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The background of the investigation is constituted by reactive moieties and intermediates playing relevant roles on
the surfaces of vanadiumoxide-based catalysts during the oxygenation/dehydrogenation of organic substrates. With
the aim of modeling such species, a series of mono- and dinuclear charged and uncharged vanadium oxo complexes
containing p-tert-butylated calix[4]arene and calix[8]arene ligands (denoted H,B and HgB'', respectively, in the
protonated forms) has been synthesized and characterized: PPh,JO=VB] (°P"1), 0=VB%*¢ (2), PPh,[0,V,HB"]
(3), and [u-O(0O=V(OMe)),BM¢?] (4), where superscripts OAc and Me2 indicate that one or two protons of H,B are
substituted by these residues, respectively. These compounds were analyzed both in solution and by means of
single-crystal X-ray crystallography; it turned out that the crystal structures are retained on dissolution (2 changed
only from the paco to the cone structure). In the case of 4, it could be shown that the bulk product consists of a
mixture of two isomers (4' and 4°) differing in the relative positions of the vanadium-bound methoxy groups.
Subsequently, all compounds were tested as catalysts for the oxidation of alcohols with O,. It turned out that the
two dinuclear complexes efficiently catalyze the oxidation of 1-phenyl-1-propargyl alcohol and fluorenol; in addition,
they even show some activity with respect to the oxidation of dihydroanthracene. This may hint to a higher activity
of dinuclear sites on the surfaces of heterogeneous catalysts as well.

Introduction with the possibilities and limitations of such an approach.
o ) This contribution deals with reactive moieties playing
Despite significant research efforts directed toward un- \gjeyant roles on the surfaces of vanadiumoxide-based

derstanding the general features and reaction steps of ¢aysts during the oxidation of organic substrates. Various

OX|dat|_on catalysis mechanl_sms on surfaqes, many SysteMyitterent surface species have been discussed as being active
can still be regarded as being poorly defirteathich may i, gne way or the otherand a representative example is

in part be due 'FO the fact that a lot Of_ difficulties ar®  the oxidative dehydrogenation (ODH) of methanol and
encountered during characterization of sites and reaction

intermediates on surfacésHeterogeneous catalysts for

(3) Limberg, C.Angew. Chen2003 115 6112;Angew. Chem., Int. Ed.

oxidation reactions thus sometimes have to be employed as
“black boxes™ Reactants are injected and products are
formed in good yields with good selectivities, but a complete
understanding of the origin of the catalytic behavior is not
yet available.

For several years, we have been dealing with the modeling
of surface intermediates occurring during heterogeneous
oxidation processes with molecular compounds as well as
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Oxovanadium(V)calixarenes as Oxidation Catalysts
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alkanes for which vanadia on SiQAI,O3, ZrO,, and other
oxidic supports proved to be catalytically efficiénSome

of the various working hypotheses are the following: the
active and selective sites consist of mononuclear tetrahedrally
coordinated ¥ (a in Chart 1) whereas dinuclear assemblies
(like b in Chart 1) and polynuclear moieties are responsible
for the loss in selectivity (oxygenation). On the other hand,
species with a square pyramidal oxo coordination geometry
around the vanadium center (c in Chart 1) have been
proposed to initiate the oxidation of butane to MSA on
vanadyl phosphate cataly$tand such units have been shown
to form if vanadia is deposited on certain metal surfaces,
too.” We were interested in using these structural motifs as
an inspiration for attempts to mimic them in molecular
compounds. Two different ligand systems have established
themselves in the past for the modeling of oxidic surfaces
characteristic for transition-metal oxide catalysts or the
support belonging to a certain catalyst: the deprotonated 0=VBMe, |
forms of silsesquioxan&¢H:AR) andp-tert-butylated calix-

arene$ (H4B, HeB', HgB") (see Scheme 1). so that it could not be isolated as sui€h/anadium oxo
After deprotonationHzAR represents a tripodal ligand,  complexes of calix[4]arene®t-) are not known. There is
whereasH,B yields a tetrapodal ligand. EmployirtgsA® one example of a complex with a ligand derived frénB
and H, B thus enables empathizing the embedding of a by monomethylation of a phenolic function=6vVB"e (I,
transition-metal ion in the midst of three or four oxo atoms gee Chart 2} and a few vanadium oxo compounds contain-
of an oxidic surface (for instance, a support), respectively. ing calix[3]-, calix[6]-, and calix[8]arene ligands are known,
On the other hand, ligands such &]¢~ or a calix[8]arene o0, which, however, either are not homoleptic (i.e., the
with eight phenolate units §f']°") provide more extended  yanadium centers are wearing ligands with donor atoms other
platforms of oxo atoms, where polynuclear moieties can than 0) or were not characterized structurafly.
arrange themselves, too. Here, we describe our systematic studies concerning the
With the aim of modeling a corresponding vanadium oxo preparation of calixarene oxovanadium complexes with
single site, Feher and co-workers have already examined the,arying nuclearity and the investigation of their reactivity

vanadium chemistry of ligandsAf]°". They were able to  and potential as structural or functional models for active
identify a corresponding [¥OJ*" complex in solution,  gjtes on surfaces.

which, however, is involved in a dimerization equilibrium

HgB"

Chart 2

Experimental Section

(4) Owens, L.; Kung, H. HJ. Catal.1993 144, 202. Evans, O. R.; Bell, ) ] ) ]
A. T.; Tilley, T. D. J. Catal.2004 226, 292. General Procedures.All manipulations were carried out in a

(5) (a) Comite, A; Sorrentino, A.; Capannelli, G.; Di Serio, M.; Tesser, gloyebox, or else by means of Schlenk-type techniques involving
R.; Santacesaria, B. Mol. Catal. A2003 198 151. (b) Zhou, R.; th fad t h The 13C d5V NMR
Cao, Y.; Yan, S.; Deng, J.; Liao, Y.; Hong, Batal. Lett.2001, 75, € use of a dry argon aimosphere. , an

107. (c) Blasco, T.; Galli, A.; Lopez Nieto, J. M.; Trifido, B. Catal. spectra were recorded on a Bruker AV 400 NMR spectrométer (
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against VO( as a standard. Microanalyses were performed on a
Leco CHNS-932 elemental analyzer. Infrared (IR) spectra were
recorded using samples prepared as KBr pellets with a Digilab
Excalibur FTS 4000 FTIR-spectrometer.

Materials. Solvents were purified, dried, and degassed prior to
use. PuréBu,;NVO3,13 PhP[VO,Cly], 1 p-tertbutyl-calix[4]areng;?
dimethylp-tert-butyl-calix[4]arene’® and p-tert-butyl-calix[8]-
arenéd” were prepared according to the literature procedure.

