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Abbreviations 
4 Å MS     4 angstrom molecular sieves 

Ar     argon 

ASAP     atmospheric solids analysis probe 

 

Bpin-  

 

BHT     2,6-di-tert-butyl-4-methylphenol 

Boc     tert-butyloxycarbonyl protecting group  

CCD     countercurrent distribution 

CD     circular dichromism 

CDCl3     deuterated chloroform 

CHCl3     chloroform 

COSY     correlation spectroscopy 

d     days  

DBU     1,8-diazabicycloundec-7-ene 

DCM     dichloromethane 

DIBAL     di-isobutyl aluminium hydride 

DMAP      4-dimethylaminopyridine 

DME     1,2-dimethoxyethane 

DMF     dimethylformamide 

DMSO     dimethylsulfoxide 

DMSO-d6     deuterated dimethylsulfoxide  

DOSY     diffusion ordered spectroscopy 
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LCMS     liquid chromatography mass spectrometry 

M     molar 

MeOH     methanol 

MeOD-d4     deuterated methanol 

MIDA     N-methyliminodiacetic acid 

min     minutes 

mmol     millimoles 

mol     moles 

mp     melting point 

MS      mass spectrometry 

NBS     N-bromosuccinimide 

NIS     N-iodosuccinimide 

NMR     nuclear magnetic resonance spectroscopy 

NOESY    nuclear overhauser enchancement spectroscopy 

o/n     overnight 

Ph     phenyl 

ppm     parts per million 

ROS     reactive oxygen species 

rt     room temperature 

SM     Suzuki-Miyaura 

TBAF     tetrabutylammonium fluoride 

TBS     tert-butyldimethylsilyl 

tBu     tert-butyl 

THF     tetrahydrofuran 
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TLC     thin layer chromatography 

TMB     1,3,5-trimethoxybenzene 

TMS     trimethylsilane 

UPLC     ultra performance liquid chromatography 

UV     ultraviolet 

Xantphos     4,5-bis(diphenylphosphino)-9,9-dimethylxanthene 
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provides enough scope for a review in its own right, this review will begin its focus 

from tetraene-containing natural products and longer. 

Tetraenes 
There are a large number of compounds containing the tetraene moiety. These 

have been isolated from a wide variety of natural sources and display a 

number of different types of biological activity. 

 

Macrocyclic tetraenes 

Polyene macrolide structures are often strongly associated with antifungal 

activity. There are a large number of tetraene polyene macrolides, produced by 

many different organisms, but often with very similar structures. Some 

important tetraene polyene macrolides are discussed below and all share 

common features. The macrocycles are bicyclic, with a larger ring of varied 

size and a six-membered cyclic ether. In addition, they also all possess an 

oxygen-linked cyclic six-membered ether substituent, the structure of which is 

highly conserved. Seven tetraene natural products share the same general 

structure. One difference, however, is the nature of the amine. Lucensomycin 

1, otherwise known as etruscomycin, is produced by S. lucensis7 and contains 

an epoxide. Arenomycin B 2 is produced by A. tumemacerans var. 

griseoarenicolor.8 The family of tetrins A-C have similar structures, with tetrin 

A 3 and B 4 produced by Streptomyces sp.9,10and tetrin C 5 produced by 

Streptomyces sp. GK9244.11 Tetromycin A 6 and B 7 are both produced by S. 

noursei var. jenensis.12 Similar structures to these tetraenes include pimaricin 

8, AB-400 9, rimodicin 10 and rimodicin B 11, C 12, CE-108 A 13, B 14 and 

C 15. Pimaricin 8, otherwise known as natamycin, is a polyene macrolide 

produced by S. natalensis, S. chattanoogensis, and S. gilveosporus and is used 

as a natural preservative in the food industry.13 It is also used as a treatment 

for fungal keratitis, as well as cutaneous, vaginal and intestinal cancer,14 and 

antimalarial activity.15 AB-400 9 is a closely related analogue, produced by 

Streptomyces sp. RGU5.3.16 Rimocidin 10 and rimocidin B 11 and C 12 are all 

produced by S. diastaticus, and rimocidin is also produced by S. 

rimosus.17,18CE-108 A 13, B 14 and C 15 are all produced by S. diastaticus 

var. 108.19 Larger macrocycles with similar structures include amphotericin A 



21 
 

16 and nystatin 17. Amphotericin A 16 is produced by S. nodosus.20 Nyastatin 

17 is produced by S. noursei and displays broad spectrum antifungal activity21 

and possesses antimalarial activity.15 
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Common to all of the macrocycles above are the all-E configuration of the 

polyene moieties. Other macrocyclic polyenes are viridenomycin 18 and the 

marinomycins A-C 19-21, whose total syntheses will be discussed in due 

course and whose structures are very different to those discussed above. 

 

Linear tetraenes 
There are a number of linear tetraene natural products and these include 

fumigillin 22 and lajollamycin 23. These structures share far fewer similarities 

than those discussed in the macrocyclic tetraenes section above. Fumigillin 22 

is produced by Aspergillus fumigans and displays amebicidal, anticancer, 

antiparasitic and antibacterial properties. It is also an angiogenesis inhibitor.1,22 

Its structure contains an all E-tetraene and a highly functionalised cyclohexane 

ring, as well as two epoxide rings. Lajollamycin 23 is produced by 

Streptomyces nodosus and displays antimicrobial and antitumour activities.23 

Its structure contains an E:E:Z:Z-tetraene, an amide linkage and a conjoined 

lactam and lactone. 
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Viridenomycin  
Viridenomycin 18 was first reported as a polyene natural product in 1975 by 

Hasegawa et al., who isolated it from S. viridochromogenes. This compound 

was shown to have activity against Trichomonas vaginalis and Gram-positive 

bacteria.24 In 1991, a compound was also reported to be isolated from S. 

gannmycicus and was shown to be identical to 18. The absolute 

stereochemistry of the compound was not determined, with only the relative 

stereochemistry of the cyclopentene core known and the relative 

stereochemistry between the core and benzylic stereocentre.25 This macrocycle 

also contains two tetraenes, one with an E:E:E:Z-configuration and the other 

being E:E:Z:Z. Additionally, the macrocycle contains a functionalised 

cyclopentene ring and is connected together by a lactam and enol ester. 

Shortly after, 18 was shown to have anticancer properties, prolonging the lives 

of mice affected by B16 melanoma and P388 leukaemia.26 Two groups have 

published work pertaining to the synthesis of the polyene portions of 
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viridenomycin 18. Kruger and Meyers attempted two routes,27,28 with their 

disconnection of the macrocycle giving three fragments 24-26 (Scheme 1). 

The intention was to install the lower (E:E:E:Z)-tetraene using a Julia 

olefination and the upper (E:E:Z:Z)-tetraene by a palladium catalysed cross 

coupling and subsequent alkyne reduction. Diene 30 was synthesised 

successfully using the Stork-Zhao Wittig homologation and then a Stille 

coupling. The aryl sulfonate was then successfully installed to give 31, ready 

for an olefination reaction to give the lower tetraene (Scheme 2). 

 

Scheme 1 Kruger and Meyers disconnection of 18 

 

 

 

 

 

 

 

 

 

Scheme 2 Synthesis of sulfonate 31 

 

 

 

 

 

 

 

 

 

 

 

 

 Attempts to build the tetraene using a Julia olefination proved unsuccessful 

in a closely related model system. This route was put on hold and another 
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investigated.27 The new route involved construction of the lower tetraene using 

either Wittig or Horner-Emmons chemistry. Another change was made in the 

formation of the upper tetraene, where the previously designed alkyne 

incorporation and reduction was causing concern. Instead, the intention was to 

undertake direct tetraene formation using a Stille coupling.   

 In order to make the upper tetraene, trienyl stannane 34 was required. This 

was made via a Still-Gennari-style phosphonate to afford cis-diene 33 with > 

20:1 E:Z ratio. Palladium catalysed cross coupling with distannylethylene gave 

the desired triene 34 (Scheme 3). Coupling of stannane 34 to give the upper 

tetraene was successful, giving the desired product 36 in quantitative yield 

(Scheme 4). Formation of the lower tetraene to yield the bis-tetraene 38 was 

then attempted and the bis-tetraene was obtained as a 1:1 mixture of alkene 

stereoisomers (Scheme 5). Unfortunately, attempts at deprotection and ring 

closure proved unsuccessful.28 

 

 

Scheme 3 Synthesis of triene 34 

 

 

 

 

 

Scheme 4 Synthesis of tetraene 36 
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Scheme 7 HM/iododeboronation methodology used in the synthesis of triene 

47 

 

Marinomycins A-C 

Marinomycins A-C 19-21 are three polyenic macrodiolides isolated by Fenical 

et al. in 2006 from the saline culture of a new group of marine actinomycetes, 

Mannispora strain CNQ-140. The marinomycins display antitumour and 

antibiotic activity. Fenical et al. showed that marinomycin A 19, the most 

abundant and active of the three natural products, was photochemically 

converted into an equilibrium mixture of marinomycins A 19, B 20 and C 21 

upon exposure to ambient light. As a result, the total synthesis of marinomycin 

A 19 would also constitute a total synthesis of the two others.32 

 The marinomycins are characterised by a highly complex 44-membered 

dimeric molecule, with a monomer consisting of a tetraene conjugated with an 

aromatic unit derived from 2-hydroxybenzoic acid and connected to a 

pentahydroxylated polyketide chain.33 The variation between the three 

different marinomycins lies in the stereochemistry of the two double bonds 

adjacent to the 2-hydroxybenzoic acid groups. 
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undesired cis-isomer.34,35A Mitsunobu reaction between the carboxylic acid of 

aryl diene fragment 48 and the hydroxyl of enyne 49 was used to join the 

building blocks at one end. The first tetraene formation was then undertaken 

by conversion of the enyne triple bond to a vinyl boronate ester, and 

subsequent Suzuki coupling with the aryl dienyl bromide (Scheme 9). A 

further Mitsunobu, followed by another hydroboration/SM sequence was used 

to close the macrodiolide. The closure was difficult, requiring stoichiometric 

palladium and 300 equivalents of a thallium base (Scheme 10).34,35 Attempts 

were also made to improve the yield of the cyclisation, investigating the use of 

both HM and Stille couplings as methods of tetraene formation. Unfortunately, 

none of these routes were successful and the yield was not improved.  

