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I. INTRODUCTION 

A. - k e  oxides are a subcless of ammatic hydrocarbons 

in vhich the continuous p n  overlap is interrupted by foxmation of an 

e&de ring betveen tam adjacent carbon a t a s .  The trivial nomenclature 

of benzene oride o r  dihydmbenzene eporlde fo r  structure& and related 

compounds has fouud widespread use. More f o n d l y ,  1 vould be named 

I 2 

7-oxabicydo~l.fiepta-2,~-dime. The tern oxepin is v i d e 4  a w e d  t o  

the 7-uiembered unsaturated ether 2, the reduced heltahpdro derivative 

being oxepane. da VFU be discussed, the tvo structures, ?,and 3 are 

intimately related and d s t  as valence bond tautomers. The relevancy 

of arene oxFdes to two vide diverse areas of scientif ic endeavor, molecu- 

lar biology and theoretical quantum mschanics, had encouraged synthetic 

chemists in their  attempts to elaborate these structures over a period 

of more than th i r ty  years. In 1964, the f i r s t  synthesis of benzene 

oxlde-orepin, the parent system, vas reported by E. Vogel and his calleagues 

a t  the University of ~ij1n.l In the subsequent ten years, several hundred 

papers have appeared vhich either relate to or are directly concerned vith 

the chemistry and biochemistry of the arene oxideoxepin system. 

Much of the theoretical interest  in oxepin (3 stemmed from its 8n 

electron system vhich, l ike  the analogous unstable cycloheptatrienyl anion 

and cyclooctatetraene, does not sst isfy the (h + 2) Riickel requirement 



for  emmaticity. Molecular orbi ta l  calculations suggested that g d g h t  

possess a certaio amount of aromatic character.2 In addition, it vae 

postulated3 that 2 d g h t  coexist in valence tautomeric equll lbrim vi th  

benzene oxide (L) by b y o g y  vi th  the suspected norcaradiene-qdohepts- 

triene equlllbrinm. This w, a t  the time, an innovative suggestion 

since few were vFlling t o  believe that1 could have a f i n i t e  existence or 

that fac i le  rupture of the carbon-carbon bond in an oxirane could occur. 

Biological in teres t  in arene oddea stenmed, t o  a great extent, from 

2 an observation by Boyland and L e d  that anthracene was metabolically 

converted to 4 E a p a - 1 , 2 ~ ~ y - l , 2 4 i h y d r o a n t h r a c e n e  in maamals. 

Similar results vi th  a number of other polycycllc aromatic hydrocarbo~ 

prompted Boylaud to suggest In 1950 ,~  that  arene oxides might be inter- 

medtates in aromatic metabolism. Nearly twenty years l a t e r  th i s  theory 

vas proved correct, and arene oxides were implicated as causative agents 

In necrosis and carclnogenesia e l ic i ted  by aromatic compounds. 

B. m e  F i r s t  Successful &&&& - The first attempts to  Prepare 2-2, 
although imaginative, led to discouraging results in that either the desired 

precursors could not be prepared or, when such compounds were prepared, 

the final step led only to the isolation of phenol. Attempts to epoxidise 

"a-benzene tetrachloride. (2) to the tetrachloroepoxide 4 were unsuccessful. 

3 Dehalogenation of 4 was expected to generate 1. An aaalogous 



route had, however, been employed in the synthesis of --1,Z-dihydro4- 

l,~-dihydrobanzene.~ Attmpted epoxidation of 7-ketonorbornadiene (5) to - 
6 also failed. 7 - 

Decarbonylation of 5 was hoped to provide a route into 1. Early attempts 

to dehydmhalogenate 2 with tertiary amine bases3" or gvith silver oxide 

3 3 in ether yielded phenol. A similar result vas obtained on pyrolysis of 
1 

9. The persevering efforts of Vogel and co-workere ultimately led to the - 
generation of benzene oxide-oxepin (-1-3 through treatment of 1 with the 
potent dehydmhalogenating agent, diazabicyclononene, and the presence of 

the valence bond tautmerim vas first observed. 

Although the literature contained reports9~10 that perowcid oxidation 

of polycyclic ammatic hydrocarbons led to the formation of arene oxides at 

the K-regions of m e n e  and dibenzo&&nthracene, the yields in these 

reactions were dlrinishingly small, and the products were not pure or 

definitively characterized. The first unequivocal synthesis of arene 

oxidea at the 8-regions of polycyclic aromatic hydrocarbons was that of 



~euman  and amnu a t  the ohio state university i n  1964, very shortly af ter  

the d i a c l o s w  of the synthesis of 1% by Vogel. Neuman elegantly 

applied ~ e r k l s  reagent,u WethyLaminophosph ine ,  to close 2,21- 

biphenyldialdehydes (10, l.2, Q) to the desired arene oxides. 

In this manner, phenanthrene 9 , l (kdde (ll), l,2-hzanthracene 3,4-odde 

(14) - and lO-methyl-1,2-bensanthracene 3,4-oxlde (15) vere obtained as pure 

crystalline solida i n  yields i n  excess of 708. The starting dialdehydes 

in these syntheses vere readily obtained Prom the intact  hydrocarbons 

through formation of-diols a t  the K-region8 vith 0s04 and sub 

sequent cleavage. No evidence for arepin contributors t o  any of the 

K-region arene oxidea was detected. 

c. -ture and Scow of the Be* - In order to d t a i n  mi- 

fomity  and avoid conPusion within this review, dl derivatives of benzene 



oxid8-0xepin w i l l  ba m e d  M benzene oddes regardless of h e r e  the 

position of the e q r J U M m  between the tvo forms lies. For polycyclic 

hydmcarbone, either the oxlde o r  oxepin nmanclature vlll be employed 

since these ccrmpounds adst exclusively in one fom or the other. 

