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a b s t r a c t

Thiazoles are important heterocyclic motifs in many target molecules. Extension of a reported gold(I)-
catalyzed oxidative coupling of alkynes and thioamides to the synthesis of functionalized thiazole-
containing products is presented, including the compatibility of this reaction with ester, protected hy-
droxyl, alkene and thioether groups. The utility of this one-pot process is demonstrated in the prepa-
ration of the thiazole-containing macrodiolide of a simplified analogue of pateamine A.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The thiazole heteroaromatic motif is considered to be a privi-
leged scaffold in drug discovery and is present inmany drugs on the
market and in clinical trials [1e4]. The thiazole ring offers elec-
trophilic and nucleophilic sites, providing ligand points for bio-
receptors, with additional electronic effects provided by
substituents [5]. 2,4-Disubstituted thiazole-containing natural
products exhibit remarkably diverse biological activities, displaying
anticancer, antibacterial, antifungal, anti-inflammatory, anthel-
mintic and antihypertensive properties [6e11]. Preparation of thi-
azoles is most commonly achieved through Hantzsch-type
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couplings between thioamides and a-haloketones [12e17],
although other methods are employed [18]. (�)-Pateamine A (PatA,
1, Fig. 1) is a 2,4-disubstituted thiazole-containing macrodiolide
natural product [7,19,20] with exquisite potency and an unusual
mode of action [21e23]. PatA displays anti-cancer, immunosup-
pressive, anti-cachectic and anti-viral activity [7,20,24e29]. These
effects are mediated by binding of PatA to the eukaryotic initiation
factor eIF4A, causing inhibition of protein translation [21,22]. A
simplified analogue, (�)-DMDA-PatA (2), possesses a similar
bioactivity profile [30e33].

Previous synthetic endeavours in the pateamine A system have
mostly involved modified Hantzsch couplings to form the thiazole
ring [20,30,34e36], while an alternative strategy used sequential
organometallic couplings of 2,4-dibromothiazole to incorporate the
pre-assembled heterocycle into the macrocycle [31,37]. Our long-
standing interest in PatA [21,38] has led us to investigate ana-
logues that may be more synthetically tractable. We have previ-
ously reported the synthesis of simplified triazole analogue 3
(Fig. 2), which was 10,000-fold less active towards cancer cells
compared to PatA [39]. In seeking to prepare a simplified pate-
amine analogue with the thiazole motif reinstated, e.g. 4, various
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Fig. 1. Structures of (�)-pateamine A (1) and (�)-DMDA-pateamine A (2).

Fig. 2. Structures of simplified triazole analogue (±)-3 [39] and proposed thiazole
variant 4, with the retrosynthetic disconnections for the heterocyclic motifs shown in
red.
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synthetic strategies were considered. Ideally, construction of the
thiazole ring would be a major connection point for efficiency
purposes and would capitalize on the modularity of our previous
triazole analogue synthesis, which featured an alkyne-azide
cycloaddition process (disconnection points shown in Fig. 2) [39].
A reported gold(I)-catalyzed, oxidative, one-pot coupling of alkynes
with thioamides to afford 2,4-disubstituted thioamides seemed to
capture these goals [40,41]. Mechanistically, this gold(I)-catalyzed
coupling of alkynes with thioamides is related to a Hantzsch re-
action in that an a-ketomesylate, formed by oxidation of the alkyne
(via a gold carbene), undergoes cyclizationwith the thioamide. The
one-pot nature of this multistep reaction sequence [42] enables a
telescoped synthesis of thiazoles from readily available alkyne and
thioamide precursors.

In the context of targeting PatA analogue 4, the alkyne fragment
of our previous triazole route, 5 [39], could be directly incorporated
into this one-pot thiazole synthesis, while various C8eC11 thio-
amide fragments 6, containing suitable functionalities for forming
the macrocycle and attaching the sidechain 7, were envisaged for
construction of the PatA structure (Scheme 1). Formation of the
macrocycle was anticipated to involve the alkyne-thioamide
coupling between 5 and 6, followed by base-induced eliminative
ring opening of the d-valerolactone moiety [39,43] to afford a Z,E-
dienoic acid and, finally, macrolactonization. Attachment of a fully
assembled sidechain is a feature of our intended synthetic
approach and is envisaged to involve an olefination between C11 of
2

fragment 6 (or the complete macrolactone) and C12 of fragment 7.
Julia-Kocienski coupling of sulfone 6a (PT ¼ phenyltetrazolyl) with
aldehyde 7a (which might contain a suitable precursor to the N,N-
dimethylamine moiety) or a Wittig-type olefination between an
aldehyde 6b and a phosphorus ylide 7b or phosphonate 7c would
attach the sidechain to the C8eC11 fragment. Equivalent reactions
between the sidechain 7 and the preconstructed macrodiolide
containing the corresponding functional motifs at C11 would
facilitate a streamlined approach. In the case of a macrodiolide
appended with a C11 aldehyde derived from 6b or 6c, stepwise
construction of the sidechain could be achieved via an established
method [31,35e37], providing a backup approach.

2. Results and discussion

In applying the one-pot, gold(I)-catalyzed, oxidative coupling of
alkynes with thioamides to the synthesis of PatA analogues, we
were conscious that the initial studies of this chemistry had
explored relatively simple substrates [40,41]. Some functional
group compatibility had been demonstrated, with chloroalkane,
protected alcohols, phthalimido, alkene and (hetero)aromatic
moieties present in the products, which were obtained in reason-
able to high yields. For the preparation of PatA analogues, several
functional groups would be present in the alkyne and thioamide
substrates, including some not present in the original studies.

Our studies began with simple substrates, specifically 1-octyne
(8) and propanethioamide (9), so as to test the reaction parame-
ters in our setting. In Zhang’s optimized method [40], meth-
anesulfonic acid (MsOH) and 8-methylquinoline-N-oxide (11) are
added slowly to a DCM solution of the alkyne and the gold(I)
catalyst, Mor-DalPhosAuOMs (12). A keto-mesylate forms in situ
and is then heated with the thioamide in a sealed tube. Following
this method, using as substrates 8 and 9, the product 2-ethyl-4-
hexylthiazole (10) was obtained in 49% isolated yield (Table 1, en-
try 1). While this was a pleasing initial result, efforts were made to
optimize the reaction and enhance the yield to levels consistent
with those reported in the earlier work [40]. Using a fresh bottle of
high purity MsOH caused a distinct improvement in yield (62%)
(Entry 2), whichwas attributed to the presence of less water than in
our original bottle, given that MsOH is hygroscopic and gold car-
benes are sensitive to hydrolysis. Alternative halogenated solvents,
1,2-dichloroethane (DCE) and chlorobenzene, were detrimental to
the result (Entries 3 and 4), fitting with previous observations [41],
and were not investigated further.

Next, ethyl ester-containing alkyne 14, representing the C1eC7
fragment of simplified PatA analogue 4, was prepared by esterifi-
cation of commercially available 6-heptynoic acid (13). The gold(I)-
catalyzed coupling of the ester-functionalized alkyne 14 with pro-
panethioamide (9) proceeded smoothly and afforded the product
15 cleanly and in a reasonable yield (53%) (Table 2, entry 1). In an
effort to improve the yield and facilitate the method, the modifi-
cation of Wu and co-workers was investigated, whereby the ben-
zeneaminium mesylate salt 16 was used in place of MsOH,
circumventing the need for slow addition of the reagents by syringe
pump and elevated temperatures [41]. However, in our hands, the
modification gave poorer results than the original (Entry 2). An
attempt to combine these methods, by slow addition of a solution
of the mesylate salt, was detrimental (Entry 3). In a further effort to
optimize the reaction, the impact of varying the conditions of the
first step, formation of the keto-sulfonate intermediate, was stud-
ied (see Supporting Information for details) but no additional
benefit was found.

With satisfactory results obtained from an ester-containing
alkyne substrate, attention turned to the compatibility of func-
tionalized thioamides. Initially, the phenyltetrazolyl thioether 17



Scheme 1. Retrosynthetic analysis of simplified thiazole analogue 4 of PatA.

Table 1
Gold(I)-catalyzed coupling of 1-octyne (8) and propanethioamide (9) to afford 2-
ethyl-4-hexylthiazole (10):a solvent screening.

Entry Solvent Yield (%)b

1 DCM 49
2c DCM 62
3c DCE 18
4c PhCl 54

a Reaction details: Alkyne 8 (1.0 eq) and 12 (5 mol%) were stirred in the anhy-
drous chlorinated solvent for 15 min. A solution of 8-methylquinoline-N-oxide (11)
(1.3 eq) andmethanesulfonic acid (1.2 eq) in the same solvent was added over 5 h to
the alkyne solution via a syringe pump. After a further 1 h, a solution of thioamide 9
(1.2 eq) in solvent was added and the reaction heated at 40 �C for 16 h.

b Isolated yield after silica gel chromatography.
c A new bottle of high purity (99%) MsOH from Acros Organics was used.

Table 2
Gold(I)-catalyzed coupling of ethyl hept-6-ynoate (14) and propanethioamide (9) to
afford ester-functionalized thiazole (15):a investigation of mesylate source.

Entry Mesylate Source Slow Addition Tb Yield (%)c

1 MsOH (1.2) Yes 40 �C 53
2d 16 (1.2) No rt 27
3d 16 (1.2) Yes 40 �C 3

a Reaction details: A DCM solution of alkyne 14 (1.0 eq) and 12 (5 mol%) was
treated with 8-methylquinoline-N-oxide (11) (1.2e1.3 eq) and the mesylate source
(1.2 eq), either as a solution by syringe pump over 5 h or directly as solids. After a
total of 6 h, thioamide 9 (1.2 eq) was added and the reaction conducted at the noted
temperature for 16 h.

b Reaction temperature after addition of 9.
c Isolated yield of thiazole 15 after silica gel chromatography.
d N,N-Dimethylbenzeneaminium mesylate salt (PhNMe2Hþ �OMs, 16) was pre-

pared from N,N-dimethylaniline and methanesulfonic acid.
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was explored as a fragment representing 6a for a Julia-Kocienski
approach to sidechain attachment. To this end, thioamide 17 was
prepared from (2S)-(þ)-glycidyl tosylate (18) (Scheme 2). Trans-
formation of the enantiopure (S)-epoxide 18 into acetonide 19 was
achieved in high yield with acetone and a Lewis acid catalyst, AlCl3
[44]. Substitution of tosylate 19 by 1-phenyl-1H-tetrazole-5-thiol
(PTSH, 20) afforded thioether 21, and acetonide deprotection with
acetyl chloride in methanol provided diol 22 in nearly quantitative
yield over three steps. Selective tosylation of the primary alcohol
was achieved using TsCl, triethylamine and catalytic dibutyltin
oxide [45]. Mosher ester analysis of the resulting chiral alcohol 23
confirmed that the major enantiomer had the S-configuration but
indicated that a small amount of racemization had occurred, most
likely in the transformation of epoxide 18 to acetonide 19, with the
resulting ee being 92% (see Supporting Information for details).
Protection of the secondary alcohol 23 as silyl ether 24 was fol-
lowed by substitution of the tosylate by cyanide to afford nitrile 25.
Initial attempts using potassium cyanide produced 25 in modest
yields (see Supporting Information for an example). After consid-
erable experimentation, reaction of tosylate 24 with lithium
3

cyanide, generated in situ by treatment of acetone cyanohydrin
with lithium bis(trimethylsilyl)amide (LiHMDS), was determined to
be the preferred route to nitrile 25 because of the better yields,
improved handling and lower toxicity of acetone cyanohydrin
compared with cyanide salts [46]. Conversion of nitrile 25 into
thioamide 17 was initially attempted by direct one-pot thiolation
methods [47,48], but these were abandoned in favour of a more
conventional approach via the amide 26. Thus, transformation of
nitrile 25 into the amido sulfide 26 employed acetaldoxime and
Wilkinson’s catalyst [49]. Finally, conversion of amide 26 into thi-
oamide 17 was achieved satisfactorily using Lawesson’s reagent
(27) [50,51].

Gratifying, the gold(I)-catalyzed alkyne-thioamide coupling
between 14 and 17 proceeded smoothly and afforded product 28 in
61% yield using just a 1 mol% loading of the gold catalyst (Scheme
3). In order to explore the Julia-Kocienski olefination on this model
of the macrodiolide, thioether 28 was oxidized to the sulfone 29.
While mCPBA led to over-oxidation and produced the thiazole S-
oxide, not the desired sulfone 29 (see Supporting Information),
hydrogen peroxide and catalytic ammonium heptamolybdate
afforded the desired sulfone 29 in a satisfactory yield. With the
protected thiazole-containing sulfone 29 in hand, focus turned to
attachment of the PatA sidechain in order to test the proposed
methodology. A concern with the Julia-Kocienski method for
sidechain attachment was the potential for b-oxygen-substituted
sulfonyl anions to undergo elimination under the basic reaction



Scheme 2. Synthesis of thioamide 17 from (2S)-(þ)-glycidyl tosylate (18).
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conditions. This was deemed to be most risky with the macro-
diolide ester group [52] in place and less likely with a silyl-
protected or free hydroxyl group. Therefore, b-silyloxysulfone 29
and its desilylated derivative, b-hydroxysulfone 30, were selected
to explore the Julia-Kocienski reaction for attachment of the
sidechain.

In preparing the sidechain fragment 7, it was expected that
either a dimethylamino group, as in the natural product, or an ester
terminus, as adopted in our earlier synthesis [39], was unlikely to
be compatible with macrolactone formation. Therefore, acetal 31,
representing a temporarily protected aldehyde as a precursor to the
Scheme 3. Gold(I)-catalyzed coupling of ethyl hept-6-ynoate (14) and functionalized t

4

amine, was sought. This was prepared by extension of aldehyde 32
[39] using Wittig methodology. Ideally, a one-step preparation of
dienal 31 would be achieved by reaction of 32 with (triphenyl-
phosphoranylidine)acetaldehyde. However, availability of this ylide
was problematic at the time and so we resorted to a three-step
sequence via the ester 34 using the stabilized ylide 33 and redox
chemistry.

