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Polyoxometalates (POMs) have received great interest by
virtue of their structural diversity and desirable merits in a
range of applications."!! Amongst POMs, polyoxovanadates
(POVs) are of great importance due to their attractive mag-
netic and electronic properties, as well as their long-prom-
ised potential as oxidative catalysts.”) Recently, a tetranu-
clear vanadium complex has been investigated in the cata-
lytic oxidation systems of organic compounds with molecu-
lar oxygen as the oxidant.”) Unlike these vanadium com-
plexes and vanadium-substituted POMs, catalytic reactions
using pure POVs are rather rare.! Therefore exploring syn-
thetic methods for the preparation of new, selective, and ef-
ficient POV catalysts is essential but remains challenging.”

The organic-functionalized POMs based on a covalent
connection can increase their solubility in organic solvents
and provide a pathway to direct the substrate towards the
catalytically active centers.”! Compared with the extensive
work on the organic functionalization of polyoxomolybdates
and polyoxotungstates, considerably less research has been
conducted in the field of POVs.”

Imidazole derivatives 1-R-IM (R=CHj;-, C,H;-, C,H;-,
etc.) are promising candidate organic compounds as they
may serve as coordination ligands, counterions, and poten-
tially, solvents, in preparing new organic-functionalized
POV structures. Herein, we present a new synthetic ap-
proach employing versatile organic compounds, 1-R-IM
(R=CHj;-, C,Hs-, C,H;-), and POV precursors in the assem-
bly of neutral organic-functionalized POV clusters. In this
work, three new organic functionalized POVs with imida-
zole ligands, VY,Os(mIM)g (1), VV,VY,0,,(mIM), (2) and
VV,VY,0,,(eIM); (3) (mIM: 1-methylimidazole and eIM: 1-
ethylimidazole) have been synthesized by a facile solvother-
mal method, in which the corresponding imidazoles are em-
ployed as organic solvents. Neutral hexanuclear vanadium
clusters, V¢Ois, as in 1, and mixed-valence VO, as in 2 and
3, are constructed with nitrogen atoms from imidazoles co-
ordinating to POV skeletons. All compounds have been
fully characterized by surface X-ray diffraction (SXRD),
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powder (P)XRD, FT-IR, ESR, XPS, EA, and TGA. Com-
pound 3 was further investigated as a catalyst for the oxida-
tive dehydrogenation of alcohols with O, as an oxidant.

The treatment of NH,VYO, with 1-mIM at 90°C for 3
days afforded light-yellow crystals of imidazole-functional-
ized compound 1. All of the vanadium atoms in 1 are in the
+5 oxidation state, as revealed from the BVS calculation
and XPS. SXRD shows that the structure of 1 is an isolated
neutral cluster. As illustrated in Figure 1a, the hexanuclear
vanadium cluster has two V atoms in distorted [VO,] tetra-
hedra and the other four V atoms in distorted [VO;N,] trigo-
nal bipyramids with a T parameter of 0.651 and 0.619."1 We
and others have reported hexanuclear vanadium clusters
with Lindqvist,”) Anderson,'” cyclic, and other structure
topologies by using alkoxo and N-containing ligands."!
However, compound 1 shows an unprecedented open-claw-
like structure that differs from the above reported oxovana-
dium clusters. Notably, the charge neutrality and the addi-
tion of organic ligands in 1 may enhance its solubility, which
opens new avenues for homogeneous catalysis.

I

Figure 1. a)—c) Molecular structure of compounds 1-3 and the phase
transformations among 1-3; d) and e) Optical micrographs of 2 and 3.
Ball and stick: gray C, blue N, green V, red O. SC-SC: single-crystal-to-
single-crystal transformation.
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Given the fact that the presence of V'V/VV can potentially
facilitate electron transfer and consequently expedite cata-
lytic reactions,"” low valent vanadium, V'Y, VO(acac), was
used in reacting with compound 1. And compounds 2 and 3
were thus obtained with fan-like structures in 1-mIM and 1-
elM, respectively (Figure 1). Compounds 2 and 3 can also
be synthesized from NH,VO; and VO(acac), in correspond-
ing imidazoles at 100°C for 3 days. BVS calculations show
the oxidation states of all V atoms in compounds 2 and 3
are mixed-valence VV/VY (four out of the six vanadium
atoms are V" and the other two are V'), which also can be
further confirmed by the ESR (the Supporting Information,
Figure S1). Specifically, the structure of 2 consists of a
mixed-valence V, (V™,VY,) cluster with a central
[V,O.,]* unit attached on opposite sides of two octahedral
[VO,N,] groups (Figure 1b). The [V,0,,]* cluster has a
cyclic eight-membered [V,0,] ring formed by corner sharing
of four distorted [VO,] tetrahedra. Each [VO,N,] group
adopts a “44+1+1” geometry formed by four N atoms from
1-mIM, one bridging oxygen O, and one terminal oxygen
O.. Interestingly, the [V,0;,]* clusters within compounds 2
and 3 are different. The eight-membered ring in 2 is nearly
coplanar, but the one in 3 is chair-like (Figure 2a and 2D).

