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Abstract 

 Marine ascidian metabolite perophoramidine has since its isolation in 2002 attracted the 

interest of several research groups. The complex polycyclic structure with vicinal quaternary carbon 

stereocenters and two amidine functionalities constitutes a formidable synthetic challenge. In this 

project a new synthetic approach to dehalogenated perophoramidine has been investigated. The 

vicinal quaternary carbon stereocenters were introduced via a samarium mediated reductive 

dialkylation, in which the stereochemistry was determined by the metal chelate that formed, as 

outlined below. Several of the steps suggested in the synthetic approach have been successfully 

evaluated. Future work is needed to assess the remaining steps of the suggested route to 

dehalogenated perophoramidine.  
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Abbreviations 

AcOH Acetic acid 

CAN Diammonium cerium(IV) nitrate 

DCM Dichloromethane 

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

DIAD Diisopropyl azodicarboxylate 

DMF Dimethylformamide 

DPPA Diphenyl phosphorazidate 

EtOAc Ethyl acetate 

Et2O Diethyl ether 

HCl Hydrochloric acid 

NaHCO3 Sodium bicarbonate 

Na2S2O3 Sodium thiosulfate 

MeOH Methanol 

MgSO4 Magnesium sulfate 

THF Tetrahydrofurane 
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1. Introduction 

Natural products have for decades been isolated, studied and synthesized to broaden the 

understanding of their biological interactions, as well as being a source of inspiration in the 

development of new medicinal treatments and the reactions needed to synthesize these. Although 

terrestrial organism has long been the main source of natural product, the interest for marine 

organisms as a source of natural products has in recent years increased. In 2002 Ireland et al. isolated 

and elucidated the structure of the marine ascidian metabolite perophoramidine 2.1, figure 1, a 

complex polycyclic alkaloid containing vicinal quaternary carbon stereocenters. [1] Due to the 

challenges when generating such a complex molecule, especially introducing the vicinal stereocenters, 

perophoramidine attracted the interest of several research groups. Various routes towards the total 

synthesis of perophoramidine, employing different methods of introducing the vicinal stereocenters, 

have been presented as well as a few complete total syntheses of the molecule. The aim of this 

project was to investigation a new route to synthesizing dehalogenated perophoramidine 2.2, figure 

1, and in this thesis the exploratory work towards the total synthesis of dehaloperophoramidine is 

presented. 
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2. Background 

2.1. Perophoramidine and related structures 

Perophoramidine (2.1 figure 1) was isolated in 2002 by Ireland et al. from the marine colonial 

ascidian Perophora namei, which was collected of the coast of the Philippines. The molecule features a 

hexacyclic system with two amidine functionalities and two vicinal quaternary carbons, C4 and C20 

in figure 1, with the relative stereochemistry about the C4-C20 bond being trans. Perophoramidine 

exhibits cytotoxicity towards HTC116 colon carcinoma cells and it also induces apoptosis via 

cleavage of poly-(ADP-ribose)- polymerase, PARP. [1] 

 

Figure 1: The structure of perophoramidine 2.1, isolated from the marine ascidian Perophora namei in 2002 by Ireland 
et al., and dehalogenated perophoramidine 2.2. 

Perophoramidine is a member of the calycanthaceous alkaloids, all of which contain vicinal 

quaternary carbon stereocenters and can theoretically be derived from precursor 2.3, figure 2. In 

addition to the four core structures, 2.4-2.7,  which have been found represented in calycanthaceous 

alkaloids, a fifth core structure 2.8 can also be derived from 2.3 but it has yet not been found in any 

known natural products. The first alkaloids within this group were isolated from the plant genus 

Calycanthus but in recent years calycanthaceous alkaloids have been isolated from various terrestrial 

and marine organisms. The calycanthaceous alkaloids are important research targets, since their 

apparent convergent development indicates that they are easily accessed for many organisms. 

Perophoramidine and the structurally related communesins can be derived from core structure 2.4. 

Core structure 2.5 is found in calycanthine, core structure 2.6 in isocalycanthine and 

tetradehydroisocalycanthine and core structure 2.7 in folicanthine, chimonanthine, chimonanthidine 

and calycanthidine. [2] 
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Figure 2: From the hypothesized precursor 2.3, five different structural isomers can be derived. Four of these, 2.4-2.7, 
are found in known natural products belonging to the calycanthaceous alkaloids. 

As previously mentioned, the communesins are structurally related to perophoramidine and 

can be derived from the same calycanthaceous alkaloid core structure, 2.4 in figure 2. The key 

features of the communesins are the heptacyclic skeleton with two aminal functionalities, as well as 

two vicinal quaternary carbons, C7 and C8, figure 3. The relative stereochemistry about the C7-C8 

bond is cis, as opposed to the relative stereochemistry about this bond in perophoramidine. [3] Ireland 

et al. calculated the energetic difference between the cis and the trans isomer, with respect to sterics, 

for both communesin and perophoramidine. They could conclude that while there was a 

44 kcal/mol difference in steric energy, favoring the trans isomer for perophoramidine, the energy 

levels for communesin was nearly identical for both the cis and the trans isomer. [1] The difference 

between the communesins is found in the substituent at the N15 and N16 position and, in the case 

of communesin F (2.14), the functional group at C21. [3] 

In 1993 the first two communesins, A (2.9) and B (2.10), were isolated by Numata et al. from 

a Penicillum fungus growing on the marine alga Enteromorpha intestinalis. [4] Six other communesins has 

since been isolated and structurally elucidated; communesins C (2.11), D (2.12), E (2.13), F (2.14), 

G (2.15) and H (2.16). Through preliminary biological evaluation, significant antileukemic and 

insecticidal activity has been revealed for all the communesins except G and H, which has shown no 

activity in antimicrobial, antiviral and anticancer assays. [5]- [6] 
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Figure 3: The structure of communesins A through H. 

