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ABSTRACT: We report the synthesis, characterization, and reactivity of
[LFe;O0(*ArIm);Fe][OTf],, the first Hammett series of a site-differentiated
cluster. The cluster reduction potentials and CO stretching frequencies shift as
expected on the basis of the electronic properties of the ligand: electron-donating
substituents result in more reducing clusters and weaker C—O bonds. However,
unusual trends in the energetics of their two sequential CO binding events with the
substituent ¢, parameters are observed. Specifically, introduction of electron-
donating substituents suppresses the first CO binding event (AAH by as much as
7.9 kcal mol™) but enhances the second (AAH by as much as 1.9 kcal mol™). X-
ray crystallography, including multiple-wavelength anomalous diffraction, Méssba-
uer spectroscopy, and SQUID magnetometry, reveal that these substituent effects
result from changes in the energetic penalty associated with electronic
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redistribution within the cluster, which occurs during the CO binding event.

B INTRODUCTION

The reactivity of transition-metal ions is sensitive to their local
environment, " enabling the rational development and
optimization of catalysts on the basis of established
structure—function relationships. However, because many of
the thermodynamic properties central to their reactivity are
highly correlated,”® ligand modifications which enhance one
measure of reactivity (e.g. reduction potential) may adversely
affect another (e.g. acidity, hydricity, ligand binding
ai"l:mity).(’_8 Breaking, or inverting, these traditional scaling
relationships can prove advantageous in fine-tuning the
reactivity and/or selectivity of transition-metal-based cata-
lysts.”™"® For example, incorporation of trimethylanilinium
groups into the backbone of a tetraphenylporphyrin results in
electrocatalysts for CO, reduction which operate with higher
efficiency at lower overpotential due to stabilization of the
initial Fe’~CO, adduct, breaking the correlation between
activity and overpotential."!

In comparison to monometallic systems, the influence of
changes in the first and second coordination sphere on the
properties of metal clusters is poorly understood,"*™'¢ despite
the fact that catalysts which incorporate multiple metal centers
are common in biological systems and mediate challenging
multielectron transformations.'”~>* Although only a subset of
the metal ions within the cluster are believed to be involved in
substrate binding and functionalization, the remote metals may
significantly affect the properties and activity of the reactive
237%% For example, varying the identity of the pendant
group 13 metal in a series of heterobimetallic [MNi] (M = Al
Ga, In) complexes tunes their H, and N, binding affinities> as
well as their activity toward olefin hydrogenation.”” A
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heterobimetallic Zr/Co complex activates O,”* and organic
azides®® at a Zr'V center, with electrons delivered to the
substrate by the remote redox-active cobalt center. Conversely,
proximal redox-inactive metals have been shown to induce
inverse linear free energy relationships in the rates of C—H
oxidation” and Mn"N coupling.'® Studies from our laboratory
demonstrate that remote metal sites influence small-molecule
activation,’®™>?* bond dissociation free energies,33’34 and
oxygen atom transfer’> without formally changing the
oxidation state of the metal site directly involved in substrate
binding. The close proximity of multiple redox-active metal
centers in a site-differentiated cluster may afford unique
opportunities to challenge traditional scaling relationships,
though such an approach has not been realized because of the
synthetic challenges associated with controlling cluster
nuclearity and geometry in common self-assembly reactions.*®

To facilitate (electronic) structure—function studies,”” ™"
our group and others have employed polynucleating ligand
scaffolds to template the organization of multiple metal
centers.””™*" Herein, we report the synthesis and character-
ization of a unique Hammett series of a site-differentiated
cluster, [LFe;O(*ArIm);Fe][OTf], (Figure 1), which rever-
sibly binds up to two molecules of CO. The redox properties of
the cluster are dependent on the electronic nature of the
substituent (AE,;, = 270—310 mV), with electron-releasing
substituents resulting in cathodic shifts. Unexpectedly,
introduction of electron-donating substituents suppresses the
first CO binding event of the cluster (AAH by as much as 7.9
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Figure 1. General molecular structure of [LFe;O(*ArIm);Fe][OTf],,
supported by imidazolates and a 1,3,5-triarylbenzene-based ligand.
The inset shows the coloring scheme for the metal oxidation states.

kcal mol™'). Even more surprising, the opposite trend is
observed for the second CO binding event, which is enhanced
by electron-donating substituents (AAH by as much as 1.9
keal mol™). Crystallographic, spectroscopic, and magnetic
studies enabled us to deconvolute the effect of ligand
modification at specific sites within the cluster. These studies
suggest that electron-releasing substituents enlarge the
energetic penalty associated with electronic redistribution
within the cluster, an essential feature of the first CO binding
event. Binding of the second molecule of CO does not require
an internal electron transfer, which explains why the second
binding constant increases as the clusters become more
electron rich.

B RESULTS AND DISCUSSION

Synthesis and Electrochemistry. The complexes
[LFe;O(PCF3ArIm);Fe][OTf], (1€F3), [LFe,0-
(POMeArIm),Fe][OTf], (1°M¢), and [LFe;0(*NM*2ArIm),Fe]-
[OTf], (1™2) were synthesized in a manner similar to that
recently described for [LFe;O(Phlm);Fe][OTf], (1%)
(Scheme 1).*° Although high-quality crystal structures could
not be obtained for 1°M¢ or 12, their "H NMR spectra are
strikingly similar to those of the structurally characterized
clusters 1°¥* and 1" (Figure 21 in the Supporting
Information). Moreover, the ESI mass spectra of 1°™¢ and
1"Me2 feature peaks at m/z 809 and 827, respectively,
consistent with [LFe;O(P°MeArIm),Fe]** and [LFe;O-
(PNMe2A1Im),Fe]** formulations.

