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ABSTRACT

Motivated by the lack of an atomic-level understanding of the reduction of small
molecule substrates by nitrogenase, this dissertation describes the synthesis, characterization
and reactivity of well-defined model clusters of the enzyme active site.

Chapter 2 describes a series of site-differentiated, high spin iron clusters which
reversibly bind carbon monoxide in redox states Fe's through Fe"Fes. Detailed
spectroscopic and thermochemical studies reveal that this remarkable reactivity can be
attributed to the ability of remote metal centers to shuttle reducing equivalents to the small
molecule binding site.

Chapter 3 further explores the consequences of internal electron transfer events on
the thermodynamics of small molecule binding by site-differentiated, tetranuclear iron clusters.
To systematically tune the electronic properties of the cluster, a Hammett series was prepared.
Counterintuitively, introduction of electron-donating substituents suppresses the first CO
binding event but exhances the second. Detailed spectroscopic studies revealed that the origin
of this behavior can be traced to the effect of the substituents on the redox reorganization
energy associated with internal electron transfer.

Chapter 4 presents the synthesis and characterization of the first open-shell diiron p-
carbyne complex, which also features a biologically relevant Fe(u-C)(u-H)Fe core. This
electronically unusual species could be activated toward binding of N> upon addition of H' /e,
which initially involves an iron-carbene intermediate.

Chapter 5 describes the synthesis and spectroscopic investigation of the first carbon-
bridged, bimetallic complexes featuring odd numbers of valence electrons as spectroscopic

models of the critical E4(4H) intermediate of nitrogenase. Detailed pulse EPR studies revealed
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the effects of electronic localization on the spectroscopic signatures of the p-hydride motif
and provide insight into the electronic distribution in a reduced state of FeMoco.

Chapter 6 describes the synthesis and characterization of terminal iron-carbene
complexes, including EPR characterization of open-shell variants.

Appendix A describes unpublished efforts to prepared site-differentiated models of
FeMoco featuring carbon- or sulfur-based donors.

Appendix B presents unpublished work towards modelling the cooperative activation

and reduction of N by diiron complexes featuring carbon-based bridging ligands.
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CHAPTER 1

GENERAL INTRODUCTION



INTRODUCTION

A Tale of Two Processes: Industrial vs. Biological Nitrogen Fixation. The
availability of reactive sources of nitrogen, an essential component of all proteins and nucleic
acids, is one of the most important factors that limits agricultural production and population
growth.! The industrial Haber-Bosch process supplies c.a. 50% of the fixed nitrogen that is
consumed globally, but it is unsustainable in its present form.>”> Using iron catalysts, ammonia
(NHs) is produced by the reduction of dinitrogen (N») with dihydrogen (H»), derived from
fossil fuels, as the source of electrons and protons at elevated temperatures (400-500 °C) and
high pressures (150-200 atm).* Alone, the Haber-Bosch process consumes ca. 1% of the
annual global energy supply and contributes to c.a. 3% of total CO; emissions per annum.>*
As such, there is broad interest in developing more sustainable technologies for nitrogen
fixation using renewable energy and carbon-neutral sources of electrons and protons.

Inspiration towards this goal can be drawn from the biological generation of NH; from
atmospheric N, by the nitrogenase enzymes. Prior to the development of industrial methods
for NH; synthesis, this class of nitrogen-fixing enzymes, present in only c.a. 5% of bacterial
genera, was responsible for supplying neatly all bioavailable nitrogen” and operates using ATP
as an energy source, cellular reductants, and protons from water.”" Although significant
advances have been made in elucidating the resting-state structure of the nitrogenase active
sites, the mechanism of NH; production is still not well understood. The Mo-nitrogenase
enzyme is a heterotetrameric protein complex whose active site is a complicated [7Fe-9S-Mo-
C-R-homocitrate]| cluster (the iron-molybdenum cofactor, FeMoco, Figure 1) composed of
[4Fe-3S] and [3Fe-Mo-3S] subunits fused together by three bridging sulfides and an interstitial
carbon atom, a structural element that is unique to FeMoco among all other biological Fe-S

clusters.'""* During one turnover, at least eight sequential proton-electron transfers, coupled



by complex protein conformational changes to ATP cleavage, occur at the active site, releasing

two equivalents of NH3 and at least one equivalent of H,.” "

Figure 1. The [7Fe-9S-Mo-C-R-homocitrate] FeMoco of Nitrogenase (PDB 4WES).

A Kinetic Model of Biological Nitrogen Fixation: Linking Intermediates. To
develop a mechanistic description of nitrogenase catalysis, in the mid-1980’s, Lowe and
Thorneley derived a model for the reduction of N» by the Mo-nitrogenase enzyme from
simulations of the kinetics of NH; production and H: evolution."*"” Although their
investigations did not provide any insight into the structure of the proposed intermediates, the
kinetic model developed by Lowe and Thorneley provides a framework for the assignment of
reduced states of FeMoco. Within the context of the Lowe-Thorneley model (Figure 2), these
intermediate states are described by the notation E,, where the index “n” refers to the number
of electrons the active site has accumulated relative to the resting state Eo. On the basis of
their extensive studies, it is believed that nitrogenase catalysis is divided into two distinct
phases — an initial “electron-loading” phase and a subsequent N> reduction phase.® During the
initial electron-loading phase, the active site displays low affinity for N, binding and, thus,
reducing equivalents accumulate at the active site without substrate modification. After the

active site has been reduced by at least three electrons relative to its resting state, N binding



occurs and substrate functionalization commences. Although the reduction potentials
associated with each E./E.+1 redox couple are unknown,'® the same reductant is employed for
each electron transfer.”” This implies that charge does not build up at the active site,” but

instead that proton transfer is coupled to the reduction of FeMoco.

e /H* e /H* e /H* e /H*
Eo E/(1H) = E,(2H) === E5(3H) == E,(4H)
N N
2 NH, Zj[ 2
H H
e/H" * H* e i

E7(2N5H) Sl Es(2N4H) £ E5(2N3H) Sl E4(2N2H)
Figure 2. Simplified Lowe-Thorneley scheme for the reduction of N2 by nitrogenase.

Over the ensuing decades, efforts have been directed towards characterizing and
interrelating the putative E, intermediates of FeMoco, an undertaking that has been challenged
by the inability to synchronously trigger the conversion of each respective E, state to the En+1
level. However, detailed EPR investigations by Hoffman and coworkers have provided
significant insight into the mechanism of N, reduction by the Mo-nitrogenase enzyme and
have experimentally validated the basic tenets of the Lowe-Thorneley model.* *** The
inherent selectivity of EPR measurements for half-integer spin species renders the odd-
numbered E, states of FeMoco spectroscopically silent. Although this precludes the detection
of some intermediates, by minimizing the number of overlapping signals, it facilitates a more
thorough characterization of the observable even-numbered E, states. To assign the E, level
of intermediates trapped in a frozen matrix by EPR, Hoffman and coworkers developed a
cryoannealing protocol, which prevents further reduction of the active site but allows
intermediates Ex-E4 to relax back to the resting state Ey in two-electron steps by the loss of
H.** Although conventional continuous-wave EPR experiments generally provide little

structural information, advanced pulse EPR studies reported by Hoffman reveal the presence



»20 This four-electron reduced

of two bridging hydrides ligands in the E4 state of FeMoco.
state can reversibly bind N, to generate a spectroscopically observable intermediate, the
accumulation of which is promoted by a high partial pressure of N, but a low partial pressure
of H2.”’ These observations suggest that N binding is coupled to the reductive elimination of
the hydride ligands observed in the E4 state, a mechanistic hypothesis which is further
supported by the dependence of H/D scrambling on the presence of N».*

Towards an Atomic-Level Mechanistic Description. Although the Lowe-Thorneley
model provides a general framework for understanding nitrogenase catalysis, it does not yield
atomic-level insight into the mechanism by which FeMoco converts N, to NH;. Obtaining
such atomic-level detail has proven challenging, in part because N2 binding does not occur
until the cofactor has been reductively activated to at least the Es level and the effect of the
activation process on the structure of the cofactor has yet to be fully determined. As a result,
neither the location nor the mode of N» binding to FeMoco was known prior to this year,
though an accumulated body of experimental evidence had implicated the Fe2-S2B-Fe6 edge
of the cofactor (Figure 3, S2B in red) as the most likely site of substrate binding.”>*** These
S;C-ligated “belt” iron centers do not display any affinity for binding N in the resting state of
the cofactor, but reductive elimination of H, from either the E; or E4 state may generate a
low-valent iron site capable of binding N».** In one potential mode of substrate activation
(Figure 3, top left), coordination of a terminal N, ligand may be accommodated by an
elongation of one Fe-C interaction, similar to what is observed for a propargyl alcohol bound
state of FeMoco.” In the context of this model, N, reduction may occur at a single iron site,”
with protons delivered to the N2 unit by either alternating or distal-first pathways. However,
recent crystallographic studies highlight the potential role of metal-metal cooperativity in

substrate activation and reduction by FeMoco. The first crystal structure of the cofactor



coordinated by a substrate-analog revealed selective substitution of a bridging sulfide (S2B) by
carbon monoxide, with CO bridging Fe2 and Fe6.”* During turnover with selenocyanate, an
alternative nitrogenase substrate, quantitative incorporation of selenium into the S2B site was
also observed.” More recently, a putative intermediate in the reduction of N, by a V-
containing analog of FeMoco was crystallographically characterized, which revealed an imido
(-NH) ligand bridging Fe2 and Fe6, with S2B located as a hydrosulfide anion (SH) 7 A away

36

from the cofactor.” These observations suggest that FeMoco may be activated by

displacement of S2B following electron loading, generating a reactive site for cooperative
binding and reduction of N; along the Fe2/Fe6 edge of the cofactor (Figure 3, right).”
Experimental support for this hypothesis was recently obtained by Ribbe and Hu, who
crystallized an N2 bound form of FeMoco.” Notably, their structure demonstrated that N can

potentially displace more than one of the belt sulfide ligands, highlighting the role of cofactor

dynamics in nitrogenase catalysis.
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Figure 3. Atomic-level mechanisms proposed for cofactor activation.? 40

Synthetic Complexes Related to the Fe-Mo Cofactor (FeMoCo) of Nitrogenase.

While synthetic model systems have been useful for understanding the structure and function



of many inorganic cofactors in biology, efforts to evaluate cooperative N reduction
mechanisms with small molecule mimics of FeMoco have been impeded by the scarcity of
appropriate models.”’ Substantial effort has been directed toward the preparation of a faithful

4 albeit

structural mimic of the FeMo cofactor itself, yielding several close approximations,
none which incorporate a bridging carbide motif. However, it is not obvious whether the
isolation of a synthetic [7Fe-9S-Mo-C] cluster would in fact lead to an improved understanding
of nitrogenase catalysis. Indeed, the FeMo cofactor can be extracted intact from the enzyme,*
but it is not capable of reducing N2 7z vitro, indicating that the protein host has a significant
influence on the reactivity of the cluster. Moreover, like FeMoco, synthetic Fe-S clusters are
structurally dynamic.” In the absence of a supporting protein matrix, oligometization to form

46-

higher nuclearity clusters occurs upon reduction rather than binding of N2.***" Although some
synthetic Fe-S clusters have been reported to catalytically reduce alternative substrates (among
others, CO, CN, and CO») of nitrogenase,”™”! the mechanistic details of these transformations
have not been reported and the structure of the active catalyst is not known. Instead, to mimic
the stabilizing influence of the protein scaffold, several groups have sought to obtain insight
into the role of cooperativity in the activation of small molecule substrates of nitrogenase using

52-56

multinuclear iron complexes that are supported by rigid ligand frameworks.”*" This approach

has been successfully applied by others in the study of diazene and hydrazine reduction,”
but has yet to yield direct mechanistic insight into the reduction of N by multimetallic iron
complexes.”* Our own group has employed this strategy using modularly assembled site-
differentiated iron clusters to evaluate the influence of remote metal centers on the activation
of small molecules.”** The work detailed in Chapter 2 and 3 herein leverages this approach to

understand the thermodynamic consequences of internal electron transfer events involving

remote metal centers on substrate binding. Using polynucleating ligand scaffolds, it is possible



to target the synthesis of small molecule models which mimic only a small portion of the FeMo
cofactor, such as the Fe-(u-C)(u-H)-Fe complexes discussed in Chapter 4 and 5, which are

mechanistically and spectroscopically more tractable than the cofactor itself.
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A THERMODYNAMIC MODEL FOR REDOX-DEPENDENT BINDING OF
CARBON MONOXIDE AT SITE-DIFFERENTIATED, HIGH SPIN IRON

CLUSTERS
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ABSTRACT

Binding of N, and CO by the FeMo-cofactor of nitrogenase depends on the redox level
of the cluster, but the extent to which pure redox chemistry perturbs the affinity of high spin
iron clusters for m-acids is not well understood. Here, we report a series of site-differentiated
iron clusters which reversibly bind CO in redox states Fe'y through Fe"Fes. One-electron
redox events result in small changes in the affinity for (at most ~400-fold) and activation of
CO (at most 28 cm™ for vco). The small influence of redox chemistry on the affinity of these
high spin, valence-localized clusters for CO is in stark contrast to the large enhancements (10°-
10* fold) in m-acid affinity reported for monometallic and low spin bimetallic iron complexes,
where redox chemistry occurs exclusively at the ligand binding site. While electron-loading at
metal centers remote from the substrate binding site has minimal influence on the CO binding

111

energetics (~1 kcal'mol™), it provides a conduit for CO binding at an Fe'" center. Indeed,

internal electron transfer from these remote sites accommodates binding of CO at an Fe™

, with
a small energetic penalty arising from redox reorganization (~ 2.6 kcal'mol"). The ease with
which these clusters redistribute electrons in response to ligand binding highlights a potential

pathway for coordination of N2 and CO by FeMoco, which may occur on an oxidized edge of

the cofactor.
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INTRODUCTION

The Mo-nitrogenase enzyme mediates the multielectron reductions of N' and CO? at a
unique heterometallic [7Fe-9S-Mo-C-R-homocitrate|] active site, the iron-molybdenum
cofactor (FeMoco, Figure 1a).”* In both cases, catalysis involves an electron loading phase
prior to substrate binding, suggesting that coordination of both N, and CO is sensitive to the
redox level of the cofactor. While atomic level details remain elusive, binding of N2 does not
occur until FeMoco has been reduced by at least three electrons relative to its resting state,’
whereas only one or two reducing equivalents are required to initiate CO binding.”* As both
a substrate and reversible inhibitor of catalysis, CO is an excellent reporter of substrate
interactions with FeMoco. While an N-bound form of the cofactor has yet to be
unambiguously characterized, both terminal and bridging CO adducts of FeMoco have been
spectroscopically detected during turnover.”"" One of these intermediates has recently been
crystallographically characterized, demonstrating that CO bridges between Fe2 and Fe6."
Several spectroscopic and biochemical studies support a central role for these two belt iron

L1 as well as other substrates,'*

sites in the binding of CO in several proposed intermediates,
' including perhaps Ny."”

Despite progress towards their spectroscopic and structural characterization, no
information is currently available about the distribution of oxidation states in CO-bound
forms of FeMoco. In addition to controlling substrate access to the cofactor,' it has been
suggested that the local protein environment can induce some degree of valence localization
within the cluster. Notably, spatially resolved anomalous dispersion refinement of FeMoco in
its resting state revealed that the specific iron centers which have been implicated as CO

binding sites lie on a more oxidized edge of the cofactor.” Depending on the location of

hydride accumulation, which has been proposed to occur during the electron loading phase of
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catalysis,"” internal electron transfer events may be required for CO to bind at this oxidized

edge.
OC,
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Figure 1. Iron-Molybdenum cofactor (FeMoco) of nitrogenase and synthetic model complexes. (A) Redox-
dependent binding of CO by FeMoco. (B) Inorganic core of synthetic model clusters which reversibly bind
CO in four isostructural redox states.

Although clearly electron loading of FeMoco plays a key role in allowing the cofactor to
bind n-acids, it is challenging to untangle the effects of pure redox chemistry from concomitant
structural changes that may occur upon reduction. Moreover, the energetic consequences of
internal redox rearrangements which may accommodate substrate binding have not been
experimentally determined. Despite capturing essential structural features of the biological

20-22

system,”** synthetic high spin iron(II/III) clusters generally lack site-differentiation due to

reliance on self-assembly strategies, complicating studies of ligand binding at discrete reactive
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site(s). Furthermore, large structural changes and redistribution of ligands often occur upon
redox changes or CO binding in iron cluster models.”** While well-defined multimetallic
systems which exhibit reactivity relevant to nitrogenase have been reported,* > to date there
are no reported studies on the energetics of CO binding in multiple, isostructural redox states
of a synthetic, high spin iron cluster.

In order to evaluate the influence of redox chemistry on ligand binding and activation
phenomena, our group has recently developed synthetic strategies to access site-differentiated
tetranuclear clusters featuring a coordinatively unsaturated metal center.”*' Here, we report
the synthesis of a redox series of high spin, site-differentiated iron clusters which reversibly
bind CO in four redox states (Fe's through Fe"Fe5). We observe that coordination of CO to
both the Fe';Fe™; and Fe'Fe"; redox state of the cluster involves an internal redox

Isite induces an internal electron transfer from

reorganization; binding of CO at the apical Fe
a distal Fe" center. Studying the energetics of CO binding, we observe only small
enhancements (at most ~400-fold) in the affinity for CO due to pure redox chemistry in these
high spin, valence localized iron clusters, in contrast to the large enhancements (> 10°-fold) in
n-acid affinity reported for monometallic and low spin, bimetallic iron complexes, where redox
chemistry occurs exclusively at the ligand binding site. Deconvoluting the effect of redox at
specific sites within the cluster, we demonstrate that electron-loading at metal centers remote
from the substrate binding site has a relatively small influence on the CO binding energetics.
Additionally, a small energetic cost is associated with redistribution of electrons in response

to ligand binding which explains why coordination of CO at an oxidized face of the cluster

remains facile.
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RESULTS AND DISCUSSION

A Redox Series of Site-Differentiated, Tetranuclear Iron Clusters. In order to evaluate the effect of
electron loading and (re)distribution on CO binding in high spin iron clusters, we targeted the
synthesis of imidazolate bridged congeners of our previously reported* pyrazolate bridged
iron clusters. The differences in the electronic properties of the ligands were probed by DFT
calculations (B3LYP/6-31G+(d,p)) for 3-methylpyrazolate and 1-methylimidazolate as
simplified models. The frontier orbitals of 3-methylpyrazolate include two N-based donor
molecular orbitals (MOs) of o-symmetry (HOMO-3 and HOMO-4) with respect to
interactions with individual metals. Neatly equal contributions from atomic orbitals localized
on either nitrogen atom (Figure 2A) are observed. This is in contrast to 1-methylimidazolate
where the analogous o-donor orbitals are spatially distinct, with the HOMO largely localized
on C (Figure 2B). Moreover, the energy separation between the two o-donor orbitals (relative
to the HOMO) is larger for 1-methylimidazolate and, due to the lower electronegativity of C,
these orbitals lie at higher energy than those of 3-methylpyrazolate. By tuning the steric bulk
of the imidazolates to orient the ligand with its C-donors binding the apical metal, this
electronic desymmetrization of the bridging ligand was anticipated to enhance the electron
density of the apical metal (relative to the distal triiron core). This electronic effect increases
the propensity for oxidation at the apical metal site with imidazolate compared to pyrazolate
ligands.

The desired clusters are accessible in three steps (Scheme 1) from the triiron precursor
LFe;(OAc)s.” Complete acetate removal was effected by treatment of LFe;(OAc); with an
excess of Me;SiOTTt in dichloromethane, affording the precursor LFes(OTf); (1, Structures
Figure 1) with more labile triflate ligands. Addition of 1-phenyl imidazole (Phlm-H, 3.3 equiv.)

and iodosobenzene (PhlIO) to a suspension of 1 in tetrahydrofuran affords the Phlm-H
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coordinated species [LFe;O(PhIm-H)3][OTf]s (2, Structures Figure 2) Deprotonation of 2 with
sodium hexamethyldisilazide (Na[N(SiMes)a], 3.2 equiv.) followed by addition of FeCl, affords
the desired species [LFe;O(Phlm);Fe][OTf]. (3). A single crystal X-ray diffraction study
confirms the formation of a tetranuclear iron cluster (Figure 3a), where the bond metrics
within the Fes(ps-O) motif are diagnostic of metal oxidation states.”*' For the structurally
homologous pyrazolate bridged clusters [LFe;O(PhPz):Fe][OTf]. (n = 1-3), the distances
between the distal, six-coordinate iron centers (Fel, Fe2, Fe3, respectively) and the interstitial
oxygen atom (O1) elongate upon reduction (average Fel/2/3-O1 distances: 1.96 A for Fe™
and 2.07 A for Fe")." The observation of two long (2.1480(19) and 2.093(2) A) and one short
(1.983(2) A) bond distance between the interstitial oxygen (O1) and the iron centers Fel, Fe2,
and Fe3 suggests a valence localized [Fe';Fe"] assignment for the basal triiron core of 3. This

111

indicates an Fe™ assignment for the apical Fe4 center, consistent with its short Fe4-O1

distance (1.8128(19) A).

A. Pyrazolate B. Imidazolate

R R R
@N/ N/

"/ ~ / .
N© N NO N

Srpie

HOMO-3 (-1.6) HOMO-4 (-6.6) HOMO (0) HOMO-2 (-6.6)

Figure 2. (A) Calculated o-donor MO’s for 3-methylpyrazolate (B) Calculated o-donor MO’s for 1-
methylimidazolate. Orbital energies (relative to the HOMO, respectively) ate given in parentheses, and
isosurfaces are shown at the 0.04 ¢ A -3 level. For both pyrazolate and imidazolate anions, there is an

additional, higher energy resonance structure (not depicted).



Scheme 1. Synthesis of tetranuclear iron clusters™.
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For comparison, the isoelectronic pyrazolate bridged cluster [LFe;O(PhPz);Fe][OTH].

features a significantly longer Fe4-O1 distance (1.972(2) A), consistent with its assignment as

Fe" based on *'Fe Méssbauer spectroscopy.”' This indicates that, unlike 3, both of the ferric

centers in  [LFe;O(PhPz);Fe|[OTt], are localized within the basal triiron core (Fel-O1:

1.932(2) A, Fe2-O1: 1.998(2) A for [LFe;O(PhPz):Fe][OTf],).* Consistent with our
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computational studies, these results demonstrate that substitution of the 3-phenyl pyrazolate
ligands by 1-phenyl imidazolate indeed makes the apical binding site more electron rich,
facilitating oxidation at Fe4. For the pyrazolate bridged clusters, [LFe;O(PhPz);Fe][OTf]. (n
= 1-3), oxidation of the apical Fe4 center was not observed in the absence of an additional

anionic donor.*

Figure 3. Solid state structures of 3, 5-CO and 3-(CO).. Hydrogen atoms and outer sphere counterions
not shown for clarity. (A) [LFe;O(PhIm)sFe][OTf]> (3). B) [LFe;O(Phlm)sFe(CO)|[OTf] (5-CO) (C)
[LEe;0(PhIm)sFe(CO),|[OTf2 (3-(CO)).

In order to interrogate the effect of the imidazolate ligands on the electronic properties
of the cluster as a whole, the CV of 3 was recorded in dichloromethane (Figure 4). Three
(quasi)-reversible one-electron redox events are observed at -1.013 V, -0.200 V, and +0.450 V
(all vs. Fc/Fc"). The first two electrochemical events are assigned to the Fe"sFe™ /Fe,Fe™; (-
1.013 V) and Fe';Fe",/Fe"Fe'; (-0.200 V) redox couples. These potentials are cathodically
shifted by 286 mV and 182 mV, respectively, relative to the analogous redox events for the
pyrazolate bridged homolog [.Fe;O(PhPz);Fe][OTf],, *' demonstrating the enhanced donor
properties of 1-phenyl imidazolate relative to 3-phenyl pyrazolate (Figure 5). The final quasi-

reversible electrochemical event at +0.450 V is assigned to the Fe""Fe'"'s/Fe', couple. Notably,
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the corresponding oxidation was not observed in the CV of [LFe;O(PhPz);Fe][OTf], at
potentials up to +1 V. However, the CV of [LFe;O(PhPz);Fe|[OTf], in dichloromethane
exhibits an additional reduction at -1.733 V assigned to the Fe';/Fe'sFe™ redox event.* At
similar potentials, the CV of 3 exhibits a large reductive wave, suggesting that the all-ferrous
cluster reacts with dichloromethane. Notwithstanding, the Fe's/Fe";Fe™ redox event
becomes (quasi)-reversible (-1.868 V) when the CV of 3 is recorded in tetrahydrofuran (Figure

4).

Fe',| Fe'l, [Fe",re,| Fe!

urent / A

-
[

2.5 1.05 0./5 0.25 1.25
Potential / V (vs F¢/Fe™)

Figure 4. Cyclic voltammetry of 3 in THF (top, black) and CH>Clz (bottom, blue) with 0.1 M [#BusN][PF|
at a scan rate of 100 mV/s. For the FellFelll;/Fellly couple, two reductive featutes ate observed and they

become better resolved with faster scan rates. This may arise from reversible triflate binding, interconverting
[LFe;0(Phlm)sFe][OTf]s and [LFe;OPhlm)sFe(OTH][OTHs.

Consistent with its electrochemical behavior, treatment of 3 with [Fc|][OTf] in
dichloromethane affords a new paramagnetic species which, following crystallization, was
structurally characterized as [LFe;O(Phlm);Fe|[OTf]; (4). Addition of Cp2Co to a solution of
3 in dichloromethane cleanly affords the reduced species [LFe;O(PhIm);Fe][OTf] (5). Further

reduction of 5 with sodium napthalenide (Na[CiHs]) in tetrahydrofuran affords an insoluble
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blue powder, assigned as the all-ferrous cluster, [LFe;O(PhIm)s;Fe] (6), on the basis of
Méssbauer spectroscopy (Méssbauer, Figure 5).*

The solid-state structures of 4 and 5 (Structures, Figures 3-4) demonstrate that the
basic geometric features of 3 are maintained throughout the redox series, where the bond
metrics within the Fes(us-O) motif reveal the primary locus of redox chemistry. Oxidation of
3 to 4 results in a significant contraction of the Fe3-O1 distance from 2.092(2) A to 1.983(4)
A, consistent with oxidation within the basal triiron core. Conversely, reduction of 3 to 5
results in an elongation of the Fe4-O1 distance from 1.8128(19) A to 1.883(4) A, suggesting

"' to Fe". The insolubility of 6 precludes structural

reduction of the apical iron from Fe
characterization.

The crystallographic assignment of redox distributions in 3-6 is further corroborated
by zero field *Fe Méssbauer spectroscopy. The 80 K Méssbauer spectrum of 3 (Méssbauer,
Figure 1) was best fit with four quadrupole doublets, corresponding to four inequivalent iron
centers. Two quadrupole doublets with isomer shifts of 1.03 mm/s and 1.14 mm/s (|AEq|
of 3.13 mm/s and 3.22 mm/s, respectively) ate characteristic of six-coordinate, high spin
ferrous centers, while the quadrupole doublet with an isomer shift of 0.39 mm/s (|AEq| =
0.37 mm/s) is consistent with the presence of one octahedral ferric ion.”*' This results in an
assignment of the core oxidation level as [Fe";Fe''|, which is identical to that inferred from
the solid state structure. The remaining quadrupole doublet, with an isomer shift of 0.19 mm/s
(|AEq| = 1.11 mm/s), is attributed to the apical iron. Similar parameters have been obsetved
for four-coordinate, high-spin ferric centers.”

Compared to the spectrum of 3, the relative intensity of the diagnostic basal core Fe"

resonance near 3 mm/s decreases in 4, consistent with oxidation within the triiron core. The

spectrum of 4 was best fit with four quadrupole doublets with parameters indicating the
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presence of only one six-coordinate, high-spin ferrous center, maintenance of the apical, high-

111

spin Fe™, and two high-spin, six-coordinate ferric centers (Mossbauer, Figure 3). Conversely,
upon reduction of 3 to 5, there is no change in the relative intensity of the Lorentzian feature
near 3 mm/s (Mossbauer, Figure 4). Instead, a substantial change in the isomer shift of the

quadrupole doublet assigned to the apical iron is observed (8 = 0.19 mm/s in 3 vs. 8 = 0.89

mm/s in 5), suggesting one electron reduction of Fe4.

[LFe30O(PhPz)3Fe][OTf], (3) [LFe;O(PhPz)sFe][OTfl,
Redox Properties
o XRD, Méssbauer: Apical metal = Fe'" o Apical metal = Fe'
e CV: More reducing (180-280 mV) * More oxidizing

Reactivity
e CO binding in four redox states e No CO binding in any redox state

Figure 5. Comparison of the redox properties and reactivity of [LFe3;O(Phlm);Fe][OTt]2 (3, left) and
[LEe;O(PhPz)sFe] [OTf: (right).
Electronic Structure of 3. In order to confirm the high spin assignment of the apical, four-

coordinate Fe™

centers of 3 and 4 inferred from Md&ssbauer studies, additional spectroscopic
studies were undertaken, with a focus on 3 which features the shortest Fe4-O1 bond length.
To assess the nature of the exchange coupling and the spin ground state, variable temperature
(VT) magnetic susceptibility and variable temperature-variable field (VI'VH) magnetization

data were collected. The VT magnetic susceptibility data for 3 obtained between 1.8 K and

300 K at 0.1 T (Figure 6a) indicates overall ferromagnetic coupling and an § = 4 spin ground
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state. A plateau in the susceptibility is observed between 10-20 K at a value of ~9.1 cm’ K
mol” which decreases gradually to 6.4 cm® K mol™ at 300 K. Below 10 K, a drop in /T is also
observed, likely a result of zero-field splitting. The susceptibility data for 3 was fit between 1.8
and 300 K according to the spin Hamiltonian H = D(S,7-1/3(Si(S:+1)+gqusS-H)} — 2]i(5:5).
A satisfactory simulation of the experimental data is obtained assuming all metal centers are
locally high spin with isotropic exchange constants: Jx = -29.2 cm™, [ = -63.9 cm™, [5, = -28.8
cm’, Jiu= J3 = -8.2 cm™ and Ji5 = -9.5 cm™. From these simulated parameters, the observed
ferromagnetic behavior may be rationalized. Strong antiferromagnetic interactions of the

"' (Fe4) with each of the metal centers of the triiton core (| Jipicatcore| = 3 | Jeore-core | )

apical Fe
results in ferromagnetic alignment of the spins on Fel/Fe2/Fe3 at low temperatures,
affording an §' = 4 ground state.

Consistent with this spin coupling scheme, VIVH magnetization data collected
between 1.8 and 9 K at fields of 1 to 7 T (Figure 6b) were well simulated with the system spin
Hamiltonian H = DS + E(5.7 + §,°) + gusS*H. Due to the presence of zero field splitting,
the VI'VH magnetization data for 3 saturates near 5.4ug at 1.8 K and 7 T, below the expected
M = g§ limit for g = 2.0. However, the experimental data is well reproduced assuming an § =
4 ground state with g = 2.00, D = -3.65 cm™, and |E/D| = 0.33. Consistent with its assignment
as a non-Kramer’s system with D < 0, the Mdssbauer spectrum of 3 at 2.3 K exhibits
pronounced magnetic hypetfine splitting with well-resolved features between -7 and 8 mm/'s
in an applied field of only 50 mT (Mossbauer, Figure 2). The parallel mode EPR spectrum of

3 in a propionitrile/butryonitrile (4:5) glass exhibits a sharp feature with ¢ ~17.2 at 4.5 K which

is assigned to a transition within the M; = +/- 4 doublet (EPR, Figure 1).
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Figure 6. (A) Variable temperature direct current magnetic susceptibility data for [LFe;O(Phlm)sFe][OT{]2
(3) obtained between 1.8 K and 300 K at 0.1 T. Simulated according to the spin Hamiltonian H = Z{D(S,?-
1/3(8iSi+1)+gupSi- H) }— 2]5Si-$;) with all metal centers Jocally high spin. For full simulation parameters, see
the Supporting Information. (B) Variable temperature-variable field magnetization data for
[LFe;O(Phlm);Fe][OT1]2 (3) between 1.8 and 9 K at fields of 1 to 7 T. Simulated according to the system
spin Hamiltonian H = DS? + E($.2 + 5,2) + gusS-H with ¢ = 2.00, D = -3.65 cm™, and |E/D| = 0.33.

HI center

CO Binding Equilibria of 3. Having confirmed the high spin assignment of the apical Fe
in 3, we explored its reactivity with CO (Figure 7). In this regard, variable temperature IR
spectroscopy indicated the formation of both mono- (3-CO) and dicarbonyl- (3-(CO)z)
adducts of 3. The IR spectrum of 3 measured at 195 K in CO-saturated dichloromethane

(Figure 7c) following an Ar purge exhibited an intense feature at 1944 cm™ (3-CO) in addition

to weaker features at 2014 cm™ and 1960 cm™ (3-(CO)z). Warming the solution to 273 K with
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stirring under Ar results in loss of the features at 2014 and 1960 cm™ and a decrease of intensity
at 1944 cm™. Upon further warming to room temperature, no CO vibrational features wete

observed.

veo = 1960, 2014 cm”™

Voo = 1944 cm™

C.

1899 cm™

6-CO
(ATR-IR, thin film)

1916 cm”™”
5-CO
(CO-sat. CHClp, 195K, Ar)
*

3.CO 1944 cm™
25% Core Fe' (CO-sat. CHyClp, 195 K, Ar)
1 . *
- - Blue - Fe" 4-CO )
\Ee/ @ h + | Orange- Fe'l (CO-sat. CH,Cly, 1966 cm
. Dashed - Apical Fe 195 K, Ar)

P D) D 2 2076 1976 1876 1776

50% Core Fe'

Velocity / mm s-1 Frequency / cm-!

Figure 7. Binding of CO by [LFe;O(Phlm)sFe|[OTf]2 (3) induces an internal electron transfer. (A) Cooling
solutions of [LFe;O(Phlm)sFe][OTf]2 (3) wunder CO initially affords the monocarbonyl
[LFe;O(Phlm);Fe(CO)|[OT1]2  (3-CO). Further cooling converts 3-CO into the dicarbonyl
[LEFesO(Phlm);Fe(CO),|[OTE]2 (3-(CO)2). (B) Top: Zero field >Fe Mossbauer spectrum (80 K,
microcrystalline material) of [LFe3O(Phlm);Fe](OTf)2 confirms the presence of two core Fell centers (50%
total iron). (Bottom): Méssbauer spectrum of [LFe3;O(Phlm)sFe(CO),|[OT1]2 (3-(CO)s) in CO-saturated
2,6-lutidine (£p. = -5 °C) demonstrates that binding of CO results in a change of the core redox level from
[FelbFell] to [FellFell|, with electron transfer to the site of CO binding. See the Supporting Information

for full simulation details. (C) IR spectroscopy illustrates the influence of redox chemistry on vco for the
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monocarbonyl complexes described herein. The observed shifts in vco of only 20-30 cm™ (6-CO: 1899 cm-
1,5-CO: 1916 cm'l, 3-CO: 1944 cm!, 4-CO: 1966 cml) support an Fe-CO assignment across the series,
implying that redox reorganization accompanies CO binding in 3 and 4. An asterisk denotes features
associated with the dicarbonyl complexes.

The temperature dependent formation of both 3-CO and 3-(CO), was confirmed by
'H-NMR studies. Cooling solutions of 3 in either dichloromethane-# (NMR, Figure 15) or
acetone-ds (NMR, Figure 21) under an atmosphere of CO from room temperature initially
affords 3-CO as the major species, though an additional species simultaneously grows in.
Further cooling results in the loss of 3-CO and complete conversion to this more asymmetric
species, assigned as 3-(CO),. Confirmation of this assignment was obtained by crystallization
from solutions of 3 at low temperature under an atmosphere of CO, which afforded crystals
of 3-(CO); suitable for XRD. The solid state structure of 3-(CO), confirms that both CO
ligands bind Fe4 (Figure 3c). Warming solutions of 3-(CO). from 198 K back to room
temperature confirms that these temperature-dependent CO binding events are fully
reversible.

In the absence of redox reorganization, binding of CO by 3 would afford an apical
Fe"-CO unit in 3-CO (Table 1). However, with few exceptions,** Fe centers generally
display no affinity for CO.” Alternatively, we envisioned that an internal electron transfer (-
ET) from a distal Fe" site might accommodate coordination of CO (Figure 7a). Based on the
diagnostic features associated with the basal core Fe" centers in these clusters,”*' Mossbauer
spectroscopy serves as a convenient tool to determine whether redox reorganization
accompanies CO binding.” The zero field M6ssbauer spectrum (80 K) obtained by freezing a
CO-saturated solution of 3in 2,6-lutidine (fp. = -5 °C) reveals a significant loss of basal Fe"
intensity (Mo6ssbauer, Figure 6). The spectrum can be satisfactorily fit to a mixture of 3-(CO),

(61%) and 3 (39%) (Méssbauer, Figure 7). The Méssbauer spectrum of 3-(CO), (Figure 7b,
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bottom) obtained following subtraction of residual 3 reveals a single quadrupole doublet (25%
total iron) with an isomer shift near 1 mm/s (8 = 1.05 mm/s, | AEq| = 3.22 mm/s), indicating
the presence of a single core ferrous center and a change in the core redox level from [Fe',Fe']
to [Fe'"Fe';] following binding of CO. The simulated Mossbauer parameters associated with
the apical iron center of 3-(CO), (6 = 0.10 mm/s, |AEq| = 3.22 mm/s) are consistent with
the formation of an § = 1 trigonal bipyramidal Fe"-CO complex following internal electron
transfer.”” In contrast to the well-defined reactivity of 3, reactions of CO with synthetic, high
spin iron(11/I1I) clusters typically result in cluster fragmentation and the formation of reduced,
low spin iron carbonyl clusters,”* further illustrating the advantages of employing robust
ligand scaffolds to interrogate chemistry relevant to nitrogenase.””*

Reversible CO Binding Across Four Redox States. Encouraged by the reactivity of 3 with CO, we
investigated the dependence of CO binding on the redox state of the cluster. Remarkably,
binding of CO remains reversible for 4-6. Cooling solutions of 4 in dichloromethane-d under
an atmosphere of CO affords 4-CO (NMR, Figure 12), an assignment confirmed by the
observation of a single CO stretching frequency (vco = 1966 cm™) in its IR spectrum (CO-
saturated dichloromethane at 195 K, Figure 7¢). Oxidation of 4 with [N(C¢H4Br-4);][OTf] in
dichloromethane-d; affords the all-ferric cluster [LFe;O(PhIm);Fe][OTf]4 (7), with '"H-NMR
(NMR, Figure 24) and UV-Vis spectral features which are identical under N2 or CO, suggesting
that at least one Fe" center is necessary for CO binding.

Under an  atmosphere of CO, 5 converts predominately  to
[LFe;O(PhIm);Fe(CO)|[OTT] (5-CO) at room temperature based on IR (veo = 1916 em™) and
"H-NMR spectroscopy. Further cooling converts 5-CO to 5-(CO)., which exhibits diagnostic
features at 1994 and 1944 cm’ in its low temperature IR spectrum (CO-saturated

dichloromethane at 195 K, Figure 7c). By "H-NMR spectroscopy, heating 5-CO under CO in
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chlorobenzene-ds (NMR, Figure 23) or exposing it to an atmosphere of N returns 5,
demonstrating that binding of CO is reversible. Single crystals of 5-CO amenable to XRD
were obtained from solutions of 5 under CO and confirm its identity as a monocarbonyl
adduct featuring a trigonal bipyramidal coordination environment at Fe4 (Figure 3b).
Unfortunately, the insolubility of 6 precludes direct solution monitoring of its
reactivity with CO. However, changes in the ATR-IR spectrum following addition of an
atmosphere of CO to a suspension of 6 in tetrahydrofuran supports the formation of both
mono- (6-CO, vco = 1899 cm™) and dicarbonyl (6-(CO)z, vco = 1980 and 1891 cm™) adducts.
The formation of these CO bound species is reversible; removing the CO atmosphere results
in gradual loss of the Fe-CO stretching frequencies for both 6-CO and 6-(CO); and formation

of an insoluble blue material with IR spectral features indicative of 6.

Table 1. Summary of redox distribution assignments for 3-(CO),-7-(CO)..

Complex Distal Metals ~ Apical Metal
[LFe,O(Phim),Fe][OTf], (7) [Fe' ] Foll
[LFe,O(Phim),Fe][OTf], (4) [Fe'Fe'l,] Fell
[LFe,O(Pnim),Fe][OTf], (3) [Fe',Fe'] Fell
[LFe,O(Phim),Fe][OTf] (5) [Fe'l Fe'l] Fell

[LFe,O(Phim),Fe](6) [Fe',] Fell
[LFe,O(Phim),Fe(CO)][OTf], (4-CO) [Fe'.] Fe!
[LFe,O(Pnim),Fe(CO)][OTf], (3-CO) [Fe'Fe'l,] Fe!
[LFe,O(Phim),Fe(CO)][OTf] (5-CO) [Fe',Fe''] Fe'

[LFe,O(Phim),Fe(CO)](6-CO) [Fe'] Fe!
[LFe,O(PhIm),Fe(CO),][OTf], (3-(CO),)  [Fe"Fe'l,] Fe!
[LFe,O(Phim),Fe(CO),][OTf] (5-(CO),)  [Fe",Fe'] Fe!
[LFe,O(Phim),Fe(CO),](6-(CO),) [Fe',] Fell

For the monocarbonyl complexes desctibed herein, shifts in vco of only 20-30 cm™ are
observed per redox event (6-CO: 1899 cm™, 5-CO: 1916 cm™, 3-CO: 1944 cm™', 4-CO: 1966

cm’, Figure 7c). These shifts are similar in magnitude to those which arise from remote redox

39, 41

chemistry in related tetranuclear iron nitrosyl clusters and are significantly smaller than
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expected for redox chemistry centered at the Fe-CO unit (~100 cm™ per redox event).**> >

** Moreover, the observed Fe-CO stretching frequencies are within the range reported for
other trigonal bipyramidal Fe" monocarbonyl complexes. Combined with the observation of
a change in the core redox level of 3 by Mossbauer spectroscopy,” these results suggest an
Fe"-CO assignment across the redox series (3-CO to 6-CO). This implies that coordination
of CO induces an internal electron transfer from one of the distal Fe" centers to the apical
Fe'' site in both 3 and 4. Ligand-induced redox reorganizations (ILIRR) related to those
observed for 3 and 4 have been reported for monometallic compounds featuring redox active

56-59

supporting ligands, as well as complexes with pendant ferrocenyl substituents.” "
Notwithstanding, we are not aware of precedence for a reversible, internal electron transfer
involving metal centers within a multinuclear cluster which is induced by small molecule
binding. Changes in the identity of an ancillary ligand (DMF, MeCN, or ‘CN) have been shown

to modulate the extent of valence delocalization in a series of hexairon clusters.®

However,
the site-differentiated nature of the clusters examined here allows us to distinguish the effects
of CO binding on the electronic properties of the binding site from those on remote metal
centers.

CO Binding Energetics. In order to quantify the effect of redox chemistry on the affinity of 3-6
for CO, we evaluated their CO binding energetics by 'H-NMR spectroscopy, which facilitated
accurate identification of speciation in the reaction mixtures.” At 303 K, the CO binding
constant for 3 (Ki(3) = 0.15 atm™, dichloromethane-d,, Pco = 1 atm.) is at least 10°-fold lower

64-66

than for most Fe" complexes (Table 2), though a sterically encumbered, trigonal

monopyrimidal Fe" complex with a similar affinity for CO (Kwsk = 6.9 atm™) has been

67

reported.”” The thermodynamic parameters associated with the formation of 3-CO (AH = -

13.6(8) kcal'mol ™, AS = -48(3) cal'mol ' K") suggest that this low CO affinity detives from an
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unusually large entropic penalty, which we attribute to loss of rotational freedom in the
flanking aryl substituents upon CO binding. While a complete study on the energetics of
forming 5-CO in dichloromethane (b.p. = 39.6 °C) was not possible due to temperature
constraints, at 303 K the affinity of the apical Fe" of 5 for CO (Ki(5)) was determined to be
59 atm™, an enhancement of only ~400-fold (AAGsisk ~ 3.6 kcal'mol™) relative to 3, which
features an apical Fe'"'.

Table 2. Thermodynamics of diatomic binding for 3-5 in dichloromethane and

selected reference compounds.

Complex Ligand K,y (atm') AH (kcal mol') AS (cal mol'! K*)
chelated protoheme? CcO 1.6x 108 -17.5 -34
Fe'(TPP)(1,2-Me,im)a  CO 3.4x 10 -12.8 -26.1

Fe'(PocPiv)(1,2-Me,imp2  CO 8.2x 108 -13.9 -28
KIN(CH,C(O)N'Pr),Fe'l>  CO 6.9
[Fe''(P,N)I[B(C,F;),1,° N, <4 x10% --- -
[Fe'(P,N)I[B(CsF;),I° N, 0.4 -6.5 -23.4
[Fe*(P,N,)I° N, ~4 x 10
[(N,)Fe"(-H),Fe'e N, 1.1 M -9 -30
[(N,)Fe'5(y=H),Fe's]¢ N, ~2.9 x 108 M -
4 CO 0.2¢ -12.1 -47
3 Cco 0.2 -13.6 -48
5 co 59 17.20
3-CO Cco 0.1 -8.3 -329
5-CO Cco 0.2¢ -9.2 -349

In contrast to the relatively small difference in the CO affinities of 3 and 5 (~400-
fold), significantly larger enhancements (>10-fold) in binding affinities have previously been
reported to accompany le redox chemistry (Table 2). For example, reduction of a square
planar iron tetraphosphine complex from iron(Il) to iron(I) and then to iron(0) results in
successive ~107-fold and 10°-fold enhancements in its affinity for N».® Reduction of a low

spin (N2)Fe" (u-H).Fe" complex to its valence-delocalized (Nz)Fe'(u-H).Fe" congener results
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in a 10°-fold enhancement in its affinity for a second molecule of N2.”> Notably, computational
studies revealed that the SOMO of both (Ny)Fe'(u-H).Fe" and (Ny)Fe'(u-H).Fe"(Ny)
complexes are valence-delocalized, suggesting that minimal redox reorganization accompanies
N2 binding, and the large effect on binding is due to the formal difference in oxidation state
at the N, binding site.

The small influence which reduction of 3 to 5 has on the CO binding energetics seems

inconsistent with the low affinity Fe'

typically exhibits toward CO™ and the large changes in
binding affinity seen in other systems upon le” reduction. We propose instead that the internal
electron transfer (-ET) which accompanies coordination of CO to 3 facilitates this otherwise
unfavorable binding event. From this perspective, 3 contains a masked apical Fe" site whose
affinity for CO is modulated relative to 5 by two terms, one accounting for the energetic cost
of redox reorganization and the other for the effect of changes in redox states of the remote

0_. Q. . .
39416970 §s most consistent

metals (Figure 8). Although our data for these and related clusters
with a valence-localized assignment, an analogous scheme can be constructed for a valence-
delocalized system, where the internal electron transfer (~ET) term is replaced by a term
accounting for the energetic penalty of trapping an electron at Fe4, assuming the CO bound
product is valence-localized.

Despite the simplicity of this thermodynamic model, it adequately accounts for trends
in the energetics of CO binding in 3-5. The difference in enthalpy (AAH) for the second CO
binding event in 3 and 5, the formation of 3-(CO). and 5-(CO), respectively, is only 0.9(6)
kcal'mol™. This small AAH reflects the relatively small influence that the redox states of the
remote metal sites have on CO binding in these high-spin, valence-localized iron clusters in the

absence of redox reorganization. In contrast, the first CO binding event for 3 and 5, the

formation of 3-CO and 5-CO, respectively, has a larger AAH (3.6 kcal'-mol™). Assuming that
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changes in the redox state of the remote metals have an effect on CO binding similar to that
observed in the dicarbonyl series (~1 kcal-mol™), the redox reorganization penalty must be on

the order of 2.6(6) kcal-mol" (RRE = -nFAE, AE ~ -110 mV).

Square Scheme for Ligand-Induced

2+
2+
L—H _I _|2+ _I Redox Reorganization
Fe F e “or
K303K 0.2 atm K303K 0.2 atm
Fe AH =-13.6 kcal mol™! (Fe Fe) AH=-8.3 kcal mol”! (Fe -
3 3-C 3- (c0)2 BT,

Fe Fe

‘e I
=Fe ~ -1
@ Effect oflRe(note Redox ~ 1 kcal mol ) LIRR +CO
Redox Reorganization Energy (RRE) ~ 2.6 kcal mol
(])O _I 24 TO _I 24+

CO
_I Fe -ET
_CO —_—
K303k = 59 atm™ K303K 0.2 atm Fe Fe Fe
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Figure 8. Thermodynamics of ligand-induced redox reorganization. The difference in the CO binding

Fe) = o'

enthalpy for 3-CO and 5-CO (AAH ~ 1 kcal-mol') corresponds to the effect of remofe redox chemistry on
the CO affinity of the apical Fell center. A similar value is obtained comparing 3 and 4 (AAH ~ 1.5 kcal-mol-
). The larger difference in the enthalpy of CO binding to 3 vs. 5 (AAH ~ 3.6 kcal-mol!) arises from the
energetic penalty associated with internal electron transfer in 3. From this, we can estimate a redox
reorganization energy (RRE) of ~ 2.6 kcal'moll. Right: Thermodynamic square scheme for ligand-induced
redox organization (LIRR). Note, electron transfer is coupled to structural rearrangements, especially within
the Fe4(us4-O) motif (Supplementary Table 4), such that the redox sites and their relative potentials are not
fully independent.

As in 3, the formation of 4-CO must involve a redox reorganization and hence, the
difference in AH for CO binding between them should reflect only the remote redox effect if
the above model is correct. The observation of a AAH of ~1.5 kcal/mol for the formation of
3-CO and 4-CO is thus in agreement with this model. This further implies that the redox

reorganization in 4 has a similar energetic penalty (AAE ~ 0 vs. 3) despite the more oxidized
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basal triiron core. While oxidation of 3 to 4 does elongate the Fe3-O1 distance from 2.1480(19)
A to 2.2154) A, increasing its local reduction potential, the influence of this structural
rearrangement on AE must be largely levelled by a concomitant increase in the Fe4-O1
distance from 1.8128(19) to 1.855(4) A. Given the valence-localized nature of these clusters,
it is not surprising that the local redox potentials of the core Fe' sites (relative to the apical
Fe"' center) remain mostly invariant to cluster redox chemistry. As such, the redox
reorganization energy associated with internal electron transfer (RRE ~ 2.6 kcal-mol™) is not
significantly perturbed by redox state. This levelling of AE in valence-localized clusters leads
us to the conclusion that the most drastic differences in ligand binding affinities between
oxidized and reduced species will be observed at the point where redox reorganization ceases
to be required, as observed for 3-5.
CONCLUSIONS

In summary, for high spin, valence-localized iron clusters such as those described
herein, small enhancements (at most ~400-fold) in the affinity for m-acids arise from pure
redox chemistry, despite a notable effect on the degree of CO activation (67 cm™ over three
redox events). Deconvoluting the effect of redox at specific sites within the cluster, we
demonstrate that electron-loading at metal centers resote from the substrate binding site has a
relatively small influence on the CO binding energetics (~ 1 kcal'mol”). Nonetheless,
availability of reducing equivalents and internal electron transfers from these rezzofe metal sites

facilitate binding of m-acids at the apical Fe'"!

center due to the relatively small energetic penalty
atising from redox reorganization (RRE ~ 2.6 kcal-mol™). The ease with which these valence-

localized, high spin iron clusters redistribute electrons in response to ligand binding provides

insight into redox-dependent binding of N, and CO by FeMoco, especially in light of a recent
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report which suggests that substrate binding interactions may occur on an oxidized edge of

the cofactor.”

EXPERIMENTAL DETAILS

General Considerations. All reactions were performed at room temperature in a nitrogen filled
M. Braun glovebox or using standard Schlenk techniques unless otherwise specified. Glassware
was oven dried at 140°C for at least two hours prior to use, and allowed to cool under vacuum.
PhIm-H was prepatred according to a literature procedure,” dried over calcium hydride, and
distilled at 130°C under vacuum. LFe;(OAc); was prepared according to a literature procedure®
and purified by recrystallization. [Fc][OTf]” and Na[BAtr"2]” were prepared according to
literature procedures. [Fc[[OTf] was prepared by oxidation of Fc' with [Fc][OTf] in
dichloromethane followed by crystallization from dichloromethane/pentane. [Cp.Co][OTf]
was prepared by oxidation of CpxCo with AgOTf. All other reagents were obtained
commercially unless otherwise noted and typically stored over activated 4 A molecular sieves.
Tetrahydrofuran was dried using sodium/benzophenone ketyl, degassed with three freeze-
pump-thaw cycles, vacuum transferred, and stored over 3 A molecular sieves prior to use.
Dichloromethane, diethyl ether, benzene, acetonitrile, hexanes, and pentane were dried by
sparging with nitrogen for at least 15 minutes, then passed through a column of activated A2
alumina under positive nitrogen pressure. Acetone and acetone-d; were dried using calcium
sulfate (Drierite), degassed with three freeze-pump-thaw cycles, vacuum transferred, and
stored over 3 A molecular sieves prior to use. Dichloromethane-d; was dried over calcium
hydride, degassed by three freeze-pump-thaw cycles, and vacuum transferred prior to use.
Chlorobenzene-ds was degassed by three-pump-thaw cycles and dried over 3 A molecular
sieves prior to use. 'H and “F NMR spectra were recorded on a Varian 300 or 400 MHz

spectrometer. All chemical shifts (8) are reported in ppm, and coupling constants (J) are in
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hertz. The "H-NMR spectra were referenced using residual H impurity in the deuterated
solvent, whereas the "’F chemical shifts are reported relative to the internal lock signal. UV-
Vis spectra were recorded on a Varian Cary Bio 50 spectrophotometer. Infrared (ATR-IR)
spectra were recorded on a Bruker ALPHA ATR-IR spectrometer. Solution ATR-IR spectra
were recorded on a Mettler Toledo iC10 ReactIR. Elemental analyses were performed at
Caltech.

Physical Methods.

Miissbaner Measurements. Zero field *Fe Mossbauer spectra were tecorded in constant
acceleration on a spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat
(Janis, Wilmington, WA). The quoted isomer shifts are relative to the centroid of the spectrum
of a-Fe foil at room temperature. Unless otherwise noted, samples were prepared by grinding
polycrystalline (20-50 mg) into a fine powder and pressed into a homogenous pellet with boron
nitride in a cup fitted with a screw cap. The data were fitted to Lorentzian lineshapes using the
program WMOSS (www.wmoss.org).

EPR Spectroscopy. X-band EPR spectra were collected on a Bruker EMX spectrometer
equipped with a He flow cryostat. Samples of 3 were prepared as frozen glasses in 4:5
propionitrile/butyronitrile (2 mM). Spectra were collected with microwave powers ranging
from 2 mW to 8 mW with modulation amplitudes of 4 Gauss. Variable temperature spectra
were plotted with SpinCount (Prof. Michael Hendrich).

Magnetic Measurements. Magnetic measurements for 3 were conducted with a Quantum Design
MPMS3 SQUID Magnetometer at the University of California, Los Angeles. A polycrystalline
sample of 3 was wrapped in plastic film and placed in a gelatin capsule. The capsule was then
inserted into a plastic straw. Magnetization data at 100 K from 0 to 4 T were collected to

confirm the absence of ferromagnetic impurities. Direct current variable temperature
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magnetic susceptibility measurements were collected between 1.8 and 300 K with a 0.1 T field.
Reduced magnetization data was collected between 1.8 and 9 K at fields between 1 and 7 T.
Magnetic susceptibility data was corrected for diamagnetism of the sample, estimated using
Pascal’s constants. Magnetic susceptibility data was simulated with julX (Prof. Eckhard Bill)
and reduced magnetization data was simulated with PHL.™

Electrochemical Measurements. CVs were recorded with a Pine Instrument Company AFCBP1
bipotentiostat using the AfterMath software package. All measurements were performed in a
three-electrode cell, which consisted of (1) a glassy carbon working electrode, (2) a Pt wire
counter electrode, and (3) a Ag wire reference electrode. Dry solvent that contained 0.1 M
nBusNPFs was employed as the electrolyte solution for all electrochemical measurements. All
electrochemical measurements were performed at room temperature in an M. Braun nitrogen
filled glovebox or in specialized glassware on the Schlenk line. The ferrocene/ferrocenium
(Fc/Fc") redox couple was used as an internal standatrd for all measurements.

