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s. G. Warren 

1 Introduction 

The disconnection approach to the design of  organic syntheses was devised by 
Corey t) largely for use by computers 2). It is equally suitable for use by people3); 
even Corey has discarded his IBM on occasions 4). In some respects this fundamental 
approach contrasts with the "key reaction" approach used, for example, by 
Oppolzer s) in his recent synthesis of  Longifolene a). However, both approaches have 
focussed attention on synthons b) - idealised fragments into which the target mole- 
cule may be broken, and on the need for reagents - corresponding to these synthons 
which are regiospecific in the sense that they have nucleophilic or electrophilic 
reactivity at one specific carbon atom 9). 

a 

0 0 
1 2 3 

- O  

4 

Conventional disconnection o f  the enone 1 at a suggests an unlikely aldol con- 
densation between the aldehyde 2 and the unsymmetrica ketone 3; unlikely because 
one specific enolate 4 out o f  a possible three must react with only one o f  the two 
carbonyl groups. Successful solutions to this problem may use specific enol equiv- 
alents I 0) for 4 such as enamines 11) or enol silanes 12); both have been used in the 
synthesis o f  many natural products. Alternatively, we may choose a different dis- 
connection, say b in 5, and use an epoxide and the acyl anion 6, a synthon with in- 
verted polarity or umpolung 9' 13) Reagents for 6 include those based on sulphur 14), 
particularly dithians is), and this strategy has been used for the synthesis o f  a few 
natural products, mostly enals 16). 

1 .... 
b b 

x R I ~ R  2 > RII-.~O + -~-..R2 
OH O O 

5 6 

Specific enol equivalents (e. g./3-keto esters) and umpolung (e. g., with cyanide 
or acetytide ions as acyl anion equivalents) have o f  course been used in synthesis for 
many years. What is new is the recognition of  their role, as a result o f  the disconnec- 

a) A compound previously regarded as the province of the disconnection approach 6) 

b) Synthon was originally used by Corey 7) to mean a part structure within the target molecule 
recognisable as the product of a known reaction. He now suggests retron for this meaning 8). 
Synthon is often loosely used to mean a reagent but the most helpful usage 3, 9) is synthon for 
the idealised fragment (e. g. R -  and reagent for its equivalent (e. g. RLi) in the flask, 
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tion approach, and it is this that has led to the many recent developments. The same 
is true of functional group transpositions 17' 18). Alkylative carbonyl transposi- 
tions is) have proved particularly useful in the synthesis of natural products whose 
complicated structures are often much easier to analyse after disconnecting a C-C 
bond and relocating a carbonyl group at a more convenient site in a single operation. 

Examples of two types of 1,2-alkylative carbonyl transpositions occur in Corey's 
occidentalol synthesis 19), and in Oppolzer's acorenone synthesis 2°). In the first, 
748, the carbonyl group is moved forwards into the newly added part of the mole- 
cule. In the second, 9 ~ 10, the carbonyl group is moved backwards around the 
original framework. 

7 8 

9 

~s-~H 
R 

11 

R 1 

Ph2~ R P ~ H  

14 

TsOH 

0 

10 

R 
12 13 

R= 

15 

We have found 2~) that two functional groups, phenylthio (PhS) and diphenyl- 
phosphinoyl (Ph2PO) will take part in a slightly different operation - migration - 
and form the allyl derivatives 12 and 15 in the acid catalysed rearrangement of 
alcohols 11 and 14. The allyl sulphide 12 also rearranged photochemically by a [1,3] 
PhS shift 22) to the new aUyl sulphide 13. Since both Ph2PO and to a lesser extent 
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PhS stabilise carbanions, these aUyl compounds 12, 13, and 15 form anions which 
can be used in synthesis. This article describes further developments in our work with 
these two groups, involving both migration and transposition, leading to regiospecific 
reagents for synthons with normal reactivity or umpolung and their application to 
natural product synthesis. 

2 Regiospecific Allyl Synthons  

Allyt anions and cations, e. g. 18, are useful in synthesis 23) in that they are stable 
because they are delocalised and hence are easily made. But, for this very reason, 
simple reagents such as allyl Grignards or allyl halides are rarely regiospecific or, if 
they are, only one of the two isomers, e. g. 20 and not 19, can be made. In addition, 
the reagents may interconvert by aUylic rearrangement 22' 24), e. g. 19 ,~ 20. So many 
natural products contain allyl groups, particularly aUylic alcohols, that the need for 
regiospecific reagents for allyl anions and cations is very great. 

16 ~ 19 

17 20 

2.1 Regiospecific Reagents for Allyl Anions 

Though some progress has been made in understanding the regiochemistry of allyl 
anions17, 2s), their behaviour towards nucleophiles remains capricious. The anions of 
allyt diphenylphosphine oxides are one of the most straightforward in their reactions 
with carbonyl compounds. The allyl phosphine oxide 23, made by direct dehydra- 
tion of 22 or by Ph2PO migration from 21, gives 26) an anion with butyl-lithium 
(BuLi) which reacts exclusively t~ to phosphorus with aldehydes to give the alcohols 
24. Each diastereoisomer of 24 (they are easily separted by chromatography) gives a 
single geometrical isomer of the diene 25. 

A degree of control over the geometry of the other double bond is also 
27) possible . Dehydration of either alcohol 26 or 27 gives mostly the E.allyl phos- 

phine oxide 28 and this configuration is retained throughout anion formation, 
addition to give 29, separation into diastereoisomers, and elimination to give a single 
geometrical isomer of 30. One double bond in the diene 30 must have the E con- 
figuration, but the configuration of the other is determined by which isomer of 29 
is used. 



Ph2P~,~ 

t l. BuLi 
2. MeCHO 

./ "OH 
21 

O 
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1 .BuLl 
2. ~ O  

P h ~ ~  

TsOH CF3CO2H 22 

P h 2 i - - ~  

| .BuLi / 
2. MeCHO/ 

P h a ~ ~  

/ "OH 
24 

23 

NaH 

E-25 

Ph2 
H 

R 2 

26 

o \o R, 

27 

TsOH 

CF3CO~ / 

0 ~ R~ ,J_.(- 
R 2 

28 

I l.BuLi 
2. R3CHO 

R ~ - ~  Nail ~ Ph 

R 3 R 3 

30 29 

The allyl phosphine oxide approach to diene and polyene synthesis has been 
used by Lythgoe 28) in his vitamin D 3 synthesis, and by Pattenden 29) in syntheses of 
compounds such as 31. 
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~ t  i ph 2 

1 .BuLi 
CHO t. 

31 

The main classes of allyl phosphine oxide which cannot be used in diene syn- 
theses, as they react in the 0,-position 3°), are those with an aryl group in the a-posi- 
tion 32, or with a four 3 3  or five 3 4  membered ring. Those with just one a-sub- 
stituent and no/~- or 7-substituents 35  also give some 3,-adduct 31). 

R l R ~ _ ~  
o 

Ar R 
32 33 

Ph,  
34 35 

2.2 The AUyl to Vinyl Transposition: 
Synthesis of Allyl Alcohols from a Vinyl Anion Equivalent 

The carbonyl adducts of allyl phosphine oxides, e. g., 2 4  and 2 9  can also be used to 
make allyl alcohols 32) by the reductive removal of the Ph2PO group with lithium 
aluminium hydride: a reaction involving transposition of the double bond, e. g., 24  -* 

36. In this approach, the allyl anion o f  2 3  is a reagent for the vinyl anion synthon 37. 

/ "OH 
24 36 37 

Ph:[P[ 2. MeCHO-- Ph2P-~_OH 
LiAIH4~ 

38 
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In open chain compounds, the E isomer of the allyl alcohol is formed stereo- 
selectively, e. g., 38 in 80% yield 32). 

2.3 Regiospecific Allyl Cation Reagents 

One of the most widely used allyl alcohol syntheses uses the Evans.Mislow rearrange- 
ment (39, arrows) of allyl sulphoxides 17) (Scheme I). Since the aUyl sulphoxide is 
usually made from some allylic electrophile by substitution and oxidation, this 
strategy requires a specific allyl cation equivalent. 

NalO4 

o ~sPh .%-sPh 

R ~  A . R ~ F  -t 

T, MeOH 39 

OH T =" Thiophile" 
R ~ , ~ /  e.g. (MeO)3P, amine, PhS.- 

Scheme 1, Allyl alcohol synthesis v/a allyl sulphoxides 

Evan's synthesis 17) of Yomogi alcohol 43 shows an ingenious solution. The sul- 
phide 40, available from bromide 20 as it contains only the more stable of  the two 
aUyl groups, is transformed by a [2,3] sigmatropic rearrangement (41, arrows) into a 
sulphide 42 with the less stable allyl fragment incorporated into its structure. Oxida- 
tion and reaction with the thiophile Et2NH gives Yomogi alcohol 43. 

40 41 

42 

I 1. NalO4 
2. Et~NH 

MeOH ~ 
OH 

43 
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Our PhS migrations give an alternative solution 21' 33). Acid catalysed rearrange- 
ment of alcohol 44 gives the aUyl sulphide 45 and hence the allyl alcohol 4Z Photo- 
chemical rearrangement 22) of 45 gives the more stable allyl sulphide 46 and hence 
the less stable allyl alcohol 48. The PhS group migrates very well and the scope of 
this reaction is wider than of Ph2PO migration, allowing the synthesis of such allyl 
sulphides as 49, 50, and 51. With the aid of silicon 34) the scope is even wider, so that 
the prenyl sulphides 52 and 53 can be made. Hence the original problem of making 
16 and 17 regiospecifically is solved. 

Phs  h phs) 
H ~ PhS 

Ph Ph 

Ph 

44 45 46 

1 , Na,O, 1'21 Na,O, 2 PhS- PhS- 
MeOH MeOH 

Ph Ph 

47 48 

phsS ) 
50 51 

52 53 

Analysis of synthetic routes involving functional group migration is sometimes so 
complex as to be unhelpful. The starting materials for the PhS migrations are usually 
made by using a sulphur-stabitised anion 33), e. g. from 54 ill scheme 2, so that 54 
behaves as the synthon 55, or 56 if the [1,3] PhS shift is not used. These synthons 
are hardly likely to inspire organic chemists with enthusiasm and it is better to regard 
the rearrangements as key reactions. The allyl sulphides are conceptually simpler. 
Their anions may be alkylated at the sulphide or sulphoxide, e. g. 57 stage, and corre- 
spond to synthons such as 58. This strategy was used by Evans 3s) in his synthesis of 
a prostagladin intermediate. Comparison of synthons 58 and 37 shows how the two 
aUyl alcohol syntheses differ. 



Reagents for Natural Product Synthesis 

Mel H 
R 

r, hs--- k 
R R 

.o-/÷ // + 

55 56 

Scheme 2. Analysis of the allyl alcohol synthesis by PhS migration 

o o", 

R 2 Hal 
57 

I T, MeOH 

OH OH 

-- ~ / [ ~ R '  R ~ J ~ / L " R  ' 
58 

2.4 Epoxides of Allyl Phosphine Oxides as Allyl Cation Equivalents 

The epoxides 59, easily made from our allyl phosphine oxides 15 with metachloro 
perbenzoic acid (MCPBA) are dearly regiospecific allyl cation equivalents as nucleo- 
philes attack the less substituted site giving alcohols, e. g. 60, ready to complete the 
Homer-Wittig 26) reaction. We have only started to explore the chemistry of these 
stable crystalline oxides 59 but one nucleophile which reacts cleanly 36) is PhS- 
giving the alcohols 60 and hence the allyl sulphides 61. Completion of the sequence 
gives the allyl alcohols 62 so that the final result amounts to a direct displacement of 
the Ph2PO group in 15 by water! 

9 
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Ph2P%2 

1.5 

R 2 Ph  

61 

t 
R 2 . _ ~  RI 

OH 
62 

o MCPBA P h 2 ~ - - ~  

R 2 

59  

~ PhSLi 

, OH R l 

Nail ph2p % S P h  

R 2 

6O 

3 Acy l  A n i o n  Equivalents  for 1 ,2-Alkylat ive  Carbonyl  Transposi t ions  

In 1,2-alkylative carbonyl transpositions where the carbonyl group moves forward 
into the newly added fragement, e. g. 63 -," 64, the reagent behaves as an acyl anion 
equivalent. We have seen one example of this in the synthesis of the occidentalol 
intermediate 8. Phosphine oxides with OR or SR substituents on the a-carbon 65 are 
ideal reagents for this process as the Horner-Wittig reaction gives vinyl compounds 
which can be hydrolysed to 64. 

P J-?  
XR 

65 

63 64 

2. 63 R ...... ~ 64 

3.1 Synthesis of Aldehydes 63 --> 64, R=H 

The classical solution to this problem is the decarboxylation of glycidic acids 37) 66, 
used by Woodward 38) in his Lysergic acid synthesis. The Wittig reaction was 

10 
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modified by Wittig and Schlosser39 ) using the ylid 67 to make vinyl ethers and hence 
the required aldehyde but this method has proved awkward in practice. Attempts to 
convert 20-oxo-pregnane into a bufadienolide by this route failed, though model re- 
actions were fairly successful 4o) 

63 

66 

ph ~p..~./ 63 ~ _ _  ~ HO 

67 

Phosphine oxide anions are often superior to ylids in olefmation reactions, and 
the anion of 68, made with lithium di-isopropyl-amide (LDA), has none of the dis- 
advantages of the ylid 67. We have made 41) a range of vinyl ethers 70 this way e), 
and as part of  a synthesis of strychnos alkaloids 43), we were able 41) to convert the 
acyl indole 71 into the aldehyde 72. 

OMe R 1 OMe 
~ OMe t. LDA p h 2 P ~ o  Na.___~H 

Ph;~--'/ 2. RiR2 CO T R2 
H 

68 RtR 2 70 

69 

O CHO 
71 72 

One advantage of this route is that the vinyl ethers can be synthesised as single 
geometrical isomers by separating the diastereoisomers of 69 and converting each 
separately into the vinyl ether d). These vinyl ethers form anions which have been 
used in synthesis 4s). The trans vinyl ether E- 73 tends to form the vinyl anion 46) 
74, a reagent for the acyl anion synthon 75, whilst Z-73 tends to form the allyl 
anion 47) 76, a reagent for the homoenolate synthon 77. A reaction of this kind was 
used by Baldwin 46) to convert oestrone into the ketone 78. 

c) Schlosser42) reports briefly one example of the use of the same reagent 

d) Single geometrical isomers of vinyl ethers have been made by Hudrlik 44) from vinyl sflanes 

11 
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Li 

R t " ~ O M e  ~ R ~ ' - O M e  = R ~  ~=O 
E - 7 3  74 75 

OMe ~ - - ~ M e  

R ~  ~ R / x . / /  = R.~..,/CHO 
Z -  73 76 77 

78 

3.2 Synthesis of Ketones 

3.2.1 From Sulphenylated Phosphine Oxides 

Though 78 was synthesised v/a a vinyl ether, we find vinyl sulphides better inter- 
mediates in the synthesis of ketones by the transposition 63 ~ 64 because the re- 
agents 79 are more readily available. They are easily made 48' 49) by direct sul- 
phenylation of phosphine oxides and they form anions with BuLi which react cleanly 
with aldehydes, or with ketones if IVIES is used in place of  P h S  49)  , t o  give the vinyl 
sulphides 80 in one step. Dissolving 80 in trifluoroacetic acid (TFA) gives the ketones 
in high yield as-s°). We made 81 in 93% yield from 79 (R 1 = CH2Ph ) and 82 in 86% 
yield from 79 (R  1 = Pr-i) by this route. 

ph 2p._._ / 1. BuLi 
2. Ph'S-SPh ~ Ph 

SPh 
79 

1. BuLi 
2. R2 RaCO 

R 2 R ~ R ~ R ~ 
R~--~O ~ CF~CO2H 

R a SPh 

80 

O ~ O M e  
P h ~  

81 82 

The corresponding phosphonium salts sl), and phosphonate esters s2) e. g. 83, 
have also been used in ketone syntheses by this route. The phosphonate esters have 

12 
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been most widely used, especially in transposing cyclic ketones out into a new side 
chain, as in 7 ~  8. In Pinder's synthesis s3) of valencene and nootkatone 85, the car- 
bonyl group in 84 is not present in the final product 85, but it is needed so that the 
side chain can be moved down to an equatorial position by base-catalysed epimerisa- 
tion. Anions of vinyl sulphides have been used in a synthesis of dihydrojasmone s°~. 

0 lJ 
(EtO)2 P - - ~  

SMe 
83 

] '°  l"8 'ba e 
2. hydrolyse~ 
3. base 

O 
84 85 

3.2.2 From Bis-(Phenylthio-) Acetals 

The anions of 68 and 79 are then useful acyl anion equivalents, but in natural 
product syntheses they are far less popular than reagents containing two sulphur 
atotns s4), particularly dithians ss). The chemistry of dithians, e. g. 86 and 87 has 
been well explored and they have been used in the synthesis of many natural prod- 
ucts e). The synthesis s6) of the Douglas-Fir tussock moth sex pheromone 88 is an 
example of the way a dithian 86 acts as an acyl anion equivalent in ketone syntheses. 

1. BuLi 

n_CteH2 t ~ l H  2. C 1 / ~ _ . ~ _ _ C s H I 1 - n  

86 

O 

~ ]  ~_ ~ ' - . . / / - ~ C s  H i i _ n S . . . ~S / . . . . . / t / / " fCsHl l -n  1. CuCI~, CuO n_CIoH21 
2. H2,Ni 

n_CloH21- v v 88 

87 

For ketone synthesis we believe 4s) there are distinct advantages in using the 
1,2-alkylative carbonyl transposition 63 ~ 64 with bis-(phenylthio-) acetals 89. The 
reagents 89 are made directly from the aldehyde or by alkylation of bis-(phenylthio)- 
methane. Anion formation with BuLi and addition to an aldehyde gives high yields 
of adducts 90 whereas the second alkylation of dithians with alkyl halides can give 
poor yields. The main advantage over dithians, however is in the remarkable reaction 
of these adducts 90 with TFA. 

e) There is a list in Ref. s4) 

13 
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The required ketone 91 is formed almost intantaneousty: the other product is 
diphenyl disulphide. We have some evidence 57) for a mechanism involving PhS 
migration for this reaction. As examples, ketones 92 (64% yield) and 93 (88%) can 
be made this way s7). 

PhSH 
RICHO ~ PhS 

)--R, 
PhS 1. BuLi /~¢ PhS 

2. RIHal 89 PhS 

1, BuLi 
] TMEDA 
!~2. R~CHO 

R 1 PhS R z 
--% ~ CF~CO2H P h S ~  H 

R 2 R 2 
91 90 

P h S ~ H  TFA 

92 

PhS~--- TFA ~ O ~  

PhS /~-OH 
Ph Ph 

93 

4 Specif ic  Eno l  Equivalents  

4.1 a-(Phenylthio-) Ket ones 

Acyl anions require special chemistry because they have umpolung of reactivity: 
specific enols have normal reactivity but the problem of regioselectivity must be 
solved. The carbonyl compound must enolise under the reaction conditions only on 
the required side and, as carbonyl compounds are also dectrophflic, it must not con- 
dense with itself under these conditions. 

a-(Phenylthio) ketones, e. g., 94, fill this role admirably: the sulphur atom 
stabilises anions well enough for the enolate 95 to be formed with NaI-I or t-BuOK in 
tetrahydrofuran (THF) and to be stable under these conditions. The enolate 95 is 
still reactive enough to combine with alkyl halides s8), as in Monteiro's synthesis s9) 
of methyl dihydrojasmonate, or with vinyl sulphoxides, as in Schlessinger's syn- 
thesis 6°) of  PGE, precursors. 

14 
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0 -  

o , , h s - s P h  

R~"-/H O 
R.~ . /Br  PhS- 

0 
R~I /SPh  

E 

E + 

- - ' x  o 
R ~ S P h  

,tic 94 

I NaH, 
THF 

O- 
R . ~  -SPh 

95 

Unfortunately, the usual routes to ~-PhS ketones 94, from the parent ketone as' 
61, 62) by sulphenylation or halogenation, themselves require a solution of the 
specific enol problem! This can be found if silyl enol ethers are combined with 
PhSC163). 

