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The present Account covers the chemistry of oxy- 
functionalized benzofuran 1 derivatives. It includes, 
on the one hand, the photooxygenation to the dioxe- 
tanes 2 and the fragmentation of the latter to the keto 
esters 3 or rearrangement to  the spiroepoxides 4. On 
the other hand, the dioxirane oxidation to  the epoxides 
5 and their valence-isomeric quinone methides 6 and 
benzoxetes 7 are described. The chemistry of the 
dioxetanes 2 and epoxides 5 and their relevance in 
genotoxicity are presented. 
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Introduction 

There exists cogent evidence that the high-energy 
and reactive 1,2-dioxetanes are involved as labile 
intermediates in the dioxygenase-activated aerobic 
metabolism in cellular processes. In particular, arenes 
such as benzene1 and na~h tha lene~ ,~  and heteroarenes 
such as b e ~ ~ ~ o f u r ~ ~ ~ ~  are aerobically metabolized by the 
microorganism Pseudomonas putida to  the corre- 
sponding cis-diols, a process which presumably pro- 
ceeds through dioxetane intermediates. In the case 
of benzene,l it was demonstrated by 180-labeling 
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experiments that a dioxetane is a plausible intermedi- 
ate in this microbial oxidation' (Scheme l), since both 
incorporated oxygen atoms derive from the same 
dioxygen molecule. Besides, the cis-configuration of 
the vicinal diol excludes the populd  arene oxide 
mechanism as a possible alternative. 

Indeed, extensive investigation on the genotoxicity 
of 1,2-dioxetanes has shown that they induce a variety 
of DNA lesions.6 Thus, in cell-free calf thymus DNA, 
3,3,4-trimethyl-1,2-dioxetane leads t o  pyrimidine 
dimerse718 On the other hand, in supercoiled DNA of 
the bacteriophage PM2, the alkyl-substituted dioxe- 
tanes induce predominantly endonuclease-sensitive 
base modifications but relatively few single-strand 
breaks and little base loss (AP  site^).^,^ However, only 
a small fraction of the base modifications consist of 
pyrimidine dimers, as established by employing a 
specific W endonuclease preparation from Micrococ- 
cus l u t e u ~ . ~  

Contrary to the above-mentioned alkyl-substituted 
dioxetanes, heteroarene derivatives such as the ben- 
zofuran dioxetanes 2 are the first known cases with 
strong mutagenic activity in the Salmonella typhimu- 
rium strain TAIOO.loa Similar mutagenicity was noted 
for the furocoumarin-derived dioxetanes. lob The mu- 

* We dedicate this article to Prof. G. Modena (Padova) on the occasion 
of his 70th birthday in admiration of his pioneering work in oxidation 
chemistry! 

(1) Gibson, D. T.; Cardini, G. E.; Maseles, F. C.; Kallio, R. E. 
Biochemistry 1978, 9, 1631-1635. 

(2) Jerina, D. M.; Daly, J. W.; Jeffrey, A. M.; Gibson, D. T. Arch. 
Biochem. Biophys. 1971, 142, 394-396. 

(3) Deluca, M. E.; Hudlicky, T. Tetrahedron Lett. 1990, 31, 13-16. 
(4) Boyd, D. R.;  Sharma, N. D.; Boyle, R.; Austin, R.; McMordie, S.; 

Chima, J.; Dalton, H. Tetrahedron Lett. 1992, 33, 1241-1244. 
(5) Gibson, D. T. In Microbiology Series; Dekker, M., Ed.; New York, 

1984; Vol. 13, 535 pp. 
(6) Adam, W.; Beinhauer, A,; Mosandl, T.; Saha-Moller, C.; Vargas, 

F.; Epe, B.; Muller, E.; Schifbann,  D.; Wild, D. Enuiron. Health Perspect. 
1990,88, 89-97. 

(7) Lamola, A. A. Biochem. Biophys. Res. Commun. 1971, 43, 893- 
898. 

(8 )  Adam, W.; Beinhauer, A,; Epe, B.; Fuchs, R.; Griesbeck, A.; Hauer, 
H.; Miitzel, P.; Nassi, L.; Schiffmann, D.; Wild, D. In Primary Changes 
And Control Factors In Carcinogenesis; Friedberg, T., Oesch, F., Eds.; 
Deutscher Fachschriften Verlag: Wiesbaden, 1986; pp 64-67. 

(9) Epe, B.; Miitzel, P.; Adam, W. Chem.-Biol. Interact. 1988,67,149- 
165. 
(10) (a) Adam, W.; Ahnveiler, M.; Saha-Moller, C. R.; Sauter, M.; 

Schonberger, A,; Epe, B.; Muller, E.; Schiffmann, D.; Stopper, H.; Wild, 
D. Tozicol. Lett. 1993, 67, 41-55. (b) Adam, W.; Hauer, H.; Mosandl, 
T.; Saha-Moller, C. R.; Wagner, W.; Wild, D. Liebigs Ann. Chem. 1990, 
1227-1236. (c) Boyd, M. R. Nature 1977, 269, 713-715. (dj Ravin- 
dranath, V.; Burka, L. T.; Boyd, M. R. Science 1984,224, 884-886. 

