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Abstracf: A 

The Diels-Alder cycliration reaction one of most important ring-forming 
This versatile reaction and all of hetematom variants have been extensively utilized the 

chemical syntheses of a large variety that no documented 
the enzyme-catalyzed Diels-Alder reaction ate in literature, despite 

and Wright the isolation from culture extracts of 
fungus Penicillium brevicompactum. These compounds, present very small amounts the extracts, were 

A-E. Based primarily and biogenetic 
considerations, the was proposed for brevianamide This structure was later 

its S-bromo derivative. 5 X-ray structure established the 
and absolute configuration of 1. In addition also 

found in both and P. ochraceum led to discovery new 
member this class, brevianamide F (3). Moreover, brevianamides and D were from 
irradiation nor D is present 

and worked-up the dark, and are therefore considered artifacts.~ 

The brevianamides belong to a class of mycotoxins that has joined the paraherquamides (1, 
paraherquamide and marcfortines (8, marcfortine A). While has been 
and insecticidal effects lo, the paraherquamide family have very potent antiparasitic 

The most distinctive feature the structures and 8 is presence core 
bicyclo[2.2.2] ring system which has been invoked to formally arise from a [4+2] cycloaddition. 

8471 
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7, PARAHERWAhWE A e. MARCFORIWE 

After Porter and Sammes published a suggestion on how the formation of the polycyclic system in these 
compounds takes place,lb Birch and associates carried out some preliminary studies on the biosynthesis of 
these compounds.12h They found that [ 153H,8-r‘T]brevianamide F ([ 153H, 8-14(31]-3), [%‘hryptophan, and 
[3H]proline are biosynthetically incorporated into brevianamide A (1) in cultures of P. brevicompactum. From 
these observations, they proposed 12h a biosynthetic pathway that involved prenylation of 3 to yield the indole 5 
(deoxybrevianamide E) 13 as a fit step. Formation of the bicycle [2.2.2] dioxopiperazine nucleus would arise 
via oxidation of the tryptophanyl moiety, followed by a unique intramolecular [4+2] cycloaddition reaction to 
furnish the hexacyclic indole 4. Well-precedented t4 oxidative spiro-rearrangement of 4 would afford the spiro- 
indoxyl system to give 1 and 2. 

During the course of our studies on the synthesis of the brevianamides 15 we observed that the structure of 
2 is not the one proposed by Birch , but that of its enuntiomer. Birch’s original proposal was modified by us t6 
to accommodate the fact that totally synthetic and semi-synthetic brevianamide B (2, obtained from brevianamide 
A (1) by a redox protocol) is, in fact, the enantiomer of the natural brevianamide B (2). Since the hypothetical 
biogenetic intermediate 4 was a key substance in our revised proposal on the biogenesis of the brevianarnides, 
we decided to synthesize this substance in labeled, racemic form for biosynthetic feeding experiments and 
examine its incorporation in brevianamides A (1) and B (2). This would also allow us to ascertain the possible 
presence of this substance in cultures of P. brevicompctum, using the synthetic material as a reference. 

Although deoxybrevianamide E (5) has been included in all proposals for the biosynthesis of the 
brevianamides thus far, no previous experiments have validated this hypothesis. We have undertaken the 
synthesis of a radio-labeled derivative of this substance, thus allowing us to perform feeding experiments in 
order to validate its intermediacy in this biosynthetic process. Herein we report our latest results on our work on 
the biosynthesis of the brevianamides; part of these studies have recently been published as a communication.17 
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RESULTS AND DISCUSSION 

The synthesis of [t3C]-61-4 was accomplished by the preparation of d.l-10 as described previously.15 
ln addition, >90% [13Qlabeled gramine (9) was prepared by the reaction of [13c]famaldehyde with indole and 
dimethylamine in a Mannich condensation reaction (Scheme 1). The [l3c]gramine (9) was used in the Somei 
coupling’* with the dioxopiperazine derivative 10. A 4: 1 diastereomeric mixture of racemic 10 15 was 

1) BuglMeCNlb 

2)LiUlHMPAIH~ 

l.(Me~ocop 

KO’BulTHF 

Scheme 1 

directly treated with 9 in the presence of tri-n-butylphosphine in acetonitrile to furnish a single diastereoisomer. 
Hydrolysis of the carbomethoxy group of the resulting condensation product to the corresponding carboxylic 
acid with concomitant thermal decarboxylation was realized with LiCl in wet HMPA at 1WC to yield 11. 
Protection of the indole nitrogen as its t-BOC derivative and removal of the silyl group furnished an alcohol, 
which was directly transformed to the allylic chloride (12) by standard methods. The treatment of 12 with NaH 
in THF in the presence of 18-crown-6 resulted in the two pentacyclic olefins 13 and 14 (3-51 ratio). After 
separation of this mixture using chromatography. 13 underwent clean, regiospecif’ic cyclization and t-BOC 
deprotection to yield 15. This compound was finally deprotected using cont. H2SO4, to yield d,l-[13C]-4. 
Using an authentic sample of this key, proposed metabolite as a reference for comparison, we exhaustively 
screened fermentation extracts of P. brevicompacturn for the production of 4. Despite extensive extractive 
procedures on the mycelia and culture broth, tH NMR, TLC and HPLC analysis of the concentrated extracts 
provided no evidence that even a trace of this substance was being produced by the cells. 
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The biosynthetic feeding of [13C]-d,l-4 proved to be difficult due to its poor solubility in water. 
Eventually, we found that [13C]-d,l-4 could be dissolved in warm DMSO and diluted into the fermentation broth 
without precipitating. After growing P. brevicompactum on media spiked with [*SC]-d,l-4 in DMSO, 
brevianamides A (1) and B (2) were isolated in the usual way. Brevlanamide A (1) was subjected to I3C NMR 
analysis. Within experimental error of NMR integration, we did not detect significant enhancement of C-8 in 1. 
The sample of brevianamide B isolated from this feeding experiment, however, was too small for 13C! NMR 
experiments. Instead, the incorporation of d,l-[13c]-4 was determlned by mass spectromeuy. The (M+l)+/M+ 
intensity ratios in the EIMS spectra of 1 and 2 obtained in the feeding experiments were compared to the ones 
obtained from control cultures. Again, the difference was not significant for either 1 or 2, indicating that there 
had been no incorporation of the labeled substance. The lack of incorporation of [IsCJ-dJ-4 into either 1 or 2. 
and the fact that 4 was not detected in the fermentation extracts led us to pursue some alternative possibilities. 

