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-Abstract- 

 

This thesis describes the synthetic studies performed utilizing tridentate Schiff base 

Cr(III) complex catalysts towards the total synthesis of ()-lasonolide A resulting in the 

completion of synthetic efforts towards the C17-C25 segment. Further summarization is also 

given on completion of the C7-C16 segment and an overview of future directions toward to the 

total synthesis of ()-lasonolide A. Both tetrahydropyrans C7-C11 and C19-C23 were to be 

constructed utilising an asymmetric hetero-Diels–Alder protocol involving Jacobsen’s 

hetero-Diels–Alder catalyst providing a means to generate a number of the desired 

stereocentres simultaneously in each ring system, followed by novel macrolide formation 

using ruthenium catalysts for metathesis olefination and Alder-ene chemistry. 

Jacobsen's hetero-Diels–Alder catalyst has also been utilised to generate C-

disacharide linked precursors under diastereolective control in an effort to generate 

stereospecific 13 linked disaccharides. 
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1. Introduction 

 

1.1 Natural Products 

 

Natural products are a source of structurally diverse and biologically interesting 

compounds, which have demonstrated potential as therapeutic agents for the treatment of 

various diseases, including cancer, bacterial and parasitic infections. This inspiring trend has 

generated strong interest from sectors such as the pharmaceutical industry, for the 

development of natural products, and related compounds of medicinal interest. Currently 

over 14,000 marine natural products have been identified with additional discoveries being 

reported at a substantial increasing rate.
1
 This vast array of biologically active natural 

products has the potential to lead us into the next generation of pharmaceuticals. 

In general, the low abundance of natural products isolated from marine sources often 

precludes large scale harvesting, and therefore limits the extent of research involving these 

exciting molecules. The development of concise and flexible synthetic methods which will 

allow access to these molecules is a priority in chemical research. This would allow for the 

production of useful quantities of the target material, enabling further biological analyses it 

would also allow the generation of synthetic analogue libraries which may lead to the 

identification of more active compounds. Additionally, total synthesis provides a driving 

force to expand organic chemistry methods and knowledge with the introduction of new 

reagents, catalysts, and synthetic transformations. 

 

1.2 Isolation and characterization of lasonolide A 

 

In the search for new marine bioactive derived natural products, McConnell and co-

workers reported the isolation and structural elucidation of (+)-lasonolide A 1 in 1994
2
 

(Figure 1.1), the first of a new family of macrolides. This interesting natural product was 

isolated from a 100 g frozen sample of the sea sponge Forcepia sp. (Figure 1.1) collected 

from the shallow waters off the British Virgin Islands. Lasonolide A was isolated following a 

lengthy solvent partitioning process with the final DCM extract subjected to reversed-phase 

vacuum flash column chromatography and reverse phase HPLC to afford (+)-lasonolide A 

(2.3 mg, 0.0023% yield) as a pale orange oil.  
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Figure 1.1 

 

McConnell reported (+)-lasonolide A 1 to have a specific rotation of +24.4 (c 0.045, 

CDCl3). High resolution fast atom bombardment mass spectrometry (HRFABMS) revealed a 

molecular weight of 679.4243, corresponding to a molecular formula of C41H60O9. 
13

C and 

DEPT NMR spectroscopic studies revealed 40 unique resonances, which included 14 olefinic 

carbons and 9 oxygenated sp
3
 carbons. Additionally, two equivalent methyl groups were 

reported accounting for an overall formula of C41H57. Following extensive NMR spectral 

analyses, the gross structure and relative setereochemistry (apart from C28) was proposed as 1 

(Figure 1.1). 

After that isolation report, Lee and co-workers reported the synthesis of compounds 1 

and ent-1,
3
 both of which did not match the spectroscopic data published by the McConnell 

group. Further synthetic investigations probing for the correct structure of (+)-lasonolide A 2 

led to the synthesis of compound 2 (Figure 1.2), which demonstrated a spectroscopic profile 

in accordance with the original data. Additionally, this investigation revealed the correct 

assignment of the levorotatory optical rotation value, (     
 

 = -24.1 (c 0.055, CDCl3)), 

indicating that the (–)-enantiomer was in fact the biologically active compound.
4
 Although 

there has been no correction published by the isolation group to date, it seems likely the sign 

of the specific rotation was erroneously inverted in the original publication. The total 

synthesis of (–)-lasonolide A 2, with the revised structure has been completed by two other 

groups,
5-6

 confirming Lee’s results. 
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Figure 1.2 

 

(–)-Lasonolide A exhibits an interesting array of structural features, incuding two 

tetrahydropyran subunits (C7-C11 and C19-C23). The C7-C11 subunit is heavily substituted with 

four chiral centres at the C7, C9-C11 positions, containing an alcohol and methyl appendage at 

C9 and C10 respectively. Additionally, the C19-C23 unit is also substituted at the C19, C21-C23 

positions. Of importance is the C22 centre which is appended with a hydroxymethyl and 

methyl group. The tetrahydropyran moieties are joined via unsaturated alkyl chains 

containing five alkene groups at C2,C4,C12,C14 and C17  of which the C2, C4 and C14 are trans 

in geometry and C12 and C17 are cis, making up the C1-C23 macrolide portion of the natural 

product. An additional 11 carbon alkyl “tail” C24-C35 attached at the C23 position makes up 

the final structure. The C24-C35 segment incorporates an ester linkage at C29, an α hydroxyl 

group at C28, a cis alkene moiety at C25 and a cis alkene at C31. These fragments make up the 

(–)-lasonolide A structure. 

 

1.3 Lasonolide analogues and biological activity 

 

Since the initial isolation, there have been six new additions to the lasonolide family, 

most notably contributions by Wright and co-workers isolated five new lasonolide 

analogues.
7
 Each analogue retains the same lasonopyran core, but differ through variations in 

the side chain that extend out from C23 (Table 1.1). 
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Lasonolide Core 

Table 1.1
7
 

Entry las.  R1 R2 
A549

a 

(IC50 M) 

PANC-1
b 

(IC50 M) 

NCI/ADR-

RES
c 

(IC50 M) 

1 A 

 

H 0.0086 0.089 0.49 

2 B 

 

H - - - 

3 C 

 

H 0.13 0.38 1.12 

4 D H H 4.50 4.89 >9 

5 E 

 

H 0.31 0.57 >8 

6 F 

 

H >9 15.6 >9 

7 G 

 

CH3(CH2)10CO >6 >6 >6 

a = human lung carcinoma. b = human pancreatic carcinoma. c = NCI/ADR-RES 

 

 All members of the lasonolide family displayed varying levels of cytotoxicity against 

cancer cell lines, and in particular, (–)-lasonolide A exhibited the highest levels of 

cytotoxicity in vitro against the A-549 human lung carcinoma (IC50 40 ng/mL) and P388 

murine leukemia (IC50 2 ng/mL) cell lines (Table 1.1). 

The uniquely high cytotoxicity of (–)-lasonolide A towards pancreatic cancer cells is 

of particular interest due to the poor survival rates and limited treatment options currently 

available for this type of cancer. Unfortunately, due its low availability from the natural 
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source, limited biological testing outside of the initial NIH analyses has been performed. It is 

this lack of biological information, accompanied by the synthetically challenging structure 

that has motivated our interest in pursuing a total synthesis of (–)-lasonolide A and synthetic 

analogues.  

 

1.4 Pancreatic Cancer 

 

 Pancreatic cancer remains one of the most challenging diseases to treat, even with the 

advent of modern chemotherapeutics and radiation therapies.
8-9

 Over 232,000 thousand 

people are diagnosed annually, with patients having less than a five percent chance of 

survival five years post diagnosis and is the fourth leading cause of cancer death in men and 

women.
10

 This grim prognosis is commonly associated with late diagnosis and a lack of 

viable treatments due to chemoresistance towards mainstream therapeutics. Diagnosis usually 

occurs when the cancer is in an advanced or metastatic stage. Late detection is primarily due 

to the lack of presented clinical symptoms during the early periods of disease progression. At 

this stage, surgical options are usually limited and generally the rates of survival post-surgery 

are not increased.
11-12

 Presently there are no suitable stand-alone treatments for pancreatic 

cancer. The use of gemcitabine is the main method of treatment, primarily for palliative care 

purposes only.
11-12

 

 

1.5 Previous total syntheses 

  

 Currently there have been five reported total syntheses of either enantiomers of 

lasonolide A,
3-5,13-15

 of which only 2 have been of the correct (–) enantiomer. In addition 

some syntheses of the tetrahydropyran units
16-20

  have also been attempted albeit of the 

incorrect enantiomers in some cases.  

 The first synthesis of (–)-lasonolide A was reported by Lee and co-workers,
3
 their 

retrosynthetic analysis involved division of the natural product into three distinct segments. 

These segments consisted of the C4-C14 fragment 3 (which includes the C7-C11 

tetrahydropyran unit); The large fragment 4 containing the C19-C23 tetrahydropyran moiety;  

and finally, the C26-C34 alkyl chain segment 5 (Scheme 1.1). Lee sought to couple the two 

tetrahydropyran containing fragments C4-C14 3 and C15-C25 4 via Julia and Stille couplings. 
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Finally, closure of the macrocycle was to be followed by the late stage coupling of the C26-

C35 side chain 5, which would proceed via a Wittig olefination (Scheme 1.6).  

 

 

Scheme 1.1 

 

 Synthesis of the C4-C14 fragment 3 (Scheme 1.2) began with the Evans chiral imide 6 

which underwent a boron-mediated aldol reaction (n-Bu2BOTf, NEt3) with 

benzyloxyacetaldehyde. The resulting aldol adduct was subjected to Weinreb amide 

formation followed by vinylmagnesium bromide to afford 7. Formation of the dibenzyl ether 

8 was achieved through stereoselective reduction of 7 to the secondary alcohol, which was 

subsequently subjected to benzyl protection. With 8 in hand, a sequence of oxidative and 

reductive transformations of the C7 olefin was performed, resulting in formation of the 

desired silyl ether 9. Transformation into the desired tetrahydropyran intermediate 11 

required an additional four steps to install bromine at the C8 position and desired Michael 

acceptor at the C7 hydroxyl. The incorporation of these moieties allowed for radical 

cyclisation of 10 (Bu3SnH, AIBN), delivering the cyclised product 11 with excellent 

selectivity. A second reduction/oxidation sequence was performed [i) LiBH4, Et2O ii) 
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SO3·pyr., Et3N, DMSO] on the terminal ester at C5 11 with the resulting aldehyde utilised in 

a Takai olefination (CrCl2, CHI3), resulting in the formation of the (E)-iodovinyl moiety of 

12. Selective TBS-deprotection of the primary alcohol was followed by oxidation (SO3·pyr) 

to allow generation of the (Z)-enoate 13 from the corresponding aldehyde via a Still-Gennari 

olefination. Reduction of the ester with DIBAL, followed by oxidation (MnO2) of the 

resulting allylic alcohol provided fragment 3, which was ready for coupling to 4. 

  

Scheme 1.2: 1) n-Bu2BOTf, NEt3, DCM, BnOCH2CHO 2) MeNH(OMe).HCl, Me3Al 3) 

H2CCHMgBr, THF 4) Et3B, NaBH4, THF-MeOH (2.5:1) 5) PhCH(OMe)2, 

CSA, DCM 6) DIBAL, DCM 7) OsO4, NMO, acetone-H2O (3:1) NaIO4 8) 

NaBH4, EtOH 9) TBSCl, imidazole, DCM 10) HCCCO2Et, NMM, MeCN 11) 

HCl, MeOH 12) CBr4, Ph3P, pyr., DCM 13) Bu3SnH, AIBN 14) H2, Pd/C, 

MeOH 15) TBSOTf, 2,6-lutidine, DCM 16) LiBH4, Et2O 17) SO3·pyr., NEt3, 

DMSO-DCM (1:1) 18) CrCl2, CHI3, dioxane-THF (6:1) 19) CSA, MeOH 20) 

SO3·pyr., NEt3, DMSO-DCM (1:1) 21) MeO2C(Me)CHPO-(OCH2CF3)2, 

KHMDS, 18-c-6, THF 22) DIBAL, DCM 23) MnO2, DCM 
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The synthesis of 3 was achieved through a highly enantioselective route. 

Unfortunately a 23 step process was required raising questions over this routes suitability to 

for making analogues for further SAR investigations. 

Outlined in Schemes 1.3 and Scheme 1.4 is assembly of the C15-C25 tetrahydropyran 

fragment, which began with the formation of the mono-benzylated derivative of ethyl L-

malate 15, leading to the corresponding enone 16 via a Weinreb amide intermediate. To 

obtain the precursor 19 for the radical cyclisation step, six additional transformations were 

undertaken. The first of which involved PMB protection of enone 16 followed by the 

alkylation of alcohol 17 with ethyl propiolate, followed by removal of the PMB group to 

arrive at the β-alkoxyacrylate 18 which was protected as the bromomethyl(dimethyl)silyl 

ether to produce 19. AIBN and tributyltin hydride were employed to facilitate a radical 

cyclisation cascade to obtain the desired bicyclic tetrahydropyran intermediate 20 with 

impressive distereoselectivity.  

 

 

Scheme 1.3: 1) BH3·SMe2, NaBH4, THF 2) Bu2SnO, benzene, reflux (-H2O), BnBr, TBAI, reflux, 4 

h; 3) MeNH(OMe)·HCl, Me3Al, THF 4) H2CC(Me)MgBr, THF 5) Et3B, NaBH4, 

THF-MeOH (4:1) 6) (p-MeO)PhCH(OMe)2, CSA, DCM 7) DIBAL, DCM 8) 

HCCCO2Et, NMM, MeCN 9) DDQ, DCM-H2O 10) BrCH2SiMe2Cl, NEt3, DMAP, 

benzene 11) Bu3SnH, AIBN, benzene 
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Diol 21 was accessed via reduction of the ester to the corresponding primary alcohol, 

followed by a Tamao oxidation (Scheme 1.4). With 21 in hand, a global TBS protection was 

employed followed by selective deprotection of the primary alcohol facilitating conversion to 

the corresponding hydroxymethyl homologue 22 via a lengthy set of transformations 

including a selenide substitution/elimination protocol ((o-NO2)PhSeCN, Bu3P), 

dihydroxylation (OsO4, NMO), and oxidative cleavage, concluding with reduction of the 

resulting aldehyde to the desired alcohol 22. With the hydroxymethylated intermediate 22 in 

hand, protective group manipulations were performed in addition to the oxidation of the C18 

alcohol providing 23. Aldehyde 23 was converted into the trans olefin 24 utilizing sulfone 25 

via a Julia-Kocienski olefination protocol. Finally, a late stage TBDPS deprotection was 

performed to unveil the corresponding primary alcohol which was then subjected to 

Mitsunobu conditions in the presence of 26 and subsequent oxidation to afford the desired 

C15-C25 fragment 4.  
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Scheme 1.4:  1) LiBH4, Et2O 2) PivCl, DMAP, pyr., DCM 3) 30% H2O2, KF, KHCO3, THF-MeOH 

(1:1) 4) TBSOTf, 2,6-lutidine, DCM 5) CSA, MeOH, 6) (o-NO2)PhSeCN, Bu3P, 

THF, 30% H2O2 7) OsO4, NMO, acetone-H2O (3:1) NaIO4, 8) NaBH4, EtOH 9) conc. 

HCl, MeOH 10) Me2C(OMe)2, PPTS, acetone 11) H2, Pd/C, MeOH 12) SO3·pyr., 

NEt3, DMSO-DCM (1:1) 13) LHMDS, THF-HMPA (5:1) 14) TBAF, THF 15) Ph3P, 

DIAD, THF, 16) (NH4)6Mo7O24, H2O2, EtOH  

 

 4 was synthesized over 27 steps from its initial starting material. With a high ee % 

Lee was able to complete the second tetrahydropyran however atom efficiency was lacking 

coupled with only moderate yields in the initial stages of the fragments synthesis traits we 

hoped would be avoided in our synthesis. 

D-Malic acid 27 was chosen as the starting point for the synthesis of the third and 

final fragment in Lee's (–)-lasonolide A synthesis. Employing Lewis acid promoted 

ketalisation (BF3·OEt2, cyclohexanone) 28 was synthesized in a three step procedure in 

moderate yield (65%) (Scheme 1.5). Ketal 28 was reacted with alcohol 29 leading to the 

generation of the secondary alcohol which underwent silyl protection to form the 

corresponding silyl ether 30. Selective deprotection of the primary alcohol (HF·pyr.) 
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provided the precursor alcohol with which to generate the desired phosphonium salt 5 

(Scheme 1.5). 

 

 

Scheme 1.5:  1) cyclohexanone, BF3.OEt2, Et2O 2) BH3·DMS, B(OMe)3, THF 3) TBSCl, imidazole, 

DCM 4) NaH, THF 5) TBSCl, imidazole, DMAP, DCM 6) HF·pyr., pyr., THF 7) 

Ph3P, I2, imidazole, THF 8) Ph3P, MeCN 

 

 With fragments 3, 4 and 5 in hand, tetrahydropyran segments 3 and 4 were coupled 

without complication using a Julia-Julia reaction to afford the desired C14-C15 trans olefin 31 

in good yield, and excellent selectivity (70%, 20:1 E/Z). Installation of the C1-C3 trans-β-

stannylacrylate segment was achieved in three steps allowing macrolide formation to proceed 

via a Stille ring-closure (Pd2dba3, DIPEA, NMP) to generate the desired macrolactone 33. 

With the macrolide in hand the final array of conversions began with deprotection (LiEt3BH) 

of the C25 alcohol and its subsequent oxidation to the corresponding aldehyde for Wittig 

coupling (KHMDS, 5) to form the protected natural product, which underwent global 

deprotection (HF·pyr.) to supply (–)-lasonolide A 2. 
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Scheme 1.6:  1) LDA, THF 2) M CSA, MeOH, (HOCH2)2 3) TBSCl, imidazole, DCM 4) DIC, 

DMAP, DCM 5) Pd2dba3, DIPEA, NMP 6) LiEt3BH, THF 7) SO3·pyr., NEt3, DMSO-

DCM (1:1) 8) KHMDS, THF, 5 9) HF·pyr., pyr., THF 

 

Comparisons with the NMR data provided reported by McConnell and co-workers 

confirmed the successful synthesis of (–)-lasonolide A by Lee. Corrections to the optical 

rotation of (–)-lasonolide A were also confirmed by Lee's synthesis of (+)-lasonolide A and 

an array of biological testing carried out on the two isomers. Key methods in Lee’s synthesis 

were Julia olefination reactions and radical cyclisation methods to generate the desired 

tetrahydropyran systems with high selectivity. Lee's total synthesis was an impressive 

achievement attaining high stereo selectivity in key synthetic steps, however, the overall 

synthesis consisted of 66 linear steps, not including preparation of some starting materials 

with the longest linear sequence reaching 36 steps. With such a lengthy synthesis, there are 

limited opportunities for modification to provide analogues for structure-activity relationship 

(SAR) studies due to the specificity of many of the reagents, substrates and chemical 

modifications involved and such endeavors are particularly time-consuming and resource-

demanding.  
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The second total synthesis of (–)-lasonolide A was published by Ghosh and Gong, 

their retrosynthetic plan is shown in Scheme 1.7. As with Lee's original synthesis the C25-C26 

bond was broken to form both lactone 33 and phosponium salt 5.  Further disconnections at 

the C2-C3 and C14-C15 olefins led to the sulfone 34 and the corresponding aldehyde 35 which 

were to be joined via HornerWadsworthEmmons and Julia-Kocienski reactions 

respectively. The core of sulfone 34 was envisaged to be created via a [3+2] nitrile oxidation 

cycloaddition whilst the tetrahydropyran core of 35 was to be assembled via a hetero-

DielsAlder cycloaddition.  

 
Scheme 1.7 
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Synthesis of 34 (Scheme 1.8) began with the protection of epoxide 36, this was then 

regioselectively ring opened and converted to ether 37 via the Hoffman protocol in the 

presence of catalytic Lewis acid and allyl alcohol. 37 underwent diol formation (K2CO3, 

MeOH, HCIO4)  and then oxidatively cleaved and the corresponding aldehyde condensed to 

form the nitro alcohol 38. The C18 alcohol was eliminated using standard mesylate formation 

and an appropriate work up with the corresponding nitro compound undergoing reduction 

(Zn, AcOH, THF/H2O) to produce 39.  

 

 

Scheme 1.8: 1) TsCl, Et3N, DMAP 2) BF3·OEt2, BnOC5H8OH DCM 3) K2CO3, MeOH 4) HClO4, 

DMSO/H2O 5) NaIO4, MeOH/H2O 6) KF, CH3NO2, iPrOH 7) MsCl, Et3N 8) Zn, 

AcOH, THF/H2O 

 

With 39 in hand tetrahydropyran formation was undertaken (Scheme 1.9) using 

sodium hyperchlorite which conveniently led to the desired facile intromolecular 1,3-dipolar 

cycloaddtion whilst arranging the desired stereochemistry at C22 to deliver the single 

diastereomer 40. The hydroxyketone 41 (Scheme 1.9) was attained by subjecting 40 to a 

Raney-nickel hydrogenolysis which was immediately reduced (L-selectride) and 

subsequently protected to the acetonide to form 42 over 3 steps with the desired 

sterechemistry at C22 and C20 established. 43 was obtained with protection group alterations 

of both alcohol moieties followed by selective desilylation to obtain the free alcohol at C18 

which underwent selective Swern oxidation and subsequent Wittig coupling to generate the 

dersired terminal alkene 43. Grubbs II metathesis protocol was then utilized to install the 

sulfone moiety which proceeded efficiently and the desired product protected ((PhCO)2O2) to 

form 34 in 71% yield over 2 steps. 
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Scheme 1.9: 1) Aq. NaOCl, NaOCl, DCM 2) H2, Ra-Ni, aq. H3BO3, MeOH 3) L-Selectride, THF 4) 

CSA, Me2CO 5) H2, Pd-C, DCM 6) TBSCl, Imidizole, TBAF, THF 8) Dess-Martin 9) 

Ph3P=CH2, DCM 9) TBAF, THF 10) Grubbs II, 44, DCM 11) (PhCO)2O2, Me2S, 

MeCN 

 

Synthesis of the C3-C14 fragment 35 (Scheme 1.10) began with the pericyclic 

formation of 48 using known diene 45 and aldehyde 46 in the presence of Jacobsen's hetero-

DielsAlder catalyst. The resulting tetrahydropyran was immediately deprotected to give the 

corresponding ketone 47 in good yield and high ee (71%, 94% ee) over 2 steps. Formation of 

alcohol 48 proved problematic with the reduction of 47 producing a poor 1:2 diastereomeric 

ratio of alcohol 48a and 48b with the unfavorable alcohol (48b) being the dominant product. 

Examination of other reduction conditions proved unsuccessful, Ghosh and Gang choose to 

bypass the problem by simply recycling the unwanted diastereomer by reverting it back to 

the original ketone 47. This strategy allowed Ghosh to continue his synthesis but did not 

provide a true solution to the reduction hurdle which remained untimately unsolved. 

Installation of the C3-C7 chain was commenced by hydrogenolysis of the benzyl protecting 

group at C5 and repeating the Dess Martin-Wittig-Grubbs II sequence performed on the first 

tetrahydropyran fragment over 5 steps to produce 49. Primary alcohol 49 was oxidized (Dess 

Mardin) and a Horner-Wadsworth-Emmons olefination undertaken with ethyl 2-[di(o-

isopropylphenyl)phosphono] propionate under Ando’s conditions  providing the Z-olefin 50 
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in 71% yield for 2 steps. Final preparation of fragment 35 for Julia-Kocienski olefination was 

completed with 50 undergoing a HWE addition which installed an ester linkage at the C12 

positon which underwent reduction/oxidation modificaton (Dibal-H, Dess-Martin) to form 

the desired aldehyde 35 ready for olefination.   

 

Scheme 1.10:  1) Jacobsen's cat., 4 Å MS 2) TBAF, AcOH, THF 3) Dibal-H, DCM 4) TBSOTf, 

2,6-lutidine, DCM 5) H2, Pd-C 6) Dess-Martin 7) Ph3P=CH2, DCM 8) CSA, MeOH 

9) Grubbs II cat., TBSOCH2CH=CH2, DCM  10) Dess-Martin 11) NaH, 

Ar2P(O)CH(Me)CO2Et 12) Dibal-H 13) Dess-Martin 

 

With both macrolide fragments in hand 34 and 35 were joined (Scheme 1.11)  via the 

planned Julia-Kocienski olefination (KHMDS) to form 51 in good yield (78%). Deprotection 

of the C21-C22 51 acetonide and protection of the resulting primary alcohol allowed for the 

installation (DCC, DMAP, (EtO)2P(O)-CH2CO2H) of the phosphonoacetate moiety 52 for 

ring closure via an internal HornerWadsworthEmmons protocol. A yield of 25 % was 

obtained for 53 across the 7 steps that led to macrolide ring closure. 
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Scheme 1.11: 1) KHMDS, THF 2) CSA, MeOH 3) TBSCl, Imidizole, DCM 4) (EtO)2P(O)-

CH2CO2H, DCC, DMAP 5) PPTS, MeOH 6) Dess-Martin 7) K2CO3, 18-C-6, PhMe, 85 C  

 

Synthesis of the C24-C34 alkyl chain fragment 5 was performed via analogous 

procedures as those of Lee and co-workers utilizing the same starting material pre-cursor and 

proceeded uneventfully over 10 steps in an overall yield of 31%. Final formation of 

Lasonolide A proceeded after removal of the MTM protection group at C25 53 (Aq HgCl2, 

CaCO3) which liberated the primary alcohol which was then exposed to Dess-Martin 

protocol to form the corresponding aldehyde allowing for Wittig. Final global deprotection 

was undertaken to produce the natural product  2 with the shortest linear sequence being 31 

steps.  
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Scheme 1.12: 1) Aq. HgCl2, CaCO3 2) Dess-Martin 3) 5, KHMDS, THF 4) HF-Pyr, THF, pyr. 