 The ability to form marinomycins B 20 and C 21 from A 19 was also 

demonstrated by exposure to ambient light. Marinomycin A underwent 

photoinduced isomerisation, giving a ratio of roughly 1.1:1:1.5 (A:B:C 

respectively) after two hours, as analysed by HPLC. 34,35 

 The other groups that attempted the synthesis of marinomycin chose to 

build the tetraene into a building block, rather than form it during a ring 

closure. Efforts of the Cossy group have yielded the monomeric counterpart of 

marinomycin A.33,36 The intention was to form a triene building block, with a 

palladium catalysed cross coupling envisioned to form the tetraene (Scheme 

11). Initially, an attempt was made to form the boronate ester variant of the 

triene 64. Unfortunately, stereoselectivity problems led to the concept of a 

tetraene-forming Suzuki coupling being abandoned for a Stille approach 

(Scheme 12). The new approach involved a Stille coupling followed by an 

olefination to give a trienic vinyl stannane 69 (Scheme 13). 
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Scheme 8 Synthesis of dienyl bromide 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 9 Construction of tetraene 56 
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Scheme 10 Completion of the synthesis of 19 

 

 

Scheme 11 Envisioned construction of tetraene 60 

 

 

 

 

 

 

 

 

 

 

 

 Triene 69 was then used to complete the monomer synthesis via a Stille 

coupling with a penta-alkoxylated alkenyl iodide 70 (Scheme 14). Difficulties 
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in deprotection prevented the completion of the total synthesis of marinomycin 

A 19 using this route.33,36 In the Evans group, the tetraene was again built 

before dimerization.37 

 

Scheme 12 Attempted route towards 64 

 

 

 

 

 

 

 

 

 

 

 

Scheme 13 Synthesis of trienic vinyl stannane 69 
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Scheme 14 Stille coupling to form monomer 71 

 

 

Scheme 15 Synthesis of tetraene 74 

 

 

 

 

 

 

 

 

 

 

 

Pentaenes 

Macrocyclic pentaenes 
Like the tetraene polyene macrolides, there are a number of pentaene 

containing-compounds with closely related structures. TPU-0043 or chainin 

75, filipin III 76 and fungichromin 77 all possess similar structures, varying in 

the nature of the aliphatic side-chain and in one substituent on the macrocycle. 

TPU-0043 75 is an antifungal compound produced by Streptomyces sp. TP-

A0625 and Chainia minutisclerotica.38,39,40 Filipin III 76 is another antifungal 

produced by S. filipinensis.41 It has also been shown to have antimalarial 

activity.15 Fungichromin 77 was first isolated from S. padanus PMS-702 in 

195842 and was also shown to be produced by S. griseus in 1980.43 A number 

of apparently different antifungals were isolated in the 1950s, 60s and 70s, all 

believed to have the same chemical structure as fungichromin. There were, 
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however, inconsistencies in the analytical data [HPLC, 13C NMR, circular 

dichroism (CD) and counter-current distribution (CCD)], which the groups 

reporting these compounds believed to be due to differing stereochemistry in 

each of the different compounds. The supposed new compounds discovered 

were named pentamycin, (isolated in 1958 from S. penticus)44 lagosin (isolated 

in 1964)45 and cogomycin (isolated in 1975).46,47 In 1982, it was shown that 

these compounds were in fact identical and that the previous inconsistencies in 

the analytical data were due to differing levels of impurities in the isolated 

samples. This report also listed S. cellulosae, S. roseoluteus and S. fradiae as 

the organisms producing fungichromin.48  

 A compound with a similar structure, but a shorter polyol chain is aurenin 

78, an antifungal isolated from S. aureus49 and later from Actinomyces 

aureorectus.50 Other macrocyclic pentaenes include roflamycoin 79, RK-397 

80, roxaticin 81, mycoticins A 82 and B 83, marinisporolides A 84 and B 85, 

strevertenes A-G 86-92, eurocidin D 93, mirabilin 94 and lienomycin 95. 

Roflamycoin or flavomycoin 79 is an antifungal isolated from S. roseoflavus.51 

RK-397 80 is another polyene macrolide isolated from a strain of soil 

bacteria.52 This compound, along with attempts made at its total synthesis, are 

discussed later (vide infra). Roxaticin 81 is an antifungal isolated from 

streptomycete X-14994.53,54 Mycoticins A 82 and B 83  are compounds with 

broad antimicrobial properties, isolated from Streptomyces ruber (ATCC 

#3348).55,56 
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 Marinosporolides A 84 and B 85 are produced by Marinispora sp. and 

display antifungal activity against Candida fungi.57 Strevertenes A-G 86-92 

are a closely related class of polyene macrolides produced by 

Streptoverticillium sp. LL-30F848. They possess antifungal activity against 

phytopathogenic fungi.58,59 Eurocidin D 93 is produced by Streptoverticillium 

sp. and displays antifungal activity against T. vaginalis.59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Mirabilin 94 and lienomycin 95 have more distinct structures from those 

detailed above. Mirabilin possesses a 6-membered cyclic ether as part of its 

structure, along with a long side chain containing an amide moiety. Produced 

by Siliquariaspongia mirabilis, 94 displays antitumour activity.60 Lienomycin 
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is a larger macrocycle and possesses a shorter side-chain, containing a primary 

amine functionality. Isolated from Actinomyces diastatochromogenes var. 

lienomycini, lienomycin 95 possesses antifungal, antibacterial and antitumour 

activity.61 

 

Linear pentaenes 

Compounds whose pentaene fragments are not contained within a macrocyclic 

system include mycolactones A 96 and B 97, and spirangiens A 98 and B 99. 

Mycolactones A and B are produced by Mycobacterium ulcerans and 

Mycobacterium marinum. 96 and 97 are believed to be linked to the Buruli 

ulcer skin disease.62 Spirangiens A and B are produced by Sorangium 

cellulosum (strain So ce 90) and are discussed later (vide infra).63 
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Scheme 17 MacDonald synthesis of 80 

  

 The trienyl building block 100 was then installed into the polyol core using 

a Stille coupling between the tributylstannyl group on the trienyl fragment and 

the vinyl iodide group on the polyene core. Oxidation of the primary alcohol 

of the resulting tetraene 105 to the corresponding aldehyde and then Horner-

Emmons macrocyclisation under Masamune-Roush67 conditions gave the 

tetraacetonide derivative of the natural product 106. Deprotection furnished 

RK-397 80 (Scheme 17).65 Denmark and co-workers published a total 

synthesis shortly after MacDonald, in 2005.68 Here, the polyene fragment was 

fully installed before macrocyclisation was attempted, palladium chemistry 

was used to build the key tetraenyl intermediate 107 and ylide chemistry to 

incorporate the polyene into the rest of the molecule. Synthesis of 107 

involved sequential palladium-catalysed cross coupling of 1,4-bis-silyl-1,3-

butadiene compound 108, first with 3-iodo-2-propenol THP ether 109 and then 

with ethyl (E)-3-iodoprenoate 110. These reactions proceeded with high yields 

but poor diastereoselectivity, with mixtures of olefins being obtained. 
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Scheme 18 Synthesis of tetraene 107 

 

 

 

 

 

 

 

 

 

Scheme 19 Sammakia synthesis of 80 
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Scheme 20 Paterson route to the synthesis of 123 

 

Hexaenes 

Cyclic hexaenes  

Perhaps the most well-known of the cyclic hexaenes are the polyene 

macrolides dermostatin A 124 and B 125, isolated from S. virdigreseus 

Thirum.76 Their biological activity and synthesis are discussed later (vide 

infra). 
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Linear hexaenes  

The linear hexaenes include the mediomycins A 126 and B 127, clethramycin 

128 and etnangien 129. The mediomycins and clethramycin are similar in 

structure. They are all produced by S. mediocidicus ATCC23936 and display a 

broad spectrum of antifungal activity.77 Etnangien 129 has a different 

structure, with an unsaturated lactone as part of the compound, isolated from 

Sorangium cellulosum.78 Its synthesis is discussed later (vide infra). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dermostatin A and B 

The dermostatins A 124 and B 125 were first isolated from S. virdigreseus 

Thirum. in 1962.76 These compounds display potent antifungal activity against 

a number of human pathogens.79,80 They have also been used clinically as a 

treatment for deep vein mycoses,79 and display anti-proliferative activity 

against human immunodeficiency virus (HIV) in H9 cells.81 Initially , the 
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Application of the first generation Grubbs catalyst gave the desired triene 135 

in an 82% yield as a 4:1 mixture of olefin isomers distal to the aldehyde. HWE 

with phosphonate ester 136 gave the desired hexaenoate 137 which could be 

isolated in a geometrically pure form. Hydrolysis, Yamaguchi cyclisation and 

global deprotection gave dermostatin A 124 (Scheme 22).69,86 

 

Scheme 22 Sammakia synthesis of 124 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Etnangien 

Etnangien 129 was isolated from Sorangium cellulosum and found to be active 

against a range of Gram-positive bacteria.78 It was also found to inhibit 

retroviral RNA and DNA polymerases.87 Etnangien 129 was also reported to 
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have an unstable structure, presumed to be due to the polyene chain. It has 

only been synthesised by the Menche group,87,88 which also established the 

absolute stereochemistry in the process of completing the total synthesis. The 

synthetic route involved a mixture of ylide and palladium chemistry. The 

hexaene chain was synthesised from two trienyl building blocks 142 and 148. 

Ylide chemistry was used to create diene 140, then a series of steps were used 

to form the macrocycle. Selective removal of the primary TBS group and 

allylic oxidation were followed by a Takai reaction to install the E-vinyl 

iodide 142 (Scheme 23). Homologation of alkene 143 by olefin cross-

metathesis using the Grubbs (II) catalyst gave the required enal 145. HWE 

chemistry furnished the required trienyl stannane 147 and 

tetrabutylammonium fluoride (TBAF) deprotection gave building block 148. 

The side-chain was coupled to the trienyl iodide using a Stille coupling 

(Scheme 24). 87,88 

 

Scheme 23 Synthesis of iodide 142 
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Scheme 24 Completion of the synthesis of 129 

 

 

Heptaenes 

Cyclic heptaenes 

One of the most commonly known and widely used polyene natural products 

is a member of the heptaene polyene macrolide class of compounds, 

amphotericin B 150 and its derivatives 151-153, which are discussed later 

(vide infra). The polyene macrolide candidin 154 has a similar structure to 

amphotericin B, possessing an extra carbonyl moiety on the polyol fragment. 