2.2. Quaternary carbon stereocenters 

When synthesizing natural products there is a vast variety of reactions available to create 

carbon-carbon bonds. Despite this abundance, very few are applicable in the synthesis of quaternary 

carbon stereocenters. In addition there is often a limited availability of the starting material required, 

making this a particularly challenging area within organic synthesis. Quaternary carbons can be 

formed using ionic constructions, oxidative and reductive couplings as well as rearrangement and 

cycloaddition reactions. [7]  

In recent years extensive exploration has been made into the field of asymmetric synthesis, 

resulting in several methods for catalytic enantioselective construction of quaternary carbon 

stereocenters. Among these are cycloadditions, such as Diels-Alder reactions and cyclopropanations, 

direct alkylations and cation or metal mediated allylations, as well as intramolecular Heck reactions. [8] 

Several of these methods have been employed or suggested for the construction of vicinal quaternary 

carbons in the syntheses of various calycanthaceous alkaloids. 

2.3. Previous efforts to synthesize perophoramidine 

Perophoramidine, as well as the communesins and other calycanthaceous alkaloids, have 

attracted great interest since their discovery due to their unique and complex structure, and the 

vicinal quaternary carbon stereocenters which they contain.  To synthesize such a molecule is a 

formidable challenge that requires stereochemical control when generating the vicinal quaternary 

carbons. In the first total synthesis of perophoramidine, presented in 2004 by Fuchs and Funk, a 

biomimetic approach combining two tryptamine moieties was used. The vicinal quaternary centers 

were introduced simultaneously early in the synthesis through a base-promoted alkylation forming 

lactam 2.17 in good yield and with high stereoselectivity, figure 4. After transforming the lactam into 

a Boc-imide derivative, the Staudinger protocol was used to reduce the azide. This initiated a cascade 

reaction involving transamidation and subsequent ring closure between the formed carbamate and 

the indolenine, intermediate 2.18, resulting in the formation of aminal 2.19. [9]  
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Figure 4: In the first total synthesis of perophoramidine, presented by Fuchs and Funk in 2004, the vicinal quaternary 
carbon stereocenters were introduced using a base-promoted alkylation between two tryptamine moieties. 

 The first total synthesis of dehaloperophoramidine, 2.2 figure 1, was devised by Rainier et al. 

in 2006. In the employed strategy, the vicinal quaternary carbon stereocenters where introduced in 

two separate steps, the first by an intramolecular cyclization and the second through allylation, figure 

5. The desired cyclization occurred upon mesylation of 2.20 yielding 2.21 in a 1:1 mixture of C4 

diastereomers. However, only one of the isomers could cyclize to amidine 2.22. N, O-ketene acetal 

formation and subsequently quenching with allyl iodide yielded 2.23. [10]  

 

Figure 5: Rainier et al. presented the first total synthesis of dehaloperophoramidine in 2006, in which the vicinal 
quaternary carbons were introduced in two steps; intramolecular cyclization generated the first quaternary carbon 
followed by allylation to form the second one. 

 In 2009 Weinreb et al. presented their exploratory studies towards the total synthesis of 

perophoramidine. The introduction of the vicinal quaternary carbon stereocenters was again 

performed in two steps, first utilizing a tandem Heck cyclization/carbonylation followed by allylation 

to introduce the second, figure 6. After extensive investigation of possible substrates and conditions, 



10 
 

substrate 2.24 was chosen for the intramolecular Heck cyclization/carbonylation. Since the desired 

product was inseparable from the starting material or byproducts, the TBS protecting group was 

subsequently removed and 2.25 could now be collected in a 1:1 ratio of diastereomers. In the 

transformation of substrate 2.26 into an amidine, a 5:1 mixture of amidines was obtained, the major 

one being 2.27. Allylation similar to the one employed by Rainier et al., introduced the second 

quaternary carbon stereocenter at C4, resulting in the formation of 2.28. [11]  

 

Figure 6: Weinreb et al. presented a suggested route to perophoramidine in 2009. After employing an intramolecular 
Heck cyclization/carbonylation to introduce the first quaternary carbon stereocenter, allylation generated the second 
stereocenter. 

In previous work reported by Weinreb et al. in 2003, a similar approach was used but in 

which the allylation was performed before the amidine formation. However, in this first exploration 

towards the total synthesis of perophoramidine, the stereochemistry was wrongfully assigned and it 

was not the precursor to perophoramidine which had formed but that of the communesins 2.29, 

figure 7. [12] This methodology was later used by Weinreb et al. in a total synthesis of communesin F, 

presented in 2010, in which the first quaternary carbon stereocenter was set using an intramolecular 

Heck cyclization and the second through allylation before amidine formation. [13] 
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Figure 7: In the first synthetic approach to perophoramidine presented by Weinreb et al. the stereochemistry was 
wrongfully assigned and instead of forming a precursor to perophoramidine, the precursor to the communesins formed, 
2.29. 

 The first asymmetric total synthesis of perophoramidine was presented in 2010 by Qin et al. 

and once again a tryptamine residue was used as starting material. The two quaternary carbon 

stereocenters were introduced simultaneously using a Diels-Alder reaction employing an in 

situ-generated chiral auxiliary, the (S)-tBuSO group on substrate 2.30, figure 8. Due to steric 

interactions the reaction was determined to proceed through an exo-transition state, 2.31, generating 

adduct 2.32. (+)-Perophoramidine was obtained after 17 steps with an overall yield of 11% and the 

absolute configuration around the C4-C20 bond could be determined to 4S, 20R by X-ray 

crystallography. [14]  

 

Figure 8: The first asymmetric total synthesis of (+)-perophoramidine was presented in 2010 by Qin et al. A Diels-Alder 
reaction employing an in situ-generated chiral ligand to control the stereochemistry resulted in the formation of (2.32) 
setting both vicinal quaternary carbon stereocenters simultaneously.  

Qin et al. had previously, in 2006, presented another biomimetic approach to 

perophoramidine and the communesins, in which the key step was a copper-catalyzed intramolecular 

cyclopropanation, figure 9. Decomposition of diazo compound 2.33 in the presence of copper(II) 

triflate, formed the stable cyclopropane 2.34 as an inseparable mixture of diastereomers. The amide 

which formed upon reduction of the azide group opened the cyclopropane ring generating 

pentacyclic structures 2.35 and 2.36. The kinetic isomer 2.35 formed as the major isomer, but was 

isomerized into the thermodynamically stable isomer 2.36. [15] In the total synthesis of communesin F 

presented by Qin et al. in 2007, this methodology was used successfully. [16] It was during these 
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explorations the group discovered the intramolecular Diels-Alder reaction, which they chose to 

proceed with for the total synthesis of perophoramidine.  

