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The isolation and characteristics of six tremorgenic mycotoxins, penitrems A-F from cultures of Penicil- 
lium crustosum are reported. The assignment of structure ( 2 )  to penitrem A is based on a detailed study of 
its high-field H and 13C n.m.r. spectra. The conformation and relative configuration of penitrem A was 
deduced from the observed proton-proton nuclear Overhauser effects (n.0.e.) and the magnitude of the 
proton-proton coupling constants. The chirality of C-25 was determined as S by the ' partial resolution ' 
method of Horeau and penitrem A must therefore have the ( 1  2R, 14S, 15R, 18S, 19R, 22S, 23s' 24R, 
25S, 26R, 28S, 31 R, 32s)  absolute configuration. 

The current awareness of the importance of mycotoxins as 
environmental contaminants has led to the discovery of 
numerous complex substances which elicit a diverse spectrum 
of biological effects in experimental animals. An increasing 
number of newly discovered toxins induces a neurotoxicity 
syndrome in vertebrate animals which is characterized by 
sustained tremors, limb weakness, ataxia, and convulsions. 

In 1964 Wilson described the isolation of a tremorgen, 
aflatrem (1) from cultures of Aspergillusfluuus, the structure 
of which was only recently elucidated by X-ray crystallo- 
 graph^.^ Penitrem A, G7HaC1NO6, a member of the group of 
tremorgenic fungal metabolites, now known as penitrems 
(but initially called tremortins) was first isolated by Wilson et 
uL4 from Penicillium cyclopiurn. Hou et aL5 subsequently 
isolated penitrem A, as well as penitrem B, C3,H15N05 and 
penitrem C (no formula given) from P. pulituns. 

In an early survey of the genus Penicillium, Ciegler and 
Pitt found that production of the penitrems was confined to 
certain species of the subsection Fasciculata, section Asym- 
metrica and specifically to P.  crustosurn, P. cyclopiurn, P. 
grunulutum and P. pulituns. Recently Pitt,' however, concluded 
that all isolates involved in the production of penitrem A 
belong to P. crustosurn. The strain Sol-7, used in the present 
investigation, was identified as P. crustosum by Pitt. 

The tremorgen-producing fungi were originally implicated 
in food intoxication in farm animals2 The neurochemical 
effects of the penitrems and especially penitrem A were 
investigated by Norris et aL8 by measuring directly the amino- 
acid neurotransmitter release from synaptosomes prepared 
from rats dosed with penitrem A. It was found that neuro- 
transmitter synthesis was not impaired but presynaptic 
transmission in central synapses was affected through exces- 
sive release of transmitter amino-acids, viz. glutamic acid, 
aspartic acid, and y-aminobutyric acid. 

on the penitrems were initially ham- 
pered by the extreme acid sensitivity of the metabolites and 
the small amounts of material available to investigators. 
Although the latter complicating factor was readily overcome 
the molecular complexity of the compounds impeded our 
investigation and it was only the advent of high-field n.m.r. 
spectrometers which provided new impetus to solving the 
problem of structure elucidation. This paper relates the results 
of our studies on the structure of penitrem A using both 'H 
and I3C n.m.r. spectroscopy; the structures of penitrems B-F 

Structural studies 

H II 
( 2 )  R = H  
(3) R = A c  
(4) R =H, 11,33,37,38-tetrahydro 

38 

and the study on the biosynthesis of these novel metabolites 
form the subject of the two following papers. 

The penitrem-producing isolate of P. crustosum (Sol-7) was 
grown for eight days at 25 "C in stationary culture on a 
Czapek medium containing yeast extract. The penitrems were 
isolated from the mycelial mats through maceration with 
acetone in a Waring blender. The homogenates were filtered 
and the solvent evaporated under reduced pressure. The resi- 
dual material was subjected to solvent partition and column 
chromatography on silica gel using mixtures of benzene 
acetone as eluant to give penitrem A (2), CJ7H,NCI06; 
penitrem B, C37H45N05; penitrem C, C37H44C1N04; penitrem 
D, C37H45N04; penitrem E, C J ~ H ~ S N O ~  and penitrem F, 
C37H44C1N05. The penitrems were resolved on silica thin- 
layer chromatoplates in the solvents hexane-ethyl acetate 
(6 : 4 v/v) (A) and dichloromethane-ethyl acetate (9 : 1 v/v) 
(B) and detected by spraying with 1% cerium sulphate in 
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Figure 1. The analysed 'H n.m.r. spectrum of penitrem A recorded at 500 MHz. 
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3rvi-HzS04. Using solvent A, the penitrems A-F appear at RF 
0.32, 0.36, 0.22, 0.22, 0.28, and 0.36, respectively; using 
solvent By the penitrems I3 and F appear at RF 0.46 and 0.50, 
whereas the penitrems C and D appear at RF 0.32 and 0.29, 
respectively. The yield of the various penitrems in extracts 
can be quantitated by an h.p.1.c. method which utilizes 
reversed-phase column chromatography with aqueous 
methanol as mobile phase.lo 

Penitrem A (2), is a colourless crystalline substance, m.p. 
237-239 "C. Absorptions at 295 and 233 nm (E  11 600 
and 37 000, respectively) in the U.V. spectrum pointed to the 
presence of a substituted indole moiety in the molecule. This 
supposition was supported by its acid lability and by feeding 
experiments with different labelled tryptophans. In separate 
experiments (2S)-[3-'4C]tryptophan and (2RS)-[benzene-ring- 
U-14C]tryptophan were added to cultures of P. crustosum. 
The latter precursor gave an eight-fold higher incorporation 
(0.16%) of radio-activity into penitrem A than did the side- 
chain labelled tryptophan. The indole part of tryptophan thus 
contributes the aromatic nucleus of the penitrems. 

