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I, INTRODUCTION

As [Higtory ~ Arene oxides are a subclass of arcmatic hydrecarbons
in which the continuous p-t overlap is interrupted by formatlon of an
epoxide ring between two adjacent carbon atoms, The itrivial nomenclature
of bengene oxide or dihydrobenzene epoxide for structure 1 and related

compounds has found widespread uses More formally, 1 would be named

7—ombicyclo£.l.g7hapta-2,4—diene. The term oxepin 1s widely applied to
the 7-membered msaturated ether 2, the fully reduced hexahydro derivative
being oxepane, Aa will be discussed, the two structures, 1 and 2, are
intimately related and comexlst as valence bond tautomers. The relevancy
of erene oxides to two widely diverse areas of scientific endeavor, molecu=
lar biology and theoretical quantum mechanies, had encouraged synthetic
chemists in their atiempis to elaborate these structures over a pericd
of more than thirty years. In 196, the first synthesis of benzene
oxlde~oxepin, the parent system, was reported by E. Vogel and his colleagues
at the University of K'éln.l In the subsequent ten years, several hundrsd
papers have appeared which either relate to or are directly econcerned with
the chemistry and blochemistry of the arene oxide-oxepin system.

Much of the theoretical interest in oxepin (2) stemmed from its 8n
electron system which, like the analogous wnstable cycloheptatrienyl anion
and cyclooctatetraens, does not setisfy the {4n + 2) Hickel requirement
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for arematicity. Molecular orbital calculationa suggested that 2 might

possess a certain amount of aromatic cha.racter.z In addition, it was
poa'bulatod‘a that 2 might coexist in valence tautomeric equilibrium with
benzene oxide (1) by analogy with the suspected norcaradiene—cyclohepta-
triene squilibrium. This was, at the time, an innovative suggeation
since few were willing to believe that 1 could have a finite existence or
that facile rupture of the carbon-carbon bond in an oxirane could cccur.

Biological interest in arene oxides stemmed, to a great extent, from

an obgervation by Boyland and Levi2 that anthracene was metabolically
converted to irang=-l,2-dihydroxy-l,2—dihydroanthracene in mammals,
Similar results with a number of other polycyelic aromatic hydrocarbona
prompted Boyland to suggest in 1950, that arems oxides might be inter-
mediates in aromatic metabolism. Nearly twenty years later this theory
was proved correct, and arene oxides were implicated as causative agents
in necrosis and carcinogenesis ellicited by aromatlc compounds.

Be Ihe First Successful Synthesis ~ The first attempts to prepare l-2,
although imaginative, led to diseouraging results in that either tﬂe desired
precurscrs could not be prepared or, when such compounds were preparsed,
the final step led only to the isolation of phenol, Attempia to epoxidize
"gbenzene tetrachloride® (3) to the tetrachlorcepoxide 4 were unsuccessful.

Dehalogezua.i‘.ieon3 of 4 was expected to generate ls. An analogous

Cl Cl Cl Cl
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route had, however, been employed in the synthesis of irapg-l,2-dihydroxy=-
3.,I\Z-d:i.t:,yvd.t'ol:aeJ:lzene.‘5 Attempted epoxidation of 7-ketonorbornadiene { 2) to

6 also fa.ﬂed.7

O 0
H 1
—¥— s |
0]
5 6

Decarbonylation of 6 was hoped to provide a route into 1. Early attempts
to dehydrohalogenate 7 with tertiary amine bases>’ or § with silver oxide

Br
Br. AcO.
O O o
Br Aco”
7 8 9

in ether’ yielded phenols A similar result was obtained on pyrolysis’ of
9+ The persevering efforts of Vogel and co—workersl ultimetely led to the
generation of benzene oxide-oxepin (1-2) through treatment of 7 with the
potent dehydrohalogenating agent, diazabicyclononene, and the presence of
the valence bond tautomerism was first observed,

Although the literature contained reportag’lo that peroxyacid oxidation
of polycyelic aromatic hydrocarbons led to the formation of arens oxides at
the K=-regions of pyrene and dibenzozg,ﬁa.nthracene, the yields in these
reactions were diminishingly small, and the products were not pure or
definitively characterized, The first unequivocal synthesis of arene

oxides at the K=regions of polyeyelie aromatie hydrocarbons was that of
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Neuman and Blumll at the Ohic State University in 1964, very shortly after

the disclosure of the synthesls of 1-2 by Vogel. Newman elegantly
applied  Mark!s reagent,lz izig~dimethylaminophosphine, to cloge 2,2'=~
biphenyldialdehydes (;I._(_), iz, Q) to the desired arene oxides.

PINCH);
HO
CHO
HO
CHO

R
i2 R=H 14 R=H
I3 R =CHsg IS5 R=CHs

In this manner, phenanthrene 9,10-oxide (11}, 1,2-benzanthracene 3,4~oxide
(14) and 10~methyl-l,2~benzanthracene 3,4=oxids (15) were obtained as pure
crystelline solids in yields in excess of 70%. The starting dialdehydes
in these syntheses were readily obtained from the intact hydrocarbons
through formation of gig-dihydrodiols at the K=regions with 030 4 and sub=-
sequent cleavage. No evidence for oxepin contributors to any of the

Keregion arene oxldes was detecteds

= In order to maintain uni-
formity and avoid confusion within this review, all derivatives of benzene
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oxide=oxepin will be named as benzene oxides regardless of where the
position of the equilibrium between the two forms lies, For polycyclic
hydrocarbons, elther the oxide or oxepin nomenclature will be employed
gince these compounds exist exclusively in one form or the other,

