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ABSTRACT: Here, we report our ﬁndings related to the Determining properties of metal oxide nanomaterials that
structural and electronic considerations that influence the rate of influence oxyanion reduction using POV clusters
oxygen-atom transfer (OAT) to oxygen-deficient polyoxovanadate repulsive electrostatic interactions attractive

steric bulk of

alkoxide (POV-alkoxide) clusters ([V4O4s(OC,Hs) 5] n = 1—, 0, surface ligands
1+). A comparison of the reaction times required for the reduction
of nitrogen-containing oxyanions (NO,”, x = 2, 3) by the POV-
ethoxide cluster in its anionic (1-V404'~; VI'V'Y,), neutral (4-
VeO4’ VIV, VY), or cationic (6-V4O4'*; VI'VIV,VY,) charge

state reveals that OAT is significantly influenced by three factors: (VeOs(OCHg) o™ [VeOu(OCaHe)ral™ [VeOB(OCaHe)ral® [VeOo(OCaHg) 2™
g . . . . . " distrib: VIIVIVg (1-V606™) (4-V605°) (6-Vs06'™)

(1) ion-pairing interactions between the POV-alkoxide and the o s o distb: VIV, o distrb VIV, o distrbr VIV,
9 g 9 : methoxide vs ethoxide

negatively charged oxyanion; (2) oxidation states of remote

vanadyl ions in the Lindqvist assembly; (3) the steric bulk o rich electron density of metal oxide e" poor

. B i I . . (oxidation state of remote vanadyl ions)
surrounding the coordinatively unsaturated V= ion. This work
provides atomic-level insight related to structure—function relationships that govern the rate of OAT at metal oxide surfaces using
polyoxometalate clusters as molecular models.

B INTRODUCTION systems toward various industries (e.g, medicine, photo-
catalysis, batteries, etc.) are dependent on properties such as
size, shape, crystallinity, and dispersion, all of which can be
modified by introducing organic functionalities at the surface
of a metal oxide nanomaterial. Additionally, ligands have been
cited to control the surface charge of nanoparticles, influencing
the way these materials interact with ions in solution.'*™'® To
date, little is known regarding how these properties,
collectively, influence the OAT reactivity at metal oxide
surfaces.

Given the current limitations in controlling the physico-
chemical properties of extended solids with atomic precision,
researchers have turned to the use of homogeneous multi-
nuclear clusters as model complexes.'””™>” The goal of these
studies rests on gaining a fundamental understanding of the
factors that influence the reactive sites in catalytic systems. In
particular, polyoxometalates (POMs) have emerged as
promising homogeneous models for extended solids. Like
bulk metal oxides, these three-dimensional polynuclear
assemblies are composed of redox-active transition metal

Oxygen-atom transfer (OAT) is an important step in the
deoxygenation of chemical contaminants and organic sub-
strates.'  Heterogeneous catalysts, such as reducible metal
oxides, have displayed high activity for these types of
industrially relevant transformations, often invoking the
formation of surface oxygen-atom vacancies, and consequently,
unsaturated reduced metal ions, during catalysis.”~> Theoreti-
cal and spectroscopic reports have elucidated that, in many
redox-active transition metal oxides, the oxidation state of the
vacancy-bearing metal ion does not depend on the oxidation
states of the metal ions in the pristine oxide. For example,
analysis of the electronic consequences of oxygen-atom
removal in both V,05 (V¥)®” and VO, (VIV)*'% presents
evidence for metal reduction to vanadium(III) at the defect
site. Given the consistent oxidation state of the vacancy-
bearing metal center (e.g., V"), discrepancies in the reactivity
of these materials are attributed to differences in the oxidation
states of the remote transition metal ions that compose the bulk
solid (e.g, V¥ vs VV; Figure 1). However, probing the
consequences of modifying the oxidation states of single metal
ions surrounding defect sites within reducible metal oxides
would require a targeted electronic control that is not possible
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of metal oxides focus on the structure and charge of surface

ligands (Figure 1)."'~'* Indeed, the applicability of these
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Physicochemical properties that influence
the reactivity of surface defects in MO,

Steric bulk of surface
ligands

This Work: Influence of the charge state of oxygen-deficient
POV clusters on the rate of deoxygenation of NO,'- (x = 2, 3)
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Figure 1. Physiochemical properties that influence the reactivity of metal oxides, including surface ligands, surface charge, and the oxidation state of
remote metal ions surrounding the catalytically active metal center (left). Key: red, oxygen; green, vanadium; orange, remote vanadyl ions. Here, we
present a structure—function study using a redox series of oxygen-deficient POV-alkoxide clusters to analyze the influence of the charge state, steric
bulk, and electrostatic interactions on OAT from nitrogen-containing oxyanions (right).

ions (e.g., vanadium, molybdenum, tungsten, tantalum,
niobium, etc.), linked together by bridging oxygen
atoms.”””” Generally, these systems exhibit rich electronic
structures that present the ability to mediate multielectron
redox processes.'”">¥?7?°73% With relevance to gaining
molecular-level insight into the reactivity of heterogeneous
metal oxide systems, the mechanism of OAT reactivity with
POMs has been indirectly investigated and is speculated to
undergo a mechanism similar to that of OAT chemistry with
extended solids (e.g., the Mars—van Krevelen mechanism).”

Toward the development of atomically precise models for
extended solids, our research group has focused on a special
class of metal oxide clusters, namely, Lind%VlSt polyoxovana-
date alkoxide (POV-alkoxide) clusters.”’ ™ Characterization
of the molecular composition and electronic structure has
revealed that these polynuclear assemblies are ideal candidates
for modeling bulk vanadium oxide.”’ 7 With a vanadium
oxide core featuring six terminal V=0 moieties, bridged by
alkoxide ligands, the structure of the Lindqvist metal oxide
closely resembles the surface structure of V,0,. Furthermore,
the bridging alkoxide ligands impart enhanced solubility to the
hexavanadate core in organic solvents, rendering these
assemblies suitable as homogeneous models for MO, surface
chemistry.