 

Ghosh's synthesis unfortunately utilised the method for constructing the C7-C11 

tetrahydropyran ring as we had proposed collaterally before his publication was released. We 

believed that both tetrahydropyran rings could be readily accessed via the utilisation of 

Jacobsen's hetero-DielsAlder catalyst. This was not a complete loss for our cause as we 

recognised the poor out come Ghosh had opted for with respect to the C9 ketone oxidation 

conundrum, something that we most certainly believed we could improve on. Furthermore 

both Ghosh and Lee's synthesis relied heavily on Wittig and Julia-Kocienski protocols in 

addition to constant Dess Martin/Wittig combinations to install olefin anchore points which 

proved somewhat cumbersome and recurrent. We found these methods to be restrictive in 

terms of potential deviation for SAR related studies of the natural product and have hoped to 

focus on a olifination protocol utilising ruthenium based catalysts for Alder-ene and Grubbs 

couplings to achieve this goal.  

 

1.6 Retrosynthetic analysis 

 

Lee's aforementioned total synthesis was rather lengthy with yields that were less 

then ideal in some steps. Secondly, there has been a significant lack of diversity of analogues 

synthesized of both the natural product and its segments meaning that both the issues of 

natural product supply and thorough SAR analyses have not been adequately addressed. With 

this in mind, our aim was to achieve the total synthesis of (–)-lasonolide A using a unique 
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synthetic strategy that may improve upon Lee's and Ghosh's lengthy syntheses in terms of the 

number of steps, yield and access to analogues for SAR studies.  

Our retrosynthetic analysis (Scheme 1.13) entailed a disconnection into three key 

fragments: C5-C16 54, C17-C25 55 and C26-C35 5. These disconnections differ somewhat to 

those made by other groups whilst also being the first reported retrosynthetic analysis which 

has sought to use ruthenium catalyzed olefin formation via Grubbs and Alder-ene protocols 

to ring close the macrolide at the C4-C5 and C16-C17 junctions. Tetrahydropyrans C7-C11 54 

and C17-C23 55 were to be constructed utilising asymmetric hetero-Diels–Alder reactions, 

which would provide a means to generate a number of the desired stereocentres 

simultaneously. To perform this powerful transformation with diastereo- and enantio- 

control, an effective chiral catalyst would be required. Initial focus would be placed upon the 

synthesis of the C17-C25 segment. This strategy allowed a high degree of flexibility due to the 

potential for a wide array of substrates to be employed in this reaction, allowing the 

generation of diverse analogues for SAR profiling. Synthesis of the C26-C35 segment would 

proceed via the method described by Lee and co-workers as there was no need to alter its 

construction due to the relative simiplicity of that fragment. 



Chapter 1 Introduction         21 

 

Scheme 1.13 

 

1.7 Jacobsen’s catalyst 

 

Before the introduction of tridentate Schiff base Cr(III) complexes the formation of 

heavily substituted tetrahydropyran structures via Diels–Alder transformations was restricted 

to highly electron rich dienes, e.g. Danishefskys diene, and electron deficient dienophiles.
21

 

Jacobsen first reported the use of his tridentate Schiff base Cr(III) complex as 

enantioselective HDA catalyst in 1999.
22,23

 

The crystal structure of Jacobsen’s catalyst 60 (Figure 1.4) has been published, and it 

was noted that the complex exists as a dimeric structure 60a bridged through a single water 
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molecule, whilst each chromium center bears an axial water ligand. For this reason the 

application of molecular sieves in HDA reactions catalysed by tridentate Schiff base Cr(III) 

complexes is essential as removal of the axial water ligands is required to provide vacant 

metal binding sites allowing for catalyst activity.
23

 Catalyst 60 is also available in its 

enantiomeric form ent-60. For simplicity the catalyst is presented in its monomeric form 

throughout the remainder of this thesis. 

 

 
 

Figure 1.4 

 

 Numerous derivatives of this original catalyst have been synthesized for a variety of 

alternate applications, including the formation of tetrahydropyrans in natural product 

synthesis,
24

 hetero-ene couplings,
25-26

 stereocontrolled ring opening of aziridines,
27

 and three 

component hetero[4+2] cycloaddition/allylboration reactions.
28

 Catalyst 60 has been 

demonstrated to be optimal for the formation of tetrahydropyran moieties. 

 The numerous reported applications of Jacobsens catalyst have certified its suitability 

in successfully forming tetrahydropyran structures with a high degree of enantio- 

diastereoselectivity.
29

 Work by Jacobsen has shown a strong correlation between the use of 

catalyst 60 and the formation of the corresponding cis tetrahydropyran diastereomer.
23

 

In the total synthesis of brevisamide Ghosh and coworkers
30

 assembled intermediate 

63 utilizing Jacobsen's catalyst ent-60 to form the corresponding cis tetrahydropyran as the 

sole diastereomer with impressive enantioselectivity (96% ee) (Scheme 1.14). The Synthesis 
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of brevisamide by other groups
31-32

 utilizing alternate synthetic procedures successfully 

synthesized brevisamide replicating the success of Ghosh and coworkers whilst confirming 

the appropriate absolute and relative stereochemistry, highlighting the dependability of 

Jacobsen’s catalyst. 

 
Scheme 1.14 

 

Furthermore the use of Jacobsens HDA catalyst has also been reported in the total 

synthesis of (-)–laulimalide.
24

 This synthesis required the introduction of an asymmetric 

dihydropyran unit for incorporation into laulimalide’s C15-C27 subunit. This was achieved by 

reacting a neat mixture of 1-methoxy-3-methyl-1,3-butadiene 64 with the corresponding 2-

(tert-butyldimethylsilyloxy)ethanal dienophile 59 in the presence of molecular sieves and a 5 

mol% catalyst loading producing the corresponding dihydropyran derivative 65 in >95% ee 

and 71% yield (Scheme 1.15). The result obtained by Paterson and coworkers was replicated 

with the synthesis similar intermediates by a number of other groups employing alternative 

synthetic methods
33-34

 all of which successfully completed the natural product mirroring 

results obtained by Paterson confirming the structure and stereochemistry of laulimalide.
35

 

 

 
Scheme 1.15 

  



 

Chapter 2  

Attempted synthesis of the C17-C25 

fragment of ()-lasonolide A 
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Chapter 2 

 

2.1 Retrosynthetic analysis of C17 to C25 fragment of (–)-lasonolide A 

  

 In order to facilitate SAR studies, our synthetic strategy for (–)-lasonolide A was 

modular by design and flexible in nature allowing for facile analogue production. Scheme 

2.1 illustrates the retrosynthetic analyses of the C17-C25 tetrahydropyran fragment. 

 
Scheme 2.1 

 

 It was envisaged the C17-C25 fragment 66 would be accessed via hydroxymethylation 

of silyl enol ether 67. The tetrahydropyran core would be assembled by uniting diene 58 and 

dienophile 57 in a hetero-Diels–Alder (HDA) reaction using the chiral Cr(III) Schiff base 

complex 60, developed by Jacobsen and co-workers.
36

 Diene 58 would be obtained by 

enolsilylation of ketone 68, trapping the enolate with an appropriate silyl triflate. Ketone 68 
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would in turn be derived from a Wittig reaction between aldehyde 69 and 70. Production of 

57 would be achieved through protection and oxidation of propargyl alcohol 71.  

 

2.2 Synthesis of substrates for the HDA reaction 

  

 Synthesis of ketone 68 involved preparing ylide 70 and aldehyde 69 for unification 

via a Wittig reaction (Scheme 2.2). 

 

 
Scheme 2.2 

 

 Commercially available 1,3-propanediol 72 was mono protected as the p-

methoxybenzyl (PMB) ether
37

 (Scheme 2.2) in 45-55% yield, using THF as solvent. 

Conducting the reaction in THF–DMF 10:1
38

 resulted in an improved yield of 78%, 

presumably due to the stabilization of the charged intermediate. Subsequent Swern 

oxidation
39

 provided aldehyde 69 in 74% yield over 2 steps. 

 Ethyltriphenylphosphonium bromide 73 was reacted with n-BuLi to generate the 

corresponding ylide in situ, followed by addition of acetyl chloride to form 70. 

Unfortunately, none of the desired ylide 70 was isolated, with the reaction giving only 

unidentified byproducts as observed by 
1
H and 

13
C NMR. Further analysis of the crude 
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reaction mixture by low-resolution mass spectrometry also failed to indicate the presence of 

any molecular ions belonging to 70. Numerous attempts using re-purified reagents and a 

variety of reaction conditions failed to produce the desired product 70. Accordingly, an 

alternative route to α,β-unsaturated ketone 68, via a Horner–Wadsworth–Emmons (HWE) 

reaction,
40

 was investigated (Scheme 2.3).  

 
Scheme 2.3 

  

 Following the procedure of Sturtz and co-workers,
40

 the synthesis of β-

ketophosphonate 77, began with the condensation between 3-chloro-2-butanone 74 and 

methyl hydrazinocarboxylate, forming the corresponding α-chlorohydrazone isomers 75in a 

1:1 E/Z ratio. Reaction of 75 with triethylphosphite in an Arbuzov reaction proceeded 

smoothly, providing 76, which was deprotected under acidic conditions to give 77 in 54% 

yield over three steps. With both 77 and 69 in hand, the HWE coupling
41

 was undertaken 

(NaH, THF) and proceeded smoothly to generate 68 in 75% yield in a 9:1 E/Z ratio (Scheme 

2.4). 
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Scheme 2.4 

 

 Enolsilylation of ,-unsaturated ketone 68 was undertaken (TESOTf, Et3N), to 

supply the Diels–Alder diene 58. Purification of this compound proved challenging, since the 

silyl enol ether readily hydrolysed on silica gel. Triethylamine (0.25%) was added to the 

eluent during chromatography to avoid compound decomposition; however, hydrolysis of 58 

still readily occurred. As a result, purification with silica was avoided. he crude material was 

identified by 
1
H NMR to be the desired diene 58 and a small quantity of triethylsilanol. 

Owing to the small quantity of impurities and difficulties associated with column 

chromatography, the crude material was carried on directly to ring formation after work up (2 

× 30.0 mL brine, Na2SO4, conc. in vacuo). 

 With the diene substrate for the hetero-Diels–Alder reaction ready for the assembly of 

tetrahydropyran 67, focus turned towards the synthesis of dienophile 57. Initial synthetic 

efforts followed work by Schmalz and co-workers,
42

 involving C-silylation and oxidation of 

propargyl alcohol 71. 

 

 
Scheme 2.5 

 

 Commercially available propargyl alcohol was deprotonated with n-BuLi (2.0 equiv.), 

followed by quenching with TIPSCl, providing the C-silyl alcohol 78, albeit in a moderate 

41% yield. Oxidation of the free alcohol 78 proved troublesome, with Swern (32 %) and 

manganese oxide (73%) both giving 57 in modest yields (30% over 2 steps for MnO2). For 

an early stage intermediate the poor yield was considered inadequate and a more efficient 

protocol was sought after.  
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 An alternative method was trialed whereby deprotonation (n-BuLi at -40 C) of TIPS 

acetylene 79 was performed to generate an acetylide anion in situ, followed by addition of 

DMF, producing the desired aldehyde 57 (Scheme 2.6) (93%).  

 
Scheme 2.6 

 

2.3 Synthesis of the C17-C25 tetrahydropyran framework  

  

 Formation of complex tetrahydropyran systems using catalytic asymmetric HDA 

reactions has been described by a number of groups.
28,43-44

 Thus, with both diene 58 and 

dienophile 57 in hand, synthesis of the C17-C25 tetrahydropyran framework was undertaken.  

Synthesis of the tridentate Cr(III) complexes consisted of a four step process (Scheme 

2.7) beginning from commercially available p-cresol 80 which underwent Friedel Crafts 

alkylation (1-adamantanol, H2SO4) to afford 81, followed by Lewis acid catalysed 

electrophillic addition of paraformaldehyde [(CH2O)n, SnCl4, 2,6-lutidine] to form 

intermediate 82. Schiff base formation between 82 and cis-1-amino-2-indanol 83 formed the 

chiral auxiliary 84, in good yield (78 %) with, metal ion complexation of 84 (CrCl3·THF, 

2,6-lutidine) affording the tridentate Schiff base Cr(III) complex 60 (Jacobsen’s hetero-Diels–

Alder catalyst) in good yield (83%). 
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Scheme 2.7 

 

 With catalyst 60 successfully synthesized, formation of 67 proceeded with diene 58 

being added to a mixture of activated 4 Å molecular sieves in the presence of catalyst 60 and 

aldehyde 57 and stirred in the absence of light (Scheme 2.8). TLC analysis after 36 h 

indicated all of diene 58 had been consumed and the reaction mixture was subjected to 

workup (diluted with EtOAc and filtered) followed by flash chromatography, to afford 67 

(79%, 74% ee by enantioselective HPLC). Silyl enol ether 67 proved significantly more 

stable towards purification on silica gel than its diene precursor 58.  

 

 
Scheme 2.8 

 

 Structure 67 was confirmed by 
1
H NMR (Figure 2.1) and mass spectrometry 

analyses. Evidence for the formation of the key intermediate 67 includes the appearance of 

both a doublet of doublets at  4.32 (dd, J = 10.5, 3.3 Hz, 1 H) ppm and an additional doublet 
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at  4.19 (d, J = 7.1 Hz, 1 H) indicating tetrahydropyran oxymethine protons 19-CH and 23-

CH respectively. Furthermore, the disappearance of the terminal alkene peaks observed in 

diene 58 suggested the cycloaddition had successfully gone to completion. NOESY 

correlations between protons at C19 and C23 also indicated their relative 1,3-diaxial positions. 

Low-resolution mass spectrometry provided additional support, indicating a [M+H]
+
 ion m/z 

573, the molecular mass of the desired product.  

 

 
Figure 2.1 

 

The absolute configuration was confidently assigned based on extensive precedent 

from Jacobsen’s original works where the use of catalyst 60 led to the products in high ee’s 

with desired absolute configuration.  

 

2.4 Installation of C22 hyrdroxymethyl moiety 

 

 With a reliable method for constructing C17-C25 heterocyclic framework in hand, 

attention focused on completing functionalisation of the tetrahydropyran ring 67. It was 

envisaged that installation of the 1,3-diol moiety along the C21-C22’’ portion, would be 

achieved through a two step procedure involving reduction of the hydroxymethylated 

pyranone 85, which would be accessed through a Mukaiyama aldol reaction of 67 with 

formaldehyde (Scheme 2.9).  
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Scheme 2.9 

 

2.4.1 The Mukaiyama aldol reaction 

 

 The origins of the Mukaiyama aldol reaction are based on the published observations 

by Mukaiyama and coworkers in 1973,
45

 where the silyl enol ether of cyclohexanone was 

reacted with benzaldehyde in the precence of a Lewis acid catalyst in DCM. Further 

extensions to the applicability of this reaction were published in two follow-up manuscripts 

in 1974, covering an extended range of Lewis acids as potential catalysts, in addition to 

experimentation with alternate silyl enol ethers.
46-47

 This reaction became known as the 

Mukaiyama aldol addition, whereby a silyl enol ether may be coupled to an aldehyde or 

ketone activated by a Lewis acid (Scheme 2.10). 

 

 
Scheme 2.10 
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 Scheme 2.9 illustrates the accepted mechanism for the Mukaiyama aldol reaction. 

The electrophile, either an aldehyde or ketone 86, coordinates to the Lewis acid to form the 

activated complex 87, in situ. The increased electron deficiency of the carbonyl carbon of 87 

afforded by Lewis acid activation promotes attack by the silyl enol ether 88, resulting in the 

formation of an intermediate O-silyl oxonium ion 89. With 89/90 in hand silyl transfer or 

hydrolysis may then occur to form either 91 or 92 respectively. The envisaged installation of 

the hydroxymethyl substituent at the C22 position was to proceed via a Mukaiyama aldol 

transformation. 

 

2.4.2 Mukaiyama aldol trial to complete C17-C25 fragment 

 

 Initial attempts sought to promote the Mukaiyama aldol reaction between silyl enol 

ether 67 and paraformaldehyde using TiCl4 (Scheme 2.11). Paraformaldehyde is a 

synthetically useful form of formaldehyde due to its stability and ease of use and thus was 

chosen as the desired hydroxymethyl precursor. However, using the aforementioned 

conditions no conversion was observed after 6 h by TLC analysis with only starting material 

present.  

 

 
Scheme 2.11 

  

 Subsequent attempts on larger scale (250 mg) were performed to avoid possible 

deleterious effects of adventitious water, which is often problematic on small scales with 

reactive Lewis acids. This precaution did not circumvent the originally observed lack of 

product formation. 

 The lack of desired conversion prompted a more in-depth investigation, exploring 

alternative reaction conditions and reagents. Table 2.1 summarises Lewis acids, at differing 

temperatures and molar concentrations, which were trialled in the presence of 

paraformaldehyde to generate the hydroxymethylated adduct 66. 
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Table 2.1 

Entry Lewis acid Solvent Temp. (
o
C) 1 Equiv. *LA 1.5 Equiv. LA 2 Equiv. LA 

1 TiCl4 THF -78 No reaction No reaction No reaction 

2 TiCl4 THF -15 No reaction No reaction No reaction 

3 TiCl4 THF Rt No reaction No reaction Decomposition 

4 SnCl4 THF -78 No reaction No reaction No reaction 

5 SnCl4 THF -15 No reaction No reaction No reaction 

6 SnCl4 THF Rt No reaction No reaction Decomposition 

7 60  none Rt No reaction No reaction No reaction 

8 60 acetone Rt No reaction No reaction No reaction 

9 60 none 50 No reaction No reaction No reaction 

* LA - Lewis acid 

 

 Lewis acid TiCl4 (Entries 1-3), was initially trialled due to literature precedent in 

Mukaiyama chemistry. Differing temperatures, in conjunction with increasing stoichiometric 

amounts of TiCl4, failed to generate any noticeable conversion to the desired product with 

starting material recovered in most cases.  

 The appropriateness of SnCl4 was investigated (Entries 4-6) due to its reported use in 

Mukaiyama aldol reactions,
45,48-49

 with similar reaction conditions as those of TiCl4. 

Unfortunately SnCl4 gave similarly unsatisfactory results, with no desired conversion noted 

and complete recovery of 67.  

 Jacobsen’s catalyst 60 was employed as a means to overcome our silyl enol ether’s 

unreactiveness. Jacobsen’s catalyst had proven to be a diverse and robust catalyst with a 

variety of uses,
26-28

 however the full scope of its application remains somewhat unexplored 

due to its short history. This unexplored potential coupled with a lack of success up until this 

point, prompted the use of the Cr(III) catalyst 60 with formaldehyde in hope to promote the 

desired Mukaiyama reaction. It was hypothesized that catalyst 60 also offered the 

advantageous possibility of stereocontrol. This approach had some precedent, as chiral 

Cr(salen) complexes 93 (Figure 2.2) have been used by the Katsuki group to perform 

vinylogous Mukaiyama reactions to access -hydroxy--keto ester derivatives.
50

 In addition, 
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other chiral Lewis acid complexes involving titanium 94 and scandium 95 have been 

employed to perform stereoselective aldol transformations.
51-52

 

 

 
Figure 2.2 

 

 Attempts at room temperature under solvent free conditions (Entry 7) and at elevated 

temperatures (Entry 9) failed to produce the desired product and only starting material was 

recovered. Finally, an attempt with acetone as solvent (Entry 8) was trialed as there have 

been isolated cases where Jacobsen’s catalyst had been used in acetone which proved 

beneficial for reactivity.
21

 This proved ineffective in this case with the use of acetone failing 

to provide the desired product only starting material was recovered. 

 After investingating an array of inorganic Lewis acids across a variety of conditions 

alternative non-metallic Lewis acids, described in other aldol work, were evaluated (Table 

2.2) including trityl perchlorate (TrClO4), TMSOTf and tris-pentafluorophenylborane.  
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Table 2.2 

Entry Lewis acid* Temp. (
o
C) Result 

1 TrClO4 0 No reaction 

2 TrClO4 rt No reaction 

3 TrClO4 40 No reaction 

4 TMSOTf 0 No reaction 

5 TMSOTf rt No reaction 

6 TMSOTf 40 No reaction 

7 
tris-pentafluorophenyl 

borane 
0 No reaction 

8 
tris-pentafluorophenyl 

borane 
rt No reaction 

9 
tris-pentafluorophenyl 

borane 
40 No reaction 

*1 molar equiv. 

 

 Trityl perchlorate (Entries 1-3) was selected after reviewing work published by 

Mukaiyama, Kobayashi and co-workers,
53-54

 where investigations noted trityl salts performed 

exceptionally well compared to TiCl4 in terms of reaction yield and catalyst loading, 

requiring a mere 1-10 mol% of catalyst for the reaction to proceed to completion (Scheme 

2.12).  

 
Scheme 2.12 

 

 Literature precedent suggested that if the TrClO4-promoted Mukaiyama aldol reaction 

of an appropriate electrophile 86 with the desired silyl enol ether 96 was successful, the 

corresponding silyl ether 91 would be obtained. This was not envisioned to be problematic, 

as under standard conditions in the total synthesis, deprotection should be straightforward. 

Unfortunately, TrClO4 did not produce the desired outcome, with starting material recovered 

at varying temperatures and molar concentrations (Entries 1-3).  
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 TMSOTf has been noted for its Lewis acid properties.
55

 The Leighton group has used 

TMSOTf as a Lewis acid promoter for an aldol reaction in the total synthesis of mycoticin.
56

 

The utilisation of TMSOTf (Entries 4-6) in our reaction provided no desired reactivity when 

trialled under a variety of reaction conditions (Table 2.2). 

 Finally, a boron-mediated Mukaiyama aldol reaction was considered as a means to 

synthesise the desired aldol product 85. We chose to adopt tris(pentafluorophenyl)borane, a 

2
nd

 generation boron Lewis acid, to avoid inherent issues associated with halogen based 

boron derivatives which have been noted for their occasional unpredictable B-X bond 

behavior. Kalesse and co-workers have pioneered the use of tris(pentafluorophenyl)borane in 

Mukaiyama chemistry.
57-59

  

 The use of various Lewis acids at differing temperatures and concentrations failed to 

produce any desired products, with recovered starting material and minor amounts of 

decomposition byproducts obtained. Additionally, solvent conditions were explored with 

Et2O, THF, acetone, DCM and PhMe trialled using all of the previous Lewis acids, however 

none of the desired product was observed under any conditions. 

 Alternative electrophile sources were considered (Table 2.3), trioxane, methyl 

orthoformate and monomeric formaldehyde due to the lack of success experienced whilst 

using paraformaldehyde. A host of untrialled reaction conditions were also employed in 

conjunction with the alternative electrophiles in an attempt to discover suitable reaction 

conditions. 

  



38 Chapter 2 Attempted synthesis of the C17-C25 fragment of ()-lasonolide A 

 

 
Table 2.3 

Entry Electrophile soruce Conditions Result 

1 Trioxane 1 equiv. TiCl4, DCM, -78 
o
C→rt, 6 h No reaction 

2 Trioxane 0.5-1 equiv. TrClO4, DCM -10 
o
C→rt, 8 h No reaction 

3 Trioxane 1-2 equiv. SnCl2, DCM, -78 
o
C→rt, 6 h No reaction 

4 Trioxane 1.2 equiv. TMSOTf, DCM, rt, 6 h No reaction 

5 Methyl orthoformate 1 equiv. TiCl4, DCM, -78 
o
C→rt, 6 h No reaction 

6 Methyl orthoformate 0.5-1 equiv. TrClO4, -10 
o
C→rt, 8 h No reaction 

7 Methyl orthoformate 1-2 equiv. SnCl2, DCM, -78 
o
C→rt, 6 h No reaction 

8 Methyl orthoformate 1.2 equiv. TMSOTf, DCM, rt, 6 h No reaction 

9 Methyl orthoformate 1-2 equiv. SnCl4, DCM, -78 
o
C→rt, 6 h No reaction 

10 Methyl orthoformate 1-2 equiv. BF3 OEt, DCM, -78 
o
C→rt, 8 h No reaction 

11 Methyl orthoformate 
1-2 equiv. tris-pentafluorophenyl borane, 

DCM, -78 
o
C→rt, 9 h 

No reaction 

12 
Monomeric 

formaldehyde 

Excess paraformaldehyde heated to 170
o
C 

under N2, canulated into Et2O at -78
 o
C, TiCl4 

No reaction 

  

 The adoption of trioxane did not provide a solution for this synthetic hurdle and all 

reaction conditions investigated proved ineffectual in generating the desired aldol target 85. 

