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Preface

Chalcogenocarboxylic acid derivatives are a large class of compounds includ-
ing more than one chalcogenocarboxyl group in which one or two oxygen atoms
of the carboxyl group are replaced by sulfur, selenium or tellurium atoms. There
are 15 kinds of compounds of chalcogenocarboxylic acid (Table 1). As the
hydrogen atom of hydrochalcogenoxide (EH) group in RCOEH (E=S, Se, Te)
can also be replaced by all of the element in the periodic Table and in addition,
Group 2 to 16 elements can formally bind with more than two chalcogenocar-
boxyl groups, the number of the types increases to over 10000, even limited to
the case where R=methyl group. The chemistry of metal chalcogenocarboxy-
lates has not been explored extensively as that of carboxylates and dithiocar-
bamates. This volume presents a comprehensive overview of the syntheses
and their limitations, structures and reactions of chalcogenocarboxylic acid
derivatives, by emphasizing the developments in organic and inorganic chalco-
gen chemistry over the last 5 to 20 years.

Takayuki Kawashima and Naokazu Kano wrote Chapter 3, Juzo Nakayama
and Akio Ishii Chapters 4 and 5, Nobuaki Kambe and Shin-ichi Fujiwara con-
tributed Chapter 6, and Toshiaki Murai submitted Chapter 7 and Osamu Niy-
omura and I presented Chapters 1 and 2.

Finally I thanks Professors Hisashi Yamamoto of Chicago University and
Tamejiro Hiyama of Kyoto University for suggesting we write this book and the
encouragement they gave us.

Nagoya, November 2004 Shinzi Kato
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Abstract Although thio- and dithio-carboxylic acids have been extensively studied for some
time now, research into other chalcogenocarboxylic acids - containing selenium and tel-
lurium - has only blossomed over the last decade. Monochalcogenocarboxylic acids exist
as fast tautomeric equilibrium mixtures of chalcogenol and chalcogenoxo forms. The chal-
cogenol form is the predominant species in solid state and nonpolar solvents. In contrast,
in polar solvents at low temperature, the acids predominantly exist in the chalcogenoxo
form. Syntheses of heavier dichalcogenocarboxylic acids have only been attempted very
recently. This chapter presents the results from recent studies of chalcogenocarboxylic acids,
their syntheses, structures and reactions.

Keywords Chalcogenocarboxylic acids - Chalcogenol form - Chalcogenoxo form -
Carboxylic acids - Chalcogens
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1
Introduction

Carboxylic acids are one of the most fundamental and important groups of
compounds in organic chemistry. Chalcogenocarboxylic acids, RCEE'H (E, E’=0,
S, Se, Te), are derived from carboxylic acids by replacing one or both oxygen
atoms of the carboxyl group with S, Se or Te.

As shown in Scheme 1, there are 15 kinds of chalcogenocarboxylic acid.
There are six monochalcogenocarboxylic acids, that have oxygen and chalco-
gen atoms (A), as well as their tautomers (A”). There are also the dichalcogeno-
carboxylic acids (B and C), while the dichalcogenocarboxylic acids with two
different chalcogen atoms (of which there are three kinds, B) also possess tau-
tomers (B”).

(0] (0] (0] (@]
R)J\OH R)]\SH R)J\SeH R)J\TeH A
S S S S
R)J\OH R SH R)J\SeH R TeH
B
Se Se Se Se
R” "OH R SH R SeH R TeH
Te Te Te Te
RJ\OH R)J\SH R)J\SeH R/U\ TeH
A B' C

Scheme 1

Historically, the first chalcogenocarboxylic acid discovered was thiocarboxylic
acid - thioacetic acid - reported by Kekulé in 1854 [1]. Since then, chalcogeno-
carboxylic acids, and particularly numerous thio- and dithiocarboxylic acid
esters, have been synthesized and summarized in several review articles [2-9].
In contrast, until very recently, little has been known about the chemistry of the
congeners containing heavier chalcogen atoms, such as selenium and tellurium,
probably due to their instability and the handling difficulties associated with
them. In this chapter, the chemistry of chalcogenocarboxylic acids, their syn-
theses, structures, spectral features and reactions are reviewed.
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2
Syntheses

2.1
Monochalcogenocarboxylic Acids

As mentioned above, the first isolation of a monochalcogenocarboxylic acid -
thioacetic acid — was reported in the middle of the 1850s, having been synthe-
sized from the reaction of thioacetic acid with P,S,, [1]. This method cannot
applied to the synthesis of other thiocarboxylic acids, due to very low yields,
although reactions in the presence of a catalytic amount of Ph;SbO have been
found to give good yields of aromatic thioacids [10]. Acidolysis of thiocarboxylic
acid alkali and alkaline earth metal or ammonium salts with hydrogen chloride
has proved to be the most convenient method to prepare the thiocarboxylic
acids 1 and 1” (E=S) (Scheme 2) [5, 6, 11, 12]. The first example of selenocar-
boxylic acid was confirmed spectroscopically in 1972 by Jensen et al., who syn-
thesized selenobenzoic acid by reacting benzoyl chloride with H,Se in the
presence of pyridine, followed by sulfuric acid [13]. Isolations of a series of
selenocarboxylic acids 1 and 1’ (E=Se) were gained through HCl-acidolysis of
the corresponding sodium [14] or potassium salts (Scheme 2) [15]. Formation
of the tellurocarboxylic acids 1 and 1” (E=Te) (purple for the aliphatic com-
pounds and blue for the aromatic compounds in THF solution) by similar HCI
acidolysis of the corresponding cesium (or other alkali metals) tellurocarboxyl-
ates has also been observed spectroscopically (Scheme 2) and by conversion into
the acyl carbamoyl telluride [16]. However, these are too air-sensitive to isolate.

