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Reviews 
Homolytic addition of dithiols to alkynes: a new approach 
to the construction of dithiacyclanes and crown thioethers 
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A novel general approach to the construction of sulfur-containing heterocyclic com- 
pounds and crown thioethers based on one-pot "assembling" of their molecules from 
c~,0~-dithiols and alkynes via homolytie cyeloaddition has been developed. 
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1. Introduction 2. Homolytic cycloaddition: general concept 

The easy homolytic cleavage of S - -H  bonds in thiols 
by the action of  oxygen, peroxides, and other initiators 
of radical reactions that results in the generation of 
highly reactive S-centered thiyI and related radicals 
accounts for the wide use of these processes in the 
synthesis of  organosulfur compounds and is the cause of  
their importance in chemistry and biology. 1 

The homolyt ic  addition of substrates with a thiol 
group to alkenes and alkynes has been studied most 
comprehensively. These reactions provided the basis for 
a general method for constructing new C--S  bonds, z -6  
Reactions of  this type have been used to carry, out both 
intermolecular  alkylation of the S atom in thiols z,3 and 
intramolecular  homolytic cyclization of alkenethiols to 
give sulfur-containing saturated heterocyclic derivatives, 
thiacyclanes. 7 In recent years, only a few new examples 
of  reactions of  this type have been reported, 8,9 despite 
the fact that  transformations involving homolytic cleav- 
age of the S - - H  bond appear quite promising for the 
synthesis of  various sulfur-containing heterocyclic com- 
pounds. 

Retrosynthetic analysis allows one to choose the 
simplest synthetic routes and to consider systematically 
the mechanisms of  known reactions, in particular,  of  
free radical processes. I~ 

According to retrosynthetic analysis, any cyclic mol-  
ecule can be "cut" at two designated bonds (a and b) 
and, hence, alkynes can be used as versatile two-carbon 
synthons for assembling cyclic systems. 11 The second 
reaction partner must contain two weak bonds, X- -Z  
and Y--Z ,  that  easily undergo homolyt ic  cleavage 
(Scheme I). 
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According to the proposed approach, homolytic cy- 
cloaddition based on intermolecutar free radical addition 
does not require preliminary, synthesis of a precursor in 
which the posi t ions of  the multiple bond and of  the 
radical center are suitable for the subsequent cyclization. 
This can be regarded as a significant advantage over 
inrramolecular homolyt ic  addition (cyclization). 

We have successfully implemented the idea of ho- 
molytic cycloaddi t ion in the synthesis of  sulfur-contain- 
ing heterocyclic compounds and crown thioethers. 

3. Synthesis of 1,3- and 1,4-dithiacyelanes 

We found tha t  alkynes 1 react with 1,2- and 
1,3-dithiots 2 under  conditions of  radical initiation by 
azobis(isobutyronitri le) (AIBN) z-3,5,6 or tr ipropylborane 
in the p re sence  o f  oxygen 12,13 accord ing  to the 
he te rocyc l iza t ion  pa t te rn  to give 1,3- and 1,4-di- 
thiacyclanes.14 The reaction of  monosubsti tuted alkynes 
l a - - f  containing alkyl substituents at the C~-C bond with 
1,2-ethanediol (2a, n = 1) or 1,3-propanedithiol (2b, 
n = 2) under the action of  the P r3B- -MeOH--O 2 sys- 
tem (oxygen is present, because exhaustive degassing has 
not been carried out) in benzene or T H F  (the ratio 
1 : 2 : Pr3B : M e O H  = 1 : 1 : 1 : 1.4)at  room tem- 
pera ture  or  in the  presence  of  A I B N  (the rat io 
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1 : 2 : AIBN = 1 : I : 0.15) with heating in benzene 
occurs regiospecifically to yield 2-substituted t ,4 -d i -  
thianes 3a - - f  (n = 1) or 1,4-dithiepanes 3g-- i  (n = 2) 
(Scheme 2, Table 1). 

The results obtained indicate that homolBic  cy- 
cloaddition giving s ix-membered 1,4-dithianes 3a,b,d is 
more efficient than similar react ions involving the same 
alkynes la ,c ,d,  and leading to seven-membered  1,4-di- 
thiepanes 3g--i .  In the series o f  1,4-dithianes, the yield 
of  the product of heterocyclization markedly increases 
on going from 2-alkyl-substi tuted derivatives 3a,b to 
2-hydroxymethyl-1,4-dithiane 3e and its analogs 3fl,e. A 
similar  regulari ty is also observed in the case of  
tA-di thiepanes  3g--i .  Both init iators used in this reac- 
tion, the Pr3B--O~--MeOH system and AIBN, are vir- 
tually equally efficient in heterocyclization_ An advan- 
tage of the system based on Pr3B is that  the reaction can 
be conducted at room temperature,  whereas the reaction 
in the presence of  AIBN requires refluxing in benzene at 
~80 ~ The presence of  Pr3B is necessary for the 
reaction; when air is bubbled through a mixture of  ld ,  
2a, and MeOH in benzene, no 1,4-dithiane 3d is formed. 
The yield of  1,4-dithianes increases somewhat when 
T H F  is used as the solvent instead of  benzene. 