Methyl orthoformate as an electrophilic source proved ineffectual in promoting the formation 

of the aldol adduct. When an attempt to react our silyl enolate with monomeric formaldehyde 

(obtained by thermal cracking of paraformaldehyde) was made, TLC and 
1
H NMR 

spectroscopic analysis provided no evidence to suggest that any reaction had occurred with 

only starting material noted. 

 

2.5 Alternate methods for installation of the C22 hydroxymethyl moiety 

 

 Having exhausted a number of standard Mukaiyama reaction conditions, an extensive 

search of the literature was undertaken to seek alternate synthetic methodologies to affect the 

desired hydroxymethylation. Studies had thus far shown silyl enol ether 67 to be uniquely 

unresponsive to an array of standard conditions. Examination of alternate synthetic routes in 

search for suitable conditions are described below. 
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2.5.1 Methylaluminium bis(2,6-diphenylphenoxide) promoted electrophilic addition 

 

 Yamamoto and co-workers
60

 in 1992 described the use of methylaluminium bis(2,6-

diphenylphenoxide) (MAPH) complex 98 to activate aldehydes (including formaldehyde) for 

reaction with nucleophiles (Scheme 2.13). The versatility of the MAPH complex is three-

fold. It is able to capture and stabilize unstable formaldehyde, preventing polymerization and 

it is able to do so at temperatures far above -78 
o
C, thus allowing for more facile reactions, 

whilst additionally MAPH allows a large variety of nucleophiles to react with the activated 

aldehydes. 

 

 
Scheme 2.13 

 

 Yamamoto’s group demonstrated that both paraformaldehyde and trioxane could be 

used as a formaldehyde source in reactions with a variety of nucleophiles including Grignard 

reagents, lithium enolates, silyl enol ethers and copper(II) enolates (Scheme 2.14). 

  



40 Chapter 2 Attempted synthesis of the C17-C25 fragment of ()-lasonolide A 

 

 
Scheme 2.14 

 

Reaction between a similar -substituted lithium enolate 106, possesing a methyl 

group adjacent to the enolate with the MAPH complex suggested the reaction was able to 

tolerate the level of steric interaction present in our system. Yamamoto demonstrated that 

silyl enol ethers 104 were good substrates for reaction with the MAPH formaldehyde 

complex via ene chemistry to form the alternate substituted enol ether 105. Formation of the 

C20-C21 enol ether 108 (Scheme 2.15) as a result of an ene transformation presumably would 

not have posed any significant problems as a simple O-desilylation of the enolate would 

provide the desired -keto alcohol 85.  

 The MAPH complex was generated in situ, from a solution containing 2,6-

diphenylphenol (2 equiv.) and AlMe3 (1.5 mmol). The MAPH solution was then added to 

solutions of tetrahydropyran 67 and cracked formaldehyde or trioxane at -78 
o
C.  

 

 
Scheme 2.15 
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After 6 h at -78 
o
C and a further 3 h at 0 

o
C the reaction was quenced, however only 

tetrahydropyran 67 and 2,6-diphenylphenol were recovered, using both trioxane and cracked 

paraformaldehyde as the electrophile. 

 

2.5.2 Electrophilic addition via lithium enolates 

 

 The next approach investigated, involved formation of a more reactive lithium enolate 

from 90 and subsequent trapping as the β-keto ester through reaction with Mander’s reagent 

91 (methyl cyanoformate) to accomplish C-alkylation at the C22 position
61-62

 (Scheme 2.16). 

Successful installation followed by reduction of the corresponding -keto ester 92 would 

provide the desired 1,3-diol moiety.  

 

 
Scheme 2.16 

 

 Treatment of silyl enol ether 47 with MeLi (1.5 equiv.) in Et2O at rt showed no 

evidence of lithium enolate 90 formation in the form of the corresponding ketone. Additional 

MeLi (3 equiv.) and heating (55 
o
C) failed to induce the desired transformation and silyl enol 

ether 47 was recovered unchanged. This procedure was repeated using n-BuLi under 

otherwise identical conditions; however, a lack of conversion to the desired lithium enolate 

prevailed. 

 Stork and Hudrlik demonstrated increased reactivity using 1,2-dimethoxyethane 

(DME) as solvent for this type of transformation, which allows bulky silyl enol ethers, e.g. 

TBS or TIPS, to be converted to the their lithium enolates at rt.
63

  

 Adopting the method outlined in Stork and Hudrlik’s work involved the cannulation of 

a DME solution of enol ether 47 onto 2 equiv. of MeLi powder, prepared by evapouration of 

a solution of MeLi in Et2O in vacuo. After 9 h, there was no indication of formation of 

lithium enolate 90, so the reaction was continued for another 15 h. The reaction remained 
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unchanged and only starting material was recovered. A variety of more forcing conditions 

also proved ineffective (Table 2.4). The lack of success in attempting to perform this 

transformation is assumedly due to the steric hinderence of the O-TES group being too great 

to allow for suitable lithium enolate formation to occur. 

 

 
Table 2.4 

Entry MeLi Equiv. Temp. (
o
C) Solvent Time h Result 

1 1.5 rt Et2O 2 No reaction 

2 4.5 55 Et2O 2 No reaction 

3 4.5 55 Et2O 24 No reaction 

4 1.5 rt DME-Et2O 24 No reaction 

5 1.5 rt DME 24 No reaction 

6 4.5 rt DME 24 No reaction 

7 4.5 55 DME 48 Decomposition 

 

2.5.3 Base catalysed aldol 

 

 Under certain conditions, aldol reactions involving thermodynamic enolates and 

formaldehyde have been achieved, according to work published by Brieskorn and Schwack,
64

 

and later applied in the total synthesis of (–)-jiadifenin by Danishefsky and co-workers,
65

 

(Scheme 2.17). 

 

 
Scheme 2.17 

 

 Given the lack of reactivity observed for silyl enol ether 67, selective substitution at 

C22 via base-promoted aldolisation using the corresponding ketones (2S,3R,6S)-114  and 

(2S,3S,6S)-114 was investigated. Selective removal of the O-TES group in the presence of 

the C-TIPS was examined using HF·pyr
44

 vs TBAF-AcOH (Table 2.5). 
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Table 2.5 

Entry Conditions Temp (
o
C) Time h Yield (%) 

1 HF (2 equiv.), pyr., MeOH -50 4.5 35 

2 HF (5 equiv.), pyr., MeOH -50 4.5 39 

3 HF (5 equiv.), pyr., MeOH -10 4.5 50 

4 HF (5 equiv.), pyr., MeOH rt 24 64 

5 1:1 TBAF-AcOH, THF 0 0.5 75 

6 1:1 TBAF-AcOH, THF rt 0.5 75 

  

 The slow reaction rate (24 h) and the low yields (35-64%) experienced using HF·pyr. 

in MeOH method motivated us to use an alternate procedure with acetic acid and TBAF to 

perform the desired modification. Utilising TBAF–AcOH conditions, were obtained 

(2S,3R,6S)-114 and (2S,3S,6S)-114 in a high combined yield (75%,) in an orderly time 

frame (30 min). 

 Similarities between Danishefsky’s substrate and our desilylated intermediate 114 

instilled optimism that a base-catalysed aldol addition reaction on our system would behave 

in a similar fashion (Scheme 2.18).  

 

 
Scheme 2.18 

 

 On a moderate scale (150.0 mg) of substrate in the presence of 37% aqueous 

formaldehyde solution, 10% aq KOH and MeOH, none of the desired product was formed. 

An alternative procedure using KO
t
Bu in 

t
BuOH also failed to deliver 85. 
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2.5.4 Lanthanide triflate catalysed Muikayama aldol additions 

 

 Application of lanthanide triflates in Mukaiyama aldol reactions with O-TMS enol 

ethers 104 have been extensively investigated by Kobayashi and coworkers.
66-67

 A number of 

lanthanide triflates have been examined as catalysts for the aqueous Mukaiyama aldol 

reaction (Table 2.6).
68

  

 

 
Table 2.6

68
 

Entry Ln(OTf)3 Yield % Entry Ln(OTf)3 Yield % 

1 La(OTf)3 8 7 Dy(OTf)3 73 

2 Pr(OTf)3 28 8 Ho(OTf)3 47 

3 Nd(OTf)3 83 9 Er(OTf)3 52 

4 Sm(OTf)3 46 10 Tm(OTf)3 20 

5 Eu(OTf)3 34 11 Yb(OTf)3 91 

6 Gd(OTf)3 89 12 Lu(OTf)3 88 

 

 The use of lanthanide triflates (Table 2.6) in particular ytterbium triflate (Entry 11) 

has proved to exhibit exceptional Lewis acid properties
69

 presumably due to the strong 

electron withdrawing effects of the triflate ligands. In addition lanthanide triflates are hard in 

nature and thus would have a strong preference for carbonyl group interaction. This is 

confirmed by the extensive range of carbonyl derivatives, encompassing a multitude of 

secondary functional groups, which including alkenes, halogens, esters and aryl groups, 

which were successfully used in lathanide catalysed aldol addtions. 

 The conditions employed for ytterbium triflate catalysis of Mukaiyama aldol reactions 

includes a H2O–THF solvent mixture, a unique aspect of this protocol as most inorganic or 

organo-metallic catalysts used in Mukaiyama transformations are extremely water sensitive. 

In fact, without the presence of water in this solvent system, reaction progression is slow and 

poor yields result.
68

 

 Throughout the published works of lathanide catalysed Mukaiyama aldol reactions, no 

precedent was noted for the use of triethylsilyl enol ethers, however with alternative avenues 



Chapter 2 Attempted synthesis of the C17-C25 fragment of ()-lasonolide A            45 

exhausted substrate 67 was subjected to the Kobayashi method. A number of published 

reactions utilising silyl enol ethers reflected similarities to tetrahydropyran 67 (Scheme 

2.19). 

 

 
Scheme 2.19 

 

 The successful hydroxymethylation of 115 and 117 illustrated the ability of this method 

to tolerate the presence of methyl groups and general steric bulk at or adjacent to the position 

of reaction. The reaction utilising 118 reiterated this viewpoint in addition to demonstrating 

that alternative hetero atoms could be present in the silyl enol substrate whilst attaining high 

yields with 100% catalyst recovery. With this in mind our substrate was subjected to standard 

Kobayashi conditions (Scheme 2.20). 

 

 
Scheme 2.20  
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 TLC analysis after 4 h showed a small amount of product formation, so the reaction 

was heated to 60 °C and allowed to stir an additional 48 h. Encouragingly, no starting 

material was present and new, more polar compounds were present. 
1
H NMR analysis of the 

main product obtained from chromatography is shown below in Figure 2.3, and is consistent 

with structure (2S,3R,6S)-85. 

 

 
Figure 2.3 

 

 Characteristic peaks in the 
1
H NMR included two double doublets,  2.98 ppm (dd, J 

= 15.0, 12.0 Hz, 1 H) and  2.68 ppm (dd, J = 15.1, 3.0 Hz, 1 H) respectively, due to the C20-

CH2  to the new ketone at C21. A further pair of doublets at  4.12 (d, J = 11.0 Hz, 1 H) and 

 3.59 (d, J = 11.0 Hz, 1 H) were assigned to the newly formed hydroxymethyl CH2 attached 

to C22. Integration of appropriate peaks revealed a 85:15 ratio of diastereomers (2S,3R,6S)-

85/(2S,3S,6S)-85, which was later confirmed after calculating isolated yields for the 

separated isomers.  
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Figure 2.4 

 

 2D NOESY NMR (Figure 2.4) experiments provided us with sufficient data to 

conclude that, unfortunately, the major isomer was the undesired axial hydroxymethyl 

compound (2S,3R,6S)-85. Three key NOESY correlations confirmed the relative 

configuration of the undesired isomer. Firstly, C19-C23 correlations confirmed the 1,3-cis 

tetrahydropyran structure. The β-C23 hyrdogen had an additional cross peak with the C22 

methyl group, which would only be possible if the C22” was in the equatorial position. This 

correlation was further supported with the C22’ hydroxymethyl group showing strong 

interactions with the C20 axial proton thus identifying the undesired stereochemistry at the 

C22 position. 

 The nature of the stereo preference exhibited can be rationalized by the preference for 

an axial approach upon the half chair conformed silyl enol ether. Axial approach by the 

electrophile would proceed via a chair-like transition state which is assumedly lower in 

energy than that of the boat-like transition state which would occur in the case of equatorial 

attack by the electrophile (Figure 2.5).
70-71
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Figure 2.5 

 

 Due to the unreactive nature of our substrate and the likelihood that addition of the 

hydroxymethyl component would continue to proceed towards the undesired diastereomer, 

an investigation into an alternative synthetic pathway to generate the sought after 

stereoisomer of the C17-C25 fragment was undertaken. 



 

Chapter 3 

Revised synthesis of C17-C25 fragment of 

()-lasonolide A 
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Chapter 3  

 

3.1 Synthesis revision 

 

 The undesirable preference for axial addition at the C22 centre prompted a 

redesign of the synthetic plan to utilize this paradigm to our advantage by reversing the 

order of installation of the C22 functional groups (Figure 3.1).  

 

 
Figure 3.1 

 

 The revised synthetic route involved the installation of a precursor to the 

hyrdroxymethyl motif, in the form of -keto-ester moiety 102. This framework would 

provide the opportunity to install the C22 methyl group via axial alkylation utilizing an 

appropriate base and methyl iodide. Methyl iodide would presumably react from the 

bottom face of the enolate via a chair-like transition state resulting in the axial positioning 

of the C22 methyl group, generating the desired C22 configuration (Figure 3.1). 

 With strategic changes for functional group installation at the C22 centre finalized, 

alterations were also required for the synthesis of the C17-C25 tetrahydropyran precursors, 

to accommodate the change in synthetic strategy (Scheme 3.1). Synthesis of the ,-

unsaturated ketone 105 was to be performed via alkene cross metathesis between 106 and 

methyl vinyl ketone circumventing the original Horner–Wadsworth–Emmons procedure 

(Scheme 3.1). 
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Scheme 3.1 

 

3.2 Synthesis of alternate C17-C25 HDA components 

  

 Synthesis of 111 began with PMB-protection of commercially available 3-butene-

1-ol 125, which proceeded smoothly in a satisfactory yield (71%) (Scheme 3.2), followed 

by alkene cross metathesis utilizing Hoveyda–Grubbs catalyst 126
72

 with methyl vinyl 

ketone. 
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Scheme 3.2 

 

 With 123 generated in high yield (94%), enolsilylation proceeded in near 

quantitative yield to give 122. Utilizing our previously synthesized dienophile 57, the 

aforementioned HDA protocol (Chapter 2.3) was used to synthesize 121 in 71% yield 

and 73% ee. The 
1
H NMR spectrum (Figure 3.2) was consistent with that of the desired 

C17-C25 tetrahydropyrane 121. 
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Figure 3.2 

 

 Key to the identification of 121 was the presence of the C19-H and C23-H peaks at 

4.36 (dd, J = 10.7, 3.5 Hz, 1 H), 4.29 (s, 1 H) ppm respectively, whilst the olefinic proton 

at the C22 position was observed at 4.76 (s, 1 H). Furthermore, LRMS of the sample 

indicated a molecular ion of 581 m/z corresponding to [M+Na]
+
.  

 

3.3 C22 Hydroxymethyl functionalization 

 

 Insllation of the methyl ester was expected to proceed via a reactive lithium 

enolate 110 in the presence of methyl cyanoformate. Investigations into generating the 

lithium enolate were undertaken with fresh vigor. Both MeLi and n-BuLi were 

investigated using a variety of conditions described by Stork and Hudrlik
63

 for the 

lithiodesilylation (Table 3.1). 

 

 
Table 3.1 

Entry Li Source Equiv. Solvent Time h Result 

1 1.6 M MeLi 3 Et2O 12 No reaction 

2 1.6 M MeLi 3 DME 24 No reaction 

3 2.5 M n-BuLi 2 Et2O 24 No reaction 

4 2.5 M n-BuLi 2 DME 24 No reaction 

 

 Unfortunately attempts to generate the desired lithium enolate intermediate proved 

to be unsuccessful with standard lithiating agents, with no reactivity by TLC or 
1
H NMR 

observed with only starting material recovered. This lack of reactivity was attributed to 
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the steric bulk of the O-TES group. Deprotonation of ketone 127 with lithium bases was 

not investigated due to the high likelihood of regioisomeric mixtures of enolates (Scheme 

3.3).  

 

 

Scheme 3.3 

 

 Extensive search of the literature revealed work published by Fleming and co-

workers describing the use of specialized silyllithium reagents for the generation of 

lithium enolates derived from silyl enol ethers.
73

  

 

3.3.1 Silyllthium reagents  

 

 The first silyllithium species was reported in 1933 by Eatough and co-workers 

during studies on ammonolyzation of silyl halogen derivatives for the creation of silyl-

metal complexes. This initial work managed to generate (C6H5)3SiLi, however the 

investigated scope of this new class of compounds was limited. 
74-75

 

 With the advent of silylmetal chemistry, the Fleming group sought to apply these 

compounds
73

 in a fashion inspired by Stork
63

 for the conversion of silyl enol ethers to the 

corresponding lithium enolates allowing for electrophilic addition. Fleming's use of 

phenyldimethylsilyllithium moved away from previous focus on the nucleophilic 

installation of silyl moieties towards utilizing them as a preparatory tool by converting 

silyl enol ethers into lithium enolates
73

 (Scheme 3.4).  
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Scheme 3.4
73

 

 

 Flemming demonstrated phenyldimethylsilyllithium 130 reacts rapidly with 

sterically demanding silyl enol ethers 129 and 133 at -78 °C converting them to their 

corresponding lithium enolate counterparts 132 and 135 which successfully underwent 

alkylation in the presence of an appropriate electrophile (MeI) in good yield (Scheme 

3.4). 

 

3.3.2 Phenyldimethylsilyllithium promoted addition of methyl cyanoformate 

 

 Phenyldimethylsilyllithium was used to generate the desired lithium enolate 128, 

allowing access to the -ketoester 120 as a precursor to hydroxymethyl functionalized 

tetrahdropyran 85. Synthesis of the phenyldimethylsilyllithium reagent was readily 

achieved (Ph(CH3)2SiCl, Li, THF) and the resultant solution was stored under argon and 

used as required. Titration involved quenching 1 aliquot of reagent (1.0 mL) with water 

(5.0 mL) and the basic solution titrated against standardized hydrochloric acid in the 

presence of phenolphthalein, whilst a second aliquot (1.0 mL) was quenched with 1,2-

dibromoethane (5.0 mL) and shaken with water (5.0 mL) and then titrated against HCl. 

Titrations were routinely conducted prior to use to determine molarity which was 

approximately 1 M in most cases. We sought to utilise previously reported reaction 

conditions entailing the addition of silyllithium reagent 130 (11 equiv.) to a solution of 



56 Chapter 3 Revised synthesis of C17-C25 fragment of ()-lasonolide A  

silyl enol ether 103 (Scheme 3.5). 

 

 
Scheme 3.5 

 

  After 2 h, TLC analysis showed complete conversion to a single product, 

presumably the lithium enolate (appearing as the ketone once hydrolysed on TLC) in 

addition to some unreacted starting material which was treated with a further equivalent 

of silyl lithium reagent to promote full conversion to the lithium enolate. The subsequent 

addition of methyl cyanoformate (11 equiv.) proved to be notably exothermic and the 

reaction was left to proceed overnight, warming to rt. An array of compounds were 

isolated, including the disilane by-product 136 (50% yield) (Figure 3.3). 

 

 

Figure 3.3 

 

 Furthermore, a small amount of hydrolyzed enolate was obtained (15% yield) in 

addition to 137 (Figure 3.4) with two methyl esters at C21. 
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Figure 3.4 

 

 The 
1
H NMR spectrum of 137 showed that a double addition had taken place. The 

presence of a singlet at  3.75 ppm and  3.84 ppm represented the two methyl ester CH3 

groups whilst the downfield shift of the C20 protons indicated the presence of a ketone. 

Furthermore, the absence of a C22 proton confirmed a double addition had taken place at 

the C22 position. Carbonyl shifts in the 
13

C NMR spectrum were noted at  171.2 and  

159.5 ppm respectively, confirming the presence of 2 ester carbonyl groups. These NMR 

indications in conjunction with molecular weights of [M+Na]
+
 583 m/z and 561 m/z 

[M+H]
+
 matched the theoretical weight of a doubly substituted  product. 

 The observed outcome can be rationalized in the following way: excess base within 

the reaction mixture (either PhMe2SiLi or the product of this excess reagent reacting with 

MeOCOCN), which in turn deprotonated the labile proton at C22 after the initial 

installment of the methyl ester generating a reactive species which was capable of 

undergoing a secondary electrophilic addition with the excess Mander’s reagent (Scheme 

3.6).  
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Scheme 3.6 

 

 This result was the first example where our unreactive silyl enol ether 121 had 

undergone reaction via the lithium enolate, albeit beyond the desired endpoint. This 

established that our route to functionalize the C22 position using silyl lithium reagents 

was credible but required optimization.  

 With the keto diester analogue 121 in hand an investigation of the lability of the 

methyl ester moieties was undertaken. With three electron withdrawing groups adjoined 

to the C22 position, it was envisaged that there was an opportunity to displace one of the 

ester functional groups creating a resonance stabilized anion which could be quenched 

upon workup.  

 

 
Scheme 3.7 

 

 Treatment of 137 with K2CO3 in MeOH (Scheme 3.7) resulted in the in situ 

generation of methoxide leading to a successful retro-Claisen reaction producing 120 in 
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50% yield as a single isomer. Analysis of the 
1
H NMR spectrum (Figure 3.5), presented 

notable changes suggesting that the desired transformation had proceeded.  

 

 
Figure 3.5 

 

 The absence of a singlet at  3.84 ppm, along with the appearance of a broad 

doublet  3.38 (d, J = 10.7 Hz, 1 H) represented the newly introduced hydrogen at the C22 

position was in an axial orientation. The presence of mirroring peaks throughout the 

spectrum in conjunction with a minor singlet at  12.10 ppm confirmed the enol system. 

Optimization of this procedure entailed a vast scope of reaction conditions Table 3.2 
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Table 3.2 

Entry SiLi Equiv. 110* Equiv. Temp ºC Time h 120 Yield (%)  137 Yield (%) 

1 1 1 0 0 0 0 

2 1 1 -10 0.5 46 0 

3  1.5 1 -10 0.5 52 3 

4 1.2 10 -10 0.5 14 45 

5  3 10 -10 0.5 34 15 

6 1.5 1 -10 0.5 43 3 

7 11 11 -10 0.5 7 13 

8 1 1 -40 0.5 69 0 

9 1.5 1 -40 0.5 63 0 

10 1.2 10 -40 0.5 0 52 

11 2 1.5 -40 0.5 22 15 

12 3 10 -40 0.5 47 0 

13 11 11 -40 0.5 0 45 

14 1 1 -78 2  72 0 

15 1.5 1 -78 2 14 21 

16 1.2 10 -78 2 0 52 

17 2 1.5 -78 0.5 67 0 

18 3 10 -78 2 70 0 

19 11 11 -78 0.5 0 35 

*Manders reagent  

 

 Entries 10, 13, 16 and 19 suggested large excess of the electrophile led to the 

increased appearance of the doubly substituted product 137 irrespective of the amount of 

phenyldimethylsilyllithium present within the mixture. However a stark contrast to this 

trend was experienced in Entry 18 excess of 110 did not give the disubstituted product. 

Furthermore the application of temperature alterations (-78 ºC - -40 ºC) did not produce 

improved yields. Reactions initiated at -40 ºC did however have the advantage of 

producing the lithium enolate in shorter timeframes, whilst reactions at 0 ºC resulted in 

increased degradation of the starting material.  

 We considered the phenyldimethylsilyllithium solution as the cause for poor 

reaction reproducibility and prepared fresh quantities of the reagent for the reactions 

whilst also performing titration analyses prescribed by Fleming to ensure our reagent was 

of good standing.
73

 Additionally, close study of this reagent has revealed that if left over 
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time various secondary side reactions may occur generating PhLi, LiOH and LiH which 

would be difficult to identify by NMR or titration. We concluded that the use of modest 

amounts of freshly prepared phenyldimethylsilyllithium and Manders reagent resulted in 

a higher probability for success and efficiency. However this reaction was still considered 

capricious as adherence to these conditions did not, in our experience,  always guarantee 

the single substituted product due to the negative effects caused by adventitious water 

and oxygen. In cases where the double substituted product was detected the 

MeOH/K2CO3 procedure was performed to convert the disubstituted product to 120. 

 

3.3.3 C22 Methyl installation 

 

 With 120 in hand the final functional group instalment for the C17-C25 segment was 

undertaken with the -ketoester providing a foundation to perform an enolate methylation 

using MeI. A variety of reaction conditions (Table 3.3) were explored for the desired 

modification. 

 

 
Table 3.3 

Entry Base Solvent Temp ºC Yield% 

1 NEt3 THF 60  0 

2 NaH THF rt 62 

3 NaH DMF rt 70 

4 K2CO3 Acetone rt 0 

5 K2CO3 Acetone 60 0 

6 K2CO3 DMF 60  76 

 

 The use of K2CO3 in anhydrous DMF proved most successful (Entry 6) producing 

the methylated tetrahydropyranone 111 in good yield (76%). Confirmation of structure 

was provided by 1D 
1
H NMR NOESY experiments which clearly indicated the C22'' 

methyl group was orientated in the axial position (Figure 3.6). With the final carbon of 

the C17-C25 fragment installed a key (‒)-lasonolide A segment was now complete. 
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Figure 3.6 

 

3.4 HDA enantioselectivity study 

 

 Having successfully synthesized the desired C17-C25 framework, improving the 

enantioselectivity the key HDA reaction became a priority. Following significant 

literature precedent from Jacobsen’s group
21,76

 it was expected that high ee values in 

excess of 90% were achievable. However, initial work on both systems 67 and 121 had 

produced modest ee's of 74% and 73% respectively. 

