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Abstract — Results of the research into reactions of o,-acetylenic acids and their derivatives with hydrogen
sulfide and thiols are summarized. The addition direction and stereochemistry depend on whether there is an
activating group at the triple bond, as well as on the structure of the thiol. The reactions not infrequently
provide not only monothiylation products, but complete with intramolecular cyclization yielding polyfunctional

heterocyclic compounds.
. INTRODUCTION

a,B-Acetylenic acids and their derivatives are ty-
pical representatives of activated acetylenes which
serve as synthetic precursors of a great number of
biologically important compounds, such as leucotri-
enes, eicosanoids and their antagonists, ascorbic,
penicillic, lenicillic, and tetrolic acids, etc.). The
carboxy group at the triple bonds much enhances the
electrophilicity of the latter, thus favoring facile
nucleophilic addition, as well as [4p+ 2p]-cycloaddi-
tion reactions [1-3].

General synthetic approaches to acetylenic acids
and their derivatives have presently rather well de-
veloped [4], which allows much room for progress in
this field of fine organic synthesis. The accessibility
of a,B-acetylenic acids makes them convenient start-
ing materials for synthesis of new types of organic
sulfur compounds.

Reactivity studies on acetylenes [5, 6] and sulfur
compounds [7-10] have been systematized and sum-
marized in the monographs [11-13] and reviews
[14-16]. However, no comprehensive reviews con-
cerning reactions of a,B-acetylenic acids and their
derivatives with hydrogen sulfide and thiols have so
far been available.

1. REACTIONS WITH HYDROGEN SULFIDE

Hydrogen sulfide underoges a fairly facile nucleo-
philic addition to the unsaturated bonds C=C, C=C,
and C=0 [7, 10]. The reactivity of acetylenes depends
on the donor power of the reagent and on the nature
of the substituent at the triple bond [2]. Haefliger and
Peterzilka showed [17] that propiolic acid (1) and its
esters || [R' = Me (a), Et (b)] regioselectively react

with H,S under nucleophilic addition conditions
(ether, Et3N, 0°C, 3 h) to give (E,E)-divinyl sulfides
[, 1V in yields of up to 53%.

S/—HNCOOR'

R-=-COOR —2 tN
3!
I, 11 \=yycoor
1, 1V
R=H; R =H (I, I, Me (I, 1V).

However, more recenty Dallas et al. [18] estab-
lished that the stereochemical result of base-catalyzed
additions of H,Sto ester I1a at 20°C can be varied by
varying solvent polarity. As arule, increasing solvent
polarity increased reaction yield (MeOH, >90%) and
fraction of Z,Z isomers (~34%). The reactions in CCl,
or benzene in the presence of N-methylmorpholine
(~1%) gave a mixture of E,E, E,Z, and Z,Z isomers
(68:23:9), implying violation of the trans-addition
rule. At the same time, isomerization was not excluded.
By contrast, acid | (R = H) reacted with H,Sin liquid
ammonia or secondary amine media, forming am-
monium salts of (Z,Z)-bis(2-carboxyvinyl) sulfide (V,
V1) in 81% vyield [19]. Salts V, VI are readily hyd-
rolyzed to give acid 11 whose treatment with MeO,C
results in formation of ester 1V with retention of the
Z,Z configuration.

|RNH _HS o NH,00¢/ ™ 'S \COONH,R,
2
V, VI

H*, MeOH

H*, H,0O ,
2 M1 AV

R = H (V), Et (V).
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Salts V, IV were also obtained from acid | (R = H)
and CS, in liquid ammonia by the following scheme.

CS, + NHz —> H4Klé(S)NH2%)3CS> (HaN),S,

—\F2IN)2
| + SC(SNH, —> 0,C7 ™ \SC(S)NH,

~ N ,c/ \s v,
—(HZN)ZCS

|+ (HoN),S— sy,

Both procedures provide good yields of sdtsV, VI,
which allows the latter to be used in various syntheses
and polymerization.

By varying conditions of H,S addition to ester I1a
one can radically vary the reaction direction. For
example, Eisner and Krishnarmuthy [20] observed an
unusual cyclization in reactions of H,S with ester |1a
and dimethyl acetylenedicarboxylate (VIla) in the
presence of aromatic aldehydes and BF; etherate. The
referees proposed a mechanism of these reactions,
involving formation of dithiol VII1 and its self-cycliza-
tion into dithiol IX. The subsequent addition of the
latter to ester 1 X or Vlla followed by cyclization into
1,3-dithiines Xa-Xd in nearly quantitative isolable
yields [19].

Ar

Ar
ArCHO + HyS—— Ar(SH), — \r
VI SH SH

R:II/SYAr X

87
Et,O-BF3 MeO,C H~’<SQBF
3
Ar

SH
R Ar
— + S\l/
MeO,C S

Ar

R—=-COOMe

R Ar
_H* | SWS/
MeO,C
Ph

Xa-Xd
R = H, COOMe; Ar = Ph, p-MeCgH,, p-CICgH,.

An dlternative scheme of formation of 1,3-dithiine
Xa (R =H, Ar = Ph) can be proposed, involving H,S
addition to ester lla to form (E,E)-divinyl disulfide
(1V), in view of the fact that sulfide IV reacts with
benzaldehyde in benzene (BF;- Et,0, ~80°C, 24 h),
affording 1,3-dithiine Xa in 35% yield. Heating
(185°C) of 1,3-dithiine Xb (R = COOMe, Ar = Ph)
induces its isomerization into dimethyl 3,4-dihydro-
3,4-diphenyl-1,2-dithiine-5,6-dicarboxylate.

Skvortsov et al. [21] reported an unexpected cyc-
lization of nitriles of acetylenic a-hydroxy acids Xl
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RZ
RH%Y + NaS-9H,0
OH
XI, XI1

RZ

KOH , p1 tCCN
N—CN

X111, 77%
_ | 2
R Y

R]_M_

o, S

RZ
H,O
} O R!
Z

XIVa-XIvd, XVa, XVb

R! = R2 = Me (a); R! = Me, R? = Et (b); R = Mg, R?
t-Bu (c); RY, R? = (CH,)5 (d). Y = CN (XI); Y =CN, Z
NH (XIV); Y = Ar = COOMe (XI1); Y = COOMe, Z =
(XV).

