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Utilizing a hexadentate ligand platform, a series of trinuclear iron clusters (""L)Fe;L"; (""LHs = MeC
(CH,;NPh-0-NPh);; L" = tetrahydrofuran (1), pyridine (2), PMePh, (3)) has been prepared. The phenyl
substituents on the ligand sterically prohibit strong iron—iron bonding from occurring but maintain
a sufficiently close proximity between iron centers to permit direct interactions. Coordination of the
weak-field tetrahydrofuran ligand to the iron centers results in a well-isolated, high-spin S=6 or S =5
ground state, as ascertained through variable-temperature dc magnetic susceptibility and low-
temperature magnetization measurements. Replacing the tetrahydrofuran ligands with stronger
o-donating pyridine or tertiary phosphine ligands reduces the ground state to S = 2 and gives rise to
temperature-dependent magnetic susceptibility. In these cases, the magnetic susceptibility cannot be
explained as arising simply from superexchange interactions between metal centers through the
bridging amide ligands. Rather, the experimental data are best modelled by considering a thermally-
induced variation in molecular spin state between S = 2 and S = 4. Fits to these data provide
thermodynamic parameters of AH = 406 cm ' and T, = 187 K for 2 and AH = 604 cm~! and T, = 375
K for 3. The difference in these parameters is consistent with ligand field strength differences between
pyridine and phosphine ligands. To rationalize the spin state variation across the series of clusters, we

first propose a qualitative model of the Fe; core electronic structure that considers direct Fe-Fe
interactions, arising from direct orbital overlap. We then present a scenario, consistent with the
observed magnetic behaviour, in which the o orbitals of the electronic structure are perturbed by

substitution of the ancillary ligands.

Introduction

Strong electronic and/or magnetic interactions between metal
centers in polynuclear architectures can find significant utility in
the design of various classes of magnetic materials, such as low-
density permanent magnets,' single-molecule® and single-chain
magnets,® and molecular wires.* The magnitude of these inter-
actions is largely dictated by factors such as metal-metal sepa-
ration and the type, if any, of bridging ligand. For instance,
structurally symmetric bridging ligands, in conjunction with
mixed-valence metal frameworks, can give rise to spin-dependent
electron delocalization via a double exchange mechanism® and,
consequently, well-isolated, high-spin ground states.® Addition-
ally, superexchange between metal centers through diamagnetic
bridging ligands, or direct exchange between a metal center and
paramagnetic ligand, leads to ferromagnetic or antiferromag-
netic coupling of electrons.
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Alternatively, direct metal-metal interactions can arise when
open-shell metal centers are not sterically prevented from
engaging in direct M-M orbital overlap. The resulting interac-
tions can range from single bond (e.g. Rhy(OAc)4)” to multiple
bond configurations (e.g. Re>Clg,? (Ar*),Cr,).° The vast majority
of coordination complexes that feature metal-metal bonding are
composed of 4d and 5d transition metal ions or 3d ions in strong
ligand fields (e.g., CO) and in low oxidation states, giving rise to
nearly exclusively low-spin ground states.'®!! The resulting low-
spin configurations preclude observation of the desired proper-
ties associated with the presence of unpaired -electrons.
Substituting weak field for strong field ligand sets with first-row
transition ions typically leads to weak exchange interactions
between metal ions, rather than metal-metal bonding, owing to
their more contracted 3d-orbitals that preclude sufficient M—-M
orbital overlap. Nevertheless, the possibility does exist to enforce
direct M-M orbital overlap, creating weak bonding interactions
without maximal pairing of the metal valence electrons.

Within polynuclear clusters, it is often difficult to predictably
dictate the coordination environments or electronic structure of
the individual metal ions or the molecule as a whole.”> One
potential method for achieving these design criteria is employ-
ment of a polydentate ligand structure within which the
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polynuclear core can assemble.’® Toward this end, we recently
reported the synthesis of a new hexadentate ligand (MeC
(CH,NHPh-0-NH,»);) (*LHg)™ that permits the isolation and
characterization of well-defined trinuclear'*'* and hexanuclear
iron clusters.’® The open-shell triiron complexes exhibit Fe-Fe
bonding that is strengthened upon oxidation of the [Fes] core.**
In addition, the seven-member electron-transfer series of Feg
clusters exhibits redox-dependent physical and chemical prop-
erties, which have been rationalized in terms of a qualitative
molecular orbital model based on direct, yet relatively weak, Fe—
Fe interactions.'® We were thus intrigued by the possibility of
using structural perturbations to the hexamine ligand platform
to tune the degree of metal-metal interactions and thus the
electronic structure within the trinuclear core. Herein, we report
the synthesis and characterization of a series of triiron complexes
wherein the observed Fe-Fe separation is elongated relative to its
Fe; predecessors, thereby giving rise to complexes featuring both
intermediate- and high-spin electronic configurations. Further-
more, the electronic structure of the trinuclear complexes shows
a strong dependence on the o-donor strength of peripheral
ligands employed, manifesting itself as changes in the observed
spin ground states and temperature-induced changes in spin
state. In light of the direct metal-orbital overlap found in this
family of complexes, we propose the electronic and magnetic
phenomena can be explained by considering the electronic pop-
ulation of a single molecular orbital manifold. The magnetic and
spectroscopic data are reflective of this delocalized molecular
electronic structure, dictated by simple ligand-field consider-
ations, not individual metal centers within a cluster.

