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Abstract-Evidence is presented which confirms the structures of the five metabolites as shown in 
1-5. The absolute coaliguration of compounds 1 and 2 was established; for compound 5 the absolute 
configuration was established at position 12 only. 

Strains of Aspergillus ustus (Bainier) Thorn and 
Church were isolated from stored foodstuffs in the 
course of a continuing search for toxigenic fungi. 
Maize meal cultures of A. ustus C.S.I.R. 1128 were 
found to cause acute toxicosis in day-old ducklings. 
The toxic principles were quantitatively extracted 
from the mouldy maize meal and systematic frac- 
tionation, guided by bioassay led to the isolation 
of austamide as one of the active components. The 
structural elucidation of austamide (4) and of 
prolyl-Z( I’,l’dimethylallyl)tryptophyldiketopiper- 
acine (l)* has been briefly reported.’ The detailed 
structural and stereochemical studies as well as the 

*The trivial name desoxybrevianamide E proposed by 
Birch2 for compound (1) has been discarded in favour of a 
systematic name, as 1 does not involve the mere loss of 
one 0 atom from brevianamide E. The numbering system 
of the indole and Sindoxyl alkaloids described in this 
paper are shown in formulae 1 and 4. 

structures of three new metabolites, viz 12,13-di- 
hydroaustamide (5), 12,13-dehydroprolyl-2-( l’,l’- 
dimethylallyl)-tryptophyldiketopiperazine (2) and 
of 10,20dehydro[l2,13-dehydroprolyl-2- l’,l’-di- 
methylallyl)tryptophyldiketopiperazine] (3) are de- 
scribed herein. 

A. THE STRUCTURES OF THE TEREE IFdDOLE 
ALKALOIDS 

1. Prolyl-2-( 1 ‘, l’-dimethylallyl)tryptophyldiketo- 
piperazine (1). 

The indoles (l-3) gave a negative Ehrlich colour 
reaction indicating substitution in the positions 2 
and 3 relative to the indole N-H3. The diketo- 
peperazine (1) Ct1H25N30e was the major constit- 
uent and showed a typical indole UV absorption 
A= 225, 275 (sh), 283 and 291 nm (logr4*51,3*85, 
3.91 and 3.85, respectively). Its IR_spectrum ex- 
hibited characteristic N-H absorption at 3480, 
3460 and 3365 cm-‘, while CO absorption at 1685 
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(weak sh) and 1670 m-l together with the absence 
of the amide 2 band clearly supported the presence 
of the diketopiperazine system. 

The NMR spectrum possessed signals which 
were interpreted as follows. Two exchangeable 
singlets at T 1.25 and ~4.28 were assigned to the 
NH protons. A multiplet at ~2.48-3-05 was attri- 
buted to the four neighbouring aromatic protons. A 
6-proton singlet at ~8.50 was due to the gem- 
dimethyl group while the three exocyclic olefinic 
protons appeared as an AA’X system at T 390 (lH, 
X part, JAX 18.2, JAIX 9 Hz, Cls-H) and T 4.92 (2H, 
AA’ part of AA’X system, JAx 18.2, JAeX9 Hz, 
H 

\ 
C=C&). The protons at C, and C, reson- 

/ 
ated as an ABX system at T 5.56 [lH, X part of 
ABX system, J,,x 4, JBx 11 Hz, C,-H), 6.25 and 
6-83 [2H, AB part of an ABX system, HA (T 6.25) 
JAe 15.5, J*x 4 Hz and Hi, (7 6.83) JAB 15.5, &x 
11 Hz, 8 C&l. The triplet at T 5.95 (37 Hz), 
broadened by the nitrogen quadrupole moment 
was assigned to the methine proton at position 12. 
The protons adjacent to the proline nitrogen at 
position 15 resonated as an ill-defined triplet at 
T 6.34, while the other four protons comprising the 
proline ring 

[- H-C~p-C&-CHp-l&-_l L 

gave rise to an unstructured multiplet between 
r 7.6 and 8.2. 

In the mass spectrum of 1 only one prominent 
fragment appeared, namely the base peak at mle 

198, C,,HlsN which originated via cleavage of the 
8,9-bond. 

Collateral support for the structure of 1 was pro- 
vided by hydrogenation which gave prolyl-Z( 1’ , 1 ‘- 
dimethylpropyl)tryptophyldiketopiperazine (6). Its 
mass spectrum showed a molecular ion at m/e 353, 
GH,,N,O, and the base peak at m/e 200, C,,H1r,N 
confirming that the indole fragment contained the 
Et group. The NMR spectrum showed the absence 
of olefinic absorption, but instead, resonance due to 
the methylene protons at T 8.29 (2H, q, J 7Hz) and 
the Me group at T 9.27 (3H, t, J 7Hz). 

A Kuhn-Roth oxidation of 6 with concomitant 
distillation of the volatile acids gave 2,2-dimethyl- 
butyric acid in 50% yield, unambiguously estab- 
lishing the reverse linkage of the isoprenoid unit to 
an sp2 hybridized carbon atom as in echinulin (7)4 
and neo-echinulin (8)J. Birch postulated6 that this 
unusual orientation could arise by preliminary 
normal alkylation of the indole nitrogen and a sub- 
sequent cyclic rearrangement. Casnati and Pochin? 
recently supported this proposal by an acid- 
catalyzed rearrangement of 1 -yy-dimethylallyl-3- 
methylindole. 

Acid hydrolysis of 6 gave proline, identified by 
an automatic amino acid analyzer and had M+ 115. 

Prolyl-2- ( 1’ , 1’ -dimethylallyl) tryptophyldiketo- 
piperazine (1) is clearly identical to the compound 
obtained by Birch2 upon treatment of brevianamide 
E (9) with Zn and AcOH. 

