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Abstract

The natural product tagetitoxima phytotoxinrwhichwas first isolated from the bacterium

Pseudomonas syringge. tagetisin 1981. Tagetitoxin is an inhibitor of chloroplast and bacteria

RNAP andalso selectively inhibits RNAP 11l in eukarysteMultiple biological mechanisms of

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

and potential useful biological activity have driven the desire forasojaht hesi s of t ag
proposed structureapne 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 t&2@asnd323bwhich both

contain the oxathiobi@jo[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 ca323dand323bwas the dithiane
reduction route. In this route, the target precur88&and415 (and analogues) were made, but
attempted thioacetate deprotection and concomitant cyclization of the thiol/thiolate onto a ketone
or sulfonate ester to yield the oxatbicyclo[3.3.1]nonane ring system led to either

decomposition or complex mixtures. i$Hailure was attributed to the presence of isopropylidene

groups hampering the cyclization by imposing steric consgrain ring closure.

We then conducted synthetigutes starting from falactose in the Igalactose andxoglycal
routes (avoidinghe use of any isopropylidene groups). Failure to insert a hydrathylene
group on the @ position by anomeric nitrile anion chemistry or Fogening an anomergpiro-
epoxyacetal with TMSCN led us to attempt a hydroboratixidation on arexogalacal
derivative which was partially successful. Optimization of the hydroboratidation pathway

in theexaglycal route is promising for future research
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Introduction



Background

The natural product tagetitoxin was first isolated in 198agd since then research has mostly
focusel 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
dewelopments in its biological research, tagetitoxin has yet to beasalat 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 structurelitethture. From a synthetic

perspective, a total synthesis of taggetin 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 bacteriuiRseudomonas syringge. Tagetis! The steps involved in the isolation,
included multiple methanol precipitations and methanol:chloroform:water (MCW) extractions.
These steps decreased the amount of otedamineral salts and carbohydrates present with the
toxin, so thathe resultant crude mixture could undergo chromatographic purification.
Subsequent chromatographic steps involving gel filtrationrgikirhange and partition
chromatographyed to the istation oftagetitoxin as a colourless glassy residdéchell and
Durbin, alsoconcluded that theatural productontaineda phosphate functional group (by
formation of bluegrey colourupon sprayingnolybdate reagermn TLC plate spotted with the
tagetitoxin sample amino functional group (by ninhydrin stainiig.C platespotted with the

tagetitoxin sampleand a sulfur atom (b¥S-radioactive labelling)
Structure

A difficulty in the structural characterization of tagekin has been the inability to obtain an X
ray crystal struct ur e-cgstaline glassy foimeurtheranorewhie@! pr od
its absolute stereochemical configuration has yet to be determined, several structures of

tagetitoxin have beerrgposed.
Structure 1

The first structure was proposed by Mitchell and Hart in A83spectroscopic analysis

indicated the presence of hydroxyl group(s), carbonyl group(splamsphate functional



group(s) in the molecule. Field Desorption Mass Spectrometry (FDMS) suggested the molecular
weight of the natural product to be 4ol

In the®!P 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 thiohemiketationality. This conclusion was
reached firstly on the observation that adding strong acid to tagetitoxin dideratdila sulfate,
indicating the absence of a sulfate ester. Secondly, there was-coloadobseredwhen

reacting tagetitioxin withadium nitroprusside, suggesting the absence of a thiol in the molecule.
Pretreating the natural product with dilute mgdhloric acid, however, then gave a positive

colour test for thiols; this was rationalized as there being a thiohemiketal whiebpengd in

dilute acid. Thirdly, there was only one sulfur atom in the molecule because gRwitagetis

in the presere of radioactively labelled phosphatéRQs*) and sulfate¥SQs?) produced

radiochemically pure tagetitoxin with phosphoreusfur ratio of 1:1.

Key conclusions made from th#C NMR data indicated eleven carbon environments including
three carboxytarbons and five carbons monosubstituted with oxygen. The functionalities on
those five carbons were deduced to be an acetate, pltegpitaeither one hydroxyl and one

ether group or three hydroxyl groups based ftehand**C NMR chemical shift data.

Further data from thtH NMR (more specifically the wetlefined multiplets) gave much

structural information about the framework of tl&ural product.

Using the MS and NMR data, the molecular formula for tagetitoxin was proposed to be
C11H18013SNP. Fnally, based on the molecular formula and the absence of any eeabloon
multiple bond signals in thEC NMR spectrumtagetitoxin was hypothesized to be a single ring

structure. Combining all these analyss&sucturel was proposedHigure 1).



Figure 1: First proposed structure for tagetitoXin.

Structures 2 and 3

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

new stuctures Figure 2) were proposed by Mitchedt al®
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Figure 2: Revised structures for tagetitoxin.

Fastatombombardment (FAB) mass spectrograms showed the molecular ieigdt4 16

leading to the proposition of a new molecular form@iaH1s011N2SP. 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 aarzarbon mitiple bond(s) from NMR data. Furthermore,
from the data, the authors concluded that the oxggemaining functional groups were a

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

All four structureswnere strongl supported bywuclear Overhauseffect (nOe) experiments (for
example the significant nOe experienced betwedbskind HC.s). In addition, nOe

experiments were critical in disproving structdras the nOe observed betweeiCiHand HC.»



would not beexpected for structurg since these protons haaéoo distantspatial proximity
from each other.

The authors utilized the Karpluslationship from the coupling constants of the protons in the
four-carbon series (€to Csg), to deduce thdihedral agles between them. They found, while

this data was in good agreement with struct@rasd3, it had better supported structugest,

for example, showed that-Be and HC_zshould be in a true diaxial relationship, which is
evident for stratures2 but not for structure8 because of the constraints the fivembered
oxathiane ring places on the seveembered ring. There, however, was not enough evidence to
completely discredit structur&s

COLOC pulse sequences gave further informatiothe oxathane ring. For example, a strong
correlation between the.£and the methylene protons on the oxathiane funper supported
the presence of a thiohemiketal or thioketal.

Finally, the authors preferred structugssand3awhere the amide mety is bonded to & due
to the lowert3C NMR chemical shift of the carboxyl carbon bonded toti@an C;. However,
since the chemical shift difference between the carboxyl carlerieva, structure@b and3b

were not discounted.

In 2005, Gronwaldtt al. isolated tagetitoxin using a slightly different metHothey used the
same proceduras Mitchellet al,! except that theysed partition chromatography instead off the

initial methanol precipitation and MCW partitioning steps.

Fromelectrosprayionization (ESI) mass spectrometry, Gronweiiél. concluded that the
molecular weight of tagetitoxin was 678 rather than 416&@gaqusly reported by Mitcheét al.
This difference was explained by the presence of an ioizat 679.5216which they asigned
as the protonated molecular ion. While they found an ionmitts 417.3316, they identified it
as a fragment of their ptmnated molecular ion. The ion@z= 417.0361 previously identified
as the protonated molecular ion by Mitctetllal, wassuggested by Gronwakt al.to be a

fragment of minor contaminants.

The!H and*3*C NMR spectra reported by Mitchalt al. were mostly in agreement with the
spectra from Gronwaldt al,, with the only difference seen in the latter being the extra peaks
theH NMR (1.75ppm and 2.53ppm) and tH€ NMR (23.2ppm and 181.5pprapectra



To account for the differences in the MSaldespite good agreements with the NMR data,
Gronwaldet al suggested that the higher molecular weight of 678 may be ratiechdly the
presence of atoms (such as oxygen, nitrogen and sulfur) and exchangeable protons not detected

by 1D NMR experiments.

Furthermore, Structur2was supported by many 2D NMR experiments carried out by Gronwald
et al. such as COSY, TOCSY and HMEspectra, but there were some discrepancies with
regards to the HMBC spectra.

Despite these conclusions, Gronwatdal did notpropose a new molecular formula nor a

revised structure.
Structure 4

Later in 2005, Vassylyest al. published an Xay crysal structure of the bacteri@hermus
thermophilulRNAP-t aget it oxin complex, showing tagetito
site® Even though the structure of tagetitioxin was not being investigated in this paper, structure

4 was indirectly proposed-{gure 3).

Figure 3: Structure of tagetitoxin indirectly proposed by Vassylgeal>®

Whilst structured has the same framework as structyrthe relative stereochemistry is
different, where more specifically the chiral carbon centres bearing the phosphate group and the

acetate group (€andCs) have inverted.

Despite there being good agreement between the theoretical and experimental electron density
maps of structurd, it is inconsistent with the previously reported NMR d&t&urthermore,
whilst a resolution of 2.4 A is good for studying a protein strucitris, not deemed sufficient to

fully clarify the structure of a small molecule like tagititoXin.



Structure 5

Finally, in 2016, Alievet al.further analysed a tagetitoxin sample originally isolated and purified
by Mitchell.}2 They published more NMR and MS data which led them to propose a new
structure Figure 4) and refute previous structurés.

Figure 4: Structure proposed by Alieat al®

Aliev et al.concluded that the sample isolated by Gronvedldl,* was less pure than that from
Mitchell et al>? This was rationalized by the absence of the extra peaks Groeatailld
observed in théH NMR (1.75ppm and 2.53ppm) é&i’C NMR (181.5ppm).

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

disagreed with Gronwald andeoor ker s proposed molecul ar weig

Key disagreements with the previous structuleg,(3 and4) were found from th&iMBC

spectrum and the long rangg:Jalues. These disagreements were:

1. A correlation between & and HC.g is seen which is inconsistent with structu?2as3a
and4 because of the presence of six bonds between these atoms.

2. TheJch value of 5.0 Hz, beteen Cioa n d-CHitoo large to be &c correlation.
This is not consistent with structurgls and3b, since the size of thi suggests that this
pair of atoms should be closer together.

3. The cross peaks observed fof With H-C.o (Jch =5 Hz) andv i t hC> (0= 3 Hz)
are inconsistent with all structur&go 4. This is due to the fotlbond separation between
these aforementioned atoms.

4. ThelJcw value of 1.4 Hz for G and HCs is too small to be acd correlation for atms

that have a ~18@ihedral angle, which is inconsistent structizasnd?2b.



The key disagreements for previously reported

proposed structurs:

1. C.aiand HCgin structures are 3 bonds apt, and therefore correlate.

2. CaoandH éC.; in structures are 3 bonds apart accounting for te value of 5.0 Hz
between them.

3. Instructures, C7is 3 bonds apart with4€2a n d lxpl&ining the’Jcr coupling
observed.

4. If the 6membered ringf structures is in a chair confirmatin H-C.s and C4 will have a
dihedral angle of ~6pwhich accounts for the loWcr value between these.

The authors also concluded that there trass stereochemistry at the ring junction due to the
high coupling constantfun = 12.4Hz) between s and HC.7. Further data from NOESY,
vicinal 3Ju4 coupling constants, HMBC and DFT calculatiotise(atter was used to explain

unexpected missing HMBC alations), provided further support for structére
Biological Activity

Application of tagetitoxin to the stems of plants in Asteraceadamily such as zinniaZinnia
eleganslacq) and sunfloweHglianthus annuydeads to apical chlorosis (bleaogiof apical
green plant tissue due to decreased amount of chlorophyll in that &iShis)effect is due to the
translocation of the toxin to apical regions of the plant where it inhibits chloroplast RNAP,
suppressing differdgmtion of proplastids into chloroplasts, preventing new chlorophyll
accumulation in these regioh3.wo radiolabelling experiments supported this hypothésis.
Initially, Matthews and Durbin performed organelloincorporation reactions where tagetitoxin
was added to isolated, intact chloroplasts and the rateafdoration of radiolabelled uridine
into RNA was measureld.It was observed that tagetitoxin application led to a decrease in the
rate of incorporation ofH] uridine into RNA; indeed at tagetitoxin concentrations of 1mM,
there was negligible’] uridine incorporation. Furthermaréhe addition of tagetitoxin tim

vitro transcriptionally active chloroplast protein extracts redué#®] UTP incorporation into
RNA. Both experiments suggest that RNA synthesis in chloroplasts is suppressed due to

tagetitoxin inhibition of chloroplasRNAP.



Moreover, tagetitoxin inhibits RNAP lih vitro in many eukaryotes such as yeast, insects and
vertebrates?! This is in contrast to the other eukaryotic nuclear RNAPs, RNAP | and RNAP Il
which appear to be more resistant to inhibition fromttixin!? For example tagetitoxin at low
concentrations (0-3. 0 e m) i nhi bi transerigtdirin Variols ordanisnes but lasl  t
little effect on RNAP 1l directed transcriptida.

Finally, inhibition ofin vitro RNA synthesis directed BgNAP fromEscherichia Colby

tagetitoxin at concent maportedh'® | ess than 1&¢M h

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

inhibitor of RNAP |Il compared to the other nuclear RNAPSs 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 o&. Coli RNAP 2 They concluded that tagetitoxin acts an
uncompetitive ihibitor of E. ColiRNAP which indcates 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 tzatWeleP

substrate and the nasc&NA 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 €nzyme
DNA template complex. Despite advances in the understandiig inhibitory effect of

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

its target site on RNAP were uncléar.

A breakthrough in the inhibition mechanism by tagetitoxin on RNAP was achieved by Vassylyev
et al in 2005, where an-Xay crystal structure of the complex between a bacterial RNAP (from
Thermus hermophilug and tagetitoxin wapublished® Analysis of this structure led to a greater
insight ofthe 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 foetiaaxin 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 ockidrawn by Matthews

9



and Durbint? 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 tiINAP (Figure 5). In addition to the expected catalyhm@agnesium

ions (cMgland cMg2) found in a RNAP, a third magnesium ion (tMg) was observed in the
RNAP/Tagetitoxin complex. The authors suggd that this welfixed tMg coordinates to the
phosphate gnap of tagetitoxin stabilizing the toxin further. The tNégwell-fixed because of its
coordination to the side chains of two active site amino acid residues of RNAP.

H3C—C'—OM ‘O"

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

Vassylyev and cavorkers postulated a twstep mechanism for tagetitoxin inhibition RNAP
(Figure 6). They proposed that the mechanism involves the stabilization of ativeac
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 NstRatgub
enters the prnsertion site. Due to the coordination oféditoxin 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 sirafdéon forming the insertion complex.

In the resulting intermedie, the active site has a more compact conformation leading to tighter
binding of the tMgbound substrate and greater stabilization, locking the intermediate in an
inactive state preventiritpe dissociation of the NTP substrate and the catalytic readtien.
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 forntatioh we en t he t er mi n

10



of the nascent -pRdsphatefinetionalityafiihé NTP Isubstrate, further
lowering the catalytic activity.
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Figure 6: Proposed inhibitory mechanism of tagetitoxin on RNAP.

This mechanism was contested by Artsimovittial in 201114 Based on theoretical modelling
using molecular dynamics simulations, they suggested that the inhibitory effect of tagetitoxin on
RNAP arises fromite interaction between tagetitoxin and the side chains of two amino acid
residues of the RNAP triger loop (a flexible protein domain). During typical transcription, the
trigger loop folds into a trigger helix; this leads to the catalytic amino acid esslmking in an

active configuration. These amino acid residues, then interact with the NTP tsufastildating
phosphodiester bond formation between the NTP and the nascent RNA’chmiwever, due to

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

stabilized and trapped in an inactive state, which lowers catalytic activity. Klyuyev and
Vassylyev later argued that this mechanism was in pgaement with practical results in

favour for theoretical modelS.

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

by Yuzenkovaet al'’ The nucleotide addition cycle consists of phosphodiester bond formation

11



(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 substtatbetween phosphodiester

bond formation and translocation, the transcription elongation complex (the RNAP containing
complex that additiondf includes the DNA template strand and the nascent RNA chain) is in its
pretranslocated stat¥:1° During the subsequent trdnesation, the trigger loop unfold.

Yuzenkova and cavorkers proposed that tagetitoxin stabilizesftided conformation of the

trigger loop when the transcription elongation coemgs in its pretranslocated staté.As a

result the subsequent translocation is slowed down due to the greateitgliffi unfolding the

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

Importance of Tagetitoxin

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

t oxinds i n hoplési RNAR its use as a plént gpowth regulator has been

patented® Furthermore, since tagetitoxin inhibits a variety of RNAPS, it can be a usefffibtoo
molecular biologists investigating transcription. Finally, a total synthesis of the natural product
would provide opportunities to synthesize a library of agaés; these analogues could be then

assessed for herbiciddand antibacterial activits?
Previous SyntheticStudies of Tagetitoxin

Since all synthetic studies towards tagetitoxin were conductedtprify16, the targets were

generally2aand2b as these were the accepted structures at the time.
Sammakiaet al

In 1996, Sammakiat al. published their attempt to synthesize tagetit@Xifheir retrosyntheti
analysis of tagetitoxin involved a precur&ahat can cyclize to give structur2aor 2b
(Scheme ). Synthesis bprecursor6 was planned to be an enzymatic aldatalysed coupling
of dihydroxy acetone phosphatevith aldehydeB. Aldehyde8 could bemade from oxazolidine
olefin 9 in three steps: dihydroxylation of the olefin moiety; hydrolysis of the oxazolidimz;

selective oxidation of the primary alcohol to an aldehyde.

12



2a-R'=OH, R2 = NH2
2b -R'=NH,, R?=0OH

0
H,0,,0._JL__oH
7

L
oL = y
=

CO,Me O OH

Scheme 1Retrosynthetic analysis of proposed tagetitoxin struc2aesd2b by Sammakiaet

al.

A range of oxazolidine olefin@ (Scheme 2andTable 1) wereprepared in a onpot synthesis.
This involved a range of thiolate anions attacking a substituted naathyate phosphonati

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

aldehydellto produce the olefin8ato 9ewith varying stereoselectivity.

OPO(OE), #NBOC ] WL
‘ﬂ/ i \/‘\ T o

g Me
COZMe

NBoc CO,
CHO \)\72\/3R

10 11 9a-R =Et
9b -R =iPr
9¢c - R =1tBu
9d - R =Ph
9e -R=Bn

Reagents and conditions: a) RSH, NaH, THF, 0 °C. See Table 1.

