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Abstract

In the first part synthetic approaches and total syntheses of the trichothecenes
are summarized. Special attention is paid to not naturally occurring derivatives
of the sesquiterpenoids. In the second part the syntheses of macrocyclic tricho-
thecenes are reviewed, with special reference to the preparation of the macrolidic
building blocks, protecting groups and methods of macrolactonization. The prepara-
tion of several new unnatural macrocyclic analogues is reported. Finally the bio-
logical activity of the simple and macrocyclic trichothecenes are briefly dis-

cussed

1. Introduction
The trichothecenes belong to a class of sesquiterpenoid secondary metabolites

the family display a wide range of biological properties such as antibacter:ial,

antifungal and cytostatic activities 1_5. Moreover, their general toxicity is very

high Therefore they can be responsible for alimentary toxic aleukia, vomiting,
skin inflammation, weight loss and death in humans and agracultural animals. The
trichothecenes can be divided into three groups according to their chemical struc-
ture. (1) the simple sesquiterpenes being either alcohols or simple esters, (2)
the trichoverroids, which are esters with one or two more complex C6- or Ca-carbo—
xylic acids, and (3) the macrocyclic di- and triesters. A considerable number of
studies on the structure-activity relationship have established the requirement

of certaan structure elements of the trichothecane moiety. However less 1s known
about the structural requirements of the macrolidic part of the cyclic esters.
Owing to their extraordinary biological properties, the trichothecenes have been

the target of many synthetic efforts 6'7.

It 1s the goal of this article to brief-
ly summarize the earlier highlights and to present the recent developments in thas
area

2385



2386 C Tamm and N JEKER

2. Total Synthesis of Simple Traichothecenes

The first synthesis of a natural trichothecene, trichodermin (1), was reported
by Colvin et al.8 in 1973. Since then, numerous studies on the synthesis of either
natural trichothecenes or model compounds have been published. The construction of
the trichothecene skeleton made use of either the aldol or the biomimetic approach,
according to the categorization of McDougal & Schmuff7 (Scheme 1). Whereas in the
aldol approach, the final ring closure takes place between C(2) and C(3) or a
correspondingly functionalized A/B-synthon (path A and B), the biomimetic approach
uses trichodiene (2) as a key intermediate (path C and D).

| =
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Scheme 1

The subsequent syntheses of 12,13-epoxytrichothec-9-ene (3)9, calonectrin (i)lo,

an optically active synthon for ill, building blocks for rings A and Blz, and an
approach to deoxynivalenol (_§)13 were based on the aldol scheme

However a much higher number of syntheses were required for the biomimetic approach
which made use of a modified trichodiene (2) structure as an intermediate The

first example was 12,13-epoxytrichothec-9-ene (2)14. Four years later a synthesis
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of trichodermol (6) was completed by Still & Tsails. Noteworthy are the model com-

16,17

pounds 7 and 8, in which ring A is aromatic In the naturally occuring tricho-

thecenes the 1l4-methyl group is not functionalized, however, the l4-methoxytricho-

18 and the 3,14~dihydroxy derivative lglg were prepared by Pearson et al.

thecene 9
So far three syntheses of verrucarol (1ll1), which is the sesquiterpenoid moiety of
the majority of the trichoverroids and the macrocyclic trichothecene derivatives,
are known. The first approach leading to the model compound 12 was undertaken by
Roush and D'Ambra20 in 1980. Three years later the same author52l completed a

synthesis of (+)-verrucarol (l1). Optically active verrucarol (ll) was synthesized

by Schlessinger and Nugent22

McDouga123. The same authors also prepared the ll-epi-derivative 13. A tricho-
diene derivative served as an intermediate for the synthesis of anguidine (;1)24. An

approach for the synthesis of sambucinol (l§)25, a metabolite possesing a modified

. The third synthesis was accomplished by Trost and

H H

H
0 0
0, 0

) H 0 H
17 18

trichothecene skeleton but biosynthetically derived from trichodiene (2), led to
the 1,3-dioxolane derivative 16. Originally sporol (18) was assigned to structure

lZZG; however the synthesis of 17 proved it to be neosporol, which has not been

isolated from a natural source27’28.

The following syntheses were designed on the basis of neither the aldol nor the
biomimetic concept. White et al.29 constructed the traicyclic compound 19 by making
use of a "cationic ring expansion" of the cyclobutene 20. Fraser-Reid and Tsang30
converted the triacetate 21, which was obtained from D-glucose, into the tricho-
thecene 22. The 6,11-di-epi~trichothecene skeleton 23 was the result of an intra-

molecular Diels-Alder reaction of the triene 2131.
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Scheme 2
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The ketone 25 was synthesized as a C-ring fragment by Hua & Venkataraman32.

Starting from tri-O-acetyl-D-glucal (21) Fétizon et al.33 carried out a chiral
synthesis of the B/C-fragment 26. The bicyclic compound 27 which is similar to 26

0 OAc

H
~OH 0
OH
25 6 R = OCHO

resulted from the conversion of the cyclopentene derivative 28 by a series of
reaction534. However the authors failed to attach a methylene group adjacent to

Scheme 3
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the d-lactone function. It therefore was introduced at an earlier stage of the
synthesis. It ended with the preparation of intermediate 29 (Scheme 3).

