
1 
 

Studies Towards the Synthesis of Tagetitoxin 

By 

Yannick Gama 

 

 

 

 

A Doctoral Thesis 

 

Submitted for the award of 

 

Doctor of Philosophy 

 

At the University of East Anglia 

 

December 2018 

 

 

 

 

© "This copy of the thesis has been supplied on condition that anyone who consults it is 

understood to recognize that its copyright rests with the author and that use of any information 

derived therefrom must be in accordance with current UK Copyright Law. In addition, any 

quotation or extract must include full attribution.ò



ii 
 

Abstract 

The natural product tagetitoxin is a phytotoxin which was first isolated from the bacterium 

Pseudomonas syringae pv. tagetis in 1981. Tagetitoxin is an inhibitor of chloroplast and bacteria 

RNAP and also selectively inhibits RNAP III in eukaryotes. Multiple biological mechanisms of 

inhibition and several structures have been proposed for tagetitoxin. The structural ambiguity 

and potential useful biological activity have driven the desire for a total synthesis of tagetitoxinôs 

proposed structures; none of which of yet have been successful. 

This body of research describes the recent developments our group has contributed towards the 

synthesis of tagetitoxin. The main objective was to synthesize targets 323a and 323b which both 

contain the oxathiobicyclo[3.3.1]nonane ring system found in two of the proposed structures of 

tagetitoxin.  

Our initial strategy focused on four synthetic routes derived from diacetone mannose (DAM). In 

this strategy, the route nearest to obtaining the bicyclic core of 323a and 323b was the dithiane-

reduction route. In this route, the target precursors 389 and 415 (and analogues) were made, but 

attempted thioacetate deprotection and concomitant cyclization of the thiol/thiolate onto a ketone 

or sulfonate ester to yield the oxathiobicyclo[3.3.1]nonane ring system led to either 

decomposition or complex mixtures. This failure was attributed to the presence of isopropylidene 

groups hampering the cyclization by imposing steric constraints on ring closure.   

We then conducted synthetic routes starting from D-galactose in the D-galactose and exo-glycal 

routes (avoiding the use of any isopropylidene groups). Failure to insert a hydroxyl-methylene 

group on the C-1 position by anomeric nitrile anion chemistry or ring-opening an anomeric spiro-

epoxyacetal with TMSCN led us to attempt a hydroboration-oxidation on an exo-galactal 

derivative which was partially successful. Optimization of the hydroboration-oxidation pathway 

in the exo-glycal route is promising for future research.   
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Background 

The natural product tagetitoxin was first isolated in 1981,1 and since then research has mostly 

focused on its interesting inhibitory activity of RNA Polymerase (RNAP), whilst comparatively 

little research has been carried out on its biosynthesis and chemical synthesis. Despite great 

developments in its biological research, tagetitoxin has yet to be isolated in a pure crystalline 

form and therefore no crystal structure of the natural product in its free form has been published. 

As a result, there has been debate about its structure in the literature. From a synthetic 

perspective, a total synthesis of tagetitoxin would provide the best means to confirm its structure.   

Discovery and Isolation  

In 1981, Mitchell and Durbin isolated and purified tagetitoxin from liquid cultures of the plant 

pathogenic bacterium Pseudomonas syringae pv. Tagetis.1 The steps involved in the isolation, 

included multiple methanol precipitations and methanol:chloroform:water (MCW) extractions. 

These steps decreased the amount of unwanted mineral salts and carbohydrates present with the 

toxin, so that the resultant crude mixture could undergo chromatographic purification. 

Subsequent chromatographic steps involving gel filtration, ion-exchange and partition 

chromatography led to the isolation of tagetitoxin as a colourless glassy residue. Mitchell and 

Durbin, also concluded that the natural product contained a phosphate functional group (by 

formation of blue-grey colour upon spraying molybdate reagent on TLC plate spotted with the 

tagetitoxin sample), amino functional group (by ninhydrin staining TLC plate spotted with the 

tagetitoxin sample) and a sulfur atom (by 35S-radioactive labelling).  

Structure  

A difficulty in the structural characterization of tagetitoxin has been the inability to obtain an X-

ray crystal structure due to the natural productôs non-crystalline glassy form. Furthermore, while 

its absolute stereochemical configuration has yet to be determined, several structures of 

tagetitoxin have been proposed. 

Structure 1 

The first structure was proposed by Mitchell and Hart in 1983.2 IR spectroscopic analysis 

indicated the presence of hydroxyl group(s), carbonyl group(s) and phosphate functional 
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group(s) in the molecule. Field Desorption Mass Spectrometry (FDMS) suggested the molecular 

weight of the natural product to be 435 gmol-1. 

In the 31P NMR, the presence of a doublet (J = 11.5 Hz) at 1.0 ppm downfield from a phosphate 

indicated the presence of a phosphate ester of a secondary alcohol function.  

The sulfur atom was deduced to be part of a thiohemiketal functionality. This conclusion was 

reached firstly on the observation that adding strong acid to tagetitoxin did not liberate a sulfate, 

indicating the absence of a sulfate ester. Secondly, there was no red-colour observed when 

reacting tagetitioxin with sodium nitroprusside, suggesting the absence of a thiol in the molecule. 

Pre-treating the natural product with dilute hydrochloric acid, however, then gave a positive 

colour test for thiols; this was rationalized as there being a thiohemiketal which ring-opened in 

dilute acid.  Thirdly, there was only one sulfur atom in the molecule because growing P.s tagetis 

in the presence of radioactively labelled phosphate (32PO4
3-) and sulfate (35SO4

2-) produced 

radiochemically pure tagetitoxin with phosphorous-sulfur ratio of 1:1.   

Key conclusions made from the 13C NMR data indicated eleven carbon environments including 

three carboxyl carbons and five carbons monosubstituted with oxygen.  The functionalities on 

those five carbons were deduced to be an acetate, phosphate and either one hydroxyl and one 

ether group or three hydroxyl groups based from 1H and 13C NMR chemical shift data.  

Further data from the 1H NMR (more specifically the well-defined multiplets) gave much 

structural information about the framework of the natural product.   

Using the MS and NMR data, the molecular formula for tagetitoxin was proposed to be 

C11H18O13SNP. Finally, based on the molecular formula and the absence of any carbon-carbon 

multiple bond signals in the 13C NMR spectrum, tagetitoxin was hypothesized to be a single ring 

structure. Combining all these analyses, structure 1 was proposed (Figure 1).  
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Figure 1: First proposed structure for tagetitoxin.2 

Structures 2 and 3 

In 1989, based on more refined NMR experiments and higher resolution MS measurements, four 

new structures (Figure 2) were proposed by Mitchell et al.3 

 

Figure 2: Revised structures for tagetitoxin.3 

Fast atom bombardment (FAB) mass spectrograms showed the molecular weight to be 416 

leading to the proposition of a new molecular formula, C11H18O11N2SP. The extra nitrogen in the 

molecular formula was concluded to be of an amide moiety from NMR data. The structure of 

tagetitoxin was proposed to be bicyclic based on the number of hydrogens in the molecular 

formula and the absence of any carbon-carbon multiple bond(s) from NMR data. Furthermore, 

from the data, the authors concluded that the oxygen-containing functional groups were a 

carboxylic acid and amide, acetate, phosphate and either two hydroxyl or two ether groups.  

All four structures were strongly supported by nuclear Overhauser effect (nOe) experiments (for 

example the significant nOe experienced between H-C-5 and H-C-6). In addition, nOe 

experiments were critical in disproving structure 1, as the nOe observed between H-C7 and H-C-2 
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would not be expected for structure 1, since these protons have a too distant spatial proximity 

from each other.  

The authors utilized the Karplus relationship from the coupling constants of the protons in the 

four-carbon series (C-5 to C-8), to deduce the dihedral angles between them. They found, while 

this data was in good agreement with structures 2 and 3, it had better supported structures 2. It, 

for example, showed that H-C-6 and H-C-7 should be in a true diaxial relationship, which is 

evident for structures 2 but not for structures 3 because of the constraints the five-membered 

oxathiane ring places on the seven-membered ring. There, however, was not enough evidence to 

completely discredit structures 3.  

COLOC pulse sequences gave further information on the oxathiane ring. For example, a strong 

correlation between the C-4 and the methylene protons on the oxathiane ring further supported 

the presence of a thiohemiketal or thioketal.  

Finally, the authors preferred structures 2a and 3a where the amide moiety is bonded to C-4, due 

to the lower 13C NMR chemical shift of the carboxyl carbon bonded to C-4 than C-1. However, 

since the chemical shift difference between the carboxyl carbons are low, structures 2b and 3b 

were not discounted.   

In 2005, Gronwald et al. isolated tagetitoxin using a slightly different method.4 They used the 

same procedure as Mitchell et al.,1 except that they used partition chromatography instead off the 

initial methanol precipitation and MCW partitioning steps.  

From electrospray ionization (ESI) mass spectrometry, Gronwald et al. concluded that the 

molecular weight of tagetitoxin was 678 rather than 416 as previously reported by Mitchell et al. 

This difference was explained by the presence of an ion at m/z = 679.5216, which they assigned 

as the protonated molecular ion. While they found an ion with m/z = 417.3316, they identified it 

as a fragment of their protonated molecular ion. The ion at m/z = 417.0361 previously identified 

as the protonated molecular ion by Mitchell et al., was suggested by Gronwald et al. to be a 

fragment of minor contaminants.   

The 1H and 13C NMR spectra reported by Mitchell et al. were mostly in agreement with the 

spectra from Gronwald et al., with the only difference seen in the latter being the extra peaks in 

the 1H NMR (1.75ppm and 2.53ppm) and the 13C NMR (23.2ppm and 181.5ppm) spectra.  
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To account for the differences in the MS data despite good agreements with the NMR data, 

Gronwald et al. suggested that the higher molecular weight of 678 may be rationalized by the 

presence of atoms (such as oxygen, nitrogen and sulfur) and exchangeable protons not detected 

by 1D NMR experiments.    

Furthermore, Structure 2 was supported by many 2D NMR experiments carried out by Gronwald 

et al. such as COSY, TOCSY and HMQC spectra, but there were some discrepancies with 

regards to the HMBC spectra. 

Despite these conclusions, Gronwald et al. did not propose a new molecular formula nor a 

revised structure.  

Structure 4 

Later in 2005, Vassylyev et al. published an X-ray crystal structure of the bacterial Thermus 

thermophilus RNAP-tagetitoxin complex, showing tagetitoxin bound to the enzymeôs active 

site.5 Even though the structure of tagetitioxin was not being investigated in this paper, structure 

4 was indirectly proposed (Figure 3).  

 

Figure 3: Structure of tagetitoxin indirectly proposed by Vassylyev et al.5 

Whilst structure 4 has the same framework as structure 2, the relative stereochemistry is 

different, where more specifically the chiral carbon centres bearing the phosphate group and the 

acetate group (C-8 and C-6) have inverted.  

Despite there being good agreement between the theoretical and experimental electron density 

maps of structure 4, it is inconsistent with the previously reported NMR data.2,3 Furthermore, 

whilst a resolution of 2.4 Å is good for studying a protein structure,6 it is not deemed sufficient to 

fully clarify the structure of a small molecule like tagititoxin.7 
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Structure 5 

Finally, in 2016, Aliev et al. further analysed a tagetitoxin sample originally isolated and purified 

by Mitchell.1,2 They published more NMR and MS data which led them to propose a new 

structure (Figure 4) and refute previous structures.8  

 

Figure 4: Structure proposed by Aliev et al.8 

Aliev et al. concluded that the sample isolated by Gronwald et al.,4 was less pure than that from 

Mitchell et al.1,2 This was rationalized by the absence of the extra peaks Gronwald et al. 

observed in the 1H NMR (1.75ppm and 2.53ppm) and 13C NMR (181.5ppm). 

Moreover, on analysing MS data, no species with a molecular weight of 678 was seen, which 

disagreed with Gronwald and co-workersô proposed molecular weight of tagetitioxin.  

Key disagreements with the previous structures (1, 2, 3 and 4) were found from the HMBC 

spectrum and the long range JCH values. These disagreements were: 

1. A correlation between C-11 and H-C-8 is seen which is inconsistent with structures 2a, 3a 

and 4 because of the presence of six bonds between these atoms.  

2. The JCH value of 5.0 Hz, between C-10 and Hô-C-2 is too large to be a 4JCH correlation. 

This is not consistent with structures 2b and 3b, since the size of the JCH suggests that this 

pair of atoms should be closer together.  

3. The cross peaks observed for C-7 with H-C-2 (JCH = 5 Hz) and with Hô-C-2 (JCH = 3 Hz) 

are inconsistent with all structures 1 to 4. This is due to the four-bond separation between 

these aforementioned atoms.  

4. The JCH value of 1.4 Hz for C-4 and H-C-6 is too small to be a JCH correlation for atoms 

that have a ~180 dihedral angle, which is inconsistent structures 2a and 2b. 
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The key disagreements for previously reported structures were verified with the authorsô 

proposed structure 5: 

1. C-11 and H-C-8 in structure 5 are 3 bonds apart, and therefore correlate.  

2. C-10 and Hô-C-2 in structure 5 are 3 bonds apart accounting for the 3JCH value of 5.0 Hz 

between them.  

3. In structure 5, C-7 is 3 bonds apart with H-C-2 and HôC-2 explaining the 3JCH coupling 

observed.  

4. If the 6-membered ring of structure 5 is in a chair confirmation H-C-6 and C-4 will have a 

dihedral angle of ~60, which accounts for the low 3JCH value between these.  

The authors also concluded that there was trans stereochemistry at the ring junction due to the 

high coupling constant (3JHH = 12.4Hz) between H-C-6 and H-C-7. Further data from NOESY, 

vicinal 3JHH coupling constants, HMBC and DFT calculations (the latter was used to explain 

unexpected missing HMBC correlations), provided further support for structure 5.   

Biological Activity  

Application of tagetitoxin to the stems of plants in the Asteraceae family such as zinnia (Zinnia 

elegans Jacq) and sunflower (Helianthus annuus) leads to apical chlorosis (bleaching of apical 

green plant tissue due to decreased amount of chlorophyll in that tissue).2 This effect is due to the 

translocation of the toxin to apical regions of the plant where it inhibits chloroplast RNAP, 

suppressing differentiation of proplastids into chloroplasts, preventing new chlorophyll 

accumulation in these regions.9 Two radiolabelling experiments supported this hypothesis.10 

Initially, Matthews and Durbin performed in organello incorporation reactions where tagetitoxin 

was added to isolated, intact chloroplasts and the rate of incorporation of radiolabelled uridine 

into RNA was measured.10 It was observed that tagetitoxin application led to a decrease in the 

rate of incorporation of [3H] uridine into RNA; indeed at tagetitoxin concentrations of 1mM, 

there was negligible [3H] uridine incorporation. Furthermore, the addition of tagetitoxin to in 

vitro transcriptionally active chloroplast protein extracts reduced [32P] UTP incorporation into 

RNA. Both experiments suggest that RNA synthesis in chloroplasts is suppressed due to 

tagetitoxin inhibition of chloroplast RNAP.  
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Moreover, tagetitoxin inhibits RNAP III in vitro in many eukaryotes such as yeast, insects and 

vertebrates.11 This is in contrast to the other eukaryotic nuclear RNAPs, RNAP I and RNAP II 

which appear to be more resistant to inhibition from the toxin.12 For example tagetitoxin at low 

concentrations (0.3-3.0 ɛm) inhibit RNAP III directed transcription in various organisms but has 

little effect on RNAP II directed transcription.13  

Finally, inhibition of in vitro RNA synthesis directed by RNAP from Escherichia Coli by 

tagetitoxin at concentrations less than 1ɛM has also been reported.10,13 

In summary, tagetitoxin inhibits chloroplast and bacterial RNAP. Tagetitoxin is also a selective 

inhibitor of RNAP III compared to the other nuclear RNAPs in a variety of eukaryotes.   

Biological Mechanism of Inhibition  

In 1994, Matthews and Durbin conducted abortive initiation assays to primarily investigate the 

inhibition kinetics of tagetitoxin on E. Coli RNAP.12 They concluded that tagetitoxin acts an 

uncompetitive inhibitor of E. Coli RNAP which indicates that the toxin does not prevent the 

nucleotide triphosphate (NTP) substrate from binding with the enzyme. It was also inferred from 

these studies that tagetitoxin does not affect phosphodiester bond formation between an NTP 

substrate and the nascent RNA chain. The authors suggested that the inhibition may be due to 

tagetitoxin affecting the stability of the binding between the nascent RNA chain and the enzyme-

DNA template complex. Despite advances in the understanding of the inhibitory effect of 

tagetitoxin on a RNAP, it was widely acknowledged that the exact mechanism of the toxin and 

its target site on RNAP were unclear.5 

A breakthrough in the inhibition mechanism by tagetitoxin on RNAP was achieved by Vassylyev 

et al. in 2005, where an X-ray crystal structure of the complex between a bacterial RNAP (from 

Thermus thermophilus) and tagetitoxin was published.5 Analysis of this structure led to a greater 

insight of the binding between tagetitoxin and RNAP. This structural analysis along with 

homology modelling and biochemical analyses allowed the authors to propose a more detailed 

inhibition mechanism.  

