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Abstract: The oxidative coupling of tyrosine and tryptophan units is a 

pivotal step in the total synthesis of some peptide-derived marine and 

terrestrial natural products such as the diazonamides, azonazine and 

tryptorubin A. This review details the biosynthesis and bioinspired 

synthesis of natural products with such structures. Through this 

review, we focused on the challenges of the synthesis of these natural 

products and the innovative solutions adopted by synthetic chemists.  

1. Introduction 

Amino acid-derived natural products are widespread in nature. 

Tyrosine and tryptophan are common amino acids and therefore 

usually appear in the structure of natural peptides. Apart to 

classical amide bonds, few of these natural products also display 

an additional linkage between the phenol part of a tyrosine (1a) 

and the indole part of a tryptophan (2a, Figure 1). Biosynthetically, 

these additional bonds arise from an oxidative cyclization.[1] They 

could be produce by marine organisms or by terrestrial fungus.  

The synthesis of such molecules has indeed attracted widespread 

attention from synthetic chemists, not only because of the 

challenging structure, but also for the biological activity of some 

of these compounds.  

Understanding their biosynthesis is important to help chemists 

designing simplified and efficient synthetic routes towards these 

natural products.  

Therefore, we will review the biosynthesis of diazonamide A (3a), 

azonazine (4) and tryptorubin A (5) and their related bioinspired 

syntheses via oxidative couplings of tyrosine and tryptophan units 

involving the formation of a carbon-heteroatom bond.  

Besides, the natural products presented in this minireview, it 

should be noted that other natural entities present a link between 

the benzene part of the indole of a tryptophan and the ortho-

position of the phenol of tyrosine. It is the case of TMC-95 A-D[2,3] 

(6a-d, produced by the fermentation broth of Apiospora 

montagnei Sacc Tc. 1093 isolated from soil samples) and of some 

proteins 7 that are composed of covalently crosslinked aminoacid 

side-chains.[4]  
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Figure 1. Natural products biosynthetically derived from the oxidative coupling 

of L-tyrosine and L-tryptophan residues. 

In the context of the total synthesis of the TMC-95 natural 

products, the C-C biaryl bond linking the tyrosine and tryptophan 

units are usually formed by a Suzuki coupling in the context of 

total synthesis.[3] 

2. Diazonamide A  

Diazoamide A is a marine secondary metabolite which displays 

low nanomolar cytotoxicity against several tumoral cell lines. It 

was isolated in 1991 by Fenical from the ascidian Diazona 

angulata (originally attributed to Diazona chinensis) along with 

diazonamide B.[5] Their original structures were determined by X-

ray crystallography of a derivative of diazonamide B. The 

proposed structure 8 of diazonamide A included notably a linkage 

between the phenol of a tyrosine and a 

hydroxydihydrobenzofurane, as well as a sequence of two 

oxazoles and an indole (Figure 2). The antitumoral potential and 

the rare and particular structure of diazonamide A has attracted 

the wide attention of synthetic chemists. However, in 2001, when 

the group of Harran completed the first total synthesis of the 

proposed structure, [6] it was found to be different from the natural 

product. After reinterpretation of the X-ray crystallography data 

and additional 2D-NMR experiments, Harran proposed the 

alternative structures 3a and 3b of diazonamides A and B, in 

which the difference with the original scaffold is the presence of a 

central benzofuroindoline instead of the 3-aryl-2-hydroxy-

dihydrobenzofurane.[7] The benzofuroindoline moiety is also found 

in other natural products such as bipleiophylline, pleiocraline or 

pleiocorine.[8,9] Moreover Diazonamide A possesses a hydroxy-

isovaleric acid unit instead of a valine at one end of the molecule. 

In 2008, Reyes isolated, from Diazona sp., diazonamides C-E 

(3c-3e) which possess the same backbone of diazonamides A 

and B.[10]   

 

 

 

Figure 2. Structures of diazonamides A-E (3a-e). 

After the correction of the general structure of the diazonamides, 

it seems plausible that they have for biosynthetic origin the 

assembly of four amino-acids: one tyrosine (1a), two 

tryptophanes (1a) and one valine (9a) as well as a (S)--hydroxy 

isovaleric acid 10 (Figure 2).  

