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The development of materials that catalyze selectip/aiGbased
oxidations under mild conditions are of both considerable intel-
lectual interest and potential utility. To date there are very few
molecules or materials that catalyze rapid air-based oxidations under
mild conditions! We report here the preparation and characteriza-
tion of a new type of material comprised of anionic metal oxygen
clusters (polyoxometalates or “POM&'that are electrostatically

bound to cationic silica nanoparticles (henceforth “(Si/AI®.”).3 ] . ) L )
The binding of a new sandwich-type P@Mf formula, [(Fé'- F’.gﬁ'il' A) ”!“s”a;'on of t?ehelem.;‘ftafc assoc'aF'OI” dMnonoa%)_ns
OHy)2)s(A-0-PWeOsa]® (1), 1o (SAIO)™ forms an active with the cationic surfaces of the (Si/A§D* nanoparticles. Compouridis
(OH2)2)s 934, ) ! ! ! shown in combination polyhedral/ball-and-stick notation. Theg&@d PQ
heterogeneous catalyst, for selective @xidations under mild polyhedra are shaded gray and pink, respectively, and the Fe atoms and
conditions that is actually more reactive than the same quantity of the K* cations are shaded orange and translucent purple, respectively. (B)
the same POM catalyst in solution. ATEM image of‘ an average-saeéU nm) particle of K1/(Si/AlO,) after

The POM,1, is prepared by the reaction of (A-M#PWeOss)® catalysis. The sizing bar is 10 nm in length. The dark spots afe more
and Fe(NQ) Yir71 Weﬁerpand thg K salt readily produces bi)tr?4ana visible on the lighter background of the larger Si/Al@anoparticle.
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lytically pure bulk samples and diffraction quality crystéiShe is consistent with~58 Kgl monoanions per nanoparticle (loss of

N P, ) . .
X-ray structure ofl shows it to be an A-type sandwich POM of 2nestla<l”(§)er;Pr(1) Ma:QIE%eTZUSr’;hGIESl?/UAVlgS)Izzsrt%efr?rrgmxgié
approximateDs, symmetry”-€ The charge ol was inferred from ry grapny ge 2P

the number of K counterions determined by both elemental anal- are also consistent W|th_an approxnm_ate single _Iayel on the_
- . .. surface of each nanoparticle. Fourth, high-resolution TEM confirms
ysis and X-ray crystallography. Bond-valence-sum calculations indi- ) . .
s - . the diameter of the averageX(Si/AlO,) particle from DLS (17
cate the three central metals Inare ferric ions. It is a trivalent

structural analogue of the POMs of formula,"B{A-a-PWeOs4)5] 2~ nlm). Fifth, tTIe J EM d Ofl the Igg(Si/NOZ)b paréiclfgs showds tl?e
. ' ' electrostatically bound electron-dense W-based POMs as dark spots;
where M= Mn'", Fé', Ni"", CU', and ZH, reported by KnotHb-cA

thermal ellipsoid plot (Figure S1) and all the structural data on the the reactant (S/AIGICI particles show no such spots. The photo-

K+ salt of 1 (Kel) (R1 = 4.19%) are given in the Supporting micrographs all show some spots the size of individual EOMS and
Information. larger spots consistent with some POMs that are proximal or on

Whereas the anionic POMs do not bind strongly to conventional top of one another on a surface that is rough and also one that has

. . . a nonuniform distribution of cationic surface sites as per the manu-
negatively charged or neutral silicas (POMs are displaced from most , e . ;
o - . . . facturer’s specifications (Figure 1B)Catalysis does not change
silicas upon simple washing with conventional solvents), they do .
. L2 . N . . the appearance of the TEM images.
bind very strongly to cationic (Si/AIQ"" nanoparticles. Simply ; . - . .
- . . . This new type of material, K/(Si/AlO,), is an active catalyst
stirring aqueous solutions of the POMs with aqueous suspensions : ) : A
. . for the aerobic oxygenation of sulfides and the autoxidation of
of (Si/AlO,)CI produces POM-bound nanoparticfek the case aldehydes (see Supporting Information, part S6), egs 2 and 3
of 1, five lines of evidence are consistent with the chemistry and y PP 9 P € '
stoichiometry in eq 1 for this process. Namely, there is a loss, on R,S+ 0.5 0,=R,SO (2)
average, of one of the nine cations of the POMI(Kupon binding RCHO+ 0.5 0,— RCOOH 3)
to the (Si/AIQ)"" nanoparticles, and the POMs form an approx- '
imate single layer of K1 monoanions on the surface of each nano- Both reactions proceed rapidly using ambient air as the oxidant at

particle. This translates to an average formul@kf[(Fe'" (OH,),)s- 25 or 75°C for CH;CHO or THT, respectively. Significantly, an
(PWoO34)7]} 56(SITAIO,) (henceforth K1/(Si/AlO,)) with an average equimolar quantity ofl alone, either in the same solution (gH
diameter of 17 nm. Figure 1A depicts this association, Wishown CN) or as a powder, is totally or nearly inactive catalytically.
in combination polyhedral/ball-and-stick notation. Aerobic sulfide oxidation in the presence of metal complexes rarely

