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Abstract: Dicopper-substituted polyoxovanadate [Cuy V15044 (NO3)]°~ (Cu2V16) was synthesized
through the reaction of [CuyVgOul?*~ and [V4013]* in the presence of nitrate salt. From single
crystal X-ray analysis, Cu2V16 exhibited the same helical structure as that of nitrate-incorporated
polyoxovanadate, [V18046(NO3)]°~ (V18). Both complexes had the same framework with the same
guest anion and are considered to be substituted isomers for each other by replacing two Cu?* ions
and two [VO]?* ions. The incorporated nitrate showed short and long N-O bond lengths (1.14, 1.26
and 1.30 A) as in the case of V18 (1.09, 1.16 and 1.28 A). Reflecting the inequivalent bond lengths
of the nitrate, the IR spectrum of V18 shows split peaks at 1359 and 1342 cm~!. But the Cu2V16
spectrum showed a single peak due to the presence of nitrate at 1353 cm~!. When the temperature
was lowered, the nitrate peak in Cu2V16 was split into two positions at 1354 and 1345 cm~! when
the temperature reached —140 °C. These results indicate that the nitrate incorporated in Cu2V16
rotates relatively easily in the Cu2V16 cavity at room temperature compared to V18. In addition, the
oxidation of 1-phenyl ethanol to acetophenone with Cu2V16 smoothly proceeded in comparison with
V18. By taking advantage of the same framework in both catalysts, we can deduce the position of
potential active sites in the oxidation reaction. We have concluded that the most active site is not on
the peripheral of the vanadate framework, but it is reasonable to suggest that the active site is on the
substituted copper atoms rather than the polyoxovanadate framework.

Keywords: polyoxovanadates; metal-substitution; nitrate; alcohol oxidation; supra-ceramics