The corresponding L-Tyr-L-Val-L-Trp-L-Trp tetrapeptide 11 would 

be involved in several oxidation events involving the tryptophan 

units: oxidation at the -position of the indoles to form the two 

oxazoles and formation of the biaryl bond between the two indoles. 

Importantly, the oxidative macrocyclization between the tyrosine 

and one of the tryptophan would form the benzofuroindoline core 

12 via formation of a C-C bond between the ortho-position of the 

phenol and the C3-position of the indole, as well as a C-O bond 

between the oxygen of the phenol and the C2-position of the 

indole. This reaction involves the union of two nucleophilic entities 

and from a mechanistic point of view several scenarios are 

possible: either the phenol or the indole could be oxidized into a 

cationic intermediate (A or B) on which the other nucleophile, 

respectively the indole or the phenol, could add. However, an 

enzymatic-mediated radical process seems more reasonable.[1] 

Both the indole and the phenol could be oxidized via two single-

electron transfers (SET) into radical species (C) that would be 

coupled. Alternatively, only the indolyl radical D or phenoxy 

radical E is formed and the second SET happens after the 

reaction of this radical with the other heteroaromatic unit. 
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Figure 3. A plausible biosynthetic origin of diazonamide A (3a).  

In 2002, the group of Nicolaou was the first to report the total 

synthesis of the revised structure of diazonamide A via the acid-

mediated addition of protected tyrosine methyl ester 1b to 3-

hydroxy-3-oxazolyl-2-oxindole 13 which can be seen as a pre-

oxidized tryptophan surrogate leading to 14 without 

diastereocontrol (Scheme 1).[11] In 2007 Magnus reported a 

related intramolecular approach in which the tyrosine residue is 

attached to the valine unit in 15.[12] Conversion of the hydroxyl 

group on the oxindole into a chloride, followed by removal the silyl 

group on the phenol of tryrosine, led to the formation of O-aryl 

ether 16 as a 1:1 mixture of two epimers. Upon heating the latter, 

O to C aryl migration occurred delivering overall 3-aryloxindole 17 

in 70% along with 30% of its epimer. An intermediate of the 

Nicolaou synthesis was then intercepted from 17.  

  

Scheme 1. Key steps of the first total synthesis of diazonamide A by Nicolaou 

top, 2002) and the formal synthesis of Magnus (bottom, 2007). 

Shortly after the synthesis of Nicolaou (and before the Magnus 

formal synthesis), Harran proposed a truly bioinspired synthetic 

route toward diazonamide A from amino-acid derivatives 

(Scheme 2).[13] Dipeptide 18 obtained from racemic bromo-

tryptophan 2b with N-Cbz-L-valine 9b was oxidized with DDQ to 

form the oxazole ring of 19.[14] Further peptidic coupling with N-

sulfonyl-L-tyrosine 1c afforded key precursor 20.  

The stage was set to perform the biomimetic oxidative union of 

the phenol and indole moiety. Accordingly, oxidation of 20 with 

the hypervalent iodine reagent PhI(OAc)2, underwent 

macrocyclization to directly produce benzofuroindoline 21. The 

free phenol of tyrosine would exchange with an acetate of 

PhI(OAc)2 to generate highly electrophilic intermediate F, which 

would be captured by the nucleophilic position of the indole to 

form the C-C bond.[15] Then, cyclohexanedienone would add to 

the adjacent iminium G to provide the hemiaminal of 21 via 

formation of the C-O bond. The stereocontrol induced by tyrosine 

and valine residues allows the formation of the quarternary carbon 

in a 3:1 ratio of diastereoisomers in favour of the desired 

configuration. The fact that it is the phenol that is oxidized rather 

than the indole is deducted from the formation of spirocyclic 

cyclohexanedienone 22 as the major by-product via 

intramolecular addition of the carbonyl of tyrosine into 

electrophilic intermediate F. 
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Scheme 2. Bioinspired oxidative coupling of tyrosine and tryptophan residues 

by Harran (2003).  