 

Figure 9: The biomimetic approach to perophoramidine and communesin presented by Qin et al. in 2006, utilizing a 
copper-catalyzed intramolecular cyclopropanation as the key step. 
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3. Synthetic approach to dehaloperophoramidine 

3.1. Retrosynthetic analysis 

 Similar to previously reported synthetic efforts, we envisioned that formation of the second 

amidine functionality in 2.2 could be implemented late in the synthesis, derived from two amine 

functionalities and an ester moiety, 3.1 in figure 10. Diamine 3.1 could be formed from dialdehyde 

3.2, which in turn could be the product of an oxidative cleavage of the double bond in 3.3. Cleaving 

the imine in lactam 3.5 could, passing through intermediate 3.4, generate amidine 3.3 by combining 

the amide formed, with the remaining secondary amide. Formation of 3.5 could be accomplished 

through a Diels-Alder reaction with dienophile 3.6. Alternatively, a reductive dialkylation of 3.7 

could yield 3.5.  

 

Figure 10: Retrosynthetic analysis of dehaloperophoramidine. 
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3.2. Suggested synthetic approach 

Initially the interest was to develop a route to the core structure of perophoramidine and 

communesin utilizing a Diels-Alder reaction to simultaneously introduce the vicinal quaternary 

carbon stereocenters with complete control over the relative stereochemistry. However, all attempts 

to synthesize adduct 3.5 using a Diels-Alder reaction has so far proved futile, because of the 

difficulties generating 3.6 and this remains a challenge yet to be overcome. Meanwhile, the 

subsequent steps towards dehaloperophoramidine could still be explored, since 3.5 can be accessed 

using the samarium mediated reductive dialkylation procedure developed by Overman et al. in the 

total syntheses of meso-calycanthine and meso-chimonanthine, presented in 1996 [17]. 

 In the suggested synthetic approach to dehalogenated perophoramidine outlined in figure 

11, an aldol condensation of isatin 3.8 and oxindole 3.9 generates isoindigo 3.10. A samarium 

mediated reductive dialkylation, as suggested by Overman et al., of 3.10 would introduce the vicinal 

quaternary carbon stereocenters, yielding cyclohexene 3.11. After protection of 3.11, forming 3.12, 

the double bond of the cyclohexene could be oxidatively cleaved generating 3.13.  Diol 3.14, formed 

after reducing the dialdehyde, could then be transformed into a diazide 3.15 utilizing the Mitsunobu 

protocol. After forming imidate 3.16, reduction of the diazide using the Staudinger protocol could 

result in 3.17. The amine functionality would then need to be protected before amidine 3.19 could be 

formed. Generating a second imidate and deprotecting the amine would yield the second amidine in 

structure 3.20. Conversion of this compound into its thermodynamically more stable form followed 

by selective methylation, as shown by Qin et al. in the total synthesis of (+)-perophoramidine 

presented in 2010 [14], would yield dehaloperophoramidine 2.2. 
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Figure 11: Suggested synthetic route to dehaloperophoramidine.  
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4. Results and discussion 

4.1. First attempted approach 

 The synthesis started, as outlined in figure 11, with the preparation of isoindigo 3.10, which 

formed in good yield through an aldol condensation between isatin 3.8 and oxindole 3.9 , figure 12. 

Utilizing the samarium mediated dialkylation procedure reported by Overman et al., isoindigo 3.10 

was converted to cyclohexene 3.11 in the presence of samarium diiodide, lithium chloride and 

cis-1,4-dichloro-2-butene. The stereochemical outcome is controlled by the formation of a metal 

chelate 4.1. Overman et al. verified that a samarium diolate does form, however, it proved impossible 

to react with cis-1,4-dichloro-2-butene to any significant extent. Surprisingly, upon addition of lithium 

chloride the reaction proceeded in good yield (82 %) and with high diastereoselectivity (>20:1). This 

was not due to a simple salt effect, since addition of potassium chloride did not yield the 

cyclohexene. A transmetalation (Sm→Li) could explain the reaction outcome, but changes in the 

samarium coordination sphere as well as aggregation due to addition of the halide salt are also 

possible explanations. [17] Due to difficulties in purifying 3.11, the crude product was used in the 

subsequent protection of one of the amides with a tosyl group. The yield over two steps was low due 

to the formation of double protected cyclohexene 4.2 as the major product. Despite several attempts 

to optimize the reaction, the double protection was difficult to suppress, and the yield of mono 

protected cyclohexene 3.12 over two steps remained low.  

 

Figure 12: Aldol condensation of isatin 3.8 and oxindole 3.9 yielded isoindigo 3.10, which was converted to cyclohexene 
3.11 using a samarium mediated reductive dialkylation. Subsequent protection with a tosyl group formed both the desired 
product 3.12 and the unwanted doubly tosylated cyclohexene 4.2. 

 At this point, opening the tosylimide was attempted in hopes of being able to generate a 

structure such as 3.4 and eventually 3.3 before oxidatively cleaving the double bond of the 

cyclohexene. Previous efforts by our group to realize this step, using a precursor to communesin 

similar to 3.12, had not been successful. Hoping that the difference in stereochemistry about the 

C4-C20 bond would make the reaction proceed better, 3.12 was treated with cesium carbonate but 
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the desired product 4.3 did not form, figure 13. Instead a deprotection of the tosyl group was 

observed, generating 3.11, which was unexpected but could possibly be related to the strain of the 

molecule. 

 

Figure 13: Opening of the tosylamide in 3.12 with cesium carbonate and ethanol was attempted, but was unsuccessful 
and deprotected the material yielding 3.11 instead of 4.3. 

 Continuing on the suggested route, the double bond in cyclohexene 3.12 was oxidatively 

cleaved through ozonolysis, forming dialdehyde 3.13 in good yield, figure 14. This molecule was 

reduced, in moderate yield, to diol 3.14 using sodium cyanoborohydride and acetic acid.  

 

Figure 14: The double bond in cyclohexene 3.12 was oxidatively cleaved through ozonolysis forming dialdehyde 3.13, 
which was successfully reduced to diol 3.14. 