Unfortunately, the attempted Julia-Kocienski coupling of b-
silyloxysulfone 29 with aldehyde 31 failed to produce the desired
triene 35. Instead, an array of unidentified by-products was formed,
potentially including elimination products.
hioamide 17, and attempted Julia-Kocienski reaction with assembled sidechain 31.



Scheme 5. Gold(I)-catalyzed couplings of thioamide 40 with ethyl hept-6-ynoate (14)
or lactone-containing alkyne 5 to afford thiazoles 43 and 44, and macrodiolide
formation.
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In the hope that b-hydroxysulfone 30 would have reduced po-
tential for elimination of the C10 oxygen, and to help identify
possible reaction products, it was subjected to deprotonation and
quenching with D2O. To our disappointment, only alkene 36 was
identified in the product mixture, presumably arising from a Smiles
rearrangement of the deprotonated substrate. Given the apparent
incompatibility in this system between the Julia-Kocienski condi-
tions and a b-oxygen substituent, we decided to change strategy,
and proceed via C11-oxygenated intermediates, ultimately allow-
ing generation of an aldehyde terminus to the macrodiolide. This
would enable either adoption of the established stepwise sidechain
extension methodology [31,35e37], or attachment of a complete
sidechain via a reversed-direction Julia-Kocienski or Wittig
coupling. To this end, diol 6c (see Scheme 1) was sought in pro-
tected form as the C8eC11 thioamide fragment. The known [53]
acetonide-protected amide 37 was treated with Lawesson’s re-
agent, but to our surprise the isolated product was the S-oxide 39
and not the thioamide 38, as determined by NMR and MS analysis
(m/z 192.0685; calculated for C7H14NO3Sþ [Mþ H]þ 192.0689)
(Scheme 4). This is most likely the result of oxidation of the desired
product 38 by atmospheric oxygen during the work up and puri-
fication processes. Critcher and Pattenden reported preparation
and reaction of thioamide 38 in their preliminary synthetic studies
towards PatA [54], so the observed instability in our hands is not
necessarily an insurmountable obstacle. Nonetheless, it was
deemed desirable to generate a thioamide that was less susceptible
to oxidation. Therefore, various protecting groups for the diol were
investigated with a view to increasing the air stability of the thio-
amide by tuning its steric environment, while considering
orthogonality for sequential deprotection (see Supporting Infor-
mation for details). Eventually, the differentially doubly silylated
thioamide 40 was found to be sufficiently stable for isolation and
characterization, although the orthogonality profile of the silyl
protecting groups was not ideal. Thioamide 40 was prepared from
commercially available diol 41 by selective silylation at the primary
hydroxyl with TBDPSCl and then at the secondary hydroxyl with
TBSCl to afford amide 42, and finally treatment with Lawesson’s
reagent (27).

Thioamide 40 engaged in the key gold(I)-catalyzed coupling
with alkyne 14 to afford thiazole 43 in an encouraging yield
(Scheme 5). Reassuringly, the gold(I)-catalyzed reaction of thio-
amide 40with the lactone-containing alkyne 5 proceeded similarly
and delivered thiazole 44 in 52% yield (57% BRSM), representing the
entire carbon skeleton of the macrocycle in the simplified PatA
analogue 4. Ring opening of the lactone was performed through a
base-induced elimination [43], as featured in our synthesis of the
triazole analogue [39]. However, TBAF, employed previously as the
base [39,43,55], was unsuitable due to the necessity of retaining the
Scheme 4. Preparation of thioamides 38 and 40 and S-oxide 39.

5

TBDPS protecting group on the primary alcohol, so KHMDS was
used instead and smoothly afforded the Z,E-dienoic acid 45. Se-
lective removal of the TBS protecting group on the secondary
alcohol while retaining the Z,E-dienoic acid was challenging. Ulti-
mately, the chosen method involved treatment of the Z,E-dienoic
acid 45 with PPTS at elevated temperature, which produced seco
acid 46, albeit in a modest yield and accompanied by several highly
polar by-products. The alternative order of deprotection and
lactone ring opening was also investigated but was less satisfactory
(see Supporting Information for details).

Macrocyclization was achieved through a modified Mukaiyama
protocol following the conditions reported by Zhuo and Fürstner in
their syntheses of PatA and DMDA-PatA [31,37]. Specifically, seco
acid 46 was treated with the Mukaiyama reagent 47 under high
dilution conditions to afford 48 in 75% yield. The 1He1H NMR
coupling constants of the alkenes in compound 48 were consistent
with previously reported characterisation data of related Z,E-diene-
containing macrolactones and no other geometric isomers were
observed by NMR analysis [31,37]. Subsequent desilylation of
compound 48 with buffered TBAF provided alcohol 49, the mac-
rodiolide moiety of the target PatA analogue 4. Alcohol 49 is a
simplified equivalent of intermediates in Pattenden’s and Fürstner’s
syntheses of PatA and DMDA-PatA, respectively, and is poised for
oxidation and sidechain attachment, either with a fully-assembled
sidechain or via the established stepwise construction [31,35e37].
These studies are on-going and will be reported in due course.

In summary, the utility and compatibility of a one-pot, gold(I)-
catalyzed, oxidative alkyne-thioamide coupling [40,41] have been
demonstrated and culminated in the preparation of the
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macrodiolide of a simplified analogue of pateamine A. Its applica-
tion as a major strategic connection in a setting with multiple
functionality types highlights future opportunities for this gold(I)-
catalyzed coupling of alkyne and thioamide building blocks in the
preparation of complex thiazole-containing molecules.

3. Experimental

2-Ethyl-4-hexylthiazole (10). To a solution of Mor-
DalPhosAuOMs (12) (17 mg, 0.023 mmol, 0.05 equiv.) in deoxy-
genated anhydrous DCM (0.9 mL) was added 1-octyne (8) (70 mg,
0.45 mmol, 1.0 equiv.). The resulting mixture was stirred at room
temperature under argon atmosphere for 15min. Then a solution of
8-methylquinoline N-oxide (11) (94 mg, 0.59 mmol, 1.3 equiv.) and
methanesulfonic acid (35 mL, 0.54 mmol, 1.2 equiv.) in deoxygen-
ated anhydrous DCM (0.9 mL) was added to the reaction mixture
via a syringe pump under argon atmosphere over 5 h. Upon
completion, the reaction mixture was further stirred for 1 h before
adding propanethioamide (9) (48 mg, 0.54 mmol, 1.2 equiv.) in
anhydrous DCM (0.5 mL) dropwise. The resulting mixture was
stirred at 40 �C in a sealed vial for 16 h before concentration under
reduced pressure. The crudematerial was purified by silica gel flash
chromatography (pet. ether/EtOAc ¼ 10:1) to provide the title
compound 10 (78 mg, 62%) as a yellow oil. Rf: 0.47 (pet. ether/
EtOAc ¼ 5:1). d 1H NMR (500 MHz, CDCl3): d 6.69 (s, 1H), 3.00 (q,
J ¼ 7.6 Hz, 2H), 2.72 (t, J ¼ 7.3 Hz, 2H), 1.72e1.65 (m, 2H), 1.36 (t,
J ¼ 7.6 Hz, 3H), 1.40e1.27 (m, 6H), 0.88 (t, J ¼ 7.0 Hz, 3H). 13C NMR
(125 MHz, CDCl3): d 172.2, 157.2, 111.3, 31.62, 31.58, 29.2, 29.0, 26.9,
22.6, 14.3, 14.0. FTIR (thin film) n 2956, 2925, 2855,1522,1457, 1376,
1320, 1260, 1182, 1131, 1096, 1049, 970, 829, 804, 726 cm�1. HRMS
(ESI): Calculated for C11H20NSþ [Mþ H]þ 198.1311; found 198.1317.

Ethyl hept-6-ynoate (14). To an oven-dried 20 mL round-
bottomed flask outfitted with a stir bar, a condenser, a gas inlet
adapter and a rubber septum, absolute ethanol (5.0 mL), hept-6-
ynoic acid (13) (99.7 mg, 0.790 mmol) and concentrated H2SO4 (1
drop) were added sequentially. The mixture was refluxed for 3 h
before cooling to room temperature and the solvent removed under
reduced pressure. The crude product was diluted with diethyl ether
(50 mL), washed with saturated NaHCO3 (5 mL) and water (5 mL).
The organic layers were dried over magnesium sulfate, filtered and
the solvent removed under reduced pressure. The residue was then
purified by flash silica gel chromatography (pet. ether/Et2O ¼ 10/1)
to afford the title compound 14 (112 mg, 92%) as a colourless oil. Rf:
0.43 (pet. ether/EtOAc ¼ 5:1). 1H NMR (500 MHz, CDCl3): d 4.13 (q,
J ¼ 7.1 Hz, 2H), 2.32 (t, J ¼ 7.4 Hz, 2H), 2.21 (td, J ¼ 7.0, 2.6 Hz, 2H),
1.95 (t, J ¼ 2.7 Hz, 1H), 1.79e1.71 (m, 2H), 1.60e1.53 (m, 2H), 1.25 (t,
J ¼ 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3): d 173.4, 84.0, 68.6, 60.3,
33.8, 27.9, 24.0, 18.1, 14.3. These characterization data match those
reported in the literature [56,57].

Ethyl 5-(2-ethylthiazol-4-yl)pentanoate (15). To a solution of
Mor-DalPhosAuOMs (12) (27.5 mg, 0.0364 mmol, 0.05 equiv.) in
deoxygenated anhydrous DCM (1.4 mL) was added alkyne 14
(111 mg, 0.718 mmol, 1.0 equiv.). The resulting mixture was stirred
at room temperature under argon atmosphere for 15 min. Then a
solution of 8-methylquinoline N-oxide (11) (148 mg, 0.929 mmol,
1.30 equiv.) and methanesulfonic acid (56 mL, 0.86 mmol, 1.2 equiv.)
in deoxygenated anhydrous DCM (1.4 mL) was added to the reac-
tion mixture via a syringe pump under argon atmosphere over 5 h.
The reaction mixture was further stirred for 1 h before adding
propanethioamide (9) (74 mg, 0.83 mmol, 1.16 equiv.) in anhydrous
DCM (0.8 mL). The resulting mixture was stirred at 40 �C in a sealed
vial for 16 h before concentration under reduced pressure. The
crude material was purified by silica gel flash chromatography (pet.
ether/EtOAc¼ 5:1) to provide the title compound 15 (90.8 mg, 53%)
as a yellow oil. Rf: 0.39 (pet. ether/EtOAc¼ 5:1). 1H NMR (500 MHz,
6

CDCl3): d 6.73 (s, 1H), 4.12 (q, J ¼ 7.1 Hz, 2H), 3.00 (q, J¼ 7.6 Hz, 2H),
2.75 (t, J¼ 7.0 Hz, 2H), 2.33 (t, J¼ 7.2 Hz, 2H),1.78e1.66 (m, 4H),1.37
(t, J ¼ 7.6 Hz, 3H, H-10), 1.25 (t, J ¼ 7.1 Hz, 3H). 13C NMR (125 MHz,
CDCl3): d 173.7, 172.4, 156.5, 111.8, 60.3, 34.2, 31.3, 28.7, 27.0, 24.6,
14.33, 14.27. FTIR (thin film) n 2975, 2935, 2870, 1731, 1522, 1458,
1373, 1350, 1313, 1254, 1178, 1140, 1096, 1029, 968, 938, 859, 791,
735 cm�1. HRMS (ESI): Calculated for C12H20NO2Sþ [Mþ H]þ

242.1209; found 242.1212.
(S)-(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl 4-

methylbenzenesulfonate (19). To a solution of (2S)-(þ)-glycidyl
tosylate (18) (3.18 g,13.9 mmol, 1 equiv.) in dry acetone (14mL) was
added aluminium chloride (58.0 mg, 0.435 mmol, 0.03 equiv.), and
the solution was stirred at room temperature for 1 h. The reaction
mixture was then cooled to 2 �C and saturated NaHCO3 aqueous
solution (30 mL) was added slowly. The resulting mixture was then
extracted with ethyl acetate (3 � 50 mL). The combined organic
fractions were then dried over anhydrous Na2SO4, filtered, and then
concentrated under reduced pressure. The crude material was
purified by silica gel flash chromatography (pet. ether/EtOAc¼ 5:1)
to provide the title compound 19 (7.00 g, 92%) as a colorless oil. Rf:
0.50 (pet. ether/EtOAc ¼ 2:1). Melting point: 69e72 �C. 1H NMR
(500 MHz, CDCl3): d 7.83e7.78 (m, 2H), 7.40e7.33 (m, 2H),
4.30e4.24 (m,1H), 4.06e4.00 (m, 2H), 3.97 (dd, J¼ 10.1, 6.2 Hz,1H),
3.77 (dd, J¼ 8.8, 5.1 Hz,1H), 2.45 (s, 3H), 1.34 (s, 3H), 1.31 (s, 3H). 13C
NMR (125 MHz, CDCl3): d 145.1, 132.6, 129.9, 128.0, 110.1, 72.9, 69.5,
66.2, 26.7, 25.2, 21.7. FTIR (thin film) n 2987, 1598, 1495, 1455, 1359,
1257, 1213, 1189, 1175, 1095, 1054, 974, 788, 664, 554 cm�1. HRMS
(ESI): Calculated for C13H19O5Sþ [Mþ H]þ 287.0948; found
287.0951. [a]D20 þ3.0 (c ¼ 1.00, EtOH) (lit [58]. [a]D20 þ4.5 (c 1.00
EtOH)). These characterization data match those reported in the
literature [58].