Formation of the second macrocyle of the natural product was 

then undertaken (Scheme 3). Peptidic coupling of macrolactam 

21 with hydroxy-tryptamine derivative 23 yielded 24. Benzylic 

oxidation and dehydration provided bis(oxazolyl) indole 25. The 

formation of the biaryl bond between the benzene parts of the 

indoles of the two tryptophan units was achieved via a 

photocyclization. The degassed lithium phenoxide solution 

obtained by dissolving compound 25 in an aqueous solution of 

CH3CN containing LiOH was photolyzed at 300 nm to 

atroposelectively produce biaryl 26 with a good yield. It is 

supposed that the reaction proceeds via a photoinduced electron 

transfer from the phenoxide to the bromoarene. The generated 

bis-radical intermediate H could lead, after elimination of bromide, 

to the desired biaryl bond. The phenolic hydroxy group of 26 was 

then removed via reduction of its corresponding triflate. Finally, 

bis-chlorination and introduction of (S)-α-hydroxy isovaleric acid 

10 on the tyrosine residue delivered diazonamide A (3a). 

  

Scheme 3. Completion of the total synthesis of diazonamide A by Harran (2003).  

After the two first total syntheses of this natural product by 

Nicolaou, and Harran and beside the formal synthesis of Magnus, 

other total or formal syntheses were reported by Nicolaou, 

Sammakia, MacMillan and Moody in a less bioinspired manner for 

the assembly of the tyrosine and tryptophan units.[16,17] Konopelski 

also reported an interesting stereoselective C-arylation of an 

oxindole apparented to tryptophan with a tyrosine-derived 

arlylead(IV) reagent.[18] 

Diazonamide A proved to have a very promising therapeutic 

potential as an antitumoral agent via interaction with 

microtubules.[19]   In addition to inhibiting several cancer cell lines 

at low nanomolar concentrations, diazonamide A does not have 

the neurotoxicity usually observed for microtubule-targeting 

agents.[20] This observation fosters research programs to 

determine the synthesis of a large numbers of analogs for SAR 

study and in particular from Joyant Pharmaceuticals who was co-

founded by Harran.[21] Eventually, DZ-2384 (27) emerged from 

Diazon Pharma, also co-founded by Harran, as a very potent 

analog of diazonamide A in cancer chemotherapy with a high 

safety margin. While it binds to tubulin on the same domain as the 

vinca alkaloids, it induces a distinctive effect which preserves non-

dividing cells.[22] This simplified analog lacks the indole between 

one of the oxazole and the other indole. 

One of the main drawback of the PhI(OAc)2-mediated oxidative 

coupling is the formation of spirocyclic dienone 22 which is difficult 

to separate from the desired benzofuroindoline 21. This problem 

was circumvented by Harran and Joyant Pharmaceuticals during 

the production of analogs of diazonamide A via the deployment of 

electrochemistry.[21a] 

This electrochemical method was detailed in 2015, by Harran and 

scientists from Joyant Pharmaceuticals and Paraza Pharma for 

the scalable synthesis of DZ-2384 (27, Scheme 4).[23] To test the 

electrochemical oxidative cyclization, the authors synthesized 
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compound 29 via coupling between N-Cbz-L-tyrosine 1d and 

compound 28 which was raised from oxidation of a tripeptide 

constituted of t-leucine, 5-fluorotryptophan and serine residues.  

  

Scheme 4. Two concise syntheses of DZ-2384 employing an electrolytic 

macrocyclization by Harran, Joyant Pharmaceuticals and Paraza Pharma 

(2010-2015).  

Substrate 29 was then electrolyzed in an undivided cell open to 

air surrounded by concentric rings of graphite rods which acts as 

anodes and cathodes at a constant cell potential of +1.6 V at 

ambient temperature in aqueous DMF with addition of solid 

(NH4)2CO3 in batches and in presence of tetraethylammonium 

tetrafluoroborate as electrolyte. Impressively, the 

macrocyclization went smoothly on 60 grams of 29 and 21 grams 

of 30 were obtained in 35% yield (43% brsm) with a 2.7:1 

diasteromeric ratio without the formation of the undesired 

spirocyclic dienone observed with PhI(OAc)2. Cyclic voltammetry 

experiments suggested that it is the indole moiety which is 

oxidized into radical intermediate I via single electron transfer at 

the anode. I could then react with the phenol and a second SET 

event from J would produce benzofuroindoline. This distinct 

mechanism from the PhI(OAc)2 oxidation explains that a 

spirodienone is not formed.  The two diastereoisomers were 

separated after the subsequent removal of the Cbz group. 