o) W 0] E
R)\\E +  HCl Et,0 R)J\EH - R)J\OH
E=5,SeorTe 1 1
M = alkali metals
Scheme 2
2.2

Dichalcogenocarboxylic Acids

Dithiocarboxylic acids can be readily obtained by HCl-acidolysis of the corre-
sponding magnesium halide, prepared by the reaction of a Grignard reagent
with carbon disulfide [17] or ammonium salts [18]. Aromatic dithiocarboxylic
acids cannot, in general, be distilled. The formation of green to blue selen-
othiocarboxylic acid 2 or 2" [(CH,=CHCH,);CCSSeH] in ether by treating the
corresponding tetraalkyl ammonium salts with hydrogen chloride has been
observed spectroscopically (Scheme 3) [19]. Nakayama et al. have found that
treating diselenocarboxylic acid inner salts with acids such as CH;CO,H,
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Se 0°C,1h So i
= *N(C4Hg-n + HCI _—
r g NGt Et,0 A~ sH r s
R = C(CH,CH=CHy)3 2 2'
Green solution
Scheme 3

CF,CO,H, CF;SO;H, HBF,, and H,SO, (Scheme 4) results in the formation of di-
selenocarboxylic acid 3 [20]. The formation of 2-methylbenzenecarbodiselenoic
acid 4 (green in ether) by acidolysis of the corresponding tetramethyl ammo-
nium salt with CF;SO;H has also been reported [21]. The compound 4 reacts with
methyl vinyl ketone to give y-oxabutyl diselenoester 5 (Scheme 5) [21].

CHs CHg
N Se HX N Se
(> (>4 x
N Se HX : CH3CO5H, CF3CO-H N SeH
bHs CF3SO3H, HBF4, or HQSO4 ‘CH3
3
Scheme 4 Immediate decomposition
Se Se
-70 °C
\o *N(C4Hg-n)s + CF4SOsH
R)\Se e oo Et,0 R)J\SeH
R =2-CH3CgH, 4
green solution
o}
SO S
R se/\)J\
Scheme 5 5(21%)

There is no reported example of a tellurium-containing dichalcogenocar-
boxlic acid (a tellurothio-, selenotelluro- or ditelluro-carboxylic acid) thus far.

3
Structures and Physical Properties

3.1
Spectroscopic Studies

The structures of thio- and dithiocarboxylic acids have been studied exten-
sively using IR, UV/Vis and NMR spectra, and molecular orbital calculations
for many decades now [3, 7-9]. Thiocarboxylic acids are considered to exist
as fast tautomeric equilibrium mixtures of thiol (I) and thioxo (II) forms
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(Scheme 6). Similarly, for seleno- and tellurocarboxylic acids, selenol and se-
lenoxo, and tellurol and telluroxo forms may co-exist, respectively. Previous
studies concerning the tautomerism of thiocarboxylic acids indicate that the
thiol form (I) with the s-cis (syn) conformation is the predominant species.

(0] S
R)J\SH RJ\OH
Scheme 6 | 1]

In 1996, spectroscopic observations were reported that indicated that the
thioxo form of thiocarboxylic acid predominates in polar solvents at low tem-
perature [16]. Since then, several theoretical studies of tautomerism in chalco-
genocarboxylic acids have been reported. Spectroscopic experiments have shown
that monochalcogenocarboxylic acids (RCOSH, RCOSeH, RCOTeH) exist in
chalcogenol forms in nonpolar solvents and the solid state [14, 16]. The IR spec-
tra (neat or Nujol) of selenocarboxylic acids show Se-H and C=0 stretching
frequencies at 2290-2324 and 1680-1720 cm™". In the 'H and *C NMR spectra
(in CDCI; solution), signals due to SeH and C=0 are observed at 6=2.3-4.7 and
6=190-207, respectively. In contrast, in polar solvents such as tetrahydrofuran
(THF) and acetone methanol, tautomeric equilibria between chalcogenol and
chalcogenoxo forms have been observed, and the chalcogenoxo forms are the
predominant species at low temperatures (below -90 °C) [14, 16]. In the IR
spectra of 4-methoxybenzenecarboselenoic acid in THF at room temperature,
the intensities of C=0 stretching frequencies at 1682 cm™! were observed to be
less than those seen in the solid state. The resonance from *C=Se is observed
at 6=222.2, and the peak from Se'H occurs at 6=15.3, indicating the likely
existence of hydrogen bonding with the oxygen atom of THF (Table 1). In

Table1 NMR spectra for monochalcogenocarboxylic acids

E=S, Se, Te 0 E
R=4-CH,0CH, . Aon
chalcogenol form chalcogenoxo form
E=S NMR (‘H) SH 4.48° OH 14.52¢
(13C) Cc=0 188.5 C=$ 212.3¢
E=Se NMR ('H) SeH 2.59 OH 15.3¢
(B3C) C=0 189.6% C=Se 222.2¢
(7Se) 427.5% 753.9¢
E=Te NMR ('H) TeH - OH 16.02°
(C) Cc=0 - C=Te 222.2¢
(15Te) 535P 952¢

2 In CDCl, at rt;  in toluene-dg at -90 °C; € in THF-d, at -90 °C.
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the UV/Vis spectra of 4-methoxybenzene-substituted chalcogenoxo acids, the
absorption maxima attributed to the n-m* transitions of the C=S, C=Se and
C=Te groups were observed at 413, 502 and 652 nm, respectively.

It has been reported that dithiocarboxylic acids exist as monomers in dilute
solution and as hydrogen-bonded dimers in concentrated solution. NMR spec-
tra for neat dithioacetic acid 6 revealed that reversible covalent associations
exist, resulting in dimer 7 and cyclic trimer 8 [22]. At 19.5 °C, the ratios of these
spices are 61% monomer, 38% 7 and ~1% 8.