A functional group at tached directly to the C~-C 
bond can exert crucial effects on  the direction of  the 
addition to this bond and on the structure of the result- 
ing dithiacyclane. For  example ,  when compound 2a 
reacts with ethyl propiolate l g  (R = CO2Et) in the 
presence of the Pr3B--O2- -MeOH system, 1,2-addit ion 
at the C~-C bond to give 2-e thoxycarbonyl-1 ,4-di th iane  
3j occurs in parallel with 1 , l -addi t ion ,  which yields 
isomeric 2-ethoxycarbonylmethyl-1,3-di thiolane;  the ra- 

COOEt 
R --'~ C4H 9 (a,g), C6H13 (b), CH2OH (c,h), CMezOH (d,i), It 

CH2OTHP (THP ----- 2-tetrahydropyranyl) (e), CH2Cl (f). 

In = Pr3B-- -O2~MeOH or AIBN 

Table 1. Synthesis of t,4-dithiacyclanes 3 14 

Scheme 3 

l g  
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2a  3i  

Alkyne R Dithiol n Initiator Solvent Yield of 3 (%) 

la  C4H 9 2a I Pr3B--O2--MeOH Benzene 3a, 49 
lb C6H13 2a 1 AIBN Benzene 3b, 47 
lb C6HI3 2a I Pr3B--O2--MeOH Benzene 3b, 55 
Ib C6Ht3 2a 1 Pr3B--O2--MeOH THF 3b, 71 
lc CH2OH 2a I Pr3B--O2--MeOH Benzene 3c, 51 
le CH2OH 2a l Pr3B--O2--MeOH THF 3e, 67 
ld CMe2OH 2a 1 Pr3B--O2--MeOH Benzene 3d, 56 
Id CMe2OH 2a 1 AIBN Benzene 3d, 59 
ld CMe2OH 2a 1 MeOH--O 2 Benzene 3d, 0 
le  CH2OTHP 2a 1 Pr3B--O2--MeOH Benzene 3e, 48 
le CH2CI 2a 1 Pr3B--O2--MeOH Benzene 3f, 50 
la C4H 9 2b 2 Pr3B--O2--MeOH Benzene 3g, 41 
lc CH~OH 2h 2 Pr3B--O2--MeOH Benzene 3h, 56 
ld CMe2OH 2b 2 Pr3B--O2--MeOH Benzene 3i, 39 
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tio of  the products of  the competing 1,2- and l , l - a d d i -  
tions is 1 : 2.5 (Scheme 3). 

This type of addition of thiyl radicals to the same 
terminal carbon atom occurs fully selectively in the 
heterocyclization of  dithiols with phenylacetylene lh. 
The cyctoaddition is regiospecific and affords 2-benzyt- 
1,3-dithiolane 4a or 2-benzyl - l ,3-d i th iane  4b in 30--  
40% yields (Scheme 4). 

Scheme 4 
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In = Pr3B--Oz--MeOH or AIBN 

Thus, free-radical reactions of dithiols with alkynes 
can serve as a general method tbr the synthesis of five-. 
six-, and seven-membered 1,4- and 1,3-dithiacyclanes. 

The mechanism of the reactions studied is shown in 
Scheme 5. Heterocyclization initiated by AIBN is as- 
sumed to occur by the normal homolytic mechanism, 
which includes consecutive inter- and intramolecular 
addition of  thiyl radicals to mult iple bonds. 

Scheme 5 
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The pathway of cyclizat ion of thiyl radicals 8 is 
determined by the relative stabilities of  the alternative 
primary cyclic radicals, viz., c~-thioalkyl radicals A and 
;3-thioalkyl radicals B. It is clear  that in the absence of 
any additional stabilizing factors, radicals A are much 
more stable than radicals B; this apparently accounts for 
the fact that in the case where molecules l a - - f  incorpo- 
rate alkyl substituents R, the reaction occurs selectively 
as 1,2-addition to give 1,4-dithiacyclanes 3. Conversely, 
in the case of phenylacetylene lh ,  radicals B (R = Ph), 
precursors of  2-benzyl - l ,3 -d i th iacyclanes  resulting from 
l , l - add i t ion  at the C-~C bond in lh ,  are more stable. 
The reaction of ethyl propiolate  lg  is an intermediate 
case: 1,2- and l , l - add i t i ons  occur as competing pro- 
cesses. 

The above-considered scheme,  which includes the 
intermediate formation of  acyclic unsaturated thiols 7 
preceded by radicals 6, was confirmed by the identifica- 
tion of the corresponding enethiols  in the reaction of lh 
with 2b. 

Cycloaddit ion of dithiols 2 to alkynes 1 initiated by 
the Pr3B--O2--MeOH system, which has been used 
previously in the addition o f  thiots to substrates with 
multiple bonds, t3 follows apparent ly a more complex 
pathway. Tripropylbomne is known to be autooxidized 
extremely easily even when only traces of oxygen are 
present. As a result, propyl radicals are generated as a 
result of homolytic substitution at the boron atom. 12 It 
is these radicals that initiate heterocyclization by gener- 
ating thiyl radicals (Scheme 6), which add subsequently 
to the C-=C bond of  alkynes 1. 