An atitempt has been made to provide as comprehensive coverage of
the likerature as possible through June 1973, Emphasis has been placed
on the synthesis of benzene oxides and arene oxides of higher polyc_yclic
hydrocarpons as well as the chemical reactions and biological involvement
of these compounds. Since reviews are available on the bicloglcal forma-
tion and disposition of arene ox:l.densl3 and on the chemical model systema
for aryl hydroxylase-catalyzed formation of areme oxides,l® thsse areas
will be discussed only with the intention of desgignating the types of
studies which have been done. An excellent discussion of the oxide-oxepin
valencs tautomeric equilibrium as well as many synthetic studies is avail=

ableol5

Synthesis of oxeping and hydro-oxepins and their occurrence in
sugars, alkaloids, ateroids, and terpenes 4z a broad subject beyond the
scope of this articles Fortwmately, an excellent and comprehensive review
is aﬂt:llabil.e.:j'6 Oxepins willl, therefore, be discussed only whers appropri-
ate, BErief mention of substituilon of other slements for oxygen will be
made and leading literature in these areas cilted, Substitution of nitrogen

for carbon in such compounds has been reviewed.17

11, SINTHESIS

4, Substliuted Benzene Oxldgs - Subsequent to the original report
that 1-2 could be prepared by the dehydrohalogenation of 7 with a tertlary
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amine base, Vogel and co-vorkerslB found that dry scdium methoxide 1n

other was an effective agent for this conversion, In addition, the ection

of alcoholates on 8 or of NaI on 16, prepared by bromination of 1,4~cyclo~

hexadiene mono-oxide with N-bromosuccinimide have provided useful rout.esl9
' Br

Nal
0 > |-2

Br
16

into E—E. A novel approach to the synthesis of 1-2 has been through the

thermolysis or photolysislo of 17, prepared by epoxidation of "Dewar benzene,"

hv
@" ows - 172

17

Substantlial amounts of phencl are formed as well,

4 vide variety of methyl=substituted benzene oxides have been prepared.
through application of the Vogel's dehydrohalogenation routes The requisite
substituted dibromocyclohexane epoxide precursors have been obtained yila
an initial Birch reduction of msthylbenzenes or bsnzole acicia. A few
typical examples of the general procedure are shown below, and the methyle
benzene oxides synthesized to date are gilven in Table l.
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0. ChHs
1.){0] 18
2) Brz Br
Br
COzH Hs
Br

saveral

steps O 26
CH, Br CH,

Methyl substitution on the oxirane ring leads to distinetly enhanced
stability with regard to isomerization to phenols, while the converse is
true for substitution at other ring positions, Becauéa of high instability,-
several of the compounds in Table 1 have been prepared only ir solutlon

or in impure state, A precursor related to 8 has also been employedl

% in
the syatiesis of 18,

In genersl, substitution of any group at the 3~position tends to
enhance ihe contribution of the oxlde tautomers, while 1=, 4=, or
1,2~substitution favors the oxepin form,<> Thus, 18, 20, and 21 are
principally oF entlrely oxepin, while 19 exisis mainly as the oxide in

nonpoler solutionss The effect of 1,2=-methylene bridges on the position
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Structure
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TABLE 1. METHYL SUBSTITUTED BENZENE OXIDES

Name

1-Methylbenzene oxide (18)

3-Methylbenzene oxide (19}

4-Methylbenzene oxide (20)

1,2-Dimethylbenzene

1,6-Dimethylbenzene

4,5=-Dimethylbenzene

3,4~Dimethylbenzene
1,5-Dimethylbenzene

1,3-Dimethylbenzene

3,5-Dimethylbenzene

3,6-Dimethylbenzene

1,4-Dimethylbenzene

1,3,5-Trimethylbenzene oxide (30)

oxide (21)

oxide (22)

oxide (23)

oxide (24}
oxide (25)

oxide (26)

oxide (27}

oxide (28)

oxide (29)

—275—

Reference

15

21

21, 22

1, 15, 23

21

15

21

21

21

21

21

21, 24
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>SN

3 32

< = )
NS
33

of the oxide—oxspin equilibrium has been exsmined., While tri~ and tetira=-
methylene bridges lock structures 31 and 32 in the oxide form, 33 1s
sufficiently free of strain to allow the presence of both forms.l5 In

the absence of strain considerations, all three of these compounds should
exist mainly or entirely as the oxepin forms, In gemeral, low temperature
and high dlelectric strength medla favor the more polar oxide forms when
equilibria are ptresent.ls Preliminary molecular orbital caleulations
(co/2)%
The dehydrohalogenation route which eliminates two equivalents of

are in accord with the spectroscople studies on the equilibrivm,
bromine (eg 7) has been employed to synthesize benzene oxides with substi-

tuents other than methyle 7Two examples are l=acetylbenzene oxider” (34)
and 3=carbo-f-butoxybenzene oxide®’ (35)s While 34 existe almost entirely
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Q Q
Br “Ch, C~chs
TP — s
B
34

CO2C(CHa)s CO.C(CHa)s
Br
(0] B — 0
Br
35

in the oxepin form, 35 has a substantial oxide t:c-n‘a:rj.brrl'.:i.cm..25 3=Chloro=
benzene oxide (36) can also be obtained in good yleld by this route,<t As

with 35, a large amount of the oxide form is present in the equilibrium,
| Cl
8r
0 =—————— 0
Br
36
The dehydrohalogenation route which eliminates one equivalent of hydrogen

bromide from precursors related to £ has been successfully employed to
prepare 4-carbo-i-tutoxybenzene oxide?’? (37) and 4~chlorobenzene oxide?’ (2‘_}_).
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Br

RO2C RO2C
EtsN:
: o 2., 0
9]
RO2C RO2C OH
o RO® 2
—ey
Br Br

38
R = tertiary butyl

cl 1) NBS cl
O ) Chy0° 0
39

The free acid of 37 has been isolated,’ and proved to be remarkably stable.
One of the bromoiscmers enroute to 22 failed to dehydrobalogenate with
triethylamine, but could be lsomerized to the "benzene hydrate” 38 by

the actlon of potassium t~butoxides The dehalogenation route

which employs KI (cf., 1671-2), has been used to prepare 4,5-dicarbo-
methoxybenzene oxidel’ (40) e

Br
CH30,C CH3OZC<>
KT
O —— 9]
CH302C CHz0,C

Br 40
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Syathesis of 40 has also been achieved through the elegant thermal route’"

ghown below:
0 0}
CO2CHs hy COsCHs o> 40
—_— 2 3 >|00°
COZCH3 COZCH3

The success of this route rests in the high stabllity of 40. Another
unique entry into highly substituted benzene oxides (41) has been xig
acid-catalyzed dehydration of 1,AFdihydroxyhl,Ardihydrobenzenas.jl The