O

into 2,3-bis(cyanomethylene)oxetanes XI11 under the
action of sodium sulfide (dioxane, KOH). In the
absence of alkai (H,O, 20°C), nitriles XI and esters
X1l form spirocyclic lactones, 1,7-dioxa-8-imino-
2,2,6,6-tetraal kyl-3-cyanomethylene-4-thiaspiro[4.4] -
nonanes XlVa-XIVd and 1,7-dioxa-3-methoxycar-
bonylmethylene-2,2,6,6-tetraal kyl-4-thiaspiro[4.4]-
nonan-8-ones XVa and XVb, respectively, in yields
of up to 92% [22-27]. Presumably, the reactions
involve formation of (Z,2)-divinyl sulfide XVI whose
one hydroxy group adds across the remote double
bond to form oxathiolane XV1I, whereas the second
reacts with the carboxy or cyano group, closing the
spirocyclic system.

N, — Xty xv
R

AN
Yuo R!
)
XVII

This cyclization opens up a facile route to pre-
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viously unknown functionally substituted spirocycliic
compounds [28].

1. ADDITION OF ALKANE-
AND ARENETHIOLS

Truce [9] thoroughly examined reactions of thiols
with acetylenes under nucleophilic addition condition.
They are most frequently catalyzed by bases and
adhere to the trans-addition rule. The results of these
reactions were theoretically substantiated [5] and
generalized in the monograph [2, 7]. Acid | (R = H)
was initially proposed to undergo cis-addition [29].
However, more recently it was established that the
addition is largely trans and forms Z isomers but they
can convert into E isomers under the reaction condi-
tions [30]. Under mild nucleophilic addition condi-
tions (liquid ammonia, —-33°C) activated acetylenes
readily react with thiols and take up one or two thiol
molecules, depending on the nature of the activating
group [31, 32].

1 2

RL_ R? HSR® R _ R

~ liquidNH;  R3g H
I, X1, XII, XXI, XX,
XVI-XX XXV, XXVI

— (R39),CRICH,R?2
XXI, XXV,
XXVII

R! = H, R? = COOMe (lla); R! = (Me),COH, R? = CN
(X1); Rt = (Me),COH, R? = COOMe (XII); Rt = H, R? =
CN (XVII1); Rt = Ph, R? = CN (XIX); R = R? = NH,CO
(XX); Rl = H, R = COOMe, R® = Et (XXI, XXIl); Rt =
(Me),COH, R? = COOMe, R® = Alk (XXIII); Rt = H,
R? = CN, R® = Et (XXIV); R! = (Me),COH, R? = CN,
R3 = Pr (XXV); Rt = Ph, R? = CN, R® = Pr (XXVI); Rl =
R? = NH,CO, R® = Et (XXVII).

The carboxy group (ester I1a), being a strong elec-
tron acceptor, activates the triple bond and leads to
formation of (2)-vinyl sulfide XXI, as well as di-
adduct XXII. By varying the reagent ratio, one can
encourage the reaction to form compoud XXI or com-
pound XXI1 (yields 99 and 93%, respectively. Methyl
3-hydroxy-3-methyl-2-pentynoate (Xlla) in liquid
NH; regio- and stereospecifically reacts with thiols
(R® = AIk), affording (2)-3-alkylsulfanyl-2-pen-
tenoates XXIII [32]. The cyano group in cyano-
acetylene XVIII even stronger enhances the electro-
philicity of the triple bond, thus favoring addition of
two thiol molecules to form thioaceta XXIV. The
activating effect of the cyano group in substituted
cyanoacetylenes X1 [R! = (Me),COH] and XIX (R!=

Ph) is attenuated, which results in formation of vinyl
sulfides XXV, XXVI in high yields. Unlike sub-
stituted acetylenes X1, XIX, acetylenedicarboxamide
XX under the same conditions takes up 2 mol of thiol
and converts into 2,2-bis(ethylsulfanyl)succinamide
(XXVII) in 81% vyield [31].

Thiylation of acid | (R = H) in liquid NH; is a
preparative method of synthesis of ammonium 3-(al-
kylsulfanyl)-2-propenoic acids XXVIII [33].

The basicity of ammonia not only favor dissolution
of proton-donor compounds but aso formation of
ammonium salts with both acid | (R = H) and thiols.
Such salts in ammonia solutions apparently exist as
tight ion pairs and free ions. Therewith, the thiolate
ion acquires enhanced reactivity, since it is only
weakly solvated by ammonia molecules, and it attacks
the B-carbon atom of the triple bond, forming salts
XXVIla-XXVllle of Z configuration. The salts were
neutralized with 40% HCI to obtain (2)-3-alkylsul-
fanyl-2-propenoic acids XXIX.

| +RSH G ianks RS COONH,

XXVIla-XXVllle

H*, H,0 __
— > RS COONH,
XXI Xa-XXIXe

R = Et (a), Bu (b), CgH3 (c), CgH17 (d), CyoHys (€).

The patents [34-36] reported the preparation of al-
kai and alkaine-earth metal salts of 3-alkyl(aryl)sul-
fanyl2-propenoic acids XXVIII is agueous-alkaline
medium in yields of up to 93%. The interest in such
salts, as well as their oxidation products (sulfones and
sulfoxides) is explained by the fact that many of them
exhibit surfactant properties [33, 36, 37], biological
activity [38, 39], and can find application in per-
fumery [40].

Recently Trofimov and Shainyan [41] synthesized
dithioacetals XXII by adding of 2 mol of thiols to
ester lla in the presence of tributylphosphine (THF,
20°C, 24 h), yield ~79%. Therewith, it was noted that
dithioacetals XXII are important intermediates in
organic synthesis.

As far back as 1959, Truce et al. [29] obtained
from sodium phenylpropiolate | (R = Ph) and p-
toluenethiol a mixture of (2)- and (E)-3-phenyl-3-(p-
tolylsulfanyl)-2-propenoic acids (XXIX). However,
later Raistekene et al. [42] showed that the ionic
addition of thiophenol to acid | (R = Ph) and its
methyl ester and anilide (MeOH, Na, N,, 20°C) re-
sults in regioselective formation of (Z)-3-phenyl-3-
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-BugP
RS

R = Ph, CH,Ph, (CH,),.

phenylsulfanyl-2-propenoic acod and its derivatives
XXX in 65-70% yields [42]. Under the same condi-
tions, phenylmethanethiol forms a mixture of the Z
and E isomers of 3-benzylsulfanyl-3-phenyl-2-pro-
penoic acid derivatives XXXI in a total yield of 85-
90% (Z:E ratios 65:35 and 75:25 for ester and
anilide, respectively).

