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Abstract. The latest results in the field of classical reactions of
acetylene are analysed. Attention is focused on reactions
catalysed by strong bases (vinylation, alkynol synthesis, acety-
lene —allene isomerisation) and related syntheses. The bibliog-
raphy includes 347 references.

1. Introduction

Chemistry of acetylene, a versatile building block of the
organic synthesis, is continued to be rapidly developed.! As
compared with ethylene, highly reactive acetylene and its
derivatives better match the trends in the development of
chemical industry, which is more and more oriented to the
production of science intensive chemicals for modern techno-
logies, medicine and agriculture. Acetylene can be considered
as an accumulator of high-density energy, i.e., the heat
consumed in its formation is liberated in chemical reactions
thus promoting them and providing the shortest and the least
power-consuming way to the target products.

Although quite recently, acelylene was virtually beyond
competition as the basic chemical used in the industry, now it
has lost its leading position. At the same time, according to
certain analysts, acetylene might again become the leader.>~7
Future will show whether or not this happens and to the full
extent or only partly, however, there are objective prerequisites
for this to happen.

Acetylene is mainly produced from oil and natural gas by
oxidative pyrolysis in an electric discharge, in plasma, by laser
technologies and using solar energy. Moreover, acetylene is the
main side product in the ethylene synthesis.? At the same time,
acetylene can also be produced from coal. Accounts of natural
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energy resources show that oil and natural gas fields are being
rapidly exhausted, while the coal resources may last for
centuries. Hence, the return to coal-based technologies seems
quite likely.> > ¢ Acetylene is obtained from coal by both the
traditional carbide method and the modern plasma technolo-
gies as well as by hydrogenation, gasification or via the
synthesis gas. Moreover, different types of biomass such as
lignine and various carbon-containing industrial and domestic
waste may be transformed into acetylene by their fast pyrolysis
in plasma. The latter method seems especially attractive, being
associated with the solution of environmental problems.

Long-term economical prognoses allow one to assume that
new, constantly modernised plasma technologies for the pro-
duction of acetylene from coal have a sufficient potential for
making acetylene once again the chief chemical in the manu-
facturing of commercial products such as vinyl chloride, vinyl
acetate, acrylates, chloroprene and chlorinated solvents.3~7

To make the quest for new synthetic approaches to the
chemistry of acetylene more effective, the theoretical studies
based on high-level ab initio quantum-chemical calculations
are invoked with increasing frequency.®°

Among the popular synthetic methods actively elaborated
today, classical reactions of the addition of nucleophiles to the
triple bond, the acetylene — allene — diene isomerisation and the
transformations of acetylene and allene-derived carbanions
deserve mention. Recent reviews !%-1!1 show numerous exam-
ples of syntheses of heterocyclic and carbocyclic compounds by
the addition of different nucleophiles to acetylenes.

The quest for new reactions of the formation of C—C
bonds that involve acetylene-derived carbanions (metal acety-
lenides) and especially those based on the addition of acetylene
to the carbonyl group (the Favorsky alkynol synthesis and its
analogues) is carried on.'> Numerous studies on transition
metal acetylenides were summarised in several reviews.!3: 14

Unconventional prospects for the organic synthesis are
opened up by acetylenic sugars, which were the subject of
hundreds of publications (e.g., for a review, see Ref. 15).

The progressively greater efforts are directed to the quest
for new organic semiconductors and optoelectronic materials
based on acetylene polymers and oligomers. Today, high
expectations are placed on polyarylene ethynylenes, i.e., poly-
mers containing alternating triple bonds and arene
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groups,'®~1° and unique polyyne structures, which can be
synthesised through alkylidenecarbenes and -carbenoids.?%-2!
The interest in polyynes?>23 and arylene—ethynylene sys-
tems 24 is explained by their prospects as the molecular wires
and also in the context of studies of carbyne and its analogues
as the allotropic forms of carbon.

The appearance of new synthetic approaches to the design
of new acetylenic structures, which are based on cross-coupling
reactions catalysed by transition metal complexes, has revolu-
tionised the assembling of different acetylene-containing sys-
tems and ensembles.?3—27

In the recent decades, systematic studies were carried out
aimed at further development of classical reactions of acetylene
with the use of superbasic catalysts and reagents. The present
review is devoted to the brief analysis of achievements in this
field. At the same time, due to the limited volume, it chiefly
deals with the addition reactions to the triple bond (vinylation),
addition of acetylene-derived carbanions (alkynol synthesis)
and acetylene —allene —diene isomerisation, which serve as the
basis for the most popular synthetic methods in the acetylene
chemistry and are used most widely in laboratories and the
industry.

The elaboration of a new approach to the enhancement of
the reactivity of nucleophilic reagents, which is associated with
the use of superbasic catalysts, have led not only to the refining
of most important base-catalysed reactions of acetylene but
also to the discovery of new reactions involving the triple
bond and the development of synthetic methods based on
them.7-28-43

II. Acetylene reactions in superbasic media

The concept of superbasicity was first formulated by Trofi-
mov* in 1977: ‘a medium consisting of a strong base and a
solvent or a reagent that specifically binds cations thus ‘strip-
ping’ the conjugated anions is considered superbasic...”. Later,
this concept was systematically used in the refinement of
classical reactions involving triple carbon—carbon bonds
(Refs 7,28-30, 33, 41 and 43).

Obviously, within the framework of this concept, the
definition of superbasicity is the ‘mirror image’ of superacidity,
i.e., a superbase is a complex of a strongly ionised base (the
Bronsted base) with a ligand that can specifically interact with
the cation of this base (the Lewis base) in a medium capable of
weak solvation of anions (as a rule, in a medium of a polar
hydroxyl-free solvent).33 41

M*B- + Y — B-[MY]*"
Bronsted Lewis Superbase
base base

M = Li, Na, K, Rb, Cs; B is a carbanion, H, OH, OR, NH,, NR;
Y correspond to ethers (polyethers), amines (polyamines), NH3,
cryptands, sulfoxides, sulfones, amides, phosphine oxides, efc.

Systems with the Hammett acidity function (H_) higher
than 18.5, i.e., the systems with the basicity unattainable in
hyroxyl-containing solvents (water and alcohols) due to the
limitations imposed by the intrinsic acidity of the medium,
were assigned 334! to superbases.

Among diverse superbasic systems, the system
KOH —-DMSO proved to be the most suitable for the system-
atic application in the acetylene chemistry as the simplest, most
easily prepared and versatile system.”-28-30,32,33,41-46 Tg
upper basicity limit is determined by the DMSO acidity
(pKa = 35.1); however, the acidity does not usually exceed 32
(in the H_ scale) unless special measures have been undertaken
for the removal of water liberated in the formation of dimsyl
potassium.

+ —
KOH + Me,SO —= KCH,S(O)Me + H-O.

A great advantage of the system KOH-DMSO is its
controllable basicity. As the water content in DM SO decreases
to 25%, the system passes to the superbasicity region
(H_ > 20). With further decrease in the water concentration,
the value of H_ sharply increases approaching 30—32 for 99%
DMSO.#!

Yet another advantage of the system KOH—-DMSO is its
ability for autostabilisation (self-adjustment), i.e., its basicity is
maintained on a constant level due to the absorption of water
(if water is liberated in the reaction) by the solid phase (KOH);
the KOH concentration in the liquid phase is low
(~0.04 mol litre ! in pure DMSO) and the consumed KOH
is replenished from the solid phase, i.c., its concentration is
automatically kept constant. Thus, the reactions in this system
often acquire the features of the phase-transfer catalysis.*!

1. Development of classical acetylene reactions

a. The Favorsky acetylene —allene isomerisation

The selective isomerisation of propargyl ethers to allenyl ethers
was first carried out under the action of KOBu' on propargyl
vinyl ethers of ethylene glycol oligomers.*7-48

Aot Oja/ Ao 09/

n=1-3.

KOBul
30-40°C

The superbasicity of the reaction mixture was achieved due
to the formation of chelate complexes of potassium cations
with the polyether chain.
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The use of the superbasic system KOH-DMSO in the
isomerisation of propargyl ethers have led to the development
of an efficient and highly selective method for the synthesis of
alkyl allenyl ethers.*°

“OBu*

KOH-DMSO R
_— > — .=
o 20°C, 15 min o~

. (~90%)
R = Me, Et, Pr, Bu", Bu'.