Results and discussion
Syntheses and structures

Standard Pd cross-coupling methodologies were used to install
phenyl substituents onto the peripheral ligand amine groups of
MeC(CH,NHPh-0-NH;); ("LHg) using bromobenzene (3.1
equiv.) and sodium fert-butoxide base (4 equiv.), catalyzed by
Pd,(dba)s/rac-BINAP (2.2%, 6.6%, respectively) in toluene
(70 °C) for 18 h to afford MeC(CH,NHPh-o-NHPh); (F"LHsg,
80% isolated yield). The ligand could be efficiently isolated as
a pale yellow solid following extraction of the crude reaction
mixture with dichloromethane and washing the resultant solids
with copious amounts of diethyl ether.

Metallation of the ligand platform was affected using iron-
based organometallic or metal-amide starting materials. Reac-
tion of P"LHg with 1.5 equivalents of Fey(N(SiMes),)s in
a mixture of thawing diethyl ether and tetrahydrofuran (thf)
afforded the stable, brown triiron complex (""L)Fe;(thf); (1) in
good overall yield (Apax/nm (e/(M~' cm™)): 428 (5800), 590 (2000
sh), 760 (1700); 60%, Scheme 1). Structural data are provided in
Table 1. Complex 1 precipitated as an analytically pure, crys-
talline solid upon storage at —30 °C over a period of 12 h. A
similar reaction of ™LHg with Fe,(Mes), in thawing thf with
pyridine (3 equiv.) afforded the stable, brown pyridine-ligated
complex (""L)Fes(py)s (2) in good overall yield (A /nm (e/(M™!
cm™')) 490 (6100); 66%). Complex 2 could be purified by
precipitation from tetrahydrofuran or diethyl ether at —30 °C
with excess pyridine present. The labile thf ligands in 1 can be

HN
1.5 Fey(N(SiMes)s)s
Ph—NH HN
th, E,0
m thawing —» RT
ITIH
Ph

3.1 PMe,Ph
th, EL,O
3h

1.5 Fez(Mes)y
pyridine, thf
16h

Scheme 1

readily exchanged for stronger o-donating ligands. For example,
reaction of 1 with five equivalents of dimethylphenylphosphine
(PMe,Ph) in a mixture of thf and diethyl ether results in
formation of the tris-phosphine complex (*"L)Fe;(PMe,Ph); (3)
(Amax/nm (&/(M~" cm™)): 490 (6600), 730 (2300 sh); 65%).
Complex 1 was crystallized from a concentrated solution of
benzene and hexanes at —30 °C, while concentrated benzene
solutions of 2 and 3 stored at room temperature produced
crystals suitable for X-ray diffraction analysis. The solid-state