The absolute configuration and conformation of 
prolyl-2-(l’,l’-dimethylallyl)t~ptophyldiketopiper- 
azine (1). Our chemical studies established that 
compound (1) was a dipeptide incorporating proline 
and 2-( l’,l’-dimethylallyl)tryptophan. Several 

6 
7 
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studies* led to the conclusion that the related fungal 
diketopiperazine echinulin (7) had the ~~-coniQura- 
tion. 

Acid hydrolysis of 6 destroyed the tryptophan 
moiety and gave proline. The proline was purified 
by high voltage electrophoresis at pH 1.9 and its 
ORD spectrum showed a peak at 224 nm, [fIl”.lNHC’ 
+2259 L-proline is known to have a positive Cot- 
ton effect at the first extremum.s Compound 1 
therefore has the 12S-configuration. 

In order to establish the absolute configuration 
at position 9, two model diastereoisomers were 
prepared, viz L-tryptophyl-L-prolyldiketopiperazine 
(LTLPDKP)(lOa)andDtryptophyl-L-prolyldiketo- 
piperazine (DTLPDKP) (lob). Treatment of L- 

tryptophan methylester hydrochloride with carbo- 
benzoxy-t.-prolyl-p-nitrophenylester in aqueous 
dioxane and triethylamine gave the dipeptide L- 

tryptophan-N-( l-carbobenzoxy+prolyl)methyles- 
ter in excellent yield. Removal of the protecting 
group was achieved by hydrogenation over PdlC! in 
ethanol yielding the free amine which was conver- 
ted into the formate salt and cyclized by azeotropic 
distillation in a solution of set-butylalcohol: 
toluene (4: l)‘O to furnish LTLPDKP (lOa), m.p. 
1744 DTLPDKP (lob) was similarly prepared by 
employing Dtryptophan methylester hydrochloride 
as a starting material. 

Q&---F & 
N HP 

iI 
1Oa: R =---H 
lob: R= H 

B 
11 

From a comparison of the CD spectra (Fig 1) of 
LTLPDKP (1Oa) and DTLPDKP (lob) with that 
of 6 it was evident that 6 and therefore I was stereo- 
chemically related to L-tryptophan and L-proline. 
Compounds lOa, lob and 6 showed similar CD 
characteristics above 250 nm, but the main differ- 
ence being at lower wave-length where DTLPDKP 
(lob) showed a prominent negative Cotton effect 
Ar 237 nm = -3.7. The latter aasorption was absent 
in the spectra of 1Oa and 6. 

The configuration of 1 at position 9 was also 
studied by Westley’s method” which involves 
epiemrization of diketopiperazines from several 
amino acids and an investigation of the products by 
TLC. Westley et al.” observed from fourteen pairs 
of diketopiperazine diastereoisomers studied that 
the compounds which contained an LL-isomer (cis) 
had a lower R, value than the LDisomer (trans) 
except for the diketopiperazine of proline and leu- 
tine. The diketopiperazines containing a proline 

nm - 

Fig 1. The CD spectra of compound 6 (- 
LTLPDKP lOa ( . . . . . . ...) and DTLPDKP lob (__ _____ __).)’ 

unit are exceptional in being able to assume a stable 
boat conformation12 for the diketopiperazine ring 
compared to the planar ring’s of other diketopiper- 
azines. Epimerization of LTLPDKP (1Oa) in boil- 
ing ethanol and triethylamine gave an equilibrium 
mixture of LTLPDKP (lOa) and DTLPDKP (lob) 
as established by TLC; DTLPDKP (lob) had a 
lower Rt value than (1Oa). Epimerization therefore 
occurred at position 9. A similar epimerization of 
compound (1) also gave an epimer of lower R,value. 
The results are confirmatory for an LL-configura- 
tion for prolyl-2-( 1’ (1 ‘dimethylallyl)tryptophyl- 
diketopiperazine (1) and for the finding of Westley” 
on the exceptional behaviour of cycloprolyl-leucine. 

In conclusion, inspection of Dreiding models of 
1, 10a and lob indicated a boat conformation for the 
diketopiperazine ring and a half-chair conformation 
for the proline ring, these tindings are in agreement 
with the NMR data obtained by Siemion.lz The 
molecular models furthermore indicated a confor- 
mation for 1 and 1Oa in which the indole ring is 
swung away from the diketopiperazine. However, 
compound lob can either be in the folded confor- 
mation in which the indole ring faces the diketo- 
piperazine ring or in a conformation where the 
indole ring lies away from the diketopiperazine. 
From a NMR study of the conformation of cyclic 
peptides which contain an aromatic side chain, 
with the diketopiperazine ring constrained to be 
planar, Kopple and Marr14 concluded that the 
folded conformation is preferred. 

Table 1 reports the positions of the protons com- 
prising the diketopiperazine derivatives excluding 
those of aromatic protons. Any differences ob- 
served in the chemical shift of protons, e.g. at 
position 12 can not be attributed to the anisotropy 
of the carbonyl groups, but to the contribution of 
the anisotropy of the carbonyl groups, but to the 
contribution of the anisotropy of the aromatic part 
of the diketopiperazine. Therefore, chemical shift 
differences can be used as a probe to evaluate these 
predicted conformations. 
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Table 1. NMRdata of some diketopiperazine derivatives. 

