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The syntheses of various macrocyclic sulfides are reviewed. Tables containing information on

hundreds of compounds are included. The types of cyclic compounds reviewed include :

macro-

cyclic aliphatic dithioethers, macrocyclic mercaptals and mercaptoles, macrocyclie polysulfides,

dithiacyclophanes, tris-bridged polythiacyclophanes, dithia]2,6 |pyridinophanes, thiophene mac-

rocycles, and macrocyclic polycther sulfides.

Introduction.

Since 1967, Pedersen has reported the synthesis of
over sixty macrocyclic polyethers similar to compound 1
(3,4). He also discovered that these compounds formed
complexes with many cations (mostly group [ and 11).
Because of these unusual complexation propertics, many
alkali salts can be dissolved in organic solvents by forming
complexes with these macrocyclic polyethers. Due to the
appearance of its molecular model and its ability to crown
the cations, these cyclic polyethers were named “crown
compounds™ (3). Generally, the alkali metal ions are
regarded as poor complexing cations, and complexing of
alkali cations by ncutral molecules is an uncommon phe-
nomenon. No stability constants of complexes of alkali
calions with ncutral molecules are listed in the most com-
prehensive collection which covers the literature through
1960 (5).

Alter this discovery, crown compounds and their com-
plexes have been extensively investigated. AL the same time
“hetero-crown compounds” such as cyclic polyamines and
their complexes have also been prepared and studied.
Excellent reviews of the crown and hetero-crown com-
pounds and their interaction with metal cations have recent-
ly been published (6-8).

Crown compounds have been studied as model systems
in cation transport through cellular membranes (9-12).
They have found use in organic chemistry to study certain
chemical reactions including the catalysis of ionic organic
reactions by solvolyzing cationic species (13-22).

Few thermodynamic or chemical reaction studies have
been carried out on macrocyclic ether sulfide compounds.
1,10-Dithia-(18-crown-0) 2 (23) has been shown to have a

! o
@IO o@ D
(o s

1 2

greater affinity for silver ions than for potassium ions (24).
Lehn and co-workers have also studied the physical proper-
tics of macro heterobicyclic diamines containing oxygen
and sulfur atoms 3 and 4 (0). They also found that these
compounds had a great affinity for silver ions although 3
still had a relatively high attraction for the alkali metals (6).
Other workers have studicd metal complexation. of certain
macrocyclic thioethers (25) and macrocyclic thiocther
amines (26).

Because of the interest in macrocyclic compounds for
metal complexation work and the general lack of specific
information about macrocyclic sulfides, we decided to
gather information on the synthesis of many different types
of macrocyclic sulfur compounds. This review covers
general synthetic methods as well as specific details for
macrocyclic aliphatic dithiocthers, mercaptal and mercap-
toles, polysulfides, dithiacy clophanes, tris-bridged poly thia-
cyclophanes, dithia(2,0)pyridinophanes, thiophene macro-
cycles and polyether sulfides.

General Synthetic Mcethods.

Macrocyclic compounds possess a large ring which
usually contains 12 or more atoms (27). Macrocyclic
chemistry began in 1926 as the perfume component, mus-
cone was isolated and identified as a large ring structure
(28). The first large rings were ketones and were synthe-
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sized through pyrolysis of heavy metal salts of long-chain
dicarboxylic acids (29). Subsequently, numerous methods
have been applied Lo prepare the macrocyclic compounds.
Some of the methods include the acyloin cyclization reac-
tion of long chain a,c-diesters (30), the oxidative coupling
of terminal diacetylenes (31) and use of the Willig reaction

(32).

n
3 4
Yield  np.
@ X 0Y 8 25% TR0
B X S, Y 0 0% 8087
(v) \- Y 8 7% 172

A number of ring enlargement reactions have been de-
vised Lo prepare macrocyclic compounds [rom medium
rings. These methods include enamine-acetylene condensa-
tion (333,34), intramolecular acyloin condensation (35),
photo cleavage of bicyclic ketones (30) and 1,2-cycloaddi-
tion reactions (37). In 1968, Busch and Story reported on
the ketone peroxide fragmentation synthesis of macro-
eyclic compounds.  This method is generally applicable
and carbocyclic compounds from Cg through Csy; have
been prepared (38,39).

One of the most interesting methods for the preparation
of organic ring compounds is the metal template syntheses
of macrocycles. This subject has been reviewed separately
by Busch (40) and Black (41).

tions have been delined as those ligand reactions which are

The metal template reac-

dependent on or can be significantly enhanced by a particu-
lar gcometrical orientation imposed by metal coordination.
The metal ion may serve as a template Lo organize the course
of complex multistep reactions. This method has found
extensive use for metal porphyrins from suitably substi-
Ltuted pyrroles (40,41).

A few sulfur conlaining macrocy cles have been synthe-

In 1964, Busch

and Thompson reacted the planar Schiff basequadridentates

sized using metal template syntheses.

5 (42) derived from mercaptocthylamine and a-diketones,
with a,a’-dibromo-o-xylene and obtained the macrocyclic
chelales 6 (equation 1) (43). 1,2-Dibromoethane and 1,3-
dibromopropane did not react, presumably because these
rings cannot be planar due to the geometry of the sulfur
atom. The formation of the bis-Schiff bases 5 can seldom
be achicved without the intervention of the metal ion.
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B-Mercapto amines usually react with a-diketones to form
thiazolidines 7 which are in cqualibrium with the Schiff
basc 8 (equation 2). In the presence of nickelion, 70% of
the Schiff base complex 5 was obtained (42,43). Recently,
this rescarch group has prepared the macrocyclic metal
complex, 24, 4-trimethyl-10,11-benzo-1,5-diaza-8,13-dithia-
cyclopentadecane-1,10-diene 9 by thc reaction of Ni(ll)
complex of 1,10-diamino-3,8-dithia-5,6-benzodecene with
acetone in methanol (44). Other chemists (45) have ob-
tained a nickel complex of anovel monoanionic macrocyclic
ligand 10 by reaction (0-NH, NH C4H,48Cll,), CH, , HCHO,
and Ni(ClO,), in tetrahydrofuran. Compound 10 was
determined to be planar by x-ray studies. A similar reac-
tion with cyclohexanone gave complex 11 (45). No physi-
cal properties were given for these complexes.

Schrauzer and co-workers have prepared a 14-membered
macrocyclic sulfur chelated 13 by refluxing the nickel
complex 12 with a,o’-dibromo-o-xylene (equation 3) (40,
47). The crystals of 13 decomposed on dissolution in
methanol to give the free macrocyclic ligand. Compound
12 may be prepared by reacting nickel bisdiphenyl ethane-
dithiol complex with norbornadiene. New chelates of type
14 have been obtained by the reaction of the dianion
NiS,C4Phy 72 with a,w-dibromoalkanes at high dilution
(46,47). No physical properties were reported.

Anothier example of metal template synthesis is the
formation of the iron (11) complex of the macrocyclic
quinquedentate ligand 16 (48). The dialdehyde 15 was
prt'purcd by reacting the disodium salt of 3-thiapentane-

1,5-dithiol with 2-chloro-5-nitrobenzaldchyde. A strainless
configuration of the iron (1) complex with 16 presumably
allowed the template formation of the macrocyclic complex
16 (equation 4). However, aldehyde 17 did not form cyclic
products with ethylenediamine under similar conditions.

+
Su ,/ Ni
CH3
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+2 Presumably the aldehyde groups of 17 are trans to cach

r m o r\‘ other when coordinated with an octahedral metal ion and,
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took a similar role in these reactions.

