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ABSTRACT: The isolation of the oxygen-deficient, polyoxovanadate-
alkoxide (POV-alkoxide) cluster, ["Bu,N][V404(OMe);,(MeCN)], and
its subsequent reactivity with oxygen (O,), has demonstrated the utility
of these assemblies as molecular models for heterogeneous metal oxide
catalysts. However, the mechanism through which this cluster activates
and reduces O, to generate the oxygenated species is poorly understood.
Currently it is speculated that this POV-alkoxide mediates the four-
electron O—O bond cleavage through an O, bridged dimeric
intermediate, a mechanism which is not viable for O, reduction at
solid-state metal oxide surfaces. Here, we report the successful activation
E?];)lujle\%uizl;’lrl;)(;;sgz (13’1\/;}61)6 N ]C(a ]}/l[xe— glII\lT;t]IOIE?iIIZ;d —I)O“-\—/tj::kgflltc}lffcacllliiff j Modeling heterogeneous O, actilv;aﬁon wiﬁ:j a stell';'(call};-encumbered, oxygen-deficient
- olyoxovanadate-alkoxide

arene). The steric hindrance imparted to the open vanadium site by o

the calix motif eliminates the possibility of cooperative, bimolecular O, activation, allowing for a comparison of the reactivity of this
system with that of the nonfunctionalized POV-alkoxide described previously. Rigorous characterization of the calix-substituted
assembly, enabled by its newfound solubility in organic solvent, reveals that the incorporation of the tetradentate aryloxide ligand
into the POV-alkoxide scaffold perturbs the electronic communication between the site-differentiated vanadium(III) ion and the
cluster core. Collectively, our results provide insight into the physiochemical factors that are important during the O, reduction
reaction at oxygen-deficient sites in reduced POV-alkoxide clusters.
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B INTRODUCTION

However, these radical pathways tend to be unselective in

The abundant, natural supply of dioxygen (O,), coupled with
its atom economy and benign byproduct (e.g, H,O), renders
this small molecule an attractive terminal oxidant.'~* Indeed,
both natural (e.g, cellular respiration)’ and anthropogenic
(e.g,, combustion, fuel cells)®” processes exploit the favorable
thermodynamic driving force of the O, reduction to water half-
reaction. However, while O, reduction is exergonic, there are
significant kinetic barriers associated with the activation of this
small molecule.® As such, catalysts capable of mediating the
activation of O, are essential for facilitating its reactivity.
Currently, the vast majority of oxygen reduction catalysts used
industrially take advantage of precious metals, such as platinum
and palladium.”*”~"" The limited supply of these metals
makes them impractical for long-term use on industrial scales.

Reducible metal oxides (RMOs) have shown promise in
catalyzing oxidation reactions with 0,.'*7'® The redox
flexibility of the metals contained within these RMO materials
allows them to support an array of multielectron, multiproton
transformations.”'® A variety of mechanisms have been
reported for RMO-mediated O, reduction reactions. RMOs
are capable of activating O, through outer-sphere electron
transfer and/or proton coupled electron transfer reactions,
resulting in the formation of the superoxide radical anion
(0,"7) or hydrogen peroxide (H,0,), respectively.”'>'?*°
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product formation, rendering inner-sphere O, activation
mechanisms desirable. One such inner-sphere route of
substrate oxidation by RMOs proceeds through the Mars-
van-Krevelen (MvK) mechanism.”"”** In this mechanism, the
substrate reacts with the RMO surface, resulting in substrate
oxidation via O atom transfer and the formation of an oxygen-
atom vacancy at the surface of the material. The resultant,
reduced metal site can then activate oxygenated substrates, like
O,, to regenerate the active form of the catalyst. This
spatiotemporal separation of substrate oxidation and subse-
quent reduction of molecular oxygen of the MvK mechanism is
vital, as it allows for increased product selectivity over the
alternative radical-driven processes (e.g., autoxidation).®
Although the MvK mechanism is well-accepted in RMO
catalysis, limitations of in situ spectroscopic analyses of these
heterogeneous systems have inhibited progress in the direct
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experimental observation of the proposed reactivity at the
surface of metal oxides.”' ~** This is often complicated by the
fact that reoxidation of the metal-oxide surface (passivation of
O atom defects) is kinetically rapid, rendering the formation of
isurface activation intermediates challenging to observe. As a
result, researchers have turned to theoretical investigations to
probe the energy landscape of the reactivity of O, with O atom
vacancies in these materials.””> > An alternative and
increasingly popular approach uses homogeneous molecular
models. These soluble, metal oxide assemblies can provide
valuable, atomistic insight into the surface reactivity of bulk
solids.

Polyoxometalates (POMs) are discrete metal-oxide assem-
blies that display similar structural and electronic character-
istics to that of bulk systems.”'”*° As such, POMs have
emerged as homogeneous analogues to RMOs. Indeed, these
clusters have demonstrated catalytic activity toward the aerobic
oxidation of a variety of substrates invoked in heterogeneous
catalytic systems.”*~** Extensive kinetic and theoretical studies
have established that O, reduction in these systems typically
proceeds through outer-sphere electron transfer mecha-
nisms.”*~* This is credited to the fact that the oxide-
terminated surfaces of these metal oxide assemblies inhibit
direct interaction of O, with reduced transition metal centers
within the cluster. A notable exception, however, is the Keggin-
type, phosphovanadomolybdate cluster, H;PV,Mo,,0,, where
the coordinatively flexible vanadium centers are purported to
serve as the location of inner-sphere reactivity with 0,.* ™'

In 2018, our laboratory reported the synthesis of an oxygen-
deficient, polyoxovanadate-alkoxide (POV-alkoxide) cluster,
["Bu,N][V4O04(OMe),,(MeCN)] (VO¢™'; Figure 1).>* This