The effect of remote ligand modification on the electro-
chemical properties of [LFe;O(RArIm),Fe][OTf], were
interrogated by cyclic voltammetry. In dichloromethane, 1}
(R = CF;, H, OMe, NMe,) exhibit two quasi-reversible
electrochemical events: a reduction assigned to the FeH3FeHI/
Fe'Fe'', redox couple (average E,;, ~ —1 V) and an
oxidation assigned to the Fe',Fe™,/Fe''Fe'; redox couple
(average E,/, & —0.11 V, Figure 2A). The potentials associated
with both redox events are dependent on the electronic nature
of the substituent (Table 2 in the Supporting Information),

Scheme 1. Modular Synthesis of Site-Differentiated Iron
Clusters with Variable Remote Substituents
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illustrated by the linear correlation of the measured E, /, values
with their Hammett o, parameters (Figure 2B).*® The half-
wave potentials of the Fe";Fe™/Fe",Fe™, redox event are
shifted over a 310 mV range from —0.87 V for 1°¥3 to —1.18 V
for 1™ suggesting a significant effect of remote ligand
substitution on the energy of the redox-active orbital(s)
associated with the [Fe;(u,-O)Fe]core. Likewise, the half-wave
potentials of the Fe,Fe™,/Fel'Fe™, redox event are tuned
over a similar range (270 mV) from +0.02 V for 1°¥* to —0.25
V for 1WMe2,

Spectroscopic Studies of [LFe;O(RArim)sFel** Clus-
ters. Although the electrochemical properties of 1} (R = CF,,
H, OMe, NMe,) trend with the substituent 0, parameters,
spectroscopic studies reveal only subtle differences in their
electronic ground state.*” The zero-field ’Fe Mdssbauer
spectra of 1°¥* (Figure 74 in the Supporting Information) and
1"Me2 (Figure 75 in the Supg)orting Information) are
qualitatively similar to that of 1.°° Spectral simulations reveal
the presence of two iron subsites (50% total iron) with
Mossbauer parameters (§ &~ 1 mm/s, IAEql = 3 mm/s)
diagnostic of high-spin, six-coordinate Fe'! centers,>*~>>3%335!
indicating a [Fe",Fe'"] assignment of the redox state of the
triiron core. Moreover, the isomer shifts associated with the
apical iron centers of 1¥3, 1% and 1" (§ = 0.19—0.22 mm/
s) are consistent with an Fe'! formulation.”> The EPR spectra
of 1% and 1™¢2 (Figure 71 in the Supporting Information),
collected in parallel mode at 4.5 K in a propionitrile/
butyronitrile (4/5) glass, all exhibit a feature at g ~ 17.2
assigned to a transition within the M, = +4 doublet of an S = 4
spin system (D < 0).>*7® This assignment is consistent with
variable-temperature magnetic susceptibility measurements on
1€ (Figure S0 in the Supporting Information) and 1™
(Figure S3 in the Supporting Information), which plateau
(1%3, ~8.8 cm® K mol™; 1"™¢2 ~9.3 ¢cm® K mol™!) near the

DOI: 10.1021/acs.inorgchem.9b02470
Inorg. Chem. 2019, 58, 15971-15982


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02470/suppl_file/ic9b02470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02470/suppl_file/ic9b02470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02470/suppl_file/ic9b02470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02470/suppl_file/ic9b02470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02470/suppl_file/ic9b02470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02470/suppl_file/ic9b02470_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02470/suppl_file/ic9b02470_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b02470

Inorganic Chemistry

< | |
- |

Fe'sFe'l Fel,Fe'l,

>

Fe'Fe'l,

7

Current / A

-1 0 1
Potential / V (vs. Fc/Fc*)

-0.1

-03
Fe',Fe'l,/Fe'lFe'ly

-05

Potential (V vs. Fc/Fct)

0.5 1

Figure 2. (A) Cyclic voltammograms of 1% (red), 1" (orange),
1°M¢ (green), and 1" (blue) in CH,CL, (0.1 M [nPr,N][BAr",,]
supporting electrolyte). Scan rate: 100 mV/s. (B) Plot of
E, ),(Fe',Fe'",/Fe""Fe™,) (top) and E,/,(Fe';Fe'/Fe,Fe',) (bot-
tom) vs Hammett substituent constants (Gp) for 1* (R = CF;, H,
OMe, NMe,), respectively.

expected spin-only value for an isolated S = 4 center (10 cm® K
mol™").