" 1, 4-bis(2-formylphenyl)-1 4-dithiabutane 18 and 1,2

has been prepared (20,49). Although no ©
studies were performed in this synthesis,

template”

the common

N thus, cyclization is not favored (48).
i\ :@ A series of macrocyclic sexadentate ligands 20 and 22
|
N

It is possible that the metal ions under

feature is that the cyclization occurred in the presence of
= transition metals. s possible the > met: S -
The condensation of

-bis(2-

aminophenylthio)ethane 19 with nickel perchlorate hexa-

hydrate in hot acetone gave 12,13,26,27-tetrahydrotetra-
benzole,i,o,s] [1,4,11,14 [tetrathia| 7,18 |diazacyloeicosine

Ph_-2, «O~_Ph
X
Ph™ g Ph

S ethylformamide.

The free
—_—> ligand precipitated when the complex was heated in dim-
Similarly, the reaction of 19 with 4,7-

diaza-2,3,8 9-dibenzodecane-1,10-dial 21 in a methanolic

solution of zine (1) perchlorate (or chromium (11y per-

chlorate) gave the free ligand 22 (equation 6) in addition

to the zine complex [Zn(NgS2) [(C104), -CH3; OH.
]: \1 I free ligand was isolated by treating the complex with
_on ,

S

SO e pyridine (26). No physical properties were given.

S nickel (11) perchlorate 20 (equation 5) (20,49).
o

The

One of the most prevalent synthetic methods for macro-

cyclic sulfides is the reaction of dihalides with dimercap-
tans at high dilution in basic media. This : syn-

This and other syn

thetic methods will be discussed in the following sections

for specific macrocyclic compounds.

w.p. 200°d

Macrocyclic Aliphatic Dithioethers.
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duces a sulfide in a reaction similar to the Williamsen
synthesis. The reaction of an alkyl dihalide with a dimer-

/FES\ - sjph The reaction of an alkyl halide with a mercaptide pro-
P

K. 5

captide may produce a cyclic dithiocther 23, a cyclic dimer

/ N\
o, 0
O,N CO 0C NO,
H A

v ethoxide in alcohol solution are given in Table 1 (50).

members and reaction conditions.  The

results of

(tetrathioether) 24 or a lincar polymer (equation 7) (50).

The ratio of the products depends on the number of chain

the

reaction of various dihalides, dimercaptans, and sodium
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Sy S
(CHy)m (CHz)m + polymer
5. (Clly)n -5

24

As in other cases ol cyclization, certain ring sizes were
more readily formed, especially the five and six member
rings. The formation of rings of eight to eleven (51)
members appears to be difficult. Dimers were generally the
only products in these cases (see Table ). Unfortunately,
the yield of macrocyclic sulfides (more than nine-membered
rings) obtained from this method was bery low (less than
2%). In 1960, Stetter and Wirth improved this method by
using a “Cyclization apparatus.” The yields of the macro-
cyclic compounds ranged from 34 to 69% (see Table 11)

(52). No dimerization was mentioned. The successful

Reviews
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synthesis of these five sulfur-containing macrocycles may
extend the generality of this improved method to other
large ring compounds (Table II).

Lehn and co-workershave recently reported the synthesis
of 4,9-dithia-1,6-cyclodecadicne 25 and its tetradeuterio
isomer (53) by reacting 14-dibromo-2-butene with the
corresponding dimercaptan (54). Lautenschlaeger, pre-
pared cis-2,9-dichoro-13-thiabicyclo[8.2.1 ]-5-tridecene 26
and the trans isomer 27 as well as the dicyano derivative of
26 by reacting trans, trans, cis-cyclododecatriene with
sulfur dichloride (55). Noritskaya, et al., recently have
prepared the acctate and diol derivatives (50).

Macrocyclic Mercaptals and Mercaptoles.

Thiols add readily and reversibly to carbonyl compounds
to form hemimercaptals which are unstable (equation 8).
Under acid catalysis they usually react with a second mole-
cule of RSH to form the mecaptal or mercaptole (equation
9). These reactions are similar to the addition of alcohols

S s
25
X X X X
26 27
\ % Yield m.p. ref, X % Yield m.p. ref.
a 09 13951415 (55) a 41 108-100  (55)
CN u7 153-155.5  (55) OAc 80 106 (55)

OAC 90
ol 10

146148 (50)
98100 (56)

Table 1

Yields of Rings of Different Sizes (a)

Dimercaptan Dihalide Size
HS(CH4),SH CH,Cl, 5
" Br(CH2 ), Br 6

" Br(CH,)3Br 7

" Br(CH,)4Br 8

" Br(CH;)s Br 9

" Br(CH, )¢ Br 10

" O(CH, CH, (1), 9
HS(CH,)3SH CH,Cl, 6
" Bl’((;Hz)z Br 7

" Br(CH; )3 Br 8

" Br(CH,)4Br 9

" Br(CH,)gBr 11
S((:“2CH2S“)2 Bl‘(CHz)zBl‘ 9

(a) Reference (50)

Monomer 23 Dimer 24
Yield (%) Size Yield (%)

26 10 0.2

46 12 -
9 14 1.0
- 16 0.2
e 18 0.15
0.00 20 -
- 18 1.4

15 12 -
8.2 14 —
4 16 1.0
0.6 18 1.8
- 22 1.1
- 18 1.7
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Table 11 HS(CH,)pSH + >C=0 Hcl 3
(by Clition Appuratus) (o \ /s-<u12>n—s\ sl
Dimercaptan Dihalide Size of Ring Yield (%) C C 29
HS(CH;,)¢SH Br(CH, ), Br 10 34 / \ W78 3 / \
HSECHSZSII BrECHz;ZBr 14 56 S-(CHa)n-S (Eq. 10)
HS(CH,)gSH Br(CH;)eBr 16 41
HS(CH,); oSH Br(CH, ) Br 18 53 28
HS(CH); oSH Br(CHy ); o Br 22 69
in this way. The results of some typical experiments arc
(EUN L I ) collected in Table I11. When decamethylene dithiol (n = 10)
SR was used, the major product was generally the cyclic dimer-
“J\ / captal with only minor amounts of linear polymers. Both
RSH + >C=0 = C (Eq. 8) heptamethylene dithiol and nonamethylene dithiol gave
/ \ good yields of the cyclic dimercaptoles with acetone. How-
ON ever, heptamethylene dithiol gave a low molecular weight
linear product with vanillin. It was found that the cyclic
SR SR product prepared from decamethylene dithiol and vanillin
\ / H\ / was converted to a polymer on heating above its melting
C RSH = C point, whereas the cyclic product from decamethylene
/ \ / \ (Eq.9)  dithiol and acctone was not changed even though it was
OH SR heated with acidic catalysts.

to aldchydes to form hemiacetals. But the reaction of
thiols and aldehydes is faster and the mercaptals are more
stable. Marvel has prepared several large ring mercaptals
containing four atoms of sulfur by this method (57,58).
The long chain dimercaptans, such as decamethylene dithiol,
react with an aldehyde or ketone to produce a cyclic
dimercaptal or dimercaptole 28 or a linear polymer 29
(equation 10). Macrocyclic compounds of structure 28,
containing from 20 to 26-members have been synthesized

This macrocyclic mercaptal synthesis was also reported
by Autenrieth in 1908 and 1909 (59,60) to prepare aliphatic
and aromatic cyclic mercaptals. The 16-membered aliphatic
cyclic mercaptals were prepared from pentamethylene
dithiol and acetone or diethyl ketone (Table 1), whereas
the aromatic cyclic mercaptals 30 and 31 were prepared
from p-xylyl dimercaptan and aryl aldehydes and from
m-xylyl dimercaptan and acetone. In this reaction, a
mixture of carbonyl compound and the thiol was treated
with hydrogen chloride gas in the absence of solvent, and

Table 111

Reactions of Dimercaptans and Carbonyl Compounds
(or Acetals) (a)

Dimercaptan Carbonyl Compounds
(or Acetals)
HS(CH;)1oSH Benzaldehyde
" Vanillin
" Acetone
" Diethylacetal of
benzaldehyde
" Diethylacetal of
p-chlorobenzaldehyde
" m-Nitrobenzaldehyde
HS(Cl1,);SH Acetone
HS(CH;)9SH Acetone
HS(CH,),SH Vanillin
HS(CH,)sSH Acetone
HS(CH,)5SH Diethyl ketone