An a t k a p t  baa been made to provide as canprehensive coverage of 

the l i tera ture  aa possible tivough June 1973. Enphasis has bean placed 

on the ayntheeis of benzene oddes and arene oxides of bigher polycyclic 

hydroearwna as vell as the chemical reactions and biological involvement 

of these mnpoMds. Since revievs are available on the biological forma- 

tion and disposition of arene oxidesu and on the c h d d  model a p t -  

for aryl hydroxyrlase-cahlyzed fo-tion of -e oxidea,14 these areas 

uill be discussed o d y  vi th  the intantion of designating the types of 

studies which have been done. An excellent discussion of the oxide-orepin 

valence tautomeric equilibrium aa uall as many synthetic studies is avail- 

able.15 Synthesis of oxepim and -repins and their  occurrence in 

sugars, alkaloids, atemids, and terpenes is a broad subject beyond the 

scope of th is  article. Fortunately, an excellent and mnprehensive revlev 

is a v a ~ l a ~ e . ' ~  Oxepins ~FU, therefore, be discussed oply h r e  appmpri- 

ate. k i e f  mention of substitution of other elements for oxygen w i l l  be 

made and leading l i tera ture  in these areas cited. Substitution of nitrogen 

for carbon in such canpods  baa been r e v i d .  17 

11. S m B  

A. &&pUtated Benzene - Subsequent to the original report 

that 1-2 could be weqmed by the dehydrohalogenation of 7 w i t h  a tertiary - - - 



amine base. Vogel and co-uorkers18 found that dry sodim methadde i n  

ether was an effective agent for this conversion. In addition, the action 

of alcoholates on 8 or of NaI on l6, prepared by bmmimtion of 1,bcyclo- 

heliadiene noneoIdde with N - b - o s u c c ~ d e  have provided usefW. routes19 

16 

into 1-2. A novel approach to the synthesis ofz-2 hse been thmugh the - - 
t h e m o l p i s  o r  photolpis1° of lJ, prepared by epolddation of "Devar  benzene.^ 

Substantial amounts of phenol are forned as w e l l .  

A vide variety of nethyl-eubstituted benzene ofidea have been preparea, 

through application of the Vogel's dd@rohalogenation route. The requisite 

substituted dibonocyclohexane epox3.de precursors have been obtained Jag 

an initial Bisch reduction of methylbenzenes or b o i c  acids. A few 

typical examples of the general procedure are eham below, and the nethyl- 

benzene oxides synthesized to date are given in Table 1, 



\ I.) to1 > 

2.) Br, 

Methyl substitution on the oxLrane ring leads to dist inctly enheaced 

stabFUty with regard to iscaoerization & phenols, while the converse i s  

true for substitution a t  other ring positions. Because of high instability, 

several of the oompounds in Table 1 have been prepared only in solution 

or in impure state. A precursor related to 5 has also been e ~ a p l o y e d ~ ~  in 

the s p t h e s i s  of 18. - 
In general, substitution of any group a t  the 3-position tends t o  

enhance the contribution of the odde tautomers, while 1-, I-, or 

1,Z-sub~titution favors the oxeph Thus, l8, 20, and 21 are 

prhcipaUs on entirely oxepLn, vhile 9 exists mah0.y ae the oxide 3n 

nonpolar solutions. The effect of 1,Z-ethylene bridges on the position 



Structure 

TABLE 1. METHYL SUBSTITUTED BENZENE OXIDES 

Name 

1-Methylbenzene oxide (2) 

3-Methylbenzene oxide (g) 

4-Methylbenzene oxide (2) 

1,2-Dimethylbenzene oxide (21) 

1,6-~imethylbenzene oxide (2) 

4,5-Dimethylbenzene oxide (2) 

3.4-Dimethylbenzene oxide (2) 

1,5-Dimethylbenzene oxide (2) 

1.3-Dimethylbenzene oxide (2) 

3.5-Dimethylbenzene oxide (ZJ) 

3,6-Dimethylbenzene oxide (2) 

1,4-Dimethylbenzene oxide (2) 

1,3,5-Trimethylbenzene oxide (30) 

Reference 



of the o e w x e p i n  quillbrim has been eramined, W e  tri- and tetra- 

methylene bridges lock structures 31 and 32 in the oxide fow, 33 is - - - 
sufficie~tly free of stnrin to allow the presence of both fows.15 In 

the absence of stnrLn considerations, all three of these compou1~3~ should 

d s t m a i d y  or entirely as the oxepin forms. In general, low temperature 

and high dielectric strength media fawr the more polar oxide foms vhan 

equFUbria are P r e k W n a q  molecrrlar orbital calculations 

(em0/2)~~ are in accord with the spectroeeopic studies on the eqvi~brim. 

The dehydrohalogenation mute vhich ellninatea two equivalents of 

bromine (eg - 7) has been employed to synthesize W e n %  o d e s  with subati- 

tuents other than methyl. Rro awnples are 1-acotylbenzene oxide15 (3b) - 
and 3-cariw-~~to-ene oxiae27 (35). U ~ F Z ~  34 exists h a t  entire4 - 



in the ompin fom, 2 has a substantial oxide -tritmti~n.~~ X h l o r e  

benzene odds (36) ean also be obtained in good yield by thkr mute.28 AE - 
vith 35, a large amount of the odde fom ia  present in the eqaillbrium. - 

The debydrohaloge~tion route which eliminates one equiwlant of hydrogen 

bromide Prom pmcltrsors related t a z h a s  been successfully employed ta 

prepare 4-carbo-4-buto~ben!6ene (37J and ~ o r o ~ e n e  oxidez7 (39). - 



R = tertiary butyl 

I.) NBS "0 2.1 C H ~ O ~ .  "0 \ 

The free acid of  37 has been isolated,27 and proved to be ranarkably stahle. - 
One of the bmmoisomers slwute t o  37 fai led to dehydmhalogenate w i t h  - 
triethylamine, but could be isome&ed to the "benzene hydraten 38 - by 

the action of potassium frbutodde. The dehalogenation route 

which (~@.oya K I  (cf., has been used t o  prepare 4,5-dicarbo- 

methoqbenzene odde15 (g). 