3. Conversions of Simple Trichothecenes

In order to prepare larger quantities of rare metabolites or of unnatural
trichothecenes numerous transformations of naturally occurring major metabolites
were carried out. Anguidine (14) proved to be very convenient because it can be

static activity of the metabolite was an additional important factor for its use.
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Besides the preparation of standard derivatives mainly by acylation and deacyla-

tion35'36’37 oxygenations and deoxygenations represent the main reactions leading
to modified structures. Hydroxylation of anguidine (14) at C(8) with Se0, led

to the BB-hydroxy derivative 30. It was epimerized to neosolaniol (31) via the 8~
ketoneas. Later neosolaniol monoacetate (32) and the epimer 33 were prepared via

the bromides 34 and 35 respectivelyas. T-2-toxin (36) and HT-2-toxin (37) were

also prepared39. The Mitsunobu methodology40 proved to be most useful for the in-

30 =on, R® =1 36 R = Ac
OH 31r'=n, =Rr®-=on 37 R=H
32 R =1, R’ =oOAc o
/ OAc 33 R' = oAc, R® = H /
AcO 34 Rl = Br, R2 - H AcO
35 R1 =H, R2 = Br

version of configuration of the 8-hydroxy group. Oxidation of calonectrin (4) at
C(7) and C(8) yielded deoxynivalenol (5)41.

For the deoxygenation of hydroxyl groups Barton's method42

, which proceeds by the
homolytic C-O-cleavage of thiocesters, or the modification according to Robins &
Wilson43, were applied successfully for the conversion of anguidine (14) into
verrucarol (11) and trichodermol (§)44’45. More recently Tamm et a1.4% transformed

anguidine (14) into calonectrain (4) in this way as outlined in Scheme 4

a) DHP, PPTS b) NaOH, MeOH <¢) Ac,0, py d) 1,l1-thiocarbonyldiimidazole
e) Bu3SnH f) PPTS, MeOH
DHP = dihydropyrane PPTS = pyridinum-p-toluclsulfonate
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The same conversion was achieved via base catalyzed regiospecific elimination of
a 3,4-dimesyloxy derivative4l. Deoxygenations by Robins procedure of verrucarol
(55)47 and T~2-toxin (§§)48 yielded 4-deoxyverrucarol (38) and anguidine (14) re-
spectively. Anguidine (14) again served as starting material for the partial
synthesis of sporotrichiol (39) by subsequent removal of the 4-acetoxy group and

allylic oxidation of c(8)32.

H H H H
+0 0 R
g 0
HO AcO” OAc
38 4O R=H
41 R = OH

The replacement of the 12,13-spiroepoxide by an exocyclic vinyl group was reported
for the first time in 1964 by Tamm et a1.49. The key reaction was the reduction

of the epoxide wath LiA1H4. The tertiary alcohol obtained from the diacetate of
verrucarol (ll) was acetylated and subjected to a thermal elimination reaction
yielding 4,15-di-O-acetyl-12,13-deoxyverrucarol (40). Removal of the epoxide was
also possible by subsequent treatment with thiophenolate, oxidation of the sulfide
formed to the sulfone and reduction of the latter by sodium amalgam as demonstra-
ted by the conversion of anguidine (l14) into 12,13-deoxyanguidine (gl)so Effi-~
cient deoxygenation of the 12,13-epoxy group was also achieved by using WC16—
BuLi51 as demonstrated by Colvin & Cameronsz. The authors used the same method

for the synthesis of the 12,13-epi-trachothecene 3253. The exocyclic vinyl group
obtained by deoxygenation was converted to the l2-ketone. Treatment of the latter
with dimethylsulfonium methylide yielded the desired 12,13-epi-epoxide. 12,13-
epi-agiuidine (43) and 12,13-deoxy~12,13-methanoanguidine (44) were also synthe-
sized™ .

H H H H
0 OR 0 OH
0,
ACO” OAc AcO Ve OAC
42 R = Ac 44
43 R=H

4 Synthesis of Trachoverroids

In the trichoverroids verrucarol (ll) is esterified with one or two more com-
plex carboxylic acids They also function as building blocks of the macrolidic
moirety of the macrocyclic trichothecenes. It is therefore very likely that the

trichoverroids are the biogenetic precursors of the macrolides55 The first syn-

thesis of the epimeric esters 45 and 46 was reported by Tulshian & Fraser-Re1d>®
in 1981 They used the chiral cyclic enol ethers 47 and 48 as starting material

They were obtained from D-glucose and D-galactose respectively A synthesis which
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0 HO OH 0 HO OH
| — | —
AcO' = _ COOMe AcO = _ COOMe
OAc OAc
47 45 48 16
leads to all four possible diastereoisomers was designed by Roush and SPada57 For

the synthesis of trichoverrin B (32)45, 15~0~acetyl-verrucarol (50) was condensed
with the imidazole 51 to yield the monoester 52 after the acetyl group had been
removed by selective hydrolysis. Subsequent condensation with the imidazole 53
gave the diester 54 1n a relatively low yield. Cleavage of the silyl groups led

to traichoverrin B (49) (Scheme 5).

