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ging diferrous chalcogenide cores
[FeII(m-E)FeII] (E = O, S, Se, Te) with decreasing
antiferromagnetic coupling down the chalcogenide
series†

Ethan Zars, a Lisa Gravogl, b Michael R. Gau,a Patrick J. Carroll,a

Karsten Meyer *b and Daniel J. Mindiola *a

Iron compounds containing a bridging oxo or sulfido moiety are ubiquitous in biological systems, but

substitution with the heavier chalcogenides selenium and tellurium, however, is much rarer, with only

a few examples reported to date. Here we show that treatment of the ferrous starting material

[(tBupyrpyrr2)Fe(OEt2)] (1-OEt2) (
tBupyrpyrr2 = 3,5-tBu2-bis(pyrrolyl)pyridine) with phosphine chalcogenide

reagents E = PR3 results in the neutral phosphine chalcogenide adduct series [(tBupyrpyrr2)Fe(EPR3)] (E =

O, S, Se; R = Ph; E = Te; R = tBu) (1-E) without any electron transfer, whereas treatment of the anionic

starting material [K]2[(
tBupyrpyrr2)Fe2(m-N2)] (2-N2) with the appropriate chalcogenide transfer source

yields cleanly the isostructural ferrous bridging mono-chalcogenide ate complexes [K]2[(
tBupyrpyrr2)

Fe2(m-E)] (2-E) (E = O, S, Se, and Te) having significant deviation in the Fe–E–Fe bridge from linear in the

case of E = O to more acute for the heaviest chalcogenide. All bridging chalcogenide complexes were

analyzed using a variety of spectroscopic techniques, including 1H NMR, UV-Vis electronic absorbtion,

and 57Fe Mössbauer. The spin-state and degree of communication between the two ferrous ions were

probed via SQUID magnetometry, where it was found that all iron centers were high-spin (S = 2) FeII,

with magnetic exchange coupling between the FeII ions. Magnetic studies established that

antiferromagnetic coupling between the ferrous ions decreases as the identity of the chalcogen is tuned

from O to the heaviest congener Te.
Introduction

Iron complexes with bridging chalcogenide ligands play an
important role in metalloenzymes, such as the soluble methane
monooxygenase1–5 and ATP-dependent nitrogenase,6,7 but also
form the core unit of a class of semiconductor materials.8–10 A
bridging iron m-O complex with an Fe(m-O)2Fe core is considered
a key intermediate in the catalytic mechanism of the soluble
methane monooxygenase.11–13 Owing to their bioinorganic
prevalence, hundreds of synthetic Fe(m-O)Fe14–29 model
complexes utilizing a variety of ligand platforms have been re-
ported. Some of these Fe(m-O)Fe complexes have been impli-
cated in useful transformations, such as the oxidation of
water,30–32 olens,33–35 alkanes,36 alcohols,37,38 and
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thianthrenes,39 as well as in reduction processes involving
carbon dioxide,40–43 and dioxgyen.44

Likewise, bridging iron sulde complexes are equally prev-
alent in nature, since iron-sulfur clusters found in the FeMoCo
of the ATP-dependent nitrogenase enzymes are responsible and
indispensable in delivering multiple equivalents of electrons
during the catalytic cycle for the xation of nitrogen.45,46 Many
compounds with Fe(m-S)2Fe47–55 cores and even higher
nuclearities,56–59 especially cubane-type structures,60–63 have
been well explored. Surprisingly, complexes having mono-
bridged Fe(m-S)Fe28,57–82 cores are not as common as their O-
counterparts, with crystallographically characterized synthetic
examples numbering in the tens.83

While iron complexes with bridging O and S ligands are
more well established, the heavier congeners Se and Te have
just a few examples in the literature (Scheme 1). In fact, there
are only ve reported crystal structures of iron complexes con-
taining a bridging mono-selenide71,75,77,84,85 ligand and, surpris-
ingly, only one example containing a bridging mono-telluride86

ligand. Due to the scarcity of iron complexes containing Fe(m-Se)
Fe and Fe(m-Te)Fe cores, the effect of heavier chalcogenide
substitution on the electronic properties has proven to be
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Reported examples of mono-bridged diiron chalcogenide
complexes, DeBeer's bis-chalcogenide bridged diiron system stabi-
lizing intermediate spin states, and this work. CpBIG = Cp(p-tBuPh)5.

