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ABSTRACT 

Chapter I contains a brief introduction to the applications of dioxirane chemistry and outlines the 

mechanistic investigations carried out to date. 

Chapter 2 describes investigations into the dimethyldioxirane oxidation of para-substituted 

N,N-dimethylanilines in acetone. The N-oxides were found to be the only products. Relative rates 

were determined and compared with those of reactions with methyl iodide and other oxidants. The 

dimethyldioxirane reactions followed the Hammett relationship with a p value of -1.0. The reaction 

rates are strongly accelerated in the presence of water and the overall reaction mechanism is 

electrophilic in nature and does not involve free radical species or electron transfer. 

Chapter 3 looks at the regioselectivity of dimethyldioxirane when used to oxidise several 

polyfunctionalised nitrogenous drugs with a view to developing a system for use in oxidative 

degradation studies. 

The regioselectivity of dimethyldioxirane in the oxidation of polyhydroxy steroids, namely a series 

of bile acid methyl esters, is discussed in chapter 4. No evidence for preferential oxidation of axial 

over equatorial hydroxyls or vice versa was seen. Instead the least hindered hydroxyl at C3 was 

oxidised preferentially with some oxidation also occurring at C6 and C7. Hydroxyls at the sterically 

hindered C 12 were not oxidised. This provides further evidence for the proposed butterfly transition 

state. 

Finally, chapter 5 discusses the use of novel trifluoromethyl aryl ketones as promoters for Oxone®­

mediated epoxidations. 4-(trifluoroacetyl)benzoic acid was used succesfully and can be readily 

isolated for re-use by simple base extraction. 
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I 

Chapter 1 

INTRODUCTION 

1.1 GENERAL lNTRODUCTION 

During the last ten years or so, dioxiranes 1 have been used to carry out a wide variety of 

synthetically useful transformations. The oxidation of a large range of substrates has been 

extensively investigated, particularly using dimethyldioxirane la, which has shown dioxiranes to be 

extremely efficient oxygen transfer agents, exhibiting high regio-, chemo- and stereoselectivity. The 

chemistry of dioxiranes has been the subject of several reviews' and interest in them continues. 

1XR
, 

o R, 

la R, ~R,~CH, 

Ib R, ~ CH,. R, ~ CF, 

I 

Oxidations can be achieved using dioxiranes as isolated species in solutions of the parent ketone or 

the dioxirane can be generated in situ. The in situ method can only be used ifboth substrate and 

product can tolerate hydrolytic conditions, but it does allow a wider range ofketones to be used for 

dioxirane generation. The use of isolated dioxirane means that non-aqueous reactions can be 

performed and it allows the dioxirane to be used more quantitatively as a reagent. 

Dimethyldioxirane la was the first dioxirane to be isolated in 1985 by Murray and Jeyeraman.2 It is 

prepared from acetone and potassium peroxymonosulfate (otherwise known as potassium caroate, 

which is commercially sold as Oxone®) under buffered conditions and is isolated by low temperature 

distillation as an acetone solution.' 

~+ KHSO, _ED_T_A_. ><01 
NaHCO, 

0_5°C 

Scbeme 1 : Preparation of dimethyldioxirane 



Methyl(trifluoromethyl)dioxirane Ib was isolated three years later by Curci and coworkers4 and is 

about 1000 times more reactive than dimethyldioxirane. Not only this, methyl(trifluoromethyl)­

dioxirane can also be prepared as ketone-free solutions in dichloromethane.' 

2 

In 1992 Murray, Singh and Jeyerman published a method for the preparation of solutions ofless 

volatile dioxiranes, for example the dioxirane derivative of cyclohexanone, which involved salting 

out the dioxirane / ketone solution from the aqueous phase'" In 1993, the first dioxirarre stable in the 

gas phase at room temperature, difluorodioxirane, was synthesised by Russo and DesMarteau," and 

in 1994 the first solid dioxirane, dimesityldioxirane, was isolated in pure form by Sander et at. 8 

Although the preparation procedure for dimethyldioxirane / acetone solutions has proved satisfactory 

for many applications, the conversion yields are poor and often these solutions are too dilute for 

working at the multigram scale. The distil1ation procedure also makes it difficult to control the 

water content of the dimethyldioxirane solution which means drying procedures not always reliable 

for delicate applications have to be employed. As a result, Messeguer et at have devised a procedure 

for obtaining more concentrated dimethyldioxirane solutions (four to five-fold) using a simple 

work-up procedure which involves diluting the dimethyldioxirane distillate with water and 

extracting with dichloromethane, chloroform or carbon tetrachloride.9 This leads to the quantitative 

incorporation of dimethyldioxirane into the organic fraction affording solutions containing a higher 

dimethyldioxirane concentration than that of acetone. These solutions exhibit stability comparable 

to the conventional dilute ones. 

The in situ method of dioxirane generation is usually carried out under biphasic conditions (often 

dichloromethane - water) using excess ketone, Oxone® and a phase transfer catalyst with sodium 

bicarbonate or phosphate buffer to control the pH to 7.0 - 7.5. Reaction times (0.5 - 72 hours) 

depend on substrate nature and reaction conditions. Recently, Denmark looked at optimising the 

conditions of the in situ biphasic method and found that there are many key variables which are 

interdependent. 10 In brief, he found that the stoichiometry of the ketone, the structure of the ketone, 

the rate of Oxone® addition and the pH all have a dramatic effect on the outcome of the oxidation. 

This is discussed in more detail in chapter 5. 

In situ epoxidations can also be performed in a homogenous aqueous organic solution" and the 

development of a truly general and efficient catalyst remains an important challenge. Much work in 

this area has been carried out by Denmark. He developed a class of 4-oxopiperidinium salts 2 which 

can be customised to function as excellent catalysts under either biphasic conditions 2a or in 



homogenous medium 2b by simply altering the lipophilicity of the ammonium group. 10 In addition, 

Denmark has recently reported efficient catalysis with simple fluoroketones l2 (this is discussed in 

more detail in chapter 5) and also a new class of agents, a,a' -bis(ammonium)ketones 3. 13 

1.2 

OTr 

2 

2a R = n·CIlH2j 

2b R~CH3 

MECHANISM OF D10XIRANE FORMA nON 

3 

Evidence for the presence of dioxiranes in the ketone / Oxone® system was first presented by 

Edwards and Curci. They found that by strictly controlling the pH at 7.5, there was little or no 

competition from the Baeyer-Villiger reaction and the mechanism of dioxirane formation shown in 

Scheme 2 was postulated. llb This accomodates the results of kinetic studies and "0 labelled 

experiments, confirming the intervention of dioxirane. 11 The ultimate proof was the isolation of 

dimethyldioxirane and later methyl(trifluoromethyl)dioxirane and their subsequent spectroscopic 

characterisation.2
•
14 

3 

The adduct 4 shown in Scheme 2 is analogous to the adduct formed in the first step of the Baeyer­

Villiger oxidation ofketones by organic peroxy acids. Curci found that with small or (to a lesser 

extent) medium ring cycloalkanes, the reaction is diverted towards the Baeyer-Villiger oxidation 

(path 1). However, with acyclic dialkyl or aryl alkyl ketones, the loss of ketone via the Baeyer­

Villiger oxidation is negligible and adduct 4 takes path 2. The role of the hydroxide ion is crucial. It 

removes the acidic proton in 4 so that the alkoxide oxygen can perform intramolecular nucleophilic 

attack on the 0-0 bond. Concerted ring closure and expUlsion of sulfate ion (a good leaving group) 

generates dioxirane I in a slow step. This can then react readily with a variety of nucleophilic 

substrates S yielding oxygenated products SO (path 3). The ketone is regenerated and returns to 

the catalytic cycle. 



R.>=O + 
R 

+ so 

------

4 

+ OH- H,O path 2 

s: .. ---------
path 3 

Scheme 2: Mechanism of dioxirane formation 

Competitive with this, however, is the attack on the dioxirane by the peroxy anion, -OOS03-

according to Scheme 3, yielding sulfate ion and molecular oxygen. In addition to this, the dioxirane 

can also suffer attack by another caroate species, -03S0,H. Therefore, for successful subsequent 

oxidation to occur in situ, the substrate has to compete effectively with -03S0,H and -03S00- and 

pH plays a key role in this. Although both species are effective nucleophiles, the peroxy anion, 

'03S00', is about twenty five times more reactive than the peroxy acid -03S0,H (k,>k,). At pH 7, 

pka, is approximately equal to 9.4 and so at this pH it is the less nucleophilic peracid species 

-03S0,H that dominates and the rate of loss of dioxirane is diminished. 

R,C=O + 0, + H+ + so/" 

~ooso,­

k,"-.... 

R,C=O + 0, + sol' 

Scheme 3: Competitive attack on dioxirane by other caroate species 



5 

Interestingly, a recent paper by Annstrong et at presented the results of an 180 labelling study which 

led them to conclude that a dioxirane intermediate is probably not responsible for alkene epoxidation 

in the ketone / axone" system." The Annstrong group assumed that addition of axone" to the 

ketone is non-stereose1ective and that a dioxirane intermediate would result in 50% label 

incorporation into the epoxide providing that either of the diastereotopic oxygen atoms is 

geometrically capable of being transferred to the alkene. However, when "a labelled 4-tert-butyl­

cyclohexanone 5 (Scheme 4) was subjected to the reaction conditions no such label transfer to the 

epoxide was observed. Also there was no loss of 180 from the ketone carbonyl. The explanation 

they gave for this was that dioxirane is probably not involved in the epoxidation and that the 

tetrahedral species 6 resulting from addition of HSO,· to the carbonyl group is capable of alkene 

epoxidation (Scheme 4). Ring closure of 6 is likely to be the rate determining step in dioxirane 

formation therefore it is possible that epoxidation by 6 is faster than ring closure to the dioxirane. 

-
Bu' 

S 

o-so,· 
I 
o 

Bu' 

6 

slow -

0 

6 

"0-0 

Bu' 

Scheme 4: Oxidation of 4-tert-butylcyclohexanone using i. Oxone", 

BII4NHSO., EDT A.Na2, IM aqueous NaHCOJ , dichloromethane, O°C 

However, in a recently published paper by Denmark'6 in which studies on the system shown in 

Scheme 5 using 180 labelled 2 were described, the author criticises Armstrong's findings and 

provides evidence that dioxiranes are indeed the intermediates in the ketone / axone" in situ 



6 

epoxidation system. Denmark suggests that the fact that only a low conversion (15%) was obtained 

with 4-tert-butylcyclohexanone (which implies that this ketone is a: poor promoter under biphasic 

conditions) and the fact that the "0 label is not lost from the ketone in the presence of unlabelled 

water, casts considerable doubt on the involvement of any tetrahedral intermediate derived from 

4-tert-butylcyclohexanone and thus rules out the possibilty that the label could have been transferred 

in the oxidation process. This is discussed further in chapter 5. 

CH3CN I H20 

EDTA 

SchemeS 

Oxone<&> 

NaHC03 

O°C 

• 

1.3 APPLICATIONS OF DIOXIRANE CHEMISTRY 

1.3.1 Epoxidation 

The most widespread application of dioxiranes has been to the epoxidation of alkenes. Many 

examples exist in the literature involving a diverse range of different alkenes, from the structurally 

simple to the more complex, containing a wide range offunctionalities. Yields are high and the 

higher the degree of alkylation in the alkene the faster the epoxidation. Cis-alkenes are epoxidised 

slightly faster than the corresponding trans-alkenes and electron donors activate the double bond 

towards epoxidation while electron acceptors deactivate it. The reaction is also highly stereo­

specific. Trans-alkenes yield trans-epoxides and cis-alkenes produce only cis-epoxides. 

Dimethyldioxirane has been shown to convert enol ethers 7,17 2,3-dimethylbenzofurans 8,'8 silyl enol 

ethers 9,19.20 enol esters and lactones 10,19.21 and enol phosphates 11 19
•
22 to the corresponding 

epoxides, all of which are difficult to isolate through classical routes. In addition, Adam et at have 
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demonstrated that dimethyldioxirane also epoxidises even electron-poor alkenes such as Cl,J3-

unsaturated acids, esters and ketones 12.23 These epoxidations were then extended to substrates 

containing both electron-donating and electron-accepting substituents, such as p-oxo enol ethers 1324 

and flavones 14,25 as well as substrates bearing two electron-donating substituents, for example 

1,2-bis(trimethylsilyloxy)cycloalkene 15, which has been epoxidised in excellent yield26 Adam et at 

have also achieved the direct epoxidation of various 2' -hydroxychalcones 16 with dimethyldioxirane 

resulting in acid and base-sensitive epoxides which were hitherto difficult to prepare, thus further 

illustrating the advantages of this oxidant for the preparation of labile epoxides.21 Crandell et at 

have shown that dimethyldioxirane provides a route to fragile diepoxides of allenes2
' and have 

reported the formation of highly functionalised oxygen heterocycles derived from cyclisation of 

intermediate mono- and di-epoxides.29 The oxidative cyclisations of allenic aldehydes 1730 and 

allenic sulfonamides 1831 have also been studied and it has been found that many furans 19 and 20 

are oxidised cleanly and rapidly at room temperature giving one of two product types depending on 

the substitution pattern.32 All these epoxidations are featured in Scheme 6. 

Epoxidations by dioxiranes are particularly sensitive to steric factors33." and solvent effects.34 The 

presence of water has been shown to increase the rate of epoxidations35 and in \993, Murray 

reported that the rate of dimethyldioxirane epoxidation is enhanced by hydrogen bonding donor 

solvents and inhibited by hydrogen bonding acceptor solvents.34' In the epoxidation of geraniol 22 

by dimethyldioxirane, a mechanistically significant solvent effect is observed on the product 

distribution of the two regioisomeric epoxides and it is proposed that the hydrogen bonding ability of 

the solvent is the principal molecular feature in controlling selectivity]6 

o 
OH OH 

• 
solvent, RT, 1·3 hOlUS 

II 0 
+ OH 

Solvent Ratio of 6,7-epoxide : 2,J-epoxide 

acetone / methanol I : 9 88 : 12 

acetone / carbon tetrachloride I: 9 5 I : 49 

Scheme 7: Epoxidation of geraniol using dimethyldioxirane 
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~O /" lr - "y=Jf'0II -
o 0 0 9 \9 

011 

2. 

Scheme 6: Examples of epoxidations carried out using dimethyldioxirane 

With regard to stereochemistry, the epoxidations proceed with preservation of initial configuration. 

Diastereoselectivity is sometimes rather low (-60:40) except when sterically large groups are present 

when diastereocontrol can be very high (>99: I). Adam also observed a notably higher diastereo­

selectivity in the dimethyldioxirane epoxidation of chiral allylic alcohols when less polar solvent 

mixtures are employed'7 and Murray showed a remarkable solvent dependency of the diastereo­

selectivity ofcyclohex-2-en-I-ol.34
a In a more recent publication, Murray investigated the 

epoxidation of three series of compounds based on cyclohexene by dimethyldioxirane and found that 

the diastereoselectivity is subject to a number of substrate and solvent influences, including steric 

effects, hydrogen-bonding and dipole-dipole interactions. His results suggest that these various 

factors can be manipulated to give the desired stereocontrol. 34b 

The opportunity that exists for asymmetric epoxidations involving dioxiranes generated in situ from 

suitable chiral ketone precursors has also been recognised although progress in this area has been 

limited and enantiomeric excesses have generally been low (9-20%).'8 Yang made some progress, 

reporting an 87% ee in one case using a C2 symmetric cyclic chiral ketone 23, although in most 

cases the ees obtained were low (5-50%).39 Shi et at also reported an efficient asymmetric 

epoxidation method for unfunctionalised trans-olefins mediated by a fructose-derived ketone 244
• 

An ee greater than 91 % was achieved for stilbene oxide although it was found the ketone 24 

decomposed over time under the reaction conditions. More recently, Armstrong found that 

enantiomerically pure a-fluoro-N-ethoxycarbonyltropinone 2S is an efficient catalyst for asymmetric 

epoxidation affording enantioselectivites of up to 83% ee41 It can also be recovered and recycled. 
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1.3.2 C-H Insertion 

The direct oxygen atom insertion into C-H bonds is one of the most unusual oxidations which can be 

performed by dioxiranes and highly selective oxidation of non-activated C-H bonds has been 

achieved. The significant feature is the preferential oxidation of tertiary C-H, which give the 

corresponding alcohol or products arising from further oxidation, over secondary t-H, which give 

the corresponding ketone from the initially formed secondary alcohol. High retention of 

configuration is observed and equatorial C-H are oxidised in preference to axial t-H. This is 

illustrated in the oxidation of cis- and trans-decalin (Scheme 8)·~ 

The high regio- and stereoselectivities achieved when using dimethyldioxirane are not lost when 

using the more reactive methyl(trifluoromethyl)dioxirane. For example, the selective 

oxyfunctionalisation at the tertiary C-H of stereomeric l,i-dimethylcyclohexanes using methyl­

(trifluoromethyl)dioxirane is completely stereospecific4l and optically active 2-phenylbutane 26 can 

be cleanly converted into i-phenyl-i-butanol 27 in over 9iJ% yield with complete retention of 

configuration (Scheme 9).44 

H 

XI 
H 

,~ ooF 0 
8-I~i 

17 hours 

H 

XI 
OH 

~ ~ 2~. 17 hours 
H H 

Scheme 8: Oxidation of cis- and trans-decalin by dimethyldioxirane 
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SchemeS: Oxidation of cis- and trans-decalin by dimethyldioxirane 

Murray has shown that the C-H insertion reaction is also affected by solvent. Solvents with 

hydrogen bonding donor capacity favour the reaction although the effect is less pronounced than 

with epoxidation, which may be attributed to the difference in polarizability of the reacting bonds, 

i.e. a 1t bond in the epoxidation reaction versus an Sp3 a bond in the insertion reaction.45 

1.3.3 Oxidation of Alcohols 

11 

Dioxiranes are also useful for the conversion of alcohols into carbonyl compounds. It was found that 

a number of secondary alcohols can be oxidised by methyl(trifluoromethyl)dioxirane in a solution of 

its parent ketone affording the corresponding ketones in high yields (92-99%) under mild conditions 

and in short reaction times.46 Aliphatic tertiary alcohols were not appreciably oxidised under the 

same conditions and the primary alcohol, benzyl alcohol, gave mixtures of benzaldehyde and 

benzoic acid, depending on the extent of conversion and the reaction time. 

Scheme 10: Oxidation of secondary alcohols by methyl(trifluoromethyl)dioxirane 

Dimethyldioxirane will perform selective oxidation of a secondary alcohol in the presence of a 

primary one·7 Bovicelli noted that dimethyldioxirane had a very high sensitivity to stereo-



12 

that the observed selectivities might depend on the strong dipolar interaction between dimethyl­

dioxirane and the carbonyl moiety present in the substrate. This fnteraction influences the approach 

of the dioxirane to the reactive centre favouring or sometimes inhibiting the attack. 

COcH,oAC 

IX 
• 

20 hoUJ"S 
~:n 3: 2 

o 

Scheme 11: Selective epoxidation of the less nucleophilic double bond in prednisone acetate 

using dimethyldioxirane 

Bovicelli also reported the use of dimethyldioxirane to mono-oxidise 1,2- and 1,3-sec.sec-diols to the 

corresponding 2- and 3-ketoalcohols47 This appeared to confirm a deactivating effect of the 

generated carbonyl group lying close to the primary reaction centre. When oxidising compounds 

such as 1,2-cyclohexandiol and 1,3-cyclohexandiol 28. which contain two hydroxyl groups of similar 

reactivity, it was found that dimethyldioxirane gave the ketoalcohols in excellent Yields. No 

appreciable amounts of diketone were observed even when using an excess of dimethyidioxirane and 

prolonged reaction times. The dipole of the formed carbonyl group modifies the electronic 

enviroment at the second reactive centre making it unreactive with dimethyldioxirane. Obviously 

this dipole interaction does not affect diols with distant hydroxyl groups. These compounds, for 

example 29, produce a mixture of ketoalcohols and diketones even when the conversions are kept 

low. 

Following this, the same group found they were able to perform selective oxidation of nitrodiols 30 

to nitroketols 3t.l° It was found that the deactivating effect of the nitro group extended to a and 13 

positions. 
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Scheme 12: Oxidation of \,2- and \,4-diols using dimethyldioxirane 
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Scheme 13: Selective oxidation of nitrodiols to nitroketols using dimethyldioxirane 

The oxidation of a primary hydroxyl group to the corresponding carboxylic acid was carried out in 

the presence of a secondary alcohol close to a nitro group, and a double bond in a diene which 

carries a nitro group was also selectively oxidised (Scheme 14). 
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It has been shown that the oxidation of the hydroxy functionality in secondary allylic alcohols to the 

ketone by dimethyldioxirane can compete with the epoxidation of the double bond. 51 Nevertheless, 

the chemoselectivity can be promoted towards epoxide formation by acylation of the alcohol or by 

employing higher temperatures. The fact that more enone is formed at lower temperatures has been 

rationalised in terms of entropy control in the epoxidation versus the C-H insertion pathway. 

1.3.4 Oxidation of Heteroatoms 

1.3.4.1 Oxidation of Suifur 

The oxidation of sulfur is among the earliest studied dioxirane reactions. Dimethyidioxirane reacts 

with sulfides 3i to give sulfoxides 33 which can react further with dimethyldioxirane to give 

sulfones 34 in a sequential process. i.l> The reaction is extremely rapid and yields are practically 

quantitative. Since sulfides are better nucleophlles than sulfoxides, the oxidation can be controUed 

at the sulfoxide stage when a stoichiometric amount of dimethyidioxirane is used. 

R ......... 
IX R IX R ......... ~O 0 

)8=0 /8 • /8~ 
R R R 0 

31 33 J4 

Scheme 15: Oxidation of sui fides to sulfones via the sulfoxide using dimethyldioxirane 

Interestingly, when using methyl(trifluoromethyl)dioxirane the oxidation ofphenyimethyl sulfide 35 

gave the sulfone 37 as the main product even in the presence of a large excess of sulfide relative to 

methyl(tritluoromethyl)dioxirane and it was found that the sulfoxide yield increased at the expense 

of sulfone when 2,2,2-tritluoroethanol was used as co-solvent. 53 It was expected that the oxidation 

of sui fides to sulfones by methyl(tritluoromethyl)dioxirane follow the same sequence as dimethyl­

dioxirane (Scheme 15). If this is the case, these results suggest that sulfoxide reacts faster with 

methyl(trifluoromethyl)dioxirane than sulfide. To clarify this, Asensio et al carried out a series of 

competitive oxidations on phenyl(trideuteromethyl)sulfide and phenyl methyl sulfoxide. 53 They 

concluded that the conversion of sulfide to sulfone by methyl(tritluoromethyl)dioxirane cannot occur 
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only through the oxidation of the intermediate sulfoxide as depicted in Scheme 15 and suggested the 

involvement of a sulfide-derived reactive intermediate which is oxidised by methyl(trifluoromethyl)­

dioxirane faster than either sultides or sulfoxides and which is readily converted into a sulfoxide by 

the action of protic acidic solvents such as trifluoroethanol. 1·0 tracer experiments led to the 

proposal that the cyclic sulfurane 36 is involved. 

Ph 

)s=o 
M, 

36 

37 

Scheme 16: Proposed pathway for the oxidation of phenylmethylsulfide using 

methyl(trifluoromethyl)dioxirane 

Adam reported the use of dimethyldioxirane in the oxidation of thiol esters 38 to a-oxo sulfones 39 

(Scheme 17).54 Oxidants such as N-bromosuccinimide, iodosobenzene and MCPBA give a complex 

mixture due to nucleophilic cleavage of the S-CO bond and so compounds such as these have 

previously been prepared by ozonolysis. However, using dimethyldioxlrane, the reagent can simply 

be added and the solvent evaporated once the reaction is complete. 

38 

rx o 

acetone 

dichlorometbane 

-30·C 

• 

39 

Scheme 17: Oxidation of thiol esters using dimethyldioxirane 
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1.3.4.2 Oxidation of Nitrogen 

The oxidations of various nitrogen-containing compounds have been carried out using dioxiranes. 

1. Primary amines 

Primary amines 40 (primary, secondary and tertiary alkyl and aryl) can be oxidised by dioxiranes to . 

nitro compounds 44 in high yields via the hydroxylamine 41 and the nitroso compound 43 (Scheme 

18). ss The use of stoichiometric amounts of dimethyldioxirane will oxidise most amines to the 

hydroxylamine 41 without further oxidation to the nitro compound. For example, solutions of 

dimethyldioxirane have been used for the controlled oxidation of amino sugars and esters of amino 

acids to the corresponding hydroxylamines56 

The final oxidation of the nitroso compound to the nitroalkane is in competition with dimerisation 

and tautomerisation to the oxime if a hydrogens are available. Mixtures of oximes 45 and nitroso 

dimers 46 have been typically obtained with solutions of dimethyldioxirane in excess (Scheme 19).57 

It has been found that aromatic amines can be oxidised to the corresponding nitro compound in the 

presence of highly nucleophilic electron-rich aromatic systems such as indoles and furans58 For 

example, a competitive oxidation using a mixture offuran and aniline gave only nitrobenzene in 

78% yield after reaction for 15 minutes with dimethyldioxirane generated in situ at OnC. 
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'--H '--OH 

40 41 42 

IX l·HP 

0 
R-No, • R-N=O 

44 43 

Scheme 18: Oxidation of primary amines using dimethyldioxirane 
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Scheme 19: Possible products in the oxidation of primary amines 

using dimethyldioxirane when aB are available 
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Not all primary amines however are oxidised to the nitroalkane. In 1995, Camps et at reported a 

new kind of oxidation process with dimethyldioxirane.'· When the aminoalcohol 47 was oxidised 

with an excess of dimethyldioxirane, the expected nitro alcohol was not formed. Instead the 

diketone 49 was obtained in quantitative yield. When 47 was oxidised with a stoichiometric amount 

of dimethyldioxirane, the bicyclic ketone 48 was obtained in excellent yield, showing that the 

oxidation takes place in an unprecedented way with cleavage of the central carbon-carbon bond 

bearing the amino and hydroxy functionalities (Scheme 20). Unlike the oxidation of 47, the 

treatment of SO with excess of dimethyldioxirane gave the expected tetracyclic nitro aicohol 52, 

although not through the usual series of oxygen transfers which convert primary amines to nitro 

compounds but through an oxidative coupling of the intermediate oxime ketone SI, which was 

obtained quantitatively when SO was treated with a stoichiometric amount of dimethyldioxirane. 

Another example is the oxidation of cis-1 ,2-diamino-1 ,2-dimethylcyclobutane 53 using dimethyl­

dioxirane which results in oxidative cleavage to form the 2,5-hexane-dione 54 rather than 

1,2-dinitro-1,2-dimethylcyclobutane (Scheme 21).60 The open chain analogue, 2,3-diamino-2,3-

dimethyl butane SS yields a mixture of the dinitro compound 56 (13%) and the cyclic nitroso dimer 

57 (49%). The oxidative cleavage product in this case would be acetone which cannot be detected 

since the dimethyldioxirane is prepared as an acetone solution. The amount of strain which can be 

tolerated within a cyclic system before ring cleavage will occur and the level of oxidation (i.e. 

hydroxylamino, nitroso or nitro) which has to be attained for cleavage to occur have not yet been 

established. 
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Scheme 20: Oxidation of polycyclic 2-aminoalcohols using dimetbyldioxirane 
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Scheme 21 : Oxidation of cis-I ,2-diamino-l ,2-dimetbylcyclobutane and 2,3-diamino-

2,3-dimethylbutane using dimethyldioxirane 

11. Secondary amines 
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The oxidation of secondary amines 58 with an equimolar amount of dimetbyldioxirane gives the 

hydroxylamine 59. A second mole of dioxirane gives the nitrone 60 if Cl hydrogens are present and 

the nitroxide 61 if not (Scheme 22)61 
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Scheme 22: Oxidation of secondary arnines using dimethy1dioxirane 
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Six-membered cyclic secondary amines 62 such as piperidine and morpholine are readily oxidised to 

the corresponding hydroxarnic acid 64 in acetone by dimethyldioxirane. The reaction proceeds via 

the nitrone 6362 

o 
I 
H 

IX o o 
N 

1-o 

63 64 

Scheme 23: Oxidation of 6-membered cyclic secondary amines using dimethyldioxirane 

Fused cyclic secondary amines react readily to form the corresponding hydroxamic acids as long as 

there is no benzylic hydrogen a to the nitrogen atom. With I ,2,3,4-tetrahydroisoquinoline 65 which 

does have a benzylic hydrogens, oxidation with three equivalents of dimethyldioxirane gives a . 

mixture of the nitrone, the hydroxarnic acid plus other unidentified oxidation products. With only 

two equivalents of dimethyldioxirane, a clean reaction to the nitrone is observed. 

65 
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iii. Tertiary amines 

It is well known that aromatic tertiary amines such as pyridines are oxidised by dimethyldioxirane to 

give the N-oxide. Less work has been reported on other classes oftertiary amine. Murray reports 

that reaction conditions are critical if the N-oxide is the desired product as excess dioxirane leads to 

an intermediate which loses oxygen to regenerate the amine (Scheme 24).ld 

- O2 
• • 

Scheme 24: Oxidation of tertiary amines using dimethyldioxirane 

More recently, Adam reported that 4-dimethylaminopyridine reacts with I equivalent of dimethyl­

dioxirane to give N-oxide with 57% conversion.·3 Using 3 or 5 equivalents of dimethyldioxirane, a 

maximum of 84% N-oxide was reached. Nevertheless, the dimethyldioxirane was consumed within 

a few minutes at O°C with gas evolution. Adam suspected that the N-oxide decomposed the 

dioxirane and this was confirmed by reaction of authentic N-oxide with dimethyldioxirane. This 

gave the same mixture of84:16 N-oxide / amine using I, 2 and 5 equivalents ofdioxirane, with 

oxygen gas liberation. 

Ammonium chlorides will undergo N-oxidation by dimethyldioxirane,,·64 but it has been reported 

that tetrafluoroborate salts of primary, secondary and tertiary alkylamines do not65 This has led to a 

procedure for the hydroxylation of amino derivatives which involves performing the reaction in a 

protic medium. This protects the amino group from oxidation allowing oxygen atom insertion to 

take place at C-H. In this way, ketone-free solutions ofmethyl(trifluoromethyl)dioxirane in 

dichloromethane have been used to selectively oxidise remote unactivated tertiary and secondary 

C-H bonds in the aliphatic side chain of alkyl amines to give the corresponding aminoalcohols 

(equation I, Scheme 25). 

It was found that tertiary C-H bonds of acyclic, cyclic and polycyclic amines separated by at least 

two carbon atoms from the ammonium group are readily hydroxylated within 3 hours. The a and 13 

positions were found to be deactivated due to the strong electron-withdrawing nature of the 

ammonium group. Longer reaction times led to the corresponding aminoacetamides (equation 2, 
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Scheme 25). This is rationalised in terms of a carbocation intermediate produced from the tertiary 

alcohols in the strong acid medium which is trapped by acetonitrile through the Ritter reaction. 

Secondary C-H bonds are oxidised exclusively at the E position to afford 2,3,4,S-tetrahydro-6-alkyl­

pyridines after intramolecular condensation of the corresponding amino ketones which are produced 

by subsequent oxidation of the secondary alcohols (equation 3, Scheme 25). 

The high regioselectivity of the oxygen atom insertion (exclusively at the E methylene group) is 

thought to be achieved by the cooperative effect of the deactivating effect of the ammonium group, 

the hydrogen bonding between the dioxirane and the ammonium ion moiety, and the conformational 

flexibilty of the aliphatic chain which brings the E methylene group near to the free and activated 

oxygen atom ofmethyl(trifluoromethyl)dioxirane. 

Epoxidation of carbon-carbon double bonds in molecules bearing amino groups has also proved to 

be troublesome due to the high tendency of the nitrogen atom to undergo preferential oxidation. 

This is observed with both peroxy-acids and with dioxiranes. The procedure mentioned above 

cannot be used due to the sensitivity of the epoxides to the acidic medium. Messeguer et al therefore 

solved this problem by quaternisation of the amino moiety through formation of an adduct with a 

non-protic Lewis acid, such as boron trifluoride. This gives an amine-boron-trifluoride adduct which 

can then be treated with dimethyldioxirane or methyl( trifluoromethyl)dioxirane to give the epoxide 

in good to excellent yield 66 As expected, epoxidations carried out with methyl(trifluoromethyl)­

dioxirane take place at higher rates and give higher yields than those performed with 

dimethyldioxirane. 

IV. a-amino acids 

When a-amino acids 66 are reacted with in situ-generated dimethyldioxirane, the amine nitrogen 

undergoes direct oxygenation and oxidative decarboxylation takes place67 Depending on the 

structure of the a-amino acid, varying proportions of the oxime 67, ketone 68 and carboxylic acid 69 

with one carbon atom fewer than the starting amino acid are formed. This reaction represented the 

first example of oxidative decarboxylation of an a-amino acid in which a product other than an 

aldehyde or a carboxylic acid has been isolated as the major product. The proposed pathway is 

shown in Scheme 26. 
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Scheme 2S: Oxidation of remote unactivated tertiary and secondary C-H bonds in the aliphatic side 

chain of alkylamines using ketone-free solutions ofmethyl(trifluoromethyl)dioxirane 
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Scheme 26: Oxidation of a-amino acids using in situ-generated dimethyldioxirane 



v. !mines 

The oxidation of imines 70 with isolated dimethyldioxirane / acetone has been shown to yield 

nitrones 71. s7
•
68 In situ oxidation ofimines gives the oxaziridine 72. 
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Scheme 27: Oxidation of imines using isolated and in situ generated dimethyldioxirane 

VI. Enamines 
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With enamines 73, oxygen transfers exclusively to the double bond rather than to the nitrogen atom 

to give the 1,4-dioxane 76 via the a-amino epoxide 74 and I ,3-dipole 7569 

73 74 75 76 

Scheme 28: Oxidation of enamines using dimethyldioxirane 
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VII. Isocyanates 

Dimethyldioxirane in wet acetone oxidises isocyanates 77 to nitro compounds 80. 70 Primary, 

secondary and tertiary aliphatic isocyanates as well as phenylisocyanates are all cleanly converted to 

the nitro compound in good yields. Water is an essential ingredient. If the dimethyldioxirane / 

acetone solution is dried over molecular sieves prior to use, no oxidation will take place. However, 

if water is purposefully added, the conversions occur quickly at rates roughly dependent on the steric 

factors. The electron-poor isocyanate is therefore not directly oxidised but is first hydrolysed to the 

carbamic acid 78 which then undergoes decarboxylation to the amine 79 which is then oxidised. 

(The fact that amines are easily oxidised to the nitro compounds by dimethyldioxirane and 

carbamates are not favours this route.) 
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Scheme 29: Oxidation of isocyanates using dimethyldioxirane in wet acetone 

viii. Azo compounds 

Azo compounds are oxidised to azoxy compounds by dioxiranes. Sl, 
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Scheme 30: Oxidation of azo compounds using dimethyldioxirane 



IX. Ketoximes 

Olah reported the oxidative hydrolysis of ketoximes to the corresponding carbonyls with 

dimethyldioxirane in acetone.7I The ease of hydrolysis varied with the structure of the ketoxime, 

whereas aldoximes were recovered unchanged. 
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Scheme 31 : Oxidation of ketoxime using dimethyldioxirane 

Many other nitrogen-containing compounds undergo similar oxidative cleavage to give the 

corresponding denitrogenated carbonyls. These include diazo compounds72 which are oxidised 

quantitatively with the complete absence of by-products in the crude (Scheme 32) and aryl and 

dialkyl hydrazones73 and tosyl hydrazones14 which react via the oxaziridine (Scheme 33). 

• Ar2C=O 

Scheme 32: Oxidation of diazo compounds using dimethyldioxirane 

Scheme 33: Oxidation of tosyl hydrazones using dimethyldioxirane 
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x. Uracil derivatives 

Uracil derivatives and pyrimidine nucleosides are oxidised by dimethyldioxirane as shown in 

Scheme 34.75 
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Scheme 34 : Oxidation of uracil derivatives using dimethyldioxirane 

Xl. N-acyl indoles 
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N-acyl indoles 81 are oxidised by dimethyldioxirane to give novel indole-2,3-epoxides 8276 

Rearrangement of these epoxides provides a convenient and versatile synthetic route to indolinones 

83 and 84 and indolines 85 (Scheme 35). Substitution at C-3 exerts a high degree ofregio- and 

chemoselectivity . 
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Scheme 3S: Oxidation ofN-acyl indoles using dimethyldioxirane 

XII. Diazoquinones 

In addition to the expected dimethyldioxirane oxidation of electron-poor diazoquinones 86 to their 

quinones 87, the corresponding epoxy quinones 88 are formed directly and not as secondary 

over-oxidation products of the quinones 8777 In this respect, dimethyldioxirane is distinct in its 

oxidising behaviour from the peroxy acids which exclusively afford the quinones. This novel 

oxidation has been rationalised in terms of the ambident nucleophilic nature of the diazoquinones 

and corroborated by molecular orbital (AMI) calculations. It has been proposed that nucleophilic 

attack of diazo carbon atom (path A, Scheme 36) and subsequent loss of molecular nitrogen and 

acetone yields the quinone 87 while nucleophilic attack on the a-carbonyl C atom (path B, Scheme 

36) results first in the epoxy diazoquinone which is further oxidised by dimethyldioxirane to the 

epoxy quinone 88. 
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Scheme 36: Oxidation of diazoquinones using dimethyldioxirane 

1.3.5 Oxidation of Organometallics 

Another application of dioxirane chemistry is the oxidation of organometallic substrates. Examples 

include the oxidation of silanes (R,Si-H) to their silanols (R,Si-OH) by Si-H insertion/
8 

the 

oxidation of silyl enol ethers to the epoxide,lb the oxidation of lithium, sodium and titanium enolates 

to the a hydroxy carbonyl compounds,lb the oxidative cleavage of Fischer-carbene complexes to the 

corresponding carbonyl,79 and the conversion of arene chrominum tricarbonyl complexes to the 

corresponding arene derivatives·o 

1.4 MECHANISMS OF DlOXIRANE REACTIONS 

In spite of the numerous applications of dioxirane chemistry to a wide variety of substrates, many 

mechanistic details are still not fully understood. 

Many of the reactions performed by dioxiranes appear to take place by a polar mechanism analogous 

to the well established mechanism in peroxy acid chemistry, involving nucleophilic attack by the 

substrate, S at the peroxide 0-0 bond (Scheme 37).81 
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so + ~ 
Scheme 37 : Polar mechanism of oxidation 

In fact, epoxidation,S2 sulfur oxidationS2a and C-H insertionS' reactions of dimethyldioxirane have 

been shown to be electrophilic by means of linear free energy relationship (LFER) correlations. 

However, in some cases, more complex electron transfer has been implicated, particularly for 

substrates with low oxygen potentials" and the Minisci group have recently reported evidence of 

free radical chemistry in the oxidation of alkanes, ethers and aldehydes by dimethyldioxirane 

involving the bis(oxyl)diradicaI898s This is in contrast with other research groups which exclude a 

free radical mechanism. 

89 

Scheme 38: Formation of the bis(oxyl)diradical 

1.4.1 Mechanism of EpoxidatioD 

Several mechanistic studies of dimethyldioxirane epoxidations have been reported which include 

investigations into stereochemistry,2,IIa,b kinetics'I.86 and solvent effects87 It has been generally 

accepted that the epoxidation of alkenes by dimethyldioxirane is an electrophilic mechanism 

involving a spiro "butterfly" type transition state, rather than a planar one (Figure 1). The solvent 

effect data supports this electrophilic spiro type attack by the dioxirane on the double bond and 

suggests this leads to partial charge creation at the oxygen atoms of the reacting dioxirane. 
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Figure 1 : Mechanistic extremes for the epoxidation transition state 

Baumstark studied the epoxidation by dimethyldioxirane of a series of sustituted styrenes and 

selected di- and mono-substituted alkenes." The fact that for certain cis / trans dialkylalkenes, the 

cis compounds were found to be of approximately tenfold greater reactivity than the corresponding 

trans alkenes, that kinetic studies on the reaction of the styrene series yielded an excellent LFER 

with ap value of -0.90, and that the addition of water to the dioxirane reactions in acetone increased 

the observed rates of epoxidation, supported an electrophilic mechanism. The cis / trans results 

back up the idea of a spiro transition state as in this arrangement one side of the cis compound can 

be attacked preferentially. 

Further work by Baumstark on the reaction of dimethyldioxirane with various chalcones (Scheme 

39) provided further evidence of an electrophilic process. Electron-releasing substituents in the para 

positions of the phenyl rings enhanced the rate of epoxidation while electron-withdrawing groups 

had the opposite effect. Addition of water resulted in a measurable increase in the rate of 

epoxidation and an excellent LFER against cr+ in a Hammett type plot was obtained for the 4-

substituted chalcones with p+ = _1.03. 86
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Scheme 39 : Oxidation of chalcones using dimethyldioxirane 



Work in our own laboratories provided further insight into the mechanistic aspects of dioxirane 

epoxidations through a study of the biphasic in situ oxidations of M steroids with a range of 

ketones. 88 The results obtained were explained by the requirement for a spiro transition state. 

However, it has been reported by Minisci and coworkers that dimethyldioxirane is in equilibrium 

with its bis( oxyl)diradical (Scheme 38) and that epoxidation89 and certain other oxidations81•9o 

proceed by involvement of free radicals (this is dicussed in more detail in section 1.4.2). Earlier, 

Adam, in a qualitative orbital analysis and energy profile ofbis(oxyl)diradicaI89, pointed out the 

possibility of its intermediacy in epoxidation and C-H bond oxygen insertion reactions, Id although 

this had since been dismissed. 
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In 1996, Orfanopoulous et at addressed the question of whether the dimethyldioxirane epoxidation 

reaction goes via a concerted or stepwise mechanism!1 They presented inverse a and J3 secondary 

isotope effects to try and elucidate the nature of the transition state. The results obtained were 

consistent with a concerted mechanism as shown by TS II in Figure 2. However, in light of the 

results reported by Minisci, Orfanopoulous points out that the bis( oxyl)diradical approach to the 

double bond in a concerted mechanism shown by TS III in Figure 2 is also consistent with the 

observed stereospecificity of the epoxidation reaction and certainly not excluded by his results. He 

suggests that further theoretical calculations are needed to shed light on factors that distinguish TS II 

and Ill. He concludes that these results are consistent with oxygen transfer in a non polar concerted 

transition state which confirms the previous butterfly mechanism derived from stereoelectronic and 

kinetic studies. 
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1.4.2 Mechanism of C-H Insertion 

The exceptional selectivity in the oxidation of alkanes by dioxirane has led to exclude the 

involvement of free radicals and a one·step mechanism or "concerted oxenoid O-insertion" 

mechanism, believed to involve a spiro transition state similar to the one suggested for epoxidation 

(Figure 3), has been proposed. This is strongly suggested by kinetics, HID isotope effects, solvent 

effects and selectivity and stereochemical evidence.46
•
92 

Figure 3: Proposed transition state for C-H insertion 

Murray et at investigated the nature of the oxygen atom insertion reaction into C-H bonds by 

dimethyldioxirane by determining the relative rate of the insertion reaction in a series of related 

substrates and comparing it to that for a radical process (hydrogen atom abstraction by t-butoxy 

radicals)93 The substrates used were toluene, ethyl benzene and cumene. In all cases only the 

benzylic hydrogen was involved and the data obtained indicated that dimethyldioxirane is 

considerably more selective than the t-butoxy radical towards these substrates and so is not 

consistent with a free radical mechanism. 

