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The tandem ene/intramolecular Sakurai cyclisation (IMSC) reaction has been successfully applied to the
synthesis of a range of C-glycosides, with key intermediates offering opportunities for functionalisation of
the glycon moiety. To demonstrate the versatility of the approach to access the 2-deoxy-C-glycoside ser-
ies, we synthesised diastereomerically pure C-glucoside and galactoside derivatives incorporating func-
tionalised aromatic, heteroaromatic and bicyclic aromatic moieties, in addition to the C-homologue of
(±)-b-2-deoxy-glucose 6-phosphate.
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1. Introduction

Carbohydrate and nucleoside mimetics have attracted a consid-
erable attention in synthetic chemistry owing to their biological
and chemotherapeutic properties.1–8 These studies have led to
the development of C-nucleosides and C-glycosides9–11 as antibi-
otic, anticancer and antiviral agents.12–14 Well known examples
of antiproliferative C-nucleosides include formycin, tiazofurin
and benzamide riboside 1 (Scheme 1).15–17
In the process of producing chemically stable C-nucleosides to
probe the cellular biochemical space of nicotinamide adenine dinu-
cleotide (NAD),18–25 we have developed synthetic approaches
based on ene-cyclisation chemistry and prepared a number of
mimics of benzamide riboside 1. As such, we reported the synthe-
sis of a series of diastereomerically pure D- and L-pyranosyl phenyl
and benzamide C-glycosides 3–626 using Marko9’s tandem ene/
IMSC and transmetallation methodologies (Scheme 1).27,28 Simi-
larly, we reported the synthesis of racemic 2-deoxy benzamide
riboside 2 and analogues using an intramolecular ene-cyclisa-
tion.29,30 We therefore aimed to establish whether the tandem
ene-IMSC sequence offers means to access synthetic intermediates
poised for a wider range of modifications. We report here such key
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Scheme 1. Benzamide riboside 1, 2-deoxy benzamide riboside 2, benzamide and phenyl pyranosyl C-nucleosides 3–6, a novel class of pyranosyl C-nucleosides 7–9 and 2-
deoxy C-glucoside 10.
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intermediates which give access to three C-glycoside representa-
tives (7–9), as well as access to the racemic mixture of the non-
isomerisable homologue of b-2-deoxy glucose 6-phosphate, 10.

2. Results and discussion

2.1. Synthesis of tiazofurin pyranosyl C-nucleoside 7

There are three classical routes to C-nucleosides and C-pyrano-
sides. The first approach involves a direct attachment of a pre-
formed nucleophilic aglycon to a protected carbohydrate moiety.
This chemistry includes the reaction of heterocyclic organometallic
compounds with pyranosyl31,32 or furanosyl halides,33 1,2-anhy-
dro-furanoses or -pyranoses,34 functionalised lactones35 and
Heck-type coupling onto glycal moieties.36–41 The second most
common methodology consists in building-up the sugar moiety
upon an aglycon unit and includes the tandem ene-IMSC sequence.
This latter approach allows the introduction, in some cases, of up to
four stereogenic centres in a one-step synthesis.26,42 Finally, the
last strategy consists of introducing a functional group at the ano-
meric position of the sugar derivative with the subsequent build-
ing-up of the aromatic moiety.43 This typically involves the
stereoselective introduction of a nitrile or alkyne group at the ano-
meric position followed by a cycloaddition reaction to build-up the
heterocyclic base and generate the C-nucleoside or C-glycoside.

We seek to increase the scope of the two latter methodologies
by combining the diastereoselective control we have optimised
for the (D/L)-C-nucleoside syntheses using the tandem ene-IMSC
sequence with the use of a functionalisable substituent at the C-
1 position.

Key to a successful implementation of the tandem ene-IMSC
sequence is the oxidative cleavage of the exo-alkene functionality,
for example, compound 14, generated upon cyclisation and the
reduction of the resulting carbonyl. Firstly, we wished to deter-
mine if the tandem ene-IMSC sequence was suitable for the prep-
aration of C-glycosides that incorporate electron rich heteroaryl
moieties, such as compound 7. Although it was possible to access
the diastereomerically pure exo-methylene heteroaromatic pyran
14 (Scheme 2) from thiazolylaldehyde 11, yields remained very
low. Crucially, the oxidative cleavage of the exo-alkene 14 also
proved problematic due to the presence of the oxidatively sensitive
thiazolyl ring, which remained unstable to most oxidative cleavage
conditions, ranging from ozonolysis to epoxidation/oxidation and
cis-diol oxidations.
Therefore, it became apparent that designing a route in which
aromatic and heteroaromatic rings could be built up in the late
stages of the synthetic sequence would provide functional diver-
sity at the aglycon unit. This would overcome the synthetic limita-
tions caused by any harsh deprotection conditions and oxidative
functionalisations of the glycon moiety. Using the tandem ene/
IMSC protocol, we adopted a strategy that involved the synthesis
of two exo-alkene pyranosyl intermediates 18 and 23 (Scheme 3
and Scheme 4, respectively), which could then be readily converted
to their heteroaromatic and aromatic C-glycoside parents, for
example, 7 and 8, respectively.

Using allylsilane 12, previously obtained via Trost’s chemistry,44

an ene-reaction was carried out with freshly distilled ethyl glyoxy-
late 16 in moderate yields (37%) (Scheme 3). The (Z)-geometric iso-
mer of homoallylic alcohol 17 was obtained as the major product
with the major side-product resulting from the competing inter-
molecular Sakurai condensation with aldehyde 16, as was the case
with all ene-reactions presented here-in. The characterisation of
the (Z)-isomer 17 was consistent with the literature.27 The IMSC
step followed by aminolysis of the C-1 ester group, furnished the
diastereomerically pure exo-methylene tetrahydropyran 18 in
31% yield over two steps, with the exclusive equatorial disposition
of all the substituents (Scheme 3).45 The stereocentres of 18, as
with all the pyran containing compounds, were defined by the cou-
pling constants from the 1H NMR and the typical axial and equato-
rial relationship that they represented. The moderate yield of these
two steps was attributed to the ester hydrolysis that was observed
upon work-ups. However, attempts at improving yields by using
glyoxylamide instead of ethyl glyoxalate 16 for the IMSC were
compromised by the difficulties encountered in preparing the gly-
oxylamide itself.

The cyclisation reaction and generation of the exo-alkene 18
was then followed by ozonolysis, reduction and acetylation to
afford compound 19 in 64% yield over three steps. The 1H NMR
of 19 provided strong evidence to suggest that the NaBH4 reduc-
tion of the C-3 ketone favoured an axial approach which led to
an equatorially positioned hydroxyl group, as evident from the
coupling constants, (Scheme 3). The derivative 19 was then reacted
with phosphorous pentasulfide and led to a thioamide intermedi-
ate which was then reacted with ethyl bromopyruvate in Hantzsch
reaction to afford the corresponding thiazole derivative 20, in 40%
over two steps.46 Desilylation using TBAF in THF and the subse-
quent one-pot aminolysis of the ester functionality and deacetyla-
tion using saturated ammonia in methanol provided the fully
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unprotected pyranosyl analogue of tiazofurin, 7, albeit in low
overall yields. It was thought that the low yield was due to the
instability of the thiazole group to the unoptimised aminolysis
reaction conditions. Yet, it is worth noting that compounds such
as 18 and 19 are powerful synthetic intermediates, as they can eas-
ily be manipulated to provide structurally diverse derivatives.

2.2. Synthesis of (D/L)-2-deoxy-b-phtalan C-glucoside 8

Kool et al. have shown the usefulness of bicyclic and tricyclic
ribosyl-C-nucleosides for analysing the effect of increased DNA
base pair sizes on the stability of the double helix.47–51 From a syn-
thetic perspective, Toshima reported the very efficient aryl C-gly-
cosidation of unprotected 2-deoxy pyranoses using electron-rich
aryls in the presence of a TMSOTf-based catalyst.52 This work fol-
lowed on from the very efficient aryl-C-glycoside syntheses via an
O?C-glycoside rearrangement, reported independently by Kome-
tani53 and Suzuki.54 Consequently, we have applied our flexible
protocol to access electron-rich bicyclic 2-deoxy-C-pyranosides
which could not be prepared via an in situ O?C rearrangement,
such as the 2-deoxy-phthalan C-pyranoside 8 (Scheme 4).