Pits PhS R 1 R l 

PhS89?R1 BuLi R2CHO PhS~/~OH TsOH- P h S - ~ -  R 2 O 

R 2 96 

9O 

H 

H* PhSI ~ O H  P h S ~  H 90 ~ ~ ~ 96 

R 2 R'2 ~H 
97 

While we were working with the adducts 90, we discovered 64) that treatment 
with TsOH gave a-PhS-ketones 96 directly. The reaction is at least partly sT) a 
hydride shift 97. Regiospecificity is inevitable as 90 is made by joining the two halves 
of the molecule together so that both ~x-PhS regioisomers of any ketone, e. g ,  98 and 
99 or 100 and 101 can be made separately and unambiguously sT). 

PhS p s? 
Ph OH ~ o ~ Ph oH 

PhS 82% 
PhS \ 

98 99 

TsOH PhS TsOH Ph OH 
s ~ -  --- o 9 _~-¢.~ 

Ph OH 81% PhS PhS ) 

100 101 
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4.2 Synthesis of Butenolides 

Once the a-PhS-ketone 102 has been used as a specific enol equivalent, the PhS group 
can be removed from 103 in a variety of ways. Reduction, as with aluminium amal- 
gam59), simply replaces PhS by H so that the ketone 104 is formed. This approach 
has been used in the synthesis of dihydrojasmone sg) and PGE2 derivatives 6s). 

R 1 R l 

Ph S--~/~= 1.2. E *-'74~ base P h S /  
O E /~=O 

R 2 R 2 

102 103 

R ! 
At/Hg _~ 

O 
R 2 

104 

R 1 

• heat 

R 2 

105 

More commonly, the sulphide is oxidised to the sulphoxide: thermal elimination 
then gives 62) the enone 0 97. This approach has been used mostly for esters, as in 
Trost's synthesis of  honey bee pheromones 62), or in syntheses of the important 
o~methylene lactones 66) including many natural products such as avenaciolide. 

We have adapted 67) the approach to the synthesis of butenolides 108. This 
group of compounds includes such natural products as the cardenolides 6s). The 
enolate of the cz-PhS ketone 96 reacts cleanly with iodoacetate anion to give the 
keto-acid 106. Reduction gives the lactones 107 (diastereoisomers), oxidation and 
elimination give the butenolide 108. Since the sulphur atom is/~ to the carbonyl 
group in 107, elimination occurs very easily and there is no ambiguity in the position 
of the double bond. 

R~ R~ /C02H 
PhS-~  ~ P h S ~  O ICH2CO2- 

R 2 R 2 

96 t 06 

R 1 

R 2 _ ~  O m NalO4 

108 

NaBH4 

R l SPh 

R 2 - - ~ O  

107 

f) In the  m o r e  general  e n o n e  synthes i s  8 9  ~ 1 0 2  ~ 1 05, the  original  an ion  o f  the  bis-(phenyl- 
thio) ace ta l  8 9  behaves  as a v inyl  d ianion (R'CH=C 2- ), an interest ing  c o m p l e m e n t  t o  syrv 
t h o n s  3 7  and 5 8  
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a-RS ketones can also be used in 'backwards' alkylative carbonyl transpositions, 
as in Trost's synthesis 69) of acorenone 10, in epoxide syntheses 7°), Beckmann frag- 
mentations, as in Grieco's vernolepin work 70, and oxidations either to o~-diketone 
derivatives or ring cleavage products, both effective on steroidal ketones 72). 

5 Reagents for the Synthesis  o f  1,4-Dicarbonyl Compounds  
and Enones  

This section is for two useful reagents, the allyl alcohol 111 and the enone 112. Both 
can be made 73) by rearragement of the adduct 102 which we have already used to 
make ketones and a-PhS ketones in the last two sections. On rearrangement with 
thionyl chloride and triethylamine (instead of acid) one PhS group migrates to give 
compounds 109 containing one allyl and one vinyl PhS group. Oxidation with 

R 1 
t 

PhS ) PhS R t 

PhS ~)(,)-'OH soet&EtaN~ P h S - - ~  
R 2 R 2 

102 109 

PhS R ~ 

R 2 / - . ~ O  

112 

NalO4 

MnO2 
PhS R 1 

R 2 / - - ~ O H  

111 

PhS R t 
o _ 

R 2 

110 

PhS- 
MeOH 

R4Br I o +  

R 3 

1. NalO4 
2, heat 

R* R ~ 

R2J~O 
R 3 

116 

PhS R l 

R a / . - ~ O  

0 
113 

l hoat 

PhS R 1 

0 
t 1 4  

O 
1. CFaCO2H _ ~  

= R 2 R 1 2. base 

115 
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sodium metaperiodate converts only the allyl PhS group to the sulphoxide 110 which 
gives the allyl alcohols 111 by the usual Evans-Mislow rearrangement 17). The enones 
/ / 2  are formed from 111 by oxidation with MnO273). Both 111 and 112 are formed 
as E,Z-mixtures but this is not important in the applications which follow. 

The allyl alcohols 111 react with diketene to give compounds 113 which under- 
go the Carroll reaction on heating. The products 114 are half-masked 1,4-dicarbonyl 
compounds which give cyclopentenones on hydrolysis s°). The enones 112 are good 
Michael acceptors and can be used to make enones 116 by addition of a nucleophilic 
and an electrophilic fragment followed by the usual sulphoxide elimination s9). The 
enones 112 are therefore reagents for the synthon 11 Z Dihydrojasmone has in- 
evitably been made by both routes, though the intermediates 111 and 112 were 
made by other methods. 

117 

6 Homoeno la t e  Equivalents 

0 

118 

R 3 R 3 

, , , . o  
R 1 R 2 ~ R ~ R 2 

119 120 

The homologue of the specific enolate is the homoenolate 118. This synthon ob- 
viously implies regiospecificity, but it is more important that umpolung of re- 
activity 9) is required as well. Enolates condense with carbonyl compounds to give 
conjugated enones and so the first application of homoenolates would be a similar 
condensation to give/3,?-unsaturated carbonyl compounds 119. However, these easily 
give conjugated enones 120 and so homoenolates can also be used in an unconven- 
tional enone synthesis. An example of a homoenolate equivalent is Corey's cyclo- 
propyl anion 121 used in the synthesis 74) of the/3,?-unsaturated aldehyde 122. 

Br OMe t - B u L i  Li OMe Me 

121 

i. M,O ~ H ~ 
2, MeOH =- / "  OMe H 2 0  = CHO 

OMe 122 
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The simplest homoenolate equivalents are perhaps the anions 123 of allyl sul- 
phideslT, 33, sa), ethers47), or amines 7s), when they can be persuaded to react in 
the */-position with electrophiles, as the heteroatom X in 123 becomes vinyl X in the 
product 124 and hence, after hydrolysis, a carbonyl group. 

R X ~ '  "r X ~  base = 

123 

R R 

xA.  
124 

Alternatives include protected carbonyt compounds with anion-stabilising groups 
in the ~-position such as the Grignard reagent 76) 125 or the sulphone 77) 126 used in 
prostaglandin syntheses. We have developed 7s' 79) general routes to make virtually 
any substituted versions of the corresponding phosphine oxide 12Z 

O/--k ° / - - k  o 0 0 0 0 

125 126 127 

These routes are summarised in Scheme 3. In the first two, (a) and (b), the 
Ph2PO group is added to the preformed carbon skeleton. In the rest, the Ph2PO 
group is used to assemble the carbon skeleton before the carbonyl group is intro- 
duced, in (c) an epoxide provides umpolung, in (d) our allyl phosphine oxides 15 are 
given umpolung by what amounts to a carbonyl transposition: [1,2] or [1,3] de- 
pending on whether 26 or 27 is the starting material. The carbonyl transposition in 
(e), is more straightforward. 

These routes are not equally good: (a) is difficult unless R 2 = H, (b), (c), and (e) 
are generally reliable, as is (d) v/a hydroboration. The epoxide rearrangement in (d) is 
capricious and has worked for us in high yield only for R 1 = R 2 = Me. 

The reagents 128-130 are stable crystalline compounds which form anions 
easily with BuLi. Addition to aldehydes or ketones give protected ~,7-unsaturated 
carbonyl compounds, e. g. 131, after completion of the Homer-Wittig reaction, and 
hence the ketones 132 themselves. These methods have not yet been used in natural 
product synthesis. 
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oF--,o f 3 ~  
o 

Ca, R , ~ . . f C O 2 E t  2. LiA,..  - R , > < ~ A O .  2. PP,, - 
R 2 R 2 3, HO-, H20 128 

0 
R _. II R I ~  Ph2PCI, HOAc 

(b) or Ph2PO- x~  

H ÷ 
PhxP-'~ R l ~ Ph2P.--~ R ~ 

R 2 HO"~x-~  H R 2 
129 

OH _ ~  CrO3 

1, BuLi~ Ph2P'-'~ R' (c) Ph2P-'N O 
R 2 2. L . ~  R 2 

R I 

/ 

(d) P h 2 ~ - ~  RI 

R 2 

o X, c0_V R' 
MCPBA ~ p h 2 ~ _ ~  

R 2 

R 1 

2. H202,HO-~--- 

O ~/OH/R~ 

(~ 1. BuLl p. {{ / ' - " -~  
(e) Ph2P-'~ • R ~ n2P-'~ OMe 

R2 2. ~ _ ~  1 R 2 CF3CO2H 

O OMe 

Scheme 3. Routes to substituted 7-keto phosphine oxides 

0 

Ph2P-~ R' 
R 2 

Ph2P-- ~ R l 
R a 
1.70 

Ph,P- X R' 2. R~Cn6 Ph,P-~-~ v 
R 2 R3/~ "OH 

130 

~ NaH 

o H .  
i H 2 0  R l 

R 3 R 2 R 

132 131 

20 



Reagents for Natural Product Synthesis 

7 Reagents  for the Syn thons  - C = C - C O  

The unsaturated version of the homoenolate synthon, the ~-acyt vinyl anion s°) 133, 
can be generated simply in the carboxylic acid series from the halide 134, and has 
been used in butenolide 135 synthesis sl). 

o 
I1 ~-----c--c-- 

133 

O2H 

134 135 

A more general solution to the problem is to use an allyl anion substituted on 
both ends with a heteroatom 136. The anion 137 may then react regiospecificaUy 
with electrophiles to give products 138 with a masked carbonyl group (vinyl Y in 
138) and a leaving group (X in 138) so that hydrolysis gives the enone 139. 

RI R2 base RI R2 

136 137 

I E 

R t R 2 R l R 2 

E X 

139 138 

To be successful, this approach requires a general synthesis of 136 and regio- 
specific reaction of 137 with electrophiles. If 137 is symmetrical (R 1 = R 2, X = Y), 
the latter question is avoided, and Corey's reagent s2) 140 corresponding to the 
synthon 141 is based on this principle. The reagent 140 has been combined with 
epoxides to make s3) PGF2a and 9(0) methano prostacyclin 84). 

M e S - " ~ M ¢  - CH==CH---CHO 

140 141 

A more general route is that of Cohen 8°), in which the enone itself is used as 
the starting material, and the reagents, e. g., 142, shown to take part in Michael re- 
actions. 
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0 SPh 

~ B(SPh)a=_ ~ I . R L i o  

SPh 2. ph _ II ph 
142 

SPh O 

Ph MeCN Ph 

Ph O Ph O 

Since we had available a general synthesis of  a-PhS ketones (Sect. 4) and a way 
of converting ketones into vinyl sulphides (Sect. 3.2.1), a combination of  these two 
offered a general synthesis of the reagents 143. The reaction was reasonably success- 
fu149), but a great deal of starting material was recovered, probably because the 
acidic proton in the ct-PhS ketone is attacked by the anion. In addition, Cohen 8°) 
has now shown that anions of unsymmetrical reagents 143 (R 1 = R 2) show dis- 
appointing selectivity in their reactions with electrophiles. 

R 2 R t R 2 
O R 1 H 

SPh R 3 R 3 
143 

One way out of both these difficulties is to replace one PhS group in 143 with 
OMe and use reagents 144 which are intrinsically unsymmetrical. The t~-methoxyl 
carbonyl compound no longer has a markedly acidic proton and the Horner-Wittig 
reaction 49) gives good yields of 144. The unsubstituted compound 144, 
R I = R 2 = H, has been used in alkylations to give tx,i3-unsaturated aldehydes in good 
yield as). Reaction occurs entirely a to PhS and 3, to MeO leaving an easily hydro- 
lysed vinyl ether as the product. The substituted reagents 144 must be carefully 
purified as PhSH easily displaces MeOH to give the less useful bis-(phenylthio) com- 
pounds. 

O R ~ R2 R~ R2 

_ _  

22 

1. LDA 
2. R3Hal 

R 1 R 2 R l R 2 

R 3 / J ~  HgCla 
P h S / ~ O M c  

MeCN R3 



Reagents for Natural Product Synthesis 

8 Pheny l th io  Butad ienes  fo r  the  Dieis-Alder Reac t ion  

Dienes substituted with heteroatoms, X or Y in 145, give allyl (Y in 146) or vinyl (X 
in 146) derivatives by the Dials.Alder reaction. The heteroatom(s) not only provide 
latent functionality in the product but also control the regiochernistry of  the Diels- 
Alder reaction itself 86). In Danishefsky's vernolepin synthesis 87), a compound of 
type 146 was converted into an enone 147 by hydrolysis since 146 is a 1,3-disub- 
stituted aUyl compounds like the enone precursors in the last section. 

Y Y 

X ~  O" v 
145 146 147 

Substituents X and Y based on sulphur are particularly interesting. We have al- 
ready seen that vinyl sulphides are latent ketones, that allyl sulphides form useful 
anions and that their sulphoxides give allyl alcohols. Evans 17) has used cyclic allyl 
sulphoxide anions in an allyl alcohol synthesis, and has used the sulphoxide 148 in a 
Diels-Alder synthesis as) of  the hasubanan derivative 149. 

(. 
o~sPh 

148 

I = 
Me PhS Me 

11 
o 

t t 0 % ~  

N 
Me 
149 

This synthesis emphasises another advantage of  sulphur-based substituents in the 
Diels-Alder reaction. The PhS group is electron-donating - an X group 86) - and is 
more powerful than RO in determining the orientation of  cycloadditions sg). Oxida- 
tion to PhSO, as in 148, makes it electron withdrawing - a Z substituent a6) - so 
that it will react with electron-rich dienophiles in a predictable way, as with the 
enamine to make 149. 

There are few syntheses of  either 1- or 2-PhS butadienes, those of Cohen 9°) 
being the most general. There are however, two general approaches to 1-PhS buta- 

23 



s. G. Warren 

dienes 150 based on the Homer-Wittig reaction. Either our  49) PhS-substituted 
phosphine oxides 79 might react with enals 151 or 7-PhS substituted allyl phosphine 
oxides 152 might react with aldehydes. 

P h S ~ R 2  
R ~ 

150 

0 
a 1| 

3- Ph%PPh2 + OCH.,..~,.R ~ 
R 1 151 

79 

O b II ~. P h S ~ P P h 2  + R 2CHO 

R 1 
152 

In the event, both methods are successful 3~). Reagents 79 add only 1,2 to enals, 
possibly because the Homer.Wittig reaction goes to completion under the reaction 
conditions. Dienes 1 5 3  (92% yield) and 1 5 4  (96%) can be made by this 
methodat, 49), and diene 154 gives the Diels-Alder adduct 1 5 5  in 90% yiekk 

SPh 

P h ~ ' ~  Ph153  P h S ~ 1 5 4  ~ ~ C O 2 M e  

155 

Sulphenylation of allyl phosphine oxide anions gives only 3,-addition, in contrast 
to the predominantly a attack with other dectrophfles (Sect. 2.1). This is because 
the product of ~ attack can isomerise by a [ 1,3] shift 22). The product of  the reaction 
is a mixture of allyl isomers 156 and 15Z These both give the anion 158 on treat- 

SPh 
o 

PhLC .oLi PhS-SP~ Ph R 1 R l 
156 

\ 

SPh 

R2CH~---~ 
R ~ 
159 

R 2 CHO 

SPh 

+ Ph2P'~ 
R I 

157 
/ V 

~ BuLi 

SPh 

R ~ 
158 
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ment  with BuLi and hence the dienes 159 b y  the Horner-Wittig reaction. The anion 
158 then reacts with carbonyl  compounds a to Ph2PO and 3' to PhS, following the 
usual trends for such substi tuents 3°' 33). Dienes made by  this route 31), e. g. 159, 
R t = Me, R 2 = Ph, 68% yield, have a different substi tution pat tern from that o f  153 
or 154. 

We made al) 2-PhS butadienes 162 by  thermal elimination on the sulphoxides 
161 (el. 110), the rearrangement products  which we had previously used to make 
2-PhS allyl alcohols. Hence, 160, R 1 = Ph, R 2 = Me, gave the corresponding diene 
162 in 62% overall yield, and the diene 163 gave the expected Diels-Alder adduct  
164 in 78% yield. 

PhS R l PhS R t PhS R 1 

P h S - ~  NalOg P heat 

R ~ R 2 R 2 

160 161 162 

163 CO2Me 

164 
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1 I n t r o d u c t i o n  

One of the remarkable advances in organic chemistry made in the last decade is the 
discovery of numerous organic reactions involving transition metal complexes. Trans- 
formations which are not possible by conventional methods of organic chemistry 
can be achieved sometimes by using transition metal complexes either as catalysts 
or stoichiometric reagents. A number of elegant and short-step syntheses of some 
natural products have been accomplished by applying transition-metal promoted 
or catalyzed reactions. In this sense, palladium is not an exception. 

In the last 20 years, after the invention of the Wacker process to produce acetal- 
dehyde from ethylene using PdC12/CuCl 2 as a catalyst 1), many organic reactions 
either promoted or catalyzed by palladium compounds have been discovered 2). Some 
of them are potentially useful for organic synthesis, and a number of ingenious appli- 
cations of these reactions to natural product syntheses have been reported. In this 
review, natural product syntheses using palladium compounds either as catalysts 
or reagents in key steps are summarized, in the hope of stimulating further develop- 
ment in this field. 

Organic reactions involving palladium compounds can be classified into two 
main types. The first type involves stoichiometric oxidative reactions with Pd 2~ com- 
pounds, Pd 2~ being reduced to Pd°. However, in some cases as in the Wackerprocess, 
the reduced Pd ° is reoxidized to Pd 2® by appropriate oxidizing agents, such as CuC12 
and benzoquinone, thus enabling the use of Pd 2® in catalytic amounts. However, 
reoxidation of Pd ° may not always be readily conducted; thus, in many cases, stoi- 
chiometric amounts of Pd 2~ are consumed. The stoichiometric consumption of rath- 
er expensive Pd 2~ compounds being intolerable in preparative organic chemistry 
represents a serious limitation of reactions involving these compounds. Typical Pd 2+ 
promoted reactions, surveyed here include: 

Wacker-type oxidative reactions of olefins with nucleophiles, reactions of rr-allyl- 
palladium complexes with nucleophiles, reactions based on chelation, and trans- 
metallation of organomercury compounds. 

Reactions of the second type are carried out with palladium compounds or com- 
plexes of either bivalent or zero-valent states. Since these reactions proceed catalyti- 
cally without using reoxidants they are more useful than the stoichiometric process- 
es. Telomerization of conjugated dienes, reactions of allylic and alkenyl esters and 
ethers, and various organic halides belong to this type. 

2 Oxida t ive  Reac t ions  wi th  Pd 2e C o m p o u n d s  

2.1 Reactions of Olef'ms with Nucleophiles 

Nucleophilic substitution and addition reactions of olefins are possible with Pd 2~ 
salts. A typical example is the formation of acetaldehyde by the reaction of ethylene 
with water (ICacker reaction). As nucleophiles, water, alcohols, phenols, carboxylic 
acids, amines, enamines, carbanions derived from active methylene compounds, and 
carbon monoxide react with olefins with stoichiometric consumption of Pd 2® salts. 
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~C==C / / ~'H + PdXa + Y- 

I 1 
---C--C-- 

I I 
Z Y 

+ Pd ° + 2HX 

+ Pd° + 2HX 

Some reaction products from ethylene and nucleophiles are shown in Scheme 1. In 
some cases, the reaction can be made catalytic by using appropriate reoxidants. 

HaC--CHO 
CH2-----CH--OR ~ . . ~ O H ~  CHz'~CH--OAc 

CH~=CH2 [ [ ~  

RO--CH2-CH2--CO2R ~ ~ C H ~ C H - - @  

Scheme I 

Higher olef'ms are oxidized selectively with PdCI2 in aqueous organic solvents 
to methyl ketones without forming aldehydes. The reaction is carried out in DMF 
using a catalytic amount of PdCI2 together with CuCI 2 or CuC1 and benzoquinone 
as reoxidants 3' 4). This is a useful reaction, and terminal double bonds can be 
regarded as masked ketones. 