Scheme 6 

Pr38 + 02 , Pr2BO--O" + Pr" 

Pr" + HS(CH2)nCH2SH J, PrH + HSCH2(CH2)nS" 

2 5 

Intermediate formation of organothioboron com- 
pounds via binding of  the dithiol  participating in the 
reaction, accompanied by generat ion of  alkyl radicals, is 
also quite probable, tz,ts Subsequent methanolysis of 
compound 9 results in the l iberat ion of  dithiol 2, which 
can again be involved in the reaction (Scheme 7). 

S c h e m e  7 

Pr3B + HS(CH2)nCH2SH ~. Pr2BS(CH2)nCH2SH + Pr" 

2 9 

9 + MeOH ,. Pr2BOMe + HS(CH2)nCH2SH 

2 

It was shown that the contr ibution of the pathway 
involving alcoholysis of the intermediate organothioboron 
compound is fairly large: the yield of  3b in the reaction 
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of lb  with 2a in T H F  is 69% after 1.5 h and increases to 
71% after 3 h, whereas in the absence of MeOH, the 
yield is equal to 43% after 1.5 h and does not increase 
further. 14 

In addit ion to these schemes, a certain contribution 
is probably made by the reaction pathway that involves 
intermediate format ion  of 1,3,2-dithiaboracyclanes from 
dithiols 2a,b and tripropylborane. To confirm this as- 
sumption, we studied transformations of the model 2-pro- 
py l - l ,3 ,2 -d i th iaboro lane  (10), which was specially syn- 
thesized from 2a and Pr3B, and found that l0  does react 
with an equimolar  amount  of  lb  in benzene at 20 ~ to 
give compound 3b, whose yield is 6% within 6 rain after 
the beginning of  the reaction and increases to 10--11% 
after 1.5--21 h (Scheme 8). When the reaction of 10 
with lb is carried out in the presence of  4 equiv, of  
MeOH,  the yieId of  3b is 17% after 0. l h and increases 
to 43% after 21 h. 14 

Scheme 9 
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In ---= Pr38--O2--MeOH (95 : 5) or AIBN (90 : 10) 

Scheme 8 
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Thus, in react ions of  dithiols 2 with alkynes 1, the 
P r3B- -O2- -MeOH system and AIBN act as mild radical 
initiators, whose role is to generate c0-mercaptoalkylthiyl 
radicals 5 from dithiots; these radicals add subsequently 
to the C-=C bond in alkynes 1. Dimerizat ion and poly- 
merizat ion,  which are quite typical of  thiyl radicals 
including those generated from dithiols, are largely, 
although not completely,  suppressed under the experi- 
mental  condi t ions chosen; this ensures hi~=,h selectivity 
of  the format ion of  1,4-dithiacyclanes under the condi- 
tions of  kinetic control  of  the reaction. 

4. Reaction of  dithiols with disubstituted alkynes. 
Stereochemistry of homolytic cycloaddition 

Heterocycl izat ion of  disubstituted alkynes l i - - k  con- 
taining alkyl type substituents at the C.~C bond with 
1,2-ethanediol 2a initiated by AIBN or tripropylborane 
in the presence of  O 2 or MeOH occurs stereoselectively 
to give cis-2,3-disubsti tuted 1,4-dithianes as the major 
p r o d u c t )  6 The ratio of  stereoisomers virtually does not 
depend  on the  way he t e rocyc l i za t ion  is in i t ia ted  
(Scheme 9). 

The c/s-stereoselective reaction between diphenyl- 
acetylene 11 and  2a initiated by AIBN affords unsatur- 
ated 5 ,6 -d iphenyl -2 ,3 -d ihydro- l ,4 -d i th i in  (12), along 
with cis- and trans-2,3-diphenyl-l,4-dithianes ( l l a , b ) ;  
the l l a  : l i b  : 12 ratio is 20 : 2 : 1 (according to 
IH N M R  spectra  (250 MHz)) ,  their  overall yield is 
-50% (Scheme I0). 

Scheme 10 
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The stereochemistry of the addit ion of  thiyl radicals 
to multiple bonds is known to depend on the substitu- 
ents present in the molecules of the  reacting unsaturated 
compounds and th ins ,  on the method  of generat ion of 
the radicals, and on the reaction conditions. 2,3,13,17-19 
Some reactions of this type are stereoselective; however, 
in general, there are no strict rules determining their 
stereochemistry. This is largely due to the fact that  the 
addition of thiyl radicals is reversible, z,3 Taking into 
account the foregoing, the mechanism of  the reaction 
between l i - - I  and 2a includes homolytic addi t ion of  
2-mercaptoethanethiyl  radicals 5 (n = 1) to the  triple 
bond in l i - - I  to give intermediate unsaturated thiols 
(2)-  and (E)-13a--fl .  Model experiments showed that 
the homolytic addition of  dithiols to triple bonds occurs 
mostly as a trans-reaction and yields predominant ly  
Z-thio-substi tuted alkenes (Scheme 11). 

Scheme 11 
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Note: cis-, tram-add -- cis-, trans-addition. 