Firstly, (Z)-homoallylic alcohol 22 was isolated in 55% yield and
cyclised with crotonaldehyde 13. Following this, selective desilyla-
tion of the trimethylsilyl alkyne functionality using potassium
carbonate was carried out to yield the C-glycoside 23. It is worth
pointing out that this versatile organic synthon may be used for
many reactions including click chemistry or cross-coupling reac-
tions.55–57 The [2+2+2] cyclotrimerisation of 23 with propargyl ether
catalysed by Wilkinson’s catalyst, RhCl(PPh3)3, afforded the phtha-
lan exo-methylene tetrahydropyran 24, albeit in 31% isolated yield.
The next step was our standard ozonolysis conditions followed by
sodium borohydride mediated reduction. To facilitate desired prod-
uct isolation and purification, acetylation of the free alcohols on C-3
and C-6 was necessary and led to the formation of the fully protected
pyranosyl C-nucleoside 25 in moderate yields, with the stereochem-
istry confirmed by 1H NMR using the relevant coupling constants.
The fully unprotected phthalan pyranosyl C-glucoside 8 was then
readily obtained following our standard deprotection protocols.
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2.3. Synthesis of (D/L)-2-deoxy-b-galactopyranosyl-benzoic acid
9

We also wanted to demonstrate that the present method was
flexible in terms of the introduction of different stereo-centres
around the pyranosyl unit, and access mannoside and galactoside
type stereochemistry on the glycon unit of C-glycosides of type
9.26,28 To access the relative R chirality at the C-4 of the pyranoside
a diisopropylcarbamate protected allylsilane must be employed.28

This type of the protecting group requires the use of LiAlH4 at
reflux in THF for its removal. As such, the transmetallation–IMSC
sequence (Scheme 5) to access 9 is limited by the type of elec-
tron-deficient functionalities which can be introduced on the aryl
moiety.26 Yet, the 4,4-dimethyl-4,5-dihydro-oxazoline group was
identified as such stable functionality which could be removed at
a later stage in the synthesis to access a 2-(D/L)-deoxy-b-galacto-
side substituted with a carboxylated aryl.

Using this approach, we synthesised the carboxylic acid phenyl
pyranoside 9, analogue of nicotinic acid riboside,58 from the exo-
alkene pyran 29 in seven steps via an intermediate 26. (Scheme
5). The (E)-isomer 28 was exclusively obtained following the lithi-
ation of 2-[(trimethylsilyl)methyl]-2-propen-1-yl-bis(isopropyl)
carbamate 27, using sec-BuLi in the presence of TMEDA, then the
sequential reactions of transmetallation using titanium tetraiso-
propoxide and finally c-allylation with 3-formyl-N-(2-hydroxy-
1,1-dimethyl-ethyl)-benzamide 27, in one pot. It must be noted
that both the transmetallation and IMSC reactions readily occurred
in the presence of an unprotected alcohol group. IMSC condensa-
tion of compound 28, followed by aryl oxazoline formation via
mesylation of the free hydroxyl was carried out in 66% yield to pro-
vide dialkene 29. Subsequent ozonolysis and in situ reduction of
the carbonyl functionalities with sodium borohydride yielded 30
with complete stereocontrol at the C-3 position of the sugar moiety
as evident from the coupling constants, (Scheme 5) and in agree-
ment with the literature.28

Subsequently, the removal of the diisopropyl carbamate group
was carried out using LiAlH4 in refluxing THF. Tri-benzylation of
the resultant three hydroxyls was required in order to increase
hydrophobicity, prior to methylation and base-catalysed hydroly-
sis of the oxazoline moiety. The fully deprotected 2-deoxy-C-galac-
topyranosyl-benzoic acid 9 was obtained following simple
hydrogenation over 10% Pd/C in 39% yield over five steps. There-
fore, the oxazoline protecting group chemistry proved to be an
invaluable approach to galactoside and mannoside type C-nucleo-
sides incorporating functionality analogous to the biologically
important benzamide riboside 1, previously inaccessible using
the transmetallation/IMSC methodology.

2.4. Synthesis of (D/L)-b-2,6-anhydro-3-deoxy-gluco-heptose-7-
phosphate 10

Using the described methodologies, we also examined the pos-
sibility of accessing bioisosteres of glucose-6-phosphate (G6P),
such as compound 10, (Scheme 6). b-G6P is a substrate for two
key enzymes in metabolism: glucose-6-phosphate dehydrogenase
and b-phosphoglucomutase. While these enzymes have been
extensively studied, non-reducing sugars possessing the appropri-
ate stereochemistry at the C-1 position can be extremely useful
tools when conducting structural investigations.59 We therefore
examined how efficacious the preparation of phosphate 2,6-anhy-
dro-heptoses could be using the ene-IMSC sequence.

The synthesis of the G6P bio-isostere 10 began with the isolation
and Sakurai cyclisation of (Z)-homoallylic alcohol 32 with crotonal-
dehyde 13. Standard double oxidation and reduction of the alkene
functionality of 33 provided diol 34 in 72% yield, with the stereo-
chemistry assigned using 1H NMR as described for the previous
series. Subsequently, a selective phosphorylation of the resultant
50-OH using dibenzyloxychlorophosphate60 in pyridine provided
intermediate 35 in 66% isolated yield. The fully deprotected G6P
analogue 10 was easily obtained following desilylation using TBAF
in THF and hydrogenolysis was performed directly under continu-
ous flow conditions using an H-Cube reactor and a 10% Pd/C catalyst
cartridge in good yields.
3. Conclusion

In summary, we have further exemplified the versatility of the
tandem ene/IMSC and transmetallation methodologies towards
the synthesis of racemic D/L C-glycosides. While the examples
reported here belong to the 2-deoxy series, we have previously
demonstrated that the C-4-deoxy series can be as readily obtained,
and this by a simple reagent sequence exchange.26 The routes, pre-
sented herein, therefore offer access to a large range of racemic
aromatic, heteroaromatic and bicyclic C-glycosides and simple
C-glycosides, for which pure forms could be obtained through chi-
ral syntheses using now well established literature precedents.61,62

4. Experimental

4.1. General

Chemicals were purchased from Sigma–Aldrich, Lancaster, VWR,
Maybridge or ACROS. Solvents for extractions and chromatography
were of technical grade. Solvents used in reactions were freshly dis-
tilled from appropriate drying agents before use. Flash chromatog-
raphy was carried out using Merck Silica (40–60 l) and acid
washed sand. Analytical TLC was performed with Merck Silica gel
60 F254 plates. 1H, 13C and 2D (H-COSY, HMQC) NMR spectra were
all recorded on Brüker avance DPX 300 and Brüker avance DPX
500. TMS (0 ppm, 1H NMR) and CDCl3 (77 ppm, 13C NMR) were used
as internal references. The chemical shifts (d) are reported in ppm
(parts per million). High-resolution mass spectrometry (HRMS)
was recorded on a VG Quattro Triple Quadrupole Mass Spectrome-
ter (ES). Note—all pyran containing products were obtained as a
racemate.

4.1.1. Synthesis of 3
4.1.1.1. (Z)-Ethyl-5-(tert-butyldimethylsilyloxy)-2-hydroxy-4-((t
rimethylsilyl)methyl)pent-4-enoate (17). 4.1.1.1.1. General ene-
reaction procedure. In a 100 mL RBF flushed with argon, aldehyde
(19.0 mmol, 5.0 equiv) and TBS allylsilane 12 (1.0 g, 3.76 mmol,
1.0 equiv) were dissolved in dry CH2Cl2 (30 mL). Et2AlCl (1 M in
CH2Cl2, 1.5 equiv) was syringed into the solution at �78 �C. The
reaction mixture was allowed to warm up to 0 �C and stirred for
3 h. The solution was quenched with satd NaHCO3 (10 mL) and
extracted with CH2Cl2 (3 � 15 mL). The combined organic phases
were dried over MgSO4, filtered and concentrated under reduced
pressure. The crude yellow oil was purified by column chromatog-
raphy with pet. ether/EtOAc (7:3) as eluent to afford pure ene-
product.

