditional M–M
single bond, the metals are still well within the sum of the Van der Waal radii to invoke direct
metal orbital overlap.

13

Interestingly, the M–M distances show little change despite a nearly

Table 3.1. 57Fe Mӧssbauer parameters, (Fe–Fe) and (Fe–E) distances, and redox potentials for
[(tbsL)Fe3(µ3−E)]− (E = O, 3.2; S, 3.3; Se, 3.4; Te, 3.5).
Compound
3.2

E1/2 (V)
δ (mm/s) [a] |∆EQ| (mm/s) Γ (mm/s)[b] d(Fe–Fe) (Å) d(Fe–E) (Å)
0.57
2.51
0.30
2.530(2)
1.892(1)
Eox = –1.07
0.47
1.91
0.26
2.612(2)
1.909(1) Ered = –1.99
0.63
2.12
0.52
2.634(2)
1.950(1)
Avg.
0.56
2.18
2.592(1)
1.917(1)
3.3
0.51
2.05
0.44
2.636(2)
2.343(1)
Eox = –1.03
0.47
1.69
0.44
2.592(2)
2.278(1) Ered = –2.11
0.54
1.14
0.35
2.585(2)
2.280(1)
Avg.
0.51
1.63
2.604(1)
2.300(1)
3.4
0.52
2.11
0.40
2.641(2)
2.456(1)
Eox = –1.02
0.48
1.83
0.40
2.602(2)
2.392(1) Ered = –2.09
0.53
1.12
0.36
2.622(2)
2.414(1)
Avg.
0.51
1.69
2.623(1)
2.421(1)
3.5
0.48
2.19
0.45
2.678(2)
2.602(1)
Eox = –1.01
0.52
1.46
0.36
2.646(2)
2.578(1) Ered = –2.04
0.55
1.12
0.32
2.619(2)
2.650(1)
Avg.
0.51
1.59
2.644(1)
2.610(1)
[a] Each component is fixed to one third of the total area under the experimental data. [b] Γ
represents the full-width-at-half-maximum (fwhm).
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Duncan Lyngdoh, R. H.; Schaefer, H. F.; King, R. B., Chem. Rev. 2018, 118, 11626-11706.
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doubling in size of the bridgehead element. The average Fe–E distance increases from 1.917(1) Å
in 3.2 to 2.610(1) Å in 3.5 which tracks well with the increase in atomic radius of the bridging
atom. Additionally, the displacement of the bridging atom from the [Fe3] plane also increases from
1.198(1) Å in 3.2 to 2.116(1) Å in 3.5.

3.2.3

57

Fe Mössbauer

The 57Fe Mӧssbauer spectra of 3.3–3.5 are shown in Figure 3.2. All four samples can be fit
employing three closely overlapping, yet distinct quadrupole doublets suggesting different electric
field gradients within the [Fe3] core. While the crude spectrum for 3.2 displays a smaller fullwidth-at-half-maximum (fwhm) than that of 3.3–3.5, shoulders are still visibly apparent, and three
components were used for the fit to maintain consistency across the series (Figure 3.2). The
relevant parameters used to fit the spectra for 3.2–3.5 are listed in Table 3.1. Individual
components of each spectrum display similar isomer shifts (δ) suggesting delocalization of spin
density across all iron sites. This delocalization likely arises from the presence of strong direct
exchange coupling between the three metal centers, as has been hypothesized by our lab in
previous reports.10–12 We note that the extent of delocalization within this series of clusters is much

Figure 3.2. 57Fe Mӧssbauer spectra in black dots and fits for [(tbsL)Fe3(µ3−E)]− complexes 3.2
(red, E = O), 3.3 (yellow, E = S), 3.4 (brick red, E = Se), and 3.5 (green, E = Te) collected at 90 K
in the absence of an applied field. Relevant fitting parameters can be found in Table 3.1.
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more pronounced than in previously reported Fe3E4 clusters.

14

The similarity between the average

isomer shift of 3.2–3.5 suggests that the clusters display a similar amount of covalency with the
bridgehead, despite the atom identity. The disparity in the quadrupole splitting (|ΔEQ|) that is
consistent across all compounds could be due to the slight asymmetry of the trinuclear core, which
gives rise to different bond distances between individual iron centers and the bridging atom.

3.2.4 X-Band EPR Spectroscopy
Perpendicular-mode X-band EPR spectra of 3.2–3.5 collected on frozen 2methyltetrahydrofuran solutions between 4–8 K are shown in Figure 3.3. All experimental data
were simulated using EasySpin. In general, all four clusters display a maximally rhombic EPR
signal with 3.2 displaying an S = 1/2 signal and 3.3–3.5 showing dominant resonances at geff ≈ 4.2
and geff ≈ 9.5 which are consistent with a S = 5/2 spin-ground state. The data for 3.2 (Figure 3.3,
red) displays three absorptions at geff = 1.86, 1.98, 2.03 and can bit fit with g = [2.03 1.98 1.86]

Figure 3.3. X-band EPR spectra collected on frozen solutions of [(tbsL)Fe3(µ3−E)]− 3.2 (red, E =
O), 3.3 (yellow, E = S), 3.4 (brick red, E = Se), and 3.5 (green, E = Te) in 2-methyltetrahydrofuran.
Black dots correspond to the experimental data, while the solid lines correspond to a simulation of
the data.

14.

(a) Zhou, J.; Holm, R. H., J. Am. Chem. Soc. 1995, 117, 11353-11354. (b) Zhou, J.; Hu, Z.;
Münck, E.; Holm, R. H., J. Am. Chem. Soc. 1996, 118, 1966-1980.
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and H-strain = [199 46 148] MHz (to account for unresolved hyperfine coupling to the ophenyldiamine π-system). The EPR spectrum for 3.3 (Figure 3.3, yellow) displays absorbances at
geff = 4.26, 9.52. The data could be well-reproduced using an S = 5/2 spin system with D = +0.66
cm–1, |E/D| = 0.33, g = [2.03 1.90 2.00], and H-strain = [95 0 990] MHz. The spectral features of
3.3 are representative of the Se (3.4, Figure 3.3, brick red) and Te (3.5, Figure 3.3, green) clusters,
which were fit with similar parameters (Figures 3.48–3.51).

3.2.5 Magnetometry
The electronic structures of 3.2−3.5 were examined in more detail by collecting magnetic
data under static (dc) magnetic fields. Variable-temperature dc magnetic susceptibility was
collected from 5 to 300 K at 0.5 T on finely crushed polycrystalline samples of 3.2–3.5 suspended

Figure 3.4. Variable temperature dc magnetic susceptibility collected at 0.5 T for
[(tbsL)Fe3(µ3−E)]− 3.2 (red, E = O), 3.3 (yellow, E = S), 3.4 (brick red, E = Se), and 3.5 (green, E
= Te). Black dashed lined indicates the spin only value for an S = 5/2 spin system.
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in solid eicosane (Figure 3.4). Despite being non-integer spin, 3.2 displays a molar susceptibility
(χMT) of 0.98 cm3 K/mol at 5 K, but does not feature a well-isolated spin ground state. The
susceptibility observed exceeds the spin-only value for an S = 1/2 state (0.375 cm3 K/mol). The
sample does not show signs of ferromagnetic impurities due to the overlapping susceptibility
curves at 0.5 T and 1 T in addition to a linear 100 K magnetization experiment. Furthermore, no
paramagnetic impurities were observed by 1H NMR, which leads us to believe that 3.2 thermally
populates spin excited states (likely S = 3/2). The susceptibility continues to increase monotonically
until ~100 K, close to the spin-only value of 1.875 cm3 K/mol for S = 3/2, when the slope changes.
The data suggest that over the temperature range canvassed, multiple spin excited states are
thermally accessible (S = 1/2 → 5/2). The susceptibility data for compounds 3.3–3.5 plateau above
20 K between 4.1–4.4 cm3 K/mol which is close to the spin-only value of 4.38 cm3 K/mol for an S
= 5/2 state. The pronounced drop in χMT below 20 K is most likely due to the presence of zerofield splitting. The upturn in the susceptibility above 150 K for 3.5 is likely due to the population
of low-lying excited states. The upturn can be modeled as a Boltzmann population of either the S
= 7/2 or 9/2 spin excited states equally well (Figure 3.36). The overlapping nature of these data for
3.3–3.5 below 150 K suggests a similar spin ground state electronic structure. Indeed, variabletemperature, variable-field (VTVH) magnetization data from 1.8 to 10 K at 1, 4, and 7 T for 3.3–
3.5 all display magnetization saturation slightly below 4 µB at 1.8 K and 7 T. The observation of
nonoverlapping isofield curves and the fact that the saturation occurs at a value lower than that of
the theoretical value for an S = 5/2 single spin system (5 µB for g = 2) indicates the presence of
zero-field splitting. Fitting of these data using PHI was done according to the spin Hamiltonian
� = 𝐷𝐷𝑆𝑆̂𝑧𝑧2 + 𝐸𝐸�𝑆𝑆̂𝑥𝑥2 − 𝑆𝑆̂𝑦𝑦2 � + 𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖 𝜇𝜇𝐵𝐵 𝑺𝑺. Given the presence of the progressively heavier chalcogenide
𝐻𝐻

ligands, we anticipated a trend of increasing zero-field splitting with atom size due to the increase
86

in spin-orbit coupling contribution to spin-bearing molecular orbitals.6 Despite 3.3–3.5 being fit
well to S = 5/2 spin-ground state, a consistent value of D was not reproducible (deviation of ~1 cm–
1

, Table 3.3).

3.2.6 High-Field/High-Frequency EPR
To unambiguously determine the zero-field splitting parameter for clusters 3.2–3.5, we
examined these complexes using High-Field/High-Frequency EPR (HFEPR). Data were collected
on powder samples of complexes 3.2−3.5 at 17 T using microwave frequencies of 24−420 GHz at
5 K. While a rhombic signal is observed for 3.2 (Figure 3.53), the spectral data for 3.3−3.5 reveal
a series of frequency dependent transitions. Surprisingly, the zero-field splitting parameters are
nearly identical across the series at –3.36, –3.05, and –2.86 cm–1 for 3.3, 3.4, and 3.5, respectively,
linearly decreasing with increasing Zeff. Even more surprising is that the slight decrease in |D| is
opposite the expected trend according to the heavy element effect,6 which suggests that there is a
negligible contribution to |D| due to spin-orbit coupling of the bridgehead, arising from a
diminishing covalency between the bridgehead and the [Fe3] core as the bridgehead element size
increases. The net effect is that the bridgehead element does not substantially contribute to the
electroactive, or spin-bearing, orbitals.

3.2.7 Cyclic Voltammetry
Cyclic voltammetry on THF solutions of 3.2–3.5 corroborate the phenomenon observed in
Section 3.2.6 (Figure 3.5). The cyclic voltammograms for each complex reveal two reversible
electrochemical events, one oxidation and one reduction. The reduction and oxidation events are
within ~100 mV across the series (3.2−3.5), indicating that the electroactive orbitals are minimally
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affected by the bridging atom identity. The electrochemical data also corroborates the miniscule
differences in average isomer shift revealed in the 57Fe Mӧssbauer spectra of 3.2–3.5.

Figure 3.5. Cyclic voltammogram of [(tbsL)Fe3(µ3−E)]− 3.2 (red, E = O), 3.3 (yellow, E = S), 3.4
(brick red, E = Se), and 3.5 (green, E = Te) collected in a 1 mM THF solution (0.1 M [Bu4N]PF6)
with a glassy carbon working electrode. Vertical axis is the measured current (µA).

3.3 Discussion
Thediminishing covalency moving from 3.2 to 3.5 can be explained using an angular
overlap model (Figure 3.6) that is dependent on the Fe–E–Fe angle, which decreases from 84° in
3.2 to 60° in 3.5. Using the coordinate system previously reported (Figure 3.6b, z-axis along the
Fe–E bond)9 and assuming an idealized C3−symmetric cluster, one can arrive at one a-symmetric
and two e-symmetric linear combinations of Fe atomic orbitals (LCAO) (Figure 3.6c). The asymmetric combination is of the correct symmetry to afford a [Fe3(µ3−Ep,s)] σ interaction with the
appropriate bridgehead p- or s-orbital that is ∠(Fe–E–Fe) angle-independent. The e-symmetric
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LCAO is of the correct symmetry to form a [Fe3(µ3−Ep)] π−interaction with the remaining
orthogonal E px,y-orbitals of the bridgehead element (3e, Figure 3.6c).
The strength of the π−symmetric interaction is highly dependent on the ∠(Fe–E–Fe) angle.
Increasing the ∠(Fe–E–Fe) angle attenuates two of the three primary bonding interactions between
the core and the bridgehead element. The net result is modulation of the molecular orbital
comprising this interaction (3e, Figure 3.6a, c). As the principle π-symmetric interaction is
diminished, 3e drops in energy. While complexes 3.3−3.5 all feature well isolated S = 5/2 spin
ground states, the oxo adduct 3.2 possesses an S = 1/2 spin ground state. The atomic ionization
potentials for the valence orbitals of S−Te are near degenerate (Es: −22.7→ −18.7 eV; Ep: −11.6→
−9.8 eV, respectively), but are substantially lower in energy for the more electronegative O (Es:

Figure 3.6. Schematic of qualitative molecular orbitals depicting the primary bonding interactions
between an idealized Fe3 core and a µ3–bound ligand.
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−32.4 eV; Ep: −15.9 eV). We would predict the change in energetic overlap and the increasingly
significant [Fe3(µ3−Ep)] π−interaction (3e) as the chalcogenide size decreases can account for the
spin ground state of 3.2. Indeed, the maximized [Fe3(µ3−Ep)] π−interaction with the smaller oxo
ligand enhances mixing of the e-symmetric orbitals, destabilizing the π* 3e set to afford a frontier
(3a)2(4e)3(3e)0 S = 1/2 configuration.
The aggregate orbital considerations give rise to the observed spin states and reveal how
the bridgehead element orbital character fails to feature prominently in the spin-bearing orbitals,
leading to the limited impact increasing Zeff has on D. Furthermore, the preservation of theintracore
[Fe3] bonding across the series 3.2−3.5 where the Fe−Fe is largely held constant, suggests the
double exchange (via direct exchange) pathway is not only preserved upon binding of a bridgehead
element, but is also unperturbed by the nature of that element. This indicates that the strength of
the intracore Fe–Fe interactions dominate the frontier orbital configuration. Thus, the intracore
Fe–Fe interactions are maintained regardless of the bridgehead, despite the Fe–Fe distances (~2.60
Å) being significantly longer than what is conventionally considered an M–M bond.13

3.4 Conclusions
This study was directed towards conferring magnetic anisotropy on giant spin clusters
through the installation of increasingly heavier chalcogenide ligands.6,7 The all ferrous
(tbsL)Fe3(thf) and its monoanionic redox congener proved suitable synthons towards installing the
various bridgehead ligands by single atom excision from molecular (O, S) and elemental (Se, Te)
precursors. Surprisingly, the [Fe3] core expands minimally (~0.04 Å) despite a significant increase
in the size of the bridgehead valence orbitals. While the molecular precedents have displayed
substantive orbital angular momentum from heavy element incorporation,6,7 the binding between
the chalcogenide ligand and the [Fe3] core gives rise to molecular orbital configurations which
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eliminate the chalcogenide influence on the spin-bearing orbitals. Thus, the observed impact of
installing progressively heavier chalcogenides yields an inverse relationship with ZFS observed.
While the covalency between the bridgehead ligand and the trinuclear core destabilizes the
molecular orbitals bearing significant Eσ,π–character, the intracore orbital interactions outcompete
the bonding exhibited to the bridgehead element. We would anticipate core expansion to occur to
maximize the covalent bonding to the larger bridgehead elements, yet the [Fe3] core exhibits
minimal structural change. Indeed, the strong intracore bonding manifests in the strong valence
redox delocalization observed by 57Fe Mӧssbauer, EPR spectroscopy, and SQUID magnetometry.
Furthermore, the energetic penalty associated with weakening this direct exchange pathway
outcompetes the penalty associated with attenuating the orbital overlap with the bridgehead
element.
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3.5 Further Information
3.5.1 General Considerations
All manipulations of metal complexes were carried out in the absence of water and
dioxygen using standard Schlenk techniques, or in an MBraun inert atmosphere drybox under a
dinitrogen atmosphere. (tbsL)Fe3(THF) was synthesized according to the previous reported
procedure.9 All glassware was oven dried overnight and cooled in an evacuated antechamber prior
to use in the drybox. Benzene, diethyl ether, n-hexane, tetrahydrofuran (THF), and 2methyltetrahydrofuran were dried and deoxygenated on a Glass Contour system (SG Water USA,
Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior to use. 4 Å molecular sieves were
activated by heating in a Schlenk flask to at least 250 °C for 24 h under dynamic vacuum prior to
use in a drybox. Selenium and Tellurium powder were purchased from Strem. 2,2,2-cryptand,
triphenylmethane thiol, pyridine N-oxide, and potassium hydride (30 wt% in oil) were purchased
from Aldrich. Potassium triphenylmethane thiolate was synthesized via potassium hydride
(washed) deprotonation of triphenylmethane thiol. Potassium graphite (KC8) was synthesized by
heating small pieces of potassium in graphite in a 1:8 mixture to 80 °C in a sealed pressure tube
for 3 hours. Manual agitation was necessary to homogenize the mixture to form a bronze powder.
Celite® 545 (J. T. Baker) was dried in a Schlenk flask for 24 h under dynamic vacuum while
heating to at least 200 °C prior to use in a drybox. All other materials and reagents were bought
from commercial sources and used as received.

3.5.2 Characterization and Physical Measurements
1
1

H NMR spectra were recorded on Varian Unity/Inova 500 or 600 MHz- spectrometers.

H chemical shifts are reported relative to SiMe4 using the chemical shift of residual solvent peaks
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as reference. Elemental analyses were performed in house on a 2400 Series II CHNS/O Elemental
Analyzer manufactured by Perkin Elmer, Inc.

3.5.3 Cyclic Voltammetry
Tetrabutylammonium hexafluorophosphate ([nBu4][PF6]) was purchased from Aldrich and
subjected to dynamic vacuum for 24 h before being stored in a drybox. 0.1 M solutions of
[nBu4][PF6] in tetrahydrofuran were prepared and stored over 4 Å molecular sieves overnight prior
to use. Data was collected using a CHI660d potentiostat using a three-electrode cell with a glassy
carbon working electrode, a platinum wire counter electrode, and a silver wire pseudo-reference
that was submerged in 0.1 M [nBu4][PF6] and encapsulated in a glass casing with a CoralPor
(BASi) frit. All potentials were referenced to the ferrocene/ferrocenium (Fc/Fc+) couple, which
was measured at the end of every experiment by adding a small amount (<2 mg) of ferrocene to
the sample solution. All samples were prepared as a 1 mM solution in tetrahydrofuran with 0.1 M
[nBu4][PF6] as the supporting electrolyte. All scans were corrected for the internal resistance within
the circuit.

3.5.4 Zero-Field 57Fe Mӧssbauer Spectroscopy
Zero-field,

57

Fe Mössbauer spectra were measured with a constant acceleration

spectrometer (SEE Co, Minneapolis, MN). Isomer shifts are quoted relative to Fe metal at room
temperature. Data were processed, fitted, and analyzed using an in-house package for IGOR Pro 6
(Wavemetrics, Lake Oswego, OR). Samples were prepared either by suspending 30–40 mg of
compound in sufficient paratone oil, or dissolved in minimal benzene, and flash frozen in liquid
nitrogen
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3.5.5 X-Band EPR Spectroscopy.
Samples for EPR were prepared in a drybox by dissolving 3-6 mg of 3.2–3.5 in 2 mL of
anhydrous 2-methyltetrahydrofuran. ~0.25 mL of the resulting stock solution was transferred to a
4 mm medium wall low pressure/vac quartz EPR tube. All samples were immediately flash-frozen
in liquid nitrogen and stored under liquid nitrogen prior to data collection. EPR spectra were
obtained on a Bruker EleXsys E-500 CW-EPR spectrometer equipped with a custom Oxford
Instruments continuous-flow liquid helium cryostat and Oxford VC30 gas flow controller. And
Oxford ITC4 temperature system was used to monitor and control the temperature. Spectra were
measured at a microwave power of 0.6325–2 mW between 4–30 K. All EPR simulations were
performed using the EasySpin program using the spin Hamiltonian: Ĥ = βBgŜ + D[(Ŝz)2 – 1/3S(S +
1)] + E[(Ŝx)2 – (Ŝy)2] where β is the Bohr magneton, B is the applied magnetic field, g is the gfactor, Ŝ is the spin angular momentum operator, D and E are the axial and rhombic zero-field
splitting (ZFS) parameters, respectively, and Ŝz, Ŝx, and Ŝy are the spin angular momentum
operators using the coordinate system of the D tensor. The axial (D) and rhombic (E) zero-field
splitting (ZFS) parameters and H-strain parameters were systematically varied.

3.5.6 High-Field/Frequency EPR Spectroscopy
High-Field/Frequency Electron Paramagnetic Resonance spectra were recorded on powder
samples of 3.2–3.5. Samples were prepared in an inert atmoshphere glovebox and immobilized in
a polyethylene cup with a Teflon® stopper. The transmission-type spectrometer used in this study
combined a 17 T superconducting magnet with a phase-locked Virginia Diodes source equipped
with a series of frequency multipliers. Microwave frequencies were generated in the 24 to
420 GHz range. The field modulated signal was detected by an InSb hot-electron bolometer (QMC
Ltd., Cardiff, U.K.). Temperature control was realized using an Oxford Instruments (Oxford, U.K.)
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continuous-flow cryostat. Spectral simulations were generated using the program Spin written by
Andrew Ozarowski.

3.5.7 SQUID Magnetometry
Magnetic data were collected using a Quantum Design MPMS-5S SQUID magnetometer.
Measurements were obtained for finely ground microcrystalline powders restrained in a frozen
eicosane matrix within polycarbonate capsules. Samples were prepared under a dry nitrogen
atmosphere by packing the powder in a gelcap and adding warm liquid eicosane, which formed a
solid wax upon cooling. Dc susceptibility measurements were collected in the temperature range
5-300 K under a dc field of 1000, 5000 or 10000 Oe. Dc magnetization measurements were
obtained in the temperature range 1.8 – 10 K under dc fields of 10000–70000 Oe in either 3 or 7
steps. The susceptibility data was corrected for diamagnetic contributions from the sample holder
and eicosane, as well as the core diamagnetism of the sample using Pascal’s constants. The
susceptibility data were fit using the spin Hamiltonian Ĥ = D(Ŝz)2 + gisoμBS·H. Molar
susceptibilities were calculated from (χm) by converting the calculated magnetic susceptibility (χ)
obtained from the magnetometer according to χm = χM/mH. The reduced magnetization data were
fit using PHI.

3.5.8 X-ray Diffraction Techniques
All structures were collected on a Bruker three-circle platform goniometer equipped with
an Apex II CCD and an Oxford cryostream cooling device at 100 K. Radiation for the data
collection of 3.2–3.5 was from a graphite fine focus sealed tube Mo Kα (0.71073 Å) source.
Crystals were mounted on a cryoloop or glass fiber pin using Paratone-N oil. Data were collected
as a series of φ and ω scans.
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[K(C222)][(tbsL)Fe3(μ3–O)] (3.2)
The structure was solved in the orthorhombic space group P212121 with one full molecule
and cation per unit cell. No disorder modelling, restraints, or constraints were employed in order
to provide the simplest acceptable model of the data.