Compound H, eq. 
Chemical shift (T) and multiplicity (Hz) 

HLl= HB HIZ HI&-L, (4H) H,s 

1 

1Oa 

lob 

6.25(q) 6-83(q) 5*5a(@ 5*95(t) 76&8*20(m) 6*34(m) 
(J6;;$5) (J=ll,lS) (J=4,11) J=7 

(Jl4.15) (J:T)l5) (J5$qO) (J6zi!,q:, 
7.68.6 ca 6.55 

6.93(q) 6.7401) 5*85(q) 7.34w 79-8.9 ca 6.8 
(J=4,14) (J=6,14) (J=4,6) (J=7,10) 

From Table 1 it was clear that the protons of the 
diietopiperazine ring in 1 and 10a have similar 
chemical shifts. Small differences could be due to 
the bulky isoprenoid unit in 1 which could interfere 
with free rotation around the C3-Cs and Cs--Cs 
bonds. The protons at C, and Ca for 1 and 1Oa have 
the same semi-eclipsed conformation (J = 4,10 Hz, 
requiring dihedral angles of close to 60“ and 1800).15 
A comparison of data obtained for 10a and lob 
revealed that the proton at position 12 was shifted 
upfield by l-23 ppm in lob. In the predicted folded 
conformation of lob Htz will be close to the mid- 
point of the bond common to the 6- and 5-mem- 
bered rings and therefore experience a strong up- 
field shift. The other proline protons experienced a 
weaker upfield shii (ca O-3 ppm). A folded confor- 
mation for lob would require the protons at C, and 
Ce to assume a staggered conformation which is in 
agreement with the coupling constants of 4 and 
6 Hz, representing dihedral angles of close to 60”, 
as observed for the constituent protons. The degree 
of shielding by the indole ring will depend on the 
contribution of folded conformation in lob, which 
clearly makes an important contribution to the total 
rotamer population. Similar shielding effects were 
recently observed by Houghton and Saxtonm and 
Kishi et ~1.‘~ 

The proposed conformations are illustrated in 
Fig 2. 

2. 12,13-Dehydroprolyl-2-(l’,l’-dimethylallyltrypto- 
phyl)diketopiperazine (2) 

Compound 2 had a molecular constitution of 
Cz1Hz3N,02, showed a typical indole UV absorp- 

tion and its LR spectrum was similar to that of 1 
except for an additional sharp band at 1648 cm-‘, 
attributable to the enamide moiety. Its mass spec- 
trum exhibited a base peak at m/e 198, CJIlaN 
indicating unsaturation in the proline part of the 
molecule. 

The NMR spectra of 1 and 2 have many features 
in common, the most striking difference being due 
to protons of the proline ring. These protons ap- 
peared as an AzMeX pattern, represented by a trip- 
let at T 6.0 (2H, J 9Hz, 15 C&), a sextet at T 7.31 
(2H, J3, 9, 9 Hz, 14 C&) and a triplet at T 3.94 
(lH,J3Hz, 13 CH). 

Hydrogenation of 2 gave only one stereoisomer, 
identical in every respect (NMR, CD, IR, mass 
spectra and TLC) to 6. Compound 2 therefore had 
the 9S-configuration. 

3. 10,20-Dehydro[l2,13-dehydroproly&2-(l’,l’-di- 
methylallyltryptophyE)diketopiperazine (3) 

This biogenetically important metabolite &Hzl- 
NsOz (3) was elaborated by A. ustus irregularly and 
in poor yield. It showed UV and IR characteristics 
virtually identical to those of 2, differing in the NH 
region where only two peaks occurred 13485 cm-’ 
(sharp peak) and 3350cm-’ (weak broad band)] 
assigned to the indole NH-group. Mass spectro- 
scopy established the presence of only one ex- 
changeable proton compared to the two exchange- 
able protons in 1 and 2. 

The NMR spectrum showed the presence of an 
indole NH-proton r 1*70(s) and four contiguous 
aromatic protons ~24-3*1(m). The two 3-proton 
singlets at ~8.39 and 78-66 were assigned to the 

Xb I R = -CICH,),-CH .CH, 

]Ia R = Ii 

Fig 2. Proposed conformations of the aromatic side chain in compounds 1,lOa and lob. 
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a(m/e 218) b (m/e 146) 

c(m/e 133) d (m/e 174) 

Mass spectral fragments. 

146 CgH,NO (8%) (b) and m/e 133 C,H,NO (5%) 
(c). 

Catalytic hydrogenation of austamide led to the 
uptake of 1.2 mole equivalents of hydrogen within 
12 min. Preparative TLC gave two pairs of crystal- 
line diastereoisomers each pair in a ratio of 3 : 1. 
The dihydroderivatives C2rHz3NS03 (13a and b) 
being the major products and the tetrahydroderiva- 
tives C,,H,,N,O, (14a and b) the minor pair, pro- 
longed hydrogenation (2 hr) gave the tetrahydro- 
derivatives only. The impeded hydrogenation of 
the 19,20-double bond is due to steric interference 
of the neighbouring geminal Me groups, an observa- 
tion substantiated by the resistance of dihydro- 
austamide (13~1) to an oxidation with osmium 
tetroxide. 

The two dihydroderivatives had virtually iden- 
tical UV and IR spectra. The NMR spectra of 
13a and 13b (Table 2) showed the absence of the 
olefinic triplet at T 3.74 and the newly formed 

13a: R = ---H 
13b:R= H 

14a: R = ---H 
14b: R= 4H 

proton at Cl2 at T 5-82 and concurrently the peaks 
comprising the proline part became more complex. 
The remaining oletinic protons were still clearly 
displayed, e.g. at ~4.96 and 73.43 (JIB 10 Hz) for 
13a. The NMR spectra of the two tetrahydro- 
derivatives (Ma and 14b) showed the absence of 
the olelinic absorption but additional resonance 
due to the methylene protons at Cla and C&, 
(Table 2). 

The mass spectra of these hydrogenated com- 
pounds showed a conspicuous peak at mle 70 
C4HsN from the proline ring and major fragments 
representing the alicyclic part of the molecule at 
m/e 220 C1zH1eNpO, (corresponding to fragment a) 
for 13a and 13b and at m/e 222 C,,HrsN20, (corre- 
sponding to fragment a) for 14a and 14b. The frag- 
ment at m/e 174 C,rH,,NO (d) from 14a and Mb is 
important in confirming the reverse linking of the 
isoprene side chain to the JI-indoxyl moiety. 