General ene-reaction was carried out using compound 12 with
ethyl glyoxalate 16. Clear oil. Yield: 502 mg, 37%. 1H NMR
(300 MHz, CDCl3): d 6.07 (s, 1H, C@CH), 4.63–4.65 (m, 1H, CHOH),
4.19 (q, 2H, J = 6.9 Hz, CH2CH3), 2.60 (d, 1H, J = 6.0 Hz, OH), 2.32
(ABX, 1H, Ja,a0 = 14.0 Hz, Ja,b = 4.5 Hz, CH2CHOH), 2.14 (ABX, 1H, Ja,-
a0 = 14.1 Hz, Ja0 ,b = 7.8 Hz, CH2CHOH) 1.56 (AB, 1H, J = 13.5 Hz, CH2-
TMS), 1.42 (AB, 1H, J = 13.6 Hz, CH2-TMS), 1.27 (t, 3H, J = 6.8 Hz,
CH2CH3), 0.89 (s, 9H, (SiACA(CH3)3), 0.07 (s, 6H, 2� SiACH3),
0.00 (s, 9H, TMS). 13C NMR (75 MHz, CDCl3,): d 171.8 (C@O),
140.1 (C@CH), 109.8 (C @CH), 70.3 (CHOH), 62.6 (CH2CH3), 40.0
(CH2CHOH), 30.7 (SiACA(CH3)3), 25.8 (SiACA(CH3)3), 22.4
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(CH2ATMS), 14.1 (CH2CH3), 2.0 (TMS), �2.2 (2� SiACH3). MS (ES)
m/z: calculated for C17H36NaO4Si2 [M+Na]+ 382.1972, found
382.1975.

4.1.1.2. (±) (2R,5S,6R)-5-(tert-Butyldimethylsilyloxy)-4-methy-
lene-6-((E)-prop-2enyl)tetrahydro-2H-pyran-2-carboxamide
(18). 4.1.1.2.1. General Sakurai cyclisation procedure. In a 25 mL
RBF flushed with argon, enol ether (0.14 mmol, 1.0 equiv) and
the aldehyde (0.17 mmol, 1.2 equiv) were dissolved in dry CH2Cl2

(20 mL) under argon. The solution was cooled down to �78 �C
before the drop-wise addition of distilled BF3�Et2O (0.16 mmol,
1.1 equiv). The reaction was stirred for 6 h while slowly warming
up to 0 �C and was then diluted with CH2Cl2 (15 mL) and washed
with satd NaHCO3 (10 mL). The aqueous layer was extracted with
CH2Cl2 (3 � 50 mL). The combined organic layers were dried over
MgSO4, filtered and concentrated under reduced pressure. The res-
idue was purified by column chromatography with pet. ether/
EtOAc (1:1) as eluent to afford pure cyclised product.

The cyclisation of 17 with crotonaldehyde 13 was carried out
using the general Sakurai cyclisation procedure. The purified ester
intermediate (0.18 g, 0.53 mmol, 1.0 equiv) was then dissolved in
dry MeOH (10 mL) under argon. The solution was then cooled
down to �78 �C and ammonia gas was bubbled through the mix-
ture for 10 min. The flask was sealed and the reaction mixture
allowed to warm up to rt overnight. The mixture was then concen-
trated under reduced pressure. The residue was purified by column
chromatography with pet. ether/EtOAc (6:4) as eluent to afford
amide 18. Yellow oil. Yield: 143 mg, 31% over two steps. 1H NMR
(500 MHz, CDCl3): d 6.52 (br s, 1H, CONH2), 5.75 (dq, 1H,
J = 13.0 Hz, J = 6.5 Hz, CH3CH @CH), 5.47 (ddq, 1H, J = 13.1 Hz,
J = 7.8 Hz, J = 1.5 Hz, CH3CH@CH and br s, 1H, CONH2), 5.13 (s,
1H, C@CH2), 4.97 (s, 1H, C@CH2), 3.87 (dd, 1H, J = 11.5 Hz,
J = 2.5 Hz, H-1 (anomeric)), 3.75 (d, 1H, J = 8.9 Hz, H-4), 3.56 (dd,
1H, J = 8.7 Hz, J = 8.0 Hz, H-5), 2.89 (dd, 1H, J = 13.5 Hz, J = 2.5 Hz,
H-2), 2.23 (dd, 1H, J = 13.4 Hz, J = 11.7 Hz, H-20), 1.74 (dd, 3H,
J = 6.5 Hz, J = 1.6 Hz, CH3CH@CH), 0.91 (s, 9H, (SiACA(CH3)3), 0.03
(s, 6H, (2� SiACH3). 13C NMR (125 MHz, CDCl3): d 173.3 (C@O),
144.9 (C@CH2), 130.3 (CH3C H@CH), 129.5 (CH3CH@CH), 108.5
(C@CH2), 84.3 (C-5), 77.4 (C-1), 73.7 (C-4), 38.1 (C-2), 29.5 (SiAC
A(CH3)3), 25.7 (SiACA(CH3)3), 17.9 (CH3CH@CH), �4.5 (2�
SiACH3). MS (ES) m/z: calculated for C16H29O3SiN [M+Na]+

334.1814, found 334.1794.
4.1.1.3. (±) ((2R,3S,4R,6R)-4-Acetoxy-3-(tert-butyldimethylsilyl-
oxy)-6-carbamoyl-tetrahydro-2H-pyran-2-yl)methyl acetate
(19). 4.1.1.3.1. General ozonolysis procedure. Pyran (0.7 mmol,
1.0 equiv) was dissolved in MeOH (15 mL) and dry CH2Cl2

(15 mL) under argon and the system was cooled to �78 �C. O3

was bubbled through the solution until a blue colour persisted
and then it was stirred for an additional 2–3 min before the stream
of O3 was replaced with argon. After the solution became clear
Me2S (2.8 mmol, 4.0 equiv) was syringed in and stirred for
15 min at �78 �C. Then NaBH4 (2.8 mmol, 4.0 equiv) was added
in one portion, warmed to rt and stirred for 24 h. The mixture
was concentrated and purified by column chromatography with
CHCl3/EtOH (95:5) as eluent to afford pure product.

General ozonolysis procedure was carried out on compound 18.
The crude product was re-dissolved in dry pyridine (10 mL) and
acetic anhydride (4 mL) and the solution was stirred for 24 h. The
mixture was then concentrated under reduced pressure. The resi-
due was purified by column chromatography with pet. ether/EtOAc
(7:3) as eluent to afford pure 19. Yellow oil. Yield: 80 mg, 64% over
three steps. 1H NMR (500 MHz, CDCl3): d 6.48 (br s, 1H, CONH2),
5.29 (br s, 1H, CONH2), 4.84 (ddd, 1H, J = 11.6 Hz, J = 8.9 Hz,
J = 4.9 Hz, H-3), 4.51 (ABX, 1H, Ja,a0 = 12.0 Hz, Ja0 ,b = 1.9 Hz, CH2OAc),
4.19 (ABX, Ja,a0 = 12.1 Hz, J ab = 5.2 Hz, CH2OAc), 4.00 (dd, 1H,
J = 12.1 Hz, J = 2.4 Hz, H-1), 3.66 (dd, 1H, J = 9.2 Hz, J = 8.9 Hz,
H-4), 3.50 (ddd, 1H, J = 9.2 Hz, J = 4.9 Hz, J = 1.9 Hz, H-5), 2.67
(ddd, 1H, J = 12.9 Hz, J = 4.9 Hz, J = 2.5 Hz, H-2), 2.12 (s, 3H, OAc),
2.08 (s, 3H, OAc), 1.48 (ddd, 1H, J = 12.9 Hz, J = 12.3 Hz,
J = 11.5 Hz, H-20), 0.86 (s, 9H, (SiACA(CH3)3), 0.00 (s, 6H, (2�
SiACH3). 13C NMR (125 MHz, CDCl3): d 172.3 (C@OANH2), 170.8
(2� OAc), 78.9 (C-5), 75.3 (C-3), 74.9 (C-1), 69.7 (C-4), 63.4 (CH2-

OAc), 33.8 (C-2), 31.2 (SiACA(CH3)3), 26.1 (SiACA(CH3)3), 21.7
(OAc), 21.3 (OAc), �2.0 (2� SiACH3). MS (ES) m/z: calculated for
C17H35N2O7Si [M+NH4]+ 407.2214, found 407.2280.