The X-ray structure has shown that the RNAP binding site for tagetitoxin is located at the base of 

the RNAP secondary channel, adjacent to its active site. This suggests that tagetitoxin does not 

prevent NTP substrate binding, which is in agreement with the conclusions drawn by Matthews 
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and Durbin.12 Moreover, the binding between tagetitoxin and the RNAP was primarily made up 

of 18 hydrogen bonds between 9 of the 11 oxygen atoms of the toxin with side chains of adjacent 

amino acid residues of the RNAP (Figure 5).  In addition to the expected catalytic magnesium 

ions (cMg1and cMg2) found in a RNAP, a third magnesium ion (tMg) was observed in the 

RNAP/Tagetitoxin complex. The authors suggested that this well-fixed tMg coordinates to the 

phosphate group of tagetitoxin stabilizing the toxin further. The tMg is well-fixed because of its 

coordination to the side chains of two active site amino acid residues of RNAP.  

 

Figure : A schematic diagram of the tagetitoxin binding site on RNAP. 5 

Vassylyev and co-workers postulated a two-step mechanism for tagetitoxin inhibition RNAP 

(Figure 6). They proposed that the mechanism involves the stabilization of an inactive 

transcription intermediate whilst the NTP substrate is loading into the active site. In this 

mechanism, whilst tagetitoxin is being bound to its binding site in the enzyme, the NTP substrate 

enters the pre-insertion site. Due to the coordination of tagetitoxin to tMg, the NTP binds to the 

tMg rather than cMg2; binding to cMg2 would otherwise occur without tagetitoxin. The NTP 

substrate is then loaded into the insertion site by a simple rotation forming the insertion complex. 

In the resulting intermediate, the active site has a more compact conformation leading to tighter 

binding of the tMg-bound substrate and greater stabilization, locking the intermediate in an 

inactive state preventing the dissociation of the NTP substrate and the catalytic reaction. The 

authors also proposed that since the NTP coordinates to the tMg rather the cMg2, the positioning 

of cMg1 and cMg2 change. This change in orientation would decrease the stability of the 

pentavalent transition state formed during phosphodiester formation between the terminal 3ôOH 
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of the nascent RNA chain and the Ŭ-phosphate functionality of the NTP substrate, further 

lowering the catalytic activity.  

 

Figure 6: Proposed inhibitory mechanism of tagetitoxin on RNAP.5 

This mechanism was contested by Artsimovitch et al. in 2011.14 Based on theoretical modelling 

using molecular dynamics simulations, they suggested that the inhibitory effect of tagetitoxin on 

RNAP arises from the interaction between tagetitoxin and the side chains of two amino acid 

residues of the RNAP trigger loop (a flexible protein domain). During typical transcription, the 

trigger loop folds into a trigger helix; this leads to the catalytic amino acid residues being in an 

active configuration. These amino acid residues, then interact with the NTP substrate facilitating 

phosphodiester bond formation between the NTP and the nascent RNA chain.15  However, due to 

the interaction of tagetitoxin with the trigger loop, instead of folding to a trigger helix, it is 

stabilized and trapped in an inactive state, which lowers catalytic activity. Klyuyev and 

Vassylyev later argued that this mechanism was in poor agreement with practical results in 

favour for theoretical models.16 

Finally, in 2013, based on multiple transcription assays, the trigger loop mechanism was revised 

by Yuzenkova et al.17 The nucleotide addition cycle consists of phosphodiester bond formation 
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(between the NTP substrate and the nascent RNA chain), a translocation of RNAP on the DNA 

template strand and then the binding of the next NTP substrate.17 In between phosphodiester 

bond formation and translocation, the transcription elongation complex (the RNAP containing 

complex that additionally includes the DNA template strand and the nascent RNA chain) is in its 

pre-translocated state.18,19 During the subsequent translocation, the trigger loop unfolds.14 

Yuzenkova and co-workers proposed that tagetitoxin stabilizes the folded conformation of the 

trigger loop when the transcription elongation complex is in its pre-translocated state.17 As a 

result the subsequent translocation is slowed down due to the greater difficulty in unfolding the 

trigger loop; this leads to the overall rate of the RNA chain elongation to decrease. 

Importance of Tagetitoxin 

The importance of tagetitoxin originates from its biological activity. For example, due to the 

toxinôs inhibition on chloroplast RNAP, its use as a plant growth regulator has been 

patented.20  Furthermore, since tagetitoxin inhibits a variety of RNAPs, it can be a useful tool for 

molecular biologists investigating transcription. Finally, a total synthesis of the natural product 

would provide opportunities to synthesize a library of analogues; these analogues could be then 

assessed for herbicidal21 and antibacterial activity.22 

Previous Synthetic Studies of Tagetitoxin 

Since all synthetic studies towards tagetitoxin were conducted prior to 2016, the targets were 

generally 2a and 2b as these were the accepted structures at the time.  

Sammakia et al. 

In 1996, Sammakia et al. published their attempt to synthesize tagetitoxin.23 Their retrosynthetic 

analysis of tagetitoxin involved a precursor 6 that can cyclize to give structures 2a or 2b 

(Scheme 1). Synthesis of precursor 6 was planned to be an enzymatic aldol-catalysed coupling 

of dihydroxy acetone phosphate 7 with aldehyde 8. Aldehyde 8 could be made from oxazolidine 

olefin 9 in three steps: dihydroxylation of the olefin moiety; hydrolysis of the oxazolidine; and 

selective oxidation of the primary alcohol to an aldehyde. 
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Scheme 1: Retrosynthetic analysis of proposed tagetitoxin structures 2a and 2b by Sammakia et 

al. 

A range of oxazolidine olefins 9 (Scheme 2 and Table 1) were prepared in a one-pot synthesis. 

This involved a range of thiolate anions attacking a substituted methyl acrylate phosphonate 10 

in a conjugate addition forming an ylide. The ylide, in turn, condensed with the oxazolidine 

aldehyde 11 to produce the olefins 9a to 9e with varying stereoselectivity. 

 

Scheme 2: One-pot synthesis of oxazolidine olefins 9. 
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 R Ethyl  

9a 

i-Propyl 

9b 

t-Butyl 

9c 

Phenyl 

9d 

Benzyl 

9e 

Z:E 60:40 70:30 100:0 20:80 30:70 

 

Table 1: Effect of the sulfur protecting group on the Z:E ratio of olefins 9a-e 

The authors then attempted a range of dihydroxylation methods on olefins 9 (Scheme 3 and 

Table 2).  

 

Scheme 3: Dihydroxylation attempts of olefins 9. 

Olefin Conditions Recovered 9 (%) Yield of 12 (%) Yield of 13 (%) Yield of 14 (%) 

9a a 54 - 48 - 

b 30 - 70 - 

9b a 56 6 28 - 

b 39 15 44 - 

9c a 86 14 - - 

b 32 55 11 - 

9d a 99 - <1 - 

b 34 27 - 39 

9e a 82 - 10 - 

b 22 6 72 - 

 

Table 2: Yields reported for compounds 12, 13 and 14 from the dihydroxylations of olefins 9 

When using conventional methods of stoichiometric or catalytic amounts of osmium tetroxide, 

only sulfur oxidized products were isolated. This then led them to use AD-mix-ɓ or 
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stoichiometric amounts of osmium tetroxide and potassium ferricyanide. However, for most of 

the olefins 9, starting material and sulfur oxidized products (mainly sulfoxides) were the major 

compounds isolated. The most promising result was the dihydroxylation of the bulky t-butyl 

thioether substrate 9c using stoichiometric osmium tetroxide and potassium ferricyanide. Despite 

this promising result, the synthesis to structures 1 and 2a were not pursued and no research 

related to this synthetic strategy has yet to be reported.  

Dent et al. 

Due to tagetitoxinôs reported biological activity, Dent et al. aimed to synthesize related 

analogues of the natural product for evaluation as herbicides and plant growth regulators.21 

Based on structures 2a and 2b, the authors thought that the acetate, amine and phosphate groups 

were key for the biological activity. They also suggested that the sulfur bridge was important to 

impose the desired stereochemistry on the pyranoid ring. As a result, structures 15 and 16 were 

their synthetic targets (Figure 7). To achieve their main goal of gaining greater knowledge on 

structure-activity relationships of tagetitioxin, Dent et al. would have to make carbohydrate-

based vicinal cis-amino phosphates (where the latter in itself is useful synthetic methodology). 

 

Figure 7: Synthetic targets for Dent et al. 

The authors were able to synthesize structure 15 (X=O) in a twelve-step route starting from 

dialdehyde 17 (Scheme 4), which is readily available from periodate oxidation of levoglucosan. 

The cyclic framework of their synthetic target was achieved by the cyclization of dialdehyde 17 

with nitromethane furnishing 18. After hydrogenolytic reduction of the nitro group to produce 

19, the formed amine was then N-Boc protected to give 20. The authors then exploited the syn-

stereochemistry of the C-2 and C-3 substituents; this would eventually allow them to esterify the 

C-2 and C-4 hydroxyl groups selectively. The N-Boc derivative 20 was then treated with 

bis(tributyltin) oxide in toluene under reflux, followed by addition of tetra-n-butylammonium 
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bromide and benzyl bromide to form the N-benzyloxazolidinone derivative 21. The authors then 

carried out a three-step sequence of protections and deprotections of various groups to afford 24. 

Compound 24 then underwent a phosphitylation using o-xylene-N,N-diethylphosphoramidite and 

1H-tetrazole, which was  followed by an oxidation using m-CPBA yielding phosphate ester 25. 

The authors subsequently deprotected the tetrahydropyranly acetal (THP) and then acetylated the 

C-4 hydroxyl group, which formed compound 27. Hydrogenolysis of the phosphate ester and 

benzyl amine moieties in 27 were performed leading to synthetic target 15. Hydrogenolysis of 

intermediate 26 led to an additional analogue 28 which along with 15 were tested for herbicidal 

activity.  



17 
 

 

Scheme 4: Dent and co-workersô synthesis of analogues 15 and 28. 
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Biological testing showed compound 15 and its deacylated analogue 28 to have no herbicidal 

activity against a variety of agriculturally important weeds:  

Avena Fatua (wild oat), Setaria viridis (green foxtail), Amaranthus retroflexus (redroot pigweed) and 

Chenopodium album (fat hen).  

A second set of analogues based on structure 15, were then targeted by the authors using 

different synthetic methodology, whereby the insertion of the amino functionality at C-3 would 

be different. This would be achieved by forming a good leaving group at the C-3 position 

followed by a SN2 reaction using a nitrogen-based nucleophile which could later be transformed 

to an amino functional group (e.g. azide nucleophile).  

Their first attempted synthesis following the above methodology started from 1,6-anhydro-D-

galactose 29 and it sulfur analogue 30 (Scheme 5). Acetonide formation of the hydroxyl groups 

on C-3 and C-4 in 29 and 30, allowed subsequent selective phosphate ester formation on the C-2 

position forming 32, 33 and 35. Phosphate ester formation was achieved using either a dialkyl 

chlorophosphate in pyridine or a pyrophosphate with a strong base (only the latter strategy was 

used on the sulfur analogue 34). Subsequent steps (d, e and f) involved successive protections 

and deprotections of various groups in order to reach 38 or 40. The authors began this sequence 

with an acetonide deprotection affording 36 and 37. They, however, could not isolate the 

required diol from acetonide hydrolysis of sulfur species 35 (presumed to be because of the 

sulfur atom participating in reactions involving carbocations generated in these acidic 

conditions). Under a variety of conditions, Dent and co-workers, then unsuccessfully attempted 

to selectively acetylate the C-4 hydroxyl group over the C-3 hydroxyl group in 36 and 37, since 

they only isolated inseparable mixtures of the monoacetates 38 and 39 or 40 and 41 respectively. 

The origin of this poor selectivity was attributed to either an inherent unselective reaction or 

ester migration occurring during the reaction.  
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Scheme 5: Dent and co-workersô second route to analogues based on structure 15. 

As a result, the authors changed their approach in an attempt to isolate 40 (Scheme 6). This 

involved forming a cyclic brominated orthoacetate 42 (from 37) and then subjecting this to mild 

acidic hydrolysis. This methodology was hypothesized to lead to bromoacetate 43. Compound 43 

could then be acetylated on the C-4 position, then deprotection of the C-3 bromoacetate in the 

presence of the C-4 acetate would lead to the desired 40. Although brominated orthoacetate 42 

was successfully synthesized, when subjected to mild hydrolysis an inseparable mixture of 

bromoacetates 43 and 44 were formed causing the authors to abandon this methodology.  

Scheme 6: Dent and co-workersô alternative route to structure 40. 

Dent and co-workersô second attempted route in selectively functionalizing 29 and 30 exploited 

the regioselective reductive cleavage of a methoxybenzylidene acetal (Scheme 7). After forming 

a methoxybenzylidene acetal on the C-3 and C-4 position and successively silyl protecting the C-2 
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hydroxyl group to form 47 and 48 respectively, treatment with LiAlH4-AlCl3 produced only the 

3-O-p-methoxybenzyl ethers 49 and 50. Subsequently via a series of protections and 

deprotections, compounds 53 and 54 were made where the hydroxyl group on C-3 was 

unprotected. This therefore allowed introduction of a good leaving group on the C-3 position 

(triflate, tosylate and mesylate) and displacement of that leaving group with an azide 

nucleophile. However, despite successfully synthesizing sulfonate esters 55 ï 60, treatment with 

sodium azide in DMF, HMPA or DMSO failed to yield compounds 61 and 62 as only starting 

material or decomposition was seen. The rationale for these observations was steric hindrance 

from the adjacent bulky silyl ether.  

 

Scheme 7: Attempted synthesis of compounds 61 and 62 by Dent et al. 

Dent et al. then focused on synthesizing compounds based on structure 16 starting from 

pentaprotected carbohydrates. Their strategy involved a one carbon chain extension at the C-1 

position of a D-galactopyranose derivative, followed by ring closure linking this new carbon 

atom with the C-6 by a sulfur or oxygen atom. Following this, phosphorylation, acetylation and 
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introduction of the amino functionality (latter by SN2 chemistry) would then yield 16 (Scheme 

8).  

 

Scheme 8: Dent and co-workersô methodology to synthesize analogue 16. 

In this strategy, the authors started with the bromination of D-galactose pentaacetate 63 to give 

the Ŭ-glycosyl bromide, which was then treated with mercuric cyanide in nitromethane to furnish 

the ɓ-nitrile 64 (Scheme 9). Two approaches to synthesize 66 from 64 were successfully 

achieved. The first approach involved a reductive hydrolysis of a nitrile to an aldehyde using 

Raney nickel with the hydrogen source sodium hypophosphite in aqueous acetic acid and 

pyridine, followed by the in-situ trapping of that aldehyde with a diamine to form imidazolidine 

65. The success of this reaction was variable due to the occurrence of undesired side-reactions. 

The aldehyde was then regenerated by hydrolysis of the imidazolidine and then reduced using 

sodium borohydride. The resultant crude product was then acetylated to form 66. The second 

approach involved deacylation of 64, basic nitrile hydrolysis and then acetylation of the crude 

hydrolysis product which gave a mixture of ɔ-lactone 67 and hydroxy carboxylic acid 68. 

However, under strong acetylation conditions, 68 was cleanly reconverted into ɔ-lactone 67. 

Lithium aluminium hydride (LAH) reduction of the lactone and subsequent peracetylation gave 
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66. After compound 69 was formed from deacetylation of 66, selective tosylation on the 

methylene alcohols produced compounds 70 and the undesired tri-tosylate 71. Acetonide 

formation on ditosylate 70, led to the bicyclic precursor 72. Attempts at ring closure in 72 using 

sulfide nucleophiles (lithium or sodium sulfide) in DMF failed to produce the bicyclic structure 

73. However, thiol 74 was isolated where only one of the tosylates was displaced by the sulfide 

nucleophile. The authors attributed this result to the isopropylidene groups placing steric 

constraints on the ring closure.  



23 
 

 

Scheme 9: Dent and co-workersô attempted synthesis of bicyclic structure 73. 

As the synthesis of 73 was unsuccessful, Dent et al. decided to replace the isopropylidene group 

with benzyl groups when forming further precursors for target 16 (X=O). Hence, starting from 
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compound 65, they performed a sequence of deprotections and protections of various groups to 

reach the tri-benzylated compound 76 (Scheme 10). After unmasking the aldehyde in 76, sodium 

borohydride reduction and trityl deprotection, diol 77 was isolated. Two different methods on 77 

were undertaken in an attempt to isolate the desired cyclic ether 78:  

1. An acidic cyclodehydration in toluene under reflux. 

2. Treatment with triphenylphosphine and diethyl azodicarboxylate (DEAD).  

In both methods, however, starting material was only recovered. The authors then tried a mono-

tosylation on diol 77 but this led to a mixture of the regiomeric mono-tosylates 79 and 80 in 

addition to di-tosylate 81. Nevertheless, since they were able to isolate 79, they attempted the 

cyclization using sodium hydride, but this gave a complex mixture.   