 An investigation of alternative HDA substrates including both dienes and 

dienophiles were examined to elucidate the cause of the moderate ee’s that had been 

observed.  

 Using freshly acquired starting materials catalysts 60, ent-60 and an achiral 

analogue 138 of Jacobsen’s catalyst (Figure 3.7) were synthesized. The employment of 

the achiral analogue 138 provided an alternative method by which to test our ee values 

via HPLC analysis of racemic mixtures. Synthesis of the achiral catalyst followed a 

similar procedure to the chiral analogues, replacing the chiral aminoindanol ligand with 

achiral 2-amino-2-methyl-1-propanol in the third step. 
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Figure 3.7 

  

 Synthesis of tetrahydropyrans with alternative protective groups at the C25 hydroxy 

group followed a similar linear pathway as previously described in Scheme 3.2. The 

crude material from each HDA reaction was passed through a short plug of silica before 

desilylation (TBAF, AcOH) to provide the subsequent ketones which were then ready for 

HPLC analysis on chiral columns (Scheme 3.8).  

 

 
Scheme 3.8 

 

 With diene substrates in hand a series of HDA reactions were performed utilising 

both catalysts 60 and ent-460 in conjunction with the original aldehyde substrate 39 

(Table 3.4). Original concerns that a PMB substituted diene was perhaps too oxygenated 

proved unfounded as both benzyl and trityl substituted dienes produced modest ee values 

(Entries 5-10). Substitution at R2 (Entries 1-2) similarly proved ineffective at improving 

the enantiomeric selectivity. Catalysts 60 and ent-60 both demonstrated similar 

enantiomeric selectivity whilst additional reactions performed with achiral catalyst 60 

produced racemic mixtures ruling out substrate bias. Substitution at R3 (Entry 9) 
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increased the ee slightly (81%).  

 

 
Table 3.4 

Entry cat R1 R2 R3 R4 Product Yield % ee % 

1 60 PMB CH3 H -CC-TIPS (2S,3S,6S)-114    52* 73 

2 ent-60 PMB CH3 H -CC-TIPS ent-(2S,3S,6S) -114 65 70 

3 60 PMB H H -CC-TIPS 121 53 72 

4 ent-60 PMB H H -CC-TIPS ent-121 57 72 

5 60 Bn H H -CC-TIPS 146 40 71 

6 ent-60 Bn H H -CC-TIPS ent-146 34 74 

7 60 Tr H H -CC-TIPS 147 45 78 

8 ent-60 Tr H H -CC-TIPS ent-147 51 75 

9 60 Bn H CH3 -CC-TIPS 148 62 81 

10 60 PMB H H -CH2OTBS 149 58 97 

*combined yield of isomers 

 

 Further expansion of the investigation included the use of an alternate dienophile 

57 (Scheme 3.8) which has previously been utilized in other HDA reactions.
77

 The use of 

57 in conjunction with diene 122 (Entry 10) resulted in the synthesis of tetrahydropyran 

131 with an ee of 97%. This highly improved result suggested steric bulk placed around 

the aldehyde of our dienephile played the most significant roles in affecting the level of 

selectivity. It became clear that the use of our original TIPS protected aldehyde 39 was 

responsible for the poor enantioselectivity. 

 Analysing the difference between dienophiles 57 and 59 (Figure 3.8) showed both 

are of similar size and contain steric rich silyl groups accompanied with aldehyde 

appendages. However the rigid alkyne segment in 59 induces a linear 180º bond angle 

from the C19 to C17 whilst preventing free rotation around these bonds. This results in the 

TIPS group being quite removed from the aldehyde and is unable to shield it in space and 

influence its approach and interaction when approaching the HDA catalyst. 
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Figure 3.8 

 

 The sp
3
 hybridized bonds in 59 allows the bulky O-TBS group to preferable interact 

with 60 due to its ability to undergo free rotation compared to that of the original TIPS 

aldehyde. 57 and as its rigid alkyne frame reduced free rotation therefore likely reducing 

the TIPS interactivity with the catalyst chiral framework thus diminishing the catalyst 60 

ability to adequately induce higher chiral selectivity. As such, future work on this 

segment would require 59 as the dienophile source and subsequent manipulations to form 

the corresponding alkyne.   

 

3.5 Summary, progress and future work towards completing (–)-lasonolide A 

 

At the time of writing synthesis of the C5-C16 fragment has recently been 

completed (Scheme 3.9) by other members of the Coster group.
78

 Construction of the 

tetrahydropyran 150 involved the use of a similar HDA protocol involving substrates 56 

and 57 with high ee (98%) and good yield over two steps to form the desired 

tetrahydropyranone 150 (TBAF, AcOH). A further 7-steps were performed to 

successfully reach 54 ready to be coupled to the C17-C25 segment. 

 
Scheme 3.9 

 

With both 54 and 111 in hand with all desired functional groups or their relevant 

precursors in place, the most important being the C17 alkyle and the C15 terminal alkene 

progression towards fragment coupling could be made. These two anchor points were the 

sought after endpoints to allow for Alder-ene coupling using a ruthenium catalyst in the 
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protocol highlighted by Trost and co-workers.
79

 As such we envisage relevant protecting 

group alterations to proceed smoothly to allow for coupling at the important C17-C16 

junction to form 151. The strategy to achieve final macrolide ring closure remains an 

open ended situation due to the variety of options that are available. It is anticipated that 

appropriate protecting group manipulations will result in the esterification of the C21 

alcohol to form 153 which will be transformed into 154 via a final ring closing metathesis 

(Scheme 3.10). The addition of the final C25-C34 chained segment is expected to be 

completed using the same strategy as Lee adopoted in his published works.
80
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Scheme 3.10 

 

With the synthesis of (–)-lasonolide A complete SAR investigations are envisaged 

to be undertaken using our library of intermediates to determine which structural features 

are responsible for its impressive activity.  

In summary, an investigation into the synthesis of (–)-lasonolide A has been conducted. 

With the total synthesis goal in mind, protocols involving silylation agents 130 and 

Jacobsens HDA catalyst 60 have been employed to carry out complex synthetic 
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alterations to achieve the assembly of the C17-C25 fragment. Initial modest 

enantioselectivity has been explained and future directions to circumvent these issues 

have been described. An indepth study on Mukaiyama and electrophilic addition 

protocols have been performed in order to achieve the desired stereochemical substitution 

at the C22 centre. With both key tetrahydropyran segments synthesized the total synthesis 

of (–)-lasonolide A and subsequent SAR studies remain achievable goals.



 

Chapter 4 

Novel synthesis of C-disaccharide 

precursors 
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Chapter 4 

 

4.1 Introduction 

 

Carbohydrates play an intricate part in the chemical biology of all living species. 

Glycoconjugates and saccharides are responsible for fundamental influences over a large 

variety of biological processes including the provision of energy and dietary nutrients, 

regulation of blood glucose and insulin levels, biological recognition processes and they 

provide structural support for macromolecules including proteins, DNA and 

phospholipids. 

Ongoing carbohydrate research has highlighted their likely involvement in disease 

and immunological responses in a variety of conditions including cancer,
81

 

inflammation
82

 and diabetes.
83

 Thus, the inhibition or activation of specific glycosidases 

or glycosyltransferases with carbohydrate mimics could lead to novel and exciting new 

therapeutic solutions.
84

 In addition, there have been a number of natural products 155-157 

reported containing carbohydrate moieties
85-86

 (Figure 4.1) with interesting activity 

profiles against the aforementioned diseases. 

 
Figure 4.1 

 

 Unfortunately carbohydrates are susceptible to enzymatic hydrolysis at 

physiological pH.
87-88

 These inherent characteristics are the result of O-glycoside bonds 
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that exist between the monomer units of di-, poly- and oligosaccharides 158-160 (Figure 

4.2).  

 

 
Figure 4.2 

 

To overcome the inherent susceptibility to degradation at various O-glycoside 

junctions, the synthesis of C-disaccharide analogues has become a key area of interest. C-

disaccharides 162 are mimics of naturally occurring O-disaccharide compounds 161 

where the glycosidic oxygen atom is replaced with a methyl subunit (Figure 4.3).  

 

 
Figure 4.3 

 

 The replacement of the oxygen linkage with a carbon atom intrinsically stabilizes 

C-glycosides against enzymatic degradation.
87

 The synthesis of such compounds has, to 

date, been partially vindicated by data highlighting similar pharmacokinetic properties of 

C-disaccharides and C-glycoconjugates to their naturally occurring counterparts.
84,89-90

At 

the time of writing, the use of Diels–Alder chemistry in the formation C-glycosides has 

been directed by substrate control with a distinct lack of literature present utilizing 

catalysts to stereospecicially generate C-glycosides.  

As such, the range of substrates that can be utilized in these reactions and the 

level at which stereo control can be inforced is limited. The use of Jacobsen’s HDA 
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catalyst in conjunction with appropriate substrates could via inverse electron demand 

reaction potentially overcome the restraints due to facial bias. Therefore an investigation 

using catalysts 60 and ent-60 was initiated. Inverse electron demand transformations have 

been reported in the literature, and as the potential of Jacobsen’s hetero-Diels–Alder 

catalyst to provide a reliable means to increase reactivity and regulate stereoselectivity 

has been acknowledged.
91

 Catalyst 60 is proven in its ability to enforce enantio- and 

diasteromeric control over systems with inherent distereofacial bias.
92

 The potential 

capability to selectively synthesis both diastereomeric products (2S,3R,4R)-164 and 

(2S,3R,4R)-164 using 60 and ent-60 could provide a means to increase analogue 

variety (Scheme 4.1). 

 

 
Scheme 4.1 

 

 The adoption of an inverse electron HDA methodology would potentially allow 

employment of a variety of electron rich alkenes to produce a plethora of functionalized 

C-disaccharide frameworks. For example, utilizing dienes 147 and 149, a variety of 
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tricyclic carbohydrate analogues could be obtained, whilst amino sugars 154 could also 

be accessible utilizing aminoalkenes 153 (Scheme 4.2).  

 
Scheme 4.2 

 

4.2 Synthetic strategy 

 

Strategies towards the synthesis of carbohydrate mimics have been plagued by 

numerous drawbacks including a lack of synthetic generality, with many synthetic efforts 

towards carbohydrate mimics lacking the robustness to generate diverse arrays of 

analogues. In addition, numerous carbohydrate mimics bare little resemblance to 

naturally occurring species or are relegated to having inherent structural differences to O-

disaccharides, depreciating activity. Also worth noting is that the synthesis of current 

carbohydrate mimics are lengthy and inefficient. 
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 Our synthetic strategy sought to utilize commercially available and naturally 

occurring carbohydrate building blocks including glucose 175glu, mannose 175man and 

galactose 175gal in their protected forms (Figure 4.4). 

 

 
Figure 4.4 

 

 We envisaged a concise synthetic sequence enabling access to a variety of α-

(13) and β-(13) linked C-disaccharides. Synthesis of α-(13) C-disaccharides 

would proceed by selective Lewis acid catalysed allylation at the anomeric position 

followed by alkene cross metathesis with a suitable ,-unsaturated aldehyde 

(crotonaldehyde 177) to form the desired α-anomeric aldehyde 163 (Scheme 4.3)  

 

 
Scheme 4.3 

 

 

Synthesis of the β-(13) C-disaccharide precursors would begin with the 

selective oxidation of the anomeric hydroxyl group to form the corresponding lactone 
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178. Addition of allylstannane reagent would provide the C-1 allyl hemiacetal, followed 

by Lewis acid promoted anomeric deoxygenation resulting in the formation of the β-

allylated analogue 180 (Scheme 4.4). Notably, the synthesis of both α and β -allyl 

compounds 182 and 163 is dependant on axial delivery of the relevant nucelophile, i.e. 

allylstannane or Et3SiH. 

 

 
Scheme 4.4 

 

 After formation of the second ring, further functionalisation could be achieved 

over six steps to attain a true C-disaccharide structure 185. The first step of ring 

oxygenation would entail epoxidation of alkene 164 which would allow 183 to be 

subjected to ring opening using vinylmagnesium bromide, generating the desired alkene. 

An oxidation/reduction protocol would deliver the alcohol 184. Finally a global 

deprotection of 184 would successfully produce the fully oxygenated compound 185 

(Scheme 4.5). 
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Scheme 4.5 

 

4.3 Synthesis of α-(13) carbohydrate mimic substrates 

  

 Penta-O-acetyl glucose 175glu, mannose 175man, and galactose 175gal, were 

subjected to a two-step procedure leading to the desired ,-unsaturated aldehyde 

derivatives. Allylation at the anomeric position was performed adopting a known 

procedure
93

 (BF3·OEt2, allyl trimethylsilane, 60 C). With allylated derivatives in hand 

an alkene cross metathesis reaction was undertaken to produce the desired hetero-diene 

species (4 mol%. Grubbs II, crotonaldehyde 177) (Table 4.1).  
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Table 4.1 

Entry Substrate Compound (Yield %) Compound (Yield %) 

1 175glu 176glu (38%) 163glu (90%) 

2 175man 176 man (85%) 163man (85%) 

3 175gal 176 gal (56%) 163gal (93%) 

 

Allylation of the acetyl protected carbohydrate derivatives proved low yielding 

for both glucose and galactose with high selectivity (>95%) for the axial substitution 

(Entries 1, 3). The Grubbs catalysed olefin methathesis proceeded in high yields for all 

the sugar derivatives (85-90%). 

 With hetero-Diels–Alder substrates in hand each substrate was reacted with ethyl 

vinyl ether, catalysed by each of the Jacobsen catalyst analogues (Scheme 4.6). This 

served to generate both diastereomeric products selectively whilst adoption of the achiral 

Jacobsen catalyst would act as a control to observe any inherent substrate bias. 
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Scheme 4.6 

 

Due to the slow nature of inverse electron demand cycloadditions, each trial was 

allowed to proceed for 5 d under solvent free-conditions in the absence of light to yield 

the desired bicyclic systems (Table 4.2).  

Reaction of ethyl vinyl ether 173 with 163glu proved tenable with moderate yields 

(45-61%) using all catalysts. Reaction with both chiral catalysts 60 and ent-60 (Entries 

2-3) produced predominantly the desired isomers (2S,4S)-174glu and (2R,4R)- 174glu 

respectively. Reaction using Jacobsen’s achiral HDA catalyst 138 (Entry 3) resulted in 

formation of both stereo isomers in a ca, 1.1:1 ratio.  
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Table 4.2 

Entry Cat.  Glucose Product(s) 174glu Yield % Ratio  

1 138 

 
 

45 

(combined) 
1.1:1 

2 60 

 
 

61 ≥98:2 

3 ent-60 

 
 

57 ≥98:2 

*R = Ac 

 

Reaction of the mannose derived substrate produced somewhat less selective 

results (Table 4.3). Reaction of alkene 173 in the presence of catalyst 60 (Entry 1) 

produced the corresponding bicyclic product (2S,4S)-174manin moderate yield as a 

single diastereoisomer. However, using ent-40 under identical conditions, a ca, 1:1.1 

mixture of both diasteroisomers (2S,4S)-174man/(2R,4R)-174manwas obtained, 

highlighting the difficulty of overturning substrate facial bias through use of a chiral 

catalyst in this case (Entry 2). 
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Table 4.3 

Entry Cat. Mannose Product(s) 174man Yield % Ratio  

1 138 

 

61 

(combined) 
1:2 

2 60 

 

 

66 ≥98:2 

3 ent-60 

 

 

63 

(combined) 
1:1.1 

       *R = Ac 

 

The apparent stereospecific bias inherent within the mannose substrate 163man 

was increasingly evident when reacted in the presence of our racemic catalyst 138. In this 

case, a noticeable preference for isomer (2S,4S)-174man was observed in a noticable 

(2:1) preference. These experiments highlight that even minor configurational 

adjustments within the carbohydrate substrate can severely influence the outcome of what 

was envisaged to be a stereo-controlled reaction. The trends observed in our mannose 

analogues were reflected in a similar fashion when adopting our galactose substrate 

163gal (Table 4.4). 
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Table 4.4 

Entry Cat. Galactose Product(s) 174gal Yield % Ratio  

1 138 

 

58 

(combined) 
1:1.5 

3 60 

 

54 ≥98:2 

2 ent-60 

 

 

61 

(combined) 
1.5:1 

    *R = Ac 

 

The use of galactose substrate 163gal presented a similar bias towards forming the 

(2S,4S)-174gal adduct. When reacted in the presence of catalyst 60 selective formation 

of the desired product (2S,4S)-174gal was noted. However, when reacted with alkene 

173 in the presence of catalyst ent-60 or its achiral analogue 138 a mixture of both 

isomers was observed in varying ratios both in favor of the (2S,4S)-174gal isomer 

(Entries 2-3). The application of ent-60 was however capable of overturning the 

selectivity to a degree, albeit incompletely. 

Further investigations with both both mannose and galactose derivatives 

incorporating increased catalyst loading and reaction times failed to change the outcomes 

associated with their inherent structural bias. Trials attempting to repeat our success with 
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ethyl vinyl ether with a benzylated galactose substrate proved unsuccessful with no 

reactivity observed even in the presence of high catalytic loading. It is hypothesised that 

benzyl groups cause an unfavourable steric interaction with the catalyst or perhaps the 

benzyl protected alcohols remained too electronically active and complexed to our 

catalyst rendering it effectively inert. 

With ethyl vinyl ether derivatives completed an alternate alkene 147 was trialed to 

expand our analogue library. Alkene 147 was reacted with all the aforementioned 

carbohydrate substrates under identical conditions (Scheme 4.7).  

 

 
Scheme 4.7 

 

To our disappointment, a complete lack of reactivity was observed across all three 

substrates and catalysts. Repeat attempts at increased temperature (60 °C), increased 

reaction times (10 d) in conjunction with increased catalytic loading (15%) consistently 

failed to generate any products. We theorize the presence of the carbonyl functionality of 

165 assumedly caused electron density to be removed from the alkene bond rendering it 

inert to inverse electron demand reactions.   
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4.4 Summary 

 

In summary the synthesis of  a novel library of interesting bicyclic C-glycoside 

analogues (Figure 4.5) has been completed, which have the potential to be further 

functionalized to C-disaccharide analogues.  

 

 
Figure 4.5 

 

The application of Jacobsen’s hetero-Diels–Alder catalyst in inverse electron 

reactions in conjunction with carbohydrate substrates has proven highy effective at 

delivering certain C-disaccharide analogues where substrate facial bias gave very little 

stereocontrol. Further work will continue to focus on trailing alternative alkenes and 

attempt to generate β-analogues to further determine the scope of this new method. 



 

Chapter 5 

Experimental 
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 5.1 General procedures 

 

 Reagents and solvents were purchased as reagent grade and were used without further 

purification unless otherwise stated. Solvents including; THF, DCM, Et2O, PhCH3, MeOH 

and CH3CN were acquired from a PS-MD-5 John Morris solvent system and were used as 

supplied. All reactions were performed under nitrogen atmosphere unless otherwise stated. 

 Nuclear magnetic resonance (NMR) spectra were measured with a Varian UnityInova 

500 MHz or Varian 600 Mhz spectrometer at 300 K. 
1
H NMR were acquired at 500 or 600 

MHz while 
13

C NMR were acquired at 126.0 MHz and are reported in parts per million. 

Coupling constants (J) are reported in Hz. Multiplicities are reported as singlet (s) broad 

singlet (bs), doublet (d), doublet of doublets (dd), triplet (t), quartet (q) and multiplet (m). 

Infrared spectroscopy (IR) was performed utilising a Bruker Tensor27 PMA50 infrared 

spectromemter and reported in cm
-1

. Low resolution electron impact mass spectra (EIMS) 

were obtained using a Mariner biospectrometry workstation. High resolution mass spectral 

analyses were performed on a Bruker daltonics apex III 4.7e fourier transform mass 

spectrometer. The principle ion peaks m/z values are stated with their relative intensities as 

percentages in parentheses. Optical rotations were measured using a Jasco P-1020 

polarimeter and recorded as    
  

 
. All optical rotations were run at a 0.003g/mL in DCM. 

Analytical thin layer chromatography was performed using Merck Silica Gel F254 

aluminium sheets. Flash silica chromatography was performed using Merck silica Gel 60 

(0.063-0.200mm), whilst purification and ee analysis were performed on a Agilent 1200 

series HPLC with diode array and multiple wavelength dectector. Eluents are in volume to 

volume (v:v) proportions.  
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5.2 Synthesis of reagents and compounds from chapters 2 & 3 

 

1-(Chloromethyl)-4-methoxybenzene 186
37

 

 

 

 

 To a well stirred suspension of 4-methoxybenzyl alcohol (15.0 g, 109 mmol) in Et2O 

(130 mL) was added SOCl2 (15.0 mL, 208 mmol) and the mixture stirred for 4 h at rt. Ice 

water was slowly dripped into the open reaction flask (caution reactive!) and the biphasic 

solution then poured into water and extracted with Et2O (3 × 50 mL) and the combined 

organic layers dried over Na2SO4, filtered and concentrated in vacuo. Further purification 

was not required affording 168 (16.2 g, 104 mmol) in 96% yield as a colourless oil. 
1
H NMR 

(500 MHz, CDCl3) δ 7.31 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 4.57 (s, 2H), 3.81 (s, 

3H). 

 

2-(Adamantan-1-yl)-4-methylphenol 81
23

 

 

 

 

 To a solution of p-cresol (15.0 g, 139 mmol) in DCM (75 mL) was added 1-

adamantanol (22.2 g, 146 mmol) proceeded by drop wise addition of concentrated H2SO4 

(18.0 M, 6.20 mL) over 20 min. The resulting biphasic solution was allowed to stir for an 

additional 35 min at which point H2O was added (120 mL) and the mixture neutralised 

slowly to pH = 9 via addition of NaOH (3 M). The mixture was extracted with DCM (3 × 75 

mL) with the combined extracts washed with brine (2 × 100 mL) and dried over MgSO4, 

filtered and concentrated in vacuo. The crude mixture was triturated with MeOH (130.0 mL) 

and heated at reflux for 20 min, allowed to cool to rt and filtered. A final wash was 

performed with MeOH (100 mL) and the mother liquor concentrated in vacuo to give 61 as a 

white solid (29.1 g, 120 mmol) in an 87% yield. 
1
H NMR (500 MHz, CDCl3) δ 7.02 (s, 1H), 
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6.86 (d, J = 6.4 Hz, 1H), 6.55 (d, J = 7.9 Hz, 1H), 4.61 (s, 1H), 2.28 (s, 3H), 2.13 (s, 6H), 

2.08 (s, 3H), 1.79 (s, 6H).  

 

3-(Adamantan-1-yl)-2-hydroxy-5-methylbenzaldehyde 82
23

 

 

 
 

 To a solution of 61 (15.0 g, 62.0 mmol) and 2,6-lutidine (5.74 mL, 49.6 mmol) in 

PhCH3 (120 mL) was added SnCl4 (1.45 mL, 12.4 mmol) over 10 min. The reaction turned 

yellow and mixture was allowed to stir for a further 25 min at which time paraformaldehyde 

(7.44 g, 248 mmol) was added. The reaction was then heated to reflux for 7.5 h and 

subsequently cooled and filtered through a celite-silica-gel (1:1) plug and the plug washed 

with EtOAc (2 × 50 mL). The organic filtrate underwent a wash with H2O (2 × 150 mL) 

followed by additional washes with HCl (1 M, 300.0 mL) and brine (2 × 150 mL), dried over 

MgSO4, filtered and concentrated in vacuo. The resulting cream solid was recrystalised in 

hexanes to yield 62 as a pale cream solid (16.1 g, 59.6 mmol) in 96% yield with no further 

purification required. 
1
H NMR (500 MHz, CDCl3) δ 11.64 (s, 1H), 9.82 (s, 1H), 7.27 (d, J = 

1.6 Hz, 1H), 7.16 (d, J = 0.8 Hz, 1H), 2.32 (s, 3H), 2.13 (s, 6H), 2.09 (s, 3H), 1.79 (s, 6H). 

 

(1S,2R)-1-[(E)-{[3-(Adamantan-1-yl)-2-hydroxy-5-methylphenyl]methylidene}amino]-

2,3-dihydro-1H-inden-2-ol (1S,2R )-84
23

  

 

 
 

 To a solution of 62 (10.5 g, 38.9 mmol) in ethanol (200 mL) is added (1R, 2S)-2-

aminoindanol (6.10 g, 40.9 mmol) and then heated to 80 C and stirred for 1 h. The reaction 

was cooled and allowed to stand for 5 h to allow precipitate formation. The reaction was then 

filtered and the yellow solid was washed with ice-cold ethanol (2 × 50 mL) and air dried to 
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afford (1S,2R )-63 (12.2 g, 30.4 mmol) in 78% yield. 
1
H NMR (500 MHz, CDCl3) δ 7.34 – 

7.15 (m, 4H), 7.11 (s, 1H), 6.98 (s, 1H), 4.79 (d, J = 5.3 Hz, 1H), 4.69 (p, J = 5.4 Hz, 1H), 

3.15 (m, 2H), 2.30 (s, 1H), 2.14 (s, 6H), 2.06 (s, 3H), 1.77 (s, 6H).  