Scheme 5

0 H
F;\N a),b= 0 0 0

* N/ [

OH  rgomso, | Ho~” 3

i
TBOMSO TBOMSO
H H ELY TBOMSO
0 ~N 0 52

54 R1,R2 = TBDMS, R3 = TBDPS
49 rRL,R2,R3 = &

a) NaH,HMPA b) NaOH c) NaH, BuyNI d) BuyNF
TBDMS = tert. butyldimethylsilyl TBDPS = tert. butyldiphenylsilyl

Trichoverrol B (55) 1s the second member of the trichoverroid family which was

synthesized58 Selective protection of the 15-hydroxy group of verrucarol (11) was
achieved by the reaction with the acad 56 yielding the monoester 57 Condensation
of the latter with the mixed anhydride 58, removal of the protecting silyl groups

and partial hydrolysis of the 15-O-acyl group yrelded trichoverrol B (55)
(Scheme 6).
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Scheme 6
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a) DCC,DMAP b) NaH c) BuyNF
DCC = dicyclohexylcarbodiimide
DMAP = 4-dimethylaminopyridine

5. Synthesis of Macrocyclic Trichothecenes

5 1 Model Compounds

33,60 in 1978, who synthesized

Synthetic work was 1initiated by Tamm et al.
tetrahydroverrucarin J (59), which contains adipic acid in place of 2 ,E-muconic
acid as a building block. The synthesis of this model compound was carried out in
order to establish the conditions for the regioselective acylation of the hydroxyl
groups of verrucarol (ll) and the macrolactonization. The methods are limited
because of the sensitivity of the spiroexpoxy group. Selective condensation of 11
with the phenacylmonoester 60 of adipic acid led to the 4-0O-acyl derivative 61
Subsequent reaction of the 15-hydroxy group with the acid 62 and removal of the
protecting groups gave the seco-acid 63 which was cyclized to tetrahydroverru-

carin J (59) using the Corey—Nlcolaou61 method (Scheme 7).
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Scheme 7
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a) ¢DI, DBN b) HOAc ¢} Zn, HOAc d) DPDS, Ph3P
CDI = N,N-carbonyldiimidazole DBN = 1l,5-diaza-
bicyclol(4 3 OJnon-5-ene DPDS = dipyradyldisulfid

In contrast to this approach, the cyclization was performed between the 4-
hydroxy group and the 1"-carboxy group in the synthesis of 3'-hydroxy-2'-deoxy-
2" ,3",4" ,5"-tetrahydro~verrucarin A (_6_11_)60 as outlined in Scheme 8. The yields of

the final cyclization reaction were 45-50% in both cases.

Scheme 8

H H
)
0
e) S 0
— HoC OH
\ HO~»
00

a) DHP, PPTS b) CDI, DBN c) PPTS, MeOH
d) Zn, HOAc e) DPDS, Ph,P
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The first synthesis of a model compound containing the 2,E-conjugated diene system
of the natural verrucarins was reported by Trost and McDougale. They used the diol
65 in place of verrucarol (l1). The diene system was generated by thermolysis of a
cyclobutene. Both isomers 66 and 67 were formed in a ratio of 2:1 in favour of the

desired product (Scheme 9).

Scheme 9
)
HooC OH
NN oTBOMS 65 O;EDI
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a) DCC, DMAP b) DMAP ¢) Bu4NF d) DEAD, Ph3P e) 106°C, toluene
DEAD = diethylazodicarboxylate

5.2. Verrucarin A

5.2.1. Verrucarinic Acid

Several syntheses of verrucarinic acid (68) and verrucarinolactone (69), which
are building blocks of verrucarin A (70) are available. Sharpless epoxidation of
the allylic alcohol 71 and subsequent treatment with pyridinium dichromate yielded
the glycidic acid 2363. The optically active verrucarinic acid derivative 73 re-
sulted from the regioselective opening of the epoxide (Scheme 10).
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Scheme 10
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a) Ti(OiPr)4, DET, tBuOOH b) RuCl3, NaIO, c)Me3Al d) Ac,0, py
DET = diethyl tartrate

A Sharpless epoxidation was also the key reaction in a synthesis reported by Tamm
et a1.64. Starting from the unsaturated d-lactone 74, doubly protected verruca-
rinic acid 75 was obtained in good yield (Scheme 11).

Scheme 11
0
d),e) 0TBOMS oTeoMs X THPO H/\/
74

75
a) KOH b) MeI c¢) TBDMSC1, Et3N, d) DIBAH e) Ti(OiPr)4, tBuOOH
£f) BzlBr, NaH, Bu4NI qg) Me3A1, BuLi h) DHP, PPTS 1) HZ' Pd/C k) RuClB, NaIO4
DIBAH = diisobutylaluminium hydride Bzl = benzyl

Asymmetric hydroboration was applied for the introduction of both centres of
chirality as demonstrated by Tamm et 31.64 (Scheme 12). The protected allylic
alcohol 76, which was prepared from the methylated unsaturated d-lactone 77 was
treated with optically active dilongifolylborane. Subsequent oxidation of the

product obtained yielded the desired enantiomer 78 (Selectivity 50% ee).