It is an antifungal agent produced by S. viridoflavus, and has also been 

patented as a treatment for mammalian tumours.89,90 Another very closely 

related structure is mycoheptin 155, produced by Streptoverticillium 

mycoheptinicum, which displays antifungal activity and is used in the therapy 
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of coccidioidomycosis, histoplasmosis, cryptococcosis, chromodermycosis, 

blastomycosis, aspergillosis, sporotrichosis, and candidiasis.91,92  

 Another class of compounds with very similar structures, all containing a 

side-chain with a para-amino phenyl ketone group, are hamycin 156, levorin 

A2 157, partricin A and B 158-159 and 67-121 A and B 160-161. Perimycin A 

162, DJ-400 B1 and B2 163-164, FR-008 165 and trichomycin A 166 are also 

similar. Hamycin 156 is produced by S. pimprina and displays antimicrobial 

activity against a number of forms of candidiasis and deep-seated mycoses.93 

Levorin A2 157, or candicidin D, is produced by A. levoris and S. griseus 

ATCC 3570. 
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 This compound is an antifungal and possesses the ability to inhibit the 

growth of adenoma prostate.94,95 Partricin A and B 158-159 are produced by S. 

aureofaciens and possess high antifungal activity, particularly against Candida 

albicans, and antiprotozoal activity.96 67-121 A and B 160-161 are produced 

by Actinoplanes caeruleus and are antifungals.97,98 Perimycin A 162, otherwise 

known as fungimycin, NC-1968 and aminomycin, is an antifungal produced 

by S. coelicolor var. aminophilus.99 DJ-400 B1 and B2 163-164 is produced by 

S. Surinam and displays antifungal activity.100,101 FR-008 165 is also an 

antifungal produced by S. griseus.102 Trichomycin A 166 is produced by S. 

hachijoensis and is used as a potent clinical drug for the treatment of vaginal 

infections.103 
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Linear heptaenes 

Two interesting linear heptaene structures are peridinin 167 and fucoxanthin 

168, which contain an allene moiety. Peridinin 167 is produced by Gonyaulax 

polyedra and is believed to possess activity against atherosclerosis, 

rheumatoid arthritis and cancer. In particular, this compound is believed to 

reduce membrane permeability to reactive oxygen species.104,105 Fucoxanthin 

is discussed later (vide infra). 

Amphotericin B  

Amphotericin B 150 and its derivatives 151-153 have a wide range of 

biological applications. First reported in 1955, amphotericin B is an antifungal 

antibiotic produced by S. nodosus.106 It was tested as early as in 1957 for 

activity against Candida albicans,107 and has since been shown to have a 

number of other biological applications, including activity against deep-seated 

mycotic infections,108 activity against intercranial fungal masses,109 activity 

against visceral leishmaniasis,110 potential as a treatment for prion infection 

treatment,111 as a malaria treatment in humans and animals,15 activity against 

HSV I, HSV II and hepatitis B,8 and as a treatment for severe mucocutaneous 

candidal infections in the mouth.112 

 Despite being such an important compound, only the Nicolaou group has 

completed the total synthesis of amphotericin B 150.113,114 The Negishi group 

has also completed a synthesis of the polyenyl fragment. Completed in 1987, 

the Nicoloau synthesis used ylide chemistry to build up the polyene fragment. 

This was achieved via a series of HWE reactions using dienyl phosphonate 

ester 170 as a key building block. Ring closure was also accomplished using a 

HWE reaction (Scheme 25).113,114 

 The Negishi synthesis of the polyene fragment 176 was published in 2013 

and utilised HWE, alkyne hydrozirconation, palladium-catalysed Negishi 

coupling, and HM coupling chemistry.115 
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Scheme 25 Nicolaou synthesis of 150 
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Scheme 26 Synthesis of phosphonate ester 182 

 

 

 

 

 

 

 

 

 

Scheme 27 Synthesis of hexaene 176 
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Scheme 28 Ito synthesis of 168 
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Scheme 29 Synthesis of building block 203 
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Scheme 30 Completion of the Katsumara synthesis of 168 

 

 

Octaenes and above 
Those natural products possessing a polyene chain of eight or more conjugated 

double bonds are dominated by linear structures. To the best of our 

knowledge, no polyene macrolide structures containing an octaene polyene 

fragment have been elucidated, nor have any structures for polyene 

macrocycles containing more than eight conjugated double bonds. Two of 

these linear polyenes are xanthomonadin 208 and granadaene 209. 

Xanthomonadin 208 is an octaene bacterial pigment isolated from 

Xanthomonas juglandis. Its structure was elucidated in 1976133 and was later 

shown to protect against photodamage.134 It was also isolated from 
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Xanthomonas oryzae pv. oryzae in 1997.135 Granadaene 209 is a dodecaene red 

pigment characteristic of Streptococcus agalactiae, isolated in 2006.136,137 

 

 

 

 

 

 

 

Correlation between polyene chemical structure and biological 

activity  

There has been surprisingly little reported in the literature about the correlation 

between polyene chemical structure and biological activity. Some work has 

been done to compare the activity of various polyene macrolides. In a review 

published by Hamilton-Miller in 1973, it was stated that the biological activity 

of the polyene macrolides increases with the number of conjugated double 

bonds.100 Several natural product tetraene macrolides, namely pimaricin 8, 

AB-400 9, rimocidins A-C 10-12 and CE-108s A-C 13-15, were compared 

with the heptaene macrolide amphotericin B 150 to assess their biological 

activities on Trypanosoma cruzi. These tetraene compounds were found to be 

less effective, but also less toxic.19 Kotler-Brajtburg et al. attempted to 

correlate the chemical structures of polyenes and their biological properties by 

investigating their ability to cause K+ leakage and cell death.138 The work 

hypothesised that the polyene macrolides could be categorised into two 

functionally different groups.  Amongst the polyenes in group I was the 

tetraene pimaricin 8, pentaenes (chainin 75 and filipin 76) and the hexaene 

(dermostatin A 124), while group II included the heptaenes (amphotericin B 

150, amphotericin B methyl ester 151, N-acetylamphotericin B 152, hamycin 

154 and candicidin 156) and one tetraene, nyastatin 17. Group I antibiotics 

caused potassium ion leakage and cell death or hemolysis at the same 
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concentrations of added polyene, while group II caused considerable 

potassium ion leakage at low concentrations and cell death or hemolysis at 

high concentrations.138 
 

 

 

 

 

 

 

 Work undertaken by Akiyama et al. supported the above theory. Polyene 

antibiotics were classified according to their synergistic effect on fungi into 

two groups: a non-heptaene group including pimaricin 8 and filipin 76, and a 

heptaene group including amphotericin B 150.139 

 A study into the difference between the linear polyenes and the macrocyclic 

polyenes does not seem to have been undertaken. It appears that in general, the 

longer chain linear polyenes possess a more diverse range of biological 

activities, additional to antimicrobial properties, for example fucoxanthin 168, 

xanthomonadin 208 and granadaene 209, all of which have polyene chains of 

seven double bonds or greater. As discussed in previous sections (vide supra), 

these compounds have properties such as antioxidant and anti-inflammatory 

activities and an ability to inhibit cancer metastasis.  

 The link between polyene structure and cancer activity in particular is 

interesting. Seemingly small changes in structure can impart a significant 

increase in biological activity. An example of this is the difference in 

biological activity between RK-397 80 and the mycoticins A and B 82 and 83. 

RK-397 displays anti-leukaemic activity, whereas the mycoticins only possess 

antimicrobial activity. The structures are exceptionally similar, differing only 

in the stereochemistry of the polyol chain and in the absence of a methyl group 

in the RK-397 structure.  
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Conclusion  

The polyene natural products include a wide variety of different structures 

with a range of biological activities. Total syntheses of a number of interesting 

compounds have been accomplished using a mixture of ylide chemistry, 

palladium cross coupling and cross-metathesis. Whilst ylide chemistry was 

used effectively in a number of total syntheses, there are a number of 

examples where poor stereoselectivity was a clear issue, for example in the 

1994 synthesis of fucoxanthin 168. Palladium chemistry, on the other hand, 

has given consistently better stereoselectivity in the total syntheses reported. 

The examples where olefin cross-metathesis was used highlight its potential as 

an efficient and selective method of polyene synthesis. Despite all the research 

that has been undertaken in this area of polyene natural product synthesis, 

there is not yet a standout method for the highly stereoselective formation of 

polyene chains that has completely general application in synthesis, though 

some methods have clear advantages over others. 

 In addition, relatively little is understood about the correlation between 

chemical structure and biological activity as a general phenomenon. 

Establishment of the structural features which contribute to the activity of the 

polyene natural products is necessary for a better understanding of this 

interesting class of compounds. 
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Section 1    

Synthesis of polyene natural products 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

 

  







63 
 

polyketide synthase pathway is responsible for xanthomonadin synthesis, a 

hypothesis that has been supported by other groups.4,20,21 

A number of other pigments have been identified or proposed in the 

literature, and some are detailed below.155,158,159 A common feature amongst the non-

brominated analogues below is that they all possess a phenolic OH. Studies of these 

pigments have provided an insight into the synthesis of the xanthomonadins, in 

particular the installation of the bromines on the scaffold. The pigment 213 made by 

Lysobacter enzymogenes is unbrominated and the bacterium does not possess a 

halogenase enzyme, suggesting that the bromine functionalities may be incorporated 

into the xanthomonadins by halogenases.158 

 

Starr proposed that the main pigment produced by Xanthomonas populi 220 

is in fact a nonbrominated aryl heptaene, not fitting with the traditionally accepted 
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halogenated octaene model associated with the xanthomonadins. Mass spectrometric 

analysis of this pigment gave a molecular weight of 376, which was consistent with 

the formula C25H28O3. No structure was given but a proposed compound fitting these 

data is shown below. 

 

 

 

Section 1.1.2 Characterisation of Xanthomonas pigments 
Xanthomonadin 208 is the only pigment to have been extensively characterised, with 

mass spectrometric, 40 MHz 1H NMR, IR, X-ray crystallographic and UV-Vis data 

obtained by Andrewes and Starr when it was first isolated in 1976.133 The X-ray 

crystallographic data was reported to be of poor quality. Other pigments have been 

characterised by mass spectrometry, and the UV-Vis properties of mixtures of 

pigments have been measured, but none of the other pigments have been fully 

isolated and characterised. 

Section 1.1.3 Summary 
Xanthomonas pigments have garnered interest amongst the scientific community due 

to their contribution to the survival of a number of prolific agricultural diseases. It 

has been proposed that these pigments are non-carotenoid, polyenyl structures, with 

one pigment, xanthomonadin 208, successfully isolated. Structures for other 

pigments have been proposed in the literature, with the most common pigments 

postulated to be octaenes. These pigments are believed to be membrane-bound, 

protecting membrane lipids from peroxidation, but the exact conditions under which 

these pigments protect the bacterium from photodamage are not known; there is 

some evidence to suggest that the pigments only offer protection in the presence of a 

leaf-made photosensitiser compound. Similar compounds are produced by other 

bacteria, with a considerable about of variation in the structures of these polyenes, 

raising questions about exactly which functionalities are required for 

photoprotection. 
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Section 1.1.5 Project aims and objectives 
The only target within the group at this time had been xanthomonadin 208 itself. 

