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Stereochemical and Mechanistic Aspects of Sulphoxide, Epoxide, Arene 
Oxide, and Phenol Formation by Photochemical Oxygen Atom Transfer 
from Ana-aromatic N-Oxides 

By M. Naseern Akhtar,  Derek R. Boyd," and John D. hleill, Department of Chemistry, Queen's University of 

Donald M. Jerina, National Institute of Arthritis, Metabolism and Digestive Diseases, National Institutes o f  
Belfast, Belfast BT9 5AG, N. Ireland 

Health, Bethesda, Maryland 20014, U.S.A. 

Stereoselectivity and relative yields are determined for the sulphoxide formation resulting from the U.V. irradiation 
of a range of aza-aromatic N-oxides in the presence of cyclic thioethers. A comparison is made with the results of 
oxidation by oxaziridiries and by mono-oxygenase enzymes present in the fungus Aspergillus niger. The photo- 
chemical oxidation results are consistent with a transition state involving an oxaziridine intermediate where partial 
bonding of the oxygen atom to  the ring nitrogen atom is maintained during the oxygen transfer process. 

Photolysis of aza-aromatic N-oxides in the presence of cis- and trans-olefins yields epoxides. cis-4- Methylpent- 
2-ene yielded both cis and trans-epoxides in almost equal proportions indicating that the oxygen atom addition to a 
carbon-carbon bond in this system is non-concerted. 

The photochemically induced oxygenation of perdeuteriated aromatic substrates provides no evidence for 
direct insertion of an oxygen atom into an aromatic carbon-hydrogen bond. Addition of an oxygen atom to form 
an epoxide (arene oxide) intermediate in this system is evidenced by the NIH shift in a wide range of aromatic 
substrates, and by the detection of arene oxide intermediates (and their isomeric phenols) from naphthalene and 
phenanthrene. 

BIOLOGICAL ox) gen-atorn transfer reactioris catalvsed by 
mono-oxygenase enzymes may inaro've k~ond formation 
between oxygen and ei thcr carbon, nitrogen, phosphorus, 
or sulphur atonis. A preliminary repc'rt I of a portion 
of the present work examined a range of cliemical 
oxidizing agents which gave similar products to those 
obtained by molecular oxygen -mono-oxygenase oxid- 
ation. The most satisfactory mechanistic motkl system 
examined was t lie plmtolysis of aza-m-oiiiat i r  ilr-oxicles. 
'Thus, a range o f  oxidat ions, including s~uiph~xitlat ion, 
epoxidation, aliphatic., a i d  aromatic hyhxyla t ion ,  was 
observed, and a sjrstemat ic evaluation wa.; n-natlc of 
these model systems in terms of ' the NIH shift ' during 
aromatic hydroxylation. Tiurther studies ha\-e since 
appeared in which other chemical oxidants lirtve been 
considered as possible niotlels using the NIII shift as a 
criterion. Our initial report of arcnc oxidt. formation 
by direct oxidat ion of an aromatic ring lias l m ~ n  followcd 
recently by exam pies using a l te rna t i \~  The 
continuing interest in t h i h  a rw (tbxernl)lified by rcsults 596 

which denionstrate tliat the ratio of oxvgcn transfer 
reaction relative to p1~c)tociir:inical N-oxidc rearrange- 
ments mav be markedly erilinnccd) has l)romptccl tlic 
present report. 
RESULTS A N D  DISCUSSION 

3-t-Butylthiacyclobutanc and 4-t-butylthiacyclo- 
hexane were selected as oxygen atom acceptors in the 
N-oxide photolytic oxidations since the product sulph- 
oxides (1)  and (2) were stable under the reaction condi- 
tions and could be analysed by  g.1.c.-m.s. Further- 
more, since both the cis- and tvaizs-sulphoxide isomers 
could be formed, the stereoselectivity of Il'-oxide photo- 
oxidation could readily be compared to that found with 
~ t h e r  cheniical- and enzyme-catalysed oxidations. Pre- 

limirnai-y experiirieiits were designed to determine the 
optimal yields under a range of experimental conditions. 

