
1. Introduction

The number of studies devoted to the syntheses based on

enyne ketones (vinylacetylenic ketones, enynones) Ð com-

pounds containing double and triple carbon7carbon bonds

conjugated with an oxo group Ð has considerably increased

in recent years. The interest in these polyfunctional sub-

strates is caused, first of all, by their availability and

reactivity towards a broad range of nucleophiles and

dipoles, which makes them valuable building blocks for

the targeted organic synthesis of practically significant

compounds, including natural products 1 ± 3 and their ana-

logues.4, 5 It is noteworthy that the enynone moiety is also

present in the living nature, mainly in plants, fungi and

some sea organisms.6 For example, a 30-carbon polyacety-

lene compound, petroacetylene, was recently isolated from

the sea sponge Petrosia solida.7

Owing to the presence of several chemically different

reaction centres in the molecule, conjugated enynones are

efficiently used for selective preparation of complex oxy-

gen-,8 ± 10 nitrogen- 11 ± 14 and sulfur-containing 15 ± 17 hetero-

cycles and carbocycles.18, 19 In addition to synthetic

applications, there compounds are promising materials for

non-linear optics.20, 21 Despite the large synthetic potential

of conjugated enynones, the extensive literature on the

methods for their synthesis, physical properties and chem-

ical transformations has not yet been integrated. The only

exceptions are reviews 22, 23 addressing the transition metal

(copper and gold)-catalyzed reactions of enyne alcohols,

aldehydes and ketones and a chapter in a book.24 A survey

paper 6 gives a systematic account of the antitumour proper-

ties of natural compounds with this type of structure.
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This review is devoted to the syntheses and chemical

transformations of compounds containing alk-2-en-4-yn-1-

one and alk-4-en-2-yn-1-one moieties (linear-conjugated

enynones 1 and 2, respectively) and also an alk-1-en-4-yn-

3-one moiety (cross-conjugated enynones 3).

We consider the spectral and non-linear optical proper-

ties of these compounds, reduction to alcohols, electrophilic

and nucleophilic reactions, cyclocondensation with polynu-

cleophiles, cycloaddition and transformations in superacid

media. The attention is focused on the data gained in the

last 15 years; earlier publications are cited only if they are of

prime importance. It is noteworthy that the chemistry of

enynones 3 is described in most detail; this is apparently

attributable to their higher availability in preparative quan-

tities. Linear-conjugated analogues 1 and 2 are much less

studied. 2-Methylenebut-3-yn-1-ones 4 are beyond the

scope of this review, as they differ in the reactivity from

classical enynones 1 ± 3 ; systematization of the methods for

their synthesis and chemical behaviour may form the sub-

ject of a separate publication. The published data on the

chemical reactivity of compounds 4 under the action of gold

compounds are summarized in a review.23

The following abbreviations are used:

acac Ð acetylacetonate,

BINAL-H Ð binaphthyl-lithium aluminium hydride,

Boc Ð tert-butoxycarbonyl,

BrettPhos Ð (20,40,60-triisopropyl-3,6-dimethoxybi-

phenyl-2-yl)dicyclohexylphosphine,

cod Ð cycloocta-1,5-diene,

Cp Ð cyclopentadienyl,

CPME Ð cyclopentyl methyl ether,

CPVAP Ð calcium phosphate-vanadate apatite,

Cy Ð cyclohexyl,

DABCO Ð 1,4-diazabicyclo[2.2.2]octane,

dba Ð dibenzylideneacetone,

DBU Ð 1,8-diazabicyclo[5.4.0]undec-7-ene,

DCE Ð 1,2-dichloroethane,

DDQ Ð 2,3-dichloro-5,6-dicyano-1,4-benzoquinone,

DFT Ð density functional theory,

DMA Ð dimethylacetamide,

DMAP ± 4-dimethylaminopyridine,

DMP Ð Dess ±Martin periodinane,

dppp Ð 1,3-bis(diphenylphosphino)propane,

dr Ð diastereomeric ratio,

ee Ð enantiomeric excess,

EWG Ð electron-withdrawing group,

Fu Ð furyl,

IBX Ð 2-iodoxybenzoic acid,

Me-CBS Ð 1-methyl-3,3-diphenyltetrahydro-3H-pyrro-

lo[1,2-c][1,3,2]oxazaborole,

MW Ð microwave radiation,

NaOAs Ð sodium ascorbate,

Naph Ð naphthyl,

NOESY Ð nuclear Overhauser effect spectroscopy,

NuH Ð nucleophile,

PCC Ð pyridinium chlorochromate,

PhthN Ð phthalimido,

PIDA Ð phenyliodonium diacetate,

PIFA Ð phenyliodonium bis(trifluoroacetate),

ProPhenol Ð 2,6-bis({2-[hydroxy(diphenyl)methyl]pyr-

rolidino}methyl)-4-methylphenol,

Py Ð pyridyl,

Red-Al Ð sodium bis(2-methoxyethoxy)aluminium

hydride,

rt Ð room temperature,

Solv Ð solvent,

TBAT Ð tetra-n-butylammonium difluorotriphenylsili-

cate,

TBDPS Ð tert-butyldiphenylsilyl,

TBS Ð tert-butyldimethylsilyl,

TEMPO Ð (2,2,6,6-tetramethylpiperidin-1-yl)oxyl,

Tf Ð trifluoromethanesulfonyl (triflyl),

TFA Ð trifluoromethyl acetate,

TFE Ð 2,2,2-trifluoroethanol,

Th Ð thienyl,

THP Ð tetrahydropyran-2-yl,

TIPS Ð triisopropylsilyl,

TMS Ð trimethylsilyl,

TPPMS Ð potassium 3-(diphenylphosphino)benzene-

sulfonate,

Ts Ð p-toluenesulfonyl (tosyl).

2. Synthesis of enynones

2.1. Alk-2-en-4-yn-1-ones
Most methods for the synthesis of alk-2-en-4-yn-1-ones 1

are based on the formation of the C(2)7C(3) or C(3)7C(4)

bond of the conjugated enynone system. Usually, this is

done by direct cross-coupling of 3-substituted enones

and their analogues with organoelement acetylene deriva-

tives 25 ± 31 or directly with terminal alkynes 32 ± 44

(Scheme 1).

Scheme 1

Lithium acetylenides or Iotzich complexes smoothly

react with 3-dimethylaminoenones 25, 26, 30 and 3-alkoxy-

enones 28, 42 in THF or in ether (path a); the yields of

enynones normally vary from satisfactory to good. These

methods are applicable for the synthesis of alkyl-, aryl- and

1-trifluoromethyl-substituted enynones.26, 28, 30 Cyclic deriv-

atives can be used as analogues of 3-alkoxyenones. For

pathway b
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example, the reaction of 4,6,7,8-tetrahydro-5H-1,3-ben-

zo[d ]dioxin-5-ones 5 with lithium acetylenides gave linear-

conjugated enynones 6 with an endocyclic double bond in

50%± 79% yields (Scheme 2).37

The direct reaction of acetylenes with 3-halo-substituted

enones (see Scheme 1, pathway b) proceeds in the presence

of palladium catalysts such as Pd(PPh3)2Cl2 ,1, 32, 33, 35

Pd(PPh3)4 (Ref. 34) and Pd(OAc)2 (Ref. 1) combined with

CuI or in the presence of the Pd(OAc)27PPh3 system.45, 46

The reaction takes place under mild conditions and gives, in

most cases, good yields of products. When trans-3-substi-

tuted enones are used, configuration of the double bond in

enynone does not change.26, 28 cis-Enones react non-selec-

tively: for example, the reaction of (Z)-3-chloro-1-phenyl-

prop-2-en-1-one with trimethylsilylacetylene catayzed by

Pd(PPh3)4 , CuI and Et3N in toluene at room temperature

affords (E )- and (Z)-5-trimethylsilyl-1-phenylpent-2-en-

4-yn-1-ones (12% and 57% yields, respectively).34

The cross-coupling of acetylenes with 3-hydroxycyclo-

hex-2-enone (7) and 4-hydroxy-2H-chromen-2-one (8) tosy-

lates and with 4-bromofuran-2(5H)-one (9) was used to

prepare enyne ketones 10a ± g, 11a ± d and 12a ± j with an

endocyclic double bond (Schemes 3 ± 5).1, 45, 47

Compound 12j was used in the synthesis of the natural

monoterpenoid lactone, cleviolide (13) (see Scheme 5).

The direct palladium-catalyzed cross-coupling of enones

with terminal acetylenes is also possible;42, 48 however, in

this case, the reaction is accompanied by formation of the

corresponding diacetylenes.42 1,5-Disubstituted pent-2-en-

4-yn-1-ones have been prepared 49, 50 using the Cadiot ±

Chodkiewicz reaction, that is, the reaction of propargyl

alcohols 14 and 15 with terminal alkynes or (bromoethyn-

yl)benzene catalyzed by CuCl in the presence of piperidine.

The reaction involves the intermediate formation of diac-

etylene alcohols 16 or 17 (Scheme 6).

tert-Butyldimethylsilyl ethers of diacetylenic alcohols

isomerize in a similar way under the action of bases.51 This

gives enynones in good yields; however, unlike the above

cases, they are formed as mixtures of E- and Z-isomers with

the latter predominating.

The reaction of (2-triphenylphosphoranylidene)alka-

nones 18 with propargyl aldehydes 19 is often used to

form the C(2)7C(3) bond in enynones (Scheme 7,

Table 1).8, 27, 29, 52, 53 This method is employed to prepare

alkyl-, aryl- and hetaryl-substituted enynones. The reaction

is conducted either by heating the reactants in benzene,29 or

at room temperature in CH2Cl2 ,8 or on cooling in THF.27

Enynones are usually formed in good yields and, in some

cases,8 in nearly quantitative yields. A drawback of this

method is the necessity to separate the products from

triphenylphosphine oxide formed as a by-product.8, 27

R1 +

O

O

O

R2

R2

5

a OH

O

R2

R2

R16

(a) 1) BunLi, THF, 778 8C? rt; 2) H+;

R2=H: R1=Ph (76% yield), 4-MeC6H4 (50%), 4-MeOC6H4 (72%),

4-F3CC6H4 (58%), 3,4-(MeO)2C6H3 (78%), 3-Pri-4-MeOC6H3 (75%),

Bun (75%), cyclo-C3H5 (79%); R2=Me: R1=Ph (69%),

4-MeC6H4 (71%), 4-MeOC6H4 (67%), 4-F3CC6H4 (62%)

Scheme 2
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(a) TsCl, Et3N, PhMe; (b) Pd(OAc)2 , PPh3 , Et3N, DMA, DMF, rt;

R=Ph (a, 65% yield), HO(CH2)2 (b, 72%), HO(CH2)3 (c, 59%),

Bun (d, 75%)

Scheme 4
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(a) TsCl, Et3N, PhMe; (b) Pd(OAc)2 , PPh3 , Et3N, DMA, DMF, rt;

R=Ph (a, 91% yield), 1-hydroxycyclohexyl (b, 94%),

cyclohexen-1-yl (c, 91%), MeCH(OH) (d, 77%), HO(CH2)2 (e, 93%),

Cl(CH2)2 (f, 91%), TMS (g, 88%); Ts is p-toluenesulfonyl

(tosyl), TMS is trimethylsilyl, DMA is dimethylacetamide

Scheme 3
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R

R

O
O

Br

9
12a ± j

a or b

c

[R=PriCH(OH)]

O

O

Me

Me

13 (96%)

(a) 1) PdCl2(PPh3)2 (10mol.%), CuI (2 mol.%), THF, rt, 0.5 h;

2) Pri2NH, 16 h, rt; (b) Pd(OAc)2 (3mol.%), TPPMS (5 mol.%),

Et3N, MeCN7H2O (15 : 1), rt, 20 h; (c) P2O5 , PhH, 80 8C, 1 h;

THP is tetrahydropyran-2-yl, TPPMS is potassium 3-(diphenyl-

phosphino)benzenesulfonate

Scheme 5

Compound R Yield (%)

12

conditions a conditions b

a Ph 71 7
b 4-FC6H4 74 7
c n-C8H17 80 7
d Bun 73 7
e Cyclohexen-1-yl 65 7
f THPOCH2 77 7
g ButOCH(Me) 86 7
h HO(CH2)2 50 63

i 1-Hydroxycyclopentyl 62 78

j PriCH(OH) 7 81
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Apart from the Wittig ylides, the reaction with acety-

lenic aldehydes 19 can be carried out for dialkoxyphos-

phoryl ketone derivatives 20. The reaction proceeds in the

presence of potassium carbonate and gives products in good

yields (Scheme 8).54, 55

The formation of the C(2)7C(3) bond in enynones is

attained via the Claisen ± Schmidt aldol condensation 56

involving a-acetylenic aldehydes 19 and acetone (21a) 57 or

aryl methyl ketones 21,4, 57, 58 2-acetylthiophenes,59 cyclo-

hexanone (22), tetrahydrothiopyran-4-one (23) 8 (Scheme 9)

or 1,3-diketones.60 ± 62 Bases are normally used as cata-

lysts;4, 56 ± 59 the reactions are carried out in alcohols 4 or in

Table 1. Synthesis of enynones 1 by the reaction of (2-triphenylphos-
phoranylidene)alkanones 18 with propargyl aldehydes 19
(see Scheme 7).

R1 R2 Yield (%) Ref.

4-MeC6H4 Ph 92 8

4-MeOC6H4 Ph 89 8

3,5-(MeO)2C6H3 Ph 94 8

3-F3CC6H4 Ph 84 8

4-ClC6H4 Ph 94 8

2-IC6H4 Ph 88 8

4-O2NC6H4 Ph 85 8

2-Naph Ph 92 8

2-Th Ph 95 8

(E )-PhCH=CH Ph 79 8

n-C8H17 Ph 89 8

Bun Ph 79 27

Bun Me 82 27

Ph Ph 69 27

Ph Me 75 27

TMS Me 76 52

But Me 79 52

Ph 1-Phenyl-1H-imid- 7 29

azol-2-yl

TIPS a 1-Phenyl-1H-imid- 7 29

azol-2-yl

But Me 79 53

Note. A dash means that the yield is not indicated in the original

publication. a TIPS is triisopropylsilyl.

R

Ph

OH

Br

Ph

OH

14 16

R

a

R

O

Ph

1

(a) CuCl, piperidine, 8 8C, 8 h; R=4-MeOC6H4 (56% yield),

3-MeOC6H4 (63%), 4-PhC6H4 (59%), 2-MeO2CC6H4 (32%),

3,5-Me2C6H3 (49%), 1-hydroxy-1,2,3,4-tetrahydronaphtha-

len-1-yl (45%), 1-hydroxycyclohexyl (67%), cyclohexen-1-yl (64%),

3,4-dihydronaphthalen-1-yl (32%), TBSOCH2 (48%),

n-C9H19CH(TBS) (57%); TBS is tert-butyldimethylsilyl

R

HO

Ph
Ph Br

R

HO

15 17

a

Ph

O

R

1

(a) CuCl, piperidine, 0 8C? rt, 3 ± 8 h; R=2-Fu (43% yield),

2-Th (38%), 3-Py (41%), 1-Naph (45%), 2-FC6H4 (55%),

4-FC6H4 (78%), 4-ClC6H4 (92%), 2-BrC6H4 (65%),

3-BrC6H4 (81%), 4-BrC6H4 (75%), 2-IC6H4 (53%),

4-MeOC6H4 (73%), 2-MeC6H4 (70%), 2-BocNHC6H4 (67%),

3-O2NC6H4 (36%); Fu is furyl, Th is thienyl, Py is pyridyl,

Naph is naphthyl

Scheme 6

+ Ph3P CHC(O)R2

18

R1 CHO

19

R1

R2

O

1

7Ph3P O

Scheme 7

(AlkO)2P

O

R2

O

R1

R2

O

K2CO3, H2O

20

19

1

Alk=Me, R1=TBSOCH2 , R2=TBDPSO(CH2)4 (79% yield);54

Alk=Et, R1=Bun, R2=But (96%);55

TBDPS is tert-butyldiphenylsilyl

Scheme 8

R1

R2

O

1

(a) NaOH, EtOH, H2O, 0 ± 5 8C; R1=Ph: R2=Ph (89% yield),

4-MeC6H4 (71%), 4-PriC6H4 (64%), 4-MeOC6H4 (50%),

4-EtOC6H4 (76%), 4-ClC6H4 (89%), 3-BrC6H4 (30%), 4-BrC6H4 (76%),

3-H2NC6H4 (10%), 2-Fu (69%); R1=4-MeC6H4: R2=Ph (50%),

4-MeC6H4 (40%), 4-ClC6H4 (68%); R1=4-BrC6H4:

R2=Ph (54%), 4-BrC6H4 (30%), 2-Fu (20%)

7H2O
R1

R2

OOH

R2 Me

O

21 25

19+
a

N

R2

O

R1

R1 28a ± c

X

O

Ph PhX

O

22, 23

19a

NaOH, THF ±H2O, 0 8C

X=CH2 (a, 65% yield), S (b, 62%)

(a) ButOK,710 8C; 21: R2=Me (a), Ph (b); 28: R1=R2=Me (a,

52% yield); R1=Et, R2=Me (b, 53%); R1=Me, R2=Ph (c, 49%) 57

N CHO

R1

R1

N
R1

R1

CHO

Br

26
27

a 21a,b

24a,b

Scheme 9
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alcohol7water mixtures.58 The reaction products are eny-

nones 1 (Ref. 58) or, in the case of aldehyde 19a (R1=Ph),

dimers 24a,b.8

The reactions of aromatic a-acetylenic aldehydes with

acetophenones should better be carried out with cooling in a

water ± alcohol mixture, which ensures the removal of the

enynone precipitate from the reaction sphere and prevents

side reactions (nucleophilic addition of alcohol and retro

aldol reaction).58 Intermediate aldols 25 are completely

dehydrated under the reaction conditions. Ostroumov et

al.57 proposed using 2-bromo-3-dialkylaminopropynals 26

as the source of the carbonyl component. Compounds 26

eliminate HBr under the action of potassium tert-butoxide,

thus generating acetylenic aldehyde 27, which reacts with

the methylene component to give dialkylamino-substituted

enynones 28a ± c (49%± 53% yield). The condensation of

a-acetylenic aldehydes with 1,3-diketones proceeds in the

presence of acids and affords only E-configured eny-

nones.60, 62

When the conditions of the condensation are properly

selected, good product yields are usually obtained. The

success of the aldol crotonic condensation in the synthesis

of enynones is mainly determined by the availability of the

starting aldehydes 19; the reaction is E-stereoselective.63, 64

There are data indicating that in the absence of a

methylene component, a-acetylenic aldehydes are capable

of self-condensation to give 2-formylpent-2-en-4-yn-1-ones.

For example, according to Dong et al.,65 phenylpropynal is

converted to 2-benzoyl-5-phenylpent-2-en-4-ynal in the

presence of diphenyl-L-proline (20 mol.%) and trifluoro-

acetic acid (20 mol.%) catalysts.

Several methods for the synthesis of alk-2-en-4-yn-

1-ones based on oxidation of acetylene derivatives have

been reported. Pent-2-en-4-yn-1-ones can be obtained by

careful oxidation of secondary alkynylvinyl alcohols by

Dess ±Martin periodinane (DMP) 66 or Swern reagent

[(COCl)27DMSO].67 The best yield (81%) was obtained

in the oxidation of (Z)-1,5-diphenylpent-2-en-4-yn-1-ol on

treatment with 2-iodoxybenzoic acid (IBX).68

Furthermore, the oxidation of methyl propargyl ethers

29a ± g with a mixture of 2,3-dichloro-5,6-dicyano-1,4-ben-

zoquinone (DDQ) with FeCl3 resulted in the formation

of 2-methoxymethyl-substituted pent-2-en-4-yn-1-ones

30a ± g.69 It is noteworthy that this reaction affords a

mixture of E- and Z-isomers of enynones in which the

former predominates (Scheme 10).

The reaction of diacetylenic ketones 31 with 2,3-dime-

thylbuta-1,3-diene (32) induced by dimethylaluminium

chloride at room temperature gives enynones 33 with a

double bond in the cyclohexadiene moiety (Scheme 11).70

A number of specific reactions give rise to the linear-

conjugated 2-en-4-yn-1-one pentads, for example, the rear-

rangement of furylcarbenes generated by pyrolysis 71 or

photolysis 72, 73 of diazo furans; elimination of EtOH from

3-ethoxy-1-phenylpent-4-yn-1-one 74 under the action of

Et2NLi at 778 8C; and the reaction of 1-arylethynylcyclo-

butan-1-ols with 1-ethynyl-1,2-benzodioxol-3(1H)-ones in

the presence of K2S2O8 at 60 8C.75 These methods, however,

are hardly applicable for the preparative synthesis of enyne

ketones 1 because of the poor accessibility of the starting

compounds.

2.2. Alk-4-en-2-yn-1-ones
Enynones 2 can be obtained via the formation of the

C(1)7C(2) or C(3)7C(4) bonds. For example, a one-pot

synthesis of 2 includes the cross-coupling of vinylboranes 34

with (bromoethynyl)trimethylsilane followed by palladium-

catalyzed acylation of the resulting enynes 35 with aryl- and

hetarylcarboxylic acid chlorides. Using this approach, it is

possible to avoid the isolation of labile intermediate enynes

35 (Scheme 12).76

Scheme 12

The C(3)7C(4) bond can also be formed via coupling

of [5-(benzyloxy)pent-1-en-1-yl]triethoxysilane (36) with

3-bromo-1-phenylprop-2-yn-1-one (37); however, product

2a is formed in a lower yield than in the previous cases.

Br TMS

R1
B

Me Pri

Me

Pri

34

a

(a) Cu(acac)2 , 1 M MeONa, ±15 8C? rt; (b) Pd(OAc)2 , PPh3 , Et3N, rt;

R1=n-C6H13: R2=Ph (86% yield), 2-MeC6H4 (90%),

4-MeC6H4 (79%), 4-ClC6H4 (78%), 2-Naph (87%), 2-Fu (76%),

2-Th (79%); R1=Ph: R2=Ph (90%), 2-MeC6H4 (85%),

4-MeC6H4 (77%), 4-ClC6H4 (82%), 2-Naph (77%), 2-Fu (86%),

2-Th (79%); R2=Ph: R1=Cl(CH2)2 (88%),

cyclohexen-1-yl (92%); acac is acetylacetonate

R1

35 R1

O

R2R2C(O)Cl

b
2

Ar

OMe

Ar

Ar

O

OMe
29a ±g

30a ±g

a

(a) FeCl3 , DDQ, CH2Cl2 , air, 30 8C, 15 h

Scheme 10

Compounds 29, 30 Ar Yield (%) E :Z ratio

a Ph 57 93 : 7

b 2-MeC6H4 38 82 : 18

c 3-MeC6H4 51 92 : 8

d 4-MeC6H4 45 60 : 40

e 4-ClC6H4 35 93 : 7

f 4-BrC6H4 43 91 : 9

g 4-FC6H4 51 86 : 14

Me

Me

R1

R2

O

Me

Me

R1

R2

O

31
32 33

+ a

(a) Me2AlCl, CH2Cl2; R1=TMS: R2=Me (61% yield), Ph (88%),

2-BrC6H4 (57%), 4-BrC6H4 (79%), 2-MeOC6H4(51%),

4-MeOC6H4 (59%); R2=Ph: R1=Ph (68%), Et (94%)

Scheme 11
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A benefit of this method is the lack of necessity for using

palladium catalysts (Scheme 13).77

Alkynyltitanium trichlorides 38 obtained in situ from

terminal acetylenes in the presence of the TiCl47Et3N

system (2 equiv.) react with aromatic aldehydes to give

enynones 39 in 78%± 92% yields (Scheme 14). A limitation

of this method is the necessary use of alkynes with a

methylene group at the triple bond. Benzaldehyde reacts

with phenylacetylene under the same conditions to give a

mixture of 1,3-diphenylprop-2-yn-1-one with (E )-hexa-3-

en-1,5-diyne-1,3,4,6-tetrayltetrabenzene.78

Scheme 14

Apart from the considered methods, alk-4-en-2-yn-

1-ones 2 can be prepared by oxidation of the corresponding

alcohols with active manganese dioxide 19, 79, 80 and pyridi-

nium chlorochromate (PCC);81 treatment of the enyne

lithium derivative with the Weinreb amide;82 and the

reaction of ethyl 5-(benzo[d ][1,3]dioxol-5-yl)pent-4-en-

2-ynoate with tert-butyl acetate and lithium diisopropyl-

amide in THF at 778 8C.83

2.3. Alk-1-en-4-yn-3-ones
The most popular method for the synthesis of cross-con-

jugated enyne ketones 3 is the reaction of chlorides of

unsaturated acids with alkynes (Scheme 15).