[K(C222)][(tbsL)Fe3(μ3–S)] (3.3)
The structure was solved in the monoclinic space group C2/c with one full molecule per
unit cell and the counter cation existing on a special position (presence of two counter cations in
the asymmetric unit, each at 0.5 occupancy). Some tert-butyl groups on the ligand were subject of
rotational disorder and were modelled using a PART function and necessary similarity constraints.
A disordered Et2O molecule was modelled at 0.5 occupancy to account for its existence in ~50%
of the lattice. Furthermore, an n-hexane channel was located within the lattice. Rather than
performing the SQUEEZE function in PLATON, we chose to model the residual electron density
within the asymmetric unit as a single n-hexane molecule at 0.5 occupancy. Necessary similarity
constraints were employed in the modelling of the disordered solvent molecules.

[K(C222)][(tbsL)Fe3(μ3–Se)] (3.4)
The structure was solved in the monoclinic space group C2/c with one full molecule per
unit cell and the counter cation existing on a special position (presence of two counter cations in
the asymmetric unit, each at 0.5 occupancy). A disordered Et2O molecule was modelled at 0.5
occupancy to account for its existence in ~50% of the lattice. Furthermore, an n-hexane channel
was located within the lattice. Rather than performing the SQUEEZE function in PLATON, we
chose to leave an n-hexane channel unmodelled as it accounted for a very small total electron
density, indicating minimal occupancy within the lattice. Necessary similarity constraints were
employed in the modelling of the disordered solvent molecules. Furthermore, Q-peaks
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corresponding to full molecule disorder were observed near the [Fe3Se] unit of the structure.
Modelling this disorder suggested that the second component only comprises 5% of the electron
density within the lattice. Given this low percentage component, we were not able to observe Qpeaks corresponding to the carbon/nitrogen/silicon atoms of this component due to the insufficient
resolution of our instrument. Therefore, to avoid over-modelling of the data, we modeled the
residual electron density due to the second component of the [Fe3Se] unit as the simplest
description.

[K(C222)][(tbsL)Fe3(μ3–Te)] (3.5)
The structure was solved in the monoclinic space group C2/c with one full molecule per
unit cell and the counter cation existing on a special position (presence of two counter cations in
the asymmetric unit, each at 0.5 occupancy). Some tert-butyl groups on the ligand were subject of
rotational disorder and were modelled using a PART function and necessary similarity constraints.
A disordered Et2O molecule was modelled at 0.5 occupancy to account for its existence in ~50%
of the lattice. Furthermore, an n-hexane channel was located within the lattice. Rather than
performing the SQUEEZE function in PLATON, we chose to model the residual electron density
within the asymmetric unit as a single n-hexane molecule at 0.5 occupancy. Necessary similarity
constraints were employed in the modelling of the disordered solvent molecules.

3.5.9 Synthesis
[K(C222)][(tbsL)Fe3(μ3–O)] (3.2)
To a frozen THF (5 mL) solution of (tbsL)Fe3(THF) (0.100 g, 0.102 mmol) in a liquid
nitrogen filled coldwell was added potassium graphite (0.0138 g, 0.102 mmol) dissolved in 5 mL
THF. The reaction mixture was warmed to room temperature and stirred for 20 minutes, resulting
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in a dark yellow-brown solution. The solution was refrozen after which pyridine N-oxide (0.0097
g, 0.102 mmol) dissolved in 1 mL THF was added. The reaction mixture was warmed to 25 °C
and stirred for 20 min resulting in a dark brown solution. The solution was filtered through Celite
to remove graphite, and the solvent and volatiles were removed from the filtrate in vacuo. The
brown residue was stirred in 5 mL of 1:1 benzene:hexanes at which point 2,2,2-cryptand (0.058 g,
0.153 mmol) in 1 mL benzene was added to immediately generate a dark brown solid suspension.
The suspension was filtered through a Celite packed pipet filter. The filtrand was then washed with
1 mL of benzene and then washed through the filter with THF and collected in a separate vial. The
solvent and volatiles were removed from the filtrate in vacuo to afford 0.110 g (81 %) of a dark
brown powder. 1H NMR (500 MHz, THF): δ 42.7, 15.6, 13.4, 8.2, -0.5, -6.0, -17.4. Anal. Calc.
for C60H102Fe3KN8O7Si3 : C 53.84, H 7.68, N 8.37; Found C 54.26, H 7.89, N 8.93.

[K(C222)][(tbsL)Fe3(μ3–S)] (3.3)
To a THF (5 mL) solution of (tbsL)Fe3(THF) (0.150 g, 0.153 mmol) was added potassium
triphenylmethane thiolate (0.048 g, 0.153 mmol) dissolved in 5 mL THF. Generation of
K[(tbsL)Fe3(μ3–S)] could be achieved by either (i) stirring the reaction mixture overnight at room
temperature or (ii) placing the reaction mixture in a 50 mL storage flask equipped with a Teflon
screw cap, sealing the vessel, and heating to 60 °C for 1 hour. Following production of crude
K[(tbsL)Fe3(μ3–S)], the solvent and volatiles were removed in vacuo. The brown residue was stirred
in 5 mL of 1:2 toluene:hexane at which point 2,2,2-cryptand (0.058 g, 0.153 mmol) in 1 mL toluene
was added to immediately generate a dark brown solid suspension. The suspension was filtered
through a Celite packed 15 mL medium glass fritted funnel. The filtrand was then washed through
the funnel with THF and collected in a separate vial. The resulting filtrate was then concentrated
to ~3 mL in vacuo, and then ~5 mL of diethyl ether was layered on top. Storage in the freezer at –
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35 °C overnight affords 0.140 g (67%) of dark brown crystals. 1H NMR (500 MHz, THF): δ 54.3,
14.4, 12.3, 9.6, 7.1, -0.5, -9.4, -31.3. Anal. Calc. for C60H102Fe3KN8O6SSi3 : C 53.21, H 7.59, N
8.27; Found C 53.19, H 7.71, N 8.64.

[K(C222)][(tbsL)Fe3(μ3–Se)] (3.4)
To a thawing THF (3 mL) solution of (tbsL)Fe3(THF) (0.200 g, 0.204 mmol) was added a
THF (1 mL) suspension of KC8 (0.0276 g, 0.204 mmol). The reaction mixture was warmed to
room temperature and stirred for 1 hour. The reaction was frozen in a liquid nitrogen cooled
coldwell, and selenium powder (0.016 g, 0.204 mmol) suspended in 1 mL THF was added. The
reaction was thawed and stirred for 40 min at room temperature. The crude reaction mixture was
filtered through Celite to remove graphite, after which the solvent and volatiles were removed
from the filtrate in vacuo. The dark brown residue was stirred in 5 mL of 1:2 toluene:hexane
followed by addition of 2,2,2-cryptand (0.077 g, 0.204 mmol) dissolved in 1 mL of toluene. The
desired product precipitates from solution as a dark brown powder. The suspension was filtered
through a Celite packed 15 mL medium glass fritted funnel. The filtrand was then washed through
the funnel with THF and collected in a separate vial. The resulting filtrate was then concentrated
to ~3 mL in vacuo, and then ~5 mL of diethyl ether was layered on top. Storage in the freezer at –
35 °C overnight affords 0.175 g (82 %) of dark brown crystals. 1H NMR (500 MHz, THF): δ 55.4,
13.1, 12.0, 11.6, 5.41, -0.1, -10.2, -33.6. Anal. Calc. for C60H102Fe3KN8O6SeSi3 : C 51.43, H 7.34,
N 8.00; Found C 51.36, H 7.76, N 8.26.

[K(C222)][(tbsL)Fe3(Te)] (μ3–3.5)
To a thawing THF (3 mL) solution of (tbsL)Fe3(THF) (0.150 g, 0.153 mmol) was added a
THF (1 mL) suspension of KC8 (0.021 g, 0.153 mmol). The reaction mixture was warmed to room
temperature and stirred for 1 hour. The reaction was frozen in a liquid nitrogen cooled coldwell,
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and excess tellurium powder (0.098 g, 0.766 mmol) suspended in 1 mL THF was added. The
reaction was thawed and stirred for 40 min at room temperature. The crude reaction mixture was
filtered through Celite to remove graphite, after which the solvent and volatiles were removed
from the filtrate in vacuo. The dark brown residue was stirred in 5 mL of 1:2 toluene:hexane
followed by addition of 2,2,2-cryptand (0.077 g, 0.204 mmol) dissolved in 1 mL of toluene. The
desired product precipitates from solution as a dark brown powder. The suspension was filtered
through a Celite packed 15 mL medium glass fritted funnel. The filtrand was then washed through
the funnel with THF and collected in a separate vial. The resulting filtrate was then concentrated
to ~3 mL in vacuo, and then ~5 mL of diethyl ether was layered on top. Storage in the freezer at –
35 °C overnight affords 0.165 g (75 %) of dark brown crystals. 1H NMR (500 MHz, THF): δ 61.6,
15.0, 13.0, 10.9, 7.3, -2.2, -15.1, -37.7. Anal. Calc. for C60H102Fe3KN8O6Si3Te : C 49.70, H 7.09,
N 7.73; Found C 50.02, H 7.15, N 7.97.
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Figure 3.7. Solid-state structure of [K(C222)][(tbsL)Fe3(μ3–O)] (3.2)collected at 100 K, with
thermal ellipsoids displayed at 50%. Encapsulated potassium counter cation and hydrogen atoms
removed for clarity. Fe = orange, C = gray, N = blue, Si = pink, O = red.
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Figure 3.8. Solid-state structure of [K(C222)][(tbsL)Fe3(μ3–S)] (3.3) collected at 100 K, with
thermal ellipsoids displayed at 50%. Encapsulated potassium counter cation and hydrogen atoms
removed for clarity. Fe = orange, C = gray, N = blue, Si = pink, S = yellow.
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Figure 3.9. Solid-state structure of [K(C222)][(tbsL)Fe3(μ3–Se)] (3.4) collected at 100 K, with
thermal ellipsoids displayed at 50%. Encapsulated potassium counter cation and hydrogen atoms
removed for clarity. Fe = orange, C = gray, N = blue, Si = pink, Se= brick red.

103

Si
Te

N

Fe

Figure 3.10. Solid-state structure of [K(C222)][(tbsL)Fe3(μ3–Te)] (3.5) collected at 100 K, with
thermal ellipsoids displayed at 50%. Encapsulated potassium counter cation and hydrogen atoms
removed for clarity. Fe = orange, C = gray, N = blue, Si = pink, Te= green.

104

Table 3.2. Crystallographic data for compounds 3.2–3.5.a,b

Moiety
Formula
FW
Crystal
System
Space
Group (Z)
a (Å)

[K(C222)]
[K(C222)]
[K(C222)]
[(tbsL)Fe3(μ3–O)] [(tbsL)Fe3(μ3–S)] [(tbsL)Fe3(μ3–Se)]
(3.2)
(3.3)
(3.4)
C60H102Fe3KN8O7 C60H102Fe3KN8O6 C60H102Fe3KN8O6
Si3
SSi3;
SeSi3;
0.5x(C6H14) +
0.25x(C6H14) +
0.5x(C4H10O)
0.333x(C4H10O)
1408.66
1434.62
1447.63

[K(C222)]
[(tbsL)Fe3(μ3–Te)]
(3.5)
C60H102Fe3KN8O6
Si3Te;
0.5x(C6H14) +
0.5x(C4H10O)
1530.16

orthorhombic

monoclinic

monoclinic

monoclinic

P212121

C2/c

C2/c

C2/c

13.949(9)

26.870(3)

27.0838(14)

27.082(2)

b (Å)

18.8661(2)

38.714(4)

38.651(2)

38.998(3)

c (Å)

25.4624(17)

14.1007(14)

14.0885(8)

14.099(1)

α (°)

90

90

90

90

β (°)

90

94.499 (2)

94.751 (2)

94.716(2)

γ (°)
Volume
(Å3)
Calc. ρ
(mg/m3)
μ (mm-1)
Crystal Size
(mm)
Reflections

90

90

90

90

6736.3(8)

14623 (2)

14697.4 (14)

14841(1)

0.97

1.12

1.62

1.57

0.81

0.78

1.23

1.12

0.40x0.25x0.10

0.30×0.18×0.12

0.20x0.20x0.15

0.25×0.18×0.10

12021

14685

13122

13151

1.03

1.037

1.04

1.017

0.063, 0.145

0.048, 0.139

0.071, 0.217

0.043, 0.103

GOF on F2
R1, wR2c
[I>2σ(I)]

a

λ = 0.71073 Å; b T = 100(2) K; c R1 = Σ||Fo|-|Fc||/Σ|Fo|,
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Figure 3.11. Magnetization versus field collected at 100 K for Solid-state structure of
[K(C222)][(tbsL)Fe3(μ3–O)] (3.2) collected at 100 K, with thermal ellipsoids displayed at 50%.. A
linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An expanded
window of the low field data.
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Figure 3.12. Variable-temperature dc susceptibility data for [K(C222)][(tbsL)Fe3(μ3–O)] (3.2) at 1
(blue circles) and 0.5 T (red circles) from 5 to 300 K. At both field strengths, the susceptibility
changes in slope slightly above the spin-only value of 1.875 cm3 K/mol for an S = 3/2 single spin
system, but does not reach the value of 4.375 cm3 K/mol for an S = 5/2. This likely indicates that
there is thermal population of both S = 1/2 and S = 3/2 at low T, and access to S = 5/2 at higher T.
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Figure 3.13. Variable-temperature variable-field magnetization data for [K(C222)][(tbsL)Fe3(μ3–
O)] (3.2) collected at three fields (1, 4, and 7 T) over the temperature range 1.8–10 K. The data
was unable to be fit due to the magnetization saturated between the spin-only values for S = 1/2 and
S = 3 /2 .
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Figure 3.14. Magnetization versus field collected at 100 K for a second batch of
[K(C222)][(tbsL)Fe3(μ3–O)] (3.2). A linear plot indicates that the sample is free from ferromagnetic
impurities. Inset. An expanded window of the low field data.
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Figure 3.15. Variable-temperature dc susceptibility data for a second batch of
[K(C222)][(tbsL)Fe3(μ3–O)] (3.2) at 1 (blue circles) and 0.5 T (red circles) from 5 to 300 K. At both
field strengths, the susceptibility changes in slope slightly above the spin-only value of 1.875 cm3
K/mol for an S = 3/2 single spin system, but does not reach the value of 4.375 cm3 K/mol for an S
= 5/2. This likely indicates that there is thermal population of both S = 1/2 and S = 3/2 at low T, and
access to S = 5/2 at higher T.
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Figure 3.16. Variable-temperature variable-field magnetization data for a second batch of
[K(C222)][(tbsL)Fe3(μ3–O)] (3.2) collected at seven fields (1–7 T) over the temperature range 1.8–
10 K. The data was unable to be fit due to the magnetization saturated between the spin-only values
for S = 1/2 and S = 3/2.
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Figure 3.17. Magnetization versus field collected at 100 K for a second sample of
[K(C222)][(tbsL)Fe3(μ3–O)] (3.2) from the same batch as in Figures 3.14–3.16. A linear plot
indicates that the sample is free from ferromagnetic impurities. Inset. An expanded window of the
low field data.
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Figure 3.18. Variable-temperature dc susceptibility data for a second sample of
[K(C222)][(tbsL)Fe3(μ3–O)] (3.2) from the same batch as in Figures 3.14–3.16 at 1 (blue circles)
and 0.5 T (red circles) from 5 to 300 K. At both field strengths, the susceptibility changes in slope
slightly above the spin-only value of 1.875 cm3 K/mol for an S = 3/2 single spin system, but does
not reach the value of 4.375 cm3 K/mol for an S = 5/2. This likely indicates that there is thermal
population of both S = 1/2 and S = 3/2 at low T, and access to S = 5/2 at higher T.
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Figure 3.19. Variable-temperature variable-field magnetization data for a second sample of
[K(C222)][(tbsL)Fe3(μ3–O)] (3.2) from the same batch as in Figures 3.14–3.16 collected at seven
fields (1–7 T) over the temperature range 1.8–10 K. The data was unable to be fit due to the
magnetization saturated between the spin-only values for S = 1/2 and S = 3/2.
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Table 3.3. Summary of parameters for fits to variable-temperature variable-field data.
[(tbsL)Fe3(μ3–S)]–
[(tbsL)Fe3(μ3–Se)]– (3.4)
[(tbsL)Fe3(μ3–Te)]– (3.5)
(3.3)
Repeat of
Repeat of
First
Second
First
Second
First
Second
second
second
batch
batch
batch
batch
batch
batch
batch
batch
giso
1.90
2.21
2.02
2.17
2.29
2.01
1.97
1.94
D
4.63
10.14
4.15
7.32
10.77
4.04
5.31
5.01
|E/D|
0.26
0.10
0.23
0.13
0.09
0.23
0.23
0.24
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Figure 3.20. Magnetization versus field collected at 100 K for [K(C222)][(tbsL)Fe3(μ3–S)] (3.3). A
linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An expanded
window of the low field data.
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Figure 3.21. Variable-temperature dc susceptibility data for [K(C222)][(tbsL)Fe3(μ3–S)] (3.3) at 1
(blue circles) and 0.5 T (red circles) from 5 to 300 K. At both field strengths, the susceptibility
plateaus slightly below the spin-only value of 4.375 cm3 K/mol for an S = 5/2 single spin system.
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Figure 3.22. Variable-temperature variable-field magnetization data for [K(C222)][(tbsL)Fe3(μ3–S)]
(3.3) collected at three fields (1, 4, and 7T) over the temperature range 1.8–10 K. Magnetization
fit parameters obtained with PHI, using the fit parameters: giso = 1.90, D = 4.63 cm–1, |E/D| = 0.26.
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Figure 3.23. Magnetization versus field collected at 100 K for a second batch of
[K(C222)][(tbsL)Fe3(μ3–S)] (3.3). A linear plot indicates that the sample is free from ferromagnetic
impurities. Inset. An expanded window of the low field data.
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Figure 3.24. Variable-temperature dc susceptibility data for a second batch of
[K(C222)][(tbsL)Fe3(μ3–S)] (3.3) at 1 (blue circles) and 0.5 T (red circles) from 5 to 300 K. At both
field strengths, the susceptibility plateaus slightly below the spin-only value of 4.375 cm3 K/mol
for an S = 5/2 single spin system.
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Figure 3.25. Variable-temperature variable-field magnetization data for a second batch of
[K(C222)][(tbsL)Fe3(μ3–S)] (3.3) collected at three fields (1, 4, and 7T) over the temperature range
1.8–10 K. Magnetization fit parameters obtained with PHI, using the fit parameters: g = 2.21, D =
10.14 cm–1, |E/D| = 0.10.
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Figure 3.26. Magnetization versus field collected at 100 K for [K(C222)][(tbsL)Fe3(μ3–Se)] (3.4).
A linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An expanded
window of the low field data.
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Figure 3.27. Variable-temperature dc susceptibility data for [K(C222)][(tbsL)Fe3(μ3–Se)] (3.4) at 1
(blue circles) and 0.5 T (red circles) from 5 to 300 K. At both field strengths, the susceptibility
plateaus slightly below the spin-only value of 4.375 cm3 K/mol for an S = 5/2 single spin system.
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Figure 3.28. Variable-temperature variable-field magnetization data for [K(C222)][(tbsL)Fe3(μ3–
Se)] (3.4) collected at three fields (1, 4, and 7T) over the temperature range 1.8–10 K.
Magnetization fit parameters obtained with PHI, using the fit parameters: g = 2.02, D = 4.15 cm–
1
, |E/D| = 0.23.
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Figure 3.29. Magnetization versus field collected at 100 K for a second batch of
[K(C222)][(tbsL)Fe3(μ3–Se)] (3.4). A linear plot indicates that the sample is free from ferromagnetic
impurities. Inset. An expanded window of the low field data.
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Figure 3.30. Variable-temperature dc susceptibility data for a second batch of
[K(C222)][(tbsL)Fe3(μ3–Se)] (3.4) at 1 (blue circles) and 0.5 T (red circles) from 5 to 300 K. At both
field strengths, the susceptibility plateaus slightly below the spin-only value of 4.375 cm3 K/mol
for an S = 5/2 single spin system.