No significant increase in sulphoxide yield above the 
values given in Tables 1 and 2 could be achieved with 
changes in duration of irradiation, concentration of N -  
oxide, solvent, temperature, or addition of photosensi- 
tizers. 'The inajor limitation of this oxidation system 
was the poor yield resulting from (i) alternative photo- 
chemical transformations occurring and (ii) the form- 
a tion of dark, insoluble products which diminished the 

0 
I 1  'i 

( 1 )  cis ('1 trans 

aiiiount of U.V. liglit entering the cell. Thus, under the 
standard conditions adopted, the optimal yield was 
8--9o/b for both sulphoxides (1) and (2). Whereas the 
yields obtained wcre generally similar (Table 1) , the poly- 
cyclic X-oxides (8) and (9) arid the monocyclic N-oxide 
(5)  werc marginally better oxygen donors. While the 
yields of sulphoxides produced were low (< 10(vo), the 
oxidations were quite reproducible as determined by 
g.1.c.-m.s. analysis. Since the present studies were 
primarily concerned with an investigation of the mechan- 
ism, stereochemistry, and range of products from the 
photolytic N-oxide oxidations, with the ' oxenoid ' 
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nature of the reactions, and with comparative results carbene addition to form a sulphoniuni vlide was found 
from mono-oxygenase enzyme systems, a-low yield was of 
lesser importance. 

'E'he average cis-tram ratio of sulphoxides (1) and (2) 
w a  sinzilar in each case for the range of N-oxides used 
[ca. 34% for ( l ) c i s  and -56% for (2)c.s, Table 1;. The 

QMe 

percxide oxidaia is, nzefa-chloropcrox ybenzoic acid 
jMCPBA) a i d  hydrogen peroxide, gave similar pro- 
pmlilm of ( l ) c , 7  (ca. %yo) but a slightly lower pro- 
portion oi (2lCis fca. 440/0) (Table 1) .  The deviation in 
the cis--tra,ss ratios of (1) and (2) for the peroxide 
oxidations €imn the ratios a t  equilibrium has been intcr- 
preted in terms of steric approach control.8 If steric 
factoas also predominate in the iorination of ( I )  and (2) 

to occur exclusively from the equatorial direction to 
yield the tmm-product while the imino-sulphurane 
formed from the nitrene showed no stereochemical 
preierence. As in the previous work on peroxide 
oxiclations of 4-t-b~tylthiacyclohexane,~ non- bonding 
interactions (larger for carbene relative to nitrene 
attack) were considered to be the dominant factor. 
The preference shown for the formation of (l)iru,l, .  (61- 
72 o/o) during the photochemical AT-oxide oxidations 
of 4-t-butylthiacyclohexane (in comparison with carbene 
and nitrene attack) suggests that the oxenoid species 
may be intermediate in steric requirements. The 
present observations support the proposal lo that atomic 
oxygen (oxene) is not involved in the oxidations mediated 
by N-oxide photolysis. Oxene addition to 4-t-butyl- 
thiacyclohexane should have produced a smaller pro- 
portion of ( l)tm,ts than 61-72'~0 froin steric consider- 
ations ( i . ~ .  carberie > nitrene > aerie).  

The formation of sulphoxides (1) and (2) from the t- 
butyl-substituted thiacycloal kanes in growing culture3 
of the fungus Aspergillus niger (Table 1) demonstrates 
that the cyclic thioethers used in the present study are 
substrates for mono-oxygenase enzymes. 

The isolation of both cis- and trans-isomers of (1)  and 
(2) from these microbial incubations was in concurrence 

f3 '. 1' 
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with earlier work froin these laburatories with A .  iziger, 
where a range of stereoselectivity among the t>pticall!,* 
active sull)hoxide prodticts was riht a i n d .  N o  part i- 
cwlar significance should be attached to thc niagnitutle 
of the cis-trans ratios for ( 1 )  and ( 2 )  isolated after the 
fungal oxidations since stereoselwtiw~ nietabolisrn of the 
initially formed sulphoxides yrobablj- occurs. 

The luxsent results of thioethcr oxidation indicate that 
sf,t;ric rcqiiircmeiit s of t l ie  I'lic'toc.lieniicalIv gemrated 
oxcnoiti species from ;tm-aroiii;it i(- .2'-oxirles are probablj- 
( i )  siinilar, regardless o f  tlic ,Y-oxide used, (ii) larger than 
an oxygen atom, and (iii) : m ~ J l t ~  t i lnn :icarbene. Among 
the po:,bil;>lc transition statcxs which should be considcred 
for tliese oxenoitl rcactictr!, arc: (A) and (E). 