Following consideration of the literature on commencing this project, a number of 

key questions were identified: 

1) Do the compounds proposed in the literature offer protection for bacteria 

against photodamage? 

2) What is the mechanism of this protection? 

3) What structural moieties are required to impart this protection? 

4) What is the function of the polyenic bromine in xanthomonadin 208? 

5) Are these pigments lipid-bound? 

In response to this, the project was expanded to include 6 target compounds in 

total, where compounds 208 and 210 were the natural products, xanthomonadin and 

the proposed monobrominated xanthomonadin not previously targeted in the group. 

The alkyne moiety in analogue 232 was chosen not only in the hope that it will 

impart some stability to the compound, but also to investigate the effect of the non-

natural group on the activity of the pigment. The shorter chain analogues 233-235 

were chosen in order to investigate the required polyene chain length for 

photoprotective activity, as well as providing good models for development of the 

iterative cross coupling methodology. The shortest polyene chain identified in the 

literature search was a hexaene, and therefore a pentaene was chosen to see if this 

could still impart any photoprotective activity. 
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In order to synthesise these compounds in the most efficient way possible, it 

was envisaged that a polyenyl intermediate would be used to couple with different 

aryl building blocks.   
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Section 1.2 Synthesis of Xanthomonas pigments- construction 
of key aryl building blocks and selection of cross coupling 
reactions  

Section 1.2.1 Synthesis of a range of aryl building blocks 

In the design of key aryl building blocks, flexibility was the primary focus, as the 

final cross-coupling to connect the polyenyl chain and aryl had not been identified 

for the pigments and their analogues. One of the coupling partners would have to be 

an iodide and the key consideration would be one of stability. Attention was first 

turned to improving the route to brominated boronate ester 228, where use of TBAF 

in the deprotection of trimethylsilane 225 gave a large increase in the yield of the 

deprotection step (Scheme 34). 

Scheme 34 Improved route to brominated boronate ester 228 

 

The most challenging step in this synthesis proved to be the reliable 

formation of boronic acid 227.  It was found that all samples of boronic acid 227 

contained between 10 and 20 per cent of a side product. This product gave 

characteristic signals in the 1H NMR spectrum, i.e. two doublets at 5.80 and 6.12 

ppm (Figure 1). These corresponded to the proton signals of unsubstituted geminal 

alkene 236 (Equation 1). Initially it was thought that this product was formed due to 

protodeboronation by excess base, but it was later shown that addition of more base 
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to the reaction mixture did not affect the proportion of unsubstituted alkene. It is now 

believed that formation of this product was due to reaction with hydrogen bromide 

present in the boron tribromide reagent. It was eventually found that this could be 

minimised, although not eliminated, by using fresh boron tribromide. Boronic acid 

227 was found to be unstable over time, and so was taken straight through to the 

ester formation. 

 

 

 

 

 

Figure 1 1H NMR spectrum of boronic acid 227, showing the characteristic peaks of 

side product 236 

Attention was then turned to the conversion of the pinacolate ester to an 

iodide, to provide another coupling partner for the final cross-coupling. 

Iododeboronation methodology had been previously applied to boronate ester 228, 

but with limited success.170 A literature procedure was found which could effect the 

Terminal alkene protons 

O 
Br 

Br 
236 
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conversion of boronic acids to halides using N-halidesuccinimides at room 

temperature in acetonitrile.171 Initially, this was attempted using N-iodosuccinimide 

(NIS) 237 on pinacol ester 228 (Equation 2), due to concerns over the stability of 

boronic acid 227. None of the desired iodide was isolated, but the 1H NMR spectrum 

of the product obtained from the column showed a singlet at 3.14 ppm, 

corresponding to the alkyne hydrogen for compound 226, formed by an elimination 

reaction. 

 

Due to the fact that this reaction used acetonitrile as the solvent, the same 

solvent used for the HM couplings, formation of the iodide was attempted again. 

Instead of subjecting the reaction mixture to work up, the product was transferred 

directly into a Heck-Mizoroki (HM) coupling to see if the iodide was forming in situ 

(Scheme 35). After stirring for one day, no polyene-like peaks were observed in the 
1H NMR spectrum and so it was concluded that the iodide had not been formed.  

Scheme 35 Attempted one-pot formation of iodide 238 and HM coupling. 

 

 

 

 

 

The mechanism for the iodide-forming reaction given in the literature 

reference first involves coordination of an NIS carbonyl to the boron, forming a 

boronate anion. This is then able to leave and the bond between the carbon and boron 

used to form a new bond with the electropositive iodine atom in a concerted step 
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(Scheme 36).171 The formation of alkyne product 226 indicated successful 

coordination, but unsuccessful substitution of the boronate anion for an iodine. Two 

possible mechanisms are given below. The first is an E1cb-like loss of the boronate to 

give an alkenyl anion, followed by loss of the bromide and triple bond formation. 

The second is a more concerted, pseudo E1cb-like loss of both groups in the same 

step (Scheme 37). The conclusion made was that the steric hinderance of the 

boronate ester had prevented successful iodine substitution. As a result, the same 

reaction was attempted on styrenyl boronic acid 227, giving styrenyl iodide 238 in a 

78% yield as a white solid (Equation 3).  Iodide 238 proved to be quite stable, 

perhaps surprisingly so given the dihalogenated alkene and the continual observation 

within the group that alkenyl iodides can be very unstable, and could be stored 

successfully for months at -18 °C under argon and in the dark. 

Scheme 36 Mechanism proposed in the literature for conversion of a boronic acid 

moiety to an iodine atom with NIS171 

 

 

 

 

Scheme 37 Proposed mechanisms for elimination of pinacol boronate ester group 

and bromide ion to give alkyne 226 
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An attempt was made to make iodide 238 directly from alkyne 226 in a one-

pot procedure via dibromoboron intermediate 239, circumventing the isolation of the 

unstable boronic acid 227. Unfortunately, a 50:50 mixture of boronic acid 227 and 

geminal by-product product 236 was obtained (Scheme 38). 

Scheme 38 Attempted one-pot formation of styrenyl iodide 238, resulting in 

formation of boronic acid 227 and geminal by-product compound 236 

 

For the monobrominated analogues of xanthomonadin, the de-brominated 

analogue of pinacolate ester 228, compound 240 was required. It was envisaged that 

this could be easily synthesised by hydroboration of alkyne 226. Copper-catalysed 

borylation of 226 was attempted using copper chloride, xantphos, sodium tert-

butoxide and 4,4,5,5-tetramethyl-2-(tetramethyl-1,3,2-dioxaborolan-2-yl)-1,3,2-

dioxaborolane in THF and methanol (Equation 4). Gratifyingly, this approach was 

successful and, with some optimisation of the purification conditions, styrenyl 

pinacolate ester 240 was isolated in a 79% yield. 
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As a result, three key building blocks could be accessed in a highly efficient 

manner, with both pinacolate esters accessed via either a bromoboration or 

hydroboration protocol from key alkynyl building block 226 (Scheme 39). 

Scheme 39 Current route to key aryl intermediates 226, 228 and 240 

 

Section 1.2.2 Selection of cross-coupling reactions to form 

Xanthomonas pigment and their analogues 

With a range of potential building blocks successfully obtained, potential cross-

coupling reactions were evaluated. At this stage it was envisioned that HM coupling 

onto styrenyl iodide 238 would be the route to building an aryl polyenyl building 

block, and that SM couplings onto boronates 228 and 240 would also be useful. For 

the alkynyl target analogues, a Sonogashira coupling onto terminal alkyne 226 was 

required. Hence, work was undertaken on establishing the reactivity of the above 

mentioned building blocks to the desired cross-coupling reactions. 
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Instead of attempting to achieve some level of reactivity on this unstable 

intermediate, focus turned to potential SM couplings on the more stable pinacolate 

ester 228 and styrenyl iodide 238. 

Scheme 41 Proposed mechanisms for the different routes by which boronic acid 227 

can undergo elimination and protodeboronation 
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In a similar manner to the SM screen undertaken for boronic acid 227, 

conditions for the potential SM coupling of iodide 238 were investigated. The same 

bases were used for this screen as were for the screen on boronic acid 227, with the 

addition of silver(I) oxide (Table 2, Entry  7)., in the hope that it would help prevent 

elimination of the alkenyl iodides in the cross-coupling reactions. Pd(PPh3)4 was 

used as the catalyst, as before, but the solvent was changed to 1,2-dimethoxyethane 

(DME) in order to circumvent issues with solvent loss. The results of this screen 

show quite a profound effect of base on the stability of iodide 238 (Table 2, 

Equation 7).  

Table 2 Table showing the effect of base on the attempted SM coupling of styrenyl 

iodide 238 

 

Entry Base Effect on iodide 238 after 3 day stir 

1 KOAc Iodide intact, no alkyne 226 formation 

2 NaOH Only alkyne 226 present 

3 NaOMe 73% alkyne 226 present 

4 Ba(OH)2 8% alkyne 226 present 

5 Cs2CO3 Only alkyne 226 present 

6 Na2CO3 7% alkyne 226 present 

7 Ag2O 
Complete decomposition of iodide, no alkyne 226 

formation 

 

In all cases, no SM product 244 was seen, and the only identifiable product 

was alkyne 226, presumably formed by an E1-type elimination, post-oxidative 

addition of the iodide onto the palladium (Scheme 42) via complex 245. No 
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protodehalogenation to give geminal by-product 236 was observed for any of the 

reactions, indicating that this E1-type elimination is very facile. The level of 

elimination varied between bases, with only potassium acetate leaving iodide 238 

intact. In the cases of sodium hydroxide and cesium carbonate (Table 2, Entries 2 

and 5), complete conversion to alkyne 226 was seen. Sodium methoxide effected a 

73% conversion of iodide 238 to alkyne 226 (Table 2, Entry 3), where barium 

hydroxide and sodium carbonate resulted in minimal alkyne formation (Table 2, 

Entries 4 and 6). Silver(I) oxide (Table 2, Entry 7), although employed in an 

attempt to counteract any elimination, resulted in complete decomposition of iodide 

238, with no obvious identifiable product.  

