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The synthesis of sulfur-bridged Fe—Ni heterobimetallics was inspired by Nature’s strate-
gies to “trick” abundant first row transition metals into enabling 2-electron processes:
redox-active ligands (including pendant iron—sulfur clusters) and proximal metals. Our
design to have redox-active ligands on each metal, NO on iron and dithiolene on nickel,
resulted in the observation of unexpectedly intricate physical properties. The metallodi-
thiolate, (NO)Fe(N,S,), reacts with a labile ligand derivative of [Ni"(S,C,Ph,)1°,
Nipr, yielding the expected S-bridged neutral adduct, FeNi, containing a doublet
{Fe(NO)}’. Good reversibility of two redox events of FeNi led to isolation of reduced
and oxidized congeners. Characterization by various spectroscopies and single-crystal
X-ray diffraction concluded that reduction of the FeNi parent yielded [FeNi] ~, a rare
example of a high-spin {Fe(NO)}B, described as linear Fe''(NO™). Mossbauer data is
diagnostic for the redox change at the {Fe(NO)}”’® site. Oxidation of FeNi generated
the 2[FeNi]*=[Fe,Ni,]*" equilibrium in solution; crystallization yields only the
[Fe;Ni,]** dimer, isolated as PFs~ and BArF~ salts. The monomer is a spin-coupled
diradical between {Fe(NO)}” and Nipy", while dimerization couples the two Nipyt
via a Ni,S; rthomb. Magnetic susceptibility studies on the dimer found a singlet ground
state with a thermally accessible triplet excited state responsible for the magnetism at
300 K (xmT = 0.67 emu-K-mol™", pg = 2.31 pp), and detectable by parallel-mode
EPR spectroscopy at 20 to 50 K. A theoretical model built on an H; chain explains this
unexpected low energy triplet state arising from a combination of anti- and ferromag-
netic coupling of a four-radical molecular conglomerate.

designed synthesis | iron-nickel | redox/spin states | magnetism | theory

The facilitation of redox activity in first-row transition metal complexes by the delocali-
zation effects of ligands is a well-accepted axiom of coordination chemistry. In this
regard, nitrosyl (NO) and dithiolene ligands have served as paradigms for over 5 deca-
des (1-5). Their transition metal complexes continue to be, in the prosaic vocabulary,
a “promising strategy” toward the design of efficient catalysts for the electroconversion
of abundant feedstock to useful commodities (6-9). A second strategy for promoting
or engendering accessibility to redox processes in first-row transition metals is to posi-
tion two metals in close proximity such that the burden of charge build-up as an elec-
tron is added or removed from the unit is buffered by adjacent metals. Such design
properties are apparent in the active sites of redox metalloproteins such as the [NiFe]-
and [FeFe]-hydrogenases (10). The makeup of these EAS also demonstrates extensive
involvement of redox-active iron sulfur clusters in the hydrogenases, particularly the
[4Fe-4S] cluster directly attached to the dirion subsite in the H cluster of [FeFe]-Hjase
(11). A natural bimetallic example that incorporates a dithiolene-type ligand is the
molybdenum—copper carbon monoxide dehydrogenase, [MoCu]-CODH, the CO oxi-
dation enzyme. A sulfide ligand bridges the two metals while the dithiolene (molyb-
dopterin) bound to Mo tunes structure and redox properties (12, 13).

With recognition of such themes in the evolutionarily perfected biological electroca-
talysts, synthetic inorganic chemists have thus been encouraged to use a building block
approach to engineer such properties as expressed above into small molecules (14, 15).
The full characterization of such hybrid models is expected to also serve as a guide to
entirely new structure/bonding motifs, with interesting electronic and magnetic proper-
ties. While synthetic monometallic systems with elaborate n-delocalization as in metal-
loporphyrins have yielded insight regarding substituent effects on metal-centered
reactivity (16), various reviews point to the lack of obvious relationships between cata-
lyst metrics and the redox-active nature of ligands. As noted by Savéant and coworkers
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(16) and reviewed by Queyriaux (17), the variety of ways the
motifs may interact preclude naive interpretations. Nevertheless,
the full characterization of isolable redox levels involved at the
beginning of catalytic cycles is helpful for interpreting subsequent
steps. Although redox-active ligands installed on heterobimetallics
might appear to afford even more complexities, the additional
handles may contain, as they do in the case described below, reli-
able reporters on the electron distribution and polarizaton as
redox changes take place.

Previously, we demonstrated that metallodithiolates derived
from tetradentate, contiguous N,S, chelates, MN,S,, are efficient
bidentate, cis-dithiolate S-ligating traps of exogeneous metals (18).
Good stability has been achieved for various S-bridged bimetallic
and multimetallic complexes, including those with redox activity
on both the metallodithiolate ligand and the receiver M’, exempli-
fied in the Fe;(NO); complex shown in Fig. 1 (19). As the
paradigm for possibilities of electronic and vibrational coupling
enabled by bridging thiolate sulfurs, the three redox levels in
(NO)Fe(bme-dame)*Fe(NO), showed selective electron addition
first to the electronically softer dinitrosyl iron unit [in Enemark—
Feltham notation, the {Fe(NO),}”"" couple], and the second
electron goes to the mononitrosyl iron site [accessmg the
{Fe(NO)}W8 couple]. The effect of such electronic speciation on
magnetic and vibronic properties was monitored by magnetic sus-
ceptibility, Fourier transform infrared (FTIR), and single-crystal
X-ray diffraction (SC-XRD) analyses. The hinge between the two
units created by the bridging thiolates placed the two irons at
2.71 A separation (Fig, 1) and engendered a low-spin configura-
tion for the {Fe(NO)}’—{Fe(NO),}” cationic diradical. The sepa-
ration increased with subsequent reduction but with otherwise
minimal structural difference in the framework. Nevertheless, in
the two-electron reduced § = 1 species, the Fe(NO) center of the
N,S, metalloligand is displaced out of the N,S, plane by more
than 0.3 A relative to the one-electron reduced species and became
linearized. The cationic form of the Fe,(NO); complex exists
within a thermodynamic well, materializing by self-assembly from
various synthetic approaches. This complex was described as a
nominal model of the 2Fe subsite in [FeFe]-H,ase and indeed
showed some ability as an HER electrocatalyst at the first reduction
event (20).

Since the classic publication of Wang and Stiefel in 2001 (21),
there has been development of metal dithiolenes as catalysts and
for applications to devices utilizing their optical, magnetic, and
conductive properties (21-23). Pursuant of our program in metal-
lodithiolates as ligands to appropriate receivers, we saw opportu-
nity for the synthesis of heterobimetallic complexes of nickel
dithiolenes according to the following strategy. A 2017 report by
Donahue and coworkers introduced a synthon that provides entry
to heteroleptic, square planar nickel and palladium dithiolenes
that contain phosphine, isonitrile, and amine ligands and avoids
higher S-bridged aggregates (24-27). With the expectation that an

analogous synthetic strategy might yield stable molecules rich in
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Fig. 1. Redox activity and magnetism properties of the Fe,(NO)s; complex
in its three redox levels: singlet cation (Left), neutral doublet (Middle), and
triplet anion (Right) (19).
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Fig. 2. Synthesis of FeNi, [Fe,Ni»]?>*, and [FeNi]~ [v(NO) values recorded
from CH3CN solutions]. For the oxidation using Fc*, X = PF™ or BArF~.

