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ABSTRACT: This review article will consider the preparation and application of ynones
in synthetic organic chemistry. Concerning the preparation of these bifunctional
compounds, several methodologies starting from propargyl alcohols, acyl derivatives —
both by using alkynylmetal reagents or by transition metal (mainly palladium and copper)
catalyzed alkynylations—, carbon monoxide (carbonylation of terminal alkynes and
alkenes) and other substrates will be discussed. The reactivity and synthetic applications
of ynones will be focused on conjugate additions with boron-, carbon-, nitrogen-, oxygen-
and other heteroatom-containing nucleophiles, as well as radicals. Then, cycloaddition
processes will include [2+2] cycloadditions, [3+2] 1,3-dipolar cycloadditions (with
azides, nitrones, azomethine imines and ylides, nitrile oxides, diazo compounds and other
dipoles), and [4+2] cycloadditions (mainly Diels-Alder-type reactions). The reduction of
the triple bond, addition to the carbonyl group (using carbon- and hetero-nucleophiles,
and reductions), and other not so commonly used processes (such as aldol reactions,
cyclizations and isomerizations) will be considered at the end.
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1. INTRODUCTION

Two functionalities in close proximity in the same molecule generally induces new
reactivity due to interaction(s) between the functional groups. This is the case with
conjugated ynones, also denoted a,f-ynones, where a carbonyl group is adjacent to a
carbon-carbon triple bond, and the resulting interactions provoke reactions different from
those exhibited by the individual functional groups. This review article will consider the
chemistry of o,f3-ynones, paying special attention to their synthetic applications. Before
2000 very few reports on this topic have appeared, so this article will focus on literature
published after that year, but taking into consideration that the field has been partially
covered in several review articles concerning the preparation or reactivity**! of a,p-
acetylenic carbonyl compounds. Here we will cover all methodologies involving all
aspects of conjugated ynones until the end of 2018.

2. PREPARATIONS OF YNONES

In this Section the synthesis of ynones by oxidation methods of propargyl alcohols, by
acylation of terminal alkynes and by the three-component Pd-catalyzed reaction involving
carbon monoxide will be considered. Other substrates such as aldehydes, propiolic acid
derivatives or a-keto acids can be also alkynylated using new methodologies. In addition,
the ring opening of cyclopropanes will be treated.

2.1. From Propargylic Alcohols

Propargyl alcohols are usually prepared by reaction of metalated alkynes with aldehydes
or by Sonogashira arylation of alkynols. Their oxidation can be performed with different
types of reagents which are considered in the following Sections.



2.1.1. Chromium Oxidants. The oxidation of propargyl alcohols with
chromium(VI1) reagents was initially performed with CrO3s*** and with pyridinium
dichromate (PDC) for the synthesis of 25-hydroxy vitamin D2.1® Recently ynone 3, an
intermediate in the synthesis of the natural product xanthofulvin (a promising lead for the
spinal cord regeneration) has been achieved using PDC (Scheme 1).1® lodochromone 1
was cross-coupled with 3-butyn-2-ol under typical Sonogashira Pd-conditions giving
alcohol 2 which after subsequent oxidation with PDC afforded ynone 3.

Scheme 1. Oxidation of Propargyl Alcohol 2 with PDC
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Pyridinium chlorochromate (PCC) has been widely used in several cases. For instance,
propargyl alcohols 4 have been oxidized to the corresponding ynones 5 in moderated
yields, these products being precursors for sulfonylbuta-1,3-diynes by treatment with
(CF3S02),0 and the Hiinig base (Scheme 2).17

Scheme 2. Oxidation of Propargyl Alcohols 4 with PCC
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During the total synthesis of the furanosesquiterpenes crassifolone and
dihydrocrassifolone, propargyl alcohol 6 was transformed into ynone 7 using PCC at 18
°C in dichloromethane in excellent yield (Scheme 3).18

Scheme 3. Oxidation of Propargyl Alcohol 6 with PCC
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Cossy and co-workers have performed the synthesis of a,f-epoxy and a,f-aziridinyl
ynones 9 by oxidation of the corresponding alcohol 8 with PCC (Scheme 4).1° The
oxidation was carried out in the presence of NaOAc and molecular sieves in
dichloromethane and at room temperature, and the expected ynones 9 were obtained in
moderated to good yields.

Scheme 4. Oxidation of Alcohols 8 with PCC to Ynones 9
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2-Alkynyloxo aryl aldehydes 11 have been synthesized by oxidation of propargylic
alcohols 10 (easily prepared by Sonogashira coupling of o-bromobenzaldehydes and
propargy! alcohols) with PCC (Scheme 5).2° Ynones 11 (R? = aryl) are precursors of
isoindolines by reaction with primary amines, these compounds being present in several
bioactive compounds.

Scheme 5. Synthesis of Ynones 11 by Oxidation of 10 with PCC
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2.1.2. Manganese Dioxide. Manganese dioxide is a mild oxidant for allylic and
propargylic alcohols in different solvents and also in ionic liquids.?* Okamura and co-
workers described in 1985 the oxidation of a S-ionone-derived propargylic alcohol with
an excess of freshly activated MnO; in CCls.?? Studies toward the synthesis of the F and
G rings of the azaspiracid natural products involved the preparation of ynone 13 by
reaction of the lithium acetylide derived from compound 12 with acetaldehyde followed
by MnO; oxidation (Scheme 6).22 The same group performed the synthesis of a hapten,
used as immunogens to generate antibodies to the toxic azaspiracids, from ynone 15
which was prepared by oxidation of alcohol 14 (Scheme 6).%*

Scheme 6. Synthesis of Ynones 13 and 15 from Alcohols 12 and 14
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For asymmetric reduction studies of 4-(triisopropylsilyl)-3-butyn-2-one, Marshall and
co-workers prepared ynone 16 in 94% yield by oxidation of the corresponding alcohol
with MnO; in dichloromethane at room temperature (Figure 1).2° In the enantioselective
synthesis of dadospolides B, C, and D, Xing and O’Doherty transformed 1-nonyne into
ynone 172° by deprotonation with nBuLi, reaction with acetaldehyde, and final oxidation
with MnO; in 86% vyield (Figure 1). o-Haloaryl acetylenic ketones 182" have been
prepared from the corresponding o-haloaldehydes by reaction with lithium acetylides
followed by treatment with MnO> at room temperature in moderate to good yields (Figure
1). Ynones 18 have been applied to the synthesis of 4-quinolones by a Pd-catalyzed
amination reaction.?” Novel ynone potassium trifluoroborates 1922 have been prepared by
oxidation of the corresponding alcohols with MnO- in acetone at room temperature with
yields ranging between 60 and 93% (Figure 1). These ynones were subsequently
transformed into pyrazole potassium trifluoroborates by reaction with hydrazines (see
Section 3.1.3.1.3), which can be further submitted to Pd-catalyzed cross-coupling
reactions. For the synthesis of orris odorants, ynones 20% have been used as synthetic
intermediates which were prepared by oxidation of the precursors, propargylic alcohols
with MnO2 in 78-90% yields (Figure 1). Cossy and co-workers prepared the enynone 21'°
by MnO- oxidation of the corresponding alcohol in 83% yield (Figure 1). Marinelli and
co-workers have prepared f-(2-aminophenyl)-a,f-ynones 22 by Sonogashira
alkynylation of o-iodoanilines with propargyl alcohols in 60-97% vyields followed by



oxidation with MnO in chloroform at 60 °C in 49-81% yields*® (Figure 1). These ynones
have been transformed into 4-nitro and 4-sulfonyl quinolines by sequential addition of
nitrite and sulfinate anions and subsequent annulation (see Schemes 168 and 223,
respectively). When DMF/NaOH was used, 4-(dimethylamino)quinolines were formed.
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Figure 1. Ynones prepared by oxidation of propargyl alcohols with MnO..

2.1.3. Swern Oxidation. Boger and co-workers applied the Swern oxidation of
propargyl alcohols to form the corresponding ynones which were obtained in high yields
(86-95%).3! One of these ynones was used as intermediate in the total synthesis of the
rubrolone aglycon. The side chain of several pumiliotoxins has been prepared by using
ynone 24 which was obtained by performing Swern oxidation of alcohol 23 (Scheme 7).%2
Alternatively, ynones 26 have been also used in another route starting from the alcohol
25.

Scheme 7. Swern Oxidation of Propargyl Alcohols 23 and 25
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Shapland and Thomas studied the preparation of precursors of phomactins performing
the synthesis of several intermediate ynones by oxidation of the corresponding alcohols.®
For instance, compounds 27 were submitted to the Swern oxidation giving the expected
ynones 28 (Scheme 8).

Scheme 8. Swern Oxidation of Propargyl Alcohols 27
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During the preparation of substituted tetrahydroanthrones different propargyl alcohols
were transformed into ynones by Swern oxidation.®* For instance, double oxidation took
place when alcohols 29 were oxidized under typical Swern conditions giving ynones 30
in variable yields (Scheme 9). The ynones were further transformed into the related
tetrahydroanthrones by a DMPA-catalyzed tandem nucleophilic addition process.

Scheme 9. Swern Oxidation of Propargyl Alcohols 29
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De Lera and co-workers have prepared ynone 32 from alcohol 31 using the Swern
technology (Scheme 10).%° This ynone is a precursor of peyssonenynes, marine natural
products which are DNA methyl transferase inhibitors.

Scheme 10. Swern Oxidation of Propargylic Alcohol 31
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Pentynones and hexynones 34 have been prepared by a Swern oxidation of the
corresponding alcohols 33 (Scheme 11).% In some cases better yields have been obtained
using MnOz. These non-conjugated ynones have been used for the synthesis of furan and
pyran derivatives by intramolecular anionic cyclizations.

Scheme 11. Swern Oxidation of Alkynols 33
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In all cases shown above, oxalyl chloride and DMSO were used as reagents for the
generation of the dimethylalkoxysulfonium salts. As an alternative, the reagent 2,4,6-
trichloro-1,3,5-triazine (cyanuric chloride, TCT) has been successfully used to activate
DMSO under safer and more efficient reaction conditions than oxalyl chloride.®’
Different primary and secondary alcohols have been efficiently oxidized to the
corresponding carbonyl compounds. As an example, alcohol 35 was transformed into
ynone 36 using THF at —30 °C (Scheme 12).

Scheme 12. Oxidation of Propargyl Alcohol 35 to Ynone 36 using TCT and DMSO
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The oxidation of alcohols with DMSO using the sulfur trioxide-pyridine complex
(Parikh—Doering oxidation)®® has been applied to the synthesis of ynones. Kobayashi and
co-workers prepared ynone 38 from a mixture of diastereomeric propargyl alcohols 37 in
the synthesis of a fragment of phoslactomycin B (Scheme 13).%° The same methodology
was applied to the synthesis of ynone 40 from alcohol 39.%

Scheme 13. Oxidation of Alcohols 37 and 39 with DMSO and SOs-PyH to Ynones 38
and 40
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2.1.4. Hypervalent lodine Compounds. 1,1,1-Tris(acetyloxy)-1,1-dihydro-1,2-
benziodoxal-3-(1H)-one (the Dess—Martin periodane, DMP 41)* is a mild oxidant for the
synthesis of aldehydes and ketones from alcohols. In the total synthesis of the 20-
membered macrolide natural products (—)-laulimalide and figianolide B by Ghosh and
Wang, alcohol 42 was oxidized to ynone 43 with DMP at room temperature (Scheme
14).42

Scheme 14. Oxidation of Propargyl Alcohol 42 with DMP
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Ynone 44 has been prepared by Wender and co-workers as key intermediate in the
asymmetric synthesis of the tricyclic core of the nerve growth factor-inducing cyathane
diterpenes.*® This ynone was synthetized by DMP oxidation of the precursor propargyl
alcohol in 93% yield (Figure 2). Quesnelle and co-workers employed DMP or the Swern
protocol for the synthesis of ynones 45%* from the corresponding propargyl alcohols in
low yields. These ynones are suitable intermediates for the preparation of sordancin
antifungal agents (Figure 2). Ley and co-workers studied the conjugate addition of
propane-1,3-dithiol to ynones, ynoates and ynals affording the corresponding S-keto 1,3-
dithianes, used for the synthesis of spiroketals.** For instance, ynone 46,* prepared by
oxidation of the corresponding alcohol with DMP, was used for the synthesis of the C16-
C28 spiro ketal fragment of spongistatins. In the case of the ynone 47,%” the same
methodology allowed the synthesis of the C1-C28 ABCD fragment of spongistatin 1. This
strategy has been applied to bis-ynones 48 synthesized by a Dess—Martin periodinane
oxidation of the corresponding alcohols in 70-73% yield (Figure 2). In this case, the g, -
bis-1,3-dithiane ketones were used as 1,3,5-triketone systems for the synthesis of
polyketide natural products (see Section 3.1.3.3.3).

Olivo and co-workers have performed studies for the preparation of the auriside
macrolactone. Ynone 49*° was one of the intermediates which was prepared by
Dess—Martin oxidation of the precursor alcohol (Figure 2). Further, a formal synthesis of
the auriside aglycon was carried out using ynone 50° which was prepared from the
corresponding propargyl alcohol by oxidation with DMP.

In the synthetic studies on anthrapyran antibiotics performed by Tietze and co-
workers,>1®3 for instance ynone 51°3 was prepared in 98% yield by treatment of an alcohol
with DMP (Figure 2) (see Scheme 189). By oxidation of the corresponding propargylic
alcohol with DMP, McCluskey, Stewart and co-workers prepared ynone 52°* in 88%
yield. This ynone has been cyclized to an anthrapyranone for biological studies. Pattenden
and co-workers performed a radical-mediated Diels—Alder reaction with an iodo
dienynone for the synthesis of a tricyclic ketone. This dienynone was prepared by
oxidation of a bromo alcohol with DMP to give 53 in 82% vyield, followed by treatment
with Nal (Figure 2).%°

Jung and co-workers have performed the total synthesis of (-)-a-kainic acid using
ynone 54° which was obtained by oxidation of the corresponding propargy! alcohol with
DMP (Figure 2). For the synthesis of the C3-C14 fragment of 7-deoxyokadaic acid by
Forsyth and co-workers, the intermediate ynone 55° (obtained by DMP oxidation of the
precursor alcohol) was isolated in 81% (Figure 2).

As previously mentioned, Cossy and co-workers have studied the transfer
hydrogenation of a,$-aziridinyl ynones 9° (Scheme 4), which have been prepared by
PCC as well as DMP oxidation of alcohols 8. Various 1,6- and 1,8-naphthalenophanes
were prepared by photo-dehydro-Diels—Alder reaction of bis-ynones 56° (Figure 2).
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These ynones were obtained by DMP oxidation of the corresponding diols in 62-100%
yield.

Tanaka and co-workers have performed the synthesis and biological evaluation as
antimicrobials of kendomycin and its analogues. One of the intermediates is ynone 57,%
prepared by oxidation of a propargy! alcohol with DMP in 84% yield. The total synthesis
of the natural products pectinolides A, C, D, and E has been performed by Sabitha and
co-workers; in this case the ynone 58%° was prepared by DMP oxidation of the
corresponding alcohol.

For the synthesis of the novel antimalarial pyranone crytorigidifoliol E by Krishna and
co-workers a propargyl alcohol has been oxidized with DMP to give the ynone 595! in
90% vyield (Figure 2).
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Figure 2. Selected ynones prepared by DMP oxidation of propargylic alcohols.

2-lodoxybenzoic acid (IBX) is another useful commercially available hypervalent
iodine compound which has been stabilized by benzoic and isophthalic acid to avoid
explosions.®? Compared to DMP, IBX is more readily available and it is not moisture and
air sensitive, being also easily recovered. The problem is the use of DMSO as solvent,
but there are many examples using other solvents.

Baldwin and co-workers have used IBX in THF/DMSO for the oxidation of a
propargy! alcohol affording ynones 60° and 615 in 87% yield (Figure 3). These ynones
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have been used in the asymmetric synthesis of cytotoxic sponge metabolites (R)-
strongylodiols A and B and an analogue.

Tietze and co-workers have performed the total synthesis of anthrapyran metabolites
isolated from marine-derived Streptomices using an ynone as intermediate by oxidation
of the corresponding propargylic alcohol with IBX (in dichloromethane/DMSO) instead
of DMP, as in the case of ynone 51° (Figure 2). Thus, the antiherpetic anthrapyran
antibiotic AH-1763 Ila was prepared using ynone 62% in 97% vyield (Figure 3). The
anthrapyran metabolite y-indomycinone has been prepared using the ynone 63°2 by
oxidation with IBX of the corresponding alcohol in 93% vyield (Figure 3). In the case of
the total synthesis of the anthrapyran metabolite SS43405-¢, the intermediate ynone 64%
was obtained with the same oxidant in 96% yield (Figure 3).

Brimble and co-workers have prepared ynones 65° in 78-88% yields by oxidation of
the precursor alcohols with IBX in DMSO (Figure 3). Ynones 65 have been applied as
intermediates for the synthesis of 6,6-bisbenzannulated spirochete’s related to the natural
products rubromycins.®® Moreover, ynone 66°” has been prepared by IBX oxidation in
DMSO of the corresponding alcohol in 98% yield (Figure 3). This acetylenic ketone was
an intermediate in the synthesis of the AB-ring fragment of (—)-gambierol performed by
Sasaki and co-workers. In the previously described total synthesis of pectinolides D and
E, Sabitha and co-workers used DMP for the synthesis of ynone 57°° (Figure 2). However,
in the case of ynone 67,%° precursor of pectinolides A and C, the oxidation of the
corresponding alcohol was performed with IBX in DMSQO at 0 °C affording ketone 67 in
80% yield (Figure 3).

Me.Si MosS PrO O iPrO O
€39l es i
A ) A AN
7 9%
(@) (e} 7
60, 87%53 61, 87%54 © BnO
62, 97%5!
BhO O /PO O PrO O PrO O R® R
n liad i ldt IFr EOMO
o} R
63. 93%52 64. 96%565 65, 78-88%°56
R'"=R2=R3%=H, MeO
0
BnO o 0
& (0] OBn
TESO 507 Ph
OTBS
66, 98%°7 67, 80%°5°

Figure 3. Selected ynones prepared by IBX oxidation of propargylic alcohols.
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The application of IBX in THF or acetone made possible the oxidation of primary
propargy! alcohols 68% to the corresponding ynals 69 (Scheme 15).

Scheme 15. Synthesis of Ynals 69 by IBX Oxidation of Alcohols 68

/OH IBX /H
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68 69, 65-84%
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Ph(Me)COH, Me3Si, Et;Ge

2.1.5. Other Oxidants. Transition metal-catalyzed aerobic oxidation of propargyl
alcohols to ynones avoids the use of stoichiometric amounts of the oxidant, using oxygen
as the most readily available oxidant for chemical processes. This methodology has been
applied with an oxovanadium complex [vanadium oxyacetylacetonate, VO(acac).] as
catalyst by Uemura and co-workers®® 7’ under an oxygen atmosphere and in the presence
of molecular sieves in acetonitrile at 80 °C (Scheme 16). In the case of aliphatic alcohols
(70, R* = alkyl), higher yields of ynones 71 were obtained using VO(hfac). as catalyst
and hexafluoroacetylacetone (hfac) as additive (5 mol%). Calcium phosphate-vanadate
apatite has also been employed as catalyst by the same group.’ Sain and co-workers have
used cobalt(ll) phthalocyanine for the aerobic oxidation of secondary alcohols under
xylene reflux and with solid KOH."2 In the case of 1-octyn-3-ol the corresponding ynone
was obtained in 70% yield.

Pedro and co-workers” reported that an o-phenylene-bis-(NV ’-methyloxamidate)
cobalt(l11) complex 72 was an efficient catalyst for the oxidation of propargyl alcohols
70 with molecular oxygen and pivalaldehyde (R! = alkyl, aryl; R = H, alkyl, aryl) in
acetonitrile, giving 71 in good yields (60-93%) (Scheme 16).

Nitric oxide bearing traces of molecular oxygen has been used for the oxidation of
propargyl alcohols to ynones in dry acetonitrile at 35 °C in 21-92% yields for alcohols
bearing R? = aryl groups.’* However, for aliphatic alcohols NO gave very poor results.
tert-Butyl hydroperoxide (TBHP) and copper nanoparticles (NPs, 10 mol%) have been
employed for the oxidation of propargylic alcohols 70 in dichloromethane at room
temperature.” In the presence of bipyridine (10 mol%) as ligand the oxidation was
accelerated significantly, leading to the corresponding ynones in very good yields
(Scheme 16). Under air, also primary alcohols (70, R! = H) are oxidized to ynals at room
temperature in 45-75% yield, whereas secondary alcohols needed to be kept at 80 °C in
toluene to afford the expected ynones 71, generally in 80-95% vyields.

Scheme 16. Metal-Complex-Catalyzed Aerobic Oxidation of Propargyl Alcohols 70
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Oshima and co-workers have prepared ynals 69 by treatment of primary propargylic
alcohols 68 with TiCls and EtsN in dichloromethane at 0 °C (Scheme 17).7® This process
is highly chemoselective because secondary propargylic alcohols as well as homo- and
bishomopropargylic alcohols, were not oxidized to the corresponding ynones,. A
plausible mechanism, involving the formation of titanium alkoxide 73 which is attacked
by EtsN, has been proposed.

Scheme 17. Oxidation of Primary Alcohols 68 to Ynals 69 with TiCls/EtsN
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On the other hand, homopropargylic alcohols 74 were oxidized to ketones 75 with
sodium periodate under chromium catalysis.” Sodium dichromate (1 mol%) in aqueous
HNO;s catalyzed the oxidation of primary and secondary homopropargylic alcohols with
NalOs in chloroform at 0 °C to give the corresponding ynals and ynones, respectively
(Scheme 18).

Scheme 18. Oxidation of Homopropargylic Alcohols 74 with NalO4 Catalyzed by
Na2Cr207

R"  Nalo,, Na,Cr,0; (1 mol% R’
Zé//\r 4, NaxCry07 ( ) ZZ/Ajf

R2 OH HNO3, H,O, CHCI3, 0°C  R2
74 75, 70-95%

R' = H, Me, Et, nBu
RZ = H, Et, nPr

The oxidation of propargylic alcohols by molecular iodine has been carried out in the
presence of potassium tert-butoxide in dichloromethane at 0 °C giving the expected
ynones in 85-98% vyield,’® the real oxidant being the alkoxide. Recently, ynone 77 was
prepared by oxidation of the sensitive alcohol 76 with 2,3-dichloro-5,6-dicyano-1,4-
quinone (DDQ) in high yield (not reported) (Scheme 19).”° This ynone, containing the
azulene moiety, can be decomposed by a strong oxidant such as Cr(VI) or Mn(V1l).

Scheme 19. Oxidation of the Propargylic Alcohol 76 with DDQ

OH O
Co—= s~ C0—=X
76 77

T™MS TMS

In conclusion, due to the easy availability of propargylic alcohols, their oxidation is
a versatile strategy for the synthesis of ynones, hypervalent iodine compounds being the
most widely used reagents under metal-free conditions.
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2.2. From Acyl Derivatives

For the synthesis of the ynone skeleton, carbon-carbon forming reactions between the
Csp from a terminal alkyne and the Csp? from an acyl derivative are the most used
strategies. These processes can be carried out with different types of alkynylmetals and
carboxylic-acid derivatives and by cross-coupling reactions of terminal alkynes under
copper and/or palladium catalysis.

2.2.1. Acylation of Alkynylmetal Reagents. The use of alkynyl organometallic
reagents represents a general method for the alkynylation of acid derivatives under mild
reaction conditions. This Section will consider the acylation of metalated alkynes with
different types of acyl derivatives such as Weinreb and other amides, esters, lactones,
metal carboxylates, acyl chlorides, anhydrides and nitriles.

2.2.1.1. Weinreb and Other Amides. The nucleophilic substitution of Weinreb
amides with alkynylmetals is the most used methodology for their acylation. Preliminary
reports from the Rapoport®® and Baldwin®! groups used an excess (5 eq) of alkynyllithium
in THF or alkynylmagnesium bromide in ether at —78 °C for the synthesis of ynones.
Garcia and co-workers prepared 1-trimethylsilyl-1-alkyn-3-ones in 86-90% vyield by
reaction of Weinreb amides with lithium trimethylsilylacetylide (1-2 eq).8? Carter and
Weldon used an alkynyllithium in the presence of CeCls for the synthesis of an ynone
intermediate of the C1-C12 fragment in the total synthesis studies of azaspiracid.®
Haddad and co-workers®* have alkynylated N-methoxy-N-methylchloroacetamide with
(trimethylsilyl)ethynyllithium in toluene at —20 to 0 °C to give the corresponding ynone
(93% yield), which is a precursor of a quinolone substructure of the protease inhibitor
BILN2061. Roberts and co-workers have compared Weinreb amides with morpholine
amides regarding their reactivity with alkynyllithiums in THF at 0 °C.% They concluded
that the former gave the corresponding ynones with only 1 eq of alkynyllithium in
quantitative yield, whereas the reaction with morpholine amides does not go to
completion.

Koskinen and co-workers have prepared an intermediate ynone 3 for the synthesis of
the spiroketal C16-C21 fragment 81 of calyculin C, a potent protein phosphatase inhibitor
(Scheme 20).2¢ Weinreb amide 78 reacted at —78 °C with alkynyllithium 79 (generated
by deprotonation of the corresponding alkyne with n-BuL.i) to give ynone 80.

Scheme 20. Reaction of Weinreb Amide 78 with the Alkynyllithium 79
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In the total synthesis of the antimitotic marine natural product (+)-phomopsidin (84),
Weinreb amide 82 was allowed to react with lithium (trimethylsilyl)acetylide at 0 °C
affording ynone 83 (yield not determined) (Scheme 21).87

Scheme 21. Reaction of Weinreb Amide 82 with Lithium (Trimethylsilyl)acetylide

CO,H
Yz
_ . SOEE sy 2
~_OEE L K/
+ TMS———Li %’ —_—
N(OMe)Me o L
A i
(0] TMS HO
82 83 (+)-phomopsidin (84)

The coupling reaction of Weinreb amide 85 with alkynylmagnesium bromide 86
(prepared by deprotonation of the alkyne with EtMgBr) provided ynone 87 (Scheme
22).88 This ynone is an intermediate in the synthesis of a macrolactin A analogue 88
carried out by Takemoto and co-workers.

Scheme 22. Reaction of Weinreb Amide 85 with Alkynylmagnesium Bromide 86



21

TBSO

=

TBSO MgBr
* /'\/\//

(0]

_OM

TESO ITI OMe 86
85
THF

TBSO

87, 70%

|

Amino acid-derived ynones 89-94%89% have been prepared by reaction of the
corresponding Weinreb amides with alkynylmagnesium bromides (Figure 4). After
deprotection of the Boc group the resulting ynones suffered intramolecular Michael
addition to provide cyclic six-membered enaminones. A similar strategy has been used
for the seven-membered enaminones.®
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Figure 4. Ynones prepared by reaction of Weinreb amides with alkynylmagnesium
bromides.

Allenylynones 96 were prepared in good yields using Trost’s methodology® by
reaction of amide 95 with alkynyllithium reagents in the presence of BF3-OEt, (Scheme
23). These ynones 96 have been submitted to a Rh(l)-catalyzed carbocyclization affording
trienic cyclohexanones.

Scheme 23. Reaction of Allenic Amides 95 with Alkynyllithium Reagents in the
Presence of BFs-OEt2

o)
NMe:  R—= nBuLi _
.. BF3-OEty, AcOH
THF, —78 to —20 °C
95 96, 51-98%

R = H, Me, EtO, TBSO(CH,),, TBSO(CH5)3, THPO(CH,)s,
TMS, 1-cyclohexenyl, Ph, 4-MeOCgH,, 4-F;CCgH4

For the synthesis of (S)-cyclopent-2-enol, Renaud and co-workers®® prepared the
ynone 97 from the corresponding Weinreb amide and 2-(trimethylsilyl)ethynyllithium in
95% yield (Figure 5). Chloroynones 98 have been obtained by reaction of the Weinreb
amides with alkynyllithiums in THF at 0 °C (Figure 5; yields not provided).** Ynones 98
have been further transformed into 2-hydroxy-3,4-unsaturated disubstituted sulfilimines
for haloamidation reactions. Quinolones have been easily prepared from ynones 99%
(Figure 5), which were synthesized by reaction of the corresponding Weinreb amides with
alkynyllithium at 0 °C or alkynylmagnesium bromides at room temperature followed by
guenching with aqueous HCI. Chiral a-amino ynones 100, derived from a-amino acids,
have been also cyclized to the corresponding substituted pyrrolidin-4-ones under gold-
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catalysis.? These ynones have been prepared by treatment of the corresponding Weinreb
amides with alkynyllithium reagents in good yields (52-89%; Figure 5). Synthetic studies
by Curran and Sui on petrocortyne A, in order to determine the absolute configuration of
the two alcohol stereocenters by Mosher’s method, involved the preparation of ynone
101%7 (Figure 5). This ynone was obtained in 89% yield by reaction of the precursor
Weinreb amide with 2-(tert-butyldimethylsilyl)ethynyllithium in THF at —78 °C. In the
synthesis of a common tetrahydropyran subunit of the natural macrolides (—)-dactilolide
and (-)-zampanolide, ynone 102%® has been used as intermediate (Figure 5). The
precursor Weinreb amide was allowed to react with the Grignard reagent obtained by
deprotonation of 4-benzyloxybut-1-yne with ethylmagnesium bromide giving ynone 102
in 60% yield. A related ynone 103% (Figure 5) has been prepared in 74% yield using the
same Weinreb amide and 2-phenylethynyllithium at —78 °C to room temperature. This
ynone 103 has been used for the synthesis of the tetrahydropyranyl diarylheptanoid ent-
diospongin A.*°® The Weinreb amide derived from 5-hexenoic acid was treated with
lithium (trimethylsilyl)acetylide in THF at —78 °C to give the ynone 104% in 91% vyield
(Figure 5), which is a precursor of tetracyclic ring systems.

0 0O o
N Cl A
\/\)\ \)Jx Cﬁx 2
. = R
93  SiMe; R / NHBoc
97, 95% 98, nd%% R’
’ 99, nd%%
R =Ph, nCeH13, (CH2)20BPS,  p1-y 5.0, 4-Cl, 4-F, 4-Me,
o CH,OPMB 4-MeO
RLH\ R2 = H, Me, Ph, 4-MeCgHy,,
PGNH AN R2 4-nC5H11CGH4, 4-MGOC6H4,
TMS 3-FCgHy, 2,4-F,CqH3
100, 52-89°%9% PMBO P
PG = Boc, Cbz, Ac ° OH O
R'=H, Me, iPr, sBu, Bn © TBDPSO
R2 = H, nPr, Ph, 4-MeOC4H,, 101, 89%"° X
OBn
102, 60%98
OH O o
TBDPSO
=
\)\)X 3 \\
103, 74%9° Ph 104, 91%'00

Figure 5. Selected ynones prepared by reaction of Weinreb amides with alkynyllithium
reagents.

Synthetic approaches from de Lera and co-workers to the synthesis of natural marine
compounds peyssonenynes have been performed using different ynones.*®* In particular,
ynones 107 and 108 have been prepared from the same Weinreb amide 105 using silylated
lithium acetylides or the alkynyllithium intermediate derived from the diyne 106 (Scheme
24). Ynone 108 is the precursor of (S)-peyssonenyne A (109).

Scheme 24. Reaction of Weinreb Amide 105 with Different Alkynyllithium Reagents



24

T™MS Li O
or
=
TIPS—— L X R
THF, —40 to 25 °C |
o 107, 84-94%
_OMe ) Dm0
= T R = TMS, TIPS
o)
105
= <§?
106, nBuLi | A
THF, —40 to 25 °C
108,929,  TBDPSO

AN
§

OTBDPS l

106

0 1_on

)-peyssonenyne A 109)

Svete and co-workers have performed the synthesis of amino acids-derived ynones
100%%2 (PG = Boc; R! = H, Me, nBu; R? = H) (Figure 5) by reaction of the corresponding
Weinreb amides with ethynylmagnesium bromide in THF at —78 °C to room
temperature’® for the synthesis of enaminone-based vinylogous peptides.

For the synthesis of marine sponges Leucetta-derived alkaloids spirocalcaridine A and
B, Lovely and co-workers employed ynones 112 for the iodine-induced
spirocyclization.!®* This ynone was prepared by reacting (4-methoxyphenyl)ethynyl-
lithium derived from alkyne 111 with the Weinreb amide 110 (Scheme 25).

Scheme 25. Reaction of Weinreb Amide 108 with the Organolithium Reagent
Derived from Alkyne 111

jogd o™
,L\ MeO (111), nBulLi Z
/©/\W OMe THF, 78 °C O

a 0
MeO © MeO

110 12, 76%

The synthesis of the guaiane sesquiterpene (—)-englerin A has been performed by
Lopez, Mascarefias and co-workers based on a Pt-catalyzed [4C+3C] cycloaddition of
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allenedienes. % For the preparation of a key allenediene, diene-ynone 115 was prepared
by reaction of Weinreb amide 113 with the lithium alkynylide derived from 114 (Scheme
26).

Scheme 26. Reaction of Weinreb Amide 113 with Alkynyllithium Reagent Derived
from 114

O, OMe =— N
N i o ,
N OTHP (114), nBuLi OTHP ——, englerin A
THF, =78 to -15°C
\ / i
113 115, 99%

Renault and co-workers synthesized 3-substituted indolizidines by an intramolecular
Michael addition of deprotected ynones 117.1% These ketones were prepared by reacting
Weinreb amide 116 with ethynylmagnesium bromide giving 117a in 82% yield (Scheme
27). In the case of ynones 117b-d, alkynyllithium reagents were used for the alkynylation
in THF at —50 °C in good yields.

Scheme 27. Reaction of Weinreb Amide 116 with Alkynyl Metals
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117b-d, 85-89%
R = nPr, Ph, 6-MeO-2-naphthyl

2.2.1.2. Ester Derivatives. For the alkynylation of lactones, two strategies have been
described: (a) the intermolecular reaction of an alkynylmetals with lactones,*®” which has
been used in the preparation of spirofungin antibiotics'® and in the synthesis of
disaccharides,'® and (b) the acyl transfer reaction of a propargyl ester to an
organometallic  reagent,!*® which was employed in the synthesis of
benzo[h]chromones. 1!t

Synthetic studies to access the okadaic-acid architecture by Forsyth and co-workers
involved the reaction of lactones 118 with the alkynyllithium reagent derived from alkyne
119 affording ynones 120 after silylation in good yield (Scheme 28).11?
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Scheme 28. Reaction of Lactones 118 with Alkynyllithium Derived from 119
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Wessig and co-workers have described the photo-dehydro-Diels—Alder reaction for
the preparation of biaryls from ynones.'*3 In some examples Swern and DMP oxidations
of propargylic alcohols (Section 2.1) were employed. For the synthesis of diynones 122,
diesters 121 were allowed to react with phenylethynyllithium in the presence of BF3-OEt;
(Scheme 29).113

Scheme 29. Reaction of Diesters 121 with Phenylethynyllithium in the Presence of
BFs-OEt:

o 9 BF 4 OEt 1)
EtOMOEt * Ph———u — o Z N o
121 122, 30-54%

n=2-4

The synthesis of ynones from aliphatic ethyl esters has been carried out using terminal
alkynes and potassium tert-butoxide as a base in THF and air at room temperature with
moderate to good yields (33-76%).11* The presence of BFs-OEt, was crucial for the
alkynylation of ethyl trifluoroacetate using an alkynyllithium derived from the alkyne 123
affording ynone 124 in good yield (Scheme 30).1%° This ynone 124 has been used for the
synthesis of the pyrazole herbicide fluazolate by reaction with hydrazine hydrate.

Scheme 30. Reaction of Ethyl Trifluoroacetate with the Alkynyllithium Derived
from Alkyne 123
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Aliphatic and aromatic activated esters such as benzotriazoate esters have shown
higher reactivity in the reaction with lithium acetylides at —78 °C to room temperature
giving the corresponding ynones in moderate to good yields (60-78%).11% This
methodology has been applied to the synthesis of D-erythro-sphingosine using ynone
126, which was prepared from the L-serine benzotriazole derivative 125 (Scheme 31).

Scheme 31. Reaction of Benzotriazole Ester 125 with a Lithium Acetylide
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A one-pot synthesis of ynones from aliphatic and aromatic sodium carboxylates using
2,4,6-trichloro-1,3,5-triazine (cyanuric chloride) and terminal alkynes 127 in the presence
of Et3N as base and magnesium chloride as Lewis acid in acetonitrile at room temperature
has been described.'!” The corresponding ynones (71), obtained in very good yields, were
formed via the corresponding cyanuric esters (Scheme 32).

Scheme 32. Reaction of Sodium Carboxylates with Cyanuric Acid Chloride and
Terminal Alkynes 127
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2.2.1.3. Acyl Chlorides and Anhydrides. Direct acylation of acetylides derived
from alkali or alkaline-earth metals with acyl chlorides usually leads to complex reaction
mixtures.!'® However, the reaction of the alkynyllithium generated by deprotonation of
128 with LDA with different acyl chlorides at —78 °C gave the corresponding ynones 129
in moderate to good yields (Scheme 33).11° These ynones gave tetra-ortho-substituted
biaryls by a Diels—Alder reaction with 1-methoxy-1,3-cyclohexadiene (Section 3.2.3).

Scheme 33. Reaction of the Acyl Chlorides with the Alkynyllithium Derived from
128
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Recently, acetic anhydride has been also used for the acetylation of an alkynyllithium
derived from the alkyne 130 affording ynone 131 in good yield (Scheme 34).12° This
method resulted a more direct and higher-yielding way to prepare this ynone than using
a three-step procedure based on the reaction of the alkynyllithium with acetaldehyde
followed by oxidation with MnO..

Scheme 34. Reaction of Acetic Anhydride with the Alkynyllithium Derived from 130
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Baldwin and co-workers have used acetic and benzoic anhydrides for the acylation of
the alkynyllithium derived from ethynylpyrazole 132.'?* The reaction afforded the
corresponding ynones 133 in moderate yields (Scheme 35).

Scheme 35. Reaction of Acid Anhydrides with the Alkynyllithium Derived from
Ethynylpyrazole 132
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Micouin and co-workers described that dimethylalkynylaluminums are appropriate
alkynylmetals for the general alkynylation of aliphatic and aromatic acyl chlorides
providing the corresponding ynones 71 in moderate to excellent yields (Scheme 36).12?
The reaction can be performed by treatment of terminal alkynes 127 with
trimethylaluminum giving the acetylide 134 at —60 °C in the presence of a catalytic
amount of EtsN. The acylation must be carried out in 1,2-dichloroethane at 0 °C with acyl
chlorides 135. Alternatively, dichloromethane and toluene also proved to be suitable
solvents for the alkynylation of acyl chlorides.

Scheme 36. Reaction of Acyl Chlorides with Dimethylalkynylaluminum Reagents
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Potassium alkynyltrifluoroborates 135 reacted cleanly with aliphatic and aromatic acyl
chlorides using BCls as Lewis acid.'?*125 The corresponding ynones 71 were obtained in
moderate to high yields using dichloromethane as solvent at room temperature (Scheme
37). A possible mechanism has been proposed involving the formation of an
alkynyldichloroborane species by reaction of potassium alkynyltrifluoroborate 135 with
boron trichloride.!?®® This methodology has been applied to prepare steric hindered
alkynoylphenols using 2,6-disubstituted acyl chlorides, precursors of flavones and
aurones.'?®

Scheme 37. Reaction of Acyl Chlorides with Potassium Alkynyltrifluoroborates 135
in the Presence of BCls
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Alkynylsilanes can be acylated with cyclic anhydrides in the presence of AICI3 as
Lewis acid.?” This methodology has been used for the total synthesis of resolving E1, a
metabolite of the omega-3 fatty acid eicosapentaenoic acid (EPA) with potent anti-
inflammatory activity. Bis(trimethylsilyl)acetylene reacts with glutaric anhydride giving
after esterification ester ynone 137 in good yield (Scheme 38).1%8

Scheme 38. Reaction of Glutaric Anhydride with Bis(trimethylsilyl)acetylene (136)
in the Presence of AICI3
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Zhu and Wu have performed the synthesis of an anti-melanogenic glycerol fatty acid
ester isolated from the tuber-barks of Colucasia antiquorum var. esculeta using ynone
140 as intermediate. This ynone has been prepared in 30% yield by reaction of azelaic
anhydride 138 with alkynylsilane 139 in the presence of aluminum trichloride in
dichloromethane (Scheme 39).12°

Scheme 39. Reaction of Azelaic Anhydride 138 with Alkynylsilane 139 in the
Presence of AICI3

0O O o
CH,Cl,, 0 °C to rt Co,H R HCoHy e
138 139 140, 30%

Baldwin and co-workers performed the acylation of bis(trimethylsilyl)buta-1,3-diyne
with acetyl and benzoyl chloride at 0 °C in the presence of AICIs.?* The corresponding
diynones 141 were isolated in high yields (Scheme 40).

Scheme 40. Reaction of Acyl Chlorides with Bis(trimethylsilyl)buta-1,3-diyne in the
Presence of AICls
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1-Ethoxyoxalyl-2-chloroacetylene 143, used as dienophile in Diels-Alder reactions
(Section 3.2.3), has been synthetized by acylation of bis(trimethylstannyl)acetylene.** In
this case, the addition of lithium chloroacetylenide to various oxalic acid derivatives as
well as the acylation of bis(trimethylsilyl)acetylene (136) failed. However, ethoxyoxalyl
chloride reacted with the distannalylated acetylene at room temperature under solvent-
and catalyst-free conditions to provide 1-ethoxyoxalyl-2-trimethylstannylacetylene (142)
in 82% vyield (Scheme 41). This compound was further treated with chlorine and gave
dienophile 143 in 90% yield.

Scheme 41. Synthesis of 1-Ethoxyoxalyl-2-chloroacetylene (143)

o}
P e o 20°C o Cl, o
cl COzEt + Me3Sn — SnMe3 — > Me3Sn — COCOZEt Cl — COCOZEt

142, 82% 143, 90%

2.2.1.4. Nitriles. Nitriles can be also used as acylating reagents of organolithium and
organomagnesium reagents. However, only two examples have been described by Deng
and co-workers,'® the alkynylation of diethoxyacetonitrile (144) with
phenylethynylmagnesium bromide and 1-hexynyllithium affording ynones 145a and
145D, respectively, in moderate yields (Scheme 42).

Scheme 42. Reaction of Diethoxyacetonitrile (144) with Magnesium and Lithium

Acetylides
0
1 — OEt
) Ph MgBr, rt /J\(
2) Ag. work-up

Ph OEt
NC\(OEt 145a, 41%
OEt o
144 1) nBBu—=——1Li,0°C /J\(OE’(
> é
2) Ag. work-up nBu OEt

145b, 49%
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In conclusion, for the synthesis of ynones by acylation of organometallic reagents
the most reliable and widely used methodology is the alkynylation of amides, especially
Weinreb amides, employing alkynyllithium and alkynylmagnesium reagents.

2.2.2. Metal-Catalyzed Alkynylation of Acid Derivatives. Transition-metal-
catalyzed Sonogashira acylation of alkynes is a traditional route for the synthesis of
ynones. 2137 n this section, Pd-catalyzed acylation of alkynes with and without Cul will
be considered. In addition, acylation of terminal alkynes catalyzed by Cul will be also
considered for the synthesis of ynones as well as other alternative methods.

2.2.2.1. Palladium- and Copper-Catalyzed Acylation of Terminal Alkynes. The
typical synthetic protocol to form ynones is the use of Pd(PPhz).Cl> and Cul bimetallic
system as catalyst, initially stablished by Sonogashira and Hagihara® for the reaction of
acyl chlorides with terminal alkynes at room temperature in a big excess of EtsN. Karpov
and Muiller performed the synthesis of (trimethylsilyl) ethynyl ketones by reaction of aryl
and heteroaryl acyl chlorides with (trimethylsilyl)acetylene using 1 eq of EtsN and THF
as solvent with higher vyields than the Stille coupling of acyl derivatives with
(trimethylsilyl)ethynyltetra-n-butylstannane (Scheme 43).13 Among the several catalysts
assayed, Pd(PPhs)2Cl> with or without Cul and only Cul, the Pd/Cu bimetallic mixture
was the most efficient. Subsequent transformations of the silylated ynones 16 into
enaminones by reaction with amines, and in pyrimidines by in situ addition of amidines
have been performed. Further studies from the same group with different aryl and alkyl
acetylenes under the same reaction conditions gave the corresponding ynones, which
were allowed to react in situ with amines and amidines.**° The corresponding enaminones
(74-99%) and pyrimidines (26-84%) were isolated in general with good yields. The same
ynones have been allowed to react in situ with tryptamine derivatives and then with
acryloyl chlorides affording tetrahydro-s-carbolines in 32-59% yields.14!

Scheme 43. Coupling of Acyl Chlorides with (Trimethylsilyl)acetylene under Pd/Cu
Catalysis

(e
0o Pd(PPh3),Cl, (2 mol%
I+ Ms—= (PPh3),Clj ( R N
R Cl Cul (4 mol%) T™S

R = 4-MeOCgH,, 4-O,NCgH,, 2-BrCgH,, 2-AcOCgH,, 2-thienyl

Ferrocenylynones 147 have been prepared in modest to good yields by coupling
ferrocenylacetylene (146) with vinyl, aryl and heteroaryl acid chlorides and 10 mol% of
Pd(PPhs)2Cl2/Cul in anhydrous EtsN at room temperature (Scheme 44).1%? Potential
applications of this type of ketones are as photoactive semiconductors and liquid crystals.