Introduction of the 2-hydroxyisovaleric acid moiety then delivers 

20 grams of DZ-2384 (27). Because it is necessary to perform a 

chromatography on silica gel after the electrolysis, the author 

hoped to perform the electrolysis at the last step to delay this 

purification. Therefore, the electrolysis was performed on 740 mg 

of 31 which already contains the 2-hydroxyisovaleric acid residue 

and was obtained in four steps without chromatography from 28. 

Application of the same electrochemical conditions allowed to 

obtain directly a 35% yield (48% brsm) of DZ-2384 (27) as a 2.3:1 

mixture with its diastereoisomer. In summary, the authors were 

able to obtain drug candidate DZ-2384 in 13 steps with a total 

yield of 5.7 % from tert-leucine. 

3. Azonazine  

Azonazine (4) is another tyrosine-tryptophan-containing marine 

natural product that contains a benzofuroindoline core. In 2010, 

Crews and co-workers reported the isolation of this unique 

hexacyclic dipeptide from a Hawaiian marine sediment-derived 

fungus, Aspergillus insulicola.[24] Structurally, the 

benzofuroindoline ring system bearing a quaternary center at its 

ring junction, indeed presents similarity to the core of the 

diazonamides (3a-e). Noteworthy, the tyrosine-derived nitrogen is 

methylated and the indolic nitrogen is acetylated. In 2013, 

following the total synthesis of ent-azonazine by Yao, the relative 

stereochemistry of azonazine was revised from 32 to 4 (Figure 

4).[25] The natural product arose from L-tryptophan and L-tyrosine 

instead of their D-enantiomers as initially proposed, while the 

absolute stereochemistry at the ring junction of the 

benzofuroindoline is the same as the proposed structure. This 

absolute stereochemistry of the benzofuroindoline part is 

opposed to the one of the diazonamides, while they both have L-

tyrosine and L-tryptophan as starting points. Crews proposed that, 

biosynthetically, diketopiperazine 33 derived from tyrosine and 

tryptophan, would undergo an oxidative cyclization in a similar 

fashion as for diazonamide A. 

 

Figure 4. Azonazine and its plausible biosynthesis. 

Inspired by the total synthesis of diazonamide A by Harran,[13] the 

group of Yao thought to deploy a bioinspired oxidative cyclization 

between the indole and the phenol of diketopiperazine ent-33 to 

construct the highly strained benzofuroindoline-containing 10-

membered ring system. Diketopiperazine ent-33 was obtained 

from D-tryptophan 2c and D-tyrosine 1f derivatives. After 

screening various conditions with hypervalent iodine(III) reagents, 

it was found that 2 equivalents of PhI(OAc)2 in trifluoroethanol at 

–15°C allowed to obtain in modest yields the overoxidized 

hexacyclic skeleton of azonazine as two diastereoisomers 34a 

and 34b, which structures were secured by X-ray analysis. A first 

oxidative coupling happens between the indole and the phenol to 

deliver the benzofuroindoline via phenolate iodobenzene K. Then, 
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exchange of an actetate of PhI(OAc)2 by the benzofuroindolinic 

nitrogen could lead to L which would be attacked by 

trifluoroethanol to produce a trifluoroethylarylether. A second 

addition of trifluoroethanol according to the same process via M 

delivers iminoquinone acetals 34a and 34b.  

 

Scheme 5. Total synthesis of ent-azonazine (ent-30) by Yao (2013). 

Hydrolysis of the acetal of 34a and reduction of the quinone 

delivered phenol 35a whose hydroxyl was removed by triflation 

and hydrogenation. N-acetylation finally provided 32 whose 

structure was originally assigned to azonazine. However, NMR 

spectra of this compound did not match with the one of natural 

azonazine. The same sequence applied to 34b via 35b delivered 

a compound whose NMR spectra matched the ones of the natural 

product. However, the optical rotation was opposite to the one 

recorded for the natural product. Therefore, the authors have 

synthetized the enantiomer of azonazine (ent-4) and its structure 

was secured by X-ray analysis. 