The electrochemical profile of these alkoxypolyoxovanadium
clusters features four, quasi-reversible, one-electron redox
events that encompass five charge states of the Lindqvist
assembly (Figure S1 and Scheme S1).”’~*” For example, the
addition of 1 equiv of an oxidant to the most reduced form of
the cluster, [V40,(OR),,]*~ (e distrib. V), results in
isolation of the Lindqvist cluster in a charge state that is one-
electron-oxidized in comparison to that of the starting material
(ie., [V40,(OR),]'; e~ distrib. VV(VY). Characterization by
infrared (IR) and electronic absorption spectroscopies, as well
as X-ray crystallography and bond-valence-sum calculations,
unambiguously confirmed formation of this monoanionic
cluster. The subsequent addition of oxidants results in
sequential one-electron oxidation of the metal oxide cluster,
presenting access to a redox series of mixed-valent POV-
alkoxides, [V, V¥s_,0,(OR)},]". The ability for the Lindqvist
cluster to undergo multiple redox reactions reveals that the
hexavanadate core functions as a “redox reservoir” able to store
electrons across the six delocalized vanadium centers. Indeed,
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all five clusters have been isolated and characterized, allowing
for the systematic investigation of the influence of the cluster
electronics on reactivity.

Given this unique structural and electronic tunability, we
have explored the use of POV-alkoxide clusters as systems for
modeling vacancy formation at the surface of reducible metal
oxides. In particular, we have discovered methods for isolating
rare examples of oxygen-deficient metal oxide clusters,
[ViO4(OR);,]" (n = CH; C,Hs), synthesized via V=0
bond cleavage and cluster reduction.”' > These vacancy-
containing vanadium oxide assemblies possess coordinatively
unsaturated vanadium(III) ions that mimic the electronic
structure of oxygen defect sites in vanadium(IV) and -(V)
oxides.

Additionally, these oxygen-deficient assemblies have been
shown to be reactive in OAT chemistry for the activation of
small molecules®”®" and organic substrates.”” Recently, we
have disclosed that the addition of NO,” (x = 2, 3) to the
anionic, monovacant POV-methoxide cluster,
[Vs04(OCH,) 5], results in the quantitative formation of
nitric oxide via OAT from the substrate to the oxygen-deficient
Lindqvist assembly to yield the fully oxygenated species,
[V40,(OCH,) )" (n = 1—, 2—).*" Interested in expanding our
understanding of the role of the cluster charge state on OAT in
small-molecule activation processes, we targeted the inves-
tigation of NO,” reduction by a redox series of oxygen-
deficient POV-alkoxide clusters, [V;O4(OCH;),]" (n=1—, 0,
1+). However, given the instability of the POV-methoxide
cluster in its neutral charge state, [V,O4(OCH;)y,] 19 we
turned our attention to a series of monovacant POV-ethoxide
clusters. Fortuitously, our group has demonstrated the
isolation of oxygen-deficient vanadate assemblies featuring
bridging ethoxide ligands across a ran e of oxidation states,
[V404(OC,Hy) 51" (n = 1=, 0, 1+).>**%% This renders these
clusters distinctly qualified to probe the influence of changes in
the oxidation state of remote transition metal ions, which
ultimately results in a change of the cluster reduction potential
(Figure 1, right). Spectroscopic investigations have revealed
that the site-differentiated vanadium(III) center retains its
oxidation state across all three charge states of the cluster.

Here, we report the OAT reactivity of a series of
monovacant POV-ethoxide clusters, [V,O4(OC,Hy),,]" (n =
1—, 0, 1+) toward the deoxygenation of nitrite (NO,”) and
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Scheme 1. Addition of NO,™ to 1-V4O4'~ Resulting in a Mixture of Cluster-Containing Products, 2-V¢0,>~ and 3-V;O,NO'~
(Right), and Trapping the Byproduct, NO, with CoTPP Resulting in the Sole Formation of 2-V40,*~ (Left)

Pathway A: Stiochiometric NO, Reduction via 1-VgOg"
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Pathway B: NO-Trapping Experiment with CoTPP

major product minor product

nitrate (NO;7). Analysis of the cluster-containing products
reveals that all clusters, regardless of the oxidation state, are
capable of mediating the one- and two-electron reduction of
NO,™ and NO;7, respectively. Insights into the factors that
influence the rate of substrate activation are summarized,
revealing the importance of surface ligands, ion-pairing
interactions, and the distribution of oxidation states of remote
vanadium ions in the OAT chemistry of these systems.

B RESULTS AND DISCUSSION
Nitrite Reduction with [CoCp,][VsO¢(OC,H5) 5] Pre-

vious work has demonstrated that an increased alkoxide chain
length of the vanadium oxide assembly has no effect on the
electronic structure of the hexavanadate core (Figure S1).””**
This suggests that similar OAT between nitrite and the
anionic, monovacant POV-ethoxide cluster,
[Vs04(OC,Hs) 5] (1-V406'7), might be observed. How-
ever, given that this ligand modification results in increased
length of the bridging alkoxide ligands surrounding the active
V™ jon, we anticipated discrepancies in the rate of the reaction,
necessitating a series of control experiments to ascertain the
consequences of the surface ligand identity on small molecule
activation in these assemblies.