4.1.1.4. (±) Ethyl-2-((2R,4R,5S,6R)-4-acetoxy-6-(acetoxymethyl)-
5-(tert-butyldimethylsilyloxy)tetrahydro-2H-pyran-2-yl)thia-
zole-4-carboxylate (20). Compound 19 (80 mg, 0.20 mmol,
1.0 equiv) was dissolved in dry toluene (10 mL) and P2S5 (50 mg,
0.20 mmol, 1.0 equiv) was added to the solution. The reaction mix-
ture was heated at reflux for 90 min, then cooled down to RT and
washed with satd NaHCO3 (5 mL). The organic phase was then
dried over MgSO4 and concentrated under reduced pressure. The
residue was purified by column chromatography with pet. ether/
EtOAc (7:3) as eluent to afford pure product. The thioamide inter-
mediate (40 mg, 0.10 mmol, 1.0 equiv) was dissolved in absolute
EtOH (10 mL) and ethyl bromopyruvate (0.012 mL, 0.10 mmol,
1.0 equiv) was added to the solution followed by 4 ÅA

0

molecular
sieves. The reaction mixture was heated to reflux for 2.5 h, cooled
down, filtered and concentrated under reduced pressure. The resi-
due was re-dissolved in EtOAc (15 mL) and the organic phase was
washed with satd NaHCO3 (10 mL), dried over MgSO4 and concen-
trated under reduced pressure. The residue was purified by column
chromatography with pet. ether/EtOAc (7:3) as eluent to afford
pure 20. Yellow oil. Yield: 45 mg, 40% over two steps. 1H NMR
(500 MHz, CDCl3): d 8.12 (s, 1H, C@CH AS), 4.92 (ddd, 1H,
J = 11.3 Hz, J = 8.9 Hz, J = 4.8 Hz, H-3), 4.88 (dd, 1H, J = 11.7 Hz,
J = 2.1 Hz, H-1), 4.50 (ABX, 1H, Ja,a0 = 12.0 Hz, Ja0 ,b = 1.9 Hz, CH2OAc),
4.39 (q, 2H, J = 7.0 Hz, CH2CH3), 4.21 (ABX, Ja,a0 = 12.0 Hz, J
ab = 5.0 Hz, CH2OAc), 3.76 (dd, 1H, J = 9.2 Hz, J = 9.0 Hz, H-4), 3.64
(ddd, 1H, J = 9.4 Hz, J = 5.0 Hz, J = 1.8 Hz, H-5), 2.87 (ddd, 1H,
J = 12.8 Hz, J = 5.0 Hz, J = 2.2 Hz, H-2), 1.66 (ddd, 1H, J = 12.7 Hz,
J = 12.0 Hz, J = 11.6 Hz, H-20), 1.38 (t, 3H, J = 7.1 Hz, CH2CH3), 0.85
(s, 9H, (SiACA(CH3)3), 0.05 (s, 6H, (2� SiACH3). 13C NMR
(125 MHz, CDCl3): d 170.9 (SAC @N), 170.1 (OAc), 161.5 (O@C
AOEt), 147.2 (C@CHAS), 127.9 (C@CHAS), 80.7 (C-5), 79.1 (C-1),
75.0 (C-4), 70.2 (C-3), 66.6 (CH2OAc), 61.6 (CH2CH3), 38.7 (C-2),
29.2 (SiACA(CH3)3), 25.9 (SiACA(CH3)3), 21.5 (OAc), 21.1 (OAc),
14.5 (CH2CH3), �0.5 (2� SiACH3). MS (ES) m/z: calculated for C22-

H36NO8SSi [M+H]+ 502.1931, found 502.1935.

4.1.1.5. (±) 2-((2R,4R,5S,6R)-4,5-Dihydroxy-6-(hydroxymethyl)
tetrahydro-2H-pyran-2-yl)thiazole-4-carboxamide (7). To a
solution of 20 (30 mg, 0.061 mmol, 1.0 equiv) in dry THF (3 mL)
was added TBAF (0.073 mL, 0.073 mmol, 1 M in THF, 1.2 equiv).
The mixture turned yellow/orange. This solution was stirred for
24 h to ensure full desilylation and was then concentrated under
reduced pressure. The crude residue was then re-dissolved in dry
MeOH (7 mL) and ammonia gas was bubbled through the solution
at �78 �C for 15 min. The flask was sealed and the reaction mixture
was allowed to warm up to rt overnight. The solution was then
concentrated under reduced pressure. The residue was purified
by column chromatography with CHCl3/EtOH (9:1) as eluent to
afford carboxamide 7. Yellow oil. Yield: 1.5 mg, 9%. 1H NMR
(500 MHz, CD3CN): d 8.15 (s, 1H, C@CH AS), 4.77 (dd, 1H,
J = 11.3 Hz, J = 1.9 Hz, H-1), 3.71–3.68 (m, 1H, H-3), 3.63–3.54 (m,
2H, H-6), 3.33 (ddd, 1H, J = 9.4 Hz, J = 5.6 Hz, J = 2.7 Hz, H-5), 3.16
(dd, 1H, J = 9.8 Hz, J = 8.3 Hz, H-4), 2.36 (ddd, 1H, J = 12.7 Hz,
J = 4.8 Hz, J = 2.2 Hz, H-2), 1.65–1.61 (m, 1H, H-20). 13C NMR
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(125 MHz, MeOD): d 171.7 (SAC @N), 163.2 (C@OANH2), 150.9
(C @CHAS), 129.2 (C@C HAS), 81.7 (C-5), 75.2 (C-1), 72.3 (C-3),
72.0 (C-4), 62.1 (C-6), 40.2 (C-2).

4.1.2. Synthesis of 8
4.1.2.1. (Z)-1-(Trimethylsilyl)propyl-5-(tert-butyldimethylsilyl-
oxy)-4-trimethylsilylmethyl-pent-4-en-2-ol (22). General ene-
reaction was carried out using compound 12 with TMS-propynal
21. Clear oil. Yield: 302 mg, 55%. 1H NMR (500 MHz, CDCl3): d
5.97 (s, 1H, C@CH), 4.22–4.16 (m, 1H, CHOH), 2.10 (ABX, 1H, Ja,a-
0 = 11.0 Hz, Ja,b = 4.4 Hz, CH2CHOH), 2.04 ((ABX, 1H, Ja,a0 = 11.0 Hz,
Ja0 ,b = 5.2 Hz, CH2CHOH)), 1.80 (d, 1H, J = 4.7 Hz, OH), 1.53 (AB, 1H,
J = 13.2 Hz, CH2-TMS), 1.24 (AB, 1H, J = 13.3 Hz, CH2-TMS), 0.75 (s,
9H, (SiACA(CH3)3), 0.08 (s, 6H, 2� SiACH3), 0.0 (s, 18H, 2� TMS).
13C NMR (125 MHz, CDCl3): d 135.6 (C@CH), 113.5 (C@CH), 107.0
(C„C-TMS), 89.4 (C„C-TMS), 60.6 (CHOH), 42.2 (CH2CHOH), 29.9
((SiACA(CH3)3), 25.9 (SiACA(CH3)3), 17.6 (CH2-TMS), 0.05 (TMS),
�0.4 (TMS), �2.3 (2� SiACH3). MS (ES) m/z: calculated for C19H40-

O2Si3Na [M+Na] 407.2234, found 407.2247.

4.1.2.2. (±) tert-Butyldimethyl-((2R,3S,6R)-4-methylene-2-((E)-
prop-1-enyl)-6-((trimethylsilyl)ethynyl)tetrahydro-2H-pyran-3
-yloxy)silane (23). The cyclisation of 22 with crotonaldehyde 13
was carried out using the general Sakurai cyclisation procedure. To
a solution of TMS-alkyne protected cyclised intermediate (0.13 g,
0.36 mmol, 1.0 equiv) in dry MeOH (5 mL) was added K2CO3

(35 mg, 0.25 mmol, 0.7 equiv). The reaction mixture was stirred at
rt for 24 h. The solution was then diluted with EtOAc (20 mL) and
the organic phase was washed with satd NH4Cl (15 mL), dried over
MgSO4 and concentrated under reduced pressure. The residue was
purified by column chromatography with pet. ether/EtOAc (8:2) as
eluent to afford pure alkyne 23. Yellow oil. Yield: 96 mg, 42% over
two steps. 1H NMR (500 MHz, CDCl3): d 5.74 (dq, 1H, J = 15.3 Hz,
J = 6.2 Hz, CH3CH @CH), 5.47 (ddq, 1H, J = 15.3 Hz, J = 7.9 Hz,
J = 1.5 Hz, CH3CH@CH), 5.08 (d, 1H, J = 1.2 Hz, C@CH2), 4.87 (d, 1H,
J = 1.2 Hz, C@CH2), 4.11 (dd, 1H, J = 11.2 Hz, J = 2.7 Hz, H-1), 3.80
(d, 1H, J = 8.7 Hz, H-4), 3.47 (dd, 1H, J = 8.7 Hz, J = 8.1 Hz, H-5),
2.62 (dd, 1H, J = 13.5 Hz, J = 2.7 Hz, H-2), 2.49 (dd, 1H, J = 13.3 Hz,
J = 11.5 Hz, H-20), 1.71 (dd, 3H, J = 6.6 Hz, J = 1.8 Hz, CH3CH@CH),
0.91 (s, 9H, (SiACA(CH3)3), 0.16 (s, 6H, 2� SiACH3), 0.09 (s, 9H,
TMS). 13C NMR (125 MHz, CDCl3): d 144.2 (C@CH2), 129.6 (CH3-

CH@CH), 129.3 (CH3C H@CH), 114.0 (C@CH2), 108.3 (C „C-TMS),
107.1 (C„C-TMS), 83.7 (C-4), 80.9 (C-1), 67.2 (C-5), 40.9 (C-2),
28.7 (SiACA(CH3)3), 24.7 (SiACA(CH3)3), 16.9 (CH3CH@CH), 0.0
(TMS), �5.5 (2� SiACH3). MS (EI) m/z: calculated for C20H3O2Si2

[M]+ 364.2254, found 364.2253.