[V6Og(OMe) 5]
VG°6.1 (calix)V605'1

[(calix)VgOg(OMe)g] !

e- distrib: VI'V!Vg e- distrib: VI'VIVg

Figure 1. Discrepancies in the molecular structures of POV-alkoxide
clusters studied in this work.

oxygen atom vacancy-containing cluster was accessed directly
via treatment of the fully oxygenated Lindgqvist ion, ["Bu,N]-
[Vs0,(OMe),,] (V40,7"), with vanadium(III) trismesityl.
Scission of a single V=0 bond results in the generation of
a site-differentiated V"' center at the surface of the assembly.
Complex V4O,~' presents a structural and functional
homogeneous model for O atom defects at the surface of
reducible metal oxides. Isolation of this oxygen-deficient
vanadium oxide assembly on preparative scales allows for
defect formation and subsequent reactivity to be probed
separately. Toward this goal, our laboratory has investigated
the reactivity of these oxygen-deficient assemblies; we reported
activation of nitrite and nitrate by V404!, whereby oxygen
atom transfer to the surface of the cluster from the oxyanion

results in the formation of NO.**** We have also described the
reactivity of the oxygen-deficient POV-alkoxide with O,;
exposure of V¢O4 ! to O, afforded quantitative formation of
the fully oxygenated parent cluster, V40, ".>” In the latter
study, we proposed that O, activation by V404" proceeds via
a multicluster substrate activation pathway; two vanadium (I1I)
centers bind to opposite ends of O,, each providing two
reducing equivalents for the complete cleavage of the O=0O
bond. This bimolecular, four-electron O, activation pathway is
consistent with mechanisms reported for other established,
homogeneous mononuclear V(III) complexes.ss_57

While the aforementioned mechanism of O, activation by
V606_1 is attractive from an atom-economy perspective, there
is no experimental proof supporting its validity. In the absence
of rigorous kinetic data, we sought to narrow down the
possible mechanistic routes via synthetic means. Specifically,
we postulated that by increasing the steric bulk around the
reactive V(III) center we would eliminate the ability of two,
distinct, oxygen-atom-deficient POV-alkoxide clusters to
engage in cooperative O, binding and activation (Figure 1).
In addition to providing insight into the possible mechanism of
O, activation with POV-alkoxide clusters, the inhibition of
cluster dimerization for small molecule activation would
increase the efficacy of our models for substrate activation in
heterogeneous systems, as bimolecular pathways for O,
activation are inaccessible in the solid state.

Here, we report our investigations into the synthesis,
characterization, and reactivity of an organosoluble version of
the calix-functionalized, Lindqvist-type POV-alkoxide cluster,
["Bu,N][(calix)V4O4s(OMe)g(MeCN)] (calix = 4-tert-
butylcalix[4]arene) with O, (Figure 1). This modified version
of the cluster was selected because the bulky calix ligand
surrounding the oxygen-deficient V(III) moiety inhibits
traditional pathways of bimolecular, four electron O, activation
outlined above. Thus, reaction of the cluster with O, must
proceed through an alternate reaction pathway. Overall, these
studies offer insight into the mechanisms through which
oxygen-deficient POV-alkoxide clusters reduce molecular
oxygen, which has implications in the use of these POV-
alkoxides as RMO models, as well as oxidation catalysts in their
own right.

B RESULTS AND DISCUSSION

Synthesis and Characterization of ["Bu,N][(calix)-
VsO¢(OMe)g(MeCN)]. Interested in studying the reactivity
of O, at a single, oxygen deficient vanadium center through the
elimination of multicluster cooperative small molecule
activation pathways, we set out to investigate the reactivity
of a calix-substituted variant of the Lindqvist ion. As described
above, previous work from Luneau and co-workers established
the synthesis of the desired reduced vanadium oxide
assemblies, noting the stabilization of an oxygen-deficient
vanadium ion within the cavity of the organofunctionalized
assembly (Figure 1).°* Calix-functionalized transition metal
complexes have been used in similar studies focused on
isolating small molecule activation to a single metal ion;
appending these macrocyclic moieties to the secondary
coordination sphere of a transition metal complex results in
the formation of a bulky, hydrophobic cavi? that tunes the
selectivity of small molecule activation.””™®" Of particular
relevance to the work presented here, Reinaud and co-workers
have reported the reactivity of copper variants of calix-
functionalized, funnel-type complexes with O,, illustrating the
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Scheme 1. Synthesis of an Organosoluble Variant of calixV 04"
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propensity of this bulky substituent to prevent the traditionally
observed bimolecular activation of the small molecule upon
coordination to the reduced transition metal ion.’”** Density
functional calculations on a model system were used to assess
the validity of our hypothesis that the calix ring would
eliminate the possibility of a bimolecular pathway for O,
activation in the case of the organofunctionalized POV-
alkoxide cluster; in the equilibrium geometry of the dimeric
species, the distance between vanadium active sites is 11.1 A.
Forcing the clusters to move closer together is energetically
unfavorable due to the steric repulsion of the calix groups
(Figure S1, see Supporting Information for additional details).
Collectively, literature precedent and our theoretical analysis
confirm our assumption that the calix-substituted derivative of
the POV-alkoxide ion would render multicluster cooperative
O, activation inaccessible.

The previously reported [cation][(calix)-
VO4s(OMe)s(MeOH)] (cation = HNEt;, NEt,, pyridinium)
complexes are accessed by heating a mixture of calix pro-ligand
and vanadyl sulfate, with the appropriate base, in methanol at
170 °C.>* Unfortunately, the cluster products from these
solvothermal reactions are insoluble in organic solvent,
rendering them incompatible with the homogeneous small
molecule activation studies required for direct comparison of
the reactivity of the bulky derivative with the noncalix-
functionalized assemblies. Thus, we sought to generate
organosoluble variants via cation substitution.