Scheme 2 Synthesis of mononuclear phosphine chalcogenide
adducts 1-OPh, 1-SPh, 1-SePh, and 1-TetBu.
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difficult to study. Being able to systematically change the nature
of the more exible mono-bridged chalcogenide ligand – and to
understand the subtle structural and electronic changes this
brings about to the Fe–E–Fe core – would represent an impor-
tant venture. Along these lines, Gade and co-workers22,71 re-
ported bridging iron chalcogenide complexes of O, S, and Se
using the same carbazole-based pincer ligand (Scheme 1).
Double-bridged chalcogenide complex cores Fe(m-E)2Fe with the
heavier chalcogenides Se and Te have recently received atten-
tion due to interesting electronic properties; namely, their
ability to form rare intermediate spin-states in reduced mixed
valent [(nacnac)Fe(m-E)2Fe(nacnac)]

− (nacnac = HC(CMeN(2,6-
diisopropylphenyl))2; E = Se, Te) systems.87

Herein, we report the rst isostructural series of diferrous
complexes containing the mono-bridged chalcogenides O, S, Se,
and Te. These complexes are supported by the same tBu-
substituted pyridine bispyrrolide ligand platform with the
core enforced through two K+ pyrrole p-interactions (Scheme 1).
These complexes have been characterized by single crystal X-ray
diffraction studies (sc-XRD), as well as 1H NMR, UV-Vis
electronic absoption, and 57Fe Mössbauer spectroscopies.
With the aid of solid-state SQUID magnetometry, we observed
a marked trend of lesser antiferromagnetic coupling when
expanding substitution to the heavier chalcogenide congeners
which we attribute to the:Fe–E–Fe angle becomingmore acute
due to decreased hybridization in the heavier chalcogenides
and poorer orbital overlap with FeII d-orbitals. For comparison,
we also report mononuclear adducts of the phosphine chalco-
genide series where E-atom transfer does not occur. Our work
represents the rst study to span the whole chalcogenide series
for diirion cores of the type Fe(m-E)Fe and their direct compar-
ison as chalcogenide substitution progresses down group 16.
We show how these cores can be systematically accessed via
a formally end-on and bridging dinitrogen precursor with
a FeI(m-N2)Fe

I core and the suitable chalcogen source as the
oxidant.
Results and discussion

Synthesis of complexes 1-E and 2-E. Using [(tBupyrpyrr2)
Fe(OEt2)] (1-OEt2)88 (

tBupyrpyrr2 = 3,5-tBu2-bis(pyrrolyl)pyridine)
© 2023 The Author(s). Published by the Royal Society of Chemistry
as a starting material, we previously showed how insertion of
elemental sulfur into the tBupyrpyrr2 ligand framework would
form a dimeric [(pyrr-1-S-pyrrpy)Fe]2 (pyrr-1-S-pyrrpy = 3,5-
(tBu2-pyrrolyl)(1-S-3,5-

tBu2-pyrrolyl)pyridine) complex, in which
one pyrrole arm of the former tridentate ligand had been
oxidized.89 This reaction could, in principle, involve the
formation of mono-nuclear FeIVS suldo or FeIIIS sulfur radical
species. Therefore, we explored other possible S-atom transfer
reagents in hopes of trapping such an elusive species. We
turned our attention to S]PPh3 with the goal of making
a hypothetical complex [(tBupyrpyrr2)Fe(S)(PPh3)]. When 1-OEt2
was treated with the phosphine–sulde the reaction yielded
instead the ferrous adduct [(tBupyrpyrr2)Fe(SPPh3)] (1-SPh) in
74% isolated yield aer workup of the mixture (Scheme 2).
Single-crystals suitable for a sc-XRD were grown by slow evap-
oration of hexane into a concentrated toluene solution of 1-SPh,
followed by chilling of the solution at −35 °C for one day. The
solid-state structure of 1-SPh shows the SPPh3 ligand to be
bound to the formally FeII ion (Fig. 1) in a cis-divacant octahe-
dral88 molecular geometry, which is typical of neutral ferrous
adducts with this ligand platform.88–90

Not surprisingly, analogous treatment of 1-OEt2 with O]
PPh3, Se]PPh3, and Te]PtBu3 yielded the corresponding
phosphine chalcogenide adducts 1-OPh, 1-SePh, and 1-TetBu in
66%, 79%, and 77% isolated yields, respectively (Scheme 2), and
without any evidence of chalcogen-atom transfer. However, due
to the instability of Te]PPh3, a more electron-rich phosphine
(PtBu3) had to be employed to furnish an isolable phosphine
telluride reagent. Phosphine chalcogenide adducts 1-OPh, 1-
SePh, and 1-TetBu were crystallized using slightly different
conditions (see ESI†) owing to their different solubilities in
common organic solvents.

