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SYNTHESIS OF POLY KETIDE-‘I’Y PE AROMATIC NATURAL 
PRODUCTS BY BIOGENETICAL1.Y MODELED ROUTES 

.Wany of the aromak compounds found in nature arise 

from acetate \ia poly-j3-carhq4 inrermediarcs. The 

pathway b) which Ihe so-called polykctide natural 
products are formed was firs1 grasped hg Collie near rhc 

turn of the century.’ hug his pioneering idea\ concernmp. 

blosynthcsrs had IiWe impact on other chemists hccausc 
suitable methods for rhc \rudy of hiobzmical pa[huay\ 

were not rhcn available. He was. howckcr. able IO 

con\trucl \omc rather crude chemical models of the 
aromatiration processes. Assessments of the significance 
of his uork arc complicarcd h) a misconccpllon which 

he held concerning [he structure of one of his kc) 

compounds. dchydroacctlc acid I I ). Collie erroneousI> 

concluded Ihat the compound ua\ the enol laclonc (2) of 
.l.c.7-rrioxoocranc,ic acid and ir remained for others IO 
demonsrrarc that the compound U;IS ac~all) the Iacrone 

of a hranchcd triketo acid.” 
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Renewed intcresl in the hiosbnthesis of polykeride 

compounds occurred m IV48 when Robinson revbed 
Collie’s idea\’ and a few years later when Birch for- 

mulated the polyketide hyporhesls essentially in the form 

in which it is accepted today.’ The current conception’ 

(Scheme I) of rhc ho\ynthesis of polykelide metabolites 
is that cocnzyme A e\tcrs of acetic acid or other car- 
boxylic acids condense with malonyl ccxnryme A IO give 

the thiol esters of B-kcto acids. which m turn undergo 

further Uaisen-rypc condensations with malonyl cocn- 
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ryme A IO gi\e rhiol e\tcrs of 3.5.dikero acids. 33.7. 
triketo acids. etc. The polykcro acid\ can undergo a 

\ aricty of inrramolecular condensation\ IO give aromatic 
and heteroaromallc x) \tcm\. (‘arhoc)clic s! stem\ can bc 

formed by aldol and CIa1\en (Dicckmann) c!clizarions. 
Other ring clo\urc\ can give 4-h)dro\y-!-pyrones (enol 
lactonet) and 4p)ronc\. 

The pol)carhon!l compounds ian undergo a variety of 
modificatwns prior to qclizarion. bamplcs include 
reduction of kero groups IO alcohols. and reaction of 
mcthblene positions Nith elcctrophiles. particularly wrlh 
alkylating agents. After qclization other transformations 
can occur including change\ of oxidation SWC. alk- 

)lation. halogenation and e\en cleavapc of the aromatic 
nucleu\. In c‘ascs where the p+carhonyl chain is long 
cnouph. mulriplc ring sbstcms can he formed. Man) 
fused polyc~clic compounds arc’ known including wmc 
uhcrc one or more rings arc heteroqxlic. Polyketide 
pathways are apparentI) limited IO polycarhonyl com- 
pounds of no mow than approximawl! ten carhonyl 
group\ GUI thr\ is enough to permit construction of 
Ietracy~lic sbsrems lxpcr acetate-dewed aromatic 
natural products arc knwn hub rhcw wuld appear IO 

arisz by onidari\c coupling of vnaller preformed 
aromalic sIrucIurt3. 

.I’hc first in ~,iro cqwrimcntal support for the pal!- 
kctrdc hypothesis was ohlaincd h) Birch c’r ul.. uho 
demon\rraIed that acetaw could serbc as a precursor in 
the biosynthesis of 6-methyl~alicylic acid 14) hy Peni- 
crlli~on pri.cco,f~t/run~ and spc~dicall) that I. I’(’ ;ICCI;I~S 

labeled the four MCS in 4 as predicted by the polykctlde 
hypothesis tSchcme 2~~ Numerous supporting studies 
have been carried out uiith other natural products of 
apparent polyketide origin.’ On the other hand, no direct 

confirmation of the intermediar! role of pol~carhonyl 
compounds ha\ hecn ohrained although the hod) of 
indirect cvidencc. including differential Ialxlmg uirh 
XC'I;IIC and malonaw and the I\olatlon of polykcride 

fragment\ from aborted hlos)nrhcvx‘ is \uch that little 
dcluht remams Ihat pol~carhon) I compound\ arc inter- 
mediate\ in the formation of man) aromatic narural 
products 

Further c\ idcncc for the role of pol~cartwn~l com- 
pounds in the hios!nlhcsis of aromatic compounds ha\ 
come from the model studies dcwxihcd in this retiew.” 
While the prot~so must be emphasired Ihal \rudie\ of 
chemical model\ can pwe nothing ahout biochemical 
mechanisms and parhwa)s. in the present case the model 
studies prwidc \lrong general support for the putalIve 
pathua!s in IhaI the polgcarhxql compounds in man) 
cast’s undergo the postulated c!clilarlon\ without en- 
/) mic calal)& 

In fatorahlc caws hiogcneucall) modeled \ynrhcses of 
aromatic mcraholitc\ ri\aI non-biogenetic routes for 
preparation of these compounds. The comparison is 
aided h) the fact IhaI conventional roules for suh- 
Mutton on aromatic ring\ are cumbersome for man) 
poly kctldc metahjlitc\. The dommant fearurc of these 
compound\ is the prc\encc of mulriple h)drox)l group\ 

arranged on allernating positions around the aromaw 
rings: houcbcr. reliahlc s) nthetic methods arc scarce for 

direct mtroducrion of hydroxll group\ into aromatic 
rings. particularly a~ po\ilion\ meru IO other hydronyl 
group\. 

There arc rhrec arcas m which the stud) of models 
might improve our understanding of the hiosynthcsis of 

polykcrlde-type aromatic metaholircs. One of them is the 
proces\ hy which pol)~arbonyl chains are assembled. ;I 

second i\ the regioconlrol of competing cyclirallon rcac- 
[ions. and the final one is rhe process hy which aromatic 

melahWs with h!dronyl deletions arc formed. These 

compounds lack one or more of the hgdronyl groups 
prcdicrcd h! hiogenclic theory. 

The first arca has rccei\ed little atrenrion. a note- 
worth) exception being a model of rhc mitial acylation 

step recently dtxrihed h! Scott t-r al.’ Their model 

(Scheme 3) is an acetatemalonate diesler (5) of calechol 
which is converted hg base IO the ace~oace~atc ester with 

concommilant loss of CO?. The transformallon requires 
Mg” ion and ha\ been shown to be intramolecular. The 

applicability of Ihi\ model lo \uhsequcnl acylalion slcps 
is not known. Ko other aqlation models habe been 
reported. 

Sihcmc 3 

‘I’hc most hca\ ilk studied area ha\ been the control of 

competing ckclira;ion reaction\. With rrlkero esrcrs the 
competition is between aldol and Clai\en cyclization and 
IO a lesser extent the formation of oxygen hetcrocyclec. 

Higher polycarhon)l compounds are capable of IWO or 
more different aldol condencatlon\ IO give isomcric 

producrs. Compound\ containing ;II lea\1 file carhonyl 

groups can undergo further c)-cliralion IO give naph- 
thalcnes and other pol)cyclic compounds. !vluch efTort 
has txen damred IO rcpiospecific aldol cycli?ations: in 
man\ cases rhe\e rcactmn\ habe keen undertaken uith 
specific natural products as the peals. This rebicw of 
these cychzation rcaitions ha\ lxcn organized on the 
haus of size of rhc pol)carhonyl precursors. ‘I’hc cxam- 
pies \urte)cd range from rcaddy atailahle compounds 
containing IUO or three carhon)l groups IO relatIveI) 
inaccessible one\ containing \cvcn IO nine. Some of the 
cylizarlon reaction\ hate qucstmnahle biological rele- 



tancc whereas others closely mimic the narural pro- 
cc’sscs. 

Many methods arc known for the synthesis of 
malonatcs. fl-kero ester\ and fl-diketone\ and others are 
trill being developed hut none of them will be reviewed 
here. Dicarbon~l compounds cannot undergo intramolc- 
cular reactIons IO give aromatic and heteroaromatic 

compound\ hug they can form rhesc rmp sy\lcm\ by 
intermolecular condcnsaations. The formation of dc- 

hydroaccric acid hy the self-condensation of erhjl 

accloacetatc I\ a prime example of such a condcn- 
salion.‘.‘ A proposal by Kobinson’ 1ha1 orscllimc acid 
arises by the \elf-condensation of acetoacetaie has not 

been horne WI by hio\ynthetic experiments bum Kayo 

and Hozumi have recently observed a similar reaction. 

namely the forma1ion of mcthvl orscllina1e (6) ht rhc 
condensation of methyl 
dimer.” The reaction has 

branched triketo ester ;I\ 

(Schcmc 4). 

acetoacetatc with ke1ene 

been proposed 10 involve a 

an undetected intermediate 
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Scheme 4 

Acetylacetone undergoes self-condensation in reflux- 
ing aqueous sodium hydroxide IO $ve 2.4.dimcrhyl-6- 
hydroxyacctophenonc (Scheme 51. The use of non- 
nuclcophilic bases should lead 10 improved yields and 

wider applicabili1y of this reaction. Phloroglucinol. al- 
though found in nature. is probably not a direct product 

of polykctide biosbnthcsis bum rather results from de- 
gradations of more complex polyketide mctabolires. A 

synthesis of phloroglucmol by rrimcri?ation of dicthyl 
malonate has been reported.” 

