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Abstract

Cuboidal [FesS4] clusters are ubiquitous cofactors in biological redox chemistry. In the [FesS4]'*
state, pairwise spin coupling gives rise to six arrangements of the Fe valences (‘valence isomers’) amongst
the four Fe centers. How a protein active site dictates the arrangement of the valences in the ground state,
as well as the population of excited-state valence isomers, is poorly understood in part because of the
magnetic complexity of these systems. Here, we show that the ground-state valence isomer landscape can
be simplified from a six-level system in an asymmetric protein environment to a two-level system by
studying the problem in synthetic clusters [FesS4]'" clusters with solution C3, symmetry. This
simplification allows for the small energy differences between valence isomers (sometimes < 0.1
kcal/mol) to be quantified by simultaneously fitting the VT NMR and solution magnetic moment data.
Using this fitting protocol, we map the excited state landscape for a range of clusters of the form
[(SIMes)sFesS4—X/L1", (SIMes = 1,3-dimesityl-imidazol-4,5-dihydro-2-ylidene; n = 0 for anionic, X-type
ligands, and n = +1 for neutral, L-type ligands) and find that a single ligand substitution can alter the
relative energies of valence isomers by at least 10° cm™'. On this basis, we suggest that one result of ‘non-
canonical’ amino acid ligation in Fe—S proteins is to alter the distribution of the valence electrons in the

manifold of thermally populated excited states.



Main text

Introduction
Biological Fe-S clusters perform a range of critical cellular functions, including serving as

conduits for electron transfer and catalyzing kinetically challenging reactions.!

As for any
metallocofactor, the protein environment plays an important role in dictating the cluster’s electronic
structure, properties, and reactivity. For metalloclusters, which can feature substantial and highly variable
degrees of electron delocalization, these effects must be understood not just in the context of the cluster
as a whole (e.g., its redox properties),* '* but also in terms of its individual metal ions (e.g., at which site(s)
redox chemistry takes place).!>!¢ In this paper, we study the electron distribution in synthetic models of
Fe—S cofactors with the goals of (i) learning which Fe sites are oxidized/reduced in the ground state, (ii)
quantifying the energies of excited states featuring alternative valence arrangements, and (iii)

understanding to what extent the favorability of these valence arrangements is controlled by the cluster’s

primary coordination sphere.

Germane to this topic is the nature of electron delocalization in Fe—S clusters. Whereas the smallest
cluster structures typically exhibit valence trapping (i.e., the discrete Fe?>* and Fe** ions in [Fe2S:] clusters,
with a few exceptions showing varying degrees of delocalization'®2%), larger clusters usually have more
delocalized electronic structures. We focus here on the most ubiquitous Fe—S cluster structure type, the
cuboidal [FesS4] clusters (and specifically the [FesSs4]'" state), whose electronic structures have
historically been discussed using the Heisenberg-Dirac-van Vleck (HDvV) model,>! and more
contemporarily using the Heisenberg double exchange (HDE) model. Under certain simplifying

22.23 The electronic structures of these

assumptions, each may be solved analytically for [FesS4]"" clusters.
clusters have additionally been scrutinized with greater levels of detail including (but not limited to)

vibronic coupling models, broken-symmetry density functional theory (BS-DFT), and wavefunction-

based computational methodologies.?*=® Two hallmarks of the electronic structure picture for [FesS4]
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clusters that emerge at all modern levels of theory are that (i) antiferromagnetic coupling is maximized by
having two Fe centers with majority spin and two with minority spin, and (ii) for mixed-valent clusters,
Fe** and Fe?" ions undergo spin-dependent electron delocalization (double exchange) to give pairs of
Fe?>* centers.?? For the ground states of [FesS4]'" clusters, this is manifested as a pair of 2xFe?>" ions
(with net majority spin) antiferromagnetically coupled to two Fe?* ions, each with net minority spin;
similar pairwise coupling schemes describe the electronic structures of the [FesS4]*>* and [FesS4]*" states.3!
Thus, the ‘extra’ electron in [FesS4]'* clusters (or, alternatively, the ‘hole’ in [FesS4]** clusters) relative

to the [Fe4S4]** state is neither fully delocalized nor localized at a single Fe site, and instead resides on a

pair of Fe ions.

One consequence of this partial delocalization is that the various arrangements of Fe valences are
energetically inequivalent, a phenomenon known as ‘valence isomerism’ (also referred to as
electromerism, valence tautomerism, or redox isomerism), where a specific valence isomer is defined by
its unique arrangement of valences (see Figure 1A for valence isomerism in [FesS4]'" clusters). Valence
isomerism has been studied both theoretically and experimentally in some transition-metal-containing>%

38 and organic systems>*#0

as well as in Fe—S clusters, where it was first suggested as an explanation for
the unusual variable-temperature (VT) 'H NMR behavior of the cysteine thiolates coordinated to the
[FesS4]** cluster in some high potential iron proteins (HiPIPs).*! Since this original proposal, valence

isomerism has been studied more broadly, including in additional HiPIPs,84>44

in reduced ferredoxins (in
the [FesSa]'* state),* in computational work on reduced [FesSs]'* clusters,*® and in [Fe2S2]" clusters.!'®
The sustained interest in valence isomerism in Fe—S clusters stems in part from its potential functional
relevance; indeed, rates of electron transfer from Fe—S proteins in many cases have dependencies on both
relative cluster-accepter orientation*’ and the ligands binding the cluster,*° the latter consideration

dictating in part the valence isomer distribution for the cluster. Valence rearrangements (coupled to the

accompanying spin rearrangements) have also been proposed to be functionally relevant in catalysis by



A. Six valence isomers for an [Fe,S,]* cluster exhibiting pairwise coupling

L

Figure 1. Valence isomerism in [FesS4]'" clusters.
A) For pairwise coupling schemes, there are six
valence isomers in [FesS4]'* clusters. B) Examples
of 3:1 site-differentiated [FesS4] clusters in
biology. Images generated from PDB 3C8Y (C.
pasteurianeum [FeFe]-hydrogenase, left) and
3NOQOY (E. coli IspG, right).

3152 and electron transfer in biological nitrogen fixation.>

radical S-adenosylmethionine (SAM) enzymes
In regards to the main focus of this paper—understanding the importance of the primary coordination
sphere on affecting valence isomerism in [FesS4]'* clusters—we highlight seminal work on the
Pyrococcus furiosis ferredoxin (Pf'Fd) and mutants thereof that demonstrated that single point mutations
can shift the positions of the spin-aligned pairs of Fe sites.**>¢ Further interest in the role of the primary
coordination sphere in altering the distribution of electrons has been fueled by the discovery of additional

examples of [FesS4]'* clusters in biology featuring ‘non-canonical’ (i.e., non-cysteinyl) amino acid

ligation (examples of which are shown in Figure 1B).#%-7-61



Despite the importance of understanding valence isomerism, as well as many groundbreaking
studies of this phenomenon in Fe—S proteins (mentioned above and further discussed throughout), the
inherent asymmetry of the protein environment makes quantifying the energy difference between valence
isomers exceedingly difficult. First, the pairwise coupling scheme in [FesS4]'* clusters results in six
valence isomers (Figure 1A), and because each Fe site in a biological cluster is electronically unique (even
when part of a homoleptic primary coordination sphere (e.g., Cysa)), each valence isomer is energetically
inequivalent. As such, obtaining a quantitative picture of valence isomerism requires characterizing five
energy differences between the ground states of each valence isomer. Second, each valence isomer is also
magnetically unique, and therefore six spin ladders must be modeled when analyzing data acquired at non-
cryogenic temperatures (e.g., in solution NMR experiments), resulting in an intractably large parameter
space. Moreover, if a systematic understanding of how a cluster’s primary coordination sphere impacts
the valence isomer landscape is to be developed, one prerequisite is that primary-sphere effects must be
studied in isolation from others (e.g., secondary-sphere effects), which is challenging to achieve in
relatively ordered polypeptides because mutation of a coordinating amino acid residue can have longer-
range effects (e.g., resulting in changes in H-bonding networks, rearrangements of the active site, etc.).
Because it is difficult to decouple these effects from one another, it is not always clear to what extent ‘non-
canonical’ amino acid ligation alone (i.e., in the absence of other effects beyond the primary coordination

sphere) alters the energetic landscape of valence isomers.