In contrast to this, evidence has been documented which supports electron transfer / radical 

pathways. In 1990, Curci et al reported on the oxyfunctionalisation of aromatic hydrocarbons by 

methyl(trifluoromethyl)dioxirane.94 They found the oxidation of naphthalene 90 and phenanthene 91 

to be extremely efficient but that it became progressively less effective going onto anthracene 92 and 

pyrene 93. 
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In the reaction of pyrene with the dioxirane, some formation of methyl trifluoroacetate occurred. 

This ester also arises in the decomposition ofmethyl(trifluoromethyl)dioxirane in the absence of 

substrate. The rearrrangement of dioxiranes into esters is thought to occur via bis( oxyl)diradical 

which led Curci and coworkers to explain their findings as outlined in Scheme 40. 

The redox potential for the Arl Ar+ couple drops on passing from naphthalene to pyrene, so 

whenever the arene possesses an accessible oxidation potential, Curci postulated a deviation from 

straightforward oxygen transfer leading to the radical couple 94 which might then generate the 

bis( oxyl)diradical 89 which in turn would give the ester. 
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Scheme 40: Oxyfunctionaiisation of aromatic hydrocarbons by methyl(trifluoromethyl)dioxirane 

In a more recent study, Minisci et af provided evidence that free radicals are involved in the 

dimethyldioxirane C-H insertion reaction by demonstrating that when oxidising alkanes using 

dimethyldioxirane, high yields of alkyl bromides could be produced by simply adding a relatively 

low concentration ofCChBr to the reaction medium.90 The Minisci group showed that free radicals 

(R) can be formed in dimethyldioxirane I alkane I CChBr reactions and that the formation of 
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haloderivatives competes with the fonnation of alcohols and ketones. For example, in the case of 

adamantane, when reacted with dimethyldioxirane in acetone at room temperature, 51 % adamantyl 

halides and 48% oxygenated products are obtained. The results were rationalised via a free radical­

type oxygen rebound mechanism with a radical chain reaction being initiated by escape from the 

caged radical pair. The "oxygen-rebound" in the solvent cage (equation 2, Scheme 41) explains the 

oxygenated products while the radical pair escaping from the solvent cage can initiate chain 

processes according to equation 3-7 (Scheme 41). 
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Scheme 41 : Mechanism postulated by the Minisci group for the oxidation of 

alkanes by dimethyldioxirane in the presence of CChBr 

In a further paper, Minisci et al reported that when oxidation of cyclohexane, adamantane, ethyl 

benzene and cumene are oxidised at room temperature in acetone the reaction products and the 

conversions are quite different depending on whether the reaction is carried out under oxygen or 
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nitrogen atmospheres.95 It was found that in the absence of oxygen, conversions are lower and that 

alkyl acetates (RO-COMe) are the main products, whereas in the presence of oxygen, conversions 

increase, the formation of acetates is suppressed and the alcohols (or ketones when a CH2 group is 

oxidised) are the main products. Minisci again explained the results by the homolysis of dimethyl­

dioxirane induced by the alkane (equation 1, Scheme 41). The radical pair gives rise to a cross­

coupling in the solvent cage (equation 2, Scheme 41) while the radicals which have escaped from the 

cage initiate a free radical chain process leading to the formation of RO-COMe (equation 4, Scheme 

41). In the absence of oxygen, methane, methyl acetate, methanol and acetoxyacetone were detected 

in the reaction mixtures which are formed from dimethyldioxirane by competitive chain processes 

which do not involve the alkane. In the presence of oxygen, the oxygen intercepts all carbon-centred 

radicals suppressing these chain processes. The radicals escaping from the solvent cage do not 

appear to do so in large amounts, thus the cage coupling of equation 2, Scheme 41 is the main 

reaction in the presence of oxygen. The authors do not believe the previous assumption, that the 

observed selectivity among toluene, ethylbenzene and cumene excludes a free radical mechanism,93 

is justified. They suggest that a radical such as the bis(oxyl)diradical will be a much more selective 

hydrogen abstracting species than a simple alkoxy radical for both enthalpic and polar reasons and 

that this would not be surprising considering the very large differences in selectivity among other 

oxygen-centred radicals (ROO' » R2C(OH)O' » RO' »HO). Minisci suggests that this would 

explain the regio- and chemoselectivity of the oxidation while a very fast oxygen rebound 

mechanism in the solvent cage (equation 2, Scheme 41) would explain the observed stereo­

selectivity. 

Ingold, however, challenged this mechanism and applied the radical clock96 approach to examine 

further the dimethyldioxirane I alkane reaction.97 He chose 2-cyclopropylpropane as substrate which 

contains a tertiary hydrogen atom for relatively easy oxidation by dimethyldioxirane to the 

corresponding tertiary alcohol with no further oxidation (Scheme 42). 2-Cyclopropylpropane 'also 

yields a radical clock sufficiently fast to be suitable for the detection of free radicals but too slow to 

undergo a rearrangement while still within the solvent cage (Scheme 43). 

C>-< 
IX o 

• 

Scheme 42 : Oxidation of 2-cyclopropylpropane using dimethyldioxirane 
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C>-< - H· --- C>-< --- V-=< 
Scheme 43: Hydrogen atom abstraction from 2-cyclopropylpropane 

Ingold carried out reactions using varying concentrations of reagents and found that a 90% change in 

dimethyldioxirane concentration produced only a 10% difference in the alcohol yield. He concluded 

therefore that most of the alcohol must be formed by cage collapse (or "oxygen insertion") and not 

via Scheme 44. 
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Scheme 44 

Thus, Ingold reports, there is a dilemma These results in agreement with earlier work indicate that 

oxygenated products are not produced to any significant extent in a free radical chain reaction which 

implies either that "oxygen insertion" really occurs or that very few radicals escape from the solvent 

cage. Ingold carried out several reactions to check on the role of oxygen in this reaction and found 

that there is clearly an oxygen effect on bromide yield. This led him to conclude that the free radical 

chain observed by Minisci involves the hydrogen atom abstraction from the alkane by ChCOO' 

(Scheme 45) and by Me2C(O)OCCh (Scheme 46) as well as by the Che radical. CChBr appears 

therefore to "redirect" the dimethyldioxirane / alkane reaction away from a largely in-cage process 

and towards cage escape and a subsequent radical chain process which consumes dimethyldioxirane 

and thus reduces the yield of oxygenated alkane products formed via the in-cage collapse reaction. 

CI,C' + CI,Coo· 
RH - R' 

Scheme 4S: Formation of the ChCOO' radical in air 
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Scheme 46: Fonnation of the Me2C(O)OCCI, radical 
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In earlier papers, Curci had proposed that the rate detennining step in the oxyfunctionalisation of 

alkanes by dioxiranes presents no distinct radical character or carbeniurn ion character, although he 

did point out that after the slow step some radical character may develop as an alternative to direct 

collapse into products (Scheme 47).928" 
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Scheme 47: Oxyfunctionalisation of alkanes by dioxiranes as proposed by Curci 

As result of the Minisci group's findings which led them to rule out this mechanism, Curci 

undertook a kinetic study of adamantane oxidation by dimethyldioxirane in the presence of CCI,Br 

and / or in an inert gas atmosphere9 • The results of this study led Curci to believe that the alkane 

oxyfunctionalisation by dioxirane in the absence of conditions and / or reaction partners which 

promote radical reactivity is still best represented by the process in Scheme 47. He did find, 

however, that the addition of CCI,Br led to a dramatic change in the reaction kinetics, rate law and 

product distribution. It would seem that CCI,Br serves not only in trapping freely diffusing radicals 

but it also participates in the primary process by inducing the radical reactivity ofthe dioxirane. 

This view is supported by preliminary kinetic data and has led Curci to modify the process 

established for the thennal decomposition of dioxirane (see section 1.5).99 The exact nature of the 

primary interaction between the dioxirane and the bromide that triggers fonnation of the bis(oxyl)­

diradical 89 is still to be established. 
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Further work by the Minisci group has included the oxidation of alkyl and aryl iodides to iodoso­

derivatives, the oxidation of phenylacetaldehyde to phenyl acetic acid or benzyl acetate (depending 

on the presence or not of oxygen) and the epoxidation and allyl oxidation of alkenes and provides 

further evidence for the involvement of free radicals in dimethyldioxirane oxidations. 89 

Adarn has reported that the epoxidation of acyclic vinylsilanes by dimethyldioxirane proceeds 

straightforwardly giving the expected Cl, 13 epoxysilanes in high yields but that with cyclic 

vinyl si lanes 95 appreciable amounts of allylic oxidation is observed giving the two regioisomeric 

silylated enones 96 and 97 as well as the epoxide 98100 These competitive pathways become more 

pronounced when the reactivity of the double bond is decreased by electronic and / or steric factors. 
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Scheme 48 : Epoxidation of cyclic vinylsilanes using dimethyldioxirane 

This fact complicates the straightforward mechanistic rationale of the butterfly mechanism and 

Adarn suggests it would be tempting to propose a free radical mechanism for the allylic oxidation 

observed here. However, Adarn does not believe his results support this but rather that the activation 

barriers for dimethyldioxirane epoxidation and allylic oxidation lie close together so that subtle 

structural changes push the chemoselectivity in one or the other oxidation mode through electronic 

ana / or steric effects. Adarn also suggests that the radical chain mechanism proposed by Minisci et 

at does not take into account that 100% retention of configuration is documented for the Cl 

hydroxylation of2-phenylbutane,44 as the intermediary radical generated after benzylic hydrogen 

atom abstraction by dimethyldioxirane would be expected to racemize appreciably. More studies are 

therefore required to understand the mechanistic complexities of this type of dioxirane reaction. 
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Before the early nineties the literature contained only a single report of any radical involvement in 

dioxirane reactions. This was a study carried out by Baumstark et al on the oxidation of para­

substituted benzaldehydes to the corresponding acids. lol This represents an oxygen atom insertion 

into a reactive C-H bond and so the mechanism may be vastly different from the C-H insertion into 

alkenes. However, it was found that when the reactions of the benzaldehydes, which contain a 

readily abstractable hydrogen atom, with one equivalent of dimethyldioxirane were done open to the 

air, yields obtained were 60-70%, whereas under an inert atmosphere (argon or nitrogen), the yields 

were lower. When a three- to fourfold excess of dimethyldioxirane under argon was employed, the 

acids were obtained in quantitative yield for all cases. Under an atmosphere of pure oxygen the 

reactions were faster than those open to the air and more than one equivalent of aldehyde could be 

oxidised. In the presence of oxygen, aldehydes with electron-donating groups appeared to be more 

reactive than those with electron-withdrawing groups. However under argon, where dimethyl­

dioxirane was the only oxygen-atom source, the yield of acid did not seem to depend on the 

electronic nature of the aldehyde. These characteristics appeared indicative of a free-radical process 

and so the diradical pathway shown in Scheme 49 was proposed for oxidation under an inert 

atmosphere. 
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Scheme 49: Proposed mechanism for benzaldehyde oxidation by dimethyldioxirane 

under an inert atmosphere 

1.4.3 Mechanism of Alcohol Oxidation 

As with C-H insertion into alkanes, the most obvious mechanism of alcohol oxidation by dioxiranes 

is the oxenoid O-atom insertion into the alcohol a C-H bond, followed by elimination of water 
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(Scheme 50). In these laboratories, the Marples group provided results using 180 labelled substrates 

in support of this. 88 

IX o • H20 

Scheme 50: Dimethyldioxirane oxidation of secondary alcohols 

Furthennore the same group found a significant difference in the reaction rate of axial versus 

equatorial alcohols. It was found that 5a.-cholestan-3a.-ol (axial hydroxyl) was oxidised one and a 

halftimes more quickly than its 3~ epimer (equatorial hydroxyl) which may be rationalised 

assuming butterfly transition states for the oxygen insertion and some intramolecular hydrogen 

bonding between the second oxygen of the dioxirane and the OH group. A simple explanation using 

this model would be that the transition states are close to the gem-diol on the reaction coordinate so 

that the higher ground state energy of the 3a.-epimer is largely responsible for its enhanced 

reactivity. 88 

~/o~ 
, ., 
t-.. :;./~·.k 

HlC\\\l·····\ 
CH, 

Figure 4: Butterfly transition states proposed for the oxygen insertion into 5a.-cholestan-3-01 

Curci investigated the mechanism of secondary alcohol oxidation with methyl( trifluoromethyl)­

dioxirane using cyclobutanol as a mechanistic probe.46 It is known that cyclobutanol has the unique 

property of reacting in different ways with one-electron and two-electron oxidants. With one­

electron oxidants C-C bond cleavage occurs preferentially leading to acylic products such as 

y-hydroxybutyraldehyde. With two-electron oxidants, the product is cyclobutanone and it was found 

that cyclobutanol is transfonned into cyclobutanone only by methyl(trifluoromethyl)dioxirane. 

To gain further insight into the reaction mechanism, Curci and his group measured the rates of 

oxidation of several secondary alcohols by methyl( trifl uoromethyl )dioxirane. 46 Clean second order 

kinetics were observed. This, along with the fact that they found a lack of significant interference by 
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atmospheric oxygen, plus the remarkable selectivity shown when endo- and e.xo-norbomanols were 

oxidised and it was found that the endo-alcohol was about forty times more reactive that the exo 

isomer, suggested that a chain mechanism involving free radicals was not in operation. This is 

supported by the outcome of the cyclobutanol probe. Further evidence is provided by the fact that 

Curci et al measured a primary kinetic isotope effect, indicating that the C-H bond in the position CL 

to the OH is being broken in the rate determining step. Such a primary kinetic isotope effect is not 

consistent with a radical-chain mechanism. 

Baumstark studied the oxidation of para-substituted CL-methylbenzylalcohols 99 using dimethyl­

dioxirane which were found to give the corresponding acetophenones lOO in excellent yield with 

CL-hydroxyacetophenones 101 as minor products. 102 Treatment of acetophenone with excess 

dimethyldioxirane under the reaction conditions did not yield CL-hydroxyphenones indicating that 

these are direct oxidation products. 

X-O--~-CH3 
OH 

RT --3 hrs 
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99 100 

x = OMe, Me, H, F, Cl, Br, CN + 

101 2-3% 

Scheme 51 ; Oxidation of para-substituted CL-methylbenzylalcohols using dimethyldioxirane 

Kinetic studies were carried out and it was found that addition of water did not result in a 

measurable increase in rate in contrast to the significant solvent effect observed on the epoxidation 

of unsaturated carbonyl compounds·6• and alkenes35 and the C-H oxidation of alkanes by dimethyl­

dioxirane45 It was found however that electron-withdrawing groups in the para position decreased 

the rate of oxidation while electron-releasing groups increased the rate and a Hammett plot of the 

second order rate constants for the oxidation of para-substituted CL-methylbenzyl alcohols by 

dimethyldioxirane showed an excellent LFER against cr giving p = -1.17 with a correlation 

coefficient of 0.999. Kinetic studies were also carried out and all this data led Baumstark to suggest 



a hydrogen atom abstraction route although concerted insertion could not be ruled out. A cage­

radical process as shown in Scheme 52 was proposed consistent with the data. 
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Scheme 52: Proposed mechanism for the oxidation of para-substituted 

a-methylbenzylalcohols using dimethyldioxirane 
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Studies by Crandell 103 and Curci lO4 on the dimethyldioxirane oxidation ofphenols also suggested 

electron transfer mechanisms. Crandell showed that dimethyldioxirane oxidises selected phenols to 

orthoquinones via the related arene diopo3 and that paraquinones can also be obtained where 

possible. He also showed that whereas simple phenols and ani soles react with dimethyldioxirane to 

give extremely complex mixtures, hindered phenols, such as 2,4-di-tert-butyl phenol 102, undergo a 

more controlled oxidation (Scheme 53). Four equivalents of dimethyldioxirane in acetone were 

found to give the orthoquinone 104, via the dioll03, in 55% yield, with 30% recovered starting 

material. Alternatively, carrying out this reaction in situ gave 72% of the orthoquinone 104 plus a 

mixture of the epoxides 105 and 106 in minor amounts. Further reaction ofl04 with dimethyl­

dioxirane gave these by-products in reasonable yield. 

Curci et a/looked at the oxidation of 2,6-di-tert-butylphenol 107 by both dimethyldioxirane and 

methyl(trifluoromethyl)dioxirane (Scheme 54).104 This substrate, with both artha positions blocked 

by bulky t-butyl groups, was expected to yield product mixtures far less complex than those normally 

arising from oxidation of simple 'unprotected' phenols103 and this was found to be the case. With 

methyl(trifluoromethyl)dioxirane, the hydroxyquinone 110 is the major product, the precursor of 

which is the hydroquinone 108. With dimethyldioxirane, products 109 and HO are accompanied by 

appreciable amounts of the dimer 111. Formation of this dimer strongly suggests the radical 
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pathway outlined in Scheme 55. This mechanism finds precedence in the phenolic oxidation 

effected by oxaziridine1os and by one electron oxidants. 106 
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Scheme S3: Oxidation of 2,4-di-tert-butylphenol using dimethyldioxirane 
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SchemeS4 : Oxidation of2,6-di-tert-butylphenol using dimethyldioxirane and 

methyl(trifluoromethyl)dioxirane 
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Scbeme SS: Radical pathway proposed for the dioxirane oxidation of 2,6-di-tert-butylphenol 



1.4.4 Mechanism of Heteroatom Oxidation 

The oxidations of both sulfides and sulfoxides have been shown to be electrophilic. This was 

established by Murray in 1987. S2a He used dimethyldioxirane to oxidise a series of aryl methyl 

sulfides to the corresponding sulfoxides and in a separate series of reactions, sulfoxides were 

oxidised by dimethyldioxirane to the corresponding sulfones. Treatment of the results with the 

Harnmett relationship gave p values of -0.77 and -0.76 respectively. 

45 

In an earlier study, Adam et aP07 had designed a mechanistic probe, thianthrene-5-oxide, containing 

both a nucleophilic sulfide and an electrophilic sulfoxide site, to investigate the relative degree of 

nucleophilic attack in oxygen transfer reactions. 
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Scheme 56: Oxidation ofthianthrene-5-oxide by electrophilic and nucleophilic reagents 

Initial results suggested dominant nucleophilic character (oxidation at the sulfoxide site) over 

electrophilic character (oxidation at the sulfide site) which was surprising and in light of these 

findings, McDouall addressed the question of mechanism of oxidation of sui fides to sulfoxides by 

carrying out an investigation using ab initio molecular orbital theory.lo, In a gas phase study, the 

results suggested that the oxidation of sulfoxide is energetically preferred over the oxidation of 

sulfide which is in general agreement with the results of Adam. However, in acetone, it was shown 

that this trend is inverted. More recently, Ballistreri et af examined the reactions of both thioethers 

and sulfoxides with dimethyldioxirane and methyl(trifluoromethyl)dioxirane and they too concluded 

that both dioxiranes are electrophilic oxidants towards sulfoxides. I09 Regarding Adam's results, 
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Ballistreri commented that the use of mechanistic probes such as thianthrene 5-oxide under the 

assumption that nucleophilic oxidants will oxidise the sulfoxide whereas the electrophilic ones will 

attack the thioether is too simplistic as the reactivity ratio in the competitive oxidation of thioethers 

and sulfoxides by electrophilic reagents may be small enough to cause the formation of mixtures of 

products. Ballistreri studied this and found that methyl(trifluoromethyl)dioxirane oxidises both 

thioethers and sulfoxides whereas dimethyldioxirane oxidises only thioethers. Ballistreri suggested 

that by applying the logic which has been used to develop mechanistic probes based on such 

competitive oxidations, the unrealistic conclusion that methyl(trifluoromethyl)dioxirane is less 

electrophilic than dimethyldioxirane would be reached. On the contrary, however, he showed by 

means of Hammett plots on substituted sulfoxides that dimethyldioxirane and methyl(trifluoro­

methyl)dioxirane are both electrophilic oxidants towards sulfoxides and that methyl(trifluoro­

methyl)dioxirane is less selective than dimethyldioxirane being a stronger oxidant. In fact in the 

same year Adam published further results which obviated all previous considerations of dioxiranes 

as a nucleophilic oxidant and showed both dimethyldioxirane and methyl(trifluoromethyl)dioxirane 

to be strongly electrophilic as expected. I 10 

The mechanism of oxidation at nitrogen has also been the subject of several studies. One by Adam 

involved the investigation of SN2 versus electron transfer in the oxidation of nitrogenheteroarenes by 

comparing the relative rates and regioselectivities of dimethyldioxirane oxygen transfer with those of 

methyl iodide methylation. I 11 The results indicated the dimethyldioxirane oxidation of nitrogen­

heteroarenes to be SN2. The heteroarenes used were substituted pyridines and the relative rate 

constants k~l( dimethyldioxirane) were determined by competition experiments with quinoline as 

reference substrate. The constants k~l(methyl iodide) were determined from literature data and their 

correlation with the k~l( dimethyldioxirane) data was found to be good. Excluding sterically 

encumbered substrates, a good correlation was observed between the k~l( dimethyldioxirane) data 

and the pka of the nitrogen base and hence its nucleophilicity. When all substrates were considered 

the correlation was not so good. A very poor correlation was observed between the relative rate 

constants of dimethyldioxirane and the ionisation potentials of these heteroarenes which measure the 

removal of an electron out ofthe lone pair of the nitrogen atom. These reactivity data confirm a 

clear-cut SN2 mechanism and not electron transfer. 

Adam also looked at the regioselectivity of the dimethyldioxirane oxidation ofbidentate nitrogen 

hereroarenes and found it to be consistent with SN2 attack on the peroxide bond of dioxirane, with 

the oxygen transfer being subject to both electronic and steric factors in the heteroarene. 
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Scheme 57: Oxidation of nitrogen heteroarenes using dimethyldioxirane -

SN2 or electron transfer? 
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Another study by Adam on the oxidation of aromatic tertiary amines has revealed evidence that at 

least in some cases the resulting N-oxide decomposes the dioxirane with liberation of oxygen gas 

and regeneration of the heteroarene!' Adam proposed the mechanism in Scheme 58 whereby the 

decomposition of N-oxide proceeds also by an SN2 attack of the nucleophilic N-oxide oxygen atom 

on the dioxirane peroxide bond. If this mechanism applies the proposed dipolar intermediate should 

lead to the formation of singlet oxygen and this was indeed found to be the case, in support of a SN2 

as apposed to radical mechanism. 
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Scheme 58: Decomposition of dimethyldioxirane by N-oxide 

Adam carried out further studies using a series of 3-aryl-1 ,2,3,4,5-tetrazines. It was found that these 

compounds were N-oxidised directly by methyl(trifluoromethyl)dioxirane, whereas standard 

methods, e.g. oxidation with peracetic acid, gave other products. 1I2 A Hammett plot gave a p value 



of -1.53 which suggests that the tetrazine serves as the nucleophile despite its electron poor nature 

and the dioxirane is the electrophile. AMI calculations on both the tetrazines and the N-oxide 

supported SN2 attack by the nitrogen lone pair of the tetrazine on the dioxirane peroxide bond and 

implied that electron transfer is unlikely. 
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Scheme 59: Mechanism of oxidation of3-aryl-I,2,3,4,5-tetrazines using 

methyl( trifluoromethy I )dioxirane 
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In contrast, the dimethyldioxirane oxidation of some sesquibicyclic hydrazines has been reported and 

a surprising dichotomy between the expected formation of hydrazine N-oxides and production of 

N-methylated hydrazinium cations was discovered. 113 Treatment ofhydrazine 112 with dimethyl­

dioxirane in acetone gave the thermally labile N-oxide product 113 which undergoes Retro 

Diels-Alder cleavage to the azo oxide 114, whereas the homologous unsaturated hydrazine 115 

reacts with dimethyldioxirane to give principally N-methyl hydrazinium acetate 116. 

112 113 114 

Scheme 60: Oxidation of sesquibicyclic hydrazine using dimethyldioxirane to give 

the expected thermally labile hydrazine N-oxide 
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Scheme 61 : Oxidation of a homologous hydrazine using dimethyldioxirane to give the 

N-methylated hydrazinium cation acetate 
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The authors believe that the methyl-transfer reaction can best be rationalized as proceeding by single 

electron transfer from the hydrazine to the dioxirane in the first step producing an ion pair consisting 

of the hydrazine radical cation and the 0-0 cleaved radical anion derived from dimethyldioxirane, 

shown in Scheme 61. This is based on the observation that methyl(trifluoromethyl)dioxirane 

undergoes electron transfer with nitroxide in the thermal reaction reported by Adam and coworkers 

(see section 1.5).840 It is suggested that for easily oxidised hydrazines single-electron transfer is more 

rapid than the usual two-electron oxygen transfer oxidation shown by dimethyldioxirane. 

Earlier, Adam and Schonberger studied the dimethyldioxirane oxidation ofhydroquinones."4 These 

compounds are convenient electron donors with which to explore the electron transfer chemistry of 

dimethyldioxirane as their redox chemistry has been well investigated. It was found that the 

oxidation ofhydroquinones 117 gave quinones 118 and the unusuaI2,3-dihydroxycyclohexene-l,4-

diones 119 (Scheme 62). 
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The mechanism shown in Scheme 63 has been suggested, involving an electron transfer process for 

the dehydration of the hydroquinone to the quinone (path A). For"the formation of dihdroxycyclo­

hexenediones, the oxygen transfer steps of path B have been proposed. 
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Scheme 63: Proposed mechanism for the oxidation of hydroquinones using dimethyldioxirane 

The mechanism of the oxidation of primary amines to nitro compounds has received relatively little 

atttention. Murray suggested that this transformation goes through a series of individual oxygen 

atom transfers (Scheme \8) which could involve an insertion reaction of the dioxirane into an N-H 

bond in a manner analogous to the C-H insertion reaction of dimethyldioxirane or alternatively, 'since 

dimethyldioxirane is known to be an electrophilic reagent, the reaction could proceed to give N-oxy 

type intermediates which could, for example, quickly rearrange to a hydroxylamine in the tirst step. 

To investigate this, Murray et at oxidised the chiral amines, (+) and (-)-isopinocampheylamine, with 

dimethyldioxirane to give the corresponding nitro compounds 121 with retention of configuration at 

the amine-bearing carbon atom. I IS When lower amounts of dimethyldioxirane were used, the amines 

gave the nitroso dimers 122 as the major products. Treatment of the nitroso dimer from the 

(-)-amine 120 with additional dimethyldioxirane gave the same nitro compound as obtained from the 

amine oxidation, indicating that no racemisation was occurring. To further illustrate this, Murray 
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also synthesised the oxime of the nitroso intermediate and showed that it does not tautomerize under 

the reaction conditions. Murray concluded that his results were consistent with either a series of 

N-H insertion reactions or a succession of oxygen transfers to the nitrogen followed by hydrogen 

atom transfer and not with the intervention of tautomerization in an intervening nitroso compound. 

Given the results of Adam and Golsch Ill, Murray favoured a mechanism involving a series of 

nucleophilic displacements, believing both a radical process and an N-H insertion reaction to be 

unlikely. 

IX 

120 

~'""~ IX 
C1::J reduced amounl 

122 

Scbeme 64: Oxidation of (-)-isopinocampheylamine usimg dimethyldioxirane 

The oxidative cleavage of hydrazones by dimethyldioxirane to give the corresponding ketones is also 

believed to go via a polar mechanism.73 Electron withdrawing nitro groups on the phenyl substituent 

either at the Ph(CH3)C=N moiety of acetophenone phenzylhydrazone 123 or at the nitrogen end of 

cyclohexanone phenylhydrazone 124 have been shown to have a rate retarding effect. 

x 

Me 

123 

N-N-Ph 
H 

O=N-~-Ar 

124 

Competitive kinetic experiments showed that the oxidative cleavage of m-nitroacetophenone 

phenyl hydrazone (x = N02) by dimethyldioxirane is -1.7 times slower than that of acetophenone 
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phenylhydrazone (x = H). This demonstrates that the dioxirane acts as an electrophilic oxidant 

which is reinforced by the observation that the oxidation of more electron-rich hydrazones requires 

considerably shorter reaction times. Concerning the reaction mechanism, it was at first thought that 

the cleavage occurred via the oxaziridine (path 1, Scheme 65, Z =NR'R"). However, this is unlikely 

since formation of oxaziridine from imines, Z = R, normally requires nucleophilic oxidation via an 

addition-elimination mechanism akin to that envisaged for the peracid conversion (path 2). 

Furthermore, dioxirane oxidaton of imines has been shown to yield nitrones. Also the cleavage of 

oximes (Z = OH) by dioxiranes is thought to proceed by direct N-oxidation at the oxime nitrogen 

(path 3). It is therefore proposed that the oxidative cleavage of hydrazones by dioxiranes initiates 

with direct electrophilic oxygen transfer to the nitrogen. For aryl hydrazones, the cleavage is 

envisaged to follow the sequence outlined in Scheme 66. Carbonyl generation is faster with 

N,N-dialkylhydrazones that N-arylhydrazones, but with dialkylhydrazones, an oxime by-product is 

formed. The sequence shown in Scheme 67 has been suggested to accommodate this, although a 

one-electron oxidation pathway has not been ruled out (Scheme 68). 

IX o 

IX o 

path 1 

RC03H .. 
path 2 

path 3 

Scheme 65 

H,o 
• Products 

- RCO,H 
• Products 
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Scheme 66: Oxidative cleavage of aryl hydrazones using dimethyldioxirane 
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I.S DECOMPOSITION OF DIOXIRANES 

There has been much debate about the mechanism of decomposition of dioxiranes. Rearrangement 

into esters represents a main pathway (Scheme 69) and although the thermal decomposition of 

dimethyldioxirane is complex, methyl acetate is normally the main decomposition product. 99b 

Methyl trifluoroacetate is produced in the thermal and photochemical decompostition of methyl­

(trifluoromethyl)dioxirane,99. and these products are thought to be the result of rearrangement of the 

intermediary bis( oxyl)diradical 89. 

(hu) 

89 

Scheme 69 

The availability ofketone-free solutions ofmethyl(trifluoromethyl)dioxirane has facilitated the study 

of this complex free radical process. Adam and Curci carried out investigations into the thermal and 

photochemical decomposition ofmethyl(trifluoromethyl)dioxirane in gas, solution and matrix 

phases.99• It was proposed that both gas and liquid phase photolyses and thermal liquid phase 

decomposition ofmethyl(trifluoromethyl)dioxirane involve a radical chain process, initiated by 

attack of methyl and trifluoromethyl radicals on methyl(trifluoromethyl)dioxirane to give a-alkoxy­

substituted alkoxy radicals as intermediates which go on to form esters 12Sa-d. 

This radical chain process does not operate to any degree in the matrix phase photolysis of methyl­

(trifluoromethyl)dioxirane, which gives methyl trifluoroacetate 12Sa and l,l,l-trifluoroethane as the 

main products (Scheme 71). 

More recently, following Minisci's work90 on the oxidation ofadamantane in the presence ofCChBr 

and his own subsequent studies98 on the triggering of free radical reactivity of dimethyldioxirane, 

Curci modified the process established for the thermal decomposition of dioxirane to that shown in 

Scheme 7298 
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Scheme 70: Gas and liquid phase photolyses and thennalliquid phase decomposition of 

methyl(trifluoromethyl)methyldioxirane 
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Scheme 71 : Matrix phase photolytic decomposition ofmethyl(trifluoromethyl)dioxirane 
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Scheme 72: Thennal decomposition of dioxirane 

In an earlier study by Adam,84, using nitroxides, it was proposed that methyl(trifluoromethyl)­

dioxirane may act as a one electron acceptor leading to trifluoroacetone 129. Methyl( trifluoro­

methyl)dioxirane reacts with a nitroxide 127 to produce methyl radicals 128 which are readily 

trapped by the nitroxide radical scavenger (Scheme 73). However, photolysis ofmethyl(trifluoro­

methyl)dioxirane with A > 300nm in the presence of a nitroxide involves a completely different 

mechanism with trifluoromethyl radicals 130 also being produced (Scheme 73). The photolysis 

affects the dioxirane directly by inducing both methyl and trifluoromethyl cleavage and the electron 

transfer process is a minor side process. However, in the absence of light, the dioxirane radical 

anion, produced by electron transfer between dioxirane and nitroxide, predominantly generates the 

radicals. This non-photolytic production of methyl radicals, as detected by nitroxide trapping, 

represents an unusual pathway for these species and this electron transfer process is not only 

mechanistically important but also synthetically important, especially in view of the preparation of 

nitroxides from secondary arnines by oxidation with dioxiranes. It is recommended therefore that 

dimethyldioxirane should be used for such oxidations. 
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Scheme 73: Reaction ofmethyl(trifluoromethyl)dioxirane with nitroxides in the presence 

and absence of light 
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In another study by Adam and Curci, again using ketone-free solutions, the ability of dioxirane to act 

as a one electron acceptor was established.Md This was achieved by investigating the reduction of 

methyl(trifluoromethyl)dioxirane with iodide ion - a one electron reductant which does not undergo 

oxygen transfer by the dioxirane. An electron transfer chain reaction mediated by the superoxide 

anion was proposed (Scheme 74) leading to the conversion ofmethyl(trifluoromethyl)dioxirane into 

trifluoroacetone and dioxygen. 
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Scheme 74: Reduction of methyl(trifluoromethyl)dioxirane with iodide ion 

It has been reported by Messeguer et at that ethers can induce the free radical decomposition of 

dimethyldioxirane. "6 In the presence of 3-pentanone, the formation of 2-acetyloxy-3-pentanone was 

explained by the free radical mechanism (Scheme 75) which had previously been suggested for the 

thermal decomposition of dimethyldioxirane in the presence ofketones.99b It was not certain 

whether the radical species which induce the decomposition originate from the ether itself or from a 

product derived from its oxidative cleavage. 
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Scheme 75: Proposed ether-induced decomposition of dimethyldioxirane 
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However, Minisci et aFs reported this mechanism to be inconsistent with rate constant datal 17 and a 

free radical mechanism had also been excluded for the oxidation of ethers by dimethyldioxiranel18 

due to the high selectivity for a C-H bonds and the assumption that all the oxygen-centred radicals 

must have similar selectivity. The Minisci group however, as already mentioned, do not agree with 

this assumption, therefore to obtain evidence about the mechanism of this oxidation, they attempted 

to trap the possible intermediate carbon-centred radicals by protonated quinolines, which represents 

a powerful diagnostic criterion for the interception of nucleophilic free radicals. is They concluded 

that methyl and ethyl, and respectively methyl and a-tetrahydrofuranyl, radicals are certainly formed 

in the oxidation of diethyl ether and tetrahydrofuran by dimethyldioxirane, explained by the free 

radical mechanism of Scheme 76. 

1.6 

IX .0X + Q [~:X .Q] -0 .0 

~eftom 
thecage 

I cage OH 
.0X 

+ ·0 O--O~ HO 0 0 
Scbeme 76: Proposed mechanism of oxidation of diethyl ether and tetrahydrofuran by 

dimethyldioxirane 

INTRODUCTION TO THE PROJECT 

It can be seen from the discussion above that the use of dioxiranes in organic synthesis can be 

extremely advantageous due to the high regio- and stereoselective oxyfunctionalisations which can 

be attained. However, much work remains to be done in order to fully understand the intricate 

mechanistic aspects of dioxirane oxidations. 

There were several areas of dioxirane chemistry which were of particular interest to us. At the 

outset of the project, we were interested in exploring the potential use of dioxiranes in studies of 

oxidative degradation of nitrogenous drugs, particularly tertiary amines, with a view to providing a 

greater understanding of these processes and possibly developing a biometic procedure to be used 



in the testing of new and existing drugs. Oxidative dealkylation is a common pathway in the 

metabolism of tertiary amines. In vivo the reaction is mediated by cytochrome P450 enzymes and 

has an absolute requirement for both molecular oxygen and NADPH. The pathway goes via an 

unstable intermediate which dissociates to give the dealkylated amine. 
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Scheme 77: The metabolic pathway of tertiary amines 
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Amine oxidations are important in the metabolism of both chemicals endogenous to cells and those 

introduced as drugs, pesticides etc. Not only do biomimetic models help in the prediction of 

metabolites, some of which may prove to be carcinogenic, but they are also indispensible for the 

development of pro-drugs. Biomimetic models also provide a route for the synthesis of large 

quantities of metabolites which would be difficult to isolate solely from tissue and I or urine. 

The mechanism of the N-dealkylation of tertiary amines by cytochrome P450 enzymes has been 

widely investigated and is believed to involve stepwise electron transfer and base catalysis. A 

current view of the mechanism is shown in Scheme 78. "9 A porphyrin (FeO)" complex is formed 

which is involved in a one electron oxidation to give an aminium radicall3l. Abstraction of an a 

hydrogen atom with base catalysis follows and radical recombination then generates an oxidised 

product 132 and Fe'+ which leads to the final dealkylated product 133. 

CH, 
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CH, 
(FeD)2+ (FeDH)'+ 
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1 \.. ) 1+ \.. ) I 
Ph-N • Ph-N. Ph-N 

I I I 
CH, CH, CH, 

131 ~FeDH/' H CH,OH 

1 I 
HCHO + Ph-N Ph-N Fe3 -+-

I I 
CH, CH, 

133 132 

Scheme 78: Mechanism ofN-dealkylation of tertiary amines by cytochrome P450s 
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P450s can lead to the fonnation ofN-oxides but these are not favoured whenever N-dealkylation is 

possible, i.e. when et protons are accessible. However if the previous scheme (Scheme 78) involving 

one electron oxidation is valid then some partitioning of aminium radicals between N-oxygenation 

and N-dealkylation might be expected. In fact this has found to be the case and some N-oxide is 

fonned even in the presence of accessible et protons. '20 The aminium radical is fonned as before but 

then follows a different pathway to give the N-oxide (Scheme 79). This is more complex than a 

direct transfer of oxygen to the aminium radical and several possible mechanisms have been 

postulated.'20 The ratio of N-dealkylation to N-oxygenation varies by 200-fold depending on the 

structure of the substrate. 
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Scheme 79: N-oxidation mediated by cytochrome P450s 

The initial aim of the project was to investigate whether it would be possible to mimic the 

N-dealkylation reactions of the P450 enzymes using dimethyldioxirane as the oxidant. It is reported 

that tertiary amines undergo N-oxygenation when reacted with dimethyldioxirane via a polar 

mechanism but, as discussed in the previous section, it is apparent that in some instances dioxiranes 

will react via alternative free radical/electron transfer pathways. The possibility of changing the 

course ofthe reaction by employing certain conditions, for example, heat, light or even transition 

metal catalysis, and hence induce a reaction which mimics that of the P450 enzymes, was therefore 

to be investigated. 

While reviewing the dioxirane literature, it was found that little work has been done on the oxidation 

of non-pyridine based tertiary amines by dioxiranes and although it is presumed that the mechanism 

is straightforward SN2, the exact nature of this oxygen transfer reaction had not been defined in these 

particular substrates. This prompted us therefore to begin our work with a study of the oxidation of 

simple tertiary amines. 

Chapter 2 begins by describing the results of a competitive study of the relative rates of oxygen 

transfer to a series of para-substituted N,N-dimethylanilines and the subsequent application of the 

Hammett relationship to these results. This work has recently been published."' An investigation 

into the dimethyldioxirane oxidation of the same series ofN,N-dimethylanilines under various 
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different reaction conditions then follows. The conditions employed were: 

1. 0-5°C / dark 

2. room temperature / daylight 

3. in the presence of water 

4. at reflux 

5. photochemical 

In each case, the products obtained were carefully monitored and any evidence of dealkylation 

versus N-oxidation was noted. In addition, the dimethyldioxirane oxidation of a similar series of 

N,N-dimethylbenzylamines was carried out to investigate the effect if any of the benzylic methylene 

group. 

Chapter 3 investigates the regioselectivity of the dimethyldioxirane oxygen transfer reaction in the 

oxidation of polyfunctionalised nitrogenous drugs to assess the potential of using dimethyl­

dioxirane as a simple, easy to use reagent in oxidative degradation studies. 

Chapter 4 investigates the regioselectivity of the dimethyldioxirane oxygen transfer to polyhydroxy 

steroids. The products obtained when several bile acid methyl ester derivatives were oxidised with 

one or two equivalents of dimethyldioxirane were determined and any selectivity shown by the 

dioxirane noted. 

Finally, chapter 5 describes the development of an in situ Oxone"'-mediated epoxidation method 

using 4-(trifluoroacetyl)benzoic acid as the dioxirane precursor. This work has also recently been 

published. 177 



2.1 

Chapter 2 

OXIDATION OF TERTIARY AMINES USING 

D~THYLDIOXIRANE 

INTRODUCTION 
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The aim of the work described in this chapter was to investigate the nature of the dimethyldioxirane 

oxidation of a series of simple tertiary amines in an attempt to further probe the mechanism of these 

oxidations and explore the possibility of substituent-induced and reaction condition-induced changes 

of mechanism. 

Adam reported that when oxidised by dimethyldioxirane, nitrogen heteroarenes give the N-oxide by 

an electrophilic SN2 mechanismlll However, in many dioxirane oxygentransfer reactions, free 

radical or electron transfer mechanisms cannot be completely ruled out and it is known that the 

breakdown of dioxiranes into radical species can be promoted by thermal and photochemical 

means.99 The following work investigates whether the reaction of dimethyldioxirane with simple 

tertiary amines is indeed electrophilic or whether there is a possibility that electron transfer or free 

radical species are involved. 

2.2 RELATIVE RATE STUDY ON THE OXYGEN TRANSFER BY 

DIMETHYLDIOXlRANE TO A SERIES OF N,N-DIMETHYLANILINES 

The results of a study of the relative rates of oxygen transfer by dimethyldioxirane to the nitrogen of 

several N,N-dimethylanilines 134 are described. The rates obtained for the dimethyldioxirane 

reaction were then compared to the relative rates obtained for methyl iodide methylation, benzoyl 

peroxide oxidation and t-butyl hydroperoxide oxidation. 

134 

X=H 
MeO 
Cl 
NO, 
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Methyl iodide was used as a comparison because it reacts with tertiary amines via a well established 

SN2 mechanism'22 We thought it would also be interesting to compare dimethyldioxirane with other 

peroxides. Benzoyl peroxide and t-butyl hydroperoxide were chosen because, like dimethyl­

dioxirane, both are neutral peroxides. (Acidic peroxides may cause protonation of the aniline and so 

affect the rate and mechanism of reaction.) Benzoyl peroxide dealkylates tertiary amines and 

provides another comparison to an SN2 type mechanism as its rate-determining step is known to be 

electrophilic. '23 It goes via attack by the peroxide on the amine to give a quaternary hydroxyamine 

derivative which goes on to form the dealkylated product (Scheme 80). The rest of the mechanism is 

complicated by two competing pathways - one ionic and one radical, however it is the rate­

determining step which is important in this study. t-Butyl hydroperoxide also dealkylates tertiary 

amines but is thought to react via a homolytic process involving t-butoxy radicals. '24 t-Butyl 

hydroperoxide was also used in the presence of a vanadium catalyst which leads to N-oxidation 

rather than dealkylation (Scheme 81 ).'2' 

The relative rates ofN-oxidation were determined by carrying out a series of competition reactions 

using N,N-dimethylaniline as the reference substrate in each case. The substrates are all sterically 

identical around the nitrogen so the only factor affecting the rate of reaction is the electron demand 

of the para substituent, unlike in Adam's study'" where methyl and benzo substitution in the 

proximity of the nitrogen heteroatom hindered the oxygen transfer by the dioxirane to some 

substrates and so these had to be excluded when correlating the results. 

The basic procedure for the competition reactions is outlined in Scheme 82. One equivalent of 

para-substituted N,N-dimethylaniline was taken with one equivalent of the unsubstituted 

N,N-dimethylaniline in an acetone solution and one equivalent of dimethyldioxirane added. The 

reactions were run at 0-5°C for approximately 6 hours before being allowed to slowly warm to room 

temperature overnight, thus ensuring total consumption of the dimethyldioxirane. 