VO(OCH)s was synthesizé@as described in the literature with
some modifications: To a solution of 4.8 mL (0.05 mol) of VQCI
in 500 mL of toluene, heated to 8, was added 6.1 mL (0.15
mol) of methanol while stirring. After 10 min, 21.1 mL (0.15 mol)
of triethylamine was added. The suspension was stirred 4C80

Hoppe et al.

arene,Li4B, was carried out according to the literatd?ep-tert-
Butyl-calix[4]arene (3.66 g, 5.64 mmol), 0.16 g (22.5 mmol) of Li
granulate and 2.89 g (22.5 mmol) of naphthalene were stirred in
60 mL of THF at room temperature overnight to give a pale orange
solution. After all volatiles were removed, the remaining residue
was washed with 30 mL af-hexane and dried in vacuo, yielding
3.70 g (97%) of a white solid. This product was dissolved in 80
mL of toluene; the resulting solution was added to 2.67 g (5.47
mmol) of PhP[VO,Cl,] via cannula. After being refluxed for 20

h, the brown suspension was allowed to cool to room temperature.
After all volatiles were removed, the remaining solid was washed
with 80 mL of CH;OH and dried again. It was then redissolved in
30 mL of CHCI, and precipitated by the addition ofhexane,

for another 15 min and then annealed to room temperature andYielding 4.98 g (85%) of a green, glittering solid.

stirred for an additional hour. All volatiles were evaporated under
a vacuum and a temperature not higher thafi@Q0Sublimation of
the green solid at 60C in static vacuo yielded 2.8 g (35%) of a
yellow crystalline solid.

nBusN [p-tert-Butyl-calix[4]arene Tetrahydroxylato Oxo-
vanadate(V)],"*1. Triethylamine (0.17 mL, 1.23 mmol) was added
to a suspension of 200 mg (0.31 mmol) tertbutyl-calix[4]-
arene,H,B, in 5 mL of CH,Cl,, and the resulting solution was
treated dropwise with a solution of 210 mg (0.62 mmolnBi,-
NVOs3 in 5 mL of CH,Cl,. After being stirred for 72 h at room

IH NMR (CD.Cl,, 297 K): ¢ 7.89 (m, 4H, PEP"), 7.76 (m,
8H, PhP*), 7.66 (m 8H, PP, 6.95 (s, 8H, H,), 4.38 (d,2) =
11.2 Hz, 4H, CH), 2.91 (d,2J = 11.2 Hz, 4H, CH), 1.18 (s, 36H,
C(CHa)3). 13C NMR (CD,Cl, 197 K): 6 158.9 (-Car), 143.0 ¢
Ca), 136.1 (d,J = 3 Hz, PhP*), 134.9 (d,J = 10 Hz, PhP"),
131.0 (d,J = 13 Hz, PhP"), 130.5 (-Ca), 123.8 (G-H), 118.0
(d,J= 89 Hz, PhP), 34.7 (CH), 34.1 C(CHs)3), 31.8 (CCHa)s).
31P NMR (CD.Clp, 297 K): 6 23.76.5V (CD.Cl,, 297 K): 6 —297.
Anal. Found: C, 72.52; H, 6.79; Cl, 6.55. Calcd foggd7,05PV
CH,Cl,: C,72.94; H, 6.56; Cl, 6.24. Mp: 36&. IR (KBr, cnmb):

temperature, the solution was evaporated to dryness and the resulting3046 (W), 2952 (s), 2918 (m), 2865 (m), 1587 (w), 1457 (s), 1441

green-brown solid was extracted with diethyl ether{2.0 mL).
Removal of all volatiles yielded a brown solid that was dissolved
in 2—3 mL of acetone. This solution was cooledt60 °C, which
led to the precipitation of yellowish needles (that were discarded).
The overlaying brown solution was separated via filtration, and
evaporation of the solvent provided 172 mg (59% based on
employedH  B) of a crystalline brown solid (crude product). Further
purification can be achieved via recrystallization (cooling of a
saturated ChKCI, solution). This process, which leads to an
analytically pure sample, is, however, time-consuming and ac-
companied by significant losses in yield.

IH NMR (CDCls, 297 K): 6 6.96 (s, 8H, H,), 4.47 (d,2J =
11.2 Hz, 4H, CH), 3.39 (m, 8H, N-(CHy),), 2.99 (d,2J = 11.2
Hz, 4H, CH), 1.65 (m, 8H, N-(CH,—CH,),), 1.42 (m, 8H,
N—(CH,—CH,—CHy)4), 1.18 (s, 36H, C(Ch)3), 0.97 (t,2J = 6
Hz, 12H, N-((CHy)3—CH3)4). 23C NMR (CDCk, 297 K): 6 156.2
(0-Car), 140.1 ¢-Car), 127.5 ¢-Ca), 121.4 (Gi-H), 56.3 (N-
(CH)4) 32.4 (CH), 31.4 C(CHs)3), 29.2 (CCH3)3), 21.7 (N~
(CH,—CHy)g), 17.27 (N-(CH,—CHx-CHy)4), 11.3 (N=((CHy)s—
CHa)s); ™V NMR (CDClg, 297 K): 6 —268. Anal. Found: C,
75.68; H, 9.94; N, 1.74. Calcd forggHggNOsV: C, 75.52; H, 9.29;
N, 1.47. IR (KBr, cnh): 3047 (w), 2961 (s), 2872 (m), 1458 (s,
br), 1420 (w), 1391 (w), 1391 (w), 1380 (m), 1360 (m), 1308 (m),
1283 (m), 1252 (m), 1204 (s), 1109 (w), 1030 (w), 978 (s), 920
(w), 883 (w), 870 (w), 829 (m), 798 (s), 758 (w), 727 (w), 696
(w), 677 (w), 544 (m), 498 (w), 432 (m), 422 (m).

Ph4P [p-tert-Butyl-calix[4]arene Tetrahydroxylato Oxovana-
date(V)], "™1. Synthesis of the deprotonatpetert-butyl-calix[4]-

(13) Day, V. W.; Klemperer, W. G.; Yagasaki, £hem. Lett199Q 19,
1267.

(14) (a) Ehrlich, P.; Engel, WZ. Anorg. Allg. Chem1963 322, 217. (b)
Fenske, D.; Shihada, A.-F.; Schwab, Dehnicke,ZK.Anorg. Allg.
Chem.198Q 471, 140.

(15) Gutsche, C. D.; Igbal, MOrg. Synth.1993 CV 8 75.

(16) Gutsche, C. D.; Dhawan, B.; Levine, J. A.; No, K. H.; Bauer, L. J.
Tetrahedron1983 39, 409.