Given these considerations, we sought a system that would both have a simpler electronic
landscape and allow for precise control over the primary coordination sphere, and we herein report a
family of [FesS4]'" clusters that has the requisite solution symmetry and synthetic tunability for these
purposes. Specifically, their 3:1 symmetry simplifies the ground-state valence isomer landscape to a two-
level system, allowing for the energy difference to be determined through simultaneous fitting of their VT

NMR spectra and magnetic moments. In applying this analysis to a diverse array of 3:1 site-differentiated



clusters, we experimentally delineate several factors that govern the valence electron distributions of Fe—
S clusters and quantitatively assess the extent to which a single substitution in the primary sphere can alter

the excited state landscape, with particular attention paid to ligands of biological relevance.

The Results section is organized as follows: (1) a brief survey of how paramagnetic NMR
spectroscopy can provide insights into the distribution of spin in [FesS4]'* clusters, including a discussion
of the influence of symmetry on the valence isomer landscape; (2) an overview of our approach to
modeling the VT NMR and magnetic moment properties to extract information about each cluster’s
magnetic structure; (3) the synthesis and characterization of the clusters; (4) a qualitative description of
the clusters’ NMR properties; (5) quantitative NMR analysis of a representative example; (6) comparative
analysis of all clusters’ valence isomer landscapes; (7) discussion of the temperature dependence of the

valence electron distribution.



Materials and Methods
Synthetic methods

Unless noted, all synthetic procedures and manipulations were carried out using standard Schlenk
techniques under an atmosphere of dry N> or in an LC Technologies glovebox under an atmosphere of N
(< 1 ppm O2/H20). Detailed synthetic procedures can be found in the SI.
VT NMR Sample Preparation, Data Acquisition, Fitting, and Error Analysis

In a typical run, 8-12 mg of the appropriate complex was weighed into a glass scintillation vial.
To this vial was added a volume of the chosen NMR solvent sufficient to fully dissolve the sample,
followed by additional solvent (to prevent low-temperature precipitation). The mass of this solvent was
recorded for later volume calculations. A portion of this solution was transferred to a J. Young style NMR
tube containing a flame sealed glass capillary filled with the same dry and deoxygenated NMR solvent.
The sample was then sealed and analyzed immediately. Following data collection, samples were re-
analyzed at room temperature with identical acquisition parameters to verify that no decomposition or
precipitation had occurred. These spectra were then analyzed in MestReNova (version 14.2.1-27684).
Spectra were referenced to the lowest-frequency residual solvent peak of the sample capillary, phased
manually, and baseline-corrected using a manual multipoint method with cubic spline interpolation
between points. Peak positions were extracted by fitting peaks to Lorentzian/Gaussian lineshapes.
Solution magnetic moments were computed using the method of Evans®® and have been corrected for
diamagnetic contributions using Pascals constants.®® Solution densities were corrected for the effects of
deuteration by multiplying the density of the fully protonated solvent with the molecular weight ratio
between the perdeutero and proteo solvents (i.e., by assuming deuteration does not appreciably effect
molecular volume). Solvent densities were further corrected for density changes as a function of

temperature.®



Fits to these data were generated in MATLAB using the Isqcurvefit functionality by minimizing
the value of the target function corresponding to the residuals between computed and observed NMR
chemical shifts as well as magnetic moments (code and additional details provided in the SI). Twenty fit
families for each complex were generated, each by randomly altering the assumed diamagnetic shift value,
assuming a normal distribution with 0.1 ppm variance about an assumed diamagnetic shift, corresponding
to the protonated ligand (for X-type ligands), or the free ligand (for L-type ligands) in CsDs at ambient

temperature. For 1-SePh and 1-TePh, the chemical shifts of (PhSe), and (PhTe), were used.

Fits with errors greater than three standard deviations larger than the mean were rejected, and the
remaining fits were averaged to give the final reported parameters. Individual fits were produced by
sampling a wide range of initial conditions using MATLAB’s manymins functionality so as to avoid
identifying a local but not global fit minimum. The number of initial conditions required to satisfactorily
identify a global minimum was determined as described in the error estimation section of the SI. The
numeric weighting scheme for this nonlinear least squares routine is such that magnetic moments (input
as Bohr magnetons) are multiplied by a factor of 10, and the paramagnetic parts of the chemical shift are
scaled by a factor of (A8) > where AS is the maximum change of a given resonance over the measured
temperature range, in ppm. Numerically, this scaling brings all values into gamut with one another, and
prevents one observation alone from dominating the fit. A representative fitting routine is provided in the

SI.



Results
1. NMR Properties of Fe—S Clusters

We first summarize relevant aspects of paramagnetic NMR analysis for Fe—S clusters, most of
which have been previously described in studies of Fe—S proteins, and many of which feature prominently
in the history of paramagnetic NMR analysis generally.®*!6¢7> For any nucleus in a paramagnetic
molecule, the paramagnetic component (Opara) Of the observed chemical shift (Sobs) 1S given by

Spara = Oobs — Odia

(EQ. 1)

where d4ia is the component of the chemical shift arising from diamagnetic contributions. dpara may be
further decomposed into contributions arising from either contact (through-bond, dcon) or pseudocontact

(through-space, dpcs) terms as follows:
6para = Ocon T 6pcs
(EQ.2)

The latter term depends on the extent of spin-orbit coupling (manifested as g-anisotropy) present in a
system and, for the specific case of Fe—S clusters, is a minor contributor relative to the contact shift
component of dpara.®® As such, we consider only contributions from 8con in our analyses. This term takes
the following form for molecular systems with one open-shell center where the Curie law is obeyed and

spin-orbit effects are negligible:

— ége”BS(S + 1)

(EQ.3)



where 4 is the electron-nuclear hyperfine coupling, g.is the free electron g-value, uz is the Bohr magneton,
S is the total electron spin quantum number, y;is the gyromagnetic ratio of the nucleus of interest, ks is the

Boltzmann constant, and 7' is the absolute temperature.

The same physical principles apply to the NMR spectra of Fe—S clusters, with the additional
caveats that at room temperature many excited spin states are populated and that the orientations of Fe-
centered spins relative to the total cluster spin moment within these states are beholden to the exchange
coupling interactions between Fe sites. For odd-electron, cuboidal [FesS4] clusters, these exchange
interactions are typically described using the “pair-of-pairs” Hamiltonian, which affords maximal
antiferromagnetic coupling for J >0 cm™:

Iy > > 1 5 o > o
H=] z Sm-SntB <S34 +§) + A]12(51 'Sz) + A]34(53 '54)

1sm<n<4
(EQ.4)

Here, §m and §n denote the site spins of metal centers m and n respectively. For an [FesS4] cluster, we
number the Fe centers 1-4, the relevant pairs then being the Fel-Fe2 pair and the Fe3-Fe4 pair. The
parameter J is the base exchange coupling constant between Fe centers m and n, and the values AJi2 and
AJs4 are the differences in exchange coupling constant within the Fel-Fe2 and Fe3-Fe4 pairs relative to J
(i.e., the coupling between Fel and Fe2 is J + AJi2, and that between Fe3 and Fe4 is J + AJz4). We take
the convention that the Fe3-Fe4 pair is the mixed-valence pair with associated double exchange parameter
B, which is introduced to this Hamiltonian in a phenomenological manner. Despite some limitations (e.g.,
in capturing the density of excited states),?”-* this Hamiltonian has successfully explained many aspects
of the electronic structures of Fe—S clusters, including their variable-temperature magnetic behaviors, their

ground spin states, and their >’Fe hyperfine coupling values.?!-2%77-80
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For a cuboidal [Fe4S4] cluster, the chemical shifts of 7 # 0 nuclides that experience paramagnetic

contact shifts due to the cluster’s spin moment are given by:3!

5 —_Yels % Cim i (S; + 1(2S; + 1)eEi/ksT
para = 7 3p T Aim %,(2S, + De-Ei/ksT

(EQ.5)

Here, A is a fictitious electron-nucleus hyperfine coupling constant between the nucleus of interest and
a particular metal site m within the cluster in the absence of any magnetic exchange interactions. This
value is not the same as the observed hyperfine coupling in the magnetically coupled system (i.e., what
one would obtain in an EPR experiment). The value Cix is a spin projection coefficient that describes the
projection of metal site m’s spin onto the total spin of a given state i (the eigenstates of the Hamiltonian
in Eq. 4, and the value E; is the energy of the state i. The summations appearing in the numerator and
denominator reflect that the observed paramagnetic shift is the expectation value for the canonical
ensemble description of all populated states, with the 2S; + 1 term accounting for differences in spin-state
multiplicity between spin eigenstates. By describing dpara in this way, it is implied that interconversion
between excited states is rapid relative to the NMR timescale and that one resonance per magnetically

unique nuclide is observable; to the best of our knowledge, this is the case for every known [FesS4] cluster.