) if ever proceeds by autoxidation. The marked catalysis of eq 2
58 Kyl + (SI/AIO,)Cl = (studied most extensively where,R = tetrahydrothiophene,
{KB[(Fe”' (OH,),)s(PWy05,),]} s4(SI/AIO,) + 58 KCI (1) “THT”) by K g1/(Si/AIO,) (Table 1) coupled with the lack of activity
of 1 dissolved in the same medium (which, in principle, represents
The first line of evidence for this formulation is dynamic laser the highest possible total POM “surface area”) argues for some
light scattering (DLS) which shows the average diameter of the sort of POM activation upon binding to the particles. An induction
initial (Si/AlO,)CI particles is 12 nm (surface area 227 grl), period in the THF0,—Kgl/(Si/AlO,) system indicates the initial
while that of the product KL/(Si/AlO,) particles is 17 nm (160 tn Kgl/(SI/AIO,) is a precatalyst (see Supporting Information, part
g71) (see Supporting Information) as would be roughly expected if S7)1! Typically, the two molecular catalysis parameters, turnover
an approximate single layer ofglk monoanions surrounds each number and tunover frequency, are not used for heterogeneous cata-
polycationic (Si/AIQ)"" particlel® Second, the elemental analysis lytic processes because the effective concentration of active sites
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Table 1. Selective Catalytic Aerobic Oxidation of
Tetrahydrothiophene to Tetrahydrothiophene Oxide (THTO) under
Ambient Conditions?

@

catalyst® POM (mmol)*  %cnvd  %yld®  TOF"  TON¢
(Si/AIOz)CIn 0 ) 0 0 0 0 @)
Fe(Si/AIGy)! 0.0008 15 15 0 1.8
TBAgFes(A-PWgOs4)2 0.0045 2.5 25 0 2.2
(TBAg1) (homogeneous rxn)
Kgl/(Si/AIO)k 0.0045 28 28 0.5 60

aGeneral conditions: 0.99 mmol (0.397 M) of THT, catalyst (amount
given in column 2), 1 atm of air, 0.875 mmol (0.35 M) trichlorobenzene
(internal standard) were stirred in 2.5 mL of acetonitrile at’@5for 120
h. ® No product was observed in the absence of POM, (SigRiCor POM/
(Si/AlOy). ¢ mmol of total POM present in the catalyst during turno¥es.
conversion= (moles of THT consumed/moles of initial THT) 100.° %
yield = (moles of THTO/moles of initial THT)< 100.f Turnover frequency
= turnovers/reaction time (120 ). Turnovers= (moles of THTO/moles
of POM). h Cationic silica (Bindzil CATY. ' Fe(lll)-coated Bindzil CAT.
Immol of Fe(SQOy)s: (no POM present)1 = [(F€3)(A-PWgOz4)7]%~
(preparations in Supporting Information).

4

=

is not known. We are including them in Table 1 because the collec-
tive lines of evidence above make a reasonable case that nearly all
the POMs in Ig1/(Si/AlO,) are accessible to the solvent, and thus
their “concentration” can be reasonably approximated. Quantifica-
tion of the organic reactants (GBHO or THT) and products (CiH
COOH or sulfoxide, THTO) by gas chromatography and the O
consumption by manometry confirm that the stoichiometries are
those given in egs 2 and 3. In a control experiment, a sample of
Ksl/(Si/AlO,) was used as a catalyst, and the mixture was then
filtered. The recovered solid was nearly as catalytically active as
the initial sample, whereas the filtrate was totally inactive. This
indicates that the solid is the actual catalyst and these new catalytic
materials are quite stable.