X-ray Crystallography. For compounds 1-2, 4-5, 3-(CO), and 5-CO low-temperature (100 K)
diffraction data (p-and w-scans) were collected on a Bruker AXS D8 VENTURE KAPPA
diffractometer coupled to a PHOTON 100 CMOS detector with Mo Ka radiation (A =
0.71073 A) or with Cu Ka (4 = 1.54178 A). For compound 3, low-temperature (100 K)
diffraction data (p-and w-scans) were collected on a Bruker AXS KAPPA APEX II
diffractometer coupled to an APEX II CCD detector with graphite monochromated Mo Ka
radiation (A = 0.71073 A). All diffractometer manipulations, including data collection,
integration, and scaling were carried out using the Bruker APEXII software.” Absorption
corrections were applied using SADABS.” Structures were solved by direct methods using
SHELXS" and refined against F2 on all data by full-matrix least squares with SHELXI.-2014"

interfaced with Olex2-1.2.8” and using established refinement techniques. All non-hydrogen
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atoms were refined anisotropically, except heavily disordered solvent in some cases. All
hydrogen atoms were included into the model at geometrically calculated positions and refined
using a riding model. The isotropic displacement parameters of all hydrogen atoms were fixed
to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups). All
disordered atoms were refined with the help of similarity restraints on the 1,2- and 1,3-
distances and displacement parameters as well as enhanced rigid bond restraints for
anisotropic displacement parameters. Due to the size of the compounds, most crystals
included solvent accessible voids, which tended to contain disordered solvent. In most cases,
this disorder could be modeled satisfactorily. Furthermore, the long-range order of these
crystals and amount of high angle data was in some cases not ideal, due to desolvation of the
crystals and/or solvent disordet.

DFT Calenlations. Gaussian09 was used for all calculations.”” Geometry optimizations for 3-
methylpyrazolate and 1-methylimidazolate were performed with the BP86 functional with a
double-{ basis set and one set of polarization functions (6-31G+(d,p)). Initial geometries were
taken from the X-ray crystal structures of  [LFe;O(PhPz);Fe][OTf]. and
[LFe;O(Phlm)sFe][OTf]. (3), respectively, by removing all atoms except for one of the bridging
ligands and exchanging the aryl substituent for a methyl group. Single point energy calculations
were then performed with the B3LYP functional, also with the 6-31G+(d,p) basis set.
Molecular orbitals were visualized with Gaussview.

Synthetic Procedures. Synthesis of LFe;(OT}f)s, (1). Trimethylsilyl triflate (4.10 mL, 22.65 mmol,
10 equiv.) was added dropwise to a suspension of LFe;(OAc)s (2.72 g, 2.26 mmol, 1 equiv.) in
dichloromethane (80 mL), affording a golden yellow solution. After stirring for 30 minutes,
the volatiles were removed in vacuo affording LFe;(OTf); as a pale yellow solid. The material

can be triturated with dichloromethane to remove most of the impurities. After trituration,
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LFe;(OTf)s is collected on a course frit as a light yellow solid (2.59 g, 78% yield). Crystals
suitable for X-ray diffraction were grown by diffusion of diethyl ether into a concentrated
dichloromethane solution of the compound. We have not been able to obtain a satisfactory
elemental analysis for LFe;(OTf)s, possibly due to its extreme air and moisture sensitivity.
However, structural analysis confirms its identity, which is satisfactory for its use as a precursor
to 2. "H NMR (300 MHz, CD,CL) & 112.96 (s), 97.06 (s), 84.67 (s), 45.45 (s), 37.18 (s), 35.38
(s), 26.25 (s), 16.68 (5), 7.84 (5), 3.81 (s), -2.35 (b), -3.16 (s), -7.32 (s). "F NMR (300 MHz,
CD,Cly) 8 — 41.79 (b). UV-Vis (CH,CL) [e (M cm™)]: 372 nm (2.91 x 10°).

Synthesis of [LEesO(Phlm-H)s][OTf], (2). A solution of Phlm (838 mg, 5.82 mmol, 3.3 equiv.)
in tetrahydrofuran (13 mlL) was added dropwise to a stirring suspension of LFe;(OTf); (2.59
g, 1.76 mmol, 1.0 equiv.) in tetrahydrofuran (43 mL). The resulting orange solution was allowed
to stir for one hour, at which point a suspension of PhIO (388 mg, 1.76 mmol, 1.0 equiv.) in
tetrahydrofuran (20 mL) was added. The solution immediately darkened, and a dark brown
precipitate formed gradually. After stirring overnight, the precipitate was collected on a bed
of Celite, washed with additional tetrahydrofuran, and then eluted with dichloromethane. The
volatiles were removed under reduced pressure to afford [LFe;O(PhIm-H);][OTf];as a dark
brown solid (3.02 g, 97% yield). Crystals suitable for X-ray diffraction were grown by diffusion
of diethyl ether into a concentrated dichloromethane solution of the compound.
Unfortunately, we have not been able to obtain satisfactory elemental analysis for this
compound. 'H NMR (300 MHz, CD,Cl,) § 103.79 (b), 100.89 (b), 98.12 (b), 82.04 (s), 78.36
(b), 68.19 (s), 66.99 (s), 66.58 (s), 59.35 (s), 51.73 (s), 49.32 (), 48.89 (5), 47.62 (s), 46.74 (s),
45.35 (s), 44.51 (s), 42.11 (b), 18.16 (b), 17.02 (s), 15.14 (b), 14.04 (b), 13.31 (s), 12.80 (b), 11.88

(5), 10.69 (s), 9.19 (b), 8.36 (b), 7.93 (s), 6.61 (s), 4.81 (s), 4.40 (5), 2.90 (s), 1.13 (b), -2.88 (b), -
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6.15 (b). “F NMR (300 MHz, CD,Cl,) & -9.21 (3F), -77.58 (6F). UV-Vis (CHCl,) [¢ (M cm®
N]: 408 nm (2.60 x 10°), 531 nm (7.74 x 10?).

Synthesis of [LEe;O(Phlm)sFe][OTf]>, (3). In a 20-mL scintillation vial charged with a stir bar and
wrapped in foil, [LFe;O(PhIm-H);|[OTf]; (1.06 g, 0.55 mmol, 1.0 equiv.) and Phlm (87.1 mg,
0.60 mmol, 1.1 equiv.) were suspended in 5 mL of tetrahydrofuran and frozen in a cold well
along with a solution of Na|N(SiMes)>] (334 mg, 1.83 mmol, 3.3 equiv.) in 1.5 mL of
tetrahydrofuran. Upon sufficient thawing for the mixture to begin stirring, the Na[N(SiMe3)o]
solution was added dropwise in the dark. After stirring for 1 hour, the solution was frozen in
the cold well. Upon sufficient thawing for the mixture to begin stirring, a thawing slurry of
FeCl, (80.2 mg, 0.64 mmol, 1.2 equiv.) in 3.5 mL of tetrahydrofuran was added dropwise. After
stirring for 22 hours, the mixture was filtered over a bed of Celite and the precipitate was
eluted with dichloromethane. The volatiles were removed under reduced pressure to afford
[LFe;O(Phlm)sFe][OTf]. as a dark brown solid (230 mg, 23% yield). Crystals suitable for X-
ray diffraction were grown by layering a dilute solution of the compound with diethyl ether at
-35°C. "H NMR (300 MHz, CD:Cly)  117.34 (b), 76.82 (s), 74.75 (s), 70.70 (b), 51.84 (s), 47.54
(s), 47.08 (s), 20.98 (b), 20.40 (s), 14.68 (s), 12.89 (s), 12.42 (s), 7.25 (5), 6.34 (), 5.52 (s), 4.93
(s), 4.60 (s), 3.32 (5), 2.99 (s), 2.42 (s), 1.05 (5), -4.58 (b), -6.98 (s). "F NMR (300 MHz, CD,ClL,)
8 -78.32. UV-Vis (CH2Cly) [e M cm™)]: 252 nm (9.56 x 10%, 464 nm (1.04 x 10%. ESI-MS
(m/z): 762 ([LFesO(PhIm)sFe]*") Anal. Calcd (%) for CssHeoFeFesN1:010S2: C, 56.66; H, 3.32;
N, 9.22. Found: C, 56.38; H, 3.40; N, 9.09.

Synthesis of [LEe;O(Phlm)ste][OTf]; (4). In a 20-mL scintillation vial charged with a stir bar, a
dichloromethane solution of [Fc][OTf] (26.8 mg, 0.08 mmol, 1.0 equiv.) was added dropwise
to a stirring solution of [LFe;O(Phlm):Fe][OT1], (145.9 mg, 0.08 mmol, 1.0 equiv.) in 2 mL

of dichloromethane. After 30 minutes, the volatiles were removed under reduced pressure and
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the pink-purple residue was triturated with diethyl ether. The suspension was filtered over
Celite, and the remaining pink-purple powder was washed with additional diethyl ether before
eluting with dichloromethane. The volatiles were removed under reduced pressure to afford
[LFe;O(Phlm)sFe] [OT1]; as a pink-purple solid (110 mg, 70% yield). Crystals suitable for X-
ray diffraction were obtained by diffusion of diethyl ether into a dilute solution of 4 in
dichloromethane. "H NMR (400 MHz, CD,Cl,) & 139.84 (b), 101.61 (b), 87.16 (s), 65.70 (5),
63.96 (s), 57.17 (s), 32.93 (b), 14.58 (s), 12.39 (s), 11.70 (s), 10.99 (s), 6.33 (s), 4.97 (b), 3.99 (s),
-2.30 (b), -12.29 (b). ”F NMR (300 MHz, CD-Cl,) & -78.53. UV-Vis (CH,CL) [e (M cm™)]:
379 nm (8.88 x 10°), 494 nm (8.37 x 10°). Anal. Calcd (%) for CssHeoFsFeN120O13S5: C, 52.99;
H, 3.07; N, 8.52. Found: C, 52.65; H, 3.17; N, 8.46.

Synthesis of [LEesO(PhIm)sFe][OTf], (5). (A) By reduction of 3: In a 20-mL scintillation vial
charged with a stir bar, a dichloromethane solution of Cp.Co (10.6 mg, 0.056 mmol, 1.0 equiv.)
was added dropwise to a stirring solution of [LFe;O(PhIm);Fe][OTf]. (102 mg, 0.056 mmol,
1.0 equiv)) in 3 mL of dichloromethane. After one hour, the volatiles were removed under
reduced pressure, and the dark purple residue was then triturated in dimethoxyethane (DME)
overnight. The purple precipitate was collected on a bed of Celite, washed with additional
DME, and then eluted with dichloromethane. The volatiles were removed under reduced
pressure to afford [LFe;O(Phlm);Fe][OTf] as a dark purple solid (69.5 mg, 74% yield). Crystals
suitable for X-ray diffraction were obtained by diffusion of diethyl ether into a dilute solution
of 5 in 1:1 dichloromethane:acetonitrile. (B) By oxidation of 6: To a suspension of
[LFe;0O(PhIm)sFe] (31.5 mg, 0.021 mmol) in tetrahydrofuran (1 mL) was added a suspension
of [Cp2Co][OT1] (10.5 mg, 0.031 mmol, 1.5 equiv.). The mixture immediately changes color
from blue to purple. After stirring for 45 minutes, the mixture was concentrated under

vacuum. The "H-NMR spectrum (CD-Cl,) of the crude product mixture revealed clean re-
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generation of 5. 'H NMR (300 MHz, CD,CL) 8 101.23 (b), 57.39 (s), 56.72 (s), 40.91 (b), 38.06
(), 36.00 (s), 31.58 (5), 24.16 (s), 13.54 (s), 12.66 (s), 11.92 (s), 8.26 (s), 7.22 (s), -4.45 (b). "’F
NMR (300 MHz, CDCly) & -78.89. UV-Vis (CH:CL) [e (M cm™)]: 413 nm (4.28 x 10%), 513
nm (3.39 x 10°). Anal. Caled (%) for CssHeoFsFesN12O5S: C, 60.99; H, 3.61; N, 10.04. Found:
C, 60.14; H, 3.66; N, 10.51.

Synthesis of [LLFe;O(Phlm)sFe] (6). A solution of naphthalene (32.6 mg, 0.25 mmol, 5.0 equiv.)
in 8 mL of tetrahydrofuran was added dropwise to a suspension of sodium metal in 10 mL
of tetrahydrofuran (45 mg, 1.96 mmol, 39.2 equiv.), affording a dark green solution. After
stirring for two hours, the solution was filtered over Celite and added dropwise to a stirring
solution of [LLFe;O(Phlm);Fe][OTf] (86.1 mg, 0.05 mmol, 1.0 equiv.) and Na[BAr"»] (45.6 mg,
0.05 mmol, 1.0 equiv.). After stirring overnight, the precipitate was collected on a fine frit and
washed with additional tetrahydrofuran (2x5 mL), affording [LLFe;O(PhIm);Fe] as a metallic
blue powder (50.5 mg, 66% yield). We have not been able to obtain satisfactory elemental
analysis for 0, likely due to its air sensitivity.

Synthesis of [LEesO(Phlm);Fe(CO)J (6-CO). A suspension of [LFe;O(Phlm);Fe] (27.5 mg, 0.018
mmol) in 2.7 mL of tetrahydrofuran was transferred to 20 mL Schlenk tube. The suspension
was degassed by three freeze-pump-thaw cycles, and an atmosphere of CO was admitted at
room temperature. After stirring for five hours, an IR spectrum of the green suspension was
collected. The mixture was then frozen, evacuated once, and exposed to N (without thawing).
After stirring for two hours or overnight, only the vibrational feature assigned to
[LFe;O(PhIm);Fe(CO)] was observed (vco = 1899 cm™). The green precipitate was collected
by filtration at the 2-3 hr. time point to minimize CO loss (20 mg, 72%).

Synthesis of [L.Fe;O(Phlm);Fe][OTfs (7). For 'TH-NMR: A solution of [LFe;O(PhIm);Fe][OTf]s

(4, 18 mg) was prepared in 0.7 mL CD,Cl. An aliquot (0.35 mL) was added to a | Young tube,
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and the solution was frozen in the cold well. A solution of [N(CsH4Br-4);][OTH] (7 mg) was
prepared in 2 mL of CD,Cl. An aliquot (0.2 mL) of this [N(CsH4Br-4)3][OTf] solution was
added to the frozen solution of 4 and mixed thawing, affording a dark orange-brown solution
and a considerable amount of a datrk precipitate. 'H-NMR spectra were collected at 298 K,
223 K and 198 K which confirmed the formation of one (or more) new species. The tube was
then degassed by three freeze-pump-thaw cycles and CO (1 atm.) was admitted at 293 K. 'H-
NMR spectra collected under an atmosphere of CO matched those under N», demonstrating
that CO does not bind the dissolved, NMR-active fraction of the material. Subsequently, the
tube was degassed by three freeze-pump-thaw cycles. A solution of ferrocene (5.7 mg) was
prepared in 0.2 mL CD>Cl,. Addition of an aliquot (0.12 mL) of this ferrocene solution to the
degassed tube cleanly returns 4, suggesting that the oxidized product(s) retains the core
geometry of 4 and most likely corresponds to the all-ferric cluster [LEFe;O(Phlm)sFe][OTf]4
(7), though more detailed characterization of this compound has not been possible to date. It
is possible that triflate binds the apical Fe'" of [LLFe;O(Phlm);Fe][OTf]4 (7), which could also
suppress CO binding;

For UV-Vis: A solution of [LFe;O(Phlm):Fe][OTf]; (4, 7.2 mg) was prepared in
dichloromethane (19 mL). A 50-uM solution was prepared by diluting 2.5 mL of this stock
solution to 10 mL with dichloromethane. A 3-mL aliquot of this 50 pM solution was charged
into a Kontes-valve sealed cuvette. A solution of [N(C¢HiBr-4);][OTH] (8.4 mg) was prepared
in 5 mL of dichloromethane. To the stirring solution of 4 in the cuvette was added a 0.1 mL
aliquot of the [N(CsHBr-4);][OT1] stock solution (1.5 equiv.). The UV-Vis spectrum of
[LFe;O(Phlm)sFe][OTf]4 (7) was then recorded under N» between 198 and 298 K. Then the
sample was degassed by three freeze-pump-thaw cycles, and CO (1 atm.) was admitted at room

temperature. The UV-Vis spectrum of [LFe;O(Phlm);Fe][OTf]s (7) was then recorded under
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CO between 198 and 298. Other than a loss in signal intensity (presumably due to a small
amount of decomposition of 7), there is no difference in the VT behavior under N, or CO.
Summary Tables

Table 3: Spectroscopic, Mossbauer, and structural parameters for complexes 3-CO, 4-CO, 5-
CO and 6-CO together with other monometallic trigonal bipyrimidal (TBP) Fe-complexes

containing a single axial CO ligand.>>>* %2

Complex S=  v(CO)(cm") 3 (mnvs) |AE,| (mnvs) d(Fe-C) (A) d(C-0) (A)
(EtsN)[N(CH,CH,S):Fe(CO)] 1 1885 0.22 0.99 1.720(14) 1.154(14)
[LFe;0(PhIm);Fe(CO)] (6-CO) 1 1899 0.16 0.97 -
[LFe;0(PhIm);Fe(CO)|(OTH) (5-CO) 1 1916 0.06 0.7 1773 1.149
[C(SiMe;CH,PPhy);Fe(COYI(BAT 54) 1 1937 0.28 1.87 1.786 1155
K[N(CH,C(O)N'Pr)sFe(CO)] 1 1940 0.26 1.07 1.749 1155
(EtyN)[ArS; Fe(CO)] 1 1940 0.25 231 1.883* 1.001*
[LFe;0(PhIm);Fe(CO)](OTH), (3-CO) 1 1944 0.10 0.78
[P;*'Fe(CO)I(BAI" 24) 1 1959 031 412 1.842 1.104
[LFe;0(PhIm);Fe(CO)|(OTH); (4-CO) 1 1966

Table 4: Selected bond distances and angles for complexes 3-7, 3-(CO). and 5-CO

Bond Distance (A) Complex 3 Complex 4 Complex 5 Complex 5-CO  Complex 3-(CO),
Fel-O1 2.1430(19) 2.215(4) 2.032(4) 2.12103) 2.13505)
Fe2-01 1.983(2) 1.978(4) 1.980(4) 1.927(3) 1.919(4)
Fe3-01 2.093(2) 1.981(4) 2.067(4) 2.098(3) 2.023(4)
Fe4-Ol 1.8128(19) 1.855(4) 1.883(4) 1.906(3) 2.006(4)
Fed-C60 2.068(3) 2.045(6) 2.098(6) 2.052(4) 2.012(6)
Fed-C69 2.063(3) 2.059(6) 2.092(6) 2.069(5) 2.019(8)
Fed-C78 2.063(3) 2.055(6) 2.096(6) 2.053(4) 2.010(6)
Fed-C85 - - 1.775(5) 1.741(6)
Fed-C86 - - - 1.824(8)
€85-05 ; ; 1.148(6) 1.147(8)
C86-06 - ; ; 1.173(10)

Bond Angles ()
C60-Fod-C69 119.11(11) 121.703) 119.72) 116.43(16) 104.53)
C69-Fe4-C78 121.68(11) 120.7(3) 121.1(2) 118.43(16) 97.9(3)
C60-Fe4-C78 118.74(11) 117.3(3) 118.5(2) 124.26(16) 153.5(2)
Fe4-C85-05 ; ; 178.3(4) 175.7(7)

Fe4-C86-06 - - - 167.6(7)



Table 5: Mossbauer parameters for complexes 3-6, 3-CO, 5-CO, 6-CO.

No. Complex O (mm/s) |AEq| (mm/s) Occupancy (%)

3 [LFe;0(Phlm);Fe](OTf), 1.03 3.13 25
1.14 3.22 25

0.39 0.38 25

0.19 1.11 25

4 [LFe30(PhIm);Fe(CO)](OTH); 0.89 3.34 25
0.50 0.56 25

0.48 1.05 25

0.17 1.07 25

5 [LFe3O(PhIm)3Fe](OTY) 1.09 3.17 25
1.10 3.41 25

0.53 1.11 25

0.89 2.29 25

6 [LFe3O(PhIm)sFe] 1.13 3.19 75
0.68 2.08 25

6-CO [LFe30(PhIm)3Fe(CO)] 1.09 3.14 75
0.16 0.97 25

3-CO  [LFe3O(PhIm);Fe(CO),]J(OTf)2  1.05 3.22 25
0.47 0.71 25

0.48 1.18 25

0.10 0.78 25

5-CO [LFe;0(PhIm);Fe(CO)](OTY) 1.04 2.89 25
1.13 3.39 25

0.53 1.09 25

0.06 0.70 25
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Table 6: Crystal and refinement data for precursor complexes 1 and 2.

Complex 1 l Complex 2
CCDC 1816163 1816164
Empirical formula Co0.51H40.06Cl1.01FoFe3NsO12S; Cs7.5He4CIFoFe3N 1201383
Formula weight 1513.64 1961.68
Temperature/K 100 100
Crystal system triclinic trigonal
Space group P-1 P-3
a/A 12.5224(6) 23.4333(11)
/A 12.8854(6) 23.4333(11)
c/A 21.9843(11) 9.7960(5)
a/° 93.576(2) 90
B/ 103.138(2) 90
v/° 118.3998(18) 120
Volume/A® 2977.9(3) 4658.5(5)
Z 2 2
Pealeg/cm’ 1.688 1.398
wmm' 0.97 0.64
F(000) 1531 2002
Crystal size/[nm3 0.34 x 0.28 x 0.19 0.23 x0.23 x 0.11
Radiation MoKa (A= 0.71073) MoKa (A= 0.71073)

20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F°
Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A

4.478 t0 66.282
-19<h<19,-17<k<19,-31 <1<33
98544
22669 [Rint = 0.0476, Ryigma = 0.0500]
22669/143/941
1.02
R, = 0.0428, wR; = 0.0999
R; =0.0693, wR, = 0.1113

1.44/-0.70

4.618 to 59.184
30<h<32,-32<k<27,-13<1< 13
91999
8466 [Rint = 0.0596, Ryigma = 0.0340]
8466/143/419
1.033
R, = 0.0626, wR, = 0.1678
R, =0.0886, R, = 0.1836
1.00/-0.65
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Table 7: Crystal and refinement data for tetranuclear complexes 3 and 5.

Complex 3 Complex 5
CCDC 1816165 1816166
Empirical formula Co0.6Hes.17Cla.26F6FeaN12010.62S2 Co0.34HeoF3FesN14.6707S
Formula weight 2047.49 1775.37
Temperature/K 100 100.03
Crystal system triclinic monoclinic
Space group P-1 C2/c
a/A 15.486(2) 40.403(4)
b/A 15.4964(18) 17.5931(17)
c/A 19.443(2) 25.463(3)
a° 100.128(2) 90
B 93.878(4) 115.389(6)
v/° 93.078(3) 90
Volume/A® 4573.6(10) 16355(3)
Z 2 8
Paleg/cm’ 1.487 1.442
p/mm'l 0.87 6.422
F(000) 2086 7262

Crystal size/mm’
Radiation
20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F°
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

0.44 x 0.28 x 0.13
MoK, (A= 0.71073)

2.134 to0 69.866
24<h<24,-24<k<24,-31<1<31
200849
39977 [Rint = 0.0614, Ryjgma = 0.0524]
39977/294/1231
1.049
R, = 0.0807, wR, = 0.2239
R = 0.1245, wR, = 0.2577
2.98/-2.09

0.9 x 0.38 x 0.16
CuKo (= 1.54178)
5.576 to 133.094
48 <h<48,-20<k <20,-29 <1< 30
115838
14365 [Rin = 0.1060, Ryignma = 0.0565]
14365/26/1071
1.032
R, = 0.0847, wR; = 0.2283
R, =0.1124, wR; = 0.2541
1.25/-1.69
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Table 8: Crystal and refinement data for tetranuclear cluster 4.

Complex 4
CCDC 1816169
Empiﬁcal formula C96H72C12F9F64N12015S3
Formula weight 2195.13
Temperature/K 99.99
Crystal system triclinic
Space group P-1
a/A 14.3206(12)
b/A 19.6847(14)
c/A 20.858(2)
o/° 115.463(6)
pBre 109.048(5)
v/° 94.165(6)
Volume/A® 4859.2(8)
V4 2
pcalcg/cm3 1.5
w/mm'! 6.552
F(000) 2238
Crystal size/mm’ 0.212 x 0.142 x 0.106
Radiation CuKa (A =1.54178)
20 range for data collection/° 5.112 to 160.954
Index ranges -18<h<17,-23<k<25,-26<1<26
Reflections collected 68612
Independent reflections 20695 [Rin; = 0.0888, Rgigma = 0.0809]
Data/restraints/parameters 20695/468/1316
1.029

Goodness-of: fit on F>
Final R indexes [I>=2c (I)]
Final R indexes [all data]

R; =0.0947, wR, = 0.2515
R; =0.1376, wR, = 0.2932
2.89/-1.16

Largest diff. peak/hole / e A™
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Table 9: Crystal and refinement data for carbonyl adducts 3-(CO); and 5-CO.

Complex 3-(CO),

Complex 5-CO

CCDC 1816168 1816167
Empirical formula C91,07H66, 15C]6,15F5F64N1201282 C92H55F3F€4N1503S
Formula weight 2140.23 1821.05
Temperature/K 99.97 100
Crystal system monoclinic triclinic
Space group P2,/c P-1
alA 14.4988(5) 12.349(4)
b/A 45.032(2) 15.527(7)
c/A 14.6559(7) 21.471(8)
o/° 90 78.351(13)
B/e 106.580(2) 79.352(12)
v/° 90 88.530(13)
Volume/A® 9171.2(7) 3962(3)
zZ 4 2
Pealeg/em’ 1.55 1.526
wmm'' 7.732 0.823
F(000) 4349 1866
Crystal size/mm’ 0.21 % 0.19 x 0.15 0.3 x0.25 x 0.15
Radiation CuKo (A= 1.54178) MoKa (A =0.71073)

20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F*
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A”

6.36 to 161.064
-18<h<18,-56<k<56,-18<1< 18
150997
19794 [Rin = 0.0813, Ryjgma = 0.0472]
19794/151/1230
1.05
R, =0.1018, wR, = 0.2745
R, = 0.1225, wR, = 0.2913
2.44/-1.11

4.268 to 61.386
-17<h<17,-22<k<22,-30<1<30
145591
24232 [Rint = 0.0856, Ryigma = 0.0597]
24232/96/1180
1.035
R, = 0.0877, wR, = 0.2192
R, = 0.1309, wR, = 0.2596
2.05/-1.61
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Special Refinement Details for LFes;(OTf); (1). Compound 1 crystallizes in the triclinic
space group P-1 with one molecule in the asymmetric unit along with one half of a molecule
of co-crystallized dichloromethane. The co-crystallized dichloromethane molecule is located
near a special position (inversion center) and was modelled with the aid of a similarity restraint
on the 1,2 distances (C61-Cl1, 1.734(6) A and C61-CI2, 1.758(5) A) and enhanced rigid bond
restraints on all components of the disorder. Additionally, one of the triflates is disordered
(over two positions with occupancies of 93% and 7%) and was modelled with the help of
similarity restraints on the 1,2 distances and enhanced rigid bond restraints on all components
of the disorder. Only the major component is shown in Figure S65.

Special Refinement Details for [LFe;O(PhIm-H);][OTI]s (2). Compound 2 crystallizes
in the trigonal space group P-3 with one-third of one molecule in the asymmetric unit along
with one outer sphere triflate. The triflate counterion is heavily disordered and was modelled
over two positions (occupancies of 72% and 28%, respectively) with the aid of similarity
restraints on all 1,2 distances and enhanced rigid bond restraints. Additionally, there is a large
solvent accessible void which contains one molecule of dichloromethane disordered over six
positions close a three-fold rotoinversion axis.

Special Refinement Details for [LFe;O(Phlm);Fe][OTf]. (3). Compound 3 crystallizes
in the triclinic space group P-1 with one molecule in the asymmetric unit along with two outer
sphere triflate counter ions, 2.15 co-crystallized molecules of dichloromethane, and 0.62
molecules of co-crystallized diethyl ether. One of the triflate counter ions is disordered over
two distinct positions (occupancies of 62% and 38%). The first position is otherwise occupied
by dichloromethane (38%), whereas the second position is otherwise occupied by diethyl ether
(62%). There are two additional molecules of co-crystallized dichloromethane, one of which

was modelled as disordered over two positions. The second is heavily disordered and was
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modelled isotropically. There is significant residual electron density close to this molecule of
dichloromethane which could not sufficiently be modelled any further. There is additional
solvent disorder which could not be satisfactorily modelled and was masked in Olex2. The
volume of the solvent accessible void space was found to be 129.7 A® in which 44.6 ¢ were
located.

Special Refinement Details for [LFe;O(PhIm);Fe(CO).][OTf]: (3-(CO)z). Compound
3-(CO); crystallizes in the monoclinic space group P2;/¢ with one molecule in the asymmettic
unit along with two outer sphere triflate counter ions and 3.1 molecules of co-crystallized
dichloromethane. The triflate counterions and the co-crystallized dichloromethane were
modelled with the help of similarity restraints on the 1,2-distances and anisotropic
displacement parameters. There is some residual electron density close to a disordered
dichloromethane molecules which could not be sufficiently modelled any further.

Special Refinement Details for [LFe;O(Phlm);Fe][OTf]; (4). Compound 4 crystallizes in
the triclinic space group P-1 with one molecule in the asymmetric unit along with three outer
sphere triflate counter ions, one co-crystallized molecule of dichloromethane, and one
molecule of co-crystallized diethyl ether. One of the triflate counter ions is heavily disordered
over two distinct positions (occupancies of 62% and 38%). Both components were modelled
as a rigid group, using structural parameters derived from one of the non-disordered triflates.
There is significant residual electron density close to this heavily disordered triflate which
could not sufficiently be modelled any further. The co-crystallized diethyl ether molecule is
heavily disordered and was modelled isotropically as disordered over two positions.

Special Refinement Details for [LFe;O(PhIm);Fe][OTf] (5). Compound 5 crystallizes in
the monoclinic space group C2/¢ with one molecule in the asymmetric unit along with one

outer sphere triflate counter ion and 2.7 molecules of co-crystallized acetonitrile. There are
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large solvent accessible channels in the crystal which have been modelled as containing co-
crystallized acetonitrile molecules. However, the solvent in those channels appears to be
heavily disordered, and the co-crystallized acetonitrile molecules were modelled isotropically.
All 1,2 and 1,3 distances in the disordered solvent molecules were fixed (C;-N: 1.157(1) A, Ci-
Ca: 1.458(1) A, C-N: 2.71(1) A).

Special Refinement Details for [LFe;O(PhIm);Fe(CO)][OTf] (5-CO). Compound 5-
CO crystallizes in the triclinic space group P-1 with one molecule in the asymmetric unit along
with one outer sphere triflate and three co-crystallized acetonitrile molecules. The triflate
counter ion is disordered over two positions (occupancies of 75% and 25%). There is
significant disorder associated with the co-crystallized acetonitrile molecules. Two of the co-
crystallized acetonitrile molecules are disordered over special positions. One was heavily
disordered and was refined isotropically. The second was further disordered over two
positions (occupancies of 56% and 44%). In close proximity, there is an additional acetonitrile
molecule which is disordered over two positions (occupancies of 44% and 56%, such that the
two molecules do not occupy the same void space) All disordered molecules were modelled
with the help of similarity restraints on the 1,2 and 1,3 distances and on the anisotropic
displacement parameters. There are also residual electron density peaks close to the iron
centers, but they are too close (~0.9 A) to be another atom. The possibility of non-merohedral
twinning was evaluated through cell_now, but a significant twin component could not be
identified. While the residual density could be due to disorder which cannot be satisfactorily
modelled, their proximity to the heavy metals suggests they may arise due to absorption

problems or truncation errors instead.
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CHAPTER 3

REMOTE LIGAND MODIFICATIONS TUNE ELECTRONIC DISTRIBUTION AND
REACTIVITY IN SITE-DIFFERENTIATED, HIGH SPIN IRON CLUSTERS:

FLIPPING SCALING RELATIONSHIPS

The text for this chapter was reproduced in part from:

Arnett, C.H.; Kaiser, J.; Agapie, T. Inorg. Chem. 2019, 58, 15971-15982.
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ABSTRACT

We report the synthesis, characterization and reactivity of [LFe;O(*Arlm);Fe][OTf],, the
first Hammett series of a site-differentiated cluster. The cluster reduction potentials and CO
stretching frequencies shift as expected based on the electronic properties of the ligand:
electron-donating substituents result in more reducing clusters and weaker C-O bonds.
However, unusual trends in the energetics of their two sequential CO-binding events with the
substituent o, parameters are observed. Specifically, introduction of electron-donating
substituents suppresses the first CO binding event (AAH as much as 7.9 kcal-mol™) but enbances
the second (AAH as much as 1.9 kcal'mol”). X-ray crystallography, including multiple-
wavelength anomalous diffraction, Mdssbauer spectroscopy, and SQUID magnetometry
reveal that these substituent effects result from changes in the energetic penalty associated

with electronic redistribution within the cluster, which occurs during the CO binding event.
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INTRODUCTION

The reactivity of transition metal ions is sensitive to their local environment,'” enabling
the rational development and optimization of catalysts based on established structure-function
relationships. However, because many of the thermodynamic properties central to their
reactivity are highly correlated,” ligand modifications which enhance one measure of reactivity
(eg reduction potential) may adversely affect another (eg acidity, hydricity, ligand binding
affinity).”® Breaking, or inverting, these traditional scaling relationships can prove
advantageous in fine tuning the reactivity and/or selectivity of transition metal-based
catalysts.” " For example, incorporation of trimethylanilinium groups into the backbone of a
tetraphenylporphyrin results in electrocatalysts for CO. reduction which operate with higher
efficiency at lower overpotential due to stabilization of the initial Fe"-CO, adduct, breaking
the correlation between activity and overpotential.''

In comparison to monometallic systems, the influence of changes in the first and
second coordination sphere on the properties of metal clusters are poorly understood,"*'
despite the fact that catalysts which incorporate multiple metal centers are common in
biological systems and mediate challenging multielectron transformations.'” Although only
a subset of the metal ions within the cluster are believed to be involved in substrate binding
and functionalization, the remote metals may significantly impact the properties and activity
of the reactive site.”””® For example, varying the identity of the pendant group 13 metal in a
series of heterobimetallic [MNi] (M = Al, Ga, In) complexes tunes their H>and N> binding
affinities™ as well as their activity towards olefin hydrogenation.”” A heterobimetallic Ztr/Co
complex activates O,” and organic azides™ at a Zt"" center, with electrons delivered to the
substrate by the remote redox-active cobalt center. Conversely, proximal redox-inactive metals

have been shown to induce inverse linear free energy relationships in the rates of C-H
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oxidation” and Mn"N coupling." Studies from our laboratory demonstrate that remote metal

sites influence small molecule activation,””* bond dissociation free energies,”*

and oxygen
atom transfer” without formally changing the oxidation state of the metal site directly involved
in substrate binding. The close proximity of multiple redox-active metal centers in a site-
differentiated clusters may afford unique opportunities to challenge traditional scaling
relationships, though such an approach has not been realized because of the synthetic
challenges associated with controlling cluster nuclearity and geometry in common self-
assembly reactions.”

37-41

To facilitate (electronic) structure-function studies” ™, our group and others employ

polynucleating ligands scaffolds to template the organization of multiple metal centers.***’
Herein, we report the synthesis and characterization of a unique Hammett series of a site-
differentiated cluster, [LFe;O(*ArIm);Fe][OTf], (Figure 1), which reversibly binds up to two
molecules of CO. The redox properties of the cluster are dependent on the electronic nature
of the substituent (AEi,, = 270-310 mV), with electron-releasing substituents resulting in
cathodic shifts. Unexpectedly, introduction of electron-donating substituents suppresses the first
CO binding event of the cluster (AAH as much as 7.9 kcal'mol™). Even more surprising, the
opposite trend is observed for the second CO binding event, which is enhanced by electron-
donating substituents (AAH as much as 1.9 kcal'mol™). Crystallographic, spectroscopic and
magnetic studies enabled us to deconvolute the effect of ligand modification at specific sites
within the cluster. These studies suggest that electron-releasing substituents enlarge the
energetic penalty associated with electronic redistribution within the cluster, an essential
feature of the first CO binding event. Binding of the second molecule of CO does not require

an internal electron transfer, which explains why the second binding constant increases as the

clusters become more electron-rich.



62

1R (R = CF3, H, OMe, NMey,)

FIGURE 1. General molecular structure of [LFesORArIm)sFe][OTf]2, supported by imidazolates and a
1,3,5- triarylbenzene-based ligand. The inset shows the coloring scheme for the metal oxidation states.

RESULTS AND DISCUSSION
Synthesis  and  Electrochemistry. ~ Complexes  [LFe;OC““Arlm);Fe][OTf. (1%,
[LEe;OCMArIm)sFe][OTf].  (1°M) and [LFe;OC™™ArIm);Fe][OTf, (1%  were
synthesized in a manner similar to that recently described for [L.Fe;O(Phlm);Fe][OTf], (1)
(Scheme 1).” Although high quality crystal structures could not be obtained for 1°™¢ or 1N™<?,
their "H-NMR spectra are strikingly similar to those of the structurally characterized clusters
1°" and 1" (NMR, Figure 46). Moreover, the ESI mass spectra of 1°™¢ and 1" feature peaks
at m/z = 809 and 827, respectively, consistent with [LFesO(C”Arlm)sFe]** and
[LEe;O("MAtIm);Fe]*" formulations.

The effect of remote ligand modification on the electrochemical properties of
[LFe;O(*ArIm);Fe][OTf]. was interrogated by cyclic voltammetry. In dichloromethane, 1% (R
= CF3, H, OMe, NMe») exhibits two quasireversible electrochemical events: a reduction

assigned to Fe'sFe /Fe';Fe'; redox couple (average Fi2 ~ -1 V) and an oxidation assigned
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to Fe",Fe",/Fe"'Fe's redox couple (average Ei» ~ -0.11 V, Figure 2A). The potentials
associated with both redox events are dependent on the electronic nature of the substituent,
illustrated by the linear correlation of the measured Ei/» values with their Hammett o,
parameters (Figure 2B).* The half wave potentials of the Fe'sFe''/Fe",Fe™; redox event are
shifted over 2 310 mV range from -0.87 V for 1% to -1.18 V for 1" suggesting a significant
effect of remote ligand substitution on the energy of the redox active orbital(s) associated with
[Fes(us-O)Fe] core. Likewise, the half wave potentials of the Fe";Fe'",/Fe"Fe''s redox event
are tuned over a similar range (270 mV) from +0.02 V for 1°* to -0.25 V for 1",

Scheme 1. Modular Synthesis of Site-Differentiated Iron Clusters with Variable Remote Substituents.
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1R (R = CF3, H, OMe, NMey) 2R (R = CF3, H, NMe,)
Spectroscopic Studies of [I.FesOArlm)sFe]’" Clusters. Although the electrochemical properties of
1% (R = CF3, H, OMe, NMe;) trend with the substituent o, parameters, spectroscopic studies

reveal only subtle differences in their electronic ground state.* The zero field *’Fe Mossbauer

d 1NMe2

spectra of 1°%° (Méssbauer, Figure 8) an (Mossbauer, Figure 9) are qualitatively similar
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to that of 1" Spectral simulations reveal the presence of two iron subsites (50% total iron)

with Méssbauer parameters (6 ~ 1 mm/s, |AEq| ~ 3 mm/s) diagnostic of high spin, six-

-32, 34-35, 51

coordinate Fe" centers, * indicating a [Fe';Fe"] assignment of the redox state of the

triiron core. Moreover, the isomer shifts associated with the apical iron center of 1%, 1" and
1™ (5 = 0.19-0.22 mm/s) are consistent with an Fe' formulation.”” The EPR spectra of 1°*
and 1" (EPR, Figure 2), collected in parallel mode at 4.5 K in a propionitrile/butyronitrile
(4:5) glass all exhibit a feature at g ~ 17.2 assigned to a transition within the M, = +/- 4 doublet
of an § = 4 spin system (D < 0). > This assignment is consistent with variable temperature
magnetic susceptibility measurements on 1°? (Figure S1) and 1™ (Figure S2), which plateau
(19 ~8.8 cm’ K mol”, 1™ ~9.3 cm’ K mol") near the expected spin-only value for an
isolated S = 4 center (10 cm’ K mol™).

Synthesis and X-ray Diffraction Studies of [LFe;O(*Arlm)sFe]*  Clusters. Consistent with their
electrochemical behavior, 1%, 1%, and 1™* can be reduced with 1 equiv. of Cp 2Co, affording
complexes with nearly identical 'H-NMR features (NMR, Figure 47). Structural
characterization confirmed the identity of these paramagnetic compounds as
[LFe;O(“ArIm)sFe][OT] (2%, Figure 3A), [LFe;O(Phlm)sFe][BF.] (2", prepared by
reduction of 2% to the all-ferrous cluster followed by re-oxidation with [Cp2Col[BFj], Figure
3B) and [LFe;OC™ArIm);Fe][BF,] (2™ Figure 3C), respectively. Upon reduction, the
Fe4-O1 distance of 1 (z.a. 1.80 A) elongates to 1.897(1) A (Table 1), suggesting a ferrous
oxidation state assignment for the apical iron in 2°¥3, Moreover, the long Fel-O1 (2.068(2) A)
and Fe3-O1 (2.074(2) A) distances and short Fe2-O1 (1.933(2) A) bond length of 2% are
consistent with maintaining the [Fe";Fe""| redox level of the basal triiron core observed in 1°%.

Similar Fe-O1 bond lengths are observed for 2" (Table 1), indicating that incorporation of



65

electron withdrawing trifluoromethyl substituents does not significantly perturb the ground
state electron distribution within [Fes(us-O)Fe] " core.

20

< | | >
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Figure 2. (A) Cyclic voltammograms of 1€F3 (red), 1H (orange), 10Me (green), and INMe2 (blue) in CH2Cl
(0.1 M [#Pt4N][BArF24] supporting electrolyte). Scan rate: 100 mV/s. (B) Plot of Ei/2(Fell2Felll;/FellFellls)
(top) and Ei/2(FellsFelll/Fell,Fellly) (bottom) vs. Hammett substituent constants (o) for 1R (R = CF3, H,
OMe, NMe), respectively.

Remarkably, however, the solid state structure of 2™

reveals a significant influence
of remote ligand modification on the redox distribution of [Fes(us-O)Fe]™ cluster. The Fe4-
O1 bond length of 2™ (1.839(2) A, Table 1) is substantially shorter than those of 2%

(1.897(1) A) or 2% (1.881(1) A), suggesting that incorporation of electron donating
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dimethylamino substituents favors localization of ferric character at the apical iron center. This
shift in the electron distribution is supported by an elongation in the Fe2-O1 distance from
1.933(2) A in 2% or 1.881(1) A in 2" to 1.986(2) Ain 2" (Table 1), indicating a more reduced

[Fe's] triiron core in 2NM<?

. Consistent with this assignment, an elongation of the
[Fel | Fe2 | Fe3] centroid-O1 distance is observed from 0.957(2) A in 2%to 1.015(2) A in 2NM<,
Admittedly, the Fe2-O1 distance of 2™ remains somewhat short compared to other core
Fe'-O1 distances (average ~ 2.07 A),;**** though this may simply be a manifestation of the
rigidity of the supporting ligand. Despite differences in the Fe-O1 bond lengths of 2 and
2" the volume of the tetrametallic core remains neatly constant (average Fe-Fe separations:
3.36(4) vs. 3.37(3) A). The constrained volume of [Fes(u-O)Fe] core may prevent a more
dramatic elongation of the Fe2-O1 distance of 2™ in response to charge redistribution
induced by remote modification of the ligand. The higher sensitivity of the apical iron to the

electronic nature of the remote substituents likely results from the fact that, while these

substituted imidazolates bridge Fe4 to the basal triiron core, only Fe4 is bound to all three.

Figure 3. Solid state structures of 2CF3) 2H and 2NMe2. Hydrogen atoms and outer sphere counterions not
shown for clarity. (A) [LFe;O(CCPArIm)sFe][OTE] (2€F3). (B) [LFe;O(Phlm)sFe][BFs (2H) (C)
[LFe;0O(PNMe2ArTm);Fe] [BF,4] (2NMe2),
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Table 1. Summary of Selected Bond Lengths.

Bond 1H 2CF3 5H >NMe2
Distance
(A)
Fe1-O1 2.148(2) 2.068(2) 2.091(1) 2.063(2)
Fe2-O1 1.983(2) 1.933(2) 1.881(1) 1.986(2)

Fe3-O1 2.093(2) 2.074(2) 2.108(1) 2.097(2)
Fes-O1  183()  18070)  18810)  1839(2)
Fe1-Nu 2.144(3) 2.145(2) 2.164(2) 2.164(2)
Fe2-Ng 2.131(2) 2.133(2) 2.121(2) 2.156(2)
Fe3-N7 2.137(3) 2.169(2) 2.174(2) 2.178(2)
Fe4-C60 2.068(3) 2.087(2) 2.093(2) 2.071(2)
Fe4-C69 2.063(3) 2.107(2) 2.102(2) 2.075(3)

Fe4-C78 2.063(3) 2.084(2) 2.082(2) 2.082(3)

[a] Data taken from ref. 30.

"Fe Mdssbauer spectroscapy of [I.FesO(*Arlm)sFe]* Clusters. In order to obtain additional insight
into the effect of remote ligand modifications on electron distribution, 2 and 2"*? were
studied by *Fe Mé&ssbauer spectroscopy. The Mossbauer spectrum of 2°% (80 K, Figure 4
top) features only three well-resolved resonances, albeit with discernable shoulders near the
Lorentzian features around -0.5 mm/s and 3 mm/s, respectively. A satisfactory simulation of
the experimental spectrum requires at least three distinct iron subsites which, based on the
relative intensity of the resonance near 3 mm/s, occur in a 2:1:1 ratio. Two reasonable
simulations were obtained, both of which afford Mossbauer parameters for one subsite (50%
total iron) which are consistent with the presence of two high-spin, six-coordinate Fe' centers
(6~ 1.1 mm/s, |AEq| ~ 3.2 mm/s) within the triiron core.””****>>! The relative intensity of
the sharp resonance near 1 mm/s indicates the presence of one fetric ion whose isomer shift
and quadrupole splitting depend on how the Lorentzian feature near -0.5 mm/s is modelled,
with 8 bounded between 0.34-0.47 mm/s. Isomer shifts in this range are common for high-

59-63

spin, six-coordinate ferric centers in O/N rich ligand environments,”* suggesting a [Fe",Fe']
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redox level for the triiron core identical to that inferred from the solid state structure. The
shoulder observed to the left of the Lorentzian feature around 3 mm/s is attributed a third
ferrous site with a lower isomer shift (6 ~ 0.8 mm/s) and lower quadrupole splitting (| AEq|
~ 2.7 mm/s). A similar shoulder is observed in the Méssbauer spectra of 27 * and
[LFe;O(PhPz);Fe][OT1]™. This shoulder, which is absent in the spectrum of the one-electron

1°%* (Méssbauer, Figure 8) has been assigned to a resonance of the apical Fe'

oxidized cluster
center.”” ”* Due to its lower coordination number and softer (C rich) ligand environment, a
smaller isomer shift is anticipated for the apical ferrous site compared to the pseudo-octahedral
Fe" centers of the triiton core.”* The final model (Table 2) affords an isomer shift of 0.73

2CF3

mm/s (|[AEq| ~ 2.76 mm/s) for the trigonal pyramidal ferrous site of 2™, a value similar to

those reported for four-coordinate, high-spin Fe' centers supported by multidentate N-
heterocyclic carbene ligand scaffolds.®

On the other hand, the Méssbauer spectrum of 2¥¢* (Figure 4, bottom) is distinct
from those of 2> and 2", indicating a change in the electronic structure. Most notably, the
sharp resonance near 1 mm/s observed in the spectra of 2% 29 and
[LFe;O(PhPz);Fe][OTf]™ is absent. Instead, a sharp, neatly isotropic signal is observed at 0.11
mm/s, indicating a significantly lower isomer shift for the ferric subsite of 2N Six-

coordinate, high-spin Fe™"

complexes are not known to exhibit isomer shifts lower than ~0.35
mm/s. As such, the quadrupole doublet for the fetric subsite does not originate from within
the triiron core. Isomer shifts of ~0.20 mm/s are commonly observed for four-coordinate,

i assignment for

high spin ferric iron complexes in soft ligand environments, suggesting an Fe
the apical metal center.”” Consistent with this assignment, the isomer shift of the apical iron

center in 2" (5= 0.11 mm/s) does not differ significantly from thatin 1" (§ = 0.22 mm/s,

Mossbauer, Figure 9). For comparison, a substantially larger difference is observed in the
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isomer shifts associated with the apical iron center in 2> (§ = 0.73 mm/s) compared to 1°
(0 = 0.19 mm/s). Furthermore, the presence of three six-coordinate, high spin ferrous centers
in the triiron core of 2"*?is supported by the Mossbauer parameters of the remaining subsite

(0 =1.10 mm/s, |AEq| = 3.23 mm/s, 75% total iron, Table 2).

50% Core Fe'"

Blue - Fe'"

Dashed - Apical Fe

75% Core Fe'

-4 -2 0 2 4
Velocity / mm s-!

Figure 4. Remote ligand modifications tune redox distribution in a series of site-differentiated
[LFesO®RArIm)sFe]* clusters. Top: Zero field 5"Fe Méssbauer spectrum (80 K, microcrystalline material)
of [LFe;O(PCF3ArIm)sFe|[OT1] (2€F3). (Bottom): Zero field ’Fe Méssbauer spectrum (80 K,

microcrystalline material) of [LEesO(PNMe2ArIm)sFe|[OTf] (2NMe2). For additional simulation details, see the

Supporting Information.
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Table 2. Summary of Mssbauer Parameters.

No. Complex S |AEq| %
1€ [LFe;O(PCF3ArIm);Fe][OTH], 110 3.7 25
1.16 2.80 25
039 039 25
019 124 25
1\Me2 [LFe;O(PNMe2ArIm);Fe][OTf], 1.02 2.89 25
1.09 3.30 25
039 045 25
0.22 110 25
2CF3 [LFe;O(PCF3ArIm);Fe] [OTH] 11 2.88 25
115 3.31 25
0.47 1.09 25
0.73 2.76 25
2NMe2 [LFe;O(PNMe2ArIm);Fe][OTf] 110 3.23 75
0.1 018 25

Multiple-Wavelength Anomalons Diffraction. Further insight into the electronic structure of 2%
was sought by multiple-wavelength anomalous X-ray diffraction (MAD). Inelastic scattering
of X-rays results in a wavelength dependence of the atomic scattering factors: fi(k) = £’ + £ ()
+ ifi (\), where fi(\) and fi(A) are the real and imaginary components of the anomalous
scattering due to the absorption of X-rays by element i.”"* Thus, MAD expetiments can
provide information on metal oxidation state and coordination geometry, similar to XANES,
but in a site-specific manner for individual metal sites within a cluster.”> ® Unfortunately,
howevet, only fi' () is directly proportional to absorption, and for centrosymmetric crystals,
such as the clusters discussed herein, f;'(A) cannot be refined directly. In principle, analysis of
the fi(A) spectra could provide similar site-specific information, however their interpretation
is not straightforward, and studies of well-defined model clusters are limited.”” A plot of the

refined f; () values for Fel - Fe4 as a function of energy for 2% (Figure 5) clearly distinguishes
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the unique coordination environment of Fe4 from Fel-Fe3. The fi(\) curves of the six-
coordinate, high-spin ferrous sites Fel and Fe3 are broader and have a lower energy minima
than that of the six-coordinate ferric site Fe2. Although the effects of radiation damage are

2€F3 correlates well with the

apparent in the higher energy data sets, the MAD data for
oxidation state distribution inferred by traditional X-ray crystallography and *’Fe Méssbauer

spectroscopy, which indicate an Fe(II) formulation for both Fel and Fe3.

Energy / eV

Figure 5. Plot of refined /"’ values for Fel (green), Fe2 (yellow), Fe3 (red) and Fe4 (blue) as a function of
energy for 2CF3, Atom labels are the same as those used in the structure of 2¢¥3in Figure 3A. Selected bond

lengths are included Table 1. For additional refinement details, see the Supporting Information.

SQUID Magnetometry for [LFe;O(Arlm)sFe]"  Clusters. To elucidate the effect of redox
distribution on the exchange coupling, variable temperature magnetic susceptibility
measurements were performed on 2, 2% and 28 in the temperature range 1.8-300 K at
0.1 T (Figure 6). The value of yuT for 2¥¥“at 300 K (6.35 cm® K mol") deviates significantly
from the spin-only value (13.38 cm’ K mol™) anticipated for uncoupled Fe" (§ = 2) and Fe™

(§ = 5/2) centers, indicating the presence of antiferromagnetic coupling. However, ynT
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increases gradually as the temperature is lowered (Figure 6, blue trace), eventually reaching a
plateau (7.87 cm’ K mol™) between 10-40 K corresponding to the expected spin-only value
for an isolated §' = 7/2 center (g = 2.00). The near-ideal Cutie behavior obsetved between 10-
40 K suggests that excited states with S # 7/2 are not thermally accessible. An exchange
coupling model (Jis = J54 Ji2= J235, numerical subscripts chosen to be consistent with atom
labels in the crystal structures) based on the pseudo-C, symmetry of the [Fes(u-O)Fe] core was
employed to simulate the experimental data according to the spin Hamiltonian H = —
2y ]i(S$S)). The effective exchange coupling constants obtained from these simulations (J4 =
Js=-29cm’™, s = -40 cm™, J12= J3 = -3.4 cm™, J13 = -0.8 cm™) reveal that the § = 7/2 ground
state originates from spin frustration of the triiron core due to strong antiferromagnetic

111

interactions of Fel/Fe2/Fe3 with the apical Fe™ center. The larger value of ] (compared to
Ji+= J54) is consistent with the shorter Fe2-O1 distance observed in the solid state structure.
Consistent with the § = 7/2 ground state inferred from magnetic susceptibility measurements,
magnetization saturation for 2"V*? occurs at 6.6upat 1.8 K and 7 T, near the expected M = g§
limit for g = 2.00. Simulations according to the system spin Hamiltonian H = DS, + E(S.” +
S?) + gusS-H best reproduce the experimental data, assuming § = 7/2 with g = 1.92, D = -
0.21 cm™, and |E/D| = 0 (Supplementary Fig. 69).

In contrast to the gradual rise in y\T observed for 2"Y? the molar susceptibilities of
2°% (Figure 6, red trace) and 2" (Figure 6, orange trace) decrease monotonically with
temperature, reaching values of 3.16 cm® K mol ' and 1.81 cm’ K mol”, respectively, at 1.8 K.

2683 hor 2H

No plateau is observed in the ynT values down to 1.8-5 K, suggesting that neither
possess a well-isolated spin ground state. Simulations of the experimental data reveal

significantly smaller J.x = [ coupling constants for 2 and 2% (-2.1 cm™ and -5 cm’,

respectively) compared to 2"? (29 cm™). While the intracore exchange coupling remains



73

weak (J;;= J3=-23 cm’, J;5=-0.6 cm™ for 2%, [, = [3=-4.8 cm™, ;5= -1.3 cm™ for 2%),
the smaller values of s = [/ are no longer large enough to spin frustrate the triiron core. As
a result, the calculated energy level diagrams for 2> and 2" indicate multiple low-lying excited
states with energies as low as ca. 0.3 cm™ and 0.6 cm’, respectively (equivalent temperatures

0.4 K and 0.9 K). This is in stark contrast to 2" for which the first excited sextet state is

predicted at c.a. 120 cm™ (equivalent temperature 173 K).

Jig=J=-2.1cm! Jig=J3g=-5.0cm!

Jog =-37 cm! Jos =-40 cm!
Jip=Jdp= -23cm! Jip=Jd3= -4.8cm!
Jis=-06cm”’ Jig=-13cm!