Synthesis and X-ray Diffraction Studies of [LFe;O-
(RArlm);Fel* Clusters. Consistent with their electrochemical
behavior, 1°¥3, 14, and 1™ can be reduced with 1 equiv of
Cp*,Co, affording complexes with nearly identical '"H NMR
features (Figure 22 in the Supporting Information). Structural
characterization confirmed the identity of these paramagnetic
compounds as [LFe;O(P“™Arlm);Fe][OTf] (2%, Figure
3A), [LFe;0(PhIm),Fe][BF,] (2%, prepared by reduction of
2" to the allferrous cluster followed by reoxidation with
[Cp,Co][BE,], Figure 3B), and [LFe;0(""M*ArIm),Fe][BF,]
(2™<2, Figure 3C), respectively. Upon reduction, the Fe4—O1
distance of 1°¥* (ca. 1.80 A) elongates to 1.897(1) A (Table
1), suggesting a ferrous oxidation state assignment for the

Table 1. Summary of Selected Bond Lengths (A)

Bond lHa 2CF3 2H ZNMel
Fel-O1 2.148(2) 2.068(2) 2.091(1) 2.063(2)
Fe2—O1 1.983(2) 1.933(2) 1.881(1) 1.986(2)
Fe3-01 2.093(2) 2.074(2) 2.108(1) 2.097(2)
Fe4—01 1.813(2) 1.897(1) 1.881(1) 1.839(2)
Fel—-N11 2.144(3) 2.145(2) 2.164(2) 2.164(2)
Fe2—N9 2.131(2) 2.133(2) 2.121(2) 2.156(2)
Fe3—N7 2.137(3) 2.169(2) 2.174(2) 2.178(2)
Fe4—C60 2.068(3) 2.087(2) 2.093(2) 2.071(2)
Fe4—C69 2.063(3) 2.107(2) 2.102(2) 2.075(3)
Fe4—C78 2.063(3) 2.084(2) 2.082(2) 2.082(3)

“Data taken from ref 30.

apical iron in 2°F3. Moreover, the long Fel—O1 (2.068(2) A)
and Fe3—01 (2.074(2) A) distances and short Fe2—O1
(1.933(2) A) bond length of 2 are consistent with
maintaining the [Fe™,Fe™] redox level of the basal triiron
core observed in 13, Similar Fe—Ol bond lengths are
observed for 2" (Table 1), indicating that the incorporation of

C)

Figure 3. Solid-state structures of 2%, 2, and 2"™¢2; (A) [LFe;O0(*“**ArIm),Fe][OTf] (2%3); (B) [LFe;O(PhIm);Fe][BF,](2"); (C)
[LEe;O(P"<2ArIm),Fe][BF,] (2™2). Hydrogen atoms and outer-sphere counterions are not shown for clarity.
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electron-withdrawing trifluoromethyl substituents does not
significantly perturb the ground-state electron distribution
within the [LFe;O(*ArIm);Fe]" core.

Remarkably, however, the solid state structure of
reveals a significant influence of remote ligand modification on
the redox distribution of the [LFe;O(*ArIm);Fe]* cluster. The
Fe4—O1 bond length of 2"™* (1.839(2) A, Table 1) is
substantially shorter than those of 2% (1.897(1) A) or 2H
(1.881(1) A), suggesting that the incorporation of electron-
donating dimethylamino substituents favors the localization of
ferric character at the apical iron center. This shift in the
electron distribution is supported by an elongation in the Fe2—
01 distance from 1.933(2) A in 2% or 1.881(1) A in 2" to
1.986(2) A in 2" (Table 1), indicating a more reduced
[Fe™,] triiron core in 2"™®% Consistent with this assignment,
an elongation of the [FellFe2lFe3] centroid—O1 distance is
observed from 0.957(2) A in 2% to 1.015(2) A in 2"M,
Admittedly, the Fe2—O01 distance of 2"™** remains somewhat
short in comparison to other core Fe"—O1 distances (average
~2.07 A),>>** though this may simply be a manifestation of
the rigidity of the supporting ligand. Despite differences in the
Fe—O1 bond lengths of 2653 and 2M€2 the volume of the
tetrametallic core remains nearly constant (average Fe—Fe
separations: 3.36(4) vs 3.37(3) A). The constrained volume of
the [Fe;(u,-O)Fe] core may prevent a more dramatic
elongation of the Fe2—O1 distance of 28 in response to
charge redistribution induced by remote modification of the
ligand. The higher sensitivity of the apical iron to the electronic
nature of the remote substituents likely results from the fact
that, while these substituted imidazolates bridge Fe4 to the
basal triiron core, only Fe4 is bound to all three.

57Fe Méssbauer Spectroscopy of [LFe;O(RArim);Fel*
Clusters. In order to obtain additional insight into the effect
of remote ligand modifications on electron distribution, 23
and 2™ were studied by *"Fe Mossbauer spectroscopy. The
Mossbauer spectrum of 2°F (80 K, Figure 4 top) features only
three well-resolved resonances, albeit with discernible
shoulders near the Lorentzian features around —0.5 and 3
mm/s, respectively. A satisfactory simulation of the exper-
imental spectrum requires at least three distinct iron subsites
which, on the basis of the relative intensity of the resonance
near 3 mm/s, occur in a 2:1:1 ratio. Two reasonable
simulations were obtained (Figures 76 and 77 in the
Supporting Information), both of which afford Mdssbauer
parameters for one subsite (50% total iron) which are
consistent with the presence of two high-spin, six-coordinate
Fe' centers (§ ~# 1.1 mm/s, IAEg| ~ 3.2 mm/s) within the
triiron core.**73***3%3! The relative intensity of the sharp
resonance near 1 mm/s indicates the presence of one ferric ion
whose isomer shift and quadrupole splitting depend on how
the Lorentzian feature near —0.5 mm/s is modeled, with &
bounded between 0.34 and 0.47 mm/s. Isomer shifts in this
range are common for high-spin, six-coordinate ferric centers
in O/N-rich ligand environments,””~®* suggesting a [Fe',Fe!']
redox level for the triiron core identical with that inferred from
the solid-state structure. The shoulder observed to the left of
the Lorentzian feature around 3 mm/s is attributed to a third
ferrous site with a lower isomer shift (§ ~ 0.8 mm/s) and
lower quadrupole splitting (IAEql &~ 2.7 mm/s). A similar
shoulder is observed in the Méssbauer spectra of 2" and
[LEe;O(PhPz),Fe][OTf].>* This shoulder, which is absent in
the spectrum of the one-electron-oxidized cluster 1°¥* (Figure
74 in the Supporting Information) has been assigned to a