+1® e -H®
-] _——
-Hz0
HO 'R, R, . Ra

4|

required heavy substitution pattern and the by-products limit the
synthetic use of the method but do not detract from the mechsnistic

significance. The compounds (4l) exist mainly as oxepina,
one = The synthesls and

chemistry of many substituted and partially reduced oxepins of naphthalene
(banzoxepins) has been well reviewed.lé Our purpose here is to.highlight
the current studies in the area, Potentially eight compounds (1:2_—49) can

be drawn for this system. However, as indicated below, only half of these
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can exlat for any extended period of time because of the gain in resonance

energy upon valence bond tautomerism to the indicated atable forme. The

CD = |

42 43

0

QD ==
44 45
A == |
46 47

o y o
O = OO
48 49

firat member of this series to be described was 3=benzoxepin (46) by

Dimroth and Ph013 2 in an elegant application of the Wittig reaction on
CHO Ph3P=C{-I
CHO PhaP=CH
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o~phthaldehyde, Subsequently a photochemical route related to the

synthesis of 40 was deacribed.33 A wnique hydroperoxide thermolysis
0 =
L . 46
"Hgo

has also been observed to produce 4._6_.3!" 4 dehydrohalogenation route to
i5

46

46, presumably via transient formation of 47, has slso beenr reported,

Br

Potassium [47] > 46
t-butoxide

Synthesis of 1,6-oxido/Tg/annulene (42) was achieved simultanecusly’’ by

two groups from the same tetrabromo precursor. A related dehydrohalogenation

ST e — w
Br Br
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rout-.«a]'5 has provided entry to 1,6; 8,13-bisoxido/14/annulene (50) in which
the oxygen bridges are cise

J LT —CeR]

Mild treatment of the annulene 42 results in an "oxygen walk,® presumably
43+45, to produce l-benzoxepin (ﬁ) A% i interesting "oxygen walk"
phencmenon will be discussed In detail later, A thermal route to dialkyl-
spino-derivatives (é_{,_a) of 44 has recently appeared.3 5 The only arene oxide

R
NR(R2
440

in the naphthalene series, naphthalene 1,2=oxide (4_8_), wag prepared36 by NBS

__NBS _3°amine _

51 52

bromination of the tetralin epoxide 51 to provide 52 which smoothly
dehydrohalogenated to 48+ This general route has been widely applied to
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the synthesis of non-K-region arene oxides of pelycyclic arcmatic hydro-
carbonse That 48 camnot be in equilibrim with the unstable 43 was proved3 7
by the preparation of optically active 48 starting with optically active 5l.

Ce Arene Oxides of Polycyelic Aromatic Hydrocarbong — As with the

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

of higher polycyclic hydrocarbons has been well rev':i.e*l‘ired.l6

Resonance
stabilization demands that elther the oxide or the oxepin form be the

stable species. Valence bond tautomerism between the two forms can, there-
fore, only occur when sufficient energy is put into the system. All of the
polycyclic arene oxides whieh have been synthesized will be deseribed hsre.
The two routes most commonly employed have been patterned after i) the
general procedure developed by Newma.nll for closure of g,g!-biphenyldi=
aldehydes (eg 10, 12, J:_B-), to K=region arene oxides with Mark!s reageu:n;l2

or ii) the dehydrohalogenation method by which Vogel3 6 synthesized naphthalene
1,2=0xide ({é) from a tetralin bromoepoxide { 52)e The routes compliment

each other in that the latter allows synthesis of non-K-region arene oxides yia
the elaberation of a polycyclic system in which the region of interest in

the molecule is saturated and thus isclated, while the former takes advantage
of the selectivity of osmium tetroxide for introduction of functionality at

the K—region3 8,39

of the aromatic system.

The synthesis of K-reglon arene oxides is relatively easy due to
their conslderably higher stability relative to non=K-region oxides.
Most non=K~region oxides would not survive the warm to refluxing_benzene
gsolution employed for the condensatism with trig=(dimethylamino)phosphine.
In addition to the three K-region oxides originally prepared (11, 14, and }_2);40
seven other compounds are shown in Table 2, The yields in the reaction are

generally bigh, but occasionally the desired products are accompanled by
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TABLE 2. K-REGION ARENE OXIDES PREPARED BY THE NEWMAN METHOD

Structure

94§

CHs0H ©

&

4
7-Hydroxymethylbenzo[alanthracene 5,6-oxide 0 (53)

Y

R 0

P
[

5,6-oxide (55)

3-Methylcholanthrene  11,12~oxide (57)

Benzo{alpyrene 4,5-oxide (59)

(see in addition structures _1.&,43 14, and 15)
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CH3, 7,12-Dimethylbenzof[a]anthracene 5,6-oxide (54)
R = CHu0H, 7-Hydroxymethyl-12-methylbenzo[alanthracene

Reference

41

42, 43

42

b4

45

46

43
11




polar, phosphorous containing by-products, While the initial attempt to
Prepare ZZ: .f.‘ailed,ll mors careful control of the cond.itionsz’z’ﬁ for the
condensation provided the compound in 75% yield., A controversy exists
regarding the actual mechanism of the cond.enEsad;ion.4'7

Occasional difficulties with the condensation step have prompted
searches for more convenient means of obtaining K-region arene oxides.
Thus, the recently described method of He I*iemmzum["8 for conversion of
trang~diols to epoxides, with the dimethyl acetal of dimethylformamide

(Ma~IMF), has been employed in the synthesis of 11, Sy and :)'2.43

By this route, the gig-dihydrodiols obtained with osmium tetroxide are

oxidized to gequinones by 803-pyridine, reduced to traps-dihydrodicls
with lithiun alunimm hydride,*? and then converted to the desired oxides

Ot OH
503~ py L|A|H4 DMF-DMA
N . ——— 11,54,59

*OH

with DMA~DMF, Although more steps are required and the overall conversiens
from gig=dihydrodicl are often substantimlly lower compared to the method
using Mark's reagent, thers are definite practical advantages to the
route.50 In one instance, substantial gig~dihydredlicl was formed during
the lithium aluminum hydride reduction,and thus the overall yield of 54
was greatly reduced.