'76
=
x
E
o
[
=
Jig=Jyg=-29 cm!
Jog =-40 cm!
J12 = J23 =-3.4cm”!
Jig=-0.8cm! 1
0 . i i 5 i .
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[LFe,O(P"e2Arim),Fe][OTf] (2NMe2) T/K

Figure 6. Redox distribution governs the magnetic properties in a series of site-differentiated
[LFesO(RArIm)sFe]* clusters. Exchange coupling model, fit parameters, and variable temperature magnetic
susceptibility data for 2€F3 (red trace), 2H (orange trace), and 2NMe2 (blue trace). For additional simulation

details, see the Supporting Information.
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Based on the sensitivity of the spin ladder to [+ = 3, the presence (or absence) of a
well-isolated, high-spin ground state appears to be directly correlated with the oxidation state
of the apical iron center. The dominant superexchange pathways within [Fe;(us-O)Fe] ™ core
are likely through the monoatomic-bridging oxo ligand, and the strength of these interactions
are highly sensitive to the Fe-O bond lengths.”" For 2 and 2" which feature apical Fe"

ZNMeZ

centers, the Fe4-O1 distance is elongated (0.04-0.06 A) relative to , which features an
apical ferric site. The neatly identical values for Jo: determined for 2% (-37 cm™), 2 (-40 cm®
" and 2¥M? (40 cm™) suggest that changes in the Fe""Fe'' coupling constant due to elongation
in the Fe4-O1 distance are largely compensated for by contraction of the Fe2-O1 bond length.
However, elongation in the Fe4-O1 distance modulates the extent to which Fe4 is magnetically
coupled with the ferrous centers of the triiron core (Fel and Fe3), thereby dictating whether
or not the triiron core will be ferromagnetically aligned at low temperatures. Overall, our
magnetostructural studies indicate that the spin ground state of site-differentiated iron clusters
and its energetic isolation from excited states are indicators of electronic distribution, which
we have shown can be systematically tuned by remote ligand modifications.

CO Reactivity: IR Spectroscopy. Crystallographic, spectroscopic, and magnetic studies indicate that
localization of ferric character at the unique apical iron is preferred in the ground state of
[LFe;O(*ArIm)sFe]* clusters. Notwithstanding, we have previously shown that binding of
CO induces an internal electron transfer from a distal Fe'' center, resulting in an apical Fe'-
CO motif as supported by Mossbauer and IR spectroscopy.” While internal electron transfer

" measurements of the CO

from a remote metal site accommodates coordination of CO at Fe
binding energetics revealed that redox reorganization introduces a small energetic penalty to

ligand binding. Based on the sensitivity of the redox distribution of 1% (R = CF3, H, OMe,

NMey) to remote ligand modification, we reasoned that remote ligand modifications may also
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tune the propensity of [LFe;O(*ArIm)sFe]*" core to redistribute electron density, the extent of
which may be determined by measuring the CO binding energetics of 1¥ (R = CF3, H, OMe,
NMey). As such, we investigated the effect of remote ligand modifications on the reactivity of
the Hammett series 1% (R = CF3, H, OMe, NMe,) with CO. The IR spectrum of 1°** at 195 K
in CO-saturated dichloromethane (3.3 mM) following an Ar purge is qualitatively similar to
that of 2" (Figure 7B). An intense feature attributed to the formation of the monocarbonyl
adduct 1°°-CO is observed at 1947 cm™ (compared to 1944 cm™ for 1¥-CO). Additionally,
weak features at 1961 and 2015 cm™ indicate formation of a dicarbonyl complex 1°*-(CO),
(1960 and 2014 cm™ for 1¥-(CO)z2).”” Upon warming the solution to 273 K under Ar, the Fe-
CO vibration of 1°-CO at 1947 cm™' remains intense. In analogous experiments with 1%-CO,
no diagnostic Fe-CO vibrations were discernable at 273 K, suggesting that formation of the
monocarbonyl complex is thermodynamically more favorable for 1> compared to 1.

On the other hand, the IR spectrum of 1°™¢ (Figure 7B) in CO-saturated
dichloromethane under nearly identical conditions (3.1 mM, 195 K) exhibits three intense Fe-
CO vibrational features. The lowest energy feature (1942 cm™) is attributable to the

1°M¢-CO, with the remaining features at 1955 and 2013 cm™ assigned

monocarbonyl complex
to the dicarbonyl adduct 1°™¢-(CO).. The higher relative intensity of these features indicates
a larger binding constant for coordination of the second CO to 1°M¢ compared 1°** or 1". For
the most electron-rich cluster 1" no well-defined features assignable to the monocarbonyl
complex 1™’.CO are observed, only those cotresponding to the dicarbonyl adduct 1N-
(CO); at 1957 and 2013 cm™. The CO stretching frequencies of the mono- and dicarbonyl
complexes are affected only slightly by the ligand changes (1942-1947 cm™ for 1%-CO, R =

CF3, H, OMe, 1984-1988 cm™ as the average for 1°-(CO),, R = CF;, H, OMe, NMe,). The

monocarbonyl species show increased activation of CO, as expected, with the more electron-
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rich ligands. For dicarbonyl species, the same trend holds for 1%-(CO),, R = CFs, H, OMe,
NMe,). However, the opposing trends in the proportion of mono- and dicarbonyl species
generated as a function of different ligands is unexpected. Despite the higher binding affinity
of 1°™¢ and 1™ for two molecules of CO at 195 K, neither exhibit discernable Fe-CO
vibrational features upon warming to 273 K, suggesting a lower overall affinity for CO

compared to 1° at this temperature.

1R (R = CF3, H, OMe, NMe;) 1R.CO (R = CF3, H, OMe, NMe;) 1R{(CO); (R = CF3, H, OMe, NMe;)
B) C)
1NMe2 (3 0 mM) 195 K S
* CO-sat.CHCL) | e A
x Ar Flushed B AH, e
A...f ................ y =225 -854
2 =
Aul R?=0.95
10ME (3 1 mM) ” < =N
- 10Me_CO: £ 12
1942 cm-! ® oty
g
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a8 L .. R? = 0.99
1CF3 (3.3 mM) )
1€F_CO: a8
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Figure 7. Ligand-Dependent CO Binding Trends. (A) Clusters 1R (R = CF3, H, OMe, NMe») successively
bind two molecules of CO at the apical Fe4 site. For structural characterization of representative examples
of mono- and dicarbonyl adducts, see ref. 30. (B) Low temperature IR spectroscopy illustrates the influence
of ligand modifications on the affinity of 1R (R = CF3, H, OMe, NMe) for binding one vs. two molecules
of CO. Asterisks denote features associated with the corresponding dicarbonyl species 1R-(CO)2 (R = CFs,
H, OMe, NMey). For experimental details and variable temperature data, see the Supporting Information.
(C) Plot of the measured AH values for the first (bottom, circles) and second (top, triangles) CO binding

events of 1€F3 (red), 1H (orange), and 10Me (green) vs. the substituent Hammett o, parameters.
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CO Binding Energetics. The ligand-dependent trends in CO binding were confirmed by "H-NMR

spectroscopy. Cooling solutions of 1°%

in dichloromethane-4 under an atmosphere of CO
from 298 K to 268 K predominately affords the monocarbonyl complex 1*-CO as the major
species (84% at 268 K, NMR, Figure 48). Cooling beyond 268 K gradually converts 1°7-CO
to the dicarbonyl complex 1*-(CO)z (100% at 203 K). Compared to 1°*; significantly lower
conversion of 1°M¢to 1°™¢-CO is observed between 278-298 K (13% vs. 82% at 278K, NMR,
Figure 49) under an atmosphere of CO under identical conditions (8.8 mM in CD»Cl,, Pco =
1 atm). Moreover, the presence of 1°M¢ (>5%) in solution down to 243 K indicates that 1°™¢
has a lower overall affinity for CO than 1° in the temperature range 243-298 K. Whereas
substantial amounts of 1>-CO accumulate before significant quantities of 1°-(CO), are
observed, appearance of 1°*-CO and 1°™*-(CO); occurs almost simultaneously (19% vs.

18%, respectively, at 268 K). As a result, full conversion of 1°M

to the dicarbonyl complex
1°M¢-(CO); is achieved at higher temperatures (223 K compared to 203 K for 1°7-(CO)y).
For the more electron-rich 1" '"H-NMR features associated with the corresponding
monocarbonyl adduct 1"¥*2-CO are not observed at any temperature, and full conversion to
1"M.(CO); occurs between 233-243 K (NMR, Figure 50). This does not simply result from
a large binding constant associated with the second coordination event (with Ki being constant)

because, like 1°M¢

, the onset temperature for CO binding (c.a. 268-278 K) is much lower than
for 1% (>298 K). Thus, qualitatively, our variable temperature 'H-NMR and IR studies
indicate that the electronic effect of the remote ligand modifications have a disparate influence
on the first and second CO binding events. Formation of the monocarbonyl adducts

[LEe;O(*ArIm)sFe(CO)|** is suppressed by electron-donating substituents, whereas formation

of the dicarbonyl complexes [LLFe;O(*Arlm);Fe(CO).)*" is enbanced.
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To quantify the electronic effect of the remote ligand modifications, the CO-binding
energetics of 1¥ (R = CFs, H, OMe, NMe,) were determined by "H-NMR spectroscopy with
[Fc'][OTH] as an internal standard in a sealed capillary tube. At 278 K,”® the CO binding
constants of 1%-(CO), (R = CF;, H, OMe) span nearly two orders of magnitude, decreasing
monotonically from 9.3 atm™ for 1°® to 1.7 atm™ for 1" and 0.2 atm™ for 1°™¢ (all in
dichloromethane-d>, Pco = 1 atm., Table 3). Van’t Hoff analysis reveals that formation of the
monocarbonyl adducts 1%-(CO) (R = CFs, H, OMe) is associated with a large entropic penalty,
which has previously been explained by the loss of rotational freedom in the flanking aryl
substituents upon binding of CO.” By comparison, the smaller entropic penalty associated
with formation of the dicarbonyl adducts 1%-(CO); (R = CFs, H, OMe) suggests that CO
binding is cooperative, due to rotational “locking” of the aryl substituents following formation
of the corresponding monocarbonyl adduct.

Table 3. Thermodynamics of CO Binding to 1R (R = CFs, H, OMe, NMe) in dichloromethane.

Complex!? Ligand Kizsx AH AS (cal
(atm™)!b! (kcal mol* K7)
mol™)

1P [d Cco 93 -185(4) -62(2)
i Co 17 -13.6(8)  -48(3)
10Me [e] CcO 0.2 -10.6(2) -42(1)
1NMez [f 2CO 01 -23.2(9)  -88(4)

13-CO (g CcO 0.1 -7.4(1) -31(1)
H-cold CcO 0.2 -8.3(5) -32(2)

10Me_CO 1 co 0.5 -9:3(3) -35(1)

[a] Standard state: 1 atm. CO unless noted otherwise. [b] Binding energetics of 1R (R = CFs, H, OMe, NMey)
were determined by 'H-NMR spectroscopy with [Fc*][OTf] as an internal standard in a sealed capillaty tube.
See supporting information for more details. [c] Binding constants measured between 263-308 K. [d] Data
taken from ref. 30. [¢] Binding constants measured between 243-283 K. [f] Binding constants measured
between 243-278 K. [g] Binding constants measured between 213-278 K.
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Insights into Ligand-Dependent CO Binding Trends. The linear correlation of the measured Fe-CO
vibrational features with the Hammett substituent constants indicates that an electronic
rearrangement occurs in 1% and 1°™¢upon CO binding, analogous to that reported previously
for 1", We have proposed a thermodynamic model for ligand-induced redox reorganization
which quantitatively describes the binding of CO at the apical Fe™ center of 1* (R = CFs, H,
OMe, NMe,).”" The measured AH values for the formation of 1®-CO (R = CFs, H, OMe) can
be decomposed into two terms, one arising from the energetic cost of redox reorganization
and the other from the intrinsic affinity of the incipient localized Fe" site for CO (Figure 8B).
The sensitivity of the first CO binding event to the substituent o, parameter (AAH = -4.9

kcal'mol” for 1°* and +3.0 kcal'mol’ for 1°™¢, relative to 1) indicates that the redox

reorganization energy is significantly perturbed by remote ligand modifications.

Importantly, the second CO binding event of 1%, R = CFs, H, OMe (formation of 1*-
(CO),, R = CF5, H, OMe from 1*-CO, R = CF;, H, OMe) serves as an internal reference for
remote substituent effect on CO binding i the absence of redox reorganization.” The small AAH
values calculated for the second CO binding events of of 1%, R = CF3, H, OMe (+0.9 kcal/mol
for 1°%* and -1.0 kcal-mol™ for 1°M¢, relative to 1) demonstrate that this intrinsic substituent
influence is small, but the trend is consistent with the expectation that more reducing metal
complexes should have a higher affinity for m-acids.” *® Assuming that the intrinsic
substituent effect is similar for both the first and second CO binding events, the effect of
remote ligand modification on the redox reorganization energy (RRE, relative to that for 1%)
must be on the order of -5.8 kcal'mol”’ for 1°* and +4.0 kcal'mol” for 1°™¢. Thus,

incorporation of electron-donating substituents stabilizes ferric character at the apical metal

site and increases the penalty associated with internal electronic rearrangements within the



cluster, which would formally reduce Fe4, resulting in an inverted linear free
relationship for CO binding (Figure 8b(i1)).
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Figure 8. (A) Summary of the effect of remote ligand modifications on the electronic distribution of 1R (R

= CFs, H, OMe, NMey). (B) (i) Thermodynamic model for binding of CO to 1R (R = CF3, H, OMe, NMe»),

coupled to an internal redox reorganization, which can be used to estimate the effect of remote ligand

substitution of the redox reorganization energies of 1R (R = CFs, H, OMe, NMey).. (i) Plot of the AAHRre

(circles) and AAHco (triangles) values for 1CF3 (red), 1H (orange) and 10Me (green) vs. the substituent

Hammett o, parameters (1H s set to 0 for reference). Abbreviations: /ZET = internal electron transfer/redox

reorganization, LIRR = ligand-induced redox reorganization, RRE = redox reorganization energy.
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CONCLUSIONS

In summary, a series of site-differentiated iron clusters [L.Fe;O(*Arlm);Fe][OTf]. with
tunable electronic properties was synthesized, and binding of up to two molecules of CO was
observed. The cluster’s redox properties and CO stretching shift as expected based on the
electronic properties of the ligand: electron-donating substituents result in more reducing
clusters and weaker C-O bonds. Moreover, the electronic character of a remote ligand
substituent was found to significantly affect the energetics of CO binding (AAH as much as
7.9 kcal'mol™) at a single ferric iron site within the cluster. Surprisingly, however, electron-
donating substituents suppress the first CO binding event but enbance the second. Spectroscopic
studies reveal that these substituent effects result from changes in the penalty associated with
electronic redistribution, which is an essential feature of the first CO binding event. To the
best of our knowledge, the clusters discussed herein are the first to simultaneously exhibit
“normal” and inverted free energy relatioships for CO binding. This unique feature of
multimetallic complexes which must undergo electronic rearrangement to accomodate small
molecule binding could be potentially useful in controlling product selectivity, for example in
the reduction of CO to hydrocarbons, by providing a means to independently tune sequential
CO binding constants.”” More broadly, the unusual ligand-dependent trends in diatomic
binding reported herein highlight how the first and/or second coordination sphere of a
transition metal cluster could be rationally tuned to flip traditional thermodynamic scaling
relationships towards controlling small molecule activation.
EXPERIMENTAL DETAILS
General Considerations. All reactions were performed at room temperature in a nitrogen
filled M. Braun glovebox or using standard Schlenk techniques unless otherwise specified.

Glassware was oven dried at 140°C for at least two hours prior to use, and allowed to cool
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under vacuum. The N-substituted aryl imidazoles P°*M*ArIm and "™“ArIm were synthesized
from the corresponding anilines, glyoxal, formaldehyde, and aqueous ammonia based on a
literature procedure.” "“ArIm was prepared from the corresponding aniline, thiophosgene
and aminoacetylaldehyde diethyl acetal based on an adapted literature procedure.” All aryl
imidazoles were further purified by sublimation at 100°C under vacuum. Fe(OTf)2(MeCN),,*
[Fc][OT1]® and Na[BAr"4]* were prepared according to literature procedures. [Fc'[[OTf] was
prepared by oxidation of Fc with [Fc][OTf] in dichloromethane followed by crystallization
from  dichloromethane/pentane.  LFe;(OTf);,  [LFe;O(Phlm);Fe][OTf]. (1") and
[LFe;O(Phlm);Fe| were prepared as previously described.” All other reagents wete obtained
commercially unless otherwise noted and typically stored over activated 4 A molecular sieves.
Tetrahydrofuran was dried using sodium/benzophenone ketyl, degassed with three freeze-
pump-thaw cycles, vacuum transferred, and stored over 3 A molecular sieves prior to use.
Dichloromethane, diethyl ether, benzene, acetonitrile, hexanes, and pentane were dried by
sparging with nitrogen for at least 15 minutes, then passing through a column of activated A2
alumina under positive nitrogen pressure. Dichloromethane-d, was dried over calcium hydride,
degassed by three freeze-pump-thaw cycles, and vacuum transferred prior to use. '"H and ""F
NMR spectra were recorded on a Varian 300 or 400 MHz spectrometer. All chemical shifts
(8) are reported in ppm, and coupling constants (J) are in hertz. The 'H-NMR spectra were
referenced using residual H impurity in the deuterated solvent, whereas the F chemical shifts
are reported relative to the internal lock signal. UV-Vis spectra were recorded on a Varian Cary
Bio 50 spectrophotometer. Infrared (ATR-IR) spectra were recorded on a Bruker ALPHA
ATR-IR spectrometer. Solution ATR-IR spectra were recorded on a Mettler Toledo iC10

ReactIR. Elemental analyses were performed at Caltech.
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Physical Methods

Miissbaner Measurements. Zero field *'Fe Mossbauer spectra were tecorded in constant
acceleration on a spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat
(Janis, Wilmington, WA). The quoted isomer shifts are relative to the centroid of the spectrum
of a-Fe foil at room temperature. Unless otherwise noted, samples were prepared by grinding
polycrystalline (20-50 mg) into a fine powder and pressed into a homogenous pellet with boron
nitride in a cup fitted with a screw cap. The data were fitted to Lorentzian lineshapes using the
program WMOSS (www.wmoss.org).

EPR Spectroscopy. X-band EPR spectra were collected on a Bruker EMX spectrometer
equipped with a He flow cryostat. Samples were prepared as frozen glasses in 4:5
propionitrile/butyronitrile or 2-MeTHE. Spectra were collected with microwave powers
ranging from 0.5 mW to 8 mW with modulation amplitudes of 4 Gauss. Spectral simulations
were conducted with EasySpin.”’

Magnetic Measurements. Magnetic measurements were conducted with a Quantum Design
MPMS3 SQUID Magnetometer at the University of California, Los Angeles. Polycrystalline
samples were wrapped in plastic film and placed in a gelatin capsule. The capsule was then
inserted into a plastic straw. Magnetization data at 100 K from 0 to 4 T were collected to
confirm the absence of ferromagnetic impurities. Direct current variable temperature
magnetic susceptibility measurements were collected between 1.8 and 300 K with a 0.1 T field.
Reduced magnetization data was collected between 1.8 and 9 K at fields between 1 and 7 T.
Magnetic susceptibility data was corrected for diamagnetism of the sample, estimated using
Pascal’s constants, as well as the sample holder. Magnetic susceptibility and reduced

magnetization data was simulated with PHIL.®
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Electrochenical Measurements. CV's were recorded with a Pine Instrument Company AFCBP1
bipotentiostat using the AfterMath software package. All measurements were performed in a
three-electrode cell, which consisted of (1) a glassy carbon working electrode, (2) a Pt wire
counter electrode, and (3) a Ag wire reference electrode. Dry solvent that contained 0.1 M
nBusNPF was employed as the electrolyte solution for all electrochemical measurements. All
electrochemical measurements were performed at room temperature in an M. Braun nitrogen
filled glovebox. The ferrocene/ferrocenium (Fe/Fc') redox couple was used as an internal
standard for all measurements.

X-ray Crystallography. For compounds 197, 1", 2 1" and 1™, low-temperature (100 K)
diffraction data (p-and w-scans) were collected on a Bruker AXS D8 VENTURE KAPPA
diffractometer coupled to a PHOTON 100 CMOS detector with Mo Ka radiation (A =
0.71073 A) or with Cu Ka (A = 1.54178 A). All diffractometer manipulations, including data
collection, integration, and scaling were carried out using the Bruker APEXII software.”
Absorption corrections were applied using SADABS.”  Structures were solved by direct
methods using SHELXS” and refined against F2 on all data by full-matrix least squares with
SHELXI.-2014” interfaced with Olex2-1.2.8” and using established refinement techniques.
All non-hydrogen atoms were refined anisotropically, except heavily disordered solvent in
some cases. All hydrogen atoms were included into the model at geometrically calculated
positions and refined using a riding model. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times
for methyl groups). All disordered atoms were refined with the help of similarity restraints on
the 1,2- and 1,3-distances and displacement parameters as well as enhanced rigid bond
restraints for anisotropic displacement parameters. Due to the size of the compounds, most

crystals included solvent accessible voids, which tended to contain disordered solvent. In most
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cases, this disorder could be modeled satisfactorily. Furthermore, the long-range order of these
crystals and amount of high-angle data was in some cases not ideal, due to desolvation of the
crystals and/or solvent disordet.

Positionally  Resolved  X-ray ~ Crystallography. Radiation damage was a significant issue
(Supplementary Fig. 89), and we have only been able to obtain acceptable quality data for 2.
For 2“7, anomalous diffraction data was collected at SSRL beamline 12-2. Samples were
mounted at 100K and subjected to a “MAD-scan” at the Fe K-edge. Wavelenghts for
subsequent datasets were chosen as +/-10eV around the inflection point. A dataset at 17keV
was collected on a PILATUS 6M detector at a distance of 188mm to serve as a reference.
Subsequently, full spheres of diffraction data were collected across the edge from low to high
energy. The data were processed with XDS and brought on a common scale with XSCALE.”*
Structures previously solved and refined using SHELX were converted into PDB format using
MERCURY. This file was used in combination with the XDS_ASCIL.HKI. from the 17keV
dataset to refine the structure in PHENIX.” Setting the geometry target weight wc to zero
allows for unrestrained refinement and results in an R-factor (5.35%) comparable to the
original refinement in SHELXI.. This refined model was then subjected to refinement against
datasets at the energies across the Fe K-edge. The only parameters refined were f” and £ for
the individual Fe atoms.

Synthetic Procedures. Preparation of [LEesO(Arlm-H),(O1f)s.,]/OTf], Precursors. A solution of
the N-aryl imidazole Arlm-H (2.34 mmol, 3.1 equiv.) in dichloromethane (3 mL) was added
dropwise to a stirring suspension of LFe;(OTf); (1.01 g, 0.689 mmol, 1 equiv.) in
dichloromethane (5 mL). The resulting orange solution was allowed to stir for one hour, at

which point it was frozen in a glovebox cold well. The frozen mixture was removed from the

cold well, and iodosobenzene (152 mg, 0.689 mmol, 1 equiv.) was added upon thawing. After
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stirring for one hour, the resulting dark brown solution was concentrated under vacuum.
Tetrahydrofuran was added to the residue, and the suspension was stirred overnight. The
precipitate was then collected on a bed of Celite, washed with additional tetrahydrofuran, and
then eluted with dichloromethane. The volatiles were removed under reduced pressure. Prior
to use in subsequent reactions, the trimetallic precursors [LFe;O(ArIm),(OTf)s.][OTf]. were
crystallized by diffusion of diethyl ether in concentrated dichloromethane solutions of the
compound.

[LFe;O¢“"” Arlm-H)s][OTf]5, (A). '"H NMR (300 MHz, CDCly) & 102.04 (b), 99.56 (b), 97.30
(b), 79.75 (b), 77.62 (b), 74.10 (b), 68.77 (b), 67.29 (b), 65.72 (b), 64.94 (b), 58.13 (b), 49.75 (b),
48.96 (b), 47.17 (b), 46.14 (b), 44.44 (b), 44.00 (b), 39.36 (b), 16.23 (b), 15.08 (b), 13.81 (b),
13.12 (b), 12.17 (b), 10.75 (b), 9.11 (b), -1.07 (b), -4.23 (b), -6.97 (b). "F NMR (300 MHz,
CD:Cly) 6 -9.16 (s), -63.05 (s), -78.23 (s).

[LFe;O¢* Arlm-H);] [OTf]5, (B). 'H NMR (300 MHz, CD,CL) 8 101.64 (b), 99.07 (b), 96.59
(b), 79.68 (s), 78.40 (b), 77.12 (b), 76.14 (b), 69.14 (b), 66.81 (s). 66.20 (s), 63.56 (s), 57.44 (s),
50.27 (s), 48.93 (b), 47.57 (s), 46.12 (s), 44.30 (s), 43.76 (s), 42.80 (s), 41.75 (b), 26.24 (b), 17.06
(s), 16.10 (s), 15.49 (s), 14.37 (s), 13.98 (b), 13.16 (s), 12.24 (s), 11.33 (b), 10.64 (s), 9.95 (s),
9.68 (b), 8.54 (s), 6.89 (s), 6.52 (s), 0.68 (b), -1.31 (b), -3.48 (b), -6.86 (b). "F NMR (300 MHz,
CD,Cl) 6 -10.12 (s), -78.01 (s).

[LFe;O™ Arlm-H)3][OTf]5, (C). '"H NMR (300 MHz, CD,Cl,) 8 102.23 (b), 100.31 (b), 97.97
(b), 95.10 (b), 79.19 (b), 76.20 (b), 73.29 (b), 68.60 (b), 67.29 (s), 65.21 (s), 63.74 (b), 60.72 (b),
55.83 (s), 49.62 (s), 48.48 (b), 45.87 (s), 45.30 (b), 43.42 (s), 42.69 (s), 41.54 (s), 26.69 (b), 16.04
(s), 15.49 (s), 15.21 (s), 13.88 (s), 13.67 (s), 13.39 (s), 12.23 (s), 11.85 (s), 10.85 (s), 10.24 (s),

9.25 (s), 8.54 (b), -0.01 (b), -2.16 (b), -4.53 (b), -8.23 (b). "’F NMR (300 MHz, CD,CL,)  -8.79

(b), -78.10 (s).
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Preparation of [LFe;O(Arlm)sFe]/OTf].. A solution of Arlm-H (0.40 mmol, 1 equiv.) in 3 mL
tetrahydrofuran was added to a suspension of [LFe;:O(ArIm-H);|[OTf]; (0.40 mmol, 1 equiv.)
3 mL of tetrahydrofuran. The mixture was then frozen in a glovebox cold well. The frozen
mixture was removed from the cold well and a thawing solution of Na[N(SiMes),| (232 mg,
1.27 mmol, 3.2 equiv.) in 2 mL of tetrahydrofuran was added dropwise. After stirring for 1
hour at room temperature, the mixture was once again frozen in the cold well. The frozen
mixture was then removed from the cold well, and a thawing slurry of Fe(OTf),(MeCN), (182
mg, 0.42 mmol, 1.05 equiv.) in 3.5 mL of tetrahydrofuran was added dropwise. After stirring
for 22 hours at room temperature, the mixture was filtered over a bed of Celite, washed with
additional tetrahydrofuran, and eluted with dichloromethane. The volatiles were removed
under reduced pressure to afford [LFe;O(Arlm);Fe][OTf]2as a dark brown solid.

[LFesO“"> Arlm)sFe] [OTH]2, (1°7). (285 mg, 35% yield). Crystals suitable for X-ray diffraction
were grown by diffusion of diethyl ether into a dilute solution of the compound in
dichloromethane/acetonitrile (1:1). "H NMR (300 MHz, CD,Cl,) 8 114.11 (b), 74.98 (5). 72.14
(s), 67.45 (b), 49.60 (s), 46.99 (s), 42.82 (s), 26.35 (b), 19.06 (s), 13.48 (s), 12.78 (s), 12.52 (5), -
1.23 (s), -4.76 (s). "F NMR (300 MHz, CD:Cl,) & -78.83 (s), -62.93 (s). UV-Vis (CH5CN) [e
(M'cm™)]: 447 nm (7.4 x 10°). Anal. Calcd (%) for CsoHs7F15FesN12O10S2: C, 52.74; H, 2.83; N,
8.29. Found: C, 52.57; H, 3.02; N, 8.26.

[LFesO¢ Arlm)sFe] [OTf]2, (1°M). (100 mg, 13% yield). Crystals suitable for X-ray diffraction
were grown by diffusion of diethyl ether into a dilute solution of the compound in
dichloromethane/acetonitrile (1:1). "H NMR (300 MHz, CD,Cl,) 8 116.47 (b), 75.69 (s), 73.99
(s), 70.55 (b), 51.42 (s), 47.08 (s), 46.35 (s), 21.36 (b), 20.18 (s), 14.67 (s), 12.29 (s), -4.30 (s), -

6.33 (s). “F NMR (300 MHz, CD,Cly) & -78.32. UV-Vis (CH,Cl) [e (M cm™)]: 461 nm (8.14



88

x 10%). Anal. Caled (%) for CsyHeoFsFesN12015S2: C, 55.88; H, 3.48; N, 8.79. Found: C, 55.54;
H, 3.60; N, 8.51.

[LEesOfNY Arlm)sFe] [OTf2, (1N, (79.4 mg, 10% yield). Crystals suitable for X-ray
diffraction were grown by diffusion of diethyl ether into a dilute solution of the compound
in dichloromethane/acetonitrile (1:1). "H NMR (300 MHz, CD,Cl,) § 115.72 (b), 74.71 (s),
73.37 (s), 70.44 (b), 51.16 (s), 46.76 (s), 45.61 (s), 21.71 (b), 20.46 (s), 14.88 (s), 12.35 (s), -3.58
(b), -7.05 (s). "F NMR (300 MHz, CD,CL) & -79.33. UV-Vis (acetone) [¢ (M cm™)]: 443 nm
(7.85 x 10°), 598 nm (2.90 x 10%). Anal. Caled (%) for CoH75FsFesN15010S2: C, 56.60; H, 3.87;
N, 10.76. Found: C, 56.00; H, 4.05; N, 10.46.

Preparation of [LFe;O"” Arlm);Fe] [OTf], (2°7). A solution of Cp*:Co (22.3 mg, 0.068 mmol,
1.0 equiv.) in 1 mL tetrahydrofuran was added dropwise to a stirring suspenion of
[LFe;O (P ArIm);Fe][OTf], (137.5 mg, 0.068 mmol, 1.0 equiv.) in 4 mL. of tetrahydrofuran.
After one hour, the reaction mixture was filtered over a bed of Celite to remove
[Cp2Co][OT1]. The volatiles were tremoved under reduced pressure to afford
[LFe;O(P“ArIm);Fe] [OTf] as a pink-purple solid (110 mg, 86% yield). Crystals suitable for X-
ray diffraction were obtained by diffusion of diethyl ether into a dilute solution of the
compound in 1:1 dichloromethane:acetonitrile. "H NMR (300 MHz, CD-Cl,) 8 95.46 (b), 59.28
(s), 56.86 (s), 39.91 (b), 37.38 (s), 34.98 (s), 29.19 (s), 23.58 (), 12.84 (5), 12.31 (s), 11.45 (s),
9.75 (s), -4.75 (s). “F NMR (300 MHz, CD>Cly) 8 -77.53 (5), -60.10 (s). UV-Vis (CH>CL,) [¢ (M"
"em™)]: 502 nm (4.05 x 10°). Anal. Caled (%) for CssHs7F12FesN12O5S: C, 56.28; H, 3.06; N,
8.95. Found: C, 56.33; H, 3.58; N, 8.98.

Preparation of [1.Fe;O(PhIm)sFe][BFy], (™). A solution of [Cp.Co][BF,] (10.3 mg, 0.037 mmol,
1 equiv.) in minimal acetonitrile was added to a suspension of freshly prepared

[LFe;O(Phlm)sFe] (108.8 mg, 0.071 mmol) in thawing tetrahydrofuran (5 mL). After stirring
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for one hour, the volatiles were removed under vacuum, and the residue washed with diethyl
ether to remove Cp2Co, affording [LLFe;O(Phlm);Fe][BF4] as a dark purple solid (102 mg, 89%
yield). Crystals suitable for X-ray diffraction were obtained by diffusion of diethyl ether into
a dilute solution of the compound in dichloromethane. '"H NMR (300 MHz, CD-Cl,): identical
to that for [LFe;O(PhIm);Fe][OTf] (2-OTf). “F NMR (300 MHz, CD,Cl,) 8 -151.70.
Preparation of [LFe;OfN" Arlm);Fe] JOTf], (2"M*-OTH1). A solution of Cp*.Co (10.8 mg, 0.033
mmol, 1.0 equiv)) in 1 mL tetrahydrofuran was added dropwise to a stirring suspenion of
[LEe;O (™M ArIm);Fe] [OTT], (63.9 mg, 0.033 mmol, 1.0 equiv.) in 4 mL of tetrahydrofuran.
After stirring for four hours, the resulting black-purple precipitate was collected on a bed of
Celite and eluted with 1,2-dimethoxyethane. The combined filtrates were concentrated to
dryness under reduced pressure to afford [LFe;O (™ *ArIm);Fe][OTf] as a black-purple solid
(54 mg, 91% yield). '"H NMR (300 MHz, CD.Cl,) & 108.95 (b), 57.97 (s), 43.61 (b), 40.23 (s),
37.57 (s), 35.13 (s), 25.44 (s), 14.68 (s), 13.33 (s), 12.41 (5), 10.90 (b), -4.94 (b). "F NMR (300
MHz, CD,Cl) 8 -78.95. UV-Vis (CH,CL) [e (M em™)]: 566 nm (4.64 x 10°), 443 nm (5.60 x
10°). Anal. Caled (%) for Co,H7CLF5Fe,N1sO-8: C, 58.53; H, 4.11; N, 11.83. Found: C, 58.75;
H, 4.56; N, 11.30.

Preparation  of  [LFe&;OfN Arlm)sFe] [BFy], (2"<BFy). A suspension  of
[LFe;O(pNMe,Arlm)sFe] [OT1], (126.5 mg, 0.065 mmol, 1 equiv.) in 5 mL of tetahydrofuran
was added to a suspension of 2% Na(Hg) amalgam (7.5 mg Na, 0.32 mmol, 5 equiv.) in 5 mL
of tetrahydrofuran. After stirring for four hours, the suspension was decanted from the
Na(Hg) amalgam and filtered through a fine frit. The metallic blue precipitate was washed with
copious amounts of tetrahydrofuran, affording [LLFe;O (™ ArIm);Fe] (61.5 mg, 0.037 mmol,

57% yield) which was used immediately without further purification.
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A solution of [Cp2Co][BF,] (10.3 mg, 0.037 mmol, 1 equiv.) in minimal acetonitrile was
added to a suspension of freshly prepared [LLFe;O“?Arlm);Fe] (31.5 mg, 0.021 mmol) in
thawing tetrahydrofuran (1 mL). After stirring for one hour, the volatiles were removed under
vacuum and the residue washed with diethyl ether to remove Cp:Co, affording
[LEe;O ("M ArIm);Fe][BF4] as a black-purple solid (59 mg, 92% yield). Crystals suitable for
X-ray diffraction were obtained by diffusion of diethyl ether into a dilute solution of the
compound in dichloromethane. "H NMR (300 MHz, CD:Cly): identical to that for
[LEe;O (™™ ArIm);Fe] [OTf] 2™*-OTf). “F NMR (300 MHz, CD.Cl,) & -152.91.
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Figure S1. Direct current variable temperature magnetic susceptibility measurements for
[LFe;O(PCF3ArIm)sFe] [OT1]2 (1€F3) collected between 1.8 and 300 K with a 0.1 T field after diamagnetic
correction (black circles). Full Fit parameters: $1 = $35=2, 52 =S84 =5/2, s =@ =g =4 =200; | D;| =
|D3| =0.77 cm'1, |D2| =1.99 cm'1, |D4| =1.96 cm'1;]74 :]34: -22.7 Cm‘1,]24 =-32.2 Cm‘i,ﬁz:]y = -
0.1 cm, J13=-13.5 cmL.
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for

[LFesO(PNMe2ArIm)sFe| [OTE]2 (1NMe?) collected between 1.8 and 300 K with a 0.1 T field after diamagnetic
correction (black circles). Best fit parameters including zero-field splitting effects: 7 = 53 = 2, $2> = 84y =
5/2;g7 — L= =4 2.00; |D7| - |D3| =58 crn’1, |D2| =0 cm’1, |D4| =0.8 cm’1;]74 :]34 =-26.1
crn'l,]24 =-069.4 Cm‘l,]12 :]23 =-45 Cm'l,]m =-10 cm.

Summary Tables

Table 3: Crystal and refinement data for precursor complexes 1> and 2%,
Complex 198 Complex Ve
CCDC 1934988 1934989
Empirical fornmla C1ooH;14F30FegN,,0538, Cy3Hs;FyFeyNy, 5058
Fornmla weight 4246.09 1960.97
Temperature/K 100 100.01
Crystal system monoclinic monoclinic
Space group P2, P2,/c
a/A 14.5950(4) 13.3086(8)
b/A 35.8634(9) 33.274(3)
c/A 19.7228(4) 20.3326(16)
o/° 90 90
B/° 93.8894(14) 108.717(3)
y/° 90 90
Volune/A? 10299.7(4) 8527.7(11)
A 2 4
Pegcg/em’ 1.360 1.527
p.‘nm‘1 5.575 0.784
F(000) 4296 3978
Crystal size/nm’ 0.28 x 0.14 x 0.12
Radiation CuKo ()= 1.54178) MoKa ()= 0.71073)
20 range for data collection® 6.07 to 162.082 4424 t0 7251
Index ranges -17<h<17,-44<k<41,-22<1<24 -22<h<21,-55<k<54,-33<1<30

Reflections collected
Independent reflections
Data/restramts/parameters
Goodness-o£fit on F2
Fmal R indexes [[>=2c (I)]
Fmal R indexes [all data]
Largest diff peak/hole / ¢ A

220688
38588 [Rigg = 0.0858. Rygn,
38588/1/2512
0.991
R, =0.0730. wR, = 0.1788
R, = 0.0992, wR, = 0.1957
0.61/-0.48

=0.0772]

110097
40240 [Rygy = 0.0509, Rygy, = 0.0660]
40240/184/1262
1.032
R; = 0.0613. wR, = 0.1550
R; = 0.1039. wR, = 0.1825
1.82/-1.00



Table 4: Crystal and refinement data for precursor complexes 2" and

Complex 2-BF,
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2NMe2

Complex 4-BF,

CCDC

Empirical formula
Fornmla weight
Temperature/’K
Crystal system
Space group

a/A

b/A

c/A

fo

a
ﬁ o

v

Volume/A®

z

Peatcg/cm’

w mm™*

F(000)

Crystal size m’

Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-offit on F>

Fmal R indexes [[>=2c (I)]
Fmal R indexes [all data]

Largest diff. peak/hole / ¢ A~

1934990
CoyH;oBF FeyN ;04
1749.81
100
monoclinic
C2/e
40.036(3)
17.6569(12)
25.5478(16)
90
113.925(2)
90
16508.1(19)
8

1.408

0.761
7192

MoKa () = 0.71073)
4.84 to 69.042
-63 <h<63,-28 <k <28,-40 <1<40
262068
34986 [Rype = 0.0455. Rygy, = 0.0290]
34986/49/1074
1.058
R, =0.0544, wR, =0.1577
R, = 0.0736, wR, =0.1773

2.41/-0.80

1034087
CooHysBF,Fe,N;50,
1740.86
99.99
triclinic
P-1
12.2770(6)
18.7653(9)
21.4643(10)
111.337(2)
97.345(2)
96.590(2)

4498.1(4)
2

1.285

0.697
1794

MoKa (A =0.71073)
4.854t061.332
-17<h<17.-26<k<26.-30<1<26
79571
27746 [Ripe = 0.0517. Rygp, = 0.0588]
27746/0/1044
1.039
R; = 0.0615. wR, = 0.1732
R; =0.0792. wR, = 0.1870
1.51-~1.10

Special Refinement Details for [LFe;O0(P“’ArIm);Fe] [OTf].. Compound 1" crystallizes
in the monoclinic space group P2; with two molecules in the asymmetric unit along with three
molecules of co-crystallized diethyl ether. One molecule has disorder in one of the
trifluoromethyl substituents. The diffraction data is not of sufficient quality for a discussion

of bond lengths. However, it is enough to positively identify 17

as
[LFe;O (P ArIm);Fe][OTH]..

Special Refinement Details for [LFe;O(*“*ArIm);Fe] [OTf]. Compound 2" crystallizes
in the monoclinic space group P2;/c with one molecule in the asymmetric unit along co-
crystallized diethyl ether and acetonitrile. The co-crystallized acetonitrile molecule is located

near a special position (inversion center) and was modelled with the aid of a similarity restraint

on the 1,2 distances and enhanced rigid bond restraints on all components of the disorder.
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Additionally, the triflate counterion is disordered over two positions with occupancies of 63%
and 37% and was modelled with the help of similarity restraints on the 1,2 distances and
enhanced rigid bond restraints on all components of the disorder.

Special Refinement Details for [LFe;O(PhIm);Fe][BF,]. Compound 2" crystallizes in the
monoclinic space group C2/c with one molecule in the asymmetric unit along co-crystallized
diethyl ether. One molecule of diethyl ether is disordered near a special position and was
modelled isotropically with the aid of enhanced rigid bond restraints on all components of the
disorder. Additionally, the tetrafluoroborate anion is disordered and was modelled with the
help of similarity restraints on the 1,2 distances and enhanced rigid bond restraints on all
components of the disorder.

Special Refinement Details for [LFe;O(P"*“ArIm);Fe][BFs]. Compound 2™
crystallizes in the triclinic space group P-1 with one molecule in the asymmetric unit.
Additionally, the tetrafluoroborate anion is significantly disordered and was modelled
isotropically. There is additional solvent disorder which could not be satisfactorily modelled
and was masked in Olex2. The volume of the solvent accessible void space was found to be
897.0 A’ in which 179.4 ¢ were located.
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CHAPTER 4

ACTIVATION OF AN OPEN SHELL, CARBYNE-BRIDGED DIIRON COMPLEX

TOWARD BINDING OF DINITROGEN

The text for this chapter was reproduced in part from:

Arnett, C.H.; Agapie, T. J. An. Chem. Soc. 2020, 142, 10059-10068.
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ABSTRACT

Binding of N2 by nitrogenase requires a reductive activation of the FeMo-cofactor, but the
precise structure and atomic composition of FeMoco in its activated form is not well
understood. However, recent crystallographic studies suggest that N reduction may occur at
a carbon-bridged diiron subunit of FeMoco. Toward modeling the activation of a Fe-(u-C)-Fe
site toward N binding, we synthesized a new dinucleating, hexaphosphine ligand derived from
a 2,6-disubstituted toluene platform. Activation of the central methyl group of the ligand
affords the diiron p-carbyne complex (PsArC)Fex(u-H) featuring a biologically relevant Fe(u-
carbyne)(u-H)Fe motif. SQUID magnetometry, Mossbauer spectroscopy, and DFT
calculations reveal that (PsArC)Fe,(u-H) has a well-isolated § = 1 ground state, distinguishing
it from all other diiron p-carbyne complexes which are diamagnetic. Upon the addition of
soutrces of H"/e” (H,, TEMPO-H or HCI), (PsArC)Fe,(u-H) is activated toward N, binding,
with concomitant protonation of the carbyne ligand. Although reaction with H, ultimately
leads to complete protonation of the carbyne moiety, mechanistic investigations indicate that
formation of a single C-H bond, with concomitant cleavage of one Fe-C bond, generates an

iron-carbene intermediate capable of coordinating No.
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INTRODUCTION

Reduction of atmospheric N, by the Mo-nitrogenase enzyme requires an initial
activation phase': the active site [7Fe-9S-Mo-C-R-homocitrate] cluster™ (the iron
molybdenum cofactor, FeMoco, Figure 1, top) must first be reduced by 3-4 electrons before
substrate binds. Although pulsed EPR measurements indicate that bridging hydrides

5

accumulate on the cofactor during this process,”” the precise structure and atomic

composition of FeMoco in its activated form is not well understood.*” Structural

rearrangements are common for iron-sulfur clusters,'""

and recent crystallographic studies
reveal that a p,-sulfide ligand in the “belt” region of FeMoco can be displaced to expose a
binding site for substrates and intermediates."”'* Computational and synthetic modelling
studies demonstrate that Fe-S bond cleavage is a feasible mechanism for cofactor activation,"™
'" though even more dramatic rearrangements of FeMoco may be required."** For example,
one computational study suggests that N binds in the central cavity of the cofactor, following
protonation of the interstitial carbide to a methyl ligand."” Despite ambiguity in the atomic-
level details, the foregoing studies intimate a central role for a carbon-bridged diiron subunit
of FeMoco in mediating the reduction of Na.

Synthetic modelling studies have the potential to provide mechanistic insight into the

activation of a carbon-bridged diiron site toward N, binding. To date, however, efforts in this

regard have been largely restricted to the study of monometallic iron complexes with terminal

17, 21 1 22-24
>

arene, " “ alky or carbene-based donors.”** Although these studies have revealed a role

23-24

for Fe-C hemilability in the activation of N,,~ " they do not address proposals involving

carbide protonation and Fe-C bond cleavage or the potential for cooperative N, binding to

two metals. A number of diiron p-carbyne complexes have been reported which feature a

29-37
f,

biologically relevant Fe-(u-C)-Fe moti though none of these have been studied in the
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context of biological nitrogen fixation. The vast majority of these complexes are derivatives
of the Fp anion and contain multiple n-acidic CO ligands (Figure 1, bottom), rendering the
carbyne highly electrophilic.”**** Moreover, all diiron p-carbynes reported thus far are closed-
shell, diamagnetic species, in stark contrast to the paramagnetic nature of FeMoco. In fact,
there are only a handful of complexes featuring an Fe-(u-CRy)-Fe (x = 2 or 3) motif which

exhibit an open-shell configuration.**

Cofactor Activation
SN S S o]
7 o 34e /H" \, \s/V {
s S{Fe— S s @}/—c Fé S o
CY$275 \ Cy5275 (H)\ s )
- Hl5242 Hisz4z
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Iron- Molybdenum Other sites of protonatlon possible but
Cofactor (FeMoco) not shown for clarity
( 1\
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o —+ l N2 4y IPI‘)
ﬁ ¢ Q g H (lPr)zP & P(iP1);
e e & e c
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Most diiron y-carbynes Oniv t Me th Rh dric
derived from Fp- (e.9. R = nly two with u-hyariae
H, ref. 35) ref. 33 This work

FIGURE 1. Binding of N2 by the iron-molybdenum cofactor (FeMoco) of nitrogenase requires reductive
activation of the cofactor, resulting in ill-defined structural changes (top). Diiron p-carbyne complexes are
structural models of a carbon-bridged diiron subunit of FeMoco, proposed to be central to catalysis.

Inspired by the mechanism through which the interstitial carbide is installed into
FeMoco,* we envisioned that the Fe-(u-CR)-Fe linkage might alternatively be accessed by
templating two iron centers in the proximity of a methyl substituent, facilitating direct C-H
activation. Toward this end, we have designed a dinucleating, hexaphosphine ligand derived
from a 2,6-disubstituted toluene platform. Although this phosphine-rich supporting ligand is
electronically distinct from the sulfide-rich environment of the iron centers in FeMoco,
activation of the central methyl group affords an unusual open shell, carbyne-bridged diiron

complex (Figure 1, bottom) which can be activated for binding of N, upon addition of Ho.
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RESULTS AND DISCUSSION

Template-Assisted Synthesis of a Diiron u-Carbyne Complex. The desired proligand was synthesized
in two steps from 2,6-dibromotoluene (Scheme 1). Lithiation with 1 equiv. of #BuLi followed
by addition of bis(s-diisopropylphosphinophenyl)-chlorophosphine (P.P“) vyields the
triphosphine intermediate P;ArCHj3 (1). Although lithium-halogen exchange of 1is dominated
by self-quenching, generation of the Grignard reagent with Mg followed by treatment with
P.P“ proceeds cleanly, affording the desired ligand in 81% yield after workup. Metalation of
PsArCH; (2) with two equivalents of FeBr, in tetrahydrofuran precipitates a yellow-green
powder, believed to correspond to the diiron(Il) tetrabromide complex (PsArCHs)FeBry (3,
Figure S7). Reduction of 3 with Cp:Co in benzene affords the diiron(I) congener
(PsArCHs)Fe:Br, (4) as a brick red solid. The iron centers of 4 are four coordinate with Fe-P
bond lengths of 2.254(5) A (Fel-P1), 2.318(6) A (Fel-P2), and 2.330(6) A (Fel-P3). Most
notably, in the solid state, 3 adopts a geometry appropriate for C-H activation (Figure S9) -
both iron centers are directed toward the central methyl group, resulting in a reasonably short
Fel-C1 distance of 3.834 A (Table S7).

Treatment of 4 with 2 equiv. of MeMgBr in tetrahydrofuran followed by refluxing in
benzene generates a new paramagnetic species. X-ray diffraction studies revealed the
formation of the desired diiron p-carbyne complex (PsArC)Fex(u-H) (5, Figure 2). Each iron
site of 5 adopts pseudo-trigonal bipyramidal geometry with one short Fe-P distance (2.1307(7)
A, Table S7) and two long Fe-P bond lengths (Fel-P2: 2.2627(8) A, Fel-P3: 2.2522(6) A).
Similar to reported carbyne-bridged complexes, 5 features a short Fel-C1 distance of 1.792(1)
A. Notably, the diffraction data is of sufficient quality to unambiguously locate a single hydride
bridging the two iron sites, with an Fel-H1 bond length of 1.76(3) A. The Fe-Fe distance

within the Fe(u-CAr)(u-H)Fe diamond core of 5 is short (2.6776(6) A), close to the range
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expected for an Fe-Fe single bond (ave. 2.6(1) A).* To accommodate this short Fe-Fe
separation, the ligand framework must distort, resulting in a P1-C3-C4 angle (141.42(1)°)

which deviates significantly from expected value.

Scheme 1. Ligand synthesis and metalation.

P(iPr), P(jPr), (iPr),P
P(lPr)z P(iPr)2 (iPr),P
CH,
Br. Br 1. nBuLi Br 1. Mg <©
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(P6ArCH3)Fe,Br, (4) (PeArC)Fe,(p-H) (5)

Figure 2. Crystal structure of (PcArC)Fex(u-H) (5). Hydrogen atoms on the ligand are omitted for clarity.

Thermal ellipsoids shown at 50% probability.
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Spectroscopic and Computational Characterization of 5. Given the strong-field donor set of 5, the
observation of broad, paramagnetically shifted resonances in its '"H NMR spectrum (Figure
S13) is notable. The position of these resonances exhibits ideal Curie behavior between 198 —
298 K (Figure S15), suggesting an open-shell configuration rather than thermal population of
a low-lying paramagnetic excited state. Indeed, variable-temperature magnetic susceptibility
measurements reveal that the T value of 5 (1.01 cm’ K mol™, 298 K, equivalent to p.s = 2.84
us) is nearly constant between 5 — 298 K (Figure 3a), indicating a thermally isolated S = 1
ground state (expected: pssr = 2.83 ug). Although a number of open-shell diiron p-hydride
complexes have been reported,” 5 is the first paramagnetic diiron species featuring a p-

carbyne ligand.
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Figure 3. Characterization of (PsArC)Fex(u-H) (5). Variable temperature magnetic susceptibility studies

reveal a thermally isolated §' = 1 ground state (a). >"Fe Mossbauer spectrum (80 K, polycrystalline sample)

of 5 (b).
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Additional insight into the unusual electronic structure of 5 was obtained from DFT
calculations. Consistent with experiment, computational studies reveal a triplet ground state
for 5 (Table S2) with metrical parameters that closely resemble those in the solid state structure
(Table S1). The calculated frontier molecular orbitals include ten orbitals with significant Fe
3d character and nearly equal distribution onto each iron site (Figure S74). As a result of the
contraction of the axial Fel-P1 bond length (Fel-P1: 2.1307(7) A), the Fe 3d., orbitals are
higher in energy than orbitals of Fe 34, parentage (Figure 4a) which are involved in o-bonding
with the equatorial phosphines (Fel-P2: 2.2627(8) A and Fel-P3: 2.2522(6) A). Additionally,
the Fe 34, orbitals are engaged in o-bonding with both the p-hydride and p-carbyne ligands.
A single Fe-H-Fe ¢ bonding orbital can be located below the & set (HOMO-9, Figure 4c),
leading to a half-bond order for each Fe-H interaction (Léwdin bond order = 0.47). The two
Fe-C o-bonding orbitals are non-degenerate — one is relatively high-lying (HOMO-8), whereas
the other is much lower in energy (HOMO-33). Mixing of 34,, character into the symmetric
combination of the 34, orbitals facilitates a highly covalent m bonding interaction with the
carbyne ligand (HOMO-7). The presence of strong Fe-C n-bonding results in an empty Fe-C
" orbital (LUMO, Figure 4b,c) and rationalizes the inaccessibility of higher spin states (e.g. .§
= 2). This orbital analysis implies delocalized multiple bond character, with a formal Fe-C
bond order of 1.5 (Léwdin bond order = 1.34).

The antisymmetric combination of the Fe 34, orbitals (HOMO) does not have
appropriate symmetry to interact with either the u-hydride or the p-carbyne ligands. As a result
of the longer Fel-P2 and Fel-P3 distances, this orbital is energetically accessible and is singly
occupied (HOMO) in the ground state of 5. The remaining singly-occupied orbital is of 3d...
,2 parentage and has 8-symmetry relative to the Fe-Fe vector (HOMO-1, Figure 4b,c). Five

additional iron-based orbitals with predominantly Fe 3d,,, 3d.2,> and 3d., character are found
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with lower energy and are fully populated (Figure S74). These filled orbitals include both the
Fe-Fe o (HOMO-6) and o* (HOMO-3) orbitals, suggesting that o-bonding should not
contribute significantly to the Fe-Fe interaction. Rather, the short Fe-Fe separation (2.6776(6)
A) appears to be a consequence of the constrained ligand environment, with electronic
communication mediated by 3-center, 2-electron bonding across the Fe-C-Fe and the Fe-H-
Fe motifs, leading to an Fe-Fe Léwdin bond order of 0.58.

Validation of this theoretical model can be obtained by comparison of the calculated
(6 =024 mm s, |AEq| = 0.38 mm s") and experimental (6§ = 0.25 mm s”, |AEq| = 0.37
mm s”, Figure 3b) Mossbauer parameters, which are accurately reproduced only in the triplet
state (Table $3).”” Assuming a closed-shell configuration for the bridging carbyne ligand, the
electronic structure of 5 can be formulated as {Fe";(u-CAr*)(u-H)}. Under this assumption,
the 12 Fe 34 electrons occupy molecular orbitals that are delocalized across both iron centers,
as well as the ligand. This situation is analogous to that recently described for the formally
Ni'"z(u-H). dimer [Cp'Ni(u-H)]2 (Cp' = 1,2,3,4-tetraisopropylcyclopentadienyl), which also

adopts an § = 1 configuration.”

However, due to delocalization and covalency, the physical
oxidation state of 5 may be lower than Fe". Although there are few pertinent reference
compounds against which the Méssbauer parameters may be benchmarked, the isomer shift
of 5 (6 = 0.25 mm s™) falls between those reported for a related § = 1 iron(I)-carbonyl
complex [(SiP3)Fe(CO)]* (6 = 0.31 mm s™) and its iron(I) congener [(SiP;)Fe(CO)] (6 = 0.21

mm s7).% In light of these ambiguities, explicit reference to the formal oxidation state of 5

shall be avoided.
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Figure 4. Electronic structure of (PsArC)Fex(u-H) (5). (a) Illustration of the effect of the contraction of the
Fel-P1 distance on the FMO’s of the P3Fe fragment. (b) Qualitative MO diagram for (PsArC)Fex(u-H) (5).
(c) Calculated valence MOs (PsArC)Fex(u-H) (5) highlighting the SOMO’s and key Fe-C interactions.

Isosurfaces are shown at the 0.03 eA3 level and orbital energies (relative to the HOMO) are provided.