The subsequent intramolecular homolytic cyclization 
of  13a--d via intermediate thiyl radicals 14a--d and 
15a--d leads to stereoisomeric cyclic radicals 16a--d 
and 17a--d,  precursors of cis- and trans-l,4-dithianes 
(Scheme 12). 

It can be seen from this Scheme that in general, the 
s te reochemis t~  of the process is determined by the 
following factors: the configuration of the double bond 
in unsaturated thiols 13a--d,  the direction of the attack 
of the S-centered radical on the C=C bond during the 
in t r amolecu la r  cyc l iza t ion  of  radicals  14a--d  and 
15a--d, and the relative stabilities of the conformers, 
including the possible interconversion of cyclic radicals 
16 and 17 during the abstraction of  hydrogen atoms by 
these radicals to give cis- and trans-2.3-disubstituted 
1,4-dithianes. 

In addit ion to the orientation of substituents, the 
orientation of  the orbital occupied by the unpaired 
electron exerts a significant effect on the relative stabili- 
ties of radicals 16 and 17. Anomeric  ns-o orbital interac- 
tion should stabilize the axial arrangement of  this or- 
bital, similarly to the situation in compounds containing 
oxygen or nitrogen atoms in the ring. 2~ It should be 
expected that  the energ2r of the radicals would increase 
on going from radical ee-17 to radicals ea-16, ae-16, 
and, finally, to the least stable aa-17. It is unknown 
whether the radicals have enough t ime during the reac- 
tion to undergo the conformational transitions marked 
in Scheme 12 by opposing arrows or if each of the 
radicals is converted independently into the final prod- 
uct. In principle,  these transitions should not have an 
effect on the stereochemical outcome of the reaction. 
However, the set of  transformations will be even more 
complex if the reversibility of  the addition of  thiyl 
radicals is manifested in this process, z,3 In general, 

conformational analysis of  the transition state for the 
intramolecular homolytic addi t ion at the double bond in 
the intermediate alkenethiols 13 attests that the cis- 
reaction predominates. At the current stage of the study, 
it can be assumed that the observed cis-stereoselectivity 
of the cycloaddition of  dithiots to disubstituted alkynes 
is determined by a combinat ion of  the trans-stereo- 
selectivity of radical addit ion to the triple bond and the 
eis-stereoselectivity of intramo[ecular homolyt ic  cycliza- 
tion. 

Functional substituents in disubstituted alkynes can 
have a determining effect on the type of heterocyclic 
compound formed. Thus the react ion of  d imethyl  
acetylenedicarboxylate  with 1 ,2-e thaneth io l  affords 
mostly 5,6-bis(met hoxycarbonyl)-2,3-dihydro- 1,4-dithii- 
ne (A), while its saturated analog (B) was detected only 
in a minor amount (Scheme 13). 

Scheme 13 
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Detailed conformational analysis of 2-substituted and 
2,3-disubstituted 1,4-dithianes has been carried out us- 
ing IH N M R  spectroscopy and MMX calculations, zI-22 
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5. H o m o l y t i e  macrocyclization: 
synthes is  o f  crown thioethers 

The approach developed has been used successfully 
to "assemble" various crown thioethers via homolytic 
cycloaddition of alkynes to appropriate dithiols. The 
crown thioethers thus synthesized differ in the size of 
the ring, the number  and type of heteroatoms (sulfur, 
oxygen) in it, their mutual arrangement, and in the 
substituents. 

General aspects .  Among the numerous free-radical 
processes used in modern organic synthesis (addition to 
multiple bonds, cyclization, oxidation, etc.), z3 cycliza- 
tion, i.e., intramolecular homolytic addition to multiple 
bonds, is apparently the most important, because of the 
unique prospects for the assembly of cyclic and polycy- 
clic systems associated with this reaction. 24 Radical 
macrocyclization pioneered by Porter 25 has markedly 
extended the synthetic potential of free-radical pro- 
cesses and has been used extremely successfully in the 
syntheses of loporoxin, z6a cyclic systems of the taxan 
series, 26b fused bicyclic systems, 26c steroid structures, z6d 
and derivatives of lysergic acid. z6e However, to carry, out 
homolytic macrocyclization, a preliminary multistep syn- 
thesis of precursors with exact positions of the radical 
center and the multiple bond is needed; it is clear that 

Scheme 14 

Pathway 1. Design of CTE as products of homolylic 1 : I 
cycloaddition 
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X = (CH2) ., (CH2)mQ(CH2)n_,n: Q = S, O 

In = PrsB--O2--MeOH or AIBN. 

this restricts to a certain extent the  scope of application 
of this reaction. 

We found that radical cycloaddit ion--macrocycl i-  
zation can be widely used for  constructing crown 
thioethers according to two m a i n  reaction routes: as 
1 : I adducts (Scheme 14, path~vay 1) and/or  as 2 : 2 
cycloaddition products (Scheme 14, pathway 2); i.e., 
the resulting crown thioethers incorporate either one or 
two units of both the starting clithiol and the alkyne, 
respectively. In some cases, products of the 3 : 3 cy- 
cloaddition have also been isolated. Crown thioethers 
(CTE) were prepared using the same initiators that we 
have used in the syntheses of dithianes and dithiepanes, 
viz., the Pr3B--O2--MeOH system or AIBN. 