Scheme ( 

3.5~Diketo acids and 1heir es1ers can hc prepared by 
hydrolysis or alcoholysis of triaceric lactone and other 
4-hydroxy-2-pyrones:‘.” both the esters and the acid\ 
arc relatively stable at room temperature. I-Hydroxy-?- 
pyrones have been prepared by a number of roures. the 
most importan being deacylalion of dehydroacctic acid 
dcrivali\cs which m 1urn are prepared hy relf-condcn- 
salion of @-keto esters.” A rcccn1 repor of 1hc direcr 

1ransformation of dehydroacctic acid IO methyl 3.5diox- 
ohexanoa1c” indicates 1hat initial deacylarion of 3-acyl- 

Chydroxy-2-pIrunes is not actualI) necessary. 4- 

Hydrox) -?.pyrone\ having complex substitucnts ;II the 6 

position are also available from electrqphihc conden- 

sations of the dianion of triacetic laclone or 1he mono- 

anion of its methyl cthcr.‘” 
Allcrnativcs IO the cleavage of pyrone\ are the car- 

hox)Iarion of 1hc dlanions of acet! lacetone and other 
@-diketones’” and ;IC‘) IaGons of the diamon of accttr 
acct~c cs1cr (.Schcme 6).” Alkylarion of the rrianion of 
cthjl 3.S.dioxohfxanoalc is potcn[iall) another route IO 6 
sub\tltutcd dikcro ester\; although the trianion has been 
acylarcd,” alk)lation reactIon\ have nor been reported. 

Scheme 6 

A number of cnol lactones of 35dikcro acids (4. 

hydroxy-?-pyrones) are found in narure and probabl) 
arise by cyclirarions of CoA or enzyme-hound thiol 

ester\ of the diketo acids. The laboratory cyclirarion of 
15diketo acids IO give pyrones has been effected b! 
acid ca~alysrs and by acetic anhydride.‘” One route of 

particular note is the spontaneous cycliration of a 3.5- 

diketo thiolacid (Scheme 71:” thi, reaction is a vcr) 

close model for the putalive biosynthcric route. The 

thiolacid was prepared by treatment of the dianion of the 

/IJ-dike1onc uith carbonyl \ulfide. A low yield synthesis 
of phloroglucinol from 1he acid chloride of 3.5dioxo- 

hcxanoic acid has been reported:” no o1her examples of 
this c)clizatlon reacrion hate been ohscried. 

Scheme T 

2.4.6-Triketones can bc obtained from dehydroacctic 
acid and other 6-subsiituicd 3 - acyl - 4 hydrox) - 2 
pyroncs t ia ring cleavage. decarhox)lallon. and rccy- 
cliz;ltion under acidic conditions IO give I-pyrones. u hich 

can then be converted IO the triketone by hydrolysis with 

Ba(OH)2.‘~2~2r Ikhydroacetic acid derivalivcs can be 
prepared by acylarion of dhydroxy-~-p~roncs” and b) 
elcctrophilic substitution reactions at the 6-merhjl and 

acetbl-methyl position\ of dehydroacetic acid. the latter 
reactions involving anionic intermediates.” Direct routes 

IO triketones involve acylation of dianions of p-dikc- 
loncs” and alkylation and other condensations of rri- 
anions of 2.4.6.triketones.“’ 

(‘ollie’s early studies of 2.4.6.hcptanetrionc played a 
central role in his formulation of the pol)kctidc theory 
and laid rhe groundwork for our present understanding 

of the chemlslry of polycarbonyl compounds. Hc found 
that lhis trikctone q&cd in acid or under strongl) 
basic conditions IO glvc orcinol 8. He also observed a 
gradual self-condensation under mildly basic conditions 
to give naphthalenediol 9. The lransformation required 
three consecutive aldol condensations for which two 
intermediate cyclizalion products have been isolated 
(Scheme g). Rcinvcstigation of rhc self-condensation 
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Scheme 8 

reaction by Hethcll and Maitland” and by Birch ef al.‘” 
led to more concrctc evidence for Collie’s proposed 

structures. 

Birch has explored extensions of the orcinol-type 
cyclization of triketones (Scheme 9). ‘I’rearmcnt of 8- 

phenyl - 2.4.6 - ocranetrione with strong base gave a low 

yield of dihydropinosylvin (1Qs) but similar treatment of 
the concspondin unsaturated triketone failed IO give 

pinosylvin f *&,l Brrch concluded that triketones are 

but poor analogues of triketo acids because the terminal 
methyl group is not reactive enough; the acids. if they had 
ken available, would have cyclired much more satis- 

factorily IO the corresponding resorcyclic acids. 
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Scheme 9. 

Some of the most prominenl examples of polyketidc 
biosynthesis involve the formation of monocyclic com- 

pounds from 3.5.7-rrikcro acids. Tetracarbonyl com- 
pounds. both free and masked. have ken studied cx- 

tensively because they are the smallest polycarbonyl 
systems that can provide reasonable models of biological 
systems. The investigation of unprotected 3.5.7.trikcro 
acids has centered in the authors’ laboratory. Trikcto 
acids have been synthesized by carboxylalion of tri- 
anions of 2.4.6triketones (Sc-hcme IO). Initial studies 
employed the trisodio and tripotassio salts formed in 
liquid ammonia by treatment of the triketoncs with alkali 
amides and then carboxylalcd in ether with COI.“.‘“.” 
Later studies showed lithium diisopropylamidc in THF 
to k a superior base for the ionization process.- The 
base is soluble in THF and carboxylation can be carried 
out without removal of diisopropylaminc. thus permitting 
the ionization-carboxylation IO k done in a single 
solvent. Satisfactory yields were ohtaincd for the car- 
boxylation of 2.4,6-heptanetrione and other small trike- 
tones with the latter system: poor results had been 

obtained with these compounds m the liqmd ammonia 
sysrcm. 
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Scheme IO 

The triketo acids. although subject to thermal decar- 

boxylation and facile cyclization. are sufficienlly slablc 
to permit isolation. purification and storage of the 

crystalline examples if suitable precautions are taken. 
3.5.7.Trioxooctanoic acid fuztraacctic acid) is one of the 
most difficult IO handle because of aldol cycliration but 
analytically pure samplcs of the compound have ken 
produced by chromatography and recrystallizationY 
SMR spectra indicate that the triketo acids CXISI in 
solution as mixtures of cnol forms with cnolization of the 

4- and 6-merhylcne groups predominating. 
Methyl esters of the lrikcto acids can lx prepared in 

good yields from the triketo acids by treatment with 
CH,S1, if care is exercised IO use only a stoichiometric 
amount of the reagent. .g.yl The trikero acids are not 
sufficicnrly stable to permit acid-catalyzed esrerilicarion 
with methanol. A second route (0 methyl 3.5.7-triox- 
ooctanoate mvolves acylatlon of the dianion of methyl 
acetoacctate with the monoionired form of the ester 

(Scheme I I j.‘“-m The mechanism of the reaction is not 

known hut seems likely IO involve attack of one anion on 
the other. although the involvcmcnl of a kcrene Inter- 
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mediate is not excluded. Elimination of methoxidc from 
monoionized kcto ester would give accIylkeIene. The 

sIoichiomeIry of the acylaIion reacrion requires IWO 

cquivalenls of dianion per monoanion of keto ester hur 
since monoanion is generared from dianion in the course 
of the condensation the reaction is carried out most 

efficiently using the dianion plus only a caralyric anwunr 

of the monoanion. 
The IrikcIo acids are in theory capable of undergoing 

four dchydrativc cycliraIion reaclions Isec Scheme I); 

the products of Ihrcc of Ihesc reactions, i.e. rcsorcylic 
acids, acylphloroglucinols, and cnol lactones. have been 

found in naIure but the natural occurrence of polyketide- 
dcrivcd 4-pyrones i\ in doubt. Cyclization reactions 

leading IO all four of Ihcce ring systems have been 

observed with trikcto acid and ester model sysIcmc. 
The chemislry of 7-phenyl-X(.7-Irioxoheptanolc acid 

(II) has rcccived the most detailed study (Scheme 

12L”.P.” Aldol cychzation of 11 occurs in aqueous or 
alcoholic solution over a pH range from 4 IO strong base. 

The undehydrated aldol cyclizrtion product 112) can be 
observed in basic solution hut it dehydrates rapidly in 

acid IO give the resorcylic acid. The NMR spccIrum of 

[he aldol product indicaIcs IhaI Ihe cycliralion IS 
stereospecific but the relative configuration is not knoun. 