To ascertain the intermediacy of deoxybrevianamide. E (5) we synthesized this substance labeled with 
tritium (Scheme 2). Our choice for tritium was based on the fact that it is much easier to detect and measure 
accurately than deuterium. This is an important consideration because the brevianamides are produced in very 
small amounts. Although we did not expect to be able to crystallize to constant activity the compounds resulting 
from the feeding experiments, HPLC would provide the necessary purity. Another possible benefit in using 
tritium was that any minor, intermediate metabolites would be very easy to identify and isolate from the culture 
extracts. Thus, [&3H]labeled deoxybrevianamide E ([8-3H]-5)*3 was obtained following the sequence 
describedby Kametaniandcollaborators. l9 One of the starting materials in this synthetic protocol is the 2-( 1, l- 
dimethylprop-2-enyl)indole (19). Although several syntheses have been published for this compound,~ none 
of them are really convenient, either due to lengthy sequences or difftculties in preparing useful quantities. We 
found that a simple reaction sequence yields this compound quite efficiently. Our method, based on the classic 
Fischer indole synthesis.2l consists of the preparation of the phenylhydrazone 18 from phenylhydrazlne and 
3,3-dimethylpent-4-en-2-one (16). Although the latter can be synthesized by a variety of methods described in 
the literature,22 we found it more convenient to adapt Rousseau and Conia’s method for the synthesis of 
ketones.23 Thus, acetonitrile reacts with 4-bromo-2-methylbut-2-ene (16) and Zn(Ag) to give 16 in 63% yield. 
The synthesis of its phenylhydrazone (18) was straightforward and quantitative. Finally, treatment of 18 with 
anhydrous ZnCl2 in diglyme at reflux for 9 hours gave the desired 2-(l,l-dimethylprop-2-enyl)indole (19) in 
45% yield. 

The label was introduced in the reaction of 19 with [3HJlabeled formaldehyde and dimethylamine to give 
the gramine derivative [3I-I&2O. In a departure from the originally published synthesis,19 Somei coupling 18 of 
[3H]-20 with the dioxopiperazine 21 in presence of Bu3P in acetoniuile under reflux gave the condensation 
product [3H]-22 as a mixture of diastereomcrs. This mixture was hydrolyzed with aqueous NaOH, and the 
resulting carboxylic acids were decarboxylated by heating in dioxane at 758oOC to give a mixture of [8- 
3Hldeoxybrevianamide E ([8-3H]-5) and its epimer, [8-3H]-9-epi-deoxybrevianamide E ([@H&23). 
Chromatography yielded pure [8-3Hl-5. 

Feeding experiments performed with [8-3HJdeoxybrevianamide E ([8-3H]-5) (16Smg with an activity of 

1.605 pCi, and specific activity of 37.3 pCi/mmol) gave significant incorporation of the radioactivity into both 

btevianamide A (1) (7.8% total incorporation, 24 12.1% specific incorporation, 0.125 pCi, 6.12 pCi/mmol) and 

brevianamide B (2) (0.9% total incorporation, 24 1.4% specific incorporation, 0.015 p.Ci, 10.8 lG/mmol). The 

specific activities of both 1 and 2 are comparable, thus confinning their common biosynthetic origin. AS 
expected, the incorporation of [8-3I-&S in the brevianamide E (6) was also high (24.9% total incorporation,24 
38.5% specific incorporation, 0.40 pCi, 32.0 pCi/mmol). The high values for these incorporations confirm that 
deoxybrevianamide E (5) is a biosynthetic precursor of brevianamides A (l), B (2). and E (6). Careful 
inspection of the extracts obtained from these cultures showed no evidence of any further compounds with 
significant incorporation of radioactivity. 
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Since brevianamide E (6) could also be proposed as a reasonable intermediate via the indoxy126, we 
decided to check this possibility. We obtained [5-%-B-6 from [8-%&S by photooxidation and reduction of the 
resulting hydroperoxide with dimethylsulBdel9 (Scheme 2). In this case, however, the feeding experiment with 

[5-3H]-6 (17mg with an activity of 1.60 l&i, and a specific activity of 37.3 @i/mmol), gave 1 and 2 with no 
significant incorporation. Solubility experiments showed that [5-3I-IJ-6 was totaIly soluble in the broth under the 
feeding experiment conditions. It thus seems that 6 is a metabolite that does not lead to 1 or 2. 

PhNHNH, IA 

-=z-- Me 

ZIlCh 
/ 

Diglyme ID 

4 / 

Rose Bengal 

MeOH I-26% 

Scheme 2 

In the biosynthetic pathways proposed thus far for the brevianamides it has been assumed that oxidation of 
the indole nucleus to the indoxyls occurs at the very end of the sequence. The results of our feeding experiments 
suggest, however, that a different biosynthetic pathway must be proposed. As mentioned in the introduction, 
deoxybrevianamide E (5) was included by Birch in his original biosynthetic proposal~~t~ the involvement of 
brevianamide E (6) in the biosynthetic pathway of this class of substances, however, has not been implicated 
thus far. Since autoxidation of deoxybrevianamide E (5) leads to the production of brevianamide E (a), it has 
been speculated that 6 may just be an artifact. 25 In our feeding experiments, however, 5 was quite stabk under 
the cultum conditions, being recovered from the experiment, in fact, in 35% of the initial amount. MOIWXW, in 

our cuitures. bmvianamide E (6) was always ptesent in a fairly constant proportion relative to the bmvianamide 
A (1) formed. In contrast with this, deoxybrevianamide E (5) has been isolated from cultures of Aspergilhs 
ustus, but no trace of 6 was found. 13 We therefore think that, while some 6 may be formed by direct 
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autoxidation of 5, compound 6 is not an artifact of the work-up or culture conditions, but rather a metabolite that 
represents a dead end in thii biosynthetic pathway. The proposed pathway must therefore account for this fact. 