The i.r. spectrum of penitrem A was structurally uninform- 
ative. Absorptions at  3 580 and 3 475 cm-' were assigned to 
OH and NH groups, respectively. The presence of at least 
one hydroxy-group in the molecule was confirmed by acetyl- 
ation to give 25-0-acetylpenitrem A (3). Catalytic hydrogen- 
ation of penitrem A afforded the tetrahydro-derivative (4). 
The n.m.r. properties of both these compounds are discussed 
in conjunction with those of penitrem A. 

The intensities of four of the signals [6 10.03 (s), 4.16 (s), 
3.40 (d, J 7.5 Hz), and 3.32 (s)] in the 500 MHz 'H n.m.r. 
spectrum of penitrem -4 decreased upon addition of deuterium 
oxide to the sample as well as through saturation transfer 
upon irradiation of the water resonance at 6 2.84. The signal at 
6 10.03 was assigned to the NH proton of the indole moiety l1 

whereas the remaining signals were attributed to hydroxy- 
protons. The one-proton aromatic singlet at 6 7.24 was 
assigned to 7-H. Five three-proton signals at 6 1.75,1.71,1.40, 
1.22, and 1.07 were assigned to tertiary methyl groups. The 
signal at 6 1.71 showed broadening, which was resolved in the 
resolution enhanced spectrum, due to long-range couplings. 
The remainder of the 'H n.m.r. spectrum exhibited extensive 
fine structure (Figure 1). First-order analyses of these multi- 
plets yielded the values of the proton chemical shifts and 
proton-proton coupling constants. From the values of the 
coupling constants, as corroborated by extensive 'H-{'H) 
homonuclear decoupling experiments, three fragments A, By 
and C of the penitrem A molecule could be constituted as 
shown in (5)-(7). 

Fragment A (5). The doublet at 6 4.93 (J 8.2 Hz), assigned to 
18-H served as the starting point in the analysis of this spin 
system. The chemical shift value indicated that this proton is 
located on an  oxygen-bearing carbon atom in close proximity 
to an aromatic system.lz In addition the value of the coupling 
constant suggests a possible trans relationship with its only 
neighbour, 19-H. The geminal and vicinal proton-proton 
coupling constants for the 19-H, 20-H, and 21-H protons are 
indicative of the protons of a six-membered ring in a chair 
c~nformation.'~ 

Fragment B (6). The terminus of the second spin system, 
containing eight protons, is formed by a doublet at 6 3.63 (J  
15.6 Hz) which was assigned to 10-Ha. The appreciable 
chemical shift difference (0.37 p.p.m.) between the geminal 
protons, lO-H, and lO-H, as well as the value of the coupling 
constant (J 15.6 Hz) implied that these protons might be 
situated in close proximity to an aromatic system. The chemi- 
cal shifts and coupling constants of the protons resonating at 
6 5.01 and 64.86, 33-Ha and 33-Hb, (as well as those at 6 5.07 
and 6 4.87, see below) are characteristic of the protons of an 
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exocyclic methylene group. The values of the coupling 
constants between these protons and those resonating at 6 
3.26 (lO-Hb) and 62.98 (12-H) are in the range reported for 
allylic proton-proton coupling ~0nstants.l~ The coupling 
pattern observed for the resonances at 6 2.98 (12-H), 2.41 and 
2.26 (13.8485 0 T8Tc 10 0 0 9.5 101.1409618.8204 Tm
(2.26 )T
-0.06 T 9.5 142.64021380.7204 Tm
(2.26 )T 0 Tb,.01 Tc 1.8485 0.5 171.44024151.0204 Tm
(2.26 )[ncespecorimly0.0285T
-0.002 Tc 5.9 0 0 9.5 207.04021160.8204 Tm
(2.26 )Tj
49.01 Tc 1.9495 0 T29((13.8485 4j
0.02 Tc 0 0 9.5 273.64025860.8204 Tm
(2.26 )Tpoint0 Tc 3.-1.0826 Td
(patternto.01 Tc 1.9495 0 
(2.41 )T
-0.01 Tc 1. 0 0 951.2.41 )TpceseTJ
.05 Tc 9.9 0 0Td
(observedf01 Tc 10 0 0 99.5 t )Tj
001 Tc 103 0 0 9.5 142.6402 718.82044Tm
(2.26 )TCHCHzCHTc 10 0 0 9.5 101.14027718.82044Tm
(2.26 )T)-397J
-,01 Tc 10 0 0 5 t 
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Figure 2. The 'H n.m.r. spectral data and proton-proton coupling constants for penitrem A. 
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25-H must arise through interaction with 26-H. Consequently 
in penitrem A the two protons which resonate at 6 4.04 are 
located on contiguous carbon atoms, C-25 and C-26, with 
only a small spin-spin interaction (ca. 1.6 Hz). 