Reduction of the major tetrahydroderivative 
14a with LAH yielded a pair of diastereoisomeric 
hydroxyindolines (15). The major crystalline 
product CzlHSIN,O exhibited typical indoline UV 
absorption and lacked carbonyl absorption in its 
IR spectrum. The proton on the hydroxylbearing 
C atom gave rise to a singlet at T 4.97. Compound 
(15) was converted with ditftculty to the indole 
derivative upon treatment with hydrochloric acid, 
probably due to preferential protonation of the 
tertiary N atoms. The major indole was isolated 
by TLC on A&OS. The formation of two products 
is possible. The C atom (C1s) bearing the geminal 
Me groups is known lg to have a much greater 
migratory aptitude than the methylene C atom 
(C,); the formation of compound (16) would 
therefore be favoured. 

From NMR data it was not possible to assign 
the stereochemistry of the newly created chit-al 
centre at position 12. The major tetrahydroderiva- 

/‘1 OH -N 

H 

15 

H 
16 
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tive (14a) was submitted to an acid hydrolysis 
which yielded approximately one mole equivalent 
of proline in the hydrolysate as determined by an 
automatic amino acid analyzer. The proline was 
separated preparatively by high voltage electro- 
phoresis at pH 1.9. The ORD spectrum of the 
proline showed a peak ([0]~;?,~~c1+480“) establish- 
ing its S-configuration.0 At position 12 compounds 
13a and 14a have the S-configuration while 13b and 
14b have the R-configuration. 

2. 12,13-Dihydroaustamide (5) 
A minor fluorescent metabolite was always 

associated.with austamide in cultures of A. ustus. 
The compound (5) had identical physical proper- 
ties (m.p.; UV, IR, NMR, CD and mass spectra) 
to compound 13a, the major dihydroderivative 
obtained upon hydrogenation of austamide. Sub- 
sequent hydrogenation of each of these compounds 
gave the major tetrahydroderivative (14a) m-p. 
246-2479 

12,13-Dihydroaustamide (5) therefore has the 
12S-configuration. The chirality of its apparent 
precursorprolyl- l-( 1’ , 1 ‘-dimethylallyltryptophyl)di- 
ketopiperazine 1 was thus retained at position 12. 

Proposed stereochemistry of austamide (4), 
12,13-dehydroaustamide (5) and the hydrogena- 
tion products (13a, 13b, 14a and 14b). Our chemical 
studies established the structural features of 
austamide (4) and of 12,13-dihydroaustamide (5). 
Both compounds contain chiral centres at positions 
2 and 9; in addition 12,13-dihydroaustamide (5) 
contains a chiral centre at position 12. The S- 
chirality at position 12 in 5 was established by 
correlation with 12S-tetrahydroaustamide (14a) 
see above. Compound 5 therefore retained at 
position 12 the same absolute configuration as its 

apparent precursor 9S, 12S-prolyl-2-( 1’. 1 ‘-di- 
methylallyl)-tryptophyldiketopiperazine (1). The 
diketopiperazines 1 and 2 are most likely the bio- 
genetic precursors of the +-indoxyls 5 and 4, 
respectively; this hypothesis is strongly supported 
by their co-occurrence in cultures of A. ustus. 
From general biosynthetic considerations it is 
mechanistically unlikely that the 9S-chiral centre 
of 1 and 2 would be involved in the cyclization 
leading to an g-membered biogenetic intermediate 
e.g. (3), thus clearly supporting the 9S-configura- 
tion in both 4 and 5. Inspection of molecular models 
of the rigid brevianamide A (12) molecule shows 
that it will similarly require that both chiral centres 
on the diketopiperazine ring must have the same 
configuration. This cis-orientation proposed for 
12,13-dihydroaustamide (13a) is the same as de- 
picted in Fig 5 for 12S-tetrahydroaustamide (14a); 
14a is obtained upon hydrogenation of 13a. 

The proposal of the stereochemistry at position 
2, the Spiro atom, relative to position 9 is based 
exclusively on NMR data. The values of the 
different NMR parameters which could be ob- 
tained from the NMR spectra of austamide and its 
hydrogenation products are given in Table 2, 
excluding data on the $-indoxyl moiety. From 
Table 2 it was evident that the proton on the 
diketopiperazine ring at position 9 resonated 
between 75.20-5.38. In 1 and the model com- 
pounds 10a and lob the proton at position 9 
appeared between ~5-56-5.85; these values are 
in accordance with the data (T 5.5-6-3) given by 
Romanet et aLz2 for protons at the 3,6-positions 
of 2,5_diketopiperazines. The lower field absorp- 
tion of the protons at position 9 in 4, 13a, 13b, 
14a and 14b is therefore thought to be due to the 
anisotropy of the +indoxyl carbonyl group as 
shown in Fig 3. With an opposite configuration at 

Fig 3. Proposed conformation of austamide. 
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position 2 it is unlikely that the proton at Cs will 
suffer a down field shift. 

In austamide 4 the diketopiperazine ring and the 
proline ring must be planar by the rigidity imposed 
in this system by the 12,13-double bond. The 
planarity of the proline ring was supported by the 
appearance of its constituent protons in the NMR 
spectrum as an A,M,X pattern. Information per- 
taining to the conformation of the 7-membered 
ring, dihedral angles based on J-values, are pre- 
sented as Newman projections. For austamide (4) 
the coupling constants for the ABX system at C, 
and C, are compatible only as shown below. The 
unsaturated seven-membered ring is therefore in 
the preferred chairz3 conformation as shown in Fig 
3. 

The proposed conformation for austamide is 
in agreement with the isotropic shifts observed 
upon the addition of the paramagnetic shift reagent 

J&S = 12Hz co. 180D 

Newman Projection I , austamide 4 

euorpium- 11 l-&is- 1 , 1,1,2,2,3,3-heptatktoro-7,7-di- 
methyl-4,6-octadionel’ to a solution of austamide 
in CDC&. Austamide 4 is a polifunctional com- 
pound, a variation in the proton shift ratios with 
concentration of the shift reagent is observed (Fig 

I I I I I , 

6 

0 425 0,50 0,75 I,00 

Moles of Eu(fod), per mole of substroto 

Fig 4. Shifts observed upon the addition of Eu (fad), to a 
solution of austamide (4). 