H

fy COX
XXXa-XXXc, XXXIb, XXXlc

Ph
Ph—-COX + RSH — —

R = Ph (XXX), CH,Ph (XXXI); X = OH (a), OMe (b),
NHPh (c).

Spectral [43] and kinetic [44] monitoring of addi-
tions of substituted thiophenols and thionaphthols to
various propiolic acid esters (NaOEt-EtOH, -30 to
35°C) gave evidence for the nucleophilic nature of
these reactions and their high regio- and stereoselec-

ROOC

VII, Vila + \@ SN >—‘\
pXC5H4S

XXXV

v HOOC—=-COOH

H N H*

COOR X COOR X
T O
—~S” "COOR

XXXVI
X = H, Mg, Cl,

XXXVIII
NO,; R = H, Me,

tivity. Certain of them afforded 5:1 to 10:1 Z/E
mixtures. It was noted that electron-acceptor substi-
tuents on the benzene ring of the thiol make it less
reactive. Acid | (R = H), too, readily takes up phe-
nylmethanethiol in methanol (MeONa, 0°C, N,
30 min) to give (Z)-3-benzylsulfanyl-2-propenoic acid
in 88% yield [17]. The same acid and its esters as
ZIE mixtures were also obtained by the action of
NaHS or Na,S (H,0, 0°C, N,, 5h) onacid | (R = H)
and esters 11 followed by treatment with benzyl
bromide.

Acid VIl and its esters Vlla, VIIb take up sodium
salts of thiols in aqueous acoholic media by thetrans-
scheme to form sulfanylfumarates XXXII whose
hydrolysis gives fumaric acids XXXIII [45, 46].

ROOC
VII, Vlla, VIIb + RSNa—— —

RS  COOR
XXXI1, 80-85%
HOOC
H*, H,0
% —_—
RS COOR
XXXI111

R = Me, Et; R = Alk, Ar.

Reactions of para-substituted thiophenols (X = Me,
Cl, NO,) with acid VIl and ester VlIla provide evi-
dence for a mechanism involving formation of anion
XXXV which, depending on the substituent in the
thiophenol, temperature, and solvent, converts either
into vinyl sulfides XXXV or, via intermediate
XXXVI, to benzo[b]thiophenes XXXVIII [47]. The
yield of thiophene XXXVIIIl (X = H, R = Me) in the
same conditions (35°C, 14 days) varies with solvent
(29, 14, 18, and 36% in ethyl acetate, dioxane, toluene,
and acetic acid, respectively).

X ROOZ]\
1 |

XXXV

—

COOR

S~ "COOR
XXXVII

S~ "COOR
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The mechanism is initially ionic, as judged from
the fact that in ethyl acetate in the presence of benzoyl
peroxide or hydroquinone the rates and yields are
amost the same. The intermediacy of 1,2-dihydro-
benzo[b]thiophene XXXVII is absolutely excluded,
since heating of vinyl sulfide XXXV (X = H, R = Meg)
in ethyl acetate in the presence of ester VIla produces
no cyclization products. It was also noted that the re-
action in ethyl acetate (20°C, 5 days) results in ex-
clusive formation of thiophenes XXXVIII (yield
16 %), but with p-nitrothiophenol no thiophene forma-

tion is observed. In other conditions (MeOH, ~65°C),
a mixture of (E)-vinyl sulfides XXXV and thiophenes
XXXVIIl was obtained.

Brooke [48] has studied nucleophilic additions
(THF, —70 to —-65°C) to lithium pentaflurophenolate to
esters I1b and VIIb and ethyl ester of acid | (R = Ph).
The reactions might be expected to involve an (E)-
carbanion as a common intermediate, which, depend-
ing on the starting acetylene and conditions, converts
either into (2)- and (E)-vinyl sulfides XL or into tetra-
fluorobenzo[b]thiophenes XLI.

b, VIIb, | (R = Ph) + CaFeSLi — >=—\ >_
( s CeFsS COOEt CeFsS W COOEt

XXXIX XL
E A F
(1) H2S0,;
F COOEt o F
I — I

F SR F S

F F

XLI XLI1

R = H, COOEt, Ph.

With ester 11b in THF (70 to —-25°C), a mixture
of the Z and E isomers of vinyl sulfide XL was ob-
tained (yields 69 and 10%, respectively). By contrast,
the reaction of ether VIIb with C4F;SLi affords thio-
phene XL| (R = COOEt) exclusively (yield 74%). (E)-
Carbanion XXXIX is considered to convert into the
Z isomer which cyclizes into the corresponding benzo-
[b]thiophene via nucleophilic substitution of fluorine.
The reaction of ethyl ester of acid I (R = Ph) with
CgFsSLi in THF at 65°C provides both thiophene XL |
(R = Ph) in 72% yield and a mixture (~5%) of (2)-

(1) NaOH;
(2) H*, H,0
R=-COOH ———

XL I

and (E)-vinyl sulfides XL (R = Ph). Hydrolysis and
decarboxylation of thiophene XL| (R = COOEt) gives
4,5,6,7-tetrafluorobenzo[b]thiophene (XLII).

3-Sulfanylindoles XLI111 react with 3-akyl(aryl)-
propynoic acids | (R = Alk, Ar) in 1 N NaOH (95°C,
1 h) to form 3-(3-indolylsulfanyl)-2-propenocic acids
XLIV. Under the action of 10% polyphosphoric acid
in AcOH (20°C, 65 h) the latter convert into thio-
pyrano[3,2-b]indol-4(5H)-ones XLV  which are
applied in treatment of stenocardia [49].

O

R COOH XLV

R = H, Me, Ph: Rl = R? = Alk.