Scheme 12
0
0 0Bzt £ HO. ~oBal
I a)-e) /JI::;\ ) "[::;\z
OTBDMS 0TBDMS
77 76 78

a) KOH b) Mel c¢) TBDMSCI, Et3N, DMAP d) DIBAH

e) BzlBr, NaH, Bu,NI f) dilongifolylborane, NaOH, Hzo2
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Tamm et al 65 used dimethyl glutarate 79 as starting material in their third
synthesis. The first centre of chirality was introduced by enantioselective hydro-
lysis with pig liver esterase. Reduction of the carboxyl group of the obtained
monoester 80, and protection of the hydroxy group, gave the ester 8l. The stereo-
selectivity of the asymmetric hydroxylation of 81 was rather modest. It yielded
the hydroxy ester 82, which was converted to the desired building block 75

(Scheme 13).
Scheme 13
MeOOC COOMe Me0OC COOH MeOOC
b),c)

I\rl 2, ‘\l) T, H/\/OTBDMS
;

80 8L
B S

HOOC o5  MeooC
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75 82
9 0 HOOC . i
£),9) oy 1), HO A,
0 R*O)WOBZI 9 .£), _—
7,0 HO
B4 8 83 6
: )

a) PLE, NaCH b) BH3-S(Me)2 c) TBDMSCl, Et3N, DMAP d) LDA, Moos-py-HMPT
e) DHP, PPTS f) KOH g) BzlCl, NaH, Bu4NI h) CDI, NaH, R*OH 1) Hz,Pd, HOAc
PLE = pi1g liver esterase HMPT = hexamethylphosphorus triamide

By application of a newly developed hydroxylation method of ester enolates
which allows high diastereoselectlvitysa, Tamm et al.67 obtained the hydroxy acid
83 starting from the lactone 84 via the intermediate 85. 83 was readily converted
to verrucarinolactone (69). Independently Roush et al 68 and Trost & McDougal69
prepared derivatives of verrucarinic acid by nearly the same sequence of reactions
The epoxyester 86 was converted to the racemic key intermediate 87. Whereas Roush's
synthesis ended with the racemic verrucarinic acid derivative 88, Trost & McDougal
resolved the racemate 87 via the corresponding ester of (S)-mandelic acid leading

to the optically active compound 89 (Scheme 14)
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a) NaOMe, MeOH b) (8)-O-methylmandelic acid, DCC, HBT, py <c) Hz, Lindlar

d) BHSiaz, MCPBA e) TBDMSCl, DMAP f) NaOMe, MeOH g} TBDMSCl, imidazole, DMF

h) LiSMe, HMPT i) DCC, DMAP, HBT
HBT = N-hydroxybenzotriazole

9, cleavage of the cyclic hydroxy~
It was readily converted to the de-

In the second synthesis of Trost & McDougal6
sulfide 90 with lead tetraacetate led to 91
sired product 92. The preparation of 90 from the cis-diol 93 required 7 steps

(Scheme 15).

Scheme 15
& TBOMSO.__A ) PRS- TBOMSO A
Q a) —g) \Q h Aco)\/\/CHO g___,) L2 i) /@
YK PhS OH 0TBDMS
93 90 91 92

a) PhCOCl, py b) LiCuMe, c) MCPBA d) BzCl, NaH e} Li thiophenoxide

£f) TBDMSCl, imidazole g) DIBAH h) Pb(OAc)4 i) Cr03-2py

Bz = Benzoyl

The chiral y-butyrolactone (94) served as starting material in a synthesis re-
ported by Koga et a1.7°. The methyl group was introduced by pyrolysis of the pyra-
zoline derivative 95. Stereoselective hydrogenation generated the second centre
of chirality, forming the saturated y-lactone 96. The latter was converted to

verrucarinolactone (69) in 3 steps (Scheme 16).
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Scheme 16
a)-c) N9N a)

Oﬂ/\ OTr —_— —— — o
0" H o oTr 0Rg r
94 07 4 H
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- Ie) JE)

0
Ho. g~
/‘@ — WOH
0""H
69 96
a) LDA, PhSeBr b) NaIO4, 18~crown-6 c¢) CH2N2 d) 100°, dioxane

e) Ptoz, H2 £) HC1 qg) K2Cr207, H2804 h) LiBH4 1) HC1
Tr = trityl

The concept of reacting the glyoxylate 37, which contains a chiral directing
group, with the allylstannane 98 or the allylsilane 39 was realized independently

by Yamamoto et al.71 and Tamm et al.72 (Scheme 17).
Scheme 17
d
\OI
X" SnBu, 0~ ~¢° X" SBu,
9
= 97 H 99

la

)
-
L ol w 2
IK~~oraoms &R SIKA»  Rlec), 0
THPO ), f) HO d)

a) BF3-EtZO b) BH3-S(Me)2 c) NaCOH, H202 d) PTS f) TBDMSCl, imidazole
PTS = p-toluolsulfonic acid e) DHP, PPTS

rosres

In their fifth synthesis of verrucarinic acid Tamm et al.72 made use of malic acaid

(100) as a chiral synthon and used a diastereoselective alkylation leading to the
desired diastereoisomer 101 (Scheme 18). Regioselective ester hydrolysis followed
by reduction of the half ester yielded lactone 102. O-alkyl cleavage gave the sul-
fide 103. It was readily converted to verrucarinolactone (69).