For systems with an odd number of electrons ([FesS4]'"3" clusters), the additional considerations
of valence isomerism and, consequently, molecular symmetry, become relevant. In particular, we must
sum over not only the sets of thermally populated states associated with one spin system (corresponding
to one valence localization pattern), but over all thermally populated states associated with each spin
ladder for every possible valence localization pattern—of which there are six within the pair-of-pairs
framework—taking into account that the energy of the lowest rung of the spin ladder may differ for each

valence isomer.
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In more detail, the energies and degeneracies of the six valence isomers ligands in a generic
[FesS4]'* cluster are dictated by its ligands. For a homoleptic cluster in solution, each valence isomer is
chemically equivalent and therefore isoenergetic (Figure 2A). For a 3:1 site differentiated cluster (i.e., a
cluster of the form [Fe4S4(L)3(L")], where L # L"), there are two families of three triply degenerate valence
isomer states (Figure 2). For an [FesS4]'" cluster, these valence isomer families are characterized by the

25* at the unique site (valence isomer A, VIa) or Fe** at the unique site (valence

presence of either Fe
isomer B, VIg). These two valence isomers are in turn related to one another by the difference in their
ground-state energies; we refer to this difference for a cluster of any symmetry as an offset energy, and as

AEv for the 3:1 differentiated clusters studied herein. By convention, we take AEvr as the energy by which

V1a is stabilized over Vlg:
AEVI == E(VIB) —_— E(VIA)

(EQ. 6)

The other possible symmetries for the ligand sphere of a tetrahedral cluster with pairwise electronic
coupling are 2:2, 2:1:1, and 1:1:1:1 differentiation (the latter being a fully heteroleptic cluster, as is found
in a protein environment, for example), each with two, three, and five offset energies, respectively. Thus,
among heteroleptic clusters, the 3:1 site-differentiation pattern affords the simplest landscape of valence
isomers, and as described below, this feature simplifies spectroscopic analysis and makes quantitative

determinations of AEv; feasible.
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We now consider how symmetry impacts the observed VT NMR behavior of clusters subject to
valence isomerism. Each equivalent ligand bound to an [Fe4S4]'* cluster introduces a simplifying element
to the valence isomer landscape. For homoleptic clusters, the equilibrium geometries of each valence
isomer in solution are identical and isoenergetic. Thus, on the NMR timescale, each Fe center has equal
portions Fe** and Fe?>* character, and correspondingly each chemically equivalent ligand nucleus has the
same chemical shift despite the ground state electronic symmetry of the cluster being maximally Cay
(Figure 2B). In the ground state, the pair of mixed-valence Fe ions is maximally § = 9/2 and aligns with
the applied field, whereas the pair of ferrous Fe ions is maximally S = 4, aligned anti-parallel with respect
to the applied field®>—these valence-dependent spin patterns are additionally true for most excited states
produced by this vector coupling model. Ligand nuclides in homoleptic [FesSs]'* clusters then tend to
experience both positive and negative contributions to their contact shifts of competing magnitudes, and
as a result, have nearly temperature-independent VT NMR behavior. This partial ‘cancelation’ of the

contributions to the contact shift is diminished in heteroleptic clusters for which the ground-state energies

Homoleptic 2:2 differentiated 2:1:1 differentiated

Vg = I

=3 B p—

>

g ] |

w p— AE\/| —_—
Vi, = ' —— I

B. Homoleptic C. 3:1 differentiated

Valence isomer A (V1,) Valence isomer B (Vig)

O = Fe225*; spin up O = Fe?25; spin up @ = Fe?*; spin down

All valence isomers @ = Fe?17*; spin down Q = Fe?3%*; spinup
averaged
Average of bottom

three in Figure 1A

Average of top
three in Figure 1A

Figure 2. Effect of symmetry on the valence isomer landscape. Bottom panels highlight the effects of spin
averaging in the homoleptic and 3:1 differentiated cases in the ground-state limit.
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of each valence isomer are necessarily inequivalent (barring accidental degeneracy); there will always be,
to some degree, preferential valence localization imbued by the different donor properties of the ligands
binding the cluster. This accounts for why the 'H NMR signals for the methylene protons in the homoleptic
cluster [FesS4(SBn)4]*~ shift less than 2 ppm over a 100 °C range,®? whereas the chemically analogous -
protons of the cysteine thiolates binding [FesS4]'* clusters in proteins frequently shift 5-10 ppm®3 over a

much smaller temperature range (~25 °C).

In 3:1 symmetry, the deviation in the VT NMR behavior from that of a homoleptic cluster depends
on the energy difference between VI or VIg (Figure 2A and 2C). Simulations of the effects on the VT
NMR spectra of increasing AEvr are presented in Figure 3 using a model system with typical magnetic
parameters (J = 80 cm™!; AJzs = —AJi» = J/6; B = 6xJ) and two NMR-active nuclei: one on the ligand
bound to the unique site and one on the three ligands bound to the remaining sites, each with 4,, = 0.1
MHz. Considering first the ligand bound to the unique Fe, we see that for AEvi = 0 (i.e., the value for a
homoleptic cluster), there is only a weak temperature dependence of the chemical shift, closely mimicking
the behavior observed for real homoleptic systems (vide infra). Far more pronounced temperature
dependencies are observed with the inclusion of even modest AEv1 values, as specific Fe sites within the
cluster now spend more time experiencing minority or majority spin. As AEv approaches infinity, the
NMR spectrum effectively reflects that of a single valence isomer. Thus, the temperature dependence of
the NMR spectrum—its magnitude, direction, and curvature—is rich with information about the changing

population of valence isomers, and therefore AEv1.

These simulations also depict the effects of the valence averaging that occurs in 3:1 differentiated
clusters. Specifically, for identical values of 4,,, the magnitudes of the chemical shifts of the three identical
ligands bound to the cluster core are significantly attenuated versus the chemical shifts for the unique site
(Figure 3, right). This attenuation occurs because, on average, the three equivalent Fe sites consist of either

one majority spin site and two minority spin sites (in VIa), or two majority spin sites and one minority

14



spin site (Figure 2C). As the signals for the ligands bound to these sites are equivalent on the NMR
timescale, the two spin orientations in each valence isomer oppose one another and thus attenuate Jpara,

analogously to the phenomenon that gives rise to the near temperature-independence of the shifts of

homoleptic clusters (vide supra).

15
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Figure 3. Simulated VT NMR traces for a 3:1 differentiated [Fe4S4]'" cluster freely equilibrating between
different valence isomer states on the '"H NMR timescale. Simulations for the proton on the ligand bound
to the unique Fe sites and to the three equivalent Fe sites are shown in the left and right panels, respectively.
Traces are contoured in 100 cm™! between —1000 and 1000 cm™, as well as at +o00. Magnetic parameters:
J=80cm!; ALy =—AJi» =J/6; B =6xJ; Am = 0.1 MHz for both Fe** and Fe** for both protons.
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2. Modeling the VT NMR Spectra of [FesS4]'* Clusters
We next describe our approach to extracting AEv: and other magnetochemical properties from

analysis of VT NMR data. Fits for the VT *C NMR data for a series of homoleptic [FesS4]** clusters in
the solid state have been reported, taking advantage of the high electronic symmetry of these systems,*
but fits for the VT NMR data for [Fe4S4]'* or [FesS4]** clusters of any symmetry are, to the best of our
knowledge, absent from the literature (presumably because of their magnetic complexity). In addition to
using rigorously 3:1 site-differentiated clusters (which have a simplified excited-state landscape with only
two classes of valence isomers; vide supra), our approach toward overcoming the magnetic complexity of
[FesS4]'* clusters can be summarized as follows:

e construction of a simplified magnetic exchange Hamiltonian,

e inclusion of solution-state magnetic data as an observable to be regressed upon, and

e numeric error estimation and independent model validation.