 

(1R,2S)-1-[(E)-{[3-(Adamantan-1-yl)-2-hydroxy-5-methylphenyl]methylidene}amino]-

2,3-dihydro-1H-inden-2-ol (1R,2S)-ent-84
94

 

 

 
 

 To a solution of 62 (10.5 g, 38.9 mmol) in ethanol (200 mL) is added (1R, 2S)-2-

aminoindanol (6.10 g, 40.8 mmol) and then heated to 80 C and stirred for 1 h. The reaction 

was cooled and allowed to stand for 5 h to allow precipitate formation. The reaction was then 

filtered and the yellow solid was washed with ice-cold ethanol (2 × 50 mL) and air dried to 

afford (1R,2S)-63 (11.4 g, 28.5 mmol) in a 73% yield. 
1
H NMR (500 MHz, CDCl3) δ 7.31 – 

7.16 (m, 4H), 7.11 (s, 1H), 6.98 (s, 1H), 4.79 (d, J = 5.1 Hz, 1H), 4.69 (p, J = 5.0 Hz, 1H), 

3.13 (m, 2H), 2.24 (s, 1H), 2.12 (s, 6H), 2.05 (s, 3H), 1.81 (s, 6H).  

 

(1S,2R) Chromium(III) Cl complex 60
23

  

 

 
 

 To a flask containing (1S,2R)-84 (4.00 g, 10.0 mmol) was added chromium(III) 

chloride: tetrahydrofuran complex (1:3) (3.73 g, 10.0 mmol) and stirred for 15 min. To this 

mixture was added DCM (100 mL) followed by drop wise addition of 2,6-lutidine (2.32 mL, 

20.1 mmol) and the reaction stirred for a further 3.5 h. The reaction was then diluted with 

DCM (250 mL) and washed with water (3 × 150 mL) and brine (3 × 150 mL) with the 

organic layers dried over MgSO4, filtered and concentrated in vacuo. The resulting brown 
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crude solid was ground into a fine powder and placed into a large flask and cooled in a 

freezer and then subjected to trituration with -78 C acetone (10 mL) and filtered in a cold 

room (this procedure performed twice) and then dried under high vacuum to yield 60 as a 

fine brown powder. To the remaining filtrate (20 mL) was added H2O (2 mL) which was 

allowed to stand uncovered in a cold room at 5 C overnight. The resulting precipitate 

yielded a further 540 mg of 60 for a combined yield of 83% (4.04 g, 8.30 mmol). LRMS 

(+ESI) m/z 483.4 ([M]
+
); IR (thin film) 3421.32, 2903, 2848, 1617, 1538, 1477, 1435, 1307, 

1229, 751, 432 cm
-1

. 

 

(1R,2S) Chromium(III) Cl complex ent-60
23

 

 

 
 

 To a flask containing (1R,2S)-ent-84 (4.00 g, 10.0 mmol) was added chromium(III) 

chloride tetrahydrofuran complex (1:3) (3.73 g, 10.0 mmol) and stirred for 15 min. To this 

mixture was added DCM (100 mL) followed by the drop wise addition of 2,6-lutidine (2.32 

mL, 20.1 mmol) and the reaction stirred for a further 5 h. The reaction was then diluted with 

DCM (250 mL) and washed with water (3 × 150 mL) and brine (3 × 150 mL) with the 

organic layer dried over MgSO4, filtered and concentrated in vacuo. The resulting brown 

crude solid was ground into a fine powder and placed into a large flask and cooled in a 

freezer and then subjected to trituration with -78 C acetone (10 mL) and filtered in a cold 

room (this procedure performed twice) and then dried under high vacuum to yield ent-60 as a 

fine brown powder. To the remaining filtrate (20.0 mL) was added H2O (2 mL) which was 

allowed to stand uncovered in a cold room at 5 C overnight. The resulting precipitate 

yielded a further 340.0 mg of ent-60 for a combined yield of 76% (3.69 g, 7.6 mmol) LRMS 

(+ESI) m/z 483.3 ([M]
+
); IR (thin film) 3589 2905, 2851, 1631, 1536, 1479, 1439, 1307, 

1240, 750, 435 cm
-1

.  
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3-(Triisopropylsilyl)propiolaldehyde 57
95

  

 

 

 

To a cooled solution (-40 °C) of THF (15 mL) was added TIPS-acetylene 57 (1.20 

mL, 5.4 mmol) followed by n-BuLi in hexanes (2.24 mL, 5.60 mmol). After stirring at -40 °C 

for 20 min, DMF (850 L, 11.0 mmol) was added in a drop wise fashion and stirred for a 

further 15 min. The reaction mixture was then warmed to rt and stirred for an additional 30 

min and then poured into a biphasic solution of KH2PO4 (10%, 30 mL) and Et2O (30 mL). 

The phases were separated and the organic layer washed with brine (2 × 50.0 mL), dried over 

Na2SO4, filtered and concentrated in vacuo. The yellow oil was purified by flash silica 

chromatography (19:1 hexanes:EtOAc, Rf 0.8) to give 57 (1.07 g, 5.10 mmol) as a pale 

yellow oil in 93% yield. 
1
H NMR (500 MHz, CDCl3) δ 9.21 (1H, s), 1.12 (21H, m).  

 

3-[(4-Methoxyphenyl)methoxy]propan-1-o1 187
96

 

 

 

 

 NaH (60% suspension in mineral oil, 2.89 g, 75.4 mmol) washed with hexanes (3 × 

15 mL) followed by THF (1 × 15 mL) was suspended in THF (180 mL) to which was added 

DMF (20.0 mL) and the resulting mixture was cooled to 0 ˚C. To this was added drop wise 

1,3-propandiol 72 (5.00 g, 65.7 mmol) with proper venting for the evolved H2 gas. The 

mixture was allowed to stir for 40 min upon which time n-Bu4NI (2.42 g, 6.60 mmol) and p-

methoxybenzyl chloride (8.95 mL, 65.7 mmol) suspended in THF (30 mL) was added and 

the reaction was allowed to warm naturally to rt and stirred overnight. Upon workup the 

crude reaction mixture was concentrated in vacuo and then quenched with NH4Cl (30 mL) 

and extracted with DCM (3 × 55 mL). The organic layers washed with brine (2 × 25 mL), 

dried over Na2SO4, filtered and reconcentrated in vacuo. The resulting crude oil was 

subjected to flash silica chromatography (1:1 hexanes:EtOAc, Rf 0.5) to give 187 in 78% 

yield (10.0 g, 51.2 mmol) as a pale yellow oil.  
1
H NMR (500 MHz, CDCl3) δ 7.25 (d, J = 
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8.6 Hz, 2H), 6.88 (d, J = 8.5 Hz, 2H), 4.45 (s, 2H), 3.81 (s, 3H), 3.77 (t, J = 5.6 Hz, 2H), 3.64 

(t, J = 5.8 Hz, 2H), 1.97 (s, 1H), 1.85 (p, J = 5.7 Hz, 2H). 

 

3-[(4-Methoxyphenyl)methoxy]propanal 69
97

 

 

 

 

 To a cooled mixture (-78 ˚C) of DCM (120 mL) and oxalyl chloride (3.00 mL, 35.7 

mmol) was added cautiously DMSO (5.10 mL, 71.4 mmol) and the solution allowed to stir 

for 10 min after which time 187 (5.00 g, 25.5 mmol) in DCM (15 mL) was slowly added via 

cannula over 2 min after which the reaction was stirred for 45 min whilst keeping the 

temperature at -78 ˚C. NEt3 (21.3 mL, 155 mmol) was added to solution rapidly and the 

resulting emulsion stirred a further 30 min whilst slowly being warmed to rt. Upon workup 

the crude reaction mixture was diluted with 3:1 hexanes:PhCH3 (400 mL), filtered through a 

celite pad and concentrated in vacuo. The resulting crude oil was rapidly purified via flash 

silica column chromatography (8:2 hexanes:EtOAc, Rf 0.4) to afford aldehyde 69 (4.70 g, 

24.2 mmol) as a pale yellow oil in 95 % yield. 
1
H NMR (500 MHz, CDCl3) δ 9.79 (s, 1H), 

7.25 (d, J = 8.4 Hz, 1H), 6.88 (d, J = 8.5 Hz, 2H), 4.46 (s, 1H), 3.80 (s, 1H), 3.79 (t, J = 6.1 

Hz, 1H), 2.68 (t, J = 6.1 Hz, 1H). 

 

 N-[(2E)-3-Chlorobutan-2-ylidene]methoxycarbohydrazide trans-75 and N-[(2Z)-3-

chlorobutan-2-ylidene]methoxycarbohydrazide cis-75
40

  

 

 

 

 To a solution of 3-chloro-2-butananone 74 (15.0 mL, 149 mmol) in Et2O (140 mL) 

was added methyl hydrazinecarboxylate (13.4 g, 149 mmol) and the mixture allowed to stir 

at rt for 4 h over which time starting materials slowly dissolved into solution and a white 

precipitate was formed. The reaction mixture was then filtered and the isolated white solid 
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rinsed with cold Et2O (6 × 20 mL) dried under vacuum with no further purification required 

to afford trans-75 and cis-75 in a combined yield of 87% in a 1:1 E/Z ratio as a white 

powdery solid (23.0 g, 129 mmol). 

 

trans-75: 
1
H NMR (500 MHz, CDCl3) δ 7.66 (s, 1H), 4.77 (q, J = 6.8 Hz, 1H), 3.84 (s, 3H), 

1.91 (s, 3H), 1.65 (d, J = 6.8 Hz, 4H). 

cis-75: 
1
H NMR (500 MHz, CDCl3) δ 7.54 (s, 1H), 4.77 (q, J = 6.1 Hz, 1H), 3.86 (s, 3H), 

1.96 (s, 3H), 1.64 (d, J = 6.1 Hz, 4H). 

 

Diethyl [(3E)-3-{[(methoxycarbonyl)amino]imino}butan-2-yl]phosphonate trans-76 and 

diethyl [(3Z)-3-{[(methoxycarbonyl)amino]imino}butan-2-yl]phosphonate cis-76 
40

 

 

 

 

 Triethylphosphite (8.95 mL, 52.2 mmol) in PhCH3 (50  mL) was heated to reflux. To 

this was added a mixture of trans-75 and cis-75 (9.29 g, 52.2 mmol) slowly over 10 min. The 

resulting mixture was then heated at reflux for an additional 6 h at which time the mixture 

was cooled to rt and concentrated under reduced pressure and extracted with DCM (3 × 20  

mL). The combined organic extracts were washed with brine (2 × 100 mL) dried over 

Na2SO4, filtered and concentrated in vacuo. The resulting crude oil was subjected to flash 

silica chromatography (EtOAc, trans-76 Rf 0.7, cis-76 Rf 0.5) to give trans-76  and cis-76 in 

a 1:1 E/Z ratio with a combined yield of 65% (9.50 g, 33.9 mmol) as yellow oils.  

 trans-76: 
1
H NMR (200 MHz, CDCl3) δ 7.83 (s, 1H), 4.15 (q, 4H), 3.81 (s, 3H), 3.00 

(q, 1H), 1.81 (s, 3H), 1.46 (d, 3H) 1.41 (t, 6H); 

 cis-76: 
1
H NMR (200 MHz, CDCl3) δ 7.62 (bs, 1H), 4.01 (q, 4H), 3.81 (3H, s), 2.81 

(q, 1H), 1.91 (3H, s), 1.46 (d, 3H) 1.41 (t, 6H); 

 

  



Chapter 5 Experimental        93 

Diethyl (3-oxobutan-2-yl)phosphonate 77
40

 

 

 

 

 To a well stirred solution of trans-76 and cis-76  (9.00 g, 32.1 mmol) in HPLC grade 

acetone (50.0 mL) was added HCl (2 M, 70.0 mL) and the resulting reaction mixture was 

allowed to stir for 4.5 h. Upon workup the reaction was quenched with NaHCO3 (40 mL) and 

then concentrated under reduced pressure and extracted with DCM (2 × 100 mL). The 

combined organic extracts were washed with brine (2 × 100 mL) dried over Na2SO4, filtered 

and concentrated in vacuo. The crude was distilled under vacuum (0.1 mmHg) at 110 ºC to 

afford 77 (6.69 g, 32.1 mmol) in 95% yield as a pale yellow oil. 
1
H NMR (500 MHz, CDCl3) 

δ 4.15 – 4.07 (m, 6H), 3.18 (dq, J = 25.6, 7.1 Hz, 1H), 2.30 (s, 3H), 1.34 (d, J = 7.1 Hz, 3H), 

1.30 (t, J = 7.1 Hz, 4H). 

 

(3E)-6-[(4-Methoxyphenyl)methoxy]-3-methylhex-3-en-2-one 68
98

 

 

 

 

 NaH (60% suspension in mineral oil, 740 mg, 18.5 mmol) washed with hexanes (3 × 

10 mL) followed by THF (1 × 15  mL) was suspended in THF (50 mL). The solution was 

cooled to -10 ˚C and phoshonate 77 (3.85 g, 18.5 mmol) was added and allowed to stir for 10 

min. To this mixture was added aldehyde 69 (3.61 g, 18.6 mmol) and the resulting mixture 

allowed to warm to rt and stirred for 3 h. The reaction was quenched with NaHCO3 (50 mL) 

and then concentrated under reduced pressure and extracted with EtOAc (3 × 50 mL) the 

organic extracts were washed with brine (1 × 100 mL) dried over MgSO4, filtered and 

concentrated in vacuo and the crude yellow oil was purified by silica flash chromatography 

(3:1 hexanes:EtOAc, Rf 0.46) to give 68 (3.29 g, 13.2 mmol) in 75% yield as a colourless oil. 

1
H NMR (500 MHz, CDCl3) δ 7.27 (d, J = 8.4 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H), 6.67 (t, J = 
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7.4 Hz, 1H), 4.48 (s, 2H), 3.81 (s, 3H), 3.58 (t, J = 6.5 Hz, 2H), 2.55 (q, J = 6.6 Hz, 2H), 2.31 

(s, 3H), 1.79 (s, 3H). 

 

Triethyl({[(3E)-6-[(4-methoxyphenyl)methoxy]-3-methylhexa-1,3-dien-2-yl]oxy})silane 

58 

 

 

 

 To a stirred solution of 68 (3.41 g, 13.7 mmol) in Et2O (40 mL) at 0 °C was added 

TESOTf (4.65 mL, 7.30 mmol) followed by NEt3 (3.80 mL, 27.4 mmol). After stirring at rt 

for 3 h, the reaction was quenched with saturated NaHCO3 (20 mL). The product was 

extracted with Et2O (2 × 30 mL), washed with brine (2 × 30 mL) the organic layers combined 

and dried over Na2SO4, filtered and concentrated in vacuo and required no further 

purification to yield 58 (4.66 g, 12.9 mmol) in 94% yield as a colourless oil. 
1
H NMR (500 

MHz, CDCl3) δ 7.26 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 6.04 (t, J = 7.4 Hz, 1H), 

4.45 (s, 2H), 4.33 (d, J = 71.5 Hz, 2H), 3.80 (s, 3H), 3.49 (t, J = 7.1 Hz, 3H), 2.45 (q, J = 7.2 

Hz, 1H), 1.76 (s, 3H), 0.98 (t, J = 7.9 Hz, 9H), 0.71 (q, J = 7.9 Hz, 6H); 
13

C NMR (126 

MHz, CDCl3) δ 159.4, 157.5, 132.8, 130.9, 129.5, 124.4, 114.0, 91.1, 72.9, 69.9, 55.6, 29.4, 

13.6, 7.1, 6.8, 5.3; LRMS (+ESI) m/z 385.3 ([M+Na]
+
, 38%) 271.2 (100%), 121.1 (29%); 

HRMS (+ESI) calcd for C21H34O3SiNa [M+Na]
+
 385.2169, found 385.2165; IR (thin film) 

2945, 2911, 2879, 1643, 1543, 1460, 1358, 1298, 1247, 1094, 1011, 819, 781. 
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Triethyl({[(2S,6S)-6-{2-[(4-methoxyphenyl)methoxy]ethyl}-5-methyl-2-{2-[tris(propan-

2-yl)silyl]ethynyl}-3,6-dihydro-2H-pyran-4-yl]oxy})silane 67 

 

 
 

 

 To a flask containing freshly dried 4 Å powdered molecular sieves (1.10 g) catalyst 

60 was added (400  mg, 0.83 mmol) and the mixture stirred under vacuum for 20 min and 

placed under an Ar atmosphere followed by the addition of aldehyde 57 (2.09 g, 9.90 mmol) 

with a further 15 min of stirring applied. Diene 58 (2.00 g, 5.50 mmol) was added and the 

reaction stirred at rt for 36 h. The mixture was diluted with EtOAc (10 mL) and filtered 

through a celite plug and the filtered crude concentrated in vacuo. The crude residue was 

purified via flash silica column chromatography (19:1 hexanes:EtOAc, Rf 0.56) to give 67 

(2.50 g, 4.40 mmol) in 79% yield and 74% ee as a yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 

7.29 (d, J = 8.0 Hz, 2H), 6.89 (d, J = 8.4 Hz, 2H), 4.59 – 4.41 (m, 2H), 4.33 (dd, J = 10.5, 3.3 

Hz, 1H), 4.19 (d, J = 7.1 Hz, 1H), 3.82 (s, 3H), 3.68 (dd, J = 16.6, 7.7 Hz, 1H), 3.60 (td, J = 

8.9, 4.6 Hz, 1H), 2.60 – 2.42 (m, 1H), 2.18 (d, J = 15.8 Hz, 1H), 2.13 – 2.02 (m, 1H), 1.85 – 

1.69 (m, 1H), 1.54 (s, 3H), 1.11 (m, 21H), 1.01 (t, J = 8.0 Hz, 9H), 0.68 (q, J = 8.0 Hz, 6H); 

13
C NMR (126 MHz, CDCl3) δ 159.1, 141.0, 130.8, 129.2, 113.7, 112.5, 106.7, 85.6, 77.2, 

77.0, 76.7, 74.9, 72.7, 66.7, 64.4, 55.2, 37.4, 33.7, 18.5, 11.1, 6.6, 5.4; LRMS (+ESI) m/z 

595.1 ([M+Na]
+ 

; HRMS (+ESI) calcd for C33H56O4Si2 595.3609 found 595.3589; IR (thin 

film) 2943, 2866, 2178, 1719, 1685, 1613, 1513, 1513, 1464, 1348, 1301., 1248, 1095, 883, 

821, 744, 677 cm
-1

;      
 

-62.1(c 0.003 DCM) 
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(2S,3R,6S)-3-(Hydroxymethyl)-2-{2-[(4-methoxyphenyl)methoxy]ethyl}-3-methyl-6-{2-

[tris(propan-2-yl)silyl]ethynyl}oxan-4-one (2S,3R,6S)-85 and (2S,3S,6S)-3-

(hydroxymethyl)-2-{2-[(4-methoxyphenyl)methoxy]ethyl}-3-methyl-6-{2-[tris(propan-2-

yl)silyl]ethynyl}oxan-4-one (2S,3S,6S)-85 

 

 
 

 To a solution of 67 (260 mg, 0.46 mmol) in THF (25 mL) was added 37% aqueous 

formaldehyde solution (13.0 mL, 160 mmol) and ytterbium triflate (100 mg, 0.16 mmol) 

which was allowed to stir at 60 C for 4 d. The reaction mixture was then concentrated in 

vacuo and extracted with DCM (3 × 35 mL) with the organic layers washed with brine (50 

mL) and dried over Na2SO4, filtered and re-concentrated in vacuo. The crude residue was 

purified via flash silica column chromatography (3:1 hexanes:EtOAc, (2S,3R,6S)-85 Rf 0.1, 

(2S,3S,6S)-85 Rf 0.17) to yield both hydroxymethylated isomers 2S,3R,6S-85 (180 mg, 0.36 

mmol) and (2S,3S,6S)-85 (30.0 mg, 61.5 µmol) (2S,3R,6S)-85/(2S,3S,6S)-85 in a 17:3 ratio 

in a combined yield of 92% as a colourless oil.  

 (2S,3R,6S)-85: 
1
H NMR (600 MHz, CDCl3) δ 7.24 (d, J = 8.3 Hz, 2H), 6.88 (d, J = 

8.4 Hz, 2H), 4.44 (q, J = 11.5 Hz, 2H), 4.37 (dd, J = 11.9, 3.0 Hz, 1H), 4.12 (d, J = 11.0 Hz, 

1H), 3.80 (s, 3H), 3.64 (dd, J = 8.8, 5.2 Hz, 2H), 3.59 (d, J = 11.0 Hz, 1H), 3.53 (d, J = 10.1 

Hz, 1H), 2.98 (dd, J = 15.0, 12.0 Hz, 1H), 2.68 (dd, J = 15.1, 3.0 Hz, 1H), 1.98 (bs, 1H), 1.93 

– 1.75 (m, 2H), 1.07 (m, 21H), 1.00 (s, 3H); 
13

C NMR (151 MHz, CDCl3) δ 208.2, 159.5, 

130.8, 129.5, 114.1, 104.8, 88.0, 81.2, 73.0, 68.1, 66.9, 66.3, 55.6, 54.7, 47.3, 30.2, 18.9, 

15.1, 15.1, 11.4; LRMS (+ESI) m/z 511.3 ([M+Na]
+
, 50%), 481.3 (100%), 242.3 (30%); 

HRMS (+ESI) calcd for 511.2850 found 511.2824; IR (thin film) 2943, 2865, 2360, 1717, 

1613, 1514, 1463, 1341, 1248, 1118, 883, 822, 669 cm
-1

;      
 

-62.1(c 0.003 DCM) 

 (2S,3S,6S)-85: 
1
H NMR (600 MHz, CDCl3) δ 7.25 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 

8.6 Hz, 2H), 4.45 (dd, J = 26.4, 11.5 Hz, 2H), 4.36 (dd, J = 11.9, 2.9 Hz, 1H), 3.87 – 3.82 (m, 

J = 11.5, 6.1 Hz, 2H), 3.80 (s, 3H), 3.67 – 3.63 (m, J = 12.5, 7.3 Hz, 2H), 3.42 (d, J = 11.2 

Hz, 1H), 2.86 (dd, J = 14.8, 11.9 Hz, 1H), 2.53 (dd, J = 14.8, 2.8 Hz, 1H), 2.36 (bs, 1H), 1.83 
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(q, J = 12.6, 6.3 Hz, 2H), 1.25 (s, 3H), 1.08 (m, 21H); 
13

C NMR (151 MHz, CDCl3) δ 211.7, 

159.5, 130.7, 129.6, 114.1, 104.8, 87.8, 73.0, 72.9, 67.8, 67.4, 64.3, 55.6, 54.7, 46.0, 30.0, 

29.7, 18.9, 15.1, 11.4; LRMS (+ESI) m/z 511.3 ([M+Na]
+
, 50%), 481.3 (100%), 242.3 

(30%); HRMS (+ESI) calcd for 511.2850 found 511.2835; IR (thin film) 2959, 2892, 2360, 

1710, 1622, 1511, 1459, 1340, 1251, 1119, 884, 817, 671 cm
-1

;      
 

-54.2(c 0.003,  DCM) 

 

(2S,3S,6S)-2-{2-[(4-Methoxyphenyl)methoxy]ethyl}-3-methyl-6-{2-[tris(propan-2-

yl)silyl]ethynyl}oxan-4-one (2S,3S,6S )-114 and (2S,3R,6S)-2-{2-[(4-

methoxyphenyl)methoxy]ethyl}-3-methyl-6-{2-[tris(propan-2-yl)silyl]ethynyl}oxan-4-

one (2S,3R,6S )-114 

 

 
 

 To a solution cooled (-10 ºC) solution of 47 (70.0 mg, 0.13 mmol) in THF (5mL) was 

added TBAF (150 µL, 0.15 mmol) and acetic acid (10.0 µL, 0.13 mmol) and allowed to stir 

for 30 min. The reaction was quenched with NaHCO3 (5 mL) and THF removed under 

reduced pressure, extracted with EtOAc (3 × 30 mL) and the organic layers washed with 

brine (2 × 15  mL), dried over Na2SO4, filtered and concentrated in vacuo. The crude mixture 

was subjected to flash silica column chromatography (9:1 hexanes:EtOAc, (2S,3S,6S )-114 

Rf  0.53, 2S,3R,6S )-144, Rf  0.55) leading to the isolation of ketones (2S,3R,6S )-144 (41.0 

mg, 0.09 mmol) and (2S,3S,6S )-144 (2.16 mg, 4.72 mol) in a 19:1 (2S,3S,6S )-

114/(2S,3R,6S )-114 ratio with an overall combined yield of 75%. 