1. Introduction

Metal-oxygen cluster anions of early transition metals are called polyoxometalates.
They exhibit well-defined molecular structures that are characterized by spectroscopic anal-
ysis and/or X-ray diffraction technique. They have received attention in various research
fields, such as electrochemistry, catalysts, magnetochemistry, photochemistry, and biochem-
istry [1-4]. Polyoxotungstates and polyoxomolybdates exhibit various metastable structures
such as Keggin, Wells-Dawson, Anderson, Preysler, and Keplerate-type structures. For the
purpose of the addition and improvements of each property, the immobilization of a hetero-
metal cation in the polyoxometalate structure has been studied as one of the promising
approaches [5,6]. For instance, through an incorporation of paramagnetic metal cations into
a polyoxometalate framework, various types of magnetic materials are reported. Another
example includes an alternation of redox properties by incorporating a constituent element,
through which the cations acted as stable shuttle redox mediators [7,8]. In addition, the
HOMO and/or LUMO gap is also adjusted by inserting a hetero-metal cation for the pur-
pose of developing a unique photocatalyst system [9]. In the case of polyoxotungstates and
polyoxomolybdates, some established methods to synthesize a heterometal-core-containing
polyoxometalates were reported. The synthesis of metal substituted polyoxometalates
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may be categorized within the following two methods [10]. One-pod synthesis is a typical
method to incorporate a hetero metal into the framework: the acid-condensation reaction
achieved by mixing an oxo metal species such as NayWO, or NayMoO, with NayHPOy,
and/or NaySiOs, followed by the reaction with M(NO3)x, and/or MCl, (M: transition
metal cations) as a source of metal-substituted sites, gave a polyoxometalate indicating that
a parent framework is partly substituted by the introduced transition cations. Although
this method is easy to carry out, it is difficult to predict the resulting structure formed in
the reaction, and the optimization of the reaction is difficult because it tends to produce
potential isomers in the solution. The other synthetic method is stepwise synthesis. Under
an appropriate condition, by carefully adjusting the pH, some units of polyoxotungstates
or polyoxomolybdates are dissociated to give a specific lacunary-type derivative. The
lacunary-type polyoxomealates act as inorganic ligands and can be coordinated to transi-
tion metal cations. The traditional synthesis of heterometal-incorporated polyoxometalates
has been carried out in aqueous media. The recent development of the synthesis in non-
aqueous media made it possible to control the hydrolysis reaction and contributed to
achieve a rational design of new polyoxometalates. Now, the synthesis of polyoxometalates
with a hetero-multinuclear core at a specific site has been well established [11].
Vanadium-based polyoxometalates in the name of polyoxovanadates show a structure
versatility, and a correlation between the structure and property has been discussed [12,13].
Until now, various metal-containing polyoxovanadates have been reported [12-25]. Our
group and Streb’s group have developed VOy-based polyoxovanadates [13-15]. The utiliza-
tion of the high nucleophilicity of tetrahedral VO, of the vertex-sharing polyoxovanadate
ring enables one to stabilize various kinds of transition metal cations at the center of the
inorganic ring structure. The valence state of the vanadium atoms with the tetrahedral
coordination geometry in the reported polyoxovanadate rings is 5+. Until now, a series
of transition metal cations such as V4* (square pyramidal coordination geometry), Mn?*,
Mn3+, Mn4+, C02+, Ni2+, Cu2+, Zn2+, Y3+, Pd2+, La3+, Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+,
Tb3*, Dy3+, Ho®*, Er®*, Tm3*, Yb3*, and Lu3* were stabilized at the center of polyoxovana-
date rings as an inorganic macrocyclic complex. In many cases, the number of VO, units
and their ring conformations are flexible enough to fit in a different ionic radius of the
incorporated hetero metal cation. The polyoxovanadate macrocyclic ring, [VO3],"~, has
a flexible ring size and conformation by adjusting the V-O-V bond angles and altering
the ring size through dissociation and association of the [VO3]™ unit. An appropriate ring
structure was produced until it fit the radius of a metal cation. The dissociation and associa-
tion of the [VO3]™ unit has been reported in [V4O12]*: the equilibrium between [V309]3~
and [V4015]* is observed in acetonitrile solution [26]. The series of Lanthanide-containing
polyoxovanadates have been observed in a different ring size according to the ionic radii of
a lanthanide cation: the larger lanthanide ion has been adopted in a larger polyoxovanadate
ring. These previous examples are considered to be inorganic macrocyclic complexes of a
transition metal cation coordinated by a multi-membered polyoxovanadate cyclic ligand.
In these precedented examples, a metal cation was incorporated at the center of the ring.
Instead of the incorporation of a metal unit in the structure, a substitution of polyoxometa-
late parent framework is also possible. [CupVgOpu]*™ is an example of “metal-substituted”
polyoxovanadates in that two V=0 units in [V10026]*~ structure are substituted with two
Cu?* ions(Figure 1). Matson’s group has developed heterometallic VOg-based Lindqvist
type polyoxovanadates [16-18]. Metal-substituted VOg-based polyoxovanadates, such as
[PtV9Oqs]"~, [MoVyOqs]°~, and [MnV;,034]*, were also reported [19-21]. Streb’s group
has developed a chemistry of VOs-based polyoxovanadate, [V1203(CD]*~ [22-25]. A
unique tube-type structure has two open sites at both ends on the tube, where various
kinds of metal cations were able to stabilize. The oxygen atoms at the terminal position
on the tube peripheral may coordinate to the cations as if the cation was capping the tube.
These complexes with a different capping metal cation may be considered substituted
isomers. In the sense of the coordination ability, the tube-type polyoxovanadate can be
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considered one of the lacunary-type polyoxometalates, but corresponding fully occupied
polyoxovanadates have not been reported yet.

[VOP
Figure 1. Structure comparison of the substituted complexes between (a) [CuyVgOul?~ and
(¢) [V19O26]*~, and between (b) [Cuy V1404 (NO3)]°~ and (d) [V1g046(NO3)]°~. The structural
relationship is considered to be a substitution of two Cu?* to two [V=0]%* units. The blue, green,

2+’ V4+

red, and light blue spheres represent Cu , oxygen, and nitrogen atoms, respectively. Orange

polyhedra represent tetrahedral VVOy or square pyramidal VVOs units.

In other words, the tube-type dodecavanadates are a unique structural unit that is
slightly different from the category of “metal-substituted” polyoxovanadates that may
be defined as a complex with substituted transition metal cations in a polyoxovanadate
framework. Semimetal-oxygen species also exist on the surface of various VOs-based
polyoxovanadates [27]. The unique feature of VOs-based polyoxovanadates is a formation
of a hollow spherical structure. Because polyoxovanadates have a structural versatility
based on the flexible number of vanadium atoms, various kinds of anion were included
in the cavity with a different size of a spherical structure to incorporate a particular guest
anion. For example, anions such as F~, Cl~, Br—, 17, NOs;~, ClIO;~, NO—, NO,~, N3~,
AcO7, OCN~, and NO;, ™~ were stabilized at the center of a spherical polyoxovenadate.
Interestingly, the shape of the cavity highly depends on the shape of the anion inside the
sphere due to the freedom of the arrangement of VOs units with a different angle. Since
the property of the polyoxometalates depends on the structures, the precise comparison
among different derivatives is necessary to understand the difference of the property. As
shown above, compared with polyoxotungstates and polyoxomolybdates, the synthesis
of “metal-substituted” polyoxovanadates is still developing due to its lability, and the
development of a new methodology is required to prevent the formation of complicated
isomeric mixtures in the course of synthesis [13].