Twelve-  and thirteen-membered crown thioethers.  27.28 
Homolytic macrocyclization by pathway 1 made it pos- 
sible to accomplish a convenient  one-step synthesis of 
12- and 13-membered crown thioethers and sulfur- 

Scheme 15 
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19a-- f  18a---f 2Oa--r 

i. Pr3B---O 2, benzene--MeOH, 20 ~ 

Table 2. Synthesis of 12- and 13-membered crown thioethers 20 

C X 19 R 18 20 Yield 
(%) 

o H 2 19a Me 18a 20a 30 
Bu 18b 20b 28 

o CH2OAc lge 20c 21 
CH2OMe 18d 20d 15 

o O 19b Me 18a 20e 48 
Bu 18b 20f 38 

o CH2OAc 18c 20g 35 
CMe2OH 1Be 20h 15 

c o O 19c Me 18a 20i 32 
o Bu 18b 20j 30 

CH2OAc 18c 20k 21 
CH2OMe 18e 201 20 

~ o O 19d Bu 18b 20m 24 
o CH2OH 181 20n 18 

[ ~  o O 19e Me 18a 200 27 
o CH2OMe 18d 20p 26 

~  ~ 0 19f Bu 18b 20q 25 
o ~ o  CH2OMe 18d 20r 42 
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containing macrocyclic lactones (Scheme 15, Table 2). 
By the reaction of  alkynes 18 with 3,6-dioxaoctane- 
1,8-dithiol (19a), a readily available sulfur-containing 
analog of  t r ie thylene  glycol,  12-membered crown 
thioethers 2 0 a - - f l  were synthesized, zT,zs By using esters 
derived from mercaptoacetic acid and 1,2- and 1,3-diols 
as the "dithiol" component ,  12- and 13-membered sul- 
fur-containing lactones 20e - - r  were prepared in yields 
of up to 48%. zs The target products of macrocyclization 
were readily isolated by column chromatography. It 
should be emphasized that  an a t tempt  to initiate 
macrocyclization by AIBN did not result in the forma- 
tion of crown thioethers. This suggests that the boron- 
containing intermediates arising during the reaction pro- 
moted by Pr3B can act as a template that ensures the 
"assembly" of  the macrocycle. 

It is obvious that  the mechanism of  homotytic 
mac rocyc l i za t i on  according  to pathway 1 (see 
Scheme 14) is similar to that considered above for the 
homoly t ic  cyc loadd i t i on  giving 1 ,4-d i th iacyclanes  
(Scheme 5). 

Remote  asymmetr ic  induction in the synthes i s  o f  
cyclohexano-fused 12-membered crown thiolaetones, z9,3~ 
The reaction under consideration not only provides a 
method for synthesizing a number of thiacrown com- 
pounds 27,28 but it also can be used in stereoselective 
synthesis. We found that cycloaddition of alkynes to 
trans-l,2-bis(mercaptoacetoxy)cyclohexane (21a) in- 
duced by the Pr3B--O2--MeOH system occurs with an 
unexpectedly high diastereosetect ivi ty and yields a 
mixture of  s t e reo i somer ic  (1S*,6R*,12S*)- and 
(15*,65"*, 12S*)-trans-cyclohexano-fused 12-membered 
crown thiolactones 22a--e  and 23a--e ,  the former mark- 
edly predominating z9,3~ (Scheme 16). 

Scheme 16 

0 

,,~O SH + 

O SH 

0 
2 1 a  

0 ?-., 

R 

J]J Pr-~B-O2--M eOH =. 

O 

Y 
# /  # /  

O 0 

(1S',6R*,12S*)-22a--..c ( lS*,6S*, 12S*)-23a---r 

Lactone R Ratio Overall yield 
2 2  : 2 3  2 2 + 2 3  

a Me 2.1 : 1 30% 
b Bu 2.4 : 1 23% 
c CH2OMe 3.1 : 1 28% 

0(3) ~ . ,  

1 -* 

S 

' -O 

Fig. I. Molecular structure of (tS*,6R*,I2S*)-22c. 

On storage, the major stereoisomers 22a- -c  crystal- 
lized spontaneously from their  mixtures with 23a--c .  
The (l  SL6R*, t 25~)-configuration of  22e was established 
using X-my diffraction data (Fig. I). Based on the fact 
that the tH and 13C N M R  spectra of a mixture of 
stereoisomers 22c, 23r resemble closely the spectra of 
mixtures of 22a, 23a and 22b, 23b, and the fact that the 
spectra of 22e are similar to those of the prevailing 
crystalline stereoisomers 22a and 22b, the same configu- 
ration, viz., (1S*,6R*,12S*), was attributed to the latter 
compounds.  

Unlike the reactions involving trans-21a, cycloaddi-  
tion of  cis-thiot 21b was not  noticeably stereoselective, 
and the ratio of the resulting stereoisomers 24a- -e  and 
25a - -c  was close to i : 1 (Scheme 17). 