In discussing our choice of model Hamiltonian and the parameter relationships therein, we first
point out that invoking the full “pair-of-pairs” Hamiltonian (Eq. 4) for a pair of valence isomers requires
a total of eight independent Heisenberg J values and two independent B values (each valence isomer
contributing four J values (parameterized as two J values and two AJ values) and one B value). Difficulties
in fitting VT NMR data to more than two magnetic parameters for homoleptic [FesS4]** clusters have been
identified (though, partly due to AJ/B covariance relationships that are not present in [FesS4]'*3* clusters®*)
and suggest attempts at performing fits with ten free parameters are unlikely to succeed. In paring down
the Hamiltonian, then, we began by ascribing to each valence isomer a global J value (J in Eq. 4). As
previously defined, we adopt the convention that the energy of the lowest spin state of the valence isomer

family with Fe>>*

at the unique site (VIa) is zero, and we refer to the global J for this valence isomer as
Ja. The global J for the second set of valence isomers (with a ferrous unique site) is then Jg. For both

valence isomers, we take AJz4 = —AJ1, reflecting the fact that antiferromagnetic exchange is stronger

16



between more oxidized Fe centers.® This property is general in [FesS4] clusters, with global J values

typically following the trend:
J([FeaSa]**) > J([FeaSa)**) > J([FeaS4]™)

(EQ.7)
We assume further that AJ values have a fixed relationship to the global exchange coupling, i.e., AJ =J
/n, where the parameter n is equivalent for both valence isomers. As the effects of double exchange may
be deconvolved from those of Heisenberg exchange in [FesS4]'" clusters,®* we do treat double exchange,
but with the assumption that it is of equivalent strength in both sets of valence isomer. Thus, the simplified
Hamiltonian for the first valence isomer is

—~ - - 1 ] - - ] - -
HVIA = Ja z Sm'SniB<S34+§)_;A(51'Sz)+zA(53 '54)

1sm<n<4

(EQ. 8)
and that for the second valence isomer is
= - - 1 ]B - - ]B - -
HVIB:]B z SmSniB<S]_2+§)_;(S3S4)+g(5152)
1sm<n<4
(EQ.9)

The interchange of spin labels §1/§2 with §3/§4 between Hamiltonians results from the change in physical
location of the mixed-valence and diferrous pairs. We use these model Hamiltonians to calculate the
relative energies of each spin state associated with each valence isomer, taking the ground state energy of

ay, A as 0 and the ground state energy of ﬁV,B as AEv.

With these assumptions, the exchange coupling parameter space has a total of four unique

magnetic parameters over both families of valence isomers: Ja, Jg, 1, and B. Each ligand nucleus studied
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also contributes two hyperfine parameters: one for coupling to Fe*" (Am(Fe?")) and an effective hyperfine

coupling to Fe*>* (Am(Fe?>")), where

A, (Fe3t) + A, (Fe?")
2

A, (Fe?5%) =

(EQ. 10)

In attributing equal contributions of Am(Fe*") and Am(Fe*") to Am(Fe***) for a fictitious, mononuclear Fe?>*

ion, Eq. 10 assumes that the electron is equally delocalized between the two mixed-valent Fe sites. This
assumption is valid for most of the clusters studied herein (see SI), and although it likely does not hold
for clusters with the most strongly donating X-type ligands (e.g. Bn, or N(H)Ph) in which the hole is
expected to be partially localized at the site bound by the strong donor (and thus give rise to ‘polarized

double exchange”),3¢-88

most effects of polarized double exchange are folded into the effective hyperfine
coupling values. Specifically, the effective hyperfine values obtained for clusters where polarized double
exchange occurs do not correspond to a pair of Fe>** hyperfine couplings, but rather to a pair of Fe®™*

and Fe®™" couplings, where n is between 0 and 0.5. For the unique ligand, this introduces no error, and

the observed hyperfine values are those corresponding to an Fe?" coupling and a Fe®™" ion. For the three

2.5+ 2.5+

identical ligands, the “Fe ion’s effective hyperfine coupling is the weighted sum of the two true Fe

ions in VIg and the Fe@™" jon in Vla:
A Fe25+) = 1 2% A (Fe25+ A (F +n)+
m,eff( e )—§X( X m( e )+ m( e ))

(EQ. 11)

Such deviations between Amc(Fe*>") and Am(Fe*>") for the three identical ligands are likely small and as
such are not included in our model. Lastly, we do not fit the d4ia Values, and instead take dgia as the chemical

shift of the corresponding nucleus on the protonated ligand (for the 1-X series, excepting 1-SePh and 1-
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TePh where we use (PhSe): and (PhTe),) or the free ligand (for the [1-L]" series) in C¢Ds solution. This

further simplifies the fit parameter space.

Though the parameterization described above is simpler in terms of the number of parameters
versus the full “pair-of-pairs” Hamiltonian previously described, it is still approximately twice as
parameterized as previously implemented models.3* This increase in number of parameters is partially
offset by the greater effective information content of each ligand resonance in site-differentiated clusters.
For a homoleptic cluster in which all Fe ions are equivalent on the NMR timescale, every ligand nucleus
provides information on formally equivalent Fe ions, making them in a sense ‘magnetically redundant’
with every other ligand nucleus. In a 3:1 differentiated cluster, however, the ligand bound to the unique
site provides complementary information with respect to the ligand nuclei on the three remaining sites in
that the two classes of ligands report on magnetically distinct Fe ions. Additionally, we further increase
the data-to-parameter ratio by including the solution-state magnetic moments for the cluster as an

additional observation to refine against.

Operationally, models are generated as follows: 1) VT data (NMR and Evans method moments)
are collected; 2) these data are input into a MATLAB implementation of the model described in the
preceding paragraphs, with further information provided in the SI; 3) at least 20 independent fits are
generated by drawing diamagnetic shift values from gaussian distributions centered on the assumed
diamagnetic shift, with a variance of 0.1 ppm for 'H nuclei and 30 ppm for *!P nuclei, reflecting the modest
degree of uncertainty associated with daia; 4) these fits are compiled, and outliers with root mean square
error (RMSE) greater than three times the standard deviation in population RMSE are rejected. Parameters
for the remaining fits are then averaged to obtain the final parameters. Each fit is generated by searching
the target function surface beginning with multiple starting points, identifying the minimum (or minima)

and selecting the best overall fit. This procedure and the associated error analysis are discussed in more
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detail in the Materials and Methods section and in the SI. The results of these fits are discussed in the

following sections.
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3. Cluster Synthesis and Characterization

In addition to 3:1 site-differentiation, we identified two other criteria for designing a system that
would allow for the effects of ligand identity on valence isomerism in [FesS4]'* clusters to be
quantitatively assessed: the cluster must have an easily tunable ligand sphere, and the cluster-bound
ligands must have nuclei with sufficient spin density that they act as sensitive reporters for the magnetic
moments within the clusters. We previously reported that the unsaturated N-heterocyclic carbene (NHC)
IMes (1,3-dimesityl-imidazol-2-ylidene) both imparts robust 3:1 site differentiation and allows for a very
wide range of ligands to be installed at the unique Fe site in [FesS4]'" clusters.?** Thus, IMes satisfies
the first of the design criteria. However, the paramagnetic part of the chemical shift for the backbone
protons of IMes in a typical [Fe4S4]" cluster—here we take (IMes)3;FesS4Cl as representative, with free
IMes as the diamagnetic reference—is only —0.7 ppm at room temperature, making IMes
spectroscopically undesirable as a ligand. We therefore turned to the saturated backbone congener of [Mes,
SIMes (1,3-dimesityl-imidazol-4,5-dihydro-2-ylidene),”* which, as shown below, affords synthetically
tunable, 3:1 site-differentiated [FesS4]'" clusters, and additionally features backbone protons with a strong
paramagnetic response; for (SIMes)3;FesS4Cl (1-Cl) the value of dpara is 5.8 ppm in C¢Ds solution at room

temperature.