Transition states (.A) atlid (B) bnth iniply partial 
sulpliur-oxygen boncl formation and 1)artial nitrogen-- 
oxygen bond cleamgc. ' 1 ' 1 ~  stei.11. effects in (A) would 
ire larger than those wlicrc~ oxt'nr (but smallcr than thosc 
where carbene) attack on sulpliur w;ts occurring. In  the 
yhotolytic oxidations a transition state of type (-4) would 
b e  expected to involve larger steric intciractions for the 
tricyclic AT-oxides (8) and (9) than for the monocyclic 



1695 
A'-oxides (3)-(6). This is not, however, reflected by 
any significant change of stereoselectivity or yield in the 
formation of (1) or (2) (Table 1). 

Transition state (B) would result initially from photo- 
rearrangement of an AT-oxide to an oxaziridine. Initial 
formation of an oxaziridiiie during the U.V. irradiation 
of N-oxides has been postulated in virtually all reports l2 

although the generality of this photoisomeiization has 
recently been questi0ned.l" Oxaziridines are known to 
be mild oxidizing agents,l3.l4 and it has previously been 
proposed that the unstable oxaziridines formed from 
photoisomerization of aza-aromatic AT-oxides would act 
as powerful oxygen atom donors since deoxygenation 
would be facilitated by rearomaiization of the hetero- 
~ y c 1 e . l ~ ~ ~ ~  Oxaziridines have been shown to be capable 
of transferring their ring oxygen atom to tertiary 
phosphines and of oxidizing HI.13714 The stable oxaziri- 
dine (loa), however, was found to yield the sulphoxides 
(1) and (2) from the corresponding thioethers upon being 
stirred together in dichloromethane solvent a t  ambient 
temperature. No attempts were made to optimize the 
yields of (1) and (2) which were relatively low (5-7y0) 
with (loa) as oxidant. The oxidation of thioethers by 
oxaziridines proved to be a general reaction and thus 
(lob) was found to transfer an oxygen atom to benzyl 

I 
C-N" 

H 

P-tolyl sulphide under similar conditions. In the course 
of the present study Davis et a1.l' also showed that 
oxaziridines (containing an AT-arenesulphonyl sub- 
stituent) were able to oxidize thioethers to sulphoxides 
at  ambient temperature but a t  a faster rate and in higher 
yield. These studies strengthen the view that an 
oxaziridine moiety such as that shown in the transition 
state (B) can behave as a strong oxidant capable of 
organosulphur oxidations and probably also a further 
range of oxygen-atom transfer reactions. 

The stereoselectivity of the oxidation of 4-t-butylthia- 
cyclohexa ne and 4 - t- b ritylt h iacyclohu tane by oxa ziri- 
dine (10a) is noteworthy (Table 1). Tlie proportions 
of ( l)lTu,LA arid (2)tr1(7tr obtained (62% and 4474, respect- 
ively) are almost identical to the average values found 
using the photolysis of the N-oxides (3)--(9) (680/, and 
44 yo). Furthermore, oxidation with 2-phenylsulphonyl- 
3-phenyloxaziridinc occurred to give a 64% yield of 
( l)trnM. The stereoselcctivity of the photolytic N-oxide 
oxidations is consistent with a transition state of type (B) 
involving an oxaziridine. The latter datum does not , 
however, permit the total exclusion of alternative 
transition states [e.g. (A)]. 

Epoxidation reactions which occur in vivo under the 
influence of mono-oxygenase enzymes should also be 
found in mono-oxygenase model systems. Cyclo- 
hexene oxide and styrene oxide were obtained in low 
yield from photolysis of pyridine N-oxide in the presence 
of cyclohexene and styrene, respectively (Table 2). 
These results are in concurrence with those obtained in 
other laboratories with pyridazine N-oxide.ls 'The 
stereoselectivity of the epoxidation reaction was investi- 
gated using pyridine N-oxide as oxygen donor in the 

TABLE 2 
Product distribution after pyridine N-oxide photolysis 

in the presence of a range of substrates 

Substrate ldentified products 
Cyclohexene Cyclohexanone 

Cyclohexen-3-01 b 
Cyclohexene oxide 

Styrene oxide c 

Styrene Acetophenone 

cis-4-Methylpent-2-ene cis-4-Methylpent-2-ene 
oxide d * e  

oxide 

oxide 

t~ans-4-Methylpent-2-ene 

trans-4-Methylpent-2-ene tvam-4-Methylpent-2-ene 

Product 
ratio 

1 
1 
4 
1 

10 
1 

1 

I'ields, in the range 1-4% after irradiating i n  dichlot-o- 
methane solvent a t  ambient temperature, were determined by 
g.1.c.-ms. analysis on thc specified columns. 10% DC-710 
silicone oil cohimn at 135 "C. 3% 'I'rixylyl phosphate column 
at 120 "C. 17% Polyethylene glycol column a t  50 "C. 

