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ABSTRACT: Inspired by the multielectron redox chemistry
achieved using conventional organic-based redox-active
ligands, we have characterized a series of iron-functionalized
polyoxovanadate—alkoxide clusters in which the metal oxide
scaffold functions as a three-dimensional, electron-deficient
metalloligand. Four heterometallic clusters were prepared
through sequential reduction, demonstrating that the metal
oxide scaffold is capable of storing up to four electrons. These
reduced products were characterized by cyclic voltammetry,
IR, electronic absorption, and 'H NMR spectroscopies.
Moreover, Mossbauer and X-ray absorption spectroscopies
suggest that the redox events involve primarily the vanadium
ions, while the iron atoms remained in the 3+ oxidation state
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Reducible Metal-Oxide Metalloligand for Electron Storage!!

throughout the redox series. In this sense, the vanadium portion of the cluster mimics a conventional organic-based redox-active
ligand bound to an iron(Ill) ion. Magnetic coupling within the hexanuclear cluster was characterized using SQUID
magnetometry. Overall, the results suggest extensive electronic delocalization between the metal centers of the cluster core.
These results demonstrate the ability of electronically flexible, reducible metal oxide supports to function as redox-active

reservoirs for transition-metal centers.

B INTRODUCTION

Multielectron redox processes are often key steps in
homogeneous small-molecule activation and catalytic trans-
formations. While traditional homogeneous systems have
largely featured late second- and third-row transition metals
(e.g, Ru, Rh, Ir, Pd, Pt), owing to their ability to engage in two-
electron processes through M"/M"? redox cycling,' > the
scarcity of these elements renders their use costly and
potentially unsustainable.”® Substitution of earth-abundant,
first-row transition metals offers the potential to alleviate the
drawbacks associated with their precious metal congeners.

However, utilization of first-row metals has proven difficult
because of the tendency of these elements to undergo single-
electron redox events.”™

One approach to promoting the desired noble-metal
reactivity across earth-abundant elements is through the use
of redox-active ligands.”'" These highly conjugated, organic
platforms possess low-lying molecular orbitals suitable for
storing electrons that can be accessed during multielectron
transformations. This unique trait provides alternative access to
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redox chemistry, obviating the need for metal participation in
the electron-transfer event. In this situation, the number of
possible redox events is limited to the electron storage capacity
of the redox-active ligand, as opposed to the number of
accessible metal-based oxidation states. Moreover, cooperativity
between the metal and redox-active ligand often enables
transformations that would otherwise be inaccessible, i.e.,
reductive cyclization,”’12 proton reduction,”>™® and cross-
coupling catalysis.'”'® As a result, redox-active ligands have
emerged at the forefront of discovery science in inorganic
chemistry.

Despite the exciting possibilities for redox-active ligands,
there do exist some limitations to these systems. There are
shortcomings associated with the ligand’s geometry, such as
many redox-active ligands cannot sterically saturate the central
metal jon. There are also limitations associated with the
number of electrons that can be stored on an organic ligand.
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Figure 1. Cyclic voltammogram of complexes 1-V;FeOClO; and [V40,(OCHj;)},]. The experiments were collected in DCM with ["Bu,N][PF] as

the supporting electrolyte.

These issues present technical challenges in developing
platforms for multielectron chemistry. In an attempt to
overcome these obstacles, we have recently initiated inves-
tigations probing the application of metal oxide metalloligands
as electron reservoirs for a first-row metal center. These
alternative supports offer an opportunity to sterically saturate a
heterometallic ion embedded within the cluster core, while also
simultaneously providing the ability to store multiple reducing
equivalents that can be used for the mediation of multielectron
processes across first-row metal centers. Polyoxometalates
(POMs) are a special class of molecules composed of high-
valent metal oxide subunits.'”™>" Similar to the highly
delocalized lowest unoccupied molecular orbitals of organic
redox-active ligands, the empty d orbitals of the POM can
function as sites for the storage of electron density. The redox
properties and exceptional stability of these clusters have
resulted in their application in photocatalysis®*~>* and
homogeneous catalysis.””~>” The goal of our research is to
design POM-based metalloligands that take advantage of these
steric and electronic properties, using them as redox-active
reservoirs to facilitate challenging multielectron transforma-
tions.

Recently, our research group reported the synthesis of an
iron-functionalized polyoxovanadate—alkoxide (FePOV—alkox-
ide) complex.”® The high degree of redox flexibility reported
previously for these mixed-valent vanadium oxide clusters led to
the proposal that these stable frameworks could be used as
redox-active scaffolds for a heterometal embedded within the
Lindqvist core.””*’ The advantage to using POV—alkoxide
metalloligands as opposed to traditional organic redox-active
ligands is 2-fold: (1) the robust metal oxide ligand provides a
unique, three-dimensional coordination environment for the
metal center and (2) these POV—alkoxide clusters potentially
are capable of storing up to five reducing equivalents across the
d° V=0 moieties of the Lindqvist core (one electron at each
oxidized vanadium ion). Furthermore, the self-assembled
synthesis of these structures and their moderate air and
moisture stability affords facile formation to the desired
complexes.”® Herein, we describe the synthesis and character-
ization of an iron-functionalized POV—alkoxide cluster, as well
as members of the redox series isolated by chemical reduction
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and oxidation. Rigorous exploration of the electronic properties
of the redox series demonstrates the ability of the reducible
metal oxide scaffold to function as a redox-active metalloligand
for a first-row transition-metal center.

B RESULTS AND DISCUSSION
Synthesis of Reduced FePOV-—Alkoxide Clusters.

Recently, we reported the synthesis and characterization of an
FePOV—alkoxide cluster, namely, [V;O4,(OCHj;),FeX] (1-
ViFeX; X = Cl, OTf, OTf = trifluoromethylsulfonate).”® This
rare example of a heterometallic polyoxovanadate—alkoxide
(POV—alkoxide) cluster offers a unique opportunity to explore
new approaches to the facilitation of multielectron redox
chemistry with first-row metal centers. To facilitate future
reactivity studies, we have optimized the reaction conditions
and prepared the FePOV—alkoxide clusters using more atom-
and time-efficient procedures. The monoiron perchlorate
derivative, 1-V;FeOClO;, was prepared in a manner similar
to that of 1-V,FeOTf. Installation of the perchlorate anion
(OCIO;7) increased the crystallinity of the sample, allowing for
facile purification and structural analysis of the product (Figures
S1-S3 and Table S1). Most notably, these synthetic
procedures enabled 1-V;FeOClIO; to be prepared in high
purity and in sufficient quantities for subsequent character-
ization efforts. The cyclic voltammogram of complex 1-
V;FeOClO; revealed the rich redox chemistry of this
heterometallic assembly (Figure 1 and Table 1). Similar to
the previously reported 1-V;FeOTf complex and its homo-
metallic hexavanadate analogue, four successive single-electron
redox events were observed, suggesting the existence of five,
isostructural FePOV—alkoxide clusters, differing in oxidation

Table 1. Redox Potentials Obtained from the Cyclic
Voltammogram of 1-V;FeOClO;

redox process

(electron distribution of metal ions) Ey) (V) vs F®* in DCM

[VV,VY Fe]? + o™ = [V VY, Felll]* +0.14
VY,V Ee] + e = [VIV,VVEe!] —0.49
[VV,VVEe] + = = [VIV,Fe'l] —1.10
[VVFe"] + e= = [VIVIY,Fe'!] —1.60
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Figure 2. Electrochemical data to test the reversibility of redox couples observed for complex 1-V;FeOClO;. (a) Cyclic voltammetry of 1-
VFeOCIO; (2 mM) taken at scan rates ranging from 20 to 500 mV s™' in DCM with 0.3 M [Bu,N][PF,] as the supporting electrolyte. (b) Plot of
the current density (jp) versus the square root of the scan rate W"?) for complex 1-V;FeOClO;.

Scheme 1. Sequential Chemical Reduction of 1-V,;FeOClO; to 2-V Fe, 3-KVFe, and 4-K,VFe
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state by a single electron. The cyclic voltammograms possess FePOV—alkoxide complexes. Our approach involved the
redox events with peak-to-peak potentials (AE,) ranging from stoichiometric reduction of 1-V,FeOCIO; (Scheme 1)
0.50 to 0.63 V, much larger than the theoretical Nernstian value followed by the sequential reduction of all subsequently
. . 1 cps .
of 0.059 V for a reversible single-electron redox event.’ generated products. For example, the addition of 1.1 equiv of
To establish the reversibility of the redox events observed for KCs to complex 1-ViFeOClO; resulted in formation of the

complex l-ysFeOClO3, the scan rate was varied from 20 to one-electron reduction product [V;04(OCH;),Fe] (2-ViFe)
500 mV s~ (Figure 2a). Using the Randles—Sevcik equation in good yield (70%). Analysis of the product by 'H NMR and

(.1); one would expect linear behavior for a fully rev.ersibl.e IR spectroscopies confirmed formation of the reduced

single-electron redox event, when the current density (j, compound 2-VFe, with retention of the cluster core upon
reported in A cm™?) is plotted versus the square root of the reduction (Figure S4).

31
scan rate. Treatment of 2-ViFe with an additional 1 equiv of KCg
Ited in a distinct color change from dark green to teal
= 269000n,/*D,'*C@'/? resu & 8
]P 9000n, ™Dy " Cov (1) (Scheme 1). In previous work describing the reduction of the

hexavanadate Lindqvist cluster, [V;0,(OCH,);,], a similar
color change was observed upon full reduction of the metal
oxide platform, resulting in the formation of an isovalent

In the case of eq 1, n, is the number of electrons (n, = 1), D, is
the diffusion coefficient in cm* s™!, C, is the concentration of
the complex (mol L™"), and v is the voltage scan rate (V s™').