This reaction made accessible the alkyl allenyl ethers, which
so far pertained to the insufficiently explored class of substan-
ces.”-30-352 Obviously, their synthetic potential as the reactive
monomers and building blocks is more multifaceted as com-
pared with the corresponding vinyl ethers that have found wide
application in both the organic synthesis %28-53-58 and poly-
mer chemistry.>®~¢7

It was shown that the system KOH —DMSO allows one to
selectively isomerise the propargyl group of an allyl propargyl
ether to the allenyl group, leaving intact the allyl fragment.
When carried out at higher temperatures, this reaction can shift
the double bond to afford allenyl prop-1-enyl ether.*!

4>20 < Mo/% N

40-50 °C
=0 s (\O/\
Me

N KOH-DMSO
\/\O/\ -
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N-Allenylpyrroles 1, the promising monomers® and
building blocks in synthetic chemistry, which were difficult to
synthesise until recently, were easily obtained in high yields by
the isomerisation of N-propargylpyrroles catalysed by the
system KOH - DMSO.%

R? R?
/Z@ KOH - DMSO /Z@
—_—
1 “45° 1
R N 35-45°C R N
( <
X TR

R! R? Yield of 1 (%) R! R2 Yield of 1 (%)
H H 63 Me Me 49
Me H 68 (CHa)4 88
Ph H 70

N-Allenylpyrroles 1 can be synthesised in a one-pot proce-
dure using both propargyl chloride 7 (which is sufficiently
obvious) and much cheaper 2,3-dichloroprop-1-ene’! and
1,2,3-trichloropropane,’? which are the side products of the
industrial synthesis of epichlorohydrin. In this case, the system
KOH -DMSO serves not only as the catalyst, but also as the
reagent and, hence, should be taken in a superstoichiometric
amount.

R? R?
KOH-DMSO
e

R! N 35-45°C
! N
\.

R! = H, Me, Ph; R? = H, Me; R! —R? = (CH))4;
= CH>C=CH, CH,CCI=CH;, CH,CHCICHCl.

The same superbase and the same reagents allowed the one-
pot allenylation of other azoles to be carried out.”?-74 For

example, N-allenylimidazole was synthesised from imidazole
and propargyl chloride in the yield of 75%.

N
[
i g

X

KOH DMSO
25 40 °C, 30— 50 min

1,2,4-Triazole behaves in a similar way, namely, its reaction
with propargyl chloride produces N-allenyl-1,2,4-triazole (2) in
the yield of 31%.73-74 The use of trichloropropane in allenyla-
tion allows one to stop the reaction after the formation of
N-chloroallyl derivative 3 (yield 21%).73

ﬁ)ycvﬁ <

N
KOH DMSO ) KOH DMSO

\=Z

=

Vi

N-//—Z

3

b. Nucleophilic addition to a triple bond (vinylation)

Superbasic catalysts have extended in principle the potentials
of the classical Favorsky reaction of vinylation.” For example,
vinylation of acetylenic alcohols with acetylene is impossible
in the presence of common bases (alkali metal hydroxides
or alkoxides); however, in superbasic systems such as
KOH -~ DMSO this reaction proceeds sufficiently smoothly.*!

As a rule, it is rather difficult to stop this reaction in a stage of
the formation of a vinyl ether of acetylenic alcohol 4 (this
requires special measures to be undertaken). Usually, the
acetylene —allene isomerisation proceeds simultaneously to
afford the corresponding allenyl vinyl ethers 5 (yields up to
80%).76-77

R KOH-DMSO
j< + HC=CH -
55-65°C, 12—15 atm
OH

R
—=Xv"

R = H, Me, Et, Pr", Pri, But.

R
Y

This reaction is the most promising for the transformation
of commercially available propargyl alcohol into vinyl-
oxyallene.

A new generation of superbases, the catalytic systems
CsF-MOH-DMSO (M = Li, Na, K) have been developed
recently. As a rule, they are more active #1-78 83 than the system
KOH —-DMSO. In a simple way, their enhanced activity can be
explained by the formation of caesium hydroxide (a base
stronger than potassium hydroxide) due to the shift of the
equilibrium to the formation of poorly soluble fluorides,
particularly, lithium fluoride.*!

CsF + MOH —= CsOH + MF
M = Li, Na, K.

A comparison of the activity of two superbasic catalytic
systems, namely, KOH—-DMSO and CsF—-NaOH-DMSO,
in the vinylation of acetone oxime shows that the caesium
system is much more active. In the presence of this system, the
optimum reaction temperature was lower (by ~ 10 °C) and the
yield of O-vinyl acetone oxime (6) was higher (by 20%)7%-80 as
compared with the system KOH - DMSO.

Me B Me
>:N\ + HC=CH 4>12—15a1m >:N\ /
Me OH Me . o0—~
B T/°C Yield of 6 (%)
CsF—NaOH-DMSO 70-72 85
KOH-DMSO 78-80 65

Yet more impressive difference in the activities of these two
superbasic catalytic systems was observed in the vinylation of
polyhydric alcohols. Thus the vinylation of glycols 7 at 100 °C
and atmospheric pressure in the presence of the system
CsF—-NaOH-DMSO afforded divinyl ethers 8 in the yields
from 45% to 90% (depending on the glycol structure), whereas
in the KOH - DMSO system, the yield of divinyl ethers was at
the level of 10%.41-83

B
R n = 2 . R
HO/ \OH HC=CH 100°C. ~1 atm /\O/ \O/k
7 8

= (CHa)3, (CH2)4, MeCH(CHo)», (CH»)7;
B = CsF—NaOH-DMSO, KOH -DMSO.

In the reaction of acetylene with pentaerythritol carried out
at 130—135 °C and the atmospheric pressure in the system
CsF—NaOH —-DMSO, the yield of tetravinyl ether of penta-
erythritol (9) exceeded 60%, whereas in the system
KOH -DMSO, its yield was 5%.4!
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HO OH 5
: : + HC=CH 130-135°C 1 at
HO OH - o

t\ /j
X
O (@]

B = CsF-NaOH-DMSO, KOH-DMSO.

The reaction of glycerol with acetylene in the system
CsF—NaOH-DMSO produced 1,2-bis(vinyloxy)prop-1-ene
(10) rather than the expected trivinyl ether of glycerol.®! Thus,
this reaction represents a new type of vinylation, namely, the
eliminative vinylation.®* In the presence of the system
KOH-DMSO as the catalyst, only traces of compound 10
were obtained.

HO
}OH + HC=CH
HO

Recently, tetravinyl ether 11 was synthesised from methyl
a-D-glucoside in the presence of superbasic catalysts
KOH-DMSO and KOH-THF.%>

Ny o7

10 (73%) Me

CsF-NaOH -DMSO
100 °C, 14 atm

t\
HO 0
— 0
+ HC=CH ———>
HO ~ 16 atm (0]
HO — (0]
OMe 1 — OMe
B T/°C t/h Yield of 11 (%)
KOH-DMSO 85-87 1 75
KOH -THF 135140 6 52

Superbasic catalytic systems that allow one to perform
isopropenylation of methanol with methylacetylene (the sec-
ond most readily accessible acetylenic hydrocarbon) at the
atmospheric pressure and 100120 °C have been developed.8¢
This made it possible to synthesise 8¢ 2-methoxyprop-1-ene
(12), a valuable monomer and reagent, which has found its
application in the industrial syntheses of fragrant compounds,
vitamins and carotenoids.®” %0 Complexes of potassium and
caesium fert-alkoxides with N-methylpyrrolidone (NMP)
proved to be the most active in this reaction.

Me
- - MeOH, B
Me —_— ~— —— 64> 7<
41 100—120 °C, ~ 1 atm
OMe

B = KOBu!—NMP (the yield of compound 12 is 87 %),
CsOCMezEt—NMP (87%), KOH-DMSO (60%),
CsOMe—NMP (22%), CsF—NaOH - NMP (11%),
2KOH-H,O-NMP (6%).

Apparently, this is associated with the formation of a charge-
transfer complex between NMP and alkoxides. This is evi-
denced by the presence of the charge transfer bands (283, 543,
580 nm; bright purple colour) in the UV spectrum of a KOBu!
solution in NMP and also by the high-frequency shift of
vibrations of the C=O0O group (1683 cm~—!— 1693 cm—!,
probably due to the contribution of the vibrations of the
TN=C group) observed in the IR spectrum.*!

