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Abstract—Poly(ethylene glycol) (PEG) was used for the immobilization of α,α,α-trifluoroacetophenone and the utility of this supported 
ketone has been examined in dioxirane mediated epoxidation of alkenes.  The PEG-ketone reagent was found to be an effective 
homogeneous catalyst for the epoxidation of a variety of alkenes in the presence of Oxone® and was readily recovered from the reaction 
mixtures and reused.  © 2004 Elsevier Science. All rights reserved 
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The use of small organic molecules to catalyze reactions 
in what is known as organocatalysis is a rapidly 
expanding field of research.1  Some of the most useful 
such compounds for this type of catalysis are amines, 
such as amino acids and their derivatives2,3 and naturally 
occurring alkaloids.4  These catalysts have been found to 
be effective in Baylis-Hillman,5 Strecker,6 and anhydride 
desymmetrization7 reactions.  Another class of useful 
organic catalysts are dioxirane compounds, derived from 
the oxidation of ketones with Oxone® (2KHSO5-KHSO4-
K2SO7), that are effective oxidants in alkene epoxidation 
reactions.8,9   

Our long-standing interest in the development of new 
polymer supports10,11 and the attachment of amine,12 
phosphine,13 sulfide14 and sulfoxide15 reagents to these 
polymers led us to investigate the attachment of such a 
ketone organic catalyst to a polymer support in order to 
simplify its recovery and reuse.16  There have been 
several previous reports regarding attachment of ketones 
to various polymeric supports and their use in dioxirane-
mediated alkene epoxidation reactions, including 
attachment of a methyl ketone to polystyrene,17 a 
trifluoromethyl ketone attached to both polystyrene and 
Tentagel,®,18 and both an achiral trifluoromethyl 
ketone19,20 and a chiral fluro ketone21 immobilized on 
silica. 

These prior reports used insoluble supports that rendered 
the reagents attached to them heterogeneous.  Due to this, 
incomplete coupling of the ketone to the support was 
observed in some cases and in all cases, prolonged 
reaction times were required for reactions to be completed, 

as compared to reactions using small molecule ketone 
catalysts.  As a result these reagents have not yet found 
wide use in organic synthesis.  In order to overcome these 
issues and to prepare what might be a more broadly useful 
reagent, we chose to use poly(ethylene glycol) (PEG),22,23 
a polymer that is soluble in both water and organic 
solvents such as 1,4-dioxane and THF, as the support for 
α,α,α-trifluoroacetophenone.   

For attachment of the ketone to PEG via an ether linkage, 
phenol 1 was prepared from 4-bromophenol in 3 steps 
(Scheme 1).  Initial protection of the phenol group as a 
silyl ether was followed by reaction with magnesium to 
form the corresponding Grignard reagent.  This reagent 
was reacted with N-trifluoroacetylpiperidine24 to 
introduce the trifluoromethyl ketone group.  Finally, 
removal of the silyl ether group afforded phenol 1.25  
Reaction of 1 with MPEG-OMs26 (MPEG = poly(ethylene 
glycol) monomethyl ether, average MW = 5000) in the 
presence of CsCO3 and Bu4NI afforded supported catalyst 
2.27 

The epoxidation of a variety of alkenes using catalyst 2 
was examined (Table 1).  In these reactions, ketone 2 was 
converted in situ to the corresponding dioxirane by 
Oxone® in water/dioxane at room temperature.  It should 
be noted that these reactions were all quite efficient and 
the complete disappearance of the alkene required less 
than 5 minutes, according to TLC analysis, when only 0.1 
equivalents of 2 was used.28,29  The yields listed in Table 1 
represent purified isolated products.30  In most cases, the 
epoxide was the sole product formed (according to TLC 
analysis) and the less than quantitative yields are a result 
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of product loss during the workup and purification 
processes.  Both styrene derivatives (Table 1, entries 1-10) 
and alkyl substituted alkenes (Table 1, entries 11 and 12) 
were good substrates. 

 

Scheme 1. Reactions and conditions: (a) TBDMSCl, Imidazole, DMF, 0 
°C to rt, 100%; (b) Mg, THF, N-trifluoroacetylpiperidine, rt, 56%; (c) 
TBAF, THF, rt, 90%; (d) CsCO3, Bu4NI, MPEG-OMs, DMF, 65 °C, 90%. 

Table 1. Alkene expoxidation catalyzed by ketone 2 in the presence of 
Oxone® 

Entry Alkene Product Yield (%)

 

Once the utility of 2 was established, the reaction 
represented by Table 1, entry 6 was used to determine if 2 
recovered at the end of the reactions31 could be reused.  As 
can be seen in Table 2, a single sample of catalyst 2 can be 
effectively reused at least five times with essentially no 
decrease in isolated product yield.32  
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Table 2. Alkene expoxidation catalyzed by recycled ketone 2. 