. 29,32 .
The linear relationship between the square root of the scan rate vanadium(IV) cluster core.”" Following the workup, the
and the current density is indicative of a reversible electron- product K[V;O4(OCH;),,Fe] (3-KViFe) was isolated in
transfer event for the FePOV-—alkoxide complex 1- excellent yield (91%). The 'H NMR spectrum of 3-KVFe is
VFeOClO,. As observed in Figure 2b, linear fits can be composed of a single, broad resonance located at & 23.75
observed for three stepwise single-electron reductions of 1- (Figure S5), rendering it distinct from the multiple signals in
V;FeOCIlO; located at E,, values of —0.49, —1.10, and —1.60 the 'H NMR spectra of complexes 1-V;FeOCIO; and 2-VFe.
V vs Fc”*. The most anodic wave, centered at +0.14 V vs Fc% * Subsequently, the triply reduced cluster was accessed by the
deviates slightly from linearity (R* = 0.87), suggesting that the addition of 1 equiv of KCy to 3-KVFe. Analysis of the product
oxidation of 1-V,FeOClO; is not a fully reversible process. by '"H NMR spectroscopy and X-ray crystallography corrobo-
To better understand the role of the mixed-valent POV— rates formation of the fully reduced cluster
alkoxide metalloligand in electron storage, we conducted K,[V;04(OCHj;);,Fe] (4-K,VFe) in good yield (79%; Figures
experiments focused on isolating the reduced forms of the 3 and S6).
7067 DOI: 10.1021/acs.inorgchem.7b00650
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Figure 3. Molecular structure of 4-K,VFe shown with 50% probability
ellipsoids. Hydrogen atoms and the sequestered potassium counter-
ions have been removed for clarity.

Single crystals of 4-K,V;Fe were grown via the slow diffusion
of pentane into a concentrated tetrahydrofuran (THF) solution
with 2 equiv of 4,7,13,16,21,24-hexaoxa-1,10-
diazabicyclo[8.8.8 Jhexacosane (2,2,2-cryptand; Figure 3 and
Table S1). Because of high symmetry, only one unique metal
site was observed in the asymmetric unit, refined as °/; V=0
and '/¢ Fe. As a result of the isopositional disorder, a precise
assessment of the bond distances related to M—O, and M—O,
could not be performed. The V=0, distances [1.654(3) A] are
substantially elongated compared with those of complex 1—
V,FeOClO; (1.575 A), consistent with the decrease in the
stretching frequency noted in the IR spectra of the two clusters
(Table 4 vide infra). This observation suggests an overall
decrease in the oxidation state of the vanadium ions of the
POV—alkoxide metalloligand. Despite the isopositional dis-
order of the vanadium and iron ions, the average M—O,
distance reveals an expansion of the cluster core upon reduction
[the average M—O, distance in 1-V;FeOClO;, 2.280 A, is less
than that in 4-K,VFe, 2.3040(6) A]. Similar cluster expansions
have been noted in the hexavanadate series: as the Lindqvist
core accepts the electron density, the structure expands to
accommodate the additional reducing equivalents.”” Likewise,
Harris and Betley recently reported a series of mixed-valent
cyanide-ligated hexairon clusters that display an analogous
trend.”® The volume of the [Feq] cluster core incrementally
increases upon a reduction of the system.

In addition to being accessible via successive single-electron
reductions, the doubly and triply reduced clusters can be
formed directly by the reduction of 1-V;FeOCIO; with 2.0 or
3.0 equiv of KCg, respectively (Scheme 2). '"H NMR and IR
spectroscopies confirmed generation of the corresponding
reduced complexes, albeit in lower yields (3-KVFe, 65%; 4-
K,V Fe, 55%). We have also demonstrated that reduced
clusters can be oxidized back to their parent molecules via the
stoichiometric addition of AgX salts (X = OTf, ClO,). The
oxidation of reduced derivatives suggests that the stored
electron density can be accessed to facilitate redox trans-
formations relevant to small-molecule activation under
appropriate conditions.

Although single crystals for X-ray diffraction of 2-ViFe and
3-KVFe have proven to be exceptionally difficult to obtain, the
Fe K-edge extended X-ray fine structure (EXAFS) results
confirmed that the identities of these compounds are best
described as illustrated in Scheme 1. The solid-state k3y(k)
EXAFS spectra experimentally obtained at room temperature
from 1-V,FeOClO;, 2-ViFe, 3-KVFe, and 4-K,V;Fe were
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Scheme 2. Stoichiometric Multielectron Reduction and
Oxidation of FePOV—Alkoxide Clusters
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nearly superimposable (Figure 4a). Before the data were
modeled, expected (FEFF8’*) EXAFS spectra were calculated
using atomic coordinates obtained from single-crystal X-ray
diffraction data collected for complexes 1-V,FeOClO; and 4-
K,V Fe. These atomic coordinates from the crystal structures
were used as an initial guess for the 2-V;Fe and 3-KVFe
EXAFS models. EXAFS data were analyzed by fixing the
coordination numbers based on the formulation in Scheme 1
and allowing the amplitude reduction factor (S,*), bond lengths
(R), and Debye—Waller factors (¢*) to converge to reasonable
values. In all cases, high-quality fits with low residual factors and
reduced y* values were obtained (Figure 4b). The EXAFS
results are summarized in Table 2, and an interpretation for all
four spectra is presented (Figure 4c). Collectively, the EXAFS
results confirmed that the structures of complexes 2-V;Fe and
3-KV Fe were very similar to that of 1-V,FeOClO; and 4-
K,V Fe. However, the data were not of sufficient quality to
distinguish subtle structural changes that likely accompany the
redox reactions that systematically transform 1-VFeOClO; to
2-V(Fe, 3-KVFe, and 4-K,VFe (e.g, cluster-core expansion
upon reduction).

Spectroscopic Analysis of Reduced FePOV—Alkoxide
Clusters. Mossbauer and X-ray Absorption Near-Edge
Spectroscopic (XANES) Studies. With the entire series of
reduced FePOV—alkoxide clusters in hand, we sought to
characterize the electronic structure of these heterometallic
clusters. To this end, we sought to more rigorously define the
oxidation state of the unique iron center within the series of
sequentially reduced FePOV—alkoxide clusters via Mossbauer
and X-ray absorption (XAS) spectroscopies. The S K
Mossbauer spectrum of 1-V;FeOClO; was found to contain
two different iron components (see Figure S and Table 3 for all
Mobssbauer spectra and parameters): a major iron species with &
= 0.52 mm s~ and AEq = 1.32 mm s™' (62% of iron) and a
minor species with § = 0.54 mm s™' and AEq = 0.80 mm s~
(38% of iron). The observed Mossbauer parameters for both
components fall within the typical range for high-spin iron(11I)
in a tetragonal coordination environment.”

To justify the presence of at least two chemically distinct iron
centers within the analytically pure sample of 1-VFeOClO;,
we considered the weak coordination of the perchlorate

DOI: 10.1021/acs.inorgchem.7b00650
Inorg. Chem. 2017, 56, 7065—7080
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Figure 4. (a) Room temperature solid-state Fe K-edge EXAFS function k’y(k) from 1-V,FeOClO;, 2-VFe, 3-KVFe, and 4-K,V,Fe. (b) Fourier
transform of k*-weighted EXAFS spectra from 1-V;FeOClO;, 2-V,Fe, 3-KVFe, and 4-K,V Fe shown as the blue trace, with its real part presented
as the orange trace. Fits to the data have been provided as dashed black traces. (c) Interpretation of the Fourier transform of k*-weighted EXAFS
spectra from 4-K,VFe (blue trace) overlaid on the fit to the data (dashed black traces) and contributions from oxygen (orange trace), carbon (green
trace), vanadium (pink trace), and a second oxygen (olive trace) paths.

Table 2. Comparison of the EXAFS Structural Metrics from 1-V;FeOClO;, 2-VFe, 3-KV;Fe, and 4-K,V;Fe

compound AE, (eV) NS Fe—O1 0l1-6* Fe—Me Me-c* Fe—V V-6* Fe—02 02
1-V,FeOCIO; S3+ 14 0.7(1) 1.99(1) 0.009(2) 2.95(4) 0.002(4) 3.16(2) 0.005(2)
2-V Fe 6.7 £ 2.0 0.8(2) 2.00(2) 0.024(3) 2.97(4) 0.002(4) 3.20(2) 0.006(2)
3-KVFe S1+42 0.9(4) 1.99(3) 0.033(5) 3.00(13) 0.010(30) 3.21(5) 0.010(11) 3.52(12) 0.007(25)
4-K,VFe 6.0 + 1.1 0.7(8) 1.99(1) 0.002(1) 3.01(5) 0.010(12) 3.198(3) 0.008(3) 3.54(2) 0.014(18)

counterion. Low-temperature crystallography data of 1-
V;FeOCIlOj; revealed a neutral cluster featuring a six-coordinate
iron center in which the perchlorate ion was bound to iron in
an ;7' fashion through an oxygen atom (Figure S1). In contrast,
electrospray ionization mass spectrometry (ESI-MS; positive
mode) data suggested that 1-V,FeOClO; behaves as an ionic
compound, featuring a cationic cluster with a five-coordinate
iron center, and an outer-sphere perchlorate anion (m/z
778.93; Figure S3). The conflicting spectroscopic analyses
suggest that the existence of two unique electronic environ-
ments for iron in complex 1-V;FeOCIO; is the result of the
hemilability of the perchlorate anion. To confirm this
hypothesis, we synthesized a rigorously six-coordinate deriva-
tive of the original FePOV—alkoxide cluster. The addition of an
excess of AGOCN to a crude mixture of ViFeBr results in the
formation of complex 1-V;FeOCN in good yield (68%), as
confirmed by '"H NMR and and IR spectroscopies (Figures S8
and S9, respectively). ESI-MS (positive mode) revealed that 1-
V,FeOCN stays intact in solution during ionization (m/z
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820.87), suggesting that the OCN™ moiety is consistently
bound to a six-coordinate iron center (Figure S10). The
Mossbauer parameters for 1-V;FeOCN (8 = 0.49 mm s~ and
AEq = 0.79 mm s™") are very similar to the minor component
found in the spectrum of 1-V,FeOCIlO; (Table 3). As such, the
unique iron species identified in the Mossbauer spectrum of 1-
VFeOCIlO; represent two different coordination environments
of iron(Ill), a minor six-coordinate component with OCIO;~
ligation, and a major five-coordinate component. In our
previous publication, we suggested that 1-V,FeX (X = C],
OTf, OClO;) has two possible charge distributions,
[VV,VY,Fe™]* or [VYY,VY;Ee"]"*® Given the unambiguous
results from Mossbauer spectroscopy, we can now definitively
assign the cluster-core charge distribution of 1-ViFeX as
[VIV,VV, Felll]*,