redox levels in hybrid dithiolene/nitrosyl complexes, we have pur-
sued heterobimetallic nickel dithiolenes by replacing the traditional
ligands such as phosphines or isonitriles with (NO)Fe(bme-dame)
(Fig. 2). In this manner, we expected to build redox activity on
both the M in MN,S, and the nickel dithiolene. The following
report chronicles successes in achieving the synthetic targets as
well as the characterization by SC-XRD, FTIR, Mossbauer,
superconducting quantum interference device (SQUID), and
electron paramagnenc resonance (EPR) spectroscopies of cationic,
neutral, and anionic forms of [(NO)Fe(N,S,)-Ni(S,C,Ph,)] %~
([FeNi]*, FeNi, and [FeNi]™, respectively). Perhaps the most
interesting result of this study is the intricate spin interactions
resulting from dimerization of the oxidized cationic [FeNi]™ dir-
adical complex that produces a tetraradical dication whose solid-
state structure displays a Ni,S, rhombic core. Interpretation of
the spin ladder of [Fe,Ni,]*+ by density functional theory (DFT)
computations was incomplete, but full configuration interaction
(FCI) calculations on a simple linear Hy chain model were effective
to identify two missing spin states and the relative energies of all six
spin states of the elaborate [Fe,Ni]** system.

Results and Discussion

Synthesis of Neutral FeNi. The (NO)Fe(bme-dame)-NiS,C,Ph,
complex [bme-dame = N,/N'-dimethyl-/V, N’-bis(2-mercapto-
ethyl)-ethylenediamine] was prepared using the Donahue and
coworkers strategy (Fig. 2) (25, 26). Similar to the displacement
of the labile isomethylnitrile ligands by diimines, reaction with the
nitrosylated iron dithiolate yielded the neutral bimetallic complex,
FeNi. The loss of the R-CEN infrared absorptions at 2,214 and
2,228 cm™ ! concomitant with the shift of the v(NO) band by
37cm ' to higher wavenumbers (in acetonitrile) is consistent with
expectations of such metallodithiolate donor units to the diamag-
netic NiS,C,Ph, receiver. Slow evaporation of the DCM solvent
under anerobic conditions afforded XRD quality crystals.

Electrochemical Studies. The cyclic voltammogram (Fig. 3) of
FeNi was recorded in CH3CN solutions containing 0.1 M
[‘BugN][PF¢] as the supporting electrolyte at room temperature
under argon and referenced to Fct® (E;/, = 0.0 V) as an internal
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Fig. 3. Cyclic voltammogram of FeNi at a scan rate of 100 mVs™' in
CH5CN (L = S,C,Ph,). Referenced versus Fc*°.

standard. Commencing in the cathodic direction, FeNi has a
reversible reduction at —1.19 V assigned to the {Fe(NO)}””® cou-
ple; in the broader window an irreversible reduction at —2.53 V
is ascribed to the Ni* couple. Scanning in the opposite direction
shows an initial oxidation at —0.25 V assigned to the removal of
an electron in the Ni-dithiolene unit denoted as Nip”*. This
reversible oxidation event shows a greater cathodic shift compared
to most heteroleptic Ni-dithiolene complexes (26, 27). The revers-
ible redox couples are confirmed to be one-electron events by
comparison of current densities with the F¢*’ couple. Scanning
further in the anodic region finds three irreversible redox events
assumed to originate from sulfur-based oxidations and leads to
overall decomposition. Full scans and scan rate dependence of
FeNi are shown in S/ Appendix, Figs. S14 and S15, respectively.

Chemical Oxidation and Reduction of FeNi. The fully revers-
ible redox event at —0.25 V prompted attempts to isolate the
oxidized form of FeNi by bulk chemical means. Oxidation
using [Fc][BArF] (BArF~ = Tetrakis[3,5-bis(trifluoromethyl)-

A

Fe-N-O/° 157.2(4) 160.7(2)
Fe-Ni/A 2.7622(8) 2.9397(4)
Fe-N,Syqsp/A |0.568 0.554
Hinge/° 110.57 124.76
S,Cy/A 1.762(5) 1.726(3)
S, Cy/A 1.759(4) 1.732(3)
C,~C,/A 1.353(6) 1.369(3)

phenyl]borate) or [Fc][PFs] in CH3CN at 23°C, led to loss of
the 1,701 cm™" band of the neutral species with appearance of
two new V(NO) bands at 1,786 and 1,736 cm ™" (Fig. 2). XRD
quality crystals of the BArF™ salt developed at —35°C from an
Et;,O solution layered with pentane, while for the PF4s salt
crystals were grown at —35°C from CH3;CN/E,O. In both
salts, the crystal structures revealed that two [FeNi]* cations
have dimerized through the Ni-dithiolene units, [Fe,Ni,] [BArF],
and [Fe,Ni,][PF¢], (Fig. 4). That is, one dithiolene sulfur
from each [FeNi]"t cation serves as a fifth donor toward each
of the corresponding Ni', generating square pyramidal nickel
within an Ni,S, core for the dicationic [Fe,Ni,]** complex
whose monomeric components are otherwise analogous to the
neutral parent. This dimeric species has a solid-state V(NO)
value of 1,734 cm ™! indicating that the lower-frequency solution
phase band at 1,736 cm™! in CH;CN corresponds to the
dimeric species, while the band at 1,782 cm™" s likely due to the
monomeric form.

The reduction event at —1.19 V is also reversible, and FeNi
succumbed to chemical reduction in THF on providing KCg as
reductant (Fig. 2) in the presence of 18-crown-6 (18-c-6).
A significant V(NO) band shift of 68 cm™' (from 1,701 to
1,633 cm ™) indicates that the added electron went into the
{Fe(NO)}’ unit to give an {Fe(NO)}® configuration. Unlike
our previously reported {Fe(NO)}® within the thermally unstable
[Fe;(NO)3]™ anionic complex (Fig. 1), the [FeNi] ™ is prepared and
isolated at room temperature without degradation. XRD quality
orange crystals of [K(18-c-6)]* [FeNi]~ were obtained from CH;CN
layered with Et,O at — 35°C.

Solid-State Structures of FeNi, [Fe;Ni>][BArF],, [Fe;Nis][PFelo,
and [FeNi]". Metric parameters used to describe the crystal
structures of the four complexes of this study are compiled in
SI Appendix, Table S3. The butterfly-like molecular structure of
FeNi shown in Fig. 4 originates from the orientation of the con-
vergent, bridging sulfur lone pairs of the cis-dithiolates. The angle
of intersection (hinge angle) of the S1-Fel-S2 and S1-Nil-S2
planes is 110.57°, somewhat smaller in comparison to similar
MN,S, bimetallic complexes where the receiver metal unit has a

172.3(3)
3.0789(7)
0.859
129.36
1.773(3)
1.759(4)
1.354(6)

Fig. 4. Molecular structures of (A) FeNi, (B) [Fe;Ni;][PFgl>, and (C) [FeNi]~ with thermal ellipsoids shown at 50% probability. The hydrogen atoms have
been omitted for clarity. Selected structural metrics are shown. Fe-N,Saisp, is the distance between Fe and the mean plane of the NS, ligand; the hinge is

the angle of intersection between the S1-Fe1-S2 and S1-Ni1-S2 planes.
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Fig. 5. (A) DFT computed spin density plots for the optimized ground state structures of the three monomeric redox congeners of FeNi. (B) Spin density
plots and S values of [Fe,Ni,]** obtained from single-point DFT calculations at its XRD structure The blue and green isodensity surfaces [0.004 e~ Bohr~ (3))

indicate positive and negative spin phases, respectively.

higher coordination number. Notably, the smaller hinge angle
correlates to a relatively short Fe~Ni distance of 2.76 A.