An alternative biosynthetic scheme that explains the stereochemical outcome in the biosynthesis of the 
brevianamides A (1) and B (2) is depicted in Scheme 3. We now wish to propose that, after the conversion of 
brevianamide F (3) into deoxybrevianamide E (5) by prenylation, an R-selective hydroxylation reaction occurs 
at the 3-position of the indole 5, furnishing the 3-hydroxyindolenine 25.17 Nucleophilic addition of the 
dioxopiperazine secondary amide N to the C=N bond of 25 gives brevianamide E (6). On the other hand, 
catalyzed pinacol-type rearrangement of the 3-hydroxyindolenine 25 14 sets the R-absolute stereochemistry at 
the indoxyl quaternary center to give 26. Oxidation of the dioxopiperazine subunit 26 in 26 forms the azadiene 
27. Finally, it is possible that a catalyzed intramolecular Diels-Alder cyclization 27 from a major mtamer (27a) 
directly leads to 1, and a minor rotamer (27b) cyclizes to 2. The preponderance of 1 over 2 would be due 
either to the relative activities of two different enzymes or the affinity of a single enzyme active site for the 
individual conformers. Thus, this proposal accommodates the existence of the two enantiomorphic 
bicyclo[2.2.2] ring systems. 

- 

Scheme 3 

The question as to whether the hypothetical cycloaddition reaction is enzyme-catalyzed or not remains to be 
solved. There is little precedent for Diels-Alder reactions occurring in dioxopiperazines,l~~27 and in these 
cases, highly electron-deficient dienophiles were involved in the cycloaddition. To the best of our knowledge, 
no examples of related intermolecular or intramolecular Diels-Alder reactions with neutral or electron-rich 
dienophiles in the dioxopiperazine manifold have been reported. FM0 theory would predict ~ that for the 
energy levels of a relatively electron-rich diene (such as that present in the dioxopiperazine) to effectively interact 
with a dienophile. powerful electron-withdrawing groups should be present on the dienophile. In the present 
case, the dienophile is an isolated and electron-neutraJ vinyl group. Thus, although experimental precedent does 



Biosynthesis of brevianamides A and B 8477 

exist for [4+2] cycloadditions in dioxopiperaxines. one would not expect such reactions to be spontaneous 
without catalysis. 

In summary, the stereocontrolled total synthesis of the hypothetical biosynthetic precmsor 4 proposed by 
Birch has been achieved; the intermediacy of this compound in the biosynthesis of the brevianamides A (1) and 
B (2), however, is uncertain and, based on both the examination of culture extracts and feeding experiments, 
seems at present rather unlikely. Our feeding experiments also show that while deoxybrevianamide E (5) is a 
biosynthetic intermediate of both bmvianamides A (1) and B (2). bmvianamide E (6) is a metabolite which does 
not lead to these compounds. Although the original Sammes Diels-Alder proposal (leading up to 4) now seems 
unlikely, the intermediacy of a pericyclic [4+2] cycloaddition reaction in the construction of the core 
bicyclo[2.2.2] nucleus of the brevianamide / paraherquamide / marcfortine class remains the most attractive 
conceptual framework from which to base future biosynthetic explorations. Efforts are presently underway to 
identify, isolate and clone the last enzyme in the biosynthesis of the brevianamides. 
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EXPERIMENTAL 

Growth of the cultures and isolation of the brevianamides. In a typical experiment, two Czapek Dox 
(glucose) slants (2 x 10 cm. 1OmL of medium in each one) were inoculated with P. brevicompactum (ATCC 9056) 
spores, which had been stored in glycerol at -80°C. The slants were incubated in the dark at 25” for 7 days, to 
obtain a lush bluish-green lawn of growth. They were then used to inoculate the fermentation media by shaking 
them in the mouth of the flask, allowing the spores to settle on the surface. The fermentation media consisted of 
40g of glucose and 22g of corn steep liquor (Sigma) per 1L of distilled water. The media were autoclaved prior to 
use. After the inoculation, the fermentation flasks were incubated in the dark at 250C until a thick surface growth 
was obtained (10 days). In our experience, if a suspension of the spores in water is used for the inoculation of 
fermentation media, the resulting white mycelia will produce a much smaller amount of brevianamides or no 
brevianamides at all. The bmth was separated by decantation, filtered, and extracted with EtOAc (4 x 100 mL). 
The mycelia were extracted at momtemperature in the dark, under magnetic stirring, with MeOH (2 x 250 mL, 2h 
each time). After removal of the solvent in vacua, these. extracts were combined with the bmth extract. washed with 
aq. satd NaHC05 soln (2 x 50 mL), dried over anh. Na2SO4. and the solvent was removed in vacua . The individual 
products were purified by column chromatography on silica gel (CH2Cl2:MeOH lO:l), followed by HPLC. HPLC 
was performed with a 8 mm x 10 cm Bondapak reverse phase Cl8 column with pre-column, using the mixture 
MeOH- 46 aq. (NH&CO3 (1:l) as eluent. Since 1 and 2 are photolabile, the whole process was can-led out 
avoiding exposure to the light of the extracts and fractions containing these compounds. The purity of all 
compounds isolated from our feeding experiments was assessed by using HPLC. 