NMe2
2 e

50% Core Fe'

75% Core Fe'

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

Figure 4. Remote ligand modifications tune redox distribution in a
series of site-differentiated [LFe;O(®ArIm);Fe]* clusters: (top) zero
field *"Fe Mdossbauer spectrum (80 K, microcrystalline material) of
[LFe;O(P“FArIm),Fe][OTf] (2°¥); (bottom): zero field >"Fe
Mossbauer spectrum (80 K, microcrystalline material) of [LFe;O-
(PNM2ATm),Fe] [OTS] (2¥¢2). For additional simulation details, see
the Supporting Information.

; 30,32 .
resonance of the apical Fe' center.’”*” Due to its lower

coordination number and softer (C rich) ligand environment, a
smaller isomer shift is anticipated for the apical ferrous site in
comparison to the pseudo-octahedral Fe'' centers of the triiron
core.®* The final model (Table 2) affords an isomer shift of
0.73 mm/s (IAEgl &~ 2.76 mm/s) for the trigonal-pyramidal
ferrous site of 2%, a value similar to those reported for four-
coordinate, high-spin Fe' centers supported by multidentate
N-heterocyclic carbene ligand scaffolds.*>

On the other hand, the Mdssbauer spectrum of 2NMe2
(Figure 4, bottom) is distinct from those of 2% and 2%
indicating a change in the electronic structure. Most notably,
the sharp resonance near 1 mm/s observed in the spectra of
2683 9" and [LFe,O(PhPz),Fe][OTf]* is absent. Instead, a
sharp, nearly isotropic signal is observed at 0.11 mm/s,
indicating a significantly lower isomer shift for the ferric subsite
of 2"Me2 Sixcoordinate, high-spin Fe™ complexes are not
known to exhibit isomer shifts lower than ~0.35 mm/s. As
such, the quadrupole doublet for the ferric subsite does not
originate from within the triiron core. Isomer shifts of ~0.20
mm/s are commonly observed for four-coordinate, high-spin
ferric iron complexes in soft ligand environments, suggesting
an Fe'!' assignment for the apical metal center.”> Consistent
with this assignment, the isomer shift of the apical iron center
in 2" (§ = 0.11 mm/s) does not differ significantly from
that in 1NMe2 (6 = 0.22 mm/s, see Figure 75 in the Supporting
Information). For comparison, a substantially larger difference
is observed in the isomer shifts associated with the apical iron
center in 2 (§ = 0.73 mm/s) in comparison to 1°¥* (§ =
0.19 mm/s). Furthermore, the presence of three six-
coordinate, high-spin ferrous centers in the triiron core of
2"Me2 s supported by the Mossbauer parameters of the
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Table 2. Summary of Mossbauer Parameters

compd no. complex
1683 [LFe;0(P“**ArIm),Fe][OTf],
1NMe2 [LFe;0(PNM2ArIm),Fe][OT(],
2CF3 [LFe;0(P“*ArIm),Fe][OTf]
QNMe2 [LFe;0(PNM2ArIm),Fe][OTf]

& (mm/s) IAEq| (mm/s) amount (%)
1.10 3.17 25
1.16 2.80 25
0.39 0.39 25
0.19 1.24 25
1.02 2.89 25
1.09 3.30 25
0.39 0.45 25
0.22 1.10 25
1.11 2.88 25
1.15 3.31 25
0.47 1.09 25
0.73 2.76 25
1.10 3.23 75
0.11 0.18 25

remaining subsite (6 = 1.10 mm/s, IAEy| = 3.23 mm/s, 75%
total iron, Table 2).

Multiple-Wavelength Anomalous Diffraction. Further
insight into the electronic structure of 2°F* was sought by
multiple-wavelength anomalous X-ray diffraction (MAD).
Inelastic scattering of X-rays results in a wavelength depend-
ence of the atomic scattering factors: f;(1) = f°+ f/(1) +
if/"(4), where f/(1) and f/'(1) are the real and imaginary
components of the anomalous scattering due to the absorption
of X-rays by element i°”°® Thus, MAD experiments can
provide information on the metal oxidation state and
coordination geometry, similarly to XANES, but in a site-
specific manner for individual metal sites within a cluster,'>%
Unfortunately, however, only f;'(4) is directly proportional to
absorption and, for centrosymmetric crystals such as the
clusters discussed herein, f;//(1) cannot be refined directly. In
principle, analysis of the f;(4) spectra could provide similar
site-specific information; however, their interpretation is not
straightforward and studies of well-defined model clusters are
limited.”*~”® A plot of the refined f; (1) values for Fel—Fe4 as
a function of energy for 2 (Figure 5) clearly distinguishes
the unique coordination environment of Fe4 from Fel—Fe3.
The f;/(1) curves of the six-coordinate, high-spin ferrous sites
Fel and Fe3 are broader and have lower energy minima in

-10.2

S \J N N
PO A
Energy / eV

Figure S. Plot of refined f values for Fel (green), Fe2 (yellow), Fe3
(red), and Fe4 (blue) as a function of energy for 2°¥3. Atom labels are
the same as those used in the structure of 2°** in Figure 3A. Selected
bond lengths are included in Table 1. For additional refinement
details, see the Supporting Information.

comparison to those of the six-coordinate ferric site Fe2.
Although the effects of radiation damage are apparent in the
higher energy data sets (Figure 89 in the Supporting
Information), the MAD data for 2% correlate well with the
oxidation state distribution inferred by traditional X-ray
crystallography and “"Fe Mbssbauer spectroscopy, which
indicate an Fe(II) formulation for both Fel and Fe3.