Table 1 Selected core bond distances (A) and angles (°) for 1, 2 and 3

Compound (L) 1 (thf) 2 (py) 3 (PMe,Ph)
Fe(1)-Fe(2) 2.4377(11) 2.6074(6) 2.5517(13)
Fe(1)-Fe(3) 2.5114(11) 2.5466(6) 2.5986(13)
Fe(2)-Fe(3) 2.5235(11) 2.5756(6) 2.6057(13)
Fe(1)-L(1) 2.151(4) 2.091(2) 2.479(2)
Fe(2)-L(2) 2.154(4) 2.115(2) 2.461(2)
Fe(3)-L(3) 2.101(4) 2.119(2) 2.397(2)
Fe(1)-N(2) 2.114(4) 2.193(2) 2.098(5)
Fe(1)-N(3) 2.169(5) 2.137(2) 2.099(5)
Fe(1)-N(5) 2.169(5) 2.109(2) 2.161(5)
Fe(1)-N(6) 2.204(4) 2.228(2) 2.265(5)
Fe(2)-N(1) 2.153(4) 2.208(2) 2.104(5)
Fe(2)-N(3) 2.142(4) 2.126(2) 2.204(5)
Fe(2) N(4) 2.181(4) 2.128(2) 2.196(5)
Fe(2)-N(6) 2.146(4) 2.146(2) 2.108(5)
Fe(3)-N(1) 2.169(5) 2.078(2) 2.163(5)
Fe(3)-N(2) 2.203(5) 2.093(2) 2.158(5)
Fe(3)-N(4) 2.182(4) 2.269(2) 2.196(5)
Fe(3)-N(5) 2.176(5) 2.221(2) 2.212(5)
Fe2 N1-Fe3 71.44(14) 73.81(6) 75.24(16)
Fel-N2-Fe3 71.11(14) 72.87(6) 75.24(15)
Fel N3-Fe2 68.86(13) 75.42(6) 72.69(15)
Fe2 N4 Fe3 70.68(13) 71.64(6) 73.27(15)
Fel-N5-Fe3 70.61(15) 71.99(6) 72.91(15)
Fel N6 Fe2 68.14(13) 73.17(6) 71.29(15)
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Fig. 1 Solid-state structures for 1 (a), 2 (b), and 3 (c), with thermal ellipsoids set at the 50% probability level. Orange, magenta, red, blue and gray
ellipsoids represent Fe, P, O, N, and C, respectively; hydrogen atoms are omitted for clarity. Selected mean interatomic distances (/DX) and angles (°) for 1:
Fe-Fe 2.491(1), Fe-Nyase 2.158(5), Fe-Npy, 2.176(5), Fe-0 2.135(4), Fe-N-Fe 70.14(15); 2: Fe-Fe 2.576(1), Fe-Niase 2.139(2), Fe-Np, 2.183(2), Fe-N,,
2.108(2), Fe-N-Fe 73.15(6); 3: Fe-Fe 2.585(2), Fe—Npase 2.138(6), Fe—Npy, 2.190(6), Fe-P 2.446(2), Fe-N-Fe 73.44(16).

structures for the series are shown in Fig. 1. In all complexes 1-3,
each iron center resides in a distorted square pyramidal geom-
etry, where four amide nitrogen atoms form a basal plane with an
apical ligand (thf, py, or PMe,Ph) trans to a di-iron unit. Each of
the ligand m*-amide residues bridge adjacent metal ions. The Fe—
N bond distances to the base of the hexamide ligand (Nyp,s.) and
diphenylamide crown (Npy,) are consistent across the series (Fe—
Noase (A): 12.158(5), 2 2.139(3), 3 2.138(6); Fe-Npy, (A): 12.176
(5),22.183(3), 32.190(6); selected bond distances are provided in
Table 1) and substantially elongated in comparison to the (*'L)
Fes(PMeyR); complexes (Fe—Ny,.. 1.984(8); Fe-Npy 2.024(8)
A)™ and related hexanuclear series [("L),Feg(NCCH3),J"* (Fe—
Nave = 1.961(2)-2.067(3) /D%).“" The bond metrics within each of
the o-phenylenediamide (OPDA) branches are characteristic of
being aromatic, closed-shell dianions (see Tables S4-61) as
opposed to other potential ligand oxidation states (i.e., benzo-
semiquinonate diimine 7t-radical anion or neutral benzoquinone
diimine)."”

While the gross structural features and ligand connectivity of
complexes 1-3 are similar to ("L)Fe3;(PMe,R);,'"* complexes 1-3
feature greater Fe—Fe separation (A) than that observed in (*L)
Fes(PMe,R); (average Fe-Fe distance: 2.299(2) A). Complex 1
features the shortest average Fe—Fe separation of 2.491(1) A,
followed by the pyridine complex 2 with 2.576(1) A, and the
phosphine complex 3 with 2.585(2) A. The aryl substituents on
the modified ligand (*"L) sterically prevent the Fe ions in 1-3
from getting as close as in ("L)Fe3(PMeyR)3, but the M-M
separation is still within the range of reported Fe-Fe bonding
interactions.®

Mossbauer spectroscopy

The zero-field Fe Mossbauer spectrum of 1 shows a broad
asymmetric quadrupole doublet at 105 K ((3, |[AEo| (™™/)): 0.79,
1.25, T = 0.52 ™/, Tr = 0.43 ™/, T're ronf = 0.31 ™/; see
Fig. 2a). Analogous measurements on complexes 2 and 3 reveal
the presence of two quadrupole doublets at 105 K and 110 K,
respectively (see Fig. 2a, data summarized in Table 2). The major

component in the spectrum for complex 2 features an isomer shift
and quadrupole splitting (3, [AEg| ("™/,): 0.82, 1.48; 71%) similar
to 1, while the minor component features a larger quadrupole
splitting (3, |AEg| (™/s): 0.85, 2.22; 29%). The spectrum of
complex 3 at 110 K is similar (major component 68%: 9, |AE|
(™) 0.77, 1.43; minor component 32%: 3, |[AEy| (""/): 0.77,
2.30). The spectral parameters are provided in Table 2. The
Mossbauer parameters are consistent with a high-spin Fe" elec-
tronic configuration, however the isomer shifts exceed other five-
coordinate iron complexes featuring similar coordination
spheres (four OPDA-based N and one P-donor) with lower spin-
states.’”#'® The isomer shifts for 1-3 are much higher than the
low-spin (ML)Fe3(PMe,R); analogues (see Table 2), wherein
extensive M—M bonding may substantially reduce shielding of
the s-electron density at the iron nuclei, which may contribute to
the decreased isomer shift.?