2-Hydro-3-methyl-carboxylic acids are also available by401aisen73'74'75 and
76,77

[2,3)-Wittig rearrangments Similarly the unnatural enantiomer of verrucarino-

lactone (69) was also prepared.
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Scheme 18
0 1~ OTIPS 0 OTIPS
Ho P~y O —_— P )k/(;o
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69 103 102

a) iPrOH, cat soc1, b) LDA, HMPT, TIPSCl, Et,N, DMAP
c) KOH &) LiBH4 e) DHP, PPTS f) NaSMe, HMPT g) CH2N2
h) Raney-Ni i) TSOH

TIPS = triisopropylsilyl

2399

Finally, Mulzer & Sallmi78 reported very recently the stereocontrolled synthesis

of all four stereoisomers of verrucarinolactone (63) (Scheme 19). Addition of cro-
tylchromium (II) to (R)-2,3-O-isopropylidene glyceraldehyde (104) yielded both dia-
stereoisomers 105 and 106. They were transformed to the lactones 107 and 108 re-

spectively by standard reactions. Inversion of the hydroxyl group by the Mitsunobu

method4o gave the enantiomers 109 and 69.

Scheme 19

104 105 106

a) CrC13, LiAlH4 MeCHCHCHzBr b) BzlBr, NaH «c¢) 9-BBN,
H202 d) TSOH e) NaIO4 f) PCC gq) Hde/c h) DEAD,
Ph3P, 66H5COOH i) KoH

9-BBN = 9-borabicycleo[3.3.l]nonane

Ho 0 0 0
107

69
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5.2.2. Muconic Acid

The second macrolidic fragment of the verrucarins Z,E~muconic acid and deri-
vatives there of, were synthesized in three ways. The first synthesis reported by
Still & Ohmizu79 started from furfural (110). Electrochemical oxidation gave the
ester acetal 111. It was converted to 112 which, by treatment with the ylide 113,
yielded the silylprotected half ester of Z,E-muconic acid 114 (Sscheme 20). The

Scheme 20

a) OMe b) 0
(b/ﬁ\n —_— Meo.&/coone —_— °U o
110 111 s
0

Hoog 0 PhaPx N g~ TS

113

a) Pt(l.5 amps), EtNC104, MeOH b) HZSO4

same compound was synthesized independently by Tamm et a1.65 from Z,%-muconic
acid (115), which results from oxidative cleavage of catechol (116). Condensation
of 115 with trimethylsilylethanol resulted in the formation of the lactone 117.
Treatment of the latter with Eschenmoser base induced f-elimination leading to
the E-protected half ester 118. The Z-protected halfester 119 resulted from the

isomerization of the halfester 120 (Scheme 21).

Scheme 21
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@0"' a) [ o, [ o c) | oM
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OH | |
116 HO O~~TMs O~~TMS
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a) CuCl,O2 or MeCO3H, FeAc3 b) Me SiCHZCHZOH, DCC, DMAP c¢) Eschenmoser's base

3
d) MeS(CHz)ZOH. py e) A, B0
Eschenmoser's base = 3,3,6,9,9-pentamethyl-2,10-diazabicyclo[4.4.0]~1~decene
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The Z-protected halfester 121, was synthesized by Roush & Blizzardso. Trost &
McDougal62 prepared several monoprotected derivatives of 2Z/E-muconic acid using
the cyclobutene thermolysis method.

Scheme 22

0 0
Hol}o Mogo N POtOMe),  &l— | 2L.e] |
{_omos Lok
0 0
121

a) KOtBu b) Me3SiCH2CH20H, DEAD, Ph3P c) HCOOH
MOB = p-~methoxybenzyl

5 2.3. Verrucarin A

The complete macrolidic moiety 122 of verrucarin A (70) was constructed by Roush
et a1.%® in 1982. The verrucarinic acid derivative 123 was transformed into the
phosphonate 124. The Horner-Emmons reaction of 124 with the pseudocarboxylic acid
125 yielded the desired product 122 (Scheme 23).

