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Abstract  

 

 

 

 

 

 

Hexacyclinic acid is a polyketide isolated from Streptomyces cellulosae bacteria in 2001. It 

possesses a complex and challenging hexacyclic ring system with various oxygen 

functionalities throughout. Hexacyclinic acid has also demonstrated some cytotoxic 

activity, making it an attractive target for total synthesis. However to date no full synthesis 

has been reported. 

 Previously within the group significant progress had been made towards the 

synthesis of hexacyclinic acid, with construction of the ABC 5/6/5 tricyclic core being 

achieved via a diastereoselective Michael addition and Snider radical cyclisation. The 

synthesis ran into difficulties however when hydrolysis of the ethyl ester could not be 

accomplished and removal of the superfluous carboxylic acid moiety could not be realised. 

 The approach within the group for the formation of the ABC tricycle was to 

continue the current strategy, joining the A and C-rings via the diastereoselective Michael 

reaction, and the closure of the 6-membered B-ring by Snider radical cyclisation. Progress 

was made using the tert-butyl and 2,2,2-trimethylsilylethyl ester analogues in an attempt to 

improve diastereoselectivities 

 Progress was also made on the synthesis of the CDEF tricyclic system, utilising 

(R)-isopropylcyclopentenone as a C-ring model system. The DEF framework was attached 

to the model by a Michael addition, with further functionalisation setting up the necessary 

functionalities for cyclisation. Conditions were attempted to effect a challenging aldol 

condensation to form the 9-membered ring, however all attempts effect this transformation 

were fruitless. 

 It was discovered that 2,2,2-trifluoromethylacetophenone can act as a replacement 

for benzaldehyde in the synthesis of protected syn-1,3-diols from homoallylic alcohols, 

with comparable yields and easier purification. 

Finally, an investigation was also made into the use of a bispidine ligand as a 

replacement for (ī)-sparteine in Crimmins asymmetric aldol reactions, with the bispidine 

shown to give superior yields and diastereoselectivity when compared to TMEDA. 
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1 - Introduction  

 

In 2000, the OSMAC (one strain, many compounds) technique was utilised by Zeeck et al. 

on Streptomyces cellulosae subsp. griseorubiginosus (strain S 1013).
1
 By altering certain 

parameters, production of secondary metabolites can be induced and/or increased. Using 

this method, a compound was isolated, which after extensive spectroscopic and X-ray 

studies, was shown to be the polyketide natural product hexacyclinic acid (Fig 1).
2
 

 

 

 

 
 

 

Fig 1: Structure of h exacyclinic acid 1 

 

Labelling studies were performed by feeding the growth medium with 
13

C labelled acetic 

and propionic acid so as to incorporate these isotopic labels within the structure of 1. From 

these experiments, it was hypothesised that 1 is constructed from seven acetic acid and 

three propionic acid units (Fig 2). 

 

 

 

 

 

Fig 2: Labelling study performed by Zeeck 

 

The proposed biosynthesis by Zeeck involved an intramolecular Diels-Alder reaction to set 

up the AB bicyclic ring system, with a vinylogous Prins reaction theorised to form the C 

ring. As reported by Kalesse et al., it was shown that the hemiketal oxygen was not from 

any of the acid subunits, but from an external source such as H2O (Scheme 1).
3
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Scheme 1: Proposed biosynthesis of 1  

 

Compound 1 was shown to exhibit some cytotoxic activity with an IC50 of 14 µmol
-1
 

against three cell lines (HM02, HEPG2, MCF7).
2
 Moreover 1 possesses a unique 

hexacyclic carbon skeleton which poses a significant challenge for the modern synthetic 

organic chemist. To date no complete synthesis of 1 has been published, however the 

synthesis of 1 is underway in many groups with several partial syntheses published so far.
3-

4
  

 

1.1 - Hexacyclinic Acid 1 and ( -)-FR182877 2 

A related compound to 1, (ī)-FR182877 2, was also isolated from Streptomyces bacteria 

by the Fujisawa Chemical company in 1998. Compound 2 possesses a remarkably similar 

structure to 1, though there are some key differences; namely the stereochemistry at the 

ABC ring junctions and the lack of the hemiketal, carboxylic acid and acetate groups (Fig 