The cycliration also shows a high degree of regiospccifi- 
city; lhe resorcylic acid (13) has been isolated in I%% 

yield from a cycliration reaction carried OUI 
other cyclization products were not observed. 

aI pH 5; 

Treatment of the triketo acid with anhgdrous. liquid 

HI: gave pyrone-acid Ma which decarboxylatcd readily 
lo give the parent 4-pyronc (IS). Mcthanolic HCI con- 

verted the triketo acid IO pyrone ester Mb. Treatment of 

the triketo acid with acetic anhydride gave enol lactonc 
16. The enol lactone was also formed by a spontaneous 

cyclization of triketo thiolacid 17. a reaction which al- 
most certainly bears a close resemblance IO the natural 

process. Thiolacid 17 had heen prepared by treatment of 

the trianion of I-phcnyl-I.35hcxanetrionc with carbonyl 
sulfide” 

Claisen cyclization has not been ohscrved with the 
phenyl trikcto acid or with other triketo acids but this is 
not surprising when one considers the fact that the 

carhoxyl group will be fully ionized under conditions 

needed IO remove a proton from the 6-mclhylenc 
posIIIon. The possibility IhaI acylphloroglucinols could 

he formed under acidic condiwns cannoI be excluded 
buI Ihc ease with which oxygen hctcrocycles arc formed 

in acid makes the prospects poor that acid-catalyzed 

C-acylation can he realized. The shortcomings of the 
triketo acids for base-catalyzed Claiscn-type cyclizations 

are circumvented with the corresponding esters. 

The methyl ester fl8t of 7-phenyl-3..(.7-trioxoheptanoic 
acid has received the most study (Scheme 13).- Under 
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most conditions the principal mode of ring closure with 

I8 is the aldol cyclization also. In weakly basic solution 

aldol cycliration occurs without dehydration of the 
products." NYK studies indicate that cyclization is not 

stereospecific. The major stereoisomer has been isolated 

by careful neutraliration of the reaction mixture and has 
been identified as rhc one in which the phcnyl and 

carhomcthoxyl groups are fruns. Equilibration of the 
stereoisomers occurs in basic solution by a mechanism 

involving ionization of the proton alpha IO rhc car- 
homelhoxy groups rather than h) a retro-aldol reaction. 

Resorcylale ester 20 can bc prepared in high yield h) 

treatment of rhe aldol adducts with acid or direcrl) from 
triketo ester by incubation in pH .( buffer. Aldol adducr 
19 can be methylarcd with CH?N, IO give a mixture of the 

2- and 4enol ethers (21 and 22); these compounds. as 
well. aromatize readily on acid-treatment IO gibe esters 
23 and 24. II is noreuorthy that prior IO this work Birch 

had suggcstcd that non-aromatircd aldol adducts of this 
~ypc might be sutficicntly s~ahle that dehydrarlon in two 
would have IO be mediated h) enzymes and that these 
intcrmcdiatcs could he branch points in the metabolic 
pathway. i.e. the stage a~ which reductions of carhonyl 
groups and other transformations occur prior IO aroma- 
Iizalion.’ 

Strongly basic cycliration conditions were studied 
with the hope Ihat the dianion or trianion of rrlketo ester 
18 might undergo different reactions than the monoanion. 
Mcthanolic KOH gave essentially the same results as 
milder conditions; cstcr 20 being ohtaincd in cxccllcnr 
yield after acidification of the reaction mixture (Scheme 
13~” Little or no hydrolvsis of the cstcr group occurred 
under the reaction cond&ns. Aqucou\ KOH was also 
inbesligaled and gave the surprising result that the major 

product was bentoylphoroglucinol (25) arising from a 
Claisen cyclization; the other product was the resor- 

cylale ester. The reaction gave a 2: I mixlure of the 

prc$ucls from which 25 \sas isolated in 47% yield. h’o 
adequate explanation for the effect of soltent on rhc 

regioselection process has ~CI been found. 
Metal ions almost certainly pla) a major role in the 

biological cycliration reactions. hug attempts IO alter the 
cyclization pathways of the phenyl triketo ester using 

Mg(OH):. h!g(OYclI and buffer containing Mg-” ion 
have all been disappointing.” Aldol cycli7;llion was the 

only ring closure observed when lfg-” was present. The 
principal cffccl of Mg” ion was IO stahilire the triketo 
ester against cyclization. This stabilization may be due in 

part IO the fact that a chelare involving the 2 position 
cannot undergo Claisen cyclization. one involving the 6 

position cannot undergo aldol cycliration and one in- 
volving the 4 position cannot under either cycliwrion. 
hug a major factor must be the insolubility of the 
chelates. 

In a followup of Birch’s earlier atlcmptcd synthesis of 
pinosplvin (IOb) from rhc slyryl triketone (Scheme 9). the 
corrctponding triketo acid was prepared in the authors’ 
laborarory by carboxylation of the trikctonc.m In pH 5 
buffer the acid undcrwcnt facile aldol cycliration IO give 
Iu1% of pinos)lvic acid (26) from which lob was obtained 
by thermal decarboxylation tSchemc 14). The methyl 
ester of of the slyryl rrikcro acid. prepared by treatment 
of the acid with (‘H2Sz. cyclized IO resorcylic cstcr 27 
(6Wr) m methanolic KOH hut aqueous KOH gave 8X 

of the Claisen product. cinnamoylphloroglucmol (281. 
which on healing cyclised further IO give the flavanonc. 
pinocembrin (29). The formation of both pinosylvin and 
pinocembrin is significant. Thcsc IWO mctabolilcs occur 
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together in the heartwood of pine trees and were one of 
the major cases cited by Birch in his formulation of rhc 

polyketidc hypothesis.’ 
Another important case is tetraacctlc acid (Scheme 

IS).” which undergoes an extremely facile aldol cycliza- 
[ion IO give orscllinic acid (So). I‘erraaccric lactone (31) 

was formed from the acid by treatment with acetic 
anhydride (66%) and also by a spontaneous cyclilation of 
the triketo thiolacid. ‘The methyl ester of tctraacctic acid 

gave methyl orsellinaie (6) (5wCl in methanolic NaOAc 
and a mixture of merhvl orsellinatc (13%) and the Claisen 

product. 2.4.6-trihydioxyaceiophe&e (32) (3%) In 

aqueous KOH. The last of the four possible cycliration 
products. the 4pyronc 33 was obtained in 50% yield h) 
treatment of tetraacetic acid with methanolic H>SO.. 

Aldol cyclizations of several other triketo acids have 

been used for synthesis of rhe corresponding resorcylic 
acids (see following page).m u, 

Roth rhe 3- and the ?-methyl derivatives of or\ellinic 

acid are naturally occurring and probably arise h) 

merhylation at a stage prior IO aromatization. The car- 
boxylation of 3-methyl-2.4.6.heptanctrionc was in- 

vestigated IO see whether anion formatIon and car- 
boxylation might be regiospecific (Scheme 16~~ Selcc- 
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tivity was nor observed: rhe mlxturc of triketo acids was 

cycl17ed without isolation IO give equal quanrities of Ihe 

merhylorsellinic acid\. 
.4mong the derivalivec of rriketo acids in which one or 

more of the carbonyl groups have been prolecled. the 
least protected ca\e is the 3-enol ether (34) of methyl 
7-phenyl-3.5.7-IrioxohepIanoaIe. which was one of the 

products formed from the IrikeIo acid by IreaImenI with 
excess CH,Nz. The enol eIher in acIualiIy protides no 

protecrron at all since both aldol and Claisen cyclirations 

can still occur (Scheme 17). In Ihe presence of me- 
Ihanolic SaOAc. U underwenr aldol cycliz;rIion. The 

main product 172%1 was the stereoIsomer l3Sl of 21 
which had been prepared by anoIher rouIe (see Scheme 

13).” ‘I’reaImenI of 35 with acid gave aromaIic ester 23. 
A pH Y.? buffer converIed 34 info a mixture of 23 (MC 1 
and Claisen product, cobin (36) (12%). These cyclization 

reacIions have been proposed as model\ of the bios)n- 

thesis of phenolic ether\.” Although many phenolic 

ethers arise in nature by alkylaflon of the parent phenols. 
others ma); arise b) alk)Iation of precursors of the 
aromatic \yslems. 

Stockinger and Schmidt have recently reported for- 
mation of the 4-meth!I ether 1371 of reti-butyl orsellinate 

(- i;O% I h) a condensation of the anion of run-butyl 
acerate with h-methyl-4methoxy-?-plrone (.Scheme 
IX).” The reactIon prohahly involved the Senol ether 

(3E) of r~rr-bu~yl 3.c.7-lrioxoc~lanoale as an intermediate 
bum the compound Mas nor isolated. 