The diazonamides and azonazine both possess a similar 

benzofuroindoline structure which arose from the oxidative 

cyclization of a peptidic precursor containing tyrosine and 

tryptophan units. However, the configuration of the stereogenic 

centers at the junction of the benzofurane and indole parts are 

opposite, despite the fact that these two natural products are both 

thought to be produced from the proteogenic amino acids L-

tyrosine and L-tryptophan. 

In 2015, we reported a diastereodivergent intermolecular coupling 

procedure between L-tyrosine and L-tryptophan derivatives to 

access both the stereochemistry of the diazonamides and 

azonazine at the quaternary center linking the indole and the 

phenol units (Scheme 6).[26] This strategy employs the 

stereospecific addition of nucleophiles including arenes,[27] to 

bromopyrroloindoline derivatives.  Both diastereoisomeric exo- 

and endo-bromopyrroloindolines 36 and 37a were access by 

different bromination methods. Bisprotected L-tryptophan 

precursor 2d could be converted diastereoselectively into exo-

bromopyrroloindoline 36 with the use of NBS,[28] while endo- 

bromopyrroloindoline 37a was accessed by acid-mediated 

cyclization of mono-protected L-tryptophan derivative 2e followed 

by a radical-mediated bromination with NBS in presence of AIBN 

followed by protection of the indoline nitrogen.[29] In presence of 

soluble AgSbF6, pyrroloindolenium ions N and O are respectively 

formed from 36 and 37a with precipitation of AgBr. Due to the 

existence of a stable two-membered cis-fused system in these 

cationic species, nucleophiles can add only on the open face and 

therefore this Friedel-Crafts-type reaction proceeds with retention 

of configuration. While free-phenol tyrosine derivative 1b only led 

to traces of the desired coupling products, O-methyl and O-allyl 

tyrosine 1g and 1h were efficiently added to 36 and 37a to 

respectively lead to 38b,c with the stereochemistry of the 

diazonamides and 39b,c related to azonazine. 
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Scheme 6. Diastereodivergent dearomative arylation process of L-tryptophan by L-tyrosine by Vincent (2015). 

4. Tryptorubin A 

Tryptorubin A (5) is of terrestrial origin unlike diazonamide A and 

azonazine. This natural product was isolated in 2017 by Clardy 

from a bacterial strain (Streptomyces sp. CLI2509) associated 

symbiotically to a fungus-growing ants (Hymenochaete 

rubiginosa).[30] This bicyclic hexapeptide (Ala-Trp-Tyr-IIe-Trp-Tyr), 

which possesses two L-tryptophans (2a) and two L-tyrosines (1a), 

displays two unusual bonds: a C-N bond between one of the 

tyrosine and one of the tryptophan units and a C-C bond between 

the two tryptophan units (Figure 5). In contrast to the 

diazonamides and azonazine, the biosynthetic oxidative coupling 

between the tyrosine and tryptophan units of tryptorubin A (5) did 

not resulted in the formation of a benzofuroindoline scaffold. 

 

Figure 5. Structure and biosynthesis of tryptorubin A.  

The tryptophan-tryptophan linkage connects the C3-position of 

one of the indole and the benzene ring of the other indole leading 

to a 3-arylated pyrroloindoline motif. Similar bonds between the 

C3 position and the benzene ring of two tryptophan units are 

found in dimeric diketopiperazine natural products such as 

naseseazines A-C, asperazine or pestalazine A (43a-e, Figure 6) 

which are biosynthetically produced by oxidative dimerisations 

mediated by P450 enzymes.[31] More precisely, naseseazines A 

and B display a C3-C7’ bond, while asperazine and pestalazine A 

present a C3-C8’ bond. Only naseseazine C possess the C3-C6’ 

connectivity encountered in tryptorubin A.  

The linkage between the internal tyrosine and the tryptophan 

already connected by its benzene ring is characterized by a bond 

between the ortho position of the phenol and the indolic nitrogen. 

Among natural products, only, the dimeric ergot alkaloid, 

cividiclavine, feature a bond between the ortho-position of a 

phenol and an indolic nitrogen.[32] 

 

Figure 6. Structure of dimeric tryptophan-containing diketopiperazine related to 

tryptorubin A.  

