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Three rare-earth ternary sulfates NaM{®<H,O (M = La, Nd, and Gd) have been hydrothermally
synthesized, and the crystal structures of the three compounds have been solved by single-crystal X-ray
diffraction. The lanthanum and neodymium sulfates show the space @ while the gadolinium
compound presents the enantionk®3:21. The three lanthanum, neodymium, and gadolinium sulfates
have been tested as heterogeneous redox catalysts in the selective oxidation of sulfides, showing good
activities and selectivities. They can be reused without loss of yield or selectivity.

1. Introduction

As a part of our systematic search for novel inorganic
catalysts and following our work on rare-earth sulfatesd
sulfonateg,we are now focusing our research on the catalytic
properties of hydrated rare-earth ternary sulfates NaM)iSO
H,O. There are many known ternary rare-earth sulfate
hydrates with alkaline metal or Nf ions as the third
componen. Among them, the compounds with general
formula AM(SQ),-nH,O are the best studied: with the
beginning of the 1970s, the crystal structures of many of
these compounds were determined, and today, more than 3
structures are knowh?®> The crystal structures of the
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monohydrated sodium compounds have only been deter-
mined for M= La* and C&>7 but powder diffraction results
showed the fact that the respective sulfates with the smaller
M3t ions down to Er were isostructur®l The NaM(SQ).+

H>0 sulfates have been described with the enantiomorphic
space groupg”3,;21 and additionally, for NaCe(SR-H-0,

the second enantiomorph with the space gr&3g21 has
been reported.The thermal behavior of the NaM(3)2

H>O compounds with M= La, Ce, Nd, and Sm has been
studied in great detail in order to determine the decomposi-

6ion kinetics?” However, the catalytic properties of the

sulfates have been scarcely investigdt@uir interest in these
materials lies in the study of the relation between their
structure and their potential application as redox catalysts
in the oxidation of sulfides to produce sulfoxides. Sulfoxides
are important intermediates of many natural prodéctheir
synthesis has been achieved by means of a wide range of
oxidizing systems, starting from the corresponding sulfides,
with aqueous hydrogen peroxide,®} is a particularly
attractive oxidant since it is cheap, environmentally friendly,
and easy to handle and produces only water as a byproduct,
which reduces purification requirements. The catalysts, often
used to enhance the efficiency of the oxidation, are mostly
metal salts (chlorides, oxides, peroxides, acetates, and acetyl
acetonates of Ti, V, Mo, W, Re, and Mn). They play a very
important role as catalytic activators of hydrogen peroxide:
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Table 1. Crystal Data and Structure Refinement for 1, 2, and 3

1 2 3
formula NaLa(S@)z-H-0 NaNd(SQ),+H.0 NaGd(SQ),-H20
CSD deposition number 414450 414449 414448
temperature (K) 296 296 296
molar weight (g/mol) 372.04 377.37 390.38
crystal system trigonal trigonal trigonal
space group P3:21 P3;21 P3,21
a=h(A) 7.0538(5) 6.968(2) 6.8816(6)

c(A) 12.963(1) 12.856(6) 12.770(2)

cell volume (&) 558.55(8) 540.6(4) 523.7(1)

Zz 3 3 3

calc. density (g/cr) 3.318 3.478 3.713

u (mm™1) 6.377 7.866 10.181

dimensions (mm) 0.56 0.20x 0.10 0.02x 0.02x 0.02 0.25x 0.25x 0.02
radiation Mo Ka (0.71073 A) Mo Ko (0.71073 A) Mo Ko (0.71073 A)
diffractometer Bruker-SMART-CCD Bruker-SMART-CCD Bruker-SMART-CCD
limiting indices 7,—-9,-17)t0 (9, 7, 18) €7,-9,—17)to0 (9, 5, 18) €9,-9,—-18)t0 (9, 9, 14)
6 range for data collected 4.581.13 3.73-31.01 3.7#31.17