3). Owing to their structural similarities, it could be assumed that both 1 and 2 could be 

accessed from a common intermediate. To date, three complete total syntheses of 2 have 

been reported;
5
 this is attributed to its greater cytotoxic activity in comparison to 1, making 

it a more attractive target. It has been postulated that the activity of 2 may be due to the 

presence of the strained alkene, as when the alkene is oxidised by molecular oxygen, a 

significant drop in activity is observed. This strained olefin was also shown to be an 

efficient Michael acceptor, reacting with a variety of nucleophiles, such as amines, thiols 

and even imidazole (Scheme 2). The driving force for this reaction is due to the release of 

strain with no elimination product ever observed.
5a 

Despite this, other differences such as 

the lack of acetate or carboxylic acid groups cannot be ignored for the effect they might 

have on the activity of 2.   
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Fig 3: Structural differences between Hexacyclinic Acid 1 and (Ĭ)-FR182877 2.   

 

 

 

 

 

 

 

 

 

 
 

Scheme 2: Reactivity of the strained alkene of 2 

 

Compound 2 has been shown to have similar activity in vitro to Taxol for microtubule 

stabilisation (IC50 21 to 73 nmolL
ī1

). A biosynthesis of 2 was postulated by Sorensen,
5a, 6

 

involving an intramolecular Diels-Alder reaction to form the AB ring system and setting 

up the 4 new stereocentres at the ring junctions (Scheme 3). This is followed by a 

Knoevenagel condensation between the ɓ-ketoester functionality and the aldehyde 

position, and a trans-annular hetero-Diels-Alder setting up the CDF ring system. A final 

lactonisation closes the E ring and forms 2. 
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Scheme 3: Proposed biosynthesis of 2 by Sorensen 
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1.2 - Literature syntheses of (Ĭ)-FR182877 

 

1.2.1 ð Sorensen 

Originally basing their retrosynthesis of ent-2 on their proposed biosynthesis (Scheme 3), 

Sorensen et al. had to make an alteration to their synthetic strategy. Their synthesis was 

based on the enantiomer ent-2, and not 2 because only the relative stereochemistry had 

been determined, and not the absolute stereochemistry. They planned the use of a tandem 

intramolecular Diels-Alder/Hetero-Diels-Alder to form the ABCDF ring system, with a 

lactonisation forming the E ring (Scheme 4). In contrast to the condensation reaction used 

in the biosynthesis, it was proposed to use a Tsuji-Trost alkylation to form the 19-

membered macrocycle 3. ɓ-Ketoester 4 was to be synthesised by a Stille coupling of 

stannane 5 and allylic acetate 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Scheme 4: Retrosynthesis of ent -2 by Sorensen group 

 

Synthesis of fragment 5 began by an asymmetric aldol reaction of aldehyde 7 (synthesised 

in two steps from cis-2-butene-1,4,-diol)
7 

with Evans auxiliary to form adduct 8 (Scheme 

5). Transformation to the Weinreb amide 9 proceeded smoothly with a 75% yield over the 

2 steps. Protection of the secondary alcohol with TMSCl, followed by reaction with 

dimethyl lithiomethylphosphonate provided the ɓ-phosphonate 10. This reacted in a 

Horner-Wadsworth-Emmons reaction with 3-iodomethacrolein and activated Ba(OH)2,
8 

followed by removal of the silyl protecting groups to afford the triene 11 with an 

exceptional 79% yield over 4 steps. Chelation-controlled reduction of the ketone provided 
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the cis-diol exclusively, which was then protected as the bis-TES ether. Finally a 

palladium-catalysed stannylation with hexadimethyltin completed the synthesis of 5 with 

an 83% yield over the final 3 steps. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Scheme 5: Synthesis of stannane 5 

 

As with the other fragment, synthesis of 6 began with an asymmetric aldol with aldehyde 

12 (Scheme 6),
9
 to form 13. This adduct was then converted to the Weinreb amide and 

protected as a trimethylsilyl ether, forming 6 with an 87% yield over 3 steps. Efficient 

coupling of 5 and 6 was accomplished using a relatively high (10 mol%) catalyst loading 

of Pd2dba3, with the use of DIPEA being vital for obtaining 14 in an 85% yield. 
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Scheme 6: Synthesis of 6 and Stille coupling  

 

Reaction of Weinreb amide 14 with the lithium enolate of tert-butyl acetoacetate accessed 

the ɓ-ketoester functionality of 15 in one step (Scheme 7).
10 

Selective deprotection of the 

primary TES and secondary TMS silyl groups was achieved with 2 equivalents of TBAF. 

The primary alcohol then reacted with methyl chloroformate forming the carbonate ester 4. 