Tryptorubin A is believed to be a ribosomal synthesized and post-

translationally modified peptide (RiPP). Biosynthetically the 

unusual C-C and C-N bonds were probably formed by two 

intramolecular oxidative coupling mediated by a cytochrome P450 

enzyme after assembly of the linear hexapeptidic chain 40 (Figure 

4).[33] Interestingly the terminal tyrosine is not involved in any 

oxidative coupling while one of the tryptophan is central to the two 

cyclisation events. 

During their synthetic studies towards tryptorubin A, Baran and 

co-workers discovered that two non-canonical atropoisomers 4 

and 44 could exist with the same connectivity and central-

stereochemistry (Figure 7).[33] The natural isomer 4 of tryptorubin 

A is in the "bridge above" conformation, and its non-natural isomer 

44 is in the "bridge below" conformation. The two compounds did 

not convert to each other at elevated temperature, indicating that 

the energy barrier between these two non-canonical atropisomers 

is high. Theoretically, the interconversion of the two isomers 4 and 

44 requires a non-physical, inside-out flip of the molecule, 

allowing one macrocycle to pass through the other. If it is 

assumed that the bond can be extended beyond the covalent limit, 

then 4 and 44 can be interconverted. In other words, without 

breaking and reformatting the covalent bond, this conversion can 

hardly happen. Overall, it is in stark contrast to canonical 

atropisomerism and topoisomerism. 

 

Figure 7.  The conformation of the non-canonical atropoisomers of tryptorubin 

A. 
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Interestingly, before the discovery of tryptorubin A, the formation 

of a related tyrosine-tryptophan linkage was reported in 2014. 

During its synthetic studies toward azonazine, Yao investigated 

the use of electrochemistry to form the benzofuroindoline motif. 

Subjecting diketopiperazine ent-33 to a constant current (1.0 V vs 

SCE) in presence of sodium hydroxide as a base resulted 

unexpectedly to the formation of the C(sp2)-N bond between the 

ortho-position of the phenol and the indolic nitrogen to generate a 

new 12-membered ring 45 similar to the one encountered in 

tryptorubin A (Scheme 7).[25b] The reaction presumably proceeds 

via single electron transfers from the indole and/or the phenol into 

radical intermediates. 

 

Scheme 7. Formation of a C-N bond by electrochemical oxidative cyclization of 

diketopiperazine ent-33 (2014). 

In the other hand, bioinspired oxidative dimerizations of 

tryptophan derivatives have been developed in the context of the 

total synthesis of naseseazines A,B, asperazine or pestalazine A 

(Scheme 8).[27a,27b,34-36] For instance, Movassaghi described a two 

steps process in which diketopiperazine 46 is converted into 

bromopyrroloindoline 47 that is then involved in a Friedel-Crafts 

reaction in presence of AgSbF6 with another tryptophan-

containing diketopiperazine 48 to deliver a mixture of 

regioisomeric arylated-pyrroloindolines 49.[27a,b] The 

regioselectivity could be controlled by the presence of a 

tetrafluoroborate on the nucleophilic entity but requires 

prefunctionalization (not shown). Alternatively, Ishikawa reported 

a direct biomimetic oxidation of L-tryptophan ester 2f with 

Mn(OAc)3, VOF3 or V2O5 in acidic conditions that deliver C3-C3’ 

dimer 50 as well as the C3-C7’ 51 dimer.[34] 

 

Scheme 8. C-C bond formation via bioinspired oxidative dimerizations of 

tryptophan derivatives by Movassaghi (top, 2011) and Ishikawa (bottom, 2013). 

In 2020, Baran reported the first total synthesis of tryptorubin A 

(Scheme 9). When they started their synthetic endeavor, the 

authors were unaware of the possibility that the structure of 

tryptorubin A could exist as two non-canonical atropoisomers. 

Their retrosynthesis involved a late stage intramolecular peptidic 

coupling between the amine of the iso-leucine and the carboxylic 

acid of the internal tyrosine of 52. Inspired by the Movassaghi’s 

total synthesis of the naseseazines,[27a] the C-C bond between the 

two tryptophan residues would arise from an intermolecular 

Friedel-Crafts type reaction between tyrosine-containing endo-

bromopyrroloindoline 53 and Tyr-Trp dipeptide 54 in which the C-

N bond is already formed. 