The presence of two quadrupole doublets for complexes 2 and
3 was probed further by obtaining the Mossbauer spectra at
several temperatures. Spectra were collected for a sample of 2 in
the temperature range 4-180 K (see Fig. 3, S12-16%) and for 3
in the range 80-250 K (see Fig. S17-217). From 4-105 K, the
spectrum for complex 2 exhibits two quadrupole doublets
featuring nearly identical isomer shifts, but distinct splitting
parameters (i.e., 2 at 4 K, component 1 3, [AEg| (™/,): 0.83,
1.57, 64%,; component 2: 0.87, 2.76, 36%; see Table S7t for
compiled data over all temperature ranges). At 150 K and
above, the two quadrupole doublets become less distinct (i.e., 2
at 180 K, component 1 8, |AEy| (™/): 0.78, 1.36, 90%;
component 2: 0.82, 1.66, 10%). For complex 3, the same
phenomenon is observed: at and below 150 K two quadrupole
doublets with nearly the same isomer shift are apparent (i.e., 3
at 80 K, component 1 3, |AEy| (™/): 0.78, 1.43, 67%; compo-
nent 2: 0.78, 2.43, 33%), and for temperatures at and above 200
K, the hyperfine parameters for the two quadrupole doublets
nearly converge (i.e., 3 at 200 K, component 1 3, |AEg| (™™/;):
0.73, 1.42, 72%; component 2: 0.74, 1.81, 28%). The data at each
temperature have been therefore modeled using two quadrupole
doublets (see Table S7+).

This journal is © The Royal Society of Chemistry 2012

Chem. Sci., 2012, 3, 407-415 | 409



= 100

g H
8 4y 2
2 73 ©c 10
£ 7 S
§ 100 s
=R S

©
o
1
o
1

N m

96

TUG

C"LFey(thi);

Velocity (mm/s)

oT7T

O 6T

o 5T

5 o 4T

O ( L)Fes(thf)y;— fit o 3T

o (TLFepyy— fit o 2T

P o 1T

0 ("L)Fes(PMe,Ph); — fit

NS U LS A
0 50 100 150 200 250 300 0 1 2 3 4

T (K) H/T (TIK)

Fig. 2 (a) Zero-field “’Fe Mossbauer spectra obtained for 1 (105 K; data black dots, spectral fit: green; 3, |AEo| (™™/s) 0.79, 1.25); 2 (105 K; data black
dots, spectral fit: red; 8, [AE| (™/5) 0.82, 1.48 (71%), 0.85, 2.22 (29%)), and 3 (110 K; data black dots, spectral fit: blue; 3, [AEg| (™/5) 0.77, 1.43 (68%),
0.77, 2.30 (32%)). (b) Variable-temperature magnetic susceptibility data for 1 (circles), 2 (diamonds), and 3 (squares), collected in an applied dc field of
0.1 T. Solid lines represent fits to the data as described in the text. (c) Plot of reduced magnetization for 1 between 1.8 and 10 K at selected fields.

The isomer shifts for complex 1 and the contributing compo-
nents in complexes 2 and 3 all fall within a very narrow range (¢:
0.7-0.87 ™™/;). The presence of the two distinct quadrupole
splitting parameters might correlate to molecular distortions
present in the complexes or to a change in molecular spin states
(see below). Support for a correlation to a structural distortion
arises from the isosceles distortion featured by 1-3. At the low-
temperature extreme for 2, the quadrupole doublets are in
anearly 2 : 1 ratio, consistent with the geometrically distinct sites
manifesting a different electronic field gradient. Although all
three sites are geometrically distinct in 1-3, the similarity between
the local geometries presumably gives rise to coincident spectral
parameters, and thus only two quadrupole doublets are
apparent. Indeed, a similar observation was observed in the
Maossbauer spectra obtained for the related triiron compounds
(NBuy)[(**L)Fe3(u*-N)] and (**L)Fe;(u’-NCHj3).'s Both of these
compounds feature two quadrupole doublets with identical
isomer shifts and differing quadrupole splitting parameters that
coalesce to a single quadrupole doublet at elevated temperatures.
In all of these cases, as the temperature increases, the iron nuclei
within the complexes feel the same electronic charge distribution,
giving rise to similar (or identical) isomer shift and quadrupole
splitting parameters. Alternatively, the spectral changes observed

Table 2 Spectral and magnetic properties of complexes 1-3

in the MOssbauer may correlate to changes in the molecular spin
state. This hypothesis is tested in the following section.