O 
II 

RCH=CH + 1/2 02 ~ R-C-CH3 
CuCI 2 

The terminal double bond of 9-decenoic acid (1), prepared from commercially 
available 10-undecenoic acid, is oxidized with PdC12/CuC12 to give 9-oxodecanoic 
acid (2), which is converted to 3-(6-methoxycarbonylhexyl)cyclopentane-1,2,4- 
trione (3). This is an important intermediate in the prostaglandin synthesis s) 
(Scheme 2). 

~ C 0 2 H  
~ O ~ H  PdCI2 

CuC12 
1 

~ 0 ~  

2 

Scheme 2 

0 

O ~ / ~ ' ~ C O 2 C H a  

3 
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~ C O  2H 

1 

~ CO2CH3 

SePh 

0 
1.NalO4 ~ ~l~ /..~ ....x /.~. /CO2 H 
2, PdCI2/CuC1 

4 Scheme 3 

9-Decenoic acid is converted to 9-oxo-2-decenoic acid [queen substance (4)] 
in 70% overall yield by the introduction of a conjugated double bond and oxi- 
dation of the terminal double bond with PdC12/CuCI 6) (Scheme 3). Queen substance 
(4) is prepared more easily from a 1,3-butadiene tetomer 7). The telomer 5 obtained 
by the palladium-catalyzed reaction of 1,3-butadiene with malonate is used as a start- 
ing material. The terminal double bond of 5 is oxidized to the 6, e-unsaturated ketone 
6, the internal double bond remaining unaffected. Hydrogenation of the otefinic 
bond of 6 and subsequent treatment with potassium hydroxide yields the monopo- 
tassium salt of the monoester which is treated with diphenyl diselenide. Oxidative 
removal of the phenylselenenyl group affords queen substance (4) (Scheme 4). 

+ CH2(CO2R) 2 
Pd(OA,c)2=_ . ~ ~ . ~ / C O 2  R O2--PdC1L 

PPh3 x C O 2 R  CuCI v 

5 

O ~ 02R 

O2R 
6 

1, HJPd O 
2, KOH ~ . , , , ~ ~ ~ . . . , , C O 2 R  - - v Y x,,. 

~ C O 2 K  

PhSeSePh ~ C O 2  R NalO4 

~ S e P h  

0 

~ O 2 H  

4 Scheme 4 

The oxidation of the terminal double bond catalyzed by PdC12/CuC1 has been utilized 
in a general synthetis of 1,4- and 1,5-diketones which are important intermediates 
for five- and six-membered cyclic ketones s). At first, an allyl group is introduced 
into the a-position of ketones and then the terminal double bond is oxidized with 
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0 0 
PdC12 

CuC1 

0 

~ / ~ ' ~ B r / ~  ~ ~ B r  

Scheme 5 7 

O2/PdC12/CuC1 to give 1,4-diketones 7. Similarly, the introduction into ketones of 
the 1-butenyl group instead of the aUyl group, followed by oxidation, affords 1,5- 
diketones 8 (Scheme 5). The described route to 1,4-diketones has been utilized in 
the dihydrojasmone synthesisS): The first step involves oxidation of 1-octene with 
PdC12/CuC1 to 2-octanone. After the introduction of the allyl group at the terminal 
position, the terminal double bond is unmasked to produce 2,5-undecanedione (9) 

PdCI 2 

8 
O 

PdCI2 NaOH 
CuCI 

9 10 Scheme 6 

which is cyclized to dihydrojasmone (10) (Scheme 6). For further examples see 
pp. 14-18, 23-25, 29. The oxidation of olefins with PdC12 in the presence of alco- 
hols affords acetals as main products and vinyl ether as by-products 

R-CH=CH2 + ROH 
PdCI 2 

OR 
I 

R-C-CH 3 + R-C=CH2 
I f 
OR OR 
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An ingenious application of the acetal forming reaction is the synthesis of brevico- 
min (•4) 9). Carbonylation reaction of 1,3-butadiene catalyzed by Pd(OAc)2 and 
PPh3 produces 3,8-nonadienoate (11) which is converted to 1,6-nonadiene (12). 
The internal double bond is oxidized selectively with peracid and then con- 
verted to the olefmic dio113. The oxidation of the terminal double bond with 
PdCI2/CuC12 results in intramolecular attack of the 1,2-diol at the double bond to 
form the bicyclic acetal system of brevicomin (14) in 45% yield (Scheme 7). 

+ C O  + R O H  
P d ( O A c ) 2  

PPh3 ~ O 2 R  
11 

peracid 
-----~ ------~ / x x 

a2o 
12 OH 

13 

PdCI2 L w 

CuCI  2 

14 

Scheme 7 

A phenol group may reacts with double bonds to give phenyl substituted cyclic enol 
ethers. Thus, treatment of 2-(1.oxo-3-phenyl-2-propenyl) phenol (15) (2-hydroxychal- 
cones) with PdC12 causes intramolecular attack of the hydroxy group at the olefinic 
double bond to form flavone (16) lO) A different type of oxidation of phenols with PdCl2 

PdCI2 

0 0 

15 16 

has been utilized in ingenious simple synthesis of carpanone 11): Carpanone (19) is 
prepared in one step in 62% crude yield by oxidation of the 2-(1-propenyl)phenol 
derivative 17 with PdC12. This remarkable reaction is explained by the formation 
of an o-quinone derivative by one-electron oxidation with PdC12, followed by side 
chain radical coupling to give the intermediate 18. Subsequent intramolecular cyclo- 
addition yields carpanone (19). The nucleophilic amino group of substituted ureas 
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0 / ~  ~OH 

° 

17 18 19 

intramolecularly reacts with olef'mic double bonds. Thus the reaction of acryloylurea 
promoted by PdC12 affords uracil 12). 

0 

H2C=CH-CO-NH-CO--NH 2 + PdC12 ~ + Pd + 2HC1 

H 
42% 

2.2 Reaction o f  n-Allylpalladium Complexes 

rr-AllylpaUadium complexes react with nucleophiles 13). Especially, the reaction of 
carbanions, derived from active methylene compounds, with 7r-allylpalladium com- 
plexes offers a method of carbon-carbon bond formation, rt-Allylpalladium com- 

, C1 
(~,.pd / . ~ C H ( C O 2 R ) 2  + Pd + CI- + °CH(CO~R) 2 

plexes can be prepared from allylic halides and alcohols. In addition, olefins can be 
converted to ,r-allylpaUadium complexes by treatment with PdCI2 in organic sol- 
vents like DMF. Thus, the alkylation of allylic positions of olefins with carbanions 

R ~  R, + PdC12 

Y = nucleophile 

Scheme 8 

- - - -  ~ ~ R '  + R ~  R' 
Pd Pd 

C1 / C1 / 
20 21 

Y Y 

+ + 

R' 

Y Y 
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is possible via rr-allylpalladium complexes. Theoretically, a mixture of 7r-allylpalta- 
dium complexes 20 and 21 is formed from the internal olefins and there are two 
reactive positions available in the lr-allyl moiety for the carbanion attack. Nevertheless, 
some stereoselectivity has been observed in the complex formation and attack of 
carbanions 14). Alkylation of the methyl groups of geranylacetone (22) without pro- 
tection of the carbonyl group has been achieved by conversion of 22 into a mixture 
of ~r-allyl complexes 23 and 24 in 70-85% yield. Treatment of these complexes 
with mesylacetate in the presence of triphenylphosphine gives the esters 25 and 26 
in 24-85% yield. Finally, removal of the functional groups provides the methylated 
products 27-301 s) (Scheme 9). Starting from methyl geraniate (31), pheromone 
of Monarch butterfly 33 was prepared via the lr-allylpalladium complex 32 and sub. 

~ 0  
22 

" (42%) ~ / J ~ x  O C1./Pd 
23 24 

SO2-CH3 

a . - .  
25 26 

..a Z o 
27 29 
+ + 

28 Scheme 9 30 
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/•••CO2Me 
31 

! ! 
M e 0 2 C ~  C02Me 

Scheme 10 

PdCI2 ~ ~ / C O 2 M e  H2C(CO2Me)2 
97% 

P~'CI 
32 

M e O 2 C ~  CO2Me 

33 

sequent reaction with dimethyl malonate 16) (Scheme 10). Similarly, the 2-butenyla- 
tion of methyl geraniate as described in Scheme 11 leads to farnesol (34) 16). Another 

~ C O 2 M e  + / ~.~- --.SO2P h 
d 

32 

~,. ~2Me 63% 
+ / ~ "SO2Ph 

| ~O'Ph 1 | | ~O2Ph I 
~ CO2Me ~ ~ ~ ~ O2Me 

CO2Me 

1. D1BAL 
2. Li--amine / • • • • O H  

34 
DIBAL = diisobutylaluminium hydride Scheme 11 

example is the formation of geranylgeraniol (36) from methyl farnesoate (35) 16) 
(Scheme 12). Vitamin A (40) and related compounds are synthesized by the reac- 

~ C O 2 M e  

35 

~h 

O2Me 
8O% 

PDC1240% :'- ~ C O 2 M e  

Pd 
CI / 

••••b•4•4• CO,Me 
CO2Me 

~ C O 2 M e  DIBAL 

~ H  
36 Scheme 12 
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tion of sulfones 38 with the 7r-allyt complex 37 derived from 3-methyl-2-butenyl acetate. 
Reaction of the complex 37 with 3-methyl- 1-phenylsulfonyl-5-(2,6,6-trimethyl- 1- 
cyclohexen-l-yl) penta-2,4-diene (38) in DMF in the presence of triphenylphosphine 
gives 1 -acetoxy-3,7-dimethyl-5-(phenylsu fonyl)-9-(2,6,6-trimethyl- 1-cyclohexen- 
1-yl)nona-2,6,8-triene (39) (52% yield), which is converted to vitamin A (40) 17) 
(Scheme 13). This method permits stereocontrolled introduction of C-17 alkyl side 

/• CuC12 Pd 
CH2OAc + PdCl 2 71% ~ 

OAc 
37 

37 + ~ SO2Ph NaH/PPh~ 
38 

~x. ""  -..v v - . .v  "OAc m ~  ~ OAc 

39 40 Scheme 13 

chains into steroids. Thus, estrone methyl ether (41) is converted to 3-methoxy-I 9, 
24.bis-nor.20-isocholane-1,3,5 (10), 16-tetraenoate (43) via the palladium complex 
42 and subsequent alkylation of 42 with dimethyl malonate I s) (Scheme 14). 

0 

MeO ~ 

41 42 

H CO2Me 

~-. i ~  CO-Me 

H~C(CO2Me)~ ( ~ "~ 
(81%) ~ s 

n 

MeO ~ C O ~ H  

43 Scheme 14 
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2.3 Other Reactions 

Transmetallation of organomercury compounds with palladium salts proceeds 
smoothly to give highly reactive organopalladium compounds which readily react 
with olefins 19). 

R - H g - X  + PdY 2 ) [ R - P d - Y I  R ' - C H = C H 2  > R - C H = C H - R '  

This method permits vinylation of aromatic compounds. In the isoflavanone syn- 
thesis, 4-chromanone (44) is converted to the enol ester 45, which is reacted with 
phenylpalladium acetate, formed in situ from phenylmercury chloride and Pd(OAc)2, 
to give - after hydrolysis - isoflavanone (46)(Schema 15). A simple synthesis of 

R 

o 

44 45 

Scheme 15 

46 

pterocarpine (47) has been achieved by the intramolecular oxypalladation of benz- 
pyrane 20 (Scheme 16). Chloromercuration of propargyl alcohol, followed by car- 

1 
H o -  - ~  "R I_ " ° ' ~  v "R_J 

MeO~ A t'~ 

R 

(85%) Scheme 16 
47 

bonylation in the presence of PdCI2 affords ~chloro-~-butenolide (48) which is 
converted to ~-alkyl-o~-butenolides (49) by treatment with dialkyllithium cup- 
rate (0 22): 

39 



J. Tsuji 

HOCHz-C--=CH HgC12 CI~ /H 
HOCH 2 HgC1 

C1 R 

PdC12co =- ~ R2LiCu~ 

48 49 

Due to the chelating effect of the amino group, aUylic amines readily undergo 
nucleophilic addition reaction on their double bond. For example, carbopallada- 
tion of aUyl-dimethylamine with malonates readily yields a chelating complex. Sub- 
sequent olef'm insertion of methyl vinyl ketone into this complex gives e-amino 
enones 23) (Scheme 17). An interesting application of the facile carbopalladation de- 

~ N M e 2  + H2C(CO2R)2 + PdCI: 
Cl-.~CH(CO:R)2 

Me "/  "~Me 

O ~ ~ ~ N ~  CH(CO2R)2 

Me~ Scheme 17 

scribed in Scheme 17 and subsequent olefin insertion is the synthesis of prostaglandin 
derivatives starting from 2.cyclopentenylamine (50) 24). The key step in this syn- 
thesis is the facile introduction of a carbanion and an oxy anion into the cyclopent- 
ene ring by virtue of the stabilizing chelating effect of the amino group, followed 
by olefin insertion into the palladium-carbon e-bond. Treatment of 2-cyclopentenyl- 
amine (50) with Li2PdC14 and sodium diethyl malonate in THF at 0 °C for 2 h, 
followed by the addition of diisopropyl-ethylamine with wanning affords diethyl 
5-amino-cyclopent-2-en-l-yl malonate (52) in 92% yield. This reaction can be ex- 
plained by the formation of the intermediate carbopalladation product 51, followed 
by the elimination of PdH to give 52. Subsequent treatment of 52 with Li2PdC14, 
2-chloroethanol and diisopropyl-ethylamine in DMSO gives rise to the 2-chlroethyl- 
oxy substituted aminocyclopentyl-palladium complex 53, which is immediately 
treated with n-pentyl vinyl ketone. Insertion of this olefin into the Pd-carbon bond 
leads to the desired enone 54 in 50% yield. This enone has been converted into 55 which 
is an important intermediate in the synthesis of prostaglandin E and F series 
(Scheme 18). 

3 Catalyt ic  React ions  

Since the reactions described in this chapter proceed with a catalytic amount of 
palladium compounds they are more useful than the stoichiometric reactions. 
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92% 
+ -CH(CO2Et)2 + Li2PdCI 4 

50 

\ N  / CI 1 

< t 
C t t ( C O 2 E t ) 2  A 

51 

"X.N/ ~ CH(CO 2Et )2 Li2PdCI4 ~ 

C1CH 2--CH 2OH 

52 

\N / Cl 

CI ~ O  CH(CO~Et)2 

53 

~N / 

0 ~ ~,CH(CO 2Et ) ~ 

50% C I ~ / . . . . O ~ , ~  

O 
54 
i 

Clx,~Xo,, ~ 
0 

Scheme 18 55 

3.1 Telomerization Reactions of  1,3-Butadiene and Isoprene 2g' h) 

Unlike nickel catalysts which form cyclic dimers and trimers (1,5-cyclooctadiene 
and 1,5,9-cyclododecatriene), palladium compounds catalyze linear dimerization 
of conjugated dienes. 1,3-Butadiene itself is converted to 1,3,7-octatriene. The reac- 
tion most characteristic of palladium is the formation of various telomers. 1,3-Buta- 
diene dimerizes with incorporation of various nucleophiles to form telomers of the 
following type: 
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+YH 
Pd(OAc)2--PPh 3 

Y 

/ ~-~ y + ~ ~ . ~ /  

major minor 

Palladium-phosphine complexes such as Pd [PPh3 ]4 or, most conveniently, 
Pd(OAc)2 and PPh3 are used. Usually, these telomers are obtained in high yields. 
Nucleophiles such as water, carboxylic acids, alcohols, phenols, ammonia, amines, 
enamines, nitroalkanes, and active methylene and methyne compounds participate 
in telomerization. Also, carbon monoxide and hydrosilanes are involved in the reac- 
tion to give telomers. These easily available telomers are trifunctional and extremely 
useful starting materials for simple synthesis of certain types of natural products. 

3.1.1 Acetoxyoctadienes 

1,3-Butadiene reacts with acetic acid to give in high yields two acetoxyoctadiene 
isomers 56 and 5 72s' 26) which are int erconvertible in the presence of the palladium 
catalyst (Scheme 19). The telomer 5 7 is hydrolyzed to 1,7-octadien-3-ol (58)  which 

2 ~ + AcOH 

Scheme 19 

Pd(OAc) 2 

PPh~ 

/ "  ~ OAc 

56 

OAc 

57 

is oxidized to the corresponding ketone 5 9  in high yield. Enone 5 9  is a very useful 
reagent for bisannulation because its terminal double bond may be regarded as a 
masked ketone which can be readily unmasked on treatment with oxygen in the 
presence of PdC12/CuCI to form - after Michae l  addition at the enone moiety of 
59  - the 1,5-diketone 60 (Scheme 20). The enone 59  is the cheapest and most readily 
available bisannulation reagent, permitting a simple total synthesis of  steroids 27). 
Thus, in the simplest example, Michael addition of the enone 5 9  to cyclohexanone 

OH O 
Cu/Zn 

5 7 ------~ ~ , 
~ H  2 

58 59 

y -  

(Michael addition) 

0 0 0 

Scheme 20 
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enamine (61) in boiling dioxane, followed by aldot condensation, yields 4-(3-but- 
enyl)-3-oxo-A4-octalin (62). The terminal double bond is then oxidized to the ke- 
tone 63 by PdC12/CuCI/O 2; subsequent aldol condensation using t-CsH 11 OK leads 
to the tricyclic ketone 64 (Scheme 21). 

~ ' ¢ ~  ~ PdC1JCuC1/O2 
59 + ~ 

61 62 (64%) 

63 (83%) 

t--CsHl lOK =- 

0 
64 (73%) Scheme 21 

The important intermediate 66 of the steroid synthesis has been prepared by 
the application of the same reaction sequence to 2-methyl-1,3-cyclohexanedione 
(65) (Scheme 22). A synthesis of (+)-19-nortestosterone (69) starts with the Michael 
addition of the optically active oxo ester 67 to 1,7-octadien-3-one (59) catalyzed by 
sodium hydride, the ester group being removed by heating in aqueous HMPA with 
sodium iodide to give the dione 68. The aldol condensation catalyzed by sodium 
hydroxide proceeds in 90% yield. The terminal double bond is oxidized with 
PdC12/CuC1 to the methyl ketone and the internal olefinic double bond subsequent- 
ly hydrogenated. The final reaction step involves aldol condensation in refluxing 

O O 
o N c2H  3 I°  -alanino 

5 9 HCIO4 
65 

80% 

0 0 0 
~ PdC12/CuCI/O2 ~ l ' H 2 0 ~ - - - - -  O O 2. Base~- 

73% 75% 66 (92%) 
Scheme 22 
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0 

59 

OR OR 

O 2. NaI--HMPA 
68.4% 

CO2R 

[a]~ s = +35.1° 

67 68 

OR OR 

PdCIJCuC1 2. HCt (76%) 

90% 78% 

OH 

[~1~ ~ + o = 57.8 
69 

Scheme 23 

methanol containing hydrogen chloride to afford (+)-19-nortestosterone (69) 
(Scheme 23). The enone 59 is converted to the trisannulation reagent 28) 72 as 
follows: Addition of malonate diester to 59 to yield the 3-oxo-7-octenylmalonate 
diester 70 which is reduced to the corresponding 3-hydroxy derivative; hydrolysis 
and decarboxylation to afford the 6-(3-pentenyl)-~-valerolactone 71; reaction of 71 
with vinylmagnesium chloride to give 7-hydroxy-1,11-dodecadien-3-one which is 
acetylated to 72 (Scheme 24).  The Michael addition of the reagent 72 to 2-methyl- 
cyclohexa-1,3-dione (65) is followed by aldol condensation and reduction of one of 

O O 
~ . ~ j ~  + H2C(CO2R)2 ~ ~ ~ ~ . . . ~ C O ~ R  

C02R 
59 70 

NaBH4 

0 
o .  

CO2R 

"CO2R 

Scheme 24 71 
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the carbonyl groups with NaBH4 to give 73. The olefinic double bond of the enone 
system of 73 is reduced with lithium in ammonia to give the trans-fused CD ring 
system. Hydrolysis of the ester and oxidation with chromic oxide afford the trione 
74 which is cyclized to the tricyclic ketone 75. The unmasking of the terminal 
olefinic double bond and hydrogenation yield the 1,5-diketone 76 which is sub- 
jected to intramolecular aldol condensation to give D-homo-4-androstene-3,17a- 
dione (77) (Scheme 25). 