In the current synthesis of a metal-substituted polyoxovanadate, there are two issues:
one is the number of heterometals introduced in the main framework tends to vary to give
a mixture of mono-substituted complex, di-substituted complex, tri-substituted complex
and so on, despite a stoichiometric control of a metal source for the substitution. The
second issue is that as the number of substituted metal atoms increases, the number of
possible positional isomers increases significantly, and it becomes very difficult to purify
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and separate those different complexes. To avoid the above issues, we planned a synthesis
through a polyoxovanadate framework-expansion reaction using the insertion of well-
established metavanadates, [V4O12]*~, into a smaller spherical polyoxovanadate that
was already isolated as disubstituted isomers. Nitrate-incorporated polyoxovanadate
[V1gO46(NO3)]°~ (V18) possesses two reduced hetero-atom units, [VIVO]?* at the top
and bottom, supported by a V16 polyoxovanadate belt framework where all vanadium
atoms are in the +5 valence state. The original synthesis included the overoxidation of
[V10O2]* in the presence of NO3 ™~ [28]. Recently, a new polyoxovanadate, [V10024]%,
was reported by using the thermal treatment of the well-known [H3V10O0x5]° asa precursor
to produce V18 [29]. The formation of V18 with two different procedures indicate that
V18 is a thermodynamically (meta)stable species in the presence of NO3;~. With the latter
procedure, a different substituent was introduced in the framework in the presence of
Cu?* or Ca?*. The starting material of the first procedure, [V10O6]*, possessed two
[VIVO]?* on the top and bottom in a VgOpy4 ring (Figure 1). Among the various VO,-based
metal-containing polyoxovanadates, Cu-containing polyoxovanadate, [Cu,;VgOn4]*~, also
exhibits a similar structure as that of [V19Ox]*~ (Figure 1). Here, the [VOJ?* sites of the
square-pyramidal VIVOs units in [V19O0]*~ were substituted with square planar Cu* ions.
We utilize this structural resemblance to synthesize a larger VOs-based copper-substituted
polyoxovanadate. In this work, a new synthetic route of V18 from [V10O]* without a
redox process was investigated, and copper-substituted polyoxovanadate was synthesized
from [CuyVgOy4]*~ instead of [V19Ox]* . The comparison of structures, thermal properties,
and catalytic performance for alcohol oxidation were also investigated.

2. Results and Discussion

The positions of two heteroatom units, [VIVO]?**, in the smallest spherical polyoxo-
vanadate, [V19O]*~, are on opposite sides of each other or in a trans position, capping
both ends of V8 belt structure(Figure 1c). There is not enough space to hold a guest ion at the
center of [V19gOx]*~. When we compared the structural relationship between [V10O26]*
and [V13046(NO3)]°~(V18), we found a structural similarity between those two different
polyoxovanadates. V18 is a larger spherical structure than V10. The V16 belt in V18 may
be reconstructed by twisting the V8 belt in V10 into a helix, and adding another eight
vanadium units on the opposite side of the helix belt in a shape of the double helix may
complete the V18 structure from V10 after including a nitrate anion at the expanded center.
The advantage of this retrosynthesis has two parts: (i) the stereospecific position of two
hetero atom units [VIVO]?* remain in the trans-position and (ii) the stoichiometry of the
substituted hetero atom units stays exactly the same (two units), avoiding the complication
of the formation of many different isomers in a different substitution number. Simple
polyoxovanadates [V4012]*~ were selected to insert two units of the V4 framework, since
[V4Op]4 easily link to each other to expand the ring sizes in a different number. The for-
mation of a longer vanadium belt by dimerization of V4 units is feasible in polyoxovanadate
chemistry. To the acetonitrile solution of {"BuyN}4[V19O2], 2 equiv. of {"BusN}4[V4012]
were added. Then, NOs; ™ as a template anion was introduced to ensure the formation of a
V16 belt unit. The addition of 8 equiv. of p-toluene sulfonic acid (TsOH) with respect to
[V10O2]* was performed to complete the acid-condensation reaction (ex. 1).