presence of cis- or trans-4-methylyent-2-ene. Photolysis 
of the cis-olefin in dichloromethane at  -70 "C yielded 
a mixture (1 : 1) of the cis- and trans-epoxides. A 
similar result has been obtained using cis-but-2-ene l9 

(pyridine N-oxide-dichloromethane) . Epoxidation of 
the trans-olefin gave a number of products including the 
trans-epoxide, but excluding the cis-epoxide. A detailed 
interpretation of the latter results is difficult in view of 
the low yields, the limited number of photolytic epoxid- 
ation reactions carried out, and the formation of addi- 
tional products. However, it is clear that since cis-trans 
isomerization of neither olefins nor epoxides occurred 
under these photochemical conditions the eyoxidation 
does not proceed by a concerted cis-addition mechanism. 

The formation of cyclohexen-3-01 (Table 2) during 
irradiation of pyridine N-oxide in the presence of cyclo- 
hexene provides an example of aliphatic hydroxylation. 
Aliphatic hydroxylations by photolysis of pyridazine N- 
oxide have been reported previously.20 

In the present studies particular emphasis has been 
placed on the mechanism of aromatic hydroxylation using 
N-oxide photolytic oxidants. With 4-2H and 2-2H- 
labelled anisole and a range of N-oxides low yields 
of ortho- and para-deuteriated hydroxyanisoles were 
obtained. Separation and analysis for deuterium con- 
tent of the phenolic products were generally carried out 
directly using g.1.c.-m.s. In all cases the phenols 
contained a significant proportion of the original deu- 
terium, indicating that arene oxide intermediates were 
formed initially, which then rearranged to phenols (NIH 

Photolyses were carried out a t  -70 "C. 



1696 J.C.S. Perkin I 
shift2). On average the deuterium retention was greater 
for para- than for ortho-hydroxylation (Table 3). When 
a range of deuteriated aromatic substrates was hydroxy- 
lated by the AT-oxide photolytic method (Table 4) a 
significant proportion of deuterium migration and reten- 
tion was observed in all cases. The magnitude of 

TABLE 3 
5; Deuterium in 2- and 4-hydroxyanisole, obtained by 

N-oxide photochemical oxidation of [2-2H]- and [4-"]- 
anisole 

Ilmine ,V-oxide :o D 
(3)  45 6 

36 '* 
34 b 
17 

(4) 

(5, 52 6 

29 
Analysed by g.1 c -ni 5 using d 300 ECNSS-h1 coluniii a t  

160 "(' or a 3c;{) XE-60 colunin at 160 "c. Rrdctant was 
[4-2H]anisole and 7; 1) refers to  4 hvdroxyanisolc product. 

I3 rcfcrs to 2-hydroxy- 
anisolt product. 

deuterium retention was found to vary markedly with 
the solvent used and the presence of additives (e.g. 
acetamide) . Thus, mechanistic conclusions based upon 
these retention values should be treated with caution. 

The possibility of several niechanisnis being involved 

Reactant was !2-2H]anisole and 

TABLE 4 

:& 1)t:uteriuni in phenolic products obtained by pyi idiiie 
N-oxide photocheinical osidation and liver microsonial 
oxidation 

1, Ih i t e r ium 

Liver 
N-Oxide niicrosomes 

Su bst rdte Phenolic p i  otiuct oxidation oxidation 
[4-2H]Anisolc ii-H~droxyanrsolc 45 B + 6  60 b*e  

74 h d  
[!- 2H] T O ~ U  CII c 4-Hydrosytoluciic 69 ( * f  
Lhloro[4-2H] - 4-Hydroxychloro- 62 r r , g  34 q 

benzene benzene 51 d * q  

Br0nioj4-~1-J] - 4-1Iydroxybroino- f!S a, 40 
benzene benzene 2 2  &!I 

[ 4- 2 HI Ace t at1 i 1 I ti e 4- €3 yd ro x y- 

[ 1 - l I1  Nap11 t 11 a lc i i v  1 -Naphthol 
[ 2-2H1Naphtlialcnc 1-Naphthol 64 a , t + j  64 

28 n , h  30 ; 

(38 0 , i . j  64 i 
acctanilide 73 d ,  

0 Pyridine N-oxide photolysis in  C' H,C12 under N, a t  room 
temperature. Ir  C; 1.c. analysis as shown in footnote b i n  7'aIile 
3. c See ref. 2 .  d Pyridinc N-oxide photolysis in aqueous 
acetone (I)€ I S-pIio.;l)li;tte buffer) nnder N, a t  room temperature. 

