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Vinyl nosylates, readily obtained frofixdicarbonyl derivatives, could be efficiently engdge
Sonogashira cross-coupling reactions, either chyzatd by copper or silver salts. Tipara-
nitrobenzenesulfonate (nosylate) group allows ¢igpling to be performed under very n
conditions (room temperature). These new leavimygrand mild conditions could be app
to the synthesis of acetylenic coumarinyl derivegivand to the totalynthesis of an acetylel
monoterpene natural product, named cleviolide.

2009 Elsevier Ltd. All rights reserved

1. Introduction

The Sonogashira reaction is one of the four moskkweiwn
palladium-catalyzed cross-coupling reactions bedWizoroki-
Heck, Stille and Suzuki-Miyaura couplingsThis reaction has
been extensively applied to many areas, from ®yathesis to
OFET, OLED and related materials synthésiss a result, a
wide panel of substrates has been engaged in thiplicg
reaction, but most of them are vinyl or aryl hatidend triflates.
Although quite reactive in such coupling reactiotsflates
require specific conditions for their introductidoe to the use of
the sensitive and expensive triflic anhydride. TEfer,
convenient and cheaper alternatives to triflateshighly sought.
In this context, various other electrophifesych as phosphates

and a few sulfonatdshave been investigated. As we recently

showed that para-nitrobenzenesulfonate or nosylgsO)
derivatives are very interesting, cheap and stateetrophilic
coupling partners in various palladium-catalyzedssrcoupling

reactions, we further explored the behavior of such leaving

group in the Sonogashira reaction (Scheme 1). \Wertdere a
full account of the results we gained specificallgr fthe
Sonogashira reaction with a series of challengimgpmunds.

In this work, we mostly focused on nosylates derifrech 4-
hydroxycoumarinl, dimedone2, and 4-hydroxy-34)-furan-2-

compounds have indeed been studied with other lgayioups,

such as the classical halides and triflate, bub dtssylates,

mesylates and phosphafedVe also investigated the vinyl
nosylates4-5 in connection with various total synthesis projects
including our approach to dienediyne synthesis U@ gl)? To
demonstrate the usefulness of nosylates in Sonogasbupling
reaction, we also report here the synthesis of clield, the only
naturally occurring acetylenic monoterpene.
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Scheme 1. Sonogashira coupling of vinyl nosylates

highlighted in this work (Ns para-nitrobenzenesulfonyl or
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2. Results and discussion Under the conditions previously set for silver-catated
Sonogashira coupling'™® the E-nosylate 4 derived from
acetylacetone readily reacted with various alkyhesstionalized

Vinyl nosylates are readily obtained after treatifly or not, and provided the correspondifigenynones6-8 in

dicarbonyl derivatives with nosyl chloride in thepence of mild reasonable to hjgh yields, depending. on the S“"!'W,"f the
bases? For cyclic compounds-2, the most appropriate base and compound (entries 3, 7 and 11). ,W'th, copper 'qu co-
solvent were diisopropylethylamine and dichloromathat room ~ catalyst, thee-enynones-8 were obtained in good to high yields

temperature (96 and 88 % isolated yields), althopgtassium ~(éntries 4, 8 and 12). As expected from the lowectréy of
carbonate and acetonitrile were as effective. Incie of the SIVET acetylides; reaction times were longer, and yields were
more sensitive3, potassium carbonate and acetonitrile Werethus often lower W't_h the silver S_onogash_lra reactias
required. compared to the classical copper version (entnqs 3,7 vs 8
and 11 vs 12). More surprising was the lack of ieacstarting
With acyclic dicarbonyl derivatives, these condisocould from the corresponding isomer of4, even after prolonged
not be applied and only strong bases, such as N&HVIDS, in  reaction time (entries 1-2, 5-6). It neverthelesacted with the
THF allowed the formation of the corresponding natagd4-5, silyl protected Z-pent-3-en-4-yn-1-ol, but after prolonged
but the use of HMPA was mandatory. Under such conditian reaction time, whatever the copper or silver condiiapplied.

1:1 mixture ofE andZ isomers were always obtained, but they The yields were modest, with a large difference bemthese

2.1.Nosylate formations

can be readily separated by chromatography (Sci2¢gme achieved starting from tH&isomer (entries 9-10 vs 11-12).
Table 1. E or Z Vinyl nosylate in Ag- vs Cu-cocatalyzed
o SoC o ONs Sonogashira reactions with various alkynes.
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Scheme 2. Standard procedures for the preparation of vinyl
nosylate derivative$-5 using NsClI. 1o, _ 4 57
=
. . .. /
2.2.Silver vs copper co-catalyzed Sonogashira coupiitly 12 ONs rappso 4 7

vinyl nosylates Yields of isolated pure products unless otherwiatedt

Some years ago, our group_developed a varian_t ef the g reaction.
Sonogashira coupling based on silver salts as t@yss silver
iodide in DMF being the best, starting from triflaterivatives’ As the oxidative addition of palladium species te tarbon-
The purpose of this variant was to suppress a|kyn@OSy|ate bond obviously occurred for thésomer, the problems
homocoupling, a common side-reaction of the classic observed for the other isomer clearly imply spegifnenomenon.
Sonogashira reaction, but also to limit self-additiof certain ~ The lack of reaction or the very slow reaction fioe Z isomer
substrate$! The former side-reaction results from the well- could be due to either competitive chelation orcigestability of
known Glaser reactiolf, while the latter is due to the the insertion complex. The starting material could act as a kind
nucleophilic character of the situformed copper acetylidd As ~ of acac ligand, strongly chelating palladium andstlinhibiting
silver acetylides are less prone to oxidative cimgphnd less further transformation (Scheme 3, top left). Itwsrth noting
nucleophilic than their copper analdgsbut can still that, due to the sulfonate structure, sijeketo nosylate could
transmetalate to palladiulh, the corresponding side-products also act as a tridentate ligand nicely complementine P4
become totally absent or negligible in the silversion of the coordination sphere (Scheme 3, top right). Furtioeem the
Sonogashira coupling. complex formed upon oxidative addition could beb#ized by

o i ) chelation with the adjacent carbonyl group (SchemkeoBom).