 

Scheme 10: Dent and co-workersô attempted synthesis of bicyclic structure 78. 

Finally, Dent et al. wanted to introduce a nitrogen functional group attached to the C-3 position 

prior to the ring closure to assess whether the substituent on this position in the previous routes 

sterically hindered the cyclization. They, therefore synthesized the di-benzylidene acetal 82 from 

69 (Scheme 11). This allowed subsequent transformation of the C-3 hydroxyl group in 82 to a 

variety of sulfonate esters (compounds 83-86). However, nucleophilic displacement of these 

sulfonate esters with an azide nucleophile under a range of conditions led to either no reaction or 
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decomposition of the starting material, except for tosylate 85 which furnished azide 87 but at 

only 10% yield. Due to the low yield, the synthesis was abandoned at this stage.  

 

Scheme 11: Synthesis of azide 87 by Dent et al. 

In summary, Dent et al. were successful in making the analogue 15 (Scheme 4) but only with an 

oxygen bridge rather than a sulfur bridge. They were also unsuccessful in the synthesis of 

analogue 17, which is more closely related to tagetitoxin structures 2a and 2b.  

Porter and Plet 2006 

In 2006, Porter and Plet published the first synthesis of the bicyclic core of tagetitoxin from a 

carbohydrate precursor.24 

Their first strategy, was based on a carbene-mediated ring expansion of a 1,3-oxathiolane moiety 

(Scheme 12). In this approach a metallocarbene would be generated from a transition metal 

catalysed decomposition of a diazo derivative. The nucleophilic sulfur atom would then attack 

the electrophilic carbon of the metallocarbene forming a sulfur ylide. This would cause the 1,3-

oxathiolane moiety to ring open followed by a ring closure to form a 1,4-oxathiane moiety in a 

Stevens rearrangement.   
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Scheme 12: Carbene mediated ring expansion strategy of 1,3-oxathiolones to form the 

tagetitoxin bicyclic structure envisaged by Porter and Plet. 

In order to test their ring expansion strategy towards the synthesis of the bicyclic core of 

tagetitoxin, the investigators firstly synthesized compound 88 (Scheme 13). Compound 88 was 

synthesized from D-glucose by selective tosylation on the C-6 hydroxyl group, peracetylation, 

bromination on the anomeric position and substitution of the two leaving groups using a xanthate 

species. They then attempted the ring expansion of 88 using ethyl diazo(triethylsilyl)acetate and 

catalytic rhodium(II)acetate, but only glycal 91 was formed rather than the intended sulfur 

bridged bicyclic structure. The authors explained this result from the behaviour of the zwitterion 

intermediate 90; instead of 90 undergoing the desired C-C bond formation, it ring-flipped to the 

more stable conformer which was followed by a proton transfer affording 91. Thus, Porter et al. 

synthesized the more constrained precursor 92, in five steps from 3-methyl-D-glucose for the 

ring expansion, because the consequent zwitterion (analogous to 90) would have a locked 

conformation preventing any ring flipping. Yet, when subjecting 92 to ethyl 

diazo(triethylsilyl)acetate and rhodium(II) heptafluorobutyrate, only alcohol 94 at low yield was 

isolated. This probably occurred because of nucleophilic ring opening of ylide 93 with a water 

molecule followed by a proton transfer. 
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Scheme 13: Porter and Pletôs attempt to synthesize the bicyclic core of tagetitoxin using their 

ring expansion strategy.  

As a result, to synthesize the 1,4-oxathiane ring of tagetitoxin, the investigators altered their 

approach from a ring expansion strategy to cyclization of a thiol onto an electrophilic ketone. 

The key methodology for this approach, involved the insertion of a bromoalkyne (masks an Ŭ-

ketoester) and a thioacetate moiety (masks a thiol) onto a carbohydrate derivative, followed by 

the unmasking of these groups leading to cyclization.  

Starting from the ɓ-thioglycoside 95, selective silyl protection of the primary alcohol and 

subsequent perbenzylation furnished 96 (Scheme 14). Compound 96 was then transformed into 

ŭ-lactone 97 by hydrolysis of the thioglycosidic linkage using N-bromosuccinimide (NBS), 

followed by oxidation when treated with Dess-Martin periodinane (DMP).  Silyl alkyne 98 was 

then formed after cerium-mediated addition of trimethylsilylacetylene onto the lactone and 

sequent hydrosilane reduction on the C-1 position. The silyl alkyne moiety was then transformed 
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into a bromoalkyne by protodesilylation and bromination of the terminal alkyne. Oxidation of the 

bromoalkyne to an Ŭ-ketoester was achieved using potassium permanganate in aqueous methanol 

yielding 101. Deprotection of the primary silyl ether in 101, would then allow activation of the 

primary alcohol into a good leaving group and its displacement with a thioacetate nucleophile. 

However, when attempting to cleave the silyl ether with tetra-n-butylammonium fluoride 

(TBAF), elimination of the 2-benzyloxy group occurred forming glycal 102 in most likely an 

E1cb reaction. The authors therefore changed the conditions and used hydrogen fluoride ï 

pyridine complex, but instead tricyclic ketal 103 was formed. To reach 103, the silyl ether and 

the benzyl ethers on the C-3 and the C-4 in 101 must have been cleaved, which was followed by a 

ketal formation between the ketone and the liberated hydroxyl groups on the C-3 and C-6 centres.  

 

Scheme 14: Synthesis of intermediate 101 by Porter and Plet. 
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To overcome the difficulty in deprotecting the silyl ether on the C-6 position in the presence of 

the Ŭ-ketoester, the authors altered the sequence of the route; specifically, they planned to 

incorporate the sulfur functionality before the Ŭ-ketoester synthesis. Starting from 98, double 

desilylation of the silyl alkyne and silyl ether occurred forming 104 (Scheme 15). The hydroxyl 

group on the C-6 centre transformed into a mesylate and was subsequently displaced with a 

potassium thioacetate nucleophile in DMF.  Using the same previous methods, bromination of 

the alkyne and subsequent oxidation with potassium permanganate gave the Ŭ-ketoester bicyclic 

precursor 106. Thioacetate deprotection and in-situ cyclization of the thiolate onto the ketone led 

to bicyclic thiohemiketal 107.  

 

Scheme 15: Porter and Pletôs synthesis of the bicyclic core of tagetitoxin (107). 

In summary Porter and Plet attempted two strategies to synthesize the bicyclic core of 

tagetitioxin. Although the carbene-mediated ring expansion approach failed, they were 

successful in their methodology involving a thiolate cyclizing onto an electrophilic ketone. This 

was only achieved with inserting the thioacetate moiety before forming the Ŭ-ketoester, 

illustrating the importance in the order of the steps in the route. However, a carboxylic acid 

derivative on the anomeric position on the bicyclic core was still missing.  
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Porter et al. 2008 

In 2008, Porter and co-workers again synthesized the core structure of tagetitoxin.25 This was 

achieved by building on their previous work regarding the carbene-mediated ring expansion of a 

1,3-oxathiolane moiety to a 1,4-oxathiane moiety.24 The authors concluded, that their previous 

ring expansion attempts did not work because of the conformational flexibility of the zwitterion 

90 leading to the undesired glycal 91.24 However, even when they incorporated a di-tert-

butylsilane bridge on the C-2 and C-4 hydroxyl groups to form the more constrained precursor 92, 

no ring expansion products were still observed (Scheme 13).24 Nevertheless, Porter et al. still 

postulated that the conformational flexibility rationale was the cause for the ring expansion 

failure. They therefore aimed to synthesize the ylide in an intramolecular reaction (rather than 

intermolecular fashion as previously).24 This would lead to a more constrained ylide and 

subsequent zwitterion intermediate, which would favour the desired C-C bond formation.    

To test their postulate, the authors made thioanhydroglucose 108 in a four-step route according 

to the literature.26,27 They then devised a synthetic route to tetracyclic structure 109 from 

thioanhydroglucose 108 (Scheme 16). Selective protection of the C-2 and C-4 hydroxyl groups 

with a di-tert-butylsilane bridge furnished 110. This was followed by acetoacetylation and 

subsequent diazo transfer yielding 111. Treatment of 111 with rhodium(II) acetate dimer formed 

isolable tetracyclic ylide 112 (further confirmed with X-ray crystallography).  However, despite 

heating 112 in an array of solvents of different polarities such as xylene, methanol and DMSO, 

only starting material or decomposition (latter only observed at extended reaction times) were 

seen. 
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Scheme 16: Attempted synthesis of tetracyclic 109 by a thermal promoted Stevens 

rearrangement by Porter et al. 

Porter et al. proposed two mechanisms for the thermally promoted Stevens rearrangement 

(Scheme 17). The homolysis mechanism a, is the general favoured mechanism for the Stevens 

rearrangement.28,29 However, to account for the isolation of glycal 91 from their  previous 

attempted ring expansion on 88,24 they suggested that heterolytic mechanism b would be 

favoured for these substrates under thermal conditions. Thus, they found it surprising when the 

ylide was generally stable under these conditions (dependent on reaction times). They also 

thought pathway b would be more favoured with acidic conditions (due to increased polarization 

of the C-S bond). Therefore, protic acids (such as trifluoroacetic acid and triflic acid) and Lewis 

acids (such as [Cu(acac)2]) were then added to ylide 112 but these failed to induce the desired 

Stevens rearrangement.  



32 
 

 

Scheme 17: Porter and co-workersô proposed mechanisms for the thermally promoted Stevens 

rearrangement. 

Since, a Stevens rearrangement did not occur on ylide 112 under acidic or thermal conditions, 

Porter et al. attempted a photochemical variant of the Stevens rearrangement. They subjected 

ylide 112 to photolysis in acetonitrile, affording the tetracycle target 109 (Scheme 18). 

 

Scheme 18: Porter and co-workersô synthesis of target 109 by a photo-Stevens reaction of 112 
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Having made the tetracyclic structure 109, the authors explored the scope of their methodology. 

More specifically, they synthesized further substrates to assess which structural features were 

important for ylide formation and the photo-Stevens rearrangement.  

The first structural feature investigated was the effect the di-tert-butylsilylene protecting group 

(on the C-2 and C-4 hydroxyl groups) had on ylide formation or the photo-Stevens rearrangement. 

Hence, via a sequential deprotection-protection, the authors formed 114 from 113 where the 

bridged silyl ether on the C-2 and C-4 was replaced with two triethylsilyl (TES) ethers (Scheme 

19). A Diazo transfer and subsequent rhodium-catalysed diazodecomposition led to ylide 116 

(analogous to ylide 112 except with the non-bridged silyl ether protecting group). Photolysis of 

116 yielded the tricyclic product 117 (with similar rates and yields to the previous example 109).  

 

Scheme 19: Porter and co-workersô synthesis of tricyclic structure 117. 

Finally, the authors wanted to examine whether the acetyl group alpha to the carbon centre of the 

ylide was important in this methodology. Diazoacetate 120 was therefore made in three steps 

from alcohol 110, via acetylation, acetoacetylation and a diazo transfer (Scheme 20). Attempted 
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ylide formation using rhodium(II)acetate dimer in benzene failed and instead furnished 121; this 

compound must have been produced from the formed rhodium carbenoid reacting with the 

benzene solvent.30 As a result, the authors changed the solvent to dichloromethane which gave 

the desired ylide 122. Since, 122 was unstable to column chromatography, the crude reaction 

mixture was directly subjected to photolysis yielding target compound 123.  

 

Scheme 20: Porter and co-workersô synthesis of tetracyclic 123. 

To summarize, Porter et al. developed another route to make the core structure of tagetitoxin. 

The key steps in this route were the intramolecular ylide formation, between the sulfur atom and 

an in-situ formed metallocarbenoid, followed by a photo-Stevens rearrangement. They 

additionally inferred that the silyl bridge tether between the oxygens on the C-2 and C-4 position 

as well as the acetyl group alpha to the nucleophilic carbon on the ylide were not important 

factors for this methodology to be successful. This strategy, however, would need to be explored 

further and adapted to achieve a total synthesis of tagetitoxin.   
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Porter et al. 2009 

In 2009, Porter et al. adapted their previous strategy of forming the tagetitoxin bicyclic core 

(from a thiol/thiolate cyclizing onto an electrophilic ketone),24 to attempt a total synthesis of 

tagetitoxin 124 and decarboxytagetitoxin 125 (Figure 8).31  

 

Figure 8: Synthetic targets for Porter et al. 

Their initial target was decarboxytagetitoxin 125, starting from D-glucose. The key methodology 

of this route was to invert the stereogenic centres at the C-2 and the C-3 positions with the 

incorporation of a nitrogen functionality at the C-3, via the formation and subsequent trans-

diaxial ring opening of a 2,3-ɓ-epoxide with an azide nucleophile.  

The diol 126 was prepared from D-glucose in two steps according to the literature (Scheme 

21).32 Diol 126 was doubly deprotonated using sodium hydride and then underwent selective 

tosylation at the O-2 position, which triggered the O-3 alkoxide to intramolecularly displace the 

tosylate to form the 2,3-ɓ-epoxide. The epoxide was then ring-opened with sodium azide to form 

127. After silyl protection of the hydroxyl group on the C-2, the anomeric allyl ether was 

deprotected to form a lactol, which in turn underwent a DMP oxidation yielding lactone 128. 
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Scheme 21: Attempted synthesis of compound 129 by Porter et al. 

Treatment of lactone 128 with an in-situ generated cerium-acetylide did not lead to the desired 

addition product; this was surprising, given the success when subjecting the related lactone 97 to 

these conditions in their previous work.24 Instead the only compound isolated was the double 

addition product 130. The authors hypothesized that after the desired nucleophilic attack of the 

cerium-acetylide onto the lactone, a ring opening to a ketone occurred, which then underwent a 

second organometallic addition. This was followed by a silyl migration from the O-2 position to 

the formed tertiary alkoxide producing 130. As a result, Porter and co-workers carried out the 

reaction with ytterbium triflate instead of cerium chloride, so that an organoytterbium instead of 

an organocerium species would react with lactone 128. Compound 131, however, was formed 

instead of 129. Porter and co-workers proposed a mechanism for this transformation (Scheme 

22). Initially the ytterbium acetylide attacks the lactone to form 132 which ring opens to 133. 
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Subsequently a transannular hydride shift occurs forming 134 which then cyclized to 131 upon 

workup.  

 

Scheme 22: Porter and co-workersô proposed mechanism for the formation of 131. 

To overcome problems arising from the introduction of the acetylene moiety at the anomeric 

position on 128, the authors decided changed the order of the route. Specifically, they planned to 

incorporate the alkyne moiety prior to the inversion of the C-2 and C-3 chiral centres (i.e. to insert 

the alkyne moiety before they form the 2,3-ɓ-epoxide). They rationalized that by carrying out the 

synthesis in this order, the acetylide would add to a glucose configured substrate (rather than an 

altrose configured substrate) which is more similar to the lactone 97 used for this analogous 

reaction in their previous successful strategy (Scheme 14).24  

Porter et al. synthesized 1,6-anhydroglucose 135 from D-glucose in four steps from the 

literature.33 Following selective silyl protection of the O-2 and O-4 to form 136, the authors 

introduced an alkyne moiety on the anomeric position using Vasellaôs method (Scheme 23).34 

This method involved the reaction between a lithium acetylide and aluminium trichloride to form 

a Al(CſCTMS)3 species which upon treatment with 136, led to 137. Formation of 138 was then 

achieved by deprotection of the silyl ethers and sequent protection of the O-5 and O-6 in the 

form of a p-methoxybenzylidene acetal. Synthesis of epoxide 139 was, however, not achieved 
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using their previous strategy. This is because despite trying a range of conditions (TsCl, Ts-

imidazole, Ts2O and MsCl with either pyridine or sodium hydride as base) no regioselectivity 

was accomplished for the sulfonylation of one of the hydroxyl groups on C-2 or C-3 centres over 

the other (since only inseparable 1:1 mixtures of the respective mono-sulfonates were obtained).  

 

Scheme 23: Attempted synthesis of epoxide 139 by Porter et al. 