Scheme 15

Here, like in the synthesis of linear-conjugated enynones

1, reactions of acid chlorides or related compounds 84, 85

with acetylene derivatives (pathway a) or direct catalytic

cross-coupling (pathway b) are possible. In the former case,

metal acetylenides are normally used; higher yields of

enynones are attained with copper and manganese acety-

lides.86 Trimethylsilyl-substituted acetylenes 87 ± 89 and diac-

etylenes 90 can be employed (in the presence of AlCl3) as the

acetylene components in the reaction with acid chlorides.

Acetylenic, in particular, enyne ketones are synthesized

by coupling of alkyne derivatives of hypervalent iodine 40

with unsaturated aldehydes. The reaction occurs on heating

in acetonitrile in the presence of di-tert-butyl peroxide, but

the yield of enyne ketones in this reaction is only 20%± 32%

(Scheme 16).91

Scheme 16

Katritzky et al.84 showed that 1-(1H-benzo[d ][1,2,3]tri-

azol-1-yl)-substituted prop-2-en-1-ones 41 are applicable,

instead of carboxylic acid chlorides, for the reaction with

phenylacetylenides (Scheme 17).

Scheme 17

A similar reaction takes place when lithium phenyl- or

tert-butylacetylenide is added to 1-ethoxy-2,3-diphenylcy-

clopropenylium tetrafluoroborate in a THF ± hexane mix-

ture at 770 8C. The yields of 1,2,5-triphenylpent-1-en-4-yn-
3-one and 6,6-dimethyl-1,2-diphenylhept-1-en-4-yne-3-one

thus formed are 78% and 85%, respectively; however, the

authors do not mention anything about the configuration of

the double bond in the reaction products.92

Despite their simplicity and availability, this group of

methods (pathway a in Scheme 15) has now been displaced

almost completely by the palladium-catalyzed cross-cou-

pling of acyl chlorides with terminal acetylenes (pathway b).

The catalyst systems used for this reaction include

Pd(PPh3)4 with ZnCl2 or ZnBr2 ,93 Pd/BaSO4 under

the same conditions,94 Pd/C,95 Pd(OAc)2 ,96

Pd(PPh3)2Cl27CuI,97 KF/Al2O37Pd(PPh3)2Cl27CuI with

microwave activation,98 palladium nanoparticles embedded

into the poly-1,4-phenylene sulfide polymer matrix 99 and

more complex palladium-based catalyst systems.100 The

reaction is carried out in toluene 93, 99, 100 or dichlorome-

thane 84 with addition of amine, in triethylamine 93 ± 95 or

without a solvent.98 The reaction proceeds under mild

conditions and gives products in good and, in some

cases,93 ± 95, 98, 100 nearly quantitative yields. This method is

ArCHO
R

TiCl3

R

38

a

R

Ar

O

Ar

R

Ar

OTiCl3 ArCHO

39

(a) TiCl4 , Et3N, CH2Cl2 , 08C; Ar=Ph: R=Bun (87% yield),

n-C5H11 (92%), n-C7H15 (91%); Ar=1-Naph, R=Bun (78%)

R2Cl

O

R1

R1

O

3

1

2

3

4
5

pathway a

pathway b

R1 M

, [Pd]R1

R2

O

R1

I
OO

R1

40

R2CHO

a

(a) ButOOBut, MeCN, N2 , 80 8C, 24 h;

R1=TIPS, R2= (E )-PhCH=CH (20% yield);

R2 is cyclohex-1-enyl: R1=TIPS (32%), Ph (30%)

O

Ph

R
THF, 778 8C

Ph M

N
N

N

O

R

41 3

M=Li, MgBr; R=H (69% yield), 2-Th (32%)

BnO(CH2)3
Si(OEt)3

Br
Ph

O

36

(37)

a

BnO(CH2)3

O

Ph

2a (49%)

(a) Cu(MeCN)4PF6 , TBAT, MeCN, 40 8C, 16 h;

TBAT is tetra-n-butylammonium difluorotriphenylsilicate

Scheme 13
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used to prepare 5-alkyl-, 5-aryl- and 5-ferrocenyl-substi-

tuted 98 pent-1-en-4-yn-3-ones.

Copper(I) iodide in triehylamine can also be employed

as a catalyst for phenylacetylene cross-coupling with cinna-

moyl chloride; however, the yield of 1,5-diphenylpent-1-en-

4-yn-3-one is lower in this case than in Pd-catalyzed

reactions.101 ± 103 The reaction can be assisted by microwave

radiation.101, 102

A number of synthetic methods are based on catalytic

carbonylation of alkyne (42 ± 47) and alkene (48 ± 51) com-

ponents. These reactions can be carried out for terminal

acetylenes and for their derivatives (Scheme 18).

Scheme 18

For example, carbonylation of a mixture of difluorome-

thyl(phenylethynyl)silane (42) with a styrene hypervalent

iodine derivative 48 proceeds at room temperature in

dimethoxyethane in the presence of the allylic complex

(Z3-C3H5PdCl2)2 with addition of tetra-n-butylammonium

fluoride.104 Compound 48 also easily reacts with tri-n-

butyl(phenylethynyl)tin (43) under the action of PdCl2 in a

dimethoxyethane ± water mixture.105 In both cases, the

reaction gave 1,5-diphenylpent-1-en-4-yn-3-one in 78%±

79% yield. The same product is formed upon Pd(PPh3)4-

catalyzed carbonylation of a mixture of b-bromostyrene

(49) with phenylethynylindium (44) in THF at 70 8C (75%

yield).106 In the case of styryl (50) and analogous cyclo-

alkenyl trifluoromethanesulfonates 107 and styrene (51),108

carbonylation can be accomplished directly using terminal

alkynes 45 and 46, without the intermediate formation of

their organoelement derivatives, but the yield of enynones

decreases. A mixture of b-iodostyrene with phenylacetylene

was shown to be carbonylated in the presence of a Cu

catalyst (PPh37CuI system); however, apart from

1,5-diphenylpent-1-en-4-yn-3-one, this reaction gives a con-

siderable amount of 1,4-diphenylbut-1-en-3-yne formed as

the cross-coupling product.109 1,7-Diphenylhepta-1,6-dien-

4-yn-3-one is obtained by carbonylation of a mixture of

propiolic acid (47) with b-bromostyrene (49) in the presence

of a Pd(PPh3)2Cl27CuI system in acetonitrile containing

triethylamine at 80 8C.110 The reaction of acid 47 is accom-

panied by Sonogashira cross-coupling and by build-up of an

additional C(6)7C(7) multiple bond. It is noteworthy that

the double bond configuration is retained in the carbon-

ylation reactions.

A widely used method for the synthesis of cross-con-

jugated enynones is oxidation of secondary vinylethynyl

alcohols 52.90, 111 ± 127 The latter are prepared from organo-

metallic acetylene derivatives and the corresponding a,b-un-
saturated aldehydes (Scheme 19, Table 2). The oxidation is

accomplished by active manganese dioxide in dichlorome-

[Pd]

CO

X
R2

O

R1

R2R1 M

42± 47 48 ±51

+

3

R1=Ph: M=SiMeF2 (42), SnBu
n
3 (43), In (44), H (45);

R1=Bun, M=H (46); R1=H, M=CO2H (47);

R2=Ph: X= I+PhBFÿ4 (48), Br (49), OTf (50), H (51);

Tf is trifluoromethanesulfonyl (triflyl)

[O]

OH

R1

R2
CHO

R2

R1 M

52

3

Scheme 19

Table 2. Synthesis of cross-conjugated enyne ketones 3 by oxidation of alcohols 52 (see Scheme 19).

R1 R2 Oxidant Reaction conditions Yield (%) Ref.

Ph Ph MnO2 CH2Cl2 , 23 8C 96 114

Ph Ph I2 , ButOK CH2Cl2 , 10 8C 90 122

3,4-(MeO)2C6H3 Ph MnO2 CH2Cl2 , 23 8C 84 114

3-EtO-4-MeOC6H3 Ph MnO2 CH2Cl2 , 23 8C 99 114

2-F3CC6H4 Ph MnO2 CH2Cl2 , 23 8C 99 114

2,4-F2C6H3 Ph MnO2 CH2Cl2 , 23 8C 99 111, 114

2-Th Ph MnO2 CH2Cl2 , 23 8C 99 114

2-Py Ph MnO2 CH2Cl2 , 23 8C 75 114

But Ph MnO2 CH2Cl2 , 23 8C 99 114

TMS Ph MnO2 CH2Cl2 , 23 8C 97 114

3,4-(MeO)2C6H3 H MnO2 CH2Cl2 , 23 8C 77 114

3-EtO-4-MeOC6H3 H MnO2 CH2Cl2 , 23 8C 62 114

2,4-F2C6H3 H MnO2 CH2Cl2 , 23 8C 99 114

Prn 4-MeOC6H4CH2O(CH2)2 MnO2 CH2Cl2 , rt 83 116

4-MeOC6H4CH2O(CH2)3 H MnO2 CH2Cl2 , rt 54 119

TMS MeO2C(CH2)7 DMP CH2Cl2 , rt 95 121

TMS Me PCC CH2Cl2 , rt 89 90

2-Py Me PCC CH2Cl2 , rt 35 90

2-Py Me BaMnO4 CH2Cl2 , rt 82 90

TMS Ph PCC CH2Cl2 , rt 96 90

H Ph O2 (1 atm) CPVAP, PrnCN, 100 8C 31 126

H Ph O2 (1 atm) Propargyl alcohol, 65 127

VO(acac)2 , MeCN,

3 �A zeolite

Note. CPVAP is calcium phosphate vanadate.
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thane 111 ± 119 or chloroform 120 at room temperature. This

oxidant acts under very mild conditions and, in most cases,

provides high yields. Beneficial results were obtained using

DMP,121 I27ButOK system,122 pyridinium chlorochro-

mate,90 BaMnO4
90 and IBX 123 in DMSO. In addition,

oxygen in the presence of cobalt 124 or vanadium com-

pounds 125 ± 127 was proposed for oxidation of alcohols 52;

however, the yield of enyne ketones 3 did not exceed 65% in

any of these experiments.

The aldol crotonic condensation of ethynyl methyl

ketones 53 with aromatic and heteroaromatic aldehydes is

successfully used in the synthesis of E-isomers of cross-

conjugated enynones 3.59, 128 ± 130 The condensation is

carried out on cooling in THF in the presence of the

Et2Zn7(S,S)-ProPhenol catalytic system (ProPhenol

is 2,6-bis({2-[hydroxy-(diphenyl)methyl]pyrrolidino}me-

thyl)-4-methylphenol) 128 or in ethanol in the presence of

alkalis (Scheme 20, Table 3).129, 130 Using this procedure,

aldehydes 54 were converted, in moderate yields, to poly-

unsaturated ketones 55 containing a thiophene ring (see

Scheme 20).59 The condensation of 5-nitrofurfural with

4-phenylbut-3-yn-2-one in ethanol in alkaline medium is

accompanied by pronounced resinification. 1-(5-Nitro-

furan-2-yl)-5-phenylpent-1-en-4-yn-3-one can be obtained

only in glacial acetic acid under acid catalysis (concentrated

H2SO4).130 Generally, this method has the same features as

the synthesis of linear-conjugated enynones 1 (see above).

Synthetic routes to symmetrically disubstituted pent-1-

en-4-yn-3-ones based on diyne derivatives have been devel-

oped. It was shown, for example, that passing of solutions

of 1-[1,5-di(het)aryl-1,4-diyn-3-yl]piperidines 56, obtained

from acetal 57, through a neutral Al2O3 layer affords

1,5-di(het)arylpent-1-en-4-yn-3-ones in 52%± 73% yields

(Scheme 21).131

Several efficient syntheses of cross-conjugated enynones

are based on the formation of the C(1)7C(2) double bond

via elimination of alkoxy and aryloxy groups. For instance,

Babu et al.132 described cross-conjugated enyne ketones

with diverse substituents in positions 1 and 5 (Scheme 22,

Table 4). The palladium-catalyzed cross-coupling of acety-

lenic alcohols 58 and presynthesized alkynes affords phe-

noxy-substituted alkylvinyl alcohols 59a ±m, which are

converted to enynones 60a ±m under very mild conditions,

namely, at room temperature in the presence of 30 mol.%

of p-toluenesulfonic acid. Compounds 60 are formed in

Table 3. Synthesis of cross-conjugated enyne ketones 3 by condensation of ethynyl methyl ketones 53 with aldehydes (see Scheme 20).

R1 R2 Reaction conditions Yield (%) Ref.

Ph Ph NaOH, EtOH, rt, 2 ± 3 h 65 129

Ph 2-O2NC6H4 NaOH, EtOH, rt, 2 ± 3 h 20 129

Ph 3-O2NC6H4 NaOH, EtOH, rt, 2 ± 3 h 54 129

Ph 4-O2NC6H4 NaOH, EtOH, rt, 2 ± 3 h 57 129

Ph 3-BrC6H4 NaOH, EtOH, rt, 2 ± 3 h 70 129

Ph 4-BrC6H4 NaOH, EtOH, rt, 2 ± 3 h 69 129

Ph 4-ClC6H4 NaOH, EtOH, rt, 2 ± 3 h 56 129

Ph 2-FC6H4 NaOH, EtOH, rt, 2 ± 3 h 60 129

Ph 4-MeC6H4 NaOH, EtOH, rt, 2 ± 3 h 58 129

Ph 4-MeOC6H4 NaOH, EtOH, rt, 2 ± 3 h 61 129

Ph 2-Cl(CH2)2OC6H4 NaOH, EtOH, rt, 2 ± 3 h 53 129

Ph 4-Me2NC6H4 NaOH, EtOH, rt, 2 ± 3 h 47 129

4-BrC6H4 Ph NaOH, EtOH, rt, 2 ± 3 h 44 129

4-BrC6H4 3-BrC6H4 NaOH, EtOH, rt, 2 ± 3 h 60 129

4-BrC6H4 4-MeOC6H4 NaOH, EtOH, rt, 2 ± 3 h 44 129

4-MeOC6H4 Ph NaOH, EtOH, rt, 2 ± 3 h 50 129

4-MeOC6H4 3-BrC6H4 NaOH, EtOH, rt, 2 ± 3 h 55 129

4-MeOC6H4 4-MeOC6H4 NaOH, EtOH, rt, 2 ± 3 h 60 129

TMS n-C7H15 (S,S)-ProPhenol (10 mol.%), 69 128

Et2Zn (50 mol.%), THF, 4 8C
TMS 5-Methyl-2-oxo-2,3-dihydro- (S,S)-ProPhenol (10 mol.%), 64 128

furan-3-ylmethyl Et2Zn (50 mol.%), THF, 4 8C
Ph 5-Bromofuran-2-yl NaOH, EtOH, H2O, rt, 1.5 h 69.2 130

Ph 5-Iodofuran-2-yl NaOH, EtOH, H2O, rt, 1.5 h 58.4 130

Ph 5-Nitrofuran-2-yl AcOH, H2SO4 , 3 days 40.7 130

R1

Me

O O

R1

R2

53

+R2CHO

3

R1

Me

O

53

+

S
R2

CHO
n

n+1

55

S

R2

R1

O
54

Scheme 20

R1 R2 n Yield (%) R1 R2 n Yield (%)

Me H 0 50 Ph O2N 0 46

Bun H 0 48 Ph H 1 41

Ph H 0 45 Ph H 2 43
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87%± 96% yields; also, polyunsaturated ketones 60j,m are

obtained by this method in high yields.

Heating of alkyne ketones 61 with triethyl orthoformate

in acetic anhydride gives rise to diethoxy derivatives

62, which eliminate an ethanol molecule to give 2-aryl-

1-ethoxypent-5-(trimethylsilyl)-1-en-4-yn-3-ones 63a ± e

(Scheme 23).133, 134

3. Properties and structure of enynones

3.1. Spectral characteristics
The conjugated system of multiple bonds is responsible for

characteristic features of the IR spectra of cross-conjugated

enynones 3. The stretching bands of the keto group are

shifted to lower frequencies due to the conjugation. In

solutions (CHCl3 , CCl4) of these compounds, s-cis ± s-trans

conformational equilibrium is established; therefore, their

IR spectra show two stretching bands for the keto group in

the 1660 ± 1630 cm71 range, with the lower frequency band

corresponding to the s-trans-conformer and the higher

frequency band corresponding to the s-cis-form

(Scheme 24).129

Scheme 24

In the crystalline state, cross-conjugated enynones tend

to mainly exist in the s-trans-conformation of the enone

group, as indicated by the single nCO band at about

1630 cm71. The stretching band at 1660 ± 1590 cm71 for

the double bond (nC=C) can be strictly interpreted only in

the IR spectra of pent-1-en-4-yn-3-one and alkyl-substi-

tuted enynones; in the spectra of aryl-substituted enynones,

this band can be overlapped by the absorption bands of the

aromatic groups. The nC:C band occurs at 2224 ±

2175 cm71 and has a relatively low intensity.129 The stretch-

ing bands of the multiple bonds of linear conjugated

enynones 1 and 2 are manifested in approximately the

same ranges.20, 30, 57 It was shown that a CF3 group intro-

duced in the vicinity of the oxo group induces a shift of the

OO

s-cis s-trans

R
N

CH2(OMe)2

a

57

+
N

R R

56

Al2O3

R

O

R

3

(a) CuBr (10mol.%), dppp (10 mol.%), 3�A zeolite, PhMe, N2 , 10 h;

R=Ph (62% yield), 4-MeC6H4 (73%), 3-MeC6H4 (54%),

4-MeOC6H4 (52%), 4-FC6H4 (52%), 3-Th (68%);

dppp is 1,3-bis(diphenylphosphino)propane

Scheme 21

OH

R1

R2

OPh

R3OPh
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R1

R2

R3

58 59a ±m

a

b

R3

R1

R2 O

60a ±m

(a) Pd(PPh3)2Cl2 (10 mol.%), Et3N, THF, rt, 12 h; (b) TsOH, THF, rt, 3 h

Scheme 22

Table 4. Synthesis of cross-conjugated enyne ketones 60 from compounds 59 (see Scheme 22).132

Compounds 59, 60 R1 R2 R3 Yield of 59 (%) Yield of 60 (%)

a Ph Ph Ph 84 96

b Ph Ph 4-MeC6H4 81 94

c Ph Ph 4-MeOC6H4 79 95

d Ph Ph cyclo-C3H5 71 91

e Ph Ph 2-Py 76 92

f Ph H Ph 82 89

g Ph H 3-MeOC6H4 81 94

h n-C6H13 H Ph 79 92

i Pri H Ph 76 90

j (E )-PhCH=CH H Ph 72 88

k Ph Me Ph 81 93

l Ph Et Ph 78 93

m (E )-PhCH=CH Me Ph 71 87 a

a Mixture of cis- and trans-isomers in 2 : 3 ratio.

TMS

O

Ar61

a

(a) HC(OEt)3 , Ac2O, D; (b) Ac2O, 140 8C; Ar=Ph (a, 47% yield),

4-O2NC6H4 (b, 68%), 4-MeOC6H4 (c, 50%),133 4-ClC6H4 (d, 53%),

4-MeC6H4 (e, 41%) 134

TMS

O

Ar

OEt63a ± e

TMS

O

Ar

OEt

EtO

62

b

Scheme 23
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nCO and nC:C bands to higher frequency.28, 30 According to

IR spectroscopy data (a single nCO band at

1670 ± 1630 cm71), enynones 1 have an s-cis-conformation

of the enone group both in the crystalline state and in

solutions.58

The most comprehensive information about the struc-

tures of conjugated enynones is gained from the NMR

spectra. The protons at the double bond of enynones 1, 2

and 3 resonate at 6 ± 8 ppm in the 1H NMR spectra; how-

ever, in the presence of aryl and hetaryl substituents, the

low-field signal is often overlapped by multiplets for the

aromatic protons.28, 30, 86, 104, 126 The double bond configu-

ration does not considerably affect the position of the

vinylic proton signals. This configuration may be identified

from the spin-spin coupling constants, which usually

amount to 15 ± 16 Hz for the E-isomers of linear- and

cross-conjugated enynones. Published data concerning Z-

enynones are not abundant, but it is known, for example,

that the spin-spin coupling constants of the H7C(2) and

H7C(3) linear-conjugated enynones Ð 5-trimethylsilyl-

1-phenylpent-2-en-4-yn-1-one and 1-phenylpent-2-en-4-yn-

1-one Ð range from 11.7 to 12.0 Hz.34 The keto group

carbon signal in the 13C NMR spectra of linear-conjugated

enynones 1 is usually manifested at 185 ± 190 ppm, while in

the case of cross-conjugated enynones 3, it shifts upfield

(175 ± 180 ppm).58, 86

3.2. X-Ray diffraction data and non-linear optical properties
Currently, the Cambridge Crystallographic Data Centre

(CCDC) contains information about the molecular and

crystal structures of several dozens of E-isomers of con-

jugated enynones; the structures of 1,5-diaryl-substituted

enynones 1 were studied most comprehensively. X-Ray

diffraction data confirm the planar structure of ketones 1

and the cis-conformation of the enone group in the solid

phase. The conjugation in the multiple bond pentad of

enynones 1 causes some shortening (1.41 ± 1.43 �A) of the

C(3)7C(4) bond in comparison with the analogous bond in

the vinylacetylene molecule (1.43 �A).58

A structural study of a set of linear-conjugated enynones

with various aryl groups in positions 1 and 5 showed that

five of these compounds (ketones 1 with R1=Ph:

R2=4-MeC6H4 , 4-MeOC6H4, 4-EtOC6H4; R2=Ph:

R1=Ph, 4-BrC6H4) crystallize in chiral space groups. The

crystallization in the chiral groups is due to the formation of

symmetrical dimers. Analysis of the intermolecular contacts

revealed the C=O_H structure-forming motifs (Fig. 1)

and competing Hal_Hal interactions. The generation of

the second optical harmonics was experimentally found for

these compounds. Taking into account the fact that the

compounds crystallize in chiral space groups and the

possibility to prepare a broad range of derivatives with

both electron-donating and electron-withdrawing substitu-

ents, linear-conjugated enynones 1 can be considered as

promising compounds, not inferior to N-(4-nitrophenyl)-L-

prolinol, for potential non-linear optical applications.20

The presence of non-linear optical properties is pre-

dicted also for cross-conjugated enynones 3.21

4. Chemical reactivity of enynones

4.1. Reduction to alcohols
The enantioselective reduction of the keto group of eny-

nones is one of the most important reactions for this type of

compounds, as it is utilized for total synthesis 3, 135 ± 137 and

for structure determination 138 of natural compounds. In

particular, R- or S-vinylacetylenic alcohols 64a ± f are

obtained in good yields by the reduction of cross-conju-

gated enynones with BH3
.Me2S 136, 137, 139 ± 141 or

BH3
.THF 142 in the presence of (R)- or (S)-Me-CBS

(Me-CBS is 1-methyl-3,3-diphenyltetrahydro-3H-pyrro-

lo[1,2-c][1,3,2]oxazaborole), which ensures a high enantio-

meric excess (Scheme 25, Table 5). The asymmetric

reduction of linear-conjugated enynone 65 to alcohol 66

was accomplished in the presence of binaphthyl lithium

aluminium hydride [(S)-BINAL-H].135

The reactions of enynones 67 containing an endocyclic

double bond with sodium bis(2-methoxyethoxy)aluminium

hydride (Red-Al) in THF do not stop after keto group

a b c

Figure 1. Intermolecular interactions in the crystals of linear-conjugated enynones: 1-(4-ethoxyphenyl)-5-phenylpent-2-en-4-yn-1-one (a),
1-(4-chlorophenyl)-5-(4-methylphenyl)pent-2-en-4-yn-1-one (b) and 5-(4-bromophenyl)-1-phenylpent-2-en-4-yn-1-one (c).20
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hydrogenation. This reaction gives mainly allene alcohols

68. Acetylenes 69 are formed in minor amounts; the product

68 to 69 ratio is affected by the nature of substituent R1: in

the case of trimethylsilyl groups, a product mixture is

formed, whereas the phenyl substituent results in the for-

mation of pure allenes 68 (Scheme 26).143

4.2. Reactions induced by electrophiles
Despite the presence of the electron-withdrawing keto

group, which decreases the electron density of the car-

bon ± carbon conjugated bonds, enyne ketones can react

rather actively with electrophiles. It is noteworthy that in

recent years, primary attention has been devoted to reac-

tions of conjugated enynones with transition element com-

pounds (see reviews 22, 23) and to their transformations in

superacid media. Reactions of this type are accompanied, in

almost all cases, by cyclization and formation of carbo- and

heterocyclic compounds.