0 1995 American Chemical Society 



290 Ace. Chem. Res., Vol. 28, No. 7,1995 

Scheme 2 

Sauter and Adam 

Scheme 3 
r 1 

tagenic DNA lesions caused by the benzofuran diox- 
etanes 2 are not derived from pyrimidine dimers, but 
are rather due to the DNA adducts formed from an 
intermediary alkylating agent. The latter has been 
postulated to be generated in situ by dioxetane deoxy- 
genation. In view of the fact that benzofuran diox- 
etanes 2 can be quantitatively deoxygenated in situ 
to the corresponding benzofuran epoxides 5 by sul- 
fides, e.g., L-methionine, such epoxides have been 
proposed as the ultimate mutagens in the DNA 
damage. Support for this hypothesis rests on the fact 
that the benzofuran epoxides 5 are also strong mu- 
tagens in the S. typhimurium strain TAlOO and that 
they form DNA adducts, as detected by the 32P- 
postlabeling technique.loa Since dioxetanes are po- 
tential cellular intermediates, which are produced in 
the oxidative metabolism of arenes and olefins, their 
deoxygenation to the highly reactive epoxides as 
ultimate mutagen, as illustrated for benzopyrene in 
Scheme 2, may comprise a new mutagenic mechanism 
of general scope.loa Furthermore, it has been postu- 
lated that heteroarene epoxides, for instance furan 
epoxides (no persistent derivative has been observed 
as yet), are responsible for the observed cytotoxicity 
in their oxidative metabolic activation by cytochrome 
P 45O.loc Indeed, the valence-isomeric cis-enediones 
of the furan epoxides efficiently afforded DNA adducts 
due to their strongly electrophilic nature (Scheme 
3).10d 

In this context, it was relevant to prepare authentic 
benzofuran epoxides 5, examine the chemistry of these 
transient species, particularly their electrophilic re- 
activity (alkylation), and compare their chemical 
behavior with that of the corresponding l,&dioxetanes 
2 (Scheme 4). Such information would provide the 
necessary chemical model studies to  understand the 
oxidative and alkylative damage of DNA promoted by 
benzofuran dioxetanes 2 and the corresponding ep- 
oxides 5. 

Benzofuran Dioxetanes 2 

Synthesis. The benzofuran dioxetanesll 2, first 
reported by Wasserman,lla can be readily obtained by 
the TPP-sensitized photooxygenation (Scheme 5) of 
benzofurans 1. Analogously the related furocoumarin 
dioxetaneslob are prepared from the respective furo- 
coumarins as precursors. In addition to the diox- 
etanes 2, substantial amounts of the allylic hydrop- 
eroxides 8 are also formed in the photooxygenation by 
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the ene reaction with singlet oxygen ('02).l2 Electron- 
accepting groups (R3 = Ac, C02Et) on the benzo ring 
promote the formation of the allylic hydroperoxides 
8, whereas electron-donating ones (R3 = Me, tBu, 
OMe) favor the dioxetanes 2.11J3 

Chemical Transformations. The chemistry of the 
benzofuran dioxetanes 2 is presented in the rosette 
of Scheme 4. Due to their labile nature, generally the 
benzofuran dioxetanes 2 (R1 = H, Me, Ph, R2 = H, Me, 
Ph, R3 = H, Me, tBu, C1, Ac, CozEt, OMe) cleave at 
ambient temperatures to the corresponding keto esters 
3 as major and l-oxaspiro[2.5locta-5,7-dien-4-ones 4 
as minor products.14 In the latter reaction, electron 
donors (R3 = tBu, OMe) favor the formation of the 
spiroepoxides 4 by increasing the electron density of 
the aromatic system, whereas electron acceptors (R3 
= Ac, COOEt) facilitate the C-C cleavage to yield the 
keto esters 3 (Scheme 6).15 

In contrast, upon treatment of the parent benzo- 
furan dioxetane 2 (R1 = R2 = Me, R3 = H) with 
catalytic amounts of tertraethylammonium bromide 
at 0 "C, the corresponding spiroepoxide 4 is formed 
q~antitative1y.l~ S N ~  attack of the bromide ion on the 
0-a atom of the peroxide bond is proposed as the 
mechanism, in which the resulting hypobromite in- 
termediate A rearranges to the spiroepoxide 4 by 

A (a-attack) B @-attack) 

(R' = R2 =Me, R3 = H) 

opening of the furan ring and expulsion of the bromide 
ion through intramolecular nucleophilic attack of the 
phenolate ion on the 0-Br bond. Alternatively, attack 
of Br- on the 0-p atom leads to intermediate B, and 
subsequent C-C cleavage affords product 3.15 
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protonated dioxetane intermediate 

On thermolysis, the labile spiroepoxides 4 (R1 = Me, 
Ph, R2 = Me, Ph, R3 = H, tBu) rearrange to the 
benzodioxoles 14, but at low temperature the dimers 
15 are formed by Diels-Alder reaction (Scheme 7).15 
4-Methyl-l,2,4-triazoline-3,5-dione (MTAD) gives the 
Diels-Alder adducts 16 with the spiroepoxide 4 (R1 
= R2 = Me, R3 = H).15 Furthermore, nucleophilic addi- 
tion of methanol at the R2-substituted position of the 
spiroepoxide 4 (R1 = R2 = Me, R3 = H) leads, under 
rearrangement, to  the adduct 17, a facile process 
which occurs even at room temperature and manifests 
the highly electrophilic nature and, thus, alkylation 
propensity of 4.14 

Acid-catalyzed rearrangement of the dioxetanes 2 
(R1 = R2 = Me, R3 = H, OMe) by trifluoroacetic acid 
produces the allylic hydroperoxides 8 in nearly quan- 
titative yield (Scheme 4).14 Addition of methanol and 
water to  the benzofuran dioxetane 2 in the presence 
of catalytic amounts of trifluoroacetic acid affords 
highly diastereoselectively the corresponding trans 
adducts 9 (Scheme 4). The latter are formed by S N ~  
attack of the nucleophile at the C-3 atom of the 
protonated dioxetane intermediate.14 

Benzofuro-1,2,4-trioxane 10 (R1 = Me, R2 = Ph, R3 
= H) is obtained on treatment of the dioxetane 2 with 
acetone, catalyzed by trimethylsilyl trifluoromethane- 
sulfonate (Scheme 4).20 The latter persists in solution 
at room temperature for a few days and decomposes 
to  the keto ester 3, the dioxetane cleavage product. 