To solve this regioselective problem, the route was altered to make a substrate analogous to 138 

with the exception of O-3 being protected (Scheme 24). Acetate 140 was therefore synthesized 

from 137 by a selective silyl protection on O-6 and sequent acetyl protection on O-3. Silyl ether 

cleavage and acetal formation then followed yielding 141. Tosylation of the free hydroxyl group 

on C-2 was accomplished and then epoxide formation was attempted. Under basic conditions, 

deacetylation of O-3 and concomitant displacement of the tosylate as well as removal of the silyl 

group on the alkyne led to the epoxide 142 being formed. Yet, when attempting to ring open the 

epoxide with an azide nucleophile in acidic conditions, only partial hydrolysis of the acetal was 

seen. Thus, the authors tried non-acidic conditions such as heating the epoxide with sodium azide 

in DMF, but only elimination product 143 was observed. Trans-diaxial ring opening of epoxide 

142 to azide 144 was eventually achieved using Yamamotoôs procedure.35 In this procedure, 

ytterbium triisopropoxide (formed in-situ from ytterbium triflate and lithium isopropoxide) 

activates the epoxide for nucleophilic attack from the azide.  
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The next target was to install the thioacetate on the C-6 position. To achieve this, they protected 

the 2-O with an acetyl group, hydrolysed the acetal and then performed a selective tosylation on 

the primary alcohol. This was followed by a displacement of the tosylate with a thioacetate 

nucleophile furnishing 145. After silylation of the O-4, bromination of the terminal alkyne was 

achieved using NBS and catalytic AgNO3. However, oxidation of the bromoalkyne moiety in 

146 to an Ŭ-ketoester using potassium permanganate in methanol (as similarly carried out in the 

synthesis of 106 in their earlier work)24 failed for this substrate as only decomposition was 

observed; this prevented the synthesis of decarboxytagetitoxin 2 being achieved.   

 

Scheme 24: Attempted synthesis of bicyclic precursor 147 by Porter et al. 

Porter et al. also focused on the total synthesis of tagetitoxin 124. They adapted their previous 

strategy (shown in Scheme 23) to include the installation of a vinyl group on the C-5 of the 

glucose configured backbone, envisaging later oxidation of this group to a carboxylic acid 

derivative. Incorporation of the vinyl group, was based on an strategy described by Rao et al.,36 
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with the key step being stereoselective addition of a vinyl Grignard reagent to a 5-keto derivative 

of glucose.  

Porter and co-workers synthesized a similar 5-keto derivative of glucose 149 to Rao et al. (the 

only difference being the protecting group on the O-3).36 This was accomplished in four steps 

from compound 148 (Scheme 25): protection of the 3-O with a PMB group; hydrolysis of the 

5,6-acetonide; selective silyl protection of the O-6; and finally a Swern oxidation of the 

remaining free hydroxyl group on the C-5 position. Subsequent stereoselective Grignard addition 

afforded 150. Upon heating 150 in a mixture of acetic and trifluoracetic acid, global deprotection 

and concomitant cyclization occurred to give the desired 1,6-anhydroglucose derivative; it was 

also vital to have a thioanisole cation scavenger in the reaction mixture as it prevented unwanted 

side reactions. Due to the nature of the conditions (heat and acid),  Fischer esterification side 

products were formed in addition. Thus, the investigators subjected the crude mixture to sodium 

methoxide in methanol to deacetylate the mixture of acetates producing 151 in high yield. Via 

the same methodology in their previous synthetic studies towards decarboxytagetitoxin 

(synthesis of 137 from 135 shown in Scheme 23), the authors performed two further steps to 

yield 152. No further work on this route, however, has been published.  
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Scheme 25: Synthesis of compound 152 by Porter et al. 

In summary, whilst Porter et al. have previously developed a successful synthetic route to the 

bicyclic core of tagetitoxin from thiol/thiolate cyclizing onto a ketone,24 applying and adapting 

this methodology towards a total synthesis of the natural product and its non-natural decarboxy 

analogue have proved difficult despite isolating promising intermediates 146 and 152.31 In fact, 

since this paper, no further research related to this synthetic approach has yet to be reported.  

Porter et al. 2012 

In 2012, Porter and co-workers published another paper building on their earlier research 

concerning ring expansions of a 1,3-oxathiolane moiety in thioanhydrosugars to a 1,4-oxathiane 

moiety and its application towards tagetitoxin synthesis.24,25,37 Although Porter and co-workers 

were previously successful in forming a sulfonium ylide from the reaction of a sulfur atom of a 

thioanhydrosugar with a metallaocarbenoid (generated in situ from a transition metal complex 

and Ŭ-diazoester),24,25 they explored methods of forming the ylide without the use of a transition 

metal complex.37 Furthermore, the authors aimed to adapt their previous successful ring 
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expansion methodology in synthesizing the tagetitioxin bicyclic core (based on a carbene-

mediated intramolecular sulfonium ylide formation followed by a photochemical 1,2-Stevens 

rearrangement) to a closer related analogue of decarboxytagetitoxin.   

Using compound 92 (made in their earlier studies),24 Porter et al. planned to carry out an S-

alkylation to form a sulfonium bromide salt 153 followed by a deprotonation to form the ylide 

154  (Scheme 26).  

 

Scheme 26: Porter and co-workersô retrosynthetic analysis of ylide 154. 

Reaction of 92 with ethyl bromoacetate produced no trace of sulfonium salt 153, instead only 

compound 155 was isolated (Scheme 27); this was formed from nucleophilic attack of the 

bromide ion on the formed sulfonium ion. To prevent this undesired reaction, the authors added 

either silver salts (to form insoluble silver bromide removing the bromide nucleophile) or 

replaced the bromide leaving group on the alkylating agent with a non-nucleophilic group (such 

as a triflate). However, neither of these attempts yielded 153.   

 

Scheme 27: Synthesis of compound 155 by Porter et al. 
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The authors considered another method of generating an ylide considered by forming a free 

carbene (rather than a metallocarbene) from diazo compound 111 under photolytic conditions 

(Scheme 28). If successful, ylide formation and the subsequent photochemical 1,2-Stevens 

rearrangement could be done in one-pot. However, irradiation of 111 with UV light in 

acetonitrile only formed compounds 156 and 157. Compound 156 was most likely formed by a 

Wolf rearrangement of the generated free carbene, followed by hydrolysis on the formed ketene 

intermediate. Whilst oxazole 157 was most likely produced by the reaction between the free 

carbene and acetonitrile. On changing the solvent to dichloromethane or chloroform, the major 

product malonate 156. 

 

Scheme 28: Synthesis of compounds 156 and 157 from 111 by Porter et al. 

To further expand the scope of their methodology, the authors wanted to make 158 (Scheme 29); 

this is an analogue of compound 109 which they had successfully synthesized in their previous 

study.25 The key difference between these congeners is the presence sulfoxide functionality in 

158 rather than a thioether. The oxosulfonium ylide 161 was synthesized from compound 113 

(made in their previous studies)25 in three steps: controlled thioether oxidation; diazo transfer; 

and diazodecomposition using rhodium acetate. Only decomposition, however, was observed 

when irradiating tetracyclic ylide 161 with UV light.  
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Scheme 29: Attempted synthesis of tetracyclic sulfoxide 158 by Porter et al. 

Finally, Porter et al. tried to make a closely related analogue of decarboxytagetitoxin using their 

methodology on a photochemical 1,2-Stevens rearrangement of a sulfonium ylide. To achieve 

this, Porter and co-workers made key changes to their previously successful routes in 

synthesizing the tagetitoxin bicyclic core (Schemes 18, 19 and 20).25 One modification was to 

tether the diazo functionality through an equatorial oxygen at the C-2 position rather than the 

axial position at C-3. This would affect the intramolecular ylide formation which would now 

occur between the sulfur atom of the 1,3-oxathiolane with the diazo functionality on the C-2 

position instead of the C-3 position.  This modification would allow the installation of a nitrogen 

functionality at the C-3 position as is the case with decarboxytagetitoxin. 

The authors started the synthesis by making a 2,3-ɓ-epoxy derivative in two steps from 

compound 162, which was then ring opened with sodium azide to yield 163 (Scheme 30). 
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Subsequently, a Hanessian-Hullar oxidative ring opening of the benzylidene acetal moiety led to 

164.38,39 A SN2 displacement of the bromide with a thioacetate nucleophile followed to afford 

thioester 165. Under strong acidic acetylation conditions, acetylation of the 2-OH, thioacetate 

cleavage and concomitant cyclization (where the formed thiol displaced the 1-OMe in a 5-exo-tet 

reaction) were all accomplished in one step, yielding 166.  

 

Scheme 30: Synthesis of 166 by Porter et al. 

The next goal for the authors, was to trifluoraceteylate the 2-OAc in 166 and to subsequently 

perform a detrifluoroacetylating diazo transfer to form 170 (Scheme 31). The trifluoroacetylation 

of 166 using LDA and trifluoroethyl trifluoroacetate, however, proved troublesome, because the 

only products observed were alcohol 167 and acetoacetate 168. Since, only these products were 

seen without even adding the electrophile, the authors postulated that after the deprotonation of 

166 by LDA, a Claisen condensation followed by an elimination took place to form a ketene and 

167 (in its alkoxide form). The ketene then reacted with the ester enolate species forming 168. 

Despite varying the base and temperature, compound 169 was not seen. The authors therefore 

attempted an alternative route whereby they deacetylated 166 to form 167, which was then 

subjected to the 2-fluoroacetylderiative of Meldrumôs acid under reflux furnishing 169.  

Compound 169 then underwent a detrifluoroacetylating diazo transfer to form 170. 
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Diazodecomposition and consequent intramolecular ylide formation from 170 was unsuccessful 

despite performing a range of conditions with various catalysts [Rh2(OAc)4, CuPF6(MeCN)4, 

AgOTf, Cu(acac)2].  

 

Scheme 31: Attempted synthesis of ylide 171 by Porter et al. 

As a result, the authors changed their strategy for the synthesis of ylide 171 from a transition 

metal catalysed diazodecomposition to an intramolecular S-alkylation followed by 

deprotonation. Hence, 172 was made by acylation of the 2-OH in 167 with bromoacetyl bromide 

(Scheme 32). However, intramolecular displacement of the bromide by the sulfur atom to form 

sulfonium salt 173 was not observed with or without the presence of silver salts.   
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Scheme 32: Attempted synthesis of sulfonium salt 173 by Porter et al. 

As the authors previously made the thermally stable acetyl-substituted ylides 112 and 116,25 they 

aimed to synthesize ylide 175 (Scheme 33). To achieve this, acetoacetylation of 167 was 

performed to give 168, which then underwent a diazo transfer to form 174. Although ylide 175 

was formed from 174 by diazodecomposition, it was impure and in low yield. Furthermore, 

irradiation of impure ylide 174 did not furnish the desired ring expansion product 176.  

 

Scheme 33: Attempted synthesis of tricyclic 176 by Porter et al. 
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In summary, alternative methods to transition metal catalysed diazodecomposition for ylide 

formation such as photolytic conditions or S-alkylation followed by deprotonation failed due to 

undesired side reactions. Moreover, modifying their earlier successful methodology in making 

the tagetitoxin bicyclic core,25 to closer related analogues of tagetitoxin by either sulfoxide 

incorporation instead of a thioether or to tether the diazo functionality through an equatorial 

linkage at the C-2 proved unsuccessful; the latter of which was explained by increased strain in 

the ylide. These results highlight the difficulty in expanding the scope of the ring expansion 

strategy and its applicability to a total synthesis of tagetitoxin. Thus, since this paper, no further 

related work to this strategy has been published.  

Nishikawa et al.  

In 2013, Nishikawa and co-workers synthesized a fully functionalized tagetitoxin core structure.7 

The first step in their synthesis of a tagetitoxin core structure was a Ferrier-type Ŭ-selective C-

glycosylation of galactal 177 with tin acetylene and TMSOTf, producing 178 (Scheme 34). The 

yield and the selectivity in these conditions were much higher than using conventional methods, 

such as with bis(trimethylsilyl)acetylene and Lewis acids like SnCl4.
40,41 After cleavage of the 

two acetates and TMS group using methanolic sodium methoxide, the primary alcohol was 

selectively silyl protected forming 179. This allowed selective carbamoylation to then take place 

on the remaining free hydroxyl group via trichlorocetyl carbamoylation and subsequent 

hydrolysis to form 180.  
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Scheme 34: Synthesis of compound 180 by Nishikawa et al. 

The next target in the synthesis was the stereocontrolled installation of a nitrogen functionality at 

the C-3 position and an oxygen functionality at the C-2 position in a stereocontrolled manner. The 

authors envisaged that this could be accomplished by the synthesis of an 2,3-ɓ-aziridine 

derivative and subsequent regioselective opening with an oxygen nucleophile (Scheme 35). 

Treatment of 180 under typical aziridination conditions of catalytic amounts of Rh2(OAc)4 and 

PhI(OAc)2 with magnesium oxide,42 afforded aziridine 181, albeit in low yield (17%). However, 

upon modification of the conditions, namely using Rh2(OAc)4, PhIO and 4Å molecular sieves, 

the reaction was optimized to 70% yield. Aziridine 181 was then ring-opened regioselectively 

with an acetate nucleophile to furnish 182. The carbamate was then benzylated under typical 

conditions, which was then followed by a silyl ether deprotection to afford 183. 
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Scheme 35: Synthesis of compound 183 by Nishikawa et al. 

The investigators then aimed to incorporate a carboxylic acid derivative on the C-5 position. To 

achieve this, the authors planned to make an exo-glycal, carry out an epoxidation on it and finally 

ring open the spiro-epoxyacetal with a cyanide-based nucleophile in a regioselective and 

stereoselective fashion. The authors firstly activated the primary hydroxyl group as a triflate and 

displaced it with lithium phenylselenide (generated from diphenyldiselenide and n-BuLi) to 

produce selenide 185 (Scheme 36). Using mCPBA, 185 was then oxidized to give the selenoxide 

which then underwent a selenoxide elimination to give exo-glycal 186. Electrophilic epoxidation 

was then successfully carried out on 186 to yield spiro-epoxyacetal 187. When attempting to ring 

open the epoxide using TMSCN and a range of Lewis acids, the desired nitrile 188 was not 

observed. Treatment, however, with Et2AlCN did produce 188 as a single diastereomer but only 

in an 8% yield. Eventually the authors found optimal conditions for this reaction using TMSCN 

and molecular iodine in toluene and hexane at 0 oC; this led to the isolation of 188 in sufficient 

yield (44%) after acidic hydrolysis of the TMS ether.  
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Scheme 36: Synthesis of nitrile 188 by Nishikawa et al. 

Having succeeded in making a fully functionalized pyranoid framework of tagetitoxin (188), the 

authors then aimed to construct the 1,4-oxathiane moiety of the natural product. In order to 

achieve this, they firstly incorporated a sulfur functionality into the structure in the form of a 

thioacetyl group, using similar methodology to Porter et al.,24 whereby the primary alcohol of  

188 was transformed into a triflate and then displaced with a thioacetate nucleophile to afford 

189 (Scheme 37).  The authors then planned to deprotect the thioacetate group to release the 

thiolate which would then undergo a concomitant 6-exo-dig cyclization. Although treatment of 

189 with LiSMe did cause the intended thioacetyl deprotection, only the undesired 7-endo-dig 

cyclization from the generated thiolate occurred. Therefore, Nishikawa and co-workers planned 

to modify their cyclization strategy; instead of an in-situ generated thiolate undergoing a 6-exo-

dig cyclization, they envisaged that it would undergo a conjugate addition on an Ŭ,ɓ-unsaturated 

sulfoxide in a 6-exo-trig cyclization. Thus, the authors synthesized the Ŭ,ɓ-unsaturated sulfoxide 

190 in two steps from 189 by a radical addition of thiophenol to the alkyne moiety and 

subsequent oxidation of the vinyl thioether with mCPBA. Treatment of 190 with lithium hydride 

in methanol led to initial thioester cleavage and an in-situ conjugate addition of the formed 
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thiolate on the vinyl sulfoxide, but deacetylation and nitrile transformation into an imidate were 

additionally observed leading to 191 forming. Subsequent acidic hydrolysis on the imidate was 

then carried out to give methyl ester 192, which in turn was acetylated to form 193.  

 

Scheme 37: Synthesis of compound 193 by Nishikawa et al. 

Transformation of the sulfoxide moiety of 193 into an aldehyde via the Pummerer rearrangement 

to form 194 was attempted (Scheme 38). However, the use of conventional conditions such as 

acetic anhydride and sodium acetate only led to unreacted starting material. This prompted the 

authors to use the more electrophilic trifluoracetic anhydride instead. This led to starting material 

being recovered, although, epimerization of the chiral sulfoxide was observed (diastereomeric 

ratio changed from 1:7 to 2:1); this indicates that the sulfoxide must have been 

trifluoroacetylated initially but then underwent an intermolecular displacement with a 

trifluoroacetate nucleophile. In order to solve the aforementioned difficulties encountered in this 

transformation, a strong electrophilic activating agent with a poor nucleophilic leaving group 

(TMSOTf) and a non-nucleophilic base (Et3N) were used; the former led to successful sulfoxide 
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activation and the latter led to successful elimination of the generated silylated sulfoxide to the 

thonium ion, which in turn underwent hydrolysis to form aldehyde 194.  