Alctivation of 5 Toward N, Binding. Complex 5 is a unique entry point for developing model
chemistry relevant to the activation of FeMoco, especially in light of spectroscopic data that

indicates bridging hydride ligands accumulate on the cofactor prior to N binding.”” For this
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reason, we investigated whether addition of H* /e or, alternatively, H, promotes coordination
of N. Exposure of 5 to a roughly equimolar mixture of H> and Nz slowly converges to a single
diamagnetic product (Figure S47-48) with spectroscopic parameters consistent with
(PsArCH3)Fex(Ho)2(H)s (6-Hz) formulation. (Scheme 2). The *'P NMR spectrum of 6-H,
exhibits two distinct resonances at 124.9 ppm (d, | = 15 Hz, 4P) and 110.0 ppm (t, ] = 19 Hz,
2 P). A resonance at -12.9 ppm (t, | =28 Hz) is observed in the '"H NMR spectrum of 6-H,
which cottresponds to 8 protons (Figure S22). Under an H,/N, atmosphere, these protons
relax quickly (T1 = 48 ms, Figure S25), characteristic of a metal-dihydrogen adduct.” Cooling
the sample to 198 K partially resolves this signal into three distinct hydridic/Fe-H, resonances
(Figure S24), suggesting that the hydride/H, ligands rapidly interconvert. Although similar
reactivity is observed if 5 is exposed to an atmosphere of H,, the reaction does not proceed
cleanly. Significant quantities of dissociated ligand are observed by *'P NMR, implying that N,
stabilizes one or more of the intermediates.

Complex 6-H; is not stable under an atmosphere of Ny, converting gradually to the
N. congener (PcArCHj3)Fex(Ny)2(H)s (6-N2, Figure S53-55). This transformation is
accompanied by the loss of the resonance at -12.9 ppm in the 'H NMR spectrum of 6-H; and
the appearence of new features at -9.8 ppm (2H, Ti = 382 ms) and -20.5 ppm (2H, T1 = 380
ms). The ATR-IR spectrum of 6-N features diagnostic vibrational features at 2073 cm™ and
1790 cm™ (Figure S35), corresponding to the N and hydride ligands, respectively. Diffraction
studies on 6-N2 (Figure 5) confirm that the central carbon has been fully hydrogenated (Fel-
C1: 3.983(3) A, Table S7). Each iron center in 6-N is six-coordinate, with one hydride
bisecting the equatorial phosphine donors (P2-F1-P3: 146.72(5)°). The other hydride is #rans

to the unique phosphine ligand P1.
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Opverall, the formation of 6 involves the addition of 3 equiv. of H, to 5. To better
understand the activation process, we sought to identify relevant intermediates. In situ
monitoring of the reaction via >'P NMR spectroscopy facilitates detection of one diamagnetic
intermediate (Figure S48). This species exhibits three distinct *'P resonances (8 = 126.4 ppm,
2P; 121.3 ppm; 2P, 110.8 ppm, 2P), indicating a loss of front-back mirror symmetry with
respect to 5. Although this intermediate cannot be isolated directly from the reaction of 5 with
Hz, a compound with identical 'H and P NMR features can be independently prepared
(Scheme 3). This species is accessed by reaction of 4 with 2 equiv. of #Bul.i, and was identified
as the diiron(I) p-»':%'-N dihydride complex [PsArCHs](FeH)2(u-N2) (7) by XRD analysis
(Figure 6a). The most noteworthy feature of the solid state structure of 7 is the ligand
distortion (C1-C2-C3-P1 torsion angle: 29.8(5)°, Table S7) necessary to accommodate the Fe-
N2-Fe linkage. Otherwise, it resembles a previously reported, untethered congener, which also

64-6

reacts with Ha to generate an Fe(H)>(N2) complex following exposure to N2.*** The singlet

ground state of 7 likely arises from antiferromagnetic coupling of two low spin Fe(I) centers

64

through the linear N, bridge.” Generation of the intermediate 7 requires the addition of 2

equiv. of Hs to 5, with the central carbyne ligand being fully protonated.
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Scheme 2. Mechanism for the activation of 5 toward N2 binding.
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Figure 5. Crystal structure of (PsArCHs)Fex(N2)2(H)4 (6). Hydrogen atoms on the ligand are omitted for
clarity. Thermal ellipsoids shown at 50% probability.

Efforts to directly observe the intermediate resulting from addition of only 1 equiv. of
H, to 5 during the course of the reaction were not fruitful. However, isotope labelling
experiments provide insight into the mechanism of this transformation. When 5 is exposed to
a mixture of D> and Ny, a feature at -12.9 ppm integrating to one proton is observed in the 'H

NMR spectrum of the product 6 (Figure S52). Moreover, no signal corresponding to a—CHD,
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group is observed, demonstrating that D, adds regioselectively across one Fe-C bond with the
original hydride ligand of 5 remaining bound to Fe. At room temperature under ambient light,
this reaction is not reversible, and the original hydride ligand of 5 does not exchange with D,
in the headspace.

The foregoing experiment indicates that the intermediate arising from addition of 1
equiv. of H, to 5 has formed at least one C-H bond and has at least one iron-bound hydride.
Such a species can be independently synthesized by reduction of the diiron(I) dibromide 4
with excess Na/Hg amalgam (Scheme 3), affording the diiron(Il) carbene, dihydride complex
(PsArCH)Fex(N2)2(H)2 (8, Figure 6b). One iron site has trigonal bipyramidal symmetry, with
an N ligand located #rans to P1. The central carbon is bound to this iron via a terminal
Fe=C(H)Ar linkage, characterized by a short Fel-C1 distance (1.911(4) A, Table S7). A
detailed investigation of the electronic structure of 8 is beyond the scope of the present study,
but we note the relatively long iron-carbene bond length that may implicate an unusual
electron configuration at Fel.” The other iron center is six coordinate, with a cs-dihydride
motif. One hydride ligand bisects the P5-Fe2-P6 angle (151.36(5)°) while the other is #rans to

P4.
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Scheme 3. Independent synthesis of 7 and 8.
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The presence of a terminal Fe=C(H)Ar motif in 8 is indicated by a diagnostic
resonance at 6 = 11.0 ppm (s, 1H) in the '"H NMR spectrum (Figure S40). The carbon atom
of Fe=C(H)R linkage gives rise to a strongly upfield shifted resonance, which appears as a
1:2:2:2:1 quintet at § = 224 ppm in the "C{'H} NMR spectrum due to coupling to two
inequivalent classes of phosphorus nuclei (*Jc» = 40 Hz, 1P; *Jc» = 20 Hz, 2P). This feature
becomes a doublet of quintets in the gate-decoupled "C NMR spectrum (Figure S44) due to
coupling to the Fe=C(H)R proton (‘Jcn = 134 Hz). Spectroscopic confirmation of the
presence of two iron-bound hydride ligands is obtained from the "H NMR spectrum of 8,
which features characteristic resonances at J = -9.7 ppm and -20.6 ppm each corresponding
to one proton (Figure S40-41). The hydride ligands are also detectable by IR spectroscopy,
giving rise to a broad vren feature at 1789 cm™. Additional resonances at 2006 and 2070 cm'™
arise from the two molecules of N, observed in the solid state structure of 8, one at each iron
(Figure S45). Beyond its relevance to the activation of 5 toward coordination of Ny, 8 is a rare
example of an N,-bound iron-carbene or alkylidene complex, with only one series of

compounds reported previously.”’
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Figure 6. Independent synthesis of [PsArCHs|(FeH)2(u-N2) (7) and (PsArCH)Fex(N2)2(H)2 (8) from
(PsAtCH3)FesBro (4). (a) Crystal structure of [PeArCHs|(FeH)2(u-N2) (7). (b) Crystal structure of
(PsArCH)Fea(N2)2(H)2 (8). Hydrogen atoms on the ligand are omitted for clarity. Thermal ellipsoids shown
at 50% probability.

The carbene complex 8 is a kinetically competent intermediate in the hydrogenation
of 5. Reaction of 8 with an equimolar mixture of H» and N, proceeds much more rapidly than
the corresponding reaction of 5 (Figure S59-60). However, the initial product of this
transformation is not 6-Ha, but rather an equivalent species exhibiting mixed Hz/N»
coordination (6-Hz/Ny). Evidently, N, does not readily exchange with H, under the
experimental conditions. This notion is supported by the fact that 6-Hz/N> gradually converts
to 6-Nz upon exposure to an atmosphere of N, (Figure S61-62), similar to what is observed
for 6-H,. Additional support for the intermediacy”” of 8 in the hydrogenation of 5 was
obtained by demonstrating that the reverse process, liberation of H» to generate 5, is feasible
under photolytic conditions (Scheme 3 and Figure S64). If the photolysis of 8 is conducted at
-78 °C, both 5 and 7 are produced simultaneously (Figure S65-66). The most probable origin
of 7 in these experiments is from addition of H, (liberated during the photolysis) to residual
8, rather than addition of 2 equiv. of H, to 5 (Scheme 3). Indeed, independent studies show
that 5 does not react with H,/N,at low temperatures. Attempts to stoichiometrically add H,

to 8 otherwise have consistently led to over-reaction to 6. However, slow 7 situ generation of
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H, via photolysis was a convenient strategy to observe conversion of 8 to 7, the next
intermediate in sequence.

Consequences for Hy and N, Activation. Paramagnetic complexes which bind®” and cleave®™ "
H: remain rare. In a well-characterized example, Rh" porphyrin complexes split Ha via a linear,
termolecular [M+--H--H--*M]* transition state.”*” This linear transition state facilitates
homolytic cleavage by optimizing both M---H interactions in a manner similar to that
implicated for other radical-type atom abstraction reactions.” In contrast, the spin-carrying
orbitals of 5 are orthogonal (Figure 4), which precludes direct diradical activation of H, from
5. Instead, H-H cleavage by 5 likely involves a transient o-complex (Scheme 4). This
intermediate may undergo bimetallic oxidative addition” followed rapidly by C-H bond
formation (reductive elimination/H-migration) to avoid the accumulation of a
spectroscopically observable trihydride intermediate, affording 8 (pathway a in Scheme 4).
Morteover, this OA/RE sequence has to be irreversible (Z.e. RE must be fast relative to OA),
otherwise, the original p-hydride ligand would scramble and be statistically incorporated into
the incipient methyl group, which is not observed experimentally. This scenario would be in
contrast with the rapid interconversion of hydride and H; ligands that occurs in 6-Ho.

An alternative mechanism for the formation of 8 involves concerted cleavage of H,
and formation of the C-H bond (pathway b in Scheme 4). In this mechanism, displacement
of the u-hydride facilitates an intramolecular formal deprotonation of H, by the p-carbyne
ligand (or, as an alternative, a o-bond metathesis, which would involve a similar transition
state), converting 5 directly to the carbene-dihydride complex 8. The lack of H/D scrambling
into CH; substituent implies that this deprotonation is irreversible, at least under thermal

conditions, suggesting that the basicity of the p-carbyne ligand may drive the reaction.
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Scheme 4. Plausible mechanisms for Hz activation by 5.
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Although hydrogenation of 5 is thermodynamically favorable, it is a remarkably slow
process, proceeding to completion only over the course of days. In contrast, cleavage of H»
by the diamagnetic tetrairon ps-carbide cluster [FesC(CO)1z]* proceeds rapidly, even at lower
temperatures.” Likwise, a diamagnetic diiron(II) p-nitride complex [([PhBP3]Fe)s(u-
N)][Na(THF)s], readily activates H,, with full conversion to the p-imide, p-hydride species
[([PhBP;]Fe)2(u-NH) (u-H)][Na(THF)s] within 30 minutes.” This latter species, although
isoelectronic to 5, appears to be inert to Ha, consistent with the suggestion that the enhanced
basicity of the p-carbyne is crucial for the observed reactivity.

The experimental data suggests that conversion of the open-shell diiron p-carbyne
complex 5 to the diamagnetic iron-carbene species 8 is the rate-limiting step in the overall
transformation of 5 to 6. As such, the slow overall reaction kinetics may result from the spin-
forbidden character of this first H, activation step (see Figure S76 for a representation of the
initial o-interaction of the incoming H» ligand with the 3. »-derived orbital HOMO-1, a
potential site of incoming ligand coordination). Along the reaction coordinate for ligand
binding in 5, the ground state may mix with a singlet excited state in which this orbital is
unoccupied, thereby introducing a spin-induced kinetic bartier.”®” Such batriers are avoided
in the interconversion of 2H"/H, by the hydrogenase enzymes due to the low-spin character of

the active sites, which ate stabilized by their CO and "CN rich coordination environment.*
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Delivery of reducing equivalents to paramagnetic active sites via discrete 1H"/1e
transfer events may be kinetically advantageous as it avoids additional barriers due to changes
in overall spin state. Indeed, reductive activation of FeMoco involves discrete proton/electron
transfer events,' though several reduced forms of the cofactor can also be reversibly
interconverted via addition/loss of Hz.""** Preliminary expetiments demonstrate that addition
of PCET reagents (e.g. TEMPO-H) or acids (e.g. HCI) to 5 also yields species which bind N,
concomitant with Fe-C bond cleavage and C-H bond formation (Scheme 5). For example,
treatment of 5 with TEMPO-H affords a mixture of species, only one of which exhibits well-
defined *'P NMR signals. The '"H NMR of the reaction mixture reveals a diagnostic Fe=C(H)R
resonance at 11.7 ppm for this diamagnetic species (Figure S69). Coordination of N2 by this
compound is suggested by the observation of a feature at 2076 cm™ in the IR spectrum (Figure
S71). On the other hand, protonation of 5 with HCI proceeds more cleanly, yielding a new
paramagnetic species identified as the alkyliron(I)-N,, iron(I)-chloride complex
(PsArCH2)Fe(N2)FeCl (9) by XRD analysis (Figure S73). Although reaction of 5 with HCI
proceeds rapidly, hydrogen atom abstraction from TEMPO-H is considerably slower. While
the slower kinetics of this latter reaction may be partially attributed to a spin-induced kinetic
barrier, the effects of sterics and polarity are difficult to assess. As a final comment, one has
to note that the intriguing speculations above regarding the impact of spin state on the
chemistry of 5 would require rigorous investigations to prove, which are beyond the scope of

this report.
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Scheme 5. One or two C-H protonation events, with cleavage of one Fe-C linkage, promotes N2 binding.
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The absence of direct N, coordination by 5 is also noteworthy. One can envision an
isomer of 5 featuring a terminal hydride ligand that binds N in an end-on fashion (analogous
to the H, o-complex illustrated in Scheme 4) or cooperatively between the two iron sites. This
scenario seems all the more plausible given that a series of thiolate-bridged diiron complexes
structurally related to 5 have been reported which readily bind N2.* If such an isomer were
the lowest in energy, it seems likely that it would be accessible at the elevated reaction
temperatures employed in the synthesis of 5. Although spin-blocking might rationalize slow
N2 binding kinetics, there is evidently a thermodynamic perference for the u-hydride ligand in
5, in spite of the distortions it imposes on the ligand framework. Whether this thermodynamic
bias against N, binding is predominantly electronic or steric in origin, our studies clearly
demonstrate that displacement of the u-hydride via C-H bond formation is a viable mechanism

to promote an otherwise unfavorable N, coordination event.
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CONCLUSIONS

Although it is difficult to harmonize the entirety of Siegbahn’s mechanism" with the
fact that the interstitial carbide is neither exchanged nor lost during turnover,*” our studies
demonstrate that Fe-C bond cleavage and C-H bond formation is a feasible mechanism for
activation of a carbon-bridged diiron site toward binding N». The open-shell diiron p-carbyne
complex 5 does not bind N on its own, emphasizing the robustness of the Fe(u-X).Fe (X =
C, H, or S) diamond core motif. Coordination of N, at such a subsite evidently requires
cleavage of at least one Fe-X bond, though the effect of the higher coordination number of 5
and its sterically congested environment on N binding remain under investigation. While
intermediates such as 7 featuring a fully protonated carbon bind N, a single C-H protonation
event, with concomitant cleavage of one Fe-C bond, is sufficient to generate a site which
coordinates N. Given that the ue-C" ligand of FeMoco is installed via C-H activation,
monoprotonation of the carbide may be reversible and generate an intermediate sufficiently
reactive that it has avoided direct spectroscopic detection to date.
EXPERIMENTAL DETAILS
General Considerations. All reactions were performed at room temperature in a nitrogen filled
M. Braun glovebox or using standard Schlenk techniques unless otherwise specified. Glassware
was oven dried at 140°C for at least two hours prior to use, and allowed to cool under vacuum.
Bis(s-diisopropylphosphinophenyl)-chlorophosphine  (P,P) was prepared as desctibed
elsewhere.”® All other reagents were obtained commercially unless otherwise noted and
typically stored over activated 4 A molecular sieves. Tetrahydrofuran, toluene-ds and benzene-
ds were dried using sodium/benzophenone ketyl, degassed with three freeze-pump-thaw
cycles, vacuum transferred, and stored over 3 A molecular sieves prior to use. Diethyl ether,

benzene, toluene, acetonitrile, hexanes, and pentane were dried by sparging with nitrogen for
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at least 15 minutes, then passing through a column of activated A2 alumina under positive
nitrogen pressure. 'H and >'P NMR spectra were recorded on a Varian 300 or 400 MHz
spectrometer. All chemical shifts (8) are reported in ppm, and coupling constants (J) are in
hertz. The "H-NMR spectra were referenced using residual H impurity in the deuterated
solvent. UV-Vis spectra were recorded on a Varian Cary Bio 50 spectrophotometer. Infrared
(ATR-IR) spectra were recorded on a Bruker ALPHA ATR-IR spectrometer. Elemental
analyses were performed at Caltech.

Physical Methods

MGissbaner Measurements. Zero field *Fe Mossbauer spectra were recorded in constant
acceleration on a spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat
(Janis, Wilmington, WA). The quoted isomer shifts are relative to the centroid of the spectrum
of a-Fe foil at room temperature. Unless otherwise noted, samples were prepared by grinding
polycrystalline (20-50 mg) into a fine powder and pressed into a homogenous pellet with boron
nitride in a cup fitted with a screw cap. The data were fitted to Lorentzian lineshapes using the
program WMOSS (www.wmoss.org).

Magnetic Measurements. Magnetic measurements for 5 were conducted with a Quantum Design
MPMS3 SQUID Magnetometer at the University of California, Los Angeles. A polycrystalline
sample of 5 was wrapped in plastic film and placed in a gelatin capsule. The capsule was then
inserted into a plastic straw. Magnetization data at 100 K from 0 to 4 T were collected to
confirm the absence of ferromagnetic impurities. Direct current variable temperature
magnetic susceptibility measurements were collected between 1.8 and 300 K with a 0.1 T field.
Magnetic susceptibility data was corrected for diamagnetism of the sample, estimated using

Pascal’s constants. Magnetic susceptibility data was simulated with PHIL.*
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X-ray Crystallography. For compounds 4-8, low-temperature (100 K) diffraction data (¢-and w-
scans) were collected on a Bruker AXS D8 VENTURE KAPPA diffractometer coupled to a
PHOTON 100 CMOS detector with Mo Ka radiation (\ = 0.71073 A) or with Cu Ka (A =
1.54178 A). All diffractometer manipulations, including data collection, integration, and
scaling were carried out using the Bruker APEXII software.” Absorption corrections were
applied using SADABS.”  Structures were solved by direct methods using SHELXS” and
refined against F2 on all data by full-matrix least squares with SHELXI.-2014" interfaced with
Olex2-1.2.8" and using established refinement techniques. All non-hydrogen atoms were
refined anisotropically, except heavily disordered solvent in some cases. Hydrogen atoms were
included into the model at geometrically calculated positions and refined using a riding model,
except for the hydride ligands in 5, 7, and 8 and the carbene C-H in 8. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups).

DFT Calenlations. Calculations were carried out using version 4.0.2 of the ORCA package.”
Gas phase geometry optimizations were conducted using both the BP86 and TPSS functionals
in combination with the scalar relativistically recontracted versions of the def2-SVP (ZORA-
def2-SVP) basis set on most C and H atoms. An enlarged basis set (ZORA-def2-TZVP) was
employed for the Fe and P atoms, the iron-bound C and H ligands as well as any C atoms of
the central aryl linker which undergo significant distortion in the solid state structure. For all
atoms, the general-purpose segmented all-electron relativistically contracted auxiliary
Coulomb-fitting basis (SARC/]) was employed. Optimizations were followed by a frequency
calculation to ensure a true minimum. In general, geometries obtained using the meta-GGA
functional TPSS correlated better with the solid state structure. As such, single point

calculations were carried out on these optimized geometries, using either the TPSSh, PBEO,
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or B3LYP functionals and an enlarged basis set (ZORA-def2-TZVPP) on the Fe and P atoms,
the iron-bound C and H ligands as well as any C atoms of the central aryl linker which undergo
significant distortion in the solid state structure. For all functionals employed, the § =1 state
was predicted to be lowest in energy, consistent with experiment. Orbital and spin density
plots were rendered using UCSF Chimera.”

For DFT calculations of Méssbauer parameters,”’ the TPSSh functional
was used in combination with the def2-TZVP basis set on most C and H atoms. The CP(PPP)
basis set was employed for Fe and the IGLO-III basis set was utilized for P and the iron-
bound C and H ligands as well as any C atoms of the central aryl linker which undergo
significant distortion in the solid state structure. The general purpose def2/] Coulomb fitting
basis was employed on atoms using the def2-TZVPbasis, while the AutoAux feature of ORCA
was used to generate auxiliary bases for the other atoms. All auxiliary bases were fully
decontracted. To capture core polarization effects, the radial integration accuracy was
increased around the Fe, P, and the iron-bound C and H ligands (IntAcc 7). A previously-
reported calibration” was used to convert the computed Fe core electron density to the isomer

shift (8) in units of mm s™'

; estimates of the uncertainty in the computed values of 8 and AEq
were obtained from this calibration. The Md&ssbauer parameters calculated from the § =1
geometry correlated best with the experimental data.

Synthetic Procedures. Preparation of (3-bromo-2-methylphenyl) (bis(2-
ditsopropylphenylphosphino)phosphine, (1). A solution of #Buli (2.4 mL, 3.87 mmol, 1.05 equiv.)
was added dropwise to stirring solution of 2,6-dibromotoluene (919 mg, 3.68 mmol, 1 equiv.)
in 35 mL of diethyl ether at -78 °C. After stirring for 105 minutes at -78 °C, the resulting

colorless suspension was removed from the cold bath and stirred for an additional 7 minutes.

The resulting colorless solution was then cooled back to -78 °C. CAUTION: DO NOT
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CONCENTRATE TO DRYNESS! The monolithiated species reacts exothermically if
concentrated to dryness, causing glass failure and implosion of the reaction flask. A
suspension of bis(s-diisopropylphosphinophenyl)-chlorophosphine (1.76 g, 3.87 mmol, 1.05
equiv.) in 12 mL of toluene was then added dropwise. The cold bath was removed and the
orange suspension was allowed to warm to room temperature. After stirring for three hours,
the resulting pale yellow suspension was filtered over Celite and concentrated in vacuo. The
residue was washed with copious amounts of acetonitrile followed by pentane (2 x 5 mL) to
afford 1 as an off-white powder (1.70 g, 78% yield). 'H NMR (400 MHz, CsDg) 8 = 7.41 (d, |
= 8.1 Hz, 1H), 7.31 (m, 2H), 7.06 (t, ] = 7.0 Hz, 2H), 6.97 (m, 2H), 6.91 (t, ] = 7.6 Hz, 3H),
0.59 (t, ] = 7.7 Hz, 1H), 2.72 (s, 3H), 2.11 (m, 2H), 1.95 (m, 2H), 1.12 (m, 12H), 0.87 (m, 12H).
’'P NMR (162 MHz, C¢Dg) 8 = -0.7 (d, ] = 156 Hz, 2P), -17.6 (t, ] = 156 Hz, 1P). "C NMR
(101 MHz, CcDg) 8 = 147.32 (m), 147.06 (m), 146.98 (m), 142.74 (dd, ] = 76 Hz, 124 Hz),
142.28 (t, ] = 32 Hz), 142.07 (t, ] = 28 Hz), 141.76 (s), 141.49 (s), 134.91 (s), 132.65 (s), 129.07
(b), 127.08 (b), 126.67 (d, ] = 16 Hz), 25.90 (b), 24.31 (b), 21.96 (s), 21.71 (s), 20.45 (m), 19.73
(b).

Preparation of = 2,6-bis[bis(2-diisopropylphenylphosphino)phosphino)toluene, (2). Excess magnesium
turnings (1.94, 79.6 mmol, 10 equiv.) were added to a solution of 1 (4.67 g, 7.96 mmol, 1
equiv.) in 35 mL of tetrahydrofuran. After stirring for 8 hours, the solution was filtered and
cooled to -78 °C. A solution of bis(s-diisopropylphosphinophenyl)-chlorophosphine (3.78 g,
8.36 mmol, 1.05 equiv.) in 5 mL of tetrahydrofuran was then added dropwise. The cold bath
was removed and the yellow solution was allowed to warm to room temperature. After stirring
overnight, excess 1,4-dioxane (20 equiv.) was added, resulting in precipitation of a colorless
solid. After stirring for 30 minutes, the mixture was concentrated to dryness. The oily residue

was triturated once with hexanes and reconcentrated dryness. The resulting yellow solid was
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extracted with toluene, affording a yellow suspension which was filtered over Celite. After
concentrating 7 vacuo, the residue was washed with acetonitrile (3 x 20 mL) and pentane (3 x
6 mL), affording 2 as a white powder (5.97 g, 81% yield). "H NMR (400 MHz, CcD¢) 6 = 7.35
(b, 4H), 7.20-7.00 (b, 12H), 6.98 (d, | = 8 Hz, 2 H), 6.79 (t, ] = 8 Hz, 1H), 3.02 (s, 3H), 2.11
(b, 4 H), 1.95 (b, 4H), 1.15 (b, 24H), 0.88 (b, 24H). *'P NMR (162 MHz, CsD¢) 6 = -1.48 (d, |
= 159 Hz, 4P), -20.32 (t, ] = 152 Hz, 2P). "C NMR (101 MHz, C:D¢) 8 = 148.33 (m), 147.03
(b), 142.48 (m), 142.53 (m), 139.21 (m), 137.82 (s), 136.26 (broad s), 134.90 (broad s), 132.44
(broads), 129.27 (s), 128.80 (broad m), 128.51 (s), 125.87 (s), 125.64 (s), 25.78 (broad m), 23.78
(broad m), 21.41 (s), 20.77 (s), 20.57 (s), 20.33 (m), 19.18 (broad m).

Preparation of (PeArCH;)Fe:Bry, (3). A solution of 2 (5.97 g, 6.46 mmol, 1.0 equiv.) in
tetrahydrofuran (10 mL) was added to a suspension of FeBr, (2.78 g, 12.9 mmol, 2.0 equiv.) in
tetrahydrofuran (40 mL). After stirring for overnight, the resulting precipitate was collected
on a fine frit and washed with additional tetrahydrofuran, affording a species tentatively
assigned as 3 as a yellow-green powder (8.23 g, 94% yield) which was used in subsequent
reactions without further purification. '"H NMR (400 MHz, CD:Cly) 8 = 166.66 (b), 161.79
(b), 71.19 (b), 44.96 (s), 38.34 (b), 28.86 (b), 16.25 (b), 14.59 (b), 14.08 (b), 12.44 (b), 11.98 (b),
10.76 (b), 8.17 (b), 6.94 (b), 2.85 (b), 0.55 (b), -8.56 (s).

Preparation of (PeArCH;)Fe:Br (4). A suspension of Cp>Co (3.88 g, 11.8 mmol, 2.0 equiv.) in
minimal tetrahydrofuran (~10 mL) was added to a suspension of 3 (7.99 g, 5.9 mmol, 1.0
equiv.) in benzene/tetrahydrofuran (3:1, 130 mL). After stirring for three hours, the resulting
brick red suspension was filtered over Celite and concentrated 7z vacwo. The residue was
resuspended in 60 mL of benzene and stirred vigorously. Pentane (~100 mL) was added slowly
to precipitate a red solid. The precipitate was collected on a fine frit and washed with additional

pentane, affording 4 as a brick red powder (3.4 g, 48% yield). Crystals suitable for X-ray
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diffraction were obtained by diffusion of pentane into a concentrated benzene solution of 4.
"H NMR (400 MHz, CsDg) 8 = 185.84 (b), 111.73 (b), 71.82 (b), 48.77 (s), 24.69 (b), 9.84 (b),
8.40 (b), 5.48 (b), -5.02 (b), -14.10 (b), -32.32 (b). UV-Vis (THF) [e M "' cm™)]: 345 nm (5.3 x
10°), 404 nm (5.6 x 10%), 845 nm (4.0 x 10%). Anal. Caled (%) for CssHzsBroFeoPg: C, 55.21; H,
6.57; N, 0.00. Found: C, 55.22; H, 5.92; N, -0.03.

Preparation of (PsArC)Fe(H) (5). A solution of 4 (443.3 mg, 0.37 mmol, 1.0 equiv.) in 12 mL
of tetrahydrofuran was chilled to -78 °C in a dry ice/acetone bath. A diluted solution of
MeMgBr (0.3 M, 1.9 mL, 0.74 mmol, 2.0 equiv.) was added dropwise, and the mixture was
stirred for 4 hours at -78 °C before the cold bath was removed. After stirring 20 hours at room
temperature, the resulting brown solution was concentrated 7 vacuo. The residue was extracted
with benzene and filtered over Celite. The filtrate was then charged into a Schlenk tube and
heated at reflux for 24 hours. Excess 1,4-dioxane (1 mL) was then added. After stirring for 30
minutes, the solution was filtered over Celite and then concentrated to dryness. The residue
was extracted with toluene, filtered over Celite and then concentrated under vacuum. The
residue was then washed with pentane (4 x 8 mL) and diethyl ether (2 x 8 mL) and then eluted
with copious amounts of benzene/pentane (1/1). The filtrate was concentrated en vacuo,
affording 5 as a black-brown powder (220 mg, 56%). X-ray quality crystals can be obtained
by diffusion of pentane vapors into a concentrated solution of 5 in benzene. We note that on
occasion 4 is not completely consumed in the reaction. In that case, the crude mixture obtained
after thermolysis was stirred for 4 hours over excess Na/Hg (2%) and then worked up as
described. '"H NMR (400 MHz, CsDg) 8 = 42.18 (b), 35.47 (b), 28.38 (b), 12.05 (b), 10.39 (b),
9.20 (b), 5.45 (b), 4.66 (b), 4.25 (b), 0.09 (b), -2.28 (b), -15.28 (b). UV-Vis (THF) [e (M "' cm™)]:
313 nm (1.51 x 10%, 366 nm (1.46 x 10%, 479 nm (8.7 x 10°), 788 nm (3.9 x 10°). Anal. Calcd

(%) for CssHreFesPg: C, 63.84; H, 7.40; N, 0.00. Found: C, 63.20; H, 6.99; N, 0.02.
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Preparation of (PsArCH;)Fex(Hs)o(H)s , (6-Hz). A ] Young NMR tube was charged with 5 (12.5
mg, 0.012 mmol) and dissolved in C;Ds (0.45 mL). The tube was degassed on the Schlenk line
with three freeze-pump-thaw cycles. A mixture of Ha/N; (c.2.50:50) was admitted to the tube
at room temperature. This was rotated slowly until 'H and 'P NMR measurements indicated
full consumption of 5, generally seven-eight days. Characterization of 6-H, was conducted on
samples prepared 7 situ, as exposure to a N, atmosphere converts 6-H; irreversibly (at room
temperature in ambient light) to 6-N.. "H NMR (400 MHz, C-Ds) 8 = 7.60 (t, ] = 8 Hz, 4H),
7.39 (d, ] = 8 Hz, 4H), 7.12 (s, 2H), 6.95-7.03 (m, 6H), 6.74 (t, ] = 8 Hz, 2H), 6.54 (t, ] = 8
Hz, 1H), 2.40 (m, 4H), 2.05 (s, 3H), 1.91 (m, 4H), 1.32 (dd, ] = 8 Hz, 16 Hz, 12H), 1.09 (dd, J
=8 Hz, 12 Hz, 12H), 0.97 (dd, ] = 8 Hz, 12 Hz, 12H), 0.62 (dd, | = 8 Hz, 12 Hz, 12H), -12.92
(t, ] = 28 Hz, 8H). P{'H} NMR (162 MHz, CcD¢) 8 = 124.91 (broad d, | = 15 Hz, 4P),
110.00 (t, /] =19 Hz, 2P).

Preparation of (PsArCH;)Fex(IN2)o(H)s , (6-IN2). A ] Young NMR tube was charged with 5 (12.5
mg, 0.012 mmol) and dissolved in CsDs (0.45 mL). The tube was degassed on the Schlenk line
with three freeze-pump-thaw cycles. A mixture of Ha/N; (¢.2.50:50) was admitted to the tube
at room temperature. This was rotated slowly until "H NMR measurements indicated full
consumption of 5, generally seven-eight days. At this point, the tube was once again degassed
via three freeze-pump-thaw cycles and an atmosphere of N, was admitted. After mixing for
24 hours, this process was repeated, resulting in complete conversion to 6 as indicated by 'H
and *'P NMR spectroscopy. Yellow crystals suitable for X-ray diffraction were obtained by
slow evaporation of a solution of 6 in tetrahydrofuran/hexamethyldisiloxane (1:1). '"H NMR
(400 MHz, C;Dg) 6 = 7.77 (dd, | = 4Hz, 12 Hz, 4H), 7.51 (broad d, | = 4 Hz, 4H), 7.27 (s,
2H), 7.24 (m, 6H), 6.97 (t, ] = 8 Hz, 2H), 6.78 (t, ] = 8 Hz, 1H), 2.56 (m, 8H), 2.30 (s, 3H),

1.51 (dd, J = 8 Hz, 16 Hz, 12H), 1.36 (dd, J = 8 Hz, 12 Hz, 12H), 1.31 (dd, ] = 8 Hz, 12 Hz,
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12H), 0.59 (dd, ] = 8 Hz, 12 Hz, 12H), -9.75 (m, 2H), -20.47 (m, 2H). >'P{'H} NMR (162
MHz, CDg) 8 = 115.60 (broad d, 4P), 105.30 (broad t, ] = 13 Hz, 2P). IR (thin film from
benzene): 2073 cm™ (vax), 1790 cm™ (Vre).

Preparation of [PsArCH;)(FeH):(u-IN), (7). A suspension of 4 (41.8 mg, 0.035 mmol, 1 equiv.)
in toluene (6 mL) was chilled to -78 °C in a glovebox cold well. A solution of #Buli (43 uL,
1.61 M, 2 equiv.) was added, resulting in a gradual darkening of the solution. After stirring in
the cold well for four hours, the vial was warmed to room temperature, leading to an
immediate color change to green. The mixture was then filtered over Celite and concentrated
to dryness. The green residue was washed with pentane (3 x 1 mL) and diethyl ether (3 x 1
mL), affording 7 in spectroscopically pure form. Complex 7 is thermally sensitive,
decomposing fully in solution over the course of 6-8 hours at room temperature. Crystals
suitable for X-ray diffraction were obtained by cooling a dilute toluene/hexamethyldisiloxane
solution of 7 to -35 °C. "H NMR (400 MHz, CsDg) 8 = 8.31 (broad m, 2H), 8.17 (broad m,
2H), 7.51 (dd, ] = 8 Hz, 16 Hz, 4H), 6.89-7.07 (m, 11H), 2.19 (septet, | = 4 Hz, 4H), 1.86 (m,
6H), 1.75 (septet, | = 4 Hz, 4H), 1.67 (dd, ] = 8 Hz, 16 Hz, 6H), 1.62 (s, 3H), 1.51 (m, 6H),
1.02 (dd, ] = 4 Hz, 16 Hz, 6H), 0.88 (t, ] = 8 Hz, 6H), 0.38 (dd, ] = 4 Hz, 16 Hz, 6H), -0.08
(dd, ] = 4 Hz, 16 Hz, 6H), -0.36 (dd, 4 Hz, 12 Hz, 6H), -3.96 (b, 2H). *'P{'"H} NMR (162
MHz, CcDg) & = 126.37 (b, 2P), 121.33 (d, | = 42 Hz, 2P), 110.83 (broad dd, ] = 19 Hz, 44
Hz, 2P).

Preparation of (PeArCH)Fes(IN2)(H)z, (8). A 2% mixture of sodium amalgam was prepared by
adding Hg via syringe to Na (25.9 mg, 10 equiv.) smeared along the side of a one dram vial.
The sodium amalgam was poured into a thawing solution of 4 (134.6 mg, 0.112 mmol, 1
equiv.) in tetrahydrofuran (14 mL). After stirring for an additional three hours under nitrogen

atmosphere, the orange-brown solution was filtered over Celite and concentrated 7z vacuo. The
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residue was triturated twice with hexanes and then extracted with toluene. The filtrate was
concentrated 7z vacuo and washed with pentane (3 x 2 mL), affording 8 (100 mg, 84%) in >90%
purity as a brown powder. Crystals suitable for X-ray diffraction were obtained by slow
evaporation of a concentrated solution of 8 in pentane/diethyl ether (1:1). '"H NMR (400
MHz, CsDg) 6 = 11.03 (s, 1H), 7.97 (t, ] = 8 Hz, 2H), 7.58 (t, ] = 8 Hz, 2H), 7.50 (d, ] = 8
Hz, 2H), 7.32 (m, 2H), 6.92-7.02 (m, 6H), 6.84 (t, ] = 8 Hz, 4H), 6.70 (t, ] = 8 Hz, 1H), 2.83
(m, 2H), 2.63 (m, 2H), 2.12 (m, 2H), 2.00 (m, 2H), 1.55 (m, 12H), 1.41 (m, 6H), 1.15 (m, 6H),
0.97 (m, 6H), 0.89 (m, 6H), 0.51 (m, 6H), 0.32 (m, 6H), -9.74 (m, 1H), -20.65 (m, 1H). *'P{'H}
NMR (162 MHz, CDg) 8 = 126.1 (t, ] = 21 Hz, 1P), 114.7 (broad d, ] = 45 Hz, 2P), 103.6 (b,
1P), 93.8 (d, ] = 21 Hz, 2P). "C{'H} NMR (101 MHz, CsD¢) & 224.62 — 223.56 (m), 167.10
(d, ] = 10.5 Hz), 166.57 (d, ] = 10.6 Hz), 150.85 (dt, ] = 38.6, 19.3 Hz), 149.67 (dt, ] = 45.0,
16.4 Hz), 147.91 — 146.72 (m), 145.78 — 143.86 (m), 138.87 (d, | = 8.6 Hz), 130.81 — 130.21
(m), 129.73 (d, ] = 16.9 Hz), 129.17 — 128.49 (m), 123.41, 65.506, 34.09, 31.32, 30.49 (d, ] = 3.1
Hz), 30.27 — 29.28 (m), 24.46 (td, ] = 16.8, 7.6 Hz), 22.37, 20.43, 20.01, 19.54 (dd, ] = 8.5, 4.3
Hz), 18.92 (q, ] = 3.6, 3.0 Hz), 15.26, 13.95. IR (thin film from benzene): 2070 cm™ (yx-x), 2006

cm™ (W), 1789 ecm™ (Vrer)
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Supplemental Figures

Figure S1. Calculated MO energy diagram and valence MOs for (PsArC)Fe,(u-H). Isosurfaces
are shown at the 0.03 eA’ level and orbital energies (relative to the HOMO) are provided. Fe-

Fe axial symmetry labels are a guide for the shape of the orbitals only.
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?KH
C
Ar
Figure S2. Illustration of the origin of spin-blocking in the activation of H, by 5.

Summary Tables

Table 1. Summary of relevant metric parameters for complexes 4-8.

Complex
4 5 6 7 8
Fel-C1 3.834(3) | 1.792(1) | 3.983(3) 3.811 1.911(4)
Fel-HI --- 1.76(3) --- 1.52(5) ---
Fel-P1 2.254(5) | 2.1307(7) | 2.1547(1) | 2.145(1) | 2.113(1)
Fel-P2 2.330(6) | 2.2627(8) | 2.1584(2) | 2.161(1) | 2.221(1)
Fel-P3 2.318(6) | 2.2522(6) | 2.1688(2) | 2.186(1) | 2.217(1)
Fel-Fe2 7.666(6) | 2.6776(6) | 7.966(5) | 4.758(1) | 5.8861(9)
Fel-Brl 2.351(4) --- --- --- ---
Fel-N1 --- --- --- 1.794(3) | 1.821(3)
NI1-N2 --- --- 1.107(5) | 1.167(4) | 1.113(5)
Fe2-P4 --- --- --- 2.142(1) | 2.179(1)
Fe2-P5 2.160(1) | 2.157(1)
Fe2-P6 2.182(1) | 2.178(Q1)
Fe2-H2 1.47(5) 1.54(3)
Fe2-H3 --—- --- --- --- 1.53(3)
Fe2-N2 --- --- --- 1.804(3) ---
Fe2-N3 --- --- --- --- 1.800(3)
N3-N4 --- --- --- --- 1.115(5)
Fel-C1-Fe2 --- 96.66(1) --- --- ---
HI-Fel-Cl --- 82.3(8) --- --- ---
P2-Fel-P3 121.7(2) | 116.14(3) | 146.72(5) | 106.28(5) | 123.68(5)
P5-Fe2-P6 --- --- --- 107.95(5) | 151.36(5)
P1-C3-C4 123.1(1) | 141.42(1) | 120.0Q2) --- 128.6(3)
C1-C2-C3 118.7(1) | 117.5209) [ 119.86(2) | 120.13) | 116.13)
P1-Fel-N1 105.22() [ 99.6(0) | 176.2(1)
C1-C2-C3-P1 5.9(1) 0.36(8) 0.8(2) 29.8(5) 5.3(4)




131

Table 2. Comparison of Experimental and Calculated Structural Metrics for (PsArC)Fe,(u-

H).

TPSS BP86

Exp. S=0 S=1 S=2 S=0 S=1 S=2
Fel-C1 | 1.792(1) | 1.785 1.788 1.837 1.784 1.787 1.831
Fel-H1 [ 1.76(3) 1.755 1.759 1.739 1.757 1.759 1.742
Fel-P1 | 2.1307(7)| 2.119 | 2.129 | 2.185 | 2.124 | 2.133 | 2.183
Fel-P2 | 2.2627(8)| 2.243 2262 | 2.323 2.251 2.267 | 2321
Fel-P3 | 2.2522(6)| 2.231 2258 | 2310 | 2.235 | 2262 | 2310
Fe-Fe |2.6776(6)| 2.692 | 2.697 | 2.730 | 2.700 | 2.705 | 2.727

Table 3. Single point energies for TPSS-optimized geometries of (PsArC)Fex(u-H).

Energy / kJ mol '
Functionall §=0 | S=1 S=2
B3LYP 57 0 13
PBEO 68 0 5
TPSSh 53 0 46

Table 4. Comparison of experimental and calculated Méssbauer parameters for (PsArC)Fea(u-

H).
Exp. S=0 S=1 S=2

0 (0) 11820.828 | 11820.651 | 11820.318
5 /mms’ 0.25 0.17 0.24 0.38
AE o /mms | 0.37 2.68 0.38 0.63
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Table 5. Summary of statistics for diffraction data relevant for complexes 4-5.

4 5
CCDC 1997107 1997108
Empirical fornula Cs5H;6PgFe,Br, CgsH;ooFesPg
Formula weight 1174.33 1178.96
Temperature/K 99.99 100
Crystal system monoclinic monoclnic
Space growp C2/e C2le
a/A 31.847(10) 14.878(4)
bA 11.095(2) 16.350(5)
c/A 16.608(4) 25.612(5)
o/° 90 90
p/° 93.410(15) 90.577(15)
Ve 90 90
Volume/A* 5858(3) 6230(3)
V4 4 4
Peaeg/em’ 1.332 1257
p,’j:m}fl 7.365 5.469
F(000) 2392 2528
Crystal sizg,"n]n; 0.18 x 0.1 x 0.01 0.301 x 0.25 x 0.24
Radiation CuKo (1 = 1.54178) CuKa (. = 1.54178)
20 range for data collection 5.56to 152.342 6.902 to 160.822
Index ranges -37<h<39,-13<k<13,-20<1<18 -18<h<18.-20<k<20,-29<1<32
Reflections collected 41187 58255
Independent reflections 5568 [Rint = 0.1228, Rsigma = 0.0826] 6723 [Rint = 0.0496. Rsigma = 0.0260]
Data/restraints/parameters 5568/0/303 6723/0/343
Goodness-of-fit on F> 1.076 1.024
Fmal R mdexes [I>=2c (I)] R1=0.1876, wR2 =0.3857 R1=0.0296, wR2 =0.0738
Fmal R indexes [all data] R1=0.2340. wR2 =0.4128 R1=0.0315, wR2 =0.0749

Largest diff peak/hole / ¢ A

2.17-1.20

0.36/-0.27
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Table 6. Summary of statistics for diffraction data relevant for complexes 6-7.

6 7
CCDC 1997109 1997110
Emprrical fornmla Cs5sHgoFe,N, Py CgoHorFe, N, Py
Fornula weight 1094.75 1138.87
Temperature/K 100 100
Crystal system monoclinic orthothombic
Space group C2/e Pbca
a/A 32.05(2) 21.364(7)
b/A 11.137(11) 18.351(4)
c/A 16.323(12) 29.604(5)
o/® 90 90
B 94.19(3) 90
y/° 90 90
Volume/A® 5811(8) 11606(5)
Z 4 8
Peacg/em’ 1.251 1.304
lu’"11111' 1 0.702 5.864
F(000) 2320 4864
Crystal size/mm’ 0.344 x 0.168 x 0.146 0.371 x 0.268 % 0.161
Radiation MoKo (A =0.71073) CuKo (A =1.54178)
20 range for data collection 3.872to0 66.634 597to0 161.414
Index ranges -45<h<47,-16<k<15.-23<1<24 -27<h<25,-22<k<22,-35<1<37

Reflections collected
Independent reflections
Data/restramts/parameters
Goodness-o£fit on F>
Fmal R indexes [I>=2c (I)]
Fmal R indexes [all data]
Largest diff peak/hole / ¢ A

66591
9410 [Rint = 0.0358. Rsigma = 0.0315]
9410/38/330
1.077
R1=0.0801, wR2 = 0.1846
R1 =0.1020, wR2 = 0.1970
2.95/-1.60

174786
12333 [Rint = 0.0980, Rsigma = 0.0422]
12333/0/683
1.133
R1 = 0.0699, wR2 = 0.1287
R1=0.0879, wR2 = 0.1374
0.64/-0.58



Table 7. Summary of statistics for diffraction data relevant for complex 8.

8
CCDC 1997111
Enpirical formmla CssH7sFe,NyPg
Formula weight 1092.73
Temperature/K 100
Crystal system monoclinic
Space group P21/
a/A 18.123(3)
b/A 17.599(3)
c/A 18.209(2)
a/® 90
pr 108.130(10)
y/° 90
Volume/A® 5519.0(15)
Z 4
pcalcg/cm3 1.315
/mm ! 6.158
F(000) 2312
Crystal size/mm’ 0.257 x 0.086 x 0.079
Radiation CuKo (A =1.54178)
20 range for data collection/® 6.008 to 161.41
Index ranges -18<h<22,-22<k<19,-23<1<22
Reflections collected 50951
Independent reflections 11649 [Rint = 0.0910, Rsigma = 0.0702]
Data/restramts/parameters 11649/1/632
Goodness-of. fit on F* 1.061

Final R indexes [[>=2¢c ()]
Final R mdexes [all data]
Largest diff. peak/hole /e A”

R1=0.0633, wR2 =0.1696
R1=10.0836, wR2 =0.1868
1.17/-0.64
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Special Refinement Details for (PsArCH;)Fe;Br.. Compound 4 crystallizes in the

monoclinic space group C2/¢ with half of the molecule in the asymmetric unit. The molecule

crystallizes with a two-fold rotation axis along the C1-C2 bond, such that the hydrogen

substituents of the methyl group are disordered over a special position. These were refined

with an AFIX 133 command.

Special Refinement Details for (PsArC)Fe;H. Compound 5 crystallizes in the monoclinic

space group C2/¢ with half of the molecule in the asymmetric unit. The data was of sufficient

quality to unambiguously locate the bridging hydride ligand in the Fourier difference map.
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Special Refinement Details for (PsArCH;)Fex(N2)(H)i. Compound 6-N, crystallizes in
the monoclinic space group C2/¢ with half of the molecule in the asymmetric unit. The
molecule crystallizes with a two-fold rotation axis along the C1-C2 bond, such that the
hydrogen substituents of the methyl group are disordered over a special position. These were
refined with an AFIX 133 command. There is one isopropyl group which is also disordered
over two positions. Electron density corresponding to the hydride ligands could be located in
the Fourier diffraction map. However, stable refinement with reasonable bond lengths
required imposing a fixed Fe-H distance of 1.54(2) A. There is residual electron density close
to the iron centers, but they are too close (~0.8 A) to be another atom. The possibility of non-
merohedral twinning was evaluated through cell_now, but a significant twin component could
not be identified. While the residual density could be due to disorder which cannot be
satisfactorily modelled, their proximity to the heavy metals suggests they may arise due to
absorption problems or truncation errors instead.

Special Refinement Details for [PsArCH;] (FeH):(u-N2). Compound 7 crystallizes in the
orthorhombic space group Phea with one molecule in the asymmetric unit along with one
molecule of co-crystallized pentane. The co-crystallized pentane is disordered over two
positions (52% and 48% relative occupancies). Electron density corresponding to two hydride
ligands could be located directly in the Fourier difference map, which were refined with the
aid of a similarity restraint on their 1,2-distances to Fel and Fe2, respectively.

Special Refinement Details for (PsArCH)Fe2(IN2)2(H).. Compound 8 crystallizes in the
monoclinic space group P2;/7 with one molecule in the asymmetric unit. Electron density
corresponding to two hydride ligands could be located directly in the Fourier difference map,

which were refined with the aid of a similarity restraint on their 1,2-distances to Fe2. The
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difference map also revealed electron density corresponding to one proton on C1, which was
allowed to freely refine.
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CHAPTER 5

MIXED-VALENT DIIRON pu-CARBYNE, u-HYDRIDE COMPLEXES:

IMPLICATIONS FOR NITROGENASE

The text for this chapter was reproduced in part from:
Arnett, C.H.; Bogacz, 1.; Chatterjee, R.; Yano, J.; Oyala, P.H.; Agapie, T. |. Am. Chem. Soc.

2020, Iz Revision.
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ABSTRACT

Binding of N by the FeMo-cofactor of nitrogenase is believed to occur after transfer of 4
¢ and 4 H" equivalents to the active site. Although pulse EPR studies indicate the presence of
two Fe-(u-H)-Fe moieties, the structural and electronic features of this mixed valent
intermediate remain poorly understood. Toward an improved understanding of this
bioorganometallic cluster, we report herein the diiron p-carbyne complex (PsArC)Fe,(u-H)
can be oxidized and reduced, allowing for the first-time spectral characterization of two EPR-
active Fe(u-C) (u-H)Fe model complexes linked by a 2 ¢ transfer which bear some resemblance
to a pair of E, and E,+; states of nitrogenase. Both species populate § = 2 states at low
temperatures, and the influence of valence (de)localization on the spectroscopic signature of
the p-hydride ligand was evaluated by 'H pulse EPR studies. Compared to analogous data for
the {Fex(u-H)}. state of FeMoco (E4(4H)), the data and analysis presented herein suggest that

11T

the hydride ligands in E4(4H) bridge isovalent (most probably Fe™) metal centers. Although
electron transfer involves metal-localized orbitals, investigations of [(PsArC)Fex(u-H)|*™' and
[PArC)Fex(u-H)|"' by C pulse EPR revealed that redox chemistry induces significant
changes in Fe-C covalency (-44% upon 2 ¢ reduction), a conclusion further supported by X-
ray absorption spectroscopy, >’Fe Méssbauer studies, and DFT calculations. Combined, our
studies demonstrate that changes in covalency buffer against the accumulation of excess

charge density on the metals by partially redistributing it to the bridging carbon, thereby

facilitating multi-electron transformations.
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INTRODUCTION

The active sites of the nitrogenase enzymes comprise a unique class of organometallic
cofactors which incorporate a u-C* ligand within a [7Fe-9S-M-C-R-homocitrate] (M = Mo,
V, or Fe) cluster scaffold."® Spectroscopic and computational studies indicate that the resting
state of the Mo-containing isoform (FeMoco, Figure 1, top left) is best formulated as a mixed
valent Mo(IIT) 3Fe(Il) 4Fe(IIl) cluster,” though the extent of valence localization is still a
matter of debate.”"” Substrate binding and reduction requires an initial electron loading phase
during which the cofactor may undergo structural rearrangements.'*"” The accumulation of
reducing equivalents at FeMoco is presumably coupled to proton transfer.'® If protonation
occurs at iron (vide infra), this would imply that the active site may cycle through only two
formal oxidation states during catalysis,"” both of which are mixed valent. The influence of the
interstitial pu-C donor on the electronic structure and catalytic properties of the cofactor

20

remains poorly understood.”™ Radiolabelling studies demonstrate that the carbide ligand is not

lost or exchanged during catalysis.” However, this does not rule out an active role for the
interstitial atom in bond-breaking and bond-making steps (which has been speculated
previously).”**

In contrast to water oxidation by photosystem IL* there is currently no general
strategy which can generate intermediate states of FeMoco in a stepwise fashion for
spectroscopic study. Sample heterogeneity complicates application of common bulk

spectroscopic methods (XAS, XES or Fe Méssbauer) to the study of reduced states of

FeMoco."”***" On the other hand, CW-EPR and pulse EPR/ENDOR spectroscopies can

28-30

selectively interrogate nitrogenase intermediates with half-integer spin states. In

31-32

combination with cryoannealing protocols,” ™ these techniques have been employed to

characterize a variety of putative intermediates, most notably one which has accumulated 4 ¢
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and 4 H' in the form of two Fe-(u-H)-Fe moieties (Figure 1, top right).”” It has been
suggested that this state is the key activated intermediate generated just ptior to N2 binding.™
* As such, an improved understanding of its electronic structure and geometrical features
could provide crucial insight into the activation process.

Synthetic model complexes which reproduce key structural features of proposed
nitrogenase intermediates can provide insight into their spectroscopic signatures. This
approach has motivated EPR studies of a variety of metal complexes containing nitrogenous
(Fe-N,H,)’"* and organometallic (e.g. iron-alkene or iron-hydride) ligands.** Additionally,
several paramagnetic diiron p-hydride complexes have been reported,”™ two of which have
been studied in detail using pulse EPR techniques.”*™ These investigations elucidated the "H
ENDOR signatures expected for the pu-hydride motif, at least for fully delocalized (Robin-Day
Class I11°) dimers. However, analogous studies for systems containing an Fe-(u-C)-Fe linkage
are not known, apart from a single report of °C pulse EPR data for the § = 3/2 resting state
of FeMoco.! Carbon-bridged, multimetallic iron complexes are not uncommon,’”* but, with

few exceptions,””!

these species have closed-shell electronic configurations. Those that are
paramagnetic all exhibit integer spin states and, thus, are not readily characterized by pulse
EPR methods.”" To the best of our knowledge, only one synthetic iron complex featuring a
carbon-based, X,-type (# = 1,2,3) ligand, namely a terminal iron(V)-carbyne complex, has been
interrogated by C pulse EPR.* Enzymatic iron-alkyl species have been isotopically labelled
and investigated by ENDOR and/or HYSCORE spectroscopy, ™ but none have been
structurally characterized, and questions remain regarding their electronic structure.” " As

such, there remains a lack of well-defined reference compounds useful for comparisons against

pulse EPR data reported for FeMoco or other bioorganometallic enzymes.
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Recently, we reported the synthesis and reactivity of the arylcarbyne-bridged diiron
complex, (PsArC)Fe,(u-H), which features a biologically relevant Fe(u-C)(u-H)Fe core (Figure
1, bottom).”” Remarkably, SQUID magnetometry revealed that (PcArC)Fex(u-H) features a
thermally well-isolated §' = 1 ground state. The unusual preference of (PsArC)Fe,(u-H) to
adopt an open-shell configuration in spite of its strong field donor set suggested that related,
mixed-valence compounds might be accessible. Herein, we demonstrate that (PsArC)Fex(u-H)
can indeed be oxidized and reduced, allowing for the first time spectral characterization of two
EPR-active Fe(u-C)(u-H)Fe model complexes linked by a 2 ¢ transfer which bear some

resemblance to a pair of E, and Ea+2 states of nitrogenase (Figure 1, bottom).