In an attempt to transfer the chalcogenide atom to iron, the
phosphine chalcogenide adducts 1-E (E = OPh, SPh, SePh, TetBu)
were reduced with one equivalent of KC8. In general, these
reactions were unclean yielding various paramagnetic products.
We were, however, able to isolate the bridging chalcogenide
anions [K2][(

tBupyrpyrr2)Fe2(m-E)] (2-E) (E = O, S, Se, Te) from
Chem. Sci., 2023, 14, 6770–6779 | 6771
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Fig. 1 Solid-state molecular structures of 1-OPh, 1-SPh, 1-SePh, 1-TetBu (top) and 2-O, 2-S, 2-Se, and 2-Te (bottom) shown at 50% probability.
Hydrogen atoms and solvent molecules have been omitted for clarity.
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these complex reaction mixtures. Unfortunately, these reduc-
tion reactions resulted in poor yields and impure forms of 2-E.
Desiring a cleaner and higher yielding route to the ate-diferrous
chalcogenide compounds 2-E, we turned our attention to the
dinuclear, formally mono-valent, Fe2

I,I precursor, [K]2-
[(tBupyrpyrr2)Fe2(m-N2)] (2-N2), which is readily prepared from 1-
OEt2 and KC8 under an atmosphere of N2.91 This route would
allow us to preassemble the diiron-ate core while using the
chalcogen source as an oxidant. Gratifyingly, when 2-N2 is
treated with phosphine chalcogenides S]PPh3, Se]PPh3, and
Te]PtBu3 the reaction resulted in ready elimination of N2 and
clean formation of the corresponding bridging diiron-ate chal-
cogenide complexes 2-E (E = S, Se, and Te, Scheme 3).
Scheme 3 Synthesis of dinuclear bridging chalcogenide anions 2-O,
2-S, 2-Se, and 2-Te.

6772 | Chem. Sci., 2023, 14, 6770–6779
Remarkably, even a rare example of a bridging mono-telluride
ate complex [K]2[(

tBupyrpyrr2)Fe2(m-Te)] (2-Te) could be
prepared using this synthetic route and structurally conrmed
via sc-XRD, making this a rare example of a system containing
a FeII(m-Te)FeII unit.86 However, synthesis of the oxo-derivative
using 2-N2 with O]PPh3 proved more challenging due to the
inability of O]PPh3 to act as an O-atom donor to 2-N2. For this
reason, we resorted to a more reactive O-atom transfer reagent,
mesityl nitrile oxide (MesCNO), which is known to effect clean
O-atom transfer to a variety of targets.92–94 Accordingly, treat-
ment of 2-N2 with one equivalent of MesCNO resulted in clean
formation of [K]2[(

tBupyrpyrr2)Fe2](m-O)] (2-O). Thus, using these
synthetic strategies, compounds 2-E could be prepared repro-
ducibly and in pure form in yields ranging from 63%–66% (see
ESI†). The ability to prepare the diferrous chalcogenide series
presented us with the unique opportunity to study how the
variation of a single atom in complexes 2-E could affect both
structural and electronic properties.
Structural properties of complexes 1-E and 2-E

With the isostructural set of complexes 1-E and 2-E in hand,
comparisons between their metrical parameters could be made.
As expected, the Fe–E distance in complexes 1-E increases as the
identity of E is moved down group 16 from 2.008(1) Å in 1-OPh to
2.7449(5) Å in 1-TetBu (Fig. 1 and Table 1). Additionally, the
:N1–Fe–E angle decreases from 125.34(5)° in 1-OPh to
115.78(5)° in 1-SePh. However, the :N1–Fe–E angle in 1-TetBu

was found to be 124.90(6)°, but this departure from the trend
may be due to the sterically more encumbering substitution of
the phosphine on the coordinated phosphine telluride ligand as
compared to the lighter congeners. Similarly, the :Fe–E–P
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Selected bond metrics for 1-E and 2-E

Compound 1-OPh 1-SPh 1-SePh 1-TetBu 2-O 2-S 2-Se 2-Te

d(Fe1–E) (Å)/d(Fe2–E) (Å) 2.008(1) 2.4734(6) 2.5552(4) 2.7449(5) 1.8511(3) 2.2629(4)/2.2825(5) 2.3991(4)/2.4153(5) 2.6028(6)/2.6186(5)
d(E–P) (Å) 1.501(1) 2.0368(9) 2.1496(7) 2.4162(8)
:N1–Fe1–E/:N4–Fe2–E (°) 125.34(5) 116.00(6) 115.78(5) 124.90(6) 116.29(8) 129.28(4)/122.23(4) 130.53(4)/124.01(4) 130.65(7)/125.89(7)
:Fe1–E–P (°) 152.58(8) 113.78(3) 111.42(2) 113.12(2)
:Fe–E–Fe (°) 172.18(1) 131.61(2) 125.35(2) 112.12(2)
d(Fe–Fe) (Å) 3.69 4.13 4.26 4.32
s4 (Fe1/Fe2) 0.61 0.71 0.69 0.64 0.81 0.65/0.71 0.63/0.68 0.62/0.67
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angle also decreases as E becomes a heavier chalcogen from
152.58(8)° in 1-OPh to 111.42(2)° in 1-SePh. Again, 1-TetBu strays
from the trend with a :Fe–E–P angle of 113.12(2)°, due to the
different substituents on the phosphine. Finally, all complexes
1-E have quite similar s4 values, ranging from 0.61 to 0.71 in the
typical range of cis-divacant octahedral iron complexes of the
tBupyrpyrr2 ligand platform.88–90