The addition of tetrabutylammonium nitrite (["Bu,N]NO,,
1 equiv) to a red/brown solution of 1-V¢O4'™ in
tetrahydrofuran resulted in the formation of a light-green
suspension over the course of 30 min (Scheme 1, right). 'H
NMR analysis of the crude reaction mixture revealed
consumption of the starting material and formation of a new
product with signals consistent with those of the fully
oxygenated POV-alkoxide cluster, [V,0,(OC,Hs),,]*" [2-
V40,>; 8(CD,CN) = 26.5, —2.1 ppm; Figure S2].°'
Assignment of the oxidation state of the resulting POV-
alkoxide was supported by cyclic voltammetry (CV) and open-
circuit-potential measurements (Figure S3). However, spectro-
scopic characterization of the resulting reaction mixture via
electronic absorption spectroscopy revealed the presence of
intervalence charge-transfer (IVCT) bands located at 400 nm
(e = 5404 M™' cm™) and 1000 nm (& = 978 M~ cm™),
suggesting the formation of a mixed-valent POV-alkoxide
(Figure S4).”” This result is surprising given that the proposed
product of this reaction, 2-V40,>7, possesses an isovalent
oxidation-state distribution of vanadium ions (V'V4).*
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Perplexed by the apparent formation of a mixed-valent POV-
alkoxide cluster, we reexamined the 'H NMR spectrum of the
crude reaction mixture (Figure S5). Small resonances were
observed at 16.1 and —0.2 ppm, suggestive of the formation of
an additional product. We hypothesized that this might be the
result of product inhibition, where 1 equiv of nitric oxide,
formed following NO,” reduction, binds to the oxygen-
deficient vanadium(III) ion of unreacted 1-V4O¢'~. Previous
results from our laboratory have demonstrated that the
coordination of nitric oxide to a site-differentiated POV-
alkoxide cluster is facilitated by electron transfer from the
reduced vanadium oxide scaffold, affording a net one-electron
oxidation of the Lindqvist assembly.”” When these results are
translated to the current system, NO coordination would
afford formation of the product-bound cluster [V,O,NO-
(OC,Hs) 1,1 (3-V4OgNO'™; Enemark—Feltham notation
{VNO}®), with an oxidized cluster core (ox. state distrib. =
VIV, VY), justifying the observed IVCT bands in the
absorption spectrum.

To probe this hypothesis, a substoichiometric amount of
NO,™ (0.5 equiv) was added to complex 1-V,04'~. '"H NMR
analysis of the crude reaction mixture showed complete
conversion of the starting material and growth of resonances
consistent with formation of the oxygenated POV-alkoxide
cluster and those tentatively assigned to 3-V4,OcNO'~
[6(CDsCN) = 164, —0.2 ppm; Figure S6]. Electrospray
ionization mass spectrometry [ESI-MS; (—)mode] revealed
two main signals (m/z 958 and 972; Figure S7). The first (m/z
958) corresponds to the fully oxygenated Lindqvist cluster and
is consistent with the resonances observed in the '"H NMR
spectra at 26.7 and —2.0 ppm. The signal at m/z 972 is
consistent with the molecular weight of the NO-bound POV-
alkoxide, 3-V40(NO'". Further support for formation of the
NO adduct was obtained through IR spectroscopy; a transition
centered at 1537 cm™! was observed, resembling values
previously reported for vanadium complexes with a nitric
oxide ligand (Figure S8).*"*

We hypothesized that NO removal from the crude reaction
mixture, via the addition of a NO-trapping agent [e.g,
cobalt(II) tetraphenylporphyrin, CoTPP], should disfavor the
formation of complex 3-V¢OgNO'™."*~* Therefore, NO,~
was added to a mixture of 1-V404'~ and CoTPP and analyzed
by electronic absorption spectroscopy (Figure 2; see Figure S9

https://dx.doi.org/10.1021/acs.inorgchem.0c02052
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Figure 2. Electronic absorption spectra of CoTPP (red, dotted) and
the NO-trapping experiment featuring the in situ reaction of CoTPP,
1-V404'", and NO,™ (blue). The blue spectrum reveals that the
lower-energy region (4 = 1000 nm) lacks IVCT bands. The figure
inset shows the shift in the Q band of the cobalt porphyrin complex,
consistent with the quantitative formation of (NO)CoTPP.
Absorption spectra are collected in dichloromethane at 21 °C.

for control experiments). Investigation of the change in energy
of the Q band of the CoTPP complex revealed the expected
diagnostic shift from 528 to 538 nm, consistent with
quantitative conversion of NO,™ to NO [i.e, the quantitative
formation of (NO)CoTPP; Figure 2, inset; see the
Experimental Section for more details]. The lack of an IVCT
band at ~1000 nm in the absorption spectra confirms sole
formation of the isovalent Lindqvist cluster, 2-V40,>~ (Figure
2 and Scheme 1, left). This is further confirmed by 'H NMR
analysis, which shows no evidence of formation of the mixed-
valent byproduct, 3-VsOgNO'~ (Figure S10).

At face value, the discrepancy in the product distribution
following nitrite activation between the oxygen-deficient POV-
methoxide and -ethoxide clusters is surprising, given their
similar electronic properties and reduction potential (Figure
S1).7*® However, justification for this observation can be
made through consideration of the consequences of increased
steric bulk at the site-differentiated vanadium(III) center. We
hypothesize that coordination of nitric oxide is observed in the
case of the ethoxide cluster because of the fact that the
association of a solvent, tetrahydrofuran, to the vacant site is
disfavored as a result of the bulk of the ethoxide ligands.
Indeed, a decreased binding affinity of bulky substrates to the
reduced vanadium center in oxygen-deficient POV-ethoxide
clusters has been reported previously by our group.”* The poor
association between the solvent and oxygen-deficient POV-
alkoxide cluster results in the formation of a coordinatively
unsaturated vanadium(III) center, lowering the activation
barrier for the formation of complex 3-V;O,NO'~. Similarly,
the increased steric bulk of the alkoxide ligands also explains
the variation in the reaction rate between the ethoxide- and
methoxide-bridged clusters [1-V4O04'" (30 min);
[V404(OCH,),,]'~ (24 h), Table 1].°° Increased access to
the vanadium(III) ion, in the case of the ethoxide-bridged
derivative, enhances the overall rate of the reaction by
eliminating the kinetically inhibiting step of solvent dissocia-
tion from the reaction pathway.

