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ANNOTATION 

 

Studies on total synthesis of diazonamide A and its structural analogs. Kalniņš T., 

supervisor: Prof., Dr. chem. Sūna E. Doctoral thesis. Consists of 139 pages, 80 figures, 5 

tables, 127 literature references and 5 appendices. Written in English. 

Synthesis of natural diazonamide A and its structural analogs with altered core scaffold 

and macrocycle size was studied. Synthesis of chiral, enantiopure macrocyclic ketone by 

atropodiastereoselective Dieckmann-type cyclization was developed. The obtained 

macrocyclic ketone contains the following key structural elements of diazonamide A: 12-

membered heterocyclic ring, tetracyclic hemiaminal moiety and the all-carbon quaternary 

stereocenter. Introduction of bioxazole moiety in the macrocycle was studied which resulted 

in synthesis of novel macrocyclic diazoketone. Next, preparation of previously unreported 

carba-analog of highly active anticancer agent DZ-2384 was explored. Investigation of three 

distinctive synthesis routes indicated the intrinsic challenges associated with formation of 

analogs of DZ-2384 (macrocyclization, introduction of quaternary stereocenter) and yielded 

three previously unreported dihydroindenoindole-core containing macrocycles. Finally, 

diastereoselective synthesis of 12- and 13-membered 2-indolinone-core containing analogs of 

DZ-2384 was shown. Dependence of the diastereoselectivity of macrocyclization on the size 

of the macrocycle to be formed was demonstrated. The antiproliferative activity of the 

obtained macrocyles reached nanomolar level against multiple cancer cell lines. SAR in the 2-

indolinone-core containing series was explored. 

Keywords: SYNTHESIS, DIAZONAMIDE A, ANALOGS, MACROCYCLE, 

CYCLIZATION 
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ABBREVIATIONS 

 

Ac – acetyl- 

acac – acetylacetone 

Alloc – allyloxycarbonyl -  

Ar – aryl- 

9-BBN – 9-borabicyclo(3.3.1)nonane  

Bn – benzyl- 

Boc – tert-butyloxycarbonyl- 

Bu – butyl-  

Cbz – benzyloxycarbonyl 

Cy – cyclohexyl 

COSY – correlation spectroscopy 

DAST – diethylaminosulfur trifluoride  

dba – dibenzylideneacetone 

DBU – 1,8-diazabicyclo(5.4.0)undec-7-ene 

DCE – 1,2-dichloroethane 

DCM – dichloromethane 

DDQ – 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone 

DeoxoFluor – bis(2-

methoxyethyl)aminosulfur trifluoride 

DFT – density functional theory   

DIAD – diisopropylazodicarboxylate  

DIBAL-H – diisobutylaluminum hydride 

DIC – diisopropylcarbodiimide  

(+)-DIP-Cl – (+)-B-

chlorodiisopinocampheylborane  

DIPEA – N,N-diisopropylethylamine 

DMA – dimethylacetamide  

DMAP – 4-dimethylaminopyridine 

DMDO – dimethyldioxirane  

DMF – dimethylformamide 

DMI – 1,3-dimethyl-2-imidazolidinone  

DMP – Dess–Martin periodinane 

DMSO – dimethylsulfoxide 

DPEPhos – bis[(2-

diphenylphosphino)phenyl]ether 

DPM – (Z)-5-hydroxy-2,2,6,6-

tetramethylhept-4-en-3-one   

dppe – 1,2-bis(diphenylphosphino)ethane 

dppf – 1,1'-

bis(diphenylphosphino)ferrocene 

dr – diastereomeric ratio 

EDC – 1-ethyl-3-(3-dimethylamino-

propyl)carbodiimide 

equiv. – equivalents 

Et – ethyl 

Fmoc – fluorenylmethyloxycarbonyl- 

Glu – glutamic acid 

Glyme - dimethoxyethane 

GTP – guanosine-5'-diphosphate disodium 

salt 

HATU – 

azabenzotriazoletetramethyluronium 

hexafluorophosphate 

HFIP – hexafluoro-2-propanol   

HMPA – hexamethylphosphoramide  

HOBt – hydroxybenzotriazole 

HRMS – high resolution mass 

spectrometer 

IBX – 2-iodoxybenzoic acid 

TMS – trimethylsilyl- 

IC50 – inhibitory concentration 

iPr – isopropyl 

KHMDS – potassium 

bis(trimethylsilyl)amide 

LAH – lithium aluminum hydride 
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LDA – lithium diisopropylamide 

m-CPBA – meta-chloroperoxybenzoic acid 

Me – methyl- 

MOM – methoxymethyl- 

Ms – methanesulfonyl- 

MTT – 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide 

MW – microwaves  

NBS – N-bromoscuccinimide  

n-Bu – butyl- 

NCS – N-chlorosuccinimide 

NIS – N-iodosuccinimide 

NMR – nuclear magnetic resonance 

spectroscopy 

NOE – nuclear Overhauser effect 

Oxone® – potassium peroxymonosulfate 

pABSA – para-acetamidobenzenesulfonyl 

azide 

Ph – phenyl- 

Pin – pinacol 

PMB – para-methoxybenzyl- 

ppm – parts per million 

r.t. – room temperature 

rac – racemate 

SAR – structure-activity relationship 

Ser – serine 

SNAr – nucleophilic aromatic substitution 

SPhos – dicyclohexyl(2′,6′-

dimethoxy[1,1′-biphenyl]-2-yl)phosphane 

TAS-F – tris (dimethylamino)sulfonium 

difluorotrimethylsilicate 

TBAF – tetra-n-butylammonium fluoride 

TBDPS – tert-butyldiphenylsilyl- 

TBS – tert-butyldimethylsilyl- 

t-Bu – terc-butyl- 

TCA – trichloroacetic acid 

TEA – triethylamine 

Teoc – 2-(trimethylsilyl)ethoxycarbonyl- 

Tf – trifluoromethanesulfonyl- 

TFA – trifluoroacetic acid 

TFE – 2,2,2-trifluoroethanol 

THF – tetrahydrofurane 

TIPS – triisopropylsilyl-  

Tyr – tyrosine 

TLC – thin layer chromatography 

Ts – toluenesulfonyl 

UPLC-MS – ultra-high performance liquid 

chromatography–mass spectrometry 

Val – valine  

XantPhos – (9,9-dimethyl-9H-xanthene-

4,5-diyl)bis(diphenylphosphane) 
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INTRODUCTION 

 

 The US National Cancer Institute defines cancer as a disease in which some of the 

body’s cells grow uncontrollably and spread to other parts of the body.1 Cancer poses a 

significant global health challenge with over 19 million new cases diagnosed and almost 10 

million fatalities reported in 2022.2 By 2040 the incidence is projected to increase by 47%, 

reaching an annual total of 28.4 million cases.3 The rising occurrence of cancer, coupled with 

the significant mortality rates and the emergence of multidrug resistance4 to standard-of-care 

antitumor treatments, underscores the urgent need for the development of novel and effective 

anticancer therapies. 

 Throughout history, a significant proportion of anticancer medicines have been derived 

from natural sources - around one third of small molecule anticancer drugs approved for 

clinical use from 1981 to 2019 were natural products or natural product derivatives.5 Some of 

these, like the microtubule-targeting vinca alkaloids (vinorelbine, vincristine) and taxanes 

(paclitaxel, docetaxel), are now considered part of standard-of-care treatments. 

 Another naturally sourced microtubule-targeting agent is diazonamide A – marine 

metabolite with high antiproliferative activity against several cancer cell lines.6 It possesses 

complex structure that includes two 12-membered macrocyclic rings as well as rigid, 

tetracyclic hemiaminal core and quaternary stereocenter. Even though four total syntheses of 

diazonamide A had been successful, few analogs of it had been prepared and little is known 

about its structure-activity relationship (SAR). Therefore, the design of modular, robust, and 

high yielding synthesis of diazonamide A could facilitate preparation of its analogs for SAR 

studies and development of novel anticancer medicines. 

 

 

 

 Notwithstanding the four successful approaches, the total synthesis of diazonamide A is 

challenging and not always fruitful. Therefore, the development of novel analogs and study of 

SAR could be based on known simplified derivatives of natural diazonamide A, such as DZ-

2384 that has been developed by Harran and possesses low nanomolar antiproliferative 

activity.7 However, DZ-2384 still is highly complex and alteration of the most hard-to-
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synthesize motifs (tetracyclic hemiaminal, quaternary stereocenter, 12-member macrocyclic 

ring) of the molecule could lead to easier-to-access analogs with retained biological activity 

and potential for further elaboration into more efficacious anticancer medicines.  

 

 The objective of the doctoral thesis is to contribute to the development of robust and 

modular synthesis of marine metabolite diazonamide A and explore the synthesis of its 

simplified analogs.  

 

 Tasks of the doctoral thesis: 

 1. To study synthesis of intermediate macrocyclic ketone that contains the following 

key structural elements of diazonamide A: the 12-membered heterocyclic ring, the tetracyclic 

hemiaminal moiety and the all-carbon quaternary stereocenter, 

 

 

  

2. To investigate formation of bioxazole moiety towards synthesis of diazonamide A, 

 

 

  

 3. To study synthesis of analogs of DZ-2384 with altered core scaffold and macrocycle 

size, 

 

  

 4. To assess impact of core scaffold and ring size changes on antiproliferative activity 

and to explore SAR. 
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 The scientific novelty of the work: 

 1. An intermediate that contains the macrocyclic core of diazonamide A has been 

synthesized in enantiomerically pure form by atropodiastereoselective Dieckmann-type 

cyclization. The Dieckmann-type cyclization was shown to proceed below the threshold for 

interconversion of atropisomers, therefore, only the M-atropisomer underwent the ring 

closure, whereas the P-atropisomer did not react and equilibrated back to the starting 3:2 M/P 

mixture during the workup.  

 2. Stability of carbonyl-substituted dihydrobenzofuro[2,3-b]indoles was investigated 

indicating routes and mechanisms of cyclic hemiaminal ring opening under both acidic and 

basic conditions.  

 3. Preparation of previously unreported carba-analog of highly active anticancer agent 

DZ-2384 was explored. Investigation of three distinctive synthesis routes indicated the 

intrinsic challenges associated with formation of analogs of DZ-2384 and yielded three 

undesired, but previously unknown dihydroindenoindole-core containing macrocycles.  

 4. Evaluation of the antiproliferative activity of the obtained macrocycles illustrated the 

importance of the right bond connectivity between the core tetracycle and the rest of the 

molecule in the analog series. 

 5. Diastereoselective synthesis of 12- and 13-membered 2-indolinone-core containing 

analogs of DZ-2384 was shown for the first time. Dependence of the diastereoselectivity of 

macrocyclization on the size of the macrocycle to be formed was also demonstrated. SAR in 

the 2-indolinone-core containing series has been explored. 

 

 Practical significance of the doctoral thesis: 

 1. The doctoral work provides an important insight into SAR of natural diazonamide A 

and its synthetic analog DZ-2384. The SAR findings have been instrumental in the design of 

simplified analog series.  

 2. Previously unreported 13-membered macrocycles possessing nanomolar 

antiproliferative activity against a range of cancer cell lines have been synthesized. 

 3. Study of diazonamide synthesis provided knowledge for the development of efficient 

approaches to analog series. 
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1. LITERATURE REVIEW 

 

1.1. Diazonamide A 

 

Diazonamide A is a marine natural product that was first isolated in 1991 from colonial 

ascidian Diazona angulata found on the ceilings on several small caves along the coast of 

Siquijor islands, Philippines (54 mg of diazonamide A were obtained from 256 grams of 

lyophilized ascidian).6 The initial structural assignment using single crystal X-ray 

spectroscopy, HRMS and NMR techniques described it as a highly complex compound 

bearing two 12-member macrocyclic rings, all-carbon quaternary stereocenter, tetracyclic 

acetal moiety and a valine sidechain (Figure 1.1, compound 1.1). The compound also showed 

intriguing biological properties: low nanomolar in vitro antiproliferative activity against HCT-

116 (human colon carcinoma) and B-16 (murine melanoma) cancer cell lines. Additionally, 

analysis of the diazonamide A in US National Cancer Institute 60 tumor cell line panel not 

only confirmed it as highly potent anticancer agent (mean GI50 value = 11 nM), but also 

suggested that the diazonamide A 1.1 was tubulin targeting agent (as indicated by COMPARE 

algorhytm).8 Tubulin-targeting mechanism of action for natural product 1.1 was further 

confirmed using cell cycle and immunofluorescence microscopic analysis, where cells treated 

with diazonamide A showed a thinning of microtubules (MT) and disorganization of the 

overall MT network leading to cell cycle arrest at G2/M phase.9 

 

 

Figure 1.1 Initially assigned (left) and revised (right) structure of diazonamide A 

 

The highly unusual macrocyclic structure of diazonamide A along with the biological 

activity sparked a high interest in the synthetic organic community and led to multiple 

synthesis attempts.10,11 However, it was only through a total synthesis by group of Prof. 

Harran that it was found that the spectral data and biological activity of acetal 1.1 does not 

match those of the originally isolated natural product.12 Revision of the data ensued, which 

resulted in designation of macrocyclic hemiaminal 1.2 as the actual structure of the 

diazonamide A.13  
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As noted, the structure of diazonamide A 1.2 contains several synthetically challenging 

features. The overall strained and rigid double-macrocyclic structure involving one 12-

member ring with peptide backbone (Figure 1.1, compound 1.2, blue circle) and other 12-

member heterocycle based macrocycle (Figure 1.1, compound 1.2, yellow circle) pose a 

difficult question on design of synthesis as construction of one ring will definitely affect the 

formation of other. Yet the single most challenging-to-synthesize motif of the 1.2 is the 

tetracyclic aminal core with tertiary all-carbon stereocenter at C10 (Figure 1.1, compound 1.2, 

green circle) at the heart of the compound. The assembly of this structural subunit would call 

for multiple C-C bond formations in stereocontrolled manner. Not surprisingly, multiple 

groups embarked on tackling these synthetic challenges and considerable synthetic efforts 

culminated in four completed total syntheses of diazonamide A 1.2 by groups of Nicolaou14,15, 

Harran16 and MacMillan17. The syntheses are discussed in the next chapters. 

 

1.1.1. First total synthesis by Nicolaou 

 

The first two total syntheses of the revised diazonamide A 1.2 were accomplished in the 

laboratory of Nicolaou and were published in 2002 and 200314,15, and later described in more 

detail in 2004.18,19 Previously the same group participated in the race for the first total 

synthesis of the originally proposed structure 1.1, and although they did not reach the goal, 

the gained insight into the disconnection strategies and building block synthesis turned out to 

be useful in the total synthesis of diazonamide A 1.2.10  

In the first total synthesis of diazonamide A 1.2, Nicolaou chose to employ strategy that 

relied on an initial assembly of the left side 12-member ring with peptide backbone under 

classic macrolactamization conditions (Figure 1.2). The more unconventional heterocycle-

based macrocycle would be formed at later stage of the synthesis using Witkop-style reaction 

leading to atroposelective formation of the right side 12-member ring. The elements of C10 

stereocenter were planned to introduce through electrophilic aromatic substitution and 

nucleophilic addition. 

 

Figure 1.2 General strategy for the first total synthesis of diazonamide A by Nicolaou 
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The synthesis commenced by condensation of Ser-OMe (1.3) and L-Boc-Val-OH (1.4) 

into the oxazoline 1.5 using amide coupling followed by dehydration with Burgess reagent 

(Figure 1.3). Next, oxazoline ring was dehydrogenated to oxazole using BrCl3/DBU. This 

cyclization/dehydrogenation sequence provided higher yield and less by-products than classic 

Robinson-Gabriel cyclodehydration conditions (heating with Lewis or Brønsted acid). 

Subsequent reduction of methyl ester and introduction of benzyl group provided compound 

1.6. Double deprotonation of 1.6 using nBuLi formed dianion I, and its subsequent 

nucleophilic addition to N-MOM protected bromo isatin 1.7 cleanly afforded tertiary alcohol 

1.8 (73% yield) and completed the formation of the first part of the central tetracyclic 

hemiaminal core. Next, authors anticipated that reaction of the newly formed tertiary alcohol 

1.8 with acid could generate cationic species which could be trapped with protected tyrosine 

1.9 in electrophilic aromatic substitution manner thus generating compound 1.10. Luckily, 

intensive screening of conditions indicated that substitution of the alcohol in compound 1.8 

with 1.9 in the presence of pTsOH (4 equiv., DCE, 60 °C, 25 min.) affords macrocycle 

precursor 1.10 as mixture of epimers (1:1) in 33% yield. And as such the final substituent at 

the central C10 all-carbon quaternary stereocenter was introduced. The assessment of absolute 

configuration using NMR techniques proved to be impossible so both epimers of compound 

1.10 (after chromatographical separation) were processed through the ensuing synthetic steps. 

Protecting group manipulations preceded the next key event - formation of the left hand-side 

12-member macrocyclic ring. Fortunately, use of HATU and 2,4,6-collidine in DMF/DCM 

(1:2) facilitated formation of the macrocycle 1.11 from the corresponding amino acid with 

36% yield. The use of high dilution (3.0×10-4 M final concentration) was required to minimize 

formation of dimeric and oligomeric side products. Notably, only the needed (S)-epimer could 

be cyclized into macrocycle 1.11, while (R)-epimer formed dimeric and higher oligomeric 

structures. This unexpected feature allowed for retrospective identification and assignment of 

diastereomers of previously prepared compound 1.10.  

 



15 

 

 

Figure 1.3 First total synthesis of diazonamide A 1.2 by Nicolaou. Green circles indicate the steps 

for the formation of the tetracyclic core structure. 

 

Next, protective group manipulations, oxidation of hydroxymethyl moiety to carboxylic 

acid and introduction of indole-amide sidechain using aminoketone 1.12 led to compound 

1.13 – precursor of the synthesis of bioxazole motif. Formation of the bioxazole 1.14 was 

achieved using Robinson-Gabriel cyclodehydration reaction in pyridine-buffered POCl3 (52% 

yield). This set the stage for the key Witkop-type photolytic reaction which would form the 

biaryl bond between oxindole and indole moieties and close the right hand-side macrocycle. 

This transformation presumably involved generation of diradical species II along with 

expulsion of HBr and subsequent recombination of radicals. Indeed, the reaction conditions 

(LiOAc, 200 nm UV light and excess of epichlorohydrin as acid scavenger; appropriated from 
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12) promoted formation of the biaryl 1.15 as single atropisomer in 33% yield. The final stages 

of the total synthesis of diazonamide A 1.2 involved installment of chloro substituents in 

heterocycles using NCS, closure of the tetracyclic aminal and introduction of (S)-

hydroxyisovaleric acid (S-HiVA) sidechain. After the Boc-deprotection of the phenolic 

hydroxyl group, authors subjected phenol 1.16 to a number of different conditions to close the 

tetracyclic hemiaminal core, which proved to be surprisingly challenging. The transformation 

was finally achieved using portion wise addition of 100 equivalents of DIBAL-H and several 

cooling and warming cycles. This reaction allegedly formed the substituted 3H-indole III, 

which, after reaction with the nearby phenolic hydroxyl group, formed the hemiaminal 1.17 

with 56% yield. Installment of the S-HiVA (1.18) side chain concluded the synthesis and 

provided diazonamide A 1.2. Analytical data of compound 1.2 were in agreement with that 

reported for the natural extract. The synthesis required 21 steps in the longest linear sequence 

with an overall yield of 0.040%.  

The first successful synthesis of diazonamide A 1.2 allowed Nicolaou to establish 

unambiguously the true structure of the marine natural product. Nicolaou also demonstrated 

that the initial assembly of the left-hand macrocycle, followed by construction of the right-

hand macrocycle is a viable retrosynthetic strategy. It was also shown that the central 

tetracyclic hemiaminal core can be assembled at a late stage of the synthesis by the addition 

of phenolic OH onto adjacent iminium ion. Nicolaou also made good use of previously 

developed conditions for challenging transformations, Robinson-Gabriel cyclodehydration10, 

Witkop-type macrocyclization12 and nucleophilic substitution for synthesis of C10 quaternary 

stereocenter.20 

Overall, the first total synthesis was lengthy and poor yielding. The non-stereoselective 

formation of the C10 quaternary stereocenter from 1.8 and 1.9 was an important flaw of the 

developed synthesis because it generated undesired diastereomer waste that, luckily, could be 

separated by chromatography, leading to poor yields (16%) of the desired macrocyclization 

precursor 1.10. An additional drawback of the total synthesis was the late-stage assembly of 

the core tetracyclic hemiaminal that turned out to be a challenging task that required 

considerable efforts and could be only achieved under relatively harsh conditions (large 

excess of DIBAL-H). The above-mentioned shortcomings later spurred the design of 

alternative retrosynthetic strategies where the challenging tetracycle formation takes place at 

earlier stages of the total synthesis (see syntheses by Harran and MacMillan in chapters 1.1.3 

and 1.1.4).  
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1.1.2. Second total synthesis by Nicolaou 

 

 To maximize chances of the success in their total synthesis endeavor, Nicolaou group 

pursued an alternative strategy for the preparation of diazonamide A 1.2 simultaneously with 

the total synthesis approach discussed above (chapter 1.1.1).15 In the alternative strategy, the 

right hand-side heterocyclic macrocycle was formed before the peptide backbone-containing 

left hand-side ring, utilizing SmI2-promoted hetero-pinacol coupling / oxime cleavage 

sequence (Figure 1.4). The other key feature of diazonamide A - quaternary all-carbon 

stereocenter at C10 – would be formed through series of nucleophilic additions.  

 

 

Figure 1.4 General strategy for synthesis of diazonamide A by Nicolaou 

 

Synthesis was initiated by preparation of oxazolyl indole 1.22 as this building block later 

allowed for fast and modular introduction of the right hand-side macrocycle (Figure 1.5). The 

indole derivative 1.22 was made previously in the Nicolaou group for the use in the synthesis 

of initially assigned structure of diazonamide A 1.1.21 As such, commercially available 4-

bromoindole (1.19) was transformed into amide 1.20 in three steps (Michael addition, 

reduction, amide coupling) in 74% overall yield. To install the oxazole moiety in the indole 

using Robinson-Gabriel cyclodehydration, oxidation of benzylic CH2 to ketone was 

necessary. This transformation was effected by reaction with DDQ followed by further 

oxidation of the formed alcohol with IBX. Next, reaction under Wipf’s conditions (Cl3CCCl3, 

PPh3, TEA, DCM, r.t.) smoothly afforded the oxazole 1.21 in 75% yield over three steps. 

Protection of indole nitrogen with MOM group followed by Pd-catalyzed Miyaura borylation 

(B2Pin2, Pd(dppf)2Cl2, KOAc, 1,4-dioxane, 95 °C) afforded the building block 1.22. 

 Synthesis of the remaining parts of the molecule 1.2 started by the TiCl4-catalyzed 

nucleophilic addition of Cbz-Tyr-OMe (1.9) to 7-bromoisatin 1.23 thus furnishing tertiary 

alcohol 1.24 in 58% yield. This set in place three out of four substituents at the C10 central 

all-carbon quaternary stereocenter. Deoxygenation of the tertiary alcohol through the 

intermediacy of a chloride (SOCl2, then NaCNBH3) and transformation of the tyrosine 

domain into an acetonide afforded phenol 1.25.  
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Figure 1.5 Second total synthesis of diazonamide A by Nicolaou. Green circles indicate the steps 

for the formation of the tetracyclic core structure. 

  

 Next, authors performed Yb(OTf)3-catalyzed hydroxymethylation of silyl enol ether 

(derived from indolinone 1.25) with formaldehyde to introduce a handle for the closing of the 

right hand-side macrocycle and construction of the C10 all-carbon quaternary stereocenter. 

The hydroxymethylation yielded alcohol 1.26 as 1:1 mixture of chromatographically 

inseparable diastereomers with total yield of 70%. Both diastereomers were carried forward in 
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the hopes that installment of additional functional groups will allow for better separation and 

structural assignment. Protecting group manipulations along with the reduction of the 

indolinone to indoline by 9-BBN in refluxing THF (to avoid base-promoted undesired de-

formylation upon subsequent O-TBS removal) furnished the aryl bromide 1.27. In contrast to 

the previous total synthesis where Witkop-type reaction was used (Figure 1.3), the biaryl bond 

connecting the tetracyclic core and the right-hand side indole fragment was assembled using 

Suzuki coupling between bromide 1.27 and pinacolyl boronate 1.22 (Pd(dppf)2, K2CO3, DME, 

85 °C, 78 %). Afterwards the obtained biaryl 1.28 was converted into aldoxime 1.29 through 

deprotection, oxidation and selective formation of oxime (selectivity was governed by the 

better steric accessibility and reactivity of oxazole-aldehyde over the C10 aldehyde). The key 

step of the synthesis was samarium(II) iodide facilitated hetero pinacol coupling between 

aldoxime and aldehyde under conditions developed during synthesis of the incorrectly 

assigned diazonamide A structure 1.1.21 Subsequent cleavage of N-O bond was performed 

using excess of SmI2 (9 equiv.) and DMA (36 equiv.), and the reaction presumably involves 

an initial formation of diradical species IV. Aqueous work-up of the reaction and subsequent 

addition of valine fragment onto the newly formed amine furnished the macrocycle 1.30 as 

1:1 mixture of diastereomers in 79% combined yield. Oxidation of the newly formed 

hydroxyl group, Robinson-Gabriel cyclodehydration (POCl3, pyridine) and follow-up side 

chain manipulations (removal of acetonide and Fmoc groups and oxidation of hydroxymethyl 

group to acid) allowed for preparation of the macrocyclization precursor 1.31. With 1.31 in 

hand, the installment of all the required (het)aryl fragments at the C10 quaternary stereocenter 

was completed and the right hand-side macrocycle assembled. Although the target 1.2 now 

looked to be within the reach, the macrolactamization of amino acid 1.31 turned out to be the 

most challenging synthetical step: stirring for seven days in the presence of HATU and 2,4,6-

collidine afforded the macrocycle 1.32 in only 10-15% yield with the majority of the material 

degraded or dimerized. Luckily, it was finally possible to resolve the mixture of C10 epimers 

(formed in the synthesis of 1.26 and previously inseparable) as only the (S)-isomer cyclized 

into the lactam 1.32 while (R)-isomer was unreactive. The cleavage of both N- and O-benzyl 

protection as well as N-Cbz group with super stoichiometric amounts of Pd(OH)2/C under 

hydrogen atmosphere set the stage for the re-oxidation of the indoline subunit to oxindole  

that was necessary for the formation of the tetracyclic aminal. However, along with the 

desired removal of protecting groups, the formation of oxindole 1.33 was also observed under 

the hydrogenation conditions. Authors postulate that the formation of 1.33 might have 

involved coordination of indoline nitrogen to palladium leading to double β-hydride 

elimination and formation of 3H-indole that would subsequently undergo the addition of 
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hydroxide anion. The removal of remaining protecting groups, electrophilic aromatic 

chlorination (NCS, THF, CCl4) and aminal formation (DIBAL-H; identical to previous 

synthesis by Nicolaou14) furnished diazonamide A 1.2. Overall, the second total synthesis (31 

steps in the longest linear sequence and 0.00014% total yield) proved to be less efficient as 

compared to the first one but afforded completely unique solutions to its many intricate 

problems. 

 With the successfully accomplished two total syntheses of diazonamide A, Nicolaou 

showed that the initial assembly of any of the two macrocycles (peptidic backbone-containing 

left-hand macrocycle or right-hand macrocycle) is a viable approach. However, the closure of 

the left-hand macrocycle with the right-side macrocycle already in place is challenging (at 

least as long as the rigid core tetracyclic aminal is not formed). Authors also displayed great 

ingenuity in the development of heteropinacol coupling and oxime cleavage sequence that 

furnished the left side macrocycle. The unexpected Pd(OH)2-catalyzed oxidation of indoline 

1.32 to  to oxindole 1.33 is also noteworthy. 

 Overall, the 2nd synthesis of diazonamide A by Nicolaou was more modular than the 1st 

one, however it was longer (31 vs. 21 steps) and less efficient with only 0.00014% total yield. 

One of the main shortcomings of the synthesis was the non-stereoselective formation of C10 

stereogenic center during the Mukaiyama aldol reaction between oxindole 1.25 and 

formaldehyde. Although suitable for the introduction of the necessary handle for up-coming 

reaction steps (70% yield), the reaction provided inseparable mixture of diastereomers of 

oxindole 1.26 that could be resolved only upon formation of the left side macrocycle 

downstream the synthesis. This, obviously, led to diminished overall yield of the second total 

synthesis. The synthesis was additionally complicated by the unexpected instability of the 

alcohol 1.26 which led to unplanned reduction of oxindole 1.26 to indoline 1.27 and late-stage 

re-oxidation (25% combined yield). In the meantime, the second total synthesis stands out 

among the other approaches in that the right-hand macrocycle is constructed before the 

peptide backbone-containing left-hand macrocycle. The tetracyclic hemiaminal core is 

assembled during the endgame of the total synthesis.  

 

1.1.3. Total synthesis by Harran 

 

Soon after Nicolaou’s publications, a significantly different total synthesis of 

diazonamide A 1.2 was published by Harran’s group.16 Having prepared the initially 

incorrectly assigned structure of diazonamide A 1.112 that triggered the structural 

reassignment, Harran was well-positioned to use the acquired knowledge towards the total 
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synthesis of the revised diazonamide A structure 1.2. Authors envisioned assembly of the 

right-hand side macrocycle by the formation of biaryl bond between indole and indoline 

subunits after the left hand-side macrocyclic ring is in place (Figure 1.6). The 

macrocyclization via biaryl bond formation could be effected by the Witkop-type reaction. For 

closing of the peptide backbone-containing left hand-side macrocycle and formation of the 

C10 stereocenter, authors chose to utilize intramolecular oxidative addition between tyrosine 

phenol moiety and unprotected indole - method that would mimic the biosynthetic pathway of 

diazonamide A 1.2 and simultaneously deliver two key structural features.  

 

 

Figure 1.6 General strategy for synthesis of diazonamide A by Harran 

 

The synthesis started with in situ preparation of acyl chloride from N-Z-(L)-Val-OH 1.35 

using Ghosez reagent, and followed by reaction with racemic tryptophan derivative 1.36 to 

form the dipeptide 1.37 (Figure 1.7). Next, Yonemitsu benzylic oxidation (DDQ, THF, 70 oC) 

and subsequent HBr-mediated Robinson-Gabriel cyclodehydration formed the oxazole 

moiety, cleaved off the N-Cbz protection and delivered the indolyl-oxazole 1.38 in 85% yield 

after two steps. Condensation of the free amine with N-protected L-tyrosine furnished amide 

1.39 that already contained all the necessary functionalities for the planned formation of the 

tetracyclic aminal core and closing of the left hand-side macrocyclic ring. Indeed, addition of 

1.39 to cold solution of PhI(OAc)2 and LiOAc in TFE (-20 °C, 10 min.) afforded macrocycle 

1.40 in reproducible 20–25% yield along with 7-8% of its C10 epimer (both were 

chromatographically separable). The reaction mechanism involved oxidative formation of the 

phenoxonium ion V which was then captured by the tethered indole forming intermediate VI. 

Rearomatization of the phenol ring and attack of the oxygen on the nearby indolenium ion 

furnished the tetracyclic aminal 1.40. This synthetic approach gave authors fast access (five 

steps) to highly elaborated macrocyclic compound 1.40 which contained almost all 

functionalities found in diazonamide A left hand-side macrocycle. Next, protective group 

manipulations and subsequent condensation of carboxylic acid with tryptamine yielded amide 

1.41, a precursor of bioxazole 1.42. Subjection of 1.41 to benzylic oxidation (DDQ) and 

cyclodehydration under Wipf’s conditions (PPh3, (CCl3)2, TEA) swiftly yielded the elaborated 
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bis(oxazolyl)indole 1.42 and set the stage for the key Witkop-type photoinduced 

macrocyclization. Preparation of lithium phenoxide from 1.42 was followed by degassing and 

irradiation (300 nm) of the aqueous acetonitrile solution which delivered biaryl 1.43 as single 

atropisomer in 72% yield. The increased yield of the reaction as compared to earlier reports 

for very similar reactions by the same group (32-40% yield)12 and Nicolaou (33% yield, see 

Figure 1.3)14 was attributed to presence of hydroxyl substituent at indole ring (both Harran 

and Nicolaou previously used indole that was unsubstituted at the phenyl ring). Authors 

postulated that the increased electron density in the hydroxy indole chromophore facilitated 

the electron transfer reaction, and the formation of biradical species VII. Mesolytic 

elimination of bromide and internal collapse of the biradical formed indolenone VIII that 

tautomerized into the biaryl 1.43. Deoxygenation of the indole ring (trough hydrogenolysis of 

the corresponding triflate), introduction of chlorine atoms and (S)-HiVA side chain comprised 

the endgame of the total synthesis and furnished the diazonamide A 1.2 in relatively short 

sequence (19 steps) and in 0.01% overall yield.  
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Figure 1.7 Total synthesis of diazonamide A by Harran. Green circles indicate the steps for the 

formation of the tetracyclic core structure. 

Overall, Harran’s total synthesis of diazonamide A 1.2 features a combination of 

biomimetic approach for the assembly of the left-hand macrocycle and tetracyclic hemiaminal 

subunit (oxidative cycloaddition between phenol and indole moieties) with proven 

transformations to furnish the right-hand macrocycle (Robinson-Gabriel cyclodehydration, 

Witkop-type coupling). The oxidative cycloaddition is particularly notable due to its ability to 

simultaneously form both the left-hand macrocycle and the tetracyclic hemiaminal, an 

approach that contrasts the stepwise methods developed by Nicolaou. The cycloaddition, 

however, suffered from the same shortcoming as the majority of other substrate-controlled 

formations of the C10 stereocenter that is the mediocre diastereoselectivity (compound 1.40 

was formed with 2.7:1 dr). Noteworthy is also the improved Witkop-type macrocyclization 

between phenoxide and aryl bromide functionalities: introduction of the oxygen atom in the 
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indole chromophore allowed for two-fold increase in yield when compared to that for the 

unsubstituted indole. 