Scheme 20nepot synthesis fooxazolidine olefin®.
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R Ethyl I-Propyl t-Butyl Phenyl Benzyl
9a 9b 9¢c 9d %e
Z:E 60:40 70:30 100:0 20:80 30:70

Table 1: Effect of the sulfur prtecting group on the Z:E ratio of olefifs-e

The authors then attempted a range of dihydroxylation methods on Ql¢8okeme 3and
Table 2).

WLNBoc CO,Me
NBoc CO,Me  _aorb _ O\/\\/ivSR NBoc CO,Me NBoc CO,Me
o]

O A _ALSR 7 on A_SOR O N _A_soR

HO
9 12 13 14

Reagents and conditions: a) AD-mix-b (1.5g/mmol of alkene 9), 1:1 tBuOH, rt: H,O; b) OsO4 (10 equiv.), KoCO3 (3 equiv.), KzFe(CN)g
(3 equiv.), 1:1 tBuOH: H,0. See Table 2.

Scheme 3Dihydroxylation attempts of olefirg

Olefin | Conditions| Recoverd 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 -
aod a 99 - <1 -
b 34 27 - 39
9e a 82 - 10 -
b 22 6 72 -

Table 2: Yields reported for compound£, 13 and14 from the dihydroxylations of olefing®

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

only sulfur oxidized products were isolated. This then led them to usmi&h o r

14



stoichiometric amounts of osmiumttoxide and potassium ferricyanide. However,rhost of

the olefins9, starting material and sulfur oxidized products (mainly sulfoxides) were the major
compounds isolated. The most promising result was the dihydroxylation of the {tnuliy t
thioether substrat@c using stoichiometric osmium tetriobe and potassium ferricyanide. Despite
this promising result, the synthesis to structdraad2awere not pursued and no research
related to this synthetic strategy has yet to be reported.

Dent et al

Due to tagetitoxi nosDenmteta.aimed®dynthesizeletatgd c al act i
analogues of the natural product for evaluation as herbicides and plant growth redtilators.

Based on structuré&ga and2b, the authors thoughhbat 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, stra&anekl6 were

their synthetidargets Figure 7). To achieve their main goal of gaining greater knowledge on
structureactivity relationships of tagetitioxin, Dept al. would have to make carbohydrate

based vicinatis-amino phosphates (where the latter in itseliseful synthetimethodology).

AcO X AcO X
0o o}
H,N OPO3H H-N OPOsH
3® o 3@ @3
15 X=0,8 16

Figure 7: Synthetic targets for Dest al

The authors were able to synthesize struct®€<=0) in a twelvestep route starting from
dialdehydel7 (Scheme 4, which is readily availabléom periodate oxidtion of levoglucosan.
The cyclic framework of their synthetic target was achieved by the cyclization of dialdEhyde
with nitromethane furnishin@8. After hydrogenolytic reduction of the nitro group to produce
19, the formed amine was th&hBoc proteced to give20. The authors then exploited thgn
stereochemistry of the.£aand Cs substituents; this would eventually allow them to esterify the
C.> and C4 hydroxyl groups selectively. THé-Boc derivative20 was then treated with

bis(tributyltin) axide in toluene under reflux, followed by addition of tetrautylammonium

15



bromide and benzyl bromide to form tRebenzyloxazolidinone derivativ&l. The authors then
carried out a threstep sequence of proteci®and deprotections of various groupafford 24.
Compound?4 then underwent a phosphitylation usmgyleneN,N-diethylphosphoramidite and
1H-tetrazole, which was followed by an oxidation usmgPBA yielding phosphate est25.

The authors subsequidy deprotected the tetrahydropyranhetad (THP) and then acetylated the
C.4 hydroxyl group, which formed compou2d. Hydrogenolysis of the phosphate ester and
benzyl amine moieties &7 were performed leading to synthetic targygt Hydrogenolysis of
intermediate26 led to an additional ategue28 which along withl5 were tested for herbicidal

activity.
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0] HO 0 HO @)
H
H

17 18 19
C
R'O 0 HO 0
R'O 0 o) o)
o - i
N_ O HN OH
SR?RN OH Bn 7{
O tguo” O
QR1=THP, R?=H,R%=Bn 23 (, 20
R'=THP, RZ=R3=Bn 24 THp22
h,i

T pﬁ@z

Bn2N O anN O BnZN O_//P\
(0]
25 26 27
I |
H3N OPOS H3N OPO3H
28 15

Reagents and condtions: a) MeNO,, NaOMe, MeOH; b) H,, Pd/C, 2M HCI, 50 p.s.i.; ¢) (Boc),O, Na,COg,

H,0, THF; d) (Bu3Sn),0, BuyNBr, BnBr, toluene; e) dihydropyran, TsOH; f) NaOH, EtOH; g) Bu,SnO, BuyNBr,
BnBr, toluene; h) O-xylylene-N,N-diethylphosphoramidite, 1H-tetrazole; i) MCPBA,; j) 2M HCI; k) Ac,0, Pyridine;
1) Hy, Pd/C, 50 p.s.i., EtOH, AcOH.

Scheme 4Dentandcevor ker s6 synt B5msdk8& of anal ogue
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Biological testing showed compou8 and its deacylated analogR&to have no herbicidal

activity against a variety of agriculturally important weeds:

Avena Fatudwild oat),Setaria viridiggreen foxtail) Amaranthus retroflexuéedroot pigweed) and

Chenopodium alburgfat hen).

A second set of analogues based on strudibirevere thendrgeted by the authors using
different synthetic methodology, whereby the insertion of the amino functionality &woGld

be different. This would be achieved by forming a good leaving grotine &3 position

followed by a &2 reaction using a nitrogebased nucleophile which could later be transformed
to an amino functional group (e.g. azide nucleophile).

Their first attempted synthesis following the above methodology started freamby@io-D-
galactose€9 and it sulfur analogu80 (Scheme %. Acetmide formation of the hydroxyl groups
on Cz and Csin 29 and30, allowed subsequent selective phosphate ester formation onrthe C
position forming32, 33 and35. Phosphate ester formation washieved using either a dialkyl
chlorophosphate in pyridinar a pyrophosphate with a strong base (only the latter strategy was
used on the sulfur analogBd). Subsequent steps (d, e and f) involved successive protections
and deprotections of various gpmiin order to reacB8 or 40. The authors began this seqoen
with an acetonide deprotection affordid§and37. They, however, could not isolate the
required diol from acetonide hydrolysis of sulfur spe@ig¢presumed to be because of the
sulfur atomparticipating in reactions involving carbocations generatetiese acidic

conditions). Under a variety of conditions, Dent anehaokers, then unsuccessfully attempted
to selectively acetylate the Bydroxyl group over the g£hydroxyl group in36 and37, since

they only isolated inseparable mixtures of thennmcetate88 and39 or 40 and41 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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X IN X o
oH__,4 Q J_—o oH 4 c OR
OH _a_ 0 L OH — OR

OH OR OPO(OR"), OPO(OR"),
29: X =0 (\ :X=0,R=H 36;X=0,R'=Ph 38;R"=Ph,R2=H, R%= Ac
30; X=8 32 X =0, R=PO(0OPh),) 37;X=0,R'=Bn 39:R'=Ph,R2=Ac,R®=H
gi o g R 7 howoBn: 40;R'=Bn,R2=H, R®=Ac
d(C 41;R'=Bn, R2=Ac, R® = H

35; X = S, R = PO(OBn),

Reagents and condtions a) Me,C(OMe),, Me,CO, TsOH; b) CIPO(OPh),, pyridine; ¢) BuLi, [(BnO),P0O],0; d) NaH, [(BnO),PQO],0; e)
2M HCI; f) Ac,0 and (PY or Bu,SnO or (BuzSn),0).

Scheme 5Dent and cevorker® second route to alal ogues b

As a result, the authors changed their approach in an attempt to &d(&eheme §. This
involved forming a cyclic brominated orthoacetdByfrom 37) and then subjecting this to mild
acidic hydrolyss. This methodology was hypothesized to lead to bromoaei&a@mpound3
could then be acetylated on the Qosition, then deprotection of thes®romoacetate in the
presence of the L£acetate would lead to the desiréd Although brominated orthcatate4?2

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

bromoacetate43 and44 were formed causing the authors to abandon this methodology.

0]
EtO
(0] o) (0]
Mo ol b HO | o Br\)J\o ?
OH _a> (@) —_— (@) + OH 0]
. . A{(«_#
OPO(0OBnN), OPO(0OBn), o OPO(OBn), OPO(OBn),
37 42 43 44
12 Steps
\
AcO ?
OH ©
OPO(OR"),
40

Reagents and condtions a) BrCH,C(OEt)s, TsOH; b) AcOH, H,0.

Scheme 6Dentand cawo r k e r ative raule to structuré0.

Dentandcevor ker sé6 second attempt ed 29and3Gexploiteth s el ec
the regioselective reductive cleavage of a methoxybenzylidene dastahfe j. After forming

a methoxybenzylidene acetal on the &d C4 position and successively silyl protecting the C
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hydroxyl group to forn#7 and48 respectively, treatment with LIAIHAICIz produced only the
3-O-p-methoxybenzyl ethe49 and50. Subsequently via a series of protections and
deprotections, congqunds53 and54 were made where the hydroxyl group oawas
unprotected. This therefore allowed introduction of a good leaving group omsthesion
(triflate, tosylate and mesylate) and displacement of that leaving group with an azide
nucleophile. lwever, despite successfully synthesizing sulfonate €8d¢r§0, treatment with
sodium azide in DMF, HMPA or DMSO failed to yield compousdsand62 as ony starting
material or decomposition was seen. The rationale for these observations wasrsteaitchi

from the adjacent bulky silyl ether.

X X
o o}
X X
0 o “OH o “OTBS O
_a (}/O _b ;}/O _c,
HO "“OH HO “OTBS
OH @ OPMB
29:X=0 49X =0
30;X=S MeO MeO 50; X =S
45; X =0 47; X =0
46, X =8 48, X =8 g
X X X X
o) o) o) o
S T -~
Aco” 7 “OTBS AcO 0TBS AcO “'0TBS AcO 0TBS
N; OR OH OPMB
61; X =0 55; X =0, R = Tf 53; X =0 51;X=0
62; X=S 56; X=0,R=Ms 54; X =S 52; X =S8
57, X=0,R=Ts
58, X =S, R =Tf
59; X =S, R =Ms

60; X=S,R=Ts

Reagents and conditions a) MeOCgH4CH(OMe),, TsOH; b) Bu'Me,SiCl, imidazole, DMF; c) LiAlH4, AICI;, THF; d) Ac,O pyridine; )
DDQ, DCM, H,0; f) Tf,0, MsClI or TsCl, pyridine; g) DMF, HMPA, or DMSO, NaN3.

Scheme 7Attempted synthesis of compounglsand62 by Dentet al
Dentet al then focused on synthesizing compounds based on strd@starting from
pentaprotected carbgdirates. Their strategy involved a one carbon chain extension atthe C

position of a Bgalactopyranose derivative, followed by ring closure linking this celson

atom with the G by a sulfur or oxygen atom. Following this, phosphorylation, acetylatnain
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introduction of the amino functionality (latter byZ&Schemistry) would then yieltl6 (Scheme
8).

OR
(0] OR
_a_5
RO “'OR
OR
R' = Leaving Group
R? = Protecting Group
b
v
X X
(0]
.o ©
AcO” ™ “OPO4H RO “OR
NHy,  © OR
®
16
X=0,S8 X=0,S8

Methodologies: a) one carbon chain extension; b) ring closure; c) introduce
functionalities.

Scheme 8Dentandcevor ker s6 met hodol ogl to synt hes

In this strategy, the authors started with thenfination of Dgalactose pentaacet#&®&to give

t h eglycOsyl bromide, which was then treated with mercuric cyanide in nitromethane to furnish
t h enitrile 64 (Scheme 9. Two approaches to synthesta@from 64 were successfully

achieved. The first appach involved a reductive hydrolysis of a nitrile to an aldehyde using
Raney nickel with the hydrogen source sodium hypophosphite in aqueousaaweand

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

65. The success of this reaction was variable due to the occurrence of undesireddides.

The aldehyde was then regenerated by hydrolydiseoimidazolidine and then reduced using
sodium borohydride. The resultant crude product was then acetidafimun 66. The second
approach involved deacylation 4, basic nitrile hydrolysis and then acetylation of the crude
hydrolysis product whichgae a mi -attane62andohfdrozy carboxylic acié8.

However, under strong acetylation conditiod8was c¢c|l eanl y rletoreGy.ver t ed i

Lithium aluminium hydride (LAH) reduction of the lactone and subsequent peracetylation gave
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66. After ompound69 was formed from deacetylation 66, selective tosylation on the

methylene alcohols produced compda70 and the undesired ttosylate71. Acetonide

formation on ditosylat&0, led to the bicyclic precursa@®2. Attempts at ring closure in2 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.
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(0] CO,H
AcO 2

HO “'OAc
OAc

68

AcO

(0] OA (0] CN
AcO ¢ AcO
. ab_ .
AcO "OAc AcO “OAc 0 oA
OAc OAc
63 64 65 66
lg
S
. OTs OTs OTs OTs OH OH
noro m o )
-~ - -
'/OH ‘y o
(e) d HO OH HO ‘'OH
7\ OH OH

73 70 69

+
OTs OTs
e}
HO “'OH

OTs
71

Reagents and conditions a) HBr, HOAc; b) Hg(CN),, MeNO,; c) Raney Ni, NaH,PO,, PhHN(CH,),NHPh; d) TsOH, Me,CO, DCM;
e) NaBH, f) Ac,0, PY; g) NaOMe, MeOH; h) 25% w/v NaOH; i) LiAlHy; j) H20; k) Ac,O, NaOAc; I) TsCl, pyridine; m) Me,C(OMe),,
TsOH; n) Na,S, DMF; o) Li,S, DMF.

Scheme 9Dentandcevor ker s6 attempted syhthesis of

As the synthesis of3was unsuccessful, Deat al decided to replace the isopropylidene group

with benzyl groups when forming further precursors for tat@€X=0). Hence, starting @m
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compoundb5, they performed a sequence of deprotections and protections of various groups to
reach the trbenzylated compoundb (Scheme 10 After unmasking the aldehyde 76, sodium
borohydride reduction and trityl deprotection, di@lwas isolatedTwo different methods o7 7

were undertaken in an attempt to isolate the desired cyclic &her

1. An acidic cyclodehydration in toluene under reflux.
2. Treatment with triphenylphosphine and diethyl azodicarboxylate (DEAD).

In both methods, howevestaring material vas only recovered. The authors then tried a mono
tosylation on diol77 but this led to a mixture of the regiomeric metogylates/9 and80in
addition to ditosylate81. Nevertheless, since they were able to isol&@te¢hey attempted the

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

OR' PhN/>
N
Ph

C

R20 “'OR2
OR?

abCGS; R'=R?=Ac 76 77 79:R'=Ts, R2=H

“\75:RT=Trt, R2=H 80:R'"=H,R2=Ts
% )/// 81;R'=Ts, R2=Ts
e}
o

BnO “'0OBn

OBn

78

Reagents and conditions: a) NaOMe, MeOH; b) TrtCl, Et3N; c) NaH, BnBr; d) TsOH, Me,CO, DCM; e) NaBHy; f) TsOH, MeH; g) TsCl,
PY.

Scheme 10Dentandcewor ker sd attempted sy&hthesis of

Finally, Dentet al. wanted to introduce a nitrogen functional group attatbete Cs 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 therdiyldene aceta2 from

69 (Scheme 1)1 This allowed subsegut transformation of the-£€hydroxyl group in82to a

variety of sulfonate esters (compour@886). However, nucleophilic displacement of these

sulfonate esters with an azide nucleophile undenge of conditions led to either no reaction or
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decompogion of the starting material, except for tosyl8ewhich furnished azid87 but at
only 10% yield. Due to the low yield, the synthesis was abandoned at this stage.

OH OH
o] o)
o] o] b,c,d o) o)
on = ot Jroom 25 TS e TYTS
H "“OH Ph K Ph 3 ¥
© © © © Ph” O ‘07" “Ph Ph” "0 ‘07 "Ph
OH OH y
OR Nj
69 82 83; R = Tf, 87
84;R'=Ms
85 R'=Ts

86; R' = p-FCzH,SO,

Reagents and conditions: a) PhCH(OMe),, TsOH; b) Tf,0, PY; c) MsCl, PY; d) TsCIl, DMAP, PY; e) p-FCgH4SO,CI, DMAP, PY; f) for
85: NaN3, DMSO, 180 °C.

Scheme 11Synthesis of azid87 by Dentet al

In sunmary, Dentet al. were successful in making the analodd€Scheme 4 but only with an
oxygen bridge rather than a sulfur bridge. They were also unsuccessful in the synthesis of

analoguel?, which is more closely related to tagetitoxin struct@aand?2b.
Porter and Plet 2006

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

carbohydrate precursét.

Ther first strategy, was based on a carbemediated ring expansion of a igRathiolane moiety
(Scheme 12 In this approach a metallocarbene would be generated from a transition metal
catalysel decomposition of a diazo derivative. The nucleophilic suimmavould 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 -@xXathiane moiety in a

Stevens rearrangement.
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Scheme 12Carbene mediated ring expansion strategy ebkahiolones to form the

tagetitoxin bicyclic structure envisaged by Porter and Plet.