 Forming diazide 3.15 using the Mitsunobu protocol could now be tested. Diol 3.14 was 

dissolved in THF and treated with triphenylphosphine, DPPA and DIAD, figure 15. Although the 

initial structural analysis with 1H NMR was promising, mass spectroscopy proved that diazide 3.15 

had in fact not formed. Instead an intramolecular cyclization had taken place forming the seven-ring 

ether 4.4. 

 

Figure 15: The Mitsunobu reaction on 3.14 did not yield diazide 3.15, but form the intramolecular cyclization product 

4.4. 



18 
 

4.2. Modified approach 

Access to intermediate 3.14 was seriously hampered by the difficulties in obtaining tosylated 

cyclohexene 3.12 in good yields. Therefore, in an attempt to circumvent this issue, an additional 

protecting group was introduced to inhibit the double tosylation of cyclohexene 3.11. A 

p-methoxybenzyl group was chosen, since it should be removable without affecting the tosyl 

protection group. Isatin 3.8 was treated with p-methoxybenzyl chloride, sodium iodide and sodium 

hydride forming protected isatin 4.5 in excellent yield, figure 16. An aldol condensation with 

oxindole 3.9 formed mono protected isoindigo 4.6. 

 

Figure 16: Isatin 3.8 was protected with p-methoxybenzyl, forming 4.5, before aldol condensation with 3.9 that yielded 
PMB-protected isoindigo 4.6. 

 In the same way as for unprotected isoindigo, the reductive dialkylation of 4.6 through 

treatment with of samarium diiodide, lithium chloride and cis-1,4-dichloro-2-butene formed 

PMB-protected cyclohexene 4.7, figure 17. The subsequent amide protection with a tosyl group 

proceeded better and formed cyclohexene 4.8, with a 37 % yield over two steps. 

 

Figure 17: Samarium mediated reductive dialkylation of 4.6 formed cyclohexene 4.7. The remaining amide functionality 
in the PMB-protected cyclohexene was protected with a tosyl group yielding 4.8 in a good yield over two steps.  
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At this point several attempts were made to remove the p-methoxybenzyl group from 4.8 

and form 3.12, in order to continue on the route previously tested. However, the PMB group proved 

difficult to remove, neither treatment with CAN nor DDQ was successful, figure 18. The strain and 

bulk of the molecule could yet again be causing problem. 

 

Figure 18: Despite several attempts to remove the PMB-protection group from 4.8, cyclohexene 3.12 could not be 
formed. 

 In order to relieve the molecule of some strain and hopefully be more successful in removing 

the PMB group at a later stage, the double bond of the cyclohexene in 4.8 was oxidatively cleaved 

through ozonolysis forming dialdehyde 4.9 in good yield, figure 19. Treating the dialdehyde with 

sodium cyanoborohydride and acetic acid, reduced it to diol 4.10 in moderate yield. 

 

Figure 19: Oxidatively cleaving the double bond in cyclohexene 4.8 formed dialdehyde 4.9, which was reduced to diol 
4.10. 

 Deprotection of the p-methoxybenzyl group at this stage was equally unsuccessful, despite 

the decreased strain of the molecule. Treating diol 4.10 with CAN as well as hydrogenation was 

surprisingly ineffective, figure 20.  

 

Figure 20: Both hydrogenation and deprotection with CAN was unsuccessful in removing the PMB-protection group 
form 4.10. 
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In the previously mentioned total synthesis reported by Overman et al., a similar molecule 

was investigated, 4.11 figure 21, which upon treatment with reducing agents decomposed to a 1:1 

mixture of 4.12 and 4.13. Although a reducing agent was not used in this case and that 4.11 has 

amine functionalities as opposed to 4.10, which has alcohol functionalities in the same position, it is 

possible 4.10 possesses the same instability as 4.11. Hydrogenation of 4.10 could likely have cleaved 

the C3-C4 bond, resulting in a decomposition of the molecule. In the case of CAN, a possible 

decomposition could have occurred when the substrate was heated.  

 

Figure 21: Decomposition of 4.11 reported by Overman et al. 

With the hope of being able to successfully remove the PMB group at a later stage, the 

Mitsunobu protocol was attempted again. In the previous attempt to make diazide (3.15), DPPA was 

use as azide source. However, this does not yield an excess of free azide, which would be needed to 

outcompete the intramolecular reaction. Therefore hydrazoic acid was used in the second attempt to 

form the diazide (4.14). However, it is very dangerous being volatile, explosive and very toxic and 

great precaution had to be taken when working with this chemical. After treating diol 4.10 with 

triphenylphosphine and cooling the solution to 0 °C, the hydrazoic acid was added, followed by 

DIAD, figure 22.  

 

Figure 22: The use of a better nucleophile in the attempt to transform diol 4.10 into diazide 4.14 did not improve the 
outcome, and the intramolecular cyclization product 4.15 formed.  

 Unfortunately, also in this case the intramolecular cyclization was faster and the seven-ring 

ether 4.15 formed instead of the desired diazide 4.14. This was slightly surprising since the same 

reaction conditions, using hydrazoic acid, had been successful for Overman et al. on a similar 

compound, 4.16 in figure 23 [17] . In our reaction, the concentration of the hydrazoic acid was never 

determined, but was assumed to have the same concentration as was obtained in the protocol used 

for making the acid. This need not be the case and it is fully possible the concentration was lower 

than assumed. It is also plausible that the acid concentration was to low due to the dilution that 

occurred during the work up of the acid. Comparing 4.10 with 4.16, it is possible the intramolecular 

cyclisation is more hindered in 4.16 than it is in 4.10, and this may be the reason Overman’s group 
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has been more successful. Since Overman et al. has managed to make 4.11 utilizing a Mitsunobu 

reaction, yet did not state the reaction conditions for this, outcompeting the intramolecular reaction 

and forming diazide 4.14 should be possible if more equivalents of the hydrazoic acid is used.  