FIGURE p 

Fig 5. Proposed conformation of 12S-tetrahydroaustamide (l&r). 
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Jg,g=IOHa ~a.145~ 

NO 1 
“19 ox 

Newmon projection 2 , 12 S- tetrohydrooustomide 14 a 

4), which is probably attributable to the inlluence 
of steric hindrance and differences in equilibrium 
constants for complex formations at the different 
co-ordination sites. To obtain some quantitative 
values, the shift ratios were calculated for the pro- 
tons at C, and C9, assuming the influence of com- 
plexation at C1, only and a distance of 3.0A” be- 
tween the Eu atom and the 0 atom of the C,,-CO 
group. Calculation by the McConnell and Robert- 
son= formula gave values for He9.: H,: Hsax of 
1: 099: O-70; these ratios are in good agreement 
with the observed shifts (Fig 4). A similar calcula- 
tion for the shift ratios of the protons at C13, C,, 
and C,, gave values of Hzo: HIS: H,, of 1: O-76: 0.41; 
these values have the same trend as the observed 
shifts. It is of importance to note that co-ordination 
occurred apparently preferentially at the diketo- 
piperazine CO groups as very little isotropic shift 
was observed for the aromatic protons. 

The tetrahydroderivatives 140 and 14b contained 
a saturated 7-membered ring; which according to 
TochtermamP will have a preferred twist chair 
conformation. Inspection of a Dreiding model of 
these compounds indicated this twist chair con- 
formation for the 7-membered ring, a boat con- 
formation for the diketopiperazine ring and a 
buckled half-chair form for the proline ring. The 

AE 

information obtained on the conformation of the 7- 
membered ring is shown by Newman projections 
and the proposed stereoformula for 1411 is depicted 
in Fig 5. The NMR spectrum of the minor tetra- 
hydroderivative (14b) taken at room temperature 

I I I I I I 
200 300 400 

"ITI- 

Fig 6. The CD spectra of austamide (4) (- )andof 
brewianamide A (12) (------------). 

“In - 

Fig 7. The CD spectra of compound 13a (---------) and of compound 13b (-). 
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AE 0 \ 
\ 

\ 
\ 
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\ \ / 
N_’ 

-5 I I I 
250 300 350 400 

nm - 

Fig 8. The CD spectra of compound 14s (---------) and of compound 14b ( -). 
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in CDCI, revealed that the conformationally mobile 
7-membered ring of this molecule existed in more 
than one conformation. These conformers inter- 
change rapidly and the observed couplings of the 
protons at C,, (J 5, 6, 16Hz) would then be the 
average values of the different conformers. 

The CD data of compounds 4,5 (Wa), 13b, 14a 
and 14b are shown in Figs 6,7, and 8. In austamide 4 
the chromophore associated with the long wave- 
length electron transfer band of the +indoxyl unit 
gave rise to a positive Cotton effect at 39Onm, AE 
+2. The Cotton effect at 285 nm, AC + 1.8 is thought 
to be associated with the 12,13-enamide chromo- 
phore since it was absent in the spectrum of di- 
hydroaustamide (13a and 13b). The CD spectra of 
all of these compounds showed very strong Cotton 
effects at ca 234nm, AE 20-25 and are not repro- 
duced in the figures. The absorption at 234 nm must 
be associated with the strong UV chromophore of 
the JI-indoxyl moiety at this wave-length. 

A most unusual feature of these CD data is the 
remarkable influence of conformational changes 
remote from the chiral Spiro position on the sign 
of the Cotton effects above 300nm. For example 
12S-dihydroaustamide (13a) had AC 380 nm - 0% 
12R-dihydroaustamide (13b) had AE 383 nm + 3-O; 
12S-tetrahydroaustamide (Ma) had be 379nm+2*6, 
while 21R-tetrahydroaustamide (14b) had AC 375 
run -3.6. From an empirical approach with con- 
sideration of conformational factors it appears that 
the sign of the Cotton effects above 300 nm, as- 
sociated with the $-indoxyl moiety, must be gov- 
erned by the orientation of the diketopiperazine 
part of the molecule relative to the $-indoxyl unit. 
The Cotton effect at 234nm is therefore a better 
measure of the stereochemistry at position 2 in 
these compounds. The similarity in the CD spectra 

*The structural elucidation of this compound will be 
described in a separate communication. 

of austamide (4) and of brevianamide A (12) indi- 
cates that these compounds probably have the same 
con&uration at position 2, (Fig 6). 

EXF’ERIMENTAL 

UV absorption refers to EtOH and IR absorption to 
CHC&. UV spectra (Unicam Model S.P. 800 Spectro- 
meter) and IR spectra (Perkin-Elmer Model 237 Spectro- 
meter). Mass spectra were taken on a MS-9 double focus- 
sing mass spectrometer. The CD spectra were recorded 
in MeOH at 21” with a JASCO ORD/UV-5 instrument 
with attachment for CD measurements. PMR spectra 
were recorded on a Varian HA-100 Spectrometer in 
CDCl, 

Amino acid analysis was carried out on a Beckman 
model 120B automatic amino acid analyzer coupled to a 
Beckman 125 integrator. Electrophoresis was performed 
on a Gilson high voltage electrophorator, model D, with 
Vat-sol as cooling medium. The buffer system was AcOH : 
HCOOH : water (100: 29.5: 870) (v/v/v), pH 1.9. What- 
man No. 3MM paper was used for preparative separation. 
Proline was located on the paper with the collidine- 
ninhydrin reagent. 

Gas chromatography was carried out on a Packard gas 
chromatograph Model 846. TLC chromatography was 
carried out on Merck precoated A&O3 and SiOz plates, 
layer thickness, 0.25 mm and 1.25 mm for analytical and 
preparative separations, respectively. Chromogenic 
reagent for TLC plates was a solution of 1% Ce(SO& in 
6NHfi0,. 