(2S,3S,6S )-114: 
1
H NMR (500 MHz, CDCl3) δ 7.25 (d, J = 8.5 Hz, 2H), 6.89 (dd, J 

= 13.9, 6.5 Hz, 2H), 4.47 – 4.41 (m, 2H), 4.34 (dt, J = 16.6, 8.3 Hz, 1H), 3.80 (s, 3H), 3.73 – 

3.62 (m, 2H), 3.43 – 3.32 (m, 1H), 2.68 (tdd, J = 17.3, 13.1, 4.2 Hz, 2H), 2.35 (dq, J = 13.3, 

6.7 Hz, 1H), 2.12 – 1.98 (m, 1H), 1.89 – 1.75 (m, 1H), 1.07 (m, J = 4.4 Hz, 21H), 1.00 (d, J = 

6.7 Hz, 3H); 
13

C NMR (126 MHz, CDCl3) δ 206.9, 159.5, 130.9, 129.5, 114.1, 105.0, 87.7, 

79.9, 73.0, 73.0, 67.9, 66.5, 55.6, 50.4, 48.7, 34.5, 18.9, 11.4, 9.5; LRMS (+ESI) m/z 481.3 

([M+Na]
+
, 9%), 271.1 (100%), 121.1 (63%); HRMS (+ESI) calcd for C27H42O4SiNa 
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[M+Na]
+
 481.2744 found 481.2733; IR (thin film) 2943, 2866, 1719, 1612, 1513, 1463, 

1344, 1248, 1152, 1098, 883, 677 cm
-1

;.  [α]D –68.5(c 0.003,  DCM) 

 (2S,3R,6S )-114: 
1
H NMR (500 MHz, CDCl3) δ 7.24 (d, J = 7.7 Hz, 2H), 6.88 (d, J = 

7.0 Hz, 2H), 4.47 – 4.41 (m, 2H), 4.34 (dd, J = 11.7, 2.5 Hz, 1H), 3.80 (s, 3H), 3.79 – 3.74 

(m, 1H), 3.63 – 3.51 (m, 2H), 2.84 – 2.59 (m, 2H), 2.34 (d, J = 6.7 Hz, 1H), 2.04 – 1.92 (m, 

1H), 1.73 – 1.62 (m, 1H), 1.15 (d, J = 5.9 Hz, 3H), 1.08 (m, 21H). 
13

C NMR (126 MHz, 

CDCl3) δ 200.9, 159.5, 130.8, 129.5, 114.2, 105.1, 87.7, 76.3, 73.0, 67.9, 66.6, 55.6, 49.2, 

45.1, 32.4, 30.0, 18.9, 11.4, 11.2; LRMS (+ESI) m/z 481.4 ([M+Na]
+
, 100%), 121.1 (63); 

HRMS (+ESI) calcd for C27H42O4SiNa [M+Na]
+
 481.2744 found 481.2727; IR (thin film) 

2942, 2865, 1720, 1613, 1513, 1463, 1342, 1248, 1173, 1086, 883, 821, 678 cm
-1

;      
 

–

62.7(c 0.003,  DCM) 

  

1-[(But-3-en-1-yloxy)methyl]-4-methoxybenzene 124
99

 

 

 
 

 NaH (60% suspension in mineral oil, 2.93 g, 76.4 mmol) was washed with hexanes (3 

× 10 mL) and THF (15 mL) and suspended in THF (150 mL). The suspension was cooled (-

10 C) and 3-buten-1-ol (5.00 g, 69.4 mmol) added drop wise over 5 min with proper venting 

for the evolved H2 gas. The mixture was allowed to stir for 30 min upon which time n-Bu4NI 

(2.42 g, 6.57 mmol) and p-methoxybenzyl chloride 186 (11.9 g, 76.4 mmol) suspended in 

THF (30 mL) was added and the reaction was allowed to warm naturally to rt and stirred 

overnight. The reaction was quenched with saturated NH4Cl (50.0 mL), concentrated in 

vacuo and extracted with Et2O (2 × 100 mL), washed with brine (2 × 50.0 mL). The 

combined organic extracts was dried over Na2SO4, filtered and concentrated in vacuo. The 

crude oil was purified by flash silica column chromatography (24:1 hexanes:EtOAc, Rf 0.5) 

to give 106 (10.6 g, 55.5 mmol) in a total yield of 71% as a yellow oil. 
1
H NMR (500 MHz, 

CDCl3) δ 7.27 (d, J = 8.4 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 5.84 (ddt, J = 17.0, 10.3, 6.7 Hz, 

1H), 5.18 – 4.92 (m, 2H), 4.46 (s, 2H), 3.81 (s, 3H), 3.51 (t, J = 6.8 Hz, 2H), 2.37 (q, J = 6.7 

Hz, 2H). 
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(3E)-6-[(4-Methoxyphenyl)methoxy]hex-3-en-2-one 123
100

 

 

 
 

 To a solution of 124 (5.00 g, 26.0 mmol) in degassed DCM (60 mL) was added 

methyl vinyl ketone (4.30 mL, 52.0 mmol) and Hoveyda-Grubbs 2
nd

 generation catalyst 108 

(81.4 mg, 65.0 mol) which was then heated to reflux and stirred for 5 h under a Ar 

atmosphere. The reaction was concentrated in vacuo and the crude purified by flash silica 

column chromatography (8:2 hexanes:EtOAc, Rf 0.35) to give 123 (5.70 g, 24.4 mmol) in 

94% yield as a colourless oil. 
1
H NMR (500 MHz, CDCl3) δ 7.24 (d, J = 8.7 Hz, 2H), 6.88 

(d, J = 8.7 Hz, 2H), 6.80 (dt, J = 16.0, 6.8 Hz, 1H), 6.12 (d, J = 16.1 Hz, 1H), 4.45 (s, 2H), 

3.80 (s, 3H), 3.56 (t, J = 6.4 Hz, 2H), 2.50 (dt, J = 7.8, 4.0 Hz, 2H), 2.23 (s, 3H). 

 

Triethyl({[(3E)-6-[(4-methoxyphenyl)methoxy]hexa-1,3-dien-2-yl]oxy})silane 122
100

 

 

 
 

 To a cooled (-10 C) solution of 105 (5.00 g, 21.4 mmol) in Et2O (70 mL) was added 

NEt3 (7.40 mL 53.5 mmol) followed by drop wise addition of TESOTf (7.20 mL, 32.1 mmol) 

(order of addition important!) and the reaction allowed to stir for 4.5 h. The reaction was 

quenched with NaHCO3 (20 mL) and extracted with Et2O (2 × 20 mL), washed with brine (2 

× 40 mL), dried over MgSO4 and concentrated in vacuo with no further purification required. 

1
H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 8.3 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 6.09 – 5.86 

(m, 2H), 4.45 (s, 2H), 4.22 (d, J = 18.6 Hz, 2H), 3.80 (s, 3H), 3.50 (t, J = 6.9 Hz, 2H), 2.41 

(q, J = 6.8 Hz, 2H), 0.99 (t, J = 8.0 Hz, 9H), 0.72 (q, J = 7.9 Hz, 6H). 
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Triethyl({[(2S,6S)-6-{2-[(4-methoxyphenyl)methoxy]ethyl}-2-{2-[tris(propan-2-

yl)silyl]ethynyl}-3,6-dihydro-2H-pyran-4-yl]oxy})silane 121 

 

 
 

 To a flask containing freshly dried 4 Å powdered molecular sieves (500.0 mg) 

catalyst 40 was added (21.0 mg, 0.83 mmol) and the mixture stirred under vacuum for 20 

min and placed under a Ar atmosphere followed by the addition of aldehyde 57 (1.10 g, 5.10 

mmol) with a further 15 min of stirring applied. Diene 122 (1.00 g, 2.90 mmol) was added 

and the reaction stirred at rt for 36 h. The mixture was diluted with EtOAc (10 mL) and 

filtered through a celite plug and the filtered crude concentrated in vacuo. The crude residue 

was purified via flash silica column chromatography (19:1 hexanes:EtOAc, Rf 0.46) to give 

121 (1.13 g, 2.00 mmol) in 71% yield and 73% ee  as a pale yellow oil. 
1
H NMR (500 MHz, 

CDCl3) δ 7.26 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.5 Hz, 2H), 4.76 (s, 1H), 4.44 (dd, J = 11.5, 

16  Hz, 2H), 4.36 (dd, J = 10.7, 3.5 Hz, 1H), 4.29 (s, 1H), 3.80 (s, 3H), 3.70 – 3.51 (m, 2H), 

2.54 – 2.37 (m, 1H), 2.16 (dt, J = 16.5, 2.9 Hz, 1H), 1.95 – 1.74 (m, 2H), 1.08 (m, 21H), 0.96 

(t, J = 7.9 Hz, 9H), 0.66 (q, J = 7.9 Hz, 6H);
 13

C NMR (126 MHz, CDCl3) δ 159.4, 148.1, 

131.1, 129.5, 114.1, 106.8, 105.7, 86.0, 73.0, 72.2, 66.9, 65.3, 55.6, 37.3, 36.7, 18.9, 11.5, 

6.9, 5.3; LRMS (+ESI) m/z 581.3 ([M+Na]
+
, 100%); HRMS (+ESI) calcd for C32H55O4 

[M]
+ 

559.3633 found 599.3631; IR (thin film) 2956, 2868, 2727, 2178, 1686, 1613, 1513.19, 

1513, 1462, 1357, 1301, 1245, 1191, 1096, 911, 819, 740, 671 cm
-1

.      
 

–62.3(c 0.003,  DCM) 
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(2S,6S)-2-{2-[(4-Methoxyphenyl)methoxy]ethyl}-6-{2-[tris(propan-2-

yl)silyl]ethynyl}oxan-4-one 127 

 

 
  

 To a cooled (0 C) solution of 103 (70.0 mg, 0.13 mmol) in THF (5 mL) was added 

TBAF (150 µL, 0.15 mmol) followed by acetic acid (10.0 µL, 0.13 mmol) and the reaction 

stirred for 35 min. The reaction was quenched with NaHCO3 and THF removed under 

reduced pressure, extracted with DCM (3 × 15 mL) the organic extracts washed with brine 

(20.0 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude residue was 

purified using flash silica column chromatography (9:1 hexanes:EtOAc, Rf 0.5) to afford 127 

(28.9 mg, 65.0µmol) in 53% yield as a pale yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.24 

(d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 4.43 (s, 3H), 4.37 (dd, J = 10.6, 4.0 Hz, 1H), 

3.80 (s, 2H), 3.79 – 3.73 (m, 1H), 3.69 – 3.60 (m, 1H), 3.60 – 3.53 (m, 1H), 2.69 – 2.56 (m, 

1H), 2.43 – 2.25 (m, 1H), 2.00 (td, J = 13.4, 5.5 Hz, 1H), 1.82 (dt, J = 13.6, 5.3 Hz, 1H), 1.08 

(m, 12H); 
13

C NMR (126 MHz, CDCl3) δ 205.0, 159.2, 130.4, 129.2, 113.8, 104.6, 87.5, 

74.2, 72.7, 67.2, 65.7, 55.2, 48.1, 47.4, 36.3, 18.5, 11.1; LRMS (+ESI) m/z 467.3 ([M+Na]
+
, 

40%); HRMS (+ESI) calcd for C32H55O4 [M]
+ 

467.2588 found 467.2593; IR (thin film) 

2950, 2867, 2361, 2179, 1668, 1612, 1512, 1461, 1359, 1246, 1200, 1072, 818, 773, 674, 439 

cm
-1

.      
 

–60.9(c 0.003,  DCM) 
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[(But-3-en-1-yloxy)biphenylmethyl]benzene 140 

 

 
 

 To a solution of DMAP (250 mg, 2.05 mmol) and trityl chloride (3.77 g, 13.5 mmol) 

in pyr. (30 mL) was added 3-buten-1-ol (750 mg, 10.4 mmol) and the reaction allowed to stir 

overnight. The reaction was diluted with EtOAc (100 mL) and washed with saturated CuSO4 

solution (5 × 50.0 mL) and brine (2 × 25 mL), dried over MgSO4, filtered and concentrated in 

vacuo. The crude was cream solid was purified using flash silica column chromatography 

using gradient elution (hexanes to 95:5 hexanes:EtOAc, Rf 0.8) obtaining 140 (3.36 g, 10.7 

mmol) in 95% yield as a white crystiline solid. 
1
H NMR (500 MHz, CDCl3) δ 7.47 – 7.13 

(m, 15H), 5.82 (ddt, J = 17.1, 10.5, 6.8 Hz, 1H), 5.13 – 4.92 (m, 1H), 3.09 (t, J = 6.7 Hz, 2H), 

2.77 (s, 1H), 2.34 (q, J = 6.7 Hz, 2H); 
13

C NMR (126 MHz, CDCl3) δ 147.2, 144.7, 135.9, 

129.0, 128.2, 128.2, 128.0, 127.5, 127.2, 116.5, 86.7, 82.3, 63.5, 34.9; LRMS (+ESI) m/z 

314.3 ([M]
+
, 10%), 295.1 ([M-C3H5+Na]

+
, 100%), 273.2([M-C3H5)

+
, 40%); HRMS (+ESI) 

calcd for C23H22O1Na [M+Na]
+ 

337.1562
 
found 337.1576; IR (thin film) 3421, 3062, 2923, 

2869, 1641, 1489, 1445, 1217, 1155, 1073, 909, 758, 702, 634 cm
-1

. 

 

(3E)-6-(Triphenylmethoxy)hex-3-en-2-one1 142  

 

 
 

 To a solution of 140 (3.20 g, 10.2 mmol) in degassed DCM (40 mL) was added 

methyl vinyl ketone (2.10 mL, 25.5 mmol) and Grubbs 2
nd 

generation catalyst (340 mg, 0.40 

mmol) and the reaction heated to reflux overnight under an Ar atmosphere. The reaction was 

concentrated in vacuo and the crude subjected to flash silica column chromatography (19:1 

hexanes:EtOAc, Rf 0.2) affording 142 (1.60 g, 4.50 mmol) in 44% yield as a pale cream 

solid. 
1
H NMR (500 MHz, CDCl3) δ 7.41 – 7.36 (m, 5H), 7.29 – 7.17 (m, 10H), 6.76 (dt, J = 

15.9, 7.0 Hz, 1H), 6.05 (d, J = 16.0 Hz, 1H), 3.20 (t, J = 6.5 Hz, 2H), 2.47 (qd, J = 6.6, 1.0 

Hz, 2H), 2.19 (s, 3H); 
13

C NMR (126 MHz, CDCl3) δ 198.4, 146.9, 145.1, 144.0, 132.7, 

128.6, 127.8, 127.0, 86.7, 62.0, 33.2, 26.8, 21.0, 14.2; LRMS (+ESI) m/z 357.3 ([M]
+
, 
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100%); HRMS (+ESI) calcd for C25H24O2Na [M+Na]
+ 

379.1669
 
found 379.1653; IR (thin 

film) 3472, 3025, 1489, 1445, 1330, 1157, 1011, 759, 699, 638, 407 cm
-1

. 

 

Triethyl({[(3E)-6-(triphenylmethoxy)hexa-1,3-dien-2-yl]oxy})silane 144 

 

 
 

 To a cooled (0 C) solution of diene 142 (1.20 g, 3.37 mmol) in Et2O (25 mL) was 

added NEt3 (1.18 mL, 8.43 mmol) followed by TESOTf (950 µL, 5.35 mmol) and the 

reaction allowed to stir for 7 h. The reaction was quenched with NaHCO3 (25 mL) and 

extracted with Et2O (2 × 25 mL) the organic extracts washed with brine (25 mL), dried over 

MgSO4, filtered and passed quickly through a short flash silica plug and concentrated in 

vacuo affording 144 (1.39 g, 2.96 mmol) in 87% yield as a pale oil. 
1
H NMR (500 MHz, 

CDCl3) δ 7.47 (d, J = 7.4 Hz, 6H), 7.38 – 7.15 (m, 9H), 6.11 (dt, J = 14.7, 7.1 Hz, 1H), 5.94 

(d, J = 15.3 Hz, 1H), 4.24 (d, J = 20.0 Hz, 2H), 3.16 (t, J = 6.6 Hz, 2H), 2.43 (q, J = 6.7 Hz, 

2H), 1.00 (t, J = 7.9 Hz, 9H), 0.74 (q, J = 7.9 Hz, 6H); 
13

C NMR (126 MHz, CDCl3) δ 155.0, 

144.3, 129.4, 128.7, 128.1, 127.7, 126.8, 93.7, 86.4, 63.1, 32.8, 6.7, 5.0; LRMS (+ESI) m/z 

493.3 ([M+Na]
+
, 100%), 459.3 (30%), 393.2 (85%); HRMS (+ESI) calcd for C31H39O2Si 

[M]
+ 

471.2138
 
found 471.2697; IR (thin film) 3430, 2957, 2878, 1645, 1319, 1225, 1072, 

1015, 965, 745, 702, 435 cm
-1

. 

 

(2S,6S)-2-[2-(Triphenylmethoxy)ethyl]-6-{2-[tris(propan-2-yl)silyl]ethynyl}oxan-4-one 

147 

 

 
  

 To a flask containing freshly dried 4 Å powdered molecular sieves (350 mg) was 

added catalyst 60 (15.5 mg, 31.9 µmol) and the mixture stirred under vacuum for 20 min and 

placed under a Ar atmosphere followed by the addition of aldehyde 57 (130  mg, 0.62 mmol) 
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with a further 15 min of stirring applied. Diene 144 (150 mg, 0.32 mmol) was added and the 

reaction stirred at rt for 36 h. The mixture was diluted with EtOAc (10 mL) and filtered 

through a celite plug and the filtered crude concentrated in vacuo. The crude was then 

suspended in THF (10 mL) and cooled to (0 C) and to it was added TBAF (304 µL, 304 

µmol) and acetic acid (50 µL) and was allowed to stir for 30 min. The reaction was then 

quenched with NaHCO3 and concentrated under reduced pressure and extracted with EtOAc 

(3 × 15 mL), the organic extracts dried over MgSO4, filtered and concentrated in vacuo. The 

resulting oil was subjected to flash silica column chromatography (17:3 hexanes:EtOAc, Rf 

0.2) affording 147 (81.2 mg, 0.14 mmol) in 45% yield (over 2 steps) as a colourless oil. 
1
H 

NMR (500 MHz, CDCl3) δ 7.44 (dd, J = 9.0, 7.9 Hz, 6H), 7.28 (ddd, J = 25.9, 14.9, 7.4 Hz, 

9H), 4.40 (dd, J = 9.8, 4.7 Hz, 1H), 3.90 (tdd, J = 7.3, 4.3, 2.8 Hz, 1H), 3.38 (td, J = 8.8, 4.7 

Hz, 1H), 3.19 – 3.09 (m, 1H), 2.72 – 2.58 (m, 2H), 2.30 (dt, J = 14.7, 12.7 Hz, 2H), 2.00 (dt, 

J = 13.2, 5.1 Hz, 1H), 1.81 (ddd, J = 19.0, 8.5, 5.0 Hz, 1H), 1.09 (s, 21H); 
13

C NMR (126 

MHz, CDCl3) δ 205.5, 144.4, 128.9, 128.1, 127.2, 104.9, 87.8, 86.9, 74.4, 67.6, 59.4, 48.6, 

47.9, 37.0, 18.9, 11.4; LRMS (+ESI) m/z 589.4 ([M+Na]
+
, 15%); 413.2 (34%), 341.3 

(100%); HRMS (+ESI) calcd for C37H46O3SiNa [M+Na]
+ 

589.3108 found 589.3116; IR 

(thin film) 2925, 2861, 2180, 1958, 1812, 1727, 1595, 1524, 1378, 1341, 1224, 1071, 885, 

769, 701 cm
-1

;      
 

-35.3(c 0.003,  DCM) 

 

(2S,6S)-2-Ethynyl-6-[2-(triphenylmethoxy)ethyl]oxan-4-one 188 

 

 
 

 To a cooled (0 C) solution of 129 (26.4 mg, 40.3 µmol) in THF (2 mL) was added 

TBAF (48.0 µL, 48.0 µmol) and the reaction allowed to stir for 30 min. The reaction was 

concentrated under reduced pressure and extracted with DCM (3 × 15 mL) and the organic 

extracts washed with brine (3 × 15 mL), dried over MgSO4, filtered and concentrated in 

vacuo. The crude residue was subjected to flash silica column chromatography (19:1 

hexanes:EtOAc, Rf 0.15) to afford 188 (11.9 mg, 29.0 µmol) in 72% yield as a colourless oil. 
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1
H NMR (500 MHz, CDCl3) δ 7.42 (d, J = 7.4 Hz, 3H), 7.27 (dt, J = 34.6, 7.4 Hz, 12H), 4.37 

(ddd, J = 10.5, 3.9, 2.1 Hz, 1H), 3.98 – 3.86 (m, 1H), 3.38 (td, J = 8.7, 4.3 Hz, 1H), 3.18 – 

3.09 (m, 1H), 2.68 – 2.55 (m, 2H), 2.30 (dt, J = 14.7, 13.0 Hz, 2H), 2.02 – 1.89 (m, 1H), 1.79 

(dq, J = 9.0, 4.9 Hz, 1H), 1.06 (s, 1H); 
13

C NMR (126 MHz, CDCl3) δ 204.9, 144.4, 128.9, 

128.1, 127.3, 87.0, 81.4, 74.7, 66.9, 59.3, 47.8, 37.0, 18.0, 12.6; LRMS (+ESI) m/z 413.2 

([M+Na]
2+

, 100%); HRMS (+ESI) calcd for C28H26O3Na [M+Na]
+ 

433.1774 found 

433.1766; IR (thin film) 3305, 2831, 2357, 1699, 1529, 1508, 1456, 1340, 1060, 736, 696, 

434 cm
-1

      
 

-39.7(c 0.003,  DCM) 

 

[(But-3-en-1-yloxy)methyl]benzene 139
101

 

 

 
 

 NaH (60% suspension in mineral oil, 500 mg, 12.5 mmol) was washed with hexanes 

(3 × 10 mL) and THF (15 mL) and then suspended in THF (30 mL). The suspension was 

cooled (0 C) and 3-butene-1-ol added drop wise over 5 min with proper venting for the 

evolved H2 gas. The mixture was allowed to stir for 30 min upon which time n-Bu4NI (2.42 

g, 0.53 mmol) was added followed by benzyl bromide (1.50 mL, 12.5 mmol) and the reaction 

was allowed to warm naturally to rt and stirred overnight. The reaction was quenched with 

saturated NH4Cl (50 mL), concentrated in vacuo and extracted with EtOAc (3 × 50 mL), 

washed with brine (2 × 50 mL), dried over MgSO4, filtered and concentrated in vacuo. The 

crude residue was then subjected to flash silica column chromotography using gradient 

elution (hexanes to 90:10 hexanes:EtOAc, Rf 0.3) to afford 139 (1.40 g, 8.60 mmol) in 83% 

yield as a pale orange oil. 
1
H NMR (500 MHz, CDCl3) δ 7.44 – 7.11 (m, 5H), 5.85 (ddt, J = 

17.0, 10.2, 6.7 Hz, 1H), 5.08 (ddd, J = 13.7, 11.4, 1.1 Hz, 2H), 4.68 – 4.40 (m, 2H), 3.53 (t, J 

= 6.8 Hz, 2H), 2.39 (q, J = 6.7 Hz, 2H). 
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(3E)-6-(Benzyloxy)hex-3-en-2-one 141
102

  

 

 
 

 To a solution of 139 (1.30 g, 8.02 mmol) in degassed DCM (40 mL) was added 

methyl vinyl ketone (1.65 mL, 20.1 mmol) and Grubbs 2
nd 

generation catalyst (270 mg, 0.29 

mmol) and the reaction heated to reflux overnight under an Ar atmosphere. The reaction was 

concentrated in vacuo and the crude subjected to flash silica column chromatography (9:1 

hexanes:EtOAc, Rf 0.25) affording 141 (1.14 g, 5.59 mmol) in 70% yield as a brown oil. 
1
H 

NMR (500 MHz, CDCl3) δ 7.47 – 7.19 (m, 5H), 6.82 (dt, J = 16.0, 6.8 Hz, 1H), 6.13 (d, J = 

16.1 Hz, 1H), 4.53 (s, 2H), 3.60 (t, J = 6.3 Hz, 2H), 2.70 – 2.41 (m, 2H), 2.24 (s, 3H). 

 

{[(3E)-6-(Benzyloxy)hexa-1,3-dien-2-yl]oxy}triethylsilane 143 

 

 
 

 To a cooled (0 C) solution of diene 141 (1.20 g, 5.88 mmol) in Et2O (30 mL) was 

added NEt3 (1.57 mL, 11.8 mmol) followed by TESOTf (1.07 mL, 6.51 mmol) and the 

reaction allowed to stir for 7 h. The reaction was quenched with NaHCO3 (25 mL) and 

extracted with Et2O (2 × 25 mL) the organic extracts washed with brine (25 mL), dried over 

MgSO4, filtered and passed quickly through a short flash silica plug and concentrated in 

vacuo affording 143 (1.65 g, 5.19 mmol) in 93% yield as a pale brown oil. 
1
H NMR (500 

MHz, CDCl3) δ 7.37 – 7.26 (m, 5H), 6.07 – 5.92 (m, 1H), 4.52 (s, 2H), 4.23 (d, J = 18.4 Hz, 

2H), 3.54 (t, J = 6.8 Hz, 2H), 2.43 (q, J = 6.8 Hz, 2H), 1.00 (t, J = 7.9 Hz, 9H), 0.72 (q, J = 

7.9 Hz, 6H); 
13

C NMR (126 MHz, CDCl3) δ 155.2, 138.8, 129.8, 128.6, 127.9, 127.9, 127.8, 

94.3, 73.3, 70.1, 32.9, 7.0, 5.3; LRMS (+ESI) m/z 341.2 ([M+H]
+
, 100%); 319.2 (20%) 

145.1 (100%); HRMS (+ESI) calcd for C19H30O2SiNa [M+Na]
+ 

319.2087 found 319.2076; 
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IR (thin film) 2955, 2911, 2879.12, 2361, 1654, 1591, 1457, 1413, 1362, 1105, 1016, 965, 

816, 738, 438 cm
-1

. 