126

Figure 3.31. Variable-temperature variable-field magnetization data for a second batch of
[K(C222)][(tbsL)Fe3(μ3–Se)] (3.4) collected at three fields (1, 4, and 7T) over the temperature range
1.8–10 K. Magnetization fit parameters obtained with PHI, using the fit parameters: g = 2.17, D =
7.32 cm–1, |E/D| = 0.13.
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Figure 3.32. Magnetization versus field collected at 100 K for a second sample of
[K(C222)][(tbsL)Fe3(μ3–Se)] (3.4) from the same batch as in Figures 3.29–3.31. A linear plot
indicates that the sample is free from ferromagnetic impurities. Inset. An expanded window of the
low field data.
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Figure 3.33. Variable-temperature dc susceptibility data for a second sample of
[K(C222)][(tbsL)Fe3(μ3–Se)] (3.4) from the same batch as in Figures 3.29–3.31 at 1 (blue circles)
and 0.5 T (red circles) from 5 to 300 K. At both field strengths, the susceptibility plateaus slightly
below the spin-only value of 4.375 cm3 K/mol for an S = 5/2 single spin system.
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Figure 3.34. Variable-temperature variable-field magnetization data for a second sample of
[K(C222)][(tbsL)Fe3(μ3–Se)] (3.4) from the same batch as in Figures 3.29–3.31 collected at three
fields (1, 4, and 7T) over the temperature range 1.8–10 K. Magnetization fit parameters obtained
with PHI, using the fit parameters: g = 2.29, D = 10.77 cm–1, |E/D| = 0.09.
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Figure 3.35. Magnetization versus field collected at 100 K for [K(C222)][(tbsL)Fe3(μ3–Te)] (3.5).
A linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An expanded
window of the low field data.
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Figure 3.36. Variable-temperature dc susceptibility data for [K(C222)][(tbsL)Fe3(μ3–Te)] (3.5) at 1
(blue circles) and 0.5 T (red circles) from 5 to 300 K. At both field strengths, the susceptibility
plateaus slightly below the spin-only value of 4.375 cm3 K/mol for an S = 5/2 single spin system.
The increase in susceptibility starting at 200 K is due to thermal population of a spin-excited state.
Fit according to a Boltzmann distribution, where S = 7/2 is used as the spin-excited state, is shown
is black.
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Figure 3.37. Variable-temperature variable-field magnetization data for [K(C222)][(tbsL)Fe3(μ3–
Te)] (3.5) collected at three fields (1, 4, and 7T) over the temperature range 1.8–10 K.
Magnetization fit parameters obtained with PHI, using the fit parameters: g = 2.01, D = 4.04 cm–
1
, |E/D| = 0.23.
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Figure 3.38. Magnetization versus field collected at 100 K for a second batch of
[K(C222)][(tbsL)Fe3(μ3–Te)] (3.5). A linear plot indicates that the sample is free from ferromagnetic
impurities. Inset. An expanded window of the low field data.
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Figure 3.39. Variable-temperature dc susceptibility data for a second batch of
[K(C222)][(tbsL)Fe3(μ3–Te)] (3.5) at 1 (blue circles) and 0.5 T (red circles) from 5 to 300 K. At both
field strengths, the susceptibility plateaus slightly below the spin-only value of 4.375 cm3 K/mol
for an S = 5/2 single spin system. The increase in susceptibility starting at 200 K is due to thermal
population of the S = 7/2 spin-excited state (See Figure 3.36 for fit according to a Boltzmann
population).
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Figure 3.40. Variable-temperature variable-field magnetization data for a second batch of
[K(C222)][(tbsL)Fe3(μ3–Te)] (3.5) collected at three fields (1, 4, and 7T) over the temperature range
1.8–10 K. Magnetization fit parameters obtained with PHI, using the fit parameters: g = 1.97, D =
5.31 cm–1, |E/D| = 0.23.
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Figure 3.41. Magnetization versus field collected at 100 K for a second sample of
[K(C222)][(tbsL)Fe3(μ3–Te)] (3.5) from the same batch as in 3.38–3.40. A linear plot indicates that
the sample is free from ferromagnetic impurities. Inset. An expanded window of the low field data.
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Figure 3.42. Variable-temperature dc susceptibility data for a second batch of
[K(C222)][(tbsL)Fe3(μ3–Te)] (3.5) from the same batch as in Figures 3.38–3.40 at 1 (blue circles)
and 0.5 T (red circles) from 5 to 300 K. At both field strengths, the susceptibility plateaus slightly
below the spin-only value of 4.375 cm3 K/mol for an S = 5/2 single spin system. The increase in
susceptibility starting at 200 K is due to thermal population of the S = 7/2 spin-excited state (See
Figure S26 for fit according to a Boltzmann population).
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Figure 3.43. Variable-temperature variable-field magnetization data for a second sample of
[K(C222)][(tbsL)Fe3(μ3–Te)] (3.5) from the same batch as in Figures 3.38–3.40 collected at three
fields (1, 4, and 7T) over the temperature range 1.8–10 K. Magnetization fit parameters obtained
with PHI, using the fit parameters: g = 1.94, D = 5.01 cm–1, |E/D| = 0.24.
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Figure 3.44. Zero-field 57Fe Mössbauer of [K(C222)][(tbsL)Fe3(μ3–O)] (3.2) collected at 90 K.
Isomer shift and quadrupole splitting are referenced to Fe foil at room temperature. Fit parameters
can be found in Table 3.1 of the main text.
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Figure 3.45. Zero-field 57Fe Mössbauer of [K(C222)][(tbsL)Fe3(μ3–S)] (3.3)collected at 90 K.
Isomer shift and quadrupole splitting are referenced to Fe foil at room temperature. Fit parameters
can be found in Table 3.1 of the main text.
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Figure 3.46. Zero-field 57Fe Mössbauer of [K(C222)][(tbsL)Fe3(μ3–Se)] (3.4) collected at 90 K.
Isomer shift and quadrupole splitting are referenced to Fe foil at room temperature. Fit parameters
can be found in Table 3.1 of the main text.
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Figure 3.47. Zero-field 57Fe Mössbauer of [K(C222)][(tbsL)Fe3(μ3–Te)] (3.5) collected at 90 K.
Isomer shift and quadrupole splitting are referenced to Fe foil at room temperature. Fit parameters
can be found in Table 3.1 of the main text.
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Figure 3.48. EPR spectrum of [K(C222)][(tbsL)Fe3(μ3–O)] (3.2) collected at 4 K as a frozen glass
in 2-methyltetrahydrofuran. The black dots represent the experimental data and the red line
represents a simulation of the data. Simulation parameters can be found in the main text.
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Figure 3.49. EPR spectrum of [K(C222)][(tbsL)Fe3(μ3–S)] (3.3) collected at 4 K as a frozen glass
in 2-methyltetrahydrofuran. The black dots represent the experimental data and the yellow line
represents a simulation of the data. Simulation parameters can be found in the main text.
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Figure 3.50. EPR spectrum of [K(C222)][(tbsL)Fe3(μ3–Se)] (3.4) collected at 6 K as a frozen glass
in 2-methyltetrahydrofuran. The black dots represent the experimental data and the brick red line
represents a simulation of the data. Simulation parameters can be found in the main text.
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Figure 3.51. EPR spectrum of [K(C222)][(tbsL)Fe3(μ3–Te)] (3.5) collected at 7.8 K as a frozen glass
in 2-methyltetrahydrofuran. The black dots represent the experimental data and the green line
represents a simulation of the data. Simulation parameters can be found in the main text.
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Figure 3.52. Zeeman diagrams illustrating the effect of changing the sign of D near the rhombic
limit (E/D ≈ 1/3). Note that when the sign of D is switched that the y and z components of the
anisotropy axis are inverted. The red circles indicate the splitting between the ground and first
excited Kramers doublets (Δ). The red and blue lines indicate transition which will be referred to
in the analysis of the HFEPR spectra.
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Figure 3.53. a) Representative experimental (black trace) and simulated (red trace) HFEPR
spectrum of a powder sample of [K(C222)][(tbsL)Fe3(μ3–O)] (3.2) recorded at 5 K and 321.6 GHz.
The simulation parameters are shown in Table 3.4. b) Two-dimensional frequency vs resonance
field plot showing the observed EPR transitions (black circles). Curves were simulated using the
spin Hamiltonian parameters listed in Table 3.4 with field applied along the principal components
of the g-tensor x (green), y (blue), and z (red).
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Figure 3.54. a) Representative experimental (black traces) and simulated (red traces) HFEPR
spectra of a powder sample of [K(C222)][(tbsL)Fe3(μ3–S)] (3.3). The simulation parameters are
shown in Table 3.4. b) Two-dimensional frequency vs resonance field plot showing the observed
EPR transitions (black circles). Curves were generated using the same set of spin Hamiltonian
parameters used to simulate the spectra. The curves are colored by field orientation relative to the
principal components of the zero-field splitting tensor: x (green), y (blue), and z (red). For clarity
only intra-Kramers transitions and transitions from the ground to first excited Kramers doublet are
colored. The remaining transitions are shown in light gray.
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Figure 3.55. a) Representative experimental (black traces) and simulated (red traces) HFEPR
spectra of a powder sample of [K(C222)][(tbsL)Fe3(μ3–Se)] (3.4). The simulation parameters are
shown in Table 3.4. b) Two-dimensional frequency vs resonance field plot showing the observed
EPR transitions (black circles). Curves were generated using the same set of spin Hamiltonian
parameters used to simulate the spectra. The curves are colored by field orientation relative to the
principal components of the zero-field splitting tensor: x (green), y (blue), and z (red). For clarity
only intra-Kramers transitions and transitions from the ground to first excited Kramers doublet are
colored. The remaining transitions are shown in light gray.
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Figure 3.56. a) The top two spectra are the experimental (black) and simulated (red) HFEPR
spectra recorded at 295.2 GHz and 5 K. This spectrum constrains the zero-field gap of
[K(C222)][(tbsL)Fe3(μ3–Te)] (3.5). The simulation parameters are shown in Table 3.4.
Unfortunately, we were unable to find a set of spin Hamiltonian parameters capable of reproducing
the full spectrum. Specifically, the apparent doubling of peaks in the 406.4 GHz spectrum (circled
in red) compared to the spectra of [K(C222)][(tbsL)Fe3(μ3–S)] (3.3) and [K(C222)][(tbsL)Fe3(μ3–Se)]
(3.4) seem to suggest the presence of another species or, perhaps, a bimodal distribution of
parameters. To test for sample degradation, we repeated the experiment with another sample of
[K(C222)][(tbsL)Fe3(μ3–Te)] (3.5). The bottom two pairs of spectra show the results of the HFEPR
experiment on both sample batches. The spectra are essentially identical between the two batches.
b) Two-dimensional frequency vs resonance field plot showing the observed EPR transitions
(black circles). Curves were generated using the same set of spin Hamiltonian parameters used to
simulate the 295.2 GHz spectrum. The curves are colored by field orientation relative to the
principal components of the zero-field splitting tensor: x (green), y (blue), and z (red). We
emphasize that the spin Hamiltonian parameters are not likely correct, however, they do provide a
means to estimate the zero-field gap.
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Table 3.4. Spin Hamiltonian Parameters Derived From HFEPR Measurements.
O (3.2)
S (3.3)
Se (3.4)
Te (3.5)
gx, gy, gz
1.862, 1.975,
2.00, 1.97, 2.00
2.00, 2.00, 2.00 2.00, 2.00, 1.95*
D (cm-1)
-3.23 (3.36)^
-3.00
-2.85*
-1
E (cm )
1.14 (1.02)^
0.89
0.88*
|E/D|
0.35 (0.30)^
0.30
0.31
Δ (cm-1)
339
330
305
-1
ζ (cm )
140
396
1989
4706
^ Since E/D is ~ 1/3 we have decided to keep the sign of D constant for comparison sake. The
numbers in parenthesis reflect the values when we move to the proper (conventional) zero field
splitting frame. In this case the components of the g-tensor must also invert: 2.00 2.00 1.97.
*These parameters reproduce the zero field gap and general behaviour of the spectra but should
not be over interpreted.
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Cathodic Shifting in Isovalent Clusters: the Dramatic
Impact of Single Atom Substitutions
4.1 Introduction
The polynuclear cofactors that comprise the catalytic centers in a number of enzymes drive
1

myriad processes in biology. The functions of these enzymes range from electron transfer, small
2

3

molecule activation (e.g., nitrogen fixation in nitrogenase; proton reduction/oxidation; carbonyl
4

5

redox in carbon monoxide dehydrogenase; nitrous oxide reduction in N2O-reductase ), to
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6

oxidation reactions (e.g., water oxidation in the oxygen evolving center of photosystem II; alkane
7

oxidation in soluble methane monooxygenase ). Significant research effort has been directed
towards illuminating the functions of the metal centers within the enzymatic cofactors and how
metal substitution can impact their reactivity. For example, heterometal variants of the nitrogenase
8

9

enzymes exist featuring MoFe− , VFe− , and FeFe−clusters,
imparts different catalytic efficacies and chemoselectivities.

11

10

where the cofactor composition

The light, main group elements that

comprise the cofactors also serve a critical function in maintaining cluster integrity, tuning the
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electronic structure of the aggregate,
the loci of reactivity.

14

12

determining the cluster redox properties,

13

and serving as

The ligand field strength of the bridging ligands and overall covalency of

the cluster will dictate the observed electronic configurations. While the foregoing assertions are
undoubtedly true, systematic substitution of cluster main group element components is incredibly
challenging within proteins and quantifying the impact of those light atoms substituents is difficult
to assess. For example, the identification of the central element in the MoFe-cofactor of
nitrogenase as an interstitial carbide (C4−) has led to more mechanistic questions than questions.
In particular, the choice of the carbide as opposed to more biologically accessible oxo (O2−) or
nitrido (N3−) ligands remains ambiguous.

15

Indeed, the presence of the interstitial carbide as the

most oxidatively expensive main group element in a cofactor driving the most cathodically
demanding transformation in nature (i.e., dinitrogen reduction) is counterintuitive. Thus, how the
electronic structure of the cofactor is affected by the carbide, and especially as to how the carbide
impacts the mechanism of nitrogen reduction, is poorly understood.

12.

Lee, S. C.; Holm, R. H., Chem. Rev. 2004, 104, 1135-1158.

13.

(a) Zhou, J.; Holm, R. H., J. Am. Chem. Soc. 1995, 117, 11353-11354. (b) Zhou, J.; Hu, Z.;
Münck, E.; Holm, R. H., J. Am. Chem. Soc. 1996, 118, 1966-1980.

14.

(a) Spatzal, T.; Perez, K. A.; Einsle, O.; Howard, J. B.; Rees, D. C., Science 2014, 345, 16201623. (b) Sippel, D.; Rohde, M.; Netzer, J.; Trncik, C.; Gies, J.; Grunau, K.; Djurdjevic, I.;
Decamps, L.; Andrade, S. L. A.; Einsle, O., Science 2018, 359, 1484-1489. (c) Benediktsson,
B.; Thorhallsson, A. T.; Bjornsson, R., Chem. Commun. 2018, 54, 7310-7313. (d) See ref 6.

15.

(a) Spatzal, T.; Aksoyoglu, M.; Zhang, L.; Andrade, S. L. A.; Schleicher, E.; Weber, S.; Rees,
D. C.; Einsle, O., Science 2011, 334, 940-940. (b) Lancaster, K. M.; Roemelt, M.;
Ettenhuber, P.; Hu, Y.; Ribbe, M. W.; Neese, F.; Bergmann, U.; DeBeer, S., Science 2011,
334, 974-977. (c) Wiig, J. A.; Hu, Y.; Lee, C. C.; Ribbe, M. W., Science 2012, 337, 16721675. (d) Wiig, J. A.; Lee, C. C.; Hu, Y.; Ribbe, M. W., J. Am. Chem. Soc. 2013, 135, 49824983. (e) Wiig, J. A.; Hu, Y.; Ribbe, M. W., Nature Communications 2015, 6, 8034.
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Inspired by the questions raised by the presence of the carbide ligand within the nitrogenase
cofactors, we sought to rigorously interrogate how a single bridging element substitution within a
cluster can impact its molecular structure, electronic structure, and redox properties. Recent reports
by Agapie and Berben reveal how interstitial ligand substitution within [L(pyr)3Fe4(µ4−Ε)] (E =
F−, O2−)

16

(Figure 4.1, left) and [Fe4(µ4−E)(CO)12] (E = N3−, C4−),

17

(Figure 4.1, middle)

respectively, alter the redox properties of the clusters, affecting both reduction potentials and
catalytic properties. In this chapter, we evaluate a series of isostructural, isovalent clusters that
differ only in the main group, bridgehead element bound to the [(tbsL)Fe3(µ3-E)] cluster core (E =

Figure 4.1. (Top) Resting state of the Fe-Mo cofactor of nitrogenase. (Bottom) Ligand-templated
synthetic clusters featuring an isostructural series with varied main group element bridges.

16.

Reed, C. J.; Agapie, T., Inorg. Chem. 2017, 56, 13360-13367.

17.

(a) Taheri, A.; Thompson, E. J.; Fettinger, J. C.; Berben, L. A., ACS Catalysis 2015, 5, 71407151. (b) Taheri, A.; Berben, L. A., Inorg. Chem. 2016, 55, 378-385.
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alkoxide, imido, or alkylidyne) (Figure 4.1, right). The high spin [(tbsL)Fe3]

18

cluster is an ideal

platform on which to examine the impact of the bridgehead element substitution as the clusters
have been demonstrated to support mono-atomic bridges while maintaining high-spin electronic
structures.18 The [Fe3(µ3−E)] clusters thus far isolated are stable towards outer-sphere electron
transfer,18 allowing for an isovalent series of clusters to be examined through charge balance (i.e.,
[(tbsL)Fe3(µ3−E)]n where E,n: O(Ad), 0; N(Ad), N(Naph), −1; C(Naph), −2 all afford trinuclear
cores with the same number of d electrons).

4.2 Results
4.2.1 Synthesis
The previously reported high-spin cluster (tbsL)Fe3(thf) (4.1)18a and its anionic congener
[K][(tbsL)Fe3]18b serve as suitable starting materials to access a variety of μ3–bound complexes
(Scheme 1). We sought to assess the impacts of bridgehead ligand substitution across an isovalent
family of clusters. Thus, each of the clusters to be compared featuring O−, N−, and C−bearing
ligands will possess the nominally [FeIII(FeII)2] composition. Upon addition of LiOAd to 4.1,
binding of the alkoxide and expulsion of the bound THF molecule resulted in the formation of the
monoanionic, pseudo-C3 symmetric, all-ferrous μ3–OAd cluster [Li(thf)4][(tbsL)Fe3(µ3−OAd)]
(4.2). One-electron oxidation of the anionic alkoxide 4.2 to it is neutral congener was achieved via
the oxidant [Fe(BQA)2][BPh4] was chosen for practical reasons, namely its mild oxidation
potential (–0.8 V vs. Fc/Fc+) and the insolubility of the ferrous [Fe(BQA)2] byproduct in nonpolar

18.

(a) Powers, T. M.; Fout, A. R.; Zheng, S.-L.; Betley, T. A., J. Am. Chem. Soc. 2011, 133,
3336-3338. (b) Hernández Sánchez, R.; Bartholomew, A. K.; Powers, T. M.; Ménard, G.;
Betley, T. A., J. Am. Chem. Soc. 2016, 138, 2235-2243. (c) Powers, T. M.; Betley, T. A., J.
Am. Chem. Soc. 2013, 135, 12289-12296.
159

Scheme 4.1. Synthesis of [(tbsL)Fe3(µ3−E)]n (E = OAd (n = 0), 4.3; NAd (n = –1), 4.4; NNaph (n
= –1), 4.5; CNaph (n = –2), 4.8).

solvents typically used to solubilize the neutral cluster products encountered in this work. Thus,
use of [Fe(BQA)2][BPh4] prevented deleterious over-oxidation of the clusters, providing an
effective route to purification that ferrocenium-based oxidants could not. The desired neutral
alkoxide adduct (tbsL)Fe3(µ3−OAd) (4.3) was isolated in 62% overall yield. Treatment of the in
situ reduced cluster [K][(tbsL)Fe3] (as described in Chapter 3) with one equivalent of either 1azidoadamantane or 2-azidonaphthalene results in immediate effervescence and generation of a
new C3−symmetric 1H NMR spectrum. Addition of 2,2,2-cryptand (C222) allows for the isolation
of [K(C222)][(tbsL)Fe3(µ3−NAd)] (4.4) and [K(C222)][(tbsL)Fe3(NNaphth)] (4.5) in isolated yields
of 77% and 65%, respectively (Scheme 4.1).
To generate an alkylidyne-capped cluster, monosubstituted aryldiazomethanes were
examined as an alkylidyne source. Deprotonation of monosubstituted aryldiazomethanes can
afford a synthon similar in reactivity to their aryl azide analogues. Attempts to isolate 1160

Scheme 4.2. Synthesis of isovalent [(tbsL)Fe3(µ3−P)]n (n = 0, 4.9; −2, 4.10).

adamantyldiazomethane proved unsuccessful as it decomposes rapidly even at low temperatures.

19

Thus, aryl-substituted diazomethanes were chosen for their stability in solid-state, in solution, and
in their deprotonated form. Additionally, 2-naphthyl diazomethane was chosen due to its ease of
synthesis and handling compared to the simpler phenyldiazomethane.

20

Deprotonation of 2-

naphthyldiazomethane was effected with lithium diisopropylamide (LDA) in a thawing THF
solution and verified by 1H NMR. In situ deprotonation of 2-naphthyldiazomethane with LDA
followed by addition to a frozen solution of 4.1 in THF results in aryldiazoalkane decomposition
via dinitrogen loss to generate the anionic alkylidyne cluster [Li(thf)4][(tbsL)Fe3(µ3−CNaph)] (4.6)
in 69% yield. Direct cation metathesis or attempts to deprotonate the aryldiazoalkane with
potassium-based bases to generate the potassium analogue (for direct structural comparison of the
imido analogues) of 4.6 proved unsuccessful. As a result, 4.6 was oxidized to its neutral form
(tbsL)Fe3(µ3−CNaph) (4.7) employing [Fe(BQA)2][BPh4] as an oxidant, and then subsequently

19.

(a) Furrow, M. E.; Myers, A. G., J. Am. Chem. Soc. 2004, 126, 5436-5445. (b) Sanz, D.;
Alejandra Ponce, M.; María Claramunt, R.; Fernández-Castaño, C.; Foces-Foces, C.;
Elguero, J., J. Phys. Org. Chem. 1999, 12, 455-469.
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(a) Iluc, V. M.; Laskowski, C. A.; Hillhouse, G. L., Organometallics 2009, 28, 6135-6138.
(b) West, P. R.; Mooring, A. M.; McMahon, R. J.; Chapman, O. L., J. Org. Chem. 1986, 51,
1316-1320.
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reduced with two equivalents of potassium graphite (KC8) to generate the desired dianionic
compound [K(C222)]2[(tbsL)Fe3(µ3−CNaph)] (4.8), in 54% overall yield.
Given the versatility of [(tbsL)Fe3(µ3−E)] to accommodate a variety of bridging elements
(E = Br, N, NH, NPh, O, S, Se, Te, See Chapter 3),18 we sought to expand the scope of the current
analyses to include clusters spanning a range of ligand types (i.e., 1X→3X, according to the
21

covalent bonding model formalism ). More specifically, the μ3−atomic adducts [(tbsL)Fe3(E)]n (n
= −1: E = O, S; n = –2, E = P) whose clusters in the oxidation state specified are also formally
FeIII(FeII)2. The chalcogenide clusters were prepared according to the procedures in Chapter 3. The
neutral μ3−phosphide complex (tbsL)Fe3(µ3−P) (4.9) was synthesized via addition of
chlorodibenzo−7λ3−phsophanorbornadiene (APCl)

22

to the in situ produced anion [K][(tbsL)Fe3],

generating free anthracene and KCl as byproducts (Scheme 2). Reduction of the neutral phosphide
(tbsL)Fe3(µ3−P) (4.9) with two equivalents of potassium graphite followed by sequestration of the
K with C222 afforded [K(C222)]2[(tbsL)Fe3(µ3−P)] (4.10) in 56% overall yield.

4.2.2 Solid-state molecular structures
Single crystals for each of the complexes reported (4.2−4.10) suitable for X-ray diffraction
analysis were grown according to the methods described in the Section 4.5.8. The solid-state
molecular structures for complexes 4.3–4.5, and 4.8 are shown in Figure 4.2. All four structures
feature no exogenous solvent binding to the [Fe3] core and adopt a pseudo-C3 symmetric helical
ligand confirmation about the trinuclear core. Each iron resides in a four-coordinate, distorted

21.

Green, M. L. H., J. Organomet. Chem. 1995, 500, 127-148.

22.