{nBU4N}4[V10026] +2 {nBu4N}4[V4012] + {nBU4N}[NO3] + 8TsOH — {nBu4N}5[V18046(N03)] + S{nBU4N}TSO +4 H20 (1)

With the addition of diethyl ether, the green precipitates were obtained by filtration.
The successive washing with tetrahydrofuran (THF) to remove {"BusN}TsO gave the
powder of V18 in a 86% yield. The IR spectrum of the obtained powder was identical to
that of the original V18, showing that V18 is able to be synthesized by using an acid/base
reaction without the redox process.

We also tested this framework expansion reaction to synthesize a copper-substituted
polyoxovanadate (Cu2V16). In this case, the valence state of all vanadium atoms is at its
highest oxidation state V(V). To the acetonitrile solution of {"BusN}4[CupVgOo4], 2 equiv. of
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{"BugN}[V4012], {"BusyN}NOj3 and 8 equiv. of p-toluene sulfonic acid (TsOH) were added
as a one-pot reaction. The reaction formula was expected as follows (ex 2),

{nBU4N}4[CU2V8024] + Z{nBU4N}4[V4012] + {nBU4N}[NO3] + 8TsOH — {nBu4N}5[Cu2V16O44(NO3)] + 8{nBU4N}TSO +4 Hzo (2)

The electrospray-ionization mass spectrum of the products showed the main signal sets at
m/z=1702 and 3162 due to {(“Bu4N)7Cu2V16O44 (NO3)}2+ and {(“Bu4N)6Cu2V16044(N03)}+,
respectively (Figure S1). These results show that the formula of the product is {"BuyN]}s
[CupV16044(NO3)]. The Vis/NIR spectrum shows no significant peaks over 600 nm, sug-
gesting the absence of V#* in the products (Figure 2) because a mixed valence complex
always shows intense bands due to intervalence charge transfer (IVCT). In the case of a
mixed valence V18 complex, the Vis/NIR spectrum shows a strong broad band in the
region of 600-1500 nm (Figure 2), confirming the presence of V(IV) inherited from the
starting complex. The comparison of the cyclic voltammogram between Cu2V16 and V18
shows that two redox pairs from the reversible redox at the cap parts of the double helical
belts in V18 disappear in the voltammogram of Cu2V16 (Figure S2). The E; , values of
V18 observed at —0.41, —0.77, and —1.35 V were negatively shifted to —0.50, —0.84, and
—1.42 V in Cu2V16 by the effect of the substitution of two copper ions. The magnetic sus-
ceptibility measurement of Cu2V16 was carried out (Figure S3). The xmT products linearly
decreased upon cooling, indicating the presence of temperature-independent paramag-
netism (7 x 10~* cm3 mol ). Upon further cooling, the xm T products abruptly dropped
with the weak antiferromagnetic interactions. Although the xmT value of 0.96 cm>® K mol !
at 300 K was slightly larger than the spin-only value expected for two Cu®* ion (0.75), the
magnetic data were fully consistent with those expected for Cu2V16.

1.0j

0.8

0.6

04

O.Zi (b)

(a)

Absorbance

0 | | |
400500 1000 1500
Wavelength / nm

Figure 2. Vis/NIR spectra of (a) V18 and (b) Cu2V16 in acetonitrile. The concentration of the samples
was 0.2 mM. The broad band around 600-1500 nm is due to intervalence charge transfer.

The thermogravimetric analysis (TGA) showed the plateau between 100 °C and 150 °C
at 0.64% weight loss (Figure S4). This value suggests that the tetra-n-butyl ammonium salts
of Cu2V16 possess one hydration water. The large weight loss over 200 °C was due to the
decomposition of tetra-n-butyl ammonium cations. The elemental analysis also supported
the chemical formula of the obtained compound as {"BugN}5[Cu,V16044(NO3)]-H,O. This
is the first report on copper-containing helical polyoxovanadates, as far as we know.