Scheme 17 

O 

+ Pr3B'-O ~-"MeOH 
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Y 
0 

21b  
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// 

( 1R", 6S*, 12S') - 24a---r ( 1R",6R*, 12S*)- 25a-.,c 

Corn~ R Ratio Overall yield 
pound 2 4  : 2 5  2 4 + 2 5  (%) 

(or 25  : 24)  
a Me 1.20 : 1 18 
b Bu 1.15 : 1 30 
r CH2OMe 1.05 : 1 21 

Special control experiments have demonstrated that 
under the mild conditions of  initiation of  the addition by 
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the Pr3B--O2--MeOH system, the configuration of the 
individual 22e isolated from the mixture does not change, 
and neither does the ratio of  steroisomers in the mixture 
of 22e with 23c. 

Therefore, the homolytic cyctoaddition of trans-dithiol 
21a to alkynes is a truly stereoselective process and the 
degree of stereose!ectivity is relatively high, despite the 
fairly large distance between the chiral center of trans- 
dithiol 21a and the newly formed C-6 chiral center in 
22a- -c .  Based on molecu la r -mechanics  calculations 
( M M X  and P C M O D E L  programs) ,  the observed 
diastereoselectivity can be explained by the fact that 
under the condit ions of  kinetic control, macrocyclization 
follows the route that is more favorable from the view- 
point of  entropy. 

Macrocyclization of  21 with alkynes can formally be 
regarded as remote 1,6-asymmetricat  induction. Nu-  
merous examples of  free-radical  processes occurring with 
acyclic diastereofacial selectivity are known. 31 However, 
they mostly involve reactions with 1,2- and 1,4-asym- 
metrical induction,  and only a few examples of free- 
radical reactions with remote  asymmetrical induction of 
higher orders are known. 3z 

Fourteen- and t w e n t y - o n e - m e m b e r e d  crown thio- 
ethers.  33 Additional  considerat ion of the Pr3B--O 2 -  
MeOH-ini t ia ted reaction between 1,3-propanedithiol 2b 
and alkynes regarding the possibility of macrocyclization 
has shown that, in addi t ion to the 1 : 1 cycloadducts, 
viz., 1,4-di th iepanes  26, homoly t ic  cye loaddi t ion- -  
macrocyclization (see Scheme 14, pathway 2) occurs to 
give crown thioethers as 2 : 2 cycloadducts - -  14-mem- 
bered 2 ,9 (10) -d i subs t i tu t ed  1,4,8, l l - t e t r a th iacyc lo -  
tetradecanes (27) (in isolated yields of 3--9%) - -  and 
even 3 : 3 cycloadducts - -  21-membered 2,9(10),16(17)- 
trisubstituted 1,4,8,11,15,18-hexathiacyclogeneicosanes 
(28) (in a yield of  up to 5%) (Scheme 18). The contri- 
bution of  macrocycl izat ion to the overall process can be 
controlled to a certain extent  by varying the concentra- 
tions of the initial dithiol and the alkynes. The ratio of 
the two types of  crown thioethers  formed also depends 
on the concentrat ions of  the reagents, although this 
dependence is not  regular. 

Six teen-  and t w e n t y - f o u r - m e m b e r e d  crown thio-  
ethers.  34 A similar react ion of  1,4-butanedithiol with 
alkynes made it possible to prepare 2 : 2 and 3 : 3 
adducts, viz., the 16- and 24-membered crown thioethers, 
2, I0(11)-disubstituted 1,4,9,12- tetrathiacyclohexadecanes 
(29) and 2,10(11), 18 (19)-trisubsti tuted 1,4,9,12,17,20- 
hexathiacyclotetracosanes (30). It should be noted that, 
unlike the above-considered reaction of 1,3-propane- 
dithiol,  the e ight-rnembered cyclic I : I adduct 31 is 
formed only in minor  amounts  (Scheme 19). This re- 
flects the general problems in the construction of all 
types of e igh t -membered  rings. 35,36 Intramolecular oxi- 
dative cyclization of  the initial 1,4-dithiol to the corre- 
sponding s ix-membered  1,2-dithiane was the main un- 
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desired side react ion that competed efficiently with the 
homolytic cycloaddit ion.  

Nine- and eighteen-membered crown thioethers. 37 
The mechanism of  macrocyclization yielding the 2 : 2 
cyctoadduct as the major product (i.e., occurring pre- 
dominantly by pathway 2, Scheme 14) was studied in 
most detail in relation to the cycloaddition of 3-oxa- 
1,5-pentanedithiol  (32) to alkynes. The reaction af- 
forded the 18- and 9-membered  crown thioethers,  
1,10-dioxa-4,7,13,16-tetrathiacyclooctadecanes (33) and 
l -oxa -4 ,7 -d i th i acyc lononanes  34; the 18-membered 
crown thioethers 33 (Scheme 20) substantially predomi-  
nated. This should have been expected in view of the 
known diff icul t ies  associated with the synthesis of 
9-membered cyclic compounds. Using IH N M R  and 
13C N M R  spectroscopy, it was found that IS -mem-  
bered adducts 33 are formed as mixtures of four isomers 
(5,14- and 5,[5-regioisomers  differing in the mutual 
arrangement of  the substituents R, each of  them being a 
mixture of cis- and trans-forms). 