Figure 2. a),b) The structures of [V,0,]*"in 2 and 3; ¢) and d) The possi-
ble two conformers of cyclooctane.

The geometries of two [V,0;,]* clusters can be viewed as
two different conformer products of cyclooctane (Figure 2¢
and 2d). From a topology perspective, compounds 2 and 3
are very similar to V,0,y(u,-O),[VO(H-Ciprof),)],-13H,0
[Ciprof = 1-cyclopropyl-6-fluoro-1,4-dihy-dro-4-oxo-7-(1-pi-
perazinyl)-quinolone-3-carboxylic acid]." However, the
POV skeletons in compounds 2 and 3 are functionalized by
nitrogen atoms from neutral ligands.

One interesting feature of 2 is that when the crystals were
heated to 100°C in 1-eIM solvent, the light-purple crystals
turned purple gradually, which ultimately gave compound 3
within 24 h (Figure 1b-1¢) as the eight 1-mIM ligands were
replaced by eight 1-eIMs. This single-crystal-to-single-crystal
(SC-SC) transformation was further confirmed by single-
crystal XRD analyses and the powder XRD patterns of
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compounds 2 and 3. This unique SC-SC structural transfor-
mation resulting from organic-ligand replacement is rather
rare in POM chemistry and indeed has not been observed in
any known POV structures.™

The oxidative dehydrogenation (ODH) of alcohols is cur-
rently a matter of intense research, especially as the result-
ing aldehydes are critical bulk chemicals in industry. Specifi-
cally, the selective oxidation of benzyl alcohol to benzalde-
hyde is a practically important reaction for the production
of chlorine-free benzaldehydes required in the perfumery
and pharmaceutical industries, and consequently the cata-
lysts involved have received extensive attention.'®!

Using molecular O, as an oxidant offers significant envi-
ronmental and economic benefits over traditional stoichio-
metric oxidants. Our initial aerobic-oxidation studies fo-
cused on the case of benzyl alcohol (Scheme 1), with an aim
to understand the catalytic property of the organic-function-
alized POV clusters for developing a new oxidation system
in organic chemistry. The reactions were performed in a
50 mL stainless-steel autoclave in the presence of a solvent
under O, pressure (Scheme 1).

@CHZOH

Scheme 1. Aerobic oxidation of benzyl alcohol. Reaction conditions:
benzyl alcohol, (1 mmol), catalyst (1 mol %) as to benzyl alcohol, solvent,
acetonitrile (5 mL), 130°C, O, (0.2 MPa), 12 h.

catalyst (1 mol%)
I ——— CHO

To investigate the effectiveness of the organic functional-
ized POVs (compounds 1 and 3) relative to that of other va-
nadium-based catalysts in benzyl alcohol oxidation, the reac-
tions were performed under the same conditions by using
V,0s, VOSO, and VO(acac), (with and without 1-ethylim-
idazole present in the reaction media). The conversion and
selectivity of each reaction are summarized and illustrated
in Figure 3. With regard to the on-going interest in catalytic
alcohol oxidation vanadium-substituted POMs, especially

I Conversion (%) 100%

B Selectivity (% 97.6
92.7
75%
65.4
3
25%
0%
1 3
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2
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Figure 3. Conversion and selectivity of benzyl alcohol to benzaldehyde
with different catalysts. Reaction conditions: benzyl alcohol (1 mmol),
catalyst (0.01 mmol), 130°C, CH;CN (5mL), O, (0.2MPa), 12h,
POM-1=H,PMo,;VO,, POM-2=H;PMo,,V,0,,

Chem. Eur. J. 2013, 19, 4408 -4413


www.chemeurj.org

Imidazole-Functionalized Hexanuclear Oxidovanadium Clusters

vanadium-substituted phosphomolybdic acids,'” we also

tested the catalytic activity of H,PMo,;VO,, (POM-1) and
HsPMo,,V,0, (POM-2) in the same reactions (Figure 3).
After the preliminary optimization, we noted that com-
pounds 1 and 3 were active and more selective for the aero-
bic oxidation of benzyl alcohol than other vanadium cata-
lysts tested (Figure 3). And indeed, compound 3 outper-
forms some noble-metal-based compounds reported in the
literature, with a conversion of 65% and a selectivity
of 98% with 3 under 2 bar, compared with a conversion
of 52% and a selectivity of 83% with [Pd;3As305,(OH)g]*"
under 50 bar.'¥!

