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Abstract

The organotin-oxomolybdate coordination polymers;§RLMoO,]-nH,O (R = methyl,n-butyl, cyclohexyl, phenyl, benzyl) were tested
as catalysts for the liquid-phase epoxidation of cyclooctene with 30% aqueous hydrogen peroxide an@atmospheric pressure. Water,
acetonitrile and dichloromethane were examined as additional co-solvents for the reaction. The catalytic results vary considerably with the
nature of the tin-boun® group and the co-solvent. For all systems, cyclooctene oxide was the only observed reaction product. Apart from
the trimethyltin derivative, the best results were obtained without additional co-solvent or witblCMhile addition of water or CECN
had a detrimental effect on catalytic performance. The highest turnover frequency (46 r@bhr‘rjr()xlwas obtained for the system containing
the trin-butyltin derivative as catalyst and GEl, as solvent. Complete conversion of the substrate was achieved for this system within 4 h.
Using water instead of C}l, with then-butyl catalyst reduced the catalytic activity considerably at the beginning of the reaction, although
91% conversion was achieved after 24 h. The behavior of the trimethyltin derivative was atypical in that conversion of cyclooctene was only
possible when CECN was used as the co-solvent. Experiments were also carried out using a urea/hydrogen peroxide adduct as a water-free
source of HO,. However, the catalytic activities observed were significantly lower than those obtained using agp@gus H
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction epoxidation of olefins using eithéert-butyl hydroperoxide
(in decane) or 30% aqueous®, as the oxidani3]. For the
Epoxides are important organic intermediates becausemodel substrate cyclooctene, the best results were obtained
they undergo ring-opening reactions with a variety of using the molybdenum(VI) compound as catalyst, aqueous
reagents to give mono- or bi-functional organic products H,O, as oxidant and dichloromethane as co-solvent.
[1]. In general, epoxides can be prepared by the reactionThe tri-n-butyltin derivatives belong to a wider family of
of olefins with hydrogen peroxide or alkylhydroperoxides, materials, reported by Fischer and co-workers in 183
catalyzed by high-valent early transition-metal compounds having the general formula [@E);MO4] [R =Me, Et, nPr,
[2]. Recently, we reported that organotin-oxometalate coor- nBu and phenyl (Ph); E=Sn and Pb; M=Mo and W]. These
dination polymers, formulated asiusSnhMO4] (M =Mo compounds are interesting candidates as catalysts or catalyst
or W), exhibit good catalytic activity and selectivity for the precursors for oxidation reactions, but to the best of our
knowledge their catalytic properties had not been investi-
* Corresponding author. Tel.: +351 234 370200; fax: +351 234 370084. gated until our recent efforf8,5]. The related polymeric
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ccr@itgb.unl.pt (C.C. Ro&b). as a catalyst for aldehyde olefination, but found to be inactive
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[6,7]. After studying the trin-butyltin derivatives as epox- 3. Results and discussion
idation catalysts, we turned out attention to the oxidation
of benzothiophene by aqueous®p in the presence of the The epoxidation ofcis-cyclooctene in the presence
organotin-oxomolybdate family [#BnpMoO4] [R=Me, of compoundsl-5 was carried out using 30% aqueous
nBu, Ph, benzyl (Bz), cyclohexyl (Cy)b]. The catalytic hydrogen peroxide at 3% and atmospheric pressure. A
results depend on the complex interplay between various fac-molar ratio of substrate:oxidant:catalyst=100:200:1 was
tors, such as the addition of co-solvents and the nature and sizeised. Dichloromethane was chosen as a representative non-
of the tin-boundR groups. Cyclooctene epoxidation in the coordinating solvent, acetonitrile as a coordinating solvent
presence of the polymemBusSnpMoO,] was also foundto  and water as a “green” (and coordinating) solvent. Reactions
depend on the type of co-solvent add&l but the influence  were also performed in the absence of any additional co-
of the tin-boundrR groups on catalytic performance was not solvent. The systems containing just water or water +Clpl
explored due to the preliminary character of the study. In are composed of two liquid layers (emulsified with magnetic
the present work, we have further examined the epoxidation stirring) because the substrate (cyclooctene) and the oxidant
activity of the organotin-oxomolybdate family in different (aqueous HO) are not miscible. In contrast, a single liquid
solvents. phase is obtained when GBN is used as the co-solvent.
The trimethyltin derivative [(MgSnyMoO4] (1) dissolves
readily in the presence of either GEN or CHCl,.
Compound [(BusSnyMo0Q4] (2) only dissolves completely
when CHCN is the co-solvent and [(GBnrMoO4] (3)
when CHCI; is the co-solvent. For all the other cases the
The oxidant urea hydrogen peroxide adduct (UHP) was polymers remain partiglly or tot_ally in_soluble_in the_ catalytic
obtained from Aldrich and used as received. Solvents were SYStém, thereby forming a biphasic or triphasic system.
dried by standard procedures, distilled under nitrogen and ontrol experiments showed that cyclooctene oxidation
stored over molecular sieves. The organotin-oxomolybdatesd0€S Not take place to a measurable extent in the absence of
1-5, formulated as [(BSn)MoO4]-nH-0 with R =Me (L), a catglyst, during 8 h. For qll the catalytic tests cyclooctene
nBu (2), Cy (3), Ph @) and Bz 6), were prepared as described epomde was thg only reaction product observed up to. 24 h.
previously by the addition of a saturated aqueous solution With the exception of compourt the turnover frequencies
of NapM004-2H,0 to a solution/suspension ofzBnCl in (TOF, calculated for the first 2 h of reaction) of cyclooctene
either water{,2) or acetone®-5) at room temperatufé—5]. conversion vary according to the type of co—solventl, generally
Microanalyses were performed at the ITQB (by Almeida). INcréasing in the order water <GBN <CHCl, (Fig. 1).
IR spectra were measured on a Mattson 7000 FT-IR spec-'” 'acgordan'ce with previous results for' benzothlophehe
trometer using KBr pellets. Powder X-ray diffraction (XRD) oxu_datl_on, this trend pa_lrallels_ the decrease in solvent polarity,
data were collected on a Philips X'pert diffractometer using &S indicated by the dielectric constant &t 25°C: water
Cu Ka radiation filtered by Ni. The characterization data for (80-10)>CHRCN (35.94)>CHClI (8.93).
compoundsl-5 were in agreement with published results