Synthesis of 413C7-4: 

3-(Dimethylamino-[13C]methyl)indole ([‘3C]-9). To a cooled flask containing glacial acetic acid (0.85mL) 
0.29g of dimethylamine were added. To this solution, cooled to 2OC, 0.2Og of commercial [t%J]formaldehyde 
(6.45mmo1, label >95%) were added, as a 20% aq. solution. This mixture was added in one portion to 0.756g of 
indole (6.45mmol) at room temperature, and the resulting solution was stirred overnight at room temperature under 
N2. Then, the reaction mixture was basitied with 2N aq. NaOH. which caused the gramine to precipitate. This solid 
was filtered in vacua. washed with water. and dried to give 1.05g of the crude gramine as a white solid. This 
compound was used in the following step without further purification. As with the rest of the [13C]labeled 
compounds in this work, the spectra for this substance were the same as for gramine. except for the splitting of the 
signals for the 13CH2 hydmgens in the tH-NMR spectrum, due to the lH-13C coupling (JHc=l3OHZ). 
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[13C]methyl)-4-(4-methoxybenzyl)-l .4-diazabicyclo-[4.3.0]-nonane ([13C]-II). A solution of 10 (mixture of 
epimers, 1.692% 3.2Ommo1, l.Oeq, obtained as previously describedl5, but starting with d.l-proline), [13C]-9 
(OSO5g. 2.87mmol. 0.9eq) and tti-n-butylphosphine (0.32mL. 1.28mmo1, O&q) in acetonitrile (35mL) was gently 
refluxed under N2 for 18h. The solvent was evaporated under reduced pressure and from the oily residue the 
condensation product was isolated on silica gel by column chromatography (elutcd with EtOAc/hexanes 1:l) as a 
colorless glass (l.l4g, 54%)15. A solution of this product (1.14g. 1.73mmo1, 1.0 es). lithium chloride (0.4g) and 
water (6Op,L) in HMPA (1OmL) was heated at 85-9ooC under N2 for 9h. The reaction mixture was diluted with 
EtOAc/hexane (1:l) and thoroughly washed with water. The organic layer was dried over Na2SO4 and 
concentrated under reduced pressure to furnish an oily residue. Separation by silica gel column chromatography 
(EtOAc/hexane 1:l) yielded 0.947g (91%) of a mixtut. of the isomexic decarbomethoxylated products syn-[13C!]- 
11 and anti-[13C]-11. 

The lH NMR spectrum for this substance was the same as for the unlabeled compoundl5. except for the 
splitting of the signals for the 13C& hydrogens in the ‘H NMR spectrum, due to the tH-t3C coupling. Its t3C 
NMB spectrum (7547MHz, CDCl3) showed a single signal at 629.7 (t3cH2), the rest of the peaks being buried 
under the noise. 

(d,l)-3-(R)-[(N-tert-Butyloxycarbonyl-3-in~lyl)-[13C]methyl]-6-(R)-(4-chlor~3-methyl-buten-2E-yl)-2.5- 
dioxo-4-(4-methoxybenzyl)-l.4-diazabicyclo-[4.3.O]-nonane (d,l)-[13C]-(12). To a solution of [13C]-11 (0.947g; 
1.57mmo1, l&q) in THF (25mL) cooled to OOC, a solution of potassium t-butoxide (0.194g. 1.73mmo1, l.leq) in 
THF (2mL) was added. After 5 min. of stirring a solution of di-t-butylcarbonate (0.36Og. 1.65mmo1, 1.05eq) in 
THF (2mL) was added, the cooling bath was removed and the mixture was allowed to warm up to room 
temperature. The reaction was stirred until TLC showed no more starting material (2h). 5mL of MeOH were then 
added to quench the excess ‘of di-t-butylcatbonate. and the reaction was stirted for 2h. more. A solution of n- 
Bu4NF trihydrate (0.2M. 11.8mL. 2.36mmo1, 1.5eq) in THF was added and the reaction mixture was stirred for 3 
days at room temperature. The reaction mixture was diluted with water, extracted with EtOAc and dried over 
anhydrous Na2SO4. The crude reaction product was purified by radial chromatography with hexane-EtOAc 1:l to 
give 0.8OOg of the corresponding protected allylic alcohol. To a cold (gOC) solution of this compound (O.SOOg; 
1.36mmo1, l&q), collldine (0.52mL. 3.93mmo1, 2.5eq) and LiCl (O.l66g, 3.93mmol. 2.5eq) in DMF (15mL). 
methanesulfonyl chloride (0.385mL. 3.93mmo1, 2.5eq) was added in one portion. The reaction mixture was 
allowed to warm to 25OC and then stirred for 4h. The mixture was pouted on water. acidified with 3N HCl(2.OmL) 
and extracted with CH2Cl2. The organic extract was dried over anhydrous Na2S04. The cntde reaction mixture 
was kept under oil-pump vacuum for 2 days in order to remove the excess of methanesulfonyl chloride. This gave 
0.89g of a crude reaction, contalmng the desired chloride [13C]-15 l5. Its 13C NMR spectrum showed a single peak 
at 626.1. This compound was used in the following reaction without further purification. 

(d,l)-1-(R)-[(N-tert-B~o~carbonyl-3-indolyl)-[13C]methyl]-2.8-dioxo-lO-(R)-(I-methylethenyl)-9-(4- 
methoxybenzyl)-3,9-diazatrkyclo-[5.2.2.d~~]-undecane ((d,l)-[13C]-13) and (d,l)-l-(R)-[(N-tert-Butoqvcarbonyl- 
3-indo~l)-[13C]methyl]-2,8-dioxo-lO-(S)-l-(l-methylethenyl)-9-(4-methoxybenzyl)-3,O-dia~a~i~clo-[5.2.2.d~~] 
w&cane ((d,l)-[13C]-14) from (d,l)-[13C]-12. To a flask containing O&g of NaH (13.3mmol. 10&q) a solution 
of 1.75g of 18-crown-6 (6.65mmoL 5 eq) in 15mL of abs. THF was added. To this solution the crude allylic 
chloride [l3C]-l2 (0.139g. 0.23mmo1, l.Oeq) and 0.145g of di-t-butylcarbonate (0.67mmol. O.Seq) dissolved in 
50mL of abs. THE were added. The resulting mixture was stirred and refluxed under N2 for 2h. The reaction 
mixture was poured on water, neutralized with an equimolar amount of dilute HCl and extracted with ethyl 
acetate/hexsne. The organic layer was dried over Na2S04 conccntratcd under reduced pressure and the residue was 
separated on a silica gel column (EtOAc/hexane 2:l) to furnish a mixture of [13C]-13 and [13C]-14 (0.44g. 58%. 
ca. 3:l ratio). A small portion of this crude reaction was purified using PTLC to give pure [l3C]-13 and [13C]- 
14.15 For [13C]-13, the t3C NMR spectrum (75.47MHz, CDCl3) showed a single signal at 623.7 (t3cH2). while for 
[l&Z]-14 this signal appeared at 624.0. In both cases, the rest of the peaks were buried under the noise. 