reflections collected 4245 4056 3759

independent reflections 1136 1099 1068

R[I>20(1)] 0.0362 0.0313 0.0519

WR(P) 0.0694 0.0542 0.0868

absorption correction sadabs sadabs sadabs

flack parameter 0.01(4) 0.02(3) —0.04(5)

the resulting metal-peroxo derivatives are such powerful pressure and cooled afterward. The solids were filtered off, washed
catalysts that usually give rise to over-oxidized byproducts. thoroughly with distilled water, ethanol, and acetone, and finally
Lanthanides have scarcely been explored in the oxidationdried at room temperature. The resulting products were obtained

of thioethers, yet these elements are receiving increasing!" Very case as single phases of colorless (compoliadsl3) or
attention in the literaturé mauve (compoun@) transparent prismatic crystals.

In this work, we report the synthesis, crystal structures, Structure Determination. Single Crystal X-ray Diffraction.

and catalytic activity on sulfide oxidation of three sulfates fsTurmr:naryr O;tthfi Cﬂi“‘;itio?s {Olr d]?;[z corlllggtxnris r%iveztindTible
NaM(SO)-H,0 with M = La, Nd, and Gd. - ransparent prismatic crystals i s, a ere mounted o

a Siemens Smart CCD diffractometer equipped with a normal focus,
. . 2.4 kW sealed tube X-ray source (MakKadiation,A = 0.71073
2. Experimental Section A) operating at 50 kV and 20 mA. Data were collected over a

Synthesis Although most sulfates have been obtained in solution hemisphere of reciprocal space by a combination of three sets of
or in the solid state (through decomposition or sintering) and in €XPosures. Each set had a differgrangle for the crystal and each
melts3° hydrothermal conditions have provided good yields, short €xposure of 20 s covered 0.8 w. The crystal-to-detector distance
reaction times, and high purity in the synthesis of the compounds Was 5.09 cm. _Coverag_e of the_ unique set was over 99_% complete
NaLa(S0)-H,0, NaNd(SQ),*H;0, and NaGd(S,-H;0 (here- to at least 23 in 6. Unit cell Q|mens_|ons were determlned by a
after namedl, 2, and3, respectively). In particular}. and 2 had least-squares fit of 60 reflections with> 200(l). The first 100

been previously prepared by dissolving the corresponding rare-earthffames of data were recollected at the end of the data collection to
oxide in 1 M H,SO,, adding distilled water to obtain a 0.05 M  Mmonitor crystal decay. The intensities were corrected for Lorentz
solution, mixing with a 5-fold excess of M&O,, and leaving for and polarization effects. Scattering factors for neutral atoms and
several days until they crystalliz&& Another synthetic method ~ @nomalous dispersion corrections for S, Gd, La, and Nd were taken
found in the literature for NaLa(S@H,0 involved a 3-week gel-  from thelnternational Tables for Crystallography.The structures
diffusion growttt since direct mixing of aqueous solutions of ~Were solved by Patterson methods and refined in F321
lanthanum and sodium sulfates produced crystals too small for (COmpounds and2) andP3,21 (compound) groups. In the three
single-crystal X-ray diffraction. In our case, the sulfates were Sulfates, the hydrogen atom from the water molecule was located

obtained under hydrothermal conditions by the reaction f ins in a difference Fourier synthesis and included in the refinement.
with 1,5-benzenedisulfonic acid disodium salt in a 2:3 ratio, in a All calculations were performed using SMART software for data

short reaction time (24 h), as crystalline single phases suitable for collection, SAINTZ for data reduction, SHELXTL* to resolve
single-crystal X-ray diffraction. The reaction conditions cause the and refine the structure and to prepare material for publication, and
benzenedisulfonic acid to undergo hydrolysis and release the SO ATOMS* for molecular graphics.

