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Polyfluorinated quaternary ammonium cations, [CF  3(CF,)7(CH,)s]sCHsNT (ReN™), were synthesized and used as countercations for the
[WZnM 5(H,0)2(ZnWgOs4)2)12~ (M = Mn(ll), Zn(ll)) polyoxometalate. The (R gNT)1[WZNnM,(H,0),(ZnWeOs,),] compounds were fluorous biphasic
catalysts for alcohol and alkenol oxidation, and alkene epoxidation with agueous hydrogen peroxide. Reaction protocols with or without a
fluorous solvent were tested. The catalytic activity and selectivity was affected by both the hydrophobicity of the solvent and the substrate.

An important area of homogeneous catalysis research remaingluorous solvent containing the catalyst at ambient or
the quest for practical separation techniques of the intrinsi- subambient temperatures. In the context of catalytic oxida-
cally soluble catalyst from the remaining reaction compo- tion, fluorous biphasic catalysis has been realized by using
nents. One method that has quite recently attracted significantvarious appropriately modified organometallic complekes.
attention as a separation/recovery method is fluorous biphasicQuestions concerning the environmental impact and degrad-
catalysist The concept espouses modification of known ability of perfluorinated solvents, along with their relative
catalytic entities with fluorous “ponytails” yielding catalysts high cost, have also led to the concept of fluorous phase
soluble in very hydrophobic perfluorohydrocarbon solvents. catalysis without fluorous solventdn such systems, poly-
Commonly, there are very temperature dependent organicfluorinated thermomorphic catalysts are soluble in normal
substrate/fluorous solvent liquid/liquid phase miscibilities that hydrocarbons at elevated temperatures but are immiscible
allow single phase reactions at elevated reaction temperaturén the solvent at decreased temperatures, allowing the
and biphasic separation of the organic product from the separation by precipitation of the fluorous catalyst from the
product and solvent phase by cooling the reaction mixture.

T Permanent address: Lawrence Berkeley National Laboratory, 70-108B, ;
University of California, Berkeley, CA 94720, Polyoxometalate anions have over recent years been
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aqueous hydrogen peroxifélso in the area of polyoxo-

metalate oxidation catalysis various techniques for separation/

recovery of the polyoxometalate from the other reaction

components have been considered. These methods include

supported catalystsaqueous biphasic mediaolvent an-
chored catalyst$and others.In this paper we report on our

adaptation of the concept of biphasic fluorous phase catalysis

into the realm of oxidation catalysis by polyoxometalates.
We have found that thermomorphic fluorous polyoxometa-

lates may be prepared and used in fluorous biphasic catalysis

despite thepolyanionicnature of the polyoxometalates by
use of perfluorinated quaternary ammonium cations ;{CF
(CR)7(CHy)3]sCHsN™ or (ReN™), as countercations. Conse-
quently, effective catalytic oxidation reactions of alkenes,

alkenols, and alcohols can be carried out using “sandwich”-

type polyoxometalates, fR)1J/WZnM»(H0)x(ZnWgO3z4)4],

Figure 1, with agueous hydrogen peroxide as oxidant with

or without fluorous solvents.

The fluorous quaternary ammonium s&[CF;(CF,)7-
(CH,)3]sCH3N} CH;0SO;~ was prepared by quaternization
of the known fluorous tertiary aliphatic amitghy dimethyl
sulfate (see Supporting Information for details). The fluorous
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Figure 1. Representation of the [WZnjH>0)x(ZnWyOazs)2] 2~
polyoxometalate with two (out of twelve) @R*) countercations.

polyoxometalates, ()1 ]WZNnNM;(H20)(ZnWoOsy)2], Were
then prepared by mixing 12 equiv §fCF3(CF,)7(CHy)s]s-
CH3sNT}CH30SG;~ with 1 equiv of Naj]WZnMy(H,0),-
(ZnWg034);] polyoxometalaté! The fluorine content by
Weight of (R:N+)12[WZHM2(H20)2(ZnW9034)2] is 51.5%.
Thus, despite the polyanionic character of the polyoxo-
metalate, (RN)1]WZnMy(H-0)(ZnWoOs4),] is freely soluble
in perfluorohydrocarbons at room temperature. In other
common solvents such as ethyl acetate and toluegpd'(R-
[WZNnM2(H20)(ZnWg0s4),] is insoluble at room tempera-
ture, but dissolves upon heating to-680 °C. This property
leads to two different reaction protocols for the fluorous
biphasic catalysis, Figure 2: (a) with a perfluorohydrocarbon
(perfluorodecalin) solvent and (b) without a fluorous solvent,
e.g. EtOAc. Results with the two catalytic reaction protocols
for the oxidation of alcohols, alkenols, and alkenes are
presented in Tables—13, respectively.