 

 

Scheme 9. Retrosynthesis of tryptorubin A by Baran (2020). 

The authors adopted a non-biomimetic approach to form the C-N 

bond between the indole and the phenol (Scheme 10). An 

intramolecular Ullmann-Goldberg coupling with Buchwald-type 

conditions was applied to ortho-iodotyrosine-derived dipeptide 55 

to yield 56 on a 20 g scale.[37] To avoid 6’/7’ regioselectivity issues 

during the forthcoming Friedel-Crafts reaction, as observed by 

Movassaghi for the naseaseazines (see Scheme 8), the indole 

ring was reduced into indoline 57 with triethylsilane in order to 

increase the nucleophilicity of the position in para of the nitrogen. 

The alanine residue could also be appended before the reduction 

of the indole into 58. 
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Scheme 10. C-N bond formation from a Tyr-Trp dipeptidic derivative by Baran 

(2020). 

Endo-Bromopyrroloindoline 53 was obtained by acid mediated-

cyclization of tryptophan derivative 2g followed by radical-

bromination[26,29] of 59 before coupling of 37b with tyrosine methyl 

ester 1i. Coupling of the latter with cyclic Tyr-Trp dipeptide 57 or 

58 via the silver-mediated alkylation reaction established the key 

C-C bond of 60 and 61 in a regioslective and stereoselective 

manner (Scheme 11). Oxidative aromatization of indoline 60 with 

DDQ allowed to restore the indole ring. Then installation of 

alanine and iso-leucine residues extended the peptidic chain and 

gave hexamer 62 after deprotection. Final cyclization was then 

performed which led after deprotection with a total yield of 4% to 

44 whose NMR data did not match natural tryptorubin A. The 

structure of this compound was attributed to atrop-tryptorubin A. 

The authors proposed that intermediate 62 have in equilibrium 

two conformers 62A and 62B via rotation around the enamine part 

of the indole. Since the second macrocycle has not been formed 

yet, this rotation is allowed. It is believed that the “ring-below” 

atropoisomer 62B is the most kinetically favourable conformation 

for the cyclisation process and therefore lead atroposelectively to 

44. 

The authors circumvented this problem by performing the 

aromatisation of the indoline after the macrocyclisation. The 

central chirality of the stereocenter on the indoline locked the 

"bridge above" conformation by structurally excluding the "bridge 

below" conformational isomer. After introduction of iso-leucine, 

the macrocyclisation of "bridge above" seco-acid 63A with PyAOP 

allowed to obtain atroposelectively isomer 64 which was 

converted to the natural product tryptorubin A (4) after oxidation 

of the indoline into the indole ring with DDQ and removal of the 

Cbz group and saponification of the methyl ester. 

   

 

Scheme 11. Total synthesis of tryptorubin A and its non-canonical atropoisomer by Baran (2020). 

 

5. Concluding remarks 

In summary, we analyzed the biomimetic synthetic strategies 

towards diazonamide A, azonazine and tryptorubin A via oxidative 

coupling of tyrosine and tryptophan residues of peptidic 
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derivatives. It is apparent that accessing the benzofuroindoline 

core of diazonamide A and azonazine and its quaternary carbon 

has always been challenging. The development of phenol-indole 

oxidative coupling mediated by hypervalent iodine reagents 

allowed to overcome these difficulties and to perform the total 

synthesis of diazonamide A and azonazine. However, there is still 

room for innovation as demonstrated by the use of 

electrochemistry that improve the oxidative coupling process 

during the large scale production of DZ-2384, a simplified analog 

of diazonamide A with a high therapeutic potential as an 

antitumoral agent. Tryptorubin A differs from the diazonamides 

and azonazine by the fact that the biosynthetic oxidative coupling 

of tyrosine and tryptophan delivers a C-N bond between the 

indolic nitrogen and the carbon of in the ortho-position of the 

phenol instead of a benzofuroindoline. The recent synthesis of 

tryptorubin A highlighted the highly unusual non-canonical 

atropoisomerism of this bicyclic hexapeptide which may inspired 

chemists in the design and analysis of complex three dimensional 

structures.  
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