Our initial attempts to generate the tetrabutylammonium
salt of the monoanionic calix-functionalized POV-alkoxide
cluster involved stirring a suspension of [HNEt;][(calix)-
VsO4s(OMe)s(MeOH)] with an excess of tetrabutylammonium
hexafluorophosphate (acetonitrile, 70 °C, 24 h). However, salt
metathesis provided no conversion from the starting material.
Thus, we explored a stepwise approach to cation exchange via
sequential oxidation and reduction of the hexavanadate
assembly (Scheme 1). Oxidation of [HNEt;][(calix)-
VO4s(OMe)y(MeOH)] with one equivalent of silver triflate
in dichloromethane afforded a golden-brown solution and
precipitation of Ag’ (Scheme 1). The purported neutral
species, [(calix)VsO4(OMe)g(MeCN)] (calixV04°), was
isolated by extraction with diethyl ether (81% yield); sample
purity was confirmed by 'H NMR spectroscopy (CDCl,,
Figure S2) and elemental analysis. To generate the desired
reduced assembly, tetrabutylammonium borohydride
(["Bu,N]BH,) was added to a tetrahydrofuran solution of
calixV404". Following workup, the product, ["Bu,N][(calix)-
Vs04(OMe)s](MeOH)] (calixV,O4'), was isolated as a

13835

brown solid in good yield (71%). Notably, calixV40¢™"
exhibited improved solubility in polar organic solvents.

Initial characterization of calixV4O4 ™" was performed by 'H
NMR spectroscopy (CDCl;, Figure S3). The spectrum of
calixV4O4 ™" revealed two prominent, paramagnetically shifted
and broadened resonances at 27.1 (12 H) and 23.6 (12 H)
ppm, assigned to the two chemically inequivalent groups of
bridging methoxide ligands. This observation is consistent with
the expected C,, symmetry of this molecule. An additional
broad resonance was noted at 17.6 ppm and assigned to the
methanol solvent molecule bound to the oxygen-deficient,
V(III) center. Resonances attributed to the protons of the calix
ligand were observed at 8.7 (8 H, arene C—H moieties) and
1.2 (44 H, tert-butyl moieties). Electrospray ionization-mass
spectrometry (ESI-MS) of calixV4O¢™' contained signals for
the expected oxygen-deficient assembly (1294 m/z, [(calix)-
VeOs(OMe)g]™'; 1326 m/z, [(calix)-
VsO0s(OMe)g(MeOH)]™Y; 1335 m/z, [(calix)-
Vs04(OMe)s(MeCN)]™'; Figure S4). Bulk sample purity
was ultimately verified by elemental analysis.

To unambiguously confirm formation of calixV,O4 ',
crystals suitable for single crystal X-ray diffraction (SCXRD)
were grown from diffusion of diethyl ether into a concentrated
acetonitrile solution (Figure 2, Table 1; see Table S1 for
complete crystallographic data and refinement parameters).
Following structural refinement, the expected calix-function-
alized, oxygen-deficient Lindqvist assembly was observed.
Broadly speaking, the molecular structure of calixV4O ™"

[(calix)V;0,(OMe),]!
calixVg0;"

[(calix)Vs04(OMe)g(MeCN)]*
calixVgOg!

Figure 2. Molecular structures of calixV¢Os ™" and calixV40, ™" shown
with 30% probability ellipsoids. Hydrogen atoms, solvent molecules,
and counterions have been omitted for clarity. Key: C, black; N, blue;
O, red; V, dark green.
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Table 1. Selected Bond Lengths of calixVsO4 ' and
calixv,0,~!

bond calixVOg ' calixV,0, "
V1—Nyeen 2.131(3) A
V1=0" 1.610(3) A
V1-0.° 2.037(2) A 2.107(3) A
V1-0,(calix)? (avg) 1.9491 A 1.930 A
V,=0,"¢ (avg) 1.592 A 1.598 A
V,-0.¢ (avg) 2361 A 2358 A
V,—Oy(calix)** (avg) 20458 A 2.061 A
V,—0,(OMe)"* (avg) 1.9987 A 2.000 A

“Bond metrics described in Table 1 refer to those collected for the
acetonitrile adduct of monoanionic, calix-functionalized POV-alkoxide
cluster reported in this work. “O, = terminal oxygen atom. ‘O, =
central m4-oxygen atom. 40, = oxygen atom of bridging aryl/alkoxide
ligands. “n = V2—V6.

closely resembles those of the analogous assemblies reported
by Luneau, [cation][(calix)V4O4(OMe)s(MeOH)] (cation =
HNEt;, NEt,, pyridinium).”® However, the enhanced solubility
of calixV404" following cation substitution affords oppor-
tunities to crystallize the assembly under conditions different
from those previously reported. This results in isolation of a
calix-functionalized POV-alkoxide cluster with an acetonitrile
molecule bound to the reduced vanadium center (note: in the
original structures, methanol was coordinated to this
assembly). This observation demonstrates the lability of the
solvent molecule at the defect site.

Analysis of the bond metrics of V1 in the molecular structure
of calixV¢O,4 ™" reveals unique structural parameters for the site
differentiated vanadium center. V1 adopts a pseudo-octahedral
coordination environment, with the four phenoxide moieties of
the calix ligand composing the equatorial plane of the
octahedron (average V1—O, bond distance of 1.9491 A).
The V1-0y lengths are slightly elongated in comparison to
previously reported mononuclear molecular structures of calix-
ligated V(III) compounds (1.807(2)—1.841(5S) A).°* This is
attributed to the bridging character of the phenoxide oxygen
atoms. It is interesting to note that the V1—Oy, bond distances
are slightly shorter than the Vn—0O,, distances (n = 2, 3, 4) of
the vanadium centers that compose the remainder of the
Lindqvist structure, suggesting that the calix ligand enforces a
strict coordination environment at V1. The V1-0, (O, = u,-
central oxygen atom) distance is substantially shortened in
comparison to other Vn—O, bond lengths within the cluster
(Vn—0, (avg) = 2.361 A). This observation is consistent with
the structural reorganization previously reported by our group
upon O atom vacancy formation in POV-alkoxide clus-
ters.>”®>% It is important to note that substitution of the
datively bound methanol solvent molecule for acetonitrile in
the calixV4O4™"' variant reported here has no structural
consequences on the coordination environment of the V(III)
center (e.g, similar VI-O. and V1-O, bond distances
reported for all compounds).