Appreciable long range proton-proton coupling is ob- 
served, along a W-path, in saturated systems (4J) l6 or in 
systems where strain is introduced through the presence of 
e.g. an oxiran ring." Since it is not possible to have all the 
protons in fragment C in a W-arrangement and taking into 
account the chemical shift of 24-H, the presence of a tri- 
substituted oxiran was postulated. Additional evidence for 
this postulate was obtained by 13C n.m.r. spectroscopy (see 
below). 

The geminal and vicinal coupling constants observed for 
the protons of C(28)-C(29)-C(30) indicate that they form part 
of a six-membered ring in a chair conformation. 

The lH n.m.r. data of penitrem A are shown in Figure 2. 
Extensive use of 13C n.m.r. spectroscopy was, however, 
required for the connections between the different fragments 
(5k-47). 

The 13C n.m.r. data for penitrem A (2) as collated in the 
Table was obtained from proton-noise-decoupled (p.n.d.) and 
single frequency nuclear Overhauser enhanced (n.0.e.) 13C 
n.m.r. spectra. In the assignment of the different I3C n.m.r. 
resonances extensive use was made of single frequency off- 
resonance proton-decoupled and selective proton-decoupled 
13C n.m.r. spectra, selective population inversion (SPI) 
experiments l8 and the reported "C n.m.r. chemical shifts and 
(C,H) coupling constants of related compounds. The reported 
deuterium isotope shifts l9 are the separations between doubled 
signals observed in the p.n.d. 13C n.m.r. spectrum when the 
exchangeable protons were partially exchanged with deuterium 
upon addition of [2H4]methanol. 

Single frequency n.0.e. and off-resonance proton-decoupled 
n.m.r. spectra revealed that the 37 carbon resonances 

observed in the p.n.d. I3C n.m.r. spectrum of penitrem A (2) 
are due to five methyl, eight methylene, nine methine, and 
fifteen quaternary carbon atoms. The residual splittings 

observed in a series of off-resonance proton-decoupled 13C 
n.m.r. experiments enabled us to correlate the signals of all 
the proton-bearing carbon atoms with specific proton reson- 
ances20 and in addition allowed the assignment of the 13C 
n.m.r. resonances of the proton-bearing carbon atoms in 
fragments (3, (6), and (7). The magnitude of the observed, 
directly bonded (C,H) coupling constants (Table), support 
these assignments. 

Chemical shift considerations dictate that the twelve reson- 
ances in the 6 105-155 region must be attributed to the sp2 
carbons atoms of the indole ring and the two exocyclic double 
bonds in fragments B and C. The signals due to the exocyclic 
methylene carbon atoms at 6 107.10 and 111.64 appear as 
triplets in the single frequency n.0.e. 13C n.m.r. spectrum. 
Selective decoupling of the C-36 protons (6,1.71) affected the 
resonances at 6 11 1.64 (C-38), and 143.27 (C-37). The signal 
at 6 107.10 is therefore due to C-33. The two quaternary 
carbon signals at 6 143.27 and 149.48 are attributed to C-37 
and C-11, respectively as these signals are absent in the 
p.n.d. 13C n.m.r. spectrum of tetrahydropenitrem A (4). 

The assignment of the remaining eight aromatic 13C reson- 
ances to specific indole carbon atoms is of cardinal importance 
in the determination of the substitution pattern of the indole 
ring. The only unsubstituted aromatic carbon atom resonates 
at 6 11 1.86 and exhibits a directly bonded (C,H) coupling of 
163.6 Hz. On the basis of the reported chemical shifts for 
methyl indoles*' this resonance can be attributed to either 
C-3 or C-7. The reported directly bonded (C,H) coupling 
constant ['J(C,H)] for C-3 in indoles is, however, 175 H z . ~ ~  
The proton-bearing aromatic carbon atom in penitrem A is 
therefore C-7. Selective irradiation of the C-7 proton tran- 
sitions in a SPI experiment proved that 7-H (& 7.24) couples 
to the carbon atoms which resonate at 6 125.80 [3J(C,H) 6.3 
Hz], 121.99 [3J(C,H) 5.8 Hz], 124.56 ['J(C,H) 4.9 Hz], and 
139.73 [2J(C,H) cu. 1 Hz]. Chemical-shift considerations allow 
the assignment of the last resonance to C-9. In aromatic sys- 
tems three-bond (C,H) coupling constants (3J 5-11 Hz) are 
normally larger than (C,H) couplings over two bonds (2J ca. 
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2 Hz).'j The value of 2J(C,H) can, however, increase if an 
electronegative group is located on the carbon atom.23 The 
above remaining three resonances can therefore be assigned to 
C-5, C-8, and C-6, respectively with the chlorine atom 
located at C-6. In the 'H n.m.r. spectrum of penitrem E 
(5 6-dechloropenitrem A) signals due to two ortho aromatic 
protons are 