 

Scheme 38: Synthesis of compound 194 by Nishikawa et al. 

The final objectives to synthesize the core structure of tagetitoxin was the conversion of the 

aldehyde into an amide and formation of a thioketal functionality. Surprisingly, the authors 

accomplished both these goals in one step (Scheme 39). Oxidative amidation of aldehyde 194 

with benzylamine and iodine in methanol produced thioketal 195 rather than the expected 

compound 196. It was postulated, that during the reaction, 196 was produced but then underwent 

acetate cleavage. Additionally, under these conditions, the sulfide was activated with iodine to 

form a sulfonium ion which was then trapped by a methanol molecule furnishing 195. 

Acetylation of 195 gave the tagetitoxin core structure 197. 
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Scheme 39: Synthesis of the core structure of tagetitoxin (197) by Nishikawa et al. 

In summary, Nishikawa et al. synthesized the first fully functionalized tagetitoxin core. Their 

key methodology in constructing the bicyclic ring system involved the deprotection of a 

thioacetate and concomitant intramolecular conjugate addition of the free thiolate on a vinyl 

sulfoxide. Moreover, compared to previously synthesized tagetitoxin core structures,24,31 

compound 197 is the only one which has a carboxylic derivative on the pyranoid core of the 

natural product (which was accomplished by the synthesis and subsequent ring opening of a 

spiro-epoxyacetal).  

Previous Work in The Page Group  

The targets in all previous studies in the Page group towards the synthesis of tagetitoxin have 

been structures 2a and 2b.43ï45 There have been several routes attempted by the Page group to 

make the bicyclic core of structures 2a and 2b. In all routes, the planned synthesis of the 1,4-

oxathiane moiety in the bicyclic core has been based upon Porter and co-workersô methodology 

where a thioacetyl functionality is deprotected leading to an in-situ cyclization of a free thiol or 

thiolate onto a ketone.24  
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Roy 

Early studies in the Page group towards the synthesis of tagetitoxin were carried out by Claud-

Éric Roy.43 Their synthetic pathways generally started from non-cyclic materials (such as mucic 

acid or meso-tartaric acid) before moving on to cyclic starting materials such as D-mannose.  

Mucic Acid Route 

The first strategy of the group began from a non-cyclic starting materiel mucic acid (Scheme 

40).  

 

Scheme 40: Retrosynthesis of the target bicyclic structure 198 from mucic acid. 

In this strategy, bicyclic precursor 199 could be derived from 200 by activating the hydroxyl into 

a good leaving group and then displacing it with a thioacetate nucleophile. The fully 

functionalized pyranoid core 200, could be made from cyclization in terminal epoxide 201. This 
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epoxide intermediate 201 could be synthesized from di-ketoester 202 via a Wittig or Tebbe 

olefination-epoxidation sequence or a Corey-Chaykovsky reaction on one of the ketones.46ï48 

Compound 202 could be formed by a Krapcho decarboxylation of the two esters, other than the 

two Ŭ-ketoesters in 203. Enolization of both esters in 204, which then undergo nucleophilic 

attack on an esterified derivative of oxalic acid could then lead to the installation of the two Ŭ-

ketoester moieties seen in 203. Finally, 204 could be synthesized from readily available mucic 

acid 205 by esterification of the two carboxylic acid moieties followed by relevant hydroxyl 

group protection.  

Roy began the route by synthesizing compound 207 in two steps from mucic acid 205 (Scheme 

41) as described by Hirsch et al.49 These steps were a Fischer esterification to form bis-methyl 

ester 206 which was then treated with acid in acetone to furnish bis-acetonide 207. However, 

only low yields (17-25%) of 207 were obtained; changing the acid catalyst led to either lower 

yields or decomposition.    

 

Scheme 41: Two-step synthesis of 207 from mucic acid 205. 

The next planned step in the synthesis was the insertion of the two Ŭ-ketoester moieties to give 

208 (Scheme 42 and Table 3).  

 

Scheme 42: Acylation attempts of 207. 
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Entry  Base Solvent  Temperature/oC Result 

150 EtONa EtOH rt SM 

2 NaH THF 0 SM 

3 LDA THF -78 SM 

4 LDA THF -78 SM 

 

Table 3: Conditions reported for the acylation attempts of compound 166 

This was initially attempted using Kaganôs conditions,50 where sodium ethoxide was used as a 

base (to form the ester enolates), and diethyl oxalate used as the electrophile. Under these 

conditions, however, only starting material was recovered (entry 1). Consequently, the group 

used stronger bases such as sodium hydride and lithium diisopropylamide (LDA) but this 

similarly led to full starting material recovery (entries 2 to 4).   

To investigate the failure of this reaction, the group attempted to alkylate 207 to assess the 

reactivity of the carbon being deprotonated. Only starting material, however, was observed when 

using ethyl iodide as the alkylating agent with the same bases used in the attempted acylation 

(LDA and sodium hydride). This unexpectedly suggests that under these conditions, the ester 

enolate of 207 is not generated or not reactive enough to attack the diethyl oxalate in a 

nucleophilic manner.  

This route was therefore abandoned due to the low yields obtained with bis-acetonide 207 as 

well as the failure in producing bis-ketoester 208.  

Tartaric Acid Route  

The group then moved onto a different strategy starting from meso-tartaric acid (Scheme 43). 
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Scheme 43: Retrosynthesis of the target bicyclic structure 198 from meso-tartaric acid. 

In this route, bicyclic precursor 199 could be formed from 209 by deprotection of the exo-cyclic 

secondary hydroxyl group and then subsequent oxidation of the Ŭ-hydroxyester to an Ŭ-ketoester. 

Similarly to the retrosynthetic analysis in the mucic acid route, the thioacetate moiety could be 

incorporated into the structure 210 by displacement chemistry. Intermediate 210 could be 

derived by reaction between the anomeric ester enolate of 211 with formaldehyde. The 

functionalized pyranoid core 211 could be made by a 6-exo-tet cyclization from attack of a 

nucleophilic hydroxyl onto an activated hydroxyl group (e.g. sulfonate ester) in the cyclic 
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precursor 212, which in turn could be made by the bis-dihydroxylation of 213. The bis-

alkenylcarboxylic ester 213 could be synthesized by a Wittig olefination on both aldehydes of 

214. Finally, esterification and relevant hydroxyl group protection on meso-tartaric acid followed 

by ester reduction would furnish dialdehyde intermediate 214. 

It was planned that the synthesis would be first attempted with racemic tartaric acid and then the 

optimized conditions would be applied to meso-tartaric acid (due to the high cost of the latter).  

Using Carmackôs procedure,51,52 Roy synthesized intermediate (+)-218 from racemic tartaric acid 

217 (Scheme 44). In this one-pot reaction, under acidic conditions (p-toluenesulfonic acid) in 

methanol and 2,2-dimethoxypropane under reflux, both carboxylic acids underwent a Fischer 

esterification in addition to the ketalization of the diol functionality. Although it was 

advantageous to have both the esterification and ketalization in one pot, the reaction was 

capricious, since results varied from quantitative yields of (+)-218 to complex mixtures with 

undesired side products such as acid (+)-219 and (+)-220.   

 

Scheme 44: Synthesis of (+)-218 from racemic tartaric acid (+)-217. 

The next target in this strategy, was the synthesis of dialkene (+)-222 from (+)-218 by a one-pot 

bis-[ester reduction/Wittig olefination] (Scheme 45). In this step, the diester was reduced to the 

dialdehyde (+)-221 using diisobutylaluminium hydride (DIBAL) which was followed by a 

Wittig olefination of the formed aldehydes. It was observed that for the reduction, the addition 

rate of the hydride and reaction time were significant variables that required optimization to 

avoid starting material decomposition or full reduction of the esters to alcohol moieties. After 3 

hours at -78 oC, the Wittig ylide was then added to the reaction mixture, which led to an 

inseparable mixture of the (E,E)-dialkene (+)-222 and its geometric isomer (Z,Z)-dialkene (+)-

223. Since, however, it was important to perform the next steps with only one isomer (to help 
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with the potential isolation of cyclized compound 211 later on in the synthesis), this mixture was 

not used further in the synthesis.   

 

Scheme 45: One-pot bis-[ester reduction/Wittig olefination] of intermediate (+)-218 

With the goal being to isolate only one geometric isomer of the dialkene, Roy planned to adapt a 

synthesis carried out by Saito et al.,53 since they succeeded in making the (E,E)-dialkene (+)-222 

from a one-pot bis-[ester reduction/Horner Wadsworth-Emmons olefination] on (+)-224 

(Scheme 46). Saito et al. conclude that this type of diester starting material (with acetonide 

protecting group and isopropylic esters) in a toluene-hexane solvent system with 

diisopropylphosphonate as the Horner Wadsworth-Emmons (HWE) olefination reagent were key 

features for the success of the reaction.53  

 

Scheme 46: Saito and co-workersô synthesis of dialkene 222 from compound 224.53 

However, Roy intended to perform this bis-[ester reduction/HWE] on isopropylic diester 225 

rather than (+)-224. The synthesis would, therefore, be started from meso- rather than rac-tartaric 

acid (despite the high cost of the former). Thus, isopropylic diester 226 was synthesized in two 

steps from meso-tartaric acid 216 by a Fischer esterification and subsequent ketalization.  

(Scheme 47). 
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Scheme 47: Two-step synthesis of 226 from meso-tartaric acid 216. 

Roy then attempted the bis-[ester reduction/HWE] on 225 using conditions reported from Saito 

et al. (Scheme 48).53 However, only low yields (13-15%) of dialkene 227 were obtained. 

Changing reaction times, rate of addition of reagents as well as the base that deprotonates the 

phosphonate from n-BuLi to non-nucleophilic LDA led to no improvement in yield. 

 

Scheme 48: One-pot bis-[ester reduction/HWE olefination] of 226. 

Despite the poor yields for dialkene 227, the bis-dihydroxylation using AD mix-ɓ was attempted 

(Scheme 49). The crude 1H NMR spectrum, however, showed a resultant complex mixture. 

Purification attempts by chromatography on silica gel or alumina proved futile because the 

mixture was lost with no recovery possibly due to its polarity.   

 

Scheme 49: Failed synthesis of 228 by bis-dihydroxylation of 227. 
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The low yields of the dialkene 227 in addition to no single isolable product from the bis-

dihydroxylation, led the group to focus on a different strategy.   

Darzens Route 

Roy then moved onto a strategy with the cyclic starting material D-mannose (Scheme 50).  

 

Scheme 50: Retrosynthesis of target structure 229 from D-mannose 235 in the Darzens route. 

In this strategy, structure 229 is the synthetic target. If 229 were successfully made, the strategy 

would then be modified to install an ester on the thiohemiketal centre. The target precursor 230 

could be synthesized from 231 in three-steps: selective acetonide hydrolysis; primary hydroxyl 

protection; and oxidation of the secondary alcohol. The insertion of the thioacetyl-methylene 

moiety on 232 to afford 231 is identical to the aforementioned methodology in the meso-tartaric 

acid route. The synthesis of the pyranoid core in 232 could be achieved by a 6-endo-tet 
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cyclization in glycidic ester 233 followed by a protection of the OH on C-2. This glycidic ester 

233 could form from a Darzens reaction between an Ŭ-haloester and diacetone mannose (DAM) 

234. Finally, DAM 234 could be synthesized from D-mannose 235 using acid catalysis in an 

acetone solvent.   

The key feature in this route is the proposed Darzens condensation reaction involving a 

nucleophilic addition of an Ŭ-haloester (using enolate chemistry) on the acyclic hydroxy-

aldehyde form of DAM 234 followed by a 3-exo-tet cyclization to give epoxide 233 (Scheme 

51). This reaction exploits the aldehyde chemical properties that most cyclic carbohydrate 

derivatives have, arising from the equilibrium between the óclosedô lactol form and the óopenô 

hydroxy-aldehyde form. Furthermore, in intermediate 236, competing with the 3-exo-tet 

cyclization for epoxide formation, a 6-exo-tet cyclization could occur to give the desired 

glycoside 237. Alternatively, even if epoxide formation occurs in the reaction, the formed 

epoxide intermediate could undergo a concomitant 6-endo-tet cyclization (although in 

competition with the more favourable undesired 5-exo-tet cyclization) to give the C-glycosyl 

ester 237.  

 

Scheme 51: Proposed mechanism for the Darzens reaction on DAM 234. 

For the first step of the route, Roy synthesized DAM from D-mannose using a literature 

procedure from Schmidt et al. (Scheme 52).54 The reaction occurred by the protection of the cis-
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hydroxyl groups in the furanose form of D-Mannose with isopropylidene groups. It was observed 

that neutralization of the crude reaction mixture prior to second stage of the reaction was critical, 

since without doing this only decomposition was observed.   

 

Scheme 52: Synthesis of DAM 234 from D-mannose 235. 

Subsequently the Darzens reaction on DAM was attempted (Scheme 53). However, only starting 

material was observed in the reaction, despite trying different deprotonation conditions for the 

addition of the Ŭ-haloester.  

 

Scheme 53: Attempted Darzens reaction on DAM 234. 

As a result, the group modified their strategy (Scheme 54). In this approach, the Darzens 

reaction would occur on a protected derivative of the óopenô form of DAM. Then basic 

deprotection and concomitant 6-endo-tet cyclization would then eventually lead to glycoside 

237.  
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Scheme 54: Proposed synthetic approach to pyranoid 237. 

To make this protected derivative, Roy followed a synthesis performed by Hashimoto et al. 

(Scheme 55).55 In this synthesis diol 241, was synthesized by the total reduction of the lactol 

functionality in DAM 234 using LAH. A selective benzoylation on the primary hydroxyl group 

and subsequent silylation on the secondary alcohol then afforded 243. Deprotection of the 

benzoyl group and subsequent oxidation of the resulting primary alcohol furnished aldehyde 245.  

 

Scheme 55: Hashimoto and co-workersô five-step synthesis of aldehyde 245 from DAM 234. 55 

Although benzoyl 242 was reached easily by Roy using Hashimoto and co-workersô conditions, 

difficulties were encountered in the ensuing silylation of the secondary alcohol. The use of 

TBSCl was concluded to be ineffective under the conditions reported by Hashimoto et al.,55 as 
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only decomposition was observed. The use of the more electrophilic silylating agent TBSOTf, 

with N,N-Diisopropylethylamine (DIPEA) in Et2O, however, did furnish compound 243 but in 

low yield (37%). After Roy successfully isolated alcohol 244 in quantitative yield from the 

saponification of the benzoyl functionality in 243, the oxidation to the target aldehyde 245 was 

then attempted. Surprisingly when using Moffatt-Pfitzner methodology as reported in Hashimoto 

and co-workersô synthesis,55 only a mixture of starting material and decomposition was seen. 

Even applying range of other oxidations (Parikh-Doering, Swern and hypervalent iodine 

mediated oxidations) were similarly unsuccessful.  

As a result, Roy planned to follow a synthesis towards an alternate protected aldehyde species 

with an acetyl protected secondary hydroxyl group published by Lopéz-Herrera et al. (Scheme 

56).56 The route consisted of a Wittig olefination of DAM forming terminal alkene 246, then 

acetyl protection followed by ozonolysis yielding aldehyde 248. An advantage of  this synthesis 

was fewer steps compared to the synthesis of aldehyde 245 reported by Hashimoto and co-

workers.55  

 

Scheme 56: Lopéz-Herrera and co-workersô three-step synthesis of aldehyde 248 from DAM 

234.56 

The Wittig olefination on DAM 234 carried out by Roy, appeared capricious as terminal alkene 

246 was formed in yields varying from 47% to 76%. Acetylation (84-97% yield) and sequent 

ozonolysis (up to 100% yield), however, proceeded smoothly to afford the desired aldehyde 248.   

The next step in the synthesis was the Darzens condensation on aldehyde 248 (Scheme 57). In 

both conditions attempted, glycidic ester 249 was not isolated. When the reaction was performed 

with LDA, only DAM was recovered. When using the milder base t-BuOK, mainly starting 

material and a small amount of DAM was isolated. The formation of DAM in both conditions 
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could be explained by an in-situ deprotection of the acetate by the deprotonated bromoacetate 

nucleophile liberating an anionic oxygen which could attack the aldehyde yielding DAM.  

 

Scheme 57: Failed Darzens reactions of aldehyde 248. 

This route was abandoned due to the inability to isolate glycidic ester 249. 

Pearce 

Continuing the work of Claude-Eric Roy, Pearce undertook a variety of routes starting from 

DAM 234.44 

Dithioacetal Route 

The first route attempted by Pearce involved the nucleophilic addition of a masked Ŭ-ketoester 

onto DAM 234 (Scheme 58). 
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Scheme 58: Retrosynthesis of target structure 229 from DAM 234 in the dithioacetal route. 