Schmidt and .Schwochau habe prepared ethyl 3.5.7. 

trloxocxlanoate (39) protected af the 3 posilion with an 
ethylene hemithioketal t.Scheme IY).” They have also 

prepared the corresponding derivative (401 of terraacetic 
lactone.” Exploltabon of this sequence for the synthesis 

of orsellinic acid and other natural products has nor yet 
been reported 

(irifin and Staunton hate prepared the dimethyl ether 
of methyl orsellinate hy the condensation of a Ryrylium 

ion (41) with an enolare anion (Scheme 201. Inler- 

mediates were not isolated hug the reaction is presumed 

IO proceed via a Wenol ether) (42) of the triketo ester. 
A noteworthy feature of the reaction is the presence of 

the phosphonate group which ensured rcgiospccificity for 
the cyclirarion reaction. The condensation reaction went 

in good yield 165%). Pyrylium ion 41 will undoubtedly 
find future uses as a triketone sgnthon. Of equal value is 
the scheme of using phosphonate anions to direct 

cyclirations. 
Hram ha\ prepared erhll 3..c.7-lrioxcw)ctanoale (43) 

with the 5. and 7-kero groups protected as the enol ether 

Scheme Ih 

“,ti 0 

36 -__ 

3H -,. 

Scheme IX 



polykcride.~~pc aromalrc natural product\ ?I67 

Scheme IO. 

and the ketal. respectively (Scheme ?I).” During rhe 
course of deprotection. aldol cycliration. hydrolysis of 

rhe ester. and decarboxylation occurred IO give orcinol 
(8) as the isolated product. HGim’s synthesis of protected 
triketo ester 43 as well as the preparation of 39 by 

.Schmidt and Schwochau” employ inrercsling inler. 

mediates which should find apphcations in the synthesis 

of other more complex polycarbonyl compounds. 
SCOII and Money have used complex pyrones as 

masked polycarbonyl compounds.” Pgranopyrandioncs 
44 arc protected equivalents of triketo acids having 

an extra carboxyl group at the 4 position on the keto acid 
chain which is used to protect the 7carbonyl group. 

Members of this class of pyranopyrandiones are pre- 
pared by condensations of readily available 4-hydroxy;,:; 

pyroncs with malonate derivatives Scheme 22). 
Under basic conditions rhe pyranopyrdndiones undergo 

cleavage of the IWO lacrone rings IO give acyclic inter- 
mediates which can undergo recyclization reactions IO 

give aromatic compounds. The acyclic intermediates 
cannot tx isolated because the vigorous conditions 

required IO cleave the lactone linkages bring about rapid 
recyclizalions. 

The pyranopyrandione equivalent to terraacetic acid 
(44. R - Me) when treated with aqueous KOH underwent 

ring-opening and aldol-type recyclizarlon IO give or- 

sellinic acid (30) (6%) as the only henrcnoid product 
(Scheme ?3).” Methanolic KOH gave 18% of methyl 
orscllinate (6) along with 5% of dicster 45 which retains 

the “extra” carboxyl group and IO% of acid 46. In 
methanolic KOH retention of rhe “extra” carboxyl group 

can occur because cleavage of the lactone ring gives an 
ester rather than an acid: diacylacclic acids decar- 

hoxylate readily but the esters arc more stable. 
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The use of methanolic Mg(OMe), with 44 (W = Me) led 
to the formation of a Claisen producr. phloroglucinol 47. 
in X.5% yield (Scheme 23). Although the yield was low. 

the result is of interest from a mechanistic point of view 
in relation IO our own observation that Yg” ion will not 

catalyze Claisen cyclirations of triketo esters. Crombie 

and James have pul forth the suggestion that the Mg” 
effect with pyranopyrandiones involves chelation of Iwo 

Mg” ions by kclo ester siles in the acyclic intermediate. 

thus holding the molecules in a conformation from which 
Claisen but not aldol cyclization can occur.‘” The failure 

of Yg(OMe)2 IO bring about Claiscn cyclization of simple 
triketo esters is a consequence of the absence of the 
second chelation site: i.e. the one involving the “extra” 

carboxyl group. With simple triketo cstcrs chelation of 

IWO hfg” ions gives linear suuctures which arc inca- 

pable of either cycliration reaction. 
Three addItional pyranopyrandionec 144. K = C,H,. 

C,H,CH2(‘H2 and C,.H,CH=CHb have been investigated 
and have given results which are qualitatively the same 

as those obtained with the methyl compound.“.~ The 
reactions of the styryl compound are of particular 

interest (Scheme 24): treatment with methanolic KOH 

gave methyl pinosylvate (27) by an aldol cycliration. 

whereas methanolic Mg(OMeh gave flavanone 48 by a 
Claisen cyclization. Subsequenl transformations of 27 

and 48 gave pinosylvin (fob) and pinoccmbrin (29). 

respcclivcly. 

The Iwo laclone rings of lhc pyranopyrdndiones are 

not of equal stability; using rhe methyl compound (44. R= 

Me) Scott’s group achieved a partial hydrolysis IO give 

pyrone-acid 49, from which tetraacctic lacrone (31) could 
be obtained by decarboxylation (Scheme 251.” The latter 
step has been a troublesome one” and the synthesis was 

subsequently improved hy use of the methyl ether (SO) of 
49.“ Because of the importance of retraacetic laclone. 

IWO other syntheses have hecn reportedYi in addition lo 

this one and the previously described rriketo acid 

c jclization. W Bentley and Zwitkowits found that 

tctraacetic lactone undergoes facile transformations lo 
aldol productsU Aqueous acid or base gives orsellinic 

acid (30) and/or orcinol (8). Reaction with methanol al 

I lo” gave methyl orsellinate. Pyrone-acid 49 on lrcal- 
ment with KOH gave aldol products 30 and 8 but failed 

IO react with MgWYe)~.” .Mclhyl ether 50 reacted with 

hlg(OYe)~ but gave mainly aldol products 51 and 52.” 

44, R . C6HSCh.Gi 27 lob 
‘l. -,. ‘.A/” 

Scheme 24 
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The reaction of phcm$ pyrone 17 has been in- 

vest$arec! both by SCOII and by the authors (Scheme 

!6).’ With aqueous KOH htdrolysis IO the triketo acid 

followed hy aldol qcli7aiion gave low yield\ of 
resorcylic acid 13 and resorcinol 53. Better results were 
obtained with methanolic KOH; rcsorcylic ester 20 was 

obtained in 55-b?% yield along with a minor product 

tentatively identified a\ phloroglucinol 2.5 derived from 
Claiscn cyclizarion. In neither cast wa\ the acyclic inter- 

mediate detected. pyrone cleat age bemg much slower 

than rccyclizatlon. With Mg(OMe)z as the bate the reac- 
tion pabe 44% of phloroglucinol 25 and I% of resorcylic 

ester 20 along with a trace of triketo ester 18. A large 
excess of Yg(O\te)z or CatO%leb: gave 18 (58%). For the 

synthe& of phlaroglucinol 2!? from 17 an exccllcnr yield 

(87%) could bc obtained wllh 0. 27 equlb of Mg(OMe), in 

hot dimethylformamidc. Equally potxl results were oh- 

rained wllh I.iH in tetrahydrofuran, Lih’t’Pr):. and other 

non-nuclcophilic bases. These results indicate that 
triketo ester 18 is not an intermediate in the formation of 

phloroglucinol 25. Kcrene S4 has been proposed in it\ 

!? 

place. with triketo ester 18 only being formed when 54 is 

intcrccptcd hy methanol or methoxide ion. A kelene 

intcrmcdiatc may also be mbolved in the Mg”‘-directed 
reactions of pyranopyrandioncs 44 hug this question has 

nor been studied. Moreover, nothing is known about the 
mechamsllc details of enzymic formation of acblph- 

loroglucinols; these reaction\ may also mvol\c ketene 

intermcdiarcs. 
Cleavage-recyclization reactions have been in- 

vestigated with four derivarives (SSS8) of pyrone I7 

(Scheme 271.“’ Methyl ether 55 on treatment with I.iH 

gave XWr of Clalsen product 36 and C-methyl derivative 
56 gave 54% of Claisen product 59. The methyl group on 

56 blocks aromatiration of aldol products: trcatmcnl of 
56 with methanolic KOH apparentI> caused C‘laisen 
cychzalion IO occur instead hug the resultant acylph- 

loroglucinol was not isolated and only cleavage products 

ibenroic acid and !-mcrhylphloroplucinol) were found. 

C-Methyl dcribative SI can not gtc an aromatic C‘laiscn 
product; no aldol or Claisen product\ were ohrained 

from treatment of 57 with MgtO)ci~)~. (‘a(()M or 

,. 

17 
~g(w;2. Ca(OW2, 

-/. HIH. Li’i. or 
l C6”Q&o _ [c6.~Ado. 

LtH’Pr 2 
.%(owc)2 or 

/ -2 

/ 
Cb(W12 I 

C6HS 

Scheme 20 
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KOMe. Acetyl derivative 58 lost the acetyl group in the 

course of cleavage and recyclization IO give rcsorcylate 
ester 20 when treated with methanolic KOH and phloro- 

glucinol 2!5 when treated with M~(OYC)~. With I.iH. 

however. the acctyl group was retained and phloro- 
glucinol 60 was obtained. 