The addition of tricarbonyl[3-methyl-4(5)-sulfanyl-
cyclopentadienelmanganese to acid | (R = H) in basic
medium (0.2 N Na,COs,) results in formation of com-
pound XLVI whose treatment with oxalyl chloride

(~20°C, 3 h) followed by heating with polyphosphoric
acid provides compound XLVII [50].

Acid | (R =H), esterslla and I1b, and diacid VII
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o,3-ACETYLENIC ACIDS AND THEIR DERIVATIVES

IR

Mn cOOH Mn

I~ /|\
ocC (|:OCO OC~ L0
XLVI XLVII

in neutral medium (alcohol, 75-80°C, 2-5 h) react
with 2-sulfanylbenzothiazole (XL VI11), yielding cor-
responding derivatives of 3-(2-benzothiazolylsulfa-
nyl)-2-propenoic XLIX and 3-(2-benzothiazolylsul-
fanyl)fumaric (L) acids (R = COOH) [51].

As shown by Mal’kina et al. [32], cyanoacetylene
XVII1 readily takes up akanethiolsin liquid ammonia.
Nitrile XVII1 could be reacted with thiophenol in
methanol (NaOH, 10°C) to obtain 3-phenylsulfanyl-2-
propenenitrile in 75% yield. Murahashi et al. [52]

N
I lla, b, VII + ©\_SJ»SH

XLVIILI
N
—>
Jo_ oo
R H

XLIX, L

R = H, Me, Et; R = H, COOH.
R
SH

LI

LI

355

prepared  3,3-bis(phenylsulfanyl)propionitrile  under
the same conditions with excess thiophenol. In the
presence of sodium p-toluenethiolate, nitrile XVIII
forms  (2)-3-p-tolylsulfanyl-2-propenenitrile  exclu-
sively (yield ~100%) [53, 54], whereas with tert-
bytanethiol (Et,O, Et;N, —15°C), the Z isomer is a
major product [55]. 2-Propenethiol very slowly adds
to nitrile XVII1 in the absence of catalysts, whereas
in the presence of sodium methylate the reaction is
accelerated and gives a mixture of (Z)- and (E)-3-
allylsulfanyl-2-propenenitriles in 46% yield [56].
Under the same conditions, 2-propenethiol reacts with
nitrile LI (R = Cl, Et,N), giving Claisen rearrange-
ment products, such as LII.

R;CN + HS——
SL
— >—< )—< /=

LIl
R = Cl, EtN.

Welle and Brandsma [57] found that 2-propynethiol
adds to cyanoacetylenes L1 (R = Alk) in HMPT. The
reaction occurs exothermally in the absence of catalysts
and produces (2)-3-akyl-3-(2-propynylsulfanyl)-2-
propenenitriles L111 in 86-93% yields. When heated,
these nitriles undergo sigmatropic rearrangement to
form 2H-thiopyranes LIV or cyanothiophenes LV.

S|I|con oil
\ﬁﬁCN 180°C R
" Me

LIV, 63-86%
H
~
QS
NG
R
LV, 40-68%

—>
(i-Pr),NH, 180°C

R = H, Me, Et, n-Pr, n-Bu.

Nitrile LI (R = Me) with EtSH or PhSH forms (2)-
3-ethylsulfanyl- or (Z)-3-phenylsulfanyl-2-butenenitri-
les like L1111 (yield 95-98%) under nucleophilic addi-
tion conditions [58].

Nosyreva et al. [59] showed that thiazole XLVIII
regio- and stereospecifically reacts with 3-phenyl-

cyanoacetylene (XIX) (dioxane, 7 wt% KOH, 20-
25°C, 9 h), affording (Z)-3-(2-benzothiazolylsulfanyl)-
3-phenyl-2-propenenitrile (LVI) (yield 88%).

2-, 5, and 8-Sulfanylquinolines (LVIla-LVllIc)
regio- and stereospecifically react with nitrile X1X in
the presence of KOH (10 wt %) to form (2)-3-phenyl-
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Ph—=-CN + ©\_3}SH—) @\_S}MCN

XLVIII

3-[2(5,8)-quinonIsulfanyl]-2-propenenitriIes
(LVIHa-LVIllc) in 79, 47, and 75% yields,
respectively [60].

R CN
RSH + XIX —> __
LVila-LVllc Ph H
LVIlla-LVIllc

/ /
N N
@ (C).
o
N

Andriyankova et al. [61] found that 2- and 4-sul-
fanylpyridines, too, regio- and stereospecifically react
with nitrile X1 X in the presence of KOH (10 wt %) in
dioxane, providing (2)-3-phenyl-3-[2(4)-pyridylsul-
fanyl]-2-propenenitriles in 64 and 34% yields, res-
pectively.

Recently Trofimov et al. [25, 26] have studied re-
actions of hydroxyacetylenic nitriles X1 and acids X1 1
with thiols. The reactions of nitriles X1 with thiols in
the presence of Et;N occur in regio- and stereospe-
cific fashions in protic (alcohols) and aprotic (di-
oxane) solvents (20-25°C, Et3N, 1-2 h), resulting in
quantitative formation of (Z)-3-(organylsulfanyl)-2-
alkenenitriles LIX [62, 63].

VOLKOQV,

VOLKOVA

R3 CN
X|Jf§19
ELN ~ R2./— H

RY "OH
LIXa-LIXn

R3
HZO —
R/ N\~ RZ%:NH

RY O \\N_ R™ O
K* LXa-LXc, LXg

R3S
KOH

—
—H,0

R!= R?= Me, R® = Et (a), i-Pr (b), n-Bu (c), nC5H11(d)

cﬁng (e), N-Cy,Hos (f), Ph (@), CHoPh (h); Rt = Me, R?=

Et, R° = Et (i), IPr(J) n-Bu (k) CgHy3 (1), Ph (m); Rt =
Me, R? = i-Bu, R® = i-Pr (n).

Nitriles LIX in the presence of large quantities
(30 wt%) of KOH in absolute dioxane undergo iso-
metrization into the E isomers and cyclize to form
2,5-dihydro-2-iminofurans LX. On treatment with
conc. HNO3 or HCI (EtOH, 20-50°C, 3-5 h) the latter
quantitatively convert into the corresponding salts
[64].

Dihydroiminofurans LX present interest for phar-
macology and also can be used to form a chain com-
prising dihydroiminofuran units [26].