2. Experimental

2.1. Materials and methods

[3-5].
50 1

2.2. Catalysis ]

Catalytic oxidation ofcis-cyclooctene was performed T 40 ;
under air (atmospheric pressure) in areaction vessel equipped "¢ =
with a magnetic stirrer, immersed in a thermostated oil bath E 30 1 ::
at 35°C. A 1% molar ratio of catalyst/substrate (7.2 mmol o =
cyclooctene and 7gmol catalystl-5) and a hydrogen per- E 90 =
oxide (30% aqueous or UHP)/cyclooctene molar ratio of 2 & = — -
were used, with 3 mL solvent. The course of each reactionwas "~ 104 E é E -
monitored by GC-analysis using 800 medibutylether as = = = T
internal standard. Samples were withdrawn periodically and iz e EI Be
diluted with dichloromethane. For the destruction of the per- 0 el Ll kit =
oxide and removal of water, a catalytic amount of manganese Me(1) Bu(@) Cy(3 Ph(4) Bz(5
dioxide and dried magnesium sulfate were added. The result- Tin-bound R group

ing slurry was filtered over a Pasteur pipette filled with cotton

and silica and the filtrate was injected in a Thermofinnigam . . o

Trace 2000 gas chromatoaraph equipped with a J&W ca _at 35°C (calculated for the first 2h of reaction) in the presence of
9 grap quipp p the organotin-oxomolybdates [§{Bn»MoQO,4] (1-5) in water (solid bars),

illary column (Cyclosilb, 30 mx 0.25 mmx 0.25p.m) and a CH3CN (diamonds), ChICl, (bricks) and without additional co-solvent
flame ionization detector. (open bars).

Fig. 1. Turnover frequencies of cyclooctene conversion with aqueeOs H
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The trimethyltin derivativel does not follow the trends  X-ray absorption fine structure (EXAFS) studies for com-
set by the other polymers and in fact no reaction was poundsl-5in the solid state showed that the connectivity of
observed after 2h for any of the solvent systems studied. the [MoQ4]2~ subunits and [BSn]" spacers for compound
The poor performance df in relation to the other organotin- 1 is subtly different from that for the other four coordination
oxomolybdates under study, was also noted previously for the polymers[3,5]. The structural differences may be a contrib-
oxidation of benzothiophene withJ@, (in the presence of  utory factor to the contrasting catalytic activities observed.
either water or water + 1,2-dichloroethane). Compoliihds Fig. 2shows the kinetic profiles for cyclooctene epoxida-
a layered structure built up of tetrahedral Mp&hd trigonal- tion in the presence of the organotin-oxomolybddtésand
bipyramidal MgSnQ units[4]. One possible explanationfor  the different co-solvents. In the case of water andsCN
the atypical catalytic behavior of this compound with water the kinetic profiles are quite similar for polymegs5,
as the co-solvent is that the diffusion of substrate and/or oxi- showing that for each catalyst the reaction proceeds at lower
dant molecules between the layers of the solid catalyst couldrates than in the other solvent systems and initial induction
be hindered by the hydrophobic character of the interlamellar periods occur, which are not observed for £THp or without
space. The tri+-butyltin derivative is also insoluble under  co-solvent. The addition of water or GBN has a detrimen-
these conditions but after 24 h 91% conversion was achieved tal effect on the initial catalytic activity, especially f2rThis
Although the crystal structure & is as yet unknown, itis  negative effect may be related to the coordinating powers
reasonable to assume that the bulkidautyl groups originate ~ of the solvent molecules. According to the mechanisms
a more open structure, thereby facilitating eventual interca- proposed for HO,-based epoxidations of olefins with Mo
lation of reactant molecules. The trimethyltin derivative =~ complexes, the competition between solvent and oxidant
dissolves completely when GBI, is the co-solvent. How- molecules for coordination to the metal center may retard the
ever, the system remains inactive, even after 24 h. Extendedactivation of the oxidant, which is necessary for subsequent
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Fig. 2. Kinetics of cyclooctene epoxidation with aqueou®blat 35°C in the presence of the organotin-oxomolybdateg§ii,MoO4] [R = Me (1) (*), Bu (2)
(O), Cy (3) (1), Ph @) (x), Bz (5) (O)] with water (a), CHCN (b), CH,Cl> (c) and without co-solvent (d). Molar ratio substrate:oxidant:catalyst=100:200:1.
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epoxidation of the substrate by nucleophilic attack on an at the beginning of the reaction) of this family of organotin-
electrophilic oxygen atom of the intermediate spef8:9]. oxomolybdates. None of the systems described above
The use of CHCI;, a non-coordinating solvent, has a are water free since an aqueous solution &fOpl has
beneficial effect on catalytic performance for the polymers been used. In order to study the catalytic performance of
2-4, especially in the case of the mibutyltin derivative2, [(BuzSnpMoO4] (2) in the absence of water, experiments
which yields cyclooctene oxide quantitatively within 4h at were performed using a urea/hydrogen peroxide (UHP)
35°C. As reported previousliB], compound also works adduct as the oxidant. The UHP adduct has the additional
very well with 1,2-dichloroethane as the co-solvent. For this advantages of being safer and easier to handle than 30%
system it was proven experimentally that the catalysis was aqueous KO, [11]. It has successfully been used in metal
almost exclusively heterogeneous in nature. mediated olefin epoxidation with methyltrioxorhenium

