
CYCLIC POLYEPOxIDEts 

SYNTHErIC. !3TRUCTURAL AND BIOLOGICAL ASPECT!St 

INTRODUCTION 

Let Il.9 illustrate our title with a conmite example, namely the thee staw* norcadkne 
d&oxides la-c. Besides the intrigu& cdmctml features tha! these faschat& mokmks portray, our 
exannplepermitsustointrodacethesyntheticmthodoloeythathasbecomeavailaMefortbeir 
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For the stercoisomers la and lb the classical q&de synthesis (cqn 1)’ was utilbd, wnsistin# of 
citber Wyxed nudcophicic cycliabn oi rmdmlohydrins or tbcir.dcrivativcs (eqn la) and/or 
pen&l cpox.kkth of ole6ns (cqn lb). FJor example, the all syn-isom la was obtained aawding to the 
synthetic~outfinedineqn~)*~of~,tbe~~~~s~anataialineqn(2)was 
obtain& by per&i epoxid&ion of l,~c~~, tottowed by NBS ~~ of tk mono- 
qx&dc.‘ThcsEasoieomerlbwasfirstprepandinan~usmanner (eqn kr)” and more recently 
substantially simplilkd and improved (cqn 3b).’ 

Tbtthinfhsomrrlcwas~~y~viaanentinlyditlmntsyathstic~,whow:~~ 
are outlined in eqn (4). Thus, singlet pxygenation of the wnjugatcd cyctodknc and 

tkmaiorpbotoch&cal~ntoftbchtem&ayadopcroxideaffordstkdiepoxidc 
convenknt!y aud &cientlyP This stcwspkk xuutc must lead to tbc 8p1 arrangement of the q&de 
riogs. Thus, singkt oxygcnathl of lAs-cyclobcp~ a#oNkd 3596 of the IloEawcne endo- 
peroxide, which heated at loo0 rearan@ quantitatively to the dkpoxidc stcreoko~ lc (cqn 5).7 



cw, aul biola&al imprhnx iaherent with the 
polyqwidcs, we decided to write this comprehensive but critical report. We have limited ounclves to 
the sys~ WIlicll at least formally arc dcfival from the amju@ted cyclic polycnes. Spiro systems 6, 
r_---_“_. 1_2___1 e-_-_ _-_-.-r-l __I_.____ I3 _- __,_.___-II__ I >_2-.-J r-_-n_. L___ 1__1_._> __._o_ rmmmuy acmm room cumum~ porycncs,- m poiycpoxmea I ocnvca 10rmsuy nom 1so1111ca cycuc 
polycneS,“will not be spacificany uweral. we wmuwllce with the cyclopentanc dicpoxides. 



a: R,-.=H (plb) 
b: ~,r = CA; %.a.. = H. R = CHs (60% 
c: R,r = C,Hn; Fh.sr - H, R = OH (10%) 
di R,r = C.Hs; l&a., * H, R = COdh VOW 
l : R,,-CJim: Fk..=H (95%) 
k R,-.=-Cdia;&=H;f%=i2fe(~) 
Q: R,-e = Cd%; R. = H VO%J 
h: Rta = C.Hs; Fb = CH, (6096) 
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Photooxy~ of tbe spirocyclopentadiene at 0-Y in CHCI, gave the rather unstable endo- 
peroxide IO, wbicb m in s&i to tbe interesting diepoxide 11 (eqn IO),” isolated in 48% yield. 
Photooxygeoation at room temperanne did not lead to tbe desired dkpoxide 11. 

cxl-[&I-b 
10 11 

(esn 19) 

Fulveaes have been favorite sub&a& for shgkt o~ygeuation~~ but except for the pentaphenyl 
derivative (eqn 1 la), the eadopa0xide.s !2 did not lead to the correspond& diepoxides 13.= Complex 
vnt pr&cts were oherved instead, which implicate tbe interventionof the endoperoxide 12. 
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By oxooolysis tbe fulvene d&oxide 13 couki be converted to the cyclopcu~nc d&oxide Ma.= 
The comspo~r~ endopcro* was bdaimcd in the cayadc oxygenation of the dieaone,M but bad to be 
&acted.= ‘I%e &-isomer Mb was prqared as &own in eqn (1 lb).” 