Reprotection of the secondary hydroxyl using TMSCl proceeded smoothly giving the 

necessary Tsuji-Trost substrate 4 with 88% yield over the 2 steps. Ring closure of the 19-

membered macrocycle was accomplished using catalytic Pd2dba3 in a dilute solution of 

THF to furnish the Tsuji-Trost product 16 in an 80% yield as a single diastereomer. 
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Scheme 7: Formation of cycloaddition precursor 16 by Tsuji -Trost alkylation  

 

For the desired IMDA/IMHDA to occur it was necessary to introduce the enone double 

bond. This was achieved by formation of the enolate using KHMDS and addition of 

PhSeBr to form the Ŭ-selenoproduct in excellent yield in a 3:1 mixture of diastereomers 

(Scheme 8). Efficient oxidation and elimination of the selenoxide was achieved using 

mCPBA in CH2Cl2 forming the enone functionality as an equimolar mixture of E/Z 

isomers. The cycloaddition cascade of 3 was found to be accelerated by warming in 

chloroform buffered with NaHCO3 to give 17 as the major product formed in a modest 

40% yield after 4 hours. Removal of the silyl protecting groups using PPTS, cleavage of 

the tert-butyl ester with TFA and EDC mediated lactonisation furnished ent-2. 
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Scheme 8: Completion of ent -2 

 

The Sorensen synthesis of ent-2 was achieved in 22 steps with a 2% overall yield. Key 

steps were the Tsuji-Trost alkylation to form the macrocycle and the tandem 

IMDA/IMHDA reaction to efficiently form the pentacyclic ring system. One limitation of 

the synthesis is the selenoxide elimination which gives a 1:1 mixture of the E-isomer with 

the undesired Z-isomer which does not cyclise. Nonetheless the synthesis was very 

successful in producing grams of ent-2. 

 
1.2. 2 - Evans 

 

Evans et al. embarked on a synthesis of 1 and 2, believing that they both could be accessed 

via the macrolide precursor 18 (Scheme 9).
5d

 Evans planned sequential double [4+2] 

cycloaddition reaction to form the carbocyclic skeleton. The initiating Diels-Alder reaction 

would form the AB rings, with this step differentiating which product would be formed. 

The exo- transition state of the initial Diels-Alder reaction would form 1, while the endo- 

variant would give 2, though it was unknown which would be favoured. An ensuing 

hetero-Diels-Alder cycloaddition would then construct the CDF rings. As it was unknown 

which product would be formed, Evans included a bromide functional group allowing for 

conversion to either product. 
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Scheme 9: Evans retrosynthesis of 1 and 2 from macrolide 18 and proposed DA t ransition states  

 

The macrolide 18 could be formed by the coupling of the iodide 19 and the dibromoalkene 

20, making use of a Suzuki coupling and alkylation to join the terminal positions (Scheme 

10). 

 

 

 

 

 
 
 

 
Scheme 10: Retrosynthesis of macrocycle 18 

 

The synthesis of fragment 19 began by an asymmetric aldol reaction of aldehyde 21 

(synthesised in two steps from cis-2-butene-1,4-diol)
11

 with Evans oxazolidinone chiral 

auxiliary using dibutylboron triflate, forming the syn aldol adduct 22 in an excellent 88% 

yield (Scheme 11). Conversion to the Weinreb amide using standard conditions proceeded 

in near quantitative yield, and reaction of the amide with ethynylmagnesium bromide 

furnished the alkynone in good yield. Reduction of the ketone using Dibal-H formed the 
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1,3-diol 23 in near quantitative yield with the desired diastereomer being formed in 20:1 

dr. Double TBS protection of diol 23, followed by hydroboration with catecholborane 

(HBcat) and hydrolysis of the resulting boronic ester with 1 M aqueous NaOH solution 

gave the boronic acid fragment 24 in a 97% crude yield.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
Scheme 11: Synthesis of boronic acid 24 

 

The synthesis of fragment 28 began as before utilising an aldol reaction of aldehyde 25 

(synthesised in 3 steps from 3-buten-1-ol) and Evans auxiliary mediated by dibutylboron 

triflate giving the Evans-syn product 26 (Scheme 12). Conversion to the Weinreb amide, 

followed by protection of the secondary alcohol as a TBS ether and deprotection of the 

primary alcohol furnished 27 with excellent yields in 3 steps. Oxidation of 27 with DMP, 

and Corey-Fuchs olefination of the resulting aldehyde using tetrabromomethane and 

triphenylphosphine yielded the dibromoalkene 28.   