 

1.1.4. Total synthesis by MacMillan 

 

The fourth total synthesis of diazonamide A 1.2 was accomplished in the lab of David 

MacMillan and was published in 2011.17 The synthesis comprised an initial stereoselective 

formation of the C10 quaternary stereocenter of the tetracyclic hemiaminal by organocatalytic 

Michael reaction. Subsequently, the left hand-side 12-membered macrocycle would be closed 

using Lewis acid-catalyzed macroaldolisation. Finally, the right hand-side ring would be 

constructed in Pd-catalyzed borylation-annulation sequence (Figure 1.8).  

 

 

Figure 1.8 General strategy for synthesis of diazonamide A by MacMillan 

 

The synthesis set off with Suzuki coupling between easily accessible building blocks, 

tyrosine derivative 1.44 and indole boronate 1.45, and continued by saponification of methyl 

ester and coupling with amine 1.46 (Figure 1.9). This sequence delivered the highly decorated 

tetracycle precursor 1.47 in 78% yield after three steps. Its Michael-type addition to propynal 

in the presence of chiral imidazolidinone catalyst 1.48 was one of the key steps. Initially, 

relatively poor diastereoselectivity (4.2:1 dr) was observed for the tetracycle 1.49 when the 

reaction was performed in a 20:1 mixture of DCM:MeOH at -70 °C temperature using 30 

mol% of catalyst 1.48 (as TFA salt) and 10 equivalents of propynal. Luckily, it was found that 

change of the counterion of the catalyst 1.48 from trifluoroacetate to trichloroacetate in 

combination with the use of ternary solvent mixture (10:10:1 CHCl3:PhMe:MeOH) allowed 

for considerable improvement of the diastereocontrol to >20:1 dr, and afforded tetracycle 1.49 

in 86% yield. Mechanistically, the tetracycle 1.49 formation involved diastereoselective 

nucleophilic conjugate addition of indole moiety to chiral iminium ion (formed in situ from 

imidazolidinone 1.48 and propynal) as in intermediate IX. Subsequent attack of phenolic 

hydroxyl onto the formed indolenium ion closed the tetracycle. The diastereocontrol was 
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exerted through the sterically large tert-butyl and benzyl substituents on the catalyst that fixed 

the geometry of the iminium ion and ensured enantiofacial discrimination (attack of indole 

was possible only from the Si face of iminium as Re was shielded). Importantly, when 

racemic organocatalyst 1.48 was used, the tetracyclic aldehyde 1.49 was delivered as 1:1 

mixture of diastereomers evidencing that the diastereoselectivity of the Michael addition was 

fully catalyst controlled.  

The successful diastereoselective assembly of tetracyclic aldehyde core 1.49 set the stage 

for the construction of the left-hand macrocycle by intramolecular macroaldolisation of 

aldehyde 1.50. The latter was prepared from 1.49 by swap of protecting groups on indoline 

and ozonolysis of the double bond. Screening of the macroaldolisation reaction conditions 

resulted in MgBr2-facilitated aldol reaction (MgBr2×Et2O (10 equiv.), TMSCl, TEA, THF, 

r.t.) that delivered macrocyclic alcohol 1.51 in 67% yield. Addition of TMSCl was essential 

for avoiding the undesired retro-aldol reaction. Next, the newly formed alcohol was easily 

oxidized with DMP to form ketone. Subsequent cyclodehydration, however, turned out to be 

challenging and only reaction with DAST (PhH, r.t.) afforded the oxazole 1.52 (65% yield 

after two steps).  

Even though macrocycle 1.52 shared structural similarity to total synthesis intermediates 

prepared by Nicolaou and Harran (e.g., compounds 1.11 and 1.40 respectively), instead of 

relying on Witkop-style electrocyclization, MacMillan chose to develop his own approach for 

the construction of the right-hand side 12-member macrocycle. Accordingly, the new 

approach comprised AgTFA-facilitated amide coupling between thioester of 1.52 and 

tryptamine derivative, subsequent cyclodehydration under Wipf’s conditions (PPh3, (CCl3)2, 

TEA, DCM), and protecting group manipulations to install the second oxazole fragment and 

to furnish the highly complex intermediate 1.53, a precursor of palladium-catalyzed 

intramolecular borylation-annulation sequence. After an extensive experimentation, the 

borylation-annulation tandem transformation using (BPin)2, KF and Pd(PPh3)4 at 120 °C 

temperature under microwave irradiation allowed authors to assemble the right-hand 

macrocycle (50% yield of 1.54). Protective bromination of the tetracycle C15 position in 1.54 

(NBS, THF, r.t.) was required for subsequent selective chlorination of indole and oxazole 

moieties (NCS, THF, 40 °C). Finally, hydrogenolysis of the aryl bromide and removal of O-

TIPS group (TASF, DMF, r.t.) completed the synthesis of diazonamide A 1.2 (Figure 1.9).  
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Figure 1.9 Total synthesis of diazonamide A by MacMillan. Green circles indicate the steps for 

the formation of the tetracyclic core structure. 

 

Overall, the synthesis of diazonamide A 1.2 by MacMillan appears to be the 2nd shortest 

(20 steps vs. Harran’s 19 steps) and most efficient (1.8 % overall yield) of the four reported 

total syntheses. Here authors employed powerful combination of organo- and transition metal 

catalysis to assemble the complex natural product. The chiral imidazolidinone-catalyzed 

highly diastereoselective (>20:1 dr) formation of the C10 quaternary stereocenter and 

simultaneous closing of the tetracyclic hemiaminal core represent a significant improvement 

over the previous syntheses as this led to simpler purification, less wasted material, greater 

overall yield, and higher throughput of material. Similarly, the initial preparation of 13-

membered left side macrocycle (1.51) with subsequent ring contraction (1.52) proved to be 

great strategy for highly efficient formation of left-hand side macrocycle. 

 



27 

 

1.1.5. Formal total synthesis by Magnus 

 

Even though the hard-to-reach goal of total synthesis of diazonamide A 1.2 had been 

successfully achieved by Nicolaou, Harran and MacMillan, other groups kept pushing for 

their own versions of the total synthesis. The most notable in this field were labs of Magnus, 

Sammakia and Moody, all of whom reported formal total synthesis - preparation of elaborated 

precursors to diazonamide A 1.2 which could be converted into the natural product using 

previously disclosed strategies. 

The formal total synthesis of diazonamide A 1.2 published by Magnus in 2007 was based 

on a strategy initially devised for the synthesis of the incorrectly assigned “acetal” structure of 

diazonamide A 1.1.22. The formal synthesis featured the construction of the tetracyclic 

hemiaminal and all-carbon quaternary stereocenter by nucleophilic addition and Fries-type 

rearrangement. The synthesis was commenced by preparation of valine-derived oxazole ester 

1.5 that has been previously prepared by Nicolaou (Figure 1.10).10 Saponification of the ester 

and deprotonation of the resulting carboxylic acid 1.56 with 3.4 equivalents of tBuLi (HMPA 

(3.4 equiv.), THF, -78 °C) led to the formation of trianion X that was in situ reacted with 7-

bromoisatin 1.7 and, after methylation of the free carboxylic acid with TMS-diazomethane, 

produced a racemic mixture of the tertiary alcohol 1.57 in 35-50% yield. Deprotection of the 

N-Boc group (TFA, DCM, r.t.), formation of the amide bond with O,N-protected tyrosine 

derivative 1.58 under standard reaction conditions (EDC, HOBt, DMF, r.t.) and chlorination 

of the C10 tertiary alcohol (SOCl2, 2,4,6-collidine) afforded the chloride 1.59 as a 1:1 mixture 

of diastereomers in 35% yield after three steps. Luckily, exposure of the chloride 1.59 to 

TBAF in THF brought on the O-TIPS cleavage and clean formation of ether 1.60 as 1:1 

mixture of diastereomers. Next, it was found that heating of 1.60 in CHCl3 at 61 °C for six 

hours facilitated the Fries-type O-to-C rearrangement with 99% yield but mediocre 

stereoselectivity (70:30 dr) in favor of the desired diastereomer (S)-1.61. In more polar 

solvents (HFIP, DMSO, MeCN, EtOH) macrocycle 1.61 was formed with lower 

diastereoselectivity (49:51 to 67:33). Mechanistically, the thermal O-to-C rearrangement 

involved C-O bond dissociation and the formation of ion-pair XI. Subsequent nucleophilic 

addition of phenolate to the carbocation furnished the new C-C bond in 1.61 and established 

the quaternary stereocenter. The formal synthesis was continued by protection of phenolic 

hydroxyl group (MOM-Cl, DIPEA), reduction of the methyl ester (LiBH4, THF) and 

benzylation of the newly formed primary alcohol (BnBr, NaH, TBAI, DMF, THF) to obtain 

macrocycle 1.11 with 58% yield over three steps. Macrocycle 1.11 was an advanced 

intermediate in the first total synthesis by Nicolaou14 and all analytical data of the newly 
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prepared 1.11 was in agreement with the reported values. This constituted a formal total 

synthesis of diazonamide A 1.2 as compound 1.11 could be transformed into diazonamide A 

1.2 using methods described earlier. 

 

 

Figure 1.10 Formal total synthesis of diazonamide A by Magnus. Green circles indicate the steps 

for the formation of the tetracyclic core structure. 

 

Overall, Magnus had disclosed an elegant synthesis of advanced intermediate 1.11 using 

intramolecular Fries-type O-to-C migration for the preparation of the all-carbon quaternary 

stereocenter. The developed method for synthesis of quaternary stereogenic center proved to 

be high yielding (99% from 1.59 to 1.61), however it was plagued by the same mediocre 

diastereoselectivity (70:30 dr) as was observed in the majority of other substrate-controlled 

constructions of the quaternary stereogenic center. Importantly, the formal total synthesis 

made use of well-known and easily accessible building blocks, namely oxazole 1.5, isatin 1.7 

and tyrosine derivative 1.58. 
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1.1.6. Formal total synthesis by Sammakia 

 

Few years after Magnus, Sammakia published the synthesis of another advanced 

intermediate 1.66 from the Nicolaou’s total synthesis of diazonamide A 1.2.23 In the 

Sammakia’s formal total synthesis, preparation of quaternary stereogenic center and 

tetracyclic hemiaminal capitalized on an intramolecular diastereoselective SNAr-type arylation 

(Figure 1.11). The synthesis commenced by addition of tyrosine-derived magnesium 

phenolate 1.9 to 7-bromoisatin 1.23 which produced indolinone 1.62 as a 1:1 mixture of 

diastereomers in 74% yield. Deoxygenation of the tertiary alcohol through intermediacy of 

chloride (SOCl2, then NaBH3CN), saponification of methyl ester (LiOH, THF, H2O) and 

introduction of cianooxazole moiety in the molecule using amide coupling with amine 1.63 

(EDC, HOBt, TEA) led to the macrocyclization precursor 1.64. When it was subjected to 

basic reaction conditions at elevated temperature (Na2CO3, DMF, 65 °C), the intramolecular 

SNAr-type arylation of oxindole sodium enolate with bromo oxazole resulted in the formation 

of macrocycle 1.65 as single diastereomer with 56% yield. Hydrolysis of the nitrile functional 

group and subsequent reduction of the amide with SmI2 led to published macrocycle 1.66 that 

could be elaborated into diazonamide A 1.2 in several steps following method devised by 

Nicolaou. As such, this scheme constituted another formal total synthesis diazonamide A.  

 

 

Figure 1.11 Formal total synthesis of diazonamide A by Sammakia. Green circles indicate the 

steps for the formation of the tetracyclic core structure. 

 

 Overall, Sammakia did show fundamentally original approach for the construction of 

quaternary stereogenic center and assembly of the left-hand macrocycle. The intramolecular 
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SNAr-type reaction between enolate of oxindole and the tethered bromo oxazole turned out to 

be remarkably diastereoselective (99:1 dr) when compared to the other substrate-controlled 

approaches for the quaternary stereogenic center formation.14,16,22 Notable is also the use of 

simple and easily accessible building blocks for the construction of cyclization precursor 1.64 

(namely tyrosine 1.9, isatin 1.23 and bromooxazole 1.63). The Sammakia’s approach provides 

the most efficient solution for the construction of quaternary stereogenic center and peptide 

backbone-containing 12-membered macrocycle. 

 

1.1.7. Formal total synthesis by Moody 

 

Like Sammakia, Moody also aimed at the synthesis of Nicolaou’s advanced intermediate 

1.11, and his synthesis of closely related structural analog 1.75 (O-Bn instead of O-MOM as 

in 1.11) was published in 2016.24 Moody’s approach to the quaternary stereocenter formation 

relied on an oxidative rearrangement of 2,3-disubstituted indole (Figure 1.12). At first, a 

highly complex indole derivative 1.69 was prepared in 75% yield through ipso-

borodesylilation - Suzuki coupling sequence (BCl3, DCM, then Pd(PPh3)4, Na2CO3, DME, 

MW, 100 °C) from 2-silylindole 1.67 (prepared in two steps from 7-bromoindole) and iodo 

oxazole 1.68 (prepared in three steps from oxazole carboxylate 1.614). The ipso-

borodesylilation - Suzuki coupling method had been developed by Snieckus25 and involves 

reaction with BCl3 for in situ preparation of dichloroborane species that participate in the 

coupling reaction. Next, iodination of the indole 1.69 (NIS, DMF) and Suzuki coupling with 

trypthophan derivative 1.70 (Pd(dppf)Cl2, K2CO3, MeCN, H2O, 60 °C) delivered the 

elaborated intermediate 1.71. Removal of protective groups (LiOH, then TFA) and 

macrolactamization (HATU, DIPEA, DCM) furnished macrolactam 1.72. Oxidation of the 

indole (via epoxide XII) by in situ generated DMDO (Oxone®, NaHCO3, acetone, H2O) 

resulted in the formation of the hydroxyindole 1.73 in 21 % yield (along with its epimer in 

54% yield). Finally, Sc(OTf)3-promoted migratory rearrangement of oxazole moiety from C2 

to C3 position of indole afforded the desired macrocycle 1.75, however, reaction was 

compromised by poor yields (10%), and the formation of the isomeric C3 to C2 phenol 

migration product 1.74 (22% yield). The migratory rearrangement of 1.73 presumably 

involved initial coordination of the indolic nitrogen with the Sc(OTf)3 (Lewis acid; LA) to 

form the intermediate XIII. Next, intramolecular attack of the hydroxylic oxygen onto the 

iminium ion formed epoxide XIV. Migration of the oxazole moiety from C2 to C3 along with 

rearrangement of epoxide and subsequent aqueous work-up formed the 2-indolinone 1.75.  
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Comparison of analytical data of the obtained 1.75 (after removal of benzyl groups) with 

those reported by Nicolaou and Sammakia confirmed the identity of the macrocycle.  

 

 

Figure 1.12 Formal total synthesis of diazonamide A by Moody. Green circles indicate the steps 

for the formation of the tetracyclic core structure. 

 

 Overall, Moody had disclosed unusual and unprecedented strategy for the synthesis of 

the complex macrocycle 1.75 that capitalized on intramolecular oxidative rearrangement as 

the key step for quaternary stereogenic center formation. In the meantime, important 

drawback of the Moody’s approach is the extremely poor overall yield (2%) for the two-step 

transformation of indole 1.72 into compound 1.75 that could be attributed to the predominant 

formation of the undesired diastereomeric alcohol during oxidation of the indole as well as 

competing migration of phenol group instead of oxazole during the rearrangement process. 
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 To conclude, the complex architecture of diazonamide A 1.2 had presented a significant 

challenge for the total synthesis community. In the end it was tackled in several ingenious 

ways, each presenting a new answer to the diazonamide A key challenges – synthesis of two 

fused 12-membered macrocycles, quaternary all-carbon stereocenter and tetracyclic 

hemiaminal core. Assembly of the peptide backbone-derived left hand macrocycle before the 

construction of the right hand polyaromatic macrocycle had been used more frequently 

because it helped to control atroposelectivity in the formation of the latter.16 Furthermore, in 

the right-to-left strategy, macrolactamization on the left side cycle can be complicated by 

strain induced from the right side ring.15 Substrate controlled formation of quaternary 

stereogenic center generally afforded mediocre diastereoselectivity14,16,22 with the only 

exception being method used by Sammakia (intramolecular SNAr-type cyclization).23 Chiral 

catalyst-controlled reaction, however, could alleviate this problem, leading to higher 

stereocontrol as evidenced in synthesis by MacMillan.17 Late stage formation of the 

tetracyclic hemiaminal core can be challenging14 and is generally easier to accomplish at the 

early stage of the total synthesis.16,17 

   

1.2. Compound DZ-2384 

 

 Although the high biological activity and the unique, highly complex structure makes 

diazonamide A 1.2 an attractive target for total synthesis community, the very difficult access 

to it (either through isolation from natural sources or total synthesis) complicates its 

development into marketable drug. As such, search for analogues of diazonamide A 1.2 with 

less complex, easier-to-synthesize structure but maintained biological activity might be of 

high interest.  

Having successfully completed the total synthesis of diazonamide A 1.2 (chapter 1.1.3)16, 

Harran embarked on drug discovery program aimed at the development of anticancer agents 

based on the highly toxic marine metabolite 1.2. Building upon the experience gained during 

the total synhtesis endeavour, Harran’s group has synthesized more than 200 analogues of 

1.2.26–28 This effort culminated in the development of structurally simplified diazonamide A 

analog DZ-2384 1.76 that retained or even surpassed the antiproliferative activitiy of the 

parent marine metabolite (Figure 1.13). 
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Figure 1.13 Diazonamide A (left) and DZ-2384 (right) 

  

Macrocycle 1.76 retained the left hand peptide backbone-derived 12-membered 

macrocycle, tetracyclic aminal core, bioxazole moiety and (S)-hydroxyisovalerate fragments 

from the parent 1.2, but it was lacking the right hand polyarometic macrocycle. Additionally, 

the isopropyl group was replaced by tert-butyl and fluorine substituent was installed in the 

indoline moiety of the tetracyclic heminaminal. These changes allowed for sharp increase in 

the antiproliferative activity (IC50) against melanoma cell line A2058 rose from 57 nM to 0.47 

nM and lymphoma cell line U937 from 86 nM to 0.74 nM when compared to diazonamide A 

1.2.26–28 Similarly to the parent natural product 1.2, the so-called “synthetic diazonamide” 

DZ-2384 1.76 was shown to be an antimitotic agent. A genome-wide RNA interference 

screen indicated the cell cycle, mitosis and microtubules as the main interaction pathways for 

DZ-2384 1.76, and cells treated with 1.76 accumulated in the G2/M phase of the cell cycle.7 

Notably, in addition to being highly efficacious, the “synthetic diazonamide” 1.76 had a 

significantly higher safety margin when compared to established microtubule-targeting anti-

cancer drugs such as vinorelbine, paclitaxel and docetaxel, caused less and more reversible 

damage to peripheral neurons at maximum tolerated dose when compared to docetaxel.7 The 

preclinical development required large amount of the material, so multigram-scale synthesis 

of 1.76 was developed in 201529 as shown below. 

  

1.2.1. Synthesis of DZ-2384 

 

Synthesis of macrocycle 1.76 commenced from the dipeptide Cbz-tert-Leu-Ser-OH 1.77 

(prepared in three steps from L-tert-Leu) and 5-fluoroindole 1.78, which, after condensation 

in the presence of Ac2O (AcOH, 65 °C), gave the tryptophan derivative 1.79 (Figure 1.14). 

The reaction presumably involved initial formation of intermediate XV which then 

participated in Michael addtion reaction with indole 1.78. The coupling of tryptophan 

derivative 1.79 with L-serine methyl ester (EDC, HOBt, DIPEA, DMF, r.t.) resulted in 

tripeptide that was then oxidized using DDQ (THF, 85 °C) to yield a single isomer of 3-(5-

oxazolyl)indole 1.80 in 73% yield over two steps. After dehydration of crude 1.80 with 
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Deoxo-Fluor (DCM, -20 °C) the resulting oxazoline underwent further oxidation using a 

combination of BrCCl3 and DBU (Na2CO3, Galvinoxyl, DCM, r.t.) and cleavage of N-Cbz 

group (HBr in AcOH, iPr2O, r.t.) to deliver the bioxazole 1.81 in 52% yield over three steps. 

Although not essential to the reaction, addition of Na2CO3 and galvinoxyl radical during the 

oxidation with BrCCl₃ and DBU suppressed formation of several byproducts and increased 

the yield of the synthetic step from 31% to 64%. Next, amine 1.81 underwent coupling with 

Z-Tyr-OH. The methyl ester of the resulting product was subsequently reduced by LiBH4 into 

alcohol 1.82. The reduction step posed challenges due to the limited solubility of the substrate 

in ether solvents. These problems were alleviated by the addition of trifluoroethanol (1 equiv. 

relative to LiBH4) which created a strongly reducing system and a homogeneous solution. 

 

 

Figure 1.14 Synthesis of compound DZ-2384 (1.76). Green circles indicate the steps for the 

formation of the tetracyclic core structure. 

 

Amide 1.82 was then subjected to electrolysis at +1.6 V potential (potentiostatic mode, 

graphite anode vs. Ag/AgCl, undivided cell open to air, Et4NBF4 and (NH4)2CO3 as the 
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supporting electrolytes,  in wet DMF (1.8% H2O) at 25 °C) that afforded macrocycle 1.83 in 

35% yield with modest diastereoselectivity (2.7:1 dr). In contrast to the method used by 

Harran for the cyclization step during total synthesis of diazonamide A 1.2 (PhI(OAc)2, 

LiOAc, TFE, -20 °C, Figure 1.7), where the tetracycle formation was initiated by PIDA 

oxidation of the phenol moiety, in the electrooxidation approach the indole heterocycle in 

amide 1.82 was proposed to be the one that underwent single electron oxidation into cation 

radical XVI. The latter underwent an attack by phenolic oxygen to form intermediate XVII. 

Subseuent radical cyclization formed intermediate XVIII that after another one electron 

oxidation/deprotonation sequence afforded macrocycle 1.83. The switching from hypervalent 

iodine(III) oxidant to anodic oxidation helped to diminish the amount of undesired byproducts 

compared to the PhI(OAc)2-mediated oxidation. Chromatographic separation of the 

diastereomers, removal of N-Cbz moiety (H2, Pd/C (10 mol%), tBuNH2, MeOH, r.t.) and 

installation of the (S)-HiVA functionality (EDC, HOBt, DIPEA, DMF, 0 °C) afforded the 

“synthetic diazonamide” DZ-2384 1.76.  

The synthesis of DZ-2384 1.76 was remarkably short and highly efficient with the yield 

reaching respectable 5.7% over 13 steps. As it was developed for multigram preparation of 

1.76 for drug development program, the synthesis made use of relatively cheap and 

accesssible reagents (e.g. aminoacids) and conditions (electrooxidation) as well as avoided 

homogenous transition metal-catalyzed reactions. Similarly to the Harran’s total synthesis of 

diazonamide A 1.2, the core tetracyclic aminal and quaternary stereocenter were generated in 

a single step. The developed method is also a notable example of biomimetic approach in 

synthesis of complex molecules: similarly to the proposed biosynthesis of the natural 

diazonamide A16, all the main building blocks en route to 1.76 are amino acid-based.  

The key step in the synthesis of 1.76 is electrochemical oxidative macrocyclization. 

Being an attractive method for preparative scale, the anodic oxidation was performed on a 

purpose-built electrochemical cell that might cause reproducibility issues when performed in a 

different lab (See SI of 29). Additionally, although the electrochemical oxidative 

macrocyclization allows for simulatenous formation of C10 stereocenter and closing of the 

macrocycle, it suffers from the same mediocre diastereoselectivity (2.7:1 dr) as majority of 

the substrate controlled diazonamide A synthesis.14–16,22,24   

Overall, the discovery of DZ-2384 1.76 represents an example of highly successful 

structural simplification of natural diazonamide A 1.2 without affecting its biological activity. 

Removal of the right hand-side heterocyclic 12-membered, replacement of i-Pr by t-Bu group 

and and introduction of an additional fluorine substituent in the tetracyclic heminaminal 

subunit not only rendered the synthesis shorter but also significantly improved the 
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antiproliferative activity of DZ-2384 1.76 when compared to the parent compound 1.2. 

However, the DZ-2384 1.76 still incorporates the relatively hard-to-synthesize tetracyclic 

hemiaminal core and quaternary all-carbon stereocenter. This leaves room for further 

structural simplification of diazonamide A scaffold to prepare compounds with improved 

drug-like properties.   

 

1.3. Microtubule targeting agents 

 

Microtubules (MT) are hollow, polarized, and cylindrical biopolymers that are present 

in all eukaryotic cells and, together with microfilaments and intermediate filaments, form the 

cytoskeleton. They play essential role in maintaining the shape of the cell, in positioning of 

organelles inside the cell, in signaling, movement and internal transport as well as in cell 

division and reproduction.30  

 Microtubule targeting agents (MTAs) are a large and diverse family of chemical 

compounds that can bind tubulin and interfere with the dynamic behavior of MTs. The 

majority of MTAs are natural products or synthetic derivatives thereof that originate from 

natural sources such as marine sponges, plants, or bacteria.31 MTAs have been used as a first-

line therapy for cancer treatment since the mid-1960s30 and currently there are ten U.S. Food 

and Drug Administration (FDA) approved MTAs for anticancer therapy.32 MTAs are 

effective for treatment of head, breast, ovarian, lung, bladder, prostate, skin, esophageal, 

lymphatic and testicular cancers as standalone therapies or in combination with other agents.32 

For long time it was generally accepted that the anticancer activity of MTAs arises from the 

disruption of MT dynamics in the mitotic spindle, eliciting the mitotic checkpoint, arresting 

cells in metaphase, and triggering cell death.30 However, there is gathering evidence that 

along the action on actively dividing cells, MTAs also affect the tumor cells during the 

interphase.30  

Like all other classes of antineoplastic drugs, use of MTAs has met with several 

challenges. The first is drug resistance - multiple MTAs (e.g., clinically important Vinca 

alkaloids) are good substrates for P-glycoprotein (Pgp) efflux pumps, which ensure that the 

drug does not reside in the cells long enough to have the desired effect. Similarly, in response 

to MTAs, cells might upregulate antiapoptotic protein expression, which might lead to a 

diminished efficacy of the drug.33 However, the most severe problem associated with clinical 

use of microtubule-targeting agents is neurotoxicity.34 Due to the high content and important 

role of MT in neural cells (tracks for transport of nutrients, organelles, proteins, and RNA 

within the cell)35, especially the long peripheral sensory neurons, they are the first and most 

https://www.bing.com/ck/a?!&&p=0df1d0ebb13e7eb2JmltdHM9MTcxMTQxMTIwMCZpZ3VpZD0yOTg3NmVkNC0zZTgwLTYyY2MtMjhjNS03YzQ4M2ZkNzYzZTQmaW5zaWQ9NTIxNg&ptn=3&ver=2&hsh=3&fclid=29876ed4-3e80-62cc-28c5-7c483fd763e4&psq=US+FDA&u=a1aHR0cHM6Ly93d3cuZmRhLmdvdi8&ntb=1
https://www.bing.com/ck/a?!&&p=0df1d0ebb13e7eb2JmltdHM9MTcxMTQxMTIwMCZpZ3VpZD0yOTg3NmVkNC0zZTgwLTYyY2MtMjhjNS03YzQ4M2ZkNzYzZTQmaW5zaWQ9NTIxNg&ptn=3&ver=2&hsh=3&fclid=29876ed4-3e80-62cc-28c5-7c483fd763e4&psq=US+FDA&u=a1aHR0cHM6Ly93d3cuZmRhLmdvdi8&ntb=1
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severely affected of the healthy cells. Chemotherapy-induced peripheral neuropathy is a 

debilitating and dose-limiting side effect that is manifested by a sensory, length-dependent 

process resulting from a drug cumulative dose. Symptoms can be sufficiently severe to 

require a reduction in drug dosage or discontinuation of treatment.36 

 In summary, MTAs are critical components in modern treatment of cancer. They are 

effective against a wide variety of cancers and have been used for almost 60 years. However, 

there still are further details emerging about the mechanism of action of this wide class of 

compounds. 
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2. RESULTS 

 

2.1. Attempted total synthesis of diazonamide A 

 

This section is based on JOC and Chem. Heterocycl. Comp. featured articles 

published in 2015.37,38 

 

2.1.1. Introduction and retrosynthesis 

 

Even though four total syntheses and several formal total syntheses of diazonamide A 

(1.2) have been successfully accomplished over the last two decades14–17 its complex 

macrocyclic structure and remarkable antiproliferative activity continues to captivate 

synthetic organic chemists even today. This is in part because the design of robust, modular, 

and high yielding synthesis of such complex and bioactive molecule can pave road to 

elaborate structures, which ideally would be even more potent than the natural compound. 

Hence, a total synthesis of diazonamide A has been an initial focus of dissertation work that 

was performed in collaboration with Prof. Edwin Vedejs.  

Our approach toward diazonamide A was based on an initial construction of a so-

called right hand polyaromatic macrocycle with subsequent assembly of the second, left-hand 

ring. In that our strategy differed from the majority of published total syntheses that typically 

started by the construction of the left-hand peptidic macrocycle.14,16,17 As such, we envisioned 

that diazonamide A (1.2) could be accessed from macrocycle (R,R)-2.1. It’s 

macrolactamization, chlorination of oxazole and indole moieties, and side chain modifications 

would afford 1.2. Introduction of alanine moiety through Pd-catalyzed Negishi cross-coupling 

and removal of protective groups would lead to elaborate macrocycle (R,R)-2.1 from the fused 

bioxazole (R,R)-2.2, which itself could be prepared from the macrocyclic ketone (R,R)-2.3 

using ketone α-amination, acylation and cyclodehydration. The stereoselective assembly of 

the right-hand heteroaromatic macrocycle (R,R)-2.3 could be achieved by Suzuki cross-

coupling of enantiomerically pure hemiaminal bromide (R,R)–2.5 with indolyl boronate 2.6, 

followed by atropo-diastereoselective Dieckmann-type cyclization of biaryl (R,R)–2.4 (Figure 

2.1).  
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Figure 2.1 Retrosynthetic analysis of diazonamide A (1.2) 

 

The Suzuki approach to C16–C18 bond formation in biaryl (R,R)-2.4 would be 

superior to Stille methodology reported earlier by Vedejs39, because the latter would require 

transformation of the expensive enantiomerically pure hemiaminal bromide (R,R)–2.5 into the 

corresponding stannate. Furthermore, the Stille coupling had used an excess of the stannate 

for stoichiometric coupling with an isolable palladium derivative related to 2.6 (palladium in 

place of boron). 

 

2.1.2. Synthesis of building block (R,R)-2.5 

 

The C16–C18 biaryl bond formation via Suzuki coupling required preparation of the 

enantiomerically pure bromide (R,R)–2.5. We chose to rely on chiral auxiliary-based 

synthesis for closely related enantiomerically pure bromide (R,R)–2.7 that was developed by 

Vedejs and Peris (Figure 2.2).40  

 

 

Figure 2.2 Compound (R,R)–2.7 

 

The synthesis of bromide (R,R)–2.7 commenced by preparation of 7-bromoisatin (2.11) 

in two steps from 2-bromo aniline (2.8), chloral hydrate (2.9) and hydroxylamine (Figure 

2.3).41 The reaction was performed multiple times with highest loading of eight grams of 2-

bromo aniline (2.8) in a batch. Protection of nitrogen atom in isatin  2.11 by freshly prepared 

tert-butyl(chloromethoxy)dimethylsilane (2.14) (obtained in three steps from ethanesulfide 
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2.1242) afforded the building block 2.15 in 58% yield. The N-protection reaction was carried 

out multiple times using up to 28 grams of isatin 2.11 in single batch.  

 

 

Figure 2.3 Synthesis of isatin 2.15 

 

 The reported synthesis of enantiopure bromide (R,R)–2.7 relied on the presence of chiral 

auxiliary to control the diastereoselective formation of the C10 quaternary stereocenter. 

Vedejs found that chiral benzyl ether allowed for the best diastereocontrol (5.2:1 dr) in the 

acylation of deprotonated oxindole (S)-2.16 with Mander’s reagent (NC-CO2Me) (Figure 2.4). 

The stereo induction model possibly involved chiral auxiliary-promoted formation of single 

atropisomer (M-isomer) around the indole-benzene bond thus leading to blockage of the Si-

face of enolate (S)-2.16 by the sterically large naphthyl moiety which forced the acylating 

reagent to approach from the Re-face of the molecule resulting in (R,S)-2.17. The chiral 

auxiliary not only facilitated stereoselective introduction of C10 quaternary center during the 

acylation but also enabled chromatographic separation of diastereomers during purification 

which resulted in highly diastereoenriched (98:2 dr) product (R,S)-2.17.  

 

 

Figure 2.4 Use of chiral auxiliary for stereoselective synthesis of (R,S)-2.17 

 

 The chiral auxiliary-containing indolinone (S)-2.16 was obtained from isatin 2.15 and 

enantiopure ether (S)-2.22. The later was synthesized from phenol 2.21 and enantiomerically 

pure alcohol (R)-2.20 (Figure 2.5). Ether (S)-2.22 was accessible in three step sequence 

involving the addition of nBuLi to aldehyde 2.18, followed by oxidation of the resulting 
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alcohol with Jone’s reagent, and enantioselective reduction of ketone 2.19 by (+)-DIP-Cl at -

42 °C temperature within three days.43 Alcohol (R)-2.20 was obtained with excellent 

enantioselectivity (97% ee, analytical HPLC on chiral stationary phase), and stereo induction 

level matched that reported in the literature.40 Next, the chiral alcohol (R)-2.20 was reacted 

with phenol 2.21 under Mitsunobu conditions (nBu3P, DIAD, PhMe, -45 °C, 130 h). The 

ether synthesis proceeded with clean Walden inversion at stereogenic center (97% ee). 

Notably, optical purity of ether (S)-2.22 turned out to be slightly higher than that in the 

original publication (94% ee). The slight enhancement can be attributed to lower reaction 

temperature (-42 °C) as compared to that in the published procedure (-23 °C) which leads to 

even less rotation around the biaryl bond and better separation of atropisomer (see Figure 

2.4). 