Mixed Valent Nitrogenase Intermediates

(H) (H) S (H)
i TEEGAD 2 T 225 BTN

His,gp His 4, S :; S Hisygp
E E5(2H): Other structual assignments E4(4H): Other structual assignments
Mo(lll) 3Fe(ll) 4Fe(lll) possible but not shown for clarity possible but not shown for clarity
Mo(lll) 3Fe(ll) 4Fe(lll)? Mo(lll) 3Fe(ll) 4Fe(lll)?
( Here: Mixed Valent Fe(u-C)(u-H) Model Complexes A
[BAr*,] [K(THF),]
Pz (Pr); Pz yy (i), P gy (iPr);
(lPr)zP—ﬁ P(lPr)z (lPr)zP—ﬁ }{/P(lPr)z (iPr)P —}g{\/ P(lPr)z
CAEO T O VA
g g, "Ens2"
Valence Delocalized ref 66 Valence Delocalized

Figure 1. Mixed valent states are prevalent for the iron-molybdenum cofactor (FeMoco) of nitrogenase
(top). Mixed valent diiron p-carbyne complexes are structural and electronic models of a carbon-bridged
diiron subunit of FeMoco, proposed to be central to catalysis, as well as a model of the conversion of E, to

Eq+2 (bottom).

RESULTS AND DISCUSSION
Isolation and Characterization of a Stable {Fex(u-CAr)}'” Complex. Towards accessing EPR-active

model complexes featuring a biologically relevant Fe,(u-C) motif, the §' = 1 diiron p-carbyne
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complex (P¢ArC)Fes(u-H) was studied by cyclic voltammetry (CV). The CV of (PcArC)Fea(u-
H) in tetrahydrofuran (Figure 2) exhibits two quasi-reversible electrochemical events: a
reduction with Ei,= -2.78 V (vs. Fc/Fc") attributed to the formation of the anionic species
[(PsArC)Fex(u-H)]" and an oxidation with FEi, = -1.65 V (vs. Fc/Fc") assigned to the
generation of the corresponding cation [(PsArC)Fex(u-H)]'".” Although formally these
electrochemical features correspond to the Fe',/Fe'Fe' and Fe"Fe'"'/Fe'", redox couples of
(PsArC)Fex(u-H), the prospect of significant covalency within the iron-carbon bonding
renders assignments of oxidation state ambiguous.* "% Inverted ligand-field arrangements
are characteristic of Fischer-type carbene and carbyne complexes, though it is commonly
assumed this requires heteroatom substitution to stabilize the sub-octet configuration at

carbon.” Delocalization with the aryl substituent in {Fe(u-CAr)}'""

may impart some degree
of Fischer-type character to the p-carbyne, formally corresponding to a resonance structure of
the form {Fe’>(u-CAr")(u-H)} for {Fex(u-CAr)}*® (Figure 3). However, in light of the high
covalency of the Fe-C bonding, a resonance form that falls between the extremes of a Fischer-
type ot Schrock-type description —{Fe'»(u-CAr")(u-H)} — also warrants consideration. To
account for this ambiguity, the valence electron count of the [(PsArC)Fes(u-H)|™**! redox
series can be described by considering both the iron 34 and carbyne o+n electrons (denoted #
in {Fey(u-CAr)}” representation, see Figure 3 for resonance description), which is analogous
to the Enemark-Feltam notation used for metal-nitrosyl complexes.® Thus, in this framework
the formally Fe''Fe" complex [(PsArC)Fex(u-H)]'™ has a valence electron count of {Fex(u-

CAr)}”, whereas the Fe'Fe" species [(PsArC)Fex(u-H)|" is represented as {Fe(u-CAr)}"”

(Table 1).
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Table 1. Summary of Formulas for {Fes(u-CAx)}17-19,

Full Formula Abbreviated Core Formula "Classical" Oxidation
(Enemark-Feltham Style) State Formula
[(PeArC)Fe(u-H)[BA 2] {Fez(u-CAN}"’ {Fe'(wCA)Fe"*
(PsAC)Fez(p-H) {Fea(u-CAN}'® {Fe"(u-CA)*Fe'y
[K(THF),J(P:AC)Fey(u-H)] {Fe,(u-CAn}'® {Fe'(u-CA)*Fe'}
1 | ! >
35 | {Fe2(i-CAN}'® * {Fey(u-CAn}'® ~ {Fey(u-CAn}"
25
15 -
g 5]
5 51
3-15 4
-25
-35
-45 T T T
37 27 17 -07

Potential / V (vs. Fc/Fc*)

Figure 2. Cyclic voltammogram of (PsArC)Fex(u-H) ({Fez(u-CAr)}') in tetrahydrofuran (0.4 M
["BusN][PFg] supporting electrolyte). Scan rate: 100 mV/s.

H H H

PsF 7 \Fe”P3 - P3F { \Fe' P3 <> pP;ef Fe'P;
\\// %(\// A

¢ : N
i
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{Fe"z(u-tr?Ar*)}” {Fe'z(lJ-E?Af‘)}18 {Feoz(u-rCAr’)}13

Figure 3. Limiting resonance structures for (PeArC)Fea(u-H) ({Fea(u-CAr)} 5.

Chemical oxidation of (PsArC)Fex(u-H) ({Fex(u-CAr)}™) with [Cp.Co][BAt"] in
tetrahydrofuran (Figure 4a) proceeds cleanly, affording a new paramagnetic species detected
by "H NMR spectroscopy (NMR, Figure 97). Single-crystal X-ray diffraction (XRD) studies
confirm the identity of this compound as the desired {Fe»(u-CAr)}"” species [(PsArC)Fea(u-
H)|[BAr"24] ({Fex(n-CAr)}”, Figure 4b). Compared to {Fex(u-CAr)}", oxidized {Fe:(u-
CAr)}" shows an elongation of the Fe-P bond lengths attributed to attenuated n-backbonding
(Table 2). This effect is more pronounced for the equatorial P donors (Ady. = 0.066(3) A)

than for the more tightly bound P1/P4 ligands (Ady. = 0.035(3) A). The Fe-C1 distances in
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{Fex(u-CAr)}" (Fel-C1: 1.791(6) A, Fe2-C1: 1.800(6) A) are similar to those in {Fe(u-CAr)}*
(Fel/2-C1: 1.792(1) A), indicating that the redox active orbital is essentially non-bonding with

respect to the carbyne ligand.

[K(THF),] [BArf,4]
( ('Pf)z H (iPr), ('P")z H (nar)2 (:Pr)z H (iPr),
Cp,C

(:Pr)f?{x}ﬁp(mm ey PP % P("P")z ] (IPF)sz& P(I'Pf)z

4 | ,‘@THFW"C 4 | ,*@ 4 | ~©
[K(THF),J[(PsArC)Fea(p-H)] (PArC)Fep(u-H) [(PArC)Fea(u-H)][BAI" 4]

{Fe,(u-CAN}'® {Fe,(u-CAN}18 {Fey(p-CAN}7
s=12 s=1 s=12

Top-down VIew

{Feo(u-CAn}"” {Feo(u-CAN)}Y (Fez(u-CAr)}“;

Figure 4. (a). Synthesis of [(PeArC)Fea(u-H)|[BArF2y] ({Fea(u-CAr)}17) and [K(THE)][(PsArC)Fes(u-H)]
({Fea(u-CAr)}19) (b). Crystal structure of [(PeArC)Fes(u-H)|[BAr2] ({Fea(u-CAr)}17). Hydrogen atoms on
the ligand and counterion omitted for clarity. Thermal ellipsoids shown at 50% probability (c). Top down
view illustrating the loss of Cy symmetry in [(PeArC)Fe(u-H)][BArta] ({Fea(u-CAr)}H7) (d). Comparison to
PoArC)Fes(u-H)({Fez(n-CAr)}S, ref. 66)

Unlike its one-electron reduced congener, {Fex(u-CAr)}” does not have
crystallographically-imposed symmetry. The two iron sites of {Fex(u-CAr)}"™ are related by a
C; axis along the C1-C2 vector (Figure 4d), which positions the metal centers on opposite
faces of the central carbyne linker without any significant distortion of the C1-C2-C3-P1

torsion angle (0.36(8)°). In contrast, the solid-state structure of the oxidized compound reveals

that both P; arms have rotated such that the iron centers of {Fex(u-CAr)}" are oriented on
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the same side of ligand (Figure 4c). This is accompanied by a deviation of the C1-C2-C3-P1
torsion angle (4.4(6)°) away from planarity.

Table 2. Comparison of Selected Bond Lengths and Angles for {Fea(u-CAr)}17-19,

Bonds (A) |{Fe,(u-CAr)}"" | {Fe,(u-CA)}" | {Fe,(u-CAr)}"* ™
Fe1-C1 1.791(6) 1.792(1) 1.796
Fel-P1 2.156(2) 2.1307(7) 2.076
Fe1-P2 2.292(2) 2.2627(8) 2.217
Fe1-P3 2.358(2) 2.2522(6) 2.206
Fe2-C1 1.800(6) 1.792(1) 1.796
Fe2-P4 2.176(2) 2.1307(7) 2.078
Fe2-P5 2.329(2) 2.2627(8) 2.217
Fe2-P6 2.311(2) 2.2522(6) 2.206
Fel-Fe2 2.691(2) 2.6776(6) 2.795

Angles (°)

Fe1-C1-Fe2 97.0(2) 96.66(1) 102.2

Fe1-C1-C2 130.4(5) 131.67(5) 128.9

Fe2-C1-C2 130.5(5) 131.67(5) 128.9

Sum 357.9(7) 360.00(7) 360.0
P1-C3-C4 138.1(4) 141.42(1) 141.0
P4-C7-C6 138.2(4) 141.42(1) 140.8

Torsions (°)
C1-C2-C3-P1 4.4(6) 0.36(8) 0.2
C1-C2-C7-P4 0.4(6) -0.36(8) -0.3

[a] Previously reported, ref. 66. [b] Structural metrics for {Fea(u-CAr)}? derived from DFT geometry

optimization (TPSS/def2-TZVP on Fe)).

Variable temperature 'H NMR spectroscopy indicates that {Fex(u-CAr)}"” also adopts
a low symmetry structure in solution, at least below 228 K. At 298 K, the 'H NMR spectrum
of {Fe;(u-CAr)}" exhibits 16 sharp, paramagnetically-shifted resonances between -20 and 85
ppm (NMR, Figure 97), consistent with C, symmetry or an exchange process. As expected for
an open-shell species, cooling a solution of {Fez(u-CAr)}" in tetrahydrofuran-ds causes these
features to shift substantially, with significant broadening of the signals down to 228 K (Figure
5). However, cooling below 228 K leads to decoalescence and sharpening of these features.
The number of resonances (>30) observed at 188 K is roughly double that at 298 K, indicating
Ci symmetry at low temperature, in good agreement with what is observed in the solid state
(Txrp = 100 K). For compatison, the le” reduced compound {Fex(u-CAr)}"™ does not display

the same behavior by variable temperature 'H NMR spectroscopy® and, thus, either maintains
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a static, higher-symmetry geometry in solution or possesses a lower barrier to structural
interconversion. Although the structure of {Fe;(u-CAr)}" is clearly fluxional at elevated
temperatures in solution, below ~188 K the conformational changes are slow on the NMR
time scale. Notably, spectroscopic studies on {Fez(u-CAr)}"” were conducted on samples
maintained at or below liquid nitrogen temperature (77 K) and, therefore, likely reflect the

electronic structure of the low symmetry geometry.
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Figure 5. Variable temperature '"H NMR spectra of [(PsArC)Fex(u-H)|[BArF24] ({Fe2(u-CAr)}Y7) in
tetrahydrofuran-ds reveal fluxional behavior and a loss of symmetry at low temperatures.

Characterization of {Fe(u-CAr)}"” by EPR spectroscopy intimates that the iron sites
are antiferromagnetically coupled, leading to a doublet ground state for the dimer. The X-band
(v = 9.6 GHz) continuous wave (CW) EPR spectrum of {Fe»(u-CAr)}" at 5 K exhibits a nearly
isotropic signal centered at g ~ 2.09 (Figure 6, top left), with no resolved hyperfine coupling.
Measurement at Q-band (v = 34 GHz) via spin echo-detected field sweep resolves the small g
anisotropy (Figure 6, bottom left), with simulations affording the rhombic g tensor g = [2.114,

2.097, 2.054]. For spin-coupled dimers in the limit of strong coupling and low zero-field
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splitting: g = (o7 + 2)/2 + (¢ - £)/25S + D[S + 1) = 552+ 1).* Thus, under the
assumption of low spin Fe(II), the g tensor of the dimer would reflect the anisotropy of the
Fe(I1I) site.”! However, low spin Fe(IlI) complexes commonly exhibit highly anisotropic low
spin signals.”*” Direct compatison can be made to the isoelectronic diiron p-imide, pu-hydride
complex [([PhBPs|Fe):(u-NH)(u-H)] which reveals the g anisotropy (g|= 2.54 g+ ~ 2.04)

111

expected for a low spin Fe''/low spin Fe'" spin coupled system.” In contrast, {Fex(u-CAr)}"”
exhibits small g anisotropy and atypical symmetry within its g tensor (gL > g||), both of which

are inconsistent with a low spin Fe(II)/low spin Fe(III) formulation.

- 19
{Fe,(u-CAr)}"7 I {Fe,(u-CAr)}
<«—>»  9636GHz 10K

200 mT
<+“—>

9.639 GHz, 5K

P [
sim 34.06 GHz, 20 K

34.09 GHz, 10K

Figure 6. Left: X-band (top) and pseudomodulated®” Q-band ESE-EPR (bottom) CW EPR Spectra of
[PsArC)Fex(u-H)|[BArF24] ({Fe2(n-CAr)}17) in 2-MeTHF (2 mM). Experimental data shown in black and
simulations for § = 2, g = [2.114, 2.097, 2.054] are shown in red. The asterisk denotes a background signal
present in the QQ-band resonator, not in the sample. X-band acquisition parameters: temperature = 5 Kj
MW frequency = 9.639 GHz; MW power = 2 mW; modulation frequency = 100 kHz; modulation amplitude
= 0.4 mT; conversion time = 82 ms. Q-band Acquisition parameters: temperature = 10 K; MW frequency
= 34.09 GHz. Right: X-band (top) and pseudomodulated?” Q-band ESE-EPR (bottom) CW EPR Spectra

of [K(THF)4|[(PsArC)Fea(u-H)| ({Fe2(n-CAr)}Y) in 2-MecTHF (2 mM). Experimental data shown in black
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and simulations for § = %2, g = [2.0890 2.036 2.026] are shown in red. X-band Acquisition parameters:
temperature = 10 I MW frequency = 9.636 GHz; MW power = 2 mW; modulation frequency = 100 kHz;
modulation amplitude = 0.4 mT; conversion time = 82 ms. Q-band Acquisition parameters: temperature =
20 K; MW frequency = 34.06 GHz. Note, in both cases, the X-band spectra have been shifted along the
field axis for plotting purposes only.

Low-Lying Excited States in {Fe;(u-CAr)}"’. Consistent with population of higher spin states at
elevated temperatures, a solution magnetic measurement of {Fex(u-CAr)}"” provided a yT
value of 1.26 cm® K mol™ (uetr = 3.19us) at 298 K, considerably larger than that expected for
an isolated S = V% spin system (y T = 0.37 cm’ K mol™ and e = 1.73us for g = 2.00). Variable
temperature magnetic susceptibility measurements on microcrystalline samples of {Fex(u-
CAr)}" revealed a similar value for ¥ T (1.31 cm’ K mol™) at 298 K. The value of y T decreases
as the sample is cooled down, reaching a value of 0.46 cm’ K mol™ (e = 1.92ug) at 3 K
(Figure 7). Simulations according to the Heisenberg exchange Hamiltonian H = -2]15(51-52)
assuming $1 = 1 (intermediate spin Fe(Il)) and either S> = 1/2 (low spin Fe(III) or Fe(I)) or
3/2 (intermediate spin Fe(IlI) or high spin Fe(I)) afford isotropic exchange constants Ji» = -
104 cm™and -112 em', respectively. Although both models afford fits which are in reasonable
agreement with the experimental data, analysis of the 'H hyperfine coupling by EPR
spectroscopy indicates that {Fe»(u-CAr)}"” is valence delocalized. Efforts to simulate the
magnetometry data using a more general model involving multiple spin states at arbitrary
energies with § > "2 did not prove fruitful. In any case, the magnetometry data cannot be
rationalized in terms of a low spin Fe(II)/low spin Fe(III) formulation, consistent with the

analysis of the CW-EPR spectrum of {Fe»(u-CAr)}".
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Figure 7. Variable temperature magnetic susceptibility measurements for [(PsArC)Fea(u-H)|[BAtF2]
({Fe2(n-CAr)}17) collected between 3 and 300 K with a 0.5 T field after diamagnetic correction (black
circles). Parameters for the fit shown: $1 =1, g1 = 2.55, $2 = 1/2, & = 2.45, ] = -111.6 cm™!, 2] = -0.64 cmr-
1. Equally satisfactory fits can be obtained with S> = 3/2.

In Situ Characterization of a Reactive {Fes(u-CAr)}"” Species. To determine the effect of redox
chemistry on the structural and electronic features of the Fe(u-C)(u-H)Fe core, we pursued
characterization of the {Fex(u-CAr)}"” species [K(THF).][(PsArC)Fex(u-H)]. Treatment of
{Fex(n-CAr)}"*® with potassium naphthalenide at -78 °C generates a new species that exhibits
an EPR signal centered at g ~ 2.04 (Figure 8a). Q-band measurements reveal that although
both {Fe;(u-CAr)}" and {Fe»(u-CAr)}"” exhibit axial EPR spectra, the symmetries of their g
tensors are distinct (Figure 8). Simulations indicate that g, - g, for {Fex(u-CAr)}* (¢ = [2.0890
2.036 2.026]) whereas g, > g, in {Fez(u-CAr)}". Solution phase structural characterization of
this species via extended X-ray absorption fine structure (EXAFS) is consistent with its
assignment as {Fe,(u-CAr)}”, with a geometry closely related to {Fe»(u-CAr)}"" (Figure S2).

The signal attributed to {Fex(u-CAr)}" persists and remains well-resolved for samples
maintained at -78 °C for 30-60 minutes. Storing solutions of {Fe(u-CAr)}"” for > 1 hr. or
warming above -78 °C results in loss of its characteristic EPR feature, concomitant with the

appearance of several distinct § = V2 species (EPR, Figure 21). Thus far, efforts to characterize
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these decomposition products have proved challenging. All of the iron-containing products
generated at higher temperatures are NMR silent; only resonances corresponding to
diisopropylphenylphosphine, derived from C-P bond cleavage of the ligand, are observed in
the "H and *'P NMR spectra.

’H-"H Pulse EPR Supports a Symmetric Spin Distribution in {Fex(u-CAr)}” and {Fex(u-CAr)}".
Complementary Q-band electron nuclear double resonance (ENDOR) and hyperfine sublevel
correlation (HYSCORE) measurements of the ligand hyperfine coupling provide further
insight into the spin distribution of {Fex(u-CAr)}" and {Fe;(u-CAr)}". In order to determine
the "H and "C hyperfine coupling, the *H and “C isotopologues were prepared (see the
footnote herein).” Although the natural abundance, *H-labelled, and "C-labelled
isotopologues of {Fex(u-CAr)}?” exhibit X-band CW EPR spectra with slight differences
among them (Figure 8), the X-band CW spectra of {Fez(u-CAr)}" are broad and virtually
identical. Simulation of the *H-'H difference HYSCORE spectra of [(PsArC)Fe(u-D)][BAr" 24
affords an anisotropic deuterium hyperfine tensor ACH) = +[2.1, 5.5, 7.4] MHz, with a small

0 —

tensor frame rotation by (o,B3,y) ° = (15, 25, 0)° relative to the coordinate frame of the g tensor.
Scaling the “H hyperfine tensor by the proportion of the "H/?H gyromagnetic ratios (‘Hy/*Hy
= 6.514/1) provides the "H hyperfine tensor A('H) = +[14.0, 36.0, 48.0] MHz for {Fex(u-
CAr)}”, which is in accord with simulations of the ENDOR spectra for the natural abundance
sample (Table 3). In a similar manner, simulation of the HYSCORE spectra of
[K(THF),][(PsAtC)Fe,(u-D)] provides, after scaling, the 'H hyperfine tensor A('H) = * [26.0,
18.0, 41.0] MHz for {Fe,(u-CAr)}" (Table 3), rotated by (a,B,y)° = (0,18,0)° relative to the

frame of the g tensor. Variable mixing time *H Mims ENDOR spectra were collected on

[(PeArC)Fex(u-D)][BAr'24] and [K(THE).|[(PeArC)Fex(u-D)], which allowed the absolute sign
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of the *H hyperfine to be determined. Results were consistent with the sign of the *H,
hyperfine (and by extension 'H,) being negative for both {Fe»(u-CAr)}"” and {Fe»(u-CAr)}"”.

Table 3. Hyperfine Coupling Constants in MHz Determined for {Fex(u-CAr)}'7and {Fea(u-CAr)}1°.

{Fe,(u-CAr}'7| A, A, A, EP T
H, -14 -36 -48 327 |[+18.7,-3.3,-15.3]
®C, +19 +36 +32 +29 #+10, -7, -3]
{Fe,(u-CAr)}*®| A, A, A, EP T
H, -26 -18 -41 283 |[[+2.3,+10.3,-12.7)
1°C. +26 +30 +40 +32 +[+6, +2, -8]

All hyperfine tensors are assumed to be collinear with g except A(1/2H). For {Fez(u-CAr)}' the Euler angles
are (a,B,y) © = (15, 25, 0)c. For {Fea(n-CAr)}? the Euler angles are (a,8,y)° = (0,18,0)°. The sign of .A(!/2H)
was determined by variable mixing time 2H Mims ENDOR. The sign of .4(13C) is assumed to be negative
based on DFT.

{Fe,(u-CAr)}*

PH_
labelled
13C-
labelled

3‘II0 31‘50 3é0
Field / mT
Figure 8. X-band CW EPR Spectra of [K(THF),|[(PsArC)Fe2H] (black), [K(THE),][(PsArC)FezD] (red),
and [K(THE),] [(PeAr*C)FeoH] (blue), all 2 mM in 2-MeTHFE. Acquisition parameters: temperature = 10
K; MW frequency = 9.639 GHz; MW power = 2 mW; modulation frequency = 100 kHz; modulation

amplitude = 0.4 mT; conversion time = 82 ms.

The respective 'H hyperfine tensors of {Fex(u-CAr)}"” and {Fe:(u-CAr)}®,
respectively, can be decomposed into an isotropic component aio('H) ({Fe2(u-CAr)}": -32.7

MHz, {Fex(n-CAr)}": -28.3 MHz) and an anisotropic component T('H) ({Fe:(u-CAr)}"":
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[+18.7, -3.3, -15.3] MHz, {Fe:(u-CAr)}": [+2.3, +10.3, -12.7) MHz). The isotropic 'H
hyperfine coupling arises from delocalization of spin density into the proton 1s orbital, either

910 Given the large

directly by a Fermi contact interaction or indirectly by spin polarization.
hyperfine constant expected for an electron localized in a hydrogen 1s orbital (a4, = 1420
MHz),"""'* the small difference in the a('H) values of {Fe,(u-CAr)}"” (-32.7 MHz) and
{Fe:(u-CAr)}"” (-28.3 MHz) implies that the spin density on the p-hydride ligand changes by
only 0.003 ¢ (o,('H) = -0.023 ¢ and -0.020 ¢, respectively) upon a 2 ¢ transfer, suggesting that
redox chemistry does not substantially affect the Fe-H covalency. The isotropic "H hyperfine
associated with the p-hydride ligand in {Fe,(u-CAr)}"” can also be compared with that in the
previously reported and isoelectronic p-imide, u-hydride species [([PhBP3]Fe)z(u-NH)(u-H)].”
Although the a,('H) value determined for [([PhBPs]Fe)2(u-NH)(w-H)] (-38.9 MHz) is larger
than that in {Fex(u-CAr)}" (32.7 MHz), the differences in the p-hydride spin densities are
minimal (g('"H) = -0.027 ¢ and -0.023 ¢, respectively).

Due to the lack of any local p-orbital contribution, the anisotropic component of the 'H
hyperfine arises solely from dipolar interactions with the iron-based spin. For dimeric systems,
it has been shown that the full dipolar coupling tensor can be analyzed in terms of a point

1 103-105
>

dipole mode with T('"H) calculated by summing over contributions from each metal site

(Figure 9).
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Figure 9. (a) Schematic representation of the metric parameters used to calculate the proton dipolar tensor
within the defined molecular frame of [(PsArC)Fex(u-H)]” (7 = -1 or +1). (b) Orientation of the principal
components of T('H) in the molecular frame of [(PsArC)Fes(u-H)|[BArf2]  ({Fex(u-CAr)}17). ()
Orientation of the principal components of T(*H) in the molecular frame of [K(THF),][(PsArC)Fe H]
({Fez(n-CAr)}®).
T.=-"%nh+8r 1)
Ty, = Va(ITul + 3/2%(cos2y) ' (hicos2Bi + Hcos2Ba))  (2)
T.=-(T.+T,) (3
tan2y = (sin2B1 — (&/#)*sin2B,)/(cos2B + (H/h)*cos2B) (4)
Where the values T, (7 = a, b, ¢) in MHz are the principal components of T('H), 4
and f, define the angle between 7 and 7, respectively, and the Fel-Fe2 vector 4. The angle p
describes the orientation of the coordinate axes Ty and T. with respect to the Fel-Fe2 vector
d. The distance dependence of the magnetic dipole interaction of the p-hydride with the
individual iron centers Fel and Fe2, respectively, is defined by the elements # and # which

take the classical form:

5= Kic; (—deﬁigwﬁw) ®)

4

Where 7 represents the distance of the p-hydride from Fe; (7 = 1,2), Ki is the spin projection
coefficient for Fe, (/ = 1,2), and the effect of spin delocalization away from each Fe (such as
onto the carbyne and P donor ligands) is parameterized by 4 with 0 < 4= 1.

It can be shown that a terminal hydride ligand should possess an axial anisotropic
coupling tensor of the form T('H) = #-1, =1, +2].* "7 On the other hand, this model
predicts that a hydride which bridges two metal centers will exhibit a thombic tensor of the
form T('"H) = 0, =2, +2].7> > %1% For intermediate cases, the degree of rhombicity (g) can

be quantified by decomposing the anisotropic hyperfine tensor into axial and rhombic terms,
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with T = #-(1-g), -(1+p), +2] and ¢ — 1 for a fully rhombic interaction. The anisotropic 'H
hyperfine coupling tensors of {Fex(u-CAr)}"” (T('H) = [+18.7, -3.3, -15.3] MHz) and {Fex(u-
CAn}” (T('H) = [+2.3, +10.3, -12.7] MHz) both exhibit a high degree of rhombicity (o =
0.65 and 0.64, respectively), consistent with the presence of the p-hydride ligand. For
comparison, similar deviations of the through-space dipolar coupling from g — 1 have been
reported for [([PhBP;]Fe)>(u-NH)(u-H)] (¢ = 0.79)” and an Fe'’, bis(u-hydride) complex (p =
0.75).**

Based on equation 5, the contribution of each iron center to T('H) depends on their
spin projection factors. Thus, calculations of the dipolar coupling to the p-hydride ligand in
{Fe:(u-CAr)}" and {Fe»(u-CAr)}"” using the point dipole model (equations 1-5) can shed light
on the distribution of spin density and, thus, the degree of valence (de)localization in each
complex. Most notably, the experimental tensor T('H)ey, = [+18.7, -3.3, -15.3] MHz is distinct
from those expected if {Fe(u-CAr)}” was valence localized with either §1 = 1, §, = 1/2
(T('H)eae = [-18, -33, 52] MHz) or §1 = 3/2, $> =1/2 (T(‘H)cac = [-19, -51, +70] MHz) spin
coupling arrangements. On the other hand, good agreement between the experimental and
calculated (T('H)cac = [+17.8,-0.2, -17.6] MHz) tensors is obtained assuming {Fe;(u-CAr)}"
is valence delocalized (Ki = K, = +1/2, y = 0°) using the metric parameters 1 = 1.63 A, r, =
1.67 A, and 4 = 2.69 A (Figure 9b). These values of 7 and 7 compare favorably with those
determined by crystallography (Fel-H1: 1.63(3) A, Fe2-H1: 1.64(3) A) and are similar to those
reported for [([PhBPs]Fe).(u-NH)(@u-H)] (1.64 A and 1.68 A).> This simulation indicates that
the first principal component of T(*H) (T3) and, thus, g is normal to the Fe(u-C)(u-H)Fe plane
(T, = T5). The value of y = 0° indicates that the two in-plane components of T('H) are otiented
such that T. = T, (and, therefore, g) lies along the Fe-Fe vector, with Ty, = Ti (and g)

perpendicular to it. The orientation of T('H) and g reported here for {Fe;(u-CAr)}" is distinct
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from that in [([PhBPs]Fe)2(u-NH)(u-H)], where detailed analysis of the 'H hyperfine coupling
revealed that g, not g, is normal to the Fe(u-N)(u-H)Fe plane (T, = T3).”

Likewise, the orientation of T('H) and g in the molecular frame of
[K(THE).|[(PsArC)Fe,H] can be determined by analysis of the dipolar coupling to the p-
hydride (Figure 9). Although a solid-state structure of [K(THF),]|[(PsArC)Fe.H] was not
obtained, the solution-state structure determined by EXAFS studies is in good agreement with
that predicted by DFT geometry optimizations. As such, the computationally determined
metric parameters were used in the calculation of T('H): n = = 1.79 A, = . = 38.7°, d =
279 A. DFT calculations (vide infra) indicate that [KK(THF),][(PsArC)Fe,H] is valence-
delocalized, which implies that the spin projection factors are K; = K; = Y2 and y = 0°. The
principal components of T(*H) are calculated to be T('H)eue = [T¢, To, Ta] = [+2.4, +11.4, -
13.8] MHz, which compates favorably with the experimentally determined tensor T(‘H) = +/-
[+2.3, +10.3, -12.7] MHz and validates the structural and electronic parameters assumed in
the simulation. This analysis indicates that T, = T3 and, thus, g; is normal to the Fe(u-C)(u-
H)Fe plane (Figure 9¢). The value of y = 0° indicates that T. = T} (and, therefore, g) lies along
the Fe-Fe vector. Finally, T, = 15 and g are perpendicular to the Fe-Fe vector in the Fe(u-
C)(uw-H)Fe plane. Combined, analysis of the anisotropic 'H hyperfine coupling supports an
electronically-delocalized description for both {Fex(u-CAr)}" and {Fe;(u-CAr)}"”, implying a

symmetric distribution of « and § spin density.
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Figure 10. (a) Top panel: Q-band 2H-H difference HYSCORE spectrum of [(PsArC)Fea(u-D)][BAtF2]
acquired at 1148 mT (g = 2.122). Bottom panel: Monochromatic representation of the HYSCORE data
(grey) with 2H simulations ovetlaid (red). Simulation parameters were detived by scaling the 'H hyperfine
tensor in Table 3 of the main text determined from Q-band 'H ENDOR, and scaling by the proportion of
1H/2H gyromagnetic ratios (y'"H/y2H = 6.514). Simulations also include 2H nuclear quadrupole parameters
qQ/h = 0.15; 7 = 0. Acquisition parameters: temperature = 12 K; microwave frequency = 34.086 GHz;
MW pulse length (n/2, 1) = 12 ns, 24 ns; © = 120 ns, t1 = t2 = 100 ns; At1 = Atz = 12 ns; shot repetition
time (stt) = 1.5 ms). (b) Top panel: Q-band ®C-natural abundance difference HYSCORE spectrum of
[PsArBC)FeH][BArFo] acquired at 1148 mT (g = 2.122). Bottom: Monochromatic representation of the
HYSCORE data (grey) with 13C simulations overlaid (red) using parameters in Table 3. Acquisition
parameters: temperature = 12 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, ©) = 12 ns,
24 ns; 1= 120 ns, t1 = t2 = 100 ns; At; = Atz = 12 ns; shot repetition time (stt) = 1.5 ms).

PC Pulse EPR Reveals a Decrease in Fe-C Covalency Upon Reduction. The HYSCORE spectra of the
PC-labelled  compounds  [(PsAr”C)Fex(u-H)|[BAr'2]  (Figure 10,  right)  and
[K(THF),][(PsAt"C)Fex(u-H)] cleatly resolve the strong coupling interaction of the bridging

carbon with the diiron unit (Figures S62-64). Simulations provide anisotropic hyperfine

tensors A(°C) = £[19.0, 36.0, 32.0] MHz for {Fex(u-CAr)}" and .4("°C) = £[26.0, 30.0, 40.0]
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MHz for {Fex(u-CAr)}”, which can both be decomposed to a isotropic term aio("°C) ({Fez(u-
CAr)}": £29.0 MHz, {Fe;(u-CAr)}” = +32 MHz) and an anisotropic component T(*’C)
({Fex(u-CAr)}": +[-10, +7, +3] MHz, {Fe(u-CAr)}": +[-6, -2, +8] MHz). The isotropic
contribution to the C coupling in {Fe2(u-CAr)}"” (4,(°C) = 32 MHz) is greater than that
in {Fex(u-CA1)}" (a0(PC) = £29 MHz). However, the intrinsic coupling expected for a single
electron localized in a carbon 2s orbital (@’ = 3110 MHz)'""' is much larger than these
differences, signifying that the extent of Fe — C 2 spin delocalization (g,(”C) = 9.3 x 10° ¢
for {Fex(u-CAr)}” compared to =10.2 x 107 ¢ for {Fe,(u-CAr)}") varies moderately with
redox changes. To the best of our knowledge, only one other synthetic iron complex featuring
an anionic RsC, R.C*, or RC™ type ligand has been "C enriched at the ligating carbon and
interrogated by pulse EPR. This species, a terminal iron(V)-carbyne complex, was reported to
have an a(”C) of £32.7 MHz,* quite similar to the values observed here.

In contrast to that for the p-hydride, the anisotropic component of the “C coupling
arises from local 2p contributions, in addition to dipolar interactions with the spin localized at
the adjacent Fe ions."”" Assuming that spin polarization of the C 2p electrons is the dominant

110

spin transfer mechanism,"’ the anisotropic “C hyperfine tensors of {Fe(u-CAr)}"” and
{Fex(n-CAr)}"” can each be uniquely decomposed into two axial terms corresponding to spin
transfer into the orthogonal C 2p, and C 2p, orbitals. Deconvolution of the experimental T(’C)
tensors affords b, = +5.7 MHz and b, = £1.3 MHz for {Fe»(u-CAr)}" compared to +1.3
MHz and +3.3 MHz for {Fe»(u-CAr)}"”. By comparison to the orientation of the g tensor in
the molecular frame, it can be shown that & has its largest principal component normal to the
Fe(u-C)(u-H)Fe plane for both {Fex(u-CAr)}"” and {Fe(u-CAr)}"” (Figure 9) and is associated

with spin density in the out-of-plane C 2p, orbital. On the other hand, 4, has its largest

component in the Fe(u-C)(u-H)Fe plane and arises from spin density in the C 2p orbital
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parallel to the Fe-Fe vector. Compated to the value expected for an electron localized in a °C
2p orbital (4’ = 90.8 MHz),"" the values of b, reported here correspond to spin densities of
0.063 ¢ and 0.014 ¢ in the C 2p, orbitals of {Fe»(u-CAr)}"" and {Fe.(u-CAr)}"”, respectively,
reflecting a decrease in Fe-C o-covalency upon reduction. Likewise, the values of
correspond to spin densities of 0.014 ¢ and 0.036 ¢ in the 2. otbitals of {Fex(u-CAr)}"” and
{Fex(u-CAr)}”, respectively, indicating an increase in Fe-C n-covalency upon reduction, most
likely due to enhanced backbonding. For comparison, the degree of spin transfer into the 2,
orbitals of the terminal carbyne ligand in [(SiP3)Fe'CCHj|" (0:(°C) = +/-0.06 ¢)* is greater
than that in either {Fe,(u-CAr)}" or {Fe(u-CAr)}". The effect of redox chemistry on b, and
br is in good agreement with the qualitative MO picture derived from DFT calculations (vide
infra), which indicates that the HOMO of {Fex(u-CAr)}"” (Fe-Fe 8*) has the appropriate
symmetry to interact with one of the in-plane C 2p,, whereas the HOMO of{Fe,(u-CAr)}"”
(Fe-Fe n*) has appropriate symmetry to overlap with the out-of-plane C 2p. orbital. Combined
with ¢(2s) derived from the isotropic ’C coupling in {Fe2(u-CAr)}”, the total spin density on
the bridging carbon is = +/-0.060 ¢. Notably, the total carbon spin density in {Fex(u-CAr)}"”
(e("C) = +/-0.086 ¢) is ~44% larger than that in {Fe;(u-CAr)}", suggesting that reduction
leads to an overall decrease in Fe-C covalency.

It is also instructive to compare the 25 and 2p(n) spin densities determined by pulse EPR
studies of the isoelectronic and structurally homologous complexes {Fex(u-CAr)}"” and
[([PhBP;|Fe)2(u-NH)(u-H)| to assess the relative degree of Fe-C and Fe-N covalencies. The
isotropic C hyperfine coupling in {Fe2(u-CAr)}" corresponds to a carbon 2s spin density
((PC) = 9.3 x 107 ¢) which is ~4.6 times larger than the nitrogen 2s spin density in
[([PhBPs]Fe)2(u-NH)(u-H)] (o.(*N) = 2 x 107 ¢).” Likewise, analysis of the anisotropic

hyperfine coupling tensor yields a carbon 2p spin density (g,(°C) = +/-0.077 ¢) for {Fex(u-



163

CAr)}" which is ~3.9 times larger than the nitrogen 2p spin density in [([PhBPs]Fe)2(u-NH)(u-
H)] (g,(""N) = -0.02 ¢).” Overall, the data convincingly demonstrates that the Fe-C covalency
in {Fe(u-CAr)}" exceeds the Fe-N covalency in [([PhBPs|Fe)>(u-NH)(u-H)]. Consistent with
the higher electronegativity of nitrogen compared to carbon, the carbyne is more easily
oxidized and, therefore, develops more radical character in both its s and p orbitals.

X-ray Absorption Spectroscapy Supports Metal-Centered Redox: Chemistry in {Fes(u-CAr)}""” and
Reflects Redoxc-Induced Changes in Fe-C Covalency. The magnitude of the “C hyperfine coupling in
{Fe:(u-CAr)}" and {Fe;(u-CAr)}" is inconsistent with a significant contribution of the p-
carbyne ligand to the redox-active orbital(s). To obtain a more refined picture of the changes

} 17-19

that occur in relative iron oxidation state within the {Fe(u-CAr) redox series, X-ray

absorption spectra (XAS) were collected at the Fe K-edge. Consistent with redox

predominantly localized at the metal sites,""

the rising edge energies shift by 0.4-0.8 eV per
oxidation event, increasing from 7118.0 eV for {Fex(u-CAr)}” to 7118.4 eV for {Fex(u-
CAr)}®and 7119.2 eV for {Fe,(u-CAr)}" (Figure 11a).""* Systematic changes are also observed
in the intensity of the pre-edge, with the feature at ~ 7111 eV gaining intensity upon oxidation
while the features at ~7113-7115 eV lose intensity (Figure 11a). Pre-edge transitions most
commonly arise from quadrupole-allowed metal 15— 34 transitions, which gain intensity from
3d/4p mixing in the absence of centrosymmetry.'”"'* Oxidation results in a larger number of
valence holes, thereby increasing the 15 — 34 transition probability. Because X-ray absorption
spectroscopy at the Fe K edge probes metal-localized transitions, the pre-edge intensities are
also sensitive to changes in covalency with the ligand.'"* As the proportion of metal-character
in the acceptor orbital(s) decreases, so does the transition probability.

Time-dependent DFT calculations (TPSSh/CP(PPP) on Fe) were petformed to

determine the origin of the pre-edge features in {Fex(u-CAr)}"™.'""" The computations
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reproduce the experimentally observed trends in the relative pre-edge intensities, as well as the
increased splitting of the features between ~7113-7115 eV (Figure 11b). The feature at ~ 7111
eV corresponds to transitions into two low-lying, iron-based orbitals of 8 and n-symmetry,
respectively (Figure 11c). This pair of orbitals is predicted by DFT to be the redox-active set
in {Fex(u-CAx)}"™ (vide infra). Due to the increasing number of valence holes, the intensity of
this feature increases upon oxidation.

On the other hand, the features between 7113-7115 eV exhibit mixed Fe 15 —
3d/carbyne character'"” and are split by transitions into two distinct acceptor orbitals (Figure
11c). The lower energy side of this region is dominated by transitions into a fairly covalent Fe-
C o orbital, whereas the higher energy region involves transitions into the n*-system of the p-
atylcarbyne."*""” The loss of intensity that occurs between 7113-7115 €V in the pre-edge
region is consistent with an increase in iron-ligand covalency upon oxidation, identical to what
was inferred based on changes in the “C hyperfine coupling in {Fex(u-CAr)}"” and {Fe:(u-
CAr)}”. The availability of low-lying orbitals with substantial ligand character suggests that
the u-carbyne ligand may serve a dual role as an electron-donor and an electron-acceptor,

thereby diffusing the effects of redox chemistry at iron.
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Figure 11. (a) Fe K-edge XAS spectra of [(PoArC)Fes(u-H)|[BArF2] ({Fea(n-CAr)}1, red), (PsArC)Fes(-
H) ({Fe2(u-CAr)}8, black) and [IK(THF),|[(PsAtC)Fex(u-H)| ({Fez(u-CAr)}, blue) with arrows indicating
the trends observed upon sequential oxidation. All samples were measured as frozen solutions (2 mM in 2-
MeTHF). (b) TD-DFT calculated pre-edge XAS spectra. (c) The first pre-edge feature is assigned to
transitions into two Fe 3d non-bonding orbitals, rendered on the bottom right. The higher energy features
arise from acceptor states with mixed Fe 3d/u-CAr 7* character. Quasi-restricted otbitals rendered at an
isovalue of 0.05. The electrons in the non-bonding Fe 34 set are colored to denote the orbital population.
The cation {Fez2(u-CAr)}'7 has one electron (red) in the lower energy orbital, whereas {Fea(u-CAr)}'8 has
an additional unpaired spin (black) in the higher energy orbital. Reduction to {Fe2(u-CAr)}? places an
additional electron (blue) in the lower energy orbital.

”"Fe Mdissbauer Spectroscopy Snggests a Highly Covalent Fe-C Interaction. Similar to rising edge energies
derived from Fe K-edge XAS spectra, Mossbauer isomer shifts are commonly used as an
indicator of relative oxidation state.'” Although substantial changes in isomer shift typically
occur following one-electron redox changes (e.g. ~1 mm/s for high spin, six-coordinate Fe"

HI) ’12()

vs. ~0.4 mm/s for high spin, six-coordinate Fe the isomer shift range observed for a

structurally homologous series of compounds is highly dependent on the degree of metal-



166

ligand covalency. Highly covalent metal-ligand interactions™ '*'

provide a mechanism to
prevent the accumulation of excess charge density on the metal center by distributing it onto
the ligand, mitigating the effect of redox chemistry on the isomer shift.

To assess the extent of iron-carbon covalency in {Fez(u-CAr)}""", the *"Fe M6ssbauer
spectrum of {Fex(u-CAr)}"” was measured as a frozen solution in 2-MeTHF with a 50 mT
applied field (Figure 12, top). Although the signal can be simulated assuming only one subsite
6 =023 mm s, |AEq| = 0.70 mm s?, Méssbauer, Figure 12), moderately improved
simulations (x* = 0.63 vs. 1.24) were obtained by invoking two subsites. Two distinct models
are obtained — one in which the two iron sites have different isomer shifts (Mdssbauer, Figure
13) and one in which they have similar isomer shifts but distinct quadrupole splittings
(Méssbauer, Figure 14). In either case, the Mossbauer signals from the individual subsites in
{Fe:(u-CAr)}" are largely overlapping, though a subtle shoulder may be discernable for the
low velocity resonance. Overall, the model which attributes similar isomer shifts to the two
iron sites comports best with the fact that {Fe,(u-CAr)}" is electronically delocalized, implying

that the iron centers bear similar charge density.'”
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Figure 12. 57Fe Mossbauer spectra of [(PsAtrC)Fez(u-H)|[BAtF24] ({Fea(u-CAr)}7, 24 mM in 2-MeTHEF,
top), (PsArC)Fex(u-H) ({Fea(n-CAr)}'8, microcrystalline solid, middle) and [K(THF)4|[(PsAtC)Fea(u-H)]
({Fe2(n-CAr)}?, 29 mM in 2-MeTHF, bottom) collected at 80 K with a 50 mT field applied parallel to vy
rays. Sum fits to the experimental spectra are shown in red, with individual subsites shown in orange and
blue where relevant, with parameters included.

The reduced complex {Fex(u-CAr)}”® was also evaluated by *Fe Mossbauer
spectroscopy. At 80 K, the Mossbauer spectrum of {Fex(u-CAr)}” in zero applied field
exhibits an asymmetric line shape and is substantially broadened (M6ssbauer, Figure 15). The
spectrum is significantly sharper in the presence of a weak applied field but retains the
asymmetric line shape characteristic of a system in the intermediate spin relaxation regime
(Figure 12, bottom). The M6ssbauer data could be simulated to one asymmetrically broadened

quadrupole doublet with § = 0.23 mm s, | AEq | = 1.04 mm s (Figure 12).
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We previously reported that {Fex(u-CAr)}™ exhibits an isomer shift of 0.25 mm s
(Figure 12, middle),” which is nearly identical to those observed for {Fex(u-CAt)}" (due = 0.23
mm s') and {Fey(u-CAr)}” (6 = 0.25 mm s"). The invariance of § to one-electron redox
chemistry in {Fex(u-CAr)}"", despite shifts in their rising edge energies, reflects a high degree
of covalency within the Fe-C bonding. Effectively, the u-carbyne can act as an electron source
or sink, diffusing the effects of redox chemistry via through-bond interactions. As a rough
gauge of how significant this influence is, a related series of mononuclear iron-carbonyl
complexes [(SiP3)Fe(CO)|"”*! exhibit an isomer shift range that spans 0.09 — 0.31 mm s™."®
More similar to that observed here, one electron oxidation of the formally Fe(IV)-carbyne
complex [(SiP3)FeCCHj3] is accompanied by a negligible change in isomer shift (-0.03 mm s
to 0.01 mm s7).* In both of these examples, an Fe-Si interaction provides an additional and
significant pathway for covalent delocalization of charge, highlighting the relative importance
of Fe-C covalency in {Fe,(u-CAr)}"",

Computational Studies Support High Fe-C Covalency. A more quantitative description of the Fe-C

W1 \was obtained from DFT calculations. Consistent with the

covalency in {Fe;(u-CAr)
experimental results, geometry optimizations (TPSS/ZORA-def-2-TZVP) predict that
{Fe:(n-CAr)}*® and {Fe»(u-CAr)}" adopt a Co-symmetric structure in which the central carbon
retains a trigonal planar conformation. Comparison of the orbital contours obtained from
single-point energy calculations (TPSSh/ZORA-def2-TZVPP) on the optimized geometries
of {Fex(u-CAr)}"*® and {Fe»(u-CAr)}"” reveals a direct correspondence in their electronic
structures. Both feature molecular orbitals that are delocalized across the Fe-(u-C)-Fe linkage,
leading to a symmetric distribution of spin density on Fel and Fe2 (g(Fe) ~ 1.11 ¢ for {Fex(n-

CAr)}*®and g(Fe) ~ 0.63 ¢ for {Fex(u-CAr)}" based on Léwdin population analysis). The

computations predict that electron transfer chemistry involves two iron-localized orbitals -
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one 8" symmetry orbital detived from 3d.,2 and one n° symmetry orbital of 34, parentage
(Figure 13). In {Fex(u-CAr)}"®, both orbitals are singly occupied, resulting in the
experimentally determined S = 1 ground state. Reduction of {Fe»(u-CAr)}* occurs in the non-

bonding Fe-Fe 8" (3ds2.2) orbital, leaving a single unpaired « electron in the Fe-Fe n” (34,,).
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Figure 13. Qualitative molecular orbital diagram for [(PsArC)Fea(u-H)|[BArF24] ({Fez2(u-CAr)}V7, red),
(PsAtC)Fez(u-H) ({Fez(u-CAr)}8, black) and [K(THF)q|[(PsArC)Fex(u-H)] ({Fez(u-CAr)}®, blue). The
electrons in the non-bonding Fe 34 set are coloted to denote the otbital population. The cation {Fez(u-
CAr)}'7 has one electron (red) in the lower energy orbital, whereas {Fea(u-CAr)}'8 has an additional
unpaired spin (black) in the higher energy orbital. Reduction to {Fez2(u-CAr)}! places an additional electron

(blue) in the lower energy orbital. Orbital plots (isovalue = 0.05) and population analysis are shown for key
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Fe-C interactions and the redox-active orbitals in {Fez(u-CAr)}8 by way of example. Otbitals labelled by
Fe-Fe interaction indicate symmetry only and do not imply the relative significance of the bonding character.

Considering the p-arylcarbyne in its closed-shell form would imply an Fe 34 electron
count of 12 for {Fey(u-CAr)}*® and 13 for {Fe»(u-CAr)}"”, corresponding to electronic
structure descriptions of {Fe';(u-CAr)(u-H)} and {Fe'(u-CAr")(uw-H)}, respectively.
However, Lowdin population analysis suggests that alternative resonance forms may be more
appropriate. The Fey(u-C) bonding in {Fex(u-CAr)}"™ and {Fe»(u-CAr)}" engages a pair of
non-degenerate ligand-based o-symmetry orbitals, which are largely localized on the bridging
carbon, as well as a series of n-symmetry orbitals delocalized over the p-arylcarbyne motif.
Bonding combinations with the appropriate iron-based SALCs produces two orbitals, one
corresponding to an Fe-(u-C)-Fe o-interaction (HOMO-8) and the other an Fe-(u-CAr)-Fe n-
bond (HOMO-7), that are close in energy to the non-bonding Fe 34 manifold (Figure 13).
Léwdin population analysis reveals that both of these orbitals exhibit substantial Fe-character
(53% for HOMO-8 and 39% for HOMO-7), clearly demonstrating that the Fe-C interactions
are highly covalent. As a result of this high degree of covalency, these orbitals should not be
considered as predominantly ligand-based for electron counting purposes and may, in fact, be
better described as part of the Fe 34 manifold. Including these electrons in the & count would
result in oxidation states for of {Fe';(u-CAr)(uw-H)} or {Fe"»(w-CAr")(u-H)} for {Fex(u-
CAr)}*®. We favor the intermediate electronic structure descriptor {Fe'>2(u-CAr)(u-H)}, which
is most representative of both the Lowdin spin population (g(Fe) ~ 1.11 ¢) and the calculated
atomic charges (-1.48 on Fe and -0.14 on C1). This would imply that {Fe,(u-CAr)}"” and
{Fe:(n-CAr)}? are best represented as {Fe™ > (u-CAr)(u-H)} and {Fe™*u-CAr)(uw-H)},

respectively.
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DFT Calcnlations Support Valence Localization in {Fex(u-CAr)}"”. Although the electronic ground
state of {Fex(u-CAr)}" has § = Y%, inversion recovery experiments and magnetometry studies
revealed that states with §' > '/ are energetically accessible. In accord with these findings, DFT
calculations on {Fez(u-CAr)}" indicate that both § = 1/2 and § = 3/2 states are close in energy
(A ~ 1-5 keal/mol, Table S9). However, only the pure DFT functional BP86 cortectly predicts
an S = V2 ground state for {Fex(u-CAr)}"; all other functionals tested provide an § = 3/2
ground state. In general, the calculated bond metrics for both spin states compare favorably
with those determined experimentally (Table S8). Notably, the § = 1/2 geometry reproduces
the key distortions observed in the solid-state structure (Table S11), in contrast to the
optimized geometry obtained for the § = 3/2 state of {Fex(u-CAr)}"”, which displays C;
symmetry. Efforts to converge to a C; symmetric geometry for the S = "2 state of {Fex(n-
CAr)}Y, either by starting from the optimized § = 3/2 geometry or from the solid state
structure of {Fex(u-CAr)}"®, were unsuccessful, consistent with the preference of {Fex(u-
CAr)}"” to adopt lower symmetry even in solution. Although only small perturbations in the
individual bond lengths and angles are observed, even subtle geometrical changes can
significantly alter metal-metal communication.'*'*

Analysis of the electronic structures derived from single-point energy calculations on
the § = 1/2 and 3/2 states of {Fex(u-CAr)}" provide insight into the effect of structural
distortion on electronic communication. As in Fex(u-CAr)}"*® and Fex(u-CAr)}”, the § = 3/2
state of {Fex(u-CAr)}"” features molecular orbitals that are fully delocalized, leading to a
symmetric distribution of spin density between the two iron centers (p(Fe) ~ 1.65 ¢ based on
Léwdin population analysis). In contrast to the foregoing and at odds with "H ENDOR
studies, spin-unrestricted DFT calculations on the § = 2 ground state of {Fe»(u-CAr)}" yield

a broken-symmetry solution with substantial spin contamination (Calc. «$: 1.57, Theoty:
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0.75). Analysis of the unrestricted corresponding orbitals obtained from calculations with the
TPSSh functional (10% HF) reveals a single pair of magnetic orbitals with a spatial overlap
significantly less than unity (« | B = 0.52)." Formally, this broken-symmetry state
corresponds to antiferromagnetic coupling of an intermediate spin Fe(Il) center (51 = 1) to a
low spin Fe(Il) (52 = '2). In light of the high degree of Fe-C covalency, an alternative
description ({Fe'Fe"(u-CAr)(u-H)}) that invokes antiferromagnetic coupling to a low spin

Fe(I) center (5> = '/2) may be more appropriate.
IMPLICATIONS

Electronic (De)localization in Fe(u-C)(u-H)Fe Model Complexes. Calculations at the DFT level of
theory suggest that the § = Y2 ground state of {Fex(u-CAr)}"” is biased toward electronic
localization, whereas '"H ENDOR studies clearly indicate that it is not. To understand the
possible origins of this apparent discrepancy, the ratio of the delocalization energy B(S + /2),
where B is the double exchange parameter and is larger for delocalized systems, to the sum of
the various trapping forces present in {Fex(u-CAr)}” must be considered.'””* The limited
solubility of {Fex(u-CAr)}"*® as well as the thermal instability of {Fex(u-CAr)}" frustrated
attempts to observe intervalence charge transfer transitions in the near-IR region, which could
be used to directly assess the effect of redox chemistry on the magnitude of B. However, it
has been shown that the magnitude of B is proportional to the Fe-Fe o-overlap'* and depends
strongly on the Fe-Fe distance.'™ Although a solid state structure of {Fex(u-CAr)}"” was not
obtained, EXAFS studies suggest that the Fe-Fe separation in {Fe»(u-CAr)}" is longer than
that in {Fe,(u-CAr)}", a conclusion validated by DFT geometry optimizations. Based solely
on this metric, the double exchange in {Fex(u-CAr)}" should be stronger, not weaker, than

that in {Fex(u-CAr)}?. This can be verified computationally by following previously described
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protocols to estimate B by DFT methods,"”

which indicates a value of ~4400 cm™ for {Fe,(n-
CAr)}" compared to only 1400 cm™ for {Fex(u-CAr)}”, which is ~ 3-fold smaller. Although
ligation differences may lead to non-linear trends in B vs. 7er, the magnitude of the double
exchange interactions in {Fe;(u-CAr)}"” and {Fe,(u-CAr)}” predicted by DFT are likely upper
bounds for the true values based on comparison with the literature ([Fea(u-
OH)3;(Me;sTACN)**: sere = 2.51 A, B = 1350 cm; [2Fe-2S]": mer ~ 2.73 A, B = 700-965

cm™).”** ¥ Notwithstanding, this analysis demonstrates that, if anything, the intrinsic

delocalization energy is larger for {Fex(u-CAr)}"” compared to {Fe;(u-CAr)}".