+ —
[ .. >§O + K OBut —= [ ?Bsfo\l,f( OBut
N N
Me Me
1. e 5 \ype 5 Ny P
N OK 1+\I OK N OK | OBu
Me Me Me

At present, the superbasic catalytic system KOH—-DMSO
is the most versatile for the vinylation reactions.”4!-43 Thus
this allowed the vinylation of cholesterol 13 to be carried out
under mild conditions (without epimerisation and migration of
the double bond) to afford the quantitative yield of optically
active liquid-crystalline vinyl ether 14, which is used as a
monomer and a highly reactive intermediate in the synthesis
of new compounds of the steroid series.®! In the presence of the
same catalytic pair, pregnenolone 15 and acetylene gave vinyl
ether 16 with retention of the keto group and configurations of
all assymmetric centres. This is the first example of the
successful vinylation of a hydroxy ketone.#!-92

R
Me
Me
4 HC=CH KOH-DMSO
= >
o 80-120 °C, 1h
HO
13,15
R
Me
Me
—_—
(0]
14,16

R = CgHy7 (13, 14), Ac (15, 16).

In the presence of the system KOH — DMSQO, pyrroles were
vinylated for the first time under relatively mild conditions
with a methylacetylene —allene mixture to produce N-isopro-
penylpyrroles 17 in good yields.”3

RZ
m  conowso g )
] tMe——=+ —— ——————> N
R N 125-135°C,5h )\
H Me

R' = R? = H, Me; R'—R2 = (CH,).. 17

This catalyst can also be used in the isopropenylation of
other azoles (105—145 °C, 5—15 h), namely, indoles, imid-
azoles, pyrazoles, triazoles. The corresponding N-isopropenyl
derivatives 18 —22 were obtained in yields of 20% —70% (non-
optimised yields).?*

BB QW

18 (40%) 19 (34%) 20 (70%)

ﬁ
_z

[N/\\N N
Me)k

-

Me

21 (46%) 22 (20%)

The above (hardly exhaustive) examples illustrate the
impressive advances in the studies of vinylation with acety-
lenes, which were observed in the past decades due to the use of
superbasic catalytic systems.”-4!
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c. The Favorsky alkynol synthesis and its analogues
The quantum-chemical analysis®>~°7 shows that in the gas
phase or a weakly solvating medium the formation of acetylide
anions from acetylene under the action of superbases at low
temperatures is more preferential than the alternative nucleo-
philic addition of anions to the triple bond. Hence, superbases
should accelerate the Favorsky ethynylation of aldehydes and
ketones (the addition of acetylide anions to the C=0O bond).
Indeed, it was shown that in the superbasic medium
KOH-DMSO, acetylene reacts quickly and quantitatively
with paraform at the atmospheric pressure and room temper-
ature to form propargyl alcohol®®-19 and/or but-2-yne-
1,4-diol.3341 In contrast to the classical vinylation of
formaldehyde, which proceeds in the presence of an explosive
copper acetylide under a pressure of up to 70 atm and at a
temperature of 90—130 °C, the new method allows one to
make, if required, propargyl alcohol the main reaction product
(yield up to 90%).%°

KOH-DMSO
(CH:0), + HC=CH ———— >

. N e
HO HO OH

Other aldehydes and ketones also react with acetylene more
actively in the presence of the system KOH-DMSO than
under conventional conditions; moreover, different acetylenic
alcohols and glycols can be synthesised in high yields with no
recourse to high pressures, cooling and large volumes of
solvents,”-33-101 j ¢ in the absence of all attributes inherent in
the classical ethynylation.

In the system KOH-DMSO, the one-pot synthesis of
glycidyl propargyl ether (23) was carried out from paraform,

acetylene and epichlorohydrin.!02
a7

KOH-DMSO —
(CH:0),+ HC=CH ——r % = 9,
20°C o- 10 °C

O

\i

23(72%) O

Acetylide anions generated from acetylene in superbasic
media add to the C=N bond. Thus anilides '93-105 and
anilines 19¢ react with acetylene in the presence of their potas-
sium derivatives (at 160 °C, under enhanced pressure, in THF
or dioxane) to form 3-arylaminobutynes 24a —c.

Me
K (15%
ArNHJ\\ + ge=cn 2% iy
THF €
O _
— K (10%) NHAr
PhNH; + HC=CH — — e

Ar = Ph (a), 2-MeCgHy (b), 4-MeCgH, (c).

It was proved that these reactions proceed through the
intermediate formation of the Schiff base that adds the
acetylide anion to the C=N bond (the aza analogue of the
Favorsky reaction).193.105

Me
N =\ SN—n _C=CH
PhNH, + C=CH —> NHPh \ 4>th1_[2 24a

2. New reactions
Several new general reactions of acetylene that occur in
superbasic media and produce promising monomers and

synthons for the fine organic synthesis have been discov-
ered.7-28-36,40-43

a. Hydrative trimerisation of acetylene

It was found that in the presence of the complex
2KOH-H,O-DMSO (80—115 °C, 10—15 atm), three acety-
lene molecules and one water molecule undergo a single-stage
formation of 2-vinyloxybuta-1,3-diene that simultaneously
contains a 1,3-diene fragment and a vinyl group.!07-108

2KOH-H,O0-DMSO

3 HC=CH + H»O

M
— :O/H\7 H+’H4>ZO — €

I
(40%) o

Mild acid-catalysed hydrolysis of 2-vinyloxybuta-1,3-diene
(1% HCI, 20 °C) affords methyl vinyl ketone in the quantita-
tive yield.??

b. Direct vinylation of chalcogens and elemental phorphorus

The use of superbasic systems made it possible to carry out a
series of unconventional acetylene reactions, particularly, the
direct vinylation of chalcogens and elemental phosphorus in
the presence of a minimum amount of a proton donor (usually,
water). These studies were initiated by the discovery of a
reaction of acetylene incorporation into the S—S bond of
disulfides in the system KOBu'-DMSO. The reaction is
stereoselective and produces Z-isomers of 1,2-bis(alkylthio)-
ethenes 25.109- 111

KOBu'-DMSO —

—_— »
110°C, 14—16 atm RS SR
25

RSSR + HC=CH

R = Me, Et, Bu", Bu'.

As was found later, this reaction is general and may be
extended to dialkyl diselenides ''? and elemental Sg, Se and
Te.!11.113-115 Being a supernucleophile, the polysulfide anion
formed from the cyclic octamer Sg is easily captured by
acetylene. As a result of subsequent transformations, the
polysulfide anion transforms into divinyl sulfide in the pres-
ence of proton donors.!!!>113:114 Selenium and tellurium are
vinylated to divinyl selenide and divinyl telluride, respectively,
in the presence of the system KOH-HMPT (HMPT is
hexamethylphosphotriamide).!!'!- 114115 In this reaction,
superbases act not only as the catalysts but also as the reagents,
being involved in the redox disproportionation of selenium or
tellurium.

KOH - DMSO (H20)
Sst HC=CH ~00m 505 2am ~ © 87 N
(80%)

KOH - HMPT (H,0)
+ = ;/\ /\
Set HC=CH 105-115 °C, 14— 16 atm 77 8¢ S

(60%)
B KOH-HMPT (H:0) .~

Tet HC=CH 105 15°C 1a—t6atm. — Te 3
(~100%)

Under these conditions, elemental phosphorus behavesin a
similar way. Under the action of an activated hydroxide
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ion, the P—P bonds of both white and red phosphorus are
easily cleaved to form phosphide and phosphinite anions,’
which react with the appropriate electrophile (complementary
with respect to symmetry and population of unoccupied
valence molecular orbitals).3> 116-120

P) P) (P) P)
N/ om N\ _ /
P—P —> P+ HO—FP

\ \

(P) (P) (P) (P)

P)
/" cou P
HO—P

O -p
\ 1>
P) o

For phosphide anions, acetylenes proved to be these
complementary electrophiles. Thus the reaction of phosphide
anion with phenylacetylene at 60— 65 °C proceeds by a stereo-

selective mechanism to form a Z,Z,Z-isomer of tristyrylphos-
phine (26).35- 117119

N <>
P+ =
/

=
P

KOH-HMPT
H-O (traces), 60—65 °C

26 (55%)

c¢. Synthesis of O-vinylketoximes

Nucleophilic addition of ketoximes 27 to acetylene in super-
basic media to form O-vinylketoximes 28 made the latter easily
accessible.42 121~ 124

Rl
=N
R2
2”7 OH

R! R2 = Alk, Ar, Het; M = Li, Na, K; X = CI, F.