4.2.1. Reactions in the presence of metal compounds and iodine

On treatment with boron trifluoride etherate in the presence

of Bun
4NI, formyl-substituted enynones 70a ± j cyclize at the

triple bond a-carbon atom to give cyclohex-2-en-1-ols

71b,d,f ± j. Some of these compounds undergo the 6-endo-

trig oxa-Michael cyclization, resulting in products 72a,c,e.

Under these conditions, 2,2,7-trimethyl-5-oxooct-6-en-

3-ynal (70k) is converted to cyclobutenone 73, while

2-(5-methyl-3-oxohex-4-en-1-yn-1-yl)benzaldehyde (70l) is

converted to indene 74 (Scheme 27, Table 6).118 When

boron trifluoride etherate is replaced by TiCl4 or AlCl3,

only cycloalkenols like 71 are formed in 59%± 82% yields;

by varying the number of carbon atoms in the substituent

R4 of the starting enynone 70, it is possible to prepare

OH

R1

R2

R3

O

R1

R2

R3

64

a

(a) (R)- or (S)-Me-CBS, BH3
.Me2S or BH3

.THF, THF;

N

B OMe

Ph

Ph

H

(R)-Me-CBS= , (S)-Me-CBS = N

B OMe

Ph

Ph

n-C5H11

O

65 66 (88%, 94% ee)

b

n-C5H11

OH

H

(b) (S)-BINAL-H, THF, ±100? 180 8C

Scheme 25

OH

R1

R2

OH

C

R2

R1

O

R1

R2

67

68

69

a

n n

+

n

(a) 1) Red-Al, THF, 0 8C? rt, 2 h; 2) H2O

Scheme 26

R1 R2 n Yield of 68 (%) Yield of 69 (%)

TMS Me 1 69 15

TMS Me 2 64 14

TMS H 2 54 5

Ph Me 1 54 0

Ph Me 2 96 0

Ph H 2 56 0

Table 5. Synthesis of vinylacetylene alcohols 64 by the reduction of the corresponding ketones (see Scheme 25).

Enynol R1 R2 R3 Reducing Temperature Yield ee (%) Ref.
agent 8C (%)

(R)-64a TBDPSO(CH2)2 H H BH3
.Me2S 760 66 90 136

(R)-64b TMS H H BH3
.Me2S 730 75 >99 137

(S)-64c H See a H BH3
.Me2S 730 94 >98 139

(R)-64e PhS(CH2)2CH(OAc)CH2 Boc(CH2)2 H BH3
.Me2S 0 86 94 ± 97 140

(S)-64f Pri Pri H BH3
.Me2S 760 85 7 141

(S)-64d TMS H Bun BH3
.THF 730 100 90 142

Note. ee is enantiomeric excess; a 1-(triisopropylsilyloxymethyl)-3,5-dioxan-1-yl.

O

R4

R2

R1

R3

70a ± j

Me

Me

I

O

O

R3

R2

R1

72a,c,e

O
Me

Me

I

Me
Me

OH

70k

73

a

I

OH

O

Me

Me

74

70l
a

(a) BF3
.Et2O, Bun4NI,

CH2Cl2 , ± 40 8C

a Me

Me

I O

OH

R2

R1

R3

71b,d,f± j

Scheme 27
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compounds with five, six or seven carbon atoms in the

ring.144

6-Hydroxy-6-methyl-1-phenylhept-1-en-4-yn-3-one (75)

cyclizes on treatment with a mixture of gold complex 76

with silver triflate.145 In the authors' opinion, the reaction

starts with coordination of enynone 75 by the cationic

gold(I) complex formed in situ from complex 76 and

AgOTf; this is followed by the formation of the intermedi-

ate epoxide compounds 77, which rearranges (with libera-

tion of the gold cation) to give the target furanone 78

(Scheme 28).

Scheme 28

Iodocyclization of cross-conjugated enynones 79 has

been reported.117, 146 The reaction involves the triple bond,

with the product structure being determined, first of all, by

the substituent nature: the aminotosyl derivative undergoes

ring closure to give pyrrole derivative 80,146 while the vinyl

derivative is converted to arenes 81 and 82 (Scheme 29).117

In the latter case, the authors did not indicate the reaction

time, as the reaction was monitored by TLC.

The electrophilic activation of the multiple bonds of

enynones of type 1 is attained via p-coordination to tran-

sition metal compounds.61, 147 ± 150 The carbenoid A formed

after that reacts with the X7H reagent to give the product

(Scheme 30).151 ± 154

For example, enyne diketones 83 react with arylboronic

acids 84 in the presence of the hydroxy(cycloocta-1,5-

diene)rhodium(I) dimer (2 mol.%). The catalytic cycle of

rhodium(I) for this reaction is shown in Scheme 31. Pre-

sumably, the reaction proceeds via the formation of rho-

dium enynedione complex 85, which is then converted to

2-furylcarbenoid 86; the subsequent migration of the Ar

group results in the recovery of rhodium(I) and gives furans

87 in 32%± 70% yield (pathway a). An alternative mecha-

nism (pathway b) implies electrophilic activation of the keto

group of enynones 83.149

C

OAu

Ph

O

H

Me

Me

77

+

O

Ph

Au+

O

MeMe

O

O

Me

Me

Ph

78 (94%)

O

Ph

OH

Me
Me

75

a

Au

Me
Me

HO

Ph

O+

..

..

7Au+

(a) (4-F3CC6H4)3PAuCl (76) (5 mol.%), AgOTf (5 mol.%), PhMe, rt, 3 h

Table 6. Cyclization of formyl-substituted enynones 70 (see Scheme 27).118

Enynone R1 R2 R3 R4 Product Yield (%)

70a Me Me H CMe2(CH2)2CHO 72a 77 a

70b Me Ph H CMe2(CH2)2CHO 71b 85

70c Me 4-MeOC6H4 H CMe2(CH2)2CHO 72c 74 a, b

70d Me But H CMe2(CH2)2CHO 71d 85

70e H Me H CMe2(CH2)2CHO 72e 60 c

70f H Ph H CMe2(CH2)2CHO 71f 77

70g H 4-O2NC6H4 H CMe2(CH2)2CHO 71g 86

70h H 4-MeOC6H4 H CMe2(CH2)2CHO 71h 86

70i Me Me Me CMe2(CH2)2CHO 71i 50

70j Me (CH2)4 CMe2(CH2)2CHO 71j 88

70k Me Me H CMe2CHO 73 64

70l Me Me H 2-OCHC6H4 74 98

a The reaction mixture was warmed up to 0 8C; b tetrahydropyranone 72c was obtained as a diastereomer mixture (dr=3.2 : 1); c the reaction

mixture was warmed up to room temperature for 39 h; and tetrahydropyranone 72e was isolated as a pure diastereomer.

(a) I2 (3 equiv.), MeOH, rt, 12 h; (b) I2 (1.1 equiv.), MeNO2, 65 8C, 7 h;

(c) I2 (1.5 equiv.), MeOH, 65 8C (X=PhC=CH2)

OMe

I

PhPh

O

Ph

X 79

82 (62%)

a

(X=TsNH)

(X=PhC=CH2)

b
c

I

I

PhPh
81 (74%)

N

Ts

I I

Ph

80 (53%)

Scheme 29
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The reaction of enynones 83 with borane complexes 88

in the presence of gold or rhodium compounds, PtCl2 ,

ZnCl2 , [Rh(TFA)2]2 (TFA is trifluoromethyl acetate),

CuCl and CuCl2 proceeds in a similar way. The highest

yields of furans 89 (up to 99%) are achieved with CuCl as

the catalyst in 1,2-dichloroethane (DCE) at 60 8C over a

period of 10 min (Scheme 32, Table 7).150 Under these

conditions, pinacolborane reacts to give dimer 90 as a

mixture of E- and Z-isomers in 3 : 2 ratio.

It was founds150 that in the presence of CuCl, the

reaction has the first partial orders with respect to enynone

83 and the catalyst and the zero order with respect to

borane 88; no kinetic isotope effect is observed. These

results, in combination with density functional theory

(DFT) data indicate that the reaction is rate-limited by the

formation of Cu carbenoid.

The cyclization of enyne diketones like 83 and substi-

tuted benzyl bromides 91 catalyzed by palladium com-

plexes, Pd2(dba)3 (dba is dibenzylideneacetone) and

Pd(PPh3)4, forms the basis of a general method for the

synthesis of furans 92 (Scheme 33, Table 8).155 In most

cases, the reaction is stereoselective and gives Z-isomers.

Here, as in the previous examples, the authors believe that

this reaction proceeds via the formation of carbenoids.

Subsequently, the cyclization of enyne diketones 83

catalyzed by copper(I),60 copper(II),62 zinc 147, 156 and

gold 157, 158 compounds has often been used to prepare

various functional derivatives of furans. Enynones 83 con-

taining the m-propargyloxy moiety in the aromatic ring of

+ArB(OH)2

O
Me

Me

O R

Ar
Me

O

O

Me

R

84

83 87

a

Ar7[Rh]

Ar7[Rh]

Ar7[Rh]

[Rh]
Me

O

O7

Me

MeOH

O

Me

Me

O

Ar
R

[Rh]

O

Me

Me

O

R

Me

O

O

Me

R

[Rh]

[Rh(cod)OH]2

85
86

87

84

83

pathway a

path-
way b

R

Ar

(a) [Rh(cod)OH]2 (2 mol.%), ButOK (1 equiv.), MeOH, 80 8C;
R=Ph: Ar=Ph (74% yield), 4-MeC6H4 (70%), 4-ButC6H4 (64%),

4-ClC6H4 (71%), 4-BrC6H4 (57%), 4-MeO2CC6H4 (58%),

4-AcC6H4 (56%), 4-H2C=CHC6H4 (62%), 2-MeOC6H4 (66%),

3-MeOC6H4 (74%), 4-MeOC6H4 (69%), 3-BrC6H4 (60%),

3,5-Me2C6H3 (68%), 2-Naph (71%), 2-Th (34%), 3-Th (48%);

Ar=4-MeC6H4: R=4-MeOC6H4 (57%), 4-MeC6H4 (66%),

4-F3CC6H4 (62%), 4-ClC6H4 (64%), 4-IC6H4 (65%), 4-PhC6H4 (63%),

3-MeOC6H4 (68%), 3-FC6H4 (61%), 2-Th (50%);

cod is cycloocta-1,5-diene

C

Scheme 31

Ph

Ph
O

O

Me

Me Me

O

Me

O

OR1

R2

O

R3

BH2

90 (93%)

a

R1 O

O R2

R383

89

b

X

(a) X?BH3 (88) (X=Bun3P, Me3N, Bu
n
3N, 1,3-dimethyl-2,3-dihydro-

1H-imidazol-2-yl), CuCl (5 mol.%), Solv, 60 8C, 10 min;

(b) pinacolborane, CuCl (5 mol.%), DCE, 60 8C; Solv is solvent

Scheme 32

Table 7. Synthesis of furan-containing complexes 89 by the reaction of
enynones 83 with borane complexes 88 (see Scheme 32).150

R1 R2 R3 X Yield (%)

Me Me Ph Bun3P 89

Me Me Ph Bun3N 88

Me Me Ph Me3N 98

Me Me Ph See a 60

Me Me 2-MeC6H4 Me3N 98

Me Me 3-MeC6H4 Me3N 98

Me Me 4-MeC6H4 Me3N 99

Me Me 4-ClC6H4 Me3N 99

Me Me 3-MeOC6H4 Me3N 98

Me Me 4-MeOC6H4 Me3N 98

Me Me 4-F3CC6H4 Me3N 98

Me Me 2-Naph Me3N 98

Me Me Me Me3N 89

Me Me n-C6H13 Me3N 99

Me Me Cy b Me3N 99

Me Me But Me3N 99

Me Me TMS Me3N 99

Et Et Ph Me3N 99

Ph Ph Ph Me3N 96 c

2-Th 2-Th Ph Me3N 95 d

a 1,3-Dimethylimidazolin-1-yl; b Cy is cyclohexyl; c the reaction time is

1 h; d the reaction time is 30 min.

O
R5

R3

R4

R2

R5 BrR1

O

O

R2

R3

R4

83

91
+

92

a

(a) Pd(PPh3)4 (5 mol.%), Pri2NEt (3 equiv.), DMF, 90 8C, 2 h

O

R1

Scheme 33
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substituent R1 readily undergo a cascade reaction in the

presence of palladium complexes, which results in the

formation of fused oxygenated polyheterocycles.159

Enynones with an endocyclic double bond 93a,b react

with cyclohexa-1,4-diene (94) in the presence of rhodium

acetate (Scheme 34).160 This gives compounds 95a,b in

moderate yields. When enynone 93c containing a benzoyl

group is used, the reaction does not take place. The reaction

of enynones 96 with 2-bromocyclohex-1-enecarbaldehyde

(97) in the presence of tert-butyl-, benzyl- or allylamine

proceeds at room temperature in toluene and affords

heterocycles 98 (Scheme 35).161

When the enynone molecule contains a hydroxymethyl

moiety in the a-position to the keto group, cyclization is

intramolecular and involves this moiety (Scheme 36). The

reaction of enynone 99 proceeds in the presence of

Pd(MeCN)2Cl2 (20 mol.%) on refluxing in THF. This

gives the diethyl acetal derivative (100, 18% yield) and, as

a result of partial hydrolysis, formyl derivative (101, 36%)

of furan.162, 163

Scheme 36

Not only transition metal compounds can serve as

catalysts for cyclization of enynones to furans. For example,

the electrophilic activation of the triple bond of cis-eny-

nones 102 is attained via coordination of the phenyliodo-

nium bis(trifluoroacetate) (PIFA)7I2 system to the triple

bond to form complexes 103 (Scheme 37).9

Ph

Ph

O

Ph

OH

EtO

OEt

99

a
O

Ph

O

O

H

Ph

Ph

O
Ph

O

EtO

OEt

Ph

Ph

100 101

+

(a) Pd(MeCN)2Cl2 (20 mol.%), THF, D, 2 h

Table 8. Synthesis of furans 92 by cyclization of enynones 83 with
benzyl bromides 91 (see Scheme 33).155

R4 R1 R2 R3 R5 Yield (%)

H Ac Me But 4-MeC6H4 79

H Ac Me TMS 4-MeC6H4 82 a

H Ac Me TIPS 4-MeC6H4 66 b

H Ac Me Ph 4-MeC6H4 53 c

H Bz Ph But 4-MeC6H4 67 d

H EtO2C Me But 4-MeC6H4 77

H MeO2C Et But 4-MeC6H4 77

Ph H Me H 4-MeC6H4 35

(CH2)3 Ph H 4-MeC6H4 52

(CH2)4 Ph H 4-MeC6H4 65

H Ac Me But Ph 85

H Ac Me But 4-PhC6H4 82

H Ac Me But 4-MeO2CC6H4 76

H Ac Me But 4-O2NC6H4 72

H Ac Me But 3-ClC6H4 84

H Ac Me But 3-NCC6H4 93

H Ac Me But 3-MeOC6H4 95

H Ac Me But 2-BrC6H4 79

H Ac Me But 1-Naph 59

a The E- and Z-isomer ratio is 8 : 1; b the reaction time is 30 h; c the E-

and Z-isomer ratio is 3 : 2; d the reaction time is 10 h.

O

R2

R1

O

R2

O

R1

O93a ± c

(94)

95a,b

a

(a) [Rh2(OAc)4] (2.5 mol.%), CH2Cl2 , D

Scheme 34

Compound R1 R2 Reaction Yield (%)

93 time /h

a Me H 8 35

b Ph H 72 20

c H Ph 24 0

OR1

N

R2

Br

O

R1

O

96

+

97

98

R2NH2

a

(a) Pd(dba)3 (3 mol.%), PPh3 (18 mol.%), CuI (9 mol.%), PhMe,

rt, 24 h; R2=But: R1=4-MeOC6H4 (53% yield),

4-Ph2NC6H4 (87%), 4-F3CC6H4 (86%), 2-Th (68%);

R1=Ph: R2=Bn (71%), All (54%)

Scheme 35
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The reaction is carried out in the presence of PIFA7I2
(2 equiv.) and NaHCO3 (4 equiv.) at room temperature in

THF. The yield of benzoylfurans 104 after hydrolysis of

compounds 105 under these conditions reaches 87%± 92%.

Apart from furans, six-membered rings can be generated in

the electrophilic cyclization of enynones.164

The reactions of linear-conjugated enynones in the

presence of titanium and zirconium compounds have been

studied.165, 166 The reaction of enyne keto ester 106 with

cinnamaldehyde is promoted by tetraisopropoxytitanium.

Chiral agent 107 ensures the stereoselective formation of the

reaction product 108 (Scheme 38).165

Enynones 1 react entantioselectively with alkenes 109 on

treatment with the Schwartz reagent and the ligand

110 ±CuCl ±AgOTf ± TMSCl system in diethyl ether. The

reaction involves the enynone double bond and gives com-

pounds 111a ± i in good yields (Scheme 39, Table 9).166

4.2.2. Reactions in superacid media

In recent years, considerable attention has been paid to

reactions of conjugated enynones in superacids.18, 19, 167 In

trifluoromethanesulfonic acid, 1,5-diarylpent-2-en-4-yn-

1-ones 112 are first coverted to cations 113 (as shown by

NMR spectroscopy) and then to dienone triflates 114,

which undergo intramolecular electrophilic substitution on

further acid activation, thus being cyclized to indanone

derivatives 115. The reaction is accompanied by the for-

mation of dimeric products 116 (Scheme 40).18

In the presence of arenes, the reaction follows the

alkenylation pathway and affords indene derivatives 117

and 118 (Scheme 41, Table 10). The addition of pyridine to

the reaction medium results in the formation of 1,5,5-triar-

ylpenta-2,4-dien-1-ones.19

Similarly, in a superacid medium (TfOH, conc. H2SO4),

cross-conjugated aromatic enynones 3, first, add presum-

ably the anion of the acid to their triple bond, thus giving

protonated enynones 119 and dienones 120. Treatment of

the reaction mixture with water affords dienones 121 (in the

case of TfOH) or a,b- unsaturated diketones 122 (in the case

of concentrated H2SO4). As the contact time with concen-

trated H2SO4 increases, salt 123 is converted to dihydro-

Ph
CHO

Ph

CO2Me

O

+
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a

Ph

Ph

OPri

O

OPri

O

H

HO

108 (62%, dr 20 : 1, ee 94%)

(a) 107 (20 mol.%), DBU (40 mol.%), Ti(OPri)4 (5 equiv.), PriOH, THF,

23 8C; DBU is 1,8-diazabicyclo[5.4.0]undec-7-ene;
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BFÿ4

N
O N

N

Et
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+

Scheme 38
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+
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rt, 15 min Ar
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R
(E,Z)-114 (39%±92%)

Ar
O
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O

Ar

O

O
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(R=H, Me, Cl)

(R=Me)

115 (57 ± 73%)
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2) H2O

R=H, Me, MeO, Cl; Ar=4-XC6H4 (X=H, Me, MeO, Cl, Br, O2N)

Scheme 40

R1
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O

+

1 109

a

(a) 110 (10 mol.%), [Cp2ZrHCl] .CH2Cl2 , CuCl (140 mol.%),

AgOTf (11 mol.%), TMSCl (5 equiv.), Et2O, 0 8C, 12 h;

Cp is cyclopentadienyl;

O

O
P N
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Bun

110=

Ph
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111a ± i

Scheme 39

Table 9. Synthesis of chiral alkynones 111 by the condensation of
enynones with alkenes 109 (see Scheme 39).166

Compound 111 R1 R2 Yield (%) ee (%)

a Bun Me 70 94

b Cy Me 87 95

c Cyclohex-3-en-1-yl Me 87 95

d H2C=CH(CH2)2 Me 69 92

e TBSO(CH2)2 Me 66 94

f TMSCH2 Me 75 94

g Br(CH2)5 Me 76 96

h Br(CH2)5 SEt 66 97

i Cyclohex-3-en-1-yl SEt 75 96
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pyran-4-ones 124 and the products of their sulfonation 125

(Scheme 42).167
The protonated forms of compounds 120 were charac-

terized, as in the previous case, by 1H and 13C NMR

spectra.

O

R1

R3

R3

R2

117

or

O

R1

R3
R3

118

112 or 114 +

R3

R3

a

R2

(Ar=4-R2C6H4)

(a) 1) TfOH; 2) H2O

Scheme 41

Table 10. Synthesis of indene derivatives 117 and 118 by alkenylation (see Scheme 41).18

Starting R1 R2 R3 Temperature Time /h Total yield Major product
compound a 8C (%) (see b)

No. mole fraction c

114 H H Cl 0 6 73 117 0.76

114 H H MeO 0 6 85 118 0.90

114 H Me MeO 0 6 68 118 0.89

114 Cl H Cl rt 16 74 117 0.78

114 Cl H Me rt 12 81 118 0.88

114 Cl H MeO rt 12 71 118 0.48

114 Cl H MeO 0 6 17 118 0.93

114 Me Cl Cl 738? rt 6 30 117 0.84

114 Me Cl Me 738? rt 6 46 118 0.69

114 Me Cl MeO 738? rt 6 45 118 0.85

112 MeO H Cl rt 12 23 117 0.60

112 MeO H Me rt 12 95 118 0.63

a Triflates 114 were generated in situ from the corresponding enynones 112; b yields for all regioisomers in the mixtures after chromatographic

separation; cmole fraction of the major product in the mixture after separation (according to 1H NMR data).
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6p-electro-
cyclization

Scheme 42

A.A.Golovanov, I.S.Odin, S.S.Zlotskii Russ. Chem. Rev., 2019, 88 (3) 280 ± 318 295



4.3. Nucleophilic reactions
The carbonyl group has a potent electron-withdrawing

effect on the double and triple bonds and, hence, increases

the enynone affinity to nucleophiles.168, 169 For this reason,

nucleophilic addition is the most general type of reactions of

enynones. However, it is noteworthy that the multicentre

nature of the substrates considerably influences the reaction

pathways. The key factors determining the reaction regio-

selectivity are the relative positions of the double bonds in

the conjugated pentad and the nature of substituents at its

terminal atoms. Apart from the substrate structure, a

considerable role may be played by the nature of the

nucleophile and the reaction conditions.