Scheme 42 Proposed mechanism for elimination of iodide 238 to give alkyne 226 

  

 

 

 

There was no obvious pattern in the results (Table 2) relating to either 

alkoxide nature or cation size. Indeed, both strong and weak bases, as well as large 

and small cations were able to effect the complete conversion of iodide 238 to alkyne 

226. This is clearly seen in the contrast between sodium hydroxide and barium 

hydroxide, and cesium carbonate and sodium carbonate (Table 2, Entries 2,4,5 and 

6). The nature of the alkoxide ion can influence the rate of ligand exchange post 

oxidative addition, in a successful cycle enabling better transmetallation of the 

acceptor onto the palladium species. In that case, it would be suspected that a more 

nucleophilic alkoxide would facilitate the regeneration of the palladium(0) complex, 

and therefore speed up the rate of reductive elimination. Both hydroxide and 

carbonate, were observed to effect complete conversion of the iodide 238. It was 

observed that complete conversion occurred when a strong base was paired with a 

small cation (sodium hydroxide, Table 2, Entry 2) and when a weaker base was 

paired with a large cation (cesium carbonate, Table 2, Entry 5). Nevertheless, it 

would be expected with such hindered systems that a strong base paired with large 
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conditions (Scheme 43). No elimination was observed, but no coupling was 

observed either. 

Scheme 43 Attempted SM coupling onto iodide 238, using XPhos G2 precatalyst 

and both aqueous and anhydrous conditions 

 

 

 

 

 

Section 1.2.2.2 Other cross-couplings 

Following the unsuccessful attempts at SM couplings onto boronic acid 227 and 

iodide 238, and HM couplings onto iodide 238 (see Equations 5, 6, 7 and 9), other 

types of cross coupling were considered. Both Stille and Sonogashira couplings were 

considered, as the conditions used for these are commonly milder than those 

generally used in SM and HM couplings.  

The Stille coupling was attempted on iodide 238 with vinyl stannane 248 

(Equation 10). Conditions without a base were deliberately employed in the hope of 

avoiding the elimination of iodide 238 before it could react. Initially the reaction was 

undertaken at room temperature, and 1H NMR analysis after 16 hours was 

inconclusive, not displaying the expected multiplicity for the desired product 244. 

 

TLC analysis was also inconclusive, so the temperature was increased to  

50 oC and the reaction stirred for a further 2 days to see the effect. At this point, a 

series of smaller signals were observed with the expected multiplicity for 244, 
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Table 4 Table showing the conditions attempted to effect Stille coupling onto 

styrenyl iodide 238 

 

Entry Conditions Result 

1 rt, o/n, then 50 °C <10%, then 25% conversion 

2 LiCl addn, 50 °C 7%, Elimination of iodide 

3 20 mol% cat., microwave 105 °C Elimination of iodide 

4 CuOTc, NMP, 0 °C No reaction 

5 50 °C 
Elimination of iodide and 

butadiene formation 

6 
o/n rt, no iodide, then warm to 50 °C 

and add iodide 
34% conversion 

7 50 °C, Ag2O as additive 
No product formation, minimal 

butadiene 

8 
o/n rt, no iodide, then warm to 50 °C 

and add iodide (10x scale) 

Solely elimination and 

butadiene formation 

9 

o/n rt, no iodide, then warm to 50 °C 

and add iodide (10x scale), Ag2O as 

additive 

~50% conversion, butadiene 

formation, small amount of 

iodide elimination 

 

In light of these promising results (Table 4), a new polyenyl building block 

incorporating a stannane and boronate ester at each end was considered (see Section 

1.3), but synthesis of this building block consistently proved challenging and 

attention turned away from the Stille as a potential cross-coupling. 

A Sonogashira coupling was attempted on styrenyl iodide 238 (Equation 

12). After stirring for three days at room temperature, consumption of the iodide was 

seen, along with a change in shift for the singlet proton on the brominated alkene. 

The reaction was worked up and subjected to silica gel chromatography in the hope 

of isolating this product. A mixture of compounds was obtained, but the Sonogashira 
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product 251 was identified by mass spectrometry and and seen to be the major 

component in the mixture by 1H NMR, opening up the potential to deprotect the 

alkyne and complete the polyene chain, reducing down the alkyne to the desired 

alkene. Notably, in this coupling, no elimination product was observed. 

Unfortunately, the isolated yield in this reaction was disappointingly low. 

 

 

 

 

A Sonogashira coupling was attempted on alkyne 226 to establish whether it 

would be reactive to coupling (Equation 13). This was successful, giving the 

resulting product 252 in an 89% yield. 

 

Following the success of this reaction (Equation 13), an attempt was made to 

form the brominated alkene 244. It seemed prudent to avoid the use of HBr in 

aqueous solution due to the ester and alkene, so this reaction was attempted by 

generating HBr in situ using ethanol and acetyl bromide (Equation 14), in the hope 

of accessing 244. Unfortunately, no reaction at the alkyne was observed. 

 

 

 

Section 1.2.2.3 Revisiting the SM couplings 

Attention was turned back to the SM cross coupling, focussing now on the 

seemingly more stable brominated pinacol ester 228. Initally this was unsuccessful, 
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Table 5 Conditions screen for the Suzuki-Miyaura coupling of styrenyl Bpin 240 with iodoacrylate 229 

 

Entry Catalyst Catalyst loading/ mol% Base Eq. base Temperature / oC Solvent 
Product conversion 

after 24 h/ % 

1 Pd(PPh3)2Cl2 5 Ag2O 1.2 60 DME 35a 

2 Pd(PPh3)4 5 Ag2O 1.2 40 DME 69 

3 Pd(PPh3)4 10 Ag2O 1.2 40 DME 92 

4 Pd(PPh3)4 10 Ag2O 1.2 30 DME 90 
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Entry Catalyst Catalyst loading/ mol% Base Eq. base Temperature / oC Solvent 
Product conversion 

after 24 h/ % 

5 Pd(PPh3)4 10 Ag2O 1.2 rt DME 78 

6 
Pd(OAc)2/ 

PPh3 (3 eq.) 
10 Ag2CO3 2 rt MeCN 89 

7 Pd(PPh3)4 10 tBuOK 2 40 DME 42b,c 

a
 Multiple side-products observed. 

b
 Major product was the minor side-product observed in all other reactions. 

c
 Conversion after 14.5 h
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Table 6 Attempted Suzuki-Miyaura couplings onto brominated styrenyl pinacolate 

ester 228 

 

Entry Catalyst 

Catalyst 

loading/ 

mol% 

Base 
Temperature/ 

oC 

Conversion after  

24 h/ % 

     
241 252 255 

1 Pd(PPh3)2Cl2 5 Cs2CO3 60 0 43 0 

2 Pd(PPh3)4 10 Ag2O 40 0 72 0a 

3 Pd(PPh3)2Cl2 5 Ag2O 60 38 62 0 

4 Pd(PPh3)4 5 Ag2O 60 37 61 2 

5 Pd(OAc)2 5 Ag2O 60 0 48 52 

6 Pd(dppf)Cl2 5 Ag2O 60 34 66 0 

a Conversion after 14.5 h 

In order to shed some light on why this coupling was proving so 

unsuccessful, the two starting materials 228 and 229 were exposed to the reaction 

conditions separately (Scheme 44). They were first exposed to the silver base, and 

then to Pd(PPh3)4 after stirring overnight at 40 °C. Iodoacrylate 229 was stable to 

both additions, but brominated styrenyl Bpin 228 was deboronated immediately to 

give the geminal by-product compound 236 on addition of base. 
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Scheme 44 Effect of SM reaction conditions on brominated styrenyl Bpin 228 and 

iodoacrylate 229 separately 

 

Whilst ideal Suzuki-Miyaura conditions had not been identified, enough 

progress had been made to select a Suzuki-Miyaura coupling for both mono- and di-

brominated xanthomonadins and their truncated analogues, and a Sonogashira 

coupling for preparation of the alkynyl analogues. 

Section 1.2.3 Summary 

A number of different aryl building blocks 226, 228, 238 and 240 were made and 

evaluated as partners for key cross-coupling reactions to complete the synthesis of 

the target pigment molecules. The brominated styrenyl building blocks 228 and 238 

suffered from a tendency to undergo undesired side reactions under cross-coupling 

conditions, particularly elimination and protode-boron/halogen-ation. After 

investigating a number of different couplings, it was decided that the most promising 

cross-coupling was the SM coupling, where the brominated styrenyl pinacol 

boronate ester 228 seemed to be the most amenable to optimisation. The 

debrominated styrenyl pinacol boronate ester 240 was much more amenable to cross-

coupling, where SM conditions were more readily optimised, and fewer side-

products were observed. 
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Section 1.3 Synthesis of Xanthomonas pigments - synthesis of 

polyene chains using the Heck-Mizoroki/iododeboronation 

iterative cross coupling methodology 

As was  discussed in Section 1.1, some progress had been made towards the 

construction of the all trans-heptaene moiety of xanthomonadin via the iterative 

Heck-Mizoroki (HM)/ iododeboronation (IDB) methodology previously developed 

within the group, with the synthesis of (2E,4E,6E)-7-iodo-hepta-2,4,6-trienoic acid 

methyl ester 230, via iodoacrylate 229, and its subsequent conversion to pentaenyl 

boronate 231 on a small scale.169,170 In order to access the all-trans heptaene, the 

methodology required considerable optimization. In addition, there was no indication 

of how stable the longer chain analogues would be. 

Work was undertaken to improve the efficiency of the routes already 

determined to key iodoacrylate building block 229. The original synthesis of 229 

involved sodium iodide addition to methyl propiolate 256 to form the (Z)-analogue 

43, followed by an isomerization reaction using hydrogen iodide to give the desired 

(2E)-3-iodoprop-2-enoate 229 (Scheme 45) in a 70% yield over the two steps.169 

Because the (Z)-analogue was not to be required during the synthesis of 

xanthomonadin 208, an alternative route which did not require an isomerisation 

reaction seemed desirable to avoid the need to purify a mixture of isomers. As a 

result, an alternative pathway to 229 was investigated (Scheme 46). This route 

involved the addition of hydroiodic acid across the alkyne bond of propiolic acid 

257, and then the subsequent methylation of the acid 258 to give 229. This route was 

successful, affording 229 in a higher overall yield than the previous route (86% cf. 

70% with previous method). The geometry of the double bond was confirmed by 

performing X-ray crystallography on a sample of the crude (E)-3-iodoprenoic acid 

258 (Figure 3). Iodoacrylate 229 was found to be stable for over a year if kept at 4 

°C, in the dark and under argon. 
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Scheme 45 Original route for synthesis of 229169 

 

 

 

Scheme 46 New route for synthesis of 229 

 

 

 

 

 

 

 

Section 1.3.1 Propagation of polyene chains from iodoacrylate 1, using 

HM/IDB ICC methodology 

Due to the photosensitivity of the polyenes, and particularly the polyenyl iodides, all 

reactions, work ups and purifications were performed in the dark. Iodoacrylate 229 

was subjected to the previously developed HM conditions to afford dienyl boronate 

259 (Scheme 47); 100% conversion of iodoacrylate 229 was observed, with 

approximately 10% of this being converted to the Suzuki-Miyaura (SM) product, but 

only 78% was recovered after silica gel chromatography. A range of different eluent 

systems was tried, but streaking of the boronate compound was consistently 

observed, and this was presumed to be the cause of the lower mass recovery on 

purification. Dienyl boronate 259 was cleanly converted to dienyl iodide 260 using 

an IDB approach, adding sodium methoxide before the iodine monochloride to 

preserve the trans geometry. Silica gel chromatography of iodide 260 was performed 

Figure 3 Crystal structure confirming the (E)-geometry of the double bond of (E)-3-

iodoprenoic acid 258 
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using eluents cooled to 0 °C, with the separation being much better than for dienyl 

boronate 259, and with no streaking.  This was then converted to trienyl boronate 

261 via another HM coupling. Purification of the trienyl boronate was particularly 

troublesome, proving to be very low yielding despite 100% conversion being 

observed in the coupling reaction itself (Scheme 47). 