 

 

Figure 2.5 Preparation of enantiopure bromide (R,R)-2.7 

 

 With supply of (S)-2.22 secured, we proceeded to reaction with previously prepared 

isatin 2.15. Lithium-halogen exchange in bromide (S)-2.22 (nBuLi, THF, -95 °C), followed 
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by instant addition of isatin 2.15 (keeping less than one minute timespan between the addition 

of nBuLi and isatin was critical to diminish degradation of transient aryl lithium) allowed for 

the formation of indolinone (S)-2.23 as 1:1 mixture of diastereomers in 74% yield. 

Conversion of the tertiary alcohol into chloride (SOCl2, TEA, THF, -78 to -42 °C) and 

subsequent reduction with Zn/AcOH (THF, 0 °C) furnished oxindole (S)-2.16 as a oxidation-

prone yellow solid, which was used in the next step without additional purification by 

chromatography. Thus, low temperature deprotonation of indolinone (S)-2.16 with NaH 

(THF, -78 °C) and reaction with Mander’s reagent (NC-CO2Me) at -78 °C effected the 

formation of ester (R,S)-2.17 as a 4.9:1 mixture of diastereomers in 92% yield (5.2:1 d.r. was 

reported in the original procedure40). Purification of the desired major diastereomer (R,S)-2.17 

was not performed at this stage. Instead, CH2OTBS protecting group was removed by NH4F 

at 45 °C to provide indolinone (R,S)-2.24 as a stable solid. Diastereomerically pure material 

(98:2 d.r.) was obtained by separation of diastereomers using column chromatography on 

silica gel. Following the published procedure, indolinone (R,S)-2.24 was converted into N-

Alloc protected analog (R,S)-2.25 (Alloc-Cl, DMAP, DIPEA, THF, -15 °C to r.t., 91% yield) 

and subjected to the two-step cyclization sequence into tetracyclic hemiaminal (R,R)-2.7.  

 Accordingly, the two-step process comprised the reduction of amide in (R,S)-2.25 with 

NaBH4 in MeOH at -10 °C to transient hemiaminal was trapped by the acetylation with Ac2O 

in the presence of DMAP. Subsequent addition of TFA (30 equiv.) to the O-acetylated aminal 

(R,S)-2.26 generated cation I. Nucleophilic attack of the nearby phenolic oxygen closed the 

core tetracyclic aminal (intermediate II) and heterolysis of the benzylic C-O bond yielded the 

compound (R,R)–2.7 as single diastereomer with 78% yield after purification (reaction was 

done in two gram scale). The diastereoselectivity of the cyclization was governed by the 

already present quaternary stereogenic center which allowed the attack of the phenolic oxygen 

only from the Re-face of the carbocation.  Notably, the presence of N-Alloc protective group 

made the tetracycle (R,R)-2.7 highly crystalline and effected its purification through 

crystallization. Overall, enantiomerically pure tetracyclic hemiaminal (R,R)-2.7 was prepared 

in 15 linear steps starting from 2-bromoaniline 2.8. The synthesis developed by Vedejs40 

proved to be well reproducible and scalable, allowing the preparation of more than two grams 

in total of enantiomerically pure hemiaminal (R,R)-2.7. 

 So far, we relied on method developed by Vedejs, but further synthesis was not known 

in literature and demanded design of the appropriate synthetic steps. We started with 

addressing the necessary change of the nitrogen-protecting group in tetracyclic bromide 

(R,R)–2.7 to avoid undesired cleavage of N-Alloc group during the planned Pd-catalyzed 

Suzuki cross-coupling and Dieckmann reaction steps (Figure 2.1). We decided to introduce the 
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base and transition metal-compatible N-MOM protective group which had seen widespread 

use in total synthesis of diazonamide A (1.2).14,23,39 Unfortunately, N-MOM group could not 

be introduced earlier because of its incompatibility with the acidic reaction conditions used in 

the cyclization step (TFA in DCM) (see Figure 2.5). The N-MOM tetracycle (R,R)–2.5 was 

made from N-Alloc protected enantiomerically pure bicyclic hemiaminal (R,R)–2.7 in a two-

step sequence comprising a cleavage of the N-Alloc protecting group using Pd(PPh3)4 and 

1,3-dimethylbarbituric acid (as described previously39) and installation of an N-MOM 

protecting group in the TMS-Cl mediated reaction of (R,R)–2.27 with paraformaldehyde and 

MeOH (Figure 2.6).44
 Introduction of N-MOM protection using base mediated reaction 

between unprotected indoline (R,R)-2.27 and MOM-Cl was not possible due to instability of 

(R,R)-2.27 under basic conditions (see chapter 2.1.3). 

 

  

Figure 2.6 Preparation of hemiaminal (R,R)-2.5 

 

Although the above-mentioned synthetic route allowed us to prepare the 

enantiomerically pure hemiaminal (R,R)-2.5 in reasonable quantities for the planned total 

synthesis of diazonamide A (1.2), we realized that the use of the precious enantiomerically 

pure material in the optimization of reaction conditions for multistep total synthesis would 

rapidly consume all available amount and, hence, is impractical. Therefore, the synthesis of 

racemic hemiaminal was also performed since the synthesis of rac-2.5 does not require chiral 

auxiliary as well as separation of diastereomers, and hence would save time and resources.  

The racemic hemiaminal rac-2.5 was synthesized following procedure developed by 

Vedejs and Zajac.39 The synthesis started by adding of magnesium 4-benzyloxyphenolate to 

N-protected isatin 2.15 and was followed by PMB protection of the phenolic oxygen to afford 

alcohol 2.28 in 80% yield (Figure 2.7). The quality of PMB-Cl reagent proved to be critical to 

achieve high yields in the protection step, so only freshly opened batches were used. 

Conversion of the tertiary alcohol 2.28 into chloride (SOCl2, DIPEA, DCM, 0 °C), followed 

by reduction with zinc dust in glacial acetic afforded indolinone 2.29 in 83% yield over two 

steps. By analogy, to the preparation of enantiopure material, methoxycarbonyl group was 

introduced in indolinone 2.29 by NaH deprotonation and acetylation with Mander’s reagent 
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(92% yield of 2.30). The latter synthesis step could be easily upscaled to four grams of 2.29 in 

a batch.  

 

 

Figure 2.7 Preparation of hemiaminal rac-2.5 

 

Removal of the CH2OTBS group with NH4F and introduction of N-Alloc protection 

(NaH, Alloc-Cl, DMAP, THF, 0 °C to r.t.) delivered indolinone 2.32. Next, reduction of 

carbonyl group with NaBH4 (MeOH, 0 °C) and mesylating of the resulting alcohol with Ms2O 

(DIPEA, DCM, 0 °C to r.t.) provided the tetracyclic hemiaminal rac-2.7 in 81% yield (for 

mechanism of similar transformation, see Figure 2.5). The swap of N-Alloc protection for N-

MOM as in enantiomerically pure tetracycle (R,R)-2.5 afforded the racemic hemiaminal rac-

2.5 in 92% yield. The synthesis of racemic hemiaminal rac-2.5 comprised 10 linear steps 

(starting from isatin 2.15) and it was used to produce more than three grams of target 

compound rac-2.5 in total. 

 

2.1.3. Instability of tetracyclic aminal  

 

During the studies that involved removal of N-Alloc protecting group from compounds 

(R,R)-2.7 and rac-2.7 (see Figure 2.6 and Figure 2.7), it was found that N-unprotected 

tetracyclic hemiaminal is not compatible with basic reaction conditions.38 Thus, very slow 

formation of 3-arylindole rac-2.33 was observed after the addition of TEA (2 equiv.) to a 

solution of the hemiaminal rac-2.27 in CDCl3 at room temperature. After 24 h at room 

temperature only trace amounts (<5%) of compound rac-2.33 were formed and complete 

conversion of the hemiaminal rac-2.27 to indole rac-2.33 required 57 days at room 
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temperature. We hypothesized that the formation of 3-arylindole rac-2.33 would proceed 

through an initial formation of 3H-indole intermediate rac-2.34.  

Unfortunately, we could not observe the formation of ring-opening intermediates such 

as compound rac-2.34 by NMR spectroscopy in the base-facilitated fragmentation of 

hemiaminal rac-2.27 to indole rac-2.33. Possibly, the lifetime of putative intermediate rac-

2.34 was too short on the timescale of the NMR experiment. Therefore, an electrophilic 

reagent was sought to trap the intermediate rac-2.34. Boc2O was chosen as the trapping 

reagent because it did not react with the starting hemiaminal rac-2.27 in the absence of base 

(Boc2O in DCM, rt, 24 h or neat Boc2O, rt, 24 h, or Boc2O, ZrCl4, MeCN, rt, 24 h).  

 

 

Figure 2.8 Formation of compound 2.33 

 

Disappointingly, addition of Boc2O (2 equiv.) to the hemiaminal rac-2.27 in the 

presence of TEA (2 equiv.) in CDCl3 returned no detectable amounts of O-Boc-protected 

phenol 2.35 or any other intermediates derived from the ring opening of the tetracycle rac-

2.27. The unreacted hemiaminal rac-2.27 (<5% conversion) was the only species observed 

after 24 h at room temperature. However, we were pleased to see that addition of catalytic 

amounts (10 mol%) of DMAP to the mixture of hemiaminal rac-2.27, Boc2O, and TEA 

brought about a rapid conversion of rac-2.27 (more than 95% after 30 min at room 

temperature) and formation of O-Boc phenol rac-2.35 as a major product (66%) together with 

N-Boc indole 2.36 (18%) (Figure 2.9). 

 

  

Figure 2.9 Formation of indoles rac-2.35 and 2.36 
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Importantly, a control experiment without added Boc2O (rac-2.27, 5 equiv. of TEA, and 

0.5 equiv. of DMAP in CDCl3 at room temperature) showed only unreacted tetracycle rac-

2.27 after 24 h (<5% conversion). Evidently, DMAP-catalyzes trapping of the equilibrating 

ring-opened intermediate rac-2.34 with Boc2O to form O-Boc phenol rac-2.35, thus 

facilitating fragmentation of hemiaminal rac-2.27 by shifting the equilibrium between 

compounds rac-2.27 and rac-2.34 toward the latter. 

The isolation of O-Boc phenol rac-2.35 provided evidence that the ring opening of 

hemiaminal rac-2.27 was the first step of the multistep rearrangement process. In the absence 

of external electrophile such as Boc2O phenol rac-2.27 may undergo an intramolecular acyl 

transfer via tetrahedral intermediate III with indole acting as a good leaving group to form the 

N-unsubstituted indole 2.37. Notably, for phenol rac-2.27, the intramolecular acyl transfer 

from carbon to oxygen to afford compound 2.36 was a competing side reaction (yield 18%) to 

DMAP-catalyzed intermolecular O-acylation with the excess of Boc2O (2 equiv.). It should be 

noted that in the presence of DMAP/Boc2O anionic versions of intermediates rac-2.34 and III 

could also be involved, but they are not illustrated here for simplicity (Figure 2.9). 

 

2.1.4. Synthesis of biaryl (R,R)-2.4 

 

With tetracyclic hemiaminal (R,R)-2.5 in hand we now only needed the indolyl boronate 

2.6 to address the preparation of biaryl (R,R)-2.4. Triflate 2.43 was the key intermediate en 

route to indolyl boronate 2.6 (Figure 2.10). The synthesis of triflate 2.43 has been reported 

previously, but involved the use of methylisocyanide for the oxazole formation.45,46 

Methylisocyanide is extremely foul-smelling and explosive, properties that are poorly 

compatible with preparative scale synthesis. Therefore, we developed an alternative procedure 

that avoided the use of methylisocyanide (Figure 2.10). Accordingly, ethyl acetamidoacetate 

was converted into Weinreb amide 2.39 using Me2AlCl and N,O-dimethylhydroxylamine 

hydrochloride. Next, the relatively acidic amide moiety in 2.39 was deprotonated by i-PrMgCl 

to avoid quenching of the indolyl lithium nucleophile IV in the following step. The resulting 

magnesium amide intermediate was reacted with lithiated indole IV, which was prepared 

from 3-bromoindole 2.3845 by low-temperature lithium-halogen exchange with t-BuLi. The 

resulting ketoamide 2.40 was transformed into the oxazole 2.41 using Wipf’s 

cyclodehydration conditions (PPh3, I2, NEt3).
47 Subsequent reductive cleavage of the benzyl 

ether (Pd/C, H2) and treatment of the resulting phenol 2.42 with NaH and PhN(SO2CF3)2 

afforded the triflate 2.43 in 95% yield. 
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Figure 2.10 Synthesis of boronate 2.6 

 

 Next, the conversion of triflate 2.43 to boronate 2.6 was addressed. The use of 

bis(pinacolato)diboron (BPin)2 under various conditions (PdCl2(dppf)/KOAc/DMSO,48 

Pd(Ph3P)4/KOAc/NMP49 and Pd(OAc)2/S-Phos/K3PO4/dioxane50) resulted in poor conversion 

and different decomposition products such as those derived from the cleavage of N–TIPS, 

hydrolysis of the triflate 2.43 or protonolysis of the boronate 2.6. We also found that the yield 

of the desired boronate 2.6 depended on the quality of the (BPin)2: even 5 – 10 mol% content 

of pinacol in the (BPin)2 reagent was sufficient to decrease the conversion of the triflate 2.43 

by 40-60%. In contrast, the use of pinacol borane (PinBH) as a boron source and 

Pd(OAc)2/DPE-Phos as a catalyst51 allowed for the conversion of the indolyl triflate 2.43 into 

the boronate 2.6 in reproducible 77% yield. 

 With both tetracyclic hemiaminal (R,R)-2.5 and indolyl boronate 2.6 in hand, the 

synthesis of biaryl (R,R)-2.4 was accomplished under the Suzuki-Miyaura cross-coupling 

conditions that were developed by Dr. Ilga Mutule and M.Sc. Zane Medne (Figure 2.11).37  

 

 

Figure 2.11 Synthesis of biaryl (R,R)-2.4  

 

 Thus, biaryl (R,R)-2.4 was obtained in 81% yield from (R,R)-2.5 and 2.6 in the presence 

of custom-made palladium oxo-complex (PCy3)2Pd(2-O2) (20 mol%) and K3PO4 as a base in 

toluene at 120 oC. Under the same reaction conditions, use of racemic hemiaminal rac-2.5 
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allowed us to obtain racemic Suzuki-Miyaura cross-coupling product rac-2.4 in comparable 

and well reproducible 76% yield. 

 

2.1.5. Synthesis of macrocyclic ketone (R,R)-2.3 by atroposelective 

Dieckmann condensation 

 

The 1H-NMR spectrum of the biaryl (R,R)–2.4 in C6D6 at 20 oC displayed two sets of 

signals in a 3:2 ratio corresponding to a mixture of two atropisomers. The ratio was measured 

by integration of signals corresponding to the C(27) oxazole proton ( 6.53 and 6.04 ppm), 

C(30) ester protons ( 3.44 and 3.13 ppm) and C(29) methyl group ( 2.02 and 1.76 ppm). 

The structures of the atropisomers were assigned based on NOE experiment. Thus, a medium 

intensity NOE cross peak was observed between the C(29) methyl group and the C(30) ester 

protons of the major atropisomer, whereas weak intensity NOE interactions between C(29) 

methyl group and aromatic C(5) and C(6) protons were observed for the minor atropisomer 

(see Figure 2.12 and SI of 37). Consequently, the major and minor atropisomers of the biaryl 

(R,R)–2.4 were assigned (M) and (P) configurations around the C16–C18 bond, respectively. 

The two atropisomers underwent interconversion at room temperature, and the free energy of 

activation and rate constants for the atropisomerization of (R,R)–2.4 were determined at 25 oC 

in benzene-d6 by NMR methods. The barrier to rotation around the C16–C18 bond was 

measured to be 20.0 kcal/mol, which corresponds to a half-life of ca. 58 s for 

atropisomerization. However, at temperatures below –20 oC, the interconversion between (M) 

and (P) atropisomers of (R,R)–2.4 in THF–d8 was slow on the NMR timescale.  

 

 

Figure 2.12 Atropisomerization of (R,R)-2.4 and synthesis of (R,R)-2.3 



49 

 

Next, we subjected the equilibrium mixture of atropisomers ((M):(P)=3:2) to the 

Dieckmann-type macrocyclization with LDA as base at –78 oC (Figure 2.12). The low 

temperature was critical for the success of the macrocyclization because at higher 

temperatures (–40 oC) the decomposition of the lithiated (R,R)-2.4 became a major reaction. 

Importantly, the macrocyclization at –78 oC apparently proceeded below the threshold for 

atropisomer interconversion, meaning that only the major atropisomer (M,R,R)-2.4 could be 

transformed into the macrocycle (R,R)-2.3 in ca. 60% theoretical yield. In fact, the target 

macrocycle (R,R)-2.3 was formed in 43% (71% brsm) yield already within 10 minutes, and 

prolonged reaction time (30 min) did not improve the outcome. The unreacted biaryl (R,R)-

2.4 was recovered as a 3:2 M:P mixture of atropisomers (40% yield, 83% material balance). 

Evidently, the unreacted atropisomer (P,R,R)-2.4 did re-equilibrate to the 3:2 M:P equilibrium 

mixture during workup and this allowed for the reuse of the recovered material in the 

macrocyclization reaction. Comparable results (up to 40% yield of rac-2.3 and 80% mass 

balance) were obtained when racemic biaryl compound rac-2.4 was used. 

 

2.1.6. Attempted construction of bioxazole subunit 

 

 With both enantiomerically pure and racemic forms of macrocyclic ketone 2.3 in hand, 

the next step in the synthesis of diazonamide A (1.2) was the construction of the bioxazole 

subunit and macrocycle (R,R)-2.2 (Figure 2.13). To this end we planned to follow the well-

known α-amidoketone cyclodehydration route (including Wipf’s conditions that were 

successfully employed in the synthesis of boronate 2.6, Figure 2.10), which has been 

frequently used in the synthesis of diazonamide A.14,16 Introduction of the requisite amide 

functionality in the α-position of the ketone and formation of (R,R)-2.44 was envisioned via 

acylation of α-aminoketone (R,R)-2.45 (route A), which itself could be prepared from ketone 

(R,R)-2.3 either through direct electrophilic ketone amination39,52,53 or in a three-step sequence 

involving α-halogenation, halide-to-azide exchange and azide reduction. Alternatively,(R,R)-

2.44 could be also obtained by transition metal-catalyzed direct amidation of α-diazoketone 

(R,R)-2.46 (route B).54,55 Finally, the diazo group in (R,R)-2.46 could be also reductively 

transformed into α-aminoketone (R,R)-2.45.56,57  
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Figure 2.13 Retrosynthetic analysis of macrocycle (R,R)-2.2 

 

For the bioxazole synthesis studies, we chose to use the easier-to-obtain racemic 

macrocyclic ketone rac-2.3 as the starting material. Initially, the formation α-aminoketone 

rac-2.45 was attempted by electrophilic amination procedure that was developed by Vedejs  

for N-Boc (instead of N-TIPS) protected analog of ketone 2.3.39 In the published precedent, 

the authors reported partially successful amination (14% yield, 10 mg reaction scale, 55% 

mass balance) of ketone enolate using di(4-N-butoxyphenyl)phosphinyl hydroxylamine (2.47) 

whose preparation was not disclosed (Figure 2.14). In light of this, we opted to start with the 

preparation of similar, albeit better described compound - di(4-methoxyphenyl)phosphinyl 

hydroxylamine (2.48), which was also reported by Vedejs.52  

 

 

Figure 2.14 Diarylphosphinates 2.47 and 2.48 

 

The electrophilic aminating agent 2.48 was synthesized from diarylphosphinate 2.52 

using TFA-promoted deprotection (DCM, r.t., 52%) and subsequent basic aqueous work-up, 

followed by precipitation of solid 2.48 from DCM solution by addition of hexanes (Figure 

2.15). Diarylphosphinate 2.52 itself was synthesized from diethylphosphite (2.49) that was 
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reacted with freshly prepared 4-methoxyphenylmagnesium bromide reagent to afford 

diarylphosphinic acid 2.50 in 20% yield. Chlorination by SOCl2 (PhH, 80 °C) and subsequent 

reaction with N-Boc protected hydroxylamine (TEA, DCM, 0 °C to r.t.) furnished 

phosphinate 2.52.  

 

 

Figure 2.15 Synthesis of diarylphosphinyl hydroxylamine 2.48 

 

Despite much effort, all attempts to employ the above-mentioned synthesis approach for 

preparation of di(4-N-butoxyphenyl)phosphinyl hydroxylamine (2.47) did not allow us to 

obtain the n-butyl analog of compound 2.48. The higher solubility of compound 2.47 in 

nonpolar solvents (DCM, Et2O, hexanes) and apparent chemical instability (the hydrolysis of 

2.47 into diarylphosphinic acid during the aqueous work-up (necessary for removal of the 

NaHCO3 used for neutralizing of remaining TFA)) left us without means of purification of the 

final compound. 

O-(2,4-Dinitrophenyl)hydroxylamine (2.56) is another frequently used reagent for 

electrophilic amination of carbonyl compounds that was also prepared in our lab (Figure 

2.16).53 This was achieved by SNAr-type reaction between N-hydroxyphtalimide (2.53) and 

2,4-dinitrochlorobenzene (2.54) (TEA, acetone, r.t., 94%) with subsequent phthalimide 

cleavage in 2.55 with hydrazine hydrate. Notably, the desired hydroxylamine 2.56 was 

obtained in sufficient purity (>90%) and yield (57%) by simple filtration and extraction.  

 

 

Figure 2.16 Synthesis of O-(2,4-dinitrophenyl)hydroxylamine (2.56) 

 

With hydroxylamine derivatives 2.48 and 2.56 in hand, the electrophilic amination of 

ketone rac-2.3 was investigated (Figure 2.17). The ketone was converted into enolate by 

KHMDS (conditions A-B) or LDA (conditions C) at -78 °C, and then aminating reagent 2.48 

was added at -78 °C with gradual warming to room temperature, followed by Ac2O quench. 

Unfortunately, the formation of acetamide rac-2.57 was not detected (by UPLC-MS) in any of 
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the tested conditions and only starting ketone rac-2.3 or unknown degradation products could 

be observed. We observed incomplete dissolution of the aminating agent 2.48 under reaction 

conditions and realized that this issue could be at least partially responsible for the poor 

formation of acetamide rac-2.57. To address the observed incomplete dissolution of 2.48 in 

THF at -78 oC, anhydrous glyme (dimethoxyethane) was added in several experiments under 

conditions B and C. However, this did not affect the reaction conversion and no formation of 

acetamide rac-2.57 was detected by UPLC-MS. The use of O-(2,4-

dinitrophenyl)hydroxylamine (2.56)  (Figure 2.17, conditions D) as an alternative electrophilic 

amination also did not lead to the formation of the desired macrocycle rac-2.57, and ketone 

rac-2.3 was recovered together with unidentified degradation products. The unsuccessful 

synthesis of the amination product 2.57 could be attributed to lesser solubility of amination 

reagent 2.48 as compared to the published O-butyl analog 2.47. It should be noted, however, 

that even the use of apparently better soluble O-butyl analog allowed Vedejs and Zajac to 

obtain the desired amination product 2.57 in only 14% yield (at 55% mass balance), so the 

enolate amination procedure evidently is not well suited for the synthesis of -amino ketone 

2.57. 

 

 

Figure 2.17 Attempted introduction of acetamide moiety in ketone rac-2.3 

 

Next, the preparation of α-haloketone and its subsequent SN2 reaction with a sodium 

azide was attempted. Accordingly, an initial deprotonation of the ketone rac-2.3 by KHMDS 

or LDA and subsequent reaction of the formed potassium or lithium enolate with either Br2 or 

I2 (Figure 2.18, conditions A and B, respectively) was followed by exchange with NaN3. 

Under both conditions poor conversion of the starting ketone rac-2.3 was observed with no 

detectable formation (UPLC-MS assay) of either -halo or -azido ketone.  

 

 

Figure 2.18 Attempted introduction of azide moiety in ketone rac-2.3 
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In contrast, an electrophilic bromination reaction using PhNMe3×Br3 (Figure 2.178, 

conditions C) brought about full consumption of the ketone rac-2.3 and formation of complex 

mixture of unidentified products. Similarly, bromination using NBS (NH4OAc, Et2O, r.t.)  

facilitated slow conversion of ketone rac-2.3 to several mono- and dibrominated products 

(indicated by UPLC-MS) that degraded after addition of NaN3 solution in DMF (conditions 

D). It is known that diazonamide A (1.2) can be brominated  with NBS at position C15 of the 

tetracyclic aminal moiety, which together with halogenations at position C29, could explain 

the rise of multibrominated products.17 Unfortunately, the formation of multiple 

decomposition products complicated their isolation, purification and characterization.   

The unsuccessful attempts to obtain -functionalized ketone led us to investigate the 

reactivity of ketone 2.3-derived enolate by deuterium quench. To this end, potassium enolate 

was prepared by KHMDS deprotonation of ketone rac-2.3, and then transferred via cannula 

to the excess of AcOH-d4 in THF at -78 °C (Figure 2.19).  

 

 

Figure 2.19 Introduction of deuterium in ketone rac-2.3 

 

After solvent evaporation, 1H-NMR spectra of the crude residue in C6D6 showed a 

diminished integral values for both methylene protons in the -position to the ketone (0.49 H 

or 51% D incorporation for signal at =3.83 ppm and 0.39 H or 61% deuterium incorporation 

for signal at 3.45 ppm; see Figure 2.20). The observed deuterium incorporation provided 

evidence for the enolate formation from ketone rac-2.3, and >100% deuterium incorporation 

(111% in total) pointed at partial acid-catalyzed ketone enolization after the AcOH-d4
 quench. 
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Figure 2.20 1H-NMR spectra of rac-2.3 (spectrum A) and rac-2.59 (spectrum B). The methylene 

signals at C(29) are encircled with green 

 

 With the base-mediated formation of enolate from ketone rac-2.3 confirmed, a search 

for methods to introduce nitrogen functionality  to the ketone was continued. We were 

delighted to find that diazo moiety could be introduced with ca. 70% yield (unpurified 

sample) by Regitz diazo transfer reaction using para-acetamido benzosulfonylazide (pABSA, 

2.60) in the presence of DBU as a base (Figure 2.21).58  

 

  

Figure 2.21 Synthesis of α-diazoketone rac-2.61 
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 In the diazotransfer process, ketone-derived enolate VI reacted with sulfonyl azide 2.60 

forming adduct VII, which then rearranged into diazoketone rac-2.61 with expulsion of 

sulfonamide anion. The diazo transfer proceeded well in both MeCN and DCM, however 

about one hour was required to reach full conversion in DCM, whereas 10 minutes was 

sufficient time in MeCN. Evidence for the formation of diazoketone rac-2.61 was obtained by 

UPLC-MS assay (strong signal with 750 m/z corresponding to [M-Me+H]+; the loss of methyl 

group is signature fragmentation of MOM group) and 1H-NMR analysis (disappearance of 

C(29) methylene protons with rest of the signals being intact although somewhat shifted (see 

Figure 2.22.). Unfortunately, diazoketone rac-2.61 was unstable in solution and it 

decomposed at ambient temperature, thus making isolation, purification, and further analysis 

impossible. 

 

 

Figure 2.22 1H-NMR spectra of rac-2.3 (spectrum A) and rac-2.61 (spectrum B). The methylene 

signals at C(29) are encircled with green. 

 

With α-diazoketone rac-2.61 in hand, the synthesis of bioxazole fragment was 

addressed. Our initial attempts concentrated on the direct, rhodium-catalyzed reaction 

between the α-diazocarbonyl compound and primary alkyl- or arylamides (Figure 2.13).59 

This reaction presumably involves an initial formation of electrophilic rhodium alkylidene 
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complex IX from diazoketone VIII and dirhodium carboxylate catalyst (usually Rh2(OAc)4) 

(Figure 2.23).60 Complex IX in turn reacts with primary amide to form rhodium-associated 

ylide X. Dissociation of rhodium catalyst  generates the free ylide XI, which after 1,2-proton 

shift yields the secondary amide XII. Unfortunately, the Rh(II)-catalyzed reaction between 

diazoketone rac-2.61 and acetamide  under conditions developed by Moody (Rh2(OAc)4, 

DCM, 40 °C, slow addition of diazoketone to catalyst using syringe pump)55 led to complete 

degradation of starting material and no signals of acetamide rac-2.57 were observed (UPLC-

MS data) (Figure 2.23, conditions A). Likewise, only trace levels of the desired ketoamide 

rac-2.62 were detected in the reaction with 4-fluorobenzamide (conditions B). 

 

 

Figure 2.23 Attempted Rh-catalyzed reaction between diazoketone rac-2.61 and primary amides 

and its mechanism60 

 

Next, we explored the possibility to convert diazoketone rac-2.61 into the bioxazole 

rac-2.63 by transition metal (Rh, Cu) or Lewis acid-catalyzed reaction with acetonitrile. In the 

transition metal-catalyzed approach, acetonitrile adds to the rhodium alkylidene IX and forms 

rhodium-associated ylide XIII. Dissociation of Rh(II) catalyst produces ylide XIV that 

undergoes cyclization into oxazole XV (Figure 2.24).61,62When Lewis acid (most frequently 

BF3×Et2O) is used as the promoter, it coordinates to oxygen of the diazoketone and forms 

intermediate betaine XVI. The latter then reacts with MeCN with expulsion of N2 and 

produces nitrilium betaine XVII which cyclizes to the oxazole XV.63,64 
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Figure 2.24 Mechanism of reaction between diazoketone and acetonitrile62,63 

 

However, the desired transformation using acetonitrile proved to be incompatible with 

macrocycle rac-2.61. Extensive degradation of rac-2.61 and no formation of the bioxazole 

rac-2.63 was observed in the reaction with MeCN in the presence of Lewis acid (BF3×OEt2; 

Figure 2.25, conditions A) or catalytic transition metal complexes ((Rh2(OAc)4, conditions B 

or Cu(acac)2, conditions C)  

 

 

Figure 2.25 Attempted synthesis of bioxazole rac-2.63 

 

We speculated that the observed degradation of rac-2.61 in the presence of BF3×OEt2 

and Lewis acidic transition metal complexes such as Rh2(OAc)4 and Cu(acac)2 could be 

attributed to the poor stability of the core tetracyclic hemiaminal under the reaction 

conditions. For example, the N-MOM protected tetracyclic aminal rac-2.3 undergoes ring-

opening in the presence of Brønsted acid and nucleophile (HCl in MeOH) (Figure 2.26). In 

this transformation, attack of methanol on protonated ketone XVIII leads to the formation 

tetrahedral intermediate XIX that collapses in a Grob-type fragmentation reaction into 3-

arylindole 2.64. The possible driving force of the reaction is the restoration of the aromaticity 

of the indole ring. 
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Figure 2.26 Observed Grob-type fragmentation of rac-2.3 

 

Finally, the reduction of the diazo group in compound rac-2.61 to primary amine rac-

2.65 was explored under Pd-catalyzed hydrogenation conditions56 or using samarium(II) 

iodide.65 In addition, the reduction of diazo moiety to hydrazone rac-2.66 was also attempted 

by LiBHEt3
66 or triphenylphosphine67.  

Unfortunately, our attempts to reduce the diazo moiety in macrocycle rac-2.61 were met 

with limited success. Palladium-catalyzed hydrogenolysis in MeOH did not deliver the 

aminoketone rac-2.65. Instead, cleavage of the diazo moiety and formation of the ketone rac-

2.3 already within one hour took place (as evidenced by UPLC-MS) (Figure 2.27A, 

conditions A). Although undesired in our case, such transformation is well known.68 On the 

other hand, the reaction with freshly prepared samarium(II) iodide solution in anhydrous 

iPrOH delivered trace amounts of the desired amine rac-2.65 (UPLC-MS data) (Figure 2.27A, 

conditions B). Regrettably, the SmI2-mediated reduction of diazoketone rac-2.61 also 

facilitated formation of side-products rac-2.67 and rac-2.68 (UPLC-MS data) which putative 

structures are depicted in Figure 2.24B. While compound rac-2.67 arises from the reduction 

of ketone moiety69, compound rac-2.68 would form through addition of iPrOH to the ketone. 

Both reactions would involve opening of macrocycle like sequence depicted Figure 2.26. The 

concomitant formation of inseparable byproducts and poor reproducibility rendered the SmI2-

mediated reduction unsuitable. 
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Figure 2.27 Attempted reduction of diazo moiety in rac-2.61 

 

In contrast to the attempted reductions into primary amine, methods for the reduction of 

diazo group into the corresponding hydrazone 2.66 delivered better results (as evidenced by 

UPLC-MS). Specifically, the use of LiBHEt3 (THF, -78 °C to r.t.) produced about 30% of the 

target hydrazone rac-2.66 together putative double-reduction product – alcohol rac-2.69 

(Figure 2.27A, conditions C). However, attempts to isolate and purify hydrazone rac-2.66 by 

preparative TLC procedure resulted in degradation. Finally, when the diazoketone rac-2.61 

was subjected to reaction with triphenylphosphine (Et2O, r.t.), formation of the expected 

triphenylphosphoranylidene hydrazone rac-2.70 was recorded by UPLC-MS assay (Figure 

2.27A, conditions D). However, hydrolysis of rac-2.70 to hydrazone rac-2.6 and attempted 

purification of the crude material with preparative TLC method led to complete 

decomposition.    