The diferrous bridging chalcogenide complexes 2-E also
show systematic structural variations with differing substitu-
tion of the bridging chalcogenide core. The dinuclear
complexes 2-E are held together in part by K+–parene interac-
tions as well as coordination of K+ to the bridging chalcogenide
ligand. Among these, complex 2-O crystallized in the centro-
symmetric C2/c space group owing to a two-fold rotation axis
through the oxygen atom. This symmetric feature rendered
both iron atoms and associated ligand environments indistin-
guishable by symmetry. In contrast, the structures of complexes
2-S, 2-Se, and 2-Te possess asymmetric iron atoms due to
further distortion about the:Fe–E–Fe angle. Table 1 lists some
salient structural parameters for each iron atom. Perhaps the
most notable structural trend among the complexes 2-E is the
decrease in the:Fe–E–Fe angle as the identity of Emoves down
group 16 (Fig. 1). The :Fe–E–Fe angle signicantly changes
from the more linear mode of 172.18(1)° in 2-O, to 131.61(2)° in
2-S, 125.35(2)° in 2-Se, and, ultimately, a highly bent angle of
112.12(2)° is observed in 2-Te, due to a combination of
hybridized orbitals in the lighter chalcogenides and structural
rearrangements to accommodate larger chalcogenides under
the constraints imposed by the K+–parene interactions. Likewise,
the Fe–E bond distance increases as E shis to heavier chalco-
genides: from 1.8511(3) Å in 2-O to 2.2629(4)/2.2825(5) Å in 2-S,
2.3991(4)/2.4153(5) Å in 2-Se, and 2.6028(6)/2.6186(5) in 2-Te, as
expected considering the greater covalent radii of the heavier
chalcogenides. Due to such an increment in the distance, the
Fe–Fe separation also increases from 3.69 Å in 2-O, 4.13 Å in 2-S,
4.26 Å in 2-Se, to 4.32 Å in 2-Te. Additionally, the :N1–Fe–E
angle in 2-O is much more acute (116.29(8)°) than in 2-S, 2-Se,
and 2-Te (129.28(4)°/122.23(4)° in 2-S – 130.65(7)°/125.89(7)° in
2-Te). This becomes partially manifested in a systematic
decrease in the geometric index, s4, in complexes 2-E as the
identity of E spans down the chalcogenide group. The values of
s4 change from 0.81 in 2-O to 0.65/0.71 in 2-S, 0.63/0.68 in 2-Se,
and 0.62/0.67 in 2-Te, indicating a coordination geometry closer
to square planar for the heavier congeners of 2-E while still
within the typical range of compounds with a cis-divacant
© 2023 The Author(s). Published by the Royal Society of Chemistry
octahedral coordination geometry.88–90 Despite all iron ions
being formally FeII, the primary systematic structural difference
between complexes 2-E and their corresponding phosphine
chalcogenide adducts 1-E is a shortening of the Fe–E bond in
the anionic chalcogenide dimers, likely a result of increased
covalent character of the Fe–E bond in the absence of the
phosphine as well as the charged nature of the complexes.
Spectroscopic andmagnetic properties of complexes 1-E and 2-E

Solution 1H NMR spectral data of complexes 1-E are dened by
the presence of 6–8 distinct paramagnetically shied and
broadened resonances (Fig. S1–S4†), indicative of a plane of
symmetry bisecting the tBupyrpyrr2 ligand as well as symmetri-
cally equivalent substituents on the E = PR3 ligand due to free
rotation of the phosphine substituents. Due to the poor solu-
bility of 1-SPh in benzene, only 7 resonances were observable in
the 1H NMR spectrum (Fig. S2†). The 1H NMR spectrum of 1-
TetBu shows fewer paramagnetically shied resonances
(Fig. S4†), as expected and in accordance with a similar Cs

symmetric structure in solution as in 1-OPh, 1-SPh, and 1-SePh.
The 1H NMR resonances for all complexes 1-E fall in the typical
range of neutral, ferrous Lewis-base adducts containing the
(tBupyrpyrr2)Fe scaffold (d 122.14 to −5.31).88–90