5L

M, S. Neuman and Ce He Chen” have reported the conversion of ortho

agters of 1,2-diols into halohydrin acetates which can then be cyclized to
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epoxides with base, Thls procedure has recently provéd highly successful

h__@OH 0 OCH OCCH
\/ 3
— 5~ 0
OH g “cH

for the preparation of Keregion arene oxides of phenanthrene (E), benzo/_gj-
anthracene (14} and pyrene in our hands>* and may indeed represent the best
available procedure for the preparation of such compounds,

Two factors have caused considerabls difficulty in the synthesis of
non-K=region arene oxides by the general route (51+52+48) developed by
Vo.gezl36 for the synthesis of naphthalene 1,2-oxide (48); i) certain of
these oxides have lifetimes as short asz a few minutes at room temperature
(eg 67), and 1i) the precursors analogous to 51 are often very unstabls,

a factor that severely limits the yields that are attained during the NBS
bromination to form analogs of 52+ Nonetlieless, eight of the ten arene
oxides in Table 3 have been generated by this procedure, Our initial
interest in establishing an alternate route to non-K-region arene oxides
wag prompted by our J.nab.ﬂ_'l.tyzl to prepare 61 by the original route.
Numercus attempts to effect the bromination of l-~methyltetralin 1,2-epoxide
with 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 introduce functionality
which was stable to the conditions of the NBS bromination, but which could
be readily converted to the desired oxirane when necessary, Halohydrin
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TABLE 3,

HON-K-REGION ARENE OXIDES PREPARED BY THE VOGEL ROUTEZ AND

Structure

TG Y O
8 9,

4"’C)
&
a

e
R e W Sa

MODIFICATIONS THEREQOFC

Naphthalene 1,2-oxide (48)

2-Methylnaphthalene 1,2-oxide (60)
1-Methylnaphthalene 1,2-oxide (61)

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

a

Phenanthrene 1,2-oxide (63)

Phenanthrene 3,4-oxide (64)

Benzo[alanthracene 8,9-oxide (65)

Dibenzola,c]anthracene 10,1l-oxide (66)

Benzo[a]pyrene 7,8-oxide (67)

Benzo[a]pyrene 9,10-oxide (68}
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362, 53°

212

53b

21%

53a,b

55

530, 56

537, 56




esters proved remarkably useful in this respect.53 They are completely

gtable to the bromination conditions and the desired oxides are readily

generated as indicated below:

F(,C=0 R-C=0

1 1
OH 0
Br .-Br NBS ~Br hyd
———— ——
2) T2)R0®
Br

48,61,63,64,67,68

The overall ylelds of oxide from amy given precursor are much higher and
53

all of the reactions are easily carried out,

g =~ The closest

analogs to benzene oxide=oxepin (;—-g_) are the corresponding thic compounds,

benzene sulfide (thianorcaradiene)~thiepin (69-70). Much of the interest

" ?
s —= || s
H e,
69 70

in the system stems from calculatien357 which predict the heterocyele to

be slightly antiaromatic, Although a number of substituted derivatives of

70 have been }_)repzan.read,:l'6 the parent system is unknown, An approach to the

synthesls of 6__9—7_0 sterting from the thio analog of _7_’ (7__];) produced only

58

benzene,” presumably by the extrusion of sulfur which could be detected
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Br.

b =
s S tesr —— [+
Br 2

71

as a product. In & like mammer, attempts to prepare the thio or thioxide

analogs of norbornadiene by dehydrokalogenation of 72 and 73 produced

benzene and the corresponding sulfur moiety.5 8 Nonetheless, a related route

e
base m | + X
o RS
C
T2,%X=5
73.%X=5S0

from the dibromide '_7_1_, had provided entry to thiepin 1,l-dioxide (25_) which

Br
l = + 80, —— 2 Br, 4 Br
=
S0; 0z 74
lEtg,N:
A —
S0, + @ - € \ /
50, S0z
75
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59

is stable at room temperature, but loses 802 on warming, The simplest

thiepin (77) known to date was prepared through the Diels-Alder reaction

between a furanothiepin (76} and N-phenybmaleimide.éo The success of the

0
CH; R lf;N-Ph
~ © Ph-N
0 s —
— —
CHs R
76 R = C(CH3),OH L&

procedure and the stability of the molecule were presumed the result of
avolding the presence of sulfur in a three membered ring, a situation
from which sulfur readily 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 44 and éé has
been weli reviewad.l6 Even bridged annulenes, such as 4,9-methancthia-

[ﬁ;?hnnulene (Zg), are knoun.61 In general, thiepins contrast oxepins

in that thiophenols almost never form by isomerization but instead the
sulfur moiety is readily eliminated.

Detailed discusslon of the analogs of 1-2 in which carbon or nitrogen
replace the oxygen atom are beyond the scope of this review, However,
the general aspects of the chemistry of these systems as they relate to

;i—g_uill be briefly discusseds The norcaradiene-cycloheptatriene (79-80)
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problem has been the subject of an excellent review.62 When the substitusnts

Ry and R, are hydrogen or trifluoromethyl groups, only the cycloheptatriene

H
/M R,
H\Rz -
[79] 80 R, =R, =H
[81] 82 Ry =Rp = CR,
83 [84] R, =Ry =CN
85 86 R, = CN, R, = CF,

forms (80 and 82} are known, Conversely,.when Ry = R, = CN only the

norcaradiene structure (83) can be detected, However, substitution of
CN and CF3
lov temperature, with the cycloheptatriene 86 predominating at all

at this position allows observation of both forms (85-~86) at

temperatures.63 In analogy to the conversion of 1 to phenol, 83 is convert-

edéd to phenylmalononitrile (87) along with the rearranged and ring expanded

CHICN),

: @@

product 88, In analogy to 31, 83 exists as the norcaradiene form,65

while compounds with longer methylene bridges exist as cycloheptatrienes 62

(efe compound 33).
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89

The benzene imine (azanorcaradiene}-lH-azepin (29723) system has been

recently reviewed.66 Only compounds with substituents other than hydrogen

H ~=
N-R [ N-R
H —

90 9

at the l-position are known. Although aromatic compounds react directly
with nitrenes to yleld azepins, the best route fo substituted azepins is

via aza analog367 of compound 7 as illustrated below:

R R, R,
Br H b H —
N-R, —2fs N-R;| —— ||
Br " —

Only when special structural factors are present, such &s constraining
methylene bridges, can the imine forms be prepared (eg 92 and 93).66
Situations where equillbria are present between the generalized forms

29 and 2} are unknown, Furthermore, such intercenversions regquire
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n-C02CHs N-C02CHs

92 93

congiderably more energy than the previous analogs of lrg'discussed.
Nonetheless, isomerizations parallel to the conversion of 1-2 to phenol
are knoun68 ag indicated by the conversion of 94 to the aromatic urethane

95« Swurprisingly, synthesis of a simple aziridine at the K-repion of a

= ¢ Joo? "o NH-COCH;
| N-CocHs 20990, N-COCHz | —
= CH CHs
CH3 3
94 95

polycyclic aromatic hydrocarbon has not yet been reported.