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 12: Synthesis of fragment  28 
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Suzuki coupling of 24 and 28 using the unusual Tl2CO3 as a base afforded exclusively the 

diene 29 in an excellent 84% yield (Scheme 13).
12

 Thallium bases were found to have a 

positive effect in Suzuki cross couplings, increasing the reactivity of palladium by 

generating open coordination sites.
13

 Dibal-H reduction of the Weinreb amide formed the 

corresponding aldehyde, which was followed by a Roskamp homologation to form the 1,3-

dicarbonyl moiety. Selective deprotection of the primary alcohol using 

tetrabutylammonium fluoride yields the cyclisation precursor 30. Iodination of the allylic 

alcohol followed by treatment with Cs2CO3 induced cyclisation to form the macrolide 31 

as a 1:1 mixture of diastereomers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 13: Coupling of fragments to form macrolide 31 

 

Oxidation of 31 with Ph2Se2O3 and heating to 50 °C induced the cycloaddition cascade 

resulting in the formation of the pentacycle of 2 in a single diastereomer in a good yield 

(Scheme 14). It was shown that the endo transition state was preferred with 32 being 

formed exclusively. It was stated that attempts were being made to manipulate the reaction 

pathway to access the exo product, however it appears that this has been unsuccessful. 
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Scheme 14: Tandem DA/HDA reactions to form 32 

Subsequent steps continue to successfully complete the synthesis of (ī)-FR182877 2 in a 

total of 17 linear steps with a 6.0% overall yield. Of particular mention in the synthesis was 

the tandem DA/HDA reaction setting up the ABCDF ring system and 6 stereocentres with 

an impressive 63% yield. Disappointingly attempts to synthesise 1 by this method were 

unsuccessful, nonetheless the synthesis of 2 is an impressive total synthesis. 

 
1.2.3 - Nakada 

 

The most recent complete synthesis of 2 was reported by Nakada et al. in 2009. Similar to 

Evansô and Sorensenôs syntheses, Nakada also planned a tandem intramolecular Diels-

Alder/Hetero Diels-Alder for the construction of the AB and CD ring systems respectively, 

starting from 35 (Scheme 15). In contrast to the other syntheses however it was planned to 

close the F ring by an intramolecular Heck reaction. 

 

 

 

 
 
 
 
 

 
 
 
 
 

 
Scheme 15: Retrosynthesis of 2 by Nakada group 

 

Starting from 35 (synthesised in 9 steps over longest linear sequence),
14

 the free hydroxyl 

group was protected as a TES ether, followed by removal of the acetyl group in a 75% 

yield over the 2 steps (Scheme 16). Slow oxidation of the resulting primary alcohol by 

heating MnO2 in toluene furnished the tetracyclic IMDA/IMHDA product 36 as a single 
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diastereomer in a modest 28% yield. The low yield was attributed to the successive 

IMHDA reaction, with previous work showing a 32% yield for a IMHDA reaction in 

which the substrate incorporates AB bicyclic ring system.
14 

It can be seen that the 

stereochemistry of the OTES group is incorrect; however this anti-stereochemistry of the 

protected diols is necessary to achieving the right stereochemistry at the ring junctions, 

with syn-diols giving rise to poor stereocontrol. This diastereocontrol is attributed allylic 

1,3-strain in their transition state models.
15

 To achieve the correct stereochemistry, it was 

necessary to invert the stereogenic centre at the OTES group. This was achieved by 

cleavage of the TES ether, oxidation of the resultant alcohol using DMP, followed by 

reduction of the ketone with borane resulting in inversion and giving the correct 

stereochemistry in a 25:1 dr. The free hydroxyl was then protected as a TBS ether giving 

37 with good yields over all steps. 

 

 

 
 
 
 
 
 
 
 
 
 

Scheme 16: Synthesis of ABCD-ring system 37 

 

Treatment of 37 with LDA followed by iodine formed the desired iodoalkene in an 

excellent yield (Scheme 17). Removal of the primary TBS group and DMP oxidation of 

the resultant primary alcohol afforded the corresponding aldehyde. This was followed by 

reaction with vinylzinc bromide to furnish 33 as a 1:1 mixture of diastereomers at the 

allylic alcohol position. 

 

 
 
 
 

 
 

Scheme 17: Synthesis of Heck precursor 33 

 




















































































































































































































































