 The multiple unsuccessful attempts toward the construction of the second oxazole ring 

consumed all of the precious ketone rac-2.3. Furthermore, the limited amount of the available 

ketone rac-2.3 reduced our ability to perform extensive optimization of reactions such as the 

reduction of the diazo moiety. Because the re-synthesis of rac-2.3 would require considerable 

synthetic resources, the total synthesis project was discontinued.  
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2.1.7. Summary 

 

In summary, our contribution to the total synthesis of diazonamide A (1.2) involved a 

development of synthesis of enantiomerically pure macrocyclic ketone (R,R)–2.3 which 

incorporates the right hand-side heteroaromatic 12-membered macrocycle of diazonamide A 

as well as the core tetracyclic hemiaminal moiety and all-carbon stereogenic center. Synthesis 

was done by atropodiastereoselective Dieckmann-type cyclization of biaryl (R,R)–2.4 and the 

diastereoselectivity of the cyclization was controlled by the (R)-stereogenic center at C10 of 

the rigid tetracyclic hemiaminal moiety. Biaryl (R,R)–2.4 existed as 3:2 mixture of 

atropoisomers in solution at room temperature, but only (M)-isomer participated in the 

macrocyclization while (P)-isomer was recovered after work-up. Synthesis of (R,R)–2.3 was 

made possible by preparation of both racemic and enantiopure tetracyclic hemiaminal 

bromide 2.5 on multi-gram scale by previously reported methods. 

We studied the stability of carbonyl-substituted tetracyclic hemiaminal moiety and 

indicated the decomposition pathway of N-unprotected tetracycle rac-2.27 under basic 

conditions. We also discovered that N-MOM protected tetracyclic hemiaminal-containing 

ketone rac-2.3 is not stable under acidic conditions in presence of nucleophile and might not 

be compatible with Lewis or Broensted acid-mediated ketone α-amination reaction conditions.  

We studied the α-amination/oxazole introduction of ketone rac-2.3 and indicated that 

this is not viable path to the total synthesis of diazonamide A 1.2. However, we did obtain the 

elaborate diazoketone rac-2.61 as the only α-nitrogen-containing derivative of ketone 2.3, 

which leaves options for the introduction of the necessary bioxazole moiety after additional 

optimization of reaction conditions. Although we had to discontinue the total synthesis of 

diazonamide A 1.2 due to the lack of material to work with, the gained experience was helpful 

in the synthesis of other diazonamide A (1.2) analogs as described below.  

 

2.2. Attempted synthesis of macrocycle 2.71 

 

2.2.1. Introduction 

 

 Our main motivation to accomplish the total synthesis of diazonamide A (1.2) was the 

exploration of SAR around this highly cytotoxic microtubule targeting agent that would allow 

us to develop its structurally simplified analogs. Having exhausted all possibilities and 

material for synthesis of diazonamide A (1.2) (see chapter 2.1) we had to reevaluate our 

approach to design of new anticancer medicines. From the obtained results it became evident 
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that 1) design of simpler and easier to synthesize analogs of diazonamide A (1.2) would allow 

for much faster preparation and biological evaluation of new potential drug compounds and 2) 

utilization of other core structures, less labile than the tetracyclic hemiaminal, would enable 

use of more diverse synthetic approaches and conditions for the preparation of the designed 

compounds. Consequently, we elected to rely on DZ-2384 2.71, a highly potent diazonamide 

A 1.2 analog, as the starting platform for design of new compounds that would allow us to 

fulfill both abovementioned suggestions. We also realized that structural modifications of 

challenging-to-synthesize and relatively unstable tetracyclic hemiaminal subunit is a key to 

the successful development of potent analogs. Accordingly, we envisaged that change of 

benzofuran to indane moiety in the tetracyclic core structure could help address the instability 

of the hemiaminal. Hence compound 2.71 emerged as potential molecule of interest (Figure 

2.28).  

 

 

Figure 2.28 DZ-2384 (1.76) and macrocycle 2.71 

 

 Macrocycle 2.71 maintains all the essential functional groups of DZ-2384 (1.76) – 

hydroxymethyl-substituted bioxazole moiety, tert-butyl group, left hand-side (S)-

hydroxyisovaleric acid side chain as well as rigid, hydrophobic tetracyclic core structure 

bearing quaternary stereocenter with S-configuration. The only structural change would be 

substitution of oxygen atom with carbon atom in the core tetracyclic ring system. We 

envisioned that substituting the oxygen with methylene group would not alter target binding 

and the compound’s overall three-dimensional structure which is necessary for the biological 

effect. As a result, we anticipated macrocycle 2.71 to possess comparable biological activity 

to DZ-2384 (1.76). Furthermore, synthesis and biological evaluation of macrocycle 2.71 

would also add a significant data point on the structure-activity relationship map of 

diazonamide A (1.2) analogs.  
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2.2.2. First generation synthesis 

 

Although the structures of macrocycles 1.76 and 2.71 are highly similar, the absence of 

the oxygen atom in the tetracyclic moiety of 2.71 changes the retrosynthetic disconnections, 

rendering methods for preparation of DZ-2384 (1.76) unsuitable. Therefore, we performed a 

retrosynthetic analysis of macrocycle 2.71 as shown in Figure 2.29. 

We envisioned that macrocycle 2.71 could be prepared from ciano oxazole 2.72, which 

in turn could be accessed from enantiopure ketone 2.73 under Fischer indole synthesis 

conditions. Synthesis of 2.73 could be accomplished using intramolecular Pd-catalyzed 

ketone α-arylation of indanone 2.74, which could be prepared from the building blocks 2.75 

and 2.76 through amide coupling. 

 

 

Figure 2.29 Retrosynthesis of macrocycle 2.71 

 

 The synthesis of macrocycle 2.71 commenced with the preparation of building block 

2.75 from the commercially available 2-indanol (2.77) (Figure 2.30).70,71 Thus, acetylation of 

the hydroxy group and subsequent electrophilic bromination with NBS in the dark for five 

days gave aryl bromide 2.79 in 45% yield after two steps. Although the bromination is well-

precedented in the literature, in our hands it turned out to be poorly reproducible with poor 

conversion of starting material and product yields ranging from 0% to 45%. Next, the amino 

ester moiety was introduced by Negishi cross-coupling reaction (Pd2(dba)3, SPhos, DMF, 55 

°C) between the aryl bromide 2.79 and freshly prepared alkyl zincate 2.81.72 Phenylalanine 

derivative 2.82 was obtained in 74% yield as 1:1 mixture of diastereomers. Finally, 
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simultaneous hydrolysis of methyl ester and acetate under basic conditions (LiOH, MeOH, 

H2O, 0 °C) afforded carboxylic acid 2.75 in 63% yield. 

 

 

Figure 2.30 Synthesis of carboxylic acid 2.75 

 

Aminomethyl oxazole 2.76 was accessed from the bromooxazole 2.83 (Figure 2.31), 

which has been prepared previously in our laboratory.73 Hydrogenative cleavage of the N-

Cbz-group in the presence of catalytic  amount of Pd/C (20 mol%) could not be employed due 

to predominant proto-debromination of 2.83 (as detected by UPLC-MS). Therefore, N-Cbz 

protecting group was removed with HBr solution in a mixture of AcOH and 1,4-dioxane. 

Although the acidic cleavage of the Cbz-group allowed us to obtain the amine 2.76, 

concomitant hydrolysis of nitrile group to primary amide and N-benzylation of the 

unprotected amino group during work-up (with BnBr resulting from the reaction of Cbz-

group with HBr) led to moderate yield (48%). Nevertheless, amide bond formation between 

amine 2.76 and acid 2.75 in the presence of EDC×HCl in pyridine gave amide 2.84 with 80% 

yield. Finally, DMP oxidation of alcohol furnished ketone 2.74 in 74% yield. 

 

 

Figure 2.31 Synthesis of ketone 2.74 
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With ketone 2.74 in hand, the formation of 12-member macrocycle 2.73 was addressed. 

We envisioned that the macrocyclization could be accomplished by intramolecular Pd-

catalyzed ketone α-arylation and so we ran a short screening of the reaction conditions on 

small scale (15 mg (0,027 mmol) of ketone 2.74 (Figure 2.32). We found that multiple 

commonly used ketone arylation conditions (Pd2(dba)3 (4 mol%), XantPhos (12 mol%), 

K3PO4 (3 equiv.), PhMe, 80 °C, conditions A74; Pd2(dba)3 (4 mol%), XantPhos (12 mol%), 

Cs2CO3 (3 equiv.), 1,4-dioxane, 80 °C, conditions B75; Pd(PPh3)Cl2 (4 mol%), dppe (12 

mol%), Cs2CO3 (3 equiv.), 1,4-dioxane, 80 °C, conditions C76) caused degradation of the 

ketone 2.74 with no formation of the macrocycle 2.73 (as indicated by UPLC-MS).  

 

 

Figure 2.32 Investigation of macrocyclization conditions 

  

Luckily, conditions developed by Dong specifically for α-arylation of cyclopentanones 

(Pd(OAc)2 (10 mol%), pyrrolidine (30 mol%), 2,3,3-trimethylbutan-2-amine (30 mol%), 

KOAc (1.3 equiv.), DMF, 80 °C, 21 h, Figure 2.32. conditions D) provided 90% conversion 

of ketone 2.74 and formation of macrocycle 2.73 along with several unidentified byproducts 

after 21 h at 80 °C temperature.77 However, the fastest and the most selective conversion of 

ketone 2.74 into macrocycle 2.73 was achieved when we employed conditions previously 

used for Negishi cross coupling (Pd2(dba)3 (5 mol%), SPhos (15 mol%), Cs2CO3 (3 equiv.), 

DMF, 80 °C, Figure 2.32. conditions E): full conversion of ketone 2.74 and formation of 

macrocycle 2.73 was detected already after four hours. When the reaction was run on 100 mg 

(0.19 mmol) scale, we were able to obtain the macrocycle 2.73 in 46% yield. However, 

further increase in ketone 2.74 loading (500 mg – 1.4 g; 0.9 – 2.5 mmol) consistently afforded 

reduced (28 – 29%) yields of macrocycle 2.73 with the rest being unidentified byproducts 

(Figure 2.33).  
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Figure 2.33 Synthesis of macrocycle 2.73 

 

Notably, the macrocyclization proceeded with excellent regio- and stereoselectivity 

(99:1 dr) favoring the formation of 12-membered macrocycle vs. 13-membered analog. The 

structure of macrocycle 2.73 was established based on the observed NOE cross peaks between 

protons of the cyclopentanone and benzene rings. The absolute configuration of the newly 

formed stereocenter, however, could not be determined using NMR techniques because of the 

lack of useful correlations. Furthermore, macrocycle 2.73 was obtained as an amorphous 

material and attempts to grow single crystal suitable for X-ray crystallographic analysis were 

unsuccessful. However, the stereogenic center was later assigned S absolute configuration 

based on analogy with oxindole-containing macrocycles 2.153b,c (see Section 2.3.2). 

Although the Pd-catalyzed macrocyclization conditions described above (Pd2(dba)3, 

SPhos, Cs2CO3 in DMF) allowed us to obtain macrocycle 2.73, a review of work done by 

Sammakia23 on structurally similar substrates prompted us to investigate whether the 

macrocycle 2.73 could be delivered under Pd-free and base-promoted SNAr-type reaction 

conditions. Indeed, small scale (5 mg of ketone 2.74) reaction using only Cs2CO3 in DMF 

gave complete conversion of the ketone 2.74 to the macrocycle 2.73 (UPLC-MS assay). 

Obviously, the bromine substituent in the ciano oxazole is sufficiently activated toward SNAr-

type displacement by enolate, and presence of transition metal catalyst is not required for 

successful macrocyclization. Notably, diastereoselectivity was not affected by the change of 

the macrocyclization conditions as the cyclization product 2.73 was formed with 99:1 dr.  

 Successful macrocyclization did set the stage for the elaboration of the macrocyclic 

ketone 2.73 into the tetracyclic subunit-containing target molecule 2.72 under the Fischer 

indole synthesis conditions (see retrosynthesis in Figure 2.29). As such, reaction with 4-

fluorophenylhydrazine hydrochloride 2.85 was carried out in iPrOH at 75 °C temperature78 

(Figure 2.34) and a product possessing the desired mass spectrum was obtained in 68% yield. 

However, NMR spectra in CDCl3 showed presence of singlet of one aliphatic proton with 

5.26 ppm chemical shift which was attached to tertiary carbon (as evidenced by HSQC 

spectrum) with 40.1 ppm chemical shift. This meant that the undesired regioisomer 2.86 has 

been formed exclusively without traces of the target 2.87. Macrocycle 2.86 was isolated as 

single stereoisomer (dr 99:1). 
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Figure 2.34 Synthesis of macrocycle 2.86 

 

 The selectivity of the reaction between ketone 2.73 and hydrazine 2.85 towards the 

formation of indole 2.86 can be explained by preference for the “kinetic” ene-hydrazine 

intermediate XXI over the “thermodynamic” ene-hydrazine XXII during the Fischer reaction 

(Figure 2.35). Although the use of weakly acidic conditions and electronically poor hydrazine 

favors the formation of the more substituted “thermodynamic” ene-hydrazine XXII79, the 

sterically bulky ciano oxazole substituent at the α-position of ketone 2.73 , apparently, shifts 

the equilibrium towards the less substituted and more accessible “kinetic” ene-hydrazine 

intermediate XXI. The subsequent ene-reaction and rearomatization of benzene ring forms the 

aminoimine XXIV, which, after cyclization and elimination of ammonia, provides the indole 

2.86.    

 

 

Figure 2.35 Mechanism of Fischer indole synthesis  
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 The undesired macrocycle 2.86 was further elaborated into compound 2.89 to assess its 

antiproliferative properties for better understanding of structure-activity relationship. Luckily, 

the indolic double bond was easily reduced by NaCNBH3 in the presence of TFA80, which 

also facilitated a concomitant N-Boc cleavage (Figure 2.36). As a result, the indoline core-

containing amine (S,R)-2.88 was obtained with good diastereoselectivity (90:10 dr). The 

absolute configuration of the newly created stereogenic centers in macrocycle 2.88 was 

established to be S,R using DFT calculations as NMR spectroscopy could not give a definitive 

answer (see discussion below). Finally, amide coupling with (S)-hydroxyisovaleric acid ((S)-

HiVA) under standard conditions (EDC, HOBt, DIPEA, DMF, r.t.) furnished the macrocycle 

2.89 in 14% yield over two steps. Diastereomeric purity of the amide 2.89 reached 99:1 dr 

after chromatographic purification. 

   

 

Figure 2.36 Synthesis of compound 2.89 

 

 To understand the rationale behind the formation of the (S,R)-2.88, a closer look at the 

mechanism of the reduction of indole in the presence of TFA is required (Figure 2.36). The 

initial step of the reduction of the fused indole 2.86 presumably involves protonation of the 

cyclic enamine at position C2481 thus forming two diastereomerically distinct indolenium ions 

(S)-XXVI and (R)-XXVI. Under the reaction conditions these compounds are in equilibrium 

with the indole 2.86. DFT calculations done by Dr. Artis Kinens (m062x level of theory, 

Def2SVP basis set), however, indicated that the indolenium ion (R)-XXVI is 

thermodynamically less stable than (S)-XXVI by 2.0 kcal due to the steric clash of fluor 

indole and cianooxazole moieties. This leads to predominant (calculated dr 97:3) formation of 
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indolenium ion (S)-XXVI which is then reduced with NaCNBH3 leading to the cis-bridged 

indoline core of macrocycle (S,R)-2.88.  Finaly, macrocycle 2.89 was assayed for 

antiproliferative potency on multiple cancer cell lines. Unfortunately, it possessed very low 

levels of activity (see section 2.4) so further elaboration of oxazolyl nitrile subunit into 

bioxazole moiety was not attempted. 

 At this point it became evident that the enantiomerically pure macrocyclic ketone 2.73 

is not a viable substrate for synthesis of macrocycle 2.71 and we prepared to redesign the 

synthesis avoiding the late-stage formation of the tetracyclic indoline core. 

 

2.2.3. Second generation synthesis  

 

The unsuccessful attempts to construct the tetracycle subunit at the end of the multistep 

synthesis of macrocycle 2.71 prompted us to re-design the synthesis scheme (Figure 2.37). 

Accordingly, we envisioned that the tetracyclic moiety 2.92 could be prepared early on by the 

Fischer indole synthesis and then tethered to amino bioxazole building block 2.93 through the 

amide bond. The resulting amide 2.91 could be regarded as precursor to macrocycle 2.90, 

deprotonated tetracycle subunit in compounds 2.91 could serve as a nucleophile in the SNAr-

type reaction with bromo-oxazole by analogy to the related macrocyclization of ketone 

enolate as shown in section 2.2.2 (Figure 2.33). We realized that the tetracycle has two 

positions of comparable acidity: indole N-H (pKa(DMSO) = 21.0)82 and C-H of indene 

(pKa(DMSO) = 20.1).83 Because of comparable thermodynamic acidity of the competing 

positions, the two deprotonated forms XVII and XVIII would likely exist in equilibrium 

(Figure 2.37, bottom). Furthermore, three nucleophilic centers will be generated due to the 

resonance stabilization in the deprotonated tetracycle. We speculated that each of them may 

undergo intramolecular SNAr-type reaction with bromo-oxazole leading to macrocycles of 

distinct size: the desired 12-membered macrocycle in the cyclization involving trisubstituted 

carbon anion, 13-membered cycle from benzylic anion and 14-membered macrocycle for 

nitrogen nucleophile. We also hypothesized that the cyclization will occur under Curtin-

Hammett conditions, where conformational preferences of macrocycle will control the 

cyclization of rapidly equilibrating anions XVII and XVIII. After the cyclization of 2.91 into 

2.90, the synthesis endgame would involve diastereoselective reduction of the double bond 

and side-chain manipulations. 
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Figure 2.37 Second generation retrosynthetic analysis of compound 2.71 

   

The synthesis of the building block 2.92 was commenced from the commercially 

available 6-bromo-1-indanone (2.94) by following the literature procedure (Figure 2.38).84 

Accordingly, the reduction of the ketone (NaBH4 in MeOH) and the dehydration of the 

formed alcohol 2.95 afforded the 5-bromoindene (2.96) in a 59% yield over two steps. 

Subsequent epoxidation of the double bond with mCPBA and BF3×Et2O-promoted 1,2-proton 

shift furnished the 5-bromo-2-indanone (2.98) with 64% yield. 

 

 

Figure 2.38 Synthesis of ketone 2.98 

 

Next, the prepared ketone 2.98 was subjected to the Fischer indole synthesis conditions 

(hydrazine 2.85 in iPrOH at 75 °C) that produced two regioisomeric dihydroindeno[2,1-

b]indoles 2.99 and 2.100 in 2:1 ratio (Figure 2.39). The separation of the isomers proved 
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challenging, and multiple column chromatography purifications were needed to obtain 

individual isomers with satisfactory purity (>95%). Identification of structures for tetracyclic 

isomers 2.99 and 2.100 was possible by 2D-NMR analysis of downstream compound 2.101 

that was obtained from 2.100. Accordingly, COSY experiment for 2.101 indicated clear 1H-

1H cross peak between methylene protons at C7 and aryl proton at C3. The preferential 

formation of undesired regioisomer 2.99 was unexpected and prompted us to work on a larger 

scale to prepare sufficient amounts of the desired aryl bromide 2.100. After enough tetracyclic 

bromide 2.100 was prepared, the Pd-catalyzed Negishi cross-coupling (Pd2(dba)3 / SPhos) 

with freshly prepared alkyl zincate 2.81 delivered ester 2.101 in 68% yield. Saponification of 

methyl ester with LiOH afforded carboxylic acid 2.92 that was subjected to amide bond 

formation with amino bromooxazole 2.93 (prepared from previously reported N-Boc 

bioxazole85) in the presence of EDC×HCl in pyridine. The desired amide 2.91 was obtained in 

40% yield, setting the stage for the key macrocyclization step. 

 

 

Figure 2.39 Synthesis of amide 2.91 

 

The macrocyclization of amide 2.91 in the presence of Cs2CO3 in DMF generated a 

single product whose mass spectral signature (m/z 670.3 [M+H]+) corresponded to the target 

compound 2.90 (Figure 2.40). However, NMR analysis of purified material revealed presence 

of singlet of one aliphatic proton at 5.86 ppm connected to tertiary carbon atom (as evidenced 

by HSQC spectrum) with chemical shift of 42.7 ppm. The NMR data pointed to the formation 

of the undesired 13-membered macrocycle 2.102 (formed from the anion XVII). We later 

confirmed the NMR-based structural assignment by X-ray crystallographic analysis. The 
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undesired macrocycle 2.102 was formed with excellent diastereoselectivity (99:1 dr). The 

absolute configuration of the newly created stereogenic center was established as S by X-ray 

crystallographic analysis. Unfortunately, formation of compounds 2.90 and 2.103 (both rising 

from anion XVIII) was not detected.  

 

Figure 2.40 Macrocyclization of compound 2.91 

 

 DFT calculations done by Dr. A.Kinens (b3lyp level of theory and 6-31+g(d) basis set) 

indicated that energies for transition states involved in formation of 12- and 14-membered 

macrocycles 2.90 and 2.103 were 18.4 and 23.1 kcal/mol, respectively, which is 9.3 and 14.0 

kcal/mol higher in energy than for 13-membered macrocycle 2.102 (9.1 kcal/mol). The energy 

difference ensured that the formation of macrocycle 2.102 was favored over regioisomers 

2.90 and 2.103 with ratio >99:1, which agrees with experimental results. We speculated that 

the high energetic cost of dearomatization of the highly conjugated dihydroindenoindole 

system as well as the low nucleophilicity of 5-fluoroindole moiety has rendered the formation 

of macrocycle 2.90 unfavorable. In the meantime, the formation of 2.103 is also unfavorable 

due to the incorporation of the rigid and planar dihydroindenoindole moiety in the 14-

membered macrocyclic ring system which makes it highly strained and energetically costly. It 

should be noted that DFT calculations could not be performed in our lab at the time when the 

synthesis was done. 

To explore SAR around DZ-2384 analogs, the macrocycle 2.102 was elaborated into 

tetracycle 2.104 by N-Boc cleavage using TFA and subsequent amide bond formation with 
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(S)-HiVA, EDC×HCl and HOBt (Figure 2.41). Additionally, reduction of the double bond in 

compound 2.102 with NaCNBH3 in TFA (3:1 dr) furnished diastereomeric macrocycles (S,R)-

2.105 and (R,S)-2.105 that were chromatographically separated yielding 56% of (S,R)-2.105 

and miniscule amount of (R,S)-2.105. Relative configuration of (S,R)-2.105 and (R,S)-2.105 

was established by comparing measured 1H-NMR coupling constants with those calculated 

using Karplus equation.86 For compound (S,R)-2.105 the calculated dihedral angle between 

protons Ha and Hb and corresponding coupling constant was -100° and 1 Hz respectively, and 

those for compound (R,S)-2.105 were 12° and 8 Hz, respectively. For the double bond 

reduction product the measured coupling constant between Ha and Hb was less than 1 Hz, 

indicating the predominant formation of (S,R) isomer. Additional evidence for this assumption 

was provided by DFT calculations done by A.Kinens using b3lyp level of theory and 6-

31+g(d) basis set. Similarly to reduction of indole 2.86 (Figure 2.36), the conversion of 

indolenium ion into (S,R)-2.105 was found to be 1.6 kcal/mol more favorable than formation 

of (R,S)-2.105, and the calculated energy difference matched the observed 3:1 diastereomeric 

ratio. Finally, amidation of the amine (S,R)-2.105 with (S)-HiVA using EDC×HCl and HOBt 

furnished compound 2.106 in 69% yield. Antiproliferative activity against multiple cancer cell 

lines was measured for both macrocycles and results are discussed in section 2.4. 

  

Figure 2.41 Synthesis of macrocycles 2.104 and 2.106 

 

The undesired regioselectivity in the macrocyclization involving nucleophilic SNAr-type 

reaction of indene-derived carbanion with bromo bioxazole that led to 13-membered 
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macrocycle 2.102 (Figure 2.40) prompted us to attempt blocking of the most reactive 

nucleophilic position and move the reaction center to the 3rd position of the indole. To achieve 

this, we chose to introduce dithiolane group which can be easily converted to methylene 

moiety under mild conditions using nickel, tin or organic agents.87–90  

The new disconnection approach is depicted in Figure 2.42. The requisite starting 

material 2.108 for the macrocyclization leading to macrocycle 2.107 can accessed by amide 

coupling of tetracyclic building block 2.109 and bioxazole 2.93. Tetracycle 2.109 is 

accessible by the proven Fischer indole synthesis and Negishi cross-coupling sequence. 

 

 

Figure 2.42 Retrosynthetic analysis of compound 2.71 

 

The synthesis commenced with the preparation of suitably substituted tetracycle 2.114 

from indanedione 2.112 using the Fischer indole synthesis conditions (Figure 2.43). The 

dione 2.112 was accessible by published route from the commercially available 5-bromo-1-

indanone (2.110).91 Accordingly, oxidation of indanone of 2.110 with iBuONO in the 

presence of concentrated HCl afforded oxime 2.111, which was hydrolyzed to the 

corresponding 5-bromo-1,2-indanedione (2.112). The corresponding monodithiolane 2.113 

was prepared from diketone 2.112 in the reaction with ethane disulfide and BF3×Et2O 

according to a known method.92 The workup of the reaction required special caution because 

of the extremely foul odor of ethane disulfide.  
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Figure 2.43 Synthesis of macrocyclic precursor 2.108 

 

Gratifyingly, the previously used Fischer indole synthesis conditions (hydrazine 2.85, 

iPrOH, 70 oC) delivered indole 2.114 in 69% yield that was further elaborated into amino acid 

2.109 in a two-step sequence. The first step involved Negishi cross-coupling with freshly 

prepared alkyl zincate 2.81 (Pd2(dba)3 and SPhos in DMF). Despite the presence of two 

potentially coordinating sulfur atoms in indole 2.114, no slow-down or reduction of yield was 

observed (78% for 2.114 after purification vs. 68% for CH2 analog 2.101). In the second step, 

saponification of the methyl ester with LiOH in THF/MeOH/H2O solution at room 

temperature furnished tetracycle 2.109 in 92% yield. The latter was reacted with amine 2.93 

under standard amidation conditions (EDC×HCl, pyridine) to give macrocyclization precursor 

2.108 in 65% yield.  

 The prepared compound 2.108 was subjected to previously utilized SNAr-type reaction 

conditions (Cs2CO3, DMF) (Figure 2.44). Unfortunately, no formation of macrocycle 2.107 

was detected by UPLC-MS even at temperatures as high as 110 °C. Instead, prolonged 

heating caused compound 2.108 to decompose into several unknown byproducts. 

 

 

Figure 2.44 Attempted macrocyclization of 2.108 
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The lack of reactivity for indole 2.108 under SNAr-type reaction conditions, as in the 

case of macrocycle 2.90 (see Figure 2.40), may be attributed to the high energetic cost of 

dearomatization of the highly conjugated dihydroindenoindole system as well as the low 

nucleophilicity of 5-fluoroindole moiety. Although the introduction of the dithiane group has 

helped to avoid the formation of the undesired 13-membered macrocycle 2.102, it did not 

alter the overall electronic properties of the tetracyclic dihydroindenoindole core. 

Overall, the second-generation synthesis of carba-analog of DZ-2384 (2.71) via 

macrocyclization of pre-assembled tetracycle subunit tethered to bromo-bioxazole moiety was 

not successful. The macrocyclization either occurred with undesired regioselectivity and 

delivered 13-membered macrocycle 2.102 (for precursor 2.91) or it did not proceed at all 

(precursor 2.108). The unsuccessful attempt at synthesis of carba-DZ-2384 (2.71) prompted 

us to evaluate alternative disconnections as shown in section 2.2.4. 

 

2.2.4. Third generation synthesis of macrocycle 2.71 

 

 The unsuccessful synthesis of carba-DZ-2384 (2.71) by the assembly of the 

dihydroindenoindole subunit in the pre-formed macrocycle (chapter 2.2.2) and by the 

macrocyclization of pre-formed tetracycle tethered to bioxazole subunit (chapter 2.2.3) 

prompted us to consider alternative retrosynthetic strategy. It has become evident that early 

preparation of the dihydroindenoindole core would be beneficial, especially since we learned 

that the tetracyclic indoline could be prepared relatively easily using Fischer indole synthesis 

(chapter 2.2.2). Hence, the main challenge to be solved is the C-C connection of the bioxazole 

moiety and the quaternary center of the tetracyclic indoline subunit. We envisaged that the 

recent advances in decarboxylative coupling between redox-active esters and (hetero)aryl 

species could render the crucial C-C bond formation possible.93 Accordingly, the revised 

retrosynthetic disconnections towards macrocycle 2.71 (Figure 2.45) involved closure of the 

macrocycle by amide bond formation, followed by the addition of the (S)-HiVA sidechain. 

Ester 2.116 could be prepared from the aryl bromide 2.117 using the proven Negishi coupling 

conditions (zincate 2.81, Pd2(dba)3, SPhos, DMF, 60 °C) (see chapter 2.2.2). The key C-C 

bond formation step would rely on transition metal-catalyzed decarboxylative cross-coupling 

of the redox-active ester (R,S)-2.118 (synthesis described below) and metalated bioxazole 

2.119. 
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Figure 2.45 Retrosynthetic analysis of compound 2.71 

 

 We realized that the redox-active ester 2.118 could be prepared from the carboxylic acid 

2.120 using conditions reported by Baran (N-hydroxyphtalimide, DIC, DMAP, DCM) (Figure 

2.46).93 The acid 2.120 could be accessible either through arylation of β-ketoester 2.121 with 

ortho-azido phenyllead triacetate 2.122, followed by cyclization via the reduction of transient 

imine (a method reported by Driver94), or by allylation of indole 2.124 followed by 

isomerization of the double bond, ozonolysis and oxidation. Both methods (starting from 

2.121 or 2.124) would afford racemic compound 2.118, which could be separated into 

enantiomers using column chromatography on chiral stationary phase. Crystallization of 

diastereomeric salts of acid 2.120 could also be attempted. 

 

 

Figure 2.46 Retrosynthetic analysis of tetracycle rac-2.118  

 

 First, we addressed the synthesis of the β-ketoester 2.121. Although it could be prepared 

by direct acylation of 5-bromo-2-indanone-derived enolate95, a mixture of regioisomers would 

likely form, requiring their separation and leading to a drop in yield. For this reason we chose 

to follow longer, albeit easier-to-control procedure for the synthesis of β-ketoester 2.121 
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(Figure 2.47). Accordingly, the commercially available phenylacetic acid 2.125 was 

converted into acid chloride 2.126 ((COCl)2, DMF (2 mol%), PhMe, r.t. to 55 °C) and then 

reacted with Meldrum’s acid (2.127) (pyridine, DCM, 0 °C to r.t.) to furnish the tricarbonyl 

compound 2.128. Heating of the latter in toluene at 85 °C temperature facilitated thermal 

decomposition of the 1,3-dioxane-4,6-dione moiety and formation of transient ketene XIX 

along with acetone and carbon dioxide. Trapping of the intermediate ketene with methanol 

furnished the β-ketoester 2.129 (65% yield after three steps). Subsequent Regitz diazo transfer 

reaction using para-acetamido benzene sulfonyl azide (2.60) in presence of TEA furnished 

diazoketoester 2.130 in 75% yield.  

   

 

Figure 2.47 Synthesis of diazoketoester 2.130 

 

 Next, diazoketoester 2.130 was subjected to dirhodium(II)-catalyzed cyclization to 

indanone 2.131 via formal aromatic C−H insertion ([(TFA)2Rh]2 (2 mol%), DCM, r.t. slow 

addition of 2.130 to catalyst solution in one hour96), which proceeded with 90% yield (Figure 

2.48). The mechanism of the dirhodium(II)-catalyzed C−C bond formation involves an initial 

formation of rhodium carbenoid XX, which undergoes attack by the phenyl moiety forming a 

new C-C bond in XXI.97,98 Subsequent intramolecular proton transfer (through transition state 

XXII) and departure of a rhodium complex yielded the product 2.131 with the regeneration of 

the catalyst. Finally, BF3-catalyzed reaction of methyl ester 2.131 with benzyl alcohol 

afforded benzyl analog 2.132 (72% yield).99 
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Figure 2.48 Synthesis of esters 2.131 and 2.132 

 

 Prior to the preparation of the known-in-literature, yet complex ortho-azido phenyllead 

building block 2.122 for the multistep reaction sequence toward tetracycle 2.120, we elected 

to evaluate the feasibility of quaternary center formation by the arylation of indanone 2.132 

with ortho-tolyllead triacetate 2.134. The latter is easier-to-synthesize and sterically similar 

analog of compound 2.122. The model reagent 2.134 was obtained in 48% yield from ortho-

tolylboronic acid (2.133) in Hg(OAc)2-mediated transmetallation reaction (CHCl3, 50 °C) as 

described by Pinhey (Figure 2.49).100 Fortunately, the arylation of ketoester 2.132 with the 

model ortho-tolyllead triacetate 2.134 (pyridine, CHCl3, 50 °C) furnished quaternary carbon-

containing product 2.135 in 74% yield.100 From the mechanistic viewpoint, the arylation of 

2.132 with aryl lead reagent 2.134 requires an initial deprotonation of β-ketoester with 

pyridine to form enolate XXIII (Figure 2.49). Next, the formed enolate replaces one of the 

acetate ligands on the lead to furnish intermediate XXIV, which undergoes intramolecular 

arylation of lead enolate to yield the arylated ester 2.135 and Pb(OAc)2.
101 It should be noted 

that such a reductive coupling is typical not only for lead derivatives, but also for aryl bismuth 

derivatives,102 diaryl-3-iodanes103 and several other main group elements such as thallium, 

tellurium and selenium.104 

  

 

Figure 2.49 Synthesis of compound 2.135 
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 Encouraged by the successful arylation of ketoester 2.132 with ortho-tolyllead triacetate 

2.134, we set out to prepare 2-azido-4-fluorophenyllead triacetate 2.122 for the synthesis of 

tetracycle 2.120. The synthesis of 2.122 was conducted as described by Driver (Figure 

2.50).94 Accordingly, 2-bromo-4-fluoroaniline 2.136 was subjected to Pd-catalyzed borylation 

(PinBH, Pd(dppf)Cl2 (10 mol%), TEA, 1,4-dioxane, 120 °C) to afford boronate 2.137 in 66% 

yield. Diazotation of the aniline with tBuONO followed by treatment with TMS-azide 

(MeCN; 0 °C to r.t.)105 led to aryl azide 2.138 in 42% yield, which represented a slight 

increase over the reported outcome (34%). The last step of the synthesis, the Hg-catalyzed 

transmetallation proved to be challenging. Although Driver had reported successful 

preparation of the aryl lead triacetate 2.122 in 34% yield, we were unable to reproduce this 

result. Multiple attempts did not produce material, which 1H-NMR spectra (in CDCl3) would 

correspond to the literature data. Although the obtained spectra varied across the many 

attempted reactions, they suggested formation of unidentified degradation and / or 

dimerization products of compound 2.138. As the factors leading to the poor reproducibility 

of the transmetallation reaction could not be identified, this synthesis route to tetracycle 2.120 

through arylation of β-ketoester 2.135 was put on hold, and further efforts were directed at the 

alternative route starting from indenoindole 2.124 (Figure 2.46). 