S S HS SH S (L
s7s
CHa)I\SH Me)J\S)<0H3 HaC~L g A~SH
HS = CHs
6 7 8

The acidities of thio- and dithiocarboxylic acids have been discussed in
an earlier review [3]. For example, the pK, values of PhCOOH, PhCOSH and
PhCSSH are 4.20,2.48 and 1.92, respectively. The acidities of some chalcogeno-
carboxylic acids have been estimated through theoretical studies. The gas-
phase acidities (AH) of formic acid and its sulfur congeners are 342.1 for
HC(O)OH, 332.2 for HC(O)SH, 328.8 for HC(S)OH and 325.8 kcal/mol for
HC(S)SH. Therefore, the acidity appears to increase roughly in proportion to
the number of sulfur atoms present [23]. For selenocarboxylic acids, gas-phase
acidities are 340.4 for HC(O)OH, 327.6 for HC(O)SeH, and 321.9 kcal/mol for
HC(Se)OH, indicating that selenocarboxylic acids are more acidic than their
parent carboxylic acids [24]. It was also predicted that selenocarboxylic acids
may be more acidic than their corresponding thioic acids [14].

3.2
X-ray Structural Analyses

Little crystallographic information is available on chalcogenocarboxylic acids.
Few (if any) thio- [25, 26] and dithiocarboxylic acids [25-28] are known, and
no congeners containing selenium and tellurium have been found.

The substituted thiobenzoic acids 9 (R=2-HOC¢H,) [25] and 10 (R=4-
CH;C4H,) [26] exist as cyclic dimers, with both molecules connected via inter-

. H.
E---H-S 0 S
.0 S
R )R HTS \
S—H---E @ s H-S H
9 E=0, R=2-HOCeH, 12
10 E = O, R = 4-CHaCeHs )
11 E=S, R = 4-CHsCqH (C=S5:1.651, C-S:1.736 A)
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molecular hydrogen bonds (S-H:--O=C) in the crystal state, as in their parent
benzoic acids [25,29]. The bond distances of the thiocarboxylic acids indicate
that the molecules exist in the thiol form in crystals. In the same way, in the
solid state 4-methyldithiobenzoic acid 11 forms dimers through hydrogen bonds
(S-H---S=C) [26].Intramolecular C=S---HO and intermolecular S-H---O(H)-C
hydrogen bonds are observed in 2-hydroxydithiobenzoic acid 12 [25].

3.3
Theoretical Studies

Semiempirical and ab initio theory molecular orbital calculations have been car-
ried out on chalcogenocarboxylic acids, especially simple thiocarboxylic acids
[8]. Some model compounds have been investigated recently using higher ba-
sis sets and theory levels [23,30-34]. Further calculations for heavier congeners
containing selenium and tellurium have also been carried out [24, 30, 32, 35].

Jemmis et al. reported theoretical calculations for tautomeric rearrange-
ments in mono- and dichalcogen congeners of formic acid HC(E)E'H (E,E’=0,
S, Se, Te) at the HE, MP2 and B3LYP levels (Scheme 7) [30]. The relative ener-
gies of the minima (13a and 13b) and the transition states (TS) showed that the
barrier to tautomerism reduced as the electronegativity of the chalcogens
decreased. For monochalcogenocarboxylic acids (HCOEH), the relative energy
values show a thermodynamic preference (~5-8 kcal/mol at the HF level) for
the keto moiety (chalcogenol forms) more than the enol moiety (chalcogenoxo
forms). The stabilization due to solvation (hydrogen bonding between HCOEH
and a polar solvent, such as THF and acetonitrile) is more for the chalcogenoxo
forms than for the chalcogenol forms. But the greater stabilities of the chalco-
genoxo forms are not sufficient to reverse the thermodynamic stability. For
thio-, seleno- and telluroacetic acids, the chalcogenol forms are still preferred,
in both the gas phase and the solvent model (self-consistent reaction field,
SCRF method) studies.

e

E' E'----H E'

H
H

Scheme 7 13a TS 13b

Hadad et al. found that XC(=0)SH (X=Me, NH,, OH, F) is preferred over
XC(=S)OH by 5-14 kcal/mol using ab initio calculations [23]. The C-O bond
dissociation energy is greater than the C-S energy by ~30 kcal/mol and the
C=0 bond is significantly stronger than the C=S bond by about 40 kcal/mol.
The C=0 bond has more polar character (C**-0%") than the C=S bond, so that
the bond order of the C=0 bond is about 1.2 while the C=S bond order is ~2.0.
For selenocarboxylic acids, density functional theory (DFT) calculation results
suggest that the syn selenol form is more stable than the other forms [24].
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On the other hand, a more detailed study into the tautomerism of thioformic
acid with solvent interactions suggested that the thioxo form was favored [23].
For monomeric thioformic acid complexed with dimethyl ether, the thioxo iso-
mer 14b becomes ~5 kcal/mol more stable than the thiol isomer 14a (Scheme 8).
The reason for the stabilization of the thioxo isomer is the stronger hydrogen
bond interactions (O-H---O type) in complex 14b compared to those in 14a
(S-H:--O type). These results are in agreement with experimental observations,
as described infra [16].

CHs CHs
H s H” oM
Scheme 8 14a 14b
4
Reactions

Chalcogenocarboxylic acids, especially thio- and dithiocarboxylic acids, have
been used as starting materials for synthesizing corresponding chalcogeno-
carboxylic acid derivatives, and this topic is discussed in greater detail in Chap-
ters 2 and 3. However, at this point we will review some of the most distinctive
reactions reported over the last ten years.