Following the success of benzyl alcohol oxidation and
evaluating the scope and limitations of the current proce-
dure, oxidation reactions with an array of alcohols were ex-
amined by using compound 3 (Scheme 2). A compilation of

j\"' 3 (1 mol%) o

R! R? JJ\

R' R?

Scheme 2. Scope of aerobic oxidation of alcohols. Reaction conditions:
alcohol (1 mmol), catalyst (1 mol%) based on alcohol, acetonitrile
(5mL), 130°C, O, (0.2 MPa), 12 h

results for the aerobic oxidation of various additional pri-
mary, secondary alcohols, aliphatic cycloalcohol and aliphat-
ic alcohol, along with the corresponding aldehydes and ke-
tones is presented in Table 1. It is noteworthy that (without
any further optimization) the oxidation of salicylol using
compound 3 proceeded smoothly with a conversion of
100 % and the selectivity for aldehyde was 96.7 %. The pre-
liminary results exhibit that these imidazole-functionalized
polyoxovanadium clusters can facilitate the aerobic oxida-
tion of alcohols and serve as highly efficient and selective
catalysts (Figure 4).

Although several oxidation procedures of salicylol are
known, in most cases complicated noble-metal-based cata-
lysts, such as Pd"™ and Au,™ are used. This inevitably
makes the oxidation procedure an expensive one. We select-
ed compound 3 as the catalyst for such reactions because it
is inexpensive and stable. Compound 3 is also more effective
for the aerobic oxidation of salicylol than the above report-
ed noble-metal-based catalysts (the Supporting Information,
Figure S11). Furthermore, the isolation of the product and
the recovery of the catalyst were easy (see the Supporting
Information). The IR spectrum and XRD of the recovered
catalyst 3 was identical to that of the freshly prepared cata-
lyst 3 (the Supporting Information, Figures S12 and S13). In
addition, the recovered catalyst 3 could be reused for the
aerobic oxidation of salicylol in repetitive reactions without
an appreciable loss of its high catalytic performance (Conv.
of salicylol: 100% (first run), 99% (second run), and 99 %
(third run), the Supporting Information, Figure S11).

We sought to explore the possible mechanisms of the oxi-
dation of salicylol based on our experiments and also con-
firm the hypothesis with comparable studies reported previ-
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Table 1. Results of selective oxidation of alcohols catalyzed by com-
pound 3 using O, as the oxidant."!

Entry Alcohols Product Conversion Selectivity
[%] [%]"
OH OH
1 @i 100 96.7
CH,OH CHO
CH,0H CHO

[\S}
=N
[=2)
(=)
Ne
wn
[\S}

CH(CHj3), CH(CHj3),
CH,0OH CHO
3 © © 65.3 98.9
CH3 CHs
CH,0OH CHO
Cl Cl
CH,OH CHO
5 @/OCH3 OCH, 52.8 95.4
OH (o]
6 ©)\ Ej)k 413 92.4
OH (0]
7 @ é 12.6 54.0
8 n-CH,,CH,OH n-CH,,CHO 102 29.0

[a] Reaction conditions: alcohol (1 mmol), compound 3 (0.01 mmol),
CH;CN (5 mL), O, (0.2 MPa), 130°C, 12 h. [b] Selectivity to aldehydes or
ketones.

Catalyst
N

/02\
. Conversion 100% .
Selectivity 96.7 ¢

¢ - « ¢
Figure 4. Aerobic oxidation of salicylol under the preliminary optimiza-
tion of benzyl alcohol.

ously.??! Specifically we have found that compound 1 can
be converted to 2 and 3 upon introducing 1-mIM and 1-
eIM, respectively. Compounds 2 and 3 can further undergo
a single-crystal-to-single-crystal transformation in which 1-
eIM can easily replace 1-mIM and gives single-crystalline 3.
These show that the imidazole ligands can readily leave and
re-coordinate to the “outer” vanadium atoms in 1, 2 and 3,
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and consequently generates active vanadium centers for the
aerobic oxidation of alcohols.