Magnetic properties

To probe the magnetic behavior of complexes 1-3, variable-
temperature dc susceptibility data were collected in the tempera-
ture range of 5-300 K. In the case of 1, 7 remains relatively
constant from 300 K down to 30 K, with an average value of
xmT = 18.5 cm® K mol~! (see Fig. 2b). Below 30 K, the data
undergo a downturn, likely the result of Zeeman and zero-field
splitting. The value of x 7= 18.5 cm® K mol ' is much larger than
the 9.00 cm® K mol~! expected for three non-interacting high-spin
Fe''ions with g = 2.00, indicative of ferromagnetic coupling that
persists even to 300 K. Indeed, the observed value is only slightly
lower than the 21.0 cm® K mol ! expected for an S = 6 ground state
with g = 2.00. Accordingly, the data were modeled according to
the following spin Hamiltonian given in eqn (1).

H = —2J(Sre1Srer + SkeaSees + Ske1Sres) + DS* + gupS- B (1)

The corresponding simulation using the program MAG-
PACK?! that best reproduces the data affords parameters of J =

Compound N xmT (cm® K mol™") AMlnm (¢/M~' cm™) 6 (™™/g) |AEq| (™™/5) I (™™/y)° (%)
(""L)Fes(thf); (1) 6 18.38¢ 428 (5800), 590 (2000, sh), 760, (1700)  0.79" 1.25 0.52, 0.43 100
(*"L)Fes(py)s (2) 2 3.04% (3.08)" 490 (6100) 0.82" 1.48" 0.32, 0.32 71
0.85 2.22 0.32, 0.32 29

4 9.76¢ (12.0)¢
("L)Fes(PMe,Ph); (3) 2 3.587 (3.58)° 490 (6600), 730 (2300) 0.77¢ 1.43¢ 0.32, 0.32 68
0.77 2.30 0.32, 0.32 32

4 7.45¢ (14.4)¢
("L)Fes(PMe,Ph);'* 1 1.01¢ 707 (900) 0.38 1.04 0.28, 0.28 100

@ Recorded at 40 K. ® Obtained from fit as value for fully-populated S = 2 state. © Recorded at 300 K. ¢ Obtained from fit as value for fully-populated
S = 4 state. ¢ Full width at half maximum for Lorentzian fits for low and high velocity peaks, respectively./ Recorded at 105 K. ¢ 110 K.
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Fig. 3 Zero-field “’Fe Mossbauer spectra obtained for 2 represented by
black dots, spectral fit as solid red line (sum of components at variable
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0.82, 1.66 (10%).

+ 125 ecm™, D = +3.5 cm™!, and g = 1.88. Alternatively, the
average value of xy7 (18.5 cm® K mol™!) for the temperature
range 30-300 K may correspond to an S = 5 ground state with
g = 2.22. Such a strong ferromagnetic interaction likely results
from superexchange between Fe centers through the bridging
amide ligands and/or direct exchange between Fe centers, as the
average Fe—Fe separation of 2.491(1) A is within the range of
previously reported Fe-Fe bonding interactions.'® The presence
of such a high-spin ground state that remains isolated to 300 K is
exceedingly rare in multinuclear clusters. In fact, evidence of the
first example of an isolated S = 6 ground state was only very
recently reported for the related cluster compounds (**L)
Fes(thf)*® and (Y"L),Fes.'™ Among other single-valence
complexes, we are not aware of examples exceeding S = 4, which
has been observed in an FesS; cubane cluster?? and a diiron
paddlewheel complex.?® Finally, a number of dinuclear, Class ITI
mixed-valence [Fe,]Y complexes have been shown to exhibit well-
isolated S = °/, ground states that arise from electron delocal-
ization via a double-exchange mechanism.*

To further probe the spin ground state and downturn of 7
at low temperature, variable-temperature magnetization data
were collected in the temperature range 1.8-10 K at fields of 1 to

7 T. The resulting plot of reduced magnetization, shown in
Fig. 2c, features a series of non-superimposable isofield curves,
with the 7 T curve reaching a maximum value of M = 9.7 ug at
1.8 K. While this value falls short of the 12.0 ug expected for an
S = 6 ground state, the non-superimposability of the isofield
curves demonstrates that significant magnetic anisotropy is
precluding saturation of the magnetization. To quantify this
effect, the data were modeled according to the Hamiltonian given
in eqn (2).