Velian, A.; Nava, M.; Temprado, M.; Zhou, Y.; Field, R. W.; Cummins, C. C., J. Am. Chem.
Soc. 2014, 136, 13586-13589.
162

tetrahedral geometry with the peripheral anilido groups terminally bound to a single unique metal
site. The average Fe–Nligand distances are statistically identical within each compound indicating
that the electronic structure of the individual metal sites is indistinguishable between sites, despite
these materials being mixed valent in nature. The average Fe–Fe distance decreases with the
electronegativity of the bridgehead element (dFe−Fe/Å: 2.8069(6), 4.3; 2.5624(5), 4.4; 2.5784(8),
4.5; 2.4299(9), 4.8; see Table 4.1 for a compilation of metrical data). The average Fe–E distances
are statistically very similar across the series with the exception of the alkoxide 4.3, where
significantly longer Fe–E distances are observed (dFe−E/Å: 2.0776(15) 4.3; 1.958(2), 4.4; 1.977(3),
4.5; 1.963(4), 4.8). The overall average Fe–Nligand distance increases slightly across the series
(dFe−N/Å: 1.995(1) 4.3; 2.018(1), 4.4; 2.024(2), 4.5; 2.032(2), 4.8).
The solid-state molecular structure for 4.10 is shown in Figure 4.2e. The ligand
confirmation and average Fe–Nligand distance are consistent with those of the previously mentioned
compounds. The average Fe–Fe distance of 2.5248(7) Å is elongated compared to 4.8 despite both
containing E3– bridging ligands. One possibility is that the core must expand slightly to
accommodate the larger bridgehead phosphide in 4.10 as compared with the alkylidyne 4.8
(according to the angular overlap model). The average Fe–P distance in 4.10 of 2.2724(10) Å is
also significantly longer than in any of the prior four isoelectronic clusters and can be accounted
for by the increase in atomic radius when moving from a 2p bridging ligand in carbon to a 3p
bridging ligand in phosphorus. A similar trend was observed in the preceding analysis of the
chalcogenide ligand series in Chapter 3.
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Figure 4.2. Solid-state structures (with thermal ellipsoids displayed at the 50% probability) of (a)
(tbsL)Fe3(µ3–OAd) (4.3), the molecular anions of (b) [(tbsL)Fe3(µ3–NAd)]– (4.4) and (c)
[(tbsL)Fe3(µ3–NNaph)]– (4.5), and the molecular dianions of (d) [(tbsL)Fe3(µ3–CNaph)]2– (4.8) and
[(tbsL)Fe3(µ3–P)]2– (4.10). All countercations, hydrogen atoms, and solvent molecules removed for
clarity; Fe = orange, C = gray, N = blue, Si = pink, O = red, P = magenta.
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4.2.3

57

Fe Mössbauer

Zero-field,

57

Fe Mössbauer spectra for 4.3–4.5, and 4.8 are shown in Figure 4.3. The

spectra for 4.3–4.5 (Figure4.3, a-c) display one broad quadrupole doublet that is best described as
three distinct electric field gradients that are closely overlapping. We note these data can be fit as
a two-component system (2:1 ratio), but treating the data as such does not impact the qualitative
analysis presented herein. The relevant parameters used to fit the data are provided in Table 4.1 as
well as in the [average δ, |ΔEQ| (mm/s): 4.3, 0.62, 1.19; 4.4, 0.52, 1.50; 4.5, 0.53, 1.72; 4.8, 0.48,
1.14; 4.10, 0.47, 1.15]. The spectrum for 4.8 (Figure 4.3, d) exhibits a single, sharp quadrupole
doublet and can be fit accordingly. Collectively, the comparable isomer shift and quadrupole
splittings suggest that the individual electronic environment of iron in each cluster is very similar,
indicative of strong electron delocalization, consistent with what has been previously reported in
these systems (see Chapter2).18b The trend of decreasing average isomer shift from 4.3 to 4.8 is
consistent with the decreasing electronegativity of the bridgehead element and suggests a more
covalent interaction between the bridgehead and the trinuclear core as one moves from OR– to
CR3–. The spectrum for 4.10 (Figure 4.6) displays a single, sharp quadrupole doublet and was fit

Figure 4.3. Zero-field, 57Fe Mössbauer spectra for [(tbsL)Fe3(µ3−E)]n 4.3 (a, E = OAd, n = 0), 4.4
(b, E = NAd, n = –1), 4.5 (c, E = NNaph, n = –1), and 4.8 (d, E = CNaph, n = –2) with data shown
as black dots with overall fit (red) and individual components (blue, yellow, green) as solid lines.
Parameters for individual components can be found in Table 4.1
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Table 4.1. 57Fe Mӧssbauer fit parameters, d(Fe–Fe), d(Fe–E), and oxidation potentials for 4.3–4.5, 4.8,
and 4.10.
d(Fe–Fe)
d(Fe–E)
(FeIII)2FeII [d] FeIII(FeII)2[d] (FeII)3[d]
δ
|∆EQ|
Γ
[a]
[b]
(Å)
(Å)
(V)
(V)
(V)
(mm/s)
(mm/s) (mm/s)
4.3

0.57

1.62

0.81

0.63

1.17

0.35

0.65

0.79

0.36

Avg.

0.62

1.19

0.51

4.4

0.49

1.81

0.42

2.5259(10)

1.956(3)

0.52

1.50

0.32

2.5788(9)

1.972(4)

0.54

1.19

0.36

2.5794(9)

1.945(4)

Avg.

0.52

1.50

0.37

2.5624(5)

1.958(2)

4.5

0.51

2.19

0.58

2.5176(14)

1.972(6)

0.51

1.67

0.46

2.5777(15)

1.956(5)

0.58

1.28

0.42

2.6399(15)

2.003(6)

Avg.

0.53

1.72

0.49

2.5784(8)

1.977(3)

4.8

0.48

1.14

0.39

2.3968(16)

1.954(8)

2.4402(15)

1.957(7)

2.4526(16)

1.978(7)

2.4299(9)

1.963(4)

2.5085(11)

2.2553(18)

2.5260(12)

2.2786(18)

2.5398(11)

2.2832(18)

2.5248(7)

2.2724(10)

Avg.
4.10

Avg.

0.47

1.15

0.42

2.8069(6)[c] 2.0776(15)[c]

--

–0.13

–1.08

–0.19

–1.25

–2.53

--

–1.22

–2.25

–1.12

–2.37

--

–1.18

–2.27

--

Each component is fixed to one third of the total area under the experimental data. [b]Γ represents the
full-width-at-half-maximum (fwhm). [c]Only one-third of the molecule is present in the asymmetric unit.
[d]
Potentials shown are Eox for the given formal iron oxidation state and referenced to the Fc/Fc+ couple.
[a]
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with a single component, indicating an identical electronic environment at each metal site of the
cluster with values nearly identical to the alkylidyne 4.8.

4.2.4 Magnetometry
Variable Temperature dc Susceptibility
The electronic structures of 4.3–4.5, 4.8, and 4.10 were investigated in greater detail by
collecting magnetic data under static (dc) magnetic fields. Variable temperature dc susceptibility
data was collected from 5 to 300 K at 0.5 and 1.0 T (Figure 4.4). The molar susceptibility (χMT) of
4.3 plateaus between 15 and 100 K slightly above the spin-only value of 4.9 cm3 K/mol for an S =
5

/2 single spin system. A pronounced drop in χMT is observed to 3.8 cm3 K/mol at 5 K, likely due

Figure 4.4. Variable temperature dc magnetic susceptibility data for [(tbsL)Fe3(µ3−E)]n 4.3 (blue,
E = OAd, n = 0), 4.4 (yellow, E = NAd, n = –1), 4.5 (green, E = NNaph, n = –1), 4.8 (red, E =
CNaph, n = –2), and 4.10 (magenta, E = P, n = –2) collected at 1 T from 5 to 300 K. Black dashed
line indicates the spin-only value for an S = 5/2 single spin system.
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to the presence of zero-field splitting. Above 100 K, the value of χMT increases to 6.4 cm3 K/mol
due to thermal population of a low-lying spin-excited state. These data could be fit using a simple
Boltzmann distribution with either S = 7/2 or S = 9/2 as the spin-excited state (Figure 4.21 and 4.22).
Susceptibility data for 4.4 and 4.5 display a similar temperature dependence (Figure 4.4),
indicative of a similar electronic structure. In both cases, the value of χMT plateaus between 15 and
300 K slightly below the spin-only value of 4.9 cm3 K/mol for an S = 5/2 single spin system. The
slight decrease in χMT at higher temperatures for 4.4 could be due to thermal population of a lowlying spin-excited state, however the decrease was too small to obtain any meaningful fit of the
data. The decrease in χMT below 15 K to ~3.2 cm3 K/mol in both 4.4 and 4.5 is likely due to the
presence of zero-field splitting.
In contrast to the data discussed thus far, the molar susceptibility for 4.8 reaches a
maximum of 11.2 cm3 K/mol at 80 K before decreasing to 9.8 cm3 K/mol at 300 K. These data lie
in between the spin-only values for S = 7/2 (7.9 cm3 K/mol) and S = 9/2 (12.4 cm3 K/mol) singlespin systems. One possible explanation for this observation is that multiple spin states are
thermally populated across the temperature range surveyed in this experiment. The data for 4.10
(Figure 4.4) is similar to 4.4 and 4.5 exhibiting a plateau between 30 and 300 K slightly above the
spin-only value of 4.9 cm3 K/mol for an S = 5/2 single spin system. Akin to 4.4, a slight, steady
decrease in the value of χMT is observed at higher temperatures, likely due to thermal population
of a low-lying spin-excited state, however the decrease was too small to obtain any meaningful fit
of the data.

Variable Temperature, Variable Field dc Magnetization
To more accurately determine the ground state electronic structure, variable-temperature,
variable-field magnetization data were collected at temperatures ranging from 2.0 to 10 K and at
168

magnetic fields ranging from 1 to 7 T (See Section 4.5). All data display magnetization saturation
below the expected value (M = gS) for an idealized single-spin system with g = 2 as well as
nonsuperimposable isofield curves, which indicates the presence of zero-field splitting. This
� = 𝐷𝐷𝑆𝑆̂𝑧𝑧2 + 𝐸𝐸�𝑆𝑆̂𝑥𝑥2 + 𝑆𝑆̂𝑦𝑦2 � + 𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖 𝜇𝜇𝐵𝐵 𝑺𝑺 ∙ 𝑯𝑯,
phenomenon was quantified using the spin Hamiltonian 𝐻𝐻
where g, D, and E were systematically varied until a suitable fit was obtained.

For 4.3, magnetization saturation occurs at 4.08 μB at 2.0 K and 7 T (Figure 4.23). The fit
parameters considering an S = 5/2 system that best reproduce the data are giso = 1.99, D = –2.60
cm–1, and |E/D| = 0.23. These data are consistent with the low-temperature dc susceptibility data
that is also best described as an S = 5/2 system. Saturation magnetization for 4.4 occurs at 3.85 μB
at 2.0 K and 7 T (Figure 4.26). The data are best reproduced considering an S = 5/2 system with fit
parameters giso = 1.97, D = +3.93 cm–1, and |E/D| = 0.22. Likewise, saturation of 4.5 occurs at 3.41
μB (Figure 4.29) and is best fit as an S = 5/2 system with fit parameters giso = 1.89, D = +4.20 cm–
1

, and |E/D| = 0.32. For 4.8, saturation of the magnetization occurs at 5.68 μB (Figures 4.32 and

4.35) which is larger than the value of 5 μB for an idealized S = 5/2, indicating a higher spin-ground
state. The data can be well reproduced employing an S = 7/2 system with fit parameters giso = 2.14,
D = +3.18 cm–1, and |E/D| = 0.25. Although population of higher spin states is observable at low
temperatures in the dc susceptibility data, attempts to fit the variable-temperature, variable-field
data using an S = 9/2 led to unsatisfactory fits (giso < 1.8) which supports the S = 7/2 ground state
assignment. Data for 4.10 displays magnetization saturation at 3.33 μB at 2.0 K and 7 T (Figures
4.38 and 4.41) and is best fit as an S = 5/2 system with fit parameters giso = 1.96, D = +6.01 cm–1,
and |E/D| = 0.31.
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4.2.5 X-band EPR Spectroscopy
Perpendicular-mode X-band EPR spectra of 4.3, 4.4, 4.5, 4.8, and 4.10 collected on frozen
2-methyltetrahydrofuran solutions between 4 and 30 K and experimental data were fit using the
MATLAB-based program, EasySpin.

23

Compounds 4.3–4.5 display a rhombic EPR signal with

dominant resonances which are consistent with an S = 5/2 spin system. The spectrum for 4.3 (Figure
4.5, blue) displays a strong resonance at geff = 4.12 and a weak resonance at geff = 9.31. The data
could be well reproduced using an S = 5/2 system with fit parameters g = [1.97, 1.90, 1.99], D =
+0.51 cm–1, |E/D| = 0.33, and H-strain = [626, 3845, 503] MHz. Similar to 4.3, the data for 4.4
(Figure 4.5, yellow) exhibits a strong absorption at geff = 4.15 and a weak resonance at geff = 9.39.
The data could be well reproduced using an S = 5/2 system with fit parameters g = [1.90, 1.91,
1.95], D = +1.11 cm–1, |E/D| = 0.33, and H-strain = [2057, 520, 3561] MHz. Likewise, 4.5 (Figure
4.5, green) displays a strong resonance at geff = 4.23 and a weak resonance at geff = 9.39. The data

Figure 4.5. X-band EPR spectra of [(tbsL)Fe3(µ3−E)]n 4.3 (blue, E = OAd, n = 0), 4.4 (yellow, E =
NAd, n = –1), and 4.5 (green, E = NNaph, n = –1) with data shown as black dots and fits shown
as colored lines. Fit parameters can be found in Section 4.2.5.
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Stoll, S.; Schweiger, A., J. Mag. Res. 2006, 178, 42-55.
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could be well reproduced using an S = 5/2 system with fit parameters g = [2.03, 1.90, 2.06], D =
+0.91 cm–1, |E/D| = 0.33, and H-strain = [178, 815, 779] MHz. The spectra for 4.8 (Figure 4.54)
and 4.10 (Figure 4.55) are significantly more complex, exhibiting several resonances at geff ≈ 2 and
4–10 indicating a spin-ground state of S ≥ 5/2. As a result of the complexity of these spectra,

attempts to fit these data proved unsuccessful.

4.2.6 Cyclic Voltammetry
The electrochemical properties of 4.3–4.5, 4.8, (Figure 4.7) and 4.10 (Figure 4.6) were
assessed by cyclic voltammetry (CV) collected in 0.1 M [nBu4N][PF6] in tetrahydrofuran using a
standard three-electrode cell with a glassy carbon working electrode, platinum wire counter
electrode, and an isolated silver wire pseudo-reference electrode (non-aqueous). All data were
referenced to the ferrocene/ferrocenium (Fc/Fc+) redox couple after each sample. In general, all
complexes feature at least three electrochemically accessible oxidation states and the redox

Figure 4.6. (left) Cyclic voltammogram of (tbsL)Fe3(µ3−P) (4.9) referenced to Fc/Fc+. Black
triangle indicates the potential range where 4.9 occurs. (right) Zero-field, 57Fe Mössbauer spectra
for [(tbsL)Fe3(µ3−P)]2– (4.10) with data shown as black dots with overall fit (red).
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potentials can be found in Table 1. The voltammogram of 4.3 displays one quasi-reversible
oxidation at –0.13 V (FeIIIFeII2 → FeIII2FeII) and one quasi-reversible reduction at –1.08 V
(FeIIIFeII2 → FeII3). Interestingly, compound 4.4 displays three quasi-reversible electrochemical
events: two oxidations at –1.25 V (FeIIIFeII2 → FeIII2FeII) and –0.19 V (FeIII2FeII → FeIII3) and one
reduction at –2.53 V (FeIIIFeII2 → FeII3). Unlike 4.4, 4.5 exhibits one quasi-reversible oxidation at
–1.12 V (FeIIIFeII2 → FeIII2FeII) and one quasi-reversible reduction at –2.25 V (FeIIIFeII2 → FeII3).
Compounds 4.8 and 4.10 only display two quasi-reversible oxidation events: –2.37 V (FeIIIFeII2 →
FeIII2FeII) and –1.22 V (FeIII2FeII → FeIII3) for 4.8 and –2.27 V (FeIIIFeII2 → FeIII2FeII) and –1.18
V (FeIII2FeII → FeIII3) for 4.10.

Figure 4.7. Cyclic voltammogram of for [(tbsL)Fe3(µ3−E)]n 4.3 (blue, E = OAd, n = 0), 4.4 (yellow,
E = NAd, n = –1), 4.5 (green, E = NNaph, n = –1), and 4.8 (red, E = CNaph, n = –2) collected in
0.1 M [nBu4N][PF6] in tetrahydrofuran using a classy carbon working electrode, platinum wire
counter electrode, and silver wire pseudoreference electrode. All data were reference to the Fc/Fc+
couple. Black triangles indicate the potential range where 4.3–4.5 and 4.8 exist.
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4.3 Discussion
4.3.1 Cluster Synthesis and Morphology
The isolation and characterization of the [(tbsL)Fe3(µ3−E)] (E = OAd–, 4.3; NAd2−, 4.4;
N(Naph)2−, 4.5; C(Naph)3−, 4.8; P3−, 4.10) family of clusters in this chapter presents a rare series
of isovalent, isostructural clusters that allows for the direct probing of the effect of a single bridging
ligand on the resulting aggregate electronic structure. While the Agapie16 and Berben17 (Figure
4.1) interstitial ligand substations within tetranuclear iron clusters reveal substantive changes in
the cluster redox properties, the series presented herein provides a comprehensive investigation of
ligand substitution impacts on the cluster physical properties. The reactive, high-spin (tbsL)Fe3(thf)
cluster and its singly reduced congener [(tbsL)Fe3]− rapidly undergo ligand exchange and oxidative
group capture to afford the series of alkoxide, imido, alkylidyne, and phosphido clusters. The
triiron capped clusters share a common cluster morphology with the light element binding in a
µ3−fashion. Despite the common adoption of a nominal C3−arrangement about the [Fe3] core, the
intracluster metal separation shows remarkable flexibility, spanning a huge range of average Fe–
Fe distances from 2.8069(6) Å in the alkoxide 4.3 to 2.4299(9) Å in the alkylidyne 4.8.
Furthermore, the individual Fe–Nligand distances are statistically indistinguishable within each
cluster, indicating strong electron delocalization in all cases, despite these materials being mixedvalent (formally FeIIIFeII2).
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4.3.2 Cluster Spectroscopy
Spectroscopic interrogation of the cluster series corroborates the structural data which
suggest redox delocalization within the trinuclear core prevails as opposed to valence trapping.
57

24

Fe Mössbauer spectra display three closely-overlapping quadrupole doublets in all four ligand

classes (OAd–, NAd2–, N(Naph)2–, C(Naph)3−, P3−) further supporting the strongly delocalized
electronic structure assignment. Indeed, the isovalent clusters reveal very similar average isomer
shifts (Table 4.1), where the trend of decreasing average isomer shift of 0.62 mm/s for 4.3 to 0.48
mm

/s for 4.8 likely arises to the decrease in electronegativity of the bridgehead atom from alkoxide

to alkylidyne, engendering a more covalent interaction with the [Fe3] core. Despite the significant
Fe−Fe intracore separation observed in alkoxide 4.3 (2.807(9) Å) compared to the rest of the series,
the alkoxide 4.3 the 57Fe Mössbauer spectrum is remarkably similar, albeit broader than 4.4, 4.5,
and 4.8. Indeed, the comparable isomer shift and quadrupole splitting for 4.3 is largely consistent
with the imido and alkylidyne clusters, despite featuring the longest average Fe–Fe distances
reported on this ligand platform, and well beyond what is conventionally considered as a metalmetal bond.

25

Variable temperature, 57Fe Mössbauer data collected on 4.3 at 90, 130, 170, and 210

K (Figures S34–S37) reveal spectral coalescence at higher temperatures in stark contrast with

24.

(a) See ref 16 (b) Fout, A. R.; Xiao, D. J.; Zhao, Q.; Harris, T. D.; King, E. R.; Eames, E. V.;
Zheng, S.-L.; Betley, T. A., Inorg. Chem. 2012, 51, 10290-10299.
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Duncan Lyngdoh, R. H.; Schaefer, H. F.; King, R. B., Chem. Rev. 2018, 118, 11626-11706.
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variable temperature data on other reported [Fe3] clusters wherein valence trapping is invoked due
to the presence of distinct quadrupole doublets at T > 90 K.

26

4.3.3 Ground State Electronic Structure
Variable temperature dc susceptibility data reveals a common ground-state electronic
structure for 4.3–4.5 and 4.10 which can all be fit as an S = 5/2 single spin system. While the ground
state is well isolated up to 300 K for 4.4 and 4.5, the population of spin-excited states at higher
temperature for 4.3 could be due to the significantly longer core distances. Remarkably, moving
to a carbon-based ligand in 4.8 results in a substantial increase in spin ground state, thermally
populating both S = 7/2 and 9/2 states as suggested by the susceptibility observed (11.2 cm3 K/mol)
in excess of the spin-only value expected for an S = 7/2 state (7.88 cm3 K/mol). The structure of
4.8 is similar to the imidos (4.4, 4.5) and phosphide (4.10) yet features significantly shorter Fe–Fe
intracore distances, which would lead to an initial hypothesis of greater intracore covalency and,
therefore, a lower spin-ground state. Yet the alkylidyne 4.8 displays the highest spin state within
the series examined. Despite the similar valence orbital potential energies between the alkylidyne
moiety in 4.8 and the phosphide ligand in 4.10, and nearly identical 57Fe Mössbauer parameters,
4.10 features a thermally well-isolated S = 5/2 spin-ground state up to 300 K. Thus, the electronic
structure of the alkylidyne cluster 4.8 is anomalous within this series and likely arises from the
unique nature of the carbon-based ligand.

26.

(a) Wu, G.; Zhang, Y.; Ribaud, L.; Coppens, P.; Wilson, C.; Iversen, B. B.; Larsen, F. K.,
Inorg. Chem. 1998, 37, 6078-6083. (b) Wu, R.; Poyraz, M.; Sowrey, F. E.; Anson, C. E.;
Wocadlo, S.; Powell, A. K.; Jayasooriya, U. A.; Cannon, R. D.; Nakamoto, T.; Katada, M.;
Sano, H., Inorg. Chem. 1998, 37, 1913-1921. (c) See ref 13.
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4.3.4 Electronic Structure Considerations
To construct a qualitative molecular orbital (MO) diagram for the capped trinuclear clusters
of the type [(tbsL)Fe3(µ3−E)], we consider mixing the 15 valence Fe 3d, 9 valence N 2p, and 3 E
np orbitals using symmetry considerations, assuming the highest possible symmetry for the capped
trinuclear core. Each iron site resides nominally in a distorted tetrahedral, nearly cis-divacant
octahedral geometry, defining the local geometric x and y axes and, thus, the orientation of the
respective dx2−y2 orbital, along the Fe−N bonding vectors (e.g., Fe−Nanilido = x axis, Fe−N basal amido
= y axis, Figure 4.8a). Each local z-axis (and respective dz2 orbital) is normal to the individual xy
planes, projecting towards the µ3−bridgehead ligand. Under idealized C3−symmetry, the symmetry
adapted linear combinations (SALCs) of the available 15 d orbitals transform as 5A + 5E.
Combining the valence metal SALCs with the corresponding Nligand− and E−based (aE + eE, Figure
4.8b) SALCs of appropriate symmetry gives rise to the relative energetic ordering presented in
Figure 4.8c. The expanded alkoxide structure leads to the smallest energetic orbital splitting. The
low-lying 4a SALC is within energetic range to become populated at elevated temperatures,
consistent with the observed magnetometry data for 4.3. The enhanced intracore bonding for the
imidos (4.4, 4.5) and phosphido (4.10) create a larger energetic splitting, giving rise to the wellisolated spin ground states observed via magnetometry.
The alkylidyne cluster features the shortest Fe−Fe intracore metal separation (dFe−Fe:
2.4299(9) Å) and, thus, orbital overlap which not only stabilizes the intracore bonding interactions,
but likewise destabilizes the corresponding antibonding interactions. A consequence of the
enhanced M−M interactions is the inversion of orbitals 4a and 5e. The short d([Fe3]−CNaph) is
inconsistent with population of the 4a (M−E)σ* required in the observed S ≥ 7/2 observed by
magnetometry. The orbital set 5e represents (Fe−N)σ* arranged into an e−symmetric (Fe−Fe)σ
176

Figure 4.8. Schematic of qualitative molecular orbitals depicting the primary bonding interactions
between an idealized Fe3 core and a µ3–bound ligand.
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configuration; consequently dropping in energy with the diminished Fe−Fe separation. Indeed, the
alkylidyne features the longest mean Fe−Nligand bond distances (2.032(2)Å), which is consistent
with 5e orbital population.
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As the orbital sets 2e and higher rise in energy due to the more

substantive Fe−Fe orbital overlap, the energetic gap (5e−2e) diminishes, allowing for population
of the heretofore energetically inaccessible orbitals. The population of 5e would predict an S = 9/2
configuration as illustrated in Figure 4.8c. The susceptibility data for alkylidyne 4.8 is consistent
with a ground state admixture of 7/2 and 9/2 states. Our simplified analysis assumes rigorous
C3−symmetry, which is not consistent with the Cs symmetry present in the solid state molecular
structure. Lowering the symmetry to split the 5e degeneracy would provide a means to achieving
the S = 7/2 ground state.