Complexes 2-E were also analyzed by 1H NMR spectroscopy
and each displayed 5 paramagnetically shied and broadened
resonances; also in accord with Cs symmetry in solution
(Fig. S5–S8†). These resonances were distributed in the range
from d 72.01 to −6.89, notably up-eld compared to the starting
material 2-N2.91 Interestingly, there is a trend in the pyrrolyl/
meta-pyrydyl resonances, in which these resonances shi
downeld from d 32.01/19.84 in 2-O to d 72.01/66.57 in 2-Te as
the identity of the bridging chalcogen shis to the heavier
congeners of group 16. This trend may be due to a lower total
spin in 2-O, 2-S, and 2-Se, thus giving rise to a smaller para-
magnetic contribution to the chemical shi (vide infra).95 The
resonances for complexes 2-E are also notably sharper and
occupy a smaller range of chemical shis than the phosphine
chalcogenide adducts 1-E.

Zero-eld 57Fe Mössbauer spectroscopy in the solid state at
77 K of compounds 1-E show quadrupole doublets with isomer
shis, d, in the narrow range of 0.88–0.83 mm s−1 and quad-
rupole splitting parameters, DEQ, in the range of 1.24–0.88 mm
s−1 (Fig. 2 and Table 2). These values are all in the typical range
of high-spin (S = 2) FeII on the tBupyrpyrr2 ligand platform.88–90

Similarly, compounds 2-E show Mössbauer parameters
Chem. Sci., 2023, 14, 6770–6779 | 6773
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Fig. 2 Zero-field 57Fe Mössbauer spectra of compounds 1-E (left) and 2-E (right) recorded at 77 K.
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consistent with S= 2 FeII ions. The isomer shis of complexes 2-
E are in the range d = 0.94–0.80 mm s−1, whereas the values for
the quadrupole splitting parameter fall in the rangeDEQ= 2.58–
1.20 mm s−1. However, complex 2-O has a much larger quad-
rupole splitting value (2.58 mm s−1) than the heavier congeners
2-S, 2-Se, and 2-Te (1.20–1.65 mm s−1, Table 2). The larger
quadrupole splitting of 2.58 mm s−1 for 2-O (compared to 1.57,
1.65, 1.20 mm s−1 for 2-S, 2-Se, and 2-Te, respectively) can be
explained by a higher degree of ligand contribution to the
electric eld gradient, expressed as the quadrupole splitting
parameter DEQ. This is mostly due to oxygen being the lightest
and most electronegative group 16 element (ENO: 3.44); thus,
being signicantly smaller and more electronegative compared
Table 2 Zero-field 57Fe Mössbauer andmagnetic data measured for com

Compound d (mm s−1) DEQ (mm s−1) Gfwhm

meff (3
SQUID

1-OPh 0.88 0.88 0.26 5.30
1-SPh 0.84 1.24 0.26 5.33
1-SePh 0.84 1.23 0.33 5.16
1-TetBu 0.83 0.90 0.26 5.32
2-O 0.94 2.58 0.32 3.58
2-S 0.80 1.57 0.35 5.13
2-Se 0.81 1.65 0.38 5.66
2-Te 0.82 1.20 0.33 6.29

6774 | Chem. Sci., 2023, 14, 6770–6779
to its larger and heavier homologues (ENS: 2.58; ENSe: 2.55,
ENTe: 2.10; according to Pauling). Consequently, the orbital
overlap betweenmetal d and chalcogen p orbitals in 2-O is more
effective, as reected by the shorter Fe–O bonds and the nearly
linear :Fe–O–Fe angle. Since not all metal d-electrons are
equally affected by the short Fe–O bond, this will enforce an
electric eld gradient that is higher than the one from metal d-
electron distribution (valence contribution) alone. Therefore,
a larger quadrupole splitting is observed in 2-O compared to 2-S,
2-Se, and 2-Te.

When compared to complexes 2-E, the 57Fe Mössbauer
spectra of complexes 1-E generally have smaller quadrupole
splitting values. The isomer shis, on the other hand, show
pounds 1-E and 2-E. Effective magnetic moments meff are in units of mB

00 K, mB) meff (300 K, mB)
Evans method gav jDj (cm−1) J (cm−1)

4.8 2.23 8
2.15 9

4.4 2.08 9
4.9 2.19 8
3.5 2.05 −65
5.5 2.15 −30
5.3 2.08 −22
5.9 2.19 −16

© 2023 The Author(s). Published by the Royal Society of Chemistry
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negligible differences between these classes of compounds.
Since the iron centers in both 1-E and 2-E share the S = 2 spin
state and, therefore, the same physical oxidation state, this is
reected by similar isomer shis for all eight compounds.