  

 

Figure 2.50 Attempted synthesis of aryl lead triacetate 2.122 

 

 In order to assess the feasibility of tetracycle 2.120 synthesis from indenoindole 2.124 

(Figure 2.46), we elected to perform initial model studies using an easier-to-prepare des-

bromo indole 2.140 that was prepared from 4-fluorophenylhydrazine hydrochloride (2.85) and 

2-indanone (2.139) in 82% yield using Fischer indole synthesis conditions (iPrOH; 75 °C) 

(Figure 2.51). For the planned selective C3 allylation of indole 2.140 we chose to follow the 

method developed by Hashim and co-workers,106 who demonstrated that selective C3 

alkylation of 2,3-disubstituted indoles could be achieved in high yields (45 – 95%) without 

the formation of undesired N- and C2 alkylation products by initial preparation of N-indolyl 

triethyl boronate complex XXV. The high C3 selectivity of the alkylation was attributed to the 

increased nucleophilicity of indole and also the relatively strong N–B bond in boronate XXV, 

which prevents not only the competing N-alkylation but also the C2-alkylation pathway.107 

The prerequisite N-indolyl trialkyl boronate XXV was prepared by indole N-H deprotonation 
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with NaOtBu and reaction with triethylborane. As anticipated, the alkylation with allyl 

bromide proceeded with excellent C3 selectivity to furnish imine XXVI that was 

subsequently reduced in situ by NaBH3CN into indoline 2.141 as single diastereomer (99:1 

dr) with 68% overall yield.  

 

 

Figure 2.51 Synthesis of indoline 2.141 

 

 Next, transition metal-catalyzed isomerization of the double bond in the allyl moiety 

was addressed. Screening of various transition metal catalysts (A: PdCl2(MeCN)2 (10 mol%), 

PhMe, 60 °C; B: RhCl3×H2O (10 mol%), K2CO3, EtOH, 60 °C; C: Grubb’s 2nd generation 

catalyst (10 mol%), MeOH, 60 °C)108–110 helped to identify rhodium chloride hydrate as the 

catalyst of choice that effected complete conversion of 2.141 into 2.142 within 16 hours. 

Grubb’s 2nd generation catalyst also facilitated isomerization albeit with concomitant 

formation of unidentified side products, whereas PdCl2(MeCN)2 was completely inactive. At 

larger scale (3.4 g of 2.141 instead of 20 mg), RhCl3-catalyzed isomerization turned out to be 

sluggish and afforded 2.142 with incomplete conversion even after 40 hours (Figure 2.52). In 

addition, the formation of unidentified byproducts was also observed. Nevertheless, the 

isomerization product 2.143 could be obtained after N-Boc protection (KHMDS, Boc2O, 

THF, 0 °C to r.t.) in 21% over two steps. 

  

 

Figure 2.52 Synthesis of alkene 2.143 
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 The mechanism of Rh-catalyzed double bond isomerization presumably involves initial 

reaction of terminal alkene 2.141 with in situ generated Rh(III) hydride to form the rhodium 

hydride complex XXVII (Figure 2.53).111 Subsequent hydrometallation of alkene leads to a 

pair of regioisomers (shown is only alkyl rhodium complex XXVIII) that undergo -hydride 

elimination to afford alkene-rhodium complex XXIX and, finally, alkene 2.142. All the 

reaction steps are reversible and formation of the internal alkene 2.142 was governed by the 

thermodynamic preference for more substituted double bond.  

 

 

Figure 2.53 Mechanism of the Rh-catalyzed double bond isomerization 

 

 Endgame of the model synthesis involved ozonolysis of double bond, oxidation of the 

formed aldehyde to carboxylic acid and DIC-mediated preparation of the ester 2.146 (Figure 

2.54). Ozonolysis of the alkene 2.143 and quenching of the reaction with dimethyl sulfide 

cleanly furnished the aldehyde 2.144 which, after subjection to Pinnick oxidation conditions 

(NaClO4, NaH2PO4, resorcinol, DMSO, 5 °C to r.t.), afforded carboxylic acid 2.145 in 55% 

yield over two steps. Notably, N-Boc protection of tetracycle 2.143 was crucial as ozonolysis 

of unprotected indoline 2.142 caused degradation and no formation of aldehyde. Use of 

triphenylphosphine instead of dimethyl sulfide was also possible but produced large amount 

of triphenylphosphine oxide, which complicated the purification procedure. Finally, synthesis 

of N-hydroxyphtalimide (NHPI) ester 2.146 was accomplished using conditions reported by 

Baran (DMAP, DIC, DCM, r.t.).93 

  

 

Figure 2.54 Synthesis of compound 2.146 

 

 Next, we turned our attention to the key transition metal-catalyzed decarboxylative 

coupling of the redox-active ester 2.146 and metalated bioxazole 2.119 (Figure 2.45). Baran 

had demonstrated that some cyclic tertiary carboxylic acid-derived NHPI esters can 
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participate in Fe-catalyzed cross-coupling with aryl zinc or aryl magnesium species.93 

Unfortunately, when the cyclic tertiary NHPI ester 2.146 was reacted with PhMgBr×LiCl as 

the model Grignard reagent under Baran’s conditions (Fe(acac)3 (100 mol%); THF; DMP; 

r.t.), the formation of the desired coupling product 2.147 was not observed (by UPLC-MS 

assay) even though complete consumption of the redox-active ester 2.146 was noted (Figure 

2.55). Analysis of the UPLC-MS data indicated that the indoline XXXII was the main 

product of the reaction. Formation of tetracycle XXXII presumably involved single electron 

transfer from Fe-catalyst to phthalimide moiety in 2.146 and generation of the anion radical 

XXX, followed by its decomposition to tertiary radical XXXI.93 However, due to not fully 

understood reasons, the reaction of radical XXXI with Grignard reagent was obviously 

sluggish. Instead, H-atom abstraction took place to generate XXXII (H-abstraction is known 

competing side process in coupling reactions that involve alkyl radicals.112     

 

 

Figure 2.55 Attempted synthesis of 2.147 

 

 Shortly after our unsuccessful Fe-catalyzed cross-coupling attempts, Baran disclosed a 

method for nickel-catalyzed coupling of tertiary N-hydroxy tetrachlorophthalimide (TCNHPI) 

esters with diary zinc species.113 The requisite TCNHPI ester 2.148 was readily prepared from 

acid 2.145 and subjected to a model reaction with freshly prepared di(4-methoxyphenyl)zinc 

under the reported conditions (Ni(DPM)2×H2O (20 mol%); ZnBr2 (100 mol%); THF; DMI, 

r.t.) (Figure 2.56). Despite the fact, that Ni-catalyzed coupling method was specifically 

designed for the use with tertiary carboxylic acid derivatives, it failed to produce the coupling 

product 2.149 (as detected by UPLC-MS). Similarly to the previously described Fe-catalyzed 

coupling, the redox-active ester 2.148 was fully consumed and the undesired indoline XXXII 

was the main reaction product (Figure 2.55). Additionally, formation of di(4-

methoxyphenyl)zinc-derived biaryl compound was detected.  
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Figure 2.56 Attempted synthesis of tetracycle 2.149 

 

 The experienced setback prompted us to investigate the reproducibility of the reported 

Ni-catalyzed cross coupling. To this end, we prepared the known TCNHPI ester 2.151 from 1-

methylcyclohexyl carboxylic acid (2.150) and subjected it to reaction with freshly prepared 

di(4-methoxyphenyl)zinc under the reported conditions (Ni(DPM)2×xH2O (20 mol%); ZnBr2 

(100 mol%); THF; DMI, r.t.) (Figure 2.57).113 This time, however, the cross coupling product 

2.152 was produced in 64% yield after purification which is in good agreement with the yield 

reported in literature (60%). 

 

 

Figure 2.57 Synthesis of compound 2.152 

 

 The mechanism of Ni(DPM)2 catalyzed cross coupling between TCNHPI ester 2.151 

and di(4-methoxyphenyl)zinc involves single electron transfer from nickel catalyst to 

phthalimide moiety and formation of anion radical XXXIII with simultaneous oxidation of 

Ni(II) to Ni(III) (Figure 2.58).114 The anion radical then undergoes fragmentation into tertiary 

radical XXXIV, phthalimide anion and CO2. Interestingly, Molander has shown that tertiary 

alkyl radicals in Ni(DPM)2-catalyzed coupling reactions undergo outer sphere radical 

coupling with the aryl moiety of in situ generated Ni(III)-aryl complex XXXV  (transition 

state XXXVI) that leads to formation of the product 2.152.115 The mechanistic requirement 

for a direct attack of the tertiary radical onto the aryl moiety in the Ni-complex might be 

responsible for the failure of reaction involving ester 2.148: the formed tertiary radical is 

sterically too hindered to approach the Ni-complex and furnish the product 2.149. Such 
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assumption is corroborated by fact that Baran has reported the successful coupling of only 

those tertiary redox-esters that possess at least one sterically small methyl substituent.113     

 

 

Figure 2.58 Mechanism for the formation of compound 2.152 

 

 To sum up, three different strategies toward synthesis of dihydroindenoindole core-

containing macrocycle 2.71 – carba analog of DZ-2384 (1.76) – have been examined (Figure 

2.59). First, Fischer indole synthesis and late-stage construction of the dihydroindenoindole 

core-based approach from the macrocyclic ketone 2.73 was explored (path A). Then, 

macrocyclization of 2.91 in base promoted SNAr-type reaction was evaluated (path B) and, 

finally, formation of the key oxazole-tetracycle C-C bond by transition metal-catalyzed 

decarboxylative coupling of 2.148 was looked into (path C).  

 

  

Figure 2.59 Strategies toward synthesis of macrocycle 2.71 

 

 Even though the syntheses did not reach their goal, the multiple synthetical approaches 

examined during the attempted preparation of macrocycle 2.71 provided access to unique and 

previously unreported macrocycles 2.89, 2.104 and 2.106. Each of them incorporates 

macrocyclic structure, α-hydroxy amide sidechain and chiral tetracyclic moiety. Macrocycles 

2.89, 2.104 and 2.106 were subjected to in vitro antiproliferative activity assay against 

multiple cancer cell lines and the results are discussed in chapter 2.4.  
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2.3. Simplified analogs of DZ-2384 

 

 Chapter based on PCT patent published in 2021116 and J.Med.Chem. featured 

article published in 2024.117 

 

2.3.1. Introduction  

 

Challenges encountered during the attempted synthesis of both diazonamide A (1.2) and 

carba-analog of DZ-2384 (2.71) clearly indicated that reduction of structural complexity of 

the tetracyclic core would facilitate the development of new antiproliferative agents based on 

the highly cytotoxic macrocycles 1.2 and DZ-2384 (1.76). Consequently, a re-scaffolding 

approach was considered in the design of less complex analogs of diazonamide A (1.2) with 

improved drug-like properties. Specifically, we envisioned the replacement of the entire 

tetracyclic core with chiral quaternary center-containing indolin-2-one subunit, while 

retaining both the bioxazole moiety and the peptide-based macrocycle. This approach would 

enable us to explore structure-activity relationships and prepare potent analogs of the natural 

diazonamide A (1.2) and its synthetic analog DZ-2384 (1.76). The corresponding design is 

illustrated by the macrocycle series 2.153 and 2.154 (Figure 2.60). 

 

 

Figure 2.60 Retrosynthesis of compounds 2.153 and 2.154 

 

We envisaged that macrocycles 2.153 and 2.154 could be prepared using similar 

approach to that developed by Sammakia and co-workers in their formal total synthesis of 

diazonamide A (1.2) (see chapter 1.1.6),23 where the key macrocyclization step and the 

formation of quaternary stereogenic center was accomplished under SNAr-type arylation 

conditions (Na2CO3, DMF, 65 °C). The cyclization precursors 2.155 and 2.156 could be 

prepared from indolin-2-ones 2.157 and 2.158 and the bromo oxazole 2.93. Finally, indolin-2-

ones 2.157 and 2.158 are accessible from the commercially available 5-iodoisatin (2.159).  



86 

 

The retrosynthetic strategy (Figure 2.60) has been verified by coworkers V. 

Vitkovska118 and M. Kazak in their synthesis of 12-memebered macrocycles. However, 13-

membered macrocyclic homologs were also required for SAR studies. We realized that the 

macrocyclization of 13-membered cycles may differ from that of the 12-membered analogs in 

terms of yields and diastereoselectivity. Besides, the synthesis of amino acid esters 2.158 

(n=2) from 5-iodoisatin would require C-C bond formation chemistry different from that of 

amino acid derivatives 2.157 (n=1). With this in mind we embarked on the synthesis of 13-

membered macrocycle series 2.154a-d (Figure 2.61).  

 

  

Figure 2.61 Target 12- and 13-membered macrocycles 2.153 and 2.154 

 

In addition, we synthesized 12-membered analogs 2.153b (described in 118) and 2.153c 

to study the ease of the macrocycle formation depending on the ring size. Finally, biological 

evaluation of compounds 2.153 and 2.154 would offer valuable contribution to the 

understanding of SAR. 

 

2.3.2. Synthesis 

 

The synthesis of macrocycles 2.513 and 2.154 began by preparation of the aryl 

bromides 2.161a-d from the commercially available 5-iodoisatin (2.159) (Figure 2.62). 

Addition of phenyl- or methyl magnesium halides to the carbonyl group of isatin 2.159 (with 

or without a prior methylation of the nitrogen of the isatin) furnished alcohols 2.160a-d. 

Subsequent reductive cleavage of the hydroxyl group using SnCl2 in AcOH at elevated 

temperature (involving protonation of hydroxyl moiety, elimination of water molecule and 

reduction of the formed tertiary carbocation) afforded iodo-indolin-2-ones 2.161a-d in 33% to 

44% yield over two steps.119 
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Figure 2.62 Synthesis of oxindoles 2.161a-d 

 

12-Memebered macrocycle precursors 2.155b,c were then prepared by Pd-catalyzed 

Negishi cross-coupling of heteroaryl iodides 2.161b,c with freshly prepared alkyl zinc iodide 

2.81,72 followed by saponification of the methyl ester and EDC-mediated amide coupling with 

amine 2.93 (Figure 2.63). The sequence afforded bioxazoles 2.155b and 2.155c in 42% and 

63% yield over three steps.  

 

 

Figure 2.63 Preparation of compounds 2.155b,c 

 

In the meantime, due to the low stability and complicated preparation of homoalanine-

derived alkyl zincate (homolog of 2.81),120 different approach was utilized to access 

precursors for 13-membered macrocycle 2.156. Thus, nickel catalyzed decarboxylative 

coupling121 between iodides 2.161a-d and the redox-active NHPI-ester 2.162 (prepared from 

N-Boc-L-Glu-OBn and N-hydroxyphtalimide93 allowed us to obtain amino acid derivatives 

2.163a,b and d in 23–52% yield (Figure 2.64). Unexpectedly, the reaction between 5-iodo-1-

methyl-3-phenylindolin-2-one (2.161c) and NHPI-ester 2.162 failed to give any coupling 

product and led to extensive degradation of both reaction partners. Finally, hydrogenative 

cleavage of benzyl ester moiety in 2.163a,b and d was followed by amide bond formation 

with amine 2.93 leading to the macrocycle precursors 2.156a,b,d (15-38% yields over three 

steps).  
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Figure 2.64 Preparation of amides 2.156a,b,d 

 

An alternative approach was employed to prepare amino acid derivative 2.158c that 

could not be obtained through a decarboxylative coupling between compounds 2.161c and 

2.162. Thus, aryl-alkyl Suzuki cross-coupling reaction between aryl iodide 2.161c and 

alkylboronate 2.165 (prepared in-situ from N-Cbz-vinylglicine methyl ester 2.164) afforded 

the Cbz-protected amino acid derivative 2.158c in 29% yield (Figure 2.65).122 Saponification 

of the methyl ester and condensation of the resulting carboxylic acid with amine 2.93 gave the 

macrocycle precursor 2.156c with the overall yield of 10% over three steps.  

 

 

Figure 2.65 Synthesis of amide 2.156c 

 

Having obtained amides 2.155b,c and 2.156a-d, the key macrocyclization reaction was 

addressed. We were delighted to observe that when both phenylalanine analogs 2.155b and 

2.155c were exposed to the Sammakia’s cyclization conditions (Na2CO3, DMF, 65 °C), the 

respective 12-membered macrocycles 2.166b,c were formed with excellent 

diastereoselectivity (dr 99:1 and 95:5, Figure 2.66). Chromatographic purification enabled us 

to isolate both macrocycles 2.166b,c as individual diastereomers in good yield (37% - 75%), 

The absolute configuration of the newly formed quaternary stereocenter was assigned S based 

on an analogy with previously prepared 12-membered macrocycles.118 Additional evidence 

for the formation of (S)-stereogenic center was gained using DFT calculations (b3lyp level of 

theory and 6-311++g(2d,p) basis set, performed by Dr. A.Kinens) – the formation of (S)-
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macrocycle was showed to be 5 kcal/mol more favorable than formation of macrocycle 

bearing (R)-stereocenter, which corresponds to >99:1 dr and is in good agreement with the 

measured value (99:1 dr). 

   

Figure 2.66 Synthesis of macrocycles 2.153b,c and 2.154a-d 

 

We then shifted our focus to the synthesis of larger, 13-membered macrocycles from 

homo phenylalanine analogs 2.156a-d (Figure 2.66). The target macrocycles 2.167a-d were 

obtained with yields like those of the 12-membered macrocycles 2.166b and c (ranging from 

32% to 79% after purification). However, the diastereoselectivity was noticeably lower, 

ranging from 62:38 to 86:14 dr. In the meantime, these values are in good agreement with 

ones gained from DFT calculations (b3lyp level of theory and 6-311++g(2d,p) basis set, 

performed by Dr. A.Kinens) which indicated that in 13-membered macrocycle series 

formation of ring possessing (S)-stereogenic center is only 1.3 kcal/mol more favorable than 

generation of (R)-center which corresponds to 90:10 dr. At this stage, the diastereomers of the 

13-membered macrocycles 2.167a,b and d were inseparable and they were carried forward as 

mixtures, albeit slightly diastereomerically enriched compared to the crude mixture. An 

exception was the compound 2.167c, for which a single diastereomer (97:3 dr) could be 

obtained by chromatographical purification. 

Reliable determination of the relative configuration of the newly created quaternary 

stereogenic center in macrocycles 2.167a-d posed a challenge. NMR methods were not 

helpful due to the absence of useful H-H or C-H interactions near the relevant stereogenic 
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center. In addition, all attempts to grow single crystals for X-ray crystallography were 

unsuccessful. Eventually, the absolute configuration of the quaternary stereogenic center was 

established in both diastereomers by comparing the experimental electronic circular dichroism 

(ECD) spectra with those calculated using DFT methods for the downstream compounds 

2.154d and epi-2.154d. Based on this, S configuration was assigned to all major diastereomers 

of the 13-membered macrocycles 2.167a-d. We thank Prof. Riina Aav and Nele Konrad 

(Tallinn University of Technology, Tallinn, Estonia) for ECD measurements and Dr. Artis 

Kinens for DFT calculations. 

To finalize the synthesis, all prepared macrocycles were decorated with (S)-hydroxy iso-

valeric acid ((S)-HiVA) sidechain. Thus, N-Boc groups were cleaved with TFA (compounds 

2.166b,c and 2.167a,b,d) while N-Cbz group (compound 2.167c) was removed by Pd/C 

catalyzed hydrogenolysis. The resulting amines were coupled with (S)-HiVA in the presence 

of EDC×HCl and HOBt. The 12-membered macrocycles 2.153b and c were furnished in good 

yield (65% and 43% respectively) while the yield for 13-membered macrocycles 2.154a-d 

was somewhat lower (21% to 60%) because of the need for chromatographic separation of 

diastereomers. In the case of compound 2.174d we were able to separate and purify also the 

minor epimer – compound epi-2.174d (4% yield; 99:1 dr).  

 Overall, structurally simplified analogs of highly complex natural product diazonamide 

A (1.2) were developed by the replacement of the challenging-to-synthesize tetracyclic 

subunit with 2-indolinone motif. It was shown that intramolecular SNAr-type reaction 

between deprotonated oxindole and bromooxazole fragments is suitable for the formation of 

both 12- (2.153b,c) and 13-membered (2.154a-d) macrocycles. In all cases, the yields after 

purification ranged from acceptable to very good (32% – 79%). However, diastereoselectivity 

varied significantly. The 12-membered macrocycles 2.153b,c were formed exclusively as 

single diastereomers regardless of the substitution pattern at the oxindole moiety. In contrast, 

the diastereoselectivity of the more flexible 13-membered macrocycles ranged from poor 

(62:38 dr; 2.154a) to good (86:14 dr; 2.154c) thus complicating purification and lowering the 

overall yield. All prepared macrocycles were subjected to in vitro antiproliferative activity 

assay. 

 

2.4. Antiproliferative activity  

 

Macrocycles synthesized in chapters 2.2 and 2.3 were evaluated for their in vitro 

antiproliferative activity against four cancer cell lines (epithelial pancreatic carcinoma PANC-

1, pancreatic carcinoma MiaPaCa-2, estrogen positive breast adenocarcinoma MCF-7 and 
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estrogen negative breast adenocarcinoma MDA-MB-231) by the MTT assay with vinorelbine 

as the positive control. We kindly thank Dr. Ilona Domračeva (LIOS, Riga, Latvia) for 

running the assay. 

The in vitro antiproliferative activities (as measured by GI50 – concentration of 

compound needed to inhibit cell growth by 50%) of macrocycles 2.89, 2.104, 2.106 (synthesis 

described in chapter 2.2) are depicted in Table 2.1. Antiproliferative activities of DZ-2384 

(1.76) are added for comparison. 

 

Table 2.1  

 

In vitro antiproliferative activity of compounds 2.89, 2.104, 2.106 and 1.76 

Entry Compound 
GI50, µM 

PANC-1 MiaPaCa-2 MCF-7 MDA-MB-231 

1 2.89 100±15 - >100 No effect 

2 2.104 56±2 33±2 73±5 40±3 

3 2.106 >100 11±2 17±2 85±3 

4 1.76 0.0030 

±0.0006 

0.000022 

±0.000006 

0.0012 

±0.0004 

0.0075 

±0.002 

 

The macrocycles 2.89, 2.104 and 2.106 featured low antiproliferative activity with only 

macrocycle 2.106 reaching 10 µM activity level on a single cell line (MiaPaCa-2) (Table 2.1, 

entry 3). The poor antiproliferative effects of compounds 2.89, 2.104 and 2.106 illustrate the 

importance of the spatial structure at the tetracyclic indoline core. Despite containing the 

same bioxazole motif, peptide-based macrocycle and (S)-hydroxyisovaleric acid side chain as 

in DZ-2384 (1.76), the tested compounds 2.104 and 2.106 were at least four orders of 

magnitude less biologically active and the cianooxazole-containing macrocycle 2.89 was 

virtually inactive.  
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Gratifyingly, antiproliferative activities of indolinone core-containing 12- and 13-

membered macrocycles 2.153b,c and 2.154a-d as well as epi-2.154d (synthesis described in 

chapter 2.3) were considerably higher (Table 2.2). 

 

Table 2.2  

 

In vitro antiproliferative activities of compounds 2.153a-d and 2.154a-d 

Entry Compound n R1 R2 

GI50, µM 

PANC-1 MiaPaCa-2 MCF-7 
MDA-MB-

231 

1 2.153aa 1 H Ph 12±2 0.67±0.005 1.2±0.3 8±2 

2 2.153b 1 H Me 11±2 0.68±0.09 0.53±0.09 1.4±0.3 

3 2.153c 1 Me Ph 1.2±0.2 0.42±0.07 0.39±0.08 0.36±0.02 

4 2.153da 1 Me Me 4.5±1 0.50±0.02 0.75±0.07 2.5±0.1 

5 2.154a 2 H Ph 1.2±0.3 0.46±0.04 7.7±0.3 0.26±0.03 

6 2.154b 2 H Me >100 17±2 12±3 21±3 

7 2.154c 2 Me Ph 7.10±1 3.4±0.5 1.8±0.4 4.9±2 

8 2.154d 2 Me Me >100 >100 15±2 4.8±1 

9 epi-2.154d 2 Me Me >100 >100 79±6 75±8 

aMacrocycle was prepared by V.Vitkovska and synthesis is described in117 

We were delighted to see that macrocycle 2.153b (Table 2.2, entry 2), 2.153c (entry 3) 

and 2.154a (entry 5) showed cancer cell growth inhibition at low micromolar or high 

nanomolar concentrations. In the 12-membered (n=1) macrocycle series, both compounds 

2.153b (R2 = Me, entry 2) and 2.153c (R2 = Ph, entry 3) showed comparable nanomolar 

activity against MiaPaCa-2 and MCF-7 cancer cell lines, while in PANC-1 and MDA-MB-

231 cell lines phenyl-substituted analog 2.153c (R2=Ph, entry 3) was up to order of magnitude 

more active. Notably, the SAR pattern in the 13-member macrocycle series was different. In 

both N-Me and N-H series, the phenyl group-bearing compounds were clearly more active 

than their Me-containing analogs and the highest activities were measured for macrocycle 

2.154a (R1=H, R2=Ph; entry 5). In contrast to the 12-membered macrocycles, the N-

methylation seemed to have a detrimental effect in 13-membered homologs: compounds 
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2.154c,d displayed lower activity than their N-H analogs 2.154a,b. Importantly, ring 

enlargement to 13-membered homologue 2.154a (R1 = H, R2 = Ph, entry 5) helped to increase 

activity against MDA-MB-231 and PANC-1, while keeping comparable efficacy against 

MCF-7and MiaPaCa-2 cancer cell lines as compared to the 12-membered congener 2.153a 

(entry 1). In contrast, considerable drop in the antiproliferative activity against all cell lines 

was observed when going from 12- to13-membered macrocycles, possessing methyl group 

either at the quaternary center (2.153b vs 2.154b, entry 2 vs entry 6 and 2.153d vs 2.154d, 

entry 4 vs entry 8) or, less pronounced, at indolinone nitrogen (2.153c vs 2.154c, entry 3 vs 

entry 7). Hence, the phenyl at quaternary center is superior substituent to the methyl group in 

the 13-membered macrocycle series. Finally, comparison of compounds 2.154d (entry 6) and 

epi-2.154d (entry 7) shows the importance of having the right (S) configuration of the key 

quaternary stereogenic center: the epi-2.154d (R isomer) had a significantly lower activity in 

the MCF-7 and MDA-MB-231 cancer cell lines.    

The efficacy of the best-performing macrocycles 2.153b,c and 2.154a was further 

evaluated in a series of additional cancer cell lines (histiocytic lymphoma U-937, melanoma 

A-2058 and lung adenocarcinoma HCC-44) by the MTT assay with vinorelbine as the 

positive control (Table 2.3). All three compounds exerted nanomolar activity on U-937 and 

A2058 cell lines, with 2.154a (entry 3) being the most effective. It also inhibited the 

proliferation of HCC-44 cancer cell line at low nanomolar concentration.  

 

Table 2.3  

Additional in vitro antiproliferative activities of compounds 2.153b,c and 2.154a 

Entry Compound 
GI50, µM 

U-937 A2058 HCC-44 

1 2.153b 0.084±0.007 0.35±0.01 2.4±0.07 

2 2.153c 0.043±0.001 0.31±0.03 1.3±0.1 

3 2.154a 0.0087±0.001 0.049±0.001 0.26±0.02 

 

We also evaluated the selectivity of antiproliferative activity of macrocycles 2.153b,c 

and 2.154a using non-cancerous cell lines HEK-293 (human embryonic kidney cells) and 

GM08402 (human dermal fibroblasts) (Table 2.4). Surprisingly, N-methyl indoline derivative 

2.153c (Table 2.4, entry 2) showed poor selectivity with antiproliferative activity against 

HEK-293 cells comparable to that in cancer cell lines (PANC-1 and HCC-44; Table 2.2 and 

Table 2.3). In contrast, N-H indolines 2.153b and 2.154a (entries 1 and 3) featured one to 

three orders of magnitude lower activity against non-cancerous cells as compared to cancer 
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cell lines. Similarly, high selectivity was also observed for all macrocycles when human 

dermal fibroblast cells (GM08402 cell line) were used. 

Table 2.4  

In vitro antiproliferative activities of compounds 2.153b,c and 2.154a against non-cancerous cell 

lines 

Entry Compound 
GI50, µM 

Hek293 GM08402 

1 2.153b 

2.153c 

2.154a 

44±8 

1.2±0.3 

10±1 

53±9 

2 >100 

3 17±3 

 

 Additionally, 12-membered macrocycle 2.153b and 13-membered homolog 2.154a 

were submitted to dose-response screening assay against 60 human tumor cell line panel NCI-

60 (US National Cancer Institute) at five concentrations (ranging from 0.01 to 100 M).123 In 

the assay macrocycle 2.154a displayed sub micromolar average GI50 values, whereas 2.153b 

exhibited mean inhibitory activity at the micromolar range (Table 2.5, entries 1-2). It was 

evident that, despite considerable structural alteration, macrocycle 2.154a was only ca. 20-

fold less active than the natural diazonamide 1a as well as marketed MTA vinorelbine and 

paclitaxel as evidenced by their mean GI50 values in NCI-60 panel (entry 2 vs. entries 3-6). 

Significantly, compounds 2.153b and 2.154a showed low acute toxicity towards the tested 

cancer cell lines as evidenced by the mean LC50 (concentration of compound needed to kill 

50% of cells) values above 100 μM assay threshold. However, low TGI (total growth 

inhibition) values for macrocycles 2.153b and 2.154a did not allow for assessment of 

cytostatic vs. cytotoxic properties. Overall, the results in dose-response screening assay 

against NCI-60 panel cell lines (Table 2.5) are in line with our data (Table 2.2 and Table 2.3) 

and point to the good antiproliferative potency of macrocycle 2.154a. 

It should be also noted that macrocycles 2.153b and 2.154a demonstrated differential 

cytotoxicity pattern highly similar to that of marketed microtubule-targeting agents paclitaxel 

and vinblastine (correlation coefficients 0.71 and 0.68 for 2.153b and 0.79 and 0.76 for 

2.154a, respectively as indicated by COMPARE algorithm).123 The overall activity pattern of 

compounds 2.153b and 2.154a and its similarity to the marketed MTA paclitaxel and 

vinblastine suggests that the observed antiproliferative activity of macrocyclic series is 

associated with their effect on microtubule dynamics. 
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Table 2.5  

Results from NCI-60 cancer cell line screen 

Entry Compound 
NSC 

ID 

Mean GI50, 

uM 

Mean TGI, 

uM 

Mean LC50, 

uM 

1 2.153b 830922 4.1 >100a >100a 

2 2.154a 830921 0.38 >100a >100a 

4 vinorelbineb 608210 0.018 4.2 52 

5 paclitaxelb 125973 0.025 3.9 75 

6 diazonamide A (1.2)c 700089 0.011 >10c >10c 

 a TGI and LC50 values exceeded the upper concentration limit (100 M) for more than half of 

NCI-60 cell lines; bData from ref. 124; c Data from ref. 125; c TGI values exceeded the upper 

concentration limit (10 M) for more than half and LC50 for 90% of cell lines in NCI-60 

panel. 

 The measured antiproliferative activities of macrocycles 2.89, 2.104, 2.106, 2.153b,c 

and 2.154a-d provide important insight into SAR of diazonamide A that is critical for 

successful development of its less complex analogs. Thus, the tetracyclic hemiaminal core 

apparently secures the bioactive conformation of both the highly cytotoxic natural 

diazonamide A (1.2) and its synthetic analog DZ-2384 (1.76). Variation of the bond 

connectivity between the core tetracycle and the rest of the molecule does not allow the 

(dihydro)indenoindole-core containing macrocyles 2.89, 2.104 and 2.106 to adapt the 

bioactive conformation, leading to drop in antiproliferative activity compared to DZ-2384 

(1.76). 

 However, the hard-to-synthesize tetracyclic core structure of diazonamide A and DZ-

2384 can be replaced by much simpler 2-indolinone (as in compounds 2.153c,b and 2.154 a-

d) without critical loss of antiproliferative activity against cancer cells. Additionally, change 

of the macrocyclic ring size from the 12- (simplified analogs 2.153b,c as well as natural 

diazonamide A (1.2) and DZ-2384 (1.76)) to 13-membered ring (2.154a-d) is generally well 

tolerated and can have beneficial effect (as with macrocycle 2.154a). However, change in 

absolute configuration at the quaternary stereogenic center of the 2-indolinone core is not 

tolerated and needs to adopt S-configuration (as illustrated with macrocycles 2.154d and epi-

2.154d). This further illustrates the high impact of spatial arrangement of core structure onto 

the biological activity of diazonamide A analogs. The obtained SAR insights will be used in 

further development of the simplified analogs of diazonamide A. 
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3. EXPERIMENTAL PART 

 

 General. Unless otherwise noted, all chemicals were used as obtained from commercial 

sources and all reactions were performed under argon atmosphere in oven-dried (120 °C) 

glassware. Anhydrous MeOH, pyridine, DMF, DMA and DMSO were purchased from Acros. 