4.3.1. Alk-1-en-4-yn-3-ones and alk-4-en-2-yn-1-ones

Enyne ketones in which the triple bond directly adjoins the

keto group behave, most often, similarly to a,b-acetylenic
ketones: they add N- and S-nucleophiles, first of all, at the

b-carbon atom of the triple bond (Scheme 43).123, 170 ± 172

This fact is used in the synthesis of nitrogen-containing

heterocycles. For example, the addition of azepinoindole

126 to pent-1-en-4-yn-3-one (3a) giving adduct 127 is one of

the steps towards the synthesis of indole alkaloids Ð

desethylvincadifformine (128) and desethylcatharanthine

(129) (Scheme 44).

It is notable that the whole conjugated pentad of the

initial enynone becomes a building block for the subsequent

steps of this synthesis.2

Golubev et al.173 reported the use of the enynone pentad

in the synthesis of nitrogen heterocyclic compounds. The

reaction of 2-aryl-1-ethoxy-5-(trimethylsilyl)pent-1-en-4-yn-

3-ones 63 with primary amines in diphenyl ether yields, first,

amino ketones 130, which generate anions 131 on further

heating to 200 8C and are converted to pyrrolones 132a ± v.

The unusual cyclization pathway of amino ketones 130

(5-exo-dig-reaction involving the triple bond a-atom) was

attributed to the efficient stabilization of the initial anion

131 due to the presence of the trimethylsilyl group. 4-Pyr-

idones 133 are not formed in this reaction (Scheme 45).

When 1,1-dimethylhydrazine was used (40 8C, THF), only

ketone of type 130 was obtained. Pyrrolones 132a ± v exhibit

pronounced fluorescence.

Cross-conjugated enynones 3 are successfully employed

in the synthesis of six-membered sulfur- 111, 114, 170 and

selenium-containing 171 heterocycles as a result of both

unsaturated carbon ± carbon bonds being involved in the

reaction. Indeed, the reaction of enynones 3 with sodium

sulfide or sodium hydrogen sulfide in a THF ±water mix-

ture or with sodium hydrogen sulfide in 2-methoxyethanol

serves as a convenient synthetic route to 2,3-dihydrothio-

pyran-4-ones 134, the yields of which vary from 8% to 96%

(Scheme 46, Table 11).111, 114
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H
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H
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TMS

O
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R
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H

a

TMS

O

Ar

OEt
63

N

TMS

O Ar

H R

N

TMS

O Ar

R
132a ±v

1,3-H-shift

131

+
7

b

(a) RNH2 , Ph2O, 80 8C; (b) Ph2O, 200 8C;
Ar=4-O2NC6H4: R=4-MeOC6H4 (a, 90% yield), Ph (b, 88%),

4-O2NC6H4 (c, traces), 4-FC6H4 (d, 90%), 4-MeO2CC6H4 (e, 68%),

4-F3CC6H4 (f, 68%), 2-F3CC6H4 (g, 62%), 4-NCC6H4 (h, 65%),

4-MeC6H4 (i, 84%), 1,3,5-Me3C6H2 (j, 84%), 2,6-Pri2C6H3 (k, 80%),

2-Th (l, 45%), 3-(4-chlorophenyl)-1-phenyl-1H-pyrazol-5-yl (m, 75%),

Prn (n, 90%), cyclo-C5H9 (o, 77%), But (p, 73%), Bn (q, 90%),

furfuryl (r, 80%); Ar=Ph: R=Ph (s, 65%),

4-MeOC6H4 (t, 66%); Ar=4-MeOC6H4: R=Ph (u, 70%),

4-MeOC6H4 (v, 74%)

Scheme 45
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2,3-Dihydrothiopyran-4-one derivatives are also formed

when thioester 135 reacts with 2-methylbut-3-yn-2-ol (136).

The reaction starts with Pd/Cu-catalyzed cross-coupling of

the initial thioester with alcohol 136, while enynone 137 and

p-nitrobenzenethiol thus formed give nucleophilic addition

product 138. This product is deprotonated to anion 139,

followed by rearrangement to anion 140, cyclization of

which affords 2,3-dihydrothiopyran-4-one derivative 141

(Scheme 47). The reaction of enynone 137 prepared by an

alternative route with p-nitrobenzenethiol as well as heating

of adduct 138 under the reaction conditions (Et3N, DMF,

80 8C) lead to product 141, which confirms the proposed

mechanism of the reaction.170

Attention is attracted by the fact that even so sterically

crowded triple bond of enynone 137 is more reactive

towards S-nucleophile than the double bond.

The reaction of cross-conjugated enynones with

CH-acids is successfully used in the synthesis of complex

carbocyclic systems.174 ± 176 For example, the Michael reac-

tion of 5-ethoxyenynone 142 with diethyl malonate in the

presence of potassium tert-butoxide in tert-butyl alcohol

involves both multiple bonds to give cyclohexenone 143.174

Homologous 5-methoxyenynone 144 reacts with 7-chloro-

4,6-dimethoxybenzofuran-3(2H)-one (145) to give the DL-

griseofulvin (146), an antifungal agent, in a moderate

yield.174 The reaction of enynone 3b with dimedone (147)

also involves both carbon ± carbon multiple bonds, thus

giving spiro[5.5]undec-7-ene derivative 148 (Scheme 48).175

Under the action of Lewis acids, the enynone complex

with Co2(CO)6 (149) undergoes intramolecular cyclization

to give bridged compound 150 as a single stereoisomer,

which was studied by X-ray diffraction (Scheme 49).

Despite the fact that this cyclization can formally be

classified as [4+2]-cycloaddition, the authors believe that

the reaction mechanism actually includes two successive

Michael reactions. Apart from the target compound 150,

by-products 151 and 152 are formed (Michael adduct and

the product of hydrolysis of the initial enynone complex,

respectively), with the reaction selectivity being consider-

ably affected by the Lewis acid used and the contact time

(Table 12). The highest yield of the target compound 150 is

attained when MeAlCl2 is employed as the catalyst. This

reaction was extended to enynone complexes 153 and 154;

this yielded products 155 and 156. However, in the latter

case, a large excess of the catalyst is needed due to

pronounced distortion of the bond angles in the complex;

under these conditions, the yield of the target compound is

markedly lower.176

The reaction of cross-conjugated enynone 3c with

b-naphthol derivative 157 catalyzed by di-n-butylmagne-

sium in the presence of (S)-2-[(4-benzyl-4,5-dihydrooxazol-

S

O

R1 R2
R1

O

R2
40 ±55 8C

Na2S or
NaSH2

3

134

Scheme 46

Table 11. Synthesis of 2,3-dihydrothiopyran-4-ones 134 by cyclization
of enynones 3 induced by sulfides (see Scheme 46).

R1 R2 Conditions Yield (%) Ref.

Ph Ph Na2S . 9H2O, 94 111, 114

THF, H2O

3,4-(MeO)2C6H3 Ph NaSH . 1.2H2O, 96 114

MeO(CH2)2OH

3-EtO-4-MeOC6H3 Ph NaSH . 1.2H2O, 92 114

MeO(CH2)2OH

2-F3CC6H4 Ph NaSH . 1.2H2O, 84 111, 114

MeO(CH2)2OH

2,4-F2C6H3 Ph Na2S . 9H2O, 65 114

THF, H2O

2,4-F2C6H3 Ph NaSH . 1.2H2O, 43 114

MeO(CH2)2OH

2-Th Ph NaSH . 1.2H2O, 81 111, 114

MeO(CH2)2OH

2-Py Ph NaSH . 1.2H2O, 60 111, 114

MeO(CH2)2OH

But Ph NaSH . 1.2H2O, 85 111, 114

MeO(CH2)2OH

TMS (see a) Ph Na2S . 9H2O, 34 114

THF, H2O

TMS (see a) Ph NaSH . 1.2H2O, 70 114

MeO(CH2)2OH

3,4-(MeO)2C6H3 H NaSH . 1.2H2O, 36 114

MeO(CH2)2OH

3-EtO-4-MeOC6H3 H NaSH . 1.2H2O, 16 111, 114

MeO(CH2)2OH

2,4-F2C6H3 H Na2S . 9H2O, 8 111, 114

THF, H2O

aThe TMS group in the product with R1=H is eliminated under the

reaction conditions.
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(a) CH:CCMe2OH (136), PdCl2 , CuI, K2CO3 , Et3N, DMF, 80 8C
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2-yl)methyl]phenol (L) as a chiral ligand in cyclopentyl

methyl ether (CPME) involves the triple bond. Adduct 158

is formed in a good yield as a mixture of E- and Z-isomers

in 15 : 1 ratio (Scheme 50).177

Reactions of enynones with indole,115, 178 furan 179 and

5H-oxazol-4-one 180 derivatives have been studied. Cross-

conjugated enynones 3c and 159 (R3=H) react with sub-

stituted indoles 160, at the double bond upon the CH-

activation with sodium tetrachloroaurate. The initially

formed adducts 161 undergo a cascade process and thus

cyclize to 9,10-dihydrocyclohepta[b]indol-8(5H)-ones 162 in

high yield (Scheme 51, Table 13).115 Under these condi-

tions, more complex cross-conjugated enyne systems also

react at the double bond;178 in the presence of gold

compounds, the same reaction proceeds for 2-methyl-

furan.179 However, unlike the previous examples,115, 178, 179

the enantioselective reaction of 1-phenylpent-1-en-4-yn-

3-one (3e) with 2-(2-chlorophenyl)-5-methyloxazol-4(5H)-

one 163 in the presence of chiral compound 164 involves the

triple bond and gives product 165 (see Scheme 51).180

The nucleophilic reaction centre can also be located in

the starting enynone substrate molecule. For example,

(2-aminophenyl)-substituted enynones 166a ± d undergo

intermolecular cyclization in the presence of gold complex

167; this is utilized for the synthesis of 5,6,11,12-tetra-

hydrodibenzo[b, f ][1,5]diazocines 168a ± c (Scheme 52,

Table 14).181 Presumably, two enynone molecules react

initially to form an adduct at the b-carbon atom of the

triple bond, and the subsequent 8-exo-dig-cyclization gives

the target products. The catalytic function of AuI consists in

p-coordination to the triple bond, which increases its

electrophilicity. Recently, it was shown 182 that in the

O

EtO Me
EtO2C CO2Et
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O
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O
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c

(a) Lewis acid (2 equiv.), CH2Cl2 , ± 78 8C; (b) MeAlCl2 (2 equiv.), CH2Cl2 , rt, 2.5 h; (c) MeAlCl2 (5.25 equiv.), 2,6-di-tert-butylpyridine,

CH2Cl2 , rt, 10 min
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156 (39%)
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Table 12. Yields of products 150 ± 152 with the use of various Lewis
acids (see Scheme 49).176

Lewis acid Time /h Yield of Yield of Yield of
150 (%) 151 (%) 152 (%)

BF3
.Et2O 0.5 0 0 34

AlCl3 25 34 12 26

Et2AlCl 3.5 27 0 0

MeAlCl2 3.0 40 30 17

MeAlCl2 (see a) 0.33 75 1 2

aWith the addition of 2,6-di-tert-butylpyridine.

Me

O
Me

O Ph

Me

OH

Me

O

Ph

3c

158 (89%, 74% ee)

(157)

a

(a) Bun2Mg/L, CPME, 0 8C, 1 h

Scheme 50
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presence of silver compounds [under microwave (MW)

irradiation], anti-Michael cyclization of enynones 166

takes place to give indoles 169a,b. Like in the pyrrole

formation reaction,173 the triple bond a-atom is the site of

attack by the nucleophile. According to quantum chemical

calculations for the model reaction of substrate 166e

(R=Ph), the thermodynamically most stable transition

state is a state of type A, which includes a silver ion

coordinated to a solvent molecule and both atoms of the

triple bond (Fig. 2). According to DFT data, in this

transition state, the a-carbon atom is more electrophilic

O N

O

Cl

Me

N

R4

R2

O
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R1
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+
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O
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O
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O
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(a) NaAuCl4 (5 mol.%), MeCN; (b) 1) 164, PhMe, 0 8C; 2) Ph2MeP, rt;
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Table 13. Synthesis of 9,10-dihydrocyclohepta[b]indol-8(5H)-ones 162 (see Scheme 51).115

R1 R2 R3 R4 Time /h Temperature /8C Yield (%)

Me H 4-MeC6H4 H 6 23 98

Me H 4-MeOC6H4 H 24 23 82

Me H 4-F3CC6H4 H 16 23 73

Ph H Ph H 24 82 77

Ph � Ph H 3 82 100

Me H 2-Naph H 8 23 81

Ph H 2-Naph H 24 23 97

Ph H Bun H 72 82 47

Ph H Bun H 18 82 69

Me H Bun H 24 82 79

Me H Bun H 4 82 82

H H Bun H 96 82 60

H H Ph H 12 23 99

Pri H Ph H 18 23 72

H Me Ph H 8 23 76

Me Me Ph H 8 82 15

Me Me Ph H 18 23 73

Ph H H H 18 82 0

Me H Ph Me 20 23 71

N R

O

HN

NH

R

OR

O

R

O

NH2 166a ±d

168a ± c

169a,b

H

b

a

c (for 166c)

(a) 167 (5 mol.%), PhMe, 80 8C, 3 ±4 h; (b) AgOTf (2 equiv.), DMF,

MW, 140 8C, 15±20 min; (c) 4-MeC6H4S(O)ONa, NH4Cl, DMF,

50 8C, 1 h;

N R

Ts

170

167=
P Au

But

NCMe

But

SbFÿ6

+

Scheme 52

Table 14. Cyclization products of (2-aminophenyl)-substituted eny-
nones 166 (see Scheme 52).

Com- R Reaction Yield Ref.
pound 166 product (%)

a Cyclooct-1-en-1-yl 168a 62 181

b 4-tert-Butylcyclohex- 168b 79 181

1-en-1-yl

c (E,E )-Bun(CH=CH)2 168c 56 181

b 4-tert-Butylcyclohex- 169a 56 182

1-en-1-yl

d (E )-(2-Fu)CH=CH 169b 66 182

c (E,E )-Bun(CH=CH)2 170 72 183
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than the b-carbon atom. The intramolecular cycloconden-

sation involving the keto group occurs on heating of

1-(2-aminophenyl)undeca-4,6-dien-1-yn-3-one (166c) in

toluene in the presence of sodium toluenesulfinate

to give 4-(4-methylphenylsulfonyl)quinoline (170) (see

Scheme 52).183

Apart from the example reported by Rode et al.,183

nucleophilic addition to the keto group of cross-conjugated

enynones is utilized in the synthesis of precursors of bio-

logically active products.184, 185 For example, the reaction of

enynones 3 with (R)-2-methylpropane-2-sulfinamide (171)

catalyzed by tetraethoxytitanium involves the keto group

and gives Z- and E-isomer mixtures of imines 172 , as

follows from the 1H NMR spectra recorded in C6D6 at

25 8C (Scheme 53).184 The enantioselective trifluoromethy-

lation of enynone 3d (R1=But, R2=Ph) proceeds in the

presence of cinchona alkaloid 173 and Me4NF. The trime-

thylsilyl ether formed initially (not indicated in the Scheme)

is converted to the target product 174 on treatment of the

reaction mixture with an aqueous solution of Bun
4NF. It is

noteworthy that such propargyl alcohols are of considerable

interest as chiral building blocks for the synthesis of anti-

HIV-active compounds.185

The pathway of reaction between cross-conjugated

enynones and organometallic reagents is determined by the

nature of the reagent: for example, dialkyl lithium cuprates

add at the triple bond,100 while lithium 1,3-dithiane adds at

the keto group.186, 187

In linear-conjugated enynones 2, the double bond is less

reactive than in cross-conjugated analogues because of the

`isolation effect' of the acetylene bridge; therefore, nucleo-

philic reagents such as benzene- and phenylmethanethiols

usually add to these ketones (in the presence of Et3N) only

at the triple bond.188

The conjugated system of multiple bonds of ynenynones

175 is involved in the synthesis of fused nitrogen hetero-

cycles.79, 80 Heating of ketones 175 with hydrazine in aceto-

nitrile affords enyne pyrazole derivatives 176, which

undergo intramolecular addition to the triple bond, being

converted to pyrazolo[1,5-a]pyridines 177 (Scheme 54,

Table 15). The cyclization of pyrazoles 176 gives good

product yields only when a gold complex in the presence

of AgSbF6 is used as the catalyst. Compounds 177 can also

be obtained from ketones 175 in one step (induced by CuCl

on refluxing in acetonitrile), but the yields of the target

products are much lower in this case (13%± 80%).79 In

addition, 6-iodopyrazolo[1,5-a]pyridines 178 were prepared

in good yields via iodocyclization (see Scheme 54).80 Com-

A N

Ag
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H H

Ag(DMF)�2 + 166e

0 kcal mol71

30 kcal mol71

169c + Ag(DMF)�2
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Figure 2. Energy profile of the cyclization of 3-(2-aminophenyl)-
1-phenylprop-2-yn-1-one (166e) in the presence of AgOTf accord-
ing to DFT data (the numerals at the dashed arrows are atomic
charges).173
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R1 R2 Yield of 172 (%) Z :E

TMS Me 87 3.7 : 1
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Scheme 54
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pounds 178 served for the synthesis of various biologically

active functional derivatives, in particular, a p38

kinase inhibitor Ð 2-(4-fluorophenyl)-3-(4-pyridyl)pyrazo-

lo[1,5-a]pyridine.80

4.3.2. Alk-2-en-4-yn-1-ones

The nucleophilic addition to linear-conjugated ketones 1

can be directed towards either the double bond (2,3-

addition) or the triple bond (4,5-addition). In the latter

case, the addition yields 1,3-dienes.189 ± 191 The reaction can

be accompanied by closure of the enynone pentad to a furan

or pyran ring.8, 10, 192, 193 It is worth noting that this is the

most characteristic and significant feature for the prepara-

tive chemistry of compounds containing an alk-2-en-4-yn-

1-one moiety.

The nucleophilic addition of thiols to the double bond of

1,5-diarylpent-2-en-4-yn-1-ones 112 is a reversible kineti-

cally controlled reaction, while the addition to the triple

bond is irreversible, being a thermodynamically controlled

process. The regioselectivity is determined by the substitu-

ent in the reagent: in the case of phenylmethanethiol, the

equilibrium is shifted to the right due to the absence of

resonance stabilization of the PhCH2S7 ion, and acetylenic

keto sulfides 179 are formed. In the case of substituted

benzenethiols (R=Ar), the RS7 ion occurring in equili-

brium with acetylenic keto sulfide 179 slowly adds to the

triple bond to give a mixture of E,E- and E,Z-isomeric diene

keto sulfides 180 (Scheme 55, Table 16).194, 195

The reactions of enyne ketones with nucleophiles do not

always end in the formation of adducts at the multiple

bonds.10, 196 Indeed, the reaction of enynones 112 with

2-sulfanylbenzothiazole (181a) catalyzed by a base {KOH,

K2CO3 , Et3N, N-methylmorpholine, DBU, 1,4-diazabicy-

clo[2.2.2]octane (DABCO)} is accompanied by furan ring

closure to give products 182 (Scheme 56).10 Note that a

similar reaction with 2-sulfanylbenzimidazole (181b) takes

place when the potassium salt of the reagent is used.

The reaction of linear-conjugated enynones with amines

proceeds by an analogous mechanism. For example,

(Z)-1-phenylpent-2-en-4-yn-1-one [(Z)-1a] reacts with

2-aminopropane in CDCl3 at room temperature to give

adducts 183 and 184 at both multiple C7C bonds. In

addition, the product of isomerization of the initial ketone

is detected in the reaction mixture, which provides more

evidence for the reversibility of 2,3-addition reactions

(Scheme 57).34

The reactions of enynones 112 with secondary amines Ð

piperidine (185), morpholine (186), piperazine (187) and

diethanolamine Ð have been studied most comprehensive-

ly.197 ± 199 Depending on the reaction conditions, substitu-

ents in positions 1 and 5 and the nature of the amine, both

2,3- and 4,5-adducts may be formed. Morpholine (186)

reversibly adds to the double bond of ketone 112a

Table 15. Yields of cyclization products of ynenynones 175 (see
Scheme 54).79, 80

R1 R2 Yield of Yield of Yield of
176 (%) 177 (%) 178 (%)

H Ph 93 98 97

n-C6H13 Ph 94 99 98

Bun Ph 93 99 99

n-C5H11 Ph 95 99 99

Bui Ph 92 86 86

But Ph 88 46 72

Ph Ph 82 97 99

2-MeC6H4 Ph 86 98 92

3-MeC6H4 Ph 89 94 90

4-MeC6H4 Ph 84 96 99

2-MeOC6H4 Ph 83 95 94

3-MeOC6H4 Ph 86 94 95

4-MeOC6H4 Ph 86 98 98

4-O2NC6H4 Ph 80 94 68

4-NCC6H4 Ph 80 92 60

2-MeSC6H4 Ph 80 92 7
n-C6H13 4-MeOC6H4 75 91 88

Ph 4-MeOC6H4 78 96 85

4-MeOC6H4 4-MeOC6H4 76 90 78

4-NCC6H4 4-MeOC6H4 78 97 68

n-C6H13 4-F3CC6H4 76 95 64

H 4-FC6H4 87 90 82

n-C5H11 Me 90 92 90

Ar1

Ar2

OS
R

Ar2

O

Ar1

S
R

Ar1

Ar2

O

179

112

180

RSH+ Et3N RS7 +Et3N+H

RS7,

7RS7

RS7

Scheme 55

Table 16. Synthesis of sulfides from enynones 112 (see
Scheme 55).194, 195

Ar1 Ar2 R Product Yield (%)

Ph Ph Bn 179a 57

4-MeC6H4 Ph Bn 179b 75

4-ClC6H4 Ph Bn 179c 89

4-BrC6H4 Ph Bn 179d 90

2-Fu Ph Bn 179e 81

Ph 4-BrC6H4 Bn 179f 78

Ph Ph 4-BrC6H4 180a 63

4-MeC6H4 Ph 4-BrC6H4 180b 82

4-MeOC6H4 Ph 4-BrC6H4 180c 43

4-ClC6H4 Ph Ph 180d 82

4-ClC6H4 Ph 4-MeC6H4 180e 66

4-ClC6H4 Ph 4-BrC6H4 180f 83

N

X

HSAr

O

Ph 112

+

181a,b

a

OAr
S

Ph
X

N

182

(a) DBU, MeOH, rt, 24 h; X=S: Ar=Ph (56% yield),

4-MeC6H4 (50%), 4-ClC6H4 (90%), 4-BrC6H4 (87%);

X=NH, Ar=4-BrC6H4 (53%)

Scheme 56
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(Ar1=Ar2=Ph) under mild conditions to afford adduct

188 (Scheme 58, Table 17). Long-term heating of solutions

of ketones 112 with amines 185, 186 or morpholine ketone

188 gives rise to penta-2,4-dien-1-ones 189a ± d and 190a ± e.