The observed deuterium isotope shifts (Table) for C-9 (6 
139.73, A6 -0.148 p.p.m.) and the carbon atom resonating 
at 6 154.36 (A6 -0.157 p.p.m.) are of the same magnitude. 
The deuterium isotope shift of C-9 results from substitution 
of the indole N-H proton by deuterium and is thus a two- 
bond effect. The signal at 6 154.36 is therefore assigned to 
(2-2. Irradiation of the 1-H resonance (6 10.03) affected the 
C-2, C-9, and C-8 resonances as well as the signal at 6 120.64 
thereby assigning it to C-3, the only remaining sp2 carbon 
atom three or less bonds removed from 1-H. The remaining 
aromatic carbon resonance at 6 133.29 must by elimination 
be assigned to C-4. The two- and three-bond deuterium iso- 
tope shifts (see Table) support the above assignments, 
although the isotope shift observed for C-4 is not explicable 
by substitution of 1-H with deuterium (but see below). At this 
stage of the structural analysis we have unambiguously 
assigned the carbon atoms of the indole ring and defined the 
substitution pattern of the indole moiety. We noN have to 
assemble the penitrem A structure by making further inter- 
connections between specific carbon atoms of the indole ring 
and the different fragments A (3, B (6), and C (7). 

As the chemical shift and geminal coupling constant 

indicated that these protons are probably located in close 
proximity to an aromatic system, we decided to utilize the 
long-range (C,H) couplings of these protons. Selective irradi- 
ation of the 10-Hb proton (6 ,  3.26) transitions in a I3C-{'H) 
SPI experiment affected the resonances due to C-5, C-6, and 
C-4. Four-bond (C,H) couplings are normally small (ca. 1 
H Z ) ~ ~  and the irradiating power used in these experiments 
(7H2 = 5 Hz) precludes their detection. The 10-Hb proton 
therefore is two and/or three bonds removed from C-5, C-6, 
and C-4 and consequently the C-10 carbon atom of fragment 
B (6) must be linked to C-5 of the indole ring. 

Selective decoupling of 12-H in fragment B (6) changed the 
resonances assigned to C-33, C-14, C-10 and the quaternary 
carbon signal at 6 81.01. The chemical-shift value indicates 
that this carbon atom (C-15) carries an oxygen substituent 
while the observed deuterium isotope shift (A6 -0.1 18 p.p.m.) 
verified the nature of the oxygen function as a hydroxy-group. 
Three-bond deuterium isotope shifts were also observed for 
C-12 @A -0.063 p.p.m.) and C-4 (A6 -0.030 p.p.m.). The 
isotope shift for C-4 was mentioned before and must result 
from the replacement of the proton of the 15-hydroxy-group 
with a deuterium. This in turn confirms that C-15 is bonded to 
C-4 of the indole ring. The chemical shift of C-13 (6 24.67) and 
the directly bonded (C,H) coupling constants of C-12 ('J 
137.1 Hz), C-13 ('J 135.9 Hz), and C-14 ('J 129.5 Hz) are 
similar to those observed for cyclobutane (6 23.1; 'J 134 
H z ) . ~ ~  The carbon atoms C-12, C-13, C-14, and C-15 are 
therefore present as a cyclobutane moiety. The proton reson- 
ances at SH 4.16 and 3.32 can now be assigned to the C-15 and 
C-22 hydroxy-protons, respectively as irradiation at 6" 4.1 6 
affected the C-15 carbon signal. 

Selective decoupling of the methyl protons which resonate 
at IjH 1.07 and 1.75 greatly simplified the methyl carbon 
signals at 6 31.06 and 20.32 (C-35 and C-34), respectively and 
affected the quaternary carbon resonance at 6 76.09 (C-16). 
This result demonstrated that these three carbon atoms form 
an isopropyl group. The proximate location of this group to 
the cyclobutane moiety was evident from the selective irradi- 

['J(H,H) 15.6 Hz] Of IO-H, ( 6 ~  3.63) and 10-Hb (6 ,  3.26) 
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(8)  (9 )  

ation of the C-14 proton which changed both the C-34 and 
C-35 methyl carbon resonances to a quartet of quartets. The 
chemical shift of the quaternary carbon resonance at 6 76.09 
(C-16) is indicative of the presence of an oxygen-bearing 
carbon atom. Since no deuterium isotope shift was observed 
for this resonance it must be concluded that the oxygen atom 
is present as an ether function. 

On the basis of the 'H and n.m.r. data presented so far 
the partial structure as shown in fragment D (8) is proposed 
for penitrem A. 

The presence of the oxiran moiety in fragment C (7) as 
postulated on the basis of 'H n.m.r. data (see above) was 
readily confirmed by I3C n.m.r. spectroscopy. The directly 
bonded (C,H) coupling constant of 179.4 Hz observed for the 
resonance centred at 6 61.91, and which had been correlated 
with the chemical shift of 24-H (6 ,  3.57), is diagnostic for a 
proton-bearing oxiran carbon atom.27 The resonance at 6 
66.11 was assigned to the quaternary carbon atom ((2-23) of 
the oxiran moiety on the basis of its chemical-shift value and 
the change observed in this I3C resonance when the protons 
resonating at tiH 4.04 (25-H/26-H) were selectively irradiated. 