Isolation of compounds 1-5. Aspergillus ustus (Bainier) 
Thorn and Church was grown in bulk on wet sterilized 
maize-meal for 20 days. The dried mouldy maize (6.3 kg) 
was extracted with CHC&-MeOH over a period of 2 days 
and the solvent removed under reduced pressure which 
yielded homogenous crystalline material (27Og)* which 
represented the main toxic component of the fungal cul- 
ture and soluble material (470 g). The latter in CHCI, (4 1) 
was twice extracted with water (1.5 1). Evaporation of the 
CHC& yielded 25Og of material which was partioned 
between 90% MeOH and hexane (3 1 each), yielding 50 g 
of toxic material in the MeOH layer. 

This toxic material (50 g) was separated by chromatog- 
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raphy on formamideimpregnated cellulose powder 
( 1.5 kg). 

The cellulose column was developed with mixture of 
hexane and benzene, 2500 fractions, each containing 
(20 ml), were collected. 

Fraction A (4.9 g) derived from tubes 880-1400 con- 
tained compounds 4 and 5. 

Fraction B (26g) derived from tubes 1401-1550 con- 
t&ted compound 1. 

Fraction C (2.0 g) derived from tubes 1550-1790 con- 
tained compounds 2 and 3. 

PuriJcation of compound 1. Fraction B (2.68g) was 
separated on A1903, activity III (50 g) in benzene as sol- 
vent to give 1 as a homogenous powder (250 mg). It had 
[al%-59” (c, 1.2 CHC13; A,, 225,275,283 and 291 nm 
(log E 4.51, 3.85, 3.91 and 3.85, respectively); Y,,,~ 3480, 
3458, 3365, 3000 and 1670 cm-‘. It had m/e 351.200 (M+, 
C,,H,,N,O, requires: 351.194), 198.127 (C,,H1,N, re- 
quires: 198.128). 

Purification of compounds 2 and 3. Fraction C (2-O g) 
was separated on A&O3 activity III (50 g). Elution with 
benzene gave a mixture of compounds (40 mg) containing 
3. The latter material was separated by TLC on SiOZ in 
CHC&: MeOH (98: 2) v/v yielding 3 (8 mg) it had &, 
224, 272, 284 and 292 rmr (log l 444,3*93,384 and 3.71, 
respectively); vrnax 3482,335O (weak broad band), 3000, 
1675 and 1650 cm-‘. It had m/e 347.161 (M+, CZ1HZ1N302 
requires: 347.162). 

Elution of the foregoing AlsO3 column with CHCl,: 
benzene (6 : 4) v/v gave 2 (120 mg) as a homogenous pow- 
der. It had [~u12,2’-338~ (c, l-3 CHCW A,,,,. 223, 268, 283 
and 292 nm (log e 4.54,.4*03. 4.00 and 3.89, respectively) 
v,,,,, 3482, 3460, 3380, 1670 and 1650 cm-l. It had m/e 
349*1720(M+, CZ1H,N,02 requires: 349.1708). 

Purification of compounds 4 and 5. Fraction A (4.9 g) 
was separated on AleOS, activity III (3OOg) and elution 
with mixtures of benzene and CHC& yielded 4 (2.7 g) and 
a mixture ( 150 mg) containing 4 and 5. The latter mixture 
was separated by repeated chromatography on prepara- 
tive SiOs chromatoplates, solvent CHC&: MeOH (97: 3) 
v/v which gave pure 5 (40 mg). 

Austamide 4 is a homogeneous powder and had [01]:@ + 
152” (c, 1 EtOH); A,, 234,256,268 (sh), 282 and 392 nm 
(log e 4.42. 3.07, 3.04, 3.94 and 3.43, respectively); vmalr 
3420,300O. 1700.1680.1650 and 1622 cm-‘. 

It had m/e 363.1579 (M+, C,,H,,N,O, requires: 
363.1582), 218.1040 (C,,H,,N,O, requires: 218.1055), 
203.0769 (C,,H,,N,O, requires: 203.082), 173.085 (C,,H,,- 
NO requires: 173.084). 

12,13-Dihydroaustamide 5 was crystallised from ace- 
tone and had m.p. 235-238”and [ol]C” + 55” (c, 1 .l CHCW; 
A 238, 256 and 390nm (log E 4.49, 4.13 and 3.52, re- 
s:Ztively); vrnm 3420,3335,3000,1670 and 1620cm-‘. It 
had m/e 365.1750 (M+, C,,H,,N,O, requires 365.1739) 
192.1268(CuHlsN,0requires: 192~1262),70~0656(C&N 
requires: 70.0656). 

Hydrogenation of compound 1. Compound 1 (22 mg) 
was hydrogenated in EtOH (5 ml) over 10% Pd/C (15 mg). 
The absorption of H, ceased after 4 min upon the uptake 
of 1 mole of HI. Standard work-up gave 6 (20 mg). It had 
A 224, 275,284 and 292 nm (loge 4*42,.3.75,-3.80 and 
3?, respectively: vrnar 3480, 3360 and 1670cm-‘; m/e 
353 (M+.C,,H,,r;r,O,re4uires: 353). 

Hydrogenation of compound 2. Compound 2 (90mg) 
was hydrogenated in EtOH (10 ml) over 10% Pd/C (50 mg) 
for 1 hr. Standard work-up gave 6 (95 mg). This com- 
pound had UV, IR, NMR, CD and mass spectra as well 

as chromatogtaphic properties on AlZOOs and SiOs identi- 
cal in detail to that obtained upon hydrogenation of 1, see 
above. 

Kuhn-Roth oxidation of compound 6. Compound 6 (50 
mg) in 4N chromic acid-cone H?SO, (4 : 1) v/v (5 ml) was 
heated under reflux for 1 min.-Water (S’ml) was added 
and the volatile acids were removed by steam distillation. 
This procedure was repeated 10 times. The acids were 
neutralised with 0.05 N NaOH and converted to the p- 
bromophenacyl estersZ5 The p-bromophenacyl-2,2- 
dimethylbutyrate (15 mg) was obtained by separation on 
SiOZ TLC in CHCl,:benzene (1: 1) v/v on which it 
appeared at R,O40. 