Relative rates of reaction were determined by monitoring the consumption of the starting materials 

by HPLC. Each reaction was carried out in duplicate as was each HPLC determination. This 

procedure was repeated using all three substituted anilines. In each case, the N-oxide was the only 

product and no evidence was found for dealkylation. The reactions of dimethyldioxirane with the 

individual N,N-dimethylanilines were carried out to confirm this and the products obtained 

compared with N-oxides prepared using performic acid126 (see section 2.3.1). 
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Scbeme 82: Basic outline of the procedure used in the N ,N-dimethylaniline competition reactions 

The competition reactions using methyl iodide, benzoyl peroxide, t-butyl hydroperoxide and t-butyl 

hydroperoxide in the presence ofvanadyl acetylacetonate were carried out in the same way at 0-5°C 

and continued to completion. The t-butyl hydroperoxide reaction was also carried out at 70°C as this 

is the more usual temperature to carry out dealkylations of tertiary amines using this reagent. 123 

2.2.1 Preparation of N,N-dimetbylanilines 

N,N-dimethylaniline and N,N-dimethyl-4-nitroaniline are commercially available but the chloro and 

methoxy derivatives had to be prepared from the corresponding primary amine. The Eschweiler­

Clarke procedureI21 using formic acid and formaldehyde was unsuccessful. Bulb-to-bulb distillation 

and column chromatography did not clean up the crude products sufficiently. An alternative 

procedure using paraformaldehyde and sodium cyanoborohydride was therefore used. I2
' The 

structures were confirmed by comparison with literature data. I1 
•. 

I1
• 
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Scheme 83 : N-methylation of para-substituted anilines 

2.2.2 Calculation ofthe relative reactivity rates 

N,N-Dimethylaniline N-oxides are very hygroscopic and decompose fairly readily. It was felt that 

isolating the unreacted anilines from the reaction mixture would not give a true ratio. It was 

therefore decided that direct sampling of the reaction mixture and analysis by HPLC was the best 

way to monitor these reactions, in spite of the time required to develop a suitable method. 

GC was found to be unsuitable as the N-oxides were not able to withstand the high temperatures 

involved and were found to decompose in the injection port. Proton NMR spectroscopy was also 

considered unsatisfactory as, although sufficient separation of the four components in the reaction 

mixture was achieved, the risk of decomposition during concentration in vacuo still existed. 

A brief summary of the HPLC conditions used is given below. A full description of the method 

development can be found in Appendix I. The HPLC system was recalibrated at regular intervals 

throughout this work. 

Chromatographic Conditions 

Column 

Eluent 

Flow rate 

Wavelength 

Injection volume 

j! Bondapak CI8 10 micron 300 x 3.9 mm 

60% methanol I 40% water (when using nitro- and chloroanilines) 

50% methanol I 50% water (when using methoxyaniline) 

I ml/min 

245nm 

20j!1 

Using this method, it was possible to detect only the parent N,N-dimethylanilines and not the 

corresponding N-oxides as the latter were eluted extremely rapidly with the solvent front. It was 
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therefore decided to detennine the relative rates of reaction of the N,N-dimethylanilines by simply 

monitoring consumption of the starting materials. 

In order to do this, a calibration graph of observed ratio versus actual ratio for a series of standard 

solutions containing varying known ratios of reference substrate and substituted N,N-dimethyl­

aniline was constructed (for further details, see Appendix II). This enabled the ratio of the peak 

areas of the starting materials remaining at the end of the reaction, obtained directly from the 

chromatogram, to be converted to an actual ratio. In order to then convert this ratio into a relative 

rate the percentage conversion of the reaction must be known. All the competition reactions were 

run to completion, ensuring total consumption of the reagent, thus allowing 50% conversion to be 

assumed. The reactivity rate of the unsubstituted aniline was given the arbitary value of I and the 

other rates calculated relative to this by simply taking the reciprocal of the ratio of the unreacted 

anilines (for further explanation, see Appendix II). 

2.2.3 Competition reaction results 
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Competition reactions were carried out on the N,N-dimethylaniline / substituted N,N-dimethyl­

aniline pairs using dimethyldioxirane, methyl iodide, benzoyl peroxide and tert-butyl hydroperoxide. 

The reactions using t-butyl hydroperoxide were also carried out at 70°C and in the presence of a 

vanadium catalyst (0.025 equivalents ofvanadyl acetylacetonate). A stock solution of 1 equivalent 

ofN,N-dimethylaniline and 1 equivalent of substituted N,N-dimethylaniline in acetone was prepared 

and aliquots of this solution used for all these reactions. The reactions were sampled at various time 

intervals. In each case it was ensured that the reaction was continued to completion by testing for 

any remaining oxidant with starch-iodide paper. The results of these reactions are summarised in 

Tables 1-4 and the mean relative rates obtained for each reaction are shown in Table 5. 



substituent 

NO, 

Cl 

MeO 

substituent 

N02 

Cl 

MeO 

Table 1 

Relative rates obtained for the various substitued N,N-dimethylanilines 
using dimethyldioxirane and methyl iodide at 0-5°C. 

Reactions sampled after 10 minutes, I hour andl6 hours. 

relative reactivity rate 
reaction determination diotetbyldioxir1une metbJ I iodide 

10 mins 1 hour 16 hours 10 mins 1 hour 

1 
I 0.19 0.19 0.20 0.75 0.74 
2 0.18 0.18 0.20 0.78 0.74 
I 0.26 0.27 0.25 0.77 0.72 

2 
2 0.25 0.27 0.27 0.77 0.74 

I 
1 0.39 0.39 0.38 0.97 0.93 
2 0.40 0.41 0.38 0.93 0.92 
I 0.32 0.34 0.31 0.92 0.91 

2 
2 0.33 0.30 0.93 0.93 -

I 
1 2.86 2.70 2.33 1.01 1.05 
2 2.86 - 2.50 1.02 1.06 
1 3.13 2.86 2.70 1.02 1.04 

2 
2 3.03 3.03 2.78 1.11 1.05 

Table 2 

Relative rates obtained for the various substitued N,N-dimethylanilines 
using benzoyl peroxide at 0-5°C. 

Reactions sampled after 1 hour, 16 hours, 48 hours and 72 hours. 

relative reactivity rate 
reaction determination benzoyl peroxide 

1 hour 16 hours 48 hours 

I 0.91 0.14 0.05 
1 

2 0.80 0.14 -
2 

1 0.81 0.08 0.03 
2 0.79 0.07 0.02 
1 0.87 0.15 0.10 

1 
2 0.85 0.08 0.05 
I 0.87 0.10 0.05 

2 2 0.74 0.07 0.06 

1 28.57 -
1 2 40.00 

no methoxy-
aniline -

1 14.29 -
2 2 

remaining 
- -

16 hours 

0.57 
0.55 
0.77 
0.69 
0.68 
0.68 
0.72 
0.72 
5.00 
4.17 
2.63 
2.78 

72 hours 

-
-
-
-

0.08 
0.05 
0.05 

-
-
-
-
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substituent 

NO, 

Cl 

MeO 

Table 3 

Relative rates obtained for the various substitued N,N-dimethylanilines 
using t-butyl hydroperoxide at 0-5°C. 

Reactions sampled after 1 hour, 16 hours, 48 hours, 72 hours and 96 hours. 

relative reactivity rate 
reaction determination t-butvl hvdroperoxide 

1 hour 16 hours 48 hours 72 hours 96 hours 

1 
1 0.96 0.99 0.99 - 0.96 
2 1.00 0.96 0.96 - 1.00 

2 
1 1.01 0.88 0.99 - 0.84 
2 1.02 0.91 0.86 - 0.84 

1 
1 0.88 0.91 0.85 0.85 -
2 0.87 0.93 0.86 0.86 -

2 
1 1.04 0.93 0.87 0.86 -
2 0.94 0.93 0.88 0.87 -
1 1.18 1.20 - - 1.18 

1 
2 1.27 1.25 1.25 - -

2 
1 1.25 1.20 - - 1.09 
2 1.33 1.24 - - 1.27 

Table 4 

Relative rates obtained for the various substitued N,N-dimethylanilines 
using t-butyl hydroperoxide at 70°C and in the presence of a vanadium catalyst. 

Reactions sampled after 15 minutes, 1.5 hours, 4.75 hours (70°C reactions only) and 16 hours. 

relative reactivity rate 

substituent reaction determination t-butyl bydroperoxide t-butyl bydroperoxide 
70·e + VO(acac), 

IS mins l.Sbrs 4.7S brs 16 brs IS mins I.S brs 16 brs 
1 1.02 1.00 1.00 - 0.47 0.36 -

I 
1.08 1.02 0.91 0.55 0.39 

NO, 
2 - -
I 0.49 0.63 0.77 0.45 0.45 0.46 -

2 
2 0.65 0.48 0.36 0.59 0.53 0.49 -
1 1.00 0.90 0.74 0.50 1.16 1.14 -

1 
1.02 0.93 0.74 0.36 1.16 1.14 

Cl 
2 -
1 1.02 - - 0.61 1.16 1.10 -

2 
2 1.03 0.60 1.18 1.12 - - -
I 0.84 0.80 0.88 0.90 0.90 0.94 -

1 
2 0.84 0.83 0.87 0.89 0.85 0.94 -

MeO 
I 0.84 0.85 0.85 0.90 0.94 1.12 1.11 

2 
2 0.84 0.85 0.88 0.93 1.09 1.09 -
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Table 5 

Mean relative rates obtained using dimethyldioxirane, methyl iodide, 
benzoyl peroxide and t-butyl hydroperoxide. 

All reactions run to completion. 

mean relative rate 
° dimethyl methyl benzoyl t-butyl t-butyl t-butyl 
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substttuent dO ° ° dOd Od h d Od h d Od h ° loxlrane 10 I e peroxl e y roperoXI e y roperoXI e ydroperoxlde 
O-S"C O-S"C O-S"C O-S"C 7O"C + VO aeae 

N02 0.23 ± 0.04 0.65 ± 0.10 0.03 ± 0.02 0.91 ± 0.08 0.52 ± 0.10 0.43 ± 0.06 
Cl 0.34 ± 0.04 0.70 ± 0.02 0.06 ± 0.02 0.86 ± 0.0 I 0.52 ± 0.12 1.13 ± 0.03 
H 1.00 ± 0 1.00 ± 0 1.00 ± 0 1.00 ± 0 1.00 ± 0 1.00 ± 0 

MeO 2.58 ± 0.203.65 ± 1.14 27.60 ± 12.88 1.19 ± 0.08 0.89 ± 0.01 1.03 ± 0.10 

The results of the dimethyldioxirane reactions show a clear trend. The electron-withdrawing nitro 

substituent slows the rate of reaction relative to the unsubstituted aniline, as does the chloro 

substituent but to a lesser extent, and the electron-donating methoxy substituent increases it. This is 

a very similar pattern to that obtained with SN2 methyl iodide methylation. The methoxy derivative 

gave a slightly increased rate with methyl iodide compared to dimethyldioxirane but in the case of 

the nitro derivative, the rate obtained with dimethyldioxirane is lower than that obtained with methyl 

iodide. In fact, the rate obtained for the reaction of the nitro derivative with methyl iodide is 

surprisingly high. It was expected that the nitro substituent would show a much greater retarding 

effect than the chloro substituent but this was not found to be the case. The trend however is 

consistent with an SN2 mechanism. With benzoyl peroxide the difference in reactivity between the 

various substituents is even larger (a rate of 0.03 for the nitro derivative compared with 27.6 for the 

methoxy derivative) which fits with the assumption that the rate-determining step is polar. 123 

The t-butyl hydroperoxide reactions, believed to proceed via t-butoxy radicals, are less susceptible to 

change in substituent and the difference in reactivity is much less marked. All the substituents have 

similar reactivity, which is expected from reactions involving a radical mechanism. 

These trends can be seen more clearly in Figure 5 which shows relative reactivity versus substituent 

for each reagent (for ease, the rates obtained in each set of reactions have been recalculated relative 

to the derivative with the lowest rate of reactivity which has been assigned a value of I). All the 

reactions were run to completion, therefore the relative rate data obtained reflect a minimum 

difference in reactivity. 
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Graph showing the relative reactivity trends versus substituent 

for the reaction of various reagents with N.N-dimethylanilines 

in acetone at O-S·C 
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2.2.4 Further dimethyldioxirane competition reactions 

The relative rate data described so far have been obtained by monitoring the consumption of starting 

material and were calculated using the ratio of anilines remaining at the end of the reaction. 

The aim of repeating the dimethyldioxirane reactions was to confirm the trends seen previously by 

using alternative methods for determining the relative rates. This involved using a different 

HPLC system which enabled the accumulation of products to be monitored in addition to the loss in 

reactants (the development of such a system had been possible due to time spent on placement at 

SmithKline Beecham, Great Burgh). The use of external standards also allowed quantitative results 

to be obtained. A brief summary of the HPLC method used is given below. (For details of the 

method development which led to this new system, see Appendix I.) 

Chromatographic Conditions 

Column 

Eluent 

Flow rate 

Wavelength 

Injection volume 

Spherisorb SS Cl 15cm x 4.6mm 

0.05M phosphate buffer 

0.1 % triethylamine 

pH 3.5 (when using nitro- and chloroanilines) 

pH 4 (when using methoxyaniline) 

I ml / min 

210nm 

2J.11 

The reactions were carried out in duplicate exactly as described previously. The reactions were. 

sampled after I hour and 16 hours. 

2.2.4.1 Preparation of standards 

Standard samples of all four N,N-dimethylanilines and all four N,N-dimethylanilines N-oxides were 

required. The substituted N,N-dimethylanilines not commercially available were prepared as 

described in section 2.2.1. The N,N-dimethylaniline N-oxides were prepared using performic 
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acid 126 These compounds are very hygroscopic and need to be stored under vacuum over 

phosphorus pentoxide. The N,N-dimethylaniline standards were analysed by 1H and 13C NMR and by 

HPLC and as a result were taken to be 100% pure. The N-oxides were found to be slightly less than 

100% pure as their hygroscopic nature can lead to some difficulties in handling. Using NMR 

spectroscopy, HPLC analysis and moisture content data it was possible to asses the purity of each 

sample. The appropriate corrections were made in all subsequent calculations. 

o 
I 

• xD'~ 
HCo,H 

x ~ H, NO" Cl, MeO 

Scheme 84: Preparation ofN,N-dimethylaniline N-oxides 

2.2.4.2 Alternative methods for the calculation of the relative rates 

It was decided to calculate the relative rates of reactivity for the following dimethyldioxirane 

reactions using four different methods and compare the results obtained with each. The first three 

methods are based on the amount of unreacted aniline remaining at the end of the reaction whereas 

the fourth considers the amount ofN-oxide formed. 

Method 1 

This method is the one used in the previous experiments, i.e. a ratio of unsubstituted aniline to 

substituted aniline remaining at the end of the reaction is obtained using a calibration graph of 

observed ratio against actual ratio. The actual ratio is then converted into a relative rate by taking 

the reciprocal of the ratio, assuming 50% conversion. 

Method 2 

This method also involves obtaining a ratio of unsubstituted aniline to substituted aniline 
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remaining at the end of the reaction but this time by calculating the actual amounts of each aniline 
-
remaining using the N,N-dimethylaniline standards rather than a calibration graph_ This ratio is then 

converted into a relative rate as in method I, i.e. taking the reciprocal of the ratio, assuming 50% 

conversion. 

Method 3 

As in method 2, this method also uses the N,N-dimethylaniline standards to obtain the actual 

amounts of aniline and substituted aniline remaining at the end of the reaction, but rather than 

assuming 50% conversion, the relative rates are calculated using the equation given below, which 

makes no assumptions about the percentage conversion.&' 

Method 4 

keel = k pox aniline 

k aniline 

= ~c pox aniline 

~C aniline 

where ~C = change in concentration of the reactants 

This method involves calculating the actual amount of each N-oxide produced using the N-oxide 

standards. This provides a direct indication of the reactivity of each aniline with dimethyl­

dioxirane. 

Table 6 shows the amount of each unreacted aniline remaining at the end of the reaction and the 

amount of each N-oxide produced, obtained against the standards. Tables 7-10 show the relative 

rates calculated by the four different methods and these results are summarised in Table 11. 
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Table 6 

Data obtained from the HPLC analysis of the N,N-dimethylaniline / dimethyldioxirane competition 
reactions, measured using N,N-dimethylaniline and N,N-dimethylaniline N-oxide standards. 

Initial N,N-dimethyl N,N-dimethyl Substituted Substituted 
cone" of -aniline -aniline N,N-dimethyl N,N-dimethyl-

X Reaction each remaining N-oxide -aniline aniline N-oxide 
aniline produced remaining produced 
(mmol) (mmol) (mmol) (mmol) (mmol) 

Reaction 1 DI 0.67 2.42 3.86 0.02 
D2 0.68 2.78 4.13 0 

N02 Reaction 2 DI 5.06 0.92 2.45 3.85 0 
D2 0.98 2.62 3.89 0 

Mean 0.81 2.57 3.93 0.005 
Reaction 1 DI 1.65 1.87 3.14 1.31 

D2 
5.17 1.78 2.03 3.40 1.43 

Cl Reaction 2 DI 2.05 2.28 4.05 1.47 
D2 1.73 1.95 3.44 1.21 

Mean 1.80 2.03 3.51 1.36 
Reaction 1 Dl 3.96 1.09 2.19 2.44 

D2 3.88 1.17 2.07 2.39 
MeO Reaction 2 Dl 4.9 3.69 0.83 1.72 2.28 

D2 4.03 1.06 1.98 2.55 
Mean 3.89 1.04 1.99 2.42 

D determination 



Table 7 

Relative rates obtained for the various substituted N,N-dimethylanilines 
using dimethyldioxirane, calculated using method 1. 

Reaction time: 16 hourS 

substituent reaction determination relative reactivity rate 

NO, 

Cl 

MeO 

1 
1 0.15 

2 0.14 

2 
1 0.20 
2 0.21 

Mean 0.18 ± 0.035 

1 
1 0.87 

2 0.87 

2 
1 0.86 
2 0.86 

Mean 0.87 ± 0.01 

1 
1 2.00 
2 2.00 

2 
1 2.40 
2 2.10 

Mean 2.13 ± 0.19 

Table 8 

Relative rates obtained for the various substituted N,N-dimethylanilines 
using dimethyldioxirane, calculated using method 2. 

Reaction time: 16 hours 

substituent reaction determination relative reactivity rate 

1 
1 0.17 

2 0.16 
NO, 

2 
I 0.24 
2 0.25 

Mean 0.21 ± 0.05 

1 
I 0.53 

2 0.52 
Cl 

2 
1 0.51 
2 0.50 

Mean 0.52 ± 0.013 

1 
1 1.82 
2 1.89 

MeO 2 
1 2.13 
2 2.04 

Mean 1.97± 0.14 
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Table 9 

Relative rates obtained for the various substituted N,N-dimethylanilines 
using dimethyldioxirane, calculated using method 3. 

Reaction time: 16 hours 

substituent reaction determination relative reactivity rate 

1 
1 0.27 

2 0.21 
N02 

2 
1 0.29 
2 0.29 

Mean 0.23 ± 0.051 

1 
1 0.58 
2 0.52 

Cl 
2 

1 0.36 
2 0.5 

Mean 0.49± 0.09 

1 
1 2.88 
2 2.77 

MeO 
2 

1 2.63 
2 3.36 

Mean 2.91 ± 0.32 
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Table 10 

Relative rates obtained for the various substituted N,N-dirnethylanilines 
using dimethyldioxirane, calculated using method 4. 

Reaction time: 16 hours 

sUbstituent reaction. determination relative reactivity rate * 

NO, 

Cl 

MeO 

• 

1 
1 0.008 
2 0 

2 
1 0 
2 0 

Mean 0.002 ± 0.004 

1 
1 0.70 
2 0.70 

2 
1 0.64 
2 0.62 

Mean 0.67 ± 0.04 

1 
1 2.24 
2 2.04 

2 
1 2.75 
2 2.41 

Mean 2.36 ± 0.30 

calculated using the equation given below with the data shown in Table 6: 

amount of substituted N.N-dimethylaniline N-oxide produced 

amount ofN,N-dimethylaniline N-oxide produced 

Table 11 

Mean relative rates using dimethyldioxirane, calculated using the four different methods. 

relative rates of reaction 
substituent 

method 1 method 2 method 3 method 4 

MeO 2.13 ± 0.19 1.97 ± 0.14 2.91 ± 0.32 2.36 ± 0.30 
H 1.00 ± 0 1.00 ± 0 1.00 ± 0 1.00 ± 0 
Cl 0.87 ± 0.01 0.52 ± 0.013 0.49 ± 0.09 0.67± 0.04 

NO, 0.18 ± 0.04 0.21 ± 0.05 0.23 ± 0.05 0.002 ± 0.004 
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substituent 

Table 12 

The mean amounts of each aniline consumed and N-oxide produced in the 
dimethyldioxirane competition reactions, expressed as a percentage. 

mean mean mean mean 
0/0 UDsub 0/0 unsub mean 

0/0 sub °/0 sub 
aniline aniline 

0/0 unsub aniline 
aniline aniline 

N-oside produced 
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mean 
0/0 sub 
aniline 
N-oside remaining consumed remaining consumed (c) produced (a) (b) (a) (b) 

(c) 

MeO 79% 21% 21% 41% 59% 49% 
Cl 35% 65% 39% 68% 32% 26% 

N02 16% 84% 51% 78% 22% 0.1% 

a mean concentration of aniline remaining x 100% 
initial concentration of aniline 

b 100 - mean % aniline remaining = mean % aniline consumed 

c mean concentration of aniline N-oxide produced x 100% 
initial concentration of aniline 

It can be seen from Table 11 that the results obtained by all four methods are in reasonably good 

agreement, showing the trend MeO > H > Cl > N02 as expected. 

It should be noted that the results obtained using method I, in which 50% conversion was assumed, 

compare well with the results obtained where no assumption was made about percentage conversion. 

It is important that this method remains meaningful as the results from the other competition 

reactions using methyl iodide, benzoyl peroxide and t-butyl hydroperoxide were calculated making 

this assumption. 

The main difference between the results is the rate obtained for the nitroaniline reaction. When 

looking at unreacted starting material only (methods 1,2 and 3), rates ranging from 0.18 - 0.23 were 

obtained, but when the amount ofN-oxide produced was considered, a much lower rate of 0.002 was 

obtained. This suggests that more nitroaniline is being consumed than is being converted to 

N-oxide. This prompted us to look more closely at the data obtained. Because extensive LC work 

showed the N-oxides to be the only products in these dimethyldioxirane reactions, the data generated 
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using the standards should be consistent, i.e. the amount of aniline consumed should correspond to 

the amount ofN-oxide produced. This data is expressed as a percentage in Table 13. It can be seen 

that it is the nitroaniline reaction which gives the most unsatisfactory results where approximately 

20% of the nitroaniline and 30% of the unsubstituted aniline is unaccounted for and no explanation 

can be offered for this. 

However, it does appear that the reactivity trend shown by dimethyldioxirane is characteristic of an 

eiectrophilic mechanism and this is illustrated further in the following two sections and in section 

2.3.2. 

2.2.5 Application of the Hammett relationship 

The Hammett'29 relationship was applied to the four sets of dimethyldioxirane results shown in 

Table 11. The Okamoto-Brownl30 relationship was similarly applied. Table 13 summarises the rate 

data and substituent constants (a and a+ respectively) used in these calculations and Table 14 shows 

the p and p + values obtained. 

The relative rate data obtained from the competition reactions using the other reagents, i.e. methyl 

iodide, benzoyl peroxide and t-butyl hydroperoxide, are summarised in Tables 15 and 16. The 

Hammett and Okamoto-Brown relationships were applied giving the p and p+ values shown in Table 

16. The LFER plots oflog kx / kH versus a for the reaction of dimethyldioxirane with N,N-dimethyl­

anilines, obtained using the four different sets of results are illustrated in Figure 6. The LFER plots 

of log kx / kH versus a+ for the dimethyldioxirane reactions and all the plots for the reactions carried 

out using methyl iodide, benzoyl peroxide and t-butyl hydroperoxide are shown in Appendix Ill. 

Electrophilic substitution reactions give a high negative p value. The highest negative p value· 

reported for a dimethyldioxirane reaction is -2.76 by Murray and Gu for the C-H insertion reaction 

into para-substituted cumenes.83 Lower values (-0.77 and -0.76) have been reported by Murray for 

the dimethyldioxirane oxidation of para-substituted aryl methyl sulfides and sulfoxides 

respectively.52& For the epoxidation of para-substituted ethyl cinnamates, a p value of -1.53 has been 

determined.87 All these reactions were considered to be electrophilic. 
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The values obtained for the methyl iodide and benzoyl peroxide reactions were quite low. The 

literature p value for the methyl iodide methylation ofN,N-dimethylaniline in aqueous acetone at 

35°C is _3.3. 131 It should be noted however that there is a difference in reaction conditions 

(temperature and solvent) and in order to apply linear free energy relationships, the reactions should 

be camed out in thermostatically controlled baths which was not the case in these experiments. The 

low results may also be a function of lack of sensitivity of the method of analysis. 

For the dimethyldioxirane results calculated using method 1, asumming 50% conversion, an 

approximate p value of -0.99 was obtained. Similar treatment of the results with the Okamoto­

Brown relationship gave p. = -0.67. The dimethyldioxirane results calculated using method 3, in 

which no assumptions about conversion were made, gave similar values. Using the results 

calculated by method 4, in which only the formation ofN-oxide was considered, a p value of -2.98 

and a p. value of -1.91 were obtained. These results suggest that the conclusions drawn by Murray 

on the electrophilic nature of the cumene and sulfide oxidations can be equally applied to the 

dimethyldioxirane oxidations ofN,N-dimethylanilines which do show obvious similarities to 

reactions ofN,N-dimethylanilines with methyl iodide (the Menschutkin reaction). In the reactions 

with methyl iodide however the transition state is thought to have developed almost a full positive 

charge whereas the reactions with dimethyldioxirane have much less charge development (Figure 7) 

and may be a function, in part, of steric crowding in the transition state. Hydrogen bonding is also 

thought to be of importance (see section 2.3.2). 

Me Me 

10+ 0- 100+ 00- 0+ 
ArN----Me------i 

I 
Me 

ArN·· - -0- - --OIllIllIH 

I X "t-H Me 

Figure 7 : Transition states for the reactions ofN,N-dimethylanilines with 

methyl iodide and dimethyldioxirane 
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Table 13 

Summary of the relative rate data and substituent constants used in the LFER plots for the reaction of 
dimethyldioxirane with para-substituted N,N-dimethylanilines in acetone at o-SOC. 

su bstituent 
method 1 method 2 method 3 method 4 

cr cr' 
km log km km 1011; km km lOll; km km lo!! km 

MeO -0.27 -0.78 2.\3 0.33 1.97 0.29 2.91 0.46 2.36 0.37 
H 0 0 1.00 0 1.00 0 1.00 0 1.00 0 
Cl 0.23 0.11 0.87 -0.06 0.52 -0.28 0.49 -0.31 0.67 -0.17 

NO, 0.78 0.79 0.18 -0.74 0.21 -0.68 0.23 -0.64 0.02 -2.70 

cr taken from reference \30 

cr+ taken from reference \31 

Table 14 

p and p + values resulting from the application of the Hammett and the Okamoto-Brown relationships 

respectively to the relative rate data obtained for the reaction of dimethyldioxirane with the various 

para-substituted N,N-dimethylanilines in acetone at O-soC. 

method 1 method 2 method 3 method 4 
p -0.99 -0.92 -1.01 -2.98 
p+ -0.67 -0.62 -0.71 -1.91 



Table 15 

SlII1llt1ary of the relative rate data and substituent constants used in the LFER plots 
for the reactions of methyl iodide, benzoyl peroxide and t-butyl hydroperoxide 

with para-substituted N ,N-dimethylanilines in acetone at 0-5OC. 
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substituent cr'" 
methyl iodide benzoyl peroxide t-butyl hydroperoxide 

(J 
km log km km log km km log km 

MeO -0.27 -0.78 3.65 0.56 27.62 1.44 1.19 0.08 
H 0 0 1.0 0 1.0 0 1.0 0 
Cl 0.23 0.11 0.70 -0.15 0.06 -1.22 0.86 -0.07 

NO, 0.78 0.79 0.65 -0.19 0.03 -1.52 0.91 -0.04 

Table 16 

Summary of the relative rate data and substituent constants used in the LFER plots for the reactions 
of t-butyl hydroperoxide at 70·C and t-butylhytdroperoxide in the presence 

of a vanadium catalyst with para-substituted N,N-dimethylanilines in acetone. 

t-butyl hydroperoxide t-butyl hydroperoxide 
substituent (J cr'" 70"C +VO(acac), 

km 102 k,." km 102 k,." 

MeO -0.27 -0.78 1.03 0.01 0.89 -0.05 
H 0 0 1.0 0 1.0 0 
Cl 0.23 0.11 1.13 0.05 0.52 -0.28 

NO, 0.78 0.79 0.43 -0.37 0.52 -0.28 

Table 17 

p and p+ values resulting from the application of the Hammett and the Okamoto-Brown relationships 

respectively to the relative rate data obtained for the reactions of methyl iodide, benzoyl peroxide 
and t-butyl hydroperoxide with the various para-substituted N,N-dimethylanilines in acetone. 

benzoyl t-butyl 
t-butyl 

t-butyl hydroperoxide 
methyl iodide hydroperoxide 

peroxide hydroperoxide 
70"C 

+VO(acac), 

p -0.63 -2.70 -0.11 -0.37 -0.26 
p+ -0.49 -1.95 -0.08 -0.23 -0.16 
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2.2.6 Further evidence for the electrophilic nature of the dimethyldioxirane 

oxidation of para-substituted N,N-dimethylaniIines 

These results are backed up by work done by a coworker, Julie Ennis, at SmithKIine Beecham. 121 

She determined absolute second order rate constants for reactions of dimethyldioxirane with a 

known excess ofN,N-dimethylaniline by controlled potential arnperometry on the polarographic 

reduction wave of dimethyldioxirane. 
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Applying the Harnmett relationship gave a p value of -0.89, with a correlation coefficient of 0.998, 

which is similar to that obtained using the relative rate data. The agreement is good considering that 

the two experimental approaches were conducted at different temperatures and in different solvents -

the electrochemical measurements were carried out in aqueous acetonitrile at 21 "C whereas the 

relative rate data were generated in acetone at 0-5"C. The excellent correlation obtained with the 

Harnrnett plot of the absolute rate data would suggest that this relationship is more appropriate than 

the Okarnoto-Brown plot (p. = -0.58, correlation coefficient 0.952) and lends further support to the 

hypothesis that the dimethyldioxirane oxidation of para-substituted N ,N-dimethylanilines is a 

concerted electrophilic process. (It is possible that a conjugative effect could be significant in an 

electron transfer mechanism and it should be noted that a lower coefficient was also obtained in the 

Okarnoto-Brown plot for the curnene oxidation. 83
) 

Julie Ennis also showed that the reaction ofN,N-dimethylanilines with dimethyldioxirane is strongly 

accelerated in the presence of water (see section 2.3.2) providing further evidence of the 

electrophilic nature of these reactions. 

2.3 OXIDATION OF N,N-DIMETHYLANll..INES USING DIMETHYL­

DIOXIRANE 

The reactions of dimethyldioxirane with the same series ofN,N-dimethylanilines were carried out 

under various conditions. The aim was to establish whether or not the N-oxide is the only product 

formed during these oxidations, in particular looking for any evidence of dealkylation. The 

possibility of inducing a change in mechanism to electron transfer or free radical by altering the 

reaction conditions was investigated. 



2.3.1 Oxidation of para-substituted N,N-dimethylanilines with dimethyldioxirane at 

0-5°C and at room temperature in the presence and absence of light 

2.3.1.1 Oxidation of N,N-dimethyl-4-chloroaniline using dimethyldioxirane 
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An acetone solution ofN,N-dimethyl-4·chloroaniline was protected from light, cooled to O·5°C and 

oxidised using 2 equivalents of dimethyldioxirane solution. In addition to the N-oxide, a second 

product was detected by both TLC and NMR spectroscopy. 

~NMe2 

Cl~ 

2 equivalents 0-
1 °1>< NM D +

ez _0____ I + 

acetone Cl ~ 
unidentified 
second product 

Scheme 85: Oxidation of N,N-dimethyl-4-chloroaniline using dimethyldioxirane 

The reaction was repeated several times and the second product was detected in up to equal amounts 

as the N-oxide. This product is now known to be the N-oxide hydrate. 

a. Separation of the products obtained in the oxidation ofN,N-dimethyl-4-chloroaniline 

with dimethyldioxirane 

Before the identity of the second product was established as the N-oxide hydrate, several attempts 

were made to separate and isolate this product, none of which were successful. 

I. Chromatography 

The mixture was TLC'd on both silica and alumina using a variety of eluents. It was found that 

25% methanol / 75% dichloromethane on silica gave the best separation of the two products, 

however repeated attempts at column chromatography and prep TLC resulted in the isolation 

of the N-oxide and some N,N-dimethyl-4-chloroaniline only. 
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11. Reduction using triphenylphosphine 

The aim here was to reduce the mixture ofN-oxide and the second product to give N,N-dimethyl-

4- chloroaniline and a reduced second product - if it is possible to reduce it - otherwise N,N-dimethyl-

4-chloroaniline and unchanged second product, in the hope that this mixture would be easier to 

separate than the original mixture (Scheme 86). 

0-

I 

O
NMo, 

I + 

Cl ~ 
+ second product 

j 
PPH3 

glacial acetic acid 

O
NMo, 

~ I + 
Cl 

reduced second product 

(or unchanged second product) 

Scheme 86: Reduction of the N,N-dimethyl-4-chloroaniline product mixture using triphenylphosphine 

Initially, a sample ofN,N-dimethyl-4-chloroaniline N-oxide, prepared from N,N-dimethyl-4-chloro­

aniline using performic acid,126 was reduced using triphenylphosphine in glacial acetic acidl32 at 

reflux for 3 hours. The reaction mixture was made strongly basic using 25% sodium hydroxide 

solution and extracted with dichloromethane. Column chromatography using 20% diethyl ether / 80% 

petrol gave N,N-dimethyl-4-chloroaniline in 64% yield. Treating the mixture of the N,N-dimethyl- 4-

chloroaniline N-oxide and second product similarly gave N,N-dimethyl-4-chloroaniline only. No 

second product or reduced second product was isolated. The experiment was repeated at room 

temperature rather than at reflux giving the same result. 
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iii. Acid / base washes 

Separation of the original mixture was attempted using acid / base washes. A sample of the mixture 

of products in deuteriated chloroform was washed in the NMR. tube with 20% sodium carbonate 

solution. The upper aqueous phase was removed by pipette and the organic phase examined by 

proton NMR.. It was expected to contain basic and neutral material. The NMR. spectrum showed the 

chloroform phase to contain N-oxide and N,N-dimethyl-4-chloroaniline, with no second product. 

This implied that the second product is acidic and that the desired separation had been achieved. 

However, when the aqueous phase was acidified with dilute hydrochloric acid and extracted with 

deuteriated chloroform, no aromatic products were detected by proton NMR.. 

b. Further analysis of the N,N-dimethyl-4-chloroaniline product mixture 

Carrying out the reaction ofN,N-dimethyl-4-chloroaniline in acetone using 2 equivalents of 

dimethyldioxirane at room temperature in the presence of light gave the same two products seen 

previously - the N-oxide plus the unidentified second product It was found that when a drop of 0 20 

was added to the mixture, the ratio of the two products changed, resulting in the second product 

becoming the major component of the mixture. A mass spectrum of this mixture showed MH+ = 172 

which corresponds to the N-oxide parent ion, plus 2M+H+ = 343, a dichloro species. 

The reaction was repeated, but this time the N-oxide was found to be the only product. However, 

the second product formed on the addition of a drop of 0 20 and was again the major component 

of the mixture. The l3C NMR. spectrum of this mixture showed resonances corresponding to the 

N-oxide only and analysis by HPLC against standards showed 83% N-oxide plus 2% unreacted 

starting material. No second product was detected. Using a mixture of the N-oxide and second 

product, extensive HPLC method development was carried out using various detection wavelengths, 

gradient systems etc (see Appendix I for details) in an attempt to detect the second product, but 

without success. Only peaks corresponding to the N-oxide and the starting material were ever 

detected. It was possible that the second product coeluted with the N-oxide or with the starting 

material but the UV spectra of these peaks showed single compounds. 

Repeating the reaction several times revealed that the formation of the second product was not 

consistent. The formation of the second product was not dependent on either the presence / absence 

of light, the temperature at which the reaction was carried out or on the reaction time. The fact that 
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the addition of 0 20 resulted in the formation of the second product obviously indicated that the 

moisture content of the dimethyldioxirane / acetone solution is important. This solution was routinely 

dried over sodium sulfate immediately after preparation but traces of water always remain in the 

oxidation solutions. It was found that the N-oxide could not be completely converted to the second 

product using 0 20 or by purposefully adding water to the reaction mixture. Similar products were 

produced when D20 was added to solutions of the unsubstituted N,N-dimethylaniline N-oxide, the 

N,N-dimethyl-4-methoxyaniline N-oxide and the N,N-dimethyl-4-nitroaniline N-oxide in COCh. In 

all cases, taking the resulting mixtures ofN-oxide and second product and drying over magnesium 

sulfate showed the disappearance of the second product by proton NMR leaving only the N-oxide. It 

was concluded therefore that the second product is simply a hydrate of the N-oxide and structures 

such 135 have been described in the literature. 133
•
134 The mass spectroscopy results indicate dimeric 

species, which mayor may not be real. 

135 

The N-oxide is therefore the only product formed when N,N-dimethyl-4-chloroaniline is reacted 

with dimethyldioxirane in acetone both at O-SOC and at room temperature. 

2.3.1.2 Oxidation ofN,N-dimethylaniline and N,N-dimethyl-4-methoxyaniline using 

dimethyldioxirane 

Solutions ofN,N-dimethylaniline and N,N-dimethyl-4-methoxyaniline in acetone, protected from 

light and cooled to O-soC, were oxidised using 2 equivalents of dimethyldioxirane solution, stirring for 

I hour. In both cases, TLC and proton NMR spectroscopy showed the N-oxide to be the only product. 

In the case ofN,N-dimethyl-4-methoxyaniline, a yield of 88% N-oxide was determined by HPLC, plus 

10% unreacted starting material, measured against external standards. A similar result was obtained 

when the reaction was carried out at room temperature with no protection from light. A yield of 66% 

N-oxide was obtained by HPLC for the N,N-dimethylaniline reaction. When this reaction was 

repeated at room temperature with no protection from light, a small amount of a second product, 
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believed to be the N-oxide hydrate, was formed in addition to the N-oxide. 

2.3.1.3 Oxidation of N,N-dimethyl-4-nitroaniline using dimethyldioxirane 

N,N-dimethyI4-nitroaniline in acetone, protected from light and cooled to 0-5°C, was oxidised 

using 2 equivalents of dimethyldioxirane solution. The nitroaniline was found to be very unreactive· 

towards dimethyldioxirane and HPLC showed a yield of only 9% N-oxide. Carrying out the reaction 

at room temperature had no effect. The use of a larger excess of dimethyldioxirane (up to 10 

equivalents) also gave mainly unreacted starting material. 

2.3.2 Oxidation of N,N-dimethyl-4-nitroaniline using dimethyldioxirane in the 

presence of water 

Oxidation ofN,N-dimethyI4-nitroaniline in acetone using 10 equivalents of dimethyldioxirane 

gave mainly unreacted starting material. However, when this reaction was carried out in 50% 

aqueous acetone, significant conversion to the N-oxide was achieved after only one hour. A minor 

second product was also produced, believed to be the N-oxide hydrate. As expected, addition of 

D20 to this mixture showed an increase in the amount of the second product. The drying of this 

solution either over sodium sulfate or molecular sieves resulted in the disappearance of the second 

product affording a proton NMR spectrum identical to that of the N-oxide,confirming the idea 

that the second product is in fact the N-oxide hydrate. This was confirmed by coworker, Todd 

Boehlow. 121 

Strong solvent effects have been observed in other dioxirane reactions44
.
45

•
81 and the possibility of 

these effects in this reaction was investigated by a coworker, Julie EnniS.121 This was done kinetically 

by monitoring the loss ofUV absorbance ofN,N-dimethyl-4-nitroaniline when reacted with an excess 

of dimethyldioxirane. The pseudo first order rate constants were calculated in a number of solvents 

and it was found that there is a significantly large increase in the reaction rate in water. It was 

concluded that this increase probably arises from the strong hydrogen bonding nature of the solvent 

Such solvents would be expected to stabilise both the transition state (Figure 6) and the N-oxide 

product which readily forms stable hydrates. 133 
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As discussed in sections 1.3.1 and 1.3.2, the role of hydrogen bonded solvents in accelerating 

oxidation rates has previously been recognised by M~y in studies of the dimethyldioxirane 

epoxidation87 and oxidation of C-H bonds.45 Work carried out in the past in these laboratories by the 

Marples' group" and by others37 has suggested that intramolecular hydrogen bonding could be 

important in some dimethyldioxirane oxidations and recently ab initio model studies on primary 

amine oxidations with dimethyldioxirane has confimed the importance of solvent and hydrogen 

bonding effects.135 

All this data are consistent with the conclusion that the dimethyldioxirane oxidation ofN,N-dimethyl­

anilines is electrophilic in nature and does not involve the bis(oxy)diradicaI89 or electron transfer. 

2.3.3 Oxidation of N,N-dimethylaniIines using dimethyldioxirane at reflux 

At this stage, we were still interested in the idea of inducing a mechanism change and there is 

evidence in the literature99 that when dioxiranes are heated, they decompose forming bis( oxyl)­

diradicals 89. When no substrate is present, these radicals will react with the parent ketone to form 

esters. 

The reactions of the N,N-dimethylanilines with dimethyldioxirane were repeated but this time at 

reflux. Formation of any bis( oxyl)diradicals may result in reaction with the aniline substrate and 

perhaps lead to products other than the N-oxide. The results are tabulated in Table 18. It can be 

seen that the main product in each case was the N-oxide, apart with N,N-dimethyl-4-nitroaniline 

where no reaction took place. In the case ofN,N-dimethyl-4-methoxyaniline, some N-oxide 

hydrate also formed. 

2.3.4 Oxidation of N,N-dimethylaniIines with dimethyldioxirane under photolytic 

conditions 

There is also evidence in the literature61b for the production of the bis( oxyl)diradical 89 under 

photolytic conditions. Solutions of the N,N-dimethylanilines and dimethyldioxirane were 

photolysed in a Hanovia photochemical reactor fitted with a Pyrex filtered medium pressure lamp 

(A. > 300nm). The solutions of dimethyldioxirane in acetone used in these reactions were prepared 
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under nitrogen using degassed acetone and EDTA solution, and stored under nitrogen until used. 

The aniline was dissolved in acetone and degassed before adding to the photolysis vessel, which was 

kept under a constant nitrogen purge. After cooling in an ice I salt bath, the lamp was switched on 

and the dimethyldioxirane solution (2 equivalents) added in one portion via a dropping funnel sealed 

with a septurn. The mixture was photolysed for 4 hoUTS. The results, shown in Table 19, were not 

very different from those obtained under non-photolytic conditions. N,N-dimethyl-4-chloroaniline 

and N,N-dimethylmethoxyaniline gave a mixture of the N-oxide and the N-oxide hydrate 

(approximately 2: 1). N,N-dimethylaniline gave mainly N-oxide plus a trace of the N-oxide hydrate, 

and N,N-dimethyl-4-nitroaniline gave mainly unreacted starting material plus traces of other 

unidentified aromatic products. These other products were present in such small amounts that no 

attempts were made to isolate them. 