However, the sum of the dynamic and static contributions to the total trapping energy
may be larger in {Fe,(u-CAr)}” compared to {Fex(u-CAr)}”. Even in the absence of chemical
asymmetry, electronic localization can be induced by a vibronic coupling mechanism, which
involves coupling of electron and nuclear motion along a vibrational coordinate described as
an antisymmetric combination of the local, metal-ligand breathing modes (ze. as the

128

coordination sphere of one metal relaxes, the other contracts).”™ The energy associated with

this term (AEw, = A*/k = 4n’c*uw’#(A7)* where p is the reduced mass and 7 is the coordination

number)"”’

depends on the change in metal-ligand bond lengths induced by electron transfer
(A7) and the vibrational frequency (v). If we assume, albeit crudely, that the effect per redox
event on the vibrational frequency is similar to that reported for [2Fe-2S] clusters (Vox”/Vred” ~
1.11-1.17),”"* we can estimate that the vibronic trapping energy of {Fey(u-CAr)}” is ~1.4

times (= (Vox’/Vred’)’) greater than that in {Fex(u-CAr)}®”, which does not compensate for the

increase in B predicted upon 2 ¢ reduction.

Although geometry optimizations suggest that the iron sites of {Fex(u-CAr)}"” are

chemically equivalent, the same is not true of {Fe(u-CAr)}". Consistent with DFT
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calculations, 'H NMR studies suggest that {Fe(u-CAr)}"” adopts a low symmetry solution
phase structure which resembles that observed in the solid state. Comparison of the metric
parameters about Fel and Fe2 in {Fex(u-CAr)}" reveals subtle differences in the Fe-P bond
lengths (Table 2). These static contributions to the total trapping energy would reinforce the
vibronic trapping effect in {Fe»(u-CAr)}" and could promote valence localization, as predicted
by DFT. However, analysis of the experimental 'H hyperfine coupling clearly indicates that
{Fe:(u-CAr)}" is valence delocalized, suggesting that DFT may not adequately describe the
electronic structure of {Fex(u-CAr)}". Alternatively, the ground state of {Fex(u-CAr)}" may
be localized, but at the temperature of the pulse EPR measurements (20 K), the barrier to

electron hopping may be low enough that it gppears delocalized on the EPR timescale.

Implications for Hydride-Bound Intermediates of FeMoco. A putative intermediate (E4(4H)) in the
reduction of Nz by FeMoco has been freeze-trapped and characterized by EPR spectroscopy.”
Cryoannealing experiments led the Hoffman and coworkers to conclude that this species has
accumulated four reducing equivalents relative to the Eo state of FeMoco.” Detailed 'H
ENDOR studies revealed the presence of two strongly coupled protons (@, ~ 22.3-24.3
MHz), which were assigned to two bridging hydrides based on the rhombic symmetry of their
dipolar coupling tensor (o ~ 0.72-1).”7* More recently, the electronic structure of this
intermediate was revisited using high-resolution ENDOR measurements in combination with
quantum mechanical calculations.” This study revealed that although their hyperfine tensors
are nearly coaxial, the symmetry of the dipolar coupling to each hydride is distinct, with a
“null” component along & for H1 (T(H1) = [-13.2, 0, +13.2]) compared to a zero-value along
& for H2 (T(H2) = [13.2, -13.2, 0]). Based on a point-dipole model for the through-space
coupling of each p-hydride to its anchor atoms, Hoffman and coworkers concluded that this

permutation of the principal values of T('H) for H1 vs. H2 indicates that they bridge iron
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centers with distinct spin-coupling arrangements. Hoffman and coworkers suggest that H2
must bridge two metal atoms whose spins are ferromagnetically aligned (4, # > 0) in order for
T('H) to have a vanishing element in the Fey(u-H) plane (for T. = -(T, + Ti) ~ 0, T, must be
~ -Ty). On the other hand, the “null” component of T(H1) is believed to be normal to the
Fe,(u-H) plane (T, = -Y2(# + %)), which requires that # ~ -% and, thus, H1 bridges two metal

centers that are antiferromagnetically coupled.

Previous '"H ENDOR studies on two distinct diiron p-hydride model complexes seem
to support the foregoing conclusions. Detailed analysis of the dipolar coupling to p-hydride
in [([PhBPs]Fe)2(w-NH)(u-H)] mapped T('H) = [19.4, -17.4, -2.0] MHz onto the molecular
frame, with g; in the Fe(u-N)(u-H)Fe plane (T. = T5 ~ 0).” Likewise, studies of an [(Nz)Fe'”(u-
H).Fe'°(N3)]” complex oriented the “null” of component of T('H) = [-21, 24, -3] MHz along
the Fe-Fe axis.” Consistent with the predictions above, both complexes are formulated as fully
delocalized Class 111 dimers and, thus, Ky = K; = +1/2 and # = £ > 0.°>'% As discussed herein,
the same is true of {Fez(u-CAr)}"” and {Fe(u-CAr)}"” and, indeed, analysis of the anisotropic
'"H hypetrfine coupling revealed that the vanishing element corresponds to Tt in the Fe(u-C)(u-

H)Fe plane.

Until the present study, the effect of electronic localization on the symmetry of T('H)
associated with the Fe,(u-H) motif had not been discussed. Only one valence localized diiron
u-hydride complex is known in the literature, but pulse EPR studies have not been reported.”
In contrast to the electronically delocalized species discussed above, a valence localized Fea(u-
H) dimer would have an asymmetric distribution of a« and  spin density. As a result, the spin
projection factors K; and K> (and, thus, # and #) would have opposite signs and unequal

magnitudes. Following the analysis of Hoffman and coworkers for the dihydride state of
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FeMoco,™ we would expect a priori that such a species would exhibit a “null” component
normal to the Fex(u-H) plane (T, ~ 0). However, it can be demonstrated, even if {Fex(u-
CAr)}" was electronically localized and antiferromagnetically coupled, T, would 7of adopt a
zero-value — in fact, none of the principal components of T('H) would be zero. Rather, the
signature of valence localization in {Fe(u-CAr)}"” is predicted to be |Ti| >> |T.|, with T, #

0.

To gain better physical understanding of why this is true, the effects of spin coupling
must be considered carefully. Assuming local spins of §; = 1 and §» = %, standard vector

coupling methods"**'%°

provide spin projection coefficients of Ki = 4/3 and K; = -1/3,
respectively, for a St = V2 state of {Fex(u-CAr)}". If the two Fe-H bond lengths ate roughly
equivalent (1 ~ 7), the magnitude of the dipolar coupling to §1 = 1 is four-fold larger than
that from S» = "2 (4 = -44, because 4 « K from equation 5). In order to achieve exact
cancellation of the through-space coupling normal to the Fe,(u-H) plane (T, = -Y2(41 + £) ~ 0
when # ~ -%), the distance of the p-hydride to the iron bearing the minority spin (52 = 2)
must be ~1.6-fold smaller (|K1 /K, | = (n/r)’ = 4), which is not physically reasonable. A
similar conclusion can be reached if instead the local spin states are $1 = 5/2 (high spin Fe(III),
Ky = +7/3) and $> = 2 (high spin Fe(Il), K> = -4/3), though the difference in the individual
bond lengths necessaty to achieve T, ~ 0 is smaller ( | Ki/K; | = (n/r)’ =7/4; n~ 1.2r) but

still substantial. It is important to note that the conclusion T, # 0 for valence localized systems

is valid for all values of y because T, has no angular dependence.

Simultaneously, the presence of two ions with spin projection factors of unequal
magnitude leads to a 'H dipolar coupling tensor with | Ti| >> |T,|. Unlike the component of

the anisotropic hyperfine normal to Fex(u-H) plane (T,), the in-plane component T, is very
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sensitive to the value of y, which is determined from the ratio of %/#4 and the angles 81 and
Ba. For a symmetrically-bridged, valence-delocalized Fe,(u-H) dimer, y = 0 because 4 = % (see
equation 4). However, when # # 4,y # 0, and a factor of (cos2y)" must be included in the
calculation of T,. The value of y obtained by assuming a valence localized assignment for
{Fe2(u-CAr)}" is such that (cos2y)" contributes a factor of 5 to the calculation of T, leading
to | Tyl >> |T,|. The relation | Ty| >> |T,| is also true if the local spin states are S1 = 5/2 (high
spin Fe(III), K1 = +7/3) and 5> = 2 (high spin Fe(II), K; = -4/3). In fact, in this case, the value

of y is such that the factor (cos2y)” in the calculation of T,is ~13.

The possibility of making inferences regarding the distribution of electron density in
reduced states of FeMoco is intriguing" since, thus far, direct information in this regard is
available only for the resting state.® Consistent with the study by Hoffman and coworkers,™
we show here that the orientation and symmetry of T('H) for a bridging hydride ligand can
provide valuable information about the electronic structure of the anchoring metal atoms. As
concluded by Hoffman and coworkers,* exact cancellation of the out-of-plane element T,
does in fact demonstrate that the two anchor metal atoms are antiferromagnetically coupled.
However, while this might be true of isovalent ions, our studies and analysis indicate that an
antiferromagnetically coupled mixed valent pair will not exhibit this same symmetry. Given that
T, = 0 for the hydride denoted H1 in the E4(4H) state of FeMoco, it is most likely that H1

bridges a pair of Fe(Ill) metal centers (Ki = Ky so # ~ -5).

On the other hand, the presence of a vanishing element of T('H) oriented within the
Fe,(u-H) plane (T: ~ 0) indicates that the metal centers are ferromagnetically-aligned spins,
either in the same oxidation state or as a delocalized pair. The symmetry of T(H2) = [13.2, -

13.2, 0] (T = 0) alone does not distinguish between these two cases for the electronic structure



178

of the iron centers that bind H2 in the E4(4H) state of FeMoco. Rather, as emphasized by
Hoffman and coworkers, it is the fact that the principal components of T(H1) and T(H2) have
identical magnitudes, though permuted, which suggests that the Fe,(u-H1) and Fe,(u-H2)
motifs differ only in their spin coupling arrangement. Thus, it is likely that H2 also bridges

two Fe(I1I) ions, only these are ferromagnetically aligned, in contrast to those which bind H1.

Insight into the Electronic Structure and Reactivity of FeMoco from ”C Pulse EPR. Fundamental to
elucidating the role of the interstitial carbide is an understanding of the nature of the Fe-C
bonding and how this bonding may change during the catalytic cycle. Empirical force field
simulations of nuclear resonance vibrational spectroscopic (NRVS) data for FeMoco yielded
Fe-C force constants which were an order of magnitude smaller than those for low spin iron-

carbide-carbonyl clusters.'”

Reduction and/or substrate binding to FeMoco may induce
further weakening and elongation of the Fe-C bond(s)."””"” This has been demonstrated for
some monometallic iron-alkyl model complexes and has been attributed to the ionic character
of the bond, which becomes more polarized upon reduction.'*'*' Notably, enhanced N
reduction reactivity was observed for systems featuring more flexible axial donors."* However,
more recent QM/MM studies accounting for the effects of antiferromagnetic coupling within
the cluster afforded Fe-C force constants roughly five times larger than suggested from
computational modelling of NRVS data.'*” Further support of more highly covalent bonding
to the interstitial carbide was obtained by XES studies, which revealed a decrease in the
splitting of the Fe Kf mainlines of FeMoco and FeVco compared to that in MoFesS, and

VFesS, cubane models.'*

The lack of a consistent description of the Fe-C bonding in FeMoco motivates

complementary studies aimed at benchmarking Fe-C covalency. In principle, ligand
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superhyperfine couplings can provide a direct and comparable measure of metal-ligand
interactions.”” "**'* However, theoretical studies of FeMoco revealed a significant dependence
of aw(us-X) (assumed at that time to be N, but equally valid for C*) on the specific spin
coupling arrangement of the cofactor.'” The lowest energy BS7 solution has a symmetric
distribution of “spin-up” and “spin-down” density around the central atom, which results in
a small isotropic coupling. As a result, the relative degree of Fe-C covalency in FeMoco cannot

be assessed based on a compatison with the a, or g("’C) values reported here.

The present “C pulse EPR and XAS studies support the hypothesis that electron
loading leads to a decrease in Fe-C covalency, at least in a Fe,(u-C) model system. Quantitative
analysis of the carbon 2s and 2p spin densities of {Fex(u-CAr)}" (o(°C) = +/-0.086 ¢) and
{Fe:(n-CAr)}” (o(°C) = +/-0.060 ¢) suggests that 2 ¢ reduction leads to a ~44% decrease in
Fe-C covalency. This value is in good agreement with the predicted change in the calculated
covalency'® of C1, which decreases from 31.7% in {Fex(u-CAr)}" to 15.6% in {Fe,(u-CAr)}"
based on DFT. Deconvolution of the anisotropic component of the “C hyperfine coupling
in {Fex(u-CAr)}" and {Fe,(u-CAr)}" revealed that redox chemistry disparately affects the Fe-
C o- and n-bonding, with a significant decrease in o-covalency and a less substantial increase
in m-covalency upon reduction. These changes can be rationalized in terms of the qualitative
MO diagram shown in Figure 13 based on the symmetry of the HOMO’s of {Fe»(u-CAr)}"”
(Fe-Fe 8*) and {Fe»(u-CAr)}" (Fe-Fe n*), which ovetlap best with the C 2p, and 2p- orbitals
of the carbyne, respectively. Notably, these changes in Fe-C covalency occur despite the fact
that redox chemistry involves metal-localized orbitals. A similar observation has been made
for some [Fe-§] clusters (13-16% decrease in Fe-S covalency upon 1¢ reduction) and has been
attributed to electronic relaxation that accompanies the redox process.'*® Even in the absence

of significant structural differences, changes in the electron-electron repulsion induced by
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metal-based redox chemistry can trigger a redistribution of the charge density to the ligands
via changes in covalency. This model of electronic relaxation via changes in Fe-C covalency is
clearly in accord with our *’Fe Mossbauer studies, which revealed that {Fe,(u-CAr)}"" have
nearly identical (average) isomer shifts. The interstitial carbide of FeMoco may also serve as a
source or sink of electron density by modulating the degree of Fe-C covalency, helping to
prevent the accumulation of excess charge density at iron and facilitating multi-electron

transformations.

CONCLUSIONS

The diiron p-carbyne complexes {Fex(u-CAr)}” and {Fe»(u-CAr)}" are the first
carbon-bridged, dinuclear iron complexes that feature odd numbers of valence electrons.
Although both species populate §' = V2 states at low temperature, spectroscopic studies reveal
that both are valence delocalized. Computational estimates of the double exchange parameter
B suggest that geometrical distortions observed only in {Fex(u-CAr)}"” are largely responsible
for this electronic localization. Both {Fe,(u-CAr)}"” and {Fe,(u-CAr)}” were amenable to
investigation by pulse EPR methods, affording a unique opportunity to assess the influence
of valence (de)localization on the spectroscopic signature of the p-hydride ligand. Caution
must be exercised when interpreting the otientation and symmetry of T('H) for a bridging
hydride in terms of the spin-coupling of the anchoring metal atoms. However, combined with
a study by Hoffman and coworkers,” our results suggest that the hydride ligands in the {Fea(u-
H)}. intermediate E4(4H) bridge isovalent (most probably Fe') metal centers, providing
valuable insight into the distribution of electron density in a reduced state of FeMoco.

Although DFT calculations indicate that electron transfer involves metal-localized
otbitals, ’C pulse EPR investigations of {Fex(u-CAr)}"” and {Fe»(u-CAr)}" revealed that

redox chemistry induces significant changes in Fe-C covalency (-21% upon 2 ¢ reduction), a
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conclusion further supported by X-ray absorption spectroscopy, >'Fe Mossbauer studies, and
computational studies. Although the relative degree of Fe-C covalency in FeMoco cannot be
directly assessed based on a comparison with the @, or g(’C) values reported here,
computational studies suggest that °C hyperfine interaction may still be a valuable reporter of
structural and/or electronic deformations that reduce the symmetry of the cofactor.””
Although use of "C-S-adenosylmethionine allows the biosynthesis of FeMoco with the
interstitial carbide selectively labelled with °C, there is currently only one report of "C ESEEM
targeting the central atom, specifically for the § = 3/2 resting state of FeMoco." Further studies
of the PC-labelled cofactor are expected to be informative, since pulse EPR methods have
proven insightful for understanding the structural and electronic features of the cofactor in a
variety of states.”® These efforts, in concert with theoretical and synthetic modelling of the
structural and spectroscopic features of FeMoco, may help to better elucidate the nature of
the activation process.

EXPERIMENTAL DETAILS

General Considerations. All reactions were performed at room temperature in a nitrogen filled
M. Braun glovebox or using standard Schlenk techniques unless otherwise specified. Glassware
was oven dried at 140°C for at least two hours prior to use, and allowed to cool under vacuum.
Complex (PsArC)Fe;H was prepared as previously described.” All other reagents were
obtained commercially unless otherwise noted and typically stored over activated 4 A
molecular sieves. Tetrahydrofuran, toluene-ds, and benzene-d; were dried using
sodium/benzophenone ketyl, degassed with three freeze-pump-thaw cycles, vacuum
transferred, and stored over 3 A molecular sieves prior to use. Diethyl ether, benzene, toluene,
acetonitrile, hexanes, and pentane were dried by sparging with nitrogen for at least 15 minutes,

then passing through a column of activated A2 alumina under positive nitrogen pressure. 'H
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and >'P NMR spectra were recorded on a Varian 300 or 400 MHz spectrometer. All chemical
shifts (8) are reported in ppm, and coupling constants (]) are in hertz. The 'H-NMR spectra
were referenced using residual H impurity in the deuterated solvent. UV-Vis spectra were
recorded on a Varian Cary Bio 50 spectrophotometer. FElemental analyses were performed at
Caltech.

Physical Methods

MGissbaner Measurements. Zero field *Fe Mossbauer spectra were recorded in constant
acceleration on a spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat
(Janis, Wilmington, WA). The quoted isomer shifts are relative to the centroid of the spectrum
of a-Fe foil at room temperature. Samples were prepared in 2-MeTHF and transferred to a
Delrin cup. The data were fitted to Lorentzian lineshapes using the program WMOSS
(WWW.WMmoss.0rg).

Magnetic Measurements. Magnetic measurements for {Fey(u-CAr)}"" were conducted with a
Quantum Design MPMS3 SQUID Magnetometer at the University of California, Los Angeles.
A polycrystalline sample of {Fex(u-CAr)}'” was measured in a gelatin capsule and mounted in
a plastic straw. Magnetization data at 100 K from 0 to 4 T were collected to confirm the
absence of ferromagnetic impurities. Direct current variable temperature magnetic
susceptibility measurements were collected between 3 and 300 K with a 0.5 T field. Magnetic
susceptibility data was corrected for diamagnetism of the sample, estimated using Pascal’s
constants. Magnetic susceptibility data was simulated with PHI.'*

X-ray Crystallography. For compounds {Fe(u-CAr)}", low-temperature (100 K) diffraction data
(p-and w-scans) were collected on a Bruker AXS D8 VENTURE KAPPA diffractometer
coupled to 2 PHOTON 100 CMOS detector with Mo Ka radiation (A = 0.71073 A) or with

Cu Ka (A = 1.54178 A). All diffractometer manipulations, including data collection,
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integration, and scaling were carried out using the Bruker APEXII software.”” Absorption
corrections were applied using SADABS."" Structures were solved by direct methods using
SHELXS"™ and refined against F2 on all data by full-matrix least squares with SHELXI.-
2014" interfaced with Olex2-1.2.8"** and using established refinement techniques. All non-
hydrogen atoms were refined anisotropically, except heavily disordered solvent in some cases.
Hydrogen atoms were included into the model at geometrically calculated positions and
refined using a riding model, except for the hydride ligands in {Fe(u-CAr)}"". The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups).

EPR. Continuous wave (CW) X-band EPR spectra were obtained on a Bruker EMX
spectrometer. Cryogenic temperatures were achieved using an Oxford Instruments ESR-900
liquid helium flow cryostat and an I'TC-503 temperature controller. Pulse EPR spectroscopy:
All pulse Q-band (34 GHz) EPR, electron nuclear double resonance (ENDOR) and hyperfine
sublevel correlation spectroscopy (HYSCORE) experiments were acquired using a Bruker
ELEXSYS E580 pulse EPR spectrometer equipped a Bruker D-2 Q-band ENDOR resonator.
Temperature control was achieved using an ER 4118HV-CF5-L Flexline Cryogen-Free VT
cryostat manufactured by ColdEdge equipped with an Oxford Instruments Mercury ITC
temperature controller.

QQ-band pulse electron spin-echo detected EPR (ESE-EPR) field-swept spectra were acquired
using the 2-pulse “Hahn-echo” sequence (1t/2 — T — 1T — echo).

QQ-band inversion recovery data were acquired using the 3-pulse inversion recovery sequence
sequence (T — T — /2 — T — T — echo), where T is varied and 7 is a fixed delay.

Q-band pulse ENDOR spectra were acquired using the Davies pulse sequence (T — Tgp —

Ttrr — tpr — /2 — T — T — echo), where Ty is the delay between mw pulses and RF pulses,
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Ttpr is the length of the RF pulse, and the RF frequency is randomly sampled during each
pulse sequence. For all ENDOR scans, the same tgp of 1 us was used, all other acquisition
parameters are detailed in the caption for each ENDOR figure.

Q-band HYSCORE spectra wete acquired using the 4-pulse sequence (/2 — T — /2 —
ty — mw —t,— w/2 — echo), where T is a fixed delay, while t; and &, are independently
incremented by Aty and At;, respectively. The time domain data was baseline-corrected (third-
order polynomial) to eliminate the exponential decay in the echo intensity, apodized with a
Hamming window function, zero-filled to eight-fold points, and fast Fourier-transformed to
yield the 2-dimensional frequency domain. For *H-'H and "C-"C difference spectra, the time
domain of the HYSCORE spectrum of the natural abundance sample was subtracted from
that of the isotopically-enriched sample, and the same data processing procedure detailed
above was used to generate the frequency spectrum.

In general, the ENDOR spectrum for a given nucleus with spin I= %2 ("H) coupled to the S

= 2 electron spin exhibits a doublet at frequencies

£ vy (E1)

Where vy is the nuclear Larmor frequency and A is the hyperfine coupling. For nuclei with
I > 1 ("N, ’H), an additional splitting of the V4 manifolds is produced by the nuclear

quadrupole interaction (P)

3P(2m; — 1) (E2)
Vim = | Wt 5

T,
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In HYSCORE spectra, these signals manifest as cross-peaks or ridges in the 2-D frequency
spectrum which are generally symmetric about the diagonal of a given quadrant. This
technique allows hyperfine levels corresponding to the same electron-nuclear submanifold to
be differentiated, as well as separating features from hyperfine couplings in the weak-coupling
regime (|A| < 2|v;|) in the (+,-) quadrant from those in the strong coupling regime (|A4| >
2|v|) in the (-,-) quadrant. The (--) and (+,-) quadrants of these frequency spectra are
symmetric to the (+,+) and (-,+) quadrants, thus only two of the quadrants are typically
displayed in literature. For systems with appreciable hyperfine anisotropy in frozen solutions
or solids, HYSCORE spectra typically do not exhibit sharp cross peaks, but show ridges that
represent the sum of cross peaks from selected orientations at the magnetic field position at
which the spectrum is collected. The length and curvature of these correlation ridges allow
for the separation and estimation of the magnitude of the isotropic and dipolar components

of the hyperfine tensor, as shown in Figure S1.

Figure S1. HYSCORE powder patterns for an § = 1/2, I = 1/2 spin system with an axial
hyperfine tensor which contains isotropic (@;s,) and dipolar (T) contributions. Blue
correlation ridges represent the strong coupling case; red correlation ridges represent the weak

coupling case.



186

For weakly-coupled nuclei (A < 2vy), V4 and Vg are both positive, appearing in the (+,+)
quadrant, while for strongly-coupled nuclei, they will show up in the (—,+) quadrant. In the
intermediate coupling regime where A =~ 2V, peaks will often appear in both the (+,+) and
(—,%) quadrants of the HYSCORE spectrum.

All EPR spectra (CW, ENDOR, HYSCORE) were simulated using the EasySpin'>
simulation toolbox (version 5.2.25) with Matlab 2019a using the following Hamiltonian:

In this expression, the first term corresponds to the electron Zeeman interaction term where
HUp is the Bohr magneton, g is the electron spin g-value matrix with principle components g =
(2, Gyys €22, and S is the electron spin operator; the second term corresponds to the nuclear
Zeeman interaction term where fy is the nuclear magneton, gy is the characteristic nuclear
g-value for each nucleus (e.g. 'H,2H,*'P), and T is the nuclear spin operator; the third term
corresponds to the electron-nuclear hyperfine term, where A is the hyperfine coupling tensor
with principle components A = [Ax Ay Au]; and for nuclei with I = 1, the final term
corresponds to the nuclear quadrupole (NQI) term which arises from the interaction of the
nuclear quadrupole moment with the local electric field gradient (efg) at the nucleus, where P
is the quadrupole coupling tensor. In the principle axis system (PAS), P is traceless and
parametrized by the quadrupole coupling constant €2Qq/h and the asymmetry parameter

such that:

Pxx 0 0 2 —(1—7]) 0 0
_ _e“Qq/h
P= (" Pyy ")—m( O ‘2’) .
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2 Py,—P
Where % =2I(2I—1)P,,and n = b 22 The asymmetry parameter may have values

between 0 and 1, with 0 corresponding to an electric field gradient with axial symmetry and 1
corresponding to a fully rhombic efg;

The orientations between the hyperfine and NQI tensor principle axis systems and the g-
matrix reference frame are defined by the Euler angles («, {3, y), with rotations performed
within the zyz convention where « rotates xyz counterclockwise about z-axis to give x'y'z', 3
rotates x'y'z counterclockwise about y'-axis to give x",y",z", y rotates xyz counterclockwise
about z"-axis to give final frame orientation.

XAS/EXAFS. Data was collected at Stanford Synchrotron Radiation Lightsource, beamline
4-1, at SLAC National Accelerator Laboratory. The electron energy was 3.0 GeV and the

average current was 500 mA. Beam intensity was monitored using nitrogen-filled ion chambers
located before (Iy) and after (Ii, I,) the sample. Sample was placed in an Oxford instruments,
continuous flow liquid He cryostat maintained at 10 K. Samples were filled in 40-pL Lucite
sample holders. The beam size (slit size) was 1 mm (v) and 12 mm (h). The X-ray was
monochromatized by a Si(220) double-crystal monochromator. Data was collected as
fluorescence excitation spectra using a 30-element Ge Solid state detector (Canberra). A Fe
foil between I; and I, was used for calibration using a K-edge location of (7,112.0 eV).

Data reduction of XAS spectra was done with SamView (SixPack software available at

https://www.sams-xrays.com/sixpack). Athena from the Demeter software package (Demeter

version 0.9.26, B. Ravel) was used for merging, background subtraction (post and pre-edge)
and normalization. A five-domain cubic spline was used to remove low-frequency background
in k-space. Fitting for EXAFS data was done with Artemis from the Demeter software package

using ab initio phases and amplitudes calculated with FEFF6 from crystal structure data.
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During EXAFS curve fitting, the range was set to 3-12 A" in k-space. The coordination
number (N) and passive electron reduction factor (So*> = 0.85) were held constant, while bond

distances between the absorber and backscatterer (R) and mean square displacement of the
bond distance (6%) were varied. The non-structural parameter E (the zero-value energy of the
photoelectron wave vector k) was a global variable across all pathways. The Fe-P pathways
were merged for {Fex(u-CAr)}'* and {Fex(u-CAr)}'". For {Fe(u-CAr)}", the 6° variables were

linked for the two Fe-P pathways, while the variable R was kept independent. This was done
to highlight that there is no difference in Fe-P distance in the previous samples.

The fit results for samples {Fe>(u-CAr)}", {Fe:(u-CA1)}', and {Fe,(u-CAr)}'" is shown in
Table S1, and Figure S2. Samples {Fe,(u-CAr)}'"" and {Fex(u-CAr)}"™ were fit with their
corresponding crystallography data. Sample {Fex(u-CAr)}" proposed structure was most
similar to {Fex(u-CAr)}", therefore fits were done using {Fex(u-CAr)} " crystallography data.
For FT EXAFS figures, the x-axis represents the non-phase-shift corrected radial distance (R’)
that is shorter than the actual scattering distance by about 0.5 A.

DFT Calenlations. Calculations were carried out using version 4.0.2 of the ORCA package."™
Geometry optimizations were conducted using the TPSS functionals in combination with the
scalar relativistically recontracted versions of the def2-SVP (ZORA-def2-SVP) basis set on
most C and H atoms. An enlarged basis set (ZORA-def2-TZVP) was employed for the Fe and
P atoms, the iron-bound C and H ligands as well as any C atoms of the central aryl linker
which undergo significant distortion in the solid state structure. For all atoms, the general-
purpose segmented all-electron relativistically contracted auxiliary Coulomb-fitting basis
(SARC/]) was employed. Solvation was modeled with CPCM in tetrahydrofuran."’
Optimizations were followed by a frequency calculation to ensure a true minimum. Single-

point energy calculations for [(PsArC)FeH][BAr'2] were conducted with a range of
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functionals (BP86, TPSS, TPSS + 5% HE, TPSSh) to evaluate the influence of the amount of
Hartree-Fock exchange on the spin state energetics. These calculations employed the enlarged
ZORA-def-TZVPP basis set on Fe, P, and special C/H atoms enumerated above. Calculations
with hybrid functionals used the RIJCOSX approximation.”” Broken symmetry calculations
using the FlipSpin method were also conducted from the optimized S = 2 geometry and the

character of the solution evaluated by analysis of the unrestricted corresponding orbitals.'”

160 the TPSSh functional was used in

For DFT calculations of Mossbauer parameters,
combination with the ZORA-def2-TZVP basis set on most C and H atoms. The CP(PPP)
basis set was employed for Fe and the IGLO-III basis set was utilized for P and the iron-
bound C and H ligands as well as any C atoms of the central aryl linker which undergo
significant distortion in the solid state structure. The general purpose def2/] Coulomb fitting
basis was employed on atoms using the def2-TZVPbasis, while the AutoAux feature of ORCA
was used to generate auxiliary bases for the other atoms. All auxiliary bases were fully
decontracted. To capture core polarization effects, the radial integration accuracy was
increased around the Fe, P, and the iron-bound C and H ligands (IntAcc 7). A previously-
reported calibration'® was used to convert the computed Fe core electron density to the
isomer shift (8) in units of mm s7'; estimates of the uncertainty in the computed values of &
and AE were obtained from this calibration.

15116 the TPSSh functional was used in

For time-dependent DFT calculations of XAS spectra,
combination with the ZORA-def2-TZVP basis set on most C and H atoms. The CP(PPP)
basis set was employed for Fe, and the ZORA-def2-TZVPP basis set was utilized for P and
special C/H atoms. The AutoAux feature of ORCA was used to generate auxiliary bases and

all auxiliary bases were fully decontracted. The radial integration accuracy was increased

around the Fe (SpecialGridIntAcc 7). A total of 50 root excitations were calculated with a line
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broadening of 1 eV. The unrestricted Kohn-Sham orbitals generated from the calculations
were subsequently transformed into quasi-restricted orbitals.'®

Synthetic Procedures. Preparation of [(PsArC)Fe:H][BAY 2] ({Fexu-CAr)}”). A solution of
(PsArC)FeoH (23.9 mg, 0.023 mmol) in tetrahydrofuran (10 mL) was chilled to -78 °C in a
glovebox cold well. To this mixture, a chilled solution of [Cp.Co][BAt"24] in tetrahydrofuran
(1 mL) was added dropwise. After stirring for 1 hour at -78 °C, the reaction was removed from
the cold well. After stirring for an additional 30 minutes at room temperature, the volatiles
were removed under vacuum. The orange-brown residue was re-dissolved in diethyl ether (3
mL) and filtered over Celite. The filtrate was layered under pentane (10-12 mL) and stored at
-35 °C for 2 days, affording {Fex(u-CAr)}"” (30.6 mg, 70%) as orange-brown blades. 'H NMR
(400 MHz, CsD¢/THF) 6 = 82.69 (b), 50.32 (s), 38.25 (b), 27.57 (s), 19.15 (b), 15.67 (s), 9.36
(s), 8.55 (s), 7.87 (s), 7.43 (s), 6.93 (b), 6.66 (b), 6.32 (b), 6.20 (B), 6.07 (b), 5.80 (b), 5.04 (b), -
3.84 (s), -19.27 (s). "F NMR (400 MHz, CsDs/THF) 8 = -61.87 (s). UV-Vis (THF) [e (M ' cm’
N 341 nm (1.2 x 10%, 416 nm (9.3 x 10%), 750 nm (2.7 x 10°). Anal. Caled (%) for
Cs7HgsBF24FeoPs: C, 55.06; H, 4.67; N, 0.00. Found: C, 54.93; H, 5.20; N, 0.07.

Preparation of [K(THF),][(PsArC)Fe:H] ({Fex(u-CAr)}”’). Due to its thermal sensitivity, solutions
of [K(THE).|[(PsArC)FeoH| were prepared iz situ for EPR spectroscopy, Mossbauer
spectroscopy and X-ray absorption spectroscopy.

Preparation of 2,6-dibromotoluene-ds. Dry diisopropylamine (1.749 g, 17.29 mmol, 1.1 equiv.) was
dissolved in a 5:1 mixture of 2-MeTHF/THF (60 mL) and chilled to 0 °C. Under nitrogen,
#nBuli (6.5 mL, 2.66 M, 17.29 mmol, 1.1 equiv.)) was added dropwise. After stirring for 30
minutes, the lithium diisopropylamide solution was chilled to -110 °C in an ethanol/liquid
nitrogen bath. Dibromobenzene (3.707 g, 15.72 mmol, 1 equiv.) was added dropwise via

syringe. After stirring for 1.5 hours, iodomethane-4; (1.17 mL, 18.86 mmol, 1.2 equiv.) was
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added dropwise via syringe. The mixture was allowed to warm slowly to room temperature in
the cold bath. After stirring overnight, the colorless solution was concentrated under vaccum
at room temperature. A saturated ammonium chloride solution (40 mL) was added to the
residue followed by dichloromethane (40 mL). After stirring for 10 minutes, the organic layer
was collected, washed with water, and then, brine. The organics were dried over magnesium
sulfate, filtered, and then concentrated 7 vacuo. The crude oil was then vacuum distilled, with
2,6-dibromotoluene-ds (1.39 g, 36%) transferring between 70-80 °C.

Preparation of 2,6-dibromotoluene-”C. Using iodomethane-"C, 2,6-dibromotoluene-"C (1.54 g,
39%) was prepared via the same procedure outlined for 2,6-dibromotoluene-d.

Preparation  of  (3-bromo-2-methylphenyl)(bis(2-diisopropylphenylphosphino)phosphine-ds.  Using  2,6-
dibromotoluene-d;, (3-bromo-2-methylphenyl)(bis(2-diisopropylphenylphosphino)phosphine
-ds (2.53 g, 82%) was prepared in a manner analogous to that reported for (3-bromo-2-
methylphenyl) (bis(2-diisopropylphenylphosphino)phosphine.

Preparation of  (3-bromo-2-methylphenyl) (bis(2-diisopropylphenylphosphino)phosphine-"C.  Using  2,6-
dibromotoluene-"C,  (3-bromo-2-methylphenyl)(bis(2-diisopropylphenylphosphino)phos-
phine-"C (2.92 g, 81%) was prepared in a manner analogous to that reported for (3-bromo-
2-methylphenyl)(bis(2-diisopropylphenylphosphino)phosphine.

Preparation  of  2,6-bis|bis(2-diisopropylphenylphosphino)phosphino)toluene-ds.  Using  (3-bromo-2-
methylphenyl) (bis(2-diisopropylphenylphosphino)phosphine-d;, 2,6-bis|bis(2-diisopropyl
phenylphosphino)phosphino)]|toluene-d; (3.36 g, 81%) was prepared in a manner analogous
to that reported for 2,6-bis[bis(2-diisopropylphenylphosphino)phosphino)|toluene.
Preparation of  2,6-bis[bis(2-diisopropylphenylphosphino)phosphino)Jtoluene-"C. Using (3-bromo-2-

methylphenyl) (bis(2-diisopropylphenylphosphino)phosphine-""C,  2,6-bis[bis(2-diisopropyl
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phenylphosphino)phosphino)]toluene-"C (3.67 g, 80%) was prepared in a manner analogous
to that reported for 2,6-bis[bis(2-diisopropylphenylphosphino)phosphino)|toluene.
Preparation of (PsArCD;s)Fe:Br. Using 2,6-bis|bis(2-diisopropylphenyl
phosphino)phosphino)|toluene-d;, (PsArCDs)Fe;Br, (924 mg, 46%) was prepared in a manner
analogous to that reported for (P¢ArCHs)FeBr.

Preparation  of  (PsAr’CH;)Fe:Br.. Using  2,6-bis[bis(2-diisopropylphenylphosphino)
phosphino)]toluene-"C, (PsAr’CHs)Fe:Br, (813 mg, 42%) was prepared in a manner
analogous to that reported for (PsArCHs)Fe,Br.

Preparation of (PeArC)Fex(D). Using (PsArCDs)Fe;Bra, (PsArC)Fex(D) (37 mg, 11%) was
prepared in a manner analogous to that reported for (PsArC)Fe,(H).

Preparation of (PsAr”C)Fez(H). Using (PsAr’CHjs)FeBra, (PsAr C)Fex(H) (192 mg, 53%) was
prepared in a manner analogous to that reported for (PsArC)Fe,(H).

Preparation of |(PsArC)Fe:D]/BAY 24]. Using (PsArC)FeD, [(PsArC)Fe.D][BAt 2] was prepared
in a manner analogous to that reported for {Fe,(u-CAr)}'"". After 'H NMR analysis, the crude
mixture was concentrated and re-dissolved in 2-MeTHF for EPR studies. As noted in the
manuscript, H/D exchange occurs in the synthesis of (P¢ArC)Fe,D, leading to a mixture of
[(PArC)Fe:D][BAr"2] and [(PsArC)FeH][BAr' 2] upon oxidation. These two isotopologues
exhibit some distinct resonances as a result of a paramagnetic isotope effect on chemical shifts
(PIECS). Similar behavior has been reported for other p-hydride complexes and has been
attributed to the effect of the shorter M-D bonds (and therefore smaller M-M separation) on

1164 Based on the relative intensity of the related features, we

the M-M exchange interaction.
estimate roughly 50% deuterium enrichment, in good agreement with simulations of the

ENDOR and HYSCORE data.
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Preparation of  [(PsAr”C)Fe:H][BAr ). Using (PsAr”C)FeoH, [(PeAr”C)FeH|[BAr' 2] was

prepared in a manner analogous to that reported for {Fex(u-CAr)}". After '"H NMR analysis,

the crude mixture was concentrated and re-dissolved in 2-MeTHF for EPR studies.

Supplemental Data

Table S1. Best-fitting results for Fe EXAFS of {Fex(u-CAr)}19, {Fea(u-CAr)} '8, and {Fex(u-CAr)}17

Sample Path R(A) N c3(103A%) R-factor(%)  AEo(eV)
EXAFS XRD

{Fes(u-CAr)}"®  Fe-C  1.79+0.01 1 2.4+4.5 2.59 7.542.7
Fe-P 2.0940.08 1 2.1£3.9
Fe-P 2.2340.09 2 2.1£3.9
Fe-Fe  2.76+0.07 1 9.910.0

(Fex(-CAD}™®  Fe-C 1.7820.01 1.79 1 0.743.2 273 8.8+1.4
Fe-P 2.22+0.09  2.13-2.26 3 6.311.2
Fe-Fe  2.6240.04 2.67 1 5.0£2.9

(Fex(-CAD}7  Fe-C 1.770.02 1.79 1 3.543.8 2.82 7.0+1.6
Fe-P 2.24+0.06  2.15-2.35 3 8.0+1.1
Fe-Fe  2.63+0.06 2.69 1 6.912.8
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Figure S2. EXAFS R-space of {Fex(u-CAr)}17 (black), {Fea(u-CAr) } 18 (red), and {Fez(u-CAr)}19 (blue) with

corresponding fits. Fitting parameters are outlined in table above.



Summary Tables

Table S2. Summary of statistics for diffraction data relevant for {Fea(u-CAr)}17

{Fex(u CAD}'’

CCDC
Empirical formmila
Formula weight
Temperatue/K
Crystal system
Space group
a/A
b/A
c/A
o/
pr
/e
Volume/A®
Z
|)ca1cg/c1113
w/inm’
F(000)
Crystal size/mm’
Radiation
20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restramts/parameters
Goodness-of:fit on F*
Final R indexes [[>=26 (I)]
Final R mdexes [all data]
Largest diff peak/hole /e A

Cs7HssBF24Fe;Ps
1897.9
100.01
monoclinic
C2/c
41.194(13)
16.337(7)
31.777(16)
90
114.19(2)
90
19508(14)
8
1.292
4.066
7784
0.25 x0.15 x 0.09
CuKa (A =1.54178)
5.898t0 161.47
-46 <h<51,-20<k<20,-40 <1<38
221116
21056 [Rint = 0.0790, Rsigma = 0.0377]
21056/820/1191
1.081
R1=10.0822, wR2 =0.1839
R1=0.0997, wR2 =0.1945
1.32/-1.09
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Special Refinement Details for [(PsArC)Fe;H][BAr"2]. Complex {Fe(u-CAr)}”
crystallizes in the space group C2/c with one molecule in the asymmetric unit. Electron density
corresponding to the bridging hydride could be located in the diffraction map, but its position
was variable during refinement. Its position was refined with the help of similarity restraints
on the Fe-H distances. The BAr"s counterion exhibits significant disorder in several —CF;
groups. Efforts were made to model this as positional disorder due to rotation of the —CF;
groups over two positions as best as possible. There is additionally some heavily disordered

solvent which could not be modelled satisfactorily and was instead masked in Olex.
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CHAPTER 6

PROBING REDOX NON-INNOCENCE IN {Fe=C(H)Ar}'""" COMPLEXES BY "“H

AND "C PULSE EPR
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ABSTRACT

We report the synthesis and spectroscopic characterization of a series of iron-carbene
complexes in redox states {Fe=C(H)Ar}'"". Pulse EPR studies of the "““H and "C
isotopologues of {Fe=C(H)Ar}'" reveal the high covalency of the Fe-carbene bonding, leading

to a more even spin distribution than commonly observed for reduced Fischer carbenes.
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INTRODUCTION

One-electron reduced Fischer-type carbene species have been implicated as
intermediates in a variety of organic transformations, including C-C coupling and olefin
cyclopropanation.'” These proposals have motivated efforts to correlate the reactivity of
open-shell metal carbenoid complexes with their electronic structure. Reactivity studies reveal
that reduced Fischer carbenes behave like carbon-centered radicals, engaging in hydrogen
atom abstraction, radical-radical coupling, and additions to unsaturated substrates.'” In
accordance with these findings, computational studies indicate that the singly-occupied
molecular orbitals (SOMOs) of these species are predominantly ligand-centered, with the
largest contribution coming from the 2p. orbital on the ligating carbon.” To date, however,
very few radical metal-carbene complexes have been spectroscopically characterized due to
their transient nature. Following reduction of [(CO)sM=C(OCH;)Ar] (M = Cr, Mo, W) at low
temperatures, Krusic and coworkers were able to measure the CW-EPR spectra of the
corresponding metal-carbene radical anions.” The small deviation of the observed g values (gobs
= 2.0031-2.0064) from the free electron value (g = 2.0023) as well as the magnitude of the 'H
hyperfine coupling constants provided experimental support for the redox non-innocence of
the carbene ligand. More recently, Zhang and de Bruin reported a combined DFT-EPR study
on the electronic structure of two porphyrin Co-carbene radical complexes.’ These species can
be generated by the reaction of ethyldiazoacetate with a Co(II) porphyrin and detected by CW-
EPR, albeit as part of a mixture with two other species.

Although computational studies uniformly indicate substantial ligand redox non-
innocence in radical metal-carbene complexes, it is not yet clear on the basis of experimental
data whether this trend is valid or whether there is a broad spectrum of metal vs. carbene-

based redox. Pulse EPR spectroscopy has the potential to provide detailed information about
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the distribution of spin density in open-shell metal carbenoid species, particularly if the ligating
catbon can be "C-enriched.®” Herein, we describe the synthesis and spectroscopic
characterization of a series of terminal iron-carbene complexes. The *H and "’C isotopologues
were studied by pulse EPR spectroscopy which, in combination with DFT calculations,
revealed that Fe-carbene bonding is highly covalent, leading to a more even distribution of
spin density between the metal and the ligand than is commonly observed for traditional
reduced Fischer carbenes.

RESULTS AND DISCUSSION

Exposure of a black-brown solution of the diiron p-carbyne, u-hydride complex (PsArC)Fea(u-
H)® in tetrahydrofuran to an atmosphere of CO is accompanied by an immediate color change
to red. The 'H NMR spectrum of the reaction mixture indicates clean conversion to a new
diamagnetic species identified by X-ray diffraction studies as the diiron carbene, tricarbonyl
complex (PsArCH)Fex(CO); ({Fe=C(H)Ar}" in Enemark-Feltham type notation, with the
superscript denoting the sum of the iron 34 and carbene o+n electrons for the iron-carbene
unit). The solid-state structure of {Fe=C(H)Ar}" (Figure 1) reveals that, although both iron
centers retain a trigonal bipyramidal geometry, only Fel remains bound to the central carbon
with a short Fe1-C1 distance of 1.922(3) A. The second iron (Fe2) is no longer bridged, and
instead binds two molecules of CO. A single proton can be located in the Fourier difference
map attached to C1, consistent with the observation of a diagnostic Fe=C(H)Ar 'H NMR
resonance at § = 10.90 (d, ] = 4 Hz, 1H). As further confirmation of this linkage, the °C
resonance associated with the carbene ligand appears at J = 229 ppm and exhibits coupling to

a single proton ('Jeu = 137 Hz) by gate-decoupled "C NMR.
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Figure 1. Synthesis and solid state structure of (PsArCH)Fex(CO)s ({Fe=C(H)Ar}0.

When c.a. 50% *H-enriched (PsArC)Fex(u-H) is reacted with CO, the intensity of the
"H resonance at § = 10.90 resonance is halved, indicating that the u-hydride ligand is the source
of the Fe=C(H)Ar proton. We previously reported that hydrogenation of (P¢ArC)Fex(u-H)
proceeds through an isolable diiron carbene, dihydride species (PsArCH)Fez(N2)2(H),, which
is structurally related to {Fe=C(H)Ar}". In that study, however, deuterium-labeling
experiments revealed that the u-hydride ligand is #of incorporated into the central carbon,
distinct from what is observed here. Whereas H; activation by (PsArC)Fe,(u-H) proceeds via
proton transfer or o-bond metathesis, coordination of CO by (P¢ArC)Fex(u-H) is evidently
accommodated by direct C-H reductive elimination. To the best of our knowledge, this mode
of reactivity has not been reported previously for diiron p-carbyne complexes.

Insight into the electronic structure of {Fe=C(H)At}" was obtained by *’Fe
Mossbauer spectroscopy in combination with DFT calculations. Three limiting electronic
structure descriptions can be envisioned for {Fe=C(H)Ar}". Formally, at least, the ligand is
dianionic, which would imply that the metal oxidation states are either 2Fe(I) or Fe(II)Fe(0).

Alternatively, however, the arylcarbene ligand may be considered as a neutral I-type donor
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(i.e. a Fischer carbene),’ leading to an oxidation state assignment of 2Fe(0). The *"Fe
Méssbauer spectrum of {Fe=C(H)Ar}" (Figure 2) is composed of two sharp quadrupole
doublets with 6, = -0.03 mm s”, | AEq|1 = 2.0l mm s (orange) and 6> = -0.11 mm s, |AEq]|2
=0.94 mm s (blue). DFT calculations on the mononuclear fragments (P3)Fe"(CO), (bcac = -0.00
mm s”, |[AEq| e = 2.04 mm s") and (P3)Fe=C(H)At (dcuc = -0.11 mm s”, |AEq|cuc = 0.77
mm s™) accurately reproduce the experimental parameters, inconsistent with a 2Fe(I) oxidation

state assignment.
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Figure 2. Zero-field *’Fe Méssbauer spectrum of (P¢ArCH)Fex(CO)s ({Fe=C(H)Ar}19) collected at 80 K.

Ambiguity remains, however, regarding the 4 electon count of the iron-carbene motif.
The calculated frontier molecular orbitals of the (P3)Fe=C(H)Ar fragment (Figure 3) include
three filled orbitals with predominant Fe character (53-70%). These include orbitals of 3d...
parentage (HOMO-2 and HOMO-3) that engage in n-backbonding with the axial CO ligand
as well as an orbital derived from Fe 34" (HOMO), which is largely non-bonding due to
d/p mixing. In addition to these, the Fe=C(H)Ar n-bonding orbital (HOMO-1) appears just
below the HOMO in energy and also has substantial Fe character (30%). The lowest

unoccupied orbital (LUMO) associated with the (P3)Fe=C(H)Ar motif is the iron-carbene n-
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antibonding orbital. In contrast to most Fischer-type carbene complexes, this orbital is not
predominantly localized on the ligating carbon, but is more evenly distributed between Fe
(24%), C1 (14%) and the aryl substituent. These calculations indicate that the bonding within
the Fe=C(H)Ar fragment of {Fe=C(H)A1}" is considerably more covalent than that in
traditional Fischer-type carbene complexes, suggesting that both & Fe'=C(H)Ar and &’

Fe'«—:C(H)Ar are significant resonance contributors.

24% Fe
Fe-P,,CO 0™ ¥ 14%cC1
Fe-Cm™
Fe nb __ 30%Fe
Y 24% C1
Fe-Cm

Fe-COm Fe-COm

Figure 3. Qualitative molecular orbital diagram for (PsArCH)Fe(CO); ({Fe=C(H)Ar}, black) and
[Na(THF)][(PsAtCH)Fe2(CO)3] ({Fe=C(H)Ar}!, red). Reduction to {Fe=C(H)Ar}" places an additional
electron (red) in the Fe-C w* orbital. Orbital plots (isovalue = 0.05) and population analysis are shown for
key Fe-C interactions.

The accessibility of the low-lying Fe=C(H)Ar " orbital motivated us to target the
radical anion [(PeArCH)Fe(CO)s|” ({Fe=C(H)Ar}"}). The cyclic voltammogram of
{Fe=C(H)A1}" in tetrahydrofuran (0.1 M [#BusN][PFs]) exhibits three reversible redox
events, including two oxidative features at -0.64 V and -0.99 V (vs. Fc/Fc"), respectively, and
one reductive feature at -2.70 V (vs. Fc/Fc"). Reduction of {Fe=C(H)Ar}" on preparative
scale with sodium napthalenide (Na[Np]) leads to a shift in the vibrational frequency associated
with only one of the coordinate CO ligands, suggesting that reduction is localized on the

(P3)Fe=C(H)Ar fragment. Although the presumed product [Na(THF).|[(PsArCH)Fe,(CO);]
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({Fe=C(H)A1}") is NMR-silent, it exhibits a characteristic EPR signal (Figure 4) with g =
[2.048, 2.018, 2.0125], as determined by simulation of both X- and Q-band data. This species
proved challenging to crystallize and does not appear to be indefinitely stable, so further

characterization was conducted on samples prepared 7z situ at low temperatures.

{Fe=C(H)Ar}"

NA

2H Labelled

13C Labelled

3200 3300 3400 3500 3600
Field / G

Figure 4. X-band CW EPR Spectra of [Na(THF).|[(PsArCH)Fex(CO)s| ({Fe=C(H)Ar}!, black),
[Na(THF),][(PsArC2H)Fex(CO)s]  ({Fe=C(H)Ar}, red), and [Na(THF),]|[(PsAr3CH)Fex(CO)s]
({Fe=BC(H)Ar}", blue), all 2 mM in 2-MeTHF. Acquisition parameters: temperatute = 77 K; MW
frequency = 9.639 GHz; MW power = 2 mW); modulation frequency = 100 kHz; modulation amplitude =
0.4 mT; conversion time = 82 ms.

The g tensor associated with {Fe=C(H)Ar}" exhibits anisotropy indicative of
substantial metal-based spin. To directly evaluate the degree of metal vs. ligand radical
character, EPR studies were conducted on the °H and "’C isotopologues {Fe=C(*H)At}" and
{Fe="C(H)Ar}", respectively. The continuous-wave (CW) EPR spectra of the natural
abundance, *H-enriched, and "C-labelled samples are neatly identical (Figure 4), indicating

that the observed splitting is due to *'P hyperfine coupling alone. Instead, the smaller *H and

PC couplings were determined by Q-band electron nuclear double resonance (ENDOR) and
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hyperfine sublevel correlation (HYSCORE) measurements. Simulation of the *H-'H
difference HYSCORE spectra of {Fe=C(*H)Ar}" affords an anisotropic deuterium hyperfine
tensor A(H) = +[0.8, 2.3, 2.0] MHz, rotated by (,B,y) > = (40, 30, 0)° relative to the coordinate
frame of the g tensor. Scaling the *H hyperfine tensor by the proportion of the "H/*H
gyromagnetic ratios (‘Hy/*Hy = 6.514/1) provides the 'H hyperfine tensor A('H) = £[5.5, 15,
13] MHz for {Fe=C(H)Ar}", which is consistent with simulations of the ENDOR spectra
for the natural abundance sample.

The proton hyperfine tensor of {Fe=C(H)A1}" can be decomposed into an isotropic
contribution as('H) = £11.2 MHz and a nearly axial anisotropic component T('H) = +[-5.7,
3.8, 1.8] MHz. The isotropic coupling arises from spin polarization of the core H 15 electrons
and, compared to the expected value for a hydrogen atom (ais,” = 1420 MHz),'""", corresponds
to a H 1s spin density of only c.z. 0.008 ¢. On the other hand, the anisotropic 'H hyperfine is
attributable to dipolar interactions with the metal- and ligand-based spin. In the principal axis
system of the proton hyperfine interaction, the through-space coupling can be calculated
according to equation 1-2:

T(H)eue = fioo[2 -1 -1] (1)
aipote = Kitounpinggn/4mhr’ (2)

Where K is the spin projection factor of the spin-bearing atom, uo is the vacuum
permeability, usis the Bohr magneton, uxis the nuclear magneton, g is the electronic g-factor,
g~ is the nuclear g-factor and ris the distance between the proton and the spin-bearing atom.

Thus, in combination with DFT calculations, simulation of T("H) using a point dipole
model provides a means to validate structural and electronic assignments for {Fe=C(H)Ar}".
Geometry optimization of the mononuclear fragment [(P3)Fe=C(H)Ar| provides an estimate for

the Fe-H distance of 2.7 A, from which T('H)wc = [16, -8, -8] MHz can be determined



215

assuming Fel bears all of the a spin. However, Loewdin population analysis for the truncated
model [(Ps)Fe=C(H)Ar| suggests that the spin density of Fel is only c.a. 0.40 ¢. This implies
that Kr. = 0.4 and, neglecting all other spin-carrying atoms, reduces the magnitude of the
principal components of T(*H)c. to [6.6, -3.3, -3.3] MHz, which is in reasonable agreement
with the experimental tensor T('H) = [5.7, -3.8, -1.8] MHz.

Simulations of the HYSCORE spectra (Figure 5) of the “C-labelled compound
{Fe="C(H)Ar}" provide an anisotropic hyperfine tensor A(’C) = +[14, -2, -12] MHz for the
ligating carbon. From A("°C), it can be inferred that the isotropic coupling to the carbene
ligand in {Fe="C(H)A1}" is negligible (.("’C) = 0 MHz). Although "C hyperfine couplings
have not been reported for any metal-carbene species, comparison can be made to the benzyl
radical, for which a proton replaces iron. Room temperature CW-EPR studies of the 90%
PCr-enriched benzyl radical revealed a significantly larger isotropic coupling (as.(’C7) = 68.7
MHz) to the tolyl carbon."? Two synthetic iron-carbyne complexes have also been ’C enriched
and exhibit non-negligible isotropic couplings of c.a. 32 MHz.*" Evidently, spin polarization
of the C 2s electrons in {Fe="C(H)Ar}" is minimal, perhaps due to the relatively small C 2p.

spin density (vide infra).
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Figure 5. Q-band  ¥C-natural  abundance  difference = HYSCORE  spectrum  of
[Na(THE),][(PsAr'3CH)Fea(CO)s3] ({Fe=BCH)Ar}) acquired at g = 2.047. Bottom: Monochromatic
representation of the HYSCORE data (grey) with >C simulations overlaid (red) using parameters given in
the text.