Pyridine N-oxide photolysis in neat substrate under N, a t  
room temperature, I Aiialyscd by g 1.c.-m.s. using a : 3 O h  

tricresyl phosphate culumn a t  135 "C. Analysed by g.1.c.- 
m s. after methylation in alkaline tliniethyl sulphatc using a 
2 0 n ~ l  Carbowax column a t  115--130 "C. Separated by paper 
chromatography using Whatman Nn 1 paper arid eluting with 
1)enzene-acetic acid-watc-r ( 2  : 2 : 1) prior to  direct m.s. 
analysis. i Analysed by g.1.c.-m.s. on the triniethylsilyl 
ethers using 3qil SE-30 columns a t  135 "C. j See D. R. Boyd, 
J .  W. Daly, and D. M. Jerina, Hzochevnistry, 1972, 11, 1961. 

in the above hydroxylations could explain the range of 
deuterium retentions observed. An oxygen atom, in 
principle, might insert directly into a carbon-hydrogen 
bond by analogy with carbme and nitrene reactions. 
This process would involve total loss of the label by 
exchange of tlic hydroxy-deuteron. This possibility 

was tested using a mixture of benzene-perdeuterio- 
benzene (1 : 1) and the N-oxides (3)-(5). After 
irradiation and work-up the phenol-perdeuteriophenol 
product mixture was found to be in the ratio 1 : 1. A 
similar experiments, using pyrazine N-oxide ( 5 )  oxidant 
and naphthalene-perdeuterionaphthalene (1 : l ) ,  showed 
that the major phenolic product (l-naphthol) was a 
mixture of the normal and perdeuteriated material (1 : 1). 
ilihile a large primary kinetic isotope effect might 
normally be anticipated if a direct insertion mechanism 
were operating, the latter mechanism cannot be totally 
excluded. The N-oxide photolytic oxidation of cyclo- 
hexene, allied to similar results from other laboratories 
indicates that addition products predominate over 
insertion products. The results obtained using mixtures 
of normal and perdeuteriated aromatic substrates would 
support this conclusion. 

The major hydroxylation products were the ortho- and 
para-isomers, with generally little trace of the meta- 
product. The ' N I H  shift ' demonstrated in the results 
from Tables 3 and 4 can best be rationalized in terms of 
arene oxide intermediates. Thus the pava-hydroxyl- 
ation product will be derived from a 3,4-oxide while the 
ortho-h ydroxylation product may ensue from either a 
1,2- or a 2,3-oxide. In general, the percentage of 

R R R R 

deuterium retained in the phenolic products was com- 
parable to that observed when liver niicrosomes was the 
oxidant (Table 4), suggesting that arene oxide inter- 
mediates are involved in both oxidations. 

Attempts to detect the presence of benzene oxide 
during hydroxylation of benzene by the N-oxide system 
were thwarted by the instability of benzene oxide 
under the photolysis conditions. Since arene oxides 
derived from polycyclic aromatic hydrocarbons (PAHs) , 
are frequently more stable than the monocyclic analogues] 
naphthalene was examined. The stability of nayh- 
thalene 112-oxide under the ilr-oxide photolysis condi- 
tions was found to be improved if an excess of N-oxide 
was present. 

An authentic inixture of naphthalene I ,2-oxide, 1- 
naphthol, and naphthalene was partially separated and 
the individual components were detected after elution 
on triethylamine-washed silica gel t.1.c. plates. Elution 
with a mixture of benzene-chloroform-ethyl acetate- 
triethylamine showed the elution sequence to be naph- 
thalene (R, 0.60), naphthalene 1,2-oxide (RF 0.57), and 
l-naphthol (Rr 0.24). The t.1.c. plates were analysed by 
U.V. and when sprayed with Gibbs reagent showed the 
naphthalene 1,2-oxide as a crescent-shaped grey area on 
the lower edge of the naphthalene spot and the 1- 
naphthol as a violet spot. Extraction with IN-sodium 
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hJdroxide removed 1-naphthol leaving the naphthalene 
and naphthalene 1 ,Z-oxide unaffected. 

The crude product mixture after N-oxide photolj-sii, 
in the presence of naphthalene, was analyscd t)v the 
above t.1.c. method and Iiaphthalene 1,3-osjdc~ tvah 
unequivocally identified from the following evidence. 
(i) The RE' value and appearance of the spot unr1c.r 1 i .v .  

light (and after spraying with Gibbs reagent) was 
identical to that of naphtlialene 1 ,Z-oxidc. 