 

Figure 23: Comparison of 4.10 with a similar molecule, 4.16, which was successfully used in a Mitsunobu reaction by 
Overman et al.  
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5. Conclusion and outlook 

 The Diels-Alder 3.6 adduct was successfully accessed via the samarium mediated reductive 

dialkylation procedure developed by Overman et al. The subsequent steps in the synthetic approach, 

leading up to the diol, were evaluated. The initial problems with a hampering low yield of mono 

protected cyclohexene early in the synthetic route were effectively overcome by the introduction of a 

second protection group. Future work should include the continued evaluation of the remaining 

reaction steps towards dehaloperophoramidine. With respect to the difficulties in removing the 

p-methoxybenzyl group, it could be fruitful to evaluate other protection groups to suppress the 

double tosylation of 3.11, with the hopes of finding one which can be removed more easily. Despite 

the unfortunate formation of a seven-ring ether when using both DPPA and hydrazoic acid in the 

Mitsunobu reaction, we remain hopeful that this intramolecular cyclization can be outcompeted, if 

hydrazoic acid is used in higher concentration and in greater excess than in the previous efforts. We 

also remain hopeful that adduct 3.6 will eventually be accessible via a Diels-Alder reaction, at which 

point the tosyl protecting group could be introduce on the isatin and the problem of double 

tosylation could be circumvented. 
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7. Experimental 

Protection of isatin with p-methoxybenzyl chloride 

 

1-(4-methoxybenzyl)indolinde-2,3-dione 4.5. Isatin (indoline-2,3-dione, 2.508 g, 16.992 mmol, 1 equiv.) 

was dissolved in anhydrous DMF. After addition of sodium hydride (0.449 g, 18.961 mmol, 1.1 

equiv.) the reaction was stirred for 10 minutes before sodium iodide (0.255 g, 1.699 mmol, 0.1 equiv.) 

was added. Finally p-methoxybenzyl chloride (2.53 ml, 18.691 mmol, 1.1 equiv.) was added in one 

portion and the reaction mixture was stirred overnight. The solution was then poured into cold brine 

and the orange colored solid that precipitated was collected by vacuum filtration. After washing the 

solid with water (approx. 150 ml) and hexane (approx. 75 ml) it was vacuum dried yielding 4.523 g 

(16.922 mmol, 99 %) of PMB protected isatin 4.5 (1-(4-methoxybenzyl)-indolinde-2,3-dione). 1H NMR 

(500 MHz, CDCl3) 7.60 (d, J = 7.4 Hz, 1H), 7.48 (dd, J = 8.5 Hz, 1H), 7.27 (d, J = 9.9 Hz, 2H), 7.08 

(dd, J = 7.5 Hz, 1H), 6.87 (d, J = 8.7 Hz, 2H), 6.80 (d, J = 8.0 Hz, 1H), 4.87 (s, 2H), 3.78 (s, 3H). 13C 

NMR (126 MHz, CDCl3) δ 183.4, 159.2, 158.2, 150.8, 138.2, 128.9, 126.5, 125.4, 123.8, 117.7, 114.4, 

111.0, 55.3, 43.6. 

Aldol condensation to form isoindigo 

Representative procedure: Isatin (14.966 mmol, 1 equiv.) and oxindole (indolin-2-one, 

14.966 mmol, 1 equiv.) was suspended in concentrated AcOH (30 ml). Concentrated HCl (0.16 ml) 

was added and the reaction mixture was refluxed overnight. After the solution had cooled to room 

temperature, the solid which had formed was collected by vacuum filtration and washed with hexane. 

The solid was azeotopically dried twice using toluene and vacuum before it was analyzed with 1H and 
13C NMR. 

Unprotected isoindigo: 

 

(E)-[3,3’-biindolinylidene]-2,2’-dione 3.10. Condensation of isatin (indoline-2,3-dione, 2.00 g, 

13.654 mmol) and oxindole (indolin-2-one, 1.820 g, 13.654 mmol) solvated in AcOH (30 ml) and 

concentrated HCl (0.15 ml) yielded 2.798 g (10.669 mmol, 78 %) of isoindigo 3.10 

((E)-[3,3’-biindolinyl-idene]-2,2’-dione). 1H NMR (500 MHz, DMSO) δ 10.88 (s, 2H), 9.05 (d, J = 8.0 Hz, 
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2H), 7.33 (dd, J = 7.6 Hz, 2H), 6.96 (dd, J = 7.8 Hz, 2H), 6.84 (d, J = 7.7 Hz, 2H). 13C NMR 

(126 MHz, DMSO) δ 169.0, 144.1, 133.3, 132.6, 129.3, 121.7, 121.1, 109.5. 

PMB-protected isoindigo: 

 

(E)-1-(4-methoxybenzyl)-[3,3’-biindolinylidene]-2,2’-dione 4.6. Condensation of isatin 4.5 (1-(4-methoxy-

benzyl)-indolinde-2,3-dione, 4.00 g, 14.966 mmol) and oxindole (indolin-2-one, 2.00 g, 14.966 mmol) 

solvated in AcOH (30 ml) and concentrated HCl (0.16 ml) yielded 3.666 g (9.587 mmol, 64 %) of 

isoindigo 4.6 ((E)- 1-(4-methoxy-benzyl)-[3,3’-biindolinyl-idene]-2,2’-dione). 1H NMR (500 MHz, CDCl3) δ 

9.22 (d, J = 8.0 Hz, 1H)9.11 (d, J = 7.9 Hz, 1H), 7.58 (s, 1H), 7.33 (dd, J = 7.6 Hz, 1H), 7.28-7.24 (m, 

2H), 7.05 (dt, J = 16.6, 7.9 Hz, 2H), 6.88-6.78 (m, 3H), 6.73 (d, J = 7.6 Hz, 1H), 4.95 (s, 2H), 3.77 (s, 

3H). 13C NMR (126 MHz, CDCl3) δ 169.2, 168.0, 159.1, 144.5, 142.4, 133.7, 133.4, 132.6, 132.5, 

130.3, 129.8, 1128.6, 127.8, 122.6, 122.5, 122.4, 121.6, 114.2, 109.3, 108.7, 55.3, 43.18. 

Formation of cyclohexene through reductive alkylation 

Representative procedure: Lithium chloride (30.935 mmol, 10 equiv.) was vacuum heated dry 

overnight and then added to isoindigo (3.094 mmol, 1 equiv.), which had been azeotopically dried 

twice with toluene. The mixture was left under vacuum for five hours. After addition of freshly made 

samarium diiodide (0.13 M, 9.281 mmol, 3 equiv.) the solution was stirred for 10 minutes before 

cis-1,4-dichlorobutene (4.494 mmol, 1.4 equiv.) was added. The reaction was stirred overnight under 

inert atmosphere. The reaction mixture was the poured into water and washed with saturated 

aqueous Na2S2O3. The product was extracted using THF and the combined organic phases were 

rinsed with brine and dried using MgSO4. The solid material was filtered off and the solvent was 

evaporated. The crude product proved difficult to purify using silica gel flash chromatography and 

therefore the crude product was used in the subsequent protection step. 