Upon reduction to 2-ViFe, a single new iron species is
observed by Méssbauer with § = 0.51 mm s™" and AE, = 0.89
mm s~ The observed parameters are consistent with 2-V¢Fe
retaining a high-spin iron(IIl) center (Table 3). Analogous

DOI: 10.1021/acs.inorgchem.7b00650
Inorg. Chem. 2017, 56, 7065—7080
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Figure S. S K Mossbauer spectra of FePOV—alkoxide clusters. For
each spectrum, the data (dots) and fit (solid line) are given. The
Mbéssbauer fit parameters for each spectrum are given in Table 3. Note
that for 1-V;FeOClO; two components were required for the best fit
because of the line shapes of the absorption features.

results are observed for 3-KVFe and 4-K,VFe (Table 3), with
M@ssbauer parameters for both compounds consistent with
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Table 3. ’Fe Méssbauer Spectroscopic Parameters of
FePOV—Alkoxide Clusters Collected at 5 K

compound 6 (mm s7") AE, (mm )
1-V,FeOCIO, 0.52 1.32¢
0.54 0.80°
1-V;FeOCN 0.49 0.79
2-ViFe 0.51 0.89
3-KV,Fe 0.49 0.57
4.K,V Fe 0.49 043
5-V{FeCl* 0.50 101

962% of total iron. ?38% of total iron.

high-spin iron(III) in a weak ligand field. Thus, Mssbauer
spectroscopy supports the assignment of high-spin iron(III)
centers across the redox series of FePOV—alkoxide clusters,
suggesting that the reduction of the cluster does not involve the
addition of a localized electron to the heterometal center to
generate an iron(II) ion. Instead, the results indicate that the
POV—alkoxide metalloligand may be involved in facilitating
delocalized reduction events across the cluster core.

To confirm our interpretation of the Mdssbauer results, XAS
was employed. Comparisons of the background-subtracted and
normalized Fe K-edge XANES results for 1-VsFeOClO;, 2-
V,Fe, 3-KV Fe, and 4-K,V.Fe were consistent with the
interpretation of the Mossbauer data discussed above. The
XANES spectra of these four analytes were nearly super-
imposable (Figure S11). They were dominated by two weak
preedge features (~7112.9 and 7114.2 V) that emerged at the
onset of an intense absorption peak near 7133 eV (Figure 6). It
is established that the low-intensity preedge features are an
intimate reflection of iron’s chemical environment (e.g.,
coordination number, geometry, oxidation state, d-orbital
splitting) resulting from Fe 1s — 3d electronic transitions.***’

Although formally forbidden, these transitions gain intensity
through allowed electric quadrupole transitions as well as from
mixing between 3d and 4p orbitals, for which Fe 1s — 4p
transitions are dipole-allowed.

A comparison with well-defined, five-coordinate ferrous,
[Fe"(MeCN)(TMC)](BF,), (TMC = 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane), and ferric, Fe''(salen)Cl
[salen N,N’-bis(salicylidene )ethylenediamine], standards
reveals that the iron atoms in 1-VFeOClO;, 2-V.Fe, 3-
KV.Fe, and 4-K,V;Fe are best described as being in the 3+
oxidation state (Figures 6 and S11).** For example, the two
preedge features for each analyte were at an average energy of
~7113.5 eV (Figure S11). These values were higher in energy
than the preedge peak energies from the [Fe'(MeCN)TMC]-
(BF,), (7111.5 and 7113.8 eV; mean 7112.6 V) standard and
similar to the 7.112.8 and 7114.0 eV features from Fe(salen)
Cl (mean = 71134 eV; Table S2). The excellent energy
agreement between our measurements and the previously
characterized standards enabled us to compare the average
preedge peak energies from 1-V;FeOClO;, 2-VFe, 3-KVFe,
and 4-K,V Fe with those from compounds previously reported
by Solomon et al. (Figure $12).** Despite wide variation in the
coordination numbers and geometries for the Solomon data
set, comparisons of 1-V;FeOClO;, 2-V;Fe, 3-KVFe, and 4-
K,ViFe to geometrically analogous species lend further
validation in our assessment that our analytes contain iron(III)
centers.

Mbossbauer and XAS analysis of compounds 1-VFeOClO;,
2-ViFe, 3-KV Fe, and 4-K,V,Fe agree that the iron(III)
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Figure 6. Comparison of the Fe K-edge XAS experimental data (e)
obtained from the Fe'(salen)Cl and Fe'(MeCN)(TMC)(BE,),
standards with those from the 1-V;FeOClO;, 2-V Fe, 3KVFe, and
4K,VFe analytes. The preedge pseudo-Voigt functions (green and
pink) used to generate the deconvoluted spectra (blue trace) have
been included.

oxidation state is retained upon reduction of the cluster core.
The extensive electronic flexibility of the POV-—alkoxide
framework presents a metalloligand platform capable of storing
three reducing equivalents for the iron center, supporting the
cluster over four redox states. This capability contrasts with the
majority of organic, redox-active ligand platforms, few of which
have been demonstrated as capable of storing this degree of
electron density for first-row metal centers.”” ™"

IR and Electronic Absorption Spectroscopic Character-
ization of Reduced FePOV—Alkoxide Clusters. With an
understanding of the oxidation state of ferric ions throughout
the series of reduced complexes (1-V;FeOClO;, 2-V Fe, 3-
KVFe, and 4-K,VFe), we sought to elucidate the correspond-
ing electronic changes across the POV—alkoxide metalloligand.
It is well-established that IR and electronic absorption
spectroscopies can provide a deeper perspective into the
bonding and electronic structure of Lindqvist POV—alkoxide
clusters, [V40,(OR),]" (R = CH;, CH,CH3; n=2+, 1+, 0, 1—,
2-)*3%% Of particular interest is the use of these
spectroscopic techniques to characterize the degree of
reduction across the metal oxide scaffold.

Similar to their hexavanadate analogues, the IR spectra of
complexes 1-V;FeOClO;, 2-ViFe, 3-KViFe, and 4-K,V Fe
reveal two strong, broad absorption bands, corresponding to
the O,—CH, (O, = bridging oxygen; 1000—1050 cm™') and
V=0, (O, = terminal oxo; 935—985 cm™") stretching modes
of the cluster (Figure 7a and Table 4).2%* As discussed in the
case of the [V40,(OR),]™ clusters, the large half-widths of
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Figure 7. Spectroscopic characterization of redox isomers of FePOV—
alkoxide complexes: (a) IR spectrum; (b) electronic absorption
spectrum collected in THF at 21 °C. The inset shows the low-energy
region of the spectrum to more clearly illustrate IVCT bands.

Table 4. IR Data for Complexes 1-V,FeOClO;, 2-V Fe, 3-
KV,Fe, and 4-K,V;Fe

v(V=0,)
compound v(C-H) (em™) v(0,—CH;) (cm™) (em™)
1-VFeOCIO, 2926, 2820 1007 979
2-ViFe 2920, 2816 1018 972
3-KV;Fe 2916, 2812 1038 943
4-K,VFe 2895, 2808 1047 939

these bands likely result from overlap between multiple features
with similar energies.’® Indeed, the pseudo-C,, symmetry of the
FePOV—alkoxide clusters should result in multiple bands for
both V=0, and O,—CH; moieties. Additionally, the observed
broadening of these IR bands has been associated with
coalescence that occurs as a result of the coupling of geometric
changes of metal—oxygen bond lengths with multimetallic
electron-transfer events.’”*> As such, the presence of single,
broad bands for v(V=0,) and v(O,—CH,) of the FePOV—
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alkxoide complexes suggests a substantial degree of electronic
delocalization across the cluster core.

In the IR spectra of the series of reduced FePOV—alkoxide
clusters, features corresponding to the v(V=0,) asymmetric
stretching frequency enable the qualitative assessment of the
collective oxidation states of the vanadium ions composing the
metalloligand. As sequential one-electron reductions of the
FePOV—alkoxide complexes are performed, v(V=0,) de-
creases, indicating a decrease in the average energy of the V=
O, bond. This observation is consistent with the reduction of a
vanadium ion within the POV-—alkoxide metalloligand. In
contrast, as electrons are added to the FePOV—alkoxide cluster,
the energy of v(O,—CH,) increases. It was established
previously that the O,—CHj stretching frequencies are sensitive
to the degree of the overall electron density of the core.”® With
greater electron density available to the bridging oxygen atoms,
the availability of electrons for interaction with the carbon
center increases. This suggests an increased negative partial
charge surrounding the bridging oxygen atoms, as a result of
the increased d-electron count of the FePOV—alkoxide core.”