Within thls frame., we decided to explore the pehe_mfo/lnyl Upon work-up, this complex could be simply hydrolyziedding

nosylates in our silver-cocatalyzed Sonogashiraplimgt For iy the corresponding enone, or converted to a nedroby

comparison  purposes, both silver and copper-co@@dl  complex'® which could provide back the diketone.
versions were evaluated with the nosyla€$able 1).
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Table 2. Optimization of the Sonogashira coupling
conditions.
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To c_heck these p955|b|llt|es, we .engaged. all mg)@tﬁSE 4 nGHe PACKMeCNp(2) Cul (4) THF 1 ¢
and5Z in copper or silver Sonogashira coupling reactieite 1- 5 n.cH, PdCHMeCNL(2) Cul(4) DMF 1 ¢
hexyne (Scheme 4). Whatever the conditions andxpecéeed 6 n-GHs PdCh(dppf)(2) Cul (4) THF 24 d
from the above results, only tiecoupling producBE coming g né%ﬂHe Eggtggggzg gu: gg gggm i gé

i i i iMe; 2 u
from the E isomer 5E could be isolated. Interestingly, the 9  SMe PdOKMeCNL(2) Cul(4) GCHON 2 K

corresponding diketone was also isolated. The peesef this
compound thus tends to support the second hypsthasblving
a stable insertion complex and the hydroxo compiexhanism
with the startingZ isomer4 or 5.
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Scheme 4. Competitive experiment set to decipher the
possible reasons for the non-couplingZeff-keto nosylates.
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With these surprising results, we then mostly foduse the
classical Sonogashira reaction, trying to adjustddmns to
nosylate derivatives as substrates.

2.3.Copper co-catalyzed Sonogashira reaction with vinyl
nosylates

We selected the nosylatederived from coumarin as our first
but challenging starting material. Indeed, the egdriflate is
known to be unstablé, except whena-substituted® and
phosphates have been reported as unredétBimce the halide
and tosylate derived from coumarin have been dssgriand
engaged in cross-coupling reactions, Sonogashactios withl
would serve as benchmark to qualify nosylate ase¥ke partner
in such coupling reaction.

We first studied the Sonogashira couplindlafith 1-hexyne
and trimethylsilylacetylene, and diisopropylethylae as base
(Table 2). Under the classical conditions (10 molR#d(PPh),
and 20 mol% of Cul) with trimethylsilylacetylene, lpiiraces of
the expected produd0 could be detected biH NMR of the
crude (entry 1). The use of silver salt insteaccaper led to
similar results (entry 2). Assuming that the produas sensitive,
we switched to 1-hexyne as alkyne. However, the saoiggm

occurred, with the produdtl detected in the crude but not much

after work-up and purification (entry 3). We thenrnied to

PdCL(MeCN), as catalyst while lowering the catalyst loading to

2 mol%, but both modifications led to degradatioifHF (entry
4), and to an even more complex crude in DMF (eBixyIn
sharp contrast, switching to Pd(@ppf)’ with Cul as catalysts
were not effective, only leaving unchanged the istgrnaterial
even after prolonged reaction time (entry 6).

?Yields of isolated pure products unless otherwiatedt

® Trace of the product was observed on the crileNMR
spectrum.

¢ Degradation occurs leading to unidentified by-pidsu

4 Starting material was recovered untouched.

Acetonitrile was the key to success, because instiigent,
the coupling with PdG(PPh), together with Cul as catalysts
afforded the expected produdfl in only 2 hours at room
temperature in high yields (91%; entry 7). Under gwme
conditions, trimethysilylacetylene quantitativelyffoaded the
corresponding productO in 1 hour (98%; entry 8). However,
triphenylphosphine proved essential as ligand, ghasphine-
free catalyst led to a messy reaction (entry 9).

It is worth mentioning here that these results aighli
competitive regarding the few examples of Sonogastgaction
involving coumarinyl derivatives (Table 3). Trifeet derived
from activated methoxylated coumarins readily redctvith
trimethylsilylacetylene within two hours giving thexpected
coupling product in good to high yields (77-85%)n sharp
contrast, the tosylate of coumarin required a \leng reaction
time (48h) to reacwith trimethylsilylacetylene producing the
coupling product in good yields (68%). 1t has been reported
that the 4-chloro-3-nitrocoumarin also required goreaction
times (24h) to provide coupling products in gooelgs (73%)°

Table 3. Comparison of Sonogashira coupling reactions
performed with coumarinyl derivatives carrying difént
leaving group.

SiMe;
" l
R! R'
o o [Pd][Cu] cat. o o
Entry LG R R? Yield (%) Ref.

1 ONs H H 98 thiswork
2 OTf H H deg. 17
3 OTf OMe H 77-89 20
4 OTs H H 68 19
5 Cl H NG 73 8c
6 OP(O)(OEt) H H 0 19




4

With optimal reaction conditions identified, theope and
limitations of this coupling reaction were invesiigd through
the coupling of various alkynes first with the saommarinyl
nosylatel (Table 4). Simple linear and cyclic aliphatic alkgn
even the gaseous propyne, were efficiently cougksjing to
the desired product§2-14 in good to high yields (54-92%,
entries 1-3). More functionalized alkynes couldoaie engaged
in coupling reaction with nosylatie with usually good results. 1-
Ethynylcyclohex-1-ene yielded the dienynoife in 87% yield
(entry 4), whereas the coupling product with 2-mdthidl-en-3-
yne 16 could not be isolated, presumably due to its fitggi
(entry 5). Not so surprisingly, propargyl alcohol léo the

Tetrahedron

(entries 4 and 5). The more sensitive nosyBaterived from 4-
hydroxy-2,5-dihydrofuran-2-one could also be sushdly
engaged in this procedure and its coupling with dyhe and
propyne yielded the corresponding produzésand 29 in 83%
and 58% yield respectively (entries 6 and 7).