4.1.2.3. (±) tert-Butyldimethyl((2R,3S,6R)-6-(1,3-dihydro-iso-be
nzofuran-5-yl)-4-methylene-2-((E)-prop-1-enyl)tetrahydro-2H-
pyran-3-yloxy)silane (24). To a solution of alkyne 23 (0.10 g,
0.34 mmol, 1.0 equiv) in dry toluene (10 mL) was added Wilkin-
son’s catalyst RhCl(PPh3)3 (10 mg, 3 mol%) under argon. Propargyl
ether (0.05 mL, 0.51 mmol, 1.5 equiv) was then added to the solu-
tion drop-wise via a syringe over 1 h. The reaction mixture was
stirred at rt for 24 h and was then concentrated under reduced
pressure. The residue was purified by column chromatography
with petroleum ether (60–80)/EtOAc (4:1) as eluent to afford pure
24. Yellow oil. Yield: 40 mg, 31%. 1H NMR (500 MHz, CDCl3): d 7.29
(d, 1H, J = 8.5 Hz, Ar), 7.24 (s, 1H, Ar), 7.18 (d, 1H, J = 8.2 Hz, Ar),
5.78 (dq, 1H, J = 15.5 Hz, J = 6.5 Hz, CH3CH @CH), 5.55 (ddq, 1H,
J = 15.1 Hz, J = 7.7 Hz, J = 1.4 Hz, CH3CH@CH), 5.08 (s, 4H, 2�
CH2O), 5.01 (s, 1H, C@CH2), 4.92 (s, 1H, C@CH2), 4.41 (dd, 1H,
J = 11.5 Hz, J = 2.0 Hz, H-1), 3.88 (d, 1H, J = 8.5 Hz, H-4), 3.67 (dd,
1H, J = 8.2 Hz, J = 8.0 Hz, H-5), 2.60 (dd, 1H, J = 13.5 Hz, J = 2.5 Hz,
H-2), 2.39 (dd, 1H, J = 13.0 Hz, J = 11.5 Hz, H-20), 1.72 (dd, 3H,
J = 6.5 Hz, J = 1.0 Hz, CH3CH@CH), 0.93 (s, 9H, (SiACA(CH3)3), 0.06
(s, 6H, 2� SiACH3). 13C NMR (125 MHz, CDCl3): d 146.8 (Ar),
141.3 (C@CH2), 139.4 (Ar), 138.5 (Ar), 130.1 (CH3CH@CH), 129.7
(CH3CH@CH), 125.3, 120.7, 118.5 (Ar), 107.1 (C@CH2), 84.8 (C-1),
80.3 (C-4), 74.2 (C-5), 73.5 (CACH2O), 73.4 (CACH2O), 43.8 (C-2),
30.9 (SiACA(CH3)3), 25.8 (SiACA(CH3)3), 17.9 (CH3CH@CH), �4.5
(2� SiACH3). MS (EI) m/z: calculated for C23H34O3Si [M]+

386.2277, found 386.2281.

4.1.2.4. (±) ((2R,3S,4R,6R)-4-Acetoxy-3-(tert-butyldimethylsilyl-
oxy)-6-(1,3-dihydro-iso-benzofu-ran-5-yl)tetrahydro-2H-pyran
-2-yl)methyl acetate (25). General ozonolysis procedure was
carried out on compound 24, followed by acetylation as described
for compound 19. Yellow oil. Yield: 51 mg, 21% over 3 steps. 1H
NMR (500 MHz, CDCl3): d 7.40–7.28 (m, 3H, Ar), 5.17 (d, 4H,
J = 2.4 Hz, CH2O), 4.91 (ddd, 1H, J = 11.4 Hz, J = 8.9 Hz, J = 5.0 Hz,
H-3), 4.56 (dd, 1H, J = 11.2 Hz, J = 1.4 Hz, H-1), 4.47 (ABX, 1H, Ja,a-
0 = 11.8 Hz, Ja0 ,b = 1.8 Hz, CH2OAc), 4.20 (ABX, Ja,a0 = 11.8 Hz, J
ab = 4.9 Hz, CH2OAc), 3.78 (dd, 1H, J = 9.2 Hz, J = 9.0 Hz, H-4), 3.60
(ddd, 1H, J = 9.3 Hz, J = 4.9 Hz, J = 1.7 Hz, H-5), 2.42 (ddd, 1H,
J = 13.0 Hz, J = 4.9 Hz, J = 1.6 Hz, H-2), 2.10 (s, 6H, 2� OAc), 1.91
(dd, 1H, J = 13.0 Hz, J = 11.5 Hz, H-20), 0.87 (s, 9H, (SiACA(CH3)3),
0.10 (s, 6H, 2� SiACH3). 13C NMR (125 MHz, CDCl3): d 172.4 (2�
OAc), 146.4, 138.5, 136.7, 128.3, 127.5, 125.9 (Ar), 83.8 (C-5),
81.3 (C-4), 80.5 (C-1), 73.1 (CH2O), 72.8 (C-3), 61.8 (CH2OAc),
35.7 (C-2), 30.9 (SiACA(CH3)3), 26.2 (SiACA(CH3)3), 19.8 (2�
OAc), �2.4 (2� SiACH3). MS (ES) m/z: calculated for C24H37O7Si
[M+H]+ 465.2309, found 465.2317.

4.1.2.5. (±) (2R,3S,4R,6R)-6-(1,3-Dihydro-iso-benzofuran-5-yl)-
2-(hydroxymethyl)tetrahydro-2H-pyran-3,4-diol (8). See pro-
cedure used for the preparation of compound 7. Clear oil. Yield:
7 mg, 57% over two steps. 1H NMR (500 MHz, D2O): d 7.42 (s, 1H,
Ar), 7.35 (d, 1H, J = 7.9 Hz, Ar), 7.32 (d, 1H, J = 8.1 Hz, Ar), 4.68 (s,
2H, CH2O), 4.67 (s, 2H, CH2O), 4.61 (dd, 1H, J = 11.5 Hz, J = 4.9 Hz,
H-1), 3.87–3.79 (m, 1H, H-3), 3.80 (ABX, 1H, Ja,a0 = 12.1 Hz, Ja0 ,-

b = 3.6 Hz, CH2OH), 3.72 (ABX, Ja,a0 = 12.1 Hz, Jab = 5.4 Hz, CH2OH),
3.45 (ddd, 1H, J = 9.7 Hz, J = 5.4 Hz, J = 3.4 Hz, H-5), 3.37 (dd, 1H,
J = 9.5 Hz, J = 9.1 Hz, H-4), 2.21 (ddd, 1H, J = 12.9 Hz, J = 4.9 Hz,
J = 1.9 Hz, H-2), 1.72 (ddd, 1H, J = 12.9 Hz, J = 12.3 Hz, J = 11.6 Hz,
H-20). 13C NMR (125 MHz, D2O): d 143.1, 141.1, 140.8, 131.8,
129.6, 129.1 (Ar), 82.9 (C-5), 80.2 (C-1), 75.0 (C-3), 73.9 (C-4),
64.0 (CH2OH), 63.8 (CH2O), 63.7 (CH2O), 42.6 (C-2). MS (ES) m/z:
calculated for C14H17O5 [M�H]+ 265.1076, found 265.108.