In order to test their ring egmsion strategy towards the synthesis of the bicyclic core of
tagetitoxin, the investigators firstly synthesized compo88¢Scheme 13 CompoundB8was
synthesized from Eylucose by selective tosylation on the I&/droxyl group, peracetylation,
brominaton on the anomeric position and substitution of the two leaving groups using a xanthate
species. They then attempted the ring expansi@® asing ethyl diazo(triethylsilyl)acetate and
catalytic rhodium(ll)acetatéout only glycaP1 was formed rather #n the intended sulfur

bridged bicyclic structure. The authors explained this result from the behaviour of the zwitterion
intermediated0; instead oB0 undergoing the desired-C bond formation, it ringlipped tothe

more stable conformer which was falled by a proton transfer affordi®d. Thus, Porteet al.
synthesized the more constrained precu@gin five steps from 3nethytD-glucose for the

ring expansion, because the consequent zwitterion (analogéQsvould have a locked
conformation preenting any ring flipping. Yet, when subjecti@g to ethyl

diazo(triethylsilyl)acetate and rhodium(ll) heptafluorobutyrate, only alc@fat low yield was
isolated. This probably occurred because of nucleopimigcopening of ylide©3 with a water

molecule followed by a proton transfer.
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- OAc S
D glgfose ab. ¢ B# d
B —_— ©)
3-methyl-D-glucose OAc(I) /AIO

OAc AcO
OAc
88; R=Ac 920 91
89;: R=Me - -
je,f
s o CO,Et CO,Et
e _
~ EtssiJ\+s OMe Et3Si)\ s Prowme
e A }j#
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\(f) Oo OO
Si—tBu \7 \/.
tBu Si—tBu Si—tBu
tBu tBu
92 93 94

Reagets and conditions a) TsCl, pyridine, Ac,0O; b) HBr, AcOH; c) KSCSOEt, DMF, 50 °C (46% over 3 steps) or
KSCSOEt, acetone, reflux (47% over 3 steps); d) Et3SiC(N,)CO,Et, Rhy(OAc),, benzene, reflux 34%; e) NH3, MeOH,
H20, 50%; f) tBu,SiCl,, EtsN, DCM, 86%; g) Et3SiC(N2)CO4LEt, Rhy(0O,CC3F7)4, benzene, reflux, 21%.

A

Scheme1l3 Porter and Pletds attempt to synthesiz

ring expansion strategy.

As a result, to syntsize the 1xathiane ring of tagetitax, 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 bromoalkynk gnasa n U
ketoester) and a thioacetate ntgiGmasks a thiol) onto a carbohydrate derivative, followed by

the unmasking of these groups leading to cyclization.

St ar t i n g-thibglyasdeds, Betectie silyl protection of the primary alcohol and
subsguent perbenzylation furnish@® (Scheme 14 Compoun®6 was then transformed into
U-lactone97 by hydrolysis of the thioglycosidic linkage usiNgbromosuccinimide (NBS),
followed by oxidation when treated with Delg&rtin periodinane (DMP). Silyl alkye 98 was
then formed after cerivimediated addition of trimethylsilylacetylene onto the lactone and

sequent hydrosilane reduction on thegosition. The silyl alkyne moiety was then transformed
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into a bromoalkyne by protodesilylation and brominatiothefterminal alkyne. Oxidation of the

br o mo al k yketeestér was achievél using potassium permanganate in aqueous methanol
yielding 101 Deprotetion of the primary silyl ether ih01, would then allow activation of the

primary alcohol into a goo@aving group and its displacement with a thioacetate nucleophile.
However, when attempting to cleave the silyl ether with tetbaitylammonium fluorié

(TBAF), elimination of the Zbenzyloxy group occurred forming glyck02in most likely an

E 1l reaction. The authors therefore changed the conditions and used hydrogen fiuoride

pyridine complex, but instead tricyclic ketBd3was formed. To reach03 the silyl ether and

the benzyl ethers on thes@nd the G in 101 must have been cleaved, which wakofved by a

ketal formation between the ketone and the liberated hydroxyl groups on #re s centres.

PhS
PhS o)
oSO 2B On OBy, ede ol om
n n
TBDPSO TBDPSO
OH OBn OBn
95 96 97
j e, f
OH o) R
e} 0]
| COzMe J MeOZC ) \\
- (@) OBn - (0} OBn
BnO TBDPSO OBn TBDPSO OBn
OBn OBn OBn
102 101 g( 98:R=TMS
99: R = H
jk h( 100; R = Br
MGOZCA\
oBn(')
OH
103

Reagents and conditions a) TBDPSCI, imidazole, DMF, 99%; b) BnBr, NaH, DMF, 87%; c) NBS, acetone, 95%;
d) Dess-martin periodinane, pyridine, DCM, 69%; e) TMS acetylene, n-BuLi, CeCl; 7H,0, THF, -78°C to rt, 96%;
f) Et3SiH, TMSOTf, DCM,74%; g) NaOH, MeOH, DCM, 100%; h) NBS, AgNO3, acetone, 98%; i) KMNOy,
NaHCOg3, MgSOy, aq. MeOH, 84%; j) 1M TBAF in THF, THF, -78°C to rt, 43% k) HF.pyridine, THF, -78°C to rt,
77%.

Schemel4: Synthesis of intermediati®1 by Porter and Plet.
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To overcome the difficulty in deprotecting theysiéther on the & position in the presence of

t h eketddster, the authors altered the sequence of the route; specifically, they planned to

incorpora € t he sul fur f uketcestér synttaesisi Staytingtr@® double t he U
desilylation of the silyl alkyne argilyl ether occurred formin@04 (Scheme 15 The hydroxyl

group on the Gcentre transformed into a mesylate and was subsequkspigced with a

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

the alkyneandsb sequent oxidation wit h -getoéstersbgycle m per n
precursorl06 Thioacetate deprotection amdsitu cyclization of the thiolate onto the ketone led

to bicyclic thichemketal107.

R’ H
(0] OBn b, c
OBn ¢ OBn
o 98;R" = TMS, R? = TBDPS 105

104;R"=R?=H

S co,Me 0
HO— f MeO,C
OBn e — (0] OBn
/ OBn AcS OBn

O oBn OBn

107 106

Reagents and conditions a) TBAF, THF, 99%; b) MsClI, EtzN, DMAP,
DCM, 95%; c) KSAc, DMF, 99%; d) NBS, AgNO3, acetone, 99%; e)
KMnQOy4, NaHCO3, MgSOy, aq. MeOH, 71%; f) NoH4xH,0, MeOH, 88%.

Scheme 15Port er and Pletds synt hesil®. of t he bi

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

tagetitioxin. Although the carbermaediated ring expansion approach failed, they were

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

was only achieved with inserting the thioecet e moi et y b eétaestee, f or mi ng t
illustrating the importance in the order of the steps in the route. However,cxylariacid

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

In 2008, Porter andoeworkers again synthesized the core structure of tagetitéXinis was
achieved by building on their previous work regarding the carb@ediated ring expansion of a
1,3-oxathiolane moiety to a I-@xathiane moiety! The awhors concluded, that their previous

ring expansion attempts did not work because of the conformational flexibility of the zwitterion
90 leading to the undesired glyc@l.?* However, even when they incorporated -deuti-

butylsilane bridge on the.£and Cs hydroxylgroups to form the more constrained precu@sr

no ring expansion productvere still observedScheme 1324 Nevertheless, Portet al still
postulated thate conformational flexibility rationale wake causefor the ring expansion

failure. They therefore aimed to synthesize the ylide in an intramolecular reaction (rather than
intermdecular fashion as previousl§ This would lead to a more constrained ylide and
subsegent zwitterion intermediate, which would favour the desired Bbnd forméon.

To test their postulate, the authors made thioanhydroglidise a fourstep route according

to the literaturé®?’They then devised a synthetic route to tetracyclic strudid@érom
thioanhydroglucos&08(Scheme 1k Selective protetion of the G and Cs hydroxyl groups

with a ditert-butylsilane bridge furnishetilO. This was followed by acetoacetylation and
subsequent diazo transfer yieldiad1l Treatment ofil11with rhodium(ll) acetate dimer formed
isolable tetracyclic ylidd12 (further confirmed with Xray crystallography). However, despite
heatingl12in an array of solvents of different polarities sushxglene, methanol and DMSO,
only starting material or decomposition (latter only observed at extended reaction times) we

seen.
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Si—tBu Si—fBu
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Reagents and conditions: a) tert-Bu,SiCl,, AgNO3, EtsN, DMF, 65%; b) X, xylene,
reflux, 88%; c) p-AcNHCgH4SO,N3, EtsN, MeCN, 100%; d) Rhy(OAc)4 (1 mol %),
benzene, reflux, 88%; e) xylene, reflux; f) DMSO, reflux; g) MeOH, reflux.
Scheme 16Attempted synthesis of tetracycli®9 by a thermal promoted Stevens

rearrangemerby Porteret al

Porteret al proposed two mechanisms for the thermally promoted Stevens rearrangement
(Scheme 1Y. The homolysis mechanisg is the general favoured mechanism for the Stevens
rearrangemerf®2°However, to account for the isolation of gly@dlfrom their previous
attempted ring expansion 88,24 they suggested that heterolytiechanisnb would be

favoured for these substrates under thermal camditiThus, they found it surprising when the
ylide was generally stable under these conditions (dependent on reaction times). They also
thought pathwayp would be more favoured with ilic conditions (due to increased polarization
of the GS bond). Therefe, protic acids (such as trifluoroacetic acid and triflic acid) and Lewis
acids (such as [Cu(acap)were then added to ylideL2 but these failed to induce the desired

Stevens reaangement.
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Mechanisms: a) homolysis pathway; b) heterolytic pathway.

Scheme 17Porterandcavor k er s proposed mechanisms for t

rearrangement.

Since, a Stevens rearrangement did not occur on ¥lideinder acidic or thermal conditions,
Porteret al attempted a photochemical variant of the Stevens rearrangement. They subjected

ylide 112to photolysis in acetonitrile, affording the tetracycle tadd¥ (Scheme 18
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®sS 0 s
} —a OE#
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0] 0]

v .
?i—tBu Ité u
tBu u

Reagents and conditions: a) hv (> 290 nm),
MeCN, 69%.

Scheme 18Porterandcavo r k er s 6 s y tl09%hyeaphowSteveins reéaationgifi2

32



Having made the tetracyclic structur@9, the authors explored the scope of their methodology.
More specifically, they synthesized further substrates to assess whidhrstirteatures were

important for ylide fomation and the phot8tevens rearrangement.

The first structural feature investigated was the effect tbertdbutylsilylene protecting group
(on the G and C4 hydroxyl groups) had on ylide formation or thleoto Stevens rearrangement.
Hence, via aequential deprotectieprotection, the authors formédd 4from 113where the
bridged silyl ether on the_£and Cs was replaced with two triethylsilyl (TES) ethe&cheme
19). A Diazo transfer and subsequentdhon-catalysed diazodecomposition led tagl116
(analogous to ylidd12 except with the notbridged silyl ether protecting group). Photolysis of
116yielded the tricyclic product17(with similar rates and yields to the previous exaniflg).

113 114 115

jd
O

F
510 10
| .
3P 0siEt, 3P 0siEt,
117 116

Reagents and conditions: a) TBAF, THF, 76%; b) Et3SiCl, DMAP, Et3N, DCM, 72%;
¢) p-HOOCCgH4SO,N3, EtsN, MeCN, 75%; d) Rhy(OAc)s 1 mol %, benzene, reflux, 53%; e) hv,
MeCN, 65%.

Scheme 19Porterandcowor ker s6 synt hesill¥, of tricycl

Finally, the authors wanted to examine whether the acetyl group alpha to the carbon centre of the
ylide was important in this methodology. Diazoacel#t@was therefore made in three steps

from alcohd 110 via acetylation, acetoacetylation and a diazo tranSielngme 2 Attempted

33



ylide formation using rhodium(ll)acetate dimer in benzene failed and instead furtiBhetis
compound must have been puadd from the formed rhodium carbenoid reagtiith the
benzene solverif.As a result, thauthors changed the solvent to dichloromethahieh gave
the desired ylidd22 Since,122was unstable to column chromatography, the crude reaction
mixture was directly subjected to photolysis yielding target comp&adgd

0] 0]
OAc
Bﬁ J# i OJ\/U\CFS
tBu\ tBu-
S' Bu. |
tBu tBu /SI
tBu
110 118 119
l c
O ~ o) (0] 0]
+g e} S O)Jm S O
/ S WS O .
O 0 O O
tBu\ I tBu\Sll’ tBu\S’i/ tBu\/SIi/
tBu tBu/ tBu/ tBu
123 122 120 121

Reagents and conditions: a) Ac,0, DMAP, EtzN, DCM, 84%; b) LIHMDS, THF. -78 °C, CF3CO,CH,CFj3; c) p-
HOOCCgH4SO,N3, EtsN, MeCN, 65%; d) Rhy(OAc)s 1 mol %, benzene, reflux, 39%; e) Rhy(OAc)4 1 mol %, DCM, reflux;
f) hv, MeCN, 65%.

Scheme 20Porterand cavo r k e r s 8 of setyanytliti23s |

To summarize, Portat al.developed another route to make the core structure of tagetitoxin.
The key steps in this route were the intramolecular ylide formation, between the sulfamatom
anin-situ formed metallocarbenoid, folloed by a photeéStevens rearrangement. They

additionally inferred that the silyl bridge tether between the oxygens onzhad>C, position

as well as the acetyl group alpha to the nucleophilic carbon on the ylide were not important
factors for this methdology to be successful. This strategy, however, would need to be explored

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

In 2009, Porteet al.adapted their previous strategy of forming the tagetitoxin bicyclie cor
(from a thiol/thiolate cyclizing onto an electrophilic ketoRtly attempt a totalysthesis of

tagetitoxin124and decarboxytagetitoxir2® (Figure 8).3!

0O 0O

OH /H>T/OH

HZNJSS‘/ OAc@® HN o OAc@®
s NH; s NH;
(0] (0]

© ©
HOC oPOsH OPOH

124 125

Figure 8: Synthetic targets for Portet al

Their initial target wa decarboxytagetitoxin2b, starting from Bglucose. The key methodology
of this route was to invert the stereogenic centres at-then@ the G positions with the
incorporation of a nitrogefunctionality at the G, via the formation and subsequérgns

diaxial ring opening of a 2;B-epoxide with an azide nucleophile.

The diol126was prepared from-Qlucose in two steps according to the literat@ehgme

21).32 Diol 126was doubly deprotonated using sodium hydride and then underwent selective
tosylation at the € position, which triggered the-®alkoxide to intramolecularly displat¢he
tosylate to form the 2;8-epoxide. The epoxide was theng-opened with sodium azide to form
127. After silyl protection of the hydroxyl group on theeGhe anomeric allyl ether was

deprotected to form a lactol, which in turn underwent a DMPatiid yielding lactonéd.28
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Reagents and conditions: a) NaH, DMF, rt then Ts-imidazole, 50°C b) NaN3, NH4CI, H,O, 2-methoxyethanol, reflux,
92%; c) TBSCI, imidazole, DMF, 80°C, 98%; d) BuzSnH, ZnCl,, Pd(PPh3)4, THF, rt, 90%; e) DMP, pyridine, DCM, rt,
88%; f) TMS-Acetylene, BuLi, CeCl3.7H,0, THF, -78°C to rt, 32%; g) TMS-Acetylene, BuLi, Yb(OTf)3, THF, -78°C to rt,
48%.

Scheme 21Attempted synthesis of compoufh@9by Porteret al

Treatment of lacton&28with anin-situ generated ceriuracetylide did not lead to the desired
addition product; this was surprising, given the success when subjecting the relateddatbone
these conditions in their previous wdfidnstead the only compound isolated was double

addition productL30 The authors hypothesized that after the desired nucleophilic attack of the
ceriuntacetylide onto the lactone, a ring opening to a ketone occurred, which then underwent a
second organometallic addition. This was followed IBylyd migration from the G2 position to

the formed tertiary alkoxide producid@Q As a result, Portemal coworkers carried out the
reaction with ytterbium triflate instead of cerium chloride, so that an organoytterbium instead of
an organocerium spess would react with lactori28 CompoundL31, however, was formed
instead ofl29 Porter and cavorkers poposed a mechanism for this transformatf®oheme

22). Initially the ytterbium acetylide attacks the lactone to fa88which ring opens td.33
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Subsequently a transannular hydride shift occurs forriBwhich then cyclized ta31upon

workup.

1) OTBS
Ph/TO o

_——TMS
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132
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O ___TMS
—
OTBS
131 134

Scheme 22Porterandcavor ker s6 proposed meclIBhnism for

To overcome problems arising from the imtuation of the acetylene moiety at the anomeric
position on128 the authors decided changed the padehe route. Specifically, they planned to
incorporate the alkyne moiety prior to the inversion of thea@d Cs chiral centres (i.e. to insert

the akyne moiety before they form the 2fiZepoxide). They rationalized that by carrying out the
synthesign this order, the acetylide would add to a glucose configured substrate (rather than an
altrose configured substrate) which is more similar to the la@@uised for this analogous

reactionin their previous successful strate@cheme 1324

Porteret al synthesized 1;&nhydroglucos&35from D-glucose in four steps from the

literature® Following selective silyl protection of the-®and G4 to form136, the authors
introduced an alkyne moiety on t8hema2ptfmeric p
This method involved the reaction between a lithium acetylide and aluminium trichloride to form

a Al ( Clszsp@cMsSwhich upon treatment wiB6, led to137. Formation ofLl38was then

achieved by deprotection of theysiethers and sequent protectioithe G5 and Q6 in the

form of ap-methoxybenzylidene acetal. Synthesis of eposi@@was, however, not achieved
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using their previous strategy. This is because despite trying a range of conditions (IsCl, Ts
imidazole, ®O and MsCI with either pyridiner sodium hydride as base) no regioselectivity
was accomplished for the sulfonylation of one of the hydroxyl groups.ar C3 centres over

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

HO
ﬂ 1 2. TESOWTMS
OTE HO
OTES

OTES

137

lc, d
PMP—X-O
(0]
- %WTMS

OH

138

Reagents and conditons: a) TESCI, pyridine, 0°C, 79%; b) TMS-Acetylene, BulLi, AICl3,
2.,4,6-collidine, toluene-THF, Sonnication, -15°C to 50°C, then add substrate, 130°C,
81%; ¢) AcOH, MeOH, H,0, rt, 92%; d) 4-MeOCgH,CH(OMe),, TsOH, 4A MS, MeCN,
reflux, 95%.