Scheme 44. Coupling of Acyl Chlorides wit Ferrocenylacetylene (146) under Pd/Cu
Catalysis
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Fe Fe

R™ Cl Cul (4 mol%), EtzN, rt o)
146 147, 27-96%

R = H2C=C(Me), PhCH:CH, Ph, 4-BrCBH4, 2-C|C6H4, 4-02NC6H4, S-MeCGH4, 4-MeC6H4,
4-NCCgHy, 3,5-(0,N),CeHs, 3,4-(MeO),CqHs, 2-furyl, 1-naphthyl,

Chen and Li have performed the former coupling in water with sodium lauryl sulfate
(7 mol%) as the surfactant and K>COs as the base using 2 mol% of Pd(PPhs).Cl, and 5
mol% of Cul at 65 °C. Aromatic acyl chlorides and aliphatic and aromatic acetylenes gave
the corresponding ynones in good yields (51-98%).14* Cox and co-workers have
employed the Midller reaction conditions to synthesize ynones using different
functionalized alkynes and aliphatic or aromatic acyl chlorides.'#*

Miller and co-workers have synthesized 3-halofurans 148 applying a one-pot
Sonogashira procedure using acyl chlorides and tetrahydropyranyl (THP)-protected
propargyl alcohols 114, followed by addition of NaCl or Nal and p-toluenesulfonic acid
(PTSA) to the in-situ generated ynone | (Scheme 45).14146 Furans 148 can be further in-
situ cross-coupled with arylboronic acids giving trisubstituted furans. The ynones
resulting from the coupling of acyl chlorides and N-Boc protected propargylamines have
been allowed to react in situ with Nal affording 4-iodopyrroles 149 in good yields.**’

Scheme 45. Coupling of Acyl Chlorides with THP-Protected Propargyl Alcohols 114
using Pd/Cu Catalysis

OTHP 1) Pd(PPh3),Cl, (2 mol%), X
O Cul (4 mol%), Et;N, THF, rt /I
I+ R2 = Rl 2
R >cl Z 2) NaX, PTSA, H,0, R"™No” TR
MeOH, 60 °C
14 © 148, 40-73%
R' = Ph, 4-MeOCgHy, 4-O,NCgH,, 2-FCgHy, 2-thienyl, PhCH=CH, 1-cyclohexenyl
R2=H, Et
X=Cl, I o |
] j
R3 o
OTHP

| 149, 61-75%

R3 = Ph, 4-MeCGH4, 3-MeC6H4, 2-MeC6H4, 4-MeOC6H4, 4-C|C6H4, 4-FC6H4,
2-thienyl, PhCH=CH, c-C3H5, 1-adamantyl

These types of one-pot alkynylation under Sonogashira-Hahigara conditions followed
by heterocyclization have been studied by several groups and applied to the synthesis of
heterocyclic compounds (Section 3.2). For instance, Jiang and co-workers have used
ynones 71 and hydrazines for the synthesis of pyrazoles and also amidines for the
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preparation of pyrimidines (Figure 6).14 (Z)-Enaminones have been prepared by Cacchi
and co-workers by reaction of ynones 18 with primary amines and further transformed
into 1,2-disubstituted 4-quinolones in 53-93% vyields (Figure 6).14° By using ortho-
iodoanilines, ynones 71 gave enaminones which were transformed into 3-aroylindoles
also by the same group.’™ Furthermore, Kitagawa and co-workers have prepared
atropoisomeric 2-aryl-4-quinolinone derivatives using ynones 18 (X = Br) derived from
the coupling of o-bromo acyl chlorides with terminal alkynes.'® Langer, Forashenko and
co-workers have prepared ynones 150, derived from the Sonogashira—Hagihara coupling
of 2-fluoro-5-nitrobenzoyl chloride with terminal alkynes, for the synthesis of 6-nitro-
and 6-aminoquinolones (Figure 6).12 Miiller and co-workers have prepared blue
luminescent biaryls substituted pyrazoles using the sequential Sonogashira—Hagihara
coupling followed by reaction with monosubstituted hydrazines.*>**>® Liu and co-
workers have trapped ynones 71 with hydroxylamine hydrochloride for the synthesis of
3,5-disubstituted isoxazoles (Figure 6) (see Scheme 170.1°°

R1ﬂ\ S O,N S
AN R? AN R AN R
Cl

71 >22.939,148,150,153,154 18, 21-83%149.1°1
(X = ClI, Br) 150, 65-78% 152

Figure 6. Selected ynones prepared for the synthesis of heterocycles.

A fluorescent sensor poly(arylene ynonylene) 153, with high molecular weight, has
been prepared by Tang and co-workers!® by a new polymerization route. The
Sonogashira—Hagihara reaction of the tetraphenylethylene (TPE) derivative 152 with
terephtaloyl chloride 151 under Pd(PPhz)2Cl./Cul catalysis promoted a polymerization
affording poly(arylene ynonylene) 153 (MW = 39100) in 70% yield (Scheme 46).

Scheme 46. Synthesis of Poly(arylene ynonylene) 153
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Recently, a phosphinito Pd(I1) complex (154) and Cul, both in 5 mol% loading, were
used as catalysts for the preparation of ynones 71 (R = aryl, heteroaryl; R? = aryl, alkyl)
which were obtained in high yields (80-93%).1%® This methodology has been applied to
the synthesis of the natural product anemarchalconyn (156, by reaction of acyl chloride
155 and acetylene 111) which exhibits inhibitory effects at the adipogenic differentiation
of preadipocyte 3T3-L1 cells (Scheme 47).

Scheme 47. Synthesis of Anemarchalconyn 156 from Compounds 155 and 111

o o}
% 1) 154 (5 mol%), Cul (5 mol%),
c o, \©\ Et;N (2 eq), PhMe, 80 °C O T
2) Cyl, DMF, 90 °C
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155 11 Ph, Ph, 156, 28% OH
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H Pd_Pd H

o-p Cl pP-0
Ph, Ph,

154

Heterogeneous Pd catalysts have been developed in order to recover and reuse them
and for easier separation of catalysts and products than under homogeneous conditions.
Tsai and co-workers reported a nanosized mesoporous silica material MCM-41 with
anchored palladium bipyridyl complex, NS-MCM-41-Pd, for the general formation of
ynones.'®® This catalyst worked with very low catalyst loading (0.002-0.1 mol%) in the
presence of triphenylphosphine and Cul in EtsN as solvent at 50 °C (Scheme 48). The
reaction can be scaled up to 150 mmol and the catalyst was recycled over four runs with
moderate drop in the yield (from 98 to 90%).

Scheme 48. Coupling of Acyl Chlorides and Terminal Alkynes 127 Catalyzed by NS-
MCM-41-Pd/Cul/PPhs
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R' = Ph, 4-MeOCgH,, 4-MeCgH,4, 2-MeCgH,, 4-CICgH,, 2-furyl, 2-thienyl, Cy, iPr,
tBu, nBu

R2 = Ph, 4-MeOCgH,, 2-MeOCgH,, 4-CICgH,, 4-MeCgHy, 2-MeCgH,, 4-O,NCgH,,
1-naphthyl, 9-anthracenyl

Cai and co-workers have developed a phosphine-free heterogeneous catalyst for the
coupling of acyl chlorides with terminal alkynes based on a 3-(2-aminoethylamino)propyl
functionalized MCM-41-immobilized palladium complex MCM-41-2N-Pd(OAc). (0.2
mol%) and Cul (0-2 mol%) in EtsN at 50 °C (Scheme 49).1%° The corresponding ynones
(71) were obtained in high yields and recycling experiments showed a high recycling
ability during at least 10 runs. Cai and his group also performed in situ coupling with this
catalyst, and cyclocondensation with hydrazines allowed the synthesis of pyrazoles.®
Again excellent recycling and reuse performance was achieved during at least 10
consecutive trials.

Scheme 49. Coupling of Acyl Chlorides and Terminal Alkynes 127 Catalyzed by
MCM-41-2N-Pd(OAc)2/Cul

0
J?\ + R2— MCM-41-2N-Pd(OAc), R1l\
R el Cul (0.2 mol%), Et3N, 50 °C R?
127 71, 75-96%
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OMe(ACO)2Pd-NH,

MCM-41-2N-Pd(OAc),

R' = Ph, 4-MeOCgH,4, 4-MeCgHy, 4-CICgH,4, 4-O,NCgH,4, 2-furyl, 2-thienyl
R? = Ph, 4-MeCgHy, nBu, nCgH43, MeOCH,, TMS

Decarbonylative coupling has been reported as an alternative to the classical
Sonogashira—Hagihara reaction for the synthesis of ynones. Friedel-Crafts glycosylation
of indoles and pyrroles 157 with oxalyl chloride followed by decarbonylative
alkynylation allowed the synthesis of the corresponding ynones (158) in moderate to good
yields (Scheme 50).162 This glycosylation-decarbonylative alkynylating methodology set
up by Miller and co-workers has been applied to prepare azulenyl and guaiazulenyl
ynones 159.1%% Ynones 1582 have been further transformed into 2-aminopyrimidines by
reaction with guanidinium hydrochloride and ynones 159 into pyrimidines by treatment
with amidines and into pyrazoles by reaction with N-methylhydrazine.
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Scheme 50. Glyoxylation and Decarbonylative Sonogashira-Hagihara Coupling of
Indoles and Pyrroles

Q R2-=, (127) Q
O (COCI), Cll  Pd(PPh),Cl, (1 mol%) S
AN oo [LLY [ Y g
, 0 .- o} Cul (1 mol%), EtsN, rt R
h N N
R’ R R
157 158, 43-85%
R' = H, Me, nBu, TIPS
R2 = nBu, MeOCH,, TMS, Ph RZO 4
s
R3
R'=H, iPr 159
R2=H, Me
R®=H, Me

R* = Ph, 4-MeCgHj, 4-NCCgHy, 4-O;NCgHy, 4-FCgH,,
3,5-(Me0),CgH3, 2-thienyl, 2-Py, cC3Hs, nBu

Thiol esters 160 were used as acylating reagents for the Pd-catalyzed synthesis of
ynones by Fukuyama and coworkers.'®* The reaction took place using PdCla(dppf) (5
mol%)/P(2-furyl)s (12.5 mol%) as catalysts and an excess of Cul (1.7 eq) in a 5:1 mixture
of DMF:Et3N at 50 °C and the yields were good (Scheme 51). In order to avoid the
unpleasant odor of ethanethiol, thiol esters derived from odorless dodecanethiol were
further used.1®®

Scheme 51. Coupling of Thiol Esters 160 with Terminal Acetylenes 127 Catalyzed
by PdClI2(dppf) in the Presence of Cul
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The main advantage of thiol esters compared to acyl chlorides is the compatibility with
other functional groups in the skeleton of the acid derivative. Consequently, thiol ester
coupling with alkynes has been applied to the synthesis of natural products. Kuwahara
and co-workers have carried out the total synthesis of pteridic acids A and B using thiol
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esters.'®® Thiol ester 161 was coupled with alkyne 162 under Fukuyama’s conditions
providing ynone 163 in good yield (Scheme 52).

Scheme 52. Coupling of Thiol Ester 161 with Alkyne 162 Catalyzed by PdCl2(dppf)
in the presence of Cul

)\/ PdCly(dppf) (5 mol%)
P(2-furyl)3 (12.5 mol%)
™~ Cul, DMF, 50 °C

163, 83%

pteridic acid A

The cross-coupling of thiol ester 164 with the terminal acetylene 165 under
Fukuyama’s conditions took place in a moderate 55% yield due to a competitive Glaser
type diyne formation (Scheme 53).1%” When treated with p-TsOH, the resulting ynone
(166) gave a spiroketal, which is the C15-C25 fragment of the marine sponge natural
product calyculin C. Koskinen and co-workers further reported the preparation the C9-
C25 spiroketal dipropionate unit for the synthesis of the intermediate ynone 168 by
coupling of thiol ester 164 with alkyne 167 in only 50% yield, due to dimerization of
167.168

Scheme 53. Coupling of Thiol Ester 164 with Alkynes 165 or 167 under Fukuyama’s
Conditions
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Fuwa and co-workers found out that p-toluenethiol esters 169 gave better results than
the ethanethiol esters using Pdz(dba)s-CHCIs in the coupling to terminal alkynes to
provide ynones 170 (Scheme 54).1%%170 These ynones were further transformed into 2,6-
disubstituted-4H-pyran-4-ones by AgOTf-promoted intramolecular conjugate addition.

Scheme 54. Coupling of Thiol Esters 169 with Terminal Alkynes 127 under Modified
Fukuyama’s Conditions

1
RT/\I(S\@\ , pr— _Pda(dba)yCHCL (0.3 mol%) RH/\/
MPMO O T P(2-furyl); (0.3 mol%), Cul MPMO O
DMF, Et;N, 50 °C
169 127 170, 73-93%

R2

R' = BnO(CH,);, Cy
R2 = nBu, Cy, TBDPSO(CH,);, BnO(CHy)s, Ph

Telluro ester 171 has been used as acylating coupling partner in the Pd/Cu-catalyzed
Sonogashira—Hagihara reaction for the synthesis of ynones, but the yields were only
moderate (Scheme 55).1"* The reaction took place with 2 eq of Cul and 10 mol% of
Pd(PPhs)s in EtsN as solvent at room temperature.

Scheme 55. Coupling of Telluro Ester 171 with Terminal Alkynes 127 Catalyzed by
Pd(PPhs)s and Cul
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In conclusion, for the synthesis of ynones under Pd/Cu catalyzed conditions only acyl
chlorides can be used as acylating agents in the presence of substoichiometric amounts of
Cul. For thiol esters ca. 2 eq of Cul are needed, but these acylating agents are more
compatible with other functional groups than acyl chlorides.

2.2.2.2. Palladium-Catalyzed Copper-Free Acylation of Terminal Alkynes.
Copper-free  Sonogashira—Hagihara reaction was carried out with oxime-derived
palladacycle 172 or Pd(OAc). using 1.5 eq of EtzN in toluene.'’? The palladium loading
can be maintained between 0.5 and 0.2 mol% working at room temperature and under
reflux, respectively. In general, the palladacycle 172 was slightly more efficient than
Pd(OACc), affording the corresponding ynones in good yields (Scheme 56).

Scheme 56. Coupling of Acyl Chlorides with Terminal Alkynes 125 Catalyzed by
Palladacycle 172 or Pd(OAc)2
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R‘1 = Ph, 4-C|C6H4, 4-MeOC6H4, 3-MeOCeH4, 2-MeOC6H4, 4'tBUC6H4,
4-O,NCgHy, 4-CICOCgH,, 2-furyl, PhACH=CH, Cy, tBu
R? = Ph, nCgH3, TIPS

Srinivasan and co-workers have used Pd(OAc)2 (0.2 mol%) and 1 eq of EtsN under
solvent-free conditions at room temperature under argon affording the corresponding
ynones 71 in good yields (40-95%).1"® The same group has performed the one-pot
synthesis of 2,4-disubstituted benzodiazepines by adding the diamine in water to the
reaction flask once the ynone was formed.!’* The one-pot synthesis of enaminones was
performed under solvent-free conditions.™

In the presence of ligands 173 (2 mol%) (Figure 7) and Pd(PPhs).Cl. (2 mol%), EtsN
(3 eq) in toluene at 40 °C, acyl chloride and terminal alkynes afforded ynones 71 in 15-
99%.17® The Pd complex formed by ligand 174 and K2PdCls (2 mol%) under copper and
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solvent free conditions catalyzed the coupling of acyl chlorides and terminal alkynes
using only 1 equivalent of EtsN providing ynones 71 in 65-90% yield.!”” The Pd complex
derived from the salen ligand 175 (Figure 7) has been proved to be an efficient catalyst
for the copper and solvent free alkynylation of aliphatic and aromatic acyl chlorides with
terminal alkynes in the presence of 1 eq of EtsN at room temperature.}’® The
corresponding ynones were obtained in good yields (69-98%).
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Figure 7. Ligands for the Pd-catalyzed coupling of acyl chlorides and terminal alkynes.

Pd/C was used as reusable palladium heterogeneous catalyst for the reaction of acyl
chlorides with terminal alkynes. The acylation took place with 1 mol% of Pd/C, 0.2 eq of
EtsN under dry toluene reflux giving the corresponding ynones in 60-95% yield.!™® A
moderate reusability was observed for the reaction of benzoyl chloride with
phenylacetylene decreasing the yield from 96 to 57% after six cycles. Polystyrene-
supported palladium(0) complex 176 (Figure 8) has been used as an efficient catalyst for
the copper-free alkynylation of aromatic acid chlorides using 0.5 mol% of Pd and EtsN
(1 eq) as base at room temperature.*® The corresponding ynones were obtained in good
yields (74-97%) and good recyclability for the reaction of phenylacetylene with 4-
chlorobenzaldehyde, affording the ynone in decreasing yield from 98 to 92% after 10
cycles. Bakherad and co-workers also studied another polymer-supported Pd(0) complex
177 (Figure 8) with an oxime thiosemicarbazone unit covalently bonded.*8! Aromatic and
heteroaromatic acyl chlorides reacted with aliphatic and aromatic acetylenes under
reaction conditions similar to those applied with 176. These copper and solvent-free
couplings were carried out with 1 mol% of (Pd loading) 177 and 1 eq of EtsN and the
corresponding ynones were obtained in excellent isolated yields (93-95%). Moderate
recyclability was found for the reaction of benzoyl chloride with phenylacetylene
providing the resulting ynone in the range of 99 to 90% vyields after 4 runs. Pd
nanoparticles generated by thermolysis of Pd(OAc). embedded in a poly-1,4-phenylene
sulfide (PPS) polymer matrix (PdNPs-PPS, 178) have been used as efficient
heterogeneous nanocatalyst system for the copper-free acyl Sonogashira—Hagihara
coupling.'® This reaction took place in toluene at 50 °C in the presence of 1 eq of EtsN
providing ynones derived from aromatic and acyl chlorides in 15-98% yield. Moderate
recyclability was observed up to the fourth cycle. Anchored PdNPs into single-walled
carbon nanotubes SWNT-PdNPs (179), formed by thermolysis of Pd(OAc)., was
prepared by the same group.'® The acylation takes place in moderate to good yields (43-
98%) under mild reaction conditions using 1 eq of EtsN in acetonitrile at room



42

temperature for aliphatic and aromatic acyl chlorides. The catalyst was recycled and
reused up to seven cycles. Multiwalled carbon nanotubes (MWCNTS) functionalized with
a palladium(I1)-Schiff base complex 180 has been used as heterogeneous catalyst for the
copper-, phosphorous- and solvent-free alkynylation of acyl chlorides.'® When 0.6 mol%
of Pd and 1.2 eq of EtsN were applied at room temperature, the corresponding ynones
were obtained in 53-94% yield and the catalyst could be recycled and reused only four
times (yield decreased from 92 to 71%). Silica gel supported palladium catalyst 1818
(Figure 8) has been used in the coupling of aromatic acyl chlorides with phenylacetylene
and 1.2 eq of EtsN in toluene at room temperature, giving the corresponding ynones in
86-97% yield. The catalyst was recovered and reused in four cycles and the yield dropped
from 87 to 68%. A nanocomposite, formed by magnetic nanoparticles coated by silica
and covalently coupled to (3-aminopropyl)-trimethoxysilane (ASMNPs), was reacted
with salicylaldehyde (Sc) and finally metalated with PdCl, and afforded Pd-
Sc@ASMNPs 182 (Figure 8).18 This catalyst was then used to alkynylate aromatic acyl
chlorides with arylacetylenes using 1.5 eq of EtsN in aqueous acetonitrile at room
temperature and afforded ynones in 83-97% yields; 182 was recycled at least six times.
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Figure 8. Selected supported Pd-catalysts for the alkynylation of acyl chlorides.

When triazine esters 183 were used as acylating reagents of terminal alkynes the
corresponding ynones were obtained in good yields.'®” The coupling was performed with
0.1-1 mol% of Pd(OAC): in acetonitrile at 50 °C in the absence of EtsN (Scheme 57). This
process has a wide range of functional tolerance and the N-Pd coordination with triazine
plays a crucial role for the efficient C-O activation.

Scheme 57. Coupling of Triazine Esters 183 with Terminal Alkynes 127 Catalyzed
by Pd(OAC):2
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Recently, amides 184 derived from saccharine have given access to ynones via C-N
bond cleavage.'® The reaction took place using 1 mol% of Pd(PPhs).Cl, and 4 eq of EtsN
under THF reflux providing ynones in variable yield (Scheme 58). Other amides such as
Weinreib amide, N-methyl-N-phenylamide, N-phenyl-N-tosylamide, N-
benzoylsuccinimide, N-benzoylphthalimide and N-benzoylglutaramide failed to react.

Scheme 58. Coupling of N-Acylsaccharins 184 with Terminal Alkynes 127 Catalyzed
by Pd(PPh3).Cl:

P i
R1 N . R2 — Pd(PPh3)2C|2 (1 mOl%) _ R1l\
S Et;N (4 eq), THF, 65 °C R2
7. 127
184 71, 48-92%

R" = Ph, 4-MeCgH,, 4-MeOCgH,, 3-MeOCgH,, 2-MeOCgH,, 4-FCgH,, 4-CICgH,,
4-BrCgHy, 4-F3CCgHy, 4-NCCgH,, 4-OHCCgH,, 2-naphthyl, 2-thienyl,
PhCH=CH, Me, nC1;Has

R2 = Ph, 4-MeCgH,, 3-MeCgHy, 4-nPrCqHy, 4-CICgH,, 4-BrCgH,, 4-F3CCgH.,
4-MeOCgH,, 4-PhCgH,, 2-thienyl, 3-thienyl, Ph(CH,),, nBu, cC3Hs

In conclusion, the Sonogashira—Hagihara reaction of acyl chlorides with terminal
alkynes can be efficiently performed under copper-free conditions, especially with
heterogeneous catalysts under solvent-free conditions. New acylating reagents such as
triazine esters and N-acylsaccharines have been recently used for the synthesis of a broad
array of ynones under low Pd loading.

2.2.2.3. Copper-Catalyzed Acylation of Terminal Alkynes. The copper-promoted
Stephen—Castro reaction for the cross-coupling of acyl iodides with terminal alkynes was
reported in 1963.18 However, the acylation of alkynes with acyl chlorides catalyzed by
Cul (5 mol%) was described 33 years later by Chowdhury and Kundu in EtsN at room
temperature.1%%1%1 And again, this Cu(l)-catalyzed reaction was not used until recently for
the synthesis of ynones. Movassagh and co-workers have described the catalytic
Stephen—Castro reaction using Cul/cryptand 22 complex 185 as a highly active catalyst
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for the solvent-free cross-coupling acylation reaction using 1.2 eq of EtsN under air at 60
°C giving the corresponding ynones 71 (Scheme 59).19

Scheme 59. Coupling of Acyl Chlorides with Terminal Alkynes 127 Catalyzed by
Cul/Complex 185

0]

0O
JJ\ v R 185 (2.6 mol%) R S
1 . AN
R* CI Et;N (1.2 mol%), air, 60 °C

127

R2
ﬁn/\ 71, 35-93%
o | o
[ Cul j
0 \ o)
N
185

R' = Ph, 4-MeCgHy4, 2-MeCgH,, 4-CICgH,, 4-O,NCgH,, 4-NCCgH,,
2-thienyl, Cy, iPr, cC3Hg
R? = Ph, nBu, nCgH13

Yin and co-workers'®® have also used the Cul (2 mol%) and tetramethylethylene
diamine (TMEDA, 5 mol%) catalytic system under solvent-free conditions as in the
previous method. In this case, 3 eq of EtsN were used under nitrogen at room temperature
providing ynones in 84-95% yield. Aliphatic and aromatic acyl chlorides and terminal
alkynes were successfully used.

Different copper NPs have been used as heterogeneous catalyst for the alkynylation of
acyl chlorides. Thus, Gao and co-workers prepared silica gel supported Cu-NPs (1 mol%)
as catalyst and EtsN (3 eq) as base under solvent-free conditions at 40 °C for the coupling
of aliphatic and aromatic acyl chlorides and terminal alkynes.'®* The resulting ynones
were obtained in general in good yields (35-98%). Recycling experiments for the reaction
of benzoyl chloride with phenylacetylene during three cycles gave 92 to 85% yields.
Bhanage and co-workers'®® have described a rapid route for the synthesis of Cu/CuO NPs
from Cu(OAc): in 1,3-propanediol by microwave heating (600 W) for three minutes. This
nanocristaline catalyst (10 mol%) showed good catalytic activity in the presence of EtsN
and toluene as solvent under nitrogen atmosphere at 90 °C for the synthesis of ynones
from aromatic and aliphatic acyl chlorides and terminal alkynes in 63-99% vyield
(recycling experiments have not been reported). The mesoporous (MP) phenol-
formaldehyde resin-supported copper NPs with high surface area and uniform narrow
pore-size distribution have been used by Zhang and co-workers.1% This heterogeneous
Cu catalyst showed good catalytic activity (1 mol%) in the solvent-free synthesis of
ynones in the presence of 1.5 eq of EtsN at 40 °C: Aromatic and aliphatic acyl chlorides
and terminal acetylenes afforded the corresponding ynones in 71-99% yield. In addition,
these Cu NPs@MP could be reused and recycled at least 10 times with only 0.17% of the
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Cu species leaching after 10 cycles. High ordered mesoporous tin silicates (PS-2) and Cul
catalyzed the acylation of aliphatic and aromatic terminal alkynes with acyl chlorides in
EtsN as solvent at room temperature giving the corresponding ynones in 76-97% yield.*%
The catalyst has been recovered and reused for four cycles. A plausible mechanism has
been proposed attributing to the PS-2 catalyst the coordination to the carbonyl group (1)
which facilitates the cleavage of the C-Cl bond and the reaction with the copper acetylide
(11) (Scheme 60).

Scheme 60. Mechanism Involved in the Coupling of Acyl Chlorides with Terminal
Alkynes 127 Catalyzed by Cul and PS-2

Et;N Gux
: R2——H
+ _ 2_—
Et;NH CI R*—=—H 127
R2———cCu CuX
I 0
1
R l\ .
71 R
Cl
ps-2--0=< PS-2
R1
|
R'cocl

2-0Ox0-3-butynoates and 2-oxo-3-butynamides 187 have been prepared by Cul-
catalyzed coupling of terminal alkynes with monooxalyl chlorides 186 by Zhang and co-
workers.*®® The reaction took place using 5 mol% of Cul and 2 eq of EtsN in THF at room
temperature giving the corresponding acetylenic a-keto esters 187 in good yields (Scheme
61).

Scheme 61. Coupling of Monooxalyl Chlorides 186 with Terminal Alkynes 127
Catalyzed by Cul

0 O

1 Cul (5 mol% XR!
Cl)k[fo v OR= © mot) /SO(

d Et;N (2 eq), THF, it R2

186 127 187, 43-95%
XR' = OiPr, OEt, NEt,
R? = Ph, 4-O,NCgHy, 4-F3CCgH,, 4-MeOCgH,, 1-naphthyl, tBu,
BnOCMe,, TMS, TBS
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Miller and co-workers have described the in situ glyoxylation-Stephen—Castro
coupling sequence for the synthesis of ynediones.’®® Indoles, pyrroles, pyrazoles,
thiophenes, furans and azulene were allowed to react with oxalyl chloride and then with
terminal acetylenes in the presence of Cul (5 mol%) in EtsN at room temperature
providing ynediones 188 in modest to good yields (Scheme 62).

Scheme 62. Glyoxylation-Stephen—Castro Sequence to Give a-Keto Ynones 188

0 R2

R4 1) (COCI), 1 Z
2) RZ—==(127),Cul (5 mol%), EtzN, rt R

O
188, 37-77%

X / , /
M, Ho. s b
-8 8 e O
R R

R? = Ph, 4-MeOCgH,, 4-FCgH,, 2-CICgH,, 3-Py, TIPS, nBu

The former process maintains both carbonyl groups whereas the Pd/Cu
decarbonylative Sonogashira coupling gives rise to the synthesis of ynones (Section
2.2.2.1). Ynediones 188 can be also prepared starting from aryl or heteroaryl glyoxylic
acids 189 by in situ activation with oxalyl chloride in 1,4-dioxane followed by
Stephen—Castro alkynylation catalyzed by Cul (5 mol%) in the presence of 3 eq of EtsN
(Scheme 63).2%° The corresponding ynediones derived from aryl, cinnamyl, furyl and
thienyl a-keto carboxylic acids were obtained in modest yields.

Scheme 63. Reaction of a-Keto Acids 189 with Oxalyl Chloride Followed by
Stephen—Castro Alkynylation

O 0] R2
RAHVOH 1) (COCI),, 1,4-dioxane, 50 °C . RAKI/
5 2) R?~== (127), Cul (5 mol%), EtsN, rt o
189 188, 34-65%

R' = 3-Py, 2-CI-3-Py, 5-Br-3-Py, 4-FCgH4-3-Py, 5-MeOC¢H4-3-Py,
4-Py, 2,6-Cl,-4-Py, 5-pyrimidyl, 3-isoquinolyl, 4-quinolyl,
2-Ph-4-quinolyl, 4-cinnamyl, 1-Me-3-indolyl, 1-Me-5-pyrazolyl,
1-Me-3-indazolyl, 1-chromenyl

R? = Ph, nBu, 3-Py, TIPS

In conclusion, Cul is a general catalyst for the coupling of acyl chlorides in the
synthesis of ynones and a-keto ynones under mild reaction conditions, the presence of
EtsN being necessary to accomplish these couplings.
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2.2.2.4. Copper-Catalyzed Acylation of Alkynylmetals. Hosomi and co-workers?%

described the CuCl-catalyzed cross-coupling of alkynylsilanes with aliphatic and
aromatic acyl chlorides in 1,3-dimethyl-2-imidazolidione (DMI) at 80 °C. In this process
the silicon is transfer to copper giving the intermediate copper(l) acetylides which after
acylation provided ynones in 73-98% yield. Gallagher and Maleczka?®? performed the in
situ silylation of terminal alkynes with polymethylhydrosilane (PMHS) in combination
with CsF, which in the presence of acyl chlorides afforded ynones 71 under CuCl-
catalysis in NMP at 80 °C (Scheme 64).

Scheme 64. Coupling of Acyl Chlorides with Alkynylsilanes Generated in situ under
CuCl Catalysis

0
0
11]\ + RI— PMHS (2 eq), CsF (5 eq) _ R1l\
R* Cl 127 CuCl (5 mol%), NMP, 80 °C R2
71, 47-73%

R' = Ph, 4-MeOCgH,
R? = Ph, Me,COH

Nishihara and co-workers?® have described the cross-coupling of alkynylboronates
190 with acyl chlorides mediated by CuCl (2 eq) under harsh reaction conditions in DMI
as solvent at 120 °C. The corresponding ynones 71 were obtained in moderate to good
yields (Scheme 65).

Scheme 65. Coupling of Acyl Chlorides with Alkynylboronates 190 Mediated by
CuCl

0
0
o}
l]\ v RE— g CuCl (2 eq) R S
R" ~ci \ DMI, 120 °C N
o) ’ R?
190 71, 44-77%

R' = Ph, 4-CIC¢H,, 2-CICgH,, 4-F3CCgH,, 4-O,NCgH,, 4-EtOCgH,,
4-MeOCOCgHy,, 2-furyl, 2-thienyl
R2 = Ph, 4-MeOCgH,, 4-CICgH,, 2-thienyl, nCgH 5

In conclusion, for the acylation of alkynylmetals with acyl chlorides, CuCl is the best
catalyst, but high temperatures and aprotic high-boiling polar solvents are required to
obtain the corresponding ynones.

2.2.2.5. Other Acylations of Terminal Alkynes. The coupling of acyl chlorides with
terminal alkynes employing zinc dibromide has to be performed using 1.2 eq of this Lewis
acid and the Hunig base (diisopropylethylamine, DIPEA) in acetonitrile at room
temperature.?®* Aromatic and aliphatic acetylenes reacted with aromatic and aliphatic
acyl chlorides providing the corresponding ynones in good yields (Scheme 66). Using the
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same reaction conditions but heating at 40-50 °C gave 2,5-disubstituted furans as the
products.

Scheme 66. Coupling of Acyl Chlorides with Terminal Alkynes 127 Promoted by
ZnBr:

0
0
ZnBr, (1.2 e
R1JJ\C| b e 2 (1.2 eq) RH\
DIPEA (1.2 eq) R2
127 MeCN, rt 71, 72-94%

R = Ph, 4-MeCgH,, 4-CICgH,, tBu, Et
R2 = Ph, 4-MeCBH4, 4-MeOC6H4, nCSH17

Keivanloo and co-workers?®® have described the same coupling using silica gel-
supported zinc bromide as catalyst. The reaction took place under solvent-free conditions
using 12 mol% of catalyst and 1.2 eq of DIPEA at room temperature. Aromatic and
aliphatic acyl chlorides reacted not only with aryl acetylenes but also with alkyl
acetylenes giving the corresponding ynones in yields (64-95%) similar to those obtained
with the previous procedure.

Iron trichloride has been used as catalyst by Cheng and co-workers?% for the reaction
of acyl chlorides with silylated terminal alkynes 139 (Scheme 67). This reaction takes
place under very mild reaction conditions and 10 mol% loading of FeCls in nitromethane
as solvent furnishing the expected ynones in good yields.

Scheme 67. Coupling of Acyl Chlorides with Silylated Terminal Alkynes 139
Catalyzed by FeCls

o 0
0,
R1JJ\C| + RZ-==—S§iMe, I °Cls (10 mol%) R‘l\
136 MeNO,, —15 °C R2
71, 46-93%

R1 = Ph, 4-MeOC6H4, 2-MeC6H4, 3-M606H4, 4-MeC6H4, 2-FC6H4,
4-FCgH,, 4-BrCgH,, 4-CIC4H,, 2-thienyl, nBu
R2 = Ph, 2-MeCGH4, 3-MeC6H4, 4-MeC6H4, 4-C|C6H4, tBU, Me

The La[N(SiMes).]s-catalyzed cross-coupling of nitriles with terminal alkynes has
been described by Zhou and co-workers.?%” This acylation took place with 2.5 mol% of
the La complex and 10 mol% of nBuNH: in toluene at room temperature giving the
corresponding ynones in moderate yields (Scheme 68). A plausible mechanism for this
reaction involves the formation of lanthanide acetylene | which after coordination of a
molecule of nitrile and subsequent insertion into the La-C bond provided intermediate I1.
Final protonation of 11 by the amine affords 111 regenerating the catalyst.
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Scheme 68. Coupling of Nitriles with Terminal Alkynes 127 Catalyzed by
La[N(SiMes)2]s and nBuNH2

1) La[N(SiMe3)-]3 (2.5 mol%) 0
(o)
RICN + RZ—=— nBuNH> (10 mol%), PhMe, rt RA\
2) Hzo R2
127 71, 45-71%

R1 = Ph, 4-02NC6H4, 4-C|CGH4, 4-BI'CGH4, 4-M6006H4, nPr, NCCH=CH
R2 = Ph, 4-MeCgHy4, 4-FCgHy, 1-cyclohexenyl, nBu, nCgH43, TMS

@)
RzﬂR1 La[N(SiMej3),l3
7 nBuNH,
hydrolysis HN(SiMe3),
NH LoLaN-NHnBu
R2-—< 1 y
m R RT—=—
127
nBuNH, nBuNH,
NLaL,
R2—X
y R R?~—=——TLal,
|
L= N(SIMe3)2 R1CN

More recently Zhao and co-workers®® have described the same transformation but
using a divalent amidate lanthanide (191) as catalyst. This reaction took place with 2.5
mol% loading under solvent-free conditions at room temperature affording, after
hydrolysis, ynones in 28-96% yields (Figure 9).

\

N_ | ,N(SiMe3)
O-pliomes
Eu\)
71N
@ Ar

191
Ar = 2,6-diisopropylphenyl

(Me3Si),N

Figure 9. Lanthanide 191 used in the coupling of nitriles with terminal alkynes.
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In conclusion, Lewis acids such as ZnBr, and FeClz promote the coupling of acyl
chlorides with alkynes, whereas La[N(SiMes)z]s catalyzes the coupling of nitriles with
terminal alkynes.

2.3. From Carbon Monoxide

Carbonylation reactions have been attracted the interest of chemists in the last two
decades for the manufacture of bulk and fine chemicals.?%?® The carbonylative
Sonogashira synthesis of ynones is a three-component cross-coupling of aryl halides with
terminal alkynes and CO in the presence of EtsN under Pd-catalysis at 120 °C, which was
described by Kobayashi and Tanaka in 1981.%*° This coupling has been performed under
Pd- and Pd/Cu-catalysis either under homogeneous or heterogeneous catalysis.

2.3.1. Palladium- and Copper-Catalyzed Carbonylation of Terminal
Alkynes. This three-component cross-coupling reaction has been carried out under
anhydrous-anaerobic conditions and high CO pressures using palladium complexes and
Cul as co-catalyst in the presence of an amine, typically EtsN. The proposed mechanism
involves two catalytic cycles; in cycle A copper acetylide is formed and then enters cycle
B where transmetallation with an acylpalladium intermediate occurs and forms an
alkynyl-acyl palladium species able to undergo reductive elimination and afford the
ynone (Scheme 69).

Scheme 69. Proposed Mechanism for the Pd and Cu Catalyzed Carbonylative
Sonogashira Reaction
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Mohamed Ahmed and Mori performed the former reaction under mild conditions, at
room temperature and 1 bar CO using 1 mol% Pd(PPh3).Cl,and 0.5 M aqueous ammonia
in THF.220221 The corresponding ynones 71 were obtained in good yields using aryl
iodides and alkyl and aryl terminal alkynes (Scheme 70).

Scheme 70. Carbonylative Sonogashira Coupling of Terminal Alkynes 127 and Aryl
lodides

0]
- o
Al + R—= + cO Pd(PPh3),Cl, (1-5 mol%) R—— /
Cul (2 mol%), aq. NH3, THF, rt Ar
127 71, 50-81%

Ar = Ph, 4-MeOCgH,, 2-MeOCgH,, 3-MeOCgHy4, 4-MeCgHy, 4-MeCOCgH,,
4-CICgH,4, 1-naphthyl, 2-H,NCgH,, 4-1CH,
R = Ph, nCeH13, tBU, HO(CH2)2, HO(CH2)3

In the case of alkyl substituted alkynes, 2 mol% of Cul and 5 mol% of the Pd complex
must be used. The same group has performed the four-component synthesis of pyrazoles
and oxazoles using methylhydrazine and hydroxylamine, respectively.??

Muiiller and co-workers have performed the carbonylative alkynylation of 3-iodoindole
derivatives 192 with (trimethylsilyl)acetylene using 5 mol% of Pd(dppf)Cl. as well as 2
mol% of Cul along with 1 eq of EtsN in THF at room temperature (Scheme 71).22% The
resulting ynones 193 have been obtained in moderate yields and were applied to the
synthesis of pharmaceutical active meridianins and derivatives by in situ reaction with
guanidine.

Scheme 71. Carbonylative Sonogashira Coupling of (Trimethylsilyl)acetylene with
3-lodoindoles 192

O

' Pd(PPhs),Cl, (5 mol%) =——TMS
A Pd(dppf)Cl, (1 mol?
Rm + TMS—== + CO (dpp7), (1 moh) RIC TN
v N Cul (2 mol%), Et;N, THF, rt kY/ N
Boc Boc
192 193, 25-68%
R=H, Br
Y =CH, N

Aryl ferrocenylethynyl ketones 147 have been prepared by reaction of aryl iodides
with ethynylferrocene 146 by carbonylative coupling using 4 mol% of Pd(PPhz)s and Cul
with K,COj3 as a base in toluene at 80 °C (Scheme 72).224 However, the reaction with 2-
iodophenols under the same reaction conditions afforded 2-ferrocenyl-4H-chromen-4-
ones in 74-80% yield.

Scheme 72. Carbonylative Sonogashira Coupling of Ethynylferrocene (146) with
Aryl lodides



52

0
— —
Pd(PPha), (4 mol%) < A
| Cul (4 mol%) |
Arl + Fe + CO Fe
K,COs, PhMe, 80 °C
146 147, 62-88%

Ar = Ph, 4-MeCgH,, 4-MeOCgH,, 4-EtOCqH,, 4-PhOCqH,, 4-H,NCgHa,
4-C|CGH4, 2'M€C§H4, 3-C|CGH4, 2-thieny|, 3,4-M62C6H3, 3-02N-4-M6C6H3

Carbonylative coupling of iodoferrocene 194 with terminal alkynes 127 under
Pd(PPh3)2Cl, (10 mol%) and Cul (1 or 2 mol%) catalysis took place using EtsN (1 eq)
and THF at 60 °C and 1 bar of CO, giving ynones 195 in variable yields (Scheme 73).2%
These ynones have been transformed into the corresponding pyrazoles and pyrimidines
by reaction with hydrazines and guanidines, respectively (see Section 3.1.3.1.3).

Scheme 73. Carbonylative Sonogashira Coupling of lodoferrocene (194) with
Terminal Alkynes 127

<" Pd(PPh;),Cl, (10 mol%) <
| L Cul (1 or 2 mol%) | N
Fe + R—= + CO Fe
Et;N, THF, 60 °C

<C£> 127 <C£>
194 195, 20-91%
R = Ph, nBu, nCGH13, MGOZCCHZ

Mo(CO)e has been used as source of CO for the four-component carbonylative
generation of pyrazoles and pyrimidines by in-situ formation of ynones.??® The reaction
took place when aryl iodides and bromides were exposed to 1.5 eq of Mo(CO)s, Pd(OAC)2
(5 mol%), Cul (2 mol%) and Cs2COs in a 1:1 mixture of toluene and acetonitrile at 80 °C.

Symmetrical 1,3-diarylalkynones (71) have been prepared by carbonylative and non-
carbonylative coupling reactions of propiolic acid with aryl iodides in the presence of 6
eq of EtsN in acetonitrile at 80 °C under a CO atm of 6 bar.??’ The synthesis was
performed with 5 mol% of Pd(PPh3).Cl> and 10 mol% of CuCl, which is crucial for the
carbonylative process (Scheme 74). The reaction starts with the arylation of propiolic acid
with complex I, giving a new complex (I1), which by reductive elimination yields aryl
propiolate I11: this is the cycle for the non-carbonylative coupling. In the carbonylative
cycle, complex I suffers carbonylation to give an acyl palladium complex (1V) which by
reaction with compound 111, after decarboxylation, gave intermediate V. Final reductive
elimination of V gave as expected ynone 71.

Scheme 74. Carbonylative and Non-Carbonylative Sonogashira Couplings of Aryl
lodides with Propiolic Acid
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In conclusion, the Pd and Cu-catalyzed carbonylative Sonogashira coupling can be
carried out at CO atmospheric pressure at relatively low temperatures especially in
aqueous ammonia using Pd(PPhz).Cl2 and Cul as catalysts.

2.3.2. Palladium-Catalyzed Carbonylation of Terminal Alkynes. Initial
studies on the palladium-catalyzed carbonylative Sonogashira coupling of aryl iodides
required high CO pressure and temperatures.??82%2 The Pd-catalyzed carbonylation of
terminal alkynes in the presence of amines requires anhydrous and anaerobic conditions
and relative high CO pressure. This process has been proposed to take place by
formylation of a n2-(R?C=CH)PdCOR? complex, which reduces the pK, of the alkyne
proton and therefore it can be deprotected by EtsN giving the alkynyl complex. After final
reductive elimination the corresponding ynone (71) can be formed (Scheme 75).

Scheme 75. Possible Mechanism for the Pd-Catalyzed Carbonylative Sonogashira
Coupling Reaction
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However, when iodonium salts were used, the reaction can be performed with only 0.2
mol% of Pd(OAc). and 1 bar of CO in aqueous DMF at room temperature.?® Ma and co-
workers?3* applied the coupling of iodonium iodide 196 to perform arylation of aromatic,
aliphatic and heterocyclic terminal alkynes giving ynones 197 under copper-free
conditions (Scheme 76).

Scheme 76. Carbonylative Cu-Free Sonogashira Coupling of lodonium lodide 196
with Terminal Alkynes 127

R
o F
Pd(OAc), (2 mol%)
+ v RT= * €O BusN, DMF, rt
Me,N I NMe, nBush, UME, Me,N | NMe,
196 197, 72-94%

R = Ph, 4-BrCgH,4, 4-MeOCgH4, nCsH44, MeOCHo,, ferrocenyl, 1-benzotriazolylmethyl

Water has been used as solvent for the Pd-catalyzed carbonylative Sonogashira
reaction of aryl iodides with alkynes under Cu-free conditions. This process has been
carried out with aromatic and aliphatic alkynes with a CO balloon and EtzN as base at
room temperature affording ynones mostly in good yields (Scheme 77).2% This process
was also applied to the synthesis of flavones using 2-iodophenols. Furthermore, the
synthesis of ferrocenylethynyl ketones 147 was performed using water as solvent under
Cu-free conditions.?*® This carbonylative alkynylation has been carried out under PdCl,
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(5 mol%) and PPhz (10 mol%) catalysis at 1 atm of CO using sodium dodecy! sulfate
(SDS) as surfactant and EtsN (3 eq) as a base. The resulting ynones (147) were obtained
in modest to good yields (10-84%). However, Ryu and co-workers used the ionic liquid
[bmim]PFe as solvent for the carbonylation of aryl iodides at 120 °C and 20 atm using 1
mol% of Pd(PPhs).Cl. affording the resulting ynones in 76-82% yield.?®” This coupling
can also be catalyzed by the corresponding N-heterocyclic carbene complex in a
microflow system at low CO pressure (5 atm) than in the conventional batch method.?3®

Scheme 77. Carbonylative Cu-Free Sonogashira Coupling of Aryl lodides with
Terminal Alkynes 127 in Water

)

PdCI, (5 mol%
Arl + R—= + CO 2 ), Ar/u\
PPhs (10 mol%) R
127 EtsN, H,0, rt 71, 60-96%

Ar = Ph, 4-MeOC6H4, 3-MeOCGH4, 2-MeOCGH4, 2-H2NCGH4,
4-MeO,CCgHy,, 1-naphthyl, 2-thienyl
R= nBU, tBU, nC6H13, Ph, 4-MeOCGH4

When phosphites were used as ligands, the carbonylation of aryl iodides in toluene and
in an ionic liquid such as [bmim]PFs took place at 1 bar of CO. The reaction was
performed with 1 or 2 mol% of PdCI;[P(OPhs):]. and 1 eq of EtsN at 80 °C for aryl
alkynes and aryl iodides providing the corresponding ynones 71 in moderate yields (24-
62%).239

Nicolaou and co-workers have described, in the total synthesis of the natural product
biyouyanagin A, a palladium-catalyzed carbonylative insertion cascade for the
preparation of hyperolactone C.2° Alkyne 198 was allowed to react with iodobenzene
using 5 mol% of Pd(PPhz)2Cl. and CO (200 psi) in EtsN at 100 °C, which gave ynone 199
in good yield (Scheme 78).

Scheme 78. Carbonylative Cu-Free Sonogashira Coupling of lodobenzene with
Alkyne 198
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A microwave-assisted carbonylative Sonogashira reaction followed by annulation of
alkyl and aryl acetylenes with 2-iodophenol allowed the preparation of flavones by in-
situ formation of the corresponding ynones.?*! This process was carried out with 15 mol%
of Pd»(dba)s and 3 mol% of the phosphine 1,3,5,7-tetramethyl-2,4,8-trioxa-6-phenyl-6-
phosphadamantane (PA-Ph) at 1 atm of CO, using DBU as base in DMF at 50 °C.
Flavones have been prepared by Yang and Alper?*? using ligand-free carbonylation
reactions of 2-iodophenols with terminal alkynes in ionic liquids. In this case 5 mol% of
PdClz, 3 eq of EtsN and [nCiaH29(NCeH13)sP]"Br as ionic liquid under atmospheric
pressure of CO at 110 °C, gave the best results. 2-lodoanilines can give the corresponding
ynones 200 in moderate to good yields by reaction with terminal alkynes using 1 mol%
of Pd(dppp)Cla, 4 eq of EtsN, 5 bar of CO in toluene at 80 °C (Scheme 79).243 By changing
the carbonylation reaction conditions either indoxyls or 4-quinolones can be selectively
prepared.

Scheme 79. Carbonylative Cu-Free Sonogashira Coupling of 2-lodoanilines with
Terminal Alkynes 127

0
R1 I o R1 é R2
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R? = Ph, 4-MeOCgH,4, nBu, Me,COH

Related ynones 202 have been synthetized by carbonylation of 2-amino-3-(2-
trimethylsilyl)-5-methylpyridine 201 with aryl iodides (Scheme 80).2** The resulting
pyridylamine-derived ynones are precursors of disubstituted [1,8]naphthyridines.