(S)-5-(((2,2-Dimethyl-1,3-dioxolan-4-yl)methyl)thio)-1-
phenyl-1H-tetrazole (21). To a solution of tosylate 19 (8.15 g,
28.5 mmol, 1 equiv.) and 1-phenyl-1H-tetrazole-5-thiol (20)
(15.66 g, 87.87 mmol, 3.1 equiv.) in acetone (250 mL) was added
K2CO3 (19.7 g, 0.142 mmol, 5.0 equiv.) at room temperature. The
reaction mixture was refluxed for 16 h and then evaporated to
remove solvent under vacuum. The residue was partitioned be-
tween ethyl acetate and water. The aqueous phase was extracted
with diethyl ether (4 � 100 mL). The combined organic phase was
washed with brine, dried over anhydrous Na2SO4, filtered and then
concentrated under reduced pressure. The crude material was
purified by silica gel flash chromatography (pet. ether/EtOAc¼ 5:1)
to provide the title compound 21 (8.14 g, 98%). Rf: 0.48 (pet. ether/
EtOAc ¼ 2:1). 1H NMR (500 MHz, CDCl3): d 7.62e7.49 (m, 5H),
4.61e4.51 (m, 1H), 4.20e4.13 (m, 1H), 3.81 (dd, J ¼ 8.6, 5.6 Hz, 1H),
3.67 (dd, J ¼ 13.6, 4.5 Hz, 1H), 3.51 (dd, J ¼ 13.5, 7.1 Hz, 1H), 1.44 (s,
3H), 1.35 (s, 3H). 13C NMR (125 MHz, CDCl3): d 153.9 (C-7), 133.5,
130.1, 129.8, 123.7, 110.0, 73.7, 68.3, 36.6, 26.8, 25.2. FTIR (thin film)
n 2981, 2933, 2883, 1596, 1501, 1460, 1389, 1377, 1366, 1280, 1245,
1213, 1190, 1175, 1150, 1090, 1081, 1073, 1051, 1015, 1000, 976, 960,
918, 869, 818, 785, 766, 736, 710, 694, 685, 555, 510, 462, 447 cm�1.
HRMS (ESI): Calculated for C13H17N4O2Sþ [MþH]þ 293.1067; found
293.1070. [a]D25 �360 (c ¼ 0.375, DCM).

(S)-3-((1-Phenyl-1H-tetrazol-5-yl)thio)propane-1,2-diol (22).
To a solution of acetonide 21 (5.12 g, 17.5 mmol, 1.0 equiv.) in
methanol (67 mL) was added acetyl chloride (0.37 mL, 5.3 mmol,
0.3 equiv.) at 2 �C. Then the reaction mixture was stirred at room
temperature for 24 h. Then the reaction mixture was evaporated
under reduced vacuum and the residue was purified by a short
silica plug (pet. ether/EtOAc ¼ 1:2) to provide the title compound
22 (4.40 g, 99%) as a colourless oil. Rf: 0.13 (pet. ether/
EtOAc ¼ 1:2).1H NMR (500 MHz, CDCl3): d 7.65e7.52 (m, 5H),
4.16e4.07 (m,1H), 3.81e3.68 (m, 2H), 3.60 (dd, J¼ 14.5, 5.6 Hz, 1H),
3.47 (dd, J ¼ 14.5, 6.1 Hz, 1H), 3.27 (d, J ¼ 6.1 Hz, 1H, OH), 3.01 (t,
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J¼ 6.5 Hz,1H, OH)$13C NMR (125MHz, CDCl3): d 155.0,130.5,129.9,
123.9, 71.1, 63.9, 35.9. FTIR (thin film) n 3432, 3396, 3069, 2935,
2882, 1596, 1499, 1461, 1410, 1388, 1318, 1284, 1243, 1176, 1093,
1074, 1038, 1016, 761, 694, 549 cm�1. HRMS (ESI): Calculated for
C10H13N4O2Sþ [Mþ H]þ 253.0754; found 253.0756. [a]D23 þ3.7
(c ¼ 1.16, CHCl3).

(S)-2-Hydroxy-3-((1-phenyl-1H-tetrazol-5-yl)thio)propyl 4-
methylbenzenesulfonate (23). To a solution of diol 22 (4.53 g,
17.9 mmol, 1.0 equiv.) in anhydrous DCM (150 mL) were added
dibutyltin oxide (0.918 g, 3.59 mmol, 0.2 equiv.) at room temper-
ature. The resulting mixture was stirred at room temperature for
1 h. Triethylamine (2.50 mL, 17.9 mmol, 1.0 equiv.) was added
dropwise to the reaction mixture. Then 4-toluenesulfonyl chloride
(3.50 g,17.9 mmol,1.0 equiv.) in anhydrous DCM (50mL) was added
to the reaction mixture by a syringe pump over 1 h. The reaction
mixture was stirred for 8 h. The reaction was added water (35 mL)
and the aqueous phase was extracted with ethyl acetate
(3 � 50 mL). The combined organic phase was washed with brine,
dried over anhydrous Na2SO4, filtered and evaporated under vac-
uum. The crude material was purified by silica gel flash chroma-
tography (pet. ether/EtOAc¼ 2:1) to provide the title compound 23
(6.76 g, 93%) as a foamy gel. Rf: 0.63 (pet. ether/EtOAc ¼ 1:2). 1H
NMR (500 MHz, CDCl3): d 7.84e7.78 (m, 2H), 7.62e7.53 (m, 5H),
7.36 (d, J ¼ 8.0 Hz, 2H), 4.36e4.29 (m, 1H), 4.14 (dd, J ¼ 5.4, 1.9 Hz,
2H), 3.59 (dd, J ¼ 14.6, 3.6 Hz, 1H), 3.44 (dd, J ¼ 14.6, 7.0 Hz, 1H),
2.45 (s, 3H)$13C NMR (125 MHz, CDCl3): d 154.4, 145.3, 133.3, 132.3,
130.4, 130.0, 129.9, 128.0, 123.8, 71.1, 68.6, 36.1, 21.7. FTIR (thin film)
n 3255, 3065, 2922, 1595, 1501, 1448, 1418, 1384, 1331, 1289, 1213,
1172, 1121, 1089, 1064, 1033,1010, 816, 762, 712, 681, 608, 567 cm�1.
HRMS (ESI): Calculated for C17H19N4O4S2þ [MþH]þ 407.0842; found
407.0839. [a]D23 �46 (c ¼ 0.385, DCM).

(S)-2-((tert-Butyldimethylsilyl)oxy)-3-((1-phenyl-1H-tetra-
zol-5-yl)thio)propyl 4-methylbenzene-sulfonate (24). To a solu-
tion of tosylate 23 (2.86 g, 7.04 mmol, 1.0 equiv.), imidazole (2.88 g,
42.2 mmol, 6.0 equiv.) and 4-dimethylaminopyridine (91.4 mg,
0.704 mmol, 0.1 equiv.) in anhydrous DMF (30 mL) was added tert-
butyldimethylsilyl chloride (3.18 g, 21.1 mmol, 3.0 equiv.). The re-
action mixture was stirred at room temperature for 16 h. Then the
reaction mixture was diluted with ethyl acetate (100 mL), and
washed with water (3 � 50 mL). The combined aqueous phase was
extracted with ethyl acetate (3 � 50 mL). The combined organic
phase was washed with brine, dried over anhydrous Na2SO4,
filtered and evaporated under vacuum. The crude material was
purified by silica gel flash chromatography (pet. ether/EtOAc¼ 5:1)
to provide the title compound 24 (2.96 g, 81%) as awhite crystal. Rf:
0.50 (pet. ether/EtOAc ¼ 2:1). Melting point: 122e123 �C. 1H NMR
(500 MHz, CDCl3): d 7.81e7.75 (m, 2H), 7.61e7.51 (m, 5H), 7.32 (d,
J ¼ 8.0 Hz, 2H), 4.32 (quin, J ¼ 5.2 Hz, 1H), 4.09e4.02 (m, 2H), 3.53
(dd, J ¼ 13.7, 5.5 Hz, 2H), 3.45 (dd, J ¼ 13.7, 6.0 Hz, 2H), 2.43 (s, 3H),
0.81 (s, 9H), 0.023 (s, 3H), 0.018 (s, 3H). 13C NMR (125 MHz, CDCl3):
d 153.8, 145.1, 133.2, 132.5, 130.3, 129.91, 129.86, 128.0, 71.2, 68.2,
36.6, 25.6, 21.7, 17.9, �4.77, �4.85. FTIR (solid) n 2951, 2929, 2890,
2855, 1597, 1500, 1473, 1460, 1446, 1423, 1397, 1358, 1307, 1294,
1277, 1255,1189, 1172,1110, 1090, 1041, 1017, 997, 976, 929, 865, 841,
824, 809, 778, 764, 738, 692, 666, 609, 573, 553, 489, 469 cm�1.
HRMS (ESI): Calculated for C23H33N4O4S2Siþ [Mþ H]þ 521.1707;
found 521.1706. [a]D18 þ276 (c ¼ 0.25, DCM).

(S)-3-((tert-Butyldimethylsilyl)oxy)-4-((1-phenyl-1H-tetra-
zol-5-yl)thio)butanenitrile (25). To a solution of LiHMDS (1.52 mL,
1.0 M in THF, 1.52 mmol, 4.0 equiv.) in anhydrous THF (2.0 mL) was
added acetone cyanohydrin (145 mL, 1.60 mmol, 4.2 equiv.). The
mixturewas then stirred at room temperature for 1 h. Silyl ether 24
(193 mg, 0.370 mmol, 1.0 equiv.) in anhydrous THF (3.0 mL) was
added to the resulting mixture and then the reaction mixture was
heated at reflux for 20 h under argon atmosphere. The reaction
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mixture was quenched with saturated aqueous NaHCO3 solution
(5 mL). The aqueous phase was extracted by ethyl acetate
(3 � 5 mL). The combined organic phase was washed with brine,
dried over anhydrous Na2SO4, filtered and evaporated under vac-
uum. The crude material was purified by silica gel flash chroma-
tography (pet. ether/EtOAc¼ 4:1) to provide the title compound 25
(106 mg, 76%) as a white solid.Rf: 0.45 (pet. ether/EtOAc ¼ 3:1).
Melting point: 108e109 �C. 1H NMR (500MHz, CDCl3): d 7.62e7.53
(m, 5H), 4.51e4.45 (m, 1H), 3.60 (dd, J ¼ 13.9, 5.7 Hz, 1H), 3.48 (dd,
J¼ 13.9, 6.0 Hz,1H), 2.71 (dd, J¼ 4.9, 1.3 Hz, 2H), 0.90 (s, 9H), 0.15 (s,
3H), 0.12 (s, 3H). 13C NMR (125 MHz, CDCl3): d 153.6, 133.4, 130.4,
130.0, 123.8, 116.7, 66.5, 38.8, 25.6, 25.5, 17.9, �4.6, �4.8. FTIR (thin
film) n 2954, 2929, 2887, 2856, 1597, 1499, 1471, 1463, 1411, 1388,
1363, 1279, 1251, 1099, 1075, 1014, 938, 838, 806, 779, 760, 712, 687,
665, 552 cm�1. HRMS (ESI): Calculated for C17H26N5OSSiþ [Mþ H]þ

376.1622; found 376.1627. [a]D18 þ93.3 (c ¼ 0.15, DCM).
(S)-3-((tert-Butyldimethylsilyl)oxy)-4-((1-phenyl-1H-tetra-

zol-5-yl)thio)butanamide (26). To a 20 mL vial were added nitrile
25 (0.927 g, 2.47 mmol, 1.0 equiv.), freshly prepared acetaldoxime
(0.729 g, 12.4 mmol, 5.0 equiv.), RhCl(PPh3)3 (0.026 g, 0.28 mmol,
0.01 equiv.) and anhydrous toluene (8 mL). The reaction mixture
was vigorously stirred at 110 �C under argon atmosphere in the
sealed vial for 22 h. Then solvent was removed under vacuum. The
crude material was purified by silica gel flash chromatography (pet.
ether/EtOAc¼ 1:1) to provide the title compound 26 (855 mg, 88%)
as a white solid. Rf: 0.11 (pet. ether/EtOAc ¼ 1:1). Melting point:
78e79 �C. 1H NMR (500 MHz, CDCl3): d 7.62e7.51 (m, 5H), 6.26 (br.
s, 1H, NeH), 5.48 (br. s, 1H, NeH), 4.54 (quin, J ¼ 5.5 Hz, 1H), 3.64
(dd, J ¼ 13.7, 5.5 Hz, 1H), 3.52 (dd, J ¼ 13.7, 6.2 Hz, 1H), 2.63 (dd,
J ¼ 14.9, 5.2 Hz, 1H), 2.54 (dd, J ¼ 14.9, 5.4 Hz, 1H), 0.88 (s, 9H), 0.13
(s, 3H), 0.12 (s, 3H). 13C NMR (125 MHz, CDCl3): d 172.1, 154.2, 133.5,
130.3,129.9,123.8, 67.7, 42.5, 39.1, 25.7,18.0,�4.6,�4.8. FTIR (solid)
n 3389, 3339, 3197, 2954, 2929, 2887, 2856, 1673, 1615, 1598, 1499,
1471, 1463, 1407, 1389, 1362, 1335, 1251, 1162, 1090, 1015, 955, 838,
811, 779, 761, 694, 667, 573, 557 cm�1. HRMS (ESI): Calculated for
C17H28N5O2SSiþ [Mþ H]þ 394.1727; found 394.1726. [a]D23 þ165
(c ¼ 1.65, DCM).