Rl

HC=CH R > N
MOH*CSX*DMSO*Can R2 \ _—
28 °

The highest yield of vinyloximes 28 was reached due to the
modification of the superbasic system MOH —DMSO by the
addition of a non-polar solvent (pentane) and caesium halides.
Pentane extracts the O-vinyloximes formed and thus prevents
their further transformation to pyrroles, while caesium salts
are converted to CsOH due to the exchange processes thus
providing the high basicity of the system.!?! ~123

d. Synthesis of O-vinylamidoximes
The use of superbasic catalysts made it possible to vinylate
amidoximes, which are prone to tautomeric transformations
under ordinary conditions.!25 126

R>—N + Ho=cy SoH-DMSO_ R>—N

- _ -

N 75°C, 5 min N /
HN on N o

R = Me (46%), Ph (89%).

T In the first stages, phosphide and phosphinite anions represent super-
nucleophilic anionic clusters.

Chemoselective vinylation at the hydroxyl group occurs at a
temperature unusually low for this reaction (75 °C) very
quickly, virtually instantaneously (it takes about 5 min for
the reaction to be completed).!?>-12¢ The resulting O-vinyl-
amidoximes form a new class of promising monomers and
synthons, particularly, for designing heterocycles. For exam-
ple, they are easily cyclised to oxodiazolines,*' although the
attempts to rearrange them into imidazoles (analogously to the
rearrangement of O-vinyloximes to pyrroles 4> 127) failed so
far.

Ph
;*N\ g+ TR KOBu!
HN_ O <— >— Ph/<
Y HoN \ Va upt0150 °C
Me
(61%)

e. Acetylene reactions with ketoximes: synthesis of pyrroles

A new general reaction of ketoximes with acetylenes, which
proceeds in superbasic media such as MOH -DMSO (M is an
alkali metal) and afford pyrroles 29 and N-vinylpyrroles 30,
was discovered.30-32-34,37.41,42127-144 A excess of acetylene
favours direct formation of N-vinylpyrroles 30. Actually, this
reaction represents a two-stage transition from ketones to
diverse pyrroles.

By this reaction, virtually any ketone that has at least one
methylene or methyl group in the a-position with respect to the
carbonyl function and contains no strong base-sensitive sub-
stituents can be transformed into the corresponding pyrrole or
N-vinylpyrrole. If necessary, a one-pot synthesis can be carried
out in the system MOH — DMSO. For this purpose, a ketone is
treated first with hydroxylamine (or its hydrochloride) and
then with acetylene.!#3

U ———
ann

29 30 \R

R!, R2 = Alk, Ar, Het; R3 = H, Me, Ph; M = Li, Na, K, Rb, Cs.

This reaction has provided a facile route to pyrroles with alkyl,
cycloalkyl, aryl and hetaryl substituents and pyrroles annu-

lated with common rings, macrocycles and fused sys-
tems.7- 30 41. 140146

A > O
Q-0 30 Ly

X =NR,0,S.

\
N H
H
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At present, this reaction is widely referred to in the
literature as the Trofimov reaction (e.g., see Refs 147—157).

Alkali metal hydroxides were used as the MOH component
of the superbasic catalytic system MOH —DMSO. Rubidium
and caesium hydroxides are more active than KOH but the
latter is much cheaper; this is why the system KOH - DMSO is
used, as a rule. Lithium and sodium hydroxides are less active;
however, they allow one to obtain NH pyrroles more selec-
tively, because they virtually do not catalyse their vinylation.
In the absence of DMSO, pyrroles are not formed, i.e., the
intrinsic basicity of alkali metal hydroxides is insufficient and
this reaction requires superbasicity.*!

In place of acetylene, methylacetylene and allene can be
employed.”?

Rl
N:& + Me
J .
R2
-
R! Me R!

up to 60%

KOH-DMSO
s T .
115-125°C,3-9h

R2 Me

~I
TZ
_—

This reaction was successfully used for the synthesis of
pyrroles 3la—c¢ with terpenoid substituents.”-4!-131 For this
purpose, terpenoid ketones were treated first with hydroxyl-
amine and then with acetylene in the system KOH —-DMSO.

Me
Me \ \
/\ / o\ /\
Me N Me N Me N

31a (80%) 31b (60%) 31c (40%)

This reaction was also used to prepare recently unknown
steroid pyrrole compounds including those containing highly
reactive O- (compound 32a) and N-vinyl (32a—c) groups

capable of polymerisation and further chemical modifica-
tion.41. 134,136,137

N
Me ~

Me

32¢

f. Synthesis of 5-carboline from 3-acetylindole oxime and acetylene
The reaction 3-acetylindole oxime with acetylene in the super-
basic catalytic system KOH—-DMSO opened up a new way

(one-pot assembling) to the synthesis of d-carboline system,
namely, pyridoindole 33, which was difficult to synthesise
earlier.!>8

Me
\ ~"NOH KOH-DMSO
— - 777
+ HC=CH 120°C, 1 h
N
H
Me
N\
— N

N
§33

Apparently, this reaction proceeds through the homolytic
cleavage of the N — O bond in the intermediate O-vinyloxime A
followed by the intramolecular attack of iminyl radical B on
the pirrole ring. After this, the homolytic opening of the
spiroazirine intermediate C and the addition of the second
acetylene molecule to radical D complete closure of the
pyridine ring.!38

@ﬁ @%»
WN Qg™
N\ Me
ﬂ@ﬁg -
N-
H H

Carboline structures are present in many natural com-
pounds and medicinal drugs; however, so far the synthesis of
S-carbolines remained an unsolved problem in the chemistry of
indole alkaloids. An important advantage of this reaction is the
possibility of the one-stage synthesis of the hitherto unknown
N-vinyl-3-carbolines.*?> The latter combine the properties of an
NH-protected d-carboline with those of highly reactive syn-
thons and monomers, which opens up wide prospects for the
development of the fundamental and synthetic chemistry of
indole alkaloids and high-molecular-weight compounds of the
carboline series.

HC CH

g. Eliminative vinylation of 1,2-diols and polyols

The eliminative vinylation of 1,2-diols and polyols opened up a
rational way to divinyl ethers, namely, vinyloxyalkenes 34.33
The formal elimination of vinyl alcohol from the intermediate
divinyl ethers proceeds only in the presence of superbases such
as KOH—-DMSO; moreover, the elimination proceeds more
smoothly in the presence of acetylene. !9 160

OH
HO/\/ KOH DMSO
HHC=CH —0—50¢ = 140150 °C

— :O/\/O\ > :OC\R
|
R { OH} 34a.b
R = H (a), Me (b).
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Due to this reaction, divinyl ethers, the promising mono-
mers and synthons, have become accessible for the first time
and the reaction itself, being general, has supplemented the
arsenal of methods of organic chemistry.33

h. Cyclo-co-oligomerisation of acetylene with acetonitrile

The cyclisation of acetylene with three acetonitrile molecules
pertains to the new reactions of acetylene that proceed in
superbasic media. The cyclisation occurs under mild condi-
tions (from — 10 to 20 °C, atmospheric pressure, a superbasic
system KOH —MeCN) and leads to 2-amino-3-(2-iminoethyl)-
6-methylpyridine (35), the first representative of pyridines that
simultaneously contains an imine and an amine functions, and
3-acetyl-2-amino-6-methylpyridine (36).1¢!

- KOH
3Me—C=N + HC=CH ——
Me Me
Xy >NH N g6
— || + \
P P
Me N~ "NH, Me N~ "NH,
35 36

i. Rearrangement of O-propargylketoximes

In the presence of a specific superbasic system KOBu'—THF,
propargyl ethers of ketoximes 37 are rearranged to N-vinyl-
acrylamides 38 rather than to the expected allenyl ethers (room

temperature, exothemic process). This rearrangement is
general.!0?
R2
\\) Il _ KOBu'THF _ le) H
\ —
24-26°C. 40min I
—
(0]

j\ o
. |
R N

38 (36% — 58%)
R! = Alk, Ar; R? = H, Alk.

In turn, O-propargylketoximes 37 are obtained in quanti-
tative yields from oximes and propargyl chloride in the super-
basic system KOH-DMSO.#1-163 It is amazing that this
virtually universal catalytic system fails to induce the rear-
rangement of O-propargylketoximes formed.