Cyclization of (d,l)-[13C]-13/(d,l)-[13C]-14 lformation of (d,l)-[13C]-15). A solution of the mixture of 
[13C]-13 and [13C]-14 (ca. 3:l ratio) (0.44g, 0.77mmol) in 5mL of dioxane was cooled to -WC and then a 
mixture of 45mL of cont. aq. HCl in 5OmL of dioxane was added to it. The reaction was kept at OOC for 3h, and 
then at 12eC for 24h. The reaction mixture was diluted with water and extracted with methylene chloride. The 
organic layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure. The oily residue was 
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separated by PTLC on silica gel (CH2Cl2-MeOH 5O:l) to afford [13C]-15 (0.16Og. 44%) and its C-19epimer 
(O.O53g, 18%)15. The compound [13C]-15 was purified by crystallization from MeOH to give 0.128g (35%) of 
the pure cyclized indole.* Its 13C NMR spectrum (75.47MHz. CDC13) showed a single signal at 821.9 (*3cH2). 
The test of the peaks were buried under the noise. 

Deprotection of (d,l)-[13C]-15 (preparation of (d,l)-[13C]-4). To a flask containing 1mL of cont. H2SOq 
cooled tc WC, solid [13C]-lS (31.3mg. 0.066mmol) was added in one portion with vigorous stirring. The 
dissolution of the compound was accompanied by pale yellow coloration of the solution, which changed to a 
purple color after a few minutes. The reaction was stirred at WC! for 15 min. and it was then quenched by adding 
ice. diluting with water, and neutralizing with 10M aq. NaOH. The mixture was thoroughly extracted with CH2Cl2 
and the insoluble material was filtered off. The deptotected amide [13C]-4 was isolated from the CH2Cl2 extract. It 
was purified by Pl’LC (silica gel plates, CH2Cl2-MeOH 3O:l) to give 9mg of the pure compound as a colorless 
solid (38%) 15. A comparison with an authentic sample of this compound obtained using a different deprotection 
method 15, showed that both compounds were identical, with the exception of the the splitting of the signals for the 
13CH2 hydrogens in the ‘H-NMR spectrum, due to the lH-13C coupling. 

d,l-[13Cl-4: lH NMR (27OMHz. CDCl3) 8 TMS: 1.23 (3H, s); 1.28 (3H, s); 1.80-1.92 (1H. m); 2.0-2.15 (4H, 
m); 2.33-2.39 (lH, m); 2.75-2.87 (1H. m); 2.83 (lH, dd, J=18.OHz, 13O.OHz); 3.54 (2H, t, J=6.8Hz); 3.92 (1H. dd, 
J=18.OHz. 13O.OHz); 5.74 (lH, br. s); 7.08-7.19 (2H, m); 7.31 (lH, d, J=7.7Hz); 7.51 (lH, d. J=7.7Hz); 7.82 (lH, 
br. s). l3C NMR (unlabeled 4) (75MHz, DMSO-d6) 8 TMS: 22.5; 23.9; 24.3; 27.8; 28.4; 31.6; 34.1; 43.6; 45.5; 
60.5; 66.4; 102.6; 110.7; 117.6; 118.1; 120.6; 126.9; 136.4; 140.8; 169.1; 172.4. Compound d,l-[13C]-4 showed 
only one peak in its 13C NMR spectrum (75MHz, DMSO-d6, TMS) at 823.9 (13cH2). The rest of the peaks were 
not discernible from the baseline. 

Feeding experiments with d,l-[13C]-4: 

A fermentation culture of P. brevicompactum on glucose/corn steep liquor in which the medium (200mL) 
had been spiked with a solution of 8mg of d,l-[*3C]-4 in 1mL of DMSO was inoculated, grown for 10 days and the 
brevianamides A and B were isolated and purified as described above. A 13C NMR of the isolated brevianamide A 
(1) (cu. lmg) did not show any significant enhancement of the methylene peak in which the incorporation of the 
l3C label would have happened. This methylene signal was easily identified in the 13C NMR spectrum of 1 using a 
HBTCOR 2D experiment, in which the carbon at 8 35.3 (75MHz, DMSO-Q) was clearly correlated to the easily 
discernable AB system in its 1H NMR spectrum.4bc 

The sample of btevianamide B (2) isolated from this experiment was ton small for l3C NMR experiments. 
Instead, the incorporation of the [13C]labeled substrate was determined by comparing the (M+l)+/M+ intensity 
ratios in the EIMS spectra of the brevianamides obtained in the feeding experiments and the ones obtained from 
control cultures. Again, the difference was not significant for either 1 or 2. 

Synthesis 

transferred 

properties as previously described in the literature.22 

241 .I-Dimethylprop-2-enyl)indole (19). A 25OmL round bottom flask fitted with a Dean-Stark distillation 
head was charged with 17.588 of 16 (0.157mol). IOOmL of toluene and 16.93g of phenylhydrazine (0.157mol. 1 
eq.). The reaction was refluxed until no more water was formed (30 min). The solvent was temoved in vmw, 
the Crude 18 was under vacuum P205 overnight. order to any trace water. The 

18 was in 1OOmL abs. diglyme, to this while stirring under N2, of anh. 
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ZnCl2 (0.33moL2eq.) were added in one portion. The mixture was refhrxed for 9h. Then 1OOmL of toluene were 
added to the mixture. and the latter was stirred with a glass rod while cooling it to room temperature. The 
crystallized ZnCl2 was filtered off and washed with several portions of hot toluene. The solvent in the filtrate was 
removed in vacua and the residue was separated in column chromatography (silica gel, toluene). The 2-(1.1- 
dimethyprop-2-enyl)indole (19) was eluted in the first fractions, yielding 13.lg (45%) of the compound as a 
colorless oil. This compound rapidly darkens when exposed to the air. Its physical and spectroscopic properties 
were identical with those described in the literatum.~ 