 

(2S,6S)-2-[2-(Benzyloxy)ethyl]-6-{2-[tris(propan-2-yl)silyl]ethynyl}oxan-4-one 146 

 

 
 

 To a flask containing freshly dried 4 Å powdered molecular sieves (350 mg) was 

added catalyst 40 (15.3 mg, 31.5 µmol) and the mixture stirred under vacuum for 20 min and 

placed under a Ar atmosphere followed by the addition of aldehyde 57 (130.0 mg, 0.62 

mmol) with a further 15 min of stirring applied. Diene 1435 (100 mg, 0.31 mmol) was added 

and the reaction stirred at rt for 36 h. The mixture was diluted with EtOAc (10 mL) and 

filtered through a celite plug and the filtered crude concentrated in vacuo. The crude was then 

suspended in THF (10.0 mL) and cooled to (0C) and to it was added TBAF (300 µL, 300 

µmol) and acetic acid (50 µL) and was allowed to stir for 30 min. The reaction was then 

quenched with NaHCO3 and THF removed under reduced pressured, extracted with EtOAc 

(3 × 15 mL), the organic extracts dried over MgSO4, filtered and concentrated in vacuo. The 

resulting oil was subjected to flash silica column chromatography (17:3 hexanes:EtOAc, Rf 

0.3) affording 146 (66.6 mg, 0.13 mmol) in 40% yield (over 2 steps) as a pale yellow oil. 
1
H 

NMR (500 MHz, CDCl3) δ 7.32 (tt, J = 14.5, 7.3 Hz, 5H), 4.61 – 4.45 (m, 2H), 4.36 (dd, J = 

10.5, 4.0 Hz, 1H), 3.78 (ddd, J = 11.6, 7.3, 2.8 Hz, 1H), 3.71 – 3.63 (m, 1H), 3.63 – 3.56 (m, 

1H), 2.70 – 2.55 (m, 2H), 2.45 – 2.25 (m, 2H), 2.00 (dt, J = 13.2, 5.3 Hz, 1H), 1.92 – 1.78 

(m, 1H), 1.08 (m, 21H); 
13

C NMR (126 MHz, CDCl3) δ 205.3, 138.6, 128.7, 127.9, 104.9, 

87.9, 74.5, 73.4, 67.6, 66.3, 48.5, 47.8, 36.7, 18.9, 11.4; LRMS (+ESI) m/z 437.3 ([M+Na]
+
, 

100%), 372.3 (25%); HRMS (+ESI) calcd for C25H38O3SiNa [M+Na]
+ 

437.2482 found 

437.2492; IR (thin film) 2929, 2962, 2361, 2180, 1725, 1459, 1343, 1222, 1066, 883, 772, 

676, 426 cm
-1

;      
 

–35.8(c 0.003,  DCM) 
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(2S,6S)-2-[2-(Benzyloxy)ethyl]-6-ethynyloxan-4-one 189 

 

 
 

 To a cooled (0 C) solution of 146 (31.5 mg, 76.1 µmol) in THF (2 mL) was added 

TBAF (91.0 µL, 91.3 µmol) and the reaction allowed to stir for 30 min. THF was removed 

under reduced pressure the crude extracted with DCM (3 × 15 mL) and the organic extracts 

washed with brine (3 × 15 mL), dried over MgSO4, filtered and concentrated in vacuo. The 

crude residue was subjected to flash silica column chromatography (19:1 hexanes:EtOAc, Rf 

0.15) to afford 189 (11.9 mg, 29.0 µmol) in 72% yield as a colourless oil. 
1
H NMR (500 

MHz, CDCl3) δ 7.41 (d, J = 7.3 Hz, 3H), 7.27 (dt, J = 34.5, 7.4 Hz, 3H), 4.37 (d, J = 8.6 Hz, 

1H), 4.00 – 3.75 (m, 1H), 2.70 – 2.56 (m, 2H), 2.30 (dt, J = 14.8, 12.9 Hz, 2H), 2.05 – 1.90 

(m, J = 13.1, 5.0 Hz, 1H), 1.84 – 1.73 (m, 1H), 1.05 (s, 3H); 
13

C NMR (126 MHz, CDCl3) δ 

204.8, 138.5, 128.7, 128.0, 127.9, 81.3, 74.8, 74.7, 73.4, 66.9, 66.2, 47.8, 47.7, 36.7; LRMS 

(+ESI) m/z 281.1 ([M+Na]
+
, 100%); HRMS (+ESI) calcd for C16H18O3Na [M+Na]

+ 

281.4921 found 281.4032; IR (thin film) 3276, 2857, 2360, 1716, 1543, 1508, 1456, 1340, 

1060, 736, 696, 434 cm
-1

.      
 

–39.8(c 0.003,  DCM) 

 

{[(2Z,4E)-7-(Benzyloxy)hepta-2,4-dien-3-yl]oxy}triethylsilane 56 

 

 
 

 To a cooled (0 C) solution of ketone (200 mg, 0.92 mmol) in Et2O (25 mL) was 

added NEt3 (380 µL, 2.73 mmol) followed by TESOTf (320 µL, 1.84 mmol) and the reaction 

allowed to stir for 7 h. The reaction was quenched with NaHCO3 (25 mL) and extracted with 

Et2O (2 × 25 mL) the organic extracts washed with brine (25 mL), dried over MgSO4, filtered 

and passed quickly through a short flash silica plug and concentrated in vacuo affording 56 

(280 mg, 0.83 mmol) in 91% yield as a pale yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.38 – 
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7.24 (m, 5H), 5.93 (d, J = 15.4 Hz, 1H), 5.85 – 5.66 (m, 1H), 4.81 – 4.65 (m, 1H), 4.51 (s, 

2H), 3.52 (t, J = 6.8 Hz, 2H), 2.41 (q, J = 6.8 Hz, 2H), 1.64 (d, J = 6.9 Hz, 3H), 0.99 (t, J = 

7.9 Hz, 9H), 0.71 (q, J = 16.0, 8.0 Hz, 6H); 
13

C NMR (126 MHz, CDCl3) δ 149.8, 138.8, 

130.9, 128.6, 127.9, 127.8, 124.6, 108.0, 73.3, 70.5, 33.0, 11.7, 7.1, 5.8, 4.8; LRMS (+ESI) 

m/z 357.2 ([M+Na]
+
, 100%); HRMS (+ESI) calcd for C20H31O2Si [M]

+ 
331.2087 found 

331.2073; IR (thin film) 3430, 2955, 2912, 2879, 1633, 1456, 1336, 1238, 1208, 1095, 1011, 

965, 735 cm
-1

. 

 

(2S,3S,6S)-6-[2-(Benzyloxy)ethyl]-3-methyl-2-{2-[tris(propan-2-yl)silyl]ethynyl}oxan-4-

one 148 

 

 
 

 To a flask containing freshly dried 4 Å powdered molecular sieves (300 mg) was 

added catalyst 60 (11.0 mg, 22.6 µmol) and the mixture stirred under vacuum for 20 min and 

placed under a Ar atmosphere followed by the addition of aldehyde 57 (95.0 g, 0.46 mmol) 

with a further 15 min of stirring applied. Diene 56 (75.0 mg, 0.23 mmol) was added and the 

reaction stirred at RT for 36 h. The mixture was diluted with E6tOAc (10 mL) and filtered 

through a celite plug and the filtered crude concentrated in vacuo. The crude was then 

suspended in THF (10 mL) and cooled to (0 C) and to it was added TBAF (300 µL, 300 

µmol) and acetic acid (50 µL) and was allowed to stir for 30 min. The reaction was then 

quenched with NaHCO3 and THF removed under reduced pressure, the crude extracted with 

EtOAc (3 x 15 mL), the organic extracts dried over MgSO4, filtered and concentrated in 

vacuo. The resulting oil was subjected to flash silica column chromatography (17:3 

hexanes:EtOAc, Rf 0.25) affording 148 (60.0 mg, 0.14 mmol) in 62% yield (over 2 steps) as 

a colourless oil. 
1
H NMR (500 MHz, CDCl3) δ 7.32 (tt, J = 14.8, 7.2 Hz, 5H), 4.53 – 4.43 

(m, 2H), 3.88 – 3.75 (m, 1H), 3.66 (tt, J = 9.4, 4.8 Hz, 1H), 3.59 (dt, J = 15.6, 5.8 Hz, 1H), 

2.62 – 2.36 (m, 2H), 2.28 (dd, J = 14.9, 1.7 Hz, 1H), 2.00 (dt, J = 13.1, 5.4 Hz, 2H), 1.94 – 

1.76 (m, 2H), 1.33 (d, J = 7.2 Hz, 3H), 1.09 (d, J = 4.9 Hz, 21H); 
13

C NMR (126 MHz, 

CDCl3) δ 209.9, 138.6, 128.7, 127.9, 103.3, 88.9, 74.6, 73.4, 71.0, 66.4, 49.6, 44.3, 36.7, 
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18.9, 12.7, 11.5; LRMS (+ESI) m/z 451.4 ([M+Na]
+
, 100%), 429.4 (20%); HRMS (+ESI) 

calcd for C26H40O3SiNa [M+Na]
+ 

451.2638 found 451.2623; IR (thin film) 3423, 2945, 2864, 

1717, 1638, 1457, 1333, 1221, 1221, 1096, 771 cm
-1

;      
 

-67.3(c 0.003,  DCM) 

 

(2S,3S,6S)-6-[2-(Benzyloxy)ethyl]-2-ethynyl-3-methyloxan-4-one 190 

 

 
 

 To a cooled (0C) solution of 148 (31.5 mg, 76.1 µmol) in THF (2 mL) was added 

TBAF (91.0 µL, 91.3 µmol) and the reaction allowed to stir for 40 min. The reaction was 

quenched with NaHCO3 and THF removed under reduced pressure, the crude extracted with 

DCM (3 × 15 mL) and the organic extracts washed with brine (3 × 15 mL), dried over 

MgSO4, filtered and concentrated in vacuo. The crude residue was subjected to flash silica 

column chromatography (19:1 hexanes:EtOAc, Rf 0.2) to afford 190 (11.9 mg, 29.0 µmol) in 

72% yield as a colourless oil.
  1

H NMR (600 MHz, CDCl3) δ 7.43 – 7.27 (m, 5H), 4.50 (s, 

2H), 4.35 (ddd, J = 11.3, 3.2, 2.2 Hz, 1H), 3.82 (tdd, J = 7.3, 4.3, 2.6 Hz, 1H), 3.71 – 3.63 

(m, 1H), 3.63 – 3.54 (m, 1H), 2.68 – 2.57 (m, 2H), 2.45 – 2.40 (m, 1H), 2.32 (dd, J = 14.7, 

11.8 Hz, 1H), 2.00 (ddt, J = 13.2, 7.8, 5.3 Hz, 1H), 1.89 – 1.80 (m, 1H), 1.26 (s, 1H); 
13

C 

NMR (126 MHz, CDCl3) δ 204.8, 138.5, 128.7, 128.0, 127.9, 81.3, 74.8, 74.7, 73.4, 66.9, 

66.2, 47.8, 47.7, 36.7; LRMS (+ESI) m/z 295.1([M+Na]
+
, 100%), 273.2 ([M]

+
, 27%); 

HRMS (+ESI) calcd for C17H20O3Na [M+Na]
+ 

295.1305 found 295.1305; IR (thin film) 

3276, 2924, 2858, 2360, 1716, 1456, 1339, 1152, 1098, 737, 802, 1027, 1066, 607 cm
-1

; 

     
 

-40.0(c 0.003,  DCM) 
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(2R,6S)-2-{2-[(Tert-butyldimethylsilyl)oxy]ethyl}-6-{2-[(4-

methoxyphenyl)methoxy]ethyl}oxan-4-one 149 

 

 
 

 To a flask containing freshly dried 4 Å powdered molecular sieves (260 mg) was 

added catalyst 60 (14.0 mg, 28.8 µmol) and the mixture stirred under vacuum for 20 min and 

placed under a Ar atmosphere followed by the addition of aldehyde 59 (100  mg, 0.48 mmol) 

with a further 15 min of stirring applied. Diene 122 (100 mg, 0.29 mmol) was added and the 

reaction stirred at rt for 36 h. The mixture was diluted with EtOAc (10 mL) and filtered 

through a celite plug and the filtered crude concentrated in vacuo. The crude was then 

suspended in THF (10 mL) and cooled to (0 C) and to it was added TBAF (300 µL, 300 

µmol) and acetic acid (50 µL) and was allowed to stir for 30 min. The reaction was then 

quenched with NaHCO3 and THF removed under reduced pressure, the crude extracted with 

EtOAc (3 × 15 mL), the organic extracts dried over MgSO4, filtered and concentrated in 

vacuo. The resulting oil was subjected to flash silica column chromatography (19:1 

hexanes:EtOAc, Rf 0.2) affording 149 (68.0 mg, 0.17 mmol) in 58% yield (over 2 steps) as a 

colourless oil. 
1
H NMR (500 MHz, CDCl3) δ 7.24 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.5 Hz, 

2H), 4.46 – 4.38 (m, 2H), 3.80 (s, 3H), 3.77 (dd, J = 9.4, 5.0 Hz, 1H), 3.74 – 3.50 (m, 5H), 

2.42 – 2.30 (m, 2H), 2.24 (dd, J = 14.4, 11.7 Hz, 2H), 1.96 – 1.87 (m, 1H), 1.86 – 1.76 (m, 

1H), 0.89 (d, J = 8.2 Hz, 9H), 0.05 (d, J = 9.4 Hz, 6H); 
13

C NMR (126 MHz, CDCl3) δ 

207.8, 159.5, 130.8, 129.5, 114.1, 74.4, 73.0, 66.2, 55.6, 48. 44.4, 36.8, 26.2, 18.6, 4.9; 

LRMS (+ESI) m/z 431.3,  ([M+Na]
+
, 100%), 371.3 (10%); HRMS (+ESI) calcd for 

C22H36O5SiNa [M+Ma]
+ 

431.2224 found 431.2206; IR (thin film) 3433, 2927, 2858.03, 

2361, 2084, 1812, 1717.83, 1512.23, 1464, 1250, 1097.59, 1035, 836, 773 cm
-1

;      
 

-45.3(c 

0.003,  DCM) 
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Methyl (2S,3S,6S)-2-{2-[(4-methoxyphenyl)methoxy]ethyl}-4-oxo-6-{2-[tris(propan-2-

yl)silyl]ethynyl}oxane-3-carboxylate 120 

 

 
 

 To a cooled (-40 C) solution of 121 (100 mg, 0.18 mmol) in THF (5 mL) was added 

drop wise over 10 min 130 (0.18 mL, 0.18 mmol) under an Ar atmosphere. The reaction was 

allowed to stir for 30 min at which time Manders reagent 110 (14.2 µL, 0.18 mmol) was 

added drop wise and the reaction stirred for an additional 3 h at -40 C and left overnight to 

warm up to rt. The reaction was quenched with NaHCO3 and THF removed under reduced 

pressure, the crude
 
extracted with DCM (3 × 10 mL) and washed with brine (40 mL), dried 

over Na2SO4, filtered and concentrated in vacuo. The crude was then reintroduced to a 

solution of MeOH (10 mL) and ex. K2CO3.and stirred for another 30 min, MeOH was then 

removed under reduced pressure and the crude extracted with DCM (3 × 10 mL) dried with 

Na2SO4 and concentraved in vacuo. The crude oil was purified using flash silica column 

chromatography (17:3 hexanes:EtOAc, Rf 0.4) to afford 120 (65.1 mg, 0.11 mmol) in 72% 

yield as a yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 7.25 (d, J = 7.7 Hz, 2H), 6.87 (d, J = 8.6 

Hz, 2H), 4.46 – 4.34 (m, J = 12.7, 8.6 Hz, 3H), 4.04 (dt, J = 10.9, 5.6 Hz, 1H), 3.80 (s, 3H), 

3.73 (s, 3H), 3.66 (t, J = 6.2 Hz, 2H), 3.38 (d, J = 10.7 Hz, 1H), 2.76 – 2.57 (m, 2H), 1.91 (q, 

J = 12.0, 6.1 Hz, 2H), 1.11 – 1.03 (m, 21H); 
13

C NMR (126 MHz, CDCl3) δ 200.5, 168.4, 

159.5, 153.0, 130.8, 129.6, 129.5, 129.5, 114.2, 114.2, 114.1, 114.0, 104.1, 88.6, 75.9, 73.1, 

73.0, 72.8, 67.5, 65.9, 63.0, 55.8, 55.6, 52.5, 47.8, 35.0, 18.9, 18.8, 11.4, 11.4; LRMS 

(+ESI) m/z 525.4 ([M+Na]
+
, 100%), 499.3 (30%); HRMS (+ESI) calcd for C28H42O6SiNa 

[M+Na]
+ 

525.2643 found 525.2646; IR (thin film) 2943, 2865, 2180, 1748, 1613, 1513, 

1463, 1248, 1092, 883, 820 cm
-1

.      
 

–62.3(c 0.003,  DCM) 
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3,3-Dimethyl (2S,6S)-2-{2-[(4-methoxyphenyl)methoxy]ethyl}-4-oxo-6-{2-[tris(propan-

2-yl)silyl]ethynyl}oxane-3,3-dicarboxylate 137 

 

 
 

 
1 

H NMR (500 MHz, CDCl3) δ 7.25 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 15.3 Hz, 2H), 4.50 (dd, 

J = 11.6, 1.9 Hz, 1H), 4.42 (q, J = 11.6 Hz, 2H), 4.01 – 3.90 (m, 1H), 3.85 (d, J = 9.6 Hz, 

3H), 3.80 (s, 3H), 3.75 (d, J = 6.7 Hz, 3H), 3.60 (t, J = 6.5 Hz, 2H), 3.08 (dd, J = 13.0, 1.9 

Hz, 1H), 2.75 (d, J = 10.1 Hz, 1H), 2.21 – 2.12 (m, 1H), 2.04 – 1.92 (m, 1H), 1.82 (dd, J = 

12.6, 6.3 Hz, 2H), 1.07 (s, 21H).
13

C NMR (126 MHz, CDCl3) δ 204.8, 171.2, 159.5, 130.9, 

129.5, 129.4, 114.1, 104.5, 88.3, 72.7, 67.6, 66.7, 62.4, 55.6, 52.7, 44.4, 31.2, 18.9, 14.6, 

11.4; LRMS (+ESI) m/z 357.2 ([M+Na]
+
, 100%);      

 
–31.7(c 0.003,  DCM)

 

 

Methyl (2S,3S,6S)-2-{2-[(4-methoxyphenyl)methoxy]ethyl}-3-methyl-4-oxo-6-{2-

[tris(propan-2-yl)silyl]ethynyl}oxane-3-carboxylate 111 

 

 
 

 To a solution of 120 (75.0 mg, 0.15 mmol) in DMF (2 mL) was added K2CO3 (65.0 

mg, 0.45 mmol) and the reaction allowed to stir at 60 
o
C under an Ar atmosphere for 20 min 

at which time methyl iodide (9.30 µL, 0.15 mmol) was added and the reaction allowed to stir 

overnight. The reaction was then allowed to cool and directly extracted with DCM (3 × 15 

mL) and washed with brine (6 × 25 mL), dried over Na2SO4, filtered and concentrated in 

vacuo. The crude was then purified using flash silica column chromatography (17:3 

hexanes:EtOAc, Rf 0.3) to afford 111 (58.5 mg, 0.11 mmol) in 76% yield  as a pale yellow 

oil. 
1
H NMR (600 MHz, CDCl3) δ 7.25 (d, J = 10.1 Hz, 2H), 6.88 (d, J = 8.5 Hz, 2H), 4.50 – 

4.34 (m, 3H), 4.18 (dd, J = 9.9, 1.4 Hz, 1H), 3.80 (s, 3H), 3.72 (s, 3H), 3.69 – 3.51 (m, 2H), 
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2.79 (dd, J = 15.5, 11.8 Hz, 1H), 2.59 (dd, J = 15.5, 3.0 Hz, 1H), 1.92 – 1.81 (m, 1H), 1.52 

(dt, J = 15.5, 7.8 Hz, 1H), 1.41 (s, 3H), 1.08 (m, 21H); 
13

C NMR (126 MHz, CDCl3) δ 204.8, 

171.2, 159.5, 130.8, 129.4, 114.1, 104.5, 88.3, 72.7, 67.6, 66.7, 62.4, 55.6, 52.7, 44.4, 31.2, 

18.8, 14.6, 11.4; LRMS (+ESI) m/z 539.3 ([M+Na]
+
, 100%); HRMS (+ESI) calcd for 

C29H44O6SiNa [M+Na]
+ 

539.2799 found 549.2776; IR (thin film) 3419, 2944, 2892, 2865, 

1744, 171., 1613, 1513, 1463, 1249, 1097, 913, 883, 734, 679 cm
-1

;      
 

–59.3(c 0.003,  DCM) 

carbon signal has been occulted in this spectra. 



Chapter 5 Experimental        115 

5.3 Synthesis of reagents and compounds from chapter 4 

 

[(2R,3R,4R,5S,6R)-3,4,5-Tris(acetyloxy)-6-(prop-2-en-1-yl)oxan-2-yl]methyl acetate 

176glu 
93

 

 

 
 

 To a solution of 175glu (2.00 g, 5.12 mmol) in acetonitrile (45 mL) was added 

BF3·OEt (1.28 mL 10.2 mmol) and the mixture allowed to stir for 15 min at rt at which time 

allyl(trimethyl)silane (2.43 mL, 15.3 mmol) was added and the reaction brought to reflux for 

5 h. The reaction was quenched with NaHCO3 (50 ml) and acetonitrile removed under 

reduced pressure and then extracted with DCM (3 x 30 mL) washed with brine (40 mL), 

dried over Na2SO4, filtered and concentrated in vacuo. The crude residue was subjected to 

flash silica column chromatography (3:1 hexanes:EtOAc, Rf 0.55) to afford 176glu (0.72 g, 

1.95 mmol) in 38% yield as a clear oil. 
1
H NMR (500 MHz, CDCl3) δ 5.79 – 5.68 (m, 1H), 

5.36 – 5.28 (m, 1H), 5.19 – 5.02 (m, 2H), 5.02 – 4.90 (m, 2H), 4.31 – 4.23 (m, 1H), 4.20 (dd, 

J = 12.2, 5.3 Hz, 1H), 4.07 (dd, J = 12.1, 2.4 Hz, 1H), 3.89 – 3.79 (m, 1H), 2.63 – 2.47 (m, 

1H), 2.39 – 2.26 (m, 1H), 2.06 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H)      
 

+98.3(c 

0.003,  DCM) 

 

 

[(2R,3R,4R,5S,6R)-3,4,5-Tris(acetyloxy)-6-[(2E)-4-oxobut-2-en-1-yl]oxan-2-yl]methyl 

acetate 163glu 

 

 
 

 To a solution of 176glu (936 mg, 2.53 mmol) in degassed DCM (40 mL) was added 

177 (630 µL, 7.59 mmol) and Grubbs 2
nd 

generation catalyst (64.0 mg, 75.4 µmol) and the 

reaction allowed to stir overnight at rt under an Ar atmosphere. The reaction was then 

concentrated in vacuo and the crude residue subjected to flash silica column chromatography 
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(1:1 hexanes:EtOAc, Rf 0.33) to afford 163glu (912 mg, 2.28 mmol) in 90 % yield as a pale 

white oil. 
1
H NMR (500 MHz, CDCl3) δ 9.51 (d, J = 7.7 Hz, 1H), 6.86 – 6.63 (m, 1H), 6.23 

(dd, J = 15.7, 7.7 Hz, 1H), 5.30 (t, J = 8.8 Hz, 1H), 5.09 (dd, J = 9.1, 5.6 Hz, 1H), 4.93 (t, J = 

8.8 Hz, 1H), 4.42 – 4.35 (m, 1H), 4.20 (dd, J = 12.2, 6.1 Hz, 1H), 4.04 (dd, J = 12.2, 2.5 Hz, 

1H), 3.84 (ddd, J = 8.7, 6.1, 2.5 Hz, 1H), 2.88 – 2.77 (m, 1H), 2.61 – 2.53 (m, 1H), 2.10 – 

1.95 (m, J = 21.9, 11.5 Hz, 12H); 
13

C NMR (126 MHz, CDCl3) δ 193.4, 170.8, 170.2, 169.7, 

169.7, 152.1, 135.5, 71.2, 70.2, 70.1, 69.8, 68.8, 62.4, 29.9, 20.9, 20.9; LRMS (+ESI) m/z 

423.2 ([M+Na]
+
, 100%), 401.2 ([M]

+
, 18%), 161.1 (30%); HRMS (+ESI) calcd for 

C18H24O10Na [M+Na]
+ 

423.1262 found 423.1253; IR (thin film) 3433, 2107, 1749, 1687,  

1643, 1376, 1225, 1037 cm
-1

;      
 

+78.5(c 0.003,  DCM) 

 

[(2R,3R,4R,5S,6R)-3,4,5-Tris(acetyloxy)-6-{[(2S,4S)-2-ethoxy-3,4-dihydro-2H-pyran-