Reduction of the benzofuran dioxetane 2 (R' = R2 
= Me, R3 = H) by HI produces the 1,24301 11 (Scheme 
4).'0aJ9 Iodine is liberated in this process, which 
constitutes the well-established iodometric analysis of 
organic peroxides. 

In contrast, the nucleophilic attack of diisopropyl- 
amine on the 0-3 atom of the peroxide bond in the 
benzofuran dioxetane 2 (R' = R2 = Me, R3 = H) leads 
to the adduct 12 (Scheme 4). By elimination of 
hydroxylamine, the allylic alcohols are formed, prob- 
ably by way of the intermediary benzofuran epoxide 
5.15 

(20) (a) Adam, W.; Sauter, M. Tetrahedron 1994,50,8393-8398. (b) 
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Oxyfunctionalization of Benzofurans 

The oxime 13 is the product of the CF3C02H- 
catalyzed reaction of sodium azide14 (Scheme 4) with 
the benzofuran dioxetane 2 (R1 = R2 = Me, R3 = H). 
This complex transformation is also explained in terms 
of nucleophilic attack by the azide anion on the 
protonated dioxetane intermediate; however, the re- 
sulting azido hydroperoxide is too labile and fragments 
into the oxime 13.14 

On deoxygenation of the dioxetanes 2 (R1 = R2 = 
Me, R3 = H) with sulfides, the benzofuran epoxides 5 
result (Scheme 4). This transformation constitutes the 
first synthesis and spectral characterization of the 
labile benzofuran epoxides 5.14J6 Such deoxygenations 
are known reactions; however, catalytic decomposition 
of the dioxetanes pre~ai1s.l~ As we shall see later 
(Scheme 81, the independent synthesis of these unique 
epoxides can be achieved by dimethyldioxirane oxida- 
tion of the respective benzofurans l.14J6 

The reaction of benzofuran dioxetanes 2 (R1 = R2 = 
Me, R3 = H, Ac, OMe) with excess Ph3P affords the 
corresponding benzofurans 1 (Scheme 4). la A reason- 
able mechanism for this unprecedented deoxygenation 
of dioxetanes involves first biphilic insertion of Ph3P 
into the peroxide bond to generate the labile phos- 
pholane C. Subsequent P-0 bond scission and elimi- 
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dative damage is the more serious one. In contrast, 
the thermal transformations are expected to be rela- 
tively harmless as concerns DNA damage, because on 
one hand the efficiency of triplet excited state produc- 
tion is quite low, while on the other hand the novel 
spiroepoxide 4 rearrangement products are rather 
ineffective in their alkylation of DNA.* The situation 
is different for the highly reactive benzofuran epoxides 
5 and their valence-isomeric quinone methide 6, which 
we shall take up now. 
Benzofuran Epoxides 5 and Quinone Methides 
6 

Synthesis. The various benzofuran epoxides 5 (R1 
= Me, R2 = H, Me, tBu, Ph, R3 = H, Me, tBu, Ac, OMe) 
can be conveniently prepared in nearly quantitative 
yields by dimethyldioxirane (DMD) ~ x i d a t i o n ~ ~ , ~ ~  
(Scheme 8). As expected, electron-withdrawing sub- 
stituents on the benzo moiety reduce the reactivity of 
the enolic double bond, as witnessed by longer reaction 
times and higher temperatures for complete conver- 
~ i o n . ~ ~  Fortunately, such epoxides are also more 
persistent and can, therefore, be more readily de- 
tected. 

Epoxides 5 (R1 = Me, R2 = H, Me, tBu, Ph, R3 = H, 
Me, tBu, OMe) are stable at -20 "C for spectral 
acquisition, but they decompose readily above 0 "C, 
which precludes their rigorous purification. Thus, the 
structure assignment of the epoxides rests entirely on 
NMR spectral data. The signals for the 2- and 
3-methyl groups occur at ca. 6 1.80, which constitutes 
an expected upfield shift from the ca 6 2.40 for these 
methyl groups in the benzofurans 1. Particularly 
diagnostic are the epoxide carbon atoms C-2 and C-3 
at ca. 6 95 and 67 in the 13C NMR uersus ca. 6 154 
and 110 for the corresponding olefinic carbon atoms 
of the benzofurans l.25 Electron-donating groups, 
such as methoxy substituents, accelerate the rate of 
the epoxidation dramatically, and additionally an 
isomerization of the epoxides 5 to the quinone me- 
thides 6 is observed.25 This rearrangement is analo- 
gous to that suggested for the furan epoxides into the 
enediones (Scheme 3).26 