In the case of piperazine (187) addition, the regioselectivity

of the reaction is determined by the nature of substituents in

the aryl ring: 1,5-diphenylpent-2-en-4-yn-1-one (112a)

(Ar1=Ar2=Ph), like enynones containing electron-donat-

ing substituents (Ar2=4-MeC6 H4 , 4-MeOC6H4), forms

bis-adducts at the double bond 191a ± c, whereas enynones

with electron-withdrawing substituents (Ar2=4-ClC6H4 ,

4-O2NC6H4) are converted to bis-adducts at the triple

bond 192a,b. In the case of ketones containing electron-

donating groups in the substituent Ar2, the equilibrium

112> 191 is largely shifted towards product 191, as in the

case of phenylmethanethiol,194 and the reaction stops at this

step. In the enynones activated by electron-withdrawing

groups, the triple bond is sufficiently reactive for the

formation of 4,5-addition products 192 under drastic con-

ditions (long-term refluxing of the reactants in EtOH).

Generally, it is obviously correct that linear-conjugated

enynones 112 react with thiols and amines according to a

general mechanism in which the 2,3-addition is a reversible

kinetically controlled process, while the 4,5-addition is an

irreversible thermodynamically controlled process.

The reactions of linear-conjugated enynones of type 1

with C-nucleophiles have been studied.8, 200 ± 203 These reac-

tions are often accompanied by heterocyclization and can

serve as a convenient method for the synthesis of furan

derivatives.8, 201 For example, disubstituted enynones 1

undergo the Michael reaction with CH-acids 193 in the

presence of bases [K2CO3 , Cs2CO3 , 4-dimethylaminopyr-

idine (DMAP), DBU]. The subsequent intramolecular

attack on the triple bond by the keto group oxygen in

intermediate 2,3-adducts 194 leads to furan ring closure

yielding compounds 195. The applicable CH-acids 193

include 1,3-dicarbonyl compounds, 3-oxocarboxylic acid

esters and nitriles and 1-phenyl-2-(phenylsulfonyl)ethanone;

when 1,3-cyclohexanediones are used under the same con-

ditions, annulated furans are formed. Apart from enynones

1, other electrophilically activated enynes such as alkenyne-

carboxylic acid esters, amides and nitriles and nitro deriv-

atives of a similar structure can also participate in

analogous reaction. The reaction proceeds under mild con-

ditions and gives products in good yields (Scheme 59,

Table 18).8

The reactions of hydroxycoumarin and its derivatives

196 with 6-substituted hex-3-en-5-yn-2-ones 1 in the pres-

ence of chiral catalysts Ð quinine, cinchonidine and cin-

chonine derivatives (e.g., compounds 197) Ð with addition

of (S)-N-Boc-alanine (Boc is tert-butoxycarbonyl) and tri-

fluoroacetic or mandelic acid proceed in a similar way,

Ph

O

N
Pri

Ph

O

(Z)-1a

+

183 (66%)

a

H

Ph

O

Ph

O

N
Pri

184 (29%)

(E )-1a (5%)

+

H

+

(a) PriNH2 , CDCl3 , rt

Scheme 57

Ar2

O

Ar1

N

X NHX

b
112Ar1

Ar2

O

(185, 186)

189a ±d, 190a ± i

Ph

O

Ph

N

O

, a

188

N

N

Ar1

Ar1
Ar2O

Ar2
O

192a,b

NHHN

b

(187)
112

NHHN

(187)

, c

(a) EtOH, rt, 30 min; (b) EtOH, D, 3 ± 4 h; (c) EtOH, 30 ± 40 8C, 30 ±40 min; X=CH2 (185, 189), O (186, 190)

NHO

(186)

N
N

O

Ar2

Ar1

O

Ar2

Ar1

191a ±c

Scheme 58

Table 17. Products of reactions of enynones 112 with cyclic secondary
amines (see Scheme 58).

Ar2 Ar1 Reagent Product Yield (%) Ref.

Ph Ph 186 188 89 197

4-MeC6H4 Ph 185 189a 83 198

4-MeOC6H4 Ph 185 189b 65 198

4-ClC6H4 Ph 185 189c 89 198

4-BrC6H4 Ph 185 189d 87 198

Ph Ph 186 190a 91 198

4-MeC6H4 Ph 186 190b 90 198

4-MeOC6H4 Ph 186 190c 64 198

4-EtOC6H4 Ph 186 190d 62 198

4-ClC6H4 Ph 186 190e 93 198

4-BrC6H4 Ph 186 190f 86 198

4-O2NC6H4 Ph 186 190g 89 198

Ph 4-MeC6H4 186 190h 85 198

4-BrC6H4 4-BrC6H4 186 190i 48 198

Ph Ph 187 191a 75 197

4-MeC6H4 Ph 187 191b 64 197

4-MeOC6H4 Ph 187 191c 71 197

4-ClC6H4 Ph 187 192a 47 197

4-O2NC6H4 Ph 187 192b 46 197
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involving the double bond and position 3 of compounds 1.

The subsequent cyclization of the intermediately formed

Michael adducts proceeds in the presence of Ag, Au, Pt and

Cu compounds in toluene (Scheme 60, Table 19).201

The reaction of aromatic ketones 1 (R2=Ar) gives

2,3-dihydro-4H-furo[3,2-c]chromen-4-ones 198; the use of

alkyl or cycloalkyl ketone 1 (R2=Alk, cyclo-Alk) results in

the formation of 4H,5H-pyrano[3,2-c]chromen-5-ones (e.g.,

compound 199), but their yields are considerably lower,

although the enantiomeric excess barely decreases.201

Ethyl 2-oxo-6-phenylhex-3-en-5-ynoate (200) reacts with

5H-1,2,3-oxathiazole 2,2-dioxides 201 under microwave

irradiation and affords ethyl 4-(phenylethynyl)picolinates

Table 18. Synthesis of furans 195 by the condensation of enynones 1 and ketones 193 (see Scheme 59).8

R1 R2 R3 EWG Time Yield R1 R2 R3 EWG Time Yield
h (%) h (%)

Ph Ph CH2CMe2CH2C(O) 15 98 Ph Ph 4-MeOC6H4 CN 15 91

Ph Ph (CH2)3C(O) 16 93 Ph Ph 3-ClC6H4 CN 18 86

Ph Ph CH2CH(Me)CH2C(O) 15 97 Ph Ph 4-MeO2CC6H4 CN 18 79

Ph Ph CH2CH(Pri)CH2C(O) 19 91 Ph Ph 4-FC6H4 CN 16 72

Ph Ph CH2CH(Ph)CH2C(O) 16 99 Ph Ph Ph SO2Ph 20 73

Ph Ph CH2CH(4-MeOC6H4)CH2C(O) 15 97 4-MeC6H4 Ph CH2CMe2CH2C(O) 20 95

Ph Ph CH2CH(4-Me2NC6H4)CH2C(O) 16 99 4-MeOC6H4 Ph CH2CMe2CH2C(O) 18 97

Ph Ph CH2CH(R)CH2C(O) 15 97 2,4-(MeO)2C6H3 Ph CH2CMe2CH2C(O) 21 90

Ph Ph CH2CH(2-Fu)CH2C(O) 15 82 4-F3CC6H4 Ph CH2CMe2CH2C(O) 23 95

Ph Ph Me Ac 15 71 4-ClC6H4 Ph CH2CMe2CH2C(O) 20 96

Ph Ph Ph Bz 20 95 2-IC6H4 Ph CH2CMe2CH2C(O) 20 96

Ph Ph Me CO2Et 15 67 4-O2NC6H4 Ph CH2CMe2CH2C(O) 20 86

Ph Ph Ph CO2Et 15 79 1-Naph Ph CH2CMe2CH2C(O) 18 97

Ph Ph 2-Fu CO2Et 20 76 2-Th Ph CH2CMe2CH2C(O) 22 96

Ph Ph Ph CN 19 89 PhCH=CH Ph CH2CMe2CH2C(O) 22 90

Ph Ph 4-MeC6H4 CN 17 88 n-C8H17 Ph CH2CMe2CH2C(O) 24 74

Ph Me CH2CMe2CH2C(O) 18 96

Note. EWG is the electron-withdrawing group, R is benzo[d ][1,3]dioxol-4-yl.

R1

R2

O

R3

O

CH2EWG

1

+

193

a

O

R1

O

R2

EWG

R3

EWG

C(O)R2

R1

HO

R3

195
194

(a) DBU, MeCN, 85 8C

Scheme 59

O O

O

R2

Ac

O O

O

R2

Ac

R2

Me

O

R1
n

O

OH

O

198

196

+

1

a

R1
n

or

R1
n 199

(a) 1) 197 (20 mol.%), (S)-N-Boc-alanine (40 mol.%), THF, 4 8C;
2) Ag2CO3 (10 mol.%), PhMe, rt;

197 =

N

MeO

H2N N

Scheme 60

Table 19. Synthesis of annulated chromenones from hydroxycoumar-
ins 196 (see Scheme 60).201

R1
n R2 Product Yield (%) ee (%)

H Ph 198 84 88

H 4-FC6H4 198 76 89

H 4-BrC6H4 198 76 85

H 4-F3CC6H4 198 75 93

H 2,3-Dihydro- 198 67 81

benzo[b]furan-4-yl

H 3-MeC6H4 198 80 89

H 3-MeOC6H4 198 82 93

H 2-Naph 198 79 92

H 2-ClC6H4 198 81 94

H 1-Naph 198 75 80

H 2-Fu 198 78 99

H 2-Th 198 76 77

6-Me 4-BrC6H4 198 54 92

6,7-(CH2OCH2) 4-FC6H4 198 56 94

7-MeO 1-Naph 198 74 94

6-Cl 3-MeOC6H4 198 60 98

6-Cl Ph 198 91 73

7-MeO Ph 198 58 93

6,7-(CH2OCH2) Ph 198 72 83

H H 198 84 70

H Bun 199 52 90

H cyclo-C5H9 199 32 89
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202. Dioxides 201 act as C-nucleophiles in this reaction. The

reaction starts with activation of position 5 of compound

201 on treatment with a base (DABCO) and addition of the

resulting anion 203 to the double bond of enyne ketoester.

The subsequent reaction of Michael adduct 204 with

DABCO gives rise to imine 205, the cyclization of which

furnishes 2,3-dihydropyridine 206. Aromatization of the

latter completes the formation of compounds 202 in good

yields. The introduction of the methyl group at position 5 of

reagent 201 markedly decreases the yield of the product

(Scheme 61).202

The reactions of nucleophiles with enynones can gener-

ate allenes. 7,7-Dimethyloct-3-en-5-yn-2-one (1b) adds lith-

ium di-tert-butyl(cyano)cuprate yielding allene 207, which

cyclizes to 2,2-di-tert-butyl-6-methyl-2H-pyran (208) on

treatment with a solution of alkali (Scheme 62).203

Presumably, allene structures can also be formed upon

the reaction with P-nucleophiles.27, 204 ± 206 The 1,6-addition

of tri-n-butylphosphine to ketones 1 (R1=R2=H) and 209

(R1, R2=H) gives, first, allene structures 210, which then

undergo cyclization to furan derivatives 211. The reactions

of compounds 1 and 209 with aldehydes yield furans 212

(Scheme 63, Table 20).

A general method for the synthesis of a-vinylfurans 212
was developed on the basis of this reaction. Good yields are

obtained only when the initial ketones have aliphatic sub-

stituents at the triple bond (e.g., Bun). The transformation

of 5-phenyl-substituted enynones affords a mixture of

products. When aldehydes are replaced by 4-methylaceto-

phenone, the reaction does not proceed.27, 204 Later it was

shown that the tri-n-butylphosphorane moiety of intermedi-

ate compounds 211 can be eliminated on treatment with

molecular oxygen; this gives furyl-containing ketones 213

(see Scheme 63).205

The reactions of linear-conjugated enynones with

O-nucleophiles are used to obtain functional derivatives of

furan, chromanone and chromenone.4, 206 It was found, for

example, that the ortho-hydroxy group in the benzoyl

O
S

N

R1 R2

O O

Ph

CO2Et

O

+

200

201

a
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R2202
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O
S
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..
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(a) DABCO (1 equiv.), MW, 70 ±80 8C; R2=H: R1=Ph (85% yield), 4-MeOC6H4 (80%), 4-ClC6H4 (86%), 2-Fu (82%), 2-Th (83%);

R1=Ph, R2=Me (58%)

205

N
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R2 Ph

CO2EtHO

H

206
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7H2O

Scheme 61

But
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1b
But

But

207

Ac
.a NaOH

O MeBut
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208

(a) 1) But2Cu(CN)Li2 , Et2O,

720 8C, 1 h; 2) H+

Scheme 62
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O
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Bun3P

R1 R2
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O
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R1 R2
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R4 OR3

OR1
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+

1, 209
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R1

O7C

R3
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+

R4 O

O
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O

R1 R2
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213

(a) Bun3P, CH2Cl2, rt, 5 h

Scheme 63

Table 20. Synthesis of furans 212 by the condensation of enynones
with aldehydes induced by tri-n-butylphosphine (see Scheme 63).27

R1 R2 R3 R4 Yield (%) E :Z

H H Ph Ph 83 90 : 10

H H Me Ph 56 >90 : 10

Bu H Me Ph 64 91 : 9

Ph H Me Ph 63 93 : 7

H Ph Ph Ph 70 90 : 10

H H Ph Et 92 80 : 20

H H Ph (E )-PhCH=CH 90 79 : 21

H H Ph 4-MeC6H4 89 92 : 8
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moiety of the enynone can be used as the nucleophile. A

solution of NaOH in ethanol with some H2O2 added can

serve as the catalyst for the intramolecular cyclization (with

simultaneous hydroxylation) of 1-(2-hydroxy-5-methoxy-

phenyl)-5-phenylpent-2-en-4-yn-1-one (112b) (Scheme 64).

At room temperature, chromanone 214 is formed, while

on heating to 90 8C, the reaction gives chromenone 215.4

Hydroxymethyl-substituted enynone 216 cyclizes to

furan 217 under the action of DBU. In the opinion of

Wang et al.,207 the reaction starts with the catalyst addition

to the double bond of enynone to give zwitter-ion 218. The

1,3-hydride shift generates zwitter-ion 219, and the subse-

quent intramolecular Michael reaction closes the furan ring

(Scheme 65).

4.4. Cyclocondensation
This part of the review mainly integrates data about

reactions of enynones with dinucleophiles at the keto

group and one of the carbon ± carbon multiple bonds

(cyclocondensation). Acetalization with diols is also cov-

ered in this Section. These reactions usually furnish hetero-

cyclic systems containing unsaturated substituents, which

are of interest as potential biologically active and fluores-

cent materials.

4.4.1. Alk-1-en-4-yn-3-ones

Data on the reactions of alk-1-en-4-yn-3-ones with

1,2-N,N-, 1,2-N,O-, 1,3-N,N- and 1,4-N,S-dinucleophiles

are available from the literature. The regioselectivity of

reactions of cross-conjugated enynones with substituted

hydrazines is mainly determined by the nature of substitu-

ents in the reagent and the substrate and the cycloconden-

sation conditions. The simplest cross-conjugated enynone

3a reacts with phenyl- or p-tolylhydrazine at the double

bond and the keto group to give 1-aryl-3-ethynyl-4,5-dihy-

dro-1H-pyrazoles 220a,b, which possess relatively high

reactivity towards arylnitrile oxides and are used in the

synthesis of bis-azoles 221.208 The cyclocondensation of

phenylhydrazine with enynone 3b proceeds in a similar

way to give pyrazoline derivative 220c (Scheme 66).103

The reaction of enynone 3b with anhydrous hydrazine in

anhydrous ethanol involves both carbon ± carbon multiple

bonds and gives a mixture of 3-(1-hydrazono-2-phenyl-

ethyl)-5-phenyl-1H-pyrazole and 3-(2-hydrazono-2-phenyl-

ethyl)-5-phenyl-1H-pyrazole. The same enynone reacts with

hydroxylamine hydrochloride (under reflux in ethanol in

the presence of NaOH) in a similar way to give a mixture of

isoxazoles.209, 210

When the ethoxy group, which is a good leaving group,

occurs in the b-position (5-trimethylsilyl-substituted eny-

nones 63), cyclization at the carbon7carbon double bond is

Ph
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O
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O
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(a) Ar1NHNH2 , Et2O, rt; (b) Ar2C(Cl)=NOH, Et3N, dioxane;

(c) PhNHNH2 , H+, EtOH, 78 8C;
220: Ar1=Ph (a, 40% yield), 4-MeC6H4 (b, 43%);

221: Ar1=Ph: Ar2=Ph (91%), 4-MeOC6H4 (75%),

4-ClC6H4 (95%), 4-O2NC6H4 (95%); Ar1=4-MeC6H4 , Ar2=Ph (94%)

Scheme 66
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accompanied by elimination of this group to afford isomeric

pyrazole derivatives 222 and 223 (Scheme 67, Table 21).133

In the case of enynones with a substituted double bond,

the regioselectivity of cyclocondensation changes. For

example, the reaction of terminal enynones 3 with arylhy-

drazines proceeds at the ethynyl group and results in the

formation of isomeric 1-aryl-3-(b-styryl)pyrazoles 224 and

1-aryl-5-(b-styryl)pyrazoles 225 in a total yield of up to 84%

(Scheme 68). The ratio of products 224 and 225 depends on

the reaction conditions: on heating in acidified MeOH, the

reaction gives a mixture of isomers 224 (probably, via

intermediate 226) and 225. Meanwhile, if prior to acid-

ification and heating, the reactants are stirred at room

temperature, arylhydrazine first adds to the triple bond to

give enamine 227, which exists in tautomeric equilibrium

with hydrazone 228, and the latter is converted to pyrazole

225 on heating in acidified MeOH.87

The condensation of 5-phenylpent-1-en-4-yn-3-one with

phenyl- and p-tolylhydrazines in ethyl alcohol at room

temperature results in the formation of 1-aryl-3-phenyl-

ethynyl-4,5-dihydro-1H-pyrazoles.211 Thus, summarizing

the known literature data on the reactions of cross-con-

jugated enynones with hydrazines provides the conclusion

about the crucial effect of substituents in positions 1 and 5

on the reaction regioselectivity: the cyclization involves the

less crowded carbon ± carbon bond. When substituents in

positions 1 and 5 are identical (enynone 3b) or missing

(enynone 3a), the double bond is more reactive towards

arylhydrazines. The chemical nature of the hydrazine also

influences the cyclocondensation route. For example, ace-

tylhydrazine reacts with enynone 3b to give the cyclization

product at the triple bond, namely, [1-(5-hydroxy-3-phenyl-

5-styryl-4,5-dihydro-1H-pyrazol-1-yl)ethanone],212 while

2,4-dinitrophenylhydrazine 103 gives the corresponding

hydrazone, which does not undergo cyclization.

Cyclocondensation of cross-conjugated enynones with

1,3-N,N-dinucleophiles has been studied by Golubev et

al.134, 213 The reaction of b-ethoxy-substituted enynones 63

with amidines 229 conducted in the presence of MgSO4 in

dichloromethane proceeds in the same way as the reaction

with arylhydrazines,133 i.e., involves the ethoxyvinyl and

carbonyl groups and results in the formation of trimethylsi-

lylacetylene pyrimidine derivatives 230. In a basic medium,

the trimethylsilyl group is eliminated to give ethynylpyrimi-

dines 231 (Scheme 69, Table 22).134 The reaction of eny-

nones 63 with 5-aminopyrazoles 232 was used to develop an

efficient synthetic protocol to obtain a series of fluorescent

7-(trimethylsilylethynyl)pyrazolo[1,5-a]pyrimidines 233 (see

Scheme 69, Table 23).213

The cyclocondensation of cross-conjugated enynones

with N,S-dinucleophiles makes it possible to obtain sulfur

heterocycles with unsaturated substituents. For example, on

refluxing in ethanol, 4-amino-4H-1,2,4-triazole-3-thiol

(234) adds to the triple bond of enynones 3 (R1=Ph,

R2=Ar). The cyclization of adducts 235 formed in the

first step is induced by heating in DMF and gives 1,2,4-

triazolo[3,4-b]-1,3,4-thiadiazepines 236a ± c. It was found

N N
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TMS

R

+
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Ar

TMS
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OEt
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Table 21. Synthesis of pyrazole derivatives 222 and 223 by the reaction
of enynones 63 with hydrazines (see Scheme 67).133

Ar R Tempera- Yield of Yield of
ture /8C 222 (%) 223 (%)

4-O2NC6H4 4-MeOC6H4 20 a 94 7
4-O2NC6H4 Ph 80 84 7
4-O2NC6H4 4-O2NC6H4 80 65 7
Ph 4-MeOC6H4 20 a 80 6

Ph Ph 80 74 7
Ph 4-O2NC6H4 80 48 7
4-MeOC6H4 4-MeOC6H4 20 a 61 3

4-MeOC6H4 Ph 80 63 7
4-MeOC6H4 4-O2NC6H4 80 62 7
4-O2NC6H4 H rt 74

4-O2NC6H4 Pr rt 28 45

4-O2NC6H4 Pri rt 60 15

4-O2NC6H4 Bn rt 46 33

a 4-Methoxyphenylhydrazine hydrochloride with the addition of Et3N.

(a) HCl, MeOH, D;
(b) MeOH, rt;

R1=Ph, 4-MeOC6H4,

4-MeSC6H4, 4-O2NC6H4;

R2=H, O2N; R3=O2N,

MeSO2, MeO

N
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that enynones 3 are more reactive in this reaction than

chalcones or a-acetylenic ketones (Scheme 70).214

The reaction of enynones 3 (R1=Ph, R2=Ar) with

(4-methoxy-4-oxobut-2-en-1-yl)dimethylsulfonium bromide

(237) also follows the cyclocondensation pathway; however,

in this case, a benzene ring is formed. Methyl 2-aryl-

(a) MgSO4 , CH2Cl2 , 20 ± 25 8C;
(b) MeONa, MeOH, 20 ± 25 8C;
(c) NaHCO3 , EtOH, 20 ± 25 8C

NHH2N

Ar2

229

Ar1

O

OEt
TMS

63

+

N

N

Ar2

Ar1

TMS

N

N

Ar2

Ar1
230

231

a

b or c

(a) EtOH, 80 8C,
16 h

N

N

NTMS

Ar

R2

R1

N
N

R1 R2

H2N

+63

232 233
H

a

Scheme 69

Table 22. Synthesis of pyrimidines 230 and 231 by condensation of enynones 63 with amidines 229 (see Scheme 69).134

Ar1 Ar2 Conditions Product Yield (%) Ar1 Ar2 Conditions Product Yield (%)

4-O2NC6H4 Ph a 230 15 Ph 4-ClC6H4 c 231 56

Ph Ph a 230 61 Ph Ph c 231 48

4-MeOC6H4 Ph a 230 75 Ph 4-MeC6H4 c 231 57

4-O2NC6H4 4-O2NC6H4 b 231 81 Ph 4-MeOC6H4 c 231 57

4-O2NC6H4 4-ClC6H4 c 231 66 4-MeC6H4 4-O2NC6H4 b 231 65

4-O2NC6H4 Ph c 231 73 4-MeC6H4 4-ClC6H4 c 231 54

4-O2NC6H4 4-MeC6H4 c 231 50 4-MeC6H4 Ph c 231 62

4-O2NC6H4 4-MeOC6H4 c 231 73 4-MeC6H4 4-MeC6H4 c 231 48

4-ClC6H4 4-O2NC6H4 b 231 60 4-MeC6H4 4-MeOC6H4 c 231 63

4-ClC6H4 4-ClC6H4 c 231 85 4-MeOC6H4 4-O2NC6H4 b 231 43

4-ClC6H4 Ph c 231 67 4-MeOC6H4 4-ClC6H4 c 231 61

4-ClC6H4 4-MeC6H4 c 231 79 4-MeOC6H4 Ph c 231 55

4-ClC6H4 4-MeOC6H4 c 231 60 4-MeOC6H4 4-MeC6H4 c 231 52

Ph 4-O2NC6H4 b 231 48 4-MeOC6H4 4-MeOC6H4 c 231 45

Table 23. Synthesis of pyrazolopyrimidines 233 by condensation of enynones 63 with 5-aminopyrazoles 232 (see Scheme 69).213

Ar R1 R2 Yield (%) Ar R1 R2 Yield (%)

4-O2NC6H4 H 4-ClC6H4 94 4-MeOC6H4 H 4-ClC6H4 85

4-O2NC6H4 H Ph 91 4-MeOC6H4 H Ph 61

4-O2NC6H4 H 4-MeC6H4 85 4-MeOC6H4 H 4-MeC6H4 61

4-O2NC6H4 H 4-MeOC6H4 81 4-MeOC6H4 H 4-MeOC6H4 65

4-ClC6H4 H 4-ClC6H4 93 Ph H H 44

4-ClC6H4 H Ph 89 4-MeOC6H4 H H 48

4-ClC6H4 H 4-MeC6H4 88 Ph H 3-FC6H4 64

4-ClC6H4 H 4-MeOC6H4 85 4-MeOC6H4 H 3-FC6H4 55

Ph H 4-ClC6H4 87 Ph NC H 66

Ph H Ph 87 4-MeOC6H4 NC H 72

Ph H 4-MeC6H4 88 Ph EtO2C H 75

Ph H 4-MeOC6H4 82 4-MeOC6H4 EtO2C H 80

4-MeC6H4 H 4-ClC6H4 91 Ph Ph Me 61

4-MeC6H4 H Ph 84 4-MeOC6H4 Ph Me 52

4-MeC6H4 H 4-MeC6H4 96 Ph NC NCCH2 50

4-MeC6H4 H 4-MeOC6H4 82 4-MeOC6H4 NC NCCH2 50

NN

N

NH2

SH

234

+

235

N
N
N

NH2

S

Ph Ar

O

(a) EtOH, 78 8C; (b) DMF, 153 8C; Ar=Ph (a, 50% yield),

4-MeOC6H4 (b, 44%), 4-O2NC6H4 (c, 39%)

Ph

O

Ar

3

a

N

N N N

S

Ph

Ar

236a ±c

b

Scheme 70
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4-(phenylethynyl)benzoates 238a ± d are produced in mod-

erate yields (Scheme 71).215

4.4.2. Alk-2-en-4-yn-1-ones

The reactions of linear-conjugated enynones with dinucleo-

philes have been very little studied. Odin et al.216 showed

that hydrazine reacts with diaryl-substituted pentenynones

112 (Ar1=Ph) at the propenone moiety. Pyrazolines

239a ± e formed in this reaction are easily acylated with

carboxylic acid chlorides to give acylated derivatives, e.g.,

compounds 240a ± c. No hydrazine adducts at the triple

bond of enynones 112 were detected (Scheme 72).