The pattern of changes in the IR spectra upon sequential
reduction of the FePOV—alkoxide complexes further suggests
that the single electron added to the system is delocalized over
the cluster core, as opposed to being localized on an isolated
vanadium atom or the heterometallic iron center. Importantly,
v(V=0,) and v(O,—CH,) are extremely sensitive to the
electronic structure of the FePOV—alkoxide complex, offering
two convenient spectroscopic handles by which analysis of the
reduction reactions can be accomplished. Of particular note are
the large changes in the V=0, and O,—CH; frequencies
observed upon the reduction of 2-ViFe to 3-KVFe. These
dramatic changes are a result of moving from a mixed-valent
vanadium(V)/vanadium(IV) POV-—alkoxide cluster to a
homovalent vanadium(IV) structure. This spectroscopic
information, coupled with analysis by cyclic voltammetry,
indicates that the cluster is able to undergo several vanadium
oxide based reduction events, confirming the generation of new
stable reduced derivatives.

In a similar capacity, electronic absorption spectra of POV—
alkoxide clusters have proven to be reliable for qualitative
assessment of the distribution of oxidation states of vanadium
ions within the Lindqvist core.””** In the case of the FePOV—
alkoxide clusters, two distinctive absorptions are assigned to
intervalence charge-transfer (IVCT) bands between vanadium-
(IV) and vanadium(V) centers (Figure 7b). These features
have been reported for both heterometallic and homometallic
POV—alkoxide clusters and indicate a large degree of electronic
delocalization within the cluster core.”®* The first band,
located at lower energies (~980 nm), is commonly found in
mixed-valent POMs.***” This feature has been identified by
Hartl and co-workers in the case of the homometallic
[Vs07(OCH3),,] clusters as a d,, (V") — d,, (V") excitation
between two unique vanadium ions.” In the same study, the
authors identify the IVCT band at higher energies (~370 nm)
asad, (V") = de_p(V") transition. The difference in energies
between the two IVCT absorptions resembles that of the
energy associated with the ligand-field transition for the
homovalent Lindqvist clusters, justifying the discrepancy
between energies of these charge-transfer events."’

From the existence of the two IVCT bands in the electronic
absorption spectra of complexes 1-V;FeOClO; and 2-VFe, we
are able to confirm the mixed-valent electronic configuration
vanadium ions within the POV—alkoxide scaffold. The overall
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decrease in the intensity of the IVCT bands in the spectrum of
2-V¢Fe compared to that of 1-V;FeOClO; suggests a change in
the electronic properties of the metalloligand. A reduction of
the additional vanadyl moiety in the cluster decreases the
statistical probability of electron transfer between vanadium-
(IV) and vanadium(V) centers, resulting in the lower molar
absorptivities of the IVCT bands for complex 2-ViFe.
Analogous observations were made for the neutral, homo-
metallic [V,0,(OCH,),,] (VV,VY,), where features associated
with IVCT events were significantly weakened upon reduction
to [V40,(OCH;),,]~ (VIVsVY).™ This substantiates the
previously discussed Mossbauer and XANES results and
confirms that the reduction can be assigned to the delocalized
POV—alkoxide metalloligand as opposed to the iron center. As
such, the charge distributions for complexes 1-VFeOClO; and
2-V(Fe can be assigned as [V'V;V",Fe']" and [V'V,V'Fe'"],
respectively.

Analysis of the doubly reduced complex, 3-KVFe, by
electronic absorption spectroscopy reveals the loss of IVCT
bands, suggesting formation of the homovalent POV—alkoxide
cluster via reduction of the final vanadium(V) ion. A weak
absorption is observed at 590 nm (e 330 M! em™),
analogous to a feature in the spectrum of [V"¢O,(OCH,),,]*"
(V) assigned as a d (V') — dz_p(VY) forbidden
excitation.*® The observation of the formation of a homovalent
VY POV—alkoxide scaffold results in the designation of the site
of the second reduction to the metalloligand. This is consistent
with the retention in the oxidation state of the iron ion, as
determined by Mossbauer and XAS spectroscopies. We thus
assign the charge distribution of the metal centers in 3-KVFe
as [VNSFeHI]_.

Considering the invariant oxidation state of the iron center
throughout the redox series (vide infra), the third reduction of
the FePOV—alkoxide clusters 4-K,V;Fe must primarily involve
vanadium atoms. This could be realized by selectively reducing
a single vanadium(IV) atom to a localized vanadium(III) ion.
Alternatively, reduction could involve a metal orbital
delocalized across the metal oxide cluster. In either case,
reduction of the POV—alkoxide metalloligand results in a
proposed charge distribution for the fully reduced cluster, 4-
K,ViFe, of [VMV!V,Fe*". Analysis of the electronic
absorption spectrum of complex 4-K,ViFe revealed features
comparable to that of 3-KV;Fe in the visible region. Notably,
the signature IVCT bands of complexes 1-V;FeOCIO; and 2-
VFe are not present, indicating, as expected, a lack of vV d°
ions within the cluster core. The band associated with the
forbidden d, (V") — dz_»(V'") excitation has shifted from
590 nm in complex 3-KV;Fe to 548 nm (& = 360 M~ cm™) in
4-K,V;Fe, suggesting an increase in the energy of this transition
consistent with a reduction of the cluster core. Coupled with
the changes noted in the IR spectrum of 4-K,V Fe,
spectroscopic evidence supports the hypothesis that the final
reduction occurs across the POV-—alkoxide metalloligand,
resulting in a charge distribution of [V'"V'V,Fe"]*". This is
in contrast to the hexavanadate system, which cannot be
reduced beyond [VV,0,(OCH,), ]~ Complex 4-K,VFe
represents the first example of a Lindqvist POV—alkoxide
cluster containing a [V"=0] moiety. The only other known
examples of a hexavanadate cluster containing vanadium(III)
ions is [(V™Cl)O(MeC(CH,0);0,], where all the vanadyl
groups are replaced by [VCI]**,*° and (cat)-
VsOs(OCH,)g(calix) (CH;OH) (cat = Et,N*, NH,*, pyridi-
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nium, Et;NH*; calix p-tert-butylcalix[4]arene), which
contains a VI'OCH, moiety.”’

Magnetic Property Analysis of FePOV—Alkoxide Clusters.
To further probe the electronic structure of the heterometallic
core, magnetic susceptibility and magnetization analyses were
performed for the series of sequentially reduced FePOV—
alkoxide clusters. Previous work has demonstrated that
homometallic mixed-valent vanadium clusters show compli-
cated magnetic properties. For example, Zubieta and co-
workers have characterized mixed-valent and isovalent
hexanuclear POV-—alkoxide clusters that show apparent
antiferromagnetic interactions, as evidenced by a negative
Weiss constant (@) obtained through analysis of high-
temperature yy, "' versus T data.’"” Notably, the isovalent
vanadium(IV) derivatives are reported to show long-range
antiferromagnetic ordering. Likewise, Daniel and Hartl reported
that the methoxide-bridged homometallic POV—alkoxide
clusters have analogous thermal dependencies of magnetic
susceptibilities.*’ These magnetic properties are associated with
geometric spin frustration for the series of mixed-valent
(VVVY) and isovalent (V) clusters.

In an effort to contextualize the magnetic properties of
complexes 1—4, we draw a direct comparison of the FePOV—
alkoxide clusters to their homometallic, hexanuclear vanadium
counterparts.””">* Magnetic susceptibility products (yyT) for
complexes 1-V;FeOClOj;, 2-V;Fe, 3-KV;Fe, and 4-K,V;Fe are
presented in Figure 8. The room temperature yyT value for
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Figure 8. Temperature dependence of the magnetic susceptibility for
complexes 1-V;FeOClO;, 2-VFe, 3-KVFe, and 4-K,VFe, collected
at applied fields of 1000 Oe.

complexes 1-VsFeOCIO; (5.31 cm® K mol™), 2-V Fe (5.21
cm® K mol™), 3-KV Fe (4.88 cm® K mol™), and 4-K,VFe
(421 cm® K mol™) are slightly lower than the expected spin-
only value, assuming no coupling between iron(III) and
vanadium(IV/III) ions. The magnetic susceptibility values are
far too large to implicate a low-spin iron(III) center, thus
confirming the assignment of high-spin iron(III) (S = %/,) ions
in all four compounds in the redox series. This observation is
consistent with the results from M&ssbauer experiments (vide
supra). Interestingly, the room temperature magnetic suscept-
ibility value decreases as the complex is reduced from 1-
V;FeOClIO; to 3-KViFe and then increases slightly upon
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further reduction to 4-K,V Fe (Table 5). In a weakly coupled
regime, one would expect y\T values to increase with each

Table 5. Selected Magnetic Values for Complexes 1—4

T at 2 K
(em® K T at 300 K M at 1.8 K and
compound mol ") (cm® Kmol™) 6 (K) 50 kOe (up)
1-V,FeOCIO, 1.59 531 —60 2.42
2-V Fe 1.52 521 —67 2.49
3-KV;Fe 0.97 4.88 -93 1.85
4-K,VFe 1.3§ S.12 =70 241

added electron because diamagnetic vanadium(V) centers are
sequentially reduced to doublet vanadium(IV) ions. The
absence of this hypothesized behavior is consistent with
increased antiferromagnetic interactions from 1-VFeOCIO;
to 3-KVFe that manifest at room temperature. It is important
to note that the FePOV—alkoxide complexes do not show long-
range magnetic ordering, as determined from the lack of
inflection points in the yy versus T plots (Figure S15). This
unique trait of the heterometallic cluster complexes confirms
that the magnetic interactions are primarily intramolecular in
nature.