It can be concluded therefore that the electrophilic reaction between the aniline and the dioxirane 

resulting in the N-oxide is probably too rapid for any radicals to form and acetone is present in 

such a large excess that it would simply react with any radical species which may form to give esters. 

This work would be better carried out using methyl(trifluoromethyl)dioxirane which can be 

prepared in solutions free from the parent ketone and so eliminate its interference in the reaction. 

This also applies to the reactions carried out at reflux. 



Table 18 

Oxidation of the N,N-dimethylanilines using dimethyldioxirane in acetone at reflux 

Reaction time 3.5 hours 

Substituent 
Number of equivalents of Products formed 
dimethyldioxirane added (by TLC and NMR) 

MeO 2 N-oxide + N-oxide hydrate (4: 1) 
H 2 N-oxide only 

Cl 2 
N-oxide + a trace of unreacted starting 

material 
NO, 5 unreacted starting material 

Table 19 

Oxidation of the N,N-dimethylanilines using dimethyldioxirane in acetone at A. > 300nm 

Reaction time 4 hours 

Substituent 
Number of equivalents of Products formed 
dimethyldioxirane added (by TLC and NMR) 

MeO 2 N-oxide + N-oxide hydrate (2: 1) 
H 2 N-oxide + a trace ofN-oxide hydrate 
Cl 2 N-oxide + N-oxide hydrate (2: 1) 

mainly unreacted starting material 
N02 5 + traces of several other 

very minor products 

94 
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2.3.5 Transition metal catalysis of the dimethyldioxirane oxygen transfer reaction 

It was thought that transition metal catalysis of the dimethyldioxirane oxygen transfer to tertiary 

amines could be used in an attempt to induce dealkylation rather than N-oxidation and hence mimic 

the in vivo P450-catalysed reactions. 

It is reported in the literature136 that oxygen transfer from dimethyldioxirane to manganese (IT) 

tetraphenylporphyrin and iron (IT) tetramesitylporphyrin is readily affected at less than -10°C to 

give labile oxometal species in quantitative yields (Scheme 87). 

IX o 
+ • O=ML" + )=0 

Scheme 87: Oxygen transfer from dimethyldioxirane to metal porphyrins 

The idea was to first react the metal porphyrin with dimethyldioxirane to give the metal-oxygen 

complex, then add to this the amine substrate. The complex would then transfer oxygen to the 

amine regenerating the metal porphyrin. 

5,10,15,20 tetraphenyl-21 H,23H-porphine manganese (ill) chloride was taken in acetone and cooled 

to -78°C. To it was added 5 equivalents of dimethyldioxirane solution in portions over 3 hours, 

allowing the mixture to warm to -20°C. The reaction was followed by monitoring the UV spectrum 

of the mixture. The conversion of manganese (ill) to manganese (IV) is indicated by the shift of the 

Amax from 473nm to 4l6nm (Scheme 88). This conversion requires an excess ofdimethyldioxirane 

but if too large an excess is used, any unreacted dioxirane may react directly with the substrate when 

it is added. 

'X + Mn (Ill) tpp 
o 

A",.. 473nm 

• O=Mn (IV) tpp 

A",.. 423nm 

Scheme 88: Oxygen transfer from dimethyldioxirane to manganese (ill) porphyrin 
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The spectroscopic evidence suggested that the manganese (IV)-oxygen complex was formed 

successfully and to it was added I equivalent ofN,N-dimethyl-4-chloroaniline at -78"C. The mixture 

was allowed to warm to room temperature. The Am.. of the mixture shifted from 416nm back to 

473nm indicating that oxygen transfer from the complex had taken place. It should be noted that 

this did not necessarily mean that the oxygen had been transferred to the aniline as it is known that 

at room temperature the manganese (IV)-oxygen complex will spontaneously transform into 

manganese (ill). However, TLC showed several products and column chromatography gave 

some separation but because the reaction had been done on a very small scale, isolation of 

sufficient quantities of clean products for characterisation was not achieved. 

A reaction using 5,10,1 5,20-tetraphenyl-2 IH,23H-porphine iron (ill) chloride was also carried out. 

The iron (IV)-oxygen complex was formed after 15 minutes using 3 equivalents of dimethyl­

dioxirane at -78°C. The conversion of iron (Ill) to iron (IV) was followed by UV (Scheme 89). 

Fe (Ill) !pp 

"-max 502run 

• O=Fe (IV) !pp 

"-max 562run 

Scheme 89: Oxygen transfer from dimethyldioxirane to iron (Ill) porphyrin 

Again the spectroscopic evidence suggested that iron (IV)-complex was successfully formed and so to 

it was added I equivalent ofN,N-dimethyl-4-chloroaniline. The mixture was allowed to warm to 

room temperature and after 4.5 hours all the complex had disappeared. Again TLC showed several 

products but the same problem as in the manganese reaction was encountered. Unfortunately no 

further progress was made with this work due to time constraints. Ideally the reactions would have 

been carried out on a much larger scale, enabling any products formed to be isolated in large enough 

quantities for characterisation. It was the high cost of the metal porphyrins which had dictated the 

scale of the preliminary reactions. 



2.4 OXIDATION OF N,N-DIMETHYLBENZYLAMINES USING 

DIMETHYLDIOXIRANE 

A series ofN,N-dimethylbenzylamines were oxidised using dimethyldioxirane to determine 
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whether the N-oxide is the sole product, as is the case with N,N-dimethylanilines, or whether the 

presence of the benzylic methylene group might be sufficiently active to be oxidised and lead to other 

products. 

Direct insertion of oxygen from dimethyldioxirane into benzylic C-H bonds has been reported and in 

these laboratories it was found that in the oxidation of 5a-cholestan-3p-yl benzyl ether, benzylic C-H 

insertion occurs initially leading to 5u-cholestan-3p-ol which is then quite rapidly oxidised to the 

ketone. 137 The direct oxidation of estra-l ,3,5 (I O)-trienes has also achieved with dimethyldioxirane 

generated in situ to afford the 9a-hydroxy derivatives in good yield. \38 The Marples group reported 

the selective oxidative cleavage of benzyl ethers versus benzyl esters, for example in benzyl-4-benzyl­

oxybenzoate 136139 and more recently, Csuk and Dorr reported the cleavage of substituted benzyl 

ethers by treatment with an excess of dimethyldioxirane giving the corresponding alcohols in high 

yields. 1'0 

O/'-..Ph 
IX o 

o o 

• 

Ph '-../0 HO 

136 

Scheme 90: Oxidative cleavage ofbenzyl-4-benzyloxybenzoate using dimethyldioxirane 

A series of para-substituted N,N-dimethylbenzylamines with the same substituents as the N,N­

dimethylanilines series was chosen. 

NMe, IX o 

acetone 
x 

• 
x 

x ~ H, MeO, Cl, NO, 

+ 
NMe, 

6-

Scheme 91 : Oxidation ofN,N-dimethylbenzylamines using dimethyldioxirane 
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N,N-dimethylbenzylamine and N,N-dimethyl-4-nitrobenzylamine were commercially available and 
. 
the methoxy and chloro derivatives were prepared in good yield from the corresponding primary 

benzylamine using fomic acid and formaldehyde (Eschweiler-Clark procedurel27). 

A suitable HPLC method was developed to look for other products (see Appendix I). However, 

yields of N-oxide could not be determined by HPLC as N-oxide standards of satisfactory quality 

could not be isolated. Attempts were made to prepare these using performic acid but isolation proved 

difficult due to high solubility in the aqueous phase. HPLC analysis of the aqueous phase of the 

reaction mixture did however provide an adequate HPLC marker. 

The oxidations using dimethyldioxirane were carried out by taking a solution ofN,N-dimethyl­

benzylamine in acetone and adding 1 equivalent of dimethyldioxirane I acetone solution. The 

resulting mixtures were stirred at room temperature for one hour. In all cases, HPLC analysis showed 

N-oxide plus some unreacted starting material. A second equivalent of dimethyldioxirane was added 

which consumed all the starting material and gave the N-oxide as the only product. This was 

confirmed by TLC and NMR spectroscopy. Mass spectrometry showed dimeric and in some 

instances, trimeric species but these were believed to be artefacts. It was concluded therefore that the 

presence of the benzylic methylene group had no effect on the reaction mechanism. 

2.5 CONCLUSIONS 

The dimethyldioxirane oxidations of para-substituted N,N-dimethylanilines have been shown to be 

consistent with a concerted electrophilic mechanism and do not involve the bis( oxyl)diradical or 

electron transfer. In this respect, the mechanism agrees with the conclusions drawn by Curci et al 

for epoxidations and oxygen insertion into alkane C-H bonds. 141 The reactions have been shown to 

follow the Hammett relationship with a p value of -1.0 and the presence of water was found to 

greatly accelerate the reaction rate. Attempts to change the reaction pathway by carrying out the 

reactions in the presence oflight or heat were unsuccessful, giving the N-oxide as the only 

significant product. The oxidation of a series of para-substituted N,N-dimethylbenzylamines also 

gave the N-oxides only. No evidence for dealkylation as in the in vivo P450-catalysed reactions was 

seen. 
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Chapter 3 

OXIDATION OF MORE COMPLEX NITROGEN-CONTAINING 

MOLECULES USING DlMETHYLDlOXlRANE 

3.1 INTRODUCTION 

One of our aims was to explore the potential use of dimethyldioxirane in oxidative degradation 

studies of nitrogenous drugs. If dimethyldioxirane can be used selectively it may prove to be a 

valuable reagent for use in accelerated stability testing of pharmaceutical products as many drugs 

degrade in vitro by oxidation and nitrogen atoms are a relatively easy target. 

The oxidations of several drug substances have been investigated in order to explore the 

regioselectivity of the oxygen transfer by dimethyldioxirane to molecules containing several 

different functionalities, at least one of which is a tertiary amine. 

This work was done in conjunction with GC / MS studies carried out at SmithKline Beecham by 

Julie EnniS. 183 

3.2 OXlDA TlON OF GRANESlTRON 

,<clone 

137 138 

Scheme 92 
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Granesitron 137 contains four nitrogen functionalities and it was found that oxidation occurs at the 

most reactive tertiary amine site, as shown in Scheme 92. As expected, the amide is unreactive 

towards dimethyldioxirane. 
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An acetone solution of granesitron was oxidised at 0-5"C using a total 00 equivalents of dimethyl­

dioxirane. TLC showed the N-oxide 138 to be the major product plus a trace of a second product. 

The N-oxide was isolated as a white solid in 6&% yield by column chromatography and 

recrystallised from petrol! dichloromethane. Comparison of the spectroscopic data with that of an 

authentic specimen of granesitron N-oxide confirmed the identity of this product. 

A small quantity (9mg) of the second product was obtained as an oil which was shown to be too 

impure to identify by proton NMR and mass spectrometry. 

The oxidation was repeated using a more concentrated reaction mixture and 2 equivalents of 

dimethyldioxirane. TLC showed no second product and no unreacted starting material. During the 

reaction, the N-oxide 138 precipitated out and was isolated as a white solid in 62% yield. The 

mother liquors were concentrated in vacuo to an oil and found to be a mixture containing the 

N-oxide as the major component. No second crop was taken. 

An attempt was then made to oxidise the N-oxide further to see if this would lead to the formation of 

the second product seen in the first reaction. A much more dilute solution of the free base in acetone 

was prepared and a large excess (10 equivalents) of dimethyldioxirane added. However TLC 

showed the N-oxide 138 to be the only significant product after 16 hours. 

3.3 OXIDATION OF METACLOPRAMIDE 

o ( Cid ~N-....../ 
I ~ 

~ 
H,N OCH, 

acetone 

139 140 

Scheme 93 

In addition to the tertiary amine function, metaclopramide 139 also contains a primary amine group. 

Primary amines are known to be oxidised by dimethyldioxirane to the nitro compound via the 

hydroxylamine and the nitroso compound. However, it was found that metaclopramide was oxidised 
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preferentially at the tertiary amine to give the N-oxide 140 only, as confinned by comparison with an 

authentic specimen of metaclopramide N-oxide. 

The reaction was carried out in acetone at O-S"C using 2 equivalents of dimethyldioxirane. The 

N-oxide 140 precipitated out during the reaction and was isolated by filtration in 69% yield. HPLC 

analysis showed a single peak. The mother liquors were concentrated to an oil and HPLC analysis 

and NMR spectroscopy showed the major component to be N-oxide 140 plus traces of baseline 

impurities. 

The possibility of further oxidation of the metaclopramide N-oxide was then investigated. The 

N-oxide is fairly insoluble in acetone therefore it was dissolved in a small quantity of methanol and a 

total of 10 equivalents of dimethyldioxirane / acetone solution added in portions. The solution 

turned from colourless to yellow and TLC showed the N-oxide plus 3 other minor products. The 

mixture was analysed by HPLC which revealed a more complex mixture containing approximately 9 

products plus unreacted N-oxide. Separation was not attempted. 

It was interesting to note that using 2 equivalents of dimethyldioxirane there was no evidence of 

oxidation at the primary amine. 

3.4 OXIDATION OF CODEINE 

b< 0 
• 

acelone 

"'~'~ 
H,CO 0 ~OH H,CO 0 

141 142 

Scheme 94 

Codeine 141 contains only one nitrogen functionality but it also contains a double bond and a 

.hydroxyl group both of which are potentially susceptible to attack by dimethyldioxirane. 
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An acetone solution of codeine was cooled to O-soC and oxidised using 3 equivalents of dimethyl­

dioxirane. TLC showed the N-oxide 142 to be the only product. The reaction was complete within 

10 minutes and the N-oxide isolated by filtration in 8S% yield. The identity of this product was 

confirmed by comparison of spectroscopic data with published data. 142 

The reaction was repeated at room temperature using 2 equivalents of dimethyldioxirane giving a 

similar result. By NMR, the isolated N-oxide was found to be approximately 92% pure containing 

8% of a related impurity. Syn / anti isomerism exists about the nitrogen so it is possible that the 

related impurity is simply the other isomer, although NOE studies to determine which isomer is the 

predominent one were not carried out. The mother liquors from this reaction were concentrated in 

vacuo to an oil which was found to be a mixture containing up to SO% N-oxide. 

Codeine N-oxide in acetone was then stirred with excess dimethyldioxirane to see if further 

oxidation would take place. A few drops of methanol were added to aid solubility. TLC showed 

unreacted codeine N-oxide plus a trace of one product. Addition of more dimethyldioxirane did not 

increase the level of this product therefore no separation was attempted. 

It is interesting to note that no evidence for oxidation at the double bond or at the hydroxyl group 

was seen. The lack of oxidation at the double bond may be due to steric hindrance by the bridge and 

it has been reported that epoxidation and C-H insertion are difficult in the presence of a tertiary 

amine which tends to undergo preferential oxidation in each case6S
.
66 

3.5 OXIDATION OF BRL 24924 
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The drug substance, BRL 24924 143, was dissolved in acetone, cooled to 0-5"C and oxidised using a 
. 
total of 4 equivalents of dimethyldioxirane. This was added in portions and the reaction mixture 

stirred for approximately 16 hours. The N-oxide 144 was found to be the only product which 

precipitated out during the reaction and was isolated by filtration in 79% yield. NMR spectroscopy 

confirmed the product's identity by comparison with authentic specimen data. HPLC analysis 

showed the N-oxide to be 97% pure containing approximately 1.5% of a single related impurity by 

area normalisation (see Appendix IV for details of the method). 

The crude N-oxide 144 was then dissolved in a 10: I mixture of acetone and methanol and 10 

equivalents of dimethyldioxirane added. Stirring was continued for 16 hours. HPLC analysis 

showed mainly unreacted N-oxide (approximately 75% by area normalisation) plus several minor 

products. The addition of excess dimethyldioxirane therefore results in some degradation of the 

N-oxide but not to such an extent that further work was considered worthwhile. As with 

metaclopramide, no significant oxidation took place at the primary amine even when using four 

equivalents of oxidant. 

3.6 OXIDATION OF BRL 43145 

b< o 
• 

145 146 

Scbeme96 

BRL 43145 145 was oxidised at 0-5°C using a total of 4 equivalents of dimethyldioxirane giving the 

N-oxide 146 as the only product. This precipitated out of the reaction mixture and was isolated by 

filtration in 95% yield. The oxidation was repeated at room temperature using 3 equivalents of 

dioxirane giving a similar result. Both samples ofN-oxide were found to be clean by TLC and 

NMR, and approximately 94-96% pure by HPLC, containing 2-3% of a single impurity by area 

normalisation. 
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When excess dimethyldioxirane was added to the N-oxide 146 (10 equivalents in total), TLC showed 

mainly unreacted N-oxide plus one other product. HPLC showed a slightly more complex mixture 

consisting of unreacted N-oxide plus one main product and at least three minor ones. The impurity 

seen in the N-oxide was not enhanced. No further work was carried out. 

3.7 OXIDATION OF BRL 46470 
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Scheme 97 

BRL 46470147 was oxidised using 4 equivalents of dimethyldioxirane solution at 0-5°C. TLC 

showed the N-oxide 148 as the major product with traces of2 other products. The mixture was 

concentrated in vacuo to a solid and column chromatography yielded the N-oxide only (42%). The 

oxidation was repeated at room temperature using only 2 equivalents of dimethyldioxirane. This 

time TLC showed a single product and no unreacted starting material. Concentration in vacuo gave 

the crude N-oxide 148 which was shown by proton NMR spectroscopy to contain a trace of a related 

impurity. HPLC showed a more complex mixture, containing the N-oxide (85% by area 

normalisation) plus 3 impurities (9%, 1 % and 4% by area normalisation). 

The N-oxide was recrystallised from acetonitrile in 74% yield, but this failed to remove the impurity 

detected by proton NMR. l3C NMR indicated an approximately 6: 1 mixture ofN-oxide to impurity. 

It is possible that the impurity is the other syn / anti isomer, although this was not confirmed. 

Addition of excess dimethyldioxirane to a solution of BRL 46470 N-oxide in acetone showed no 

significant reaction. 



3.8 OXIDATION OF BRL 49653 

Oxidation ofBRL 49653149 gave some interesting preliminary results. HPLC analysis showed 

various products (for method details, see Appendix IV). 
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When BRL 49653 is stored under stressed conditions, e.g. hydrolytic or photolytic conditions, 

degradation occurs via a complex pathway. The aim was to oxidise BRL 49653 using dimethyl­

dioxirane to see if any of the known degradation products were formed. Samples of the main 

degradation products were provided by SmithKline Beecham for use in the analysis of the crude 

reaction mixtures. 
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There are two primary routes of degradation ofBRL 49653 (Scheme 98). One is base hydrolysis 

which can proceed by two possible routes and the second is demethylation which occurs rapidly on 

photolysis to give compound 152. The two possible base hydrolysis products are the thiocarbamate 

150 which results from attack on the carbonyl furthest from the sulfur in the thiazolidinedione ring 

and the thiol 151 which results from attack on the carbonyl closest to the sui fur. The thiol can then 

undergo further degradation resulting in secondary degradation products. 

HPLC response factors were determined by SmithKline Beecham for each of the isolated 

degradation products and in each case the response on a molar basis was found to be approximately 

1: 1, therefore expressing the HPLC analysis results in percentage area normalised gives an accurate 

indication of the level of product present on a mole / mole basis. 
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Scheme 98: Primary degradation pathway for BRL 49653 

BRL 49653 free base 149 in acetone was oxidised using 6 equivalents of dimethyldioxirane which 

were added in one portion at room temperature. After stirring for a short period, a yellow precipitate 

appeared. After 1 hour, a sample was removed and analysed by HPLC. The chromatogram showed 

that significant degradation had occurred. In fact after one hour no starting material remained and 

over ten products were detected at levels greater than 1 % (see Appendix IV). It was found that the 

main product (33.7% by area normalisation) coeluted with the thiocarbamate 150. 

In an attempt to investigate the way in which this product profile was built up, a reaction was carried 

out adding the dimethyldioxirane in 1 equivalent portions at 30 minute intervals. However, after 

adding only a single equivalent of dimethyldioxirane, HPLC showed a similar profile to that 

obtained in the first reaction. 
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Unfortunately no further time was spent on this work and although the products from these reactions 

were not identified, it was interesting to note the extent of degradation caused by the addition of 

dimethyldioxirane. More work is required to establish whether dimethyldioxirane would be a 

suitable reagent for use in degradation studies of this type. 

3.9 CONCLUSIONS 

In each case it was found that oxidation takes place preferentially and often exclusively at the most 

reactive tertiary amine site (sri nitrogen) giving the N-oxide as the major product. No other 

significant products were formed in any of the oxidations, except in the case ofBRL 49653, due to 

both steric and electronic factors. Similar results were obtained by Julie Ennis in her studies at 

SmithKline Beecham.183 

It should be noted that the NMR analyses of the N-oxide products were carried out on the purified 

material only and not on the crude mixtures. In compounds where syn / anti isomerism about the 

nitrogen is possible, only one isomer was obtained as the main product. In some cases, for example, 

in the oxidation of codeine, it is believed that the other isomer was formed as a minor impurity. 



Chapter 4 

SELECTIVE OXIDATION OF POLYHYDROXY STEROIDS 

USING DIMETHYLDlOXlRANE 

4.1 INTRODUCTION 
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With steroids, a hydroxyl group at a particular position on the carbon skeleton is sterically and 

electronically different to a hydroxyl group at any of the other positions. Each of the possible 

hydroxys may assume either (l or 13 configuration and lie either axial or equatorial to the ring. 

Because of the unique character of the hydroxys at each position, it is possible in theory to perform a 

selective oxidation on any combination of these groupS.'·3 

We were interested in the application of dimethyldioxirane as a selective reagent in the oxidation of 

polyhydroxy steroids, in particular a series of bile acid methyl esters. There are several oxidising 

agents already available but in many cases these are not sufficiently selective to afford an acceptable 

yield of the mono-oxidised product. For example, the Oppenauer oxidation'" has found 

considerable application in steroid chemistry.'" It shows a preference for non-hindered secondary 

alcohols and equatorial hydroxyls are oxidised more rapidly than axial. In fact, most axial saturated 

alcohols are inert to this reagent as are equatorial hydroxyls in a crowded enviroment. With 

polyhydroxy steroids, the selective oxidations shown in Figure 8 have been accomplished. A C3 

hydroxyl is always attacked first while one at Cl remains untouched. 
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C3 versus CI2 146 21 

R 
18 

C3 versus C7 and CI2 146.,146d,147 12 

C3 versus C6 148 19 11 13 
16 

14 
2 9 

lO 8 15 
C3 versus C 11 146 

C3 versus C20 148,149 
3 7 

5 
4 6 C3 versus CI7a 150 

CI7 versus CII 151 

C20 versus C 11 152 

Figure 8 

Selective steroid oxidations have also been carried out using various chromium VI reagents and 

these differ in their preference to the Oppenauer reagent. 143 Studies by Schreiber and 

Eschenmoser'" and Grimmer"4 have afforded data comparing the rates of oxidation of hydroxy Is at 

many positions on the steroid nucleus, It is generally observed that apart from the I-position, any 

axial alcohol is oxidised at least three times faster than its corresponding equatorial alcohol and that 

selective oxidation of various axial hydroxyls is possible if the degree of non-bonded repulsive 

interaction is sufficiently different for each alcohol. It has been found that the rate of oxidation 

increases with increasing interaction although the exact nature of this steric acceleration has not 

been agreed upon, Eschenmoserl 53 and Eliel'55 have stated that the driving force of the reaction is 

derived in going from the sp' tetrahedral state to the planar trigonal sJl ketone and so a crowded 

enviroment would tend to assist the reaction and accelerate its rate, Kwart,156 on the other hand, 

believes it involves the restriction of free rotation in the transition state which means that a smaller 

activation energy is required for the reaction to proceed under crowded conditions, It is quite certain 

that steric accessibility of the a-hydrogen is not a dominating factor since the reaction rate increases 

with increasing steric hindrance in the vicinity of the a-hydrogen, I5S 

Chromium VI-acetic acid can be used in the selective oxidation of polyhydroxy steroids when an 

acetate buffer is used,145,157 For example, the selective oxidation of an axial 7a hydroxyl is possible 

in the presence of a 12a hydroxyl in cholic acid when a buffered system is used whereas without the 
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buffer the l2a hydroxyl can be also oxidised. 158 The disadvantages of this system inc1ude the 

non-survival of acid-labile groups under the reaction conditions plus other acid-catalysed reactions 

such as dehydration and rearrangement may occur. 

lones reagentl59 is another commonly used chromium VI reagent. However, the rate of oxidation is 

so fast that selective oxidation of polyhydroxy steroids is often not possible even when only one 

equivalent is used. 160 

Chromic anhydride, on the other hand, can be used to selectively oxidise polyhydroxy steroids and 

the order of oxidation appears to be almost the reverse of that found with the Oppenauer reagent. In 

the cholic acid series, the following order prevails: C7 > Cl2 > C3.146 C6 and Cll hydroxyls are 

also oxidised in preference to C3, and CII is oxidised in preference to C20. 

N-halogen compounds used in steroid hydroxyl oxidations include N-bromosuccinimide (NBS) and 

N-bromoacetamide (NBA). Axial alcohols are oxidised faster than equatorial alcohols indicating 

that relief of strain is an important factor. In contrast to the chromium VI oxidations, these 

oxidations show a preference for those equatorial hydroxyls where the axial aH is in a less crowded, 

more accessible enviroment'62 and it has been shown that an equatorial 3-hydroxyl may be oxidised 

in preference to an equatorial lla or 6a hydroxyl. Fieser and Rajagopalan report that the selectivity 

demonstrated in these reactions is associated with the solvent as well as the oxidising agent. 158 In 

aqueous bicarbonate, for example, NBS attacks at C7 preferentially and leaves C3 and C 12 

untouched whereas in aqueous t-butanol, all three hydroxyl groups in cholic acid (C3, C7 and C12) 

are oxidised rapidly by NBS or NBA. 163 

A further example is silver carbonate-celite which has been used to selectively oxidise bile acid 

esters giving the 3-keto derivatives in the presence of both C7 and C 12 hydroxyls.'64 Tserng was able 

to isolate pure 3-keto bile acids in good yields 70-90% by simply filtering the reaction mixture and 

concentrating the filtrate. The observed selectivity is explained by the three dimensional 

arrangement of the alcohol required on the solid surface of the oxidising reagent for oxidation to 

take place. 3-keto bile acids have traditionally been synthesised from bile acid esters by Oppenauer 

oxidation with aluminium tert-butoxide and acetone. However this often resulted in complicated 

mixtures of products and column chromatography was needed to isolate the desired 3-keto bile acids 

from the mixture and consequently yields were low,165.'66 hence Tserng's work was a substantial 

improvement on this. 
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4.2 OXIDA nON OF BILE ACID METHYL ESTERS USING DIMETHYLDIOXIRANE 

It was therefore decided to investigate the selectivity of dimethyldioxirane when used to oxidise a 

series of bile acid methyl esters. Some work has already been carried out in these laboratories by the 

Marples group which indicates that dimethyldioxirane shows some selectivity in the oxidation of 

axial hydroxyls over equatorial hydroxyls. Partial oxidation (ca. 60%) of an equimolar mixture of 

5a-cholestan-3a-ol and its 313 epimer resulted in an a:J3 ratio of 0.54:1 showing greater reactivity 

(greater than 1.5 times) of the axial alcohol·" 

Four bile acid methyl esters 153 were chosen, containing both axial and equatorial hydroxyl groups. 

These were prepared from the corresponding acid using one of two methods - either methanol / 

chlorotrimethylsilane or an ethereal solution of diazomethane. 

3 

a methyl cholate 

RI = OH (3a, equatorial) 
R, = H 
R, = OH (7a, axial) 
R. = OH (12a, axial) 

c methyl chenodcoxycholate 

RI = OH (3a, equatorial) 
R,=R.=H 
R, = OH (7a, axial) 

6 

12 

7 

153 

Co,CH, 

b methyl deoxycholate 

RI = OH (3a, equatorial) 
R,=Rg=H 
R. = OH (l2a, axial) 

d methyl hyodeoxycholate 

RI = OH (3a, equatorial) 
R, = OH (00, equatorial) 
R,=R.=H 
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The oxidations were carried out at 0-5°C in acetone using one or two equivalents of dimethyl­

dioxirane. After approximately 16 hours, the reaction mixtures were concentrated in vacuo and the 

products separated by column chromatography and identified by NMR spectroscopy. The results are 

shown in Table 20. 

In the proton NMR spectrum, the oxidation at a particular site is indicated by the loss of the 13 proton 

at that site. For example, oxidation of the C3 hydroxyl can be seen at a glance by the loss of the 

distinctive signal corresponding to the 313 proton. In addition to this, oxidation at C3 and subsequent 

loss of the 313 proton affects the splitting pattern of the adjacent C4 protons and this is apparent in 

the spectrum by the formation of a multiplet at 02.75 in the 3-oxo-12a-hydroxy compound and at 

slightly lower field (approximately 03.4) in the 3-oxo-7a-hydroxy and the 3-oxo-7a,12a-dihydroxy 

compounds where the presence of the C7 hydroxyl results in increased deshielding. Similarly, loss 

of the 713 proton in the formation of the 7-oxo derivatives affects the splitting pattern of the adjacent 

CS proton which results in the appearance of a double doublet at approximately 02.S. 

It can be seen from Table 20 that with methyl cholate I S3a, oxidation took place at both C3 and C7 

but none took place at C12. No preference for the axial 7a hydroxyl over the equatorial3a hydroxyl 

was seen, in fact slightly more oxidation took place at the less hindered 3 position than at the 7 

position. With methyl deoxoycholate IS3b, again no oxidation was seen at C12. The 3-oxo-12a­

hydroxy derivative was the only product even with 2 equivalents of dioxirane. In the case of methyl 

chenodeoxycholate IS3e, both the C3 and C7 sites were oxidised, again with more oxidation taking 

place at the less hindered 3 position rather than at the axial 7a hydroxyl when only one equivalent of 

dioxirane was used. Finally, with methyl hyodeoxycholate IS3d, where both hydroxyls are 

equatorial to the ring, it was the C3-hydroxyl which was oxidised preferentially over the C6. 

No evidence therefore for any selectivity for axial over equatorial hydroxyls was observed, but 

rather it was the hydroxyl at the least sterically hindered C3 position which was oxidised 

preferentially. Significant oxidation did take place at C7 and some at C6 but no oxidation was 

observed at the 12 position which is hindered by the C IS methyl group and to a greater extent by the 

C21 methyl group of the side chain. The C7 is also slightly hindered by the C19 methyl group but 

this is much less pronounced than at the CI2 position. 
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Table 20 

Oxidation of bile acid methyl esters using dimethyldioxirane. 

Isolated yields 
metbyl cbolate 3-oxo-7a,12a- 7-oxo-3a,l2a- 3,7-dioxo-

153a dibdroxy dibydroxy l2a-bydroxy 
1 equivalent of 

26% 21% 25% 
dimethvldioxirane 
2 equivalents of 

9% 6% 61% 
dimethyldioxirane 

metbyl deoxycbolate 3-oxo-I2a- starting 
153b bydroxy material 

I equivalent of 
59% 25% 

dimethvldioxirane 
2 equivalents of 

75% -dimethyldioxirane 

metbyl cbenodeoxycbolate 3-oxo-7a- 7-oxo-3a-
3,7-dioxo 

starting 
153c bydroxy bydroxy material 

I equivalent of 
36% 25% 14% 18% 

dimethyldioxirane 
2 equivalents of - - 91% -dimethyldioxirane 

metbyl byodeoxycbolate 3-oxo-6a-
3,6-dioxo 

153d bydroxy 
1 equivalent of 

78% 8% 
dimethvldioxirane 
2 equivalents of 

69% 18% 
dimethvldioxirane 

These results provide further evidence for the proposed butterfly transition state (Figure 4)."" The C3 

position allows the unhindered approach of the dioxirane and so the transition state can be formed 

with ease whereas the steric hindrance of the C21 methyl group prevents the formation of such a 

transition state at C12. 

The deactivation of the Cl2 hydroxyl in bile acid derivatives has been noted previously by several 

groups including Blickenstaff et al. 167-169 This group synthesised a series of 7a, l2a-dihydroxy 

steroids with differing side chains, which included a range of electron-withdrawing and electron­

releasing groups, and found that all were acetylated selectively at the 7 -hydroxyl in comparable 
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yields169 This indicated that the nature of the terminus of the side chain is immaterial and that the 

deactivation of the 12-hydroxyl is most likely a steric phenomenon. (They also found that the 

reactivity of the C 12 hydroxyl can be enhanced by a 3u substituent. 170) Further work by Blickenstaff 

et al showed that this side chain shielding in the 7u, 12u-dihydroxy steroids can be defined as steric 

inhibition by the C21 methyl groUp.171 Any R group as large or larger than a methyl group will tend 

to assume an orientation away from the CI8 angular methyl group as shown in 154 (in the case of 

the bile acid methyl esters, R = CH2CH2C02CH3). This configuration requires the C21 methyl to 

point towards the 12u-hydroxyl. With the A ring inhibiting the approach of the reagent from one 

direction and the C21 methyl similarly inhibiting the approach from the other direction, the 12u­

hydroxyl is unreactive. In support of this, Blickenstaff found that unbranched side chains give rise to 

very reactive 12u-hydroxyl groups. 

R 

OH 

154 

4.3 CONCLUSIONS 

It was found that, while dimethyldioxirane did show some selectivity for the less hindered C3 

position, in the majority of cases, mixtures of products were obtained which required separation by 

column chromatography. In this respect dimethyldioxirane showed no advantage over the more 

traditionally used oxidising agents. 



Chapter 5 

INVESTlGA TlON INTO THE LJSE OF TRlFLLJOROMETHYL ARYL 

KETONES AS CATALYSTS IN OXONE"'-MEDlATED EPOXIDATlONS 

5.1 INTRODUCTION 
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Methyl(trifluoromethyl)dioxirane is a more powerful oxidant than dimethyldioxirane and it may be 

generated etTectively from 1,1, l-trifluoroacetone and Oxone'" in situ. 

When considering a ketone as a potential catalyst in reactions of this type, it is important to assess 

both the ability of the ketone to form a dioxirane and its ability to then transfer oxygen to the 

substrate. Also, the propensity for irreversible ketone consumption via the Baeyer-Villiger reaction 

should be considered. 

The introduction of a trifluoromethyl group a to the carbonyl in a ketone allows a more reactive 

electron deficient dioxirane to be formed due to an increase in electrophilicity of the dioxirane 155. 

The presence of an electron-withdrawing group will also suppress the Baeyer-Villiger oxidation 

pathway by significantly reducing the migratory aptitude of the a substituent. 

155 

Methyl(trifluoromethyl)dioxirane may be generated in situ using acetonitrile I water as the 

medium.172 In the more conventional biphasic system however (dichloromethane I water), 

hydrophilicity is reported to be important and 1,1, l-trifluoroacetone is not a very effective catalyst 

for Oxone"'-mediated reactions. lo In spite of the fact that the carbonyl group in methyl(trifluoro­

methyl )dioxirane is highly activated towards nucleophilic attack and therefore will readily react with 

Oxone"', a loss of reactivity results due to its water solubility and the formation ofa stable hydrate. 

Furthermore, l,l,l-trifluoroacetone is relatively expensive and not readily recyclable owing to its 

volatility. 
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In his search for a general and efficient catalyst for use in epoxidations using Oxone", Denmark 

recently investigated the use offluoroketones, 156 and 157, and found that while 2 equivalents of 

these ketones could be used efficiently in a biphasic system, they were not effective as catalysts (0.1 

equivalents gave only 6% conversion to the epoxide after 24 hours).!2 

157 R ~ n-CIOH2! 

Denmark therefore turned his attention to mono- and difluorinated ketones. Five fluorocyclo­

hexanones bearing one or two a fluorine substituents were examined 158-162. 
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Denmark used 4-tert-butylcyclohexanone as reference and found that under monophasic conditions 

using 0.1 equivalents of ketone, both monofluoroketones, 158 and 159, were superior to 4-tert-butyl­

cyclohexanone and that the epoxidation efficiency was highly dependent on the orientation of the 

fluorine substituent. Ketone 158 with the equatorial fluorine was more effective than ketone 159 

which has an axial fluorine substituent. All three difluorinated ketones were more efficient catalysts 

than 4-tert-butylcyclohexanone and the activity again depended on the the orientation of the fluorine 

substituents. Adding a second a fluorine axial to the ring either geminally as in 160 or trans-2,6 as 

in 161 decreased the reactivity compared to 158, whereas placing a second a fluorine in an 

equatorial position as in cis-2,6 162 increased the reactivity compared to 158. Denmark also noted 

different stability of the various ketones under the reaction conditions. 158 and 160-162 were stable 

but 159 converted to the lactone via the Baeyer-Villiger reaction. 
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Some preliminary work on the use of other tluoroketones as dioxirane precursors was carried out in 

these laboratories by James Muxworthy of the Marples group. 174 He decided that perhaps a fluoro­

substituted aromatic ring a to the carbonyl would increase the electrophilicity of the dioxirane. To 

investigate this idea, Muxworthy took a series of aromatic tluoroketones in a biphasic Oxone" / 

ketone system and assessed their ability to oxidise cyclohexene to cyclohexene oxide. He found that 

out of the ketones tested (Table 21), trifluoroacetophenone 163, which has a tritluoromethyl group a 

to the carbonyl rather than a fluoro-substituted aromatic ring was the most reactive. (This ketone has 

previously been reported as a catalyst in the oxidation of sultides in the presence of bovine serum 

albumin. 17l) 

In continuation of Muxworthy's work, we decided to explore further the reactivity offluoroketones 

as oxidation catalysts. We reasoned that if the ketone was also an acid, it could lead to the 

development of an etIective biphasic Oxone" / ketone system from which the ketone could easily be 

recovered and recycled. This also leads to the possibility of binding the ketone to a suitably 

functionalised resin thus providing a re-usable solid phase catalyst. 

The initial aim of this work therefore was to select a suitable ketone and investigate its ability to act 

as a dioxirane precursor in an optimised Oxone" / ketone system. The simple, commercially 

available 4-(trifluoroacetyl)benzoic acid 164 was chosen and various in situ methods described in 

the literature were taken as a starting point in the development of an optimum procedure. 

o o 

Ho,C 

163 164 



5.2 OPTIMISA nON OF THE OXONE" / KETONE IN SITU OXIDA nON 

SYSTEM USING TRlFLUOROACETOPHENONE AND 4-(TRlFLUORO­

ACETYL)BENZOlC ACiD 

The general outline of the OxoneoS I ketone system using cyc10hexene as substrate is shown in 

Scheme 99. 

o 
CH2CI2 i TBAHS or MeCN 
phosphate huffer (PH 7.5) or NaHC03 

OxoneoSl 

aqueous EDT A solution 
O-5"C or RT 

Scheme 99 

5.2.1 Method A, based on work by J. Muxworthy'74 

6 
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As already mentioned, James Muxworthy carried out a study174 to investigate the ability of a series of 

aromatic fluoroketone-derived dioxiranes, generated in situ in a biphasic system, to oxidise 

cyc10hexene to cyc10hexene oxide. We decided to start by extending this investigation by carrying 

out similar reactions using 4-(trifluoroacetyl)benzoic acid as the dioxirane precursor, comparing its 

reactivity with the reactivity of acetone and the other ketones listed in Table 21. 

It was decided to first repeat the reaction using trifluoroacetophenone. A solution of cyclohexene 

(1 equivalent) in dichloromethane was cooled to 0-5°C and trifluoroacetophenone (1 equivalent), 

t-butyl ammonium hydrogen sulfate (0.32 equivalents) and phosphate buffer (pH 7.5) were added. 

The pH of the solution was maintained by addition of potassium hydroxide solution using a pH stat. 

A solution of Ox one oS (2.7 equivalents) and EDTA in water was then added dropwise over 25 
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minutes and the mixture left stirring for a further 2 hours 20 minutes giving a total reaction time of 

2.75 hours. The relative proportions of cyclohexene and cyclohexene oxide present at the end of this 

time were determined using GC analysis. 31% conversion was obtained after 2.75 hours compared 

to 20% reported by Muxworthy. It was found that on continuing this reaction for a further 1.25 

hours, the conversion increased to 68%. The reaction was then repeated in the absence of ketone. 

After a reaction time of 2.75 hours, a conversion of 19% was obtained, which is comparable with the 

conversion obtained by Muxworthy in the presence of trifluoroacetophenone. The other ketones 

used in Muxworthy's study also gave similar results ranging from 15-21%. Allowing the blank 

reaction to continue for a total of 5 hours gave 35% cyclohexene oxide. This result proved 

unexpected as it has been well documented in the literature that under typical biphasic in situ 

conditions, no epoxidation will occur in the presence of Oxone" alone. Muxworthy therefore not 

unreasonably chose to compare the reactivity of the fluoroketones against the reactivity of acetone as 

for this methodology to be worthwhile pursuing, an improvement over the conversion obtained with 

acetone was desirable. 

Muxworthy carried out a second set of reactions, performed in a similar manner except that three 

times the amount of Ox one" was used (8.1 equivalents). This was added dropwise as an aqueous 

solution in three portions and the reaction stirred for a total of 4 hours. Repeating this reaction using 

trifluoroacetophenone, 66% conversion was obtained compared to 74% reported by Muxworthy. 

Under the same conditions in the absence of ketone, 47% conversion was obtained. This time, a 

greater difference was seen between the result obtained using trifluoroacetophenone and that 

obtained in the absence of ketone. The result for the latter however is similar to the results obtained 

by Muxworthy when using the other ketones, including acetone (45-57%). 

To summarise, at the shorter reaction time of2.75 hours, all the results both in the presence and 

absence of ketone are very similar. At the longer reaction time, it seems that trifluoroacetophenone 

does increase the conversion (average conversion 70%) over the blank reaction (47%) but that the 

reaction proceeds to some extent in the absence of ketone. It was therefore decided not to continue 

with this method and 4-(trifluoroacetyl)benzoic acid was not used. Other in situ methods described 

in the literature were of interest to us including those employed by Armstrong" and Yang'9.172,173 in 

which no rigorous pH control is necessary. These methods are discussed in the following sections. 
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Table 21 

1. Muxworthy's results for the reaction of cyc10hexene with Oxone'8 / ketone in a biphasic system 
according to method A. 

ketone % wt cyclobexene oxide 
(1 equivalent) 2.7eq Oxone'8 /2.75 hours 8.1eq Oxone'8 14 hours 

0 

~J 20% 74% 

0 

,dCHJ 21% 57% 

0 

CX:'J 18% 53% 

0 

~J 18% 56% 

, 
, 0 

':QCCH' 15% 50% , , 
, 

F 0 

:~ 21% 45% 

, 
0 

H,c~J - 47% 

Table 22 
Results obtained when the reaction of cyciohexene with Oxoneo& / ketone 

in a biphasic system according to method A was repeated. 

ketone % wt cyclobexene oxide 
(1 equivalent) 2.7eq Oxone4P 12.75 hours 8.1eq Oxone'" 14 hours 

trifluoroacetophenone 31% 66% 
ketone absent 19% 47% 
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5.2.2 Method D, based on work by A. Armstrong'S 

Recently published work by ArrnstronglS employed a much simpler biphasic method which is a 

modification of the conditions reported by Curci."· Cyclohexene was used as the substrate with 

4-tert-butylcyclohexanone as the ketone. No excess ofketone was used and only a slight excess of 

Oxone" (1.2 equivalents). The pH was controlled using a IM aqueous sodium bicarbonate buffer 

solution (3.4 equivalents). The cyclohexene, ketone, aqueous sodium bicarbonate and phase transfer 

catalyst (t-butylammonium hydrogen sulfate) in dichloromethane I aqueous EDTA solution were 

cooled to O°C and the Oxone" added as an aqueous solution in one single portion. Stirring was 

continued at O°C for 5 hours and the reaction monitored by Gc. 