Each chemically distinct vanadium center within complex
calixV4O4 " crystallizes in a unique position, providing us with
the opportunity to interrogate the oxidation state distribution
of vanadium ions across the Lindqvist core using bond valence
sum (BVS) calculations (Table S2). Bond metric analysis of
V1 confirms its assignment as a V(III) center; all other vanadyl
ions within the cluster more aptly resemble metal ions in their
tetravalent oxidation state. This assignment of oxidation states

of individual vanadium centers in calixVsO,™ (VIEVY,) is
consistent with that reported by Luneau et al.”® Notably, the
oxidation state distribution of calixV4O4~! mirrors that
reported for the nonfunctionalized, POV-alkoxide cluster,
V0, (VIVIY,) 32

Prior to evaluating the reactivity of calixV404 ' with O,, we
sought to compare the electronic structure of the POV-
alkoxide cluster with that of V¢O4~". These investigations serve
as an important basis for evaluating similarities and differences
in the reactivity of these distinct, oxygen-deficient assemblies.
Toward this goal, the electronic properties of calixV;O, ' were
interrogated via infrared (IR) and electronic absorption
spectroscopies (Table 2, Figures 3 and 4). These two

Table 2. Select Infrared Data for Complexes V04",
calixV,04 Y, V40,7, and calixV,0,™*

ox. state v(0p,—Me), v(V=0,), (Av),
compound distrib. cm™! cm™! cm™
calixV40¢ ™! Vit 1051 960 91
V406! VitV 1047 951 96
calixV,0,™* vV 1051 961 90
V40,7! vV 1026 953 73

—calixVg0s' _ calixVs0;1

— VO™ —Vg0;1
1600 1400 1200 1000 800 600
Wavenumber (cm)

Figure 3. Infrared spectra of complexes VO, ™", calixV 04", V0,7,
and calixV,0,~ .

techniques, taken in tandem, have been demonstrated to
report on the degree of reduction of the cluster
core.* 057770 IR analysis of calixV¢Og ! reveals transitions
at 1051 and 960 cm™, assigned to v/(Oy—Me) and v(V=0,),
respectively (Table 2, Figure 3). These values are shifted from
those reported for ViO4™' (v(O,—Me) = 1047 cm™; v(V=
0,) = 951 cm™)** and exhibit significant shouldering, likely
due to the incorporation of the calix ligand at the surface of the
assembly. The energy difference between the v(O,—Me) and
v(V=0,) vibrations (Av) has been shown to inform the
degree of reduction within the Lindqvist core.”> The Av values
for calixVgOs ™! (91 cm™) and V4O, (96 cm™) are similar,
suggesting that the degree of reduction of the two cluster
assemblies is comparable.

The electronic absorption spectrum of calixV4O4 " is similar
to that previously reported for V,O,~' (Figure 4). For the
calix-functionalized derivative, a low intensity absorption
feature is observed at 520 nm (¢ = 200 M~ cm™"), which is
assigned to a V!V d—d transition.””®® This band is shifted

https://doi.org/10.1021/acs.inorgchem.1c00887
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Figure 4. Electronic absorption spectra of complexes V4047,
calixV404 ™Y, V40,7, and calixV40,™* collected in acetonitrile at 21
°C. Inset highlights the low-energy region of the spectra to clearly
illustrate the IVCT bands.

slightly to higher energies in comparison to the corresponding
signal reg)orted for complex ViOq ™' (1 = 526 nm, € = 470 M~
ecm™),>* which we attribute to the increased electron
withdrawing character of the phenoxide moieties of the calix
ligand. Collectively, these data are consistent with the
oxidation state distribution of calixVsO, ' determined from
BVS calculations and qualify the assembly as electronically
similar to that of V04",

Further insight into the electronic properties of calixV,O4 "
was obtained using electrochemical characterization of the
redox active vanadium oxide assembly. The cyclic voltammo-
gram (CV) of calixV¢O¢ ™" was collected in dichloromethane
(Figure S, Table 3). Generally speaking, the redox profile of
the calix-substituted, oxygen-deficient assembly is similar to
that of V404" CalixV4O4™" possesses three quasi-reversible
redox events at —0.42, +0.26, and +0.86 V (vs Fc*/?) with an
open circuit potential (OCP) located at —0.54 V vs Fc*/°,
suggesting this cluster is isolated in its most reduced state.
Peak-to-peak separation (AE, ;) of individual redox processes
of 0.60 and 0.68 V, corresponding to comproportionation
constants ranging from 2.1 X 10'° to 5.0 x 10"
(comproportionation constants were determined through the
following calculation: RT In K_ = nF [DEP] ),”' 773 are consistent
with those regorted previously for V¢Os ™' (K. = 5.5 X 107 to
9.4 X 10').°* One notable difference, however, between the
voltammograms of the two clusters is that the potential of the

Potential (V vs Fc%+)

Figure 5. Cyclic voltammogram of complexes calixV;O¢™" (light blue,
top), V¢Os ! (dark blue), calixV4O, *(purple), and V4O, (black,
bottom) collected in dichloromethane (supporting electrolyte = 0.1
M ["Bu,N]PF; potentials referenced to Fc*’?). The locations of the
open circuit potentials and scan direction of each sample are indicated
by arrows.