Anhydrous PhMe, Et2O, THF and DCM were obtained by passing commercially available 

solvent through activated alumina columns. Reactions were monitored by analytical TLC 

(precoated silica gel F-254 plates, Merck) or by UPLC-MS assay (Waters Acquity column: 

Acquity UPLC BEH-C18 (2.1 mm × 50 mm, 1.7 μm, (30.0 ± 5.0) °C); gradient, 0.01% TFA 

in water/CH3CN 90:10 to 0.01% TFA in water/CH3CN 5:95; flow rate, 0.5 mL/min; run time, 

8 min; detector, PDA (photodiode matrix), 220−320 nm, SQ detector with an electrospray ion 

source (APCI). Purification by preparative reverse phase chromatography was performed 

using Waters Xbridge BEH C18 OBD column (5 μm, 10 × 150 mm) or Waters Atlantis Prep 

OBD T3 column (30 mm × 100 mm, 5 μm). All NMR spectra were recorded at 600, 400 or 

300 MHz for 1H-NMR, 151 or 101 MHz for 13C-NMR and 376 MHz for 19F-NMR. Chemical 

shifts are reported in parts per million (ppm) relative to TMS or with the residual solvent peak 

as an internal reference. High-resolution mass spectra (HRMS) were recorded on a Waters 

Synapt G2-Si TOF MS instrument using the ESI technique. Specific rotation was recorded on 

a Kruss P3000 instrument.  

 Synthesis of macrocyclic ketone (R,R)-2.3 is described in: Mutule, I.; Joo, B.; Medne, 

Z.; Kalnins, T.; Vedejs, E.; Suna, E. Stereoselective Synthesis of the Diazonamide A 

Macrocyclic Core. J. Org. Chem. 2015, 80 (6), 3058–3066 (see appendix I). 

 Synthesis of compounds 2.33 – 2.36 is described in: Mutule, I.; Kalnins, T.; Vedejs, E.; 

Suna, E. Diazonamide Synthetic Studies. Reactivity of N-Unsubstituted Benzofuro[2,3-

b]Indolines. Chem. Heterocycl. Compd. 2015, 51 (7), 613–620 (see appendix II). 

 Synthesis of compounds 2.153b,c and 2.154a-d as well as supporting information of the 

experiments are described in: Kalnins, T.; Vitkovska, V.; Kazak, M.; Zelencova-Gopejenko, 

D.; Ozola, M.; Narvaiss, N.; Makrecka-Kuka, M.; Domračeva, I.; Kinens, A.; Gukalova, B.; 

Konrad, N.; Aav, R.; Bonato, F.; Lucena-Agell, D.; Díaz, J. F.; Liepinsh, E.; Suna, E. 

Development of Potent Microtubule Targeting Agent by Structural Simplification of Natural 

Diazonamide. J. Med. Chem. 2024, 67 (11), 9227–9259 (see appendix IV). 

 Tetracycle (R,R)-2.7 was prepared as described by Peris and Vedejs.40 Tetracycle rac-

2.7 was prepared as described by Zajac and Vedejs.39 Di(4-methoxyphenyl)phosphinyl 

hydroxylamine (2.48) was prepared as described by Smulik and Vedejs.52 O-(2,4-

dinitrophenyl)hydroxylamine (2.58) was prepared as described by Miller.53 Compounds 2.151 
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and 2.152 were prepared as described by Baran.113 Indane derivative 2.78 was prepared as 

described by Dalton.70 Aniline 2.137 and aryl azide 2.138 were prepared as described by 

Driver.94  

 

 

Macrocyclic ketone rac-2.59. To solution of macrocyclic ketone rac-2.3 (10 mg; 0.0136 

mmol) in anhydrous THF (0.20 mL) was slowly added 0.34 M KHMDS solution in THF (80 

µL; 0.027 mmol; 2 equiv.) at -78 °C. After stirring for two minutes the orange solution was 

cannulated through cooled (dry ice) cannula to AcOH-d4 (12 µL; 0.20 mmol; 15 equiv.) 

solution in anhydrous THF (0.10 mL) at -78 °C. After stirring for five minutes the vial was 

allowed to warm up to room temperature and solvent was evaporated by stream of argon. The 

orange residue was additionally dried at high vacuum which yielded 10 mg (99%) of 

compound rac-2.59 as light-yellow film. 1H NMR (300 MHz, C6D6): δ 7.76 – 7.71 (m, 1H), 

7.44 (dd, J = 6.4, 3.0 Hz, 1H), 7.29 – 7.24 (m, 2H), 7.24 – 7.20 (m, 2H), 7.19 – 7.16 (m, 1H), 

7.14 – 7.07 (m, 2H), 7.03 (dd, J = 7.5, 1.3 Hz, 1H), 6.74 – 6.68 (m, 3H), 6.61 (s, 1H), 6.61 – 

6.58 (m, 1H), 6.47 (t, J = 7.5 Hz, 1H), 4.81, 4.75 (ABq, J = 11.5 Hz, 2H), 4.61, 4.31 (ABq, J 

= 10.5 Hz, 2H), 3.83, 3.45 (ABq, J = 14.0 Hz, 1H), 2.74 (s, 3H), 1.41 – 1.28 (m, 3H), 0.95 (d, 

J = 7.1 Hz, 18H). 13C NMR (101 MHz, C6D6): δ 197.2, 156.2, 154.5, 153.0, 146.2, 145.5, 

140.9, 138.0, 133.4, 133.0, 133.0, 132.0, 128.6, 128.4, 128.2, 128.1, 128.0, 127.9, 123.1, 

122.9, 122.5, 121.4, 119.3, 116.4, 114.0, 113.8, 110.1, 107.2, 102.3, 77.8, 71.0, 54.7, 40.7, 

18.1, 12.9. LRMS-ESI (m/z) calcd. for C44H43DN5O5Si [M-Me+2H]+ 725.7; found 725.3. 

 

 

Diazoketone rac-2.61. Solution of macrocyclic ketone rac-2.3 (20 mg; 0.027 mmol) and p-

acetamidobenzenesulfonyl azide (2.60) (6.9 mg; 0.029 mmol; 1.05 equiv.) in anhydrous 

MeCN (1.5 mL) was cooled to 0 °C. DBU (4.2 µL; 0.028 mmol; 1.05 equiv.) was added and 

the orange solution was stirred at 0 °C for one hour. Solvent was evaporated under reduced 

pressure at room temperature and the orange residue was suspended in Et2O and filtered 

through a plug of cotton. Filtrate was evaporated under reduced pressure to yield 15 mg 
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(72%) of compound rac-2.61 as air and moisture sensitive yellow oil. 1H NMR (400 MHz, 

C6D6): δ 7.46 – 7.41 (m, 1H), 7.27 – 7.25 (m, 1H), 7.25 – 7.24 (m, 2H), 7.24 – 7.22 (m, 3H), 

7.22 – 7.20 (m, 1H), 7.14 – 7.08 (m, 2H), 6.91 – 6.86 (m, 1H), 6.80 – 6.79 (m, 1H), 6.78 – 

6.77 (m, 1H), 6.76 (s, 1H), 6.72 – 6.70 (m, 1H), 6.70 – 6.67 (m, 1H), 6.50 – 6.42 (m, 1H), 

4.77, 4.68 (ABq, J = 12.0 Hz, 2H), 4.50, 4.21 (ABq, J = 10.5 Hz, 2H), 2.57 (s, 3H), 1.40 – 

1.32 (m, 3H), 0.95 (d, J = 7.5 Hz, 18H). LRMS-ESI (m/z) calcd. for C44H44N5O5Si [M-

Me+2H]+ 750.3; found 750.5. 

 

 

Methyl (2S)-3-(2-acetoxy-2,3-dihydro-1H-inden-5-yl)-2-((tert-

butoxycarbonyl)amino)propanoate (2.82). To solution  of aryl bromide 2.79 (prepared 

following procedure described in71) (832 mg; 3.26 mmol), Pd2(dba)3 (29 mg; 0.032 mmol; 

0.01 equiv.) and SPhos (40 mg; 0.098 mmol; 0.03 equiv.) in anhydrous DMF (28 mL) was 

added freshly prepared alkyl zincate 2.81 (prepared following procedure described in72) (0.5 

M in DMF; 6.85 mL; 3.42 mmol; 1.05 equiv.). The flask was placed in preheated oil bath at 

55 °C and the orange solution was stirred for 18 hours. Solution was then cooled to room 

temperature, quenched with aqueous saturated NH4Cl solution and extracted with Et2O. 

Combined organic extracts were washed with water and brine, dried over MgSO4 and 

evaporated to dryness under reduced pressure. The residue was purified by flash 

chromatography on silica (100% hexanes to 80% EtOAc in hexanes) to afford 910 mg (74 %) 

of compound 2.82 (1:1 dr) as orange oil. 1H NMR (400 MHz, CDCl3): δ 7.15 (d, J = 7.6 Hz, 

1H), 6.99 (s, 1H), 6.93 (d, J = 7.6 Hz, 1H), 5.55 – 5.45 (m, 1H), 4.96 (d, J = 8.3 Hz, 1H), 4.60 

– 4.51 (m, 1H), 3.73 (s, 1.5H), 3.72 (s, 1.5H), 3.32 – 3.23 (m, 2H), 3.13 – 2.99 (m, 2H), 2.96 

(dd, J = 17.0, 3.0 Hz, 2H), 2.02 (s, 1.5H), 2.02 (s, 1.5H), 1.42 (s, 9H). 13C NMR (101 MHz, 

CDCl3): δ 172.5, 171.2, 155.2, 141.0, 139.4, 134.7, 128.0, 128.0, 125.7, 125.6, 124.8, 80.0, 

75.5, 54.7, 52.3, 39.6, 39.6, 39.4, 39.4, 38.3, 28.4, 28.4, 21.4. HRMS (ESI) m/z calcd for 

C20H27NO6Na [M+Na]+: 400.1736, found: 400.1751. 
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(2S)-2-((tert-Butoxycarbonyl)amino)-3-(2-hydroxy-2,3-dihydro-1H-inden-5-yl)propanoic 

acid (2.75). To ice cold solution of methyl ester 2.82 (5.20 g; 13.8 mmol) in MeOH and water 

mixture (1:1 v/v; 120 mL) was added solid LiOH (1.32 g; 55.1 mmol; 4 equiv.) and the clear 

yellow solution was stirred at 0 °C for two hours Then the solution was acidified to pH 4 with 

4 M aqueous HCl solution and the MeOH was evaporated. The resulting suspension was 

extracted with DCM and the combined organic layers were washed with brine, dried over 

Na2SO4 and evaporated under reduced pressure. Residue purified with flash chromatography 

on silica (100% DCM to 22% MeOH in DCM) to yield 2.80 g (63%) of carboxylic acid 2.75 

as yellow amorphous solid. 1H NMR (400 MHz, MeOH-d4): δ 7.16 – 7.06 (m, 2H), 7.03 – 

6.98 (m, 1H), 4.60 (tt, J = 6.1, 3.6 Hz, 1H), 4.34 – 4.19 (m, 1H), 3.18 – 3.06 (m, 3H), 2.92 – 

2.77 (m, 3H), 1.39 (m, 9H). 13C NMR (101 MHz, MeOH-d4): δ 175.5, 157.8, 142.6, 140.9, 

136.8, 128.7, 126.6, 125.6, 80.5, 73.8, 56.5, 43.0, 42.7, 38.6, 28.7. HRMS (ESI) m/z calcd. for 

C17H23NO5Na [M+Na]+: 344.1474, found: 344.1488. 

 

 

(S)-2-(1-Amino-2,2-dimethylpropyl)-5-bromooxazole-4-carbonitrile (2.76). To the 

solution of oxazole 2.83 (prepared according to procedure described in85) (150 mg; 0.38 

mmol) in anhydrous 1,4-dioxane (1.0 mL) was added HBr in AcOH (33 %; 2.64 mL; 15.30 

mmol; 40 equiv.). The yellow solution was stirred at room temperature for 10 minutes after 

which it was poured into an ice-cold aqueous saturated Na2CO3 and extracted with EtOAc. 

The combined organic extracts were washed with 1 M aqueous HCl. The combined water 

layers were basified with aqueous NH3 to pH 9 and extracted with EtOAc. Organic layers 

were combined, dried over MgSO4, evaporated to dryness under reduced pressure and purified 

by flash chromatography on silica (100% hexanes to 100% EtOAc) to yield 47 mg (48%) of 

compound 2.76 as yellow oil. 1H NMR (400 MHz, CDCl3): δ 3.78 (s, 1H), 2.24 – 1.89 (br s, 

2H), 0.99 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 169.2, 130.6, 115.8, 111.1, 59.7, 35.6, 

26.3. HRMS (ESI) m/z calcd. for C9H13N3OBr [M+H]+: 258.0242, found: 258.0239. [α]20
D 

+10 (c 1.0, CHCl3). 

 



100 

 

 

tert-Butyl ((2S)-1-(((S)-1-(5-bromo-4-cyanooxazol-2-yl)-2,2-dimethylpropyl)amino)-3-(2-

hydroxy-2,3-dihydro-1H-inden-5-yl)-1-oxopropan-2-yl)carbamate (2.84). Carboxylic acid 

2.75 (1.36 g; 4.23 mmol), amine 2.76 (1.31 g; 5.08 mmol; 1.2 equiv.) and EDC×HCl (811 

mg; 4.23 mmol; 1 equiv.) were dissolved in anhydrous pyridine (50 mL) and the resulting 

yellow suspension was stirred at room temperature for 16 hours. Then solvent was evaporated 

to dryness under reduced pressure and the orange residue was dissolved in EtOAc, washed 

with 1 M aqueous HCl solution and brine, dried over MgSO4 and evaporated under reduced 

pressure. The residual material was purified by flash chromatography on silica (100% DCM 

to 60% Et2O in DCM) to yield 1.90 g (80%) of amide 2.84 (1:1 dr) as light-yellow foam. 1H 

NMR (400 MHz, MeOH-d4): δ 7.13 – 6.83 (m, 3H), 4.96 (d, J = 3.1 Hz, 1H), 4.64 – 4.56 (m, 

1H), 4.39 – 4.29 (m, 1H), 3.18 – 3.01 (m, 2H), 2.98 – 2.88 (m, 1H), 2.86 – 2.73 (m, 3H), 1.40 

(s, 9H), 0.98 (s, 9H). 13C NMR (101 MHz, MeOH-d4): δ 174.5, 166.8, 166.7, 157.6, 142.6, 

142.5, 140.8, 140.7, 136.3, 133.1, 133.0, 128.6, 126.8, 125.5, 125.3, 116.6, 116.5, 112.0, 80.6, 

73.7, 73.7, 57.4, 57.1, 57.1, 43.0, 43.0, 42.8, 38.8, 36.5, 28.7, 26.5. HRMS (ESI) m/z calcd. 

for C26H33N4O5NaBr [M+Na]+: 583.1532, found: 583.1530. 

 

 

tert-Butyl ((S)-1-(((S)-1-(5-bromo-4-cyanooxazol-2-yl)-2,2-dimethylpropyl)amino)-1-oxo-

3-(2-oxo-2,3-dihydro-1H-inden-5-yl)propan-2-yl)carbamate (2.74). To the solution of 

alcohol 2.84 (1.93 g; 3.44 mmol) in anhydrous DCM (50 mL) was added solid DMP (1.46 g; 

3.43 mmol; 1 equiv.). The colorless suspension was stirred at room temperature two hours 

after which it was diluted with Et2O and washed with aqueous saturated Na2S2O3 solution, 

aqueous saturated NaHCO3 solution and brine. The organic layer was dried over MgSO4 and 

evaporated under reduced pressure. The residue was purified by flash chromatography on 

silica (100% DCM to 60% EtOAc in DCM) to yield 1.42 g (74%) of ketone 2.74 as light-

yellow foam. 1H NMR (400 MHz, MeOH-d4): δ 7.18 – 7.11 (m, 2H), 7.05 (d, J = 7.8 Hz, 1H), 

4.96 (s, 1H), 4.38 (t, J = 7.8 Hz, 1H), 3.51 (s, 2H), 3.49 (d, J = 5.4 Hz, 2H), 3.00 – 2.91 (m, 
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1H), 2.88 – 2.80 (m, 1H), 1.40 (s, 9H), 0.99 (s, 9H). 13C NMR (101 MHz, MeOH-d4): δ 

217.1, 174.4, 166.8, 157.6, 139.3, 137.6, 137.3, 133.1, 129.5, 127.0, 125.7, 116.5, 111.9, 80.7, 

57.2, 57.2, 44.8, 44.6, 38.9, 36.5, 28.7, 26.5. HRMS (ESI) m/z calcd. for C26H31N4O5NaBr 

[M+Na]+: 581.1376, found: 581.1373. [α]20
D +4 (c 1.0, MeOH). 

 

 

tert-Butyl ((21S,4S,7S)-7-(tert-butyl)-14-cyano-22,5-dioxo-22,23-dihydro-21H-6-aza-

1(5,2)-oxazole-2(1,6)-indenacycloheptaphane-4-yl)carbamate (2.73). To ketone 2.74 (105 

mg; 0.19 mmol), Pd2(dba)3 (8.6 mg; 0.005 mmol; 0.05 equiv.), SPhos (11.6 mg; 0.028 mmol; 

0.15 equiv.) and oven dried Cs2CO3 (183 mg; 0.56 mmol; 3 equiv.) was added anhydrous 

DMF (7 mL) and argon was passed through the mixture for 20 minutes. The orange 

suspension was stirred at 80 °C for three hours after which it was cooled to room temperature. 

The dark orange suspension was diluted with Et2O and washed with aqueous saturated NH4Cl 

solution, water, and brine. The organic layer was dried over MgSO4 and evaporated under 

reduced pressure. The residue was purified by flash chromatography on silica (100% DCM to 

60% Et2O in DCM) to yield 41 mg (46%) of macrocycle 2.73 (99:1 dr) as a yellow oil. 1H 

NMR (400 MHz, CDCl3): δ 7.30 (d, J = 7.9 Hz, 1H), 7.26 – 7.23 (m, 1H), 6.70 (s, 1H), 5.86 

(d, J = 6.7 Hz, 1H), 5.14 (d, J = 9.3 Hz, 1H), 5.07 (s, 1H), 4.59 (d, J = 6.7 Hz, 1H), 3.90 – 

3.84 (m, 1H), 3.88, 3.56 (ABq, JAB = 22.0 Hz, 2H), 3.21 (dd, J = 12.2, 12.1 Hz, 1H), 2.78 (dd, 

J = 12.2, 3.2 Hz, 1H), 1.42 (s, 9H), 0.94 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 206.6, 171.9, 

163.5, 156.8, 155.3, 139.2, 136.6, 136.0, 129.9, 129.6, 125.7, 115.2, 111.9, 80.7, 59.0, 58.0, 

51.8, 43.8, 37.6, 33.3, 28.4, 26.5. RMS (ESI) m/z calcd. for C26H30N4O5Na [M+Na]+: 

501.2114, found: 501.2111. [α]20
D -113 (c 0.2, MeOH). 

 

 

tert-Butyl ((26R,4S,7S)-7-(tert-butyl)-14-cyano-22-fluoro-5-oxo-25,26-dihydro-6-aza-

1(5,2)-oxazola-2(6,8)-indeno[2,1-b]indolacycloheptaphane-4-yl)carbamate (2.86). 
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Solution of the ketone 2.73 (80 mg; 0.17 mmol) and 4-fluorophenylhydrazine hydrochloride 

2.85 (41 mg; 0.25 mmol; 1.5 equiv.) in iPrOH (4 mL) was stirred at 75 °C for six hours. Then 

the dark orange suspension was cooled to room temperature and the solvent was evaporated 

under reduced pressure. The residue was purified by reverse phase flash chromatography 

(10% MeCN in water to 100% MeCN) to yield 65 mg (68%; 99:1 dr) of compound 2.86 as 

yellow amorphous solid. 1H NMR (400 MHz, MeOH-d4): δ 7.53 – 7.43 (m, 2H), 7.43 (dd, J = 

8.9, 4.4 Hz, 1H), 7.28 – 7.18 (m, 2H), 6.97 (td, J = 9.2, 2.6 Hz, 1H), 5.44 (s, 1H), 4.97 (s, 1H), 

4.01 (dd, J = 11.8, 3.5 Hz, 1H), 3.16 (dd, J = 12.3, 12.3 Hz, 1H), 2.76 (dd, J = 12.3, 3.5 Hz, 

1H), 1.44 (s, 9H), 1.01 (s, 9H). 13C NMR (101 MHz, MeOH-d4): δ 175.1, 166.0, 161.4, 159.6 

(d, J = 234.1 Hz), 157.1, 146.4, 145.0, 139.1, 138.8, 133.7, 130.4, 129.3, 123.3 (d, J = 4.8 

Hz), 122.7 (d, J = 10.3 Hz), 120.0, 114.5 (d, J = 9.6 Hz), 112.6, 111.1 (d, J = 26.4 Hz), 105.1 

(d, J = 24.1 Hz), 80.5, 58.8, 58.4, 41.9, 38.9, 33.9, 28.7, 26.6. 19F NMR (376 MHz, MeOH-

d4): δ -125.75. HRMS (ESI) m/z calcd. for C32H32N5O4FNa [M+Na]+: 592.2336, found: 

592.2333. [α]20
D -180 (c 0.4, MeOH). 

 

 

(S)-N-((25aR,26R,210bS,4S,7S)-7-(tert-Butyl)-14-cyano-22-fluoro-5-oxo-25,25a,26,210b-

tetrahydro-6-aza-1(5,2)-oxazola-2(6,8)-indeno[2,1-b]indolacycloheptaphane-4-yl)-2-

hydroxy-3-methylbutanamide (2.89). To ice cold solution of indole 2.86 (60 mg; 0.11 

mmol) in TFA (3 mL) was added NaCNBH3 (26 mg; 0.42 mmol; 4 equiv.) in MeOH (1 mL). 

The dark orange solution was stirred 30 minutes at 0 °C and one hour at room temperature. 

Then the solution was basified with aqueous saturated Na2CO3 solution to pH 9 and extracted 

with EtOAc. The organic layers were combined, washed with brine, dried over MgSO4 and 

evaporated under reduced pressure. Residue was purified with flash chromatography on silica 

(100% DCM to 15% MeOH in DCM) to yield 32 mg (64%; 90:10 dr) of amine (S,R)-2.88 as 

a yellow amorphous solid. To the solution of amine (S,R)-2.88 (30 mg; 0.064 mmol), (S)-2-

hydroxy-3-methylbutanoic acid (9.0 mg; 0.076 mmol; 1.2 equiv.), EDC×HCl (18 mg; 0.096 

mmol; 1.5 equiv.) and HOBt (13 mg; 0.096 mmol; 1.5 equiv.) in anhydrous DMF (1 mL) was 

added DIPEA (55  µL; 0.32 mmol; 5.0 equiv.) and the yellow solution was stirred at room 

temperature for four hours. Then the solution was diluted with EtOAc and washed with 0.5 M 
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aqueous HCl solution and brine. The organic layer was dried over MgSO4 and evaporated 

under reduced pressure. The resulting orange oil was purified by flash chromatography on 

silica (100% DCM to 15 % MeOH in DCM). The title compound was additionally purified by 

reverse phase HPLC (20% to 60% MeCN in 0.1% aqueous TFA) to yield 8 mg (22%; 99:1 dr) 

of the compound 2.89 as an off-white amorphous solid. 1H NMR (400 MHz, CDCl3): δ 7.36 

(d, J = 7.8 Hz, 1H), 7.26 – 7.13 (m, 3H), 7.08 (dd, J = 8.2, 2.6 Hz, 1H), 6.67 (td, J = 8.8, 2.6 

Hz, 1H), 6.50 (s, 1H), 6.38 – 6.32 (m, 1H), 5.84 (d, J = 6.4 Hz, 1H), 5.25 (m, 1H), 5.11 (d, J = 

7.3 Hz, 1H), 5.06 (d, J = 8.5 Hz, 1H), 4.39 (d, J = 6.4 Hz, 1H), 4.21 (m, 1H), 3.98 (d, J = 3.0 

Hz, 1H), 3.16 (t, J = 12.2 Hz, 1H), 2.77 (dd, J = 12.2, 3.4 Hz, 1H), 2.21 – 2.10 (m, 1H), 1.02 

(d, J = 6.9 Hz, 3H), 0.85 (d, J = 6.9 Hz, 3H), 0.76 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 

173.1, 171.6, 163.4, 160.0 (d, J = 306.0 Hz), 142.8, 142.6, 135.9, 129.7 (d, J = 10.4 Hz), 

129.2, 128.4, 125.4, 124.9, 114.6 (d, J = 23.2 Hz), 112.7, 111.4 (d, J = 24.0 Hz), 76.3, 66.6, 

58.9, 56.0, 54.3, 49.4, 38.0, 33.3, 32.0, 26.3, 19.3, 15.6. 19F NMR (376 MHz, MeOH-d4): δ -

76.06. HRMS (ESI) m/z calcd. for C32H35N5O4F
 [M+H]+: 572.2673, found: 572.2682. [α]20

D -

121 (c 0.2, MeOH). 

 

 

5-Bromo-1,3-dihydro-2H-inden-2-one (2.98). To ice cold solution of indene 2.96 (prepared 

according to method escribed in84) (2.70 g; 13.84 mmol) in anhydrous DCM (60 mL) solid 

mCPBA (72%; 3.65 g; 15.22 mmol; 1.1 equiv.) was added portion wise. The turbid colorless 

solution was stirred at 0 °C for 30 minutes, warmed to room temperature and stirred for one 

hour. Then the solvent was evaporated, and the residue dissolved in EtOAc, washed with 

aqueous saturated Na2S2O3 solution, aqueous saturated NaHCO3 solution and brine. The 

organic layer was dried over MgSO4 and evaporated under reduced pressure to give a light 

yellow amorphous solid. The obtained material was dissolved in anhydrous DCM (60 mL) 

under argon atmosphere and cooled to 0 °C. BF3×OEt2 (2.14 mL; 17.00 mmol; 1.2 equiv.) 

was added dropwise. The orange solution was stirred at 0 °C for 20 minutes and at room 

temperature for one hour. Reaction was quenched with saturated aqueous NH4Cl solution. 

Layers were separated and the water layer was extracted with DCM. The organic layers were 

combined, washed with brine, dried over MgSO4 and evaporated under reduced pressure. The 

residue was purified by flash chromatography on silica (100% hexanes to 20% EtOAc in 

hexanes) to give 1.92 g (64%) of ketone 2.98 as off-white amorphous solid. 1H NMR (400 

MHz, CDCl3): δ 7.45 (s, 1H), 7.40 (d, J = 8.1 Hz, 1H), 7.18 (d, J = 8.1 Hz, 1H), 3.56 (s, 2H), 



104 

 

3.50 (s, 2H). 13C NMR (101 MHz, CDCl3): δ 213.7, 140.0, 136.7, 130.7, 128.3, 126.7, 121.2, 

44.1, 43.8. LRMS (EI) m/z calcd. for C9H7BrO [M]: 210.0; 212.0, found: 210.1; 212.1. 

 

 

9-Bromo-2-fluoro-5,6-dihydroindeno[2,1-b]indole (2.100) and 8-bromo-2-fluoro-5,6-

dihydroindeno[2,1-b]indole (2.99). Solution of the ketone 2.98 (1.90 g; 9.00 mmol) and 4-

fluorophenylhydrazine hydrochloride 2.85 (2.20 g; 13.50 mmol; 1.5 equiv.) in iPrOH (50 mL) 

was stirred at 75 °C for two hours. Then the brown solution was cooled to room temperature 

and evaporated to dryness under reduced pressure. The solid residue was dissolved in EtOAc, 

filtered through a sintered glass filter and washed on filter with EtOAc. The filtrate was 

evaporated, and the remaining material was purified by three consecutive direct phase flash 

chromatography procedures (100% hexanes to 40% EtOAc in hexanes; isocratic 20% EtOAc 

in hexanes; 10% to 80% Et2O in hexanes) to yield compounds 2.100 and 2.99. 9-Bromo-2-

fluoro-5,6-dihydroindeno[2,1-b]indole (2.100). Deep brown amorphous solid, 614 mg 

(23%). 1H NMR (400 MHz, MeOH-d4): δ 7.59 (d, J = 1.9 Hz, 1H), 7.42 – 7.29 (m, 2H), 7.25 

(d, J = 7.9 Hz, 1H), 7.13 (dd, J = 7.9, 1.9 Hz, 1H), 6.89 (td, J = 9.2, 2.5 Hz, 1H), 3.64 (s, 2H). 

13C NMR (101 MHz, MeOH-d4): δ 159.5 (d, J = 233.4 Hz), 151.1, 143.3, 142.7, 139.0, 127.0, 

125.8, 123.0 (d, J = 10.4 Hz), 121.8, 121.0 (d, J = 4.3 Hz), 113.6 (d, J = 9.8 Hz), 109.9 (d, J = 

26.3 Hz), 104.7 (d, J = 24.1 Hz), 31.4. 19F NMR (376 MHz, MeOH-d4): δ -126.15. HRMS 

(ESI) m/z calcd. for C15H9NFBr [M]+: 300.9903, found: 300.9884. 8-Bromo-2-fluoro-5,6-

dihydroindeno[2,1-b]indole (2.99). Deep brown amorphous solid, 1.51 g (55%). 1H NMR 

(400 MHz, CDCl3): δ 8.30 (s, 1H), 7.55 – 7.51 (m, 1H), 7.50 – 7.40 (m, 3H), 7.32 (dd, J = 

8.9, 4.3 Hz, 1H), 6.97 (td, J = 9.1, 2.5 Hz, 1H), 3.74 (s, 2H). 13C NMR (101 MHz, MeOH-d4): 

δ 162.0 (d, J = 278.8 Hz), 150.2, 146.2, 140.3, 139.0, 130.8, 128.9, 120.1, 116.3, 113.7 (d, J = 

9.9 Hz), 109.9 (d, J = 26.1 Hz), 104.7 (d, J = 24.3 Hz), 31.7. 19F NMR (376 MHz, MeOH-d4): 

δ -126.41. HRMS (ESI) m/z calcd. for C15H9NFBr [M]+: 300.9903, found: 300.9895. 
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Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(2-fluoro-5,6-dihydroindeno[2,1-b]indol-9-

yl)propanoate (2.101). To the solution of aryl bromide 2.100 (600 mg; 1.99 mmol), 

Pd2(dba)3 (73 mg; 0.079 mmol; 0.04 equiv.) and SPhos (82 mg; 0.199 mmol; 0.1 equiv.) in 

anhydrous DMF (14 mL) was added freshly prepared solution of alkyl zincate 2.81 (0.5 M in 

DMF; 4.37 mL; 2.18 mmol; 1.1 equiv.) and the brown solution was stirred at 60 °C for 23 

hours. The solution was cooled to room temperature, quenched with aqueous saturated NH4Cl 

solution, and extracted with EtOAc. The organic layers were combined and washed with 

water and brine, dried over MgSO4 and evaporated under reduced pressure. The residue was 

purified by flash chromatography on silica (100% hexanes to 60% EtOAc in hexanes) to give 

570 mg (68%) of compound 2.101 as an off-white amorphous solid. 1H NMR (400 MHz, 

MeOH-d4): δ 7.44 (dd, J = 9.7, 2.5 Hz, 1H), 7.39 (d, J = 1.6 Hz, 1H), 7.34 (dd, J = 8.8, 4.5 

Hz, 1H), 7.29 (d, J = 7.5 Hz, 1H), 6.91 – 6.83 (m, 2H), 4.44 (dd, J = 8.8, 5.5 Hz, 1H), 3.71 (s, 

3H), 3.66 (s, 2H), 3.16 (dd, J = 13.7, 5.5 Hz, 1H), 2.98 (dd, J = 13.7, 8.8 Hz, 1H), 1.40 – 1.27 

(m, 9H). 13C NMR (101 MHz, MeOH-d4): δ 174.4, 159.4 (d, J = 232.8 Hz), 157.8, 150.5, 

142.4, 141.4, 138.9, 136.9, 125.6, 124.2, 123.2 (d, J = 10.4 Hz), 122.0 (d, J = 4.4 Hz), 119.9, 

113.5 (d, J = 9.9 Hz), 109.5 (d, J = 26.3 Hz), 104.6 (d, J = 23.9 Hz), 80.7, 56.8, 52.6, 39.0, 

31.4, 28.6. 19F NMR (376 MHz, MeOH-d4): δ -126.74. HRMS (ESI) m/z calcd. for 

C24H25N2O4FNa [M+Na]+: 447.1696, found: 447.1697. [α]20
D +20 (c 1.1, MeOH). 

 

 

(S)-2-((tert-Butoxycarbonyl)amino)-3-(2-fluoro-5,6-dihydroindeno[2,1-b]indol-9-

yl)propanoic acid (2.92). To solution of ester 2.101 (550 mg; 1.30 mmol) in MeOH and THF 

mixture (1:1 v/v; 20 mL) was added a LiOH (62 mg; 2.59 mmol; 2 equiv.) solution in water 

(10 mL). The orange solution was stirred at room temperature for one hour after which the 

organic solvents were evaporated. The remaining water solution was acidified to pH 4 with 1 

M aqueous HCl solution and extracted with EtOAc. The combined organic layers were 

washed with brine, dried over MgSO4 and evaporated under reduced pressure. The light 

brown oil was dissolved in DCM and left to stand at rt. Light yellow powder slowly 
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precipitated which was filtered and washed on filter with DCM yielding 540 mg (98%) of 

acid 2.92. 1H NMR (400 MHz, MeOH-d4): δ 7.48 – 7.42 (m, 2H), 7.38 – 7.30 (m, 2H), 6.92 

(dd, J = 7.6, 1.7 Hz, 1H), 6.88 (td, J = 9.2, 2.6 Hz, 1H), 5.49 (s, 1H), 4.42 (dd, J = 8.8, 5.0 Hz, 

1H), 3.71 (s, 2H), 3.23 (dd, J = 13.8, 5.0 Hz, 1H), 3.00 (dd, J = 13.8, 8.8 Hz, 1H), 1.40 – 1.28 

(m, 9H). 13C NMR (101 MHz, MeOH-d4): δ 175.6, 159.4 (d, J = 232.8 Hz), 157.8, 150.5, 

142.3, 141.4, 139.0, 137.1, 125.5, 124.4, 123.3 (d, J = 10.2 Hz), 122.0 (d, J = 4.2 Hz), 120.0, 

113.5 (d, J = 9.8 Hz), 109.5 (d, J = 26.2 Hz), 104.7 (d, J = 23.9 Hz), 80.6, 56.6, 38.9, 31.5, 

28.7. 19F NMR (376 MHz, CDCl3): δ -126.9. HRMS (ESI) m/z calcd. for C23H23N2O4F
 [M]+: 

410.1642, found: 410.1642. [α]20
D +38 (c 0.8, MeOH). 