H = DS} + ES* — 8,%) + gupS-B )

The corresponding fit to the data, obtained using ANISOFIT
2.0% and considering an S = 6 ground state, provides axial and
transverse zero-field splitting parameters of D = +1.3 cm™' and
|E] = 0.2 cm™!, respectively, with g = 1.9. Note that a fit of similar
quality can be obtained for an S = 5 ground state, giving values
of D=+1.7cm™ ', [E| = 0.3 cm ', and g = 2.3 (see Fig. S24%).

In sharp contrast to the temperature-independent magnetic
susceptibility observed for 1, the x\7 vs. T data for 2 undergo
a gradual decline from 9.76 cm® K mol~! at 300 K to 3.04 cm* K
mol~! at 40 K (see Fig. 2b). At 300 K, the value of xuT7 is
reasonably close to the expected value of 9.00 for three non-
interacting Fe' ions with ¢ = 2.00. In addition, the value at 40 K
is close to the value of 3.00 expected for an S = 2 state. This
behavior was initially interpreted as resulting from antiferro-
magnetic superexchange between Fe' centers through the
bridging amide ligands. As such, the data were first modeled
according to the following spin Hamiltonian for an equilateral
triangle of Fe" centers given in eqn (1). However, using MAG-
PACK, this model failed to reproduce the data (see Fig. S277).
As such, the following two alternative models were also
employed, considering isosceles (2 independent J values) and
scalar (3 independent J values) triangles, respectively:

H = —2[J1(Sre1Sre2 + SkexSres) + J2Sre1Sees] + DS
+ gupS-B 3)

H = —2(J,Sre1Sre2 + JoSrerSres + J3SrerSkes) + DS
+ gugS-B )

Still, neither of these models, despite the introduction of
additional parameters, succeeded to reproduce the data (see
Fig. S28-29%). Qualitative inspection of the data along with
various simulations reveals the incompatibility of the high- and
low-temperature regimes when considering a simple super-
exchange mechanism. Indeed, in order for the exchange inter-
action to be strong enough to provide ground state isolation at
40 K for 2, the value of 7 at 300 K must be much lower than
that observed. Furthermore, a shift from ferromagnetic super-
exchange in compound 1 to antiferromagnetic superexchange in
compound 2 would likely be dictated by Fe-N-Fe angle.
However, the mean Fe-N-Fe angle changes only from 70.14(15)°
in 1 to 73.15(6)° in 2 and 73.44(15)° in 3 (see Table 1). While
dramatic magnetostructural correlation is not uncommon in
dinuclear Cu"-X-Cu" (X = O, OH, Cl, Br) linkages, where the
nature and magnitude of superexchange is dictated by Cu—X-Cu
angle and the electronic properties of other ancillary ligands,?®
we are unaware of such pronounced magnetostructural depen-
dence among iron(1) centers. Moreover, an S = 6 ground state,
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isolated at 300 K, has been observed in the related cluster (**L)
Fes(thf)," which features an even larger mean Fe-N-Fe angle of
77.95(8)°." Thus, it is unlikely that the exchange in the Fes core
would shift from ferromagnetic to antiferromagnetic, then back
to ferromagnetic, with increasing Fe-N-Fe angle.

Another possible explanation of the temperature-dependent
behavior of 2 is site-isolated spin crossover of the individual Fe"
centers.”” However, spin crossover is typically accompanied by
diagnostic spectroscopic and structural changes, where ferrous
ions, in particular, exhibit substantial changes in the observed
isomer shift and quadrupole splitting in the Mossbauer spec-
trum.?’**¢ While two quadrupole doublets are apparent in the
Maossbauer spectra of 2 at temperatures below 105 K the isomer
shifts for both contributing components are nearly identical in all
cases and very similar for all three complexes studied. Moreover,
large structural changes typically accompany Fe' centers
undergoing a spin crossover as the electronic configuration
changes from low-spin to high-spin.?’?® Yet, variable-tempera-
ture X-ray diffraction on a single crystal of 2 does not show
evidence for any structural changes in the temperature range of
100-300 K in 50 K increments (see Fig. S3-8%), further sug-
gesting the individual Fe ions in 2 are not undergoing site-iso-
lated spin crossover. The overlay of the molecular structure
obtained for 2 at 100 K and 300 K is displayed in Fig. 4. Notably,
the local iron coordination environments, the bond metrics
within the triiron core, and the gross structural features for the
molecule as a whole are preserved over the temperature range
investigated.