Assessing the Charge State Dependence of POV-
alkoxide Clusters in Nitrite Reduction. Interested in
analyzing the sensitivity of substrate activation toward the
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Table 1. Comparative Reaction Times and Temperatures
for NO,~ Reduction via [V4O4(OCH,),,]',** 1-V,04', 4-
V04, and 6-V,0,'"

open-circuit-

oxidation =~ NO,” reduction  potential for the
state reaction NO,™ reduction
complex distribution conditions reaction”
[VsOs(OCH;) ] VIV, 24 h, 21 °C
1-V,04'~ Vi 30 min, 21 °C —1.14
4-V,0{° VIVY VY 8§ min, 21 °C —0.65
6-V40¢"* VIVVVY, 15 min, 21 °C —-0.51

“Open-circuit-potential listed in volts versus Fc”* in dichloro-

methane. See Figures S3, S14, and S18 for cyclic voltammograms of
NO,™ reduction via 1-V404'”, 4-V40,°, and 6-V404', respectively.

charge state of the Lindqvist cluster, we sought to investigate
NO,” reduction with the neutral, oxygen-deficient POV-
ethoxide cluster [ViO4(OC,Hs),]° (4-V504°). The addition
of 1 equiv of NO,™ to 4-V40," in tetrahydrofuran resulted in
an immediate color change from brown to green at 21 °C.
Analysis of an aliquot of the crude reaction mixture by 'H
NMR spectroscopy revealed complete conversion to a product
with two resonances located at 25.8 and —1.9 ppm after only 5
min (Figure S11; see Figures S12—S15 for full characterization
of the product 5-V40,'"). Notably, no additional resonances
corresponding to an NO-ligated species were observed in this
spectrum. This is likely due to the oxidized nature of complex
4-V40,°, which inhibits electron transfer from the vanadium
oxide cluster to nitric oxide.*

To complete analysis of NO,™ reduction with the redox
series of POV-ethoxide clusters, we explored NO,™ activation
with the cationic, monovacant, POV-ethoxide cluster
[VeOs(OC,H;) 1] (6-V404'*).*° As expected, the addition
of NO,™ to a solution of 6-V404'* results in the quantitative
formation of NO and [V40,(0C,Hs),,]° (7-V40,% Figures
§16—S20). OAT from the substrate to the cationic oxygen-
deficient cluster was rapid, reaching completion after 15 min.

While the rates of NO,™ reduction for all charge states of the
ethoxide-bridged clusters are significantly increased in
comparison to that reported for [V;O4(OCH;);,]'", the
discrepancies in the reaction time between 1-V4O¢'~ and the
more oxidized clusters (i.e., 4-V5O4® and 6-V4O4'*) confirms
that the charge state of the POV-alkoxide assembly influences
substrate activation (Table 1). To rationalize these observa-
tions, we considered the repulsive, anion—anion interactions
between complex 1-V4O¢'~ and NO,™. These electrostatic
contributions likely influence substrate coordination to the
oxygen-deficient vanadium(III) center, resulting in a higher
activation barrier for this binding event, which manifests in a
longer reaction time. In contrast, the neutral and cationic
POV-ethoxide clusters do not experience these repulsive ion-
pairing interactions. This translates to more rapid OAT
chemistry for these clusters compared to that of 1-V4O4'™.
Similar influences on the reaction rates resulting from ion-
pairing interactions have been reported for monometallic
transition metal complexes.47—50

While the repulsive ion-pairing interactions offer an
explanation for the increased reaction time required for
NO,™ reduction via the anionic cluster, this theory would
suggest that the cationic species would have the fastest rate of
substrate reduction (attractive ion-pairing interactions with the
oxyanion). However, a comparison of the reaction time for
NO,™ reduction between the neutral and cationic species

https://dx.doi.org/10.1021/acs.inorgchem.0c02052
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Scheme 2. Addition of NO;™ to 4-V,0,’ Resulting in the Formation of an NO-Bound Species, 8-V;O,NO;'~ (Middle), Which
Converts to the Fully Oxygenated Cluster after Stirring in Tetrahydrofuran at 50 °C (Right)”
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“See Figure 3 for the '"H NMR spectra.
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e distrib: VIV

reveals that a 3-fold increase in the reaction time is required for
N—O bond scission (Table 1). The discrepancy in the reaction
rates of nitrite deoxygenation by the neutral and cationic
oxygen-deficient POV-alkoxide clusters suggests that the
oxidation state of remote transition metal ions within the
POV-alkoxide cluster plays a role in substrate activation.
Indeed, previous analysis of the oxidation state of vanadyl ions
embedded within oxygen-deficient POV-alkoxides,
[V4Os(OR),,]", has shown that the redox chemistry of these
clusters is localized to the Lindqvist core (e.g., e~ distrib. 1-
V04!~ = VIV o™ distrib. 4-V,04° = VIV, VY; e~ distrib.
6-V, 04 = VIV, V),

Similar effects of changing the oxidation state of remote
transition metal ions within multimetallic inorganic complexes
on the reactivity of these assemblies have been reported
previously.”' ~*° For example, Agapie and co-workers reported
the synthesis and characterization of a set of iron—manganese
clusters, [Fe;Mn]" (n = 2+, 3+).”" Electronic characterization
of these molecules revealed that the one-electron reduction of
the cluster is localized to the triiron base of the assembly (i.e.,
[Fe™;Mn"] — [Fe'Fe™,Mn']), with the site-differentiated
manganese ion retaining its 2+ oxidation state. Upon the
introduction of an oxidant, the authors noticed pronounced
differences in the reactivity of the two complexes; the more
oxidized cluster exhibited a 100-fold decreased in the reaction
time in comparison to that of the reduced derivative. Given
that the transition metal directly participating in OAT, namely,
the site-differentiated manganese ion, possesses a 2+ oxidation
state in both the reduced and oxidized variants, the authors
attribute the differences in the reaction time to the influence of
changes in the oxidation states of remote transition metal ions.
Subsequent investigations confirm that the rate of OAT,
activation parameters, and M—OR bond dissociation energies
are significantly influenced by variation of the charge state of
the basal iron centers in these multimetallic systems.”>~>*

Assessing the Charge State Dependence of POV-
alkoxide Clusters in Nitrate Reduction. With new insights
into the factors that dictate the rate of OAT from nitrite to
oxygen-deficient POV-alkoxide clusters in hand, we shifted our
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focus toward extending these investigations to nitrate (NO;")
reduction. The two-electron reduction of NO;™ is considerably
more endergonic, requiring more than double the energy to
facilitate substrate activation (AGNog—NOZ = ~20 keal mol™;”’

AGyo,-no = ~8 kcal mol™!).°>® Given the increased

thermodynamic stability of NO;~, we hypothesized that
OAT would be more drastically influenced by variation of
the redox potential of the cluster, likely resulting in a
significantly increased reaction time with more electron-
deficient assemblies.