‘The methyl ether of terraacetic lactonc (61) has been 

conscrted IO aldol product 51 and IO C’laisen product 62. 
but the conditions for these reactions were not reported 

(Scheme 28).“.” Money has observed the formation of a 

Claisen product (64) from pyrone-ester 63 but with 
pyrone-ester 65 only a degraded aldol product (46) was 

obtained.” For both these reactions rhe presence of the 
methyl ether was crucial: the corresponding hydron) 

compounds gave no lxnrenoid product\ under a Lariery 

of conditions. 
A tetraketone was the first unprotcctcd 1.3.5.7.tetra- 

carbonyl compound IO be prepared. In 1963. Hauser’s 
group prepared diphenyl tetraketone 66 by acylating both 
methyl groups of acetylacctonc with methyl benroatc in 

the prctcncc of NaH and also by a single acylarion of 
I-phcnyl-1.35hexanerrione (Scheme ?I).” The alkali 

amides. lithium diisopropylamide in particular. wcrc 
later found IO be superior for the acylation of trike- 

lones. ‘“.u’ The unanticipated stability of terraketone 66 
provided rhe impetus for further study of unprotected 

polycarbonyl compounds. Acylations of triketones have 
been limited IO introduction of arogl groups: trianions of 

p? 51 62 
._‘. ‘1. 
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lrlkcluncs apparenll) are IOU hacic IO permit ac~lalions 

with alrpha1ic esters. 
A second route 10 lctrakelonct which was developed 

in rhe author\’ lahoratolr. can he used for preparalmn of 

aliphatic 1e1rakctoncs. b-Dikcronc dlanions sari he 

acylated by @-kero e\1crs IO pike linear tetrakerones if 

the xldic mcrhglcne group of the B-kcto ester i\ first 
ionired (Scheme 3,. Acylation occurs in spire of the 
dcacrita1ion of the c\tcr resulting from dcloc;~li/;r1mn of 

negatibc charge. The condensation rex1ion 15 limited IO 
diketone dlanions and other highly nuclcophihc amon\ 
and IS helic\ed IO in\oltc attack of the dlanion on the 

kc1o ester monoanion a\ oppo~d IO climinatlon of 

alkonlde from Ihe kcto e\1cr folloucd h) nucleophdis 
atlack on the realrinp. acylkerene. This condensation 

reac1ion has lxcn used IO prepare diphcnjl. phcn) I 

methyl and dimcrhyl tetrake1onc\ 66-68 m ylclds of 
JO-51%. 

CycltriIII1)n reactions of dlphenyl tcrrakctonc 66 hate 

no1 been \tudlcd ;dthough aldol cl chr;&)n should occur 

in base Dimeth~l retrakcronc 68 underpca aldol 
cyclira1lon IO form resorcinol 69 w rcadll) Ihal Isol;&on 
of the lctrakclonc ix difficult t.Schemc MJ).‘” Phcnbl 

methyl 1e1rakctonc 67 has intermediate reac1i\ II). With 

67 IWO aldol cyclirahons arc pos~hlc. ham treatment 
gibe\ mainI> l6!%) rt\orcinol 70 reWlllng from nuclco- 

philic attack a~ the lea sterically hindered acctyl car- 

bon)-I group along with 7% of i\omeric rc\orcmol 71.%’ 

?lo method has been found h) uhlih Ihi* repioselcc-1lvil) 
sari he reicrsed 

Sumerou\ makcd or parrially masked lctraketone\ 

hae hecn \)ntheGcd and studied. Proteclcd form\ of 
dimerhyl tetraketonc 68 include ?-ket;J 72.” !.H-bisketal 

73: ’ !.H-hi\cnaminc 75.” ;uxt)lenic ketone 75.” 2.X.b 

(hemithioket;ll) 76” and p) rtjnc’s 77-79 ” ” ” ‘I’rcatmcnr 

of 73.” 74.” 75” and 78’” u11h acid ha\ gi\cn rc\orcmol 

69; treatment of 77 with h;r~ ha\ failed IO gitc aromalic 

produc15” bur 79 was con\errcd 10 resorcinol 69.” 

Pyrone 80. equlvalen1 to 1etrakctone 67. failed IO gibe ;I 
phcnolic product with hasc hut ~a con\erted IO rcsor- 

cinol 70 h> acid.“” 
Italian workers have t1udicd szter;il h~~-~sox~olc~ 

equivxlcnl to phenyl and mcthbl tcrminatcd relrakc- 

1ontx“ Htdrogenol)sls of the hi&on;c/ole\ pi\c\ kcto 
imino which ~)clire under acidic condition\ IO resor- 

imol deri\ativc\. Eramplc analogous IO rerrakctonc\ 

66-68 hate been reported. A J: I mi\rurc of revxcinols 
70 and 71 U\;IX ohtamed from bl+iso~;trolc 81 tSchcmc 
31). Ri+~so~zolc 81 ha\ al\o hxn canterted into 

dikcroisotazolc 82 b) parrA h!dropcnolysl\ and 

hydrolysis. HydroRenol~sis-s!-cllrarion of 82 gave 
rcsorcmol 71 exclusi\el!. illustrating Ihe dire&e effect 

of the lminc group. ‘Thr\ highI) vgniticant finding ha\ not 

)CI hccn applied IO rhe \)nrhcG of pol~cychc \!slems 
hug could he of \uh\tantial v;rluc for e\rahlishmg rc’- 

gioyxcificily of aldol c) clira(lon\ with higher polyc:ir- 
bony1 axnpounds. 

Wlrh increa\inp cham lengrhs. rhc number of possible 
c!cli~;a1lon products ria rapidI). A pentakrto acid can 

undergo 3 aldol. ;L Claisen. and addirmnal hererocychc 

ring sloturcs and \ome of the imrlal cycliza1lon produc1\ 
can undergo furrher c)cliz~tion reac1lonx Natural a- 

ampIes of many of the resulting ring \) ams arc knou n. 
I’hen)I-(crmina1ed terrakcto acid 83 is the only un- 
protected rctrakero md IO hate hem prepared.‘” 

‘I’rea1menl of phcnyl methyl lerrakctonc 67 wllh cuw 

lithium dusoprop) Iamidc g;o E ;I pal! amon pre\umcd IO 
he the tctmnlon. carbm~lation of u hlch gwc 83 m WC 

.khcmc Y) 
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yield (Scheme 32). The corresponding methyl ester (84) 

has been prepared by treatment of 83 with CH:N> and 
also by a condcnsatlon (60%) between the trianion of 

meth)I 35dioxohexanoate and the monoanion of ethyl 
ben70ylacclate..n 

On treatment with aqueous h’aHCO1. 83 gave mainl) 
(84%) unstable resorcinol 85 which cyclized further IO 

give coumarin 86 (Scheme 32~“’ Weakly acidic con- 

dition\ gate the same result. With aqueous KOH. 85 

became a minor product. the principal one (67%) being 
Isomer 117. Methyl ester 84 showed essentially the same 

reactivity profile. Neither the third aldol product (891 nor 

the Claisen product (90) were detected. ‘Tetraketonc 83 
was converted IO the cnol lactone (881 by treatment with 

acetic anhydride. The reactions of 88 have not been 
explored bum non-nucleophilic bases might well yield 90 

or the related flavone via a kctene intermediate. 

Money and .SCOII have extended their studies of fused 

pbran derivatives 10 masked penraacetic acid (Scheme 

33). “.‘” Dipyranopyrantrione 91. prepared by the con- 

densation of pyranopyrandione 44 (R = Me) with malonyl 
chloride, gave on treatment with merhanolic KOH, 
products 92-97 resulting from aldol cyclization of pcn- 

taketide acyclic intermediates. This result is of con- 

siderable interest lxcause 92-97 all arise by rhe aldol 
cycli7Aon which had not been observed with un- 

protected triketo acid 83 or ester 84. With methanolic 

Mg(OYe)J. 91 gave a second aldol product, resorcinol 98. 

and a Claiscn product. chromone 99. Chain cleavage was 
a serious problem in both reactions and several aromatic 

products were obtained which resulted from partial de- 

gradation of the polyketide chain. Total yields of iden- 
tifiable products did not exceed 15%. 

Stockinger and Schmidt have recently described the 
condensation of the methyl ether of rriacetic lactone with 

rhe dianion of ethyl acetoacctate IO give coumarin lOIn 
in 39% lieId: the ‘I-enol ether 1001 of ethyl pentaacetate 

is thought IO bc an intermediate in the reaction (Scheme 

67 
^,. 

b3 
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l 
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Synrhesi$ of polyketidc.typc aromatic naIural product\ !I73 

.U).” RcpcIIIion of the rcacIion with the benzyl ether of 
IriaccIic Iactonc gave 17% of bcnzyl homolog IOlb along 

wiIh 20% of heIerocyclc 102 which is the hemikctal of 

Ihc acyclic intcrmcdiare IO&. ProIecIion of Ihe hydrox) I 
group of triacelic lactone is not essential for the con- 

densation IO occur. Unprorcctcd Iriacctic lactone. as iI\ 
IiIhium salI. reacIed with the dianion of eIhyl aceIoace- 

Iate lo give rcsorcylaIe ester 103 dcrited from ethyl 
pcnIaacc!aIe by a differenc aldol cycliraIIon. ‘This al- 

IcraIion in Ihc qclization pathway is noreworthy: Ihe 
unprotected IeIrdkclo ester qclized by the pathway fol- 

lowed by dipyranopyrandione 91 rather Ihan that fol- 

lowed hy phenyl Iriketo acid 83. Scott ha\ described Ihe 

preparation of Ihc cnol lactonc (1041 of 30mcIhylaIcd 

pcnIaaccIic acid.” hur rcarrangemcnrs IO hcnrenold 

compounds have nor hccn explored. 