The reaction direction of thiazole XLVIII with
nitriles Xla, Xld depends strongly on the catalyst
(Et3N, 1,4-diazabicyclo[2.2.2]octane, LiOH), solvent
(dioxane, ethanol, acetonitrile), and starting reactant
ratio. The reaction fails in the absence of catalysts. In
the presence of Et;N (4-6 wt%, dioxane, 20-25°C,
15 h), thiazole XLVIII regio- and stereospecifically
reacts with nitriles Xla, XId (reagent molar ratio 1: 1),
giving (Z)-4-alkyl-3-(2-benzothiazolylsulfanyl)-4-
hydroxy-2-alkenenitriles L X1a, LXId in 40 and 51%
yields, respectively [59].

XLVIII +Xla, XId—)@ + @\_J\M? Me ¥ ©\_J
dioxane CN S
i ( ST s TNO" " Me 570
OH NC

H
R
LXla, LXId

LXlIla LXI1

R! = R? = Me (a), R, R? = (CH,)s (d).

In the presence of 1,4-diazabicyclo[2.2.2]octane
(LXIla) (1.3 wt%, dioxane, 20-25°C, 17 h), the re-
action of nitrile Xla with compound XLVIII pro-
duces a mixture of nitrile LXla and 2-(2-cyanome-

thyl-5-cyanomethylene-3,3,6,6-tetramethyl-1,4-oxa-
thian- 2 -yl)sulfanylbenzothiazole (LXlla) in a 1:6
ratio (*H NMR data). Furthermore, benzothiazol-2-one
(LXI111) was isolated. In the presenceof LiOH (6 wt %,
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NC
LXlIVa

S

OMe

LXVa

et ?@f IeuiS s

CN
LXVla

dioxane or acetonltnle 20-25°C, 4-10 h), the reaction
mixture, by 'H NMR data, contained, along with oxa-
thiane LXIla, 1,3-oxathiolane LXIVa, bis(6-cyano-
methyl-3-cyanomethylene-2,2,5,5-tetramethyl-1,4-oxa
thian-6-yl) disulfide (L XVa), big[1-(2-cyanomethyl-4-
cyanomethylene-5,5-dimethyl-1,3-oxathiolan-2-yl)-1-
methylethyl] disulfide (LXVIa), di(benzothiazol-2-yl)

LXVII
disulfide (LXVII), and thiazolone LXVIII.

Quinoline LVIla react with nitrile Xla in an unex-
pected fashion, yielding 1,3-oxathiolane LXVI1I11 [65].
In addition, the reaction mixture contains an isomer of
the latter, oxathiane LXIX, as well as 2-hydroxy-
quinoline [66].

LXVIII

In the presence of LiOH (5 wt%, dioxane, ethanol,

20-25°C, ~30 h), the reaction products are thiolane

LXVIIl and oxathiane LXIX (tota yield 729%).

These structures could only be distinguished by spec-

tra methods (COSY, HMBC).

—z+—S MCN

O /
/ o Me

Intermediate L X1 cleaves to form thiirane A whose
reaction with the second quinoline LVIla molecule
affords compound B. The latter adds to the second

S mCN
— E N “Lion
A
= Me Me
Xl
75 @:\g\ JWCN

LXIX

Compounds LXVIII and LXIX are presumably

formed via addition of the thiol to the B-carbon atom
of the triple bond in Xla to give an adduct like L XI
and its subsequent transformations.

LVIIa \ Me Me

S/g(mnCN

—> LXVIII
MeMe

OH

NC

nitrile X1a molecule, leading to intermediate C which
undergoes intramolecular cyclization and converts
into oxathiolane LXVIIIl. Oxathiane LXIX, too, is

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.74 No.3 2004



358

formed via adduct L XI whose subsequent isomeriza-
tion gives rise to compound D. Intramolecular pro-

LXIl— | |~ "HO| |
N Me—Me
NG o
- D

The reaction direction is also much affected by the
structure of nitrile X1 and temperature. For example,
the reaction of 3-(1-hydroxycyclohexyl)-2-propyne-
nitrile (X1d) with quinoline LVI1la in the presence of
LiOH (5-10 wt%, 20-25°C, 30 h) selectively pro-
vides 2-cyanomethyl-4-cyanomethylene-2-[1-(2-qui-
nolylsulfanyl)cyclohexyl]-1-oxa-3-thia-spiro[4.5]de-
cane (LXX), yield 36% [67].

e
o X
Xld + LVI1a-22¢, @\/J\ _
N
NC O
LXX

The same reaction at a higher temperature (5-
10 wt% LiOH, 50-60°C, 20 h) results in selective
assembling of another structural isomer, 8-cyano-
methyl-16-cyanomethylene-7-oxa 15-thia-8-(2-quino-
lylsulfanyl)dispiro[5.2.5.2]hexadecane (LXXI), yield
25%.

LXXI

The probable mechanisms of formation of LXX
and LXXI are described in the review [26].

The reactions of sodium salt of quinoline LVIIc
with nitriles Xla, XIb, and XId are completed in the
stage of thiol addition to the triple bond of compound
X1, affording 4-hydroxy-3-(8-quinolylsulfanyl)-2-
akenenitriles LXXIla, LXXIlb, and LXXIId, res

VOLKQOV, VOLKOVA

cesses in the latter result in cleavage of 2-hydroxy-
quinoline to produce oxathiane LXIX.

X
S LXIX + @\/j\

-,

N> 0H

pectively, which do not further cyclize [60]. In
agueous dioxane, the same salt reacts without cate-
lysts (20-25°C, 30 h), providing adducts LXXlla,
LXXIIb, and LXXI1d in low yields (9, 32, and 33%,
respectively). In the presence of LiOH (10 wt %), the
yields of adducts are better (23, 40, and 43%). Ho-
wever, the best yields (62, 70, and 80%) were ob-
tained in water (LiOH, 20-25°C, 10 h). According to
spectral data, alkenenitrile LXXIla contains an intra
molecular hydrogen bond.

s,
N7,
S\ /H
NC\?C)QO
Me Me

LXXlla

Quinoline LVIIb quite differently behaves in re-
actions with nitriles Xla, XlIb, and Xlc [68]. In the
presence of alkali (MOH, M = Li, Na, K) in dioxane
(20-25°C, 30 h), these reactions unexpectedly provide
3,3-di(5-quinolylsulfanyl)-2-propenenitrile (L XXI11),
yield 60%.