Unprotected cyclohexene: 

 

Cyclohexene 3.11. Reductive dialkylation of isoindigo 3.10 (0.811 g, 3.094 mmol) using lithium chloride 

(1.311 g, 30.935 mmol), samarium diiodide (0.13 M, 71.4.0 ml, 9.281 mmol) and 

cis-1,4-dichlorobutene (4.494 mmol, 0.47 ml) resulted the formation of cyclohexene 3.11. 1H NMR 
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(500 MHz, DMSO) δ 10.24 (broad s, 1H), 10.11 (broad s, 1H), 7.43 (broad s, 1H), 7.28 (broad s, 1H), 

7.04 (broad d, J = 20.8 Hz, 2H), 6.71 (broad d, J = 19.5 Hz, 2H), 6.46 (broad s, 1H), 5.92 (broad d, 

J = 39.0 Hz, 2H), 5.57 (broad d, J = 5.4 Hz, 1H), 3.25 (broad d, J = 16.6 Hz, 1H), 2.62 (broad d, 

J = 18.3 Hz, 1H), 2.21 (broad d, J = 18.0 Hz, 1H), 1.85 (broad d, J = 15.0 Hz, 1H).13C NMR 

(126 MHz, DMSO) δ 177.7, 142.3, 142.1, 132.1, 130.0, 128.5, 128.2, 125.6, 124.6, 123.8, 122.6, 121.6, 

120.2, 109.4, 108.7, 50.2, 47.6, 32.3, 29.9. 

PMB-protected cyclohexene: 

 

N-p-methoxybenzylcyclohexene 4.7 was formed through the reductive dialkylation of isoindigo 4.6 (1.00 g, 

2.615 mmol) using lithium chloride (1.11 g, 26.150 mmol), samarium diiodide (0.13 M, 80.5 ml, 

10.460 mol, 4 eq.) and cis-1,4-dichloro-butene (0.39 ml, 3.661 mmol). The structure was confirmed 

with 1H and 13C NMR after the subsequent protection of the amide functionality and oxidatively 

cleaving the double bond. 

Protection of amide with p-toluenesulfonyl chloride 

Representative procedure:  Cyclohexene (1.648 mmol, 1.0 equiv.) was dissolved in dry THF and 

cooled to 0°C. Sodium hydride was added (1.813 mmol, 1.1 equiv., 60 % dispersion on mineral oil) 

and the solution was stirred for 10 minutes before p-toluenesulfonyl chloride (1.648 mmol, 

1.0 equiv.) was added. The reaction was allowed to warm to room temperature and the reaction was 

followed on TLC. After completion the reaction was quenched with water and the product was 

extracted using DCM (3x20 ml). The combined organic phases were dried with MgSO4 and 

concentrated. The crude material was purified by silica gel flash chromatography. 

Unprotected cyclohexene: 

 

N-mono-tosylcyclohexene 3.12. Crude cyclohexene(3.11 (0.521 g, 1.648 mmol) dissolved in dry THF 

(16.5 ml) was cooled to 0 °C before sodium hydride (60 % dispersion, 43.51 mg, 1.813 mmol) was 

added followed by p-toluenesulfonyl chloride (0.314 g, 1.648 mmol), which was added over 5h. This 

yielded, after silica gel flash chromatography (hexane:EtOAc 8:1→4:1→3:1→2:1→1:1), 0.182 g 

(0.387 mmol, 12 % over 2 steps) of mono tosylated cyclohexene 3.12. The structure was confirmed 

by 1H and 13C NMR after the double bond was cleaved oxidatively.    
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PMB-protected cyclohexene: 

 

N-p-methoxybenzylcyclohexene 4.8. Crude cyclohexene 4.7 (0.500 g, 1.145 mmol) was dissolved in dry 

THF (12.0 ml) and cooled to 0 °C before addition of sodium hydride (60 % dispersion, 41.2 mg, 

1.717 mmol, 1.5 eq.) and p-toluenesulfonyl chloride (0.327 g, 1.717 mmol, 1.5 eq.). After purifying 

the crude product using silica gel flash chromatography (DCM:hexane 1:1→10:1→1:0→ 

DCM:EtOAc 20:1) , 0.564 g (0.955 mmol, 37 % over 2 steps) of the PMB-tosyl cyclohexene 4.8 was 

collected. The structure was confirmed by 1H and 13C NMR after the double bond was cleaved 

oxidatively. 

Ozonolysis to cleave double bond in cyclohexene 

Representative procedure: Cyclohexene was dissolved in DCM/MeOH (20:80) and the solution 

was cooled to -78 °C. An excess of ozone was passed through the mixture and the reaction was 

monitored with TLC. After completion the reaction mixture was purged using nitrogen gas for 20 

minutes before dimethyl sulfide was added. The reaction mixture was allowed to warm to room 

temperature and stirred for one hour. The crude product was purified by silica gel flash 

chromatography and analyzed with 1H and 13C NMR. 

Tosyl-protected cyclohexene: 

 

2,2’(2,2’-dioxo-1-tosyl-[3,3’-biindoline]-3,3’-diyl)diacetaldehyde 3.13. N-mono-tosylcyclohexene 3.12 

(151.20 mg, 0.321 mmol) was dissolved in DCM (3.3 ml) and MeOH (13.3 ml) and the solution was 

cooled to -78°C. An excess of ozone was passed through the mixture and after reaction completion 

and the  subsequent work up with nitrogen gas and dimethyl sulfide (1.3 ml) the crude product was 

purified using silica gel flash chromatography (hexane:EtOAc 1:1→1:2). This yielded 127.0 mg 

(0.253 mmol, 78 %) of dialdehyde 3.13 (2,2’(2,2’-dioxo-1-tosyl-[3,3’-biindoline]-3,3’-diyl)diacetaldehyde). 1H 

NMR (500 MHz, CDCl3) δ 9.30 (s, 1H), 9.19 (s, 1H), 7.99 (broad d, 1H), 7.88-7.86 (m, 3H), 7.39 (dd, 

J = 7.9 Hz, 1H), 7.27-7.25 (m, 3H), 7.09 (dd, J = 7.5 Hz, 1H), 6.90-6.78 (m, 3H), 6.17 (d, J = 6.8 Hz, 

1H), 4.05 (d, J = 18.8 Hz, 1H), 3.50 (d, J = 16.9 Hz, 1H), 3.31 (d, J = 18.8 Hz, 1H), 3.18 (d, 

J = 15.5 Hz, 1H), 2.39 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 197.0, 196.2, 176.3, 174.0, 145.4, 



28 
 

141.3, 140.7, 134.7, 130.1, 130.0, 129.5, 128.1, 126.4, 125.8, 124.2, 123.8, 123.7, 122.3, 113.5, 110.6, 

52.6, 52.2, 45.2, 44.9, 21.8. 