A Ietrakcto esIer is Ihc smallesl polycarhonbl sgslcm 
IhaI can form a naphrhalene derivative. Although \uch a 
cyclizaIion of a pcnracarbonyl array has not been per- 

formed. Raker and HycrofI have carried OUI ~hc final 
step. convcrtmg merhyl curbulinatc llO!% IO flavIolm 

t 166) by cyclizalion lo I .3.6.8-naphthalenclclrdol fol- 
lowed by oxidation (Scheme 351.~ 

LnproIecIcd diphenyl pcntakeronc 107 has been prc- 

pared m our laboratory by hcnzoylation of IclrakcIone 67 
( 19%) and by a Iwo-stage hcn7o)laIion of Z.&b-hep- 

lcca. R . Me 

/ 

-;,, 
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tanetrione (20%) (Scheme M).” The compound has also 
been synthesized (41%) by acylation of I-phenyl-1.3.S 
hcxanctrione with ethyl benzoylacctatc.” Cyclizations of 
107 have been investigated; aqueous KOH gives 53% 

of one aldol product t 108)” while actor-atcd silica gel has 
given 73% of another (109).“’ Phenyl methyl and di- 

methyl pentaketoncs 110 and III have been prepared by 
condensations of !.4,6hcptanctrionc with ethyl ben- 

roylacctatc and methyl acetoacctate, rcspectivcly.^’ 

Stockinger and Schmidt have used the condensation of 
the dianion of acetylacctone with the methyl ether of 

triacetic lactone to prcparc flat one I12 in 15% yield 
(Scheme 37).” The intermediate pentaketonc monoenol 

ether was not isolated. 
In a pionccrinp etforl lo synthesirc polycarbonyl 

compounds. Birch and coworkers examined the 

ozonolysis of dihydroindene 113. which had been pre- 

pared by a Birch reduction of the corresponding bcn- 
zenoid compound (Scheme 3X).“’ They failed IO isolate 

the expected h-ketalircd pcntaketone I I4 or cycliration 
products thereof; hoaever the approach warrants further 

study using newer methods for carrying OUI the oxidation 
and isolating the product.h’” In all likelihood. removal of 
the ketal would not be possible prior IO cyclization of 
114. hur it\ precence would be advantageous in some 
cases. 

No unprotected pcntacarbonyl compounds have been 

prepared yet. although a dipyrone (115)” and a lripy- 

ranopgrantetraone (116)” have been rcportcd which are 
formally cqui\alcnt IO hexaacetic acid (Scheme 39). 
Reactions of 116 have been studied but no benzenoid or 

naphthalenoid products have been obtained. Two of the 
pyrone rings in 116 are resistant IO hydrolysis and 

dipyrone 117 has been obtained from the reaction of 116 
with KOH. Chain clcavagc occurs under conditions 

required to open the remaining rings. Cleavage of poly- 
carhmyl chains occurs more readily than opening of 

Aolated Chydroxy-2-pyroncs by base. This finding places 

a definite limrt on the applicability of the fused pyrone 
approach to the synthesis of polycyclic phenols. 

108 
,,r. 

Scheme 36,. 

Szhcmc 37. 

Scheme 38. 
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Scheme 39 

One unprotccrcd hcxakclonc has been synthesired. 

The preparation. which was carried out in the authors’ 
lahorarory. involved acylation of tetraketone 67 with 

ethyl henzo)Iacerare by a pol)anion procedure and gave 
dlphenyl hcxakcronc II8 in 19% yield.” Hexaketone 118 

was also prepared hy a convergent procedure involving 

sequential condensations of IWO equivalents of ethyl 
benzoylacctatc with acetylacetone in a “one-pot” 

procedure IO gitc 40% of II8 (Schcmc 40). The hex- 

akcrone is formall) capable of many cyclization reac- 
tions. Considering only carbocyclic processes. 118 could 

undergo three imrial aldol cyclizatlons; secondark 
cycliration\ could give four isomeric naphthalenetriols. 

In spite of the many palhwa!:s open IO the molcculc. a 
high degree of rcgiospccificlty was observed in the 
cyclilarion reactions. ‘Trearmcnr of 118 with aqueous 

: fl 

KOH gave mamly (70%) resorcinol 119 with minor 
quantities of the isomeric resorcinol 120 and rhc related 

cvclic hemikctal being formed. Further treatment of 119 
with K,CO, or with CFL’O,H ’ gdbe naphthalcnctriol 121. 

On the other hand. treatment of 118 with pH X silica gel 

gave isomeric naphthalenetriol 123 in high yield. ‘The 
pattern of aldol cyclirarions in the latter case is the same 

as rn the aphid mctabolitc 6-hydroxymuslzin. During the 

formation of I23 the precursor. resorcinol 122. was not 
observed. 

Stockinger and Schmidt. extending the approach the) 

employed for telra- and pentacarbonyl systems (see 

Schemes IX and 34). have condensed the methyl ether of 
lrlacelic laclonc with the trianion of !A&hcptanetrione 
10 gibe 19% of chromone 12% derived from hexaketone 

cnol ether 124 iScheme 411 ” 

i lh 
,. 

Scheme 40 
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Scheme 41. 

Many of the polykeridc mctabolitcs arise h) reaction 

scqucnces in which rhc initial aldol cyclizatmn of a 

polycarbonyl compound occurs al one of rhe central 
carbon)1 groups. In fact. for formation of naphthalenc. 

anthracene, and naphthaccnc compounds. initial aldol 
attack must occur at internal carbonyl groups. The 

propensity of methyl-terminated polycarbonyl chains IO 

undergo cyclitation reactions involving nuclcophilic at- 
tack on the terminal keto group led us IO investipte the 

derivative (126) of dimcthyl hexaketone which has both 

of rhe terminal kero groups protected as ketals (Scheme 
42).” The preparation of 126 involved a Claiscn conden- 

sation of ketal-protected methyl acetoacetate with the 
trianion of monoketal-protected terraketone 72. Whereas 

the unprotected hcxaketone would have had available IO 

it four discrete aldol cycli7ations of which the cycliration 

involving positions ? and 7 would be expected IO prc- 

dominate. doubly protected hcxakctone 126 would have 
only one, the 4:Y condensation. Treatment of 126 with 

diisopropylamine gave 80% of rhe expected resorcinol 
127. Removal of the ketal groups b) treatment with acid 

caused concommitant cyclization IO rhe naturally oc- 
tuning chromonc I28 (87%): further treatment of I28 

with H$O, gave the tricyclic metabolite harakol 1129) in 

gO% yield. Chromone formation during deprotecrion of 
the keto groups could be avoided hy prior acerylation of 

the phcnolic groups. With diacetyl derivative 130. acid 
treatment gave the triketone which immcdiatcly undcr- 

went aldol cyclirarion IO give naphthalene 131~ (55%). 

Saponification of the acetate cstcr> gave 6-hydroxy- 
musidn (131b). 

Hexakcto acids and heptakctonec are sufficiently large 

arrays of carbonyl groups lo permit conslruclion of 
rricyclic compounds. The rricyclic polyketide natural 

products are very numerous and represent a fruitful area 
for study. bum the si7e of the polgcarbonyl system has 

been a major stumbling block. As an alternative IO using 
a heptaketonc .Wiihlemann has used a two-chain ap- 

proach for a biogenetically inspired synthesis of cmodin 

(133) (Scheme 43). -.” ‘The condensation of diketone 132 

with dimethyl 3-oxoglutluate gave a benzylisophthalate 
ester. Completion of the synthesis involved closing the 

middle ring by a Friedel-Crafts prcxedure. Srcglich and 
Kemingcr later cxtcnded the method IO the synthesis of 

endocrocin (LM).” 
Another two-chain synthesis was used recently by 

Balenovlc and Pojc for the preparation of an anth- 
raqumone: !.4.!.7-octaneretraone underwent selfcon- 

densarion IO give anthraquinonc 135 (Scheme 44~” II 

should be noted that neither the retraketone nor the 
anthraquinone has the normal polyketide placement of 

suhstituents. Intermolecular condensations of poly- 
ketones do not uwally occur if intramolecular conden- 
sations are possible. Nevertheless. intermolecular con- 