LXXII

R! = R? = Me (a), R' = Me, R>= Et (b), RY, R? = (CH,)s
(d); M = Li, Na, K.

By following the reaction progress by ESR [68]
Trofimov et al. obtained evidence to state that addi-
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tion of the bulky sulfanylquinolyl anion anion to the
triple bond in nitriles Xla, Xlb, Xld, rather than
giving an adduct carbocation, stops on the electron-
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transfer stage giving radical anion A. Consecutive
recombinations of the latter lead finally to compound
LXXIII.

N/ \ R? Fliz N/ \
= R—4=CN| _,RLC =
S OH o S=-CN
/ -
R2 N N LVII
Rl S=CN

Thus, reactions of quinolines LVIla-LVIlc with
nitriles X1 open up new possibilities for synthesis of
functionally substituted compounds of the quinoline
series. Nitriles Xla, Xlb, XId can take up 2- and
4-sulfanylpyridines in mild conditions (20-25°C, tri-
ethylamine, 8-20 h) to form hydroxy-3-[2(4)-pyridyl-
sulfanyl]-2-alkenenitriles of Z configuration in 77—
96% vyields [61]. Therewith, unlike (2)-3-organyl-
sulfanyl-2-alkenenitriles L1X, the S-adducts show no
tendency for isomerization (30 wt% KOH, dioxane,
20-25°C, 20 h) and cyclization into 2,5-dihydroimino-
furans LX.

Generally, the fina products and stereochemistry
of thiol addition to o,B-acetylenic acids and their deri-
vatives depend on whether there are activating groups
a the triple bond, on the nature of the thiol and
solvent, as well as on reaction conditions.

Acid | (R = H) reacts with phenylmethanethiol [69]
in the presence of benzoyl peroxide (3%, 80°C,
0.75 h), with ethanethiol [70] (UV irradiation,
2 weeks), and with cyclohexanethiol [71] (70-100°C,
1 h), forming sulfides XXIX in 47, 28, and 48%
yields, respectively.

Volkova et al. [72] have studied the behavior of
acid | (R = H) mixed with thiols in the light and in
the dark, as well as in the presence of hydroquinone
and azodiisobutyronitrile (AIBN). To bring reaction to
completion, the mixture was left to stand at 20°C for
20 days and more. Mixtures of (2)- and (E)-sulfides

EtS=-COOEt + EtS —— j/—

EtS

XXVI (R = Et, Pr, Bu, CgH;3, CgH;7, CioH,5) were
always obtained in 82-94% yields. Hydroquinone was
insufficiently effective to suppress formation of thiyl
radicals, since reaction took place. By contrast, AIBN
accelerated reaction and increased the fraction of the
E isomer. In the absence of hydroquinone and AIBN,
a radical reaction took place, resulting in preferential
formation of the Z isomer. With time, however,
dynamic equilibrium with a 1:1 ratio of the Z and E
isomers was attained. The initial prevalence of the Z
isomer can be explained by the fact that aradica of Z
configuration faster abstract hydrogen from thiols [2].
The phenylthiyl radical similarly adds to acids | (R =
H, Me) and ester I1a [73] in the presence of benzoyl
peroxide. With acid | (R = Ph) and its ethyl ester, the
phenylthiyl radical in the presence of benzoyl per-
oxide attacks the -carbon atom of the triple bond to
form 3-phenyl-2-phenylsulfanyl-2-propenoic acid and
its ester. Rasteikene et al. obtained the same Z-sul-
fides in yields of 65-90% (MeOH, O,, 20°C) [42].
The above observation suggests that the direction of
addition of the phenylthiyl radical is determined by
the stability of the intermediate radical, which de-
creases in the following order R = Ph > COOH ~
COOEt > Me, Et , where R is substituent at the triple
bond [73].

Bonnema and Arens [74] proposed a scheme of the
reaction of ethyl 3-(ethylsulfanyl)propiolate with
ethanethiol in the presence of AIBN (benzene, 50°C,
UV, 15 h).

COOEt H COOEt

> —
EtS SEt
58%

SEt
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IV. REACTIONS WITH SULFANYLKETONES
AND THIOACIDS

Many addition reactions of thiols containing
functional groups are of preparative value, since their
subsequent cyclization gives rise to heterocyclic

HSCH,R?

R—-COOR!
00 LXXIV-LXXVI

2cH2

compounds. Thus, esters I1a, Vlla readily react (ben-
zene, MeONa, N,) with thioglycolic esters. The
subsequent Dickmann cyclization opens up the way
to 3hydroxyth|ophenes LXXVIIl (R = H, R?
COOMe (a); R = R? = COOMe (b)] [75]; yleld
~30%.

JIWCOOR!
H
/ R?CH, § oom

LXXVII
HMCOORl

H
R/\R2

LXXVIII

Rlooc

LXMX

R = H, Me, Ph, p-NO,CgHa, COOMe; R = Me, Et; R? = COOMe(Et), COMe, Ij .
o)

Under the same conditions, linear products L XXV
might have been formed but could not be isolated. In
the presence of piperidine, the reaction is completed
by the addition of two thioacid molecules to esters
Ila, Vlla. Bohimann and Bresinsky [76] found that,
depending on conditions, either protonation of inter-
mediate anion A to form adduct LXXVII, followed
by cyclization into thiophene LXXVIII or direct
attack of the enolate ion by the carbonyl group to
form thiohene LXXIX occur. Thus, in mild condi-
tions, from ester I1b and thicester LXXIV (R? =
COOMe) in the presence of t-BuOK, a mixture of the
E and Z isomers of LXXVII (R = H) is formed in 50
and 33% vyields, respectively, as well as thiophene
LXXIX (R =H) in 8% yield. In the presence of mole
quantltles of t-BuOK, thiophene LXXVIII (R = H,
R? = COOMe) rather than thiophene L XXIX was iso-
lated. Esters of substituted acids | (R = Me, Ph, p-
NO,CgH,) behave in asimilar way. It was also shown
[76] that the addition of sulfanylketones LXXV,
LXXVI to esters of acids | (R = H, Me, Ph) under
the action of proton donors can occur both by the cis-
and trans-scheme, forming thioesters L XXVII whose
cyclization gives rise to thiophenes LXXVIII and
LXXIX.