RZ
R‘\\) ___ KOH-DMSO
p— —_—
‘ + o S 37
N
TOH

II1. Chemistry of acetylenic hydroxy acids and
their derivatives

1. Oxidative methoxycarbonylation of acetylenic alcohols

The direct catalytic synthesis of methyl esters of acetylenic
hydroxy acids 39 was carried out by the reaction of acetylenic
alcohols with carbon monoxide in methanol in the presence of

R? R?
! ‘ o PdClz*CuClz . ‘ o n//o
R ‘ — + CO MeOH R ‘ —
OH OH OMe
39 (~95%)

R!, R? = Alk, cyclo-Alk, Ar.

palladium and copper chlorides.?!-33 In contrast to the classical
Reppe carbonylation, which affords the acrylic systems, in this
case, the triple bond remains intact. The presence of an
acceptor group near the triple bond in compounds 39
dramatically enhances the reactivity of this bond, which
makes these compounds the promising reagents for the fine
organic synthesis.

The reaction of oxidative methoxycarbonylation of acety-
lenic alcohols provided reliable synthetic grounds to the
chemistry of acetylenic hydroxy acids and their deriva-
tives.31-38

HO*‘*COzMe —> HO*‘*CONHQ —>
— HO«‘*CN

2. Addition of nucleophiles

The addition of different nucleophiles (alcohols, thiols, amines,
cyanide anion) to esters and nitriles of a,B-acetylenic
v-hydroxy acids followed by the cyclisation under biomimetic
conditions (room temperature, aqueous medium) opened up
new approaches to the synthesis of functionalised heterocycles,
which were difficult to prepare. Below, the examples of com-
pounds synthesised by this approach are shown.”- 31,38, 164172

= (6] (0]
o” ¥ TN X

X = NH», RNH, OAlk,
SAlk, Het, CI, Br, I;

Y = O, NH.
CN CN
o=
O S
\H/ >0 >Z</
O CN

N;Z MCN W

RNH CN

- o
T o
C@sﬁf
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This strategy can be applied to the directed synthesis of
biologically important derivatives of tetronic, ascorbic and
penicillic acids and other antibiotics of this series, particularly,
the promising anti-HIV drugs.38

The nucleophilic addition of amines to nitriles of hydroxy
acetylenic acids affords conjugated poly(iminodihydrofurans)
40 with unusual electrophysical properties.!73-178

MeNH 4%@\1

— OH
—’%CN + H,NMe —> Q _

OH 0
MeNH

> O — L,
—NH
O
MeNH
—N
o —
—N
—>

3. Synthesis of fused pyridine systems

An unexpected regiospecific cyclisation of nitriles of hydroxy
acetylenic acids with pyridine and its methyl derivatives (a-, -
and y-picolines), which occurs at room temperature in the
absence of catalysts and solvents, leads to the formation of
(Z)-cyanomethylidene-1,3-oxazolidino[3,2-a]-1,2-dihydropyr-
idines 41 in high yield. The latter compounds serve as the
reactive building blocks in the fine organic synthesis, the
promising biologically active compounds and polydentate
ligands for the design of metal-complex catalysts.!”?

RZ
=~ | 20-25°C
R3 + R! =—CN >
N \
N OH
= = [/ E
R3 R3 R3
N >
N N N o
— — —
NC._~ R! NC._~ o~ NC%R’
D 2 1 2 1 3
0 R R™ R a R

R! = R? = Me, R!'—R? = (CHy)s; R3 = H, 2-Me, 3-Me, 4-Me.
Later, this reaction was extended to the functional pyridine

derivatives 180184 and  I-substituted benzimidazoles.!#>
Hence, this is a general reaction. It was used for the syntheses

of oxazolidinoginolines 42,'8! bis(oxazolidino)quinoxalines
e

R! R
1) "
\ T
e} N o
NC.__~ )

R NC__~ )
R! R
2 R!

43

CN

CN ‘
‘\ N~

N
OH Q o ®
e N o) R! R2 1‘\1
_ R2 1,

R 44 45

43,81 substituted (oxazolidinopyridinyl)piperidines 44,'83
oxazolidinobenzimidazoles 45.185

IV. Acetylene- and allene-derived carbanions

In the past decade, a considerable contribution was made to the
chemistry of carbanions of the acetylene and allene
seties. 186192

The functionalisation of the pyrroloacetylene dianion with
trimethylchlorosilane and chalcogens afforded 2-trimethyl-
silyl-1-trimethylsilylethynylpyrrole, pyrrolo[2,1-b]thiazole
and the hitherto unknown fused heterocyclic systems, namely,
pyrrolo[2,1-b]selenazole and pyrrolo[2,1-b]tellurazole.!8¢

@\SiMe_q

Me;SiCl h
— SiMe3
| L)
Li N Y

X =Ss,Se, Te; Y =S, Se, Te.

A direct reaction of elemental phosphorus with the acety-
lenide ions generated from acetylenes under the action of a
strong base served as the basis of a new convenient approach to
the formation of the Cyq,—P bond and the synthesis of
acetylenic phosphines 46 and 47, the promising monomers,
reagents, intermediates and ligands for the production of
effective metal-complex catalysts, which were difficult to
synthesise. 87, 188,190

NH; (liquid) (or THF
Py(P,)+ RIC=CM 3 (liquid) (or THF)

R2X
—> RIC=CPM,; + (R'IC=C),PM ——>
—> RIC=CPR} + (R!C=C),PR?
46 47

R! = Alk, Ph; R? = Alk; M = Li, Na; X = Br, Cl.

A new direction in the organic and organomettalic
chemistry has been developed. This concerns the low-tem-
perature reactions of carbanions derived from alkynes and
allenes with isothiocyanates.”- 18%-191.192 Based on these reac-
tions, new convenient approaches to the synthesis of funda-
mental heterocyclic systems, namely, derivatives of pyrrole,
pyridine, quinoline and thiophene, were developed.!89- 191204
Thus the copper salt-catalysed cyclisation of azatrienes 48
produced 1-alkyl-3-methoxy-2-methylthiopyrroles 49 and
their isomers, 2,3-dihydropyridines 50 in the total yield of 80%.

OMe OMe

— OMe
:gi Cu(1) U\ AN
SMe —» + R2
/ N SMe ~

N R N7 SMe
2
R A

48 R! 49 50
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Azatrienes 48 are easily formed from 1-lithio-1-methoxy-
allene (51) and alkyl thiocyanates 52.189.191-193,203

OMe
OMe R i _
==  +r= — AN
Li N=+=s N o
51 52 <

R!,R? = Alk.

V. New reactions involving pyrrole

The systematic elaboration of acetylene reactions with ketox-
imes (the Trofimov reaction) made accessible a virtually
unlimited series of substituted pyrroles, which served as a new
impetus for further development of the chemistry of pyrrole
compounds.”- 30,32~ 34,37,39-46,129,205-208 AJthough the discus-
sion of pyrroles is beyond the frames of this review, we,
nonetheless, decided to discuss several new reactions involving
these compounds.

1. Ambident pyrrole anions in the synthesis of alkyl pyrrole-
2-dithiocarboxylates

A method was developed for the synthesis of alkyl pyrrole-
2-dithiocarboxylates 53 by the pyrrole reaction with carbon
disulfide and alkyl halides at room temperature in the super-
basic system KOH - DMSQ.209-211

RZ

/Z@ KOH-DMSO
Rl
N

H

R2 R2
— / \ > B _ ﬁ»
R! RN
N N
RZ
R2
Q 3
. Rlﬂ A
N R! \
PN NS
STS H
RZ
RZ
3
N Rl \
g S

S//kSR’
53 (44% —71%)
R! = Me, Ph; R? = H, Me; R! —R? = (CHy)4;

R? = Et, Bu, CH,=CHCHa,.

In the presence of substituents in both a-positions of the
pyrrole ring, pyrrole-3-carbodithioates S4a—g are exclusively
formed in yields of 36% —61%.212

S Compound R! R? R3

R2 \ SR3 54a Me H Et
54b Me Me Et

] / A\ S4c (CHa)s Et
R N~ Me 54d (CHa)s Bu
H S4e Ph H Et
S54a-g 54f 2-furyl H Et

54g 2-thienyl H Et

2. Synthesis of functional 2- and 3-vinylpyrroles

A simple, general and reliable approach to the synthesis of 2-
(55) and 3-(1-alkylthio-2-cyanovinyl)pyrroles (56) has been
found, which is based on the reaction of pyrrole-2- (53) and
pyrrole-3-carbodithioates (54) with nitriles containing an
active methylene function (with malononitrile and cyanoacet-

amide) followed by alkylation of the intermediate thio-
late.39-40.213-216

RZ
gr3 () XCHxCN, KOH - DMSO
/\ @ RY
R! \ >
N S
H 53
RZ
SR4
— / \ . + R3S~
Rl
E CN
55 X

R' = Me, Ph; R2 = H, Me; R' —R2 = (CHa)g;
R3, R* = Alk; X = CN, CONH..