Scheme 72

Dialkylamino-substituted enynones 28a,b react with

ethylenediamine (241) and ethanolamine (242) with twice

repeated attack on the electrophilic centre of the substrate

and elimination of the dialkylamino group to furnish

imidazoline 243 and oxazoline 244 derivatives containing a

completely enolized vinylacetyl moiety. The enol tautomer

of compounds 243 and 244 is so stable that neither variation

of the solvent nor a change in the solution concentration

leads to detection of the ketone tautomer (Sche-

me 73).217, 218

The keto group in enynone 1b is sufficiently reactive for

acetalization: under reflux in toluene with ethylene glycol in

the presence of p-toluenesulfonic acid, the 1,3-dioxolane

derivative is formed in 75% yield.52

Published data on the cyclocondensation of enynones 1

can be found only in a few publications.52, 214 ± 218

4.5. Pericyclic reactions
Back in 1966 ± 1967, A.A.Petrov's research team 219, 220

showed that the carbon ± carbon multiple bonds of cross-

conjugated pentenynones possess high reactivity in the

diene synthesis and 1,3-dipolar cycloaddition with nitrile

oxides and diphenylnitrile imine. More recently, pericyclic

reactions of conjugated enyne ketones have been success-

fully employed to prepare complex azaheterocyclic systems.

4.5.1. Alk-1-en-4-yn-3-ones

Cross-conjugated enynones react with buta-1,3-diene as

dienophiles on heating to 140 8C in benzene. The diene

synthesis pathway is determined by the substituents in

enynone positions 1 and 5, in particular, hex-2-en-5-yn-

4-one predominantly reacts, while hex-1-en-4-yn-3-one

exclusively reacts at the unsubstituted carbon ± carbon mul-

tiple bond irrespective of its nature. Hept-2-en-5-yn-4-one

reacts only at the double bond. No isomerization with

multiple bond migration takes place.219

Enynones 3 (X=H) and 245 (X=H) undergo ther-

mally activated [2+2]-cycloaddition with ketene silyl ace-

tals 246. As in the case of buta-1,3-diene,219 the reaction

involves the unsubstituted multiple bond. First (at 60 8C),
cyclobutene derivatives 247 are formed; on further heating

(140 ± 165 8C) in xylene they are converted to cyclohexa-

dienes 248a ± e or salicylic acid derivatives 249a ± c, depend-

ing on the nature of substituents R3 and R4 in compounds

246 (Scheme 74, Table 24).221

Scheme 74

N N

Ph

Me
R

O

240a ± c

(a) N2H4
.H2O, EtOH, rt; (b) RC(O)Cl, Py, Et2O;

239: Ar=Ph (a, 84% yield), 4-MeC6H4 (b, 81%),

4-MeOC6H4 (c, 46%), 4-ClC6H4 (d, 83%), 4-BrC6H4 (e, 81%);

240: R=Me (a, 84%), Ph (b, 81%), 2-Fu (c, 46%)

HN N

Ph

Ar

239a ±e
Ph

Ar

O

112

a b

(Ar=4-MeC6H4)

R1

X

O
TBSO

OR3

R4

R5

R2

R5R4

R3O OTBS
R1

O

X

R2

+

3, 245 246

247

OTBS

CO2R3

R1

X

R5R4

R2

OTBS

R4

CO2R3

R1

X

248a ± e 249a ±c

or

Ph

CO2Me

Ar

238a ±d

Br7
Me

S

Me

CO2Me
+

2373Ph

O

Ar
+ Cs2CO3

MeOH, rt

Scheme 71

Compound 238 Ar Reaction time /min Yield (%)

a Ph 10 29

b 4-ClC6H4 10 36

c 4-BrC6H4 15 34

d 4-MeOC6H4 40 25

(a) THF, 65 ± 70 8C; X=NH (241; 243, 36% yield),

O (242; 244, 32%)

N

X

HO
Me

XHH2N

a

28a,bR2N

Me

O

+

241, 242
243, 244

Scheme 73
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The reactions of enynones with acetylene compounds

may also give arenes. For example, the [2+2+2]-cyclo-

addition of dimethyl 2,2-di(but-2-yn-1-yl)malonate (250) to

enynone 3e is catalyzed by an iridium complex in the

presence of (R)-2,20-bis(diphenylphosphino)-1,10-binaph-
thalene (251). This reaction involves the enynone triple

bond and two triple bonds of reagent 250; this results in

benzene ring closure in product 252 (Scheme 75).222

The [5+2]-cycloaddition of 1-(2-methoxyethoxy)-1-vi-

nylcyclopropane (253 ) to enynones 254a ± d catalyzed by

rhodium compounds involves exclusively the triple bond.

The reaction takes place in a mixture of 1,2-dichloroethane

and 2,2,2-trifluoroethanol (TFE) on heating for 16 ± 20 h

via the formation of enol ethers 255a ± d, which are hydro-

lyzed (in a one-pot procedure) to give cycloheptenone

derivatives 256a ± d. Compounds 256a ± d readily undergo

the Nazarov reaction, which is utilized in the synthesis of

bicyclo[5.3.0]decenes 257 ± 260 (Scheme 76, Table 25).223

MeO2C

MeO2C

Me

Me Bun

+

250

MeO2C

MeO2C

Me

Me

Bun

O

Me

252 (76%)

(a) 251 (1 mol.%), [Ir(cod)Cl]2 (2 mol.%), PhH, D;

PPh2

PPh2
251=

O

Me

3e

a

Scheme 75

Table 25. Synthesis of cycloheptenone 256 and bicyclo[5.3.0]decenes
257 ± 260 (see Scheme 76).223

R1 R2 Reaction conditions Product Yield (%)
(ratio)

Me H [Rh(CO)2Cl]2 (2.5 mol.%), 256a 74

16 h a

Ph H [Rh(CO)2Cl]2 (2.5 mol.%), 256b 65

20 h a

(CH2)3O [Rh(CO)2Cl]2 (5 mol.%), 256c 90

16 h a

H EtO [Rh(CO)2Cl]2 (5 mol.%), 256d 82

20 h a

Me H TMSOTf (1.1 ± 2.0 equiv.), 257a+258a 85 (2 : 1)

CH2Cl2, rt, 1 h

Ph H TMSOTf (1.1 ± 2.0 equiv.), 257b+258b 53 (5 : 1)

CH2Cl2, rt, 0.5 h

(CH2)3O AgSbF6 (10 mol.%), DCE, 259 95 b

rt, 2.5 h

H EtO AgSbF6 (10 mol.%), DCE, 260 90

50 8C, 16 h

aThe reaction was carried out in a DCE and TFE mixture at 80 8C;
b cis : trans>20 : 1.

Table 24. Synthesis of compounds 248, 249 by cycloaddition of alkynones to silyl acetals 246 (see Scheme 74).221

R1 X R2 R3 R4 R5 Reaction conditions Product Yield (%)

Ph H H Me H MeO 60 8C, 1 h; 140 8C, 3 h a 248a 86 b

Ph H H Et H H 140 8C, 3 h a 248b 62

Me Me H Me H MeO 60 8C, 7 h; 140 8C, 2 h a 248c 56 c

(CH2)4 H H H MeO 80 8C, 5 h; 140 8C, 8 h a 248d 50 c, d

Me H Me Me H MeO 60 8C, 10 h; 140 8C, 5 h a 248e 60

Ph H H Me MeO MeO 60 8C, 1 h; 165 8C, 14 h e 249a 75

Me Me H Me MeO MeO 60 8C, 5 h; 165 8C, 12 h e 249b 71

(CH2)4 H Me MeO MeO 60 8C, 8 h; 165 8C, 12 h e 249c 66

a In xylene; b the cis- to trans-isomer ratio is 6 : 1; c single isomer; d stereochemistry was not determined; e in mesitylene.
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O
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O
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It was shown 220 that the 1,3-dipolar cycloaddition of

nitrile oxides to cross-conjugated enynones can be directed

to both the double and triple bonds. Ketone 3a reacts with

benzonitrile oxide (261) yielding bis-azole 262 (Scheme 77).

3-Nitrobenzonitrile oxide (263) is less reactive, being con-

verted to a mixture of isoxazoline 264 with bis-azole 265.

Monosubstituted enynones 3f,g react with benzonitrile

oxides 261 and 263 at the unsubstituted multiple bond;

this affords isoxazolines 266a,b and isoxazole 267, respec-

tively. It was noted that the nitrile oxide cycloaddition to

the double bond gives higher yields of products than the

cycloaddition to the triple bond. Analogous regiochemical

trends were identified for the cycloaddition of diphenylni-

trile imine.220

The whole conjugated pentad of enynones 3 and 159

(R3=H) participates in the reaction with isoquinoline

oxide (268a), which gives rise to a series of 3,4-dihydro-

2H-pyrido[2,1-a]isoquinolin-2-one derivatives 269

(Scheme 78, Table 26). Enynone 3b reacts with substituted

quinoline oxides 268 to afford dihydro-1H-pyrido[1,2-a]-

quinolin-3(2H)-ones 270a ± d (see Scheme 78). Compounds

269 and 270 exhibit weak fluorescence.224

The reactions of cross-conjugated enynones with azides

are addressed in a number of studies.14, 225 ± 228 1-(4-Nitro-

phenyl)pent-1-en-4-yn-3-one (3h) undergoes the azide ± al-

kyne cycloaddition reaction with alkyl and aryl azides under

standard conditions in the presence of sodium ascorbate

(NaOAs). This gives moderate yields (19%± 52%) of

1,2,3-triazole chalcones 271 (Scheme 79), which show an

inhibitory effect towards guinea pig liver transglutamina-

se.225, 226 Subsequently, this reaction was extended to a

O

Me

O N

O

Ar
Me

O

Me

O N

O

Ph

Me

O N

O NO2

N O O N

OO2N NO2

N O O N

O

Ph Ph

+

262 (16%)

264 (20%)

267 (36%)

3f

3g

O

3a

265 (23%)

a

b

c

266a,b

d

(a) PhC:N+O7 (261), Et2O, 35 8C, 2 h;

(b) 3-O2NC6H4C:N+O7 (263), PhH, 80 8C, 5 h;

(c) 261 or 263, Et2O; (d ) 261, Et2O;

266: Ar=Ph (a, 85% yield), 3-O2NC6H4 (b, 55%)

Scheme 77 Table 26. Synthesis of 3,4-dihydro-2H-pyrido[2,1-a]isoquinolin-
2-ones 269 (see Scheme 78).224

R1 R2 R3 Yield (%)

Ph Ph H 85

3-MeC6H4 Ph H 74

4-MeC6H4 Ph H 81

4-MeOC6H4 Ph H 74

4-FC6H4 Ph H 88

4-ClC6H4 Ph H 93

4-BrC6H4 Ph H 76

4-F3CC6H4 Ph H 87

4-PhC6H4 Ph H 67

3,5-(MeO)2C6H3 Ph H 72

2-Th Ph H 93

3-Th Ph H 41

1-Naph Ph H 65

Bun Ph H 48

TMS a Ph H 52

cyclo-C3H5 Ph H 55

Ph 4-MeC6H4 H 69

Ph 4-MeOC6H4 H 62

Ph 4-ClC6H4 H 76

Ph Et H 71

Ph 2-Fu H 61

Ph Ph Me 89b

a The TMS group in the product R1=H is eliminated under the

reaction conditions; b diastereomeric ratio (dr)=1.6 : 1.

N

R2

R1

O7

N
O7R1

O

R2

R3

3, 159 268a

+
a

Ph

O

Ph

3b

+ +

+

268

a

N

O

R1 O

R3

R2269

(a) MeCN, 100 8C, 12 h;

270: R1=H:

R2=H (a, 66% yield),

Me (b, 57%), Cl (c, 60%);

R1=OMe, R2=H (d, 59%)

N O

Bz

Ph

R1

R2

270a ±d

Scheme 78

O

NO23h
271

a
N

N

N NO2

O

R

(a) RN3 , CuSO4 , NaOAs, H2O, ButOH, 75 8C, 16 h;

R=Bn (23% yield), n-C9H19 (20%), Cy (38%), CyCH2 (32%),

2-MeOC6H4CH2 (23%), 4-O2NC6H4CH2 (19%),

3-O2NC6H4CH2 (19%), 2-O2NC6H4CH2 (24%), C6F5CH2 (33%),

3,5-(F3C)2C6H3CH2 (52%), 1-phenethyl (48%), Ph2CH (39%),

2-PyCH2 (30%), (1H-1,2,3-triazol-5-yl)methyl (23%)

Scheme 79
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broad range of 1,5-diaryl-substituted pent-1-en-4-yn-

3-ones.14

When enynones 3 contain one more triple bond

(R1=HC:C), the unsubstituted bond proves to be more

reactive in the azide ± alkyne cycloaddition. Indeed, the

reaction of 1-(2-thienyl)hepta-1-en-4,6-diyn-3-one with ben-

zyl azide in the presence of CuSO4
. 5H2 O and ascorbic acid

in DMF proceeds at room temperature at the terminal triple

bond to give 5-(1-benzyl-1H-1,2,3-triazol-4-yl)-1-(2-thien-

yl)pent-1-en-4-yn-3-one.228

In the opinion of He et al.,229 the reaction of enynone 3b

with trimethylsilyl azide initiated by (2,2,6,6-tetramethylpi-

peridin-1-yl)oxyl (TEMPO) is consecutive. On treatment

with TEMPO, trimethylsilyl azide generates the azide rad-

ical and intermediate 272 (Scheme 80). The reaction is

accompanied by elimination of a nitrogen molecule from

biradical 273 and leads to 3-phenyl-5-styrylisoxazole (274).

1,3-Dipolar cycloaddition of nitrone 275 to enynone 3b

is also initially directed to the triple bond, but ends in the

formation of indole derivative 276 (Scheme 81).230

Scheme 81

Unlike azides and nitrones, the cycloaddition of

dimethyl (1-diazo-2-oxopropyl)phosphonate (Bestmann ±

Ohira reagent, 277) to ketone 3b in an alkaline solution

proceeds at positions 1 and 2 of the C=C bond. Pyrazole

278 thus formed undergoes nucleophilic addition of alcohol

at the triple bond being converted to adduct 279

(Scheme 82).231

4.5.2. Alk-2-en-4-yn-1-ones

Data on the pericyclic reactions of compounds containing

the alk-2-en-4-yn-1-one moiety are few and are mainly

limited to 1,3-dipolar cycloaddition reactions. There are

publications describing reactions of linear-conjugated eny-

nones with dienophiles,9, 65, 232 nitrile imines 233 and

azides.11 ± 13, 234

The oxo Diels ± Alder reaction of 2-aroylpent-2-en-

4-ynals 280 with unsaturated derivatives 282, generated in

a cascade process from diphenyl-L-proline (281) and ali-

phatic aldehydes, gives 3,4-dihydropyrans 283. The prope-

nal group of enynal acts as the diene in this reaction, see

structure A (Scheme 83).65

The reactions of enynones with allenes have been

reported.235 ± 237 The [3+2]-cycloaddition of ethyl buta-

2,3-dienoate (284) to enynones 1c,d takes place at room

temperature in the presence of chiral agents 285 or 286 and

affords cyclopentene 287 and by-product 288 (Scheme 84,

Table 27). The ratio of the reaction products is affected by

the substituent R in the substrate: higher selectivity is

observed for 5-phenyl-substituted enynone 1c in the pres-

ence of phosphepine 285.235 In the case of 5-pentyl-sub-

stituted enynone 1d, high selectivity is attained when

ferrocenyl derivative 286 is used as the chiral agent.236

Diethyl propa-1,2-dien-1-ylphosphonate (289) reacts with

enynone 1d under more drastic conditions and gives a

markedly lower yield of product 290 (see Scheme 84).237

Linear-conjugated 6-diethylaminoenynone 28b

(R1=Et, R2=Me) selectively adds nitrile imines 291 at

the triple bond. The reaction occurs in the presence of Et3N
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in anhydrous diethyl ether at room temperature and fur-

nishes pyrazoles 292. The p,p-conjugation with the amino

group brings about a specific pathway of 1,3-cycloaddition

(Scheme 85).233

1,5-Diarylpent-2-en-4-yn-1-ones 112 react with the azide

ion in DMF at room temperature. 1,2,3-Triazole chalcones

293 formed in this reaction easily react with hydrazine or

phenylhydrazine hydrochloride to give 4-(4,5-dihydro-1H-

pyrazol-5-yl)-1,2,3-triazoles 294. Bis-azaheterocycles 294

are oxidized to pyrazoles 295 under reflux in glacial acetic

acid (Scheme 86, Table 28).14, 234 An alternative synthetic

route to 1,2,3-triazole chalcones is the Claisen ± Schmidt

reaction.238, 239

The intramolecular 1,3-dipolar cycloaddition of eny-

nones 296a,b containing an azide group yields tricyclic

derivatives 297a,b.12 In the case of ketones 298 in which

the azide group occurs on the side of the triple bond, the

cycloaddition in the presence of gold complexes with the

BrettPhos ligand [BrettPhos is (20,40,60-triisopropyl-
3,6-dimethoxybiphenyl-2-yl)dicyclohexylphosphine] pro-

ceeds via the intermediate elimination of N2 . The reaction

is conducted in toluene for 3 ± 40 h and results in the closure

of the 2,3-dihydro-1H-pyrrolizine system 299 (Scheme 87,

Table 29).13 In the case of substrate 298a (R1 ±

R2=CH2CMe2CH2 , R37R4 is benzo, R5=H), hetero-

cycle 299a is formed within 16 h (65% yield).

O
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O

R1O
R1

R2

N

Ph

OH
Ph

H2O
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H
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O
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O
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EtO2CCH2 , All
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P(O)(OEt)2
+

289 n-C5H11

Ph

O

1d

P(O)(OEt)2

Bz

C5H11-n

a

(a) 286 (10 mol.%), PhMe, 120 8C, 40 h

290 (28%,

ee 84%)

285 or 286
(10 mol.% each)

Scheme 84

Table 27. Cycloaddition of ethyl buta-2,3-dienoate to enynones 1c,d
(see Scheme 84).

Sub- R Cata- Yield of ee (%) 287 : 288 Ref.
strate lyst 287+288 (see a)

(%)

1c Ph 285 70 87 >20 : 1 235

1d n-C5H11 285 65 85 6 : 1 235

1d n-C5H11 286 70 90 15 : 1 236

a Enantiomeric excess for cyclopentene 287.

28bEt2N

Me

O

+ NR1

N
R2

+

291

7
Et3N

Et2O, rt

N
N

R1

R2

NEt2

Me

O

292

Scheme 85

R1 R2 Time /h Yield (%)

Ac Ph 18 33

Ac 4-BrC6H4 30 48

Ph Ph 24 45

HN

N N

Ar1 NN
Ar2

R

294

a

Ar1

Ar2

O

112

(a) KN3 , DMF, rt; (b) RNHNH2
.HCl, EtOH, D; (c) [O], AcOH, D

HN

N N

Ar1 NN
Ar2

Ph

295

c

(R=Ph)

Ar2

O

HN

N N

Ar1

293

b

Scheme 86
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4.6. Miscellaneous reactions
Conjugated enynones 2b,c undergo cross-metathesis with

1,4-bis(benzyloxy)but-2-ene (300) catalyzed by ruthenium

complexes 301 (Grubbs II catalyst). The reaction gives

product 302 with cis-selectivity (according to 1H NMR

data) (Scheme 88).240

Boukouvalas et al.1 and Meng et al.241 considered the

reactions of conjugated enynones at the terminal substitu-

ents (in positions 1 and 5) in which the enynone pentad

remains intact. On treatment with iodine in the presence of

potassium carbonate in dichloromethane at 0 8C, 1-phenyl-
pent-1-en-4-yn-3-one substitutes the terminal proton at the

triple bond; this affords 5-iodo-1-phenylpent-1-en-4-yn-

3-one in 89% yield.

An example of a radical reaction of enynones of type 1

has been reported by Ren et al.242 Heating of enynones 83

with sulfinic acids 303 in water in the presence of air oxygen

generates furans 304 in 32%± 94% yields (Scheme 89,

Table 30). It is assumed that, as in reactions with some

nucleophiles,10, 27, 203 allene structures 305 are initially

formed. To confirm the reaction mechanism, the resear-

chers 242 carried out a number of experiments with addition

of TEMPO under inert atmosphere; as a result, the inter-

mediate formation of structures 305 and/or 306 was dem-

onstrated by high-resolution mass spectrometry. Hydroxyl

Table 28. Transformations of 1,5-diarylpent-2-en-4-yn-1-ones 112
(see Scheme 86).

Ar1 Ar2 R Pro- Yield Ref.
duct (%)

Ph Ph 293 97 234

Ph 4-MeC6H4 293 96 234

Ph 4-ClC6H4 293 95 234

Ph 4-MeOC6H4 293 90 14

Ph 4-BrC6H4 293 98 14

Ph 2-Th 293 91 14

4-MeC6H4 Ph 293 87 14

4-BrC6H4 4-BrC6H4 293 91 14

Ph Ph Ph 294 83 234

Ph 4-MeC6H4 Ph 294 87 234

Ph 4-ClC6H4 Ph 294 93 234

Ph 4-BrC6H4 Ph 294 84 14

Ph 2-Th Ph 294 72 14

Ph Ph H a 294 85 14

Ph 4-MeC6H4 Ph 295 82 14

Ph 4-BrC6H4 Ph 295 89 14

aHydrazine (a base) was used.