Structural analyses of the nickel dithiolene unit, especially the
S—C and C—C distances of the dithiolene, are informative of its
redox level. The S3-C1 and S4—C2 distances for FeNi are
1.762(5) and 1.759(4) A, respectively; the C1-C2 distance is
1.353 A. These distances suggest that the ligand is a classical ene-
1,2-dithiolate which resembles the reported [Ni(S,C,Me,),]*
complex that has average S—C and C-C distances of 1.761 and
1.337 A, respectively (28). Interestingly, the Fe-N-O angle changes
only slightly from the free metallodithiolate (155.2° to 157.2°)
although there is a 37 cm ! difference in V(NO). The latter shift
is typical whenever the metalloligand is sharing its sulfur donors
with an exogeneous metal (29), thereby withdrawing electron den-
sity from the Fe(NO), m-back-bonding interaction. Its paramag-
netic spin state, S = 1/2, is, however, unchanged from the free
(NO)FeN,S, ligand and accounts for the overall magnetic moment
of FeNi (vide infra).

Dissimilar space groups for the BArF™ and PF4™ salts of the
oxidized product, P1 and P2,/c, respectively, result in slight
differences, especially the S—-Ni-S angles, within the Ni,S, core
(81 Appendix, Fig. S38) and have small effects on the Ni-Ni
distance and the solid-state magnetism, vide infra.

Critical factors that distinguish the structures, including the
hinge angle and M-M distance, are found in Fig. 4. For the
reduced species, [FeNi] ~, the increase in Fe-Ni distance and
hinge angle is most pronounced, 0.317 A and 18.79°, respec-
tively. These differences relate to the Fe displacement from the
N,S, plane for the anionic form, which is 0.3 A greater than
that of the cationic and neutral forms. Such flexibility in ligand
frameworks that accommodate reduction of iron-nitrosyl units
has also been observed by Meyer and coworkers and Peters and
Chalkley (30, 31)

Relative to the neutral FeNi species, the S3—C1 and S4-C2 dis-
tances within the dithiolene units on Ni in the cationic species,
[Fe,Ni,]**, are diminished by an average of 0.033 A, while the
C1-C2 distance increased by an average 0.013 A. Although small,
these changes indicate the oxidized Ni-dithiolene unit is in the
radical monoanion form (32). In contrast, the reduced species
[where the added electron is on the Fe(NO) moiety, vide infra]
experienced negligible changes in the Ni-dithiolene unit. The
increased negative character in the {Fe(NO)}® unit is thus relayed
to the thiolate sulfurs resulting in ion pairing from the $4 dithio-
lene sulfur and the adjacent metallodithiolate S2 sulfur toward the

https://doi.org/10.1073/pnas.2201240119

K* within the 18-c-6 adduct. Additional displays of this interac-
tion, as well as electrostatic potential maps, are given in S/

Appendix, Figs. S33 and S40.

DFT. Calculations are foundational for the discussion of elec-
tronic features and oxidation state assignments within the three
Fe-Ni redox congeners. Experimental metric parameters were
readily reproduced for FeNi and [FeNi]™ (S/ Appendix, Table
S8). Fig. 54 contains spin density plots from the optimized
ground state structures. Neutral FeNi shows spin polarization
in the {Fe(NO)}” unit with some leakage over to the Ni'.
Addition of an electron to yield the S = 1, [FeNi], puts even
more density at the iron in {Fe(NO)}® with increased spin
polarization. Removal of an electron from FeNi generates
[FeNi]* in the antiferromagnetically (AFM) coupled singlet
ground state with unpaired spin of the opposite phase, compared
to the iron, in a & orbital delocalized over the dithiolene radical
cation with a small nickel contribution. Geometrically optimized
computations predict that the broken symmetry (BS) singlet of
the monomeric [FeNi]* is more stable than the triplet state in
THEF by 1.76 kcal/mol. The BS singlet has spin contamination
(§ = 0.3) from the triplet excited state. Therefore, the approxi-
mate spin projection procedure was used on the ground state
optimized structure to remove this error increasing the
singlet—triplet gap to 3.8 kcal/mol (33, 34). The projected mag-
netic coupling constant () for the {Fe(NO)}” and nickel dithio-
lene interaction was calculated to be —665 cm ™! (34, 35).

This diradical dimerizes into a tetraradical dication whose mag-
netic properties provide an elaborate, four-electron system of
potential spin couplings (Fig. 6) that yield six possible spin states:
two singlets, three triplets, and a quintet. DFT calculations with
the [Fe,Niy][BArF], XRD coordinates found only four single-
determinant solutions for the dication. Those are a BS singlet
ground state, a low-energy triplet, a high-energy BS singlet, and
the high-energy quintet state (Fig. 5B). The two low-energy
determinants (BS singlet 1 and triplet 1) feature an Ni,S, core
with two nickel dithiolene radicals that are strongly AFM coupled
and show minor spin polarization. After correcting for spin con-
tamination using the relatively uncontaminated triplet 1, the pro-
jected BS singlet ground state was found to be only 0.45 kcal/
mol lower than that triplet 1; the apparent coupling between the
Fe(NO)” radicals was calculated to be —77 cm '. The two
higher-energy determinants are a BS singlet, which is contami-
nated by higher-energy spin states at +12.6, and a relatively
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Fig. 6. The spin topology for [Fe;Ni;]>* with magnetic exchange path-
ways. {Fe(NO)}” and nickel dithiolene spin centers are denotated at Feyo/
Fe’no and Nipt/Ni'pr, respectively.

uncontaminated quintet at +17.1 kcal/mol above the projected
energy of the ground state, respectively. The large energy differ-
ence between the low-energy determinants that have AFM Ni,S,
cores and the high-energy ones, where the nickel dithiolene radi-
cals are not AFM coupled, indicates that the nickel dithiolene
radicals are strongly AFM coupled in the dimer (estimated /; ~
—2,500 cm™'). Based on the calculations, two [FeNi]™ mono-
mers with singlet ground states and relatively high-lying triplet
states form a dimer which has a very low-lying triplet state. Such
a situation arises for a particular combination of spin couplings in
Fig. 6. Although each of these J values could contribute to the
actual energy spacing of the six states, any two of their values are
sufficient to produce six energetically different states.

Méssbauer Spectroscopy. The Enemark—Feltham notation is
conveniently used in our iron nitrosyl descriptions, thus avoid-
ing problematical oxidation state assignments in such delocalized
metal-ligand systems. The series containing {Fc=,(NO)}7/8 units
within the N,S,*” ligand, (NO)Fe(N,S;) (N,S, = bme-dame),
the neutral heterobimetallic, FelNi, the anionic [FeNi]~, and the dica-
tion [Fe,Ni,][PFg], gives prospect to expand the [Fe,(NO);] /%"
series explored earlier (19) and to make informed correlations
between isomer shifts and redox levels of iron in similar first-
coordination spheres. Fig. 7 displays the >’Fe Mossbauer spectra
and derived parameters.