This compound was compared with the p-bromo- 
phenacyl ester of 2,2_dimethylbutyric acid prepared by 
standard procedure. The two compounds had identical 
mobilities in several SiO, TLC systems; identical reten- 
tion time (18 min) on GLC, [column packed with 5% OV 
101 on 60/80 gas chrom. Q, inlet temp 140”, initial hold 
5 min, program rate lO”/min, final temp 200°, carrier gas 
flow rate 35 cclmin] identical mass spectra and PMR 
characteristics, viz T 2.28 and r 246 (4 arom. II, AB sys- 
tem JAB 8 Hz); r 480 (2H, s, COCI-JsO-); T 8.37 (2H, q, 
J 7 Hz, RC&CH& r 890 (6H, s, gem dimethyl group) 
and 79.10 (3H, t, J 7 Hz, R-CH&&). 

Hydrolysis qf prolyl-2-( l’,l’-dimethylallyl)trptophyl- ._ 
diketopiperazine 1. Compound 1 (10 I&) suspended-in 
6N HCl (5 ml) was heated in a sealed tube at 110” for 
20 hr. The soln was filtered, treated with charcoal and 
concentrated in a dessiccator over KOH and CaCl, to 
dryness. Automatic amino acid analysis revealed the 
presence of proline in the hydrolysate. The latter was 
separated on a Gilman electrophorator for 1.5 hr at 4500 
volt. The proline was eluted from the paper with AcOH: 
n-propanol : water (1: 1: 8) v/v/v. It had [6]!&6:NnHmc’ + 225” 
and m/e 115 (talc. for C,H,NO, : M+, 115). 

Preparation of LTLPDKP (lOa). L-tryptophan methyl 
ester hydrochloride (1.2 g) in water (20 ml) was added to 
1-carbobenzoxy-L-proly~&mrophenyl ester (l-4 g) in 
dioxane (40 ml) and kept at 80”. Triethylamine (1.2 ml) in 
dioxane (20 ml) was slowly added to the mixture. TLC 
indicated completion of the reaction after 4 hr. The sol- 
vent was removed at reduced pressure and the residue in 
CHCI, (150 ml) washed consecutively with water (2 x 50 
ml), 0.5 N HCl(60 ml) and water (2 X 50 ml) and dried. 

The solvent was removed under reduced pressure and 
the residue filtered through Al,O, (50g) by eluting with 
CHCl, : MeOH (98 : 2) v/v to yield t_-tryptophan-N-( l-car- 
bobenzoxy-r-prolyl) methyl ester (1.2 g). After crystal- 
lization from MeOH, it had m.p. 6OO” (lit.,2O 55-759 and 
m/e 449 (calculated for C2&Io,N303: M+, 449). 

The above dipeptide (1.1 g) in EtOH (50 ml) was stirred 
over 10% PdlC (500 mg) in a H, atmosphere overnight. 
The mixture was filtered and the filtrate concentrated. The 
residue in HCOOH (30 ml) was kept at room temp for 
20 min. After removal of excess HCOOH below lo”, the 
residue containing the crude dipeptide ester fonnate was 
dissolved in set-BuOH : toluene 4: 1 (200 ml). The soln 
was boiled for 8 hr and the level maintained by the addi- 
tion of fresh solvent. Excess solvent was removed in a 
stream of NZ. The product was separated on SiO, (150 g) 
in CHCl~ : MeOH (97 : 3) v/v yielding LTLPDKP (500 
mg). After crystallization from acetone, it had m.p. 174”; 
[~]pDz’-- 101“ (c 1.1 AcOH); A,, 220, 273, 280 and 290 
nm (log E 4.51, 3.72, 3.74 and 366, respectively); vrnSx 
3480,3360,3000 and 1660 cm-‘) and m/e 283 (C,J-I,,N,O, 
requires: 283). 
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Preparation of DTLPDKP (lob). DTLPDKP (lob) 
was prepared from Dtryptophan methyl ester hydro- 
chloride under conditions similar to those described for 
1Oa It had m.p. 204-206” (from acetone); [(r]r- 101” 
(c 1.78 AcOH) A,., 220. 273. 280 and 290 nm (1OR E 4.54. 
3.75, 3.78 and’3-7~~respectivkly); vmax 3478, 3395, 3306 
(broad), 3oo0, 1660 and 1448cm-r; and m/e 283 (M+, 
C,$II,N,02 requires: 283). [Found: C, 67.70; H, 5.96; 
N, 1448. CI&I1,NNIOp requires: C, 67.82; H, 6.05; N, 
14.83%]. 

The epimerization of LTLPDKP (lOa). Compound lOa 
(10 mg) in ethanol: triethylamine 1: 1 (2-O ml) v/v was 
heated under reflux for 3 days under anhydrous condi- 
tions. The course of the reaction was followed by SiOZ 
TLC using the solvent system CHC&: MeOH (94 : 6) v/v. 
In this system LTLPDKP appeared at R, 0.30 while the 
epimerization product appeared at R, O-1.5. The newly 
formed product had chromatogmphic properties identical 
to those of DTLPDKP (lob) in several solvent systems. 

The epimerization of compound 1. Compound 1 (15 
mg) in EtOH : triethylamine 1: 1 (3.0 ml) v/v was heated 
under reflux for 3 days under anhydrous conditions. The 
course of the reaction was followed by SiOl TLC using 
the solvent system CHCll: MeOH (97: 3) v/v. In this 
system compound 1 appeared at RI 0.30 and its epimer at 
Rf0.15. 

-Hydrogenation of compound 3. Compound 3 (5 mg) 
was hydrogenated in EtOH (5 ml) over 10% Pd/C (3 mg) 
for 2 hr. Standard work-up gave the tetrahydro derivative, 
homogeneous by SiO, TLC. It had m/e 351.199 (M+, 
CZ1HZ5N302 requires: 351.195). 