Scheme 80. Carbonylative Cu-Free Sonogashira Coupling of 2-Amino-3-(2-
trimethylsilyl)-5-methylpyridine 201 with Aryl lodides
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Ryu and co-workers?®® have prepared ynones in good yields by light-induced Pd-
catalyzed carbonylation of aryl iodides with terminal alkynes. The coupling has been
performed with 5 mol% of PdCI>(PPhs), and EtsN (1.2-1.4 eq) in 10:1 benzene/water at
45 atm of CO and irradiation with a 500 W xenon lamp through Pyrex (Scheme 81). This
process allows the carbonylation of iodoalkanes giving the corresponding aliphatic
ketones through the subsequent formation of an alkyl and acyl radical.

Scheme 81. Carbonylative Light-Induced Pd-Catalyzed Sonogashira Coupling of
lodoalkanes with Terminal Alkynes 127
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Beller and co-workers?*® have described an efficient carbonylative coupling of aryl
bromides with aryl acetylenes 127 using 2 mol% of [(cinnamyl)PdCl]2, 6 mol% of
nBuPAd>, and K>COz in DMF. The coupling appeared to be challenging and required 10
bar of CO and 100 °C to form ynones 71 in moderate to good yields (Scheme 82).
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Scheme 82. Carbonylative Cu-Free Sonogashira Coupling of Bromoarenes with
Terminal Acetylenes 127
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Ar1 = Ph, 4-tBUCGH4, 4-MeOCGH4, 3,4-(CH202)C6H3, 4-M62NCGH4, 4-FCGH4,
2-MeCGH4, 2-MeOCBH4, 2-F-3-MeCGH3, 2,4-'2-3-M€CGH2, 2-th|enyl
Ar2 = Ph, 4-MeOCGH4, 4-M62NC6H4, 4-MeC6H4

Beller’s group has shown that benzyl chlorides can undergo carbonylative coupling
with aromatic and aliphatic terminal acetylenes 127 using 2 mol% of PdClz(PPhs), and
tripheny! phosphite as ligand.?*” The reaction has to be performed at 10 bar of CO with 2
eq of EtsN in toluene at 100 °C, but the corresponding ynones (71) were only obtained in
modest to good yields (Scheme 83). When benzyl acetylenes were used instead of aryl
acetylenes, furan-2(3H)-ones were formed in moderate yields.?4":248

Scheme 83. Carbonylative Cu-Free Sonogashira Coupling of Benzyl Chlorides with
Terminal Alkynes 127
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Beller and co-workers have reported the carbonylative coupling using triflates.?*® This
process occurred under conditions similar to those applied for aryl bromides,?*” using 1
mol% of [(cinnamyl)PdCl]2, XantPhos (2 mol%) as ligand, EtsN (2 eq) as a base and 10
bar of CO in toluene at 110 °C. Aryl and substituted alkenyl triflates gave the
corresponding ynones in modest to good yields (50-83%). These substrates have been
used for the synthesis of furan-2-ones.?*

Skrydstrup and co-workers?*® have reacted aryl and heteroaryl bromides with aliphatic
and aromatic alkynes and applied near stoichiometric amounts of CO, generated in a two-
chamber reactor COgen.2®! This general procedure was performed with 5 mol% of PdCl,,
5 mol% of XantPhos, and 3 eq of EtsN in dioxane at 80 °C giving the expected ynones in
52-97% vyield. The method was used to synthesize the corresponding *C-labeled
pyrimidines employing **C labeled CO and amidines.?>

Arenediazonium salts, generated in situ by diazotization of anilines, are also useful
reagents for the carbonylative Sonogashira coupling of aryl and alkyl alkynes 127.2%2 This
process was catalyzed by 2 mol% of Pd(OAc). and 6 mol% of tri(2-furyl)phosphine (TFP)
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under 10 bar of CO in a 10:1 mixture of THF and DMSO (Scheme 84). The
arenediazonium salts are able to undergo oxidative addition to Pd® giving the species I,
which after insertion of CO provides the corresponding acyl palladium complex I1. In the
presence of acetate, the alkyne is deprotonated giving an acyl alkynyl Pd-intermediate
111, which after reductive elimination affords the final ynone 71 and regenerates Pd°.

Scheme 84. Diazotization/Carbonylative Cu-Free Sonogashira Coupling with
Terminal Alkynes 127
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Aryl triazenes have been also transformed into arenediazonium salts in the presence
of methanesulfonic acid as additive.?>® The corresponding carbonylative Sonogashira
coupling took place with aryl and alkyl terminal alkynes giving rise to ynones in moderate
to good yields (31-87%). The reaction was performed with 3 mol% of Pd(OAc)2, 6 mol%
of P(0-Tol)s, and 1.1 eq of MeSOsH under 20 bar of CO in THF at 70 °C.

Procedures with low CO pressure have been described, using Pd and N-heterocyclic
carbene (NHC) complexes as catalysts. Li and co-workers®* reported that a
benzimidazolin-2-ylidene/co-ligand Pd(Il) complex [PdBr2(iPr-bimy)L] 203 (Figure 10)
is a very active catalyst (0.5 mol%) for the carbonylative Sonogashira coupling of 2-
iodophenol with aromatic and aliphatic alkynes. This carbonylation took place at 4 bar of
CO with EtaNH (1 eq) as base in DMF at 80 °C affording flavones in 25-98% vyield.
Sankararaman and co-workers?>® have employed 5 mol% of the Pd-carbene 204 (Ar = o-
Tol; Figure 10) derived from 1,2,3-triazol bearing o-tolylphosphine as ligand in the
carbonylative alkynylation of aryl iodides using 1 bar of CO and 3 eq of Et3N in toluene
at 80 °C. The corresponding 1,3-diarypropynones, containing either substituted phenyl
groups or fluorophoric 1-pyrenyl, 3-carbazolyl, and 1-naphthyl groups, were prepared in
good to excellent yields (59-94%). The Pd catalyst was recovered and reused up to three
runs by absorbing the cis-(Tz)PdCIl>(PPhs)s 204 (Ar = Ph) precatalyst on silica gel. Under
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1 bar of CO, several bifunctional ligands that contain phosphines and Lewis-acidic
phosphenium sites for PACl2(MeCN)z2, such as 205 (Figure 10), were able to stabilize the
Pd-acyl intermediates.?®® The carbonylative Sonogashira reaction of aryl iodides with
terminal alkynes took place with 1.5 eq of EtsN in DMF at 90 °C. The phosphenium cation
can form secondary bonds with the oxygen atom of the C=O group. Dimeric
benzophenone-oxime—derived palladacycle was initially used by Sugi and co-workers?’
in the alkoxycarbonylation of aryl iodides. Recently, Bhanage and co-workers?>® have
used palladacycle 1722%° for the carbonylative Sonogashira coupling of aryl iodides with
aromatic and aliphatic alkynes at 2 bar of CO. The reactions were performed with 0.005
mol% of Pd, KxCOz (2 eq), and PEG-600 at 100 °C and this gave the corresponding
ynones in good yields (69-93%). This catalyst showed a higher efficiency than Pd(OAc)2
and PdCl>(PPhs)2. Poly(ethylene glycol), an environmentally benign solvent, allowed
recycling of the palladacycle up to four times.

/
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/ Ph ! I
N Br ™ ppeN C Ph N
»—Pd—N PdClI

| \% + N-p” 2

N Br Cl=Pd-ClI p” R-pp
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iPr PAr; Ph Ph Ph
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Figure 10. Palladium complexes used as catalysts for the carbonylative Sonogashira
coupling of terminal alkynes 125.

Copper-free carbonylative Sonogashira coupling of aryl iodides to alkynes using
Mo(CO)s as CO source has been described by Tizuka and Kondo.?®® The reaction took
place under mild reaction conditions (room temperature) with Pd(tBusP), and EtsN in
acetonitrile, which is an efficient solvent for CO release (Scheme 85). These reaction
conditions allowed a four-component synthesis of pyrazoles.

Scheme 85. Carbonylative Cu-Free Sonogashira Coupling of Aryl lodides with
Terminal Alkynes 127 Using Mo(CO)s as CO Source
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Due to toxicity and safety problems associated with the use of CO, Skrydstrup and co-
workers?! used silacarboxylic acids as easy-to-handle and air-stable CO precursors.
MePh,SiCO2H is such a compound, and when treated with KF, CO is formed and can
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participate in several carbonylative couplings. As a representative example of application
of this methodology, 4-iodoanisole and 1-hexyne were treated with Pd(PPhs)2Cl> as
catalyst, EtsN as base and water as solvent at room temperature and afforded the
corresponding ynone in 82% isolated yield.

Carbonylative Sonogashira coupling reactions was recently performed using aryl
formates (206) as both reagents and CO source by Beller, Wu and co-workers.?%? In the
presence of a base, aryl formates generates CO and phenol, which in the presence of
nonafluorobutanesulfonyl fluoride (NfF) suffers sulfonylation to give the corresponding
aryl nonaflates. These compounds can further act as pseudohalide able to react with Pd(0)
by oxidative addition giving intermediate I, which enters in the catalytic cycle. The
coupling with aromatic terminal alkynes occurred with Pd(OAc). (5 mol%), dppf (7.5
mol%) and 5 eq of EtsN in acetonitrile at 80 °C affording ynones in good yields (Scheme
86).

Scheme 86. Carbonylative Cu-Free Sonogashira Coupling of Aryl Formates 206
with Terminal Alkynes 127
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Hansen and Ulven have reported that oxalyl chloride reacts with aqueous NaOH giving
CO0.28 For the carbonylative Sonogashira coupling reaction Gracza and co-workers?®*
used oxalyl chloride and zinc for the reduction to CO. The carbonylation was applied to
the reaction of 4-iodoanisole with 1-hexyne and phenylacetylene and this gave the
corresponding ynones in 63 and 61% vyield, respectively (Scheme 87).

Scheme 87. Carbonylative Cu-Free Sonogashira Coupling of 4-lodoanisole with
Terminal alkynes 127 Using Oxalyl Chloride and Zn
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Pd-catalyzed carbonylative Sonogashira coupling reactions under heterogeneous
conditions have been performed with Pd/C under Cu- and phosphine-free conditions.?®
Aryl iodides are carbonylated with CO (20 bar) and aromatic and aliphatic terminal
alkynes in the presence of EtsN (3 eq) in toluene at 130 °C using 5% Pd/C (4 mg/mmol).
The resulting ynones were obtained generally in high yields (63-96%) and the Pd/C was
recovered and reused up to three times. Under CO pressure of one atmosphere, the
reaction was performed using the mesoporous material MCM-41-supported phosphine
palladium(0) complex [MCM-41-2P-Pd(0)] 207 (Figure 11).2%¢ Aromatic and aliphatic
alkynes reacted with aryl iodides and CO (1 bar) with 5 mol% of Pd catalyst and EtsN at
room temperature affording the expected ynones in 45-90% yield. Magnetically separable
Pd NPs,%" prepared by impregnation of Pd/FesOs (0.2 mol%), have been used in the
coupling of aryl iodides with aromatic alkynes at 20 bar pressure of CO and 2.4 eq of
EtsN in toluene at 130 °C giving ynones in 71-95% yield. The catalyst could be reused
seven times with a slight loss of activity for the carbonylative coupling of iodobenzene
with phenylacetylene. A cross-linked polymer of divinylbenzene with 3-n-butyl 1-
vinylimidazolium iodide was treated with Pd(OAc)2 in DMSO affording P(DVB-IL)-Pd
2082%8 (Figure 11). This heterogeneous catalyst was employed in the carbonylative
Sonogashira coupling of aryl iodides with aromatic alkynes using 0.5 mol% of Pd, EtsN
and water at 130 °C and 30 bar of CO, affording ynones in 81-94% vyield. This catalyst
could be reused five times with a decrease of 90-84% vyield for the reaction of
iodobenzene with phenylacetylene.

th 4B cl. Cl
s Pd° N _Pa~Pn
(=D |CH [ > '+ Pd(OAc), P p. 2
N Ph,
os||\/|e3 hz [ j
SiOnmwOSi
207266 208268 209269

Figure 11. Selected heterogeneous Pd-supported catalysts for the carbonylative
Sonogashira coupling reaction.

Phosphino-palladium complexes anchored to mesoporous silica have been used as
heterogeneous catalysts in the carbonylative Sonogashira coupling.?®® The reaction has
been performed with o-iodoanilines and aromatic terminal alkynes 127 in the presence of
0.1 mol% of the palladium hybrid catalyst Pd(PPh2).@SBA-15 (209), 2.5 eq of EtzN and
CO (20 bar) in anisole at 80 °C. The corresponding ynones 200 were obtained in 58-81%
yield. Leaching-redeposition studies showed that leaching took place in the final
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palladium-decoordination from grafted ligand. Recycling experiments were performed
and during five cycles the yield dropped from 87 to 39%.

PdCI> supported on a metal-organic framework (MOF) ZrMOF-BIPY, prepared from
ZrCla and 2,2 -bipyridine-5,5’-dicarboxylic acid,?® Pd(11)@ZrMOF-BIPY has been used
in the carbonylative Sonogashira coupling under atmospheric pressure of CO.2"* Aryl
iodides reacted with aryl and alkyl acetylenes when treated with Pd(I)@ZrMOF-BIPY
(1 mol% Pd loading) and Cs>COs (1 eq) in DMF at 100 °C, giving ynones in 62-98%
yields. The catalyst was recycled with negligible metal leaching and reused five times
without apparent loss of activity. Pd(PPh3)2Cl> in a mixture of water and PEG-2000 has
shown efficient catalytic activity in the carbonylative Sonogashira coupling of aryl
iodides with aliphatic and aromatic terminal alkynes.?’? The reaction occurred under mild
conditions at 25 °C and 1 bar of CO, with 2 eq of EtsN, providing ynones in good yields
(57-95%). Thermoregulated liquid/liquid catalytic (TRPTC) systems are also an attractive
alternative that combines high activity of homogeneous catalysis with the simplicity of
catalyst separation.?”® The ligand Ph,P(CH2CH20):Me (n = 22) with phase-transfer
properties and PdCl; is an efficient and recyclable catalytic medium (2.5 mol%) for the
carbonylative Sonogashira coupling of aryl iodides and aromatic and aliphatic terminal
alkynes at 1 atm of CO, Na2COs (1 eq) as base and water as solvent at 80 °C.2™ The
resulting ynones were obtained in 33-91% yield and the aqueous phase containing the
catalyst was reused for four cycles in the coupling of phenyl iodide and phenylacetylene
with yields decreasing from 90 to 84%.

Palladium anchored on a primary amine-functionalized K-10 montmorillonite
PA(INAPTES@K10 has been used as heterogeneous catalyst in the carbonylative
Sonogashira coupling of aryl iodides with aryl acetylenes.?”® The reaction was performed
at 4 bar of CO and 2 eq of EtsN in DMF at 80 °C, leading to ynones in 60-92% yield. The
catalyst could be recovered and reused up to four cycles, the yield varying from 94 to
88%. This catalyst has been employed in the synthesis of aurones and flavones using o-
iodophenol.?’®

In conclusion, concerning the use of CO as carbonylative agent under Pd-catalyzed
homogeneous conditions, the use of water as solvent and PdCIl, and PPhs makes it
possible to work at room temperature with a CO balloon for aryl iodides. Under
heterogeneous conditions, a simple recyclable PdCI>(PPhs). in a mixture of PEG-2000
and water at room temperature and 1 bar of CO can be used for the general synthesis of
ynones.

2.3.3. Other Carbonylation Reactions. Bhanage and co-workers performed the
only example of copper-catalyzed carbonylative coupling of aryl iodides with aliphatic
and aromatic terminal alkynes 127 using 5 mol% of copper(Il) bis(2,2,6,6-tetramethyl-
3,5-heptadioate) (TMHD) as catalyst.’” The reaction was performed under Pd- and
phosphine-free conditions working at 20 bar of CO and using 3 eq of EtzN in toluene at
90 °C providing ynones 71 in moderate to good yields (Scheme 88).
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Scheme 88. Cu-Catalyzed Carbonylative Sonogashira Coupling of Aryl lodides with
Terminal Alkynes 127

0
o Cu(TMHD), (5 mol%) )\
Arl + e
nrR *CO g N PaMe g0°c AT X
127 R
71, 52-80%

Ar = Ph, 4-M9C6H4, 2—MeC6H4, 4-MGOC6H4, 4-02NCGH4, 2—th|eny|
R = Ph, nBu, nCgH 3

Backvall and Volla have described a palladium-catalyzed oxidative domino
carbocyclization-alkynylation of enallenes 210 giving ynones 211 in good yields (Scheme
89).27® The reaction took place using 5 mol% of Pd(TFA). and 2 eq of 1,4-benzoquinone
in 1,2-dichloroethane at room temperature under 1 atmosphere of CO. The proposed
mechanism involves first the formation of a z-complex (1) with both the allene and the
alkene, followed by cyclization to intermediate 111, through complex I1. Insertion of CO
in the C-Pd bond affords acyl-palladium compound 1V, which is alkynylated to give
intermediate V and then the final ynone 211 after a reductive elimination process.

Scheme 89. Oxidative Carbocyclization-Carbonylation-Alkynylation of Enallenes
210 Catalyzed by Pd(TFA):
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Working with different enallenes 212 under similar reaction conditions the same group
prepared ynone-cyclopentenones 213 in variable yields (Scheme 90).27° In this case, the
proposed mechanism involves formation of intermediates |-V of the same type as those
shown in Scheme 89 and also the same type of processes: coordination to both double
bonds (— 1), formation of a a«-Pd complex Il, insertion of CO (— Il1), cyclization (—
V), carbonylation (— V), and final alkynylation-reductive elimination to yield the ynone
213.

Scheme 90. Oxidative Carbonylation-Carbocyclization-Carbonylation-
Alkynylation of Enallenes 212 Catalyzed by Pd(TFA)2
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Xiao and co-workers have reported a decarboxylative carbonylative procedure as a
new strategy for the synthesis of ynones.?®® Working under photocatalytic conditions,
carboxylic acids can be decarboxylated and furnish radicals that can be alkynylated with
ethynylbenziodoxolanes (EBX, 214) giving alkynones. The reaction was performed with
2 mol% of Ir[dF(CF3)PPy]2(dtbbPy)PFs [dF(CFs)PPy = 2-(2,4-difluorophenyl)-5-
(trifluoromethy)pyridine; dtbbPy = 4,4’-di-tert-butyl-2,2’-bipyridine) as photocatalyst,
Cs2CO3 as base, and 60 bar of CO in dichloromethane at room temperature applying 2 x
8 W blue LEDs (Scheme 91). A plausible mechanism is depicted in Scheme 91 showing
that after an initial single-electron oxidation of the carboxylic acid by the excited state of
the Ir(111) photocatalyst, the aliphatic radical is formed. After carbonylation, the resulting
acyl radical adds to R-EBX and gives radical intermediate I, which after S-elimination
affords the ynone and the iodanyl radical that oxidizes the Ir(1l) species to Ir(ll).
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Scheme 91. Photocatalyzed Decarboxylative Carbonylative Alkynylation of
Aliphatic Carboxylic Acids with Hypervalent lodine Reagents 214
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In conclusion, intramolecular domino carbonylation-alkynylation of enallenes under
Pd catalysis in the presence of 1-4-benzoquinone as oxidant is an efficient methodology
for the synthesis of cyclopentenyl ynones derivatives. Also, recently, a cascade process
based on a decarboxylative carbonylative alkynylation of carboxylic acid with
hypervalent iodine reagents is a new strategy for ynones.

2.4. From Other Substrates

2.4.1. From Aldehydes. The group of Lei has recently described the first coupling
of aldehydes with terminal alkynes 127 through a Znl>-promoted nucleophilic addition
followed by an Oppenauer oxidation to yield ynones 71.281:282 |nitial studies were carried
out with 2.5 eq of benzaldehyde and phenylacetylene in the presence of 2.5 eq of Znl;
and EtsN in toluene at 80 °C affording 1,3-diphenylpropynone in 85% vyield. This
dehydrogenative cross-coupling was further performed by the same group under Zn-



68

catalyzed conditions using a ketone as oxidant.?8® The reaction took place with 15 mol%
of Zn(OTf)2 and 5 mol% of In(OTf)s as co-catalyst in the presence of 1.2 eq of a,a,0-
trifluoroacetophenone as oxidant, EtsN (2.4 eq) as base in toluene at 80 °C. In this case,
both components were used in a 1:1 molar ratio using aromatic aldehydes as well as
pivalaldehyde and aromatic and aliphatic terminal alkynes giving ynones 71 in good
yields (Scheme 92). The proposed mechanism, based on experimental results, starts with
Zn(I) coordination to the carbonyl group (I) and base-promoted formation of the
corresponding alkynylzinc species Il. After nucleophilic addition of Il to I, the
propargylic zinc alkoxide can be formed, which will coordinate with the ketone and
undergo hydrogen transfer through a six-membered transition state (111), which evolves
giving the expected ynone 71 and the zinc alkoxide derived from PhCOCF3z. In(OTf)s
probably plays a role in the activation of the terminal alkyne 127 and the aldehyde.

Scheme 92. Dehydrogenative Cross-Coupling of Aldehydes with Terminal Alkynes
127 Catalyzed by Zn(OTf):2

. Zn(OTf), (15 mol%), Q
In(OTf)3 (5 mol%)
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127 Et3N (2.4 eq), PhMe, 80 °C 71, 46-88%
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4-1CgHy4, 4-MeOCgHy4, 2-MeOCgHy, 4-F3CCgHy, 2-naphthyl, 2-thienyl, Bu

R? = Ph, 4-MeCgH,, 3-MeCgH,, 2-MeCgHy, 4-FCgHy4, 2-CICgH,, 4-CICgH.,,
3-BrCgHy, 4-BrCgHy, 4-F3CCgH,4, 4-MeO,CCgH,, 4-MeOCgH,4, 1-naphthyl,
2-thienyl, tBu, cC3Hs, TMS
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Sakai and co-workers described that InBrs (1.5 eq) and EtsN (1.5 eq) promoted a
similar dehydrogenative cross-coupling of aldehydes and terminal alkynes 127 leading to
ynones 71 in 35-83% yield.?®* This process is similar to the Znl,/EtsN-promoted
reaction?1282 ysing an excess of aldehyde (3 eq) in ether at 40 °C.

Huang and co-workers?®® described the coupling of aldehydes with hypervalent
alkynyl iodides (214) giving ynones 16 under oxygen. The reaction was carried out with
1 eq of pyrrolidine, 1.2 eq of 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one
(TIPS-EBX, 214), 10 mol% of AuCls and 20 mol% of ligand 215 in ether at 40 °C
(Scheme 93). Aliphatic aldehydes even bearing functional groups such as ethers, esters,
carbamates, imides, olefins, alcohols, sulfonamides and heterocycles were excellent
substrates giving ynones 16 in 60-70% vyields. The proposed mechanism based on
experimental data involves the formation of an allenyl aldehyde (1),2%¢ which reacts with
pyrrolidine to generate ynenamine intermediate 11. Subsequent aerobic oxidation then
affords 1,2-dioxetane 11, which gives rise to ynone 16 and N-formylpyrrolidine.

Scheme 93. Aerobic Alkynylation of Aldehydes with TIPS-EBX (214) under AuCls
Catalysis via Oxidative C—C Bond Cleavage

AuCl3 (10 mol%) 0
0] TIPS— 215 (20 mol%)
RJJ\H ¥ pyrrolidine (1 eq) R %
0,, Et,0, 40 °C TIPS
16, 60-70%
214 (TIPS-EBX)
@)
—
N
\
N N
215

R= Ph, 4-BTC6H4, 4-02N06H4, 4-MGOCGH4, 3-F3CCGH4, 3-thieny|, nC5H11, BnO(CH2)3,
TBSO(CH,)3, HO(CHy)s, CbzNH(CH,)s, MeOCO(CH,),, Me,C=CHCH,NTsCH,
(2)-EtCH=CH(CH,),

H o)
0 N TIPS N— 0
.%Tlps P C
H H R ™"
R R
1T

TIPS

Rh(1I1)- or Ir(lll)-catalyzed formal C—H activation of aromatic aldehydes with
hydroxy or amino substituents at the ortho position has been achieved affording acylmetal
intermediates, which were coupled with hypervalent iodine alkynylating reagents R-
EBX.?% Salicylaldehydes 216 were alkynylated with TIPS-EBX (214) using 4 mol% of
[IrCp*Cl2]> and CsOAc in methanol or dioxane at room temperature giving ynones 217
in good yields (Scheme 94). In the case of N-sulfonyl-2-aminobenzaldehydes 218, 4
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mol% of [RhCp*Cl2]> was used as catalyst under dichloromethane reflux and different
EBX affording ynones 219 in good yields (Scheme 94). The proposed catalytic cycle for
the Rh(lll)-catalyzed C—H activation of tosylated o-aminobenzaldehyde 218 starts with
the formation of rhodacyclic intermediate 1 which is alkynylated by R>-EBX (214) giving
the Rh(V) intermediate I1. Subsequent reductive elimination affords Rh(Ill) intermediate
111, which undergoes substitution of benzoate by acetate giving intermediate 1V. Final
protonolysis gives ynone 219 and regenerates the catalyst.

Scheme 94. Alkynylation of Aldehydes 216 and 218 with Hypervalent lodine
Alkynylating Reagents EBX (214) Catalyzed by Ir(111) and (Rh(I11) Complexes
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Simultaneously, Yang, Zhou and co-workers described a similar ynone synthesis using
8-quinolinecarbaldehydes (220) and TIPS-EBX (214) under Rh(lll) catalysis (Scheme
95).2%8 In this case, silylated alkynones 221 were obtained in good yields using 2.5 mol%
of [RhCp*Cl2]> and 10 mol% of Zn(OTf), in refluxing dichloromethane. When N-
sulfonyl-2-aminobenzaldehydes 218 and salicylaldehydes 216 reacted with R?-EBX
(214) using 2.5 mol% of [IrCp*Cl.]> and 10 mol% of AgNTf. with NaOAc (0.5 eq) as
base in a mixture of dichloroethane and AcOH at 80 °C, the corresponding ynones, 219
and 217 respectively, were obtained in good yields (Scheme 95).

Scheme 95. Alkynylation of Aldehydes 220, 216 and 218 with R?>-EBX (214) under
Rh or Ir Catalysis
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o 0
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| + R2EBX 22 ’ | X,
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1 YH YH

R 214 NaOAc(0.5 mol%) R!
216, 218 CICH,CH,CI/ACOH, 80 °C

217, 219, 55-94%

Y = O, NTs, N802-4-MeOC6H4, N802-4-C|C6H4, N802-4-02NC6H4, NSOzMe
R = H, 4-Me, 4-MeO, 4-F, 4-Cl, 4-Br, 5-Me, 5-CF3, 5-CHO, 4,5-(MeO),, 4,5-F,
R?= TIPS, TES, tBu

Wei and coworkers?®® published the first metal-free C—H alkynylation of aldehydes
with TIPS-EBX (214) under radical conditions. In this case, the presence of a directing
group at the ortho position is not necessary because tert-butyl hydroperoxide (TBHP)
generates the corresponding acyl radical, which is trapped by benziodoxolane hypervalent
iodine reagent 214. This general process took place in toluene at 130 °C with 1.2 eq of
TIPS-EBX (214) and 1.5 eq of TBHP with aliphatic and aromatic aldehydes leading to
ynones 16 in low to high yields (Scheme 96).

Scheme 96. Radical Alkynylation of Aldehydes with TIPS-EBX (214)
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Independently, Yu and co-workers®® reported the same radical process using 1,2-
dichloroethane as solvent at 100 °C giving TIPS-ynones 16 (R = aryl, hetaryl) in 35-80%
yield. They also used other R-EBX (R = tBu, aryl, 214) leading to ynones 71 in 58-80%
yields. The proposed reaction mechanism involves the formation of benzoyl radical I in
the presence of TBHP, which adds to the triple bond of TIPS-EBX (214) forming a new
radical (I1) (Scheme 96). The subsequent g-elimination gives ynone 16 and iodanyl
radical 111 which is further transformed into o-iodobenzoic acid. A similar mechanism
has been shown in Section 2.3.3. The same radical reaction was also reported by Li and
co-workers?! using aliphatic, aromatic and heteroaromatic aldehydes and TIPS- as well
as alkyl-, aryl- and heteroaryl-EBX (214) for the general synthesis of ynones which were
obtained in moderate yields (45-75%). In this case, chlorobenzene was used as solvent
and the reaction was performed at 120 °C. They also proposed an alternative mechanistic
pathway illustrated in Scheme 97. R-EBX reagent 214 can react with TBHP and afford
iodine hypervalent intermediate I, which expels o-iodobenzoic acid radical Il and
generates radical I11. This tert-butylperoxy radical will reacts with the aldehyde giving a
new radical (1) which after S-elimination provides ynone 16/71.

Scheme 97. Alternative Mechanism for the Radical Alkynylation of Aldehydes with
R-EBX 214
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In conclusion, the dehydrogenative cross-coupling of aldehydes with terminal alkynes
catalyzed or promoted by Zn(lI1)- or In(ll)-derived Lewis acids is the most simple
procedure for the preparation of ynones. Recent efficient methodologies using
hypervalent iodine(l11) compounds R-EBX as alkynylating reagents of aldehydes under
transition-metal catalysis or under radical conditions can be alternatively used.

2.4.2. From Propiolic Acid Derivatives. Propiolic esters 222 can react with
organolithium reagents giving after nucleophilic substitution the corresponding ynones
223. Thus, the reaction of acetylenic esters 222 with in situ-generated a-lithiated (R)-
methyl p-tolyl sulfoxide afforded ynones 223 (Scheme 98).2% The corresponding ynones
were applied to the synthesis of a-acetylenic epoxides 98.

Scheme 98. Reaction of Acetylenic Esters 222 with Lithiated Methyl p-Tolyl
Sulfoxides
@) O O

0 i
. 4 OEt MeS=Tol, LDA . é Tol
THF, -78 °C
222 223, 60-98%
R = Me, nPr, Ph

Ethyl acetylenic esters reacted with dibromomethyllithium, generated in situ from
dibromomethane and LDA at —78 °C, giving ynones 224 in good yields (Scheme 99).2%
These ynones were further transformed into highly functionalized vinyl triflates.

Scheme 99. Reaction of Acetylenic Esters 222 with in situ-Generated
Dibromomethyllithium
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Taylor and co-workers have prepared ynones that have been used as starting materials
to synthesize the quinolizidine motif,?** a framework present in a number of bioactive
natural products.?®® For instance, pyridine ynone 225 was obtained by reaction of methyl
phenylpropiolate with lithiated 2-picoline (Scheme 100), and this ynone was used to
synthesize (£)-lasubine Il (Scheme 150).

Scheme 100. Reaction of Methyl Phenylpropiolate with Lithiated 2-Picoline

Ph Ph
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A second strategy for the synthesis of ynones starting from alkynoic acids is the
Friedel-Crafts acylation of aromatic compounds. Ferrocene reacted with acetylenic acids
226 using 1 eq of trifluoroacetic anhydride (TFAA) and 1 eq of triflic acid or 4 eq of
BF3-OEt, at room temperature, affording ynones 195 in good yields (Scheme 101).2%

Scheme 101. Friedel-Crafts Acylation of Ferrocene with Alkynoic Acids 226
o]
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0
. Re— (¢ _TFAATIOH _ ]

- \OH CH,Cl,, rt

60
¢+

226
195, 66-80%

R = Me, nPr, nCsH¢¢, Ph, TMS

1-Pyrenyl ynones 227, a new class of pyrenyl solid-state emitters, have been prepared
by a Friedel—Crafts acylation of pyrene with 2-alkynoic acids 226 (Scheme 102).2%

Scheme 102. Friedel-Crafts Acylation of Pyrene with Alkynoic Acids 226
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In conclusion, propiolic esters can be chemoselectively transformed into ynones by
addition of organolithium compounds to the ester group at low temperatures. In addition,
alkynoic acids can be used as acylating agent of aromatic compounds under
Friedel-Crafts reaction conditions.

2.4.3. From a-Keto Acids. Parallel to the studies of the alkynylation of aldehydes
with hypervalent iodine reagents R-EBX (214) under radical conditions,?®2%! several
Chinese groups have reported the decarboxylative ynonylation of a-keto acids.?%8-30
Simultaneous application of 214 and photoredox catalysis with visible light induced
decarboxylative ynonylation of a-keto acids 189 via acyl-radical intermediates.?®® The a-
keto acids were allowed to react with 1.5 eq of benziodoxole acetate (BI-OAc) and 1 eq
of 214 in the presence of 2 mol% of [Ru(bpy)s](PFe)2 as photocatalyst in dichloromethane
under irradiation with blue light-emitting diodes (LEDs, Amax = 468 £ 25 nm) affording
ynones 71 in moderate to good yields (Scheme 103). The mechanism proposed postulated
the formation of a Bl-keto acid intermediate (1) which is oxidized by [Ru/bpy)s]** and
gives acyl radical Il after decarboxylation. As shown in Scheme 97, the acyl radical
undergoes a-addition to AcO-EBX, giving radical 111 which after elimination of
benziodoxole radical affords the ynone 71. The benziodoxole radical oxidizes the
photoexcited [Ru/bpy)s]?** to complete the photoredox cycle.

Scheme 103. Decarboxylative Alkynylation of a-Keto Acids 189 with R-EBX (214)
and BIOAc by Photoredox Catalysis
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The decarboxylative alkynylation reaction of a-keto acids 189 with bromoacetylenes
228 took place under sunlight using hypervalent iodine reagent BIOH as catalyst,
affording ynones in moderate to good yields (Scheme 105).2%® According to experimental
data, firstly BI-OH reacted with the a-keto acid giving intermediate | (like in Scheme
103) which evolved to iodanyl radical 11 and acyl radical 111 after decarboxylation.
Addition of 111 to R%-EBX (214) leads to formation of radical 1V, which releases the
ynone 71 and radical 11. In addition, R-EBX (214) was generated by reaction of 11 with
bromoacetylene and also reacted with Br' to give BI-Br, which was hydrolyzed to BI-OH
(Scheme 104).

Scheme 104. Decarboxylative Alkynylation of a-Keto Acids 189 with
Bromoacetylenes 228 Catalyzed by BI-OH and Sunlight
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Duan and co-workers reported also a decarboxylatlve alkynylation of o-keto acids
using R-EBX and potassium persulfate as promoter.3®® Aryl and alkyl a-keto acids 189
reacted with alkyl, aryl and silylated EBX (214) in the presence of 0.7 eq of K2S20g in a
1:1 mixture of MeCN:H-0 at 50 °C leading to ynones 71 in variable yields (Scheme 105).
In this case, it was proposed that the generation of the acyl radical is by oxidative
decarboxylation of 189 induced by K>S,0s. The addition of this radical to R-EBX (214)
has been described in Scheme 96. For oxamic acids, the corresponding propiolamides
were obtained.

Scheme 105. Decarboxylative Alkynylation of a-Keto Acids 189 with R?-EBX (214)
Promoted by K2S20s
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Independently, Feng, Xu and co-workers described the same procedure for the
decarboxylative alkynylation of a-keto acids 189 with R-EBX (214) and K2S,0s leading
to ynones 71 in 31-92% yields.>*

In conclusion, the decarboxylative alkynylation of a-keto acids is a new strategy for
the synthesis of ynones, the use of bromoacetylenes catalyzed by hydroxy benziodoxole
and sunlight at room temperature being the simplest procedure of all the processes
induced by hypervalent iodine(l11) reagents.

2.4.4. From Propargylic Esters. A new strategy for the synthesis of ynones has
been reported by Hashmi and co-workers*®? using a gold-catalyzed dehydrogenative
Meyer—Schuster-like rearrangement.3®® Propargy! pivalates (229) were transformed into
ynones 71 in moderate to good yields under PhsPAUCI (2 mol%) and AgNTTf2 (2 mol%)
catalysis and using PhI(OAc). as oxidant (Scheme 106). The authors proposed that the
propargy! pivalate under PhsPAu* catalysis undergoes an isomerization to allene 230
which suffers a 1,3-acyloxy shift giving intermediate I, that after hydrolysis gives
intermediate 11. This intermediate is oxidized by Phl(OAc). giving Au(lll) species 111,
acetate and iodobenzene. This acetate promotes the g-elimination on 111 leading to ynone
71 and the gold(l) catalyst (Scheme 106).

Scheme 106. Dehydrogenative Meyer—Schuster-Like Rearrangement of Propargylic
Esters 229 Catalyzed by Au(l)
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2.4.5. From Aryl lodides. An anthraquinone-ynone (233) has been synthesized by
cross-coupling of copper acetylide 232 with aryl iodide 231 derived from anthraquinone
(Scheme 107).%* This synthetic route can be considered a Castro—Stevens reaction giving
the ynone in excellent yield. Unfortunately, the resulting pyranone obtained by
cyclization with H2SO4 did not show growth inhibition against several cancer cell lines.

Scheme 107. Castro—Stevens Reaction of Aryl lodide 231 and the Ynone-Derived
Copper Acetylide 232
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3. TRANSFORMATIONS OF YNONES

In this Section, the chemical capabilities of the ynones are presented. The most important
reactions are conjugate additions of boron, carbon and heteronucleophiles and radicals
and [2+2], [3+2] and [4+2] cycloadditions, but additions to the carbonyl group of carbon
and heteronucleophiles and some other reactions will also be considered. In general, as
expected, soft nucleophiles give 1,4-addition, whereas hard nucleophiles undergo 1,2-
additon.

3.1. Conjugate Additions

Attack of a,B-unsaturated acetylenic ketones in a Michael fashion, leading to formation
of a,-unsaturated alkenones as primary products, is among the most important reactions
ynones undergo. The final outcome in a given case depends on several factors, first and
foremost of the nucleophilicity and electrophilicity of the reactants, then additives like
catalysts and complexing species that influence these properties, and the presence of one
or several other reactive groups, appropriately positioned elsewhere in the substrate or in
an additive, that can trap an intermediate and redirect the reaction.

The stage is generally set by the nucleophilic reagents, which in the following is used
to divide the reactions into groups. The largest variety of such reagents is exhibited by
carbon nucleophiles followed by nitrogen bisnucleophiles which have been used
extensively to synthesize a range of heterocyclic compounds.

3.1.1. Boron Nucleophiles. Boration is an important group of reactions that have
been applied extensively in organic synthesis. The transformation is achieved by classical
hydroboration of electron-rich alkenes and alkynes and by metal-catalyzed boron
conjugate addition of o,B-unsaturated olefinic carbonyl compounds such as aldehydes
and ketones.®%3% However, conjugate addition to a,B-unsaturated acetylenic carbonyl
compounds has barely been reported, but a recent publication by Santos and co-workers
indicates that the reaction may have synthetic utility.3** Thus, when but-3-yn-2-one (71)
was exposed to a mixture of pinacolato diisopropanolaminato diboron (PDIPA, 234) and
copper(l) chloride, double conjugate addition took place and gave 4,4-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-one (235) in 79% vyield (Scheme 108). A
possible reaction mechanism is depicted in the same Scheme involving intermediates I-
1.
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Scheme 108. Copper-Catalyzed B-Boration of But-3-yn-2-one (71)
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3.1.2. Carbon Nucleophiles. The carbon nucleophiles are structurally among the
most versatile that have been applied in conjugate addition to ynones. In most cases basic
conditions are required, but in the presence of certain structural motifs, the reaction can
also be facilitated by a protic or a Lewis acid. Most reactions have been performed with
a stochiometric amount of the organometallic reagent, but in recent years metal-catalyzed
transformations have become more important.

3.1.2.1. Organometallic Reagents. Several reagents containing a more or less
complex carbometalated substructure as the reactive site have been applied to alkylate
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the B carbon atom of conjugated ynones. In order to achieve regiospecific attack of the
carbon-carbon triple bond in the presence of the keto moiety (as well as other reactive,
but more or less protected functional groups), the variety of metals is small and essentially
limited to copper, palladium, nickel and a copper/tin cluster, although a small number of
lithium reagents have been applied as well. The mechanism of the reaction for the
transformation 71 to 236 has been studied extensively and a summary, inspired by a study
of Nakamura and co-workers,3® is given in Scheme 109 involving intermediates | to 1V.

Scheme 109. Mechanism for Conjugate Addition of Cuprates to Ynones 71
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The reagent most frequently used is lithium dimethylcuprate (the Gilman reagent),
which B-methylates the ynone moiety and furnishes the corresponding p-methylenones,
in most cases in good to excellent yields. The stereoselectivity of the reaction is often
low, but sensitive to the substituents attached to the ynone as well as how the reaction is
quenched.®*3%7 The first aspect is clearly reflected in the methylation of a series of silyl
ether-protected 1,1-diethoxy-5-hydroxy-3-alkyn-2-ones (237), which gave 5-(t-
butyl)diphenylsiloxy-1,1-diethoxy-4-methyl-3-alken-2-ones (238), in up to quantitative
yield, with an E/Z ratio that increased as the steric congestion in the y position increased
(Scheme 110).3%83% The lack of specificity is in fact expected because the intermediates,
copper enolates, have appeared to equilibrate at a rate which is sensitive to solvent,
temperature, concentration, complexation and reaction time.3%310 As a result, even in
cases when the cuprate addition to the triple bond is believed to be stereospecific,?3% the
corresponding a.,B-unsaturated carbonyl compounds 238 have been obtained with E/Z
ratios approaching 1:1. It should be mentioned that if the silyl group is replaced by acyl
moieties, intramolecular trapping of the intermediate allenoate takes place so that furans
are formed, in good yields, instead of the corresponding conjugated enones.3%®

Scheme 110. Conjugate Addition of Lithium Dimethylcuprate to Ynone 237
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When the 1,1,2,2-tetraethoxyethyl moiety in 237 is replace by a triphenylsilyl group,
the conjugate addition of Me>CuL.i and other cuprates to 239 becomes stereoselective and
affords the corresponding o.3-unsaturated acylsilane 240 with E configuration in high
yield irrespective of the cuprate used (Scheme 111).3™ The polarisation of the C-Si bond
and the ability of silicon to stabilise both positive and negative charges probably
contribute to the specificity. These properties are also taken advantage of synthetically;
by treating 240 with tetrabutylammonium fluoride (TBAF) the corresponding 2-alkenals
241 were obtained in good to excellent yields with complete retention of configuration
(Scheme 111), making 239 a good synthetic equivalent to the propynal moiety.

Scheme 111. Conjugate Addition of Lithium Cuprates to Acyltriphenylsilane 239
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Conjugate addition of dimethylcuprate to ynones has been used successfully to
introduce B-methylated conjugated trisubstituted enones in specific positions in the
synthesis of several macrocyclic natural products. In most cases the methylation has been
carried out by Me>CuLi addition to alkyl alkynyl ketones before cyclization was
attempted. The stereoselectivity is generally low even when the alkyl and alkynyl groups
are sterically demanding and should conceivably have favored the formation of the E
alkene. Thus, in their synthesis of the okadaic acid architecture Forsyth and co-workers
performed conjugate addition to alkynones 120 and obtained nearly quantitative yields of
enones 242, as an approximate 1:1 mixture of the E and Z isomers.1*2 However, when the
E isomers of the latter enones were exposed to acidic conditions (TsSOH, benzene),
isomerization to the corresponding Z isomers occurred, and this made it possible to obtain
spiroketals 243 in 31 to 76% yield (Scheme 112).
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Scheme 112. Synthesis of Spiroketals 243 by Conjugate Addition of Me2CulL.i to
Ynones 120
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A related example is the formal synthesis of the macrolide aglycon of aurside A and
B which are two glycosidated macrolactones isolated from the sea hare Dolabella
auricularia. When ynone 244 was subjected to Me>CuLi at —78 °C, the corresponding
conjugated enone 245 was obtained in better than 50% yield as a 1.6:1 mixture of the E
and Z isomers when quenching was carried out with agueous NH4CI (Scheme 113).%° This
outcome was similar to results obtained with less complex ynones.*® The E isomer
required to complete the synthesis was isolated in 31% yield, and when deprotected with
TASF and subsequently subjected to the Yamaguchi lactonization protocol, the auriside
aglycon was isolated.>

Scheme 113. Preparation of Intermediate 245 in the Synthesis of the Auriside
Aglycon
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Conjugate addition before cyclization was also the selected strategy of Thomas and
co-workers in their attempts to synthesize phomactins, a group of diterpenes of interest
as platelet activating factor antagonists. A model study was first carried out by reacting
an ynone with MeCuLi, and this afforded the corresponding enone in 77% yield.33312
When ynones 246 and 247, suitable substrates for the preparation of phomactin B2, were
applied under the same conditions, even better results were obtained as both addition
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products, 248 and 249, respectively, were isolated in better than 90% vyield, albeit as E/Z
isomeric mixtures (Scheme 114). The yields of the desired Z stereoisomers were lower
than 50% under any conditions, but surprisingly, subsequent treatment of E/Z mixtures
of 248 and 249 with iodine increased the E predominance of the former and the Z
predominance of the latter.®®

Scheme 114. Synthesis of Intermediates 248 and 249 Used to Prepare Phomactin
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Unlike Thomas and co-workers, Rawal and co-workers wanted to introduce the methyl
group B to the carbonyl group in phomactins B2, C and D after ring closure. This step has
been carried out by carbonylative alkyne-enol triflate coupling in the presence of a Pd
catalyst.3!® The resulting ketone 250 contains both a conjugated enone and an ynone and
therefore represents a regiochemical challenge since cuprates are known to undergo
conjugate addition to both moieties. However, in this event, Me>CuL.i gave products due
to attack of the alkyne exclusively (Scheme 115). The resulting doubly conjugated enone
251 was obtained in excellent yield, but it appeared to be a ~ 2.5:1 mixture of the Z and
E isomers which means that the undesired isomer predominated. Attempts to increase the
proportion of the E isomer by performing photoisomerization under various conditions
failed.

Scheme 115. Conjugate Addition of Me2CuL.i to Ynone 250 in the Synthesis of the
Phomactin Core
Tiyy, O
Me,CuLi
THF |

250 251, 95%
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Conjugate addition with the Gilman reagent to cyclic ynones has also been used by
Marshall and co-workers to prepare several cembranolides, which are constituents of
various soft corals. The reaction was carried out with two 2-substituted 5,9-
dimethylcyclotetradec-5,9-dien-13-ynone derivatives (252), and this furnished the
corresponding 13-methylated triene 253 (Scheme 116).3°73# The 13E/13Z ratio was
approximately 1:1 when the reaction was quenched with water or aqueous NH4Cl, but
subsequent treatment with lithium isopropylthiolate effected enone equilibration which
gave the E isomer in excellent yield.