All >"Fe Mbssbauer spectra exhibit a doublet at 5 K with a
0.05 T applied field. As a reference, the free ligand or (NO)Fe
(N,S,) has an isomer shift (8) of 0.27 mm s~ and a quadru-
pole splitting (AEq) of 1.14 mm s ! Its binding to nickel in
neutral FeNi results in little change in the 8 value, 0.28 mm sl
however, the AEq significantly decreased to 0.75 mm s ' and
is ascribed to changes in electron density removed from the S
donors to iron as they become the bridging bidentate ligands.
Likewise, the oxidized product [Fe;Niy][PFg], has similar &
and AEq values as the neutral FeNi analogue, 0.30 and 0.82
mm s ', respectively. Thus, the slight structural difference at
the (NO)FeN,S, component of the Fe-Ni complex resulting
from the redox process centered in the Ni-dithiolene unit has
negligible electronic effects on the oxidation state of iron that
might be conveyed by the Mdssbauer monitor. This conformity
of Méssbauer parameters is notwithstanding the changes in
n-back bonding from Fe to the diatomic ligand that results in a
37 cm™ ! difference in the v(NO), which parallels the loss of
electron density to the Nipt. The most dramatic differences in
8 and AEq occur in the reduced congener, the [FeNi] ~ anion,
0.73 and 2.33 mm s~ ', respectively. As this species shows the
greatest change in structural factors relating to the Fe, we sur-
mise that the increase in isomer shift reflects a lowered oxida-
tion level centered on iron.

The correlation of Mossbauer isomer shifts and oxidation states
of iron is notoriously difficult; values in the range 0.27 to 0.30
mm s~ ! could correspond to both Fe''! or Fe!! centers when mea-
sured within an innocent ligand field (36). Relevant to the FeNi
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Fig. 7. The °’Fe Mdssbauer spectra of (NO)Fe(N,S,), FeNi, [Fe;Ni,][PFelz,
and [FeNi]™ collected as microcrystalline solids at 5 K with a 0.05 T applied
field. Fits to the experimental data are shown in red with isomer shift and
quadrupole splitting parameters given for each.

molecules here, the dianionic iron complex in [EtzN], [ClFe(N,S,)]
[where the N,S,*™ = N,N'~(2-thioacetyl-isobutyryl)-o-phenylene
diamine] has the same square pyramidal geometry and a similar
N,S$, ligand field to that found in (NO)Fe(bme-dame). It has an
isomer shift of 0.292 mm s~ ' at 4.3 K and was assigned as a
Fe'', § = 3/2, species (37). A recently reported bimetallic
[CIFe(bme-dame)-Cp*Fe(CH;CN)]*, in which the iron in the
N,S, ligand field with an apical, innocent CI™ ligand is more
obviously Fe', is particularly appropriate for comparison here.
The zero-field Méssbauer spectrum at 80 K showed two doublets
of equal intensity; the one with an isomer shift of 0.26 mm s
was assigned to the iron in the N28227 ligand field, ie., the
CIFe!(bme-dame) metallodithiolate ligand (38). Consistent with
this assignment, Popescu et al. (39) performed variable field
Mossbauer studies on (NO)Fe(bme-dach) [bme-dach = N,/V-
bis(2-mercaptoethyl)-1,5-diazacycloheptane and & = 0.23 mm s~']
and argued for the assignment of an Fe' oxidation state, in
agreement with the analysis of Solomon and coworkers (40) of
sulfur K-edge X-ray absorption spectroscopy on the analogous
(NO)Fe(bme-daco) [bme-daco = NV, N-bis(2-mercaptoethyl)-1,5-
diazacyclooctane] complex.

As the above examples are so closely related to the {Fe(NO)}”
units of our study, we conclude that the associated & values are
consistent with Fe'' centers in the neutral and cationic com-
plexes. From gublished theoretical studies, including our own,
the {Fe(NO)}’ units can be best represented as overall doublets
due to AFM coupling of intermediate-spin Fe'" (S = 3/2) and
high-spin (§ = 1) NO™. Reduction to yield the [FeNi] ™ species
should be based in the Fe(NO) component, to yield
{Fe(NO)}®. In this case the overall triplet results from AFM
coupling of high-spin Fe'' (S=2) and hi h-spin (§=1) NO™.
The & value of [FeNi]™ (0.73 mm s °) differs from other
reported high-spin {Fe(NO)}® examples, likely due to geometry
and degree of covalency with the ligands (30, 41, 42). Again, rec-
ognizing the nature of the oxidation state construct is disputa-
tious, particularly in these highly covalent {Fe(NO)}”® units, our
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formal oxidation state assignments gain credence from the agree-
ment of spectroscopic and computational methods.

Monomer/Dimer Equilibria in Solutions of Oxidized FeNi. As
described above, the two-v(NO) IR band pattern observed in
solution following oxidation of FeNi is associated with the pres-
ence of both the [FeNi]* monomer and the dimeric [Fe,Ni,]**.
Assignment of the higher value to the former and the lower
value to the asymmetric stretch of the two NO ligands in the lat-
ter is corroborated by the DFT results. Both v(NO) bands dis-
play solvent-dependent shifts in position and in intensity (S/
Appendix, Fig. S4). Differences in molar absorptivity coefficients
(e) could be determined as only the monomer is observed in
THE solutions of 1.25 mM and less, thus permitting the unam-
biguous calculation of its €. Through mass balance, the € of the
dimer was thus obtained and found to be ca. four times that of
the monomer (see SI Appendix for details). Consequently, the
equilibrium constant, K, as defined in Fig. 2, in THF was
determined to be 26.7. The temperature dependence of K.q in
THF was used to obtain the AH® and AG® of dimer formation
using the van’t Hoff plot (S Appendix, Fig. S18). As expected,
dimer formation from two monomers at 23°C is a spontaneous
process with a AG® of —1.9 kcal/mol and becomes more nega-
tive with decrease in temperature (S Appendix, Table S1). The
AH? and AS° of dimer formation were determined to be —6.72
kcal/mol and —16.2 cal/mol*K, respectively.

Magnetic Properties. Experimental determinations of magnetic
properties of the FeNi bimetallic complexes in this study are as
follows: 1) solution phase magnetism with NMR experiments
to determine spin-only magnetic moments (u.g) using the
Evans method or determination of singlet—triplet gaps by vari-
able temperature "H NMR spectroscopy (43, 44), 2) EPR spec-
troscopy investigated in frozen solutions at low temperature,
and 3) SQUID magnetometry measurements of the tempera-
ture dependence of the molar magnetic susceptibility from crys-
talline solids.

Solution phase magnetism (NMR methods). The Evans method
data for FeNi and [FeNi] ™ are shown in ST Appendix, Figs. S21 and
S22. The pg value for FeNi was determined to be 1.8 up, and
upon reduction to [FeNi]”, the magnetic moment increased to 3.1
up consistent with triplet {Fe(NO)}® formation from doublet
{FC(NO)}7. The singlet—triplet gap for monomeric [FeNi]t was
determined by using the Brown and coworkers (44) recent iteration
of the variable temperature "H NMR spectroscopy method initially
described by Cotton et al. (45). In our case we tracked the tempera-
ture dependence of the aromatic phenyl protons of the dithiolene
ligand and saw nonlinear changes consistent with population of the
excited triplet state (SI Appendix, Fig. S23). Our analysis of this
data gave a singlet—triplet gap of about 6.9 kcal/mol corresponding
to an exchange coupling constant (/) of =1,200 cm™" for the AFM
coupling of the Nipr"" and {Fe(NO)}’ radicals; this coupling is
predicted by DFT (see ST Appendix for full details).