4.1
Thiocarboxylic Acids

Additions of thiocarboxylic acids to unsaturated compounds to give thioesters
have been extensively studied. Thiocarboxylic acids react smoothly with con-
jugated azoalkenes 15 to form the hydrazone 1,4-adducts 16 in high yields
(Scheme 9) [36]. In the case of R?=alkoxycarbonyl groups (-COOR’), the adducts
exhibit tautomerism into the corresponding enamino forms 16’ until the ratio
of the two tautomers almost reaches unity. On the other hand, when R? is a
carbamoyl group (-CONHR’), only the hydrazono forms 16 are detected.

H
)Oj\)\ 0 H o HNNRe
-N. — .
RCOSH + R'O = N R2 RO \N’N‘R2 — "o Pz
15 RCOS RCOS
Scheme 9 16 16'

Reacting thiobenzoic acids with olefins in the presence of a clay catalyst
(Montmorillonite K 10) gives the Markovnikov product 17 regioselectively
(Scheme 10) [37].In the absence of a clay catalyst, the addition proceeds in an
anti-Markovnikov manner to afford the thioester 18.
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Montmorillonite K-10 J\

R™ “SCOPh
PhCOSH + R — 17
talyst
no catalys R/\/SCOPh
Scheme 10 18

A three-component reaction for f-aminothiocarboxylic acids 19 has been
developed [38]. The thioacids 19 react with aldehydes then B-dimethylamino-
2-isocyanoacrylates under mild conditions to afford substituted 1-thiazole-2-
ylmethyl-azetidine-2-ones 20 (Scheme 11).

l );(
J\/ H\[H\ | N\ o Nj\)\
+ + _
HaN COSH T CH4O

NC S” N

19 o
20 COOCH5

Scheme 11

Wang et al. investigated the chemoselectivities of Rh,(CH;COO),- or BF;-
O(C,H;),-mediated reactions of thioacetic acid with «-diazocarbonyl com-
pounds [39]. The reaction of thioacetic acid with alkyl diazoacetates in the pres-
ence of Rh,(CH;COO0), affords S-ester 21 in high yields (Scheme 12). A formation
mechanism where the Rh(II)-carbene intermediate inserts into the S-H bond
has been proposed. In contrast, the reaction catalyzed by Rh,(CH;COO), forms
O-ester 22. In this case, the BF;-O(C,H;), unit complexes with the carbonyl group
of the diazo compound, followed by nucleophilic attack of the carbonyl oxygen
of thioacetic acid on the complex.

Thiocarboxylic acids react with phosphazenes (R!-N=PPh;, Staudinger
intermediate) generated from alkyl azides and electron-deficient triarylphos-

o)
Rh,(CH3COO0)4 SJ\
N )\H/OCH;»,
Na ° 21
CHCOSH  + Ar)S(OCHS s
© BF3-O(CaHs)2 OJ\

Ar)\WOCH3
0

Scheme 12 22
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phines to yield amides (Scheme 13) [40]. Another conventional method for syn-
thesizing amides using thiocarboxylic acids and azides has been reported [41].
Reactions with various azides in the presence of 2,6-lutidine in methanol, chlo-
roform or even water as a solvent give the corresponding amides (Scheme 13).
Further, the use of RuCl; promotes reactions with less reactive azides in milder
conditions [42].

(0]
, A) or (B .
RCOSH + R-N3 (A) or B) )J\ .R
R N
H
(A) R'3P, solvent : CHzCN
Scheme 13 (B) 2,6-lutidine, solvent : CHzOH, CHCI3 or H,O

4.2
Dithiocarboxylic Acids

Dithiobenzoic acid reacts with equimolar amounts of 2,2’-dithiobis(benzo-
thiazole) 23 and triphenylphosphine to give 2-benzothiazolyl dithiobenzoate 24
in good yields (Scheme 14) [43]. The product 24 is an effective thiobenzoyla-
tion reagent in reactions with amines or alcohols.

s
s s Ph s
PhCSSH - + <©[ />—s> + PPhy — - @[ />—s>_ . @[ >SH
N 5 - 8=PHPh3 N N
23

Scheme 14 24

43
Seleno- and Tellurocarboxylic Acids

In 1972,Jensen et al. reported that selenobenzoic acid reacts with m-nitrobenz-
aldehyde to afford Se-[hydroxyl(m-nitrophenyl)-methyl] selenobenzoate. The
treatment of the acid in NaHCO; with p-nitrobenzyl bromide gave Se-(p-ni-
trobenzyl) selenobenzoate [13]. In 1987, Hirabayashi et al. reported that 4-bi-
phenylselenocarboxylic acid reacts with methanol, phenyl isocyanate and pyri-
dine to give ArC(O)OMe, ArC(0)SeC(O)NHPh and ArC(O)NHPh, respectively
(Ar=4-biphenyl) [15].

In 1994, successful isolations of various alkyl and aryl selenocarboxylic acids
[14] enabled them to undergo exact reactions. Reactions of selenocarboxylic
acids with dicyclohexylcarbodiimide (DCC) yield the corresponding diacyl
selenides 25 and selenourea 26 quantitatively (Scheme 15) [14], as in reactions
of thio- [44] and dithiocarboxylic acids [45,46]. In air, selenocarboxylic acids are
immediately oxidized to afford the corresponding diacyl diselenides [13, 14].
Also, thio- and dithio-carboxylic acids readily react with aryl isocyanates to give
acyl carbamoyl [47, 48] and thioacyl carbamoyl sulfides [49, 50], respectively.
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o o
2RCOSeH  + <:>—N:C:N—<:> — M+ (ONH)2C=SE
R™ Se 'R

Scheme 15 25 26

Seleno- and tellurocarboxylic acids also add to aryl isocyanates to give the
corresponding acyl carbamoyl selenides and tellurides 27 which are stabilized
by intramolecular hydrogen bonding between carbonyl oxygens and NH hy-
drogen atoms (Scheme 16) [16, 51]. Selenocarboxylic acids react with alkenes
or alkynes to give the corresponding adducts in high yields [52]. Reactions with
styrenes mainly afford anti-Markovnikov adducts, whereas additions onto vinyl
ethers proceed in a Markovnikov manner.