The amaxiog fungal metaboiite tricboveridine 15 was isoiatal from the culture filtrate of T&m 
sp., aad de&m&d to possess the diepoxide structure of a five-membered ring skeleton with an 
isocyanide fun&ma@;= The onti un&uaGon of the two epoxide riogs c&y implies that its 
metabolic history must invdve the classical pathway rather than an endoperoxide-diepoxidc rearra~- 
ment. No other natural products containing the cyclopentane diepoxide strudure appear to be reported. 

cycrohcuurc systans 
lXepo*. One of the earliest cyclic diepoxides to be characteriz& was the aMi isomer Ma, 

prepa& by peracid epoxidation~ of l&zydohexadiene (eqn 12). The syn isomer Mb was observed via 
the ~~~~~~~ ~~~~n (eqn 13), either by heating or by eon at 366 nm.= 

e 

16 

0 0 
1?8 176 
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Of interest are the strWuraUy related diepoxide isomers 17a and 17b since they serve as valuable 
synthons for the prepa~&a of antibiotics. Thus, peracid epoxidation of l&cyclobexadiene affords a 
mixture of 171~ and 17b, from which the anti isomer 17s could be isolated and &uacM~&~ 
Apparently the syn isomer 17b is too hbik and ditlkult to i&ate. However, via the classical route (e& 
14) it was possible to obtain it.- As expected the anti isomer 178 has a zero dipole moment, while the 
SJW isomer has a p = 3&D.= 
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prinzbrch d 4L” anployai this synthetic mctho(lobgy for the prcpudon of dcrivltivcs of 
stnqhmh 8mI hyoeaalin 8Iltii in which the bomodicpoxide ryR isomer 18 ScrvaI 8s synthon (eqn 
15). !3tmctm lk rcplemlts 2dl?8oxystn?qt8min 8nd 1s (~)_byoeamin. clariy, the syntktic con- 
Venienceoftbescdiepoxidesinfixialtbecompiexrtaeochemistryirof~prepurtivevJuein 
nmnl product chemistry. 

A synthcticdy intr@iq exIlnpk is t&fun&did dkpoxidc 20, prepared by peracid cpoxidation 
of the cmrcspom dienone (qn M).” Wlut is unusu8l in this exmple is thnt nomdy conjugated 
enones resist qmidath by pawids. 

a: R-H: K-coah 
b: R-H; K-CN 
e: R=CN; R’-H 
d: R-Ph; R’=H 
8: R-CHO: K-H 
kR=CH.;K-H 



‘Ibe structudy datai cyclobexane diqoxide 22 with an amcxal cyclohtanc + was prepwed by 
s.iu&t oxygen&n of lJ*ycl- and tbcmd iso- of the stable cdopero* (cqn 
18)? Unfortunately cycl oatatewnc is inert towards singlet oxygcaath# so that tbe potentially 
vduable dicpoxide 23 cannot be lanqmrd via the synthtic iwqualcc of cqn (18). However, ill tbc singlet 
oxygen&on of the diimi& 24, prepad from cyclogctatetracnc byhmincaddition,thcdiepoxide24 
waareportedas~product(eqll19).~we- thatitwasdcrivcdf&omthcedopaddc2!Jby 
~narraseement.Debrominationof~ispresentlybeingattemptedasaconvenientroutetothe 
b&a-to u&own &pox& 23 (cqn 19),= thereby circumventing the lack of rcadvity of cyclooctataaene 
towarch sin&t oxygen. 

Nomallybnzmc&rivativcsarealaoinattowards~ox~WhenhighlysubstiMcdwith 
ckctron cloamu, .c.g. &3dadyu’Ldimdha~, then !3in$ct oxygena& does take place 
kadiug to tbc lab& adoperoxide 27 (cqn 20).n The latter ranan@ in sizu to the epoxy- a, 
prc!3umablytitbcunatabkdiepo*. 
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. -L.&.,,..--.G:,, Fiitere, in ‘be plnJurury&wxlauull of 
been postulated as intemaate (eqn 21p 
photooxygenation of tocopherol more carefulfy and showed that the hydroperoxyenone in eqn (21b) was 
thepncursortothefinalproductsratherthanthebenzenediepoxide29ineqn(21a).Yet,aswehave 
alrradystatedintheIntroduction,theisomericbenzcnedicpoxidcs3(kand3ob,tbeprecursofttothe 
hmaic norcaradiene dkpoxides la (eqn 2) and lb (eqn 3). mpectively. can be palmed by classical 
methods, circumventi the necessity of singlet oxygenation of the meactive benzene. 