EPR spectroscopy. The X-band EPR measurements of both pow-
der and solution samples of FeNi show isotropic spectra with g =
2.02 from the doublet {Fe(NO)}” unit (ST Appendix, Figs. S19
and 20). Both perpendicular- (9.64 GHz, 1) and parallel-mode
(9.41 GHz, ||) microwave field polarizations were used to perform
EPR measurements on [Fe;Niy]?*. Due to the poor solubility
of [Fe,Ni,][PFg],, samples of the [Fe,Niy][BArF], complex
(10 mM) were prepared in diethyl ether/ethanol and slowly
cooled to optimize the concentration of dimer over monomer. At
50 K, the sharp transition observed at g = 2.0 (circle in Fig. 8) is
indicative of a minor amount (~0.17 mM) of free (NO)Fe(N,S,)
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Fig. 8. X-band perpendicular (9.64 GHz) and parallel (9.41 GHz) mode CW
EPR spectra of [Fe;Ni,][BArF], collected at 50 K. (/nsets) The parallel-mode
g ~ 4 resonance at 20, 30, 40, and 50 K (A) and temperature-normalized
(S x T) intensity of the parallel-mode resonance from 15 to 77 K (B). Instru-
mental parameters are as follows: microwave frequency, 9.41 GHz; micro-
wave power, 21 mW; modulation amplitude, 0.98 mT.

or neutral FeNi (Fig. 8). Quantitation of this signal accounts for
(<2%) of the total complex in solution and thus will not be
discussed further (its simulation parameters are provided in S/
Appendix, Table S2). Significantly, the intensity of the g ~ 4 sig-
nal observed in parallel mode (Fig. 8, Inset A) deviates from Curie
law behavior in that the temperature-normalized intensity (S X T)
of the g ~ 4 signal increases with temperature. This indicates that
the transition must originate from an excited doublet within a
non-Kramer’s spin system. Furthermore, the observed g value for
this complex is diagnostic of a transition within an integer spin
(§=1) triplet manifold. Due to overparameterization for the pro-
posed four-coupled spin system, the EPR data were treated as an
isolated triplet state; this treatment is reasonable as the ground
state singlet and low-energy triplet are well separated from the
other spin states as discussed above. Within this simplified frame-
work, the energy separating the ground |0> and excited state
|+1> spin manifold represents the exchange coupling (/) between
two equivalent S = 1/2 sites. This value was determined by fitting
the temperature-normalized signal intensity (S X T) data to a
Boltzmann population distribution for a two-level system (Eq. 4)
(Materials and Methods). As shown in Fig. 8, Inset B, the intensity
of the g ~ 4 feature begins to plateau above 80 K suggesting the
population of the excited |+£1> spin manifold is approaching
equilibrium. From this fit 2 minimum value for the magnitude of
Ji (—40 + 7 cm™ ") was determined. In this model the two spin
centers are the Feyo radicals which AFM couple through the
Ni,S, rhomb core. That is, the Nipr™" radicals are so strongly
coupled, as suggested by DFT, that a diamagnetic bridge is formed
allowing superexchange between the Feno units.

Among spin-coupled (§ = 1) complexes, additional broad
features flanking g ~ 2 can sometimes be observed in transverse
mode providing D < hv (46). As displayed in Fig. 8, similar
signals for samples of [Fe,Niy][BArF], are observed at g ~
2.33, 2.16, 1.90, and 1.79. These broad peaks flanking the
sharp g = 2 (circle in Fig. 8) signal originate from transitions
within the |+ 1> manifold and are highly diagnostic of the
zero field splitting (ZFS) (47-49). The analytical EPR

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201240119/-/DCSupplemental

simulations provided in Fig. 8 (dashed lines) were generated
using the measured exchange coupling (J; = —40 cm™ ') estab-
lished above. Here reasonable matches to all observed resonances
in both perpendicular- and parallel-mode EPR were obtained
assuming a small axial ZFS (|D| = 0.05 cm™") and nearly axial
thombicity (£/D = 0.006). The spectral line width was repro-
duced assuming only minor deviation of coupled system g values
(2.02, 2.02, and 2.04) from the free-electron g value (g, 2.0023)
and distributions in £/D (64p, 0.017). From this analysis, the
concentration of [Fe;Ni,][BArF], determined by simulation is
12 + 2 mM. Therefore, within error, the concentration of this
triplet signal calculated by EPR simulation matches the amount
of [Fe;Ni,] [BArF], complex placed in solution.

SQUID magnetometry (direct current molar magnetic susceptibility).
SQUID data were collected on powdered crystalline samples of
FeNi, [Fe,Niy] [PF¢l,, [Fe,Niy] [BArF],, and [FeNi]™ over a
temperature range of 2 to 300 K under an applied field of
1,000 Oe. In accordance with the EPR spectrum of FeNi, the
M T value from SQUID measurements at 300 K is 0.39 emu
K mol™" corresponding to a low-spin {Fe(NO)}” (expected
value for §=1/2: 0.375 emu K mol ™ '); it is essentially temper-
ature independent (Fig. 9). For [FeNi] ™ the room temperature
xmT value of 1.23 emu K mol ™" is consistent with a triplet
from the high-spin {Fe(NO)}8 (Fig. 9). The ymT value
remains nearly constant as the temperature is lowered undl
around 25 K where a steep ymT decrease is observed to give a
minimum of 0.59 emu K mol™'. The sharp decrease can be
attributed to ZFS interactions. The temperature dependence of
the ypT product over the 2 to 300 K range was fitted with the
PHI software (50) using the spin Hamiltonian in Eq. 3 (Materi-
als and Methods). Satisfactory fits were obtained using g = 2.15,
D= —153 cm ', E = +0.9 cm ', temperature-independent
paramagnetic (TIP) = 2.4 X 107* emumol™'. The field-
dependent reduced magnetization data at temperatures between
1.8 and 4.5 K reveal nonsuperimposable isofield lines due to the
presence of ZFS interactions (SI Appendix, Fig. S24) (51). Fits
using ANISOFIT2.0 led to estimates of the axial (D = —17
cm™ ') and rhombic (£ = +3.8 cm™!) ZFS parameters for
[FeNi]™ with ¢ = 2.26. These values are consistent with results
obtained from PHI (52). The lack of saturation of the magnetiza-
tion, even at 7 T, is not unexpected due to the anisotropic nature
of the magnetic center but approaches the expected value of ~2 g
(SI Appendix, Fig. S25). The D value of [FeNi] ™ is about half of
that found for [Fe;(NO)3]™ (—35 + 3 cm™ ; Fig. 1) (19). This
difference is likely due to the disparity in structural parameters for
the (NO)Fe(N,S,) unit; its T value (a parameter for distinguishing
square pyramidal and trigonal bipyramidal geometries) (53) in
[FeNi] ~ is 0.27 and that for [Fe,(NO)3]™ is 0.11 (i.e., the latter is
less distorted from square pyramidal).

The yumT value is 0.67 emu K mol ™" at 300 K for [Fe,Ni,]
[PFg]> and gradually decreases as temperature is lowered with a
steeper decrease at 100 K (Fig. 9); it is virtually zero below 20 K.
This indicates that the dominant magnetic interaction of the four
spin centers in [Fe,Ni,]** is AFM in character. However, as dis-
cussed in EPR spectroscopy, the simpler two-spin model was used to
fit the SQUID data; the four-spin model is discussed in A Simple
Four-Spin Model. To obtain an acceptable estimation of the magni-
tude of Jj, the susceptibility data were simulated using the Hamilto-
nian defined in Eq. 1:

H= —Ji(S -85). (1]
The expression corresponds to the Heisenberg—Dirac—van Vleck

magnetic exchange where S; and S, are {Fe(NO)}” radical spins
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Fig. 9. Variable temperature magnetic susceptibility measurements for

FeNi (green), [Fe;Ni][PFsl> (blue), and [FeNi]™ (red) collected between
2 and 300 K with a 0.1 T field. Black lines are the fits.