4.3.5 Cluster Redox Properties
The electronic structures of the clusters examined herein were rationalized based on a
redox-delocalized bonding facilitated by significant direct orbital overlap within the cluster core.
Cyclic voltammetry (CV) reveals the clusters to behave as single redox entities given the large
energetic separations observed between successive redox events (ΔE1/2 > 1 V). Furthermore, CV
on the cluster series reveals that the oxidation potential to change by a single unit of charge varies
less than 200 mV despite these clusters spanning three different formal iron oxidation states. For
example, oxidation of [(tbsL)Fe3(µ3−OAd)]0/− occurs at –1.08 V and represents a nominal
(FeIIIFeII2/FeII3) redox pair. Oxidation of [(tbsL)Fe3(µ3−C(Naphth))]0/1− occurs at –1.12 V yet
represents the (FeIII3/FeIII2FeII) redox pair. Accessing the same formal iron oxidation state changes

27.

(a) Hernández Sánchez, R.; Betley, T. A., J. Am. Chem. Soc. 2015, 137, 13949-13956. (b)
Sánchez, R. H.; Betley, T. A., J. Am. Chem. Soc. 2018, 140, 16792-16806.
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represented by the (FeIII2FeII/FeIIIFeII2) redox pair spans 2.24 V when comparing the neutral
alkoxide 4.3 (−0.13 V), anionic imidos 4.4 (–1.25 V), 4.5 (−1.22 V), dianionic alkylidyne 4.8
(−2.37 V) and phosphido 4.10 (−2.27 V). These data reveal a remarkable trend of a ~1 V cathodic
shift in redox potentials for a single charge increase incurred by changing the μ3–bound ligand.
The cathodic shift is preserved for all clusters reported on the [(tbsL)Fe3(µ3−E)] platform shown in
Figure 4.7 which has been expanded to include anionic chalcogenide clusters (E = O, S, Se, Te,
See Chapter 3) and dianionic pnictogen clusters (E = N, P) which have been detailed in previous
reports.18c The small shifts for each cluster are likely due to the impact of the bridgehead element
on the HOMO/LUMO energies of the aggregate.
The overlay of the cyclic voltammograms in Figure 4.9 seems to suggest that the cathodic
shift is largely owed to the change in overall charge of the cluster resulting from the bridgehead
ligand. However, the extent of this cathodic shift is unprecedented given literature example of
similar molecular charging series. For example, appending a single tetraalkylammonium group to
ferrocene anodically shifts the FeII/FeIII couple by +0.2 V.

28

Attaching a second

tetraalkylammonium moiety to the same ferrocene shifts the FeII/FeIII by an additional +0.05 V,
suggesting a non-linear correlation between increasing the molecular charge and the potential shift
observed.

29

Likewise, affixing four tetraalkylammonium groups

to a single iron

tetraphenylporphyrin anodically shifts the FeI/FeII couple by +0.3 V amounting to a +0.075 V shift

28.

Wei, X.; Cosimbescu, L.; Xu, W.; Hu, J. Z.; Vijayakumar, M.; Feng, J.; Hu, M. Y.; Deng,
X.; Xiao, J.; Liu, J.; Sprenkle, V.; Wang, W., Adv. Ener. Mat. 2015, 5.

29.

Beh, E. S.; De Porcellinis, D.; Gracia, R. L.; Xia, K. T.; Gordon, R. G.; Aziz, M. J., ACS
Ener. Lett. 2017, 2, 639-644.
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per charge.

30

While the cited examples are by no means represent a comprehensive examination

of the effects molecular charge on redox potentials, they clearly highlight the anomalously large
1.0 V cathodic shift per charge observed within the series of clusters examined herein.
To achieve isovalent states between the clusters bearing canonical 1X, 2X, and 3X ligands,
each cluster must be charged to offset the oxidation state change for each hole the bridgehead

Figure 4.9. Stack of cyclic voltammograms of a library of μ3–adducts in this work and from
previous reports. Formal iron oxidation state indicated in the plot represents the potential range for
the given oxidation state for each class of molecules. Data are colored according to the charge of
the bridging ligand: E– (blue), E2– (red), and E3– (green). (a) E = OAd (4.3); (b, solid) E = S, (b,
dashed) E = O; (c, solid) E = NNaph (4.5), (c, dashed) E = NAd (4.4); (d) E = CNaph (4.8); (e,
solid) E = P (4.10), (e, dashed) E = N (4.11).
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(a) Lexa, D.; Saveant, J. M.; Su Khac, B.; Wang, D. L., J. Am. Chem. Soc. 1988, 110, 76177625. (b) Hammouche, M.; Lexa, D.; Momenteau, M.; Saveant, J. M., J. Am. Chem. Soc.
1991, 113, 8455-8466. (c) Costentin, C.; Robert, M.; Savéant, J.-M.; Tatin, A., Proc. Nat.
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presents (i.e., Fe3(µ3−Ε1X) → [Fe3(µ3−Ε2X)]1− → [Fe3(µ3−Ε3X)]2−). Whereas the degree of orbital
radial and energetic overlap will dictate the orbital splitting energies suggested in the qualitative
MO analysis in Figure 4.8, charging the molecules effectively raises the energy of the d-orbital
splitting envelope with each successive charge accumulated, which is reflected in the shift in
reduction potentials required to achieve isovalent configurations. That the shift in redox potentials
exceeds 1V/charge remains unclear. The magnitude of the shift clearly exceeds the value expected
for coloumbic charging,28,29,30 yet is consistent with the magnitude of the shift experienced in the
Agapie system [Fe4(µ4−E)] for incurred upon oxo substitution for an interstitial fluoride ligand.16

4.4 Conclusions
The foregoing results demonstrate the versatility of the [(tbsL)Fe3] synthon to accommodate
a variety of different bridgehead functionalities, allowing for a rigorous evaluation of the electronic
structure impacts those ligand substitutions impart. The mixed valent products demonstrate a
substantial degree of redox delocalization and are best described using a delocalized intracore
bonding approach. Remarkably the alkylidyne capping moiety which should foster the largest
intracore covalency (based on C valence orbital radial and energetic considerations) leads to
greatest intracore contraction and the largest spin ground states observed within the series.
Furthermore, comparing isovalent clusters while changing the formal valency of the bridgehead
ligand requires charging the molecular complex with each successive ligand hole. Thus, the
isovalent equivalent to the neutral alkoxide adduct 4.3 is a dianionic alkylidyne 4.8. Each
successive charge the cluster requires incurs a remarkable −1V cathodic shift to achieve the
isovalent configuration. While the magnitude of the cathodic shift is as of yet unexplained, the
shift is preserved comparing canonical 1X, 2X, and 3X−type bridgehead ligands.
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What do these data reveal, if anything, about the choice nature made upon selecting an
interstitial carbide ligand within the core of nitrogenase cofactors? The oxidatively more expensive
carbide (C4− = 4X) should result in a more dramatic cathodic shifting of the cofactor than the less
expensive, more readily available nitride (N3− = 3X) or oxo (O2− = 2X) ligands, while maintaining
biologically accessible ferric/ferrous compositions. Successive charging of the cluster is offset by
concomitant proton loading required to prime the cofactor during turnover conditions. One other
possible, unforeseen merit of utilizing the interstitial carbide could be the enhanced covalency of
the cluster. If an analogy can be drawn to the synthetic clusters examined in this study, the carbide
could electronically correlate the metal centers of the cofactor upon charging, accessing larger
amount of unpaired spin at the site(s) of substrate interaction. The cathodic shifting and spin
distributions is unique to C−bearing ligands within the series of clusters we investigated, perhaps
illustrating why nitrogenase chose C4– over N3–/O2–.
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4.5 Further Information
4.5.1 General Considerations
All manipulations of metal complexes were carried out in the absence of water and
dioxygen using standard Schlenk techniques, or in an MBraun inert atmosphere drybox under a
dinitrogen atmosphere. (tbsL)Fe3(THF) was synthesized according to the previous reported
procedure.18 All glassware was oven dried overnight and cooled in an evacuated antechamber prior
to use in the drybox. Benzene, diethyl ether, n-hexane, tetrahydrofuran (THF), and 2methyltetrahydrofuran were dried and deoxygenated on a Glass Contour system (SG Water USA,
Nashua, NH) and stored over 4 Å molecular sieves (Strem) prior to use. 4 Å molecular sieves were
activated by heating in a Schlenk flask to at least 250 °C for 24 h under dynamic vacuum prior to
use in a drybox. Celite® 545 (J. T. Baker) was dried in a Schlenk flask for 24 h under dynamic
vacuum while heating to at least 200 °C prior to use in a drybox. Activated charcoal DARCO® G60 (Aldrich) was dried in a Schlenk flask by heating to at least 250 °C for a minimum of 48 hours
under dynamic vacuum. Anhydrous hexamethyldisiloxane was purchased from Aldrich and
deoxygenated before being stored over 4 Å molecular sieves in a drybox. 2,2,2-cryptand, 1adamantanol, 2.5 M nBuLi solution in hexanes, 1-azidoadamantane, lithium diisopropylamide,
potassium azide, naphthalene, and sodium ingot were purchased from Aldrich. Solid reagents were
subjected to dynamic vacuum in a drybox antechamber for at least 12 hours prior to being brought
inside, after which the solids were recrystallized using dried solvents in the drybox. Lithium 1adamantoxide was prepared via stoichiometric deprotonation of 1-adamantanol using 2.5 M nBuLi
(hexanes) in tetrahydrofuran. The mixture was filtered through Celite, and the filtrate was dried
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yielding a white powder which was used without further purification. 2-azidonaphthalene ,
bis(di(2-quinoline)amino)iron tetraphenylborateError! Bookmark not defined. ([Fe(BQA)2][BPh4]), and 7chloro-2,3:5,6-dibenzo-7-phospha-bicyclo[2,2,1]hepta-2,5-diene22

(APCl)

were

prepared

according to literature procedures. 2-naphthyldiazomethane was prepared according to a literature
procedure for aryldiazomethanes20a and matched the reported20b 1H NMR chemical shifts. A stock
solution of sodium naphthalenide was prepared by stirring excess sodium in a THF stock solution
of naphthalene for 30 minutes at room temperature prior to use. Potassium graphite (KC8) was
synthesized by heating small pieces of potassium in graphite in a 1:8 mixture to 80 °C in a sealed
pressure tube for 3 hours. Manual agitation was necessary to homogenize the mixture to form a
bronze powder. All other materials and reagents were bought from commercial sources and used
as received.

4.5.2 Characterization and Physical Measurements
1
1

H NMR spectra were recorded on Varian Unity/Inova 500 or 600 MHz- spectrometers.

H chemical shifts are reported relative to SiMe4 using the chemical shift of residual solvent peaks

as reference. Elemental analyses were performed in house on a 2400 Series II CHNS/O Elemental
Analyzer manufactured by Perkin Elmer, Inc.

4.5.3 Cyclic Voltammetry
Tetrabutylammonium hexafluorophosphate ([nBu4N][PF6]) was purchased from Aldrich
and subjected to dynamic vacuum for 24 h before being stored in a drybox. 0.1 M solutions of
[nBu4N][PF6] in tetrahydrofuran were prepared and stored over 4 Å molecular sieves overnight

31.

Naro, Y.; Ankenbruck, N.; Thomas, M.; Tivon, Y.; Connelly, C. M.; Gardner, L.; Deiters,
A., J. Med. Chem. 2018, 61, 5900-5909.
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prior to use. Data was collected using a CHI660d potentiostat using a three-electrode cell with a
glassy carbon working electrode, a platinum wire counter electrode, and a silver wire pseudoreference that was submerged in 0.1 M [nBu4N][PF6] and encapsulated in a glass casing with a
CoralPor (BASi) frit. All potentials were referenced to the ferrocene/ferrocenium (Fc/Fc+) couple,
which was measured at the end of every experiment by adding a small amount (<2 mg) of ferrocene
to the sample solution. All samples were prepared as a 1 mM solution in tetrahydrofuran with 0.1
M [nBu4N][PF6] as the supporting electrolyte. All scans were corrected for the internal resistance
within the circuit.

4.5.4 Zero-Field 57Fe Mӧssbauer Spectroscopy
Zero-field,

57

Fe Mössbauer spectra were measured with a constant acceleration

spectrometer (SEE Co, Minneapolis, MN). Isomer shifts are quoted relative to Fe metal at room
temperature. Data were processed, fitted, and analyzed using an in-house package for IGOR Pro 6
(Wavemetrics, Lake Oswego, OR). Samples were prepared either by suspending 30–40 mg of
compound in sufficient paratone oil, or dissolved in minimal benzene, and flash frozen in liquid
nitrogen.

4.5.5 X-Band EPR Spectroscopy.
Samples for EPR were prepared in a drybox by dissolving 3-6 mg of compound in 2 mL
of anhydrous 2-methyltetrahydrofuran. ~0.25 mL of the resulting stock solution was transferred to
a 4 mm medium wall low pressure/vac quartz EPR tube. All samples were immediately flashfrozen in liquid nitrogen and stored under liquid nitrogen prior to data collection. EPR spectra
were obtained on a Bruker EleXsys E-500 CW-EPR spectrometer equipped with a custom Oxford
Instruments continuous-flow liquid helium cryostat and Oxford VC30 gas flow controller. And
Oxford ITC4 temperature system was used to monitor and control the temperature. Spectra were
185

measured at a microwave power of 0.6325–2 mW between 4–30 K. All EPR simulations were
performed using the EasySpin program using the spin Hamiltonian: Ĥ = βBgŜ + D[(Ŝz)2 – 1/3S(S +
1)] + E[(Ŝx)2 – (Ŝy)2] where β is the Bohr magneton, B is the applied magnetic field, g is the gfactor, Ŝ is the spin angular momentum operator, D and E are the axial and rhombic zero-field
splitting (ZFS) parameters, respectively, and Ŝz, Ŝx, and Ŝy are the spin angular momentum
operators using the coordinate system of the D tensor. The axial (D) and rhombic (E) zero-field
splitting (ZFS) parameters and H-strain parameters were systematically varied and reported in
units of MHz.

4.5.6 SQUID Magnetometry
Magnetic data were collected using a Quantum Design MPMS-5S SQUID magnetometer.
Measurements were obtained for finely ground microcrystalline powders restrained in a frozen
eicosane matrix within polycarbonate capsules. Samples were prepared under a dry nitrogen
atmosphere by packing the powder in a gelcap and adding warm liquid eicosane, which formed a
solid wax upon cooling. Dc susceptibility measurements were collected in the temperature range
5-300 K under a dc field of 1000, 5000 or 10000 Oe. Dc magnetization measurements were
obtained in the temperature range 1.8 – 10 K under dc fields of 10000–70000 Oe in either 3 or 7
steps. The susceptibility data was corrected for diamagnetic contributions from the sample holder
and eicosane, as well as the core diamagnetism of the sample using Pascal’s constants. The
susceptibility data were fit using the spin Hamiltonian Ĥ = D(Ŝz)2 + gisoμBS·H. Molar
susceptibilities were calculated from (χm) by converting the calculated magnetic susceptibility (χ)
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obtained from the magnetometer according to χm = χM/mH. The reduced magnetization data were
fit using PHI.
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4.5.7 Synthesis
[Li(thf)4][(tbsL)Fe3(μ3–OAd)] (4.2)
To a THF (9 mL) solution of (tbsL)Fe3(THF) (0.200 g, 0.204 mmol) was added a THF (1
mL) suspension of LiOAd (0.032 g, 0.204 mmol). The reaction mixture was stirred at room
temperature for 12 hours, resulting in a color change from brown to dark yellow/brown. The
reaction mixture was filtered through Celite. Solvent and volatiles were removed from the filtrate
in vacuo. The yellow-brown residue was dissolved in 2 mL of THF after which 6 mL of diethyl
ether was layered on top. The crystallization cell was placed in a freezer at –35 °C for 12 hours
after which 10 mL of hexanes was layered on top. Storage of this crystallization in a freezer at –
35 ° for 48 hours afforded yellow-brown crystals. Attempts to set up the bulk recrystallization with
all three solvents at once or starting from a THF/Et2O mixture led to lower yields. Repeating the
bulk recrystallization twice more, grinding the crystals into a fine powder with mortar and pestle,
and drying the powder further in vacuo yield 0.199 g (71%) of a spectroscopically pure yellowbrown powder. A single crystal suitable for X-ray diffraction was grown on a small scale using
the same crystallization conditions as in the bulk. 1H NMR (500 MHz, THF): δ 90.75, 24.14,
23.62, 8.03, 7.75, –1.57, –4.04, –6.46, –9.53, –18.44, –18.98, –24.59, –37.06. Anal. Calc. for
C69H117Fe3LiN6O5Si3: C 60.35, H 8.42, N 6.21; Found C 59.93, H 8.36, N 6.54.
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[(tbsL)Fe3(μ3–OAd)] (4.3)
To a THF (5 mL) solution of 2 (0.100 g, 0.073 mmol) was added a THF (1 mL) suspension
of [Fe(BQA)2][BPh4] (0.068 g, 0.073 mmol) at room temperature. The reaction mixture
instantaneously changed color from dark yellow-brown to an intense dark green, indicating the
formation of [Fe(BQA)2]0. 10 mL of hexanes was added to the reaction mixture, precipitating a
significant amount of dark green-black powder, presumably [Fe(BQA)2]0. The suspension was
filtered through Celite to remove the solid and the solvent and volatiles were removed from the
filtrate in vacuo yielding a dark green powder. The residue was triturated with 1 mL of benzene
and then further diluted with 5 mL hexanes. The suspension was filtered through Celite yielding a
dark brown-black filtrate. This trituration process was repeating twice more with the remaining
solids until the washed were no longer colored. Solvent and volatiles were removed from the
combined filtrate yielding a dark brown-black residue. This sequential trituration procedure was
repeated twice more to ensure complete removal of Li[BPh4] and [Fe(BQA)2]0 which is noted by
the lack of solid accumulation on the Celite pad in the third iteration. The final dark brown-black
residue was dissolved in 10 mL of diethyl ether and concentrated in vacuo until saturation was
achieved. Storage of this saturated solution in a freezer at –35 °C led to the formation of black
crystals. Grinding the isolated crystals to a fine powder with a mortar and pestle, and further
removing trace solvent in vacuo yielded 0.069 g (87%) of a spectroscopically pure black powder.
A single crystal suitable for X-ray diffraction was grown from a saturated solution of diethyl ether
stored in a freezer at –35 °C. 1H NMR (500 MHz, THF): δ 81.5, 11.6, 0.91, 0.11, –4.26, –14.6, –
15.7, –24.4, –25.4. Anal. Calc. for C53H85Fe3N6OSi3: C 59.09, H 7.72, N 7.94; Found C 59.31, H
7.74, N 7.93.
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[K(C222)][( tbsL)Fe3(μ3–NAd)] (4.4)
To a thawing THF (3 mL) solution of (tbsL)Fe3(THF) (0.150 g, 0.153 mmol) was added a
THF (1 mL) suspension of KC8 (0.021 g, 0.153 mmol). The reaction mixture was warmed to room
temperature and stirred for 20 min. The reaction was frozen in a liquid nitrogen cooled coldwell,
and 2-azidoadamantane (0.027 g, 0.153 mmol) dissolved in 1 mL THF was added. The reaction
mixture was warmed to room temperature with stirring for 20 min, after which the solution was
filtered through Celite. Solvent and volatiles were removed from the filtrate in vacuo to yield a
dark brown residue. The solid was stirred in 5 mL of 1:3 benzene:hexanes followed by addition of
2,2,2-cryptand (0.058 g, 0.153 mmol) dissolved in 1 mL of benzene. The desired product
precipitates from solution as a dark brown powder. The suspension was filtered through a Celite
yielding a pale brown filtrate and dark brown filtrand. The filtrand was then washed through the
Celite pad with THF and collected in a separate vial. The resulting filtrate was then concentrated
to ~2 mL in vacuo, and then ~5 mL of diethyl ether was layered on top. The crystallization cell
was placed in a freezer at –35 °C for 12 hours after which 10 mL of hexanes was layered on top.
Storage of this crystallization in a freezer at –35 ° for 48 hours afforded dark brown crystals.
Attempts to set up the bulk recrystallization with all three solvents at once or starting from a
THF/Et2O mixture led to lower yields. Repeating the bulk recrystallization once more, grinding
the crystals into a fine powder with mortar and pestle, and drying the powder further in vacuo yield
0.175 g (77 %) of a spectroscopically pure brown powder. A single crystal suitable for X-ray
diffraction was grown on a small scale using the same crystallization conditions as in the bulk. 1H
NMR (500 MHz, THF): δ 52.9, 18.4, 10.9, 6.3, 0.0, –0.1, –1.1, –4.1, –5.3, –10.4, –12.8, –27.4.
Anal. Calc. for C71H121Fe3N9O6Si3: C 57.13, H 8.01, N 8.57; Found C 57.15, H 7.87, N 8.66.
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[K(C222)][( tbsL)Fe3(μ3–NNaph)] (4.5)
Compound 4.5 was prepared and recrystallized according to the same procedure for 4.4,
except 2-azidonaphthalene (0.026 g, 0.153 mmol) was used in place of 2-azidoadamantane. After
two sequential bulk recrystallizations, grinding the crystals into a fine powder with mortar and
pestle, and drying the powder further in vacuo, 0.145 g (65%) of a spectroscopically pure brown
powder was isolated. A single crystal suitable for X-ray diffraction was grown on a small scale
using the same crystallization conditions as in the bulk. 1H NMR (500 MHz, THF): δ 61.2, 49.0,
20.6, 20.0, 11.6, 9.0, 6.2, 2.5, 1.3, 1.1, 0.9, 0.8, –3.8, –9.8, –18.7, –27.2, –27.7, –28.8, –84.4. Anal.
Calc. for C70H109Fe3KN9O6Si3: C 57.45, H 7.51, N 8.61; Found C 57.68, H 7.54, N 8.22.

[Li(thf)4][( tbsL)Fe3(μ3–CNaph)] (4.6)
To a thawing benzene (1 mL) solution of 2-naphthyldiazomethane (0.017 g, 0.102 mmol)
was added a THF (1 mL) solution of lithium diisopropylamide (0.011 g, 0.102 mmol). The reaction
mixture was warmed to room temperature and stirred for 5 min during which the color changed
from red to dark orange. The reaction mixture was frozen in a liquid nitrogen cooled coldwell, and
a THF (5 mL) solution of (tbsL)Fe3(THF) (0.100 g, 0.103 mmol) was added. The reaction was
warmed to room temperature and stirred for 40 min. The reaction mixture was filtered through
Celite after which the solvent and volatiles were removed from the filtrate in vacuo resulting in a
dark brown residue. The solid was dissolved in 1 mL of THF and then ~5 mL of diethyl ether was
layered on top. The crystallization cell was placed in a freezer at –35 °C for 12 hours after which
10 mL of hexanes was layered on top. Storage of this crystallization in a freezer at –35 ° for 48
hours afforded dark brown crystals. Attempts to set up the bulk recrystallization with all three
solvents at once or starting from a THF/Et2O mixture led to lower yields or an oil instead of
crystalline material. Repeating the bulk recrystallization once more, grinding the crystals into a
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fine powder with mortar and pestle, and drying the powder further in vacuo yield 0.095 g (69 %)
of a spectroscopically pure brown powder. A single crystal suitable for X-ray diffraction was
grown on a small scale using the same crystallization conditions as in the bulk. 1H NMR (500
MHz, THF): δ 74.8, 72.5, 40.0, 24.4, 20.9, 10.5, 9.2, 5.8, 2.5, –0.5, –1.1, –2.5, –5.2, –7.4, –14.9,
–21.6. Anal. Calc. for C69H105Fe3LiN6O4Si3: C 61.78, H 7.89, N 6.27; Found C 61.67, H 7.59, N
6.47.