In the presence of 4-t-butylcyclohexanone, Arrnstrong reported 15% conversion of cyclohexene to 

cyclohexene oxide after 5 hours. Under the same reaction conditions in the absence of ketone, 2% 

conversion was reported. Arrnstrong observed that while a conversion of 15% may appear low, 

Curci,'" who obtained similar results, used a large excess of acetone (10 equivalents) in his studies 

and Denmark'o who has reported 50% conversion after 24 hours for the epoxidation of 

E-6-benzyloxyhex-2-ene with Oxone" (10 equivalents) and acetone (I equivalent) used strict pH 

control using a pH stat. 

We decided to try Arrnstrong's procedure using trifluoroacetophenone as the dioxirane precursor. 

Reactions using 4-tert-butylcyclohexanone and in the absence of ketone were also carried out for 

comparison purposes. The reactions were monitored by GC and the results are shown in Table 23. It 

was also intended to use acetone but the GC method did not give satisfactory peak resolution 

therefore it was omitted. 

After a reaction time of 16 hours, the results are all very similar including the reaction done in the 

absence of ketone (although this did show some variation, with conversions ranging from 13-23%). 

However, if the results obtained after a reaction time of 6 hours are compared, the trifluoroaceto­

phenone reaction shows an almost twofold improvement over the other ketones. This difference 

becomes less apparent at the longer reaction times. It could be therefore that trifluoroacetophenone 

does catalyse the reaction but that the same result can be achieved in the absence of ketone provided 

that the reaction is left for a long enough period of time. 

Under these conditions, 4-tert-butylcyclohexanone does not appear to be effective as at no point did 

it show any significant improvement over the blank reaction. The 5 hour reaction using 4-tert-butyl-
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cyclohexanone was done in duplicate and both reactions gave 9% conversion. The 5 hour blank 

reaction was also done in duplicate and both these reactions gave 8% conversion. This is in contrast 

to Annstrong who reported a seven times improvement over the blank reaction after 5 hours using I 

equivalent of 4-tert-butylcyclohexanone. Increasing the amount of 4-tert-butylcyclohexenone from I 

equivalent to 5 equivalents also showed no improvement over the blank. 

If trifluoroacetophenone is involved in the reaction, it might be expected that increasing the level 

from I equivalent to 5 equivalents would result in an increase in conversion. It can be seen from 

Table 24 that when stirred for approximately 16 hours, the reaction with 5 equivalents oftrifluoro­

acetophenone gave a very similar result (28%) to that obtained with I equivalent (24-29%) and with 

the blank reaction (13-23%). If, however, the reaction is stopped after 3 hours or even 6 hours, a 

small difference can be seen. (An average conversion of 12% after 3 hours with I equivalent 

compared to 21 % after 3 hours with 5 equivalents.) 

It would seem from these results that some oxidation is taking place in the presence of Oxone~ alone 

but at a slower rate than when trifluoroacetophenone is present. If allowed to go to completion, the 

end result of both reactions is similar. It might be expected then that an increase in the amount of 

Oxone~ used would increase the conversion. However, it was found that doubling the amount of 

Oxone~ to 2.5 equivalents in the presence of 1 equivalent oftrifluoroacetophenone had no effect 

(Table 25). In the absence of ketone, 2.5 equivalents ofOxone~ showed no significant improvement 

over 1.2 equivalents after 16 hours, but after 6 hours, 18% conversion was achieved compared to 9% 

with 1.2 equivalents. It should be noted that the amount of sodium bicarbonate was not increased 

accordingly, however at 3.4 equivalents it was still present in excess. 

One of the problems in carrying out reactions of this type is the number of variables involved. There 

are many factors affecting these reactions which can sometimes lead to inconsistent results. One of 

these factors is the rate of stirring. 176 A reaction was carried out usin~ I equivalent of trifluoroaceto­

phenone exactly as described above except the agitation rate was reduced to a slow stir. After 

stirring at such a rate for approximately 16 hours, it was found that the conversion was less than half 

that expected. (6% after 5 hours increasing to 10% after 16 hours compared with an average of29% 

when stirred vigorously.) A blank reaction carried out with slow stirring gave only 0.5% conversion 

after 5 hours and 2% after 16 hours, which increased to 10% after 72 hours. 



Table 23 
The results of the reactions of cyclohexene with Oxone@ / ketone 

in a biphasic system according to Method B, based on Annstrong's work" 
(1 equivalent of ketone, 1.2 equivalents ofOxone@, 3.4 equivalents ofNaHCO), O"C) 

ketone % wt cyclobexene oxide 
(1 equivalent) 3 bours 5 bours 6 bours 7 bours 

17% 

trifluoroacetophenone 15% 

12% 17% 
9% 

4-t-butylcyclohexanone 9% 
6% 10% 
6% 9% 

10% 

no ketone 9% 
4% 9% 

8% 
8% 

Table 24 
The results of the reactions of cyclohexene with Oxone@ / ketone 
in a biphasic system according to Method B but with the ketone 

increased from 1 equivalent to 5 equivalents 

ketone % wt cyclobexene oxide 
(5 equivalents) 3 bours 5 bours 6 bours 7 bours 

trifluoroacetophenone 
17% 23% 
25% 29% 

4-t-butylcyclohexanone 6% 8% 

Table 25 

16 hours 
29% 
24% 
28% 
29% 

25% 
22% 

21% 
13% 

20% 
23% 

16 bours 
28% 

The results of the reaction of cyclohexene with Oxone@ in a biphasic system 
according to Method B but with double the amount ofOxone@ (2.5 equivalents) 

ketone % wt cyclobexene oxide 
(1 equivalent) 3 bours 5 bours 6 bours 7 hours 16 bours 

trifluoroacetophenone 9% 14% 22% 
no ketone 10% 18% 22% 

123 
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One variable thought not to have a great effect in this method is the reaction temperature. This is 

true provided all reactions are allowed to go to completion. It was found that after stirring for 7 

hours, the reactions carried out at room temperature gave an average conversion of 26% which did 

not increase after 16 hours. This is a similar result to that obtained after 16 hours in the reactions 

carried out at o·e. 

It was decided to look at using method B with a second substrate and trans-stilbene was chosen. 

Using trifluoroacetophenone, 2% trans-stilbene oxide was obtained after 2 hours and only 4% after 

16 hours. It was not necessary to carry out a blank reaction as this result indicated that under these 

conditions trans-stilbene is not being oxidised to any significant extent by the ketone I Oxone'" 

system or by Oxone'" alone. (In contrast, the same reaction with cyciohexene gave 29% cyciohexene 

oxide in the presence of trifluoroacetophenone and 21 % with Oxone'" alone.) 

5.2.3 Methods C and D, based on work by D. Yangl9
•
17l 

An alternative method for in situ epoxidations is given by Yang172 in his paper on the epoxidation of 

olefins using methyl(trifluoromethyl)dioxirane. This method (referred to as method e) involves 

using a much larger excess of ketone (11 equivalents) than used by either Muxworthyl14 or 

ArmstronglS and the reaction mixture is homogenous (acetonitrile I water, 1.5: 1) rather than 

biphasic. Sodium bicarbonate (7.75 equivalents) is used as the buffer and this is added in portions as 

a solid mixture with the Oxone'" (5 equivalents) at O·e. 
In a further publication" on the use of chiral ketones for the catalytic asymmetric epoxidation of 

unfunctionalised olefins, Yang uses a slightly modified method (referred to as method D). Again a 

large excess of ketone (10 equivalents) and 5 equivalents of Oxone'" are used but in this method the 

amount of sodium bicarbonate is increased twofold to 15.5 equivalents. The bicarbonate and 

Oxone'" are added as a solid mixture in portions as in method e, but this time the reaction is done at 

room temperature rather than O·e. The reaction mixture is also twice as dilute, maintaining the 

1.5: 1 ratio of organic to aqueous. 

It was found that cyclohexene was not a suitable substrate for this type of reaction as cyciohexene 

and acetonitrile are insufficiently miscible. It was therefore decided to carry out two sets of 

reactions, one using trans-stilbene as the substrate in the acetonitrile I water homogenous mixture 
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and one using cyc10hexene in a biphasic mixture in which the acetonitrile is replaced with the same 

quantity of dichloromethane. 

5.2.3.1 Oxidation of Irons-stilbene using Oxone<& / ketone in a homogenous acetonitrile I 

water system according to methods C and 0 

Several preliminary reactions were carried out using a procedure based on Yang's first method172 

(method C) using trifluoroacetophenone as the ketone catalyst. 

A solid mixture ofOxone<& (5 equivalents) and sodium bicarbonate (7.75 equivalents) was added in 

portions to the reaction mixture consisting of I equivalent of tram-stilbene and 11 equivalents of 

trifluoroacetophenone in a solution of acetonitrile / water (1.5:1) at O°C. The results are shown in 

Table 26. An average conversion of77% was obtained. It was found that two important factors in 

.this reaction are as fol1ows: one, the addition of the Oxone<& / bicarbonate mixture must be done 

slowly in portions, and two, there must be a large excess of ketone. When a reaction was carried out 

in which the Oxone<& / bicarbonate mixture was added quickly in one portion, the yield dropped 

significantly to only 20%, and when only I equivalent of trifluoroacetophenone was used, a very 

poor conversion of only 5% was obtained. The use of a smaller excess of ketone (5 equivalents 

rather than 11 equivalents) gave a similar very poor result. 

A series of reactions were then carried out based on Yang's second method (method 0).'9 Yang 

used 10 equivalents of ketone but here only 5 equivalents were used. It was found that under these 

conditions, using tram-stilbene as substrate and trifluoroacetophenone as ketone, 100% conversion 

to the epoxide was achieved. (Yang reported a similar result using 10 equivalents of trifluoroaceto­

phenone after 70 minutes by TLC.) This reaction was repeated several more times, with consistently 

high conversions (Table 27) and it was found using 2 equivalents of ketone also gave an excellent 

99% conversion. This is in contrast to the 3% conversion obtained with 5 equivalents using method 

C, which indicates that a larger excess of bicarbonate, a more dilute reaction mixture and / or a 

higher reaction temperature have an important effect. It was found however than an excess of 

trifluoroacetophenone is still required as carrying out the reaction with I equivalent gave only 17% 

conversIOn. 
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Table 26 

The results of the reactions of trans-stilbene with OxoneCl!> I trifluoroacetophenone in an acetonitrile I 
water mixture according to method C, based on Yang's work172 

(5 equivalents ofOxoneCl!>, 7.75 equivalents of sodium bicarbonate, ODe). 

number of equivalents % wt trans-stilbene oxide 
of trifluoroacetophenone 2.75 hours 16 hours 

11 73% 
I1 58% 80% 
5 3% 
I 5% 

Table 27 

The results of the reactions of trans-stilbene with OxoneCl!> I trifluoroacetophenone 
in an acetonitrile I water mixture according to method D, based on Yang's worI29 

(5 equivalents ofOxoneCl!>, 15.5 equivalents of sodium bicarbonate, room temperature). 

number of equivalents % wt trans-stilbene oxide 
of trifluoroacetophenone number of equivalents 

after 16 hours 
5 100% 
5 95% 
5 98% 
5 96% 
2 99% 
I 17% 

0.5 18% 
0 9% 
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The reaction was then carried out using 2 equivalents of 4-(trifluoroacetyl)benzoic acid and a similar 

excellent conversion of97% was obtained. However, reducing the amount of acid to just I 

equivalent gave only 15% conversion (Table 28). In the absence of ketone, 4% conversion was 

obtained, which indicates that Oxone'" alone is not capable of epoxidising frans-stilbene under these 

conditions. A similar result was reported by Yang using chalcone as substrate. 172 

Some of the epoxidation activity of 4-(trifluoroacetyl)benzoic acid may arise from the presence of 

the carboxylic acid functionality, which may be converted to the peracid by the Oxone'". To 

investigate this possibility, reactions were carried out replacing the ketone with benzoic acid and 

with 4-chlorobenzoic acid. These acids are less soluble than 4-(trifluoroacetyl)benzoic acid, 

therefore the reactions were carried out in more dilute mixtures. Five times more acetonitrile / water 

were used, maintaining the 1.5:1 ratio and the 4-(trifluoroacetyl)benzoic acid reaction was repeated 

at a similar dilution. 5 equivalents of acid were used in each case. After approximately 16 hours, 

99% conversion was obtained with 4-(trifluoroacetyl)benzoic acid as expected. Using benzoic acid, 

the results were inconsistent 9% conversion was obtained in the first reaction followed by 37% 

when the reaction was repeated. A longer reaction time of96 hours gave 75% conversion. 

4-chlorobenzoic acid gave some oxidation ( 20%) despite being fairly insoluble in acetonitrile. 

Diluting the reaction mixture a further five times had no significant effect. 

From these results, it seems that the oxidation obtained with 4-(trifluoroacetyl)benzoic acid could be 

due in part to peracid formation as well as dioxirane formation. Oxone'" does not appear to work 

alone under these conditions, therefore in the presence of trifluoroacetophenone the epoxidation 

must be assumed to be solely due to dioxirane formation. Any oxidation due to peracid formation in 

the case of (trifluoroacetyl)benzoic acid is therefore probably slow and not to a great extent. 

It was concluded that for both trifluoroacetophenone and 4-(trifluoroacetyl)benzoic acid, 2 

equivalents was the optimum and on the basis of these results it was felt that method D using 

4-(trifluoroacetyl)benzoic acid was suitable for further development with a view to preparing a 

reusable solid phase catalyst for the simple, clean epoxidation of olefins. Work in this area was 

continued by my co-workers, Todd Boehlow and Estella Grocock and this work has recently been 

published. 177 
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Table 28 

The results of the reactions of trans-stilbene With Oxone~ / 4-(trifluoroacetyl)benzoic acid in an 
acetonitrile / water mixture according to method D, based on Yang's work'" 

(5 equivalents ofOxone@, 15.5 equivalents of sodium bicarbonate, room temperature). 

number of equivalents of 
4- trifluoroace I benzoic acid 

5 
2 
I 

0.5 
o 

% wt trans-stilbene oxide 
after 16 hours 

94% 
97% 
15% 
10% 
4% 

Table 29 

The results of the reactions of trans-stilbene with Oxone~ / acid in an acetonitrile / water mixture 
according to method D, based on Yang's work3• (5 times increased dilution) 

(5 equivalents of Ox on ell!>, 15.5 equivalents of sodium bicarbonate, room temperature) 

acid % wt trans-stilbene oxide 
(5 equivalents) 16 hours 96 hours 

4..(tnfluoroacetVObenzoic acid 99% 

benzoic acid 9% 
37% 

75% 

4-chlorobenzoic acid 20% 
26%* 

* reaction diluted a further 5 times 
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Oxidation of cyc10hexene using Oxone08 
/ ketone in a biphasic system according to 

methodD 

Table 30 shows the results for the reactions of cyc10hexene with Oxone08 
/ ketone using a procedure 

based on Yang's second method (method D), but using a dichloromethane / water solvent system 

rather than acetonitrile / water. t-Butyl ammonium hydrogen sulfate was used as phase transfer 

catalyst and 5 equivalents of ketone were used as a starting point. 

The reactions were carried out using trifluoroacetophenone, 4-(trifluoroacetyl)benzoic acid, in the 

absence of ketone and also using 4-tert-butylcyc1ohexanone for comparison with method B. 

In the absence of ketone, it was found that no reaction took place. This is in contrast to the results 

obtained using methods A and B with cyc10hexene in a biphasic system. The reaction using 

4-tert-butylcyc1ohexanone was very poor, giving a similar result to the blank, as in method B. 

Trifluoroacetophenone and 4-(trifluoroacetyl)benzoic acid both worked reasonably well although the 

results were very variable. With trifluoroacetophenone the mean conversion was 51 %, although 

conversions as low as 28% and as high as 94% were obtained. The mean conversion with the 

4-(trifluoroacetyl)benzoic acid was S5%. 

To investigate the possibility of peracid involvement, a series of reactions were again carried out 

replacing the ketone with benzoic acid and 4-chlorobenzoic acid. These reactions were carried out 

at a higher dilution (five times) and the results are shown in Table 31. The conversions obtained 

with benzoic acid after 16 hours are significantly better (mean 40%) than those obtained in the blank 

reaction and are comparable to the conversion obtained with 4-(trifluoroacetyl)benzoic acid (43%) at 

a similar dilution. 4-chlorobenzoic acid was found to be poorly soluble in dichloromethane and gave 

a lower conversion of 15%. The dilution was increased a further five times but this did not improve 

the solubilty or the conversion. The reaction did however show a five times increase over the blank 

reaction which indicated that peracid formation was taking place. It is difficult to say to what extent 

this is occurring with 4-(trifluoroacetyl)benzoic acid but the results obtained with trifluoroaceto­

phenone indicate that dioxirane formation is also contributing to the epoxidation. 



Table 30 

The results of the reactions ofcyclohexene with OxoneG!> / ketone in a 
biphasic system according to Method D (based on work by Yang). 

(5 equivalents ofOxone®, 15.5 equivalents of sodium bicarbonate, room temperature) 

ketone % wt cyclohexene oxide 
(5 equivalents) 5 hours 16 hours 

35% 

48% 

trifluoroacetophenone 28% 28% 
94% 
44% 

52% 55% 
42% 48% 

4-(trifluoroacetyl)benzoic acid 68% 
55% 61% 
2% 1% 

no ketone 3% 
3% 
7% 

4-t-butylcyclohexanone 3% 

Table 31 
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The results of the reactions of cyclohexene with with OxoneG!> / carboxylic acid in a biphasic system 
according to MethodD, based on work by Yang (5 times increased dilution) 

(5 equivalents ofOxoneG!>, 15.5 equivalents of sodium bicarbonate, room temperature) 

acid % wt c,c1ohexene oxide 
(5 equivalents) 5 hours 16 hours 

benzoic acid 
10% 32% 

48% 

4-chlorobenzoic acid 
15% 

16% • 
4-(trifluoroacetvl)benzoic acid 43% 

• reaction diluted a further 5 times 
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It was decided to extend this study to look at a second substrate. Trans-stilbene was chosen in order 

to compare the extent of oxidation in the biphasic system with that in the homogenous acetonitrile / 

water system, which was found to give excellent conversions when using both trifluoroacetophenone 

and 4-(trifluoroacetyl)benzoic acid. 

5.2.3.3 Oxidation of Irans-stilbene using Oxone" / ketone in a biphasic system according to 

methodD 

The epoxidation of trans-stilbene in acetonitrile I water using Yang's reaction conditions (method D) 

proved very successful (section 5.2.3.1). The following reactions explore the possibility of using a 

biphasic system rather than the homogenous system for the Irans-stilbene reaction. Cyclohexene 

was oxidised satisfactorily under these conditons (section 5.2.3.2) and if this system also works well 

with trans-stilbene, it would be a suitable method to develop, enabling a wider range of substrates to 

be used than would be possible with the homogenous system. 

Using I equivalent of trans-stilbene, 5 equivalents of trifluoroacetophenone, 5 equivalents of 

Oxone" and 15.5 equivalents of sodium bicarbonate in dichloromethane I water (1.5: I) at room 

temperature with a catalytic amount of phase transfer catalyst, conversions ranging from 24-77% 

were obtained (Table 32), compared to 100% in acetonitrile with only 2 equivalents oftrifluoro­

acetophenone. Increasing the amount oftrifluoroacetophenone twofold to 10 equivalents in the 

biphasic system gave a good conversion of 85%, but this did require the much larger excess of 

ketone. Using only 2 equivalents oftrifluoroacetophenone in the biphasic system gave 34% 

conversion. In the absence of ketone, only I -3% conversion was obtained. 

The reaction was repeated using 4-(trifluoroacetyl)benzoic acid and the conversions obtained were 

lower than those obtained with trifluoroacetophenone. With 5 equivalents of acid, conversions 

ranging from 9-22% were obtained and with 10 equivalents of acid, only 14% was achieved. 

Again, the use of benzoic acid and 4-chlorobenzoic acid in place of 4-(trifluoroacetyl)benzoic acid 

was investigated, using a five times more dilute solution (Table 33). With 4-chlorobenzoic acid 

there were solubility problems and these reactions did not work at all, even on further dilution. 



Table 32 

The results of the reactions of trans-stilbene with Oxonelll> / ketone in a 
biphasic system according to Method D (based on work by Yang). 

(5 equivalents of Ox one 111>, 15.5 equivalents of sodium bicarbonate, room temperature) 

number of equivalents % wt trans-stilbene oxide after 16 hours 
of ketone trilluoroacetophenone 4-(trilluoroacetyl)benzoic acid 

10 85% 14% 
77% 9% 
24% 22% 

5 34% 14% 
26% 
41% 

2 34% 

0 
1% 
3% 

Table 33 
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The results of the reactions of trans-stilbene with with Oxonelll> / carboxylic acid in a biphasic system 
according to Method D, based on work by Yang (5 times increased dilution) 

(5 equivalents of Oxone®, 15.5 equivalents of sodium bicarbonate, room temperature) 

acid (5 equivalents) % wt trans-stilbene oxide after 16 hours 

4-(trifluoroact:tyl)benzoic acid 9% 

benzoic acid 
8% 

2% 

4-chlorobenzoic acid 
0% 
0% 

• reaction diluted a further 5 times 



With benzoic acid, the results varied between 2-8%. At a similar dilution, 9% was obtained with 

4-(trifluoroacetyl)benzoic acid. 

It can be seen from these results that the conversions of trans-stilbene to trans-stilbene oxide 

obtained in the biphasic system were much poorer than those obtained in the acetonitrile system. 

The results in the biphasic system were also more inconsistent. 

5.2.4 Optimisation of method B 

The following work was done in conjunction with a coworker, Estella Grocock. The aim was to 

optimise method B (1 equivalent of cyclohexene, 1 equivalent oftrifluoroacetophenone, 1.2 

equivalents of Ox one", 3.4 equivalents of sodium bicarbonate, dicbloromethane: water 1:1 with 

t-butyl ammonium hydrogen sulfate as phase transfer catalyst at O·C, adding the Oxone" as a 

solution in one portion) which gave 26% cyclohexene oxide after 6 hours. 
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Repeating this reaction at room temperature with an increased amount of Oxone" (2.7 equivalents, 

as used in method A) and increased amounts of bicarbonate and water in accordance with this, gave 

47% after 6 hours. Increasing the Oxone" further to 5 equivalents, again increasing the bicarbonate 

and water pro rata, gave 66% after 6 hours. Adding the Oxone" solution dropwise rather than in one 

portion and doubling the amount of ketone had little effect. Increasing the Oxone" to I 0 equivalents 

(again increasing the bicarbonate and water pro rata) gave 91% conversion after 6 hours. This will 

be referred to as method E. The same reaction at O·C gave 75% conversion after 6 hours (Table 34). 

Excellent conversions were obtained when the reaction was continued for 16 hours using both 

trifluoroacetophenone and 4-(trifluoroacetyl)benzoic acid (greater than 96%), which was very 

encouraging. 4-tert-butylcyclohexanone also gave a good conversion of 61 % after 6 hours which 

was much better than previously seen (Table 35). 

However when the reaction was carried out in the absence of ketone, it was found to also give a 

conversion of 96% after 16 hours. The reaction was repeated several times with the same result and 

after 16 hours, little difference could be seen between the reactions carried out in the presence of the 

ketone catalyst and those in its absence. At a shorter reaction time, a difference between the 

trifluoroacetophenone reaction and the blank reaction was more noticable. After 6 hours at room 

temperature, trifluoroacetophenone gave an average conversion of 90% whereas the blank reaction 
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gave 65%. 4-(trifluoroacetyl)benzoic acid gave 76% after the same period of time. After 3 hours at 

room temperature the trifluoroacetophenone-catalysed reaction gave almost double the conversion of 

that given by the blank reaction. This is a similar pattern to that obtained with method B. 

A reaction using method E was then carried out using trans-stilbene as the substrate with trifluoro­

acetophenone as the ketone catalyst. A very poor conversion of 5% was obtained after 1.5 hours at 

room temperature, with no increase after 16 hours. Increasing the amount oftrifluoroacetophenone 

from 1 equivalent to 10 equivalents showed no improvement. Using 1 equivalent of 4-(trifluoro­

acetyl)benzoic acid instead oftrifluoroacetophenone gave a similarly poor conversion of 8%. 

Since this work was carried out, Denmark published the results of 180 labelling studiesl6 which 

support the view that dioxiranes are the active intermediates in Oxone" / ketone epoxidations and 

criticises the findings of Armstrong who suggested that dioxiranes are not responsible for alkene 

epoxidation in such a system. IS Denmark states that 4-tert-cyclobutylcyclohexanone is a poor 

promoter under biphasic conditions and reports that independent studies carried out in his 

laboratories have verified this. Indeed, our results also confirm this. Denmark suggests that the 

production of epoxide in the presence of 4-tert-butylcyclohexanone may result from an improved 

miscibility of the phases or emulsification. He found that under the conditions employed by 

Armstrong,IS only 2% epoxidation was achieved using 4-tert-butylcyclohexanone (compared to 

Armstrong's 15% and our 9%) although if the reaction mixture became emulsified, as much as 25% 

could be produced in the absence of ketone (we reported 8%). Denmark therefore concludes that the 

problem with this system is that there is no mechanistically significant ketone-catalysed pathway due 

to the insolubility of the ketone in the aqueous phase. 
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Table 34 

Optimisation of method B 
(biphasic, 1 equivalent of cyc10hexene and 1 equivalent of trifluoroacetophenone) 

reaction 
number of number of ratio of % wt cyclobexene 

temp. 
equivalents of equivalents of dichloromethane : oxide after 6 hours 

ooe 
RT 
RT 
RT 
ooe 

Oxone8 NaHCO. water 
1.2 3.4 I: 1 
2.7 7.75 1:2 
5 13.8 1.3.7 
10 27.7 1:7 
10 27.7 1:7 

Table 35 

The results of the reactions of cyclohexene with Oxonee / ketone 
in a biphasic system according to method E 

26% 
47% 
66% 
91% 
75% 

(I equivalent of cyclohexene. 1 equivalent of ketone, 10 equivalents of Oxonee, 
27.7 equivalents of sodium bicarbonate, dichloromethane / water 1 :7) 

ketone 
reaction % wt cyclohexene oxide 

temp 3 hours 4 hours 6 hours 7 hours 16 hours 
RT 91% 
RT 84% 98% 

trifluoroacetophenone RT 80% 89% 
ooe 53% 99% 
Doe 46% 75% 

4-(trifluoroacetyl)benzoic RT 76% 96% 
acid 

t-butylcyclohexanone 
RT 44% 61% 
Doe 28% 47% 
RT 79% 
RT 78% 
RT 55% 96% 

no ketone RT 96% 
RT 46% 65% 
ooe 36% 96% 
ooe 30% 48% 

RT room temperature 
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Table 36 

Summary of the main Oxone- I ketone methods used 

method A B C D E 
. reference Muxworth-'y74 ArmstronJ{15 YanJ{172 Yangl~ -
substrate 1 eq 1 eq 1 eq 1 eq 1 eq 

ketone 1 eq 1 eq 11 eq 10 eq 1 eq 

Oxoneilll 2.7 or 8 eq* 1.2 eq 5 eq 5 eq 10eq 
phosphate 3.4 eq 7.75 eq 15.5 eq 27.7 eq 

buffer buffer sodium sodium sodium sodium 
pH7.5 bicarbonate bicarbonate bicarbonate bicarbonate 

solvent 
11 volwnes of 10 volumes 7.5 volumes 15 volwnes 10 volumes of 

DCM of DC M of MeCN of MeCN DCM 

water 
440r98 

9.4 volumes 5 volumes 10 volwnes 70 volumes 
volwnes* 

ratio of 
1:4 or 1:9* 
biphasic 1:1.1 1:1.5 1: 1.5 1:7 

organic: 
(not including biphasic homogenous homogenous biphasic 

aqueous •• 
KOH) 

EDTA 0.3 eq 0.01 eo 0.002 eo 0.004 eo O.oI eo 
phase 

Not Not 
transfer 0.32 eq 0.2eq 

applicable applicable 
0.2 eq 

catalySt 
temperature O°C O°C O°C RT RT 

AIl 
All buffer bicarbonate 

added at the added at the Bicarbonate Bicarbonate All bicarbonate 

Oxoneilll I 
start of the start of the IOxoneilll IOxone® added at the start of 
reaction. reaction. added in added in the reaction. 

buffer Oxone® added Oxone® portions as portions as a Oxone® added as 
addition 

dropwise as an added as an a solid solid an aqueous solution 
aqeous aqueous mixture. mixture in one portion 

solution. solution in 
one portion. 

pH control pH maintained 
not not not 

during the at 7.5 using a 
monitored monitored monitored 

not monitored 
reaction pH stat. 

aIlowed to allowed to 
reaction 2.750r4 

5 hours 
continue for continue for allowed to continue 

time hours up to 16 up to 16 for up to 16 hours 
hours hours 

• 
.* 

the first figure given is for the 2.75 hour reaction, the second for the 4 hour reaction 
after addition is complete 

DCM dichloromethane 
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5.3 CONCLUSIONS 

A summary of the main Oxone'" / ketone methods used is given in Table 36. It was ditlicult to 

ascertain exactly what the critical parameters are in these reactions due to the number of variables 

involved and the fact that many are interdependent. As Denmarklo noted in his studies it was not 

possible to systematically examine all permutations. Understanding the role of the various reaction 

parameters is complicated and it seemed from the results obtained that different parameters were 

more critical in certain methods than in others. For example, in some cases the rate of addition of 

the Oxone'" had a significant etIect whereas in others it was not important, which was surprising as 

the rate of oxidant addition, along with reaction pH and stoichiometry of the ketone / oxidant, has 

been well established as a critical parameter. 

Method D (acetonitrile / water) was found to work well with trans-stilbene giving 97% conversion 

with 2 equivalents of 4-(trifluoroacetyl)benzoic acid. A similar conversion was obtained with 2 

equivalents of trifluoroacetophenone. Some of the epoxidation activity of 4-(trifluoroacetyl )benzoic 

acid may arise from the presence of the carboxylic acid group, which may be converted to the 

peracid with Oxone'". In the absence of the ketone catalyst the reaction was very poor, 4-9% 

conversion. It should be noted however that while these reactions worked well, the ketones are not 

functioning catalytically. An excess of 2 equivalents is required to give good conversions and so the 

ketones are not considered etlicient. However the acid does have the advantage that it can be 

isolated for re-use by simple base extraction. 177 

In a biphasic system with trans-stilbene, the conversions were not as high and trifluoroacetophenone 

appeared to catalyse the reaction more effectively than 4-(trifluoroacetyl)benzoic acid, although not 

consistently. With 5 equivalents oftrifluoroacetophenone, a 77% conversion was obtained. 

However this result could not be repeated and conversions obtained in subsequent reactions were 

much lower (24-41 %). With 5 equivalents of 4-(trifluoroacetyl)benzoic acid, conversions varied 

between 9-22%. In the absence of ketone, no significant epoxidation of trans-stilbene occurred. 

4-(trifluoroacetyl)benzoic acid is less effective in general in dichloromethane presumably owing in 

part to its relatively high solubility in the aqueous phase. Similar solubility effects have been 

reported by Denmark. lo If the ketone is at all water soluble, it will form a dioxirane which will have 

a higher tendency to stay in the aqueous phase and not be transported into the organic phase where 

the substrate is located. In the aqueous phase, the dioxirane is likely to be consumed by reaction 
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with the peroxomonosulfate, regenerating the ketone, oxygen and HS04-_ This can be minimised by 

slow addition of the Oxone® thereby keeping the peroxomonosulfate concentration low. 

The inconsistencies experienced in these reactions may be due to the fact that the addition of the 

Oxone® was not strictly controlled. Although additions were made at regular intervals over 30 

minutes, it is possible that there were slight variations in the amount added at each interval in each 

reaction, particularly when the Oxone® was being added as a solid. 

Another factor which may have a significant effect on the outcome of the reaction is the strong 

dependence of the rate of dioxirane formation on pH. In spite of the fact that that many of the in situ 

methods described in the literature do not involve strict pH control, Denmarklo stresses that this is 

critical for the effective conversion of substrate into product, since formation of the dioxirane 

involves generation of acid. Denmark established an optimum pH of7.8-8.0 and found that moving 

a few tenths of a unit away from this narrow range resulted in either Oxone® destruction at higher pH 

(the peroxomonosulfate exists as a dianion thus increasing its nucleophilicity, leading to self 

destruction) or loss of reactivity due to Oxone® preservation at lower pH. Denmark also found that 

variable pH affects the lifetime of the ketone as well as the Oxone® due to consumption by 

8aeyer-Villiger oxidation. When reactions which are not controlled using a pH stat are repeated, the 

pH profile would not be expected to be exactly the same each time therefore some variation in 

conversion might be expected particularly as such small variations in pH have such a large effect. 

Denmark found that at pH 7.5 a conversion of30% was obtained, which increased to 48% at pH 7.8 

and dropped to 2% at pH 8.5. 

In his work on fluoroketones,12 Denmark reported inconsistent results when using a dichloromethane 

I water biphasic system due to formation of emulsions and this was also given as a reason for the 

epoxidation achieved in the absence of ketone when using 4-tert-butylcyclohexanone under 

Armstrong's conditions.16 

When using cyclohexene as substrate in this biphasic system, a conversion of 94% was achieved on 

one occasion with trifluoroacetophenone but conversions in the range 28-55% were more usual. As 

with the lrtins-stilbene reactions, it was expected that the 4-(trifluoroacetyl)benzoic acid-catalysed 

cyclohexene reactions would be poorer than with trifluoroacetophenone due to the higher solubility 

of the acid in the aqueous phase. However, similar if not marginally better conversions (48-68%) 

were obtained. Again, some of the epoxidation activity of 4-(trifluoroacetyl)benzoic acid may be 

due to the conversion of the carboxylic acid to peracid by Oxone". This may be more significant in 

the biphasic system than in acetonitrile. In the absence of ketone, no epoxidation of cyclohexene 
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~curred. This is in sharp contrast to the results obtained with the other biphasic methods. 

Extremely high conversions were achieved with trifluoroacetophenone and 4-{trifluoroacetyl)­

benzoic acid in the biphasic reactions based on method E, using cyclohexene as substrate. However, 

similar conversions were obtained in the absence of ketone, possibly due to the formation of 

emulsions as suggested by Denmark. 16 When trans-stilbene was used as a substrate with methods B 

and E, no significant epoxidation took place in the presence or absence of ketone. In both these 

methods, the Oxone8 was added in one portion. In his studies Denmark found that the rate of 

addition of Oxone8 had a significant effect on the level of epoxidation achieved. 1o He also noted 

that at more rapid addition rates, an increased amount of Oxone8 does not increase epoxidation, 

which we have seen evidence of in our work. Edward and Curcilla demonstrated that the presence of 

dioxirane in an Oxone8 -rich enviroment promotes the generation of oxygen and potassium hydrogen 

sulfate, which becomes more competitive as the level of Oxone8 is increased. Also, as already 

mentioned, keeping the Oxone8 concentration low can suppress the autodecompostion at higher pH. 

It may be therefore that the dioxirane formed is being consumed by the nonproductive pathway 

described above and that the oxidation of cyclohexene is being achieved mainly by any remaining 

Oxone8
. The results of the reactions carried out with cyclohexene in the absence of ketone confirm 

that this is possible whereas trans-stilbene on the other hand is unreactive towards Oxone8 alone and 

so poor conversions were obtained both in the presence and absence of ketone. 

Work in this area was continued by my coworkers, Todd BoehIow and Estella Grocock. In addition 

to trifluoroacetophenone and 4-(trifluoroacetyl)benzoic acid, they have investigated the use of 

methyl-4-{trifluoroacetyl)benzoate 165 and the resin-bound esters 166 and 167 as catalysts in 

Oxone8 -mediated epoxidations. 177 

o o 

CF, o 

o 
H,Co,C 

165 166 CF, 



140 

167 

The evaluation of these trifluoromethyl aryl ketones as catalysts was carried out in either 

acetonitrilelwater and/or dichloromethanelwater/phase transfer catalyst mixtures with solvent ratios 

and sodium bicarbonate concentrations as in method D. 

From the initial work on this, it does not seem likely that a polymer-bound trifluoromethyl dioxirane 

would be sufficiently stable to be stored. However, the resin-bound esters 166 and 167 were 

reusable many times and 4-(trifluoroacetyl)benzoic acid was isolated for re-use by base extraction. 
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Chapter 6 

EXPERIMENTAL 

6.1 GENERAL 

IH NMR spectra were recorded on a Broker 250 MHz NMR spectrometer. All samples were 

recorded with tetramethylsilane as internal standard. Chemical shifts (8) were recorded in ppm and 

multiplicities are reported as follows: br broad, s singlet, d doublet, t triplet, q quartet, m multiplet. 

l3C NMR spectra were recorded on a Broker 250 MHz spectrometer. 

IR spectra were recorded on a Nicolet 205 series FT-IR spectrometer. 

UV spectra were performed using a Shimadzu UV-160 UV-VIS spectrophotometer. 

Mass spectra were obtained on a Kratos MS80 spectrometer with DS-55 data system. 

Column chromatography was carried out using Matrex silica 60, 35-70 micron (Fisons Scientific 

equipment) unless otherwise noted. 

Thin layer chromatography was carried out using aluminium sheet silica gel 60F,S4, 0.2mm layer 

thickness (Merck) or aluminium sheet aluminium oxide 60F,S4 neutral (type E), 0.2mm layer 

thickness (Merck). 

Preparative TLC was performed on 0.2 metre glass-backed plates coated with kieselgel 60PF,S4 

(Merck). 

Melting points were obtained on a Reichert manual melting point apparatus. 

pH slat. experiments were controlled using a Radiometer autotitrator, type ABU II b. 

HPLC was performed using a Perkin Elmer series 3 pump, Perkin Elmer LCSS B spectrophotometric 

detector and Pye unicam PU4020 UV detector with a Spectraphysics integrator. A Hewlett Packard . 

1090 diode array detector was also used. 



6.2 PREPARATION OF D1METHYLDlOXIRANE I ACETONE SOLUTIONS 

KHSOs 
• 

Safety note 

The reaction should be performed in the hood. Dimethyldioxirane is a highly volatile peroxide of 

unknown toxicity, therefore skin contact and inhalation of vapour should be avoided. 

Apparatus 

solid Oxone' 
addition 

ice 

overhead 

EDT A solution 
sodium bicarbonate 
acetone 

dimethyldioxirane I 

acetone solution 

nitrogen outlet 

dry ice I acetone 

Figure 9 
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All glassware was washed with EDT A solution, followed by acetone and dried. The apparatus was 

assembled, all joints sealed with parafilm, covered in foil to protect from light and then flushed with 

nitrogen. 
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Procedure 

To the one litre four necked round bottomed flask equipped with nitrogen inlet, overhead stirrer and 

solid addition funnel containing Oxone* (320g), was added aqueous EDTA solution (0.16% wlw, 

300ml), sodium hydrogen carbonate (160g) and acetone (210ml). An air condenser (packed loosely 

with glass wool) was attached to the reaction vessel and connected to a dry ice condenser with 

jacket. This was attached to a receiving flask (I OOml), cooled with an acetone / dry ice bath. 

Connected to the receiving flask was a Schlenk tube cooled to -78°C, to act as a second trap. 

The reaction flask was cooled to O-soC using an ice bath and the solid Oxone* added slowly in 

portions, with stirring. The yellow-coloured dimethyldioxirane solution began to distil over on the 

first addition and continued once the addition was complete, until all the dioxirane had been 

collected. The receiver flask was then removed, any dioxirane collected in the Schlenk tube added 

and then stoppered and stored in the freezer. The dioxirane content of the acetone solution was 

determined by iodometric titration. The expected molarity was 0.05-0.1 M. 

An alternative, much simpler apparatus set up is shown in Figure 10. The same method was used but 

with no nitrogen flush. Dioxirane solutions of similar quantity and molarity were obtained. 

solid Oxone~ 
addition~\ 

EDT A solution 
sodium bicaroonate 
acetone 

dry ice / acetone 

dimethyldioxirane / acetone solution 

Figure 10 
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Determination of Molaritv by Titration 

The molarity of the dioxirane solution was determined by iodometric titration. Iodine, liberated 

from potassium iodide by a known volume of dioxirane solution, was titrated against a thiosulfate 

solution of known molarity. 

Procedure 

The apparatus was washed with water followed by acetone and dried. To a small conical flask was 

added acetic acid I acetone solution (3:2, 3ml) followed by a solution of potassium iodide in water 

(10% w/v, Sml). The flask was stoppered and shaken. 0.2ml of the dioxirane solution was then 

pipetted into the flask which was again stoppered and shaken. The dioxirane oxidised the potassium 

iodide releasing iodine which turned the solution yellow. This was then titrated against sodium 

thiosulfate solution (ca O.OIM, known accurately). The end point of the titration was denoted by the 

disappearance of the yellow colour of the iodine. 

Chemical equations for the titration 

Reaction of the dioxirane with iodine: 

o 

2K.I + • 12 +)\ + 2KOH 

Reaction of the iodine with sodium thiosulfate: 

+ • + 2 Nal 

The molarity of the dioxirane solution is calculated as follows: 

Number of moles of sodium thiosulfate solution used 

1000 

Since 2 moles of potassium iodide react with I mole of dioxirane to give I mole of iodine, and the 

iodine reacts with 2 moles of sodium thiosulfate: 

I mole dioxirane = 2 moles sodium thiosulfate 



Number of moles of dioxirane used = 

Therefore, molarity of the dioxirane solution = 

VNa,S,OJ x MNa,S,O, 

1000 x 2 

VNa,S,OJ x MNa,S,OJ x 1006 
1900 x 2 x Vdioxirane 

where MNalSl03 = molarity of the sodium thiosulfate solution 

VNalSl03 = volume of the sodium thiosulfate solution 

Vdioxirane = volume of dioxirane solution = 0.2ml 

6.3 EXPERIMENTAL FOR CHAPTER 2 

General procedure for N,N-dimetbylaniline competition reactions 
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An equimolar solution ofN,N-dimethylaniline and para-substituted N,N-dimethylaniline in acetone 

was prepared. An aliquot of this solution was removed, placed in a flask, covered with aluminium 

foil to protect from light and cooled to 0-5cC in an ice bath. One equivalent of dimethyldioxirane I 

acetone solution was then added to the flask and the resulting solution stirred magnetically. Samples 

were removed at intervals and analysed by HPLC. Two deterrninations were made at each timepoint 

and each reaction was done in duplicate. 

The above procedure was repeated using aliquots of the same stock solution and the folloWing 

reagents: methyl iodide, benzoyl peroxide and t-butyl hydroperoxide. 

The t-butyl hydroperoxide reactions were also carried out at 70cC (the flask was fitted with a 

condenser and heated in an oil bath) and in the presence ofvanadyl acetylacetonate (0.025 

equivalents). All reactions were continued until HPLC analysis and the starch-iodide test for 

remaining oxidant indicated that the reactions had gone to completion. 