H
E" 'NR'
RCOEH (or RCSSH) + R'-N=C=0 R)l\EAO
E=S, Se, Te
27
Scheme 16 E'=0,S
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Abstract Over the last two decades, our understanding of the chemistry of Group 1-17 ele-
ment derivatives of chalcogenocarboxylic acids has improved considerably. In recent years,
the structures of these compounds have been revealed using X-ray diffraction. The present
review surveys the syntheses, structures and reactions of Group 1-17 element derivatives of
thio-, seleno- and telluro-carboxylic acids, except for when carbon is the Group 1-17 element
attached directly to the chalcogen atom.

Keywords Monochalcogenocarboxylates - Metal chalcogenocarboxylates -
Metal thiocarboxylates - Metal selenocarboxylates - Metal tellurocarboxylates

1
Introduction

A monochalcogenocarboxylic acid (RCOEH, E=S, Se, Te) is a compound in
which one of the two oxygen atoms of the carboxylic acid is replaced by sulfur,
selenium or tellurium. There are six types of monochalcogenocarboxylic acid,
as shown in Scheme 1. Since the hydrogen atom of the acid’s hydroxy or hydro-
chalcogenoxy (EH) group can be formally replaced by any elements in the
periodic table, and substituting the hydrogen for any element from Groups 2 to
16 can enable connections between two or more chalcogenocarboxyl groups,
there are a vast number of potential monochalcogenocarboxylic acid derivatives
(at least >3000), even if we limit ourselves to R=CHj. The first monochalco-
genocarboxylic acid derivatives were reported in the middle of the nineteenth
century by Kekulé, who synthesized dibenzoyl disulfide [178, 179]. However,
prior to the beginning of the 1970s, the chemistry of monochalcogenocarboxylic
acid derivatives (except for thio- and dithio-esters) was unknown, probably due
to the difficulties involved in synthesizing their starting compounds (such as
monochalcogenocarboxylic acids and their alkali metal salts). Despite the grow-
ing interest in the field, investigations into monochalcogenocarboxylic acid
derivatives are (somewhat surprisingly) yet to be reviewed, although some
discussion on them can be found sporadically in review articles concerning thio-
[13,119, 251, 263, 325], dithio- [119, 158, 217, 274] and seleno-esters [119, 153,
251], and metal dithiocarbamates [43, 44, 88, 234], and xanthates [329], as well
as in advanced books concerning organosulfur [119, 217, 251, 264], selenium
[111, 119, 121, 251, 263] and tellurium compounds [111, 119, 151, 253]. In this

(0] O (0]
RJ\SH R)]\SeH R)J\TeH

S Se Te
RJ\OH RJ\OH R® "OH

Scheme 1 Monothiocarboxylic acids
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chapter, we review the synthetic methods and structures of Group 1-17 element
derivatives [RC(O)EZ or RC(E)OZ (E=S, Se, Te; Z=Group 1-17 elements)]
of monochalcogenocarboxylic acids. We will survey them by progressing
from Group 1 element derivatives, through the groups of the periodic table, to
Group 17 derivatives, ignoring chalcogenoesters RCOER” and RCEOR’ (E=S, Se,
Te) except when we need to compare their physical properties to other deriva-
tives of monochalcogenocarboxylic acids. We believe that our literature cover-
age is comprehensive up to the end of March 2004 (we regret any pertinent
references that may have been overlooked). Finally, it should be emphasized that
we present a survey here rather than a critical evaluation of the literature..

2
Synthesis

2.1
Alkali and Alkali Earth Metal Salts

2.1.1
Group 1 Element Compounds (Li, Na, K, Rb, Cs)

2.1.11
Lithium

Purifying the lithium thiocarboxylates 1 is a difficult task, due to their strong
hygroscopicities and high solubilities in solvents such as benzene and ether.
Anhydrous salts of aromatic thiocarboxylic acid were synthesized by the reac-
tion of thiocarboxylic acid with lithium hydride in a mixed solvent of hexane/
ether (5:1) [150]. Banister and his co-workers [6] isolated lithium thiobenzoate
2 using butyllithium instead of LiH in the presence of tetramethylethylenedi-
amine (TMEDA) and derived its X-ray molecular structure. Lithium seleno- 3
(E=Se) [187] and telluro-carboxylates 3 (E=Te) have been obtained as the LiCl-
containing salts from the reaction of acyl chlorides with the corresponding
lithium chalcogenides [164]. The reaction of phenyllithium with COSe does not
give lithium selenobenzoate [72].

M(RCOS) [Li(PhCOS)(TMEDA)], Li(ArCOE)(LiCI)
1 2 3
M =Li
Rb G| TMEDA:[(CHN)b(CHp), — E=SeTe
M(RCOSe) M(RCQOTe)
4 5
M =Li, Na, K M =Li, Na, K

Rb, Cs Rb, Cs
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2.1.1.2
Sodium

Sodium thiocarboxylates have been synthesized using the following three
methods: (1) (PhCOS),+C,H;ONa [70]; (2) RCOCI+NaHS,-(H,0) [103]; (3)
RCOSH+NaOH [68] or sodium carbonate [271]. The sodium salts are hygro-
scopic and removal of water is very difficult. Their anhydrous salts are obtained
by treatment of thiocarboxylic acid with sodium hydride [150]. Sodium se-
lenocarboxylates 4 (M=Na) have been prepared by the two reactions: (1)
(RCO),Se+C,H;ONa [161]; (2) RCOCI+Na,Se [161,162]. Sodium tellurocarbox-
ylates 5 (M=Na) can be isolated by the reaction of acyl chlorides with sodium
tellurides [162,167,174].