SQUID Magnetometry for [LFe;O-
(RArIm)3Fe]+CIusters. To elucidate the effect of redox
distribution on the exchange coupling, variable-temperature
magnetic susceptibility measurements were performed on 208,
29, and 2™ in the temperature range 1.8—300 K at 0.1 T
(Figure 6). The value of yyT for 28> at 300 K (6.35 cm® K
mol™") deviates significantly from the spin-only value (13.38
em® K mol™) anticipated for uncoupled Fe (S = 2) and Fe™"
(S =5/2) centers, indicating the presence of antiferromagnetic
coupling. However, yyT increases gradually as the temperature
is lowered (Figure 6, blue trace), eventually reaching a plateau
(7.87 cm® K mol™") between 10 and 40 K corresponding to the
expected spin-only value for an isolated S = 7/2 center (g =
2.00). The near-ideal Curie behavior observed between 10 and
40 K suggests that excited states with S # 7/2 are not
thermally accessible. An exchange coupling model (J,, = J54; ],
= J,3, numerical subscripts chosen to be consistent with atom
labels in the crystal structures) based on the pseudo-C,
symmetry of the [Fe,(y,-O)Fe] core was employed to simulate
the experimental data according to the spin Hamiltonian H =
—ZZ]ij(S,-~Sj). The effective exchange coupling constants
obtained from these simulations (Ji4 = J34 = =29 cm™, J,, =
—40 cm™, J1, = Jh3 = =34 cm™, J;; = —0.8 cm™!) reveal that
the S = 7/2 ground state originates from spin frustration of the
triiron core due to strong antiferromagnetic interactions of
Fel/Fe2/Fe3 with the apical Fe'! center. The larger value of
J»4 (in comparison to J;, = J54) is consistent with the shorter
Fe2—O1 distance observed in the solid-state structure.
Consistent with the S = 7/2 ground state inferred from
magnetic susceptibility measurements, magnetization satura-
tion for 22 occurs at 6.6 pp at 1.8 K and 7 T, near the
expected M = ¢S limit for g = 2.00. Simulations according to
the system spin Hamiltonian H = DS+ E(S>+ Syz) + gupS-H
best reproduce the experimental data assuming S = 7/2 with g
=192, D = =021 cm™, and |E/DI = 0 (Figure 69 in the
Supporting Information).

In contrast to the gradual rise in yy, T observed for 2™, the
molar susceptibilities of 2°F* (Figure 6, red trace) and 2"
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Figure 6. Redox distribution governs the magnetic properties in a series of site-differentiated [LFe;O(®ArIm),Fe]* clusters. Exchange coupling
model, fit parameters, and variable-temperature magnetic susceptibility data for 2 (red trace), 2" (orange trace), and 28 (blue trace). For

additional simulation details, see the Supporting Information.

(Figure 6, orange trace) decrease monotonically with temper-
ature, reaching values of 3.16 and 1.81 cm® K mol™,
respectively, at 1.8 K. No plateau is observed in the yyT
values down to 1.8—5 K, suggesting that neither 2 nor 2"
possesses a well-isolated spin ground state. Simulations of the
experimental data reveal significantly smaller ], = J3, coupling
constants for 2F3 and 2" (—2.1 and —5 cm™, respectively) in
comparison to 2"M¢2 (—29 cm™'). While the intracore
exchange coupling remains weak (J;, = J,3 = —2.3 cm™, J;
= —0.6 cm™ for 2% ], = ;3 = 4.8 cm ™, J;; = —1.3 cm™*
for 2%), the smaller values of J, = Jy, are no longer large
enough to spin frustrate the triiron core. As a result, the
calculated energy level diagrams for 2°F* (Figure S7 in the
Supporting Information) and 2% (Figure 63 in the Supporting
Information) indicate multiple low-lying excited states with
energies as low as ca. 0.3 and 0.6 cm™, respectively (equivalent
temperatures 0.4 and 0.9 K). This is in stark contrast to 282,
for which the first excited sextet state is predicted at ca. 120
cm™" (equivalent temperature 173 K, Figure 68 in the
Supporting Information).