Scheme 47 Initially obtained yields for synthesis of trienyl boronate 261 

 

In order to try and minimise the loss of yield during the polyene synthesis, 

telescoping the crude dienyl boronate 259 into the IDB step directly was attempted, 

using only a filtration through a short Celite/silica plug to remove silver and 

palladium residues. This was attempted on a month-old sample of crude dienyl 

boronate 259, giving a 56% yield of clean dienyl iodide 260 over the two steps 

(Equation 17). Complete conversion of the dienyl boronate intermediate 259 to 

iodide was observed, indicating that nothing present in the crude HM product was 

interfering with the desired iododeboronation. 

 

Whilst the yield was not as high for the two steps (Equation 17) as had been 

obtained by doing the steps discreetly (Scheme 47), it seemed that telescoping the 
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polyenyl boronates through into the IDB step was a viable course of action. The 

stability of the polyenyl iodides (particularly those longer chain iodides) was still a 

cause of concern and therefore an HM/IDB ICC cycle where all intermediates were 

telescoped through without the need for silica gel chromatography would be 

preferable. Dienyl iodide 260 was therefore subjected to HM coupling conditions to 

give crude trienyl boronate 261, which was then telescoped into the IDB step to give 

crude trienyl iodide 230. This was then telescoped into the next HM coupling, to 

give crude tetraenyl boronate 262 (Scheme 48). 
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Scheme 48 Attempted synthesis of xanthomonadin 208 by sequential telescoped 

HM/IDB steps 
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It was noted that the 1H NMR spectrum for tetraenyl boronate 262 looked 

remarkably clean, with the main impurites being residual borate from the IDB and a 

build-up of phosphine ligand (Figure 4).  

 

Figure 4 1H NMR spectrum for crude tetraenyl boronate 262 

Crude tetraenyl boronate 262 was consequently telescoped through further 

IDB/HM sequences to yield tetraenyl iodide 263, pentaenyl boronate 231 (a small 

amount of this was isolated to confirm presence of product as at this stage in the 

route there was a considerable amount of borate present), pentaenyl iodide 264, 

hexaenyl boronate 265 (presence confirmed by MS) and hexaenyl iodide 266 

(Scheme 48). It was noted that there was a distinct colour change as the double 

bonds were added, even though the excess iodine species in the crude mixture added 

brown colour. The colour became more and more vivid with each addition changing 

from brown in the shorter chain polyenes to neon orange-dark neon yellow in the 

longer chain polyenes. This is consistent with the increased conjugation of the longer 

polyene chains. 

It became much more difficult to calculate the correct amount of reagents for 

the IDB step as the polyene chain became longer, due to large amounts of borate 

present, as well as accumulating amounts of ligand. Excess vinyl boronate 42 left in 

*  *  

*  

* phosphine ligand signals 

*  integration of peak too large 
due to excess boron species 
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Hb 
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the crude polyenyl boronates could be removed by using the right amount of ICl and 

NaOMe, such that the vinyl boronate 42 was converted to vinyl iodide 269, which 

was then removed in vacuo. Iodides were not fully characterised, due to their 

inherent instability. Instead, successful synthesis of the subsequent polyenyl species 

was used to confirm presence of desired iodide. 

It was found that, as predicted, the solubility of the polyenyl iodides in 

MeCN decreased with increasing chain length, presumably due to the increasing 

hydrophobicity of the growing chain. From pentaenyl iodide 264 onwards, it was 

necessary to perform HM couplings in a 3:1 mixture of MeCN:tetrahydrofuran 

(THF), dissolving the iodide in THF before adding it to the MeCN (Scheme 48).  

From the hexaenyl iodide onwards, the 1H NMR was far too complex to identify 

peaks corresponding to product. The final HM/IDB ICC cycle was performed in an 

attempt to make heptaenyl iodide 268. However, no real change in the 1H NMR from 

the hexaenyl derivatives was observed and the large amount of borate present made 

it next to impossible to determine if the desired iodide 268 was present. The crude 

iodide was taken on into an attempted SM coupling with boronic acid 227, but 

unfortunately the boronic acid decomposed to the alkyne 226 under SM conditions 

and xanthomonadin 208 was not formed (Scheme 48). It was suspected that the 

heptaene was in fact not made, due to a possible over calculation of the amount of 

ICl for IDB and therefore decomposition of the polyene. 

Nevertheless, the principle of telescoping the products through multiple 

HM/IDB ICC cycles was proven. Synthesis of the polyene chain was recommenced, 

with more attention paid to when purification was necessary. It was found that 

drying the crude boronates on under high vacuum removed excess vinyl boronate 42 

and other borate species, giving a much cleaner product. Trienyl boronate 261 was 

exceptionally clean (Figure 5a), as was tetraenyl boronate 262 (Figure 5b). 

However, tetraenyl boronate 262 started to show a build-up of phosphine ligand and 

small amounts of borate. Using this method, tetraenyl boronate 262 was produced 

from iodoacrylate 229 in an estimated 26% yield over the five steps. This was a 

considerable improvement, where previously the three steps involving columns from 

iodoacrylate 229 to trienyl boronate 261 were accomplished in only a 14% yield. 

There was still a considerable loss of yield observed, which was attributed to the 

iododeboronation steps. 
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Figure 5 1H NMR spectrum for a) crude trienyl boronate 261 and b) crude tetraenyl 

boronate 262 (see Figure 4 for assigments) 

Upon repeating this sequence of reactions, the overall yield to tetraenyl 

boronate 262 improved to 47% over the 5 steps (Scheme 49).  
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Scheme 49 Improved yields for the HM/IDB ICC methodology, yielding tetraenyl 

boronate 262 

 

Throughout the different attempts to apply the HM/IDB ICC methodology, it 

was observed that the stability of the polyenes reduce considerably with increasing 

chain length. It also appeared that chains with an odd number of alkenes were much 

less stable than those with an even number of chains. 

It was found that tetraenyl iodide 263 could be purified by silica gel 

chromatography. A considerable amount of yield was lost upon purification, with the 

overall yield from the starting acrylate being 20% (76% per step). However, this 

intermediate proved remarkably stable and could be stored successfully for up to 8 

weeks at -18 °C, in the dark, under argon. As a result, it was chosen as a likely 

building block for the construction of the different polyene-containing target 

molecules. 

Section 1.3.2 Propagation from the aryl end using the HM/IDB ICC 

methodology 

As discussed in Section 1.2, it was envisaged that the xanthomonadins would be 

completed with a final Suzuki-Miyaura coupling between polyenyl intermediates. 

The lack of reactivity of the brominated styrenyl iodide 238 to HM coupling meant 

that a the ester polyenyl intermediate would have to be a heptaene, but the reactivity 

of the de-brominated styrenyl pinacol boronate 240 towards the HM/IDB ICC 

methodology was yet to be established. 
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De-brominated styrenyl pinacol boronate 240 was subjected to IDB and HM 

steps in an attempted to make the aryl dienyl boronate 270 (Scheme 50). This was 

successful, with the product characterised by 1H NMR and accurate mass. The dienyl 

boronate was then taken through two more HM/IDB cycles to give the aryl tetraenyl 

boronate 272, with the boronate characterised after each cycle by accurate mass to 

make sure it was there. In all cases, complete conversion was observed. The overall 

estimated yield was very low, only 5% over the 6 steps, but this was attributed to the 

small scale these reactions were performed on, where temperature control was very 

difficult in the IDB steps. 

Scheme 50 Initial investigations into the reactivity of aryl boronate 240 towards 

HM/IDB ICC methodology 

 

This sequence was attempted again, with boronates subjected to silica gel 

chromatography to observe their stability upon purification (Scheme 51). The 

polyenyl iodides were not subjected to any purification after work up. The boronates 

proved to be stable to silica gel chromatography and purifying them improved the 

iododeboronation step as it was easier to calculate the right amount of ICl to add. It 

had been previously assumed that all intermediates would become brown on 

iododeboronation, but in this sequence addition of precisely the right amount of ICl 

allowed this brown colour to be removed on work up, regardless of how many steps 

in the sequence had been performed. Streaking of the polyenyl boronates was still 

observed during silica gel chromatography, but even with columns, the overall yield 

was improved from 5% to 9%, increasing to an average of 67% per step. The yields 

did appear to drop off as the length of the polyene chain increased, with this trend 
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particularly obvious in the HM steps (Scheme 51). It was noted that, whilst the 

polyenyl boronates appeared more stable and easier to handle than the ester polyenyl 

boronates in Section 1.3.1, the polyenyl iodides were considerably less stable that 

those in Section 1.3.1. Aryl trienyl iodide 275 proved to be unstable even at room 

temperature in the dark, where the colour changed from bright yellow to murky 

brown within two hours. 

Scheme 51 Improved yields for the construction of aryl tetraenyl boronate 272 

 

 

Section 1.3.3 Application of the HM/IDB ICC methodology to give a 

trienyl building block 

With the recurring trend of decreasing stability with increasing polyene chain length, 

it seemed appropriate to adopt a more convergent approach to the construction of 

pigment molecules. Terminal trienyl iodide 279 was proposed as a possible building 

block for synthesis of both Xanthomonas pigments, with the yields obtained for the 

construction of the building block and its proposed use in the synthesis of 

xanthomonadin 208 shown in Scheme 52. 
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Scheme 52 Route to terminal trienyl building block 279, and its proposed use in the 

synthesis of xanthomonadin 208 

 

The sequence commenced with the formation of terminal dienyl boronate 

276, using vinyl iodide 269 as a HM donor. The optimisation of these conditions is 

discussed in Section 2.1.173 During optimisation of this methodology, it was found 

that any unreacted vinyl boronate could not be separated from dienyl boronate 276 

by silica gel chromatography and this, combined with concerns over stability of the 

terminal polyene, meant that chromatography was not attempted as a means of 

purification. The dienyl boronate was also shown to be highly susceptible to 

polymerisation (see Section 2.1), so distillation was not viewed as a viable 

purification method either. Unfortunately, the high volatility of all intermediates 

meant that crude products could not be purified using vacuum. It was found that 

dienyl boronate 276 could be successfully iododeboronated to give dienyl iodide 

277. Dienyl iodide 277 was successfully converted to trienyl boronate 278 via 

another HM coupling, obtained as a mixture with excess vinyl boronate 42. Trienyl 

boronate 278 was then subjected to IDB conditions to give trienyl iodide 279 in an 
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11% yield over the 4 steps, giving an average of 57% per step (Scheme 52) which, 

given the volatility of the compounds, was considered an acceptable yield. 