Table 1. Oxidation of Aliphatic Alcohols with 30% Aqueous
H20, Catalyzed by (RN*)12[WZn3(H20)2(ZnWoOsz4)5]?

conversion, mol %

substrate fluorous solvent nonfluorous solvent
2-butanol 3 8
2-pentanol 32 36
2-hexanol 44 55
2-heptanol 46 48
2-octanol 67 28
cyclohexanol 43 82
1-octanol 500 19¢

a Reaction conditions: 1 mmol of alcohol, 2 mmol of 30% agDh] 1
mL of perfluorodecalin or EtOAc, fumol of (ReNT)12]WZn3z(Hz0)2-
(ZnWy034)2], 80 °C, 8 h. Analysis by GC; ketones were the only observed
product.? 4% octanal, 76% octanoic acid, 20% octyloctano&fes%
octanal, 36% octanoic acid, 39% octyloctanoate.

One may observe that secondary aliphatic alcohols were
rather effectively oxidized to the expected ketones without

(10) Rocaboy, C.; Bauer, W.; Gladysz, J.Eur. J. Chem200Q 2621
2628.

(11) Zonnevijlle, F.; TourheC. M.; Tourrie G. F.J. Chem. Soc., Dalton
Trans.1991, 143-155.
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A - with fluorous solvent I

Organic Phase - Substrate Aqueous Phase - H,O, Organic Phase - Product

heat cool
___________________________________ Fluorous/Organic Phase -
Fluorous Phase - Solvent , Catalyst Solvent , Catalyst, Substrate, Product Fluorous Phase - Solvent , Catalyst

B - without fluorous solvent I

Organic Phase - Solvent, Substrate Aqueous Phase - H,0, Organic Phase - Solvent, Product
Aqueous Phase - H,0» _heat ) _cool _ Aqueous Phase - H,0
____________________________________ Organic Phase - b oo e ]
Solid Phase - Catalyst Solvent , Catalyst, Substrate, Product Solid Phase - Catalyst

Figure 2. Reaction protocols for oxidation with aqueous hydrogen peroxide catalyzedebly YI{WZnM »(H20)»(ZnWoOz4)2].

formation of byproducts. For a representative primary phobicity of the substrate. One general observation was that
alcohol, 1-octanol, one observes low selectivity, with forma- allylic alkenols were more reactive (reactions at ambient
tion first of octanal. Octanal may be further oxidized to temperature) than nonallylic alkenols (reactions atG.
octanoic acid or a reaction between octanal and 1-octanolFurthermore, a general selectivity trend was observed: for
leads to formation of a hemiacetal that is oxidized to the alkenols with primary alcohol moieties, epoxidation is the
octyloctanoate ester. It is also interesting to note that there predominant reaction, whereas for alkenols with secondary
appear to be interesting trends of reactivity as a function zjcohol moieties, alcohol oxidation is the predominant
of the length of the aliphatic chain. Fairly water soluble reaction. Selectivity to epoxidation was highest in 3-methyl-

2-butanol hardly reacts due to its limited solubility in EtOAC  _pyten-1-ol due to the higher nucleophilicity of the alkene.
and perfluorodecalin in the presence of aqueow®;HFor

the shorter chain alcohols, e.g. 2-pentanol, 2-hexanol, and
also cyclohexanol, probably better solubility in EtOAc versus

perfluorodecalin leads to higher conversion in the nonfluo- idati ned . d selectivi
rous solvent. As the aliphatic chain is lengthened, the relative oxidation was retained. However, activity and selectivity was

activity EtOAc/perfluorodecalin is inverted. 2-Octanol is Strondly dependent on the carbon chain length (hydrophobic-
more reactive in the fluorous phase. ity) and the nature of the solvent. 3-Methyl-2-buten-1-ol was
Analysis of the results of the oxidation of alkenols needs More reactive in EtOAc compared to perfluorodecalin
to take into account at least five factors: (i) allylic versus because it is relatively more hydrophilic. For 2-hexen-1-ol
nonallylic alcohols, (i) secondary versus primary alcohols, the opposite was observed, presumably because of improved
(iii) secondary versus primary alkenes, (iv) fluorous versus solubility in perfluorodecalin. Importantly, the alcohol moiety
nonfluorous solvents, and (v) the hydrophilicity or hydro- Was less reactive for 2-hexen-1-ol in perfluorodecalin than
in EtOAc leading to improved chemoselectivity due to the
s limited miscibility of the OH group in the fluorous phase.
Table 2. Oxidation of Alkenols with 30% Aqueous 49, Comparison of the reactivity of remaining substrates also
Catalyzed by (RN+)1o[WZns(H;0)(ZnWeO3s)? reveals that the more hydrophobic substrates were more