On the basis of the sensitivity of the spin ladder to ], = 3,
the presence (or absence) of a well-isolated, high-spin ground
state appears to be directly correlated with the oxidation state
of the apical iron center. The dominant superexchange
pathways within the [LFe;O(®Arlm)jFe]* core are likely

through the monatomic bridging oxo ligand, and the strengths
of these interactions are highly sensitive to the Fe—O bond
lengths.M_76 For 23 and 2%, which feature apical Fell centers,
the Fe4—O1 distance is elongated (0.04—0.06 A) relative to
2NMe2 yhich features an apical ferric site. The nearly identical
values for J,, determined for 2% (=37 cm™), 2% (=40 cm™),
and 22 (—40 cm™") suggest that changes in the Fe"'—Fe™
coupling constant due to elongation in the Fe4—O1 distance
are largely compensated for by contraction of the Fe2—O1
bond length. However, elongation in the Fe4—O1 distance
modulates the extent to which Fe4 is magnetically coupled
with the ferrous centers of the triiron core (Fel and Fe3),
thereby dictating whether or not the triiron core will be
ferromagnetically aligned at low temperatures. Overall, our
magnetostructural studies indicate that the spin ground state of
site-differentiated iron clusters and its energetic isolation from
excited states are indicators of electronic distribution, which we
have shown can be systematically tuned by remote ligand
modifications.

CO Reactivity: IR Spectroscopy. Crystallographic,
spectroscopic, and magnetic studies indicate that localization
of ferric character at the unique apical iron is preferred in the
ground state of [LFe;O(*ArIm);Fe]** clusters. Notwithstand-
ing, we have previously shown that binding of CO induces an
internal electron transfer from a distal Fe'' center, resulting in
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Figure 7. Ligand-dependent CO binding trends. (A) Clusters 1* (R = CF;, H, OMe, NMe,) successively bind two molecules of CO at the apical
Fe4 site. For structural characterization of representative examples of mono- and dicarbonyl adducts, see ref 30. (B) Low-temperature IR
spectroscopy illustrates the influence of ligand modifications on the affinity of 1 (R = CF;, H, OMe, NMe,) for binding one vs two molecules of
CO. Asterisks denote features associated with the corresponding dicarbonyl species 1¥-(CO), (R = CF;, H, OMe, NMe,). For experimental details
and variable-temperature data, see the Supporting Information. (C) Plot of the measured AH values for the first (bottom, circles) and second (top,
triangles) CO binding events of 1 (red), 1" (orange), and 1°™¢ (green) vs the substituent Hammett 0, parameters.

an apical Fe™—CO motif as supported by Mdssbauer and IR
spectroscopy.>” While internal electron transfer from a remote
metal site accommodates coordination of CO at Fe'l|
measurements of the CO binding energetics revealed that
redox reorganization introduces a small energetic penalty to
ligand binding. On the basis of the sensitivity of the redox
distribution of 2% (R = CF;, H, OMe, NMe,) to remote ligand
modification, we reasoned that remote ligand modifications
may also tune the propensity of [LFe;O(®ArIm);Fe]** core to
redistribute electron density, the extent of which may be
determined by measuring the CO binding energetics of 1® (R
= CF;, H, OMe, NMe,). As such, we investigated the effect of
remote ligand modifications on the reactivity of the Hammett
series 18 (R = CF,, H, OMe, NMe,) with CO. The IR
spectrum of 1°F® at 195 K in CO-saturated dichloromethane
(3.3 mM) following an Ar purge is qualitatively similar to that
of 2% (Figure 7B). An intense feature attributed to the
formation of the monocarbonyl adduct 1°¥3-CO is observed at
1947 cm™' (in comparison to 1944 cm™' for 1%-CO).
Additionally, weak features at 1961 and 2015 cm™" indicate
formation of the dicarbonyl complex 1¢¥3-(CO), (1960 and
2014 cm™ for 1"-(C0O),).”” When the solution is warmed to
273 K under Ar, the Fe—CO vibration of 1°F-CO at 1947

cm™' remains intense (Figure 23 in the Supporting

Information). In analogous experiments with 1"-CO, no
diagnostic Fe—CO vibrations were discernible at 273 K,*°
suggesting that the formation of the monocarbonyl complex is
thermodynamically more favorable for 1°* in comparison to
1M

On the other hand, the IR spectrum of 1°™¢ (Figure 7B) in
CO-saturated dichloromethane under nearly identical con-
ditions (3.1 mM, 195 K) exhibits three intense Fe—CO
vibrational features. The lowest energy feature (1942 cm™) is
attributable to the monocarbonyl complex 1°M°-CO, with the
remaining features at 1955 and 2013 cm™' assigned to the
dicarbonyl adduct 1°¢-(CO),. The higher relative intensity of
these features indicates a larger binding constant for
coordination of the second CO to 1°™¢ in comparison to
1" or 1™ For the most electron rich cluster 12, no well-
defined features assignable to the monocarbonyl complex
1"™e2.CO are observed, only those corresponding to the
dicarbonyl adduct 1"™¢2(CO), at 1957 and 2013 cm™". The
CO stretching frequencies of the mono- and dicarbonyl
complexes are affected only slightly by the ligand changes
(1942—1947 con™* for 1*-CO, R = CF;, H, OMe; 1984—1988
cm™! as the average for 1*%-(C0),, R = CF;, H, OMe, NMe,).
The monocarbonyl species show increased activation of CO, as
expected, with the more electron rich ligands. For dicarbonyl
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Table 3. Thermodynamics of CO Binding to 1* (R = CF;, H, OMe, NMe,) in Dichloromethane

complex” ligand Kyrsx (atm_l)b
1683¢ Cco 9.3
11 co 17
10Mee Cco 0.2
1NMe2f 2 CO 0.1
1%.co® Cco 0.1
1".co° Cco 0.2
1°Me.co/ co 0.5

AH (kcal mol™) AS (cal mol™ K™')

—18.5(4) —62(2)
—13.6(8) —48(3)
-10.6(2) —42(1)
-23.2(9) —88(4)
-7.4(1) -31(1)
—8.3(5) —32(2)
-9.3(3) —35(1)