(eqn 21 b) 

Naphthalenes are cmskkmbly more reactive towards singlet oxygen. Thus, the 1,Mmetboxynapb- 
thalene tiords the expected endoperoxide which on photolysis is cleanly transformed into tbl naph- 
thalene diepoxide 31 (eqn 22).” On heat& on the other hrind, the e&peroxide reverts to smting 
materialratlK!rtl.mn rearm& into the diepoxide 31. ~~,obsewations have been nmde with 
methylated mphthalene.” Also Vogel d a!. showed” that the parent naphtlmlene e&peroxide 32 gave 
mphthalene and ‘4 on heat@ (cqn U), rather than the d&red syn mphthalene diepoxide Xta. All that 
wasneceasarywastorcvcrscthetiminninreieasingtheiminovise.Thus,whentheiminoendoperoxide 
was Brst isomer&d thefmlly into its iminodiepoxide 34, nitmgen extrusion led to the desired 33a (eqn 
23).Q 
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The mv~ion of imarido~e 41 ido its dicpoxide 42 (eqn 301 rqmsents the first remg&ed exampk 
of the syntMcally.vahmble and versatile endopcroxidc-dkpoxide nxwangen~W.~’ At the high tcm- 
pwaturere@edtoeffictthi3 1-eamgcmcnt,thedicpo~42canhnthct~intheisoisomcr43. 
However, under the mild photolysis conditions at 366mn,= ascxwidole is cleanly cotwcrtcd into the 
dkpoxide 42, avoiding such compIkatkns. Simikrly the cndopwoxjde of ~levop~te was transfmmed 
into its dkpoxidc 44 in 31% ykld on photoiysis (cqn 31)? Also the natural product #I-damascenon, the 
essentialoit~v~from~tabaoq,couldbeconvertedintothed~~45vktherhamal 
embpcrox&bdkpoxide rearraneemcnt (w -I.= 

COOHe 

44 
@m31) 
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E+epow. of the cyclollcxane tricpoxides, rdso known 85 benzene trioxides, the two stcrcoisomcrs 
4% and 47b arc pox&k and both have been synthesized. The syn-isomer 478 was prepared by the 
classical method (eqn 33) simultanewsly but hdepehntly by Vogel ef &” and by !khw~singer and 
PrinzbachJ6 The anh’-isomer 47b was synthesized in a number of ways. Again csscnthlly simul- 

taneoudy Vogel d crlss aud For&r and Bcrcbthol~ prqmred this isomer via the e&peroxide- 
dicpoxide wt starting from benzene oxide (cqn 34). Fwhnwrc, dinxt Mwopen&c 
acid epoxidation of benzene dicpoxide a&n&d Urn?’ bowever, a more convenkat and improvexl 
methods~fromp-benzoquinonewa9devisadbyV~lctails(eqn34).Ontheotherhand, 
Prinzbach and coworkers employed the classical route shown in eqn (35). 



b 

Nab 48c uw 
(6qn rr) 

prinzbach et UP converted the +epened trioxide 4% via exhaustive cyclopropaWion (eqn 37) into 
the ~y~l0pmpane isom 480 and a formed respectiveIy as major and mhtof products. The isomers 
~and4&didnotintcrconvettevenupto9ooo.For~~~n,isolner6&wassynthesizedby 
peracid epoxidath of the m trie-ne (eqn 37). As expected, dds we more diiiicult to 
vakn~e_isomerize than 7~bonds under: unnpamble st~~chud situations. 
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TableI. Acthtba~fortbetbaanlvrkaa-oftbekrm#woxides 
* 

K &/kcal marl loe A hf. 

va 9).1*0.7 16.6+1.1 --_ - ” “._ 61 

~~ 

27 13.9 60 

47a 
42.3 i I.4 14.9t0.6 59 

. The henmme trinxidea 47 s.mdtee vslmhle avnthnna fnr the TL- nrtnwPtinn nf cnmnlex --_ ““--” _-“---” _. __---- - --_” “J’--- --- -_ _- _““” ~““--” ~c-“T---“- “_ ““-c~-~- 

naturalasweflaJunaahnrttmokcaks.F~e~,thetotals~afstnptamin5ocouldbe 
acbkvcd by qeniag with a divaknt nuckophik two of tbc epoxide riugs of the syn-isomer 47a (cqn 
38).“ Such absokte s trreocwtrolwoukibevery~waeitnotfortheepo~visesoftbe~ 
sgn-t&ide 47a. On the other band, three-fold opening by a momvaknt nuckophik of the cpoxide rings 
in the symtrioxide 478 aiTonis tbc (e,e,e,e,a,a~ of the prodwt 51 (cqn @I).” A number of 
1~:3,~y~~~~~52coukf~preparadbyopeningaf~oftbeepoxideringsof 
478 by amovaknt mckopbiks.” 
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The n6tuml triepoxide triptoW 5, imp&W for its antileukemic properties, wa9 already mentioned in 
tj~ hhdttcth. Its partial synthesis has recently been achieved as outlined ia eqn (4l)P using classical 
methds. 