Synthesis of 40 has also been achieved through the elegant thermal route30 - 
shown balov: 

The success of this mute rests in the high stabUty of LO. Aaother - 
unique antry into highly aubatitutsd benzene orides (4) has been - 
acid-catalgzed dehydration of l , ~ ~ g - l , ~ b e n z e n e 8 . ~ ~  The 

required heavy substitution pattern and the bpproducts limit the 

synthetic use of the method but do not detract from the mechanistic 

significance. The compormds (4) &st nainly aa orepins. - 
B. m e  0ddes and Oxeoina of Naahthalggg - The synthesis and 

chemistry of many substituted and partial& reduced orepins of naphthalene 

(banzoxepi~)  haa been vell revleued.16 Our purpse here is to highlight 

the curcent stdiea 10, the area. Potentially eight cornpods (g-49) can 
be dram for this systea. However, as indicated balov, oaly half of these 



can &at for any extended period of time because of the galn in resonance 

energy upon valence bond tautomerism to the indicated atable form. m e  

first member of t h i n  series to be described was 3-benzoxepin (L6) by - 
Dimroth and ~ h o l ~ ~  in an elegant application of the Wittig reaction on 



o-phthaldehyde. Subsequently a photochemical route related to the - 
synthesis of 40 vas described.33 A unique hydroperoldde themolgsis - 

has also been observed to @uce 46.34 A d-genation mute to - 
46, presumably transient formation of 47, has also been reported. 15 - - 

e r  
Potassium - 1471 -46 
t-butox~de 

Synthesis of 1,boxldo~annulene (62) - vas achieved simultane~usly~~ by 

two groups Prom the same tetrabromo precursor. A related dehydrohalogenation 



mute15 has p l~vlded en* to 1.6; 8 ,U-b ieoddo~annulene  (2 in which 

the oqgen bridges are e. 

50  
HFld treabent of the annulene 42 results i n  an "oxygen walk," psumahly 

e 4 5 ,  to prcduce l-bena~xepin (44).15  hie interesting "oq-gen ~ a l k ~  - - - 
paenomenon w i l l  be discussed in deta i l  later. A thermal route to diallcyl- 

eminc-derivativss (448) of 44 has recently The only arene odde  - - 

in the naphthalene series, naphthalene 1.2-oxide (481, was prepared36 by - 

brornination of the tetral ln epoxlde 51  to povide  52 which smoothly - - 
dehydrohalog~l~~ted to 48. Thia general route baa been widely applied to - 



the s p t h e s i s  of non-K-region arene oxides of polycyclic aromatic hydro- 

37 cazbons. That 48 cannot be i n  equilibrium w i t h  We unstable 49 was proved - 
by the preparation of o p t i d l y  active 48 start ing with optically active 51. - - 

C. prene Oxides of Polvcvclic Arcmurtic Livdrocarbons - As with the 

previous section, much of the chemistry and synthesis of the oxepins 

of higher polycyclic h.virocarbons has been w e l l  reviewedr16 Resonance 

stabilization demands that  either the oxide or the oxepin fow be the 

stable species. Valence bond tautomerim between the tvo forms can, there- 

fore, only occur when sufficient energy is put into the system. AU of the 

palycycLic arene oedea which have been synthesized uFU be described here. 

The two routes most commonly employed have been patterned a f t e r  i) the 

general procedure developed by  ems for  closure of &a'-biphenyldi- 

aldehydes (eg l0, 12, 13), t o  K-region arene oxides with Mark's reagent 12 - 
or ii) the dehydrohalogenation method by which ~ o g e 1 ~ ~  synthesized naphthalene 

1,;l-oxide (48) from a te t ra l in  bromoepoxide (52). The routes compliment - 
each other in that  the l a t t e r  allows synthesis of non-K-region arene oxides pk 

the elaboration of a po4cycI.i~ system in which the region of interest  i n  

the molecule is saturated and thus isolated, vhile the fomer takes advantage 

of the selectivitg of osmium tetmxide for introduction of functionality a t  

the K-region 38s39 of the aromatic system. 

The synthesis of K-region arene oxides is relatively easy due to  

thei r  consideratJy higher s t ab i l i ty  relat ive to  non-K-region oxides. 

Most non4-region oddes  would not survive the varm t o  reflwdng benzene 

solution employed for  the condensatisn with w-(dimethy1amino)phosphine. 

In addition t o  the three K-region oxides o r igha l ly  prepared (g, 14, and 21, 40 

seven other compounds are sham in Table 2. The yields in the reaction are 

generally bigh, but occasionally the desired Fopducts are accoepuied by 



TABLE 2. K-REGION ARENE OXIDES PREPARED BY THE N E W  METHOD 

Structure Reference 4 
CHzOH 

7-Hydroxymethylbenzo[alanthracene 5,6-oxide4' (53) 41 

Chrysene 5,6-oxide (56) 

Benzo[alpyrene 4 &-oxide (2) 
(see in addition structures 11,43 14, and 11) 



polar, phosphorous containing by-products. W e  the i n i t i a l  attempt to 

prepare 54 fal ledYu more careful control of the for the - 
condensation provided the compound in 75% yield. A controversy exists 

regarding the actual mechaaism of the c ~ n d e n s a t i o n . ~ ~  

Occasional d i f f icul t ies  vith the condensation step have prompted 

searches for  more convenient means of obtaining K-region arene oxides. 

Thus, the recently described method of It ~eumnn@ for conversion of 

-1s to epoxides, with the dimethyl acetal  of dimethylformamide 

(DMB-M), has been employed in the synthesis of ll, 54, and 59. 43 - - - 
By this route, the &+ihydrodiols obtained vi th  osmium tetroxide are 

oxidized to  pquincnes by SO3-pyridine, reduced t o  h ~ 0 l c 3  

with lithium alminnrn hydride,49 and then converted to  the desired oxides 

w i t h  DMA-EN?'. Although more steps are required and the overall conversions 

from &-dihydrodiol are often s u b s t a n t i d J ~  lower compared to  the method 

using Mark's reagent, there are definite practical advantages to  the 

route.50 In one instance, substantial & d . W d ~ d i o l  was formed during 

the lithium allnninum hydride rsduction,and thus the overall yield of 54 
uas greatly reduced. 