(S)-3-((tert-Butyldimethylsilyl)oxy)-4-((1-phenyl-1H-tetra-
zol-5-yl)thio)butanethioamide (17). To a solution of amide 26
(299 mg, 0.760 mmol, 1.0 equiv.) in anhydrous THF (15 mL) was
added Lawesson’s reagent (215 mg, 0.533 mmol, 0.7 equiv.). The
reaction mixture was stirred at room temperature for 30 min.
Saturated aqueous NaHCO3 solution (10 mL) was added to the re-
action mixture and the aqueous phase was extracted with ethyl
acetate (3 � 20 mL). The combined organic phase was washed with
brine, dried over anhydrous Na2SO4, filtered and evaporated under
vacuum. The crude material was purified by silica gel flash chro-
matography (pet. ether/EtOAc¼ 3:1) to provide the title compound
17 (192 mg, 62%) as a yellow oil. Rf: 0.4 (pet. ether/EtOAc ¼ 1:1). 1H
NMR (500 MHz, CDCl3): d 8.16 (br.s, 1H), 7.62e7.52 (m, 5H), 7.49
(br.s, 1H), 4.61e4.56 (m,1H), 3.67 (dd, J¼ 13.9, 4.8 Hz,1H, H-1), 3.49
(dd, J¼ 13.9, 6.5 Hz,1H), 3.13 (ddd, J¼ 14.4, 4.6,1.0 Hz,1H), 3.07 (dd,
J¼ 14.5, 5.4 Hz,1H), 0.89 (s, 9H), 0.165 (s, 3H), 0.162 (s, 3H). 13C NMR
(125 MHz, CDCl3): d 205.8, 154.4, 133.4, 130.3, 129.9, 123.8, 69.7,
50.8, 38.5, 25.8, 17.9, �4.6, �4.8. FTIR (thin film) n 3307, 3182, 2953,
2928, 2885, 2855, 1620, 1597, 1499, 1461, 1408, 1388, 1361, 1333,
1316, 1279, 1250, 1209, 1146, 1088, 1014, 939, 917, 836, 809, 778,
730, 692, 663, 552, 465 cm�1. HRMS (ESI): Calculated for
C17H28N5OS2Siþ [Mþ H]þ 410.1499; found 410.1479. [a]D18 �317
(c ¼ 0.23, DCM).

Ethyl (S)-5-(2-(2-((tert-butyldimethylsilyl)oxy)-3-((1-phenyl-
1H-tetrazol-5-yl)thio)propyl)thiazol-4-yl)pentanoate (28). To a
solution of Mor-DalPhosAuOMs (12) (35 mg, 0.047 mmol, 0.11
equiv.) in deoxygenated anhydrous DCM (2.40 mL) was added
alkyne 14 (137 mg, 0.889 mmol, 2.1 equiv.). The resulting mixture
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was stirred at room temperature for 15 min. Then a solution of 8-
methylquinoline N-oxide (11) (185 mg, 1.16 mmol, 2.73 equiv.)
and methanesulfonic acid (74.0 mL, 1.14 mmol, 2.68 equiv.) in
deoxygenated anhydrous DCM (2.40 mL) was added to the reaction
mixture via a syringe pump over 5 h under argon atmosphere.
Upon completion, the reaction mixture was further stirred for 1 h
before adding thioamide 17 (174 mg, 0.425 mmol, 1.0 equiv.) in
anhydrous DCM (2.40 mL). The resulting mixture was stirred at
40 �C in a sealed vial for 20 h under argon atmosphere before
concentration under reduced pressure. The crude material was
purified by silica gel flash chromatography (pet. ether/EtOAc¼ 4:1)
to provide the title compound 28 (148 mg, 61%) as a yellow oil. Rf:
0.33 (pet. ether/EtOAc ¼ 3:1). 1H NMR (500 MHz, CDCl3):
d 7.61e7.52 (m, 5H), 6.77 (s, 1H), 4.55 (quin, J ¼ 5.6 Hz, 1H), 4.11 (q,
J ¼ 7.1 Hz, 2H), 3.59 (dd, J ¼ 13.4, 5.1 Hz, 1H), 3.51 (dd, J ¼ 13.4,
6.0 Hz, 1H), 3.27 (d, J ¼ 5.3 Hz, 2H), 2.74 (t, J ¼ 7.1 Hz, 2H), 2.32 (t,
J¼ 7.0 Hz, 2H), 1.76e1.64 (m, 4H), 1.24 (t, J¼ 7.1 Hz, 3H), 0.83 (s, 9H),
0.06 (s, 3H),�0.10 (s, 3H). 13C NMR (125 MHz, CDCl3): d 173.6, 165.1,
156.7, 154.3, 133.6, 130.1, 129.8, 123.8, 113.1, 69.8, 60.2, 39.8, 39.3,
34.1, 31.1, 28.7, 25.7, 24.6, 18.0, 14.2, �4.7, �5.0. FTIR (thin film) n
3104, 3068, 3050, 2950, 2918, 1732, 1534, 1462, 1426, 1407, 1275,
1190 cm�1. HRMS (ESI): Calculated for C26H40N5O3S2Siþ [Mþ H]þ

562.2336; found 562.2344. [a]D21 �4.5 (c ¼ 0.56, CHCl3).
Ethyl (S)-5-(2-(2-((tert-butyldimethylsilyl)oxy)-3-((1-phenyl-

1H-tetrazol-5-yl)sulfonyl)propyl)-thiazol-4-yl)pentanoate (29).
To a solution of thioether 28 (120 mg, 0.214 mmol, 1.0 equiv.) in
EtOH (5 mL) was added the prepared oxidant solution of
(NH4)6Mo7O24 (135 mg, 0.109 mmol, 0.50 equiv.) in H2O2 (0.70 mL,
30% w/w in water, 6.3 mmol, 30 equiv.), and the yellow reaction
mixture was stirred for 38 h at room temperature. Saturated
aqueous Na2S2O3 solution (5 mL) was added slowly then ethanol
solvent was removed by evaporation under vacuum. The residual
aqueous phase was extracted with ethyl acetate (3 � 5 mL). The
combined organic phase was washed with brine, dried over anhy-
drous Na2SO4, filtered, concentrated under reduced pressure. The
crude material was purified by flash silica gel chromatography (pet.
ether/EtOAc ¼ 3:1) to afford the title compound 29 (89 mg, 71%) as
a colourless oil. Rf: 0.22 (pet. ether/EtOAc ¼ 3:1). 1H NMR
(500 MHz, CDCl3): d 7.69e7.64 (m, 2H), 7.64e7.56 (m, 3H), 6.80 (s,
1H), 4.87e4.81 (m, 1H), 4.14 (dd, J ¼ 10.9, 4.1 Hz, 1H), 4.11 (q,
J¼ 7.1 Hz, 2H), 4.01 (dd, J¼ 14.9, 6.4 Hz,1H), 3.34 (d, J¼ 5.7 Hz, 2H),
2.75 (t, J¼ 7.3 Hz, 2H), 2.33 (t, J¼ 7.1 Hz, 2H),1.77e1.63 (m, 4H),1.24
(t, J ¼ 7.1 Hz, 3H), 0.82 (s, 9H), 0.04 (s, 3H), 0.01 (s, 3H). 13C NMR
(125 MHz, CDCl3): d 173.6, 163.5, 157.1, 154.1, 133.1, 131.4, 129.7,
125.2, 113.3, 66.4, 61.4, 60.2, 40.7, 34.1, 31.1, 28.6, 25.7, 24.5, 17.8,
14.3, �4.8, �4.9. FTIR (thin film) n 3111, 3072, 2930, 2857, 1730,
1595, 1521, 1498, 1463, 1420, 1343, 1299, 1255, 1154, 1122 cm�1.
HRMS (ESI): Calculated for C26H40N5O5S2Siþ [Mþ H]þ 594.2235;
found 594.2242. [a]D18 �41.2 (c ¼ 0.17, DCM).

Ethyl (S)-5-(2-(2-hydroxy-3-((1-phenyl-1H-tetrazol-5-yl)sul-
fonyl)propyl)thiazol-4-yl)pentanoate (30). To a solution of sul-
fone 29 (31.7 mg, 0.0534 mmol, 1.0 equiv.) in anhydrous THF
(0.1 mL) was added a solution of HF-pyridine (135 mL, 5.15mmol, 99
equiv.) in anhydrous THF (0.5 mL) dropwise at 0 �C. The reaction
mixture was stirred for 2 days at room temperature and 2.0 mL
saturated NaHCO3 aqueous solution was added. Then the aqueous
phase was extracted with ethyl acetate (3 � 5 mL). The combined
organic phase was washed with brine, dried over anhydrous
Na2SO4, filtered, concentrated under reduced pressure. The com-
bined organic phase was washed with brine, dried over anhydrous
Na2SO4, filtered, concentrated under reduced pressure. The crude
material was purified by flash silica gel chromatography (pet. ether/
EtOAc ¼ 2:1) to afford the title compound 30 (23.2 mg, 92%) as a
colourless oil. Rf: 0.44 (pet. ether/EtOAc ¼ 1:1). 1H NMR (600 MHz,
CDCl3): d 7.72e7.55 (m, 5H), 6.81 (s, 1H), 4.78e4.70 (m, 1H), 4.11 (q,
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J ¼ 7.1 Hz, 2H), 3.95 (dd, J ¼ 15.0, 8.7 Hz, 1H), 3.78 (dd, J ¼ 15.0,
3.2 Hz, 1H), 3.28 (dd, J ¼ 15.7, 3.8 Hz, 1H), 3.18 (dd, J ¼ 15.7, 7.3 Hz,
1H), 2.74 (t, J¼ 7.2 Hz, 2H), 2.34 (t, J¼ 7.1 Hz, 2H),1.76e1.62 (m, 4H),
1.24 (t, J ¼ 7.1 Hz, 3H). 13C NMR (150 MHz, CDCl3): d 173.6, 164.8,
156.9, 154.0, 133.0, 131.5, 129.5, 125.6, 112.9, 65.5, 61.2, 60.3, 37.9,
34.0, 30.9, 28.4, 24.4, 14.2. FTIR (thin film) n 3397, 3105, 2937, 2864,
1769, 1728, 1694, 1595, 1523, 1498, 1461, 1434, 1348, 1311, 1280,
1246, 1176,1152, 1112,1076,1032, 1018, 979, 926, 885, 844, 831, 803,
764, 725, 689, 633, 581, 536, 489, 450 cm�1. HRMS (ESI): Calculated
for C20H26N5O5S2þ [Mþ H]þ 480.1370; found 480.1376. [a]D20 þ7.5
(c ¼ 0.99, CHCl3).

Methyl (2E,4E)-6,6-dimethoxyhexa-2,4-dienoate (34). To a
solution of known aldehyde 32 [39] (3.03 g, 23 mmol, 1.0 equiv.) in
anhydrous DCM (20 mL) was added methyl (triphenylphosphor-
anylidene)-acetate (33) (8.00 g, 23.9 mmol, 1.04 equiv.). Then the
reaction mixture was stirred at room temperature under argon
atmosphere for 16 h. Solvent was evaporated and the crude ma-
terial was then purified by flash silica gel chromatography (pet.
ether/EtOAc/Et3N ¼ 10:1:0.1) to afford the title compound 34
(2.95 g, 68%) as a yellow oil. Rf: 0.47 (pet. ether/EtOAc ¼ 4:1). 1H
NMR (500 MHz, CDCl3): d 7.28 (ddd, J ¼ 15.4, 11.2, 0.4 Hz, 1H), 6.48
(dddd, J ¼ 15.5, 11.2, 1.2, 0.7 Hz, 1H), 6.00 (dd, J ¼ 15.5, 4.3 Hz, 1H),
5.96 (dd, J ¼ 15.4, 0.4 Hz, 1H), 4.91 (dd, J ¼ 4.3, 1.2 Hz, 1H), 3.75 (s,
3H), 3.33 (s, 6H). 13C NMR (125 MHz, CDCl3): d 167.1, 143.2, 137.6,
131.0, 122.7, 101.3, 52.7, 51.7. FTIR (thin film) n 2951, 2832, 1719,
1651, 1619, 1436, 1359, 1313, 1267, 1234, 1190, 1174, 1126, 1051, 1002,
956, 911, 875, 723 cm�1. HRMS (ESI): Calculated for C8H11O3

þ [M-
OCH3]þ 155.0703; found 155.0699.