The syntheses of clusters of the form (SIMes)3Fe4S4X and [(SIMes)sFesS4L]" are shown in Figure
4. Briefly, the thiolate, selenolate, and tellurolate complexes were obtained by treating the
undifferentiated, homoleptic cluster [FesS4(PCys3)4][BPh4]® with the tetraphenylphosphonium salt of the
appropriate anion in slight excess (1.05-1.1 equiv) followed by treatment with SIMes (3.1 equiv) (Method
A); 1-Cl was prepared similarly using PPh4Cl as the chloride source. The complexes 1-OPh, 1-NHPh,
and 1-Bn, were prepared by treating 1-Cl with NaOPh, NaN(H)Ph, or BnMgCl, respectively (Method B).
The cationic cluster [I-NMI]* (NMI = N-methylimidazole) was prepared by treating

[Fe4S4(PCy3)4][BPh4] with 3 equiv SIMes in THF, generating [(SIMes)3;FesS4PCy3|BPhy in situ, followed
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i) [PPhy]X

ii) 3.1 SIMes MX
(SIMes)gFesSq(X) < > (SIMes)sFesSuX) XL Tl
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i) [PPhy]CI
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Figure 4. Synthesis of clusters 1-X and [1-L]" beginning from [FesS4(PCy3)4]BPhs. Full details are
provided in the SI. SIMes = 1,3-dimesityl-imidazol-4,5-dihydro-2-ylidene; Ar’ = 3,5-dimethylphenyl.

by addition of excess N-methylimidazole, resulting in phosphine displacement to yield [1-NMI]|BPhs4
(Method C). Access to the phosphine complex [1-PhPMe:]" was afforded through the intermediacy of the
all-ferrous cluster [1-PhPMe;], which was prepared by Cle abstraction from 1-Cl using Ti(N['‘Bu]Ar)s (Ar
= 3,5-dimethylpheny1)®1-9293% in the presence of dimethylphenylphosphine. Oxidation of the resultant
cluster with [Cp2Co][PF¢] in fluorobenzene afforded [1-PhPMe;][PFs] (Method D). All clusters adopt
solution C3y symmetry in their room-temperature (RT) NMR spectra (see SI). Those that were structurally
characterized (1-Cl, 1-SPh, 1-OPh, 1-Bn, 1-SAr (Ar = 4-dimethylaminophenyl), 1-SBn, and [1-

NMI|BPh,) display the expected pseudo-Cs symmetry in the solid state (see Figure 5 for a representative

Figure 5. Thermal ellipsoid (50%) plot of 1-CLI. Fe,
orange; S, yellow; Cl, green; C, gray; N, blue. H-
atoms and solvent molecules omitted for clarity.
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example and the SI for the others) with parameters similar to those observed in members of the

(IMes)3FesS4 family.

The unique ligands in this series of clusters include n-donors, m-acceptors, and exclusive -donors,
with free ligands whose conjugate acids span a range of nearly 40 pKa units. Within this set of compounds,

several subsets may be defined, which we use as a basis for later comparisons:

e the 2p series, comprising 1-OPh, 1-NHPh, and 1-Bn;

e the chalcogenide series, composed of 1-OPh, 1-SPh, 1-SePh, and 1-TePh;

e the thiolate (S-donor) series, including 1-SPh, 1-SAr, and 1-SBn, each having "SR ligation but
with variable R groups; and

e those with neutral donors, [1-NMI]" and [1-PhPMe:]".

The ligand diversity espoused by these series is captured by, among other metrics, the
electrochemical properties of the clusters whose [Fe4S4]'*?* couples (vs. Fc/Fc*) in ortho-difluorobenzene
(DFB) range from —1.46 V for 1-Bn to —1.23 V for 1-TePh within the 1-X series and up to —0.74 V for
[1-PhPMe;]" (Figure 6). The compounds described in this section have additionally been fully
characterized by a suite of other methods, including IR, UV-Vis, and EPR spectroscopy; these results are

collected in the SI.
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1-Bn
E0=-1.465V

1-NHPh
E0=-1.400V

1-SAr
E®=-1.307 V

1-SBn
E0=-1.280V

1-SPh
E0=_1.257V

1-OPh
E0=—1.250 V

1-TePh
E0=-1227V

1-SePh
E0=-1.226V

[1-NMIJ*
E0=-0.846 V

[1-PhPMe,]*
E0=-0.729V

$%§§§%%$%$

-2.00 -1.50 -1.00 -0.50 0.00
V vs. Fc/Fc*

Figure 6: Cyclic voltammograms for the 1-X/[1-
L]" series in DFB containing 500 mM TBAPFes,

ordered from lowest to highest potential (vs.
Fc/Fc).
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4. Qualitative Analysis of VT 'H NMR Spectra and Magnetic Moments

We first qualitatively compare the VT magnetism of compounds 1-X/[1-L]* with analogous
homoleptic [FesSa(SR)4]*>/[FesSa(PR3)4]" complexes, as well as with their protein-bound [FesS4]'*
counterparts ligated by four Cys thiolates. The room-temperature (RT) magnetic moments of the 1-X
series fall between 3.0-3.6 ps. Similar values have been reported for the room temperature magnetic
moments of [Fe4S4(SBn)s]*~ and [FesS4(SPh)4]*~ (~3.7 and ~3.6 ps, respectively)®, B. polymyxa Fdred (3.2
us),”” and the reduced 4Fe ferredoxin from D. gigas (4.0 ug).”® The magnetic moments for [1-NMI]BPhy4
and [1-PhPMe;]|PFs are 3.4 and 4.2 s, respectively; the somewhat high value for [1-PhPMe:]PFs is
similar to that reported for the related cluster [FesSa(P'Bus)4][BPha] (perr=4.19 pgp at 297 K) and suggests
that phosphine coordination weakens magnetic exchange interactions (thus giving rise to larger room-
temperature magnetic moments). Overall, these comparisons demonstrate that carbene ligation minimally
affects the gross magnetic properties of the [FesS4]'* core relative to thiolate-ligated variants, and therefore

that clusters 1-X/[1-L]" are electronically similar to [FesS4]'* clusters with more traditional ligand spheres.

The VT 'H NMR spectra of all clusters have been measured between room temperature and
approximately —90 °C in either dg-toluene (for neutral compounds), ds-THF (for [1-NMI|BPha), or d»-
DCM (for [1-PhPMe;]PFs, which is in equilibrium with [1-THF]PFs when dissolved in THF; see SI). At
RT, the NMR spectra exhibit typical patterns of spin delocalization/polarization, indicating (importantly)
that contact shifts dominate 8para.®® For example, a large, positive chemical shift (87 ppm) is observed for
the benzylic protons in 1-SBn. Similarly, the benzylic protons of 1-Bn and the N-H proton of 1-NHPh
have large, positive chemical shifts (256 and 199 ppm, respectively), indicative of direct spin
delocalization through the o-bonding framework (in addition to n-type delocalization via the S lone pairs
in 1-SBn).”” As is typical for systems experiencing n-delocalization,®®!% the aryl groups of 1-NHPh, 1-

OPh, 1-SPh, 1-SAr, 1-SePh, and 1-TePh exhibit alternating patterns for the 'H nuclei, with the ortho-
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and para-protons appearing upfield and the meta-protons downfield relative to their typical diamagnetic

frequencies (Figure 7).
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Figure 7. Portions of the 500 MHz 'H NMR spectra of selected compounds showing the
paramagnetically shifted aryl resonances. Inset: Typical spin delocalization pattern for phenyl groups
bound to high-spin Fe centers through an intermediate atom or group E.

In this series, the largest paramagnetic aryl shifts are observed for 1-NHPh, followed by 1-OPh,
1-SPh/1-SAr, 1-SePh, and 1-TePh (Figure 7). Despite the lack of a lone pair on the benzyl moiety, 1-Bn
exhibits the same pattern of shifts in the benzylic phenyl, though the magnitude of the shifts in this
compound are somewhat attenuated relative to the remainder of the 2p series. While the magnitude of the

hyperfine coupling tracks with the extent to which the lone pair on the ligand is energetically and spatially
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matched with the phenyl n-system and the Fe d-manifold, it also reflects the relative population of the two
valence isomers (vide supra); these effects have different temperature dependencies, and they can

therefore be deconvoluted by modeling the VT NMR spectra as described below.

All paramagnetically shifted resonances of the compounds prepared in this work generally show
Curie-type behavior, though nonlinearity is observed to varying extents when plotted vs. 1/T (see SI),
reflecting the fact that Fe—S clusters generally cannot be expected to strictly obey the Curie law on account
of their many low-lying thermally populated electronic states. The subtle curvature of these traces contains
a wealth of information regarding the population of various excited states, and ultimately forms the basis

upon which these spectra may be quantitatively interpreted as described in the following section.