The loss of water molecules is the only change apparengih K
(SI/AIO,) (as well as K1) up to 200°C on the basis of TGA, DSC,
and DRIFT data. The dramatic increase in catalytic activity (Table
1) suggests a significant changelinpon binding to (Si/AIQ)"*.12
To probe this change further, IRFe M&ssbauer, and EPR studies
were conducted. The-FO and W~O stretches in the IR df (1000
and 800 cm?, respectively) before and after binding are the same )
within experimental error, but the dominance of the peaks from
the abundant (Si/AIQ"" make further inferences difficult. Scat-
tering of they-rays by the heavy tungsten atomslirrendered
Mdéssbauer useless, but EPR shows a high spin ferric siggat-at
4.30 that changes slightly and becomes about 15 times as intense (g)
when1 binds to (Si/AIQ)" (Figure S4). On the basis of this result,
a control experiment was conducted: ,fS0;,); was deposited on
the (Si/AIO)"" particles and catalytic activity of this mixture for
eq 2 was assessed. It was almost inactive (Table 1), indicating that
binding of 1 on the cationic nanoparticles does not likely involve

production of solvated or silica-bound Fe(lll).
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O’Connor, C. J.; Pope, M. TPolyhedron1996 15, 917—922. (g) Zhang,
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419. (k) Anderson, T. M.; Hardcastle, K. I.; Okun, N.; Hill, C. Inorg.
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Domaille, P. J. Innorganic Synthesesinsberg, A. P., Ed.; John Wiley
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SyntheSiS of K)[(Fe(OH2)2)3(A—0.—PW9034)2]-ZOHZO (Kgl) Solid A-Nay-
PW5034:7H,0 (10 g, ca. 3.7 mmol) and Fe(NJ2-9H,0 (3.2 g, 8 mmol)
were added simultaneously to 80 mL of deionized water. The mixture
was stirred for 15 min at 56C to form a clear yellow solution to which
KCI (11 g) was added. The resulting precipitate (ca. 8 g) was separated
by filtration and redissolved in a minimal amount of 30 water, and

the solution was filtered to remove any insoluble material. The filtrate
was cooled to BC overnight to affod 6 g ofyellow-orange crystals (yield
60%). Diffuse-reflectance-Fourier transform-infrared (5% sample in KBr,
1200-400 cnt?): 1080 (s), 1058 (s, sh), 953 (s), 881 (m), 799 (s), 752
(s, sh), 595 (w), and 517 (w). Anal. Calcd fordAe;KoOgsP,W1g: H,
0.85; Fe, 3.08; K, 6.47; P, 1.14; W, 60.82. Found: H, 0.88; Fe, 3.13; K,
6.53; P, 1.17; W, 59.09. Magnetic susceptibilityersr = 6.1 ug/mol at
296K. MW: 5441.

Crystal data for K[(Fe(OH,)2)s(A-0-PWgOs4)2] - 20H,0 (Kol): Orthorhom-

bic space groupdd2, dark yellow efflorescent crystal, with= 40.376-

(4), b = 27.904(2), and: = 31.186(2) A, andZ = 16. The data were
collected on a Biker D8 SMART APEX CCD sealed-tube diffractometer
with Mo Ko (0.71073 A) radiation (temperature 100(2) K). At final
convergence, R¥ 4.19% and GOF= 1.117 based on 31,831 reflections
with Fo > 20F,.

Each of the three Fe atoms in the central unit exhibit aM@rdination
polyhedron; each has two oxygens from each trivacant Keggin subunit,
one exterior oxygen atom, and one interior oxygen atom. The latter two
oxygens are most likely water molecules, although the hydrogen atoms
could not be located. There is crowding of the interior water molecules,
and the O-O distances between these oxygen atoms (ranging from 1.97
to 2.07 A) are consistent with strong internal hydrogen bonding (which
consequently leads to buckling and lowering of the symmeti@gjo
Synthesis of POM-modified cationic silica nanoparticles, K1/(Si/AlO,):

To an aqueous suspension of (Si/A)JOI (Akzo Nobel Bindzil CAT; 10.0

g) was added 0.25 g of A dissolved in 10 mL water. This mixture was
stirred fa 3 h at 25°C and then at 86C until the solvent had evaporated.
The resulting powder was dried at 12C for 1 h, washed with three
10-mL portions of CHCN (with no loss of POM after the first wash),
and dried again at 126C for 1 h. The average number of (Si/AD"
particles was calculated from the (Si/A)@" content in the sol and the
average particle diameter. Anal. Calcd frg1(Si/AIO,)”, i.e., (Kgl)ss
(Si02)1557((A| 203)4315(H20)23095' A|, 1123, Fe, 0454, K, 0954, P, 0168,
Si, 21.00. Found: Al, 11.57; Fe, 0.475; K, 0.865; P, 0.175; Si, 21.34.

(10) The specific surface area was calculated from the diameters, taking the

density of silica as 2.2 g/chfller, R. K. The Chemistry of Silicawiley:
New York, 1979; p 346.).

(11) The reaction is first order in THT andgK/(Si/AlO,) and zero order in
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