Upon selective irradiation at 6H 2.63, the resonance position 
of 19-H and 30-H,, (C,H) couplings of 5.8 and 7.6 Hz are 
removed from the methyl carbon signals at 6 21.35 and 18.98, 
respectively. These (C,H) couplings must be over three bonds 
since the corresponding proton resonances of these tertiary 
methyl groups are singlets. In the 'H n.m.r. spectrum the 
protons 18-H and 30-Hb are inter alia also affected upon 
irradiation at tiH 2.63. As a result of this experiment a two- 
carbon unit consisting of a methyl group located on a quater- 
nary carbon atom must be located at both C-30 of fragment C 
and at C-19 of fragment A. The two quaternary carbon atoms 
concerned resonate at 6 43.55 and 50.08, and must be con- 
tiguous since a one-bond (C,C) coupling of 37.2 Hz is observed 
for these signals in the p.n.d. 13C n.m.r. spectrum of penitrem 
A derived from [l-13C]acetate.28 Furthermore, in the p.n.d. 

n.m.r. spectrum of penitrem A derived from [l,2-13C]- 
acetate the resonance at 6 43.55 exhibits a one-bond (C,C)- 
coupling ('J 36.0 Hz) with that at 6 18.98; a one-bond (C,C)- 
coupling ('J 34.8 Hz) is similarly observed for the resonances 
at 6 50.08 and 21.35.28 The above results define the mode of 
linkage between C-19 in fragment A ( 5 )  and C-30 in fragment 
c (7). 

We are now left with only one unaccounted for quaternary 
carbon atom. The chemical shift of this carbon atom, 6 78.24 
as well as the two-bond deuterium isotope shift (SA -0.112 
p.p.m.) observed for this signal confirms the presence of a 
tertiary hydroxy-group at this position. The assignment of 
the resonance at 6 78.24 to C-22 is based on the one-bond 
(C,C)-coupling observed between C-22 and C-21 (6 30.59) in 
the p.n.d. I3C n.m.r. spectrum of penitrem A derived from 
[1,2-'3C]a~etate.28 

The geminal and vicinal proton-proton coupling constants 
for the protons of the CHCHlCH2 moieties in both fragment 
A ( 5 )  [C(19)-C(21)] and fragment C (7) [C(28)-C(30)] 
indicate their location in two separate six-membered rings. 
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resonance. In each case the C-2 resonance (6 154.36) changed 
to a triplet with 3J(C,H) 4.2 Hz. This result taken in conjunc- 
tion with the chemical shift of the C-18 proton (ljH 4.93) 
necessitates the linkage of C-18 with C-3 of the indole nucleus 
and, in addition, 19-H must be three-bonds removed from C-2. 

On the basis of the evidence presented, penitrem A is assign- 
ed the structure (2). The assignment of the resonances in the 
I3C n.m.r. spectrum of 25-0-acetylpenitrem A (3) and tetra- 
hydropenitrem A (4) is given in the Table and follows from the 

Figure 3. The n.0.e. connectivity pattern observed for penitrem A 

This requirement necessitates the formation of links between 
C(22)-C(23) and C(22)-C(31) as shown in part structure (9). 
As a consequence, the signal at 6 43.55, which exhibits a three- 
bond deuterium isotope effect (A6 -0.030 p.p.m.), must be 
assigned to C-31. This result taken in conjunction with the 
one-bond (C,C)-couplings observed for the signals at 6 18.98, 
50.08, and 21.35 in the p.n.d. 13C n.m.r. spectrum of penitrem 
A derived from [ 1 ,2-13C]acetate (see above) allowed the 
assignment of these resonances to C-39, (2-32, and C-40, 
respectively. The alternative assignment of the signal at 6 
43.55 to C-32 and consequently those at 6 18.98, 50.08, and 
21.35 to C-40, C-31, and C-39, respectively, leads to the form- 
ation of a five- and a seven-membered ring instead of two six- 
membered rings in part structure (9). 

We can now turn our attention to the final interconnections 
required between the partial structures (8) and (9) to assemble 
the structure of penitrem A. 

The I3C chemical shift values of C-16 (6 76.09) and C-18 (6 
72.44) are indicative of the presence of an oxygen function at 
both these carbon atoms. Since only six oxygen atoms are 
present in the penitrem A molecule and no two-bond 
deuterium isotope shift is observed for the signals of either of 
these two carbon atoms, it follows that C-16 and (2-18 are 
connected through an ether oxygen atom. 

Evidence for the linkage of partial structure (9) and the 
indole nucleus of penitrem A was provided by selective 
decoupling of both the 19-H (6H2.63) and the 18-H (6,4.93) 

assigned "C resonances of the corresponding carbon atoms of 
penitrem A and from single frequency n.0.e. and single 
frequency off-resonance proton-decoupled I3C n.m.r. spectra. 