electrochemical processes of calixV¢O4 ™" are shifted anodically
from that of V404~ by ~0.35 V. We attribute this substantial
shift to the electron-accepting properties of the calix phenoxide
moieties,”* ™" which destabilize oxidation of the cluster core.
This anodic shift is important in the context of O, reduction,
as the thermodynamics of electron transfer of calixV,O¢ ™" are
significantly attenuated relative to V404"

Reactivity of calixV40s~' with O,. The isolation of
oxygen-deficient POV-alkoxide clusters allows for inner sphere,
MvK-type mechanisms of small molecule activation to be
invoked.*>**% In our original report of defect formation in
POV-alkoxide clusters, we described the quantitative con-
version of V4O,™" to the fully oxygenated product, V,O,},
upon addition of 0,.°* As described above, we proposed that
O, activation proceeds through a bimolecular pathway, where
the vanadium(III) centers of two POV-alkoxide clusters attack
opposite ends of the O, molecule, each contributing two
electrons to facilitate the cleavage of the O=O bond.
However, no experimental evidence was provided to support
this hypothesis. Thus, to interrogate the validity of a
bimolecular pathway for O,, we set out to compare the
reactivity of calixVgO4™' with O, to that reported for the
V04! system.

Table 3. Half-Wave Potential (E,/,) Values of the Redox Couples Observed in Complexes VO™, calixV,04~", VO, ", and

calixV40, ! in Dichloromethane

redox couple Ey) (V) V4Og ™"

VIV ]/ [VIEVY, VY] —0.70 —0.42
VIV VY] VIV, VY, ] -0.16 +0.26
VIV WY, 1/ [VIEVIY, VY, ] +0.52 +0.86
[

VIIIVIVZVV3] / [VHIVIV1VV4]

“All E, ), values are reported on the basis of data collected in dichloromethane and referenced vs Fc

E,) (V)7 calixV4O4 !

13837

redox couple Ey; (V)" V40,7 E) (V)7 calixVO,™!

VYel/[VVsVY] —0.94 —0.94
RSAMVINAARS —0.45 -0.27
NaARAVINAAAN! +0.20 +0.44
VVvY 1/ [viv,vy,] +0.84 +1.06

+/0
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To directly compare the established results of O, activation
with the sterically unencumbered, oxygen-deficient POV-
alkoxide cluster to the bulky, calix-functionalized assembly,
we attempted the addition of O, to calixV4O4 " following
identical reaction conditions reported for the oxidation of
V4O¢™'. Exposure of O, to an acetonitrile solution of
calixV4O4 " resulted in a gradual darkening of the reaction
mixture, consistent with the anticipated oxidation of the cluster
core. Analysis of the crude reaction mixture by 'H NMR
spectroscopy revealed a mixture of products (Figure SS5); five
paramagnetically shifted and broadened resonances are
observed (6 = 33.9, 27.4, 23.6, 22.0, 15.5 ppm). The signals
located at 33.9 and 15.5 ppm correspond to the protons of the
bridging methoxide ligands of the calixV O4" cluster (vide
supra). To further simplify characterization efforts of the O,
reaction products and to quantitate the yield of calixV40,’, the
neutral calix-functionalized cluster was separated from the
other monoanionic products via extraction into diethyl ether;
characterization of the extracted product confirmed the
successful isolation of calixV4,O’ from the crude reaction
mixture (Figure SS, 28% yield based on calixV,04™"). 'H
NMR analysis of the remaining solid revealed three additional
resonances (Figure S7), two of which appear to belong to
unreacted calixV¢Os ' (Sope = 27.1 and 23.6 ppm). The final,
broad signal is observed, attributed to an unidentified product
of the reaction.

We hypothesized that the new product observed after
exposure of calixV4O¢ ™' to O, might be the fully oxygenated
species, ["Bu,N][(calix)V40,(OMe)] (calixVO, ™). Thus, to
further explore the possibility of oxygenation of calixV,O4 ™" in
the presence of O, we sought to independently synthesize
calixV40, ™. Treatment of calixV4O4 ' with an excess of
iodosylbenzene (PhIO) in dichloromethane resulted in a
gradual darkening of the brown reaction mixture (Scheme 2).

Scheme 2. Independent Synthesis of calixV40, " with
Iodosylbenzene (PhIO)

PhlO

-Phl

[(calix)VgO7(OMe)g] !
calixVgO;"!
e distrib: V'V

[(calix)VgOg(OMe)g(MeCN)] !
calixVgOg™!
e distrib: V"'V

Analysis of the '"H NMR spectrum of the crude reaction
revealed a mixture of calixV;O4" and a second species with
broad resonances, similar to those described above in the crude
reaction of calixV4O¢ ' with O, (Sope = 28.0, 23.6, and 21.5
ppmy; Figure S8). The molecular composition of the second
species was confirmed as calixV40,~" by ESI-MS (1310 m/z,
[(calix)V40,(OMe)s]™"; Figure S9). Following workup,
calixV¢O," was isolated as a brown-green solid in good
yield (65%; 'H NMR of analytically pure product shown in
Figure S10).

The molecular structure of calixV4O, ! was confirmed by X-
ray diffraction of crystals grown from diffusion of toluene into a
saturated dichloromethane solution (Figure 2, Table 1). The
molecular structure resembles that of calixV O, ™!, with the
notable exception of the fact that the solvent molecule in the
starting material bound to the oxygen-deficient site of the V1
ion has been replaced by a terminal oxido ligand. The new
V1-01 bond distance (1.610(3) A) is slightly elongated in
comparison to the remaining Vn—O, lengths of the structure
(avg. 1.598 A) but compares favorably with values previously
reported for mononuclear V(V) oxo complexes (1.5816(14)—
1.6055(14) A).”*~% Oxidation of V1 translates to an
elongation of the V1—O, bond in calixV,0, ' (2.107(3) A),
as compared to calixV4O, ™" (2.037(2) A). The V1-O, bond
length is considerably shorter than other Vn—O_ bonds in the
cluster (avg. 2.358 A), highlighting the unique coordination
environment of the site differentiated vanadium center within
the Lindqvist ion. The V1—0O, distances of 1.930 A are
elongated from those reported previously for mononuclear,
calix-ligated V(V) complexes (1.8858(4) A),*’ once again
attributed to the bridging nature of the phenoxide moieties
within the polynuclear assembly.