The anisotropic contribution to the °C hyperfine in {Fe="C(H)Ar}" T(°C) = £[14, -2, -
12] MHz arises from local 2p contributions, in addition to dipolar interactions with the spin
localized at the adjacent atoms."” The anisotropic tensor T(*’C) can be decomposed into two
axial terms, affording 4-("C) = 8.7 MHz and Zipon:("°C) = 3.3 MHz. The latter term reflects the
strength of the through-space interactions with iron-based spin and is in reasonable agreement
with a value of 2.2 MHz predicted using the point dipole model assuming Kr. = 0.4. On the
other hand, the magnitude of 4:(”°C) = 8.7 MHz reflects the local C 2p. spin density at the
ligating carbon, which can be estimated at c.a. 0.1 ¢ by comparison to the intrinsic coupling

expected for an electron localized in a C 2p orbital (5" = 90.8 MHz)".
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CONCLUSIONS

Consistent with our interpretation of the "C EPR data, DFT calculations predict an
isotropic C coupling of only 2 MHz and a total C1 spin density of only 0.15 ¢ for the
mononuclear model [(P3)Fe=C(H)Ar]. Instead, DFT indicates that there is substantial spin
density localized at the carbene-bound Fe center (c.a. 0.4 ¢), in line with simulations of T('H).
These findings are in contrast with what has been reported for radical metal-carbenoid species
to date.” > For example, calculations by Krusic and coworkers on the radical anion
[(CO)sCr=C(OCHs)Ar] indicate that the spin density is biased toward the ligating carbon
(65%), with little accumulated at the metal center (c.a. 4% on Cr).” This description is validated
by the fact that the experimental 'H couplings in [(CO)sCr=C(OCH3)At| are nearly identical
to those observed in the benzylic radical [HC(OCH3)At], as well as the lack of large *Cr
coupling in [(CO)s;Cr=C(OCH:;)Ar]. This dichotomy highlights the enhanced Fe-C covalency
in {Fe=C(H)Ar}"" compared to more traditional Fischer-type carbenes. The unique
electronic structure of {Fe=C(H)Ar}""" may lead to unusual reactivity in both redox states,
which will be the subject of future investigations.
EXPERIMENTAL DETAILS
General Considerations. All reactions were performed at room temperature in a nitrogen filled
M. Braun glovebox or using standard Schlenk techniques unless otherwise specified. Glassware
was oven dried at 140°C for at least two hours prior to use, and allowed to cool under vacuum.
Complex (PsArC)Fe;H was prepared as previously described.® All other reagents were
obtained commercially unless otherwise noted and typically stored over activated 4 A
molecular sieves. Tetrahydrofuran, toluene-dk and benzene-d; were dried using
sodium/benzophenone ketyl, degassed with three freeze-pump-thaw cycles, vacuum

transferred, and stored over 3 A molecular sieves prior to use. Diethyl ether, benzene, toluene,
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acetonitrile, hexanes, and pentane were dried by sparging with nitrogen for at least 15 minutes,
then passing through a column of activated A2 alumina under positive nitrogen pressure. 'H
and >'P NMR spectra were recorded on a Varian 300 or 400 MHz spectrometer. All chemical
shifts (8) are reported in ppm, and coupling constants (J) are in hertz. The 'H-NMR spectra
were referenced using residual H impurity in the deuterated solvent. UV-Vis spectra were
recorded on a Varian Cary Bio 50 spectrophotometer. Elemental analyses were performed at
Caltech.

Physical Methods

MGissbaner Measurements. Zero field *Fe Mossbauer spectra were recorded in constant
acceleration on a spectrometer from See Co (Edina, MN) equipped with an SVT-400 cryostat
(Janis, Wilmington, WA). The quoted isomer shifts are relative to the centroid of the spectrum
of a-Fe foil at room temperature. Samples were prepared in 2-MeTHF and transferred to a
Delrin cup. The data were fitted to Lorentzian lineshapes using the program WMOSS
(WWW.Wmoss.org).

X-ray Crystallography. For compounds {Fe=C(H)Ar}", low-temperature (100 K) diffraction
data (p-and w-scans) were collected on a Bruker AXS D8 VENTURE KAPPA diffractometer
coupled to a PHOTON 100 CMOS detector with Mo Ka radiation (A = 0.71073 A) or with
Cu Ka (A = 1.54178 A). All diffractometer manipulations, including data collection,
integration, and scaling were carried out using the Bruker APEXII software."* Absorption
corrections were applied using SADABS.” Structures were solved by direct methods using
SHELXS' and refined against F2 on all data by full-matrix least squares with SHELXI.-2014"
interfaced with Olex2-1.2.8" and using established refinement techniques. All non-hydrogen
atoms were refined anisotropically, except heavily disordered solvent in some cases. Hydrogen

atoms were included into the model at geometrically calculated positions and refined using a
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riding model, except for the carbene C-H. The isotropic displacement parameters of all
hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times
for methyl groups).

EPR. Continuous wave (CW) X-band EPR spectra were obtained on a Bruker EMX
spectrometer. Cryogenic temperatures were achieved using an Oxford Instruments ESR-900
liquid helium flow cryostat and an I'TC-503 temperature controller. Pulse EPR spectroscopy:
All pulse Q-band (34 GHz) EPR, electron nuclear double resonance (ENDOR) and hyperfine
sublevel correlation spectroscopy (HYSCORE) experiments were acquired using a Bruker
ELEXSYS E580 pulse EPR spectrometer equipped a Bruker D-2 Q-band ENDOR resonator.
Temperature control was achieved using an ER 4118HV-CF5-L Flexline Cryogen-Free VT
cryostat manufactured by ColdEdge equipped with an Oxford Instruments Mercury ITC
temperature controller.

QQ-band pulse electron spin-echo detected EPR (ESE-EPR) field-swept spectra were acquired
using the 2-pulse “Hahn-echo” sequence (/2 — T —  — echo).

QQ-band inversion recovery data were acquired using the 3-pulse inversion recovery sequence
sequence (T — T — m/2 — T —  — echo), where T is varied and 7 is a fixed delay.

Q-band pulse ENDOR spectra were acquired using the Davies pulse sequence (T — Tgrp —
Tigr — tgp — M/2 — T — 1 — echo), where Tgp is the delay between mw pulses and RF pulses,
TR is the length of the RF pulse and the RF frequency is randomly sampled during each pulse
sequence. For all ENDOR scans the same tgp of 1 us was used, all other acquisition
parameters are detailed in the caption for each ENDOR figure.

Q-band HYSCORE spectra were acquired using the 4-pulse sequence (m/2 —7— m/2 —

t; — m —t,— m/2 — echo), where T is a fixed delay, while t; and t, are independently
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incremented by Aty and At,, respectively. The time domain data was baseline-corrected (third-
order polynomial) to eliminate the exponential decay in the echo intensity, apodized with a
Hamming window function, zero-filled to eight-fold points, and fast Fourier-transformed to
yield the 2-dimensional frequency domain. For *H-'H and "C-'">C. difference spectra, the time
domain of the HYSCORE spectrum of the natural abundance sample was subtracted from
that of the isotopically-enriched sample, and the same data processing procedure detailed
above was used to generate the frequency spectrum.

In general, the ENDOR spectrum for a given nucleus with spin I= %2 (‘H) coupled to the S

= V2 electron spin exhibits a doublet at frequencies

A
v, = |§ + vN| (E1)

where vy is the nuclear Larmor frequency, and A is the hypetfine coupling. For nuclei with
I =21 ("N, °H), an additional splitting of the V4 manifolds is produced by the nuclear

quadrupole interaction (P).

3P(2m; — 1) (E2)
Vim = [WW X - 2

In HYSCORE spectra, these signals manifest as cross-peaks or ridges in the 2-D frequency
spectrum which are generally symmetric about the diagonal of a given quadrant. This
technique allows hyperfine levels corresponding to the same electron-nuclear submanifold to
be differentiated, as well as separating features from hyperfine couplings in the weak-coupling
regime (|A| < 2|v;|) in the (+,-) quadrant from those in the strong coupling regime (|A| >
2|v;|) in the (-,-) quadrant. The (--) and (+,-) quadrants of these frequency spectra are

symmetric to the (+,+) and (-,7) quadrants, thus only two of the quadrants are typically

displayed in literature. For systems with appreciable hyperfine anisotropy in frozen solutions
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or solids, HYSCORE spectra typically do not exhibit sharp cross peaks, but show ridges that
represent the sum of cross peaks from selected orientations at the magnetic field position at
which the spectrum is collected. The length and curvature of these correlation ridges allow
for the separation and estimation of the magnitude of the isotropic and dipolar components

of the hyperfine tensor, as shown in Figure S1.

Figure S1. HYSCORE powder patterns for an § = 1/2, I = 1/2 spin system with an axial
hyperfine tensor which contains isotropic (a;s,) and dipolar (T') contributions. Blue correlation
ridges represent the strong coupling case; red correlation ridges represent the weak coupling
case.
For weakly-coupled nuclei (A < 2v;), v, and vg are both positive, appearing in the (+,+)
quadrant, while for strongly-coupled nuclei they will show up in the (—,+) quadrant. In the
intermediate coupling regime where A ~ 2vy, peaks will often appear in both the (+,+) and
(—,%) quadrants of the HYSCORE spectrum.
All EPR spectra (CW, ENDOR, HYSCORE) wete simulated using the EasySpin"’
simulation toolbox (version 5.2.25) with Matlab 2019a using the following Hamiltonian:

A = puBogS + uygyBol + hS-A-T+hi-P- T (E3)
In this expression, the first term corresponds to the electron Zeeman interaction term where

Up is the Bohr magneton, g is the electron spin g-value matrix with principle components g =
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[2e > 2], and S is the electron spin operator; the second term corresponds to the nuclear
Zeeman interaction term where Uy is the nuclear magneton, gy is the characteristic nuclear
g-value for each nucleus (e.g. '"H,’H,”'P), and [ is the nuclear spin operator; the third term
corresponds to the electron-nuclear hyperfine term, where A is the hyperfine coupling tensor
with principle components 4 = [Ax Ay A.]; and for nuclei with [ = 1, the final term
corresponds to the nuclear quadrupole (NQI) term which arises from the interaction of the
nuclear quadrupole moment with the local electric field gradient (efg) at the nucleus, where P
is the quadrupole coupling tensor. In the principle axis system (PAS), P is traceless and

parametrized by the quadrupole coupling constant €Qq/h, and the asymmetry parameter 1)

such that:

P =

Pxx 0 0 2 —(1—7’)) 0 0
S qu/h( ) 4

vy S TTCY Y 0 —-(1+n) O
0 0 P, 42l =1 0 0 2

2 —
where % =212 = 1)P,,and n = Pm;&. The asymmetry parameter may have values

between 0 and 1, with 0 corresponding to an electric field gradient with axial symmetry and 1
corresponding to a fully rhombic efg;

The orientations between the hyperfine and NQI tensor principle axis systems and the g-
matrix reference frame are defined by the Euler angles («, {3, y), with rotations performed
within the zyz convention, where o rotates xyz counterclockwise about z-axis to give x'y'z', 3
rotates x'y'z counterclockwise about y'-axis to give x",y",z", y rotates xyz counterclockwise
about z"-axis to give final frame orientation.

DFT Calenlations. Calculations were cartied out using version 4.0.2 of the ORCA package.”

Geometry optimizations were conducted using the TPSS functionals in combination with the

scalar relativistically recontracted versions of the def2-SVP (ZORA-def2-SVP) basis set on
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most C and H atoms. An enlarged basis set (ZORA-def2-TZVP) was employed for the Fe and
P atoms, the iron-bound C and H ligands as well as any C atoms of the central aryl linker
which undergo significant distortion in the solid-state structure. For all atoms, the general-
purpose segmented all-electron relativistically contracted auxiliary Coulomb-fitting basis
(SARC/]) was employed. Solvation was modeled with CPCM in tetrahydrofuran.”
Optimizations were followed by a frequency calculation to ensure a true minimum. Single
point energy calculations for were conducted TPSS and employed the enlarged ZORA-def-
TZVPP basis set on Fe, P, and special C/H atoms enumerated above. Calculations with hybrid
functionals used the RIJCOSX approximation.”

For DFT calculations of Mossbauer parameters,” the TPSSh functional was used in
combination with the ZORA-def2-TZVP basis set on most C and H atoms. The CP(PPP)
basis set was employed for Fe and the IGLO-III basis set was utilized for P and the iron-
bound C and H ligands as well as any C atoms of the central aryl linker which undergo
significant distortion in the solid-state structure. The general purpose def2/] Coulomb fitting
basis was employed on atoms using the def2-TZVPbasis, while the AutoAux feature of ORCA
was used to generate auxiliary bases for the other atoms. All auxiliary bases were fully
decontracted. To capture core polarization effects, the radial integration accuracy was
increased around the Fe, P, and the iron-bound C and H ligands (IntAcc 7). A previously-
reported calibration® was used to convert the computed Fe core electron density to the isomer

shift (8) in units of mm s~

; estimates of the uncertainty in the computed values of 8 and AEq
were obtained from this calibration.

Synthetic Procedures. Preparation of (PsArCH)Fe:(CO)s ({Fe=C(H)Ar"). A Schlenk tube was
charged with (P¢ArC)Fe,H, which was then dissolved in tetrahydrofuran (10 mL). The tube

was degassed on the Schlenk line with three freeze-pump-thaw cycles. Carbon monoxide was
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admitted to the tube at room temperature, resulting in an immediate color change from black-
brown to red-brown. After stirring for 30 minutes, the soluton was concentrated 7 vacuo,
affording {Fe=C(H)A1"’} quantitatively in spectroscopically pure form. Crystals suitable for
X-ray diffraction were obtained by diffusion of pentane vapors into a concentrated solution
of {Fe=C(H)Ar"} in tetrahydrofuran at -35 °C. '"H NMR (400 MHz, C;Ds) § = 10.90 (d, ] =
4 Hz, 1H), 8.12 (t, ] = 8 Hz, 2H), 7.47 (t, ] = 8 Hz, 1H), 7.41 (d, ] =4 Hz,2H),7.32 (t, ] = 4
Hz, 2H), 7.14 (s, 2H), 7.09-7.00 (m, 6H), 6.87-6.79 (m, 3H), 6.60 (t, ] = 8 Hz, 1H), 2.61 (broad
septet, 2H), 2.46 (broad septet, 2H), 2.11 (broad septet, 2H), 1.88 (broad septet, 2H), 1.51 (m,
12H), 1.23 (dd, ] = 4 Hz, 8 Hz, 6H), 1.09-1.00 (m, 12H), 0.87-0.79 (m, 12H), 0.39 (dd, ] = 4
Hz, 8 Hz, 6H). "'P{'H} NMR (162 MHz, CsD¢) & = 129.58 (td, ] = 5 Hz, 37 Hz, 1P), 123.64
(td, ] =5 Hz, 58 Hz, 1P), 110.39 (broad d, | = 60 Hz, 2P), 105.64 (d, ] = 37 Hz, 2P). UV-Vis
(THF) [e M cm™)]: 293 nm (1.5 x 10%), 414 nm (1.2 x 10%.

Preparation of [Na(THF),][(PsArCH)Fe(CO)s] ({Fe=C(H)Ar}"). Due to its thermal sensitivity,
solutions of [Na(THF),|[(PsArCH)Fe,(CO)s] were prepared 7z situ for spectroscopic study.
Preparation of (PsArCD)Fe:(CO)s. Using (PsArC)Fex(D), (PsArCD)Fes(CO); was prepared in a
manner analogous to that reported for (PsArCH)Fe;(CO)s.

Preparation of (PsAr” CH)Fez(CO)s. Using (PsAr”C)Fex(H), (PsArCH)Fex(CO)s was prepared
in a manner analogous to that reported for (PcArCH)Fe(CO)s.

Preparation of /Na(THEF),][(PsArCD)Fe;(CO)s). Using (PsArCD)Fex(CO)s,
[Na(THE),|[(PsArCD)Fex(CO)s] was prepared in a manner analogous to that reported for
[Na(THE),][(PsArCH)Fex(CO)s).

Preparation of [Na(THE),][(PsAr” CH)Fex(CO)s]. Using (PsAr”CH)Fey(CO)s,
[Na(THF).|[(PsAr°CH)Fex(CO);] was prepared in a manner analogous to that reported for

[Na(THF),] [(PsArCH)Fe(CO)s.
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Special Refinement Details for (PsArCH)Fe;(CO);. Complex {Fe=C(H)A1"} crystallizes
in the space group P-1 with one molecule in the asymmetric unit and one molecule of co-
crystallized tetrahydrofuran. Electron density corresponding to the carbene C-H could be
located in the diffraction map. There is additionally some heavily disordered solvent which
could not be modelled satisfactorily and was instead masked in Olex.
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APPENDIX A

TOWARDS SITE-DIFFERENTIATED MODELS OF THE IRON-MOLYBDENUM

COFACTOR FEATURING CARBON OR SULFUR DONORS
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INTRODUCTION

This appendix describes efforts to prepare and study the reactivity of site-differentiated models
of FeMoco incorporating biologically relevant carbon and/or sulfur based donors.
RESULTS AND DISCUSSION

Towards Small Molecule Activation by Site-Differentiated Tetranuclear Iron Clusters. The ability of the
imidazolate-supported tetranuclear iron clusters [LFe;O(RIm);Fe][OTf], (R = Ar or alkyl, » =
0-3) discussed in Chapters 2 and 3 to bind and activate small molecules other than CO was
investigated in detaill. Given the low CO binding affinities observed for
[LFe;O(Arlm);Fe|[OTH]. (7 = 0-3), efforts to promote coordination of N, were undertaken at
elevated pressures. A sapphire NMR tube epoxied to an HPLC check valve was charged with
the monocationic species [LFe;O(PhIm);Fe][OTf]. (» = 1) and pressurized to ~2000 psi of
N>. The "H NMR spectra of the pressutized sample were invariant between 25 °C and -80 °C
and identical to a spectrum taken at ambient pressures, indicating that N> could not be
achieved under these conditions. More electron-rich isopropyl-substituted variants of the
cluster, [LFe;O(@Prlm):Fe][OTf]. (7 = 1-2) were prepared. However, these displayed similar
affinities for CO to their aryl-substituted counterparts and showed no propensity for binding
of Na.

In light of the ability of the less-reducing pyrazolate bridged clusters
[LFe;O(PhPz);Fe][OTf]: to accept an oxygen-atom and to hydroxylate a proximal C-H bond,'
the reactivity of [LFe;O(Phlm);Fe][OTf], with iodosylbenzenes was explored. Surprisingly,
addition of an excess of either insoluble iodosylbenzene (PhIO) or the soluble variant sPhIO
to [LFe;O(PhIm);Fe|[OTH1], leads to little or no reaction (Scheme 1). The analogous reaction
with the structurally homologous cluster [LFe;O(PhPz);Fe|[OTf], proceeds instanteously with

sPhlO, suggesting that lack of reactivity observed in the present case is electronic in origin.
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Based on the results discussed in Chapters 2 and 3 of this thesis, it is surmised that the energy
associated with internal electron transfer in [LLFe;O(Phlm);Fe|[OTf], may passivate the cluster
toward reaction with neutral oxidants. In contrast, however, addition of tetrabutylammonium
nitrite to [LFe;O(Phlm);Fe][OTf]. slowly generates the 1 e oxidized nitrosyl-bound species
[LFe;O(PhIm);Fe(NO)]>* (uno = 1829 cm™, Scheme 1). Based on this observation, it seems
that the apical Fe(III) site of [LFe;O(Phlm);Fe][OTf], has a higher affinity for anionic ligands
compared to neutral donors and that substrate binding at the coordinatively unsaturated site

must proceed electron transfer.

Scheme 1: Reactions of [LFe;O(Phlm);Fe][OTt]2 with oxidizing reagents.

Encouraged by the ability of [LFe;O(Phlm);Fe|[OTf]. to reductively activate nitrite,
we pursued reactivity with the azide anion. Addition of tetrabutylammonium azide to a
thawing solution of [LFe;O(Phlm);Fe][OTf], immediately generates a new paramagnetic
species based on changes in the 'H NMR spectrum. X-ray diffraction studies demonstrated
the formation of the expected azide adduct (Figure 1). Binding of the anionic N3 ligand at the
apical iron center leads to an elongation of the Fe4-O1 distance from 1.812(2) A to 1.942(4)
A. This is accompanied by a significant contraction of one of the core Fe-O1 bond lengths

from 1.984(2) A to 1.892(4) A. The iron-azide moiety is substantially more linear (Fe4-N-N
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angle: 164°) than is commonly observed (c.a. 120-140°), likely due to the steric pressure exerted

by the flanking aryl substituents.

1.2 TBAN3, 2 hrs.

_— =

Fe1-O1: 2.156(4)
Fe2-01: 1.892(4)
Fe3-O1: 2.152(4)
Fed-O1: 1.942(4)
Fed-N1-N2: 164°

A
A
A
A

Figure 1. Preparation of [LFe;O(Phlm)sFe(N3)][OTE] (top). Solid state structure of
[LFe;O(Phlm)sFe(N3)|[OT{]. Ellipsoids shown at the 50% probability level. Hydrogen atoms, countetions
and co-crystallized solvent omitted for clarity (bottom).

The azide adduct [LFe;O(Phlm);Fe(Ns)][OTf] exhibited limited thermal stability.
Unlike [LFe;O(PhPz);Fe|[OTf],, however, which becomes reduced upon exposure to azide,
[LEe;O(PhIm);Fe(N3)][OTE] does not convert to [LFe;O(Phlm);Fe)][OTf], but instead
reverts back to [LFe;O(Phlm);Fe][OTf], over the course of hours. In an effort to promote

more desirable reactivity, the azide complex [LFe;O(PhIm);Fe(N3)][OTf] was photolyzed in a
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frozen solvent glass. However, 'H-NMR and EPR spectroscopy revealed that little if any of
the azide complex is decomposed under these conditions.

Towards a Weak-Field Fey(us-C) Cluster. Previous members of our group had prepared the
structurally ~ homologous  clusters  [LFe;O(PhPz);Fe|][OTf]l, (» = 0-3) and
[LFe;F(PhPz);Fe][OTf]. (2 = 1-3), which feature interstitial oxo® and fluoride ligands,’
respectively. In an effort to better understand the effect of the identity of the interstitial atom
on the reactivity and electronic structure of FeMoco, which hosts a pue-C* donor in its core,’
we sought to prepare clusters of the form [LFe;C(PhPz);Fe][OTf].. These attempts proved
unsuccessful, in spite of surveying a wide variety of potential C; precursors (Scheme 2).
Reactions of the trinuclear complexes LFe;(OAc)s or LFe;(OTf)(OAc) with several different
halomethanes, including but not limited to CI; and CHBr3, and reductants were explored but
failed to yield tractable product mixtures. This was true even when a fourth iron equivalent
and/or pyrazolate ligands were included from the outset of the reaction though, on occasion,
the oxo cluster [LFe;O(PhPz);Fe][OTf]. could be detected in small quantities. In other cases,
ligand or metal scrambling was observed, affording products such as LFe;(OAc),(OTf)
following  treatment of LFe;(OTf)2(OAc) with  trimethylsilyldiazomethane  or
[LFe;O(OAc)sFe] upon reaction of LFe3(OAc); with LiC(SiMes)s. In the latter case, there was
no evidence for the formation of trimethylsilyl acetate by 'H NMR spectroscopy. New
paramagnetic products were obtained from the reaction of LFe;(OTf)2(OAc) with 3 equiv. of
either methyl lithium or trimethylsilylmethyl lithium. However, efforts to obtain solid state
structural characterization of these species or to elaborate them into higher nuclearity clusters

proved unsuccessful.
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Scheme 2: Summary of efforts to prepare the py-carbide cluster [LFesC(PhPz)sFe|»*

Towards Site-Differentiated Tetranuclear Clusters Incorporating Sulfur-Based Donors. Clusters featuring
S-based donor ligands were prepared using N-aryl-2-thioimidazolate (SIm) bridging ligands.
Treatment of LFe3(OTf)2(OAc) with 3 equiv. of the sodium salte of the SIm anion followed
by Fe(OTf), and PhIO afforded a new paramagnetic species formulated as
[LFe;O(SIm)sFe][OT1] based on ESI-MS (m/z = 1704). X-ray diffraction studies confirmed
the identity of this species and revealed that each thioimidazolate ligand orients itself such that
the S-based donor is coordinated to the basal iron centers (Figure 2), with relatively long Fe-S
distances (2.52-2.55 A). Within the triiron core, there are two long (2.130(4) and 2.122(3) A)
Fe-O1 distances and one short (1.934(3) A) Fe-O1 bond length, implying a core redox level
of [Fe";Fe"]. The unique, apical iron center adopts a pseudo-tetrahedral N3O coordination
geometry with a relatively short Fe4-O1 distance (1.868(3) A). Charge balance requires the
presence of three Fe(Il) centers, implying that the apical iron is best assigned as Fe(II) in spite
of the short Fe4-O1 distance. The lack of an apparent substrate binding site on the cluster

motivated us to pursue other avenues of research.
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Figure 2. Solid-state structure of [LFe3O(SIm)s;Fe][OTT1]. Ellipsoids shown at the 50% probability level.
Hydrogen atoms, counterions, and solvent omitted for clarity.

An alternative approach to incorporating S-donors was also pursued through the
preparation of the tris(benzylthiolate) ligand framework >, This was readily accessed by
monobromination of each tolyl substituent in A followed by bromide displacement with
thiourea and base deprotection (Scheme 3). New paramagnetic species were generated in the
reaction of L, with Fe{N(SiMes).}, for example, but none proved amenable to structural
characterization. As such, work on this ligand framework was abandoned. A related platform

incorporating multiple phosphine donors was sought, but proved challenging to access.
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Scheme 3. Synthesis of the tris(benzylthiolate) ligand LSHp, and efforts to prepatre a hexaphosphine ligand

CHO 1. NaClO; (7.9 equiv.), cocl
Ar NaH,PO, (4.22 equiv.)

Ar
6:1 DMSO/DCM a
2. (COCI); (xs), THF Q
-_—

Ar

Ar 1. NBS (6.1 equiv.), benzoyl peroxide, CCl,
6 2. AgNO3 (9.2 equiv.), NaOAc (10 equiv.), 5:1
EtOH: THF followed by acidic work-up
Ar >

1. NBS (3.1 equiv.) LiCH,PMe,
benzoyl peroxide, CCl, (":HfOH"_"c)' : or Cl,CeCH,PMe;
2. SC(NH,); (3 equiv.), -1 equiv. \ (6 equiv.)
e Py:EtOH (1:1) Y

3. KOH (3 equiv.) 2:1
THF:H,0
Ar
Ar
{ w
Ar

Site-Differentiated Trinuclear Clusters. In the course of studying [LFe;O(RIm)s;Fe][OT1], (R = Ar

or alkyl, » = 0-3) series of clusters, it was discovered that adding K{N(SiMes).} to the triiron
oxo-tris(imidazole) clusters [LFe;O(H-Rim);][OT1]; in the absence of an additional iron
source promotes metal scrambling, yielding clusters of the form LFe,O(RIm),Fe{N(SiMe3).}
(Figure 3). Attempts were made to use these clusters as precursors for the synthesis of
heterometallic clusters and/or clusters featuring two different bridging ligands. Unfortunately,
however, only intractable product mixtures where obtained. It did prove possible to generate
the all-ferric cluster [LFe;O(iPrIm),Fe{N(SiMes).}|[OTf] by one-clectron oxidation of
[LFe;O(iPrIm),Fe{N(SiMes).}]. Efforts were ditected toward accessing terminal iron-imido
and iron-nitrido clusters following I promoted removal of the SiMe; groups. EPR
spectroscopy tevealed the formation of a new § = 5/2 species following treatment of
[LFe,O@PrIm),Fe{N(SiMes).} |[OTf] with tetrabutylammonium fluoride, but it is possible this

only arises from binding of I at a coordinatively unsaturated basal iron site (Figure 4).
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.~ 1. Reductant
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Figure 3. Targeted reactivity of a site-differentiated trinuclear iron cluster. Crystal structure of

[LFe2O(iPtIm),Fe {N(SiMes)2}]. Hydrogen atoms and co-crystallized solvent omitted for clarity.
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0 1000 2000 3000 4000
Field (G)
—no fluoride ———+ fluoride

Figure 4. EPR spectrum of [LFexO(iPrIm)2Fe {N(SiMe3)2} | [OT1] before (black) and after (red) addition

of 1 equiv. of [#BusN][F].
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EXPERIMENTAL DETAILS

General Considerations. All reactions were performed at room temperature in a nitrogen filled
M. Braun glovebox or using standard Schlenk techniques unless otherwise specified. Glassware
was oven dried at 140°C for at least two hours prior to use, and allowed to cool under vacuum.
[LFe;O(Phlm);Fe] [OTH],,” tritolylbenzene A,° LFes(OTf)2(OAc)® and [LLFe;O(H-RIm);][OTH]5’
were prepared as previously described. All other reagents were obtained commercially unless
otherwise noted and typically stored over activated 4 A molecular sieves. Tetrahydrofuran,
toluene-ds and benzene-d; were dried using sodium/benzophenone ketyl, degassed with three
freeze-pump-thaw cycles, vacuum transferred, and stored over 3 A molecular sieves prior to
use. Diethyl ether, benzene, toluene, acetonitrile, hexanes, and pentane were dried by sparging
with nitrogen for at least 15 minutes, then passing through a column of activated A2 alumina
under positive nitrogen pressure. 'H and *'P NMR spectra were recorded on a Varian 300 or
400 MHz spectrometer. All chemical shifts (8) are reported in ppm, and coupling constants
() ate in hertz. The "H-NMR spectra were referenced using residual H impurity in the
deuterated solvent. UV-Vis spectra were recorded on a Varian Cary Bio 50 spectrophotometer.
Infrared (ATR-IR) spectra were recorded on a Bruker ALPHA ATR-IR spectrometer.
Elemental analyses were performed at Caltech.

Physical Methods

X-ray Crystallography. Low-temperature (100 K) diffraction data (gp-and w-scans) were collected
on a Bruker AXS D8 VENTURE KAPPA diffractometer coupled to a PHOTON 100 CMOS
detector with Mo Ka radiation (A = 0.71073 A) or with Cu Ka (A = 1.54178 A). All
diffractometer manipulations, including data collection, integration, and scaling were carried
out using the Bruker APEXII software.” Absorption corrections were applied using SADABS.*

Structures were solved by direct methods using SHEL XS’ and refined against F2 on all data
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by full-matrix least squares with SHELXIL.-2014" interfaced with Olex2-1.2.8"" and using
established refinement techniques. All non-hydrogen atoms were refined anisotropically,
except heavily disordered solvent in some cases. Hydrogen atoms were included into the model
at geometrically calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups).

Synthetic Procedures.

Preparation of [LFesO(Phlm);Fe(IN5)][OTf]. A solution of tetrabutylammonium azide (5.3 mg,
0.019 mmol, 1.1 equiv) in dichloromethane was added to a thawing solution of
[LFe;O(Phlm)sFe][OT1]> (30.9 mg, 0.017 mmol, 1 equiv). After 20 minutes, the solution was
layered with diethyl ether and placed in the freezer, precipitating [LFe;O(PhIm)s;Fe(N3)][OT{]
as mixture with other species. 'H NMR (400 MHz, CH,CL) & = 102.94 (b), 64.28 (s), 46.93
(s), 42.60 (s), 19.38 (s), 12.57 (s), 12.38 (s), 7.78 (s), -6.14 (s).

Preparation of [LEFe;O(SIm)sFe]/OTf] . A solution of sodium N-(2,6-dimethylphenyl)-2-
thioimidazolate (83.8 mg, 0.37 mmol, 3.3 equiv) was added dropwise to a chilled solution of
LFe;(OTf)2(OAc) (155 mg, 0.11 mmol, 1 equiv) in tetrahydrofuran. After stirring for two
hours, Fe(OTf), (39.7 mg, 0.11 mmol, 1 equiv) was added as a solid. After stirring for an
additional two hours, iodosylbenzene (24.8 mg, 0.11 mmol, 1 equiv) was added as a solid. After
stirring overnight, the solution was concentrated to ~5-6 mL and then filtered over Celite. The
precipitate was washed with minimal tetrahydrofuran and then eluted with acetonitrile. The
product was obtained by concentration of the acetonitrile filtrate. "H NMR (400 MHz,
CH.Cly) 8 = 147.54 (s), 77.02 (s), 66.26 (s), 43.86 (s), 42.30 (s), 33.92 (s), 24.49 (s), 18.30 (s),

15.64 (s), 12.77 (s), 7.38 (s), 6.94 (s), 1.96 (s), -22.90 (s).
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Preparation of 1.5, purification. Thiourea (74.3 mg, 0.98 mmol, 3 equiv) and 1.*s. (245 mg,
0.33 mmol, 1 equiv) were charged into an oven-dried Schlenk tube. These were dried briefly
under vacuum, then dissolved in 5 mL of dry tetrahydrofuran and refluxed for 12 hours. After
cooling to room temperature, the precipitate was collected on a fine frit in a wet box and dried
under vacuum. The solid was then dissolved in 14 mL of 2:1 tetrahydrofuran/water, to which
potassium hydroxide (54 mg, 3 equiv) was added. After refluxing overnight, the solution was
acidified with 0.5 mL of 2 M HCI. The mixture was concentrated 7 vacuo and extracted with
DCM. Concentration of the organic fraction yields the product in spectroscopically pure form
(72 mg). 'H NMR (400 MHz, CD>Cl,) 8 = 7.71 (s, 3 H), 7.56 (s, 3 H), 7.24 (s, 6 H), 3.71 (d, 6
H), 1.62 (t, 3 H), 1.20 (s, 27 H).

Preparation of [LFe;O(iPrlm):Fe{N(SiMe;).}]. A solution of potassium hexamethyldisilazide
(81.6 mg, 0.41 mmol, 3.2 equiv) was added to a thawing suspension of [LFe;O(iPrIm);][OTf];
(232.4 mg, 0.13 mmol, 1 equiv) in tetrahydrofuran (1.9 mL). After stirring for 1 hour, the
mixture was re-frozen. A suspension of FeCl,(THF)5 (21.8 mg, 0.13 mmol, 1.05 equiv) was
added to the thawing mixture. After stirring overnight, the solution was concentrated and the
resulting tar washed with pentane and diethyl ether. The desired product (54 mg) was eluted
with benzene. "H NMR (400 MHz, CcDs) 8 = 134.74 (b), 123.65 (b), 81.61 (s), 63.72 (s), 58.63
(s), 58.63 (s), 51.42 (s), 48.88 (s), 47.79 (s), 43.99 (s), 41.40 (s), 40.75 (s), 38.99 (s), 36.66 (s),
35.85 (s), 33.05 (s), 31.23 (s), 30.73 (s), 28.85 (s), 25.86 (s), 22.39 (s), 21.68 (s), 20.10 (s), 18.06
(s), 15.88 (s), 15.08 (s), -7.34 (s), -18.16 (s).
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APPENDIX B

TOWARDS A Fez(u-N2) MODEL OF FEMoco SUPPORTED BY LIGANDS WITH A

ONE OR TWO CARBON BRIDGE
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INTRODUCTION

This appendix describes efforts to prepare models of a dinuclear subsite of FeMoco
and to evaluate cooperative modes of N activation.
RESULTS AND DISCUSSION

Several ligand architectures were targeted and explored towards the preparation of
well-defined diiron complexes competent for Ny activation and functionalization. Our initial
efforts focused on the metalation of a ditopic, p-phenylene-bridged bis(carbene)borate ligand.
The ligand itself was readily assembled in four steps starting from 1,4-
bis(trimethylsilyl)benzene (Scheme 1). Boron tribromide (BBrs;, 3 equiv) was addeded to a
solution of bis(trimethylsilyl)benzene in toluene and refluxed to generate 1,4-
bis(dibromobotyl)benzene. Selective halide/dimethyamino-exchange was accomplished by
treating 1,4-bis(dibromoboryl)benzene with 2 equiv of (trimethylsilyl)dimethylamine at low
temperatures. Substitution of the remaining bromide substituents with 2 equiv of
phenyllithium afforded the diborane 4. Finally, the ditopic bis(imidazolium)borate salt 5 was
accessed by protonolysis of 4 with a mixture of ~butylimidazolium triflate (2 equiv) and #
butylimidazole (2 equiv).

Scheme 1. Synthesis of ditopic, p-phenylene-bridged bis(carbene)borate ligand

. Me;SiNMe, \ PhLi (2 equiv., \
) . BBr; (3 equiv.) (2equiv) Br, N— 19MinBu,0) Ph N—
Me;Si SiMe; ———> Br,B BBr, — 3 B—O—B —_— B B
Toluene Toluene _\ Br Toluene —N Ph
1 110°C, 3 hrs. 2 -78°C to RT \ 3 -78°C to RT \ 4
20 hrs. 20 hrs.
_| 2+
R R R Bulm (2 equiv.)

['BulmH](OTf) (2 equiv.)

R
— N NS /ri
<\’\7‘\ N(\/> e <\’?‘\B < > rj - Toluene

N
B
Ph 110°C, 2-3 days

/ \ /

Ph Ph Ph
5

Efforts were directed toward deprotonation of 5 with a variety of bases, including

benzyl potassium and #-butyl lithium, followed by metalation with iron halide precursors. The
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metalated products proved to be insoluble in all common organic solvents, which was
attributed to the generation of coordination polymers. The generation of these species can be
explained in light of a solid state structure of the deprotonated intermediate, which revealed
that deprotonation occurs twice at the central C2 carbon atoms and twice at the backbone C4
carbon centers.

In light of the foregoing challenges, efforts were directed toward the preparation of a
2-methylimidazole linked variant inspired by the emergence of N-heterocyclic olefin-type
ligands." We envisioned that the proligand could be assembled in a manner analogous to that
described above, namely, by Si/B exchange followed by protonolysis (Scheme 2). The N-
atoms of the heterocycle were silylated in a stepwise fashion, first by reaction of 2-
methylimidazole with trimethylsilyl chloride and trimethylamine followed by reaction of the
mono-silylated product with trimethylsilyl triflate. The bis(silylated) 2-methylimidazolium salt
8 so obtained was then reacted with 2 equiv of bromo(dimethylamino)phenyl borane, which
readily undergoes Si/B metathesis. However, subsequent treatment of the 2-
methylimidazolium linked bis(borane) 9 with a mixture of isopropylimidazolium triflate (2
equiv) and isopropylimidazole (2 equiv) does not afford the desired proligand, but instead
leads to B-N cleavage, generating tris(#butylimidazolium)borate as an undesired product.
Alternative conditions, including stepwise and low-temperature additions of the imidazole

arms, were explored but to no avail. As such, this ligand framework was abandoned.



243

Scheme 2. Attempted synthesis of ditopic, 2-methylimidazole-bridged bis(carbene)borate ligand

Me,SiCl
)\ Et;N )\ | MesioTE  \ )\@ J-
N7 NH ———> N7 N_SI\ _— SIN"\N N
\=/ DCM,24hrs. \—/ Toluene, 2 hrs. -OTf
6 7 8 N
N
B‘Br
(2 equiv.)
—|3+ DCM, thawing to
RT 1 hr.
R
N\ iPrim (2 equiv.) \N/
<\— (_7 [|PrImH][0\;| (2 equiv.) \N )\
B J\ B’ B‘N -8, *Ph
PH \N,:N, - ‘Ph Toluene, 110°C 24 hrs. Ph \__J -OTf
9

Motivated by a recent report from Bertrand and coworkers on the use of an anionic
1,2,3-triazole-4,5-diylidene as a 1,2-dihapto ligand to support binuclear complexes,” we
prepared the 2-phenylimidazole linked (bis)imidazolium proligand to support well-defined
diiron complexes. The proligand was assembled by first reacting IN-(diisopropylphenyl)
imidazole with chloroiodomethane to generate IN-(chloromethyl),N’-(diisopropylphenyl)
imidazolium iodide. A mixture of potassium 2-phenylimidazolate and 2 equiv of N-
(chloromethyl),N’-(diisopropylphenyl) imidazolium iodide was heated to reflux for several
days in acetonitrile, affording iodide-salt of the desired proligand 11 in low yields after
separation by column chromatography (Scheme 3). Iodide/triflate exchange was
accomplished by reaction of 11 with trimethylsilyl triflate in dichloromethane. Attempts to
metalate 11 by deprotonation followed by reaction with iron halide salts lead to the generation
of tetrametallic clusters, as indicated by ESI-MS. Unfortunately, we were unable to obtain

diffraction-quality crystals of these species.
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Scheme 3. Synthesis of 2-phenylimidazole linked (bis)imidazolium ligand.

1. KBn (1 equiv.), THF,
thawing to RT, 30 min

2.
+ Ph 0 Ph
|/\N‘\ ' + 3
L N~Dipp Dipp~N"SNN ’(N (/>N/\N/'\<N
\—/ ™\
NPNH (2 equiv), MeCN =" +N=y Dipp/N = T )
— 100°C, 4 days. j
\1—/ AL LS " &N“Dipp --------------- > N
0 Dipp

To better control the metal-ligand stoichiometry, we pursued a more sterically
encumbered ligand scaffold. With this in mind, a phenanthroline-bridged hexaphosphine
ligand framework was prepared starting from a 9,10-dibromophenanthroline derivative 12.
Monolithiation of 12 with 1 equiv #z-butyllithium followed by quenching with bis(o-
diisopropylphosphinophenyl)-chlorophosphine (P.P“) affords the mono-substituted product
9-bromo-10-(s-diisopropylphophinophenyl)phenanthroline (Scheme 4). Subsequent lithiation
of 13 with #-butyllithium followed by addition of bis(s-diisopropylphosphinophenyl)-
chlorophosphine (PP yields the desired ligand 9,10-bis(o-
diisopropylphophinophenyl)phenanthroline (panthr), albeit in low yields.

Scheme 4. Synthesis of phenanthroline-bridged hexaphosphine (panthr) ligand.

1. nBuLi (1.05 equiv.) 1. nBuLi (1.05 equiv.)
Et,0, -78 °C to RT p(,pr)2 Et,0, -78 °C to RT P(iPr), P(iPr),
Br Br 2.P,P¢(1.02 equiv.) Br 2. P,P¢ (1.02 equiv.) P P
OCO Toluene, -78 °C to RT Toluene, -78 °C to RT QGQ
12 panthr
FeBr; (2 equiv)
THF
nw ,
N, N (o Br (iPr), Brog, B en,
(iPr),PH Cp',Co (iPr),P R
(2 equiv)
P <—
Et,O/DME Benzene

(panthr)Fe,(N,),(H), (panthr)Fe;Br, (panthr)Fe,Br,
Reaction of panthr with 2 equiv of FeBr, generates the diiron tetrabromide complex

(panthr)Fe;Bry as revealed by X-ray diffraction studies (Figure 1a). Reduction of
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(panthr)Fe;Bry with 2 equiv of decamethylcobaltocene affords the diiron(I) congener
(panthr)Fe,Br, (Figure 1b), which is sensitive to disproportionation in the presence of donor
solvents such as tetrahydrofuran. Stirring a solution of (panthr)Fe,Br; in E,O/DME over a
sodium mirror at -78 °C generates a new species with a hydridic resonance at -13 ppm in its
"H NMR spectrum. An IR spectrum of the product contains an Fe-N stretch at 2100 cm™ in
addition to the Fe-H vibration at 1826 cm™ (Figure 2). The *'P NMR spectrum of the desired
product indicates the presence of C,-symmetry, leading to a formulation of
(panthr)Fe,(Nz)(H). for the product. Based on the relatively high Fe-Ny stretching frequency,
the dinitrogen ligands are likely bound in a terminal rather than bridging fashion. Since
cooperative N activation was not observed, this ligand framework was abandoned in favor of

that discussed in Chapter 4.

Figure 1. Solid state structures of (panthr)Fe:Brs (a) and (panthr)Fe:Br (b). Hydrogen atoms and co-

crystallized solvent not shown for clarity. Thermal ellipsoids shown at 50% probability level.
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Figure 2. IR spectrum of (panthr)Fes(N)2(H), obtained following reaction of (panthr)Fe;Br, with Na®.
EXPERIMENTAL DETAILS

General Considerations. All reactions were performed at room temperature in a nitrogen filled
M. Braun glovebox or using standard Schlenk techniques unless otherwise specified. Glassware
was oven dried at 140°C for at least two hours prior to use, and allowed to cool under vacuum.
Compounds 4* and 12, bromo(dimethylamino)phenyl = borane® and  bis(o-
diisopropylphosphinophenyl)-chlorophosphine (P.P“)° were prepared using procedures
adapted from the literature. All other reagents were obtained commercially unless otherwise
noted and typically stored over activated 4 A molecular sieves. Tetrahydrofuran, toluene-ds and
benzene-d; were dried using sodium/benzophenone ketyl, degassed with three freeze-pump-
thaw cycles, vacuum transferred, and stored over 3 A molecular sieves prior to use. Diethyl
ether, benzene, toluene, acetonitrile, hexanes, and pentane were dried by sparging with
nitrogen for at least 15 minutes, then passing through a column of activated A2 alumina under

positive nitrogen pressure. 'H and *'P NMR spectra were recorded on a Varian 300 or 400

MHz spectrometer. All chemical shifts (8) are reported in ppm, and coupling constants (]) are
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in hertz. The "H-NMR spectra were referenced using residual H impurity in the deuterated
solvent. UV-Vis spectra were recorded on a Varian Cary Bio 50 spectrophotometer. Infrared
(ATR-IR) spectra were recorded on a Bruker ALPHA ATR-IR spectrometer. Elemental
analyses were performed at Caltech.

Physical Methods

X-ray Crystallography. Low-temperature (100 K) diffraction data (gp-and w-scans) were collected
on a Bruker AXS D8 VENTURE KAPPA diffractometer coupled to a PHOTON 100 CMOS
detector with Mo Ka radiation (A = 0.71073 A) or with Cu Ka (A = 1.54178 A). All
diffractometer manipulations, including data collection, integration, and scaling were carried
out using the Bruker APEXII software.” Absorption corrections were applied using SADABS.*
Structures were solved by direct methods using SHEL XS’ and refined against F2 on all data
by full-matrix least squares with SHELXIL.-2014" interfaced with Olex2-1.2.8"" and using
established refinement techniques. All non-hydrogen atoms were refined anisotropically,
except heavily disordered solvent in some cases. Hydrogen atoms were included into the model
at geometrically calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the
atoms they are linked to (1.5 times for methyl groups).

Synthetic Procedures.

Preparation of 5. To a toluene solution (30 mL) of 4 (371 mg, 1.09 mmol, 1 equiv) in a Schlenk
tube was added #butylimidazole (271 mg, 218 mmol, 2 equiv) and #butylimidazolium triflate
(599 mg, 218 mmol, 2 equiv). The mixture was refluxed for 3 days and then the precipitate
was collected on a medium frit, providing the desired product as a spectroscopically pure
material. '"H NMR (400 MHz, CH.CL,) 8 = 8.36 (s, 4H), 7.33-7.21 (m), 7.01 (s, 4 H), 1.62 (s,

48 H).
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Preparation of 11. A solution benzyl potassium (30.5 mg, 0.23 mmol, 1 equiv) was added to a
thawing solution of 2-phenyl imidazole (33.7 mg, 0.23 mmol, 1 equiv) in tetrahydrofuran.
After stirring for 30 minutes, the mixture was concentrated to dryness and then resuspended
in 3 mL of acetonitrile in a Schlenk tube. An acetonitrile solution of N-(chloromethyl),N’-
(diisopropylphenyl) imidazolium iodide (232.1 mg, 0.48 mmol, 2 equiv) was added dropwise
and the mixture was refluxed to completion, typically >4 days. The mixture was concentrated
and purified by gradient elution (DCM to 2:1 ACN/DCM to CAN) over silica gel, affording
the product as spectroscopically pure material (26 mg). 'H NMR (400 MHz, CH>Cl,) § = 9.67
(2H), 8.63 (2H), 8.18 (2H), 7.78 (2H), 7.57 (2H), 7.41 (2H), 7.39 (4H), 6.83 (4H), 2.31 (4H),
1.19 (12H), 1.11 (12H).

Preparation of 13. A solution of #BulLi (0.37 mL, 0.59 mmol, 1.05 equiv.) was added dropwise
to a stirring solution of 12 (253.8 mg, 0.57 mmol, 1 equiv.) in 5 mL of diethyl ether at -78 °C.
After stirring for 1 hour at -78 °C, the resulting colotless suspension was removed from the
cold bath and stirred for an additional hour. The mixture was then concentrated under
vacuum, redissolved in toluene (5.4 mL), and chilled to -78 °C. A suspension of bis(o-
diisopropylphosphinophenyl)-chlorophosphine (261.6 mg, 0.58 mmol, 1.02 equiv.) in minimal
toluene was then added dropwise. After stirring for 30 minutes at -78 °C, the mixture was
allowed to warm slowly to room temperature. The next day, the solution was concentrated to
dryness and used in the next step without further purification.

Preparation of panthr. A solution of #Buli (0.31 mL, 0.50 mmol, 1.05 equiv.) was added
dropwise to a stirring solution of 13 (374.6 mg, 0.48 mmol, 1 equiv) in 5 mL of diethyl ether
at -78 °C. After stirring for 1 hour at -78 °C, the resulting colorless suspension was removed
from the cold bath and stirred for an additional hour. The mixture was then concentrated

under vacuum, redissolved in toluene (5.4 mL), and chilled to -78 °C. A suspension of bis(o-
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diisopropylphosphinophenyl)-chlorophosphine (220.2 mg, 0.49 mmol, 1.02 equiv.) in minimal
toluene was then added dropwise. After stirring for 30 minutes at -78 °C, the mixture was
allowed to warm slowly to room temperature. The next day, the solution was concentrated to
dryness and extracted between pentane and acetonitrile. The pentane fraction was
concentrated inside a Schlenk tube and then the residue was washed with hot acetonitrile. The
precipitate was collected, affording panthr in spectroscopically pure form.

Preparation of (panthr)Fe:Br, A solution of panthr (101.2 mg, 0.09 mmol, 1.0 equiv.) in
tetrahydrofuran (2 mlL) was added to a suspension of FeBr, (38.9 mg, 0.18 mmol, 2.0 equiv.)
in tetrahydrofuran (1 mL). After stirring for 2 hours, the mixture was concentrated to ~1 mL
and pentane was added to precipitate a yellow-green solid. The precipitate was collected on a
fine frit and washed with additional tetrahydrofuran/pentane, affording (panthr)Fe,Br, (75
mg) in spectroscopically pure form. "H NMR (400 MHz, CH,CL) 8 = 178.26 (b), 139.84 (b),
84.61 (b), 14.86 (s), 14.14 (s), 12.54 (s), 11.71 (s), 10.88 (s), -3.04 (s), -10.68 (s).

Preparation of (panthr)Fe:Br.. A suspension of Cp>Co (17.8 mg, 0.05 mmol, 2.0 equiv.) in
minimal benzene was added to a suspension of (panthr)Fe;Br, (41.3 mg, 0.026 mmol, 1.0
equiv.) in benzene. After stirring for three hours, the resulting brick red suspension was filtered
over Celite and concentrated in vacuo. The residue was used without further purification. 'H
NMR (400 MHz, CsDy) 8 = -3.50 (b), -11.08 (b), -23 (b).