28 29

Ring Yield Yield
Size (%) M.p. °C (%)
26 50 133-134
26 98.9 163-163 0
26 839 120-121 0
26 299 133-134 69.5
26 39.4 144-145 60
26 77 142-143
20 ~89 129-129.5 ~2

24 48 128-129
16 52 (b) 117-118

16 good (c) 113

(a) References (57) and (58). (b) Reference (59). (¢) Reference (60).
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the yields were not reproducible.  After more than sixty
years Busby and Huckle further studied this reaction in
1972 (61). They found that the reaction was better when
carricd out in cther, and that boron triflouride-cther or
methanolic sulfuric acid were more effective catalysts than
hydrogen chloride. In this work, the oligothiacy clophanes,
32 and 33 [n > | |, were also isolated as crystalline solid
oligomers from the by-products (resinous polymers). The
reactions of pentane-1,5-dithiol with carbonyl compounds
to lorm 34 were performed for comparison. Their work is
summarized in Table V. Alkylation of m-xylenc-a,o’-
dithiol with gem-dihalides was studied as an alternative
method but the yields were low even under high dilution
conditions. The results in Table 1V show that most of the
carbonyl compounds formed dimers (n = 1) except for-
maldehyde and acetaldehyde, and if R' = R? = Me or Et
the best yields were obtained. The authors explained these
results in terms of “conformational randomness™ of the

monothiohemiacetal dimer intermediates, and the gem-

30 S S
X m.p.
H 244-249
pCH, 200
m-CH, 219-220 S S
pon 2 >
p-CaHCOO 3
m-O 51-2. 31
ni-CHCOO 109
mp 254
| 2
R><R
S S
ST
i 2
R R
32
1 2
R R

R R?
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dialkyl effect (the alkyl groups force the chain together).
The results also show that the formation of 18-membered
paracyclophanes is casier than that of 16-membered meta-
cyclophanes when the dithiols reacted with benzaldehyde.
When the carbonyl compounds were reacted with pentane-
1,5-dithiol, only acetone gave a 16-membered thiacyclo-
alkane. This was reasonable because of the mobility of the
pentamethylene chains relative to the cyclophanes (61).
Millar and co-workers have prepared the 9-membered
ring mercaplal 36 by condensing 2,2-bis(mercaptomethyl)-
biphenyl 35 with acctone (equation 11), but no dimer was
mentioned (62). | In the paper, a molecular weight deter-
mination for compound 36 was not reported, and there is
a possibility that 36 is a dimer.} A series of 9-membered
dioxy disulfide cyclic compounds of the type 37 was
synthesized in good yields by Abdullaev, et al., (63-65).
They were prepared by treating saturated aqueous hypo-
sulfite solution with the a,a'-dichlodimethyl ether of ethyl-
ene glycol. The ethylene glycol bis(bromomethyl) ether
can be prepared according to the following reaction (66):

3C,He (01, + 2P + 2(CHy0); + 2H,0 + 5Br, —»
3C, Ha(OCH, Br), + 2H3P0, + 4HDBr
The resulting mixture was then reacted with the correspond-
ing carbonyl compound in alcoholic hydrogen chloride
solution. Compound 37b was also prepared by reacting
the Grignard reagent R'MgBr with 37a (65).
Macrocyclic Polysulfides.

There are many synthelic methods to prepare polysul-
fides. Reid has written a chapter on this subject (07). Since
sodium sulfide is an cquilbrium mixture of Na, S, Na, Sy
and possibly Na, S5 and Na, Sg, its reaction with alkyl
halides gave a mixture of sullide, disulfide, trisulfide and

OO + ot

1] .
CH,CCHy —1—>

s S
H o H
35
Eq. 11
s. $
36
03%
[o/\s ><R
oS R
37

(@) K CHyor GHG R OC,H,

W) R CHyor CHG R s Gyl
1 Cally, iso0-Cellyyon-Callyo
n-Ciohly,
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Table 1V

Reviews

Reaction of Carbonyl Compounds with Dithiols (a)

R! R
Compound 32 H H
Thia[5,5™ |- H CHs
metacy clophanes
H CeHs
H (I-CH3(:6H4
CHj CH3;
CHs CoHs
CHj CgHs
CoHs CoHs
Compound 33 H CgHs
Thia|5,5M |- CH, Cli,
paracyclophanes
CH; C,lls
Cliy CgHs
Compound 34 H Cells
Thiacy cloalkanes CH; CH;
ClH, CyHs
CH3 CeHs
C,Hs CyHs

(a) Reference (61).

higher polysulfides.  Heating various organic compounds
with sulfur also produces monosullides, disulfides, trisul-
fides and other products. The best way to obtain a pure
disulfide is by oxidation of the corresponding mercaptan.
The reaction of sulfur chlorides with mercaptans gave the
polysulfides. This method has been used extensively with
fair results (equations 12 and 13).

SRS ¢ SClL,—— B, S, ¢+ 21
IS+ S, Cl,—— LS, 1+ 2 HC

(Eq. 12)
(Eq. 13)

Feher has synthesized several sulfur heterocyeles by
reacting chlorosulfanes, SxCl, (X = 2...8) with dimercaptans
(68-71). He was the first to obtain the macrocycles 38and
39 containing a 7-membered sulfur chain (X = 5) (equa-
tions 14 and 15). An interesting bicyclopentathiepin 40
was also prepared by these workers. A 10-membered
eyclopolysulfide, perhydrodibenzo-1,2.3.0,78-hexathie-
cin 41 was obtained by reacting trans-1,2-cyclohexadithiol
with dichloromonosulfane in dilute solution (equation 10).
When the dimercaptan was oxidized with iodine, an 8-
membered cyclopolysulfide 42 was formed in good yield
(equation 17) (71).

Three isomeric and one dimethyl substituted hexathia-
[3.3 |eyclophanes 44 have been prepared by reacting aro-
matic dithiols with bis(chlorodithio)benzene 43 in high
dilution (equation 18). The reaction of benzenedithiols
with an excess of dichloromonosulfane yields 43 (70,72).

=
A
92t

Yield (%) (M.p.)

n=1

5 (209-211)
35 (249-250)
28 (177-180)
25 (218-220)
69 (206-207)

65 (239-240)

52 (119-120)

good ()

38
N Yield
B T4
3 i
I 9
5 7.5

other

33 (n=5)(-)

90 (n=n)(-)

31 (n=6)(53-57)

23 (n=~34)(9395)

13 (n=~13) (100-102)
3 (n=n)(-)
5 (n=n)(203-205)

18 (n=~11)(103-105)

18 (n = ~12)(118-120)
1 (n=3)(192.5-193)

60 (n=7)(123.124)

75 (n=n)(-)

75 (n=n)(-)

64 (n = ~20)(-)

38 (n=ny(-)
75 (n=n)(-)
(-)

B
2HCI K. 14
g

88.5-89
06.567
#1482

128.1229

CH Cl
3 SH " \Sx 5
CHs SH cl-

CH
: S>s +
CHy 5

39
N % Yield
& 15
3 ™
5 05

Or >
s—-s”

HCI K. 15

.p.
104
133
138

S

40
30% mp. 121
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6% m.p. 216-218
SH I, HS
Ol o, " WX
SH 1, HS
ne
S-S
42

Eq. 17

52% m.p. 191.5-192
SH s
R R~ 5-5-Cl
_
J::! R[:j
S \s-s-C

43

O Or
Eq. 18
R R

\s—s—s/

% Yield  nup.