Scheme 116. Conjugate Addition of the Gilman Reagent to Ynones 252 in the Total
Synthesis of Cembranolides
0 0

R 1) Me,CulLi, THF, 0°C
2) iPrSLi, THF, rt
N N

252 253, 90%, £/Z: 96/4-100/0
R = CH;C=CH,, MOMO-CH=CH

As part of a mechanistic investigation, Tanner, Norrby and co-workers studied
conjugate addition of carbocuprates RCu(CN)Li to two ynones (71). The results obtained
were interesting; when 3-pentyn-2-one (71 with R = Me) was subjected to tBuCu(CN)LI,
the E stereoisomer of enone 236 was obtained in 70% yield whereas only traces of the
corresponding Z isomer were formed (Scheme 117).3'® However, when MeCu(CN)Li was
reacted with 5,5-dimethyl-3-hexyn-2-one (71 with R = t-Bu), E-236 was obtained in trace
amounts only whereas Z-236 was not detected at all. These observations have been
rationalized by DFT calculations which clearly suggest that the stereochemical outcome
is determined by the relative stabilities of the postulated vinylcuprate intermediates, rather
than by stereoselective protonation of the allenoate intermediates.3!®

Scheme 117. Carbocupration of Ynones 71 with R*Cu(CN)Li
0

1_ o R2Cu(CN)Li
71 R1 R2
236, trace to 70%
R' = Me, tBu
R? = Me, tBu

Simple alkyllithium compounds, either stable reagents or less stable compounds
generated in situ, react in general in a 1,2 fashion with conjugated ketones. Nevertheless,
a few reactions with some highly substituted resonance-stabilized carbanions have been
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reported by Shi and co-workers.?® The reactions were carried at low temperature by
adding ynones 71 to carbanions obtained by treating tetrasubstituted
vinylidenecyclopropanes 254 with lithium diisopropylamide (LDA) at —78 °C. The
composition of the reaction mixtures appeared to depend on the structure of the ynone
(Scheme 118). When 3-butyn-2-one (71, R® = H, R* = Me) and ethynyl phenyl ketone
(71, R® = H, R* = Ph) were used, one product was formed in a two-step domino addition
process, the polyunsaturated conjugated hydroxyenone 255, respectively. However, when
ketones with an internal triple bond were reacted, the picture became more complex.
Using 1,3-diphenylprop-2-yn-1-one (71, R® = R* = Ph) and 1-phenyl-3-
(trimethylsilyl)prop-2-yn-1-one (71, R® = TMS, R* = Ph) mixtures of the expected
domino-addition product 255 (major) and a tertiary alcohol 256 (minor) were obtained.
On the other hand, when hex-3-yn-2-one (71, R® = Et, R* = Me) was used as electrophile,
the outcome was carbanion dependent. When the carbanion source 254 contains only aryl
substituents, only conjugate addition and formation of the Michael adduct 257 occur. But
if one of the aryl groups 254 is replaced by a methyl group, mixtures of 256 and 257 were
obtained. Finally, if in 71, Rt = nBu and R? = Ph, conjugate addition predominated and
the expected Michael adduct 257 was formed, albeit only in 25% yield. A conceivable
mechanism for the formation of 255-257 is depicted in Scheme 119: first the carbanion
(I-111) attacks the substrate in a Michael fashion and form an allenoate (1V), which
undergoes a 1,2-addition to another molecule of ynone and forms a polyunsaturated
conjugated hydroxyenone 255. Hydrolysis of 1V would yield products 257. On the other
hand, organolithium intermediates 1-111 reacted with ynones 71 (R® = H) at the carbonyl
group giving trienes 256.

Scheme 118. Reaction of Ynones 71 with Different Lithiated
Vinylidenecyclopropanes 254
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Scheme 119. Plausible Mechanism for the Reaction of Lithiated
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In conclusion, conjugate addition of alkanides to ynones has mainly been performed
with simple cuprates (R2CuLi) and almost exclusively with the Gilman reagent
(MexCuLi). In general, the resulting p—R—a.,p—enones are formed in good yield as E/Z
mixtures. The reaction has been applied successfully to introduce methyl groups in
specific positions in complex molecules.

3.1.2.2. Metal Catalysis. Conjugate addition to ynones has also been carried out
successfully by metal catalysis. Whereas palladium and nickel have been applied to
achieve intermolecular reactions by modifying the structure and reactivity of the
carbanion, gold and silver catalysts have almost exclusively been used to facilitate
cyclization by intramolecular transformations made possible by increased electrophilicity
of the carbon-carbon triple bond due to metal complexation to the alkyne moiety.

An elegant example was published by Hanzawa and co-workers who used Pd catalysis
to acylate a few non-terminal ynones (71) by using acylzirconocene chlorides 258, made
by carbonylation of alkenes and alkynes, as the acyl source. The regioselectivity of the
reaction was sensitive to the catalyst employed. When the palladium complex contained
triphenylphosphine ligands, regiospecific formation of alk-2-en-1,4-diones 259 occurred
(Scheme 120).317318 On the other hand, application of Pd(acac)z and PdClz(CHsCN);
under otherwise identical conditions slowed down the conjugate addition and gave 259
in only 5-15%; the main product was the corresponding 1,2-adducts 260 as illustrated
with a specific case in Scheme 120.3!8 A catalytic cycle for the formation of 259 and 260,
included in Scheme 120, consists of four integrated processes: (a) electron transfer from
Pd(0) to 71; (b) formation of Pd-allenyl complex I: (c) transmetallation, and (d) reductive
elimination of Pd(0) with concomitant formation of 259 or 260. The change of reaction
course when 258 is a conjugated enone is noteworthy; tandem Michael additions take
place giving allenoates 261 which afforded mixtures of enones 259 and mainly 3-
acylcyclopent-2-enones 262 in 21-63% yield (Scheme 121).37

Scheme 120. Pd-Catalyzed Acylation of Ynones 71 Using Acylzirconocene Chlorides 258
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Scheme 121. Pd-Catalyzed Acylation of Ynones 71 Using a,B-Unsaturated Acylzirconocene
Chlorides 258
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Pd catalysis has also been applied by Marinelli and co-workers to synthesize 2-arylalk-
1-enyl ketones by hydroarylation of the corresponding ynones,® but the outcome is
sensitive to several parameters, the most important being the aryl source, the nature of the
Pd complex, and the presence of other reactive functional groups. When aryl halides and
triflates were used, the yields and the regioselectivity were low to moderate, but great
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improvements were made when the aryl source was arylboronic acids. They studied the
hydroarylation of B-(2-aminoaryl)-o,3-ynones 200 and discovered that the primary
products suffered cyclization and formed mixtures of 3-arylquinolines 263 and 4-
arylquinolines 264. The outcome appeared to be catalyst dependent; thus, the 263/264
ratio varied between 75:25 (Pd(OACc)2/tBusP) and 98:2 (Pdz(dba)s/dppe) and the total
yield from 18 to 92%. The optimum combination of regioselectivity and yield was
achieved with Pd(OAc)./dppe, and when this catalyst was applied, a large number of 4-
arylquinolines were synthesized (Scheme 122). The structure and electron distribution of
the transition state(s) were investigated by computational methods, which showed that
the observed regioselectivity is in accord with the difference in calculated energy barriers
for two alternative insertion paths of the alkyne moiety.3!°

Scheme 122. Pd-Catalyzed Synthesis of 4-Arylquinolines 263 from Ynones 200 and
Boron Reagents
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Nickel-catalyzed conjugate addition of cyanide, an efficient reaction with conjugated
enones, has been extended to a,3-ynones by Arai and co-workers.>32° The cyanide source
was Me3sSiCN (TMSCN), which reacted smoothly when catalyzed by Ni(COD); and
furnished the corresponding B-cyanotrimethylsilyloxyallene 265 (Scheme 123). The
allenes were not isolated, except in one case (when t-BuMe,>SiCN was used and afforded
the corresponding allene in 64% yield) but characterized by proton NMR prior to
quenching with either a proton source or N-bromosuccinimide (NBS). Protic work-up
gave the corresponding [-cyanoenone 266 as an isomeric mixture, with no
stereoselectivity when hydrochloric acid was used, but with an E/Z ratio of up to 11/89
when acetic acid was employed. Quenching with NBS, on the other hand, was much more
successful; with one exception the yield of the corresponding o.-bromo-B-cyanoenone 267
was excellent and in most cases an olefin Z/E ratio better than 99/1 was obtained.>*% A
plausible mechanism for the reaction involving intermediates I-111 was presented
(Scheme 123).

Scheme 123. Ni-Catalyzed Conjugate Addition of TMSCN to Ynones 71
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Menon and Banwell, on the other hand, employed gold-complex catalysis to effect
intramolecular hydroarylation of terminal alkynes under exceptionally mild conditions.®
The best results were obtained with Echavarran’s Au(I) complex 268 , and these results
subsequently prompted the use of this catalyst to achieve the synthesis of the bicyclic

moiety 269

in the furanosesquiterpene crassifolone (Scheme 124).'8 Conceivably, the

reaction involves initial auration of C-2 in the furan ring which subsequently attacks the
uncongested  terminus of the tethered ynone 7.
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Scheme 124. Au(l)-Catalyzed Intramolecular Cyclization of Ynone 7: A Key Step
in the Synthesis of Crassifolone

o 268 (1 mol%) | 0
o) DCM, 18 °C O
\ \ = |
\
7
L )" SPFe 269,100 %
P—Au—NCMe

Taylor and co-workers have carried out similar studies with 3-butyn-2-one derivatives
(270) that have an electron-rich aromatic moiety attached to C-1 and an aryl or alkyl
group at C-4. Most of the compounds studied have an indol-3-yl group attached to C-1,
and when they are treated with Brensted, Lewis, and 7 acids to activate the carbon-carbon
triple bond and facilitate conjugate addition, the most effective catalysts screened were
PhsPAUNTf,, Cu(OTf)2, AgNOs, and AgOTf while triflic acid was ineffective.3?1322 The
final product appeared to be catalyst dependent. Thus, the copper and silver catalysts
produced 3,3-disubstituted spirocyclic indolenines 271 in excellent yields via
intermediate 1 (Scheme 125). The Au(l) catalyst induced primarily the same reaction, but
when PhsPAuUNTf, was applied, | is expected to be unstable, undergo 1,2-migration, and
ultimately form carbazoles 272 via intermediates 11-1V (Scheme 126), and this indeed
occurred. The vinyl-gold intermediate apparently plays a key role in the reaction because
when the corresponding 3,3-disubstituted spirocyclic indolenines 271 were treated with
PhsPAUNTT, under the same conditions, no reaction takes place. It is also noteworthy that
when the indole moiety in 270 is replaced by other electron-rich aromatic motifs such as
anisole, pyrazole and 2-methylbenzofuran, dearomatizing spirocyclization still occurs
and gives the predicted spiro compounds 273-275, respectively, in excellent yields
(Scheme 127),321,323-326



Scheme 125. Ag-Catalyzed Spirocyclization of Indolyl Ynones 270
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Scheme 126. Au(l)-Catalyzed Cyclization of Indolyl Ynones 270
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Scheme 127. Metal-Catalyzed Spirocyclization of Ynones 71
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Generation of spiro compounds leads to formation of a new stereocenter and by
including a chiral ligand in the reaction mixture, it was envisaged that asymmetric
induction would take place. Preliminary experiments using Ag(l) salts of chiral
phosphoric acids (CPASs) proved that the idea was correct. Optimization using 1-(indol-
3-yl)-4-(4-methoxyphenyl)but-3-yn-2-one 270 showed that the bulkiest CPA gave the
highest enantiomeric excess, and when the conditions detailed in Scheme 128 were
applied, ee up to 78% was obtained. 32! X-ray structure determination proved that the Ag-
CPA 276 catalyst gave predominantly spirocycles 271 with S configuration.

Scheme 128. Ag-Catalyzed Asymmetric Spirocyclization of Indolyl Ynones 270
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A transformation similar to the former dearomatizing spirocyclization takes place
when conjugated ynones with a silyl vinyl ether in a favorable position are treated with
phosphinogold(l) complexes, which are soft Lewis acids, which selectively coordinate
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with alkynes, alkenes, and allenes, and which facilitate addition of various
nucleophiles.3?” By using cationic species of such complexes, Barriault and co-workers
succeeded in converting enol ethers 277 to bicyclo[3.3.1]non-3-en-2,9-dione derivatives
278 (Scheme 129).32832° This method was successfully applied to prepare several
biologically active polyprenylated polycyclic acylphloroglucinols such as hyperforin,
nemorosone, and papuaforins.?"330 The study was then expanded to include several
catalysts and a range of silyl-protected ynones. Several clear trends emerged from these
investigations. Most importantly, the nature of the silyl group attached to the alkyne
facilitates or prevents a 1,2-shift of the silyl group before the conjugate addition from the
joint intermediate 1. Silyl group containing several phenyls including triphenylsilyl (TPS)
279 reacted like 277 and furnished only non-migrated products 280 in up to 98% vyield,
whereas tert-butyldimethylsilyl (TBS) and sterically less demanding groups were labile
and gave Michael products 281 in somewhat lower yields after 1,2-migration had
occurred. It was also proved that the 1,2-silyl migration proceeded by an intramolecular
process and probably involved gold(l)-vinylidene intermediate 11 (Scheme 129).3%

Scheme 129. Au(l)-Catalyzed Intramolecular Conjugate Addition of Vinyl Ethers
277 and 279
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To conclude, the reaction of a variety of carbon nucleophiles with B-C in conjugated
ynones has been catalyzed by various metals. The yields are generally good or better.
Intermolecular reactions have been performed with Pd catalysts to achieve acylation and
Ni catalysis to carry out cyanation. Au(l) and Ag(l) complexes, on the other hand, have
been used to activate the triple bond to facilitate intramolecular nucleophilic attack by
electron-rich aromatic moieties, leading to formation of a variety of spiro compounds,
often in excellent yield.

3.1.2.3. Non-Metallic Catalysis. Some studies of conjugate additions of neutral
carbon centres to ynones, made possible by non-metallic catalysis, have also been
reported. A pioneering paper was published by Zhang and Larock who observed
dearomatizing spirocyclization of 1-(4-methoxyphenyl)-4-phenylbut-3-yn-2-one 282
when it was treated with iodine and furnished 3-iodo-4-phenylspiro[4.5]deca-3,6,9-
triene-2,8-dione 283 in almost quantitative yield (Scheme 130).23 The reaction involves
iodonium ion | which undergoes intramolecular ipso-cyclization of an electron-poor
alkyne onto an activated arene under extremely mild conditions.

Scheme 130. lodine-Promoted Cyclization of Ynones 282

0 o 0 |
A
A S Ph
Ph I " "Ph .
NaHCOj3;, MeCN, rt
OMe (OMe
282 I 283, 98%

The spirocyclization was employed and expanded by Lovely and co-workers in some
exploratory experiments towards the total synthesis of spirocalcaridine A and B.1% In
addition to iodine, they used trifluoroacetic acid (TFA) and N-iodosuccinimide (NIS) to
generate the electrophilic center. TFA was applied to react 1,4-bis(4-methoxyphenyl)but-
3-yn-2-one (71, R* = R? = OMe), which delivered triene-2,8-dione 284 in a
straightforward manner in 94% vyield (Scheme 131). Application of NIS, on the other
hand, was more challenging because the temperature had to be controlled very carefully
during the addition of the reagent to avoid formation of naphthols instead; slow addition
at room temperature furnished spiroenones 285 whereas fast addition, giving a warm
reaction mixture of unspecified temperature, afforded naphthols 286 and 287 instead
(Scheme 131).



98

Scheme 131. TFA- and NIS-Promoted Spirocyclizations of Ynones 71
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3.1.2.4. Enolates and Related Carbanions. Carbanions, formed by abstraction of
a hydrogen with a low pKa value, are powerful nucleophiles and react with a variety of
electrophilic motifs to give a large variety of products. Most such carbanions have been
derived from methylene and methine motifs attached to two strongly electron-
withdrawing substituents, in most cases acyl, alkoxycarbonyl, cyano and sulfonyl groups,
but some examples using nitroalkanes have also been reported. In all cases the first
reaction is a Michael-type addition to the conjugated alkynones, forming enolate
intermediates, but if additional electrophilic sites are present, secondary reactions often
take place and lead to other final products than conjugated alkenones.

Maruoka and co-workers treated a number of 1-alkyn-3-ones 71 with a series of a-
substituted a.-cyanoacetates 288 under basic, phase-transfer conditions in the presence a
chiral binaphthyl ammonium catalyst 289.3% Conjugate addition was the only reaction
that occurred, and the Michael adducts 290 were furnished in excellent yields under a
variety of conditions. However, the stereoselectivity and enantioselectivity were sensitive
to the reaction conditions, which were optimized, and under these conditions excellent
results were obtained for a number of ketones (Scheme 132), the best when t-butyl 2-
cyano-3-phenylpropanoate (288, R* = Bn) was reacted with t-butyl ethynyl ketone (71,
R? = tBu) and afforded 290 in a total yield of 99% with a E/Z ratio of 3.3/1.0 and an ee of
93% and 87% for the E- and Z-isomer, respectively.3%

Scheme 132. Catalytic Enantioselective Conjugate Addition of t-Butyl 2-
Cyanopropanoate Derivatives 288 to Ynones 71 under Phase-Transfer Conditions
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Maruoka and co-workers also studied similar reactions with cyclic B-keto esters 291
for the construction of all-carbon quaternary centres in an enantioselective fashion.3%
Under the best conditions, the chiral ammonium salt 292 catalyzed the addition of 291 to
acetylenic ketones 71, which afforded Michael adducts 293 in essentially quantitative
yields with a moderate E/Z selectivity, but in several cases with good enantioselectivity
(Scheme 133). Since the E/Z isomers are easy to separate by chromatography, the high
enantioselectivity, above 90% for some E isomers, makes the method a good tool for the
preparation of all-carbon quaternary stereocenters.33

Scheme 133. Catalytic Enantioselective Conjugate Addition of Cyclic B-Keto Esters
291 to Ynones 71 under Phase-Transfer Conditions
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A noteworthy point about the conjugate addition discussed above is that no products
due to enolate attack of the B-ketoester carbonyl groups were detected. One conceivable
reason is steric protection exerted by the tert-butyl group, and this explanation was
supported by Li and co-workers.®** They treated two ethyl 2-oxocycloalkanecarboxylates
(294) first with a base and then with diaryl ketones 71 which are activated for Michael
addition, and this paved the way for an efficient synthesis of medium-sized rings 295
through ring expansion (Scheme 134). If the aryl group attached to the carbonyl group in
71 has a chlorine or bromine atom in ortho position, a nucleophilic aromatic substitution
(SnAT) takes place and affords fused-ring compound 296, generally in excellent yield
(Scheme 134).33* The formation of both 295 and 296 is a consequence of carbanion
reactions converting allenoate | into enolate 1V via intermediates 11 and 111 (Scheme
134). Analogous secondary reactions were observed by Sydnes and co-workers when they
treated mixtures of 1,1-diethoxy-5-hydroxyalk-3-yn-2-ones and ethyl acetate with
sodium ethoxide and isolated tetrasubstituted furans in excellent yields.3

Scheme 134. Conjugate Addition of Cyclic B-Ketoesters 294 to Ynones 71
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Conjugate addition to a.,-alkynones 71 has also been studied by Bella and Jgrgensen,
who achieved organocatalytic enantioselective formation of adducts 298 by reacting
butyn-2-one and several ethynyl aryl ketones with 1,3-diones 297.%% The feasibility of
such a transformation was verified by investigating the addition of 2-
acetylcyclopentanone in the presence of a Cinchona alkaloid or a derivative thereof. The
reaction appeared to go quickly to completion and gave the corresponding Michael adduct
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298 in excellent yield as an E/Z mixture with moderate selectivity. The best results were
obtained with [DHQ]2PHAL as catalyst. For both aromatic and aliphatic alkynones, the
addition of the 1,3-diketones was efficient under the best conditions and furnished a
mixture of (E)- and (Z)-enones in high yields with moderate E selectivity, but with good
to high enantioselectivity (Scheme 135).3*® The moderate E preference is seemingly a
drawback, but by applying a catalytic amount of tributylphosphine, efficient Z-to-E
isomerization occurred so that (E)-isomer of the adducts were isolated in high yields (70-
92%) with an enantiomeric excess as an average of the values obtained for the (Z) and
(E) isomers.

Scheme 135. Enantioselective Conjugate Addition of Cyclic 1,3-Diones 297 to
Ynones 71

o 0O O
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Hu and co-workers used sulfonyl activation to achieve fluoroalkylation of conjugated
aryl alkynyl ketones.®*” The reagent was fluorobis(phenylsulfonyl)methane 299 and the
base CsOH, and when the reactions were carried out in N-methylpyrrolidinone (NMP),
the corresponding B-fluoroalkylated o,pB-unsaturated enones 300 were formed
stereoselectively with E configuration and isolated in good to excellent yield when 50%
excess of ynone was applied (Scheme 136).3%

Scheme 136. Conjugate Addition of Fluorobis(phenylsulfonyl)methane 299 to
Ynones 71

o R O
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Ar = Ph, 4-FC6H4, 4-C|CGH4, 4-BrC6H4, 4-MeCGH4
R = Ph, 4-MeCgHy, 4-tBuCgH,, nBu

Fluoroalkylation  of aryl alkynyl ketones 71 using  2-fluoro-2-
(phenylsulfonyl)acetophenone (301) was also successful, but the first step, conjugate
addition, was consistently followed by migration of the benzoyl group of the
acetophenone, affording a-benzoylated-B-fluoroalkylated o, 3-unstaurated enones 302 as
the final products.®*” The yields were generally quite good, but unlike fluoroalkylation
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with 299, the reaction showed no stereochemical preference (Scheme 137). This lack of
specificity is conceivably due to intermediate formation of anions I and Il and finally
allylic anion I11.

Scheme 137. Conjugate Addition of 2-Fluoro-2-(phenyl-sulfonyl)acetophenone (301)
to Ynones 71
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An intramolecular enolate addition to a conjugated ynone is also the key step in the
successful synthesis of (-)-a-kainic acid by Jung and co-workers.>® When phenylsulfone
54 was treated with cesium carbonate, the carbanion formed between the amide moiety
and the phenylsulfonyl group attacked the ynone in a Michael fashion and furnished the
tricyclic lactam 303 in high yield as a single diastereomer (Scheme 138). A low
concentration of the reaction solution and a short reaction time were key factors for the
high yield.

Scheme 138. Intramolecular Cyclization of Ynone 54
PhO,S O

CSZCO3
CH3CN, rt

o HH
303, 90%

Electrochemical techniques have also been applied to generate various carbanions used
in Michael additions to ynones. Electrolysis of pure nitroalkanes under galvanostatic
control in a divided cell equipped with Pt electrodes affords the corresponding
carbanions, which have been reacted with several 3-(2-aminophenyl)-1-arylprop-2-yn-1-
ones (200).3% Conjugate addition of the carbanion takes place, but the keto moiety of the
resulting enones react subsequently in an intramolecular fashion with the amino group
and form 4-nitroalkylquinolines 304 in up to 93% yield (Scheme 139). Other reactions
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show that diethyl malonate and 2-ethoxycarbonylcyclopentanone react in a similar
fashion.338

Scheme 139. Heterocyclization of Ynones 200 Promoted by Electrogenerated
Carbanions
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TEATFB = tetraethylammonium tetrafluoroborate

It should also be mentioned that the reactivity of ethyl acetoacetate (EAA) toward
ynones has been utilized to prepare a pyridine scaffold bearing an alkyne moiety.
Treatment of 1-phenyl-5-triisopropylsilylpenta-2,4-diyn-1-one (305) with a mixture of
EAA and ammonium acetate resulted in a regioselective Michael addition followed by
condensation and formation of pyridine 306 in 78% yield (Scheme 140).3%°

Scheme 140. Pyridine 306 Formation by a Tandem Conjugate Addition of EAA-
Amonium Acetate Condensation to Diynone 305
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In conclusion, compounds containing 1,3-dicarbonyl and other electron-withdrawing
moieties undergo efficient Michael addition to conjugated ynones when treated with a
weak base, most frequently a carbonate. Most reactions are intermolecular, and the yields
are often excellent. By adding a chiral ligand, asymmetric induction above 90% ee has
been achieved.

3.1.2.5. Enols and Other Neutral Nucleophiles. The reactivity of enols and neutral
nucleophiles is generally lower than that of charged analogues so activation by addition
of an electrophile such as a Lewis acid (LA) or a LA complex is generally required to
facilitate the reaction. Gold(l) complexes have appeared to be particularly attractive
because as soft Lewis acids they coordinate selectively with certain structural motifs,
including alkynes,®?” which facilitate regiospecific bond formation.
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v-Alkenyl butenolides 308-310 have been synthesized by conjugate addition of f3,y-
butenolides 307 to a large number of ynones 71 by Feng and co-workers.3* The outcome
depends on the substituent attached to the 3 carbon of the triple bond. When the reaction
was carried out with terminal alkynones (71, R* = H) in the presence of a chiral catalyst
(L = RaPry), one of several N,N -dioxide scandium(l11) complexes, Michael adducts 308
were isolated in high to excellent yield (up to 98%) with high E/Z ratios (up to >19/1)
and very high enantioselectivity (up to 98% ee) (Scheme 141). Application to internal
alkynones, however, gave mixed results. When R! was electron donating group,
conjugate addition did not occur, but by introducing an electron-withdrawing group such
as the ethoxycarbonyl moiety, y-alkenyl butenolides 309 were formed in excellent yield
with high stereoselectivity and excellent enantioselectivity using L = PiPr.. An elegant
application of these findings is the construction of the C-4 position of the bioactive
compound OH-3984 (310) (Scheme 141). The reaction does not involve an enolate, but
rather a chiral enol complex formed by initial interaction between the carbonyl group and
the scandium ion.3%

Scheme 141. Enantioselective Conjugate Addition of Butenolides 307 to Ynones 71
Catalyzed by Chiral Scandium Complexes
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3.1.3. Heteronucleophiles
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3.1.3.1. Nitrogen Nucleophiles. Nitrogen is the heteronucleophilic element used
most extensively in Michael additions to ynones. Most of these nucleophiles are amines
and the final outcome depends on the structure of both the substrate and the nucleophile.
Thus, the substrate may contain a nucleophilic moiety that reacts with the primary product
because it is situated in a favourable position enabling subsequent intramolecular attack
that leads to cyclization. As for the nucleophile, it may have several nucleophilic centers
and undergoes a domino transformation, first a Michael addition and then a condensation
reaction with the keto function. In the following three different main scenarios are
presented.

3.1.3.1.1. Intramolecular Hydroamination. A few stable o,B-unsaturated ynones
with an amino group at either o’ or B’ position have been reported to undergo conjugate
addition when activated by an electrophile and form five- and six-membered
heterocycles, respectively. Gouault and co-workers used this approach to synthesize a
selection of Boc- and Chz-protected pyrrolin-4-one derivatives (311) with moderate to
total stereocontrol from o’-aminoynones 100 easily accessible from a-amino acids.%
Their work was based on a report by Overhand and Hecht who used a stoichiometric
amount of mercury acetate to achieve the same ring closure.®*! By switching to gold(l)
chloride the transformation became much more efficient and proceeded in almost
quantitative yield even with a catalytic loading below 10 mol%. Under these conditions
the reaction appeared to be quite versatile and tolerated very well structural variations in
the substituents on the triple bond (RY), in the protecting group (PG), and in R?, as
evidenced by the consistently high yield of the corresponding pyrrolin-4-ones 311
(Scheme 142).%

Scheme 142. Au(l)-Catalyzed Intramolecular Hydroamination of a-Aminoynones
100

o)
RLH\ AuCI (10 mol%) 1n ,
X, THF, rt RESNT R
NHPG R La
100 311, 83-96%

R' = H, Me, iPr, sBu, Bn, (indol-3-yl)methyl
R2 = H, nPr, Ph, 4-MeOCg4H,
PG = Boc, Cbz

Epimerization was a problem when AuCl was the catalyst,®® and studies of the
catalyst’s influence was therefore carried out using the S enantiomer (ee>99%) of a Boc-
protected ai-aminoynone from valine (100, R! = Ph and R? = iPr) as substrate. A number
of catalytic systems based on gold(l) and gold(I11) were tested and optimized, and AuzOs,
in the absence of base, emerged as the catalyst of choice, giving the corresponding
pyrrolin-4-one (311, R! = Ph and R? = iPr) in 95% yield with complete retention of
configuration.®® When similar Boc-protected o.’-aminoynones were reacted under these
conditions, equally excellent results were obtained in most cases (Scheme 143).%
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However, when Cbz protection was applied instead of Boc, considerable epimerization
occurred and lowered the ee to 50%.

Scheme 143. Au(l11)-Catalyzed Intramolecular Hydroamination of o’-
Aminoynones 100

0
R Auz05 (10 mol%) _ 1n ,
NHPG% - THF, 60 °C RTONTTR
PG
100 311, 83-96%, 50-99% ee

R' = Me, iPr, sBu, Bn; R2 = nPr, Ph
PG = Boc, Cbz

Conversion of o’-aminoynones 100 (PG = Boc) to pyrrolin-4-ones 311 has also been
achieved by Lamaty and co-workers who used iodine in the presence of sodium
bicarbonate to activate the triple bond.3*? Two procedures were used, both of which
exhibit some unattractive features. The first method used microwave activation and PEG-
3400 as reaction medium, which was seemingly attractive because the reaction was fast
(minutes) and the conversion high (100% in most cases), but the work-up was tedious and
a lot of the product was lost. Common solvents were therefore used instead, and this gave
3-iodopyrrolin-4-ones (312) in good to excellent yields under the best conditions (Scheme
144). Unfortunately, some epimerization occurred, but in the best cases ee better than
90% was obtained.

Scheme 144. lodine-Promoted Intramolecular Hydroamination of a’~Aminoynones
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R' = Me, iPr, PhCH,
R2 = Ph, nBu, cPr, 4-Me,NCgH,

Lamaty’s overall approach gave even better results when Boc-protected o’-
aminoynones 100 (PG = Boc) were activated by a PtClo/K,COs instead of iodine.>*® With
this catalytic system PEG-3400 was a superb reaction medium when combined with
microwave irradiation. All substrates furnished 311 in excellent yield and purity, but with
respect to epimerization the picture is more mixed; for hindered substrates the
enantiomeric ratio was almost preserved, for less hindered a considerable loss was
observed in the worst cases (Scheme 145).343

Scheme 145. Pt-Catalyzed Hydroamination of Boc-Protected a’-~Aminoynones 100
under Microwave Irradiation in PEG
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o 0
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R2 = Ph, nBu, cPr, 4-Me,NCgH,4

A different approach to the synthesis of pyrrolin-4-ones was recently published by
Pale, Blanc, and co-workers.3* By exploiting the r-activation of gold cations and their
dual = and o Lewis acidities, a number of pyrrolin-4-ones were synthesized from readily
available  1-(N-sulfonylazetidin-2-yl)alk-2-yn-1-ones 313 via gold(l)-catalyzed
cyclization followed by nucleophilic substitution induced by nucleophiles added in
significant excess. The Gagosz’s catalyst [triphenylhosphine gold(l) bis(trifluoro-
methanesulfonyl)imidate3*°] was applied first, but the reaction was slow and two products
were formed, the expected 2,5-disubstituted N-sulfonylpyrrolin-4-one 311 (PG = ArSOy)
and a dimeric pyrrolinone/pyrrole compound. Switching to the JohnPhos ligand was very
productive; the reaction time dropped, the yield passed 80%, and the amount of dimer
became close to negligible. A number of nucleophiles worked very well, and among the
best were methanol which was selected when the scope of the transformation was
examined with JohnPhosAuNTT, (314). The results are summarized in Scheme 146. The
tosyl group turned out to function better than the 4-methoxybenzenesulfonyl (Mbs) and
4-nitrobenzenesulfonyl (Ns) protecting groups and certain substituents in propargylic
position improved the yield. It is also noteworthy that the reaction can be carried out in
the presence of an electrophilic halogen source, such as N-iodosuccinimide (NIS), which
paves the way for halodeauration instead of protodeauration and formation of N-tosyl-3-
halopyrrolin-4-ones 312 (Scheme 146).3%

Scheme 146. Au(l)-Catalyzed Transformation of Azetidinynones 313 into
Pyrrolinones 311 and 312
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Gouault and co-workers have also carried out intramolecular Michael addition with
[’-amino-a.,B-unsaturated ynones (71) and prepared cyclic, six-membered enaminones in
almost quantitative yields in the best cases. Attempts to achieve cyclization by activation
of the triple bond with electrophilic halogen alone (iodine and N-halosuccinimide) failed,
but when combined with a metal cocatalyst, the reaction succeeded. Screening revealed
that AuxOg, the catalyst of choice when the corresponding o’-amino-a.,3-unsaturated
ynones were cyclized, barely gave any product, but when a mixture of PPh,AuCl and
AgSbFs was used, the reaction proceeded smoothly with N-iodosuccinimide (NIS) or N-
bromosuccinimide (NBS) as a halonium source (the chloro analogue did not work).34
Under optimized conditions a series of 5-halo-2,3-dihydropyridone (316) were obtained
in moderate to excellent yield (Scheme 147). The product formation involves ammonium
intermediate 1 which, however, can also suffer protodeauration to give 317, a reaction
that lowers the yield of 316.34

Scheme 147. Au(l)-Catalyzed Halocyclization of Aminoynones 315 to 5-
Halopyridones 316
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Intramolecular conjugate addition was seemingly also achieved by Turunen, Georg
and co-workers when a series of Boc-protected ’-amino-a.,3-unsaturated ynones 318
were deprotected (HCl/dioxane or TMSI/DCM) and subsequently cyclized by using
MeOH/K>COs. Following this protocol, bicyclic enaminones 319 were prepared and
generally isolated in excellent yield with high stereoselectivity (Table 1).89%%:9 However,
mechanistic studies proved that conjugate addition did not take place; instead, addition of
halide (to give 320) and methanol (affording 321) in a Michael fashion took place before

the amine group attacked through intermediate 1 (Scheme 148).89.9



Table 1. Synthesis of Six-Membered Cyclic Enaminones 319 from Ynones 318
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Scheme 148. A Conceivable Pathway for Six-Membered Cyclic Enaminones
Formation

0)\ (A, e O»w

H HCI
320-HCI
lMeOH
! /
’ O
N~ )J\)\
319 l 321

Epimerization is a challenge when 318 underwent intramolecular cyclization and form
enaminones under the conditions given in Table 1. Georg and co-workers therefore
carried out further investigations to milder conditions that improved the yield and lowered
the epimerization.*® Such conditions were indeed found (Nal (3 eq)/HCOOH), and when
applied to 318, 319 was obtained in good yield, in several cases with a low degree of
epimerization.®

The successful preparation of the 6-membered enaminones led to exploration of the
possibility to construct 5- and 7-membered rings as well.*® The results were mixed, but
consistent in the sense that only the larger-ring compounds 323 were formed. The yields
from 322 were medium to good under two sets of conditions (Methods a and b, Table
2).% The lack of formation of the corresponding 5-membered rings is in accordance with
the hypothesis that the reaction requires an endo-trig mode of cyclization which is
disfavoured for five-membered transition states according to Baldwin’s rules.3*'3%
However, 5-membered rings were formed under other reaction conditions (Section 3.2.4).
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Table 2. Synthesis of Seven-Membered Cyclic Enaminones 323

0
/ 1) (a) 4 M HCI, dioxane or (b) Nal (3 eq), HCO,H \OZO
N ; \\2) MeOH/K,CO4 Nee=

|
322 323

Boc

Method (a): 64%
Method (b): 63%

AN

Boc (0]

Method (a): 60%
Method (b): 64%

(0]
_F
G o
N —
O
BnN / Method (a): 81%
é Method (b): 84%
¢ N
Bn
)
N
Bn

Method (a): 66%
Method (b): 65%

A reaction overall similar to the cyclization depicted in Scheme 148, takes place when
a series of 1-(2-pyridyl)-3-butyn-2-one derivatives (324), a pyrazine analogue, and an
isoquinoline analogue are treated with catalytic quantities of silver nitrate and converted
to a variety of 2H-quinolizin-2-ones (325).2%° Taylor, Unsworth and co-workers prepared
a dozen of such ketones under optimum conditions in up to quantitative yield with just 2
mol% Ag+ at room temperature (Scheme 149). | all cases except two, the substituent
attached to C-4 is an aryl group. One of the exceptions is the trimethylsilyl group which
makes a one-pot desilylation-cyclization sequence available for the preparation of
unsubstituted quinolinizinone (73). The reaction is robust and believed to involve cationic
complex I and bicycle 11 as key intermediates. An application of the reaction in natural-
product synthesis is shown in Scheme 150.2%° Starting from compound 324 the cyclization
to 325 followed by catalytic hydrogenation afforded 326, which without isolation was
oxidized to 327 and reduced to give (x)-lasubine II.

Scheme 149. Ag-Catalyzed Cyclization of B’-Amino-a,B-unsaturated Ynones 324 to
Pyridones 325
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A closely related Ag(l)-catalyzed hydroamination was reported by Fuwa and co-
workers in connection with a study of an ynone-based strategy for the synthesis of
dihydropyrones (Section 3.1.3.2.1). When p’-Cbz-protected amino ynone 329 was
exposed to AgOTHT, silver complexation to the triple bond activated the 8 carbon so that
the somewhat deactivated nitrogen group would attack and furnish N-Cbz-protected
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dihydropyridine-4-one 330 which was isolated in 50% yield (Scheme 151).17° The use of
2,6-di(tert-butyl)pyridine (DTBP) as an additive is worth noting.

Scheme 151. Ag-Catalyzed Intramolecular Hydroamination of Ynone 329

0 (@]
CbzHN —(CH)30TBDPS  AgOTf (1.1 eq)
DTBP, DCE |
BnO(CH,)3 60 °C TBDPSO(CHy)3 N (CH5)30BN
Cbz
329
330, 50%

To conclude, intramolecular hydroamination of N-protected a’- and B’-amino-o.,f3-
ynones, leading to high yields of N-protected pyrrolin-4-ones and 2,3-dihydropyrid-4-
ones, respectively, can be catalyzed by a variety of catalysts, mainly metals [Au(l),
Au(lll), Ag(l) and Pt(11)], iodine, and hydrochloric acid. Chiral substrates undergo the
reaction almost without racemization. Some o’-(pyrid-2-yl)-a,3-ynones react similarly
under Ag(l) catalysis giving quinolizin-2-ones in good yields.

3.1.3.1.2. Intermolecular Hydroamination. This conjugate addition to ynones is a
robust synthetic approach to enaminones. Ammonia and a large variety of primary and
secondary amines have been reacted with a range of ynones and furnished enaminones
with a considerable structural variation. In general, the products are stable and formed in
very good yields, except when (a) tertiary amines are applied,’®%93% (b) the substrate
contains a nucleophile that can attack the primary product (enaminone),®*%2 and (c)
primary amines are applied and the resulting products contain an electrophilic center that
can react with the nitrogen in the enaminone moiety.'>23%% Furthermore, the reaction is
stereoselective in most cases. As a general rule, ammonia and primary amines form the Z
isomer only, because of intramolecular hydrogen bonding, whereas secondary amines
give the E isomer due to the repulsion caused by steric interactions provided when the
ynone B substituent is not sterically demanding.®>*

The reactions with ammonia and primary and secondary amines have been carried out
under a variety of conditions. Some reactions have been performed at room
temperature,10235035:3% [yt higher temperatures are more common, 141184357360 eyen as
high as 120 °C*%%% and 140 °C,%? and typically with 1.0-1.1 molar eq of the amine and
no additional reagent(s), although the amine has also been used as solvent.14174244:353,354
A variety of solvents have been applied, including alcohols*®3%%3% and non-protic
solvents like PhMe,*821%0 MeCN,%62 DCM, THF,13%14 DMSO,%43%5 1 4-dioxane,°:3%
and DMF.%%" The reaction time is usually short, but when anilines with one or several
electron-withdrawing groups attached to the ring are used, even days have been required
to obtain some product.3%®
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Many examples involve aniline derivatives, which contain an additional ortho
substituent that allows subsequent cyclization and preparation of heterocycles, e.g.
indoles, 3 pyrroles,®® imidazo[1,2-a]pyridines,®’® and quinolines.®*

It is noteworthy that the enaminones do not undergo a subsequent Michael addition
under the conditions applied to perform hydroamination of the ynones. This was clearly
demonstrated by Marinelli and co-workers who used morpholine and pyrrolidine as
solvents, in reactions with 3-(2-amino-5-methylpyridin-3-yl)-1-(4-acetyl-phenyl)prop-2-
yn-1-one (331).2* The resulting enaminones 332 did not suffer conjugate addition, but
were attacked intramolecularly by the NH2 group and afforded [1,8]naphthyridines 333
(Scheme 152).2%* Amines, therefore, behave differently from thiolates when exposed to
ynones (Section 3.1.3.3.3).

Scheme 152. Intermolecular Hydroamination of Ynone 331 with Morpholine and
Pyrrolidine

Y.

1 <>
N

4 morpholine or pyrrolidine
® Ao B0 °C w
~ | COAr
N NH, N/ NH,
331 332

Y = (CH2)2, 65%
Y = CHzoCHz, 79%

Intermolecular hydroamination is the crucial step in the synthesis of number of
heterocycles found in alkaloids and pharmaceuticals products.4:182353360 Qne group of
such compounds is 3-acylquinolines 335, which Li and co-workers prepared by an
iron(I11)-catalyzed cascade reaction of ynones 71 with o-aminoaryl aldehydes and ketones
and o-aminobenzyl alcohols 334 in the presence of air.>*3 The best results were obtained
with the aldehydes which have the most reactive electrophilic center available for attack
by the intermediate allenoxy moiety formed during the conjugate addition. The results
are summarized in Scheme 153.

Scheme 153. Synthesis of 3-Acylquinolines 335 by Iron-Catalyzed Cascade
Michael Addition-Cyclization of Anilines 334 with Ynones 71
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335, 52-94%

Another example is the tetrahydro-B-carboline derivative 339,'82%0 which can be
synthesized in a one-pot, three-step reaction sequence involving an intermolecular
hydroamination of ynone 336 with tryptamine giving enaminone 337, which suffers
acylation-annulation to give intermediate 338. This iminium salt then undergoes a Pictet-
Spengler reaction to yield the final product 339 (Scheme154).3%°

Scheme 154. A Three-Step Synthesis of a Tetrahydro-B-carboline Derivative 339

NH,
y N
S
— N
o A >
y THF, 70 °C
PH
336

THF, 70 °C

339, 80% overall

Hydroxylated amines give the expected enaminones in good to excellent yields when
performed under mild conditions (EtOH, rt)34%03% and in refluxing dioxane.3%® The
reaction is stereoselective and give the Z isomers exclusively when primary amines are
used, but subsequent cyclization via hemiacetal formation followed by an elimination has
not been reported. However, the stability at elevated temperature may be limited. Thus,
when derivatives of 1,1,1-trifluoro-4-(2-hydroxy-ethylamino)-4-phenylbut-3-en-2-one
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are refluxed in ethanol, fragmentation occurs and acetophenone and a trifluoroacetamide
are formed.®> And when a sterically hindered ethanolamine like pseudoephedrine is
reacted with some 3-aryl-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-one derivatives in
refluxing dioxane that is not absolutely dry, decomposition takes place.3%®

Intermolecular hydroamination of conjugated ynones followed by cyclization has been
applied by Langer and co-workers to synthesize aminoquinolones.>? The substrates were
four 2-chloro-5-nitrophenyl 1-alkynyl ketones 150, which suffered Michael addition and
formation of enaminones 340 when treated with primary amines at elevated temperature.
Subsequent intramolecular nucleophilic substitution at the chlorine-substituted carbon
gave 6-nitro-4-quinolones 341 in up to 90% yield (Scheme 155).1%2 Nucleophilic attack
is facilitated by the remaining substituents attached to the ring.

Scheme 155. Hydroamination of 2-Chloro-5-nitrophenyl 1-Alkynyl Ketones 150
with Primary Amines

NO, NO,
0
O,N
2 2
ol o _R*NHa, K,CO oor KePOs_ o m
Y DMF, 120 °C 4 N R
NHR? R
R1 R1

150 340 341, 14-90%

R' = nBu, nPent, Ph, 4-MeCgHy,,

R2 = nPr, iPr, nPent, nHex, nHept, Cy, Ph, 3-BrCgH,4, 3-MeOCgH,4, 4-MeOCgHy, 3,5-Me,CgHj3,
2,4,6-Me3;CgHy, Ph(CH5),, 4-MeOCgH,4CH,, 3,4-(MeO),CgH3(CH5),, Ph(CH5),4, Ph(Me)CH,
3,5-(Me0),CgH3, 4-tBuPh

As pointed out, conjugate addition of primary and secondary amines to ynones is
generally stereoselective, but a few exceptions have been observed. A detailed study of
the reaction between but-3-yn-2-one and aniline has shown that the stereochemistry of
the resulting enaminone can be predominantly E or Z, depending on the conditions
prevailing during these operations. However, upon storage isomerization occurs and an
E/Z ratio of 3:97 is eventually reached.®® The consequences are even more profound
when 2-(2-aminophenyl)ethynyl 4-chlorophenyl ketone (200) is reacted with
cyclohexylamine: at 80 °C, the corresponding Z-enaminone 342 is obtained in 75% vyield,
but when the temperature is increased to 110 °C (refluxing toluene), the only product
isolated is 2-(4-chlorophenyl)-4-cyclohexylaminoquinoline (343), formed from E-
enaminone 342 by imine formation (Scheme 156).%¢3

Scheme 156. Hydroamination of Ynone 200 with Cyclohexylamine
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Other nitrogen nucleophiles than amines can undergo Michael addition to conjugated
ynones and furnish enaminones. N-Arylformamides 344 constitute a prominent group of
such compounds. When mixtures of ynones 71 and 344 in DMF are treated with
potassium carbonate, Z-enaminones 345 are obtained in excellent yields (Scheme 157).3¢7
The deformylation can conceivably occur before or after the nucleophilic attack, but since
the formyl group survives in the analogous reaction with less reactive acetylenic sulfones,
it is envisaged that the formylated enaminone is hydrolyzed in a separate, but fast
transformation after the Michael addition is complete. Enaminones 345 were further
transformed into 3-acylindoles under Cu(OAc): catalysis.

Scheme 157. Michael Addition of N-Arylformamides 344 to Ynones 71

0 X N nBu
L K,COs R
/ R2 + R | > / \
Z4 = DMF/H,0 (9:1), rt N
nBu ’}‘H X H
71 CHO 0~ "R?
344 345, 81-85%

R" = H, 4-Me, 4,6-Me,, 4-MeO,C, 4-NC, 4-Cl, 4-I, 4-NH,, 4-O,N, 3-O,N
R? = nPr, Ph
X=Cl,Br, |

Another good nucleophilic entity is 3,4-dihydroisoquinoline (346), a readily available
imine. By exposing 346 to ynones 71 in a somewhat unusual solvent mixture, brine and
toluene, Cui and co-workers obtained enaminones 347 in up to excellent yield (Scheme
158).%%8 The reaction gave the Z isomers exclusively due to intramolecular hydrogen
bonding. It is also noteworthy that when the isoquinoline had an electron-withdrawing
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substituent, no reaction occurred. An aza-Michael/hydrolysis cascade reaction sequence
via intermediates I-111 has been proposed for the transformation.36®

Scheme 158. Reaction of Ynones 71 with 3,4-Dihydroisoquinolines 346
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2-Br06H4,
- + ¥\
o 3
+
— N\/\R3 N\/\R3
RZ

Reactivity toward ynones similar to that of 3,4-dihydroisoquinolines 346 is also
exhibited by 3,4-dihydro-p-carboline imine derivatives 348, but as Cui and co-workers
discovered,*"* additional reactions occurred and dimeric B-carbolines 349 were obtained
in up to 80% yield (Scheme 159). Conjugate addition gives intermediate | which contains
a reactive iminium motif that competes with the ynone and forms zwitterion Il. This
intermediate is not stable but undergoes an intramolecular Mannich reaction which leads
to a [2+2+2] annulation reaction and formation of 349.