groups, giving rise to NaM(SQH.0 sulfates. All reagents were X-ray Powder Diffraction. The X-ray powder diffraction
commercially available and used as received. In every case, 1 mmolpatterns were taken at room temperature using a Siemens D-500
of M(NO3)3*6H,0 (M = La, Nd, Gd) and 1.5 mmol of benzene- diffractometer in the step scan mode, Ca Kl = 1.540598 A)
disulfonic acid disodium salt were mixed in 5 mL of distilled water. ~radiation, at a step value of 0.Q2neasuring for 0.2 s at each step.
After the pH value was adjusted te-8 by addition of triethylamine,
the reaction mixture was stirred to homogeneity in @ 25 mL PTFE (31 international Tables for Crystallographyynoch Press: Birmingham,
bottle and sealed in a stainless steel autoclave (PARR, USA). The UK., 1974; Vol. 4, p 72.

reaction was carried out at 18 for 24 h under autogenous (32) Siemens.SAINT data collection and procedure software for the
SMART system. Siemens Analitical X-ray Instruments, Inc.; Madison,

WI, 1995.
(29) Kagan, B.Chem. Re. 2002 102 1805. (33) SiemensSHELXTL, version 5.0; Siemens Analitical X-ray Instru-
(30) Niinistg L.; Leskela M. Handbook on the Physics and Chemistry of ments, Inc.: Madison, WI, 1995.

Rare EarthsGschneidner, K. A. J., Eyring, L., Eds,; Elsevier Science (34) Dowty, E.ATOMS5.1, a computer program for displaying atomic
B. V.: New York, 1987; Chapter 59, p 160. structures; Kingsport, TN, 2000.
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Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Table 3. Selected Bond Distances and Angles for NaLa(SJ2-H-0
Parameters for NaLa(SQy),-H20 (Regular Characters), (Regular Characters), NaNd(SQ),-H20 (Bold), and
NaNd(SQy)2:H,0 (Bold), and NaGd(SQy),+H,0 (ltalic) NaGd(SQy)2-H,0 (ltalic) &

X y z Ueqp Bond Distances (A) for 12, and3
2.590(4) 1.479(5)
M (1) 0.56735(8)  0.56735(8) 0 105(1) S(1)-0(1)
05646(1)  0.5646(1) 0 79(1) M(1)-0@) g'ggg(g) SOy 11:&2(74)
0.56586(7)  0.56586(7) O 98(2) 506(7) (10 494(7)
2.599(4) 1.486(4)
S (@) 0.5600(3) 0.5474(3) 0.75332(9) 119(3) B
0.5585(2) 0.5458(2) 0.75580(1) 89(2) M(1)-0(@) g'igég‘% S(1)-0) 11'4557(?7))
0.5454(4) 0.5579(5)  —0.2422(2) 109(4) : '
2.508(5) 1.474(5)
0 (1) 0.4956(9) 0.3630(9) 0.8257(3) 210(12) M(1)-0(3) 2.261(4) S(1)-0(3p 1.470(3)
0.4922(7) 0.3592(7) 0.8280(2) 142(9) : )
0.486(1) 0.352(1) 0.1688(5)  180(20) 2.405(7) S(LrOEF 1.475(7)
2.510(5) 1.461(5)
0(2) 0.6109(7) 0.7406(7) 0.8184(3) 180(11) M(1)—0(4) 2.460(5) S(1)y-0(4y 1.463(4)
0.6120(6) 0.7397(6) 0.8222(3) 168(9) : '
0.741(1) 0612(1)  —0.1748(5)  167(18) 2.398(8) S(youf 1.479(8)
2.56(1)
0(@3) 0.4090(8) 0.1637(8) 0.0262(4) 206(12) B
04111(6)  0.1660(6) 0.0284(3) 145(9) M(1)-0(5) 3'2321(8)
0.170(2) 0.413(1) 0.0298(6)  152(18) 47(1)
O (4) 0.4975(9) 0.8821(9) 0.0137(3) 195(12) Bon;iolgng(lg)s () for 1,2, and3 100.703)
0.4954(7) 0.8772(8) 0.0156(3) 146(10) _ : _ :
0.872(1) 0.496(1) 0.0169(5) 133(19) O()=S(1)-0(2) 105.5(2) O)-S1-0BF 109.6(2)
O(1yY—S(1)-0(2) 105.5(4) O(2S(1-0(BF  110.2(4)
0 (5) 0.930(1) 0.930(1) 0 580(40) 111.4(3) 1109(3)
0.923(1) 0.923(1) 0 490(30) _ : _ :
0.922(2) 0.922(1) 0 470(60) O(L)-S(L-03F 111.4(2) o) 3(1)—0(4)5 110.8(2)
Na@) O 0.4700(6) 0.1667 228(8) O(1Y—S@)-0@F  111.7(5) O(2y-S(1)-0(4) 110.4(5)
0 0.4694(6 0.1667 203(7 _ 111.4(3) _ 107.5(3)
0.4688(9) 0 © 0.1667 165({2)) O1)-S(1)-0y 111.9(2) OGF=s(-owy 107.7(2)