In our initial study describing NO,™ activation by oxygen-
deficient POV-alkoxide clusters, we reported that the addition
of tetrabutylammonium nitrate (["Bu,N]NO;)
[V4O4(OCH,),]'" resulted in reduction to nitric oxide via
the following series of reactions: (1) the two-electron
reduction of NO;™ results in N—O bond cleavage and the
formation of NO,™ and the fully oxygenated POV-alkoxide
cluster in the monoanionic charge state [V,0,(OCH;);,]'"
(eq 1) and (2) the NO,™ generated in situ rapidly reacts with
an additional 1 equiv of oxygen-deficient POV-alkoxide,
resulting in the formation of NO and the dlanlonlc vanadium
oxide cluster [V40,(OCH;),])*" (eq 2).°° Overall, the
reduction of nitrate affords a mixture of vanadium-containing

products in a 1:1 ratio, namely, [V4O,(OCH;);,]'” and
[V607(OCH3)12]2_ (eq 3)-
2[V,04(OR),,]'~ + NO,~
- [V,0,(OR),,]'” + NO,™ + [V;O4(OR),,]'" (1)
[V;Os(OR),,]'™ + NO,” = [V;0,(OR),,]*” + NO (2)
2[V,04(OR),]'™ + NO;~
- [V, 07(0R)12]2_ + [‘7607(01{)12]1_ + NO (3)

Given that the one-electron reduction of NO,™ resulted in
the same net transformation for both the methoxide- and
ethoxide-bridged clusters, we hypothesized that the reduction
of NO; ™ mediated by 1-V404'~ would result in the formation

https://dx.doi.org/10.1021/acs.inorgchem.0c02052
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of an analogous mixture of cluster-containing products.
Optimization of the reaction conditions revealed that heating
a solution of ["Bu,N]NO; (1 equiv) and complex 1-V4O4'™ at
50 °C for 24 h results in complete conversion of the starting
material (Figure S21). Spectroscopic analysis of the cluster-
containing products revealed that the reduction of NO;™ by 1-
V404" resulted in the expected product mixture of the anionic
cluster (5-V40,'~, formed from the two-electron reduction of
NO;~) and dianionic cluster (2-V40.>~, formed from the one-
electron reduction of NO,™; Figures $22—524).

To elucidate the consequences of the cluster charge state on
the two-electron reduction of NO;~, we next attempted NO;~
activation with the neutral, monovacant cluster (4-V40¢°). '"H
NMR analysis revealed complete conversion of the oxygen-
deficient assembly after 1.5 h (Figure S2S; see Figures S26—
S28 for full characterization). However, analysis of aliquots
taken at earlier time points (f = 0—30 min) revealed the
formation of a new paramagnetic product [6(CDCl;) = 28.7,
224, —0.5, —2.4, and —23.7 ppm; Scheme 2 and Figure 3].

©
~
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90 min d |
N O }
« [a)
N O
oN
A \\,
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30 min g o <
588 ol 3t 3
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Figure 3. '"H NMR spectra of the reaction of 4-V,O’ and
["BuyN]NO; over the course of 90 min at 50 °C in CDCl;. NMR
reveals that NO;~ addition to the neutral cluster results in the
immediate formation of complex 8-VoO¢NO;'~ (green), which
converts to the fully oxygenated clusters (purple). Resonances
attributed to 4-V4O4 are labeled with “40”. Slight shifts of the
paramagnetic resonances of 4-V4O,” are observed at t = S min (green
spectrum), likely due to fluctional solvent coordination.

Previous reports from our laboratory analyzing ligand
coordination to oxygen-deficient POV-alkoxide clusters
revealed that the addition of weakly coordinated anions,®'
halogens,”>*° or phosphine oxides** (i.e., —OTf, —Cl, —OPR;)
to the unsaturated vanadium(III) ion embedded within the
reduced POV-ethoxide assembly results in a five-peak pattern
in the '"H NMR spectra. Thus, we hypothesized that these
resonances correspond to a nitrate-bound POV-ethoxide
intermediate, [V404(OC,H;)1,(NO;) ] (8-V404(NO;)).
Further evidence supporting the formation of 8-
Vs04(NO;)'~ was obtained by ESI-MS and IR spectroscopy.
The ESI-MS spectrum of 8-V4O4(NO;)'~ contained two
prominent signals with mass-to-charge (m/z) ratios of 958 and
1004 [(—)mode; Figure S29]. The signal with m/z 958
corresponds to the fully oxygenated POV-ethoxide cluster
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[V40,(0OC,H;),]" and likely results from the instability of
complex 8-V4O4(NO;)'~ under ESI-MS conditions. The
remaining signal is consistent with the molecular mass of the
monovacant cluster (4-V04°) plus an equivalent of NO,~ (m/
z 1004). Furthermore, the IR spectra of complex 8-

Table 2. Comparative Reaction Times and Temperatures
for NO,~ Reduction via [V4O4(OCH,),,]',** 1-V,04', 4-
V04, and 6-V,0,'*

open-circuit-

oxidation ~ NOjreduction  potential for the
state reaction NO;™ reduction
complex distribution conditions reaction”
[VsOs(OCH;) ] VIV, 24 h, 70 °C”
1-V,04'~ vitytv 24 h, 50 °C —1.08
4-V,0,° Vit vy 1.5 h, 50 °C —0.59
6-V40¢"* VIVIV.VY, 96 b, 50 °C —0.24

“A direct comparison of nitrate reduction by the POV-ethoxide and
-methoxide clusters can be found in Figures S36 and S37. bOCP listed
in volts versus Fc”* in dichloromethane. See Figures S24, S28, and
S35 for cyclic voltammograms of NO,™ reduction via 1-V,O4'", 4-
V40¢’, and 6-V(Og'", respectively.