Scheme 23Attempted synthesis of epoxid89by Porteret al

To solve this regioselective problem, the route was altered to make a substrate analb88us to
with the exception of €8 being protectedScheme 24 Acetatel40was theréore synthesized

from 137 by a selective silyl protection on-®and sequent acetgtotection on CB. Silyl ether
cleavage and acetal formation then followed yieldidd. Tosylation of the free hydroxyl group

on Cz was accomplished and then epoxiderfation was attempted. Under basic conditions,
deacetylation of €8 and concomitardisplacement of the tosylate as well as removal of the silyl
group on the alkyne led to the epoxit2 being formed. Yet, when attempting to ring open the
epoxide with an zide nucleophile in acidic conditions, only partial hydrolysis of the acetal was
seen. Thus, the authors tried ranidic conditions such as heating the epoxide with sodium azide
in DMF, but only elimination produd43was observed. Trartiaxial ring op@ing of epoxide

142to azidel44was eventually achi evedInthsprocgdur¥,a ma mot o «
ytterbium triisopropoxide (formeih-situ from ytterbium triflate and lithiun,sopropoxide)

activates the epoxide for nucleophilic attack from the azide.
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Thenext target was to install the thioacetate on the@sition. To achieve this, they protected
the 20 with an acetyl group, hydrolysed the acetal and then performed aveetesylation on
the primary alcohol. This was followed by a displacement ofdbgate with a thioacetate
nucleophile furnishind45 After silylation of the &4, bromination of the terminal alkyne was
achieved using NBS and catalytic Aghl®owever, aidation of the bromoalkyne moiety in
146t o -&etoestér using potassium perganate in methanol (as similarly carried out in the
synthesis 01.06in their earlier world* failed for this substrate as only decomposition was

observed; this prevented the synthesis of decarboxytagetizdraimg achieved.

HO TESO PMP—X-0
0 a,b 0 c,d 0 TMS

OTES OTES OH

137 140 141

le, f
HO = bk o = _h o]
| A

N3 N3 PMP” ™0 )

145 144 142

AcS OAc AcS OAc

TESO °O="8" _ TESO o 7 PMPY 20

CO,Me HO=—=
Ny Ny 2 S

146 147 143

Reagents and conditions: a) TESCI, pyridine, 0°C, 92%; b) Ac,0, 4-(1-pyrrolidino)pyridine, Et3N, rt, 70%; ¢) AcOH, THF, H,0,

45°C, 86%; d) 4-MeOCgH,CH(OMe),, TsOH, 4A MS, MeCN, 80°C, 80%; e) TsCl, pyridine, 120°C, 72%. f) NaOMe, MeOH,

DCM, rt, 64%; g) NaN3z, DMF, 90°C, 49%; h) TMSN3;, Yb(OTf)3, LiOi-Pr, THF, 60°C, 79%; i) Ac,O, DMAP, pyridine , r.t., 99%; j)

AcOH, THF, H,0, 45°C, 81%; k) TsCl, pyridine, rt, 67%; |) KSAc, DMF, rt, 76%; m) TESCI, pyridine, 0-40°C, 82%; n) NBS,
AgNO3;, acetone, rt, 73%.

Scheme 24 Attempted synthesis of bicyclic precurdet7 by Porteret al.

Porteret al also focused on the total synthesis of tagetitoRih They adapted their previous
strategy (shown ischeme 23to include the installation of a vinyl group on the @ 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 byaRad
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with the key step being stereoselective addition ohgl\Grignad reagent to a-keto derivative
of glucose.

Porter and cavorkers synthesized a similaf#i®to derivative of glucose49to Raoet al.(the

only difference being the protecting group on th&8)3° This was accomplished in four steps
from conpound148 (Scheme 25)rotection of the 3 with a PMB group; hydrolysis of the
5,6-acetonide; selective silyl protection of the6Dand finally a Swern oxidation of the

remaining free hydroxyl group on thes@osition. Subsequent stereoselective Gaigradiition
afforded150. Upon heatind.50in a mixture of acetic and trifluoracetic acid, global deprotection
and concomitant cyclization occurred to give the desiredflfydroglucose derivative; it was
also vital to have a thioanisole cation scavemgéehe 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 ifmethanol to deacetylate the mixture of acetates produttign high yield. Via

the same methodology in their previous synthetic studies towards decarboxytagetitoxin
(synthesis 037 from 135shown inScheme 23 the authors performed two further stéps

yield 152 No further work on this route, however, has been published.
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Reagents and conditions: a) NaH, PMBCI, THF, rt, 86%; b) 60% aq ACOH, rt, 80%; c) TBSCI, imidazole, DMF, rt,
81%; d) (COCI),, DMSO, Et3N, DCM, -78°C, 79%; e) vinylmagnesium bromide, THF, rt, 76%; f) 80% aq AcOH,
TFA, PhSMe, reflux then NaOMe, MeOH, rt, 73%; g) TESCI, pyridine, rt, 68%; h) TMS-Acetylene, BuLi, AICl3,
2,4,6-collidine, toluene-THF, sonicate, -15°C to 50°C, then added substrate, 130°C, 70%.

Scheme 25Synthesis of compouritb2 by Porteret al

In summary, whilst Portest al have previously developed a successful synthetic route to th
bicyclic core of tagetitoxin from thiol/thiolate cyclizing onto a ketéhapplying and adapting
this methodology towards a total synthesis of the natural product and itetwal decarboxy
analogue have proved difficult despite isolating promising intermedid@and1523! In fact,

since this paper, no further research related to this synthetic approach haseyedportd.

Porter et al 2012

In 2012, Porter and eaorkers published another paper building on their earlier research
concerning ring expansions of a h@athiolane moiety in thioanhydrosugars to adxdthiane
moiety and its application towardgygitoxin gnthesis?*2°3’Although Porter and eworkers

were previously successful in forming a sulfonium ylide from the reaction of a sulfur atom of a
thioanhydrosugar with metallacarbenoid (generated in situ from a transition metal complex

a n ddiatbesterf*?>they explored methods of forming the ylide without the use of a transition

metal compleX! Furthermore, the authors aimed to adapt their previous succesgful ri
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expansiom methodology in synthesizing the tagetitioxin bicyclic core (based on a carbene
mediated intramolecular sulfonium ylide formation followed by a photochemicé8te)2ns
rearrangement) to a closer related analogue of decarboxytagetitoxin.

Using compound®?2 (made in their earlier studie¥)Porteret al planned to carry out &
alkylation to form a sulfonium bromide sdlb3followed by a deprotonation to form the ylide
154 (Scheme 2§

CkaEt CkaEt S oM
e
@@)S\ OMe @)S\ OMe )j#
©
Br o™
OJ# p— OJ# f— OO
ol ol \
\/. \/_ §i—tBu
Si—Bu Si~tBu Bu
tBu tBu
154 153 92

Scheme 26Porterandcavor ker s6 retrosyrnbdhet i c anal y:

Reaction 0B2 with ethyl bromoacetate produteo trace of sulfonium salic3 instead only
compoundl55was isolated%cheme 2Y; this was formed from nucleophilic attack of the

bromide ion o the formed sulfonium ion. To prevent this undesired reaction, the authors added
either silver salts (to fom insoluble silver bromide removing the bromide nucleophile) or
replaced the bromide leaving group on the alkylating agent with-samceophilicgroup (such

as a triflate). However, neither of these attempts yields]

i OMe EtOZC/\)S\ Br ome
OJ# oj#
o} _a,
0 ki
Si—1Bu Si—tBu
tBu ;‘Bu
92 155

Reagents and conditions: a) EtO,CCH,Br, MeCN, 72%.

Scheme 27 Synthesis of compouritb5by Porteret al

42



The authors considered another method of generating an ylide considered by forming a free
carbene (rather than a metallocarbene) from diazo comgddLinghder photolytic conditions
(Scheme 28)If successful, ylide formation and the subsequent photochemic&8téy&ns
rearrangement could be done in guog. However, irradiation df11with UV light in

acetonitrile only formed compounds6and157. Compoundl56was most likely formed by a

Wolf rearrangement of the generated free carbene, followed by hydrolysis on the formed ketene
intermediate. Whilst oxazolE57was most likely produced by theaction between the free

carbene and acetonitrile. On changing the solvent to dichloromethane or chigrbi®mmajor
product malonat&56.

? O

\
?i—tBu Sli—tBu ?i—tBu

tBu tBu tBu

111 156 157
Reagents and conditions: a) hv (> 290 nm), MeCN

Scheme 28Synthesis of compound$6and157from 111 by Porteret al

To further expand the scope of their methodology, the authors wanted tdl6&&cheme 29
this is an analogue @bmpoundlO9which they had successfully synthesized in their previous
study?® The key difference between these congeners is the presgfwdde functionality in
158rather than a thioether. The oxosulfonium ylide was synthesid from compound 13
(made in their previous studiéd)n three steps: controlled thioether oxidation; diazo transfer;
and diazodecompogin using rhodium acetate. Only decomposition, however, was observed

when irradiating tetracyclic ylidé61with UV light.
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Reagents and conditions: a) m-CPBA, NaHCO3, DCM, 80%; b) p-HOOCCgH4SO,N3, Et3N, MeCN, 88%;
c) Rhy(OAc)4, CgHg, reflux, 63%.

Scheme 29 Attempted synthesis of tetracyclic sulfoxitie8 by Porteret al

Finally, Porteret al tried to make a closely related analogue of decarboxytagetitoxin using their
methodology on a photochemical 452evens rearrangement of a sulfonium ylide.athieve

this, Porter and cavorkers made key changes to their previously successful routes in
synthesizing the tagetitoxin bicyclic cor8¢hemes 1819 and20).2° One modification was to

tether the diazo functionality through an equatorial oxygen at thgoSition rather than the

axial position at G. This would affect the intramolecular ylide formation which would now
occur between thsulfur atom of the 1;®xathiolane with the diazo functionality on the C

position instead of the €position. This modification would allow the installation of a nitrogen

functionality at the G position as is the case with decarboxytagetitoxin.

Theauthors started the syn#iig by making a 2;8-epoxy derivative in two steps from

compoundl62, which was then ring opened with sodium azide to yi&l8(Scheme 30
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Subsequently, a Hanessiklllar oxidative ring opening of the benzylidene acetal mdedyto
164.3839A Sy2displacement of the bromide with a thioacetate nucleophile followed to afford
thioesterl65 Under strong acidic acdgation conditions, acetylation of the@H, thioacetate
cleavage and concomitant cyclization (where the formed thiol displaced@Mgelin a 5exotet
reaction) were all accomplished in one step, yieldié§

o OH OH
Lo abe, W a4 W
07\0 OMe | T
070 O B BzO O
Ph Ph7\Me/ N3 Me~ N
162 163 164

OH

S OAc
s e W
o Ns '
AcS BzO /O

OBz Me” N3
166 165

Reagents and conditions: a) NaOMe, Ts-imidazole, DCM, reflux b) NaOMe, MeOH, Reflux,
81% (2steps); c) NaN3, NH4CIl, MeOCH,CH,0H, H,0, reflux, 83%; d) NBS, BaCO3, CHClj,
reflux, 79%; e) KSAc, DMF, 95%; f) Ac,O, AcOH, H,SOy4, 60%.

Scheme 30Synthesis 0166by Porteret al

The next goal for the authors, was to trifluoraceteylate t8&\@ in 166and to subsequently

perform a detrifluoroacetylating diazo transfer to fdri® (Scheme 3L The trifluoroacetylation

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

only products observed were alcoliél7 and acetoacetafi68 Since, only these products were

seen without even adding the electrophile, the authors postulatedténahe deprimnation 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 fbé&ing

Despite varying the base and tempeamtgompound.69was not seen. The authors therefore

attempted an alternative route whereby they deacetyl&@tb form 167, which was then
subjectedtothe-2 | uor oacetyl deriative of MEO.drumds aci

Compoundl69then underwet a detrifluor@acetylating diazo transfer to fori7Q.
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Diazodecomposition and consequent intramolecular ylide formationiff@was unsuccessful
despite performing a range of conditions with various catalystg(R{t)s, CuPk(MeCN),
AgOTf, Cu(acag).
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Reagents and conditions: a) guanidine, EtOH/DCM, 83%; b) 2,2-dimethyl-5-trifluoroacetyl-1,3-dioxan-4,6-
dione, toluene, reflux; c) 4-HO,CCgH4SO,N3, Ko,CO3, MeCN, 73%;

Scheme 31Attempted synthesis of ylide7 1 by Porteret al.

As a result, the authors changed their strategy for the synthesis of ylidfl®m a transition
metal catalysed diazodecomposition to an intramolecuékydation followed by
deprotonation. Hencéd,72was made by acylation of the@H in 167 with bromoacetyl bromide
(Scheme 32 However, intramolecular displacement of the bronmgé¢he sulfur atom to form

sulfonium saltLl73was not observed with or withoutetlpresence of silver salts.
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Reagents and conditions: a) BrCH,COBr, DMAP, DCM, 57%.

Scheme 32Attempted synthesis of sulfonium sakt3by Porteret al

As the authors previously made the thalignstable acetysubstituted ylided12and116,2° they
aimed to synthesize ylider5(Scheme 33 To achieve this, acetoacetylationl6f7 was
performed to givd68 which then underwent a diazo transfer to fdrm. Although ylide175
was formed fromi74 by diazodecomposition, it was impure and in low yield. Furthermore,

irradiation of impure ylidel 74 did not furnish the desired ring expansion produ@

0 o 0
S 0 0 o 0
)\ A N a s g/ b S ﬁINZ c @)\SQ{/
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Reagents and conditions: a) 2,2,6-trimethyl-4H-1,3-dioxin-4-one, xylene, reflux, 97%; b) 4-HO,CCgH4SO,N3,
K,CO3, MeCN, 85%; c) Rhy(OAc),, CHCI3, reflux, 18%.

Scheme 33Attempted syntésis of tricyclicl76 by Porteret al
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In summary, alternative methods to transition metal catalysed diazodecomposition for ylide
formation such as photolytic conditions cal&ylation followed by deprotonation failed due to
undesired side reactions. Morer, modifying their earlier succeasfmethodology in making

the tagetitoxin bicyclic coréto closer related analogues of tagetitdxyneither sulfoxide
incorporation instad of a thioether or to tether the diazo functionality through an equatorial
linkage at the G proved unsuccessful; the latter of which was explained by increased strain in
the ylide. These results highlight the d@itfity in expanding the scope of theg 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 eworkers synthesized a fullfunctionalized tagetitoxin core structufre.

The first step in their synthesis of a tagetitoxin core structure was a Feryigr-seledtive C
glycosylation of galactdl 77 with tin acetylene and TMSOTHT, producidg8(Scheme 33 The
yield and the selectivity in thesenditions were muchigher than using conventional methods,
such as with bis(trimethylsilyl)acetylene and Lewis acids like $#&t After cleavage of the
two aceates and TMS group using methanolic sodium methoxide, the primary alcohol was
selectively silyl protected formingj79 This allowed selectivearbamoylation to then take place
on the remaining free hydroxyl group via trichlorocetylb@zamoylation and subgaent

hydrolysis to forml80.
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Reagents and conditions: a) tributylstannyl(trimethylsilyl)ethyne, TMSOTHf,
DCM, 0°C; b) NaOMe, MeOH, 0°C ; then Dowex®, 95% in 2 steps; c)
TBSCI, EtsN, DMAP, DCM, rt, 85%; d) trichloroacetyl isocyanate, DCM,
0°C ; then K,CO3, MeOH, H,0, 0°C, 73%.

Scheme 34 Synthesis of compourBOby Nishikawaet al

The next target in the synthesis was the stereocontrolled installation of a nitrogen functionality at
the Cs position and an oxygen functionality at the gosition in a stereocontrolled manner. The
authors envisaged that this could be accomplished by the synthesis ofeazijdine

derivative and subsequent regioselective opening with an oxygen nuclg&uhiéane 3%

Treatment ofl80under typical azidination conditions of catalytic amounts of RBAc)sand
PhI(OAc) with magnesium oxidé? afforded aziridinel81, albeit in low yield (17%). However,

upon modification of the conditions, namely using®#Ac)s, PhlO and 4A molecular sieves,

the reaction was optimized 70% yield. Aziridinel81was then ringppened regioselectively

with an acetate nucleophile to furnis&2 The carbamate was then benzylated under typical

conditions, which was then followed bysilyl ether deprotection to affofB3
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Reagents and conditions: e) Rhy(OAc),, PhlO, MS-4A, DCM, rt, 70%;
b) AcOH, 80°C, 73%; c) NaH, BnBr, TBAI, DMF, 0°C, 90%; d) TBAF,
AcOH, THF, rt, 78%.

Scheme 35Synthesis of compourB3 by Nishikawaet al

The investigators then aimed to incorporate a carboxylic acid derivative o hes@ion. To
achieve this, the authors planned to makexarglycal, carry out an epoxidation d@rand finally
ring open thespiro-epoxyacetal with a cyanideased nucleophile in a regioselective and
stereoselective fashion. The authors firstly activabe primary hydroxyl group as a triflate and
displaced it with lithium phenylselenide (generatredan diphenyldiselenide anaBuLi) to
produce selenid&85 (Scheme 35 Using mCPBA185was then oxidized to give the selenoxide
which then underwent a ssloxide elimination to givexoglycal 186. Electrophilic epoxidation
was then successfully cami®ut on186to yield spiro-epoxyacetal87. When attempting to ring
open the epoxide using TMSCN and a range of Lewis acids, the desiredlBiil@as not
observed. Treatment, however, with/ACN did producel88as a single diastereomer but only
in an8% yield. Eventually the authors found optimal conditions for this reaction using TMSCN
and molecular iodine in toluene and hexane 4;Qhis led to thesolation 0f188in sufficient

yield (44%) after acidic hydrolysis of the TMS ether.