The single crystals suitable for the X-ray analysis were obtained by the cation-exchange
reaction to the tetramethyl ammonium cations (Table S1). The crystal system was mon-
oclinic, and the space group was P2;/c. The unit parameter and the volume were the
moderate values among the polyoxometalates. Five tetramethyl ammonium cations were
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observed per one anion, showing that the charge of the observed anion is 5—. The anion
structure was almost the same as that of the original helical V18. The top and bottom cap
parts on the helix were confirmed as copper atoms. At the axial position of one of the
copper atoms, acetonitrile was solvated with a distance of 2.41 A. At the axial position
of the other side of copper atom, a terminal oxygen atom from the neighboring Cu2V16
anion interacted at a distance of 2.64 A. These distances are too large to consider as a
chemical bond. Therefore, the coordination geometry of copper atoms is considered to
be pseudo-square pyramidal. The double helix part in the body of Cu2V16 was identical
to that of the original V18. The N-O distances from an incorporated nitrate showed a
variation of bond lengths as short and longer bonds. The N-O bond length perpendicular
to the hypothetical line connecting two copper atoms was 1.144 A, and the rest of the
N-O bond lengths were 1.260 and 1.301 A (Table 1). A similar set of bond lengths is also
observed in V18 (1.090, 1.157, and 1.284 A). The angle of the guest nitrate triangle from
the line between the capped atoms of Cu2V16 was ca. 12°. This value is also the same
as that of V18 (Figure 3). The distances between the capped copper atoms of Cu2V16
and vanadium atoms of V18 were 7.70 and 8.55 A, respectively, showing that the cavity
size of the spherical skeleton of Cu2V16 was smaller than that of V18 (Table 1). The bond
lengths between the copper atoms and the surrounding oxygen atoms were 1.894, 1.905,
1.923, and 1.935 A and 1.904, 1.907, 1.916, and 1.920 A, respectively (Table 1). From the
bond valence sum values of copper (2.12 and 2.13) and vanadium (4.98-5.19), the valences
of copper and vanadium were identified as +2 and +5, respectively [30]. This result was
also supported by the observation of the Vis/NIR spectrum (no presence of V4*) and the
magnetic susceptibility (presence of two Cu?*) results.

Table 1. Selected distances (A) observed in the crystal structures 1

Cu2Vie V18 [22]
Cul-030, V16-018 1.935(4) 1.903(4)
Cul-036, V16-016 1.894(4) 1.902(4)
Cul-040, V16-017 1.923(4) 1.905(4)
Cul-034, V16-019 1.905(4) 1.910(4)
Cu2-01, V17-025 1.920(4) 1.919(4)
Cu2-02, V17-027 1.904(4) 1.903(4)
Cu2-03, V17-026 1.907(4) 1.898(4)
Cu2-04, V17-028 1.916(4) 1.921(4)
Cul---Cu2, V16---V17 7.70 8.55
N101-0101, N1-O47 1.144(10) 1.090(10)
N101-0102, N1-O49 1.301(10) 1.284(18)
N101-0101, N1-O48 1.260(10) 1.157(16)

1 The geometrically corresponding positions between the two anion structures in crystallographic analysis
are compared.

The IR spectrum of Cu2V16 was somewhat different from that of the original V18
(Figure S5). The peak positions were almost the same, while the intensity was different,
probably due to the difference of the number of V=0 and V-O-V fragments. The signals
due to NO3;~ were also different. The original V18 shows the two peaks at 1359 and
1342 cm ™! due to NO; ™ [28]. The reason why two peaks were observed can be explained
from the information provided by crystallographic analysis. In the crystal structure of
V18, the N-O bond that is vertical to the line connecting two [VO]?* cap parts was shorter
than the others. Although the chemical environment of NO3™ of Cu2V16 at —183 °C is
identical to that of V18, the IR spectrum of Cu2V16 shows the single N-O vibration peak
at 1351 cm ™!, indicating that nitrate bond lengths in Cu2V16 are thermally averaged at
room temperature. To analyze the degree of nitrate rotation in these complexes, IR spectra
were measured at various low temperatures. When decreasing the temperature, the single
peak at 1353 cm ! at room temperature assigned as nitrate stretching was gradually split
while the peaks due to the Cu2V18 skeleton itself were maintained (Figure 4). When the
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surface temperature of the IR cell reached —140 °C, the two peaks at 1354 and 1345 cm ™!
were observed even in the Cu2V16 complex as we expected. These results indicate that
the mobility of the nitrate anion was different between Cu2V16 and the original V18. This
is explained by assuming that a nitrate in Cu2V16 is rotated easily at room temperature,
while that in V18 is fixed without rotation due to the interaction with the main framework
through a strong trans influence of the square pyramidal VOs units [31]. Mobility or
orientation control of molecular fragments in the polyoxometalates caused the polarity
change of the compound. Recently, the polarity control of polyoxometalates has gained
attention [32]. By changing the position of the metal cations between two stable sites in
the Preysler-type polyoxometlate, the single-molecule electret property was observed at
temperatures above room temperature.

ca.12°

Figure 3. Ball-and-stick representations of (a) Cu2V16 and (b)V18. Orange, blue, green, red, and light
blue spheres represent pentavalent vanadium, tetravalent vanadium, copper, oxygen, and nitrogen

atoms, respectively.