2-(1 ,I-Dimcthylprop-2-enyl)-3-(dimethylami~-[3H]me~yl~i~le ([3H]-20). To a flask containing 2.8mL 
of 40% aq. solution of Me2NI-I (22.16mmol. l.leq.) cooled to 2oC. 2.88mL of glacial acetic acid (3.02g, 
50.36mmol,2.5eq.. pm-cooled to 2oC) were added. When the temperature of the mixture reached 2oC. 1.49mL of 
formalin (38% aq. soln. of formaldehyde) and 1mCi of [3H2]formaldehyde (0.0125mmo1, 80mCiimol) were 
added. This mixture was stirred for 10 minutes, and then it was added in one portion to 4.1Og of 19 (22.16mmol. 
l.leq.) at room temperature. Enough MeOH was added to this mixture to make it homogeneous (2mL). and the 
resulting solution was stirred for 18h at room temperature. The reaction mixture was then poured into 14OmL of 
water contahring 4mL of cont. aq. HCl, and extracted with 5omL of ether, in order to remove the excess of the 2- 
(dimethylallyl)indole. Tbis extract was discarded. and the aq. layer was basified with a solution of 8g of NaOH in 
5OmL of water. This caused the crude gramhte derivative to separate as an oil, which was extracted with ether (3 x 
SOmL). The organic extracts wete combined, washed with water, and dried over anh. Na2S04, to give 4.086g of the 
crude product (83% crude yield) as a yellowish oil. This compound was used in the following step without further 
purification. 

Condensation of the dioxopiperarine 21 and 2-(IJ-dimethylprop-2-enyl)-3-(dtmethylamino- 
[3H]methyl)indole ([3H]-20). A solution of 4.0863 of 20 (16.02mmo1, leq.), 4.27g of the dioxopiperaxine 2419 
(1699mmol. l.O6eq), and 1.62g of n-Bu3P (2.OmL, 0.5eq.) in 75mL of abs. CH3CN was gently refluxed under N2 
for 5h. The solvent was removed in vacua and the oily residue was dissolved in 1fXlmL of 0.5M aq. HCl. This 
mixture was extracted with CH2Cl2 (3 x 5OmL). The extracts were combined, washed with brine (5OmL). and dried 
over anh. Na2SO4. Removal of the solvent in vacua yielded 8.426g of crude condensation product [3H]-22, which 
was used in the following step without further purification. 

[8-3H]DeoqvbrevianaoGde E ([83H]-S) and [83H]-9-epi-deoxybrevianamide E ([&3H]-23). A solution of 
lg of NaOH in 5mL of water was added to a solution of the crude [3H]-22 obtained in the previous reaction 
(8.426g) in 50mL of MeOH. The reaction was stirred overnight under inert atmosphere at room temperature. The 
MeOH was removed in vacua, and a solution of 3mL of cont. aq. HCl in 140mL of water was added to the oily 
residue. This caused the yellow oil to turn to a white solid, which was extracted with CH2Cl2 (3 x 50mL). The 
organic extracts were combined and washed with brine (50mL). After drying over anh. Na2SO4, removal of the 
solvent in vacua gave 6.989g of crude mixture. The CNdC reaction product was dissolved in 125mL of abs. 
dioxane, and the solution was kept at 75-8oOC for 6h. The solvent was removed in vacua to give a crude product, 
which was separated using column chromatography (silica gel, CH2C12-MeOH 5O:l to 2&l). A first fraction 
(2.29g) contained a mixture of both epimers. A second fraction (3.564g) consisted of pure [8-3H]-9-epi- 
deoxybmvianamide E (23). The first fraction was submitted again to column chromatography separation (silica 
gel, CH2Cl2-MeOH 1OCkl to 25:l). This gave 297mg of pure [8-3H]deoxybrevianamide E [8-3H]-S (596yield. 
31.5uCi. 37.3uCiimol), as well as 1.69g more of its epimer [8-381-23. Tbe total amount of [8-381-23 obtained 
was 3.988 (67%yield, 422pCi, 37.3pCYmmol). Both substances were found to be identical with the corresponding 
unlabeled compounds, obtained by repeating a published synthesis. l9 The identity was assessed by IR. NMR. and 
TLC. 

IS-3HlBrevianamide E ([5-3H]-6). To a solution of 90mg (0.256mmol) of [8-3H]-S in 125mL of abs. 
MeOH 16Omg (0.157mmol) of Rose Bengal were added. The solution was cooled to -25OC and it was irradiated 
for 4.5h with white light, using a 250W spot Hg lamp, whiie a stream of 02 was bubbled through the reaction 
mixture. 4mL of Me2S were then added, and the mixture was kept overnight at -2OoC. After evaporation of the 
solvent in vacua (using a bath at room temperature) the Rose Bengal was removed by filtration through a neutral 
alumina column (grade I. 4Og), using the mixture CH2Cl2-MeOH 1O:l (250mL) as eluent. Thus, a mixture of two 
diastereomeric compounds was obtained. This mixture was separated by HPLC (Waters p-Bondapak Cl8 column, 
MeOH-5% aq. (NH4)2C03 2:3) to give 29mg of [S-3Hlbrevianamide E ([5-381-6) (32% yield, 2.95pCi, 
37.3pCi/mmol) and 17.5mg of [5-3H]-5a,lOa-diepi-brevianamide E ([5-3H]-24) (19% yield, 1.78pCi. 
37.3@/mmol). Both substances were found to be identical with the corresponding unlabeled compounds.19 
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Feeding experiment with [8-3H]deoxybrevianamide E ([83H]-5). 