Since superexchange through the amide bridges or site-isolated
spin crossover do not provide satisfactory models for the
magnetic behavior of 2, we consider a thermal equilibrium
between an S = 2 ground state and a single excited spin state.
Indeed, while the value of xp7 = 9.76 cm® K mol™" at 300 K is
close to the 9.00 expected for three isolated high-spin Fe!' ions, it
is even closer to the expected value of 10.0 for a single, S = 4 spin
state. Here, the Fe; core can be considered as a single spin unit,
arising from a delocalized core electronic structure. Along these
lines, recent spectroscopic and magnetic analysis have provided
evidence for a similar phenomenon in the related clusters
[(ML),Fes(NCMe),, " (m=0,2,4,6;n=—1,0,1,2,3,4,6)."%* To
quantitatively probe the possibility of a delocalized spin equilib-
rium, the xp7 data were modeled from 40-300 K considering

Fig. 4 Overlay of the X-ray crystal structure for 2 obtained at 100 K
(black) and 300 K (red).

a simple Boltzmann population (see Fig. 2b) of the two states,
according to the following expressions:

x = /(1 + exp[(AHIR)(I/T — 1/TE))) )

x =T — XDrs)((xDus — (xTLs) (6)

where x is the molar fraction of high-spin (in this case S = 4)
molecules, AH is the change in enthalpy associated with the spin
state transition, R is the molar gas constant, and T is the critical
temperature.? Indeed, this treatment leads to an excellent fit of
the data, providing estimates of thermodynamic parameters of
AH = 406 cm™! and T, = 187 K. The fit for 2 corresponds to
XMTLS =3.08 cm®* K mol™! (gLS = 203) and XMTHS =12.0cm*K
mol™' (gus = 2.19). The population of lower S values in 2, in
contrast to the well-isolated S = 6 state in 1, is likely a direct
result of stronger field pyridine versus thf ancillary ligands (see
below). The observation of a delocalized spin state equilibrium
here is reminiscent of a class of mixed-valence dinuclear [Ru,]**
species.®® In these species, variable-temperature magnetic
susceptibility data indicated a thermally-induced transition from
an S = '/, state to an S = %/, ground state. In addition, a similar
S =1, = S = 3/, equilibrium was recently reported in the
dinitrogen-bridged, mixed-valence dichromium complex
[(dmpe)4Cr'Cr(C,SiPr3)»(1-N5)]*.** Regarding examples of tri-
nuclear clusters exhibiting such a phenomenon, a family of linear
Co; complexes was shown to display transitions between both
integer*? and non-integer® spin states, depending on oxidation
state. Finally, trigonal trinuclear Co and mixed Co/Rh
complexes featuring carbonyl or chalcogenide capped trinuclear
cores have been shown to feature thermally induced spin state
changes analogous to those reported here.?*

In order to confirm the S = 2 ground state in 2, low-temper-
ature magnetization data were collected. The corresponding plot
of reduced magnetization displays a set of non-superimposable
isofield curves, with a maximum value of M = 2.6 ug at 7 T and
1.8 K (see Fig. S301). When treated with the Hamiltonian in eqn
(2) and ANISOFIT 2.0, the data are modeled well in the
temperature range 3—10 K for an S = 2 ground state, providing
parameters of D =+14.7cm ™', |[E| =4.0 cm ', and g = 2.2. Note
that at temperatures below 3 K, especially at low fields, the data
undergo a slight downturn, possibly stemming from weak
intermolecular interactions between neighboring clusters.

The plot of x\ 7 vs. T for compound 3 exhibits a profile similar
to that of 2, albeit with the transition shifted to higher temper-
ature (see Fig. 2b).3 Indeed, as the temperature is decreased,
xmT undergoes a gradual decline from 7.45 cm® K mol ' at 300 K
to a plateau of 3.58 cm? K mol~! below 100 K. The data for 3 can
be treated analogously to those for 2, according to eqn (5) and
(6), to give parameters of AH = 604 cm~"' and T, = 375 K. The fit
for 3 corresponds to xp71s = 3.58 cm® K mol ™! (gr.s = 2.19) and
xmTas = 14.4 cm® K mol™! (gus = 2.40). Here, the substantial
increase in transition temperature when moving from 2 to 3 is
consistent with replacing pyridine ligands with stronger field
phosphine ligands (see below).

Low-temperature magnetization data, collected for compound
3 in the temperature range 3-10 K, are very similar to those for
compound 2 (see Fig. S367). Indeed, a plot of reduced magne-
tization reveals a set of non-superimposable isofield curves, with
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the magnetization reaching a maximum of M = 3.1 pgat 7 T and
1.8 K. Accordingly, the data can be fit considering an S = 2
ground state to give parameters of D = +8.5cm™!, [E] =2.0cm™!,
and g = 2.2. Finally, below 3 K, the data undergo a slight
downturn, akin to that observed for compound 2.