Hydrogenation of austamide 4. Austamide (300mg) 
was hydrogenated in EtOH (50 ml) over 10% Pd/C (300 
mg). The experiment was stopped after 12 min when 1.2 
mole of H, was taken up. The mixture was filtered and the 
filtrate evaporated to give a mixture containing four com- 
pounds. The mixture was resolved by repeated chroma- 
tography on five preparative SiO, chromatoplates (40 X 20 
cm) in CHCl, : MeOH (97: 3) v/v. 

12R-Dihydroaustumide (13b) (52 mg) m.p. 144” (from 
acetone). It had [a]$+ 169 (c, 0.5 CHCl& UV absorp- 
tion identical to that of 13a, see below; v,,,., 3400, 1690 _.._. 
(sh) 1665 and 1620 cm-’ and m/e 365 (M+, CZ1HZ3N303 
requires: 365). 

12SDihydroaustamide (13a) (160 mg) m.p. 236-238” 
(from acetone). It had [aI5 +47” (c, l.BCHCls; A,,,= 234, 
234, 256 and 392 nm (log E 440, 4.05 and 346, respec- 
tively); v,, 3420, 3340, 3000, 1690 (sh), 1670 and 1620 
cm-‘: and m/e 365.172 (M+, C,,H,,N,O, requires: 
365.173). 

12S-Tetrahvdroaustamide (14a) (40 nuz) m.v. 246-247” 
(from acetone). It had [c@“‘245” (c, 1-i CHCls); A,., 
225. 265 (sh) and 394nm (loe E 4.32. 3.76 and 3.50. re- 
spedtivelyj; L,,, 3420, 333‘0,-3000, 1685 (sh), 1670’and 
1620 cm-‘. It had m/e 367.1859 (M+, C,,H,,N,O, re- 
quires: 367.1895) 222.1368 (C,,H,,N,O, requires: 
222.1368) 201.1183 (C1&115N0 -requires: 201-l 153) 
146.0585 (C.&NO requires: 1468605). 

12R-Tetrahydroaustamide (14b) (12 mg) m.p. 250-252” 
(from acetone): I&?“+ 135” (c. 1.14 CHCI,): UV. IR and 
mass spectral prop&ties virtually identical to those of 14a. 

Prolonged hydrogenation (2.5 hr) of austamide (4) under 
these conditions furnished 14a and 14b only. 

Hydrogenation of compounds 13a and 5. Compounds 
13a (10 mg) and 5 (10 mg) were separately hydrogenated 
in EtOH (10 ml) over 10% Pd/C for 2 hr. Standard work- 
up gave only 12S-tetrahydroaustamide 14a (10 mg) m.p. 

246-247” (from acetone) and IR spectra identical to that 
of 14a. 

Lithium aluminium hydride reduction of compound 14a. 
Compound 14a (170 mg) in dry THF (30 ml) was added 
dropwise to LAH (200 mg) in THF (3Oml), stirred at 
room temp for 30 mitt, and then heated under reflux for 
1.5 hr. The mixture was poured onto ice and extraction 
into CHCls yielded a crude mixture ( 150 mg). Al,03 TLC 
indicated two main Dragendoti-positive products. The 
main product (15) was obtained by crystallisation from 
acetone which gave the hydroxyindoline (8Omg) m.p. 
204-206”. It had [o]~1’“+119” (c, l*lCHCls), A,,,, 212, 
251 and 308nm (log e 4.22, 3.94 and 3.34, respectively), 
ymall 3590, 3320 (broad), 2960 and 1600 cm-‘. It had m/e 
341.244 (C,H,lN,O requires: 341.246). 

Acid catalysed rearrangement of compound 15. The 
hydroxyindoline 15 (40 mg) in EtOH (10 ml) containing 
5 drops of cone HCl was heated under reflux for 7 min. 
The solvent was evaporated under reduced pressure and 
the residue partitioned between CHC& and 1N NaHCO, 
aq to yield a mixture (30 mg) of three products on A1203 
TLC developed in CHCll: MeOH (92: 8) v/v. This mix- 
ture was separated in the above system to give a major 
compound (16) (21 mg) noncrystalline and homogenous 
by TLC. It had A,,,, 227, 276, 285 and 292 nm (log E 
444. 3.69. 3.73 and 3.71. resvectivelv) and mle 323.234 
(C2,HzaN, requires: 323.236). _ _ ’ 

N-nitroso-12Wetrahydroaustamide. Compound (14a) 
(4 mg) in glacial AcOH (0.4 ml) was treated with NaNO* 
(11 mg) and kept at room temp for 4 hr. The solvent was 
removed in vacua and the residue separated on SiO, TLC 
in CHC&: MeOH (98 : 2) v/v giving the N-nitrosoderiva- 
tive (3 mg) as a yellow residue. It had A,, 206,237, 252, 
283 and 328nm (log E 4.20, 4.08, 4.10, 3.79 and 3.67, 
respectively) (similar value were reported2 for N-nitroso- 
bre&nunide A); and Y,,,~ 1715 ($-indoxyl CO), 1660 
(diketoviverazine CO arouvs), and 1455 cm-’ (N-NO). 
Its ma.& spectrum did not show a molecular ion.’ ’ 

Hydrolysis of tetrahydroaustamide (14a). Compound 
14a (6 mg) in 6N HCl(5 ml) was heated in a sealed tube at 
110” for 20 hr. The solution became dark brown. The sol- 
vent was removed in a desiccator over KOH and CaCl,. 
Automatic amino acid analysis revealed the presence of 
about one molar equivalent of proline in the hydrolysate. 
The latter was separated on a Gilman electrophorator for 
15 hr at 4,500 volt. The proline was eluted from the paper 
with AcOH : n-propanol : water (1: 1: 8) v/v/v. It had 
[el&:;;c’ + 470” 
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