Chemical Transformations. The chemistry of 
these valence isomers is presented in the rosettes of 
Schemes 8 and 9. The former covers the rearrange- 
ments and isomerizations, the latter the cycloadditions 
and nucleophilic reactions. 
Electronic and Steric Effects on the Product 
Distribution of the Epoxide 5 and Its Quinone 
Methide Valence Isomer 6 

Whether the epoxides 5 or  quinone methides 6 are 
observed in the oxidations of the benzofurans 1 

(23) (a) Adam, W.; Curci, R. Chim. Ind. 1981, 63, 20-28. (b) Adam, 
W.; Curci, R.; Edwards, E. 0. ACC. Chem. Res. 1989,22, 205-211. (c) 
Murray, R. W. Chem. Reu. 1989, 89, 1187-1201. (d) Curci, R. In 
Advances in Oxygenated Processes; Baumstark, A. L., Ed.; JAI Press 
Inc.: Greenwich, 1990; Vol. 2, Chapter 1, pp 1-59. (e) Adam, W.; 
Hadjiarapoglou, L.; Curci, R.; Mello, R. In Organic Peroxides; Ando, W., 
Ed.; John Wiley and Sons, Chichester, 1992; pp 195-219. (0 Adam, W.; 
Hadjiarapoglou, L. In Top. Curr. Chem. 1993, 164, 45-62. 

(24) (a) Murray, R. W.; Jeyaraman, R. J. Org. Chem. 1985,50,2847- 
2853. (b) Adam, W.; Chang, Y.-Y.; Cremer, D.; Scheutzow, D.; Schindler, 
M. J. Org. Chem. 1987,52,2800-2803. (c) Cassidei, L.; Fiorentino, M.; 
Mello, R.; Sciacovelli, 0.; Curci, R. J .  Org. Chem. 1987, 52, 699-700. 
(d) Adam, W.; Bialas, J.; Hadjiarapoglou, L. Chem. Ber. 1991,124,2377. 
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(R' = RZ = Me, R3 = H, Ac, OMe) 

nation of Ph3PO lead to the corresponding epoxide 5 
andor the quinone methide 6. Further nucleophilic 
addition of Ph3P to benzofuran epoxide 5 or the 
quinone methide 6 gives the intermediate D, which 
on loss of Ph3PO generates the benzofuran 1.18 

The related tetrahydrobenzofuran dioxetane (see 
below), the first furan dioxetane ever observed, ex- 
hibits chemistry similar to  that displayed in the 
rosette of Scheme 4 for the benzofuran derivatives.21 
However, because of space limitations we shall not 
elaborate. 

tetrahydrofuran dioxetane 

The chemistry of the benzofuran dioxetanes 2 
(Scheme 4) clearly reveals their propensity for alky- 
lation and oxidation. Under acid catalysis, these 
relatively persistent dioxetanes act as carbon electro- 
philes, for which alkylation of the nucleophile proceeds 
by attack at the C-3 position. In the absence of acids, 
these strained peroxides manifest themselves as oxi- 
dants in that nucleophilic attack takes place at  the 
0-3 heteroatom position. Thus, in the former process, 
alkylation of the DNA bases is expected, and in the 
latter, oxidation is expected. Whichever process pre- 
vails, DNA damage occurs with cytotoxic and mu- 
tagenic consequences, of which presumably the oxi- 



294 ACC. Chem. Res., Vol. 28, No. 7, 1995 

Scheme 8 

Sauter and Adam 

18 

19 R3=H,0Me 

Y R2 = Ph 2o 

R' = H, Me, CH,OH 

R3 = H, Me, tBu, OMe, R3 = H, Me, tBu, OMe, CI 

Ac. CI 
' X M e 2 t B u  R2 = OAc, 

24 23 

Scheme 9 

R2= Me, Ph 
R3= H, Ac, OMe 

25 

MeOH 

21 
31 

R2= Me, Ph 
R3= H, OMe 

R2= Me, Ph 
R3= H, Ac, OMe 

28 
R3 

30 



Oxyfunctionalization of Benzofurans 

Table 1. Product Distributionsa for the 
Dimethyldioxirane* Oxidation of Benzofurans 1 
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the corresponding hitherto unprecedented benzoxetes 
7 q~ant i ta t ively.~~ On warming, the benzoxetes 7 
revert to  the same mixture of epoxides 5 and quinone 
methides 6 as obtained in the dioxirane oxidation of 
the benzofurans 1. This observation provides un- 
equivocal experimental proof that the epoxides 5 and 
quinone methides 6 are, indeed, in equilibrium with 
one anotheraZ7 

We shall now address the remaining unimolecular 
transformations in Scheme 8. On irradiation at -30 
"C, quinone methide 6 (R' = Me, R2 = styryl, R3 = H) 
yields the hitherto unknown chromene 18 (Scheme 8). 
The formation of chromene 18 can be rationalized in 
terms of (Z)/(E) isomerization of the respective quinone 
methide 6, and subsequent cyclization of the latter 
leads on aromatization to chromene 18.29 

Irradiation (A > 400 nm) of the epoxide 5 (R' = Me, 
R2 = Ph, R3 = H) or the quinone methide 6 (R1 = Me, 
R2 = Ph, R3 = 6-OMe) in acetone at -30 "C afforded 
nearly quantitatively the benzofurocycloheptatrienes 
1ga30 We propose that the mechanism for the forma- 
tion of the cycloheptatrienes 19 is analogous to  that 
reported by B o s . ~ ~  First, valence isomerization of the 
benzofuran epoxides 5 leads to  the quinone methides 
(27-6, which photoisomerize to  their (E)-6 diastereo- 
mers. Subsequent photolysis of the quinone methides 
(E)-6 generates transient benzofuronorcaradienes, and 
thermal valence isomerization finally yields the cy- 
cloheptatrienes 19.30 