@ o RN 57 160
(by m. RN 51 116
() po RO 12 150
() 0. R CH, 20 178

SH cl-s-cI HS
-+

44
SH CI-S-Cl HS
R )

$-S-5

44b

Compounds 44b and ¢ (m- and p-) have also been obtained
in poor yiclds by the reaction of equimolar amounts of
melta or para benzenedithiol with SCl, (equation 19). The
corresponding reaction of ortho-benzenedithiol did not give
the expected product 44a;  instead a viscous oil with a
molecular weight of 172 was obtained. It was probably
the monomer, trithial 3 Jorthocyclophane 45. Compound
45 would be expected to have a more favorable conforma-
tion than the m- and p-monomers. Allen and co-workers
(62) have prepared biphenyl tetra and disulfides in a similar
manner (compounds 46 and 47).

The discovery of the synthesis of an octathiaparacyclo-
phane system was accidental.  When Ariyan and Martin

Vol. 11

reacted para-dialkoxybenzene with dichlordisulfane (8, Cl,)
in the presence of anhydrous aluminum chloride or an
acid-clay catalyst in carbon disulfide or chloroform, they
got large-ring crystalline products 48 (equation 20),7,15,17,
19- tetraalkoxy-2,3,4,5,10-11,12,13-octathiatricyclo[12.2.
2.26,% Jeicosa-6,8,14,16,17,19-hexaene (73-75). These
compounds showed transmission of aromatic character
(delocalization of electrons) across the polysulfide bridge.
Attempts to prepare the unsubstituted parent compound
were unsuccessful. It seems possible that the electron
donating groups, in particular the para-alkoxy groups, play
an important role in the synthesis. If the ortho-substituted
dialkoxybenzenes were reacted with sulfur monochloride
under similar catalytic conditions, tetrasubstituted thian-
threnes were obtained; however, uncatalysted reactions of
the same starting materials gave linear sulfides (73-75).

A macrocyclic nickel (II) complex containing a tetra-
sulfide chelated ring 50 has been prepared (but not isolated)
via a template mechanism by the reaction of 49 with excess
dichlorodisulfane (S, C1,) (equation 21) (76). Boekelheide
has prepared two macrocyclic disulfides 51 by the addition
of the dimercaptan to dicthyl azodicarboxylate in the
course of studying metacyclophane chemistry (see later)
(77). Several 9-membered rings containing vicinal disulfides

52 have been synthesized by Eckhardt (78). In the cyclo-

45 46 a7
70% m.p. 200 45% m.p. 110-112

OR,

om

S S~
Fq. 20

+ SCl,, —> | RO OR, |
S S
~S S~

s RO

48

Ry =R; =CHy 60% m.p. 185
R R; = CHy and CHg

phane series, 4,5,12,13-dibenzo,1,29,10-tetrathia[2.2 ] para-
cyclophane 53 was prepared by adding potassium ferro-
cyanide to 1,4-dimercaptonaphthalene (79). Luttringhaus
and co-workers have prepared a number of macrocyclic
disulfides 55 by cyclo oxidizing the long-chain dithiols of
the benzene series 54 with air, using copper (Il)chloride as
catalyst (equation 22) (80,81). High dilution techniques
were employed with 90% ethanol or aqueous dioxane as
solvent. The yiclds increased as the chain length decreased.
The dithiols 54 were prepared from hydroquinone and the
dibromides followed by thioureca to convert the halide to
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the mercaptan. A larger macrocyclic disulfide 56 was also
synthesized in a similar manner by these workers (80,81).

Asinger and co-workers have prepared some interesting
8-alkylamino-8-aryl-1,2,3,4,5,6-hexathiocan-7-thiones 57
(82.83). For example by reacting cyclohexylamine and
acctophenone with sulfur, they obtained the 8-cyclohexyl-
amino-8-phenylderivative. Whenp-acetylacetophenone was
used, a bis-hexathiocan 58 was obtained 83). Their results
are listed in Table V.

Dithiacyclophanes.

The name cyclophane is used as a general family name
for a compound containing any number of benzene rings
joined by chains in the para, meta and/or ortho positions
(84). The title compounds refer to the cyclic dithioethers
with at least one benzene ring. Dithiaortho-, meta- and
paracyclophanes are all known.

Early in 1903, German chemists prepared a ten-mem-
bered heterocyclic dibenzodithiecin 59 by the reaction of
dibromo-o-xylene with the corresponding dimercaptide

B +2
~ |
— VA

N\‘/N N _
( ] i\ j + $,Cl, —> /Nl\ 2Cl
S S S\ S

/
49 L S—S . Eap. 21
50
S—S
X
S ole©
sS—s HG  CH,
51 S-S
R AL 50% mp. 17150725 52

R - CH,, 10% m.p. 178-180

X

X - 0,CH,, 8,80,

S
53
?_(CHz)n SH ?_(CHg)n_—S
@ 0/CuC - @ kq. 22
| |
O—(CH,),, SH O—(CHp)—S
54 55

n % Yield m.p.

6 - 98-99

8 57 9596

10 2.3 1Ho-112

Reviews 657

0—(CH,)7— 0—(CH,);—S

O—(CH,) 7= 0—(CH,),—

56

5% mp. 115
HNRZ S 5 HNR HNR S
< :> | Vi Y | < > ’ 7
R
S S S S
sy o7 ~sy
57 58
CH,S Ne Br CH,
CH,S Na Br CH;

CH,S CH, .
CH,SCH, o=

-1
m.p. 234-236

Table V

Results of the Preparation of 57 and 58 (a)

57
r! R? Yield (%) M.p. (°C)
H CgHsCH, CH,- 63 127.5128
H CeHiq 76 147.5-148
H (C,Hs)2NCH; CH,- 66 94.595
H (CH3),N(CH,)3- 56 132.0-133
H (C2Hs),N(CH3)3- 23 75.5-76
H CH30CH,CH,- 59 92.0-93
4C1 n-C3H, 38 82.083
4-CH30 n-C3H, 50 84.585.5
58
R
n-C3Hy 42 159.5-160.5
n-C4Hg 25 156.0-156.5

(a) References (82) and (83).

(equation 23) (85). Compounds 60 (n = 1 and 2) have
also been reported separately (86,87).

In 1971, Millar and co-workers synthesized a series of
aromatic macrocyclic sulfides (62). The reaction of the
dihalide with dimercaptide yielded both the monomeric
60 and dimeric 61 cyclic products (see equation 24). When
biphenyl-2,2"-dithiol or 2,2"-bis(mercaptomethyl)biphenyl
was reacted with the dihalides, compounds 62-66 were
formed. Table VI summarizes the experimental results. It
appears that there is a maximum yicld as the ring size
approaches ten and cleven in this system. 1f a,q’-dibromo-
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p-xylene was reacted with the thiol, only the 24-membered
dimeric compound 67 was found. The formation of only
dimer is nol unreasonable for this kind of compound,
because there would be too much strain in the monomer.
In preparing some of the macrocyeclic dithia-cyclophanes
or mercaplals, the dimers were often the only products
isolated.

Recently Tanaka and co-workers (88) have prepared
some azathiaorthocyclophanes 68 and 69 by the reaction
ol bis(2-bromomethylphenyl)sulfide with various amines
(equation 25). Their results are given in Table VI These
workers also prepared the corresponding sulfoxides and
sulfones (89).

Dithiametacyclophanes have been prepared and studied
intensively by Voglle and co-workers (90-103). Over one
hundred of these compounds have been synthesized and
identified. In most cases the corresponding sulfones have
These will not be discussed.  Com-
pounds 70, (2,n+3)-dithia|ntd mctacyclophane, were
prepared by reacting equal moles of a,co-dimercaptan with

also been prepared.

the corresponding a,w-dibromo-m-xylene in base. The
yield ranged from 3% o 90%. Table VI summarizes the

@CH Br
CH Br
(CH,)n
@CS>(CH) + @E:S/\SiIC) K. 24
S SN
60 (C

NaOG, 1,

+ HS (CH,),SH

Hz)n
OO
b
|
S S o 2)n
(\CHZ{w (CH,) O/CH
$
SENS
\/

Vol. 11

o &
CH, B
S + NH;R ——> S N-R
z /CHZBy 2

68

R
|
CH, —N— CH,

+ S S kg

CH, —N-— CH,
R

69

experimental results (90,94,95,96,101). When n = 2, most
of the cyclic monomers 70 were not formed, but instead
the 18-membered dimers 71 were isolated. When n = 3,
both monomers and dimers were formed (95). Itis inter-
esting to note that the melting points of the dithiameta-
cyclophanes decrease as the ring size increases above twelve
members (Table VII). This is a result of the larger rings
becoming more flexible and therefore they have a high
entropy of fusion (see later discussion) (104,105).