“Standard state: 1 atm of CO unless noted otherwise. bBinding energetics of 1® (R = CF,, H, OMe, NMe,) were determined by 'H NMR
spectroscopy with [Fc*][OTf] as an internal standard in a sealed capillary tube. See the Supporting Information for more details. “Binding
constants measured between 263 and 308 K. “Data taken from ref 30. “Binding constants measured between 243 and 283 K./Binding constants
measured between 243 and 278 K. *Binding constants measured between 213 and 278 K.

species, the same trend holds for 1%-(CO), (R = CF;, H, OMe,
NMe,). However, the opposing trends in the proportion of
mono- and dicarbonyl species generated as a function of
different ligands is unexpected. Despite the higher binding
affinity of 1°™¢ and 1™ for two molecules of CO at 195 K,
neither exhibit discernible Fe—CO vibrational features upon
warming to 273 K (Figures 24 and 25 in the Supporting
Information), suggesting a lower overall affinity for CO in
comparison to 1°%3 at this temperature.

CO Binding Energetics. The ligand-dependent trends in
CO binding were confirmed by 'H NMR spectroscopy.
Cooling solutions of 1°¥* in dichloromethane-d, under an
atmosphere of CO from 298 to 268 K predominately affords
the monocarbonyl complex 1¥3-CO as the major species
(84% at 268 K, Figure 42 in the Supporting Information).
Cooling beyond 268 K gradually converts 1°¥3-CO to the
dicarbonyl complex 1°¥3-(CO), (100% at 203 K). In
comparison to 1°%3, significantly lower conversion of 1°™¢ to
1°Me.CO is observed between 278 and 298 K (13% vs 82% at
278 K, Figure 42 in the Supporting Information) under an
atmosphere of CO under identical conditions (8.8 mM in
CD,Cl,, Pco = 1 atm). Moreover, the presence of 1°™¢ (>5%)
in solution down to 243 K indicates that 1°™® has an overall
affinity for CO lower than that of 1°¥® in the temperature
range 243—298 K. Whereas substantial amounts of 1°¥*-CO
accumulate before significant quantities of 1°¥3-(CO), are
observed, the appearance of 1°™%-CO and 1°™*-(CO), occurs
almost simultaneously (19% vs 18%, respectively, at 268 K). As
a result, full conversion of 1°™¢ to the dicarbonyl complex
1°™¢.(CO), is achieved at higher temperatures (223 K in
comparison to 203 K for 1°¥3-(CO),). For the more electron
rich 1"™2, 'TH NMR features associated with the correspond-
ing monocarbonyl adduct 1"M®2-CO are not observed at any
temperature and full conversion to 1¥M®2.(CO), occurs
between 233 and 243 K (Figure 42 in the Supporting
Information). This does not simply result from a large binding
constant associated with the second coordination event (with
K, being constant) because, like 1°™¢, the onset temperature
for CO binding (ca. 268—278 K) is much lower than that for
1°F® (>298 K). Thus, qualitatively, our variable-temperature
'"H NMR and IR studies indicate that the electronic effect of
the remote ligand modifications have a disparate influence on
the first and second CO binding events. Formation of the
monocarbonyl adducts [LFe;O(®Arlm);Fe(CO)]* is sup-
pressed by electron-donating substituents, whereas formation
of the dicarbonyl complexes [LFe;O(*Arlm) Fe(CO),]*" is
enhanced.

To quantify the electronic effect of the remote ligand
modifications, the CO binding energetics of 1* (R = CF, H,
OMe, NMe,) were determined by '"H NMR spectroscopy with
[Fc*][OTH] as an internal standard in a sealed capillary tube.
At 278 K,”® the CO binding constants of 1%-(CO), (R = CF,,
H, OMe) span nearly 2 orders of magnitude, decreasing
monotonically from 9.3 atm™ for 1°¥3 to 1.7 atm™ for 1" and
0.2 atm™" for 1°™¢ (all in dichloromethane-d, and Py = 1
atm, Table 3). van’t Hoff analysis reveals that formation of the
monocarbonyl adducts 1%-(CO) (R = CF;, H, OMe) is
associated with a large entropic penalty, which has previously
been explained by the loss of rotational freedom in the flanking
aryl substituents upon binding of CO.>* By comparison, the
smaller entropic penalty associated with formation of the
dicarbonyl adducts 1*-(CO), (R = CF;, H, OMe) suggests
that CO binding is cooperative, due to rotational “locking” of
the aryl substituents following formation of the corresponding
monocarbonyl adduct.