2.1.1.3
Potassium

The first potassium thiocarboxylate 1 (M=K) to be synthesized was potas-
sium thiobenzoate, which Engelhardt et al. [62] obtained by reacting thio-
benzoic acid with potassium hydroxide. Since then, four routes to the salts
have been developed: (1) KS,;H+RCOCI [62, 195, 248]; (2) KS,H+(PhCOS),
[62]; (3) K,CO;+RCOSH [29]; (4) alcoholic KS,H+PhCO),0 [62,129,213];5)
PhCOCI + sulfur in the presence of KOH [69]. Among these routes, the method
(1) is the most practical and useful [248]. Potassium trithiooxalate K,(SOC-
CSS) is synthesized using phenyl trichloroacetate and K,S/KSH in ethanol
[224].1n 1976 Hirabayashi and his coworkers reported the synthesis of potas-
sium selenocarboxylates K(ArCOSe)/Se from the reaction of aromatic diacyl
selenides with KOH [113]. Aliphatic compounds 4 (M=K, R=allyl) can be pre-
pared using CH;OK instead of potassium hydroxide [131]. The reactions of
acyl chlorides with potassium selenide [246] and of O-trimethylsilyl seleno-
carboxylates with KF [172] yield elemental selenium-free potassium salts in
good yields. Treatment of Se,Se’-diphenyl selenooxalate with K,Se leads to the
formation of potassium selenoxalate K,(SeOC-COSe)-(KCl) [216]. Potassium
tellurocarboxylate 5 (E=Te) can be synthesized from reaction of diacyl tel-
luride with C,H;OK [133] and the reactions of acyl chlorides with potassium
telluride [168].

2114
Rubidium

A series of rubidium thio- 1 (M=RDb) [150], seleno- 4 (M=RDb) [171, 326] and
telluro-carboxylates 5 (M=Rb) [174] have been isolated in moderate to good
yields from the reactions of the corresponding chalcogenocarboxylic acids or
O-trimethylsilyl esters with rubidium acetate or fluorides.
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2.1.1.5
Cesium

Similarly to the rubidium salts, cesium thio- 1 [150], seleno- 4 [171, 326] and
telluro-carboxylates 5 (E=Cs) [173, 174] are obtainable from the corresponding
chalcogenocarboxylic acids or O-trimethylsilyl thioesters.

2.1.1.6
Structures

Selected bond distances of alkali metal chalcogenocarboxylates are collected in
Table 1. The molecular structure of lithium benzoate 2 is a centrosymmetric
dimer with an eight-membered ring composed of coplanar C, O, and S atoms
and tetrahedrally-coordinated Li atoms above and below this plane, where the
C-0[1.246(2) A] and C-S distances [1.704(2) A] show considerable multiple
bond character [6]. From an ab initio optimization calculation on a dimeric
lithium formate (HCOSLI),, the PhCOS unit in 1-2 has been predicted to be
predominantly ionic [6].

The two anion moieties in both potassium 1,2-dithio-oxalate 6, K,[SOC-COS]
[213], and potassium trithio-oxalate 7, K,[S,C-C(O)S]-(KCl), possess mutually
perpendicular thiocarboxyl groups, respectively [224]. In contrast, those in the
1,2-diselenooxalate 8, K,[Se(O)C-C(0)Se] [216], are in a planar trans-confor-

Ko[SOC-COS] K,[S,C—~C(0)SI(KCl) K,[Se(0)C-C(O)Se]
6 7 8

mation. Relatively long C-O [1.227-1.239(4) A] and short C-S [1.712(3) and
1.697(3) A] or C-Se distances [1.87(1) A] suggest highly ionic character. Potas-
sium thioacetate K(CH;COS) [30] and aromatic sulfur {K(C4H;COS) [245],
K(2-CH,0CH,COS) [245], K(4-CH,0C4H,COS) [245], K(2-CF,0C,H,COS)
[245]} and selenium isologues K(2-CH;0C¢H,COSe) [245] also have been char-
acterized by X-ray structural analysis. The coordination number of the potas-
sium in these salts is seven: three or four oxygens and three or four sulfurs (or
selenium) atoms are attached to the K [30, 245]. Fundamentally, the structural
units of these potassium salts [K(RCOE), R=aryl; E=S, Se, Te] are dimers in a
head-to-head mode (9 and 10), where the oxygen and/or sulfur (selenium)
atoms associate with the metal of the opposite molecule, and in addition the

/
Ke—
O//K\s Q_<O\/ XE )
- E, { >
S\KL(?_© ) \\Kéo
9 10 (E=S, Se)
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potassium atoms exist above and below the plane involving the chalcogeno-
carboxyl groups [245]. The long C-O (1.22-1.25 A) and short C-E (E=S, Se, Te)
bond distances [1.70-1.72 A for the C-S, 1.861(5) A for the C-Se, 2.12 A for
the C-Te] of the COE groups suggest that the negative charge localized on the
chalcogenocarboxyl group may be somewhat more localized on the less elec-
tronegative chalcogen atom, regardless of the alkali metal [245]. In the para-
methoxy derivative 1 (M=K; R=4-CH;0C4H,), one thiocarboxyl group chelates
to potassium [245].