Attempts to correlate the change in molecular spin state with
the change in observed Mossbauer parameters for complexes 2
and 3 have thus far been unsuccessful. The convergence of the
two quadrupole doublets into a single quadrupole doublet does
not manifest at the same temperatures where the spin state
change occurs. For both complexes the quadrupole splitting
parameters have significantly converged before a substantial
fraction of the S = 4 state should be present. For example, the
Maossbauer spectrum of 3 at 150 K shows nearly superimposed
quardrupole doublets (Fig. S191), whereas the susceptibility data
indicate the majority of the material should remain in the ground
state (Fig. 2b). Furthermore, attempts to reproduce the data
using a relaxation model* failed to yield physically reasonable
parameters (see ESI for detailst).

Qualitative electronic structure

The above analysis, based on magnetic, crystallographic, and
Mossbauer spectral data, provides strong evidence that the
observed behavior of the Fes clusters cannot be attributed simply
to superexchange through bridging amide ligands or site-isolated
spin crossover. As such, we turn our attention to the possibility
that the phenomena can be explained according to a simple
qualitative molecular orbital scheme, where iron-iron interac-
tions within the core give rise to a set of frontier orbitals
comprised of 3d orbitals. This approach is derived following
Cotton’s method of describing metal-metal bonding interactions
in [Re;Cly(u?-Cl)5]>~,3” which has also been applied to describe
the M-M interactions within (*L)Fe;(PMe,R);.* In addition, we
recently presented a similar model, closely following previous
work with octahedral Mg clusters,3”3® to rationalize the redox-
dependent properties of an electron-transfer series of octahedral
Feg clusters.'® Mixing the frontier orbitals of the three iron
centers produces six bonding (4e features M-M o bonding
overlap with M-N o* character), three non-bonding, and six
anti-bonding molecular orbital combinations with respect to the
M-M interactions, qualitatively illustrated in Fig. 5. For a tri-
nuclear all-ferrous cluster, populating the 15 frontier d-orbitals
with 18 valence electrons gives rise to possible spin states from
S'=0to S = 6. The combination of the weak-field bridging amide
ligands and the weak-field thf ligands likely engenders the high-
spin, S = 6 ground state in 1. Here, the high-spin electronic
configuration for 1 results from populating all available orbitals,
even the highest-energy 2a, (op..n*) orbitals. Note, however,
that the possibility of an S = 5 ground state, as suggested by fits
to reduced magnetization data as an alternative configuration,
could exist given a substantial energetic separation between the
la, and 2a, orbitals.

Moving from compound 1 to compound 2, the three ancillary
thf ligands are replaced by pyridine ligands. The stronger ligand
field imposed by the pyridine ligands should most significantly
modulate the relative energies of Fes core orbitals with d,?
character, as those orbitals can engage in ¢ interactions with the
ancillary ligand p, orbitals. Specifically, these interactions are
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Fig. 5 Molecular orbital representation of the 3d orbital manifold for
the trinuclear Fe complexes. Increasing the ancillary ligand strength
increases the energy of the Se orbital set, making thermal population of
the S = 6 spin state inaccessible.

expected to lower the energy of the la; bonding molecular
orbital, while raising the energy of the 5e antibonding orbitals.
Indeed, the energetic increase of the Se orbital set is consistent
with the lower spin ground state of 2 compared to 1, where
population of the S = 6 spin state is not inaccessible. Based on
this rationale, 3 would be expected to exhibit similar behavior, as
the even stronger-field phosphine ligands would lead to a further
lowering of the la, and raising of the 5e orbitals. Notably,
though, perturbation of the d.*-based orbitals alone does not
explain the difference in 7, observed between 2 and 3. Possibly,
T-type interactions would need to be considered to rationalize
this discrepancy, however, we limit our orbital treatment to
o-interactions in order to avoid overcomplication of a simple and
rudimentary model.

Conclusions and outlook

The development of polynuclear coordination complexes in our
laboratory was intended to give rise to well-defined molecules
with greater redox-flexibility and tunable electronic structure.
Triiron complexes have now been observed spanning five distinct
spin states: S = 1, %5, 2, 4, and 6.5 Thus it is possible to
stabilize polynuclear, open-shell clusters, whose direct M-M
interactions give rise to electronic configurations suggestive of
delocalized bonding maintained across the spin state series. The
magnetic data and Mdssbauer spectra obtained for these
complexes are reflective of this delocalized molecular electronic
structure, not individual metal centers within a cluster. In prin-
ciple, similar open-shell electronic configurations could be real-
ized for other polynuclear complexes, encompassing other
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transition metal ions and with higher nuclearity. Research is
currently underway to probe these possibilities and to determine
how the electronic structure of polynuclear complexes changes
when undergoing redox chemistry.
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