R4S CN
(1) XCH.CN, KOH-DMSO ~ R? —
@) R4 X
> |\ + R3S—
R! N Me
H 56

R! = Me, Ph, 2-furyl, 2-thienyl; R? = H, Me;
R!—R2 = (CHy)g; R3, R* = Alk; X = CN, CONH,.

3. Cyclisation of functionally substituted 2-vinylpyrroles

to 3H-pyrrolizin-3-ones and 3 H-iminopyrrolizines

On heating (55-100 °C) in the system KOH-DMSO, the
functionally substituted 2-vinylpyrroles 57 undergo intramo-
lecular cyclisation to form earlier unknown 3H-pyrrolizin-
3-ones 58.217-218

R2 R
7\ SR® K OH-DMSO / A\
" \ ———— R ) SR3
N X
CO,Et O// X
57 58

R! = Ph, R? = H; R! —R? = (CHa)4; R? = Alk;
X = CN, COMe, CO-Et.

By the example of 2-[(alkylthio)cyanovinyl]pyrroles 55, it
was shown that cyclisation in the system Et;N — MeOH leads to
3H-iminopyrrolizines 59.218-219

R2

/A

EGN-MeOH  R'™T Sy SR?
- >

/i
V4
HN X
59

R! = Ph, R? = H; R! —R? = (CH»)4; R? = Alk; X = CN, CONH,.

4. Nucleophilic substitution of an amino group for the
alkylthio group in 3H-pyrrolizin-3-ones

Under mild conditions (20—-25 °C, 15 min), 3H-pyrrolizin-
3-ones 58 react quickly and quantitatively with secondary
amines to form aminopyrrolizin-3-ones.?!8
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R2 R2
/ \ / \
R! N / SR?® HNR4R’-MeOH R! N NR“R?
VA 4
O S8 X O X

R! = Ph, R? = H; R —R? = (CH,)4; R*-R® = Alk;
X = CN, CONH;, COEt.

A similar exchange was observed for 3-imino-4,5,6,7-tetra-
hydrocyclohexa[c]-3 H-pyrrolizines.2!? =222

5. Enols of the pyrrole series

On treatment with NaOH, the alkylthio group in 2-[(alkyl-
thio)cyanovinyl]pyrroles 55 is easily (40—45 °C, 1 h) displaced
by a hydroxyde ion to form stable enols, namely, 2-(1-hydroxy-
2-cyanovinyl)pyrroles 60 in the yield of up to 90%.%23

R2

OH
~OH, McOH /N

— > RI
55 R N \

60H NC

+ ~SR?
X

R! = Me, Ph; R?2 = H, Me; R!'—R? = (CHy)4; R? = Alk;
X = CN, CONH..

This reaction opened up a new way to the new class of
stable enols with pyrrole substituents, which are the promising
subjects for studying the fundamental problems of reactivity,
the theory of chemical bonds, the electron transfer in con-
jugated systems, the hydrogen bond and tautomerism. The
synthesised enols are also highly reactive building blocks for
targeted synthesis of new medicinal drugs and materials.

On heating, enols 61 are rearranged into 3-isomers 62. This
is the first example of the migration of a functional substituent
from the o- to B-position in the pyrrole ring.??*

R2 HO CN
NP e N
w Yev Ty T
E/Ie CN R!
NC N
61 Me 62

R!'=R?=H; R'—R2 = (CHa)a.

Obviously, the easy migration of the enol fragment is due to the
enhanced acidity of the hydroxyl function (the effect of two
strong electron-withdrawing CN groups in the conjugated

R
A5

system) and the sensitivity of the pyrrole ring with respect to
protonation.??*

6. 2-Arylazo-1-vinylpyrroles

To extend the synthetic potential of 1-vinylpyrroles and assess
the relative reactivity of the vinyl group and the pyrrole ring
with respect to different cations, the reaction of 1-vinylpyrroles
with aryldiazonium salts was studied. The use of this reaction
made possible a highly efficient synthesis of 2-arylazo-1-vinyl-
pyrroles 63,22%:226 which are promising compounds for the
development of electrochromic devices, optical switches and
materials for non-linear optics.

N S

—H"*,0-5°C
R! = H: R? = H, Me, Ph, 4-MeOC¢Hy, 2-furyl, 2-thienyl;
R'— R2 = (CH2)4; R3 = H, BI‘, MC, OEt, NOz, 4-N2C6H4 .

Based on 2-arylazo-1-vinylpyrroles, coloured polymers
were synthesised as well as palladium complexes, which are
promising catalysts of cross-coupling reactions.??3

7. 1-Vinylpyrrole-2-carbaldehydes

The efficient formylation of N-vinylpyrroles was carried out
under mild conditions (0—20 °C) according to the modified
Vilsmeier — Haack reaction to produce a new, previously
unknown class of functional pyrroles, namely, 1-vinylpyrrole-
2-carbaldehydes 64.227

R2 RZ
1/Z/—\> DMF - POCl; 1 /\ //0
RN RT Sy 4
N

N

R?2 = H: R! = Me, Ph; R' —R? = (CH»)a.

64 (~90%)

The simultaneous presence of two reactive groups (vinyl and
aldehyde) in vinylpyrrolecarbaldehydes 64 makes them prom-
ising reagents for the fine organic synthesis.??8

VI. The use of acetylenes in the synthesis of
phosphines and phosphine chalcogenides

A new approach to the formation of the C— P bond, which was
discovered by the example of the reaction of phenylacetylene
with elemental phosphorus, has been systematically devel-
oped.3>116-119.229 Thig approach is based on the use of
phosphorus-centred anions generated from elemental phos-
phorus in heterogeneous superbasic media such as
KOH —-DMSO or KOH — H»>0O - organic solvent — phase-trans-
fer catalyst. These studies allowed the commercially manufac-
tured electrophiles to be directly phosphorylated with
elemental phosphorus (or with a phosphine generated from
phosphorus) and also the highly efficient syntheses of phos-
phines and phosphine chalcogenides.?3°~24° The thus obtained
primary and secondary phosphines and phosphine chalcoge-
nides are the promising PH-addends for the addition to multi-
ple bonds.

1. Nucleophilic addition of primary and secondary
phosphines to acetylenes

Superbases proved to be good catalysts for the vinylation of
phosphines under the action of aryl- and hetarylacetylenes.
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At 60 °C and atmospheric pressure, the reaction is stereo-
selective to afford Z,Z,Z-isomers of tristyrylphosphine (26)

and its analogues 65a—d in the yields of up to 80%.36-117.119,
240-243

R (\R

__ KOH-HMPT P

PH; + R 60°C, Tam ]
R

26, 65a—d

R = Ph (26), 4-FC¢H4 (65a), 2-Py (65b), 2-furyl (65c¢), 2-thienyl (65d).

Primary alkyl- and arylphosphines add to phenylacetylene
in the system KOH-DMSO (60 °C, 1-4 h) to form Z,Z-
isomers of distyrylphosphines 66.244

_ KOH- DMSO 'L%Ph

P
\R

RPH, + Ph

66
R = n-C¢H,3, Ph(CH,),, PhCH(Me)CHo.

An activated alkyne [cyano(phenyl)acetylene] reacts with
alkylphosphines under mild conditions (KOH —dioxane,
20—-22 °C) to form either secondary (compound 67) or tertiary
(compounds 68) phosphines in the Z-configuration (yield
70% —91%) depending on the rectant ratio.>*

cN R CN CN
\ Ph—=——CN 2Ph—=—CN |
P - RPH, - » P~
H KOH —dioxane KOH —dioxane
Ph Ph  Ph
67 68
R = Alk.