4.1.3. Synthesis of 9
4.1.3.1. 3-Formyl-N-(2-hydroxy-1,1-dimethyl-ethyl)-benzamide
(26). Thionyl chloride (4.9 mL, 66.7 mmol, 10.0 equiv) was added
to a suspension of 3-formylbenzoic acid (1.0 g, 6.7 mmol, 1.0 equiv)
in dry toluene (50 mL) under argon. This was stirred at reflux for
2 h, and it turned from a suspension to a solution and was then
allowed to cool to rt. The toluene and excess thionyl chloride was
removed under vacuum. This crude mixture was dissolved in
dry CH2Cl2 (30 mL) and 2-amino-2-methyl-propanol (1.3 mL,
13.3 mmol, 2.0 equiv) was slowly added dropwise at 0 �C. This
was stirred for 5 h and then filtered and concentrated to provide a
dull yellow oil. This residue was purified by column chromatogra-
phy with CHCl3/EtOH (98:2) as eluent to afford pure 26. White solid.
Yield: 1.04 g, 77% over two steps. 1H NMR (500 MHz, CDCl3): d 10.06
(s, 1H, O@C-H), 8.20 (t, 1H, J = 1.5 Hz, Ar), 8.06 (ddd, 1H, J = 7.7 Hz,
J = 1.8 Hz, J = 1.3 Hz, Ar), 8.01 (td, 1H, J = 7.6 Hz, 1.4 Hz, Ar), 7.63
(t, 1H, J = 7.7 Hz, Ar), 6.37–6.48 (m, 1H, C@OANH), 4.41–4.54 (m,
1H, OH), 3.72 (s, 2H, CH2), 1.45 (s, 6H, 2� CH3). 13C NMR
(125 MHz, CDCl3): d 191.9 (O@C-H), 167.3 (C @OANH), 136.8,
136.3, 133.5, 133.1, 129.9, 127.8 (Ar), 70.8 ((CH3)2ACACH2), 57.1
(CH2), 25.0 (2� CH3). MS (ES) m/s: C12H14O3N calculated [M�H]+

�220.0974, actual [M�H]+ �220.0970.
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4.1.3.2. (E)-4-Hydroxy-4-(3-(1-hydroxy-2-methylpropan-2-yl-
carbamoyl)phenyl)-2-((trimethylsilyl)methyl)but-1-enyl diiso-
propylcarbamate (28). A solution of TMEDA (1.66 mL,
11.1 mmol, 3.0 equiv) in dry Et2O (20 mL) at �78 �C under argon
was prepared. To this solution was added sec-BuLi (1.40 M,
7.92 mL, 3.0 equiv). After 15 min, a solution of carbamate 2728

(1.0 g, 3.7 mmol, 1.0 equiv) in dry Et2O (20 mL) was syringed drop
wise at �78 �C. The reaction mixture turned yellow and was stirred
for 30 min. Neat Ti(OiPr)4 (5.51 mL, 18.4 mmol, 5.0 equiv) was
added at �78 �C and the dark orange mixture was stirred for
30 min. A solution of aldehyde 26 (0.57 mL, 5.54 mmol, 1.5 equiv)
in dry Et2O (20 mL) was syringed into the main reaction mixture
which subsequently turned yellow. The reaction was rapidly
warmed-up to 0 �C and stirred for 1 h. The mixture was then
poured onto cold 1 M HCl (100 mL) and the resulting solution
extracted with Et2O (2 � 50 mL). The organic layers were mixed
and washed with satd NaHCO3 (50 mL), brine (50 mL), dried
(MgSO4) and concentrated under vacuum. The residue was purified
by column chromatography with pet. ether/EtOAc (1:1) as eluent
to afford pure 28. White solid. Yield: 0.79 g, 45% over two steps.
1H NMR (500 MHz, CDCl3): d 7.53–7.60 (m, 2H, Ar), 7.44 (d, 1H,
J = 7.7 Hz, Ar), 7.33 (t, 1H, J = 7.6 Hz, Ar), 6.65 (s, 1H, C@CH),
6.30–6.37 (m, 1H, C@ONH), 4.77–4.85 (m, 1H, CHOH), 3.69–3.98
(m, 2H, O@CNCH(CH3)2), 3.62 (d, 2H, J = 5.7 Hz, (CH3)2ACACH2),
2.60 (ABX, 1H, Ja,a0 = 13.4 Hz, Ja,b = 8.6 Hz, CH2ACHOH), 2.24 (ABX,
1H, Ja,a0 = 13.4 Hz, Ja0 ,b = 5.2 Hz, CH2ACHOH), 1.30–1.45 (m, 8H, CH2-

TMS, (CH3)2ACACH2), 1.17 (d, 6H, J = 3.3 Hz, O@CNCH(CH3)2), 1.15
(d, 6H, J = 3.3 Hz, O@CNCH(CH3)2), 0.00 (s, 9H, TMS). 13C NMR
(125 MHz, CDCl3): d 169.9 (C @OANH), 154.5 (O@CNCH(CH3)2,
146.0, 136.3, 133.8, 129.9, 129.7, 127.3, 125.4, 119.4 (Ar, C@CH,
C@CH), 72.6 (CHOH), 72.0 ((CH3)2ACACH2), 57.7 (CH2OH), 47.3–
48.0 (2� O@CNCH(CH3)2), 42.2 (CH2ACHOH), 25.9 (2� CH3), 22.1
(CH2-TMS), 21.3–22.7 (2� O@CNCH(CH3)2), 0.0 (TMS). MS (ES) m/
s: C26H45O5N2Si calculated [M+H]+ �493.3092, actual [M+H]+

�493.3112.

4.1.3.3. (±) (2R,3R,6R)-6-(3-(4,4-Dimethyl-4,5-dihydrooxazol-2-
yl)phenyl)-4-methylene-2-((E)-prop-1-enyl)tetrahydro-2H-
pyran-3-yl diisopropylcarbamate (29). The cyclisation of 28
with crotonaldehyde 13 was carried out using the general Sakurai
cyclisation procedure. The purified intermediate (40 mg,
0.07 mmol, 1.0 equiv) was dissolved in dry CH2Cl2 (10 mL) and
dry NEt3 (2 mL). At 0 �C mesyl chloride (13.5 lL, 0.15 mmol,
2.0 equiv) was syringed into the mixture under argon and was stir-
red at 0 �C for �1 h, warmed to rt and stirred for further 24 h. The
mixture was concentrated and submitted directly to column chro-
matography purification with pet. ether/EtOAc (1:1) as eluent to
afford pure 29. Yellow oil. Yield: 30 mg, 66% over two steps. 1H
NMR (500 MHz, CDCl3): d 7.87 (s, 1H, Ar), 7.78 (d, 1H, J = 7.7 Hz,
Ar), 7.51 (d, 1H, J = 7.7 Hz, C@CH), 5.76 (dq, 1H, J = 15.4 Hz,
J = 6.4 Hz, CH3CH @CH), 5.54 (ddq, 1H J = 15.5 Hz, J = 6.0 Hz,
J = 1.5 Hz, CH3CH@CH), 5.18 (s, 1H, C@CH2), 5.16 (s, 1H, C@CH2),
4.97 (s, 1H, H-4), 4.43 (dd, 1H, J = 11.3 Hz, J = 2.7 Hz, H-1), 4.01–
4.21 (m, 4H, O@CNCH(CH3)2, (CH3)2ACACH2, H-5), 3.54–3.77 (m,
1H, O@CNCH(CH3)2), 2.50 (dd, 1H, J = 13.6 Hz, J = 1.3 Hz, H-2),
2.34 (dd, 1H, J = 13.6 Hz, J = 2.7 Hz, H-20), 1.63 (dd, 3H, J = 6.4 Hz,
J = 1.5 Hz, CH3), 1.31 (s, 6H, (CH3)2ACACH2), 1.03–1.26 (m, 12H,
O@CNCH(CH3)2). 13C NMR (125 MHz, CDCl3): d 160.9 (C@N), 154.2
(C@O), 141.5, 141.1, 127.8, 127.6, 127.5, 127.1, 126.7, 126.4, 125.1
(arom, C-3, C-6, C-7), 113.1 (C@CH2), 80.2 (C-5), 79.2 (C-1), 78.1
((CH3)2ACACH2), 73.3 (C-4), 66.6 ((CH3)2ACACH2), 44.0–46.2 (2�
O@CNCH(CH3)2), 38.5 (C-2), 27.4 (2� CH3), 19.3–21.1 (2�
O@CNCH(CH3)2), 17.0 (CH3AC@C). MS (ES) m/s: C27H39O4N2 calcu-
lated [M+H]+ �455.2910, actual [M+H]+ �455.2928.
4.1.3.4. (±) (2R,3R,4R,6R)-6-(3-(4,4-Dimethyl-4,5-dihydrooxazol-
2-yl)phenyl)-2-(hydroxymethyl)tetrahydro-2H-pyran-3,4-diol
(30). General ozonolysis procedure was carried out on com-
pound 29. White solid. Yield: 252 mg, 85% over three steps. 1H
NMR (300 MHz, CDCl3): 7.85 (s, 1H, arom), 7.80 (d, 1H, J = 7.6 Hz,
arom), 7.40 (d, 1H, J = 7.8 Hz, arom), 7.32 (t, 1H, J = 7.8 Hz, arom),
5.15 (d, 1H, J = 2.9 Hz, H-4), 4.47 (dd, 1H, J = 1.9 Hz, 11.5 Hz, H-1),
3.97–4.18 (m, 3H, O@CNCH(CH3)2, CH2ACA(CH3)2), 3.63–3.81 (m,
3H, O@CNCH(CH3)2, H-6, H-60), 3.49–3.61 (m, 1H, H-5), 3.38–3.47
(m, 1H, H-3), 2.07 (ddd, 1H, J = 13.1 Hz, J = 4.4 Hz, J = 1.8 Hz, H-2),
1.85 (dd, 1H, J = 13.1 Hz, J = 11.5 Hz, H-20), 1.31 (s, 6H, CH2-