Preparation of (panthr)Fe;(Nz):(H).. A suspension of (panthr)Fe;Br; (17.8 mg, 0.05 mmol,
2.0 equiv.) in diethyl ether/dimethoxyethane was transferred to a chilled vial mirrored with
Na’. After stirring for two hours, the solution was filtered over Celite and concentrated in
vacuo. The product could not be isolated cleanly, but was characterized by a hydride resonance

at -13 ppm in the "H NMR and characteristic Fe-N and Fe-H features in the IR spectrum.
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Chapter 2

General introduction: For details concerning the determination of the thermodynamic parameters
for CO binding, see Arnett, C.H.; Chalkley, M.].; Agapie, T. . An. Chem. Soc. 2018, 140, 5569-
5578.
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Figure 1. 'H NMR (300 MHz) of LFes(OTf); (1) in CD.Cl,
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Figure 2. F NMR (300 MHz) of LFes(OT£); (1) in CD,Cl,
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Figure 3. 'H NMR (300 MHz) of [LFe;O(PhIm-H)3][OTf]s (2) in CD,Cl,
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Figure 4. F NMR (300 MHz) of [LFe;O(Phlm-H)3][OTf]; (2) in CD2Cl,. We attribute the presence of two
triflate signals to dissociation of one PhIm-H ligand and triflate binding to the cluster in solution.
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Figure 5. 'H NMR (300 MHz) of [LFe;O(PhIm):Fe][OTf], (3) in CD,Cl,
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Figure 6. "F NMR (300 MHz) of [LFe;O(Phlm);Fe][OTf]> (3) in CD.Cl
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Figure 7. Comparison of 'H NMR Spectra (300 MHz) for [LFe;O(PhIm);Fe][OTf]2 (3) (top) and
[LFe;0(PhPz)sFe][OT1]2 (bottom) in CD»Cl,
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Figure 8. 'H NMR (400 MHz) of [LFe;O(Phlm):Fe][OTf]; (4) in CD,Cl,
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Figure 9. 9F NMR (400 MHz) of [LFe;O(Phlm);Fe][OTf]; (4) in CD.Cls
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Figure 10. 'H NMR (300 MHz) of [LFe;O(Phlm)sFe][OTf] (5) in CD.Cla
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Figure 11. 9F NMR (300 MHz) of [LFe;O(PhIm):Fe][OTf] (5) in CD,Cl,
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Figure 12. Comparison of 'H NMR (300 MHz) of [LFe;O(Phlm);Fe(CO)|[OTf] (5-CO) (top) and
[LFe;O(PhPz);Fe(NO)|(OTHY) (bottom) at room temperature reveals similar splitting pattern, though absolute
peak positions vary.
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Figure 13. Comparison of 'H NMR (400 MHz) of [LFe;O(Phlm);Fe][OTf] (5) obtained by reduction of

[LFe3O(Phlm)sFe][OT1] (3) (top) and by oxidation of [LFe;O(Phlm)sFe] (6) (bottom). The peak at ~ -20 ppm

is from residual Cp2Co/[Cp2Co][OTH].
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Figure 14. VI-'H NMR (500 MHz) of [LFe;O(Phlm)s;Fe][OTf]2 (3) in CD2Cl, under N2 between 298 K (top)
and 198 K (bottom) in 20 K intervals.
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Figure 16. VI-'"H NMR (500 MHz) of [LFe;O(Phlm)s;Fe][OTf]5 (4) in CD2Cl; under N2 between 298 K (top)
and 198 K (bottom).
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Figure 17. VI-'H NMR (500 MHz) of [LFe;O(Phlm);Fe][OT1]5 (4) in CD2Cl; under CO (1 atm.) between 298
K (top) and 198 K (bottom). Note, decomposition is observed following exposure to CO (~13%). Allowing
the sample to stand overnight results in additional decomposition, including oxidation to 3 and other
unidentified products. While some decomposition (~13%) is observed upon exposure of 4 to CO, this
decomposition appears to be relatively slow at lower temperatures such that over the timescale of the
experiment little additional decomposition occurs (<5%). Allowing the sample to stand overnight results in
additional decomposition, including oxidation to 3 and other unidentified products. Similar decomposition,
albeit much faster, is observed in the presence of donating solvents such as acetonitrile and acetone.
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Figure 20. VT-'H NMR (500 MHz) of [LFe3O(Phlm)s;Fe][OTf]2 (3) in acetone-ds under N2 (1 atm.) between

298 K (top) and 263 K (bottom).



265

P'
298 K l | |

|
288 K | i || ‘l
|

283 K \(‘ !

- o
z::E T STUT Y |10
243 K MMM

233 K A TSN /\J}/U L a

223K ,M,_A,\_J\/\WM n M '
213K *{ l'
203 K ” i' ,‘
193 K "’
170 160 150 10 10 120 1o 100 % f1 (%(F)’m) 7 * % “ * 2 10 0 o

Figure 21. VI-'"H NMR (500 MHz) of [LFe;O(Phlm);Fe][OTf]2 (3) in acetone-ds under CO (1 atm.) between
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Figure 22. VT-'H NMR (500 MHz) of [LFe;O(Phlm)sFe][OTf] (5) in chlorobenzene-ds under Nz (1 atm.)
between 348 K (top) and 268 K (bottom).
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Figure 23. VIT-'H NMR (500 MHz) of [LFe3;O(Phlm)sFe][OTf] (5) in chlorobenzene-ds under CO (1 atm.)
between 358 K (top) and 238 K (bottom).
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Figure 24. In sitn oxidation of [LFe;O(PhIm);Fe][OTf]; (4) and lack of CO binding. The oxidized product is
believed to be [LFe;O(PhIm);Fe][OTf]4 based on the reversibility of this redox transformation. Based on the

similarity of the NMR spectra under Ny or CO, this oxidized product does not appear to bind CO.
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Chapter 3

General introduction: For details concerning the determination of the thermodynamic
parameters for CO binding, see Arnett, C.H.; Kaiser, |.T.; Agapie, T. Inorg. Chem., 2019, 58,
15971-15982.
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Figure 26. 'H NMR (300 MHz) of [LFe;O(FArIm-H)s|[OTf]5 (A) in CD,Cl,
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Figure 27. °F NMR (300 MHz) of [LFe;O(C3ArIm-H)s][OTH]s (A) in CD,Cl,
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Figure 28. 'H NMR (300 MHz) of [LFe;O(rOMeArIm-H)3|[OTf]; (B) in CD.Cla
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Figure 29. °F NMR (300 MHz) of [LFe;O(MeArIm-H)][OTH]; (B) in CD,Cl,
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Figure 30. 'H NMR (300 MHz) of [LFe;O(NM2ArIm-H)5][OTf]s (C) in CD,Cl,
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Figure 31. F NMR (300 MHz) of [LFe;O(NM2ArIm-H)5][OTf]5 (C) in CD,Cl,
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Figure 32. 'H NMR (300 MHz) of [LFe;O(CF3ArIm)sFe][OTf]> (1<) in CD.Cl,
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Figure 33. 19F NMR (300 MHz) of [LEe;O(Arlm);Fe][OTf], (1) in CD,Cly

T T

-73 -74 -75 -76 -77 -78 -79 -80 -81

T

T
-82 -83 -8

T

T T
4 -85 -86

T
-87

T
-88
1200
1000
800
600
400

200

T T

80 70

T T T T
50 40 30 20
1 (ppm)

Figure 34. 'H NMR (300 MHz) of [LFe;0(rOMeArIm);Fe] [OTH], (10M€) in CD,Cl,
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Figure 35. 1F NMR (300 MHz) of [LFe;0(rOMeArIm);Fe][OTH], (10M€) in CD,Cl,
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Figure 36. 'H NMR (300 MHz) of [LFe;O(NM2ArIm)sFe][OTf], (1NM2) in CD,Cl,
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Figure 37. 19F NMR (300 MHz) of [LFe;O(NMe2ArIm)sFe][OTf]> (1NMe2) in CD,Cl,

N Lo

T T T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5

f1 (ppm)

Figure 38. 'H NMR (300 MHz) of [LFe;O(C3ArIm)sFe][OTH] (2°53) in CD,Cl,



274

5000

4000

3000

2000

1000

T T T T T T

r0

T 1 T 1 T T T T _ T _ T T T T T T T 1 _ T _ T T T T T T T T T T T T _ T ]
30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200

f1 (ppm)

Figure $39. °F NMR (300 MHz) of [LFe;O(C3ArIm);Fe][OTH] (2°F3) in CD>Cly
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Figure $40. 'H NMR (300 MHz) of [LLFe;O(PhIm);Fe][BF4] (21) in CD,Cl,
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Figure 41. YF NMR (300 MHz) of [LFe;O(PhIm)sFe][BE4] (21) in CD,Cl,
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Figure 42. 'H NMR (300 MHz) of [LFe;O(PNMe2ArIm)sFe][OTf] (2NM2-OTf) in CD-Cl,
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Figure 43. °F NMR (300 MHz) of [LFe;O(FNe2ArIm)sFe][OTf] (2¥M2-OTf) in CD,Cl,
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Figure 44. 'H NMR (300 MHz) of [LFe;O(NMe2ArIm)sFe][BF,] (2XM2-BF,) in CD,Cl,
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Figure 45. F NMR (300 MHz) of [LFe;O(NMe2ArIm)sFe][BFy] (2XM2-BF,) in CD,Cl,

[LFe3;O(PhPz)3Fe][OTf], JJJX\
5

[LFe30(PCF3Arim);Fe][OTf], (1€F3)

N

[LFe;O(Phlm);Fe][OTf], (11) H M
—\ m

[LFe30(POMeArim);Fe][OTf], (1°Me)

N Mo

[LFe30(PNMe2ArIm);Fe][OTf], (1NMe2)

M L LJJ\;1

120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0O -5 -10
1 (ppm)

Figure 46. Compatison of 'H NMR (300 MHz) of [LFe3O(PhPz);Fe][OTf]2, [LEe;O(PCF3ArIm)sFe][OT1]2

(1673, [LFe;O(PhIm);Fe] [OTH], (1M, [LEe;O(FOMeArIm);Fe] [OTH]2 (10M9), and [LFesO(PNM2ArIm)sFe] [OT]

(1NMe2) i CD,Cl,
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Figure 47. Comparison of 'H NMR (300 MHz) of [LFe;O(PhPz);Fe][OT1], [LFe;O (P ArIm)sFe][OTH]
(207, [LFe;O(Phlm);Fe] [OTf] (2H-O'TH), [LFesO(Phlm)sFe][BF] (2H-BEs), [LEe;O(PNMe2A rIm)Fe] [OTH]
(@M OTH), and [LEe;OENM2ArTm)sFe][BFy] (2NM2-BF,) in CD,Cly
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Figure 48. VT-'"H NMR (400 MHz) of [LFe;O (P ArIm)s;Fe][OTH]> (1¢73) in CDClz under CO (1 atm.)
between 308 K (top) and 203 K (bottom).
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Figure 49. VT-'H NMR (400 MHz) of [LFe;O(POMeArIm)sFe][OTf]2 (1°M¢) in CDCl; under CO (1 atm.)
between 298 K (top) and 213 K (bottom).
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Figure 50. VI-'"H NMR (400 MHz) of [LFe;O(NMe2ArIm);Fe][OT1]2 (1NMe?) in CD»Cl; under CO (1 atm.)
between 298 K (top) and 223 K (bottom).
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1R (R = CF3, H, OMe, NMe,) 1R.CO (R = CF3, H, OMe, NMe,) 1R(CO), (R = CF3, H, OMe, NMe;)
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Figure 51. Variable temperature 'H-NMR spectroscopy illustrates the influence of ligand modifications on the
affinity of 1R (R = CFs, H, OMe, NMe») for binding one vs. two molecules of CO. Diagnostic spectral features:
1R (triangles), 1R-CO (circles), 1R-(CO); (diamonds).
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Figure 52. '"H NMR (400 MHz) of 1 in CsDs
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Figure 55. '"H NMR (400 MHz) of 2 in CsDs¢
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Figure 58. 'H NMR (400 MHz) of (P¢ArCH3z)FesBry (3) in CD2Cl,
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Figure 59. '"H NMR (400 MHz) of (PsArCH3)Fe;Br (4) in CsDs
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Figure 60. '"H NMR (400 MHz) of (PsArC)FeH (5) in CDg.
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Figure 61. Variable Temperature TH NMR (400 MHz) of (PsArC)Fe;H (5) in C7Ds.
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Figure 62. '"H NMR chemical shifts of (PsArC)FexH (5) in C7Ds plotted as a function of 1/T display ideal

Curie-behavior.

Figure 63. 'H NMR (400 MHz) of (PsArCH;)Fea(Ha)o(H)s (6-H,) in C7Ds
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Figure 64. Variable Temperature 'H NMR (400 MHz) of (PsArCH3)Fea(Ho)2(H)4 (6-Hy) in C7Ds
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Figure 65. 3'P{'H} NMR (162 MHz) of (PsAtCH3)Fex(H2)2(H)4 (6-Hy) in C7Ds, Asterisks denote 3P
resonances associated with (PsArCH3z)Fea(N2)2(H)s (6-Ny).

Figure 66. 'H NMR (400 MHz) of (PsArCH3)Fes(N2)o(H)s (6-N») in C7Ds
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Figure 67. Variable Temperature 'H NMR (400 MHz) of (PsArCH3)Fex(N2)2(H)4 (6-N3) in C7Dsg focusing on
hydridic region.
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Figure 71. TH NMR (400 MHz) of (PsArCH)Fes(N2)2(H)2 (8) in CoDs
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Figure 72. 'H NMR (400 MHz) of (PcArCH)Fe>(N2)2(H): (8) in C7Ds at variable temperatutes to resolve *Jup.
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Figure 73. 3P {1H} NMR (162 MHz) of (PsArCH)Fe2(N2)2(H)2 (8) in CsDs
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Figure 74. 3C{!H} NMR (101 MHz) of (PsArCH)Fe>(N5)2(H)> (8) in CsDs (top). Gate decoupled 13C NMR
(101 MHz) of (PsArCH)Fex(N2)2(H)2 (8) in CsDg (Bottom).
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Figure 75. BC{'H} NMR (101 MHz) of (PcsArCH)Fes(N2)2(H)2 (8) in C¢Ds (top) focusing on the carbene

resonance. Gate decoupled C NMR (101 MHz) of (P¢ArCH)Fex(N2)2(H)2 (8) in CsDs (Bottom). From this

data: 6 = 224 ppm, 'Jcu = 134 Hz, ?Jcp = 20 and 39 Hz.




290

(PArC)Fe,(u-H) (5) '
* ”' * 75 min Lo
‘ 'I m ¢ 3 hrs. L8

A

2 hp 5hrs. A -

* “’ l v 9 hrs. A Lo
¥ " M" n & 24|ﬂ s
11l e,
|”_|" ﬂ 72 hrs. L
| o
Il } [P¢ArCH;](FeH),(p-N,) (7) f1

3 12 11 10 6 8 7 6 5 4 3 2 1 0 1 2 3 4 5 B 7 B8 9 -10 -1 -12 13 14 15
1 (ppm)
Figure 76. '"H NMR spectra collected during the course of the reaction of (PsArC)FexH (5) with a mixture of
H> and N3 in a sealed ] Young tube. Asterisks denote characteristic resonances of [PsArCHs](FeH)2(u-N2) (7),

observed as an intermediate in the reaction.
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Figure 77. 3P NMR spectra collected during the course of the reaction of (PsArC)FexH (5) with a mixture of
H: and N3 in a sealed | Young tube. Asterisks denote characteristic resonances of [PsArCHjs](FeH)2(u-N2) (7),
observed as an intermediate in the reaction.
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Figure 78. 'H NMR spectra collected during the course of the reaction of (PsAtC)FeoH (5) with a mixture of
D> and N in a sealed | Young tube. Asterisks denote characteristic resonances of [PsArCH3)(FeX)2(u-N2) (7-

H/D, X = H or D), observed as an intermediate in the reaction.
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Figure 79. 3P NMR spectra collected duting the course of the reaction of (PsAtC)FeoH (5) with a mixture of
D> and Nz in a sealed ] Young tube. Asterisks denote characteristic resonances of [PsArCH;](FeX)a(u-N2) (7-
H/D, X = H ot D), obsetved as an intermediate in the reaction. Note these resonances are shifted with respect
to [PsArCH3|(FeH)2(u-Ny) (7), which is not observed in the case of Ha. The # marked resonances correspond

to (PeArCH3)Fes(N2)o(D)s(H) (6-Ny).
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Figure 80. '"H NMR spectra collected at the end of the reaction of (PsArC)Fe H (5) with a mixture of D3 and
Nz in a sealed ] Young tube. Note especially the observation of the hydridic/HD resonance at -12.9 and the
lack of a -CHD; resonance from the central methyl group. Integration indicates that the first equivalent of D3
adds regioselectively across the Fe-C bond such that the original hydride ligand remains bound to Fe and is not
delivered to the carbyne carbon. Under thermal conditions, this reaction is not reversible and the hydride ligand
does not exchange with D> in the headspace.
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Figure 81. '"H NMR spectra collected during the course of converting of (PsArCHs)Fex(Hz)2(H)4 (6-Hz) to
(PsArCH3)Fea(N2)2(H)4 (6-N3) under Ny in a sealed ] Young tube.
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Figure 82. 'H NMR spectra collected during the course of converting of (PsArCH3)Fex(Ho)2(H)4 (6-Hy) to
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(PsArCH3)Fea(N2)2(H)4 (6-N3) under Ny in a sealed ] Young tube, focusing on the hydridic region. Asterisks

denote the position of the resonances for 6-Na.
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Figure 83. 3P NMR spectra collected during the course of converting of (PsArCHjs)Fez(Hz)2(H)4 (6-Hy) to
(PsArCH3)Fea(N2)2(H)4 (6-N2) under N2 in a sealed | Young tube. Asterisks denote the position of the

resonances for 6-No.
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Figure 84. '"H NMR spectra collected during the course of converting of (PsArCD3)Fez(D2)2(D)s(H) (6-Dy) to

(PsArCD3)Fea(N2)2(D)s(H) (6-N2), under N2 in a sealed | Young tube.
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Figure 85. '"H NMR spectra collected during the course of converting of (PsArCD3)Fez(D2)2(D)s(H) (6-Dy) to

(PsArCD3)Fea(N2)2(D)3(H) (6-N2), under N2 in a sealed | Young tube, focusing on the hydridic region.
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Figure 86. 3P NMR spectra collected during the course of converting of (PsArCD3)Fex(D2)2(D)s(H) (6-D2) to
(PsArCD3)Fex(N2)2(D)s(H) (6-Ny), under Ny in a sealed | Young tube.
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Figure 87. 'H NMR spectra collected during the course of the reaction of (PsArCH)Fe(N2)2(H)2 (8) with a
mixture of Hz and Ny in a sealed J Young tube.
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Figure 88. 3P NMR spectra collected during the course of the reaction of (PsArCH)Fez(N2)2(H)2 (8) with a
mixture of Hz and N3 in a sealed | Young tube.
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Figure 89. 'H NMR spectra collected during the coutse of converting of (PsArCH3)Fea(Hz)(N2)(H)4 (6-Hz/Np)
to (PsArCH3)Fex(N2)2(H)4 (6-N3), under Ny in a sealed ] Young tube.
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Figure 90. 'H NMR spectra collected during the course of converting of (PsArCH3)Fea(Hz)(N2)(H)s (6-H2/Ny)
to (PsArCH3)Fea(N2)2(H)4 (6-N2), under Ny in a sealed | Young tube.
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Figure 91. 3'P NMR spectra collected during the course of converting of (PsArCHs)Fea(Hz)(N2) (H)4 (6-

H2/Ny) to (PcArCHj3)Fea(N2)2(H)4 (6-Ny), under N in a sealed | Young tube.
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Figure 92. 'H NMR spectra collected during the course of the room temperatute photolysis of
(PsArCH)Fea(N2)2(H)2 (8), yieldinj as the major product ﬂl/’(,ArC)FezH 5).
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Figure 93. '"H NMR spectra collected during the course of the low temperature photolysis of
(PsArCH)Fex(N2)2(H)2 (8), yielding as the major diamagnetic product [PsArCH3)(FeH)2(u-N2) (7) as well as
(PsArC)Fe H (5).
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Figure 94. 3P NMR spectra collected during the course of the low temperature photolysis of
(PsArCH)Fe2(N2)2(H)2 (8), yielding as the major diamagnetic, phosphorus containing product

[PsArCH3|(FeH)2(u-Na) (7). Asterisks denote resonances originating from impurities in 8.
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Figure 95. 'H NMR spectrum following reaction of (PsArC)FeoH (5) with TEMPO-H.
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Figure 96. 3P NMR spectrum following reaction of (PsArC)Fe H (5) with TEMPO-H.
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Figure 97. 'TH NMR (400 MHz) of {Fex(n-CAr)}'7 in CsDs/THF
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Figure 98. F NMR (400 MHz) of {Fez(n-CAr)}'7 in C¢D¢/THF
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Figure 100. Comparison of 'H NMR (400 MHz) of 2,6-dibromotoluene (top), 2,6-dibromotoluene-45 (middle)
and 2,6-dibromotoluene-13C (bottom) in CsDs
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Figure 101. Comparison of 'H NMR (400 MHz) of
diisopropylphenylphosphino)phosphine (top),
diisopropylphenylphosphino)phosphine-4; (middle) and
diisopropylphenylphosphino)phosphine-'>C (bottom) in CsDs
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Figure 102. Comparison of 3P NMR (162 MHz) of
diisopropylphenylphosphino)phosphine (top),
diisopropylphenylphosphino)phosphine-4; (middle) and
diisopropylphenylphosphino)phosphine-'>C (bottom) in CsDs
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Figure 103. 1*C NMR (101 MHz) of (3-bromo-2-methylphenyl)(bis(2-diisopropylphenylphosphino)phosphine-
13Cin CeDs
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Figure 104. Comparison of H NMR (400 MHz) of 2,6-bis[bis(2-
diisopropylphenylphosphino)phosphino)|toluene (top), 2,6-bis[bis(2-

diisopropylphenylphosphino)phosphino)|toluene-d5 (middle) and 2,0-bis[bis(2-
diisopropylphenylphosphino)phosphino)]toluene-13C (bottom) in C¢Ds
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Figure 105. Comparison of 3p NMR (162 MH?z) of 2,6-bis[bis(2-

diisopropylphenylphosphino)phosphino)|toluene (top), 2,6-bis[bis(2-

diisopropylphenylphosphino)phosphino)]toluene-ds (middle) and 2,6-bis[bis(2-

diisopropylphenylphosphino)phosphino)]toluene-13C (bottom) in C¢Dg
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Figure 106. 3C NMR (101 MHz) of 2,6-bis|bis(2-diisopropylphenylphosphino)phosphino)]toluene-1*Cin CsDe
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Figure 107. Comparison of 'H NMR (400 MHz) of (PsArCH3)FeBr; (top), (PsArCDs)FesBr, (middle) and
(PeAr”CH@FezBrz (bottom) in CGD(,
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Figure 108. Compatison of 'H NMR (400 MHz) of (PsArC)Fex(H) (top), (PsArC)Fex(D) (middle) and
(PsArB3C)Fes(H) (bottom) in CeDg
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Figure 109. Comparison of 'H NMR (400 MHz) of [(PsArC)Fe;H][BArFa] (top), [(PeArC)Fe,D][BArF.]
(middle) and [(PeAr'3C)Fe,H][BArF,4] (bottom) in CeDg
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Figure S111. 3'P{{H} NMR (400 MHz) of {Fe=C(H)Ar}1 in CsDs
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Figure $112. 3C{'H} NMR (400 MHz) of {Fe=C(H)Ar}" in C;Ds
T T T T T T T T T T T T T T T T T
236 235 234 233 232 231 230 229 228 227 226 225 224 223 222 221 220

1 (ppm)
Figure S113. 3C{'H} NMR (101 MHz) of (PsAtCH)Fe2(CO); ({Fe=C(H)A1}) in C¢Dg (top) focusing
on the carbene resonance. Gate decoupled 3C NMR (101 MHz) of (PsAtCH)Fe2(CO); ({Fe=C(H)Ar}10)
in CsDgs (Bottom). From this data: § = 229 ppm, 'Jcu = 137 Hz.
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Figure S114. 'H (400 MHz) and 3'P (162 MHz) NMR of {Fe=C(H)Ar}? (top, blue), {Fe=C(?H)Ar}10
(green, middle) and {Fe=BC(H)Ar}"in CsDs/THF
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Figure S115. 'H NMR (400 MHz) of [LFe;O(PhIm)sFe(N3)][OTf] in CD2Clo.
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Figure S116. '"H NMR (400 MHz) spectra following the decomposition of [LFe3;O(Phlm)sFe(N3)|[OTf] at
room temperature in CD2Cla.
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Figure S117. 'H NMR (400 MHz) of [LFe;O(SIm)3Fe][OTf] in CD>Cl.
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Figure S118. 'H NMR (400 MHz) of I.°"g, in CsDs.
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Figure S119. 'H NMR (400 MHz) of [LFe;O(iPtlm),Fe {N(SiMes)2}] in C¢Ds.

Appendix B
e 3
- N i
A 1 A L
/I(N/\\ﬁH'OTf ,
-
\ AN X )
[LH4)(OTf),
] M ‘ il N

T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure S120. '"H NMR (400 MHz) of 5 (bottom, red) in CD2Cl..
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Figure $121. 'H NMR (400 MHz) of 11 (bottom, red) in CD>Cl.
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Figure S122. 'H (400 MHz, left) and 3P NMR (162 MHz, right) of 13 (3 from top) and panthr in C¢Ds.
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Figure $123. H NMR (400 MH2) of (pantht)Fe;Br; in CD:Cl.
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Figure §124. '"H NMR (400 MHz) of (panthr)FezBr> (bottom two spectra) in CsDs.
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Figure S125. 'H NMR (400 MHz) of (panthr)Fe>(Nz)2(H)2 (bottom spectrum) in C¢Ds.
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Chapter 2
General introduction: For simulation details, see Arnett, C.H.; Chalkley, M.].; Agapie, T. J. Awn.

Chem. Soc. 2018, 140, 5569-5578.
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Figure 1. Zero field ’Fe Méssbauer spectra (80 K) of [LFe3;O(Phlm)sFe][OTf]2 (microcrystalline material,
black dots). The simulation assuming four distinct subsites is shown in red, with parameters: (i): 8 = 1.03
mm/s, |AEq| = 3.13 mm/s (solid blue trace, 25%); (i): 8 = 1.14 mm/s, |AEq| = 3.22 mm/s (dashed blue
trace, 25%); (iii): 8 = 0.39 mm/s, |AEq| = 0.38 mm/s (solid orange trace, 25%); (iv): & = 0.19 mm/s, |AEq|
=1.11 mm/s (solid green trace, 25%).
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Figure 2. VI'VH >'Fe Méssbauer spectra of [LFe;O(Phlm);Fe][OTf]2 (3, microcrystalline material, black dots).
Spectrum at 80 K in zero field (top). Spectrum at 2.3 K in zero field (middle). Spectrum at 2.3 K with a 50 mT
field applied parallel to y rays (bottom). All spectra collected with the same sample of 3.



314

Absorbance (a.u.)

Velocity (mm/s)

Figure 3. Zero field "Fe Méssbauer spectra (80 K) of [LFe3sO(Phlm)sFe][OTf]; (4, microcrystalline material,
black dots). The simulation assuming four distinct subsites is shown in red, with parameters: (i): 8 = 0.89
mm/s, |AEq| = 3.34 mm/s (solid blue trace, 25%); (ii): & = 0.48 mm/s, |[AEq| = 1.05 mm/s (solid orange
trace, 25%); (ii): 8 = 0.50 mm/s, |AEq| = 0.56 mm/s (dashed orange trace, 25%); (iv): 8 = 0.17 mm/s,
|AEq| = 1.07 mm/s (solid green trace, 25%)
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Figure 4. Zero field "Fe Mé6ssbauer spectra (80 K) of [LFe3;O(PhIm)sFe][OTf] (5, microcrystalline material,
black dots). The simulation assuming four distinct subsites is shown in red, with parameters: (i): 8 = 1.09
mm/s, |AEq| = 3.17 mm/s (dashed blue trace, 25%); (i)): & = 1.10 mm/s, |AEq| = 3.41 mm/s (solid blue
trace, 25%); (iii): 8 = 0.53 mm/s, |AEq| = 1.11 mm/s (solid orange trace, 25%); (iv): & = 0.89 mm/s, |AEq|
= 2.29 mm/s (solid green trace, 25%).
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Figure 5. Zero field Fe M6ssbauer spectra (80 K) of [LFe;O(Phlm)sFe] (6, powder, black dots). The
simulation assuming two subsites is shown in red, with parameters: (i): 8 = 1.13 mm/s, |AEq| = 3.19 mm/s
(solid blue trace, 75%); (ii): 8 = 0.68 mm/s, |AEq| = 2.08 mm/s (solid green trace, 25%).
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Figure 6. Zero field >Fe Mssbauer spectra (80 K) of [LFe;O(PhIm);Fe][OTH]2 (3) following exposure to CO
(1 atm., solution in 2,6-lutidine, black dots). The simulation assuming three distinct subsites is shown in grey,
with parameters: (I): 8 = 1.09 mm/s, |AEq| = 3.18 mm/s (solid blue trace, 35.2%); (i): 8 = 0.51 mm/s,

|AEq| = 0.80 mm/s (solid orange trace, 32.5%); (iii): 6 = 0.14 mm/s, | AEq| = 0.87 mm/s (solid green trace,
32.3%). Comparison with the spectra in Figures S64 or S65 reveals a significant loss (15% total iron content) of

core Fe(I) upon binding of CO.
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Figure 7. Zero field >Fe M6ssbauer spectra (80 K) of [LFe;O(PhIm);Fe][OTH]2 (3) following exposure to CO
(1 atm. solution in 2,6-lutidine, black dots). The simulation (shown in grey) assuming eight distinct subsites,
four from [LFe3;O(Phlm);Fe|[OTf]; (3) with fixed isomer shift and quadrupole splitting parameters, and four
from [LFe;O(Phlm);Fe(CO),][OTf]2 (3-(CO)y). The parameters associated with the
[LFe;0(PhIm);Fe(CO)][OTH]2 (3-CO) simulated subspectrum (solid black trace): (i): 8 = 1.05 mm/s, |AEq| =
3.22 mm/s (15.4%); (i): & = 0.47 mm/s, |AEq| = 0.71 mm/s (15.4%); (ili): 6 = 0.48 mm/s, | AEq| = 1.18
mm/s (15.4%); (iv): 8 = 0.10 mm/s, |[AEq| = 0.78 mm/s (15.4%). The parameters associated with the
[LFe3O(PhIm);Fe] (OTY), subspectrum (dashed black trace): (v): 8 = 1.03 mm/s, |AEq| = 3.13 mm/s (9.6%);
(vi): 8 = 1.14 mm/s, | AEq| = 3.22 mm/s (9.6%); (vi)): 8 = 0.39 mm/s, | AEq| = 0.37 mm/s (9.6%); (viii): 8 =
0.19 mm/s, |AEq| = 1.11 mm/s (9.6%).

Chapter 3
General introduction: For simulation details, see Arnett, C.H.; Kaiser, |.T.; Agapie, T. Inorg.

Chem., 2019, 58, 15971-15982.
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Figure 8. Zero field Fe Méssbauer spectra (80 K) of [LFe;O(PCF3ArIm)sFe][OTf], (1€F3, microcrystalline
material, black dots). The simulation assuming four distinct subsites is shown in red, with parameters: (i): § =
1.10 mm/s, |AEq| = 3.17 mm/s (solid blue trace, 25%); (ii): & = 1.16 mm/s, |AEq| = 2.80 mm/s (solid blue
trace, 25%); (ili): 8 = 0.39 mm/s, | AEq| = 0.39 mm/s (solid orange trace, 25%); (iv): 8 = 0.19 mm/s, |AEq| =
1.24 mm/s (dashed orange trace, 25%).
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Figure 9. Zero field ¥ Fe Mossbauer spectra (80 K) of [LEe;O(PNMe2ArIm);Fe][OT1]2 (INM€2, microcrystalline
material, black dots). The simulation assuming four distinct subsites is shown in red, with parameters: (i): § =
1.02 mm/s, |AEq| = 2.89 mm/s (solid blue trace, 25%); (ii): 6 = 1.09 mm/s, |AEq| = 3.30 mm/s (solid blue
trace, 25%); (ili): 8 = 0.39 mm/s, |AEq| = 0.45 mm/s (solid orange trace, 25%); (iv): 8 = 0.22 mm/s, |AEq| =
1.10 mm/s (dashed orange trace, 25%).
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Figure 10. Zero field >Fe Méssbauer spectra (80 K) of [LFe;O(PhIm);Fe][OTf] (2H, microcrystalline material,
black dots). The simulation assuming four distinct subsites is shown in red, with patameters: (i): 8 = 1.12 mm/s,
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|AEq| = 3.34 mm/s (solid blue trace, 25%); (ii): 8 = 1.17 mm/s, |AEq| = 2.95 mm/s (solid blue trace, 25%);
(ii): 8 = 0.53 mm/s, |AEq| = 1.08 mm/s (solid orange trace, 25%); (iv): 8 = 0.68 mm/s, | AEq| = 2.66 mm/s
(dashed blue trace, 25%).

Chapter 4
General introduction: For simulation details, see Arnett, C.H.; Agapie, T. |. Am. Chem.

Soc., 2020, 142, 10059-10068
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Figure 11. Solid-state >’Fe Méssbauer spectrum of (PsArCHs)FexBra (4) collected at 80 K with a 50 mT field
applied parallel to the y rays. Data presented in black points, simulation represented by solid red line. Fit with &
=0.68 mm s, |[AEq| = 1.55 mm s, I', = 0.50 mm s', I'r = 0.41 mm s-!.

Chapter 5

General introduction: For simulation details, see Arnett, C.H.; Bogacz, I.; Chatterjee, R.; Yano,
J.; Ovyala, P.H.; Agapie, T. J. Am. Chem. Soc. 2020, In Revision.
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Figure 12. 5’Fe Méssbauer spectrum of [(PsArC)FeoH][BArFoy] ({Fez(n-CAr)}Y, 24 mM in 2-MeTHF) collected
at 80 K with a 50 mT field applied parallel to the y rays. Data presented in black points, simulation represented
by solid red line. Fit with 6 = 0.23 mm s!, | AEq| = 0.70 mm s, I't, = 0.54 mm s, I'r = 0.51 mm s'!. Reduced
x? = 1.235.
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Figure 13. 5"Fe Mossbauer spectrum of [(PsAtC)FeH][BArFo4] ({Fea(n-CAr)}Y7, 24 mM in 2-MeTHF) collected
at 80 K with a 50 mT field applied parallel to the y rays. Data presented in black points, simulation represented
by solid red line. (a) Fit with two subsites with no restraint on relative populations: § = 0.30 mm s!, |AEq| =
0.67 mm s, I" = 0.39 mm s, Area = 56%; 6 = 0.10 mm s, |[AEq| = 0.76 mm s, I' = 0.50 mm s, Area =
44%. Reduced y? = 0.620 (b) Fit with two subsites with both sites restrained to have equal populations: 6 = 0.30
mm s, |AEq| = 0.67 mm s, I" = 0.38 mm s, Area = 50%; J = 0.12 mm s, |AEq| = 0.76 mm s, I" = 0.53
mm s, Area = 50%. Reduced %2 = 0.628.
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Figure 14. 5"Fe Mossbauer spectrum of [(PsAtrC)FeH][BArFo4] ({Fea(n-CAr)}Y7, 24 mM in 2-MeTHF) collected
at 80 K with a 50 mT field applied parallel to the y rays. Data presented in black points, simulation represented
by solid red line. (a) Fit with two subsites with no restraint on relative populations: § = 0.20 mm s!, |AEq| =
0.98 mm s, I = 0.47 mm s, Area = 36%; 6 = 0.24 mm s, |AEq| = 0.57 mm s, I' = 0.42 mm s, Area =
64%. (b) Fit with two subsites with both sites restrained to have equal populations: 6 = 0.21 mm s1, |AEq|
0.92 mm s, I' = 0.47 mm s, Area = 50%; 6 = 0.25 mm s, |AEq| = 0.55 mm s, I' = 0.42 mm s, Area =

50%.
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Figure 15. >’Fe Mossbauer spectrum of [K(THF),|[(PsAtC)Fe H] ({Fez(n-CAr)}Y, 29 mM in THF) collected
at 80 K with zero applied field (grey) and a 50 mT field applied parallel to the y rays (black).
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Chapter 2
g-value

22151198 7 6 5 39 .35 32 292094 25 23

Gl RO L AU B B B T i R i R B B
45K

—

g~17
55K

— L —

_—\L/ 7.5K
9K
12K

w
15K

—_‘\——""-_

| | | | |
0 500 1000 1500 2000 2500
B/G

Figure 1. Variable temperature X-band EPR spectrum of [LEFe;O(Phlm);Fe][OTf]> (3) in 4:5
propionitrile:butyronitrile (2 mM).
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Figure 2. Parallel-mode EPR Spectra of [LFe;O(PCF3ArIm)sFe][OT1]2 (1683, purple), [LFe;O(Phlm)s;Fe][OT1]2
(14, blue) and [LFe3O(PNMe2ArIm);Fe][OTE], (INMe2, oreen) at 4.5 K in a propionitrile/butryonitrile (4:5) glass.

Chapter 5
General introduction: For simulation details, see Arnett, C.H.; Bogacz, 1.; Chatterjee, R.; Yano,
J.; Ovyala, P.H.; Agapie, T. J. Am. Chem. Soc. 2020, In Revision.
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Figure 3. X-band CW EPR Spectrum of [(PsAtC)FeH|[BArt24] (2 mM, 2-MeTHF) collected a function of
temperature. A decrease in signal intensity and broadening is observed upon warming to 15-20 K.



324

300 310 320 330 340 350 360
Field /mT

Figure 4. X-band CW EPR Spectra of [(PsArC)FeH|[BArfo] (black), [(PsArC)FeD][BAtf24] (red), and
[PsArBC)FeH|[BAtF24] (blue), all 2 mM, 2-MeTHF. X-band CW-EPR acquisition parameters: temperature =
5 K; MW frequency = 9.639 GHz; MW power = 2 mW; modulation frequency = 100 kHz; modulation amplitude
= 0.4 mT; conversion time = 82 ms.

56 2H-"H Difference, g = 2.122, 7= 120 ns
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Figure 5. (top panel) Q-band 2H-'H difference HYSCORE spectrum of [(PsArC)Fe;D][BA1T24] acquired at
1148 mT (g = 2.122). (bottom) Monochromatic representation of the HYSCORE data (grey) with 2H
simulations ovetlaid (red). Simulation parameters were derived by scaling the 'H hyperfine tensor in Table 2 of
the main text determined from Q-band 'H ENDOR, and scaling by the proportion of 'H/?H gyromagnetic
ratios (y'H/y2H = 6.514). Simulations also include 2H nuclear quadrupole parameters £gQ/5 = 0.15; 7 = 0.
Acquisition parametets: temperatute = 12 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, ) =
12 ns, 24 ns; 1 = 120 ns, t1 = t; = 100 ns; Aty = At = 12 ns; shot repetition time (srt) = 1.5 ms).
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’H-'H Difference, g = 2.095, 7= 120 ns

v, (MHz)
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Figure 6. (top panel) Q-band ?H-'H difference HYSCORE spectrum of [(PsArC)Fe;D][BArT4] acquired at
1162.5 mT (g = 2.095). (bottom) Monochromatic representation of the HYSCORE data (grey) with 2H
simulations overlaid (red). Simulation parameters were derived by scaling the 'H hyperfine tensor in Table 2
determined from Q-band 'H ENDOR, and scaling by the proportion of 'H/2H gyromagnetic ratios (y'H/y?H
= 6.514). Simulations also include 2H nuclear quadrupole parameters ZgQ/h = 0.15; 5 = 0. Acquisition
parameters: temperatute = 12 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;
=120 ns, t; = t2 = 100 ns; At; = Atz = 12 ns; shot repetition time (srt) = 1.5 ms).

?H-'H Difference, g = 2.048, T=120 ns _

v, (MHz)

v, (MHz)

Figure 7. (top panel) Q-band ?H-'H difference HYSCORE spectrum of [(PeArC)Fe:D][BArFo] acquired at
1189 mT (g = 2.048). (bottom) Monochromatic representation of the HYSCORE data (grey) with H simulations
overlaid (red). Simulation parameters were derived by scaling the 'H hyperfine tensor in Table 2 determined from
Q-band 'H ENDOR, and scaling by the proportion of 'H/?H gyromagnetic ratios (y'H/y?H = 6.514).
Simulations also include 2H nuclear quadrupole parameters £gQ/h = 0.15; 7 = 0. Acquisition parameters:
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temperatute = 12 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, 1) = 12 ns, 24 ns; © = 120 ns,
t1 = t2 = 100 ns; Aty = Atz = 12 ns; shot repetition time (srt) = 1.5 ms).
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Figure 8. (top panel) Q-band '’C-natural abundance difference HYSCORE spectrum of
[PsArBC)FeH|[BAtF24] acquired at 1148 mT (g = 2.122). (bottom) Monochromatic representation of the
HYSCORE data (grey) with 1*C simulations overlaid (red) using parameters in Table 2. Acquisition parameters:
temperatute = 12 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, ) = 12 ns, 24 ns; t = 120 ns,
t1 = t2 = 100 ns; Aty = Atz = 12 ns; shot repetition time (srt) = 1.5 ms).
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13C.N.A Difference, g = 2.095, 7 = 120 ns
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Figute 9. (top panel) Q-band '’C-natural abundance difference HYSCORE spectrum of
[PsArBCY)FeH][BArT24] acquired at 1162.5 mT (g = 2.095). (bottom) Monochromatic representation of the
HYSCORE data (grey) with 1*C simulations ovetlaid (red) using parameters in Table 2. Acquisition parameters:
temperatute = 12 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, ) = 12 ns, 24 ns; t = 120 ns,
t1 = t2 = 100 ns; Aty = Atz = 12 ns; shot repetition time (srt) = 1.5 ms).
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Figure 10. (top panel) Q-band '*C-natural abundance difference HYSCORE specttum of
[PsArBCYFeH][BArT24]  acquired at 1189 mT (g = 2.048). (bottom) Monochromatic representation of the
HYSCORE data (grey) with *C simulations overlaid (red) using parameters in Table 2. Acquisition parameters:
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temperatute = 12 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, 1) = 12 ns, 24 ns; © = 120 ns,
t1 = t2 = 100 ns; Aty = Atz = 12 ns; shot repetition time (srt) = 1.5 ms).
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Figure 11. (top panel) Q-band HYSCORE spectrum of natural abundance [(PsAr!3C)FeH|[BAtt24] acquired at
1148 mT (g = 2.122). (bottom) Monochromatic representation of the HYSCORE data (grey) with 3P simulations
overlaid (P, = red, Py, = green, P. = blue, Py = cyan) using parameters in Table 2. Acquisition parameters:
temperatute = 12 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, ) = 12 ns, 24 ns; © = 120 ns,
t1 = t2 = 100 ns; At; = Atz = 12 ns; shot repetition time (srt) = 1.5 ms).
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Figure 12. (top panel) Q-band HYSCORE spectrum of natural abundance [(PsAr!*C)Fe;H]|[BAtf24] acquired at
11625 mT (g = 2.095). (bottom) Monochromatic representation of the HYSCORE data (grey) with 3P
simulations overlaid (P, = red, Py, = green, P. = blue, P4 = cyan) using parameters in Table 2. Acquisition
parameters: temperatute = 12 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;
=120 ns, t; = t2 = 100 ns; At; = Atz = 12 ns; shot repetition time (srt) = 1.5 ms).
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Figure 13. (top panel) Q-band HYSCORE spectrum of natural abundance [(PsAt'?C)Fe,H|[BAtF24] acquired at
1189 mT (g = 2.048). (bottom) Monochromatic representation of the HYSCORE data (grey) with 3!P simulations
overlaid (P, = red, Py, = green, P. = blue, Py = cyan) using parameters in Table 2. Acquisition parameters:
temperature = 12 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, 1) = 12 ns, 24 ns; © = 120 ns,
t1 = t2 = 100 ns; Aty = Atz = 12 ns; shot repetition time (srt) = 1.5 ms).
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Figure 14. Field-dependent Q-band Davies ENDOR spectra of [(PsArC)FeosH][BArT24] (black) with simulations
using parameters in Table 2. Acquisition parameters: temperature = 10 K; MW frequency = 34.086 GHz; MW
pulse length (n/2, m) = 40 ns, 80 ns; © = 200 ns; RF pulse length = 15 us; Tre = 2 ps; shot repetition time = 6

ms.
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Figure 15. Comparison of the ENDOR spectra of [(PsArC)Fe;H|[BArt2y] and [(PsArC)FeD][BArfo].
Acquisition parameters: temperature = 10 K; MW frequency = 34.086 GHz; MW pulse length (n/2, ) = 40 ns,
80 ns; v = 200 ns; RF pulse length = 15 us; Trr = 2 ps; shot repetition time = 6 ms.
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Figure 16. Difference ENDOR spectra of [(PsAtC)FeoH][BArFo] and [(PsArC)FeD][BAtF24] showing the
signals arising from the p-deutride. Acquisition parameters: temperature = 10 K; MW frequency = 34.086 GHz;
MW pulse length (n/2, 1) = 40 ns, 80 ns; T = 200 ns; RF pulse length = 15 us; Trr = 2 ps; shot repetition time
= 6 ms.

Apnalysis of Anisotropic "H Hyperfine Tensor for [(PsArC)Fe:H][BAY 24]. The corresponding values

of T('H) can be calculated from the following equations:
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Figure 17. (a) Schematic representation of the metric parameters used to calculate the proton dipolar tensor
within the defined molecular frame and definition of the principal components of T('H) in that frame. (b) Values
of the metric parameters which reproduce the experimental T('H). Not shown: 4 = 2.69 A (fixed from XRD), §i
= 35.90 and f» = 34.9°.

Where 1 and . define the angle between 7 and 7, respectively, and the Fe7-Fe2 vector
d. The angle y describes the orientation of the coordinate axes Ty, and T. with respect to the
Fel-Fe2 vector d. The distance dependence of the magnetic dipole interaction of the p-hydride

with Fel and Fe2, respectively, is defined by the elements # and % which take the classical

form:

h= Kidi(zgeﬂ:%ﬁlv) (E4)

14

Where 7 represents the distance of the p-hydride from Fe (7 = 1,2), Ki is the spin
projection coefficient for Fe (: = 1,2), and 4 parameterizes the effect of covalent delocalization
of spin density way from Fe (: = 1,2), adopting a value between 0 and 1. The spin projection
factors for a two metal system are uniquely defined by standard vector coupling methods,

yielding Ki = 4/3 for the § = 1 center Fe; and K, = -1/3 for the § = "2 center Fe,. In the
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analysis that follows, it is assumed that 4i = &, ~ 1, which is reasonable given the relatively
small amount of ligand-based spin density indicated by their respective hyperfine couplings.
Analysis of equations E1-E3 reveals that only T., which is normal to the Fe(u-C)(u-
H)Fe plane, has no direct angular dependence. Thus, it is possible to construct equations that
define allowable combinations of 7 and 7 which would yield values of T, corresponding to

one (or more) of principal components of the experimental T('H) tensor +/-[-18.7, +3.3,

+15.3] MHz.
If T, = +/-18.7 MHz then: rig = +2224 :_3 (E5)
2 1
If T, = +/-3.3 MHz then: % = % 22 + i3 (EO)
5 a £
If T, = +/-15.3 MHz then: — = + 2= 4+ = (17
Ty a L1

Where a = 2g.fegnBn  (ES)

Graphs corresponding to E5-E7 are shown in Figures 18-20 below. From the data it
is clear T, does ot correspond to the second principal component of T('H) (T> = +/- 3.3
MHz) — reasonable values of 7, require unreasonably short 7 distances. Therefore, g lies in the
Fe(u-C)(u-H)Fe plane, not perpendicular to it. On the other hand, T, could correspond to
either the first or third principal components of T('H) so long as that tensor value is negative.
This constraint can be illustrated by examination of Figure 18, which shows that assuming T
= -18.7 MHz (left graph) yields reasonable values for both 7 and 7. The same is true for T, =

-15.3 MHz (Figure 20, right graph).
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Figure 18. Plots of E6 assuming T, = -18.7 MHz (left) and T, = +18.7 MHz (right).
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Figure 19. Plots of E5 assuming T, = +3.3 MHz (left) and T, = -3.3 MHz (right).

334



335

0.94 2
19
0.92
18 -
0.9 - 17 ]
0.88 - L
-1 2 154
£ &
0.86 - -
0.84 - 13 -
12
0.82 -
11 1
0.8 : : 1 : :
148 158 168 178 148 1.58 168
rl A ril A

Figure 20. Plots of E7 assuming T, = +15.3 MHz (left) and T, = -15.3 MHz (right).
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Figure 21. Decomposition of [K(THE),|[(PsAtC)Fe;H]. X-band CW EPR

1.78

of

[K(THE)q|[PsArC)FeoH] generated by reduction of (PsArC)Fe,H with potassium napthalenide (KNp, black).

After thawing sample to room temperature (red).
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Figure 22. X-band CW EPR (left panel) and pseudomodulated® Q-band ESE-EPR (right panel) spectra of
[K(THE)q|[PsArC)FeoH] in 2-MeTHF (2 mM). Experimental data shown in black and simulations are shown in
red. Simulation parameters: § = 2, g = [2.089, 2.036, 2.020], Sys.lw = 1, 3'P and 'H hyperfine parameters detailed
in Table 3 of main text, with broadening parameters: HStrain = [20 10 10], gStrain = [0.012, 0.0015, 0.001].
X-band CW-EPR acquisition parameters: temperature = 10 K; MW frequency = 9.639 GHz; MW power = 2
mW; modulation frequency = 100 kHz; modulation amplitude = 0.4 mT; conversion time = 82 ms.

Q-band ESE-EPR acquisition parameters: temperature = 10 K; MW frequency = 34.086 GHz; MW pulse length
(n/2, m) = 40 ns, 80 ns; © = 200 ns; shot repetition time = 6 ms.
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Figure 23. X-band CW EPR Spectra of [K(THEF),]|[PsArC)Fe.H], [K(THE).][PsArC)Fe.D], and
[K(THE)q|[(PsAr13C)FezH] (left panel, in black), all 2 mM, 2-MeTHF. Simulations are shown in red with
parameters: § = Y2, g = [2.089, 2.0306, 2.0206], Sys.lw = 1, 3P, 'H and '*C hyperfine parameters detailed in Table
3 of main text, with broadening parameters: HStrain = [20 10 10], gStrain = [0.012, 0.0015, 0.001]. Derivative
spectra of X-band CW-EPR for each isotopologue with simulations overlaid in red (right panel). X-band CW-
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EPR acquisition parameters: temperature = 10 K; MW frequency = 9.639 GHz; MW power = 2 mW; modulation
frequency = 100 kHz; modulation amplitude = 0.4 mT; conversion time = 82 ms.
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Figure 24. (top panel) Q-band ?H-'H difference HYSCORE spectrum of [K(THF),|[(PsArC)Fe2D] acquired at
1175.5 mT (g = 2.070). (bottom) Monochromatic representation of the HYSCORE data (grey) with 2H
simulations overlaid (red). Simulation parameters were derived by scaling the 'H hyperfine tensor in Table 3 of
main text determined from Q-band 'H ENDOR, and scaling by the proportion of 'H/?H gyromagnetic ratios
(y'H/y*H = 6.514). Simulations also include 2H nuclear quadrupole parameters g0/ 5 = 0.15; 7 = 0. Acquisition
parameters: temperatute = 20 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;
1 =120 ns, t; = t2 = 100 ns; At; = Atz = 12 ns; shot repetition time (srt) = 1 ms).
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Figure 25. (top panel) Q-band ?H-'H difference HYSCORE spectrum of [K(THF),|[(PsArC)Fe2D] acquired at
1196.5 mT (g = 2.034). (bottom) Monochromatic tepresentation of the HYSCORE data (grey) with 2H
simulations overlaid (red). Simulation parameters were derived by scaling the 'H hypetfine tensor in Table 3 of
main text determined from Q-band 'H ENDOR, and scaling by the propottion of 'H/2H gyromagnetic ratios
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(y'H/y*H = 6.514). Simulations also include 2H nuclear quadrupole parameters g0/ 5 = 0.15; = 0. Acquisition
parameters: temperatute = 20 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;
=120 ns, t; = t2 = 100 ns; At; = Atz = 12 ns; shot repetition time (srt) = 1 ms).
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Figure 26. (top panel) Q-band ?H-'H difference HYSCORE spectrum of [K(THF),][(PsArC)Fe;D] acquired at

1202.5 mT (g = 2.024).

(bottom) Monochromatic representation of the HYSCORE data (grey) with 2H

simulations overlaid (red). Simulation parameters were derived by scaling the 'H hyperfine tensor in Table 3 of
main text determined from Q-band 'H ENDOR, and scaling by the proportion of 'H/?H gyromagnetic ratios
(y'H/y*H = 6.514). Simulations also include 2H nuclear quadrupole parameters £¢Q/ 5 = 0.15; 7 = 0. Acquisition
parameters: temperatute = 20 K; microwave frequency = 34.086 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;
=120 ns, t; = t2 = 100 ns; At; = Atz = 12 ns; shot repetition time (srt) = 1 ms).

13G-N.A. Difference, g = 2.070, =120 ns

40P
30 N
5 N _
S 20 v
QN -
10-
-40 -20 0 20 40
v, (MHz)
3¢ simulation
40 F
%
30 -
w %9 RY:
=
Z 20 %
K
10+ .
A S e
-40 -20 0 20 40
v, (MHz)
Figure 27. (top panel) Q-band !*C-natural abundance difference

HYSCORE of

spectrum

[K(THE)4][(PsAr13C)FezH] acquited at 1175.5 mT (g = 2.070). (bottom) Monochromatic representation of the
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HYSCORE data (grey) with 1*C simulations overlaid (red) using parameters in Table 3 of main text. Acquisition
parameters: temperatute = 20 K; microwave frequency = 34.058 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;
=120 ns, t; = t2 = 100 ns; Aty = Atz = 12 ns; shot repetition time (srt) = 1ms).
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Figure 28. (top panel) Q-band !’C-natural abundance difference HYSCORE spectrum of
[K(THE)4|[(PsAr13C)FezH] acquited at 1196.5 mT (g = 2.034). (bottom) Monochromatic representation of the
HYSCORE data (grey) with 1*C simulations overlaid (red) using parameters in Table 3 of main text. Acquisition
parameters: temperatute = 20 K; microwave frequency = 34.058 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;
=120 ns, t; = t2 = 100 ns; Aty = Atz = 12 ns; shot repetition time (srt) = 1ms).
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Figure 29. (top panel) Q-band !’C-natural abundance difference HYSCORE spectrum of
[K(THE)q][(PsAtr3C)FezH] acquited at 1202.5 mT (g = 2.024). (bottom) Monochromatic representation of the
HYSCORE data (grey) with 13C simulations ovetlaid (red) using parameters in Table 3 of main text. Acquisition
parameters: temperatute = 20 K; microwave frequency = 34.058 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;
=120 ns, t; = t2 = 100 ns; Aty = Atz = 12 ns; shot repetition time (srt) = 1ms).
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Figure 30. (top panel) Q-band HYSCORE spectrum of natural abundance [K(THF),]|[(PsArC)Fe:H] acquired
at 1175.5 mT (g = 2.070). (bottom) Monochromatic representation of the HYSCORE data (grey) with 3'P
simulations overlaid (P, = red, P, = green, Pcq = blue) using parameters in Table 3 of main text. Acquisition
parameters: temperatute = 20 K; microwave frequency = 34.058 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;
1 =120 ns, t; = t2 = 100 ns; At; = Atz = 12 ns; shot repetition time (srt) = 1 ms).
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Figure 31. (top panel) Q-band HYSCORE spectrum of natural abundance [K(THF),|[(PsArC)Fe,H] acquired at
1196.5 mT (g = 2.034). (bottom) Monochromatic tepresentation of the HYSCORE data (grey) with 3P
simulations overlaid (P, = red, P, = green, Pcq = blue) using parameters in Table 3 of main text. Acquisition
parameters: temperatute = 20 K; microwave frequency = 34.058 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;
1 =120 ns, t; = t2 = 100 ns; At; = Atz = 12 ns; shot repetition time (srt) = 1 ms).
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Figure 32. (top panel) Q-band HYSC

ORE spectrum of natural abundance [K(THF),|[(PsArC)FexH] acquired

at 1202.5 mT (g = 2.024). (bottom) Monochromatic representation of the HYSCORE data (grey) with 3'P
simulations overlaid (P, = red, P, = green, Pcq = blue) using parameters in Table 3 of main text. Acquisition
parameters: temperatute = 20 K; microwave frequency = 34.058 GHz; MW pulse length (n/2, n) = 12 ns, 24 ns;

=120 ns, t; = t2 = 100 ns; Aty = Atz

= 12 ns; shot repetition time (srt) = 1 ms).
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Figure 33. Field-dependent Q-band Davies ENDOR spectra of [K(THF)4|[(PsAtC)Fe;H] (black) with
simulations using parameters in Table 3 of main text. Acquisition parameters: temperature = 15 K; MW frequency
= 34.058 GHz; MW pulse length (n/2, 1) = 40 ns, 80 ns; © = 200 ns; RF pulse length = 15 us; Tre = 2 ps; shot
repetition time = 6 ms.
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Figure 34. Comparison of the ENDOR spectra of [K(THF),]|[(PsArC)FexH] and [K(THF),][(PsArC)FezD].
Acquisition parameters: temperature = 15 K; MW frequency = 34.058 GHz; MW pulse length (n/2, ) = 40 ns,
80 ns; © = 200 ns; RF pulse length = 15 us; Trr = 2 ps; shot repetition time = 6 ms.
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Figure 35. Difference ENDOR spectra of [K(THE),|[(PsArC)FezH] and [K(THE),|[(PsArC)FeoD] showing the
signals arising from the p-deutride. Acquisition parameters: temperature = 15 K; MW frequency = 34.058 GHz;
MW pulse length (n/2, ) = 40 ns, 80 ns; © = 200 ns; RF pulse length = 15 pus; Tre = 2 ps; shot repetition time
= 6 ms.

Chapter 6
Fe2H anion Q-band ESE-EPR
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Figure 36. Pseudomodulated® Q-band ESE-EPR spectrum of [Na(THF),][(PsArCH)Fe;(CO);3] in 2-MeTHF (2

mM). Experimental data shown in black and simulations are shown in red. Simulation parameters: § = Y2, ¢ =

[2.048, 2.018, 2.0125], 'H hyperfine parameters detailed in the main text.
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Figure 37. Difference ENDOR spectra of [Na(THF),|[(PsArCH)Fex(CO);] and [Na(THE),]|[(PsArCD)
Fe»(CO)3] showing the signals arising from the p-deutride.
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Figure 38. Photolysis of a frozen glass of [LFe;O(Phlm);Fe(N3)][OTf] at 78 K does not lead to
disappearance of its characteristic EPR signal.
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Chapter 2

Figure 1. Crystal structure of LFe3(OTf)3 (1). Ellipsoids are shown at the 50% probability level. Hydrogen
atoms and co-crystallized solvent molecules are not shown for clarity.
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Figure 2. Crystal structure of [LFe;O(Phlm-H);][OT1]; (2). Ellipsoids are shown at the 50% probability level.
Hydrogen atoms, co-crystallized solvent molecules, and outer sphere counter ions are not shown for clarity.

Figure 3. Crystal structure of [LFe;O(Phlm);Fe][OTf]; (4). Ellipsoids are shown at the 50% probability level.
Hydrogen atoms, co-crystallized solvent molecules, and outer sphere counter ions are not shown for clarity.

Figure 4. Crystal structure of [LFe;O(Phlm)sFe][OTf] (5). Ellipsoids are shown at the 50% probability level.
Hydrogen atoms, co-crystallized solvent molecules, and outer sphere counter ions are not shown for clarity.
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Chapter 3

Figure 5. Crystal structure of [LFe3;O(PCF3ArIm);Fe][OT1]2 (1€53). Ellipsoids ate shown at the 50% probability
level. Hydrogen atoms and co-crystallized solvent molecules are not shown for clarity.

Chapter 4

Figure 6. Crystal structure obtained from the reaction of (PsArC)FeoH (5) with HCL Data quality is only
sufficient to identify the species as (PsArCH2)Fe(IN2)FeClL
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Misc. Structures

Figure 8. Crystal structure obtained from the reaction of [LFe3Cls(us-O)].
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Figure 11. Crystal structure obtained from the reaction of [LFe;O(pOMeArIm)sFe](OTf)..

Figure 12. Crystal structure obtained from the reaction of P;Fe.



352

&

4
A

. FE

\\¥

Figure 15. Crystal structure obtained from the reaction of (P3ArCH)FeCl
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