Absorbance

\ \ \ |
1500 1000 500 400

Wavenumber / cm™1

Figure 4. IR spectra of Cu2V16 at (a) 20 °C, (b) —60 °C, (c) —110 °C, and (d) —140 °C. The highlighted
region represents the signals due to NO3; ™~ in Cu2V1eé.

By taking advantage of the isomeric structural relationship between Cu2V16 and
V18, we conducted the oxidation reaction to deduce where an active site is on the cluster
framework. The comparison of the oxidation catalytic performance was investigated
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between Tetra-n-butyl ammonium salts of Cu2V16 and V18. The 1-phenyl ethanol oxidation
with tert-butyl hydroperoxide (TBHP) as an oxidant was carried out (Table 2). In the
presence of 5 umol of Cu2V16, 1-phenyl ethanol was converted to acetophenone with
77% yield in 24 h. The turnover number reached 154, and the turnover frequency was
6.4 h~1. The yields with 5 pmol of V18 and without catalysts were only 6% and 2% under
the same reaction conditions, respectively. When we tested a catalytic performance of
10 umol of Cu(NO3), as a control, the yield was observed in 20%, indicating that Cu?* has
a potential to act as a catalytic center for this reaction. The control reaction with both of the
starting materials for Cu2V16 and V18 was also investigated. With {"BusN}4[CuyVgOo4], the
oxidation products were obtained in 69%. This value was significantly higher than that of
{"BusN}4[V10026]. The starting material of V18 that is {"BusN}4[V10026] was decomposed
during the reaction.

Table 2. Catalytic oxidation of 1-phenyl ethanol to acetophenone 2.

O

'‘BuOOH BUOH
> + u

Entry Catalysts (umol) Yield (%)
1 Cu2V16 (5) 3 77
2 V18 (5) 6
3 Cu(NO3), (10) 20
4 {"BugN}4[CupVsOa4] (5) 69
5 {"BugN}4[V19Og] (5) * 31
6 Blank 2

1 Reaction conditions; 1-phenyl ethanol 1 mmol, 5.5 M TBHP in decane 1 mmol, catalyst 5 or 10 umol, acetonitrile
2 mL at 32 °C, 24 h under Ar atmosphere. 2 Yield was determined by GC with internal standard method.
3 Tetra-n-butyl ammonium salts were utilized. * The complex was decomposed during the reaction.

With the addition of an excess amount of diethyl ether into the reaction solution after
the oxidation reaction with Cu2V16 and V18, precipitated catalysts were recovered by
filtration. The IR spectra of the catalysts after the reaction were identical to those of the
authentic samples, showing that the structures of Cu2V16 and V18 are maintained during
the reactions (Figure S6). From these results and the same helical structure of Cu2V16 as
that of V18, the active sites may be concluded at substituted copper sites. The low steric
hindrance around square planar Cu?* may allow the easy approach of the reactants because
the axial position of the square planer copper site is coordinatively unsaturated, while the
access on the polyoxovanadate framework is hindered by the presence of terminal oxygen
atoms sticking out from the spherical framework that is disturbing the approach of the
reactant on a vanadium atom.

3. Materials and Methods

Methods: The electrospray ionization mass spectra were recorded on a JEOL JMS-
T100TD (JEOL Ltd., Tokyo, Japan). The IR spectra were measured on a Jasco FT/IR-4200
(Jasco Inc., Tokyo, Japan) using a KBr method. Temperature-dependent IR spectra were
measured on a Jasco FT/IR-6600 using the transmission method with a sample-coated
Si disk in a gas-cell made of glass under a vacuum. The sample-coated Si disk was
prepared with the evaporation of acetonitrile after dropping an acetonitrile solution of
tetra-n-butyl ammonium salts of Cu2V16 on the surface of the Si disk. For the window
of the gas-cell, Si disks were used. The gas-cell was cooled by the flow of liquid nitrogen
through the rolled SUS tube on the surface of the cell. The temperature was measured by
the thermocouple set on the surface of the gas-cell. The cyclic voltammetry was carried
out using a Biologic SP-50 instrument (BioLogic, Grenoble, France) by using a standard
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three-electrode cell with a glassy carbon electrode, a Pt counter electrode, and a Ag/Ag*
reference electrode. The electrodes were purchased from Bioelectro Analytical Science
(BAS) Inc. (Eatonville, WA, USA). Elemental analyses of C, H, and N were performed
by the Research Institute for Instrumental Analysis at Kanazawa University. Elemental
analyses of V and Cu were performed by a Thermo Fisher Scientific inductively coupled
plasma atomic emission spectroscopy iCAP6300 (Thermo Fisher Scientific, Waltham, MA,
USA). The Vis/NIR spectra were measured on a Jasco V-770. Thermogravimetry data were
collected on a Rigaku Thermo plus EVO2 instrument (Rigaku, Cedar Park, TX, USA) with a
temperature sweep rate of 10 °C/min under 0.2 L /min N; flow. GC analysis was performed
on a Shimadzu GC-2014 (Shimadzu, Tokyo, Japan) with a flame ionization detector (FID)
equipped with a ZB-WAXplus capillary column (phenomenex, internal diameter = 0.25 mm,
length = 30 m). Naphthalene was used as an internal standard. Magnetic measurements
were performed with a MPMS3 SQUID magnetometer (Quantum Design, San Diego, CA,
USA). The polycrystalline sample was grounded into fine powder and loaded into a gelatin
capsule. All data were corrected for diamagnetism of the sample by means of Pascal’s
constant [33]. Temperature dependence of magnetic susceptibility was fitted using the PHI
program, version 3.1.6 [34]. The distillation of a small amount of reagent was performed by
using a glass tube oven of a SIBATA GTO-1000 (SIBATA, Tokyo, Japan).