 

Cycle Yield (%) 

O

AcO AcO

1 84 

2 82 

3 84 

4 81 

5 85 

 

In summary, we have prepared for the first time, a soluble 
polymer-supported trifluoromethyl ketone that is an 
effective catalyst in dioxirane mediated alkene epoxidation 
reactions and that is approximately as efficient as is the 
analogous small molecule ketone, α,α,α-
trifluroacetophenone.18,33,34  Due to its solublility, 2 
functions as a homogeneous catalyst and therefore allows 
for much shorter reaction times and comparable yields 
compared to other previously reported insoluble polymer-
supported fluorinated ketone catalysts and thus it should be 

etic chemistry toolbox.  Along 
this line, it is interesting to note that in the synthesis of 
epothilones by Ley et al., in which all steps were carried 
out using polymer-supported reagents, the final conversion 
of epothilone C to epoxide containing epothilone A was not 
performed, presumably due to the lack of an available 
supported epoxidation catalyst.35  Perhaps if a reagent such 
as 2 had been available at that time, the complete synthesis 
of epothilone A using polymer-supported reagents in every 
step would have been possible. 

a useful new tool in the synth

Acknowledgments 

The authors thank The University of Hong Kong, and the 
Research Grants Council of the Hong Kong Special 
Administrative Region, People’s Republic of China 
(Project No. HKU 7027/03P) for financial support and Dr. 
Man Kin Wong for helpful discussions. 

Ph
Ph

Ph

Ph OH

BocHN

AcO

Br

MeO

Ph
Ph

O

Ph
O

Ph OH
O

BocHN

O

Br

O

AcO

O

MeO

O

O

O

MeO
O

MeO
O

AcHN AcHN

O

1

2

3

4

6

7

8

9

10

11

12

85

74

77

90

87

84

78

84

82

72

76

5 79



 Tetrahedron Letters  3

References and notes 

1. For a review of asymmetric organocatalysis, see: Dalko, P. I.; 
Moisan, L. Angew. Chem. Int. Ed. 2001, 40, 3726-3748. 

2. For a review of amino acids and peptides in asymmetric 
organocatalysis, see: Jarvo, E. R.; Miller, S. J. Tetrahedron 
2002, 58, 2481-2495. 

3. For reviews of proline as an organic catalyst, see: (a) Gröger, 
H.; Wilken, J. Angew. Chem. Int. Ed. 2001, 40, 529-532.  (b) 
List, B. Tetrahedron 2002, 58, 5573-5590. 

4. For a review of the use of chincona alkaloids as organic 
catalysts, see: Kacprzak, K.; Gawronski, J. Synthesis 2001, 
961-998. 

5. For a review of organic catalysts in the Baylis-Hillman 
reaction, see: Langer, P. Angew. Chem. Int. Ed. 2000, 39, 
3049-3052. 

6. For a review of organic catalysts in the Strecker reaction, see: 
Yet, L. Angew. Chem. Int. Ed. 2001, 40, 875-877. 

7. For a review of organic catalysts in the desymmetrization of 
cyclic anhydrides, see: Spivey, A. C.; Andrews, B. I. Angew. 
Chem. Int. Ed. 2001, 40, 3131-3134. 

8. Murray, R. W. Chem. Rev. 1989, 89, 1187-1201. 
9. For reviews of chiral ketone-catalyzed alkene epoxidation, 

see: (a) Denmark, S. E.; Wu, Z. C. Synlett 1999, 847-859.  (b) 
Frohn, M.; Shi, Y. Synthesis 2000, 1979-2000. 

10. Toy, P. H.; Janda, K. D. Acc. Chem. Res. 2000, 33, 546-554.   
11. (a) Toy, P. H.; Janda, K. D. Tetrahedron Lett. 1999, 40, 6329-

6332.  (b) Garibay, P.; Toy, P. H.; Hoeg-Jensen, T.; Janda, K. 
D. Synlett 1999, 1438-1440.  (c) Toy, P. H.; Reger, T. S.; 
Janda, K. D. Aldrichimica Acta 2000, 33, 87-93.  (d) Toy, P. 
H.; Reger, T. S.; Garibay, P.; Garno, J. C.; Malikayil, J. A.; 
Liu, G.-Y.; Janda, K. D. J. Comb. Chem. 2001, 3, 117-124.  
(e) Choi, M. K. W.; Toy, P. H. Tetrahedron 2004, 60, 2903-
2907. 

12. Toy, P. H.; Reger, T. S.; Janda, K. D. Org. Lett. 2000, 2, 
2205-2207. 

13. Choi, M. K. W.; He, H. S.; Toy, P. H. J. Org. Chem. 2003, 68, 
9831-9834.   

14. Choi, M. K. W.; Toy, P. H. Tetrahedron 2004, 60, 2875-2879. 
15. Choi, M. K. W.; Toy, P. H. Tetrahedron 2003, 59, 7171-7176.   
16. For a review of polymer-supported organic catalysts, see: 

Benaglia, M.; Puglisi, A.; Cozzi, F. Chem. Rev. 2003, 103, 
3401-3429. 