(2E,4E)-6,6-Dimethoxyhexa-2,4-dienal (31). To a solution of
methyl ester 34 (1.62 g, 8.70 mmol, 1.0 equiv.) in anhydrous DCM
(87 mL) was added a solution of diisobutylaluminium hydride
(31.0 mL, 1.0 M in cyclohexane, 31.0 mmol, 3.56 equiv.) slowly
at �78 �C. The reaction mixture was stirred at �78 �C for 6 h and
then quenched by addition of saturated aqueous potassium sodium
tartrate (80 mL). The resulting mixture was stirred at room tem-
perature for 2 h and the aqueous phase was extracted with ethyl
acetate (3 � 80 mL). The combined organic phase was washed with
brine, dried over anhydrous Na2SO4, filtered, concentrated under
reduced pressure. The crudematerial was purified by flash silica gel
chromatography (pet. ether/EtOAc/Et3N ¼ 2:1:0.02) to afford the
primary alcohol intermediate (0.97 g, 71%) as a yellow oil. Rf: 0.38
(pet. ether/EtOAc ¼ 2:1). 1H NMR (500 MHz, CDCl3): d 6.37 (dd,
J ¼ 15.2, 10.7, 1H), 6.28 (ddt, J ¼ 15.4, 10.5, 1.6 Hz, 1H), 5.92 (dt,
J¼ 15.1, 5.7 Hz,1H), 5.64 (dd, J¼ 15.3, 4.8 Hz,1H), 4.84 (d, J¼ 4.8 Hz,
1H), 4.21 (t, J¼ 5.6 Hz, 2H), 3.32 (s, 6H). 13C NMR (125 MHz, CDCl3):
d 134.0, 132.9, 129.9, 129.4, 102.4, 63.2, 52.6. FTIR (thin film) n 3394,
2991, 2936, 1830, 1663, 1629, 1447, 1350, 1298, 1190, 1128, 1072,
1045, 990, 952, 905, 849, 586, 487 cm�1. HRMS (ESI): Calculated for
C7H11O2

þ [M-OCH3]þ 127.0754; found 127.0750.
To a solution of the intermediate alcohol (0.21 g, 1.3 mmol, 1.0

equiv.) in wet DCM (17 mL) was added, sequentially, pyridine
(0.36 mL, 4.5 mmol, 3.5 equiv.) and Dess-Martin periodinane
(0.75 g,1.76mmol,1.3 equiv.) at 2 �C. Then the reactionmixturewas
stirred at 2e4 �C for 2 h. The reactionmixturewas dilutedwith Et2O
(15 mL) and added a mixture of saturated aqueous solution of
Na2S2O3 and NaHCO3 (Na2S2O3/NaHCO3¼ 1:1,15 mL). The resulting
mixture was stirred vigorously for 30 min and then the aqueous
phase was extracted with Et2O (3 � 15 mL). The combined organic
phase was washed with brine, dried over anhydrous Na2SO4,
filtered, concentrated under reduced pressure. The crude material
was purified by flash silica gel chromatography (pet. ether/Et2O/
Et3N ¼ 4:1:0.04) to afford the title compound 31 (0.159 g, 76%) as a
yellow oil. Rf: 0.11 (pet. ether/EtOAc ¼ 9:1). 1H NMR (500 MHz,
C6D6): d 9.30 (d, J ¼ 7.8 Hz, 1H), 6.34e6.25 (m, 1H), 6.25e6.17 (m,
1H), 5.88 (ddd, J¼ 14.9, 7.8, 2.8 Hz,1H), 5.71 (dt, J¼ 15.2, 4.6 Hz,1H),
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4.64 (d, J ¼ 4.3 Hz, 1H), 3.07 (d, J ¼ 1.4 Hz, 6H). 13C NMR (125 MHz,
C6D6): d 192.5, 149.2, 139.3, 133.3, 131.2, 101.3, 52.2. FTIR (thin film)
n 2937, 2830, 1680, 1647, 1602, 1445, 1350, 1188, 1155, 1130, 1103,
1049, 1012, 989, 954, 909, 866, 565, 536 cm�1. HRMS (ESI): Calcu-
lated for C7H8O2

þ [M-OCH3]þ 125.0597; found 125.0590.
Ethyl 5-(2-allylthiazol-4-yl)pentanoate (36). To a solution of b-

hydroxysulfone 30 (6.8 mg, 0.014 mmol, 1.0 equiv.) in anhydrous
THF (0.5 mL) at �78 �C was added KHMDS (51 mL, 0.5 M in toluene,
0.026mmol, 1.8 equiv.) under argon. Then the reaction mixture was
stirred at �78 �C for 30 min. Deuterium oxide (20 mL) was added to
the reactionmixture at�78 �C and the reactionmixturewas stirred
at �78 �C for 2 h. The reaction was quenched with 1 mL saturated
aqueous NH4Cl solution and then extracted with ethyl acetate
(3 � 5 mL). The combined organic phase was washed with brine,
dried over anhydrous Na2SO4, filtered, concentrated under reduced
pressure. The crude material was purified by flash silica gel chro-
matography (pet. ether/EtOAc ¼ 3:1) to afford the eliminated by-
product 36 (1.3 mg, 36%) as a colourless oil. Rf: 0.50 (pet. ether/
EtOAc ¼ 2:1). 1H NMR (500 MHz, CDCl3): d 6.78 (s, 1H), 6.04 (ddt,
J ¼ 16.9, 10.0, 6.8 Hz, 1H), 5.30e5.17 (m, 2H), 4.12 (q, J ¼ 7.2 Hz, 2H),
3.74 (dt, J¼ 6.9, 1.4 Hz, 1H), 2.77 (t, J¼ 7.1 Hz, 2H), 2.33 (t, J¼ 7.2 Hz,
2H), 1.78e1.65 (m, 4H), 1.25 (t, J ¼ 7.0 Hz, 3H). 13C NMR (125 MHz,
CDCl3): d 173.7, 168.7, 156.9, 134.0, 118.2, 112.6, 60.3, 37.8, 34.1, 31.2,
29.7 (grease peak), 28.7, 24.6, 14.3. FTIR (thin film) n 2918, 2850,
1731, 1639, 1522, 1461, 1374, 1350,1299, 1231, 1178, 1136, 1094, 1027,
920, 864, 795, 734, 584, 553 cm�1. HRMS (ESI): Calculated for
C13H20NO2Sþ [MþH]þ 254.1209; found 254.1212.

(S)-(1-Amino-2-(2,2-dimethyl-1,3-dioxolan-4-yl)ethylidene)-
l4-sulfanone (39). Lawesson’s reagent (27) (freshly re-purified by
washing with DCM and Et2O, 37 mg, 0.090 mmol, 0.55 equiv.) was
added to a solution of amide 37 (26 mg, 0.16 mmol, 1.0 equiv.) in
anhydrous DCM. The reaction mixturewas stirred vigorously under
argon atmosphere at room temperature for 12 h. Saturated aqueous
NaHCO3 solution (3 mL) was added to the reaction mixture and the
aqueous phase was extracted with ethyl acetate (3 � 5 mL). The
combined organic phasewas dried over anhydrous Na2SO4, filtered,
and then concentrated under reduced pressure. The crude material
was purified by silica flash chromatography (pet. Ether/
EtOAc ¼ 2:1) to afford the thioamide S-oxide 39 as a yellow oil
(7.2 mg, 23%). Rf: 0.43 (pet. Ether/EtOAc ¼ 1:1). 1H NMR (500 MHz,
CDCl3): d 7.77 (br. s, 1H, NeH), 7.54 (br. s, 1H, NeH), 4.46 (dtd,
J¼ 8.5, 6.5, 3.3 Hz,1H), 4.14 (dd, J¼ 8.4, 6.1 Hz, 1H), 3.65 (dd, J¼ 8.4,
6.7 Hz, 1H), 3.04 (ddd, J ¼ 15.3, 3.3, 1.0 Hz, 1H), 2.91 (dd, J ¼ 15.3,
8.4 Hz, 1H), 1.45 (s, 3H), 1.37 (s, 3H). 13C NMR (125 MHz, CDCl3):
d 206.1, 109.9, 73.8, 68.6, 48.8, 27.0, 25.5. FTIR (solid) n 3312, 3188,
2984, 2933, 1654, 1636, 1629, 1438, 1420, 1381, 1372, 1324, 1249,
1214, 1152, 1106, 1060, 965,929, 884, 832, 512 cm�1. HRMS (ESI):
Calculated for C7H14NO3Sþ [Mþ H]þ 192.0689; found 192.0685.
[a]D22 �67.5 (c ¼ 0.215, DCM).

(S)-3-((tert-Butyldimethylsilyl)oxy)-4-((tert-butyldiphe-
nylsilyl)oxy)butanamide (42). Imidazole (400 mg, 5.87 mmol, 1.55
equiv.) and tert-butyldiphenylchlorosilane (1.04 mL, 4.00 mmol,
1.05 equiv.) were added to a solution of amide 41 (0.40 g, 3.8 mmol,
1.0 equiv.) in 3.8 mL anhydrous DMF. The reaction mixture was
stirred at room temperature for 24 h, and the reaction was
quenched with distilled water (5 mL). Then DMF and water was
removed at 60 �C by oil pump. The residue was then purified by
flash silica chromatography (pet. ether/EtOAc¼ 1:2) to afford (S)-4-
((tert-butyldiphenylsilyl)oxy)-3-hydroxybutanamide as a colour-
less oil (911 mg, 67%). Rf: 0.23 (pet. Ether/EtOAc ¼ 1:1). 1H NMR
(500 MHz, CDCl3): d 7.67e7.60 (m, 4H), 7.47e7.36 (m, 6H), 6.21 (br.
s, 1H, NeH), 5.72 (br. s, 1H,NeH), 4.16e4.05 (m, 1H), 3.66 (dd,
J ¼ 10.2, 4.6 Hz, 1H), 3.60 (dd, J ¼ 10.2, 6.6 Hz, 1H), 3.26 (br. s, OeH),
2.42e2.37 (m, 2H), 1.07 (s, 9H). 13C NMR (125 MHz, CDCl3): d 174.2,
135.4, 132.81, 132.79, 129.946, 129.938, 127.8, 68.8, 67.0, 38.8, 26.8,
9

19.2. FTIR (thin film) n 3338, 3202, 2956, 2930, 2857, 1663, 1617,
1589, 1472, 1462, 1427, 1391, 1361, 1111, 1070, 1007, 998, 823, 803,
740, 700, 621, 613, 504, 489 cm�1. HRMS (ESI): Calculated for
C20H28NO3Siþ [Mþ H]þ 358.1833; found 358.1838. [a]D25 �24.4
(c ¼ 0.41, DCM). Imidazole (5.44 g, 79.3 mmol, 6.0 equiv.) and tert-
butyldimethylsilyl chloride (5.97 g, 39.6 mmol, 3.0 equiv.) were
added to a solution of the TBDPS-protected intermediate (911 mg,
2.55 mmol, 1.0 equiv.) in 50 mL anhydrous DMF. The reaction
mixture was stirred at 30e35 �C for 14 days under nitrogen at-
mosphere. Then reaction mixture was quenched by addition of
50 mL ice-water. Then DMF and water was removed at 60 �C by oil
pump. The residue was re-dissolved in ethyl acetate (200 mL) and
washed with distilled water (3 � 50 mL). The combined aqueous
phase was then extracted with ethyl acetate (3 � 50 mL). The
combined organic phase was dried with anhydrous Na2SO4,
filtered, and then concentrated by rotary evaporation. The crude
material was purified by flash silica chromatography (pet. ether/
EtOAc ¼ 2:1) to afford the title compound 42 as a colorless oil
(6.12 g, 98%). Rf: 0.30 (pet. Ether/EtOAc ¼ 2:1). 1H NMR (500 MHz,
CDCl3): d 7.68e7.62 (m, 4H), 7.46e7.34 (m, 6H), 6.11 (br. s, 1H, NeH),
5.29 (br. s, 1H,NeH), 4.15e4.05 (m, 1H), 3.63 (dd, J ¼ 10.2, 4.8 Hz,
1H), 3.54 (dd, J¼ 10.1, 7.0 Hz,1H), 2.66 (dd, J¼ 14.8, 4.1 Hz,1H), 2.42
(dd, J¼ 14.8, 6.3 Hz,1H), 1.04 (s, 9H), 0.83 (s, 9H), 0.03 (s, 3H),�0.06
(s, 3H). 13C NMR (125 MHz, CDCl3): 173.4 (C-1), 135.6, 135.5, 133.2,
133.1, 129.8, 129.7, 127.74, 127.73, 70.2 (C-3), 66.9 (C-4), 41.0 (C-2),
26.8, 25.7, 19.2, 17.9, �4.7, �5.1. FTIR (thin film) n 3327, 3190, 3072,
2954, 2929, 2890, 2857, 1670, 1612, 1590, 1472, 1463, 1427, 1390,
1361, 1253, 1189, 1110, 1075, 999, 983, 964, 939, 824, 804, 777, 739,
700, 665, 613, 504, 490 cm�1. HRMS (ESI): Calculated for
C26H42NO3Si2þ [Mþ H]þ 472.2698; found 472.2704. [a]D25 þ71.7
(c ¼ 0.35, DCM).

(S)-3-((tert-Butyldimethylsilyl)oxy)-4-((tert-butyldiphe-
nylsilyl)oxy)butanethioamide (40). Lawesson’s reagent (1.54 g,
3.82 mmol, 0.6 equiv.) was added to a solution of amide 42 (3.06 g,
6.36 mmol, 1.0 equiv.) in anhydrous deoxygenated DCM (63 mL)
under argon atmosphere. The reaction mixture was stirred vigor-
ously at room temperature for 20 min. Upon completion, the re-
action mixture was directly loaded onto a short silica plug and
purified using DCM as eluent rapidly. The fractions were immedi-
ately collected and evaporated at 10 �C under vacuum to afford the
title compound 40 as a yellow oil (1.71 g, 54%). Rf: 0.37 (DCM).
Note: A tendency of 40 towards air oxidation was observed: upon
purification, the product should be stored in the freezer at �20 �C
under argon atmosphere. 1H NMR (500 MHz, CDCl3): d 7.76 (br. s,
1H, NeH), 7.69e7.63 (m, 4H), 7.46e7.36 (m, 7H), 4.14e4.08 (m, 1H,
H-3), 3.64 (dd, J ¼ 10.3, 4.7 Hz, 1H, H-4a), 3.58 (dd, J ¼ 10.4, 6.8 Hz,
1H, H-4b), 3.11 (dd, J ¼ 14.4, 4.1 Hz, 1H, H-2a), 3.00 (dd, J ¼ 14.4,
6.0 Hz, 1H, H-2b), 1.06 (s, 9H), 0.83 (s, 9H), 0.04 (s, 3H), �0.06 (s,
3H). 13C NMR (125 MHz, CDCl3): d 207.7 (C-1), 135.6, 135.5, 133.1,
132.9, 129.81, 129.77, 127.77, 127.74, 72.3 (C-3), 66.4 (C-4), 49.7 (C-
2), 26.8, 25.8, 19.2, 17.9, �4.7, �5.0. FTIR (thin film) n 3290, 3169,
3071, 2954, 2929, 2887, 2856, 1618, 1471, 1462, 1427, 1406, 1390,
1361, 1325, 1255, 1188, 1111, 1071, 998, 939, 834, 823, 803, 778, 739,
701, 690, 665, 622, 613, 505, 492 cm�1. HRMS (ESI):. Calculated for
C26H42NO2SSi2þ [Mþ H]þ 488.2469; found 488.2463. [a]D25 �97.8
(c ¼ 0.92, DCM).