O(1¢-S(1)-0O(4y 111.0(4) O(33—-S(1)y-0(4) 108.1(4)
a-f Symmetry transformations used to generate equivalent atams:

Powder diffraction results were used to check the purity of the ~XFY+ 1L =x+1z-Ysb="x+y —x+1,z-Hsc=y X ~z
microcrystalline powder by comparison of the experimental mea- ;rzz;dlz yx—ze==-ytlx-y+lz=isf=-y+1x-
sures with the simulated X-ray powder patterns obtained from the ™ '
single-crystal X-ray diffraction data.

Catalytic Reactions. Sulfide oxidation reactions were carried
out in a 25 mL flask equipped with a magnetic stirrer. In a typical
experiment, a suspension of the catalyst (0.015 mmol) in acetonitrile
(5 mL) was stirred with a solution of the corresponding thioether
(methylphenylsulfide or (2-ethylbutyl)phenylsulfide, 0.3 mmol). The
oxidant, HO, (30%, 1.5 or 1.0 mmol), was added dropwise while
the overall suspension was heated at’@0 Samples were taken
every hour and analyzed after filtration. Chemical yields of
sulfoxides and sulfones were measured by gas chromatography
(GC) with a chiral glass capillary column of 15/85 mixture of i o 1 view of the NaM(SQ)xH:0 structure along [110], showing
methylsilicone (OV-1701) and methylsilicone-heptakis-[2,3-dipen-  the Mo, polyhedra linked by the SOgroups.
tyl-6-(tert-butyldimethylsilyl)]{3-cyclodextrin as stationary pha%e.
GC was performed in a Hewlett-Packard 5890 Il chromatograph centers and eight-coodinated Naons. The rare-earth
equipped with a flame ionization detector in a cross-linked polyhedra MQ are distorted tricapped trigonal prisms, joined

aU(eq) is defined as one-third of the trace of the orthoganalensor.

methylsilicone column. among them by the SQ@etrahedra (Figure 1). The distortion
_ _ of the coordination polyhedra is understandable due to the
3. Results and Discussion existence of different ligands surrounding the metallic center

(H.0 and SQ), and the different bonding modes the sulfate
group exhibits. In the three compounds, the,$0lyhedra
show similar bond distances and angle values-OS
distances range from 1.461(5) to 1.486(4) A in the lanthanum

As was mentioned before, the rare-earth compounds NaM-Su”_ate_’ from 1.463(4) to 1.480(4) A in _the neodyr_ni_um
(SO,)H:0 were known to be isostructural, as shown by derivative, and from 1.475(7) to 1.494(7) A in the gadolinium

the powder diffraction results. Indeed, we found that NaNd- compouqd. The ©5-0 angles are between 105.9(2) and
(SQ.)+H,0 shows the same structural type as NaLa$O ;11.4(2) in NaLa(SQ).-H,0, between 105.5(2) and 111.9(2)
H,0.% and NaGd(SG)»H,0 is isostructural with the second " NaNd(SQ).-H.0, and between 105.5(4) and 111.7(7)

enantiomorph of NaCe(S-H,O.” In the structures of in NaGd(SQ)2-HO. . .
compoundsl, 2, and 3, there are nine-coordinated 3M Each rare-earth atom is coordinated to one oxygen (O5)

from the water molecule (MO5 distance 2.56(1), 2.492(8),
(35) Miranda, E.; Sachez, F.; Sanz, J.; Jimez, M. |.; Martnez-Castro. and 2.47(1) A for La, Nd, and Gd sulfates, respectively)
I. J. High Resolut. Chromatogd.99§ 21, 225. and eight oxygen atoms from six $@roups (four of them