Me+ 0 

5 6 
Entry R1 R2 R3 Product' 

1 Me Me H 5 

2 Me Me 4-OMe 5 

3 Me Me 5-OMe 5 :  6 (34: 66) 

4 Me Me 6-OMe 6 

5 Me Me 7-OMe 5 : 6  ( 5 7 :  43) 

6 Me Ph H 5 

7 Me Ph 6-OMe 6 

"Establ ished by 'H NMR, ca. 5% error of stated values. 
Dioxirane (ca. 0.1 M) as acetone solution. As observed quant i -  

tatively by NMR spectroscopy. 

depends on the  substituent^.^^^^^^^^ For example, 
electron acceptors (R3 = Ac, C02Et) favor the epoxides 
5, while electron donors (R3 = tBu, OMe) favor the 
quinoid tautomers 6. Moreover, the position of the 
substituent on the benzo ring determines which 
valence isomer dominates, as illustrated for the meth- 
oxy-substituted derivatives in Table 1. Thus, for the 
derivatives in entries 1, 2, and 6 the epoxides 5 are 
observed exclusively, while for those in entries 4 and 
7 only the corresponding quinone methides 6 are 
d e t e ~ t e d . ~ ~ ] ~ ~  The 5- and 7-methoxy regioisomers 
(entries 3 and 5 )  afford mixtures of 5 and 6 in 
proportions of 34:66 and 57:43.27 Presumably elec- 
tronic reasons are responsible for controlling the 
prevalence of the quinone methides 6 or the epoxides 
5. We propose that the 6-methoxy substituent para 
to  the benzylic site in the epoxides 5 (entries 4 and 7) 
facilitates heterolysis of the epoxide ring through its 
(+M) effect by stabilization of the benzylic cation 
center, which is expected to promote valence isomer- 
ization to the quinone methides 6.27,28 For those 
benzofurans 1 which do not possess such electronic 
driving force (entries 1, 2, and 6), the epoxides 5 
persist and these are observed NMR-spe~tral ly .~~,~~ 

Reversible Valence Isomerization between 
Epoxides 5, Quinone Methides 6, and 
Benzoxetes 7 

The various transformations in Schemes 8 and 9 
convincingly demonstrate that a reversible valence 
isomerization operates between the colorless epoxide 
6 and the deep-yellow quinone methide 6. However, 
the query is whether these labile valence isomers 5 
and 6 are in equilibrium with one another. Definitive 
proof for this was provided independently by way of 
the valence-isomeric benzoxetes 4 (Scheme 8).27 Ir- 
radiation of mixtures of 5 and 6 in CDCL at A > 400 
nm (sodium lamp) and -25 "C for 2-5 h generates 

(27) (a) Adam, W.; Hadjiarapoglou, L.; Peters, K.; Sauter, M. J. Am. 
Chem. Soc. 1993,115,8603-8608. (b) Adam, W.; Sauter, M.; Ziinkler, 
C. Chem. Ber. 1994, 127, 1115-1118. 

(28) Adam, W.; Hadjiarapoglou, L.; Peters, K.; Sauter, M. Angew. 
Chem. 1993,105,769-770;Angew. Chem., Int. Ed. Engl. 1993,32,735- 
736. 

R3 ' 
(4-6 

On thermal activation, the cycloheptatrienes 19 
isomerize to the corresponding xanthenes 20 (Scheme 
8) by way of the quinone methides (E)-6,  i.e., the 
reverse of the photochemical sequence (E)-6 - 19. The 
rigorous structural assignment of the xanthenes rests 
on independent synthesis of 20 (R' = Me, R3 = H), 
whose spectral data were identical to  those of this 
compound formed on thermolysis of cycloheptatriene 
1ge30 At elevated temperatures, the in situ regener- 
ated quinone methides 6 undergo electrocyclization to 
the intermediary chromenes. Sequential keto-enol 
tautomerization finally gives the corresponding xan- 
thenes 20.30 

Me 

chromenes (R3 = H, OMe) 

The epoxides 5 and quinone methides 6 with a 
methyl group in the 3-position (R2 = Me) rearrange 
at room temperature to  the corresponding allylic 
alcohols 21 (Scheme 8), which are in equilibrium with 
their ringopened t a ~ t o m e r s . ' ~ J ~ , ~ ~  While several 

(29)  Adam, W.; Klib, G.; Sauter, M. Chem. Ber. 1994,127,433-436. 
(30) Adam, W.; Sauter, M. Chem. Ber. 1993, 126, 2697-2699. 
(31) Verboom, W.; Bos, H. J. T. Tetrahedron Lett. 1978, 1229-1230. 
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mechanisms may be considered for the formation of 
the latter, we suggest that the allylic alcohols 21 
derive from transposition of a hydrogen atom in the 
1,3 dipole of the ring-opened epoxide 5. Alternatively, 
the quinone methides 6 may isomerize through 1,5-H 
shift to the ring-opened tautomers of the allylic 
alcohols 21. 