Preparation of N,N-dimetbyl-4-metboxyaniline 

~NMe, 

~ MeO 

To a stirred solution of 4-methylaniline (1.02g, 8.29mmol) and paraforrnaldehyde (2.50g, 83.3mmol) 
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in acetic acid (50ml) at 25°C under nitrogen was added in one portion sodiwn cyanoborohydride 

(2.5Ig,40.2mn101). The resulting mixture was stirred at 250C for 18 hours then poured into 25% 

aqueous sodiwn hydroxide (IOOml) and ice chips to make strongly alkaline (pH 11) and extracted 

with dichloromethane (3 x 75ml). The combined extracts were dried over magnesiwn sui fate, 

filtered and concentrated in vacuo to give a dark purple solid (1.lg). Column chromatography (1: 1 

petrol! diethyl ether) gave the title product as a pale yellow solid (O.79g, 63%). Mp 37-38°C (Iit178 

mp 37-38.5OC). /)H (CDCh) 6.85 (m, 2H, Ar), 6.77 (m, 2H, Ar), 3.77 (s, 3H, OCH3), 2.87 (s, 6H, 2 x 

CH,). 

Preparation of N,N-dimethyl-4-chloroaniline 

Cl N
NMC, 

~I 

Prepared from 4-chloroaniline (O.70g, 5.49mmol) as above to give the title compound (O.68g, 79%). 

Mp 33-WC (lit17' mp 35.5"C). /)H (CDCh) 7.19 (m, 2H, Ar), 6.65 (m, 2H, Ar), 2.94 (s, 6H, 2 x CH,). 

Preparation of N,N-dimethylaniline N-oxide 

To an ice-cooled solution ofN,N-dimethylaniline (1.2Ig, O.Olmol) in 90% formic acid (30ml) was 

added 30% hydrogen peroxide (7.5ml). The reaction mixture was stirred for about 16 hours at room 

temperature. The formic acid was neutralised with solid sodiwn carbonate and the reaction mixture 

extracted with dichloromethane (3 x 75ml). Concentration in vacuo gave the crude product which 

was purified by colwnn chromatography on basic alwnina, eluting initially with dichloromethane. 

The N-oxidel26.181.142f (0. 75g, 55%) was released by elution with dichloromethane! methanol (3: I) 

and stored under vacuwn over phosphorus pentoxide. /)H (CDCh) 7.94 (m, 2H, Ar), 7.40 (m, 3H, 

Ar), 3.55 (s, 6H, 2 x CH,). A mean moisture content of9.5% was determined by Karl Fischer and 

HPLC analysis showed the material to be 88.8% N,N-dimethylaniline N-oxide by area normalisation 

(for method details, see section 2.2.4). 
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Preparation of N,N-dimethyl-4-methoxyaniline N-oxide 

The procedure described above was followed using N,N-dimethyl-4-methoxyaniline (100mg, 

0.66mmol) to give the title compound (26mg, 24%) as a solid. 182 !)H (CDCh) 7.86 (m, 2H, Ar), 6.92 

(m, 2H, Ar), 3.82 (s, 3H, OCH3), 3.56 (s, 6H, 2 x CH3). A mean moisture content of5.0% was 

determined by Karl Fischer and HPLC analysis showed the material to be 89.8% N,N-dimethyl-4-

methoxyaniline N-oxide by area normalisation (for method details, see section 2.2.4). 

Preparatioo of N,N-dimethyl-4-chloroaoilioe N-oxide 

The procedure described above was followed using N,N-dimethyl-4-chloroaniline (250mg, 

1.6lmmol) to give the title compound (97mg, 35%) as an oily solid. \83 !)H (CDeh) 7.89 (m, 2H, Ar), 

7.42 (m, 2H, Ar), 3.56 (s, 6H, 2 x CH3). A mean moisture content of 7.1 % was determined by Karl 

Fischer and HPLC analysis showed the material to be 99.8% N,N-dimethyl-4-chloroaniline N-oxide 

by area normalisation (for method details, see section 2.2.4). 

Preparation of N,N-dimethyl-4-oitroaniline N-oxide 

The procedure described above was followed using N,N-dimethyl-4-nitroaniline (330mg, 2.0mmol) 

to give the title compound (52mg, 15%) as an oily yellow solid. IS< OH (eDCh) 8.37 (m, 2H, Ar), 8.24 

(m, 2H, Ar), 3.65 (s, 6H, 2 x eHJ). A mean moisture content of7.3% was detennined by Karl 
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Fischer and HPLC analysis showed the material to be 9S.2% N,N-dimethyl-4-nitroaniline N-oxide by 

area normalisation (for method details, see section 2.2.4). 

Oxidation of N,N-dimethyl-4-chloroaniline using dimethyldioxirane 

acetone 

~NM~ 

Cl~ 
IX o 

N,N-dimethyl-4-chloroaniline (loOmg, 0.64 mrnol) in acetone (2ml), in a flask covered in foil to 

protect from light, was cooled to O-SOC. Dimethyldioxirane I acetone solution (1.28 mrnol) was 

added and the resulting solution stirred for several hours, gradually allowing to warm to room 

temperature. TLC (25% methanol 1 dichloromethane) showed 2 products and concentration in vacuo 

gave a mixture of the N-oxide plus the N-oxide hydrate as a brown oil (\34mg). OH (CDCh) 7.89 

(2H, cl, AI, N-oxide), 7.70 (2H, cl, AI, N-oxide hydrate), 7.42 (2H, cl, AI, N-oxide), 7.34 (2H, d, AI, 

N-oxide hydrate), 3.S6 (6H, s, 2 x CH3, N-oxide), 3.42 (6H, s, 2 x CH3, N-oxide hydrate); rnlz 172 

(MH+, N-oxide), 343 (2M+H+, dichloro dimer). Measured against an external standard, a yield of 

83% N,N-dimethyl-4-chloroaniline was obtained by HPLC (see section 2.2.4 for method details). 

The reaction was also carried out at room temperature, without protection from light and with 

shorter reaction times of I, 2, 3 and 4 hours. The ratio ofN-oxide to N-oxide hydrate varied from 

approximately I: I to N-oxide only. 

Separation of the products obtained in the oxidation of N,N-dimethyl-4-chloroaniline witb 

dimethyldioxirane 

a. Chromatograpby 

The following TLC systems on both silica and alumina were used in order to find a suitable solvent 

system for the column chromatography of the N,N-dimethyl-4-chloroaniline product mixture: 

S% methanol 195% dichloromethane; 25% methanol 175% dichloromethane; 50% petrolum ether 

(60-80) I 50% diethyl ether; 50% toluene I 50% ethyl acetate; 100% ethyl acetate. 

It was found that 25% methanol 175% dichloromethane on silica gave the best separation. 



Attempts at column chromatography were as follows: 

1. Using silica, eluting initially with dichloromethane. then dichloromethane plus one or two 

drops of methanol through to 25% methanol 1 75% dichloromethane. This resulted in the 

isolation of the N-oxide only. No second product was detected in any of the fractions 

collected. 
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2. As above but using neutral alumina instead of silica. Again only the N-oxide was isolated 

3. Prep TLC using a silica plate. eluting with 25% methanol/75% dichloromethane. The 

N-oxide and some starting material was isolated. This was repeated giving the same 

result. 

4. As above but 0.1 % triethylamine was added to the eluent. Again. only the N-oxide and 

some starting material were isolated. 

b. Reduction using triphenylphosphine 

Reduction ofN,N-dimethyl-4-chloroaniline N-oxide using triphenylphosphine 

To N.N-dimethyl-4-chloroaniline N-oxide (IOOmg. 0.58mol) in glacial acetic acid (IOml) was 

added triphenylphosphine (153mg, 0.58mmol) and the mixture heated to reflux for 3 hours. The 

mixture was made strongly basic by adding 25% sodium hydroxide solution and extracted with 

dichloromethane. After drying and removing the solvent. the crude was chomatographed on silica 

using 20% diethyl ether 180% petrol giving N.N-diinethyl-4-chloroaniline (63mg, 64%). OH (CDCh) 

7.19 (m. 2H, Ar), 6.65 (m, 2H. Ar). 2.94 (s, 6H. 2 x CH3). 

Reduction of the mixture ofN,N-dimethyl-4-chloroaniline N-oxide and second product using 

triphenylphosphine 

To the mixture of products (175mg) in glacial acetic acid (!Oml) was added triphenylphosphine 

(200mg, 0.76mmol) and the mixture heated to reflux for 3 hours. Triphenylphosphine remained 

after this time so heating was continued for a further 3 hours. The reaction mixture was made 

strongly basic by adding 25% sodium hydroxide solution and extracted with dichloromethane. 

After drying and evaporating the solvent, the crude product (300mg) was chromatographed using 

10% diethyl ether 190% petrol. Only N.N-dimethyl-4-chloroaniline (66mg) and unreacted 

triphenylphosphine (38mg) were isolated. The above procedure was repeated using the mixture 
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(360mg), glacial acetic acid (10ml) and triphenylphosphine (440mg), giving the crude product 

'( 625mg). This was acidified using dilute hydrochloric acid and extracted with dichloromethane 

giving triphenylphosphine (369mg). The aqueous phase was basified with sodium hydroxide solution 

and extracted with dichloromethane giving N,N-dimethyl-4-chloroaniline (138mg) as the only product. 

IiH (CDCh) 7.19 (m, 2H, Ar), 6.65 (m, 2H, Ar), 2.94 (5, 6H, 2 x CH). The above procedure was 

repeated but this time stirring for over 96 hours at room temperature rather than at reflux. The crude 

was acidifed and extracted as above giving the same results. 

c. Acid I base washes 

An NMR sample of the mixture of products in deuteriated chloroform was shaken in the NMR tube 

with sodium carbonate solution. The upper aqueous phase was removed by pipette and the organic 

phase examined by proton NMR. It was shown to contain a mixture ofN,N-dimethyl-4-chloroaniline 

and N,N-dimethyl-4-chloroaniline N-oxide. IiH (CDCh) 7.89 (m, 2H, Ar, N-oxide), 7.42 (m, 2H, Ar, 

N-oxide), 7.19 (m, 2H, Ar, N,N-dimethyl-4-chloroaniline), 6.65 (m, 2H, Ar, N,N-dimethyl-4-chloro­

aniline), 3.56 (s, 6H, 2 x ca, N-oxide), 2.94 (5, 6H, 2 x CH), N,N-dimethyl-4-chloroaniline). 

The aqueous phase was acidified using dilute hydrochloric acid and extracted with deuteriated 

chloroform. NMR showed the organic phase to contain no aromatic products. 

Oxidation of N,N-dimethylaniline using dimethyldioxirane 

IX o 
• 

acetone 

N,N-dimethylaniline (IOOmg, 0.83mmol) in acetone (2ml), in a flask covered in foil to protect 

from light, was cooled to 0-5°C. Dimethyldioxirane I acetone solution (1.66mmol) was added and the 

resulting solution stirred for several hours, gradually allowing to warm to room temperature. TLC 

(5% methanol / dichloromethane) showed a single product. Concentration in vacuo gave the N-oxide 

as an oily brown solid (66%). IiH (CD)OD) 7.98 (2H, m, Ar), 7.52 (3H, m, Ar), 3.59 (6H, s, 2 x CH). 

The reaction was repeated at room temperature, without the protection from light and with a shorter 

reaction time of2 hours. A trace ofN-oxide hydrate was observed by proton NMR. IiH (CD)OD) 
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7.98 (2H, m, Ar, N-oxide), 7.63 (2H, m, Ar, N-oxidehydrate), 7.52 (3H, m, Ar, N-oxide), 7.28 (3H, 

om, Ar, N-oxide hydrate), 3.59 (6H, s, 2 x CH), N-oxide), 3.36 (6H, s, 2 x CH), N-oxide hydrate); mJz 

138 (MH', N-oxide), 275 (2M+H'). 

Oxidation of N,N-dimethyl-4-methoxyaniline using dimethyldioxirane 

0-

~NM~ 

MoO~ 

0IX I . D~e2 
O. I 

MoO ~ acetone 

N,N-dimethyl-4-methoxyaniline (IOOmg, 0.66 mmol) in acetone (2ml), in a flask protected from 

light, was cooled to 0-5°C. Dimethyldioxirane! acetone solution (1.32 mmol) was added and the 

resulting solution stirred for several hours, gradually allowing to warm to room temperature. TLC 

(50% petrol! diethyl ether) showed a single product. Concentration in vacuo gave the N-oxide as an 

oily brown solid (88%). l)H (CDCh) 7.86 (2H, m, Ar), 6.92 (2H, m, Ar), 3.82 (3H, s, OCH), 3.56 

(6H, s, 2 x CH). The reaction was also carried out at room temperature and without protection from 

light. In each case, the N-oxide was found to be the only product. 

Oxidation of N,N-dimethyl-4-nitroaniline using dimethyldioxirane 

IX o 
no significant reaction 

acetone 

N,N-dimethyl-4-nitroaniline (100mg, 0.60 mmol) in acetone (2ml), in a flask protected from light, 

was cooled to 0-5°C. Dimethyldioxirane! acetone solution (1.20 mmol) was added and the resulting 

solution stirred for several hours, gradually allowing to warm to room temperature. TLC (50% 

petrol! diethyl ether) showed mainly unreacted starting material plus a trace of one product. HPLC 

analysis of the crude mixture showed this product to be N,N-dimethyl-4-nitroaniline N-oxide (9% by 

area normalisation). Addition of more dimethyldioxirane solution in portions (up to \0 equivalents) 

did not increase the yield ofN-oxide. l)H (CDCh) 8.36 (2H, m, Ar, N-oxide), 8.24 (2H, m, Ar, 

N-oxide), 8.11 (2H, m, Ar, N,N-dimethyl-4-nitroaniline), 6.61 (2H, m, Ar, N,N-dimethyl-4-nitro-
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aniline), 3.65 (6H, s, 2 x CH), N-oxide), 3.12 (6H, s, 2 x ca, N,N-dimethyl-4-nitroaniline). 

The reaction was repeated at room temperature but TLC showed only unreacted starting material. 

Oxidation of N,N-dimetbyl-4-nitroaniline using dimetbyldioxirane in tbe presence of water 

IX o 
• 

To N,N-dimethyl-4-nitroaniline (IOmg, 0.06 mmol) in acetone (Iml) and water (7ml), cooled to 

0-5°C, was added dimethyldioxirane ! acetone solution (0.6 mmol, 6ml) resulting in a yellow 

solution which turned noticeably paler after stirring for approximately 2 minutes. After stirring at 

0-5°C for I hour, TLC (2:1 petrol! ethyl acetate) showed 2 products plus some unreacted starting 

material. Concentration in vacuo gave a yellow solid which was shown by proton NMR to be a 

mixture of the N-oxide, the N-oxide hydrate and unreacted starting material (approximately 4:3:1). 

liH (CDCb) 8.37 (2H, m, AI, N-oxide), 8.24 (2H, m, AI, N-oxide), 8.21 (2H, m, AI, N-oxide hydrate), 

8.11 (2H, m, AI, N,N-dimethyl-4-nitroaniline), 8.05 (2H, m, AI, N-oxide hydrate), 6.61 (2H, m, AI, 

N,N-dimethyl-4-nitroaniline), 3.65 (6H, s, 2 x CH), N-oxide), 3.61 (6H, s, 2 x CH), N-oxide hydrate), 

3.12 (6H, s, 2 x CH), N,N-dimethyl-4-nitroaniline). A solution containing the mixture of reaction 

products was dried over molecular sieves and analysis by proton NMR showed the disappearance of 

the peaks corresponding to the N-oxide hydrate. 

Oxidation of N,N-dimetbylaniline using dimetbyldioxirane at reflux 

N,N-dimethylaniline (200mg, 1.65mmol) in acetone (4ml) was heated to reflux and dimethyl­

dioxirane! acetone solution (1.65mmol) was added. After I hour, TLC (5% ethyl acetate! petrol) 

showed a single product plus unreacted starting material. Further dimethyldioxirane solution 

(1.65mmol) was then added and heating continued for a further hour. Concentration in vacuo gave 

the N-oxide as a yellow oily solid. liH (CDCb) 7.94 (2H, m, AI), 7.40 (3H, m, AI), 3.55 (6H, s, 2 x 

CH). 



153 

Oxidation of N,N-dimethyl-4-chloroaniline using dimethyldioxirane at reflux 

N,N-dimethyl-4-chloroaniline (IOOmg, 0.64mmol) was dissolved in acetone (2ml) and heated to 

reflux. Dirnethyldioxirane! acetone solution (1.28mmol) was added in one portion and heating 

continued for 2 hours. TLC (25% methanol! dichloromethane) showed a single product. 

Concentration in vacuo gave the N-oxide plus a trace of unreacted starting material as an oil 

(126mg). OH (CDCb) 7.89 (2H, d, AI, N-oxide), 7.42 (2H, d, AI, N-oxide), 7.19 (2H, d, AI, 

N,N-dimethyl-4-chloroaniline), 6.65 (2H, d, AI, N,N-dimethyl-4-chloroaniline), 3.56 (6H, s, 2 x CH3 

N-oxide), 2.94 (6H, s, 2 x CH3 N,N-dimethyl-4-chloroaniline). 

Oxidation of N,N-dimethyl-4-nitroaniline using dimethyldioxirane at reflux 

N,N-dimethyl-4-nitroaniline (50mg, 0.30mmol) was dissolved in acetone (2ml) and heated to reflux. 

Dimethyldioxirane! acetone solution (1.5mmol) was added in one portion and heating continued for 

3 hours. Concentration in vacuo gave unreacted starting material as a yellow solid. OH (CDCb) 8.11 

(2H, m, AI), 6.61 (2H, m, AI), 3.12 (6H, s, 2 x CH3). 

Oxidation of N,N-dimethyl-4-methoxyaniline using dimethyldioxirane at reflux 

N,N-dimethyl-4-methoxyaniline (IOOmg, 0.66mmol) was dissolved in acetone (2ml) and heated to 

reflux. Dimethyldioxirane! acetone solution (1.32mmol) was added in one portion and heating 

continued for 3 hours. Concentration in vacuo gave an oil (132mg) consisting of a 4: I mixture of the 

N-oxide and the N-oxide hydrate. OH (CDCb) 7.86 (2H, d, AI, N-oxide), 7.52 (2H, d, AI, N-oxide 

hydrate), 6.92 (2H, d, AI, N-oxide), 6.52 (2H, d, AI, N-oxide hydrate), 3.82 (3H, s, OCH3,N-oxide), 

3.56 (6H, s, 2 x CH3, N-oxide), 3.34 (3H, s, OCH3,N-oxide hydrate), 3.26 (6H, s, 2 x CH3, N-oxide 

hydrate). 

Preparation of dimethyldioxirane ! acetone solution for use in photolysis reactious 

A batch of dimethyldioxirane ! acetone solution was specially prepared for use in the following 

photolysis reactions. The apparatus described in section 6.2 was flushed with nitrogen and sodium 

bicarbonate (160g) added to the reaction vessel. EDTA solution (300ml) and acetone (210ml) were 

1 



154 

combined and degassed bfore adding to the vessel via a pressure-equalised dropping funnel. Oxone4> 

(320g) was added over several hours and the dimethyldioxirane solution collected as it distilled from 

the vessel. Once the distillation was complete, the receiver was sealed under nitrogen and stored in 

the freezer at -20·C. 

Oxidation of N,N-dimethylaniline using dimethyldioxirane at ).. > 300nm 

N,N-dimethylaniline (333mg, 2.75 mmol) in acetone (SOrnl) was degassed and added to a Hanovia 

photolysis vessel fitted with a medium pressure Pyrex lamp under a stream of nitrogen. This was 

cooled using an ice / salt bath to less than OOC. Dimethyldioxirane / acetone solution (5.50 mmol) 

was charged via syringe to a sealed dropping funnel. The lamp was switched on and the dimethyl­

dioxirane solution added in one portion to the reaction mixture. The resulting solution was 

photolysed for 4 hours then concentrated in vacuo to a brown oil (41 Omg). Proton NMR showed the 

N-oxide plus a trace of the N-oxide hydrate. ~ (CDC!,) 7.94 (2H, m, AI, N-oxide), 7.57 (2H, m, AI, 

N-oxide hydrate), 7.40 (3H, rn, AI, N-oxide), 7.13 (2H, m, AI, N-oxide hydrate), 3.55 (6H, s, 2 x 

CH3, N-oxide), 3.25 (6H, s, 2 x CH3, N-oxide hydrate). 

Oxidation of N,N-dimethyl-4-chloroaniline using dimethyldioxirane at ).. > 300nm 

The above procedure was repeated using N,N-dimethyl-4-chloroaniline (260mg, 1.67mmol) and 

dimethyldioxirane / acetone solution (3.34mmol). Concentration in vacuo gave a brown oil (340mg) 

consistingofa mixture of the N-oxide and the N-oxide hydrate (2:1). OH (CDC!,) 7.S9 (2H, d, AI, 

N-oxide), 7.70 (2H, d, AI, N-oxide hydrate), 7.42 (2H, d, AI, N-oxide), 7.34 (2H, d, AI, N-oxide 

hydrate), 3.56 (6H, s, 2 x CH3, N-oxide), 3.42 (6H, s, 2 x CH3, N-oxide hydrate). To confirm the 

presence of the N-oxide hydrate, the oil was taken back up in acetone and dried over magnesium 

sui fate resulting in the expected disappearance of the peaks in the NMR spectrum corresponding to 

the N-oxide hydrate. 

Oxidation of N,N-dimethyl-4-nitrosniline using dimethyldioxirane at ).. > 300nm 

The above procedure was repeated using N,N-dimethyl-4-nitroaniline (275mg, 1.66mmol) and 

dimethyldioxirane / acetone solution (3.32mmol). Concentration in vacuo gave mainly unreacted 
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starting material plus traces of several other very minor unidentified aromatic products. ~ (CDCh) 

S.II (2H, d, AT, N,N-dimethyl-4-nitroaniline), 6.61 (2H, d, AT, N,N-dimethyl-4-nitroaniline), 3.11 

(6H, s, 2 x CH}, N,N-dimethyl-4-nitroaniline) plus minor unknown multiplets at 8.34, 7.32, 6.70 and 

6.51, and singlets at 3.41, 3.03, 2.91, 2.77 and 1.89 (br). 

Oxidation of N,N-dimethyl-4-methoxyaniline using dimethyldioxirane at 1.. > 300nm 

The above procedure was repeated using N,N-dimethyl-4-methoxyaniline (275mg, 1.82mmol) and 

dimethyldioxirane / acetone solution (3.64mmol). Concentration in vacuo gave an oil (400mg) 

consisting of a 2: I mixture of the N-oxide and the N-oxide hydrate. OH (CDCh) 7.86 (2H, d, AT, 

N-oxide), 7.52 (2H, d, AT, N-oxide hydrate), 6.92 (2H, d, AT, N-oxide), 6.52 (2H, d, AT, N-oxide 

hydrate), 3.82 (3H, S, OCH}, N-oxide), 3.56 (6H, s, 2 x CH}, N-oxide), 3.34 (6H, s, 2 x CH}, N-oxide 

hydrate), 3.26 (3H, S, OCH}, N-oxide hydrate). 

Oxygen transfer from dimethyldioxirane to S,IO,IS,2G-tetraphenyl-21B, 23B-porphine 

manganese (Ill) chloride 

Mn (ID) !PP • O=Mn (IV) !PP 

5,10,1 5,20-tetraphenyl-2 IH, 23H-porphine manganese (Ill) chloride (50mg, 0.071mmol) in 

acetone (6mls) was cooled to -78°C using an acetone / CO2 bath. Dimethyldioxirane / acetone 

solution (0.078Immol) was added and the reaction allowed to warm to -20°C. The reaction was 

followed by UV spectroscopy. The conversion of manganese (Ill) to manganese (IV) was indicated 

by the hypochromic shift of the 1..max from 473nm to 423nm. Scans were taken in the region 600-

200nm every 15 minutes using distilled acetone as reference. After 3 hours, no peak at 423nm was 

observed so a second aliquot of dimethyldioxirane / acetone solution (0.0639mmol) was added. 

Partial conversion of manganese (Ill) to manganese (IV) was observed. Further dimethyldioxirane / 

acetone solution (0.2 \3mmol) was added, resulting in the complete conversion of manganese (Ill) to 

manganese (IV). The solution turned from green to brown / red. 



Addition of N,N-dimethyl-4-chloroaniline to the manganese (IV}-oxygen complex 

0= Mn (IV) !pp N
NMe, 

+ I 
Cl "=::::::... 

acetone 
• ? 

30 minutes after adding the last portion of dimethyldioxirane to the above reaction mixture, 

N,N-dimethyl-4-chloroaniline (ll.lmg, 0.07Immol) was added and the mixture allowed to warm 
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to room temperature. The reaction was monitored by UV spectroscopy. After 3.5 hours, all the 

manganese (IV)-oxygen complex had disappeared and TLC (50% petrol / diethyl ether) showed at 

least 4 products including the N-oxide. The solvent was removed by evaporation and the mixture 

chromatographed using 35% diethyl ether / 65% petrol to remove any porphyrin. Five fractions were 

collected but when these were concentrated in vacuo, such small amounts of material were isolated 

that the resulting proton NMR spectra were of very poor quality and could not be interpreted. 

Oxygen transfer from dimethyldioxirane to 5,lO,15,20-tetraphenyl-21H, 23H-porphine iron 

(III) chloride 

Fe (nl)!pp 0= Fe (IV) !PP 

5, I 0, 15,20-tetraphenyl-2lH, 23H-porphine iron (Ill) chloride (40mg, 0.057mmol) in acetone 

(IOmls) was cooled to _78°C in an acetone / CO2 bath. The UV spectrum was measured showing 

Amax at 405nm plus a peak at 502nm. Dimethyldioxirane / acetone solution (0.1171 mmol) was 

added and after 15 minutes, UV showed a shift in the peak at 502nm (iron (Ill» to 562nm 

(iron (IV», indicating complete conversion of the iron (Ill) porphyrin to the iron (lV)-oxygen 

complex. 

Addition of N,N-dimethyl-4-chloroaniline to the iron (IV}-oxygen complex 

N
NMe2 

O=Fe (IV) !PP + I 
Cl "=::::::... 

acetone 
? 

To the reaction mixture containing the iron (IV)-oxygen complex was added N,N-dimethyl-4-

chloroaniline CS.Smg, 0.057mmol) and the mixture allowed to warm to room temperature. After 
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4.75 hours, UV showed the disappearance of all of the iron (IV)-oxygen complex. The solvent was 

removed by evaporation and the mixture chromatographed using 20% diethyl ether I 80 % petrol. 

Several products were indicated by TLC including the N-oxide but when the fractions were 

concentrated in·vacuo, it was found that none of the products had been isolated cleanly. No further 

work was carried out. 

Preparation of N,N-dimethyl-4-chlorobenzylamine 

NM":2 

Cl 

4-chlorobenzylamine (2.0g, 0.014mol) was cooled in an ice bath and 90% formic acid (3.36g, 

0.066mol) slowly added, followed by 37-40% aqueous formaldehyde solution (4.62g, 0.057mol). 

The flask was equipped with a magnetic stirrer and condenser and placed in an 80·C bath for 24 

hours. The mixture was cooled, 6M hydrochloric acid (lOml) added and the mixture extracted with 

diethyl ether (3 x 10ml). The combined ether layers were washed with water, dried over magnesium 

suI fate and concentrated in vacuo to give the title compound (1. 85 g, 77%) as a pale yellow oil. '" 

OH (CDCh) 7.23 (4H, m, AI), 3.37 (2H, s, CH2), 2.21 (6H, s, 2 x CH3). 

Preparation ofN,N-dimethyl-4-methoxybenzylamine 

NMe2 

MeO 

Prepared from 4-methoxybenzylamine (3.0g, 0.022mol) as above to give the title compound (2.3g, 

63%) as a pale yellow oil."! OH (CDCb) 7.20 (2H, m, AI), 6.85 (2H, m, AI) 3.78 (3H, s, OCH3), 3.35 

(2H, s, CH2), 2.21 (6H, s, 2 x CH,). 

Preparation of N,N-dimethylbenzylamine N-oxide 
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To an ice-cooled solution ofN,N-dimethylbenzylamine (500mg, 3.7mmol) in 98% fonnic acid 

(2Iml) was added 30% hydrogen peroxide (3ml). The reaction mixture was stirred for about 16 

hours at room temperature. The fonnic acid was neutralised with solid sodium carbonate and the 

reaction mixture extracted with dichloromethane. It was found that only unreacted starting material 

and very little N-oxide was recovered therefore the aqueous phase was re-extracted with ethyl 

acetate. Again, only a small amount ofN-oxide was isolated and concentration in vacuo did not 

yield a product of sufficiently good quality to be used as a HPLC standard. A sample of the aqueous 

phase was analysed by HPLC which showed that the N-oxide was being retained in this phase and 

could not easily be isolated. 

Preparation of N,N-dimetbyl-4-cblorobenzylamine N-oxide and N,N-dimetbyl-4-metboxy­

benzylamine N-oxide 

Cl 

+ 
NMe, 

b-
MeO 

• 
NMe, 

b-

The procedure described above was repeated using both N,N-dimethyl-4-chlorobenzylamine and 

N,N-dimethyl-4-methoxybenzylamine. The reaction mixtures were extracted with ethyl acetate but 

it was found in both cases that only unreacted starting material was isolated and that the majority of 

the N-oxide remained in the aqueous phase and could not be isolated. Samples of the aqueous 

phases were used as HPLC markers. 

Preparation of N,N-dimetbyl-4-nitrobenzylamine N-oxide 

o,N 

+ 
NMe, 

b-

The above procedure was repeated using N,N-dimethyl-4-nitrobenzylamine. The reaction mixture 

was extracted with ethyl acetate and concentration in vacuo gave a mixture of the N-oxide and 

unreacted starting material (approximately I :4) as a brown oil (559mg). A sample of the aqueous 

phase containing the N-oxide was used as a HPLC marker. 
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Oxidation of N,N-dimetbylbenzylamine using dimetbyldioxirane 

IX 
• 

To N,N-dimethylbenzylamine (56mg, 0.41mmol) in acetone (2ml) at 0-5°C was added dimethyl­

dioxirane / acetone solution (0.41mmol) and the resulting solution stirred for 30 minutes. HPLC 

showed some unreacted starting material therefore a second aliquot of dimethyldioxirane 

(0.41mmol) was added and stirring continued for a further 30 minutes. HPLC and TLC (25% 

methanol / dichloromethane) showed a single product. Concentration in vacuo gave the N-oxide'86 

as a white solid (61mg). 8H (CD30D) 7.55 (2H, m, Ar), 7.45 (3H, m, Ar), 4.41 (2H, s, CH2), 3.11 

(6H, s, 2 x CH3); rnIz 152 (MR'), 303 (2M+W). 

Oxidation of N,N-dimetbyl-4-cblorobenzylamine using dimethyldioxirane 

NMe, 7X o 
• 

acetone 
Cl Cl 

+ 
NMe, 

b-

To N,N-dimethyl-4-chlorobenzylamine (66mg, 0.39mmol) in acetone (2ml) at 0-5°C was added 

dimethyldioxirane / acetone solution (0.39mmol) and the resulting solution stirred for 30 minutes. 

HPLC showed some unreacted starting material therefore a second aliquot of dimethyldioxirane 

(0.39mmol) was added and stirring continued for a further 30 minutes. HPLC and TLC (25% 

methanol / dichloromethane) showed a single product. Concentration in vacuo gave the N-oxide
187 

as a clear oil (78mg). A similar result was obtained when the reaction was carried out at room 

temperature. 8H (CDCb) 7.50-7.36 (4H, m, Ar), 4.38 (2H, s, CH2), 3.14 (6H, s, 2 x CHJ); rnIz 186 

(MR'), 371 (2M+W), 558 (3M+H') 

Oxidation of N,N-dimethyl-4-methoxybenzylamine using dimethyldioxirane 

NMe, 7X o 
• 

acetone 
MeO MeO 

+ 
NMe, 

b-
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To N,N-dimethyl-4-methoxybenzylamine (96mg, 0.58mmol) in acetone (2ml) at 0-5OC was added 

"dimethyldioxirane / acetone solution (1.16mmol) and the resulting solution stirred for 30 minutes. 

HPLC and TLC (25% methanol / dichloromethane) showed a single product. Concentration in 

vacuo gave the N-oxide'87 as a clear oil (67mg). OH (CDCh) 7.40 (2H, m, Ar), 6.93 (2H, m, Ar), 4.36 

(2H, s, CH,), 3.83 (3H, s, OCHJ), 3.09 (6H, s, 2 x CHJ); rnlz 182 (MHr), 363 (2M+Hr). 

Oxidation of N,N-dimetbyl-4-nitrobenzylamine using dimetbyldioxirane 

NMe, IX 
° 
acetone 

O,N 

+ 
NMe, 

h-

To N,N-dimethyl-4-nitrobenzylamine (64mg, 0.36mmol) in acetone (2ml) at 0-5°C was added 

dimethyldioxirane / acetone solution (O.72rnmol) and the resulting solution stirred for I hour. HPLC 

and TLC (25% methanol / dichloromethane) showed a single product. Concentration in vacuo gave 

the N-oxide (67mg).'87 ~ (CDCh) 7.51-7.43 (4H, m, Ar), 4.43 (2H, s, CH,), 3. \3 (6H, s, 2 x CHJ); 

rnlz 152 (MHr), 303 (2M+Hr). 

6.4 EXPERIMENTAL FOR CHAPTER 3 

NMR assignments of the following free base substrates (apart from codeine, the structure of which 

was established over 50 years ago'4') were determined by experts at SmithKline Beecham, Great 

Burgh and were achieved through analysis of the ID'H and 'lC NMR data. Proton assignments were 

aided by 2D 'H COSY -45 experiments and 2D'H, IJC Heteronuclear Multiple Quantum Coherence 

(HMQC) spectra. (Correlations in a HMQC spectrum are observed between carbons and their 

directly attached protons.) The correlations in the 2D HMQC spectra not only completed the proton 

assignment but also allowed the protonated carbons to be assigned. Assignment of the quaternary 

carbons was achieved from their chemical shifts and correlations detected in a 2D'H, IlC 

Heteronuclear Multiple Bond Correlation (HMBC) experiments, i.e. correlations which identify 

carbons and protons which are coupled through several bonds (usually two or three bonds). 

All spectroscopic data on the products of the following reactions were confirmed by SmithKline 

Beecham by comparison with authentic specimen data. For HPLC methods, see Appendix IV. 
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Oxidation of graoesitron using dimethyldioxirane 

o-

• 

H 2' \ 
N~' S' N.-CH, 

4' 6' 
7' 

8' 

63 9' 

6 

137 138 

Reaction 1 

To granesitron 137 (400mg, 1.28mmol) in acetone (6ml) at 0-5°C was added dimethyldioxirane / 

acetone solution (3.2mmol). After stirring for 2 hours, TLC (5% methanol / dichloromethane) 

showed 2 products plus unreacted starting material. Further dioxirane solution (0.64mmol) was 

added to consume the remaining starting material. Column chromatography on silica eluting 

initially with 1 % methanol / dichloromethane followed by 1.5% then 2% methanol / dichloro­

methane gave the major product as a white solid (289mg, 68%). This was further purified by 

recrystallisation (petrol / dichloromethane) to give the N-oxide 138 (183mg, 44%). The second 

product (9mg) was also isolated as an oil. However, this was shown to be impure by proton NMR 

(solvent DMSO-~) and the identity of individual components could not be determined due to too 

much overlap. 

Reaction 2 

To granesitron 137 (300mg, O.96mmol) in acetone (2ml) was added dimethyldioxirane / acetone 

solution (O.96mmol) at room temperature. After stirring for 30 minutes, TLC (5% methanol / 

dichloromethane) showed one product plus unreacted starting material. A second aliquot of 

dimethyldioxirane (0.96mmol) was added to consume the remaining starting material. The N-oxide 

138 precipitated from the reaction and was isolated by filtration as a white solid (195mg, 62%). The 

motherliquors were concentrated in vacuo to an oil (120mg) and found to be a mixture containing 

the N-oxide as the major component. A second crop was not isolated. 
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Granesitron N-oxide soectroscopic data 

BH (CD,OD) 8.19 (d, IH, 'J = 8.2 Hz, ID), 7.55 (d, IH, 'J = 8.0Hz, H6), 7.43 (td, IH, 'J = 7.7Hz, 4J = 

0.8Hz, H5), 7.25 (t, IH, 'J = 75Hz, H4), 5.31 (m, IH, H2'), 4.11 (s, 3H, N(O)Me), 3.54 (2H, d of 

unresolved m, 5', 6'), 3.25 (3H, s, 7-CH,), 2.85 (2H, m, 3', 4'), 2.25-2.13 (3H, m, 9', 7', 8'), 1.79 

(4H, m, 3',4', 7', 8'), 1.60 (IH, m, 9'); Oc (CD,OD) 164.5 (Cl), 142.7 (C6a), 138.2 (C2), 127.9 

(C5), 123.9 (C2a), 123.6 (C4), 123.0 (C3), 110.8 (C6), 67.6 (CS', C6'), 56.3 (N(O)Me), 39.7 (C2'), 

36.3 (7-Me), 32.8 (C3', C4'), 30.4 (CT, C8'), 12.4 (C9'); IR u .... 3474,3207 (N-H stretch), 2950 

(aliphatic C-H stretch), 1655 (amide 1),1622 (aromatic C=C), 1555 (amide IT), 1493 (aromatic 

C=C), 967cm" (N-O); mJz 329 (MH+), 311 (loss of H20), 657 (2M+H'), 96 (CJiION). 

Oxidation of granesitron using a large excess of dimethyldioxirane 

To granesitron free base 137 (200mg, 0.64mmol) in acetone (50ml) at room temperature was added 

dimethyldioxirane / acetone solution (6.4nimol) in portions and the colourless solution stirred 

overnight. After adding the first 1.28mmol, TLC (5% methanol / dichloromethane) showed N-oxide 

138 and unreacted starting material and after 2.56mmol had been added, a trace of second product 

appeared. After all 6.4mmol had been added, the amount of second product had not increased. No 

separation was attempted. 

Oxidation of metac\opramide using dimethyldioxirane 

o ( CIXJC /'...../N"-../ 
I ~ 

~ 
H,N OCH, 

• 
?>< o 

acetone 

139 140 

To metac\opramide 139 (130mg, 0.43mmol) in acetone (2ml) was added dimethyldioxirane / 

acetone solution (0.43mmol) at room temperature. After stirring for 30 minutes, a white precipitate 

formed and TLC ( 5% methanol / dichloromethane) showed one one product plus unreacted starting 

material. A second aliquot of dimethyldioxirane (0.43mmol) was added and after 30 minutes, TLC 

showed a single product and no unreacted starting material. The product was isolated by filtration as 

a white solid and shown to be the N-oxide 140 (93.0mg, 69%). HPLC showed a single peak. The 
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mother liquors were concentrated in vacuo to an oil (69mg) which was shown by NMR to contain 

the N-oxide plus traces of baseline impurities. HPLC showed the liquors to contain approximately 

84% N-oxide and several minor impurities. 

Metaclopramide N-oxide spectroscopic data 

On (DMSO) 9.67 (s, br, !H, NH), 7.70 (s, IH, H3), 6.44 (s, IH, H6), 5.94 (s, 2H, 5-NH2), 3.75 (s, 3H, 

7-MeO), 3.61 (dt, 2H, 3J = 5.3Hz, 3J = 5.3Hz, HI'), 3.22 (t, 2H, 3J = 5.7Hz, H2'), 3.11 (m, 4H, 

-N(CH,CH3n), 1.16 (t, 6H, 3J = 7. 1Hz, -N(CH,CH3n); & (DMSO) 163.1 (Cl), 157.5 (C7), 148.3 

(C5), 131.4 (C3), 110.5 and 108.6 (C2, C4), 97.3 (C6), 61.7 (C2'), 59.6 (-N(CH,CH3n), 55.4 

(7-OMe), 34.7 (C!'), 8.2 (-N(CH2CH3n); IR U""", 3468, 3343, 3214 (NH stretch), 2953 (CH stretch), 

1626 (amide I), 1603 (aromatic C=C), 1538 (amide IT), 1498 (aromatic C=C), 947cm·t (N-O); m1z 

316 (MH'). 

Further oxidation of metaclopramide N-oxide using dimethyldioxirane 

To metaclopramide N-oxide 140 (18mg, 0.06mmol)in methanol (lml) was added dimethyl­

dioxirane I acetone solution (0.60mmol) in portions. TLC showed the N-oxide 140 plus 3 minor 

products. HPLC analysis showed a more complex mixture of 10 products including unreacted 

N-oxide 140. Separation was not attempted. 

Oxidation of codeine using dimetbyldioxirane 

CH, 

I 
N 

w:etone 

H,CO o OH 

141 142 
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Reaction I 

To codeine 141 (200mg, 0.67mmol) in acetone (2ml), cooled to 0-5°C, was added dimethyldioxirane 

! acetone solution (2.0Immol) and the resulting solution was stirred tor 10 minutes. TLC (5% 

methanol! dichloromethane) showed a single product and no unreacted starting material. The 

product was isolated by filtration as a white solid and shown by NMR to be the N-oxide 142 (186mg, 

85%). 

Reaction 2 

To codeine 141 (250mg, 0.84mmol) in acetone (2ml) at room temperature was added dimethyl­

dioxirane! acetone solution (1.68mmol) and the resulting mixture stirred for 30 minutes. A white 

precipitate formed and TLC (5% methanol! dichloromethane) showed a single product and no 

unreacted starting material. The product was isolated by filtration as a white solid (221 mg). NMR 

showed this to be the N-oxide 142 containing approximately 8% of a related impurity. The mother 

liquors were concentrated in vacuo to an oil (4Img) which was found to be an impure mixture 

containing up to 50% N-oxide 142. 

Codeine N-oxide soectroscopic data 

IiH (CDJOD) 6.74 (d, IH, 3J = 8.2Hz, H3), 6.59 (d, IH, 3J = 8.2Hz, H4), 5.70 (d of unresolved m, IH, 

3J = 9.9Hz, HI0), 5.31 (ddd, IH, 3J = 9. 8Hz, 3J = 2.7Hz, 4J = 2.7Hz, Hll), 4.91 (dd, IH, 3J = 6.2Hz, 

4J = 0.8Hz, H8), 4.24 (m, IH, H9), 3.96 (m, IH, HI2), 3.81 (s superimposed on m, 4H, 2-0Me and 

H13), 3.37 (s, 3H, N(O)Me), 3.31 (m, 2H, H14a and HI6a), 3.15 (dd, IH, 2J = 12.7Hz, HI6j3), 2.93 

(dd, lH, 2J = 20.2Hz, 3J = 6.8Hz, HI4j3), 2.68 (ddd, IH, 2J = 13.2Hz, 3J = 13.2Hz, 3J = 4.6Hz, HI5a), 

1.79 (dm, lH, HI5j3) plus approximately 8% related impurity; lie (CDJOD) 148.7 (Cl), 144.0 (C2), 

134.8 (CIO), 130.9 (C6), 127.6 (Cl 1), 124.6 (C5), 120.8 (C4), 116.0 (C3), 92.5(C8), 75.9 (C13), 

67.9 (C9), 60.4 (CI6), 58.8 (N(O)Me), 57.3 (2-)Me), 42.8 (C7), 34.9 (CI2). 32.2 (CI5), 26.8 (CI4) 

plus approximately 8% related impurity 148.6, 143.6, 134.9, 130.6, 127.2, 126.0, 120.7, 116.1,92.0, 

76.0,62.3,56.0,43.7,37.2,34.2,23.9; IR Umax 3324 (OH), 2924 (C-H stretch), 2925 (C-H stretch), 

1506 (aromatic C=C), 1452 (aromatic C=C), 1089 (C-O stretch), 951 (N-O); mJz 316 (MH'), 338 

(MNa'). 
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Further oxidation of codeine N-oxide using dimethyldioxirane 

To codeine N-oxide 142 (120mg, 0.38mmol) in acetone (20ml) and methanol (Iml) was added 

dimethyldioxirane / acetone solution (3.8mmol) in five portions. After adding the first of these 

portions, TLC showed unreacted N-oxide 142 plus a trace of one product. No further change 

occurred on addition of the remaining portions. Concentration in vacuo gave a brown oil (139mg). 