The structures of Rb(2-CH;0C¢H,COS) 1 (M=Rb) and Rb(2-CH;0C¢H,COTe)
5 (M=Rb) resemble those of the corresponding potassium salt 10 [245]. They
exist in a dimeric structure in which the methoxy oxygen atoms are associated
with the metal of the opposite molecule. The coordination number of the
Rb metal is eight. The structure of Rb(CH;COS) has been found [32]. X-ray
molecular structure analyses of cesium 2-methoxybenzenecarbothioate [245],
-selenoate [174] and -telluroate [174, 245] have also been carried out. Their
structural units are essentially dimers, as observed for the potassium salts. It is
worth noting that the Cs ion in Cs(2-CH;0CzH,COTe) bonds with the benzene
ring carbons of a neighboring molecule in the r>-mode, including the ipso-car-
bon of the 2-CH;0CH, group [245].

2.1.1.7
Reactions

Alkali metal chalcogenocarboxylates readily react with a variety of electrophiles,
such as alkyl halides, acid chlorides and typical organo element halides to give
corresponding chalcogen-substituted chalcogenoesters [113,114,130-133, 136,
150,167,171,173,174,245,187,246]. Aromatic selenocarboxylic acid potassium
salts react with nitriles to give primary selenoamides in moderate to good
yields, whereas the reaction with acrylonitrile in similar conditions leads to
Michael adducts as the major product [118].

2.1.2
Group 2 Element Compounds (Be, Mg, Ca, Sr, Ba)

2.1.2.1
Beryllium

No synthesis of beryllium chalcogenocarboxylates has been reported.

2.1.2.2
Magnesium

It is well-known that Grignard reagents such as RMgBr react with COS to form
thiocarboxylic acid magnesium salts RCOSMgBr 11 [328]. Very little is known
about the coordination properties of magnesium thiocarboxylates. Reactions
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RCOSMgX (X=Br, 1) Ca(CH;COS)(CH3CO0)«3H,0
1 12

Sr(CHyCOO0)(CH3COS)+4H,0  Ba(CH,COO0)(CH,COS)*3H,0
13 14

of Grignard reagents with COSe do not lead to the formation of the expected
magnesium salts RCOSeMgBr [72].

2.1.2.3
Calcium

A synthesis of calcium thioacetate was described in Ulrich’s report in 1859 [314],
but the synthetic mechanism and its structure remained unclear. Bernard and
Borel [17] found that calcium carbonate reacts with thioacetic acid in a mixed
solvent of CH;0H/H,0 to give the calcium complex 12 with ligands of both
acetato and thioacetato in good yield, where the coordination number of the
central Ca metal is seven [16]. The reaction of thioacetic acid with the corre-
sponding metal hydride or carbonate in the presence of 12-crown-4 ether gives
polyether complexes in which the thioacetato ligand binds to the central Ca
metal as a monodentate through the oxygen atom [194].

2.1.24
Strontium

Through a similar ligand-exchange reaction between Sr(CH;COO), and thio-
acetic acid, the acetato/thioacetato Sr complex 13 is obtained [16].In the pres-
ence of 15-crown-5 ether, the reaction of SrCO; with thioacetic acid yields a
polyether Sr complex with both acetato and thioacetato ligands [194].

2.1.2.5
Barium

Similar to the strontium complex, the ligand-exchange reaction of Ba(CH;COO),
with CH;COSH and the reaction of BaCO; with thioactic acid in the presence
of 15-crown-5 produce the acetato/thioacetato complex 14 Ba(CH;COO)-
(CH;COS)(H,0) [16] and a polyether complex of barium thioacetate [194],
respectively.

These alkali earth metal complexes 12-14 are thermally stable and decom-
pose above 300 °C to the corresponding metal acetate and carbonate MCO; and
the sulfides MS, (M=Ca, Sr, Ba) [18].
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2.1.2.6
Structure

Borel and Ledesert performed X-ray molecular structural analysis on 12-14
and revealed that the coordination number of each Ca, Sr and Ba metal is seven,
nine and nine, respectively [28, 31, 33, 35] (see the selected bond distances in
Table 1). On the other hand, the coordination of the polyether complex of
calcium is eight, from binding to all of the oxygen atoms of the 15-crown-5 ring,
the oxygen and sulfur atoms of the bidentate thioacetato ligand, and the oxy-
gen of the other monodentate thioacetate ligand [194].

2.2
Transition Metal Complexes

2.2.1
Group 3 Element Compounds (Sc, Y, Lantanoids and Actinoids)

2.2.1.1
Scandium

Chalcogenocarboxylato scandium complexes have not been prepared.

2.2.1.2
Yttrium

The synthesis of chalcogenocarboxylato yttrium complexes has not been
reported.

2.2.1.3
Lantanoids and Actinoids

Stoichiometric reaction of SmCl; with thiocarboxlic acid potassium salts in tetra-
hydrofuran (THF) gives the tris(thiocarboxylato) samarium complex Sm(4-
CH;C4H,COS);(THF), 15,in which the three thiocarboxylato ligands coordinate
in a bidentate fashion (for bond distances, see Table 2) [140]. Only two chalco-
genocarboxylato actinoid complexes complexes Cp,U(RCOS), (R=CH;, Ph) 16
[6] and UO,(PhCOS), 17 [297] have been synthesized, by treating Cp,U(CHj;),N),
with thiocarboxylic acid, and UO,Cl, with sodium thiobenzoate, respectively. The
complex 16 (R=Ph) has a pseudo-cis-octahedral geometry, where the thiocar-

Sm(4-CHaCgH,COS)5(THF),  CpoU(RCOS),
15 16
UO,(RCOS),
17
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boxylato ligands are bidentate [6]. In general, thiocarboxylato transition metal
complexes hardly react with alkyl halides. In contrast, the samarium complex 15
exhibits the corresponding alkali metal salt-like reactions such as S-esterification
and an insertion reaction of C=N into the Sm-S (Scheme 2) [140].