Based on our results and precedent work, a plausible cat-
alytic mechanism can be proposed and is shown in Figure 5.
First, species A reacts with both alcohol and molecular
oxygen and consequently strips down two imidazole mole-
cules to form the vanadium(V) species B. Species B further
reacts with alcohol and affords a vanadium alcoholate, C.
Then, the subsequent dehydration of C by oxidation repro-
duces a vanadium(IV) species D and the target molecules.
Finally, species D reacts with two imidazole molecules to
form species A again.

Et,
N
1
Et
e ;
! Et~N H|v =\ N
N N—VEN N L »
[/> \/ c')\\/ Et N
N I NN
L\
Et 0,
0 —
ﬁ NoN- A v l/”w“*a
'VV/ X TTEt B NG X
S N/O N
oN D =

(|)H OH
H —
VY
A T
OH Oz o9 N
H - .
Bt Ny N
o]
c
Et,
N
P
Y
o}
V.
Eteyy M=) o
N .\5/ NeN-gt = Q -V V—EQ
I N v

Figure 5. The proposed reaction pathway of oxidation of salicylol.

In summary, we have successfully prepared three new
neutral hexanuclear vanadium clusters, named compounds
1, 2, and 3, in imidazoles, in which these versatile organic
compounds serve as the coordination ligands, the structural-
directing agents, and simultaneously, the reaction media.
Compound 1 can be precisely converted to mixed-valent 2
and 3 upon introducing a V¥ source in corresponding imida-
zoles, whereas 2 can undergo single-crystal-to-single-crystal
transformation to 3. These materials are chemically and
structurally stable, yet have the long-sought-after character-
istic as highly efficient and selective oxidation catalysts of
benzyl alcohols by using molecular oxygen as the oxidant.

www.chemeurj.org
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Specifically, under un-optimized conditions, compound 3 ex-
hibits extraordinary efficiency in converting salicylol to sali-
cylaldehyde with high conversion and selectivity (conv.=
100 %, sele.=96.7 % ). Importantly these new vanadium clus-
ters can be easily recycled and reused with unchanged cata-
Iytic activity. This opens a new route to functionalize POVs
toward catalytic applications and may shed light on discov-
ering more new polynuclear metal clusters. The catalytic
cycle and mechanism on such polynuclear mixed-valent va-
nadium clusters are rather complicated. Indeed, the investi-
gation on other new organo-POV structures by using this
approach and the study of the detailed catalytic mechanism
are in process, which will be reported in due course.

Experimental Section

Synthesis of 1: NH,VO; (0.234 g, 2 mmol) in 1-methylimidazole (10 mL)
was sealed in a 50 mL Teflon-lined stainless steel container, which was
heated to 90°C under autogenously pressure for 72 h. Yield: 50% (based
on V); IR (KBr): 7= 3136 (m), 1531 (m), 1513(s), 1420 (s), 1277(m),
1228(m), 1098(s), 924 (s), 862(m), 788(s), 726(s), 652(s), 608(m),
490(m) cm™'; elemental analysis calcd (%) for C3,H,;gN;40,5Ve: C, 31.98;
H, 4.02, N, 18.64 (18.34); found: C 31.71; H, 4.61; N, 18.34.

Synthesis of 2: NH,VO; (0.234 g, 2 mmol) and [VO(acac),] (0.265 g,
1 mmol) in 1-methaimidazole (10 mL) was sealed in a 50 mL Teflon-lined
stainless-steel container, which was heated to 100°C under autogenously
pressure for 72 h. Yield: 81% (based on V); IR (KBr): #=3125 (m),
1534 (m), 1519(m), 1421 (m), 1281(m), 1230(m), 1095(s), 935(s), 935(s),
890(m), 816(m), 775(s), 662(m), 615(s) cm™'; elemental analysis calcd
(%) for C;HiN O, Ve C 3241, H 4.08, N 18.89; found: C 31.97, H
4.45,N 18.39;

Synthesis of 3: The synthetic procedure was the same as for compound 2
except that 1-ethylimidazole (10 mL) was used instead of 1-methaimida-
zole. Yield: 90% (based on V). IR (KBr): #=3115 (m), 1524 (m), 1446
(m), 1318(m), 1240 (m), 1096(s), 946(m), 925(s), 879(m), 775(m), 750(s),
667(m), 626(w), 527(m) cm'; elemental analysis calcd (%) for (found)
for C,HgyNsO1,Ve: C 37.01, H 4.97, N 17.26; found: 37.38; H 4.89, N
16.91.

X-ray crystallography: The crystallographic data have been deposited
with the Cambridge Crystallographic Data Centre (CCDC) as CCDC-
888578 (1), CCDC-888579 (2), and 888580 (3). These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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