(ii) The presence of 1-naplithol in the crude produc-t 
mixture before washing with NaOII, and after aciditir- 
ation of both the NaOH extract and tlie residual dicliloro- 
methane layer, is consistent with the formation and 
acid -catalysed rearrangement of naphtlialcne J ,2-oxide. 

(iii) A large proportion of the deuterium originally 
present in [ I  -2H]naphthalene (>98t:(,D) or p 2 H 1 -  
naphthalene (>98(:/,D) was retained in the 1-naphthol 
product (68 and 64%,D). These high rkuteriuni reten- 
tion values were observed when the naphtlialene oxide 
portion obtained after AT-oxide photolysis (ix. in di- 
chloromethane solution after NaOH treatment) was 
isolated and rearranged to 1-naplithol. Tht. 1-naplithol 
obtained directly from the crude product mixture had a 
variable but lower deuterium content. 

This variability contrasted with the good rel)i-oduci- 
bilitjr observed for tlie deuteriatetl monocyclic aroinatic 
rings and suggests that a minor loss of label from 
deuteriated J -naphthol was occurring. 

(iv) Naphthalene 1,2-oxide was isolatccl hj- ~ m -  
paratitre t.1.c. separation of the product mixture and 
elution of the band at  RF- (0.60) or hy counter-current 
distribution, tlie separation being effected I)y partition 
between n-hexaiie and methanol-~~ater-et l~~~l  acetate 
(20 : 4 : 1). \Vhile the separation of naplitlialcnc 1,3- 
oxide from naph t 1 1  alenc was incomplete t'y ci tlier me tliod , 
the characteristic peaks and coupling constants for 
protons H-1, H-2, and 13-4 in tlie n.1n.r. spectrum of tlie 
arene oxide (Figure) were clearly eviden t. Confirmatory 
n.m.r. spectra of naphthalene 1,2-oxide were obtained 
using both separation methods and the N-oxides (3) and 
(5 )  as oxygen atoni donors. T.1.c. evidence also confirmed 
that N-oxide (4) produced naphthalene 1,2-oxide and it 
is probable that this arene oxide synthesis is general 
for all aromatic N-oxides. 

The yield of naphthalene 1,Z-oxide produced in  these 
photolytic N-oxide oxidations was very low (<3  %) , 
despite attempts at  optimization. While the yields of 
arene oxides recently derived from direct oxenoid type 
oxidation of other PAH's are much higher, to date 
only the more stable K region arene oxides have been 
isolated. Attempts 374721922 to isolate non-K region 
arene oxides such as naphthalene 1,2-0xide, and phenan- 
threne 1,2- and 3,4-oxides by direct oxidation of napli- 
thalene and phenanthrene do not appear to have been 
successful. 

The present isolation of naphthalene 1,Z-oxide as a 
reaction product from the U.V. irradiation of naph- 
thalene in the presence of a range of aromatic N-oxides 
prompted an investigation of further YAHs. Phenan- 

tlirene, acenaphthene, an thrwene, pyrene, rhryene aiid 
peryle.ne were siihjrcted to i i . \ r .  irradiation in the pre 
seiice of pyrazine ,V-oxidc (5) and the 1)roduct mixture 
was analyscd l j v  t.1.c. in an idcntiral innniit t  tl) tlecit 
ustd for naplitlialene. \\'hilt t.1.c.. e\*j(lcncc~ I l f  r hcnr 1 
forination was fouiid in all caws cxcci't per>.lenc (An(  j € - I  

twatmcnt, (;ihl)s spray, ~ 3 1 ~ ~ s )  o t i l l r  ~ ~ h r ~ ~ ~ ~ t ~ t l i r  lnc 
ancl accbiiaplit 1 i c ~ n t -  sliowc~l spots corn~.;poricii?ig to 
arene oxi lks  Siiicc. tlirctl ;ircntl oyides (%oultl bult 
from cpoxichtioii of plirnaiithrc~ne t l i v  powlJili!y f 
stcwoxelcct i\.ity was investigated. .\uthrmtic. sarnplt L> 

o f  1 - ,  3-, 3 - ,  4-, ;m1 9-plicrianthrol were found t t b  gii 1 

cliff erent colours on treatiriciit with Gibbs rc+,eiit lr 
~ - i i i t r o t ~ e n z e ~ i c d i a z ~ ~ ~ i i u ~ i ~  fluoroborate. T.1 .c. a i d \  4.c 