Penitrem A is obviously related to the known tremorgens 
pa~pal ine ,~~ pa~palicine,~~ and paspalinine 30 from CZuviceps 
paspali, paxilline (10) 31 from Penicillium paxilli and aflatrem 
(1) from Aspergillusflavus. The I3C n.m.r. data for paxilline 
and related compounds have been reported 32 and it is clear 
that in these compounds the unique chemical shift of C-2 in the 
150-153 p.p.m. region is of diagnostic value.3o In penitrem A 
the resonance due to C-2 appears at 6 154.36. Furthermore, the 
chemical shift values for C-31 (6 43.55) and C-32 (6 50.08) in 
penitrem A are in agreement with the values found for these 
carbon atoms in paxilline viz. 6 39.9 and 50.0, respectively. 
These results exclude the alternative assignment of the signal 
at 6 43.55 to C-32 which would lead to formation of a five- 
and a seven-membered ring in part structure (9) (see above). 

The mass spectral fragmentation of penitrem A is consistent 
with the proposed structure (2).* The mass spectrum showed 
the molecular ion at m/z 633. The loss of a fragment of 86 
mass units (C,HlOO) from the molecular ion, due to cleavage 
of the C(12)-C(13), C(14)-C(15), and 0(17)-C(18) bonds and 

* Since publication of our preliminary account on the penitrems 
(cf. ref. 1) and while this manuscript was in preparation, a study on 
the mass spectral fragmentation of the penitrems has been pub- 
l i~hed .~~ 
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Figure 4. The 'H n.m.r. spectral data and proton-proton coupling constants for 11,33,37,38-tetrahydropenitrem A 

transfer of a hydrogen atom to the five-carbon fragment, gives 
an abundant ion at m/z 547. The loss of a 251 mass unit 
fragment (C14H1904) from both the m/z 615 (M+ - 18) and 
m/z 547 (M+ - 86) fragment is due to cleavage of the 
C(31)-C(32) and C(20)-C(21) bonds with transfer of a 
hydrogen atom to the indole-containing fragment and is the 
same loss which occurs in paspalinine and related compounds. 

The conformation and relative configuration of penitrem A 
was deduced from the proton-proton and carbon-proton 
coupling constants as well as the proton-proton nuclear Over- 
hauser effects (n.O.e.~).~~ The n.0.e.s between different 
protons were measured in the difference mode35 with a 
decoupling power of 2 Hz and a n.0.e. generating delay of 3 s. 
The n.0.e. connectivity pattern is shown in Figure 3. 

For the basis of the discussion it is assumed that (2-15 has 
the R-configuration, i.e. the hydroxy-group is located below 
the plane of the indole ring. The ring fusion between the six- 
and four-membered rings is through necessity cis and the C-12 
proton is therefore cis to the C-15 hydroxy-group. The C-16 
carbon atom can either be cis or trans to the C-15 hydroxy- 
group while the C-18 proton can be either above or below the 
plane of the indole ring. As a result three different stereo- 
isomers can be formulated. An unambiguous configurational 
assignment is, however, possible. The n.0.e.s for the C-12, 
C-13, and C-14 protons indicate a trans relationship between 
12-H and 14-H and the C-16 carbon atom must therefore be 
cis to the C-15 hydroxy-group. An appreciable n.0.e. is 
observed between 18-H and the methyl-group protons which 
resonate at tiH 1.75 (34-H) as well as between 14-H and the 
protons of the methyl resonance at tiH 1.07 (35-H). This result 
can be explained if 18-H and the C-15 hydroxy-group are both 
located below the plane of the indole ring since this arrange- 
ment will lead to the required stereochemical relationship for 
the C-35 methyl-group and the C-14 protons (cis) as well as 
for the C-34 methyl-group and the C-18 proton. The above 
results incidentally also allow the unambiguous assignment of 
the signals at 6c 20.32 and 31.06 in the p.n.d. I3C n.m.r. 
spectrum to (2-34 and C-35, respectively since the signals of 

the proton-bearing carbon atoms have been correlated with 
specific proton resonances (see above). 

The n.0.e. observed between the C-40 protons and 18-H 
but not 19-H, show that rings F and G are trans-fused with 
18-H cis to C-40. The trans configuration of 18-H and 19-H is 
based on the fact that no n.0.e. is observed between these two 
protons as well as the vicinal proton-proton coupling constant 
of 8.2 Hz. 

The J(HH) values for the protons of rings G and H, and 
the n.0.e.s observed between 19-H and 21-Hb, 19-H and 
39-H, and between 21-Hb and 20-Hb show that the two rings 
are trans-fused with both rings in a chair conformation. The 
n.0.e. connectivity pattern observed between 24-H and 39-H, 
and 21-Hb shows that rings H and I are cis-fused, i.e. the 
configuration of the epoxide ring is as shown in Figure 3. 
This result corrects an error in our earlier communication 
where the enantiomeric chirality for (2-23 and C-24 is shown. 
The fact that an n.0.e. is observed between 39-H and 24-H 
but not for 39-H and 21-Hb, or 29-Hb indicates that appreci- 
able flattening of the chair conformation of both rings G and 
H must occur. 