M. S. Beman and C. H.  hen^ have reportad the conversion of ortho 

esters  of 1 , 2 4 0 1 s  into halobydrin acetates which can then be cyclized to 



epoddes vi th  base. This mcedure  has recently proved highly successful 

for the preparation of K-region areae oxides of phenanthrene (GI, b n z o & ~ -  

anthracene (U) and ppene i n  our hands52 and may indeed represent the best - 
awFtahle procedure for  the preparation of such compound& 

Tvo factors have caused considerable diff iculty in the synthesis of 

non-K-region arene oxides by the general mute (51-524) developed by - - - 
~ o g e 1 ~ ~  for  the synthesis of naphthalene l,2-0xide (48); i )  certain of 

these oxides have lifetimes as short as  a few minutes a t  room tmperature 

(eg 67), - and ii) th; precursors d o g o u s  t o  51 are often very unstable, 

a factor that severely limits the yields that  are attained durhg  the NBS 

bi-omination to form analogs of 52. Nonetbless, eight of the ten arene 

oxides in Table 3 have been generated by this procedure. Our i n i t i a l  

interest  in establishing an alternate route t o  non-K-region arene oxides 

waa -pted by our inabilitk?l to prepare 61 by the original mute. - 
Numerous attempts to  effect the bmmination of l-methyltetralin 1,2-spoxide 

ulth NBS led  invariably to ketone and polymer. The same competing reactims 

have greatly limited the practicality of the syntheses of the designated 

eight compounds in Table 3. A procedure was sought to intmduce frmctionallty 

vhich was stable to the conditions of the NBS bmmination, but which could 

be readily converted to the desired o-e when necessary. Iialohydrin 



Structure Reference 

Naphthalene 1,2-oxide (s) 36a, 53b 

2-Methylnaphthalene 1,2-oxide (60) 21a 

l-Methylnaphthalene 1,2-oxide (61) 53b 

1,2-Dimethylnaphthalene 1,2-oxide (62) 21a 

Phenanthrene 1,2-oxide (63) 53a2b 

Phenanthrene 3,4-oxide (2) 53b 



esters p v e d  r e m a r w  useful in this respect.53 They are completely 

stable to the bmmination conditions and the desired oxides are readily 

generated as indicated below: 

The overall yields of oxide from any given precursor are much higher and 

all of the reactions are easily carried out. 53 

D. to Arene Oxides and Oxe~ina - The olosest 
analogs to benzene oe.de-oxepin (1-2) are the corresponding thio compomds, 
benzene sulfide (thianorcsrabiene)-thiepin (?72). Much of the interest 

In the system stems fKIo ealc~ilatians~~ which predict the heterocycle to 

be slightly antiaromatic. Although a number of substituted derivatives of 

70 have bean prepared,16 the parent system is unknown. An appach to the 

synthesis of 69-70 - - starting from the thio analog of - 7 (c) produced only 
benzene,58 presumably by the extrusion of sulfur which could be detected 



as  a product. In a l ike  manner, attempts t o  prepare the thio or thioxide 

analogs of  norbornadiene by dehydrohalogenation of 72and 72 produced 

benzene and the corresponding sulfur moiety.58 Nonetheless, a related route 

from the dibromide 74 had provided entry t o  thiepin l , l 4 o x i d e  (75) which - 



is stable at room temperature, but loses SO2 on The simplest 

thlepin (77) known to date vas prepared through the Diels-Alder reaction - 
between a furanothiepin (76) and N-pheny~saleimide.~~ The success of the 

procedure and the stability of the molecule were presumed the result of 

avoiding the presence of sulfur in a three membered ring, a situation 

from which sulfur readFly extrudes. For this reason, the synthesis of 

naphthalene 1,2-sulfide and related compounds may not be possible. The 

abundant literature on the annulated thiepins related to U. and L6 has - - 
been well reviewed.16 Even bridged annulenes, such as 4,9+ethanothia- 

mannulene (78) ,  - are In general, thiepins contrast oxepins 

78 
in that thiophenols almost never fom by isomerisation but instead the 

moiety is readFly eliminated. 

Detailed discussion of the analogs of 1-2 in which carbon or nitrogen - - 
replace the oggen atom are beyond the scope of this review. However, 

the general aspects of the ohemistry of these systems as they relate to 

1-2 w i l l  be briefly discussed. The n~rcaradi~e-cycloheptatriene (79-80) - - - - 



prohlea has been the subject of an excellent review.62 When the substituents 

R1 and % are hydrogen or triflwromethyl groups, only the cycloheptatriene 

1791 80 R, = R, = H 

1 8 2 R ,  = R, = CF, 

83 [84I R ,  = R, = CN . 85 - 86 R, = CN, R~ = CF, 

forms (80 and 82) are knovn. Conversely,.when Rl = R2 = CN only the - - 
norcaradiene structure (83) can be detected. However, substitution of - 
CN and CF3 at this position allows observation of both forms (85-86) at - - 
low temperature, with the cycloheptatriene 86 predominating at all 
temperatures.63 In analogy to the conversion of to phenol, 9 is convert- 
hb ed to phenylmalononitrile (z) along with the rearranged and ring expanded 

product 82. In analogy to 31, 2 exists as the norcaradiene form, 65 

vhFle compounds with longer methylene bridges &at as cpcloheptatrienes 
62 

(cf. compound 2). 



89 

The benzene imine (azanorcaradiene)-u-ampin L) system has been 

recently Only compounds with substituents other than hydrogen 

at  the 1-position are  laom. Although aromatic compounds reac t  d i rec t ly  

w i t h  nitrenes to yield azepins, the best route t o  substituted azepins is 

aza analogs67 of compound 7 as  i l lus t ra ted  below: - 

Only when special s tructural  factors are present, such a s  constraining 

methylene bridges, can the imine forms be prepared (eg 92  and 93). 66 - 
Situations where equil ibria  a re  present between the generalized forms 

90 and 91 are  UnLnovn. Furthermore, such interconversions require - - 



considerably more energy than the previous analogs of &-gdiscussed. 

Nonetheless, isomerizations para l le l  to  the conversion of - 1 - c t o  phenol 

are hnown@ as  indicated by the conversion of 94 t o  the aromatic urethane - 
95. Surprisingly, synthesis of a simple azir idine a t  the K-region of a - 

p l y c y c l i c  aromatic hydrocarbon has not yet  been reported. 