4 unique analog of 1 is the unkmown “"benzyne oxide" {96}, On first

96

conslderation, 29 appears too strained to have a finite lifetime, yetl
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there are several inatances where oxirenes have been postulated as reaction
70,71 and naphtho[ b]cyclopropene

(98)72 are known, stable compoundcs. The only reported att.empt73 to

.‘.J:d;ersa‘uad..’l.ai‘.ess.6'9 Benzocyclopropene (?_‘?_)

400° - |
| Torr S
CO,CH4 97
OzCH3
cl t-Bu0® S
Cl THF
98

synthesize 96 was patterned after the successful preparation of 97,70

but resulted instead in the "oxygen walk" product _92.

96
0
150°

99

CO.CH3 CO2CH3

05CH3 COzCH3
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III, THE PNIH SHIFI" ~- ISOMERIZATION OF ARENE OXIDES TO PHENOLS

As  Hydroxylatlon Induced Migrations = Attempts in these laboratories
during the mid 1960's to develop simple radiometric sssays for the mono—
oxygenade enzymes which hydroxylate aromatic rings were based on the
agsumption that tritium at the site of hydroxylation in the substrate
would be released into the medium. Remarkably, this assumption proved to
be incorrect. The majority of the tritium migrated to an adjacent ring
position and was retained in the final product as showns

R
+ 3HOH
- OH
\ Oz, 2H', 2 {Minor)
Enzymatic
Hydroxylation
3y
R
4+ H,0
*H
H
tMajor)

Retentionz of tritium greater than 95% have been observed. In addition
to the migration and retention of the heavy isotopes of hydrogen, halogen
and alkyl groups have been demonstrated to migrate during these enzyme-
catalyzed reactions. The exiremely novel nature of these reactions
prompted naming them the "NIH Shift" in commemoration of the National
Ingtitutes of Health at which the reaction was discovered, A comprehenw

sive review of these studies is available, ™
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Since the class of enzymes, which catalyze the "NIH Shift" ig so
importent to many of the synthetic and degradative pathways in mammals
as well as belng responsible for the detoxication of foreign substances,
an intimate understanding of the mechanism{s) by which these oxidations
occur was esgsential, As a working hypothesis, arene oxides wsre assumed
to be intermediates in the reaction. The initially formed arene oxide

would isomerize to the kete form of the product phenol (100+10l) in a

R R
[0] . Non y
Enzymatic H Enzymatic LW
*n T 1ot ©
. 100
' | enolization
! /
R R
+
H
OH OH
103 102

pinacol type reerrangement. Enolization of the keto-phenol (1L0l) to either
labeled (l_()g) or unlabeled (Jﬁ) product would determine the degree of
migration and retention, Participation of a direct pathway between the

arens oxide (J._.P_g) and unlabeled phenol (Ez) was alsoc poassible, Carbonium
ions seemed the most likely speciea to account for the various steps in

the mechanism, The driving force for the PNIH Shift" in the conversion

of ]_.Eé. to ]ﬁ ia the added stability which results fﬁm charge delocalization
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R R
3H.e
100 —= o -~ H
% Migration
3H
3H OH L 2] i\.H
104 . 105
H
Loss

onto oxygen. Support for this mechanism came with the finding that 106

Cl Cl

Cl
H,0%
H —_— H —_
H ® @H)
2H OH H OH | H

106 07

dehydrated to p-chlorophencl via 107 with 25% deuterium retained.w’

The study of model systems for enzymatic hydroxvlatlon of the aromatic
ring was greatly influenced by the "NIH Shift." Model gystems which do not
show the "NIH Shift" must operate by mechanisms unrelated to the enzyme—
catalyzed reactions, Examination of the most often cited model aystems
(Fe(11), ascorbate, 0,3 Fe(II}), By0,; ¥e{Ill), catechol, H202) ghowed
them not to be relevant, and a search was undertaken for new models which
would function as oxygen atom transfer agents, form arene oxides, and cause
the "NIH Shift," A number of qualifying systems have been found and are
listed in Table 4. One of the most interesting of thesze systems is the
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TABLE 4, OXIDANTS WHICH CAUSE THE “NIH SHIFT"

Systen Beference
Peroxyacld 75, 76
Sn(iI), 0, 77
Pyridine-N-oxide, hv {and related compounds) 78
NZO, hy 78
%-Butylperoxide, Mo(CO) 6 78
Carbene, O, 78
Cr0,(0Ac) , 9

photolysis of aza-aromatio—N—-oxidss.”S The conditions are sufficlently mild
that naphthalene 1,2-oxlide (1_._§) could be isolated when pyridine-fN=oxide (1_0§)
wag irradiated in the presence of naphthalene. The reaction would be of

HO
e H
- 0 + ®
N N
0]
08 48

substantlal preparative value for polycyclic arene oxides if conditions
were established to obtain high ylelds. The formal analogy between the
reactions of carbenes or nitrenes snd the model systems and enzymes which
they emulate has prompted these oxygen atom transfer oxidatlons to be

80,81

consldered as "oxene™ or "oxenoid" reactions. A detalled discussion

of the mono=oxygenase enzymes and the model systems for them is available.u
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evidence that arene oxides mediate the "NIH Shift" was obtained on examina-—

tion of the deuterated toluene oxide 20a, Rearrangement to p-cresol under

CH; Hi
Various 40-85% Deuterium
H Conditions 20) retained
v OH
20a

a variety of conditions established that as much as 85% of the deuterium

nigrated and was rerl:.ai.ued.z""1 Rearrangement of the deuterated naphthalene

oxidss 4_§g. and @9 provided similar infr.az'uw.t'..'t.on.82 Since the game retention

2H H
y L <L
Sl Tse
48q J 48b
OH

s

80 % Deuterium retained
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of deuterium in the l-naphthol (80%) was observed for either oxide, a
common intermediate was required; the keto form of l-naphthol. The
absence of a competing direct loss pathway for the oxides at pH 7 allowed
calculation of a value of ]:B/kDNZ., for the emolization to l-naphthol,
Varlation of retention as a function of pH for isomerization of élig and
4_23 to l-paphthol indicated that different mechanisms were operative at
the two extremes of pH.a‘:2

Rearrangements of methyl-substituted arene oxides provided further
evidence for a multiplicity of pathways for this reaction. Examination
of the ratio of 2,5-«dimethylphencl (]i.g) to 2,4~dimethylphencl (1_];(_1_)
obtained on lscmerization of 1, -dimethylbenzene oxide (gg) as a function
of 124 ghowed the product resulting from methyl migration to be

Hs CHsz
Various
29 Conditi nsA *
onditic OH Hy
. CHx OH

109 110
predominant in the neutral to basic region while the reverse was trus in
acid,