50



HO
., a
o) ‘OAc
)——NBn
o)
183
c|)H
L g7
NGO oZ
-t
0 “0OAc
}/.’NBn
o)
188

“'OA

o)
}’NBn
o)

187

Cc 0) ’
NB
O)’ ’

186

Reagents and conditions: a)Tf,O, 2-6-lutidine, CH3CN, -20°C, 93%; b) (PhSe),, n-BuLi, THF,
-20°C, 86%; c) m-CPBA, DCM, -40°C; d) NaHCOg3, THF, 65°C, 88% in 2 steps; e) m-CPBA,
NaHCO3, DCM, rt, 98%; f) TMSCN, I,, toluene, hexane, 0°C, then 1 M HCl aq. rt, 44%.

Scheme 36Synthesis of nitriled88 by Nishikawaet al

Having succeeded in making a fully functionalized pyranoid framewot&gattitoxin (88), the

authors then aimed to construct the-Gxthiane moiety of the natural productolder to

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

thioacetyl group, using similar methodgipto Porteet al,?* whereby the primary alcohol of

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

189 (Scheme 3Y. The authors then plannenldeprotect the thioacetate group to release the

thiolate which would then undergo a concomitat@x@-dig cyclization. Although treatment of
189with LiSMe did cause the intended thioacetyl deprotection, only the undesaredbdig

cyclization from thegenerated thiolate occurred. Therefore, Nishikawa andar&ers planned

to modify their cyclization strategy; instead ofiarsitu generated thiote undergoing a-éxc

dig

sulfoxide inaéexot r i g

cyclization,

t hey

cyclization.

envisaged

t h-ansaturated wo u |

T h u synsaturhted sufaxiden o r s

190in two steps fromi89 by a radicabddition of thiophenol to the alkyne moiety and

subsequent oxidation of the vinyl thioether with mCPBAeatment ofL90with lithium hydride

in methanol led to initial thioester cleavage andnasitu conjugate addition of the formed
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thiolate on the vigl sulfoxide, but deacetylation and nitrile transformation into an imidate were
additionally observed leaa to191forming. Subsequent acidic hydrolysis on the imidate was
then carried out to give methyl estd2, which in turn was acetylated to fort83

?H SAc O

L | SPh
NCZ O NG O ="
o “'OAc v HOAC

/>——NBn />/N|3n />/N|3n

S o) S
S N e N
Me0,C <O~ f MeO,C & O~
'e) OAc 'e)
/>'NBn NBn
o) o) B ]

193 192 191

Reagents and conditions: a) Tf,0, 2-6-lutidine, CH3CN, -20°C; b) AcSH, NaH, DMF, rt, 89% in 2 steps;
c) PhSH, AIBN, t-BuOH, 100°C; d) m-CPBA, DCM, -40°C, 62% in 2 steps; e) LiH, MeOH, 0°C to rt, then
1 M HCl aq., 0°C f) Ac,O, pyridine, DCM, rt, 77% in 2 steps.

Scheme 37 Synthesis of compourt®3 by Nishikawaet al

Transformaton of the sulfoxide moiety df93into an aldehyde via the Pummerer rearrangement
to form194was attemptedScheme 38 However, the use of conventional conditions such as
acetic anhydride and sodium acetate only led to unreacted starting materiatofipseal the
authors to use the more electrophilic trifluoracetic anhydride instead. This led to stargnigmat
being recovered, although, epimerization of the chiral sulfoxide was observed (diastereomeric
ratio changed from 1:7 to 2:1); this indicatkattthe sulfoxide must have been

trifluoroacetylated initially but then underwent an intermolecular dispiece with a

trifluoroacetate nucleophile. In order to solve the aforementioned difficulties encountered in this
transformation, a strong electropbiactivating agent with a poor nucleophilic leaving group

(TMSOTTf) and a nomucleophilic base (BN) wereused; 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 aldehy84

S
/ \,CHO

S (0]
7 N Een a o
S // MeOZC < -

MeO,C <O

193 194

Reagents and conditions: a) NaOAc, Ac,0; b) TMSOTT, EtzN, DCM, 0 °C,
63%; c) (CF3C0),0.

Scheme 38Synthesis of compouritbB4 by Nishikawaet 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
accomplishd both these goals in one st&zheme 3% Oxidative amidation of aldehydé4

with benzylamine and iodine in methanol produced thiok€9akather tharthe expected
compoundl96. It was postulated, that during the reacti®6was produced but then uvemvent
acetate cleavage. Additionally, under these conditions, the sulfide was activated with iodine to
form a sulfonium ion which was then trapped byetimanol molecule furnishing95.

Acetylation of195gave the tagetitoxin core structur®?.
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Reagents and conditions: a) BnNH,, |,, MeOH, rt; b) Ac,O, pyridine, rt, 30% in 2 steps.

Scheme 39Synthesis of the core structure of tagetitodid) by Nishikawaet al

In summary, Nishikawat al synthesized thérst fully functionalized tagetitoxin core. Their

key methodology in constructing the bicycting system involved the deprotection of a

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

sulfoxide. Moreover, ampared to previously synthesized tagetitoxin core structtifés,

compoundl97is 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 structure®a and2b.** 4 There have been several routes attempted by the Page group to

make the bicyclic core of structurdaand?2b. In all routes, the planned synthesishu ,4

oxathiane moiety in the bicyclic core has been based upon Porter-and cok e r s 0

A

met hodo

where a thioacetyl functionality is deprotected leading tmasitu cyclization of a free thiol or

thiolate onto a keton#.
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Roy

Early studies in the Page group towards the synthesis etittagn were carried out by Claud
Eric Roy®® Their synthetic pathways generally started from-ogelic materialgsuch as mucic

acid ormesaetartaric acid) before mang on to cyclic starting materials such asriannose.

Mucic Acid Route

The first strategy of the group began from a-ggalic starting materiel mucic aci&¢heme
40).

RO,C.,,
HO
"COR T —— —
RO “OR
RO
198

RO,C  OR
0 2 RO COzR

OR
RO,C Rg CO,R

203 202 201
OR OR OH OH
RO,C.__~ HO,C. _~
2 COR 29 COLH
OR OR OH OH
204 205

Scheme 8: Retrosynthesis of the target bicyclic structL®8from mucic acid.

In this strategy, bicyclic precurs@®9could be derived frorR00 by activating the hydroxyl into
a good leaving group and then displacing it with a thioacetate nucleophddully

functionalized pyranoid cor200, could be made from cyclization in terminal epoxafd. This
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epoxide intermediat201 could be synthesized from-Hetoeste202via a Wittig or Tebbe
olefinationepoxidation sequence or a Cot@lraykovsky reaion on oneof the ketoned® 48
Compound202 could be formed by a Krapcho decarboxylation of the two esters, other than the

t w ekettksters i203 Enolization of both esters 204, which thenundergo nucleophilic

attack on an esterified derivative of -oxalic
ketoester moieties seend3 Finally, 204 could be synthesized from readily available mucic

acid 205 by esterification othe two caboxylic acid moieties followed by relevant hydroxyl

group protection.

Roy began the route by synthesizing compo2@din two steps from mucic aci205(Scheme
41) as described by Hirsat al*® These steps were a Fisclesterification to form bimethyl
ester206 which was then treated with acid in acetone to furnistab&tonide207. However,

only low yields (1725%) of207 were obtained; changing the acid catalyst led to either lower

yields or decomposition.

OH OH OH OH Q"0
HO,C._ A~ _a , MeO,C_ ~ b “ CO,Me
2 \;/\/kCOZH €0, \;/\‘/'\COZMe L MeOzC)W—-_/ 2
OH OH OH OH o\’/\b
205 206 207

Reagents and conditions: a) MeOH, H,SOy4, 90%; b) H,SO4, acetone, 17-25%.
Scheme 41Two-step synthesis &07 from mucic acid?05.

The next planned step i n t heketoegtarmbiatiestogivewa s t h
208 (Scheme 4zandTable 3).

L <

o O 0o o

= COQMG a Et02C R COzMe
MeO,C ? MeO,C ~—COEt
207 208

Reagents and conditions: a) Base, diethyl oxalate, solvent, temperature. See Table 3.

Schemed2 Acylation attempts 0207.
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Entry | Base Solvent | Temperature/°C | Result

1°0 EtONa | EtOH |t SM

2 NaH THF 0 SM
LDA THF -78 SM
LDA THF -78 SM

Table 3 Conditions reported for the aayion attempts of compouri®b6

This was initiall yconditions®whpre sodiumethoxitegvasiised asm 0 s
base (to form the ester enolates), and diethyl oxalate usedeasdtiephile. Under these
conditions, however, only starting material wasovered (entry 1). Consequently, the group
used stronger bases such as sodium hydride and lithium diisopropylamide (LDA) but this

similarly led to full starting material recove(gntries 2 to 4).

To investigate the failure of this reaction, the gratiempted to alkylat207to assess the

reactivity of the carbon being deprotonated. Only starting material, however, was observed when
using ethyl iodide as the alkylating agentiwthe same bases used in the attempted acylation

(LDA and sodium hydride)This unexpectedly suggests that under these conditions, the ester
enolate o207is 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 witelbanide207 as

well as the failure in producing bisetoeste208
Tartaric Acid Route

The group then moved onto a different strategy starting fresetartaric acid $cheme 43
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Scheme 8: Retrosynthesis of the target bicyclic structL®8from mesetartaric acid.

In this route, bicyclic precursdr99could be formed fror209by deprotection of thexacyclic
secondary hydroxyl group and thensub g u e nt 0 x i-liydraxyesien ta o fketdtediee. U
Similarly to the retrosynthetic analysis in the mucic acid route, the thioacetate moiety could be
incorporated into the structuBd 0 by displacement chemistry. Intermedi&tE could be

derived byreaction between the anomeric ester eeatd11with formaldehyde. The
functionalized pyranoid cor2llcould be made by a@&xotet cyclization from attack of a

nucleophilic hydroxyl onto an activated hydroxyl group (e.g. sulfonate ester) in the cycli
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precursor212 which in turn could be madby the bisdihydroxylation 0f213 The bis
alkenylcarboxylic este213could be synthesized by a Wittig olefination on both aldehydes of
214 Finally, esterification and relevant hydroxyl group protectiom@®-tartaric acid followed

by ester reductiowould furnish dialdehyde intermedia2é4.

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

optimized conditions would be appliedrieesetartaric acid (due to thhigh cost of the latter).

Usi ng Csgproceductk®dRoy synthesized intermediate){218from racemic tartaric acid
217 (Scheme 44 In this onepot reaction, under acidic nditions p-toluenesulfonic acid) in
methanol and 2;8imethoxypropane 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 estsiion and ktalization in one pot, the reaction was
capricious, since results varied from quantitative yields-p2(8to complex mixtures with
undesired side products such as a¢jdA19and ()-220

HO,C  CO,H

0 o L ok T Ot
- ) + :— _|_ Oﬁo
MeO,C CO,Me HO,C CO,H O O

(+)-217 (+)-218 (+)-219 (+)-220

Reagents and conditions: a) MeOH, 2,2-DMP, p-TsOH, reflux, overnight, up to 100% of (+)-218.

Scheme 44Synhesis of £)-218from racemic tartaric acid-j-217.

The next target in this strategy, was the synthesis of dialkg2¢ from (+)-218 by a onepot
bis-[ester reduction/Wittig olefination]Scheme 4% In this step, the diester was reduced to the
dialdehyde ()-221using 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 thatedagptimization to

avoid starting material decomposition or full reduction of the esters to alcohol moieties. After 3
hours at78°C, the Wittig ylide was then added to the reaction mixture, which led to an
inseparable mixture of th&E)-dialkene §)-222ard its geometric isome&Z(2)-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 compouatil later on in the synthesis), this mixture was
not used furthein the synthesis.

< k. 5 S

Q a . Q"0 b - + Q"o
—~ — /_/_Q:\ Etozc\_/—LcozEt
MeO,C CO,Me OHC CHO — — _
EtO,C CO,Et
(+)-218 (+)-221 (+)-222 (+)-223

Reagents and conditions: a) DIBAL (1M in PhMe) over 30 min, PhMe, -78 °C, 3 h; b) PhsPCHCO,Et, -78 °C to rt, 16 h.
Scheme 450nepot bis[ester reduction/Wittig olefination] of intermediate)-218

With the goal being to isolate only one geometric isomer of the dialkeneplanned to adapt a
synthesis carried out ISaitoet al,>® since they succeeded in making tBeEj-dialkene §)-222
from a onepot bis[ester reduction/Horner WadswotsEmmons olefinationpn (+)-224

(Scheme 4% Saitoet al conclude tht this type of diester starting material (with acetonide
protecting group and isopropylic esters) in a toldk@rane solvent system with
diisopropylphosphonate as the Horner Wadswé&rtimons (HWE) olefinatin reagent were key

features for the successtbe reactiornr®

Je )

Q 0 —a 5 g

~

|Pr02C C02|Pr Et02C COzEt

(+)-224 (+)-222

Reagents and conditions: a) DIBAL (1M in PhMe) over 30 min, PhMe/hexane,
-78 °C, 3 h; then (iPrO),P(O)CHCO,Et, - 78 °C to rt, 78%.

Scheme 46Saito andcavor ker s 0 sy n t2R2drem compouhd®2d® al ke ne

However, Roy intended to perform this fester reduction/HWE] on isopropylic dies25
rather than<)-224. The synthesis would, therefore, be started froese rather thamac-tartaric
acid (cespite the high cost of the former). Thus, isopropylic di€&2éwas synthesized in two
steps frommesetartaric acid?16by a Fischer esterification and subsequent ketalization.
(Scheme 4Y.
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HO OH HO OH )(
0

a b (0]

HOzC COzH IPrOZC COzlPr
iPrOZC COzlpr

216 225 226

Reagents and conditions: a) AcCl, iPrOH, relux, 16 h, 90-100%; b) 2,2-DMP, p-TsOH,
PhMe, reflux 1h, then azeotropic distillation, 80-100%.

Scheme 47 Two-step synthas of 226 from mesetartaric acid216.

Roy then attempted th@s-[ester reduction/HWE] 0825 using conditions reported from Saito
et al (Scheme 48> However, only low yields (1:35%) of dialkene27were obtained.
Changing reaction times, rate of aueh of reagents as well as the base that deprotonates the

phosphonate from-BuLi to norrnucleophilic LDA lel to no improvement in yield.

L o

O O —a

IPI'02C COzIPr EtOZC COzEt
226 227

Reagents and conditions: a) DIBAL (1M in PhMe) over 30 min, PhMe,
2h, -78 °C; then 3 h; then (iPrO),P(O)CHCO,EL, - 78 °C to rt, 13%.

Scheme 480nepot bis[ester reduction/HWE olefination] @26.

Despite the pooriglds for dialkene27, the bisdihydroxylation using AD mb was att empt
(Scheme 4% The crudeéH 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 noecovery possibly due to its polarity.

>( CO,Et
OH _CO,Et
0" "o HO 2
s OH
- — o) OH
EtO,C CO,Et %O
227 228

Scheme 49Failed synthesis &#28 by bisdihydroxylation of227.
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The low yields of the dialken227in addition to no single isolable product from the bis

dihydroxylation, led thgroup to focus on a different strategy.
Darzens Route

Roy then moved onto strategy with the cyclic starting material@annose $cheme 5

Scheme 50Retrosynthesis of target struct@29from D-mannose35in the Darzens route.

In this strategy, structur229is the synthetic target. #29were successfully made, the strategy
would then be modified to install an ester on the thiohemiketal centre. The target pradarsor
could be synthesized froB81in threesteps selective acetonide hydrolysis; primary hydroxyl
protection; and oxidationfahe secondary alcohol. The insertion of the thioaeetgthylene
moiety on232to afford231is identical to the aforementioned methodology inrttesetartaric

acid route. Theynthesis of the pyranoid core2B82could be achieved by aéhdotet
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cyclization in glycidic este233followed by a protection of the OH on.CThis glycidic ester
233coul d form fr om a Da+haoestesand daecemrneimannd3dht we e n ¢
234. Finally, DAM 234 could be synthesized from-Dannos&€35usng acid catalysis in an

acetone solvent.

The key feature in this route is the proposed Darzens condensation reaction involving a
nucl eophi | i c-hamebtdri(usingemolathemistayyon the acyclic hydroxy
aldehyde form of DAM234followed by a 3exotet cyclization to give epoxid233 (Scheme
51). This reaction exploits the aldehyde chemical properties that most cyclic carbohydrate
derivatives have, arising fromthe equillb um bet ween t he O6closedd | ac
hydroxy-aldehydegform. Furthermore, in intermedia36 competing with the &xotet
cyclization for epoxide formation, aéxatet cyclization could occur to give the desired
glycoside237. Alternativdy, even if epoxide formation occurs in the reaction, the formed
epoxde intermediate could undergo a concomitaen@otet cyclization (although in
competition with the more favourable undesireedX®tet cyclization) to give the @lycosyl
ester237.

Scheme 51Proposed mechanism fare Darzens reaction on DARB4.

For the first step of the route, Roy synthesized DAM froom@nnose using a literature

procedure from Schmidit al. (Scheme 52°* The reaction occurred by the protection of ¢ise
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hydroxyl groups in the furanose form ofNdannose with isopropylides graups. 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.

A<O
O_ .OH
HO 0"\ _-0
‘ _ab_ OH
HO" OH
o)

OH ><o
235 234

Reagents and condtions: a) H,SOy4, acetone, rt, 3 h; b) Na,CO3,
charcoal, acetone, reflux, 1 h, 75-90%.

Scheme 52Synthesis of DAM234from D-mannos&35

Subsequently the Darzens reaction on DAM was attemfeliefme 58 However, only starting

material was observed in the reaction, despite trying different deprotonation conditions for the
addi t i o-haloester. t he U

234 238

Reagents and condtions: a) Methyl bromoacetate, Et3N, toluene, 0 °C to
rt, overnight; b) Methyl bromoacetate, LDA, THF, -78 °C to RT, overnight.

Scheme 53Attempted Darzens reaction on DARBA.

As a result, the grup modified their strategys€heme 53 In this approach, the Darzens
reaction would occur on a protected derivatiywv

deprotection and concomitarteddotet cyclization would then eventually lead to glycoside
237.
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239 240 237

Scheme 54Proposed synthetic approach to pyrark8a.