OH 

O ~ 1. E taN ~ 1. Li/NH 3 
2.3-alanine 2. NaOH 
3. NaBH 4 3. CrO a 

65 72 73 

O O 

74 75 

1. PdCI2/CuCI 
2. H2/Pd 

0 0 

76 77 Scheme 25 

1,3-Butadiene telomers are good starting materials for macrolide synthesis. 
Macrolide syntheses based on intramolecular carbon-carbon bond formation using 
1,3-butadiene telomers as starting materials have been carried out. Comparison of 56 
with 81 suggests that the acetate 56 has suitable functionality for the synthesis of 
diplodialide B (81). The steps involve conversion of the acetate 56 to the tetra- 
hydropyranyl ether, oxidation of the terminal olefin to the methyl ketone 78 with 
PdC12/CuC1/O2 and subsequent reduction to the corresponding alcohol with NaBH 4. 
Reaction of this alcohol with bromoacetyl bromide yields the bromoacetate 79. The 
tetrahydropyranyl moiety is then removed and the liberated alcohol oxidized with 
CrOa to the aldehyde 80. The final step is the intramolecular Reformatsky reaction 
to form diplodialide B (81) 29). This cyctization is promoted by zinc in the presence 
of A1Et2CI as an activator a°). In this reaction, aluminum protects the hydroxy 
group from dehydration (Scheme 26). Other ten-membered lactones can also be con- 
veniently prepared from 2,7-octadienyl acetate (56) al). Again the terminal 
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AcO ~ 
56 

79 

Scheme 26 

1. PdCI2/CuC1/O2 ] ~  1. NaBH4 
2. DHP ~ . ~ O  2. BrCH2COBr 

THPO 
78 

CrO___.~3 Br Zn-Et2AICI _--- 

60% O y v /  v 45% HO 

80 81 

~" ~ OAc 
56 

O 1. CC14-PPh 3 
PdC12/CuC1/O2 11 A ^ A 2. NaBH4 

82 

OH 

83 

PhSCH2COC1 

0 

PhS~/]~" . . . 0 ~  KN(SiMe3)2 

CI" v /  v 71% 

84 

Phs  
85 

Scheme 2 7 

46 

Raney--Ni=_ C ~  

86 (90%) 

1. H J ~  

2.3. ANalO4 ~ 

87 

l. Ni O O 
2. hv v ~ ~ . ~  

88 



Palladium-Catalyzed or Promoted Reactions to Natural Product Syntheses 

double bond in 56 is oxidized to the methyl ketone 82 which is reduced to the corre- 
sponding alcohol. Subsequent hydrolysis of the acetoxy group and treatment with 
CC14/PPh 3 yield the aUylic chloride 83. Treatment of 83 with phenylthioacetyl 
chloride leads to the ester 84. Intramolecular alkylation to the unsaturated lactone 
85 is carried out by adding a solution of 84 to a THF solution of two equivalents of 
KN[Si0VIe3)]2 as a base at reflux over a period of 2 h. Since this base is thermally 
stable and displays low nucleophilicity, it is most suitable for this cyclization, the 
ester group remaining unaffected. The reaction proceeds rapidly and hence high 
dilution is unnecessary. Treatment of 85 with Raney.nickel affords 9-decanolide 
(86) which is a natural product isolated from phoracantha synonyma 32). Hydrogena- 
tion and subsequent oxidative removal of phenylthio group provides the unsatur- 
ated lactone 87 which has been prepared as a precursor of diptodialide C 3a). The 
phenylthio group of 85 can also be removed by treatment with deactivated Raney 
nickel without attacking the double bond. Photochemical trans-cis isomerization to 
form phoracatholide J (88) is a well-known reaction 34) (Scheme 27). 

1-Chloro-7-hydroxy-2-octene (83) is a convenient starting material for the ring 
forming reaction of lasiodiplodin 92 (Scheme 28). In the first step, the ester 90 is 

OMe O 

OH ~ C I  
~ C 1  + 

83 MeO 
SPh 

89 

~ 1 40% 

MeO v -] 
SPh 

90 

OMe 0 O - -  OMe 0 0 ' 

MeO S ~ ~ p h  ~ ~ M e O ~  

91 92 Scheme 28 

prepared from 83 and 89. Intramolecular alkylation of the anion generated upon 
treatment of 90 with KN[Si(CH3) 3 ]2 in refluxing THF affords the unsaturated lac- 
tone 91. Reduction of the double bond and removal of the phenylthio group are 
achieved by treatment of 91 with Raney-nickel to give the dimethyl ether of lasio- 
diplodin (92) 3s). Zearalenone is another type of orsellinic acid type macrolide and 
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O 

59 

0 
CH2(CO2R)~ ~ ~ . ~ , ~ . . . < ~ C O ~  R 

~ C O 2 R  
70 

1. Nal/HMPA, 79% 
2. HOCH2-CH2OH, 80% 

1. LiA1H4 
2. TsCI 

R2 OC -../ 3. PdC12/CuC1/O 2 
o.../ 

93 

94 

1. NaBH4 
2. Nal HO 89 

I 

95 

MeO O 

85% MeO O 

SPh 

96 97 

MeO O 
1. NalO4, 80% J. lJ J A 
2. H20 ~ O  

Me 0 

98 Scheme 29 

its ring is easily prepared from the enone 59 by the following reaction sequence 36) 
(Scheme 29). The enone 59 is subjected to the Michael reaction with dialkyl malonate 
to give the oxodiester 70. One of the ester groups is cleaved by heating in HMPA and 
the carbonyl group protected as the ethylenedioxy derivative 93. The ester is reduced 
to the alcohol which is converted to the tosylate. The terminal olefinic double bond 
is then oxidized with PdC12/CuC1/O2 to give the methyl ketone 94. Reduction of this 
ketone and displacement of the tosyloxy group with sodium iodide yield 95 which 
is esterified with 89 to give the corresponding ester 96. Subsequent cyclization is 
carried out with three equivalents of the base in refluxing THF for 2 h to give the 
lactone 9Z Oxidative removal of the phenytthio group and deacetalization affords 
zearalenone dimethyl ether (98). The simplest natural product prepared from the 
telomer 56 or 57 is 1-octene-3-ol (100) (Scheme 30) (Matsutake alcohol), a fragrant 
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compound contained in a Japanese mushroom. The synthesis has been accomplished 
by two methods, In one method, the terminal double bond of 56 is hydrogenated 
selectively using, dichloro-tris-(triphenylphosphine)-ruthenium(II) RuCla[PPh3]3, 
as a catalyst. Subsequent allylic rearrangement catalyzed by Pd(OAc)2/PPh 3 pro- 
duces the acetate of l-octen-3-ol (99) 37). In the second route 38), highly selective 
reduction of the terminal double bond at C 7 in 57 without attacking the terminal 
double bond at C 1 is carried out by hydroalumination reaction catalyzed by a titan- 
ium catalyst. After hydrolysis of the acetoxy group the resultant hydroxy group is 
protected as diisobutylaluminum alkoxide by treatment with diisobutylaluminum 
hydride. This protecting group also blocks the neighboring terminal double bond. 
Then LiA1H 4 is added in the presence of bis-cyclopentadienyl-dichloro-titanium(IV) 
as a catalyst. Hydrolysis of the resultant product gives 1-octen-3-ol (100) with high 
selectivity. 

. /  "~ OAc 
56 

1 H~JRuCI2[PPh313 

~ O A c  

Pd(OAc) 2/PPh3 

99 

[H,o 

Scheme 30 

OH 

lOO 

OAc 

57 

OH 

l (L--Bu)2A1H 

OAI(i--Bu)2-] 

J 
1. LiA1HdCp2TiCI 2 
2. H20 

1,7-Octadien-3-ol (58) is a suitable starting material for the synthesis of lipoic 
acid (105) (Scheme 31) without changing the C-atom number 39). Hydroboration 
of the two double bonds in 58 produces the triol 101. The t,3-diol moiety is protect- 
ed by acetal formation 102 and the terminal free hydroxy group oxidized with CrO a 
to yield the carboxylic acid 103." Treatment of 103 with thiourea/Hl leads to the 
1,3-dithiol 104. FeCI 3 catalyzed oxidation of this dithiol affords lipoic acid (105). 
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OH OH OH 

58 101 

o-l-o oLo 
j 

73% 
102 103 

Thiourea/HI 

80% 

SH SH S S 

H 0 2 C . ~ . ~  ~ Oz/FeCl3 
70% ~ H02C 

104 105 Scheme 31 

Vinyl 2-octenyl ether 106, obtained from 2,7-octadienyl acetate (56) is converted to the 
aldehyde 107 in 79% yield by [3,3] sigmatropic rearrangement at 183-190 °C. Then 
PdC12-catalyzed oxidation of the double bond to the ketone 108 followed by intra- 
molecular aldol condensation gives the 2-cyclopentenone 109 in 68% yield, which 
is converted to methyl dihydrojasmonate (110) 4°). Treatment of allyl 2-octenyl 

56 ~ / " ~ / x ~ / ~ ' O / ~  

106 

190°C 

107 

 Cl CUCtO2 E 1 
OH 

108 

0 

KOH/THF~ 

109 

1, aq. KOH O O 

2. H2C(CO2Me)2 ~ ~ -----t,- ~O~CO2Me 

110 Scheme 32 

ether 111 with RuCI 2 [PPha ]3 as a catalyst at 200 °C causes migration of the terminal 
double bond and subsequent [3,3] sigmatropic rearrangements to give the aldehyde 
112 in 61% yietd 41). Then PdCl 2 catalyzed oxidation to the oxo aldehyde 113 and 
intramolecular aldol condensation affords dihydrojasmone 1040) (Scheme 33). 2,15- 
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RuCI2[PPh313 j 200 ° C  
56 ~ . " ~ " . ' ~ ¢ / ~ 0 / ~ ' ~  

111 

E ~ O . / . ~ / ,  -- ] ~61% O ~  PdC1JCuCt/Oz:_ 

112 

Eo l o 
113 10 Scheme 33 

Hexadecanedione (115), from which muscone has been prepared by intramolecular atdol 
condensation 42), is synthesized by C-C coupling of a mixture of 1-chloro-2,7-octadiene 
and 3-chloro-1,7-octadiene obtained from the corresponding acetoxyoctadienes 56 and 
57, respectively (Scheme 34). This allylic coupling promoted by iron powder yields 

/ ~ OAc / / ~ CI / 56 ~__~ 
OAc CI 

57 

Fe 

1. PdC12/CuC1/O~ 
2. H 2 

114 

0 

0 

115 Scheme 34 

a mixture of linear and branched 16-carbon tetraenes. The linear hexadecate- 
traene 114 as a main product is separated by distillation from the isomers, The 
oxidation of the terminal double bonds of this tetraene with the catalyst system 
PdCI2/CuCI followed by hydrogenation of the remaining internal double bonds 
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gives 2,15-hexadecanedione (115) 43). In another method, 56 is oxidized with 
PdCl2/CuC1/O2 to 8-hydroxy-2-octanone (116). The hydroxy group is converted 
both to the iodide and the Grignard reagent; coupling of the latter with the iodide 
catalyzed by CuI/bipyridyl affords 2,15-hexadecanedione (115) 44) (Scheme 35). 

O 
1. PdCIJCuC1/O2 U _ _ _ 

2. H 2 3, H20 
56 116 

I 1 

Cul/ 

[ Bipyridyl 

O O / 

~ M g B r  J 

0 

115 

Scheme 35 

3.1.20ctadienyl Phenyt Ethers 

Phenol reacts with butadiene to give the following telomers4S): 

2 ~ + PhOH 

OPh 

/ ~ OPh + 

117 118 

AUylic acetates and altylic phenyl ethers can be converted to conjugated dienes 
by treatment with the catalyst system Pd(OAc)2/PPh 3 at 100 °C with liberation of 
acetic acid or phenol 46) (Scheme 36). This diene forming reaction has been applied 

R ~ O R '  

Pd(OAc) 2/pph 3 
--'-, R t ~ J ~ v ' ~  "- + R'OH 

R /  T ~'~ ' R' = CHACO, Ph 
O R  ~ Scheme 36 

to the synthesis of 12-acetoxy-1,3-dodecadiene (123), a pheromone of Diparopsis 
castanea 47) (Scheme 37): 8-Phenoxy-1,6-octadiene (117) is converted to the alcohol 
119a by selective hydroboration of the terminal double bond and then tosylated. 
Treatment of the tosylate with sodium iodide yields the iodide 119b. This iodide 
is coupled with the Grignard reagent 120 of 4.chlorobutanol (prepared from THF) 
using CuI/2,2'-bipyridyl as a catalyst. Then the phenyl ether 121 is converted to the 
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117 119a X;OH 
b X = I  

--~ H O . , / ~ / ~ / C 1  ~ MgC1 
~ THPO / ~ 

120 

l19b  + 120 CuI/bipyridyl : T H P O ~ o P h  

121 (80%) 

Pd(OAc)2, PPh3 : THPO / / 

71% 122 

AcO / / 

123 

Scheme 37 

conjugated diene 1 2 2  with Pd(OAc)2/PPh3 in 71% yield. Acetylation of 1 2 2  com- 
pletes the synthesis of the pheromone 123.  The diene is a mixture of cis/trans isomers 
in a ratio of 36: 64. The method of diene synthesis has been applied to the synthesis 
of pyrethrolone 12748) (Scheme 38). Starting from the phenyl ether telomers 1 1 7  

O 

1 117 ~ PdC12/CuC1/O~ Pd(OAc)dePha~'82% 

OPh 1 

J ~ J 
118 

0 

O O CH3~CHO ~ R O 2 C ~  
124 123 

O . ~  O 

- -  

126 127 Scheme 38 
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and 118, the terminal double bond is oxidized to the corresponding ketone, which 
is subsequently treated with Pd(OAc)2/PPh 3 to yield 5,7-octadien-2-one (124) 
as a cis-trans mixture. This ketone is converted to the 3-oxoester 125; cyclization 
to the five-membered ring 126 is achieved by condensation with 2-oxopropanal 
(pymvatdehyde). Separation of the cis isomer 127 is achieved by the selective forma- 
tion of an adduct of the trans diene with tetracyanoethylene. 

3.1.3 Nitroalkane Telomers 

In the catalytic reaction of nitroalkanes with 1,3-butadiene at room temperature 
in the presence of Pd(OAc)2/PPh3, the active hydrogen atoms of nitroalkanes 
are stepwisely replaced by octadienyl chains to give long-chain unsaturated nitro 
compounds 49). The nitroethane telomer 129 is used for the synthesis of recifeiolide 

+ R-CH2-NO 2 
Pd(OAc) 2 

pph3 ~--- ~ 
NO2 

+ 

R 

NO2 

134, a naturally occurring 12-membered lactone 31' so). The usefulness of the com- 
pound 129 as a starting material for simple synthesis of recifeiolide is apparent by 
the comparison of 129 with 134 (Scheme 39). The mechanistic consideration that 
the telomer is formed by the nucleophilic attack of nitroethane at bis-Tr-allylpaUadium 
complex 128 clearly suggests that the internal double bond of 130 is at the right posi- 

+ /~,NO 2 ~ 

o 128 l 
~NO~ J 

NO2 

129 130 

54 

1. LiAIHdTiCldt 2 

2. H e 
3. NaBH 4 



Palladium-Catalyzed or Promoted Reactions to Natural Product Syntheses 

O 

OH 82% = ~ O  ~O 75% =- 

Ph 
131 I 

132 

~ O ~ O  Raney--Ni ~ O  
8O% 

v v "SPh 
133 134 Scheme 39 

tion possessing the required trans configuration as in recifeiolide. The nitro 
group is converted to the ketone by the Nef  reaction (MeONa/TiC14) , and the car- 
bonyl group protected by acetalization. The terminal double bond is selectively 
hydroaluminated with LiAIH 4 using TiCI4 and subsequently quenched with iodine to 
give the iodide. The protected carbonyl group is then liberated and reduced to the 
alcohol 131. Treatment of 131 with phenylthioacetyl chloride affords the correspond- 
ing phenylthioacetate 132. The intramolecular alkylation of 132 using KN[Si(CH3)3] 2 
gives the lactone 133 in 75% yield. The phenylthio group is removed upon treatment 
with deactivated Raney nickel to give recifeiolide 134 in 80% yield. 9-Nitro- 1,6,11,16- 
heptadecatetraene (135) is one of the telomerization products of 1,3-butadiene and 
nitromethane. The tetomer 135 has a linear 17-carbon atom chain with the nitro 
group at its center. Civetonedicarboxylic acid (136), a precursor of civetone, has 

+ CH~I02 

NO2 

135 

been prepared according to Scheme 40 without changing the carbon atom numbers. 
The nitro group is converted to the ketone by the Nef  reaction (MeONa/H2SO4); 
subsequently, the carbonyl group is protected as acetal. The terminal double bonds 
are selectively hydroborated with 9-BBN and the internal double bonds hydrogenated. 
Then the terminal hydroxy groups are oxidized to the carboxy groups to afford 
civetonedicarboxylic acid (136). Dimethyl civetonedicarboxylate (137) is cyclized 
by acyloin condensation to give the acyloin 138 in 65% yield. The ketol is oxidized 
to the a-diketone and then converted to dihydrazone 139 which is oxidized to the 
cyclic alkyne 140 with CuC1 in pyridine. Hydrogenation catalyzed by the Lindlar 
catalyst affords cis-civetone (141) sO (Scheme 40). 
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0 
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L__/ 
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Na 
65% 2. NH2NH 2 

138 139 

02/CuC| 
0 0 

140 141 Scheme 40 

3.1.4 3,8-Nonadienoate 

Carbonylation of butadiene in alcohol catalyzed by Pd(OAc)2/PPha affords 3,8- 
nonadienoate 142  in high yield s2, s3) The synthesis of 2-decenedioic acid (144 )  

(royal jelly acid) may be carried out as followsS4): Carbonylation of 142  in alcohol 
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Pd(OAc) JPPh 3 
+ CO + ROH .... 

:'- / ~ C02R 

142 

using Co2(CO)s/pyridine as a catalyst yietds the linear diester 143 as the main 
product (62% yield, selectivity 80%). Treatment of 143 with concentrated alcoholic 
KOH causes hydrolysis and concomitant double bond migration to give royal jelly 

Co2(CO)s RO2C 
142 + CO + ROH 62% L ~ ~ , "  ~.CO2R 

143 

KOH 
80% "~'J:" 

144 

acid (144) as a crystalline compound. The terminal double bond of 142 is oxidized 
with PdCI2/CuC1/O2 to 8-oxo-3-nonenoate 145. Hydrogenation of the double bond 
and subsequent hydrolysis of the ester group in 145 afford 8-oxononanoic acid (146) as 
crystals. Kolbe electrolysis of 146 yields crystalline 2,15-hexadecanedione (115) 
in 63% yield ss). Formation of the cyclic a,#-unsaturated ketone 147 from 115 in 
17% has been reported 42) (Scheme 41). The yield is greatly improved by using dialkyl- 
aluminum phenoxide/tertiary amine as an efficient reagent for the regioselective 
atdol condensation of 2,15-hexadecanedione at the methyl side. The cyclized ketone 
147 is isolated in 65% yield (78% based on consumed 115) by using di-iso-butyl- 
aluminum phenoxide and pyridine as the condensing agent. Hydrogenation of 147 
affords muscone (148) s6) (Scheme 41). 

O O 
142 PdCl,/CuC187% = ~ C O 2 R  H2/H'O- ~ C O 2 H  

145 146 

0 

o & 
-e  ~ 65% 

63% O 

0 115 

147 

148 Scheme 41 
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3.1.5 Use of Malonate and Acetoacetate Telomers 

The 1:2 telomer of malonate and butadiene 149 is another useful compound sT). 
The first example is the synthesis of pellitorine (152) (Scheme 42), a naturally occur- 
ring pesticide sa). The terminal double bond in 149 is hydrogenated selectively using 
dichtoro-tris-(triphenylphosphine)-ruthenium (II) as a catalyst. Partial hydrolysis 
affords the potassium salt of the monoester 150 which is treated with diphenyl 
disetenide to displace one of the carboxyl groups by the phenylselenenyl group. 
Oxidative removal of this group leads to 2,4-decadienoate (151) which is converted 
to peltitorine (152). 