ACA(CH3)2), 1.31–1.34 (m, 3H, O@CNCH(CH3)2), 1.27 (d, 3H,
J = 6.8 Hz, O@CNCH(CH3)2), 1.17 (d, 6H, J = 6.8 Hz, 2�
O@CNCH(CH3)2). 13C NMR: d 162.3 (C@N), 158.2 (C@O), 141.3,
130.2, 128.9, 128.1, 127.1, 126.4 (arom), 19.5, 78.5, 78.2 (C-1, C-
5, (CH3)2ACACH2), 70.3 (C-4), 69.6 (C-3), 67.0 (CH3)2ACACH2),
61.2 (C-6), 40.2–44.1 (2� O@CNCH(CH3)2), 38.7 (C-2), 28.8 (CH2-

ACA(CH3)2), 20.8–21.7 (2� O@CNCH(CH3)2). MS (ES) m/s:
C24H37O6N2 calculated [M+H]+ �449.2652, actual [M+H]+

�449.2658.

4.1.3.5. (±) 3-[(2R,4R,5R,6R)-4,5-Dihydroxy-6-(hydroxy-
methyl)tetrahydropyran-2-yl]benzoic acid (9). Compound
30 (88 mg, 0.2 mmol, 1.0 equiv) was dissolved in dry THF (10 mL)
and at 0 �C LiAlH4 (15 mg, 0.4 mmol, 2.0 equiv) was added in one
portion and heated to reflux. After stirring for 2 h a further 3 equiv
of LiAlH4 was added to the cooled mixture, and again brought to
reflux and stirred for further 18 h. The mixture was cooled to rt
and EtOAc was added to consume the excess LiAlH4. The mixture
was then filtered through a pad of Celite and washed through with
MeOH. The organics were concentrated and purified by column
chromatography with pet. ether/EtOAc (1:1) as eluent to afford
the pure deprotected intermediate. The pure pyran intermediate
(50 mg, 0.16 mmol, 1.0 equiv) was then dissolved in dry THF
(10 mL) and to this was added NaH (63 mg, 60% in mineral oil,
1.56 mmol, 10.0 equiv), followed by 15-crown-5 (0.25 mL,
1.25 mmol, 8.0 equiv) and TBAI (20 mg, 0.05 mmol, 0.3 equiv).
Benzyl bromide (0.12 mL, 0.95 mmol, 6.0 equiv) was syringed into
this suspension at rt and stirred under nitrogen. This was stirred
for 24 h or until completion by TLC and then H2O (10 mL) was
added and extracted with CH2Cl2 (2 � 20 mL), dried (MgSO4) and
concentrated under reduced pressure. The residue was purified
by column chromatography with pet. ether/EtOAc (7:3) as eluent
to afford pure product. The tribenzylated intermediate was dis-
solved in nitromethane (8 mL) and methyl iodide (1 mL) was
added to this solution and heated to reflux under argon. The solu-
tion was stirred for 24 h and the mixture was evaporated, and the
residue was re-dissolved in MeOH (10 mL) and 20% KOH (3 mL)
and refluxed for 44 h. The mixture was reduced to half its volume
under reduced pressure, and then neutralised with HCl and
extracted with EtOAc (3 � 10 mL). The organic phase was dried
(MgSO4) and concentrated. The residue was purified by column
chromatography with CHCl3/EtOH (95:5) as eluent to afford prod-
uct. Hydrogenation over a 10% Pd/C catalyst in MeOH followed to
cleanly afford pure product after concentration. Clear gum. Yield:
19 mg, 39% over five steps. 1H NMR (500 MHz, MeOD): d 8.01 (s,
1H, Ar), 7.83 (dt, 1H, J = 7.6 Hz, J = 1.5 Hz, Ar), 7.59 (d, 1H,
J = 7.6 Hz, Ar), 7.34 (t, 1H, J = 7.6 Hz, Ar), 4.83 (d, 1H, J = 4.5 Hz,
H-1), 4.41–4.44 (m, 1H, H-5), 3.64–3.80 (m, 3H, CH2OH, H-3),
3.50 (m, 1H, H-4), 1.78–1.82 (m, 2H, H-2). 13C NMR (125 MHz,
MeOD): d 169.9 (C@O), 144.1, 132.0, 131.9, 129.8, 129.4, 128.6
(Ar), 80.9 (C-5), 78.9 (C-1), 71.1 (C-3), 69.1 (C-4), 63.4 (CH2OH),
37.6 (C-2). MS (ES) m/z: calculated for C13H15O6 [M�H]+

267.0869, found 267.0882.
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4.1.4. Synthesis of 10
4.1.4.1. (Z)-1-Benzyloxy-5-[tert-butyl(dimethyl)silyl]oxy-4-(tri-
methylsilylmethyl)pent-4-en-2-ol (32). General ene-reaction
was carried out using compound 12 with benzyloxyacetaldehyde63

31. Clear oil. Yield: 6.2 g, 52%. 1H NMR (500 MHz, CDCl3): d 7.25–
7.35 (m, 5H, arom-benzyl), 6.06 (s, 1H C@CH), 4.55 (s, 2H, CH2-ben-
zyl), 3.84–3.89 (m, 1H, CHOH), 3.48 (ABX, 1H, Ja,a0 = 9.6 Hz, Ja,-
b = 6.8 Hz, CH2AOBn), 3.36 (ABX, 1H, Ja,a0 = 9.6 Hz, Ja0 ,b = 3.2 Hz,
CH2-OBn), 1.95–2.04 (m, 2H, HC@CACH2), 1.59 (AB, d, 1H,
J = 13.4 Hz, TMSACH2), 1.38 (AB, d, 1H, J = 13.4 Hz, TMSACH2),
0.90 (s, 9H, SiACA(CH3)3), 0.08 (s, 3H, SiACH3), 0.07 (s, 3H,
SiACH3), 0.00 (s, 9H, TMS). 13C NMR (125 MHz, CDCl3): d 138.9,
134.9, 129.1, 128.4, 128.4 (arom and C@CH), 115.1 (C@CH), 74.8
(CH2-OBn), 74.1 (CH2-Ph), 68.8 (CHOH), 38.4 (HC@CACH2), 26.4
(SiACA(CH3)3), 18.8 (SiACA(CH3)3), 0.0 (TMS), �4.5 (2� SiACH3).
MS (ES) m/s: C22H40Si2O3: calculated [M+Na]+ �431.2440, actual
[M+Na]+ �431.2418.