A unique analog of 1 i s  the unlmovn "benzyne oxide" (96). On f i r s t  - 

96 

consideration, 96 appears too strained to have a f i n i t e  lifetime, yet  



there are sewrel instances where orirenes have been postulated as reaction 

~ntermediates.~~ Benzocyclopropene (97) - 70?n and naphtho[b~cYclopropene 
( 9 ~ ) ~ ~  are known, stable compoun& The only reported attempt73 to - 

400° 
l Torr 

t-8uoe 
THF 

synthesize 96 uaa patterned after the successful preparation of 97, 70 - 
but resulted instead in the 'orggen walk" product 99. - 

96 



111. TBE "NIB SHIFT" - ISOMERIZATION OF ARENE OXIDES TO PHENOLS 

A. fbrdrolrsllation Induced Hieratlpga - Attmpts in these laboratories 

during the mid 1960's to develop simple radiometric assays for the mono- 

oxygensee enzymes which hydroxylate aromatic rings were based on the 

aaswption that  tritium a t  the s i t e  of hydroqlation in the substrate 

would be raleased into the medim. REolarkably, this assumption proved to 

be inwn'ect. The majority of the tritium migrated to an adjacent ring 

position and was retained in the final  product as shown: 

Hydroxylation 

(Minor) 

bH 
(Major) 

Retentions of tritium greater than 95% have been observed. In addition 

to the migration and retention of the heavy isotopes of hydrogen, halogen 

and a w l  groups have been demonstrated to migrate during these enzyme- 

c a ~ e d  reactions. The artreme4 novel nature of these reactions 

prompted nming them the "NIB S h i f t n  in wmmemoration of the National 

Insti tutes of Health a t  which the reaction w a s  discovered. A wmprehen- 

sive review of these studies is available. 13 



Since the ELass of enapes, which catalyze the 'NIH Shift"  is so 

important to of the synthetic and degradative pa+Aways i n  mammals 

as w a l l  as being responsihle for  the debxicat ion of foreign substances, 

an intimate understanding of the mechanism(s) by which these oxidations 

occur was essential. As a working hypothesis, arene oxides were assumed 

t o  be intermediates in the reaction. The i n i t i a l l y  formed arene oxide 

would isomerize b the keto form of the product phenol (1=1%) i n  a 

PI NO n 

Enzymatic H Enzymatic 

3~ 

- 6: 
, 100 

101 O 

I enolization 

pinawl  type rearrangement. Enolisation of the keto-phenol (101) t o  e i ther  - 
labeled (102) or  unlabeled (103) product vould determine the degree of - - 
migration and retention. Participation of a d i rec t  pathway betveen the 

arene oxide (100) and unlabeled phenol (103) vas also possible. Carbonim - - 
ions seemed the most l i ke ly  species to account for the various steps in 

the mechanism. The driving force for  the "NM Shift" i n  the conversion 

OP 104 t o  105 is the added s t a b i l i t y  which resul t s  from charge delocalization - 



onto oqrgen. Support for  this mechanism came w i t h  the findFng that  1% 

de&drated t o  pchlorophenol via 107 with 25% deuterium retained. 74 - 
The study of model systems for  enzymatic hydroxvlation of the aromatic 

r ing was great ly influenced by the 'NIH Shif t ."Model  systems which do not 

shov the 'NIH Shif tn muet operate by mechanisms unrelated t o  the emyme- 

catalyzed reactions. Examination of the most often cited model systems 

(F~(I I ) ,  ascorbate, 02; F~( I I ) ,  H202; F~(III),  catechol, H202) shoved 

them not to be relevant, and a search vas undermen for  new models which 

would function as oqgen atmu transfer agents, form arene oxidegand cause 

the "NIB Shift." A number of quallfPing systems have been f o d  and are 

Listed in Table 4. One of the nost interest ing of these systems is the 



TABLE 4. OXIDAhTS WHICH CAUSE THE "NIH SHIFT" 

Peroxyacid 

sn(II) ,  o* 
Pgridine-N+xide, hv (and related compounds) 

NZb, hv 

p B u t y l p e d d e ,  Mo(CO)~ 

Carbene, O2 

crO2(0Ac) 

Reference 
75, 76 

77 

78 

78 

78 

78 

79 

W t o l y a i s  of eaa-~romat idl -olddes .~~ The conditions are sufficiently mild 

tha t  naphthalene 1,2-aXi.de (48) - could be isolated vhen pyridine-N-oxide (108) - 
was inradiated i n  the presence of naphthalene. The reaction vould be of 

substantial preparative value for  palycyclic arene oxides i f  conditions 

vere eatamshed to obtain high fields. The formal analogy betveen the 

reactions of carbenes or nitrenea and the model systems and enzgmes vhich 

they emulate has m t e d  these oxygen atom tnrnsfer oxidations to be 

considered as "oxenen or "oxenoidn reactions. 80s81 A detaFled discussion 

of the mono-oxygenaee enzymes and the model systems for them is avallahle. 14 



B. Accom~anrinnIaotperization of Arane a - Further 

evldence that arena oddes  nediate the "NIIf Shift" vas obtained on examha- 

tion of the daterated toluene odde z. Rearrangement to m e s o l  under 

Various 40-85% Deuterium 
Conditions retained 

OH 

a variety of oonditions eatabllshed that aa much as  85% of the deuterium 

migrated and nra retained.22 barrmgment of the deuterated naphthalene 

oxides 48a - and 48b provided simFlar information.82 Since the same retention 

80% Deuterium retained 



of deuterium in the l-naphthol (8%) uaa o b a e d  for ei ther oxide, a 

cosnon intermediate nre required; the keta form of l-naphthol. The 

absence of a ccrpeting direct  loss pathway for the oxides a t  pII 7 alloved 

cnlcuLation of a value of ik/kD-4 for the enolization to  1-naphthol. 

Variation of retantion aa a function of pH for  isomerization of and 

48b to l-naphtbol indicated that  different mechanisms were operative a t  - 
the tw extremes of pH. 82 

Rearrang~ments of methfl-aubstituted arene oxides provided further 

evidence for  a multiplicity of pathveya for this reaction. Examination 

of the ra t io  of 2,5-dinet&lphenol (109) to  2,4-dimethylphenol (110) 
7 - 

obtained on ieomerination of 1 , 4 - d i m e t & l ~ e n e  oxide (29) as a function - 
of shoved the product resulting from methyl aigration to be 