4-yl]methyl}oxan-2-yl]methyl acetate (2S,4S)-174glu 

 

 
R = OAc 

 

 To a flask containing freshly dried 4 Å powdered molecular sieves (150 mg) was 

added catalyst 60 (7.24 mg, 14.9 µmol) and the mixture stirred under vacuum for 15 min and 

placed under an Ar atmosphere followed by the addition of aldehyde 163glu (75.0 mg, 0.19 

mmol) with a further 15 min of stirring applied, alkene 173 (3.50 mL) was then added and 

the reaction stirred at rt for 5 d. The reaction was diluted with EtOAc (10.0 mL) washed with 

brine (5 mL), filtered through a celite pad and the organic extracts concentrated in vacuo. The 

crude residue was then subjected to flash silica column chromatography (13:7 

hexanes:EtOAc, Rf 0.5) to afford (2S,4S)-174glu (54.0 g, 0.11 mmol) in 61% yield as a 

yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 6.26 (dd, J = 6.3, 1.5 Hz, 1H), 5.29 (t, J = 9.1 Hz, 

1H), 5.07 – 5.01 (m, 1H), 4.98 (t, J = 9.1 Hz, 1H), 4.93 (dd, J = 7.0, 1.9 Hz, 1H), 4.68 – 4.63 

(m, 1H), 4.30 (ddd, J = 12.0, 5.6, 2.9 Hz, 1H), 4.22 (dd, J = 12.1, 5.2 Hz, 1H), 4.08 (dd, J = 

12.1, 2.4 Hz, 1H), 3.92 – 3.79 (m, 2H), 3.53 (dt, J = 14.4, 7.2 Hz, 1H), 2.43 – 2.34 (m, 1H), 
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2.08 (s, 3H), 2.04 – 2.01 (m, 9H), 1.98 – 1.91 (m, 1H), 1.60 (dt, J = 14.8, 7.5 Hz, 2H), 1.57 – 

1.50 (m, 1H), 1.21 (dd, J = 9.3, 4.7 Hz, 3H); 
13

C NMR (126 MHz, CDCl3) δ 170.9, 170.4, 

169.8, 169.8, 141.3, 105.5, 98.8, 70.9, 70.7, 70.6, 69.2, 69.2, 64.5, 62.6, 33.1, 31.0, 26.8, 

21.0, 21.0, 21.0, 21.00, 15.6; LRMS (+ESI) m/z 495.3 ([M+Na]
+
, 100%), 427.2 (14%); 

HRMS (+ESI) calcd for C22H32O11Na [M+Na]
+ 

495.1837 found 495.1826; IR (thin film) 

3424, 2115, 1750, 1645, 1369, 1228, 1035 cm
-1      

 
+58.9(c 0.003,  DCM) 

 

[(2R,3R,4R,5S,6R)-3,4,5-Tris(acetyloxy)-6-{[(2R,4R)-2-ethoxy-3,4-dihydro-2H-pyran-

4-yl]methyl}oxan-2-yl]methyl acetate (2R,4R)-174glu 

 

 
R = OAc 

 

 To a flask containing freshly dried 4 Å powdered molecular sieves (150 mg) was 

added catalyst ent-60 (7.24 mg, 14.9 µmol) and the mixture stirred under vacuum for 15 min 

and placed under an Ar atmosphere followed by the addition of aldehyde 163glu (75.0 mg, 

0.19 mmol) with a further 15 min of stirring applied, alkene 173 (3.5 mL) was then added 

and the reaction stirred at rt for 5 d. The reaction was diluted with EtOAc (10 mL) washed 

with brine (5 mL), filtered through a celite pad and the organic extracts concentrated in 

vacuo. The crude residue was then subjected to flash silica column chromatography (13:7 

hexanes:EtOAc, Rf 0.5) to afford (2R,4R)-174glu (51.1 mg, 10.8 mmol) in 57% yield as a 

yellow oil.
1
H NMR (500 MHz, CDCl3) δ 6.26 (dd, J = 6.3, 1.5 Hz, 1H), 5.29 (t, J = 9.2 Hz, 

1H), 5.05 (dd, J = 9.6, 5.8 Hz, 1H), 5.00 – 4.95 (m, 2H), 4.68 (dd, J = 6.2, 3.2 Hz, 1H), 4.30 

(ddd, J = 11.7, 5.7, 2.7 Hz, 1H), 4.23 (dt, J = 15.0, 5.7 Hz, 1H), 4.08 (dd, J = 12.2, 2.5 Hz, 

1H), 3.95 – 3.81 (m, 2H), 3.57 – 3.49 (m, 1H), 2.37 – 2.32 (m, 1H), 2.09 (s, 3H), 2.05 – 2.01 

(m, 11H), 1.92 (ddd, J = 14.8, 11.7, 6.3 Hz, 1H), 1.73 (dt, J = 13.5, 6.7 Hz, 1H), 1.64 (ddd, J 

= 14.7, 8.6, 2.6 Hz, 1H), 1.21 (t, J = 7.0 Hz, 1H); 
13

C NMR (126 MHz, CDCl3) δ 171.0, 

170.4, 169.9, 169.8, 141.3, 104.2, 98.6, 71.8, 70.7, 70.7, 69.3, 69.1, 64.5, 62.7, 34.2, 31.1, 

27.3, 21.0, 20.9, 15.5; LRMS (+ESI) m/z 495.3 ([M+Na]
+
, 100%), 427.2 (16%); HRMS 
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(+ESI) calcd for C22H32O11Na [M+Na]
+ 

495.1837 found 495.1822; IR (thin film) 3413, 

2115, 1751, 1640, 1373, 1237, 1055 cm
-1

;      
 

+51.2(c 0.003,  DCM) 

 

[(2R,3S,4R,5S,6R)-3,4,5-Tris(acetyloxy)-6-(prop-2-en-1-yl)oxan-2-yl]methyl acetate 

176gal
93

 

 

 
 

 To a solution of 175gal (2.00 g, 5.12 mmol) in acetonitrile (45 mL) was added 

BF3·OEt (1.90 mL 15.4 mmol) and the mixture allowed to stir for 15 min at rt at which time 

allyl(trimethyl)silane (3.67 mL, 23.1 mmol) was added and the reaction brought to reflux for 

5 h. The reaction was quenched with NaHCO3 (50 ml) and acetonitrile removed under 

reduced pressure and then extracted with DCM (3 x 30 mL) washed with brine (40 mL), 

dried over Na2SO4, filtered and concentrated in vacuo. The crude residue was subjected to 

flash silica column chromatography (9:11 hexanes:EtOAc, Rf 0.7) to afford 176gal (1.08 g, 

2.87 mmol) in 56% yield as a white oil. 
1
H NMR (500 MHz, CDCl3) δ 5.87 – 5.70 (m, 1H), 

5.41 (dd, J = 5.4, 2.6 Hz, 1H), 5.27 (dd, J = 9.2, 5.0 Hz, 1H), 5.22 (dd, J = 9.3, 3.2 Hz, 1H), 

5.18 – 5.04 (m, 2H), 4.30 (dt, J = 9.9, 4.8 Hz, 1H), 4.21 (dd, J = 12.6, 9.0 Hz, 1H), 4.15 – 

4.04 (m, 2H), 2.52 – 2.41 (m, J = 22.4, 9.5, 8.0 Hz, 1H), 2.34 – 2.23 (m, J = 15.0, 9.7, 6.5 

Hz, 1H), 2.12 (s, 3H), 2.07 (s, 3H), 2.04 (s, 3H), 2.03 (s, 3H);      
 

+78.6(c 0.003,  DCM) 
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[(2R,3S,4R,5S,6R)-3,4,5-Tris(acetyloxy)-6-[(2E)-4-oxobut-2-en-1-yl]oxan-2-yl]methyl 

acetate 163gal 

 

 
 

 To a solution of 176gal (1.31 g, 3.53 mmol) in degassed DCM (20 mL) was added 177 

(880 µL, 10.6 mmol) and Grubbs 2
nd 

generation catalyst (90.0 mg, 141 µmol) and the 

reaction allowed to stir overnight at rt under an Ar atmosphere. The reaction was then 

concentrated in vacuo and the crude residue subjected to flash silica column chromatography 

(1:1 hexanes:EtOAc, Rf 0.40) to afford 163gal (1.31 g, 3.28 mmol) in 93% yield as a pale 

white oil. 
1
H NMR (500 MHz, CDCl3) δ 9.52 (d, J = 7.8 Hz, 1H), 6.86 – 6.67 (m, 1H), 6.21 

(dd, J = 15.8, 7.8 Hz, 1H), 5.41 (t, J = 3.0 Hz, 1H), 5.23 (ddd, J = 11.9, 8.6, 3.9 Hz, 2H), 4.42 

(dt, J = 8.9, 4.2 Hz, 1H), 4.30 (dd, J = 11.2, 7.8 Hz, 1H), 4.15 – 4.00 (m, 2H), 2.90 – 2.65 (m, 

1H), 2.65 – 2.40 (m, 1H), 2.10 (s, 3H), 2.08 (s, 3H), 2.03 (s, 3H), 2.01 (s, 3H); 
13

C NMR 

(126 MHz, CDCl3) δ 193.2, 170.5, 169.8, 169.7, 169.6, 152.3, 135.0, 70.1, 69.1, 68.3, 67.7, 

67.1, 61.1, 30.2, 20.7, 20.6, 20.6, 20.5; LRMS (+ESI) m/z 423.2 ([M+Na]
+
, 60%), 401.2 

([M]
+
, 32%), 161.1 (36%); HRMS (+ESI) calcd for C18H24O10Na [M+Na]

+ 
423.1262 found 

423.1264; IR (thin film) 3439, 2111, 1746, 1688, 1643, 1372, 1223, 1048, 772 cm
-1

; 

     
 

+72.8(c 0.003,  DCM) 

 

[(2R,3S,4R,5S,6R)-3,4,5-Tris(acetyloxy)-6-{[(2S,4S)-2-ethoxy-3,4-dihydro-2H-pyran-

4-yl]methyl}oxan-2-yl]methyl acetate (2S,4S)-174gal 

 

 
 R = OAc 

 

 To a flask containing freshly dried 4 Å powdered molecular sieves (150 g) was added 

catalyst 60 (7.24 mg, 14.9 µmol) and the mixture stirred under vacuum for 15 min and placed 
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under an Ar atmosphere followed by the addition of aldehyde 163gal (50.0 mg, 0.13 mmol) 

with a further 15 min of stirring applied, alkene 173 (3.50 mL) was then added and the 

reaction stirred at rt for 5 d. The reaction was diluted with EtOAc (10 mL) washed with brine 

(5 mL), filtered through a celite pad and the organic extracts concentrated in vacuo. The 

crude residue was then subjected to flash silica column chromatography (13:7 

hexanes:EtOAc, Rf 0.5) to afford (2S,4S)-174gal (31.7 mg, 67.0 µmol) in 54% yield as a 

yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 6.27 (dd, J = 6.1, 1.6 Hz, 1H), 5.44 – 5.37 (m, 

1H), 5.21 (ddd, J = 12.6, 9.5, 4.3 Hz, 2H), 4.93 (dd, J = 7.2, 1.9 Hz, 1H), 4.64 (dd, J = 6.1, 

2.7 Hz, 1H), 4.33 (ddd, J = 11.7, 4.8, 3.0 Hz, 1H), 4.22 (dd, J = 10.5, 6.6 Hz, 1H), 4.10 – 

4.03 (m, 2H), 3.89 (dt, J = 16.1, 7.0 Hz, 1H), 3.54 (td, J = 14.1, 7.0 Hz, 1H), 2.40 (s, 1H), 

2.17 (s, 2H), 2.12 (s, 2H), 2.06 (s, 2H), 2.02 (s, 2H), 1.91 – 1.78 (m, 1H), 1.63 – 1.54 (m, 

7H), 1.22 (t, J = 7.0 Hz, 4H); 
13

C NMR (126 MHz, CDCl3) δ 190.4, 170.8, 170.4, 170.2, 

170.0, 141.3, 105.7, 99.0, 68.7, 68.5, 68.3, 67.9, 64.6, 61.8, 33.3, 31.5, 31.2, 27.2, 21.0, 21.0, 

21.0, 21.0, 15.5; LRMS (+ESI) m/z 495.2 ([M+Na]
+
, 100%), 427.2 (23%); HRMS (+ESI) 

calcd for C22H32O11Na [M+Na]
+ 

495.1837 found 495.1850; IR (thin film) 3447, 2099, 1647, 

1371, 1227, 1049, 750, 440 cm
-1

;      
 

+78.0(c 0.003,  DCM) 

 

[(2R,3S,4R,5S,6R)-3,4,5-Tris(acetyloxy)-6-{[(2R,4R)-2-ethoxy-3,4-dihydro-2H-pyran-

4-yl]methyl}oxan-2-yl]methyl acetate (2R,4R)-174gal 

 

 
R = OAc 

 

 To a flask containing freshly dried 4 Å powdered molecular sieves (150 mg) was 

added catalyst ent-40 (7.24 mg, 14.9 µmol) and the mixture stirred under vacuum for 15 min 

and placed under an Ar atmosphere followed by the addition of aldehyde 163gal (50.0 mg, 

0.13 mmol) with a further 15 min of stirring applied, alkene 173 (3.50 mL) was then added 

and the reaction stirred at rt for 5 d. The reaction was diluted with EtOAc (10 mL) washed 

with brine (5 mL), filtered through a celite pad and the organic extracts concentrated in 
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vacuo. The crude residue was then subjected to flash silica column chromatography (13:7 

hexanes:EtOAc, Rf 0.49) to afford (2R,4R)-174gal (21.6 mg, .45.7 µmol) in 37% yield as a 

yellow oil.
 1

H NMR (500 MHz, CDCl3) δ 6.25 (dd, J = 6.4, 1.5 Hz, 1H), 5.40 (s, 1H), 5.25 

(dd, J = 9.5, 5.5 Hz, 1H), 5.17 (dd, J = 9.5, 3.4 Hz, 1H), 4.95 (dd, J = 6.6, 2.2 Hz, 1H), 4.67 

(dd, J = 6.2, 3.0 Hz, 1H), 4.38 – 4.30 (m, 1H), 4.25 – 4.19 (m, 1H), 4.11 – 4.05 (m, 2H), 3.92 

– 3.83 (m, 1H), 3.53 (td, J = 14.1, 7.1 Hz, 1H), 2.38 – 2.32 (m, 1H), 2.12 (s, 2H), 2.06 (s, 

3H), 2.05 (s, 3H), 2.02 (s, 4H), 1.88 – 1.75 (m, 1H), 1.68 (dt, J = 21.2, 7.2 Hz, 1H), 1.62 – 

1.55 (m, 2H), 1.50 – 1.41 (m, 1H), 1.21 (t, J = 7.0 Hz, 3H); 
13

C NMR (126 MHz, CDCl3) δ 

172.3, 170.8, 170.4, 170.3, 170.1, 141.3, 105.7, 99.0, 68.6, 68.4, 68.3, 68.0, 64.5, 61.7, 34.5, 

33.3, 31.5, 27.4, 21.1, 21.0, 21.0, 14.8; LRMS (+ESI) m/z 495.3 ([M+Na]
+
, 75%); HRMS 

(+ESI) calcd for C22H32O11Na [M+Na]
+ 

495.1837 found 495.1817; IR (thin film) 3413, 

2095, 1669, 1365, 1229, 1047 cm
-1

;      
 

+49.5(c 0.003,  DCM) 

 

 [(2R,3R,4R,5R,6R)-3,4,5-Tris(acetyloxy)-6-(prop-2-en-1-yl)oxan-2-yl]methyl acetate 

176man
93

 

 

 
 

 To a solution of  175man (2.00 g, 5.12 mmol) in acetonitrile (45 mL) was added 

BF3·OEt (1.28 mL 10.2 mmol) and the mixture allowed to stir for 15 min at rt at which time 

allyl(trimethyl)silane (2.43 mL, 15.3 mmol) was added and the reaction brought to reflux for 

5 h. The reaction was quenched with NaHCO3 (50 ml) and acetonitrile removed under 

reduced pressure and then extracted with DCM (3 x 30 mL) washed with brine (40 mL), 

dried over Na2SO4, filtered and concentrated in vacuo. The crude residue was subjected to 

flash silica column chromatography (3:1 hexanes:EtOAc, Rf 0.55) to afford 176man (1.63 g, 

4.35 mmol) in 85% yield as a white solid. 
1
H NMR (500 MHz, CDCl3) δ 6.08 (d, J = 1.5 Hz, 

1H), 5.87 (d, J = 0.6 Hz, 1H), 5.48 (d, J = 2.5 Hz, 1H), 5.35 (d, J = 6.2 Hz, 1H), 5.33 – 5.23 

(m, 1H), 5.14 (dd, J = 10.0, 3.3 Hz, 1H), 4.29 (td, J = 12.8, 5.1 Hz, 1H), 4.17 – 4.08 (m, 1H), 
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4.05 (dt, J = 7.1, 5.1 Hz, 1H), 3.81 (ddd, J = 9.8, 5.3, 2.3 Hz, 1H), 2.21 (s, 1H), 2.17 (d, J = 

3.7 Hz, 1H), 2.10 (s, 3H), 2.09 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H)      
 

+114.9(c 0.003,  DCM) 

 

[(2R,3R,4R,5R,6R)-3,4,5-Tris(acetyloxy)-6-[(2E)-4-oxobut-2-en-1-yl]oxan-2-yl]methyl 

acetate 163man 

 

 
 

 To a solution of 176man (560 mg, 1.51 mmol) in degassed DCM (20 mL) was added 

(E)-2-butenal (0.25 mL, 3.01 mmol) and Grubbs 2
nd 

generation catalyst (80.0 mg, 90.4 µmol) 

and the reaction allowed to stir overnight at RT under an Ar atmosphere. The reaction was 

then concentrated in vacuo and the crude residue subjected to flash silica column 

chromatography (1:1 hexanes:EtOAc, Rf 0.45) to afford 163man (512 mg, 1.28 mmol) in 85% 

yield as a pale white oil. 
1
H NMR (500 MHz, CDCl3) δ 9.53 (d, J = 7.8 Hz, 1H), 6.79 (dt, J = 

15.6, 6.8 Hz, 1H), 6.24 (dd, J = 15.7, 7.7 Hz, 1H), 5.28 (dd, J = 7.3, 3.3 Hz, 1H), 5.13 (dd, J 

= 5.0, 3.5 Hz, 1H), 5.10 (t, J = 6.8 Hz, 1H), 4.49 (dd, J = 12.1, 7.7 Hz, 1H), 4.18 (dt, J = 9.6, 

4.7 Hz, 1H), 4.07 (dd, J = 12.1, 3.2 Hz, 1H), 3.94 (td, J = 7.5, 3.2 Hz, 1H), 2.81 – 2.69 (m, 

1H), 2.68 – 2.58 (m, 1H), 2.10 (s, 3H), 2.09 (s, 3H), 2.07 (s, 3H), 2.06 (s, 3H); 
13

C NMR 

(126 MHz, CDCl3) δ 193.5, 170.8, 170.2, 169.9, 169.8, 151.8, 135.5, 72.2, 71.4, 69.9, 68.3, 

67.6, 61.8, 33.1, 21.0, 21.0, 20.9, 20.9; LRMS (+ESI) m/z 423.2 ([M+Na]
+
, 68%), 342.2 

(43%), 161.1 (26%); HRMS (+ESI) calcd for C18H24O10Na [M+Na]
+ 

423.1262 found 

423.1259; IR (thin film) 3466, 2957, 1746, 1689, 1437, 1372, 1226, 1049, 771, 603, 439 cm
-

1
;      

 
+89.0(c 0.003,  DCM) 

 



Chapter 5 Experimental        123 

[(2R,3R,4R,5R,6R)-3,4,5-Tris(acetyloxy)-6-{[(2S,4S)-2-ethoxy-3,4-dihydro-2H-pyran-

4-yl]methyl}oxan-2-yl]methyl acetate (2S,4S)-174man  

 

 
R = OAc 

 

 To a flask containing freshly dried 4 Å powdered molecular sieves (150 g) was added 

catalyst 60 (7.24 mg, 14.9 µmol) and the mixture stirred under vacuum for 15 min and placed 

under an Ar atmosphere followed by the addition of aldehyde 163man (75.0 mg, 0.19 mmol) 

with a further 15 min of stirring applied, alkene 173 (3.50 mL) was then added and the 

reaction stirred at rt for 5 d. The reaction was diluted with EtOAc (10 mL) washed with brine 

(5 mL), filtered through a celite pad and the organic extracts concentrated in vacuo. The 

crude residue was then subjected to flash silica column chromatography (13:7 

hexanes:EtOAc, Rf 0.5) to afford (2S,4S)-174man (58.4 mg, 0.12 mmol) in 66% yield as a 

yellow oil.
1
H NMR (500 MHz, CDCl3) δ 6.26 (d, J = 4.9 Hz, 1H), 5.25 – 5.14 (m, J = 23.4, 

12.5, 5.7 Hz, 2H), 5.11 (t, J = 3.1 Hz, 1H), 4.93 (dd, J = 7.4, 1.5 Hz, 1H), 4.66 (dd, J = 6.1, 

2.6 Hz, 1H), 4.32 (dd, J = 12.0, 6.4 Hz, 1H), 4.11 (dd, J = 12.2, 2.8 Hz, 1H), 4.07 – 4.02 (m, 

1H), 3.88 (dq, J = 14.8, 7.5 Hz, 2H), 3.54 (dt, J = 14.6, 7.2 Hz, 1H), 2.45 – 2.39 (m, 1H), 

2.11 (s, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 1.95 – 1.89 (m, J = 14.5, 5.7 Hz, 1H), 

1.67 – 1.54 (m, 2H), 1.21 (t, J = 6.9 Hz, 3H); 
13

C NMR (126 MHz, CDCl 3) δ 170.9, 170.5, 

170.2, 169.9, 141.5, 105.1, 98.9, 73.1, 71.2, 70.8, 69.2, 67.4, 64.5, 62.7, 34.6, 33.5, 27.6, 

21.2, 21.0, 21.0, 21.0, 15.5; LRMS (+ESI) m/z 495.2 ([M+Na]
+
, 100%), 427.2 (40%); 

HRMS (+ESI) calcd for C22H32O11Na [M+Na]
+ 

495.1837 found 495.1828; IR (thin film) 

3445, 2100, 1743, 1646, 1371, 1228, 1048 cm
-1

;      
 

+31.1(c 0.003,  DCM) 
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[(2R,3R,4R,5R,6R)-3,4,5-Tris(acetyloxy)-6-{[(2R,4R)-2-ethoxy-3,4-dihydro-2H-pyran-

4-yl]methyl}oxan-2-yl]methyl acetate (2R,4R)-174man  

 

 
R = OAc 

 

 To a flask containing freshly dried 4 Å powdered molecular sieves (150 mg) was 

added catalyst ent-60 (7.24 mg, 14.9 µmol) and the mixture stirred under vacuum for 15 min 

and placed under an Ar atmosphere followed by the addition of aldehyde 163man 

 (75.0 mg, 0.19 mmol) with a further 15 min of stirring applied, alkene 173 (3.50 mL) was 

then added and the reaction stirred at rt for 5 d. The reaction was diluted with EtOAc (10 

mL) washed with brine (5 mL), filtered through a celite pad and the organic extracts 

concentrated in vacuo. The crude residue was then subjected to flash silica column 

chromatography (13:7 hexanes:EtOAc, Rf 0.5) to afford (2R,4R)-174man (31.1 mg, 66.0 

µmol) in 35% yield as a yellow oil. 
1
H NMR (500 MHz, CDCl3) δ 6.26 (d, J = 6.2 Hz, 1H), 

5.24 – 5.16 (m, 2H), 5.12 (t, J = 2.6 Hz, 1H), 4.95 (dd, J = 6.3, 1.9 Hz, 1H), 4.68 (dd, J = 6.2, 

3.1 Hz, 1H), 4.31 (dd, J = 12.0, 6.3 Hz, 1H), 4.10 (dd, J = 12.1, 2.6 Hz, 1H), 4.07 (dd, J = 

7.7, 3.2 Hz, 1H), 3.93 (td, J = 7.8, 2.7 Hz, 1H), 3.91 – 3.83 (m, 1H), 3.58 – 3.49 (m, 1H), 

2.42 – 2.35 (m, 1H), 2.12 (s, 3H), 2.09 (s, 3H), 2.05 (s, 3H), 2.02 (s, 3H), 1.96 – 1.89 (m, 

1H), 1.77 – 1.64 (m, 2H), 1.21 (t, J = 7.0 Hz, 3H); 
13

C NMR (126 MHz, cdcl3) δ 171.0, 

170.6, 170.3, 169.9, 141.4, 104.2, 98.6, 98.4, 74.2, 71.5, 70.6, 69.3, 67.3, 64.5, 62.9, 34.5, 

34.0, 27.7, 21.2, 21.0, 21.0, 15.5; LRMS (+ESI) m/z 495.2 ([M+Na]
+
, 100%), 427.2 (13%); 

HRMS (+ESI) calcd for C22H32O11Na [M+Na]
+ 

495.1837 found 495.1842; IR (thin film) 

3440, 2096, 1645, 1371, 1227, 1045 cm
-1

;
      

 
+33.5(c0.003,DCM) 
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