For all compounds measured, yT values decrease in a
monotonic fashion as the temperature is lowered until ~150 K.
At lower temperatures, the decrease becomes more pro-
nounced, reaching susceptibility values of 0.97—1.59 cm® K
mol ™" at 2 K (Table S). We note that 3-KVFe shows slightly
lower yyT values across all temperatures. The thermal
dependencies of the yyT values for the series of reduced
FePOV—alkoxide clusters do not match those expected for a
spin-state change of the iron(III) center. Instead, the large
decrease in the yyT values indicates significant antiferromag-
netic interactions between the iron(III) and vanadium(IV)
ions. Specifically, a comparison of the thermal behavior of 3-
KV Fe with Daniel’s previously reported hexanuclear
vanadium(IV) analogue reveals that the iron(III) ion is not a
spectator that can simply be subtracted electronically from the
systems (Figures S18 and S19).

Further evidence for a delocalized electronic structure for the
FePOV—alkoxide clusters rests in the analyses of plots of yy "
versus T (Figure S16), which display linearity at high
temperatures. Similar observations have been interpreted as
net antiferromagnetic interactions (negative ®) in related
hexavanadium complexes.***"*> Consistent with the “®” values
reported for all-vanadium analogues (Table S3), the “©®” values
for complexes 1-V;FeOClO;, 2-VFe, 3-KV;Fe, and 4-K,VFe
appear to track with the number of vanadium(IV) ions present
in the FePOV—alkoxide cluster (Table S). Strictly speaking,
such an interpretation is inadequate because it assumes Curie
paramagnetism with no intramolecular exchange-coupling
interactions. Despite this fact, fit values are included for a
comparison with previously performed analyses. Upon the
introduction of the electron density via reduction, more
vanadium centers possess singly occupied (local) d,, orbitals,
resulting in an increase in the magnitude of the intramolecular
antiferromagnetic exchange (larger © values). This observation
is noted for all four FePOV—alkoxide compounds measured,
suggesting extensive antiferromagnetic coupling across the
heterometallic cluster core.

Notably, compound 4-K,V;Fe has a formal charge
distribution of [VMVY,Fel]. A POV-alkoxide cluster
possessing a vanadium(II) ion has not been magnetically
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characterized in a hexanuclear POV cluster previously. The
vanadium(IIII) ion is expected to have singly occupied local d,,
and d, orbitals: spins in these orbitals have the proper
symmetries to engage in ferromagnetic superexchange coupling
through the oxo ligand if the vanadium(IIl) ion is in the
equatorial plane with respect to the iron(IIl) ion. In addition,
the removal of an electron from a d,-type orbital may be
expected to decrease the magnitude of geometric frustration in
V; and/or V,Fe triangular plaquettes. Both explanations would
lead to a less negative ® value for complex 4-K,VFe, which is
observed experimentally. These analyses of the magnetic
behavior of this compound at variable temperatures support
the presence of a vanadium(III) ion within the cluster core.

If we consider the magnetization experiments, the values for
all characterized complexes do not show saturation at fields up
to 50 kOe (Figure S17). This observation gives evidence to
these complexes possessing substantial electronic delocalization
across the cluster core, consistent with their classification as a
Robin and Day class I mixed-valent system.”> Previously
characterized octanuclear iron clusters have also been
characterized as class II mixed-valent species and did not
display saturation of magnetization until much larger fields
(~100 kOe).**>” This observation is likely caused by excited-
state mixing into the ground state, impeding saturation of
magnetization.

The magnetic susceptibility analyses of complexes 1-
V,FeOClO;, 2-V Fe, 3-KV Fe, and 4-K,VFe indicate that
their magnetic properties are unlike the previously published
hexanuclear POV clusters.*’ Interpretation of the magnetic data
in hand suggests that the electronic structure of these clusters is
most apgropriately defined as class II mixed-valent com-
pounds.” We are further investigating the distinct role that the
iron(1II) ion plays in the magnetic properties of these clusters
and will report these findings in due course.

Oxidation of 1-VsFeX. Spectroscopic characterization of
complexes 1—4 establishes a static iron(III) oxidation state for
the heterometal of the FePOV—alkoxide clusters. As the
complex is sequentially reduced, electrons are stored across the
POV—alkoxide alkoxide scaffold, without a change of the
oxidation state of iron. To complete the redox series, oxidation
of complex 1-V FeX (X = OCIO;~, OTf") was attempted. The
addition of a 0.33 equiv of WCl results in the formation of
[VsO04(OCH;),FeCl]* (5-VFeCl*) in moderate yield (43%;
Scheme 3). The synthesis of the oxidized species was confirmed

Scheme 3. Oxidation of 1-V,FeOTf
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by 'H NMR spectroscopy (5 23.98 and 12.47; Figure S20) and
ESI-MS (positive mode; m/z 814.22 (100), 815.93 (27);
V,FeCl*; Figure S21). Given the low yield of 5-V FeCl", partial
decomposition is thought to occur during oxidation of the
cluster core. Cluster degradation was confirmed via observation
of the formation of the monomeric V¥ precursor, VO(OCHj),,
as detected by "H NMR spectroscopy. Additional evidence for
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partial cluster decomposition following oxidation was noted in
the isolated crystalline product; structural analysis via X-ray
crystallography revealed the formation of 5-ViFeCl’, with the
counterion identified as FeCl,~ (Figure 9 and Table S1; d(Fe—

ci

Figure 9. Molecular structure of 5-ViFeCl® shown with 50%
probability ellipsoids. The [FeCl,]™ counterion and solvent molecule
has been removed for clarity.

Cl)(FeCl,”) = 2.161(4)—2.244(2) A" and d(Fe—Cl)-
(FeClL>") = 2.282(2)—2.3547 A%7%").%° These observations
are consistent with the quasi-reversibility of the oxidation event
(Eij» = +0.14 V vs E”*) in the cyclic voltammogram of 1-
VFeOClO; (Figure 2).

Conducting the oxidation of 1-V;FeOTf at lower temper-
atures and over shorter reaction times led to the minimization
of cluster degradation and the isolation of complex 5-V FeCl*
with a trilfate counterion, as confirmed by elemental analysis.
Spectroscopic characterization of complex 5-[V;FeCI]JOTf
revealed changes in the electronic structure of the metal
oxide platform, suggesting that a delocalized oxidation event
occurs across the metalloligand platform. The IR spectrum of
5-VFeCl" exhibited an increase in the energy of the V=0,
stretching frequency (986 cm™), supporting oxidation of the
POV—alkoxide scaffold (Figure 7a). The electronic absorption
spectrum of 5-[VFeCl]* is similar to that of 1-V,FeOCIlOs;,
with IVCT bands at 988 nm (¢ = 691 M~ cm™) and 370 nm
(e = 14600 M~' cm™") (Figure 7b). The molar absorptivities of
the IVCT bands are similar in magnitude to that of 1-
V;FeOCIlO;. This is due to two possible charge-transfer events
between vanadium(IV) and vanadium(V) within the cluster
core of each compound. An additional strong absorption band
is observed at 302 nm (¢ = 22930 M™' cm™'), assigned to the
Cl: — Fe'' ligand-to-metal charge transfer.

To confirm oxidation of the metalloligand as opposed to the
heterometal, Mdssbauer spectroscopy of complex S-[V FeCl]-
OTf was performed. The 5 K Mossbauer spectrum of §-
VFeCl" was fit to contain a single iron species (Figure S, vide
supra) with § = 0.50 mm s™' and AEq = 1.01 mm s™". The
observed Mossbauer parameters for complex 5-ViFeCl" are
within the typical range for high-spin iron(III) in an octahedral
ligand field and resemble the parameters of the other FePOV—
alkoxide clusters (Table 4, vide supra).”” Taking into
consideration the 3+ oxidation state of the iron center in
complex §-ViFeCl" and the IR and electronic absorption
spectra described above, the chemical oxidation of complex 1-
V;FeX must occur through the removal of an electron from one
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of the three vanadium(IV) centers of the POV—alkoxide
metalloligand. The formation of 5-VFeCl" indicates the ability
of the POV—alkoxide metalloligand to serve as a redox-active
reservoir by providing electron density for an oxidation process
to occur, resulting in the formation of an Fe—ClI bond. Future
work will focus on the development of the reactivity of this
platform toward small-molecule activation.

Analysis of Electron Delocalization in FePOV—Alkoxide
Clusters. Traditionally, delocalization of the electron density
across mixed-valent multimetallic transition-metal complexes
can be divided into three categories according to Robin and
Day classifications.”> On the basis of the measurement of the
open-circuit potential of 1-V;FeOCIO; (ca. —0.48 V vs Fc*/
Fc) and the previously discussed spectroscopic analysis for the
family of FePOV—alkoxide complexes, the redox events
observed in the cyclic voltammogram of the FePOV—alkoxide
cluster are assigned as VV,VV Fe'/VV;VV,Fe!" (E, , = +0.14
V), VIV.VY,Ee/ VIV, VY Fe! (E,,, = —049 V), VYV, VY Fe'l/
VVFe" (E,, = —1.10 V), and V"V Fe"/V'VV Fe! (E, ), =
—1.60 V) (Figure 1 and Table 1). The large separations
between successive one-electron redox events demonstrate the
stability of each redox isomer, suggesting a hlgh degree of
electron delocalization across the cluster core.”® The AE, ),
values observed for 1-V,FeOClO; are similar to those of its
homometallic analogue, resulting in a similar range of
comproportionation constants between the two series of
clusters (K = 2.09 x 10°-528 x 10", RT In K, = nF[AE,,

AEPZ]) °” The order of magnitude of the experlmentally
determined K_ values is well established as a good reflection of
the extent of electron delocalization within mixed-valent
species.””*® Complexes with K_ values greater than 10° are
typically described as systems with significant electron
delocalization.