[(tbsL)Fe3(μ3–CNaph)] (4.7)
To a THF (5 mL) solution of 4.6 (0.130 g, 0.097 mmol) was added a THF (1 mL)
suspension of [Fe(BQA)2][BPh4] (0.089 g, 0.097 mmol) at room temperature. The reaction mixture
instantaneously changed color from dark yellow-brown to an intense dark green, indicating the
formation of [Fe(BQA)2]0. 10 mL of hexanes was added to the reaction mixture, precipitating a
significant amount of dark green-black powder, presumably [Fe(BQA)2]0. The suspension was
filtered through Celite to remove the solid and the solvent and volatiles were removed from the
filtrate which was still dark green. The residue was triturated with 10 mL hexanes and the
suspension was filtered through Celite yielding a dark brown-black filtrate. This trituration process
was repeating twice more with the remaining solids until the washed were no longer colored.
Solvent and volatiles were removed from the combined filtrate yielding a dark brown-black
residue. This sequential trituration procedure was repeated twice more to ensure complete removal
of Li[BPh4] and [Fe(BQA)2]0 which is noted by the lack of solid accumulation on the Celite pad
in the third iteration. The final dark brown residue was dissolved in 10 mL of hexanes and
concentrated in vacuo until saturation was achieved. Storage of this saturated solution in a freezer
at –35 °C led to the formation of dark brown crystals. Grinding the isolated crystals to a fine
powder with a mortar and pestle, and further removing trace solvent in vacuo yielded 0.085 g
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(84%) of a spectroscopically pure brown powder. A single crystal suitable for X-ray diffraction
was grown from a saturated solution of hexanes stored in a freezer at –35 °C. 1H NMR (500 MHz,
THF): δ 141.9, 58.7, 34.4, 18.8, 17.6, 16.8, 14.3, 12.9, 8.7, 6.9, 6.6, 0.6, 0.4, 0.2, –2.4, –5.7, –7.1.
Anal. Calc. for C53H73Fe3N6Si3: C 60.86, H 7.03, N 8.03; Found C 60.62, H 7.25, N 8.09.

[Na(Et2O)(thf)4][(tbsL)Fe3(μ3–CNaph)] (4.6a)
To a thawing THF (3 mL) solution of 4.7 (0.050 g, 0.045 mmol) was added a THF (1 mL)
solution of sodium naphthalenide (0.007 g, 0.045 mmol). The reaction mixture was warmed to
room temperature and stirred for 30 min. Solvent and volatiles were removed from the solution to
yield a dark brown residue. The residue was dissolved in minimal THF (4 drops) after which 1 mL
of diethyl ether was layered on top. The crystallization was stored in a freezer at –35 °C for 12
hours after which 1 mL of hexanes was layered on top. Storage of the solution in a freezer at –35
°C for 16 hours led to the formation of dark brown crystals. Grinding the crystals into a fine powder
with mortar and pestle and drying the powder further in vacuo yield 0.059 g (86 %) of a
spectroscopically pure brown powder. A single crystal suitable for X-ray diffraction was grown
on a small scale using the same crystallization conditions as in the bulk. 1H NMR matches that of
4.6 and so no further characterization was performed.

[K(C222)]2[(tbsL)Fe3(μ3–CNaph)] (4.8)
To a thawing THF (3 mL) solution of 4.7 (0.080 g, 0.076 mmol) was added a THF (1 mL)
suspension of KC8 (0.021 g, 0.153 mmol). The reaction mixture was warmed to room temperature
with stirring for 20 min, after which the solution was filtered through Celite. Solvent and volatiles
were removed from the filtrate in vacuo to yield a dark orange-brown residue. The solid was stirred
in 5 mL of 1:1:2 THF:benzene:hexanes followed by addition of 2,2,2-cryptand (0.058 g, 0.153
mmol) dissolved in 1 mL of benzene. The desired product separates from solution as a dark brown
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oil. The suspension was filtered through a Celite yielding a pale brown filtrate and dark orangebrown filtrand. The filtrand was then washed through the Celite pad with THF and collected in a
separate vial. The resulting filtrate was then concentrated to ~2 mL in vacuo, and then ~5 mL of
diethyl ether was layered on top. The crystallization cell was placed in a freezer at –35 °C for 12
hours affording a dark orange-brown film. Repeating the bulk precipitation once more, grinding
the solid into a fine powder with mortar and pestle, and drying the powder further in vacuo yield
0.091 g (64 %) of a spectroscopically pure orange-brown powder. A single crystal suitable for Xray diffraction was grown on a small scale from a saturated THF solution. 1H NMR (500 MHz,
THF): δ 127.1, 53.9, 50.3, 14.1, 11.1, 7.9, 7.3, 6.9, 0.1, –5.7, –9.6, –34.3, –36.3, –37.4, –42.5.
Anal. Calc. for C89H145Fe3K2N10O12Si3: C 56.95, H 7.79, N 7.46; Found C 57.08, H 7.96, N 7.65.

[(tbsL)Fe3(μ3–P)] (4.9)
Method 1. In the glovebox, a glass vial was charged with (tbsL)Fe3(THF) (200 mg, 0.203
mmol) and dissolved in 10 mL of C6H6. A Teflon coated stir bar was added to this solution and
the vial was capped and frozen in the cold well. In a separate vial, ClPA (49.7 mg, 0.203 mmol)
was weighed and dissolved in 2 mL of C6H6. This solution was then added to the frozen
(tbsL)Fe3(THF) solution and then placed back in the cold well to freeze. The frozen reaction mixture
was removed from the cold well and placed on a stirplate to thaw and the reaction was allowed to
stir overnight (16 hours) at which point the reaction was again frozen and the C6H6 lyophilized.
Upon lyophilization, the crude material was extracted into hexanes (~ 10 mL) and filtered through
a pipette filter containing an inch of activated carbon. The hexanes was removed in vacuo and the
product re-dissolved in benzene and again lyophilized to yield the synthetically useful product as
a fluffy dark green/black powder (143 mg, 75% yield). The spectroscopically pure material was
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obtained by storing the concentrated hexamethyldisiloxane solution at −38 °C for 2 days. Crystals
suitable for X-ray diffraction were grown from a pentane solution at −38 °C.
Method 2. . In the glovebox, a glass vial was charged with KC8 (13.8 mg, 0.102 mmol) and benzene
was added to the vial (~5 mL). A teflon coated stir bar was added to the suspension and the vial
was frozen in the cold well. To another vial, (tbsL)Fe3(THF) (100 mg, 0.102 mmol) was added and
dissolved in ~5 mL of benzene. This solution was added to the frozen KC8 suspension and allowed
to freeze. The reaction mixture was removed from the cold well and allows to thaw on a stir plate
for 1 hour. The reaction mixture was re-frozen in the cold well, and the benzene solution of ClPA
(25 mg, 0.102 mmol) was added to the frozen reaction mixture. The mixture was frozen and thawed
to room temperature for 2 hours. The solvent and volatiles were removed in vacuo, and the residue
was filtered through a short pad of activated charcoal using hexane (~ 50 mL). The solvent was
removed in vacuo yielding the product (57 mg, 61 % yield). 1H NMR (500 MHz, 295 K, C6D6): δ
76.86, 43.12, 15.07, 11.14, 7.79, 4.96, 3.48, 3.08, 2.12. Anal. Calc. for C42H66Fe3N6PSi3: C 53.79,
H 7.09, N 8.96; Found: C 54.10, H 6.99, N 8.61.

[K(C222)]2[(tbsL)Fe3(μ3–P)] (4.10)
In the glovebox, a glass vial was charged with two equivalents of KC8 (27 mg, 0.20 mmol)
and a minimal amount of THF was added to the vial (~2 mL). A teflon coated stir bar was added
to the suspension and the vial was frozen in the cold well. To another vial, (tbsL)Fe3(μ3-P) (94 mg,
0.10 mmol) was added and dissolved in ~2 mL of THF. This solution was added to the frozen KC8
suspension and allowed to freeze. The reaction mixture was removed from the cold well and allows
to thaw on a stir plate for 1 hours. Solvent and volatiles were removed from the filtrate in vacuo
to yield a dark orange-brown residue. The solid was stirred in 5 mL of 1:1:2 THF:benzene:hexanes
followed by addition of 2,2,2-cryptand (0.058 g, 0.153 mmol) dissolved in 1 mL of benzene. The
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desired product separates from solution as a dark brown oil. The suspension was filtered through
a Celite yielding a pale brown filtrate and dark orange-brown filtrand. The filtrand was then
washed through the Celite pad with THF and collected in a separate vial. Solvent and volatiles
removed from filtrate to afford a dark orange-brown solid [K(C222)]2[(tbsL)Fe3(μ3-P)] (160.8 mg,
91 % yield). The crude material was dissolved in a minimal amount of THF placed in the glovebox
freezer at −35 °C. X-Ray quality crystals were collected, yielding the di-reduced product
[K(C222)]2[(tbsL)Fe3(μ3-P)] (20 mg, 35 % yield). 1H NMR (500 MHz, 295 K, THF-d8): δ 61.47,
13.19, 9.77, 7.30, 5.20, 3.28, 3.21, 2.43, 0.36, −12.36, −18.82, −19.07, −19.97. Anal. Calc. for
C78H138Fe3K2N10O12PSi3: C 52.96, H 7.86, N 7.92; Found: C 52.77, H 7.86, N 8.30.

[K(C222)][(tbsL)Fe3(μ3–N)] (4.11)
In the glovebox, (tbsL)Fe3(THF) (0.150 g, 0.153 mmol), potassium azide (0.012 g, 0.153
mmol), and 10 mL of THF were combined in a 50 mL Teflon-capped storage flask equipped with
a stir bar. The flask was sealed, removed from the glovebox, and heated to 60 °C for 16 hours. The
flask was brought back into the glovebox after which the solvent and volatiles were removed in
vacuo to afford a dark brown residue. The solid was stirred in 5 mL of 1:3 benzene:hexanes
followed by addition of 2,2,2-cryptand (0.058 g, 0.153 mmol) dissolved in 1 mL of benzene. The
desired product precipitates from solution as a dark brown powder. The suspension was filtered
through Celite yielding a pale brown filtrate and a dark brown filtrand. The filtrand was then
washed through the Celite pad with THF and collected in a separate vial. The resulting filtrate was
then concentrated to ~2 mL in vacuo, and then ~5 mL of diethyl ether was layered on top. The
crystallization cell was placed in a freezer at –35 °C for 48 hours. Repeating the bulk
recrystallization once more, grinding the crystals into a fine powder with mortar and pestle, and
drying the powder further in vacuo yield 0.120 g (59 %) of a spectroscopically pure brown powder.
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1H

NMR matched that which was previously reported, and no further characterization was

performed.18a

4.5.8 X-ray Diffraction Techniques
All structures were collected on a Bruker three-circle platform goniometer equipped with
an Apex II CCD and an Oxford cryostream cooling device at 100 K. Radiation for the data
collection of 4.2–4.10 was from a graphite fine focus sealed tube Mo Kα (0.71073 Å) source.
Crystals were mounted on a cryoloop or glass fiber pin using Paratone-N oil. Data were collected
as a series of φ and ω scans.

[Li(thf)4][(tbsL)Fe3(μ3–OAd)] (4.2)
The structure was solved in the monoclinic space group P21/n with one full molecule and
cation (solvated with four molecules of tetrahydrofuran) per unit cell. Two molecules of
tetrahydrofuran are present in the asymmetric unit with one displaying a slight disorder that was
modelled using the PART function and necessary similarity constraints. One tertbutyldimethylsilyl group on the cluster display a slight positional disorder and was also modelled.

[(tbsL)Fe3(μ3–OAd)] (4.3)
The structure was solved in the rhombohedral space group R3� c with one-third of the

structure is displaced in the asymmetric unit (one Fe, one o-phenylenediamine arm, one tbutyldimethylsilyl group, one-third of the adamantane, and one-third of the cyclohexane). A

channel of diethyl ether was unable to be modelled, so the SQUEEZE function of PLATON was
employed.
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[K(C222)][(tbsL)Fe3(μ3–NAd)] (4.4)
The structure was solved in the triclinic space group P1� with one full molecule and counter

cation per unit cell. One tert-butyl group on the ligand displayed rotational disorder and was

modelled using a PART function and necessary similarity constraints. A channel of either diethyl
ether or n-hexane was located within the lattice, so the SQUEEZE function of PLATON was
employed.

[K(C222)][(tbsL)Fe3(μ3–NNaph)] (4.5)
The structure was solved in the orthorhombic space group P212121 with one full molecule
and counter cation per unit cell. The data were modelled as a two-component inversion twin. Two
tert-butyl groups on the ligand displayed rotational disorder and were modelled using a PART
function and necessary similarity constraints. A channel of either diethyl ether or n-hexane was
located within the lattice, so the SQUEEZE function of PLATON was employed.

[Li(thf)4][(tbsL)Fe3(μ3–CNaph)] (4.6)
The structure was solved in the triclinic space group P1� with two full molecules and thf-

cations per unit cell. Several tert-butyl groups on the ligand displayed rotational disorder and were
modelled using a PART function and necessary similarity constraints. Two molecules of diethyl
ether were modelled in the asymmetric unit with one at full occupancy and the other with a
occupancy of 0.75. The tetrahydrofuran molecules bound to the lithium cations displayed
significant positional disorder and each cation ensemble were addressed using a two-part disorder
model and necessary similarity constraints. The overall bond precision of the dataset was low,
prohibiting conclusions based on bond metrics to be drawn. As such, molecule 4.6a, which is
spectroscopically identical to 4.6, was used for structural comparison in the main text.
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[Na(Et2O)(thf)4][(tbsL)Fe3(μ3–CNaph)] (4.6a)
The structure was solved in the triclinic space group P1� with two full molecules and

solvated cations per unit cell. One tert-butyl groups on the ligand displayed rotational disorder and
was modelled using a PART function and necessary similarity constraints. One of the solvated
sodium cations displayed full molecule disorder and was also addressed using a two-part disorder
model and several similarity constraints.

[(tbsL)Fe3(μ3–CNaph)] (4.7)
The structure was solved in the monoclinic space group P21/c with one full molecule in the
asymmetric unit. One half of a molecule of benzene existed in the asymmetric unit and the
remaining half could be generated by symmetry. Another molecule of benzene displayed partial
occupancy disorder with a molecule of n-hexane and was addressed using a two-part disorder
model with necessary similarity constraints. Furthermore, a pocket of electron density was located
in the Fourier difference map but could not be modelled as solvent. As such the SQUEEZE
function of PLATON was employed.

[K(C222)]2[(tbsL)Fe3(μ3–CNaph)] (4.8)
The structure was solved in the orthorhombic space group Pca21 with one full molecule
and two counter cations in the asymmetric unit. Three molecules of tetrahydrofuran were located
in the lattice and were modelled with individual occupancy values (1, 0.75, and 0.5). Furthermore,
a fourth molecule of tetrahydrofuran displayed partial occupancy disorder with a molecule of
diethyl ether and was addressed using a two-part disorder model and necessary similarity
constraints. The total occupancy of this two-part disorder was fixed to 0.5.
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[(tbsL)Fe3(μ3–P)] (4.9)
The structure was solved in the trigonal space group P3� with one and one third molecules

per unit cell. A channel of an unidentifiable solvent was located within the lattice, so the
SQUEEZE function of PLATON was employed.

[K(C222)]2[(tbsL)Fe3(μ3–P)] (4.10)
The structure was solved in the monoclinic space group P21/n with one full molecule and
two encapsulated cations per unit cell. Four molecules of tetrahydrofuran are present in the
asymmetric unit with one displaying a slight disorder that was modelled using the PART function
and necessary similarity constraints. A channel of an unidentifiable solvent was located within the
lattice, so the SQUEEZE function of PLATON was employed.
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Figure 4.10. Solid-state structure of [Li(thf)4][(tbsL)Fe3(μ3–OAd)] (4.2) collected at 100 K, with
thermal ellipsoids displayed at 50%. Solvated lithium counter-cation and hydrogen atoms removed
for clarity. Fe = orange, C = gray, N = blue, Si = pink, O = red.
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Figure 4.11. Solid-state structure of [(tbsL)Fe3(μ3–OAd)] (4.3) collected at 100 K, with thermal
ellipsoids displayed at 50%. Hydrogen atoms removed for clarity. Fe = orange, C = gray, N = blue,
Si = pink, O = red.
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Figure 4.12. Solid-state structure of [K(C222)][(tbsL)Fe3(μ3–NAd)] (4.4) collected at 100 K, with
thermal ellipsoids displayed at 50%. Hydrogen atoms removed for clarity. Fe = orange, C = gray,
N = blue, Si = pink.
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Figure 4.13. Solid-state structure of [K(C222)][(tbsL)Fe3(μ3–NNaph)] (4.5) collected at 100 K, with
thermal ellipsoids displayed at 50%. Encapsulated potassium counter-cation and hydrogen atoms
removed for clarity. Fe = orange, C = gray, N = blue, Si = pink.
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Figure 4.14. Solid-state structure of [Li(thf)4][(tbsL)Fe3(μ3–CNaph)] (4.6) collected at 100 K, with
thermal ellipsoids displayed at 50%. Solvated lithium counter-cation and hydrogen atoms removed
for clarity. Fe = orange, C = gray, N = blue, Si = pink.
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Figure 4.15. Solid-state structure of [Na(Et2O)(thf)4][(tbsL)Fe3(μ3–CNaph)] (4.6a)collected at 100
K, with thermal ellipsoids displayed at 50%. Solvated sodium counter-cation and hydrogen atoms
removed for clarity. Fe = orange, C = gray, N = blue, Si = pink.
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Figure 4.16. Solid-state structure of [(tbsL)Fe3(μ3–CNaph)] (4.7) collected at 100 K, with thermal
ellipsoids displayed at 50%. Hydrogen atoms removed for clarity. Fe = orange, C = gray, N = blue,
Si = pink.
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Figure 4.17. Solid-state structure of [K(C222)]2[(tbsL)Fe3(μ3–CNaph)] (4.8) collected at 100 K, with
thermal ellipsoids displayed at 50%. Encapsulated potassium counter-cations and hydrogen atoms
removed for clarity. Fe = orange, C = gray, N = blue, Si = pink.
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Figure 4.18. Solid-state structure of [(tbsL)Fe3(μ3–P)] (4.9) collected at 100 K, with thermal
ellipsoids displayed at 50%. Hydrogen atoms removed for clarity. Fe = orange, C = gray, N = blue,
Si = pink, P = magenta.
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Figure 4.19. Solid-state structure of [K(C222)]2[(tbsL)Fe3(μ3–P)] (4.10) collected at 100 K, with
thermal ellipsoids displayed at 50%. Encapsulated potassium counter-cations and hydrogen atoms
removed for clarity. Fe = orange, C = gray, N = blue, Si = pink, P = magenta.
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Table 4.2. Crystallographic data for compounds 4.2–4.3.a,b
[Li(thf)4][(tbsL)Fe3(μ3–OAd)] (4.2)

[(tbsL)Fe3(μ3–OAd)] (4.3)

Moiety Formula

C68H105Fe3N6O5Si3 + 2x(C4H8O)

C52H81Fe3N6OSi3

FW

1369.49 (cluster/cation only)

1074.09

Crystal System

Monoclinic

Trigonal

Space Group (Z)

P21/n

a (Å)

25.1801(14)

R3� c

15.5938(9)

b (Å)

11.2570(6)

15.5938(9)

c (Å)

30.2034(17)

89.932(5)

α (°)

90

90

β (°)

111.754(1)

90

γ (°)

90

120

Volume (Å3)

7951.5(8)

18939(2)

Calc. ρ (mg/m3)

0.93

0.67

μ (mm-1)

0.64

1.40

Crystal Size (mm)

0.35x0.30x0.15

0.40×0.30×0.15

Reflections

16440

3736

GOF on F2

1.03

1.03

R1, wR2c [I>2σ(I)]

0.054, 0.137

0.039, 0.103

a

λ = 0.71073 Å; b T = 100(2) K; c R1 = Σ||Fo|-|Fc||/Σ|Fo|
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Table 4.3. Crystallographic data for compounds 4.4–4.5.a,b
[K(C222)]
[(tbsL)Fe3(μ3–NAd)]
(4.4)

[K(C222)]
[(tbsL)Fe3(μ3–NNaph)]
(4.5)

Moiety Formula

C70H117Fe3KN9O6Si3

C70H107Fe3KN9O6Si3

FW

1487.69

1463.59

Crystal System

Orthorhombic

a (Å)

Triclinic
P1�

15.2231(12)

13.1404(19)

b (Å)

15.4424(11)

22.849(3)

c (Å)

20.1560(14)

34.062(5)

α (°)

99.314(2)

90

β (°)

90.807(2)

90

γ (°)

106.566(2)

90

Volume (Å3)

4472.6(6)

10227(3)

Calc. ρ (mg/m3)

0.68

0.30

μ (mm-1)

0.61

0.54

Crystal Size (mm)

0.30x0.25x0.15

0.25×0.10×0.10

Reflections

15724

18052

GOF on F2

1.02

0.90

R1, wR2c [I>2σ(I)]

0.069, 0.147

0.058, 0.111

Space Group (Z)

a

P212121

λ = 0.71073 Å; b T = 100(2) K; c R1 = Σ||Fo|-|Fc||/Σ|Fo|,
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Table 4.4. Crystallographic data for compounds 4.6–4.6a.a,b
[Li(thf)4]
[(tbsL)Fe3(μ3–CNaph)]
(4.6)

[Na(Et2O)(thf)4]
[(tbsL)Fe3(μ3–CNaph)]
(4.6a)

Moiety Formula

C69H105Fe3LiN6O4Si3

C73H115Fe3N6NaO5Si3

FW

1341.37

1431.54

Crystal System
a (Å)

Triclinic
P1�

19.4589(6)

Triclinic
P1�

19.8342(9)

b (Å)

19.7116(8)

19.9587(9)

c (Å)

20.4930(7)

20.2725(7)

α (°)

97.990(1)

97.536(1)

β (°)

90.458(2)

90.579(1)

γ (°)

101.800(2)

102.926(1)

Volume (Å3)

7614.2(5)

7747.8(6)

Calc. ρ (mg/m3)

1.72

1.02

μ (mm-1)

0.66

0.66

Crystal Size (mm)

0.35x0.15x0.15

0.20×0.12×0.08

Reflections

27109

27328

GOF on F2

1.05

1.04

R1, wR2c [I>2σ(I)]

0.088, 0.229

0.076, 0.180

Space Group (Z)

a

λ = 0.71073 Å; b T = 100(2) K; c R1 = Σ||Fo|-|Fc||/Σ|Fo|,
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Table 4.5. Crystallographic data for compounds 4.7–4.8.a,b
[(tbsL)Fe3(μ3–CNaph)] (4.7)

[K(C222)]2
[(tbsL)Fe3(μ3–CNaph)]
(4.8)

Moiety Formula

C53H73Fe3N6Si3

C89H145Fe3K2N10O12Si3

FW

1046.00

1877.18

Crystal System

Monoclinic

Orthorhombic

Space Group (Z)

P21/c

Pca21

a (Å)

12.8699(8)

20.371(8)

b (Å)

19.1931(13)

22.624(8)

c (Å)

27.1585(18)

24.941(10)

α (°)

90

90

β (°)

95.491(1)

90

γ (°)

90

90

Volume (Å3)

6677.7(8)

11495(8)

Calc. ρ (mg/m3)

0.82

0.71

μ (mm-1)

1.33

0.66

Crystal Size (mm)

0.30x0.30x0.25

0.20×0.12×0.08

Reflections

16638

27328

GOF on F2

1.02

1.04

R1, wR2c [I>2σ(I)]

0.036, 0.096

0.076, 0.180

a

λ = 0.71073 Å; b T = 100(2) K; c R1 = Σ||Fo|-|Fc||/Σ|Fo|,
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Table 4.6. Crystallographic data for compounds 4.9–4.10.a,b
[(tbsL)Fe3(μ3–P)] (4.9)

[K(C222)]2[(tbsL)Fe3(μ3–P)]
(4.10)

Moiety Formula

C42H66Fe3N6PSi3

C78H138Fe3K2N10O12Si3

FW

937.79

1738.01

Crystal System

Monoclinic

a (Å)

Trigonal
P3�

37.2473(16)

15.3476(7)

b (Å)

37.2473(16)

48.372(2)

c (Å)

8.3817(4)

16.1323(7)

α (°)

90

90

β (°)

90

111.999

γ (°)

90

90

Volume (Å3)

10070.5(10)

11104.4(9)

Calc. ρ (mg/m3)

0.48

0.65

μ (mm-1)

0.99

0.57

Crystal Size (mm)

0.15x0.15x0.05

0.15×0.10×0.09

Reflections

11822

19529

GOF on F2

0.97

1.01

R1, wR2c [I>2σ(I)]

0.062, 0.131

0.085, 0.161

Space Group (Z)

a

P21/n

λ = 0.71073 Å; b T = 100(2) K; c R1 = Σ||Fo|-|Fc||/Σ|Fo|,
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Figure 4.20. Magnetization versus field collected at 100 K for [(tbsL)Fe3(μ3–OAd)] (4.3). A linear
plot indicates that the sample is free from ferromagnetic impurities. Inset. An expanded window
of the low field data.
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Figure 4.21. Variable-temperature dc susceptibility data for [(tbsL)Fe3(μ3–OAd)] (4.3) at 1 T (red
circles) 5 to 300 K. At both field strengths, the susceptibility plateaus at 20 K slightly above the
spin-only value of 4.375 cm3 K/mol for an S = 5/2 single spin system. Thermal population of a
spin-excited state is observed at higher temperatures. The data were fit (black line) to a simple
Botlzmann distribution using S = 5/2 as the spin-ground state and S = 7/2 as the spin-excited state
(Tc = 260 K, ΔH = 4233 cm–1).
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Figure 4.22. Variable-temperature dc susceptibility data for [(tbsL)Fe3(μ3–OAd)] (4.3) at 1 T (red
circles) 5 to 300 K. At both field strengths, the susceptibility plateaus at 20 K slightly above the
spin-only value of 4.375 cm3 K/mol for an S = 5/2 single spin system. Thermal population of a
spin-excited state is observed at higher temperatures. The data were fit (black line) to a simple
Botlzmann distribution using S = 5/2 as the spin-ground state and S = 9/2 as the spin-excited state
(Tc = 1591 K, ΔH = 3273 cm–1).
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Figure 4.23. Variable-temperature variable-field magnetization data for [(tbsL)Fe3(μ3–OAd)] (4.3)
collected at three fields (1, 4, and 7 T) over the temperature range 1.8–10 K. Magnetization fit
parameters obtained with PHI, using the fit parameters: S = 5/2, giso = 1.99, D = –2.60 cm–1, |E/D|
= 0.23.