V404(NO;)"™ contained the expected stretching frequencies
associated with vanadyl moieties within the Lindqvist scaffold
(1049 and 953 cm™') as well as additional features ranging
from 1330 to 1462 cm™, which are similar to the NO;~
vibrational modes in the IR spectra of nitrate-bound transition
metal complexes (Figure $30).°”*° Unfortunately, attempts to
crystallize complex 8-V4O4(NO;)!'~ were thwarted by its
instability; complex 8-V4O4(NO;)'™ readily converts to the
fully oxygenated POV-ethoxide clusters (5-V40,'~ and 7-
V40, Figure S31) in solution at room temperature. This
conversion supports that NO;~ reduction with the POV-
alkoxide clusters follows a Mars—van Krevelen-type mecha-
nism; coordination of nitrate to the site-differentiated
vanadium(IIl) ion embedded within the reduced Lindgqvist
cluster leads to substrate reduction, N—O bond cleavage, and,
ultimately, OAT.

To complete our investigations of nitrate reduction with the
redox series of oxygen-deficient POV-alkoxide clusters, we next
investigated the reactivity of complex 6-V(Og¢'* with ["Bu,N]-
NO;. To our surprise, the reaction took 96 h to reach
completion—substantially longer than its anionic and neutral
congeners (Table 2; see Figures $32—S35 for product
characterization). These results provide unambiguous evidence
that the charge state of remote vanadyl ions within the POV-
alkoxide assembly influences substrate activation. Indeed,
although the site-differentiated vanadium(III) ion, which is
retained throughout all charge states, directly participates in
OAT, the overall electron-deficient nature of the hexavanadate
core of complex 6-V4O4'* (e distrib. V'VV,VY,) impedes
electron transfer to nitrate, inhibiting the rate of N—O bond
cleavage and resulting in a significant increase in the reaction
time.

The relative influence of ion-pairing interactions and the
cluster redox potential can be compared by analyzing the
reaction time required for NO;~ reduction by the anionic and
cationic clusters, respectively (Table 2). These results reveal
that while repulsive ion-pairing interactions certainly inhibit
substrate deoxygenation (1-V4O¢'~ vs 4-VO4% 16-fold
increase in the reaction time due to ion pairing), in the case
of nitrate reduction, the electronics of the metal oxide cluster

https://dx.doi.org/10.1021/acs.inorgchem.0c02052
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has a more substantial effect on the rate of substrate activation
(6-V404'* vs 4-V,O,"; 64-fold increase in the reaction time
due to the redox potential). Overall, these investigations
confirm that remote redox changes within the metal oxide
assembly play a significant role in the surface activity of these
materials.

B CONCLUSION

In this work, we have demonstrated that NO,” (x = 2, 3)
reduction is significantly influenced by the charge state of
oxygen-deficient POV-alkoxide clusters. While the oxidation
state of remote vanadyl ions clearly plays a role in dictating the
rate and extent to which OAT reactions proceed, our
investigations have revealed that two additional factors can
influence OAT with these polynuclear assemblies: (1) the
steric bulk imparted on the active metal center by surrounding
surface ligands and (2) electrostatic interactions between the
substrate and cluster. The former is evident in comparing the
reaction time required for oxyanion reduction via complex 1-
V4O¢'~ to that of the anionic, methoxide-bridged POV-
alkoxide cluster, ([VsO4(OCHs;),]'"), which reveals that
increasing the steric bulk results in enhanced oxyanion
coordination. Similarly, the dramatic increase of the reaction
time required for NO,” reduction in the case of the
monoanionic POV-alkoxide cluster (1-V4O4'7), relative to
that of the neutral and cationic species, reveals that
electrostatic repulsion between the most-reduced cluster and
substrate significantly influences the rate of OAT. The factors
that have emerged from our structure—function investigations
reveal design strategies that might improve the reactivity of
metal oxide materials in small-molecule activation schematics.
Future work analyzing OAT chemistry with these reduced,
vanadium oxide assemblies will focus on the study of OAT
from neutral substrates in order to decouple the influence of
ion-pairing interactions from that of the change in the remote
metal oxidation state.

B EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out in
the absence of water and dioxygen using standard Schlenk techniques
or in a UniLab MBraun inert-atmosphere drybox under a dinitrogen
atmosphere except where specified otherwise. All glassware was oven-
dried for a minimum of 3 h and cooled in an evacuated antechamber
prior to use in the drybox. All 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 prior to use. [CoCp,]V404(OC,Hs),, (1-V404'7),**
[Véoé(OCZHS)lz]O (4'V6060)z32 and [V606(0C2H5)12]1+ (6-
V404'")*® were prepared according to previously published
procedures. Tetrabutylammonium nitrite and nitrate were purchased
from Sigma-Aldrich and stored in the drybox over P,Os. 5,10,15,20-
Tetraphenyl-21H,23H-porphinecobalt(Il) (CoTPP), silver triflate,
and cobaltocene (CoCp,) were purchased from Sigma-Aldrich and
used as received.

All 'H NMR spectra were recorded at 400 MHz on a Bruker DPX-
400 MHz spectrometer locked on the signal of deuterated solvents.
All chemical shifts were reported relative to the peak of a residual H
signal in deuterated solvents. Acetonitrile (CD;CN) and chloroform
(CDCl;) were purchased from Cambridge Isotope Laboratories,
degassed by three freeze—pump—thaw cycles, and stored in the
drybox over activated 3 A molecular sieves. IR (Fourier transform and
attenuated total relectance) spectra of complexes were recorded on a
Shimadzu IRAffinity-1 Fourier transform infrared spectrophotometer
and are reported in wavenumbers (cm™'). Electronic absorption
measurements were recorded at room temperature in anhydrous
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dichloromethane in a sealed 1 cm quartz cuvette with an Agilent Cary
60 UV—vis spectrophotometer. CV experiments were recorded with a
Bio-Logic SP200 potentiostat/galvanostat and the EC-Lab software
suite. All measurements were performed in a three-electrode system
cell configuration that consisted of a glassy carbon (o = 3.0 mm) as
the working electrode (CH Instruments, USA), platinum wire as the
counter electrode (CH Instruments, USA), and Ag/Ag" as the
nonaqueous reference electrode with 0.01 M AgNO; in 0.05 M
["Bu,N][PF¢] in dichloromethane (BASi, USA). All electrochemical
measurements were performed at room temperature in a dinitrogen-
filled drybox. Anhydrous dichloromethane (DCM) that contained
["Bu,N][PF] was used as the electrolyte solution.