(§ = 1/2). Satisfactory simulations were obtained using g¢= 2 and
a coupling constant of J; = —53.3 cm™ . Similar results were
obtained (/; = —37.5 cm ") for the BArF~ salt. These values
closely match what was obtained from EPR spectroscopy. That is,
for both methods the singlet—triplet energy gap is found to be ca.
0.2 to 0.3 keal/mol.

A Simple Four-Spin Model. Hypothetically, a simple model of
the [Fe,Nip]** complex might elucidate where the missing
states fit within the spin ladder of the six possible low-energy
states of [Fe,Niy]**. The simplest depiction of an actual
molecular four-spin system is four hydrogen atoms in a row, so
an Hy g.n molecule might serve as a model for [Fe,Ni,]**.
The H, model contains two distances: Ry, the distance between
the outer hydrogen atoms and their nearest inner neighbor, and
R,, the distance between the two inner hydrogen atoms
(HE HE HR H). To benchmark the R, distance, FCI calcu-
lations were pérformed on H, at various H-H distances until a
distance was found where the singlet—triplet gap for H, was
equal to the gap for the cation monomer, [FeNi]*. Single-
point calculations found the singlet—triplet gap for the [FeNi]™
fragment from the dimer XRD structure to be 4.2 kcal/mol, which
is matched by an FCI at an H-H distance of 2.39 A. The R, dis-
tance was benchmarked by setting the R; distances to 2.39 A and
scanning the R, distance until the energy between the ground state
singlet (GSS) to the quintet state matched the DFT calculated
value (~17 kcal/mol) from [Fe,Ni,]**, yielding an R, distance of
2.04 A.

A comparison of the partial DFT spin ladder for [Fe,Ni,]*+
and the complete spin ladder for the linear H4 model is shown
in Fig. 10A4. The H4 model has a similar low-energy triplet at
+0.90 kcal/mol compared to +0.45 kcal/mol for [Fe,Ni,]2+.
The high-energy BS singlet 2 in Hy is slightly more stable than
the related high-energy BS, M = 0 determinant in [Fe,Ni, ]2+,
as expected because the Hs model is a true singlet, uncontami-
nated by higher spins. The two additional triplet states for Hy
lie between the high-energy singlet and quintet. The order of
these states is retained for variations of the R, and R; values,
and examining how these states evolve from two H, molecules
in singlet ground states to the Hy4 molecule that has a very low-
lying singlet helps explain the behavior of the states in the for-
mation of [Fe,Niy]** from the two ground state singlet states

of [FeNi] ™.
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Fig. 108 shows the evolution of the states when two H, mol-
ecules with fixed R; distances of 2.5 A approach each other
starting at R, = 3.5 A, where the model is equivalent to two
separate H, molecules with a GSS at 0.0 kcal/mol (both H,
molecules in their singlet states), then a pair of higher-energy
triplet states around 2.8 kcal/mol (one H, molecule in its sin-
glet state and the other H, molecule in its triplet state), and
finally a singlet, a triplet, and a quintet state grouped together
at 5.7 kcal/mol (all the couplings for both H, molecules are in
their triplet states). As the R, distance decreases and the two
H, molecules are brought together, the two lowest-energy trip-
lets split with one dropping its energy toward the GSS and the
other going to higher energies. At R, = R, = 2.5 A the GSS is
at 0.0 kcal/mol, the more stable triplet is at 2.0 kcal/mol, while
the less stable one is at 4.0 kcal/mol. At this distance the AFM
exchange coupling between each H atom is essentially equal. As
R, continues to decrease, the coupling between the inner two
H atoms becomes larger than the coupling between the outer two
H atoms and their closest neighbor, and the splitting between the
two triplets increases dramatically with the low-energy one approach-
ing the GSS energy. At this point, the two outer hydrogens expe-
rience minimal direct coupling as they are separated by a distance
from each other of 6.5 A, and the increasing strength of the inner
two H atoms coupling weakens the outer two H atoms indirect
(through bond) coupling. The other states are all moving to sig-
nificantly higher energy because the electrons of the two inner H
atoms involved in these states are triplet coupled. In this context,
the docking together of the two interior Niprt radical units
increases the number of magnetic interactions that leads to a smaller
singlet—triplet gap, hence greater magnetism in [Fe,Ni,]** than
that of the individual [FeNi]* heterobimetallic units.

As mentioned earlier, at least two of the possible / values are
required to obtain all six energy levels. Although the magnetic
data alone are not sufficient to determine both J values, fixing
one from the calculations permits us to calculate the other.
Thus, the magnetic susceptibility data were refitted using PHI
software under the Heisenberg—Dirac—van Vleck exchange
Hamiltonian in Eq. 2:

H= —Ji(S1-85)— Ah(Si1-S4+5,-53). [2]

The direct orbital overlap within the Ni,S, rhombic core sug-
gests J; to be the strongest interaction. In support of this pre-
diction, the dimerization of nickel bis-dithiolene radicals (with
Ni-S interdimeric bond distances of ca. 2.5 A) is reported to

https://doi.org/10.1073/pnas.2201240119

result in strong AFM interactions with exchange coupling con-
stants (/) up to —1,876 cm™' (24, 54). On this premise, satisfac-
tory fits were obtained using ¢ = 2.0, J; &% —3,000 (—2,600)
cm ', and J, & —500 (—400) cm ™', where the values in paren-
theses represent parameters for the BArF~ solid state and the larger
values correspond to the PFs analogue, respectively. For the PFq~
salt (DFT vs. PHI energies shown in SI Appendix, Fig. S39) the
TIP and paramagnetic impurity contributions were 1.3 X 10~

emumol ' and 1.8%, respectively. A large TIP value of 4.3 X
10~2 emu-mol ™! contribution was seen for the BArE™ (Fig. 104
shows energy comparisons) salt with a 4% paramagnetic impurity
(SI Appendix, Fig. S27). The very large J; corresponds to direct
exchange interactions within the nickel dithiolene Ni,S, rhomb; a
large /, value is expected to be also fairly large as calculated for the
[FeNi]* monomer and consistent with other diamagnetic sulfur-
bridged bimetallics in butterfly structures with S = 1/2 at each
metal, c.g. FCZ(HZ'SZ(CHZ)S)(CO)G and [Fez(NO)3]+.