Ethyl (S)-5-(2-(2-((tert-butyldimethylsilyl)oxy)-3-((tert-
butyldiphenylsilyl)oxy)propyl)thiazol-4-yl)pentanoate (43). To a
solution of Mor-DalPhosAuOMs (12) (2.9 mg, 0.0039 mmol, 0.1
equiv.) in anhydrous deoxygenated DCM (0.2 mL) was added alkyne
14 (12 mg, 0.074 mmol, 2.1 equiv.). The resulting mixture was
stirred at room temperature under argon atmosphere for 15 min.
Then a solution of 8-methylquinoline N-oxide (11) (17.0 mg,
0.106 mmol, 2.74 equiv.) and methanesulfonic acid (5.5 mL,
0.085 mmol, 2.52 equiv.) in degassed anhydrous DCM (0.2 mL) was
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added to the reaction mixture via a syringe pump under argon
atmosphere over 5 h. Upon completion, the reaction mixture was
further stirred for 1 h before a solution of thioamide 40 (11.9 mg,
0.024 mmol, 1.0 eq) in deoxygenated anhydrous DCM (0.8 mL)
adding. The resulting mixture was stirred at 45 �C (oil bath tem-
perature) in a sealed vial under argon atmosphere for 12 h before
concentration under reduced pressure. The crude material was
purified by silica gel flash chromatography (pet. ether/
EtOAc ¼ 10:1) to provide the title compound 43 (9.5 mg, 61%) as a
colourless oil. Rf: 0.60 (pet. ether/EtOAc ¼ 5:1). 1H NMR (500 MHz,
CDCl3): d 7.69e7.62 (m, 4H), 7.45e7.34 (m, 6H), 6.74 (s, 1H),
4.18e4.11 (m, overlapped, 3H), 3.63 (dd, J ¼ 10.2, 4.7 Hz, 1H), 3.54
(dd, J ¼ 10.2, 6.7 Hz, 1H), 3.39 (dd, J ¼ 14.5, 4.0 Hz, 1H), 3.11 (dd,
J ¼ 14.5, 7.8 Hz, 1H), 2.75 (t, J ¼ 7.2 Hz, 2H), 2.33 (t, J ¼ 7.0 Hz, 2H),
1.77e1.66 (m, 4H), 1.25 (t, J ¼ 7.1 Hz, 3H), 1.05 (s, 9H), 0.76 (s,
9H),�0.15 (s, 3H),�0.25 (s, 3H). 13C NMR (125MHz, CDCl3): d 173.7,
167.1, 156.4, 135.62, 135.59, 133.30, 129.67, 129.65, 127.684, 127.678,
112.5, 72.8, 67.4, 60.3, 38.6, 34.2, 31.2, 28.8, 26.9, 25.8, 24.6, 19.2,
18.0, 14.3, �4.8, �5.3. FTIR (thin film) n 2954, 2929, 2857, 1735,
1472,1462,1428,1254,1186,1112,1075, 836, 824, 805, 777, 740, 702,
690, 505, 493 cm�1. HRMS (ESI): Calculated for C35H54NO4SSi2þ

[Mþ H]þ 640.3307; found 640.3296. [a]D26 �111.1 (c ¼ 0.45, DCM).
2-(6-Oxo-3,6-dihydro-2H-pyran-2-yl)ethyl 5-(2-((S)-2-((tert-

butyldimethylsilyl)oxy)-3-((tert-butyldiphenylsilyl)oxy)propyl)
thiazol-4-yl)pentanoate (44). To a solution of Mor-DalPhosAuOMs
(12) (26.0 mg, 0.0344 mmol, 0.01 equiv.) in anhydrous deoxygen-
ated DCM (7.0 mL) was added alkyne 5 (862 mg, 3.44 mmol, 1.03
equiv.). The resulting mixture was stirred at room temperature
under argon atmosphere for 30 min. Then a solution of 8-
methylquinoline N-oxide (11) (712 mg, 4.47 mmol, 1.34 equiv.)
and methanesulfonic acid (268 mL, 4.13 mmol, 1.24 equiv.) in
degassed anhydrous DCM (6.9 mL) was added to the reaction
mixture via a syringe pump under argon atmosphere over 9 h.
Upon completion, the reaction mixture was further stirred for 1 h
before a solution of thioamide 40 (1.63 g, 3.34 mmol, 1.0 equiv.) in
deoxygenated anhydrous deoxygenated DCM (22 mL) was added.
The resulting mixture was stirred at 45 �C (oil bath temperature) in
a sealed vial for 72 h under argon atmosphere before concentration
under reduced pressure. The crude material was purified by silica
gel flash chromatography (pet. ether/EtOAc ¼ 3:2) to provide the
title compound 44 (1.31 g, 52%, BRSM 57%) as a yellow oil. Rf: 0.52
(pet. ether/EtOAc ¼ 1:1). 1H NMR (500 MHz, CDCl3): d 7.69e7.62
(m, 4H), 7.46e7.33 (m, 6H), 6.94e6.82 (m,1H), 6.75 (s, 1H), 6.04 (dt,
J ¼ 9.9, 1.7 Hz, 1H), 4.61e4.50 (m, 1H), 4.35e4.22 (m, 2H), 4.17e4.09
(m,1H), 3.63 (dd, J¼ 10.2, 4.7 Hz, 1H), 3.53 (dd, J¼ 10.2, 6.7 Hz, 1H),
3.39 (dd, J ¼ 14.5, 3.9 Hz, 1H), 3.11 (dd, J ¼ 14.6, 7.8 Hz, 1H), 2.75 (t,
J ¼ 7.1 Hz, 2H), 2.43e2.31 (m, 2H), 2.34 (t, J¼ 6.9 Hz, 2H), 2.16e2.09
(m, 1H), 2.04e1.95 (m, 1H), 1.78e1.64 (m, 4H), 1.05 (s, 9H), 0.76 (s,
9H),�0.15 (s, 3H),�0.25 (s, 3H). 13C NMR (125MHz, CDCl3): d 173.4,
167.2, 163.9, 156.3, 144.73, 144.72, 135.59, 135.56, 133.4, 133.3,
129.65,129.63,127.66,127.65,121.5,112.6, 74.7, 72.7, 67.3, 59.8, 38.6,
34.02, 33.97, 31.2, 29.4 28.7, 26.8, 25.7, 24.5, 19.2, 17.9, �4.8, �5.3.
FTIR (thin film) n 2953, 2929, 2856, 1731, 1472, 1462, 1428, 1389,
1361, 1248 cm�1. HRMS (ESI): Calculated for C40H58NO6SSi2þ [Mþ
H]þ 736.3518; found 736.3494. [a]D25 �14.3 (c ¼ 1.05, DCM).

(2Z,4E)-7-((5-(2-((S)-2-((tert-Butyldimethylsilyl)oxy)-3-
((tert-butyldiphenylsilyl)oxy)propyl)-thiazol-4-yl)pentanoyl)
oxy)hepta-2,4-dienoic acid (45). Potassium bis(trimethylsilyl)
amide solution (145 mL, 1.0 M in THF, 0.145 mmol, 1.3 equiv.) was
added dropwise to a solution of thiazole 44 (82.2 mg, 0.112 mmol,
1.0 equiv.) in anhydrous THF (2.0 mL) at �78 �C. The reaction
mixture was stirred at that temperature under argon atmosphere
for 2 h. Aqueous sulfuric acid (193 mL, 2 vol%) was added to the
reaction mixture dropwise at �78 �C, and then the resulting
mixture was allowed to warm up to room temperature and stir at
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room temperature for 5 min. The mixture was then added ethyl
acetate (6 mL) and saturated brine (2 mL). The aqueous phase was
extracted by ethyl acetate (3 � 5 mL). The combined organic phase
was dried with anhydrous Na2SO4, filtered, and then concentrated
by rotary evaporation. The crude material was purified by flash
silica chromatography (pet. ether/EtOAc ¼ 4:1) to afford the title
compound 45 as a colourless oil (49.0 mg, 60%). Rf: 0.27 (pet. ether/
EtOAc ¼ 5:1). 1H NMR (500 MHz, CDCl3): d 7.68e7.64 (m, 4H),
7.45e7.35 (m, overlapped, 7H), 6.75 (s, 1H), 6.58 (t, J ¼ 11.3 Hz, 1H),
6.04 (dt, J ¼ 15.5, 6.4 Hz, 1H), 5.62 (d, J ¼ 11.4 Hz, 1H), 4.20 (t,
J ¼ 5.7 Hz, 2H), 4.14(tt, J ¼ 7.9, 4.2 Hz, 1H), 3.62 (dd, J ¼ 10.2, 4.5 Hz,
1H), 3.53 (dd, J¼ 10.2, 6.9 Hz,1H), 3.47 (dd, J¼ 14.5, 3.9 Hz,1H), 3.19
(dd, J ¼ 14.4, 7.9 Hz, 1H), 2.77 (t, J ¼ 6.8 Hz, 2H), 2.54e2.48 (m, 2H),
2.34 (t, J ¼ 6.7 Hz, 2H), 1.75e1.68 (m, 4H), 1.05 (s, 9H), 0.75 (s,
9H),�0.17 (s, 3H),�0.25 (s, 3H). 13C NMR (125MHz, CDCl3): d 173.5,
169.6, 168.1, 156.1, 144.6, 139.3, 135.59, 135.58, 133.4, 133.3, 129.65,
129.62,129.2 (C-15), 127.67,127.66,117.3, 112.9, 72.6, 67.2, 62.4, 38.1,
34.2, 31.8, 30.7, 29.2, 26.8, 25.8, 24.6, 19.2, 17.9, �4.9, �5.4. FTIR
(thin film) n 3070, 3050, 2953, 2929, 2893, 2857, 1736, 1695, 1640,
1602, 1525, 1471, 1428, 1389, 1361, 1252 cm�1. HRMS (ESI): Calcu-
lated for C40H58NO6SSi2þ [Mþ H]þ 736.3518; found 736.3519.
[a]D23 �13.7 (c ¼ 0.99, DCM).

(2Z,4E)-7-((5-(2-((S)-3-((tert-Butyldiphenylsilyl)oxy)-2-
hydroxypropyl)thiazol-4-yl)pentanoyl)oxy)hepta-2,4-dienoic
acid (46). Pyridinium p-toluenesulfonate (156mg, 0.621mmol,10.0
equiv.) was added to a solution of acid 45 (46 mg, 0.063 mmol, 1.0
equiv.) in MeOH (4.5 mL). The reaction mixture was stirred at
45e50 �C for 27 h. Upon completion, the reaction mixture was
concentrated under reduced pressure and the residue was directly
loaded onto a silica column and purified by flash chromatography
using pet. ether/EtOAc ¼ 2:1 as eluent to afford the title compound
46 as a colourless oil (11.9 mg, 30%, BRSM 43%). Rf: 0.56 (pet. ether/
EtOAc ¼ 1:1). 1H NMR (500 MHz, CDCl3): d 7.68e7.62 (m, 4H),
7.45e7.32 (m, overlapped, 7H), 6.79 (s, 1H), 6.59 (t, J ¼ 11.4 Hz, 1H),
6.06 (dt, J ¼ 15.1, 6.2 Hz, 1H), 5.59 (d, J ¼ 11.4 Hz, 1H), 4.22 (t,
J ¼ 5.8 Hz, 2H), 4.15e4.07 (m, 1H), 3.72 (dd, J ¼ 10.3, 5.5 Hz, 1H),
3.67 (dd, J ¼ 9.7, 5.3 Hz, 2H), 3.31 (dd, J ¼ 15.6, 3.1 Hz, 1H), 3.20 (dd,
J ¼ 15.1, 8.7 Hz, 1H), 2.74 (t, J ¼ 7.0 Hz, 2H), 2.55e2.49 (m, 2H), 2.35
(t, J¼ 6.6 Hz, 2H),1.76e1.63 (m, 4H),1.07 (s, 9H). 13C NMR (125MHz,
CDCl3): d 173.6,170.1,167.7,156.1, 145.4,140.0,135.52,135.51,133.10,
133.07, 129.76, 129.75, 129.1, 127.74, 127.72, 116.8, 112.8, 71.3, 66.8,
62.5, 36.3, 34.0, 31.9, 30.6, 28.8, 26.8, 24.4, 19.2. FTIR (thin film) n
3391, 3069, 2929, 2857, 1733, 1640, 1602, 1525, 1461, 1428, 1389,
1361, 1185, 1112, 999, 964, 939, 859, 824, 741, 703, 614, 593, 506,
434, 418 cm�1. HRMS (ESI): Calculated for C34H44NO6SSiþ [Mþ H]þ