Sauter and Adam 

3-(trimethyl~iloxy)benzofuran.~~ The silyloxy-substi- 
tuted 3-benzofuranone 23 is formed by silyl migration 
in the corresponding epoxide 5 analogous to 3-(acetyl- 
oxy)ben~ofuran.~~ Remarkable is the formation of 
diketone 24, which may be formed through the dipolar 
structure of the silyloxy-substituted (2)-6.29 

+OSiMeztBu 

1,3 dipole 

The epoxides 2 [R1 = H, COzEt, CH(OMe)(Ph); R2 
= Me, R3 = HI are too labile even for spectral 
observation; thus, on dioxirane oxidation only the 
corresponding benzofuranones 22 are obtained (Scheme 

Surprisingly, the respective allylic alcohols 21 
are not found. Thus, irrespective of the electronic 
nature of the C-2 substituents, for these benzofuran 
epoxides 5 the 1,2 alkyl migration to the benzofura- 
nones 22 is favored over the H abstraction by the 
epoxide oxygen atom from the C-3 methyl group to the 
allylic alcohols 21.32 In the case of the epoxide 5 (R1 
= COZEt), an ester group migrates during the forma- 
tion of benzofuranone 22. Related 1,2 shiRs of electron- 
withdrawing groups (COR, COOR, COSR, CONRZ, 
etc.) have been observed for carbenium ions in Wag- 
ner-Meerwein  rearrangement^.^^ 

In the presence of catalytic amounts (ca. 0.1 mol %) 
of tetraethylammonium bromide, the persistent ep- 
oxide 5 (R' = Me, R2 = Ph, R3 = H) gives on heating 
at 40 "C the respective benzofuran-2-one 22 (Scheme 

Presumably, the ammonium cation associates 
with the nucleophilic epoxide oxygen through electro- 
static attraction and thereby facilitates the 2,3 methyl 
shift to the benzofuran-2-one 22 (R1 = Me, R2 = Ph, 
R3 = H). In this context, the condensation of ethylene 
oxide with carbonyl compounds to the 1,3-dioxolanes, 
which is promoted by catalytic amounts of tetraethyl- 
ammonium bromide, may be cited as evidence.35 

The dioxirane oxidation of the 3-(acetyloxy)-2-me- 
thylbenzofuran 1 (R1 = Me, R2 = OAc) leads to  the 
corresponding 3-benzofuranone 23 (R = Ac) and not 
to  the expected epoxide 5 or the quinone methide 6 
(Scheme 8).29 The migration of the acetyl group in the 
corresponding benzofuran epoxide 5 to  its 3-furanone 
23 (R = Ac) is so facile that the labile epoxide 5 cannot 
be detected. Related isomerizations of epoxides to 
a-acetyloxy ketones have been reported.36 

The oxidation of the silyloxy-substituted benzofuran 
1 (R1 = Me, R2 = OSiMeztBu) with dimethyldioxirane 
affords the corresponding benzofuran-3-one 23 (R = 
SiMeztBu) and the diketone 24 (R = SiMeztBu) in a 
ratio of 83:17 (Scheme 8); the tautomers 23 and 24 do 
not interc0nve1-t.~~ This result is similar to the di- 
methyldioxirane oxidation of the more labile 2-methyl- 

(32) Adam, W.; Sauter, M. Tetrahedron 1994,50, 11441-11446. 
(33)Bemer, D.; Cox, D. P.; Dahn, H. J .  Am. Chem. SOC. 1982, 104, 

(34) Adam, W.; Peters, K.; Sauter, M. Synthesis 1994, 111-119. 
(35) Nerdel, F.; Buddrus, J.; Scherowsky, G.; Klamann, D.; Fligge, 

M. Justus Liebigs Ann. Chem. 1967, 710, 85-89. 
(36) McDonald, R. N.  In Mechanisms of Molecular Migrations; Thya- 

garajan, B. S., Ed.; Wiley-Interscience: New York, 1971; Vol. 3, pp 67- 
107. 

2631-2632. 

dipolar structure of 24 

Let us now turn to  the bimolecular transformations 
of the epoxides 5 and their valence-isomeric quinone 
methide 6 in Scheme 9. Of special interest in regard 
to DNA damage is the addition of nucleophiles to  the 
derivatives R1 = Me, R2 = Me, Ph, R3 = H, OMe. In 
methanol, even at -20 "C the hemiacetals 25 and their 
ring-opened tautomers are observed (Scheme 9).27J8934 
This confirms once again the high alkylation propen- 
sity of these reactive epoxides. For comparison, arene 
oxides38 require base or acid catalysis for nucleophilic 
addition, but the benzofuran epoxides 5 and their 
quinone methide valence isomers 6 react even at low 
temperatures without such assistance. 

More significant, in connection with the alkylation 
of DNA by such highly electrophilic epoxides, are those 
derived from the furocoumarins 32, namely, the 
naturally occurring parent psoralen (R = H) and its 
8-methoxy derivative 8-MOP (R = OMe), cf. Scheme 
10. Psoralen and 8-MOP are used extensively as 
photosensitizing agents for the treatment of skin 
deseases such as psoriasis in the so-called PWA 
(psoralen + W A )  therapy.39 While their usual action 
is photocyclization to the DNA bases,4O more recentlf' 
it has been recognized that their malignancy derives 
also from alkylation of the DNA by the highly elec- 
trophilic epoxides postulated to be produced on meta- 
bolic oxidation. Indeed, our chemical model studies 
have confirmed that methyl(trifluoromethy1)dioxirane 
oxidation of 8-MOP at -50 "C affords the hitherto 
unknown labile epoxide (observed by low-temperature 
lH and 13C NMR spectroscopy). Without acid or base 
catalysis the highly reactive 8-MOP epoxide adds 
methanol at -50 "C within a few minutes (Scheme 

This experiment unequivocally establishes such 
furocoumarin epoxides as potent alkylating agents of 
DNA, should they be generated in cells during oxida- 
tive metabolism. 