The synthetic target 229 could be derived from intermediate 232 by the same methodology 

mentioned in the Darzens route.43 Pearce proposed that pyranose 250 could lead to 232 in a 

three-step sequence involving selective protection of the C-2 hydroxyl group, activation of the 

anomeric alcohol into a good leaving group and displacement of the latter with a hydride source. 

Pyranose 250 could be obtained by dethioketalization of 251, which in turn, would trigger a 6-

exo-trig cyclization. The nucleophilic addition of a deprotonated 1,3-dithiane-2-carboxylate ester 

derivative on DAM 234 would yield intermediate 251. Finally DAM 234 would be made from 

D-mannose 235 in identical fashion to previous work in the group.43 
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This route was largely inspired by the synthesis of intermediate 253 from DAM 234 reported by 

Reiner and Schmidt (Scheme 59).57 Pearce planned to reproduce this synthesis except but 

without performing the transesterification after the dethioketalization.  

 

Scheme 59: Reiner and Schmidtôs two-step synthesis of pyranose 253 from DAM 234. 

After synthesizing DAM 234 from D-mannose 235, Pearce then attempted the nucleophilic 

addition of ethyl 1,3-dithiane-2-carboxylate onto DAM with the goal of making 252. The group 

decided to modify Reiner and Schmidtôs procedure by not using MgBr2 (for practicality reasons); 

therefore DAM 234 was added to a lithiated 1,3-dithiane derivative rather than a Grignard 

reagent 1,3-dithiane derivative, but only DAM was recovered. The group rationalized this 

observation by suggesting that the lithiated dithiane acted as a base rather than a nucleophile on 

the open hydroxy-aldehyde form of DAM to reform the closed lactol form. When repeating the 

conditions from the literature,57 high yields of up to 98% of 252 were obtained, though the yields 

did decrease on a scale less than 10g of DAM. 

The next step in this strategy involved the dethioketalization and in-situ cyclization of the 

hydroxyl group onto the formed ketone (Scheme 60 and Table 4).  

 

Scheme 60: Dethioketalization attempts of 252. 
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Table 4: Conditions and results reported for dethioketalization attempts of compound 252. 

When using NBS in aqueous acetone (entry 1) as reported by Reiner and Schmidt,57 pyranose 

254 was isolated albeit in low yields (up to 40%). In addition to poor yields, there were 

scalability issues, where masses greater than ~200 mg of 252 led to little or no product and 

purification issues, due to the production of vast impurities in comparison to small yields of 254. 

The stereochemistry of the resulting pyranose was confirmed by X-ray crystallography. To 

improve the yields, a variety of other dethioketalization procedures were attempted, such as the 

use of different halide donors (entries 2-4), mercury reagents (entries 5-6),58,59 oxidants (entries 

8-10)60ï62 and the use of methyl iodide (entry 11). None of these methods, however, led to any 

improvements; the only one with comparable success to NBS (entry 1) were the use of NIS 

(entry 2) and DBDMH (entry 4), presumably because of the dithiane deprotection mechanism of 

all three reagents being identical.  

It was noticeable that in many dethioketalization conditions, DAM 234 was isolated which led 

the group to propose a mechanism for this (Scheme 61).  

Entry  Reagents and Conditions Result 

157 NBS, 97% aqueous acetone, 0 oC, 3 min 40% 254 

2 NIS, Acetone, 0 °C, 3 min  40% 254 

3 NCS, Acetone, 0 °C, 3 min  10% 254 

4 DBDMH, Acetone, 0 °C, 3 min  40% 254 

558 HgCl2, (MeOH/H2O 9:1) reflux, 18 h DAM 234 

659 HgO, (MeOH/H2O 9:1) reflux, 18 h  DAM 234 

860 H2O2 (MeOH/H2O 5:1) 6 h  DAM 234 

961 mCPBA, DCM, RT, 4 h  DAM 234 

1062 Oxone® DCM, RT, 4 h  DAM 234 

11 MeI, DCM, reflux, 2 h  SM 
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Scheme 61: Proposed mechanism for DAM 234 production in the dethioketalization attempts of 

252. 

Despite the low yields of the dethioketalization, Pearce decided to continue the route with the 

next step being the selective protection of the hydroxyl group on the C-2 position in 254. 

Attempts to protect the hydroxyl group as a TBDPS ether failed even after refluxing for several 

days; this failure was attributed to a steric rationale. Nevertheless, TBS and TIPS protection of 

the C-2 hydroxyl were achieved (Scheme 62), though only at low yields for the former. 

 

Scheme 62: Synthesis of silyl ethers 255 and 256. 

Pearce then attempted to activate the anomeric hydroxyl group. Initially, the hydroxyl group was 

methylated (Scheme 63), since there was literature precedent for the reductive cleavage of 

anomeric methoxy groups using triethylsilane and TMSOTf from Gray et al.63 The group also 

mesylated and acetylated the anomeric alcohol as they thought the reduction of the mesylated 

compound would be easier to achieve due to better leaving group ability of the mesylate and acyl 

groups compared to the methoxy group.  
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Scheme 63: Activation of anomeric hydroxyl group in 255 and 256. 

The reduction of the methylated, acetylated and mesylated products (257-260) using Et3SiH and 

TMSOTf according to the literature63 was unsuccessful (Scheme 64). Consequently, the group 

tried a range of combinations of Lewis acids (BF3.Et2O, AlCl3 and TiCl4) and hydride reductants 

(Et3SiH and NaBH3CN) but only starting material was recovered.  

 

Scheme 64: Failed reductions of anomeric centre in compounds 257 ï 260. 

Due to the low yields obtained in the dethioketalization and the failure of the reductions, the 

group decided to develop a new route.  

Reduction Route 

In order to synthesize target 229, Pearce persevered with the dethioketalization strategy but 

aimed to reduce and thereby effectively remove the ester moiety. This would lead to the 
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dethioketalization and removal of the anomeric hydroxyl group being attempted on different 

substrates, as compared to the dithioacetal route (Scheme 65).  

 

Scheme 65: Retrosynthesis of target structure 229 from DAM 234 in the Reduction route. 

The retrosynthetic analysis for target 229 from intermediate 232 is identical to previous routes 

(i.e. the dithioacetal and Darzens routes). Structure 232 could derive from 261 in three steps: a 

selective deprotection of the methylene alcohol; primary alcohol oxidation to the carboxylic acid; 

followed by esterification. Activation and subsequent removal of the anomeric hydroxyl group in 

pyranose 262 could form intermediate 261. Pyranose 262 could be formed from 

dethioketalization of intermediate 263, which in turn could be made by the reduction of the ester 

moiety in 251 and then protection of the primary alcohol.  Structure 251 could be synthesized 
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from D-mannose in 2 steps as previously achieved by Pearce in the dithioacetal route (where 

ester 252 was made). 

Starting from compound 252, the group successfully reduced the ethyl ester moiety using LAH 

to afford triol 264 (Scheme 66). Selective protection of the primary alcohol in 264 with an acetyl 

group proved challenging in any conditions using DMAP, since only the tri-acetylated 

compound 265 and starting material were recovered. Standard acetylation conditions without 

DMAP, however, afforded compound 266 in good yield. Pearce also formed the tert-

butyldiphenylsilyl (TBDPS) ether of primary hydroxyl group albeit in low yield (18%).  

 

Scheme 66: Synthesis of compounds 266 and 267. 

Compounds 266 and 267 were then subjected to the dethioketalization reaction (Scheme 67). 

Treatment with NBS in aqueous acetone led to no desired product, although replacing NBS with 

DBDMH gave pyranoses 268 and 269 in good yield.  
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Scheme 67: Dethioketalization of compounds 266 and 267. 

The next step of the route was the reduction of the anomeric position in 268 and 269 using 

Grayôs conditions (Scheme 68).63 Unfortunately, under these conditions only decomposition of 

268 and 269 observed.   

 

Scheme 68: Failed reductions of anomeric centre using Grayôs conditions.63 

As a result, the group opted to methylate the anomeric and C-2 hydroxyl groups in 268 and 269 in 

anticipation that this would aid removal of the anomeric hydroxyl group in the later reduction. 

However attempted methylations on 268 and 269 only led to decomposition (Scheme 69). 
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Scheme 69: Failed methylation of compounds 268 and 269. 

The unsuccessful attempted reductions of the anomeric centre and dimethylations steered the 

group away from the dethioketalization strategy in developing a new route.  

Wittig Route 

Pearce then opted for a different approach to reach target 229; this involved a Wittig reaction on 

DAM to introduce the ester moiety instead of the nucleophilic addition of a deprotonated 

functionalized dithiane in his previous routes (Scheme 70).  



77 
 

 

Scheme 70: Retrosynthesis of target structure 229 from DAM 234 in the Wittig route. 

As explained in previous routes, target 229 could be derived from 232. Similarly to the Darzens 

route performed by Roy,43 the pyranoid core of 232 could be made by the deprotection of the 

secondary alcohol in glycidic ester 240 and concomitant 6-endo-tet cyclization. Glycidic ester 

240 could originate from epoxidation of alkene 274, which in turn could be made from a Wittig 

olefination of DAM 234 using an ester-stabilized ylide.  

After synthesizing, the ethyl ester-stabilized ylide (from refluxing ethyl bromoacetate and 

triphenylphosphine in toluene followed by a NaOH wash), the Wittig olefination on DAM was 

attempted using previously published conditions (Scheme 71).64 Under these conditions, the 

major E-alkene 275 and minor Z-alkene 276 products were isolated. The minor Z-alkene 276 was 
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discarded, presumably due to the low yields of the latter (10ï20%). Hence, Pearce proceeded to 

the next step only with E-alkene 275.  

 

Scheme 71: Wittig olefination of DAM 234. 

Acetylation of the secondary alcohol in E-alkene 275 was then achieved to afford compound 277 

(Scheme 72).   

 

Scheme 72: Acetylation of compound 275. 

The group then aimed to synthesize glycidic ester 278 (Scheme 73). However, despite trying a 

range of epoxidation conditions, the glycidic ester was not isolated nor even observed.  

 

Scheme 73: Failed epoxidations of alkene 277. 
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The disappointing epoxidation results, led the group to slightly modify their methodology by 

devising other cyclization methods (Scheme 74). In this new strategy, a bromination on the 

unprotected E-alkene 275 would be performed; this could cause a 6-endo-tet cyclization (albeit 

in competition with the more favourable 5-exo-tet cyclization) of the secondary alcohol onto the 

bromonium ion to afford 279. Subsequent displacement of the bromine on the C-2 with an 

oxygen nucleophile could afford pyranoid 280.     

 

Scheme 74: Proposed synthetic approach to pyranoid 280. 

Regrettably, the attempted bromination involving the addition of neat bromine to a solution of 

275 in DCM at 0 oC led to a complex mixture, from which neither pyranoid 279 nor the 1,2-

dibrominated compound were isolated.  

Finally, Pearce planned one last strategy starting from the acetyl-protected alkene 277, whereby 

instead of functionalizing the alkene, a reduction would be attempted (Scheme 75).  
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Scheme 75: Retrosynthesis of target structure 281 from alkene 277. 

The only disadvantage of this strategy was the absence of a functionality on the C-2 position. If, 

however, synthetic target 281 was successfully made, however, methods to functionalize the C-2 

position would be revisited. The retrosynthetic analysis for target 281 from 284 is identical in 

methodology to the previous target 229 from compound 232 (as mentioned in earlier routes). 

Compound 284 could be made from alkene 277 in three steps. Alkene 277 could firstly be 

reduced by a hydrogenation to give compound 286. Then the ester in 286 could undergo an Ŭ-

halogenation to form 285, offering a good leaving group alpha to the ester and thus subsequent 

cleavage of the acetate group could trigger a 6-exo-tet cyclization to afford C-glycoside 284.  



81 
 

Pearce successfully reduced alkene 277 with hydrogen gas over palladium on carbon to yield 

286. The following Ŭ-halogenation of the ester, however, proved difficult (Scheme 76 and Table 

5).  

 

Scheme 76: Ŭ-Halogenations of ester 286. 

 

 

 

 

 

 

Table 5: Conditions and results reported for ester Ŭ-halogenation attempts of 286. 

Initially the group used Rathkeôs conditions which involved the use of LDA and iodine as the 

halogen donor but only starting material was isolated from the reaction (entry 1).65 The group 

then tested a variety of other bases and halogen donors (entries 2 to 6), though again only starting 

material was recovered. 

To identify the failure of these ester Ŭ-halogenation reactions, the group tried to alkylate 286 

with methyl iodide using LDA as the base (Scheme 77). This would establish whether the 

lithium ester enolate of 286 is generated prior to the addition of the halogen donor. Surprisingly, 

no trace of compound 287 was observed suggesting the lithium ester enolate was not formed.  

Entry  Reagents and Conditions Result 

165 I2, LDA, THF, -78 °C to rt SM 

2 Br2, LDA, THF, -20 °C to rt  SM 

3 Br2, t-BuLi, HMPA, THF, -78 °C to rt  SM 

4 I2, DBU, DCM, rt  SM 

5 NBS, NEt3, DCM, rt  SM 

6 NCS, LDA, THF, -78 °C to rt SM 
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Scheme 77: Attempted alkylation of ester 286. 

The lack of success in functionalizing alkenes 275 and 277 and incorporating a halide leaving 

group alpha to the ester in 286, led to the abandonment of this route. 

Mahoney 

Following Pearce, Mahoney generally attempted a range of strategies to optimise the dithioacetal 

route (previously established by Pearce), to improve the routeôs feasibility and to progress further 

in the synthesis of the target 229.45  

Samarium Diiodide Route 

This first route carried out by Mahoney, specifically targeted the main problems encountered by 

Pearce in the dithioacetal route. These were poor yields, scalability and purification issues in the 

dethioketalization of compound 252 and the inability to remove the anomeric hydroxyl group 

from 255 and 256.44 It was hoped that in the samarium diiodide route would overcome these 

problems (Scheme 78). This is because the dethioketalization would be attempted on a different 

compound as compared to the dithioacetal route. Additionally, instead of the reductive cleavage 

of a methoxy or mesylate group on the anomeric position using a hydride or hydrosilane 

reductant endeavoured in the dithioacetal route, a samarium diiodide promoted coupling between 

the anomeric acetate 289 and formaldehyde would be attempted. If this coupling reaction were 

successful, then the removal of the anomeric oxygen functionality and the introduction of a 

methylene alcohol group could be achieved in one step.  
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Scheme 78: Retrosynthesis of target 229 from DAM 234 in the samarium diiodide route. 

The retrosynthesis for target 229 from intermediate 231 is identical to previous routes undertaken 

in the group, for example the Darzens and dithioacetal routes. Intermediate 231 could form by 

activation of the primary alcohol in 288 followed by a displacement with a thioacetate 

nucleophile. Using samarium diiodide and a formaldehyde electrophile, alcohol 288 could be 

made from anomeric acetate 289, which could be obtained from acetylation of pyranose 290. The 

selective deprotection of ORô in the Ŭ-ketoester 291 should trigger a 6-exo-trig cyclization 

affording pyranose 290. The dethioketalization in this route would be attempted on dithioketal 

292 to yield compound 291. Moreover, compound 292 could be formed from the nucleophilic 

addition of a deprotonated derivative of ethyl 1,3-dithiane-2-carboxylate onto aldehyde 239 

followed by the protection of the formed secondary alcohol. The synthesis of aldehyde 239 could 

be achieved by a sequence of protections and deprotections on diol 241 followed by an oxidation 

of the primary alcohol. The LAH reduction of DAM using previous conditions in the group,43 

would furnish diol 241.  
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The key feature of this route is the samarium diiodide mediated coupling reaction between 

formaldehyde and compound 289. This was inspired by Malapelle et al. who succeeded in the 

transformation of the anomeric acetate in their N-acetylneuraminic acid derivative to the 

corresponding alcohol using samarium diiodide and a range of aldehydes and ketones (Scheme 

79).66 Malapelle and co-workers proposed that a samarium ester enolate was formed on the 

anomeric position which then reacted with an aldehyde or ketone electrophile to eventually 

furnish the resultant alcohols 294.66 Mahoney planned to apply this methodology to anomeric 

acetate 289 with a formaldehyde electrophile.  

 

Scheme 79: Malapelle and co-workersô synthesis of compounds 294 from 293 using samarium 

diiodide and a range of aldehydes and ketones.66 

The synthesis began, with the LAH reduction of DAM using previous conditions employed by 

the group (Scheme 80).43 The following steps comprised of successive selective protections and 

deprotections of both alcohols to ultimately reach alcohol 297.  
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Scheme 80: Four-step synthesis of compound 297 from DAM 234. 

Mahoney, then attempted a Swern oxidation on 297 followed by a nucleophilic addition of the 

functionalized dithiane derivative (Scheme 81), but in the latter step only DAM 234 was 

isolated. To explain this result, Mahoney proposed that the MOM ether was surprisingly 

deprotected in these conditions, producing the alkoxide form of the hydroxy aldehyde, which is 

in equilibrium with DAM 234.  