Ce Mechanigms of Tsomepizgtion - Careful examination of the kinetics
of isomerization of benzene oxide (1-2) and naphthalene oxide (48) by

Kasgperek and Bru.ic983 proved the existence of two distinct pathways for
aromatization, FPlots of log k for the disappearance of arene oxide versus
pH showed both acid-catalyzed (kH) and spontansous pathways (ko) were
operative, In the case of the relatively stable K-region oxide of
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non-K -region oxides (eg | -2,48)
ko

K-region oxide {1} )

log k

'l — ]

| 7 12
pH

phenanthrene (E), only a kg pathway could be detected. None of the
three subatrates showed general acid catalysis at pH 3.77 with acetic
acide Similerly, 48 failed to show general acid catalysis with either
imidazole or phosphate at pH 7. Change of solvent fram water (n = 1.0,
30%) to 30% ethanol { = 0,1, 30°) decreased the rate of acid~catalyzed
isomerization (kH) of 11 and 48 by a factor of 4e3. For the spontaneous
iscmerization (k )} of 48 (0,0lM KOH), an Eact. = 1440 & Cul keal/mole
in the temperature range of 20°~50%, & AS'= =25.7 # 0.3 eu at 30°,

and a solvent kinetic isotope effect of k°H20/k°2H20 = 1.33 at 30° were
observed., Several possible mechanisms were considered, but a clear choice
between stepwise and concerted pathways for the ko and I:H reactions wvas
not possible from these studles.

Examination of the kinetics of isomerization of a wariety of subati=-
tuted arene oxides did, however, allow assignment of mechanisms for the
ky and k pativays,5 Separate Hammett plots of log k, or log k versus
sigma (¢ ) were linear with rho (p ) equal to approximstely -7 for benzene
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The only disconcerting piece of data with regard to these mechanisms is
85

the relatively high AS* of ~ =27 eu measursd for 29°- and 4_@83 in the
spontaneous region; a value suggestive of a concerted, highly ordered

transition states such as Ei" end 117,

eq,H
i-H
m — —— |13
116
@
2 —— — |15
1nr

However, the differences between 112 and 1;1_6 and between 114 and 1_.'1_.:_7 is
only a matter of the timing of the migration. The ordering of solvent around
E.% and &4 eould explein the large negative AS* as well, Rates of
isomerization for the arene oxideg measured to date are presented in
Table 5.

Da irect of Arene Qxi ~ Unsymmetrical arsne oxides
can undergo isomerlzation to elther of two phenols or to a mixture thereof,
Resulta to date suggest that the energy differences between the alternate clea=-
vages of the oxirane ring are relatively small, snd minor environmentsl or struc—
tural changes can cause large shifts in product distribution, Although some
quantitative studies are avallsble for individual compounds, the generslities
based on them must be, at present, consldered qualitative. Unusual solvolysis
and iscmerikation products will be treated in the next section,
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ko(sec—l)

2,74 % 1077
-3b
1.33 x 10

5,20 x 107%
9,0 x 1072

1,53 x 1072

5028 x 1072
2.9 x 1077
4e8 x 1073
o4 x 1073

2.85 x 10~3°
4o2 x 2074

TABLE 5. RATES OF ISOMERIZATION OF ARENE OXIDESa

A w1l -l

Arene Oxide kH(M gec )
Benzene oxide (1-2) 3.89
32P
1-Methylbenzene oxide (18) 105
3-Methylbenzene oxide (]_.2) 96
4~Methylbenzene oxide (20) 470
4y 5=Dimethylbenzene oxide (23) 4070
4~Chlorcbenzens oxide (3__9) 0450

1,4~Dimethylbenzens oxide (29) 530 & 730°
Indane 8,9-oxide (31) 1410°
Naphthalene 1,2-oxide (48) 450°
1107
Phenanthrene 9,10-oxide (11) 130
30

83,84

84
84
84
84
84
85
86

83,84

a3

&) Measured in 50% dioxane-water, u = 0,1 in KCl at 30° unless otherwise

noted,

b) Measured in water, p = 1.0 in KC1 at 30°,

¢} Consult section III,E for the significance of these rate constants,.

d) Measured in 30% ethanol-water, u = 0.1 in KC1 at 30°,
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Consideration of the phenols which result on iscmerization of the

nethyl-substituted benzene oxides in Table 1 has egtablished

the fundamental principles which underlie these reactions.ﬂ

The three oxides of toluene (18, 19, and %_Q) , the oxide of mesitylene (92) ,
and 1,3-dimethylbenzene oxide (Eé) all give rise to only one of the two
potentially possible phenols when isomerized at pH 1~12 as iliustrated

below for the toluene oxides., These highly selective isomerizations are

CH
20
Ha
H
18 pH 1-12
CHs
19
CH3 CH3
pH -2
o H
20

best explained on the basis of carbonium ion stability in the rate
determining step. For example, consider the camonical contributors
to the two possible sets of ions resulting on acid catalyzed opening of 20.

Only the top set, which leads to p~cresol, contains a tertiary carbonium ion (118)
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CH, CHs

CHs
]
(i) ]
H OH OH H OH

20 — s

Hs CHs CHs
H & H
% @(OH -— &@(OH - OH
H H H
e

and is thus & more stable set of contributors, The generalization that the

ion with the meximum number of tertiary contributors will be determinant in
establishing the product distribution applies for all the compounds of
Table 1, A similar line of reasoning explains the formation of p-chloro=-
phenol from 4~chlorobenzene oxide (22)‘,28 g~chlorophenol from 3-chloro-
benzene oxlde (35:_),28 and the getg-phenol.from 4=carbo-t-butoxybensene
oxdde (37).%

Isomerization of naphthalene oxide (48) should produce only l-naphthol
since opening in this direction leads to two contributors (119 and 120)

H o° Ho°
2
O — Q0
(=2}
L H i
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which de not disturb the arcmaticity of the adjacent ring while only one
such contributor is aveilable for opening to 2-naphthol, The product
diatribution fits these predictions for the ko reaction, but in acid

% The basis of this change

approximately 10% of 2-riaphthol is formed,
in product distribution 1s presently unclear. Carsful studies on the
distribution of phencls from the arene oxides of other polyeyelic hydro=
carbons have yet to be done,

Rearrangement of 3,4=dimethylbenzene oxide ( ?_!.._) was expected to
produce equal amounts of 2,3- and 3 4=dimethylphencl since the alternate
openings of the epoxide ring both produce one tertiary carbonium ion
contributor, However, the 2,3-dimethylphenol is only a minor product and
varies from 11% to 23% as the pH of the rearrangement medium is increaseds =
As indicated in section XIIB, the ratio of phenols (109 and 110) resulting
from direct opening and methyl migration for 1,4~dimethylbenzene oxide (29)
was also strongly pH dependent.