It is important to note that electrochemically determined
comproportionation constants may be influenced by the
solvent and electrolyte. As such, further evidence for electron
delocalization across the cluster core can be extracted from the
earlier described spectroscopic characterization of complexes 1-
VFeOCIlO;, 2-V,Fe, 3-VFe, 4-K,V,Fe, and 5-V FeCl". In the
IR spectra of the FePOV—alkoxide clusters, the characteristic
band associated with V=0 is observed as a single absorption,
as opposed to resolved features associated with distinct VV=0,
and V=0, stretching. As such, electron delocalization
between vanadium centers within the cluster core occurs at a
rate faster than the time scale of IR radiation (10713—107"*s).
In contrast, the electron absorption spectra acquired on the
basis of a shorter time scale (107'° s) revealed evidence of
localized electron density. In the spectra of complexes 3-KVFe
and 4-K,V,Fe, which do not contain vanadium(V) centers, an
absorption band at ~580 nm was observed. This band is
assigned to a d, (VIV) — da_ Z(VIV) excitation localized on a
single Vanadlum(IV) center. Although very weak, a similar
feature can be observed in the mixed-valent clusters 1-
V,FeOClO;, 2-VFe, and 5-V ;FeCl" (~680 nm). As pointed
out by Hartl and co-workers, such an absorption band cannot
be observed in a mixed-valent hexavanadate cluster unless the
valence electrons are localized within the time scale of the
electron absorption measurement.”” These observations
support conclusions drawn from the electrochemical analysis
and comproportionation constants; FePOV—alkoxide clusters
can be defined as Robin and Day class II compounds in analogy
to their hexavanadate congeners.
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Bl CONCLUSION

Herein, we have described the synthesis and systematic
investigation of the redox properties of a unique series of
mixed-valent FePOV—alkoxide clusters. For example, 1-
V,FeOClO; was reduced by one electron to form 2-V,Fe,
which, in turn, could be reduced sequentially to make 3-V Fe
and then 4-K,VFe. The synthetic results are consistent with
cyclic voltammetry experiments that show that 1-V;FeOClO,
can undergo a series of four reversible one-electron redox
events to generate five structurally analogous clusters differing
only by their oxidation state. These results demonstrate the
ability of the metalloligand to function as an electron reservoir.
Mossbauer spectroscopy and XAS confirm retention of the
iron(IlI) oxidation state, while IR and electronic absorption
spectroscopies highlight changes in the electronic structure of
the POV—alkoxide cluster consistent with reduction. Collec-
tively, these spectroscopic results indicate that sequential redox
transformations occur across the highly delocalized POV—
alkoxide cluster. Formal charge distributions can be assigned for
the POV—alkoxide cluster upon reduction, most notably
yielding a fully reduced compound containing a rare vanadium-
(1) ion. Considering the Mdssbauer and Fe K-edge XANES
spectra [which suggested that iron(III) is present in each V Fe
complex] alongside the UV—vis, IR, and magnetic susceptibility
data for complex 4-K,V;Fe, our results suggest that reduction
generates a vanadium(III) ion within the core.

The synthetic and spectroscopic studies summarized in this
work constitute a new class of redox-active ligands. These
results indicate that electron delocalization occurs across a
reducible metal oxide framework. These metal oxide metal-
loligands offer an intriguing alternative to traditional organic
redox-active ligands, given the established ability for the POV—
alkoxide cluster to store four reducing equivalents for the
heterometal. Additionally, these multimetallic cluster complexes
present new opportunities for exploiting distinct iron and
vanadium coordination chemistry. Ongoing efforts in our
laboratory are focused on developing an understanding of the
reactivity of the family of FePOV—alkoxide cluster complexes
for multielectron activation of small molecules.

B EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out in
the absence of water and oxygen in a UnilLab MBraun inert-
atmosphere glovebox under a dinitrogen atmosphere. Glassware was
oven-dried for a minimum of 4 h and cooled in an evacuated
antechamber prior to use in the drybox. Unless otherwise noted,
solvents were dried and deoxygenated on a Glass Contour System
(Pure Process Technology, LLC) and stored over activated 3 A
molecular sieves purchased from Fisher Scientific. Celite 545 (J. T.
Baker) was dried in a Schlenk flask for 14 h at 150 °C under vacaum
prior to use. KCq (potassium graphite) was prepared by a literature
procedure.®” Silver trifluoromethanesulfonate (AgOTY), silver per-
chlorate (AgClO,), and tungsten(VI) chloride (WCl,) were purchased
from Sigma-Aldrich and used as received. 4,7,13,16,21,24-Hexaoxa-
1,10-diazabicyclo[8.8.8]hexacosane (2,2,2-cryptand) was purchased
from Acros through Fisher Scientific and dried overnight under
vacuum prior to use. 1,4,7,10,13,16-Hexaoxacyclooctadecane (18-
crown-6) was purchased from Alfa Aesar through VWR and
recrystallized from dry acetonitrile prior to use. Control molecules
for XAS experiments, [Fe(MeCN)(TMC)](BE,), (TMC = 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane), and ferrous,
Fe'!(salen)Cl [salen = N,N'- bls(sahcyhdene)ethylenedlamme] were
synthesized according to literature procedures.®®

"H NMR spectra were recorded at 500 and 400 MHz on Bruker
DPX-500 and Bruker DPX-400 MHz spectrometers locked on the

DOI: 10.1021/acs.inorgchem.7b00650
Inorg. Chem. 2017, 56, 7065—7080



Inorganic Chemistry

signal of deuterated solvents. All chemical shifts were reported relative
to the peak of a residual 'H signal in deuterated solvents. CDCl; and
THF-d; were purchased from Cambridge Isotope Laboratories,
degassed by three freeze—pump—thaw cycles, and stored over
activated 3 A molecular sieves. IR [FT-IR (ATR)] spectra of
complexes were recorded on a Shimadzu IR Affinity-1 Fourier
transform infrared spectrophotometer and are reported in wave-
numbers (cm™"). Electronic absorption measurements were recorded
at room temperature in anhydrous acetonitrile in a sealed 1 cm quartz
cuvette with an Agilent Cary 60 UV—vis spectrophotometer. Mass
spectrometry analyses were performed on a Thermo LTQ Velos liquid
chromatograph/mass spectrometer equipped with an electrospray
probe operating in positive-ion mode (ESI+) with an ion-trap mass
analyzer. Direct injection analysis was employed in all cases with a
sample solution in acetonitrile. Single crystals were mounted on the tip
of a thin glass optical fiber (goniometer head) and mounted on a
Bruker SMART APEX II CCD platform diffractometer for a data
collection at 100.0(S) K. The structures were solved using SHELXT-
2014/57° and refined using SHELXL-2014/7.”" Elemental analyses
were performed on a PerkinElmer 2400 series II analyzer at the
CENTC Elemental Analysis Facility, University of Rochester.

Cyclic voltammetry experiments were recorded with a CH
Instruments Inc. 410c time-resolved electrochemical quartz crystal
microbalance. All measurements were performed in a three-electrode
cell configuration system that consisted of a glassy carbon (2 = 3.0
mm) working electrode, a platinum wire counter electrode, and an Ag/
AgCl wire reference electrode. All electrochemical measurements were
performed at room temperature in a dinitrogen-filled glovebox. A 0.1
M "Bu,NPF4 solution in dry dicholromethane was used as the
electrolyte solution. All redox events were referenced against a
ferrocenium/ferrocene (Fc*/Fc) redox couple.

Fe K-Edge XAFS Measurements. All Fe K-edge XAS data were
obtained at the Stanford Synchrotron Radiation Lightsource (SSRL)
and Advanced Photon Source (APS). At SSRL, measurements were
made under dedicated operating conditions (3.0 GeV, 5%, S00 mA)
on end station 11-2. This beamline was equipped with a 26 pole and a
2.0 T wiggler. Using a liquid-nitrogen-cooled double-crystal Si[220]
monochromator and employing collimating and focusing mirrors, a
single energy was selected from the incident white beam. The crystals
were run detuned by 60% to remove higher harmonics from the
monochromatic light. Vertical acceptance was controlled by slits
positioned before the monochromator. Solid-state XAFS samples were
prepared in a dinitrogen-filled glovebox. The analyte was prepared by
finely grinding the sample (ca. 5—20 mg) with anhydrous boron
nitride (35—4S mg) for 2 min in polystyrene canisters with plexiglass
pestles using a Wig-L-Bug grinder to obtain a homogeneous fine
powder. Samples were loaded into the slot of an aluminum holder
equipped with Kapton windows (1 miL). The samples were brought
out of the glovebox, immediately submerged in liquid nitrogen, and
transferred to a liquid-helium cryostat on beamline 11-2. The cryostat
was attached to the beamline 11-2 XAFS rail. The rail was equipped
with three ionization chambers, through which nitrogen gas was
continually flowed. One chamber was positioned before the sample
holder, to monitor the incident radiation (I, 10 cm). The second
chamber was positioned after the sample holder, such that the sample
transmission (I}, 30 cm) could be evaluated against Iy, while a third
chamber (I, 30 cm) was positioned downstream from I; so that
XANES of a calibration foil could be measured in situ during the XAFS
experiments against I. Samples were measured exclusively in
transmission mode at 85 K. The energy calibration was monitored
from experiment to experiment by measuring the XAS spectrum of an
europium foil in situ (6977 €V), and the final calibration was made
against the first preedge maximum of Fe™(salen)Cl (711291 eV). The
validity of the calibration was confirmed against [Fe" (MeCN)TMC]-
(BF,), (7111.52 V).