Conclusion

Opportunities for interrogation of species that demonstrate redox
activity on alternating positions within stable, isolable synthetic
molecular frameworks are not common. Nevertheless, several are
identified in active sites of metalloenzymes, especially those
involved in reductive processes. The stability of diverse redox lev-
els found in thiolate-S bridged FeNi bimetallics studied here
points to the efficacy of bimetallics for sharing, by delocalization
through Fe-S-Ni molecular bridges, the burden of changes in
charge. In this case, with nickel dithiolene as a Lewis acid receiver
unit, the pull on the electrons through the bridging thiolate—
sulfur that originated from the iron nitrosyl dithiolate synthon is
readily revealed by the v(NO) IR monitor. Only minor structural
changes are needed to accommodate different redox levels; such
stability of structures as electrons are added or removed arises from
inherent electronic properties of the components of the bimetallic
complexes, even in the absence of stabilizing outer sphere cavities
that are often operative in metallo—enzyme active sites (EAS). It
boosts the claim that small-molecule models of sophisticated EAS
might through their design, even with abiotic ligands, compete
with metal-based functions within the EAS. It also champions the
claim that thiolates, whose nucleophilic activity and deleterious
self-reactivity (towards disulfide formation) are “tamed” by transi-
tion metals, produce a donating and stabilization effect similar
to the classical ligands that facilitate organomertallic-like reactivity
and catalysis.
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Notably, these metalloligands tune the properties of the
metal within the receiver unit and also offer the possibility to
produce Lewis acid synergistic effects of the adjacent metals.

The greater stability and the more open structure of the
nickel dithiolene adduct of (NO)Fe(N,S,) as compared to the
iron dinitrosyl adduct has inspired a deeper dive into the mag-
netic properties imbedded within the different redox levels in
the Fe-Ni congeners. Especially intriguing is the discrete
[FeNi]* cation that has strong coupling between the unpaired
electron on the {Fe(NO)}” and [Ni(S,C,Ph,]™"; a large separa-
tion of the ground state singlet and triplet spin levels results in
lowered magnetism, essentially diamagnetic behavior. However,
the spin-driven dimerization of the [FeNi]* cation yields
[Fe,Ni,]** with a flat Ni,S, rhombus or core connector and
results in strong coupling between the Nipr*" units; this
dimerization releases the magnetism of remote {Fe(NO)}” and
introduces new magnetic interactions. Interpretation of the
temperature-dependent magnetic data emphasizes the impor-
tance of such interactions and resultant magnetic properties. The
magnetic interactions in the dimer reduce the singlet—triplet gap
compared to the monomer, resulting in an increase in magnetic
moment at room temperature: i.e., two lessor magnets combine
to give one of overall greater magnetic power. Interestingly, the
metric parameters of the [Fe,Ni,]** core show slight variations
according to counter-cation and, accordingly, slight differences
in coupling values. The theoretical Hs model developed for
[Fe,Ni,]** is likely appropriate for other systems with multiple
S = 1/2 sites. An example in this area (55-60) is a vanadyl-based
d" tetramer, {(VO)4(13-OR),(p-OR)}**, with S = 1/2 sites
(57) to which this hydrogen model could be applied. Other more
complex systems might be amenable to related simple models,
which should be helpful when there is too little data to fit a com-
plete magnetic model as in the system described here.

Reduction of FeNi occurs at the more accessible {Fe(NO)}’
site, resulting in a rare example of a square pyramidal, high-
spin (HS) {Fe(NO)}®. Mbssbauer spectroscopy supported the
interpretation that an Fe'"" oxidation state switches to Fe'. Both
iron centers in the respective {Fe(NO)}”"® units AFM couple to
a HS NO™ ligand. DFT computations support the structural
distortions [a large displacement of Fe(NO) out of the N,S,
plane] and a triplet state {Fe(NO)}® that is confirmed by
SQUID and Evans method magnetometry. Despite the elec-
tron density obviously added to {Fe(NO)}’, negative charge is
distributed to both the p-SR from the MN,S, donor and the
terminal thiolate S of nickel 1,2-ene-dithiolates as displayed in
ion pairing to the [K(18-crown-6)]* counter-cation and calcu-
lated electrostatic potential maps of FeNi and [FeNi] .

In conclusion, the pursuit of natural products as targets has
enriched the synthetic toolbox of organic chemists for use in
many applications. Likewise, our synthetic approach to bimetallic
constructs originally inspired by organometallic natural products,
such as the hydrogenase EAS, has uncovered paths to unexpected
compounds with unique magnetic properties as a result of reduc-
tion or oxidation. It is expected that paramagnetic metallodithio-
late ligands will be primed for designing new magnetic materials
based on the bridging thiolate principles established herein.

Materials and Methods

General Considerations. The following solvents were purified by the MBraun
Manual Solvent Purification System with AlcoaF200 activated alumina desiccant,
acetonitrile (CH3CN), dichloromethane (CH,Cly), tetrahydrofuran (THF), hexanes,
and diethyl ether (Et,0). Manipulations and reactions were carried out in anaero-
bic conditions using standard Schlenk conditions under N, atmosphere or in an
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N, atmosphere glovebox. Unless otherwise stated, all reagents were used as received
from standard vendors such as Sigma-Aldrich, Tokyo Chemical Industry, and Bean
Town chemical. Preparation of N,N'-dimethyl-N,'-bis(2-mercaptoethyl)ethylenedi-
amine (H,bme-dame), (NO)Fe(bme-dame), and ferrocenium tetrakis[3,5-bis(tri-
fluoromethyl)phenyl]borate (FcBArF) was based on published procedures (25, 29,
61). The supporting electrolyte, [n-BusN][PFe], AgNO3, KCg, trifluorotoluene, hexa-
fluorobenzene, 18-Crown-6, and FcPF, were reagent grade and used as pur-
chased from Sigma-Aldrich. The eicosane (99%) was obtained from
Acros Organics.

Infrared spectra were recorded on the Bruker Tensor 37 FTIR spectrometer
using a CaF, cell with 0.209 mm path length [accurately determined by the
fringing effect method (62)]. The monomer/dimer equilibrium was monitored at
varying temperatures using an in situ infrared probe attached to a Mettler Toledo
iC10 ReactR spectrometer (path length, 13 pm). The Shimadzu UV-1601PC
spectrophotometer was used to collect UV-vis absorption spectra. Electrospray
ionization mass spectrometry was performed at the laboratory for Biological
Mass Spectrometry at Texas A&M University. Bruker 400 MHz systems were used
to record 'H and "°F NMR spectra. Elemental analysis was performed at the
Atlantic Microlab Inc., located in Norcross, GA. Mosshauer spectra were collected
on an MS4 WRC low-field spectrometer, and the obtained spectra were fitted
using the WMOSS software (both from Science Engineering and Education Co.).
An o-Fe foil was used to calibrate the at room temperature.

X-Ray Crystallography. The crystal structures of FeNi and [FeNi]™ were mea-
sured at low temperatures (110 K) by a BRUKER Venture X-ray (kappa geometry)
diffractometer with a Cu-lus X-ray tube (K, = 1.5418 A with a potential of 50 kv
and a current of 1.0 mA). Single crystals of [Fe,Ni,][BArF], and [Fe,Ni,J[PFel,
were measured using a BRUKER Quest X-ray (fixed-Chi geometry) diffractometer
with Mo-lps X-ray tube (K, = 0.71073 A). Hydrogen atoms were placed in ideal-
ized positions and were set riding on the respective parent atoms. All nonhydrogen
atoms were refined with anisotropic thermal parameters. Absence of additional
symmetry or void was confirmed using PLATON (ADDSYM) (63). The structure was
refined (weighted least squares refinement on ) to convergence. OLEX2 was
employed for the final data presentation and structure plots (64).