Capture of Nitric Oxide by CoTPP. To probe whether nitric
oxide was produced in nitrite reduction with [VcO4(OC,Hs),,]" (n =
1—, 0, 1+), CoTPP was added to the reaction mixture. CoTPP, a NO
complexation agent, exhibits a highly characteristic shift in the
position of the absorption band (Acorppima = 528 nm in
dichloromethane) following NO coordination.™” *®" A calibration
curve, collected in dichloromethane by Symes and co-workers, was
used to qualitatively measure the amount of NO-ligated CoTPP
formed.” 'H NMR measurements were taken in CDCI, to further
assess (NO)CoTPP formation via the growth of new resonances at
8.91, 8.17, and 7.74 ppm, which match the previously reported spectra
for the NO-ligated CoTPP complex.®’ Control experiments: Six 20
mL scintillation vials were charged with (1) CoTPP and 1-V404'7,
(2) CoTPP and 4-V40¢°, (3) CoTPP and 6-V04', (4) CoTPP and
5-V40,'~, (5) CoTPP and 7-V404’, and (6) CoTPP and 9-V,0,'*
each in 6 mL of tetrahydrofuran. The reactions mixtures were stirred
for 24 h at 21 and 50 °C, after which 0.01 mL was removed and
diluted with 10 mL anhydrous dichloromethane. Electronic
absorbance spectroscopy was used to measure the initial absorbance
band of CoTPP and that of each reaction mixture (Figure S9).

General Reaction Procedure for NO Trapping Using CoTPP.
In a glovebox, a 20 mL scintillation vial or 15 mL pressure vessel was
charged with [V(O4(OC,H;),]" (n = =1, 0, 1+) and 8 mL of
tetrahydrofuran. CoTPP (1 equiv) and ["Bu,N]NO, (1 equiv) were
added to the solution as solids. The reaction mixture was stirred at (1)
21 °C for 24 h (1-V404'7), (2) 50 °C for 24 h (4-V404°), and (3) 50
°C for 24 h (6-V404"), after which 0.01 mL was removed from the
reaction mixture and diluted with 10 mL of anhydrous dichloro-
methane. Electronic absorbance spectroscopy was used to measure
the shift in the wavelength following NO complexation to CoTPP
(AcoTpp,nitial = 528 nm in dichloromethane).

(1) 1-V404'~ + ["Bu,N]NO,. 1-V4,04'~ (0.010 g, 0.009 mol),
CoTPP (0.006 g, 0.009 mol), and ["Bu,N]NO, (0.003 g, 0.009 mol).
'H NMR (400 MHz, CDCl,): § 27.24 (fwhh = 466 Hz), 8.91 (fwhh =
32 Hz), 8.17 (fwhh = 40 Hz), 7.74 (fwhh = 40 Hz), —1.91 (fwhh =
224 Hz). UV—vis (CH,CL,): 538 nm.

(2) 4Ve0 + ["BuNINO,. 4-V,0" (0.028 g 0.029 mol),
CoTPP (0.019 g, 0.029 mol), and ["Bu,N]NO, (0.008 g, 0.029 mol).
'H NMR (400 MHz, CDCl,): § 26.81 (fwhh = 1364 Hz), 15.93
(fwhh = 108 Hz), 13.14 (fwhh = 80 Hz), 9.94 (fwhh = 32 Hz), 9.74
(fwhh = 32 Hz), 8.91 (fwhh = 20 Hz), 8.17 (fwhh = 28 Hz), 7.74
(fwhh = 28 Hz), —2.09 (fwhh = 432 Hz). UV—vis (CH,Cl,): 538 nm.

(3) 6-Vs0¢'* + ["Bu,NINO,. 6-VsO¢'* (0.019 g, 0.017 mol),
CoTPP (0.012 g, 0.018 mol), and ["Bu,N]NO, (0.005 g, 0.018 mol).
'"H NMR (400 MHz, CDCL,): 5 23.98 (fwhh = 1252 Hz), 8.91 (fwhh
=20 Hz), 8.17 (fwhh = 528 Hz), 7.74 (fwhh = 24 Hz), —1.64 (fwhh
= 328 Hz). UV—vis (CH,ClL,): 538 nm.

Nitrite Reduction with [CoCp,][Vs04(0C,Hs);,] (1-V404'7). In
a glovebox, a 20 mL scintillation vial was charged with 1-V4O4'~
(0.010 g, 0.009 mmol) and 8 mL of tetrahydrofuran. ["Bu,N]NO,
(0.003 g, 0.009 mmol, 1 equiv) was added to the solution as a solid.
The reaction mixture was stirred for 30 min at 21 °C, after which the
volatiles were removed under vacuum to yield a mixture of 2-V40,*~
and 3-V,O(NO'". 'H NMR (400 MHz, CD,CN): § 2647 (2-
Vs0,>7; fwhh = 928 Hz), 16.10 (3-V404NO'~; fwhh = 352 Hz), 5.66
(fwhh = 56 Hz), 3.06 (fwhh = 68 Hz), 1.58, 1.33, 0.96, —0.20 (3-
VsO4NO'"; fwhh = 132 Hz), —2.05 (2-V40,*7; fwhh = 260 Hz). FT-
IR (ATR, cm™"): 1053 (O—C,H;), 932 (V=0). UV—vis (CH,CL,):
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400 nm (& = 5404 M~ cm™), 1000 nm (¢ = 978 M~ cm™"). Note:
The molar absorptivity was calculated as if the product was a
dianionic cluster (MW = 1389.95).