Scheme 23

Me0OC Me0OC
TBDMSO H/\/OH - TBOMSO O~ ™ PoOMe),
123 121 °

Me0og
TBOMSO

3
3

COOH
122 ° 25

a) CF3C02COCH2PO(OMe)2, py b) KOtBu, tBuOH

Verrucarin A (70) was the first natural macrocyclic trichothecene which was

63

synthesized, almost simultaneously and independently by Still & Ohmizu and Tamm

et al.65 using similar methods. In both syntheses the final macrolactonization was
effected between the sterically least hindered 5'-hydroxy and the 6"-carboxy

groups. In order to avoid unnecessary repetition only our synthesis is presented

in detail (Scheme 24} Selective condensation of verrucarol (11) with the verru~
carinic acid derivative 75 (Still & Ohmizu used the acetyl and the tert. butyldi-
phenylsilyl groups for protection) gave the monoester 126. Esterification with 114
led to the diester 127, which consisted of a 2:1 mixture of the Z,E- and E,E-isomers
respectively Removal of the protection groups gave the seco-acid 128 which was

81

cyclized using Yamaguchl's mixed anhydride method (in Still's synthesis cyclization

was effected applying the Mitsunobu procedure 82) to give tetrahydropyranyl verru-
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carin A (128) underwent cyclization. The same observation was made by Still & Ohmizu
(Scheme 24).

Scheme 24

HOOC
. o OTBOMS
: 15
a)
H
o . g b),c) 2
2 - ———
a
o i ) 1
. o THPO' ¢ RO
RO
0 OR' 0
lzg R = THP }gl Rl = TBDMS R2 = MeBSiCHZCHZ
OR=H 128 ®Y, R? = ¥

a) DCC, DMAP b) Bu4NF c) TCBAC1, Et3N, DMAP d) PPTS, MeOH
TCBACl1 = 2,4,6-trichlorobenzoyl chloride

5.3. Verrucarin J

Derivatives of anhydromevalonic acid, which 1s a building block of verrucarin J

(130) were made avallable83’59’45, but not used for the synthesis of the metabolite

Also syntheses of the complete macrolidic moiety, the dicarboxylic acid 131 as well

68 prepared the diacid ain the

as of the isomer 132 have been reported. Roush et al
same way as they synthesized the corresponding building block of verrucarin A (70)

A very similar procedure was used by White et al.83 for the synthesis of 131 and 132

Me0OC Hooc Me0OC Hooc
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The synthesis of verrucarin J (130) was achieved successfully by two groups.
Fraser—-Reid et al.45 followed an unconventional pathway by starting from tricho-
verrin B (49). Oxidation with periodate gave the aldehyde 133 which was cyclized

via the semiacetal to 130 (Scheme 25).

Scheme 25

HoOH
0 a)
o ——p
HzF 0 l
0.0
x HO !
HO
OH 133 130
49
a) NaIO4 b) PDC

In a first approach Roush & Blizzardao trled unsuccessfully to attach the ester
131 at the 4-hydroxy group of verrucarol (1ll) without 1somerization. Therefore ring
closure between the 15-hydroxy group and the l'-carboxy group was not tried. How-
ever the second approach with the reversal of the site of the macrolactonizaticn
led to verrucaran J (130) as outlined in scheme 26
Verrucarol (1ll) was converted to the monoester 134. The next step consisted of a
chain elongation to the seco-acid 135 either wvia the phosphonate 136 or by conden-
sation of 134 with the acid 121. The latter reaction gave higher yield. For the
cyclization of 135, the mixea_;nhydride with pivalic acid gave the best results.
Surprisingly, also the unnatural E,E-isomer 137 was formed. However it was possible
to convert the E,E-isomer into both Z,E-isomers 130 and 138 by treatment with
iodine

5.4. Verrucarin B

Roush & Blizzard84 constructed the macrolidic building block 139 starting from
the unsaturated ester 140 via the intermediates 141 and 142 (Scheme 27). However,
139 turned out to be too labile to survive selective condensation with the 15~
hydroxy group of verrucarol (ll). Therefore the same authors solved the problem
of the regioselectivity by protecting the 4-hydroxy group of 1l as silylcarbonate
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Scheme 26

HOOC

\;;<_J9TBDMS

—

a),b)

g)

a) DCC, DMAP b) HOAc «c¢) (MeO)zPOCHZCOOH, DCC d) KOtBu
e) DEAD, Ph3P £f) XF gq) Me3CCOCl, Et3N, DMAP h) Iy, benzene

Scheme 27
Me0OC Ho ™S 0
e 0.0
&~ a)iD) c)-5) BT 121 Ts ™00 0
— X . i21
0 9 0 |
OH 0
TBDMSO oH il
240 141 142 130

a) TBDMSCl b) DIBAH c¢) tBuOOH, Tl(OlPr)4, (-)-DET 4) KMnO4, BquBr

e) TSCHZCHZOH, BOPC1, Et3N, DMAP f) AcOH g) Me3CC0Cl, Et3N, DMAP

BOP = N,N-~bis(2-0x0-3-oxazolidinyl)phosphordiamidic
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143. The subsequent reaction of 143 with deprotected 139 gave the seco-acid 144
partially after removal of the remaining protecting groups. Cyclization to verru-
carin B (145) was successfully achieved via the mixed anhydride with pivalic acid
generated in situ. The E/E-isomer 146 was formed as well. It could be converted to

145 by treatment with iodine (Scheme 28)