It was experimentally proved (based on the EPR and UV
spectroscopic data) that the reaction proceeds through a single-
electron transfer.?4>

Secondary phosphines readily react with cyano(phe-
nyl)acetylene in the absence of catalysts to form monoadducts
69 preferentially in the Z-configuration.?#® According to the
results of EPR and UV spectroscopic studies, this reaction also
involves the single-electron transfer stage.?#°

RoPH + Ph—=—

R>P CN
o Y=/

Ph 69
R = Ph(CH,)>, PhCH(Me)CHo>.
Based on the reaction of secondary phophines with
4-hydroxy-4-methylpent-2-ynonitrile, a convenient, efficient
and stereo-controlled method for the synthesis of functionally

substituted tertiary phosphines 70 containing hydroxyl and
nitrile groups has been developed.?43-247

R,P CN

Me
R-PH + Me } = CN —
OH

THFE
20-25°C  Me

Me OH 70

R = Bu, Ph(CHz)z, Z-Py(CHz)z.

2. Nucleophilic addition of primary and secondary phosphine
chalcogenides to acetylenes

Secondary phosphine oxides 71 [X = O, R! = Ph(CH»),], 72
(X =0, R!'=Ph) and phosphine sulfides 73 [X =S,
R! = Ph(CH,),] react virtually quantitatively with methylace-
tylene (74) (R?> = H, R? = Me) 2*® and cyano(phenyl)acetylene
(75) (R? = Ph, R3 = CN)2* in the presence of superbases
KOH-DMSO (Ref. 248) or KOH—-THF (Ref. 249) to form
phosphine oxides 76, 77 and phosphine sulfide 78 containing
chiral carbon centres.

2 X R!
R! X R! R N
N, R s KOH DMSO TN N
— R —
N\ or KOH-THF /P\ R!
R! H 74,7 R! x R3
71-73 76-78
Compound X R! R? R3
76 0 Ph(CH2)2 H Me
77 O Ph Ph CN
78 S Ph(CH»» Ph CN

Compounds 76 —78 are the promising intermediates for the
synthesis of optically active phosphine ligands, which are
widely used in the catalytic stereospecific synthesis.

I N/
M Et M Et . : _ Si
e\si/ e\Si/ Me—Si—= ‘Sl =—Si—Me Me.__ ‘/1 N _Me
\\\ M \\\ M / Me \ Si Sl\
MC\S./ Ny Me\s./ N/ Me—Si—Me Me—si—Me  Me \‘\ | Me
/‘\/1\ /‘\/\ N M/ Ve Me
M N Z WM M N Z W™ Si Si
¢ s e e s e Mef‘Si _ :Si _ ‘SifMe Me™ \Si/ e
Me/ Me Me/ Me Me Et Me —/ \Me
79 80 81 82
Me M Me | " M
c (¢ (¢ c
i sic” Sgi—=—sil”
/ \ v =/ \ —
Messi—=— Si—=SiMe; MessiT S sl\/ “SiMes
Me \ / Me \ / Me
Sj—=—si Sj—=—si
Me/‘ ‘ \Me Me/‘ ‘ \Me
Me e Me e
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VII. Acetylene derivatives of silicon
and germanium

M G Voronkov and co-workers have developed the synthetic
approaches to macrocyclic silaalkynes 2°0—273 and silicon-and-
chalcogen-containing heterocyclic compounds.?74-277

1. Synthesis of acetylene- and silicon-containing macrocycles
Based on the condensation reaction of the bromomagnesio
derivatives of dimethyldiethynyl- and methyl(vinyl)diethynyl-
silane, bis(dimethylethynylsilyl)ethyne, dimethylbis(dimethyl-
ethynylsilylethynyl)silane, ezc. with dialkyl-, ethyl(methyl)-,
methyl(trimethylsilylethynyl)- and methyl(2-trimethylsilylvi-
nyl)dichlorosilanes, a general method of synthesis of methyl-
organylcyclosilaalkynes 79—-84 (MeRSiC=C), (n=4-98)
containing exocyclic substituents (R =H, Me, Et,
CH,=CH, MesSiC=C, MesSiCH=CH) was devel-
oped.257-259.261.263

12-Membered cyclosilacthyne 85 of the propellane type
was synthesised by the reaction of 1,1-bis(bromomagnesio-
ethynyl)silacyclopentane  with 1,1-dichlorosilacyclopen-

tane.26>
Sl

// \\
QSI(C =CMgBr), + QSxClz CSI 1@
\ /
Sl
J

Spiromacrocyclic polysilaalkynes 86 and 87 were synthes-
ised by the condensation of bromomagnesio derivatives
of dialkylbis(dimethylethynylsilylethynyl)silane with silicon
tetrachloride.?%4

2 RoSi(C=CSiMe;C=CMgBr), + SiCl; —>

Me\Si/Me Me\ / Me
R / \ / \\
—> >Si Si
Si Si
Me/ \Me / \ Me

86, 87
R = Me (86), Et (87).

The (E)-1,2-bis(bromomagnesioethynyldimethylsilyl)-
ethene reaction with 1,2-bis(methyldichlorosilyl)ethane pro-
duced an unusual macrobiocyclic compound 88, which
contained both unsaturated and saturated endocyclic groups
(SiC =CSi, SICH=CHSIi, SiCH,CH>Si).27°

I\‘Ae
Me—Si———MgBr Me
> f T
+ SiCl, —>
{ Clsi™ >0
e*‘Si =—MgBr
Me
1\‘/Ie 1\‘/16 1\‘/Ie
Me—Si Si Si—Me
— I
Me—Si ‘Si = ‘SI*MC
Me Me Me
88

2. New five-membered silicon-and-chalcogen-containing
heterocycles

New unsaturated heterocycles of the fulvene (compounds
89-91) or cyclopentene (compound 92) types, which contain
silicon, selenium and tellurium atoms, were synthesised from
dimethyldiethynylsilane and selenium and tellurium tetraha-
lides under mild conditions (20—25 °C, CHClI3) in good or
moderate yields.274~277

Me Me Me Me
Cl. N \ /
Si
89
Me\ /Me Me\ /Me
Cl_si Bro si gy
| \[ >S/Br
Se
/ Br
a 91 Cl 92

3. Silicon- and germanium-containing acetylene aldehydes
The reactivity of 3-(trimethylsilyl)- (93, X = MesSi) and
3-(triethylgermyl)prop-2-ynals (94, X = Et3Ge), which are
easily prepared by the oxidation of the corresponding 3-trime-
thylsilyl- and 3-(triethylgermyl)prop-2-ynols 278285 with the
activated system MnO,—SiO, 28 or pyridinium chlorochro-
mate 287 under microwave radiation in the absence of a solvent,
was studied. Being ambident 1,3-biselectrophiles, propynals 93
and 94 react with nucleophiles chemoselectively involving the
triple bond, the carbonyl group or both reaction centres.288 298

By the example of secondary phosphine chalcogenides, it
was shown that the chemoselective addition of P-centred
nucleophiles to the carbonyl groups in propynals 93 and 94
can efficiently proceed under mild conditions (10—-50 °C,
THF, without catalyst) to afford earlier unknown multifunc-
tional chiral tertiary phosphine chalcogenides 95—101 con-
taining ethynyl and hydroxyl functions.?°9-296

HO
H

Y (R U s R

X—== < * //P\/\ 10-50 °C =Z //P\/\
H Y R X Y R

93,94 95-101
Compound X Y R Compound X Y R
95 SiMe; O Ph 99 GeEts O  Ph
96 SiMe; O 2-Py 100 GeEts S Ph
97 SiMe; S Ph 101 GeEts; Se Ph
98 SiMe; Se Ph

The reactions of propynals 93 and 94 with ethylenediamine
and 1H-1,2,4-triazol-3-ylamine to afford the corresponding

\//N

H2N/\/NHZ
—
CH,Cl,, —15t0 20 °C ~
o /\ N
NH
v 2 X 102, 103
X——————X . 214\& N
93, 94 N’ N—¢
H Q \N
THF, 20 °C -
H
104, 105

X = Me3Si (93, 102, 104), Et;Ge (94, 103, 105).
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bis(azomethines) 102, 103 and triazolylaldimines 104, 105 also
involve the carbonyl group.?°’

Azomethines 106, 107 and their cyclisation products,
namely, 1,3-thiazolidines 108, 109, were prepared from propy-
nals 93, 94 and 2-aminoethanethiol.297

/O HaN/\/SH

X—— >
H
93,94 u
N N
s X—— S+ X%< j
106,107 1S 108,109 S

X = MesSi (93, 106, 108), Et3Ge (94, 107, 109).