Comparison of the VT 'H NMR spectra of 1-SPh (where AEvi # 0, owing to the 3:1 site-
differentiation pattern) with those of the related homoleptic complex [FesSa(S("Tol))s]>~ (where AEvi =0
on account of the homoleptic ligand sphere) reveals the dramatic effects of valence isomerism. We first
note that the solution VT magnetic moments of the homoleptic aryl thiolate complex [FesS4(SPh)4]*~ and
1-SPh are nearly identical (Figure 8, upper panel), and we expect the same to be true for FesSa(S("Tol))4]*~
(VT magnetic moment data were not reported for the latter, and VT NMR data were not reported for
[FesS4(SPh)4]*");® thus, the nature of the coupling and the magnitude of the J values in all three clusters
are likely to be very similar to one another. However, the NMR chemical shifts of the para protons of
[FesS4(S("Tol))4]*~ are nearly temperature-independent, shifting on average ~2x107 ppm K~!, whereas
the analogous para proton of 1-SPh shows a significant temperature dependence, shifting on average
~28x1073 ppm K-'——more than an order of magnitude larger (Figure 8, lower panel). The pronounced
temperature dependence of the proton resonances in 1-SPh is a result of partial valence localization by
the thiophenolate ligand that arises from the disparities in the donor/acceptor properties of SIMes and
thiophenolate (analogous to the predictions from the generic simulations in Figure 3). This temperature

dependence of chemical shifts is borne out for every cluster studied in this work, and is in stark contrast
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with the near temperature-independence of shifts observed for proton resonances of homoleptic, thiolate

ligated [FesS4]'* clusters.®
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Figure 8. Magnetochemical comparisons of homoleptic and 3:1 differentiated clusters.
A) Solution-state magnetic moments for [FesS4(SPh)s]*~ in CD3CN and 1-SPh in
toluene-dg versus temperature. Data on the former taken from Table III in ref. 69. B) Plot
of the chemical shift of the aryl thiolate para-H for [Fe4S4(S™Tol)4]*” in CD3CN and the
thiophenolate para-H for 1-SPh in toluene-dg versus temperature. Data on the former
extracted from Figure 6 in ref. 69.
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5. Representative Quantitative Analysis of 1-SPh

For 1-SPh, four 'H NMR resonances—the ortho, meta, and para protons on the thiophenolate
ligand, and the SIMes backbone methylene protons—display significant paramagnetic shifting (Figure 9A
and 9B) and were used in the fitting protocol described above; the magnetic moment data (Figure 9C)
were also employed. We obtained an average fit value for AEv; of 53 + 26 cm™!, meaning that the ground-
state valence isomer is VIa, with preferential localization of Fe?>* at both the unique site and its double-
exchange-coupled partner, and that the ground S = 1/2 state associated with VIg (in which Fe?* occupies
the unique site) is not much higher in energy. This finding also demonstrates that, at least in the context
of the [(SIMes)sFesS4] series, the moderate 6- and n-donor ligand SPh™ is a somewhat stronger overall

donor than SIMes (a strong 6 donor and a weak m acceptor).
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Figure 9. Data and fits for 1-SPh. A) Paramagnetic regions of the VT NMR spectra of 1-SPh in toluene-
ds between RT and 184 K, with depiction of the ground and excited valence isomer states for 1-SPh. B)
Plot of the VT 'H carbene backbone and aryl thiolate shifts of 1-SPh (black points) and global best fit of
the data (red trace). C) Evans-method magnetic moments for 1-SPh (black points) and best global fit of
the data (red trace).
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The global J values for the two valence isomers are similar (Jo =97 = 6 cm™! and Jg = 80 + 7
cm!), and compare well to reported (or estimated) J values for [FesS4]'* clusters, which typically lie in
the range 80-120 cm™!,621.10L102 though this comparison is perhaps only of qualitative utility as many of
these J values have been derived from fits that ignore double exchange, or that use slightly different
exchange Hamiltonians. The modeled B value is 660 = 70 cm ™!, and all other B values determined in this
work lie between 500-1000 cm ™! (excepting that for [1-PhPMe;]*; see SI). The observation of B values
between 500 and 1000 cm™! is noteworthy as the magnitude of the double exchange parameter for cuboidal
Fe-S clusters has been a prior topic of debate in the literature.3!-8487.103-195 OQur findings, along with the
more contemporary work,3#1% support the idea that the effective B values for the mixed valence pairs in
[FesS4] clusters are on the order of several hundred wavenumbers, though it has been pointed out that B
values for even simple mixed valence compounds are somewhat ill-defined on account of the multi-orbital
nature of double exchange in these systems;?’ the latter proposal may in part account for the observed
spread in B values amongst the clusters studied herein (see SI). We find for the parameter # a value of 5.6,
which is very similar to the value of 5 that may be inferred for the related thiolate-ligated [FesS4]'" cluster
(EtsN)3[FesSa(SPh)s] (J(Fe**—Fe?") = 120 cm ™! and J(Fe?*—Fe?*) = 80 cm™!;?! this can be re-parameterized
as J = 100 cm™ and AJ = 20 cm!, with n = 100/20 = 5). Overall, the strong agreement between the
magnetic parameters obtained by modeling the VT NMR data of our complexes with those obtained for
other synthetic and biogenic [FesS4]'* clusters supports the accuracy of the parameters obtained in our
modeling procedure, including the AEvr values (which have not been quantitatively determined in other

systems).

The relatively low magnitude of | AEvi| for 1-SPh would suggest that there should be appreciable
population of both VI and VIg even at the low temperatures amenable to EPR detection (< 40 K), as has
been observed in HiPIPs*!97 and in photo-oxidized/reduced synthetic [FesS4] clusters.!%®-!!! Indeed, 1-
SPh exhibits a major and a minor signal in its EPR spectrum (see SI), with the minor signal growing at
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the expense of the major signal at higher temperatures; such behavior is inconsistent with a physical
mixture of non-interconverting spin systems (e.g., different conformations or contamination by a minor
impurity) and is instead consistent with a ground-excited state relationship between the two observed S =
1/2 species. We propose that these species are the ground states of the two valence isomers, VIa (major)
and VIg (minor). This interpretation is further supported by the observation that only for clusters with

small |AEvi| values such as 1-SPh is this behavior observed; clusters with large | AEvi| values—1-Bn

and 1-NHPh—exhibit a single S = 1/2 EPR signal (see SI), as expected for population of a single valence

1somer.

Although AEvi could in principle be measured by analyzing the VT EPR spectra (assuming a two-
state Boltzmann distribution), there are some limitations to this approach. First, the relaxation properties
of the two signals could be different (this is true in certain HiPIP systems'!?), and any such differences
would complicate a Boltzmann-type analysis. Second is the obvious ambiguity in the sign of AEvr; while
in some cases it is possible to identify two S = 1/2 species by CW EPR, it is not possible to directly assign
which corresponds to VIa or VI, and thus to determine if AEvi is positive or negative. Third is that the

EPR data must be acquired at low temperature, and as a result only clusters that have small | AEvi| values

will have observable population of the higher-energy valence isomer in this temperature regime. In
contrast, obtaining AEv: values by fitting NMR data allows for a wider range of clusters to be analyzed
because, near ambient temperature, there is appreciable population of states that are 10>-10° cm™! higher
in energy than the ground state. Fourth, in frozen solutions, spectra can be complicated by the presence of
a physical mixture of non-interconverting states (e.g., more than one conformation, as we observe for 1-
SBn; see SI); such complications arising from conformational dynamics are circumvented in ambient-
temperature, solution 'H NMR spectroscopy because of rapid conformational averaging on this timescale.
Fifth is the broad linewidths of the EPR spectra of [FesS4]'" clusters, which requires that that the two

signals have sufficiently different g tensors in order to be resolved; such considerations may explain why
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we only observe a single signal for a few clusters with relatively small |AEvi| values (see SI). Lastly,

EPR analysis alone does not allow for the nature of the observed excited states to be distinguished; for
low offset energies (AEepr <J) it can be reasonably inferred that observed low lying states are most likely
excited valence isomer states, but when AEgpr approaches the magnitude of spin ladder spacings (AEgpr
~J) it becomes less clear whether observed excited states are excited valence isomer states or excited spin

states for one valence isomer.
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6. Comparison of AEyy across the 1-X/[1-L]" series

The AEv: values were determined for ten members of the 1-X/[1-L]" series (depicted at the bottom

of Figure 4). Plots of the VT NMR data with associated fits are provided in Figure 10 and the results are

presented in Table 1 and Figure 11. For each member of the S-donor series, AEvi is uniformly positive,

increasing from 53 +26 cm™!' (1-SPh) to 70 =25 cm™! (1-SAr) and 150 + 50 cm™! (1-SBn). The observed

trend is chemically reasonable because the electron-donating p-NMe> group in 1-SAr should stabilize

Fe?>* at the unique site relative to the p-H atom in 1-SPh, and the benzyl substituent in 1-SBn is likewise

more donating than either aryl substitution in the other two complexes (as supported, for example, by the

lower [FesS4]'"?" redox couple for [FesS4(SBn)4]>*~ compared with [FesS4(SPh)4]*73~ and by the pKas of

1-Bn 1-NHPh 1-SBn 1-SAr 1-SPh
20 30 1" 20 20
2 M 10 15 M 15 M
10
10 —eoo-oe¢ o e oo o g
9 10f*eeeoscec, J 0o eeo0eecq
o """"“"‘\‘~O‘F\“
0 8 Ef®®9®ee oo oo o 5