218

Figure 4.24. Magnetization versus field collected at 100 K for [K(C222)][(tbsL)Fe3(μ3–NAd)]
(4.4). A linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An
expanded window of the low field data.
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Figure 4.25. Variable-temperature dc susceptibility data for [K(C222)][(tbsL)Fe3(μ3–NAd)] (4.4) at
1 (blue) and 0.5 T (red) from 5 to 300 K. At both field strengths, the susceptibility plateaus at 20
K slightly above the spin-only value of 4.375 cm3 K/mol for an S = 5/2 single spin system.
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Figure 4.26. Variable-temperature variable-field magnetization data for [K(C222)][(tbsL)Fe3(μ3–
NAd)] (4.4) collected at three fields (1, 4, and 7 T) over the temperature range 1.8–10 K.
Magnetization fit parameters obtained with PHI, using the fit parameters: S = 5/2, giso = 1.97, D =
3.93 cm–1, |E/D| = 0.22.
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Figure 4.27. Magnetization versus field collected at 100 K for [K(C222)][(tbsL)Fe3(μ3–NNaph)]
(4.5). A linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An
expanded window of the low field data.
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Figure 4.28. Variable-temperature dc susceptibility data for [K(C222)][(tbsL)Fe3(μ3–NNaph)] (4.5)
at 1 (blue) and 0.5 T (red) from 5 to 300 K. At both field strengths, the susceptibility plateaus at
20 K slightly above the spin-only value of 4.375 cm3 K/mol for an S = 5/2 single spin system.
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Figure 4.29. Variable-temperature variable-field magnetization data for [K(C222)][(tbsL)Fe3(μ3–
NNaph)] (4.5) collected at three fields (1, 4, and 7 T) over the temperature range 1.8–10 K.
Magnetization fit parameters obtained with PHI, using the fit parameters: S = 5/2, giso = 1.89, D =
4.20 cm–1, |E/D| = 0.32.
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Figure 4.30. Magnetization versus field collected at 100 K for [K(C222)]2[(tbsL)Fe3(μ3–CNaph)]
(4.8). A linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An
expanded window of the low field data.

225

Figure 4.31. Variable-temperature dc susceptibility data for [K(C222)]2[(tbsL)Fe3(μ3–CNaph)] (4.8)
at 1 T (red circles) 5 to 300 K. At both field strengths, the susceptibility maximizes at 11.3 cm3
K/mol which is in between the spin-only values for S = 7/2 (7.875 cm3 K/mol) and S = 9/2 (12.375
cm3 K/mol) indicating thermal population of both spin states.
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Figure 4.32. Variable-temperature variable-field magnetization data for [K(C222)]2[(tbsL)Fe3(μ3–
CNaph)] (4.8) collected at three fields (1, 4, and 7 T) over the temperature range 1.8–10 K.
Magnetization fit parameters obtained with PHI, using the fit parameters: S = 7/2, giso = 2.15, D =
3.61 cm–1, |E/D| = 0.21.
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Figure 4.33. Magnetization versus field collected at 100 K for a second batch of
[K(C222)]2[(tbsL)Fe3(μ3–CNaph)] (4.8). A linear plot indicates that the sample is free from
ferromagnetic impurities. Inset. An expanded window of the low field data.
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Figure 4.34. Variable-temperature dc susceptibility data for a second batch of
[K(C222)]2[(tbsL)Fe3(μ3–CNaph)] (4.8) at 1 T (red circles) 5 to 300 K. At both field strengths, the
susceptibility maximizes at 11.3 cm3 K/mol which is in between the spin-only values for S = 7/2
(7.875 cm3 K/mol) and S = 9/2 (12.375 cm3 K/mol) indicating thermal population of both spin
states.
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Figure 4.35. Variable-temperature variable-field magnetization data for a second batch of
[K(C222)]2[(tbsL)Fe3(μ3–CNaph)] (4.8) collected at three fields (1, 4, and 7 T) over the temperature
range 1.8–10 K. Magnetization fit parameters obtained with PHI, using the fit parameters: S = 7/2,
giso = 2.14, D = 3.18 cm–1, |E/D| = 0.25.
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Figure 4.36. Magnetization versus field collected at 100 K for [K(C222)]2[(tbsL)Fe3(μ3–P)] (4.10).
A linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An expanded
window of the low field data.
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Figure 4.37. Variable-temperature dc susceptibility data for [K(C222)]2[(tbsL)Fe3(μ3–P)] (4.10) at
1 (blue) and 0.5 T (red) from 5 to 300 K. At both field strengths, the susceptibility plateaus at 20
K slightly above the spin-only value of 4.375 cm3 K/mol for an S = 5/2 single spin system.
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Figure 4.38. Variable-temperature variable-field magnetization data for [K(C222)]2[(tbsL)Fe3(μ3–
P)] (4.10) collected at three fields (1, 4, and 7 T) over the temperature range 1.8–10 K.
Magnetization fit parameters obtained with PHI, using the fit parameters: S = 5/2, giso = 1.96, D =
6.01 cm–1, |E/D| = 0.31.
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Figure 4.39. Magnetization versus field collected at 100 K for a second batch of
[K(C222)]2[(tbsL)Fe3(μ3–P)] (4.10). A linear plot indicates that the sample is free from
ferromagnetic impurities. Inset. An expanded window of the low field data.
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Figure 4.40. Variable-temperature dc susceptibility data for a second batch of
[K(C222)]2[(tbsL)Fe3(μ3–P)] (4.10) at 1 (blue) and 0.5 T (red) from 5 to 300 K. At both field
strengths, the susceptibility plateaus at 20 K slightly above the spin-only value of 4.375 cm3 K/mol
for an S = 5/2 single spin system.
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Figure 4.41. Variable-temperature variable-field magnetization data for [K(C222)]2[(tbsL)Fe3(μ3–
P)] (4.10) collected at three fields (1, 4, and 7 T) over the temperature range 1.8–10 K.
Magnetization fit parameters obtained with PHI, using the fit parameters: S = 5/2, giso = 1.98, D =
–6.00 cm–1, |E/D| = 0.29.
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Figure 4.42. Zero-field 57Fe Mössbauer of [(tbsL)Fe3(μ3–OAd)] (4.3) collected at 90 K. Isomer
shift and quadrupole splitting are referenced to Fe foil at room temperature. Average isomer shift
and quadrupole splitting shown in the figure. Individual components were fixed to contribute 33%
of overall spectrum with parameters [δ (mm/s), |ΔEQ| (mm/s), Γ (mm/s)]: blue trace [0.57, 1.62,
0.81], green trace [0.63, 1.17, 0.35], yellow trace [0.65, 0.79, 0.36].
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Figure 4.43. Zero-field 57Fe Mössbauer of [(tbsL)Fe3(μ3–OAd)] (4.3) collected at 130 K. Isomer
shift and quadrupole splitting are referenced to Fe foil at room temperature. Average isomer shift
and quadrupole splitting shown in the figure. Individual components were fixed to contribute 33%
of overall spectrum with parameters [δ (mm/s), |ΔEQ| (mm/s), Γ (mm/s)]: blue trace [0.57, 1.37,
0.64], green trace [0.60, 1.04, 0.29], yellow trace [0.63, 0.74, 0.29].
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Figure 4.44. Zero-field 57Fe Mössbauer of [(tbsL)Fe3(μ3–OAd)] (4.3) collected at 170 K. Isomer
shift and quadrupole splitting are referenced to Fe foil at room temperature. Average isomer shift
and quadrupole splitting shown in the figure. Individual components were fixed to contribute 33%
of overall spectrum with parameters [δ (mm/s), |ΔEQ| (mm/s), Γ (mm/s)]: blue trace [0.55, 1.22,
0.59], green trace [0.58, 1.00, 0.26], yellow trace [0.61, 0.76, 0.28].
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Figure 4.45. Zero-field 57Fe Mössbauer of [(tbsL)Fe3(μ3–OAd)] (4.3) collected at 210 K. Isomer
shift and quadrupole splitting are referenced to Fe foil at room temperature. Average isomer shift
and quadrupole splitting shown in the figure. Individual components were fixed to contribute 33%
of overall spectrum with parameters [δ (mm/s), |ΔEQ| (mm/s), Γ (mm/s)]: blue trace [0.53, 1.12,
0.49], green trace [0.56, 0.99, 0.25], yellow trace [0.59, 0.79, 0.26].
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Figure 4.46. Stack of zero-field
temperatures collected.

57

Fe Mössbauer of [(tbsL)Fe3(μ3–OAd)] (4.3) across all
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Figure 4.47. Zero-field 57Fe Mössbauer of [K(C222)][(tbsL)Fe3(μ3–NAd)] (4.4) collected at 90 K.
Isomer shift and quadrupole splitting are referenced to Fe foil at room temperature. Average isomer
shift and quadrupole splitting shown in the figure. Individual components were fixed to contribute
33% of overall spectrum with parameters [δ (mm/s), |ΔEQ| (mm/s), Γ (mm/s)]: blue trace [0.49,
1.81, 0.42], green trace [0.52, 1.50, 0.32], yellow trace [0.54, 1.19, 0.36].
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Figure 4.48. Zero-field 57Fe Mössbauer of [K(C222)][(tbsL)Fe3(μ3–NNaph)] (4.5) collected at 90
K. Isomer shift and quadrupole splitting are referenced to Fe foil at room temperature. Average
isomer shift and quadrupole splitting shown in the figure. Individual components were fixed to
contribute 33% of overall spectrum with parameters [δ (mm/s), |ΔEQ| (mm/s), Γ (mm/s)]: blue
trace [0.51, 2.19, 0.58], green trace [0.51, 1.67, 0.46], yellow trace [0.58, 1.28, 0.42].
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Figure 4.49. Zero-field 57Fe Mössbauer of [K(C222)]2[(tbsL)Fe3(μ3–CNaph)] (4.8) collected at 90
K. Isomer shift and quadrupole splitting are referenced to Fe foil at room temperature. Isomer shift
and quadrupole splitting parameters shown in the figure [Γ (mm/s): 0.39]. The data were fit as a
single component due to the narrow line-width compared to that of the other compounds studied
in this report.
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Figure 4.50. Zero-field 57Fe Mössbauer of [K(C222)]2[(tbsL)Fe3(μ3–P)] (4.10) collected at 90 K.
Isomer shift and quadrupole splitting are referenced to Fe foil at room temperature. Isomer shift
and quadrupole splitting parameters shown in the figure [Γ (mm/s): 0.42]. The data were fit as a
single component due to the narrow line-width compared to that of the other compounds studied
in this report.
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Figure 4.51. EPR spectrum of [(tbsL)Fe3(μ3–OAd)] (4.3) collected at 19 K as a frozen glass in 2methyltetrahydrofuran. The black dots represent the experimental data and the red line represents
a simulation of the data. Parameters for the fit of the data: S = 5/2, g = [1.97 1.90 1.99], D = [15179
5298], H-Strain = [626 3845 503].
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Figure 4.52. EPR spectrum of [K(C222)][(tbsL)Fe3(μ3–NAd)] (4.4) collected at 30 K as a frozen
glass in 2-methyltetrahydrofuran. The black dots represent the experimental data and the red line
represents a simulation of the data. Parameters for the fit of the data: S = 5/2, g = [1.90 1.91 1.95],
D = [33315 11684], H-Strain = [2057 520 3561].
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Figure 4.53. EPR spectrum of [K(C222)][(tbsL)Fe3(μ3–NNaph)] (4.5) collected at 4 K as a frozen
glass in 2-methyltetrahydrofuran. The black dots represent the experimental data and the red line
represents a simulation of the data. Parameters for the fit of the data: S = 5/2, g = [2.03 1.90 2.06],
D = [27343 9023], H-Strain = [178 815 779].
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Figure 4.54. EPR spectrum of [K(C222)]2[(tbsL)Fe3(μ3–CNaph)] (4.8) collected at 4 K as a frozen
glass in 2-methyltetrahydrofuran. The data (red line) was unable to be fit using EasySpin, however
transitions at geff ~9.4 indicate population of at least S = 5/2. * residual KC8 (S = 1/2) from the
reaction mixture.
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Figure 4.55. EPR spectrum of [K(C222)]2[(tbsL)Fe3(μ3–P)] (4.10) collected at 30 K as a frozen glass
in 2-methyltetrahydrofuran. The data (red line) was unable to be fit using EasySpin, however
transitions at geff ~9.4 indicate population of at least S = 5/2. The 30 K spectrum is shown as a
representative signature for 10 which displays similar, but less intense, features at lower
temperatures.
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Figure 4.56. Cyclic voltammogram of 4.3 (blue), 4.4 (yellow), 4.5 (green) and 4.8 (red) referenced
to the ferrocene/ferrocenium (Fc/Fc+) couple. Black triangle indicates the open circuit potential of
the electrochemical cell for each compound.
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Figure 4.57. Cyclic voltammogram of 4.9 referenced to the ferrocene/ferrocenium (Fc/Fc+)
couple. Black triangle indicates the open circuit potential of the electrochemical cell.
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Figure 4.58. Cyclic voltammogram of 4.11 referenced to the ferrocene/ferrocenium (Fc/Fc+)
couple. Black triangle indicates the open circuit potential of the electrochemical cell.
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Giant Spin Organometallic Clusters.
5.1 Introduction
The polynuclear cofactors that comprise the catalytic centers in a number of enzymes drive
1

myriad processes in biology. The cofactor function is as dependent on the transition metals within
the cluster as they are on the main group elements collocated in the cofactors. The light, main
2

group elements confer cluster integrity, tune the electronic structure of the aggregate, tune the
3

4

cluster redox properties, and serve as the loci of reactivity. In this regard, the central carbide
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5

ligand in the nitrogenase cofactors is of special interest. While the source of the interstitial carbide
has been elucidated,5c–e how the carbide (C4−) influences the reactivity or electronic structure of
the cofactor as opposed to more biologically accessible oxo (O2−) or nitrido (N3−) is poorly
understood.
In Chapter 4, we demonstrated how C−bearing bridgehead ligands can dramatically
influence both the redox properties and electronic structure within the synthetic cluster
[(tbsL)Fe(µ3−C(Naph))]2−. Comparing the alkylidyne supported cluster with isovalent alkoxide and
imido clusters reveal a substantial cathodic shift (> 1 V/charge), and the alkylidyne cluster features
an anomalously high spin ground state (S = 7/2). Indeed, the alkylidyne-capped cluster was unique
(e.g., high-spin ground state, shortest intracore Fe−Fe bond distances) as compared to every other
ligand evaluated (i.e., OAd−, Br−, O2−, S2−, NR2−, N3−, P3−). While the results of the comprehensive
bridgehead ligand substitution evaluation on cluster physical properties might suggest how the
central carbide functions in the nitrogenase cofactors, we were intrigued to further examine the
alkylidyne clusters to understand the origins of the unique bonding within the cluster core.
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5.2 Results
5.2.1 Synthesis
Clusters 5.2–5.4 were synthesized according to the procedures reported in Chapter 4.
6

Deprotonation of (2-naphthyl)diazomethane with lithium diisopropylamide in THF followed by
Scheme 5.1. Synthesis of [(tbsL)Fe3(µ3−CNaph)]n− redox isomers.
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(b) West, P. R.; Mooring, A. M.; McMahon, R. J.; Chapman, O. L., J. Org. Chem. 1986, 51,
1316-1320.
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7

addition to the all ferrous synthon (tbsL)Fe3(thf) (5.1) results in generation of the alkylidyne cluster
[Li(thf)4][(tbsL)Fe3(µ3−CNaph)] (5.2) in 69% yield. The neutral cluster (tbsL)Fe3(µ3−CNaph) (5.3)
was

generated

via

addition

of

bis(bis(8-quinolinyl)amido)iron(III)

tetraphenylborate

8

([Fe(BQA)2][BPh4]) to a stirring solution of 5.2 in THF at room temperature. The monoanionic
clusters [Na(Et2O)(thf)4][(tbsL)Fe3(µ3−CNaph)] (5.2a) and [K(C222)][(tbsL)Fe3(µ3−CNaph)] (5.2b)
were prepared by reduction of neutral 3 with sodium naphthalenide and potassium graphite,
respectively (C222 = 2,2,2−cryptand). While the sodium salt 5.2a afforded higher quality single
crystals to aid in crystal structure refinement, the sequestered potassium salt 5.2b proved superior
for reproducing solid state magnetometry data for 5.2, eliminating the potential for labile ethereal
solvents.

Akin

to

the

preparation

of

5.2a

or

5.2b,

the

dianionic

cluster

[K(C222)]2[(tbsL)Fe3(µ3−CNaph)] (5.4) was prepared via reduction of 5.3 with two equivalents of
potassium graphite in THF at room temperature, yielding the target dianion in 54% overall yield.

5.2.2 Solid-state molecular structures
The solid-state structures for complexes 5.2a, 5.3, and 5.4 are shown in Figure 5.1. All three
structures feature no exogenous solvent bound to the [(tbsL)Fe3(µ3−CNaph)] unit which adopts a
pseudo-C3 symmetric helical ligand confirmation about the trinuclear core. Each iron resides in a
four-coordinate, distorted tetrahedral geometry with the peripheral anilido groups terminally
bound to a single unique metal site. The average Fe–Nligand distances are statistically identical
within each compound indicating that the electronic structure of the individual metal sites is not

7.

Powers, T. M.; Fout, A. R.; Zheng, S.-L.; Betley, T. A., J. Am. Chem. Soc. 2011, 133, 33363338.

8.

Betley, T. A.; Qian, B. A.; Peters, J. C., Inorg. Chem. 2008, 47, 11570-11582.
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significantly different from one another, despite compounds 5.2 and 5.4 being formally mixed
valent. Remarkably, the average Fe–Fe distance decreases upon reduction of the cluster: 2.4701(2)
Å in 5.3, 2.4602(6) Å in 5.2a, 2.4299(9) Å in 5.4. The decrease in Fe−Fe separation with reduction
opposes trends previously observed for all other cluster examples of the type [(tbsL)Fe3(µ3−E)] (E
= OAd−, O2−, S2−, NR2−, N3−, P3−) where expansions of ~0.1 Å per charge state are typically
observed upon one electron reduction (See Chapters 2, 3, and 4). Both the average Fe–CNaph and
Fe3centroid−CNaph (ital) distances increase following reduction (Å): 5.3, 1.934(1), 1.307(1); 5.2a,
1.950(3), 1.331(1); and 5.4, 1.963(4), 1.374(1). The average Fe–Nligand distance increases upon
reduction across the series: 1.965(1) Å in 5.3, 1.999(2) Å in 5.2a, and 2.032(2) Å in 5.4.

Figure 5.1. Solid-state molecular structures of (a) neutral (tbsL)Fe3(µ3–CNaph) (5.3), (b) anionic
[(tbsL)Fe3(µ3–CNapth]– (5.2a), and (c) dianionic [(tbsL)Fe3(µ3–CNaph]2– (5.4). All counter-cations,
solvent molecules, and hydrogen atoms removed for clarity. Thermal ellipsoids displayed at 50%;
Fe: orange, C: gray, N: blue, Si:pink.
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Table 5.1. 57Fe Mӧssbauer fit parameters, d(Fe–Fe), d(Fe–Nlig) and d(Fe–CAr) for 5.2–5.4.
Compound
3

δ
(mm/s)[a]
0.26
0.29
0.28
0.27
0.42
0.38
0.37
0.39
0.48

|∆EQ|
(mm/s)
1.88
1.52
1.10
1.51
1.62
1.32
1.02
1.32
1.14

Γ
(mm/s)[b]
0.40
0.35
0.34
0.36
0.56
0.40
0.42
0.46
0.38

d(Fe–Fe)
(Å)

d(Fe–Nlig)
(Å)

d(Fe–CAr)
(Å)

2.4432(4)
1.9343(17)
2.4688(4)
1.8941(17)
2.4983(3)
1.9747(17)
Avg.
2.4701(2)
1.965(1)
1.9344(10)
[c]
2
2.4365(10)
1.944(5)[c]
2.4671(10)[c]
1.951(5)[c]
2.4771(10)[c]
1.955(5)[c]
Avg.
2.4602(6)
1.999(2)
1.950(3)
4
2.3968(16)
1.954(8)
2.4402(15)
1.957(7)
2.4526(16)
1.978(7)
Avg.
2.4299(9)
2.032(2)
1.963(4)
[a]
[b]
Each component is fixed to one third of the total area under the experimental data. Γ
represents the full-width-at-half-maximum (fwhm). [c]Metrics shown are from the solid-state
structure of 5.2a.