1. H~JRuCI~(PPh3)3 
~ . . ¢ ~ . . / ~ / ~ C O 2 R  2. KOH 

O2R 

149 

CO2R ~ 
CO2R 

150 

PhSeSePh ~ O 2 R  NalO4 

ePh 

. ~  . ~  CO2R ~ ~ ~ CONH(iBu) 

151 152 

Scheme 42 

One of royal jelly acids (lO-hydroxy-2-decenoic acid) (154) is prepared from 
the telomer of acetoacetate 15359) (Scheme 43). Treatment of 153 with sodium 
ethoxide and hydroboration lead to 10-hydroxy-4-decenoate. Then the internal double 
bond is reduced and then reintroduced at the conjugated position by the addition of 
phenylselenenyl bromide. Subsequent oxidative removal of the phenylthio group yields 
154. 

~-,,.,.,,,,,/V~.¢/.,x~C O 2 R 1. EtONa 

COCH3 2. HBRjH~O 
153 

H O ~ C O 2 R  

1. H2 : R O ~ ~  O2R : H O ~ C O 2 H  
2, PhSeBF ePh 154 

Scheme 43 

4-Decenoic acid (155), easily prepared from the same telomer 153, is cyclized 
via 4-decenoyl chloride (156) using aluminium chloride to give 2-pentyl-2-cyclopen- 
tenone (15 7). Michael addition of methyl malonate followed by removal of one 

t 60) ester group affords methyl dihydrojasmona e (110) (Scheme 44). 
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1. H2/RuCI~(PPh3) 3 =- ..~x ~ . . / ~  ~..~ /CO2H 
2. EtONa 3. H20 

155 

S02C12 

~ C O C I  

156 

Scheme 44 

o O 

157 110 

3.1.6 Dimerization of Isoprene 

So far, selective dimerization of isoprene with a palladium catalyst to form natural 
type terpenoids has not been achieved. The reaction of isoprene with methanol under 
certain conditions results in a head-to-tail addition product (158). However, the me- 
thoxy group is introduced at a position differing from that of the oxygen-containing 
group in natural products 6 x). This telomer is converted to citronellol (159) by the 
sequence of reactions described in Scheme 4562) . 

2 ~ + CH3OH 

~ O C H  3 

NiCI2(PPh3) 2 

158 

OH 

Scheme 45 159 

The reductive dimerization of isoprene in formic acid in the presence of triethyl. 
amine at room temperature using a 1% palladium phosphine catalyst gives dimers in 
up to 79% yield 63). Higher selectivity with respect to head-to-tail dimer is obtained 
by using a 1:1 ratio of Pd(OAc)2 to arylphosphines. The use of THF as a solvent causes 
a favorable effect. By a scaled-up reaction with 0.5 mol of isoprene using 7r-allyl- 
palladium acetate and o-tolyphosphine, the overall yield of the dimers is 87%; these 
containing 71% of head-to-tail isomers. The mixture is converted into easily separable 
products upon treatment with concentrated hydrochloric acid at room temperature. 
Only di- and tri-substituted double bonds react with hydrochloric acid, the terminal 
monosubstituted double bonds remaining unaffected. While the head-to-head dimer 
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160 remains unchanged on treatment with hydrochloric acid, the tail-to-tail dimer 163 
forms the dichloride 165 and the desired head-to-tail dimers 161 and 162 provide 
the monochloride, namely 7-chloro-3,7-dimethyl-l-octene (164) in 84% yield based 
on the head-to-tail dimers present (Scheme 46). The monochloride 164 is converted 
into or- and ~citronellols (159, 166). Linalool (167) is prepared from 164: 

Scheme 46 

160 161 162 

1 t 
I HC1 

164 

163 

I HC1 

C1 

165 

t OH OH 

164 166 159 

164 167 

Reaction of 2,3-dimethyl-l,3-butadiene with methyl acetoacetate is carried out 
with PdCI2 as a catalyst in the presence of sodium phenoxide. When triphenylphos- 
phine is employed, a 1 : 2 adduct is obtained. On the other hand, the use of 3-methyt- 
1.phenyl-A3-phospholene (168) at 100 °C causes formation of a 1 : 1 adduct to give 
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3-methoxycarbonyl-5,6-dimethyl-5-hepten-2-one (169) from which 5,6-dimethyl- 
5.hepten-2-one (170) is formed (Scheme 47). This compound is a useful intermediate 
in the ~-irone synthesis 64). 

+ HaCCOCH2CO2CH 3 ~ 

Ph--P~'J~x CO2CH a 170 

1 9  168 169 

Scheme 47 

3.2 Reactions of Allyfic and Alkenyl Esters and Ethers 

Exchange reaction of aUylic esters and ethers with nucleophiles is carried out by the 
catalytic action of Pd[PPh 3 ]4 or Pd(OAc)2/PPh36s' 66). The side chain of ecdysone 

R ~ O R  + 

Y = nucleophile 

Pd 
YH ~ R ~ Y  + ROH 

(172) is formed by stereocontroUed displacement of methyl phenylsulfonylacetate 
at the allylic acetate moiety of steroid 1 71; this displacement reaction, catalyzed by 
Pd[PPh3] 4, representing a key step 67) (Scheme 48). It has been found that the 

H 
~ ~ A c  

171 

Scheme 48 

j.CO2CH3 
H2C.~ 

SO2--Ph 

CO2CH3 

Pd(PPha)485% ~- ~ S O 2 - P h  

"- 85% 

I 

OH 
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replacement of the acetoxy group by a carbon nucleophile proceeds with retention 
of configuration. Thus, the conversion of 5 ot-androstane-3,17-dione (1 73) to 24,25- 
dehydro-18-nor-5 tx-cholestan-3-one (1 74) is carried out by reaction of the aUylic 
acetate with methyl phenylsulfonylacetate catalyzed by a Pd ° complex, followed 
by alkylation and removal of phenylsulfonyl and methoxycarbonyt group 68' 69) 
(Scheme 49). Intramolecular reaction offers a cyclization method. Thus, macrolide 

H 

H /"S02--Ph 2C-~ 
CO~CH3 

(Pd) 86% 

O 
t 73 

H SO2--Ph H SO2-Ph 

CO2CH3 
B r . , . ~  

H 

Scheme 49 

skeletons 1 76 are constructed by the reaction of carbanions, generated from methyl 
phenylsulfonylacetate and sodium hydride, with the allylic acetate moiety in 1 75 
using Pd[PPha ]4 as the catalyst 7°) (Scheme 50). The cyclization method has been 

0 0 

/~/~(CH2)n Nai l  e / J~O/ '~ /~ (  cn2)n 
/CO2CHa Pd(PPha), " ~ O 2 C H a  
SO~Ph S02Ph 

175 176 

n= 1,3 1 O 

Scheme 50 ~ . . ~ C H 2 ) ~  
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applied to the synthesis of recifeiolide (134) 70 (Scheme 51). A THF solution of 
the anion generated from the precursor 177 is added slowly to a solution of 
Pd(PPh3) 4 (9 mol%) at reflux temperature. The lactone 134 is obtained in 78% yield 
whereby the E isomer is produced stereoselectively and regioselectively without ten- 
membered lactone formation. The cyclization based on the intramolecular reaction 

S02Ph 

Pd(PPh3)4 

Scheme 51 

MeO:C 
SO2Ph 

177 134 

of alkyl phenylsulfonylacetate with the allylic acetate moiety has been applied to 
the synthesis of ten-membered lactones (Phoracantholides). Pd(PPh 3)4, coordinated 
by 1,2-bis-(diphenylphosphino)ethane, is used as the catalyst 72). No eight-membered 
lactone is formed (Scheme 52). Similarly, eight- and nine-membered lactones 178 

OAc 

~ O A c  

.do SO2Ph Ac 

o 
+ 

" ~ O ~  SO2Ph 

\ 

OAc 
86 

88 

Scheme 52 

are obtained without formation of six- and seven-membered lactones 179 (Scheme 53). 
Another application is the 11 -membered ring formation of a humulene precursor 181. The 
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f 
0 

0 2 ~ C O 0 / ~ ' / ~ ' ~ O A c  60% 

PhS 2CH3 

Scheme 53 

Phs  
179 

(60%) 
178 

3-oxo ester moiety in 180 intramolecularly reacts with the allylic acetate residue by 
the catalysis of Pd(PPha) 4 (20 tool%) and 1,2-bis-(diphenylphosphino)ethane 
(20 mol%) to give the cyclized product 181 in 45% yieldT3): 

~ A g  NaH/Pd(PPh3)4 
Ph2PCH~CH~PPh 2 45% "~ 

CO 2CH 3 CO2CH a 
180 181 

Intramolecular displacement reaction of allylic acetate with amines has been 
applied to the synthesis of certain alkaloid skeletons such as desethylibogamine and 
ibogamine (183)  as shown in Scheme 54 74). The reaction involves allylic rearrange- 

OAc 

CHaCN 55% 

\ 
182 

1. PdCI2/AgBF 4 (40%) 
2. NaBH4 

Scheme 54 
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ment and displacement. Reaction of olefins with benzene and other aromatic com- 
pounds yields styrene derivatives. Sirnilarly the intramolecular reaction of the indole 
moiety with the double bond in 182 is promoted by PdC12(CHaCN)2 and AgBF 4 
in acetonitrile in the presence of triethylamine. The intermediate palladium species 
is reduced with NaBH 4 to give the cyclized product 183 in 40% yield 7s). Various 
1,3-diene epoxides are converted to dienols in high yields by heating with Pd(PPh 3)4. 
Monoepoxides of simple cyclic 1,3-dienes possessing ordinary ring size afford/3,3,- 
unsaturated ketones. By this method, an elegant synthesis of 4-hydroxy-2-cyclo- 
pentenone (184) has been achieved 76) (Scheme 55). This is an important intermediate 
in the prostaglandin synthesis. Pd(PPh3)4 is an extremely active catalyst for cyclo- 
pentadiene monoepoxide. Only 0.00013 mol% is sufficient to effect cleavage of the 
oxirane ring. 

o o o 

~ O  Pd(PPh3)a ~ (O'-~) ~ Alumina O ~ 0 ° C  ~ =- H 

Scheme 55 184 

The alcoholic component of vinyl ethers may be replaced by other alcohols in 
the presence of palladium salts. 

CH2=CHOR + R'OH ~ CH2=CHOR' + ROH 

Pd(OAc) 2 coordinated with 1,10-phenanthroline or 2,2'-bipyridine is a highly reac- 
tive catalyst for the exchange reaction of vinyl ethers. As shown in Scheme 56, only 
vinyl ethers are formed, the formation of acetals being completely suppressed 77). 
Smooth exchange reaction under mild conditions has been applied to the total syn- 
thesis of rhizobitoxine (185). The key step is the palladium-catalyzed exchange reac- 
tion of the vinyl ether moiety 7a). 

NHCO2CH2Ph 
P h C H 2 - - O ~ O H  + H3CO~~CO2CH2Ph PdC12(PhCN)L 

NHCO2CH2Ph 

HCO2CH~Ph 

PhCH2-'O 0 2CH2Ph 

NHCO2CH~Ph 
185 Scheme .56 
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3.3 Reactions of  Organic Halides 

Alkenyl, allyt, and aryl halides undergo oxidative addition to Pd ° complexes 
to form alkenyl-, allyl-, and aryl-palladium o-complexes which then react with car- 
bon monoxide, alkenes and alkynes. 

R--COOR' + pdOLn CO, 

R--X+ Pd°L~ ~ R--Pd--X 

R,C _ ~ C  [ I - R-C----C--R' + Pd°Ln 
1 I 

3.3.1 Allyl Halides 

Allyl halides add to alkenylpentafluorosilicates (186) in the presence of Pd(OAc)2 
at room temperature to give the corresponding t,4-dienes in good yield. This method 
has been applied to the synthesis of methyl(-+)-I 1-hydroxy-trans-8-dodecenoate 
(187) (Scheme 57). In this synthesis, the Wacker-type selective oxidation of terminal 

K2[FsSi~(CH2)4_CO2CH3 ] + H2C=CHCH2C1 

186 

Pd(OAc): 

~ . , ~ C O 2 C H 3  

67% O2CH3 O2CH3 

Scheme 5 7 187 

134 

olefmic double bonds is utilized 79). The 1:1 addition reaction of allyl halides to 
various alkynes in the presence of PdC12(PhCN)2 affords 1,4-pentadiene deriva- 
tivesSO, 81). For example, the reaction of 1-hexyne with altyl chloride gives 5-chloro- 
1,4-nonadiene in almost quantitative yield: 

R 3 R 3 R 1 R 2 
1 PdCI~(PhCN)~ [ I I 

Rl-C--C--R 2 + H2C=C--CH2X ~- H2C=C_CH2_C=C_ X 

2,5-Undecanedione (9), a precursor of dihydrojasmone (10), is prepared by reac- 
tion of allyl chloride with 1-octyne followed by oxidation of the terminal double 
bond and hydrolysis of the resultant 2-oxo-4-undecen-5-yl-chloride with sulfuric 
acid 82) (Scheme 58). 
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PdCI2(PhCN) 2 

C1 

0 PdClffCuC1/02= 

10 

H2SO~ 

O 

Scheme 58 

3.3.2 Aryl and Alkenyl Halides 

Aryl halideg which are rather inert in usual organic reactions can undergo reactions 
by means of palladium catalysts. Thus, styrene and stilbene derivatives are obtained 
by reaction of olef'ms with aryl bromides at 125 °C using Pd(OAc)2 (1 mol%) and 
tri-(o-tolyl)phosphine (2 mol%) 83). The palladium-catalyzed vinylic substitution 
reaction is applicable to a variety of heterocyclic bromides including pyridine, thio- 
phene, indole, furan, quinoline and isoquinoline a4). Thus, reaction of 3-bromopyri- 
dine with 1-(3.butenyl)phthalimide at 100 °C gives 1-[4-(3'-pyridyl)-3-butenyl]- 
phthalimide (yield of mixed amine 57%, selectivity 68%) at 100 °C. This phthalimide 
is subsequently converted to nornicotine (188) (Scheme 59). The reaction of acrylic 

0 tBr ~ N  Pd(OAc)~ 
+ ~ + Et~N 

(o-tolyl)3P 

O 

H2N--NH 2 ~ NH~ 

1. Hg(OAc)2.~ ~ H  
2. NaBH 4 

188 Scheme 59 
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acid or its ester offers a suitable synthetic route to substituted cinnamic acids or 
esters (189) 8s' 86): 

R•Br Pd(OAc)jPRjEtv N ~ C H = C H _ C O 2 C H a  
+ H2C=CH-CO2CH 3 :-- 

R / 
189 

Intramolecular arylation reaction has been applied to the synthesis of indole and 
isoquinoline derivatives. For example, the 3-indolylacetic acid 190 has been syn- 
thesized as follows87): 

C02CHa 

~ T ~ B r  / ~ ~ B r  Pd(OAc)2j :-- CO2CHa + 

" N ~  PPh3, amine NH-Ac 
I I Ac Ac 20-29% 

190 
32-43% 

Reaction of bromobenzene with allylic alcohols by the catalysis of Pd(OAc)2 
and PPh 3 in the presence of tertiary amines affords hydrocinnamaldehydes 
(191)88, 89) (Scheme 60). This reaction has been extended to 5-substituted 2- bromo- 

Pd(OAc)2/PPh3 
PhBr + H2C=C---CH2OH ~" 

/ NR3 
R 

Pd --X 
l 

PhCH2-~--CH2OH ~ 
R 

R 
I 

Ph-CH2---C=CHOH 
R 
1 

Ph--CH2-CH--CHO 

191 Scheme60 

thiophenes in order to prepare 9-oxo-2-decenoic acid (4) 90). The addition product 
of the 2-bromothiophene and 3-hydroxy-l-butene (o~-methallyl alcohol) is reductively 
cleaved with Raney-nickel and a double bond subsequently introduced into the con- 
jugated position with respect to the carboxy group to give queen substance (4) 
(Scheme 61). 
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OH 

Pd(OAc)2 =- CO2CH 3 

O 

I I 1 I 
Ni = ~ C O 2 C H 3  = ~ C O 2 C H  3 

I 1 HO OH SPh 

0 
~ C O 2 H  

4 Scheme 61 

Aryl bromide and iodides are carbonylated in the presence of alcohols to give 
esters in satisfactory yield. Carbonylation in the presence of primary amines at 1 atm 
affords arenecarboxamides in high yield 90. This method has been extended to the 

+ ROH/RaN 
- R ~ N  H X  

Ar-X + CO 
+ R'-NH2/R~N 
- R a N  H X  

=-- Ar-COOR 

P. Ar-CO-NHR' 

synthesis of sendaverine (193) (Scheme 62), a naturally occurring alkaloid. The key 
step is the carbonylation to give the 1-oxo-l,2-dilaydroisoquinoline 192 (in 34.5% 
yield) which is reduced to sendaverine (193) 92). The reaction of 1-bromo-2-methyl- 

H a C O ~ N H  CO _ H 3 C O ~  

PhCH20" ~" "Br ~ [Pd]- PhCH20~ ~"~ T ~ O C H 3  PhCH20"/x~'~'~H3CO~ff~" 

OCHa OCH a 
Scheme 62 192 (35%) 193 

t - p r o p e n e ,  isoprene and morpholine yields a mixture of adducts, the main product of 
which is the adduct 194. This is converted to ethyl geraniate (195) by the following 
reaction sequence93). In the first step, the allylic 4-morpholinyl moiety in 194 is 
replaced by a chloro atom on treatment with methyl chloroformate. The resultant 
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1-chloro-2,6-dimethyl-2,5-heptadiene is carbonylated using PdC12 as a catalyst to 
give an E/Z mixture of ethyl 3,7-dimethyl-3,6-octadienoate which is isomerized to 
ethyl geraniate (195) by treatment with sodium ethoxide (Scheme 63). 

Br + + Pd(OAc) 2/P(o -tolyl) 3= + 

N H 12% 

194 (54%) ~ 

8% 

/ ~ ~ N ~ / ~ / O  + C1-CO2CH s 

CO/EtOH/PdCt2 

Scheme 63 

~ 
CO2Et -~  NaOEt 

/ C02Et __] = 

~ C O 2 E t  

195 

3.4 Other Palladium-Catalyzed Reactions 

Palladium is an efficient catalyst for the decarbonylation of aldehydes. Metallic pal- 
ladium rather than palladium complexes is the active species 94). 

R-CH2-CH2-CHO 
Pd 

> R-CH=CH 2 + R-CH 2-CH 3 
- CO, - H 2 

Since the decarbonylation of aldehydes proceeds smoothly in high yield, it has been 
utilized for synthetic purposes. The first step of the five-step irone synthesis from 
ot-pinene (196) involves formation of a formyl group by ozonolytic ring cleavage at 
the olefinic double bond. The resultant cis-pinonic aldehyde (197) is decarbonylated 
by heating with a palladium catalyst at 220 °C to give pinonone (198) and pinone- 
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HO ~ + 

196 197 198 199 

none (199) in 80% yield 9s' 96). Another application is the two-step preparation of 
apopinene from the easily available ot-pinene 97). The methyl group of ot-pinene (196) 
is oxidized with selenium dioxide to a formyl group to form myrtenal (200) which 
is decarbonylated with palladium on barium sulfate at 195 °C to give apopinene 
(201) in an overall yield of 55%. 

SeO 2 Pd 

196 200 201 

+ CO 

Depending on the catalytic species, palladium-catalyzed mono- and dicarbonyl- 
ation of alkynes may be achieved. Monocarbonylation of acetylenic alcohols in the 
presence of thiourea is an elegant route to a-methylene-7-butyrolactone 202, the 
structure of which is widely distributed in certain natural products 98' 99). The syn. 
thesis of a vernolepine derivative (203) has been attempted by this method loo). Pro- 

HC-=C-CH2--CH2OH + CO " 
PdC12/:-- O ~  

thiourea H2 

O 
202 

fH2 ~CH2 

PdCl 2 S1R~ 
+ CO 

= 50% ~ H 2  

6n  

203 

pargylic alcohols have been converted to the corresponding vinylic iodo-substituted 
alcohols which are carbonylated to ~-butenolides. For example, 4-iodopent-3-en-2-ol 
(204) is carbonylated at 35 °C to 2(SH)-3,5-dimethylfuranone (205) by using 
PdC12/(PPh3) 2 as a catalyst in the presence of potassium carbonate 1°1). 