Measurements at the APS were made at the MRCAT Sector 10 ID
beamline. This Experimental Section contains a cryo-cooled air-
bearing goniometer that results in very high stiffness due to no contact
points and a frictionless design. The direct-drive high-torque motor
moves a solid shaft with a magnetic field applied to ferrofluids. Motion
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is encoded externally with a ring encoder, combined with a perfectly
balanced crystal cage for both crystals, which allows for quick EXAFS
measurements at up to 30°/s Because there are no gear—gear contacts,
no mechanical hysteresis is observed, allowing for forward and reverse
scanning and reducing the wait time between scans. This beamline
uses a double-crystal Si[111/311] monochromator and employs a flat
rhodium stripe on SiO, focusing and a harmonic rejection mirrror [full
width at half-maximum (fwhm) beam spot size = 1.1 X 0.5 mm].
Solid-state XAS samples were prepared in a dinitrogen-filled glovebox.
The analyte was prepared by finely grinding the sample (ca. 10—-20
mg) for 2 min in polystyrene canisters with plexiglass pestles using a
Wig-L-Bug grinder to obtain a homogeneous fine powder. Samples
were painted onto the single-sided Kapton (1 mil). The tape was
folded 12 times. The tape was placed within a slot of an aluminum
holder whose dimensions were 5 X 20 X 1 mm. The holder was
equipped with Kapton windows (1 miL) that were sealed with an
indium wire gasket. This holder is well established as providing robust
exclusion of air and moisture. The sample holder was placed on a rail
at the beamline that was equipped with three ionization chambers each
with 20-cm-long aluminum ionization plates, through which nitrogen
gas was continually flowed. One chamber was positioned before the
cryostat to monitor the incident radiation (I,). The second chamber
was positioned after the cryostat so that the sample transmission (I;)
could be evaluated against I, and so that the absorption coefficient (1)
could be calculated as In(Iy/I;). The third chamber (I,) was positioned
downstream from I; so that the XAFS of a calibration foil could be
measured against I,. Spectra were collected in fluorescence mode using
a Lytle detector filled with argon and equipped with a manganese (3)
filter and solar slits. Samples were calibrated to the energy of the first
inflection point of the K-edge of an iron foil (7111.2 eV), whose
spectrum was measured in situ in transmission mode.

Fe K-edge XAS Data Analysis. Data manipulation and analysis was
conducted as previously described by Solomon and co-workers.*® Data
were analyzed by fitting a line to the preedge region, which was
subsequently subtracted from the experimental data to eliminate the
background of the spectrum. The data were normalized by fitting a
first-order polynomial to the postedge region of the spectrum and
setting the edge jump at 7126 €V to an intensity of 1.0. This
normalization procedure gave spectra normalized to a single iron atom
or Fe—O bond. A deconvoluted model for the Fe K-edge XAS data
was obtained using a modified version of EDG_FIT”* in IGOR 6.0.
The preedge regions were best modeled by a symmetry-constrained
pseudo-Voigt function. The approximate peak positions were
determined using first and second derivatives of each spectrum. The
edge regions were modeled with pseudo-Voigt functions (for the edge
peak). The areas under the preedge peaks (hereafter defined as the
intensity) are equal to the fwhm X peak height. Spectra were
reproduced 20 times during experimental times at the APS and in
duplicate at SSRL. The EXAFS spectra were fit using Athena and
Artemis using atomic coordinates from 1-V;FeOClO; and 4-K,VFe
using the FEFF8 platform.**

Mbossbauer Spectroscopy Measurements and Analysis. All
samples for ’Fe Mdssbauer spectroscopy were run as isolated solid
samples made from natural abundance iron. All samples were prepared
in an inert-atmosphere glovebox equipped with a liquid-nitrogen fill
port. This enables freezing of the samples to 77 K within the glovebox.
Samples were loaded into a Delrin M6ssbauer cup for measurements
and loaded under liquid nitrogen. ’Fe Mossbauer measurements were
performed using a SEE Co. MS4 MGdssbauer spectrometer integrated
with a Janis SVT-400T He/N, cryostat for measurements at S and 80
K. Isomer shifts were determined relative to a-iron at 298 K. All
Méssbauer spectra were fit using the program WMoss (SEE Co.).

Magnetic Susceptibility Measurements. Magnetic susceptibility
data were collected using a Quantum Design MPMS XL SQUID
magnetometer. Plots that contain the susceptibility data for the
individual species can be found in Figure S20. All sample preparations
were performed inside a dinitrogen-filled glovebox (MBRAUN
Labmaster 130). Powdered microcrystalline samples were loaded
into polyethylene bags, sealed in the glovebox, inserted into a straw,
and transported to the magnetometer under dinitrogen. Ferromagnetic
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impurities were probed through a variable-field analysis (0—10 kOe) of
the magnetization at 100 K: no curvature was observed in the M versus
H plot (Figure S21), indicating no obvious ferromagnetic impurities
present in the samples measured. Magnetic susceptibility data were
collected at temperatures ranging from 2 to 300 K. Magnetization
measurements were collected at 1.8 K at applied fields ranging from 0
to 50 kOe. Data were corrected for the diamagnetic contributions of
the sample holder and bag by subtracting empty containers;
corrections for the sample were calculated from Pascal’s constants.””

Synthesis of (VO);O0(OCH;);,Fe(ClO,) (1-Vs;FeOCIO;). Method A:
Complex 1-ViFeOClO; was prepared in a manner similar to that
reported for the synthesis of 1-V;FeOTf. In the glovebox, VO-
(OCHj,); (0.360 g, 2.25 mmol), FeBr, (0.162 g 0.7S mmol), and
toluene (18 mL) were placed in four 48 mL heavy-walled pressure
vessels, which were then taken out of the glovebox and heated in an oil
bath at 85 °C for 110 h with stirring. Dark-brown-green suspensions
were eventually obtained, united, and filtered over a bed of Celite (1.0
cm) on a medium-porosity glass frit. The solvent from the resulting
dark-green solution was removed under reduced pressure. To the solid
residue was added AgClO, (0.486 g, 2.35 mmol) and MeCN (120
mL). The reaction mixture was stirred vigorously for 2 h, after which
the solution was filtered over a bed of Celite (1 cm) and the solvent
was removed under reduced pressure. Toluene was then used to
extract the solid residue, separating the product from AgBr and excess
AgClO,. Removal of volatiles under reduced pressure yields 1-
VFeOCIO; as a green-yellow powder [1.075 g, 1.22 mmol, 68% based
on VO(OCH;);]. X-ray-quality crystals were grown from the slow
diffusion of n-hexane into a concentrated dibutyl ether solution of 1-
V,FeOCIO,;. '"H NMR (500 MHz, THF-dg): § 25.25 (s, ] = 530 Hz),
11.99 (s, J = 708 Hz). FT-IR (ATR, cm™): 2926 (C—H), 2822 (C—
H), 1175 (CI=0), 1007 (O—CHj), 979 (V=0). UV—vis [CH,CN;
A, nm (g M™' em™)]: 378 (1.28 x 10%), 992 (8.01 X 10%). ESI-
MS(+): m/z 778.93 (100%, V Fe®), 819.81 (15%, ViFe* + CH,CN).
Elem anal. Calced for C,H;,0,,ViFeCl (MW = 878.41 g mol™'): C,
16.41; H, 4.13. Found: C, 16.81; H, 3.75.

Method B: In the glovebox, a 20 mL scintillation vial was charged
with 2-VsFe (0.040 g, 0.051 mmol), AgClO, (0.011 g, 0.052 mmol),
and 4 mL of THF. The reaction mixture was stirred vigorously for 2 h,
during which a brown-yellow precipitate formed. The suspension was
filtered, and the solvent was removed under reduced pressure. The
solid residue was washed with pentane (5 mL X 3) and extracted with
toluene. Removal of volatiles resulted in the isolation of 1-V,FeOClO;
as a dark-green powder (0.034 g, 0.039, 77%). '"H NMR and FT-IR
spectra of the product are identical with that observed for the synthesis
of 1-V,FeOClO; via method A.

Method C: In the glovebox, a 20 mL scintillation vial was charged
with 4-K,V¢Fe (0.056 g, 0.065 mmol), AgClO, (0.039 g, 0.187 mmol),
and 4 mL of THF. The reaction mixture was stirred vigorously for 2 h.
During the course of the reaction, a large amount of a brown-yellow
precipitate formed. The suspension was filtered, resulting in a green-
yellow solution. The solvent was removed under reduced pressure.
The solid residue was washed with pentane (S mL X 3) and extracted
by toluene. Removal of toluene under vacuum resulted in the isolation
of 1-V;FeOCIO; as a dark-green powder (0.033 g, 0.038 mmol, 57%).
'"H NMR and FT-IR spectra of the product are identical with that
observed for the synthesis of 1-V;FeOClOj; via method A.

Synthesis of (VO);0(OCHs);,Fe (2-ViFe). Method A: In the
glovebox, a 250 mL Erlenmeyer flask was charged with 1-V{FeOCIO;
(1.760 g, 2.00 mmol) and 120 mL of THF. KCg (0.292 g, 2.160
mmol) was added slowly to the solution with stirring. The reaction
mixture was subsequently stirred vigorously for 1.5 h, after which the
solution was filtered over a bed of Celite (1 cm). The solvent was
removed under reduced pressure. The solid residue was extracted by
toluene. Volatiles were removed under vacuum to yield 2-ViFe as a
dark-green powder (1.099 g, 1.41 mmol, 70%). '"H NMR (500 MHz,
THF-dg) & 23.93 (s, ] = 820 Hz), 13.05 (s, J = 906 Hz). FT-IR (ATR,
em™): 2920 (C—H), 2816 (C—H), 1018 (O—CH,), 972 (V=0).
UV—vis [CH,CN; 4, nm (¢, M~ em™)]: 394 (5.20 x 10°), 982 (4.83
X 10%). Elem anal. Calcd for C,,H;50,3VsFe (MW = 778.95 g mol™"):
C, 18.50; H, 4.66. Found: C, 18.36; H, 4.68.
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Method B: In the glovebox, a 20 mL scintillation vial was charged
with 3-KVFe (0.041 g, 0.050 mmol), AgClO,, (0.010 g, 0.050 mmol),
and 4 mL of CH;CN. The reaction mixture was stirred vigorously for
2 h. During the course of the reaction, a brown-yellow precipitate
formed. The suspension was filtered, resulting in a dark-green solution.
The solvent was removed under reduced pressure, and the remaining
dark-green residue was extracted by toluene. The removal of toluene
under vacuum resulted in the isolation of 2-ViFe as a dark-green
powder (0.029 g, 0.037 mmol, 74%). '"H NMR and FT-IR spectra of
the product are identical with that observed for 2-ViFe generated
through method A.