(17) Munch, J. H.; Gutsche, C. @rg. Synth.1993 CV 8§ 80.

(18) Funk, H.; Weiss, W.; Zeising, NZ. Anorg. Allg. Chem1958 295
327.
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(m), 1392 (w), 1361 (m), 1310 (m), 1286 (m), 1260 (s), 1207 (s),
1110 (s), 993 (s), 869 (w), 830 (m), 799 (s), 755 (w), 724 (s), 688
(m), 546 (m), 526 (s), 501 (w), 426 (S).

Oxo[O-acetylp-tert-butyl-calix[4]arene-trihydroxylato]vana-
dium(V), 2. A solution of CHCOCI (0.5 mL, 0.96 M) in CHCI,
(0.48 mmol) was added to a solution of 250 mg (0.24 mmol) of
PPh41 in 10 mL of CH,Cl,. Within 10 min, the color of the solution
changed from yellow-green to red-brown. After being stirred for
another 15 min, all volatiles were evaporated; the residual solid
was extracted witm-hexane (5 mL). This led to a ruby-colored
solution that was filtered from a pale mauve solid (predominantly
PhPCI). Removing the solvent from the filtrate yielded 160 mg
(89%) of a red solid.

1H NMR (CDClg, 297 K): ¢ 7.25 (d,*J = 2.4 Hz, 2H, H,),
7.16 (d,*3= 2.4 Hz, 2H, H), 6.94 (s, 2H, H), 6.90 (s, 2H, H,),
4.59 (d,2J = 13.5 Hz, 2H, CH), 4.37 (d,2J = 13.1 Hz, 2H, CH)),
3.37 (d,2J = 13.1 Hz, 2H, CH), 3.19 (d,2J = 13.5 Hz, 2H, CH),
2.63 (s, 3H, CHC(0)), 1.42 (s, 18H, C(Ch)s), 0.90 (s, 9H,
C(CHg)s), 0.82 (s, 9H, C(Ch)3z). 3C NMR (CDCk, 297 K): ¢
167.9 (Gy), 161.3 (Gv), 154.0 (G), 147.8 (Gy), 147.1 (G,), 144.9
(Car), 142.0 (Gy), 130.7 (Gy), 129.8 (Gy), 125.9 (Gy), 125.1 (G),
124.7 (G-H), 124.4 (Gy-H), 124.3 (G,-H), 124.2 (G-H), 33.0
(C(O)CHg), 32.6 C(CHa)s), 32.5 C(CHg)s), 31.7 (CH), 31.6 (CH),
30.4 (CCHs3)3), 29.5 (CCH3)3), 29.3 (CCH3)3). 51V NMR (C¢Ds,
297 K): 0 —460 (s, br). Anal. Found: C, 74.01; H, 9.49. Calcd
for CaeHssOsV 1.5 GeHis: C, 74.71; H, 8.66. Mp: 128C (dec).
IR (KBr, cm™1): 3524 (m), 3048 (w), 2960 (s), 2905 (m), 2868
(w), 1751 (s), 1481 (s), 1461 (m), 1393 (w), 1364 (s), 1280 (m,
br), 1206 (s, br), 1119 (m), 1012 (m), 996 (m), 943 (w), 922 (w),
871 (m), 818 (w), 799 (w), 694(vw), 596 (vw).

PhsP[p-tert-butyl-calix[8]arene heptahydroxylato dioxodi-
vanadate(V)], 3.p-tertButyl-calix[8]arene (2.00 g, 1.5 mmol) and
0.43 mL (3.1 mmol) of triethylamine were added to a solution of
1.52 g (3.1 mmol) of PHP[VO,Cl;] in 80 mL of acetonitrile. After
being stirred at room temperature for 5 h, the black solution was

(19) Giullemot, G.; Solari, E.; Rizzoli, C.; Floriani, Chem—Eur. J.2002
8, 2072.
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Table 1. Crystal Data and Experimental Parameters for the Crystal Structure Analy§8&¥f2, 3, and4

PhaPy 2 3 4
formula GsgH720sPV CH,Cl2 CagHss06V Ca26H146N7010P V2 CagHesOoV 2
fw (g mol™1) 1136.09 754.84 2051.35 886.99
T(K) 150(2) 180(2) 150(2) 180(2)
wavelength (A) 0.71073 0.71073 0.71073 0.71073
cryst syst tetragonal monoclinic monoclinic orthorhombic
space group P4/n P2i/a P2i1/n Pbcn
a(A) 12.763(3) 11.752(2) 17.0125(3) 20.447(2)
b (A) 12.763(3) 29.076(4) 28.8155(7) 11.381(2)
c(A) 18.733(9) 12.547(2) 23.6724(4) 20.263(2)
a (deg) 90 90 90 90
f (deg) 90 104.94(2) 99.1190(10) 90
y (deg) 90 90 90 90
V (A3) 3050(2) 4142.2(10) 11458.1(4) 4715.3(8)
z 2 4 4 4
D (g cnr®) 1.237 1.210 1.189 1.089
# (Moka) (mm2) 0.326 0.286 0.238 0.252
F(000) 1200 1608 4368 1656
GOF 1.047 0.879 1.123 0.914
Rina[l > 20(1)] R1=0.0402, R1=0.0454 R1=0.0689 R1=0.0596
wR2=0.1020 wR2=0.0925 wWR2=0.1594 wWR2=0.1568
Ring (all data) R1= 0.0550 R1=0.0863 R1=0.0862 R1=0.1051
wWR2=0.1135 wR2=0.1033 WR2=0.1677 wWR2=0.1741
Apmin/ Apmax (€ A-3) —0.429/0.624 —0.392/0.632 —0.648/1.905 —0.350/0.667
Scheme 2

filtered and all volatiles were evaporated. The resulting black solid
was crystallized by cooling an acetonitrile solution, yielding 2.25
g (83%) of pure3. HB
TheH and3C NMR spectroscopic data are in agreement with NHaVO3  ———= (NHg)3[V5014]
those described in the literatd?éefore. Anal. Found: C, 74.07;
H, 7.04; N, 3.37. Calcd for G:H125010PVo-5CHCN: C, 74.41;

4
L
H, 7.16; N, 3.55. Mp: >300°C. P
Dimethoxo-dioxou-oxo[1,3-dimethylp-tert-butyl-calix[4]arene-
dihydroxylato]divanadium(V), 4. An orange solution of 0.50 g