When the irradiating frequency in an n.0.e. experiment is 
applied at tiH 4.04 in the 'H n.m.r. spectrum, n.0.e.s are 
observed for 28-H (from 26-H), 24-H (from 25-H) and for 
36-H and 38-Ha (from 26-H and/or 25-H). These n.0.e.s in 
conjunction with the proton-proton coupling constants for the 
protons of ring I in 25-0-acetylpenitrem A (3) (see above) 
prove the relative configurations at the chiral centres in ring 
I: the C-25 hydroxy-group in penitrem A is trans to the epoxide 
ring and cis to (2-37 while the C-26 and C-28 protons are cis 
in agreement with the finding that no n.0.e. is observed 
between 24-H and 28-H. 

On the basis of the argument outlined above the relative 
configuration as shown in (2), i.e. 12R, 14S, 15R, 1827, 19R, 
22S, 23S, 24R, 25S, 26R, 28S,31R, 32S, or theenantiomer, is 
assigned to penitrem A. The enantiomeric configuration 
would result if the 15s-configuration is used. 

Construction of a Dreiding model of the penitrem A mole- 
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cule with the proposed relative configuration as shown in (2), 
results in a fairly rigid structure with a number of interesting 
features. 

The exocyclic methylene group, C-33 can be either above or 
below the plane of the indole ring. The n.0.e.s observed 
between 33-Ha and 10-Ha, and between 33-Hb and 13-Hb 
indicate that this group is located predominantly above the 
plane of the indole ring. The chemical shift difference ob- 
served for 10-Ha and 10-Hb is also explained by this conform- 
ation as 10-Ha is in the plane of the aromatic ring and is 
therefore deshielded. The C(ll)-C(33) double bond also has a 
deshielding effect on the two C-10 protons as shown by the 
chemical shifts of these two protons in the 'H n.m.r. spectrum 
of tetrahydropenitrem A (3) (Figure 4). 

The differences observed for the chemical shift values of the 
C-34 and C-35 protons and between the C-30 protons can be 
partly explained by the steric interaction of the C-15 hydroxy- 
group with 34-H and of the C-22 hydroxy-group with 30-Ha, 
respectively. 

The close proximity of the C-25 hydroxy-group to the C-31 
methyl-group is evident from the upfield shift (0.47 p.p.m.) 
of the C-39 signal in the p.n.d. n.m.r. spectrum upon 
acetylation of this hydroxy-group (see Table). 

With the proposed relative configuration of penitrem A as 
shown in (2) (or its enantiomer), the chirality of the C-25 
hydroxy-group, and thus the absolute configuration of peni- 
trem A, was determined by the ' partial resolution ' method of 
H ~ r e a u . ~ ~  Esterification of penitrem A with racemic a- 
phenyl butyric acid anhydride and 4dimethylaminopyridine 
instead of pyridine, proceeded smoothly, leading quan- 
titatively to the 25-0-a-phenylbutyrate. The mass spectrum of 
the ester (M+ 779/781) indicated the presence only of mono- 
ester. The recovered a-phenylbutyric acid had -7.5" (c 
3.60, benzene). Penitrem A must therefore have the 25s- 
configuration 36-38 and consequently the absolute configuration 
as depicted in (2). 

Experimental 
M.p.s were determined on a Kofler hot-stage apparatus. No 
sharp m.p.s were obtained for the penitrems as thermal 
instability results in decomposition over a wide temperature 
range. U.V. absorptions were measured for solutions in 
methanol on a Unicam SP8-100 spectrophotometer. 1.r. 
spectra were recorded on a Perkin-Elmer 237 spectrometer. 
Mass spectra were recorded on a Varian MAT 212 spectro- 
meter. 'H N.m.r. spectra were recorded on both Bruker WM- 
500 and WM-400 spectrometers while I3C n.m.r. spectra were 
recorded on Varian XL-100-15, and Bruker WM-400 and 
WM-500 spectrometers for solutions in [2H6]acetone. 
C.d. spectra were measured for solutions in methanol (JASCO 
5-20 spectropolarimeter). Merck silica gel (0.063-0.200 mm) 
was used for column chromatography. 

Isolation of the Metabolites.-Conical flasks (380 x 500 ml) 
containing Czapek medium enriched with 2% yeast extract 
(100 ml) were inoculated with a spore suspension of Penicil- 
Iium crusfosum (Sol-7). The mould was grown in stationary 
culture at 25 "C. After 10 days the cultures were filtered and 
the mycelium macerated with acetone in a Waring blender. 
The acetone solution was evaporated and the aqueous residue 
partitioned between dichloromethane and water. The residue 
from the dichloromethane solution was partitioned between 
n-hexane and 90% methanol. The 90% methanol solution was 
evaporated and the aqueous residue once again partitioned 
between dichloromethane and water. The crude extract (1 3.7 g)  
obtained from the dichloromethane solution was percolated 

through a short silica-gel column with benzene-acetone (4 : 1, 
v/v) to give the mixture (4.3 g) of penitrems. Residual material 
on the column was eluted with benzene-acetone (1 : 4, vlv) to 
give the fraction containing crude roquef~rtine.~~ This material 
was purified by percolation through an aluminium oxide 
(activity 11-111) column with chloroform-methanol (9 : 1, 
v/v) to yield, after crystallisation from aqueous methanol, 
roquefortine39 (3.9 g), m.p. 196-200 "C, identical with 
authentic material. 
The mixture of penitrems (4.3 g) was separated and purified 

by column chromatography on silica gel using benzene- 
acetone (85 : 15, v/v) to yield the six penitrems in the following 
order of descending RF values: penitrem F, B, A, E, C, and D. 