Scheme 20 

/ / " " ~ S H  R R , , ~ S  

O ~ . j ,  SH S 

32 

S 7 R  + 

L o...J 
33, 12--24% 

34, 2% 

R = C4H 9 (a), Me (b) 
In = Pr3B--O2---MeOH or AIBN 

The study of  the reaction mechanism and the results 
of model exper iments  made it possible to propose the 
following sequence for the "assembly" of crown thioethers; 
in our opinion,  this sequence is common to the forma- 
tion of  all the  2 : 2 adducts of macrocyclization (in- 
cluding 14-membered  derivative 27 and 16-membered 
derivative 29 considered previously). 

The first s tep of the reaction involves free-radical 
addition o f  thiyl  radicals to the triple bonds and gives 
1 : 1 adducts with an open chain (35), which are key 
precursors of  both  9- and 18-membered crown thioethers. 
Direct homolyt ic  cyclization of  intermediate 35 leads to 
9-membered crown thioethers 34; on the other hand, 
adduct 35 can react with a second molecule of  alkyne or 
with dithioI 32 to give two alternative products: the 
1 : 2 adduct (36) and the 2 : 1 adduct (37) (Schemes 
21 and 22). The  corresponding 1 : 2 adduct (36, R = 
C4H9) was isolated from the products of  the reaction of  
dithiol 32 with 1-hexyne. 

S c h e m e  21 

/I- .  ("S" 
SH In a / "~ '~ 'S 

0 " 0  ~-0 I 

= 1, i, 

s_J L o.J L o.J 
34 35 36 

(1 : 1) (1 : 1) 

tn = Pr3B--O2--MeOH or AIBN 
a. Cyclization. 
b. Homolytic cyclization. 

A model experiment showed that reaction of  1 : 2 
adduct 36 (R = C4H9) with dithiol 32 in the presence of  
Pr3B--O 2 yields no 18-membered crown thioether  33a. 
This suggests that macrocyclization occurs most likely 
according to Scheme 22. The open-chain 1 : 1 adduct 
35 adds a second molecule of dithiol 32 to give the 
intermediate 2 : 1 adduct (37). Subsequent homolytic 

S c h e m e  22 

 o.J 
38 (2 : 2) 

R 5S S 

5,14-433, R = Alk 

R 

S SH 

35 (1 : 1/ 

R S ~ 

35 32= ~ " ~  S 
SH 

37(2 :  1) 

+ R(H) --- 'H(R)[b 

R 5 S S 5 ~ H ( R  ) 

" ~ S  S~'~R(H) 
%o..) 

cis,trans-5,14-33, R = A]k 

cis,trans-5,15-;33 

a. Homolytic cyclization. 
b. Homolytic cyc]oaddition. 
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cyctoaddition of 37 to the initial alkyne results in the 
formation of  crown thioethers 33 as mixtures of all of 
the (four) possible regio- and stereoisomers in approxi- 
mately equal amounts.  Unlbrtunatety,  exact determina- 
tion of the structure of  each of  the resulting isomers is a 
very complicated task. 5,14-Dialkyl-substituted crown 
thioethers (5,14-33) can also be formed by homolytic 
cyclization of  the 2 : 2 adduct (38), which is the inter- 
mediate resulting from homolytic  addition of a molecule 
of unsaturated thiol 35 to another  molecule of  the same 
compound 35. 

From our viewpoint, the one-step synthesis of 12- 
and 13-membered crown thioethers from the corre- 
sponding 1,8- and 1,9-dithiols and alkynes that we 
carried out 27-30 is evidence supporting the above-con- 
sidered mechanism of the "assembly" of  18-membered 
crown thioethers 33 from intermediate dithiol 37 and a 
second molecule of  the alkyne. 

Notice that the yields achieved for 18-membered 
crown ethers 33 (12--24%) are higher than the yields 
(4--10%) of  the first representat ive of this series, 
unsubstituted I, 10-dioxa-4,7,13,16-tetrathiacycloocta-  
decane synthesized by heterolytic condensation. 38,39 

A comparison of  the yields of  heterocyctes of various 
sizes prepared within the framework of our approach 
indicates that the tendency of  compounds to form t : I 
adducts in homolyt ic  cycloaddit ion decreases in the 
order: 6-membered  1,4-dithianes > 7-membered 1,4-di- 
thiepanes > 8-membered oxathiocanes > 9-membered 
crown thioethers and then increases on going to 12- and 
13-membered crown thioethers. The tendency to form 
2 : 2 adducts, viz., 14-, 16-, and 18-membered crown 
thioethers, becomes more pronounced on going from 
1,3- and 1,4-dithiols to 1,5-dithiols. From the products 
of reactions leading to 14- and 16-membered rings, the 
corresponding 21- and 24-membered crown thioethers 
were also isolated. Unlike macrocyclizat ion giving 1 : 1 
adducts, viz., 12- and 13-membered crown thioethers, 
which is ini t iated only by the Pr3B--O 2 system, ho- 
molytic cycloaddit ion yielding larger rings, 2 : 2 and 
3 : 3 adducts, viz., 14-, 16-, 18-, 21-, and 24- mem- 
bered crown thioethers,  can be initiated both by the 
Pr3B--O 2 system and by AIBN,  i.e., these rings can also 
be "assembled" in the absence of  the assumed template 
effect of  the intermediate organoboron compounds. 