(3.1 mmol) of OV(OCH)z and 1.06 g (1.6 mmol) of 1,3-dimethyl-
p-tertbutyl-calix[4]arene in 40 mL of THF was heated under reflux _ _
for one night. The solution’s color changed to darkish red. All g;i Eg 223131;2233:;&“5) 6.87 (d, 2H,4 = 2.0 Hz, Hy),
volatiles were evaporated to dryness; the resulting solid was ~ e ) e

extracted with acetonitrile and all volatiles were again evaporated. H NMR (CeDs, 297 K, 4%): 6 7.28 (d, 2H,J = 2.3 Hz, Hy),
The residual red solid was redissolved in 10 mL of CH, and 7.24 (d, 2H,40 = 2.3 Hz, Hy), 6.84 (s(br), 4H, H,). 1°C NMR
after the addition of 30 mL ofn-hexane, the solution was (CDCl, 297 K): 6 168.5, 168.3, 152.7, 146.3, 145.8, 133.2, 133.0,
concentrated in a vacuum until small amounts of a red precipitate 132.6, 132.4, 128.1 (&H), 126.4(G-H), 126.2(G-H), 126.1-
appeared. Cooling of the solution overnight t6Gyielded 1.1 g (CarH), 125.9(G-H), 125.5 (G-H), 123.7 (G-H), 75.2 (VOCH),
(80%) of a crude product. A pure sample could be obtained by 63.4 (OCH), 63.0 (OCH), 53.0 C(CHzs)3), 34.5 (CH), 33.9 (CH),
recrystallization from a CkClo/n-hexane solution and washing with ~ 31.9(CCHy3)s), 31.2 (CCHs)3). 3V NMR (C¢Dg, 297 K): 0 —542.
small amounts of-hexane. Anal. Found: C, 65.73; H, 7.32. Calcd fogdEle4OqV,: C, 65.00;

IH NMR (CDClg, 297 K, 49): ¢ 5.11 (s, 6H, VOCH), 4.36 (d, H, 7.27. IR (KBr, cntl): 3047 (w), 2961 (s), 2920 (M), 2866 (W),
2H,2J = 12.5 Hz, CH), 4.09 (s, 3H, GOCHs), 4.05 (d, 2H2J = 2820 (w), 1481 (s, br), 1362 (m), 1313 (w), 1300 (w), 1250 (m),
12.5 Hz, CH), 3.84 (s, 3H, GOCHg), 3.36 (d, 2H2J = 12.5 Hz, 1207 (s), 1123 (m), 1059 (s), 1017 (m), 995 (m), 941 (w), 918
CHy), 3.14 (d, 2H2 = 12.5 Hz, CH), 1.35 (s, 18H, CCh), 0.84 (w), 860 (m), 813 (vs), 798 (vs), 775 (W), 696 (w), 648 (w), 635
(s, 9H, CCH), 0.81 (s, 9H, CCH). 'H NMR (CDCl; 297 K, 4): (m), 625 (w), 588 (W).

8 5.16 (s, 6H, VOCH), 5.10 (d, 2H2J = 12.5 Hz, CH), 4.32 (d.
2H,2)=12.5 Hz, CH), 3.94 (s, 6H, &OCHy), 3.36 (d, 2H2J =
12.5 Hz, CH), 3.15 (d, 2H,2] = 12.5 Hz, CH), 1.35 (s, 18H,

1H NMR (CeDg, 297 K, 4): & 7.30 (d, 2H,43 = 2.0 Hz, Hy,),

Protocol for the Oxidation Studies.Catalyst (0.01 mmol) was
dissolved in 1.5 mL of acetonitrile. After the addition of 500 mg
of molecular sieve powder (3 A), 1.00 mmol alcohol in 0.5 mL of
CCHg), 0.82 (s, 18H, CCh).

) ) acetonitrile was added. Subsequently, the mixture was stirred
Because of serious overlap, the signals for the aryl protons cannot,;4q6ysly fa 3 h (or for 1 h when 3 h led to a complete conversion)
be assigned unambiguously to the cis and trans isomers in £DCI

] - at 80 °C under a dioxygen atmosphere (oxygen was allowed to
as the solvent_ (which, however, _better resolves_the other reglons)'pass through the reaction vessel for 15 s before the reaction, and
;the){_'a?psalr Oln(r:?eéo)rmecg 4m(t;|1t|p|l_ft)s gfseeqlzf: w&e)grﬁlbags.é?, this procedure was repeated every 60 min). The mixture was then
sol’uti(%’ thé corre,sp(;r,\dirllg sign’als rc’an.be aséignrea' 6 cooled to ro.om.tem.perature, and the mcl)lecula.r.5|eve powder was

' ’ separated via filtration. In the case of high boiling alcohols (and
(20) (a) Hofmeister, G. E., Hahn, F. E.: Pedersen, 5. Am. Chem. Soc. rgsultlng carbonyl (?ompounds), the acetonltrll.e solvent was then
1989 111, 2318. (b) Hofmeister, G. E.; Alvarado, E.; Leary, J. A.; Simply evaporated in a vacuum. The conversion was determined
Yoon, D. I.; Pedersen, S. B. Am. Chem. S0d.99Q 112, 8843. by IH NMR spectroscopy. In the case of low boiling alcohols, the

Inorganic Chemistry, Vol. 45, No. 20, 2006 8311



Hoppe et al.

Scheme 3
PPh4[VO,Cly]
-
1 X = NBu, NBudq Li,B
PPh, PPh4q
reaction mixture was filtered and directly employedih NMR contact of the metavanadate starting material with the acidic
spectroscopic investigations. protons in H,B triggers aggregation and condensation

All starting materials and products are known and commercially reactions leading tdl instead of a calixarene complex.
available. The turnover frequencies (abbreviated TOF) were Hence, in the next attempt, Nfitas added as a base, which
calculated as the number of moles of substrate that a mole of catalyst

indeed enabled formation of the envisioned complex NBu

can convert per unit time. NBud
Crystal Structure Determinations Suitable crystals offBu41 [O=VB], 1, (Scheme 3) in good yields. However, it is

could be obtained by cooling a saturated solution inClkito —30 difficult to completely separat&®“41 from small amounts
°C. Single crystals oPP1 and5 were obtained by diffusion of  of unreactedd4B during the workup procedure. Analytically
n-hexane at room temperature into a £ solution ofPP"“1 and pureNBu41 can be obtained via crystallization by cooling a

5, respectively. Suitable crystals Bfvere obtained by evaporation  CH,CI, solution but only if significant losses in yield are

gf the SO'E)’ter_‘t frg”g a satll?rated h‘:’xar;edsomtito”'_ts_:”glelc?’Sta'i C;f accepted. Alternatively, the complex aniban be synthe-
were oblained by cooling a safurated acetoniiriie SOIUton a5 g, o g starting from the lithium salti,B, which can be