Fig. 3 shows the cyclooctene conversions obtained after [12,13] Mn (porphyrins)14], titanium silicate$15,16]and
24 h of reaction. The tm-butyltin derivative2 continues to Keggin-type polyoxometalat¢$7]. Unfortunately, the reac-
be the best catalyst and gives the highest conversions in all thetion carried out with UHP and C#Cl, as solvent was rather
solvent systems. An interesting observation is that for com- sluggish, yielding 10% epoxide after 24 h compared to 100%
pounds2 and5 with water as the co-solvent the cyclooctene obtained within 4 h when aqueous®, was usedKig. 4).
conversions after 24 h (91 and 69%, respectively) are close toThe dissociation of UHP is necessary to liberatgObl for
those obtained with either Gig€l, or without additional co- the catalytic reaction and occurs until equilibrium is reached.
solvent (95—-100 and 77-81%, respectively). Hence, for thesePossibly, under the applied conditions the dissociation of the
compounds the solvent effect of water on the reaction rate isUHP adduct is very slow. It has been reported that catalytic
more pronounced during the first few hours of the reaction amounts of water tend to speed up the approach to the
but looses importance as the reaction proceeds. For the poly-equilibrium [14]. Experiments carried out with 0.8 molar
mers3 and4 the detrimental effect of water persists. From ratio of HoO/UHP in CHCl, showed some improvement in
our previous characterization studies, it was determined thatthe catalytic activity of compoun®@(Fig. 4), but the reaction
compound® and3 are anhydrous whiléand5 are hydrated.  was still much slower than that observed with aqueoxSH
However, neither the initial reaction rates (based on TOF) nor yielding only 15% epoxide after 24 h. The UHP adduct was
the conversions after 24 h seem to correlate with the presencelso tested as the oxidant without additional solvent or with
of water molecules in the polymer structufég. 3 shows CH3CN. For each system, the catalytic performance? of
that significant conversion of cyclooctene in the presence of was poorer than that observed with agueop®#(compare
the trimethyltin derivativel only occurred in the presence Figs. 2 and 4through 8h). Conversion at 24 h was still
of CH3CN after 24 h. The formation of acetylperoxyimidic much lower for the UHP systems. The poor results obtained
acid derived from the reaction of @, with acetonitrile is with UHP may be due to the fact that this;®& adduct
possible and this reactive intermediate may function as andoes not dissolve completely in any of the above solvent
epoxidizing agent for cyclooctene convers[ag]. systems.

These results, taken together with our previous findings,

suggest that water inhibits the catalytic activity (especially 15 -
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Fig. 3. Cyclooctene conversion after 24 h of reaction with aquea®H Fig. 4. Kinetics of cyclooctene oxidation at 35 in the presence of the
at 35°C in the presence of the organotin-oxomolybdates$iMoO4] organotin-oxomolybdate [(BiSnpMoO4] (2) using CHCl;-UHP (-),
(1-5) inwater (solid bars), CECN (diamonds), CHCI; (bricks) and without CH,Cly-UHP-water (+), CHCN-UHP-water ) and UHP-water O).
additional co-solvent (open bars). Molar ratio substrate:oxidant:catalyst=100:200:1.
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