PMB-tosyl-protected cyclohexene 

 

2,2’-((3S,3’R)-1-(4-methoxybenzyl)-2,2’-dioxo-1’-tosyl-[3,3’-biindoline]-3,3’-diyl)diacetaldehyde 4.9. After solving 

N-p-methoxybenzylcyclohexene 4.8 (0.289 g, 0.487 mmol) in DCM (5.0 ml) and MeOH (20.1 ml) and 

cooling the solution to 78°C an excess of ozone was passed through it. After completion the reaction 

mixture was purged with nitrogen gas and dimethyl sulfide (1.9 ml) was added. Silica gel flash 

chromatography (hex:EtOAc 1:1→1:2) yielded 0.212 g (0.340 mmol, 70 %) of dialdehyde 4.9 

(2,2’-((3S,3’R)-1-(4-methoxybenzyl)-2,2’-dioxo-1’-tosyl-[3,3’-biindoline]-3,3’-diyl)diacetaldehyde). 1H NMR 

(500 MHz, CDCl3) δ 9.25 (s, 1H), 9.18 (s, 1H), 7.86 (dd, J = 8.4, 2.5 Hz, 3H), 7.36 (dd, J = 7.9 Hz, 

1H), 7.22 (d, J = 8.1 Hz, 3H), 7.17-7.08 (m, 3H), 7.01 (dd, J = 7.6 Hz, 1H), 6.85-6.77 (m, 3H), 6.69 

(s, 1H), 6.60 (d, J = 7.9 Hz, 1H), 6.26 (s, 1H), 4.74 (s, 2H), 4.06 (d, J = 18.6 Hz, 1H), 3.78 (s, 1H), 

3.63 (d, J = 17.0 Hz, 1H), 3.31 (d, J = 18.6 Hz, 1H), 3.22 (d, J = 17.0 Hz, 1H), 2.38 (s, 3H). 13C NMR 

(126 MHz, CDCl3) δ 196.8, 196.2, 175.1, 174.0, 159.1, 145.3, 143.9, 140.8, 134.9, 130.0, 129.9, 129.5, 

128.8, 128.3, 127.5, 126.2, 125.6, 124.2, 123.7, 123.5, 122.3, 114.2, 113.6, 110.1, 55.3, 52.4, 52.1, 45.6, 

45.1, 44.1, 21.8. 

Reduction of dialdehyde to diol 

Representative procedure: Dialdehyde (0.340 mmol, 1 eq.) was dissolved in dry THF (10.0 ml) and 

the solution was cooled to 0 °C. After addition of AcOH (2.6 ml) and sodium cyanoborohydride 

(1.021 mmol, 3 eq.) the reaction mixture was allowed to warm to room temperature over 4h. The 

reaction mixture was treated with brine and saturated aqueous NaHCO3 and the product was 

extracted with Et2O. The combined organic phases was dried with MgSO4, concentrated and purified 

with silica gel chromatography. The product was analyzed with 1H and 13C NMR. 

Tosyl-protected dialdehyde 

  

3,3’-bis(2-hydroxyethyl)-1-tosyl-[3,3’-biindoline]-2,2’-dione 3.14. After dissolving dialdehyde 3.13 (57.10 mg, 

0.114 mmol) in dry THF (3.4 ml) and cooling the solution to 0°C, AcOH (0.85 ml) and sodium 
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cyanoborohydride (21.4 mg, 0.341 mmol) were added. The reaction mixture was quenched with 

brine (6.0 ml) and saturated aqueous NaHCO3 (6.0 ml) before the product was extracted with Et2O 

(3x12 ml). Purification with silica gel flash chromatography (EtOAc) yielded 32.4 mg (0.064 mmol, 

56 %) of diol 3.14 (3,3’-bis(2-hydroxyethyl)-1-tosyl-[3,3’-biindoline]-2,2’-dione). 1H NMR (500 MHz, CDCl3) 

δ 8.21 (s, 1H), 7.79 (d, J = 8.2 Hz, 1H), 7.71 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 7.8 Hz, 1H), 7.15 (d, 

J = 8.3 Hz, 2H), 7.10 (d, J = 7.8 Hz, 1H), 7.04 (d, J = 7.5 Hz, 1H), 6.48 (broad s, 1H), 6.74-6.66 (m, 

2H), 6.18 (broad s, 1H), 3.21-3.06 (m, 3H), 2.96-2.87 (m, 1H), 2.85-2.70 (m, 2H), 2.33-2.23 (m, 5H). 

13C NMR (126 MHz, DMSO) δ 176.8, 174.4, 145.2, 142.6, 139.0, 134.7, 129.8, 129.0, 128.9, 127.6, 

127.2, 127.1, 124.9, 124.5, 124.1, 123.7, 120.9, 112.4, 109.3, 56.9, 56.4, 30.4, 21.2. 