Separation was not attempted. 

Oxidation of BRL 24924 using dimethyldioxirane 
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To BRL 24924 143 (70mg, 0.22mmol) in acetone (3ml) at 0-5°C was added dimethyldioxirane / 

acetone solution (0.44mmol). After stirring for 2.5 hours, TLC (5% methanol / dichloromethane) 

showed a single product plus unreacted starting material. A second aliquot of dimethyldioxirane 

(0.22mmol) was added and the mixture stirred overnight. A trace of starting material remained so a 

further aliquot was added. TLC showed the N-oxide 144 to be the only product and this was isolated 

by filtration to give a pale orange solid (58mg, 79%). NMR showed a trace ofa minor related 

impurity and HPLC showed the N-oxide 144 to be approximately 97% pure containing 1.5% of a 

single impurity by area normalisation. 

BRL 24924 N-oxide spectroscopic data 

OH (CD30D) 7.76 (s, !H, HJ), 6.51 (s, IH, H6), 4.44 (m, !H, H2'), 3.92 (s, 3H, 7-0Me), 3.68, 3.51 

and 3.42 (m, 2H, m, 2H and m, 2H, H6', H8' and HIO'), 2.54, 2.36, 2.17 and 1.75-1.95 (m, IH, m, 2H, 

m, lH and m, 3H, H3', H4', H5' and H9') plus a trace of a minor related impurity; Oe (CD30D) 166.8 

(Cl), 159.4 (C7), 150.4 (CS), 133.0 (C3), 111.6, IlLS (C2, C4), 98.7 (C6), 69.7, 69.65, 68.3 (C6', 

C8', CIO'), 56.8 (7-0Me), 48.6 (C2'), 35.7 (C3'), 29.8, 23.4, 21.5 (C4', C5', C9'); Oe (CD30D) minor 

impurity 73.46, 60.77, 60.17, 59.33, 31.76, 23.30, 21.15, 20.89; IR Urnax 3366, 3179 (N-H stretch), 
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1632 (amide I), 1599 (aromatic C=C), 1542 (amide II), 1499 (aromatic C=C), 984cm-1 (N-O); mJz 

340 (MH')_ 

Oxidation ofBRL 24924 N-oxide using dimethyldioxirane 

To a solution ofBRL 24924 N-oxide 144 (35mg, O.1Ommol) in acetone (20ml) and methanol (2ml) 

was added dimethyldioxirane / acetone solution (0.50mmol) at room temperature. The mixture was 

stirred for 2 hours giving a bright yellow solution. TLC (5% methanol / dichloromethane) showed 

unreacted N-oxide 144 plus one product. Further dimethyldioxirane solution (0.50mmol) was added 

and stirred overnight. TLC showed no change. Concentration in vacuo gave an oil which was 

analysed by HPLC and found to consist mainly ofN-oxide 143 (approximately 75% by area 

normalisation) plus six other minor products. No separation was attempted. 

Oxidation of BRL 43145 using dimethyldioxirane 
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Reaction I 

To BRL 43145 145 (IOOmg, 0.3Immol) in acetone (5ml) at 0-5°C was added dimethyldioxirane / 

acetone solution (0.93mmol) and the resulting mixture stirred for 30 minutes. TLC (5% methanol / 

dichloromethane) showed a single product plus unreacted starting material. Further dimethyl­

dioxirane (0.31 mmol) was added and after 15 minutes all the starting material had been consumed. 

The product precipitated out during the reaction and was isolated by filtration to give the N-oxide 

146 as a yellow solid (IOOmg, 94%). Proton and 13C NMR and HPLC showed a clean product. 

Reaction 2 

To BRL 43145 145 (l90mg, 0.58mmol) in acetone (Iml) was added dimethyldioxirane / acetone 

solution (0.58mmol) at room temperature. After stirring for 30 minutes, TLC (5% methanol / 



167 

dichloromethane) showed one product plus unreacted starting material. Further dimethyldioxirane 

solution «1.16mmol) was added in portions to consume the remaining starting material. The 

precipitate fonned was isolated by filtration giving the N-oxide 146 as a yellow solid (190.5mg, 

95%), which appeared clean by NMR. HPLC analysis showed the N-oxide to be 96% pure with 3% 

of a single impurity by area nonnalisation. 

BRL 43145 N-oxide spectroscopic data 

OH (CD,OD) 8.44 (d, IH, 'J = 7.4Hz, NH), 6.50 (s, IH, H6), 5.64 (s, 2H, NH2), 4.29-4.40 and 4.12 

(m, 3H and m, IH, H2', H7', H9'), 3.91 (s, lH, 7-0Me), 3.86 and 3.51-3.73 (d of m, IH and m, 5H, 

H4', H6' and HIO'), 2.47 (m, IH, H3'), 2.29 (m, IH, H3'); Se (CD30D) 166.6 (Cl), 159.6 (C7), 150.0 

(C5), 133.2 (C3), 111.1 and 110.9 (C2 and C4), 98.7 (C6), 72.3 (C7'), 68.2, 66.2 and 62.0 (C4', C6', 

C9' and ClO'), 56.8 (7-0Me), 47.7 (C2'), 29.3 (C3'); IR u""" 3335, 3157 (N-H stretch), 1629 (amide 

1),1598 (aromatic C=C), 1547 (amide IT), 1502 (aromatic C=C), 1139 (C-O stretch), 989cm" (N-O); 

mlz 342 (MH'). 

Further oxidation ofBRL 43145 N-oxide using dimethyldioxirane 

To a solution ofBRL 43145 N-oxide 146 (40mg, O.l2mmol) in acetone (20ml) and methanol (5ml) 

was added dimethyldioxirane I acetone solution (0.60mmol) at room temperature. After stirring for 

2 hours, the solution had turned from pale yellow to bright yellow and TLC (5% methanol I 

dichloromethane) showed mainly unreacted N-oxide 146 plus a trace of one product. Further 

dimethyldioxirane (0.60mmol) was added and the mixture stirred overnight. TLC showed no 

change. HPLC analysis showed a more complex mixture than indicated by TLC containing 

approximately 48% unreacted N-oxide by area nonnalisation plus one product and at least three 

minor ones. The impurity seen in the N-oxide was not enhanced. No separation was attempted. 

Oxidation of BRL 46470 using dimethyldioxirane 
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Reaction 1 

To a solution ofBRL 46470147 (IOOmg, 0.32mmol) in acetone (Sml) at O-S"C was added 

dimethyldioxirane / acetone solution (0.96mmol) and the mixture stirred for 30 minutes. TLC (5% 

methanol / dichloromethane) showed one major product, unreacted starting material and traces of 2 

other products. Further dimethyldioxirane (0.32mmol) was added and stirring continued for a 

further IS minutes. TLC showed the N-oxide 148 and the 2 other products, the levels of which had 

not increased. The solution was concentrated in vacuo to give an orange solid (1IImg). Column 

chromatography eluting initially with dichloromethane then dichloromethane / methanol gave the 

N-oxide 148 only as a white solid (77mg, 73%). 

Reaction 2 

To BRL 46470 147 (300mg, 0.96mmol) in acetone (3ml) was added dimethyldioxirane / acetone 

solution (0.96mmol) at room temperature. After stirring for 30 minutes, TLC (5% methanol / 

dichloromethane) showed a single product plus unreacted starting material. Further dimethyl­

dioxirane (0.96mmol) was added and after 30 minutes, all the starting material had been consumed. 

Concentration in vacuo gave the crude product as a white solid (341 mg), which was recrystallised 

from acetonitrile to give the N-oxide 148 (203mg, 64%). 'H and '3C NMR showed a trace of one 

minor related impurity in the crude N-oxide 148 which was not removed on recrystallisation. l3C 

NMR indicated an approximately 6:1 mixture ofN-oxide 148: impurity. HPLC analysis of the crude 

N-oxide before recrystallisation showed 85% N-oxide plus 3 impurities (9%, 4% and I % by area 

normalisation). 

BRL 46470 N-oxide soectroscopic data 

IiH(CD30D)7.76(d, IH, 3J=8.0Hz, H3), 7.13 (m,2H, H4 andH6), 6.95 (tofd,IH, 3J=7.4Hz, 4J = 

0.9Hz, H5), 3.94 (t, IH, 3J = 6. 8Hz, H2'), 3.74 (s, 2H, H8), 3.57 (m, 2H, H5' andH6'), 3.27 (s, 3H, 

H9'), 2.50-2.61, 2.24 and 2.14 (m, 4H, d, 2H, 2J = 16.2Hz and m, 2H, H3' / H4' AND H7' / H8'), 1.34 

(s, 6H, 7-Me2) plus related impurity 3.50, 3.22, 3.00, 2.39 and 1.95; lie (CDJOD) 157.4 (Cl), 143.3 

and 141.3 (C2a and C6a), 128.4 (C4), 123.5 and 123.0 (C5 and C6), 115.8 (C3), 73.5 (C5', C6'), 62.9 

(C8), 4S.7 (C9'), 41.7 (C7), 40.7 (C2'), 34.8 (C3' and C4'), 28.8 (7-Me2), 26.5 (e7' and CS') plus 
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related impurity 70.7, 54.6, 48.6, 40.6, 31.0 and 23.5; IR Umax 3444,3341 (N-H stretch), 1645 (amide 

1),1599 (aromatic C=C), 1524 (amide II), 1481 (aromatic C=C), 1377, 1363 (CMe2), 933cm·1 (N-O); 

rnIz 330 (MH'). 

Further oxidation ofBRL 46470 N-oxide using dimethyldioxirane 

To a solution ofBRL 46470 N-oxide 148 (35mg, 0.106mmol) in acetone (25ml) was added 

dimethyldioxirane / acetone solution (0.64mmol) at room temperature. After stirring for 2 hours, 

TLC (5% methanol / dichloromethane) showed unreacted N-oxide 148 plus a trace of one product 

with a similar Rfvalue to BRL 46470 free base 147. Stirring was continued overnight and TLC 

showed no change. Further dimethyldioxirane (0.42mmol) was added and the mixture stirred 

overnight. TLC showed a trace ofa second product in addition to BRL 46470 free base 147 and 

unreacted N-oxide 148. The solution was concentrated in vacuo and analysed by HPLC. This 

showed the mixture to comprise of 75% N-oxide, the 3 impurities seen in the N-oxide (7%, 3% and 

2%) plus 4% BRL 46470 free base 147, all by area normalisation. 

Oxidation of BRL 49653 using dimethyldioxirane 
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Reaction I 

To BRL 49653 free base 149 (50mg, 0.140mmol) in acetone (lOml) was added dimethyldioxirane / 

acetone solution (0.840mmol) at room temperature. A yellow precipitate appeared almost 

immediately. After I hour, a sample was removed and both the precipitate and liquors analysed by 

HPLC. Both showed similar profiles with no remaining starting material and one major product 

(33.7% by area normalisation), plus at least 10 products at levels greater than 1 % by area 

normalisation (see Appendix IV for details). 
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Reaction 2 

To BRL 49653 free base 149 (50mg, 0.140mmol) in acetone (10ml) was added dimethyldioxirane / 

acetone solution (0. 140mmol) at room temperature and the resulting mixture stirred for 30 minutes. 

A sample was removed for HPLC analysis. Another a1iquot of dimethyldioxirane / acetone solution 

(0. 140mmol) was then added and stirring continued for a further 30 minutes. This was repeated 

until a total ofO.84mmolof dimethyldioxirane had been added. The HPLC profile of the mixture 

after the first aliquot of dioxirane had been added was similar to that in reaction I and did not 

change significantly on addition of the remaining aliquots. 

6.5 EXPERIMENTAL FOR CHAPTER 4 

All the products from the following reactions are known compounds and have previously been 

prepared in these laboratories. 

Preparation of methyl cholate using methanol and chlorotrimethylsilane 

21 

C02CH) 

3 7 

153a 

Chlorotrimethylsilane (0.23ml, 1.83mmol) was added to a solution of cholic acid (500mg, 

1.22mmol) in methanol (30ml). The resulting solution was heated to 60°C and stirred overnight at 

this temperature. TLC (5% methanol / dichloromethane) indicated completion of the reaction. The 

mixture was concentrated in vacuo, the residue dissolved in dichloromethane and washed with brine. 

After drying the organic phase over magnesium suI fate, concentration in vacuo gave the title 

compound 153a as a white solidI63.18-190 (423mg, 82%), which was purified by recrystallisation from 

acetonitrile. OH (CDCb) 3.98 (t, IH, 12(3),3.86 (q, IH, 7(3), 3.66 (s, 3H, OCHJ), 3.50 (m, IH, 3(3), 

0.98 (d, 3H, CHJ-21), 0.89 (s, 3H, CHJ-19), 0.68 (s, 3H, CHJ-18). 
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Preparation of methyl deoxycholate using methanol and chlorotrimethylsilane 

21 
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153b 

Chlorotrimethylsilane (0.48ml, 3.8mmol) was added to a solution of deoxycholic acid (1.0g, 

2.54mmol) in methanol (60ml) and the resulting solution heated to 60°C. Heating was continued 

overnight and the mixture concentrated in vacuo to a white solid, which was then dissolved in 

dichloromethane, washed with brine and dried over magnesium sulfate before concentrating in 

vacuo to give the title compound 153b as a white solid (841mg, 81 %). OH (CDCh) 3.98 (IH, 1213), 

3.66 (s, 3H, OCH3), 3.64 (m, IH, 313), 0.97 (d, 3H, CH3-21), 0.96 (s, 3H, CHrI9), 0.68 (s, 3H, 

CH3-18). 

Preparation of methyl hyodeoxycholate using methanol and chlorotrimethylsilane . 

21 

Co,CH, 

, , 

lS3d 

Chlorotrimethylsilane (0.73ml, 5.73mmol) was added to a solution of hyodeoxycholic acid (1.5g, 

3.82mmol) in methanol (94ml). The resulting solution was heated to 60°C and continued overnight. 

Concentration in vacuo gave a pale yellow solid. This was dissolved in dichloromethane, washed 

with brine, dried over magnesium suI fate and concentrated in vacuo to give methyl hyodeoxycholate 

lS3d as a white solidl• 1 (1.28g, 85%). OH (CDCb) 4.05 (t, IH, 613), 3.65 (s, 3H, OCH,), 3.58 (m, lH, 

313),0.91 (d, 3H, CH3-21), 0.90 (s, 3H, CH3-19), 0.63 (s, 3H, CHJ-18). 
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Preparation of diazomethane and subsequent preparation of methyl chenodeoxycholate 

21 
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19 
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To dry distilled diethyl ether (60ml) was added N-methyl-N-nitrosotoluene-para-sulfonamide 

(2.14g) followed by a solution of potassium hydroxide (0.4g) in absolute ethanol (10ml). The 

temperature was raised to 60·C and maintained using a water bath. An ethereal solution of 

diazomethane was allowed to distil over into a solution of chenodeoxycholic acid (600mg, 

1.53mmol) in dry THF (30ml). The resulting mixture was stirred until the solution had turned from 

yellow to colourless. A couple of drops of glacial acetic acid were added to destroy any excess 

diazomethane. Concentration in vacuo gave a white solid which was purified by column 

chromatography on silica eluting with 1: 1 ethyl acetate / dichloromethane affording methyl 

chenodeoxycholate IS3cl92 (587mg, 94%). 8H (CDCh) 3.85 (q, IH, 713), 3.66 (s, 3H, OCH3), 3.46 

(m, IH, 313), 0.93 (d, 3H, CH3-21), 0.91 (s, 3H, CH3-19), 0.67 (s, 3H, CH3-l8). 

Preparation of methyl deoxycholate using diazomethane 

Deoxycholic acid (3.0g, 7.64mmol) was methylated as described above using diazomethane. 

Purification by column chromatography on silica eluting with 2:1 petrol/ethyl acetate gave methyl 

deoxycholate IS3b as a white solid (2.05g, 68%). 

Preparation of methyl hyodeoxycholate using diazomethane 

Hyodeoxycholic acid (3.0g, 7.64mmol) was methylated as described above using diazomethane. 

Purification by column chromatography on silica eluting with 2: 1 petrol/ethyl acetate gave methyl 

hyodeoxycholate 153d as a white solid (2.45g, 79%). 
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Oxidation of methyl cholate using dimethyldioxirane 

,5.1. '68 
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I. Using one equivalent of dimethyldioxirane 

To methyl cholate 153a (500mg, 1.ISmmol) in acetone (IOml) in a round bottomed flask protected 

from light and cooled to 0-5°C in an ice bath, was added dimethyldioxirane I acetone solution 

(IS.5ml, 1.ISmmol). The resulting solution was stirred for approximately 16 hours, allowing to 

warm slowly to room temperature. TLC (3:2 ethyl acetate I dichloromethane) indicated 3 products 

plus some unreacted starting material. Concentration in vacuo followed by column chromatography 

on silica eluting with 3:2 ethyl acetate I dichloromethane gave the 3,7-dioxo-12a-hydroxy compound 

168 as a white solid193 (124mg, 25%) OH (CDCh) 4.0S (t, IH, 12~), 3.69 (s, 3H, OCHJ), 2.S9 (m, IH, 

CS-H), 1.31 (s, 3H, CHJ-19), 1.0 I (d, 3H, CHJ-21 ),0.75 (s, 3H, CHJ-IS), 3-oxo-7a, 12a- dihydroxy 

compound 169164.166.146<1 (129mg, 26%) OH (CDCh) 4.06 (t, IH, 12~), 3.95 (q, lH, 7~), 3.69 (s, 3H, 

OCHJ), 3.44 (m, IH, C4-H), 1.02 (s, 3H, CH,-19), 1.00 (d, 3H, CHJ-21), 0.76 (s, 3H, CH,-IS) and 

7-oxo-3a,12a-dihydroxy compound 170193 (104mg, 21%) OH (CDCh) 4.05 (t, IH, 12~), 3.67 (s, 3H, 

OCHJ), 3.61 (m, IH, 3~), 2.S2 (m, lH, CS-H), 1.18 (s, 3H, CHJ-19), 0.97 (d, 3H, CH,-21), 0.6S (s, 

3H, CHJ-IS). 

2. Using two equivalents of dimethyldioxirane 

To a solution of methyl cholate 153a (500mg, 1.1Smmol) in acetone (IOml), cooled in an ice bath 
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and protected from light, was added dimethyldioxirane / acetone solution (29.9ml, 2.36mmol). The 

resulting solution was stirred for approximately 16 hours, allowing to warm to room temperature. 

TLC (3:2 ethyl acetate / dichloromethane) showed no starting material remaining. Concentration in 

vacuo followed by column chromatography on silica eluting with 3:2 ethyl acetate / dichloromethane 

gave the 3,7-dioxo compound as a white solid 168 (300mg, 61%) plus the 3-oxo-7a-hydroxy 

compound 169 (45mg, 9%) and the 7-oxo-3a-hydroxy compound 170 (30mg, 6%). 

Oxidation of metbyl deoxycbolate using dimetby1dioxirane 

°IX co,cH, 
o 

o 

.53b m 

1. Using one equivalent of dimethyldioxirane 

To methyl deoxycholate 153b (500mg, 1.23mmol) in acetone (10ml), protected from light and 

cooled to 0-5°C in an ice bath, was added dimethyldioxirane / acetone solution (12.7ml, 1.23mmol). 

The resulting solution was stirred for approximately 16 hours, allowing to warm to room 

temperature. Concentration in vacuo followed by column chromatography, eluting with 3:2 ethyl 

acetate / dichloromethane gave the 3-oxo-12a-hydroxy compound 171 as a white solid";'·-'66 (295mg, 

59%) On (CDCb) 4.06 (t, IH, 1213),3.69 (s, 3H, OCH3), 2.75 (m, IH, C4-H), 1.03 (s, 3H, CH3-19), 

1.00 (d, 3H, CH3-21), 0.74 (s, 3H, CH3-1S) plus starting material (125mg, 25%). 

2. Using two equivalents of dimethyldioxirane 

To methyl deoxycholate 153b (500mg, 1.23mmol) in acetone (10ml), protected from light and 

cooled to 0-5°C in an ice bath, was added dimethyldioxirane I acetone solution (24.5ml, 2.46mmol). 

The resulting solution was stirred for approximately 16 hours, allowing to warm to room 

temperature. Concentration in vacuo followed by column chromatography, eluting with 3:2 ethyl 

acetate I dich10romethane gave the 3-oxo-12a-hydroxy compound 171 only as a white solid (375mg, 

75%). 
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Oxidation of methyl chenodeoxycholate using dimethyldioxirane 

°IX co,cH, 
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I. Using one equivalent of dimethyldioxirane 

To methyl chenodeoxycholate 153c (500mg, 1.23mmol) in acetone (IOml), protected from light and 

cooled to 0-5°C in an ice bath, was added dimethyldioxirane / acetone solution (12.7ml, 1.23mmol). 

The resulting solution was stirred for approximately 16 hours, allowing to warm to room 

temperature. Concentration in vacuo followed by column chromatography, eluting with 3:2 ethyl 

acetate / dichloromethane gave the 3-oxo-7a.-hydroxy compound 172164
-
166 (I 79mg, 36%) 011 (CDC!,) 

3.96 (q, IH, 713), 3.69 (s, 3H, OCH3), 3.42 (m, IH, C4-H), 1.03 (s, 3H, CH3-19), 0.97 (d, 3H, 

CH3-21), 0.73 (s, 3H, CH3-18), the 7-oxo-3a.-hydroxy compound 173192 (125mg, 25%) OH (CDC)') 

3.68 (s, 3H, OCH3), 3.62 (m, IH, 313), 2.88 (m, IH, C8-H), 1.19 (s, 3H, CH3-19), 0.95 (d, 3H, 

CH3-21), 0.68 (s, 3H, CH3-18) and the 3,7-dioxo compound 174194 (69mg, 14%) OH (CDC)') 3.69 (s, 

3H, OCH3), 2.89 (m, IH, C8-H), 1.33 (s, 3H, CH3-19), 0.96 (d, 3H, CH3-21), 0.73 (s, 3H, CH3-18) 

plus starting material (90mg, 18%). 

2. Using 2 equivalents of dimethyldioxirane 

To methyl chenodeoxycholate 153c (500mg, l.23mmol) in acetone (\Oml), protected from light and 

cooled to 0-5°C in an ice bath, was added dimethyldioxirane / acetone solution (25.5ml, 2.46mmol). 

The resulting solution was stirred for approximately 16 hours, allowing to warm to room 



temperature. Concentration in vacuo followed by column chromatography, eluting with 3:2 ethyl 

acetate / dichloromethane gave the 3,7-dioxo compound 174 only (453mg, 91%). 

Oxidation of methyl hyodeoxycholate using dimethyldioxirane 
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I. Using one equivalent of dimethyldioxirane 

176 

To methyl hyodeoxycholate 153d (380mg, 0.93mmol) in acetone (8ml), protected from light and 

cooled to 0-5°C in an ice bath, was added dimethyldioxirane / acetone solution (12.4ml, 0.93mmol). 

The resulting solution was stirred for approximately 16 hours, allowing to warm to room 

temperature. Concentration in vacuo followed by column chromatography, eluting with 3:2 ethyl 

acetate / dichloromethane gave the 3-oxo-6a-hydroxy compound 175 as a colourless gum'9' (297mg, 

78%) 011 (CDC!,) 4.04 (m, lH, 613), 3.62 (s, 3H, OCH,), 0.96 (s, 3H, CH,-19), 0.88 (d, 3H, CH,-2l), 

0.64 (s, 3H, CH,-18) plus the 3,6-dioxo compound 176'96 (30mg, 8%) 011 (CDCh) 3.70 (s, 3H, 

OCH,), 0.99 (s, 3H, CH,-19), 0.98 (d, 3H, CH,-2l), 0.73 (s, 3H, CH,-18). 

2. Using 2 equivalents of dimethyldioxirane 

To methyl hyodeoxycholate 152d (400mg, 0.98mmol) in acetone (8ml), protected from light and 

cooled to 0-5°C in an ice bath, was added dimethyldioxirane / acetone solution (26.4ml, 1.96mmol). 

The resulting solution was stirred for approximately 16 hours, allowing to warm to room 
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temperature. Concentration in vacuo followed by column chromatography, eluting with 3:2 ethyl 

acetate / dichloromethane gave the 3-ox0-6a-hydroxy compound 175 as a colourless gum (274mg, 

69%) plus the 3,6-dioxo compound 176 as a white solid (72mg, 18%). 

6.6 EXPERIMENTAL FOR CHAPTER 5 

GC Method 

GC apparatus 

Column 

Gases 

Carrier gas 

Detector 

Program 

Pye series, 104 Chromatograph, Pye Unicam 

10% Carbowax 20m 

standard machine settings 

nitrogen 

FID 

cyclohexene reaction mixtures: 

initial oven temperature 

ramp rate 

final oven temperature 

70°C for 2 minutes 

3°C / min 

90°C and hold 

trans-stilbene reaction mixtures: 

oven temperature isothermal at 220°C 

Preparation of phosphate buffer pH 7.5 for use in method A 

Potassium dihydrogen orthophosphate (1.179g) and disodium hydrogen phosphate (4.302g) were 

diluted to 1 litre with distilled water. 

Method A 

Oxidation of cyclohexene using a.a.a-trifluoroacetophenone (leq) / Oxone® (2.7eq) 

To cyclohexene (150mg, 1.83mmol) in dichloromethane (20ml) was added a,a,a-trifluoroaceto­

phenone (319mg, 1.83mmol), t-butyl ammonium hydrogen sulfate (200mg, 0.59mmol) and 

phosphate butTer (30ml). The mixture was maintained at 0-5°C and pH 7.5 whilst a solution of 
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Oxone~ (3.0g, 4.9mmol) and EDTA (200mg) in water (50ml) was added dropwise over 25 minutes. 

The mixture was then stirred vigorously to ensure good mixing for a further 2 hours 20 minutes 

(total reaction time 2.75 hours). The reaction mixture was analysed by GC and the relative 

proportions of cyclohexene and cyclohexene oxide determined. The reaction was continued for a 

further 1.25 hours (total reaction time 4 hours) and again analysed by GC. The reaction was then 

repeated. 

reaction reaction time % wt cyclohexene % wt cyclohexene oxide 

1 
2.75 hours 68% 32% 

4 hours 35% .65% 

2 
2.75 hours 70% 30% 

4 hours 32% 68% 

Method A 

Oxidation of cyclohexene using Oxone~ (2.7eq) in the absence of ketone 

To cyclohexene (150mg, 1.83mmol) in dichloromethane (20ml) was added t-butyl ammonium 

hydrogen sulfate (200mg, 0.59mmol) and phosphate buffer (30ml). The mixture was maintained at 

0-5"C and pH 7.5 whilst a solution of Ox one" (3.0g, 4.9mmol) and EDTA (200mg) in water (50ml) 

was added dropwise over 25 minutes. The mixture was then stirred vigorously for a further 2 hours 

20 minutes (total reaction time 2.75 hours). The reaction mixture was analysed by GC and the 

relative proportions of cyclohexene and cyclohexene oxide determined. The reaction was continued 

for a further 1.25 hours (total reaction time 4 hours) and again analysed by GC. The reaction was 

then repeated. 

reaction reaction time % wt cvclohexene % wt cvclohexene oxide 
2.75 hours 83% 17% 

1 
4 hours 65% 35% 

2 
2.75 hours 78% 22% 

4 hours - -
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MetbodA 

Oxidation of cyclobelene using a,a,a-trifluoroacetopbenone (leq) I Oxone® (8eq) 

To cyclohexene (lSOmg, 1.83mrnol) in dichloromethane (20ml) was added a,a,a-trifluoroaceto­

phenone (319mg, 1.83mrnol), t-butyl ammonium hydrogen sulfate (200mg, 0.S9mmol) and 

phosphate buffer (30ml). The mixture was maintained at O-SOC and pH 7.S whilst a solution of 

Oxone® (3.0g, 4.9mmol) and EDT A (200mg) in water (SOml) was added dropwise over S minutes. 

The mixture was then stirred vigorously for 30 minutes and a further amount ofOxone® (3.0g, 

4.9mrnol) in water (SOml) added over IS minutes. Stirring was continued for 30 minutes then a third 

portion ofOxone® (3.0g, 4.9mmol) added over IS minutes. The reaction mixture was then stirred 

for a further 2 hours 2S minutes giving a total reaction time of 4 hours. The reaction mixture was 

analysed by GC which showed 34% cyclohexene and 66% cyc10hexene oxide. 

MetbodA 

Oxidation of cyclobexene using Oxone® (8eq) in tbe absence of ketone 

To cyc10hexene (lSOmg, 1.83mrnol) in dichloromethane (20ml) was added t-butyl ammonium 

hydrogen sulfate (20Omg, 0.S9mrnol) and phosphate buffer (30ml). The mixture was maintained at 

O-S"C and pH 7.S whilst a solution ofOxone® (3.0g, 4.9mmol) and EDTA (200mg) in water (SOml) 

was added dropwise over S minutes. The mixture was then stirred vigorously for 30 minutes and a 

further amount ofOxone® (3.0g, 4.9mmol) in water (SOml) added over IS minutes. Stirring was 

continued for 30 minutes then a third portion ofOxone® (3.0g, 4.9mmol) added over IS minutes. 

The reaction mixture was then stirred for a further 2 hours 2S minutes (total reaction time 4 hours). 

The reaction mixture was analysed by GC which showed 56% cyc10hexene and 44% cyc10hexene 

oxide. The reaction was repeated giving SI % cyc10hexene and 49% cyc10hexene oxide. 

Metbod B 

Oxidation of cyclobexene using a,a,a-trifluoroacetopbenone (leq) / Oxone" (1.2eq) 

A solution ofOxone~ (4S0mg, 0.73mmol) in water (2.Sml) and EDTA (3mg) were added in one 

portion to a biphasic solution of cyc10hexene (621l1, 0.6Irnmol), t-butyl ammonium hydrogen sui fate 

(41 mg, 0.122mmol), a,a,a-trifluoroacetophenone (41 mg, 0.61 mmol) in dichloromethane (6ml) and 



IM aqueous sodium bicarbonate (2ml) at O°C. The reaction was stirred at this temperature and 

samples removed at intervals for analysis by GC. This procedure was repeated several times and 

also with a slower rate of stirring and at room temperature. 

% wt cyc10hexene oxide 
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reaction conditions 3 hours Shours 6 hours 7 hours 16 hours 
1 0-5"C - 17% - - 29% 
2 0-5"C - - - 15% 24% 
3 0-5°C - - - - 28% 
4 0-5°C - - - - 29% 
S 0-5°C 12% - 17% - -
6 0-5"C slow stir - 6% - - 10% 
7 RT - - - - -

Method B 

Oxidation of cyc10hexene using 4-tert-butylcyc1ohexanone (leq) / Oxone~ (1.2eq) 

A solution ofOxone~ (450mg, 0.73mmol) in water (2.5ml) and EDTA (3mg) were added in one 

portion to a biphasic solution of cyclohexene (62~1, 0.6Immol), t-butyl ammonium hydrogen sulfate 

(4Img, 0.122mmol), 4-tert-butylcyclohexanone (94mg, 0.6Immol) in dichloromethane (6ml) and 

IM aqueous sodium bicarbonate (2ml) at O°e. The reaction was stirred at this temperature and 

samples removed at intervals for analysis by GC. This procedure was repeated several times and 

also with a slower rate of stirring. 

% wt c' c10hexene oxide 
conditions 3 hours S hours 6 hours 16 hours 

0-5°C - 9% - 25% 
0-5"C - 9% - 22% 
0-5°C 6% - 10% -

0-5°C slow stir - - - 2% 

MethodB 

Oxidation of cyc10hexene using Oxone~ (1.2eq) in the absence of ketone 

A solution of Ox one"' (450mg, 0.73mmol) in water (2.5ml) and EDTA (3mg) were added in one 

portion to a biphasic solution of cyclohexene (62~1, 0.6Immol) and t-butyl ammonium hydrogen 
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sulfate (4Img, 0.122mmol) in dichloromethane (6ml) and 1M aqueous sodium bicarbonate (2ml) at 

O°C. The reaction was stirred at this temperature and samples removed at intervals for analysis by 

GC. This procedure was repeated several times and also with a slower rate of stirring. 

% wt cyclohexene oxide 
reaction conditions 3 hours 5 hours 6 hours 7 hours 16 hours 

1 0-5°C 6% - 9% - -
2 0-5"C - - - 10% 21% 
3 0-5°C - - - - 13% 
4 0-5°C - - 9% - -
5 0-5°C 4% - 9% - -
6 0-5°C - 8% - - 20% 
7 0-5"C - 8% - - 23% 
8 0-5°C slow stir - 0.5% - - 2% 

MethodB 

Oxidation of cyclohexene using a,a,a-trifluoroacetophenone (5eq) I Oxone® (1.2eq) 

A solution ofOxone® (450mg, 0.73mmol) in water (2.5ml) and EDTA (3mg) were added in one 

portion to a biphasic solution of cyclohexene (62111, 0.61mmol), t-butyl ammonium hydrogen sulfate 

(4Img, 0.122mmol), a,a,a-trifluoroacetophenone (205mg, 3.05mmol) in dichloromethane (6ml) and 

1M aqueous sodium bicarbonate (2ml) at O°C. The reaction was stirred at this temperature and 

samples removed at intervals for analysis by GC. This reaction was then repeated. 

% wt cvclohexene oxide 
reaction 3 hours 6 hours 16 hours· 

1 17% 23% 28% 
2 25% 29% -

Method B 

Oxidation of cyclohexene using 4-tert-butylcycIohexsnone (5eq) I Oxone" (1.2eq) 

A solution of Ox one" (450mg, 0.73mmol) in water (2.Sml) and EDTA (3mg) were added in one 

portion to a biphasic solution ofcyclohexene (62111, 0.6Immol), t-butyl ammonium hydrogen sulfate 

(4Img, 0.122mmol), 4-tert-butylcyclohexanone (470mg, 3.05mmol) in dichloromethane (6ml) and 
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IM aqueous sodium bicarbonate (2ml) at O°C. The reaction was stirred at this temperature and 

samples removed at intervals for analysis by GC. After 3 hours, 6% cyclohexene oxide was obtained 

which increased to 8% after 6 hours. 

Method B 

Oxidation of cyclohexene using a.,a.,a-trifluoroacetophenone (leq) / Oxone" (2.Seq) 

A solution of Ox one" (937mg, l.52mmol) in water (2.5ml) and EDTA (3mg) were added in one 

portion to a biphasic solution ofcyclohexene (62J.11, 0.6Imrnol), t-butyl ammonium hydrogen sulfate 

(4 I mg, 0.122mrnol), a,a,a-trifluoroacetophenone (205mg, 3.05mmol) in dichloromethane (6ml) and 

IM aqueous sodium bicarbonate (2ml) at O°C. The reaction was stirred at this temperature and 

samples removed at intervals for analysis by GC. After 3 hours, 9% cyclohexene oxide was obtained 

which increased to 14% after 6 hours and 22% after 16 hours. 

MethodB 

Oxidation of cyclohexene using Oxone" (2.Seq) in the absence of ketone 

The above procedure was repeated but in the absence of a,a,a-trifluoroacetophenone. 

After 3 hours, 10% cyclohexene oxide was obtained which increased to 18% after 6 hours and 22% 

after 16 hours. 

MethodB 

Oxidation of trans-stilbene using a.,a.,a-trifluoroacetophenone (leq) I Oxone" (1.2eq) 

A solution of Ox one" (614mg, 1.0mmol) in water (5ml) and EDTA (3.3mg) were added in one 

portion to a biphasic solution of traIlS-stilbene (150mg, 0.832mmol), t-butyl ammonium hydrogen 

sulfate (67mg, 0.197mmol), a,a,a-trifluoroacetophenone (117J.11, 0.832mmol) in dichloromethane 

(IOml) and IM aqueous sodium bicarbonate (3ml) at 0-5°C. The reaction was stirred at this 

temperature and samples removed at intervals for analysis by GC. After 2 hours, 2% trans-stilbene 

oxide was obtained which increased to 4% after 16 hours. 
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MethodC 

Oxidation of trans-tilbene using a,a,a-trifluoroacetophenone (lleq) I Oxone~ (Seq) 

To trans-stilbene (l44mg, O.Smmol) in acetonitrile (ISml) was added 4 x lO"'M aqueous EDTA 

solution (4ml) followed by a,a,a-trifluoroacetophenone (1.24ml, S.Smmol). The resulting mixture 

was cooled to 0-5UC and a soIld mixture ofOxone® (2.46g, 4mmol) and sodium bicarbonate (0.52g, 

6.2mmol) added in portions over 30 minutes. Stirring was continued and samples removed at 

intervals for analysis by GC. After 2.75 hours, 5S% trans-stilbene oxide was obtained which 

increased to 73% after 16 hours. The reaction was repeated and analysed after 16 hours only. SO% 

trans-stilbene oxide was obtained. The reaction was repeated a third time but this time the Oxone® / 

sodium bicarbonate mixture was added in one portion. After 16 hours, GC analysis showed 20% 

trans-stilbene oxide. 

MethodC 

Oxidation of trans-stilbene using a,a,a-trifluoroacetophenone (Seq) I Oxone® (Seq) 

To trans-stilbene (144mg, O.Smmol) in acetonitrile (ISml) was added 4 x lO"'M aqueous EDTA 

solution (4ml) followed by a,a,a-trifluoroacetophenone (0.56ml, 4mmol). The resulting mixture 

was cooled to 0-5ue and a solid mixture ofOxone® (2.46g, 4mmol) and sodium bicarbonate (0.52g, 

6.2mmol) added in portions over 30 minutes. Stirring was continued 16 hours after which time 3% 

trans-stilbene oxide was obtained. 

MethodC 

Oxidation of trans-stilbene using a,a,a-trifluoroacetophenone (leq) I Oxone® (Seq) 

The above procedure was repeated but using 1 equivalent of a,a,a-trifluoroacetophenone (0.112ml, 

O.Smmol). After 16 hours, 5% trans-stilbene oxide was obtained. 

Method D 

Oxidation of trans-stilbene using a,a,a-trifluoroacetophenone (Seq) / Oxone® (Seq) 

To trans-stilbene (l44mg, O.Smmol) in acetonitrile (12ml) and 4 x lO-lM aqueous EDTA solution 
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(8ml), cooled to O-soC, was added a,a,a-trifluoroacetophenone (0.S6ml, 4mrnol) followed by a solid 

mixture ofOxone~ (2.46g, 4mmol) and sodium bicarbonate (1.04g, 12.4mmol) added in portions 

over 30 minutes. Stirring was continued for 16 hours then analysed by GC, which showed 100% 

conversion to trans-stilbene oxide. The reaction was repeated a further 3 times obtaining 9S%, 98% 

and 96% trans-stilbene oxide respectively. 

Method D 

Oxidation of trans-stilbene using a.,a.,a-trifluoroacetophenone (2eq) I Oxone" (Seq) 

The above procedure was repeated using 2 equivalents of a,a,a-trifluoroacetophenone (0.22ml, 

1.6mmol). 99% trans-stilbene oxide was obtained by GC. 

Method D 

Oxidation of trans-stilbene using a.,a.,a-trifluoroacetophenone (leq) I Oxone" (5eq) 

The above procedure was repeated using 1 equivalent of a,a,a-trifluoroacetophenone (O.llml, 

0.8mrnol). 17% trans-stilbene oxide was obtained by GC. 

Method D 

Oxidation of trans-stilbene using a.,a.,a-trifluoroacetophenone (O.Seq) I Oxone" (Seq) 

The above procedure was repeated using O.S equivalents of a,a,a-trifluoroacetophenone (SSI-1I, 

O.4mmol). 18% trans-stilbene oxide was obtained by GC. 

Method D 

Oxidation of trans-stilbene using Oxone" (Seq) in the absence of ketone 

The above procedure was repeated in the absence of a,a,a-trifluoroacetophenone. 9% trans-stilbene 

oxide was obtained by GC. The reaction was repeated giving 4% trans-stilbene oxide. 
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Method D 

Oxidation of trans-stilbene using 4-(trifluoroacetyl)benzoic acid (Seq) I Oxone~ (Seq) 

To trans-stilbene (144mg, 0.8mmol) in acetonitrile (12ml) and 4 x 104M aqueous EDTA solution 

(8ml), cooled to 0-5°C, was added 4-(trifluoroacetyl)benzoic acid (873mg, 4mmol) followed by a 

solid mixture ofOxone~ (2.46g, 4mmol) and sodium bicarbonate (1.04g, 12.4mmol) added in 

portions over 30 minutes. Stirring was continued for 16 hours then analysed by GC, which showed 

94% trans-stilbene oxide. 

Method D 

Oxidation of trans-stilbene using 4-(trifluoroacetyl)benzoic acid (2eq) I Oxone~ (Seq) 

The above procedure was repeated using 2 equivalents of 4-(trifluoroacetyl)benzoic acid (349mg, 

1.6mmol). 97% trans-stilbene oxide was obtained by GC. 

MethodD 

Oxidation of trans-stilbene using 4-(trifluoroacetyl)benzoic acid (leq) I Oxone~ (Seq) 

The above procedure was repeated using 1 equivalent of 4-(trifluoroacetyl)benzoic acid (175mg, 

0.8mmol). 15% trans-stilbene oxide was obtained by GC. 

MethodD 

Oxidation of trans-stilbene using 4-(trifluoroacetyl)benzoic acid (O.Seq) I Oxone® (Seq) 

The above procedure was repeated using 0.5 equivalents of 4-(trifluoroacetyl)benzoic acid (88mg, 

O.4mmol). 10% trans-stilbene oxide was obtained by GC. 
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MethodD 
. 
Comparison of 4-(trifluoroacetyl)benzoic acid, benzoic acid and 4-chlorobenzoic acid 

Oxidation of trans-stilbene using 4-{trifluoroacetv\)benzoic acid (Seq) I Oxone® (Seq) 

To trans-stilbene (144mg, 0.8mrnol) in acetonitrile (6OmI) and 4 x 10"'M aqueous EDTA solution 

(40ml), cooled to O-soC, was added 4-(trifluoroacetyl)benzoic acid (873mg, 4mmol) followed by a 

solid mixture ofOxone® (2.46g, 4mrnol) and sodium bicarbonate (1.04g, 12.4mmol) added in 

portions over 30 minutes. Stirring was continued for 16 hours then analysed by GC, which showed 

99% trans-stilbene oxide. 

Oxidation of trans-stilbene using benzoic acid (Seq) I Oxone® (Seq) 

The above procedure was repeated using benzoic acid (489mg, 4mmol) instead of 4-( trifluoro­

acetyl)benzoic acid. 9% trans-stilbene oxide was obtained by GC. The reaction was repeated giving 

37% trans-stilbene oxide after 16 hours and 7S% after 96 hours. 

Oxidation of trans-stilbene using 4-chlorobenzoic acid (Seq) I Oxone" (Seq) 

The above procedure was repeated using 4-chlorobenzoic acid (626mg, 4mmol) instead of 

4-trifluoroacetylbenzoic acid. It was found that 4-chlorobenzoic acid was not very soluble in the 

reaction mixture but the reaction was continued giving 20% trans-stilbene oxide by GC after 16 

hours. The reaction was repeated using larger volumes of acetonitrile (300ml) and water (200ml) 

giving 26% trans-stilbene oxide by GC after 16 hours. 