 

 

Methyl (S)-2'-(1-amino-2,2-dimethylpropyl)-5'-bromo-[2,4'-bioxazole]-4-carboxylate 

(2.93). Methyl (S)-2'-(1-amino-2,2-dimethylpropyl)-5'-bromo-[2,4'-bioxazole]-4-carboxylate 

(prepared according to method described in85) (124 mg; 0.27 mmol) was dissolved in 

anhydrous DCM (2 mL) and TFA (207 µL; 2.70 mmol; 10 equiv.) was added. The yellow 

solution was stirred at room temperature for three hours. The reaction was poured into 

aqueous saturated NaHCO3 solution and extracted with EtOAc. The combined organic layers 

were washed with aqueous saturated NaHCO3 solution and brine, dried over MgSO4 and 

evaporated to yield 95 mg (98%) of amine 2.93 as a yellow oil. 1H NMR (400 MHz, MeOH-

d4): δ 8.73 (s, 1H), 4.57 (s, 1H), 3.93 (s, 3H), 1.15 (s, 9H). 13C NMR (101 MHz, MeOH-d4): δ 

162.6, 162.5, 156.0, 146.5, 135.3, 129.6, 126.6, 58.6, 52.7, 35.7, 26.2. HRMS (ESI) m/z 

calcd. for C13H17N3O4Br [M+H]+: 358.0402, found: 358.0400. [α]20
D -18 (c 0.5, MeOH). 

 

 

Methyl 5'-bromo-2'-((S)-1-((S)-2-((tert-butoxycarbonyl)amino)-3-(2-fluoro-5,6-

dihydroindeno[2,1-b]indol-9-yl)propanamido)-2,2-dimethylpropyl)-[2,4'-bioxazole]-4-

carboxylate (2.91). Solution of acid 2.92 (157 mg; 0.38 mmol), amine 2.93 (136 mg; 0.38 

mmol; 1 equiv.) and EDC×HCl (73 mg; 0.38 mmol; 1 equiv.) in anhydrous pyridine (12 mL) 

was stirred at room temperature for five hours. The pyridine was evaporated under reduced 
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pressure and the remaining red material dissolved in EtOAc and washed with 0.5 M aqueous 

HCl solution and brine. The organic layer was dried over MgSO4 and evaporated under 

reduced pressure. The resultant solid was purified by flash chromatography on silica (100% 

hexanes to 100% EtOAc) after which the material was additionally purified by reverse phase 

flash chromatography (10% MeCN in H2O to 100% MeCN) to yield 114 mg (40%) of the 

compound 2.91 as yellow amorphous solid. 1H NMR (400 MHz, CDCl3): δ 8.48 (s, 1H), 8.01 

(s, 1H), 7.39 (dd, J = 9.4, 2.5 Hz, 1H), 7.32 (s, 1H), 7.21 (dd, J = 8.8, 4.3 Hz, 1H), 7.15 (d, J = 

7.6 Hz, 1H), 6.89 (td, J = 9.0, 2.5 Hz, 1H), 6.86 – 6.83 (m, 1H), 6.56 (d, J = 8.6 Hz, 1H), 5.21 

(d, J = 7.1 Hz, 1H), 5.02 (d, J = 9.3 Hz, 1H), 4.44 – 4.32 (m, 1H), 3.93 (s, 3H), 3.51 (d, J = 

2.8 Hz, 2H), 3.15 (dd, J = 13.4, 6.4 Hz, 1H), 3.02 (dd, J = 13.4, 8.7 Hz, 1H), 1.45 (s, 9H), 

0.91 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 171.4, 164.5, 161.6, 158.3 (d, J = 235.7 Hz), 

155.6, 154.4, 148.4, 143.8, 140.9, 140.0, 137.1, 135.3, 134.3, 127.6, 124.6, 123.7, 122.7, 

122.1 (d, J = 10.3 Hz), 121.7 (d, J = 4.4 Hz), 119.1, 112.2 (d, J = 9.9 Hz), 109.5 (d, J = 25.9 

Hz), 104.6 (d, J = 23.9 Hz), 80.4, 57.0, 55.7, 52.4, 38.8, 36.2, 31.0, 28.5, 26.3. 19F NMR (376 

MHz, CDCl3): δ -123.59. HRMS (ESI) m/z calcd. for C36H37N5O7FNaBr [M+Na]+: 772.1758, 

found: 772.1757. [α]20
D -19 (c 3.8, MeOH). 

 

 

Methyl 2-((29R,4S,7S)-4-((tert-butoxycarbonyl)amino)-7-(tert-butyl)-23-fluoro-5-oxo-

24b,29-dihydro-6-aza-1(5,2)-oxazola-2(9,6)-indeno[1,2-a]indenacycloheptaphane-14-

yl)oxazole-4-carboxylate (2.103).  To amide 2.91 (88 mg; 0.12 mmol) and anhydrous 

Cs2CO3 (115 mg; 0.35 mmol; 3 equiv.) was added anhydrous DMF (12 mL) and the yellow 

turbid solution was stirred at 70 °C for two hours. Then the solution was cooled to room 

temperature, quenched with aqueous saturated NH4Cl solution and extracted with Et2O. The 

combined organic layers were washed with water and brine, dried over MgSO4 and 

evaporated under reduced pressure. The residue was purified by flash chromatography on 

silica (100% DCM to 40% Et2O in DCM) to afford 45 mg (57%; 99:1 dr) of macrocycle 

2.103 as light yellow amorphous solid. 1H NMR (400 MHz, CDCl3): δ 9.61 (s, 1H), 8.32 (s, 

1H), 7.48 (dd, J = 9.4, 2.5 Hz, 2H), 7.39 – 7.34 (m, 1H), 7.31 (dd, J = 9.0, 4.2 Hz, 1H), 7.00 – 

6.88 (m, 2H), 6.79 (d, J = 8.0 Hz, 1H), 5.86 (s, 1H), 5.27 (d, J = 10.2 Hz, 1H), 5.13 (d, J = 9.2 

Hz, 1H), 4.46 (d, J = 10.2 Hz, 1H), 4.07 – 3.98 (m, 1H), 3.98 (s, 3H), 3.35 (dd, J = 12.5, 5.9 
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Hz, 1H), 2.82 (t, J = 12.0 Hz, 1H), 1.41 (s, 9H), 0.88 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 

170.3, 162.1, 161.5, 158.5 (d, J = 236.1 Hz), 156.7, 155.5, 154.0, 147.0, 145.3, 143.7, 142.4, 

137.4, 137.3, 134.2, 125.3, 124.7, 124.3, 124.1, 123.4 (d, J = 4.4 Hz), 122.2 (d, J = 10.5 Hz), 

113.1 (d, J = 9.8 Hz), 110.5 (d, J = 26.4 Hz), 105.2 (d, J = 23.6 Hz), 80.3, 58.1, 54.8, 52.6, 

42.7, 38.9, 33.6, 28.4, 25.9. 19F NMR (376 MHz, CDCl3): δ -123.24. HRMS (ESI) m/z calcd. 

for C36H36N5O7FNa [M+Na]+: 692.2496, found: 692.2495. [α]20
D -126 (c 0.6, MeOH). 

 

 

Methyl 2-((26S,4S,7S)-7-(tert-butyl)-22-fluoro-4-((S)-2-hydroxy-3-methylbutanamido)-5-

oxo-25,26-dihydro-6-aza-1(5,2)-oxazola-2(6,9)-indeno[2,1-b]indolacycloheptaphane-14-

yl)oxazole-4-carboxylate (2.104). To solution of 2.103 (60 mg; 0.089 mmol) in anhydrous 

DCM (1 mL) was added TFA (105 µL; 1.37 mmol; 40 equiv.). The green solution was stirred 

at room temperature for 18 hours, after which the solution was diluted with EtOAc and 

washed with saturated aqueous NaHCO3 solution and brine, dried over MgSO4 and 

evaporated under reduced pressure. To the resulting brown amorphous solid was added (S)-

HiVA (6.2 mg; 0.053 mmol; 1.5 equiv.), EDC×HCl (13 mg; 0.070 mmol; 2 equiv.) and HOBt 

(9.5 mg; 0.070 mmol; 2 equiv.) and the solids were dissolved in anhydrous DMF (2 mL). 

DIPEA (18 µL; 0.11 mmol; 3 equiv.) was added and the brown solution was stirred at room 

temperature for two hours. The solution was then diluted with EtOAc and washed with 0.5 M 

aqueous HCl solution, water and brine, dried over MgSO4 and evaporated under reduced 

pressure. The residue was purified by flash chromatography on silica (100% DCM to 15% 

MeOH in DCM). Additional purification by reverse phase flash chromatography (10% MeCN 

in water to 100% MeCN) yielded 5 mg (21%) of compound 2.104 as a light yellow 

amorphous solid. 1H NMR (400 MHz, MeOH-d4): δ 8.71 (s, 1H), 7.50 (dd, J = 9.6, 2.4 Hz, 

1H), 7.41 – 7.33 (m, 2H), 7.06 (dd, J = 8.0, 1.1 Hz, 1H), 6.94 (td, J = 9.2, 2.6 Hz, 1H), 6.88 

(d, J = 7.9 Hz, 1H), 6.00 (s, 1H), 4.58 (dd, J = 11.4, 6.2 Hz, 1H), 4.45 (s, 1H), 3.97 (s, 3H), 

3.85 (d, J = 3.8 Hz, 1H), 3.37 – 3.33 (m, 1H), 2.94 – 2.86 (m, 1H), 2.12 – 2.03 (m, 1H), 1.00 

(d, J = 6.9 Hz, 3H), 0.97 (s, 9H), 0.89 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz, MeOH-d4): δ 

176.0, 172.6, 163.4, 163.0, 155.6, 149.0, 148.8, 148.6, 147.1, 145.9, 139.1, 138.0, 135.1, 

126.8, 126.5, 125.5, 124.3, 114.2 (d, J = 10.5 Hz), 76.8, 56.2, 56.0, 52.7, 43.7, 39.9, 34.6, 
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33.1, 26.5, 19.6, 16.3. 19F NMR (376 MHz, MeOH-d4): δ -125.97. HRMS (ESI) m/z calcd. for 

C36H37N5O7F
 [M+H]+: 670.2677, found: 670.2684. [α]20

D -113 (c 0.2, DMSO). 

 

 

Methyl 2-((25aS,26S,210bR,4S,7S)-7-(tert-butyl)-22-fluoro-4-((S)-2-hydroxy-3-

methylbutanamido)-5-oxo-25,25a,26,210b-tetrahydro-6-aza-1(5,2)-oxazola-2(6,9)-

indeno[2,1-b]indolacycloheptaphane-14-yl)oxazole-4-carboxylate (2.106). To ice cold 

solution of compound 2.103 (60 mg; 0.089 mmol) in TFA (4 mL) was added NaCNBH3 (17 

mg; 0.27 mmol; 3 equiv.) solution in MeOH (1 mL). The yellow solution was stirred at 0 °C 

for 40 minutes after which it was neutralized with 2 M aqueous Na2CO3 solution and 

extracted with EtOAc. The combined organic layers were dried over MgSO4 and evaporated 

under reduced pressure. The residue was purified by flash chromatography on silica (100% 

DCM to 15% MeOH in DCM). Additional purification by reverse phase HPLC (isocratic 40% 

MeCN in 0.4% aqueous TFA) yielded 34 mg (56%; dr 99:1) of trifluoroacetate salt of (S,R)-

2.105 as an off-white powder. The salt was dissolved in EtOAc and washed with aqueous 

saturated NaHCO3 solution, dried over MgSO4 and evaporated to dryness under reduced 

pressure. The prepared amine (28 mg; 0.050 mmol), (S)-HiVA (7.0 mg; 0.060 mmol; 1.2 

equiv.), EDC×HCl (14 mg; 0.074 mmol; 1.5 equiv.) and HOBt (10 mg; 0.074 mmol; 1.5 

equiv.) were dissolved in anhydrous DMF (2 mL) and DIPEA (43 µL; 0.25 mmol; 5 equiv.) 

was added. The colorless solution was stirred at room temperature for 18 hours after which it 

was diluted with EtOAc and washed with 0.5 M aqueous HCl solution. The combined water 

layers were extracted with EtOAc. The combined organic extracts were washed with 0.5 M 

aqueous HCl solution, water, and brine, dried over MgSO4 and evaporated under reduced 

pressure. The residue was purified by flash chromatography on silica (100% hexanes to 80% 

EtOAc in hexanes) to yield 23 mg (69%; 99:1 dr) of compound 2.106 as a light yellow 

amorphous solid. 1H NMR (600 MHz, MeOH-d4): δ 8.65 (s, 1H), 8.08 (d, J = 9.8 Hz, 1H), 

7.26 (s, 1H), 7.16 (d, J = 8.0 Hz, 1H), 7.13 (dd, J = 8.4, 2.5 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 

6.70 (td, J = 8.9, 2.6 Hz, 1H), 6.53 (dd, J = 8.4, 4.2 Hz, 1H), 5.23 (s, 1H), 4.98 (d, J = 7.5 Hz, 

1H), 4.78 (d, J = 7.5 Hz, 1H), 4.69 – 4.64 (m, 1H), 4.50 (dd, J = 11.4, 5.9 Hz, 1H), 3.95 (s, 

3H), 3.86 (d, J = 3.9 Hz, 1H), 3.24 (dd, J = 12.2, 5.9 Hz, 1H), 2.92 (t, J = 11.8 Hz, 1H), 2.11 – 

2.03 (m, 1H), 1.06 (s, 9H), 1.00 (d, J = 6.9 Hz, 3H), 0.89 (d, J = 6.9 Hz, 3H). 13C NMR (101 
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MHz, MeOH-d4): δ 176.0, 172.7, 163.1, 163.0, 158.3 (d, J = 233.9 Hz), 158.1, 157.4, 148.0, 

147.3, 145.7, 144.3, 138.7, 135.0, 133.0 (d, J = 7.8 Hz), 130.3, 129.2, 128.1, 124.0, 114.7 (d, 

J = 23.3 Hz), 112.0 (d, J = 24.3 Hz), 110.3 (d, J = 8.2 Hz), 76.8, 68.1, 56.3 (d, J = 7.1 Hz), 

54.8, 53.5, 52.7, 39.8, 34.7, 33.1, 26.6, 19.6, 16.3. 19F NMR (376 MHz, MeOH-d4): δ -

128.84. HRMS (ESI) m/z calcd. for C36H39N5O7F
 [M+H]+: 672.2834, found: 672.2864. [α]20

D 

-11 (c 0.3, DMSO). 

 

 

5-Bromo-2-(hydroxyimino)-2,3-dihydro-1H-inden-1-one (2.111). Suspension of 5-bromo-

1-indanone 2.110 (4.00 g; 18.95 mmol) in MeOH (50 mL) was heated to 40 °C. Isoamyl 

nitrite (2.79 mL; 20.85 mmol; 1.1 equiv.) was added followed by addition of conc. HCl (1.60 

mL; 18.95 mmol; 1 equiv.). The suspension turned into a clear solution but later developed 

large amount of white precipitate. The suspension was kept at 40 °C for one hour and then 

cooled to room temperature. The white solid was filtered off, washed on filter with MeOH 

and dried at high vacuum to yield 2.22 g (49%) of oxime 2.111 as white amorphous solid. 1H 

NMR (400 MHz, MeOH-d4): δ 7.84 (s, 1H), 7.79 – 7.56 (m, 2H), 3.84 (s, 2H). 13C NMR (101 

MHz, MeOH-d4): δ 190.8, 155.2, 150.7, 137.9, 132.6, 132.0, 131.5, 126.4, 29.0. HRMS (ESI) 

m/z calcd. for C9H7NO2Br [M+H]+: 239.9660, found: 239.9657. 

 

 

5-Bromo-1H-indene-1,2(3H)-dione (2.112). Oxime 2.111 (2.73 g; 11.37 mmol) was 

suspended in 37% aqueous formaldehyde (31.53 mL; 1.14 mol; 100 equiv.) and conc. HCl 

(28.80 mL; 0.34 mol; 30 equiv.) and the yellow suspension was stirred at room temperature 

for 18 hours. The solution was diluted with water and extracted with DCM. The combined 

organic layers were washed with water and brine, dried over MgSO4 and evaporated to yield 

2.63 g (99%) of the diketone 2.112 as yellow amorphous solid. 1H NMR (300 MHz, CDCl3): 

δ 7.81 – 7.75 (m, 2H), 7.68 – 7.63 (m, 1H), 3.63 (s, 2H). 13C NMR (101 MHz, CDCl3): δ 

198.7, 186.2, 147.9, 135.6, 133.4, 132.6, 130.9, 127.1, 36.4. HRMS (ESI) m/z calcd. for 

C9H4O2Br [M-H]-: 222.9395, found: 222.9397. 
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5-Bromospiro[indene-1,2'-[1,3]dithiolan]-2(3H)-one (2.113). To ice cold solution of 

diketone 2.112 (2.60 g; 11.55 mmol) in anhydrous DCM (60 mL) was added ethanedithiol 

(1.07 mL; 12.71 mmol; 1.1 equiv.) followed by dropwise addition of BF3×Et2O (1.45 mL; 

11.55 mmol; 1 equiv.). The orange solution was warmed to room temperature and stirred for 

16 hours. The solution was diluted with DCM and washed with water, 0.5 M aqueous 

Cu(NO3)2 solution and brine. The organic layer was dried over MgSO4, evaporated under 

reduced pressure and purified by flash chromatography on silica (100% hexanes to 40% 

EtOAc in hexanes) to afford 2.64 g (76%) of ketone 2.113 as yellow amorphous solid. 1H 

NMR (400 MHz, MeOH-d4): δ 7.84 (s, 1H), 7.79 – 7.56 (m, 2H), 3.84 (s, 2H). 13C NMR (101 

MHz, MeOH-d4): δ 190.8, 155.2, 150.7, 137.9, 132.6, 132.0, 131.5, 126.4, 29.0. HRMS (ESI) 

m/z calcd. for C11H10OS2Br [M+H]+: 300.9356, found: 300.9355. 

 

 

9-Bromo-2-fluoro-5H-spiro[indeno[2,1-b]indole-6,2'-[1,3]dithiolane] (2.114). Solution of 

ketone 2.113 (600 mg; 1.99 mmol) and 4-fluorophenylhydrazine hydrochloride 2.85 (389 mg; 

2.39 mmol; 1.2 equiv.) in iPrOH (20 mL) was stirred at 70 °C for 18 hours. The orange 

solution was cooled to room temperature and filtered through sintered glass filter. The filtrate 

was evaporated under reduced pressure and the residue was purified by flash chromatography 

on silica (100% hexanes to 60% EtOAc in hexanes) to yield 537 mg (69%) of indole 2.114 as 

yellow amorphous solid. 1H NMR (400 MHz, CDCl3): δ 8.33 (s, 1H), 7.56 (d, J = 1.8 Hz, 

1H), 7.45 – 7.35 (m, 2H), 7.32 (dd, J = 8.9, 4.3 Hz, 1H), 7.26 (dd, J = 8.1, 1.9 Hz, 1H), 6.99 

(td, J = 9.1, 2.5 Hz, 1H), 3.83 – 3.65 (m, 4H). 13C NMR (101 MHz, CDCl3): δ 158.8 (d, J = 

237.3 Hz), 152.0, 150.6, 138.8, 137.6, 127.2, 126.0, 122.9, 122.2, 122.0 (d, J = 10.3 Hz), 

118.3 (d, J = 4.5 Hz), 113.2 (d, J = 9.7 Hz), 111.4 (d, J = 26.2 Hz), 105.2 (d, J = 24.0 Hz), 

62.3, 42.3. 19F NMR (376 MHz, CDCl3): δ -122.02. HRMS (ESI) m/z calcd. for 

C17H11NFS2Br [M]+: 390.9500, found: 390.9500. 
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Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(2-fluoro-5H-spiro[indeno[2,1-b]indole-

6,2'-[1,3]dithiolan]-9-yl)propanoate (2.115). The aryl bromide 2.114 (500 mg; 1.27 mmol), 

Pd2(dba)3 (23 mg; 0.026 mmol; 0.02 equiv.) and SPhos (26 mg; 0.064 mmol; 0.05 equiv.) 

were dissolved in anhydrous DMF (40 mL) under argon atmosphere. Alkyl zincate 2.81 (0.5 

M in DMF; 3.06 mL; 1.53 mmol; 1.2 equiv.) was added and the yellow solution was stirred at 

60 °C for three hours. Then the mixture was cooled to 0 °C, quenched with saturated aqueous 

NH4Cl solution and extracted with EtOAc. The combined organic extracts were washed with 

water and brine, dried over MgSO4 and evaporated under reduced pressure. The residue was 

purified by flash chromatography on silica (100% hexanes to 60% EtOAc in hexanes) to yield 

510 mg (78%) of the ester 2.115 as yellow amorphous solid. 1H NMR (400 MHz, CDCl3): δ 

8.85 – 8.64 (m, 1H), 7.46 (d, J = 7.6 Hz, 1H), 7.36 (d, J = 8.6 Hz, 1H), 7.28 (dd, J = 8.9, 4.3 

Hz, 1H), 7.19 (s, 1H), 6.95 (td, J = 9.1, 2.5 Hz, 1H), 6.87 (d, J = 7.6 Hz, 1H), 5.16 – 4.97 (m, 

1H), 4.66 (q, J = 6.6 Hz, 1H), 3.79 – 3.62 (m, 7H), 3.14 (qd, J = 13.9, 5.9 Hz, 2H), 1.44 (s, 

9H). 13C NMR (101 MHz, CDCl3): δ 172.4, 158.4 (d, J = 236.3 Hz), 155.2, 152.0, 150.0, 

137.6, 137.3, 136.6, 125.2, 124.6, 121.9 (d, J = 10.2 Hz), 119.8, 118.7 (d, J = 3.4 Hz), 113.1 

(d, J = 9.9 Hz), 110.7 (d, J = 26.1 Hz), 104.8 (d, J = 24.0 Hz), 80.1, 62.3, 54.5, 52.3, 41.9, 

41.9, 38.3, 28.3. 19F NMR (376 MHz, CDCl3): δ -122.66. HRMS (ESI) m/z calcd. for 

C26H27N2O4FNaS2
 [M+Na]+: 537.1294, found: 537.1293. [α]20

D +54 (c 2.0, MeOH). 

 

 

(S)-2-((tert-Butoxycarbonyl)amino)-3-(2-fluoro-5H-spiro[indeno[2,1-b]indole-6,2'-

[1,3]dithiolan]-9-yl)propanoic acid (2.109). To a solution of ester 2.115 (500 mg; 0.97 

mmol) in MeOH and THF mixture (1:1 v/v; 20 mL) was added LiOH (47 mg; 1.94 mmol; 2 

equiv.) solution in water (10 mL). The brown solution was stirred at room temperature for one 

hour. The organic solvents were evaporated under reduced pressure and the remaining water 

solution was acidified with 1 M aqueous HCl solution to pH 4 and extracted with EtOAc. The 

combined organic extracts were dried over MgSO4 and evaporated under reduced pressure to 

yield 446 mg (92%) of the carboxylic acid 2.109 as light yellow amorphous solid. 1H NMR 
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(400 MHz, MeOH-d4): δ 7.49 – 7.39 (m, 2H), 7.38 – 7.32 (m, 2H), 6.97 – 6.88 (m, 2H), 4.44 

(dd, J = 9.0, 4.9 Hz, 1H), 3.75 (dtd, J = 14.2, 7.4, 2.5 Hz, 4H), 3.23 (dd, J = 13.8, 4.9 Hz, 1H), 

2.98 (dd, J = 13.8, 9.0 Hz, 1H), 1.37 – 1.26 (m, 9H). 13C NMR (101 MHz, MeOH-d4): δ 

175.5, 159.6 (d, J = 233.9 Hz), 157.8, 155.5, 149.7, 139.4, 139.2, 139.1, 125.9, 125.8, 122.8 

(d, J = 10.4 Hz), 120.5, 118.1 (d, J = 4.5 Hz), 114.2 (d, J = 9.9 Hz), 110.8 (d, J = 26.3 Hz), 

105.2 (d, J = 24.1 Hz), 80.6, 63.6, 56.3, 42.5, 38.9, 28.7. 19F NMR (376 MHz, CDCl3): δ -

122.47. HRMS (ESI) m/z calcd. for C25H25N2O4FS2
 [M]+: 500.1240, found: 500.1264. [α]20

D 

+34 (c 1.4, MeOH). 

 

 

Methyl 5'-bromo-2'-((S)-1-((S)-2-((tert-butoxycarbonyl)amino)-3-(2-fluoro-5H-

spiro[indeno[2,1-b]indole-6,2'-[1,3]dithiolan]-9-yl)propanamido)-2,2-dimethylpropyl)-

[2,4'-bioxazole]-4-carboxylate (2.108). Amine 2.93 (34 mg; 0.095 mmol; 1.1 equiv.), 

carboxylic acid 2.109 (43 mg; 0.086 mmol; 1.5 equiv.) and EDC×HCl (33 mg; 0.17 mmol; 2 

equiv.) were dissolved in anhydrous pyridine (1.3 mL) and the orange solution was stirred at 

room temperature for three hours. The solvent was evaporated under reduced pressure and the 

orange residue was purified by reverse phase flash chromatography (10% MeCN in 0.1% aq. 

AcOH to 100% MeCN) to yield 47 mg (65%) of the amide 2.108 as a yellow amorphous 

solid. 1H NMR (600 MHz, CDCl3): δ 8.37 (s, 1H), 8.23 (s, 1H), 7.44 (d, J = 7.7 Hz, 1H), 7.39 

(dd, J = 9.2, 2.4 Hz, 1H), 7.30 (d, J = 1.6 Hz, 1H), 7.28 (dd, J = 8.9, 4.3 Hz, 1H), 6.97 (dd, J = 

7.7, 1.6 Hz, 1H), 6.94 (td, J = 8.9, 2.4 Hz, 1H), 6.91 – 6.82 (m, 1H), 5.09 (d, J = 9.2 Hz, 1H), 

5.07 (d, J = 8.5 Hz, 1H), 4.39 (q, J = 7.5 Hz, 1H), 3.93 (s, 3H), 3.77 – 3.72 (m, 2H), 3.71 – 

3.65 (m, 2H), 3.17 – 3.07 (m, 2H), 1.43 (s, 9H), 0.95 (s, 9H). 13C NMR (151 MHz, CDCl3): δ 

171.2, 164.8, 161.5, 158.6 (d, J = 236.6 Hz), 155.8, 154.8, 151.7, 150.3, 144.0, 137.6, 137.5, 

134.6, 128.0, 125.6, 124.8, 123.2, 122.1 (d, J = 10.2 Hz), 119.9, 119.1, 113.1 (d, J = 9.8 Hz), 

111.0 (d, J = 26.2 Hz), 105.2 (d, J = 24.0 Hz), 80.7, 62.3, 56.2, 55.9, 52.4, 42.1, 42.1, 37.5, 

35.9, 28.4, 26.4. 19F NMR (376 MHz, CDCl3): δ -122.38. HRMS (ESI) m/z calcd. for 

C38H39N5O7FNaS2Br [M+Na]+: 862.1356, found: 862.1359. [α]20
D +14 (c 0.8, CDCl3). 
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Methyl 4-(4-bromophenyl)-3-oxobutanoate (2.129). To a solution of 2-(4-

bromophenyl)acetic acid (2.125) (5.00 g; 23.3 mmol) and anhydrous DMF (0.09 mL; 1.2 

mmol; 0.05 equiv.) in anhydrous toluene (50 mL) was slowly added oxalyl chloride (2.6 mL; 

30.2 mmol; 1.3 equiv.). The clear yellow solution was stirred at room temperature for 30 

minutes and 2.5 hours at 55 °C. The solution was then cooled to ambient temperature and 

solvents were evaporated under reduced pressure. The residual yellow oil was dissolved in 

anhydrous DCM (20 mL) and slowly added to solution of Meldrum’s acid (3.35 g; 23.2 

mmol; 1.0 equiv.) and pyridine (3.70 mL; 46.4 mmol; 2.0 equiv.) in anhydrous DCM (30 mL) 

at 0 °C. The red solution was slowly warmed to room temperature and stirred for 18 hours. 

The solution was diluted with DCM and washed with 0.1 M aqueous HCl solution. The 

organic layer was dried over MgSO4, filtered and evaporated under reduced pressure. The red 

amorphous solid was dissolved in anhydrous toluene (50 mL) and MeOH (4.70 mL; 116.1 

mmol; 10 equiv.) was added. The red solution was refluxed for three hours after which the 

solvents were evaporated under reduced pressure and the residue was purified by column 

chromatography on silica (100% hexanes to 30% EtOAc in hexanes). Ketoester 2.129 was 

obtained as a yellow oil (2.04 g, 65%) that solidified upon standing in room temperature. 1H 

NMR (400 MHz, CDCl3): δ 7.39 (m, 2H), 7.01 (m, 2H), 3.72 (s, 2H), 3.65 (s, 3H), 3.40 (s, 

2H). 13C KMR (101 MHz, CDCl3): δ 199.4, 167.4, 132.0, 131.9, 131.2, 121.4, 52.4, 49.1, 

48.1. HRMS-ESI (m/z) calcd. for C11H10O3Br [M-H]- 268.9813; found 268.9812. 

 

 

Methyl 4-(4-bromophenyl)-2-diazo-3-oxobutanoate (2.130). To ice cold solution of 

ketoester 2.129 (2.04 g; 7.5 mmol) in anhydrous MeCN (25 mL) was added TEA (1.05 mL; 

7.5 mmol; 1 equiv.) followed by dropwise addition of p-acetamidobenzenesulfonylazide 2.60 

(1.90 g; 7.9 mmol; 1.0 equiv.) solution in anhydrous MeCN (15 mL). The clear orange 

solution was stirred at room temperature for 24 hours after which the solvent was evaporated 

under reduced pressure. The residue was suspended in Et2O, filtered, and evaporated under 

reduced pressure. Purification by column chromatography on silica (100% hexanes to 40% 

EtOAc in hexanes) yielded 1.68 g (75%) of compound 2.130 as light yellow amorphous solid. 

1H NMR (400 MHz, CDCl3): δ 7.43 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 4.07 (s, 
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2H), 3.78 (s, 3H). 13C NMR (101 MHz, CDCl3): δ 188.5, 161.5, 132.8, 131.6, 131.4, 121.1, 

52.3, 45.1. HRMS (ESI) m/z calcd. for C11H9N2O3Br [M-H]- 294.9718; found 294.9709. 

 

 

Methyl 6-bromo-2-oxo-2,3-dihydro-1H-indene-1-carboxylate (2.131). To a solution of 

Rh2(TFA)4 (44.3 mg; 0.067 mmol; 0.02 equiv.) in anhydrous DCM (25 mL) was added 

solution of diazoketone 2.130 (1.00 g; 3.37 mmol) in anhydrous DCM (25 ml) at room 

temperature over period of 30 minutes. The solvent was then evaporated under reduced 

pressure and the green residue was suspended in hexanes (5 mL), filtered, and washed on 

filter with MeCN (1 mL). Filtrate was evaporated under reduced pressure and the solid 

material was suspended in hexanes (5 mL), filtered, and washed on filter with MeCN (1 mL). 

The residual solids were combined to yield 815 mg (90%) of compound 2.131 as white 

amorphous solid. 1H NMR (400 MHz, CDCl3): δ 11.05 (s, 1H), 7.70 (d, J = 1.8 Hz, 1H), 7.23 

(dd, J = 7.9, 1.8 Hz, 1H), 7.14 (d, J = 7.9 Hz, 1H), 3.97 (s, 3H), 3.53 (s, 2H). 13C NMR (101 

MHz, CDCl3): δ 181.4, 141.5, 131.7, 126.5, 124.9, 123.2, 121.2, 104.6, 51.7, 37.3. HRMS 

(ESI) m/z calcd. for C11H8O3Br [M-H]- 266.9657; found 266.9660. 