Scheme 159. Conjugate Addition of 3,4-Dihydro-B-carbolines 348 to Ynones 71
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Tertiary amines are nucleophilic, but neutral compounds cannot be formed unless one
or several secondary reactions take place. This is illustrated by the reaction between 1,1-
diethoxybut-3-yn-2-one (350) and triethylamine. When performed in hexane, an
exothermic reaction took place and a black, tarry material was formed.34°*% |n diethyl
ether, however, one product, 1-[2,4-bis(diethoxymethyl)-2,4-diethynyl-4H-1,3-dioxin-5-
yl]-2,2-diethoxyethanone (351), was obtained in 53% yield. The product is apparently a
trimer of 350, the formation of which can be envisaged to take place via intermediates I-
I11 by the mechanism outlined in Scheme 160.

Scheme 160. Addition of Triethylamine to Ynone 350
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0] (N+Et3 @)

351, 53% ]]
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When the diethoxymethyl moiety in 350 was replaced by an azulen-9-yl group 352,
the course of the reaction with tertiary amines changed.”® The first step was still conjugate
addition of the amine, but a Hofmann elimination then occurred and gave the
corresponding p-diethylaminoenone (353), as expected with E stereochemistry, in
excellent yield under the best conditions (Scheme 161). No trimerization was observed,
probably due to a higher electrophilicity of the carbonyl group and the significant excess
of amine used by Yamaguchi and Sugiyama.”® The yield appeared to be amine dependent,
and when the amine contained different alkyl groups, several enaminones were formed.
Intermediates I-111 have been proposed to take part in the process.

Scheme 161. Addition of Triethylamine to Azulen-9-yl Ethynyl Ketone (352)
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It should be mentioned that many of the enaminones reported in the literature have
been exposed, without being isolated, to other reagents to give other products. A crucial
factor in these cases is the presence of at least one additional reactive moiety in the
enaminones, in a position that makes it possible to interact with the enaminone motif.
This is illustrated by the examples in Scheme 162 which show the reactivity of
functionalized enaminones 354 under basic conditions with KsPO4 (to pyrroles 356)%%4
and t-BuOK (to pyridines 359),%% acid catalysis (to benzoquinolinenaphtoquinones
361),'* and metal-induced oxidations with cerium(IV) (to pyrroles 357 and 358),%
copper(l) (to pyrroles 355)%° and palladium(0) (to quinolones 360).15

Scheme 162. Preparation of Several Heterocycles 355-361 by Treating Enaminones
354 with Various Reagents
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Finally, it should be mentioned that a change of the course of reaction has been
observed when primary amines have been reacted with ynones with an aryl B-substituent
containing a formyl group in ortho position. The change is due to the fact that the amines
react faster with the aldehyde than the ynone moiety and give hemiaminals, which then
react and provide either functionalized isoindolinones or 3-hydroxyindenamines (Section
3.1.3.1, Hemiaminals).3"

As conclusion, primary and secondary amines undergo intermolecular hydroamination
under a range of conditions, giving enaminones in variable yields. Most reactions have
been carried out with substrates containing a nucleophile that has reacted with the
enaminone moiety intramolecularly and afforded cyclic products. Reactions with tertiary
amines are unimportant.

3.1.3.1.3. Reactions with Dinucleophiles. A variety of compounds with two or more
nucleophilic centers have been reacted with a range of conjugated ynones. Almost without
exception the centers are at nitrogen only or at various combinations of nitrogen, oxygen
or sulfur. The reagents used the most are dinucleophiles with the two centers directly
attached to each other (1,2-dinucleophiles), like hydrazines and hydroxylamine, but some
compounds with one or several carbon atoms between the two, 1,(n+2)-dinucleophiles,
n>1, have also been applied. And when the number of atoms in between is three or larger,
the two centers behave in essence independently and react as competing
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mononucleophiles. Reactions illustrating this point have been reported by Beletskaya and
co-workers.**®

Hydrazines. The group of reagents used most frequently is the hydrazines, which can
be classified as  N,N-1,2-dinucleophiles and comprise of hydrazine
4,28,115,148,155,157,161,185,339,349,350,362,373-375 and a number Of N-mOﬂOSUbStitUted
derivatives*?28.71:148.155,161225,373.376-380 thereof, The reactions can be performed under a
large  variety of  conditions; in  protic?81°7:253733743716380 o gprotic
solvents,*161:339,362:376.377.379 in the abhsence or presence of a catalyst such as PhsPAuUCI,*37
AgSbFs, 43> and Cu(OAC)2,*11>37377 at room temperature*28:148.161339.350373 and yp to
150 OC,155’161’ and in the absenceZS,115,157,225,339,373,376,379 or presence148,155,161 of ammonium
salts and other by-products formed in previous steps in one-pot multistep syntheses.
Almost without exception, the products isolated are the corresponding pyrazoles in good
yields, even when the reactants contained one or several moieties known to react with
either primary amines, the keto carbonyl group, and conjugated C-C double and triple
bonds.11>:362363:376.377 This way of making pyrazoles therefore appears quite robust, and it
has been used to prepare substituted pyrazoles, for instance trifluoroborates, that
subsequently have been utilized as synthetic intermediates in coupling reactions to make
a number of complex molecules (Scheme 163).28:373

Scheme 163. Conjugate Addition of Methylhydrazine to Ynones 19 Affording
Pyrazoles 362

o Me\
MeNHNH, N\'\\l
= EtOH TN
KFsB CF, 0°Ctort
19 CF5
362, 96%

Monosubstituted  hydrazines in  general give mixtures of isomeric
pyrazoles.*28373376:377.380381 The regjoselectivity is sensitive to the reaction conditions, as
illustrated by the reaction between 1,1,1-trifluoromethyl ynones 363 and N-substituted
hydrazines. In highly polar aprotic solvents such as DMSO at elevated temperature, the
regioselectivity was excellent and 364 were exclusively formed (Scheme 164).3"” When
metal salts such as Cu(OAc)2 were added and nonpolar solvents used, the regioselectivity
was completely reversed and mainly 365 were formed. In the proposed mechanism, when
DMSO was used, a Michael addition of phenylhydrazine to provide intermediates 366
took place, which by cyclization to 367 and dehydration gives the pyrazole 364. On the
other hand, in the Cu-catalyzed process intermediates I-111 have been postulated to
explain the formation of regioisomeric pyrazoles 365.

Scheme 164. Pyrazoles 364 and 365 from Ynones 363 and N-Substituted
Hydrazines
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Experiments and computational studies,®® and subsequent modelling have revealed
that solvent interactions with intermediates play an important role these reactions, and is
the reason why 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) appeared to be an excellent
solvent for the reaction between 4-aryl-1,1,1-trifluorobut-3-yn-2-one (363) and
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phenylhydrazine affording pyrazoles 365 in essentially quantitative yields at room
temperature (Scheme 165).37

Scheme 165. Pyrazole Formation by Reaction of Ynones 363 and Phenylhydrazine
in Hexafluoroisopropanol
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Sequential Michael addition and cyclocondensation of hydrazine to ynones is also
involved when 6-acyl-5-aryl-2,3-dihydropyranones 368 are reacted with hydrazine in
refluxing ethanol and furnish 3,5-disubstituted-1H-pyrazoles 369.%8! The transformation
is initiated by a nucleophilic 1,2-attack of the conjugated dihydropyranone moiety which
is followed by a Grob-type fragmentation (C-C and C-O bond cleavages) and concomitant
formation of ynones 71 and hydrazides 370 (Scheme 166). These ynones then react with
hydrazine and afford the corresponding pyrazoles 369 as a mixture of regioisomers.38!

Scheme 166. Reaction of Dihydropyranones 368 with Hydrazine Giving Pyrazoles
369
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369, 60-80%

Finally, it should be mentioned that hydrazine reacts regioselectively with 7-
(triisopropylsilyl)-2,2-dimethylhept-4,6-diyne-3-one (371) and furnishes 3-tert-butyl-5-
(2-triisopropylsilylethynyl)pyrazole (372) (Scheme 167).%°
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Scheme 167. Regioselective Formation of Pyrazole 372 from Diynone 371
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Nitrite. The nitrite ion can function as an N-nucleophile and forms nitro compounds
or acts as an O-ligand and forms nitrites, so the ion is a N,O-1,2-dinucleophile. In
reactions with o,-ynones the species appeared to react as a nitrogen nucleophile as
reported by Marinelli and co-workers.%® They studied the reaction between sodium nitrite
and B-(2-aminoaryl)-a.,3-ynones 200 under slightly acidic conditions and discovered that
conjugate addition of HNO: took place, but the primary product (374) suffered cyclization
and formed 4-nitroquinolines 373 in good yields (Scheme 168). The outcome was catalyst
dependent; the best results were obtained with ammonium chloride.*

Scheme 168. Conjugate Addition of Nitrite to Ynones 200 Followed by Cyclization
to Quinolines 373
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X=H,CI
R = nPent, Ph, 2—BrCsH4, 3-M9C6H4, 4-MGOCGH4, 4-C|C6H4, 4-ACC6H4,3-MGO2CC6H4,
3-F3CCgHy, 2-furyl, 2-thienyl, 1-naphthyl

To conclude, hydrazines react with ynones as dinucleophiles and form pyrazoles, in
general in good to excellent yields. Substituted hydrazines form mixtures of isomers in a
ratio that is influenced by addition of metal ions, in particular Cu(OAC)>.

Hydroxylamine. Hydroxylamines can be classified as N,O-1,2-dinucleophiles. Only a
few ynones have been reacted with this reagent. If no special measures are taken, the
expected isoxazoles are not formed at all; the only or main product is the corresponding
5-hydroxy-4,5-dihydroisoxazole derivative which is formed by amino attack of the triple
bond, hemiacetalization, and finally, imine formation by double-bond migration. The
yields are generally good to excellent.

The simplest ynone reacted with hydroxylamine is 1,1-diethoxybut-3-yn-2-one (350),
which furnishes 5-diethoxymethyl-5-hydroxy-4,5-dihydroisoxazole in 84% isolated
yield.34°3%0 Attempts to convert this compound into the corresponding isoxazole under
acidic conditions failed, which is not totally unexpected considering its low empirical
resonance-stabilization energy.*®? Four hydroxylated derivatives of 350, such as 1,1-
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diethoxy-5-hydroxyalk-3-yn-2-ones (375), exhibited the same reactivity and gave 5-
diethoxymethyl-5-hydroxy-3-(1-hydroxyalkyl)-4,5-dihydroisoxazoles (376) in better
than 80% yield (Scheme 169).37* It is noteworthy that the carbonyl group is attacked by
the OH group attached to nitrogen and not to C-5; this is due to the Z-stereochemistry of
enaminone 377 formed in the first step.3>

Scheme 169. Reaction of Ynone 375 with Hydroxylamine
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Similar reaction conditions were applied by Xie and co-workers who treated alkynyl
aryl ketones 71 with a mixture of hydroxylamine hydrochloride and KOH in methanol.
The base was used in excess, conceivably to facilitate dehydration and isoxazole
formation, but that reaction did not occur, so 5-hydroxy-4,5-dihydroisoxazoles 378 were
instead obtained in excellent yields.®® It is noteworthy that the nature of the aryl
substituents did not influence the reaction at all (Scheme 170). However, when the base
was changed to acetate and the solvent to THF, dehydration occurred and the expected
3,5-disubstituted isoxazoles 379 resulted in acceptable to good yields.%®

Scheme 170. Synthesis of 5-Aryl-5-hydroxy-4,5-dihydroisoxazoles 378 and 3,5-
disubstituted Isoxazoles 379 from Ynones 71 and Hydroxylamine
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379, 44-87% R? = Ph, 4-MeCgHy, 2-furyl, 2-thienyl, Cy

Similar reaction conditions were applied by Svete and co-workers to prepare
isoxazolines from Boc-protected o‘-aminoynones 100 (Scheme 171).1%2 The Boc-
protected amino group reacted with the hydrochloride and generated hydroxylamine
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which afforded the 5-hydroxy-4,5-dihydroisoxazoles 380 in fairly good yields. Unlike
378, which did not aromatize under a range of acidic conditions, 380 reacted smoothly
when treated with HBr/HOACc at room temperature and gave the corresponding isoxazoles
381.102

Scheme 171. Synthesis of Isoxazoles 381 from Boc-Protected a-Aminoynones 100
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R =H, Me, Bn

Amidines. Amidines are N,N-1,3-dinucleophiles that react with ynones and afford
substituted pyrimidines (382) if no other functional group intercepts any of the
intermediate involved. Although the reaction is simple to carry out, few examples have
been reported in the literature probably because the yield is usually below 50%. Reactions
with three alkynyl aryl ketones (71), carried out under one-pot conditions, illustrate this
(Scheme172).13°148 The ketones were made by a Sonogashira reaction and then reacted
without isolation with an amidine generated in situ to give 2,4,6-trisubstituted
pyrimidines 382.1°

Scheme 172. One-Pot Synthesis of Pyrimidines 382 from Amidines and in-situ
Generated Ynones 71
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382, 30-81%

Amidine addition to ynones was also applied by Svete and co-workers to convert (S)-
N-Boc-alanine-derived ynones 100 into the corresponding tert-butyl (S)-(1-(pyrimidin-4-
yl)ethyl)-carbamates 383 (Scheme 173).38* The reactions were easy to perform, but the
yields were low, and the ee values for the optically active products were not determined.
However, removal of the Boc group under standard conditions (2M HCI/EtOAc) was
uneventful and furnished most of the corresponding free 1-(pyrimidin-2-yl)ethylamines
in better than 80% yield. 3%

Scheme 173. Reaction of Amidines with Boc-Protected a‘-Aminoynones 100
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R
0
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100 383, 23-59%

R = H, Me, Ph, 3-0,NCgH,, 4-H,NCgHy,1H-benzo[d]imidazol-2-yl, 1H-pyrazol-1-yl

It should also be mentioned that benzamidine, generated in situ from the corresponding
hydrochloride, reacts regioselectively with 5-(triisopropylsilyl)-1-phenylpent-2,4-diyne-
1-one (305) and furnishes 2,6-diphenyl-4-(2-triisopropylsilylethynyl)pyrimidine (384)
(Scheme 174).3%

Scheme 174. Regioselective Pyrimidine 384 Formation from Diynone 305
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A change of the course of reaction is observed when amidine derivatives with the
general structure R2C(NH)NHR! are reacted with 2-(2-aminophenyl)ethynyl 4-
chlorophenyl ketone (200).%% The final product depends on the structure of the amidine,
but in any case, the pyrimidine formation is prevented by aniline interception of the
primary product. When R? = H and R? # H, quinolines 385 are formed in excellent yields,
but when both R! and R? # H quinazolines 386 were obtained, also in excellent yield
(Schemel75). The conceivable intermediate I suffers aniline trapping and gives 385 by
attack of the carbonyl group (pathway a) and 386 by attack of the amidine motif (pathway
b). Finally it should be mentioned that 3H-quinazolin-4-ylideneethanones are formed in
high yield when 200 reacts with N-imidoyliminotriphenylphosphoranes
[RC(NRY)NPPh3)]; in these cases HN=PPhs is released instead of primary amine
RINH,.%3
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Scheme 175. Reaction Between Ynone 200 and Amidines

- R'NH; 386, 83-89%

385, 85-90%
° R' = Me, 4-CICgH,, 4-MeOCgH,

R? =Ph

R'=H; R? = Me, Ph

Svete and co-workers have also reacted ketone 100 with three unsymmetrical cyclic
amidine derivatives, 3-aminopyrazoles 387, and obtained in each case one major product,
a tert-butyl (S)-(1-pyrazolo[1,5-a]pyrimidin-7-yl)ethyl)carbamate derivative (388), and
in two cases one minor product, a tert-butyl (S)-(1-pyrazolo[1,5-a]pyrimidin-5-
yl)ethyl)carbamate derivative (389) (Scheme 176).334 The formation of both products
starts with a nucleophilic 1,4-attack of the ynone 100, either by the primary amino group
(path a) or the ring NH group (path b), and intermediates I and 11, respectively, thus
formed, suffer condensation by attack of the carbonyl group and furnish 388 and 389,
respectively, through the hydroxy derivatives 390, 391, respectively.

Scheme 176. Reaction of a-Aminoynones 100 with 3-Aminopyrazoles 387
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Hemiaminals. These compounds are N,0O-1,3-dinucleophiles that are not isolable, but
are the first intermediate formed when amines react with aldehydes and ketones to form
imines. Cao, You and co-workers discovered that if such dinucleophiles are generated in
reactions with a formyl group ortho to a 3-oxoalk-1-ynyl substituent, the imine formation
is intercepted and products different from enaminones are obtained.®”> Exploratory
experiments revealed that two main types of products, isoindolinones and 3-
hydroxyindenamines, were formed when primary amines were used. When so-called
small amines were reacted with o-alkynylarylaldehydes 392, that are not very electron
poor, 393 were exclusively obtained. The reaction is a multistep process involving many
intermediates including I-1V (Scheme 177). However, when sterically demanding amines
were used, 394 were obtained in up to 92% yield (Scheme 178). On this basis, Cao, You
and co-workers argued that addition of NEts to the reaction medium could prevent
conjugate addition of any hemiaminal to the ynone. That turned out to materialize; when
small amines (RNH;) were reacted with o-(3-oxobut-1-ynyl)benzaldehyde (392, R! = H;
R? = Me) in the presence of NEts, ketone 394 was obtained in up to quantitative yield in
a multistep reaction passing through intermediates 1-1V (Scheme 178). Enone 1V gives
3-hydroxyindenamine 394 by a Petasis-Ferrier rearrangement.3’> Whether the proton
abstraction in the conversion of 111 to IV is an intramolecular transformation or not has
not been proved; an intermolecular reaction seems in fact to be more likely.
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Scheme 177. Reaction of Ynones 392 with Primary Amines
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Scheme 178. Regioselective Reaction of Ynone 392 with Amines

H
O NHR
— + RNH, —»MeiN O’
o 60 °C O
392 OH
394, 47-92%
NEt,
MeCN R = tBu, Cy, (S)-Ph(Me)CH,
60 °C MeOC(O)CH,, MesNCH,CH,
NHR
E I 0]
OH R = Bn, nPr, nBu, iBu, iPr, cPr, cBu,
394, 65-99% cPent, 2-furyl)CH,, HCCCH,
NHR NHR QIHR
OH AP 9
_ EtsN ql
EtN 0 I
3 )
o]
(0]
| I m v

Guanidines. Guanidine, which can be classified as N,N-1,3-dinucleophile, react with
ynones to give 2-aminopyrimidines. The reactions are usually carried out by treating
mixtures of ynone and guanidinium chloride with a base, wusually a
carbonate!39162.182183.225 Kt also sodium hydride, %303 jn various solvents at
temperatures ranging from room temperature to 120 °C. The corresponding 2-
aminopyrimidine derivatives were generally obtained in fairly good yields,162182.183:350

Some applications of the transformation is illustrated in Scheme 179. The ynone 1,1-
diethoxybut-3-yn-2-one (350) reacts with guanidine affording 4-diethoxymethyl-2-
aminopyrimidine (395) in almost quantitative yield when NaH was applied to generate
the guanidine.3#93%° However, when chain-elongated derivatives of 350 with a hydroxyl
group in propargylic position were reacted under the same conditions, the pyrimidine
yield dropped significantly due to by-product formation, conceivably caused by the
lability of the OH group.®”* Cleaner decomposition was observed when a TMS group is
attached to the triple bond; this group suffers proton-induced cleavage and the product
becomes the corresponding 2-amino-4-arylpyrimidines with no substituents at C5 and C6
(396).139182183 However, ynones 71 with less reactive functional groups, such as
heterocyclic aromatic moieties and alkyl groups, reacted cleanly and furnished the
expected pyrimidines in high yields.'®? This reactivity was utilized by Miiller and co-
workers'®? to prepare indol-3-yl-substituted pyrimidines 397, which are structurally
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related to marine natural products belonging to the meridianin class of compounds and
have displayed a considerable potential as kinase inhibitors.3%

Scheme 179. Reaction of Ynones 350 and 71 with Guanidine
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Two 1-alkynyl ferrocenyl ketones (195) have also been reacted with a substituted
guanidine, 4-benzoylamino-4-ethoxycarbonylbutylguanidine (398). The reaction
proceeded smoothly and gave the expected pyrimidines 399 albeit in rather low yields
(Scheme 180).2%

Scheme 180. Reaction of Ferrocenyl Ketones 195 with Guanidine Derivative 398
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Another compound that can be regarded as a guanidine derivative is methyl 5-amino-
1H-1,2,4-triazole-3-carboxylate (400) which has been reacted with (S)-N-Boc-alanine-
derived ynone 100 by Svete and co-workers.®* A smooth reaction occurred and afforded
methyl (S)-7-{1-[(tert-butoxycarbonyl)amino]ethyl} [1,2,4]-triazolo[1,5-a]pyrimidine-
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2-carboxylate (401) in 81% vyield, conceivably via intermediate 402 which is aromatized
by dehydration (Scheme 181).

Scheme 181. Reaction of Ynone 100 with 5-Amino-1,2,4-triazole 400
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0-Phenylenediamines. o-Phenylenediamines (403), which can be classified as a N,N-
1,4-dinucleophiles, usually undergo a Michael addition followed by a cyclocondensation
when reacted with ynones and afford benzodiazepine derivatives 404. Srinavasan and co-
workers performed the first thorough study of the reaction when they prepared a large
number of such derivatives in a two-step, one-pot synthesis under aqueous conditions;
the the first step was synthesis of the required ynones by Pd(Il)-catalyzed coupling of
aromatic acid chlorides with arylethynes, the second being addition of phenylenediamines
(Scheme182).17* In general, yields in both steps were excellent irrespective of the
substituents attached to the aryl groups. However, attempts to use 1,2-diamino-4-
nitrobenzene as a the phenylenediamine reagent failed.}™ It is also noteworthy that the
reactions between 1,2-diamino-4-methylbenzene and ynones where Ar' # Ar? are
regioselective and give only the isomer with Ar! closest to the methylated benzodiazepine
carbon. A corollary of this is that the first step, the Michael addition, involves the amino
group para to the methyl group, not the one that is in the meta position.

Scheme 182. Synthesis of Benzodiazepines 404 from in-situ Generated Ynones 71

and o-Phenylenediamines 403
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Ar! = Ph, 4-CICgH,, 4-MeCgHy, 4-MeOCgH,, 2-MeCgHy, 2-thienyl, 2-furyl
Ar2 = Ph, 4—MeC6H4, 4-M9006H4, 3-FCGH4, 4-F3CCGH4

An even more extensive study has been published by Cui and co-workers who in
particular varied the substituent at C-4 in the o-phenylenediamine (403) much more
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widely.® The benzodiazepines 404 were not isolated because the syntheses were the first
step in two-step, one-pot preparations of quinoxalines 405 which were obtained by a base-
promoted CHz-extrusion of 404 (Scheme 183). Thus, the yields are the outcome of the
two-step synthesis. The general trends are the same as reported by Srinavasan!’* with
respect to both substituent influence and regioselectivity. It should also be noted that 2,3-
diaminonaphthalene reacted in the same fashion as o-phenylenediamine and gave the
corresponding naphtho[2,3-b][1,4]diazepines, albeit in rather low yield (43-46%).3%
Finally, it should be added that a number of benzodiazepines have been prepared in goods
yield by treating B,y-unsaturated ynones with various o-phenylenediamines, the key step
being the isomerization of the primary products, B,y-unsaturated enaminones, to the
corresponding o, B-unsaturated analogues which undergo the expected condensation. 8

Scheme 183. Synthesis of Benzodiazepines 404 and Quinoxalines 405 from Ynones
71 and 0-Phenylenediamines 403
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R = H, 3-Me, 4-Me, 4,5-Me,, 4-F, 3-Cl, 4-Cl, 4-Br, 4-CF3, 4-tBu

The reflux conditions applied by both Srinavasan and Cui are probably quite
instrumental to achieve condensation and imine formation at the carbonyl group after the
Michael addition because when ynone 350 was reacted with o-phenylenediamine in
ethanol at room temperature, the reaction stopped after the first step and furnished
conjugated enaminone 406 stereoselectively with Z configuration (Scheme 184),3493%0

Scheme 184. Conjugate Addition of o-Phenylenediamine (403) to Ynone 350
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Ethylenediamine. This is a N,N-1,4-dinucleophile which has barely been reacted with
ynones, but appears to give products that are sensitive to the reaction conditions applied.
This was clearly illustrated when ynone 350 was reacted and furnished both monoadduct
407 and bisadduct 408 (Scheme 185) in a ratio that was sensitive to the reaction
conditions, in particular the time of reaction.34*** Investigations of the stability of the
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products revealed that 407 suffers disproportionation and forms 408 and diamine upon
storage at room temperature, whereas 408 react with diamine under the same conditions
and gives two molecules of 407. Thus, the product composition is the result of the overall
equilibrium position of two reversible, interconnected reactions.

Scheme 185. Reaction of Ynone 350 with Ethylenediamine
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Similar results were obtained by Alabugin and co-workers when ynones 71, with an
internal carbon-carbon triple bond, were reacted.3®® When the reactions were carried out
at 25 °C, monoadduct 409 and bisadduct 410 were the only products obtained, but at
temperatures above 100 °C, extensive decomposition to 4-fluoroacetophenone and 4,5-
dihydro-1H-imidazole derivatives occurred (Scheme 186). Computational studies
indicated that the fragmentation was triggered by generation of a cyclic aminal (411),
formed by Michael addition of the primary amino group to the enone moiety in
monoadduct 409. 388

Scheme 186. Reaction of Ynone 71 with Ethylenediamine
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0-Aminobenzamides. These amides 417 are N,N-1,5-dinucleophiles, which Cheng, Cui
and co-workers have applied to convert ynones 71 to 4(3H)-quinazolines 413.3%° The
best yields were obtained in toluene at 90 °C in the presence of TFA. Several other
solvents were almost as good, but the yield dropped significantly when NMP, DMF, and
H>0 were used. In the absence of TFA no product was formed. As far as the substrate is
concerned, the yield is good to excellent as long as the alkynyl group is not very electron
poor. The same is the case with the dinucleophile, methylated and halogenated derivatives
give just as high yields as o-aminobenzamide (412, R = R? = H) (Scheme 187).3% The
reaction is rather complex because the triple bond is cleaved and acetophenone
concomitantly released in the last step of the transformation. A plausible reaction
mechanism is outlined in the Scheme: after formation of enaminone 414 cyclization to
products 413 occurred through intermediates I and I1. It should also be mentioned that 2-
aminothiophene-3-carboxamide reacts similarly to o-aminobenzamide and gives the
corresponding product in 45% yield.3%

Scheme 187. Synthesis of 4(3H)-Quinazolines 413 from Ynones 71 and o-
Aminobenzamides 412
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3.1.3.2. Oxygen Nucleophiles. The variety of oxygen nucleophiles that have been
reacted with ynones, is limited. Most reactions have involved alcohols, and some have
been carried out with alkoxides. Another feature is the predominance of intramolecular
reactions, which is probably related to the somewhat limited stability of acyclic vinyl
ethers.

3.1.3.2.1. Intramolecular Reactions. Most intramolecular conjugate-addition
reactions with oxygen nucleophiles involve alcohol motifs properly positioned relative to
the ynone B-carbon. Proper positions are those carbon atoms that allow formation of 5-
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or 6-membered oxygen heterocycles. In addition, some activator must usually be added
to increase the electron-density difference between B-C and the nucleophilic center(s).

Activation by Acids. The activators used most frequently are various Brgnsted acids,
of which p-toluenesulfonic acid (PTSA) predominates. The reactions with this acid are
usually performed in benzene or toluene at room temperature with a reaction time up to
24 h in some cases.?>%"8.3% Under these conditions, dihydroxylated o,B-unsaturated
internal ynones have given spiroketal substructures and dioxabicycloalkane motifs, found
in highly oxygenated natural products, in excellent yields with retention of configuration
at stereocenters and with minimal by-product formation. Applications of this powerful
transformation are shown in Scheme 188.

Scheme 188. Synthesis of Fragments of Various Natural Products (415, 417, 419 and
421) by Intramolecular Conjugate Additions of Alcohols to Ynones 13, 416, 418 and
420
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PMBO
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- ~
- ~
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S OH PTSA BnO \:>
\ - - N \
OBn PhMe, rt R
z O BnO
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420 Dinemasone A intermediate 421, >79%3%

When only one OH group is properly positioned to react with the ynone moiety, other
acids have consistently been applied. Thus, Tietze and co-workers completed the
synthesis of a new antitumor agent, 4H-anthra[l,2-b]pyran-4,7,12-trione (422), by
refluxing ynone 51 for a short time in HOAc containing a few drops of H.SO4 (Scheme
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189).%2 The reaction is a two-step process; first the two ethers are cleaved and then the
phenol group in the vicinity of the ynone undergoes conjugate addition.

Scheme 189. Synthesis of 4H-Anthra[l,2-b]pyran-4,7,12-trione (422) by
Intramolecular Cyclization of Ynone 51

OiPr O OiPr O

O‘O A HpS0y (cat.), HOAG, reflux
)

51 422, 97%

Conjugate addition of phenols under acidic conditions was investigated thoroughly by
Doi and co-workers who converted o-alkynoylphenols 423 to y-benzopyranones 424 in
high yield (up to 96%) under optimum reaction conditions.®** Many acid catalysts gave
no product, but when cyclization occurred, the 3 carbon was attacked regiospecifically;
no aurone due to o attack was observed. A library of benzopyranones was then prepared
with application in natural-product synthesis in mind (Scheme 190). Mechanistically, the
reaction appears not to be a conjugate addition of phenols to ynones; first triflic acid
attacks and forms vinyl ester 425, which is subsequently attacked by the phenol giving a
pyranone moiety after expulsion of the triflate.

Scheme 190. Synthesis of Flavones 424 by Intramolecular Cyclization of Ynones 423

0 (@]
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S
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R = H, 2-MeO, 3-MeO, 4-MeO, 5-MeO o Ar
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3,4-(MeO);CeH, 34,5-(MeO)sCely R
OH
425

Triflic acid was also employed by Taylor and Bolshan to synthesize 5-
methoxyflavones.?® The methoxy group did not react under these conditions, which is
interesting considering the reactivity exhibited by 1-(2-methylchalcogenophenyl)prop-2-
yn-1-ones (Section 3.1.3.3.3).3%

Intramolecular acid-catalyzed conjugate addition of a hydroxy group to an ynone can
lead to the formation of other products than vinyl ethers and ketals if a C-C double bond
or an electron-rich aryl group is properly located elsewhere in the molecule. Fafianas and
co-workers investigated a number of such compounds with the general structure 426.3%
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When exposed to TfOH, HBF4 or polystyrene-bound PTSA (PS-PSTA), a number of 9-
oxabicyclo[3.3.1]nonenes 427 were obtained, in particularly high yield when PS-PTSA
was employed. A reasonable mechanistic proposal has been presented and some of the
intermediates (I-1V) are shown in Scheme 191.3% The yield was also excellent when two
3-methoxybenzyl groups were attached to C7 in ynone 426, as it is depicted in the Scheme
191 for compound 428 and the product 429.

Scheme 191. Formation of 9-Oxabicyclo[3.3.3]nonenes 427 and 429 by Acid-
Catalyzed Double Intramolecular Michael Addition to Ynones 426 and 428
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Conjugate addition of a benzylic alcohol generated in the proximity of an ynone during
a reaction was observed by Sydnes and co-workers in their study of chemical properties
of quinoxaline derivatives.®* When some 3-(1-aryl-4,4,5,5-tetraethoxy-1-hydroxypent-
2-ynyl)quinoxaline-2(1H)-ones (430) were subjected to PTSA in refluxing aqueous THF,
deacetalization and enolization generated intermediate 431 which cyclized in a 5-exo-dig
fashion and gave consistently two products, the expected furo[2,3-b]quinoxaline 432 and
its isomer 433 in a ratio of about 2.5:1 and a total yield better than 75% (Scheme 192).

Scheme 192. Formation of Furoquinoxalines 432 and 433 from Quinoxalinones 430
by Intramolecular Cyclization
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Ar, OH Ar OH
N
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N O
H CH(OE), H(OE),
430
LA OHQ
432, 51-67% 433, 21-31%

Ar = Ph, 3-MeC6H4, 4-MGC6H4, 3-C|CGH4, 4-C|C6H4, 3-02NC5H4

In conclusion, intramolecular alcohol addition to ynones under acidic conditions is
most frequently catalyzed by p-toluenesulfonic acid. When possible from a structural
point of view, diaddition with acetal formation occurs with retention of the alcohol
configuration. The yield is usually good to excellent. Phenols react with monoaddition
and flavone formation. If the substrate contains an olefinic moiety, more elaborate
reactions have been reported.

Activation by Bases. Intramolecular conjugate addition of alcohols to ynones has been
achieved under a variety of basic conditions. The mildest and simplest reaction consists
of stirring the substrate in a solvent in the presence of EtoNH. This reaction has been
applied to fuse a 4-pyranone to an aromatic core with an OH group attached ortho to the
carbonyl group in the ynone moiety. The reaction starts with hydroamination of the ynone
65, followed by oxygen attack of the resulting enaminone (434), and is completed by
expulsion of diethylamine. Brimble and co-workers used this approach in their studies of
syntheses of rubromycins (435),%® and so did Suzuki and colleagues in their successful
total synthesis of y-indomycinone in nine steps from juglone involving compounds 436-
438 (Scheme 193).%%!
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Scheme 193. Diethylamine-Promoted Intramolecular Cyclization of Ynones 65 and
436
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DMAP was used by Castillo-Contreras and Dake to activate the OH group in phenol
439 for conjugate addition to the ynone unit.®* With three carbon atoms between the
aldehyde group and the B carbon in the triple bond, the vinylic carbanion formed when
the Michael addition took place would react with the formyl group and form another 6-
membered ring. This tandem process afforded tetrahydroxanthone derivatives 440 in fair
yields along with small amounts of flavones 441 (Scheme 194).3*

Scheme 194. Synthesis of Tetrahydroxanthones 440 from Ynones 439
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R CHO R! R
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Nk Do | * L,
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R'=H, Br, CCH; R2=H, BnO trans/cis: 2.3/1 - 2.4/1
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Basic activation was also applied by Rager and co-workers in the preparation of 2-
ferrocenylchromen-4-ones (443) starting from ferrocenyl ynones 442 (Scheme 195).3%

Scheme 195. Synthesis of Chromen-4-ones 443 from Ynones 442

o
— NaOEt )
EtOH
R OH tOH, rt
442 443, 63-68%
R =H, Br, MeO

Kishi and co-workers, in their study of the total synthesis of halichondrin C,
deprotected silyloxy moieties under basic conditions to facilitate the intramolecular
conjugate addition of alcohols to the ynone unit.3® A model study showed that the
outcome was dependent on the method applied to carry out the deprotection. When triple
Si-protected trihydroxy ynone 444 was allowed to react during the treatment with HF
followed by DBU, intramolecular diaddition took place via enone 445 giving the acetal
446. These conditions were then applied in the synthesis of the right half of polyether
halichondrin C (448) (Scheme 196). The ynone precursor (447) was prepared by DMP
oxidation of the corresponding propargylic alcohol in 94% yield.

Scheme 196. Acetal Formation in a Model Compound 446 and the Right Half 448 of
Halichondrin C by Conjugate Addition of a Diol to an Ynone moiety
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Enolates are C,0-1,3-dinucleophiles, and although reactions at carbon predominates,
O- versus C-alkylation is occasionally an issue to keep in mind when enolate chemistry
is applied. This was the case when Huang and co-workers reported that the enolate from
some alkyl 2-arylethynyl ketones 71 reacted with a large variety of a-cyano-a,p-
unsaturated enones 449 and the enolates thus formed reacted with the ynone moiety in a
Michael fashion with the oxygen nucleophile (Scheme 197).3°" This domino process,
formally a [4+4] cycloaddition, afforded eight-membered cyclic ethers 450. Optimization
studies revealed that the best base to apply was 1,4-diazabicyclo[2.2.2]-octane (DABCO)
whereas the best solvent was a mixture of ethylene glycol and toluene. Two plausible
mechanisms for the stepwise cyclization have been suggested.

Scheme 197. DABCO-Mediated [4+4] Domino Annulation of Ynones 71 and a-
Cyano-a,pB-Unsaturated Enones 449

o)
o)
R DABCO (1 eq)
= + — ~ 0
" 7 NG R glvcollPhMe (2:1), it /TR
71 449 R® CN

450, 33-80%

R'= Ph, 4-MeCgH,, 4-FCgH4; R2 = H, Me, Me,; R® = Ph, 4-MeCgH,, 4-BrCgH,
R4 = Ph, 2-MeC6H4, 3-MeC6H4, 4-MeC6H4, 4-FC6H4, 4-C|C6H4, 2-BrC6H4, 3-BrC6H4,
4-BrCGH4, 4-MeOC6H4, 4-F3CC6H4, 2,4-C|2C6H3, 1-naphthy|, 2-naphthy|, Cy
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An enolate eventually attacking an ynone intramolecularly as an alkoxide was
observed by Deng and co-workers when a variety of 2-diazo-3,5-dioxo-6-ynones (451)
were treated with various weak basis.3%® Under optimum conditions a clean reaction took
place and pyrano[3,2-c]pyrazol-7(1H)-ones (452) were obtained in high yield (Scheme
198). A mechanism for the reaction shows that a key element is the ability the diazo group
has to engage in a 6-r electrocyclic ring closure of intermediate I, which in this case leads
to formation of a pyrazole and an alkoxide Il that attacks the ynone in a Michael fashion
to give 111, precursor of the product (452) through its tautomer 453.3%

Scheme 198. EtsN-Promoted Cyclization of Ynones 451 to Pyranopyrazolones 452

(0] (0] (0]
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4-MeOCgHy4, 4-CICgH,4, 3-thienyl, cPr
R = Ph, OEt

Conjugate addition of a phenol generated in the proximity of an ynone motif during a
reaction has been observed in a few cases. In studies of xanthofulvin and vinaxanthone
syntheses, Siegel and co-workers benefitted from such a transformation in the conversion
of flavones 454 to xanthones 455 (Scheme 199).3%*° The crucial stage in this multistep
transformation is a 6-exo-dig attack of an ynone moiety by the phenol in 457 generated
after the initial attack of 454 by methyl acetoacetate (MAA) enolate giving intermediate
456. After tautomerization, the resulting compound (458) gave ester 459, but this
compound does not survive the rather basic conditions and undergoes an aldol-type
condensation to provide the final product 455. This (at least) six-step one-pot reaction is
a high-yield process; for instance, when R = tert-butyl, R* = pivaloyl (Piv) and R? =
methoxymethyl (MOM) the overall yield is 83%.3%° The same rearrangement can be
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performed by treating flavones with EtsN in aqueous MeCN at room temperature, there
are two significant difference: 1) due to the mild basic conditions, the reaction can be
stopped before the condensation takes place, and 2) since there is no substituent attached
to the flavone C-2 carbon, a formyl group and not a long carbon chain will be attached to
C-3 in the final product (460) (Scheme 199). Siegel and co-workers took advantage of
these differences and succeeded in performing Diels-Alder reactions with a number of
conjugated ynones (Section 3.2.3). Compound 455 has been used for the synthesis of

xanthofulvi

n,400

one of the most promising leads in the development of treatments for
spinal cord injury.

Scheme 199. Conversion of Flavone 454 to Xanthone 455
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Activation by Silver Salts. Intramolecular monoconjugate addition of alcohols to
ynones has also been achieved with a number of ’-hydroxy o,B-unsaturated ynones by
addition of a Ag(l)-salt, which functions as a catalyst by forming a complex with the triple
bond and render the B-carbon in particular more electrophilic. All reactions reported have
been carried out in essentially the same way using silver triflate in DCM, either at room
temperature or 100 °C, with a reaction time up to a few hours, and without exceptions,
the products formed are 2,3-dihydro-4H-pyran-4-one derivatives, which are frequently
isolated in excellent yield (even when the substrate also contains other oxygen atoms that
conceivably could influence the outcome of the reaction through complexation or
hydrogen bonding).67'98'99'169'17°'4°1

It is noteworthy that the cyclization occurs with retention of configuration at the
hydroxylated carbon atom which becomes a member of the 2,3-dihydropyranone formed
during the conjugate addition. Thus, the ee of the heterocycle is essentially identical to
that of the substrate, the B-hydroxy a,B-unsaturated ynone 461, and Shibasaki and co-
workers therefore opted for introducing the hydroxylated stereocenter by a Cu(l)-
catalyzed enantioselective aldol reaction [using (R)-DTBM-SegPhos as chiral ligand] in
the last step before cyclization by conjugate addition catalyzed by AgOTf to yield chiral
pyranone 462. Under the optimized reaction conditions ee was in the 75-93% range, even
when the acetylenic ketone changed from a methyl to an ethyl ketone (Scheme 200).4%*

Scheme 200. Ag-Catalyzed Intramolecular Cyclization of Ynone 461 to Give
Dihydropyranone 462
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Some applications of AgOTf-catalyzed intramolecular conjugate addition of alcohols
to ynones in the preparation of natural products illustrate the usefulness of this
transformation in organic synthesis. Thus, Fuwa and co-workers used the method to
prepare the AB-ring fragment 464 of the very complex marine polycyclic ether gambierol
from ynone 463, but it is interesting to note that the yield became excellent only after it
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was discovered that improvements were made by adding 2,6-di-tert-butylpyridine
(DTBP) (Scheme 201).%” The same reaction is the most striking feature in the
enantioselective synthesis of a fragment 465 of diospongin A from L-malic acid derived
ynone 103, published by Reddy and co-workers (Scheme 201).%

Scheme 201. AgOTf-Catalyzed Intramolecular Conjugate Addition of an Alcohol to
an Ynone in Compounds 463 and 103 in Natural Product Syntheses
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Silver-catalyzed attack by a keto oxygen atom is involved when cyclization of 2-diazo-
6-ynones 451 leads to the formation of y-pyrones 466. A key element is enolization of the
keto moiety at C-3 which renders its oxygen atom more prone to attack the -carbon in
the triple bond. As reported by Deng and co-workers, the success of the reaction is
critically dependent on the reaction conditions, in particular the nature of the silver salt.%2
Of a very large number of catalysts tested, AgSbFes in methanol turned out to be the best
choice to achieve predominantly a Michael addition and form 466, but a small amount (<
6%) of (2H)-furan-3-one 467 was formed in most cases. On an average, the total yield of
the two heterocycles was 96% with a pyrone/furanone ratio of 98:2 (Scheme 202).4%2
Using AgOAc instead of AgSbFs changed the outcome completely.

Scheme 202. AgSbFs-Catalyzed Pyrone 466 Formation from Diazoynones 451
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R' = Ph, 4-MeCgHy, 4-nPrCgH,, 3,5-tBu,CgH,, 4-MeOCgHy, 4-CICgHy4, 4-FCgHy4, (E)-PhCH=CH,
Me,C=CH, (E)-Me(CH5)¢CH=CH, 3-thienyl, cPr, nBu, Me3Si
R? = Ph, OEt, benzylcarbamate
In conclusion, AgOTT is a particularly excellent catalyst for intramolecular Michael

addition of a 3’-C hydroxyl group to an a,-ynone, giving 2,3-dihydropyran-4-ones in
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very good yields. It is noteworthy that the reaction takes place with retention of the
alcohol configuration.

Activation by Other Metal Salts. Conjugate addition of alcohols to ynones has basically
been performed with relatively nucleophilic alcohols, so if less reactive alcohols were
going to react, more powerful catalysts should most likely have to be applied. Gouverneur
and co-workers argued along in this line and set out to test this theory by investigating
the 6-endo-dig cyclization for deactivated [3’-hydroxy o.,3-ynones 468. Deactivation was
attempted by replacing the methylene group between the carbonyl and hydroxyl groups
with a difluoromethylene motif. The outcome was as anticipated, cyclization did not
proceed under acidic or basic conditions or by using any of the silver salts usually
employed, but when 5 mol% AuCl in CH2Cl> was applied the corresponding 2,3-
dihydropyran-4-one 469 was obtained in almost quantitative yield (Scheme 203). No
traces of products from the competing 5-exo-dig ring closure or any other reactions were
observed, and a number of structural variations were tolerated.*® The reaction was then
further expanded by running the reaction in the presence of N-halosuccinimides (halo =
chloro, bromo, iodo) that can capture the postulated vinyl gold intermediate and the
corresponding 5-halo-2,3-dihydropyran-4-ones 470 were furnished with both NBS (70%
and 82% yield) and NIS (65-92% yield) (Scheme 203).4% Alkoxychlorination with NCS
was unsuccessful. Alkoxyfluorination, however, was achieved with several fluorinating
agents, but even when the most successful (Selectfluor) was used, the yields of trifluoro-
2,3-pyran-4-ones 471 were low because the proposed vinyl-gold intermediate suffered
protodeauration to a considerable extent and gave pyranones 472 (Scheme 204). Finally,
it should be mentioned that if alkoxyfluorination is performed with Selectfluor under
aqueous conditions, the primary product reacts quickly and suffers hydroxyfluorination
and furnishes 3,3-difluorotetrahydropyran-4-one 473 and also by-products 474 in variable
yields (Scheme 204).403

Scheme 203. Au(l)-Catalyzed Intramolecular Cyclization of Hydroxy Ynones 468
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Scheme 204. Au(l)-Catalyzed Alkoxyfluorination of B-Hydroxy Ynones 468
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Gouverneur and co-workers have also performed catalyzed domino Wacker-Heck
reactions with p’-hydroxy-o,p-unsaturated ynones 468 using ethyl acrylate as the
trapping agent.*® A large number of catalyst systems were tested but even with the best
alternative (a Pd(I1) complex with Cu(ll) as a co-oxidant) the final products, ethyl (3,4-
dihydro-2H-pyran-5-yl)acrylates 475, were obtained in medium yield only (Scheme 205).
A plausible mechanism is outlined in Scheme. First, intramolecular oxypalladation of the
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hydroxy ynone takes place, conceivably facilitated by initial coordination of Pd(Il) to the
triple bond (I to Il). Then the resulting o-alkenyl palladium(ll) undergoes
carbopalladation of ethyl acrylate to give 1V through complex I11. Finally, 475 is formed
by B-elimination of a palladium hydride species which re-enters the catalytic cycle after
oxidation with molecular oxygen. It is noteworthy that the Wacker-Heck process took
place with no detectable racemization of any chiral center. Finally, it is of interest that
o’-hydroxy ynones 476, with an alkyl or an aryl group on the triple bond, react similar to
the B’ analogues and give the corresponding furanones 477 in 52-65% yield (Scheme
206).404

Scheme 205. Wacker-Heck Oxidative Heterocyclization of g’-Hydroxy Ynones 468
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Scheme 206. Pd-Catalyzed Domino Wacker-Heck Reaction with o’-Hydroxy
Ynones 476

o) o
P A~ (MeCN),PdCl,/Cu(OAc),-H,0/PPh3 (10 mol%) X COEt
h \ + = COZEt . o > e |
N LiBr (20 mol%), DME, O,, 65 °C
OH R 0" >R
476 477, 52-65%

R = Me, nPr, Ph

A reaction related to the Wacker-Heck cascade reaction with B’-hydroxy ynones
468%% is the Pd(I1)-catalyzed cascade Wacker/allylation sequence with allylic alcohols
giving 3-(2-alkenyl)-4-dihydropyranones 478.4®> Many palladium catalysts with and
without additives [a range of salts, O. and Cu(OAc). as oxidants] were screened, and
(MeCN)2PdCl, appeared to be the best. The reaction was sensitive to the substituents at
the hydroxy ynone and the substitution pattern at the allylic alcohol (Scheme 207). A
surprising observation was the change of course of reaction that occurred when LiBr was
added. Instead of allylation, 3-oxoalkylation occurred (one example only), and this
changeover was believed to be due to a shift in the complexation to the OH group after
alkylpalladation, from palladium to lithium, leading to a change in subsequent
elimination, from Pd(OH)CI to Pd(0)/HCI.
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Scheme 207. Pd-Catalyzed Cascade Wacker/Allylation Sequence of Hydroxy
Ynones 468 with Allylic Alcohols
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Gold(l) catalysts have also been used to convert tert-butyl and trimethylsilylethyl 3-
oxoalk-4-ynoates 479 into the corresponding 4-hydroxy-2-pyrones 480.4% With
[(SPhos)AuNTT,] as catalyst, the reaction proceeded cleanly, scaled well, tolerated
various substituents, and afforded 480 in excellent yield almost without exception
(Scheme 208). The activation is due to = complexation of Au(l) to the triple bond, which
facilitates formation of vinylgold intermediates | and 11 that undergo protodeauration and
formation of the final products.