Many 2,11-dithia| 3.3 |metacyclophanes 72 with dif-
ferent substituent groups have also been prepared (91,94,
102,106,107). Symmetrical compounds were prepared by
the reaction of the corresponding a,w-dibromo-m-xylenes
with sodium sulfide; the unsymmetrical compounds were
obtained from the disodium salts of the two-substituted
a,w-dimercapto-m-xylenes and the corresponding a,c-
dibromo-m-xylenes.  All were reacted at high dilutions.
The compounds are listed in Table 1X. In the preparation
of compound 72 (X = Y = CH,), it is of interest Lo note
that a trimer 73 was also isolated although the yield was
only 2%. It was found that when the internal groups, X
and Y, were large (e.g. X = CHy), syn- and anti-isomers
were isolated (94,108).  An unusual result was observed
by Bocketheide and Anderson in that the difluoro com-
pound (72, X = Y = F) was formed only in the syn form
(106). Many of these compounds are of interest because
they ean readily be converted to the [2.2]metacyclophanes
by a Stevens rearrangement (109).

An altermate method to prepare compound 72 has been
reported by Boekelheide (77). 1t involved the addition of
a mercaptan to dicthyl azodicarboxylate followed by
reactionwith asecond mercaptan to give the disulflide which
was converted to monosullide by tri(diethylamino)phos-
phine (cquation 20). Two dithia] 3.3 Jmetacyclophanes
(72, X = Y = Il and Cll3) have been prepared by this

method. The dimethyl compound proved to be a mixture
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Dimercaptan

o :6“4((:“2 5“)2

HS(CH,), SH

HS(CH, )3 SH

0-CeHa(CH,ySH),

0-CgHa(CH,SH),

Biphenyl-2.2 "
dithiol

same

same

same

same

same

same

same

same

same

2.2 ,-his( mercaplo-
methyl)biphenyl

same

(a) Reference (62).

R

CH, CH, CH, OH
CHyCH,0H
CH, CeHg

Clly

Cl,CH;
Cll,CH,CH;
-CH, CH=CH,

(a) Reference (88).

X
S S
\ew,)”

Dihalide

CHals

0-CgHg(CH,Br),
0-CeHa(CH, Br),
()—(:6 “4(CH2 Bl‘)g
[)-(:6 [14((:“2 Bl‘)2

CH,ly
Hl‘((‘“z )2“1’
Br(Cl1, )3 Br
Be(CH,)4Br
Br(CH, )sBr
(CICH,),0
[Br(CHy ), |20
“'(:6“4((:HZBF)2
In-(:() H4((Il{28r)2
p-CeHa(CHy Br),

CH, 1,
m-CeHa(CH,Br),

Reviews

Table V1

Syntheses of Dithiacy clophanes (a)
(Compounds 60-67)

Monomer
Ring Yield M.p. (°C)
Size (%)
7 15 157-159
8 40 9496
9 40 85
10 50 234-236
7 39 95-96
8 41 179-180
9 360 69-70
10 06 143-144
L1 81 121-122
9 59 150-152
11 67 129
10 69 102-103
11 57 164-165
9 46 9597
13 50 150-152

Table VII

The Preparation of Azathiaorthocyclophanes (a)

68

Yield (%) M.p. (°C)
46 103-104
21 9697
15 92.93
17 68-69
31 69-70
15 55-56
34 84-85

Jey
- K@H
@§

Dimer
Ring Yield
Size (%)
14 3
16 5
18 5
24 10
69
Yield (%)
27
4
3
25
8
9

2
@
»

059

M.p. (°C)

198-200
142-144
208-210

183-184

M.p. (°C))

238-240
224-226
170-172
290-291
234-236
232-234
234-230
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[

0

-3

9

10

Ring Size

9
18 (dimer)
10
20 (dimer)
11
12
13
14
15
16

17

H

7 (a)
(85-86)
15 (a)
(170-171)
40 (a)
(100-101)
19 (a)
(116-117)
21 (e)
(8384)
36 (a)
(59-60)
32 (a)
(63-64)
(f.g)
(51-52)
(f.g)
(28-30)
(f.g)
(25)

Synthesis of (2,n+3)-Dithia[n+4 ) metacyclophane 70

24 (a)
(154-155)
16 (a)
(71-72)
13 (a)
(142-143)
16 (e)
(59-60)
41 (a)
(9697)
29 (a)
(81-82)
(f.g)
(49-50)
(f.e)
(<20)
(f.g)
(58-59)

Reviews

Table VIII

Substituent, X, % Yield (M.p. below)

Cl

30 (a)
(160-161)
11 (a,b)
(76-77)
(b)

35 (a)
(99-100)
37 (a)
(111-112)
(f.g)
(83-84)
(f.g)
(53-54)
(f.g)
(38-40)

Br

20 (a)
(176-177)
14 (a,b)
(117-118)
(b)

12 (¢)
(117-118)
47 (a)
(86-87)
39 (a)
(9798)
(f.g)
(75-76)
(f.g)
(47-48)
(f.g)
(28-30)

CH;

12 (a)
(=)

90 (c)
(71-72)

65 (c)
(48-49)
82 (c)
(70-71)
81 (c)
(9394)
75 (¢)
(9393)
96 (¢)
(74-76)
68 (¢)
(36-38)
72 (¢)

(liq)

Vol. 11
CH30 CN
60 (a) -
-)
66 (c) 16 (d)
(134-135) (114)
36 (c) 18 (d)
(100-102) (108)
74 (c) 34 (d)
(99) (166)
65 (c) 11 (d)
(106) (163)
58 (c) 5(d)
(45-47) (112)
80 (c) 24.(d)
(35-36) (84)
85 (c) 12.5 (d)
(23-24) (68)
71 (¢) 3(d)
(liq) (46)

(a) Reference (95). (b) Mixture of monomer (70) and dimer (71). (c) Reference (94). (d) Reference (101). (e) Reference (90). (f)
The compound has been prepared and identified, but the yield was not shown. (g) Reference (96).

H
H
H
H
H
1l
H
I
Cl

Br

«l
CN
CH;
CH5
CHj
CH3
CHj
OCH;
OCH;3
OCH;
OCH;

Table IX

Syntheses of 8,16-Disubstituted-2,11-dithia[3.3 ] metacyelophane 72

H

F

Cl

Br

CN
CH;
OCH3
F

1
Br
¥
CN

¥

Cl

Br
CHj
OCH4
¥

Cl

Br
OCH;

Yield (%)

41 (a)
(b.c)
(b,c)
(b,c)
7(d)
64 (¢)
51 (e)
37.(H
(b.e)
(byc)
(b,¢)
4 (d)
17 (e)
8 (e)
8 (e)
12 (e)
32 (e)
29 (e)
4 (e)
2 (¢)
8 ()

M.p.

120-121
149150
144-145
169-171
176-177
100-102
157-158
199-200
270274
259-262
196-220
>260

196-198
274-277
232-236
240-250
229-231
213-214
254-261
274279
248-250

Remarks

25% (m.p. 200-205) (g)

trimer also formed

(a) Reference (77). (b) The yield was not given. (¢) Reference (91). (d) Reference (102). (¢) Reference (94). (f) Reference (106).