Penitrem A (2) (1 300 mg), was obtained as a white amor- 
phous solid and had hmx. 233 and 295 nm (E 37000 and 
11 600); v,,(KBr) 3 400, 2 930, 1 710, and 1 650 cm-'; c.d. 

(Found: M + ,  633.2859. C37H44ClN06 requires M, 633.2857). 
Penitrern B (170 mg), is a white amorphous solid and had 

hmx. 220 and 286 nm (E  31 900 and 11 900); v,,(KBr) 3 400, 
2930, 1 700, and 1 650 cm-I; c.d. 0, h Z 8 5  -2.56, h 2 5 2  

-0.60, -9.50 (Found: M + ,  583.3302. C37H45N05 
requires M, 583.3297). 

Penitrem C (60 mg) was isolated as a white amorphous solid 
with hmx. 232 and 292 nm (E 38 200 and 12 500); v,,(KBr) 
3 400, 2 930, 1 700, and 1 650 cm-'; c.d. A&310 0, -2.1 1 ,  

0 (Found: M + ,  601.2956. C37H44C1N04 requires M, 
601.2958). 

Penitrem D (300 mg) crystallised from benzene as white 
needles, m.p. >300 "C (decomp.); hmx. 220 and 286 nm (E  

34 300 and 11 200); v,,(KBr) 3 400, 1 700, and 1 650 cm-I; 

-9.83, Aszw -18.89, 0 (Found: M + ,  567.3339. C37H45- 
NO, requires M, 567.3348). 

Penitrern E (100 mg) was isolated as a white amorphous 
solid with A,, 220 and 286 nm (E 34 200 and 11 200); vmax.- 
(KBr) 3 400, 2 930, 1 700, and 1 650 cm-l; c.d. As325 0, 
0.58, 0, 0, -11.28, 0 (Found: M+, 
599.3252. C37H45NO6 requires M, 599.3246). 

Penitrem F (150 mg) is a white amorphous solid with kmx. 
232 and 292 nm (E 35 500 and 11 300); v,,(KBr) 3 400,2 930, 
1 700, and 1 650 cm-'; c.d. k 3 1 5  0, hezw -2.50, h 2 5 5  0, 

0 (Found: M+, 617.2908. C37H44C1N05 
requires M ,  617.2907). 

A\E325 0, A ~ 3 1 5  0.91, A E ~ M  0, A E ~ S ~  0, A E ~  -14.09, A ~ 2 1 0  0 

A ~ 2 6 o  -0.40, A ~ 2 3 5  -13.85, A ~ 2 2 0  -10.46, A E ~ ~ I  -14.27, 

c.d. A E ~ M  0, A E - ~  -1.95, A ~ 2 5 5  -0.60, A ~ 2 3 2  -12.85, A ~ 2 2 3  

-10.10, 

25-0-Acetylpenitrem A (3).-Penitrem A (2) (100 mg) was 
treated with acetic anhydride (1 ml) and pyridine (1 ml) at 
room temperature for 4 h. Standard work-up followed by 
column chromatography on silica gel using benzene-acetone 
(9 : 1, v/v) gave the product (3) (80 mg) as a white amorphous 
solid, v,,.(KBr) 1720 cm-' (Found: M + ,  675.2979. C39H46' 
ClN0, requires 675.2963). 

11,33,37,38-Tetrahydropenitrem A (4).-Penitrem A (2) (50 
mg) in ethanol (10 ml) was hydrogenated over platinum oxide 
(50 mg). After 2 h (when ca. 2 mol equivalent of H2 had been 
taken up), the mixture was filtered and evaporated to give the 
product (4) as a white amorphous solid (45 mg) (Found: M + ,  
637.31 86. C37H4aClNO6 XqUireS M, 637.31 70). 

Absolute Configuration of Penitrem A (2).-A solution of 
a-phenylbutyric acid anhydride (122 mg, 0.393 mmol), 
penitrem A (100 mg, 0.158 mmol), and 4-dimethylamino- 
pyridine (96 mg) in dichloromethane (20 ml) was stirred at 
room temperature for 1 h (t.1.c. control). The excess of 
anhydride was destroyed by adding water (10 ml) and stirring 
the reaction mixture vigorously for 1 h. The aqueous dichloro- 
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methane mixture was extracted with 6~-sodium hydrogen 
carbonate (2 x 10 ml) and the organic phase washed with 
~ M - H C ~  (1 X 10 ml), water (2 x 10 ml), dried, and evapor- 
ated. The residual ester (120 mg) contained no starting material 
and had M + ,  779/78 1 (C4,H&1N07). 

The combined sodium hydrogen carbonate extracts were 
acidified ( ~ M - H C ~ )  and extracted with dichloromethane to 
yield a-phenylbutyric acid (72 mg), [&23 -7.5" (c, 3.60 in 
benzene) (theoretical [aID -24.3" "3. The optical yield there- 
fore was 30.8% (-), based on an esterification yield of 100%. 
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