Acid VII takes up aiphatic thioacids in agqueous-
alcoholic medium in the presence of akali metals,
providing (E)-thioesters LXXVII in 78-85% yields
[45]. From ester |1a and thioglycolamide, too, alinear
product, (E)-1-(carbamoylmethylsulfanyl)-2-methoxy-
carbonylethene (acetonitrile, 60°C, yield 85%) [77].
In the presence of Et;N and AcOH, a 1:2 Z/E mixture
was obtained (yield 95%).

Thioesters LXXVII were obtained in high yields
by prolonged heating (20°C, 2-5 days) of mixtures of
acid | (R = H) with thioglycolic, thlolactlc or o-sul-
fanylbenzoic acids [78]. According to *H NMR data,
the fraction of the E isomer in thioester LXXVII
(R = H, R = Me, R? = COOMe) is 92%, whereas
thioesters of lactic and o-benzoic acid are largely Z
isomers.

The reaction of ester Vlla with o-sulfanylbenzoic
acid in alcohol gives rise to an S-monoadduct like
LXXVII with a fumaric acid configuration (yield
58%) [79, 80].

Owen and Sultanova [69] have described the reac-
tions of acid | (R = H) and ester Ila with thioacetic
acid, yielding a mixture of (2)- and (E)-3-acetylsul-
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fanyl-2-propenoic acids and their esters, as well as a
diadduct. The addition of AcSH to acid VII (}*C) in
ethyl acetate gave diadduct L XXX whose successive
treatment with NaOH and HCI resulted in preparation
of 2,3-disulfanylsuccinic (**C) acid (LXXXI) [81].

AcS

COOH
VII(**C) + AcSH —> HOOC

SAc
LXXX, 81%
HS

COOH

— HOOC

SH
LXXXI, 90%

Guy et al. reacted acid VII with thiols HSCH,-
CH2R (R = "NHMeCI~, SO;Na, COOH) to obtain a
diastereomeric mixture of compounds LXXX [82].

Substituted o-sulfanylbenzamides react with esters
I1a, Vllain solvents in the presence of basic catalysts,
affording substituted benzo-1,3-thiazin-4-ones
LXXXIT, LXXXII1 [79, 80]. These compounds are
interesting in that they are capable to affect the central
nervous system.

R O]

N-R!
S)—CH2COOM e

LXXXII
R O]

NH
@EL COOMe

CH,COOMe
LXXXI11

V. REACTIONS WITH BINUCLEOPHILES

Reactions with g-aminothiols. Aminothiols, being
S,N-difunctional nucleophiles, can enter chemical re-
actions involving both the NH, and SH groups and
thus are perspective starting materials for heterocyclic
synthesis. Combining acidic and basic properties in
one molecule, these compounds can exist as internal
salts (zwitter ions). By varying the pH of the medium
one can make the anmonium salt HSCH,CH,"NH; to
convert via “SCH,CH,"NH; into the free base "SCH,,-
CH,NH, [83]. The results of Mushkalo [84, 85],
Cabag [86], and Ried [87] establish that the HS
group of diphatic and aromatic o-aminothiols is more
active in nucleophilic addition to activated triple

bonds. These results are nicely consistent with the
relative acidities of the HS and NH, groups in amino-
thiols [83]. Thus, Friedman et al. [88] showed that
the HS™ anion is 280 times more active that R?N".
Therefore, proton abstraction in -sulfanylethylamine
occurs exclusively from the HS group. For example,
B-aminothiols [NH,, NEt,, N(CH,CH,),0O] readily
react with acid | (R = H) in mild conditions (liquid
NH;, —33°C), forming a mixture of (E)- and (2)-3-
alkylsulfanyl-2-propenoic acids XXVI (~1:1) in 91-
99% yields [89]. With B-sulfanylethylamine, cycliza-
tion products would be expected, but they were not
found. Apparently, zwitter ion formation prevents
cyclization. The reaction of -sulfanylethylamine with
ester Vlla (ether, 10-20°C) produces a mixture of
vinyl sulfide XXXI1 and heterocycle LXXXIV [84].

SH
[ +Vlla
NH,
HoN COOMe
MeOOC
- _ el
N—&
H Ycoome N—4
H
XXX, 21% LXXXIV, 21%

o-Aminothiophenol  with  N-methyl-o-aminothio-
phenol more readily condense with acids | (R = H,
Me, Ph) in ether to give benzohepta-1,5-thiazine de-
rivatives LXXVa, LXXVDb. Thiazine LXXXVa
undergoes isomerization into an unstable hydroxy
derivative LXXXVI during experiment or on handling

[84, 90, 91].
NG
RIHN
R R
-~ =0
N—& N=
o) OH
Y

LXXXVI

| (R=H, Me, Ph) +

LXXXVa, LXXXVb
R = H (yield 33%), Me (yield 44%), Ph (yield 29%); R =
H (a), Me (b).

The structure of 1,5-thiazine LXXXVa was con-
firmed by spectral data [92]. Thiazines LXXXV were
found to act as antidepressants [90].

Aminothiophenols also readily react with acid V11
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and its ester, providing benzo-1,4-thiazin-3-one de-
rivatives LXXXVII in high yields (91-98%) [93].

N N X COOR
|
R R

LXXXVII LXXXVIII

However, lwanami [94] contends that in acoholic
medium at 20°C o-aminophenol with ester VIla forms
not only thiazinone LXXXVIIl but aso its isomer
benzo-1,4-thiazin-2-one LXXXVIIIl. More recently
Kalbag et al. [86] gave convincing evidence to show
that the major reaction product between o-aminothio-
phenol with ester Vlla is benzo-1,4-thiazinone
LXXXVII rather than LXXXVIII. Further evidence
for structure LXXXVII is provided by its reactions
(hydrogenation, reactions with P,Ss, primary amines,
and ammonia) [95].