 

 

Benzyl 6-bromo-2-oxo-2,3-dihydro-1H-indene-1-carboxylate (2.132). To a solution of 

2.131 (120 mg; 0.45 mmol) in anhydrous toluene (15 mL) was added benzyl alcohol (0.19 

mL; 1.80 mmol; 4.0 equiv.) and BF3×OEt2 (11 µL; 0.089 mmol; 0.20 equiv.). The solution 

was heated at 110 °C for 18 hours. Then the flask was cooled to room temperature and the 

solvent was evaporated under reduced pressure. The light brown residue was suspended in 

hexanes (2 mL), filtered, and washed on filter with MeCN (1 mL). Filtrate was evaporated 

and the solid material was suspended in hexanes (2 mL), filtered, and washed on filter with 

MeCN (1 mL). The residual solids were combined to yield 111 mg (72%) of compound 2.132 

as white amorphous solid. 1H NMR (400 MHz, CDCl3): δ 11.01 (s, 1H), 7.71 (d, J = 1.8 Hz, 

1H), 7.47-7.34 (m, 5H), 7.21 (dd, J = 7.9, 1.8 Hz, 1H), 7.14 – 7.09 (m, 1H), 5.41 (s, 2H), 3.51 

(s, 2H). 13C NMR (101 MHz, CDCl3): δ 181.7, 141.5, 135.5, 131.7, 128.7, 128.4, 128.1, 

126.5, 124.9, 123.4, 121.2, 104.6, 66.4, 37.3. HRMS (ESI) m/z calcd. for C17H12O3Br [M-H]- 

342.9970; found 342.9964. 
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Benzyl 6-bromo-2-oxo-1-(o-tolyl)-2,3-dihydro-1H-indene-1-carboxylate (2.135). Ketoester 

2.132 (62 mg; 0.18 mmol) and freshly re-crystalized o-tolyllead triacetate (2.134) (prepared 

according to method described by126) (128 mg; 0.27 mmol; 1.5 equiv.) were dissolved in 

CHCl3 (2.5 mL) at room temperature. To the red solution was added anhydrous pyridine (65 

µL; 0.81 mmol; 4.5 equiv.) and the solution was stirred at 50 °C for five hours. The orange 

suspension was cooled to room temperature and poured into aqueous saturated NH4Cl 

solution and extracted with DCM. Organic extracts were combined, washed with brine, dried 

over MgSO4 and evaporated under reduced pressure. The orange oil was purified by reverse 

phase flash chromatography (10% MeCN in H2O to 100% MeCN) to yield 58 mg (74%) of 

compound 2.135 as light-yellow oil. 1H NMR (400 MHz, CDCl3): δ 7.54 – 7.49 (m, 2H), 7.34 

– 7.27 (m, 4H), 7.24 – 7.18 (m, 4H), 7.08 – 7.02 (m, 1H), 6.76 – 6.72 (m, 1H), 5.26, 5.14 

(ABq, J = 12.0 Hz, 2H), 3.74, 3.56 (ABq, J = 22.5 Hz, 2H), 2.26 (s, 3H). 13C NMR (101 

MHz, CDCl3): δ 206.8, 169.6, 142.5, 138.2, 136.3, 135.2, 134.8, 132.6, 132.4, 130.2, 128.7, 

128.6, 128.6, 128.4, 128.4, 126.7, 125.8, 121.9, 70.5, 68.0, 42.4, 21.2. HRMS (ESI) m/z 

calcd. for C24H18O3Br [M-H]- 433.0439; found 433.0450. 

 

 

2-Fluoro-5,6-dihydroindeno[2,1-b]indole (2.140). 2-Indanone 2.139 (2.00 g; 15.13 mmol) 

and 4-fluorophenylhydrazine hydrochloride (2.85) (2.95 g; 18.16 mmol; 1.2 equiv.) were 

suspended in iPrOH (40 mL) and the brown mixture was stirred at 75 °C for 18 hours The 

suspension was cooled to room temperature, filtered through sintered glass filter and washed 

with iPrOH. The filtrate was evaporated under reduced pressure and purified by flash 

chromatography on silica (100% hexanes to 60% EtOAc in hexanes) to afford 2.77 g (82%) 

of the compound 2.140 as green amorphous solid. 1H NMR (400 MHz, CDCl3): δ 8.27 (s, 

1H), 7.60 (d, J = 7.5 Hz, 1H), 7.50 (dd, J = 9.4, 2.3 Hz, 1H), 7.47 – 7.40 (m, 1H), 7.38 – 7.33 

(m, 1H), 7.33 – 7.27 (m, 1H), 7.12 (t, J = 7.4 Hz, 1H), 6.95 (td, J = 9.1, 2.5 Hz, 1H), 3.76 (s, 

2H). 13C NMR (101 MHz, CDCl3): δ 158.4 (d, J = 235.0 Hz), 147.9, 142.3, 139.6, 137.1, 

127.3, 124.9, 123.0, 122.5, 118.5, 112.3 (d, J = 9.9 Hz), 109.6 (d, J = 26.1 Hz), 104.7 (d, J = 
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24.0 Hz), 31.4. 19F NMR (376 MHz, CDCl3): δ -123.59. HRMS (ESI) m/z calcd. for 

C15H10NF [M]+: 223.0797, found: 223.0802. 

 

 

10b-Allyl-2-fluoro-5,5a,6,10b-tetrahydroindeno[2,1-b]indole (2.141). Indole 2.140 (4.25 g; 

19.04 mmol) was dissolved in anhydrous 1,4-dioxane (105 mL) and solid NaOtBu (1.92 g; 

20.00 mmol; 1.05 equiv.) was added in one portion. The dark red suspension was stirred at 

room temperature for 20 minutes after which Et3B (1 M in THF; 20.00 mL; 20.00 mmol; 1.05 

equiv.) was added dropwise. The red-brown suspension was stirred at room temperature for 

30 minutes after which allyl bromide (2.25 mL; 26.65 mmol; 1.4 equiv.) was added and the 

stirring was continued for three hours. Then the reaction was quenched with aqueous 

saturated NH4Cl solution and extracted with EtOAc. The combined extracts were washed with 

brine, dried over MgSO4 and evaporated under reduced pressure. The resulting orange oil was 

dissolved in AcOH (105 mL) and NaCNBH3 (3.59 g; 57.11 mmol; 3 equiv.) was added in one 

portion. The orange solution was stirred at room temperature for one hour after which the 

solvent was evaporated under reduced pressure, the residue was dissolved in EtOAc and 

washed with aqueous saturated NaHCO3 solution and brine. The organic extract was dried 

over MgSO4 and evaporated under reduced pressure and the resulting material was purified by 

flash chromatography on silica (100% hexanes to 40% EtOAc in hexanes) to yield 3.44 g 

(68%) alkene 2.141 as yellow amorphous solid. 1H NMR (400 MHz, CDCl3): δ 7.33 – 7.25 

(m, 1H), 7.26 – 7.13 (m, 3H), 7.02 (dd, J = 8.4, 2.6 Hz, 1H), 6.71 (ddd, J = 9.2, 8.5, 2.6 Hz, 

1H), 6.49 (dd, J = 8.5, 4.3 Hz, 1H), 5.56 (ddt, J = 17.1, 10.1, 7.2 Hz, 1H), 5.13 – 5.03 (m, 

1H), 5.06 – 4.98 (m, 1H), 4.53 (dd, J = 6.4, 2.1 Hz, 1H), 3.29 (dd, J = 16.6, 6.4 Hz, 1H), 3.01 

(dd, J = 16.6, 1.8 Hz, 1H), 2.82 – 2.65 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 157.4 (d, J = 

235.7 Hz), 146.0, 145.7, 141.5, 135.3 (d, J = 7.3 Hz), 134.1, 127.5, 127.3, 125.3, 123.4, 

118.3, 114.0 (d, J = 23.3 Hz), 110.4 (d, J = 23.8 Hz), 110.0 (d, J = 8.2 Hz), 68.6, 62.9 (d, J = 

1.9 Hz), 43.2, 40.4. 19F NMR (376 MHz, CDCl3): δ -125.80. HRMS (ESI) m/z calcd. for 

C18H17NF [M+H]+: 266.1345, found: 266.1353. 
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tert-Butyl (E)-2-fluoro-10b-(prop-1-en-1-yl)-6,10b-dihydroindeno[2,1-b]indole-5(5aH)-

carboxylate (2.143). Alkene 2.141 (3.42 g; 12.89 mmol) was dissolved in absolute EtOH 

(150 mL) and RhCl3×H2O (293 mg; 1.29 mmol; 0.1 equiv.) and anhydrous K2CO3 (1.78 g; 

12.89 mmol; 1 equiv.) were added. The deep brown suspension was stirred at 65 °C for 40 

hours. The solvent was evaporated under reduced pressure and the black residue was 

partitioned between aqueous saturated NH4Cl solution and EtOAC. The water layer was 

extracted with EtOAc and the combined organic extracts were washed with water and brine, 

dried over MgSO4 and evaporated under reduced pressure. The residue was purified by flash 

chromatography on silica (10% DCM in hexanes to 100% DCM) to yield 1.32 g (39%) of a 

mixture of alkenes (8 : 2 internal : terminal) as brown amorphous solid. The prepared mixture 

of the alkenes (1.20 g; 4.53 mmol) was dissolved in anhydrous THF and cooled to 0 °C. 

KHMDS (1 M in THF; 5.43 mL; 5.43 mmol; 1.2 equiv.) was added dropwise and the dark red 

solution was stirred at 0 °C for 15 minutes after which the Boc2O (1.28 g; 5.88 mmol; 1.3 

equiv.) was added as a solid in one portion. The solution was warmed to r.t and stirred for 

three hours. The reaction was quenched with aqueous saturated NH4Cl solution and EtOAc 

was added. The layers were separated, and the organic layer was washed with water and 

brine, dried over MgSO4 and evaporated under reduced pressure. The residue was purified by 

flash chromatography on silica (100% hexanes to 40% EtOAc in hexanes) to yield 910 mg 

(55%) of the alkene 2.143 as yellow amorphous solid. 1H NMR (400 MHz, MeOH-d4): δ 7.34 

(d, J = 7.4 Hz, 1H), 7.27 – 7.16 (m, 4H), 7.02 (dd, J = 8.3, 2.7 Hz, 1H), 6.89 (td, J = 8.9, 2.7 

Hz, 1H), 5.81 (dq, J = 15.4, 1.6 Hz, 1H), 5.33 (dq, J = 15.4, 6.5 Hz, 1H), 4.83 (dd, J = 7.9, 4.1 

Hz, 1H), 3.59 (dd, J = 17.4, 7.9 Hz, 1H), 3.05 (dd, J = 17.4, 4.1 Hz, 1H), 1.71 (dd, J = 6.5, 1.6 

Hz, 3H), 1.59 (s, 9H). 13C NMR (101 MHz, MeOH-d4): δ 160.3 (d, J = 240.1 Hz), 148.4, 

146.0, 142.1, 135.9, 134.6, 128.8, 128.4, 127.9, 125.9, 125.7, 124.3, 119.2, 116.9, 115.1 (d, J 

= 23.2 Hz), 112.6 (d, J = 24.1 Hz), 86.4, 73.2, 28.7, 27.6, 17.9. 19F NMR (376 MHz, MeOH-

d4): δ -122.72. LRMS (ESI) m/z calcd. for C23H25FNO2
 [M+H]+: 366.2, found: 366.1. 
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5-(tert-Butoxycarbonyl)-2-fluoro-5a,6-dihydroindeno[2,1-b]indole-10b(5H)-carboxylic 

acid (2.145). Alkene 2.143 (595 mg; 1.63 mmol) was dissolved in mixture of anhydrous 

DCM and MeOH (10:1 v/v; 33 mL) and cooled to -78 °C. A stream of ozone in oxygen was 

passed through the yellow solution for 15 minutes while maintaining the temperature of the 

solution below -70 °C. The remaining ozone was sparged from the solution by stream of 

argon. Me2S (598 µL; 8.14 mmol; 5 equiv.) was added after which the solution was warmed 

to room temperature and stirred for 18 hours. The remaining Me2S was sparged from the 

solution by stream of argon and the solvent was evaporated under reduced pressure. The 

residue was purified by flash chromatography on silica (100% hexanes to 40% EtOAc in 

hexanes) to yield 475 mg (83%) of the aldehyde 2.144 as yellow amorphous solid. The freshly 

prepared aldehyde 2.144 (475 mg; 1.34 mmol) was dissolved in DMSO (12 mL) and 

resorcinol (296 mg; 2.68 mmol; 2 equiv.) was added followed by NaH2PO4 (371 mg; 2.68 

mmol; 2 equiv.) solution in water (2 mL). The solution became warm and was cooled to 5 °C. 

Then NaClO2 (243 mg; 2.68 mmol; 2 equiv.) solution in water (2 mL) was added and the 

bright purple solution was stirred at room temperature for two hours. The reaction was 

quenched with aqueous saturated NH4Cl solution, acidified with 1 M aqueous HCl solutionto 

pH 3 and extracted with EtOAc. The combined organic extracts were dried over MgSO4 and 

evaporated under reduced pressure. The residue was purified by reverse phase flash 

chromatography (10% MeCN in water to 100% MeCN) to afford 330 mg (67%) of carboxylic 

acid 2.145 as colorless amorphous solid. 1H NMR (400 MHz, MeOH-d4): δ 7.76 – 7.65 (m, 

1H), 7.43 (dd, J = 8.5, 2.7 Hz, 1H), 7.32 – 7.13 (m, 4H), 6.94 (td, J = 8.9, 2.7 Hz, 1H), 5.57 

(dd, J = 8.2, 3.6 Hz, 1H), 3.73 (dd, J = 17.7, 8.2 Hz, 1H), 3.13 (dd, J = 17.7, 3.6 Hz, 1H), 1.61 

(s, 9H). 13C NMR (101 MHz, MeOH-d4): δ 174.0, 160.2 (d, J = 239.8 Hz), 143.0, 142.2, 

129.6, 128.8 (d, J = 2.3 Hz), 128.5, 126.0, 125.5, 124.2, 116.7, 116.0 (d, J = 23.2 Hz), 113.2 

(d, J = 25.2 Hz), 70.5, 68.9, 41.8, 28.7, 28.7. 19F NMR (376 MHz, MeOH-d4): δ -122.71. 

LRMS (ESI) m/z calcd. for C21H20FNO4
 [M]+: 369.1, found: 369.0. 
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5-(tert-Butyl) 10b-(1,3-dioxoisoindolin-2-yl) 2-fluoro-5a,6-dihydroindeno[2,1-b]indole-

5,10b-dicarboxylate (2.146). To suspension of carboxylic acid 2.145 (300 mg; 0.81 mmol), 

N-hydroxyphtalimide (132 mg; 0.81 mg; 1 equiv.) and DMAP (9.9 mg; 0.081 mmol; 0.1 

equiv.) in anhydrous DCM (10 mL) was added DIC (139 µL; 0.89 mmol; 1.1 equiv.). The 

yellow suspension was stirred at room temperature for three hours after which it was filtered 

through a short plug of silica. The filtrate was evaporated under reduced pressure and the 

residue was purified by flash chromatography on silica (100% hexanes to 40% EtOAc in 

hexanes) to yield 230 mg (55%) of compound 2.146 as colorless amorphous solid. 1H NMR 

(400 MHz, CDCl3): δ 7.83 – 7.76 (m, 5H), 7.72 – 7.69 (m, 1H), 7.43 (dd, J = 8.5, 2.8 Hz, 1H), 

7.28 – 7.21 (m, 3H), 6.94 (td, J = 8.9, 2.8 Hz, 1H), 5.56 (dd, J = 8.2, 3.7 Hz, 1H), 3.72 (dd, J 

= 17.7, 8.2 Hz, 1H), 3.13 (dd, J = 17.7, 3.7 Hz, 1H), 1.61 (s, 9H). 13C NMR (101 MHz, 

CDCl3): δ 173.9, 165.8, 160.1 (d, J = 239.7 Hz), 153.5, 142.9, 142.1, 139.1, 135.5, 134.4, 

130.5, 129.6, 128.5, 126.0, 125.5, 124.0, 116.7, 116.0 (d, J = 23.3 Hz), 113.1 (d, J = 25.1 Hz), 

68.9, 67.6, 41.8, 28.7. 19F NMR (376 MHz, CDCl3): δ -122.66. LRMS (ESI) m/z calcd. for 

C25H16FN2O6
 [M-tBu+2H]+: 459.1, found: 459.0. 

 

 

5-(tert-Butyl) 10b-(4,5,6,7-tetrachloro-1,3-dioxoisoindolin-2-yl) 2-fluoro-5a,6-

dihydroindeno[2,1-b]indole-5,10b-dicarboxylate (2.148). To suspension of carboxylic acid 

2.145 (190 mg; 0.51 mmol), N- 

hydroxy tetrachlorophthalimide (155 mg; 0.51 mg; 1 equiv.) and DMAP (6.3 mg; 0.051 

mmol; 0.1 equiv.) in anhydrous DCM (5 mL) was added DIC (88 µL; 0.57 mmol; 1.1 equiv.). 

The yellow suspension was stirred at room temperature for 18 hours after which it was filtered 

through a short plug of silica. Filtrate was evaporated to dryness under reduced pressure. 

Residue was purified by flash chromatography on silica (100% hexanes to 40% EtOAc in 

hexanes) to yield 107 mg (32%) of compound 2.148 as yellow amorphous solid. 1H NMR 



121 

 

(400 MHz, CDCl3): δ 7.75 – 7.70 (m, 1H), 7.41 – 7.29 (m, 3H), 7.28 – 7.19 (m, 2H), 6.97 (m, 

1H), 5.71 (s, 1H), 3.85 (dd, J = 17.7, 8.1 Hz, 1H), 3.30 (d, J = 17.7 Hz, 1H), 1.63 (s, 9H). 13C 

NMR (101 MHz, CDCl3): δ 171.3, 165.8, 158.9 (d, J = 242.0 Hz), 151.7, 141.4, 139.5, 138.3, 

130.7, 130.5, 129.5, 128.5, 128.2, 125.4, 124.7, 124.6, 116.5 (d, J = 23.0 Hz), 116.2 (d, J = 

7.6 Hz), 112.3 (d, J = 25.1 Hz), 82.0, 68.2, 65.1, 41.7, 28.6. 19F NMR (376 MHz, CDCl3): δ -

119.62. LRMS (ESI) m/z calcd. for C25H12Cl4FN2O6
 [M-tBu+2H]+: 596.9, found: 596.8. 

 

 

Methyl (2S)-2-(((benzyloxy)carbonyl)amino)-4-(1-methyl-2-oxo-3-phenylindolin-5-

yl)butanoate (2.158c). To a solution of methyl (S)-2-(((benzyloxy)carbonyl)amino)but-3-

enoate 2.164 (prepared according to method described in127) (55 mg; 0.22 mmol) in THF (1 

mL) was added 9-BBN (1.1 mL; 0.44 mmol; 0.5 M solution in THF; 2 equiv.) at 0 °С. After 

stirring for three hours at room temperature, K3PO4 (3 M solution in water; 0.22 mL; 0.66 

mmol; 3 equiv.) was added dropwise. After stirring at room temperature for 30 min, the 

solution of Pd(dppf)Cl2×DCM (1 mg; 0.1 mmol; 0.05 equiv.) and aryl iodide 2.161c 

(synthesis described in117) (77 mg: 0.22 mmol; 1 equiv.) in degassed DMF (1 mL) was added. 

After stirring for 20 h at room temperature, the reaction was quenched with saturated aqueous 

NH4Cl solution and EtOAc was added. Layers were separated and the water layer was 

extracted with EtOAc. Combined organic phases were washed with saturated NaHCO3 

solution and brine, dried over MgSO4 and evaporated under reduced pressure. Product 2.158c 

was purified by reverse phase flash chromatography (10% to 70% MeCN in water) to afford 

30 mg (29%; 1:1 dr) as a yellow amorphous solid. 1H NMR (400 MHz, CDCl3): δ 7.40 – 7.27 

(m, 8H), 7.22 – 7.15 (m, 2H), 7.12 (d, J = 8.0 Hz, 1H), 6.97 (s, 1H), 6.80 (d, J = 8.0 Hz, 1H), 

5.39 – 5.30 (m, 1H), 5.13 – 5.09 (m, 2H), 4.57 (s, 1H), 4.44 – 4.35 (m, 1H), 3.71 (s, 3H), 3.23 

(s, 3H), 2.67 – 2.57 (m, 2H), 2.19 – 2.07 (m, 1H), 1.98 – 1.87 (m, 1H). 13C NMR (101 MHz, 

CDCl3): δ 176.0, 172.8, 155.9, 142.9, 136.8, 136.3, 135.2, 129.3, 129.3, 129.0, 128.7, 128.6, 

128.6, 128.4, 128.3, 128.2, 127.7, 125.3, 125.2, 108.2, 67.2, 53.6, 52.6, 52.5, 52.2, 34.7, 31.3, 

31.3, 26.6. HRMS (ESI) m/z calcd. for C28H29N2O5 [M+H]+: 473.2076, found: 473.2079. 
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Methyl 2'-((1S)-1-((2S)-2-(((benzyloxy)carbonyl)amino)-4-(1-methyl-2-oxo-3-

phenylindolin-5-yl)butanamido)-2,2-dimethylpropyl)-5'-bromo-[2,4'-bioxazole]-4-

carboxylate (2.156c). Methyl ester 2.158c (50 mg; 0.11 mmol) was dissolved in MeOH/water 

mixture (3:2 v/v; 3.5 mL) and stream of argon was passed through the solution for 20 

minutes. Solid LiOH (8 mg; 0.33 mmol; 3 equiv.) was added and the clear solution was stirred 

at room temperature for two hours. Solution was then acidified with 1 M aqueous HCl 

solution to pH 4 and MeOH was evaporated under reduced pressure. The resulting suspension 

was extracted with EtOAc, combined organic layers were washed with brine, dried over 

Na2SO4 and evaporated to dryness under reduced pressure. To the resulting crude carboxylic 

acid was added amine 2.93 (38 mg; 0.11 mmol; 1 equiv.), EDC×HCl (27 mg; 0.14 mmol; 1.3 

equiv.) and anhydrous pyridine (1 mL). The resulting suspension was stirred at room 

temperature for one hour. The orange solution was then evaporated to dryness under reduced 

pressure and the solid residue was dissolved in EtOAc, washed with 1 M aqueous HCl 

aolution and brine, dried over Na2SO4 and evaporated under reduced pressure. Purification by 

reverse phase chromatography (30% to 95% MeCN in water) afforded 31 mg (36%, 1:1 dr) of 

amide 2.156c as a yellow oil. 1H NMR (400 MHz, CDCl3): δ 8.27 (s, 0.5H), 8.24 (s, 0.5H), 

7.38 – 7.23 (m, 7H), 7.18 – 7.13 (m, 2H), 7.09 (d, J = 7.9 Hz, 1H), 6.96 (s, 1H), 6.78 (d, J = 

7.9 Hz, 1H), 6.77 (d, J = 7.9 Hz, 1H), 5.22 (dd, J = 7.9, 2.7 Hz, 1H), 5.13 – 5.10 (m, 2H), 5.07 

(d, J = 2.0 Hz, 1H), 5.05 (d, J = 2.0 Hz, 1H), 4.57 (s, 0.5H), 4.53 (s, 0.5H), 4.18 – 4.09 (m, 

1H), 3.94 (s, 3H), 3.218 (s, 1.5H), 3.215 (s, 1.5H), 2.64 – 2.55 (m, 2H), 2.16 – 2.04 (m, 1H), 

1.97 – 1.81 (m, 1H), 0.95 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 176.1, 176.1, 171.2, 171.2, 

165.0, 161.3, 156.4, 154.8, 154.8, 144.1, 143.0, 136.8, 136.8, 136.1, 135.2, 134.7, 134.7, 

129.4, 129.4, 129.0, 128.7, 128.6, 128.5, 128.4, 128.3, 128.1, 127.7, 125.2, 123.3, 108.3, 

108.3, 67.4, 55.9, 54.4, 52.5, 52.3, 52.2, 35.9, 33.6, 33.5, 31.4, 26.6, 26.3. HRMS (ESI) m/z 

calcd. for C40H41N5O8Br [M+H]+: 798.2139, found: 798.2137 
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Methyl 2-((23S,5S,8S)-5-(((benzyloxy)carbonyl)amino)-8-(tert-butyl)-21-methyl-22,6-

dioxo-23-phenyl-7-aza-1(5,2)-oxazola-2(3,5)-indolinacyclooctaphane-14-yl)oxazole-4-

carboxylate (2.167c). Amide 2.156c (31 mg; 0.04 mmol) and oven dried K3PO4 (25 mg; 0.12 

mmol; 3 equiv.) were suspended in anhydrous degassed DMF (2 mL) and stream of argon 

was passed through the suspension for 10 minutes. The suspension was stirred at 65 °C for 

five hours during which macrocycle 2.167c was formed with 86:14 dr. After cooling to room 

temperature, the reaction was quenched with saturated aqueous NH4Cl solution and extracted 

with EtOAc. Combined organic layers were washed with brine, dried over Na2SO4 and 

evaporated under reduced pressure. Chromatographical purification on silica (0% to 40% 

EtOAc in DCM) afforded 22 mg (79%; 97:3 dr) of macrocycle 2.167c as white amorphous 

solid. 1H NMR (400 MHz, CDCl3): δ 7.91 (s, 1H), 7.38 – 7.29 (m, 7H), 7.25 – 7.20 (m, 3H), 

7.15 (dd, J = 8.0, 1.7 Hz, 1H), 7.10 (d, J = 1.7 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 6.60 (d, J = 

8.0 Hz, 1H), 5.15 (d, J = 8.7 Hz, 1H), 5.13 – 5.01 (m, 2H), 4.75 (d, J = 8.0 Hz, 1H), 3.88 (s, 

3H), 3.62 (td, J = 8.5, 3.7 Hz, 1H), 3.30 (s, 3H), 3.07 – 2.98 (m, 1H), 2.88 –2.79 (m, 1H), 2.70 

– 2.59 (m, 1H), 1.82 – 1.72 (m, 1H), 0.96 (s, 9H). 13C NMR (101 MHz, CDCl3): δ 173.4, 

171.3, 161.9, 161.6, 156.9, 155.4, 149.8, 144.3, 141.1, 137.1, 136.0, 134.3, 134.1, 131.4, 

129.7, 128.9, 128.8, 128.6, 128.3, 128.1, 127.6, 127.5, 127.2, 109.1, 67.6, 58.1, 57.5, 52.8, 

52.1, 33.7, 31.6, 30.0, 29.8, 27.1, 26.5. HRMS (ESI) m/z calcd. for C40H40N5O8 [M+H]+: 

718.2877, found: 718.2874. [α]20
D -24 (c 0.8, CHCl3). 

 

 

Methyl 2-((23S,5S,8S)-8-(tert-butyl)-5-((S)-2-hydroxy-3-methylbutanamido)-21-methyl-

22,6-dioxo-23-phenyl-7-aza-1(5,2)-oxazola-2(3,5)-indolinacyclooctaphane-14-yl)oxazole-4-

carboxylate (2.154c). Macrocycle 2.167c (22 mg; 0.31 mmol) and 10% Pd/C (3 mg; 0.0031 

mmol; 0.1 equiv.) were suspended in MeOH and stream of H2 was passed through the 

suspension for six hours at room temperature. Then the mixture was filtered through a plug of 

Celite, washed on filter with MeOH and evaporated to dryness under reduced pressure. The 
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white amorphous residue was dissolved in anhydrous DMF (1 mL) and (S)-HiVA (5 mg; 

0.044 mmol; 1.5 equiv.), EDC×HCl (11 mg; 0.058 mmol; 2 equiv.) and HOBt (12 mg; 0.087 

mmol; 3 equiv.) were added followed by DIPEA (30 µL; 0.17 mmol; 6 equiv.). The yellow 

solution was stirred at room temperature for one hour. The solution was diluted with saturated 

aqueous NH4Cl solution and EtOAc. Layers were separated and the organic phase was 

washed with water and brine, dried over Na2SO4 and evaporated under reduced pressure. 

Purification by reverse phase flash chromatography (5% to 60% MeCN in water) afforded 12 

mg (60%; dr 99:1) of macrocycle 2.154c as white amorphous solid. 1H NMR (400 MHz, 

MeOH-d4): δ 8.36 (s, 1H), 7.32 – 7.29 (m, 5H), 7.25 (dd, J = 8.0, 1.8 Hz, 1H), 7.23 (d, J = 1.8 

Hz, 1H), 7.04 (d, J = 8.0 Hz, 1H), 4.14 – 4.09 (m, 1H), 3.88 (s, 3H), 3.84 (d, J = 3.9 Hz, 1H), 

3.28 (s, 3H), 3.02 – 2.94 (m, 1H), 2.83 – 2.76 (m, 1H), 2.76 – 2.68 (m, 1H), 2.06 (sept d, J = 

6.9, 3.9 Hz, 1H), 1.76 – 1.67 (m, 1H), 1.09 – 1.02 (m, 10H), 0.99 (d, J = 6.9 Hz, 3H), 0.87 (d, 

J = 6.9 Hz, 3H). 13C NMR (101 MHz, MeOH-d4): δ 176.4, 174.8, 173.8, 164.0, 162.6, 156.6, 

151.6, 146.5, 142.4, 138.3, 137.5, 134.8, 132.0, 131.2, 129.9, 129.3, 128.4, 127.4, 127.1, 

110.6, 76.9, 59.4, 58.2, 52.8, 52.5, 34.5, 33.1, 31.9, 31.8, 27.3, 26.7, 19.6, 16.4. HRMS (ESI) 

m/z calcd. for C37H42N5O8 [M+H]+: 684.3033, found: 684.3034. [α]20
D -178 (c 1.0, MeOH). 
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CONCLUSIONS 

 

 1.Atropodiastereoselective Dieckmann-type cyclization provides a previously 

unreported route to ketone (R,R)-2.3 and the macrocyclic core of diazonamide A (1.2) in 

enantiomerically pure form. Ketone (R,R)-2.3 contains the following key structural elements 

of diazonamide A: right side 12-membered heterocyclic ring, enantiopure chiral tetracyclic 

hemiaminal and all-carbon quaternary stereogenic center. Approach toward synthesis of 

diazonamide A (1.2) through preparation of ketone (R,R)-2.3 and initial assembly of right side 

polyaromatic macrocycle differs from the majority of previously disclosed total synthesis that 

typically started by the construction of the left-hand peptidic macrocycle.       

 

 

 

 2. The diastereoselectivity of the macrocyclization of biaryl (R,R)-2.4 was controlled by 

the (R)-stereogenic center at C10 of the rigid tetracyclic hemiaminal moiety. Notably, M-

configuration around both C16–C18 and C24–C26 biaryl bonds of the macrocycle (R,R)-2.3 

was simultaneously established in the cyclization step. The Dieckmann-type cyclization 

proceeded below the threshold for interconversion of atropisomers around the C16–C18 biaryl 

bond in the starting biaryl (R,R)-2.4. Therefore, only the M-atropisomer underwent the ring 

closure, whereas the P-atropisomer did not react. However, the unreacted P-atropisomer 

equilibrated back to the starting 3:2 M/P mixture during the workup, and hence, the recovered 

biaryl (R,R)-2.4 could be reused in the macrocyclization. 
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 3. Construction of the bioxazole moiety in the pre-formed 12-membered macrocyclic 

ketone rac-2.3 by direct α-amination/oxazole synthesis is not a viable strategy due to poor 

reactivity and stability of macrocycle rac-2.3. However, diazotation of ketone rac-2.3 with 

pABSA/DBU was successful and provided α-diazoketone rac-2.61 as potential handle for 

introduction of bioxazole moiety after additional optimization of reaction conditions. 

 

  

 

4. Dihydrobenzofuro[2,3-b]indole that contains carbonyl substituent at the quaternary 

stereocenter is relatively unstable: it is prone to ring opening under both acidic and basic 

conditions. N-Unprotected tetracyclic hemiaminal rac-2.27 in presence of TEA exists in 

equilibrium with indole rac-2.34, which can be trapped with Boc2O to give compound rac-

2.35, but macrocyclic ketone rac-2.3 in the presence HCl and MeOH forms intermediate XIX 

which leads to macrocycle opening and formation of indole 2.64. Driving force in both cases 

is rearomatization of the indole ring. 
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5. The explored synthesis strategies are not suitable for the preparation of the carba-

analog of DZ-2384, the dihydroindenoindole-core containing macrocycle 2.71.  

 

 

 

 5.1. Synthesis of macrocycle 2.71 by late-stage construction of dihydroindenoindole 

core using Fischer indole synthesis between ketone 2.73 (prepared by diastereoselective 

intramolecular ketone arylation from amide 2.74) and arylhydrazine 2.85 is not viable and 

produce the undesired indole regioisomer 2.86. The regioselectivity of the indole synthesis is 

shifted towards the kinetic product 2.86 by steric crowding around the α-position of the 

ketone 2.73.    
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5.2. Synthesis of macrocycle 2.71 by intramolecular SNAr-type macrocyclization of 

tethered indole-oxazole 2.91 (prepared from pre-formed bioxazole building block 2.93 and 

dihydroindenoindole 2.92) produces undesired macrocycle 2.102 with good yield and high 

diastereoselectivity (99:1 dr). The selective formation of the undesired macrocycle 2.102 can 

be explained by the low nucleophilicity and prohibitive cost of dearomatization of indole 

moiety.  

 

 

 

 5.3. Synthesis of macrocycle 2.71 by decarboxylative coupling of preformed redox-

active ester 2.148 (prepared from pre-formed dihydroindenoindole 2.140 by electrophilic 

allylation and subsequent double bond isomerization, oxidation, and ester synthesis) and aryl 

zinc species is not feasible. Model reaction between ester 2.148 and 

di(paramethoxyphenyl)zinc did not produce coupling product 2.149. The poor coupling 

results can be attributed to the sterically crowded environment around the reaction site on 

dihydroindenoindole 2.148 which prevents the approach of the reactive species. 
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6. Variation of the bond connectivity between the core tetracycle and the rest of the 

molecule does not allow the (dihydro)indenoindole-core containing macrocycles 2.89, 2.104 

and 2.106 to adapt the bioactive conformation, leading to drop in antiproliferative activity 

compared to DZ-2384 (1.76). 

 

 

   

 7. SNAr-type macrocyclization of 2-indolinone-tethered bromooxazoles 2.155 and 2.156 

is well suited for preparation of indolinone core-containing macrocycles 2.166 and 2.167. The 

lower diastereoselectivity of macrocyclization of 13-membered analogs 2.167 (<86:14 dr) 

compared to 12-membered 2.166 (99:1 dr) is due to larger number of rotatable bonds in the 

oxindole-oxazole tether (7 vs 6 respectively) of precursor 2.156 and smaller energy difference 

between transition states leading to individual diastereomers of macrocycle 2.167. 
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8. The phenyl moiety at quaternary center (2.154a) is superior substituent to the methyl 

group (2.154b) in the 13-membered macrocycle series. Additionally, ring enlargement from 

12- to 13-membered macrocycle is beneficial to N-unsubstituted, 3-phenyloxindole-core 

containing compound and allows for 10-fold increase in antiproliferative activities against 

PANC-1 and MDA-MB-231 cancer cell lines (2.153a vs 2.154a). 

 

  

  

 9. Change in absolute configuration from (S) to (R) at the quaternary stereogenic center 

of the 2-indolinone core-containing analogs of diazonamide A is not tolerated and leads to 

diminished antiproliferative activity.  
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