°C. Crystals o4 were obtained by evaporation of the solvent from btained Vi . E ith lithi hthalenide:
a saturated acetonitrile solution at room temperature. The crystals0 tained via reaction oH,B with lithium naphthalenide:

were mounted on a glass fiber and then transferred into the cold Corresponding treatment with tetraphenylphosphonium dichlo-
nitrogen gas stream of the diffractometer (Stoe Stadi¥et, Stoe rodioxovanadate PRIVO,Cl,] leads to the elimination of
IPDS forNBu4], 2, and4, Stoe IPDS2T for3 and5) using Maq LiCl (and apparently also kD), yielding PPHO=VB],
radiation,A = 0.71073 A, and the structures were solved by direct PPh4q (Scheme 3) for which an X-ray crystal structure
methods (SHELXS-97); refined versus= (SHELXL-97)* with analysis was performed (see Figure 1). As expected, the
anisotropic temperature factors for all non-hydrogen atoms (Table vanady! group inl is surrounded symmetrically by an,O

1). All hydrogen atoms were added geometrically and refined by .
using a riding model (except for H113 in the crystal structur8,of dor?or S,Et’ and therefore represents the first model for such
a situation on an oxidic support.

which was found).
The crystallographic data (apart from structure factor$ipefi,
PPh4Y 3, and4 were deposited at the Cambridge Crystallographic

Data Center as supplementary publications CCDC 610225, 610226, - /-\
610227, 610228, and 610229, respectively. Copies of the data -
can be ordered free of charge on application to CCDC, 12 Union e A
Road, Cambridge CB2 1EZ (fax: 44-1223-336-033; E-mail: ; 02 -y
deposit@ccdc.cam.ac.uk). - ' 01 B

- . y

Results and Discussion

Syntheses and Structures of Mono- and Dinuclear «w
Calixarene Vanadium Oxo Complexes.For the above-
mentioned purpose first of all a set of various different

calixarene vanadium oxo complexes had to be prepared. To — .
obtain a complex containing a6/t unit embedded in a ' ’, “
tetragonal oxo coordination environment, we reacted tetra- ))
butylammonium metavanadate wkhB. This, however, led (‘t;
in good yields to the isolation of a pentanuclear vanatiate \ o
(as evidenced by single-crystal X-ray analysis) that first [ f ; l
caught attentiof® in 1989, as it represented a novel type of _
structure in polyoxometallate chemistry being based on - \
corner-sharing tetrahedrons (see Scheme 2). Obviously, the o (
-
(21) Sheldrick, G. MSHELXS-97 Program for Crystal Structure Solution ~ Figure 1. Molecular structure of the anion 8f™1. All hydrogen atoms,
University of Gdtingen: Gatingen, Germany, 1997. the PhF_’+ cation, and a cocrystall!zed solvent moIecuIeZCIj_were omitted
(22) Sheldrick, G. MSHELXL-97 Program for Crystal Structure Refine- ~ for clarity. The molecule contains a crystallograpkig axis through V
ment University of Gdtingen: Gatingen, Germany, 1997. and O2. Selected bond distances (A) and angles (deg)0%/ 1.5917(8);
(23) Day, V. W.; Klemperer, W. G.; Yaghi, O. M. Am. Chem. So¢989 V—01, 1.8858(4); V04, 0.3690(5); G,—O1-V, 133.144(10); OZV—
111, 4518. 01, 101.285(13).
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Scheme 4 @os

- PPh,CI

¥ o e (-
N 04 _

almost ideal square pyramidal: as a crystallograghiaxis
runs through V and 02, all ¥O,, bonds have the same

; Figure 2. Molecular structure of comple®. All hydrogen atoms were
length (1.8858(4) A) However, the V center is not located omitted for clarity. Selected bond distances (A) and angles (deg}:\Q1

in the plane formed by the corresponding four O atoms but 3 g40(2); 02V, 1.753(2); 03-V, 1.798(2); 04V, 1.785(2); O5-V.
0.3690(5) A above it. The terminal MO2 bond distance  1.596(2); 0+V—05, 79.89(8); 02V—03, 102.61(8); 02V —04, 115.95-
(1.5917(8) A) is very similar to that in (1.598(5) A), gg)_ongv—fgé111596&%53:)%}0—1% 1915634?((193);-%31/625\}133633'
whereas the other YO bonds are somewhat longer than (5).'c,—03-v, 106.5(2); G,—04-V, 145.5(2); A(O1)-Ar(03), 15.42(11);
comparable bonds ih(1.793(5), 1.811(6), and 1.825(5) A).  Ar(02)—Ar(04), 59.45(11).

PPh41 andNB'41 are comparatively stable compounds that , . } )
can even be handled in air for short periods of tiff#41 line 2 adopts the partial cone (so-called “paco”) cpnformatlon
does not react with alcohols such as ethanol and methanol {Car—V ~02 = 206.0(2)). Often, the corresponding “cone

and the solid is stable against water. According to the NMR structures _(W'thCS symmetry) are very close in energy, so
data. 1 shows in solution the same structure as in the that sometimes even both conformations are observed in the

crystalline state: Singlet signals for ttigu protons and the salid depending.on t_he conditions of crys_tallizati‘éﬁand, .
aryl protons as well as the fact that only two doublets are furthermore, a situation favored in the solid (whgre paclgng
observed for the methylene protons point tGsymmetry, effects occu.r) ”."'ght n.ot b.e the one favored in solution.
as expected from the results of X-ray crystallography. Interconvgrsmn is po§S|bIe in §olu.t|on o] t_hat.the most st.able
The 3V NMR signal appears at-268 ppm fore1 in structure is adopted if the activation barrier is not too high.

This is indeed the case f@
CDCl; and at—297 ppm for’""1 in CD,Cl,, i.e., shifted to

. . In the 'H NMR spectrum, three signals in the ratio 2:1:1
lower field in comparison to the known neutral compound . b observed for the protons of &1 groups, and for
(—352 ppm)ita '

the methylene protons, two pairs of doublets are found,
For comparative reactivity studies, it seemed desirable to indicating aCs symmetry with a mirror plane running through
also investigate a neutral calix[4]arene vanadium(V) ox0 the G, —OAc moiety, the =0 group, and the phenolic unit
complex. As mentioned, so far one representative has beerbpposite to the acetylated~\O—Cx, group. This suggests
described|() that, however, is difficult to isolate in the pure  that the cone structure is preferred in solution (or that all
state free from V¥ impurities!* Hence, we contemplated the phenoxy ligands i2 switch very rapidly so that an averaged
synthesis of a more easily accessible derivative. Indeed,spectrum is observed on the NMR time scale). IiCa
starting from""™1, such a neutral complex can be obtained symmetric structure, the two protons of the two different

o3 i
The cavity hosts a C¥l, molecule, and the coordination f'\\gg b
sphere around the vanadium atom can be described as being ﬁ-\v
T e

in a clean and facile synthesis: the addition ofCkD)ClI aryl rings halved by the mirror plane should be magnetically
leads to the precipitation of PRB and formation of G= equivalent and show one singlet per aryl ring. The remaining
VBO, 2 (see Scheme 4). The result of an X-ray crystal two aryl rings should be equivalent, but not the two protons
analysis is shown in Figure 2. within an individual unit. Hence, for these two rings, two