Crystal Structure. A summary of the fundamental crystal
data for compound4, 2, and3 is given in Table 1. Final
atomic coordinates are displayed in Table 2, and selected
bond distances and angles are in Table 3.
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Table 4. Hydrogen Bond Distances (A) and Angles°) for
NaLa(SOq4)2-H,0 (Regular Characters), NaNd(SQ)z-H20 (Bold),
and NaGd(SQy),-H0 (ltalic)

D_H-A dD—H) dH-A) dD-A)  <(DHA)
11(1) 21(1)  3.228(5)  167(10)
OB)H=O@F g9y  236(7) 3236(4)  171(8)
OB)-H-0@P  1.0(1) 23(1)  32148)  171(12)
1.1(2) 23(1)  294509)  118(7)

O(B)-H-O@F 089(7)  240(7)  2.966(8)  122(6)
1.0(1) 23(1)  2941)  122(11)

a-csymmetry transformations used to generate equivalent aterss:
-y+2,x—y+1,z+Y;b=x+1y+1,zc=—x+y+1 —x+
2, z+ 1/3.

Figure 2. View of the NaM(SQ)2-H,0 structure along [001], showing

the SQ tetrahedra and the coordinated water molecules inside the tunnels . .
formed by the framework. They are either monohydratési® dihydrates*6 or

tetrahydrated’ 2> depending mainly on the type oftAcation.
For small A ions such as Na the monohydrates become
dominating and tetrahydrates are only found for bigger
© Gd* monovalent ions Cs NH,*, and Rb.
Among the monohydrates, we can find two groups of
isostructural compounds. One of them is the AMEB®I,0
},;u: . sulfates with large A ions such as K or Rb": they
: crystallize in the monoclinid2,/c space groupt 2 The
other group is formed by the Naderivatives; these are
trigonal and have eitheP3;21 or P3,21 symmetry”’
Replacement of Nafor Ag" is possible in NaCe(S{:
H,O without structural changésyhile the incorporation of
smaller Lit ions leads to a completely different layered
structure®
However, it seems quite plausible that the combination
of the A" ion size and the rare-earth atom is not the only
factor responsible for the resulting crystal structure and the
number of water molecules present in the compound. For
instance, in the case of lanthanum and neodymium hydrated
ternary sulfates, the influence of the' Aize is clear. Thus,
we find the monohydrates NalLa($@H,O and NaNd-
(SOy)2'H,0O with a small A ion, and the layered tetrahy-
drates (NH)La(SQy)2:4H.0, (NH,)Nd(SQ)2-4H,0, RbLa-
(SQy)2*4H,0, RbNd(SQ)2*4H,0, and CsLa(Sg),-4H,0 with
larger At ions. However, in the case of gadolinium com-
_ _ _ _ pounds, the small Naion yields monohydrated trigonB3,-
Figure 3. The coordinated water molecules are placed in a helical shape

. ot .
following the screw axis parallel ta In this figure, we can see the axis 21 crystal S_tr!JCtureS’ but larger ions as"Rjive rise to a
in the structure of NaGd(SPH,O. 3D monoclinic P2,/c monohydrate, and also a layered