For the acyclic allylic primary alcohols testde2-hexen-
1-ol, Z-2-hexen-1-ol, and 3-methyl-2-buten-1-ol, the men-
tioned chemoselectivity for epoxidation versus alcohol

conversion (selectivity),® mol %

substrate fluorous solvent nonfluorous solvent
Toh ol 95 (92 6) 53 (72, 28) Table 3. Epoxidation of Alkenes with 30% Aqueous,®&,
-2-hexen-1-0
’ ’ Catalyzed b )12l WZnMny(H20),(ZnWeO
Z-2-hexen-1-o0l 95 (98, 2) 66 (65, 35) y y (B AHO}(ZNWe0sd)2
3-Me-2-buten-1-o0l 43 (100, 0) 100 (100, 0) substrate conversion, mol %
Z-3-hexen-1-ol 71 (82, 18) 94 (90, 10)
h ) 1-octene 0
5-hexen-1-o 58 (97, 3) 56 (96. 4) E-2-octene 3
1-octen-3-ol 66 (0, 100) 35 (0, 100)
1-cyclohexen-3-ol 82 (0, 100 89 (0, 100 cyclooctene o2
-eyelo eicen-lc-o a7 (0’ 100> 10 (O’ 100) 2-methyl-2-heptene 64
(—)-isopulego (0, 100) (0, 100) cyclohexene 100
aReaction conditions: 1 mmol of alcohol, 2 mmol of 30% ag0p 1 4-methylcyclohexene 97
mL of perfluorodecalin or EtOAc, fumol of (ReNT)1lWZn3(H20).- 1-methylcyclohexene 100
(ZnWg034)7], 22 °C (allylic alcohols), 6C°C (other alkenols), 8 h. Analysis
by GC, GC-MS.P Selectivity is given as mol % product/all products (% a8 Reaction conditions: 1 mmol of alkene, 2 mmol of 30% afPi 1
epoxide, % ketone or aldehdyé€)1R,2S5R)-2-Isopropenyl-5-methyl- mL of toluene, 2Qumol of (ReN™)1/WZnMny(H20)2(ZnWgOsz4)2], 60 °C,
cyclohexanol. 13 h. Analysis by GC, GC-MS. Only epoxides were formed.
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reactive in perfluorodecalin compared to EtOAc and vice precipitated catalyst was collected by filtration and reused.
versa. Three repetitions showed no significant loss of reactivity;
The reactivity of weakly nucleophilic alkenes (1-octene, 81, 80, and 78 mol % of cyclohexanone were formed in each
2-octene) was very low with use of the fluorous polyoxo- cycle.®F NMR of the organic product phases showed no
metalate catalyst; however, the more reactive cyclohexenemeasurable (by NMR) presence of the catalyst in the product
derivatives reacted very nicely with this catalyst with no phase.
evidence of acid-catalyzed epoxide ring opening and diol  Polyfluorinated quaternary ammonium salts of polyoxo-
formation, which is unusual for such acid-sensitive epoxides metalate anions can be used in fluorous biphasic oxidation
in the absence of a buffer. Alkenes of moderate nucleophi- catalysis with and without fluorous solvents for oxidation
licity such as 2-methyl-2-heptene showed intermediate of alkenes, alkenols, and alcohols with hydrogen peroxide.
reactivity. The solvent (fluorous or “normal”) has an effect on reactivity
Importantly, one can demonstrate the catalyst recovery and selectivity.
protocols described in Figure 2. Thus, in a fluorous solvent
1-cyclohexen-3-ol was used as a model substrate (1 mmol Acknowledgment. This research was supported by the
of 1-cyclohexen-3-ol, 2 mmol of ¥D,, 5 umol of (REN*) 12 Israel Science Foundation, the Israel Ministry of Science,
[WZna(H20)2(ZnWgO34)2], in 1 mL of perfluorodecalin at ~ and the Helen and Martin Kimmel Center for Molecular
22°C). After 8 h of reaction the fluorous phase was separated Design. R.H.F. thanks the Weston Foundation for funding a
and used as is for another reaction Cyc|e_ This process WaSViSiting PrOfessorShip. R.N. is the Rebecca and Israel Sieff
repeated; no loss of reactivity was noted as conversions toProfessor of Organic Chemistry.
1-cyclohexen-3-one for each cycle were 80, 83, and 79 mol
%, respectively. Similarly, with EtOAc as solvent, cyclo-
hexanol was reacted (1 mmol of cyclohexanol, 2 mmol o
H,0,, 5/,£m0| of (RFN+)12[WZ”3(H20)2(Z”W9034)2] in1mL
of EtOAc at 80°C). After 8 h of reaction and cooling the  0OL0348598
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