Table 5. Vinyl nosylate scope with various alkynes.

isolation of the coupling produdfZ only in low yield, due to its
instability (entry 6). It is worth mentioning thate same issue

was observed on a similar substrate by Fairlamh.ét Blpon
protection of the hydroxy group, the expected povd8 could
be isolated in good yield (entry 7). Upon substitatiat the
propargylic position with two methyl or an isopropgtoup,
protection of the alcohol was no longer requiredstate the
corresponding product49 and 20 with 89% and 77% yield
respectively (entries 8-9). With longer alkyl chdietween the
hydroxy group and the alkyne, the coupling produas readily
produced, again without the requirement for a ptotgcgroup
and 21 could be isolated in good yield (entry 10). Not
unexpectedly, amino-substituted alkynes requiredratecting
group, as shown with but-3-ynamine for which Ntsut-1-ynyl
phtalimide derivative yielded the expected coupfimgduct22 in
69% vyield (entry 11).

Table 4. Alkyne scope in Sonogashira coupling with

ONs o]
PACI,(PPh3), 5 mol%
TN . Cul 5 mol% N\ — R
! + =R o
W NEt(i-Pr); 1.25 equiv (Y-~
o 12 equiv CH3CN, rt 23-27
Entry  Vinyl R Product Time Yield®
Nosylate (h) (%)
0,
1 2 n-CaHs p—m 23 2 88
0,
OH
2 2 CH,OH p% 24 1 99
0,
3 2 CHs D—Me ) 78
o]
4 5E n-CsHy phU\ %6 2 54
CaHy
o)
5 5E cy phw\ 27 2 63
Cy
0,
3 n-CiHs j%% 28 4 83
Q,
7 3 CHs N — e 29 4 58

coumarinyl nosylaté.

ONs 0,
PdCly(PPhs), 5 mol%
N _ Cul 5 mol% o R
+ — >
NEt(i-Pr), 1.25 equiv
o o 1.2 equiv CH45CN, rt
1 12-23
Entry R Product Time (h)  Yiefd%)
1 n-GH- 12 5 70
2 CH; 13 2 54
3 %} 14 1 92
4 % 15 2 87
5 }< 16 6 b
6 CH.OH 17 14 10
7 CH,OTBDPS 18 14 67
8 C(CH).0H 19 4 89
9 CH(OH)Pr 20 6 77
10 (CH).OH 21 6 71
11 (CH).NPht 22 6 69

% Isolated yields.
® Degradation occurs leading to unidentified by-pigu

We then briefly examined the vinyl nosylate scopthwither
challenging compounds (Table 5). Vinyl nosylé&teobtained
from dimedone was efficiently coupled under the lwesiditions
set above, and the expected enyn2®evas isolated in high yield
(88%; entry 1). Interestingly, in this case, theumling with
propargyl alcohol proceeded efficiently without metion and
the resulting produc24 was even obtained quantitatively (entry
2), providing further insights into the instabiliof 17 (Table 2,
entry 6). Gaseous propyne was also efficient inc¢bigling and
provided the enynong5 in high yield (78%; entry 3). Starting
from E-B-keto nosylatéE, coupling compoundg6 and27 could
be obtained in good yields, even if substantial @mboof
unidentifiable by-products was also formed during thactions

% |solated yields.

The latter was selected, because the 2,5-dihydinf@rone
((5H)-furan-2-one) motif can be found in various natura
products from different familie¥, but also used as building
blocks for the total synthesis of natural prode{&H)-Furan-2-
one could be found in neoclerodanes, cardenolidesiall as
simple mono- or diterpenes (Scheme 5), compoundshndften
exhibit strong and useful biological activiti®sTo illustrate the
usefulness of the coupling method described hereemigarked
in the total synthesis of one of these monoterpenes
cleviolide.

(¢}

Vallarisoside?4
Strebloside?4d

Scutolides A-L242

Scutebartines C-D24P Furospongolide?4¢

Scheme 5. Various natural products containing the 2,5-
dihydrofuran-2-one motif.

Cleviolide was isolated as the first acetylenic mermene
from the plant Senecio clevelandi? In contrast to other
synthese$? and related works, we used nosylat8 as starting
material and we were able to engageunder our coupling
conditions directly in the presence of 4-methylpeyin-3-ol as
terminal alkyne (Scheme 6).
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Scheme 6. Synthesis of cleviolide from vinyl nosylade

30, 67%

The expected produB0 was isolated in good yield despite its
sensitivity (67%). The latter was then very efficlgrdehydrated
with diphosphorous pentoxide according to the prooed
reported by Boukouvalas et &°. The natural producBl was
thus isolated in high yield (81%). This sequenaastbffers a
three-step synthesis of this naturally occurringetgenic
monoterpene starting from the commercially avaédal®-
hydroxy-(5H)-furan-2-one (tetronic acid) with an overall yiedtl
40%. It is worth to note that the coupling step hews more
efficient than those reported from stannyl furancemed 1-
iodoalkyne (37%5°* from iodofuranone and stannylalkyne

5

4.1.General Procedure for Copper Co-Catalyzed Sonogashir
Cross-Coupling of Vinyl Nosylates in acetonitrile

PdCL(PPh), (5 mol%), Cul (5 mol%) and the alkyne (1.2
equiv) were successively added at room temperadusesblution
of vinyl nosylate (1 equiv, 0.5 mmol) in degassed anhydrous
acetonitrie (5 mL, 10 mL/mmol) under argon.
Diisopropylethylamine (DIPEA) (1.25 equiv) was thended
dropwise. The reaction mixture was stirred at roomperature
until consumption of the starting material (TLCheTsuspension
was then diluted with ED (9 mL), filtered over a pad of Celite®
(elution with E$O), then on a silica gel pad. The filtrate was
evaporated to dryness and chromatographed ovea il to
afford the product.