Scheme 28

H H
0/\/TMS by-a) 0
0 — 0
: I, el o
TMS 0.0
1oy ™5 HO™
0
/) 0 I
e
144 O

0
[0} <—<_/ |
. o]
o 0
145

a) DBU b) 139, NaH, cat. DBU c¢) BOPC1, Et3N, DMAP d) KF e) Me3CCOCl, Et3N,DMAP

5 5 Roridins and Baccharins

Roridin E (147) i1s the only member of the roridins which has been synthe51zed85

to date 1In contrast to the syntheses of the macrocyclic triesters previously de-
scribed, ring closure was achieved by an intramolecular Horner-Emmons reaction.
The use of the xylose derivative 148, which was prepared from D-xylose (149)
guaranteed the correct stereochemistry of C(6') and C(13'). By condensation of 148
with synthon 150 and subsequent oxidation, acid 151 was obtained (Scheme 29)
Esterification of the latter with verrucarol (11) yielded the monoester 152 ain
very high yield It was converted into the phosphono-ester 153. Further transfor-
mation led to the unsaturated aldehyde 154. Cyclization produced both the desired
product 155 as well as the E/E~isomer.

The final step, i.e shift of the 1solated olefinic double bond, succeeded by
treatment of 155 with potassium tert.-butoxide. The only product obtained was
roridin E (147)
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Schene 29
C OH )-a) 0 +Q
kj;f]r, 2)-d) -§::Z )<:7
HO©  OH W' O o

149 148 k)-n _>_\_\5__7""0
Hooc—  \—g O)O
=—_o0H =l=i) TBDMSO\_>__\_ 151
cl

150

v) ; u)
: o ] — o
J 07 0y o’ 0 Qo o \POOMe);
14y 7 OH 155 OH 154 o

a) cyclopentanone, CuSo4, cat. HZSO4 b) HC1 «¢) TsCl, py 4d) LlAlH4

e) TBDMSC1l f) BuLi, ClCOOEt g) MeZCuLi h) LlAlH4 i) NCS

k) NaH 1) cat. Bu,NI, HMPT m) Bu,NF n) Cro,, H,50, o) 151, DCC, Ppy
p) HOOCCH,PO(OMe),, DCC, PPy q) TSOH r) NalO, s) Et,N, MeOH

t) Ph,PCH

3 2CH0 u) K2C03, 18-crown-6 v) KOtBu
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Baccharin B5 (156) was synthesized using the macrolide 15585. The transformation
required 7 steps (Scheme 30).

Scheme 30

H H
o
Ol o
0
o/ |
o% |
o
0
HO OH
156

a) TBDMS-OTf, lutidine b) MCPBA c¢) KOtBu d) tBuOOH, VO(acac)2
e) HCOOH, DEAD, Ph3P £) Bu4NF

15 * “OH

v

5.6. Derivatives and Unnatural Analogues

The observation that the cytostatic activity in vivo of the baccharins is en-
hanced by the presence of additional epoxy groups in the 98,108-position, prompted

Jarvis et a1.86’87

to prepare derivatives of verrucarins and roridins which con-
tain this additional functional group. Moreover, they introduced hydroxyl groups at
C(8) or C(16) by allylic oxidation. Very recently Jarvis et al.88

macrocyclic trichothecenes by selective oxidation in the macrolidic part of

obtained new

baccharin B5. In persuing this goal the unnatural macrolides 157 - 160 were made

available for biological testing.

Having synthesized verrucarin A (70) Tamm et al.65 also prepared 3a-hydroxy-
verrucarin A (161) in order to study the influence of the additional hydroxyl
group on the bioclogical activity. The synthesis, which started from anguidine (14),
was carried out according to the same concept described for the case of verru-
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carin A. It required more steps because anguidine (14) had to be protected 1in the
3-position and deacetylated in order to obtain the compound (162) suitable for the

macrolactonization (Scheme 31).

Scheme 31

Ho"

a) DHP, PPTS b) NaOH, MeOH

Very recently Jeker & Tamm89 have synthesized several new unnatural macrocyclic

trichothecenes in order to gain more detailed insight into the relationships bet-
ween chemical structure and biological activity. The first compound of this series
is 3-iso-verrucarin A (163) (Scheme 32). Again anguidine (14) was chosen as starting
material. The first operation consisted in the removal of the 4-hydroxy group by
selective deoxygenation. The subsequent steps involved, in contrast to the verru-
carin A synthesis, the initial attachment of the muconic acid moiety. It was
followed by the introduction of verrucarinic acid and the final macrolactonization
The primary hydroxyl group of diol 162 was protected by esterification with levu-
linic acid. Subsequent Barton-deoxygenation gave ester 164. The condensation with
the half-ester 114 of Z,E-muconic acid proceeded successfully without isomerization.
The next step was the formation of the diester 165 with protected verrucarinic

acid 75. After removal of the silyl groups the seco-acid 166 obtained was subjected
to cyclization using Yamaguchi's methodal. Three products were 1solated: The desired
3-isoverrucarin A (163), and compounds 167 and 168, which were named verrucene and
verrucinol respectively The yields and ratios of the three cyclization products
depend very much on the methods and conditions of the condensation reaction. The
formation of the by-products 167and 168 did not occur using either the Mitsunobu
method82 or the mixed anhydride with privalic ac1d80. Verrucene (167) i1s the first
case in which the macrolidic part consists exclusively of Z,E-muconic acid It was
not possible to achieve an analogous cyclization between the 48- and 15-hydroxy
groups. Surprisingly, verrucincol (168) proved to be relatively unstable in com-

parison to 163 and 167.
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Scheme 32

e)-q)