(g) Reference (107).
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RSIT 4 Gyl O,CN = NCO,Cylls ~ RSNNHCO,C, Hs

CO,Cy g

R'SH

ROl RSsR

[((32115)21\1]31’) RSR' (liq. 20)

of the anti (14%, m.p. 250-255°) and the syn (2%, m.p.

238-240%) forms (77).

A smaller size compound of this family, 1,10-dithia-
[2.2 [metacyclophane (74, X = ), and its dimer 75 were
prepared carly in 1924 (110) and later isolated and iden-
tified by Vogtle (99). The compound was obtained by
condensing m-xylene dibromide with the sodium salt of
dithioresorcinol. A series of these compounds with substi-
tents of one ring was prepared in the same manner Y4,
96,99,102) (sce Table X). Three other series of similar
compounds, the 1 1-membered 2,11-dithia 3.3 Jorthometa-
cyclophanes 76, the 13-membered 2,11-dithial 3.3 Jmeta-
paracyclophanes 77, and the 15-membered 2,11-dithia-
[3.3.0 [metaparaparacyclophanes 78, have also been syn-
thesized under similar conditions. Table X includes all these
compounds (92,94,95,96,102,107). Dithiacyclophanes like
79, 80 and 81 have also been reported (90,93,98.11 1).
Compound 81 was lurther reacted to give compounds 82
and thiacoronenc 83 (111). The Vogtle research group has
also prepared some | 2-membered metacyclophanescontain-
ing four sulfur atoms 84 by reacting the gem-dihalides with
the sodium salt of dithioresorcinol (112). A similar naph-
thialino-2-phane 85 was also prepared (113).

Table X
Syntheses of Dithiametacyclophanes

Compound Yield, % (M.p. below)

X 74 76 77 78
H 21 (a) 18 (a) 13 (b) (c,d)
(145-146)  (157-158)  (172-173)  (125-126)
[ 19 (a) 14 (a) 22 (b) (c,d)
(142-143) (172-173) (131-132) (114-115)
Cl 15 (a) (cd) 18 (b) (c.d)
(176-177)  (232-233)  (115-116)  (124-125)
Br 30 (a) (c,d) (c,d)
(217218)  (225-226) (141-142)
CN 24 (e) 10 (b)
(216-217) (104-105)
CH; 81 () 59 (fg) 65 (f) 41 (d)
(140) (202) (112) (107-109)
0CH, 53 () 44 (1)
(182) (148)

(a) Reference (92). (b) Reference (95). (¢) Yield not given. (d)
Reference (96). (e) Reference (102). (f) Reference (94). (g) Also
44%, m.p. 204-205°, Reference (107).

Reviews

HIY mep. 228230

82
H><S
R S
84
R %Yield .
il 30 145147

o, 12183188
CHy a5 224220

\ SYield
28219
181182
208-200

direct bond 21
CH, i
COCH, 5

X

H

R

S S
ch ch
\ 2 72

001

w
w

81
885% np, 260 261

g

@

S S

NO,
S
S S

0% m.p. > 350
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Other substituted metacyclophanes 86 (X = direct bond,
Cll,, Cl, CO) were obtlained by treating m-(BrCH, CO),
Celly with m-(NaS), CgHy, m-(NaSClL,),CgHy or two
moles of sodium sulfide respectively in high dilution using
t-butyl alcohol as the solvent (114). By reacting a dilute
alkaline ethanol solution of 1,3-dichloro-4,0-dinitrobenzene
with 1,3-benzenedithiol and 1. 4-benzendithiol respectively,
Montaudo has recently obtained the dimers 87 and 88 (115).

Gundermann and Roker (116) have prepared  dithia-
paracyclophanes 89 and 90 by reacting the dihalides with
the dimercaptides. The corresponding sulfones were also
prepared. Similar compounds 91 and 92 were prepared by
Staab and co-workers (117). Kannen, Umemoto, Otsubo
and Misumi have prepared some novel dithia triple-layered
cyclophane compounds including the metaparaparacyclo-
phane 93, the metaparametacyclophane 94, the metameta-
metacyclophane 95 and the parametaparacyclophane 96
(117a).  These compounds were converted to the corres-

ponding cyclophanes by the Boekelheide procedure (109).
Tris-Bridged Polythiacyclophanes.

Of particular interest is the synthesis of tris-bridged
cyclophanes (also called “caged” compounds). Only a few
caged compounds containing sulfur as bridging members
have been reported. Applying the high dilution principle,
. Vogle treated 1,3,5-tris(bromoacetyl)benzene with
[,3,5-tris(mercaptomethyl)benzene in t-butyl alcohol as
solvent and obtained the [4.4.4](1,3,5)cyclophane 97 in a
reproducible yield of 10%. Similarly, cyclophanc 98 was
obtained in 0.16% yield by reacting the tris-bromide with
sodium sulfide and the cyclophane 99 (n = 1) was obtained
in a 10% yield by reacting 1,3,5-tris(mercaplomethyl)ben-
zene with methylene bromide in the molar ratio 2:3 (118).
The larger [60.6.6] and {7.7.7](1,3,5)cyclophanes (99,
n - 2 and 3) were obtained from cthylene and propylenc
bromide, respectively (119). Bockelheide has also prepared
a caged compound, 2,11 20-trithia3.3.3)(1,3,5)cyclophane
100 by condensing 1,3,5-tris(bromomethyl)benzene with
sodium sulfide in ethanol (109).  Compound 100 was
further reacted to yield the tris-metacyclophane (120). A
hexathia| 3.3.31(1,3,5)cyclophane 101 was recently  pre-

s s
S s
)OS °
O,N NO

2

OCH3
OCH3

88 89

0% mup. > 350 305 . 171

Vol. 1l
S
S
0 0. OMs
I i
R MO OM.
0
S
S
90 91

R OCH, 31% n.p. 230 mep. 2H-21S

S S
S @
OMe OMe
S
93

92
m.p. 243-240 50%

&

S
94 95
41, 34
' E | z
S
96
5%
o]
0 /
N [®]
/
S
S s
A\Y
Vi
97 0 98 \\O

10% m.p. > 360

0.16% m.p. > 360
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99 100

(CH,
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10 > 380
8 269271
05 >a90

12% m.p. 254255
1
o
3

pared in a 25% yield by Végtle and co-workers (113).

Some novel thiabiphenylophanes have been prepared in
Végtle laboratory (121). By reacting 1,3,5-tris[ (p-bromo-
methyDphenyl]benzene with 1,3,5-tris[(p-mercaptomethyl)-
phenyl Jbenzene, they obtained a 31% yield of compound
102. By using a high dilution technique, 1,3,5-tris|(p-
bromomethyl)phenyl |benzene reacted with various a,co-
dimercaptoalkanes to yield compound 103. These workers
were even able to prepare the tetrakis caged compound
104 (8%) by reacting the corresponding tetrakis bromo-
methyl biphenyl compounds (121).
Dithia(2,6)pyridinophanes.

The dithia(2,6)pyridinophane is similar to dithiameta-
cyclophane except that a benzene ring is replaced by a
pyridine ring. Vagtle has prepared a number of these
compounds by using the same techniques as that used for
the dithiametacyclophanes. Compounds 105-110 have thus
far been prepared (91 92,94,95,97). In the preparation of
2,11-dithia|3.3](2,6)pyridinophane 109 from 2,6-dichloro-
methylpyridine and sodium sulfide, a trimer 111 (3%) was
also isolated by Martel (122). The intermolecular conden-
sation of 0-chloropyridine-2-thione gave a 12-membered
heterocyclic trimer 112 which by X-ray analysis has been
found to have a nonplanar configuration (123). Boekel-
heide and co-workers have recently prepared a dithia[2.2]-
(2,6)pyridinoparacyclophane 113 by the reaction of the
corresponding 2,6 -bis(mercaptomethyl)pyridine and p-
xylylene dibromide (124). They found that the sulfur
atoms could be extruded photochemically to give the [2.2]-
,0)pyridinoparacyclophane (114). Jenny and co-workers
have recently reported the preparation of other thiapyri-
dionphanes 115-118 by similar reactions (125,126).