Whereas the coordination geometry around \I imas to doublets should be observed. This is exactly what is found
be described most appropriately as being distorted trigonalexperimentally in the region where the aryl protons absorb,
bipyramidal because of the fact that the methoxy group binds which again points to a cone conformation.
at a longer distance to V too (compare Chart 2), the vanadium The chemical shift in thé&V NMR spectrum amounts to
center in2 is coordinated tetrahedrally by the O atoms 02, —460 ppm, i.e., the signal is shifted by more than 100 ppm
03, 04, and O5; there is no interaction with the O atom of to higher field in comparison tb. Comparing the serie?,
the acetyl unitd = 3.040(2) A), and consequentlg,can I, and 1, it thus has to be noted that starting from a
be regarded as modeling species a in Chart 1. However, bothtetrahedrally coordinated vanadyl groug),(via weak
complexed and2 show almost equal %O bond lengths; coordination of an additional ligandl)( up to strong
the bonds to the aryloxy O atoms are somewhat short2r in coordination {) leads to an increased deshielding of the
(1.753(2), 1.798(2), and 1.785(2) A) than lin(1.793(5), vanadium center. It is difficult to elucidate the exact reasons
1.811(6), and 1.825(5) A). As found in one of the molecular for this trend, because structure and electronics change
structures reported fdrl'2the calixarene moiety in crystal-  simultaneously.
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for a similar titanium complex; this proposed structure is
identical with the one determined here by X-ray crystal-
lography.

The formation of3 must have proceeded via the addition
of OH functions to =0 groups under elimination of HCI
and water (a similar type of reactivity has been reported only
recently for molybdenyl chemistr3f) so that two at first
independent &V?3* units are coordinated by four aryloxide
ligands each, as inl. However, two facts prohibit a
description of3 as a dinuclear version df First, one of
the phenol functions irHgB" is not deprotonated (i.e., a
coordinated alcohol function results), so tBatontains only
a monoanion, and second, the ligand folds in a way that
allows for the coordination of five phenoxy functions at the
vanadium centers; that is, two of them withthadopt a

Figure 3. Molecular structure of the anion &f All hydrogen atoms, the bridging binding modus. At the remaining coordination sites,
tert-butyl groups, and cocrystallized solvent molecules (acetonitrile) were

omitted for clarity. Selected bond distances (A) and angles (degy- 01 the terminal oxo ligands (O9 and O10) are bonded, being

V1, 2.036(2); 02-V1, 1.849(2); O3-V1, 1.852(2); 04V1, 2.212(2); 08 positioned in a cavity defined by three aryl rings; the two
V1, 1.992(2); 09-V1, 1.589(2); O5-V2, 2.141(2); O6-V2, 1.836(2); OF i i

V2 1.841(2); OAV2. 1.968(2), OBV, 2174(2); O10V2 1800(2);  anadium ‘?“TS aret. thuj llocafd t'n psi‘igoocﬁ?hedral
05-H113, 0.93(8); O+H113, 1.61(8); O5-H113-01, 177(7); VE04— environments. As mentioned afready, at one of the calixarene
V2, 107.20(8); VE08-V2, 107.77(8); VE04(01, 02, 03, 08),0.2313-  oxygen atoms (O5), a proton (H113) remained bonded, which
(4); V2-04(04, 05, 06, O7), 0.2202(4). could be located in the crystal structure analysis-tD=
Scheme 5 0.93(8) A); it undergoes a hydrogen bond to the opposite

calixarene oxygen atom ¢(HO1 = 1.61(8) A, O5-H113

=01 = 177(7¥). The vanadium atoms V1 and V2 are
positioned somewhat (0.2312(4) and 0.2202(4) A) above the
ideal planes through O1, 02, O3, 08 and 04, 05, 06, 07,
respectively. The terminal*O bond distances (\\109 =
1.589(2) A, V2-010= 1.599(2) A) lie in the usual range,
being comparable to those displayed lpyl, and 2. The
distance between the two vanadium atoms amounts to
3.3677(7) A.

Having accessed a dinuclear, singly charged vanadium oxo
complex, we also pursued the syntheses of a corresponding
neutral complex, ideally containing-MO—V units. Refluxing
H,BMe2in THF solution together with VO(OC¥)k overnight

Like I, compound? shows only a slight sensitivity toward ~ leads to a dark red solution from which red crystals could

oxygen, but it is very sensitive to water. In the absence of be obtained after work up. An X-ray diffraction analysis of
both, it is stable in solution for long periods. a selected single crystal revealed the molecular structure

We next turned our attention to the synthesis of compoundsOf the first dinuclear calix[4Jarene co.mplex;l-p(0=
o . : V(OMe)),BMe2], 4t (see Scheme 6 and Figure 4)

containing two oxovanadium units to also allow for a o '
comparison of the reactivity of dinuclear vs mononuclear _ 1he vanadium centers each form only one bon&'e”.
complexes. Accordingly, higher calixarenes were employed 1hey are coordinated by one aryloxy group with an
as starting materials, as these offer room for more than one(@)C~O—V angle that is characteristic of the paco confor-
vanadium center. First of algB" was chosen to be reacted mation; nonetheless, the paco conformation is not adopted
with PPh[VO,Cl,] in the presence of BN as a base. The here, because none of the vanadium centers has a central
resulting product was fully characterized, and a single-crystal po_smon. They hav_e moved towa_lrd the Iow_er rim being
X-ray analysis revealed the structure (Figure 3 and Schemebndged by an oxo ligand. The residual coordination sphere

5) and constitution of PRFO,V,HB"], 3. is completed for each V center by one methoxy and one
It turned out that a salt containing the anion ®fin

terminal oxo ligand, so that the geometries around the V
o . . ) atoms can be assigned as being tetrahedral. There is no
combination with a different cation had been reported before bonding interaction between the V atoms and the methoxy
by Pedersen and co-workétsss the product of the conver-
sion of VO(OPr); with HgB" in the presence oR)-(+)-1-

groups of the ligan@®V¢?, as indicated by their distances to
. : \ . vanadium, which are longer than the van der Waals distances.
(1-naphthyl)ethylamine. A single-crystal X-ray diffraction A orystallographicc; axis runs through the bridging O5 atom
study had not been performed, but the solution structure of

3 had'been investigated in deFa|I. A suggestion for a structgre (24) Liu, L Zakharov, L. N.; Golen, J. A.; Rheingold, A. L.; Watson, W.
was finally made on the basis of a structure determination H.; Hanna, T. A.lnorg. Chem 2008 45, 4247.