Pradaminant in the neutral t o  basic region w U e  the rewrse  waa true in 

acid, 

G. &&#&ma of Ismerization - Careful examjnation of the kinetics 

of lameriaation of benzene oldde (1-2) and naphthalene oxide (48) by - - - 
b p e r e k  and ~ n r i c e ~ ~  proved the edstence of two dis t inc t  path- for 

eromatization. Plots of log k for  the disappearance of arene oxide versus 

pH shoved both ac id-ca tdped ($) and spontaneous pathwsy. (ko) were 

operetipa. In the caae of the relat ively etahle K-region oride of 



non-K-region oxides (eg 1-2,481 
0 

ko 

I ' K-region oxide (ll ) 
1 

I f 12 
pH 

phenanthrene (11). only a $ pathvay could be detected. None of the - 
three substrates shoved general acid cstalysis a t  pH 3.77 vith acetic 

acid. SMerly ,  48_ failed to a h  general acid catalysis w i t h  either 
. . 

imidruole or phosphate a t  pH 7. Change of solvent frao vater ( p  = 1.0, 

30°) to 3C3 etbanol ( y  = 0.1, 30') decreased the ra te  of a c i d - c a w e d  

isomerination ($) of 11 - and 48 by a factor of 4.3. For the spontaneous - 
iaomerination (ko) of 48_ (O.OW I[OH), en Eaot, = l4.0 t 0.1 W m o l e  

* 0 in  the teaperature range of 20'-50°, a AS = -25.7 t 0.3 eu a t  30 , 
2~i 0 and a solvent ldnetic isotope effect of koH20/ko 2 = 1.33 a t  30' were 

observed. Several possible mechaaisns vere considered, but a clear choice 

betveen stepvise and concerted pathvays for the ko and $ reactionawas 

not possible from these stubles. 

Examhation of the ldnetica of isomerixation of a variety of substi- 

tuted arene ozides did, hwever, s l l o w  assignment of mechanisms for  the 

and ko path~ays. '~ Separate b e t t  plots of log k, or log %versus 

sigma ( o  ) vere linear with rho ( P ) equal to  appmdnately -7 for  benzene 



Ell 111 111  



The only disconcerting pjsce of data v i a  regard to these mechanisms is 

the relatively high AS' of - 4 7  eu measured for ~ 9 ' ~  - and 4BS3 - in the 

spontaneous region; a value suggestive of a concerted, highly ordered 

transition states such as & and E. 
en,H 

1 17 
However, the differences between ll2 and U6 and betveen ll.4 and 117 is - A - - 
only a matter of the timing of the migration. m e  ordering of solvent around 

112 and ll.4 could explsin the large negative AS* as well. Rates of - - 
isomerization for the arene oxides measured to date are presented in 

Tahle 5. 

D. pirected Owenines of Arene Oxidep - Unqmnetrice.1 arene oxides 

can undergo isomerization to either of two phenols or to a mixture thereof. 

Result8 to date suggest that the energy differences betveen the alternate clea- 

vages of the oxirane ring are relatively emal l ,  and minor environmental or struc- 

tural changes can cause large shifts in product distribution. Although some 

quantitative studies are available for individual compounds, the generalities 

baaed on them must be, at present, considered qualitative. Unueual solvolysis 

and isomerisation products w i l l  be treated in the next section. 



&ene Oxide 

Benzene oxide (1-2) 

l-Methylbenzene oxide (18) - 
3-Methylbemene oxide (19) - 
4-Me.thylbensene oxide (20) - 
4,5-Dimethylbenzene oxide (23) - 
4-Chlorobenzene oxide (39) - 
1,4-Dinethylbenzene oxide (29) - 
Indane 8,9-oxide (31) - 
Naphthalene l,2-0xj.de (48) - 

Phenanthrene 9,lO-oxide (ll) - 

a) Measured in 5% dloxane-water, p = 0.1 in KC1 at 30' unless otherwise 

noted. 

b) Measured in water, 11 = 1.0 in KC1 at 30'. 

c) Consult section II1,E for the significance of these rate constants. 

d) Measured in 30% ethanol-water, u = 0.1 in KC1 at 30'. 



Consideration of the phenols which result on isomerization of the 

methyl-substituted benzene oxides in Table 1 has established 

the fundamental princifies which underlie these reactions. 21 

The three oxides of toluene (18, 19, and 20), the oxide of mesitylene (30), - - - 
and 1,34imethylbenzene oxide (26) all give rise to only one of the two - 
potentially possible phenols when isomerized at pH 1-12 as mustrated 

W o w  for the toluene oxides. These highly selective isomerisations are 

best explained on the basis of c~pbonium ion stability in the rate 

determining step. For example, consider the canmica1 contributors 

to the two possible sets of ions resulting on acid catalyzed opening of 2. 
Only the top set, which leads to pcresol, contains a tertiary carbonium ion (lit.') - 



and is thus a more stable se t  of contributors. The generalization that  the 

ion uith the maxim= number of ter t iary  contributors w i l l  be determinant i n  

establishing the product distribution applies for  all the c~~upounds of 

Table 1. A similar l ine  of reasoning explains the formation of -01-0- 

phenol from &chhrobenaene oride (39)z8 pchlomphenol from 3-chlom- - 
bwmne adde (36) ," and the a - p h e n o 1 , f m .  4-to-pbutoxgbeneene - 
oriae (371.~~ - 

Isomerization of naphthalene odde  (g) ahshod produce only 1-naphthol 

aince opening in t h i s  h c t i o n  leads to two mntrlbutors (a9 and 120) 



which do not disturb the aromaticity of the adjacent ring while only one 

such contributor is available for opening t o  Z-naphthol. The product 

distribution f i t s  these predictions for  the ko reaction, but in acid 

approximately 10% of 2-raphthol is formed.% The basis of th i s  change 

in pmduct distribution is presently unclear. Careful studies on the 

distribution of phenols from the arene oxides of other polycyclic hydro- 

carbons have yet to  be done. 

Rearrangement of 3,4&etitylbenzene oxide (24) was expected to 

produce equal amounts of 2,3- and 3,4&ethylphenol since the alternate 

openings of the epoxide ring both produce one ter t ia ry  carbonirnn ion 

contributor. Hovever, the 2,3&ethylphenol is only a minor pmduct and 

varies from U% to  23% as the @ of the rearrangement medium is increased. 21 

As indicated in section I I I B ,  the ra t io  of phenols ( 1 2  and U0) resulting - 
f ~ o l  direct  opening and methyl migration for  l,~-dimethylbenzene oxide (2) 
was also stmngly pH dependent. 