SN

. CH,
/
ch, <
\ S
S ~
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s -/
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25% mop > 360

Reviews

-
<

C
HZC\ s pd

%w

s CHy)

(CHa), Wik

(g |
\‘<f>——c</s‘9*‘2)n

663

RN

I

.C

H,

102

CH,

H;C

3% mp. > 130

BT

1
3
3
3

103

e Vield dee.p,

280
280
280

270

§7 decp. 200

58

g

N
§\¢/”\\\/§;
X % YieW  mp.
108 H 28 195-190
6% mop TRTH X % Yield m.p. F 14 JERA B
CH 20 172173 CH, ol 130031
N 30 228.220 OCH, 13 206208
% A
S
X .
S S
N
108 (:::)
X % Yield
H 173175 108
F 174175 197¢ anp, 220222
CHy 34 135136



604 Reviews Vol. 11

e 9\1 %K

s O s
S (CH, )Y
110 ON C
o Yield aep
113 114 115
2 B 152151
i n o7 1o A8% mup. 117-118 06% m.p. 177178
1 30 YR Yy
" 5 PAT- 18
6 32 138110
n 7 8Y
1 ol =475 S
) 8 1E7 120
(K} K1} 5455
CH,~SCH, '\i X
@) _
s N 75
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m.p. 217218
Thiophene Macrocycles (127).

The [l-membered thiophenophane 120 was prepared

from the B-diketone 119 using phosphorus  pentasulfide
(cquation 27) (128). The 2,2-thiophenophane 123 has been
prepared by an 1,5-Hoffmann climination process across
compound 121 to yield the highly reactive intermediate 122

which readily polymerized. The dimer 123 was isolated in
a 19% yield (equation 28) (129).

Goldfarh, et al., has used an intra or intermolecular
acylation of w-(2-thienyl)alkanoyl chlorides in the pres-
ence of a catlalyst to give several possible macrocycles

(Scheme 1 and Table X1). The catalysts were polyphos-
phoric acid, Friedel-Crafts catalysts, silica or alumina gel ‘ : <§> by 27
of coarse pore size, or partially hydrolyzed aluminum
chloride etherate.  The chain length of the acid chloride

played an important role in determining what type of
products were formed (130-132). With m = 3 - 5, intra-
molecular acylation to the 3-position was the most signifi-
cant reaction (124 > 125). Nevertheless, with m = 5, there ﬂ + <=>
were also some intermolecular reactions which gave both CH3~ g ~CH, N(CH,) —> H2c4 S NCH
the dimer 127 and trimer 126 in low yields. With interme-

diate chain length (m = 5 - 9), more dimer 127 was isolated. 121 122

50%

At m = 8, cyclization to the 5-position 128 was first
noticed, and good vyields occurred with m = 9. Other
methods of making these types of compounds included the

acyloin reaction Lo give a,o-dicarboxylic esters 129 (133)
and cyclization of w-halof-ketoester 130 with potassium f/ \5 N e
carbonate in methyl cthyl ketone to form 131 and dimer HLC> s CH, A

132 inexcellentyiclds (equation 29) (133-137). Compounds
131 and 132 were hydrolyzed and decarboxylated to give 12
133 and 134. 9% map. 1915 196
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SCHEME L

CcO
(5., D
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-

125

C-(CH.)m
2
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T e

Another series of macrocyclic systems containing the
thiophene ring has been extensively investigated by Badger
and co-workers (138-141). They are the analogues 135 of
the |18 Jannulene system 136. The general synthetic
method for the preparation of the trisulfide 136a involved
a Perkin condensation of thiophene-2,5-diacetic acid 137
with dialdehyde 138, followed by hydrolysis and decar-
boxylation of the product 139 (equation 30). However,
considerable preliminary work was necessary to prepare the
starling materials 137 and 138.

Reviews 605

Similar compounds 140 and 141 were prepared by Cresp
and Sargent (142) using a Wittig reaction. The seventeen
membered ring 140 was formed in the greatest yield.

The porphyrinogen analogues 144, 145 have been syn-
thesized by Meth-Cohn and his co-workers (127,143). 1t
was found that by reacting the dilithium compound 142
with the diketone or dialdehyde (143, R = CH; or 1)
cyclization failed when the two reactants did not have the
dimethyl groups (cquation 31 and 32) (143). An interest-
ing sila analog 146 has also been prepared (144).
Macrocyclic Polyether Sulfides.

Early in 1920, Ray reported the isolation of the tri-
cthylene trisulfide, 1,4,7-trithia@-crown-3) 147, during the
preparation of ethylene mercaptan by the interaction of
ethylene dibromide and alcoholic potassium hydrogen
sullide (145). The trival naming system for these com-
pounds is an extension of the trivial erown nomenclature
(23). A thia prefix is used to show that sulfur atoms have
replaced the oxygen atoms in the polyether ring (140). In

oy
S
(CHalm (CHa)p

. ./

C—
]
0

poo gl

129

m-n 4 41% mp. 69.5.70

mod.n 5 A% mp. 6204

m 0 4 (34-dimethyl substitution)
43% m.p. 117-119

1934, the 18-membered macrocyclic compounds 1,4,7,10,
13,16-hexathia(18-crown-6) 148 and 1,4,10,13-tetrathia-
(18-crown-6) 149 were prepared by Meadow and Reid by
the reaction of dimercaptans and dihalides in base (147).
They expected to obtain crown-3 compounds but rather
oblained the reported crown-6 compounds 148-149. They

Table X1

Yields and Melting Points for Macrocyclic Thiophenes in Scheme 1 (a)

Compound m = 3 4 5 6
125 92 88 9
(34-35) - (46-47)
126 unk
(89-90)
127 2 5

(141-143)  (108-109)

128

(a) References (130-133).

7 8 9 10 i 12
13 4 12
(9798)  (8183)  (102-104)
8 54 64 63 60
(unk) (40-41) (44-46)  (3132)  —
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have also prepared other thia-crown-4 compounds 150,
151, and 152 from reaction of the corresponding dimer-
captans and dihalides.

In 1961, Dann and co-workers at the Kodak Research
Laboratories prepared some crown-4,0, and 8 polyether
sullides 153, 154, 2, and 155 by the reaction of the dibro-
mides and the dimercaptans or sodium sulfide (148).

Since 1968, several new “thia-crown” compounds have
been prepared and studied as metal-ion complexing agents.
Busch and co-workers synthesized perthia-12-crown-3 156,
and perthia-crown-4 compounds 157-161, from the dimer-
captans and the dibromides (Scheme 2) (25,149,150). A
dimer of 159, perthia-28-crown-8 160, was also isolated,
It is interesting to note that the perthia-crown-3 and 4

Black and

macrocycles are all white sublimable solids.
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Mclean following the same procedure described by Reid,
prepared the thia-18-crown-6 macrocyecles 148 and 149 in
ethanolat high dilution. The yicld of 148 was surprisingly
high (31%) compared with 149 (7%) (151,152). A 10-
membered macrocyele 162, 1,3,5,7.9-pentathiacyclode-
cane, has been prepared by the reaction of sodium sulfide
and dichloromethane (153). However, in addition to the
eyclic pentamer of thioformaldehyde 162, other cyclic
compoimds formed including the trimer and the tetramer.

[ [ ™
oo L =k
§ Cgi CgQ

e
0 o/?

Ve omp. 6

AN I\ 0
[O Oj (S oj K/ (L/ S ]
_/
153 \i 185

ST

/

156 157

e . 87 88 Vi mep. 205217

Other cyclic oligomers with both oxygen and sulfur hetero-
atoms have been prepared (154). The reaction of sodium
sulfide nonahydrate and bischloromethyl ether in methanol
gave polymers and the cyclic compounds 1-0xa-3,5,7,9 -
tetrathiacyclodecane 163 and 1-0xa-3,5,7,9,11-pentathia-
cyclododecane 164 (154). This latter reaction should have
yielded polymers and cyclic oligomers with alternate for-
maldehydethioformaldehyde units. However, no products
of this kind were obtained, and even the polymers had
CH, 8/CHL O ratios between 1 and 4. The explanation of
this discrepancy and the mechanism of this reaction are
stll unknown.