Substoichiometric Nitrite Reduction with [CoCp,]-
[V04(OC,Hs)15] (1-VgO04'). In a glovebox, a 20 mL scintillation
vial was charged with 1-V404'~ (0.037 g, 0.033 mmol) and 20 mL of
tetrahydrofuran. ["Bu,N]NO, (0.005 g, 0.016 mmol, 0.48 equiv) was
added to the solution as a solid. The reaction mixture was stirred for
24 h at 21 °C, after which the volatiles were removed under vacuum
to yield a mixture of 2-V40,*~ and 3-V40,NO'". 'H NMR (400
MHz, CD;CN): § 2649 (2-V40,>7; fwhh = 756 Hz), 16.35 (3-
V,0¢NO'"; fwhh = 720 Hz), 5.68 (fwhh = 40 Hz), 3.06 (fwhh = 28
Hz), 1.59, 1.34, 0.96, —0.14 (3-V,O(NO'"; fwhh = 192 Hz), —2.02
(2-V40,>~; fwhh = 280 Hz). FT-IR (ATR, cm™): 1535 (NO), 1045
(0—-C,Hy), 937 (V=0). UV—vis (CH,Cl,): 398 nm (& = 2778 M™*
cm™), 1000 nm (& = 487 M~ cm™). Note: The molar absorptivity
was calculated as if the product was a dianionic cluster (MW =
1389.95).

Nitrite Reduction with V¢O4(OC,Hs);,(CH;CN) (4-V¢0,0). In a
glovebox, a 20 mL scintillation vial was charged with 4-V404° (0.040
g, 0.041 mmol) and 8 mL of tetrahydrofuran. ["Bu,N]NO, (0.012 g,
0.041 mmol, 1 equiv) was added to the solution as a solid. The
reaction mixture was stirred for S min at 21 °C, after which the crude
reaction mixture was filtered and the volatiles were removed under
vacuum to yield 5-V40,'~ (0.028 g, 0.023 mmol, 92%). Analytical
data obtained for complex 5-V,0,'” via standard characterization
techniques matched those obtained from previously reported
syntheses.>**’

Synthesis of [V404(0OC,Hs);,]OTf (6-VOg'*). The synthesis of
6-V4O4'* was adapted from a previous report.” In a glovebox, a 20
mL scintillation vial was charged with 4-V,04° (0.056 g, 0.057 mmol)
and 8 mL of dichloromethane. Silver trifluoromethylsulfonate (0.018
g, 0.070 mmol, 1.2 equiv) was added to the solution as a solid. The
reaction mixture was stirred for 2 h at 21 °C, after which the product
was filtered and the volatiles were removed under vacuum to yield 6-
V404" (0.056 g, 0.052 mmol, 90%). Analytical data obtained for
complex 6-V4O4'* via standard characterization techniques ('H
NMR, IR, and UV—vis) matched those obtained from a previously
reported synthesis.*®

Nitrite Reduction with V¢O4(OC,Hs);,0Tf (6-V40'*). In a
glovebox, a 20 mL scintillation vial was charged with 6-V,04'* (0.023
g, 0.021 mmol) and 8 mL of tetrahydrofuran. ["Bu,N]NO, (0.006 g,
0.021 mmol, 1 equiv) was added to the solution as a solid. The
reaction mixture was stirred for 15 min at 21 °C, after which the
product was filtered and the volatiles were removed under vacuum to
yield a mixture of 7-V40,° and ["Bu,N]OTf (0.044 g, 0.033 mmol,
83%). Note: The yield was calculated assuming that the product
contains a 1:1 ratio of the cluster-containing product and salt (MW =
1349.90). Analytical data obtained for 7-V40,° via standard
characterization techniques matched those obtained from previously
reported syntheses.***’

Nitrate Reduction with [CoCp,][V¢0s(OC,Hs);,] (1-Vs06'0).
In a glovebox, a 20 mL scintillation vial was charged with 1-V404'~
(0.019 g, 0.017 mmol) and 8 mL of tetrahydrofuran. ["Bu,N]NO;
(0.005 g, 0.017 mmol, 1 equiv) was added to the solution as a solid.
The reaction mixture was stirred for 24 h at 50 °C, after which the
volatiles were removed under vacuum. Analytical data on the crude
reaction mixture by electronic absorption spectra and CV revealed
that the product was a mixture of 2-V¢0,2~ and §-V40,'.>%%*

Synthesis of [V404(0C,Hs);5,(NO3)I'~ (8-V40(NO5;'"). In a
glovebox, a 20 mL scintillation vial was charged with 4-V40(°
(0.035 g, 0.036 mmol) and 6 mL of dichloromethane. ["Bu,N]NO,
(0.012 g, 0.039 mmol, 1.1 equiv) was added to the solution as a solid.
The reaction mixture was stirred for 1 h at 21 °C, after which the
volatiles were removed under vacuum to yield 8-V,O(NO,'~. 'H
NMR (400 MHz, CDCl;): § 28.73 (fwhh = 344 Hz), 22.37 (fwhh =
312 Hz), —0.45 (fwhh = 128 Hz), —2.42 (fwhh = 164 Hz), —23.69
(fwhh = 768 Hz). FT-IR (ATR, cm™)): 1462 (NO;), 1300 (NO,),
1042 (0—C,Hjy), 957 (V=0).
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Nitrate Reduction with V404(0C,Hs);,(CH;CN) (4-V¢0,0). In a
glovebox, a 20 mL scintillation vial was charged with 4-V404° (0.045
g, 0.046 mmol) and 8 mL of tetrahydrofuran. ["Bu,N]NO; (0.014 g,
0.046 mmol, 1 equiv) was added to the solution as a solid. The
reaction mixture was stirred for 1.5 h at 50 °C, after which the
volatiles were removed under vacuum. Analytical data on the crude
reaction mixture by electronic absorption spectra and CV revealed
that the product was a mixture of 5-V¢0,'~ and 7-V40,°.>%*

Nitrate Reduction with V404(0C,Hs);,0Tf (6-V4O4'*). In a
glovebox, a 20 mL scintillation vial was charged with 6-V,04"* (0.021
g, 0.019 mmol) and 8 mL of tetrahydrofuran. ["Bu,N]NO; (0.006 g,
0.020 mmol, 1 equiv) was added to the solution as a solid. The
reaction mixture was stirred for 4 days at S0 °C, after which the
volatiles were removed under vacuum. Analytical data on the crude
reaction mixture by electronic absorption spectra and CV revealed
that the product was a mixture of 7-V¢0,° and 9-V,0,'*.>%*°
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