PMB-tosyl-protected dialdehyde 

 

(3S,3R’)-3,3’-bis(2-hydroxyethyl)-1-(4-methoxybenzyl)-1’-tosyl-[3,3’-biindoline]-2,2’-dione 4.10. Dialdehyde 4.10 

(0.212 g, 0.340 mmol) was dissolved in dry THF (10.0 ml) and cooled to 0°C. AcOH (2.6 ml) and 

sodium cyanoborohydride (64.2 mg, 1.021 mmol) was added and the reaction was warmed to room 

temperature over 4h. The reaction mixture was quenched with brine (15.0 ml) and saturated aqueous 

NaHCO3 (15.0 ml) before the product was extracted with Et2O (3x20 ml). Purification with silica gel 

flash chromatography (EtOAc) yielded 0.147 g (0.235 mmol, 69 %) of diol 4.10 

((3S,3R’)-3,3’-bis(2-hydroxyethyl)-1-(4-methoxybenzyl)-1’-tosyl-[3,3’-biindoline]-2,2’-dione). 1H NMR 

(500 MHz, CDCl3) δ 7.75 (d, J = 8.0 Hz, 1H), 7.69 (d, J = 8.0 Hz, 2H), 7.25 (dd, J = 8.0 Hz, 1H), 

7.05 (d, J = 8.0 Hz, 2H), 6.98 (dd, J = 7.5 Hz, 1H), 6.87 (broad s, 2H), 6.69 (d, J = 8.5 Hz, 3H), 6.39 

(d, J = 8.0 Hz, 2H), 4.60 (d, J = 16.0 Hz, 1H), 4.41 (broad d, J = 15.5 Hz, 1H), 3.67 (s, 3H), 3.12-2.76 

(m, 6H), 2.38-2.28 (m, 3H), 2.25 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 176.4, 175.4, 158.6, 144.9, 

143.4, 139.8, 134.8, 129.3, 129.2, 128.9, 128.4, 127.8, 127.4, 126.8, 126.6, 124.8, 124.0, 123.9, 121.9, 

113.9, 113.1, 109.3, 58.6, 58.3, 55.1, 54.9, 43.4, 33.8, 33.6, 21.5. 
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Mitsunobu reaction 

Tosyl-protected dialdehyde 

 

(3R,3’S)-3,3’-bis(2-azidoethyl)-1-tosyl-[3,3’-biindoline]-2,2’-dione 3.15. Diol 3.14 (25.3 mg, 0.050 mmol) was 

solved in THF (0.7 ml) and cooled to 0 °C. Triphenyl phosphine (32.8 mg, 0.125 mmol) and 

diphenylphosphoryl azide (34.4 mg, 0.125 mmol) was added at once. Diisopropyl azodecarboxylate 

(25.3 mg, 0.125 mmol) was added dropwise over 5 minutes to the reaction mixture. The reaction was 

warmed to room temperature over 4h and was stirred under inert atmosphere overnight. The crude 

mixture was evaporated onto silica gel and purified the product by silica gel flash chromatography 

(hexane:EtOAc 3:1→2:1). The collected product was not the wanted but the seven-ring ether 4.4 

(9.6 mg, 0.020 mmol, 39 %). 1H NMR (500 MHz, CDCl3) δ 7.89 (d, J = 8.0 Hz, 2H), 7.67 (s, 1H), 

7.42 (d, J = 8.1 Hz, 2H), 7.39-7.32 (m, 1H), 7.28-7.18 (m, 2H), 7.10 (dd, J = 7.7 Hz, 1H), 7.07-7.03 

(m, 1H), 6.86 (d, J = 7.6 Hz, 1H), 6.53 (dd, J = 7.7 Hz, 1H), 5.35 /(d, J = 7.6 Hz, 1H), 4.45 (d, 

J = 8.4 Hz, 1H), 4.31-4.22 (m, 1H), 4.14-4.05 (m, 1H), 4.03-3.95 (m, 1H), 3.37 (t, J = 14.8 Hz, 1H), 

3.28 (dd, J = 12.5, 5.2 Hz, 1H), 2.92 (td, J = 13.6, 3.7 Hz, 1H), 2.50 (s, 3H), 1.59 (d, J = 14.3 Hz, 

1H). 13C NMR (126 MHz, CDCl3) δ 180.4, 176.8, 144.1, 140.8, 140.6, 139.1, 135.1, 130.2, 130.1, 

130.0, 129.5, 128.1, 128.1, 127.6, 127.1, 125.1, 121.3, 109.9, 66.3, 57.9, 50.4, 45.8, 37.2, 31.9, 21.6. MS 

calculated for C27H24N2O5S (M+H): 489.14, found 489.06. 

PMB-tosyl-protected dialdehyde 

 

(3R,3’S)-3,3’-bis(2-azidoethyl)-1-(4-methoxybenzyl)-1’-tosyl-[3,3’-biindoline]-2,2’-dione 4.14. Diol 4.10 

(25.5 mg, 0.040 mmol) and triphenyl phosphine (42.3 mg, 0.160 mmol) were dissolved in THF 

(2.5 ml) and cooled to 0 °C. Hydrazoic acid (0.160 mmol in 3 ml THF) was added to the solution. 

Diisopropyl azodecarboxylate (32.4 mg, 0.160 mmol) was added dropwise over 5 minutes. The 

reaction was allowed to warm to room temperature and stirred overnight. The crude reaction 

mixture was diluted with Et2O (100 ml) and extracted with NaHCO3 (50 ml), H2O (50 ml) and brine 

(50 ml). The organic phase was concentrated and purified using silica gel flash chromatography 

(hexane:EtOAc 4:1→2:1). The collected product was not the wanted but the seven-ring ether 4.15 

(18.4 mg, 0.030 mmol, 76 %). 1H NMR (500 MHz, CDCl3) δ 7.89 (d, J = 8.3 Hz, 2H), 7.42 (d, 
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J = 8.3 Hz, 2H), 7.35 (dd, J = 7.5 Hz, 1H), 7.27-7.21 (m, 4H), 7.08-7.01 (m, 2H), 6.85 (d, J = 8.3 Hz, 

2H), 6.70 (d, J = 8.1 Hz, 1H), 6.51 (dd, J = 7.6 Hz, 1H), 5.37 (d, J = 7.8 Hz, 1H), 4.85 (dd, J = 24.3, 

15.7 Hz, 2H), 4.47 (dd, J = 8.5 Hz, 1H), 4.29-4.16 (m, 2H), 4.04-3.97 (m, 1H), 3.77 (s, 3H), 3.40-3.28 

(m, 2H), 2.98 (dt, J = 13.5, 3.8 Hz, 1H), 2.50 (s, 3H), 1.49 (d, J = 14.4 Hz, 1H). MS calculated for 

C35H32N2O6S (M+H): 609.20, found 609.01. 
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