4.1.1.4-(Trimethylsilylethynyl)-2H-chromen-2-one
(10)

Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPh), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%), ethynyltrimetsildne (92

(52%) but similar to the routes from bromofuranone anduL, 0.65 mmol) and DIPEA (108L, 0.625 mmol) were stirred at

stannyl  alkyn®,  free  alkyn® or  potassium
alkynyltrifluoroborate8’.
3. Conclusion

In the present work, we showed that theara

nitrobenzenesulfonate (nosylate) group acts as ellent
partner in Sonogashira cross-coupling reaction, et the
cocatalyst (copper or silver) used. We were alse éblset up
very mild conditions (room temperature) allowing Siéive
compounds and products such as enynes to be engagmthed
under these conditions. We demonstrated that tinessglate
leaving group and mild conditions perfectly combirie
efficiently produce coumarinyl products. We als@légd these
new leaving group and mild conditions to the totaitkesis of
an acetylenic monoterpene natural product.

4, Experimental section

Proton {H NMR) and Carbon'{C NMR) nuclear magnetic
resonance spectra were recorded on the following 300, or
500 MHz instruments. The chemical shifts are givempart per
million on the delta scale. The solvent peak wasl @sereference
values. ForH NMR: CHCkL = 7.26 ppm. Fol°C NMR: CDC} =
77.16 ppm. Data are presented as follow; chemicalt, shi
multiplicity (s = singlet, d = doublet, t = tripleg = quartet, quint
= quintet, m = multiplet, b = broad), coupling ctargs (/Hz)
and integration. IR spectra were recorded as neapleaon a
Brucker Alpha spectrophotometer. High-resolution ngsectra
(HRMS) were recorded by Electrospray lonisation jE81 an
Agilent 6520 Accurate Mass Q-TOF. Analytical thin Iaye
chromatography (TLC) was carried out on silica g6l Bs,
plates with visualization by ultraviolet lighpara-anisaldehyde
or potassium permanganate dip. Flash column chagreghy
was carried out using silica gel 60 (40+68) and the procedure
included the subsequent evaporation of solventsvacuo.
Reagents and solvents were purified using standaedns
Tetrahydrofuran was dried using Glasstechnology Dty®ta
ST100 purification system (filtration over aluminapder an
argon atmosphere. Acetonitrile amiN-diisopropylethylamine
(DIPEA) were distilled from Cajiand stored under an argon
atmosphere. Anhydrous reactions were carried odaindg-dried
glassware and under an argon atmosphere. All exteacti
procedures were performed using non-distilled sds/emd all
aqueous solutions used were saturated unless detailgiven.

room temperature during 1 h and gawe(119 mg, 4.91 mmol,
98 %) as a yellow powdetd NMR (400 MHz, CDC}) 6 (ppm)
0.34 (s, 9H), 6.56 (s, 1H), 7.32 (dd, J = 7.8 andHz21H), 7.33
(ddd,J = 8.2, 7.8 and 1.2 Hz, 1H), 7.55 (ddds8.2, 7.8 and 1.6
Hz, 1H), 7.84 (ddJ = 8.2 and 1.6 Hz, 1H}’C NMR (100 MHz,
CDCly) 6 (ppm) -0.2, 97.7, 109.7, 117.2, 118.5, 119.4, 1.24.
126.9, 132.9, 137.1, 153.8, 160.4; consistent witarature
data®

4.1.2.4-(Hex-1-ynyl)-2H-chromen-2-one€ly)

Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPh), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%), 1-hexyne (4B, 0.63
mmol) and DIPEA (109iL, 0.625 mmol) were stirred at room
temperature during 4h and gai® (103 mg, 0.455 mmol, 91 %)
as a brown oil'H NMR (400 MHz, CDCJ) § (ppm) 0.99 (tJ =
7.3 Hz, 3H), 1.53 (mJ = 7.3 Hz, 2H), 1.68 (tt) = 7.3 and 7.1
Hz, 2H), 2.57 (tJ = 7.1 Hz, 2H), 6.49 (s, 1H), 7.28-7.33 (m, 2H),
7.54 (dddJ =8.2, 7.5 and 1.6 Hz, 1H), 7.84 (did= 8.2 and 1.6
Hz, 1H); *C NMR (100 MHz, CDGJ) ¢ (ppm) 13.6 19.5, 22.1,
30.3, 74.8, 105.0, 116.9, 118.2, 118.8, 124.3,71227.8, 132.0,
138.0, 153.5; consistent with literature ddfa.

4.1.3.4-(Pent-1-ynyl)-2H-chromen-2-oneZ)
Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPh), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%), 1l-pentyne (BB, 0.6
mmol) and DIPEA (109iL, 0.625 mmol) were stirred at room
temperature during 5 h and gal&(74 mg, 0.35 mmol, 70 %) as
a brown solid. TLC Rf 0.23 (Cyclohexane/EtOAc 9/H;NMR
(300 MHz, CDC}) 6 (ppm) 1.10 () = 7.3 Hz, 3H), 1.73 (m] =
7.3 Hz, 2H), 2.55 () = 7.3 Hz, 2H), 6.48 (s, 1H), 7.27- 7.33 (m,
2H), 7.53 (dddJ = 7.8, 7.8 and 1.6 Hz, 1H), 7.85 (dds 8.1 and
1.7 Hz, 1H);"*C NMR (75 MHz, CDCJ) 6 (ppm) 13.8, 22.0,
22.0,75.2,105.0, 117.1, 118.5, 119.1, 124.5,9,2632.3, 138.3,
153.8, 160.6; HR-MS 235.073 {{#1,,0, + N& calcd 235.073).

4.1.4.4-(Prop-1-ynyl)-2H-chromen-2-onelg)

Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPh), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%), propyne (1-2,lvacharged
after 1 h) and DIPEA (10fL, 0.625 mmol) were stirred at room
temperature during 2 h and gal#&(49 mg, 0.27 mmol, 54 %) as
a brown solid. TLC Rf 0.19 (Cyclohexane/EtOAc 9/H;NMR
(300 MHz, CDCY)) ¢ (ppm) 2.23 (s, 3H), 6.49 (s, 1H), 7.27-7.34

Vinyl nosylate derivative4-3 were prepared according reported (m, 2H), 7.54 (dddj = 7.8, 7.8 and 1.6 Hz, 1H), 7.86 (dd; 8.1

procedures”

and 1.6 Hz, 1H)**C NMR (75 MHz, CDCJ) § (ppm) 5.2, 74.2,



6 Tetrahedron

100.7, 117.1, 118.5, 119.0, 124.5, 127.0, 132.8,313153.7,
160.7; HR-MS 207.044 (GHs0, + Na calcd 207.042).