Th humeric parent diepox&? !Xa and 56b are readily made from 1J-cycMeptadiene. Thus, the 
syu&omer s6r was obtain& via the thermal wment of the knownn cycloheptadiene endo- 
peroxide (eqn 42a1, while the unti-isomer was produced by mchloroperbenzoic acid epoxidation.7’ The 
dqivatives 57,” Se’* and 59” were all prepared by the thermal endoperoxide-diepoxide route after 
&jet oxygen&ion of the appqhte starting m&rials. 
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All the possible isomeric d&oxides 60 and 61 have been claimed in the peracid epoxidation of 
1,3Jcycloheptatriene (eqn 42b).% Unfortunately only the anti-isomer 66b could be isolated and fully 

. 
hamtend The syn-isomer 6&1 could be prepared in 11% yield by tkrmal vat of the 

&doperoxide*U (eqn 43).n The low yield is due to the labile nature of endoperoxide 62, rearranging to 
the enone epoxide 63. The syn-isomer 61r cuuld be prepared by thermal (24% yield) or photochemical 
06% yield) rearrangement of the e&peroxide 64 (eqn 44).n 

The tropone diepoxides 6!Ja and 6!& were prepared as a mixture by treatment of tropone with basic 
hydrogen peroxide (eqn 45).‘R The interestiq feature about this system is the fact that Sally the 
proportion of 6!h to 65b was cu. 1: 1 but with time under the basic conditions tbe anti-isomer /sb 
predominated. It has been postulated that this novel epimerization is charmeled through ring-opened 
dipolar intemxdiate 6&. 
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The structurally fItshat& triepoxides 66 of cyclohept&iene are all known, plqmred quite NXently 
by stereospec%c syntheses. Thus, via the classical route (eqn 46) the isomer 66 was obthed.= -f’be 
isomers 66b and 66c could be prepared from cycloheptatriene oxide and diepoxide (la, rcswtivelY via the 
endoperoxidedkpoxide v nt and by mchloroperbenxoic acid ep~x.idation.~ 