X-ray Crystallography: Single-crystal structural analysis of Cu2V16 was performed at
—183 °C with a Bruker D8 VENTURE diffractometer with Cu-K« radiation (A = 1.54178 A).
The data reduction and absorption correction were completed using the APEX3 pro-
gram [35]. The structural analyses were performed using APEX3 and winGX for Windows
software [36]. The structures were solved by SHELXT (direct methods) and were refined by
using SHELXL-2018 [37]. Non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were positioned geometrically and were refined using a riding model. Crystallo-
graphic data are summarized in Table S1. CCDC 2322749 contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Reagents: Vanadium(IV) oxide sulfate hydrate, acetonitrile, diethyl ether, ethyl acetate,
tetrahydrofuran and tetra-n-butyl ammonium nitrate, triethylamine were purchased from
FUJIFILM Wako Pure Chemical Corporation. In addition, 40% tetra-n-butyl ammonium
hydroxide in water and 5.5 M tert-butyl hydroperoxide in decane solution were purchased
from Sigma-Aldrich. Vanadium oxide, naphthalene, and acetophenone were purchased
from Tokyo Chemical Industry Co., Ltd., Tokyo, Japan. p-Toluene sulfonic acid was pur-
chased from KANTO CHEMICAL Co., Inc. (Tokyo, Japan). These chemicals were used
as received without further purification. Copper nitrate trihydrate was purchased from
Fujifilm Wako Pure Chemical Corporation (Tokyo, Japan) and used after the recrystalliza-
tion. 1-Phenyl Ethanol was obtained from Fujifilm Wako Chemicals Corporation and used
after distillation by a glass tube oven. In addition, 5.5 M tert-butyl hydroperoxide solution
in decan was obtained from Sigma-Aldrich. {"BusN}4[CuyVgOo4], {("BugN}4[V1002] and
{"BugN}4[V401,] were prepared based on the previously reported procedures [38—40].

Synthesis of [V13046(NO3)1°~: First, 31.4 mg of {"BusN}4[V19O25], 45.6 mg of {"BusN}4
[V4O12], and 5.1 mg of {"BusN}NO3 were dissolved in 2 mL of acetonitrile. Then, 25.4 mg
of p-toluene sulfonic acid was dissolved in 1 mL of acetonitrile. The two solutions were
mixed. The reaction solution was refluxed for 48 h. To the dark green solution, the addition
of an excess amount of diethyl ether gave the green precipitates. The precipitates were
collected by filtration, washed with tetrahydrofuran, and dried to give 41.7 mg of the
products (86.0% yield). IR: 2960, 2932, 2873, 1483, 1464, 1383, 1360, 1342, 1151, 1106, 1062,
993, 874, 839, 784, 630, 570 cm L.