4.1.5.4-(Cyclohexylethynyl)-2H-chromen-2-one
(14)

Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPh), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%), cyclohexylacety (79
pL, 0.6 mmol) and DIPEA (109L, 0.625 mmol) were stirred at
room temperature during 1 h and gave(116 mg, 0.46 mmol,
92 %) as a brown solid. TLC Rf 0.28 (Cyclohexane/EtQAD);

1H), 7.26 (dddJ = 7.9, 7.3 and 1.2 Hz, 1H), 7.31 (dds 8.3 and
1.2 Hz, 1H), 7.38-7.48 (m, 6H), 7.54 (ddi= 8.3, 7.3 and 1.4
Hz, 1H), 7.70 (dd) = 7.9 and 1.4 Hz, 1H), 7.72-7.77 (m, 4H);
¥C NMR (100 MHz, CDGJ)) § (ppm) 19.4, 26.9, 53.3, 79.0,
101.1, 117.1, 118.5, 119.1, 124.6, 126.9, 128.1.313132.4,
132.9, 135.9, 137.1, 153.7, 160.3; HR-MS 461.154H&0-Si

+ Na' calcd 461.154).

4.1.9.4-(3-Hydroxy-3-methylbut-1-ynyl)-2H-
chromen-2-one X9)
Following thegeneral procedure2-oxo-H-chromen-4-yl 4-

mp 60-61°C; IRvyax 3064, 2933, 2924, 2845, 2221, 2209, 1718,nitrobenzenesulfonate (173 mg, 0.5 mmol), PAgPPh), (17.5

1603, 1555, 1484, 1460, 1448, 1369, 1323, 1302312251,
1238, 1174, 1152, 1139, 1105, 1030, 980, 950, 882, 871,
843, 818 crif; '"H NMR (400 MHz, CDCJ) ¢ (ppm) 1.35-1.48
(m, 3H), 1.55-1.68 (m, 3H), 1.73-1.84 (m, 2H), 1.90@(m,
2H), 2.76 (m, 1H), 6.48 (s, 1H), 7.28-7.33 (m, 2H)37(&dd,J =
8.3, 7.4 and 1.6 Hz, 1H), 7.84 (ddi,= 8.3 and 1.6, 1H)"*C

NMR (100 MHz, CDCJ)  (ppm) 25.0, 25.9, 30.3, 32.4, 75.0,

109.1, 117.1, 118.3, 119.1, 124.5, 126.9, 132.8.3,3153.8,
160.7; HR-MS 253.124 (GH,40,S calcd 253.122).

4.1.6.4-(Cyclohex-1-enylethynyl)-2H-chromen-2-
one (15)

Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPh), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%), 1-ethynylcyclabae (76
pL, 0.65 mmol) and DIPEA (108L, 0.625 mmol) were stirred at
room temperature during 2 h and ga¥e(109 mg, 0.43 mmol,
87 %) as a brown solid. mp 92-93°4 NMR (500 MHz,
CDCly) 6 (ppm) 1.64-1.70 (m, 2H), 1.70-1.76 (m, 2H), 2.1962.2
(m, 2H), 2.27-2.33 (m, 2H), 6.47 (},= 4.2 and 1.9 Hz, 1H),
6.50 (s, 1H), 7.31 (ddd,= 8.4, 7.3 and 1.6 Hz, 1H), 7.32 (dd,
= 7.7 and 1.6 Hz, 1H), 7.54 (ddd= 8.4, 7.3 and 1.6 Hz, 1H),
7.84 (dd,J = 7.7 and 1.6 Hz, 1HC NMR (125 MHz, CDC)) ¢
(ppm) 21.5, 22.3, 26.3, 29.0, 80.9, 117.2, 118XA).1, 124.5,
126.9, 132.3, 138.0, 140.3; HR-MS 273.0904G,0, + Na'
calcd 273.089).

4.1.7.4-(3-Hydroxyprop-1-ynyl)-2H-chromen-2-one
(17)

Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPh), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%), propargyl alcb(®8 pL,
0.65 mmol) and DIPEA (109L, 0.625 mmol) were stirred at
room temperature during 14 h and gave(10 mg, 0.05 mmol,
10 %) as a yellow powder. TLCfR.23 (Cyclohexane/ED 7/3);

mg, 5 mol%), Cul (4.7 mg, 5 mol%), 2-methyl-3-bu3+ol (63
pL, 0.65 mmol) and DIPEA (10@L, 0.625 mmol) %) were
stirred at room temperature during 4 h and ¢geé€102 mg, 4.45
mmol, 89 %) as a yellow powder. TLC fRO0.25
(Cyclohexane/ED 7/3); mp 93-94°C; IRy 3422, 3199, 2983,
1690, 1600, 1554, 1487, 1445, 1396, 1364, 1326,3127
1245,1210, 1169, 1128, 1029, 964, 947, 894, 858,d@4"; 'H
NMR (500 MHz, CDC)) ¢ (ppm) 1.70 (s, 6H), 1.94 (bs, 1H),
6.53 (s, 1H), 7.32 (ddd,= 7.4, 7.1 and 1.6 Hz, 1H), 7.32 (dd,
= 7.1 and 1.6 Hz, 1H), 7.55 (dddi= 8.1, 7.4 and 1.6 Hz, 1H),
7.80 (dd,J = 8.1 and 1.6 Hz, 1H}’C NMR (125 MHz, CDG)) §
(ppm) 31.3, 76.1, 84.2, 107.0, 117.2, 118.5, 11824,7, 126.8,
132.6, 137.0, 153.8, 160.3; HR-MS 251.0674G,0, + Na’
calcd 251.068).