Method D (biphasic) 

Oxidation of cyclohexene using a,a.,a-trifluoroacetophenone (Seq) I Oxone® (Seq) 

To cyclohexene (SOmg, 0.61mrnol) in dichloromethane (l2ml) and 4 x IO-IM aqueous EDTA 

solution (8ml) was added t-butyl ammonium hydrogen sulfate (66mg) and a,a,a-trifluoroaceto­

phenone (428J.1I, 3.0Smmol). The resulting mixture was stirred at room temperature and to it was 

added a solid mixture ofOxone® (1.88g, 3.0Smmol) and sodium bicarbonate (794mg, 9.4Smmol). 
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Stirring was continued and samples removed at intervals for analysis by GC. This reaction was 
. 
repeated several times. 

% wt cyclohexene oxide 
reaction 5 hours 16 hours 

1 - 35% 
2 - 48% 
3 28% 28% 
4 - 94% 
5 - 44% 
6 52% 55% 

Method D (biphasic) 

Oxidation of cyclohexene using 4-(trifluoroacetyl)benzoic acid (Seq) I Oxonefl (Seq) 

The above procedure was repeated three times using 4-( trifluoroacetyl)benzoic acid (665mg, 

3.05mmol) instead of a,a,a-trifluoroacetophenone. 

% wt cyclohexene oxide 
reaction 5 hours 16 hours 

1 42% 48% 
2 - 68% 
3 55% 61% 

Method D (biphasic) 

Oxidation of cyclohexene using 4-tert-butylcyclohexanone (Seq) I Oxone* (Seq) 

The above procedure was repeated using 4-tert-butylcyclohexanone (470mg, 3.05mmol) instead of 

4-trifluoroacetylbenzoic acid. 3% cyclohexene oxide was obtained by GC after 16 hours. 

Method D (biphasic) 

Oxidation of cyclohexene using Oxone* (Seq) in the absence of ketone 

The above procedure was repeated four times in the absence of ketone. 
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% Wt cyclohexene oxide 
reaction 5 hours 16 hours 

1 2% 1% 
2 - 3% 
3 - 3% 
4 - 7% 

Method D (biphasic) 

Comparison of 4-(trifluoroacetyl)benzoic acid, benzoic acid and 4-chlorobenzoic acid 

Oxidation of cyclohexene using 4-(trifluoroacetyl)benzoic acid (5eq) I Oxone" (5eq) 

To cyclohexene (65.6mg, 0.8mmol) in dichloromethane (60ml) and 4 x W4M aqueous EDTA 

. solution (40ml), cooled to 0-5°C, was added 4-(trifluoroacetyl)benzoic acid (873mg, 4mmol) 

followed by a solid mixture of Ox one" (2.46g,4mmol) and sodium bicarbonate (1.04g,12.4mmol) 

added in portions over 30 minutes. Stirring was continued for 16 hours then analysed by GC, which 

showed 43% cyclohexene oxide. 

Oxidation of cyclohexene using benzoic acid (5eq) I Oxone" (5eq) 

The above procedure was repeated using benzoic acid (489mg, 4mmol) instead of 4-(trifluoro­

acetyl)benzoic acid. 10% cyclohexene oxide was obtained by GC after 5 hours which increased to 

32% after 16 hours. The reaction was repeated giving 48% cyclohexene oxide after 16 hours. 

Oxidation of cyclohexene using 4-chlorobenzoic acid (5eq) I Oxone" (5eq) 

The above procedure was repeated using 4-chlorobenzoic acid (626mg, 4mmol) instead of 

4-(trifluoroacetyl)benzoic acid. It was found that 4-chlorobenzoic acid was not very soluble in the 

reaction mixture but the reaction was continued giving 15% cyclohexene oxide by GC after 16 

hours. The reaction was repeated using larger volumes of dichloromethane (300ml) and water 

(200ml) giving 16% cyclohexene oxide by GC after 16 hours. 
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Method D (biphasic) 

Oxidation of trans-stilbene using a,a,a-trifluoroacetophenone (5eq) I Oxonee (Seq) 

To Irans-stilbene (144mg, O.Smmol) in dichloromethane (12ml) was added t-butyl ammonium 

hydrogen sulfate (S7mg), 4 x 10"M aqueous EDTA solution (Sml) and a,a,a-trifluoroaceto­

phenone (O.56ml, 4mmol). The resulting mixture was stirred at room temperature and to it was 

added a solid mixture ofOxone® (2.46g, 4mmol) and sodium bicarbonate (1.04g, 12.4mmol). 

Stirring was continued for 16 hours then analysed by GC. 77% trans-stilbene oxide was obtained. 

The reaction was repeated a further four times giving 24%, 34%, 26% and 41 % Irans-stilbene oxide 

respectively. 

Method D (biphasic) 

Oxidation of trans-stilbene using a,a,a-trifluoroacetophenone (10eq) I Oxone® (Seq) 

The above procedure was repeated using 10 equivalents of a,a,a-trifluoroacetophenone (1.12ml, 

Smmol). 85% trans-stilbene oxide was obtained by GC. 

Method D (biphasic) 

Oxidation of trans-stilbene using a,a,a-trifluoroacetophenone (2eq) I Oxone® (Seq) 

The above procedure was repeated using 2 equivalents of a,a,a-trifluoroacetophenone (O.22ml, 

1.6mmol). 34% trans-stilbene oxide was obtained by GC. 

Method D (biphasic) 

Oxidation of trans-stilbene using Oxone®(5eq) in tbe absence of ketone 

The above procedure was repeated in the absence of trifluoroacetophenone. 3% Irans-stilbene oxide 

was obtained by GC. The reaction was repeated giving 1 % Irans-stilbene oxide by GC. 
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Method D (biphasic) 

Oxidation of trans-stilbene using 4-(trifluoroacetyl)benzoic acid (Seq) I Oxone" (5eq) 

To trans-stilbene (l44mg, 0.8mmol) in dichloromethane (12ml) was added t-butyl ammonium 

hydrogen sulfate (87mg), 4 x 10"'M aqueous EDTA solution (8ml) and 4-trifluoroacetylbenzoic acid 

(872mg, 4mmol). The resulting mixture was stirred at room temperature and to it was added a solid 

mixture of Ox one" (2.46g, 4mmol) and sodium bicarbonate (1.04g, 12.4mmol). Stirring was 

continued for 16 hours then analysed by GC. 9% Irans-stilbene oxide was obtained. 

The reaction was repeated a further twice giving 22% and 14% trans-stilbene oxide respectively. 

Method D (biphasic) 

Oxidation of trans-stilbene using 4-(trifluoroacetyl)benzoic acid (10eq) I Oxone" (Seq) 

The above procedure was repeated using 10 equivalents of 4-(trifluoroacetyl)benzoic acid (1.75g, 

8mmol). 14% trans-stilbene oxide was obtained by GC. 

Method D (biphasic) 

Comparison of 4-(trifluoroacetyl)benzoic acid, benzoic acid and 4-chlorobenzoic acid 

Oxidation of trans-stilbene using 4-Ctrifluoroacetvl)benzoic acid (Seq) / Oxone" (5eq) 

To trans-stilbene (144mg, 0.8mmol) in dichloromethane (60ml) and 4 x 10"'M aqueous EDTA 

solution (40ml), cooled to 0-5°C, was added 4-(trifluoroacetyl)benzoic acid (873mg, 4mmol) 

followed by a solid mixture of Ox one" (2.46g, 4mmol) and sodium bicarbonate (1.04g, 12.4mmol) 

added in portions over 30 minutes. Stirring was continued for 16 hours then analysed by GC, which 

showed 9% trans-stilbene oxide. 

Oxidation of Irans-stilbene using benzoic acid (5eq) / Oxone" (Seg) 

The above procedure was repeated using benzoic acid (489mg, 4mmol) instead of 4-(trifluoro­

acetyl)benzoic acid. 8% Irans-stilbene oxide was obtained by GC after 16 hours. 

The reaction was repeated giving 2% trans-stilbene oxide after 16 hours. 
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Oxidation of Irans-stilbene using 4-chlorobenzoic acid (Seq) / Oxone~ (Seq) 

The above procedure was repeated using 4-chlorobenzoic acid (626mg, 4mmol) instead of 

4-(trifluoroacetyl)benzoic acid. It was found that 4-chlorobenzoic acid was not very soluble in the 

reaction mixture and no Irans-stilbene oxide was detected by GC after 16 hours. 

The reaction was repeated using larger volumes of dichloromethane (300ml) and water (200ml). 

This did not improve solubility and again no Irans-stilbene oxide was detected by GC after 16 hours. 

OptimisatioD of Method B 

Reaction 1 

A solution ofOxone~ (0.62g, 0.73mmol) and EDTA (3mg) in water (4ml) were added in one portion 

to a biphasic solution of cyc10hexene (62~1, 0.61mmol), t-butyl ammonium hydrogen sulfate (41mg, 

0.122mmol) and a,a,a-trifluoroacetophenone (41mg, 0.61mmol) in dichloromethane (6ml) and IM 

aqueous sodium bicarbonate (2.1ml) at room temperature. The reaction was stirred for 6 hours then 

analysed by GC. 26% cyclohexene oxide was obtained. 

Reaction 2 

A solution of Oxone® (1.02g, 1.6Smmol) and EDT A (3mg) in water (9ml) were added in one portion 

to a biphasic solution ofcyc1ohexene (62~1, 0.61mmol), t-butyl ammonium hydrogen sulfate (41mg, 

0.122mmol) and a,a,a-trifluoroacetophenone (41mg, 0.61mmol) in dichloromethane (6ml) and IM 

aqueous sodium bicarbonate (4.7Sml) at room temperature. The reaction was stirred for 6 hours 

then analysed by GC. 47% cyc10hexene oxide was obtained. 

Reaction 3 

A solution ofOxone® (1.89g, 3.0Smmol) in water (16ml) and EDTA (3mg) were added in one 

portion to a biphasic solution of cyc10hexene (62~1, 0.61mmol) and t-butyl ammonium hydrogen 

sulfate (41 mg, 0.122mmol) and a,a,a-trifluoroacetophenone (41 mg, 0.61mmol) in dichloromethane 

(6ml) and IM aqueous sodium bicarbonate (8.8ml) at room temperature. The reaction was stirred 
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for 6 hours then analysed by GC. 66% cyclohexene oxide was obtained. 

Reaction 4 

The above reaction was repeated but this time the solution ofOxone® and EDTA was added 

dropwise over 30 minutes rather than in one portion. 68% cyclohexene oxide was obtained by GC 

after stirring for 6 hours. 

Reaction 5 

A solution ofOxone® (1.89g, 3.05mmol) in water (16ml) and EDTA (3mg) were added in one 

portion to a biphasic solution of cyclohexene (62~1, 0.61mmol) and t-butyl ammonium hydrogen 

sulfate (41mg, 0.122mmol) and a,a,a-trifluoroacetophenone (82mg, 1.22mmol) in dichloromethane 

(6ml) and IM aqueous sodium bicarbonate (8.8ml) at room temperature. The reaction was stirred 

for 6 hours then analysed by GC. 59% cyclohexene oxide was obtained 

MetbodE 

Oxidation of cyclobexene using a.,a.,a-trifluoroacetopbenone (1 eq) I Oxone" (10eq) 

A solution ofOxone® (3.78g, 6.1mmol) in water (25ml) and EDTA (3mg) were added in one portion 

to a biphasic solution ofcyclohexene (62~1, 0.61mmol) and t-butyl ammonium hydrogen sulfate 

(41mg, 0.122mmol) and a,a,a-trifluoroacetophenone (41mg, 0.61mmol) in dichloromethane (6ml) 

and IM aqueous sodium bicarbonate (l7ml) at room temperature. The reaction was stirred for 6 

hours then analysed by GC. The reaction was repeated a further twice at room temperature and 

twice at 0-5°C. 

% wt cyclobexene oxide 
reaction conditions 3 bours 4 bours 6 bours 16 bours 

1 RT - - 91% -
2 RT - 84% - 98% 
3 RT 80% - 89% -
4 0-5°C 46% - 75% -
5 0-5°C - 53% - 99% 
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MetbodE 

Oxidation of cyclobexene using 4-(triOuoroacetyl)benzoic acid (leq) I Oxone"' (10eq) 

The above procedure was repeated using 4-(trifluoroacetyl}benzoic acid (133mg, O.61rnmol) instead 

of a,a,a-trifluoroacetophenone. After 6 hours, 76% cyclohexene oxide was obtained by GC, which 

increased to 96% after 16 hours. 

Metbod E 

Oxidation of cyclohexene using 4-tert-butylcyclobellBnone (Ieq) I Oxone"' (10eq) 

The above procedure was repeated using 4-tert-butylcyc1ohexanone (94mg, O.6Irnmol). After 3 

hours, 44% cyclohexene oxide was obtained by GC, which increased to 61 % after 6 hours. 

The reaction was repeated at 0-5°C rather than room temperature. 28% cyc10hexene oxide was 

obtained by GC after 3 hours which increased to 47% after 4 hours. 

Metbod E 

Oxidation of cyclobexene using Oxone"'(IOeq) in the absence of ketone 

The above procedure was repeated five times in the absence of ketone at room temperature. 

% wt cyc\ohexene oxide 
reaction 3 hours 4 bours 6 hours 7 hours 16 bours 

1 - - - 79% -
2 - - - 78% -
3 - 55% - - 96% 
4 - - - - 96% 
5 46% - 65% - -

Method E 

Oxidation of cyclobexene using Oxone"(5eq) in the absence of ketone 

The above procedure was repeated at room temperature in the absence of ketone using 5 equivalents 

of Ox one" (1.89g, 3.05mmol). After 16 hours 28% cyc10hexene oxide was obtained by Gc. 
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Method E . 
Oxidation of trans-stilbene using a,a,a-triOuoroacetophenone (leq) I Oxone" (10eq) 

A solution of Ox one" (1.7g, 2.77mmol) in water (14ml) and EDTA (3mg) were added in one portion 

to a biphasic solution of trans-stilbene (50mg, 0.277mmol) and t-butyl ammonium hydrogen sulfate 

(5lmg) and a,a,a-trifluoroacetophenone (39~1, 0.277mmol) in dichloromethane (3ml) and lM 

aqueous sodium bicarbonate (7.6ml) at room temperature. After stirring for 1.5 hours, 5% Irans­

stilbene oxide was obtained by GC. No increase was found after 16 hours. 

Method E 

Oxidation of trans-stilbene using a,a,a-triOuoroacetophenone (10eq) I Oxone" (10eq) 

The above procedure was repeated using 10 equivalents of a,a,a-trifluoroacetophenone (0.39ml, 

2.77mmol). After 16 hours, 4% trans-stilbene oxide was obtained by GC. 

Method E 

Oxidation of trans-stilbene using 4-(triOuoroacetyl)benzoic acid (leq) I Oxone" (10eq) 

A solution of Ox one" (1.7g, 2.77mmol) in water (14ml) and EDTA (3mg) were added in one portion 

to a biphasic solution of Irons-stilbene (50mg, 0.277mmol) and t-butyl ammonium hydrogen suI fate 

(5lmg) and a,a,a-trifluoroacetophenone (60mg, 0.277mmol) in dichloromethane (3ml) and lM 

aqueous sodium bicarbonate (7.6ml) at room temperature. After stirring for 16 hours, 8% 

trans-stilbene oxide was obtained by GC. 
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APPENDIX I 



HPLC METHOD DEVELOPMENT 

1 N.N-DIMETHYLANlLINES AND CORRESPONDING N-OXIDES 

In order to cany out the competition reactions described in chapter 2, it was necessary to separate 

the reference substrate, N,N-dimethylaniline, from each of the substituted ani lines, and to separate 

these from the N-oxides. The consumption of the starting materials and the formation of the 

products could then be followed. The aim therefore was to develop a suitable system(s) to detect 

and separate the following compounds: N,N-dimethylaniline, N,N-dimethyl-4-nitroaniline, 

N,N-dimethyl- 4-chloroaniline, N,N-dimethyl-4-methoxyaniline and their corresponding N-oxides. 

The UV spectrum of each N,N-dimethylaniline was recorded and the optimum wavelength 

determined. 

Sample Amax 
N N-dimethylaniline 245 nrn 

N,N-dimethyl-4-methoxyaniline 245 nrn 
N N-dimethyl-4-chloroaniline 260 nrn 
N,N-dimethyl-4-nitroaniline 415 nrn 

Chromatographic Conditions 

Column 

Eluent 

Flow rate 

Jillondapak Cl8 10 micron 3.9 x 300 mm 

60% methanol I 40% water 

Wavelength 

Injection volume 

Imll min 

245nrn 

20 micro litres 

Using the conditions described above, the following retention times were obtained. 



Elution Order 

N,N-dimethylaniline N-()xide 

N,N-dimethyl-4-methoxyaniline N-oxide 

N,N-dimethyl-4-nitroaniline N-()xide 

N,N-dimethyl-4-chloroaniline N-()xide 

N,N-dimethyl-4-nitroaniline 

N,N-dimethyl-4-methoxyaniline 

N ,N-dimethylaniline 

N,N-dimethyl-4-chloroaniline 

Retention Time (mins) 

3.69 

3.79 

3.80 

4.73 

9.83 

9.85 

10.69 

20.07 

As can be seen the N-()xides are very polar and elute much faster than the parent anilines. However, 

not all the substituted anilines were separated from N,N-dimethylaniline and not all the substituted 

aniline N-oxides were separated from N,N-dimethylaniline N-()xide. Separation ofN,N-dimethyl­

aniline and the nitro derivative was achieved but not their N-()xides. N,N-dimethylaniline and the 

chloro derivative were separated and so were their N-()xides but N,N-dimethylaniline and the 

methoxy derivative were not separated and neither were their N-oxides. 

A reversed phase system such as this can be slowed down by increasing the water content of the 

eluent. The retention times obtained using the same column with 50% methanol I 50% water are 

shown below. This time, separation ofN,N-dimethylaniline and the methoxy derivative was 

achieved and their N-oxides were partially separated. N,N-dimethylaniline N-oxide and the 

N,N-dimethyl-4-nitroaniline N-oxide however were still co-eluting. 

Elution Order 

N,N-dimethylaniline N-oxide 

N,N-dimethyl-4-nitroaniline N-oxide 

N,N-dimethyl-4-methoxyaniline N-oxide 

{>I,N-dimethyl-4-chloroaniline N-oxide 

N,N-dimethyl-4-methoxyaniline 

N,N-dimethylaniline 

Retention Time (mins) 

4.12 

4.16 

4.71 

5.64 

17.44 

20.60 



Increasing the proportion of water in the mobile phase further to 40% methanol / 60% water resulted 

in full separation of the N,N-dimethylaniline N-oxide and the N,N-dimethyl-4-methoxy-N-oxide but 

this increased the retention of the parent anilines to unacceptably long times. Again the 

N,N-dimethylaniline N-oxide and the N,N-dimethyl-4-nitroaniline N-oxide were not separated. The 

water content of the mobile phase was not increased any further as this would lead to even longer 

retention times and deterioration in peak shape. 

Summary 

On the basis of this work, it was decided to follow the competition reactions simply by monitoring 

the consumption of the starting materials, using the HPLC method described below: 

Column ~ondapak CI8 10 micron 3.9 x 300mm 

Eluent 60% methanol: 40% water 
(for reactions involving nitroaniline and chloroaniline) 

50% methanol: 50% water 
(for reactions involving methoxyaniline) 

Flow I ml/ min 

Wavelength 245 nm 

Injection volume 20 microlitres 

Further Method Development 

Whilst on placement at SmithKline Beecham, it was decided to carry out further HPLC method 

development using a diode array machine to find a method for the use in the N,N-dimethylaniline 

competition reactions which will detect and separate the anilines and their corresponding N-oxides. 

It was also hoped to develop a method suitable for LC / MS in the event that any products other than 

the N-oxide should be formed. 



Chromatographic Conditions 

Column 

Mobile phase 

Flow rate 

Wavelength 

lnjection volume 

Hypersil BDS CI8 

40% acetonitrile I 60% water 

1 mll min 

all wavelengths between 200-400nm scanned 

20 microlitres 

A UV spectrum of each peak was obtained and it was found that 21 Onm was the most suitable 

wavelength for the detection of the N-oxides. 

Elution Order 

All 4 N-oxides 

N,N-dimethyl-4-methoxyaniline 

N,N-dimethyl-4-nitroaniline 

N,N-dimethylaniline 

N,N-dimethyl-4-chloroaniline 

Retention Time (mins) 

1.5 (with the solvent front) 

7 

7.5 

11.5 

25 

The following attempts were made to retain the N-oxides : 

I. Use of a gradient system 

A mobile phase comprising initially of 90% water 110% acetonitrile, increasing to 60% water / 40% 

acetonitrile over 10 mins then holding for a period was employed. The retention times of the 

ani lines increased, but the N-oxides were still co-eluting with the solvent front at 1.5 minutes. 

11. Use of a buffer solution 

The water in the mobile phase was replaced with a buffer solution. Sodium acetate was chosen as 

this is suitable for LC I MS. Mobile phase: 60% O.IM sodium acetate, adjusted to pH 3 / 40% 

acetonitrile. The retention times of the N-oxides increased by only by 0.2 minutes and the ani lines 

were found to el ute faster. 



Elution Order 

N,N-dimethylaniline 

N,N-dimethyl-4-chloroaniline 

Retention Time (mins) 

3.7 

16.6 

Increasing the percentage of buffer solution in the mobile phase to from 60% to 66% showed no 

significant difference. 

iii. Addition of triethylamine 

Addition of triethylamine to the mobile phase had no obvious effect on the retention times of the 

N-oxides. Mobile phase: 66% O.IM sodium acetate, pH 3 / 34% acetonitrile / 0.1 % triethylamine. 

Elution Order Retention Time (mins) 

N,N-dimethylaniline N-oxide 1.6 

N,N-dimethyl-4-nitroaniline N-oxide 1.6 

N,N-dimethyl-4-methoxyaniline N-oxide 1.7 

N,N-dimethyl-4-chloroaniline N-oxide 1. 7 

N,N-dimethyl-4-methoxyaniline 1.9 

N,N-dimethylaniline 2.8 

N,N-<iimethyl-4-nitroaniline 13.0 

N,N-dimethyl-4-chloroaniline 22.7 

IV. Increase in the pH and amount of buffer used 

The pH of the buffer solution was increased from 3 to 4.5 and the amount ofbufTer solution used in 

the mobile phase was increased from 66% to 90%. Mobile phase: 90% O.IM sodium acetate, pH 4.5 

/ 10 % acetonitrile / 0.1 % triethylamine The retention times of the N-oxides were increased but the 

peak shapes were poor. 



Elution Order Retention Time (mins) 

N,N-dimethylaniline N-oxide 

N,N-dimethyl-4-nitroaniline N-oxide 

N,N-dimethyl-4-methoxyaniline N-oxide 

N,N-dimethyl-4-chloroaniline N-oxide 

V. Lower pH 

2.5 

3 

3.5 

6 

The increased percentage of buffer solution in the mobile phase was maintained at 90% but the pH 

was taken back down to 3. 

Elution Order Retention Time (mins) 

N,N-dimethylaniline N-oxide 3 

N,N-dimethylaniline 4.3 

N,N-dimethyl-4-methoxyaniline N-oxide and N,N-dimethyl-4-methoxyaniline co-elute at 5 

N,N-dimethyl-4-chloroaniline N-oxide 7 

N,N-dimethyl-4-chloroaniline greater than 22 

VI. Use of acetic acid rather than sodium acetate 

The sodium acetate buffer solution was replaced with dilute acetic acid (pH 3). Mobile phase: 90% 

0.05M acetic acid / 10% acetonitrile. Using this system, the peaks were all found to tail badly. 

Elution Order 

N,N-dimethylaniline N-oxide 

N,N-dimethylaniline 

N,N-dimethyl-4-chloroaniline N-oxide 

N,N-dimethyl-4-chloroaniline 

Retention Time (m ins) 

3.5 

5 

7.5 

greater than 30 



VII. Use of water rather than buffer solution or acid 

Mobile phase: 90% water 110% acetonitrile 

Elution Order 

N,N-dimethylaniline N-oxide 

N,N-dimethyl-4-methoxyaniline N-oxide 

N,N-dimethyl-4-nitroaniline N-oxide 

N,N-dimethyl-4-chloroaniline N-oxide 

N,N-dimethyl-4-chloroaniline 

Mobile phase: 95% water I 5% acetonitrile 

Elution Order 

N,N-dimethylaniline N-oxide 

N,N-dimethyl-4-nitroaniline N-oxide 

N,N-dimethyl-4-methoxyaniline N-oxide 

N,N-dimethyl-4-chloroaniline N-oxide 

Retention Time (mins) 

2.5 

3 

3 

6 

greater than 30 

Retention Time (mins) 

4 

4.5 

5 

10 

The peak shapes obtained with the above systems were very poor. This was due to the high water 

content of the mobile phase and not due to column deterioation. (The column was checked using 

60% water I 40% acetonitrile and the peak shape was found to be satisfactory.) 

VIII. Change of column from C 18 to Cl and use of a phosphate buffer 

Chromatographic Conditions 

Column 

Mobile phase 

Flow rate 

Wavelength 

Injection volume 

Spherisorb Cl microbore 

0.025M phosphate buffer I 0.1 % triethylamine I pH 3.5 

I mll min 

210nm 

20 microlitres 



Preparation of Mobile Phase 

For each litre of eluent required, 1.0ml of triethylamine and 7.Sg of sodium dihydrogen ortho­

phosphate dihydrate were dissolved in approximately SOOml of water. The pH was adjusted to 3.5 

by the addition of IM HCI solution and made up to 1 litre with water. The resulting solution was 

filtered and degassed before use. 

Elution Order Retention Time (mins) 

N,N-dimethylaniline 6 

N,N-dimethylaniline N-oxide 6 

N,N-dimethyl-4-methoxyaniline 7.5 

N,N-dimethyl-4-methoxyaniline N-oxide 9 

N,N-dimethyl-4-chloroaniline N-oxide 20 

N,N-dimethyl-4-chloroaniline 30 

This method gave good peak shapes and looked promising. 

IX. Molaritv of the phosphate buffer increased from 0.025M to 0.05M 

Mobile phase: O.05M phosphate / 0.1 % triethylamine / pH 3.5 

Elution Order Retention Time (m ins) 

N,N-dimethylaniline 5 

N,N-dimethylaniline N-oxide 5.6 

N,N-dimethyl-4-chloroaniline 6.1 

N,N-dimethyl-4-methoxyaniline N-oxide 6.5 

N,N-dimethyl-4-chloroaniline N-oxide 6.7 

The peaks were tailing slightly. 



x. Injection volume decreased from 20 microlitres to 2 microlitres 

Elution Order Retention Time (mins) 

N,N-dimethylaniline 5 

N,N-dimethylaniline N-oxide 5.7 

N,N-dimethyl-4-methoxyaniline 6.2 

N,N-dimethyl-4-chloroaniline 6.5 

N,N-dimethyl-4-nitroaniline N-oxide 6.5 

N,N-dimethyl-4-methoxyaniline N-oxide 7 

N,N-dimethyl-4-chloroaniline N-oxide 7.5 

N,N-dimethyl-4-nitroaniline 10 

Using this method, all anilines were separated from their N-oxides and the retention times were 

satisfactory. The method described below was therefore suitable for the monitoring of the reactions 

of the individual anilines with dimethyldioxirane and also the competition reactions: 

Column 

Eluent 

Flow 

Wavelength 

Injection volume 

Spherisorb SS Cl 

O.OSM phosphate 
0.1 % triethylamine 
pH3.S 
(for reactions involving nitroaniline and chloroaniline) 

O.OSM phosphate 
0.1 % triethylamine 
pH 4.0 
(for reactions involving methoxyaniline) 

1 ml/ min 

210 nm 

20 microlitres 



Summary of retention times achieved using this method 

pH of mobile 
Sample Retention time (mins) 

phase 
N,N-dimethylaniline 5.0 

N,N-dimethylanilineN-oxide 5.7 

3.5 
N,N-dimethyl-4-chloroaniline 6.5 

N N-dimethyl-4-chloroaniline N-oxide 7.5 
N,N-dimethyl-4-nitroaniline 10.0 

N,N-dimethvl-4-nitroaniline N-oxide 6.5 

N N-dimethvlaniline 5.3 

4.0 
N,N-dimethvlanilineN-oxide 7.2 

N N-dimethvl-4-methoxvaniline 6.6 
N,N-dimethvl-4-methoxvaniline N-oxide 9.1 

Gradient System 

The following gradient system was employed to look for later running peaks: 

0.05M phosphate / 0.1% triethylamine / pH 3.5 for 10 minutes then increase to 40% acetonitrile / 

60% 0.05M phosphate / 0.1% triethylamine / pH 3.5 over 10 minutes and hold. 

When the N,N-dimethyl-4-chloroaniline and N,N-dimethyl-4-nitroaniline were oxidised using 

dimethyldioxirane and the crude reactions mixtures analysed using this system, no real late running 

peaks were detected. A peak was seen in both mixtures at a retention time of 20 minutes but this 

was found to be an artefact due to the gradient system as no UV spectrum could be obtained from 

the peak and it occurred at the same point in each mixture. 

Le / MS Method 

To obtain a method suitable for Le / MS, the phosphate buffer was substituted with O.IM sodium 

acetate solution. 0.1% triethylamine was added and the pH adjusted to 3.5 and also to 4.0. All 

wavelengths were scanned but no peaks other than the ones corresponding to the relevant aniline and 

N-oxide were detected in any of the N,N-dimethylaniline / dimethyldioxirane crude reaction 

mixtures. 



2 N,N-DIMETHYLBENZYLAMINES AND CORRESPONDING N-OXIDES 

The aim was to develop a suitable system(s) to detect and separate the following compounds: 

N,N-dimethylbenzylamine, N,N-dimethyl-4-nitrobenzylamine, N,N-dimethyl-4-chlorobenzylamine, 

N,N-dimethyl-4-methoxybenzylamine and their corresponding N-oxides. 

To fmd a suitable wavelength at which to detect these compounds, the UV spectra were measured. 

Sample A.max 
N,N-dimethylbenzylamine 205 nm 

N N-dimethyl-4-methoxybenzylamine 219 nm 
N,N-dimethyl-4-chlorobenzylamine 205 nm 

SYSTEM 1 

Chromatographic Conditions 

Column 

Mobile phase 

Wavelength 

Flow rate 

Injection volume 

Sample concentration 

Hypersil 80S Cl8 10 micron 3.9 x 300mm 

90% acetonitrile /10% 0.05M phosphate buffer / pH 3 

205 nm 

1 ml / min 

20 microlitres 

less than 0.1 mg / ml 

The benzylamines are more basic than the anilines and elute faster on the 80S column. Initial 

method development was performed on a sample of N,N-dimethyl-4-methoxyaniline. Using system 

I described above, a retention time of approximately 2 minutes was achieved with a good peak 

shape. Therefore to increase the retention time, the amount of acetonitrile in the mobile phase was 

decreased. However, this resulted in a deterioation of peak shape, the peaks becoming non-gaussian 

and tailing considerably. To improve this, the pH and strength of the phosphate buffer were 

increased to pH 4 and 0.1 M respectively. To accommodate the N-oxides, the wavelength was 

increased slightly to 210 nm and the injection volume was reduced, thus resulting in the method 

described below: 



SYSTEM 2 

Chromatographic Conditions 

Column Hypersil 80S CIg 10 micron 3.9 x 300mm 

Mobile phase 

Wavelength 

5% acetonitrile 195% O.IM phosphate buffer I pH 4 

210 run 

Flow rate I mll min 

Injection volume 2 microlitres 

Sample concentration less than 0.1 mg / ml 

The retention times achieved using this system are shown below: 

Elution Order 

N,N-dimethylbenzylamine 

N,N-dimethyl-4-nitrobenzylamine 

N,N-dimethylbenzylamine N-oxide 

N,N-dimethyl-4-nitrobenzylamine N-oxide 

N,N-dimethyl-4-methoxybenzylamine 

N,N-dimethyl-4-methoxybenzylamine N-oxide 

N,N-dimethyl-4-chlorobenzylamine 

N,N-dimethyl-4-chlorobenzylamine N-oxide 

Retention Time (mins) 

6.2 

7.0 

9.0 

9.2 

11.5 

17.0 

22.4 

35.0 

It can be seen from the data above that this system is suitable for the monitoring of the 

N,N-dimethylbenzylamine and N,N-dimethyl-4-nitrobenzylamine reactions. Satisfactory separation 

of the parent benzyl amine and its N-oxide was achieved in each case. Good separation of 

N,N-dimethyl-4-methoxybenzylamine and its N-oxide was also achieved with this system and the 

retention time could be reduced by increasing the flow to 1.5ml / min. This gave a retention time of 

6.6 minutes for N,N-dimethyl-4-methoxybenzylamine and 9.6 minutes for N,N-dimethyl-4-methoxy­

benzyl amine N-oxide. N,N-dimethyl-4-chlorobenzylamine and its N-oxide were also well separated 

but the retention time is far too long resulting in some loss of peak shape. To overcome this, the 

flow rate was kept at 1.5ml / min and the acetonitrile content of the mobile phase was increased 

from 5% to 10%. A retention time of7.2 minutes was achieved for N,N-dimethyl-4-chlorobenzyl-



amine and 10.4 minutes for N,N-dimethyl-4-chlorobenzylamine N-oxide. This method was 

therefore used for the analysis of the chlorobenzylamine reaction. 

Gradient system 

The following gradient system was employed to look for later running peaks: 5% acetonitrile / 95% 

O.lM phosphate / pH 4 for 10 minutes then increase to 60% acetonitrile / 40% 0.05M phosphate / pH 

4 over 15 minutes and hold. All wavelengths were scanned. No late running peaks were found in 

any of the reaction mixtures analysed. 

Summary 

Column 

Eluent 

Flow 

Wavelength 

Injection volume 

Hypersil 80S C18 10 micron 3.9 x 300mm 

5% acetonitrile 
95% O.lM phosphate buffer pH 4 
(for benzylamine, nitrobenzylamine and 
methoxybenzylamine reactions) 

10% acetonitrile 
90% O.lM phosphate buffer pH 4 
(for chlorobenzylamine reactions) 

1 ml / min (for benzyl amine and 
nitrobenzylamine reactions) 

1.5 ml / min (for methoxybenzylamine and 
chlorobenzylamine reactions) 

210 nm 

2 mictolitres 
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BPLC CALffiRATION 

Acetone solutions containing the following molar ratios ofN,N-dimethylaniline and 

N,N-dimethyl-4-nitroaniline were prepared: 

1:1 1: 2 1 : 3 2: 1 3:1 

These were injected and the observed ratio ofN,N-dimethylaniline : N,N-dimethyl-4-nitroaniline 

was obtained from the peak areas on the chromatogram. The determinations were repeated and a 

mean value taken. These values for the observed ratio were plotted against the actual molar ratio 

and the line of best fit drawn. 

Calibration graphs forN,N-dimethylaniline and N,N-dimethyl-4-chloroaniline and N,N-dimethyl­

aniline and N ,N-dimethyl-4-methoxyaniline were obtained in a similar way. 

Preparation of the N,N-dimethylaniline I N,N-dimethyl-4-nitroaniline calibration solutions 

Molecular weight ofN,N-dimethylaniline = 121 

Molecular weight ofN,N-dimethyl-4-nitroaniline = 166 

1:1 solution 

N,N-dimethylaniline 

N,N-dimethyl-4-nitroaniline 

1:2 solution 

N,N-dimethylaniline 

N,N-dimethyl-4-nitroaniline 

1:3 solution 

N,N-dimethylaniline 

N,N-dimethyl-4-nitroaniline 

2.523mmol 

2.523mmol 

1. 850mmol 

3.70mmol 

1.692mmol 

5.076mmol 

305.3mg 

418.8mg 

223.9mg 

614.2mg 

204.7mg 

842.6mg 

in 50ml acetone 

in 50ml acetone 

in 50ml acetone 



2: 1 solution 

N,N-dimethylaniline 

N,N-dimethyl-4-nitroaniline 

3:1 solution 

N,N-dimethylaniline 

N,N-dimethyl-4-nitroaniline 

3.805mmol 

1.903mmol 

4.924mmol 

1.641mmol 

460.4mg 

315.9mg 

595.8mg 

272.5mg 

0.5ml of each solution was taken and diluted to 100ml with eluent. 

in 50ml acetone 

in 50ml acetone 

Two detenninations were made for each solution and a mean value taken. 

Actual ratio Observed ratio 
1 : I I : 0.595 
I : 2 I : 1.235 
1:3 1 : 0.895 
2: 1 1: 0.316 
3: I I : 0.201 

Preparation of the N,N-dimethylaniline / N,N-dimethyl-4-methoxyaniline calibration solutions 

Molecular weight ofN,N-dimethylaniline = 121 

Molecular weight ofN,N-dimethyl-4-methoxyaniline = 151 

1: 1 solution 

N,N-dimethylaniline 

N,N-dimethyl-4-methoxyaniline 

1:2 sol ution 

N,N-dimethylaniline 

N,N-dimethyl-4-methoxyaniline 

2.527mmol 

2.527mmol 

1.629mmol 

3.258mmol 

305.8mg 

381.6mg 

197.2mg 

492.0mg 

in 50ml acetone 

in 50ml acetone 



1:3 solution 

N,N-dimethylaniline 1.831mmol 221.6mg 

N,N-dimethyl-4-methoxyaniline 5.493mmol 829.4mg in 50ml acetone 

2: I solution 

N,N-dimethylaniline 3. I 74mmol 384.lmg 

N,N-dimethyl-4-methoxyaniline l.587mmol 239.6mg in 50ml acetone 

3:1 solution 

N,N-dimethylaniline 4.855mmol 587.5mg 

N,N-dimethyl-4-methoxyaniline 1.618mmol 244.4mg in 50ml acetone 

0.5ml of each solution was taken and diluted to 100ml with eluent. 

Two detenninations were made for each solution and a mean value taken. 

Actual ratio Observed ratio 
I : I I : 0.845 
I : 2 I : 0.885 
I : 3 I : 2.545 
2: I I : 0.425 
3: I I: 271 

Preparation of the N,N-dimethylaniline I N,N-dimethyl-4-chloroaniline calibration solutions 

Molecular weight ofN,N-dimethylaniline = 121 

Molecular weight ofN,N-dimethyl-4-chloroaniline = 155.5 

I: I solution 

N,N-dimethylaniline 

N,N-dimethyl-4-chloroaniline 

2.585mmol 

2.585mmol 

312.8mg 

402.0mg in 50ml acetone 



1:2 solution 

N,N-dimethylaniline 2.\39mmol 258.8mg 

N,N-dimethyl-4-chloroaniline 4.278mmol 665.2mg in 50ml acetone 

1:3 solution 

N,N-dimethylaniline 1.532mmol 185.4mg 

N,N-dimethyl-4-chloroaniline 4.596mmol 714.7mg in 50ml acetone 

2: I solution 

N,N-dimethylaniline 3.714mmol 449.4mg 

N,N-dimethyl-4-chloroaniline 1. 857mmol 288.8mg in 50ml acetone 

3:1 solution 

N,N-dimethylaniline 4. 786mmol 579.lmg 

N,N-dimethyl-4-chloroaniline 1.595mmol 248.l5mg in 50ml acetone 

0.5ml of each solution was taken and diluted to 100ml with eluent. 

Two determinations were made for each solution and a mean value taken. 

Actual ratio Observed ratio 
I : I I : 1.105 
I : 2 I : 1.875 
I : 3 I : 2.402 
2: I I : 0.525 
3: I I: 0.352 
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CONVERSION OF RATIO OF UNREACTED ANILINES 

INTO A RELATIVE RATE OF REACTIVITY 

In the case of the N,N-dimethylaniline competition reactions, the initial reaction mixture consists of 

1 equivalent of A + 1 equivalent ofB + 1 equivalent of reagent. All the reagent is consumed, 

therefore the maximum theoretical conversion of A + B (total 2 equivalents) is 50%, hence the 

amount of A + B remaining will be 50%. 

If, for example, it was found that the ratio of A + B remaining at the end of the reaction was 1 : 1.25 

I.e. A : B remaining = 1: 1.25 = 50% = 1 equivalent 

therefore 

and 

which means that 

and 

then A : B consumed 

A remaining = 0.44 equivalents 

B remaining = 0.56 equivalents 

A consumed = 0.56 equivalents 

B consumed 0.44 equivalents 

= 0.56: 0.44 

= 1: 0.8 

= relative reactivity of A : B 

Alternatively, the reciprocal of the ratio of A : B remaining at the end of the reaction (in this 

example, I : 1.25) can be taken to give the relative reactivity of A: B (1 : 0.8). 

This simple treatment of the ratio of A : B remaining only applies if the conversion is 50%. 
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HPLC analysis of the oxidation of metaclopramide using dimethyldioxirane 

AREA % 

free base 
oxidation of the 

mother liquors 
further oxidation 

RT(mins) free base of the N-oxide 
free base 8.8 99.7 - - 0.1 
N-oxide 4.6 - 99.1 84.0 12.4 

impurity 1 3.4 - - 4.7 6.6 
impurity 2 7.3 - - 0.3 0.1 
impurity 3 9.3 - - 0.5 0.7 

2.2 - - 1.5 1.9 
2.6 - - 1.0 \3.6 
3.2 - - 2.4 15.4 

others 3.5 - - - 5.8 
3.8 - - - 9.5 
4.2 - - - 10.9 
5.3 - - - 7 

RT retention time 

HPLC analysis of the oxidation of BRL 24924 using dimethyldioxirane 

AREA % 

free base 
oxidation of the further oxidation of the 

RT (m ins) free base N-oxide 

free base 7.5 90.2 - -
N-oxide 4.2 - 96.6 75.4 

impurity 1 9.3 9.3 1.5 6.0 
impurity 2 8.1 - - 2.0 
impurity 3 4.6 - - 6.7 

2.2 - - 1.5 
others 

3.9 3.8 - -



HPLC analysis of the oxidation of BRL 43145 using dimethyldioxirane 

AREA % 
oxidation of oxidation or further 

RT(mins) 
free base the free base the free base oxidation of 

reaction 1 reaction 2 the N-oxide 
free base 6.5 99.7 - - -
N-oxide 3.4 - 99.1 95.5 47.7 

impurity 1 7.0 - - - 0.5 
impurity 2 8.4 - - 3.0 1.5 

others 
3.7 - - - 25.6 
4.3 - - - 4.3 

HPLC analysis of the oxidation of BRL 46470 using dimethyldioxirane 

AREA % 

free base 
oxidation of the further oxidation of 

RT (mins) free base the N-oxide 
free base 9.6 99.5 - 3.7 
N-oxide 6.9 - 84.6 75.4 

impurity 1 6.4 - 9.1 6.7 
impurity 2 8.0 - 3.8 3.0 
impurity 3 4.1 - 0.8 1.6 

3.7 - - -
others 3.8 - - -

4.6 - - -



HPLC ANALYSIS OF BRL 49653 

Chromatographic Conditions 

Column 

Eluent A 

Eluent B 

Gradient 

Flow rate 

Wavelength 

Spherisorb ODS2 5 micron 150mm x 4.6mm id 

5mM ammonium acetate 

95% acetonitrile, 5mM ammonium acetate 

0% A to 100% B over 30 minutes 

1 ml / min 

317nm 

Oxidation ofBRL 49653 free base in acetone using 6 equivalents of dimethyldioxirane 

retention time 
AREA % 

1 hour 24 hours 
0.69 7.47 0 
0.90* 25.03 15.9 
1.22 8.81 5.8 
1.66** 33.71 16.2 
2.28 1.65 2.63 
3.95 1.38 5.77 
4.55 1.60 14.75 
5.17 6.08 8.02 
7.09 3.14 3.60 
14.03 5.34 10.80 
16.67 3.61 10.75 

acetone 

** coelutes with thicarbamate 150 