Each vanadium center within the Lindqvist core was refined
in a crystallographically unique position, allowing for BVS
calculations to be employed to verify the oxidation state
distribution of the vanadium oxide cluster (Table S3). Bond
metric analysis of V1 reveals that this metal center is oxidized
to the pentavalent oxidation state upon the addition of PhIO,
consistent with the expected two-electron oxidation of the
metal center following oxygen atom transfer. All remaining
vanadyl ions retain their tetravalent oxidation states, resulting
in an overall oxidation state distribution for calixV,O, ' of
VVVV. This assignment of formal oxidation states of vanadium
centers within the oxidized product resembles that reported for
the nonfunctionalized, monoanionic POV-alkoxide cluster,
V0,71 (VIV,yY) 6870584

The cyclic voltammogram of calixV40, " collected in
dichloromethane contained four redox events at —0.94,
—0.27, +0.44, and +1.06 V vs Fc*/° (Figure S, Table 3). The
open circuit potential was measured at —0.4 V, placing the
monoanionic charge state of the assembly between the two
most reducing redox events. The approximately even spacing
between the redox processes (AE,,, = 0.62 to 0.71 V) is
similar to that of the calixV¢O4™" cluster. The comproportio-
nation constants for the oxygenated cluster range from 4.7 X
10* to 1.6 x 10, indicating that the electronic delocalization
within the cluster core is retained upon formation of the
V(V)==0 unit. The E, , values of the individual redox events
in the electrochemical profile of calixV40, " are quite similar
to that of V,0,7! (—=0.94, —0.45, +0.20, and +0.84 V vs Fc*'?),
an average overall anodic shift of 0.16 V relative to V40,7

The electronic structure of calixV4O,™' was further
interrogated by IR and electronic absorption spectroscopies
(Table 2, Figures 3 and 4). The IR spectrum contained v(O,—
Me) and v(V=0,) located at 1051 and 961 cm™’, respectively.
These values are nearly identical to that of the oxygen-deficient
assembly, calixViOs ™" (1(O,—Me) = 1051 cm™; (V=0,) =
960 cm™"). This observation is in stark contrast to the changes
in the IR spectrum of the nonfunctionalized cluster upon
oxidation; V40, exhibits vibrations at 1026 and 953 cm™),
which are shifted from those of VO, ((O,—Me) = 1047
em™'; (V=0,) = 951 cm™"). The changes in the IR spectra
of the two clusters are most notable when comparing the
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energy difference of these two vibrations; in the case of
V40,7, the separation between v(Oy—Me) and v(V=0,) is
smaller (Av = 73 cm™) than that of V{Os™' (Av = 96 cm™),
whereas the difference in bands in the calix-functionalized
assemblies remains constant. Similar perturbations of Av have
been attributed to a variation in electron density contained
within the delocalized cluster core upon oxidation of the V(III)
center to V(V).”” The observed invariance of the 2(Op—Me)
and v(V=0,) vibrations for calixV4O¢™' and calixV,O,"
suggests that the site differentiation of the apical vanadium
enforced by the calix ligand decouples this ion from the
remaining vanadium centers of the cluster core.

The electronic absorption spectrum of calixVO,™! is
distinct from that of V40,7". Complex calixV4O, " possesses
a broad feature centered at ~1000 nm; this transition is
assigned to an intervalence charge transfer (IVCT) event,
enabled by the oxidation of a single vanadium center within the
Lindqvist core to the pentavalent oxidation state. It is worth
noting, however, that the high-energy, partner IVCT band
(located at ~395 nm), observed in all mixed-valent POV-
alkoxide clusters as the dominant feature in the visible region,
is absent in the spectrum of calixV40, ", Coupled with the IR
data described above, the electronic absorption spectrum of
calixV40, " indicates that incorporation of the calix ligand into
the POV-alkoxide scaffold perturbs the mode and degree of
electronic communication within the Lindqvist core.

With the oxygenated cluster, calixV40, ™, fully characterized,
the approximate yields of calixVsO, ™" and calixViO4 " from
the reaction of calixV4Os ' with O, were calculated via
electrochemical analysis of the product mixture after
calixV¢O4" was removed. The CV of this product mixture
showed the redox events expected for complexes calixVO, ™"
and calixV4O4™"' (Figure S10). Comparing the relative peak
currents for the redox events of calixVsO, ! and calixVO4 ™"
revealed that the composition of the products from the
reaction of calixV,O4 " with O, is as follows: 28% calixV,O,’,
42% calixV¢0, ™}, and 30% calixV,O4™"' (Table S4).

With the products from the reaction of calixV;Os ™! with O,
identified and quantified (Scheme 2), preliminary insights into
the reaction mechanism of O, at oxygen atom deficient sites in
POV-alkoxides can be discussed. Most importantly, our results
show that the calixV¢O, " is capable of activating O, resulting
in the formation of the oxygenated assembly, calixV,0, 7,
albeit in modest yields. The discrepancy in the yield of the fully
oxygenated assemblies in the case of the calix-bound (42%)
and nonfunctionalized (quantitative) assemblies has a
significant implication on possible mechanisms of O, reduction
performed by oxygen-deficient vanadium oxide Lindqvist ions.
Our results suggest that O, reduction can be accomplished by
these POV-alkoxide systems without accessing the purported
cooperative bimolecular O, reduction mechanism. While the
selective formation of V4O, ! upon exposure of V,0,7* to O,,
relative to the sterically hindered calixV4O4~" system, can
potentially support a concerted, intramolecular O, activation
pathway (i.e., the bimolecular O, activation invoked in our
initial study), this could also arise from the increased
accessibility and reducing power of the V(III) center in the
nonfunctionalized assembly, allowing for the rapid coordina-
tion and consumption of the reduced O, species.