17. Shiney, A.; Rajan, P. K.; Sreekumar, K. Polym. Int. 1996, 41, 
377-381. 

18. Boehlow, T. R.; Buxton, P. C.; Grocock, E. L.; Marples, B. 
A.; Waddington, V. L. Tetrahedron Lett. 1998, 39, 1839-1842. 

19. Choong, E. S.; Lim, J. S.; Kim, S. C.; Lee, K.-J.; Chi, D. Y. 
Chem. Commun. 2000, 2415-2416. 

20. For the use of an immobilized perfluroro ketone in hydrogen 
peroxide activation and oxidation reactions, see: Niemann, K.; 
Neumann, R. Chem. Commun. 2001, 487-488. 

21. Sartori, G.; Armstrong, A.; Maggi, R.; Mazzacani, A.; 
Sartorio, R.; Bigi, F.; Dominguez-Fernandez, B. J. Org. 
Chem. 2003, 68, 3232-3237. 

22. For reviews of applications of PEG, see: (a) Zalipsky, S. 
Bioconjugate Chem. 1995, 6, 150-165.  (b) Gravert, D. J.; 
Janda, K. D. Chem. Rev. 1997, 97, 489-510.  (c) Dickerson, T. 
J.; Reed, N. N.; Janda, K. D. Chem. Rev. 2002, 102, 3325-
3344. 

23. For other examples of PEG-supported organocatalysis, see: (a)  
Benaglia, M.; Celentano, G.; Cozzi, F. Adv. Synth. Catal. 
2001, 343, 171-173.  (b) Benaglia, M.; Celentano, G.; 
Cinquini, M.; Puglisi, A.; Cozzi, F. Adv. Synth. Catal. 2002, 
344, 149-152.  (c) Huang, J.-W.; Shi, M. Adv. Synth. Catal. 
2003, 345, 953-958. 

24. This reagent was found to be superior to both trifluroacetic 
acid and and methyl trifluroacetate: Lu, X.; Cseh, S.; Byun, 
H.-S.; Tigyi, G.; Bittman, R. J. Org. Chem. 2003, 68, 7046-
7050. 

25. Characterization data for ketone 1: 1H NMR (400 MHz, 
CDCl3) δ 5.92 (1H, s, br), 6.96 (2H, d, J = 10.1 Hz), 8.02 (2H, 
d, J = 8.0 Hz).  13C NMR (100 MHz, CDCl3) δ 112.6-121.2 
(JCF = 289.4 Hz), 116.1 (2C), 122.7, 133.2 (2C), 162.6, 179.4 
(JCF = 34.6 Hz).  IR (CH2Cl2, cm-1) 3046, 2984, 1685, 1653, 
1603, 1580, 1520, 1443, 1255.  HRMS (m/z) calcd for 
C8H5F3O2 (M+) 190.0242, found, 190.0241.   

26. Köllhofer, A.; Plenio, H. Chem. Eur. J. 2003, 9, 1416-1425. 
27. Characterization data for ketone 2: 1H NMR (400 MHz, 

CDCl3) δ 3.38 (-OCH3, s), 3.46-3.81 (n -OCH2, m), 6.91 (2 
C-H, d, J = 8.2 Hz), 8.09 (2 C-H, d, J = 8.6 Hz).  IR (CH2Cl2, 
cm-1) 3052, 2853, 1684, 1653, 1603, 1574, 1521, 1452, 1352.   

28. Sample epoxidation procedure:  A mixture of alkene (0.4 
mmol, 1.0 eq), 2 (0.1 eq), Oxone® (3.0 eq) and NaHCO3 (9.0 
eq) in 1,4-dioxane/aqueous 4 x 10-4M EDTA (1.5/1.0 v/v, 5 
mL) was stirred vigorously at rt for 5 min.  At this time, the 
reaction was diluted with CH2Cl2 (20 mL) and H2O (2 mL).  
The organic layer was separated and ether (20 mL) was added 
to it in order to precipitate 2.  This was filtered off and the 
filtrate was concentrated.  The crude residue was purified by 
radial chromatography (EtOAc/hexanes) to afford the desired 
epoxide. 

29. For Table 1, entries 1-4, 0.2 eq of 2 were used.   
30. All epoxide products were characterized by 1H NMR and by 

HRMS analysis.  
31. The 1H NMR spectra of recovered 2 was identical to that of 

unused 2. 
32. Reactions involving recycled 2 were somewhat sluggish and 

required up to 30 min for the alkene to disappear. 
33. Yang, D.; Yip, Y.-C.; Tan, M.-W.; Wong, M.-K.; Zheng, J.-

H.; Cheung, K.-K. J. Am. Chem. Soc. 1996, 118, 491-42. 
34. For the use of other commercially available fluorinated 

acetophenones as epoxidation catalysts, see: Li, W.; Fuchs, P. 
L. Org. Lett. 2003, 5, 2853-2856. 

35. Storer, R. I.; Takemoto, T.; Jackson, P. S.; Ley, S. V. Angew. 
Chem. Int. Ed. 2003, 42, 2521-2525. 

 

 