PPh,[VO,Cl,]
—_—

H.B"
s NEt,
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Scheme 6

4°

and the center of the “calyx”. The distance between the two individual signals appear separated from each othegin.C
vanadium centers amounts to 3.3060(2) A. NMR spectro- Three signals are apparent with an intensity allowing an
scopic studies with the bulk product showed that the reaction assignment ta®: two doublets and a broad singlet with
in Scheme 6 leads not only @ with the two V-bound doubled intensity. This can be explained as follows: the two
methoxy groups in trans orientation as in Figure 4 but also vanadium-ligated phenolic moieties are equivalent, so that
to an isome#d° where they show a cis positioning (product both show the same sets of signals. However, the protons
ratio 3:2). This clearly becomes evident frold NMR within each of those phenoxy groups are diastereotopic,
spectra recorded ingdDs and CDC}. As mentioned already  showing different chemical shifts; they couple with each
4 displays aC, axis, whereasi® exhibits a mirror plane  other to give two doublets. The aryl protons within the two
through the two methoxy units and the bridging O atom. remaining aryl groups are equal, giving rise to singlets; the
This leads for both isomers to two different types of two aryl rings differ from each other only slightly so that
methylene groups and thus, as observed and resolved irthe expected two singlets overlap to give a broad signal with
CDCl; solution, to two pairs of doublets that can be easily doubled integral. In4t, there is no mirror plane running
assigned to the individual isomers according to their intensity. through any of the aryl rings so that within each ring, the
For 4!, two different types oftBu signals are expected, two protons present are magnetically inequivalent. In turn,
whereadt® should show three signals with an intensity ratio pairwise, two of the aryl groups are equivalent; in total, 4
of 2:1:1. These signal sets can be found in the experimentaldoublets with equal intensity should be expected, as observed.
spectrum, too, displaying the expected ratios. Furthermore,From one experiment to the other, the relative yield'db
in the region of the aryl-bound methoxy groups, three singlets 4¢ varies somewhat, as evidenced by NMR spectroscopy.
can be observed, two of them showing equal intensity. Samples showing different ratios do not adjust within a
Indeed, ind°, these methoxy groups should be magnetically couple of hours, which already indicates that the isomers
different so that two signals are expected, whereas they areare not in a rapidly adjusting equilibrium to each other.
equivalent ind', leading to only one singlet. The vanadium Heating to 60°C did not alter their ratio. ThéV NMR
bound methoxy groups are equal in bdthand 4¢, leading signals for4' and4¢ are coincidentally isochronic (which is
to two singlets in a 3:2 ratio. The region of the aryl protons not surprising, as the surroundings of the vanadium centers
cannot be resolved in CDEbecause of overlap, but the vary only slightly in the second coordination sphere), so only
one signal is observed. The chemical shift-©542 ppm
compares best with that & whose vanadium center also

e %9 shows a tetrahedral coordination sphere. In conclusion of
y these investigations, it can thus be stated #hatso retains
w the structure it shows in the solid state; on this basis, it can
® T z:” Q be safely assumed that the same is truedfor
e Reactivity of Compounds -4 with Respect to the
I /‘ i Activation of O, for the Oxidation of Alcohols. As outlined

in the Introduction, the most prominent conversions that can
be carried out using vanadia on oxidic supports as hetero-
v geneous catalysts are the ODH of methanol and alk&tés.

Naturally, molecular models such as those described here

e

I © (- will prove themselves unreactive in contact with alkanes, as
the rate determining step of the ODH is the firsti@ bond
,_}-‘-s.r‘\v cleavage being characterized by a large activation barrier

< (heterogeneous catalysis at elevated temperatures is required).
£ 4 Molecular struct . ot Al hvd . However, methanol and higher alcohols are less inert as
ijgure 4. olecular structure of comples. ydrogen atoms were . . . . .
omitted for clarity. Selected bond distances (A) and angles (degy\Q1 substrates, so their re"f‘Ct'Ons_Ca_n also be mve_stlgated_wnh
3.056(2); 02-V, 1.788(4); 03-V, 1.756(4); 04V, 1.593(4); O5-V, molecular compounds in the liquid phase. Any information

1.766(2); 02-V—03, 110.3(2); 02V —04, 108.4(2); 02V —05, 113.44-  derjved from such studies might contribute to a more
(7); 03-V—04, 104.3(2); 03 V—05, 111.79(13); 04V —05, 108.1(1);
V=05-V', 138.796(3); 03 CHs, 1.455(8); V-03—CHs, 130.1(4); VO2-
V'02, 9.86(9); Ar(O1)-Ar(01'), 9.5(2); Ar(02)-Ar(02), 88.0(2). (25) Ditbler, J.; Pritzsche, M.; Sauer,J.Am. Chem. So2005 127, 10861.
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Table 2. Substrate Oxidation with £and 1 mol %1—4 as Catalysts
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TOF (Y yield (%) after 3 &

PPh4] 2 3 4 VO(acac) PPhdy 2 3 4 VO(acac)
cyclohexanol 0 0 0 0 0 0 0 0 0 0
1-hexanol 0 0 0 0 0 0 0 0 0 0
2-pentanol 0 0 0 0 0 0 0 0 0 0
benzyl alcohol 0 0 3.3 0 12.3 0 0 10 0 13
cinnamyl alcohol 0 1.7 7.0 20.3 50.0 0 5 21 61 100
crotyl alcohol 0 0 0 0 9.0 0 0 0 0 27
1-phenyl-1-propargylic alcohol 0.7 2.3 25.7 15.3 60.0 2 7 77 46 €100
1-phenyl-1-propanol 0.3 0.7 0.7 1.3 2.7 1 2 2 4 8
9-fluorenol 0 3.0 86.0 15.3 24.0 0 15 w0 46 72
9,10H-dihydroanthracene 0 0.7 10.0 1.3 0 0 2 30 4 0
fluorene 0 0 0 0 0 0 0 0 0 0

aThe numbers in the right column specify the yield of oxidation product referring to the aldob@ yield after 1 h¢ 60% yield after 1 hd 86% yield

after 1 h.

comprehensive understanding of the methanol oxidation at
vanadia catalysts and they might as well provide ideas
concerning the (probably) more complex ODH of alkanes.
To test the compounds described above for any reactivity
in relation to the ODH and to thus test them as models, we
therefore decided to investigate the oxidation of a palette of
various different alcohols with £as the reagent. Of course,
there are numerous methods to oxidize alcohols with organic
or inorganic reagent$,which, however, are often stoichio-
metric and/or lead to toxic waste products. The performance

&0,00

60,001

2000

of catalytic oxidations with @is therefore still an attractive I -_'; Vorscaci2
topic, and a lot of research has been devoted to it in the {T}_’?ﬁ——_%_s_r_% ..- ® s
past?® Certainly, the background of the study presented here, é $ 8% 3% 3 r_?j{r—;r??

as mentioned, was an inquiry into whether compouhd4 - g g § 3 g : 3

could represent not only structural but also functional models 8 E 5 B i P E

for the heterogeneously catalyzed ODH and not the improve- g 2 3‘3

ment of known catalysts for the aerobic oxidation of alcohols. y ¢ 3

Nevertheless, the latter aspect was borne in mind as a g: <

potential, beneficial quality of the investigation.