tetrahydrate RbGd(SQ-4H,0. This behavior is also found
contributing one oxygen atom and two of them providing in Ce sulfates: a trigonal monohydrate with“Na reported,
two). The M—O distances range from 2.599(4) to 2.508(5) but with a larger Rb ion, both the 3D monoclinic mono-
A for M = La, from 2.547(3) to 2.508(5) A for M= Nd, hydrate and layered tetrahydrate are describ&lven the
and from 2.506(7) to 2.398(8) A for M Gd. fact that the synthesis of RbCe(924H,0 yielded also
The water molecules are placed into a helical fashion RbCe(SQ@)*H-0, it is not clear at the moment which factors
corresponding to the;3in 1 and2) or 3; (in 3) axis (Figures are responsible for the formation of sulfates with the same
2 and 3). Each S{yroup is bonded to three metallic centers, lanthanide center and*Aon, but different number of water
acting as chelating and bridging simultaneously: two oxygen molecules and crystal structures.
atoms are connected to the sam& Mnd the remaining two Catalytic Activity. The three compounds 2, and3 were
link other two different metal atoms. As can be seen in Table tested for catalytic properties in the oxidation of sulfides to
4, there are asymmetric bifurcated hydrogen bonds thatprove their effect in redox reactions. Two substrates were
connect the coordinated water molecules (O5 acts as donomsed with different steric volumes to investigate the influence
atom) to the framework, involving the sulfate oxygen atoms of the geometrical factors.
02 and O3. Two thioethers, methylphenylsulfide and (2-ethylbutyl)-
Itis a remarkable fact that the size of the #on seems to phenylsulfide, were used as model substrates wib,Has
play an important role in the number of water molecules the oxygen source, always in excess of the amount of
present in the structure of the AM(@nH.,O compounds.  substrate. The reactions were carried out at@0as higher

-~
&
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Conversion (5 h) slower reactivity provides higher selectivity. Total conversion
to the corresponding sulfone was obtained using 2.5 equiv
of oxidant agent, at 40C. A logical slight decreasing rate
is observed when a bulky substrate is oxidized, as (2-
ethylbutyl)phenylsulfide. If we compare the catalytic results
of NaM(SQy),-H,O sulfates with the previously studied
sulfate Nd(S@)>*NH,4,! we find that with use of Nd(S£»-
NH, as a catalyst, the sulfide oxidation reaction proceeds
faster than it does with NaM(S®-H.O; however, the
selectivity is lower. The shorter reaction times obtained using
La/MaSPh La.fEtBuSPnI Nd/MeSPh Nu:!l’EtBuSPI'\I GdiMeSPh IGd.l’ElBuE‘.Ph thIS SUIfate can be explained by the eaSier aVa||ab|I|ty Of the
Catalyst/Substrate metallic centers in this compound due to its layered structure.

Figure 4. Activity of compounds NaLa(S§»+H0, NaNd(SQ)»-H.0, and A remarkable feature of the three materials, NalLa{$O
Na(_Sd(SQ)z-Hzo in the oxidation of sulfidgs [MeSPH methylphenyl- H,0, NaNd(SQ)Z-HZO, and NaGd(SQZ-HZO, is their
sulfide; EtBUSPh= (2-ethylbutyl)phenylsulfide]. behavior as heterogeneous catalysts. The main advantages
Selectivity of heterogeneous catalysis over its homogeneous counterpart
are the ease of recovery and recycling of the catalyst and
the easier working procedure, which allows the removal of
the catalysts from the reaction media through a simple
filtration. The lifetime of the obtained heterogeneous catalysts
was examined by using them in several reaction cycles.
Before reusing them, the solids were separated from the
reaction medium by filtration and washed with dichloro-
methane. The catalysts could be reused at least four times
without neither loss of activity nor selectivity with catalyst
loading as low as 1.5 mol %. The slight decrease observed
for the consecutive runs is due to the small amount of
catalytic material lost by filtration. While the oxidation of

70 68

41

Conversion (%)

I7 74
i 66

Selectivity (%sulfoxide)
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Figure 5. Selectivity to sulfoxide of compounds NaLa(9®H,O, NaNd-