127 \ 128 !29 
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Scheme 44 

densarion competes successfully in this case hecausc 

high reacIiviIy of the 4 and 5 carbon11 groups in Ihe 

IeIrakeIonc favor\ an iniIial 3:4’ condencarion between 
Iwo molecules over ti\c-membered ring formation hy an 

inlernal ! : 6 condensation. 
In the absence of hcpIacarhonyl compounds. another 

approach which is applicable in some cases involves 

s~epw~se conrIrucIIon of Ihc polkcarbonyl chain. i.e. 
huilding up a short chain. cyclizing it. then adding the 

resI of the carbonyl groups and carrying OUI Ihe re- 

maining cycliraIions.^‘” This type of approach is parti- 
cularly well suited for Ihe synlhesic of alIcrnariol (142b) 

and lichexanthone (140) in which Ihc benrcnc rings are 
not fused Iogcthcr. Orsellinic acid. (30). prepared from 

IcIraaceIic acid, was the clarting poinr for synIheses of 
140 and 142b in the auIhors‘ IaboraIory.” The esIcr of 30 

having Ihc hydroxyl groups proIccIcd as methyl ethers 
(1361 was used IO prepare aryl triketo ester l37n (Scheme 

4%. Alternariol is formall> derived from ester 1370 by an 
aldol cyclizalion and IlcheranIhone hy a Claisen. Treat- 

menI of ester 137~ uith KOH gave xanthone 139 via 

benzophenonc 138; lichcxanthone (140) was prepared 

from 139 by meIh)laIion wIIh CH,N*. So reaction con- 
diIions were found h) which Ihe aldol cycli?aIion would 

occur; sfcric hindrance IO nucleophilic altack on the 7 

carhonyl group is helicvcd IO account for the fadure in 
this case of the normall) facile aldol cycli7aIion of a 

Iriketo csIcr. A more cffIcicnI route IO benzophcnone 138 

and xanthone 139 involved rearrangemenl of enol lactone 
141. which had hecn prepared by IrcaImenI of the cor- 
rcspondmg IrikcIo acid wiIh Ac,O. TrcaImenI of 141 
wiIh LiH gave X7% of bcnrophcnone 138 which cyclizcd 
IO I39 wiIh hot KOH. 

In a second experimenr the homologous IrikcIo ester 
113%) having a hydroxyl group raIher than a meIhoxyl in 
the ortho posillon on the aromatic ring was prcparcd D) 
hydrogenolysis of hen/y1 ether 137~; I37b cyclized 
reversibly IO hcmikeIal 143~. TreaImenI of 143a with 
SaOAc broughr ahour re-opening of the hemlkeral ring, 
aldol cycliz&n of Ihc IrikeIo ester and finally lac- 

IonilaIion IO gibe 64% of mcrhyl crher 142a from which 

alIcrnariol (142b) was obrained b) demethylation wiIh 

HI. The orrho hydroxyl group of 137b is believed IO 
acIivaIe Ihe 7-keIo group IO nucleophilic aIIack b) 

holding ir in the plane of the aromatic ring. In ye1 another 

cxperimcnr hemiketal 1434 of unprotected Iriketo ester 

137d. prepared by hydrogenolysis of dihenzyl ether 137~. 
was IrcaIed wiIh NaOAc. Ring-opening and recycliaation 

gave alternariol dIrecIly hug chain cleavage lo give 
coumarin 144 was a major side reacrion. A 52% yield of 

altcrnariol was obtained with I : I HOAclSaOAc as the 

rcaclion calalysl. 

So unprotected hexaketo acids hate hecn synIhcsi7ed 
hur one heprakcrone 1145) has heen prepared in our 

IahoraIory hy a Iwo-fold acylation of 2.4.6.heptanelrionc 

wiIh ethyl henloylaceIaIc (Scheme 461.“’ HcpIakcIone 
145 vlas IsolaIcd in 15% yield. CyclizaIion reactions of 

I45 have not hecn invesIigaIcd hut iI should he noted 

IhaI on accounI of the phcnyl Iermini the carhonyl chain 
is noI long enough for synthesis of anrhracene dcriva- 
lives. 

.ScoIl has intcsrigared pyrone analogues of heptacar- 

honyl compounds. His first model. Ielrapyranopyran- 
pentaone 146 was abandoned on account of a poor yield 

ohsertcd in the synthesis of 146 and disappointing 
results which had heen obtained wirh the lower 
homolog. IrIpyranopyranIeIraonc 116.” Ris-pyronc 148 

proved lo he more aIIracIive even Ihough iI is actually a 
protecred pentaketo dlcarboxylic acid insread of a hex- 
akcIo acid. The synrhcsis of 148 involved dccarhoxy- 
lativc dlmeriralion of pyrone-acid 147 with aceIic an- 
hydride. TreaImcnI of 148 wtth mcthanolic KOH gave 
xanthone 149 in 15% yield (Scheme 471.‘e.“v A hepIacar- 

honyl compound may he a IransienI inlermediate in Ihc 
rcarrangcmenl but the reglospecificiry of Ihc reaction is 
more readily accounlcd for hg the pyrone rings opening 
and recychzing one aI a time. The use of I.iH or other 
non-nucleophilic bases might well improve the yield of 
Ihc rcacIlon sequence. 

We have been ahlc lo extend Ihe approach u\cd for 
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carbonyl chains will show a tcndcncy IO undergo 
cyclization reactions involving the terminal keto groups. 

Diphcnyl hexakerone (118) is an exception IO this 
generalization because the reactivity of ~hc terminal kero 

groups is reduced by the phenyl cubsrituems. For the 
synthesis of h-hydroxymusirin and harakol. the terminal 

keto groups of the hexaketone had IO k blocked to 

avoid orcinol-type cycliration products. With terminally 
prorecrcd hcptaketone the preferred site of attack be- 
comes the J-kero group. Thus terminal protection has 

only very limited value for synthesis of anthracene 
derivatives. 

6: II ring closure. A possible explanation for the facili- 
tation of cyclintion is that the ketal blocks enolization 

involving the 7 and 9 methylcnc groups so that free 
rotation can occur around C-C bonds 6. 7. 8 and 9. The 

hulkiness of the ketal group favors conformations in 

which the IWO triketone fragments of 161 arc close 
together. The factors governing the second and third 

cyclizations are not known. 

A superior s~ra~cgy for direcling aldol cyclizations of 
the hcptakctone toward anthraccne derivatives involves 

protection of the middle. i.e. X. kero group rather than 

the terminal ones. With the X position derivarizcd all 
aldol cyclirations other than that hctwcen the 6 and II 

positions become impossible or unlikely. The suhsequcnl 
cyclizarions. as already dcmonstralcd. occur in the 

desired fashion IO give the anthraccnc nucleus. ‘The 

protected hcptakctonc (161) was prepared by two-fold 

nucleophilic attack of acetylacerone dianion on keral- 

protected dierhyl 3oxoglularate (160) but was unstable 
undergoing cycliration during work-up lo give naph- 

thalenc 163 in an overall 39% yield (Scheme 491.‘” With 

careful trcatmenl intermediate 162 could be isolated. 

Closure of the third ring was brought about (94%) by 
treatment of 163 with mcthanohc KOH. Aldol adduct 164 
was dehydrated quanlnalivcly by pyridmc or HC’I and 

the hydroxyethyl group was removed by HI in HOAc IO 

give emodin anthrone (165) in 78% yield. Oxidation .of 

165 with CrO, gave 70% of emodin (133). 

The only member of this class to have been prepared 
is octaketonc 166 which was prepared in low yield by 

two-fold acylation of 2.4.6.X-nonanetetraonc (68) with 

ethyl henroylacerate (Scheme 50).“’ Cyclization reac- 
tions have not been studied. 

His(pyranopyrandionc) 168 has been studied hy Scott 

as a potenlial precursor for anthraccnes.‘P II is. in fact. 
short only one carbonyl group of the chain length 
needed for preparation of a naphthaccnc. The pre- 

paration of 168 involved decarboxylative dimerization of 

acid 167 hy acetic anhydride (Scheme 51). Previous 
studies of simple pyranopyrandiones had shown that 

mild basic conditions would selectively hydrolyze 168 IO 
trikctonc 169 for which only one aldol cycliration is 

possible. the one which could lead lo anlhracene 171. 
Trcatmcnt of 168 with NaOH brought about the an- 
ticipated cleavages and aldol cycliration IO give resor- 

cinol 170. hut suitable conditions for conversion of 170 IO 

171 coluld no1 be found. 

The case and specificity of this sequence is note- lUDU-?D @.P(YY(‘ARBo%YL CoMP0LNLxs 

worthy; lsomeric cycliration products were not detected. The final topic IO be considered in this review is the 
Apparently the H-kctal group not only blocked unwanted formation of aromatic metaboliles in which one or more 
initial cyclization reactions hut also promoted the desired of the anlicipated hydroxyl groups are absent. This suh- 
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jeer takes on special significance hecause several of rhc 
key polykcride mcrabolires. 6-methylsalicylic acid (4). 

chrysophanol (193) and pretetramidc (199). are examples 

of this group. Deletion of a hydroxyl group comes about 
by a reduction process; in some casts reduction occurs 
prior IO aromarizarion,” while in orhers it occurs afrcr.” 