Figure 5. Substrate oxidation with £catalyzed by complexek—4. The

As we are dealing with ¥ compounds that are discussed numbers refer to TOFs (B).
as functional models, they should contain functional moieties
already, i.e., the first step of a possible catalytic cycle should version could be observed for any of them, neither with
consist of a reaction with the chosen alcohol. After a potential complexesl—4 nor with the reference system. In case of
oxidation reaction, @could serve to regenerate the active 1-hexanol, this was not too surprising, as it represents a
species (for an initial @activation, some d-electrons would  primary alcohol, the oxidation of which is difficult with
be required: #complexes mostly do not activateJOAs a  vanadium compounds. Nonetheless, 3owe were able to
reference, a system was chosen that has been shown t@pserve some activity in the oxidation of other primary
catalyze the aerobic oxidation of 1-phenyl-1-propargyl gicohols, namely, in the cases of benzyl alcohol and cinnamyl

alcohol?” OV(acac), which probably belongs to the category
of complexes that activates,@irst.

Catalytic amounts of the synthesized complexes were
dissolved in acetonitrile, and molecular sieve was added to
remove the water being produced during the oxidation. After
the addition of a chosen alcohol, the resulting mixture was
heated for +3 h at 80°C under an oxygen atmosphere.
After work up, the turnover frequencies (TOFs) were
determined by NMR spectroscopy. The results are sum-
marized in Table 2. Three aliphatic alcohols were em-
ployed: 1-hexanol, 2-pentanol, and cyclohexanol. No con-

(26) Arends, I. W. C. E.; Sheldon, R. A. Modern Oxidation Methods
Backvall, J.-E., Ed.; Wiley-VCH: Weinheim, Germany, 2004; p 83.

(27) Maeda, Y.; Kakiuchi, N.; Matsumura, S.; Nishimura, T.; Kawamura,
T., Uemura, SJ. Org. Chem2002 67, 6718.
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alcohol (TOFs of 3.3 and 7.0 R respectively), and
OV(acac) performed even better (12.3 and 50:0)hbeing
capable of oxidizing crotyl alcohol in addition with a TOF

of 9.0 . When 1-phenyl-1-propargylic alcohol and fluo-
renol were employed, the following picture emerged: mono-
nuclear complexed and 2 led to only low conversions.
However, the dinuclear complexes and the reference system
led to much higher TOFs between 15 and 88.With a
TOF of 86 h?, the activity of3 for the oxidation of fluorenol
was even almost 4 times higher than the one of OV(acac)

These findings could hint to the fact that two vanadium
centers are advantageous for an efficient catalysis and that
the activity of OV(acag) has the formation of a dinuclear
active species in solution as its basis.
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Having found that some of the complexes do in fact show it turned out that it does not even transfer the terminal oxo
activity as catalysts for the alcohol oxidation, a nonfunc- ligand to phosphines. A possible reason lies in the negative
tionalized hydrocarbon was then employed to further exploit charge that has to be accommodated for aM3" unit if it
their potential. A substrate with comparatively weak i@ is surrounded by four additional negatively charged ligands,
bonds was chosen, namely, 9,10-dihydroanthracene. Re-and this conclusion could also hold for corresponding surface
markably, the two dinuclear complexg@snd4 again proved species.
to be active (even though the TOFs were much lower in )
comparison to those for the alcohols), whereas the referencé=onclusions

system proved to be inactive. The oxidation products were  The synthesis and characterization of two mononuclear
identified as 10% (3%) anthracene, 13% (6%)Hi&n-  and two dinuclear oxo vanadium calixarene complexes
thracene-9-one, and 7% (6%) 9,10-dihydroynthracene-9,10-(charged as well as neutral) have been achieved. Some of
diol. These oxidations probably proceed via anthranol and these complexes proved to be efficient catalysts for the O
dihydroantracenediol by analogy with a corresponding oxidation of activated alcohols. It could be noted that the
oxidation using a Ru cataly3t.However, when fluorene,  two dinuclear complexes were significantly more active than
whose C-H bonds are somewhat (ca. 23 kJ/mol) stronger, the two mononuclear compounds. Subsequent studies even
was chosen as the substrate, none of the compoundshowed that the singly charged mononuclear complex
employed showed any activity. behaves completely inert toward other substrates under

The mechanism of oxidation for the catalysts employed yarious conditions, whereas the two dinuclear complexes
is still unclear (possibly, there is more than one). As were capable of oxidizing a nonfunctionalized hydrocarbon
mentioned above, the first step in the cases of the active V |jke 9,10-dihydroanthracene, although the TOFs are much
catalysts will consist of a reaction with the alcohol, and in |ower in comparison to the ones for the alcohol oxidations.
fact, a significant color change can be observed on addition These findings may have implications on the discussion
of the alcohol for the active CatalyStS. A further color Change which kind of Species are active in oxidative dehydrogena_
can then be noted on heating, together with Bowever,  tjons with vanadia catalysts, as they suggest an increase in
so far, we have not been able to identify any of the potential activity through the cooperative behavior of two metal
intermediates. More detailed and extensive studies mightcenters. However, a larger number of complexes has to be
provide some insight in future. Nevertheless, the results of synthesized and more detailed mechanistic investigations
these preliminary investigations put forward some interesting have to be performed to support this hypotheses. Especially,
working hypotheses concerning the prerequisites for suc-the identification of an oxidation intermediate would be very
cessful catalysis (e.g., with respect to nuclearity) that will helpful. Current work deals with these issues.
be tested in subsequent research.
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the presence of reducing agents such as Zn or Mg, and finally - sypporting Information Available: X-ray crystallographic data
as catalyst for the photooxidation of benzene and cyclohex-in cif format and plots of the crystal structures showing the 30%
ene with Q. In all these experimentd, behaved inert, and  probability level ellipsoids. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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