Under microwave radiation (420 W, 12 min), the reaction can
be directed to the exclusive formation of heterocycles 108,
109.2°7

By the example of the same propynals, the possibility of
using acetylenic aldehydes in the Biginelli reaction was dem-
onstrated. Thus, on refluxing with urea and ethyl acetoacetate
in methanol in the presence of HCI (5 mol %), polyfunctional
tetrahydropyrimidines 110 and 111 were obtained in high
yields.??8

(6] H>N NH, EtO Me
1
X%</ . T . \H/\H/ L
i o) o O

MeOH

N
N

O
110, 111

X = Me3Si (93, 110), Et:Ge (94, 111).

The use of LiClO4 (20 mol %) instead of HCI led to the
selective formation of the Knoevenagel adducts, i.e., ethyl
2-acetyl-5-(trimethylsilyl)- and ethyl 2-acetyl-5-(triethylger-
myl)pent-2-en-4-ynoates.??3

Under the conditions of the Baylis—Hillman reaction
(TiCly, MesS), propynals 93 and 94 react with 1-phenylprop-
2-yn-1-one to form 3-hydroxy-1-phenyl-2-[(Z,E)-chlorome-
thylydene]-5-X-pent-4-yn-1-ones 112, 113.289

0 i
— [ TiCls, Me>S, CH,Cl,
XT\ + % 3
93,94 H
OH O
— %
X
H cl
112,113

X = MesSi (93, 112), Et;Ge (94, 113).

Regiospecific 1,3-dipolar cycloaddition of trimethylsilyl
azide involves the triple bond of propynal 93 and produces
4-trimethylsilyl-1 H-1,2,3-triazole-5-carbaldehyde (114).292

MesSi =0
MesSi—= //O+M SiNy —ePh o
e 1T\H IS 5995 °C N. _NH
N

93
114

By the example of propynal 93, unusual cascade assembling
of new multifunctional heterocyclic compounds were
developed. Thus under microwave radiation, the propynal 93
reacts with 2-aminopyridine in the system Bu'OH-H,O-—
4-MeCsH4SO3H (5 mol %) to produce N-(2-pyridinyl)-2-(tri-
methoxylylethynyl)-1,2-dihydropyridine-3,5-dicarbaldehyde
(115) in the yield of 75%.2°3 In the presence of a basic catalyst
[5 mol % of diazabicyclooctane (DABCO)] and trace amounts
of water, propynal 93 is quantitatively trimerised to 4-tri-
methylsilylethynyl-4 H-pyran-3,5-dicarbaldehyde (116).2°5

SiMes

DABCO, HxO (traces) O?%AO
O
11

6
A 07 o
N7 >~
% N

Bu'OH - H,0-4-MeCcH4SO3H
MesSi SN

=

93 —

115

VIII. New acetylene-based technologies

New modifications of classical acetylene reactions made it
possible to develop simple and commercially feasible methods
of the synthesis of unique monomers and intermediates that
were implemented in laboratory and in pilot plants.?? As a
result, commercially feasible technologies were developed for
the synthesis of pentaerythritol tetravinyl ether (9),33-299-301
ethylene glycol glycidyl vinyl ether (117) (‘Vinylox®),33,302.303
2-vinyloxyethyl methacrylate (118),33-304.305  potassium
(sodium) N-[2-(vinyloxy)ethyl]dithiocarbamate (biocide ‘Vin-
ditat’) (119),33-39¢ divinyl sulfide (120),2%-111-397 divinyl sulf-
oxide (121),308.309 tetrahydroindole (122) and N-vinyltetra-
hydroindole (123).30-32,310,311

O Me
LA
o 07 N \[)%
117 18 o

1my S
Dy 0o
N N
H
7
New effective methods were developed for the preparation
of certain other valuable monomers and intermediates,
namely, methyl vinyl and ethyl vinyl ethers,3'?>~314 propargyl
alcohol,?®-315  N-vinylcarbazole,33316.317  3.methylbut-1-yn-
3-01,318:319  [-ethynylcyclohexanol,?'® dehydrolinalool 33320
and other acetylenic alcohols and their derivatives.*3
Based on the developed technologies, ethylene glycol
monovinyl ether (2-vinyloxyethanol),?® 33 2-methyl-1,3-dioxo-
lane divinyl ether,?®.33.43 diethylene glycol 28-33-160 and etha-
nolamine vinyl ether (2-vinyloxyethylamine)3'432! were
produced on a pilot scale (‘Karbid’, Temirtau).

122 123
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IX. Conclusion

In this review, the progress in the studies on several classical
acetylene reactions in the past 10— 15 is surveyed, although it is
evident that certain new modifications of these reactions rely
on the achievements of earlier decades. From this review, it is
evident that the interest in many directions developed by the
Favorsky school is quickened. First of all, this concerns the
field of base-catalysed reactions of vinylation, ethynylation
and prototropic migration of a triple bond through the allene
and diene structures. The systematic use of superbasic catalysts
and the development of a concept of superbasicity made it
possible to develop new, in principle, versions of the classical
Favorsky reactions and convert them into more efficient and
practically feasible synthetic methods. New processes that
employ acetylene at the atmospheric or reduced pressure were
carried out on the experimental and commercial scales (the
vinylation of alcohols, glycols, glycerol, pentaerythritol, car-
bazole and ethanolamines; the preparation of divinyl sulfide;
the synthesis of acetaldehyde via vinyl ethers).*3

Together with the development of classical reactions, new
base-catalysed reactions of acetylene, which are genetically
linked to their classical prototypes, were discovered. These are
the vinylation of sulfur, selenium, tellurium and phosphorus,
the hydrative trimerisation of acetylene (vinylation of water),
the synthesis of pyrroles and N-vinylpyrroles from ketones and
acetylene via ketoximes, ezc.*? These reactions substantially
extend the synthetic potential of acetylene.

Methods for the synthesis of macrocyclic silaalkynes that
utilise the corresponding sodium and bromomagnesio deriva-
tives of acetylene (the Iotsich complexes) were developed.
Based on bis(ethynylsilanes), new unsaturated heterocyclic
compounds that contain silicon and chalcogen atoms in their
rings were prepared. Chemistry of silicon and germanium-
containing acetylenic aldehydes has been developed further.

Some of these directions have a considerable effect on the
development of the chemistry of acetylene all over the world,
although, naturally, hardly embrace the whole vast field of
chemistry of compounds with triple carbon—carbon bonds.
The best studies carried out within the scope listed above are
actively cited and many research groups successfully explore
these directions.

The studies on the modification of classical acetylene
reactions are in progress. In addition to superbases (KOBu')
conventionally used in the synthesis of acetylenic alcohols (e.g.,
from ferrocenylacetylene 322), the current attention is focused
on the alkynol synthesis (the addition of acetylenes to the
C=0 bond) in the presence of either metal complexes partic-
ularly those with chiral ligands (the asymmetric version of the
Favorsky reaction),??3-326 or zinc salts and organozinc com-
pounds,*?7 triphenylphosphine,??® organic catalysts.??° The
recently published review 330 is devoted to alkynylation of
chiral aldehydes (including those with alkoxy, amino and thio
groups) under the action of metal acetylides.

The addition of amines to a triple bond successfully
employs the catalysis with metal complexes.33!~33¢ Recently,
the addition of hydroselenides and diselenides to acetylenes in
the presence of InBr; was accomplished.?3”

Superbases (KOH-DMSO,338 KOBu!-THF,33*
KOH - THF 3%%) are successfully used in the synthesis of
amides of the allene series and the corresponding propargyl
compounds. The base-catalysed acetylene—allene isomerisa-
tion (acetylene ‘zipper’), which employs lithium 2-aminoethyl-
amide, is the easy way for the synthesis of 1,3-alkadiynes and
their internal isomers.34!

It should be stressed that the metal-complex catalysis now
becomes the main trend in the modification of classical
acetylene reactions and opens up new horizons in the tradi-

tional chemistry of acetylene;3#?> however, its discussion is
beyond the scope of this review.

The popularity of chemistry of acetylene increases, which is
associated with the progressive extension of the use of acety-
lenic compounds in the organic synthesis, particularly, in the
synthesis of medicinal drugs (e.g., enediyne antibiotics),?*3
optoelectronic materials,>*#~34¢ molecular machines and
other nanostructured objects,?”-347 including porphyrins with
acetylene bonds.

The authors hope that this review will help a wide circle of
chemists and technologists in solving the topical problems of
the organic synthesis and modern technologies based on the
use of acetylene and its derivatives.
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