An eariy report on diepoxides &rived from the cyhoctane skeleton dates back-to Cope ct Ott who 
showed that lJcycl~tadiene leads to tbe diepoxide isomers 67a and 67b (eqn 47). !hhequently 
Benxel d uLa prepared the syn-isomer 679 following Craadall’s d oLa sync of the monoepoxide. 

~~~~~~~~by~ vt of the e&peroxide of l*y&- 
octadiene,uwhik~Mti-isomcr~was~by~epoxidetioa’f(eqn48).Arathffdetaikd 
variabk temperahue 'FNMR study of the anti-isomer 6Ub showed that the twist-boat oad twist-boat- 
chair conformations prevaikd.~ 
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Inthissecrionwetakeupthoscpolycpoxides~whichQnotfallvery~yintoour 
classification scheme. However, the examples to be reviewed here arc DO less intrig& and fascinatiug. 
First we take up the fused systems. 

Flu&i systans. Tile idane dicpoxide 75 aMI isonhc t&pox&s 7&b were obtain4 from the 
e&peroxide 77 of indane monopoxide 78 (cqn 51).w lbmal isomdahn of 77 led to 768, 
deoxygenation of 77 gave 75 which on epoxidath alhded 76b. 



652 

(esn 52) 81 

Tbe singlet oxy8enation of i&Des is still more astounding (eqn 52).90 The diepoxidc 79, rwnwqe- 
mcnt product of tbe initial endoperoxide, sulks in sifu singlet oxy8enatbn and the resultin endo- 
paoxidea8ain m into the tetraepoxide I#) or is deoxy8enated into the triepoxide 81. IMailed ‘H 
and UC NMR analysiP was of 8rcat ass.istance in the assignment of these complex structures. 

In the naphtbal~ series, tbe singlet oxygenation9’ of the 1,2dihydro derivative (eqn 53) served as a 
frumtain nf pntedsinina nnlvr.rnriAm Thm initbl mrlnnornrUr rmnRpm_ IA tb rlku4A- @?a uA&* a"-- "* "Y-*p ~~,~~-..~YY~Y~~~"NYI.W.~~ w buuvlvyvnrvr- "ULb" 

isomerized via the oxepin into the diepoxide 82b. Subsequent singlet oxypation and remaqpment 
led to the isomeric tetraepoxides 83a and 83b, respectively. 

n n 



The pentaepoxide 85 of naphthalene cooId be pm via the ingenious route shown in eqn (%a). 
Thus, siagkt oxygenation of the ring-closed aMulene and mamngement of the endoperoxides leads to 
the triepoxide Ha, which in situ sillgkt oxygenates and zzamqgmtothepentaepoxide85b.The 
triepoxidt 85a could be prepamd altematively via bmninaka, sin&t oxygenation, reamngement and 
~~~~n. Similarly, the tetraepoxide 86 could be prepared (eqn WJ).~ 
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In the anthracenc series, Vogel d &’ pmpmed the d&oxides tVa,b by per&d epoxidation of the 
hexahydmanthraccm (cqn 56). The intmsting fact about these diepoxidcs is that they are valuabk~ 
smting materials for the oxygen-bridged annuknes. m Thus, bromimtion and subsequent dehy- 
drobromination of the 60:40 isomcric mixture of dicpoxides 87a,b generates tbe dioxepin isomers s&b 
tr- m 1..:*:,4.. ,.-I.. 4l.a I- :.wh-* 011, :a C-WI cww.. aa L.-4" ..drk- ,.c ,a:-4A11.m m-a. {GyU J,J. l#"l.Imal~ "III, UIG ap-lauuw, 001 w I"‘"leu ‘L"Ul LUG mu"ma& "ULWCi "A Umqu-D or- 
irnplying~thesedioxepiatscanriag-invcrt.~~,thisamaziaeprocessbasbaen~~ for88on 
heating to 80-1aP.m FWhmnom, hearing with DDQ at loo” dchydrogenates the isomcric 8&h 
exclusively to the spn- b~~~~~ (cqn !S?).= 

Kamp and Boekelhcid~ recently prepared the dicpoxide 89 of 15,l~~yId~y~p~~ (cqn 
58) by singlet oxygenation and subsequent thermal isomrization. This unusual mmangement of the 
endoperoxide is indeed fascinating 

(sqn se) % 

~~~. Also the cy&pham are valuable star&g materials for unusual polyepoxidts. For 
example, (2,2)-paracyclophaa on Birch reduction a&As the tetrahydro derivative 90 (cqn 59), which on 
exhaustive epoxidation leads to the tetrapoxidc 91.n 

0. 

SimMy, the mixed cyclophzine (cqn 60) on singlet oxygen leads to the eudoperoxkk 92, 
which mammges in sifrr to the ketocpoxide 94, presumably via the dicpoxidc 93. ‘Die t&raepoxidc 93 
was obtained in the singlet oxygenation of the fum cyclophanc (cqn 61).PP It is di&ult to conceive 
morebi2mms-, clearly establishing the synthetic convenience of the endoperoxide-diepoxide 
process. 
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Bicyck systmr~. fn this area the dvity has been sporadic and much interestiog work remains to be 
done. However, some aye-cat&& exampks are known aIready. Thus, on exhaustive epoxidation’O” of 
~~(~D~~ the~~%waa~.~~thetriepoxide%is~a~inthetruly 
incredii trioxide 97, in which six tetrahydrofuran moieties are fused together resulting in a beautifully 
symmetrical lnolccuk. 

A -J!JL@ 

‘d 0 
a6 97 

(=8n W 



The amazing stmctural variety and beauty of the polyepoxides and the synthetic challenge that tky 
represent to the organic chemists was emphasized in this Report. However, by far the most significant 
feature are the bionxdical properties of the naturally oc4zurring polyepoxides. Like the arene oxides, the 
potent au6nogenic i&me&&s formed in siru during the metabolysis of polycyclic aromatic hydro- 
caxt~~ns,~‘~ which have served an important role and major impetus in detining the mechanistic aspects 
of chemical cSu&o@x sis, we antic&ate that the polyepoxides offer a similar stimulatirg and rewarding 
ikld for further investigation on all fronts. 
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