HaC 
LiAIHJI L HaC~ ` CO 

HaC-C-C-CH-CHal v IIC=CH_CH_CH3 ~ ~ O , , ) _  _CH s 
OH OH 

204 205 
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A. In t roduc t ion  to the Af la toxins  and Related C o m p o u n d s  

1 Introduction 

a) The Mold Metabolites 

The aflatoxins and their structurally similar relatives are members of a larger family 
of compounds called mycotoxins. As the name mycotoxin implies, these toxins are 
produced during the spoiling of foodstuffs, through the action of certain fungi. The 
molds Aspergillus 1lavus, Aspergillus parasiticus, and Aspergillus versicolor are pri- 
marily responsible for the presence of this class of compounds, and can occur on 
a very diverse sampling of edible items including peanuts, rice, wheat, corn, cotton- 
seed, soybeans, cheese, cocoa beans, meats, wines, butter, and spices. This wide- 
spread distribution of materials suitable for fungus growth, coupled with the extreme- 
ly high toxicity and carcinogenicity of many of these toxins produced has generated, 
and rightfully so, a considerable amount of chemical and biological interest and atten- 
tion. 

Perhaps the most widely known and well publicized outbreak of aflatoxicosis 
occured at the beginning of the last decade (1960) in England when a sizable num- 
ber of young turkeys were afflicted with the previously unrecognized "Turkey-X 
Disease". It was later determined that these poultry deaths were caused by severe 
liver damage incurred 1-3) while the farm animals had been ingesting ground-nut 
meals containing rather significant and quite notable amounts of A spergillus flavus 
mold 4-6). Indeed, even more recently 7), aflatoxins have been ascertained to be pres- 
ent at detectable levels in several common commercial brands of peanut butter. 

b) Toxicity and Carcinogenicity 

From the preceding discussion, it becomes obvious that a considerable amount of 
economic importance is attached to the determination of the physiological effects 
of these mycotoxins. Additionally, safe limits for human ingestion would have to 
be set and enforced. 

Being so widespread in nature, many investigations 8) into the aflatoxins brought 
to light the fact that they are acutely toxic and highly carcinogenic compounds 9-t4), 
even when present in miniscule amounts. 

Aflatoxin B l (1), perhaps the most widespread and welt-known of the aflatoxins, 
has been shown to be highly toxic to a variety of animals to varying degrees 15' 16), 
cause chromosomal changes TM, and produce necrosis of the liver after only a single 
dose TM. In addition to its high toxicity, it has been shown 14' 19-21) to be one of 
the most potent carcinogens known 22). Several excellent reviews can be obtained 
that contain a myriad of references on the structural 23-2a) and biological 
effects 8, 29-as, 1 l, 12) of mycotoxins, and a fine synopsis of the structural vs biolog- 
ical activity of the aflatoxins is also available 31) 
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c) Detection and Separation 

The relative amount of the mycotoxins present in agricultural products is generally 
in the range of micrograms of toxin per kilogram of foodstuff. Therefore, one is 
usually dealing with miniscule amounts of materials which are distributed in a non- 
homogeneous fashion. The methods for the detection and separation of the aflatoxins 
generally rely on thin layer chromatographic analytical techniques, thereby taking 
advantage of the high level of fluorescence of the compounds. The experimental 
samples are compared with a series of standard references using authentic toxins or 
toxin containing samples. Many procedures for the separation and estimation ofmyco- 
toxins have been summarized by Jones 36) in a review in which full experimental 
details and many references are given. Additionally, more recent investigations of 
analytical methods for the determination of aflatoxins 9- la, 37) have resulted in the 
application of high pressure liquid chromatography (HPLC) techniques to this prob- 
lem38-40). 

This area of research assumes a great deal of importance when one recognizes 
the relative ease of formation and the widespread occurence of the A spergillus molds, 
and the extremely high physiological activity, both toxic and carcinogenic, of the 
mycotoxins thereby produced. 

d) Control and Regulation 

The development of increased accuracy and precision in the quantitative detection 
of these compounds saturates the first quanta of control and regulation in that it 
allows for direct and non-negotiable proof of the presence and amount of aflatox- 
in(s) in a given sample. The remaining need to be met is the regulation of the amount 
of these metabolites in consumables. This is currently done by the Food and Drug 
Administration in the United States (FDA) 7) and was set at 20 ppb in 1969. Under 
consideration now is a further proposed reduction to the 15 ppb limit in peanuts. 
The results of this lowering of the FDA limits on the aflatoxins would present two 
alternatives to producers and distributors of staple foods. The first would relegate 
the use of the mold afflicted foods and grains to only non-food purposes such as 
cattle fodder or oil production. The other possibility would entail the implementation 
of a prevention-cure system in which either, 

1) carefully controlled conditions of temperature and humidity during storage 
and transportation of foodstuffs would prevent the formation of the Aspergillus 
molds or, 

2) the use of pharmacologically safe and effective detoxification agents on 
infected sources to remove, or to render inert, the toxins present. 

Inclusive in such methods of chemical inactivation are treatments such as 
light41, 42), microbial4a), roasting44), chemical agents (benzoyl peroxide, sodium 
hypochlorite, sodium hydroxide) as), and even normal processing techniques, as for 
example, freeze or spray drying 46). More details and references may be found in 
any of several reviews 9- t 2, 29, 32, 47-49) concerning the elements and implications of 
the control of aflatoxins. 
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In any event, the control of the amounts of mycotoxins reaching the public will 
most certainly place a larger burden of  responsibility, both regulative and economic, 
on all parties concerned with the general welfare of the consumer; i.e. the producers, 
the distributors, the government and its agencies, and finally the consumer himself. 

2 Isolation and Structural Elucidation s°) 

a) Aflatoxins BI(1), B2(8), G1(9), and G2(10) 

The aftatoxins BI(1), B2(8), GI(9), and G2(10) occur as the major highly active 
constituents of the Aspergillusflavus species and have been isolated and separated 
by a number of workers 2' s, 19, 32, sl-s3). The next problem to be assaulted was the 
determination of the chemical structures of these metabolites. Contributions to this 
effort were made by several groups 19' 54-58) 

The results of Buchi and co-workers at M. I. T. afforded s4, ss) the complete 
structures of the major components, aflatoxins B 1 (1) and G1 (9). The substance cor- 
responding to aflatoxin BI(1 ) was determined to have the molecular formula 
C17H1206 ; molecular weight = 312; melting point 268-269 °C dec.; xethanol -max. 223, 
265,362 nag (e 25,600; 13,400; 21,800); and vCm~xC. 13 1760(s), 1665(w), 1630, and 
1600 cm -1. In addition, it readily absorbed three moles of hydrogen during catalytic 
hydrogenation to afford a product, (2), that exhibited the following characteristics: 
molecular formula C17H160 s ; molecular weight = 300; melting point 272-274 °C; 
VCmHCI 3 [),ethanol 2 5 5 , 2 6 4 ,  ax. 1705, 1625, and 1600 cm -1 ; and an ultraviolet spectrum t-max. 

and 332 rng (e 8,500; 9,200; 13,900)] which was related in shape to that of the syn- 
thetic bicyclic coumarin (3), and even more closely identical with that of the tricy- 
clic coumarin (4). The data presented also indicates the presence of an olefin, as welt 
a carbonyl group which must be somehow conjugated because of its ability to under- 
go facile hydrogenolysis. Analysis of the infrared and n. m. r. spectra next led to the 
conclusion that the carbonyl group was attached to a saturated cyclopentane sys- 
tem on the coumarin, and since it was necessarily conjugated, required that it be 
attached at either C-3 or C-5. In order to clarify the situation, Buchi synthesized 
the two isomeric systems, 5,7-dimethoxycyclopentenone[3,2-c]coumarin (5) and 
5,7-dimethoxycyclopentenone[2,3-c]coumarin (6) (vide infra). Comparison of the 
spectral characteristics (ultraviolet and infrared) of (5) and (6) with those of aria- 
toxin B 1(1 ) showed that the data from (5) was significantly different [VCHxC) 3 

-- 1 ethanol 1726 cm (br); ~max. 245,268,356 m/a (e 13,200; 8,700; 9,000)], and the data 
from (6) very similar [~c~cl3 1759(s), 1685 (w), 1614, 1594, 1550 cm -1 ;X~tha an°l 
215,257, 355 rn~ (22,200; 9,650; 26,800)]. Thus, the partical structure of aflatoxin 
B 1 (1) was firmly established as (7). 

The remainder of the aflatoxin system was identified by n. m. r. methods. The 
presence of a three proton singlet at 4.02 ppm indicated an aromatic methoxy group. 
Further, the pattern 6.89 (d, J = 7 Hz, 1); 6.52 (t, J = 2.5 Hz, 1), 5.53 (t, J = 2.5 Hz, 
1), 4.81 (d o f t ,  J = 2.5 and 7 Hz, 1), pointed to a 2,3-dihydrofuran residue as being 
present. Additional n. m. r. spectral comparisons of aflatoxin BI(1) with those of 
the known sterigmatocystin (30) s9, 60) (vide infra) confirmed that the structure was 
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indeed that represented in (1). The aflatoxins B2(8), Gl(9), and G2(10) were also 
structurally elucidated in this study by comparative spectral means. Corroborative 
evidence of their structures was found in the experiments of other workers s6, s7), 
and the structures of aflatoxins B2(8) and G~ (9) were proven beyond all doubt with 
the disclosure of X-ray diffraction studies sS' 61). In addition, these X-ray studies 
showed that the junction of the bis-furan B-C ring system was indeed cis fused. Here- 
tofore, it had only been assumed that this relative stereochemistry was cis, since it 
was known that a trans 5,5 ring system is not a very stable arrangement. Thus, the 
basic ring skeleton of the aflatoxin system was firmly established. 

c.#-- -~-oq--o - ~  H 
H 

H 
8 9 I0 

It remained now, only to ascertain the absolute stereochemistry of the two ad- 
jacent asymmetric centers in the furo-furan sector of the molecule. This obstacle 
was overcome by Buchi 62) through the chemical degradation of aflatoxin B 1 (1) to 
(+)-(S)-2-methylbutanoic acid, and subsequent transformation (+)-(S)-2-methyl- 
butanoic amide, which was compared with an authentic sample of the latter com- 
pound. This truly elegant piece of degradative work thereby also gives the absolute 
configurations of the aflatoxins B2(8), G i(9), and G2 (10) by virtue of chemical transfor- 
mations and circular dichroism comparisons, i.e. since the CD spectrum of aflatoxin 
G1 (9) is superimposable with that of aflatoxin B 1 (1), they must necessarily have 
identical absolute configurations. Also, since aflatoxins B 1(1) and G 1 (9) can be readily 
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converted into aflatoxins B2(8 ) and G2(10 ) respectively by controlled catalytic hydrogena- 
tionl9, s6, ST, 63) this method also gives the absolute configurations of these com- 
pounds. The absolute configuration of these toxins is drawn in the correct enantio- 
meric form. 

b) The Remaining Aflatoxins: B2a(ll), G24(12), M1(13), M2(14), GMI(15), 
B3(I6), Ro(17), P1(18), Q1(19), RBI(20), RB2(21), and D~(22) 

1 Aflatoxins B2a(11) and G24(12 ) 

Aflatoxins B2a(I1 ) and G24(12) are the hemiacetals of aflatoxins B 1 (1) and G 1 (9) 
respectively and can be isolated as a metabolite from Aspergillusflavus molds 64), or, 
in the case of B2a(11), as a liver metabolite of aflatoxin B l(I)  6 s). The structures 
were identified by spectral comparisons with compounds that were prepared by the 
acid catalyzed hydroxylation 66-6s) and acetoxylation of aflatoxins B1 (1) and G1(9) 
respectively69, 70) 

1 H H 

II H /2 

2 Aflatoxins M 1 (13) and M2(14) 

It had been found by Allcroft 71) that certain isolated extracts of the milk produced 
by lactating cattle that had been fed sublethal levels of the aflatoxins, induced the 
formation of the liver lesions reminiscent of aflatoxicosis 72' 73) The toxins were 
isolated and called the "milk toxins", which were later redesignated as the aflatoxins 
M18, 74, 75) Indeed, it was also demonstrated that the milk toxins were present in 
the original Aspergillusflavus mold as minor components 72). 

The structures of the milk toxins were determined after their isolation from 
sheep urine 74' 76) and milk 72' 77). The two constituents were separated, and labelled 
aflatoxin M1(13) (less polar) and aflatoxin M2(14) (more polar). The molecular 
formula of aflatoxin Ml(13) was determined as C17H1207 ; i.e. containing one more 
oxygen atom than aflatoxin B 1 (1). The infrared spectrum (uCmHaxC! 3 3425, 1760, 
1690 cm-1) indicated the presence of a hydroxyl group, and this fact was sub- 
stantiated both by acetylation with acetic anhydride/pyridine to produce a mono- 
acetate (m/e = 370; vCmaaxC: 3 1760, 1740, 1692 cm-1), and by mass spectral analysis 

+ ethano~ 
(m/e = 310 = M - H 20) The similarity of the ultraviolet spectrum [~kmax. 226, 
265,357 m/~ (e 23,100; 11,600; 19,00)] of M1(13) to that of Bl(1) implied an 
identical chromophoric system. Nuclear Magnetic Resonance analysis [6 d6DMSO 
3.98 (s, 3), 5.64 (d, J = 3 Hz, 1), 6.46 (s, 1), 6.78 (s, 1), 6.83 (d, J = 3 az,  1) ppm] 
showed that the vinyl ether protons were coupled only to each other, thereby indicat- 
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OH J H H 

H H 
73 14 15 

ing that the hydroxyl group was probably located in the junction of the furo-furan 
system at the benzylic position. Collectively, these results alluded to the structure 
of aflatoxin M1 being(13). Aflatoxin M2(14) was shown by spectroscopic means to 
be identical to dihydroaflatoxin Ml, obtained by partial catalytic hydrogenation of 

. . . .  CHC13 aflatoxin M1(13) (Pd/C in acetic acla) lYrnax. 3350, 1760, 1690 cm-l., ),ethanot,.max. 
221,264, 357 m/~ (e 20,000; 10,900; 21,000); m/e = 330). In addition, the nature 
of the tertiary hydroxyl group was confirmed by the failure of aflatoxin M2(14) to 
undergo oxidation with chromium trioxide. 

The implications of the seriousness of aflatoxicosis being caused by aflatoxin 
MI(13) and/or afiatoxin M2(14) are manifest when one considers that the widespread 
occurence of their metabolic precursors 73) necessarily precludes the possibility of 
a proportionally equally widespread distribution of the perhaps harmful products 
in milk and milk products. This fact requires, therefore, both detection 9), and con- 
trol 11, 12), since it has been determined that the acute toxicity of aflatoxins M~(13) 
and M2(14) is almost equal to that of the aflatoxins BI(1 ) and B2(8) respective- 
ly23-26) .  

3 Aflatoxin GMI(15) 

This metabolite was isolated by several groups 7s-s°), and was assigned to be struc- 
ture (15), the benzylic hydroxylated form of aflatoxin G1(9). The structure was 
assigned on the basis of the similarity of spectra of the isolated compound with that 
of aflatoxin G1(9), and the ready formation of a monoacetate under common acyla- 
tion conditions. 

H 
16 t7 

4 Aflatoxin B3(16) (Parasiticol) 

Parasiticol (16) was isolated by Heathcoate s°) and Stubblefield 9) from Aspergillus 
flavus cultures. Detailed n. m. r. analysis of this mycotoxin revealed it to be a close 
structural relative of aflatoxin G1 (9). The fact that the infrared spectrum indicated 
that the dilactone system of aflatoxin GI(9) was absent, in conjuction with a wealth 
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of additional chemical and spectral data, led to the conclusion that the structure of 
aflatoxin B 3 could be designated as (16). This structure could concievably be meta- 
bolically and/or chemically derived from aflatoxin G1(9 ) by a hydrolysis-decarboxy- 
lation sequence. 

5 Aflatoxin Ro(1 7) (Aflatoxicoi) 

Aflatoxicol occurs as one of the metabolic transformation products of aflatoxin 
B l (1) via the reduction of the cyclopentanone carbonyl moiety 81). The isolation 
and structure were done by Detroy 8z), and the toxin identified as (1 7). 

H 

78 19 

6 Aflatoxin P1 (18) 

Yet another metabolite of aflatoxin B 1 (1) is derived through the demethylation of 
the aromatic methyl ether. The resultant compound was isolated, and christened 
aflatoxin P183, s4). The structure was determined to be that depicted in (18). 

7 Aflatoxin Q1(19) 

The in vitro metabolism of aflatoxin B1(1 ) in the vervet monkey liver ss' 86) was 
demonstrated to produce a new compound. Spectral analysis, molecular composi- 
tion data, and chemical tests showed the product to be an oxygenated derivative 
of aflatoxin B~ (1), which was distinctly different from aflatoxin M t (13) by direct 
comparison. The data available suggested that the B 1 (1) had been hydroxylated at 
the C-5 allylic position to yield 5-hydroxyaflatoxin BI, or aflatoxin Q1(19). 

H H H 

20 H 21 H 

8 Aflatoxins RBI(20 ) andRB2(21 ) 

The structures of the products resulting from the chemical reduction of aflatoxins 
Bl(1 ) and B2(8 ), by a hydride source (sodium borohydride) are designated as afla- 
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toxins RBI(20) and RB2(21) respectively. They are arrived at by opening of the 
coumarin lactone ring followed by the reduction of the two carbonyl systems 87). 
Several reviews with accompanying references regarding the chemistry of the aria- 
toxin system are in the literature 31" 88). 

9 Aflatoxin D1(22) 

The ammoniation of aflatoxin Bi (1) was studied as a means of possible detoxifica- 
tign of contaminated foodstuffs. Aflatoxin D 1 (22) arises through a mechanism 
whereby the coumarin lactone undergoes ammonolysis with ammonium hydroxide. 
The resulting ammonium salt is then postulated to decompose to the carboxylic 
acid, which decarboxylates by virtue of the ~keto group at C-3, thereby giving the 
desired structure (22) 89, 9o) 

o 

22 

c. Related Mycotoxins 

1 Sterigmatocystin (30) 

A series of metabolites having structures that are closely related to the aflatoxins 
should now be examined. In point of fact, the structural studies and investigations 
that led to the aflatoxin B 1 (1) skeleton were illuminated considerably by comparison 
of the n. m. r. spectrum with that of the previously known, and structurally elucidated 
molecule called sterigmatocystin (30). 

Sterigmatocystin (30) was isolated as a metabolite of Aspergillus versicoior 91-93) 
and other molds 94), and structurally postulated to be (23) 9s' 96). This structure was 
later found to be incorrect and an amended version put forth 59) (vide infra). 

o t ~ o ~ O 2 O . 3  
H CH~,O,f ~ -,,OCH3 

23 H 2~ R=H 26 

25 R= CH 3 

One sector of the sterigmatocystin (30) skeleton was brought to light by the 
chemical degradation s9, 91-98) of the spectroscopically determined xanthone 99) 
system; (1) Reaction of sterigmatocystin (30) with aluminum chloride afforded the 
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polyhydric xanthone (24); (2) The oxidation of sterigmatocystin (30) with persul- 
fate, and subsequent decarboxylation yielded the methoxy dihydric xanthone (25). 
The structure of this product was verified by comparison with a purely synthetic 9s) 
sample of the same compound. This result allowed for the ready determination of 
which phenolic oxygen of sterigmatocystin (30) existed as the methyl ether; (3) Per- 
sulfate oxidation of O-methylsterigmatocystin (31), followed by exhaustive methyla- 
tion gave the triether (26) 96). Collectively, these experiments provided evidence for 
the regiochemical structure of the xanthone piece, as well as the points of attach- 
ment for the remaining sector of the molecule [cf. (27)]. 

28 " 
29 

The second portion of sterigmatocystin (30) was now able to be assaulted. The 
presence of a vinyl ether was confirmed both spectroscopically, and chemically by 
the fact that one equivalent of hydrogen was absorbed when sterigmatocystin (30) 
was subjected to catalytic reduction. Sterigmatocystin is converted to an optically 
inactive compound labelled as isosterigmatocystin (29) when treated with sodium 
hydroxide. This isomeric compound (29) afforded a methyl ether which underwent 
Diels-Alder cycloaddition s9), thereby indicating the presence of a furan ring. Oxi- 
dative cleavage of isosterigmatocystin trimethyl ether gave (26) (after esterification), 
and two moles of formic acid, showing that the furan was 3-substituted. These results 

3O 

cH3 

CH30"" ~ ""01"[",0 j CH 
H 

34 

31 R-CH 3 33 
32 R=H 
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led to the formulation of the other partial structure section of sterigmatocystin (30), 
as (28). Additionally, the molecular arrangement of isosterigmatocystin was conse- 
quently deduced to be (29) s9). 