Section 1.3.4 Attempted construction of a bismetallated building block 

Similar to the reasoning behind the construction of terminal trienyl iodide 279 in 

Section 1.3.3, and in light of the promising results obtained for attempted Stille 

couplings onto the brominated styrenyl iodide, a trienyl stannane building block was 

targeted to help with convergent construction of the pigment molecules. 

Trienyl distannane building block 281 was originally envisaged to complete 

the synthesis, but concerns over potential selectivity issues led to bismetallated 

building block 282 being considered. 

 

 

 

This building block had been synthesised in the Menche group, and 

successfully used in the synthesis of polyene natural product analogues.174,175 

Alcohol 285 had been made in the Goldring group starting from iodoacrylate 229.176 

This provided an excellent opportunity to use this building block twice. The route 

towards bismetallated triene 282 is detailed in Scheme 53.  
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Scheme 54 Progress made towards the synthesis of bismetallated building block 282 

 

At this point Suzuki-Miyaura cross-coupling started to show more promise as 

a potential option for the final cross-coupling and so this building block was 

abandoned, since it was taking too long to optimise. 
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Section 1.3.5 Temperature studies and reoptimisation of the HM 

methodology 

It was mentioned in Section 1.2 that reoptimisation of the SM conditions to operate 

at a lower temperature was required, due to the tendency for the temperatures used to 

cause decomposition of the polyenyl iodides used. It seemed appropriate, therefore, 

to investigate the currently used temperatures in the HM/IDB methodology for their 

effect on the polyenyl iodides. Given the considerable drop off in yields past the 

tetraene, tetraenyl iodide 263 was chosen. Tetraenyl iodide 263 was dissolved in 

degassed d3-MeCN. An initial 1H NMR was run and then the NMR tube was held in 

the dark at the required temperature for 2 hours. Another NMR was then run and the 

spectra compared (Table 7). 

Table 7 Table showing the effect of heat on tetraenyl iodide 263, comparing the 

relative integral of a signal possibly corresponding to a decomposition product with 

a signal corresponding to tetraenyl iodide 263 

 

Entry 
Temperature/ 

oC 

Relative integral 

of signal at 9.65 

ppm- initial 

Colour change 

over 2 hours 

Relative integral 

of signal at 9.65 

ppm after 2 hours 

1 rt 0.01 none 0.03 

2 30 0.01 none 0.04 

3 40 0.01 none 0.10 

4 50 0.02 none 0.11 

5 60 0.02 
Yellow-pink-dark 

brown 

0.16, plus d at 

9.72 (0.08), plus t 

at 9.20 (0.43) 

 

It was observed that, during the course of heating, a particular dd at 9.65 

increased in intensity. This was present in very small amounts in the initial spectra.  

The proportion by which this increased became larger as the temperature increased, 

increasing by small amounts at room temperature and 30 °C, but becoming more 
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significant above this. Upon heating to 60 oC a large change was noticed, with 

multiple new peaks appearing. This indicated that there was a possibility that some 

of the unexplained loss of product through the ICC sequence could be due to 

decomposition of iodide intermediates in HM reaction conditions, particularly for the 

longer chain iodides. 

In response to this, a temperature screen was undertaken, to establish whether 

the HM coupling could be performed at lower temperatures (Table 8, Equation 18). 

The reaction was highly tolerant of lower temperatures, achieving 100% conversion 

at all temperatures, and requiring no increase in catalyst loading. 

Table 8 Temperature screen for the HM coupling of iodoacrylate 229 and vinyl 

boronate 42, showing HM vs competing SM ratios. 

 

Entry 
Catalyst loading/ 

mol% 
Temperature / oC 

Conversion 

after 24 h/ % 

HM: SM 

ratio 

1 5 50 100 
90:10 to 

97:3 

2 5 40 100 87:13 

3 10 40 100 80:20 

4 5 30 100 87:13 

5 10 30 100 85:15 

6 5 rt 100 72:28 

7 10 rt 100 68:32 

 

It was observed that in the room temperature reactions a considerable amount 

of SM product was being formed, hence all 1H NMRs were analysed to see how 

much was being formed. Some SM product was formed in the original conditions 

(Table 8, Entry 1). Decreasing the temperature to 40 and 30 °C had a minimal 

impact (Table 8, Entries 2 and 4), but operating the HM coupling at room 

temperature resulted in a deterioration of the HM:SM ratio. It was decided that 30 °C 
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could be a viable operating temperature for the HM coupling, and so was trialled in 

the synthesis of two of the polyenyl intermediates. 

The synthesis of tetraenyl iodide 263 was attempted first. As suggested by 

the temperature screen, the quantity of SM side product did seem higher throughout 

route, but was at a tolerable level and so the route was continued. None of the 

polyenes required an increase in catalyst loading, nor an increased reaction time to 

achieve completion, with intermediates proving to be easily coupled at this lower 

temperature. It was immediately noted that the reaction mixtures were much paler in 

colour throughout the synthesis, and crude mass recovery was good all the way 

through. Unfortunately, due to the increased amount of crude tetraenyl iodide 263, 

purification became problematic. Chromatography took several hours, and required 

two attempts, resulting in the loss of a huge amount of material. Material that was 

obtained has decomposed considerably. However, the yield even with the problems 

in purification was comparable to the route performed at 50 oC, with an estimated 

yield at the tetraenyl boronate 13 stage of 49%, working out at average 87% per step 

(Scheme 55). 

Scheme 55 ICC methodology to access tetraenyl iodide 263, with HMs performed at 

30 °C 
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The lower temperature methodology was then applied to the synthesis of aryl 

tetraenyl boronate 272, with intermediates again proving to be reactive at lower 

temperatures (Scheme 56). In this case, the benefit was much more obvious, with the 

overall yield doubling for this route. This is not surprising, given the instability of 

the iodides that had been observed previously. 

Scheme 56 ICC methodology to access aryl tetraenyl boronate 272, with HMs 

performed at 30 °C 

 

This methodology was further optimised to operate at room temperature, with 

these results discussed in Section 2.1. 
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Section 1.4 Synthesis of Xanthomonas pigments - new 

retrosynthetic routes to access mono- and di-brominated 

xanthomonadin, along with truncated analogues 

Section 1.4.1 Attempts to access xanthomonadin via a heptaenyl iodide 

Initial attempts to make xanthomonadin 208 focussed on application of the HM/IDB 

methodology to the synthesis of key heptaenyl iodide (see Section 1.3). The final 

SM was attempted on 268 in an attempt to make xanthomonadin 208 (Scheme 57). 

Unfortunately, the reaction to make boronic acid 227 was problematic due to a lot of 

HBr present in the BBr3 used and so most of crude 227 was in fact the undesired 

geminal product. Some boronic acid was present, therefore this was coupled with 

268. The mixture was subjected to silica gel chromatography and all spots isolated, 

but no trace of desired natural product 208 was found.  The crude 1H NMR showed 

loss of all peaks corresponding to a longer chain polyene, and also loss of the 

boronic acid peaks. Some alkyne was observed, indicating that decomposition of 

both the polyenyl and aryl intermediates had taken place.  The loss of the boronic 

acid was unsurprising, due to the instability it had previously shown on storage. 

Scheme 57 Attempted synthesis of xanthomonadin 208 by sequential telescoped 

HM/iododeboronation  
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In response to this, another attempt was made at forming xanthomonadin 208 

(Scheme 58), with a focus on acquiring a purer sample of the heptaenyl iodide to 

use, but also using the more stable pinacol boronate ester aryl building block 228. As 

previously observed (Section 1.3.1), mass recovery during the HM/IDB sequence 

was good until formation of the pentaene. The pentaenyl boronate was in fact 

isolated during this sequence to see if cleaning up the crude polyene would help with 

the latter stages of chain extension. Unfortunately, drop offs in mass recovery 

became progressively worse with each subsequent step. An attempted coupling 

between the crude heptaenyl iodide 268 and brominated styrenyl Bpin 228 was 

performed, but xanthomonadin 208 could not be identified from the crude mixture 

by mass spectrometry. The crude 1H NMR showed no clear peaks corresponding to 

either of the starting materials, suggesting that yet again they had not survived the 

reaction conditions. 

Scheme 58 Attempted synthesis of xanthomonadin 208 using brominated boronate 

ester 228 

 

 

These attempts highlighted the issues with the final SM cross-coupling 

conditions and were a cause of the investigations undertaken in Section 1.2.  They 

also led to the strong suspicion that the stability of the heptaenyl iodide was a real 

issue in the final cross-coupling reaction. It was apparent that a different approach 

needed to be adopted towards the synthesis of these pigment molecules, particularly 

avoiding the use of such unstable polyenyl iodides. 
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Scheme 59 Attempted synthesis of xanthomonadin 208 via terminal trienyl iodide 

279 
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Section 1.4.3 Sonogashira couplings to give alkynyl analogues 

Having already successfully performed a Sonogashira coupling onto the alkyne 

building block 226 (see Section 1.2), another Sonogashira coupling was attempted 

using tetraenyl iodide 263 (Equations 21 and 22). This reaction proved extremely 

facile. Silica gel chromatography again proved difficult, with a number of fractions 

discarded for the sake of purity. Nevertheless, desired truncated analogue 235 was 

synthesised in a 56% yield as a bright yellow solid.  

 

With the success of this reaction, it was considered that xanthomonadin 

might be accessible via the alkyne analogue 232. An attempt was also made to add 

HBr across alkyne 235, with a view to giving truncated xanthomonadin analogue 

233. This was done using HBr in AcOH (33% by weight). Accurate mass did show 

presence of desired product, but the 1H NMR was extremely complex. Given the 

difficultly that had already been experienced in separating the crude mixtures of 

polyenyl compounds, this was not considered to be a viable route. 