As is qualitatively suggested by our '"H NMR and IR studies,
the electronic character of the remote ligand substituents
modulates the CO binding energetics of 1® (R = CF;, H,
OMe), illustrated by the linear correlation of the measured AH
values with the substituent Hammett 6, parameters (Figure
7C). Notably, for a given substituent these effects are
antithetical; electron-withdrawing substituents are associated
with more negative AH values for the first CO binding event
(formation of 1%-CO, R = CF;, H, OMe) but less negative AH
values for the second CO binding event (formation of 1°-
(C0O),, R = CF;, H, OMe). Moreover, the first CO binding
event (AAH up to 7.9 kcal mol™") is ca. 4 times more sensitive
to the electronic nature of the remote substituent than the
second CO binding event (AAH up to 1.9 kcal mol™).
Although we are unable to directly measure the individual CO
binding constants for 1"M®, we emphasize that its temper-
ature-dependent CO binding profile is consistent with the
trends observed for 1} (R = CF;, H, OMe). The onset
temperature for CO binding to 1™ is the lowest in the
series, and complete conversion to the dicarbonyl 1€
(CO), occurs at temperatures higher than those for 1* (R =
CF;, H, OMe). This indicates that 1"? has both the lowest
K, and highest K, values, as anticipated on the basis of Figure
7C. For comparison, previous studies have shown that CO
binding constants often increase as reduction potentials
decrease,””*® which is attributed to the m-acidity of CO.
Thus, the observation of the opposite trend in the formation
constants for 1®-CO (R = CF;, H, OMe) is notable, especially
since the donor strength of the bridging imidazolate was found
to be crucial for enabling CO binding to 1" in comparison to
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structurally homologous clusters with less donating pyrazolate
ligands.*

Insights into Ligand-Dependent CO Binding Trends.
The linear correlation of the measured Fe—CO vibrational
features with the Hammett substituent constants (Figure 26 in
the Supporting Information) indicates that an electronic
rearrangement occurs in 1> and 1°™® upon CO binding,
analogous to that reported previously for 1".°° We have
proposed a thermodynamic model for ligand-induced redox
reorganization which quantitatively describes the binding of
CO at the apical Fel' center of 1* (R = CF;, H, OMe,
NMe,).*® The measured AH values for the formation of 1%
CO (R = CF;, H, OMe) can be decomposed into two terms,
one arising from the energetic cost of redox reorganization and
the other from the intrinsic affinity of the incipient localized
Fe' site for CO (Figure 8B). The sensitivity of the first CO
binding event to the substituent 6, parameter (AAH = —4.9
keal mol™! for 1% and +3.0 kcal mol™ for 1°M¢, relative to
1%) indicates that the redox reorganization energy is
significantly perturbed by remote ligand modifications.

Importantly, the second CO binding event of 1%, R = CF,,
H, OMe (formation of 18-(CO),, R = CF;, H, OMe, from 1*-
CO, R = CF;, H, OMe) serves as an internal reference for the
remote substituent effect on CO binding in the absence of redox
reorganization.”’ The small AAH values calculated for the
second CO binding events of of 1} (R = CF;, H, OMe) (+0.9
keal mol™! for 1°¥2 and —1.0 keal mol™! for 1°M¢, relative to
1") demonstrate that this intrinsic substituent influence is
small, but the trend is consistent with the expectation that
more reducing metal complexes should have a higher affinity
for 7m-acids.*®’”® Assuming that the intrinsic substituent
effects are similar for both the first and second CO binding
events, the effect of remote ligand modification on the redox
reorganization energy (RRE, relative to that for 1") must be
on the order of —5.8 kcal mol™ for 1°* and +4.0 kcal mol™
for 1°™¢. Thus, the incorporation of electron-donating
substituents stabilizes ferric character at the apical metal site
and increases the penalty associated with internal electronic
rearrangements within the cluster which would formally reduce
Fe4, resulting in an inverted linear free energy relationship for
CO binding (Figure 8B(ii)).

H CONCLUSION

In summary, a series of site-differentiated iron -clusters
[LFe;O(*ArIm);Fe][OTf], with tunable electronic properties
was synthesized, and binding of up to two molecules of CO
was observed. The cluster’s redox properties and CO
stretching frequencies shift as expected on the basis of the
electronic properties of the ligand: electron-donating sub-
stituents result in more reducing clusters and weaker C—O
bonds. Moreover, the electronic character of a remote ligand
substituent was found to significantly affect the energetics of
CO binding (AAH by as much as 7.9 kcal mol™) at a single
ferric iron site within the cluster. Surprisingly, however,
electron-donating substituents suppress the first CO binding
event but enhance the second. Spectroscopic studies reveal that
these substituent effects result from changes in the penalty
associated with electronic redistribution, which is an essential
feature of the first CO binding event. To the best of our
knowledge, the clusters discussed herein are the first to
simultaneously exhibit “normal” and inverted free energy
relationships for CO binding. This unique feature of
multimetallic complexes which must undergo electronic
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Figure 8. (A) Summary of the effect of remote ligand modifications
on the electronic distribution of 1* (R = CF;, H, OMe, NMe,). (B)
(i) Thermodynamic model for binding of CO to 1* (R = CF,, H,
OMe, NMe,), coupled to an internal redox reorganization, which can
be used to estimate the effect of remote ligand substitution of the
redox reorganization energies of 1® (R = CF;, H, OMe, NMe,). (ii)
Plot of the AAHgyg (circles) and AAHq (triangles) values for 1¢¥3
(red), 1" (orange), and 1°™* (green) vs the substituent Hammett o,
parameters (1" is set to 0 for reference). Abbreviations: i-ET =
internal electron transfer/redox reorganization, LIRR = ligand-
induced redox reorganization, RRE = redox reorganization energy.

rearrangement to accommodate small-molecule binding
could be potentially useful in controlling product selectivity,
for example in the reduction of CO to hydrocarbons, by
providing a means to independently tune sequential CO
binding constants.*> More broadly, the unusual ligand-
dependent trends in diatomic binding reported herein
highlight how the first and/or second coordination sphere of
a transition-metal cluster could be rationally tuned to flip
traditional thermodynamic scaling relationships toward con-
trolling small-molecule activation.
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