Fusion of the two identified pieces, in the only manner feasible, finally allowed 
the representation of sterigmatocystin as (30) 59). This structure was corroborated 
fully by the observed spectral characteristics, and was fully confirmed by a later 
X-ray diffraction study 1°°). 

In order to ascertain the absolute configuration of sterigmatocystin (30), the 
methodology utilized by Buchi for the determination of the absolute configuration 
of aflatoxin B 1 (1) 62), was applied 1°1). The final results showed the natural product 
to have the configuration represented in (30). 

2. Other Sterigmatocystin (30/RelatedMetabolites 

There are a notable number of additional mycotoxins which are structurally related 
to sterigmatocystin (30). The structural details were generally arrived at by spectro- 
scopic characterization and comparisons to known compounds, and chemical trans- 
formations. Some compounds included in this genre' are: O-methylsterigmatocystin 
(31) 1°2), demethylsterigmatocystin (32) 1°3), dihydro.O-methylsterigmatocystin 
(33)1o4, los), 5-methoxysteri~natocystin (34) 60, lO6), aspertoxin (35) l°?-  lo9), 
austocystins (36) 1 l o, t 11), versicolorins (37) 112, 113), and aversin (38) 6°). 

B. Synthe t ic  Approaches  to Mycotox ins  

1 Introduction 

Although the aflatoxins and related compounds have elicited a considerable amount 
of biological and pharmacological interest, only a relatively meager level of atten- 
tion, in the area of synthesis, has been proffered to date. This is somewhat surpris- 
ing in that there is a great deal of importance attached to these molecules due to 
their high biological activity and widespread occurence. Several excellent reviews 
covering chemical and synthetic methods applicable to these highly oxygenated 
species have appeared in recent years 28' 31, 114-116). This discussion will take into 
account all of the published synthetic work on the mycotoxins heretofore presented, 
as well as certain approaches to the toxins which contain synthetic interest. 

Consideration of the generalized aflatoxin structure represented in (1) leads 
one to the inescapable conclusion that at the core of the system is the A-ring in the 
form of a phloroglucinol nucleus, in which each of the pendant phenolic oxygen 
atoms is uniquely differentiated. Furthermore, two of the three carbon sites on this 
nucleus are differentially substitued with carbon moieties. This constitutes a poten- 
tiaUy difficult synthetic circumstance in that not only must a high degree of sub- 
stitution be provided for, but also a certain amount of regiochemical control must 
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be exercised in the aromatic system. Secondarily, the four carbons of the furo- 
[2,3-b]benzofuran BC piece must be appended, in either a complete manner, or se- 
quentially in carbon units. In either case, suitable functionality should be present 
to: (a) allow for the facile formation of the bisfuranoid BC section, (b) provide 
accessibility to the C 15-C 16 vinyl ether functionality if necessary and, (c) give access 
to a hydroxyl group, or its functional equivalent, at C 14 if this is desirable for cer- 
tain series of mycotoxins substituted at this position. Ideally, the functionality at 
C 14 should be of a nature which would allow its ready conversion to either a hy- 
droxyl or a hydride, thereby making the intermediate of multifunctional utility. 
Thirdly, the formation of the cyclopentenone coumarin rings DE, or other coumarin 
system, from an activated phenolic precursor and a suitable ~-ketoester (or a deriva- 
tive thereof) must be undertaken. Conceptually, this is precedented and should incur 
no extraordinary difficulties, save of course the possible lability of any sufficiently 
sensitive functional groups in the reactants to the reaction conditions. The establish- 
ment of the C 13-C 14 cis relative stereochemistry should present no problems 116, 117), 
since the alternative formation of the trans isomer is believed to be highly unlikely, 
for stability reasons. 

With the criteria set above for the mycotoxin syntheses certainly being desirable, 
if not essential, it behooves one to carefully scrutinize the available literature in order 
to ascertain the scope and applicability of the synthetic approaches reported. The 
presentation of synthetic efforts containing sufficient inherent flexibility to allow 
their possible application to the construction of the aflatoxins, and related myco- 
toxins, is now presented beginning with model system studies. 

2 Syntheses of Model ADE Systems 

Because of the structural nature of the ADE systems, the most straightforward and 
obvious method to accomplish a model synthesis is by the implementation of  a 
yon Pechmann coumarin synthesis 11 s- la  1) on a suitable functionalized phloroglucinol 
derivative. These methods have indeed seen rather general utilization in their applica- 
tion to this type of model system synthesis. 

a) 5,7-Dimethoxycyclopenteno (c) coumarin (4) 

This compound (4) was prepared both by Holker 132), and Buchi et al.ss), in connec- 
tion with studies done to help elaborate the structures of the B and G series of toxins. 
Condensation of phloroglucinol dimethyl ether (39) 133) with diethyl/$-oxoadipate 
(sulfuric acid) gave the coumarin (6), after a hydrolysis-cyclization (phosphoric acid) 
sequence. Compound (4) was then able to be obtained by catalytic hydrogenation 
of(6).  

Convenient preparation of (4) ss) also was accomplished by the von Pechmann 
condensation of phlorogtucinol dimethyl ether (39) 133) with ethyl cyclopentanone- 
2-carboxylate (40) in acidic media. 
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C H30~'OCH5 
39 

CH3C H202~O2CH2CI'I ~ 

~ C02CH2CH$ 

C H3CH202--C C H 3 0 ~ ~  OH. 5 

42 

b) 5,7-Dimethoxycyclopentenon[3,2-c]coumarin (5) 

Also used as a spectral comparison model for the elucidation of the B and G aflato- 
xins ss), this compound was prepared in a multi-step synthesis. The von Pechmann 
condensation of phloroglucinol dimethyl ether (39) 13a) with diethyl cyclopentane- 
4,5-dione-1,3-dicarboxylate (41) in acidic solution afforded the 13-ketoester (42), 
which readily underwent decarboalkoxylation, in a seperate step, to give the keto- 
coumarin (5). The beauty of this methodology is illustrated by the use of the sym- 
metrical diketoester (41), which of course, only allows for the formation of a single 
coumarin (von Pechmann) product (42). The regiochemistry of the final product, 
however, was demonstrated to be the incorrect isomer insofar as the aflatoxin struc- 
tures were concerned. 

c) 5,7-Dimethoxycyclopentenon[2,3-c]coumarin (6) 

The regiochemistry of this synthetic coumarin proved to be identical to that of 
natural aflatoxin B1 (1) 132). This preparation was also accomplished in two stages. 
The first proceeded by the acid catalyzed yon Pechmann condensation of phloro- 
glucinol dimethyl ether (39) 133) and/3-ketoadipate ester (43) 134' 13s) to give the 
substituted acyclic coumarin ester (44). This, in turn, underwent ss) cyclization to 
ketocoumarin (6) in potyphosphoric acid media. 

O•C 
CH302C~ 

O2CH 3 

CH3CH202C CH30~ ~ "OCH3 
43 ~ 

d) 5,7-Dibenzyloxyclopentenon[2,3-c]coumarin (45) 

Although structurally similar to the model compounds previously discussed, a slight 
modification of the previous procedures was employed t36). Von Pechmann conden- 
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~G 
c~z¢ 

~5 

CH302HO~~O H 
H ~ H  

,~7 48 

sation of phloroglucinol dihydrate (46) with ethyl methyl/~-oxoadipate (43) 134' 135) 
under the conditions developed by Buchi ss), gave the substituted acyclic coumarin 
(47). Two methods of cyclization were employed, the result of both being the dihy- 
droxy tricyclic material (48). Standard methods of benzyl ether formation were applied 
to the dihydric phenol to afford the desired dibenzyloxy coumarin (45). 

The acute toxicity and carcinogenicity of the system were studied, the results 
demonstrating that (45) is neither toxic nor carcinogenic, in spite of its close struc- 
tural relationship to aflatoxin B1. 

3 Aflatoxin Syntheses 

a) Aflatoxins B1 (1), B2 (8), and B2a (12) 

The initial synthetic entry into the aflatoxin system was communicated by 
Buchi66, 136), and reported the total synthesis of aflatoxin B 1 (1). The key elements 
of construction for this effort were, the selective differentiation of the phloroglucinol 
nucleus, and the formation of the functional precursor of the ABC system in the 
guise of the 4-methylcoumarin (49). Upon scrutinization of this molecule, it becomes 
evident that all of the requisite carbon atoms (see numbers) for the constitution of 
the ABC ring system are indeed present, albeit not necessarily in the proper level of 
oxidation. This fundamental coumarin piece (49), was arrived at by the implemen- 
tation of two basic strategies. 

~3 

CHrOmoS7 c-" 
,(9 50 RI = CH 3 R'2=H 

5t RI= R2=H 
52 RI=CH 3 R2=CH2¢ 

89 



P.F.  Schuda 

The first method began with phloroacetophenone-4-methyl ether (50), which 
was prepared by an established route 137), and by a newer method wherein phloro- 
acetophenone (51) was acylated with two equivalents of acetic anhydride to afford 
a mixture of the 2,4 and the 2,6-diacetoxyphloroacetophenones. The separated 
2,6-isomer was methylated and subsequently hydrolyzed to the methyl ether (50). 
Monobenzylation of (50) afforded benzyl ether (52), which underwent facile Wittig 
reaction with carbethoxymethylenetriphenylphosphorane to give the 4-methyl- 
coumarin (49). 

The second route to this key intermediate (49) also occured along two paths, 
both emanating from the readily available dihydroxy-4-methylcoumarin (53). Ben- 
zylation 1 is) of the dihydric phenol (53) afforded a mixture of the desired 5-ben- 
zyloxy-7-hydroxy substituted (54), and the dibenzylated derivative (55). Methyla- 
tion of the monoprotected coumarin (54), then gave the desired (49). 

53 5& 

55 55 

In the alternate approach, selective methylation t 17, 138) of the dihydroxy- 
coumarin (53) produced the 7-methyl ether (56) as the major product, which was 
readily benzylated to afford (49). In both of the above cases, the regiochemical 
nature of the compounds was ascertained by spectral comparisons with a known 
compound (50) and the compounds directly derived therefrom 137). 

With the necessary carbons present in (49), it can be seen that the scheme of 
oxidation of the allylic methyl group to the aldehyde level (selenium dioxide), and 
a reduction of the coumarin with concommitant hydrolysis (zinc/acetic acid), af- 
forded the hydroxy-aldehyde-acid intermediate (57), which expectedly and spon- 
taneously cyctized to the tricyclic lactone (58) under the conditions of the reaction. 

CH30~OH CHO C02H CH30 H 

57 58 R: CH2e 

59 R:H 
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Thus, the prepared system (58) contains the necessary rudiments for the eventual 
construction of aflatoxin B1 (•); namely, the regiochemically differentiated phloro- 
glucinol system, and provisional functionality for the introduction of the vinyl ether 
moiety, both present in the fused ABC ring system. 

It was felt that the lability of the enoi ether was such that it could be adversely 
affected by the known conditions (vide infra) necessary to effect a yon Pechmann 
condensation for the DE ring system fusion. Therefore, it was allowed that the intro- 
duction of this sensitive site would constitute the final step of the synthesis. 

Catalytic debenzylation of (58) occured readily and the thus liberated phenol 
(59) treated with the #-ketoester (43) under yon Pechmann conditions (methanolic 
HC1), which allowed for the formation of the annulated lactone hydrolysis product 
(60). The pentacyclic aflatoxin like system (63) was subsequently derived by acetal 

c H_ ~0-"'~../'~ 0-'7~ lozc % 
Fi ~OCH3 H 

~'0 51 R=H 
62 R=CI 

hydrolysis to lactone (61), followed by Lewis Acid catalyzed (A1Cla) cyclization of 
the derived acid chloride (62). Conversion to the racemic aflatoxin B l (1) was realized 
by hydride reduction of the 7-1actone (disiamylborane) to hemiacetal (64) [afla- 
toxin B2a = (11), which was shown to be identical by spectral means to that produced 
from the natural aflatoxin B l (1), by acid catalyzed hydration], and pyrolysis of the 
derived acyl acetal (65) s6). 

C H30f ~ ~0 "H~'O" ' ~OR 

53 G,~ R = H 
65 R= COCH~, 

Thus, the total syntheses of the racemic aflatoxins B 1 (1), B2 (8) [since this can 
be prepare d by the con trolled catalytic hydrogenation of aflatoxin B l (1)s 7, 63) ], 
and B2s (11) were accomplished in a rather elegant carbon rearrangement fashion. 
The primary disadvantage of this route is manifest in the only moderate yields, and 
the regioisomeric mixtures prevalent in some of  the early steps, pertaining to the 
differentiation of the phloroglucinol core. 

A later refinement and modification of this route was communicated 139), wherein 
a new variation of the yon Pechmann reaction was employed. The differentiated lac- 
tone (58) was converted to the acyl acetal (66) by a reduction (diisobutylaluminum 
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R H 

cH3o- --:-- -~-HI-~-".OR z C H 3 ~  

66 RI=CH2@ R2=COCH 3 69 R=COCFL~ 
67 RI=H R2=COCH 3 70 R=H 
5(9 RI= R2=COCH 5 

hydride), and acylation sequence. Catalytic debenzylation gave phenol (67), which 
upon acetylation afforded (68). The diacetate (68) underwent pyrolysis to vinyl 
ether (69), and further, hydrolysis of the phenolic acetate (potassium carbonate/ 
water) produced the required phenol (70). Von Pechmann condensation of this very 
sensitive system was done under rather mild conditions, using the/~-bromoenone 
(71)139, 140) [ f rom the diketone (72)], in the presence of zinc carbonate and sodium 

RO2CH2CH~ 

71 R= Br 

72 R= OH 

bicarbonate. Although the yield of the resulting racemic aflatoxin B 1 (1) can be con- 
sidered only to be moderate (36%), the development and use of these conditions 
now allows more temporal latitude with regards to the introduction of the vinyl 
ether in the molecule. Thus, this method comprised a very valuable addition to syn- 
theses of the type requiring a mild method of coumarin formation. 

b) Aflatoxin B 2 (8) 

The first reported construction of an intact ABC ring system residue generated for 
aflatoxin synthesis was described by Roberts 9s' 117), and was an optically active 
compound (73), obtained as one of the degradation products of sterigmatocystin 
(30). A somewhat earlier report 117) of the racemic synthesis of (73) appeared which 
shortly preceeded the reported 66' 136) total synthesis of aflatoxin B 1 (1). Concep- 
many, the Buchi route is somewhat similar to this approach in that both utilize the 
4-methyl coumarin analog of a differentiated phloroglucinol system to provide for 
the four carbons, and two of the oxygens, present in the furobenzofuran element 
of the aflatoxins. 

H ~  OCH20 ~ CliO e ~ H 2 C  H 3) 2 

CH C P L s O _ _  CH30,- v x., ~.~ 

73 74 75 
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76 R=H 78 

77 R= COCH 5 

Dihydroxycoumarin (53) underwent selective methylation (dimethyl sulfate) 
to the 7-methoxy derivative (56), which upon benzylation and oxidation (selenium 
dioxide), afforded the 4-formyl coumarin (74). Conversion to the acetal (75) occured 
upon treatment with triethyl orthoformate, and subsequent catalytic hydrogenation 
served the dual purpose of removal of the benzyl group and reduction of the cou- 
marin double bond, to give (76). Hydride reduction of the derived acetate (77), fol- 
lowed by acidic workup, gave directly the furobenzofuran (73) [presumably through 
the hydroxy aldehyde (78)]. Comparison of the spectra of racemic (73) with those 
of the naturally derived material showed the compounds to be identical. 

The use of this tricyclic intermediate (73) to prepare a pentacyclic substrate in 
the form of tetrahydrodeoxoaflatoxin B 1 (2) was next communicated 141' 142). The 
condensation of phenol (73) with 2-carbethoxycyclopentanone (40) directly af- 
forded (2), which was proven to be identical to the tetrahydrodeoxo compound 
prepared from natural aflatoxin B 1 (1). 

Finally, this tricyclic phenol (73) was utilized 142) to synthesize the natural meta- 
bolite aflatoxin B 2 (8) by the condensation with diethyl ~-keto adipate, in von Pech- 
mann fashion, to afford the acyclic ester (79). Upon treatment of the derived acid 
chloride (80) with Lewis Acid (AIC13), there was obtained a single product which 

79 R=OCH2CH 3 

80 R=CJ 

was spectroscopically and chromatographically identical with natural aflatoxin B 2 (8). 
Racemic tetrahydrodeoxoaflatoxin B 1 (2) was also prepared by catalytic hydrogena- 
tion of racemic aflatoxin B 2 (8). Although the difficulty of separation of the regio- 
isomeric mixtures is avoided in this approach, the problem of a rather marginal yield 
in the yon Pechmann reaction is still evidenced. 

c) Aflatoxin G1 (9) 

As another example to test the applicability of the new variant of the coumarin syn- 
thesis that was developed, Buchi 139) and Weinreb investigated a ~-bromo carbonyl 
compound which would lead to aflatoxin G 1 (9), upon fusion with an appropriately 
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substituted phenol. To this end,/3-benzyloxypropionyt chloride z4a) acylated the 
ethoxymagnesium salt of diethyl malonate to give the diester (81). Hydrogenolysis 
of the benzylic ether, followed by cyclization afforded the enolic ketolactone (82). 
As before, the electrophilicity of the position was increased by the conversion to 
the fl-bromo carbonyl compound (C202Br2) (83). 

%c.2ozc co2c"zc"~ 
R ~ 

CH 5 

81 82 R=OH 
83 R =Br 

The phenolic constituent required for a synthesis of aflatoxin G 1 (9) is the same 
as that previously employed in the B t (1) synthesis, namely (70). Indeed, from the 
reaction of phenol (70) and vinyl bromide (83), in the presence of zinc carbonate 
and lithium iodide (a minor modification designed to increase the electrophilicity 
even more), there was obtained a modest amount of racemic aflatoxin G 1 (9), which 
was spectroscopically shown to be identical with the natural material. 

d) Aflatoxin G 2 (i0) Studies 

An interesting entry focusing on a synthetic approach to aflatoxin G2 (10) was dis- 
played by Roberts and co-workers 144). The basis of this approach centered upon 
a method of construction of the DE coumarin lactone sector by the cyclization of 
functional appendages on the a and 15 positions (3 and 4) of the coumarin. Initial 
success was realized in the case of the model acetophenone (84), in the sense that 
Reformatsky reaction with diethyl bromomalonate afforded the or,/3-disubstituted 

R . ~  °c% c%c ~ °zc"~oR.~ 8 
CH 5 5 ' , ~ t  

8,~ R=CH 3 CH3 

85 R=CH2CH 3 86 R = CH 3 

87 R= CINCH 3 

coumarin (85). However, extension of this methodology to the necessary propio- 
phenone (86) caused a dramatic reduction in the yield of the corresponding coumarin 
(87), presumably due the increased steric interaction effects. 

In an effort to circumvent this difficulty, a situation encompassing an intra- 
molecular aldol condensation was envisioned. To this end, the model methoxypropio- 
phenone (88) was acylated with malonyl monoacid chloride mono ethyl ester, and 
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the resulting ketodiester (89) cyclized intramolecularly, to give the necessary a,/~. 
substituted coumarin (90). Treatment with acid (sulfuric acid) caused lactonization 
to the coumarin lactone (91). 

Unfortunately, modification of the aromatic nucleus to a phloroglucinol dimethyl 
ether system (92) adversely affected the ability of the phenolic hydroxyl to undergo 
acylation. This was found to be inconsequential however, since the acylated product 
derived from resorcinol monomethyl ether (93) was completely resistant to the intra- 

CH30~ v bOtH3 v -OCH3 

92 93 

91 

molecular cyclization step. This was attributed to the high electron releasing capa- 
bility of the methoxy group situated para to the propiophenone carbonyl, which 
makes this site much less susceptible to nucleophilic attack by the/~-ketoester append- 
age. 

e) Aflatoxin M 1 (13) and M 2 (14) 

The desirability of having relatively copious quantities of the "milk toxins" for studies 
regarding their carcinogenicity, prompted Buchi and Weinreb 139' 145) to develop a 
total synthesis of these metabolites. Notably, the only difference between aflatoxin 
M 1 (13) and aflatoxin Bl (1) is the presence of the tertiary and benzylic hydroxyl 
functionality at C-14. Unfortunately, the methodologies utilized in the constructions 
of the toxins previously discussed are not applicable to this problem in that they in- 
herently do not contain the necessary provisions for the initial presence, or the de- 
layed introduction, of this C-14 hydroxyl. Therefore, a radically different approach 
was essential, which would provide for this contingency. 