622.2653; found 622.2625. [a]D24 �9.0 (c ¼ 0.69, DCM).
(S,6Z,8E)-3-(((tert-Butyldiphenylsilyl)oxy)methyl)-4,12-

dioxa-1(2,4)-thiazolacycloheptadecaphane-6,8-diene-5,13-
dione (48). To a mixture of acid 46 (12.9 mg, 0.0203 mmol, 1.0
equiv.) and solid NaHCO3 (419 mg, 4.99 mmol, 246 equiv.) in
anhydrous DCM (36 mL) was added 2-bromo-1-ethyl-pyridinium
tetrafluoroborate (47) (141 mg, 0.515 mmol, 24.6 equiv.). The re-
action mixture was stirred in the dark under argon atmosphere at
room temperature for 19 h. The reaction was quenched by addition
of distilled water (3.9 mL). The aqueous phase was separated and
extracted by ethyl acetate (4 � 8 mL). The combined organic phase
was dried with anhydrous Na2SO4, filtered, and then concentrated
by rotary evaporation. The crude material was purified by flash
silica chromatography (pet. ether/EtOAc ¼ 2:1) to afford the title
compound 48 as a colorless oil (9.4 mg, 75%). Rf: 0.73 (pet. ether/
EtOAc ¼ 1:1). 1H NMR (600 MHz, CDCl3): d 7.70e7.64 (m, 4H),
7.45e7.36 (m, 6H), 7.19 (dd, J¼ 15.4,11.3 Hz,1H), 6.73 (s, 1H), 6.46 (t,
J ¼ 11.4 Hz, 1H), 5.93 (ddd, J ¼ 15.3, 8.9, 5.6 Hz, 1H), 5.51e5.47 (m,
overlapped, 2H), 4.26 (td, J ¼ 10.6, 10.1, 2.8 Hz, 1H), 4.22e4.18 (m,
1H), 3.84 (dd, J¼ 10.8, 5.1 Hz,1H), 3.79 (dd, J¼ 10.8, 4.8 Hz,1H), 3.33
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(dd, J ¼ 14.6, 2.7 Hz, 1H), 3.25 (dd, J ¼ 14.7, 11.0 Hz, 1H), 2.76 (dt,
J¼ 13.7, 6.3 Hz,1H), 2.64 (dt, J¼ 15.0, 7.7 Hz,1H), 2.52e2.45 (m,1H),
2.44e2.36 (m, 1H), 2.29 (t, J ¼ 7.6 Hz, 2H), 1.76 (dt, J ¼ 14.5, 7.5 Hz,
1H), 1.66 (dt, J¼ 13.9, 6.8 Hz, 1H), 1.56e1.49 (m, 2H), 1.07 (s, 9H). 13C
NMR (150 MHz, CDCl3): d 173.4, 165.8, 164.7, 156.6, 144.8, 140.1,
135.61, 135.56, 133.13, 133.10, 129.8, 129.5, 127.8, 127.7, 116.1, 113.1,
72.7, 65.3), 61.8, 35.2, 34.6, 32.6, 30.8, 28.2, 26.8, 24.1, 19.3. FTIR
(thin film) n 2954, 2931, 2858, 1723, 1640, 1602, 1523, 1472, 1461,
1428, 1388, 1361, 1260, 1228, 1173, 1114, 1091, 998, 964, 823, 742,
703, 615, 505 cm�1.HRMS (ESI): Calculated for C34H42NO5SSiþ [Mþ
H]þ 604.2547; found 604.2519. [a]D25 �32.5 (c ¼ 0.07, DCM).

(S,6Z,8E)-3-(Hydroxymethyl)-4,12-dioxa-1(2,4)-thiazolacy-
cloheptadecaphane-6,8-diene-5,13-dione (49). To a solution of
macrocyclic compound 48 (35.7 mg, 0.0591 mmol, 1.0 equiv.) and
acetic acid (16.4 mL, 0.286 mmol, 4.85 equiv.) in anhydrous THF
(3.0 mL) was slowly added tetrabutylammonium fluoride (118 mL,
1.0 M in THF, 0.118 mmol, 2.0 equiv.) over 20 min at 0 �C. Then the
reactionmixturewas allowed towarm up to room temperature and
stirred at room temperature for 17 h. The reactionmixturewas then
diluted with ethyl acetate (20 mL) and added saturated aqueous
NaHCO3 solution (2 mL). The aqueous phase was separated and
extracted by ethyl acetate (3 � 5 mL). The combined organic phase
was dried with anhydrous Na2SO4, filtered, and then concentrated
by rotary evaporation. The crude material was purified by flash
silica chromatography (pet. ether/EtOAc ¼ 1:2) to afford the title
compound 49 (18.5 mg, 86%) as a colourless oil. Rf: 0.25 (pet. ether/
EtOAc¼ 1:2). 1H NMR (500MHz, CDCl3): d 7.17 (dd, J¼ 15.7, 11.7 Hz,
1H), 6.73 (s, 1H), 6.48 (t, J ¼ 11.3 Hz, 1H), 5.95 (ddd, J ¼ 15.0, 8.7,
5.6 Hz, 1H), 5.51 (d, J ¼ 11.3 Hz, 1H), 5.49e5.44 (m, 1H), 4.30e4.25
(m, 1H), 4.20e4.15 (m, 1H), 3.86 (dd, J ¼ 11.9, 4.0 Hz, 1H), 3.81 (dd,
J¼ 11.9, 5.3 Hz,1H), 3.30e3.26 (m, 2H), 2.78 (dt, J¼ 13.2, 6.3 Hz,1H),
2.64 (dt, J ¼ 14.8, 7.6 Hz, 1H), 2.53e2.37 (m, 2H), 2.28 (t, J ¼ 7.6 Hz,
2H), 1.81e1.60 (m, 2H), 1.52e1.48 (m, 2H). 13C NMR (125 MHz,
CDCl3): d 173.4, 165.3, 164.9, 156.7, 145.3, 140.6, 129.2, 115.6, 113.2,
73.1, 64.4, 61.7, 34.7, 34.6, 32.5, 30.8, 28.2, 24.0. FTIR (thin film) n
3355, 2923, 2854, 1719, 1639, 1602, 1524, 1458, 1420, 1380,
1260 cm�1. HRMS (ESI): Calculated for C18H24NO5Sþ [Mþ H]þ

366.1370; found 366.1346. [a]D25 �137 (c ¼ 0.125, DCM).
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[3] M. Gümüş, M. Yakan, I. Koca, Recent advances of thiazole hybrids in biological
11
applications, Future Med. Chem. 11 (2019) 1979e1998, https://doi.org/
10.4155/fmc-2018-0196.

[4] A. Ayati, S. Emami, S. Moghimi, A. Foroumadi, Thiazole in the targeted anti-
cancer drug discovery, Future Med. Chem. 11 (2019) 1929e1952, https://
doi.org/10.4155/fmc-2018-0416.

[5] P. Arora, R. Narang, S.K. Narak, S.K. Singh, V. Judge, 2,4-Disubstituted thiazoles
as multitargeted bioactive molecules, Med. Chem. Res. 25 (2016) 1717e1743,
https://doi.org/10.1007/s00044-016-1610-2.

[6] M.V.N. de Souza, Synthesis and biological activity of natural thiazoles: an
important class of heterocyclic compounds, J. Sulfur Chem. 26 (2005)
429e449, https://doi.org/10.1080/17415990500322792.

[7] P.T. Northcote, J.W. Blunt, M.H.G. Munro, Pateamine: a potent cytotoxin from
the New Zealand marine sponge Mycale sp, Tetrahedron Lett. 32 (1991)
6411e6414, https://doi.org/10.1016/0040-4039(91)80182-6.

[8] P. Crews, Y. Kakou, E. Qui~no�a, Mycothiazole, a polyketide heterocycle from a
marine sponge, J. Am. Chem. Soc. 110 (1988) 4365e4368, https://doi.org/
10.1021/ja00221a042.

[9] F. Sasse, H. Steinmetz, G. H€ofle, H. Reichenbach, Archazolids, new cytotoxic
macrolactones from Archangium gephyra (myxobacteria) production, isola-
tion, physico-chemical and biological properties, J. Antibiot. 56 (2003)
520e525, https://doi.org/10.7164/antibiotics.56.520.

[10] D.S. Dalisay, E.W. Rogers, A.S. Edison, T.F. Molinski, Structure elucidation at
the nanomole scale. 1. Trisoxazole macrolides and thiazole-containing cyclic
peptides from the nudibranch Hexabranchus sanguineus, J. Nat. Prod. 72
(2009) 732e738, https://doi.org/10.1021/np8007649.

[11] D.M. Pollag, P.A. McQueney, J. Zhu, O. Hensens, L. Koupal, J. Liesch, M. Goetz,
E. Lazarides, C.M. Woods, Epothilones, a new class of microtubule-stabilizing
agents with a Taxol-like mechanism of action, Canc. Res. 55 (1995)
2325e2333.

[12] Z. Wang, Hantzsche Thiazole Synthesis. Chapter 296 in Comprehensive Organic
Name Reactions And Reagents, John Wiley & Sons Inc., 2010, https://doi.org/
10.1002/9780470638859.conrr296.

[13] A.D. Menche, J. Hassfeld, J. Li, S. Rudolph, Total synthesis of archazolid, J. Am.
Chem. Soc. 129 (2007) 6100e6101, https://doi.org/10.1021/ja071461o.

[14] A.B. Zhu, J.S. Panek, Total synthesis of epothilone, Org. Lett. 2 (2000)
2575e2578, https://doi.org/10.1021/ol006104w.

[15] B.J. Wang, B.-F. Sun, K. Cui, G.-Q. Lin, An efficient total synthesis of (-)-epo-
thilone, Org. Lett. 14 (2012) 6354e6357, https://doi.org/10.1021/ol303148g.

[16] R.E. Taylor, J.D. Haley, Towards the synthesis of epothilone A: enantioselective
preparation of the thiazole sidechain and macrocyclic ring closure, Tetrahe-
dron Lett. 38 (1997) 2061e2064, https://doi.org/10.1016/S0040-4039(97)
00285-2.

[17] B.W.C. Patt, M.A. Massa, The total synthesis of the natural product endothelin
converting enzyme (ECE) inhibitor, WS75624, Tetrahedron Lett. 38 (1997)
1297e1300, https://doi.org/10.1016/S0040-4039(97)00076-2.

[18] K.H. Narasimhamurthy, A.M. Sajith, M.N. Joy, K.S. Rangappa, An overview of
recent developments in the synthesis of substituted thiazoles, Chemis-
trySelect 5 (2020) 5629e5656, https://doi.org/10.1002/slct.202001133.

[19] R.M. Rzasa, D. Romo, D.J. Stirling, J.W. Blunt, M.H.G. Munro, Structural and
synthetic studies of the pateamines: synthesis and absolute configuration of
the hydroxydienoate fragment, Tetrahedron Lett. 36 (1995) 5307e5310,
https://doi.org/10.1016/0040-4039(95)01021-9.

[20] D. Romo, R.M. Rzasa, H.A. Shea, K. Park, J.M. Langenhan, L. Sun, A. Akhiezer,
J.O. Liu, Total synthesis and immunosuppressive activity of (�)-Pateamine A
and related Compounds: implementation of a b-lactam-based macro-
cyclization, J. Am. Chem. Soc. 120 (1998) 12237e12254, https://doi.org/
10.1021/ja981846u.

[21] M.-E. Bordeleau, J. Matthews, J.M. Wojnar, L. Lindqvist, O. Novac,
E. Jankowsky, N. Sonenberg, P. Northcote, P. Teesdale-Spittle, J. Pelletier,
Stimulation of mammalian translation initiation factor eIF4A activity by a
small molecule inhibitor of eukaryotic translation, Proc. Natl. Acad. Sci. Unit.
States Am. 102 (2005) 10460e10465, https://doi.org/10.1073/
pnas.0504249102.

[22] A.W.-K. Low, Y. Dang, T. Schneider-Poetsch, Z. Shi, N.S. Choi, W.C. Merrick,
D. Romo, J.O. Liu, Inhibition of eukaryotic translation initiation by the marine
natural product pateamine, Mol. Cell 20 (5) (2005) 709e722, https://doi.org/
10.1016/j.molcel.2005.10.008.

[23] M.-E. Bordeleau, R. Cencic, L. Lindqvist, M. Oberer, P. Northcote, G. Wagner,
RNA-mediated sequestration of the RNA helicase eIF4A by pateamine A in-
hibits translation initiation, J. Pelletier. Chem. Biol. 13 (2006) 1287e1295,
https://doi.org/10.1016/j.chembiol.2006.10.005.

[24] K.A. Hood, L.M. West, P.T. Northcote, M.V. Berridge, J.H. Miller, Induction of
apoptosis by the marine sponge (Mycale) metabolites, mycalamide A and
pateamine, Apoptosis 6 (2001) 207e219, https://doi.org/10.1023/A:
1011340827558.

[25] S. Di Marco, A. Cammas, X.J. Lian, E.N. Kovacs, J.F. Ma, D.T. Hall, R. Mazroui,
J. Richardson, J. Pelletier, I.E. Gallouzi, The translation inhibitor pateamine A
prevents cachexia-induced muscle wasting in mice, Nat. Commun. 3 (2012)
896, https://doi.org/10.1038/ncomms1899.

[26] Z. Cramer, J. Sadek, G.G. Vazquez, S. Di Marco, A. Pause, J. Pelletier, I.-
E. Gallouzi, eIF4A inhibition prevents the onset of cytokine-induced muscle
wasting by blocking the STAT3 and iNOS pathways, Sci. Rep. 8 (2008) 8414,
https://doi.org/10.1038/s41598-018-26625-9.

[27] P.D. Slaine, M. Kleer, N.K. Smith, D.A. Khaperskyy, C. McCormick, Stress
granule-inducing eukaryotic translation initiation factor 4A inhibitors block

https://doi.org/10.1016/j.tet.2021.132109
https://doi.org/10.1016/j.ejmech.2019.112016
https://doi.org/10.1016/j.ejmech.2019.07.043
https://doi.org/10.1016/j.ejmech.2019.07.043
https://doi.org/10.4155/fmc-2018-0196
https://doi.org/10.4155/fmc-2018-0196
https://doi.org/10.4155/fmc-2018-0416
https://doi.org/10.4155/fmc-2018-0416
https://doi.org/10.1007/s00044-016-1610-2
https://doi.org/10.1080/17415990500322792
https://doi.org/10.1016/0040-4039(91)80182-6
https://doi.org/10.1021/ja00221a042
https://doi.org/10.1021/ja00221a042
https://doi.org/10.7164/antibiotics.56.520
https://doi.org/10.1021/np8007649
http://refhub.elsevier.com/S0040-4020(21)00289-1/sref11
http://refhub.elsevier.com/S0040-4020(21)00289-1/sref11
http://refhub.elsevier.com/S0040-4020(21)00289-1/sref11
http://refhub.elsevier.com/S0040-4020(21)00289-1/sref11
http://refhub.elsevier.com/S0040-4020(21)00289-1/sref11
https://doi.org/10.1002/9780470638859.conrr296
https://doi.org/10.1002/9780470638859.conrr296
https://doi.org/10.1021/ja071461o
https://doi.org/10.1021/ol006104w
https://doi.org/10.1021/ol303148g
https://doi.org/10.1016/S0040-4039(97)00285-2
https://doi.org/10.1016/S0040-4039(97)00285-2
https://doi.org/10.1016/S0040-4039(97)00076-2
https://doi.org/10.1002/slct.202001133
https://doi.org/10.1016/0040-4039(95)01021-9
https://doi.org/10.1021/ja981846u
https://doi.org/10.1021/ja981846u
https://doi.org/10.1073/pnas.0504249102
https://doi.org/10.1073/pnas.0504249102
https://doi.org/10.1016/j.molcel.2005.10.008
https://doi.org/10.1016/j.molcel.2005.10.008
https://doi.org/10.1016/j.chembiol.2006.10.005
https://doi.org/10.1023/A:1011340827558
https://doi.org/10.1023/A:1011340827558
https://doi.org/10.1038/ncomms1899
https://doi.org/10.1038/s41598-018-26625-9


T. Xu, C. Cuyamendous, S.L. Brown et al. Tetrahedron 88 (2021) 132109
influenza A virus replication, Viruses 9 (2017) 388, https://doi.org/10.3390/
v9120388.