Solution state magnetic susceptibility measurements of
complexes 1-OPh, 1-SePh, and 1-TetBuwere all consistent with the
57Fe Mössbauer data, and in accord with these having an S = 2
ground state (Table 2). Unfortunately, due to insufficient solu-
bility, we were unable to obtain a reliable solution-state
magnetic moment for 1-SPh. To more conclusively understand
the magnetic properties for the entire series, complexes 1-E
were also analyzed by variable-temperature SQUID magnetom-
etry. Multiple independently synthesized samples were studied,
and reproducible data were analyzed and plotted as effective
magnetic moment, meff, vs. temperature. The magnetic data for
mononuclear complexes 1-E show low meff values at low
temperatures followed by a sharp increase in the magnetic
moment to a plateau over a large range of temperatures.
Fig. 3 SQUID magnetization data of representative samples of
compounds 1-E (top) and 2-E (bottom). Reproducibility was confirmed
by measuring two independently synthesized samples for each
compound (see the ESI†). For 1-Te, temperature-independent para-
magnetism (TIP = 1.7 × 10−3 emu) has been considered and sub-
tracted. Color indicates identity of chalcogen E (O-red, S-orange, Se-
green, and Te-brown).

© 2023 The Author(s). Published by the Royal Society of Chemistry
Effective magnetic moments, meff, at 300 K are in the range of
5.16–5.32 mB and are consistent with the solution-phase
magnetic studies and 57Fe Mössbauer data, again indicating
an S = 2 ground state (Table 2 and Fig. 3 top). The solid-state
magnetic moments are, however, larger than expected for
spin-only values (ms.o. = 4.90 mB), and this could be explained by
partially unquenched spin–orbit coupling which results in
average g-values larger than that of the free electron. This is not
unexpected, especially for complexes containing the heavier
group 16 elements.

Given the dinuclear structures of complexes 2-E through the
chalcogenide bridge one would anticipate the possibility of
magnetic exchange coupling between the two ferrous ions.
Although antiferromagnetic coupling is observed at low
temperatures for all previously reported dinuclear species using
the tBupyrpyrr2 ligand, room temperature antiferromagnetic
coupling was only observed in a ligand-sulfur oxidized species
[(pyrr-1-S-pyrrpy)Fe]2.89 For the isostructural starting material 2-
N2, we observe room temperature ferromagnetic coupling
between the FeII ions and the triplet N2

2− fragment.91 In our
situation, solution-state magnetic moments of the bridging
chalcogenide anions 2-E are generally in an incremental order
from E=O to Te with a range from 3.5–5.9 mB with 2-O being the
smallest and 2-Te being the largest (Table 2). These values are
signicantly lower than the spin-only value of two uncoupled S1
= S2 = 2 ions, where meff = [(meff(S1))

2 + (meff(S2))
2]1/2 = 6.90 mB.

Gratifyingly, solution-state magnetic moments were corrob-
orated in the solid-state by SQUID magnetometry (Table 2 and
Fig. 3). For instance, compounds 2-E exhibited a steady increase
in meff over the temperature range of 2–300 K with solid state
magnetic moments at room temperature ranging between 3.58–
6.29 mB (meff for 2-O = 3.58 mB; 2-S = 5.13 mB; 2-Se = 5.66 mB; and
2-Te = 6.29 mB). These effective magnetic moments are much
lower than the expected spin-only value for two isolated S = 2
iron centers and suggest spin-pairing between the ferrous iron
centers. This clear trend of lower effective magnetic moments
(at RT) can be explained by the antiferromagnetic coupling
constant J derived from the Heisenberg–Dirac–Van Vleck
exchange Hamiltonian

ĤHDVV = −JŜ1Ŝ2.

In our systems, J is in the range of−65 to−16 cm−1, with 2-O
having the largest magnitude (most negative) antiferromagnetic
coupling constant in the series followed in order by 2-S, 2-Se,
and 2-Te (Table 2).