showcld a sliglit scparation of  spots ccirrcymidi:ig to 
3-01 (I?,,, 0.46), 2-01 (Rp 0.:30), I-01 (I?, 0.3G), 9-01 (Kr 
0.37), and 4-01 (RY 0.41). On the basis of t.1.c. colour 
and RY coniparison with authentic phenantlirols, t!ie 
crude photolysis product mixture contained 4-, 9-, and 1- 
phenantl-irols with only traces of the 2- and 5-isomers. 
H.p.1.c. analysis of this crude mixture confirmed the 
prcseilcc of tliese three major plienantlirols. After 
washing the crude product mixture with NaOH to 
r eiiiov e p h enol i r products , t 11 e r t h i n  ail 1 ing di c hl or om ethane 
layer (containing mainly plienanthrene and phenan 
threne oxides) was acidified to yield 1 -, 4-, arid 9-l)limiii: - 
tlirols in approximately the ratio (2 : 1 : 0 . 1 ) .  Attempt\ 
to obtain unequivocal n.m.r. cvidcncc for tlic prcsencc 
of the arene oxides of phenantlirene were unsucctsful 
lxcausc of the low concentration of tlie arene oxid(>\ 
prcsent. If these unstable arene oxide inttmnediates 
are totally converted into stable pliennnthrols then thc 
ratio of plicnols (1 :> 4 :- 9) will reflect thv ratio of 
phenantlirene oxides fornicd ( I  ,2- > 3,4- :> 9,lO-). 
Some selective arene oxide decomposition may, however. 
occur during the pliotolysis reaction. 1;urt tier ct-idencc 
for the forination of tliese arene oxides is found in tlie 

Q ! 

observation that authentic sainples of tlie plienantlirenc 
oxides isoinerize predominantly to I -, 4-, a n t l  9-pIwna1i- 
tlirols under neutral or slightly basic conditions 23-24 

The inability to detect arene oxide intermedicittbs, 
except in the hydroxylation of  naphthalenc phe1id11- 
threne, and possibly acenaphtliene, is probablj a con 
sequence of thc instability of arcne oxides antl tlic 
increasing chances of alternative photochemical I e - 
actions occurring in more highly conjugated PAFIs. 

No evidence from the present results is availatile to 
permit a distinction to be made between possible 
transition states [including (C) aiitl (U)] for the epoxide 
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(arene oxide) reaction. To date no precedent exists for 
the epoxidation of olefins by oxaziridines. The initial 
photochemical transfer step of an oxygen atom from 
either the N-oxide or oxaziridine isomer to an olefin or 
aromatic ring probably occurs by a stepwise or non- 
synchronous mechanism. 

EXPERIMENTAL 

Materials.-The N-oxides used in the present study were 
either obtained commercially [(3) and (S)] or synthesized 
by literature methods. The physical and spectral pro- 
perties of the synthesized N-oxides were in agreement 
with literature values; (4),25 (5),25 ( 7 ) , z 6  ( S ) , Z 7  (6).2* The 
bis oxaziridines (l0a) and (lob) were available from pre- 
viously reported studies.29 4-t-Butylthiacyclohexane, 4- 
t-butylthiacyclobutane, and the corresponding cis- and 
trans-sulphoxides, (1) and (2), were prepared according to 
the literature methods.8 Reactants and products in 
Table 2 were available commercially. 

The deuterium-labelled materials [4-2H]anisolc, r4-2H]- 
toluene, [4-2H]chlorobenzene, [4-2H]broniobenzene, [4-2H]- 
acetanilide, [l-2H]naphthalene, and [2-2H]naphthalene 
were available from previously reported studies.30 Per- 
deuteriated benzene and naphthalene were commercially 
obtained. Authentic samples of phenanthrols [( 
( Z ) , 3 2  ( 3 ) , 3 2  (4),31 and (9) 33] were prepared according to the 
literature methods. 

Methods.-Analytical and preparative t.1.c. plates coated 
with silica gel were obtained from Merck (Kieselgel PFZs4, 366).  