Be. Solvelysis and "Oxygen Walks® = In contrast to other arene oxides, the
K-region oxides of polycyclic hydrocarbons such as 1l and 59 behave like
simple epoxides in that they are fairly readily hydrated to irang~diols

in water.l"a »88

Related solvolysis reactions have been recently observed
during the study of the mechanism of isomerization of benzene oxide

derivatives. When the kinetics for the disappearance of 29 were followed

Hs HQ CHy
109+ 110 K. =730M'sec” - =
- k=530M 'sec™
Hs HO' CH,
29 121

—307—




in the acid region, phenols continued to form after all the substrate had
bean consumed.85 The origin of these phencls, which represented approxi-
mately 40% of the total phenols formed, was traced to the extremely
unstable gig- and trapg~diols 121 which had accumulated in the medium.
Formation of 121 is due to the high stability of ecarbonium ion 122 and its
resonsnce contributors, Indeed, %g% exchanges itz hydroxyl groups with sol-
vent water much faster than it aromatizes., The same remarkable solvolysis
was observed during rearrangement of indane 8,9%=oxide (31), with the gig

and frang-diols 123 being formed at low pi.o”

CHs OH
H
;i HO

HO CHjz

122 123

The isomerization of indane 8,9=0Xide was even more irtriguing, since in
order to explain the kineties, it was necessary to inwvoke an "oxygen walk"

¥ig carbonium jon 124 to the new arene oxide 126 which opens selectively

] . -
0 0
® OH |
31 pH>7 I 125 <I>
0 127
- a
124 126
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to 127, Only 30% of the 127 was formed in the spontaneous region via
dienone=phencl rearrangement of the spircketone Egé. The rearrangement
products obtained from the methyl-substituted benzene oxides 21, 22, and 27
were also suggestive of "oxygen walks® and diel form&tions,21 but studies
of mechanism for these rearrangements have yet to be done, Simple allylic

epoxides such as 128 are hydrated to diols (129 and 130) in a reaction

0 OH OH
_LOH
. "
7
OH
128 129 130

89

which ghows buffer catalysis, Notably, buffer catalysis has not been

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

induced "walk reactions" have been detected for cycloheptatrienes,90

a.mpins,66 8,16=0xido—/2.2/netacyclophane=1,9-diene and its N-methyl

P and the oxido-annulene 42,17 as well as & photoinduced "walk

92

analog,

reaction" for a diazepin.

IV. REACTIONS OF ARENE OXIDES
A. Addition of Nucleophiles = Isomerization to phenols and reaction
with nucleophiles are two of the most common reactions of arene oxides.

Nucleophilic opening reactions were first encountered in the reaction of
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the thiol group of the cysteine in the tripeptide glutathicne (GSH) with

benzena oxide (_ZI;-g),93 naphthalene oxide (4!,_&),80 and the K-region oxides
of higher polycyclic hyd.rocarbons.% This addition is enzyme—catalyzed
and will be discussed later in more detail, The addition of a wvarlety
of simp]..e nucleophiles to arene oxides has been studied. Both sulfide

and azide resdily add to 1-2, while NH,” failed to react.”” The dimer

S
) L0
“OH OH H =

131 132

resulting from sulfide addition (132) is & mixture of the two trans-trang-
diastereomers in which direct 1,2-opening has occurred on sach molecule

of _J:-g.% Azide addition to yield 131 occurred by both trang 1,2-opening
and trang 1,6-cpening as shown with the 3,6-didewterobenzene oxide (}_—23;).96

Methyl lithium adds gig=-1,6 4 while dimethylmagnesium adds both
2H
2
_/H O
LiCHg
I-20

96

oig=1,6 and iprans=-1,2, Attack of thiacyana.te% on 1-2 produced benzens,
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presumably vig 69 Reduction of 1-2 to "benzene hydrate" with lithium

hydride’® and the alkylation of pyridines’® by K-region arene oxides

have been reported, Reactions with soft and polarizable nuclecphiles

such as thiols and azlde are most facile, Phenoxide reacts slowly as an

ambident nucleophile in that products resulting from attack both by carbon

and by oxygen are prodv.:::ed.96
Be Miscellaneo acti ~ Although the principal reactions of

arene oxides are isomerization to phenols and attack by nucleophiles,

a numbenr of other interesting transformations have been observed. Typical

examples of thege are illusirated below for benzene oxide~cxepin (‘];-E),

the most studied cogener. Reactlons typlcal of the oxepin tautomer 2

0
133
Ha| Pd
Cr{CO};(NH3) ©
r
Benzene 22 -2 . hy > W [ + Phenol
134
O
-~ 45° .
0 by
0 '-0 CHCI3 -
O
0

135 136 137
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are metal catalyzed reduction to oxepane (@) and photocyclizatlion to the

blcyellc compound 1_.3_1:.15 A related structure is obtained on photolysis
of cyclooctatetraene oxide?9 Alkali metal reduction of 1,2-dimethylbenzene

oxide (gl_), a compound which exists as the oxepin, results in cleavage to

100

4=octene—2=-one, In analogy to the extrusion of sulfur from 63, benzene

is formed from 1 on treatment with phosphines or a chromium complex.15

Tautomer 1 shows typical diene reactions in the formation of Diels—-Alder

adduct815 {135) and, quite interestingly, in reaction with singlet oxygen

1ol

to produce the peroxide 136 Warming the peroxide to 45° results in

isomerization to ipgng-benzens trioxide (137), A related series of reactions

occur when singlet oxygen reacts with inden9102 to produce 138, gig=-Benzene

-0
—_— —_— .
Dy C <\
‘o 0
O .o -0
] ]
qT - &0
- I
3 ¢
128

trioxide (139) is also Jnown T3 104 gng undergoes thermal isomerization to
sls, gla, ela~l,4,7-trioxacyclononatriene (140) while 137 doss not.
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0Z] 200° M 200° o

O
139 140
0}
70° a OD
\\ 0
Q
141 142

cis—-Benzene dioxide (141) exists in equilibrium with dioxocin (142) at

elevated temperature.105’106

A more detailed examination of the photochemistry of l—g_has
indicated that E_and E_isomerize to phenol by a triplet process while
the singlet species of l deoxygenates and the singlet of E_cyclizes to
{2&.107 Photolysis of 3,6-dideuterobenzene oxide (EH%E) indicates that an