 

Scheme 81: Failed synthesis of 298 from 297. 
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Due to this setback, Mahoney decided to form pyranose 254 from DAM 234 in two steps using 

the same synthesis previously completed by Pearce in the dithioacetal route (Scheme 59). Then 

after acetylating both hydroxyl groups in 254 (Scheme 82), Mahoney planned to apply the 

samarium diiodide methodology on the anomeric acetate 299. Despite numerous attempts, the 

group failed to isolate 300 in the presence of samarium diiodide and paraformaldehyde. They 

attributed this failure to possible poor quality of the commercially available samarium diiodide 

solution in THF (since they noticed significant degradation over time). Attempts to synthesize 

their own samarium diiodide solution, however, were unsuccessful. 

 

Scheme 82: Attempted synthesis of 300. 

The failure to couple formaldehyde with 299 using samarium diiodide led Mahoney to 

investigate alternate strategies to synthesize the tagetitoxin bicyclic core 229.  

Nitrile -Dithiane and Methyl Ester-Dithiane Route  

Mahoneyôs next route was identical to the dithioacetal route performed by Pearce with the 

exception of having a nitrile or methyl ester instead of an ethyl ester moiety (Scheme 83). It was 

hoped, that this change could improve the yields of the dethioketalization and aid in the removal 

of the anomeric hydroxyl group in 305.   
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Scheme 83: Retrosynthesis of target 301 from DAM 234 in the nitrile-dithiane and methyl ester- 

dithiane route. 

The retrosynthetic analysis for 301 from DAM 234 is identical in methodology to the 

retrosynthesis of 229 in the dithioacetal route (the only difference being the nature of the 

carboxylic acid derivative on the C-1 position).   

In order to incorporate the nitrile or methyl ester functionality in the target 301, the 

functionalized dithiane derivative undergoing nucleophilic addition on DAM would have a 

nitrile or methyl ester moiety instead of an ethyl ester moiety.  Since these particular dithiane 

derivatives are not commercially available (unlike ethyl 1,3-dithiane-2-carboxylate), the first 

goal of the route was to synthesize these derivatives.  
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Using conditions previously published by the Page group in the literature,67 the synthesis of 2-

cyano-1,3-dithiane 309 was accomplished in two steps from 1,3-dithiane 307 (Scheme 84). The 

first step involved a hydride abstraction of 1,3-dithiane 307 when treated with 

triphenylcarbenium tetrafluoroborate in DCM under reflux to furnish salt 308. Addition of 

TMSCN to the salt 308 afforded the desired functionalized dithiane 309.    

 

Scheme 84: Two-step synthesis of 2-cyano-1,3-dithiane 309 from 1,3-dithiane 307 

The synthesis of methyl 1,3-dithiane-2-carboxylate 311 was also achieved in two steps from 1,3-

dithiane 307 (Scheme 85). This synthesis involved the lithiation of the 1,3-dithiane and ensuing 

nucleophilic addition onto solid carbon dioxide to furnish carboxylic acid 310 after acidic work-

up. This was followed by a Fischer esterification to yield 311.  

 

Scheme 85: Two-step synthesis of ethyl 1,3-dithiane-2-carboxylate 311 from 1,3-dithiane 307 

The next aim of the group was to perform the nucleophilic addition of these functionalized 

dithiane derivatives 309 and 311 on DAM 234 (Scheme 86). Regrettably, under the same 

conditions used previously to synthesize 252 in the dithioacetal route, compounds 306 were not 

formed.  



89 
 

 

Scheme 86: Attempted synthesis of compounds 306. 

These unsuccessful results led Mahoney to devise a new synthetic route away from the dithiane 

strategy.  

KDO Route  

The group devised a new synthesis to target 312 from DAM 234; although, there would be and 

absent functionality on the C-2 position (Scheme 87). If successful, however, this methodology 

would be revised to install an oxygen functionality on this position.  
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Scheme 87: Retrosynthesis of target 312 from DAM 234 in the KDO route. 

The target bicyclic core 312 could be derived from 315 by the same methodology mentioned in 

aforementioned earlier routes for 229 from 232. The pyranoid core 315 could be constructed by 

the formation of an ester enolate of 316, which could consequently displace a leaving group in a 

cyclization reaction. Deprotection of the primary alcohol in 317 and subsequent transformation 

into a good leaving group (e.g. halide or sulfonate ester) would furnish 316. The ester moiety 

would be introduced into the structure by selective protection of the primary alcohol in diol 241 

followed by alkylation of the secondary alcohol with an Ŭ-halo ester. As already synthesized in 

the samarium diiodide route and Darzens route, diol 241 would be formed by the LAH reduction 

of DAM 234 (e.g. Scheme 80).  
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This route was largely inspired by the production of intermediate 322 part of Ohrui and co-

workersô synthetic route towards 3-deoxy-D-manno-oct-2-ulosonic acid (KDO).68 In this route, 

Ohrui et al. made pyranoid 322 from diol 241 in 5 steps using the methodology outlined in the 

above retrosynthetic analysis (Scheme 88).  

 

Scheme 88: Ohrui and co-workersô five step synthesis of pyranoid 322 from diol 241.68 

Mahoney intended, therefore, to replicate this synthesis to reach pyranoid 322. Initially, 

Mahoney was successful in benzylating the primary alcohol in 241 to afford 318 in 90% yield. 

However, after numerous efforts, the ensuing alkylation with ethyl bromoacetate under Ohrui 

and co-workersô conditions failed to furnish compound 319. Attempts to modify the conditions 

such as varying the amounts of sodium hydride or ethyl bromoacetate proved unsuccessful.   

The failure to synthesize ester 319 led Mahoney to discard this route.  
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Overall, work by the Page Group on the synthesis towards tagetitoxin led to a number of 

noteworthy intermediates via a range of strategies, and some of these routes will be explored 

further (described later within this thesis).   

Project  

Synthetic Target 

Despite Aliev et al. contesting the proposed tagetitoxin structures 1 ï 4 due to inconsistencies 

with NMR and MS data,8 the aim of this project was to complete a total synthesis of structures 

2a and 2b (Figure 9).  

 

Figure 9: Proposed tagetitoxin structures 2a and 2b. 

The two significant reasons for synthesizing structures 2a and 2b are: 

1) Contributing to the debate surrounding the structure of the natural product. There are no 

published total syntheses of any of the proposed tagetitoxin structures 1 ï 5, and if we 

were to chemically synthesize structures 2a and 2b, their characterization data would be 

compared with the data collated from Aliev et al. This would provide evidence to 

support or refute the conclusions made in the literature regarding the structure of 

tagetitoxin.8 

2) From a synthetic perspective, the large number of complex functionalities in 2a and 2b, 

make these structures interesting and challenging targets.  

Complex Functionalities 

The primary aim of this project was to firstly synthesize intermediates 323a and/or 323b (Figure 

10).  
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Figure 10: Ultimate bicyclic targets 323a and 323b in project. 

Intermediates 323a and 323b each contain the bicyclic core of structures 2a and 2b as well as 

key functionalities such as the thiohemiketal and carboxylic acid derivatives. We then envisaged 

phosphate, amino and acetate functionalities could be incorporated into the bicyclic structures 

323a and 323b to achieve a total synthesis (Scheme 89). 

 

Scheme 89: Retrosynthetic analysis of the functional groups on pyranoid core in structures 2a 

and 2b. 

The easiest functionality to install in the structure would be the acetate group by simple 

esterification of a free hydroxyl group on the C-4 centre with a range of acetylating agents (e.g. 

AcCl and Ac2O) under various conditions.  

Incorporation of the amino group would be more challenging since, in addition, the 

stereochemical configuration of the C-3 position has to be inverted. This could be achieved using 

displacement chemistry; the C-3 hydroxyl group could be activated into a good leaving group 

which could be substituted by an azide nucleophile in SN2 fashion. The azide moiety could then 

be reduced into an amino group by a Staudinger reaction or hydrogenation. 
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The phosphorylation of the C-2 hydroxyl group could be achieved by numerous methods with the 

most common being: 

1) Esterification using activated phosphonates (e.g. phosphoric acid chlorides or 

anhydrides). 

2) Esterification using phosphoric acid or a derivative with activating agents such as DCC, 

trichloroacetonitrile or arylsulfonyl chlorides.  

3) Phosphitylation using a phosphoramidite followed by oxidation with a peracid or a 

peroxide (e.g. mCPBA or H2O2).  

The order and the methods in which these three functionalities would be selectively installed 

onto the structure would depend on the type of the protecting groups present on bicyclic 

structures 323a and 323b, in addition to the exact nature of the synthetic route from these 

compounds to structures 2a or 2b. The exact synthetic route would be determined once bicyclic 

323a and/or 323b was synthesized.  

Bicyclic Skeleton  

To reach our ultimate bicyclic targets 323a and 323b (Figure 10), we attempted a variety of 

routes starting from readily available cyclic sugars such as D-mannose and D-galactose.   
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Nitrile -Wittig Route 

Our first synthetic route was similar to the Wittig route previously performed by Pearce,1 with 

the main difference being the presence of a nitrile instead of an ethyl ester functionality (Scheme 

90).  

 

Scheme 90: Retrosynthesis of target structure 324 from D-mannose in the nitrile-Wittig route. 

If this route to target 324 were successful, then this strategy would be adapted to incorporate a 

carboxylic acid derivative alpha to the thiohemiketal centre in order to reach our ultimate 

bicyclic targets 323a and 323b. 

As planned in all previous routes from the Page group,1ï3 the synthesis of the 1,4-oxathiane 

moiety in target 324 is based on the strategy established by Porter and co-workers,4 involving the 
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deprotection of the thioacetate moiety in 325 followed by an in-situ cyclization of the free 

thiol/thiolate onto the ketone. Intermediate 325 could be made from the selective hydrolysis of 

the exo-cyclic isopropylidene group in 326, followed by protection of the primary alcohol and 

oxidation of the secondary alcohol.  The installation of the thioacetyl-methylene moiety in 326 

could be achieved in three steps: condensation between the anomeric nitrile anion of 327 with a 

formaldehyde electrophile would introduce the hydroxyl methylene functional group; activation 

of the aforementioned hydroxyl into a good leaving group (e.g. halide or sulfonate ester); and 

displacement of the leaving group with a thioacetate nucleophile. A 6-endo-tet cyclization of the 

hydroxyl group on the epoxide in glycidic nitrile 328 would construct the pyranoid core in 327. 

Glycidic nitrile 328 could be formed by an epoxidation of alkene 329, which in turn could be 

derived from a Wittig olefination on DAM 234 with a nitrile stabilized ylide. As previously 

achieved in the Page group, DAM 234 could be synthesized from D-mannose 235 in acetone 

under acidic catalysis.1ï3  

The key feature of this route is the epoxidation of alkene 327. Since the alcohol in alkene 327 is 

not protected, we were hopeful that during the epoxidation step, the intramolecular 6-endo-tet 

cyclization (although in competition with the faster 5-exo-tet cyclization) in glycidic nitrile 328 

would occur to form pyranoid 329. If successful, pyranoid 329 could be reached potentially in at 

least two steps less than if we protected the hydroxyl group prior to the epoxidation, as carried 

out previously by Pearce in the Wittig route.1 

The project began with the synthesis of DAM 234 from D-mannose 235 in 92% yield using 

conditions established from earlier work in the Page group (Scheme 91).1ï3 As discovered 

previously, this procedure did not afford 100% of a single anomer; though this was not important 

since the subsequent Wittig reaction only involves the óopenô hydroxy-aldehyde form of DAM 

234 (thus negating the stereochemistry on the anomeric position).  
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Scheme 91: Synthesis of DAM 234 from D-mannose 235. 

Before the Wittig reaction could be attempted, the nitrile stabilized ylide 332 had to be 

synthesized in two steps from triphenylphosphine 330; this was achieved using conditions from 

Aitken et al.5 Firstly, the phosphonium chloride salt 331 was synthesized in 91% yield via 

displacement chemistry using triphenylphosphine and chloroacetonitrile in ethyl acetate under 

reflux (Scheme 92). The ylide 332 was then isolated in 74% yield by deprotonation of the 

phosphonium ion with a triethylamine base. 

 

Scheme 92: Two-step synthesis of ylide 332 from triphenylphosphine. 

The Wittig reaction between stabilized ylide 332 and DAM 234 was then carried out (Scheme 93 

and Table 6).  

 

Scheme 93: Wittig olefination attempts on DAM 234. 
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Entry  Solvent Result a 

1 THF 77% SM, 18% 333 (ɓ:Ŭ, 63:37) 

2 MeCN 46% SM, 45%  333  (ɓ:Ŭ, 2:1) 

3 Toluene 26% SM, 66%  333  (ɓ:Ŭ, 2:1) 

a The number of moles of recovered DAM 234 and C-glycosides 333 in the 

inseparable mixture were calculated from molar ratios observed in the 1H NMR 

spectrum.  

Table 6: Conditions and results reported for the attempted Wittig olefinations of DAM 234. 

We initially tried standard conditions, whereby DAM 234 and the ylide 332 were heated under 

reflux in THF, MeCN or toluene for 24 h (entries 1 to 3). In each case, TLC appeared to indicate 

no change during the reaction. After work-up and purification by column chromatography, an 

inseparable mixture of starting material DAM 234 and C-glycosides Ŭ- and ɓ-333 was isolated 

(explaining why no change appeared on TLC).   

The formation of C-glycosides 333 does at least indicate that the Wittig reaction was successful 

in synthesizing alkenes 329. This is because compounds 333 were probably formed from a 5-

exo-trig conjugate addition in alkenes 329 (Scheme 94). 

 

Scheme 94: Proposed mechanism for the synthesis of C-glycosides 333. 

The conversion of DAM 234 was fairly poor in all the Wittig attempts, but it did increase upon 

changing solvent from THF to MeCN to toluene (possibly due to the higher temperatures at 

which these solvents reflux at). Longer reaction times, though, made no significant difference in 

conversion.  

As a result, alternative methods were sought to synthesize alkenes 329. We envisaged the use of 

the Horner-Wadsworth-Emmons olefination (HWE) on DAM 234, though the more basic 
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conditions in this reaction would even more likely promote the conjugate addition. Nevertheless, 

an HWE reaction with diethyl cyanomethylphosphonate was attempted (Scheme 95 and Table 

7).  

 

Scheme 95: HWE olefination attempts on DAM 234. 

Entry  Reagents and Conditions Result 

1 Diethyl cyanomethylphosphonate, t-BuOK (1.5 

equiv.), THF, 0 oC, 30 mins, then DAM 234, 0 oC to 

rt, overnight 

98% 333 

(ɓ:Ŭ, 3:1) 

2a Diethyl cyanomethylphosphonate, K2CO3 (1 equiv.), 

THF, rt 30 mins, then DAM 234, overnight 

81% SM, 

11% 333 

(ɓ:Ŭ, 66:34) 

a The number of moles of recovered DAM 234 and C-glycosides 333 in the inseparable 

mixture were calculated from molar ratios observed in the 1H NMR spectrum.  

Table 7: Conditions and results reported for the attempted HWE olefinations of DAM 234. 

Unsurprisingly, when using common conditions (entry 1) only C-glycosides 333 were observed. 

With the goal of making the conditions less basic to suppress any conjugate additions, we 

replaced potassium tert-butoxide with the weaker base potassium carbonate (entry 2). These 

milder conditions, however, only caused a decrease in yield of the C-glycosides 333 (because of 

a lower conversion of DAM 234).  

The C-1 stereochemistry in C-glycosides Ŭ-333 and ɓ-333 were assigned from NMR analysis. 

For example, the lower 13C chemical shift of C-1 in ɓ-333 (76.9 ppm) compared to Ŭ-333 (80.3 

ppm) signifies a cis relationship between the substituents on the C-1 and C-2 positions.6,7 
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Furthermore, the small vicinal coupling constant between the H-C-1 and H-C-2 (
3J1,2) in Ŭ-333  

(1.3 Hz) suggests that these protons have a trans relationship.8 Finally from the NOESY spectra, 

there was a significant nOe between H-C-1 and H-C-4 in ɓ-333, suggesting a cis relationship. This 

was unlike Ŭ-333 where such a nOe was not observed (Figure 11). Additionally, in contrast to ɓ-

333, a nOe was observed between the methylene protons of the CH2CN moiety and H-C-4 in Ŭ-

333, which suggests a cis relationship.   

 

Figure 11: NOESY analysis to assign stereochemistry at the C-1 position in ɓ-333 and Ŭ-333. 

The failure of the Wittig and HWE olefinations, led us to investigate alternative strategies to 

synthesize alkene 329. This led us to attempt a retro-Michael reaction of the C-glycosides 333, 

which was inspired by the research conducted by Fleming et al.9 In this work, Fleming and co-

workers performed a retro-Michael reaction (i.e. a ɓ-elimination of the ring oxygen) on a variety 

of compounds including 334 (Scheme 96).   