Scheme 208. Au(l)-Catalyzed Intramolecular Cyclization of Ynones 479
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Activation by lodonium. Activation by I was utilized by Likhar and co-workers to
convert some 3-substituted 1-(2-methoxyphenyl)prop-2-yn-1-ones 481 to the
corresponding 3-iodochromenones 482 (Scheme 209).1"° The iodonium ion was
generated from iodine by means of cerium ammonium nitrate (CAN), which also
facilitates the conversion of the anisole motif to the corresponding phenol that then reacts
with the iodonium-activated triple bond.

Scheme 209. lodonium-Promoted Intramolecular Cyclization of Ynones 481
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In conclusion, both Au(l) and Pd(I1) compounds are good catalysts for intramolecular
Michael addition of a B’-C hydroxyl group to an o,B-ynone. The resulting 2,3-
dihydropyran-4-ones are formed in lower yields than in AgOTf-catalyzed reactions
previously described, but the vinylgold and vinylpalladium intermediates formed have
been utilized to attach substituents, such as halides, (E)-2-(ethoxycarbonyl)ethyl, and 2-
alkenyl groups, to a-C in a secondary reaction, overall in moderate to good yields.

3.1.3.2.2. Intermolecular Reactions. Sydnes and co-workers studied the reaction of
1,1-diethoxybut-3-yn-2-one (350) with alcohols and alkoxides and the outcome appeared
to be quite sensitive to the reaction conditions.3*°* In pure ethanol at room temperature
no reaction occurred, but at reflux two products were obtained in moderate yields, (E)-
1,1,4-triethoxybut-3-en-2-one (483) and 1,1,4,4-tetraethoxybutan-2-one (484) (Scheme
210). Addition of EtsN improved the yield of both compounds, and when the reaction was
performed with EtONa in EtOH, the protected ketodialdehyde was obtain in 66% yield.
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Scheme 210. Ethanol Addition to 1,1-Diethoxybut-3-yn-2-one (350)

EtO EtO EtO

o OEt  Gonditions (a), (b) or (c) —\ CFEt OEt
— + EtO
) O  OEt O  OEt
350 483 484
(a) EtOH, reflux 33% 22%
(b) EtOH, EtzN, rt 48% 45%
(c) NaOEt, EtOH, rt 17% 66%

Monoaddition was the only reaction observed when Scheidt and co-workers carried
out conjugate addition of benzyl alcohol to 1-phenylnon-2-yn-1-one (71) under NHC
catalysis.*®” The resulting conjugated enone 485 was isolated in good yield with excellent
stereoselectivity (Scheme 211).

Scheme 211. NHC-Catalyzed Addition of Benzyl Alcohol to Ynones 71

Mes N X-MeS (5 molo)

o \—/ ¢ 5
BnOnH BuLi (5 mol%) )J\)(C\Hz)sCm
+ n - >
Ph” X LiCl (1 eg), PhMe P % “N0Bn

(CH3)sCH3

71 485, 78%, E/Z: 20/1

Monoaddition of methanol was also observed by Georg and co-workers when
derivatives of 1-(2-aminophenyl)-3-arylprop-2-yn-1-one (486) were reacted with
methanol at room temperature.®® The products, chalcones 487, were obtained as single
isomers with Z configuration, but when heated to 45-50 °C, cyclization occurred and the
corresponding quinolones 488 were obtained (Scheme 212). Bisaddition was not
observed, probably due to steric hindrance.®®

Scheme 212. Conjugate Addition of Methanol to Ynones 486 and Further
Cyclization to Quinolones 488
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Marinelli and co-workers used alkoxides and a phenoxide to perform conjugate
addition with some 3-(2-amino-5-methylpyridin-3-yl)-1-arylprop-2-yn-1-one (331).2%
The expected products 489 were formed in good yields, but they suffered cyclization and
afforded [1,8]naphthyridines 490 when the keto moiety was attacked intramolecularly by
the NH2 group (Scheme 213). The same secondary reaction occurred when 331 was
reacted with thiolates and amines.

Scheme 213. Conjugate Addition of Alkoxides and a Phenoxide to Ynones 331 and
in situ Cyclization to [1,8]Naphthyridines 490
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Some attempts to add water to ynones have been reported, but the expected 1,3-
diketones have not been isolated. When 1,1-diethoxybut-3-yn-2-one (350) was reacted
under standard conditions (NaOH, H>O, THF), decomposition occurred and 2,2-
diethoxyacetic acid was obtained in 86% vyield.2*%0 Water addition to 3-(2-
aminophenyl)-1-phenylprop-2-yn-1-one using NaOH in DMF/H,O was attempted by
Marinelli and co-workers, but the reaction took a different course and gave 4-
dimethylamino-2-phenylquinoline instead, in 71% yield.*® This outcome became possible
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because DMF hydrolyzed and produced dimethylamine that reacted with the ynones and
form enaminones (Section 3.1.3.1.2).

Conjugate addition of water to ynones was put forward by Meng and co-workers as a
key step in an acid-mediated reaction of 2-(3-oxobut-1-ynyl)benzaldehydes (392) with
arenesulfinic acids that gave easy access to variety of sulfonyl-substituted indanones 491
in good yields (Scheme 214).%%8 In the proposed reaction mechanism, protonation of the
ynone to give 492 activates the ynone for water attack and formation of a diketoaldehyde
493, from which 491 is formed by well-established reactions.

Scheme 214. Acid-Mediated Synthesis of 3-Sulfonyl Substituted Indan-1-ones 491
from Ynones 392
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R'=H, 4-Cl, 4-F, 4-MeO, 5-Me, 5-F, 4,5-(MeO),
R2= Me, Ph
Ar = Ph, 4-MeOCgH,, 4-MeCgH,4, 4-CICgH,4, 4-BrCgHy, 2-MeCgH,4, 2-naphthyl, 2-thienyl

3.1.3.3. Other Nucleophiles. Nucleophiles centered at atoms beyond the second row
in the periodic table have been applied much less frequently than carbon-, nitrogen- and
oxygen-centered nucleophiles, but some applications have turned out to be quite useful.
In reactions with a nucleophilic center at P, S, Se and halides, the movement of the
electrons during the reaction is clear, but when metals are involved, such as Si and Sn,
and the reaction is catalyzed by another metal, such as Pd, Mo and Rh, the electron
mobility is more complex. However, whatever happens during the reaction, the metal
attached to the carbon skeleton in the final product(s) acts as an electron-donating group
and formally a nucleophilic contributor.

3.1.3.3.1. Silicon. Platinum-catalyzed hydrosilylation with RsSiH is a well-
established method for the synthesis of vinyl silanes from a range of alkynes. The best
results have been achieved with terminal alkynes,**® but Rocke and Ferreira have shown
that the method works well for internal ynones 71 as well.*!® All ynones were
hydrosilylated in excellent yield and largely with excellent regio- and stereoselectivities
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to give vinylsilanes 495 (Scheme 215).4° The (E)-stereoselectivity (E/Z >19:1) is in
keeping with syn attack of the triple bond as prescribed by the Chalk-Harrod mechanism
for such reactions,*! whereas the preference for C-a silylation can be attributed to
electronic effects.

Scheme 215. Pt-Catalyzed Hydrosilylation of Ynones 71
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R' = tBu, Ph(CH,),, TBSO(CHy,)3; R? = nBu, TBSOCH,
R3S| = Et3S|, BnMezsi

Ru-catalyzed hydrosilylation of ynones gives results similar to those obtained under
Pt catalysis. By treating such ynones with RsSiH in the presence of catalytic amounts of
[Cp*Ru(MeCN)sz]PFs, Trost and Ball obtained excellent yields of the corresponding -
trialkylsilyl conjugated enone regioisomers 496 with Z configuration (due to exclusive
trans addition to the triple bond) (Scheme 216).%! Trost and Bertogg later used the same
reaction to prepare other silyl-substituted enones that were subsequently isomerized to
2,5-dihydro-1,2-oxasiloles.*!?

Scheme 216. Ru-Catalyzed Hydrosilylation of Ynones 71
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A complete change of regioselectivity was discovered by Lipshutz and co-workers
when the silylating agent was changed from a hydride to Suginome’s silylborane
(PhMe2SiBpin), the metal from PtCl, to CuOAc/L, and the solvent from dry toluene to
water and an aqueous solution of the surfactant TPGS-750-M (497). Many alkynes with
the triple bond conjugated to an electron-withdrawing group were investigated, and they
all gave B-silylated conjugated olefins, in most cases in more than 80% yield.*** All
alkenes were formed as isomeric mixtures with an E/Z ratio better than 20:1, except for
ynones 71, which deviated significantly from each other. The most striking difference
was that whereas the terminal alkyne 5-phenylpent-1-yn-3-one gave the corresponding
alkene in modest yield with an E/Z ratio of >20:1, internal ynones 1-phenylundec-4-yn-
3-one and 2-methyldec-5-yn-4-one afforded the olefins in high vyield, but with a
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considerable Z preference (Scheme 217). The reason for this is not clear. Deuteration
experiments implied that the reaction involves an a—vinylcopper(l) species.**

Scheme 217. Cu-Catalyzed Hydrosilylation of Ynones 71
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3.1.3.3.2. Phosphorous. A variety of conjugated ynones have been reacted with some
P-centered nucleophiles, but unlike the N-centered nucleophiles, the phosphorous
compounds are limited to triphenylphosphine and a few trialkylphosphines (PR3). And
just like trialkylamines, PR3 is unable to undergo conjugate addition and the analogue
reaction to hydroamination without some sort of rearrangement. Such rearrangements are
considered in Section 3.5.3.

3.1.3.3.3. Sulfur, Selenium and Tellurium. Nucleophiles centered at S, Se and Te
have been reacted with few ynones, and among these nucleophiles, the sulfur-centered
have been used the most. The most common reaction involves thiolates generated in situ
by adding a base to a solution of a thiol and ynones,*6-48414-416 byt some reactions have
also been carried out under neutral conditions.32349417 A few alkanethiols*® and
dithiols*-48:349414-416 haye been applied, but also some thiophenols.3224417 Furthermore,
most reactions have been carried out at room temperature or below,*4"414416 pyt heating
as high as 80 °C has also been reported.?44417

The products obtained from conjugate addition of thiols to ynones depend on the
number of thiol groups available per ynone moiety. When the ratio is close to 1:1, vinyl
sulfides are generally formed in good to excellent yields as mixtures of isomers with an
E/Z ratio that varies quite a lot,3234417 but when increased to 2:1 ratio, thioacetals are
usually furnished in excellent yields.**® Ynones 26, 71 and 350 have been chosen to
illustrate the synthesis of products 498-501 (Scheme 218).
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Scheme 218. Michael Addition of Thiols to Selected Ynones 26, 71 and 350
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When ynones 71 are treated with propane-1,3-dithiol in a 1:1 molar ratio, the
corresponding 1,3-dithiane was obtained. This reaction, developed by Ley and his group,
is in general clean and gives the products (502) in excellent yields,*-47414416 byt if the
ynone contains a second electrophilic site, such as a formyl group (503), 1,3-dithiane
formation may be followed by cyclization, which is the case when 503 is converted to
spirocompound 504 (Scheme 219).%

Scheme 219. Double Michael Addition of Propane-1,3-dithiol to Ynones 71 and 503
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The transformation became a most valuable tool for Ley and co-workers who
introduced keto functions in specific positions in key fragments of natural products,**’
for instance. when ynones 505 were transformed into dithianes 506 in high yields as parts
of syntheses of spongipyrans (Scheme 220). The reactions were also clean and efficient
when applied to pent-1,4-diyn-3-one derivative (bis-ynone) 507 and gave the
corresponding bis-dithiane ketone 508 in 80% yield (Scheme 220).48

Scheme 220. Conjugate Addition of 1,3-Propanedithiol to Ynones 505 and 507
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The efficient conversion of bis-ynones to B,3’-bis-1,3-dithiane ketones by conjugate
addition of 1,3-propanedithiol has been used by Ley and co-workers to synthesize
complex fragments of polyketide natural products. The preparation of two such
fragments, the Ci1-Cs fragment of lyngbouilloside (512) and the C;-Cg fragment of
callipeltosidse A (513), are shown in Scheme 221 starting from ynones 48 and 509,
respectively, through bis-dithianes 510 and 511, respectively.*® It is noteworthy that 511,
the precursor to 513, did not survive the reaction conditions applied to perform the
conjugate addition; it reacted further and furnished the C1-Cg fragment of callipeltosidse
A in 65% overall yield.

Scheme 221. The Synthesis of the Tetrahydropyranyl Ring Systems of
Lyngbouilloside (512) and Callipeltosidse A (513)
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Hemiacetalization similar to that completing the synthesis of tetrahydropyran 513 was
also observed by Sydnes and co-workers treating derivatives of 1,1-diethoxy-5-
hydroxyalk-3-yn-2-one 375 with propan-1,3-dithiol under standard conditions.*'* The
resulting functionalized 2-oxa-6,10-dithiaspiro[4.5]decanes 514| were obtained in
excellent yield except when R = Ph when it dropped to 44% (Scheme 222). In order to
prevent cyclization, the hydroxyl group was benzylated to give compound 515, and this
paved the way for formation of the partly protected diketoaldehyde 516, which was
obtained in excellent yield.
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Scheme 222. Reaction of Ynones 375 and 515 with Propane-1,3-dithiol
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Marinelli and co-workers reported that when B-(2-aminoaryl)ynones 200 were treated
with sodium p-toluenesulfinate under slightly acidic conditions the Michael intermediates
I did not survive and quickly underwent cyclization and formed 4-tosylquinolines 517 in
good yields (Scheme 223).%°

Scheme 223. Conversion of B-(2-Aminoaryl)ynones 200 to 4-Tosylquinolines 517
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Intramolecular attack to an ynone by both sulfur and selenium was reported by
Kataoka and co-workers who observed a tandem Michael-aldol reaction when 1-(2-
methylchalcogenophenyl)prop-2-yn-1-ones (518) were treated with BF3 in the presence
of aldehydes and 3-(1-hydroxyalkyl)chalcogenochromen-4-ones 519 were formed in a
very slow reaction (Scheme 224).3% For each pair of heterocycles, the selenium
compound was isolated in the higher yield. The reaction involves a 6-endo-dig cyclization
which is made possible by Lewis-acid catalysis. Two mol eq of BF3 are required, one is
consumed in alkoxy-borane formation and the other in trapping released fluoride, giving
BF4 which becomes counter ion to the onium cation generated involving intermediates
I-111.
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Scheme 224. Michael-Aldol Reaction of Ynones 518 with Aldehydes
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Conjugate addition of thiols and selenols to a range of 1-aryl-3-phenylpropynones 71
has been reported by Zhang and co-workers.*'® The sulfides and selenides, generated from
the corresponding disulfides and diselenides by treatment with Sml, at elevated
temperature, were reacted with ynones and mixtures of ynones and aldehydes at both
room temperature and —28 °C. The former group of reactions gave the corresponding o.,3-
enones 520 in excellent yields at both temperatures, with a Z preference that increased as
the temperature was lowered (Scheme 225). When ynone/aldehyde mixtures were
applied, however, three-component Michael-aldol tandem reactions occurred instead and
afforded the corresponding 3-arylchalcogeno-2-(1-hydroxyalkyl)-prop-2-en-1-ones 521
in excellent yields at both temperatures and a significantly higher Z preference at the
lower temperature.
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Scheme 225. Michael Addition of Diorganyl Diselenides or Disulfides to Ynones 71
Promoted by Sml2
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Chalcogenoborates have also been used to perform conjugate addition to ynones 71,
but unlike hydrosilylation using similar reagents,**3 PhS-Bpin, PhSe-Bpin, and BnS-Bpin
react with the ynones in the absence of any transition-metal additives.**® According to
Fernandez and co-workers, 16 hours is required to achieve 99% conversion at 50 °C for
all reagents and in all cases the reaction is regioselective and affords the corresponding
conjugated enones 520 with the chalcogen attached to C-B (Scheme 226). The
stereoselectivity with Z preference is significantly better when the selenium reagent is
used, and this makes it much easier to isolate Z-520 in high yield when Y = Se and S.
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Scheme 226. Michael Addition of Chalcogenoborates to Ynones 71
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Conjugate addition of a telluride to ynones has been reported by Shimada and co-
workers.*?° Reduction of bis(N,N-dimethylcabamoyl) ditelluride (522) followed by
addition of ynones 71 resulted in formation of the corresponding monoadduct, Te-alkenyl
tellurocarbamate 523, in moderate to excellent yield (Scheme 227). The adducts, formed
as a single isomer with Z configuration, were crystalline solids, but most of them
decomposed when melted. Attempts to make the corresponding selenium compounds
from bis(N,N-dimethylcabamoyl) diselenide were rather unsuccessful; products were
obtained but appeared to be unstable.

Scheme 227. Preparation of Te-Alkenyl Tellurocarbamates 523 from Ynones 71
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In conclusion, chalcogenides are efficient nucleophiles and react easily by conjugate
addition to ynones. Whether mono- or diaddtion takes place depends on the
nucleophile/triple-bond ratio. By far the most useful reaction is diaddtion of propane-1,3-
dithiol which gives the corresponding 1,3-dithiane, generally in excellent yield.

3.1.3.3.4. Chloride and lodide. Conjugate addition of hydrogen halides can be
achieved by treating ynones with sodium chloride and iodide in the presence of a weak
acid, but if the primary products contain a nucleophilic center properly positioned,
secondary reactions occur with the carbonyl group and give final products other than
conjugated alkenones. This was observed by Miller and co-workers who treated y-
hydroxylated ynones 524, obtained from acyl chlorides by Sonogashira coupling (Section
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2.2.2.1), with sodium chloride and iodide under acidic conditions (PTSA) and obtained
3-halofurans 525 as the final products, in 29-73% vyield (from acyl chloride)!*>14¢, The
same strategy and almost identical conditions (t-BuOH instead of MeOH) were also
applied with N-Boc-protected y-aminoynones (526), obtained from acyl chlorides by
Sonogashira coupling (Section 2.2.2.1), and as anticipated the corresponding 2-
substituted N-Boc-4-iodopyrroles 527 were the final products, which were isolated in 61-
75% yield (from acyl chloride) (Scheme 228).14

Scheme 228. Addition of Chloride and lodide to y-Hydroxy Ynones 524
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Conjugate addition of hydrogen iodide has also been applied by Marinelli and co-
workers to convert a series of ynones (200) into the corresponding 4-iodoquinolines (529)
by cyclization/dehydration (Scheme 229).4? The products were not isolated, but used
directly in one-pot Pd(0)-coupling reactions with 2-alkynylanilides (528) to make a range
of 4-(1H-indol-3-yl)quinolines 530, so yields given are for the coupling products from
200.
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Scheme 229. Convertion of Ynones 200 into 4-Indolylquinolines 530
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Chloride attack to ynones 71 in the presence of aldehydes has been used to prepare [3-
chloro-a-(1-hydroxyalkyl)-o.,3-alkenones (531), so-called B-chloro Baylis-Hillman
adducts. Li and co-workers performed the synthesis by simply mixing aldehyde, o.,f3-
acetylenic ketone, and TiCls in DCM in a closed vial kept at room temperature.*?? As the
results in Scheme 230 show, both aliphatic and aromatic aldehydes react and give 531 in
good to very good yield. A noteworthy feature is the stereoselectivity; in all cases the E/Z
ratio is better than 94:6, which conceivably is a consequence of constraints when the
intermediate, allenoate 532, attacks the aldehyde. One reaction was also carried out using
TiBrs which gave the bromo analogue to 531 in good yield but with lower
stereoselectivity (E/Z = 8:1). Comparable results were obtained by Watanabe and co-
workers when but-3-yn-2-one was reacted at 0 °C in the presence and absence of
Mezs_423,424

Scheme 230. Conversion of Ynones 71 to B-Chloro-a-(1-hydroxyalkyl)-o,B-
alkenones 531
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R' = Me, Ph, Cy
R2 = tBu, nPent, nNon, Ph, 4-CICgH,, 4-BrCgH,4, 4-F3CCgHy4, 4-O,NCgH,, CO,Et
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Li and co-workers did not try to control the enantioselectivity of the chiral center in
compounds 531.4%2 That was, however, attempted by Sugiura, Nakajima and co-workers
who performed the chlorinative aldol reaction in the presence of a number of chiral
bisphosphine-oxides as Lewis base catalysts.*® The chlorinating agent was
tetrachlorosilane, which has been applied frequently in asymmetric syntheses with such
catalysts, whereas the organic reactants were phenyl ethynyl ketone (71) and
benzaldehyde. Without catalyst, no reaction occurred, but when 10 mol% of a phosphine-
oxide was added 3-chloro-2-(hydroxy)(phenyl)methyl-1-phenylprop-2-en-1-one (531)
was formed. The best result is shown in Scheme 231 using DMPP-DIOPO as catalyst, the
final product being obtained as a ca. 1:1 mixture of E/Z diastereomers and with low
enantioselectivity.

Scheme 231. Conversion of Ynone 71 into 3-Chloro-2-(hydroxy)(phenyl)-methyl-1-
phenylprop-2-en-1-one (531)
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3.1.3.3.5. Tin. Podesta and co-workers have reported hydrostannation of ynones (71)
by (PPhs).PdCl,-catalyzed addition of trineophyltin hydride.*?® In all cases the addition
products (533 and 534) were formed in better than 80% yield (Scheme 232), which is
significantly better than when radical hydrostannation was performed (Section 3.1.4.1).
It is also noteworthy that the reaction shows regioselectivity for o adducts and
stereoselectivity for E configuration in seven of the eight cases studied.

Scheme 232. Pd-Catalyzed Trineophyltin Hydride Addition to Ynones 71
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R2 = Me, Ph
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3.1.4. Radical Additions. A few radical reactions have been used to perform addition
of certain fragments or compounds to the triple bond in conjugated ynones. The
successful reactions can be divided in two groups. In all reactions except one, the radical
fragment reacting with the ynone is generated from a reactant and this moiety remains
attached to the carbon atom attacked in the first place in the final product. In the deviating
reaction, metal-induced electron transfer to the ynone generates a radical anion which
subsequently gives the product by a cascade of reactions involving both the added
electrophile and the metal.

3.1.4.1. Via Radical-Induced Bond Formation. A classical reaction belonging to
this category is hydrostannation, which most frequently has occurred via anions under
metal catalysis (Section 3.1.3.3.1), but also can take place via radical intermediates.*?®
Two radial transformations have been studied by Podesta and co-workers to achieve
addition of trineophyltin hydride to alkynones (71) affording stannylenones 533/534.4%
The best results were obtained when the reaction was initiated by AIBN; under these
conditions all the ynones reacted, but the yield ranged from 88% to 2.5%, the
regioselectivity from complete o attack to complete  attack, and the stereochemistry
from only Z to only E (Scheme 233). Additions under triethylboron initiation show a
similar pattern, but the yields are much lower and were acceptable in two cases only.
These radical hydrostannations are therefore inferior to the metal-catalyzed analog with
regard to both yield and selectivities (Section 3.1.3.3.5).

Scheme 233. Trineophyltin Hydride Radical Addition to Ynones 71

1
R 7 AorB R1 Sn(CH2CM92Ph)3
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533 534
A: E/Z = 0:100 A: E/Z = 57:43 - 100:0
R' = H,Me, nBu, Ph B: E/Z = 66:34 - 0:100 B: E/Z = 0:100 - 100:0
RZ = Me, Ph

Conditions A: AIBN (0.01 eq), neat, 60-110 °C
533+534: 6-88%; 533/534: 96:4-0:100
Conditions B: Et3B (0.1 eq), Et,0, 25 °C
533+534: 0-79%; 533/534: 100:0-0:100
In a pioneering study, Zhang and co-workers reported the conversion of 1,3-
diarylpropynones 71 to the corresponding 3-aryl-2-dimethoxyphosphinyl-1-indenones
(535) by treatment with dimethyl phosphonate in the presence of Mn(OACc)s.#?"4% The
reaction is triggered by Mn(lll) which converts the phosphonate into the
dimethylphosphonyl radical, an electrophilic species that is more reactive toward the
conjugated ynone than the phenyl ring and attacks the o carbon (Scheme 234). The
resulting radical (I) then cyclizes by attack of the benzoyl aryl group and form radical 11,
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which is oxidized by Mn(111) and affords cation 111, precursor of the final product 535. A
large number of alkynones have been reacted under optimized conditions, and as long as
both substituents are fairly reactive phenyl groups, the indenones were formed in 64-79%
yield. If at least one of the substituents was hydrogen or an alkyl group, complex reaction
mixtures were obtained.

Scheme 234. Radical Phosphonation of Ynones 71 to Indanones 535
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Based on the ability of manganese(l11) to convert thiols into sulfur-centered radicals,*?°
Zhang, Zhou and co-workers explored if indenones could prepared by treating thiols with
Mn(I11) in the presence of ynones.*?® Screening of aliphatic and aromatic thiols revealed
that thiophenols worked quite well under conditions similar to those applied to achieve
phosphonation of the 1,3-diarylynones 71 and gave the corresponding 3-aryl-2-
thiophenyl-1-indenones 536, albite in consistently lower yield than the phosphonyl
analogues (Scheme 235). The mechanism is supposed to be essentially identical to that
depicted in the Scheme 234.
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Scheme 235. Radical Addition of Thiols to Ynones 71
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Lei and co-workers have developed an electrochemical method to generate sulfur
radicals from sulfinic acids.**® Under oxidative conditions, applying constant current,
sulfonyl radicals are formed and react with 1,3-diarylprop-2-yn-1-ones 71 that undergo
arylsulfonation in a radical tandem process and afford 2-sulfonated indenones 537.
Optimization experiments were performed with 1,3-diphenylprop-2-yn-1-one and
benzenesulfinic acid, and under the best conditions (Pt electrodes, constant 10 mAcm™,
undivided cell, TBAI as catalyst, LiClO4 as electrolyte, and MeCN/DCE as solvent) a
number of ynones were reacted and gave 537 in up to 90% yield (Scheme 236). The
general trend is the same as for similar radical cyclizations: substrates with electron-rich
phenyl groups attached to C-1 are the most suitable and give the highest yield, but halide
substituents are also well tolerated. Different sulfinic acids also worked well and both
electron-rich and electron-poor acids furnished the expected cyclized products in good
yields. A number of experiments were performed to shed light on the reaction mechanism,
and the results supported the mechanism depicted in Scheme 237 involving radicals | and
I1. It should also be noted that Lei succeeded in achieving radical tandem cyclization
when benzenesulfinic acid was replaced by benzenesulfonyl hydrazide as the coupling
partner, but the yield dropped from 88 to 66%.4%

Scheme 236. Radical Addition of Sulfinic Acids to Ynones 71
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Scheme 237. Proposed Mechanism for the Formation of Sulfonated Indenones 537
from 1,3-Diphenylpropynone 71 by Electrooxidative Tandem Cyclization
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Benzoyl peroxide (BPO) is a common initiator of radical reactions, and Pan and Yu
and co-workers describe application of BPO to induce radical annulation of conjugated
1,3-diarylpropynones with alkanes to afford 2,3-disubstituted indenone derivatives under
mild, metal-free conditions.**! The optimum conditions for the transformation were
worked out by using 1,3-diphenylprop-2-yn-1-one (71) and cyclohexane along with BPO
as reactants, and under these conditions a large number of ynones were reacted with
cycloalkanes (CH2)», n = 5-8, and gave consistently the corresponding 2-
cycloalkylindenones 538 in moderate to good yields (Scheme 238). Two reactions were
also carried out with acyclic alkanes, such as pentane and 2-methylbutane, and isomeric
mixtures were formed in moderate yields, 64% and 58%, respectively, with isomer
compositions in accordance with a hydrogen-abstraction preference of 3°>2°>>1°
carbons. The mechanism presented in Scheme 238 has been proposed for the reaction
involving radicals I and I1.
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Scheme 238. Radical Cyclization of Ynones 71 with Cycloalkanes
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The ability of ynones to function as radical acceptors has also been utilized by
Pattenden and co-workers to carry out intramolecular radical-mediated Diels-Alder
reactions to obtain a variety of polycyclic molecules. These reactions are discussed in
Section 3.2.4.

In conclusion, the most successful radical-induced reactions have been performed
between C, P and S radicals and 1,3-diarylprop-2-yn-1-ones, which give 2-substituted
inden-1-ones in moderate to good yields. The reaction is initiated by radical attack at a-
C.

3.1.4.2. Via Ynone Radical Anions. In a study by Watanabe and co-workers,*3? Mg
was used as reducing agent to promote reductive silylation of a number of conjugated
ynones (71) in the presence of various silanes. The final product depended on how the
reaction mixture was worked up. When 4-phenylbut-3-yn-2-one was reacted and the
reaction mixture was worked up without hydrolysis, multifunctionalized allenes (539)
were obtained due to silylation of both the 3 carbon and the oxygen atom of the carbonyl
group. As long as trialkylsilyl chlorides were used as electrophiles, one product was
obtained (Scheme 239), but silanes containing two chlorine atoms furnished complex
reaction mixtures. And when the structure of the ynone was varied and
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chlorotrimethylsilane was used as trapping agent, 539 was obtained in good yields if an
aryl group was attached to the § carbon. However, if the reaction mixture was hydrolyzed
before work-up, the vinyl-ether moiety of the allene 539 suffered hydrolysis and the final
product became the enone 496 (which formally can be regarded as the product from
hydrosilylation of the ynone triple bond). The same group also performed mechanistic
studies, and on the basis of the formation of certain by-products and cyclic-voltammetry
studies, a reaction mechanism involving single-electron transfers and radical-anion
formation has been proposed.

Scheme 239. Mg-Promoted Radical Silylation of Ynones 71
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3.2. Cycloaddition Reactions

Ynones have been used as substrates in a range of cycloaddition reactions. Most of the
applications are in 1,3-dipolar cycloadditions (Huisgen reaction), but some Diels-Alder
reactions have also been reported. In addition, the number of [2+2] cycloadditions is low.

3.2.1. [2+2] Cycloadditions. An example worthwhile noticing was published by
Liou and Cheng in 1995 and reports a [2+2] cycloaddition of hex-3-yn-2-one (71) to
[60]fullerene mediated by tricyclohexylphosphine (PCys).** The resulting adduct (540)
was obtained in 17% yield, but surprisingly the adduct formation had occurred across the
B,y carbon atoms instead of the expected o, alternative location (Scheme 240). No
reaction was observed in the absence of phosphine which indicates that the reaction is
initiated by a B attack of 71 and formation of the dipolar intermediate I (Scheme 240). A
subsequent 1,3-proton shift from the y to the o carbon gives zwitterion Il which attacks
fullerene, affording 111 that suffers back attack at the ynone B position and finally
expulsion of PCys and formation of 540.

Scheme 240. [2+2] Cycloaddition of Hex-3-yn-2-one (71) to [60]Fullerene
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Enamines are known to undergo [2+2] cycloadditions with electrophilic acetylenes
under apolar conditions, and in accordance with this, Rossi and coworkers observed
cyclobutene formation when 3-(2-aminophenyl)-1-arylprop-2-yn-1-ones (200) were
reacted with a range of enamines of cyclic ketones. However, the primary products,
bicyclo[4.2.0]oct-7-enes (542), were not isolated because they suffered an annulation
reaction and gave c-fused quinolines, in all cases in moderate yield.*** The final product
appeared to depend on the structure of the enamine. When 1-(cyclohexen-1-yl)pyrrolidine
(541) was applied, the bicyclic structure survived and quinolines 543 were the products
(Scheme 241), but at temperatures somewhat above 135 °C, 543 appeared to be unstable
and was quantitatively converted into the more stable tricyclic quinoline 544,
Furthermore, Rossi discovered that analogues to 544 were the only products isolated
when enamines of cyclopentanone and cycloheptanone were reacted with 200 in refluxing
toluene; again, the yields were moderate (45-58%). And finally, when enamines derived
from aldehydes were applied, enamine decomposition predominated and gave amines
which reacted as expected by domino Michael addition/annulation reaction.

Scheme 241. Cycloaddition of Enamine 541 to Ynones 200
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Suzuki has studied the [2+2] cycloaddition of (trialkoxy)siloxyethene (545) to ynones
71 with the purpose of making functionalized cyclobutenediones.**® The siloxy group
appeared to direct the attack of the triple bond persistently and gave the corresponding
cycloadduct with the acyl and siloxy groups in a 1,2 relationship (546) (Scheme 242).
The yield was above 90% in most cases under the optimum reaction conditions, but at
higher temperature thermal ring opening followed by silyl migration and formation of a
1,3-diene occurs.**® A virtue is the regioselectivity: when there is a choice between a
conjugated double and triple bond, the latter is exclusively attacked and a terminal triple
bond reacts before an internal analogue.

Scheme 242. Cycloaddition of Trimethoxysiloxyethene (545) to Ynones 71
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Zhang has studied the reaction between 1-(4-methoxyphenyl)-3-phenylprop-2-yn-1-
one (71) and rutheniumcarbonyl cluster Rus(CO)12 systematically.**® The alkyne turned
out to be a robust ligand that induced stepwise transformations at 90 °C and gave complex
product mixtures, the composition of which was mainly determined by the molar ratio
between the two reactants. When heated in toluene (90 °C) in a 1:1 ratio, metal clusters
547 and 548 were obtained in fair yields (Scheme 243). Both clusters contained a
metalocyclobutene motif, formed by [2+2] cycloaddition of the cluster to the ynone triple
bond, where the C-C double bond is engaged in a bond to a ruthenium atom. When 547
was treated with 1 eq of ynone 71, a 60% yield of 548 was obtained. However, the
compound is not stable; it decomposes and three metalacyclopentadiene derivatives,
termed ruthgenoles, were formed.*%
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Scheme 243. Cycloaddition of Ru2(CO)12 to Ynone 71
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In conclusion, few [2+2] cycloaddition reactions with ynones have been reported. The
primary products are cyclobutenes, which in general are unstable and undergo
isomerization or electrocyclic ring-opening reactions.

3.2.2.[3+2] 1,3-Dipolar Cycloadditions. Ynones are powerful dipolarophiles and
have been used in Huisgen 1,3-dipolar cycloadditions with different dipoles, such as
azides, nitrones, azomethine imines and ylides, nitrile oxides and diazo compounds, to
provide five-membered heterocycles.*374%8

3.2.2.1. Azides. The copper(l)-catalyzed azide-alkyne cycloaddition (CuUAAC) was
described by Sharpless**® and Meldal.** In the case of ynones, the corresponding 4-acyl-
1H-1,2,3-triazoles (549) are obtained. Friscourt and Boons**! reported a microwave-
assisted one-pot synthesis of these triazoles by in-situ preparation of silylated ynones by
reaction of benzoyl chlorides with silylacetylenes under Pd/Cu-catalyzed conditions
(Section 2.2.2.1) followed by in-situ desilylation and subsequent CUAAC at 120 °C,
giving triazoles 549 in moderate to good yields (Scheme 244).

Scheme 244. One-Pot Three-Step Synthesis of 4-Acyltriazoles 549 by CuAAC of
Azides with in-situ Generated Ynones
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Ar = Ph, 4-FCGH4, 4-MeOC6H4, 4-02NCGH4, 4-MeCGH4

Chen and co-workers*? have synthesized 4,5-disubstituted 1,2,3-(NH)-triazoles (550)
in a one-pot synthesis. Carbonylative Sonogashira coupling reaction (Section 2.3) of aryl
iodides with terminal alkynes 127 under a CO atmosphere at room temperature, giving
ynones 71, was first performed and then treatment with NaN3z in DMSO at 45 °C was
carried out. The corresponding triazoles were obtained in good yields in the absence of
Cul (Scheme 245).
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Scheme 245. Carbonylative Sonogashira Coupling of Aryl lodides with Terminal
Alkynes 127 Followed by a AAC with NaN3
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The one-pot, two-step synthesis of 4-acyl-1,2,3-triazoles 549 via TIPS-protected
ynones has been also reported by Kim and co-workers.**® For the first step benzoyl
chlorides were alkylated with TIPS-acetylene under Pd/Cu catalysis at room temperature.
Then, 0.5 eq of Cul, 1.5 eq of AgF and different azides were added at room temperature
to provide triazoles 549 in 68-84% yields (Scheme 246). Alternatively, the second step
can be performed using 10 mol% of Cul, 1.5 eq of AgF and 2 mol% of 1,10-phenantroline
also at room temperature with similar yields (65-85%). The yields are higher than those
of Boon’s**! one-pot, three-step process (Scheme 244).

Scheme 246. One-Pot Two-Step Synthesis of 4-Acyltriazoles 549 by a CuAAC of
Azides with in situ Generated B-Silylated Ynones
1) =—TIPS, Pd(PPhj3),Cl, (2 mol%) 0
j\ Et;N, Cul (5 mol%), THF _ Ar/U\/\N’R
Ar” cl ) Cul, RNg, then AgF, THF N=K
549, 65-85%

Ar = Ph, 4-FC6H4, 4-MeOC6H4, 4-02NCGH4, 2-fury|
R = Bn, 4-MeOBn, 4-O,NBn, nCgH17, Ph, 4-MeOCgH,, 2-thienylCH,, 2,6-Et,CsHs

Copper-catalyzed 1,3-dipolar cycloaddition of benzyl azide with 1,1-diethoxy-but-3-
yn-2-one (350) gave regioisomeric triazoles depending on the copper salt.*** In the case
of CuSOq4 (4 mol%)/sodium ascorbate (11 mol%) triazole 551 was obtained in up to 70%
yield at room temperature in aqueous dichloromethane (Scheme 247). However, when
Cul, DIPEA and N-chlorosuccinimide (NCS) were used at room temperature in aqueous
DMF, a mixture of 551 and regioisomer 552 was obtained.

Scheme 247. CUAAC of Benzyl Azide with Ynone 350
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In conclusion, copper-catalyzed 1,3-dipolar cycloaddition of isolable ynones or ynones
generated in situ took place under mild reaction conditions either with sodium azide or
azide compounds.

3.2.2.2. Nitrones. Organocatalytic enantioselective 1,3-dipolar cycloadditions of
nitrones have only been described with alkynals affording chiral 4-isoxazolines. Sun and
co-workers**® employed 20 mol% of a,a-diarylprolinol (553) as organocatalyst in the
three-component reaction between alkynals 69, aldehydes and N-alkylhydroxylamines in
chloroform at room temperature in the presence of 20 mol% of 3,5-dinitrobenzoic acid
leading to the formation of 4-isoxazolines 554 in excellent yields and with excellent
enantioselectivities (Scheme 248). The proposed catalytic cycle involves formation of an
iminium intermediate (1) by reaction of 69 with prolinol 553, which undergoes the
stereoselective addition to the Re-face of the nitrone (555), generated in situ by
condensation of the other aldehyde with the N-alkylhydroxylamine through transition
state I1.

Scheme 248. Three-Component Asymmetric Organocatalyzed 1,3-Dipolar
Cycloaddition of Alkynals 69 with Aldehydes and Hydroxylamines
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The same 1,3-dipolar cycloaddition has been carried out between nitrones 555 and
alkynals 69 using chiral organocatalyst 556.4¢ The corresponding chiral 4-isoxazolines
were obtained in good to excellent yields with good enantioselectivities using toluene as
solvent at —10 °C (Scheme 249). The absolute configuration of 554 was the same as that
exhibited by the 4-isoxazolines shown in Scheme 248.

Scheme 249. Asymmetric Organocatalyzed 1,3-Dipolar Cycloaddition of Nitrones
555 with Alkynals 69
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In conclusion, only ynals have been used in 1,3-dipolar cycloaddition with nitrones;
no reactions of this type have so far been described for ynones.

3.2.2.3. Azomethine Imines. Copper-catalyzed cycloaddition of N,N-cyclic
azomethine imines with alkynes (CUAIAC) allows the synthesis of pyrazoles under mild
reaction conditions.**’ Svete and co-workers**® have described the CUAIAC of 3-
oxopyrazolidin-1-ium-2-ides (557) with ynone 100 using DIPEA (0.3 eq) as a base in
acetonitrile at room temperature (Scheme 250). This [3+2] cycloaddition gave 66-98%
yield of the corresponding diastereomeric cycloadducts 558 and 559, which can be
separated by preparative liquid chromatography.

Scheme 250. Cu(l)-Catalyzed [3+2] Cycloaddition of Azomethine Imines 557 with

Ynone 100
BocHN O

PR 'NHCOPh

N 558, 25-44%

BocHN\)J\ . Hkﬁ’ o Cul (20 mol%) °

TN 3 DIPEA (30 mol%), *

P’ "NHCoPh MeCN, rt BocHN O
100 557 \,
N
Ar gjo
P’  “NHCOPh

Ar = Ph, 4-MeOC6H4, 4-02NC6H4, 3,4,5-(MeO)3C6H2 559, 5-17%

Copper metal is also a suitable catalyst for the CUAIAC reaction.**® Azomethine
imines 560, prepared by treatment of 5,5-dimethyl-3-pyrazolidinone with benzaldehydes,
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reacted with ynones 71 giving the corresponding [3+2] cycloadducts (561) in good to
excellent yields (Scheme 251). The reaction was performed in dichloromethane at room
temperature with different ynones 71.

Scheme 251. Cu(0)-Catalyzed [3+2] Cycloaddition of 2-Benzylidene-3,3-dimethyl-5-
oxopyrazolidin-2-ium-1-ide (560) with Ynones 71
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560
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Ar = Ph, 4-CICgHy, 4-O,NCgHy, 3,4,5-(MeO)sCgH,
R = Me, Ph, BocNHCH,

Further studies from Svete’s group using ynones 71 (R = Me) and 4-substituted
azomethine imines (562) revealed that electron-donating substituents in the Ar moiety
increase the reactivity of these dipoles, a trend which is in accordance with how the
dipolenomo-dipolarophileLumo  interaction controls such cycloadditions.*® The
corresponding cycloadducts 563 were obtained in 70-100% yield (Scheme 252). In order
to compare the efficiency of the Cu(0) and Cu(l)/DIPEA catalysts, parallel reactions were
performed and adducts 563 were consistently obtained in lower yields with the latter (35-
98%).

Scheme 252. Cu-Catalyzed [3+2] Cycloaddition of Azomethine Imines 562 with
Ynones 71
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Ar = Ph, 4-MeCgHy, 4-O,NCgHy, 3,4,5-(MeO)3CgH,, 3,4,6-(MeO);CgH,

Method A: Cu(0) (60 mol%), CH,Cly, rt (70-100%)
Method B: Cul (20 mol%), DIPEA (30 mol%), MeCN, rt (35-98%)

Azomethine imines can be used in [3+3] cycloadditions with ynones under phosphine-
catalyzed reactions giving hydroxypyridazine derivatives. Liang and Huang*! have
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described this domino cycloaddition with N, N’-cyclic azomethine imines 564 with
ynones 71 using 30 mol% of PPhz in a 1:1 mixture of nBUuOH and CHCIs at 30 °C
affording products 565 in moderate to good yields (Scheme 253). The proposed catalytic
cycle starts with conjugate addition of PPhz to the ynone to give enolates I and I1. The
latter adds to 564 and affords intermediate 111, which undergoes intramolecular
cyclization and generates intermediate V. Product formation is then accomplished by
proton transfer to V followed by S-elimination of PPhs.

Scheme 253. PPhs-Catalyzed [3+3] Cycloaddition of Azomethine Imines 564 with
Ynones 71
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In conclusion, only copper-catalyzed cycloaddition of N,N-cyclic azomethine imines
with ynones has been reported.

3.2.2.4. Azomethine Ylides. In this field there are two main types of dipoles,
pyridinium-type and iminoester-derived ylides.**? Pyridinium (566), quinolinium (567)
and isoquinolinium (568) salts are precursors of the corresponding azomethine ylides
569-571, respectively, which are able to undergo 1,3-dipolar cycloaddition with alkynes
affording indolizidines and benzoindolizidines (Scheme 254).
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Scheme 254. Azomethine Ylides 569-571 Derived from Pyridinium, Quinolinium
and Isoquinolinium Salts 566-568
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Caira and co-workers*>® have described the three-component synthesis of pyrrolo[1,2-
ajquinoline derivatives (572) by reaction of quinoline with phenacyl bromides and
ynones 71 in the presence of propylene oxide. In these processes quinolinium salts 567
(R =PhCO) were generated and the bromide opens the epoxide giving the corresponding
alkoxide, which acted as a base generating ylides 570. These ylides underwent 1,3-dipolar
cycloaddition with ynones 71 giving the dihydropyrroloquinolines (572) (Scheme 255).

Scheme 255. Three-Component 1,3-Dipolar Cycloaddition Involving Quinoline,
Phenacyl Bromides and Ynones 71

X
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572, 50-70%
R = Me, Ph
Ar = Ph, 4-MeCgH,, 4-CICgH,, 4-FCgHy, 2-O,NCgHy, 3-O,NCgH,

Pyridinium ylides 569 generated from the corresponding pyridinium salts 566 have
also been used as dipoles by Cossy and co-workers** in the dipolar cycloaddition with
ynones 573 for the preparation of 2-aminoindolizidines (574) (Scheme 256). The ynones
were prepared by oxidation of the corresponding propargylic alcohols with MnO: in
dichloromethane at room temperature. The [3+2] cycloaddition took place in DMF at
room temperature in moderate overall yields from the corresponding alcohols.

Scheme 256. 1,3-Dipolar Cycloaddition of Pyridinium Ylides 566 with Ynones 563
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Miiller and co-workers have synthesized indolizines (575) by a consecutive one-pot
procedure consisting of a coupling/1,3-dipolar cycloaddition sequence of phenacyl
bromides, pyridines (to give pyridinium bromides 566) and in-situ generated ynones 71
(from a Pd/Cu-catalyzed coupling of an acyl chloride with terminal alkynes) (Scheme
257).%% The in-situ formed pyridinium ylides (569) provide cycloadducts that are
instantaneously aromatized to the highly fluorescent indolizine derivative.