Reactions with SO- and SS-nucleophiles. 2-Sul-
fanylethanol was reacted with equimolar amount of
ester Vlla with ice cooling to obtain (2-dimethyl
2-(hydroxyethylsulfanyl)fumarate (L XXXIX). Cycli-
zation of the latter under the action of sodium hydride
in absolute toluene (46°C, 0.75 h) gave 1,3-oxathio-
lane XC [96].

HS
Vila +
OH
MeOOC S—/_OH
Y
H COOMe

LXXXIX

NaH [ o)

MeOOC” “CH,COOMe
XC, 66%

Vinyl sulfide LXXXIX was oxidized (50% H,0O,)
into the corresponding sulfone.

o-Sulfanylphenol racts with ester Ila (DMSO,
t-BuOK, 80-100°C), giving a mixture of (Z)- and (E)-
vinyl sulfides XCI (1:4) and 2-(methoxycarbonyl-
methyl)-1,3-benzoxathiolane (XCII) [76].

Esters Ila, IIb react with equimolar amount of
2-sulfanylethanol (CHCl;, K,COg, 60°C) to form

VOLKQOV, VOLKOVA

HS_
lla + /@
HO
S\=\

i COOMe
OH

XCl, 44% (E), 11% (2)

. ©[5><CH2COOMe
H

o
XCII, 40%

—>

vinyl sulfide XCIII which is presumably partialy
cyclizes into 1,3-oxathiolane XCIV [97].

OH
EMeooc! \5)/

XCIIl1, 59%

N

—

H 7 CH,COOMe(EY)
XClV, 12%

Acid | (R = H) regioselectively reacts by the HS
group with 2-sulfanylethanol and 2-sulfanylpropane-
2,3-diol in the absence of solvents at 20°C, affording
a 1:1 mixture of the Z and E isomers of sulfides
XCVa, XCVb (yield 97%) [98]. The reactions with
the same thiols in liquid NH; produce ammonium
sats XCVla, XCVIb as Z isomers.

/—3 /\
HOOC  “SCH,R, HNOOC ~ SCHgR,
XCVa, XCVb XCVla, XCVIb

R = CH,OH (a), CH(OH)CH,OH (b).

Cyanoacetylenic alcohols Xla, Xlb, Xld with
2-sulfanylethanol (1:1) react under mild conditions

HS
Xla, XIb, XId + \
OH
Rl
OH OH

Et;N Rz S/
NC

XCVlla, XCVIlb, XCVIId
Rl = R2 = Me (a); R = Me, R? = Et (b); RY, R2 =
(CHy)s (d).
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in protic (alcohol) and aprotic (dioxane) solvents to
form  3-hydroxy-2-(2-hydroxyethylsulfanyl)-3,3-di-

363

Nitriles XCVlla, XCVIIb exhibhit a peculiar be-
havior in the presence of bases. They readily cleave
thiirane (apparently, from intermediate 1,3-oxathio-

akyl-1-alkene-1-carbonitriles  XCVIla,  XCVIID,  gne A) and cydlize into 2-amino-4,5-dihydrofuran-4-
XCVIId in yields of up to 93% [99]. ones XCVIII [99, 100].
/\
S O O,
RL Rl
XCVlla, XCVIIb — CN | —— DNHZ
2 —v R? 0]
R™ \oH
A XCVIlla, XCVIlIb, 58-68%
HO Me
Xla
EtN
— Me CN
NC S/\Mg’Zﬁ
M OH
XCIX, 82%

It was also shown that monoadduct XCVIla can
add (Et3N, 45°C, 20 h) by its primary OH group to
the second nitrile Xla molecule to form bis(akene-
nitrile) XCIX.

The reactions (CHCIj, 60°C, ,,CO,) of ethane-1,2-
dithiol,  1,2-dimethyl-4,5-di(sulfanylmethyl)benzene

HS

H—=—COOMe(Et) +
‘ lla, Ilb

e

C, 76-78%

CH,SH

CH,SH

ClIl, 19%

Esters of acids | (R = Ph, 4-CIC¢H,) react with 3,4-
disulfanyltoluene (AcOH, 120°C, 4 h) to give 2-R-2-
(methoxycarbonylmethyl)-5-methyl-1,3-benzodithio-
lanes CIV, yield 40-45% [101].

Salts CV react with esters Vlla, VIIb in the pre-
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or 2,3-disulfanylquinoline with equimolar amounts of
esters I1a, 11b do not stop on monathiylation and are
completed by cyclization into 1,3-dithiolanes C, CI,
and CIII [97]. Intermediate bis(vinyl sulfide) CII was
isolated only in the case of 2,3-disulfanylquinoxaline
(DMSO, 80-90°C).

\ — E}CHZCOOMe(Et)
SH
M S,
s m )-CHzCcooMe
Me” S

Cl, 79%

S—ICOOMe

iy COOMe

N\
+ @[ I}CHZCOOMe
N/

CllIl, 34%

" CIX

Y,
R = Ph, 4-ClgH,.

R
CH,COOMe

No. 3 2004
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sence of glacial ACOH in ethanol at 20°C, providing
(E)-4,5-disubstituted 2-alkylidene-1,3-dithiolanes CVI
[102, 103]; yield up to 90%.

R SNa

Vlila, VIlb + —
NC S Na*

Cv
R COOMe(EY)
ACOH > <Z:[
[N —_—
NC COOMe(Et)
CVI
R = CN, CONH,, COOMe(Et).

The same salts CV react with methyl bromopro-
piolate in MeOH in the presence of glacia AcOH,
giving rise to methyl 2-(R,CN-methylene)-1,3-dithiol-
4-carboxylates CVI1 [104].

The nucleophilic addition of 2,3-disulfanylqui-
noxaline CVIII to nitrile XIX resulted in isolation of

@[ T exiaxia— (@E I«EA

|

The reaction of a double excess of nitrile Xla with
disodium salt of quinoxalinedithiol CVIIIl unexpec-
tedly provides 3-cyanomethylene-8-imino-2,2,6,6-
tetramethyl-1,7-dioxa-4-thiaspiro[4.4]nonane  (X1Va)
(vield 64-66 %) and 2,2'-dioxodi(quinoxaine-3-yl)-
disulfide (CX) (yield 11%) [105].

@EID

The synthesis of spirocycle XIVa is consistent with
the scheme of its formation from nitrile Xla and
sodium sulfide [25].
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