B CONCLUSION

In this work, we have explored the impact steric bulk has on
the reduction of O, using oxygen-deficient POV-alkoxide

clusters. Installation of a sterically encumbered calix-ligand at
the surface of the POV-alkoxide cluster results in a distinct
chemical environment for the V(III) reactive site, eliminating
the possibility of previously proposed mechanisms for
bimolecular O, activation with similar complexes. The ability
of calixV¢O4 ! to reduce O, and generate the oxygenated
cluster, calixV40,™", suggests that O, activation might proceed
through alternative monomolecular pathways. Overall, these
results show that calixV¢O4 ™" can act as a good model for the
MvK-type substrate activation invoked in bulk RMO systems.

Ongoing research efforts are focused on elucidating the O,
activation pathways used by V4O, ' and calixV404 " through
kinetic analyses, with the goal of understanding the significance
of the disparate properties of these assemblies. In particular,
identifying how the V(III) active sites in these oxygen-
deficient, POV-alkoxides interact with O, (and/or reduced O,
species) and how they are converted to V(V)=0 moieties can
provide experimental insight at the atomic level into the MvK
mechanisms utilized by RMOs during O, reduction processes.

B EXPERIMENTAL SECTION

General Considerations. All manipulations, unless otherwise
noted, were carried out in the absence of water and oxygen in a
UniLab MBraun inert atmosphere glovebox under a nitrogen
atmosphere. Glassware was oven-dried for a minimum of 4 h and
cooled in an evacuated antechamber prior to use. Celite 545 (J. T.
Baker) was dried in a Schlenk flask for at least 14 h at 150 °C under a
vacuum prior to use. Three-Angstrom molecular sieves (Fisher
Scientific) were activated using the same drying method. Anhydrous
methanol (99.8%) was purchased from Sigma-Aldrich and stored over
3 A molecular sieves. Triethylamine was dried and distilled over
calcium hydride and stored over 3 A molecular sieves. All other
solvents were dried and deoxygenated on a Glass Contour System
(Pure Process Technology, LLC) and stored over activated 3 A
molecular sieves. Silver trifluoromethanesulfonate and tetrabutylam-
monium borohydride were purchased from Sigma-Aldrich and used as
received. Oxygen gas was purchased from Airgas. 4-t-Butylcalix[4]-
arene (calix) and HNEt;[(calix)V,O4(MeOH)(OMe);] were pre-
pared following reported methods.>”®

'"H NMR spectra were recorded on a Bruker DPX-400 MHz
spectrometer locked on the signal of the deuterated solvent. All
chemical shifts were reported relative to the peak of the residual 'H
signal in the deuterated solvent. Deuterated solvents were purchased
from Cambridge Isotope Laboratories, degassed by three freeze—
pump—thaw cycles, and stored over activated 3 A molecular sieves.
Infrared (FT-IR, ATR) spectra were recorded on a Shimadzu
IRAffnity-1 Fourier transform infrared spectrophotometer and are
reported in wavenumbers (cm™"). Electronic absorption spectra were
recorded at room temperature in anhydrous acetonitrile in a sealed 1
cm quartz cuvette with an Agilent Cary 60 UV—vis spectropho-
tometer. Mass spectrometry analyses were performed on an Advion
ExpressionL. compact mass spectrophotometer equipped with an
electrospray probe and an ion-trap mass analyzer. Direct injection
analysis was employed in all cases with a sample solution in
acetonitrile. Elemental analyses were performed on a PerkinElmer
2400 Series II Analyzer at the CENTC Elemental Analysis Facility,
University of Rochester.

Cyclic voltammetry (CV) measurements were carried out at room
temperature in a nitrogen-filled glovebox using a Bio-Logic SP 150
potentiostat/galvanostat and the EC-lab software suite. CVs were
recorded using a glassy carbon working electrode (¢ = 3.0 mm) and a
Pt wire auxiliary electrode, both purchased from CH Instruments,
USA. A Ago/ " nonaqueous reference electrode with 0.01 M AgNO;
and 0.05 M ["Bu,N]PFy in acetonitrile was purchased from Bio-Logic
and used as the reference electrode for all cyclic voltammetry
measurements. ["Bu,N]PF; was purchased from Sigma-Aldrich,
crystallized thrice from ethanol, and stored under a dynamic vacuum.
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The CVs were collected with 1 mM analyte in 0.1 M ["Bu,N]PF
acetonitrile solutions. All CV measurements were IR compensated at
85% with impedance taken at 100 kHz using the ZIR tool included
with the EC-Lab software. All redox events were referenced against
the ferrocene/ferrocenium (Fc*’?) redox couple.

Synthesis of [(calix)Vs04(OCH3)s(CH;0H)], calixV;04. In a 20 mL
scintillation vial, HNEt;[(calix)V;O4(MeOH)(OMe),] (0.125 g,
0.087 mmol, 1.0 equiv) was suspended in 10 mL of dichloromethane.
Silver triflate (0.027 g, 0.10 mmol, 1.1 equiv) was added to the
mixture as a solid. The reaction was stirred vigorously at room
temperature for 1 h, affording a brown solution and a gray precipitate.
Following filtration, the volatiles were removed under reduced
pressure. The resulting brown solid was extracted with diethyl ether
(10 mL X 3) and filtered. The diethyl ether was removed under
reduced pressure, affording calixVO,’ as a gold-brown solid (0.094 g,
0.071 mmol, 81%). '"H NMR (400 MHz, CDCl;): § 34.00 (12 H),
20.55 (MeOH), 15.42 (12 H), 8.67 (arene), 1.19 (—CH,— and tert-
butyl, 44 H). FT-IR (ATR, cm™"): 1034 (O,—CHj,), 980 (V=0,).
UV—vis (CH,CN): 394 (e = 3580), 1000 nm (& = 680 M~* cm™).
Elemental analysis for Cg3HgoOoVs (MW = 1326.84 g/mol).
Calculated (%): C, 47.98; H, 6.08. Found (%): C, 48.21; H, 6.03.