The marked trend of lower effective magnetic moments with
lighter substitution mirrors the observed structural trends,
namely, the :Fe–E–Fe angle, Fe–E bond length, and the Fe–Fe
distance. The most dramatic structural trend is the decrease in
the:Fe–E–Fe angle from 172.18(2)° in 2-O to 112.12(2)° in 2-Te
(Table 1 and Fig. 4), which is reected by the trend in the
effective magnetic moment meff and the magnitude of the anti-
ferromagnetic coupling constant J (Fig. 4). It is well established
through the Goodenough–Kanamori rules that :M–E–M
angles close to 180° result in antiferromagnetic coupling, while
Chem. Sci., 2023, 14, 6770–6779 | 6775
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Fig. 4 (Top) Scatter plots of Fe–E bond length (orange circles, Å, left
axis), Fe–Fe distance (red circles, Å, left axis), :Fe–E–Fe angle (green
triangles, degrees, right axis), and :Npyr–Fe–E angle (purple triangles,
degrees, right axis) of compounds 2-E as a function of the period of
the chalcogenide substituent. The:Npyr–Fe–E angles and Fe–E bond
lengths for periods 3–5 (compounds 2-S, 2-Se, and 2-Te) are calcu-
lated as the average for the two different iron atoms. (Bottom) Scatter
plots of Mössbauer isomer shift (red circles, mm s−1, left axis), Möss-
bauer Quadrupole Splitting (orange circles, mm s−1, left axis), SQUID
meff at 300 K (purple triangles, mB, left axis), and SQUID antiferromag-
netic coupling J (grey triangles, cm−1, right axis) as a function of the
period of the chalcogenide substituent.
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:M–E–M angles close to 90° result in ferromagnetic
coupling.96–98 More linear :M–E–M angles could be caused by
the enhanced ability of lighter main group elements to have
hybridized orbitals as well as better orbital overlap with FeII d-
orbitals. Greater orbital overlap between the chalcogenide
core and the FeII ion gives rise to more magnetic exchange
coupling. Hybridized chalcogenide orbitals would also lead to
a larger degree of p-bonding99 with the FeII ion as evidenced by
the signicantly larger DEQ value in 2-O (Table 2) and a shorter
Fe–O bond length.

The effect of chalcogenide size on the observed trends in
:Fe–E–Fe angle, Fe–E bond lengths, and Fe–Fe distances
cannot, however, be overlooked. There are notable differences
in the covalent and ionic radii between the different chalco-
genides which leads to an increased Fe–E bond length for the
heavier chalcogenides (Fig. 4). Constraining the molecular
geometry by K+–parene interactions forces the :Fe–E–Fe angle
to become smaller in order to accommodate the longer Fe–E
bond distance for heavier chalcogenides. The Fe–Fe distance
also increases with substitution of heavier chalcogenides from
3.69 Å in 2-O to 4.32 Å in 2-Te (Table 1 and Fig. 4) due to
puckering of the tBupyrpyrr2 ligand to again, accommodate the
6776 | Chem. Sci., 2023, 14, 6770–6779
longer Fe–E bond lengths. The origin of the observed structural
trends is a combination of increased hybridization of orbitals
and the smaller size of lighter chalcogenides.

In contrast to the magnetic properties, the 57Fe Mössbauer
parameters remain largely consistent throughout the series of
complexes 2-E (except for the signicantly larger quadrupole
splitting value in 2-O), thus, indicating high-spin ferrous char-
acter for all iron atoms (Table 2 and Fig. 4). Therefore, the
observed magnetic trends can be primarily ascribed to the
nature of the bridging ligand and the resulting :Fe–E–Fe
angle, thus controlling the strength of antiferromagnetic
coupling.

Conclusions

In conclusion, we have synthesized and characterized the entire
mono-bridged chalcogenide (E) series of isostructural diferrous
complexes. Treating a ferrous starting material 1-OEt2 with one
equivalent of a phosphine chalcogenide reagent generated the
neutral phosphine chalcogenide adducts 1-E (E = O, S, Se, Te, R
= Ph, tBu) without any evidence of E-transfer from the phos-
phine to the FeII ion. 57Fe Mössbauer spectroscopy and SQUID
magnetometry of these complexes show these to be high-spin S
= 2 FeII complexes, akin to previously published neutral Lewis
base adducts using this ligand framework.88–90 When the
anionic dinuclear-ate precursor 2-N2 was used instead with
suitable chalcogenide transfer reagents, the bridging chalco-
genide anions 2-E were isolated and span the whole chalco-
genide series E = O, S, Se, and Te. Complexes 2-E are the rst
reported isostructural series of diiron mono-bridged chalco-
genide complexes containing the structural motif Fe(m-E)Fe.
Characterization of the series 2-E by 57Fe Mössbauer spectros-
copy indicated these to contain two S = 2 FeII centers, similar to
the starting material 2-N2.91 Magnetic measurements of 2-E
performed both in solution and solid phases showed much
lower magnetic moments than expected for isolated ferrous
ions and suggest signicant spin-pairing of electrons. A clear
trend of decreasing magnetic moment with lighter chalcogen-
ides is observed and is attributed to increased antiferromag-
netic coupling caused by the linearity of the :Fe–E–Fe angle
and greater Fe–E orbital overlap.