To make this protected derivative, Roy followed a synthesis peefd by Hashimotet al.
(Scheme 55°° In this synthesis dio41, 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 affadBe®eprotection of the

benzoyl group and sasequent oxidation of the resulting primary alcohol furnished alde?dfde

b
A<O
o OTBS
<& OH <9

0)
N
244

Reagents and condtions: a) LAH, THF, 0 °C to rt; b) BzCl, PY, rt; ¢c) TBSCI, imidazole, DMF, 80 °C; d)
1N NaOH/MeOH rt; e) DCC, DMSO, TFA, PY, benzene.

243

Scheme 55Hashimoto and cav o r k e r-step syiithiesiseof aldehy@d5from DAM 234 5°

Although benzoyP42was reached easily by Roy using Hashimoto andrcor k er sd condi t
difficulties were encountered in the ensuing silylation of the secondary alcohol. The use of

TBSCI was concluded to be ineffective under the comtitreported by Hdnimotoet al,*® as
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only decomposition was observed. The use of the more electrophilic silylating agent TBSOTH,
with N,N-DiisopropylethylamingDIPEA) in ELO, however, did furnish eopound243but in

low yield (37%). After Roy successfully isolated alcoBd# in quantitative yield from the
saponification of the benzoyl functionality 243 the oxidation to the target aldehy2i5was

then attempted. Surpnigyly when using MoffatPfitzner methodology as reported in Hashimoto
andcew o r k e r s 0° oly ammixtuee sfistarting material and decomposition was seen.
Even applying range of other oxidat®(ParikhDoering, Swerniad 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 publishddbpgzHerreraet al. (Scheme

56).% The route consisted of a Wittig olefination of DAM forming terminal alk24@ then

acetyl protection followed by ozonolysigelding aldehyde48 An advantage of this synthesis

was fewer steps compared to the synthesis of alde2d&lieeported by Hashimoto and-co

workers®®

Reagents and condtions: a) Ph3PCH3Br, n-BuLi, HMPA, THF; b) Ac,0, PY; c), rt; c) O3, CHCI3, then SMe;.

Scheme 56LopézHerrera and cavorker® t -$tap syathesis of aldehy@48from DAM
23456

The Wittig olefination on DAM234 carried out by Roy, appeared capricious as terminal alkene
246 was formedn yields varying from 47% to 76%. Acetylation (8%2% yield) and sequent
ozonolysis (up to 100% yield), however, proceeded smoothly to afford the desired aldé8yde

The next step in the synthesis was the Darzens condensation on al@é8{8eheme57). In
both conditions attempted, glycidic esB&Qwas not isolated. When the reaction was performed
with LDA, only DAM was recovered. When using the milder baBeiOK, mainly starting

material and a small amount of DAM was isolated. The formation2flh both conditions
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could be explained by an-situ deprotection of the acetate by the deprotonated bromoacetate
nucleophile liberating an anionic oxygen which coulacktthe aldehyde yielding DAM.

aorb

Reagents and condtions: a) LDA, THF, ethyl bromoacetate, -78 °C to rt;
b) tBuOK, Et,0, ethyl bromoacetate, 0 °C to rt.

Scheme 57FailedDarzens reactions of aldehy248
This route was abandoned due to the inability to isolate glycidic 2%%er
Pearce

Continuing the work of ClaudEric Roy, Pearce undexbk a variety of routes starting from
DAM 23444

Dithioacetal Route

The first route attemptd by Pearce involved t he-ketoestel eophi |
onto DAM 234 (Scheme 58

67



Scheme 58Retrosynthesis of target struct@29from DAM 234in the dithioacetal route.

The synthetic targe229 could bederived from intermediat232 by the same methodology
mentioned in the Daens routé?® Pearce proposed that pyrae@80could lead t®232in a

threestep sequence involving selective proiat of the G hydroxyl group, activation of the
anomeric alcohol into a good leaving group and displacement of the latter with a hydride source.
Pyranose€50could be obtained bgethioketalization o251, which in turn, would trigger a-6

exotrig cyclization. The nucleophilic addition of a deprotonatedditBiane2-carboxylate ester
derivative on DAM234would yield intermediat@51 Finally DAM 234would be made from

D-mannose&35in identical fashion to previous work in the grotip.
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This route was largely inspired by the synthesis of ingeliate253from DAM 234 reported by
Reiner and SchmidScheme59).5” Pearce planned to reproduce thistsesis except but
without performing the transesterification after the dethioketalization.

235 252 253

Reagents and condtions: a) ethyl 1,3-dithiane-2-carboxylate, LDA, MgBr,, THF, 76%; b) NBS, acetone;
c) NaOMe, MeOH, 30% over 2 steps

Scheme 59 Rei ner a n etepSsgnthesis df pytaso288 from DAM 234

After synthesizing DAM234from D-mannos&35, Pearce then attempted the nucleophilic

addition of ethyl 1,3lithiane2-carboxylate onto DAM with the goal of maki2$2 The group
decided to modify Reiner aNgBr@@®cpnaoticatity réasong);r oc e d
therefaoe DAM 234 was added to a lithiated 1ddthiane derivative rather than a Grignard

reagent 1,3lithiane derivative, but only DAM was recovered. The group rationalized this

observation by suggesting that the liteédithiane acted as a base rather thauncéeophile on

the open hydroxaaldehyde form of DAM to reform the closed lactol form. When repeating the
conditions from the literatur¥,high yields of up to 98% *52were obtained, though the yields

did decrease on a scale less than 10g of DAM.

Thenext step in this strategy involved thahdeketalization andh-situ cyclization of the

hydroxyl group onto the formed ketorfecheme 6GndTable 4).

Reagents and conditions: a) see Table 4.
Scheme 60Dethioketalization attempts @62
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Entry | Reagents and Caoditions Result
157 NBS, 97% aqueous dome, (°C, 3 min | 40%254

2 NIS, Acetone, 0 °C, 3 min 40% 254
NCS, Acetone, 0 °C, 3 min 10% 254
4 DBDMH, Acetone, 0 °C, 3 min 40% 254

5°8 HgCk, (MeOH/H20 9:1) reflux, 18 h | DAM 234
6> HgO, (MeOH/H20 9:1) reflux, 18 h | DAM 234

8% H>0, (MeOHMH20 5:1) 6 h DAM 234
951 mCPBA, DCM, RT, 4 h DAM 234
10°2 | Oxone® DCM, RT, 4 h DAM 234
11 Mel, DCM, reflux, 2 h SM

Table 4: Conditions and results reported for dethioketalization attempts of com@aand

When using NBS in aqueous acetone (entry 1) as reported by Reiner and Sthymaitpse

254 was isolated albeit in @ yields(up to 40%). In addition to poor yields, there were

scalability issues, where masses greater than ~200 &&pddd to little or no product and
purification issues, due to the production of vast impurities in comparison to small yieié of

The stereokemistry of the resulting pyranose was confirmed bya)crystallography. To

improve the yields, a variety of other dethioketalization procedures were attempted, such as the
use of different halide donors (entrieg 2 mercury reagents (entribs),>2*%oxidants (entries
8-10)°%°2and the use of methyl iodide (entry 11). None of these methods, however, led to any
improvements; the only one with comparable success to NBS (entigré)the use dflIS

(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, D2Z@4lwas isolated which led

the group to pypose a mechasm for this Scheme 6L
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252 234

Scheme 61Proposed mechanism for DARB4 production in the dethioketalization attempts of
252

Despite the low yields of the dethioketalization, Pearce decided to continue thevitbuthe
nextstep being the selective protection of the hydroxyl group on theoSition in254.

Attempts to protect the hydroxyl group as a TBDPS ether failed even after refluxing for several
days; this failure was attributed to a steric rationakevestheless, T8 and TIPS protection of

the C; hydroxyl were achievedScheme 6%, though only at low yields for the former.

Reagents and conditions: a) imidazole, TBSCI, DMF, 24 h, 32%; b) 2,6-Lutidene, TIPSOTf, DCM, - 78 °C, 1 h, 68%.
Scheme 62Synthesis of silyl ether255and256.

Pearce then attempted to activate the anorhgdecoxyl group. Initially, the hydroxyl group was
methylated $cheme 63 since there was literature precedent for the reductive cleavage of
anomeric methoxy groups using triethylsilane and TMSOTf from @&tray®3 The group also

mesylated and acety&d 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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257; R = Me 255; R=TBS 260
258; R = Ac 256; R = TIPS
259; R = Ms

Reagents and condtions: a) NaH, Mel, DMF, 88% 257; b) EtsN, Ac,O, DMAP, DCM, 0 °C to rt, 19% 258; c) Et3N,
MsCIl, DMAP, DCM, 15-30% 259; d) Et3N, Ac,O, DMAP, DCM, 0 °C to rt, 67%.

Scheme 63Activation of anomeric hydroxyl group B65and256.

The reduction of the methylated, acetylated and mesylated prod6@&20) using EtSiH and
TMSOTTf according to the literatufewas unsuccessfuStheme 6% Consequently, the group
tried a rang ofcombinations of Lewis acids (BE®O, AIClz and TiCk) and hydride reductants
(EtzSiH and NaBHCN) but only starting material was recovered.

“IOR'
"OTBS

257; R=TBS, R'= Me
258, R=TBS, R'= Ac
259; R =TBS, R'= Ms
260; R=TIPS,R'= Ac

Reagents and condtions: a) Lewis acid, Et3SiH or NaBH3CN.
Scheme 64Failed reductions of anomeric centre in compowiisi 260.

Due tothe 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 targ2R9 Pearceersevered with the dethioketalization strategy but

aimed to reduce arthereby 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 comparedthe dithioacetal rout&Stheme 65

263 251 234

Scheme 65Retrosynthesis of target struct@29from DAM 234 in the Reduction route.

The retrosynthetic analysis for tar@9from intermediate32is identical to previous routes

(i.e. the dithioacetal and Darzens routes). Stru@88xould derie from261in three steps: a
selective deprotection of the methylene alcohol; primary alcohol oxidation to the carboxylic acid;
followed by esterification. Activation and subsequent reshof the anomeric hydroxyl group in
pyranose262 could form intermetite 261 Pyranos62could be formed from

dethioketalization of intermediaB63 which in turn could be made by the reduction of the ester

moiety in251and then protection of the prary alcohol. Structur251 could be synthesized
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from D-mannose in 3teps as previously achieved by Pearce in the dithioacetal route (where
ester252was made).

Starting from compouné52, the group successfully reduced the ethyl ester moiety using LAH
to afford triol264 (Scheme 6§ Selective protection of the primarycahol in264with an acetyl
group proved challenging in any conditions using DMAP, since only tHaeétylated
compound265and starting material were recovered. Standard acetylation conditions without
DMAP, however, afforded compourab6in good yield.Pearce alscofmed theert-
butyldiphenylsilyl (TBDPS) ether of primary hydroxyl group albeit in low yield (18%).

266; R = Ac
267; R = TBDPS

265

Reagents and conditions: a) LiAlH4, THF, 0 °C to rt, 3 h, 76%; b) Ac,0, EtzN, DMAP, DCM, 4 h, rt; ¢) Ac,0, EtzN, DCM,
overnight, 67%; d) TBDPSCI, EtsN, DMAP, DCM, rt, overnight, 18%.

Scheme 66 Synthesis of compoun@66 and267.

Compound66and267were then subjected to the dethiokigetion readbn (Scheme 6Y.
Treatment with NBS in aqueous acetone led to no desired product, although replacing NBS with
DBDMH gave pyranose®68and269in good vyield.
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266; R = Ac 268; R = Ac
267; R = TBDPS 269; R = TBDPS

Reagents and conditions: a) DBDMH, 0 °C, 30 min (66 - 100%, R = Ac),
(67%, R =TBDPS).

Scheme 67Dethioketalization of compoun@§6and267.

The nex step of the route was the reduction of the anomeric positid68and269 using
Gr ayos cSchehe 685 Unfotunately under these conditions only decomposition of
268and269observed.

268; R = Ac 270; R =Ac
269; R = TBDPS 271; R = TBDPS

Reagents and condtions: a) TMSOTf, Et3SiH, MeCN.
Schene 68 Failed reductions of andmeric cent i

As a resultthe group opted to methylate the anomeric andh&iroxyl groups irk68and269in
anticipation that this would aid removal of the anomeric hydroxyl group in therdattection.

However attempted methylations 868and269only led todecomposition$cheme 6%
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268; R = Ac 272; R = Ac
269; R = TBDPS 273; R = TBDPS

Reagents and condtions: a) NaH, Mel, DMF.

Scheme 69Failed methylation of compoun@68 and269.

The unsuccessful attempted reductions of the anomeric centre anbydatiens steered the
group away from the dethioketalization stratégdeveloping a new route.

Wittig Route

Pearce then opted for a different approach to reach 22§ethis involved a Wittig reaction on
DAM to introduce the ester moiety insteadloé nucleophilic addition of a deprotonated

functionalized dithianeni his previous routess¢heme 7))
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Scheme 70Retrosynthesis of target struct@29from DAM 234 in the Wittig route.

As explained in previous routdsrget229could be derived fror@32 Similarly to the Darzens
routeperformed by Roy? the pyranoid core d#32could be made by the deprotection of the
secondary alcohol in glycidic este40and concomitant-@ndotet cyclization. Glycidic ester
240could originate from epoxidation of alkeB&4, which in turn could be made from a Wittig

olefination of DAM 234 using an esteistabilized ylide.

After synthesizing, the ethyl eststabilized ylide (from refluxing ethyl bromoacetate and
triphenylphosphine in toluene followed by a NaOH wash), the Wittig olefination on DAM was
attempted using previously published caiagis Scheme 7164 Under these conditions, the

major E-alkene275and minorZ-alkene276 productswere isolated. The minat-alkene276was
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discarded, presumably due to the low yields eflatter (10 20%). Hence, Pearce proceeded to
the next step only witk-alkene275

234 275 276

Reagents and conditions: a) Ph3PCHCO,Et, toluene, reflux, 1 h, 50-70% 275, 10-20% 276.

Scheme 71Wittig olefination of DAM 234

Acetylation of the secondary alcohollralkene275was then achieved to afford compowy
(Scheme 72.

275 217
Reagents and conditions: a) Ac,0, DMAP, Et3N, DCM, 75%.

Scheme 72Acetylation of compoun@75.

The group then aimed to synthesize glycidic eat@&(Scheme 73 However, despite trying a

range of epoxidation conditionthe glycidic ester was not isolated nor ewdserved.

A<O
OAc COzEt

a,borc o
VAR (0]

(@)
0
249

Reagents and conditions: a) Oxone®, MeCN/H,0 10:1, rt; b) H,05, MeCN/H,0
1:1, NaOH, rt; ¢) tBuOOH, MeCN/H,0 1:1, NaOH, rt.

Scheme 73Failed epoxidations of alker&y7.
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The disappointing epoxidation results, led the group to slightly modify their methodology by
devising othecyclization methodsScheme 74 In this new strategy, lBromination on the
unprotectedE-alkene275would be performed; this could cause-ar@lotet cyclization (albeit

in competition with the more favourableexotet cyclization) of the secondary aladlonto the
bromonium ion to affor@79 Subsequent disptement of the bromine on the @ith an

oxygen nucleophile could afford pyrand80.

275 278 279 280

Methodologies: a) Bromination; b) Displacement chemistry.
Scheme 74Proposed synthetic approach to pyrarka0.

Regrettably, thattempted bromination involving the addition of neat brento a solution of
275in DCM at 0°C led to a complex mixture, from which neither pyrar@i®nor the 1,2

dibrominated compound were isolated.

Finally, Pearce planned one last strategy staftom the acetyprotected alken277, whereby

instead ofunctionalizing the alkene, a reduction would be attempBetiédme 7k
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Scheme 75Retrosynthesis of target struct@&lfrom alkene277.

The onlydisadvantage of this strategy was the absence of a functionality on gasifion. If,

however, synthetic targéB81was successfully made, however, methods to functionalize.the C

position would be revisited. The retrosynthetic analysis for t@&8kfrom 284is identical in

methodology to the previous tar@9from conpound232(as mentioned in earlier routes).

Compound284 could be made from alker®7in three steps. Alken277 could firstly be

reduced by a hydrogenation to give compoR86@ Then the esteri286c oul d un-der go an
halogenation to forr@85, offeringa good leaving group alpha to the ester and thus subsequent

cleavage of the acetate group could triggerex@tet cyclization to afford &jlycoside284.
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Pearce successfully reducaidene277with hydrogen gas over palladium on carbon to yield
286. Thef o | | o-halogegatiod of the ester, however, proved difficBti{eme 7@ndTable

5).

Reagents and conditions: a) see Table 5.

Scheme 76 -Halogenations of est@86

Entry Reagents and Conditions Result
155 l2, LDA, THF,-78 °C to rt SM
2 Brz, LDA, THF,-20 °C to it SM
3 Bry, t-BuLi, HMPA, THF,-78 °Ctort | SM
4 2, DBU, DCM, 1t SM
5 NBS, NEg, DCM, rt SM
6 NCS, LDA, THF,-78 °C to rt SM

Table5: Conditions and r-falsgeratios attempts@B6.t ed f or e

Initially the groupu s ed Rat hkeds conditions which invol ve
halogen donor but only starting material visslated from the reaction (entry ®The group
then tested a variety of other bases and halogen donors (entries 2 to 6), thoughlggaamting

material was recovered.

To identify t he -hilegenhtiornreactions, the droasteed te alkypdd U
with methyl iodide usig LDA as the baseScheme 7Y. This would establish whether the
lithium ester enolate ?&86is generated prior to the addition of theddgen donor. Surprisingly,

no trace of compoun&87was observed suggesting the lithium ester enolate was not formed.
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Reagents and conditions: a) LDA, Mel, THF, -78 °C to rt.

Scheme 77 Attempted alkylation of est&86.