The driving force for the methanol addition to these 
highly electrophilic epoxides may derive from aroma- 
tization during the Michael-type addition of the nu- 

(37) Adam, W.; Kades, E.; Wang, x. Tetrahedron Lett. 1990,31,2259- 
2262. 

(38) (a) Posner, G. H.; Rogers, D. Z. J .  Am. Chem. Soc. 1977,99,8214- 
8218. (b) Posner, G. H.; Lever, 3. R. J .  Org. Chem. 1984, 49, 2029- 
2031. 

(39) Pathak, M. A,; Fitzpatrick, T. B.; Parrish, J. A,; Biswas, R. In 
Research in Photobiology; Castellan, A., Ed.; Plenum Press: New York, 
1977; pp 267-281. 

(40) Rodighiero, G.; Dall'Acqua, F.; Pathak, M. A. In Topics in 
Photomedicine; Smith, K. C., Ed.; Plenum Press: New York, 1984; pp 
319-398. 

(41) Gasparro, F. P. In Psoralen DNA Photobiology; Gaspamo, F. P., 
Ed.; CRC Press Inc.; Boca Raton, FL, 1988; Vol. 1, pp 5-37. 

(42) Adam, W.; Sauter, M. Liebigs Ann. Chem. 1994,689-693. 
(43) Koppenhoefer, B.; Winter, W.; Bayer, E. Liebigs Ann. Chem. 1983, 

1986-1995. 
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cleophile to the intermediary quinone methides 6 (R1 
= Me, R2 = Me, Ph, R3 = H, OMe) in the valence 
isomeric equilibrium 5 * 6. The resulting ring-opened 
tautomer cyclizes subsequently to  their hemiacetals 
25 (Scheme 9). Since the stereochemical label is 
erased in this sequence of transformations, it is 
difficult to differentiate this mechanism from direct 
attack of methanol on the epoxide 5 (R' = Me, R2 = 
Me, Ph, R3 = H, OMe). In this respect, the reaction 
of benzofuran epoxide 5 (R' = Me, R2 = Ph, R3 = H) 
with freshly distilled acetic anhydride is relevant, in 
which at room temperature the diester 26 is obtained 
(Scheme 9).34 The ring-opened structure of adduct 26 
suggests that the addition of acetic anhydride proceeds 
through the quinoid valence isomer 6 rather than the 
epoxide 5. Again, aromatization may serve as the 
driving force for the latter conjugate addition. 

When the epoxides 5 and/or the quinone methides 
6 (R' = Me, R2 = Me, Ph, R3 = H, Ac, OMe) are treated 
with an excess of ethyl vinyl ether, the Diels-Alder 
cycloadducts 19 (Scheme 9) are p r o d ~ c e d . ~ ~ , ~ ~ ? ~ ~  A n  
X-ray structure analysis34 of the [4 + 21 cycloadduct 
19 (R1 = Me, R2 = Ph, R3 = H) certifies the proposed 
structure. The initial (2) stereochemistry of the 
quinone methides 6 is strictly conserved in the ben- 
zopyran cycloadducts 19, as revealed by the X-ray 
structure.34 Furthermore, the benzoxetes 7 also afford 
with ethyl vinyl ether the [4 + 21 cycloadducts 19 
q~antitatively.~~ Similarly, styrene gives with epoxide 
5 (R' = Me, R2 = Ph, R3 = H) the [4 + 21 cycloadduct 
28, whose stereochemistry is identical to  that of 
benzopyran 19 (Scheme 9). When left on its own at 
room temperature, the equilibrium mixture of epoxide 
5 and its quinone methide 6 (R' = R2 = Me, R3 = 

7-OMe) dimerizes to the [4 + 21 cycloadduct 29 
(Scheme 9).27 

A remarkable transformation is observed for the 
quinone methide 6 (R' = Me, R2 = Ph, R3 = 6-OMe), 
for which not even traces of the corresponding epoxide 
5 can be detected by NMR and which dimerizes to the 
dioxane 30 at room temperature (Scheme 9).34 Re- 
lated dimerizations of epoxides to dioxanes have been 
reported.43 Again, minute amounts of the epoxide 5 
must be in equilibrium with the quinone methide 6, 
which then dimerizes through the ring-opened 1,3- 
dipolar structure to  the dimer 30. That such a 
resulting 1,3 dipole is a reasonable intermediate is 
supported by the fact that the quinone methides 6 (R' 
= Me, R2 = Me, R3 = 6-OMe) lead with tetracyano- 
ethylene (TCNE) to the corresponding benzofurofurans 
31 (Scheme 9).34 A further example is the formation 
of furofuran 31 (R' = Me, R2 = Ph, R3 = H) on TCNE 
treatment of the corresponding epoxide 5 at -40 
oC.28,34 