In 1955, a mixed amino-thia crown compound 165 was
first prepared (155). In 1968, Black and Mclean followed
the same procedure and obtained 165 and 166 (151,152).
These compounds were prepared by condensing bis-(2-
bromocthyl)amine with ethane-1 2-dithiol and 3-oxapen-
tane-1,5-dithiol respectively.  Lehn and co-workers have
also prepared 165 and 167 as well as the cryptate 4 (a, b
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SCHEME 1

Br Br (5 Sj
S s
158
16% mep. L3135

)

D
e U
S S 159

( j 7% mp. 119.120
SH HS

S/—\SVWS/—\S
* <: S S S S :>
P

160

Br Br

(NaOCHg G, H01)

25% m.p. 66.67

SmS
* G

Br Br

161
38% m.p. 8180

and ¢) by a different synthetic path similar to the following
method) (6,150). More recently, four mixed crown-5
compounds 168, 169 and 170 have been synthesized from
the cy cloaddition of a,wo-diamines to a,w-dicarboxylic acid
dichlorides. The cyclic diamides were then reduced to the
products (equation 33) (157).

Pederson in 1971 synthesized nine aromatic thia-crown
compounds 171-179 which contained two to four oxygen
atoms and two to four sulfur atoms. The compounds were
prepared by refluxing cyclic vicinal mercaptophenol or
dithiols with equivalent portions of terminally substituted
oligocthylene glycol dichlorides and sodium hydroxide in
I-butanol under nitrogen. Table X summarizes the experi-
mental results. 1L is of interest to point out that 175 and
176 arc structural isomers and were prepared {rom identical

S S|
L
162 163
LO% mop. 120121 wp. 106-108
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178 179
reactants. By varying the mole ratio of the starting materials
different intermediates may by obtained, which lead to
different products ('l 58).

Recently, Bradshaw and co-workers have prepared a
serics of 9,12,15,18 and 21-membered macrocycdlic poly -
cther sulfides rings (105,140). Although these compounds
could be prepared by a number of different methods, the
most convenient was the reactions of a dimercaptan or
sodium sulfide and an oligoethylene glycol dichloride in
base. Thus, process C of Scheme 3 was the method used to
give 1-thia(18-crown-6) 180. This method was first used
by Dann and co-workers to prepare, §,10-dithia(18-crown-
0) 2 (148). Compounds prepared include 180-196. Table
XUHists the yields and melting points of these and related
compounds.
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Table X11
Synthesis of Thia-crown Compounds 171-179 (a)
Reactants Ring M.p.
Compound Dithiol Dichlorides Size Yield % °C
17 bis(o-hydroxyphenylmercapto) bis(2-chloroethyl) 14 3 150-153
methane ether
172 toluene-3,4-dithiol 1,11 dichloro-3,6 9- 15 30 oil
trioxaundecane
173 toluene-3,4-dithiol 1.14dichloro-3,6,9,12- 18 56 oil
tetraoxatetradecane
174 1,2-bis(B-mercaptoethoxy )ethane I ,2-bis(8-chloroethoxy)benzene 18 1 91
175 o-mercaptophenol bis(2-chloroethyl)ether 18 15 143-144
176 as 175 as 175 18 5 114-115
177 toluene-3,4-dithiol bis(2-chloroethyl)ether 18 6 147
178 trans-1 2-cy clohexanedithiol bis(2-chloroethyl)ether 18 24 oil
179 1,17-dihydroxy-4,5,13,14-dibenzo- thiony! chloride 20 33 133
3,6,9.12.15-pentaoxaheptadeca-
4,1 3-diene
(a) Reference (158). o/_\s S/_\S
o
Dale has pointed out that melting points of macrocyclic (_SP> <_ \> [ j ( j
compounds are related to their conformations (104). The . S/ o o0
melting point can be expressed as Ty, = A /ASy,. Sinee 189 182 183 184

the heat of fusion will probably be constant (or nearly so)
for all compounds of a particular series, a large entropy of
fusion will mean a low melting point or vice versa (104).
If a compound has a unique conformation which persists
in the liquid state, it will have a low entropy change and
therefore a high melting point.  Large flexible rings have
many equivalent conformations in the liquid state and
therefore have high entropy of fusion and thus a low melt-
ing point (104).

The melting points of various related thia-crown com-
pounds prepared by Bradshaw and others are listed in
Table X1lI. A number of interesting correlations are
observed (105). In general, the melting point increases as
the number of sulfur atoms is increased for cach similar
serics. The larger sulfur atoms cause these rings to become

SCHEME HI
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Co ol Co o/
/ /
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_/ \_/
188 189 180
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193
194 195

less flexible and reduces the number of possible confor-
mations in the liquid state. The perthia(15-crown-5) com-
pound has not been reported. When prepared, it should
have a melting point in excess of 100°.

Also, the more symmetrical compounds have higher
1,10-Dithia(18-crown-0) 2 is the most
symmetrical of the eighteen-membered rings containing two

melting points.

sulfur atoms, while the 1,7-dithia compound 192, is prob-

ably the least symmetrical. Compound 2 also has the



670 Reviews

Table X111

Yiclds and Melting Points of Thia-Crown Compounds

Crown-3 Yield (%) M.p. (°C) References
I'rithia (147) low 13° (145)
Dithia (182) 6 liquid (146)
Thia (181) 5 liquid (146)

Crown-4
Tetratha (157) 4 215217 (25)
Trithia (184) 26 8990 (146)
Dithia (183) 19 20)-24. (146)
Dithia (154) 12 liquid (146,148)
Thia (153) 14 liquid (146,148)

Crown-5
Tetrathia (190) 13 9395 (105)
Irithia (189) i 4344 (105)
Trithia (188) 5 liquid (105)
Dithia (187) 20 51-52 (140)
Dithia (186) 27 liquid (146)
Thia (185) 20 liquid (146)

Crown-0
Hexathia (148) .4 115 (147)
Tetrathia (149) 1.7 125 (147)
Prithia (193) 1} liquid (105)
Dithia (2) 12 9091 (146,148)
Dithia (197) 28 54-56 (105)
Dithia (192) 29 liquid (105)
Thia (180) 36 liquid (105)

Crown-7
Trithia (195) 1 liquid (105)
Dithia (194) 25 liquid (105)

highest melting point.  Also in the twelve and fifteen-
membered rings, the 1 4-dithia compounds 183 and 187
have higher melting points than the less symmetrical 1,7-
dithia compounds 154 and 186.

The effect of ring size on melting point can be seen by
comparing compounds 1567, 168, 159, 150, 151, 152 and
160. The first six compounds have the same number of
sulfur atoms but an increasing number of ring members.
The melting point decreases i a regular fashion as the ring
size increases except for compounds 151 and 162, As the
ring size becomes larger, the ring becomes more flexible and
the melting point decreases. In fact, very large rings (over
20 atoms) resemble two parallel chains connected by
methylene bridges or heteroatoms at cach end. This would
be the case for compound 160 which is a dimer of 159.

Adendum.

We attempted o cover the literature through 1973,

Vol. Il

Since that time new papers dealing with macrocydic sulfur
compounds have been published.  Bockelheide and co-
workers have now published complete data for the synthesis
of metacyclophanes through sulfur intermediates (such as
compounds 72-77) (159-162).  Vogtle and Weber have
recently reported the preparation of macrocyclic com-
pounds containing oxygen, sulfur and nitrogen heteroatoms
(163). These compounds (196-202) were prepared Lo com-
plex alkali metals. Theamine oxides of some of these were
also prepared.
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