The lack of success in functionalizing alke2&%and277 and incorporating a halide leaving
group alpha to the ester 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 Peartey 1 mpr ove the routeds feasilb
in the synthesis of the targ229°

Samarium Diiodide Route

This first route carried out by Mahoney, specifically targeted the maingansbéncountered by
Pearce in the dithioacetal route. These were poor yields, scalability and purification issues in the
dethioketalization of compourzb2 and the inability to remove the anomeric hydroxyl group

from 255and256.4* It was hoped that in the samariuiiodide route would overcome these

problems §cheme 78 This is because the dethioketalization would be attempted on a different
compound as comparedttze dithioacetal route. Additionally, instead of the reductive cleavage

of a methoxy or mesylate @up on the anomeric position using a hydride or hydrosilane

reductant endeavoured in the dithioacetal route, a samarium diiodide promoted coupling between
the anomeric acetag89and formaldehyde would be attempted. If this coupling reaction were
successfl, 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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239 241 234

Scheme 78Retrosynthesis of targ229from DAM 234in the samarium diiodide roeit

The retrosynthesis for targeR9from intermediat@31is identical to previous routes undertaken
in the group, for example the Darzens and dithioacetdés. Intermediat231could form by
activation of the primary alcohol 288 followed by a displacement with a thioacetate
nucleophile. Using samarium diiodide and a formaldehyde electrophile, ak&®oduld be
made from anomeric acete289, whichcould be obtained from acetylation of pyran89€. The
selective deprotectiof ®R% n  tkétaeste®91 should trigger a @xotrig cyclization
affording pyranos@90. The dethioketalization in this route would be attempted on #ilad
292to yield compound®291 Moreover, compoungd92could be formed from the nucleophilic
addtion of a deprotonated derivative of ethyl-tighiane 2-carboxylate onto aldehyd®89
followed by the protection of the formed secondary alcohol. The synthesis of al&3yctzuld
be achieved by a sequence of protections and deprotections @4 hiollowed by an oxidation
of the primary alcohol. The LAH reduction of DAM using previous conditions in the droup,
would furnish diol241
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The key feature of this route is the samarium diiodide mediated coupling reaction between
formaldehyde and compou289. This was inspired by Malapelét al. who succeeded in the
transformation of the anomeric acetate in theacetylneuraminic acid derivative to the
corresponding alcohol using samarium diiodide and a range of aldehydes and Ketbees(
79).%¢ Malapelle and cavorkers proposed that a samarium est®late was formed on the
anomeric position which then reacted with an aldehyde or ketone electrophile to eventually
furnish the resultant alcoha94.¢ Mahoney planned to apply this thedology to anomeric
acetate289with a formaldehyde electrophile.

0]

OAc )]\ OAc R R
. _0_,COMe R "R , OH
ACO/\i/'/ ' ohe — ACO/\l/'/" 7 CO,Me
OAc OAc 2
AcHN - AcHN -
OAc OAc
293 294

Reagents and condtions: a) Sml, (3 equiv.), THF, rt.

Scheme 79Malapelleandcavor ker s 6 sy nt h294frons 293us$ing saanipno u n d s

diiodide and a range of aldehydes and ketoffes.

The synthesis began, with the LAH reduction of DAM using previous conditions employed by
the group Scheme 8P*3 The following steps comprised of successive selective protections and

deprotections of both alcohols to ultimately reach alc@Bal
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OH _a OH _P OTBS
o) o) o)
o o N
234 241 295

g<° A<O
o OMOM 0""\\_OMOM
OH <9 OTBS

0) o)
< N
297 296
Reagents and condtions: a) LAH, THF, 0 °C to rt, 83%; b) TBSCI, imidazole, DMF, 96%; c) MOMCI, iPr,Et,
DCM, 0°C, 63%; d) TBAF, THF, 0°C, 79%.
Scheme 80Fourstep synthesis of compou@87from DAM 234

Mahoney, then attempted a Swern oxidatior2®wfollowed by a nucleophilic addition of the
functionalized dithiane derivativ&¢heme 8}, but in the latter stepnly DAM 234was

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.

@] O
AV X1 omom

a,b
OH ¢ CO,Et
0 Q s” s
< -0 1_J
297 208

Reagents and condtions: a) DMSO, (COCI),, DCM, -78 °C for 2 h, Et3N,
-78 °C to rt; b) LDA, MgBrs, ethyl 1,3-dithiane-2-carboxylate, THF.

Scheme 81Failed synthesis ¢f98from 297.
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Due to this setback, Mahoney decided to form pyra@é4drom DAM 234in two steps using

the same synthesis previously completed by Pearce in the dithioacetaBchaeng 59 Then

after acetylating both hydroxyl grpa in254 (Scheme 8®, Mahoney planned to apply the
samarium diiodide methodology on the anomeric ac@@®eDespite numerous attempts, the
group failed to isolat800in the presence of samarium diiodide aadgformaldehyde. They
attributed this failue 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, howee, were unsuccessful.

Reagents and condtions: a) Ac,O, DMAP, Et3N, DCM, 84%; b) Sml,, CH,O, THF.

Scheme 82Attempted synthesis &00.

The failure to couple formaldehyde w289 using samarium diiodide led Mahoney to

investigate alternate strategies to synthesize the tagetitoxin bicycli2zere
Nitrile -Dithiane and Methyl Ester-Dithiane Route

Mahoneyds next route was identical to the
exception of having a nitrile or methyl ester instead of an ethyl ester mSwgrhe 83 It was
hoped, that this change could improve the yields ®ftithioketalization and aid in the removal

of the anomeric hydroxyl group B0O5.
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Scheme 83Retrosynthesis of targ801from DAM 234in the nitriledithiane and methyl ester

dithiane route.

The retrosynthetic analysfor301from DAM 234is identical in methodology to the
retrosynthesis 0229in the dithioacetal route (the only difference being the nature of the

carboxylic acid derivative on theostion).

In order to incorporate the nitrile or methyl esterdtionality in the targeB01, the
functionalized dithiane derivative undergoing nucleophilic addition on DAM would have a
nitrile or methyl ester moiety instead of an ethyl ester moietyceSimese particular dithiane
derivatives are not commerciallyailable (unlike ethyl 1 &lithiane2-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 liteitime synthesis of-2
cyanal,3-dithiane309was accomplished in two steps from-tjthiane307 (Scheme 8% The
first step involved a hydride abstraction of-tighiane307 when treated with
triphenylcarbenium tetrafluoroborate in DCM under reflux to &hrsalt308 Addition of
TMSCN to the salB08afforded the desired functionalizelithiane309

&F, 1

s>s a  sTXg©® b s s

L L L
307 308 309

Reagents and conditions: a) Ph3CBF,4, DCM, reflux, 45 min;
b) TMSCN, DCM, -20 °C, 1 h, 58% over two steps.

Scheme 84Two-step synthesis of-2yanal,3-dithiane309 from 1,3dithiane307

The synthesis of methyl Ldithiane2-carboxylate311was also achieved in two steps from-1,3
dithiane307 (Scheme 85)This synthesis involved the lithiation of the AdBhiane and ensuing
nucleophilic addition onto solid carbon dioxide to furnish carboxylic atldlafter acidic work

up. Thiswas followed by a Fischer esterification to yi&ltil

COzH COzMe

SENSESS
307 310 311

Reagents and conditions: a) n-BuLi, COy), THF, -78
°C to rt, 68%; b) HCl(g), MeOH, 10 min, 85%.

Scheme 85Two-step synthesis of ethyl k@thiane2-carboxylate311from 1,3 dithiane307

The next aim of the group was to perform the nucleophilic addition of these functionalized
dithiane derivative809and311on DAM 234 (Scheme 8% Regrettaly, under the same
conditions used previously to synthes?&? in the dithioacetal route, compowsB06were not

formed.
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0O
N
234 306
X =CO,Me, CN
Reagents and conditions: a) 2-cyano-1,3-dithiane 309, LDA,

MgBr,, THF; b) methyl 1,3-dithiane-2-carboxylate 311, LDA,
MgBr,, THF.

Scheme 86Attempted synthesis of compourBids.

These unsuccessful results led Mahoney to devisaw synthetic route away from the dithiane

strategy.
KDO Route

The group devised a new synthdsigarget312from DAM 234 although, there would be and
absent functionality on the.£position Scheme 8Y. If successful, however, this methodology

would be revised to install an oxygen functionality on this position.
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Scheme 87Retrosynthesis of targ8l2from DAM 234in the KDO route.

The target bicyclic cor812could be derived fror815by the same methodology mamted in
aforementioned earlier routes @29from 232 The pyranoid cor815could be constructed by
the formation of an ester enolate3if6, which could consequently displace a leaving group in a
cyclization reaction. Deprotection of the primary alcohd17and subsequent transformation
into a good leaving group (e.g. halidesnlfonate ester) would furnisdi6. The ester moiety
would be introduced into the structure by selective protection of the primary alcohol 24 diol
followed by alkylation® t he s e c o nd a r-halo estercAs hlreddy synitheslzed &nn
the samarium diiodide route and Darzens route, @él would be formed by the LAH reduction
of DAM 234 (e.g.Scheme 8D
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This route was largely inspired by the production of intenate@®22 part of Ohrui and co
wor ker so6 synt hBaedoxyD-manocod-2ulosovionaeid KDA).%8 In this route,
Ohruiet al made pyranoi®22from diol241in 5 steps using the methodologytlined in the

above retrosynthetic analysiSqgheme 83

Reagents and condtions a) NaH, BnBr, DMF, 0 °C to rt, 85%; b) NaH, ethyl bromoacetate, oxolane
0 °C to rt, 78%; c) Pd(OH),, MeOH, Hy, 97%; d) PPh3, imidazole, |5, 0 °C, 77%; e) LDA, oxolane,
-75°C, 84%.

Scheme 880hruiandcewor ker so five st 8frenyinledlEsi s of

Mahoneyintended, therefore, to replicate this synthesis to reganpid322 Initially,

Mahoney was successful in benzylating the primary alcoh®4irto afford318in 90% vyield.

However, after numerous efforts, the ensuing alkylation with ethyl bromoacet@te Ohrui
andcewor ker sd condi t i mpound319aAitdmptsito modify theiconditioesh ¢ o

such as varying the amounts of sodium hydride or ethyl bromoacetate proved unsuccessful.

The failure to synthesize est&t9led Mahoney to discartthis route.
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Overall, work by the Page Group on the synthéswards 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 Alievet al contesting the proposedy&titoxin structured i 4 due to inconsistencies
with NMR and MS dat4the aim of this project was to comped total synthesis of structures
2aand2b (Figure 9).

2a 2b

Figure 9: Proposed tagetitoxin structurgaandz2b.
The two significant reasons for synthesizing struct@eesnd?2b are:

1) Contributing to the debate surrounding structure of the natural product. There are no
published total syntheses of any of the proposed tagetitoxin struttufgsand if we
were b chemically synthesize structur2gsand2b, their characterization data would be
compared with the data cokat from Alievet al This would provide evidence to
support or refute the conclusions made in the literature regatdistyucture of
tagetitoin.®

2) From a synthetic perspective, the large number of complex functionali@esamd2b,

make these struates interesting and challenging targets.
Complex Functionalities

The primary aim of this project was to fing8ynthesize intermediat@23aand/or323b(Figure
10).
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323a 323b

Figure 10: Ultimate bicyclic target823aand323bin project.

Intermediateg823aand323beach contain the bicyclic core of structuBasand2b as well as

key furctionalities such as the thiohemiketal and carboxylic acid derivatives. We then envisaged
phosphateamino and acetate functionalities could be incorporated into the bicyclic structures
323aand323bto achieve a total synthesiSdheme 8%

2a; X, = OH, X, = NH, 323a; X, = CO,R, X, = CONR,
2b, X1 = NH2, X2 = OH 323b, X1 = CN, X2 = COzR

Scheme 89Retrosynthetic analysis of the functional groups on pyranoid coteurtwes2a
and2b.

The easiest functionality to install in the structure would be the acetate group by simple
esterification of a free hydroxyl group time C4 centre with a range of acetylating agents (e.g.

AcCl and AeO) under various conditions.

Incorporation of the amino group would be more challenging since, in addition, the
stereochemical configuration of thes@osition has to be inverted. Thisudd be achieved using
displacement chemistry; thes@ydroxyl group could be activated into a good leaving group
which could be substituted by an azide nucleophilexixf&shion. The azide moiety could then

be reduced into an amino group by a Staudingaction or hydrogenation.
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The phosphorylation of thé> 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 phephoric acid or a derivative with activating agentshsas DCC,
trichloroacetonitrile or arylsulfonyl chlorides.

3) Phosphitylation using a phosphoramidite followed by oxidation with a peracid or a
peroxide (e.g. mCPBA or #@,).

The order and the methodswhich these three functionalities would be selectively installed
onto the structure would depend on the type of the protecting groups present on bicyclic
structures323aand323b, in addition to the exact nature of the synthetiute from these
compoundto structureaor 2b. The exact synthetic route would be determined once bicyclic
323aand/or323bwas synthesized.

Bicyclic Skeleton

To reach our ultimate bicyclic targe823aand323b (Figure 10), we attempted a varietf

routes starting from reily available cyclic sugars such asniannose and {galactose.
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Results and

Discussion



Nitrile -Wittig Route

Our first synthetic route was similar to the Wittig route previously performed by Peaitte,
the main difference lieg the presence of a nitrile instead of an ethylrdstectionality Scheme

90).

o0 .OH
HO

HO" OH
OH

234 235
Scheme 90Retrosynthesis of target structl@24from D-mannose in the nitril@Vittig route.

If this route to targeB24 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 targets323aand323h.

As planned in all previous routé®m the Page group?® the gnthesis of the 1;4xathiane

moiety in targeB24is based on the strategy established by Partérceworkers} involving the
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deprotection of the thioacetate moiet\BRb followed by anin-situ cyclization of the free
thiol/thiolate onto the ketone. Intermedi&25 could be made from the selective hydrolysis of
theexacyclic isopropylidene group 1826, followed by protection of the primary alcohol and
oxidation of the secondary alcdhdrl he installation of the thioacetyhethylene moiety 11326
could be achievedithree steps: condensation between the anomeric nitrile an27 ofith a
formaldehyde electrophile would introduce the hydroxyl methylene functional group; activation
of the aforementioned hydroxyl into a good leaving group (e.g. halide or sulfotete asd
displacement of the leaving group with a thioacetate nucleophileer&létet cyclization of the
hydroxyl group on the epoxide in glycidic nitrB28would constuct the pyranoid core iB27.
Glycidic nitrile 328 could be formed by an epoxidai of alkene329, which in turn could be
derived from a Wittig olefination on DAN34 with a nitrile stabilized ylide. As previously
achieved in the Page group, DAA84 could be synthesized from{hannose&35in acetone
under acidic catalysi$3

The key feature of this route is tepoxidation of alken827. Since the alcohol in alker827is
not protected, we were hopeful that during the epoxidation step, the intramoleeunldo &t
cyclization (altlough in competition with the fasteréxotet cyclization) in glycidic nitrilé328
would occur to form pyranoid@29. If successful, pyranoid@29 could be reached potentially in at
least two steps less than if we protected the hydroxyl group prior todk&lapon, as carried

out previously by Pearce in the Wittig rodte.

The project began witthe synthesis of DAM34 from D-mannose&35in 92% yield using

conditions established from earlier work in the Page greehdme 913 As discovered

previously, this procedure did not afford 100% airagle anomer; though this was not important

since the subsequent Wittig reactmm | vy i nv ol v e s -dldahgde oronmfeDAM hy dr o>

234 (thus negating the stereochemistry on the anomeric position).
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235 234

Reagents and conditions: a) H,SOy4, Acetone, overnight; b) Na,COs,
activated charcoal, reflux, 2h, 92%.

Scheme 91Synthes of DAM 234from D-mannos&35

Before the Wittig reaction could be attemptdeb nitrile stabilized ylid832had to be

synthesized in two steps from triphenylphospl886, this was achieved using conditions from
Aitken et al® Firstly, the phosphonium chloride s8B1was synthesized in 91% yield via
displacement chemistry using triphenylphosphine and chloroacetonitrile in ethyl acetate under
reflux (Scheme 92 The ylde 332was then isolated in 74% yield by deprotonatiothef

phosphonium ion with a triethylamine base.

S
a ® Cl b
PP —2 > PhP—, —— PhP=cy
330 331 332

Reagents and conditions: a) chloroacetonitrile, EtOAc, reflux, 3h,
91%; b) EtzN, DCM, 30 mins, 74%.

Scheme 92Two-step synthesis of ylid@32 from triphenylphosphine.

The Wittig reaction between stabilized yli@@2and DAM 234 was then carried ouS¢cheme 93
andTable 6).

234 329 333

Reagents and conditions: a) PhsP=CHCN (1.1 equiv.), solvent, reflux, 24 h. See Table 6.
Scheme 93Wittig olefination attempts on DAN234.

103



Entry | Solvent | Result?

1 THF 77% SM, 18%333(b:U, 63:37)
2 MeCN 46% SM, 45%333 (b:U, 2:1)
3 Toluene | 26% SM, 66%333 (b:U, 2:1)

2The number of moles of recovered DAN4 and Gglycosides333in the
inseparable mixture were calculated from molar ratios observed i tR&/R

spectrum.
Table 6. Conditions and results reported for the attempted Wittig olefinations of R34V

We initially tried standard conditions, whereby DAA84 and the ylide332were heated under
reflux in THF, MeCN or toluene for 24 h (entries 1 to 3). In each case, TLGuazp® indicate
no change during the reaction. After warg and purification by column obmatography, an
inseparable mixture of starting material DA84 and Gglycosided}- andb-333was isolated

(explaining why no change appeared on TLC).

The formation of Gylycosides333does at least indicate that the Wittig reaction was successful
in synthesizing alkene329. This is because compoung33were probably formed from%

exotrig conjugate addition in alken829 (Scheme 94

0 p 0 H 0
\ OTD 2o _ R \__O
X;kg_(:/\;CN ><O_\\L§_ZJ\CN o H ><O_\L§_Z’/\ CN

a e e
329 333

Scheme 94Proposed mechanism for the synthesis-gily¢osides333

The conversion of DAM234was 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 thesesolvents reflux at). Longer reaction times, though, made no significant difference in

conversion.