Electrochemistry. Cyclic voltammograms were recorded in an airtight three-
electrode cell using the CHI600E electrochemical analyzer (CH instruments, Inc.).
Measurements were carried out at room temperature in anerobic conditions
using CH3CN or THF as solvent with 0.1 M ['BusN][PF,] as the electrolyte and
1.0 mM of analyte. All potentials were referenced to the Fc/Fc* couple at 0.00 V.
A 0.071-cm? glassy carbon disk was used as the working electrode, platinum
wire was used as the counterelectrode, and the reference electrode was a CH;CN
solution of Ag/AgNO5 in a Viycortipped glass tube. When necessary, an alumina-water
slurry was used to polish the glassy carbon working electrode throughout the CV
experiment; application of a positive pressure of N, was used when removing
or reinserting the electrode.

Continuous Wave-EPR Measurements. Powder EPR spectra of microcrystal-
line solid samples of FeNi, [FeoNi,J[PFs],, and [Fe,Ni,][BArF], were collected
on a continuous wave (CW) X-band (9.39 GHz) ELEXSYS EPR spectrometer at
room temperature. CW EPR measurements of [Fe,Ni,][BArF], were made on a
Bruker ELEXSYS E540 X-band spectrometer equipped with an ER 4116 dual
mode resonator, an Oxford ESR900 cryostat, and an Oxford ITC 04 temperature
controller for temperature-dependent measurements. Spectra were recorded with
microwave field polarizations transverse and parallel to the applied magnetic field
with nominal microwave frequencies of 9.65 and 9.41 GHz, respectively. All spec-
tra were collected under nonsaturating conditions with a modulation amplitude
of 0.98 mT and a modulation frequency of 100 kHz. Temperature-dependent
measurements were recorded using liquid helium at temperatures ranging from
4 to 80 K. CW EPR spectra were processed and simulated using SpinCount (ver-
sion 6.4.7614.18037), which was developed by Michael Hendrich at Camegie
Mellon University (65). Simulations were calculated via diagonalization of Eq. 3.

F/:D<§f —5(5+1)/3) FES = S,) +gusB-S. 3]

This program computes the powder pattern for a uniform spherical distribution
of the magnetic field vector B, and the transition intensities are calculated using
Fermi's golden rule (66). The energy between the ground [0> and excited state

https://doi.org/10.1073/pnas.2201240119 9 of 11



10 of 11

|+1> spin manifold was obtained by fitting the temperature-normalized signal
intensity (S x T) data to a Bolzmann population distribution for a two-level sys-
tem (Eq. 4).

—AE /kyT

gi-¢€
X9 e AE/k,T

All simulations were generated with consideration of all intensity factors, both
theoretical and experimental, to allow for determination of species concentra-
tion. The only unknown factor relating the spin concentration to signal intensity
was an instrumental factor that is specific to the microwave detection system.
However, this was determined by the spin standard, 1 mM Cu(EDTA), prepared
from a copper atomic absorption standard solution purchased from Sigma-
Aldrich.

Intensity x T =

4]

Magnetic Measurements. DC magnetic measurements were performed on
freshly prepared crushed crystalline samples of FeNi, [Fe,Ni,][PFl,, and [Fe,Ni,]
[BArFl, in plastic bags over the temperature range of 2 to 300 K in an applied
magnetic field of 1,000 Oe on a Quantum Design SQUID, Model MPMS with 7 T
magnet. Magnetic samples of [FeNi]™ were prepared using crushed crystals in a
eicosane matrix inside an NMR tube (high purity). To restrain crystals, the eicosane
was heated (40°C) and homogenously dispersed throughout the sample. The NMR
tube was then vacuumed sealed with a butane torch. The diamagnetic contribution
of the polypropylene bag and eicosane was subtracted from the raw data. Pascal's
constants were used to estimate the diamagnetic corrections of the atoms, which
were subtracted from the experimental susceptibilities to give the molar paramag-
netic susceptibilities (ywT). Magnetic (SQUID) data were simulated using the PHI
software (50). The temperature dependence of the [FeNi]™ yuT product over the
2 to 300 K range was fitted using the spin Hamiltonian in Eq. 3.

Synthesis.

(NO)Fe(bme-dame)-NiS,C>Ph,, FeNi. Reactants (NO)Fe(bme-dame) (97 mg,
0.33 mmol) and Ni(CNMe),-S,C,Ph, (114 mg, 0.30 mmol) were dissolved in
CH3CN (25 mL). Within 15 min a green precipitate was observed, and the reac-
tion mixture was further stirred for 1 h. The solvent was reduced by half, and
excess Et;0 was added to fully precipitate out the product. The green powder
was redissolved in minimum CH,Cl, and twice precipitated with addition of
Et,0. In each precipitation step the washings were discarded, and absence of
starting material was confirmed with FTIR in CH,Cl,. Filtration through a small
celite plug was then performed by using CH,Cl, solvent. Dark green crystals of
FeNi were obtained via vapor diffusion of Et,0 into CH,Cl, solution at 23°C
under Ny. The crystals were isolated and repeatedly washed with a 1:2 CH3CN/
Et,0 mixture (5 mL x 3) to afford 145 mg (yield: 80%) of X-ray quality.
[(NO)Fe(bme-dame)-NiS;C,Ph,].[BArFl,, [Fe;Ni>J[BArF],. A solution of FCBArF
(87 mg, 0.083 mmol) in CH,Cl, was added dropwise to a solution of FeNi
(60 mg, 0.10 mmol) in CH,Cl, at 23°C. The color changed immediately from
green to a dark brown, and the solution was further stirred for 15 min. The sol-
vent was then reduced to a minimum followed by addition of excess hexane to
precipitate out a black solid. The black solids were washed with copious amounts
of hexanes to remove ferrocene. The product was redissolved with Et,0 and fil-
tered through a celite plug. Black X-ray quality crystals of [Fe,Ni,J[BArF], were
grown by layering the product in Et,0 with pentane at —35°C. The crystals were
then washed with Et,0 (5 mL x 3) to afford 108 mg (yield: 90% based
on FcBAIF).

[(NO)Fe(bme-dame)-NiS;C,Ph,Io[PFel, [FesNioJ[PFsl,. A solution of FcPFg
(40 mg, 0.12 mmol) in CH3CN was added dropwise to a solution of FeNi
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(60 mg, 0.10 mmol) in CH3CN at 23°C. The color changed immediately from
green to a dark brown. After further stirring for 15 min, the solvent was reduced
to a minimum followed by the addition of excess ether to precipitate a black
solid which was triturated with copious amounts of hexanes to remove ferrocene.
The product was redissolved in CH3CN and filtered through a celite plug. Black
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Computational Methodology. DFT calculations were performed in Gaussian
16Revision B.010 (67) with the TPSSTPSS (68) functional. Triple-C basis set
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(69-71). The XRD crystal structures of FeNi, [Fe,Ni,][BArF],, [Fe,Ni,][PFs]2, and
[FeNiT™ were imported as the starting coordinates for the calculations using
GaussView 6.0.16 (72). Single-point calculations were performed on the
[Fe,Ni,J** species while optimization for the spin ladder and frequency calcula-
tions in the gas phase were performed on FeNi and [FeNiT". For the monomer
[FeNi]*, gas phase single-point calculations and optimization/frequency calcula-
tions in THF (SMD model) (73) were performed on the monomeric fragment of
dimeric [Fe,Ni,][BArFl,. For optimization and frequency calculations of the
dimer, the phenyl groups were replaced with hydrogen atoms to allow the calcu-
lation to converge. All species were confirmed to be minimum energy structures
by the absence of imaginary frequencies. Lower-spin BS solutions were con-
verged by repopulation of the converged orbitals from the high-spin solutions.
All CI calculations on Hy and linear Hy were performed in ORCA version 4.2.1
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