Synthesis of [CuzV14044(NO3)1°~: First, 31.4 mg of {"BuyN}4[CuyVgOa4], 45.6 mg of
{"BugN}4[V4012], and 51 mg of {"BusN}NO3; were dissolved in 2 mL of acetonitrile. Then,
25.4 mg of p-toluene sulfonic acid was dissolved in 1 mL of acetonitrile. The two solutions
were mixed and refluxed for 3.5 h. To the dark brown solution, the addition of an excess
amount of diethyl ether gave the brown precipitates. The precipitates were collected by fil-
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tration, washed with tetrahydrofuran, and dried to give 44.7 mg of the products (92.1% yield
based on [Cu,y VgOy4]*7). Elemental analysis calcd (%) for {"BugN}5[CupV16044(NO3)]-H,O
(C80H182CUZN6048V16)2 C,32.70; H,6.24; N, 2.86; Cu, 4.33; V, 27.74. Found: C,32.34; H, 6.08;
N, 2.81; Cu, 4.61; V, 28.30. IR: 2962, 2933, 2873, 1484, 1464, 1384, 1354, 1216, 1200, 1153, 1121,
1104, 1060, 1034, 993, 871, 852, 828, 771, 632, 582 cm . The thermogravimetric analysis
(TGA) showed 0.64% weight loss at 130 °C (Figure S4). This value was almost equal to the
weight loss of the one hydrated water from the calculated formula. Single crystals suitable
for X-ray analysis were obtained by addition of {Me4N}BF, to the acetonitrile solution of
{"BugN}5[CupVi6044(NO3)].

Oxidation of 1-phenyl ethanol: First, 1-phenyl ethanol 1 mmol, catalyst 5 or 10 umol,
acetonitrile 2 mL, and naphthalene 0.2 mmol (internal standard) were put in the test tube
with a screw cap. The solution was kept at 32 °C under Ar atmosphere. The solution was
stirred at 800 rpm with the Teflon-coated magnetic stir bar at 32 °C. The reaction started
with the addition of 5.5 M TBHP in decane solution 1 mmol to the reaction solution. Yield
was determined by GC with the internal standard method. The products were determined
by the retention time of the commercially available authentic chemicals. After 24 h, an
excess amount of diethyl ether was added to the reaction solution and the precipitates were
collected by filtration and dried. The collected solid was characterized by IR spectroscopic
analysis (Figure 56).

4. Conclusions

Either [V19Ox6]*~ where two vanadium ions are reduced to V(IV) or [CuyVgOoy]*~
in which two vanadium sites are substituted to Cu?" is considered to be in a relationship
of a substituted isomer to each other by replacing two [VO]** ions with two Cu?* cation
or vice versa. By utilizing those starting materials, we successfully developed the sphere
expansion reaction to give [V13045(NO3)]°~ and dicopper-substituted polyoxovanadate
[Cuy V1604 (NO3) P~ selectively without a redox process in the synthesis. This new syn-
thetic method achieved the stereospecific alternation of the polyoxometalate framework by
means of a positional isomer in the substitution reaction, and the insertion of vanadium
units to expand a spherical polyoxovanadate framework is a new method of synthesis
avoiding an extremely difficult purification procedure through a formation of a complicated
mixture of various substituted isomers in the synthesis of polyoxometalates. To obtain the
designed polyoxometaltes, the strategy of the synthetic procedure is important. Although
the spheric cavity in the helical Cu2V16 was smaller than that of V18, the encapsulated
nitrate in Cu2V16 rotated more smoothly than that of V18. The larger cavity of V18 allows
nitrate to interact with the main framework, resulting in fixing the position of the nitrate,
while the small cavity size of Cu2V16 did not allow arranging the nitrate in the best position;
rather, it floats in the cavity, which makes thermal rotation easier at room temperature.
Both complexes have the same framework in the relationship of substituted isomers with
each other, and the comparison of the catalytic reactivity allows us to estimate the position
of an active site in the oxidation reaction. As a result, the catalytic performance of Cu2V16
was higher than that of V18. The comparative study of the catalytic reactivity between
two substituted isomers emphasizes the importance of a transition metal cation introduced
on a polyoxometalate framework by the substitution reaction. In this work, racemic cat-
alysts were used. After the optical resolution of these Cu2V16 and V18 complexes, the
enantio-selective oxidation by inorganic oxide molecules without using organic ligands is
expected. In addition, since [V10O26]*~ is one of the precursors to obtain various kinds of
polyoxovanadates, synthesis of other copper-substituted polyoxovanadates is also expected
in the near future.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/inorganics12020061/s1, Table S1: Crystallographic data for CuV16; Figure
S1: Electrospray-ionization mass spectra of Cu2V16 in acetonitrile; Figure S2: Cyclic voltammogram
of (a) Cu2V16 and (b) V18 in acetonitrile; Figure S3: xmT versus T plot of Cu2V16; Figure S4:
Thermogravimetric data of Cu2V16; Figure S5: IR spectra of (a) tetramethyl ammonium salts of
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Cu2V16, (b) tetra-n-butyl ammonium salts of Cu2V16, and (c) V18; Figure S6: IR spectra of (a) V18
before the catalytic reaction, (b) V18 after the catalytic reaction, (c) Cu2V16 before the catalytic
reaction, and (d) Cu2V16 after the catalytic reaction.
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