[28] B. Ziehr, E. Lenarcic, C. Cecil, N.J. Moorman, The eIF4AIII RNA helicase is a
critical determinant of human cytomegalovirus replication, Virology 489
(2016) 194e201, https://doi.org/10.1016/j.virol.2015.12.009.

[29] E. Gonz�alez-Almela, M.A. Sanz, M. García-Moreno, P. Northcote, J. Pelletier,
L. Carrasco, Differential action of pateamine A on translation of genomic and
subgenomic mRNAs from Sindbis virus, Virology 484 (2015) 41e50, https://
doi.org/10.1016/j.virol.2015.05.002.

[30] D. Romo, N.S. Choi, S. Li, I. Buchler, Z. Shi, J.O. Liu, Evidence for separate
binding and scaffolding domains in the immunosuppressive and antitumor
marine natural product, pateamine A: design, synthesis, and activity studies
leading to a potent simplified derivative, J. Am. Chem. Soc. 126 (2004)
10582e10588, https://doi.org/10.1021/ja040065s.

[31] C.-X. Zhuo, A. Fürstner, Concise synthesis of a pateamine A analogue with in
vivo anticancer activity based on an iron-catalyzed pyrone ring opening/
cross-coupling, Angew. Chem. Int. Ed. 55 (2016) 6051e6056, https://doi.org/
10.1002/anie.201602125.

[32] A.G. Kuznetsov, Q. Xu, L. Rudolph-Owen, K. TenDyke, J. Liu, M. Towle, N. Zhao,
J. Marsh, S. Agoulnik, N. Twine, L. Parent, Z. Chen, J.L. Shie, Y. Jiang, H. Zhang,
H. Du, R. Boivin, Y. Wang, D. Romo, B.A. Littlefield, Potent in vitro and in vivo
anticancer activities of des-methyl, des-amino pateamine A, a synthetic
analogue of marine natural product pateamine, Mol. Canc. Therapeut. 8
(2009) 1250e1260, https://doi.org/10.1158/1535-7163.mct-08-1026.

[33] W.-K. Low, J. Li, M. Zhu, S.S. Kommaraju, J. Shah-Mittal, K. Hull, J.O. Liu,
D. Romo, Second-generation derivatives of the eukaryotic translation initia-
tion inhibitor pateamine A targeting eIF4A as potential anticancer agents,
Bioorg. Med. Chem. 22 (2014) 116e125, https://doi.org/10.1016/
j.bmc.2013.11.046.

[34] R.M. Rzasa, H.A. Shea, D. Romo, Total synthesis of the novel, immunosup-
pressive agent (-)-Pateamine A from mycale sp. employing a b-lactam-based
macrocyclization, J. Am. Chem. Soc. 120 (1998) 591e592, https://doi.org/
10.1021/ja973549f.

[35] M.J. Remui~n�an, G. Pattenden, Total synthesis of (-)-pateamine, a novel polyene
bis-macrolide with immunosuppressive activity from the sponge Mycale sp,
Tetrahedron Lett. 41 (2000) 7367e7371, https://doi.org/10.1016/S0040-
4039(00)01241-7.

[36] G. Pattenden, D.J. Critcher, M. Remui~n�an, Total synthesis of (-)-pateamine, a
novel immunosuppressive agent from Mycale sp, Can. J. Chem. 82 (2004)
353e365, https://doi.org/10.1139/v03-199.

[37] A.C.-X. Zhuo, A. Fürstner, Catalysis-Based total syntheses of pateamine A and
DMDA-pat, J. Am. Chem. Soc. 140 (2018) 10514e10523, https://doi.org/
10.1021/jacs.8b05094.

[38] J.H. Matthews, D.R. Maass, P.T. Northcote, P.H. Atkinson, P.H. Teesdale-Spittle,
The cellular target specificity of pateamine A, Z. Naturforsch. 68c (2013)
406e415, https://doi.org/10.1515/znc-2013-9-1008.

[39] A.A.H. Cumming, S.L. Brown, X. Tao, C. Cuyamendous, J.J. Field, J.H. Miller,
J.E. Harvey, P.H. Teesdale-Spittle, Synthesis of a simplified triazole analogue of
pateamine, Org. Biomol. Chem. 14 (2016) 5117e5127, https://doi.org/
10.1039/C6OB00086J.

[40] G. Wu, R. Zheng, J. Nelson, L. Zhang, One-step synthesis of meth-
anesulfonyloxymethyl ketones via gold-catalyzed oxidation of terminal al-
kynes: a combination of ligand and counter anion enables high efficiency and
a one-pot synthesis of 2,4-disubstituted thiazoles, Adv. Synth. Catal. 356
(2014) 1229e1234, https://doi.org/10.1002/adsc.201300855.

[41] G. Wu, X. Wang, H. Liu, Highly efficient one-pot synthesis of 2,4-disubstituted
thiazoles using Au(I) catalyzed oxidation system at room temperature, Cata-
lysts 6 (2016) 126, https://doi.org/10.3390/catal6080126.

[42] Earlier Alkyne-Thioamide Couplings to Form Thiazoles Involved Alkyne
Activation with a Hypervalent Iodine Reagent Prior to the Coupling Reaction.
12
a) P. Wipf, S. Venkatraman, A new thiazole synthesis by cyclocondensation of
thioamides and alkynyl(Aryl)Iodonium reagents, J. Org. Chem. 61 (1996)
8004e8005, https://doi.org/10.1021/jo961681c;
b) Y. Ishiwata, H. Togo, Facile preparation of thiazoles from 1H-1-(10-Alkynyl)-
5-methyl-1,2,3-benziodoxathiole 3,3-dioxide with thioamides, Synlett 2008
(2008) 2637e2641, https://doi.org/10.1055/s-0028-1083439.

[43] T. Nakata, N. Hata, T. Oishi, A stereoselective synthesis of (2Z,4E)-dienoic acid
involving masked functional groups: n-bu4NF induced ring-opening of a,b-
unsaturated d-lactone, Heterocycles 30 (1990) 333e334, https://doi.org/
10.3987/COM-89-S58.

[44] D. Díez, M.T. Beneitez, I.S. Marcos, N.M. Garrido, P. Basabe, Enantioselective
synthesis of a 2,3,4-trisubstituted pyrrolidine from 1-Hydroxymethyl-4-
phenylsulfonylbutadiene, J. G. Urones. Synlett 2001 (2001) 655e657,
https://doi.org/10.1055/s-2001-13351.

[45] M.J. Martinelli, N.K. Nayyar, E.D. Moher, U.P. Dhokte, J.M. Pawlak,
R. Vaidyanathan, Dibutyltin oxide catalyzed selective sulfonylation of a-
chelatable primary alcohols, Org. Lett. 1 (1999) 447e450, https://doi.org/
10.1021/ol990658l.

[46] S.A. Haroutounian, Acetone Cyanohydrin, EROS, 2001. https://onlinelibrary.
wiley.com/doi/abs/10.1002/047084289X.ra014.

[47] Convenient syntheses of N-methylthioamides: a migration of the H2S mole-
cule in the thioamide-nitrile system, J. Spychała. J. Sulfur Chem 27 (3) (2006)
203e212, https://doi.org/10.1080/17415990600654599.

[48] M. Nagl, C. Panuschka, A. Barta, The BF3�OEt2-assisted conversion of nitriles
into thioamides with Lawesson’s reagent, W. Schmid. Synthesis 2008 (2008)
4012e4018, https://doi.org/10.1055/s-0028-1083253.

[49] J. Lee, M. Kim, S. Chang, H.-Y. Lee, Anhydrous hydration of nitriles to amides
using aldoximes as the water source, Org. Lett. 11 (2009) 5598e5601, https://
doi.org/10.1021/ol902309z.

[50] I. Thomsen, K. Clausen, S. Scheibye, S.-O. Lawesson, Thiation with 2,4-Bis(4-
methoxyphenyl)-1,3,2,4-Dithiadiphosphetane 2,4-disulfide: N-methyl-
thiopyrrolidone, Org. Synth. 158 (1984), https://doi.org/10.1002/
0471264180.os062.20.

[51] 2,4-Bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane 2,4-Disulfide, J. Voss.
EROS (2006), https://doi.org/10.1002/047084289X.rb170.pub2.

[52] During the course of our earlier work forming a simplified triazole analogue of
PatA [39], elimination of a b-ester substituted sulfone had been noted in place
of the intended Julia-Kocienski reaction (see Supporting Information for
details).

[53] M.K. Gupta, Z. Li, T.S. Snowden, Preparation of one-carbon homologated
amides from aldehydes or primary alcohols, Org. Lett. 16 (6) (2014)
1602e1605, https://doi.org/10.1021/ol500200n.

[54] D.J. Critcher, G. Pattenden, Synthetic studies towards pateamine, a novel
thiazole-based 19-membered bis-lactone from Mycale sp, Tetrahedron Lett.
37 (1996) 9107e9110, https://doi.org/10.1016/S0040-4039(96)02098-9.

[55] See Supporting Information for a Further Example of Base-Induced Elimina-
tive Ring Opening of a Truncated Variant of 44 with TBAF and Formation of a
Simplified Macrodiolide Related to 45.

[56] S.R. Parsons, J.F. Hooper, M.C. Willis, O-substituted alkyl aldehydes for
rhodium-catalyzed intermolecular alkyne hydroacylation: the utility of
methylthiomethyl ethers, Org. Lett. 13 (2011) 998e1000, https://doi.org/
10.1021/ol1030662.

[57] M.K. Pallerla, J.M. Fox, Diastereoselective intermolecular Pauson�Khand re-
actions of chiral cyclopropenes, Org. Lett. 7 (2005) 3593e3595, https://
doi.org/10.1021/ol051456u.

[58] I. Dams, M. Chody�nski, M. Krupa, A. Pietraszek, M. Zezula, P. Cmoch,
M. Kosi�nska, A. Kutner, A novel convergent synthesis of the potent anti-
glaucoma agent travoprost, Tetrahedron 69 (2013) 1634e1648, https://
doi.org/10.1016/j.tet.2012.11.087.

https://doi.org/10.3390/v9120388
https://doi.org/10.3390/v9120388
https://doi.org/10.1016/j.virol.2015.12.009
https://doi.org/10.1016/j.virol.2015.05.002
https://doi.org/10.1016/j.virol.2015.05.002
https://doi.org/10.1021/ja040065s
https://doi.org/10.1002/anie.201602125
https://doi.org/10.1002/anie.201602125
https://doi.org/10.1158/1535-7163.mct-08-1026
https://doi.org/10.1016/j.bmc.2013.11.046
https://doi.org/10.1016/j.bmc.2013.11.046
https://doi.org/10.1021/ja973549f
https://doi.org/10.1021/ja973549f
https://doi.org/10.1016/S0040-4039(00)01241-7
https://doi.org/10.1016/S0040-4039(00)01241-7
https://doi.org/10.1139/v03-199
https://doi.org/10.1021/jacs.8b05094
https://doi.org/10.1021/jacs.8b05094
https://doi.org/10.1515/znc-2013-9-1008
https://doi.org/10.1039/C6OB00086J
https://doi.org/10.1039/C6OB00086J
https://doi.org/10.1002/adsc.201300855
https://doi.org/10.3390/catal6080126
https://doi.org/10.1021/jo961681c
https://doi.org/10.1055/s-0028-1083439
https://doi.org/10.3987/COM-89-S58
https://doi.org/10.3987/COM-89-S58
https://doi.org/10.1055/s-2001-13351
https://doi.org/10.1021/ol990658l
https://doi.org/10.1021/ol990658l
https://onlinelibrary.wiley.com/doi/abs/10.1002/047084289X.ra014
https://onlinelibrary.wiley.com/doi/abs/10.1002/047084289X.ra014
https://doi.org/10.1080/17415990600654599
https://doi.org/10.1055/s-0028-1083253
https://doi.org/10.1021/ol902309z
https://doi.org/10.1021/ol902309z
https://doi.org/10.1002/0471264180.os062.20
https://doi.org/10.1002/0471264180.os062.20
https://doi.org/10.1002/047084289X.rb170.pub2
https://doi.org/10.1021/ol500200n
https://doi.org/10.1016/S0040-4039(96)02098-9
https://doi.org/10.1021/ol1030662
https://doi.org/10.1021/ol1030662
https://doi.org/10.1021/ol051456u
https://doi.org/10.1021/ol051456u
https://doi.org/10.1016/j.tet.2012.11.087
https://doi.org/10.1016/j.tet.2012.11.087

	Gold(I)-catalyzed, one-pot, oxidative formation of 2,4-disubstituted thiazoles: Application to the synthesis of a pateamine ...
	1. Introduction
	2. Results and discussion
	3. Experimental
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