A glucose-corn steep liquor culture of P. brevicompactum (2oOmL in a 1L Erlenmeyer flask), inoculated as 
described above, was incubated at 25OC in the dark until the mycelia started to to turn greenish (4 days). At that 
point, 3/4 of the fermentation broth was removed, and replaced with 175mL of sterilyxed H20. A solution of 
16Smg of [8-3H]-S (1.605 pCi) in 2mL of DMSO was then added to the fermentation media while stirring 
carefully as not to disturb the mycelia. After 7 more days of incubation under the same conditions as above, 
mycelia and broth were separated by decantation, and the brevianamides wete separated and purified as described 
above. The isolated compounds were homogeneous in HPLC. 35.3% of the compound used in this experiment 
was recovered unchanged. 

Liquid scintillation counting of these compounds showed that there was incorporation of the radioactive label 
into 1,2, and 7 (see text). 

Feeding experiments with [53H]brevianamia’e E ([8-3H]-6). 

The feeding experiment with [S-3H]-6 was performed as described above for [8-3H]-5. In this case, 17mg 
of the labeled compound, (1.60 l&i. 37.3 uCi/mmol) were used. The bmvianamides A (1) and B (2) were isolated 
from the culture, and purified as above to give an activity of 0.42 nCi (0.026% total incorporation, 0.14% specific 
incorporation, and 0.08 pCi/mmol of specific activity) for 1, while for 2, the activity was 0.53 nCi, (0.033% total 
incorporation, 0.18% of specific incorporation, and 1.01 pCi/mmol of specific activity). These compounds were 
homogeneous in HPLC. 81.6% of the compound used for this experiment was recovered. This feeding 
experiment was carried out twice, giving similar results each time. 

1. 
2. 

3. 

4. 

5. 
6. 
7. 
8. 

9. 

REFERENCES AND NOTES 

On leave from the Department of Organic Chemistry of the University of Valencia, Spain. 
For some leading references on then Diels-Alder cyclization reaction, see: a) Desimoni, G.; Tacconi, G.; 
Barco, A.; Pollini. G. P., Natural Products Synthesis Through Perky&c Reactions, A. C. S. Monograph 180. 
Washington, D.C., 1983; b) Comprehensive Organic Synthesis, Trost. B. M.; Fleming, I.; Paquette, L. A. 
Bds.; Pergamon Press , Oxford 1991, Vol. 5, pp. 315-592. 
For some examples of possible biosynthetic Diels-Alder constructions, see: a) Oikawa. H.; Yokota, T.; Abe, 
T.; Ichihara, A.; Sakamura. S.; Yoshixawa, Y.; Vederas. J. C. J. Chem. Sot., Chem. Comm. 1989, 1282; b) 
Ichihara, A.; Miki, M.; Taxaki, H.; Sakamura, S. Tetrahedron L&t. 1987,28. 1175 ; c) Gikawa, H.; Yokota, 
T.; Ichihara, A.; Sakamura, SJ. Chem. Sot. Chem. Comm. 1989, 1284; d) Marco, J .A.; Sam, J .F.; Falco, 
E.; Jakupovic, J.; Lex, J. Tetrahedron 1990.46. 7941; e) Baxan, A. C.; Edwards, J .M.; Weiss, U. 
Tetrahedron 1978.34, 3005; f) Moore, R.N.; Bigam, G.; Chan, J. K.; Hogg. A. M.; Nakashima, T. T.; 
Vederas, J. C. J. Am. Chem. Sot. 1985,107, 3694; g) Hano, Y.; Nomura, T.: Ueda, S. J. Chem. 
Soc.Chem.Comm. 1990, 610; h) Ito, S.; Hirata, Y. Tetrahedron Lett. 1972, 2557; i) Holfheinx, W.; 
Schonholxer, P. Helv.Chim.Acta 1977.60, 1367; j) Roush. W. R.; Peseckis, S. M.; Walts. A. E. J.Org.Chem. 
19&4,49,3432; k) Bandaranayake W. M.; Banfield, J. E.; Black, D. S. C. J. Chem. Soc.Chem.Comm. 1980, 
902; 1) Cane, D. E.; Tan, W.; Ott, W. R. J. Am. Chem. Sot. 1993,115.527; m) Cane, D. E, Yang, 
C. J. Antibiot. 1985,38, 423. n) Cane, D.; Yang, C. J. Am. Chem. Sot. 1984,106, 784. 
a) Birch, A. J.; Wright, J. J. J. Chem. Sot. Chem. Comm. 1969,644, b) Birch, A. J.; Wright, J. J. Tetrahedron 
1970.26.2329; c) Birch, A. J.; Russell, R. A. Ibid 1972.28.2999; d) Birch, A.J. J. Agr. Food Chem. 1971, 
29, 1088; e) Bird, B.A.; Campbell, I.M. Appf. Environ. Microbial. 1982.43, 345; f) Bird, B.A.; Remaley, 
A.T.; Campbell, I.M. Appl. Environ. Microbial. 1981.42, 521. g) Andersen, B. Antonie van Leeuwenhoek 
1991.60, 115 (C.A. 116:59708d). 
Coetxer, J. Acta Cryst. 1974.330.2254. 
Wilson, B. J.; Yang, D.T.C.; Harris, T. M. Appl. Microbial. 1973.633. 
Robbers, J. E.; Straus, J. W. Lloydia 1975.38, 355. 
a)Yamaxaki, M.; Okuyama. E.; Kobayashi, M.; Inoue, H. Tetrahedron Lett. 1981.22, 135; b) Blizzard, T.A.; 
Marino, G.; Mrozik, H.; Fisher, M.H.; Hoogsteen. K.; Springer, J.P. J.Org.Chem. 1989.54, 2657; c) 
Ondeyka. J. G.; Goegelman, R. T.; Shaeffer, J. M.; Kelemen, L.; Zitano. L. J. Antibiot. 1990.43, 1375; d) 
Liesch, J. M.; Wichmann. C. F. Ibid 1990.43, 1380; e) Blanchflower, S. E.; Banks, R. M.; Everett, J. R.; 
Manger, B. R.; Reading, C. Ibid 1991.44.492. 
a) Polonsky, J.; Merrien, M-A.; Prange, T.; Pascard. C. J. Chem. Sot. Chem.Comm. 1980, 601; b) Prange, T; 
Billion, M-A.; Vuilhorgne. C. P.; Pascard, C. Tetrahedron Lett. 1981.22, 1977. 