H NMR chemical shift (ppm)

-20

o

-20

-30

M

MH

200 250 300

-40

200 250 300

200 250 300

gt

200 250 300

T(K) T(K) T(K) T(K) T(K)
1-SePh 1-TePh 1-OPh [1-NMmI* [1-PhPMe,]*
14 30 20
5 e
M\' 12 -‘\‘\‘\M M“
’g 20 15 6
10 |
% 10 W 0 H‘M_H
G 8 F 10 f—eeeoeeoee0eec 4 10 :";_._HFH g 4
©
Qo
g 5 6|
5 R S 0 5 2
x 4r
; 0 M o
T M""L 2 M -10 W 0
! M »
5 0
-20 -5
200 250 300 200 250 300 200 250 300 200 250 300 200 250 300
TK) T(K) T(K) T(K) T(K)

Figure 10. Plots of the VT NMR data (black points) for the ten clusters analyzed herein with associated
best global fits (red traces). VT magnetic moment data (see SI) were also collected and fit. The benzylic
protons in 1-Bn, the anilido proton in 1-NHPh, the benzylic protons in 1-SBn, and the phosphine *'P in [1-
PhPMe;]|" were also included in the fits but are not shown here for clarity (see SI).
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Table 1: Tabulated magnetic energetic parameters
for the 1-X/[1-L]* series, as determined by VT

NMR analysis.
Compound | AExmr (cm™)
1-Bn 680 + 100
1-NHPh 470 + 85
1-SBn 150 £ 50
1-SAr 70 £ 25
1-SPh 53+26
1-SePh 43 £ 26
1-TePh 39+27
1-OPh 20+ 26
[1-NMI]* ~57 £ 35
[1-PhPMe,]" | 270+ 40

=
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Figure 11. Graphical depiction of the ground valence isomer states for the compounds studied by VT
NMR in this work. AEvr values are taken from Table 1 and the energy of the ground state of VIa is
taken to be zero.

the protonated thiolates; see SI and below).? The range in thiolate AEv: values (on the order of 10> cm™)
is similar to the offset energy ranges that have been computed for the Cyss-ligated [FesS4]** clusters in E.
halophila and C. vinosum HiPIPs using a simple electrostatic model of 56 — 113 cm™! and 16 — 65 cm ™!,

respectively.®
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The members of the chalcogenide series (1-SPh, 1-SePh, and 1-TePh) are relatively uniform in
their AEv1 values (Table 1), while the 2p series (1-OPh, 1-NHPh, 1-Bn) exhibits a large range of AEv:
values: 20 £+ 26 cm™! (1-OPh), 470 + 90 cm™! (1-NHPh), and 680 + 100 cm™! (1-Bn). The particularly
large AEv: values for 1-NHPh and 1-Bn are a consequence of the exceptional donor strengths of the

anilide and benzyl ligands. Similarly, we have previously observed that alkyl groups localize Fe** when

2+/3+ 88,113

weaker donors complete the coordination sphere of [FesS4] clusters, and the present work both
quantifies this phenomenon and extends it to the [FesS4]'" state. Our analysis also shows that anionic N-
donors (both strong ¢ and  donors) have similar localizing power to hydrocarbyl fragments (exceptionally

25% |ocalization

strong ¢ donors, with minimal © bonding). Indeed, at room temperature, the extent of Fe
in 1-NHPh is in fact greater than that in 1-Bn when also accounting for differences in the magnetic

structures of each valence isomer (vide infra). Such observations may inform on the electronic structures

of intermediates in biological nitrogen fixation.

The hyperfine values for the thiolate proton resonances bound to [FesS4] clusters have been
extensively studied, and in general exhibit a Karplus-type relationship between measured hyperfine
coupling and Fe-S-C-H dihedral angle.®676-1L14-116 The dihedral dependence of the effective

2.5+

mononuclear benzylic proton hyperfine couplings (4m values) to Fe=>" ions in a single crystal of

[FesS4(SBn)4]* have been determined and take the following form:!!!
A, (0) ~ 1.391 — 0.227 cos(8) — 0.143 cos?(0)

(EQ. 12)

Here, Am(0) is the isotropic mononuclear hyperfine coupling of the benzylic proton to the proximal Fe?>*

ion, in MHz, as a function of the Fe-S-C-H dihedral angle §. The average value of this function over all
dihedral angles is 1.32 MHz, and may be directly compared with the Am(Fe*>*) value obtained for 1-SBn
in this work of 0.98 MHz. The close agreement of these two independently determined parameters further

attests to the accuracy of the parameters obtained in this work, with possible differences being attributable
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to dihedral angle preferences and slightly different bonding situations between the two clusters (e.g.,

differences arising from NHC ligation).

All complexes discussed thus far feature X-type ligands and exhibit AEv1 > 0, indicating at least

2-3* at the unique site. The neutral donor complexes ([1-NMI]* and [1-

some favorability for localizing Fe
PhPMe;]") break this trend with negative AEvi values (=57 + 35 cm™!' and —270 + 40 cm™!, respectively),
meaning that the ground-state valence isomer for both complexes is that with an Fe?" ion at the unique
site (VIg). The very low AEvi value for [1-PhPMez]" can be attributed to the m-accepter properties of the
phosphine ligand. Similar valence localization behavior (i.e., a preference for localizing Fe?*) has been
qualitatively observed in alkene and alkyne adducts of [FesS4]'* cluster cores,”” and the current results

substantiate the prior findings while also providing quantitative insights into the energy differences

between the valence isomers.

For the complete series, we find a strong, positive correlation between the DMSO pK, of the
conjugate acid of the ligand to the unique Fe site (XH or [LH]") and AEv: (Figure 12A). Although pK, is
only a crude proxy for a ligand’s donor strength (the latter will additionally depend on the nature of the ¢
and m bonding), this finding is consistent with the expectation that stronger donors at the unique site will
tend to favor VIa. Similarly, AEv; increases with decreasing [FesSs]'*>* redox potential (Figure 12B);
with increasing donicity of the ligand bound to the unique Fe, the cluster becomes more reducing and the

2.5+

favorability of localizing Fe=>" at the unique Fe should likewise increase. Although the observed trend is

qualitatively sensible, the relationship between the [FesS4]'*?

redox potential and AEvr is likely more
complicated because altering the unique ligand will change the nature of the redox-active orbital in both
valence isomers as well as the relative populations of the valence isomers (all of which is averaged on the
CV timescale). As a result, the extent to which the unique Fe is involved in redox chemistry will be

different in each cluster as will the energies of the unique Fe’s orbitals, and these effects on the redox

potential cannot be decoupled.
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Figure 12. Molecular basis for trends in AEv1 values. A) Plot of
AEvi values versus DMSO pK. values for the X-H species (for the
1-X series) or [L-H]" (for the [1-L]* series). Values for pK, were
corrected for solvent differences where necessary.!!’-122° The pK,
value for PhTeH is estimated as 6 (pKa values for HESi(SiMe3)s in
MeC(O)'Bu are 8.3 (E = Se), and 7.3 (E = Te)'?*—this relative pKa
difference has been applied using the pK. value of PhSeH as a
reference). The red trace is a linear best fit for the dataset and
intended to guide the eye. B) Plot of AEv; values versus [FesS4]'"/?*
couple in DFB/TBAPFs. The solid red trace is the linear best fit for
the 1-X series, and the dashed red trace is the same line shifted
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7. Magnetochemistry as a Determinant of Valence Distribution

A facet of the valence isomer problem that emerges for [FesS4]'" clusters is the dependence of the
valence electron distribution on the spacings of the spin ladders for each valence isomer, especially at
ambient temperature. That is, a valence isomer is not simply a single S = 1/2 state with a particular

2:5* or Fe?" ions within a [FesS4]'* cluster, but rather an ensemble of different

geometrical distribution of Fe
thermally accessible spin states all sharing a common valence pattern. The population of a valence isomer
at a given temperature is, therefore, given by the extent to which any spin state, ground or excited, with
that valence electron configuration is populated. Thus, although we have used AEvi as a convenient way

to parameterize valence isomerism, a more complete picture requires consideration of the spin ladders of

each valence isomer, particularly in instances where J < kgT.