Data availability

The ESI† contains experimental details, characterization,
magnetic, and various spectral data. CCDC 2242659–2242666
contain the supplementary crystallographic data for this paper.

Author contributions

Ethan Zars synthesized the complexes and helped compose the
manuscript. Lisa Gravogl performed the Mössbauer and SQUID
measurements and with Karsten Meyer analyzed the Mössbauer
and SQUID data. Michael R. Gau and Patrick J. Carroll solved
and rened the X-ray crystal structures. Daniel J. Mindiola and
Karsten Meyer provided helpful direction in the project, fund-
ing, and helped revise the manuscript to its nal version. All
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01094e


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 5
:0

5:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
authors have given approval to the nal version of the
manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We thank the University of Pennsylvania for nancial support
and Dr Pavel Zatsepin and Dr Orion Staples for their expertise in
synthesizing chalcogenide transfer reagents and for insightful
discussions. Funding was also possible by the U.S. Department
of Energy (DOE), Office of Basic Energy Sciences, Division of
Chemical Sciences, Geosciences, and Biosciences, Catalysis
Science Program (DOE-BES-DESC0023340). EZ thanks Prof.
Daniel J. Mindiola and the University of Pennsylvania for
funding a trip to Germany to conduct research in the labora-
tories of Prof. Karsten Meyer. We also thank Dr Mehrafshan
Gholi Jafari for arranging shipments of samples. KM thanks the
Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU) for
generous funding.

References

1 E. I. Solomon, T. C. Brunold, M. I. Davis, J. N. Kemsley,
S.-K. Lee, N. Lehnert, F. Neese, A. J. Skulan, Y.-S. Yang and
J. Zhou, Chem. Rev., 2000, 100, 235–350.

2 R. Banerjee, J. C. Jones and J. D. Lipscomb, Annu. Rev.
Biochem., 2019, 88, 409–431.

3 B. J. Wallar and J. D. Lipscomb, Chem. Rev., 1996, 96, 2625–
2658.

4 M. Merkx, D. A. Kopp, M. H. Sazinsky, J. L. Blazyk, J. Müller
and S. J. Lippard, Angew. Chem., Int. Ed., 2001, 40, 2782–2807.

5 A. J. Jasniewski and L. Que, Chem. Rev., 2018, 118, 2554–
2592.

6 L. C. Seefeldt, B. M. Hoffman and D. R. Dean, Annu. Rev.
Biochem., 2009, 78, 701–722.

7 D. C. Johnson, D. R. Dean, A. D. Smith and M. K. Johnson,
Annu. Rev. Biochem., 2005, 74, 247–281.

8 F. Ma, W. Ji, J. Hu, Z.-Y. Lu and T. Xiang, Phys. Rev. Lett.,
2009, 102, 177003.

9 Y. Mizuguchi and Y. Takano, J. Phys. Soc. Jpn., 2010, 79,
102001.

10 T. Hanaguri, S. Niitaka, K. Kuroki and H. Takagi, Science,
2010, 328, 474–476.

11 K. E. Liu, A. M. Valentine, D. Wang, B. H. Huynh,
D. E. Edmondson, A. Salifoglou and S. J. Lippard, J. Am.
Chem. Soc., 1995, 117, 10174–10185.

12 S. K. Lee, B. G. Fox, W. A. Froland, J. D. Lipscomb and
E. Munck, J. Am. Chem. Soc., 1993, 115, 6450–6451.

13 L. Shu, J. C. Nesheim, K. Kauffmann, E. Münck,
J. D. Lipscomb and L. Que, Science, 1997, 275, 515–518.

14 L. Zhang, L. Xiang, Y. Yu and L. Deng, Inorg. Chem., 2013, 52,
5906–5913.

15 T. Chantarojsiri, J. W. Ziller and J. Y. Yang, Chem. Sci., 2018,
9, 2567–2574.
© 2023 The Author(s). Published by the Royal Society of Chemistry
16 C. Cordes (née Kupper), M. Morganti, I. Klawitter,
C. Schremmer, S. Dechert and F. Meyer, Angew. Chem., Int.
Ed., 2019, 58, 10855–10858.

17 N. A. Eckert, S. Stoian, J. M. Smith, E. L. Bominaar, E. Münck
and P. L. Holland, J. Am. Chem. Soc., 2005, 127, 9344–9345.

18 E. Fleischer and S. Hawkinson, J. Am. Chem. Soc., 1967, 89,
720–721.

19 C. F. Martens, N. N. Murthy, H. V Obias and K. D. Karlin,
Chem. Commun., 1996, 629–630.

20 S. Ménage, J.-B. Galey, J. Dumats, G. Hussler, M. Seité,
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