E. Solvolvsis and "Omeen Walksn - In contrast to other arene oxides, the 

K-region oxides of polycyclic hydrocarbons such as  2 and 59 behave l i k ~  - 
simple epoxides in that they are fai+ly readilyhydrated to a - d i o l s  

i n  water. W'88 W t e d  solvolysis react ims have been recently observed 

during the study of the mechanism of isomerization of benzene oxide 

derivatives. When the ldnetics for  the disappearance of 2_9 were followed 



in the acid region, phenols continued to form after all the substrate had 

been consumed.85 The origin of these phenols, vhich represented approxi- 

mately 40% of the total phenols formed, was traced to the extremely 

unstable &- and --diols 1s which had accumulated in the medium. 

Formation of 121 is due to the high stability of carbonium ion 1 2  and its 
resonance contributors. Indeed, 121 exchanges its hydroxyl groups with sol- - 
vent water much faster than it aromatizes. The same remarkable solvolysis 

uaa observed during rearrangement of indane 8,9-oxide (31), with the & 
4 

and -4iola 123 being formed at lov pH. 86 - 

122 123 
The isomerization of indane 8,9-oldde was even more irtriguing, since in 

order to explain the kinetics, it was necessary to invoke an "oxygen walk" 

& c~pbonium ion 13 to the new arene oxide 1% vhich opens selectively 



t o  127. Only 308 of the was formed i n  the spontaneous region - 
dienonephenol rearrangement of the spiroketone 152. The rearrangement 

products obtained from the methyl-substituted benzene oxides 21, 3 and 27 - 
were also suggestive of "oxygen walksn and d io l  formations,22 but studies 

of mechanism for  these rearrangements have yet t o  be done. Simple a l l y l i c  

epoxides such as 128 are  hydrated t o  diols  (129 and UO) i n  a reaction - - 

which shows buffer Notably, buffer catalysis has not teen 

detectable for  any of the arene oxides examined thus far. Thermally 

induced " w a l k  reactions" have been detected for  cycloheptatrienes, 90 

azepins,66 8,lkxido-fi.27metacyclophane-1,9-biene and its N+ethyl 

analog,91 and the oxido-annulene 6?,15 as well as  a photoinduced " w a l k  

reaction" fo r  a diazepin. 92 

IV. REACTIONS OF ARENE OXIDES 

A. Addition of Nucleophileg - Isomerization to phenols and reaction 

w i t h  nucleophiles a re  two of the most common reactions of arene oxides. 

Nucleophilic opening reactions were f i r s t  enwuntered i n  the reaction of 



the th io l  group of the cysteine in the tripeptide glutathione (WH) with 

benzene oxide ( l - ~ ) , ~ ~  - - naphthalene oxide and the K-region oxides - 
of higher polycyclic This addition is enzyme-catalped 

and VFU be discussed l a t e r  in more detail .  The addition of a variety 

of simple nucleophiles t o  arene olddes has been studied. Both sulfide 
- 

and azide readily add to &-2, while NB2 fai led t o  react.95 The dimer 

'OH 

resulting from sulfide addition (132) is a mixture of the two trans-trang- - 
diastereomers in which d i rec t  l,2-opening has occurred on each molecule 

of - 1-2.96 - Azide addition t o  yield U1 occurred by both 1,2-opening 

and m 1,bopening as  shown with the 3,&-dideuterobenzene o e d e  (1-2a). - - % 

Methyl lithium adds a - 1 , 6  97 vhile dimethylmagnesium adds both 

&a-1,6 and 4~11119-1,2.~~ Attack of t h i o ~ y a n a t e ~ ~  on 1-2 - - produced benzene, 



presumably a 69. Reduction of 1-2 to "benzene h y d r a t d w i t h  l i t h i m  - - 
hydride15 and the alkylation of py r Id inJ8  by K-region arene oxldes 

have been reported. Reactions vith s o f t  and polarizable nucleophiles 

such as  th io ls  and azide are  most facile.Phenoxide reacts  slowly as  an 

ambident nucleophile in that products resul t ing from at tack both by carbon 

and by oxygen are produced. 96 

B. Miscellaneous R e a c t i u  - Although the principal reactions of 

arene oxides are isomerization to phenols and attack by nucleophiles, 

a nmben of other interssting transformations have been observed. Typical 

examples of these are I l lus t ra ted  below for  benzene oride-axepin (L-z), 
the most studied cogener. Reactions typical  of the oxepin tautomer 2 

Cr(CO),(NH,), hv 
Benzene 



are metal catalyzed reduction to oxepane (z) and photocycllzation to  the 

bicycllc compound 134.~~ A A related structure l a  obtained on photolysis 

of cyclooctatetraene oxide?9 Alkali metal reduction of 1,2-dimethylbenzene 

oxide (21), a compound vhich axists as  the oxepin, results  in cleavage to - 
4-o~tene-2-one.~~~ In analogy to  the ext-ion of sulfur from 69, benzene 

is formed from 1 on treatment vith phosphines or a ehmmiaa complex. 15 - 
Tautomer - 1 shove tppical d ime reactions in the formation of Dials-Alder 

a d d ~ c t e ~ ~  (US) and, quite interestingly, in reaction vith singlet oxygen 

to produce the peroxide 136,1°1 Warming the peroxide to 45' results  in 

isomerization to m - b w e n e  trioxide (U7). A related series of reactions 

occur vhen singlet oxygen reacts vi th indenelo2 to produce 138. - .&-Benzene 

trioxide (9) ia also lmom 103*104 and undergoes t h d  isomerisation to 

&, Etg, &-1,4,7-triozacyclonomtriene (140) vhlle U 7  does not. - - 



cis-Benzene dioxide (1%) exists in equilibrium with dioxocin (1%) at - 

elevated temperature. 
105,106 

A more detailed examination of the photochemistry of 1-2 has - - 
indicated that 1 and 2 isomerize to phenol by a triplet process while - - 
the singlet species of 1 deoxygenates and the singlet of 2 cyclizes to - - 
1%. - lo7 Photolysis of 3,6-dideuterabenzene oxide (i-&) indicates that an 

"oxygen walK'occurs. lo8 Photolysis of benzene oxide (1-2), naphthalene oxide - - 

0 
(42), and phenanthrene oxide (11) at -196 allowed detection of the keto - 
forms of the corresponding phenols as well as subsequent ketone cleavage 

products. Phenanthrene oxide (11) also undergoes an "oxygen walk" - 
to the oxepin 143. 