To illustrate this point, we present the spin ladders—partitioned by valence isomer—for [1-NMI]",
1-SPh, and 1-SBn (Figure 13). Each cluster features a dense manifold of excited states, many of which
are sufficiently low in energy and/or high in multiplicity to be extensively populated at room temperature.
For [1-NMI]*, VIs is the ground-state valence isomer, but the spin ladder of VI is more compressed
(primarily because Ja < Jg), and therefore the population of VIa in the high-temperature limit should be
higher than would be predicted based on only the magnitude of AEv:. Indeed, at 298 K, the computed
population of VIa is 55% when taking into account the entire spin ladder, whereas a value of 43% is
calculated when considering only a two-level system comprised of the ground states of each valence

1somer.

The deviations from two-level type behavior for all compounds studied in this work are plotted in
Figure 14A in terms of the parameter #, which we define as the difference between the %VIa population
as calculated using the full spin ladder and the %VIa population computed for a two-level model with

AEv1 as the difference in energy between states:

n = %VI (full ladder) — %VI,(two — level)
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(EQ. 13)

Such deviations are up to ~10% at RT (Figure 14B), and achieving similar differences in occupation by
varying AEv: alone would require changing AEv: values by up to 40 cm™! (assuming initially AEvi = 0).
Numerically, this value is on the order of many AEv: values we have measured, and it is therefore
important to consider the thermal population of the spin ladder when considering the phenomenon of
valence isomerism (see SI for analogous plots from Figure 12 that take into account this consideration).
However, it must be emphasized that AEv; is nonetheless a reliable parameter, even if the valence electron

configuration for a 3:1 differentiated [FesSa]'* resists description by a single parameter. Thus, considering
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Figure 13. Upper, left to right: Solid state structures of [1-NMI]*, 1-SPh, and 1-SBn, with thermal
ellipsoids contoured at 50% and color scheme as in Figure 5. Counterions and hydrogen atoms are
omitted for clarity, and SIMes ligands are shown in wireframe. Lower lefi: States on the spin ladders
of [1-NMI]*, 1-SPh, and 1-SBn for both valence isomers with energies below 200 cm™! (relative to
VIa, which is arbitrarily set to zero), graphically showing the difference in valence isomer energies,
and the energies of the first low lying excited S = 3/2 state computed from Hamiltonians Eq. 8 and Eq.
9 in terms of Ji and .J> using values obtained from VT NMR fits. Right: Low-energy (<1000 cm™!) spin
ladders for [1-NMI]*, 1-SPh, and 1-SBn, partitioned by valence isomer, as computed from
Hamiltonians Eq. 8 and Eq. 9 using parameters obtained from VT NMR fits. States colored cyan,
magenta, and yellow correspond to states set out in the lower left panel.
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AEvr is necessary, but not sufficient, in accurately describing the valence electron distribution of an

[FesS4]'* cluster at or near ambient temperature.

Valence distributions based on:
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Figure 14. Differences between the computed valence distributions when considering only the ground-
state valence isomers and the full spin ladder. A) Plot of n as a function of T for all compounds studied
in this work. B) Bar plot showing the population of VIa at 298 K.
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Discussion

With AEvi measured for a series of clusters, we can quantify how a single substitution in the
primary coordination sphere affects the valence isomer landscape because, in each cluster, the propensity

of the unique ligand to stabilized Fe** vs Fe?>*

is internally referenced to the other three SIMes-ligated
sites. That is, AEv: for each cluster can be considered to be referenced to the hypothetical molecule
[(SIMes)sFesSa]", which would rigorously have AEvi = 0 by virtue of its homoleptic ligand sphere. In this
way, AAEv: values can be used to estimate the effect of a single ligand substitution. At the two extremes
of the series are AEvi(1-Bn) = 680 = 100 cm™' and AEvi([1-PhPMe;]") =270 £ 40 cm™!; we can therefore
conclude that a single ligand substitution (in this case, [Bn]~ for PhPMe,) can shift the relative energies

of valence isomers by > 103 cm™!. The foregoing results thus demonstrate the dramatic impact of the

primary coordination sphere on the relative populations of valence isomers in [Fe4S4]'* clusters.

Of particular interest are the amino acid side chains known to bind biological [FesS4]'* clusters.
Specifically, comparison of 1-SBn and [1-NMI]*, whose unique ligands ("SBn and NMI) model the
sidechains of Cys and His residues, allows for determination of the effects of His ligation on the valence
isomer landscape in [FesS4]'* clusters (Figure 15A). Here, AAEvi = AEvi(1-SBn) — AEvi([1-NMI]") =210
+ 60 cm™!, indicating that a Cys to His mutation is expected to shift AEvi by ~200 cm™!. Thus, all things
being equal (i.e., ignoring other effects in the active site and differences in the magnetic structures of the
two clusters), we would expect replacing one Cys ligand by a His ligand in an [FesS4]'* to change the
probability of the unique Fe being ferrous from 50% to 72% at 298 K (shown schematically in Figure
15B). On this basis, we suggest that part of the effect of non-canonical amino acid (i.e., non-Cys) ligation
in Fe—S proteins is to alter the population of valence isomers, with His ligation in particular favoring

valence isomers with Fe?* at the His-ligated site.

More generally, we speculate that the composition of the primary sphere, in conjunction with other

* clusters,
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facilitating control over electron transfer kinetics and direction by controlling the spatial location of the
most reducing Fe ion pair within the cluster. Our work quantitatively and experimentally supports this
magnetostructural connection, building on prior experimental findings (e.g., that on Pf'Fd as discussed
above) and theoretical work.**124-126 In considering the possibility that non-canonical amino acid ligation
of [FesS4] clusters serves in part to spatially localize Fe valences, we note that in many instances where
tight regulation of the direction and timing of electron transfer is thought to be critical, the [FesS4] clusters
that participate in electron transfer processes are site-differentiated.>”-%0-61:127.128 Thyg, one component of
the evolutionary optimization of the primary coordination sphere may be to alter the size, shape, and
orientation of holes/electrons in these clusters, with more disperse valence distributions favoring
donor/acceptor coupling across a wider number of pathways, a wider range of distances, and lower
reorganization energies, and tighter valence distributions favoring more precise donor/acceptor coupling.
Indeed, in many instances, mutation of these non-canonical amino acids to give Cyss4[FesS4] clusters
results in complete or partial abolition of enzyme activity, though the effects of valence isomerism are
conflated with others; whether the role of the noncanonical amino acid in these systems regulates electron
transfer by tuning valence electron localization patterns, altering the magnetic properties of a given
valence isomer, or by providing alternate electron tunneling pathways is not always clear, and it is likely

that all factors contribute to varying degrees.**-:60-61.129

Lastly, we place these results in the context of efforts to characterize the dense manifold of low-
lying excited states in Fe—S clusters. Although our chosen exchange coupling model is in some ways
overly sparse in describing the spin ladder for Fe—S clusters—specifically in adoption of a simplified HDE
model?”?*—the fact that each valence isomer has its own spin ladder substantially increases the density
of states for these systems relative to homoleptic systems, particularly in the low energy region.

Additionally, we expect that efforts to develop and benchmark quantum chemical methods for computing
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the small energy differences between valence isomers will be aided by the experimentally determined

AEv values reported herein.
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Figure 15. Effect of imidazole/thiolate ligand
substitution on the electron distribution in
[FesS4]™ clusters. A) Estimation of AAEv:
from 1-SPh and [1-NMI]". B) Depiction of
the effect of His ligation (ignoring all factors
beyond the primary coordination sphere).
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Conclusion

To summarize, we have described the preparation and characterization of a series of 3:1 site
differentiated [FesS4]'* clusters in which the ligand to the unique Fe site was systematically varied to
encompass a wide range of donor/acceptor properties. The magnetic structure of these clusters was
quantitatively elucidated through simultaneous fitting of their VT NMR spectra and solution VT magnetic
moments. In this manner, we identified for each cluster the ground-state valence isomer, the energy gap
to the excited-state valence isomer with a resolution of approximately 0.1 kcal mol!, and the distribution
of valences at ambient temperature (accounting for differences in the spin ladders of each valence isomer).
Across the series, the valence isomer offset energies follow trends consistent with the donor/acceptor
properties of the unique ligand; the chemically intuitive finding that the more electron-releasing ligands
favor the valence isomer in which the unique Fe site is oxidized (Fe?>") supports the fitting methodology
developed herein and the use of a simplified Hamiltonian. We also compared valence isomer offset
energies between clusters and learned that single ligand substitutions can alter the energetic landscape of
valence isomers by up to 10° cm™, supporting the idea that the non-canonical amino acid ligation can
substantially perturb not just the redox properties of the clusters, but also the valence electron distribution

as represented by the thermally populated ensemble of states.
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