 

Scheme 96: Retro-Michael reaction on 334 by Fleming et al.9 

The authors attributed the success of the reaction to three specific features of the conditions: 

1. Use of a strong lithium base (i.e. LDA). 

2. Low concentrations of 334 in THF (0.0018 M). 

3. Shortest possible reaction time. 
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Using a lithium base will lead to the formation of a lithium alkoxide intermediate. The authors 

stated that the interaction between the lithium and the oxygen in this intermediate is strong 

enough to suppress unwanted intramolecular and intermolecular conjugate additions to the nitrile 

functionality, which could otherwise trigger an unwanted polymerization.9 The low 

concentration and short reaction time would additionally help to suppress conjugate additions 

and thus polymerizations.   

We therefore applied this retro-Michael methodology to C-glycosides 333 (Scheme 97).  

 

Scheme 97: Synthesis of alkene E-329 by a retro-Michael reaction on 333. 

To our delight, the reaction did afford alkene E-329 in yields of up to 56% after optimization. 

The high vicinal coupling constant between the alkene protons (16.2 Hz) indicated the E-

stereochemistry of the formed double bond. The Z-alkene was also formed in the reaction but 

could not be isolated pure from column chromatography as it co-eluted with a number of other 

compounds and was thus discarded. The reaction was stereoselective towards the E-alkene, since 

analysis from the 1H NMR spectrum of the crude material showed that the E:Z ratio always 

varied from 68:32 to 76:24.  

The required low concentrations of 333 in THF provided practical and scalability issues. 

Increasing the concentration to 0.02 M had no effect on yield, though any further increase led to 

a 0% yield of E-329 possibly due to decomposition or polymerization.  

With alkene E-329 in hand, we proceeded with the epoxidations using a range of conditions from 

the literature (Scheme 98 and Table 8).  
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Scheme 98: Epoxidation attempts on alkene 329. 

Entry  Reagents and Conditions Product(s) 

110 H2O2 (35% wt. in H2O), NaOH (6M/H2O, 0.83 equiv.), 0 oC to rt, 

MeOH, 3 h 

333 

2 H2O2 (35% wt. in H2O), NaOH (2M/H2O, 0.83 equiv.), 0 oC to rt, 

MeOH, 3 h 

333 

311 NaOCl (from bleach), MeCN, rt, 2 h 333 

412 mCPBA, K2CO3, DCM, rt, 48 h SM 

513 H2O2 (35% wt. in H2O), MeCN, 0 oC to rt, overnight  SM 

614  Oxone, NaHCO3, 10:1 MeCN:H2O, 0 oC, 48 h SM 

7 Oxone, NaHCO3, 10:1 MeCN:H2O, 0 oC  to rt, 48 h SM, 333 

 

Table 8: Conditions and results reported for the attempted epoxidations of alkene 329. 

We initially tried a standard nucleophilic epoxidation with hydrogen peroxide and sodium 

hydroxide in methanol, but only C-glycosides 333 were observed (entry 1). This suggests that, 

under these oxidizing conditions, deprotonation and intramolecular conjugate addition of the 

hydroxyl group in 329 were favoured compared to the desired nucleophilic attack of the 

perhydroxyl anion onto the alkene. Consequently, our next epoxidation attempt was carried out 

under less basic conditions, by repeating our initial entry with the exception of using the more 

dilute 2 M aqueous NaOH instead of 6 M (entry 2); we hoped that under these less basic 

conditions, the epoxidation would be preferred to the intramolecular conjugate addition. Once 

again, however, only compounds 333 were recovered. The same result occurring in an alternative 
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nucleophilic epoxidation using sodium hypochlorite (entry 3), prompted us to try electrophilic 

epoxidations.  

Epoxidation using mCPBA only led to recovery of starting material (entry 4), possibly because 

of the alkene not being reactive enough as it too electron-deficient. We therefore next tested a 

more powerful electrophilic oxygen transfer reagent by using hydrogen peroxide in acetonitrile 

(entry 5), which should trigger the formation of the more reactive peroxyimidic species,15 but 

again only starting material was observed.  

Finally, using a slightly modified procedure from the literature,14 we tried epoxidations using 

oxone. Although this initially led to only starting material being recovered (entry 6). Upon 

increasing the temperature from 0 oC to rt, however, starting material and compound 333 were 

isolated (entry 7). This suggests that the electron-deficient nature of the alkene in 329 makes it 

too unreactive with the peroxymonosulfate anion of oxone, leading to the base promoted 

conjugate addition being more favoured over the epoxidation.   

We concluded that no nucleophilic epoxidations under basic conditions could occur without 

triggering the intramolecular conjugate addition, while all electrophilic epoxidations failed, 

presumably to do with the poor nucleophilicity of the electron-deficient alkene.  

As a result, we planned to protect the hydroxyl group in 329 and only then perform the 

nucleophilic epoxidation, since this would prevent the intramolecular conjugate addition 

happening under basic oxidizing conditions. This strategy would differ from that first envisaged, 

since the epoxidation step would now lead to the O-protected epoxide 338 (Scheme 99). The 

removal of the protecting group under basic conditions would hopefully cause a concomitant 6-

endo-tet cyclization to give pyranoid 336.  

 

Scheme 99: Proposed synthetic approach to pyranoid 336 from alkene 329. 
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We opted to protect the free hydroxyl group in 329 with a silyl and benzoyl group. Surprisingly, 

this protection step proved much more challenging than initially anticipated (Scheme 100 and 

Table 9).   

 

Scheme 100: Protection of alkene 329. 

Entry  R Reagents and Conditionsa Products 

116 TIPS Alkene 329, DCM, Imidazole (2 equiv.), TIPSCl (2 

equiv.), DMAP (0.2 equiv.), 72 h  

SM 

2 TBS Alkene 329, DCM, Imidazole (2 equiv.), TBSCl (2 

equiv.), DMAP (0.2 equiv.), 72 h 

SM 

3 TBS Alkene 329, DCM, 2,6 ï lutidine (3 equiv.), 

TBSOTf (2.5 equiv.), 72 h 

SM 

4 IPDMS Alkene 329, DCM, Imidazole (2 equiv.), IPDMSCl 

(2 equiv.), DCM, 24 h 

82% 339 

517 Bz Alkene 329, DCM, Et3N (2 equiv.), BzCl (2 equiv.), 

DMAP (0.2 equiv.), 24 h  

81% 333 

6 Bz DCM, BzCl (2 equiv.), Et3N (2 equiv.), DMAP (0.2 

equiv.), Alkene 329, 24 h 

52% 340, 21% SM, 

17% 333 

7 Bz DCM, BzCl (3.3 equiv.), Et3N (4.4 equiv.), DMAP 

(0.2 equiv.), Alkene 329, 24 h 

quant. 340 

aAddition order as reported, temperature: 0 oC to rt.  

Table 9: Conditions and results reported for the attempted silyl ether- and benzoyl- protections 

of alkene 329. 
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Using a slightly modified procedure from Trost,16 we failed to protect the alcohol with a TIPS 

group, only starting material was recovered despite the long reaction time and the presence of the 

nucleophilic catalyst DMAP (entry 1). Given that the alcohol in 329 is secondary and surrounded 

by fairly bulky substituents, we attributed this failure to steric factors. We therefore tried to 

protect the alcohol with the smaller TBS group (entries 2 and 3). Yet, using TBSCl (entry 2) or 

even the more electrophilic TBSOTf (entry 3) did not make any difference. We were, however, 

successful in protecting the alcohol with the less bulky IPDMS group affording alkene 340 in 

81% yield (entry 4). The success of the IPDMS protection provides further support to steric 

factors accounting for the failure of the TBS and TIPS protections.  

Furthermore, we found that the order of addition of reagents was vital for the benzoylations. For 

example, under typical conditions from the literature,17 when the triethylamine base was added 

to alkene 329 before benzoyl chloride and DMAP, only the cyclization products 333 were 

isolated (entry 5). However, when modifying the addition order (by adding alkene 329 to a 

solution of triethylamine, benzoyl chloride and DMAP), the desired benzoyl-protected alkene 

340 was produced in various yields (entries 6 and 7) and the conjugate addition side-reaction 

reduced. In entry 5, the alkene was in a basic solution prior to the addition of the electrophile 

and nucleophilic catalyst. This meant that the conjugate addition was probably already triggered 

before the electrophile and nucleophile catalyst were even added. This was not the case in 

entries 6 and 7 because the alkene was never in a basic solution in the absence of the 

electrophile and DMAP catalyst. Once finding optimal conditions (e.g. addition order as well as 

equivalents of triethylamine and benzoyl chloride) this reaction did proceed smoothly in high 

yields of up to 85% of 340 with no sign of the unwanted intramolecular conjugate addition 

(entry 7). 

Interestingly, in contrast to the benzoylations, the order of addition of reagents was not 

significant in the silyl ether protections. A possible reason for this could be due to imidazole and 

2,6-lutidine being weaker bases than triethylamine; alkene 329 would thus be more likely to 

undergo a base-promoted intramolecular conjugate addition in the presence of triethylamine 

rather than 2,6-lutidine or imidazole.  

Having successfully obtained protected derivatives 339 and 340, our next goal was to form 

epoxides 341 and/or 342 (Scheme 101 and Table 10). 
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Scheme 101: Epoxidation attempts on alkenes 339 and 340. 

Method R Reagents and Conditions a Product 

110 IPDMS, Bz H2O2 (35% wt. in H2O), 6M NaOH (0.83eq), MeOH, 

48 h 

SM 

2 IPDMS, Bz t-BuOOH (70% wt. in H2O), 6M NaOH (0.83eq), 

MeOH, 48 h 

SM 

3 IPDMS H2O2 (35% wt. in H2O), 6M NaOH (1eq), MeOH, 72 h SM 

4 IPDMS t-BuOOH (70% wt. in H2O), 6M NaOH (1eq), MeOH, 

72 h  

SM 

5 Bz H2O2 (35% wt. in H2O), 6M NaOH (1eq), MeOH, 72 h  329 

6 Bz t-BuOOH (70% wt. in H2O), 6M NaOH (1eq), MeOH, 

72 h  

329 

711 IPDMS, Bz NaOCl (from bleach), MeCN, 72 h b SM 

a temperature: 0 oC to rt; b room temperature. 

Table 10: Conditions and results reported for the attempted epoxidations of alkene 339 and 340. 

We first attempted standard nucleophilic epoxidation conditions on the benzoyl- and IPDMS-

protected alkenes with hydrogen peroxide and tert-butylperoxide (methods 1 and 2). Regrettably, 

neither set of conditions with each alkene furnished the desired epoxides, as only starting 

material was recovered. This influenced us to use more basic conditions by increasing the 

number of equivalents of sodium hydroxide (methods 3 ï 6). While only starting material was 

recovered for the IPDMS-protected alkene 339 (methods 3 and 4), these stronger basic 

conditions did lead to the benzoyl ester being cleaved, yielding the unprotected alkene 329 
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(methods 5 and 6).  Further attempts were made using sodium hypochlorite (entry 7), though for 

each alkene 339 and 340 only starting material was recovered. 

Confronted with these disappointing epoxidation results, we devised an alternative strategy to 

pyranoid 327. In this strategy, we would directly brominate alkene 329 to form a bromonium ion 

intermediate 343 which could then undergo an intramolecular 6-endo-tet cyclization (but 

competing with an undesired faster 5-exo-tet cyclization) to afford compound 344 (Scheme 102). 

Displacement of the bromine with a nucleophilic oxygen species would then form pyranoid 327. 

This methodology was identical to the approach followed by Pearce in the Wittig route (Scheme 

72) with the only difference being the presence of a nitrile rather than an ethyl ester.1 

 

Scheme 102: Proposed bromination strategy to pyranoid 327. 

Unfortunately, when subjected to standard bromination conditions, neither pyranoid 344 nor 

even the 1,2-dibrominated compound 345 were detected; only decomposition of the starting 

materials was observed (Scheme 103).  

 

Scheme 103: Attempted bromination on alkene 327. 

After having no success in our bromination strategy, we decided to try another alternative 

synthetic approach to pyranoid 307 (Scheme 104). In this approach, an oxymercuration-
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demercuration would be attempted on the IPDMS- and benzoyl-protected alkene derivatives 339 

and 340. Then, following a protection of the product alcohol (e.g. benzyl or trityl protection), 

halogenation alpha to the nitrile would be performed; this would install a good leaving group 

alpha to the nitrile. Finally, selective deprotection of the IPDMS or benzoyl protecting group in 

350 or 351 would liberate the nucleophilic oxygen (in the form of an alcohol or alkoxide 

depending on the deprotection conditions), which in turn could displace the halide in a 6-exo-tet 

cyclization to afford pyranoid 327.  

 

Scheme 104: Proposed synthetic approach to pyranoid 327 from alkenes 339 and 340. 

In this oxymercuration-demercuration strategy, there are more steps required to synthesize 

pyranoid 327 as compared to the epoxidation or bromination pathways. However, in contrast to 

the previous pathways, there would be no regioselective issues in the cyclization. This is because 

in this pathway, the 5-exo-tet cyclization would be much slower and unfavourable compared to 

the 6-exo-tet cyclization since the former process requires an alkoxide leaving group instead of a 

good halide leaving group as in the latter.  

Consequently, the protected derivatives 339 and 340 were subjected to a range of 

oxymercuration-demercuration conditions (Scheme 105 and Table 11).  
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Scheme 105: Oxymercuration-demercuration attempts on compounds 339 and 340. 

Entry  Mercuric Reagent Catalyst Solvent Product 

118 Hg(OAc)2 None 1:1, THF:Water SM 

2 Hg(OAc)2 70 % HClO4 (aq) (0.2 equiv.) 1:1, THF:Water SM 

3 Hg(TFA)2 None 1:1, THF:Water SM 

4 Hg(TFA)2 70 % HClO4 (aq) (0.2 equiv.) 1:1, THF:Water SM 

5 Hg(OAc)2 None 1:1, Acetone:Water SM 

 

Table 11: Conditions and results reported for oxymercuration-demercuration attempts of 

compounds 339 and 340. 

When applying standard literature conditions on 339 and 340 (entry 1),18 only starting material 

was isolated. This prompted us to use more powerful conditions by also adding 70% perchloric 

acid (entry 2); the presence of perchloric acid should trigger the formation of the more 

electrophilic acetoxymercuric cation (part of the acetoxymercury perchlorate ion pair).19,20 

Unfortunately these powerful conditions still made no difference to the result.  Attempts using 

the more electrophilic mercuric trifluoroacetate with or without perchloric acid were also 

unsuccessful (entries 3 and 4). Finally, in one last attempt the solvent system was modified 

whereby THF was replaced with acetone, but as expected this again made no difference (entry 

5).  
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As with the attempted bromination and electrophilic epoxidations on alkene 327, the probable 

reason for the failure of these oxymercuration-demercurations on 339 and 340 is the poor 

nucleophilicity of the electron-deficient alkene.    

Considering the failures of the epoxidations, bromination and oxymercuration-demercurations 

we abandoned this route.  

Vinyl -Transetherification Route 

Following on from the disappointments of the nitrile-Wittig Route, in order to reach target 324, 

we proposed an alternative strategy to synthesize intermediate pyranoid 327 (Scheme 106).  

 

Scheme 106: Retrosynthesis of target structure 324 from DAM 234 in the vinyl-

transetherification route. 
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The retrosynthesis of target 324 from 327 is identical to the nitrile-Wittig Route. In this route, 

pyranoid 327 could be made from diol 352 in a two-step sequence involving esterification of 

both hydroxyl groups (e.g. acetylation or benzoylation) followed by a C-glycosylation reaction 

with TMSCN. The esterification of the anomeric hydroxyl group will incorporate a good leaving 

group on the anomeric centre which would help to activate the molecule for the subsequent C-

glycosylation reaction. Furthermore, esterification of the neighbouring C-2 hydroxyl group 

should additionally activate the molecule for the C-glycosylation due to its role in anchimeric 

assistance.21 Diol 352 could derive from the dihydroxylation of glycal 353. A mercuric acetate 

catalysed intramolecular vinyl-transetherification of enol ether 354 would construct the pyranoid 

framework in glycal 353. Finally, enol ether 354 could be made by a Wittig olefination of DAM 

234 with an ylide derived from (methoxylmethyl)triphenylphosphonium chloride.   

The pivotal steps of this route were the Wittig olefination of DAM 234 and subsequent 

intramolecular vinyl-transetherifcation to afford glycal 353. This exact synthesis has already 

been achieved by Wardrop et al. in 58% yield (over both steps) during their synthesis of KDO 

(Scheme 107); though characterization data for enol ether 354 and glycal 353 were not 

reported.22 

 

Scheme 107: Two-step synthesis of glycal 353 from DAM 234 by Wardrop et al.22 

The route started with the attempted Wittig olefination of DAM 234 (Scheme 108 and Table 

12). 