The basic strategy for the formation of the final pentacyclic system via the yon 
Pechmann condensation of an intact ABC system, and a suitable ~-ketoester (or a 
suitable derivative thereo0 was retained, since no obvious difficulty was evident 
based on prior experiences. Work now was concentrated on the synthesis of the 
quintessential tricyclic ABC system (94). 
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CH HO HO ~ ~ ~O-  

H 

9~ 95 96 

The pathway led through the successive annulations of the B, and then the C, 
tings onto the phloroglucinol nucleus, with the provision for phenol differentiation 
being introduced at a point along this sequence. The two carbons for the formation 
of the B ring were provided in the form of chloracetonitrile addition to phloroglu- 
cino1146), producing the dihydric coumafin (95), already containing a C-3 carbonyl 
group as the functional precursor to the hydroxyl. 

At this juncture, a series of investigations 139) concerning the relative reactivities 
of the phenolic functions were undertaken in order to form the basis for the regio- 
selective generation of the 4-hydroxy-6-methoxy system. The information obtained 
provided the following facts: (a) selective methytation (diazomethane) of(95), gave 
the 4-methoxy ether (96) and, (b) selective deprotection of the dibenzyl ether (97) 

~CH20,'- ~ - v  OCH CH$O F ~ xO~ 

97 98 99 

gave preferentially the 6-benzyloxy system (98). However, from the Lewis Acid 
(A1Cl3) cleavage of the dimethyt ether (99) 147) was obtained the desired C-4 phenol 
(100) (identified by comparison with an unambiguous sample]48)), which was ben- 
zylated to afford the differentially substituted coumarin (101). A protected oxygen 

CH CH CH H20 

100 101 102 

at C-2 (102) for use in the construction of the C-ring was introduced next by the 
sequence of bromination, and subsequent displacement with the anion of benzyl 
alcohol. Concurrent introduction of the C-3 alcohol, and a three carbon residue to 
be used as an acetaldehyde equivalent for C-ring annulation, was accomplished by 
the condensation of ketone (102) with allylmagnesium bromide, thereby giving ac- 
cess to alcohol (103), as an epimeric mixture. Oxidative cleavage (osmium tetroxide/ 
sodium periodate) gave the corresponding epimeric aldehydes (104) and (105), that 
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CH.50.~ v -b r ~CHz e CHsO ,'~ W "0"1 "'0CH20 

103 70z; R I = CH2CHO R2=OH 
105 R t =OH R2=CH2CHO 

furnished the epimeric acetates, (106) and (107) upon selective catalytic deben- 
zylation in an acylating medium. The diastereomeric mixture as then subjected 
to the further action of catalyst and hydrogen to yield exclusively the more 

H 

106 RI=CH2CHO R2=OH 

]07 RI'OH R2"CH2CHO 

stable, cis fused, tricyclic hemiacetal (I08). The acylacetal (109) was readily formed 
at low temperature (acetic anhydride/pyridine), which short term contact Kraft pyro- 
lysis (450 °C) easily converted to vinyl ether (110). Mild hydrolysis of the phenolic 

oco% H 

108 R=H I10 
109 R=COCH 3 

acetate occured (potassium carbonate/methanol) to produce the requisite phenol 
(94), in the penultimate step. 

The ffmal construction step utilized the modified von Pechmann conditions pre- 
viously described (zinc carbonate/sodium bicarbonate) to fuse phenol (94) to the 
activated vinyl bromide (72), thereby affording aftatoxin M1 (13). The route discussed 
above also presents a formal total synthesis of aflatoxin M2 (14), since this is able 
to be prepared 76) through the controlled catalytic hydrogenation of aflatoxin M 1 (13). 
It should also be possible to apply this technology in a synthesis of aflatoxin GM 1 
(15), by the use of a suitable substrate [possibly (83)] in the yon Pechmann reaction 
with phenol (94). 

f) Aflatoxin PI (18) 

The synthesis of aflatoxin P1 (18) has been accomplished, although the details have 
149) not been reported in the literature . The acetylation of the dihydric coumarin 
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R 2 0 ~  ~CH20 ~ H 
; ; I  ~'Rz=COCH s 113 R-eocH 3 

112 RI-COCH 3 R2=H 114 R-H 

(53) gave the diacetate (111), which was selectively hydrolyzed (p-toluenesulfonic 
acid/methanol) to the 5-acetoxy-7.hydroxy coumarin (112). Benzylation of the 
phenol, oxidation (selenium dioxide) of the 4-methyl group to the aldehyde, and 
application of the familiar rearrangement conditions 66' 136) used previously, afforded 
the hemiacetal (113), which easily hydrolyzed to the phenol (114). The final step 
utilized the application of a rather large number of  transformations, without the 
characterization of any of the intermediates. These steps included sequentially: 
(a) the yon Pechmann condensation of phenol (114) and vinyl bromide (72), (b) 
acylation of the acetal at C-t6, (c) hydrogenolysis of the benzyl ether, (d) acetyla- 
tion of the free phenol, (e) vacuum Kraft pyrolysis to afford the vinyl ether and, 
(f) hydrolysis of the phenolic acetate, all utimately leading to the isolation ofracemic 
aflatoxin P1 (18), which was shown to be identical to natural aflatoxin PI (18)upon 
comparison of tic, ultraviolet, and mass spectral data. 

A partial synthesis of this metabolite has also been reported by Buchi and Wo- 
gan s4), proceeding to the optically active natural product (18) by means of demethyla- 
tion (lithium alkyl mercaptides) of natural aflatoxin B 1 (1) in good yield. 

Investigations of the acute toxicity of aflatoxin Pl (18) vs aflatoxin B 1 (1) in- 
dicated that the former had less than 5% of the potency of the latter, in the assay 
systems studied. 

g) Aflatoxin QI (25) 

In an effort to prepare sizable quantities of this liver metabolite for studies pertaining 
to structure vs biological activity relationships, Buchi and co-workers is°) developed 
two methods of preparing aflatoxin Ql (19), by the chemical transformation of 
natural aflatoxin B 1 (1). 

The treatment of the readily available model cyclopenteno coumarin (6) ss) with 
silver (I) oxide/sodium hydroxide, of thallium (I) ethoxide/hydrogen peroxide, gave 
fair to good yields of the desired Q~ analog (115). [Exhaustive hydrogenolysis of 
(115), prepared by either method, proceeded by absorption of three equivalents of 

XO oc 3 
H 

715 I16 a mixture of diastereomers 
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hydrogen to produce (4)]. As expected, upon application of these same conditions 
to the desired substrate, natural aflatoxin B 1 (1) suffered smooth conversion to a 
mixture of diastereomers (116), which were separated and compared to natural aria- 
toxin Q1 (25) (circular dichroism) in order to determine which diastereomer was 
identical to the naturally occuring one. 

4 Syntheses of Related Metabolites 

a) Dihydro-O-methylsterigmatocystin (33) 

The first total synthesis of a sterigmatocystin type structure was reported by Ro- 
berts lsl). The furobenzofuran section 7a) used in the construction was the same 
piece previously encountered 9s' 117, 142) in the synthesis of aflatoxin B 2 (8). Ultman 
type coupling I s2) (pyridine/cuprous chloride) with bromoester (117), and subse- 
quent hydrolysis, gave the diphenyl ether (118). Intramolecular cyclization to form 

C02CH 5 
CHsO~ v ~0" | "0" 

1t7 f i 8  H 

the xanthone system of (33) was readily achieved by treatment with oxalyl chloride. 
The spectral characteristics of the synthetic material were shown to be identical 
with those of the material (33) obtained by the methylation, and catalytic reduc- 
tion of natural sterigmatocystin (30). 

b) O-Methylaversin (119) 

In order to help to illuminate the structures of a series of mold metabolites, O-methyl- 
aversin (119) was prepared 153). Again, the furobenzofuran (73) 9s' 117, 142) was the 
starting material. The synthesis commenced with the preparation of lactone (120), 
by the condensation of(73) with oxalyl chloride. Methanolysis of the lactone gave 

H 
119 120 
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H 3 

121 122 

a-ketoester (121), that was converted to the desired acyl chloride (122) (via the 
a-ketoacid). The other portion of the aversin skeleton was added to (122) in the 
form of 3,5-dimethoxybenzonitrile Is4' l ss), by a F riedel-Crafts acylation, resulting 
in the ketone (123). Treatment of (123) with base induced cyclization Is6' 1 ST), to 
an unfortunate mixture (1:1) of anthrone precursors (124) and (125). Separation 

OCH 3 OCH 3 

123 12,~ 

% o -  v T v ~ ~ v 

CN H 

125 

of the regioisomeric mixture, and treatment of isomer (125) with alkaline peroxide, 
afforded O-methylaversin (119), which was spectrally identical to material derived 
from natural sources. This synthetic sequence provided absolute proof of the struc- 
ture of aversin (38). 

The formation of the regioisomeric products (124) and (125) in the cyclization 
step, proves to be the only serious problem in this otherwise excellent synthetic ef- 
fort. 

c) O-Methylsterigmatocystin (31) 

158) Roberts synthesis of O-methylsterigmatocystin (31) embodied the same xanthone 
type synthesis as previously encounterd in the ~hydro derivative (33). Provision for 
the introduction of the vinyl ether, however, was accomplished through the use of 
a lactone carbonyl at C-2. 

The known phenolic l ac tone  (59) 66, 136) was ring opened (methanol/hydrogen 
chloride) to acetal (126), which subsequently underwent UUman type reaction 1 s 1, ls2! 
and acid catalyzed lactonization, to yield lactone (127). Conversion to the corre- 

100 



Aflatoxin Chemistry and Syntheses 

%~°zc% 
126 

U7 R=OCH~ 

128 R=Cl 

sponding acid chloride (128), and cyclization, achieved formation of the pentacyclic 
sterigmatocystin skeleton (129). Introduction of the vinyl ether was accomplished 
as previously described by Buchi 66' 136), through conversion of the 7-butyrolactone 
to the acylacetat (130) (hydride reduction; acetylation), and repeated exposure to 

H 
129 R=O 

130 R=H, COCH 3 

the technique of Kraft pyrolysis, thereby giving racemic O-methylsterigmatocystin 
(31). This was proven to be spectroscopically and chromatographically identical to 
an authentic sample obtained from natural sources. 

5 A New Approach to Aflatoxin Synthesis-Target, Aflatoxins M1 (13) and M 2 (14) 

A very recent approach (work is currently in progress) by Buchi and co-workers to the 
aflatoxin skeleton deserves mention at this juncture. It was concieved as an effort by 
which sizable quantities of  the M series of toxins (tertiary and benzylic hydroxyl) 
would become attainable for carcinogenicity studies, by a terse, high-yield synthetic 
route. 

The previously announced route 139' 14s) to aflatoxin M 1 (13), made use of an: 
1)A ........ > AB > ABC; 
2) ABC + E ~ ABCDE 

approach. In the proposed new route, the second stage condensation of the in- 
tact ABC and E systems in yon Pechmann fashion to form the pentacyctic af- 
latoxin system, is envisioned to be acceptable as previously presented 139' 14s) 
The concentration of this synthesis focuses upon a novel and efficient approach 
to a differentiated furobenzofuran system (131), via the condensation of a suit- 
ably differentiated phloroglucinol nucleus A, (132), (X and Y are different 
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.•--•F Y O ' ~ H  ~ F  YO" v -.,,.r ,i TM tl 
131 132 133 

protecting groups), with a functionalized (F = functionality at either the C-15 or 
C-16 position which would allow latent access to the enol ether between these two 
carbon atoms) 3-oxofuran moiety C, (133) 159-161). This, in essence, would com- 
prise a new type of synthetic logic for the first stage, in the sense of an 
A + C ~ ABC spproach. 

The A-ring is prepared 162) in very facile fashion, by applying the observations 
of Kampouris 163' 164), that allowed for the formation and the selective basic hydro- 
lysis of the polyarylsulfonate esters of polyhydric phenols. In combination with 
both standard, and more recent innovative 16s) techniques of ether formation, and 
taken in the proper sequence, these results lead to a potentially very large variety 
of phloroglucinol substitution patterns. In practice, a wide spectrum of differentially 
protected phloroglucinol entities were prepared, utilizing methyl, benzyl, and allyl 
ether combinations for both X and Y in (132). Although it might at first appear to 
be a rather laborious road to the A piece, this methodology is highly efficient, and 
lends itself readily to the preparation of large quantities of the phloroglucinol deri- 
vative. 

The C portion was originally projected to be a protected acetal of a 3-oxofuran 
such as (134). However, a much more accessible compound was attainable in the 

~R 
13~ 

form of (135) (X = Br). The preparation of this compound commences from 1,4- 
anhydroerythritol (136)166), by selective differentiation of the cis-hydroxyls as the 
monoacetate (137) (triethyl orthoacetate/acid; aqueous oxalic acid). Oxidation then 
affords the 3-oxofuran (138) (X = H), which undergoes free radical bromination 
(N-bromosuccinimide) to give the bromofuranone (135) in good overall yield. 

y C O C H 3  ~ R2 

735 X=Br 137 RI = RE=H 
736 X=H ]38 R~ =H R2= COCH 3 

Fusion in the example shown for phloroglucinol methyl benzyl ether (139) and 
bromofuranone (135) does indeed occur to afford, not unexpectedly, approximately 
a 1:1 mixture of the regioisomeric furobenzofuran bromides (140) and (141) (presum- 
ably formed by the reaction of the tertiary-benzylic alcohol of the initial condensa- 
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%0" ~ -o. ~o~ ~ "o'A'o" ~o~ ~ -o-A--o- 

139 I~o R,-CH2~ ~ c ~  I~2 R~,CH~ Rz,CH 3 

1,~1 RI=CH 3 R2=CH2tD lZ, 3 RI-CH 3 R2=CH2~) 

tion product with the liberated nascent hydrogen bromide). The mixture is solvo- 
lyzed to the mixture of alcohols (142) and (143) and separated at this point. 

The relative stereochemistry of the three asymmetric centers was determined 
to be cis by virtue of both; (a) the ready and extremely rapid acetylation of both 
alcohols in the derived diols (144) and (14.5) and, (b) facile and quantitative forma- 
tion of the acetonide between the vicinal hydroxyls to give (146) and (147). Further- 

%0- ~ "o" I ' ° "  
lgz~ Rt=CH21D Rz=CH 3 R2 O- v "O" ~'O" ]~9 H 

t,~ 6 RI=CH ~ R2=CH 3 1,~5 RpCH 3 R~CH.z~ 
lz; 7 R I = %  RZffiCH20 

)4" 8 RI=H I~=CH 3 

more, the correct regioisomer was identified by spectral comparison of an authentic 
sample of(148) 139, 14s) with the lateral compounds derived by chemical manipulations 
of both (142) and (143). 

Thus, in addition to the intact basic ring structure of the ABC system, one has 
attained both regioisomeric differentiation of the phenol necessary for the von Pech- 
mann condensation, and provision for the vinyl ether insertion in the form of the 
C-15 hydroxyl (or a possible derivative thereof). Indeed, it is evident that any of 
several directions may be taken in this route by variations in: (a) the nature of the 
functional groups on the phloroglucinol nucleus and C- 15 hydroxyl, (b) the timing 
of their introduction and removal and, (c) the timing for the introduction of the 
vinyl ether moiety. 

One such alternative pathway is presented in the scheme wherein the introduc- 
tion of the vinyl ether is postulated as the final step. Using modified yon Pechmann 
conditions, the condensation of phenol (149) (prepared from (146) by catalytic 
hydrogenolysis) with vinyl bromide (71) afforded the pentacyclic acetonide (150) 

H~-.~OH~ 

c .  

150 u" ~ t51 152 
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in good overall yield, together with very small amounts of the para-alkylation prod- 
uct (151). The acetonide can then be de-blocked to give the dihydroxy compound 
(152). 

Alternatively, one can easily react a C-15 derivatized hydroxyl of type (153) 
directly, to afford an intermediate of type (154). In either circumstance, it is ob- 

R 

CHsO~ ~ -,o-i'-o- 
153 n 

served that a dehydrative or an eliminative process will lead to the desired natural 
product. Studies to this end in both systems of the (152), and (154) type are cur- 
rently in progress as of this writing. 

Yet a third road has been explored where the plan was to introduce the vinyl 
ether functionality prior to the formation of the pentacycle. This is accomplished 
via the use of the atlyl protecting group in the phloroglucinol nucleus (155), leading 
eventually to the tricyclic acetate (156). This is easily transformable to the tosylate 
(157), which suffers elimination (diazabicycloundecene) in rather dissapointing 
yield, to give the vinyl ether (158) 167). Selective removal of the phenolic allyl ether 

O~H R 

155 
156 R=COCH 3 f58 

]57 R = S02C6H4C H. 5 

is achieved by application of the method of Corey 16s), to give the phenol (94), which 
was percieved to be identical to the same compound previously prepared by Buchi 
and Weinreb ~a9, ~4s). In this intersection of the known route, it is observed that 
higher yields in the yon Pechmann reaction are essential, and conditions to improve 
the status of this problem are currently under scrutiny. 

The negative aspects of this route are seen as twofold. Firstly, the yield of the 
condensation product between the phloroglucinol derivative and the bromofuranone 
(135) tends to be somewhat low, even though they appear to give only one isolable 
coupling product. Secondly, the fact that regioisomeric mixtures are necessarily 
formed in this step when an unsymmetrical phloroglucinol piece is used, is certainly 
undesirable, even though the incorrect regioisomer may be useful in the synthesis 
of other families of toxins. 

However, positively speaking, this method lends itself readily adaptable to the 
reasonably large scale preparation of intermediates, and allows for a wide amount 
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of temporal and functional latitude with regards to the synthetic route. Also, many 
of the steps in the body of the synthesis are relatively trivial, and high yield (e.g. 
hydrolysis, tosylation, debenzylation). In addition, it should be noted that this 
methodology might also hold promise for the synthesis of the C-14 hydrido series 

H 

159 

of toxins [see (159)] by use of an appropriate reduction at the stage of the benzylic 
bromides [e.g. (139) and (140)], thus adding a possible extra measure of versatility 
to this new synthetic path. 

6 Biosynthesis of Mycotoxins 

Much speculation regarding the biosynthesis of these metabolites has appeared 169). 
The widespread usage of 13C nuclear magnetic resonance techniques has greatly 
assisted in the confirmation, clarification, or rejection of many of the postulated 
routes. 

Very recent studies have indicated that an essential ingredient in aflatoxin bio- 
synthesis was the fungal pigment averuf'm (160) 17°' 171). Indeed, it was also 
ShOWn 172-174) that the bisfuran ring system in aflatoxin was concieved by the 
rearrangement 17s-177) of the C-6 avemfin side chain, rather than by fission, followed 

CHs~OzH H ~ C H  3 
160 

181 162 

H 

35 
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by the reinstatement of the bisfuran through an acetoacetate moiety. This was im- 
plied by the fact that when 13C labelled averufin (160) (from labelled acetate) is 
converted to aflatoxin B 1 (1), the labelling pattern was the same as that resulting 
from the direct formation of aflatoxin Bl (1) from t3C acetate. Additional work 
has determined that besides averufin (160), norsolorinic acid 178), versiconal ace- 
tate 179) , versicotorin A 18o) and sterigmatocystin 181,182), are convertible to aria- 
toxin B 1 (1) ,  and therefore might occupy positions as intermediates in aflatoxin 
biosynthesis. 

The relationship of laC acetate and averufin (160) 183) and very detailed 13C 
nuclear magnetic resonance enrichment studies of the abovementioned intermediates 
have recently led Steyn and co-workers 184-187) to conclude ls7) that a biosynthetic 
pathway starting with polyketide (161), going through averufin (160), versicolorin 
A(162), and sterigmatocystin (30), eventually results in aflatoxin B 1 (1). 

C. Conclus ions  

As the general populace becomes more concerned with environmental and health 
hazards, detailed investigations into the physical, physiological, analytical, and chemi- 
cal nature of these mycotoxins becomes increasingly imperative. Sizable contribu- 
tions in the areas of isolation, biological activity, and structural elucidation have 
been mentioned. Additionally, the truly excellent synthetic efforts of both Buchi, 
and Roberts to construct the carbon skeletons of mycotoxins, has led to several 
total syntheses of mold metabolites. Further chemical and synthetic efforts are cur- 
rently under investigation in order to more rigorously define the reactivity of the 
mycotoxin systems to different reagents, in hhe hope that these studies might more 
deafly delineate the role of these compounds in toxicosis and/or carcinogene- 
sisl 1, 12, 26, 188) 
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