O

N
N N

R

O

R
N3

296a,b

298

a

R1

O

R2

N3

R3

R4

R5
b

O

N
N N

R

297a,b

N
R1

R2

O

R3

R4

R5

299

N

O

Me

Me

299a

(a) PhMe, D, 1 h;

(b) BrettPhosAuNTf2 (5 mol.%),

PhMe, 80 8C;
296, 297: R=Ph (a, 85% yield),

n-C5H11 (b, 47%)

Scheme 87

Table 29. Synthesis of 2,3-dihydro-1H-pyrrolizines 299 by cyclization
of enynones 298 (see Scheme 87).13

R1 R2 R3 R4 R5 Reaction Yield
time (%)
/h

Me Me H H Me 24 76

Ph H H H Me 16 81

(CH2)3 H H H 14 86

CH2CH(Me)CH2 H H H 11 84

CH(Me)(CH2)2 H H H 40 71

(CH2)2CH(Me) H H H 12 91

CH2CMe2CH2 H BnO H 11 80

CH2CMe2CH2 H H Me 11 92

CH2CMe2CH2 Prn H H 3 87

R

Ph

O

BnO OBn+

2b,c
300

a

Ph

O
BnO

302

(a) 301, CH2Cl2 , 25 8C;

N N

Ru

PCy3

Cl Ph

Mes

301 = Cl
Mes

Scheme 88

Enynone R Reaction time /h Yield (%) E :Z

2b ¯ 18 34 1 : 7

2c AllOCH2 6 63 1 : 4

OR2

R1

O

R3

R4

S
O

OR4
S

OH

304

R1 O

O R2

R383

(303)

air, H2O, 3 h

O

303

R4
S

O7

H2O

7H3O+

O2

R4
S

O
.

R4
S

O

83
O O O

.

R1

O

R2 O
.

C S

R3

R4

O

305

O

H2O

7HO
.

.
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O
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O
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Scheme 89
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radicals were detected in additional experiments using EPR

spectroscopy.

The Sharpless asymmetric dihydroxylation of enynones

has been reported.116, 243 The oxidation of enynone 307 is

the first step in the synthesis of propargyl alcohols Ð chiral

building blocks for the preparation of analogues of natural

products.116 The reaction is induced by the commercial

chiral catalyst AD-mix-b and proceeds under mild condi-

tions to give product 308 in good yield and with high

stereoselectivity (Scheme 90).244

A stereoselective method has been developed for the

synthesis of keto alcohol derivatives based on a,b-unsatu-
rated ketones, including enynones.245 The one-pot synthesis

includes successive treatment of enynones 3b and 112a with

trichlorosilyl triflate and benzaldehyde in the presence

of (S)-(1,10-binaphthyl)-2,20-diylbis(diphenylphosphine oxide)

(309) as a chiral agent. According to 2D NMR spectroscopy

with nuclear Overhauser effect (NOESY), the first step

yields Z-configured trichlorosilyl enol ethers 310, which

ensures high syn-selectivity of the subsequent step giving

the target products 311 (Scheme 91).

The oxidative aziridination of conjugated enynones 3

(R3=C:CTMS) and 112a has been studied 11, 89 (see {).

The reaction proceeds under mild conditions and does not

affect the triple bond (Scheme 92, Table 31). N-Phthalimi-

doaziridines 312a ± k and 313 are used in the synthesis of

five-membered heterocyclic derivatives.

Some enynones can participate in photochemical reac-

tions.247 ± 250 For example, Um et al. 247 observed light-

induced cis ± trans-isomerization of 3-methyl-2-(4-nitro-

phenyl)-1,5-diphenylpent-2-en-4-yn-1-one. It was shown

that irradiation of a benzene solution of ketone 314 at

* 365 nm induces ring closure to give 5,6-dihydro-4H-

cyclopenta[c]furan 315 (Scheme 93).248, 249 The reaction of

linear-conjugated enynones 316a,b with 2-chloroacryloni-

trile, 2,3-dimethylbuta-1,3-diene and methacrylonitrile at

Table 30. Synthesis of sulfonyl-substituted furans 304 (see Scheme 89).242

R1 R2 R3 R4 Tempe- Yield R1 R2 R3 R4 Tempe- Yield
rature /8C (%) rature /8C (%)

Me Me Ph Me 80 84 Me Me Ph 4-AcHNC6H4 80 82

Me Me Ph Ph 80 78 Me Me Ph 2,4-F2C6H3 120 77

Me Me Ph 4-MeC6H4 80 94 Me Me Ph 3,5-F2C6H3 80 88

Me Me Ph 4-MeOC6H4 80 41 Me Me Ph 2,4-Cl2C6H3 80 89

Me Me Ph 3-FC6H4 80 72 Me Me Ph 3,4-Cl2C6H3 80 80

Me Me Ph 4-FC6H4 80 70 Me Me Ph 3,5-Cl2C6H3 80 50

Me Me Ph 2-ClC6H4 80 90 Me Me Ph 4-Me-3-FC6H3 80 82

Me Me Ph 3-ClC6H4 80 85 Me Me Ph 2-Me-3-ClC6H3 80 71

Me Me Ph 4-ClC6H4 80 86 Me Me Ph Bn 80 70

Me Me Ph 2-BrC6H4 80 84 Me Me 4-MeC6H4 4-MeC6H4 120 86

Me Me Ph 4-BrC6H4 120 77 Me Me 4-FC6H4 4-MeC6H4 120 76

Me Me Ph 4-IC6H4 80 73 Me Me 4-ClC6H4 4-MeC6H4 120 90

Me Me Ph 3-NCC6H4 80 80 Et Et Ph 4-MeC6H4 120 81

Me Me Ph 4-NCC6H4 120 78 Ph Ph Ph 4-MeC6H4 120 32

Me Me Ph 2-Naph 80 79 Ph Me Ph 4-MeC6H4 120 46

EtO Me Ph 4-MeC6H4 120 57

O

OMe(CH2)2OCH2

Prn

a

307

O

OMe(CH2)2OCH2

Prn OH

OH

308 (62%, 95% ee)

(a) AD-mix-b, MeSO2NH2 , ButOH, H2O, 0 8C

Scheme 90

R1 R2

O

3b, 112a

R1

O

R2

OH

Ph

311

R1 R2

OSiCl3

310

a b

(a) Cl3SiOTf (1.5 equiv.), BuiCy2N (2 equiv.), CH2Cl2 ,740 8C ;

(b) 309 (10 mol.%), PhCHO, CH2Cl2,740 8C;

P

P

O

O

Ph

Ph

Ph

Ph

309=

Scheme 91

R1 R2 Yield (%) syn :anti ee (syn) (%)

Ph PhC:C 82 95 : 5 80

PhC:C Ph 56 89 : 11 84

N

Phth

PhPh

O

313

R3

O

R2

R1

3, 112a

b

N

O

TMS
R2

R1

Phth
312a ± k

a

(a) PhthNH, Pb(OAc)2 , CH2Cl2 , 0 8C; (b) PhthNH, PIDA, CH2Cl2 , rt;

PhThN is phthalimido, PIDA is phenyliodonium diacetate

Scheme 92

{Oxidative aziridination of conjugated enynones was also considered in a

review by Kuznetsov et al.246
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the double bond induced by irradiation at 350 nm leads to

cyclobutanes 317 ± 319.250

5. Conclusion

The material presented in the review demonstrates the

considerable progress made in the last 15 years in the

chemistry of linear- and cross-conjugated enyne ketones.

First of all, this refers to new applications of these com-

pounds in the synthesis of complex carbo- and heterocyclic

structures. These compounds are also of interest as non-

linear optical materials. Highly efficient synthetic routes to

conjugated enynones have now been developed, making

them synthetically accessible. However, some issues of the

chemistry of conjugated enynones remain unsolved, in

particular, features of their reactions with polynucleophiles

and 1,3-dipoles. The reactions of these compounds with free

radicals have been scarcely studied.

Thus, conjugated enyne ketones are accessible and fairly

convenient building blocks for the synthesis of complex

molecules, the synthetic potential of which is far from being

exhausted. It is quite promising to study the properties of

these compounds with the goal to develop new highly

efficient strategies of organic synthesis.

This review was written with the financial support of the

Russian Science Foundation (Project No. 18-13-00008).

References

1. J.Boukouvalas, S.CoÃ teÂ , B.Ndzi.Tetrahedron Lett., 48, 105 (2007)
2. M.E.Kuehne, W.G.Bornmann,W.G.Earley, I.Marko. J. Org.

Chem., 51, 2913 (1986)
3. G.Manikanta, G.Raju, P.R.Krishna.RSCAdv., 5, 7964 (2015)
4. Y.Karton, J.Jiang, X.Ji, N.Melman, M.E.Olah, G.L.Stiles,

K.A.Jacobson. J. Med. Chem., 39, 2293 (1996)
5. D.P.Arnold, R.D.Hartnell. Tetrahedron, 57, 1335 (2001)
6. V.M.Dembitsky, D.O.Levitsky, T.A.Gloriozova,

V.V.Poroikov. Nat. Prod. Commun., 1, 773 (2006)
7. S.Ohta, T.Ogawa, E.Ohta, T.Ikeuchi, K.Kamemura,

S.Ikegami. Nat. Prod. Res., 27, 1842 (2013)
8. C.R.Reddy, M.D.Reddy. J. Org. Chem., 79, 106 (2014)
9. X.Du, H.Chen, Y.Chen, J.Chen, Y.Liu. Synlett, 1010 (2011)

10. A.A.Golovanov, V.V.Bekin, S.S.Zlotskii, Yu.A.Kunavin,
A.V.Vologzhanina, D.M.Gusev, A.S.Bunev.
Chem. Heterocycl. Compd., 51, 929 (2015)

11. X.Du, X.Xie, Y.Liu. J. Org. Chem., 75, 510 (2010)
12. S.P.Park, S.-H.Ahn, K.-J.Lee. Tetrahedron, 66, 3490 (2010)
13. Z.-Y.Yan, Y.Xiao, L.Zhang. Angew. Chem., Int. Ed., 51, 8624

(2012)
14. A.A.Golovanov, I.S.Odin, V.V.Bekin, A.V.Vologzhanina,

I.S.Bushmarinov, S.S.Zlotskii, Yu.L.Gerasimov,
P.P.Purygin. Russ. J. Org. Chem., 52, 414 (2016)

15. H.Zhou, D.Zhu, Y.Xie, H.Huang, K.Wang. J. Org. Chem.,
75, 2706 (2010)

16. H.Zhou, Y.Xie, L.Ren, R.Su. Org. Lett., 12, 356 (2010)
17. M.Wen, P.-P.Sun, X.Luo, W.-P.Deng. Tetrahedron, 74, 4168

(2018)
18. S.Saulnier, A.A.Golovanov, A.Yu.Ivanov, I.A.Boyarskaya,

A.V.Vasilyev. J. Org. Chem., 81, 1967 (2016)
19. S.Saulnier, A.A.Golovanov, A.V.Vasilyev. RSC Adv., 6,

103546 (2016)
20. A.V.Vologzhanina, A.A.Golovanov, D.M.Gusev, I.S.Odin,

R.A.Apreyan, K.Yu.Suponitsky.Cryst. Growth Des., 14, 4402
(2014)

OAc

Ac O

Ph

hn

PhH, 45 min

315 (97%)

314

Me

CN

Cl Me

CN

Cl
+

(E)-317 (Z)-317

R

O

R

O

R

O

CN

Cl

hn, PhH

R

O

Me 316a,b

CN

Me

Me

CN

Me
hn, PhH

(E)-319

R

O

Me

CN

Me

+

(Z)-319

R

O

Me Me

Me

318

Me

Me

hn, PhH

R=Pri (a), But (b)

Scheme 93

Table 31. Synthesis of aziridines from enynones (see Scheme 92).

R1 R2 Product Yield (%) Ref.

4-O2NC6H4 H 312a 89 89

4-ClC6H4 H 312b 76 89

Ph H 312c 72 89

4-MeC6H4 H 312d 76 89

4-MeOC6H4 H 312e 72 89

2-Th H 312f 65 89

3-Th H 312g 62 89

1-Phenylpyr- H 312h 66 89

azol-4-yl

Ph Ph 312i 78 89

Ph 4-MeOC6H4 312j 74 89

Ph 4-O2NC6H4 312k 81 89

PhC:C H 313 67 11

A.A.Golovanov, I.S.Odin, S.S.Zlotskii Russ. Chem. Rev., 2019, 88 (3) 280 ± 318 315



21. E.D.Voronova, A.A.Golovanov, K.Yu.Suponitsky,
I.V.Fedyanin, A.V.Vologzhanina. Cryst. Growth Des., 16,
3859 (2016)

22. N.Asao. Synlett, 1645 (2006)
23. A.L.S.Kumari, A.S.Reddy, K.C.K.Swamy. Org. Biomol.

Chem., 14, 6651 (2016)
24. N.Krause, C.Zelder. In The Chemistry of Dienes and Polyenes.

Vol. 2. (Chichester, New York, Weinheim, Brisbane, Singa-
pore, Toronto: Wiley, 2000). P. 670

25. M.A.P.Martins, M.Rossatto, F.A.Rosa, P.Machado,
N.Zanatta, H.G.Bonacorso. ARKIVOC, (i), 205 (2007)

26. R.J.Andrew, J.M.Mellor. Tetrahedron, 56, 7261 (2000)
27. H.Kuroda, E.Hanaki, H.Izawa, M.Kano, H.A.Itahashi.

Tetrahedron, 60, 1913 (2004)
28. M.A.P.Martins, D.J.Emmerich, C.M.P.Pereira, W.Cunico,

M.Rossato, N.Zanatta, H.G.Bonacorso. Tetrahedron Lett.,
45, 4935 (2004)

29. B.M.Trost, T.M.Lam. J. Am. Chem. Soc., 134, 11319 (2012)
30. A.V.Sanin, V.G.Nenaidenko, D.I.Denisenko, K.I.Smolko,

E.S.Balenkova. Russ. J. Org. Chem., 35, 209 (1999)
31. P.A.Brookes, A.G.M.Barrett. J. Org. Chem., 79, 8706 (2014)
32. V.Fiandanese, D.Bottalico, G.Marchese, A.Punzi.

Tetrahedron, 62, 5126 (2006)
33. Z.-I.Yan, Y.Xiao, L.Zhang. Angew. Chem., Int. Ed., 51, 8752

(2012)
34. C.P.Casey, N.A.Strotman. J. Org. Chem., 70, 2576 (2005)
35. H.O.Chang, P.Lanhua, J.H.Kim. Synthesis, 45, 174 (2013)
36. D.Kang, S.Hong. Org. Lett., 17, 1938 (2015)
37. A.Parida, M.Sharique, B.N.Kakde, S.Ghosh, A.Bisai.

Synthesis, 47, 2965 (2015)
38. C.SaÈ mann, M.A.Schade, S.Yamada, P.Knochel. Angew.

Chem., Int. Ed., 52, 9495 (2013)
39. I.Kolodziej, J.R.Green. Org. Biomol. Chem., 13, 10852 (2015)
40. G.UÂ r, G.G.Fekete, J.JekoÈ , K.Hideg, T.KaÂ lai. Synthesis, 49,

3740 (2017)
41. S.K.Chittimalla, S.Laxmi, A.C.M.Liing, J.L.Kai,

R.Kuppusamy, S.Putturu, C.Bandi. RSC Adv., 5, 29391
(2015)

42. M.Eriksson, T.Iliefski, M.Nilsson, T.J.Olsson. J. Org. Chem.,
62, 182 (1997)

43. J.Xiao, Y.Chen, S.Zhu, L.Wang, L.Xu, H.Wei. Adv. Synth.
Catal., 356, 1835 (2014)

44. B.S.Chinta, B.Baire. Eur. J. Org. Chem., 3457 (2017)
45. X.Fu, S.Zhang, J.Yin, D.P.Schumacher. Tetrahedron Lett.,

43, 6673 (2002)
46. M.Sasaki, Y.Kondo, T.Motoishi, M.Kawahata,

K.Yamaguchi, K.Takeda. Org. Lett., 17, 1280 (2015)
47. G.V.Kabalka, G.Dong, B.Venkataiah. Tetrahedron Lett., 45,

5139 (2004)
48. V.Hadi, K.S.Yoo,M.Jeong, K.W.Jung. Tetrahedron Lett., 50,

2370 (2009)
49. Z.Yang, P.Liao, X.Li, X.Bi. Chin. J. Org. Chem., 35, 610

(2015)
50. B.S.Chinta, B.Baire. J. Org. Chem., 80, 10208 (2015)
51. J.Chen, G.Fan, Y.Liu. Org. Biomol. Chem., 8, 4806 (2010)
52. X.-P.Zeng, Z.-Y.Cao, X.Wang, L.Chen, F.Zhou, F.Zhu,

C.-H.Wang, J.Zhou. J. Am. Chem. Soc., 138, 416 (2016)
53. M.Geyer, J.Bauer, C.Burschka, P.Kraft, R.Tacke. Eur. J.

Inorg. Chem., 2769 (2011)
54. M.Purpura, N.Krause. Eur. J. Org. Chem., 267 (1999)
55. H.Toshima, H.Aramaki, A.Ichihara. Tetrahedron Lett., 40,

3587 (1999)
56. H.Stetter, A.Reischl. Chem. Ber., 93, 1253 (1960)
57. I.G.Ostroumova, E.Yu.Khakunova, A.E.Tsil'ko,

I.A.Maretina, A.A.Petrov. Zh. Org. Khim., 26, 2508 (1990)
58. A.A.Golovanov, D.R.Latypova, V.V.Bekin, V.S.Pisareva,

A.V.Vologzhanina, V.A.Dokichev. Russ. J. Org. Chem., 49,
1264 (2013)

59. M.F.Shostakovskii, A.S.Nakhmanovich, V.I.Knutov,
L.G.Klochkova. Chem. Heterocycl. Compd., 7, 1256 (1971)

60. H.Cao, H.Zhan, J.Cen, J.Lin, Y.Lin, Q.Zhu, M.Fu, H.Jiang.
Org. Lett., 16, 1080 (2013)

61. J.S.Clark, A.Boyer, A.Aimon, P.E.Garcia, D.M.Lindsay,
A.D.F.Symington, Y.Danoy. Angew. Chem., Int. Ed., 51,
12128 (2012)

62. H.Zhan, X.Lin, Y.Qiu, Z.Du, P.Li, Y.Li, H.Cao. Eur. J. Org.
Chem., 2284 (2013)

63. D.M.Gusev, A.A.Bormotin, S.O.Rakshin, P.A.Mel'nikov,
G.Z.Raskil'dina, R.R.Chanyshev, A.A.Golovanov.
Bash. Khim. Zh.., 25 (1), 90 (2018)

64. A.A.Golovanov, G.Z.Raskildina, V.V.Bekin, A.S.Bunev.
Russ. Chem. Bull., Int. Ed., 65, 1757 (2016)

65. L.-J.Dong, T.-T.Fan, C.Wang, J.Sun. Org. Lett., 15, 204
(2013)

66. H.Takahashi, K.Yoshida, A.Yanagisawa. J. Org. Chem., 74,
3632 (2009)

67. K.Miki, F.Nishino, K.Ohe, S.Uemura. J. Am. Chem. Soc.,
124, 5260 (2002)

68. X.Du, H.Chen, Y.Liu. Chem. ±Eur. J., 14, 9495 (2008)
69. Y.Xie, M.Yu, Y.Zhang. Synthesis, 2803 (2011)
70. K.B.Hamal, R.Bam, W.A.Chalifoux. Synlett, 27, 2161 (2016)
71. R.V.Hoffman, H.J.Shechter. J. Am. Chem. Soc., 93, 5940

(1971)
72. R.Albers, W.Sander. Liebiegs Ann. Chem., 897 (1997)
73. C.RoÈ ser, R.Albers, W.Sander. Eur. J. Org. Chem., 269 (2001)
74. M.Yoshimatsu, M.Kuribayashi, T.A.Koike. Synlett, 1799

(2001)
75. R.-Y.Zhang, L.-Y.Xi, L.Shi, X.Z.Zhang, S.-Y.Chen,

X.-Q.Yu. Org. Lett., 18, 4024 (2016)
76. M.Hoshi, H.Yamazaki, M.Okimoto. Synlett, 2461 (2010)
77. L.Cornelissen, M.Lefrancq, O.Riant. Org. Lett., 16, 3024

(2014)
78. M.Periasamy,G.V.Karunakar, P.Bharathi. J. Chem.Res., 566

(2006)
79. H.-C.Wu, L.-C.Hwang, M.-J.Wu. Org. Biomol. Chem., 9, 670

(2011)
80. H.-C.Wu, C.-W.Yang, L.-C.Hwang, M.-J.Wu. Org. Biomol.

Chem., 10, 6640 (2012)
81. T.Takeuchi, Y.Mizushina, S.Takaichi, N.Inoue,

K.Kuramochi, S.Shimura, Y.Myobatake, Y.Katayama,
K.Takemoto, S.Endo, S.Kamisuki, F.Sugawara. Org. Lett.,
14, 4303 (2012)

82. C.G.Newton, S.L.Drew, A.L.Lawrence, A.C.Willis,
M.N.Paddon-Row, M.S.Sherburn. Nat. Chem., 7, 82 (2015)

83. J.Preindl, K.Jouvin, D.Laurich, G.Seidel, A.FuÈ rstner.
Chem. ±Eur. J., 22, 237 (2016)

84. A.R.Katritzky, K.N.B.Le, L.Khelashvili, P.P.Mohapatra.
J. Org. Chem., 71, 9861 (2006)

85. S.J.Mansfield, C.D.Campbell, M.W.Jones, E.A.Anderson.
Chem. Commun., 51, 3316 (2015)

86. G.Cahiez, O.Gager, A.Moyeux, B.Laboue-Bertrand.
Synthesis, 4213 (2010)

87. R.D.Miller, O.Reiser. J. Heterocycl. Chem., 30, 755 (1993)
88. H.L.Lee, J.Park, K.Lee, H.-C.Kim. Tetrahedron Lett., 40,

7109 (1999)
89. A.S.Pankova, A.Yu.Stukalov, M.A.Kuznetsov. Org. Lett.,

17, 1826 (2015)
90. A.J.K.Shi Shun, E.T.Chernick, S.Eisler, R.R.Tykwinski.

J. Org. Chem., 68, 1339 (2003)
91. X.Liu, L.Yu, M.Luo, J.Zhu, W.Wei. Chem. ±Eur. J., 21, 8745

(2015)
92. Yu.V.Skornyakov, N.A.Lozinskaya, M.V.Proskurnina,

N.S.Zefirov. Russ. J. Org. Chem., 41, 617 (2005)
93. H.Yuan, Y.Shen, S.Yu, L.Shan, Q.Sun, W.Zhang.

Synth. Commun., 43, 2817 (2013)
94. H.Yuan, H.Jin, B.Li, Y.Shen, R.Yue, L.Shan, Q.Sun,

W.Zhang. Can. J. Chem., 91, 333 (2013)
95. P.R.Likhar, M.S.Subhas, S.Roy, L.M.Kantam. Helv. Chim.

Acta, 91, 259 (2008)
96. I.R.Baxendale, S.C.Schou, J.Sedelmeier, S.V.Ley.