4.1.10.4-(3-Hydroxy-4-methylpent-1-ynyl)-2H-
chromen-2-one Z0)

Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPh), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%), 4-methylpenti-3-ol (64
pL, 0.6 mmol) and DIPEA (108L, 0.625 mmol) were stirred at
room temperature during 6h and g&2(94 mg, 0.39 mmol, 77
%) as a yellow powder. TLC Rf 0.23 (Cyclohexane/EtOAR);
mp 83-84°C; IRva 3505, 3071, 2967, 2932, 2872, 2225, 1710,
1606, 1556, 1487, 1472, 1452, 1373, 1326, 12753,12335,
1182, 1144, 1113, 1100, 1032, 959, 940, 896, 886, 808 crit;
'H NMR (500 MHz, CDCJ) ¢ (ppm) 1.11 (d,) = 6.8 Hz, 3H),
1.13 (d,J = 6.8 Hz, 3H), 2.08 (dm] = 6.8 and 5.6 Hz, 1H), 2.17
(bs, 1H), 4.53 (dJ = 5.6 Hz, 1H), 6.55 (s, 1H), 7.31 (ddil=
7.6, 7.5 and 1.6 Hz, 1H), 7.32 (db= 7.5 and 1.6 Hz, 1H), 7.55
(ddd,J = 8.0, 7.6 and 1.6 Hz, 1H), 7.82 (dt= 8.0 and 1.6 Hz,
1H); ®*C NMR (125 MHz, CDG)) § (ppm) 17.9, 18.4, 34.8, 68.6,
79.3, 102.6, 117.3, 118.5, 119.3, 124.7, 126.8,.6,3237.1,
153.8, 160.3; HR-MS 265.084 {{#,,0; calcd + N& 265.084).

mp 89-91°C; IRvmax 3265, 2924, 2851, 1671, 1604, 1557, 1530,4.1.11.4-(6-Hydroxyhex-1-ynyl)-2H-chromen-2-one

1442, 1372, 1349, 1278, 1260, 1229, 1191, 11380,11016,
970, 950, 914, 877, 856, 811 tntH NMR (500 MHz, CDCJ) ¢
(ppm) 4.64 (s, 2H), 6.56 (s, 1H), 7.32 (ddd; 8.3, 7.7 and 1.3
Hz, 1H), 7.33 (ddJ = 7.2 and 1.3 Hz, 1H), 7.56 (ddiiz 8.3, 7.2
and 1.3 Hz, 1H), 7.85(dd] = 7.7 and 1.3 Hz, 1H); HR-MS
223.036 (G,Hg0; + Na' calcd 223.037).

4.1.8.4-(3-(tert-Butyldiphenylsilyloxy)prop-1-
ynyl)-2H-chromen-2-onel@)

Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPh), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%), tert-butyldiply§prop-2-
yn-1-yloxy)silane (191 mg, 0.65 mmol) and DIPEA (108,
0.625 mmol) were stirred at room temperature dufidgh and
gavel8 (147 mg, 3.3 mmol, 67 %) as a brown oil. TLE®R20

(Cyclohexane/EO 8/2); IR v 3070, 2929, 2856, 1721, 1605,

1557, 1488, 1471, 1450, 1427, 1369, 1323, 12743,12330,
1178, 1137, 1105, 1075, 1031, 997, 932, 860, 822 &rhNMR

(400 MHz, CDCY) § (ppm) 1.10 (s, 9H), 4.67 (s, 2H), 6.40 (s,

(21)

Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPh), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%), 5-hexyn-1-ol (12, 0.65
mmol) and DIPEA (109iL, 0.625 mmol) were stirred at room
temperature during 6 h and ge%&(86 mg, 0.36 mmol, 71 %) as
a white solid. TLC R0.13 (Cyclohexane/EtOAc 7/3); mp 50-
51°C; IR vyax 3321, 3068, 2940, 2223, 1711, 1682, 1603, 1555,
1485, 1449, 1420, 1373, 1329, 1273, 1256, 11796,11303,
1049, 1031, 984, 936, 858, 813 tnH NMR (400 MHz,
CDCly) 6 (ppm) 1.74- 1.84 (m, 4H), 2.62 = 6.8 Hz, 2H), 3.74
(t, J = 5.7 Hz, 2H), 6.48 (s, 1H), 7.27-7.33 (m, 2H), 7(88d,J
=8.3, 7.4 and 2.0 Hz, 1H), 7.83 (dts 8.1 and 2.0 Hz, 1HJ*C
NMR (100 MHz, CDCJ) 6 (ppm) 19.9, 24.9, 32.1, 62.4, 75.3,
104.7, 117.1, 118.5, 118.9, 124.6, 126.9, 132.8.213153.7,
160.6; HR-MS 265.084 (GH,,0; + N& calcd 265.084).

4,1.12.2-(4-(2-Ox0-2H-chromen-4-yl)but-3-
ynyl)isoindoline-1,3-dione22)



Following thegeneral procedure2-oxo-H-chromen-4-yl 4-
nitrobenzenesulfonate (173 mg, 0.5 mmol), PdgPPhR), (17.5
mg, 5 mol%), Cul (4.7 mg, 5 mol%IN-(3-butynyl)phthalimide
(129 mg, 0.65 mmol) and DIPEA (1Q8., 0.625 mmol) were
stirred at room temperature during 6 h and g/€119 mg, 3.45
mmol, 69 %) as a white solid. TLCfFR.13 (Cyclohexane/EtOAc
7/3); mp 169-170°C; IRv. 3035, 2227, 1767, 1701, 1608,
1558, 1487, 1463, 1397, 1374, 1359, 1346, 1298712252,
1233, 1159, 1115, 1089, 1072, 1032, 1020, 986, 983, 884,
852 cm'; 'H NMR (500 MHz, CDCJ) 6 (ppm) 3.01 (tJ = 6.8
Hz, 2H), 4.05 (tJ = 6.8 Hz, 2H), 6.44 (s, 1H), 7.23 (ddbk 8.1,
7.4 and 1.2 Hz, 1H), 7.28 (ddi= 8.1 and 1.2 Hz, 1H), 7.52 (ddd,
J =82, 74 and 1.7 Hz, 1H), 7.73-7.76 (m, 3H), 7.887(m,
2H); ®C NMR (125 MHz, CDCJ)) ¢ (ppm) 20.1, 36.3, 76.6,
100.0, 117.1, 118.7, 119.2, 123.7, 124.5, 127.@2.11,3132.4,
137.5, 153.7, 160.4, 168.0; HR-MS 366.075,K5,NO, + Na’
calcd 366.074).