4.1.4.2. (±) [(2R,3S,6R)-6-(Benzyloxymethyl)-4-methylene-2-[(E)
-prop-1-enyl]tetrahydropyran-3-yl]oxy-tert-butyl(dimethyl)sila
ne (33). The cyclisation of 32 with crotonaldehyde 13 was car-
ried out using the general Sakurai cyclisation procedure. Clear
oil. Yield: 509 mg, 53%. 1H NMR (500 MHz, CDCl3): d 7.25–7.33
(m, 5H, arom-benzyl), 5.72 (dq, 1H, J = 15.3 Hz, J = 6.5 Hz, CH3CH
@CH), 5.46 (ddq, 1H, J = 15.3 Hz, J = 7.7 Hz, J = 1.6 Hz, CH3CH@CH),
5.03 (br s, 1H, C@CH2), 4.83 (br s, 1H, C@CH2), 4.55 (s, 2H, CH2Ph),
3.75 (d, 1H, J = 8.7 Hz, H-4), 3.59–3.54 (m, 1H, H-1), 3.53–3.48 (m,
1H, H-5), 3.52 (ABX, dd, 1H, Ja,a0 = 9.8 Hz, Ja,b = 5.1 Hz, CH2OBn), 3.44
(ABX, dd, 1H, Ja,a0 = 9.8 Hz, Ja0 ,b = 4.7 Hz, CH2OBn), 2.40 (dd, 1H,
J = 13.3 Hz, J = 2.3 Hz, H-2), 2.18 (dd, 1H, J = 13.3 Hz, J = 11.3 Hz,
H-20), 1.69 (dd, 3H, J = 6.5 Hz, J = 1.5 Hz, CH3CH@CH), 0.88 (s, 9H,
SiACA(CH3)3), 0.01 (s, 3H, SiACH3), 0.00 (s, 3H, SiACH3). 13C NMR
(125 MHz, CDCl3): d 146.6 (C@CH2), 138.4 (arom), 130.2 (CH3-

CH@CH), 130.1 (CH3C H@CH), 128.5, 127.9, 127.8 (arom), 107.2
(C@CH2), 84.8 (C-5), 84.6 (C-1), 74.2 (C-4), 73.6 (CH2Ph), 72.7 (CH2-

OBn), 38.2 (C-2), 25.9 (SiACA(CH3)3), 18.4 (CH3CH@CH), 17.8 (SiAC
A(CH3)3), �3.8 (SiACH3), �4.3 (SiACH3). MS (ES) m/z: calculated
for C23H37O3Si [M+H]+ 389.2512, found 389.2521.

4.1.4.3. (±) (2R,3S,4R,6R)-6-(Benzyloxymethyl)-3-[tert-butyl(di-
methyl)silyl]oxy-2-(hydroxymethyl) tetrahydropyran-4-ol
(34). General ozonolysis procedure was carried out on 33. White
solid. Yield: 481 mg, 72% over three steps. 1H NMR (500 MHz,
CDCl3): d 7.15–7.26 (m, 5H, arom-benzyl), 4.44 (s, 2H, CH2Ph),
3.69–3.76 (m, 1H, CH2OBn), 3.59 (dddd, 1H, J = 11.7 Hz, J = 5.9 Hz,
J = 4.1 Hz, J = 2.1 Hz, H-1), 3.47–3.55 (m, 2H, CH2OBn, H-5), 2.61
(ABX, 1H, Ja,a0 = 10.2 Hz, Ja,b = 6.0 Hz, CH2OH), 2.52 (ABX, 1H, Ja,a-
0 = 10.2 Hz, Ja0 ,b = 4.2 Hz, CH2OH), 3.23 (dd, 1H, J = 9.3 Hz,
J = 8.6 Hz, H-4), 3.11 (ddd, 1H, J = 9.3 Hz, J = 5.5 Hz, J = 2.8 Hz, H-
3), 1.86 (ddd, 1H, J = 12.8 Hz, J = 5.0 Hz, J = 2.0 Hz, H-2), 1.34 (dt,
1H, J = 12.8 Hz, J = 11.7 Hz, H-20), 0.78 (s, 9H, SiACA(CH3)3), 0.02
(s, 3H, SiACH3), 0.00 (s, 3H, SiACH3). 13C NMR (125 MHz, CDCl3):
d 138.0, 128.5, 127.8, 127.7 (arom), 79.9 (C-5), 74.7 (C-1), 73.6
(C-4), 73.4 (C-3), 73.4 (CH2Ph), 72.6 (CH2OBn), 62.3 (CH2OH), 34.4
(C-2), 25.9 (SiACA(CH3)3), 18.2 (SiACA(CH3)3), �3.9 (SiACH3),
�4.7 (SiACH3). MS (ES) m/z: calculated for C20H34O5Si [M+Na]+

405.2021, found 405.2073.

4.1.4.4. (±) Dibenzyl[(2R,3S,4R,6R)-6-(benzyloxymethyl)-3-[tert-
butyl(dimethyl)silyl]oxy-4-hydroxy-tetrahydropyran-2-yl]meth
yl phosphate (35). Pyran 34 (140 mg, 0.37 mmol, 1.0 equiv) was
dissolved in dry pyridine (8 mL) under nitrogen. To this mixture a
solution of freshly prepared dibenzylchlorophosphate60 (163 mg,
0.55 mmol, 1.5 equiv) dissolved in dry CH2Cl2 (5 mL) was added
dropwise at 0 �C. The solution was allowed to warm to rt and stir-
red for 24 h. Addition of H2O (1 mL) was followed by concentration
of the mixture under vacuum. The residue was purified by column
chromatography with pet. ether/EtOAc (3:2) as eluent to afford
pure 35. Clear oil. Yield: 155 mg, 66%. 1H NMR (500 MHz, CDCl3):
d 7.15–7.29 (m, 15H, arom-benzyl), 4.92–4.98 (m, 4H, 2� CH2Ph),
4.39 (AB, 1H, J = 12.0 Hz, CH2Ph), 4.35 (AB, 1H, J = 12.0 Hz, CH2Ph),
4.22–4.30 (m, 1H, H-4), 4.04 (ddd, 1H, J = 11.2 Hz, J = 6.7 Hz,
J = 4.8 Hz, H-5), 3.54 (m, 2H, H-1, H-3), 3.24–3.41 (m, 4H, CH2OBn,
CH2O-P@O(OBn)2), 1.92 (ddd, 1H, J = 13.0 Hz, J = 5.0 Hz, J = 2.0 Hz,
H-2), 1.34 (dt, 1H, J = 13.0 Hz, J = 11.5 Hz, H-20), 0.80 (s, 9H,
SiACA(CH3)3), 0.05 (s, 3H, SiACH3), 0.00 (s, 3H, SiACH3). 13C NMR
(125 MHz, CDCl3): d 128.5, 128.4, 128.4, 127.9, 127.8, 127.7,
127.6 (benzyl), 78.6 (C-5), 74.8 (C-1), 73.5 (C-3), 73.4 (benzyl),
73.2 (C-4), 72.4 (CH2O-P@O(OBn)2, d, J = 5.2 Hz), 69.1 (2� CH2Ph,
m), 67.0 (CH2OBn), 35.7 (C-2), 25.9 (SiACA(CH3)3), 18.2 (SiAC
A(CH3)3), �3.8 (SiACH3), �4.7 (SiACH3). 31P NMR (121 MHz,
CDCl3): d 1.08 (P@O(OBn)2). MS (ES) m/z: calculated for C34H47O8-

SiP [M+Na]+ 665.2699, found 665.2676.

4.1.4.5. (±) [(2R,3S,4R,6R)-3,4-Dihydroxy-6-(hydroxymethyl)tet-
rahydropyran-2-yl]methyl dihydrogen phosphate (10). To a
solution of 35 (155 mg, 0.24 mmol, 1.0 equiv) in dry THF (5 mL)
was added TBAF (0.29 mL, 0.29 mmol, 1 M in THF, 1.2 equiv). The
solution was stirred for 24 h to ensure full desilylation and was
then concentrated under reduced pressure. The residue was puri-
fied by column chromatography with pet. ether/EtOAc (1:1) as elu-
ent to afford the desilylated intermediate that was then dissolved
in MeOH (10 mL). The solution was passed through an H-cube
reactor over a Pd/C catalyst cartridge at a rate of 1 mL/min and
atmospheric pressure. The collected solution was collected and
concentrated to afford pure 10 without the need for further purifi-
cation. Clear oil. Yield: 42 mg, 68% over two steps. 1H NMR
(500 MHz, D2O): d 3.96–4.14 (m, 2H, CH2OH), 3.44–3.66 (m, 4H,
CH2O-P@O(OH)2, H-3, H-1), 3.32–3.39 (m, 1H, H-5), 3.19–3.26
(m, 1H, H-4), 1.85–1.86 (dd, 1H, J = 12.5 Hz, J = 4.3 Hz, H-2), 1.30
(dt, 1H, J = 12.5 Hz, J = 11.5 Hz, H-20). 13C NMR (125 MHz, D2O): d
78.2 (C-5, d, J = 6.6 Hz), 76.2 (C-1), 71.7 (C-3), 70.8 (C-4), 65.3
(CH2O-P@O(OH)2, m), 63.8 (CH2OH), 34.3 (C-2). 31P NMR
(121 MHz, CDCl3): d 0.81 (P@O(OH)2). MS (ES) m/z: calculated for
C7H15O8P [M+H]+ 259.0586, found 259.0583.
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