Oxidations of Benzofuran Epoxides 5 and 
Quinone Methides 6 

On treatment of the benzofuran 1 (R' = Me, R2 = 
Ph, R3 = H) with an excess of dimethyldioxirane at 
-20 "C, a mixture (ca. 80:20) of the respective diox- 
etane 2 decomposition products 3 and 14 (Scheme 11) 
is obtained.20 In contrast, when the oxidation of this 
benzofuran 1 is performed with only 1 equiv of 
dimethyldioxirane at -70 to  -20 "C, within 8 h the 
corresponding epoxide 5 is produced nearly quantita- 
tively, as revealed by 'H and 13C NMR spectros- 
copy.28,34 Moreover, in a control experiment, treat- 
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ment of the isolated epoxide 5 with dimethyldioxirane 
(1.5 equiv) at 0 “C affords the keto ester 3 and the 
benzodioxole 14 as well (Scheme 11). This constitutes 
the first oxygen atom transfer reaction from dimeth- 
yldioxirane to an epoxide!20 

To explain these unusual results, it must be stressed 
that the benzofuran oxides 5 figure as the most 
reactive epoxides known to  date. Therefore, we pos- 
tulate that in the above oxidation the transient dipolar 
form of the epoxide 2 is trapped by dimethyldioxirane 
to generate the intermediate E. The major reaction 

Sauter and Adam 

from the peracid adduct H analogous to the hypo- 
bromite A (see above). 

2-Methyl-3-phenylbenzofuran 1 (R1 = Me, R2 = Ph, 
R3 = H) also affords with m-CPBA (2.2 equiv) the 
dioxetane C-C cleavage product 3, together with the 
benzodioxole 14 (Scheme 11) in a ratio of 69:31.44 
Authentic samples of the cleavage product 3 and 1,3- 
benzodioxole 14 were prepared by thermolysis of the 
dioxetane 2. 

The rosettes in Scheme 8 and 9 summarize the 
abundant and in most part unprecedented chemistry 
of the benzofuran epoxides 5 and their valence- 
isomeric quinone methides 6. Precisely the fact that 
these valence isomers coexist with one another in the 
equilibrium 5 == 6 accounts for the high reactivity and 
complexity of these epoxides in regard to their chemi- 
cal behavior. While the various cycloaddition reac- 
tions establish the reversibility between the epoxides 
5 and quinone methides 6, the hitherto unknown 
benzoxetes 7 figure as keystones in the mosaic of rich 
chemistry in that they unequivocally confirm the 
existence of an authentic equilibrium. The high 
reactivity and, thus, low persistence (most of the 
epoxides 5 and quinone methides 6 can be detected 
NMR-spectrally only at subambient conditions) we 
ascribe to  the strongly electrophilc nature of the 
epoxides 5 and quinone methide valence isomers 6. 
Consequently, nucleophilic addition of methanol or 
acetic anhydride proceeds very fast (minutes) with 
these electrophiles at temperatures even as low as -60 
“C without acid or base catalysis! That these epoxides 
and quinone methides serve as potent DNA-alkylating 
agents is no longer surprising. 

The unique and unusual feature of the benzofuran 
epoxides 5 is the fact that they are more reactive and 
less persistent than the corresponding dioxetanes 2. 
The latter can be isolated and handled at  room 
temperature, and addition of nucleophiles (methanol) 
requires acid catalysis. In fact, while the benzofuran 
epoxides 5 are the most reactive epoxides known to  
date and function as alkylative agents, the corre- 
sponding dioxetanes 2 act primarily as oxidants. 
Whichever the chemical mode of action, both the 
benzofuran dioxetanes 2 and epoxides 5 are potent 
DNA-damaging substances with cytotoxic and mu- 
tagenic consequences.loa In this context we have 
elucidated the chemistry of these highly reactive 
molecules and provide herewith the essential back- 
ground to understand their biological behavior. Fu- 
ture efforts should address the challenge of preparing 
sufficiently persistent furan epoxides (to date none are 
known!) for detection and isolation. 
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mode of the latter engages C-C bond cleavage to the 
keto ester 3 (Scheme 11) through intermediate F with 
concomitant elimination of acetone. As a minor 
pathway, C-0 bond scission generates spiroepoxide 
4 (Scheme 11) on loss of acetone through the inter- 
mediate G, and subsequently the labile spiroepoxide 
4 rearranges to the catechol derivative 14 (Scheme 11). 
In this novel way, the dioxetane decomposition prod- 
ucts 3 and 14 are formed in a ca. 8515 ratio; however, 
the dioxetane 2 is not observed nor is it required. 
Indeed, a control experiment confirms that the au- 
thentic dioxetane 2 (R1 = Me, R2 = Ph, R3 = H) 
persists under these reaction conditions.20 

The reaction of parent benzofuran 1 (R1 = Me, R2 = 
Me, R3 = H) with an excess (ca. 3 equiv) of water-free 
m-CPBA leads to the corresponding spiroepoxide 
dimer 15 (Scheme 11) as the main product.44 An NMR 
experiment shows that the corresponding epoxide 5, 
independently prepared by dimethyldioxirane epoxi- 
dation, gives on treatment with 1 equiv of m-CPBA 
at -50 “C in CDCl, first a mixture of the intermediary 
m-CPBA adduct H and its ring-opened tautomer H .  

Ar 
b o  o x o  I 

a R ; H  = &’ OH 

R3 R3 
H H’ 
(R’ = Me, R2 = Me, Ph, R3 = H) 

On warmup to room temperature, the corresponding 
cycloaddition dimer 15 is observed,44 for which the 
spiroepoxide 4 serves as precursor and is produced 

(44) Adam, W.; Ahrweiler, M.; Sauter, M. Chem. Ber. 1994,127,941- 
946. 