4.1.13.3-(Hex-1-ynyl)-5,5-dimethylcyclohex-2-
enone R3)

Following the general procedure 5,5-dimethyl-3-
oxocyclohex-1-en-1-yl 4-nitrobenzenesulfon&g162 mg, 0.5
mmol), PACJ(PPh), (17.5 mg, 5 mol%), Cul (4.7 mg, 5 mol%),
1-hexyne (72iL, 0.63 mmol) and DIPEA (108L, 0.625 mmol)
were stirred at room temperature during 2 h and a8 ®0 mg,
0.44 mmol, 88 %) as a brown oiH NMR (400 MHz, CDCJ)) §
(ppm) 0.93 (tJ = 7.3 Hz, 3H), 1.05 (s, 6H), 1.43 (h= 7.3 Hz,
2H), 1.55 (tt, J = 7.3 and 7.1 Hz, 2H), 2.23 (s, 2429 (d, J =
1.6 Hz, 2H), 2.40 (t) = 7.1 Hz, 2H), 6.13 (t, J = 1.6 Hz, 1H¥C
NMR (100 MHz, CDC})) ¢ (ppm) 13.8, 19.7, 22.2, 28.3, 30.6,
33.9, 45.0, 51.3, 80.9, 102.2, 131.0, 142.6, 19029.4;
consistent with literature dafa.

4.1.14.3-(3-Hydroxyprop-1-ynyl)-5,5-
dimethylcyclohex-2-enone4)

Following the general procedure 5,5-dimethyl-3-
oxocyclohex-1-en-1-yl 4-nitrobenzenesulfon&g162 mg, 0.5
mmol), PACJ(PPh), (17.5 mg, 5 mol%), Cul (4.7 mg, 5 mol%),
propargyl alcohol (38iL, 0.65 mmol), and DIPEA (10%QL,
0.625 mmol) were stirred at room temperature dufing and
gave24 (88 mg, 0.494 mmol, 99 %) as a clear oil. TLEGR1
(Cyclohexane/EtOAc 7/3); IR 3407, 2958, 2218, 1657, 1594,
1470, 1355, 1278, 1243, 1213, 1164, 1143, 11204,1937, 967,
901, 870, 849 cify 'H NMR (400 MHz, CDC}) 6 (ppm) 1.05 (s,
6H), 2.26 (s, 2H), 2.32 (d,= 1.6 Hz, 2H), 2.68 (bs, 1H), 4.47 (d,
J=5.8Hz, 2H), 6.21 () = 1.6 Hz, 1H);**C NMR (100 MHz,
CDCL) 6 (ppm) 28.3, 34.0, 44.4, 51.1, 51.5, 84.8, 98.3,.13
141.3, 199.7; HR-MS 201.088 {{#1,,0, + N& calcd 201.089).

4.1.15.3-(Prop-1-ynyl)-5,5-dimethylcyclohex-2-
enone R5)

Following the general procedure 5,5-dimethyl-3-
oxocyclohex-1-en-1-yl 4-nitrobenzenesulfon&g162 mg, 0.5
mmol), PACJ(PPh), (17.5 mg, 5 mol%), Cul (4.7 mg, 5 mol%),
propyne (1-2 bar) and DIPEA (1Q&, 0.625 mmol) were stirred
at room temperature during 2 h and gagg63 mg, 0.39 mmol,
78 %) as a yellow liquid®H NMR (300 MHz, CDCJ) J (ppm)
1.04 (s, 6H), 2.05 (s, 3H), 2.23 (s, 2H), 2.23X¢, 1.8 Hz, 2H),
6.13 (t,J = 1.8 Hz, 1H)**C NMR (75 MHz, CDC}) § (ppm) 5.1,
28.3, 33.9, 44.8, 51.2, 80.0, 97.7, 131.1, 1429%.64; HR-MS
185.094 (GH,,0 + Na calcd 185.094).

4.1.16.(E)-3-Methyl-1-phenyloct-2-en-4-ynon€g)
Following the general procedure (E)-4-0x0-4-phenylbut-2-
en-2-yl 4-nitrobenzenesulfonat®E (27 mg, 77.7 pmol),

7
at room temperature during 2 h and g&6 (8.9 mg, 42.0
pmol, 54 %) as brown oil. TLC R0.48 (Cyclohexane/EtOAc
8/2); IR Vinax ;'H NMR (400 MHz, CDCJ) 6 (ppm) 1.03 (tJ =
7.3 Hz, 3H), 1.62 (pJ = 7.3 Hz, 2H), 2.33 (d] = 1.4 Hz, 3H),
2.38 (t,J = 7.0 Hz, 2H), 7.08 (d] = 1.7 Hz, 1H), 7.46 (=75
Hz, 2H), 7.54 (tJ = 7.5 Hz, 1H), 7.90-7.96 (m, 2H)*C NMR
(100 MHz, CDC}) ¢ (ppm) 13.7, 21.3, 21.8, 22.1, 84.3, 96.7,
127.3, 128.3 (x2), 128.7 (x2), 132.8, 138.9, 13290.9. HR-MS
213.1289 (GH,O0 + H' caled 213.1274).