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

EH 2
0]
hy
o] _—
ZH ZH
I-2q

(48}, and phenanthrene oxide (11) at —1960 allowed detection of the keto
forms of the corresponding phenols as well as subsequent ketone cleavage

products.108 Phenanthrene oxide (11) also undergoes an "oxygen walk"

to the oxepin 143.108’109
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V. BIOCHEMISTRY OF ARENE OXIDES

A, Role in Metaboligsm =~ The purpose of the present section and
section VB on the bilological activity of arene oxides will not be to
review the literature, but to indicate the areas of interest since
current and comprehensive reviews of the literaturs are ava.ilable.lB’llo
Nearly 25 years ago, E. Boyland noted that many of the metabolites of
aromatic hydrocarbons in mammaels could be explained by postulating arene
oxides &s intermediateas in these rea.ct‘.iczmss.5 In 1968, the first unequivo-
cal demonstration of biological formation of an arene oxide was raportad.gB’lll
Incubaticn of naphthalens wlth the microscmal fraction from rat liver led

to the jdentification of naphthalene 1,2-oxide (4_8_) which was established

CH
Non _
Enzymatic "

148
0 SG on
Liver GSH Epoxide
Microsomes : Transferase
48 149
OH
IBOH.
GSH = Glutathione Epoxide OO
Hydrase
{Hz'%0) ‘
2 150
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as the obligatory intermediate in the formation of l=naphthol (148), a
conjugate (1_@) with glutathione (GSH) and the dihydrediol (150). Thus,
all of the metabolites of naphthalene could be accounted for by 48+ Con=
Jugation with GSH was both non-enzymatic and catalyzed by a scluble
enzyme, glutathlone-S~epoxide transferase, Hydration to 150 does not
occur spontaneously, but requires the microsomal enzyme epoxide hydrase.
Enzyme catalysis for the lsomerization of Jﬁ to l-naphthol along with a
minor 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 presented for the formation of the EK-region

oxides of several polycyclic aromatic hydrocarbons.llo

The occurrence

of the "NIH Shift" during the formation of a phenol or the isclation of
metabolites such as trgpg-dihydrodiols, catechols and derivatives thereof,
and certain types of conjugates containing cysteine have all besn taken as
evidence for the biological formatlon of arene oxides in plents, animals,

and microorga.nisms.13 » 110

Bs Toxic Cerginogenic, and Mutagenic Activity - A recent reviewm
on the carcinogenicity of organic compounds makes 1t abundantly clear that
these compounds, whether natural or synthetle, share one festure in common =
they are either inherently resctive toward er are metabolized to atructures
which are reactive toward cellular nuclsophiles, In all caszes, covalent

binding to DNA, RNA, and protein occurs: 112

Arene oxldes with their

high reactivity towards nucleophiles are, therefore, prime candidates for
the "bioactivated intermediates” reaponsible for many of the aberrant effects
produced by aromatie hydrocarbons in living systems, The initiel studies

of the carcinogenicity of E-reglon arene oxides, done by skin peinting and
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subcutanecus injection, showed the oxides less active than the parent
hydrocarbons.no This may have been the result of the arene oxides never
reaching the critical target molecules since recent studies with cells in
culture have indicated that arene oxldes are highly potent transforming

13 At present, the critical iarget molecules in the cell are

agents,
unknowne From the previously described reactions of benzene oxide

with simple nucleophiles, it is apparent that the chemistry of the binding
of arene oxldes will be complex, For example, the 1,2=oxide of benzo/ : a_7-
pyrene (151) could be attacked at the é-position after intercalation

and then lose water to form J___53.lu’

HO H
0

55— ol = i

! DNA H DNA

DNA

151 152

Arene oxides of halobenzenes have been proposed as causative agents
in liver necroaiau5 based on the observations that radiocactive bromobenzene
muat be metabolically actlvated and then covalently bind in order to cause
nacrotic lesions of the liver, Compounds such as toluene which would form
relatively short-lived arene oz:i.das& are inactive, K-region arene oxides

have been shown to act ag frameshift mu’r.agex:u!.ll6
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Ce t in Biogynthesis and De. tion = Exclusive of the
wide mmber of hydroxylations of the aromatic ring by plants, animails,
and microorganisms which are accompanied by the "NIH Sl'lzl.f.‘t,"]‘3 a number
of compounds have been isclated whose siructures suggest an arene oxide
may have been involved in their formation, The fungal metabolites
aranctin (]_._5_3_) and gliotoxin (]_'éf‘:.) both originate from phenylalanine and
could have been produced yia the oxide at the 2,3=-position on the benzene
ring, The seven-membered ring in I!._éé is suggestive of the intermediate

formetion of an oxide of the oxepin form of the initial 2,3~cxide,

183 154

120
106

The interesting fungal metabolite LL-Z1220 (155) is a benzene dioxide,
The origlnal assignment as trang for the metabolite has been questioned.
The only oxido=armulene Q_SE) identified as a metabolite arises from a
carcinogenic methylphenanthrene cyclopentanone on incubation with rat
liver preparations.lal Finally, the Yerongia sponges have provided three
metabolites, aeroplysinin=-l (&_5_’_7_),12’?' aerothionin (1.2),123 and homoaero=

1;]nin:mj.n,l23 the latter with an -additional methylene group in the central
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0CH3 OCH3

Br r Br r
HO" HO

HO CHZCN ? 1Hz

N""—-C e "‘NH_CHZ_'CHZ— 2
157 158

carbon chain of 1_5_§, which are suggestive of arene oxldes as intermediates
in their biosynthegis.

ot ded in P + Since the initial writing of this article several
additional pieces of information have come to our attention., The synthesis
of 9,10-dicyanophenanthrene 9,10-oxide (160) has been achieved by ring-
closure of the dlaldehyde (159) with triethylphosphite.?* an interssting
new derivative of oxepin (lél) which dimerizes at room temperature hss

125

been described, and the resction of l-benzoxepin (44) to form a novel

endoperoxide {162) has been reported.126

Examination of the sarly literature
on the aynthesis of substituted polyeyelic hydrocarbonsg has revealed a

report of the preparation of the dimethyl substituted K-region oxide of
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159 {60

CHa
H:sC

62 163

chrysene (163) in 1940.127 If this report 1s correct, it predates the

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