Preliminary t.1.c. analysis of  liydroxyanisolcs and phenan- 
throls was carried out with chloroforni-benzene-ethyl 
acetate-triethylamine (20 : 10 : 20 : 1)  and chloroform- 
triethylaminc (20 : I), respectively, as eluants. Benzene-- 
chloroform-ethyl acetate-triethylamine ( 1  : 1 : 1 : 0.2) mix- 
tures were used in t.1.c. detection and purification of 

7.0 6.0 5.0 4.0 6 
90 MHz N.m.r. spectrum of naphthalene 1,2-oxide in the 

presence of naphthalene 

naphthalene and phenanthrene oxides. Naphthalene 1,2- 
oxide was prepared according to the literature method 34 

and had identical n.m.r. characteristics to that shown 
(Figure). Phenolic products were detected by U.V. light 
(Hanovia Chromatolite) and spraying with N-2, B-trichloro- 
benzoquinone imine (1 % in ethanol, Gibbs reagent) followed 
by exposure to ammonia vapour, or p-nitro-benzene- 

diazonium tetrafluoroborate (1 yo in acetone) and then KOH 
(10% in methanol). 

Mass spectra (m.s.) were obtained a t  70 eV using either 
an AEI RiIS902 instrument, an LKB 9000, or a Yy-e-Unicani 
104-AEI MS gas liquid chromatograph-mass spectrometer 
(g.1.c.-n1.s.). Column packings and temperatures for g.1.c. 
separations are given as Table footnotes. The deuterium 
contents of phenolic products were determined directly by 
m.s. or after g.1.c. separation. High-pressure liquid 
chromatographic (1i.p.l.c.) analysis of the phenanthrols was 
carried out using a Spectra-Physics 3500 Model and a 25 
cm x 3 mm ODS column coupled to a Cecil CE212 variable- 
wavelength detector ; the separation was comparable to 
that reported 35 when eluted with niethanol-water (35 : 65) 
at 0.04 x 25 ml/min. 

1J.v. irradiation (2  537 A) was provided by either a 
Nuclear Supplies, Inc., spiral low-pressure mercury lamp, 
model W-K2 (72 W) or a. combination of a similar spiral 
lanip ( K Q - X I ,  Ultra-Violet Products Inc.) with two U- 
shaped arc tubes of a Hanovia Reading Photochemical 
Reactor (45 \V each). 

General Pvoceduves used for N-0.2ride Pliotolysis Re- 
actions.-(a) Cyclic tlzioetJLevs. The N-oxide (0.005 mol) 
and cyclic thioether (0.005 mol) in dichloromethane was 
placed in a quartz tube (1  cm. diam.) and irradiated (2 537 A) 
under nitrogen for 3 min. This experiment was generally 
carried out using three tubes simultaneously. The reaction 
product mixture was then Concentrated and taken up in 
di-isopropyl ether (0.4 nil) prior to g.1.c.-m.s. analysis. 
Yields were deterinined by g.1.c. peak areas using standard 
samplcs of known concentration. 

Using an iden tical 
vessel and low-pressure lamp, the N-oxide (0.001 mol) and 
aromatic substrate (0.001 mol) in diclilorometliane ( 1  ml) 
were irradiated for 30 min. The phenolic products were 
removed by treatment with sodium hydroxide solution 
(2  ml; IN) ,  then, upon acidification, were extracted (clichloro- 
methane) prior to g.1.c.-m.s. analysis. 

(c) Naphthalene. The procedure used in (b) was re- 
peated using increased concentrations (0.005-0.01 mol) 
of the N-oxides (3) or ( 5 ) .  The combined products from 
multiple experiments ( x 15) were washed with sodium 
hydroxide (2  x 10 ml; 1 ~ )  and the aqueous layer was 
removed. The organic layer was concentrated a t  0 "C and 
diluted with hexane (7 ml). Naphthalene 1,2-oxide was 
partially separated from naphthalene and other products by 
countercurrent distribution using hexane as the upper layer 
and methanol-water-ethyl acetate (20 : 4 : 1) as the lower 
layer, or by preparative t.1.c. using triethylamine washed 
silica gel. 

Thioether Oxidation bay Oxnzividiizes (10a) and (lob) .- 
The tliioether (0.005 niolj was stirred with the bis oxaziri- 
dine (0.005 niol) in dichloromethane (10 ml) for 24 h under 
nitrogen a t  room temperature. G.1.c.-m.s. analysis of the 
sulphoxide products ( 1 )  and (2) showed that the yields were 
7 and 5%, respectively. The yield of benzyl p-tolyl sulph- 
oxide, isolated after oxidation with (10a) under similar 
conditions and chromatography on deactivated alumina, 
was lower (1---20/6). Only traces of sulphones were present 
after the oxaziridiiie oxidations. 

TJzioether Oxidation by Aspergillus niger.-The cyclic 
thioethers were added to growing cultures of A spergillus 
niger in the manner previously described for a range of 
thioethers l1 and the sulphoxides (1) and (2) were detected 
by the usual method. 

(b) Monocyclic avomatic vnolecules. 
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