(SQW2+H-0, and NaGd(S@H-0 in the oxidation of sulfides [MeSPh the sulfide continued as the catalyst was present, there was
methylphenylsulfide; EtBUSPR= (2-ethylbutyl)phenylsulfide], at 60% no further significant conversion when the catalyst was
conversion. removed from the reaction medium. The structures of the
Scheme 1. Oxidation of Alkylphenyl Sulfides catalysts remain unchanged after the reaction, as we con-
firmed by powder X-ray analysis.
5 The nature of the intermediate catalytic species is not yet
g g\R O\/\OR clear, and no reports have been found in the literature
O/ WOyt o055 H0; ©/ concerning the elucidation of the nature of complexes
between rare-earth derivatives and hydrogen peroxide,

reaction temperatures lead to a dramatic decrease in thealthough lanthanide metals combined witbdd are known
selectivity to sulfoxide. The outcome of the reaction was to accelerate greatly the hydrolysis of phosphates in aqueous
followed by GC to identify the products. The results in systems® These data may suggest that a peroxo derivative
activity and selectivity are summarized in Figures 4 and 5. (M—O—0) can be formed and be the species responsible
Blank experiments were carried out, with both sulfides and for the reactiorf’ The kinetic profiles of the three compounds
excess of oxidant, under identical test conditions, and in both reactions (Figure 6) show that they have similar
conversions lower than 3% aft2 h were obtained, even at behavior: there is almost no difference in yield for2,
higher temperatures. The employment of 1.0 equiv insteadand 3 in the oxidation of sulfides, probably due to their
of 1.5 equiv of HO,, and its controlled addition, allowed a similar ability to increase the coordination for the three
significant improvement of the chemoselectivity of the metallic centers. Our hypothesis is that the performance of
process, and sulfoxide was obtained as the only product. Thethese materials as catalysts is related to the ability of the
materials are extremely efficient and catalyze the selective metallic centers in them to accommodate another coordina-
sulfoxide formation under mild conditions. Total conversion tion position in order to form the peroxo derivative. This
was reached with the catalysts after 24 h of reaction. hypothesis is supported by previous results obtained in our
However, at high conversion values §0%), the oxidation research group with organo-inorganic 3D polymeric materials
does not stop at the sulfoxide level and proceeds, yieldingin the oxidation of sulfide$® metallic centers such as
overoxidized products such as sulfone (Scheme 1). Thescandium, which increase their coordination number less
selectivity analysis shows that the sulfoxide is a primary and

unstable product, while the corresponding sulfone appears(ss) mejia-Radillo, Y. Yatsimirsky, A. Kinorg. Chim. Acta2002, 328,

as a secondary and stable product to high conversion. The 241

L . . . (37) Matteucci, M.; Bhalay, G.; Bradley, MOrg. Lett.2003 5, 235.
best values of selectivity are found in the oxidation of the (38) Perles, J.. Iglesias, M.: Ruiz-Valero, C.: SnejkoJNMater. Chem.

bulky substrate (Figure 5): it is a known fact that usually 2004 14, 2683.
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Figure 6. Kinetic profile of the oxidation of methylphenylsulfide (left) and (2-ethylbutyl)phenylsulfide (right), using as catalysts NaM{&O M = La,
Nd, and Gd.

easily, yield poorer catalysis results compared to lanthanumsulfides with 30% hydrogen peroxide arid 2, or 3 as

or yttrium. Another argument in favor of this hypothesis is catalysts in acetonitrile, giving good yields. The systems are
the excellent behavior as a catalyst of NdgBONH.; mild, simple, clean, and cheap methods for the oxidation of
although the structure of this sulfate is not analogous to the sulfides to sulfoxides.

NaM(SQy).-H,0 sulfates, its catalytic activity is also note-

worthy, possibly due to the existence of available 9-coor-  Acknowledgment. This work was supported by the Spanish
dinated neodymium centers, which can easily form the DGICYT under projects MAT2001-1433 and MAT2000-CO2-
needed intermediate 10-coordinated species. In fact, theO2.

layered structure of Nd(Sf-NH, contributes to further

improve the availability of the metallic centers, leadingtoa  Supporting Information Available: ~Crystal data in CIF format.
better performance of this material as a catalyst. This material is available free of charge via the Internet at

In summary, we can conclude that these rare-earth based!ttP-//Pubs.acs.org.
catalytic systems induce efficiently the oxidation of aliphatic Cm049451z