Bycrofr and coworkers have described a simple model 

for rhe latter involving reduction of 1.3.6.8~naph- 
thalenctetraol (172) by NaBH. IO give scyralone (1731 
which dehydrates readi+; in acid IO give 1.3.8~naph- 

thalcncrriol (Scheme 52). 
In cases where reduction occurs prior IO aromariza- 

lion. rhe polykctonic inrermcdiare will have a kero group 
replaced by a hydroxyl group or by a double bond. 

Polycarbonyl compounds conraining these modifications 
are more difficult IO prepare and IO isolate than com- 
pounds cot-training perfectly regular chains. The cxrcnt of 

the problem can be seen in the fact Ihat heprcne-Z.6- 

dione has not ye1 been synrhesired.“ Nevertheless. 
SeVeml cxccllcnl models have been dctcrihcd for rhe 

formarion of aromaric compounds with hydroxyl dclc. 
lions. 

6-Ycthylsalicylic actd (4) requires for its prepararion 

5-hydroxy-3.7dioxooctanoic acid or equivalenr species. 
SUN er al. have described a clever approach IO 4 invol- 

ving partial reduction of rerraacetic lacronc (31) (Scheme 

53). ‘I”’ Dihydropyrone 175 on rrearmenr with base 

underwent ring opening IO give an anion of 3.7dioxo- 
oc-rcnoic acid (176). which could he isolated by cautious 
acidification hur cyclilcd readily in base IO give 4 in 28% 

overall yield. 

Another approach IO 6-methylsalicylic acid which was 
developed in our laboratory involves nuclcophilic attack 

of the dianion of rt~-hutyl acetoacetatc on the 

monoanion of formylacctone (Scheme 54).m The con- 
densation gave 64% of a mixture of srereoisomcrs of the 

undehydratcd aldol cyclirarion product I78 of hydroxy- 
dikero ester 177. Dehydration of 178 in IWO stages gave 

esters 179 and 188. Removal of the rerr-bury1 group from 
179 by HCI gdVe 6-merhylsalicylic acid (4). A 40% yield 

was obtained for the conversion of 178 to 4 when the 
sequence was carried out wirhour isolation of inter. 

mediarcs. ‘The stability of intermediates I78 and 179 
chows that enrymcc ma) IX required IO catalyrc the 

individual biosynthetic c~eps. II should be noted that 

aldol-type polgketide metatxAires ari\c \ ia chiral inter- 
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mediates even though the starting materials. i.e. acetate 

and malonatc, are not chiral nor, in general. are the 

metaboliles. 
Sac011 and coworkers hake investigated a bis-pyrone 

(181) equivalent IO a rcduccd pentakelo diacid.” Trear- 

ment of 181 with merhanolic KOH gave three aldol lype 

coumarin derivatives (182-184). one of which on treat- 
ment with NaOMc gave a naphthalene derivative (185) 
by a second aldol cyclization (Scheme 55). The result 

provides an intercstmg contrast with unreduccd bis- 
pyrone 148 which underwent IWO consecutive Claisen 

cyclizations IO yield a xanthone. 
Several other pyrone studies habe been rcportcd bum 

the results bear a more distant relationship to the 

biosynthesis of natural products. Cheng and Tan have 
described the cleavage-recyclization of pyranopyran- 

dione 186.” Crombie and coworkers have described ex- 

tensive studies of xanthophanic and glaucophanic cnols 
187 and 188 which rearrange with basic reagents to give 

benrenoid products.” They hate observed rhal with 

large excesses of Mg(OMe)2 the products are formed bb 
Claisen cyclizations whereas with smaller amounts of 
hIg(Olc(e), the products arc formed by aldol cyclizarions. 

The change of pathway has been accounted for on the 
basis of chelation controlled cyclizalions. 

Syntheses of chrysophanol (193) and cleurhcrin (1%~ 
have been achieved in the authors’ laboratory using a 

modification of the approach that had been successful 
for emodin (Scheme 56). Treatment of diestcr 189 with 

acetylacetone dianion gave naphrhalcne 191 in 24% yield. 

Neither aminohexakcrone 190 nor other intermediates 
were detected. The final ring closure by SaOH (gH%I 

followed by dehydration by HCI (96%) gave chryso- 

186 
-,:. 

phanol anthrone (192) which was oxidized IO chryso- 

phanol (193) by CrO, 174R).‘” l!ndcr acidic conditions 

191 cyclired IO naphlhopjran 194 from which eleutherin 
(1%) was synthesized by reduction with H? and PdlC. 

mcth)Iation of 195s by CH?N: and oxidation of 19Sb 
with Fremy’s salt.” 

Pretetramide (199) is one of the most interesting and 

challenging of rhc polykeridc metabolitcs that remains IO 
be synthesized by a biogenetically modeled route. A 

decacarbonyl compound could be required for its pre- 

paration. Key fealures of prclelramide are deletion of 

one of rhe phenolic hydrokyl groups and the involvemenl 

of Iwo carboxylale lermini. or more precisely a car- 

boxylic ester and a carbonamide. To date no decacar- 

bony1 compounds or masked decacarbonyl compounds 
have been synthesized. However, one important model 

experiment has been carried out by McCormick et 01. al 
I.ederlc Laboratories.n In their studies of mutants of the 

tetrac);clinc-producing microorganism they found IWO 
tricycls merabolitcs (197 and 1%) which, although not 

biogenetic precursors of terracyclic compounds. would 
undergo closure of the fourth ring on trealmcnt with HI 

IO give prclelramide (199) and 6-methylpreterramidc 

tu)6). respectively l!Schemc 57). 

SL’MLWRY 

In view of the successes uhich have been seen with 

mono-, di-. and trisyclic natural products. further work 
directed toward syntheses of pretctramidc and other 
target molecules can clearly be expected. Much remains 

IO be learned about the mechanisms of reactions and 

about the factors that control cyclirations. Many classes 
of polykeridc metabolitcs have not )VI been synrhcsired. 

183, R . -,-/. c~.2c(06emco*l! 

184. R . -;*. cH2c(ccle).cHco** 

JpJ-Jy 
238 -,, . 



Synthcsls of polykerde~r~pc aromatic natural products !I83 

1Yl - 
. . , 

)Ic 

0 
196 
:,r 

Scheme 56 

One area Mhere much more srudg is needed is the 
synrhcsis of polycarbonyl compounds Ihcmselvcs by 
hogenetically modeled rou~cs. Scott’s synthesis” of 

aceIoacetatc provides a useful start but the stepwIse 
preparation of long carbonyl chains remains a challenging 
problem. 

A second area of importance is Ihc cffcc~ of metal ions 

on cyclizalion reactions. Metallic calion effects play an 
important role in sontrollIng (‘laisen versus aldol 

cyclization in the synthesis of bcnzenoid compounds 
although Ihc relevance of these observations IO biosyn- 

Ihesis of benrcnoid compounds can be quccIioned. II 
seems likely thaI mcral chelates play a grearer role in the 
biosynthesis of polycyclic compounds l-or example. in 

the formation of anthracenes. chelation would hold the 
polycarhonyl chain In conhguntmns IhaI would favor 

linear fusion of rings. Recent work hg Glick and I.inIvedI 

on the strucIure of metal chelares of polycarbonyl com- 
m)unds7* serves as a fir\1 dcp to understanding the cffecr 
of metal ton\ in wch stswm\. 

A third area which will undoubtedly we future acivity 

is the prepararion of undccarboxylared aldol-type 
polycychc mctaholites. Although all of Ihe mcIabolIIcs 
arIse from polykero acids. in many cases Ihe carboryl 
group is IOSI rn the course of or afrcr cyclizatIon 6- 

Hydroxymusirin. barakol, emodin. eleutherinol. chryso- 
phanol and clcutherin arc cxamplcs of the dccar- 
boxylated group and represent some of the most succcss- 

ful of the polycyclic biogenetic-type syntheses. Other 
compounds. such as cndocrocin (134) and pyrromy- 

cinones (e g. 200) retain the carboxyl group. The latter 
compounds will be more difficult IO synthesize in part 

because general methods for the synthesis of the higher 
polyketo acids are not available but mainly because the 

absence of end-toend symmetry of the polycarbonyl 

compounds doubles Ihe number of possible cyclizarion 
products. 

The high yields obtained in the besr of the hiogenctic- 
type syntheses raises the hope that this esthetically 

pleasing route IO natural products can in selected cases 

have pracrical value and can provide commercially at- 
tractive routes to antibiotics and other natural producrs 

of economic importance by total synthesis or by 
synthesis of key biosynthetic intermediates which would 

then be transformed IO the ultimate product hy micro- 
organisms. 

A~.~nowlcdnrmmr-‘l’hc authors tnalcfully a~knouledpc 
generous suppor~ of rludw m this area b) [he II S Pubhc 

Health Scrclcc (Research Grant GM-128481. 
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