Scheme 257. 1,3-Dipolar Cycloaddition of Pyridinium Ylides 569 with in-situ
Generated Ynones 71
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In another three-component reaction, indolizines 575 have been prepared using
acetophenones, pyridine (PyH) and ynones 71 via a 1,3-dipolar cycloaddition promoted
by iodine.**® Phenacyl iodides were generated in-situ, which after alkylation of pyridine
gave the corresponding pyridinium ylides (566), which are able to undergo 1,3-dipolar
cycloaddition with ynones 71 in good yields (Scheme 258).
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Scheme 258. lodine-Promoted 1,3-Dipolar Cycloaddition of Pyridinium Ylides 566
with Ynones 71
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Azomethine ylides generated from imino esters have been widely used in 1,3-dipolar
cycloadditions with electron-deficient olefins.*> However, only recently the
intermolecular 1,3-dipolar addition to ynones was reported, by Tu and co-workers,*>7-4%°
who described the asymmetric 1,3-dipolar cycloaddition of ynones with azomethine
ylides. A three-component reaction of diethyl amino malonate or a-aryl amino esters 576,
aldehydes and ynones 71, in the presence of the chiral phosphoric acid 577, gave the
corresponding 2,5-dihydropyrroles 578 in good yields with good enantioselectivities
(Scheme 259). According to DFT calculations a step-wise mechanism was operating.
First, the Michael addition took place through transition state | where 577 acts as a
Bransted-acid and a Lewis-base bifunctional catalyst and affords transition state 11 which
leads to the cycloadduct by a Mannich reaction.

Scheme 259. Enantiocatalyzed 1,3-Dipolar Cycloaddition of Azomethine Ylides
from Imino Esters Derived from 576 with Ynones 71 Using Chiral Phosphoric Acid
577
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When the 1,3-dipolar cycloaddition between imino esters (579) and ynones (71) was
carried out under AgOAc catalysis, pyrroles (580) were formed.*®® The reaction took
place using 20 mol% of the silver salt and 40 mol% of PPhsz in THF at —40 °C providing
the expected pyrroles in moderate to good yields (Scheme 260).

Scheme 260. Ag-Catalyzed 1,3-Dipolar Cycloaddition of Imino Esters (579) with
Ynones (71)
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R3 = Ph, 4-CICgHy, 4-O,NCgHy, 3-BrCgH,, 2-FCgHy, 2-MeCgH,, 4-MeCgHy, 4-MeOCgH,,
2,4-Me,CgHg, 2-furyl
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Deng and co-workers*®! have also described the 1,3-dipolar cyclization of ynones 71
with amino phosphonate-derived imines (581) using NaH as a base (Scheme 261). In this
case, the corresponding pyrrolephosphonates (582) were formed in moderate yields.

Scheme 261. 1,3-Dipolar Cycloaddition of Imino Phosphonates (581) and Ynones
(71)
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R? = Ph, nBu, ¢C3Hs
R3 = Ph, 4-CICgHy, 4-MeOCgH4, 3-CICgH,, 4-CICgH4, 4-BrCgH,, 2-naphthyl

1,3-Dipolar cycloaddition of azomethine ylides derived from imino esters (583) and
ynones (71) catalyzed by Cu(OAc). complexes gave enantioenriched 2,5-dihydropyrroles
(585).462 Using ferrocenyl oxazolinylphosphine (FOXAP, 584) as chiral ligand the
corresponding products were obtained in general in high yields with high
enantioselectivities (Scheme 262). The observed enantioselectivity was explained by
considering the transition state | where the dipolarophile approach is from the ‘top’ face.

Scheme 262. Enantioselective 1,3-Dipolar Cycloaddition of Imino Esters (583) with
Ynones Catalyzed by Cu(OAc)2 and FOXAP (584)
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In conclusion, azomethine ylides derived from pyridinium type salts are appropriate
dipole precursors for the 1,3-dipolar cycloaddition to ynones giving indolizines. Imino
esters are adequate precursors of azomethine ylides which are able to form the
corresponding pyrroles by reaction with ynones.

3.2.2.5. Nitrile Oxides. 1,3-Dipolar cycloaddition of nitrile oxides with ynones gave
isoxazoles under thermal conditions. This type of propargyl dipoles are usually prepared
by in-situ dehydrochlorination of a-chloro oximes. Rossi and co-workers*®® have
performed the 1,3-dipolar cycloaddition of s-(2-aminophenyl)-a, -ynones (200) with in-
situ generated nitrile oxides (586) (Scheme 263). The reaction was performed by adding
a-chloro oxime to a boiling xylene or toluene solution of 200 and EtsN affording
iIsoxazo[4,5-c]quinolines (587) in moderate yields. The a-chloro oximes were prepared
by treating the oximes (derived from benzaldehydes) with N-chlorosuccinimide (NCS) in
a solution of pyridine in chloroform.

Scheme 263. 1,3-Dipolar Cycloaddition of Nitrile Oxides (587) with Ynones (200)
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Miller and co-workers** have reported a microwave-assisted 1,3-dipolar
cycloaddition of nitrile oxides with ynones. The ynones were prepared by Pd-catalyzed
Sonogashira coupling of acyl chlorides with terminal alkynes 127 as previously reported
in Section 2.2.2.1. Subsequently a-chloro oximes and triethylamine were added and
heated at 90 °C under MW irradiation (Scheme 264). The resulting isoxazoles (588) were
obtained in variable yields in only 30 min, whereas 2-4 days were necessary to complete
the reaction with conventional heating.

Scheme 264. 1,3-Dipolar Cycloaddition of in-situ Generated Nitrile Oxides (586)
with Ynones under MW Irradiation
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3.2.2.6. Diazo Compounds. Anions derived from diazo compounds are very
reactive dipoles able to form pyrazolines by reaction with alkenes as dipolarophiles.
Dimethyl (diazomethyl) phosphonate, known as the Seyferth-Gilbert reagent, can be
deprotonated giving the corresponding anion. This anion can be generated by basic
methanol-promoted deacylation of dimethyl 1-diazo-2-oxopropyl phosphonate (589),
known as the Bestmann-Ohira reagent (BOR). BOR acted as dipole in 1,3-dipolar
cycloaddition with dipolarophiles giving phosphonylated heterocycles. Rastogi and co-
workers*®® have studied the reactivity of BOR with ynones 71 using methanolic KOH at
room temperature and obtained 3-carbonyl pyrazole-5-phosphonates 590 in high yields
(Scheme 265). The proposed reaction mechanism involves deacylation of 589 generating
anion | that undergoes a formal 1,3-dipolar cycloaddition with ynone 71 and form allenyl
anion I1. Rearrangement of 11 gives intermediate 111, which is converted to 590 by proton
migration.
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Scheme 265. 1,3-Dipolar Cycloaddition of Dimethyl (Diazomethyl) Phosphonate 589
with Ynones
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3.2.2.7. Other Annulations. Tomita and co-workers*®® described the phosphine-
catalyzed intramolecular carbocyclization of ynones 591 through the formation of the
dipole I, which adds to the carbonyl group and gives products 592 (Scheme 266). The
reaction was performed with 20 mol% of nBusP in THF at room temperature giving the
bicyclic products in moderate yields. Zwitterionic enolate | suffered an intramolecular
aldol reaction affording 11, which after a second conjugate addition formed bicycle 111,
precursor of 592. This process is known as Tomita-Zipper cyclization (TZC).

Scheme 266. Intramolecular [3+2] Annulation of Ynones 591 Catalyzed by nBusP
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The TZC was applied by Fu and co-workers*’ to synthesize diquinanes from ynones
593 and 594 (Scheme 267). Under slightly modified conditions (20 mol% of nBusP in a
9:1 mixture of dichloromethane/ethyl acetate under more dilute conditions (0.01 M), the
ynones gave bicyclo[3.3.0]octan-2-one derivatives 595 and 596, respectively, in good
yields with a high diastereomeric ratio (>20:1). They also developed an asymmetric
version using a chiral phosphine (597), which afforded 595 (R* = Ph, R?> = H, R® = Et) in
moderate yield with moderate enantioselectivity.

Scheme 267. Intramolecular [3+2] Annulation of Ynones 593 and 594 under
Phosphine Catalysis
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Intramolecular cycloadditions of ynones 71 with N-tosylimines (598) are initiated by
a Michael addition of tri-nbutylphosphine to the ynones followed by a Mannich reaction
to the imine and final attack of the nitrogen anion to the vinylphosphonium cation
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involving intermediates 1-V (Scheme 268).%%8 This [3+2] annulation was carried out using
20 mol% of nBusP in toluene at room temperature affording pyrrolines (599) in very good
yields.

Scheme 268. [3+2] Annulation of N-Tosylimines (598) with Ynones 71 Catalyzed by
nBusP
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Shi and co-workers*°470 described the phosphine PhEt,P-catalyzed [3+2] annulation
of isatins (600) with ynones 71 giving spiro[furan-2,3’-indoline]-2’,4(5H)-diones (601)
at room temperature with good yields. The asymmetric [3+2] annulation has been
performed with 20 mol% of the chiral phosphine  (4S,55)-4,5-
bis[(diphenylphosphino)methyl]-2,2-dimethyl-1,3-dioxolane  (DIOP,  602).**  N-
Protected isatins reacted with but-3-yn-2-one in ether at —20 °C to give 601 with ee up to
90% (Scheme 269). On the other hand, using 100 mol% of DABCO a [3+2] annulation
took place giving spiro[indoline-3,2’-pyran]-2,4’(3’H)-diones.

Scheme 269. Asymmetric [3+2] Annulation of Isatins (600) with Ynone 71 Catalyzed
by DIOP (602)
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The same reaction of isatins 600 was independently described by Huang and co-
workers,*?> who used different ynones 71 and another phosphine (10 mol% diphenyl-
methylphosphine) but obtained 601 in 51-94% vyield. Recently, the same group has
described a [3+2] annulation of 2-arylideneindane-1,3-diones (603) with ynones 71,
catalyzed by PhsP (30 mol%) and benzoic acid (30 mol%) in EtOH at room temperature,
and reported formation of spirocyclopentanones 604 in high yields (Scheme 270).4” In
the proposed mechanism, initial formation of dipole I by a Michael addition of PPhs to
the ynone was postulated, and this dipole, after a proton shift (mediated by PhCO2H and
EtOH), produces enolate 11, which adds to 603 and forms intermediate 111, the precursor
of the final product 604.

Scheme 270. [3+2] Annulation of 2-Arylideneindane-1,3-diones 603 with Ynones 71
Catalyzed by PhsP and PhCO2H
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When alkylideneoxindoles (605) were allowed to react with ynones 71 catalyzed by
phosphines, the corresponding five-membered spiroxindoles were obtained (Scheme
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271).47* This [3+2] phosphine-catalyzed TZC gave a mixture of ketoamides 606 or 607
using PhsP (20 mol%) and 4-phenylbut-3-yn-2-one (71), the corresponding
diastereoselectivity being dependent from the substituents in 605. When other ynones
were reacted with 605 (R! = R2 = CN) using (4-FCsH4)3sP (20 mol%), the corresponding
spirooxindoles 606 were obtained with good yields.

Scheme 271. [3+2] Annulation of 3-Alkylideneoxindoles (605) with Ynones 71
Catalyzed by a Phosphine
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In conclusion, phosphine-catalyzed intra- and intermolecular annulation reactions of
ynones with different electrophiles give the corresponding five-membered rings.

3.2.3.[4+2] Cycloadditions. The ability of conjugated ynones to undergo Diels-Alder
reactions has been known and utilized for decades. A number of basic studies, many
carried out with but-3-yn-2-one and dibenzoyl acetylene in particular, have been
reviewed,*”>#’7 and so have some of the applications of the reaction in natural-product
synthesis.*’84% The knowledge described in these publications and references cited
therein have been applied and developed further in recent years and made Diels-Alder
reactions with o,3-unsaturated ynones a more powerful tool in organic synthesis.

When ynones undergo Diels-Alder reactions, the primary products will be 1,4-
cyckohexadienes, which exhibit substituent-dependent stability. Stable products (608)
were obtained by Yamamoto and Payette when four ethyl and phenyl 2-silylethynyl
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ketones (71) were reacted with various cyclic and acyclic dienes in the presence of a chiral
oxazaborolidinium catalyst (609).%8! In all cases the adducts were isolated in good to
excellent yield as a single regioisomer with 99% ee (Scheme 272). The fact that 1-
phenylprop-2-yn-1-one exhibits the same regiospecificity as the 1-silylated analog and
furnishes the analogous regioisomer in 90% yield with 99% ee clearly demonstrates that
the silyl group is not essential to achieve high reactivity and chiral induction. Finally, it
should be mentioned that cyclopentadiene gives adducts (610) with a lower ee than the
other dienes, but the ee (71-74%) was significantly improved when TMS was replaced
with the larger tert-butyldimethylsilyl (TBS) group (90-95%), yields being in all cases
higher than 88% (Scheme 273).48!

Scheme 272. Asymmetric Diels-Alder Reaction of Phenyl 2-Trimethylsilylethynyl
Ketones (71) with Various Dienes

0 2
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Scheme 273. Asymmetric Diels-Alder Reactions of B-Silyl Ynones (71) with
Cyclopentadiene
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Stable adducts were also formed when Siegel and coworkers, in their synthesis of
xanthofulvin and vinaxanthone, reacted tert-butyl 4-oxopent-2-ynoate (71, R = CO.tBu)
with furan 611 and obtained 7-oxobicyclo[2.2.1]hepta-2,5-dienes (612 and 613) in
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excellent yield with high regioselectivity (>20:1) (Scheme 274).3%° The high selectivity
was ascribed to the high polarization of the diene combined with the predominant ketone
activation of the triple bond.

Scheme 274. Reaction of Ynone 71 with Furan 611, a Key Step in the Synthesis of
5,6-Dehydropolivione

TBSO CO,tBu Ac
Ac CO,tBu
+
>\ TTHF, 23°C @ @
PivO OTBS PivO OTBS
PivO
R = CO,Bu 611 612 613

96%, 612/613 > 20:1

Efficient Diels-Alder reactions took also place when a series of 1-aryl-3-
trimethylsilylprop-2-yn-1-ones (71) were reacted with 2,3-dimethyl-1,3-butadiene in the
presence of a Lewis acid, preferably BCls.*¥248 However, in most cases the aryl 4,5-
dimethyl-2-trimethylsilylcyclohexa-1,4-dienyl ketones (614) formed were unstable under
the reaction conditions and underwent quickly the Nazarov reaction which generated [6-
5-6] tricyclic products (615) in good yields (Scheme 275).482 The presence of the silyl
group was important for the outcome, because in its absence, the Nazarov reaction did
not take place, the product being the expected cycloadduct 616 (yield not reported).*?
This observation is in accordance with involvement of cationic intermediates | and 11, of
which Il benefits from significant B-silyl stabilizing effect. Chalifoux and co-workers
have also studied the reaction between some cross-conjugated diynones (617) and some
1,3-butadienes. When there was a silyl group at one or both C-3 atoms, non-aromatic [6-
5-6] tricyclic products 618 were formed via cation intermediates | and 111 and subsequent
loss of a silyl group.*8348 |t is also noteworthy that the outcome was quite sensitive to
the nature of the Lewis applied: many gave no cyclic product at all and some RhAICI3-n)
compounds appeared to give somewhat better results than BCls.483

Scheme 275. Tandem Diels-Alder/Nazarov Reaction Between Ynones 71 and 617
and 1,3-Butadienes
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A Diels-Alder reaction with ynones as dienophiles plays the key role in the synthesis
of a library of macrocycles prepared by Schreiber and co-workers for the study of enzyme
inhibition with the aim of probing cell circuitry.*®® Their strategy, based on the Diels-
Alder/retro-Diels-Alder  reaction sequence developed by Winterfeldt and
coworkers,*234% is outlined in Scheme 276. From commercially available
dehydroisoandrosterone 3-acetate (619), standard procedures were applied to make a
steroidal diene epoxide which was attached to macrobeads via a silyl-ether linkage to
form macrobead-containing steroid 620. This steroid was subsequently functionalized by
ring opening of the epoxide moiety with amines and thiols followed by conversion of
some of the primary amine to carbamates. These reactions generated a large number of
steroidal dienes (621), which were subjected to Diels-Alder reactions with 12 different 1-
arylpropynones 71 to furnish in total 2052 products. The structure of these compounds
was sensitive to the conditions prevailing under the reaction, but when it was performed
in DCM at room temperature in the presence of Et2AICI cycloadducts 622 were obtained
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in a regiospecific manner (Scheme 276).%° The target macrocycles 623, containing a 5-
membered ring and a 14-membered ring with a paracyclophane, were then obtained in a
retro-Diels-Alder upon heating the dried macrobeads in the absence of solvent at 110 °C.

Scheme 276. Diels-Alder Reaction of Steroids 621 with Ynones 71

COR*
623, >70% purity overall

110°C

Et,AICI, rt

Unlike 1,4-cyclohexadienes, bicyclo[2.2.2]octa-2,5-dienes 624 formed when 2-(2-
bromo-6-nitrophenyl)ethynyl ketones 129 were reacted with 1-methoxy-1,3-
cyclohexadiene, were not isolated because they decomposed at the reaction temperature
(130 °C).1® However, the decomposition of adducts 624 was a clean process and the
corresponding 2,2°,6,6’-tetrasubstituted biphenyls (625) were formed in good yields by
extrusion of ethene (Scheme 277).119

Scheme 277. Diels-Alder Reaction of Ynones 129 with 1-Methoxycyclohexa-1,3-
diene
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The lability of a Diels-Alder adduct was also instrumental in the synthesis of
antibiotics cadiolide A, B, and D by Boukouvala and Thibault.*8” When 1,3-bis(4-
methoxyphenyl)prop-2-yn-1-one (71) was heated with an excess of 5-ethoxy-4-
methyloxazole (626) in ethylbenzene, a regioselective cycloaddition furnished mainly
bicyclic adduct 627, which underwent a retro-Diels-Alder reaction and formed mainly
furan 628 by acetonitrile extrusion (Scheme 278). The product mixture was not purified
but treated directly with aqueous HBr/THF to give mainly butenolide 629 in 70% yield.*¢’

Scheme 278. Diels-Alder Reaction of Ynone 71 with 5-Ethoxy-4-methyloxazole (626)
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An ynone applied as dienophile by Kalinin and co-workers is ethyl 4-chloro-2-oxobut-
3-ynoate (143), which appeared to undergo Diels-Alder reactions with different dienes at
room temperature yielding adducts 630-635.1%° Yields above 75% were obtained in most
cases provided long reaction times were used (Scheme 279). Reaction with anthracene
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failed under these conditions, but when stannic chloride was added as catalyst, adduct
formation across the middle ring took place and gave the expected product (633) in 79%
yield.

Scheme 279. Diels-Alder Reactions with Acetylenic Ketoester 143
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When a number of ethyl 2-oxobut-3-ynoates, containing TMS or an aryl group at C4
instead of a chlorine atom, were reacted with Danishefsky’s diene under copper(Il)
catalysis, the course of the reaction changed completely and tetrasubstituted
dihydropyrans were obtained instead by a hetero-Diels-Alder reaction*® (Section 3.2.4.).

An intramolecular Diels-Alder reaction is instrumental in Uang and co-workers’
synthesis of (—)-pterosin N (636).4° When the chiral acetylenic 1,3-dienyl hydroxyketone
40 was stirred in toluene containing some 2,6-di-tert-butyl-4-methylphenol (BHT) for 2
days, a Diels-Alder reaction occurred and afforded the expected adduct (Scheme 280).
This compound was not isolated, but treated directly with 2,3-dichloro-2,3-dicyano-1,4-
benzoquinone (DDQ), which removed the p-methoxybenzyl (PMB) protection,
aromatized the cyclohexadiene ring, and afforded natural product 636 in 41% yield over
the two steps.
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Scheme 280. Completion of the Synthesis of (-)-Pterosin (636) by an Intramolecular
Diels-Alder Reaction Involving the Ynone 40
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Finally, Siegel and co-workers*®° utilized the ability of derivatives of 3-(3-oxobut-1-
ynyl)coumar-4-one (454) to function as a dienophile in [4+2] cycloaddition in the
synthesis of a variety of vinaxanthones, natural products which prevent growth cone
collapse.*®® Dienes 637, tautomers of 460, were in fact generated from 454 by a
hydration/ring-opening/conjugate-addition/enolization cascade of reactions in an
aqueous mixture of NEts and acetonitrile (Section 3.1.3.), and when reacting with 454 in
EtsN/MeCN, the Diels-Alder reaction occurred in a regiospecific fashion and protected
derivatives of the desired vinaxanthones 638 were obtained in up to excellent yield
(Scheme 281), after global deprotection using boron trichloride. In total 15 vinaxanthones
were synthesized in moderate to excellent yield following this strategy.

Scheme 281. Diels-Alder Reaction of Ynones 454 with Dienes 637
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In conclusion, ynones undergo Diels-Alder reactions with a range of dienes giving
cyclohexa-1.4-dienes in moderate to excellent yields. Most of the reactions are
intermolecular and involve cyclic dienes. When heated above 100 °C, many of the adducts
turn out to decompose and form aromatic compounds by extrusion.

3.2.4. Other Cyclizations. We will divide this section in two parts, the first devoted
only to carbocyclizations and the second to heterocyclizations leading to heterocyclic
compounds.
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3.2.4.1. Carbocyclizations.*® Most of these reactions are intramolecular processes,
but there are also some intermolecular reactions. Taylor and co-workers reported the total
synthesis of spirobacillene A, the key step being the cyclization of ynone 639 to
spirocompound 640 promoted by iodine (Scheme 282).4%! In this cyclization the iodonium
cation | was postulated to promote the product formation.

Scheme 282. Spirocyclization of Ynone 639 to give Compound 640

The same transformation (639—640) has been carried out by the same research group
using three different methodologies, namely (1) Method A: SnCl2-H20; (2) Method B:
Cu(OTf),; and (3) Method C: AgNOs:-SiO», in all cases in CH,Cl, at room temperature,
so starting materials 71 were transformed into spirocompounds 641 under mild reaction
conditions (Scheme 283).4% When the starting materials were 642, Method C gave
products 643.



Scheme 283. Conversion of Ynones into Spirocompounds
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Zhang and co-workers reported a photoinduced dehydro-Diels-Alder reaction®%4%* of
ynones 71, 644 and 645 to give the corresponding naphthalene derivatives 646-649
(Scheme 284). In all cases a diradical of type | (generated after a n—n* excitation
followed by a S1—Tj intersystem crossing) has been proposed to explain mechanistically

the obtained results.*%

Scheme 284. Preparation of Compounds 646-649 by Photochemical Activation of

Ynones 71, 644 and 645



209

o
o
hv _ R
= R benzophenone R
Ph
Ph O
7 646, 23-38%

R = Me, Et, nPr, Ph

@]
hv )
benzophenone n
(0]

Ph
647, 8-54%
n=24,8
Ar'
1 —
Ar'—— hv ’
A= benzophenone * OO’
r-——
a5 A O ©
648 649

Ar' = Ph, 4-MeOCgHj, 4-CICgH,, 4-F5CCqH, ~ 24-87%, 7.3:1-1:1.7

Ar? = Ph, 4-MeOCgH,, 4-CICgH,, 4-F3CCgqHg

Wessig’s group has studied the photoinitiated reaction between ynones 71 and
arylacetylenes 127 to give mainly diaryls 650 (Scheme 285).® Also in this case a
diradical of type I is believed to take part in the process.



Scheme 285. Photoinduced Cross Coupling of Ynones 71 with Acetylenes 127
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As previously commented (Section 3.2.2.7), Ramachary and co-workers reported that
the intermolecular reaction between ynones 71 and isatin derivatives 605 in
dichloroethane at room temperature was promoted by tris(4-fluorophenyl)phosphine
(651), so that spirocompounds 606 were isolated (Scheme 286).4’* Apart from the dicyano
olefin moiety in 605 the presence of two ester groups gave similar results. The proposed

mechanism involves intermediates I1-1V.
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Scheme 286. Transformation of Ynones into Spirooxindoles 606
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Curiously, when the reaction shown in Scheme 286 was performed by Cui and co-
workers with compounds 71 and 605 and with PPha/BINOL as catalyst, isomeric products
(652) were isolated (Scheme 287). In this case intermediates I-1V can explain the
different behavior observed compared to what happened in the previous reaction (Scheme
286).4%7

Scheme 287. Conversion of Ynones 71 into Spirooxindoles 652
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As mentioned in Section 3.2.2.7, another family of spirocompounds (604) was
prepared by Huang and co-workers by a phosphine-catalyzed [3+2] annulation between
ynones 71 and 2-arylidenel,3-diones 603.#”® The main synthetic interest of this process
is the formation of a quaternary center in the products (Scheme 288). Based on the results
of labeling experiments, it is envisaged that intermediates I-V are involved in the reaction.

Scheme 288. Preparation of Spiro Ketones 604 by Reaction of Ynones 71 with
Diones 603
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Concerning intramolecular carbocyclizations of ynones, there are several reports about
formation of mono and bicyclic products. Zhang and co-workers studied an insertion of
an inactivated Csp*-H bond in ynones promoted by gold.*® Thus, ynones 71 and 653 gave
the corresponding cyclopentanone derivatives 654 and 655, respectively by treatment
with AuCI/AgNTHf, ligand 656 and amine oxide 657 in fluorobenzene at room temperature
(Scheme 289).%%® Insertion of a Cy-H into a gold carbene (1) has been postulated as
possible reaction pathway for ynones 71.

Scheme 289. Synthesis of Cyclopentanones 654 and 655 from Ynones 71 and 653,
Respectively
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Another intramolecular carbocyclization, promoted by magnesium iodide, was
reported by Frontier and co-workers,*® who in this way converted ynone 658 to
cyclohexenol derivative 659 (Scheme 290). Intermediates I and Il were proposed to
explain the formation of 659. Application of this methodology to a cyclic ynone (660)
afforded a bicyclic ketone (661), which contains a bicyclo[9.3.1]pentadecane core and
appears to be a useful intermediate for the synthesis of phomactin A.4%

Scheme 290. Cyclization of Ynones 658 and 660 Promoted by Mgl2
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A Rh-catalyzed cyclization of ynones 96 allows the preparation of polysubstituted
cyclopentenones (662), which are suitable starting materials for the synthesis of

hydroazulenoisoindoles (Scheme 291).%00:%0

Scheme 291. Cyclization of Ynones 96 to Cyclopentenones (662)

(@) (@] R3
1 —R3 R!
R2 [Rh(CO),Cl], (5 mol%) R2 =
R\, PhMe
96 662, 53-81%
R' = Me, Et, iPr

R? = Me, Et, BzNH
R'-R? = (CHy)s
R® = H, Me, nBu, MeOCHj, Ph, 2-Py

In a rather similar process, enynones (663) were cyclized to give bicyclic compounds
(664) in a palladium-catalyzed reaction involving acylzirconocene 258 in the presence of

dimethylzinc (Scheme 292).5%

Scheme 292. Cyclization of Ynones 663 to Give Bicycles 664
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o 1 COR'
Y/T COR R2COZr(Cl)Cp, (258) y _OH
\T Pd(OAc), (10 mol%) “nCgH17

N ZnMe,

663 664, 48-56%

Y = Me,C, O, [BnO(CH,),],C
R'=Me, Ph
R? = nCgH1g

When the alkynyl keto group is attached to an indol, a benzothiophene or a benzofuran,
such as in 665, the phosphine-promoted cyclization led to the formation of tricyclic
compounds (666) in a diastereoselective manner (Scheme 293).°% In order to explain the
formation of 666, intermediates | and Il have been postulated to take part in the
transformation.

Scheme 293. Transformation of Ynones 665 into Tricyclic Compounds 666

PCys (10 mol%
CH2C|2 rt

666, 64-95%, E/Z: 97/3-99:1

Y = BocN, CbzN, MeN, O, S
R' = H, 5,6-(MeO),, 6-TsO, 6-Cl
R2 = Ph, 4-MeC6H4, 3-thieny|, 3-FC6H4, CC3H5, 1-Cyclohexenyl, 2-F3CCGH4, 4-FC6H4

+ +
0 P?ys o PCys;
R? " “R2
7
RE TN RC TN
XY XY

Ramasastry and co-workers prepared another family of tricyclic compounds (668) in
good vyields by exposing benzothiophenes (667) with an alkynyl keto functionality
anchored at the 2-position to tricyclohexylphosphine (Scheme 294).5%* A mechanism
involving intermediates I-111 explains the formation of 668.

Scheme 294. Cyclization of Ynones 667 to Give Tricycles 668
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A series of ynones containing an indole moiety (270) can be converted to either
spirocompounds (669) or fused cyclopentenones (670), the temperature being responsible
for the final outcome (Scheme 295). In order to explain mechanistically this reaction
intermediates | and 671 have been proposed®® (see also Scheme 348%22),

Scheme 295. Conversion of Ynones 270 into Cyclopentenones 669 or 670
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R § 3\\ TEA 669, 41-99%
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N R
270 2
R
100 °C I\ ©
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670, 35-99%
R'=H, TMS, Ph, 2-MeCgHy, 3-MeCgHy, 4-MeCgHy, 4-PhCgHy, 4-MeOCgHy,
4-FCgHy, cC3Hs, nPr, Cy, nCgHy3
R? = H, MeO, Br
R3=H, Me
R*=H, Bn

+
R? /N\ — 669 H, R?

Finally, Ji and co-workers reported the gold-promoted cycloaromatization of ynones
672 in the presence of the quinoline oxide (673) to yield a series of phenanthrene
derivatives (674) (Scheme 296).5% A catalytic cycle involving intermediates I-1V was
postulated to drive the process forward.

Scheme 296. Cyclization of Ynones (672) to Phenanthrenes (674)
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o)
=~ X PhsPAUNTY, (5 mol%
RI— | XX, 3PAUNTf; (5 mol%)
X | xR 673, PhF, rt
=
R2/
672 674, 50-92%

R' = H, 4-Cl, 2-MeO

R2 = H, 3-Me, 4-MeO, 4-F

R3 = 4-MeCgHy, 4-MeOCgH,4, 4-CICgH,4, 2-MeCgHy, 2-BrCgHy, 1-naphthyl,
2-thienyl, nBu, cCsHs, Ph

Wender and co-workers described an intramolecular [5+2] cycloaddition of compound
44, catalyzed by the Rh complex [Rh(CO).Cl]2 in 1,2-dichloroethane, which furnished a
tricyclic ketone (675) containing the skeleton of cythiane diterpenes (Scheme 297).%% The
proposed mechanism involves first an oxidative addition to give intermediate I, which by
ring opening of the cyclopropane affords intermediate 1. Final reductive elimination
yields the tricyclic product.

Scheme 297. Preparation of Tricycle 675 by [5+2] Cyclization of 44

o)

‘\ [Rh(CO),Cll, (5 mol%)

2 DCE, 80 °C
OH
44 675, 90%

0
0
HO "o
AN —
H ) L ~_ RhL,
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Transformation of diynones 56 into the corresponding 1,6- and 1,8-naphthalenophanes
676 and 677 has been achieved by Wessig and Matthes photochemically, conceivably via
diradicals 1 and 11 (Scheme 298).°8

Scheme 298. Photochemical Transformation of Diynones 56 into
Naphthalenophanes 676 and 677

0
O o e
|| || hv .
Ox ¥ 0
¢S e
Y. /
n 070 n Y, ([l
070
56 676, 3-33% 677, 15-66%

n=0,2
Y = (CHa)y, (CHy)4, (CH3)g, (CH2CH20)2(CHy),

A straightforward radical cascade cyclization was described by Pattenden and co-
workers in which a monocyclic ynone (678 or 679) was treated with a tin hydride in the
presence of AIBN giving tetracyclic products 680/681 and 682, respectively, with the
estrone skeleton (Scheme 299).5%7 Actually, compound 681 was transformed into (z)-14-
epi-estrone in a five-step synthesis with a 3% overall yield. Remarkably, the
stereochemistry of the final products is defined by the geometry of one of the double
bonds of the starting ynone.

Scheme 299. Radical Cascade Annulation of Ynones 678 and 679 to Tetracyclic
Products 680-682 with Estrone Skeleton
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An asymmetric [3+2] cycloaddition took place when a mixture of 3-amino oxindoles
(683), aldehydes, and aromatic ynones (71) was subjected to a chiral phosphoric acid
(577; Ar = 9-phenanthryl) and furnished spirocompounds 684 (Scheme 300).°%
Dehydrogenation of these compounds with DDQ afforded the expected pyrroles, which
are of importance in medicinal chemistry.

Scheme 300. Reaction of Aminoxindoles (683), Aldehydes, and Ynones (71) to Yield
Spirocompounds 684 by CPA (577) Catalysis

o , NHo-HCI 577 (5 mol%)
%Arz R MgSOy, NaHCO,
3
Art + RICHO + N ° CH,Cly, 1t
71 R R
683 684, 73-99%
X,
O_,OH
S

OO ° "
Ar
577 (Ar = 9-phenanthryl
R = H, Me, Bn ( P yh

R?=H, Me, F

R3 = Ph, 4-FCgHy, 3,4-Cl,CgHg, 4-BrCgHy, 4-O,NCgHy, 3-MeCgHj, 4-MeOCgH,, 2-naphthyl, 2-thieny
Ar' = Ph, 4-FCgHj, 4-CICgHy, 4-MeCgHy, 3-MeCgHy, 4-MeOCgH,, 2-thienyl

Ar? = Ph, 4-FCgHj, 3-CICgHy, 4-BrCgHy, 4-O,NCgHy, 3-MeCgH,, 2-naphthyl

3.2.4.2. Heterocyclizations. In this section cyclization of ynones to give nitrogen-
and oxygen-containing heterocycles will be considered.

3.2.4.2.1. Nitrogen-Containing Heterocycles. A series of substituted indolizidines
(686 or 687 as ZnCl, complexes) were prepared by treatment of ynones (685) with
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MeSOsH or ZnCl,, respectively (Scheme 301).5% In the first case a Meyer-Schuster
rearrangement took place, in the second the ZnCl> complexes were further reduced
(NaBHa) to 3-alkynylindolizidines.

Scheme 301. Preparation of Compounds 686 and 687 from Ynones 685

MeSO3H, CH2C|2, rt

then, Na,CO4 N \ 0o
O " R
686, 15-90%
X
N. R
Boc
685
N

ZnClz, Etzo, rt \ 'ZﬂClz

R = H, nC;H, Ph R/,

687, 12-63%

Depending on the size of the nitrogen-containing ring in cyclic sulfonamides (688),
their treatment with a gold(l) complex gave bicyclic enones (689) (n = 1), or pyrroles
(690) (n = 2) or 691 (n = 3) by a N-desulfonylative amination (Scheme 302). This
substrate-dependent divergent synthesis has been applied to the formal synthesis of the
possible antileukemic agent (+)-nor-NP25302.5%° Vinylgold intermediate 1 has been
proposed as a transient species in the reaction.

Scheme 302. Transformation of Cyclic Sulfonamides 688 into Compounds 689-691
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It is also possible to prepare heterocycles containing two nitrogen atoms starting from
ynones (Section 3.1.3.1.3.1). Treatment of trifluoro ynones 363 with phenylhydrazine,
depending on the reaction conditions, gave pyrazoles 365 or their regioisomers 364
(Scheme 303).3® This regiodivergent synthesis has been successfully applied to the

preparation of Celebrex, a non-steroidal anti-inflammatory drug (Section 3.1.3.1.3).

Scheme 303. Preparation of Regioisomers 364 and 365 from Ynones 363

0]

P —

R
363

1) PANHNH,, DMSO, 1t~
2) p-TSA (20 mol%), 85 °C

PhNHNH,, (CF3),CHOH, rt

CF3

~I
R%\(

~N.
N""ph

364, 83-92%

N/
]

Ph
365, 91-100%

R = Ph, 4-C|C6H4, 4-BrC6H4, 4-M606H4, 4-tBUC6H4, 4-MeOC6H4,
4-M6806H4, 3,4-(OCH2CH20)06H3, nCGH13

When the ynone has a BF3K substituent attached to the triple bond (19), the boron
group is transferred to the pyrazole formed in a regioselective manner by treatment with
hydrazines. Thus, 19 (easily available from the corresponding terminal alkynes) were
transformed into pyrazoles 362 by reaction with methyl or phenylhydrazine (Scheme
304).%8 The reaction also worked properly with unsubstituted hydrazine yielding the
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expected products 362 with R= H. The boron group allows easy functionalization at its
location in the molecule, mainly by cross-coupling reactions (Section 3.1.3.1.3).

Scheme 304. Preparation of Pyrazoles 362 from Ynones 19

R2
Q N
EtOH N~
2 —
RH\ +  RNHNH, " L p—BFaK
BF4K R’
19 362, 63-98%, 7:1->98:2

R' = Me, nPr, tBu, 4-MeOCgH,4, 2-MeCgH,, 4-F3CCgH,4
R2 = Me, Ph

A silver-catalyzed oxidative coupling of anilines with ynones 71 has been shown by
Zhang and Xu to be an efficient route for the synthesis of quinolines (263) (Scheme
305).>!! The mechanistic proposal put forward starts with formation of imine 1 followed
by cyclization through the silver-activated alkyne I1.

Scheme 305. Preparation of Quinolines (263) from Anilines and Ynones (71)

N. R3
o NH R |
/k , R | 2 AgOTf (5 mol%) S _
= R+ ~ HOTf (5 mol%)
R? PhMe, 80 °C R?
71 263, 40-98%

R'=H, 3-Me, 4-Me, 2-EtO, 4-F, 4-MeO, 3-F, 3-Cl-4-MeO, 4-O,N, 2-HO, 2,3-benzo
R2 = H, Me, nPr, Ph, 4-MeCgH,
R3 = Me, Ph, 4-MeCgH,

SNy
\|‘|/ \|‘:_/__Ag+
Ph Ph
I I

3.2.4.2.2. Oxygen-Containing Heterocycles. The groups of Xie®'? and Bolshan'®
described the cyclization of o-hydroxyphenyl ynones (423) to yield aurones 692 under
different reaction conditions, using either a phosphine®? or Cs,CO3% as reagent
(Scheme 306). However, under acidic conditions the corresponding flavones 424 (Section
3.1.3.2.1) were isolated.'? For the phosphine-promoted reaction, intermediate I has been
proposed to take part in the formation of 692 through a kinetically favorable 5-exo-dig
cyclization.5?



Scheme 306. Conversion of Ynones 423 into Furanones 692 and Flavones 424
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Anthracene-derived ynones (52) have been converted into the corresponding
pyranones 693 by simple treatment with sulfuric acid.>* A couple of examples from
Stewart and co-workers is depicted in Scheme 307 (see also Section 3.1.3.2.1). Under
different reaction conditions (just heating in toluene) the products are the corresponding
furan derivatives 694. The biological activity of both series of compounds has been

investigated by the same group.

Scheme 307. Conversion of Ynones 52 into Pyranones 693 or Furans 694

R = nHex, Ph

694, 13-85%

R'=H, iPr
R? = nPr, nHex, Ph, Bz, Ac, MeCH(OH),
nPentCO, NC(CH,)3, CI(CH,)s

Ynones 71 react with different aldehydes in the presence of Cr(l1) chloride and TMSCI
and afford furans 525 in a direct way (Scheme 308).>2® A series of intermediates (1-V),
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resulting from initial electron transfer, have been put forward as possible intermediates to
explain the results obtained.

Scheme 308. Reaction of Ynones 71 with Aldehydes to Give Furans 525

Sen CrCl,, Me3SiCl, H,0 R'__O«__R2
+
R' CHO THF, rt U

7 525, 57-80%

h
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R? = Cy, Ph(CH,),

ocr! 2 1l
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/o R’ 1
= 1 HY\_ 2/ R
crll R
| Il 1} \)

Another way to prepare substituted furans is to react ynones (71) with oxabicycles
(695) under palladium catalysis by palladacycle 696 which leads to formation of tricyclic
furans (697) in moderate to good yields (Scheme 309).51* The reaction has been extended
to non-oxygenated bicyclic substrates, such as norbornene and norbornadiene with
similar results. From a mechanistic point of view, three intermediates (I-111) have been
proposed to explain the course of reaction.

Scheme 309. Preparation of Furans 697 from Bicycles 695 and Ynones 71
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R? = Ph, 4-MeOCgH,4, 3-MeCgHy, 4-MeCgH,, 3-CICgH,4, 2-MeCgH,, 1-naphthyl,
2-furyl, Me
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Shi and Lian reported a catalyst-dependent regiodivergent reaction of ynone 71 with
isatins (600).4°® When 1,4-dioxabicyclo[2.2.2]octane (DABCO) was used, endocyclic
spirooxindoles (698) were isolated, but with methyl diphenylphosphine as catalyst, exo
derivatives 601 (Section 3.2.2.7) were the reaction products (Scheme 310). Mechanistic
proposals for both reactions have been put forward; the first process is envisaged to
involve intermediates | and 11, the second transients 111-V1.

Scheme 310. Transformation of Isatins (600) into Spirooxindoles (698 and 601)

DABCO
THF
o)
o)
=
Ak o
=Z X N
71 R?
600
MePPh,
THF

I\?Z
601, 64-98%

R' = H, 5-F, 5-Me, 5-Cl, 6-Br, 7-Br, 5,7-Me,, 4-Cl, 4-Br, 5-MeO
R? = Bn, Ph;C, Me, CH,=CHCHj,, (anthracen-10-yl)methyl

A related contribution from Huang’s group reported the same process shown in
Scheme 310 but with somewhat different ynones and catalyst (ArC=CCOMe;
EtPPh2/PhCO2H in chloroform). The products were derivatives of 601. It is noteworthy
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that an asymmetric version with a BINOL-derived phosphine as catalyst gave poor
enantioselectivity.4"?

Finally, oxaruthena- and oxaosmacyclopentadiene complexes of structures 699 and
700 were easily prepared by mixing the corresponding metal dichlorides with
PhCOC=CH in methanol (Figure 12).°%®

699, 80% 700, 50-64%
M = Ru, Os

Figure 12. Metalafurans 699 and 700.

In conclusion, carbo- and hetero-cyclizations, mainly in an intramolecular fashion,
have been reported using different promoting agents, such as iodine, light, acids, bases,
phosphines and several organometallic reagents. For heterocyclizations, nitrogen- and
oxygen-containing products have been easily achieved.

3.3. Reduction of the Triple Bond

Although hydrogenation of alkynes to alkanes can be easily achieved by catalytic (Pd, Pt,
Ni) hydrogenation,®'® semi-hydrogenation to give Z-alkenes is normally performed using
the Lindlar’s catalyst,}"*® and to E-alkenes by using dissolving metals.®'® These
methodologies have problems when they are applied to alkynes with additional
functionalities that are also susceptible to being hydrogenated. This is the case with
ynones, for which the selective reduction of the triple bond in the present of the carbonyl
group is difficult.

Yeh and co-workers reported the use of triphenylphosphine and water for the semi-
hydrogenation of ynones (701) with an ether functionality in propargylic position giving
the corresponding (E)-alkenones (702) in moderate to good yields (Scheme 311).5%° The
proposed mechanism involves a conjugate addition of the phosphine to the triple bond
producing a zwitterionic intermediate (1), which reacts with water to give exclusively the
corresponding trans-product 702, through a second intermediate (I1).

Scheme 311. Formal Semi-Hydrogenation of Ynones 701 to Give (E)-Enones 702
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Ynones react with Ruz(CO)12 in toluene at 90 °C to give a series of ruthenium-carbonyl
clusters (Section 3.2.1), whose structures depend on the stoichiometry of the reaction, but
in all cases the corresponding enone is attached to one of the Ru atoms.*3® No further
reactivity of these complexes has been investigated. In a reaction of an ynone with a Rh(l)
complex, the same type of compound bearing an enone moiety as ligand of the metal has
been isolated.>?*

Sydnes and co-workers reported on the semi-hydrogenation of a functionalized ynone
(703) by means of the Lindlar’s catalyst, which gave the corresponding cis-product (704)
in excellent yield and diastereoselectivity (Scheme 312).5%

Scheme 312. Semi-Hydrogenation of Functionalized Ynone 703 to Enone 704
¢ 0
EtO H,, Lindlar's cat. X EtO\H‘\)/
X OAc AcOEt, rt

EtO EtO
703 704 (99%)

OAc

As a conclusion, few reports have been published on the semi-hydrogenation of
functionalized ynones: with PPhz/H>O (E)-enones were obtained whereas the Lindlar’s
catalyst gave the expected (Z)-diastereomers.

3.4. Addition to the Carbonyl Group

The selective addition of carbon and heteroatom nucleophiles to the carbonyl group of
ynones and related compounds, as well as the reduction of this functionality, will be
considered in this section.
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3.4.1. Carbon Nucleophiles. In this case a new carbon-carbon bond is formed and
at the same time an alcohol functionality is generated, so a propargyl alcohol is initially
formed.

Vicario and co-workers reported the reaction of ynones 71 with aldehydes in the
presence of a substoichiometric amount of chiral carbene precursor 705 under basic
conditions, which gave the corresponding chiral products 706 in high yields with high
enantioselectivities (Scheme 313).52 E-Breslow intermediate | reacts preferentially
through the topicity showed in 11, compared to 111, to give the major enantiomer.

Scheme 313. Enantioselective Cross-Benzoin Reaction of Ynones 71 with Aldehydes
to Give Alcohols 706
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Hoveyda’s group has studied the enantioselective addition of dimethylzinc and
diethylzinc to a series of pyridine-derived ynones (707) promoted by aluminum
triisopropoxide and a chiral ligand (708 or 709) (Scheme 314). For diethylzinc ligand 708
was the most efficient, whereas 709 gave the best results when dimethylzinc was used.
The resulting chiral alcohols (710) were easily transformed into chiral indolizidines by
treatment with a catalytic amount of copper(l) iodide.>** A computational study supports
a rationale for these results.

Scheme 314. Enantioselective Addition of Dialkylzinc Reagents to Ynones 709
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The enantioselective condensation of aldehydes with «-alkynyl aldehydes was
extended to ynones 187 bearing an extra ester functionality attached to the carbonyl
group. By using chiral ligand 711 and benzoic acid in substoichiometric amounts the
corresponding products (712) were isolated after acetalization (Scheme 315). When the
aldehyde has a C=C bond in the chain [R = CH,=CH(CHy>).] a Pauson-Khand reaction
gave the expected cyclopentenone derivatives in an enantiomerically almost pure
products.>

Scheme 315. Condensation of Aldehydes with Keto Esters 187
MeO HO, CO,Me

1) 711/PhCO,H (20 mol%), THF, —40 °C Q
MeO,C MeO NN
2) CH,(OMe),, p-TsOH, MeOH, 0 °C N

R Ar
712, 65-83%, syn/anti: 5/1-8/1,
93-95% ee

R = nBu, iBu, Ph(CH,),, CH,=CH(CH,),
Ar = Ph, 3-CICgHy, 4-FCgH,

Iz

OSiPhs

711

The Pauson-Khan cyclization was the key step in the formation of a tetracyclic system
from the reaction of ynone 713 with cyclobutene acyloin 714. The process starts with
conversion of the ynone into cyclopentadione 715 by reaction with 714 promoted by
boron trifluoride (Scheme 316).5% Diketone 715 was then reduced to 716, which was
subjected to the Pauson-Khan protocol and after two more steps afforded the desired
tetracyclic compound 717.1%

Scheme 316. Transformation of Ynone 713 into Product 717
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A reductive acylation has been reported for the reaction of ynones with an acid chloride
promoted by magnesium metal. Thus, both substrates 71 and an acyl chloride react with
Mg in DMF to give mainly conjugated enyne 718 via intermediates 1-1V resulting from
an electron transfer and reaction of the generated anion with the electrophile (Scheme
317).5%7

Scheme 317. Reaction of Ynones 71 with Acyl Chlorides and Magnesium

Q ﬁ\ R2CO,. _R?
R+ R0 —9 |
= DMF
Ph Ph™ "
71 R’

718, 40-58%

R' = Me, Et, nBu, Cy, Ph, Ph(CH,),, 2-furyl
R? = Me, Et, nPr, nBu, iBu, Cy, CI(CH,)3, Ph

0,CR?2 0,CR?

o-
/'\R1 /_\R1 - —/\R1
4 =
Ph Ph | Ph”
|

o. _R?