6. Complex-forming ability of 
1,4-dithiaeyelanes and crown thioethers 

The extensive development of  the chemistry of  crown 
thioethers over the past two decades 4~ has laNely been 
caused by the interest in these compounds as ligands, 
whose complexes with metals exhibit unusual properties 
in biological 41 and chemical systems. 4z Crown thioethers 
are also regarded as compounds that are of fundamental 
interest for medical  applications. 43 They are widely used 
as reagents for selective extraction, ionophores for ion- 
selective electrodes,  and modifiers for chromatographic 

sorbents in various branches of  analytical  chemistry. 44 
However, general methods for the synthesis of  crown 
thioethers are usually limited to thei r  tradit ional "assem- 
bly" from dithiols and ct,c0-dihalides under condit ions of  
high dilution 45 or on a solid suppor t f l  ~ 

We studied the complex-forming ability of a number  
of  heterocyclic compounds immobi l ized  on a sil ica gel 
matrix and containing an SCH2CH2S fragment that 
were obtained using the methodology  of  homolytic  cy- 
cloaddition. 47 

Immobilized reagents are insoluble in water and 
stable in solutions with low pH;  they rapidly form 
insoluble complexes with metal  ions. The analytical  
properties of macrocyclic compounds  can be markedly 
improved by immobilizing them on the surface of  appro-  
priate organic or inorganic supports.  40,44,48-50 The prop-  
erties of immobilized oxygen- and  ni t rogen-containing 
crown ethers have been studied fairly comprehensively,  
whereas the data on the synthesis and complex-forming 
properties of immobilized crown thioethers are quite 
scarce.51 

Immobilization of hydroxymethyl-subst i tu ted 12-, 
16-, and 18-membered crown thioethers  39a--41a (which 
were prepared by homolytic cyc loaddi t ion  of the corre- 
sponding ax0-dithiols to propargyl alcohol)  by covalent 
binding to a silica gel matrix "covered" with C O O H  
groups (by t r ea tmen t  wi th  t r ime thy l s i ly l  
l l - ( t r ie thoxysi lyl)undecanoate)  led to immobil ized re- 
agents 39b--41b. 

0 I~,,,.'CH2 OR 

(o 
k__/ 
39a,b 

ROH2C~ 

S s 

CH20R 
40a,b 

b: R = C(O)(CH2)loSi silica 

C-o  
, CH,>OR 

s s " )  - 

k....o..J 
41a,b 

All the immobilized crown th ioethers  and 1,4-di- 
thiacyclanes studied possessed substantial  adsorption ca-  
pacities with respect to Ag l, Au III, and Hg II ions. How- 
ever, reagents 39b--41b exhibi ted no marked affinity for 
Ni n, Co If, Cd u, Ge m, Mg tl, and  Ca u ions. Among the 
reagents studied, 41b conta in ing  a "grafted" 18-mem- 
bered crown-thioether fragment proved to be the most 
efficient for removal and concen t ra t ion  of  Ag I and Au Ill 
ions; for example, t reatment  o f  a test solution with 
reagent 41b resulted in the removal  of  more than 90% of 
the Aum ions. This makes it possible to regard 411) as 
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well as 39b and 40b as promising reagents for concen- 
trating gold from sea water. 

This conclusion was confirmed by a study of the 
interaction of the transition metal ions Ag t, Au llI, Hg II, 
Cu II, and Pd II with composite carbon-paste electrodes 
chemically modified by the addition of 39b--41b, car- 
ried out by cyclic voltammetry. These electrodes made it 
possible to improve markedly the voltammetric param- 
eters of the redo• behavior of Ag t and Au 1II ions under 
hydrodynamic conditions. It was found that these pa- 
rameters depend substantially on the number of elec- 
tron-donating sulfur atoms in the molecules of crown 
thioethers 39a--41a fLxed on the hydrophobic silica gel 
matrix incorporated in the electrode; the effect of crown 
thioethers as ligands on the electroreduction of Ag I, 
Au III, and other transition metal ions correlates well 
with the sorption properties of modifiers 39b--41b with 
respect to these metals. A composite carbon-paste elec- 
trode containing 41b (18-membered crown thioether 
deposited on a silica gel matrix) ensured the best condi- 
tions for the determination of gold and iron ions by flow 
injection analysis, which allows one to regard it as a 
quite promising electrode for the development of elec- 
trochemical sensor systems for detecting these ions. 

We believe that our approach to homolytic macro- 
cyclization is fairly general for the chemistry of free- 
radical processes and the chemistry of heterocyclic com- 
pounds, because it has already been used successfully in 
a one-pot synthesis of 1,4-dithiacyclanes and crown 
thioethers. However, a comprehensive study of all the 
possible fields of application of this approach and its 
limitations is probably a task for the future. 

If it is possible to extend the methodology developed 
for S-centered radicals to C-centered radicals (cf. 
Scheme 1), this would mean the development of a free- 
radical alternative to the Diels--Alder cycloaddition re- 
action. 

The authors are grateful to V. V. Samoshin for his 
contribution to the studies surveyed in this review. 
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