Synthesis of K[(VO);O(OCH5);,Fel} (3-KVsFe). Method A: In the
glovebox, a 20 mL scintillation vial was charged with 2-V Fe (0.162 g,
0.208 mmol), KCg (30 mg, 0.222 mmol), and 20 mL of THF. A
distinct color change from deep green to blue-green was observed
within the first 5 min of the reaction; however, the mixture was left to
stir for an additional 1.5 h to ensure completion. The mixture was
filtered over a bed of Celite (1 cm), yielding a dark-green-blue
solution. Volatiles were removed under reduced pressure to yield 3-
KV,Fe as a dark-green-blue powder (154 mg, 0.188 mmol, 91%). 'H
NMR (500 MHz, THE-d,) 6 23.75 (s, ] = 1082 Hz). FT-IR (ATR,
em™): 2916 (C—H), 2812 (C—H), 1038 (O—CH,), 943 (V=O0).
UV—vis [CH;CN; 4, nm (¢, M™" em™)]: 298 (7.35 x 10%), 590 (3.25
X 10%). Elem anal. Calcd for C,H30,3ViFeK (MW = 818.05 g
mol™): C, 17.62; H, 4.44. Found: C, 17.51; H, 4.07.

Method B: In the glovebox, a 20 mL scintillation vial was charged
with 4-K,VFe (55.1 g, 0.064 mmol), AgClO, (13.3 mg, 0.064 mmol),
and 4 mL of CH;CN. The reaction mixture was stirred vigorously for
2 h, during which a brown-yellow precipitate formed. The suspension
was filtered, resulting in a green-blue solution. The solvent was
removed under reduced pressure. The solid residue was washed with
toluene (S mL X 3) and diethyl ether (5 mL X 3) and then extracted
by THF. Volatiles were removed under reduced pressure to yield 3-
KV Fe as a dark-green-blue powder (0.044 g, 0.054 mmol, 83%). 'H
NMR and FT-IR spectra collected for the product are identical with
that observed for method A.

Synthesis of K,[(VO);O(OCHs);,Fe] (4-K,VsFe). Method A: In the
glovebox, a 20 mL scintillation vial was charged with 3-KVFe (0.164
g, 0.200 mmol), KCq (0.030 g, 0.222 mmol), and 20 mL of THF. The
color of the mixture changed from blue-green to deep purple within S
min. The reaction mixture was stirred vigorously for 1.5 h to ensure
completion, after which the mixture was filtered over a bed of Celite (1
cm). The solvent was removed under reduced pressure to yield 4-
K,V Fe as a purple-blue powder (0.135 g, 0.158 mmol mmol 79%).
Crystals suitable for X-ray analysis were grown by the slow diffusion of
pentane into a concentrated THF solution of 4-K,ViFe in the
presence of 2 equiv of 2,2,2-crpytand. 'H NMR (400 MHz, THF-dy):
5 25.03 (s, 2078 Hz). FT-IR (ATR, cm™"): 2895 (C—H), 2808 (C—
H), 1047 (O—CH,), 939 (V=0). UV—vis [CH,CN; A, nm (&, M™'
em™)]: 300 (8.52 X 10%), 548 (3.56 X 10%). Elem anal. Calcd for
C1oH360,5VFeK, (MW = 857.15 g mol™"): C, 16.81; H, 4.23. Found:
C, 16.93; H, 4.13. Elem anal. Calcd for C,gH;4sN,O5ViFeK, [(K-
crypt),VsFe] (MW = 1610.12 g mol™"): C, 35.81; H, 6.76; N, 3.48.
Found: C, 36.10; H, 6.58; N, 3.10.

Method B: In the glovebox, a 250 mL Erlenmeyer flask was charged
with 1-V;FeOClO; (1.340 g, 1.525 mmol), KC, (0.670 g, 4.956
mmol), and 120 mL of THF. The reaction mixture was stirred
vigorously for 1.5 h, during which the color of the suspension changed
from dark green to deep purple-blue. The solution was filtered over a
bed of Celite (1 cm), and the solvent was removed under reduced
pressure to yield 4-K,VFe as a purple-blue powder (0.770 g, 0.898
mmol, 59%). "H NMR and FT-IR spectra of the product are identical
with that observed for the synthesis of 4-K,VFe via method A.

Synthesis of (VO)sO(OCH;);,Fe(OCN) (1-Vs;FeOCN). Complex 1-
VFeOCN was prepared in a manner similar to that reported for the
syntheses of 1-V;FeOTf and 1-V;FeOClO;. A 20 mL scintillation vial
was charged with 1-V FeBr (0.200 g, 0.23 mmol), AgOCN (0.103 g,
0.69 mmol), and 20 mL of dichloromethane (DCM). The mixture was
stirred for 2 h at room temperature, after which the solvent was
removed under reduced pressure. Toluene was used to extract the
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solid residue, separating the product from AgBr and residual AgOCN.
After the removal of volatiles under reduced pressure, the solid residue
was extracted by pentane (10 mL X 3). The extraction was united and
concentrated to about one-third of the original volume and left at —30
°C for 2 days to obtain 1-V;FeOCN as a dark-green solid (0.128 g,
0.16 mmol, 68%). 'H NMR (400 MHz, CDCL): & 24.69 (s, 500 Hz),
12.12 (s, 768 Hz). FT-IR (ATR, cm™): 2924 (C—H), 2818 (C—H),
2197 (C=N), 1016 (O—CHs;), 976 (V=0). UV—vis [CH;CN; 4,
nm (&, M~! em™)]: 320 (2.16 X 10*), 394 (9.85 x 10%), 986 (1.08 X
10%). ESI-MS(+): m/z 820.87 (100%, V;FeOCN). Elem anal. Calcd
for C,3H;sNO,gViFe (MW = 820.97 g mol™)): C, 19.02; H, 4.42; N,
1.71. Found: C, 19.31; H, 4.07; N, 1.91.

Synthesis of [(VO)sO(OCH;),,FeCli(FeCl,)-THF (5-[VsFeClI[FeCly).
In the glovebox, a 20 mL scintillation vial was charged with 1-
V,FeOTf (0.186 g, 0.200 mmol), WCl, (0.027 g, 0.067 mmol), and 20
mL of DCM. The reaction mixture was stirred vigorously for 30 min,
after which the solvent was removed under reduced pressure and the
solid residue was extracted by THF (5 mL X 2). The extraction was
combined and concentrated to one-third of its original volume and
stored at —30 °C for 3 days. A small amount of dark-green thin-plate
crystals of 5-[V FeCl]*, suitable for X-ray crystallography, was
obtained (0.032 g, 0.030 mmol, 15%). 'H NMR (400 MHz, THEF-
dg): 623.98 (s, br, J = 536 Hz), 12.47 (s, br, ] = 660 Hz). FT-IR (ATR,
em™): 2932 (C—H), 2828 (C—H), 986 (V=0). UV—vis [CH,CN;
A, nm (&, M~' em™)]: 302 (1.96 x 10%), 370 (1.46 x 10*), 992 (6.58
X 10%). ESI-MS(+): m/z 814.22 (100%), 815.93 (27%) (VFeCl").
Elem anal. Calcd for C4H,,0,,VFe,Cl; (MW = 1084.17 g mol™'): C,
17.73; H, 4.09. Found: C, 17.88; H, 4.06.

Synthesis of [(VO)sO(OCH3),,FeCl](SO5CF;) (5-[VsFeCl]OTf). In
the glovebox, a 20 mL scintillation vial was charged with 1-V;FeOTf
(0.186 g, 0.200 mmol), WCl, (0.027 g, 0.067 mmol), and 20 mL of
DCM. The reaction mixture was stirred vigorously for 30 min, after
which the solvent was removed under reduced pressure. The solid
residue was washed with n-hexane several times until the hexane
extraction turned colorless. The solid residue was then extracted by
toluene, and the removal of volatiles yielded S-[V FeCl]*OTf as a
dark-yellow-green solid (0.082 g, 0.081 mmol, 43%). 'H NMR (500
MHz, THF-dg): 6 24.21 (s, ] = 325 Hz), 12.06 (s, ] = 565 Hz). FT-IR
(ATR, cm™): 2932 (C—H), 2828 (C—H), 986 (V=0). UV—vis
[CH;CN; 4, nm (g, M~ em™)]: 302 (2.29 x 10%), 370 (1.46 X 10%),
988 (691 X 10%). ESI-MS(+): m/z 81422 (100%), 815.93 (27%)
(VsFeCl"). Elem anal. Calcd for C;3H;¢0,;VsFeCISF; (MW = 963.48
g mol™'): C, 1621; H, 3.77. Found: C, 16.48; H, 3.57.

The CCDC has the supplementary crystallographic data for this
paper: 1-V,FeOCIO,;, 1504756; 4-K,ViFe, 1504755; 5-VFeCl,
1504757.
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