108,109 



V. BIOCHEXISTRX OF ARENE OXIDES 

A. w e  in Met- - The purpose of the present section and 

section VB on the biological activi ty of arene oxides w i l l  not be to 

review the l i terature,  but to  indicate the areas of interest  since 

current and comprehensive review of the l i tera ture  are available. U,llO 

B w l y  25 years ago, E. Boyland noted that  many of the metabolites of 

aromatic hydrocarbons in mamala could be explained by postulating arene 

oddes an i n t - d a t e s  in these reactions.' In 1968, the first mequivo- 

cal demonstration of biological fonoation of an arene oxide was reported. 9 3 4 1  

Incubation of naphthalene with the microsomal fraction from r a t  l iver  led 

t o  the identification of naphthalene 1 , 2 - o d e  (48) which was established - 

Enzymatic 

GSH = Glutathione 1 Epoxide * do'' 
Hydrase 



as the obligatory intermediate in the forination of l-naphthol (US), a - 
conjugate (149) vith glutathione (OSH) and the -01 (13). Thus, - 
all of the metabUtes of naphthslene could be accounted for by 48. COP - 
jugation vith GSH was both non-enzymatic and catalyzed by a soluble 

enzyme, glutathione4-eporide transfarase. IIydration to 150 does not - 
occur spontaneously, but requires the microsoaal e m m e  eporide hgdrase. 

h z p e  catalysis for the isomerization of 48 to l-naphthol along with a 
&or amount of 2-naphthol could not be detected. The half-life of 48 
in the incubation medium is on the order of 4 minutes. Subsequently, 

direct evidence has been presentid far the formation of the K-region 

oxidee of several polycycllc ammatic hydrocarbons. m e  occurrence 

of the "KIII ShiftD during the formation of a phenol or the isolation of 

metabolites such as ~ 4 h y & d l o l a s  catechole and derivatives thereof, 

and certain types of conjugates containing cpstaine have all been taken as 

evidence for the biological formation of arene oxides in plants, -8, 

and dcmorgapiams. 13,llO 

& ToxLc Car cinoeenic. and Mutanenic Activik - A recent review 112 

on the caroinogenicity of organic compormda makes it abundantly clear that 

these compormds, whether natural or synthetic, ahare one feature in comon - 
they are either inherently reactive tovard 0r are metabolized to structures 

which are reactive tovard cellular nucleophiles. In all cases, covalent 

b h d b g  to DNA, RNA, and psotein occurs. m1L12 h e  oxides vith their 

high reactivity tarards nucleophlles are, therefore, prime candidates for 

the Dbioactivated intermediatesm responsible for maqp of the abtorant effects 

p?Pduced by aromatic hydEPebons in living eyetaas. The initial studies 

of the carcinogenioity of K-region arene ortdes, dons by akin painting and 



subcutaneous injection, showed the oxides l e s s  active than the parant 

hydmcarbuns.'l0 This m y  have been the result  of the arene oxides never 

reaching the critical target noleculea eince recent studies with ce l l s  in 

culture have indicated that arene oxidee are highly potent transforming 

agents.UJ A t  present, the c r i t i ca l  target molecules in the ce l l  are 

d o w n .  FKln the previously described reactions of benzene oxide 

with simple nucleophiles, it is apparent that the chemistry of the binding 

of arene oxides w i l l  be complex. For example, the 1,a-oxide of k o [ a _ 7 -  

pyrens ( 1 s )  muld be attacked a t  the &position af ter  intercalation 

and then lose water to form 152. - 114 

HO H 

r DNA H DNA 
DNA 

Brene oxldes of halobenzenes have been proposed a. causative agents 

in liver necrosisu5 based on the observations that radioactive bromobenzene 

must be metabolically activated and then covalenkly bind i n  order to cause 

necrotic lesions of the liver. Compounds such a. toluene which would form 

relat ively ahorblived arena oedesa are inactive. K-region arene oxides 

have been shown to  ac t  a. fraBeahift mutagens. 116 



C. w e n t  in aiosmthesis  and Deeradation - Exclusive of the 

vide number of h y d r o ~ l a t i o n s  of the aromatic r ing by plants, animals, 

and microorganisms which are  accompanied by the 'NIfi ~ h i f t , " ~  a number 

of compounds have been isolated whose structures suggest an arene oxide 

may have been involved In t he i r  formation. The fungal metabolites 

aranotin (153) and gliotoxin (154) both originate from phenylalanine and - - 
could have been produced the o d d e  at  the 2,3-position on the benzene 

ring. The seven-membered r ing in 153 is suggestive of the intelrnediate - 
formation of an oxide of the oxepin form of the ini t ial  2.3-oxide. 

The interest ing fungal metabolite LIrZ1220 (155) i s  a bemene 
7 

The original  assignment as 4Egna fo r  the metabolite has been questioned. 
1% 

The only oxido-annulene(l56) identif ied as a me tabUte  ar i ses  from a - 
carcinogenic methylphenanthrene cyclopentanone on incubation with r a t  

l i v e r  preparations.121 Finally, the Verongia sponges have provided t h e e  

metabolites, aeroplysinin-1 (15'7),~' - aerothionin (158),'~~ - and homoaem- 

t h i ~ n i n , ] ~ ~  the l a t t e r  with an additional methylane group in the central 



carbon chain of 13, which are suggestive of arene oxides as intermediates 

in their biosynthesis. 

pote Added in Proof. Since the initial writing of this article several 

additional pieces of information have come to our attention. The synthesis 

of 9,lO-dicyanophenanthrene 9,10-oxide (1s) has been achieved by ring- 

closure of the dialdehyde (159) - with triethylphosphite.la An interesting 

new derivative of oxepin (161) which dimerizes at room temperature has - 
been described,125 and the reaction of 1-bsnzoxepin (44) to form a novel - 
endoperoxide (162) has been reported. - 126 Examination of the early literature 

on the synthesis of substituted polycpclic hydrocarbons has revealed a 

report of the preparation of the dimethyl substituted K-region oxide of 



chrysene (13) in 1940.'~~ If this report is correct, it predates the 

synthesis of all other arene oxides by nearly twenty-five years. 
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