5.2.3

57

Fe Mössbauer

Zero-field, 57Fe Mössbauer spectra for 5.2–5.4 are shown in Figure 5.2. The spectra for 5.2
and 3 display one broad quadrupole doublet that is best described as three closely overlapping, yet
distinct electric field gradients. We note that these data can be fit as a two-component system (2:1
ratio), however the distinction is irrelevant to the analysis performed in this work. The relevant
parameters used to fit the data can be found in Table 1 as well as in the Supporting Information
[average δ, |ΔEQ| (mm/s): 5.3, 0.27, 1.51; 5.2, 0.39, 1.32; 5.4, 0.48, 1.14]. The spectrum for the
dianionic, mixed valent 5.4 exhibits a single, sharp quadrupole doublet and can be fit accordingly.
Collectively, the comparable isomer shift and quadrupole splittings suggest that the individual
electronic environment of iron in each cluster is very similar, indicative of strong electron
delocalization, consistent with what has been previously reported in related [(tbsL)Fe3(µ3−E)]
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9

clusters (See Chapters 2, 3, and 4). The decreasing average isomer shift from 5.4 (0.48 mm/s) to
5.2a (0.39 mm/s) to 5.3 (0.27

mm

one electron change (~ 0.10
primarily metal based.

10

/s) is consistent with oxidation and the magnitude of the shift per

mm

/s) suggest that the oxidation takes place in an orbital that is

Lastly, the decrease in observed quadrupole splitting upon reduction

(|ΔEQ| (mm/s): 5.3, 1.51; 5.2, 1.32; 5.4, 1.14) indicates that electric field gradient becomes more
spherically symmetric upon reduction, suggesting a change in electronic configuration.10b–f

Figure 5.2. Zero-field 57Fe Mössbauer spectra for (a) neutral (tbsL)Fe3(µ3–CNaph) (5.3), (b)
anionic [(tbsL)Fe3(µ3–CNaph)]– (5.2a), and (c) dianionic [(tbsL)Fe3(µ3–CNaph)]2– (5.4) with data
shown as black dots with overall fit (red) and individual components (blue, yellow, green) as solid
lines. Parameters for individual components can be found in Table 5.1.

9.

(a) Hernández Sánchez, R.; Bartholomew, A. K.; Powers, T. M.; Ménard, G.; Betley, T. A.,
J. Am. Chem. Soc. 2016, 138, 2235-2243. (b) Powers, T. M.; Betley, T. A., J. Am. Chem.
Soc. 2013, 135, 12289-12296.

10.

(a) See refs 3 and 9a. (b) Zhao, Q.; Harris, T. D.; Betley, T. A., J. Am. Chem. Soc. 2011, 133,
8293-8306. (c) Harris, T. D.; Zhao, Q.; Sanchez, R. H.; Betley, T. A., Chem. Commun. 2011,
47, 6344-6346. (d) Hernández Sánchez, R.; Zheng, S.-L.; Betley, T. A., J. Am. Chem. Soc.
2015, 137, 11126-11143. (e) Hernández Sánchez, R.; Betley, T. A., J. Am. Chem. Soc. 2015,
137, 13949-13956. (f) Sánchez, R. H.; Betley, T. A., J. Am. Chem. Soc. 2018, 140, 1679216806.
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5.2.4 Magnetometry
Variable Temperature dc Susceptibility
The electronic structure of 5.2–5.4 was further probed by collecting magnetic data under
static (dc) magnetic fields. Variable temperature dc susceptibility data were collected from 5 to
300 K at 0.5 and 1.0 T (Figure 5.3). The molar susceptibility (χMT) of 5.3 plateaus between 5 and
20 K slightly above the spin-only value of 0.38 cm3 K/mol for an S = 1/2 single spin system. The
lack of a pronounced drop in χMT at low temperatures (< 15 K) indicates the absence of zero field
splitting, further supporting the S = 1/2 assignment. Above 20 K, the value of χMT increases in a
nonlinear fashion to 3.7 cm3 K/mol due to thermal population of low-lying spin-excited states.
These data could not be fit using a simple Boltzmann distribution, but the value of χMT at 300 K
is suggestive of thermal population of at least an S = 5/2 spin-excited state. Susceptibility data for

Figure 5.3. Variable temperature dc magnetic susceptibility data for [(tbsL)Fe3(µ3–CNaph)]n
complexes 5.2b (green, n = –1), 5.3 (red, n = 0), and 5.4 (blue, n = –2) collected at 1 T from 5 to
300 K.
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5.2 never reaches a plateau in the temperature range assessed, suggesting population of multiple
spin states at all temperatures. Even at low temperatures, the value of χMT, ~1.2 cm3 K/mol at 5 K,
does not agree with expected values for an integer spin system. These data do suggest that the spinground state is likely S = 1, however, like 5.3, the ground state for 5.2 is not well isolated. At 300
K, the value of 3.6 cm3 K/mol suggests thermal population of at least an S = 3 spin-excited state.
To ensure these data are not perturbed by the desolvation of the lithium cation-bound THF
molecules which could potentially induce a phase transition to allow for intermolecular contacts,
compound 5.2b (where the K cations are sequestered in C222) was prepared. The magnetic data for
5.2b (Figures 5.8–5.10) is nearly superimposable with that of 5.2 suggesting that the behavior
observed is inherent to the cluster electronic structure. The molar susceptibility for 5.4 reaches a
maximum of 11.2 cm3 K/mol at 80 K before decreasing to 9.8 cm3 K/mol at 300 K. These data lie
in between the spin-only values for S = 7/2 (7.88 cm3 K/mol) and S = 9/2 (12.38 cm3 K/mol) singlespin systems. One possible explanation for this observation is that multiple spin states are
thermally populated across the temperature range (5−300 K) that was surveyed in this experiment.

Variable Temperature, Variable Field dc Magnetization
To gain a more accurate representation of the ground state electronic structure, variabletemperature, variable-field magnetization data were collected at temperatures ranging from 1.8 to
10 K and at magnetic fields ranging from 1 to 7 T. Data for 5.2, 5.2b, and 5.4 display magnetization
saturation below the expected value (M = gS) for an idealized single-spin system with g = 2 as
well as nonsuperimposable isofield curves which indicates the presence of zero-field splitting. For
� = 𝐷𝐷𝑆𝑆̂𝑧𝑧2 + 𝐸𝐸�𝑆𝑆̂𝑥𝑥2 + 𝑆𝑆̂𝑦𝑦2 � +
5.4, this phenomenon was quantified using the spin Hamiltonian 𝐻𝐻
𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖 𝜇𝜇𝐵𝐵 𝑺𝑺 ∙ 𝑯𝑯, where g, D, and E were systematically varied until a suitable fit was obtained.
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For 5.2, magnetization saturation occurs at 1.94 μB at 2.0 K and 7 T (Figure 5.7) which
slightly below the idealized value of 2 µB for an S = 1 system. However, the observation of nonoverlapping isofield curves indicates the presence of anisotropy, indicating the population of at
low-lying spin-excited states with S = 1 being the ground state. Magnetization data for 5.3 exhibits
overlapping isofield curves indicating the absence of anisotropy. Saturation of the magnetization
occurs at 1.04 μB at 1.8 K and 7 T (Figure 5.13). These data could be well reproduced considering
an S = 1/2 spin system with giso = 2.12. For 5.4, saturation of the magnetization occurs at 5.68 μB
(Figures 4.30 and 4.35) which is larger than the value of 5 μB for an idealized S = 5/2, indicating a
higher spin-ground state. The data can be well reproduced employing an S = 7/2 system with fit
parameters giso = 2.14, D = +3.18 cm–1, and |E/D| = 0.25. Although population of higher spin states
is observable at low temperatures in the dc susceptibility data, attempts to fit the variabletemperature, variable-field data using an S = 9/2 led to unsatisfactory results (giso < 1.8) which
supports the S = 7/2 assignment.

5.2.5 X-Band EPR Spectroscopy
Perpendicular-mode X-band EPR spectra of 5.3 and 5.4 collected on frozen 2-MeTHF
solutions at 15 and 4 K, respectively, and experimental data were fit using the MATLAB-based
11

program, EasySpin. The spectrum for 5.4 (Figure 4.54) is complex, exhibiting several resonances
at geff ≈ 2 and 4–10 indicating a spin-ground state of S ≥ 5/2. As a result of the complexity of this
spectrum, attempts to fit these data proved unsuccessful. The spectrum for 5.3 (Figure 5.16)
displays three resonances at geff = 1.98, 2.02, and 2.12. The data could be well reproduced using
an S = 1/2 system with fit parameters g = [2.12, 2.02, 1.98] and H-strain = [175, 12, 105] MHz.

11.

Stoll, S.; Schweiger, A., J. Mag. Res. 2006, 178, 42-55.
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5.3 Discussion
The redox series, 5.2–5.4, isolated in this report allows for the further interrogation of the
alkylidyne cluster that has been previously reported to have an electronic structure unlike that of
the isostructural analogues featuring OR–, O2–, NR2–, and P3– in place of the CR3– fragment (See
Chapters 3 and 4). Surprisingly, the average Fe–Fe distance contracts from 2.4701(2) to 2.4299(9)
Å upon two-electron reduction from neutral 5.3 to dianionic 5.4 which is in stark contrast to related
[(tbsL)Fe3(µ3–E)]n– clusters reported which typically feature an increase in the average Fe–Fe
distance upon reduction.

12

To verify structural changes incurred upon [(tbsL)Fe3(µ3–CNaph)] reduction results from
core electronic structure changes and not due to disruption of the aromaticity of the 2-naphthyl
capping group, samples 5.2–5.4 were analyzed by 57Fe Mӧssbauer spectroscopy. Spectra from the
redox isomer series are each consistent with a strongly delocalized electronic structure that has
been observed previously for related [(tbsL)Fe3(µ3–E)]n– clusters.

13

Furthermore, the ~0.1

mm

/s

increase from 0.27 to 0.48 mm/s in average isomer shift per one-electron reduction from 5.3 to 5.4
agrees well with previous reports,

14

indicating that reduction is localized to the [Fe3(µ3–CR)]

fragment. Therefore, this contraction of the average Fe–Fe distance is not only unique to the
alkylidyne bridgehead ligand, but also inherent to the core electronic structure. Interestingly,

12.

(a) See Chapters 2, 3, and 4. (b) Reed, C. J.; Agapie, T., Inorg. Chem. 2017, 56, 1336013367.

13.

(a) See Chapters 2, 3, and 4. (b) See refs. 7 and 9.

14.

(a) See Chapters 2, 3, and 4. (b) See refs. 3, 7, 9, and 10b–f.
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EXAFS data on the resting state and one-electron reduced forms of FeMoco also display a
contraction of the average Fe–Fe distance from 2.63 to 2.60 Å.

15

Variable temperature dc susceptibility data reveals a low-spin S = 1/2 ground state for 5.3
at low temperature, although population of higher spin states occurs at higher temperatures. Oneelectron reduction to 5.2 does not significantly perturb the electronic structure, yielding an S = 1
spin ground state that also features contamination of spin-excited states at all temperatures.
Remarkably, further reduction of the alkylidyne to dianionic 5.4 results in an abrupt increase in
spin ground state. The ground state electronic structure is best described as an admixture of S = 7/2
and S = 9/2 spin-excited state at all temperatures. While this phenomenon has been observed upon
one electron reduction of hexanuclear clusters reported by our lab,10b,e,f 5.4 represents the first
trinuclear system to display this feature, highlighting the unique nature of this alkylidyne-capped
cluster.
We previously described the bonding within [(tbsL)Fe3(µ3–E)]n– clusters using a delocalized
16

molecular orbital approach. To construct a qualitative molecular orbital (MO) diagram for the
capped trinuclear clusters of the type [(tbsL)Fe3(µ3–CAr)], we consider mixing the 15 valence Fe
3d, 9 valence N 2p, and 3 E np orbitals using symmetry considerations, assuming the highest
possible symmetry for the capped trinuclear core. Each iron site resides nominally in a distorted
tetrahedral, nearly cis-divacant octahedral geometry, defining the local geometric x and y axes and,
thus, the orientation of the respective dx2–y2 orbital, along the Fe–N bonding vectors (e.g., Fe–
Nanilido = x axis, Fe–N basal amido = y axis, Figure 5.4a). Each local z-axis (and respective dz2 orbital)

15.

Christiansen, J.; Tittsworth, R. C.; Hales, B. J.; Cramer, S. P., J. Am. Chem. Soc. 1995, 117,
10017-10024.

16.

(a) See Chapters 3 and 4. (b) See ref. 9a.
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Figure 5.4. Schematic of qualitative molecular orbitals depicting the primary bonding interactions
between an idealized Fe3 core and a µ3–bound alkylidyne ligand in the neutral (tbsL)Fe3(µ3–CNaph)
(5.3), anionic [(tbsL)Fe3(µ3–CNaph)]– (5.2), and dianionic [(tbsL)Fe3(µ3–CNaph)]2– (5.4).
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is normal to the individual xy planes, projecting towards the µ3–CNaph ligand. Under idealized
C3–symmetry, the symmetry adapted linear combinations (SALCs) of the available 15 d orbitals
transform as 5A + 5E. Combining the valence metal SALCs with the corresponding Nligand– and
(CAr)–based (aE + eE, Figure 5.4b) SALCs of appropriate symmetry gives rise to the relative
energetic ordering presented in Figure 4c.
Population of the 15 valence electrons in the orbitals affords the S = 1/2 spin ground state
for the neutral, nominally all-ferric (tbsL)Fe3(µ3−CNaph) (5.3). Addition of electron to account for
reduction to anionic [(tbsL)Fe3(µ3−CNaph)]− (5.2) affords the S = 1 electronic configuration shown
in Figure 5.4c. The magnetic susceptibility data (vide supra) for both neutral 5.3 and anionic 5.2
reveal the spin ground states are not thermally well isolated. As such, the doubly degenerate 4e
and 5e orbital pairs are energetically accessible, consistent with thermal population of spin excited
states for both 5.3 and 5.2. Accessing spin excited states for the neutral 5.3 and anionic 5.2
enhances intracore bonding interactions. Indeed, the final reduction from anionic 5.2 to dianionic
5.4 is accompanied by an abrupt spin ground state change to a high spin (S = 7/2, 9/2 admixture) to
maximize the same intracore bonding interactions. While population of the 5e orbital set enhances
the intracore Fe–Fe bonding interaction, it is also formally an Fe–Nligand antibonding interaction.
Indeed, the dianionic alkylidyne 5.4 features the longest mean Fe−Nligand bond distance (2.032(2)
Å), which is consistent with 5e orbital population.10b,e,f We note that the simplified orbital analysis
presented herein assumes rigorous C3−symmetry, which is not consistent with the Cs−symmetry
present in the solid state molecular structure. Lowering the symmetry to split the 5e degeneracy
would provide a means to achieving the S = 7/2 ground state observed for dianionic 5.4.
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5.4 Conclusions
The foregoing results demonstrate the impact of oxidation state change on the physical
properties of the alkylidyne series [(tbsL)Fe3(µ3−CNaph)]n− (n: 0 → 2). The mixed valent redox
isomers demonstrate a substantial degree of redox delocalization and are best described using a
delocalized intracore bonding approach. The alkylidyne capping moiety fosters significant
intracore covalency (based on C valence orbital radial and energetic considerations) leading to
enhanced intracore bonding and increasing spin ground states upon reduction. In this latter regard,
the alkylidyne adducts are unique amongst the main group bridgehead ligands thus far
17

investigated. The C−bearing ligand uniquely maximizes intracore bonding through maximizing
its spin ground, leading to its most stable configuration. Thus, the reduced alkylidyne adducts
maximize population of intracore bonding interactions by adopting high spin configurations.

17.

(a) See Chapters 2, 3, and 4. (b) See refs. 7 and 9.
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5.5 Further Information
5.5.1 General Considerations
All manipulations were carried out as described in Section 4.5.1. Synthesis of compounds
5.2–5.4 can be found in Section 4.5.7.

5.5.2 Characterization and Physical Measurements
1
1

H NMR spectra were recorded on Varian Unity/Inova 500 or 600 MHz- spectrometers.

H chemical shifts are reported relative to SiMe4 using the chemical shift of residual solvent peaks

as reference. Elemental analyses were performed in house on a 2400 Series II CHNS/O Elemental
Analyzer manufactured by Perkin Elmer, Inc. See Chapter 4 for procedural details involving cyclic
voltammetry (4.5.3),
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Fe Mӧssbauer (4.5.4) and EPR (4.5.5) spectroscopies, SQUID

magnetometry (4.5.6), and X-ray crystallography (4.5.8).

5.5.3 Synthesis
[K(C222)][(tbsL)Fe3(μ3–CNaph)] (5.2b)
To a thawing THF (3 mL) solution of 5.3 (0.050 g, 0.045 mmol) was added a THF (1 mL)
suspension of potassium graphite (0.006 g, 0.045 mmol). The reaction mixture was warmed to
room temperature and stirred for 30 min. Solvent and volatiles were removed from the solution to
yield a dark brown residue. The solid was stirred in 5 mL of 1:2 benzene:hexanes followed by
addition of 2,2,2-cryptand (0.018 g, 0.045 mmol) dissolved in 1 mL of benzene. The desired
product separates from solution as a dark brown oil. The suspension was filtered through a Celite
yielding a pale brown filtrate and dark brown filtrand. The filtrand was then washed through the
Celite pad with THF and collected in a separate vial. The resulting filtrate was then concentrated
to ~2 mL in vacuo, and then ~5 mL of diethyl ether was layered on top. The crystallization cell
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was placed in a freezer at –35 °C for 12 hours after which ~7 mL of hexanes was layered on top.
Storage of this solution in a freezer at –35 °C for 12 hours affords dark brown crystals. Repeating
the bulk recrystallization once more, grinding the solid into a fine powder with mortar and pestle,
and drying the powder further in vacuo yield 0.045 g (65%) of a spectroscopically pure brown
powder. 1H NMR matches that of 5.2/5.2a and no further characterization was performed.
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Figure 5.5. Magnetization versus field collected at 100 K for [Li(thf)4][(tbsL)Fe3(µ3–CNaph)]
(5.2). A linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An
expanded window of the low field data.
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Figure 5.6. Variable-temperature dc susceptibility data for [Li(thf)4][(tbsL)Fe3(µ3–CNaph)] (5.2)
at 1 (blue) and 0.5 T (red) from 5 to 300 K. At both field strengths, the susceptibility reaches a
minimum of 1.32 cm3 K/mol at low temperatures, and linearly increases to 3.88 cm3 K/mol at 300
K. Given that this is an integer spin system, population of multiple spin states is likely with S = 1
being the most reasonable spin-ground state.
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Figure 5.7. Variable-temperature variable-field magnetization data for [Li(thf)4][(tbsL)Fe3(µ3–
CNaph)] (5.2) collected at three fields (1, 4, and 7 T) over the temperature range 1.8–10 K.
Magnetization saturation occurs at 1.94 µB at 1.8 K and 7 T which slightly below the idealized
value of 2 µB for an S = 1 system. However, the observation of nonoverlapping isofield curves
indicates the presence of anisotropy, indicating the population of at low-lying spin-excited states
with S = 1 being the ground state. As a result, we were unable to fit these data.
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Figure 5.8. Magnetization versus field collected at 100 K for [K(C222)][(tbsL)Fe3(µ3–CNaph)]
(5.2b). A linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An
expanded window of the low field data.
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Figure 5.9. Variable-temperature dc susceptibility data for [K(C222)][(tbsL)Fe3(µ3–CNaph)] (5.2b)
at 1 (blue) and 0.5 T (red) from 5 to 300 K. At both field strengths, the susceptibility reaches a
minimum of 1.28 cm3 K/mol at low temperatures, and linearly increases to 3.60 cm3 K/mol at 300
K. Given that this is an integer spin system, population of multiple spin states is likely with S = 1
being the most reasonable spin-ground state.
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Figure 5.10. Variable-temperature variable-field magnetization data for [K(C222)][(tbsL)Fe3(µ3–
CNaph)] (5.2b) collected at three fields (1, 4, and 7 T) over the temperature range 1.8–10 K.
Magnetization saturation occurs at 1.94 µB at 1.8 K and 7 T which slightly below the idealized
value of 2 µB for an S = 1 system. However, the observation of nonoverlapping isofield curves
indicates the presence of anisotropy, indicating the population of at low-lying spin-excited states
with S = 1 being the ground state. As a result, we were unable to fit these data.
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Figure 5.11. Magnetization versus field collected at 100 K for [(tbsL)Fe3(µ3–CNaph)] (5.3). A
linear plot indicates that the sample is free from ferromagnetic impurities. Inset. An expanded
window of the low field data.
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Figure 5.12. Variable-temperature dc susceptibility data for [(tbsL)Fe3(µ3–CNaph)] (5.3) at 1
(blue) and 0.5 T (red) from 5 to 300 K. At both field strengths, the susceptibility reaches a
minimum of 4.58 cm3 K/mol at low temperatures, which is slightly above the spin-only value of
0.38 cm3 K/mol for an S = ½ spin ground state. At 20 K, the susceptibility increases in a nonlinear
fashion to 2.58 cm3 K/mol which suggests population of low-lying spin-excited states. The data
could not be fit using a simple Boltzmann distribution, however it is clear that thermal population
of at least an S = 5/2 spin state is possible at higher temperatures.
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Figure 5.13. Variable-temperature variable-field magnetization data for [(tbsL)Fe3(µ3–CNaph)]
(5.3) collected at three fields (1, 4, and 7 T) over the temperature range 1.8–10 K. Magnetization
saturation occurs at 1.04 µB at 1.8 K and 7 T which nearly equal to the idealized value of 1 µB for
an S = ½ system. Magnetization fit parameters obtained with PHI, using the fit parameters: S = ½,
and giso = 2.12. The observation of overlapping isofield curves suggests the absence of magnetic
anisotropy, further supporting the S = ½ assignment.
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Magnetometry Data for 5.4 can be found in Figures 4.30–4.35.
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Figure 5.14. Zero-field 57Fe Mössbauer of [Li(thf)4][(tbsL)Fe3(µ3–CNaph)] (5.2) collected at 90 K.
Isomer shift and quadrupole splitting are referenced to Fe foil at room temperature. Average isomer
shift and quadrupole splitting shown in the figure. Individual components were fixed to contribute
33% of overall spectrum with parameters [δ (mm/s), |ΔEQ| (mm/s), Γ (mm/s)]: blue trace [0.42,
1.62, 0.56], green trace [0.38, 1.32, 0.40], yellow trace [0.37, 1.02, 0.42].
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Figure 5.15. Zero-field 57Fe Mössbauer of [(tbsL)Fe3(µ3–CNaph)] (5.3) collected at 90 K. Isomer
shift and quadrupole splitting are referenced to Fe foil at room temperature. Average isomer shift
and quadrupole splitting shown in the figure. Individual components were fixed to contribute 33%
of overall spectrum with parameters [δ (mm/s), |ΔEQ| (mm/s), Γ (mm/s)]: blue trace [0.26, 1.88,
0.40], green trace [0.29, 1.52, 0.35], yellow trace [0.28, 0.10, 0.34].
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Fe Mӧssbauer spetrum for 5.4 can be found in Figure 4.49.
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Figure 5.16. EPR spectrum of [(tbsL)Fe3(µ3–CNaph)] (5.3) collected at 15 K as a frozen glass in
2-methyltetrahydrofuran. The black dots represent the experimental data and the red line represents
a simulation of the data. Parameters for the fit of the data: S = 1/2, g = [2.12 2.02 1.98], H-Strain
= [175 12 105].
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EPR spetrum for 5.4 can be found in Figure 4.54.
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