Chem. ±Eur. J., 16, 89 (2010)

316 A.A.Golovanov, I.S.Odin, S.S.Zlotskii Russ. Chem. Rev., 2019, 88 (3) 280 ± 318



97. J.Yin, X.Wang, Y.Liang, X.Wu, B.Chen, Y.Ma. Synthesis,
331 (2004)

98. J.Wang, B.Wei, D.Huang, Y.Hu, L.Bai. Synth. Commun., 31,
3337 (2001)

99. S.Santra, D.Kalyan, P.Ranjan, B.Bera, J.Dash, S.K.Mandal.
Green Chem., 13, 3238 (2011)

100. D.A.Alonco, C.NaÂ jera,M.C.Pacheco. J. Org. Chem., 69, 1615
(2003)

101. J.-X.Wang, B.Wei, Z.Liu, L.A.Kang. J. Chem.Res., S, 146 (2001)
102. J.Wang, B.Wei, Y.Hu, Z.Liu, Y.Fu. Synth. Commun., 31, 3527

(2001)
103. E.V.Botvinnik, A.N.Blandov, M.A.Kuznetsov. Russ. J. Org.

Chem., 37, 421 (2001)
104. S.-K.Kang, T.Yamaguchi, R.-K.Hong, T.-E.Kim, S.-J.Pyun.

Tetrahedron, 53, 3027 (1997)
105. S.-K.Kang, P.-S.Ho, S.-K.Yoon, J.-C.Lee, K.-J.Lee.

Synthesis, 823 (1998)
106. M.A.Pena, J.P.Sestelo, L.A.Sarandeses. Synthesis, 780 (2003)
107. X.F.Wu, B.Sundararaju, H.Neumann, P.H.Dixneuf,

M.Beller. Chem. ±Eur. J., 17, 106 (2011)
108. S.-K.Kang, K.-H.Lim, P.-S.Ho,W.-Y.Kim. Synthesis, 874 (1997)
109. K.Okura, M.Furuune, M.Enna, M.Miura, M.Nomura.

J. Org. Chem., 58, 4716 (1993)
110. W.Kim,K.Park,A.Park, J.Choe, S.Lee.Org. Lett., 15, 1654 (2013)
111. A.Rosiak, J.Christoffers. Tetrahedron Lett., 47, 5095 (2006)
112. G.Pattenden, A.J.Blake, L.K.Reddy, D.A.Stoker. Synlett,

3073 (2006)
113. G.Pattenden, D.A.Stoker, N.M.Thomson. Org. Biomol.

Chem., 5, 1776 (2007)
114. A.Rosiak, R.M.Mueller, J.Christoffers.Monatsh. Chem., 138,

13 (2007)
115. S.J.Heffernan, J.P.Tellam, M.E.Queru, A.C.Silvanus,

D.Benito, M.F.Mahon, A.J.Hennessy, B.I.Andrews,
D.R.Carbery. Adv. Synth. Catal., 355, 1149 (2013)

116. V.Druais, C.Meyer, J.Cossy. Org. Lett., 14, 516 (2012)
117. F.Yang, Y.-F.Qiu, K.-G.Ji, Y.-N.Niu, S.Ali, Y.-M.Liang.

J. Org. Chem., 77, 9029 (2012)
118. J.Ciesielski, D.Leboeuf, H.A.Stern, A.J.Frontiera.

Adv. Synth. Catal., 355, 2077 (2013)
119. M.Ostovar, C.M.Marson. Tetrahedron, 69, 6639 (2013)
120. Y.Saton, M.Saton, K.Isobe, K.Mohri, Y.Yoshido,

Y.Fujimoto. Chem. Pharm. Bull., 55, 561 (2007)
121. B.Zhang, Y.Wang, S.-P.Yang, Y.Zhou, W.-B.Wu, W.Tang,

J.-P.Zuo, Y.Li, J.-M.Yue. J. Am. Chem. Soc., 134, 20605 (2012)
122. Q.-L.Luo,W.-H.Nan, Y.Li, X.Chen.ARKIVOC, (iv), 350 (2014)
123. Y.Shen, S.Cai, C.He, X.Lin, P.Lu, Y.Wang. Tetrahedron, 67,

8338 (2011)
124. T.Punniyamurthy, B.Bhatia, M.M.Reddy, G.C.Maikap,

J.Iqbal. Tetrahedron, 53, 7649 (1997)
125. Y.Maeda, Y.Washitake, T.Nishimura, K.Iwai, T.Yamauchi,

S.Uemura. Tetrahedron, 60, 9031 (2004)
126. Y.Maeda, N.Kakiuchi, S.Matsumura, T.Nishimura,

T.Kawamura, S.Uemura. J. Org. Chem., 67, 6718 (2002)
127. Y.Maeda, N.Kakiuchi, S.Matsumura, T.Nishimura,

S.Uemura. Tetrahedron Lett., 42, 8877 (2001)
128. B.M.Trost, A.Quintard. Org. Lett., 17, 4698 (2012)
129. N.V.Utehina, N.V.Korzhova, V.M.Kazantseva, Yu.N.Surov,

V.D.Orlov, S.P.Korshunov. Russ. J. Gen. Chem., 58, 612 (1988)
130. L.I.Vereschagin, S.P.Korshunov, R.I.Katkevich,

O.G.Yashina. Chem. Heterocycl. Compd., 4, 137 (1970)
131. B.Yao, Y.Zhang, Y.Lio. J. Org. Chem., 75, 4554 (2010)
132. M.H.Babu, V.Dwivedi, R.Kant, M.S.Reddy. Angew. Chem.,

Int. Ed., 54, 3783 (2015)
133. A.S.Pankova, P.R.Golubev, I.V.Ananyev, M.A.Kuznetsov.

Eur. J. Org. Chem., 5965 (2012)
134. P.R.Golubev, A.S.Pankova, M.A.Kuznetsov. Eur. J. Org.

Chem., 3614 (2014)
135. F.Babudri, V.Fiandanese, G.Marchese, A.Punzi.

Tetrahedron, 56, 327 (2000)
136. S.Xu, D.Unabara, D.Uemura, H.Arimoto. Chem. ±Asian J.,

9, 367 (2014)

137. H.Yun, S.J.Danishefsky. J. Org. Chem., 68, 4519 (2003)
138. S.Tamura, T.Ohno, Y.Hattori, N.Murakami. Tetrahedron

Lett., 51, 1523 (2010)
139. K.Sakurai, K.Tanino. Tetrahedron Lett., 56, 496 (2015)
140. K.A.Parker, I.A.Katsoulis. Org. Lett., 6, 1413 (2004)
141. N.A.Morra, B.L.Pagenkopf. Org. Lett., 13, 572 (2011)
142. D.A.Evans, L.Kvñrnù, T.B.Dunn, A.Beauchemin,

B.Raymer, J.A.Mulder, E.J.Olhava, M.Juhl, K.Kagechika,
D.A.Favor. J. Am. Chem. Soc., 130, 16295 (2008)

143. M.A.Gubbels, M.Hulce, J.M.Kum, A.K.Urick, E.M.Villa.
Tetrahedron., 72, 6052 (2016)

144. J.Ciesielski, D.P.Canterbury, A.J.Frontier. Org. Lett., 11,
4374 (2009)

145. M.Egi, K.Azechi, M.Saneto, K.Shimizu, S.Akai. J. Org.
Chem., 75, 2123 (2010)

146. F.Yang, T.Jin, M.Bao, Y.Yamamoto. Tetrahedron, 67, 10147
(2011)

147. Jes.GonzaÂ lez, Jav.GonzaÂ lez, C.PeÂ rez-Calleja, L.A.LoÂ pez,
R.Vicente. Angew. Chem., Int. Ed., 52, 5853 (2013)

148. K.Miki, T.Yokoi, F.Nishino, Y.Kato, Y.Washitake, K.Ohe,
S.Uemura. J. Org. Chem., 69, 1557 (2004)

149. Y.Xia, L.Chen, P.Qu, G.Ji, S.Feng, Q.Xiao, Y.Zhang,
J.Wang. J. Org. Chem., 81, 10484 (2016)

150. J.-M.Yang, Z.-Q.Li, M.-L.Li, Q.He, S.-F.Zhu, Q.-L.Zhou.
J. Am. Chem. Soc., 139, 3784 (2017)

151. F.Hu,Y.Xia,C.Ma,Y.Zhang, J.Wang.Org.Lett., 16, 4082 (2014)
152. M.J.GonzaÂ lez, E.Lopez, R.Vicente.Chem. Commun., 50, 5379

(2014)
153. B.Song, L.-H.Li, X.-R.Song, Y.-F.Qiu, M.-J.Zhong,

P.-X.Zhou, Y.-M.Liang. Chem. ±Eur. J., 20, 5910 (2014)
154. J.GonzaÂ lez, L.A.LoÂ pez, R.Vicente. Chem. Commun., 50, 8536

(2014)
155. Y.Xia, S.Qu, Q.Xiao, Z.-X.Wang, P.Qu, L.Chen, Z.Liu,

L.Tian, Z.Huang, J.Zhang, J.Wang. J. Am. Chem. Soc., 135,
13502 (2013)

156. R.Vicente, Jes.GonzaÂ lez, L.Riesgo, Jav.GonzaÂ lez, L.A.LoÂ pez.
Angew. Chem., Int. Ed., 51, 8063 (2012)

157. P.Liu, J.Sun. Org. Lett., 19, 3482 (2017)
158. T.Wang, J.Zhang. Dalton Trans., 39, 4270 (2010)
159. Y.Zheng,M.Bao, R.Yao, X.Xu.Chem. Commun., 54, 350 (2018)
160. K.Miki, Y.Kato, S.Uemura, K.Ohe.Bull. Chem. Soc. Jpn., 81,

1158 (2008)
161. T.Murata, M.Murai, Y.Ikeda, K.Miki, K.Ohe.Org. Lett., 14,

2296 (2012)
162. I.Hachiya, S.Ito, S.Kayaki, M.Shimizu. Asian J. Org. Chem.,

2, 931 (2013)
163. K.Yashiro, S.Ito, S.Kayaki, K.Sakata, I.Mizota, I.Hachiya.

Tetrahedron, 72, 6875 (2016)
164. S.Zhu, X.Huang, T.-Q.Zhao, T.Ma, H.Jiang. Org. Biomol.

Chem., 13, 1225 (2015)
165. D.T.Cohen, B.Cardinal-David, K.A.Scheidt. Angew. Chem.,

Int. Ed., 50, 1678 (2011)
166. Z.Gao, S.P.Fletcher. Chem. Commun., 54, 3601 (2018)
167. S.Saulnier, S.V.Lozovskiy, A.A.Golovanov, A.Yu.Ivanov,

A.V.Vasilyev. Eur. J. Org. Chem., 3635 (2017)
168. V.V.Bekin, V.S.Pisareva, A.A.Golovanov. Bash. Khim. Zh.,

19 (1), 130 (2012)
169. V.V.Bekin, V.S.Pisareva, A.A.Golovanov. Bash. Khim. Zh.,

19 (3), 32 (2012)
170. Y.Minami, H.Kuniyasu, N.Kambe. Org. Lett., 10, 2469

(2008)
171. R.E.McKnight, M.Ye, T.M.Ohulchanskyy, S.Sahabi,

B.R.Wetzel, S.J.Wagner, A.Skripchenko, M.R.Detty. Bioorg.
Med. Chem., 15, 4406 (2007)

172. K.Bowden, E.A.Braude, E.R.H.Jones, B.C.L.Weedon.
J. Chem. Soc., 45 (1946)

173. P.V.Golubev, A.S.Pankova, M.A.Kuznetsov. J. Org. Chem.,
80, 4545 (2015)

174. G.Stork, M.Tomasz. J. Am. Chem. Soc., 86, 471 (1964)
175. D.N.Rele, S.Baskaran, S.S.Korde, J.D.Vora, G.K.Trivedi.

Ind. J. Chem., Sect. B, 35, 431 (1996)

A.A.Golovanov, I.S.Odin, S.S.Zlotskii Russ. Chem. Rev., 2019, 88 (3) 280 ± 318 317



176. N.Iwasawa, K.Inaba, S.Nakayama, M.Aoki. Angew. Chem.,
Int. Ed., 44, 7447 (2005)

177. D.Yang, L.Wang, M.Kai, D.Li, X.Yao, R.Wang.
Angew. Chem., Int. Ed., 54, 9523 (2015)

178. X.Xie, X.Du, Y.Chen, Y.Liu. J. Org. Chem., 76, 9175 (2011)
179. A.S.K.Hashmi, L.Grundl. Tetrahedron. 61, 6231 (2005)
180. T.Misaki, N.Jin, K.Kawano, T.Sugimura. Chem. Lett., 41,

1675 (2012)
181. N.D.Rode, A.Arcadi, M.Chiarini, F.Marinelli, G.Portalone.

Adv. Synth. Catal., 359, 3371 (2017)
182. N.D.Rode, I.Abdalghani, A.Arcadi, M.Aschi, M.Chiarini,

F.Marinelli. J. Org. Chem., 83, 6354 (2018)
183. N.D.Rode, A.Arcadi, M.Chiarini, F.Marinelli. Synthesis, 49,

2501 (2017)
184. T.Kano, Y.Aota, K.Maruoka. Angew. Chem., Int. Ed., 56,

16293 (2017)
185. H.Kawai, K.Tachi, E.Tokunaga, M.Shiro, N.Shibata.

Org. Lett., 12, 5104 (2010)
186. C.Spino, C.Thibault, S.Gingras. J. Org. Chem., 63, 5283 (1998)
187. S.Perreault, C.Spino. Org. Lett., 8, 4385 (2006)
188. A.A.Golovanov, D.M.Gusev, S.S.Zlotskii. Russ. J. Org.

Chem., 52, 1205 (2016)
189. Zh.A.Krasnaya, S.S.Yufit, V.F.Kucherov. Bull. Acad. Sci.

USSR, Div. Chem. Sci. (Engl. Transl.), 18, 359 (1969)
190. E.P.Prokof'ev, Zh.A.Krasnaya, V.F.Kucherov. Bull. Acad.

Sci. USSR, Div. Chem. Sci. (Engl. Transl.), 20, 823 (1971)
191. Zh.A.Krasnaya, T.S.Stytsenko, E.P.Prokof'ev,

V.F.Kucherov. Bull. Acad. Sci. USSR, Div. Chem. Sci.
(Engl. Transl.), 21, 2148 (1972)

192. M.J.GonzaÂ lez, L.A.LoÂ pez, R.Vicente.Org. Lett., 16, 5780 (2014)
193. X.Xia, R.Ge, L.Chen, Z.Liu, Q.Xiao, Y.Zhang, J.Wang.

J. Org. Chem., 80, 7856 (2015)
194. A.A.Golovanov, D.M.Gusev, V.V.Bekin, V.S.Pisareva,

A.V.Vologzhanina. Russ. J. Org. Chem., 50, 13 (2014)
195. R.Kowalczyka, P.J.BoratynÂ skia.Adv. Synth. Catal., 358, 1289

(2016)
196. I.Cikotiene, R.Buksnaitiene, R.Sazinas. Tetrahedron, 67, 706

(2011)
197. A.A.Golovanov, V.V.Bekin, I.S.Odin, A.Yu.Chertov,

O.B.Grigor'eva, V.S.Pisareva. Russ. J. Org. Chem., 51, 1688
(2015)

198. A.A.Golovanov, I.S.Odin, A.V.Vologzhanina, V.V.Bekin,
A.E.Nebritova. Russ. J. Org. Chem., 50, 943 (2014)

199. A.A.Golovanov, I.S.Odin, A.V.Vologzhanina,
T.P.Tret'yakova, S.V.Naumov. Acta Cryst., Sect. E, 71, o870
(2015)

200. A.Ueda, T.Umeno, M.Doi, K.Akagawa, K.Kudo,
M.Tanaka. J. Org. Chem., 81, 6343 (2016)

201. D.Hack, P.Chauhan, K.Deckers, G.N.Hermann, L.Mertens,
G.Raabe, D.Enders. Org. Lett., 16, 5188 (2014)

202. S.Biswas, D.Majee, S.Guin, S.Samanta. J. Org. Chem., 82,
10928 (2017)

203. N.Krause. Chem. Ber., 123, 2173 (1990)
204. H.Kuroda, E.Hanaki,M.A.Kawakami.Tetrahedron Lett., 40,

3753 (1999)
205. C.Xu, S.Wittmann, M.Gemander, V.Ruohonen, J.S.Clark.

Org. Lett., 19, 3556 (2017)
206. L.Liang, X.Dong, Y.Huang. Chem. ±Eur. J., 23, 7882 (2017)
207. Y.-H.Wang, H.Liu, L.-L.Zhu, X.-X.Li, Z.Chen. Adv. Synth.

Catal., 353, 707 (2011)
208. A.A.Golovanov, I.S.Odin, A.V.Vologzhanina,

E.D.Voronova, O.S.Anoshina, V.V.Bekin. Russ. J. Org.
Chem., 53, 1664 (2017)

209. D.Nightingale, F.Wadsworth. J. Am. Chem. Soc., 67, 416
(1945)

210. H.Reimlinger, J.J.M.Vandewalle. Justus Liebigs Ann. Chem.,
720, 117 (1968)

211. A.A.Golovanov, E.A.Zatynatskiy, I.S.Odin, M.V.Dorogov,
A.A.Vikarchuk. Russ. J. Org. Chem., 54, 662 (2018)

212. J.P.Waldo, S.Mehta, R.C.Larock. J. Org. Chem., 73, 6666
(2008)

213. P.Golubev, E.A.Karpova, A.S.Pankova, M.Sorokina,
M.A.Kuznetsov. J. Org. Chem., 81, 11268 (2016)

214. N.N.Kolos, V.D.Orlov, E.K.Slobodina, E.Yu.Yur'eva,
S.P.Korshunov, Zyong Van Tue. Chem. Heterocycl. Compd.,
28, 222 (1992)

215. F.Gao, Y.Hang. Adv. Synth. Catal., 356, 2422 (2014)
216. I.S.Odin, A.A.Golovanov, V.V.Bekin, V.S.Pisareva.

Chem. Heterocycl. Compd., 49, 1687 (2014)
217. L.N.Sukhova, I.A.Maretina, I.G.Ostroumov. Khim. Geterots.

Soedin., 1409 (1992)
218. L.N.Sukhova, I.G.Ostroumov, I.A.Maretina.Zh. Org. Khim.,

30, 51 (1994)
219. G.N.Bondarev, A.A.Prtrov. Zh. Org. Khim., 2, 1005 (1966)
220. G.N.Bondarev, V.A.Ryzhov, V.N.Chistokletov, A.A.Prtrov.

Zh. Org. Khim., 3, 821 (1967)
221. T.Hamura, S.Iwata,K.Suzuki.Chem.Commun., 47, 6891 (2011)
222. T.Hashimoto, A.Okabe, T.Mizuno, M.Izawa, R.Takeuchi.

Tetrahedron, 70, 8681 (2014)
223. P.A.Wender, R.T.Stemmler, L.E.Sirois. J. Am. Chem. Soc.,

132, 2532 (2010)
224. B.Zhang, L.Huang, S.Yin, X.Li, T.Xu, B.Zhuang, T.Wang,

Z.Zhang, A.S.K.Hashmi. Org. Lett., 19, 4327 (2017)
225. C.Pardin, I.Roy, W.D.Lubell, J.K.Keillor. Chem. Biol. Drug

Des., 72, 189 (2008)
226. C.Pardin, J.N.Pelletier, W.D.Lubell, J.K.Keillor. J. Org.

Chem., 73, 5766 (2008)
227. K.Migliorese, Y.Tanaka, S.I.Miller. J. Org. Chem., 39, 739 (1974)
228. T.Luu, B.J.Medos, E.R.Graham, D.M.Vallee, R.McDonald,

M.J.Ferguson, R.R.Tykwinski. J. Org. Chem., 75, 8498 (2010)
229. Y.He, Y.Xie, Y.Wang, X.Bing, D.Hu, H.-S.Wang Y.-M.Pan.

RSC Adv., 6, 58988 (2016)
230. R.Natarajan, J.P.Rappai, P.A.Unnikrishnan, S.Radhamani,

S.Prathapan. Synlett, 26, 2467 (2015)
231. M.M.D.Pramanik, R.Kant, N.Rastogi. Tetrahedron, 70, 5214

(2014)
232. B.P.Woods, B.Baire, T.R.Hoye. Org. Lett., 16, 4578 (2014)
233. L.N.Sukhova, I.G.Ostroumov, V.K.Bel'skii, V.A.Galishev,

I.A.Maretina. Zh. Org. Khim., 30, 46 (1994)
234. A.A.Golovanov, I.S.Odin.Russ. J. Org. Chem., 51, 447 (2015)
235. J.E.Wilson, G.C.Fu. Angew. Chem., Int. Ed., 45, 1426 (2006)
236. A.Voituriez, A.Panossian, N.Fleury-BreÂ geot, P.Retailleau,

A.Marinetti. J. Am. Chem. Soc., 130, 14030 (2008)
237. N.Pinto, M.Neel, A.Panossian, P.Retailleau, G.Frison,

A.Voituriez, A.Marinetti. Chem. ±Eur. J., 16, 1033 (2010)
238. B.F.Abdel-Wahab, E.Abdel-Latif, H.A.Mohamed,

G.E.A.Awad. J. Med. Chem., 52, 263 (2012)
239. S.Nagarajan, P.Shanmugavelan, M.Sathishkumar, R.Selvi,

A.Ponnuswamy, H.Harikrishnan, V.Shanmugaiah. Chin.
Chem. Lett., 25, 146 (2014)

240. E.C.Hansen, D.Lee. Org. Lett., 6, 2035 (2004)
241. L.-G.Meng, P.-J.Cai, Q.-X.Guo, S.Xue. Synth. Commun., 38,

225 (2008)
242. Y.Ren, L.-G.Meng, T.Peng, L.Wang.Org. Lett., 20, 4430 (2018)
243. C.M.Marson, E.Edaan, J.M.Morrell, S.J.Coles,

M.B.Hursthouse, D.T.Davies. Chem. Commun., 2494 (2007)
244. K.B.Sharpless, W.Amberg, Y.L.Bennani, G.A.Crispino,

J.Hartung, K.S.Jeong, H.L.Kwong, K.Morikawa,
Z.M.Wang. J. Org. Chem., 57, 2768 (1992)

245. K.Osakama,M.Sugiura,M.Nakajima, S.Kotani. Tetrahedron
Lett., 53, 4199 (2012)

246. M.A.Kuznetsov, L.M.Kuznetsova, A.S.Pankova.
Tetrahedron Lett., 57, 3575 (2016)

247. J.Um, H.Yun, S.Shin. Org. Lett., 18, 484 (2016)
248. K.Nakatani,K.Tanabe, I.Saito.TetrahedronLett.,38, 1207 (1997)
249. K.Nakatani, K.Adachi, K.Tanabe, I.Saito. J. Am. Chem.

Soc., 121, 8221 (1999)
250. I.InhuÈ lsen, P.Margaretha. Org. Lett., 12, 728 (2010)

318 A.A.Golovanov, I.S.Odin, S.S.Zlotskii Russ. Chem. Rev., 2019, 88 (3) 280 ± 318


	1. Introduction
	2. Synthesis of enynones
	2.1. Alk-2-en-4-yn-1-ones
	2.2. Alk-4-en-2-yn-1-ones
	2.3. Alk-1-en-4-yn-3-ones

	3. Properties and structure of enynones
	3.1. Spectral characteristics
	3.2. X-Ray diffraction data and non-linear optical properties

	4. Chemical reactivity of enynones
	4.1. Reduction to alcohols
	4.2. Reactions induced by electrophiles
	4.3. Nucleophilic reactions
	4.4. Cyclocondensation
	4.5. Pericyclic reactions
	4.6. Miscellaneous reactions

	5. Conclusion
	References