8482 J. F. SANZ-CERVERA er al. 

10. a) Paterson. R. R. M.; Simmonds. M. S. J.; Blaney. W. M. J. Invert&r. Parhol. 1987,50, 1% b) Paterson, R. 
R. M.; Simmonds, M. S. J.; Kemmelmeier, C.; Blaney, W. M. Mycol. Res. 1990.94,538. 

11. a) Schaeffer, J. M.; Blizzard, T. M.; Gndeyka, J.; Goegelman. R.; Sinclair, P.; Mrozik, H. Biochem. 
Pharmacol. 1992,43. 679. b) Shoop, W. L.; Haines, H. W.; Eary. C. H.; Michael. B. S. Am. J. Vet. Res. 
1992.53.1992. C) Shoop. W. L.; Michael, B. S.; Haines, H. W.; Eary. C. H. Ver. Parasitol. 1992.43.259. 

12. a) Porter, A. E. A.; Sammes, P. G. J. Chem. Sot., Chem. Comm. 1970, 1103. b) Baldas, J.; Birch, A. J.; 
Russell, R. A.J. Chem Sot.. Perkin Trans. I 1974,SO. 

13. Compound 5 has been isolated from Aspergillus usstus and serves as the biosynthetic precursor to a product 
of alternative ring-closure, austamide i: a) Steyn, P. S.. Tetrahedron Left. 1971. 3331; b) Steyn, P.S., 
Tetrahedron 1973.29, 107. 

14. 

15. 

16. 
17. 
18. 
19. 

20. 

21. 
22. 

23. 
24. 

25. 
26. 

27. 

For some examples of this kind of transformation see: a) Witkop. B.; Patrick, J. B. J. Am. Chem. SOC. 1951, 
73, 2188; b) Beer, R. J. S.; Donavanik. T.; Robertson, A. J. Chem. Sot. 1954, 4139; c) Hutchison, A. J.; 
Kishi, Y. J. Am. Chem. Sot. 1979.101,6786. 
a) Williams, R. M.; Glinka, T. Tetrahedron Len. 1986.27.3.581; b) Williams, R.M.; Glinka, T.; Kwast, E. J. 
Am. Chem. Sot. 1988,110,5927; c) Williams, R.M.; Glinka, T.; Kwast, E.; Coffman, H.; Stille, J.K. J. Am. 
Chem. Sot. 1990,112, 808. 
Williams, R.M.; Kwast, E.; ColTman, H.; Glinka, T. J. Am. Chem. Sot. 1989,111,3064. 
Sanz-Cervera, J. F.; Glinka, T.: Willlams, R. M. J. Am. Chem. Sot. 1993,115,347. 
Somei, M.; Karasawa, Y.; Kaneko, C. Heterocycles 1981,16,941. 
a) Kametani,T.; Kanaya, N.; Ihara, M. J. Chem. Sot., Perkin Trans. I 1981. 959. b) Kametani,T.; Kanaya, 
N.; Ihara, M.J. Am. Chem. Sot. 1980,102, 3974. 
a) Russell. R. A. Ausr. J. Chem. 1975,28, 2535. b) Tomita , K.; Terada, A.; Tachikawa, R. Hererocycles 
1976.4, 733. c) Tachikawa. R.; Terada, A.; Tomita, K.; Iwaoka, T. Ibid. 1977.8, 695. d) Plieninger, H.; 
Sirowej, H. Chem. Ber. 1971,104, 1869. e) Plletiger, H.; Simwej, H. Ibid. 1971,104, 2027. f) Houghton, 
E.; Saxton. J. E. J. Chem. Sot. C 1969, 595. g) Houghton, E.; Saxton. J. E. Ibid. 1969. 1003. 
For a review, see: Grandberg, I. I.; So&in, V. I. Russ. Chem. Rev. 1974,43, 115. 
a) Engel , P. S.; Schexnayder, M. A. J. Am. Chem. Sot. 1972.94, 9252. b) Schexnayder, M. A.; Engel , P. 
S. Ibid. 1975.97.4825. c) Masson, S.; Saquet, M.; Thuillier, A. Tetrahedron 1977,33,2949. d) Deleris. G.; 
Plllot, J. P. Tetrahedron 1980,36, 2215. e) Kachinsky, J. L. C.; Salomon. R. G. J. Org. Chem. 1986.51, 
1393. f) Brenner. S.; Bovete, M. Tetrahedron 1975.31, 153.). 
Rousseau, G.; ConIa, J. M. Terrahedron 1981,22,649. 
What is erroneously described in our previous communication (ref. 17) as specific incorporations are 
indeed total incorporations. 
Ritchle, R.; Saxton, J. E. Tetrahedron 1981,24,4295. 
Oxidation at the a-position of an amino acid residue in dioxopiperazines may occur via hydroxylation at 
nitrogen, followed by loss of water. For some leading references, see: a) Ramer, S. E.; Cheng. H.; Palcic, M. 
M.; Vederas. J. C. J. Am. Chem. Sot. 1988,110,8526; b) Feenstra, R. W.; Stokkingreef, E. H. M.; Nivard. R. 
J. F.; Ottenheijm, H. C. J. Telruhedron Lert. 1987.28, 1215; c) Feenstra, R. W.; Stokkingreef, E. H. M.; 
Nivard, R. J. F.; Ottenheijm, H. C. J. Tetrahedron 1988.44, 5583. In other cases, however, the process 
involves dehydrogenation or hydroxylation on c-n. See: a) Zabriskie. T. M.; Cheng, H.; Vederas, J. C. J. 
Chem. Sot., Chem. Commun. 1991,571; b) Merkler, D. J.; Kulathila, R; Consalvo, A. P.; Young, S. D.; Ash, 
D. E. Biochemistry 1992,31, 7282. 
Fabre, J. L.; Farge, D.; James, C.; Lave, D., Tetrahedron Lett. 1985.26.5447. 