0
\/\
THPoT:r\ ™S
OTBDMS

H H
o 00
¥
\
o>
0
167

a) DHP, PPTS b) levulinic acid, DCC, DMAP c) 1,l-thiocarbonyldiimidazole
d) Bu3SnH e) PPTS, MeOH £) 114, DCC, DMAP g) H2N—NH2, Py, HOAc
h) lé, DCC, DMAP 1) Bu4NF k) TCBAC1, Et3N, DMAP

89 also synthesized S5-epi-verrucarin A (169) (Scheme 33). Verru-

Jeker and Tamm
carol {1ll) served as starting material. The epimerization at C(4) was preformed
via 4-dehydroverrucarol. Because the 15-hydroxy group needed protection 4 steps
were required for the conversion of 11 to 4-epi-verrucarol (170). Surprisingly the
reactivity of the hydroxyl groups in 170 was reversed in comparison to verrucarol
(1) Therefore the condensation with the muconic half ester 114 in the presence
of DCC took place at the 4-position regioselectively without isomerization of the
Z-double bond. However the condensation of the resulting monoester 171 with the
verrucarinic acid moiety 75 turned out to be more difficult. After deprotection of
the seco-acid 172 the finally obtained cyclization via the mixed anhydrldeao

yielded the desired 4-epi-verrucarin A (169).
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Scheme 33

THPO

H H
h),i) \CIN%—,
— 0
0
0 0/ 0 |
OH |
HO
0
172

a) Aczo, PY b) DMSO, TFAA, Et3N c) NaBH4 or LiAl(OtBu)3 d) NaOH
e) 114, DCC, DMAP f) 7_5_, DCC, DMAP g) Bu4NF h) Me3CCOCl, Et3N, DMAP
i) PPTS, EtOH

Anderson et al % constructed a new type of macrocyclic traichothecene by com-

bining the sesquiterpenoid moiety with a polyether block. The products obtained are
crown-ethers. For the synthesis of the macrocycles 173 - 175 T-2-toxin (36) was con-
verted into the diol 176. Treatment of the latter with the polyether ditosylates
yielded the desired products (Scheme 34). In a similar way the crown-ethers

177 - 179 were prepared also starting from T-2-toxin (gg)gl
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Scheme 34

a)-c)
—
MOBO
HO~
Y od 0TBDMS H.Y OH oo
k) ,a) 0 . k) ,a) ,b) (0] OH

0y0 0B g

j OTBOMS
Ho~ AcO pd 0AC 0 - OH
36

o

178 n =

177 n = 1 173
2

a) TBDMSC1l, imidazole b) NaOMe, MeOH c) MOBBr, NaH d) TEGBT or PEGBT, NaH
e) l,2—bis—(5-p-toluenesulfonyloxy—3—oxapentoxy)benzene £) Bu4NF g) DDQ

h) PhCHO, Snclz, DME i) Snclz, TSOH k) NH4OH

TEGT = tetraethylenglycolbistosylate PEGT = pentaethylenglycolbistosylate



6. Biological Activity

General toxicity, mode of action, metabolaism, cytostatical and immunosuppressive
activity of the trichothecenes have been investigated by several authorsgz’s’B. The
conclusions concerning the structure - activity relationship which emerge from
these studies can be summarized as follows. The presence of the 12,13-epoxy group
is essential for the biological activity of the sesquiterpene alcohols and thear
simple esters. The unnatural 12,13-epi-epoxide leads to a loss of activity. p-Con-
figuration of the substituents at C(4) is required for the cytostatic activity in
vitro. In the series of the macrocyclic trichothecenes introduction of a 9,108-
epoxy group enhances the cytostatic activity whereas 9,10-epoxy groups with a-con-
figuration have no influence. The 12,13-epoxy group which 1s present in the majority
of the natural metabolites, contributes to biological activity, although this does
appear not to be essential as shown by verrucarain K (12,13-deoxyverrucarin A) It
is possible that the macrolidic moiety possesses cytostatic activity independently
from the trichothecene skeleton. It might contribute in a synergistic mode of action.
The activity of the synthetic model compounds 66 and 67 supports this hypothesis
The inversion of configuration at C(4) as demonstrated by 4-epi-verrucarain A
(222)90
the attachment of the macrolidic bridge from the C(4) to C(3) position leads to a

is less dramatic as in the case of the sesquiterpene alcohols The change 1in

complete loss of biological activity as shown by 3-isoverrucarin A (163) and verru-
cene (167). The additional 3a-hydroxy group does not change the in vitro activity
of verrucarin A (70). In general the conjugated 2Z,E-diene system contributes to an
enhancement of activity. However with the data available at present it is too early
to draw final conclusions for the structural requirements for the whole spectrum

of biological activity More detailed studies are necessary.

Acknowledgment., Our investigations in the trichothecene field have been supported
generously by grants of the Swiss National Science Foundation and by Sandoz AG,
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