4.1.17.(E)-5-Cyclohexyl-3-methyl-1-phenylpent-2-
en-4-ynone 27)

Following the general procedure (E)-4-0x0-4-phenylbut-2-
en-2-yl 4-nitrobenzenesulfonatéE (37 mg, 106.5 pmol),
PdCL(PPh), (3.9 mg, 5 mol%), Cul (1.1 mg, 5 mol%),
cyclohexylacetylene (18L, 128 umol) and DIPEA (25.L, 133
pmol) were stirred at room temperature during 2 h gane 27
(7.5 mg, 69pumol, 63 %) as brown oil. TLC Rf 0.47
(Cyclohexane/EtOAC 8/2); IRy ; 'H NMR (400 MHz, CDCJ)

J (ppm) 1.34 (tdJ = 10.3 and 4.1 Hz, 4H), 1.51 (td@l= 12.5,
5.2 and 3.0 Hz, 2H), 1.73 (dtdl= 11.5, 7.7, 6.6 and 3.5 Hz, 2H),
1.85 (dg,J = 12.6 and 3.5 Hz, 2H), 2.34 @z 1.4 Hz, 3H), 2.57
(tt, J = 8.3 and 3.5 Hz, 1H), 7.07 (4~ 1.5 Hz, 1H), 7.43-7.48
(m, 2H), 7.50-7.57 (m, 1H), 7.92- 7.96 (m, 2HJC NMR (100
MHz, CDCk) ¢ (ppm) 21.5, 25.0, 25.9, 29.9, 30.0, 32.5, 84.1,
100.9, 127.2, 128.3 (x2), 128.7 (x2), 132.7, 13939.3, 190.9.
HR-MS 253.1580 (GH,O + H' calcd 253.1587).

4.1.18.4-(Hex-1-ynyl)-2(5H)-furanone2@)

Following the general procedure5-oxo-2,5-dihydrofuran-3-
yl 4-nitrobenzenesulfonatg (142 mg, 0.5 mmol), Pd&PPh),
(17.5 mg, 5 mol%), Cul (4.7 mg, 5 mol%), 1-hexy® (iL,
0.65 mmol), and DIPEA (108L, 0.625 mmol) were stirred at
room temperature during 2 h and g&8(68 mg, 0.415 mmol,
83 %) as a brown oitH NMR (400 MHz, CDCJ) ¢ (ppm) 0.94
(t, J= 7.3 Hz, 3H), 1.43 (m] = 7.3 Hz, 2H), 1.58 (i = 7.3 and
7.1 Hz, 2H), 2.45 (tJ = 7.1 Hz, 2H), 4.76 (dJ =1.9 Hz, 2H),
6.08 (t,J = 1.9 Hz, 1H);"*C NMR (100 MHz, CDG)) ¢ (ppm)
13.7, 19.8, 22.2, 30.2, 71.7, 73.5, 108.4, 12148.4, 158.8;
consistent with literature daf&

4.1.19.4-(Prop-1-ynyl)-2(5H)-furanone29)

Following the general procedure5-oxo-2,5-dihydrofuran-3-
yl 4-nitrobenzenesulfonat® (142 mg, 0.5 mmol), PdgPPh),
(17.5 mg, 5 mol%), Cul (4.7 mg, 5 mol%), propyne2(bar),
and DIPEA (109 puL, 0.625 mmol) were stirred at room
temperature during 4 h and ga@ (65 mg, 0.265 mmol, 58 %)
as a brown oil. TLC R0.27 (Cyclohexane/EtOAc 8/2%4 NMR
(300 MHz, CDCY)) ¢ (ppm) 2.12 (s, 3H), 4.76 (d, = 2.0 Hz,
2H), 6.09 (t,J = 2.0 Hz, 1H);"*C NMR (75 MHz, CDC)) §
(ppm) 5.2, 71.0, 73.4, 104.0, 121.7, 148.4, 173HR-MS
145.026 (GHgO, + Nd' calcd 145.026).

4.1.20.4-(3-Hydroxy-4-methylpent-1-ynyl)-2(5H)-
furanone @0)

Following the general procedure5-oxo-2,5-dihydrofuran-3-
yl 4- nitrobenzenesulfonat® (142 mg, 0.5 mmol), PdgPPh),
(17.5 mg, 5 mol%), Cul (4.7 mg, 5 mol%), 4-methylpé&-yn-3-
ol (69 pL, 0.65 mmol) and DIPEA (108L, 0.625 mmol) were
stirred at room temperature during 5 h and da/¢66 mg, 3.65
mmol, 73 %) as a brown oifH NMR (400 MHz, CDC)) ¢
(ppm) 1.02 (dJ) = 6.8 Hz, 3H), 1.03 (d] = 6.8 Hz, 3H), 1.97 (m,
J = 6.8 Hz, 1H), 2.31 (dJ = 5.6 Hz, 1H), 4.40 (t) = 5.6 Hz,
1H), 4.80 (dJ = 2.0 Hz, 2H), 6.18 (t) = 2.0 Hz, 1H):*C NMR
(100 MHz, CDC}) ¢ (ppm) 18.0, 18.2, 34.6, 68.5, 73.2, 75.8,

PdCL(PPh), (2.8 mg, 5 mol%), Cul (0.8 mg, 5 mol%), pentyne 105.9, 123.0, 147.0, 173.4.

(20 pL, 93.3umol) and DIPEA (17uL, 97.2 umol) were stirred

4.1.21.Cleviolide 31)
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Phosphorous pentoxide (2.5 equiv) was portionwisecdaol
a solution 0f30 (0.2 mmol) in benzene (3 mL). The mixture was
stirred at reflux during 2 h and was then alloweddol to room
temperature. The mixture was filtered over celitd Hre solvent
evaporated to dryness. Crude was recrystallized from
AcOEt:hexane to afford cleviolid81 (81 %).'H NMR (500
MHz, CDCL) ¢ (ppm) 1.91 (dJ = 1.2 Hz 3H), 1.96 (s, 3H), 4.82
(d,J = 2.0 Hz, 2H), 5.49 (] = 1.2 Hz, 1H), 6.11 () = 2.0 Hz,
1H); ®*C NMR (125 MHz, CDG)) § (ppm) 21.9, 25.6, 73.2, 81.9,
104.2, 104.4, 120.7, 148.0, 155.4, 173.9; condisteith
literature datg>"
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