As a result, alternative methods were sought to symthedkene829. We envisaged the use of

the HornerWadsworthREmmons olefination (HWE) on DANM34, 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 cyanometpiiosphonate was attemptesicheme 95andTable
7).

234

Reagents and conditions: a) see Table 7.

Scheme 95HWE olefination attempts on DAM34

Entry | Reagents and Conditions Result
1 Diethyl cyanomethylphosphonateBuOK (1.5 98%333
equiv.), THF, ®°C, 30 mins, then DAM234, 0°C to | (b:U, 3:1)

rt, overnight

22 Diethyl cyanomethylphosphonate,®Oz (1 equiv.), | 81% SM,
THF, rt 30 mins, then DAM34, overnight 11%333
(b:U, 66:34)

2The number of moles of recovered DAN34and CGglycosides333in the inseparable

mixture were calculated from molar ratios observed in‘th&IMR spectrum.
Table 7: Conditions and results reported for the attempted HWE olefinations of 2@V

Unsurprisingly, when using common conditions (entry 1) onlyly¢osides333were observed.
With the goal of making the conditions less basic to suppress any conjugate additions, we
replaced potassiutert-butoxide with the weaker base potassium carbonate (entry 2). These
milder conditions, however, only caused a decrease ingfalie Gglycosdes333 pecause of

a lower conversion of DAN234).

The C; stereochemistry in @lycosided}333andb-333were assigned from NMR analysis.
For example, the lowéfC chemical shift of G in b-333(76.9 ppm) compared 13-333(80.3

ppm) signifies acis relationship between the substituents on thea@d C, positions®’
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Furthermore, the small vicinal coupling constant between (@ dnd HC. (3J12) in U-333
(1.3 Hz) suggests that these protons hatvarssrelationship? Finally from the NOESY spectra,
there was a significant nOe betweetrCH and HC4 in b-333 suggesting ais relationship. This
was unlikeU-333where such a nOe was not observeidijre 11). Additionally, in contrast td-
333 a nOe was observed between the methylene protons of #@NJHoiety and HC.4 in U-
333 which suggests @is relationship.

R
= O~ - O .
O\Ti?

R

B-333 0-333

Figure 11: NOESY analysis to assign stereochemistthe C1p 0 s i t 383 n d333aJ b

The failure of the Wittig and HWE olefinations, led us to investigate alternative strategies to
synthesize alken®29. This led us to attempt a retMichael reaction of th€-glycosides333
which was inspired by the research conducted by Flegtiad® In this work, Fleming and co
workers performed at®-Mi ¢ hae |l r e slminationof tlieiring ®@xygerg onta variety

of compounds includin§34 (Scheme 9%

b =
CJ on Lio Z > oN|— HO CN

334 335
Reagents and conditions: a) LDA (2 equiv.), THF, -78 °C, 5 min; b) AcOH, - 78 °C to rt, 67%.

Scheme 96RetroMichael reaction 01334 by Fleminget al®
The authors attributed the success of the reaction to three specific features of the conditions:

1. Use of a strong lithium bagee. LDA).
2. Low concentrations d334in THF (0.00B 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 oxygersimtirmediate is strong

enough to suppress unwaniaettamolecular and intermolecular conjugate additions to the nitrile
functionality, which could otherwise trigger an unwanted polymeriz&titime low

concentration and short reaction time would additionally help to suppress conjugate additions
and thus polymerizations.

We therefore applied this retidichael methodology to @Qlycosdes333(Scheme 9Y.

333 E-329
Reagents and conditions: a) LDA (3 equiv.), THF, -78 °C; b) HOAc, -78 °C
to rt, 56%.

Scheme 97 Synthesis of alkeng-329by a retreMichael reaction 01333

To our delight, the reaction did afford alkelBe829in yields of up to 56% after optimization.
The high vicinal coupling constant between the alkene protons (16.2 Hz) indicated
stereochemistry of the formed double bond. Z¥akene was also formed in the reaction but
could not be isolated pure frooolumn chromatography as it-euted with a number of other
compounds and was thus discarded. The reaction was stereosdl®etivds thé&-alkene, since
analysis from théH NMR spectrum of the crude material showed thaB&&Zeratio always
varied from68:32 to 76:24.

The required low concentrations 833in THF provided practical and scalability issues.
Increasing the commtration to 0.02 M had no effect on yield, though any further increase led to

a 0% vyield ofe-329 possibly due to decompositiom polymerization.

With alkeneE-329in hand, we proceeded with the epoxidations using a range of conditions from
the literatue (Scheme 9&ndTable 8).
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CN

329 328 336

Reagents and conditions: a) see Table 8.

Scheme 98Epoxidation attempts on alkeB29.

Entry | Reagents and Conditions Product(s)

110 H20: (35% wt. in HO), NaOH (6M/HO, 0.83 equiv.), ®Ctort, | 333
MeOH, 3 h

2 H20: (35% wt. in HO), NaOH (2M/RO, 0.83 equiv.), 6C to rt, | 333
MeOH, 3 h

3k NaOCI (from bleach), MeCN, rt, 2 h 333

412 MCPBA, KCOs, DCM, 1t, 48 h SM

513 H20; (35% wt. in HO), MeCN, 0°C to rt, overnight SM

614 Oxone, NaHC@ 10:1 MeCN:HO, 0°C, 48 h SM

7 Oxone, NaHC@® 10:1 MeCN:HO, 0°C tort, 48 h SM, 333

Table 8 Conditions and results reported for the attempted epoxidations of &Réne

We initially tried a standard nucleophilic epdation with hydrogen peroxide and sodium
hydroxide in methanol, but only-glycosides333were observed (entry 1). Thisggests that,
under these oxidizing conditions, deprotonation and intramolecular conjugate addition of the
hydroxyl group in329werefavoured compared to the desired nucleophilic attack of the
perhydroxyl anion onto the alkene. Consequently, our nextiggtdon 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 faxeed to the intramolecular conjugate addition. Once

again, however, only compound833were recovered. The same result occurringnralternative
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nucleophilic epoxidation using sodium hypochlorite (entry 3), prompted us to try electrophilic
epoxidations

Epoxidation usingnCPBA only led to recovery of starting material (entry 4), possibly because
of the alkene not being reactive egbuas it too electredeficient. We therefore next tested a
more powerful electrophilic oxygarander reagent by usingyldrogen peroxide in acetonitrile
(entry 5), which should trigger the formation of the more reactive peroxyimidic spebiets,
again only starting material was observed.

Finally, using a slightly modified procedrifrom the literaturé? we tried epoxidations using
oxone. Although this initially led to only startingaterial being recovered (entry 6). Upon

increasing the temperature froni@to rt, however, starting material and compdb@83were
isolated (entry 7). This suggests that the eleetteficient nature of the alkene 329 makes it
too unreactive with thperoxymonosulfate 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 conjugadddition, while all electrophilic epoxidations failed,

presumably to do with the poor nucleophilicity of the electleficient alkene.

As a result, we planned to protect the hydroxyl groug2@and only then perform the
nucleophilic epoxidation, sind@is would prevent the intramolecular conjugate addition
happening under basic oxidizing conditions. This strategy wafi& drom that first envisaged,
since the epoxidation step would now lead to ther@ected epoxid838(Scheme 9% The
removal ofthe protecting group under basic conditions would hopefully cause a concomitant 6

endotet cyclization to give pyranoig@36.

Methodologies: a) protection; b) epoxidation; b) basic deprotection.

Scheme 99Proposed synthetic approach to pyrarg8é from alkene329.
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We opted to protect tHeee hydroxyl group ir829with a silyl and benzoyl group. Surprisingly,
this protection step proved much metellenging than initially anticipate®¢heme 10@nd
Table 9).

329 339; R = IPDMS
340; R=Bz

Reagents and conditions: a) see Table 9.

Scheme 100Protection of alken829

Entry | R Reagents and Condition$ Products

116 TIPS | Alkene329 DCM, Imidazole (2 equiv.), TIPSCI (4 SM
equiv.), DMAP (0.2 equiv.), 72 h

2 TBS Alkene 329, DCM, Imidazole (2 equiv.), TBSCI (2| SM
equiv.), DMAP (0.2equiv.), 72 h

3 TBS Alkene 329 DCM, 2,61 lutidine (3 equiv.), SM
TBSOTf (2.5 equiv.), 72 h

4 IPDMS | Alkene 329, DCM, Imidazole (2 equiv.), IPDMSCI 82% 339
(2 equiv.), DCM, 24 h

57 Bz Alkene 329 DCM, E&N (2 equiv.), BzCI (2 equiv.)| 81%333
DMAP (0.2 equiv.), 24 h

6 Bz DCM, BzClI (2 equiv.), BN (2 equiv.), DMAP (0.2| 52%340, 21% SM,
equiv.), Alkene329, 24 h 17%333

7 Bz DCM, BzClI (3.3 equiv.), BN (4.4 equiv.), DMAP | quant.340
(0.2 equiv.), Alkene329 24 h

aAddition order as reported, temperaturéCQto rt.

Table 9 Conditions and results reported for the attemgigtiether and benzoylprotections
of alkene329,
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Using a slightly modified procedure from Trd8tye 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 tdeohol in329is secondary and surrounded

by fairly bulky substituents, we attributed this failure to stea@tdrs. We therefore tried to

protect the alcohol with the smaller TBS group (entries 2 and 3). Yet, using TBSCI (entry 2) or
even the more eleéophilic TBSOTT (entry 3) did not make any difference. We were, however,
successful in protecting the alcohatlwthe less bulky IPDMS group affording alke3#0in

81% yield (entry 4). The success of the IPDMS protection provides further supportdo ster

factors accounting for the failure of the TBS and TIPS protections.

Furthermore, we found that the orderadidition of reagents was vital for the benzoylations. For
example, under typical conditions from the literattirahen the triethlamine base was added

to alkene329 before benzoyl chloride and DMAP, only the cyclization prod@8&were

isolated (entry 5). However, when modifying the addition order (by adding ai&9te a

solution of triethylamine, benzoyl chloride and DMAP) titesired benzoydrotected alkene
340was produced in various yields (entries 6 and 7) and the conjugate additioeasitien
reduced. In entry 5, the alkene was in a basic solution prior to the addition of the electrophile
and nucleophilic catalyst. Thmeant that the conjugate additiwas 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
electrophle and DMAP catalyst. Once findingotmal 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% 0840with no sign of the unwanted intramolecular cggjte addition

(entry 7).

Interestindy, 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 thaietinylamine; alken829would thus ke more likely to

undergo a baspromoted intramolecular conjugate addition in the presence of triethylamine

rather than 2 Autidine or imidazole.

Having successfully obtained protected derivat®@3and340, our nextgoal was to form
epoxides34land/a 342(Scheme 10-ndTable 10.
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339; R = IPDMS 341; R = IPDMS
340; R =Bz 342: R=Bz

Reagents and conditions: a) see Table 10.

Scheme 101Epoxidation attempts on alken&39and340

Method | R Reagents and Condition$ Product
110 IPDMS, Bz | H20; (35% wt. in HO), 6M NaOH (0.83eq), MeOH, | SM
48 h
2 IPDMS, Bz | t-BUOOH (70% wt. in HO), 6M NaOH (0.83eq), SM
MeOH, 48 h
IPDMS H.02 (35% wt. in HO), 6M NaOH (1eq), MeOH, 72 {f SM
IPDMS t-BUOOH (70% wt. in HO), 6M NaOH (&q), MeOH, | SM
72 h
5 Bz H.02 (35% wt. in HO), 6M NaOH (1eq), MeOH, 72 f 329
6 Bz t-BUOOH (70% wt. in HO), 6M NaOH (1eq), MeOH,| 329
72 h
7' IPDMS, Bz | NaOCI (from bleach), MeCN, 72°h SM

atemperature: 6C to rt;® roomtemperature.
Table 10 Conditions and results reported for the attempted epoxidations of &R8aad340.

We first attempted standard nucleophilic epoxidation conditions on the beandyiPDMS
protected alkenes with hydrogen peroxide tmtibutylperoxide (methods 1 art). 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 sodiumdrpxide (methods B 6). While only starting material was
recovered for the IPDM$rotected alken839 (methods 3 and 4), these stronger basic

conditions did lead to the benzoyl ester being cleaved, yielding the unprotected3@Rene
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(methods 5 and 6). ufther attempts wereade using sodium hypochlorite (entry 7), though for
each alken&39and340o0nly starting material was recovered.

Confronted with these disappointing epoxidation results, we devised an alternative strategy to
pyranoid327. In this stategy, we would dirett brominate alken829to form a bromonium ion
intermediate343which could then undergo an intramoleculagr@otet cyclization (but

competing with an undesired fasteefotet cyclization) to afford compourgé4 (Scheme 102
Displacement of the brome with a nucleophilic oxygen species would then form pyradat

This methodology was identical to the approach followed by Pearce in the Wittig Sahienie

72) with the only difference being the presence of a nitrile ratherahathyl estet.

329 343 344 327

Methodologies: a) Brominaton b) Displacement chemistry
Scheme 102Proposed bromination strategy to pyran®ay.

Unfortunately, when subjected to standard bromination conditions, neither pyBddaidr
even the 1, 2librominated compoun845were detected; only decgmsitionof the starting

materials was observe&¢heme 103

Reagents and conditions: a) Br,, DCM, -78 °C to rt.

Scheme 103Attempted bromination on alkei327.

After having no success in our bromination strategy, we decided to try another alternative

synthetic approacto pyranad 307 (Scheme 10% In this approach, an oxymercuration
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demercuration would be attempted on the IPDBISI benzoyprotected alkene derivativ@39
and340. Then, following a protection of the product alcohol (e.g. benzyl or trityl protection),
halogenatn 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
3500r 351would liberate the nucleophilic oxygen (in the formeofalcolol or alkoxide

depending on the deprotection conditions), which in turn could displace the halidesko#eb

cyclization to afford pyranoi@27.

339; R = IPDMS 346: R = IPDMS 348; R = IPDMS
340; R=Bz 347:R =Bz 349;R=Bz

350; R = IPDMS
351, R=Bz

Methodologies: a) oxymercuration-demercration; b) Protection; c) a-halogenation to nitrile ; d) Deprotection
and cyclization.

Scheme 104Proposed synthetic approach to pyrar4d from akenes339and340.

In this oxymercuratiofdemercuration strategy, there are more steps required to synthesize
pyranoid327as compared to the epoxidation or bromination pathways. However, in contrast to
the previous pathways, there would be no regiosgkeiiies in the cyclization. This is because

in this pathway, the-gxotet cyclization would be much slower and unfavourable compared to
the 6exotet cyclization since the former process requires an alkoxide leaving group instead of a

good halide leavig grop as in the latter.

Consequently, the protected derivatid@® and340were subjected to a range of

oxymercuratiordemercuration condition§S¢heme 10&ndTable 11).
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AN\ or

\\
_ab ° HQ CN
(@)
O
339; R = IPDMS 346; R = IPDMS
340; R =Bz 347:R=Bz

Reagents and conditions: a) mercuric reagent (1 equiv.), catalyst,
solvent; b) 3M NaOH ,,), NaBH, (0.5 M in 3 M NaOH,,). See Table
1.

Scheme 1050xymercuratiordemercuration attepts on compound339 and340

Entry | Mercuric Reagent | Catalyst Solvent Product
118 Hg(OAc) None 1:1, THF:Water SM
2 Hg(OAc) 70 % HCIO (ag)(0.2equiv.) | 1:1, THF:Water SM
3 Hg(TFA). None 1:1, THF:Water SM
4 Hg(TFA). 70 % HCIO (ag)(0.2 equiv.) | 1:1, THF:Water SM
5 Hg(OAc) None 1:1, Acetone:Water SM

Table 11 Conditions and results reported for oxymercuratiemercuration attempts of
compound 339and340.

When applying standard literature conditions3@®and340 (entry 1) only starting material
was isolated. This prompted us to unsere 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 eimetoxymercury perchlorate ion paif)°
Unfortunately thes powerful conditions still made no difference to the resitempts 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 wasimod
whereby THF was replaced with acetone, but as expéutedgain made no difference (entry
5).
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As with the attempted bromination and electrophilic epoxidations on a8&hehe probable
reason for the failure of these oxymercuratitamercuratios on339and340is the poor
nucleophilicity of the electredeficient alkene.

Considering the failures of the epoxidations, bromination and oxymercudgmercurations
we abandoned this route.

Vinyl -Transetherification Route

Following on from the diappointments of the nitrié/ittig Route, in order to readiarget324,

we proposed an alternative strategy to synthesize intermediate py82i¢isicheme 10%

354 234

Scheme 106Retrosynthesis of target structid24from DAM 234in the vinyt

transetherification route.
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The retrosynthas of targeB24from 327is identical to the nitrileNittig Route.In this route,
pyranoid327 could be made from did52in a two-step sequence involving esterification of
both hydroxy groups (e.g. acetylation or benzoylation) followed by-glytosyhtion 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 frtibequent C
glycosylation reaction. Furthermore, esterificatiothef neighbouring € hydroxyl group
should additionally activate the molecule for thglgcosylation due to its role in anchimeric
assistancé! Diol 352 could derive from the dihydroxylation of glyc83 A mercuric acetate
catalysed intramolecular vinytransetherification of enol eth864would construct the pyranoid
framework in glycaB53 Finally, enol etheB54 could be made by a Wittig olefination of DAM
234 with an ylide derived from (methoxylmethyl)triphenylphosphoniunogtie.

The pivotal steps of this route were the Wittig olefinatocd DAM 234 and subsequent
intramolecular vinydtransetherifcation to afford glyc8b3 This exact synthesis has already
been achieved by Wardrap al. in 58% yield (over both steps) ihg their synthesis of KDO
(Scheme 10Y. though characterization tdafor enol etheB54 and glycal353were not

reportec??

Schene 107 Two-step synthesis of glyc863from DAM 234 by Wardropet al??

The route startéwith the attempted Wittig olefination of DAKIB4 (Scheme 10&ndTable
12).
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