Synthesis of "Bu,N[(calix)VsOs(OCH3)4(CH;OH)]-1/2CH,Cl,, cal-
ixVs0,". In a 20 mL scintillation vial, calixV404" (0.123 g, 0.093
mmol, 1.0 equiv) was dissolved in 12 mL of tetrahydrofuran. Solid
["Bu,N]BH, (0.024 g 0.09 mmol, 1.0 equiv) was added to the
solution in small portions with rapid stirring. No obvious color change
was noted. The reaction mixture was stirred at room temperature for
1 h. The reaction mixture was filtered over a glass pipet packed with a
glass fiber filter paper, and the volatiles of the filtrate were removed
under reduced pressure. The resulting brown residue was triturated
with a 3:1 mixture of diethyl ether/tetrahydrofuran (8 mL X 3). The
remaining solid was extracted with dichloromethane (4 mL) and
filtered over a glass pipet packed with a glass fiber filter paper. The
dichloromethane was removed under reduced pressure, affording
calixV,0,™" as a brown solid (0.103 g, 0.064 mmol, 71%). Crystals
suitable for structural analysis were grown from slow diffusion of
diethyl ether into a saturated acetonitrile solution. "H NMR (400
MHz, CDCLy): § 27.08 (12 H), 23.60 (12 H), 17.57 (MeOH), 7.44
(arene), 2.68 (TBA), 1.11 (—CH,— and tert-butyl). 'H NMR (400
MHz, CD,CN): 6 26.93 (12 H), 24.03 (12 H), 7.57 (arene, 8 H),
3.06 (TBA), 2.64 (TBA), 1.57 (TBA), 1.20 (—CH,— and tert-butyl),
0.96 (TBA). FT-IR (ATR, cm™): 1051 (O,—CHj,), 960 (V=0,).
UV—vis (CH;CN): 394 (¢ = 3580), 1000 nm (¢ = 680 M~! cm™).
Elemental analysis for C4H;;4NO4V41/2 CH,Cl, (MW = 1597.78
g/mol). Calculated (%): C, 52.25; H, 7.38; N, 0.88. Found (%): C,
52.12; H, 7.12; N, L.12.

Synthesis of "BuN[(calix)V40,(0CH;)gl-1/2CH,Cl,, calixV40,7". A
20 mL scintillation vial was charged with calixV,0,™" (0.052 g, 0.033
mmol, 1.0 equiv), iodosylbenzene (0.011 g, 0.05 mmol, 1.4 equiv),
and 6 mL of dichloromethane. The reaction mixture was heated to 45
°C with vigorous stirring for 2 h. After cooling to room temperature,
the mixture was filtered over a glass pipet packed with a glass fiber
filter paper, and the volatiles of the filtrate were removed under
reduced pressure. The resulting brown-green solid was washed with a
3:1 mixture of diethyl ether/tetrahydrofuran (8 mL X 3). The
remaining solid was recrystallized via slow diffusion of diethyl ether
into a concentrated dichloromethane solution. The resulting
crystalline material was washed with diethyl ether (2 mL X 2), and
the remaining volatiles were removed under reduced pressure,
affording calixV40, ! as a dark, brown-green solid (0.035 g, 0.022
mmol, 65%). Crystals suitable for structural analysis were grown by
layering a concentrated dichloromethane solution with toluene. 'H
NMR (400 MHz, CDCl,): 5 28.04, 23.63, 21.52, 7.58 (arene), 1.21
(—CH,— and tert-butyl). FT-IR (ATR, cm™!): 1051 (O,—CHj,), 961
(V=0,). UV—vis (CH;CN): 1000 nm (¢ = 680 M™' cm™).
Elemental analysis for CegH,;,NO,4Vy-1/2 CH,Cl, (MW = 1581.74
g/mol). Calculated (%): C, 51.97; H, 7.21; N, 0.97. Found (%): C,
52.02; H, 7.20; N, 0.89.

Activation of O, with calixV;0,~". In a glovebox, a 50 mL Schlenk
flask was charged with 0.069 g of calixV4O ™" (44 pumol) and 6 mL of

acetonitrile. The Schlenk flask was sealed, removed from the glovebox,
and attached to a Schlenk line, where headspace was evacuated via
three freeze—pump—thaw cycles. An atmosphere of O, was added to
the flask, and the reaction was heated to 50 °C in an oil bath with
rapid stirring. A gradual color change from brown to dark brown was
observed. After 24 h, the reaction was cooled to room temperature,
and the volatiles were removed under reduced pressure on a Schlenk
line. The flask was returned to the glovebox, and the resulting residue
was transferred from the flask to a 20 mL scintillation vial with
dichloromethane. The dichloromethane was removed under reduced
pressure. The residue was extracted with diethyl ether (4 mL X 4) and
filtered, and the diethyl ether was removed under reduced pressure,
affording calixV4O4’ as a golden brown solid (0.017 g, 0.012 mmol,
28% based on calixV4O,™"; characterization by 'H NMR matches that
of calixV404°). "H NMR and CV analyses of the dark brown residue
remaining after the diethyl ether extraction revealed a mixture of
calixV4O4 ! and calixV,0, "

The CCDC has the supplementary crystallographic data for this
paper: calixV4O,™}, 2071335; calixVO,™", 2071336.
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