Crystals of alkynyl dienyl analogue 252 were successfully obtained and 

analysed by X-ray crystallography. The structure showed a degree of planarity 

between the alkyne and the aryl, seeming also to extend through to the alkene, but 

with the ester group lying out of the plane (Figure 7a). The molecules packed by 

alternating orientations, with the alternating aryl and ester groups interacting with 

each other, hydrogen bonds forming between the ester and the aryl bromine atom. A 

further interaction was presumed between the aryl methoxy group and the ester 
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Figure 7 Pictures obtained from X-ray crystallography on analogue 252 

d 
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Section 1.4.4 Returning to SM couplings 

An initial attempt was made to form monobrominated pentaenyl analogue 234, using 

the best conditions to come out of the first screens undertaken to optimise the key 

SM couplings (Equation 23). Unfortunately, no peaks that could be ascribed to 

product were observed by 1H NMR during the course of the reaction. On closer 

analysis, it was observed that the polyene was decomposing in the reaction mixture. 

Simultaneously to the optimisation of the required SM conditions, the 

coupling reaction to produce analogue 234 was attempted again, this time using 

silver(I) oxide as the base in an attempt to minimise degradation of the polyene 

(Equation 24). A number of polyenyl products were formed, most of which could 

not be separated in order to identify them, but desired compound 234 was isolated.  

During the purification process, compound 234 could be seen as one clear, 

fluorescent spot on TLC, but as will be discussed in Section 1.5, the NMR spectra 

were rather complicated.  

 

Synthesis of pentaenyl xanthomonadin analogue 233 was also attempted 

using the Pd(PPh3)4/silver(I) oxide conditions (Equation 25). NMR and accurate 

mass analysis was performed on the purified product, where a lot of mass loss was 

due to poor separation. Mass spectrometry clearly identified the desired compound, 

which looked exceptionally clean with only two major mass ions, one being the 

desired product and an m/z corresponding to [M-HBr]. Originally this ion was 

thought to have originated during the mass experiment, but it was later realised that 

this was in fact due to the alkynyl product, formed during the attempted SM itself in 
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Figure 10 1H NMR spectrum showing the presence of monobrominated 

xanthomonadin 210 

A yield for the reaction could not be accurately estimated from the 1H NMR 

spectrum due to lack of purity, but this, combined with the mass spectrum, provided 

the first real evidence for the presence of monobrominated xanthomonadin. There 

were clearly, however, still problems with the SM conditions which needed to be 

remedied if more than trace amounts of the natural product were to be detected.  It 

was assumed that the high temperatures were causing at least some degradation of 

the tetraenyl iodide, but whether either the tetraenyl boronate or indeed the product 

itself was decomposing was still unknown. 

In order to shed some light on the reason for such low reactivity, the 

synthesis of aryl tetraenyl boronate 272 was attempted again, this time performing 

silica gel chromatography on each of the boronate intermediates, but still leaving the 

iodides crude (Scheme 61). The boronate intermediates proved stable to silica gel 

chromatography, and their purification resulted in improved iododeboronation. 

Despite this, the boronates were still prone to streaking, and yield was still lost. Even 

with columns, the overall yield was improved from 5% to 9%, increasing to an 

average of 67% per step. 

210 

*  

*  

*  

*  *  *  
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consumption of starting material. It was noted that the reaction mixture turned dark 

brown almost instantly on heating. After 2 hours it appeared that tetraenyl iodide 263 

had all been consumed. The crude ASAP spectrum showed a peak at the correct 

mass, but the sample was too weak in intensity to obtain accurate mass. 
1H NMR analysis of the crude reaction mixture did not show quantifiable 

amounts of MB xanthomonadin 210. It did, however, show complete consumption of 

tetraenyl iodide 263, with a large amount of unreacted aryl tetraenyl boronate 272. It 

seemed at this point that the heat was causing decomposition of the iodide and, as a 

result, reoptimisation of the final SM coupling (and HM couplings) was undertaken 

as detailed in Sections 1.2 and 1.3. Alongside this, a small amount of aryl tetraenyl 

boronate 272 was recovered from the crude reaction mixture and this was put into a 

test reaction at a lower temperature of 40 oC overnight (Equation 28). 1H NMR 

analysis showed peaks in the same places as observed previously, when low 

resolution mass spectrometry indicated potential formation of the natural product. 

The TLC of the crude reaction mixture was complicated; several spots were 

observed, with more than one spot both showing activity under long wave UV and 

also having a yellow colour. 

The original isolation of xanthomonadin 208 involved its precipitation from 

chloroform with petroleum ether, and it was decided to attempt this method of 

purification from the crude reaction mixture.151 In addition, purification of pigment 

mixtures was undertaken using benzene as the eluent for silica gel chromatography. 

TLC performed on the crude mixture showed a greatly improved separation, better 

than had been seen before with any other solvent system. Precipitation from CDCl3 

with 40-60 °C petroleum ether at 0 °C gave a red solid which only gave two spots 

under UV, one very bright under long wave UV and colourless, and another less 

strong, but bright yellow. 1H NMR analysis of this solid showed that the vast 

majority of this solid was Pd(PPh3)4, but a small proportion was a highly conjugated 

polyenyl product, with was confirmed by accurate mass to be monobrominated 

xanthomonadin. The yield was estimated to be extremely low, at around 2%. 
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In light of this, the synthesis of monobrominated xanthomonadin 210 was 

attempted again, using the same room temperature conditions. Peaks corresponding 

to product 210 could be observed in the 1H NMR spectrum. Neutral alumina was 

selected for column chromatography following TLC trials on the crude mixture. A 

mixture of polyenyl products was obtained, amongst which a bright orange spot was 

observed under long wave UV. This appeared most easily separated by silica gel 

chromatography on TLC, so purification was attempted again. Unfortunately, the 

desired product could not be isolated from the column, suggesting that it had 

decomposed during purification. 

Scheme 62 below shows the routes used in an attempt to synthesise the 

mono- and di-brominated xanthomonadins. It would appear that the biggest obstacle 

to the synthesis of these natural products lies in their purification. 2D TLC analysis 

indicates decomposition of the polyene over time. 

  



131 
 

Scheme 62 Current routes to a) MB xanthomonadin 210 and b) xanthomonadin 208 
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Section 1.4.5 Summary 

Two truncated pigment analogues 234 and 235 have been successfully isolated, with 

the truncated pentaenyl xanthomonadin analogue 233 also made, but proving 

difficult to separate from the alkyne 235, formed during the final SM coupling. 

Several attempts have been made to synthesise both xanthomonadin 208 and 

debrominated xanthomonadin 210, with accurate mass spectrometry indicating 

successful formation of debrominated xanthomonadin 210. Unfortunately, the 

octaenes have proven extremely unstable and their successful isolation has been 

elusive. 
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Section 1.5 Synthesis of Xanthomonas pigments- spectroscopic 

properties 

Section 1.5.1 NMR observations and studies 

Following on from the synthesis of various polyenyl analogues and intermediates, 

the next challenge lay in their spectroscopic analysis. In their isolation of the 

Xanthomonas pigments, Andrewes et al. obtained mass spectrometry, some infrared 

and some UV-Vis analysis, but high resolution 1H NMR data was not available, nor 

any 13C data (see Figure 11 for the only NMR data reported). There were also no 

NMR spectra available for any of the pigments isolated.133,151,154 X-ray 

crystallography data was reported to be poor. As a result, there was not a great deal 

of spectroscopic data to use as a benchmark. 

 

Figure 11 1H NMR data as reported by Andrewes et al. for isobutyl xanthomonadin 

208133. Reprinted from Tetrahedron Letters, volume 17, Andrewes et al., Structure of 

xanthomonadin I, a novel dibrominated aryl-polyene pigment produced by the 

bacterium Xanthomonas juglandis, 4023-4024, 1976, with permission from Elsevier 

Nevertheless, the 1H NMR peaks reported by Andrewes et al. provided a 

good indication of the types of shifts likely to be present for our polyenyl 

compounds.133 Some NMR spectra were available for a series of hexaenyl pigments 

analogous to the xanthomonadins, reported by Fischbach et al., but again 13C NMR 

spectra were not given.159 These spectra did, however, confirm what we had begun to 

observe for our own compounds; that the NMR data was very complex for these 

polyenyl structures.  

Dehydro-tetraen-yne xanthomonadin 235 had been successfully made in a 

56% yield previously (Equation 31), but good 13C NMR data had not been acquired, 
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so assignment of 1H NMR signals had not been possible. The NMR sample was left 

exposed to normal light and was not degassed, to see what the effect would be 

(Figure 12). It was observed that the solution changed from bright yellow to bright 

orange and over time it was also noted that a new set of signals was visible in the 1H 

NMR spectrum after 1 week, at around 6% intensity. This ratio seemed essentially 

unchanged after 2 weeks. There were other signals that overlapped with those of the 

original alkynyl compound 235, but some were separate and identifiable. These new 

signals had lower coupling constants than some of those of the desired dehydro-

tetraen-yne xanthomonadin 235, suggesting isomerisation of at least one of the 

alkenes in the structure. The data is tabulated in Table 9, showing the new 

identifiable signals and their coupling constants. 

 

 

Figure 12 1H NMR spectra showing the change in dehydro tetraen-yne 

xanthomonadin 235 over a period of 2 weeks.  

T= 0 weeks 

T= 1 week 

T= 2 weeks 

235 
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Synthesis of pentaenyl xanthomonadin 233 was attempted using the 

Pd(PPh3)4/ silver(I) oxide conditions previously determined (Equation 32). NMR 

and accurate mass analysis was performed on the purified product. Mass 

spectrometry clearly identified the desired compound, which looked exceptionally 

clean with only two major mass ions (one for the dibrominated pentaene 233, and 

one for the loss of bromine). 

 

However, the NMR data was more complicated (Figure 13). The sample 

contained two major products; the desired pentaenyl xanthomonadin 233 (27%) and 

dehydro-tetraen-yne xanthomonadin 235 (69%), accounting for the two mass ion 

peaks observed.  The 1H NMR spectrum also showed signals similar to those found 

for dehydro-tetraen-yne xanthomonadin 235 after a week of exposure to light (4%) 

(Figure 13a). There were several singlets in the regions corresponding to the methyl 

ester and aryl methoxy groups, suggesting the presence of a number of compounds 

possessing these groups. The 13C NMR spectrum showed a large number of signals, 

forming clusters at different shifts (Figure 13b). The HSQC looked fairly simple, 

but again the HMBC was complicated, showing that a number of different 

compounds were present, despite being one spot on TLC and having a clean mass 

spectrum (Figure 13c and d). At this point it was not clear whether this complexity 

arose from impurities in the sample, or from isomers of the natural product analogue, 

as the clustering of methyl peaks in the 1H NMR spectrum and of the signals in the 
13C NMR spectrum indicated that a number of the compounds were similar. DOSY 

NMR analysis was undertaken to try to correlate the signals with a diffusion 

coefficient (Figure 13e).  




























































































































































































































































































