Oy R?
|
Ph”” %/SQCRZ Ph&

R1
1] v

R1

When ynones 71 were allowed to react with malononitrile in toluene at 120 °C
polysubstituted anilines 719 were isolated (Scheme 318). The reaction starts with a
condensation of both reagents to give intermediate 720, which suffers a Michael-type
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addition affording 721, that reacts with a third molecule of the dinitrile to yield 722, a
direct precursor of the final product 719.%%

Scheme 318. Preparation of Substituted Anilines 719 from Ynones 71
1
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7
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In the way to prepare polyynes, Tykwinski and co-workers reacted silylated ynones 16
with CBr4 in the presence of PPhgz, so the corresponding enynes 723 were prepared, which
after desilylation gave deprotected compounds 724 (Scheme 319). These products could
be easily transformed into dienyl ketones 725 through a three-step process including (a)
a Fritsch-Buttenburg-Wiechell (FBW) rearrangement giving a lithium acetylide; (b)
lithium/tin transmetalation to afford the corresponding tin acetylide; and (c) a Stille
coupling reaction.>?®

Scheme 319. Transformation of Ynones 16 into Diynones 725

o Br Br Br Br
1 CBr, PPhy | « K»COs5 1 |
R % CH,Cl, X MeOH R %
SiMes SiMeg H
16 723, >65% 724, 72-93%
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2) nBu3SnCl, —40 °C to rt R = R

3) R2COCI, PdCl,(PPhg),, CH,Cl, reflux » Z

725, 33-75%

R = Ph, PhC=C, MeC=C, 4-tBuCgH4C=C, iPr;SiC=C
R2 = Me, Ph, 4-tBuCgH,, 4-MeCgHy, 4-O,NCgH,

When the ynone contains an ester functionality at the a-position as in 187, its reaction
with 1,3-diketones in the presence of catalytic amounts of silver triflate and (R)-BINAP



234

allows the direct synthesis of chiral substituted dihydrofurans (726) (Scheme 320). These
compounds can be easily transformed into the corresponding furans. The formation of
726 can be explained by a first 1,2-addition to the activated carbonyl group to give the
intermediate 727, which suffers a 6-exo-dig cyclization to give the final heterocycles
726.5%0

Scheme 320. Reaction of Ynones 187 with 1,3-Diketones to Dihydrofurans 726
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Another type of activated ynones are trifluoromethyl derivatives 363, which are able
to react with substituted indoles in the presence of a catalytic amount of benzoic acid to
afford the expected 3-substituted indoles 728 (Scheme 321). When the 3-position is
occupied (for instance with a methyl group) the reaction took place at the 2-position, but
the yield was lower.>!

Scheme 321. Preparation of Indoles 728 from Ynones 363
OH
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The 3-position of the indole can be activated for nucleophilic attack of an ynone (16)
by forming the corresponding organolithium intermediate by bromine/lithium exchange.
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Thus, starting from bromo derivative 729, double addition of BuL.i allows formation of
compounds 730 albeit in low yields (Scheme 322). These compounds were generated by
initial nucleophilic addition to the carbonyl group to yield alkoxide I, which eliminates
lithium oxide and gives enyne 11 that finally added a second molecule of the lithiated
indole to afford the obtained reaction product.>?

Scheme 322. Preparation of Compounds 730 from Indole 729 and Ynones 16
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Knight and co-workers reported that the use of a tin enolate derived from glycinate
731 in reactions with ynones 71 in THF at temperatures from —78 °C to room temperature
gave mainly anti-732 (Scheme 323). A transition state (I) rationalizes the stereochemistry
observed in this reaction.3°

Scheme 323. Preparation of Amino Esters 732 from Ynones 71

o] OFEt R OH
~I N
+ TsN _THF __CO,Et
=~ R 57 ° ~78°C to rt =
Ph Ph NHTs
71 731 732, 65-80%, anti/syn: 88:7-99:1
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3.4.2. Heteronucleophiles. By applying heteronucleophiles, new carbon-
heteroatom bonds are formed and open up new opportunities to prepare a variety of
heterocyclic compounds with control of the substitution pattern.

Perumal and co-workers described the preparation of a series of isoxazoles (379) in
good to excellent by treatment of (Z)-oximes (733; easily prepared by reaction of the
corresponding ynones (71) with hydroxylamine) with AuCls in dichloromethane under
reflux (Scheme 324).5% The mechanistic proposal put forward involves intermediates |
and I1. Conversion of I to Il requires Z geometry and this conceivably explains why
attempts to make isoxazoles from (E)-oximes failed.

Scheme 324. Preparation of Isoxazoles (379) from Z-Oximes (733)
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Isozazoles 379 were also formed as by-products in reactions of mixtures of Z/E-O-
tosyloximes 734 (easily prepared by treating the corresponding oximes 733 with p-
toluenesulfonyl chloride and triethylamine) with in-situ generated NaSeH (prepared by
reaction of elemental selenium with sodium borohydride in ethanol), which mainly gave
selenium-containing heterocycles 735 in moderate yields (Scheme 325). The same
reaction with tellurium failed.*?® The authors propose the intervention of species I and 11
in the reaction pathway.

Scheme 325. Preparation of Isoselenazoles 735 from O-Tosyloximes 734
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Another heteroatom able to act as nucleophile toward the carbonyl group of an ynone
is phosphorous. Thus, enantioselective hydrophosphonylation of ynones 71 has been
achieved by in-situ generated chiral tetraaminophosphonium chloride 736, which forms
enantioenriched a-hydroxy phosphonates 737 in good to excellent yield (Scheme 326).
The intermediacy of species I-111 has been envisaged to explain the formation of the

products.>3*

Scheme 326. Preparation of Chiral Hydroxy Phosphonates (737) from Ynones 71
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An interesting case of structure-dependent intermolecular cyclization starting from
ynones 71 is shown in Scheme 327. In the reaction of alkyl-substituted S-hydroxyethyl
azides 738 with ynones, the phosphine-promoted cyclization afforded 1,4-oxazepines
(739), whereas with aryl-substituted analogues 740 the corresponding 1,3-oxazines 741
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were obtained under the same reaction conditions. This different behavior can be
explained considering an initial imine formation giving intermediate I, which via a
Michael-type addition gives oxazepines 739. On the other hand, the formation of the
corresponding oxazines 741 would involve intermediates 11-1V.5%

Scheme 327. Divergent Preparation of Oxazepines 739 and Oxazines 741
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Concerning intramolecular cyclizations, when Boc-protected chiral amino ynones 742
(easily prepared from L-pyroglutamic acid) were treated with a dichloromethane solution
of MeSOsH at room temperature, heterocycles 743 were formed due to a cyclization
followed by a Meyer-Schuster rearrangement (Scheme 328). Intermediates | and Il have
been postulated to be involved in the process. It is noteworthy that E-743 easily
isomerizes to the corresponding Z-isomer by acid-base treatment.5%

Scheme 328. Cyclization of Ynones 742 to Give Chiral Pyrrolidines 743
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The same group has also reported the intramolecular cyclization of amino ynones 742
promoted by zinc dichloride in diethyl ether at room temperature to give acetylenic cyclic
imines 744 in variable yields (Scheme 329). In this case, the alcohol initially formed (745)
suffers dehydration, after deprotection, to afford the final imine.>¥” This chemistry has
also been extended to the corresponding six-membered rings.

Scheme 329. Conversion of Ynones (742) into Pyrrolines (744)
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In their study of the synthesis of the antibiotic kendomicine, Tanaka and co-workers
utilized the reactivity of the carbonyl group in the ynone moieties in 746 and 747 to
construct the tetrahydropyran ring required to reach the goal. This was achieved by
regioselective reduction to the corresponding secondary alcohols, followed by
deacetalization and diol formation, and completed by dehydration and ether formation to
give products 748 and 749, respectively (Scheme 330).°° The overall yields correspond to

a yield of about 75% in each step.
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Scheme 330. Formation of Tetrahydropyran Derivatives 748 and 749
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3.4.3. Reductions. Most of the methodologies developed for the selective reduction
of the carbonyl group of ynones are based on boron reagents and hydrogen transfer
processes.

3.4.3.1. Boron Reagents. The complex BHs-SMe> combined with the so-called
Corey-Bakshi-Shibata (CBS) catalyst (R)-750 in THF reduced selectively the carbonyl
group of ynone 59 to give the propargyl alcohol (R)-751 with excellent result (Scheme
331). Using the catalyst (S)-750 the corresponding (S)-product was obtained.5!

Scheme 331. Selective Reduction of Ynone 59 to Alcohol 751
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Furthermore, (S)-750 together with BH3-DMF resulted in efficient conversion of the
ynone moiety in 752 to the corresponding propargylic alcohol in 753 (Scheme 332).5%
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Scheme 332. Transformation of the Ynone 752 into the Alcohol 753

BH,-DMF, (S)-750
THF, 0 °C

752 753, 77%, 98:2 dr, 99% ee

Also, catalyst (S)-750 was used in combination with catecolborane (755) in nitroethane
for the selective reduction of ynones 754 with a propargylic methoxy group to the

corresponding enantioenriched propargylic alcohols 756 with excellent results (Scheme
333).5%

Scheme 333. Reduction of Ynones 754 to Chiral Alcohols 756
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In the case of the terminal ynone 757 its transformation into the (R)-alcohol 759 was
carried out with (R)-Alpine borane ((R)-758) in THF at —10 °C (Scheme 334). This

reduction introduced the first stereocenter in the total synthesis of the alkaloid (-)-
stemospironine.>*

Scheme 334. Reduction of Ynone 757 to Alcohol 759
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A key step in the total synthesis of (+)-phomopsidin used a combination of a-pinene
and 9-borabicyclo[3.3.1]nonane (9-BBN) in THF at room temperature for the reduction
of ynone 83 to the corresponding alcohol (760) (Scheme 335).87

Scheme 335. Reduction of the Ynone 83 to the Alcohol 760
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The enantiomeric boron reagent (S)-Alpine borane ((S)-758) shown in Scheme 334
was used to convert ynone 71 to the corresponding alcohol with S configuration ((S)-761)
(Scheme 336).%4

Scheme 336. Reduction of Ynone 71 to the Propargylic Alcohol 761

0 OH
(S)-758 R
nCqqHy3 X Neat, 0 °Ctort nC11H23/\
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A combination between L-TarB-NO: (762) and NaBHs was used for the selective
reduction of ynones 71 in THF at room temperature to give the corresponding alcohols
70 (Scheme 337). The variation in ee was significant (6-90%), and a lot of experimental
and computational work was done sort out the reasons for this considerable substituent
impact.>*

Scheme 337. Reduction of Ynones 71 to Alcohols 70
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3.4.3.2. Hydrogen Transfer. In order to avoid the use of dangerous molecular
hydrogen, the hydrogen-transfer technology is carried out using isopropanol or formic
acid as the hydrogen source in combination with a transition metal catalyst.

When iPrOH is used, the most useful catalyst is the Noyori’s catalyst 763. For instance,
in the preparation of an appropriate substrate for a ring-closing metathesis, ynone 97 was
reacted with (S,S)-763 and iPrOH at room temperature to give the expected alcohol 764
(Scheme 338).%

Scheme 338. Reduction of Ynone 97 to Alcohol 764
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The same catalyst (or its enantiomer) was successfully used for the transformation of
ynones 16,%° 115,'% 615 and 9'° into the corresponding chiral alcohols 765-767 and 8, in
all cases using iPrOH as the hydrogen source. This step has been of great importance for
the introduction of new stereocenters in many molecules (Scheme 339).

Scheme 339. Transformation of Ynones 9, 16, 61 and 115 into Alcohols 8, 765-767
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When the source of hydrogen was formic acid, the catalyst was in all cases Noyori’s
catalyst (763) or its analogue 768. Scheme 340 presents the use of this technology for the
enantioselective?94120543 or diastereoselective®® hydrogenation of ynones 98,% 26,%
131,120 769,>* and 770 to yield chiral alcohols 771-775, respectively, which have been
used in several total syntheses of natural products.

Scheme 340. Hydrogen-Transfer Reduction of Ynones 26, 98, 131, 769 and 770
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3.4.3.3. Other Reagents. The reduction of both functionalities, namely the carbonyl
group and the triple bond to an E-olefin, could be easily performed with lithium aluminum
hydride in refluxed THF. Thus, starting from ynones 20 the corresponding racemic
alcohols 776 were diastereoselectively obtained (Scheme 341). Dienols of type 776 have
been used for the preparation of some natural odorants.?°

Scheme 341. Diastereoselective Reduction of Ynones 20 to Alcohols 776
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In conclusion, carbon and heteronucleophiles (such as organometallics, aldehydes and
stabilized carbanions) have been added to the carbonyl group of ynones in an inter- or
intramolecular way, in many cases being applied to asymmetric processes. In addition,
the reduction of the C=0 bond has been successfully performed using boranes or Ru-
catalyzed hydrogen transfer with isopropanol (the last process being especially interesting
from a synthetic point of view) for enantioselective reactions.

3.5. Other Reactions

This section is devoted to reactions not included in former sections, such as the aldol
reaction, carbo- and heterocyclizations, and isomerization processes, paying special
attention to carbon-carbon bond formation reactions.

3.5.1. Aldol Reactions. The enantioselective aldol reaction between ynones (71)
and isatins (600) in the presence of a chiral thiourea (777) and CaCl; in water at —10 °C
gave the corresponding chiral tertiary alcohols 778 (Scheme 342). The reaction was
extended to acyclic a-keto esters (779) with similar results.>** Other substituents at the N
atom of isatin (Me, CH>=CHCH, nPr, and Ph) afforded the same yields and
enantioselectivities, but the absolute configuration of the new stereocenter was not
assigned.

Scheme 342. Transformation of Ynone 71 into Tertiary Alcohols 778
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Trost and Quintard®*® have studied the aldol reaction of ynone 16 with octanal in the
presence of EtoZn and the chiral ligand ProPhenol (780) which furnished dehydrated
ketone 781 in good yield (Scheme 343).5%8

Scheme 343. Aldol Reaction of Ynone 16 with Octanal
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When there is no hydrogen at the a-position of the aldehyde, the corresponding aldol
product is isolated. Thus, the reaction of ynone 781 with acetals 782 under the conditions
used by Trost and Quintard (Scheme 343) gave aldols 783 with excellent
enantioselectivities (Scheme 344).°% Reversal of the stereoinduction®’ was observed
when the reaction was carried out during only 5 min at 0 °C instead of during 4-24 h at rt.
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Scheme 344. Enantioselective Aldol Reaction of Ynone 781 and Acetals 782
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The same catalytic combination was successfully used by Trost and Hung for catalytic
diastereo- and enantioselective Mannich-type reactions. Ynones (71) were reacted with
protected imines (784) in the presence of (S,S)-780 and diethylzinc to give the
corresponding f-amino ynones (785) with good yields and enantioselectivities (Scheme
345).>% Amino ketones 785 are interesting precursors for the preparation of a series of
chiral polyfunctionalized molecules, including the total synthesis of (—)-lasubine Il. A
mechanistic proposal explaining the stereochemistry in 785 has been put forward.

Scheme 345. Mannich-Type Reaction of Ynones 71 with Imines 784
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The enantioselective reaction of ynones (786) with nitro olefins was performed by
Shao, Wang, Peng and co-workers using thiourea 787 as the chiral auxiliary. After one-
pot treatment with TsOH the structures of the final products strongly depend on the
amount of the acid: with only 0.2 eq of TsOH, nitro ynones 788 were obtained, but when
2 eq were used, nitro diketones 789 were isolated (Scheme 346). A tentative model to
explain the stereochemistry has been proposed.>*°

Scheme 346. Divergent Reaction of Ynones 786 with Nitroalkenes
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3.5.2. Cyclizations. Taylor, Unsworth and co-workers reported the transformation
of indolyl ynones 270 into three types of carbocycles, namely spirocycles, carbazoles, or
quinolines, depending on the catalyst and the reaction conditions applied (Section
3.1.2.2). Thus, with AgOTTf in CHCl. at room temperature spiranes 271 were obtained,
but with PhsPAUNTT, under the same conditions the reaction rendered carbazoles 272.
And application of AgOTT followed by hydrated aluminum trichloride in iPrOH at 100
°C afforded quinolines 790 (Scheme 347).3%2 Concerning possible mechanisms to explain
these results (for R! = Ph, R? = R® = R* = H), the formation of compounds 271 would
involve intermediates | and Il, whereas for compounds 272 intermediates Il1-1V
conceivably participate. Finally, intermediates VI-VIII would explain the formation of
compounds 790.

Scheme 347. Preparation of Spirocycles 271, Carbazoles 272 and Quinolines 790
from Ynones 270
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In the case of dienynone 791, cyclization under optimized conditions using a Rh
catalyst and (R)-BINAP in combination with AgBF4 yielded cyclopentanone 792 with
excellent results (Scheme 348). This product was converted to a PGJ, prostaglandin
derivative in six more reaction steps.>>°
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Scheme 348. Enantioselective Cyclization of Ynone 791 to Cyclopentanone 792

OTBS aX_OTBS

[Rh(COD)CI], (10 mol%)
(R)-BINAP (24 mol%) S

AgBF, (40 mol%), DCE
(e} \ nC5H11 n05H11

791 792, 88%, 97% ee

Wender and co-workers®®® reported the one-pot intermolecular cycloaddition of
ynones (793) with vinylcyclopropane 794 followed by Nazarov cyclization to give
cyclopentenones 796 (Scheme 349). In the first process a Rh-catalyzed cycloaddition took
place giving dienones 795, which underwent the Nazarov reaction under Ag-catalysis.
The transformation can be also performed in a sequential mode isolating dienones 795 in
good yields (65-95%).

Scheme 349. Intermolecular [5+2] Cycloaddition/Nazarov Reaction of Ynones (793)
with Vinylcyclopropane 794

MeO
O Method A or B o
R R ” RS

796, 54-89%, 2:1->20:1 dr

793 794

Method A: [Rh(CO),Cl], (5 mol%), DCE/TFE (95:5), 80 °C, then AgSbFg (20 mol%)
Method B: [Rh(COD)CI], (2 mol%), AgSbFg (15 mol%), DCE/TFE (75:25), rt to 80 °C

Ynones

0 0
\ 0]
(MeO)H H(Me) 7\ A (J)\
(@)

H(OMe)

Cyclic N-sulfimines (797) also react with ynones (71) in the presence of chiral
organocatalyst 798 and 2-fluorobenzoic acid in toluene at room temperature to yield
enantioenriched piperidinones (799) in good yields with good enantioselectivity (Scheme
350).%%2

Scheme 350. Preparation of Piperidinones (799) from Ynones (71)
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A simple access to chiral spiroxindoles (800) was reported by Ramachary and co-
workers who used the catalyst mixture shown in Scheme 351 to react ynones (71) with
isatin derivatives (605) (Scheme 351).4’* A complex transition-state model was proposed
to explain the observed stereochemistry.

Scheme 351. Enantioselective Preparation of Spirocompounds (800) from Ynones
(71) and Oxindoles (605)

0

Ar

798 (20 mol%) CN

2-FCgH4CO,H (40 mol%) R_@;\“ el
PhMe, rt NN

R2
800, 40-60%, 81-96% ee

R' = 5-F, 5-Cl, 5-Br, 5-1, 5-O,N, 5,7-Me,
R? = Me, MeOCH,
Ar = Ph, 4-M606H4, 4-MeOC6H4, 4-MeOCH206H4, 4-FCGH4, 4-C|CBH4, 2-thieny|, Me3Si

Guo, Zheng and co-workers reported the phosphine-promoted [3+2] annulations of
barbiturate-derived alkenes (801) with ynones (71) in the presence of phenol to afford
spirocompounds (802) (Scheme 352). The asymmetric version of this reaction using a
chiral phosphine gave poor enantioselectivity.>®® A possible mechanism for the reaction
was envisaged to involve intermediates I-V for a model with Ar® = Ar? = Ph.

Scheme 352. Reaction of Ynones (71) with Barbiturate-Derived Alkenes (801)
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The group of Ji studied the annulation of several ynones (803) with quinoline N-oxides
(62) promoted by iodine in DMSO at 130 °C to give phenanthrene derivatives (804)
(Scheme 353). A rather complicated mechanism has been proposed for this reaction.>*

Scheme 353. Conversion of Ynones (803) to Phenanthrenes (804)
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Some 5-membered oxygen-containing heterocycles, namely tetronic acid derivatives
806, were prepared by silver-catalyzed carbonation of ynones (71) in the presence of a
base (805) (Scheme 354). The mechanism assumes the formation of an enolate (1) which
captures CO2 and forms an intermediate that is activated by silver (in 11) and cyclizes to
111, a precursor to 806 which is formed by abstraction of a hydrogen from the protonated
base.>>®

Scheme 354. Carbonation of Ynones (71) to Give Lactones 806

o o]

/J\/R AgOAc (10 mol%) 0 / R
A CO,, 805 Y

r 1 2 Ar OH

806, 62->99%

Ar = Ph, 2-MeCgH,, 3-MeCgHy, 4-MeCgHy, 4-MeOCgH,, 4-NCCgH,
R = H, Me, iPr, Cy, nCgH43, Ph

805

o (0]
xR — R 'e) R
= CO, Q)‘/\\[ J
A
r | ///\/ o Ar—/ OH
Ar \Ag+ Ag
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A two-step reaction of ynones 71 with 4-substituted benzaldehydes in the presence of
a chiral catalyst 807 afforded enantioenriched dihydroxy ynone derivatives 808, which
by treatment with the diphosphine dppp suffer cyclization to give 809, the precursor of
substituted tetrahydrofuranones 810 (Scheme 355).5%

Scheme 355. Conversion of Ynones (71) to Chiral Tetrahydrofuranones (810)

o o) OH O
H 807 (20 mol%) ' S
XN F DMSO, H,0 P
A . , Ha ] OMOM R
RZ R R
4 808, 15-90%, anti/syn: 3/1-19/1,
77-94% ee

dppp (10 mol%)
AcOH (40 mol%)

PhMe, 60 °C

R'I

809, 33-90%, >99:1 dr,
E/Z: 97:3->99:1, 93-95% ee

810, 90-93%, >99:1 dr,
E/Z: >99:1; 93-94% ee

R' = H, Br, NO,, CF;
R? = Me, Ph, Et;Si 0
N /\/\
H  NHsO,Ph Ph,P PPh,
807 dppp

Garcia-Tellado and co-workers reacted ynone 71 with carbonyl compounds in the

presence of triethylamine in dichloromethane at —78 °C and obtained 1,3-dioxolanes
(811) as a mixture of diastereomers (Scheme 356). The possible intervention of
intermediates 1 and 11 would explain the obtained results.’

Scheme 356. Preparation of Dioxolanes (811) from Ynone 71
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Chiral six-membered oxygenated heterocycles (462) could be prepared in a two-step
enantioselective process by successive treatment of ynones (71) with aldehydes in the
presence of copper(l) trifluoroethoxide and the chiral ligand [(R)-DTBM-Segphos]
followed by reaction with silver triflate in dichloromethane (Scheme 357). Intermediate
I-111 are believed to take part in the reaction.*%!

Scheme 357. Preparation of Dihydropyranones (462) from Ynones (71)

0O
0 1) CUOCH,CF3 (3-5 mol%) R
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~. *+ ReCHO - - |
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462, 55-99%, 75-95% ee
R'=H, Me

R? = Me, Et, Ph, HOCH,
R3 = jPr, Cy, tBu, Ph(CH,),, Ph, 2-naphthyl, N-Boc-3-indolyl, 4-EtO,CCgHy, (E)-PhCH=CH

¢ O
O PAr,

/ \
(@) O PAr2 O’ fj\ fj\
( 1 _
5 R/\ 0 M .

(R)-DTBM-SegPhos R?
(Ar = 3,5-tBu,-4-MeOCgH,) I I 1l

As already mentioned (Section 3.1.3.2.1), Gouverneur and co-workers used the
reaction conditions shown in Scheme 357 to prepare dihydropyranones 475 but starting
from hydroxy ynones 468 formed in the reaction of ynones 71 with aldehydes (Scheme
358). These hydroxy ynones react with ethyl acrylate to give 475 in a palladium-catalyzed
process. Intermediates I-1V are believed to be involved in the conversion, and this is in
accordance with the observation that when 468 is optically active, the chirality is fully
transferred to 475.404

Scheme 358. Conversion of g-Hydroxy Ynones (468) to Compounds 475
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As shown in Scheme 197 (Section 3.1.3.2.1), also eight-membered oxygen-containing
rings can be prepared from ynones 71. These starting materials reacted with a-cyano
enones (449) in the presence of DABCO in a mixture of ethylene glycol/toluene and gave
oxygen heterocycles 450 (Scheme 359). The authors proposed that the reaction involved
intermediates 1-1V in the course of the reactions.3%’

Scheme 359. Reaction of Ynones (71) with Cyanoenones (449) to Give Compounds
450
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4-MeOCgHy, 2,4-Cl,CgH3, 4-F3CCgH4, 1-naphthyl, 2-naphthyl, 2-furyl, 2-thienyl, Cy
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Concerning nitrogen-containing heterocycles, Arcadi, Rossi and co-workers reported
on the electrosynthesis of substituted quinolines 304 from electrogenerated carbanions
derived from nitroalkanes (Section 3.1.2.4), methanol or 1,3-dicarbonyl compounds and
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2-aminophenyl ynones 200 (Scheme 360). A mechanistic proposal for the case of 2-
nitropropane involves intermediates I and 11.338

Scheme 360. Electrosynthesis of Substituted Quinolines 304 from Ynones 200
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Guo and co-workers reported the phosphine-catalyzed [3+3] annulation of cyclic
azomethine imines (812) with ynones (71) yielding tricyclic dinitrogenated compounds
(813) (Scheme 361). The asymmetric version of this reaction using several chiral
phosphines gave poor enantioselectivities. A mechanistic proposal for the reaction has
been postulated involving intermediates 1-1V.>%8

Scheme 361. Preparation of Compounds 813 from Ynones 71
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Finally, Patil and coworkers studied the reaction of ynone 814 with 2-
aminophenylpyrrole catalyzed by a gold complex (PhsPAuOTf), which afforded a
tricyclic heterocycle (815) in low yield (Scheme 362). The product is what would be
expected from a reaction between 815 and acetophenone, which means that the substrate
suffered a deep-seated cleavage of the triple bond during the reaction. No mechanistic
proof of the transformation was given.>®

Scheme 362. Surprising Formation of Tricyclic Heterocycle 815 from Ynone 814
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= Ph NH, _ PNGPAUOTF (5 mol%) NH
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Ph

814 815, 15%

3.5.3. Isomerizations. The conversion of conjugated ynones into o,f-y,0-
dienones by applying phosphines is a well-known transformation that continues to be
studied and applied. Jiang and co-workers have used polymeric phosphines such as JJ-
PP or PS-TPP%®! to convert ynones 71 into dienyl ketones 816 either under solvent-free
conditions or in toluene at 80 °C, respectively (Scheme 363). A noteworthy feature is the
observation that the polymer-bound catalyst could be recovered by simple filtration and
reused several times with moderate loss of activity, but the catalyst loading had to be kept
rather high (20 mol%) and the reaction time long to achieve better than 80% conversion.

Scheme 363. Isomerization of Ynones 71 to Dienones 816
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The phosphine-catalyzed isomerization of alkynes to 1,3-dienes has been applied to
synthesize a number of natural products. In the synthesis of several macrolactin
analogues, Takemoto and co-workers introduced a conjugate dienyl ketone moiety in 817
by successive treatment of the ynone 87 with the diphosphine dppb and acetic acid
(Scheme 364).88 The same strategy was adopted to obtain the C4-C24 fragment of
macrolactin A5

Scheme 364. Isomerization of the Ynone 87 into Dienone 817

1) dppb, PhMe, THF
2) AcOH, THF, H,0

87 817, 40% overall

With a different perspective, Ru-complexes were treated with an ynone PhAC=CCOPh
(71) to afford vinylidene complexes 8182 and 819°%* (Figure 13). The ynone was also
reacted with Sc and Lu complexes 820, but in these cases 1,4-addition occurred and gave
dienolates 821 in good yield (Scheme 365).%%°

Arf = CgFs

Figure 13. Ru-Complexes 818 and 819.
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Finally, when 1-phenyl-3-propyn-1-one (71) was subjected to Fischer’s carbene
complexes, the corresponding vinylidene metalpentacarbonyls (822) were isolated in low

to moderate yields (Scheme 366).5
Scheme 366. Preparation of Metal Carbenes 822

0 1) nBuLi

Ph
2) (CO)sM(THF)

P Ph (CO)5M:o:o
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71 822, 26-44%
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R = Me, Et

3.5.4. Other Processes. A series of ynones have proven to be efficient ligands
for copper in the coupling between aryl iodides and terminal alkynes (127) to give
compounds 823, the most efficient being ynone 824 (Scheme 367). This transformation

requires the use of an equimolecular amount the copper(l) salt.>®’

Scheme 367. Sonogashira Reaction of Aryl lodides and Acetylenes 127 Catalyzed by

Ynone 824
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Yadav and co-workers reported on the reaction of electron-rich arenes with ynones
(71) catalyzed by gallium(l11) chloride, which gave the corresponding (E)-enones (236)

in good yield as the only product (Scheme 368).58

Scheme 368. Preparation of Enones 236 by Reaction of Ynones 71 with Arenes

o)
.
Q L GaCls h R?
/J\Rz // CH,Cl,, rt //
R' R’
71 236, 79-91%

R'= 3,4-(MeO),, 3-Me-4-HO, 2-Me-4-HO, 4-HO, 2-Me-5-Br, 4-MeO
R2 = Me, nC5H11

a,a-Dibromoketones (224, easily obtained from ethyl acetylene carboxylates; Scheme
99, Section 2.4.2) can be transformed into the corresponding silyl enol ethers (825) and
1-(1-alkynyl)-2,2-dibromovinyl acetates 826 in good yields (Scheme 369). Acetates 826
appeared to be excellent substrates for the synthesis of several tri(1-alkynyl)vinyl acetates
827 and some 1-(1-alkynyl)-2,2-diarylvinyl acetates 828 following standard

methodologies (Scheme 369).2%

Scheme 369. Preparation of Dibromoenynes Acetates 826 and Subsequent

Palladium-Catalyzed Transformations
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Another type of dihaloketones are o,f5-derivatives 829/830, which are prepared by
addition of HalCl (Hal = Br, 1) to ynones 71 in dichloromethane and isolated in a variable
ratio depending on the reaction conditions used (Scheme 370).5% A mechanistic proposal
involves intermediates I-111, of which the last is able to react with HalCl to yield products
829 and 830.

Scheme 370. Transformation of Ynones 71 into Dihaloketones 829 and 830
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Acylation of ynones can take place at the oxygen or at the f-position. The first of the
two options took place when ynone 831 was reacted with acetic anhydride in the presence
of an amine and gave Z/E mixtures of conjugated enyne 832 (Scheme 371).1% The Z/E
ratio depended on the reaction conditions. This enyne was then desilylated to yield the
terminal alkyne 833, which was converted into the diyne 834 (by reaction with the
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iodoalkyne 835) that was subsequently used in the total synthesis of peyssonenynes
(Scheme 371).101

Scheme 371. Preparation of Endiyne 834 from Ynone 831
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As commented in Section 3.1.2.2, the S-acylation of ynones was accomplished by a
Pd-catalyzed reaction of ynones 71 with acylzirconocene complex 258. The
corresponding p-acylenones (259) were obtained in up to excellent yield with a
predominance of the Z-isomer (Scheme 372).317 A mechanistic proposal for the reaction,
involving intermediates | [using Pd(I1)] and 11 in the catalytic cycle, has been put forward.

Scheme 372. g-Acylation of Ynones 71 to give Enediones 259
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An interesting reaction, both from a mechanistic and synthetic point of view, is the
decarbonylation of diynones (48). Dong and co-workers discovered that Rh(l) complexes
are able to decarbonylate 48 and obtain diynes 836 in refluxing chlorobenzene in the
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presence of diphosphine dppf (Scheme 373).5795"! Intermediates I-111 can explain the
course of the decarbonylation.

Scheme 373. Decarbonylation of Compounds 48 to give Diynes 836
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The Nicholas reaction of alkynes represents a protection of the triple bond and also an
activation at the propargylic position. When protected ynones react with Co2(CO)s, the
corresponding complexes 837 were easily produced, and these compounds reacted with
different nucleophiles to give a range of y-substituted products (838) in good vyields
(Scheme 374).57? The final deprotection of 838 with (NH4)2Ce(NOs)s (CAN) in acetone
gave the corresponding ynones in >80% vyield.

Scheme 374. Regio- and Diastereoselective Reaction of Complexes 837 with
Nucleophiles

X< <R
Z5 R + Nu nBuZBOTOf X PN
/\/ C0,(CO)g CHxClp, 0°C Co,(CO)g

837 838, 67-89%

R = tBU, nC6H13
Nu = MeOH, 1,3,5-(Me0O);C¢H3, CH,=CHCH,SiMe3, thiophene, 1,3,5-Me3;CgH3,
N-methylpyrrole
X= MeO, 2,4,6-(MeO)3CGH2, CH2=CHCH2, 2—thieny|, 2,4,6-M63C6H2,
N-methyl-2-pyrrolyl
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The so-called P/B-frustrated Lewis pairs®” can be added to conjugated ynones in a
1,4-fashion. For instance, ynone 71 reacted with compound 839 [in situ prepared by
reaction of Mes;PCH=CH: with HB(CsFs)2 in heptane] to yield the eight-membered
zwitterionic heterocycles 840 (Scheme 375).°7* It was assumed that the product was
formed in a step-wise reaction that probably is initiated by conjugate P-addition to give
allenic enolate 1. Subsequent tautomerization to the exocyclic enolate may allow ring
closure by oxygen-boron bond formation to afford the obtained product 840.

Scheme 375. 1,4-Addition of Compound 839 to the Ynone 71

(0]
7 0
N PhH, rt -]
=Z + MesyP------ B(CoFs)y — D s Mes,P! B(CgFs)s
71 839 840, 91%

In conclusion, the aldol, Mannich and Michael reactions of ynones are very productive
under both metal and organocatalysis. Concerning carbo- and heterocyclizations, either
intra or intermolecular processes are reported being also metal or organocatalyzed.
Isomerizations of ynones to dienones can be easily achieved by means of a phosphine.
Finally, the 1,4-addition of a P/B frustrated Lewis pair to an ynone allows the formation
of an eight-membered zwitterionic heterocycle.

4. Conclusions

The review documents that o, 3-unsaturated acetylenic ketones are easy to prepare even
on a large scale and undergo quite a few useful transformations in a predictable fashion.
However, the scope of many of the reactions have not been thoroughly investigated, so
easy access and rich chemistry should be a promising starting point for turning ynones
into attractive reactants in organic synthesis.

Many methods are available for their preparation. The standard approach in the past
was to oxidize propargylic alcohols, a transformation which can be achieved by a variety
of reagents under conditions that vary from strongly acidic to basic. Due to the broad
reactivity of most of these reagents, their scope was somewhat limited, and this triggered
lots of efforts to develop new and selective methods that would expand the range of easily
available functionalized, conjugated ynones. And this was indeed achieved. Acylation of
alkynylmetal reagents represented some improvement; particularly the reactions with
Weinreb and similar amides, but a considerable step forward did not come before the
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catalytical capabilities exhibited by metal complexes and clusters gradually were
uncovered. This knowledge led to the development of a good number of reactions that
perform alkynylation of acid derivatives and carbonylation of terminal alkynes by metal
catalysts, mainly containing Cu and Pd, with an expanded tolerance of functional groups
in the reactants. Consequently, today synthetic methods are available for the synthesis of
o, B-unsaturated ynones with significant structural variations in the substituents attached
to both the B-carbon and the carbonyl.

From this review, it is clear that the electrophilicity and the polarization of the triple
bond are two factors that influence the reactivity of conjugated ynones a lot. The ynone
chemistry is therefore predominated by cycloaddition reactions and reactions with
nucleophiles. The latter group of transformations consists of straightforward reactions at
the carbonyl group (1,2 addition) and more complex reactions, initiated by 1,4 addition
to the conjugated system (1,4-addition), and leading to allenoate formation (Michael
reactions). Of these, the Michael reactions are the most attractive, not only because many
simple addition products are useful in their own right, but also because secondary
reactions may take place. Such reactions can materialize 1) if allenoate intermediates from
ynones undergo intramolecular secondary reactions with an electrophilic moiety (e.g. an
electron-deficient C=C bond or an electron-poor aryl group) properly located elsewhere
in the molecule; and 2) if a,B-unsaturated enones formed in the first step suffer Michael
addition because a nucleophile (e.g. a hydroxyl or an amino group) is available elsewhere
in the molecule. This secondary reactivity has been utilized somewhat to synthesize
nitrogen and oxygen heterocycles and prepare spiro compounds, but it is envisaged that
incorporation of a variety of other reactive moieties can be a useful approach to target a
range of other cyclic compounds as well.

The formation of many of the products obtained from conjugate additions to ynones is
initiated by intramolecular nucleophilic attack of the triple bond, if necessary made
possible by electrophilic activation by complexation with metals such as Ag(l), Au(lll),
Cu(l) and Pt(I1). In some of these reactions chiral ligands have been added and resulted
in enantioselective reactions with ee values that have been difficult to rationalize and
worse to predict. However, the results reported so far can be regarded as a proof of
concept, and it is therefore not unlikely that other combinations of cation(s), ligand(s) and
substrate(s) will turn ynones into attractive synthons for introduction of chiral entities into
complex molecules.

In addition, the review shows that relatively few studies of cycloadditions with
conjugated ynones have been performed. A reason may be that quite a few of the
cycloadducts reported are thermally unstable. However, the end product in several of
these cases are aromatic compounds, and by introducing functionalized, synthetically
useful substituents in key positions, ynones may turn out to be excellent starting materials
for targeted synthesis of specific aromatic motifs for various purposes, for instance for
use in medicinal chemistry.
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As documented in the review, reactions between ynones and dinucleophiles, and
between simple nucleophiles and ynones with a nucleophilic center well positioned to
attack any enone formed in the first reaction, are excellent approaches to synthesize a
variety of heterocycles that might be of medicinal significance. However, again the
substituent variation has been rather limited, making the scope of these reaction an
obvious target for research.

Few reports have been published on the selective reduction of the triple bond of ynones.
However, the chemoselective addition to the carbonyl group has been well documented
even in an asymmetric fashion giving enantiomerically enriched propargylic alcohols. As
nucleophiles, carbon- and hetero-nucleophiles have been successfully used, as well as
different types of hydrides or by hydrogen transfer.

Finally, in the last part of this review article other reactions are included concerning
aldol processes, intra- and inter-molecular cyclizations and isomerizations to yield
conjugated dienones.

Throughout this paper special attention is paid to the applications of the different
methodologies involving conjugated ynones to the total synthesis of several natural
products. With an expansion of the scope of (some of) the reactions ynones undergo, it is
likely that a,b-unsaturated alkynones will become more important in the synthesis of
complex molecules.
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ABBREVIATIONS

Ac: acetyl

acac: acetylacetonate

AAC: azide-alkyne cycloaddition

Ad: 1-adamantyl

AH-1763: antiherpetic anthrapyran antibiotic
AIAC: azomethine ylide-imine cycloaddition
AIBN: azobis(isobutyronitrile)



All: allyl

APTES: (3-aminopropyl)triethoxysilane

Ar: aryl

Ar™: pentafluorophenyl

ASM: (3-aminopropyl)trimethoxysilane
atm: atmosphere

B: base

BBN: borabicyclo[3.3.1]nonane

BBP: 1,2-bis(diphenylphosphono)benzene
BHT: 2,6-di(tert-butyl)-4-methylphenol
BINOL: 1,1°-bi-2-naphthol

BI-OAc: benziodoxole acetate

BIPy: bipyridine

bmim: 1-buyl-3-methylimidazolidin

Bn: benzyl

Boc: tert-butoxycarbonyl

BOR: Bestman—Ohira reagent (dimethyl 1-diazo-2-oxopropyl phosphonate)
BPin: oinacolatoboryl

BPO: benzoyl peroxide

BPS: tert-butyldiphenylsilyl

bpy: 2,2’-bipyridine

Bz: benzoyl

ca.: circa

CAN: cerium ammonium nitrate

cat.: catalyst

CBS: Corey-Bakshi-Shibata

Cbz: benzyloxycarbonyl

COD: 1,5-cyclooctadiene

Cp*: pentamethylcyclopentadienyl

CPA: chiral phosphoric acid

CSA: camphorsulfonic acid

Cy: cyclohexyl

DABCO: 1,4-diazabicyclo[2.2.2]octane
dba: dibenzylideneacetone

DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene
DCE: 1,2-dichloroethane

DCM: dichloromethane

DDQ: 2,3-dichloro-5,6-dicyano-1,4-quinone
dF(CR3)PPy: 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine
DFT: density functional theory
[DHQ]2PHAL: hydroquinine 1,4-phthalazinediyl diether
DIOP: 4,5-bis[(diphenylphosphino)methyl]-2,2-dimethyl-1,3-dioxolane
DIPEA: diisopropylethylamine

DIPP: 2,6-diisopropylphenyl
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DMA: N,N-dimethylacetamide

DMF: dimethylformamide

DMI: 1,3-dimethyl-2-imidazolidine
DMP: Dess—Martin periodinane
DMPA: 4-dimethylaminopyridine
DMPP: dimethylphenoxaphosphino
DMSO: dimethylsulfoxide

DNA: deoxyribonucleic acid

dppb: 1,4-bis(diphenylphosphino)butane
dppe: 1,2-bis(diphenylphosphino)ethane

dppf: 1,1’-ferrocenediyl-bis-(diphenylphosphine)

dppp: diphenylpropylendiphosphine
dtbbPy: 4,4’-di-tert-butyl-2,2’-bipyridine
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DTBM-SegPhos: 5,5’-bis[di(3,5-di-tert-butyl-4-methoxyphenyl)phosphino]-4,4°-bi-1,3-

benzodioxole
DTBP: 2,6-di-(tert-butyl)pyridine
DVB: divinylbenzene
EAA: ethyl acetoacetate
EBX: ethyhylbenziodoxolane(s)
EE: ethoxyethyl
EPA: eicosapentaenoic acid
eq: equivalent(s)
FBW: Fritsch-Buttenburg-Wiechell
FOXAP: ferrocenyl oxazolinylphosphine
Hept: heptyl
Hex: hexyl
hfac: hexafluoroacetylacetone
HFIP: hexafluoroisopropanol
HMDS: hexamethyldisilazide
IBX: 2-iodoxybenzoic acid
IL: ionic liquid
IRA: ion exchange resine
JJ-PP: polymeric phosphine
JohnPhos: (2-biphenyl)di-tert-butylphosphine
L: ligand
LA: Lewis acid
LDA: lithium diisopropylamide
LED: light-emitting diode
MAA: methyl acetoacetate
Mbs: 4-methoxybenzenesulfonyl
MCM-41: metal modified mesoporous silicate
Mes: mesityl
MOE: methoxyethyl
MOF: metalorganic framework



MP: mesporous

MPM: methoxybenzyl

MS: molecular sieves

MW: microwaves

MWNT: multiwalled carbon nanotubes fluoride
NBS: N-bromosuccinimide

NCS: N-chlorosuccinimide

nd: not determined/not given
Neophyl: 2,2-dimethyl-2-phenylethyl
NIS: N-iodosuccinimide

NfF: nonafluorobutanesulfony

NHC: N-heterocyclic carbene

NMP: N-methylpyrrolidinone

Non: nonyl

NP: nanoparticle

NP25 302: antileukemic agent

Ns: 4-nitrobenzenesulfonyl

NS: nanosized

Nu: nucleophile

PA-Ph: 1,3,5,7-tetramethyl-2,4,8-trioxa-6-phenyl-6-phosphadamantane
PCC: pyridinum chlorocromate
PDC: pyridinium dichromate

PDDA: photo-dehydro-Diels—Alder
PDIPA: pinacolate diisopropanolaminato diboron
PEG: polyethyleneglycol

Pent: pentyl

PG: protecting group, prostaglandin
Piv: tert-butylcarbonyl

PMB: 4-methoxybenzyl

PMHS: polymethylhydrosilane
PMP: 4-methoxyphenyl

PPS: poly-1,4-phenylene sulfide

ProPhenol: 2,6-bis[2-(hydroxydiphenyl)-1-pyrrolidinylmethyl]-4-methylphenol

PS: polystyrene, mesoporous tin silicate
psi: pounds per square inch

PS-TPP: polymeric phosphine

PTSA, p-TSA: p-toluenesulfonic acid
Py: pyridyl

PyH: pyridine

rt: room temperature

SBA: mesoporous silica

Sc: salicylaldehyde

SDS: sodium dodecy! sulphate
Selectfluor: 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane
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SPhos: bistetrabluoroboratedicyclohexyl[2-(2,6-dimethoxyphenyl)]phosphine
SS4305-¢’: anthrapyran metabolite

SWNT: single-walled carbon nanotubes

TarB: 2 phenyl-1,3,2-dioxaborolane-4R,5R-dicarboxylic acid
TASF: tris(dimethylamino)sulfonium difluorotrimethylsilicate
TBAF: tetra-n-butylammonium fluoride

TBDPS: tert-butyldiphenylsilyl

TBHP: tert-butyl hydroperoxide

TBS, TBDMS: tert-butyldimethylsilyl

TCT: 2,4,6-trichloro-1,3,5-triazine

TEATFB: tetraethylammonium tetrafluoroborate

TES: triethylsilyl

Tf: trifluoromethylsulfonyl

TFA: trifluoroacetate, trifluoroacetic acid

TFAA: trifluoroacetic anhydride

TFE: trifluoroethanol

TFP: tri(2-furyl)phosphine

THEF: tetrahydrofuran

THP: tetrahydropyranyl

TIPS: triisopropylsilyl

TMEDA: tetramethyl ethylenediamine

TMHD: bis(2,2,6,6)-tetramethyl-3,5-heptadioate

TMS: trimethylsilyl

Tol: tolyl (4-methylphenyl)

Tp: hydrotris(pyrazolyl)borate

TPE: tetraphenylethylene

TPGS-750-M: D-a-tocopherol polyethyleneglycol

TPS: triphenylsilyl

Tr: triphenylmethyl

TRPTC: thermoregulated liquid/liquid catalytic

Ts: 4-methylphenylsulfonyl

Tz; 1,2,3-triazol-5-ylidene

TZC: Tomita—Zipper cyclization

W: watio(s)

XantPhos: 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
XPhos: dicyclohexyl[2-(2,4,6-triisopropylphenyl)]phosphine
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