R'X
RCOSR'
RCOCI
Sm(thf)o(RCOS), (RCO).S
15 0O O
PhNCO L

Scheme 2 Reactions of samarium tris(thiocarboxylate) 15

2.2.2
Group 4 Element Compounds (Ti, Zr, Hf)

2.2.2.1
Titanium

A few chalcogenocarboxylato complexes of titanium are known, RjTi(RCOS)
[8, 42] and Cp;Ti(RCOS), [Cp’=(CH;)CsH,] [7], which can be synthesized by
reacting R,TiCl (Cp or indenyl) with sodium thiocarboxylate or Cp5TiCl, with
sodium thiocarboxylate, respectively. Their detailed structures are not yet fully
known.

2.2.2.2
Zirconium

No chalcogenocarboxylato zirconium complexes are known.

2.2.2.3
Hafnium

There are no previous reports concerning the synthesis of chalcogenocar-
boxylic acid hafnium complexes.

2.2.3
Group 5 Element Compounds (V, Nb, Ta)

2.2.3.1
Vanadium

Vanadium oxodichloride VOCI, reacts with sodium thiobenzoate and potas-
sium 1,1-bis(thiooxalate) in an aqueous solution to give the corresponding
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complexes 18 [135] and VO(SOC-COS) [184], respectively. The ligands of the
former complex have been investigated by ESR spectroscopy [134].

2.2.3.2
Niobium

Bis(thiocarboxylato) niobium 18 Nb(RCOS), [207] and bis(r’-cyclopenta-di-
enyl)bis(thiobenzoato)niobium 19 [110] have been synthesized by stoichio-
metric reactions of NbCl, with sodium thiocarboxylates and of Nb(Cp),X,
(X=Cl, Br, I) with thallium thiobenzoate, respectively. The structure of 19 is
considered to be analogous to the tantalum complex 20, in which the thiocar-
boxylato ligands are monodentate through the sulfur atom [110].

VO(RCOS) mzS(O)ePn
2 ~S(0)CPh
i8 K
19 (M = Nb)
20 (M = Ta)

2.2.3.3
Tantalum

There has been only one example of the synthesis of (r°-cyclopentadienyl)-
bis(thiobenzoato)tantalum 20, which was achieved by the reaction of Ta(Cp),X,
(X=Cl, Br, I) with thallium thiobenzoate [110]. The molecular structure of 20
is a normal, bent sandwich geometry where the two thiocarboxylato ligands are
planar and are monodentate through the sulfur atom (for bond distances, see
Table 2) [110].

2.2.4
Group 6 Element Compounds (Cr, Mo, W)

2.2.4.1
Chromium

Only the green crystals of the chromium tris(thiobenzoato) complex Cr(PhCOS);
21 have been obtained, by the stoichiometric reaction of CrCl;-6H,0 with
sodium thiobenzoate in aqueous conditions [73,271]. Like many other Cr(III)
complexes, the complex 21 is a monomer in which the three thiobenzoato
ligands bind to the metal in chelate mode.
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2.24.2
Molybdenum

Dinuclear thiocarboxylato molybdenum complexes 22 have been synthesized
by the ligand exchange reaction of Mo,(CH;COO), with thiocarboxylic acids
and their ammonium salts in methanol [107]. On the basis of infrared and
electron spectra and magnetic measurement, the dimeric structure 23 has
been deduced, in which the thiocarboxylate ligands bridge the two Mo met-
als [107, 271]. The preparation of the Mo(II) complexes, including the thio-
or seleno-ester moieties have also been documented, although the thio- and
seleno-carboxyl groups do not coordinate to the metal [106]. Bis(cyclopentadi-
enyl)- and bis(indenyl)-oxomolybdenum dichlorides react with thiocarboxylic
acid potassium salts to give the corresponding thiocarboxylato complexes of
oxomolybden R;MoO(RCOS), (R’=cyclopentadienyl, indenyl) (for bond dis-
tances, see Table 2) [84].

Ph R R
/KS_(
d s /70 ¢
o I\'/lo—lvllo/
3/9'\‘0 Mo,(RCOS), /| i

Ld s R=CHg,Ph  Q O ]/S

Ph Ph )—s
R R
21 22 23

2243
Tungsten

The mononuclear W(SH)(CO);5 and bridged dinuclear p-S[W(CO)s]3~ com-
plexes which are prepared by the reaction of W(CO)¢ with NaSH react with
acetic acid anhydride or 2,4-dinitrophenyl acetate to give the thioacetato com-
plexes 24 in which the thioacetato ligand coordinates through the sulfur atom
(Scheme 3) [78]. The mononuclear anion complex 25 can also be obtained in

CHyCOOCGH,(NO,),-2,4

M*[W(CO)s(SH)T Tor(CHCOR0 N

CH4COCI

[(u-S)[W(CO)s ) [W(CO)5(CH3COS)J"
24
WCO) CH:C(O)SN(PPRy),
L W(CO)s(acetone)
cos
CHgW(CO)s W[ (-CH5COS)(CO)sly
25

Scheme 3 Syntheses of thiocarboxylato tungsten complexes
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[CH4C(=0¢+*H)S]W(CO)s

26
H H
~o® ~o
I Weo = . ._wico)
HC™ ~s~ 5 HsC 8/ 5
26a 26b

good yields by the reaction of W(CO), with the corresponding N-acetylsulfe-
nate. On the orther hand, treatment of 24 with W(CO);(acetone) affords the
anion complex 25 [78]. The direct reaction of CH;W(CO)5 with COS under
100-200 kPa pressure [46] affords the complex 25.While synthesizing the
thioketone-coordinated tungsten complex (R,CS)W(CO);(THF), a new type of
tungsten complex 26, with a protonated thioacetate group, was found, pos-
sessing resonance structures 26a and 26b [52].

2.2.5
Group 7 Element Compounds (Mn, T¢, Re)

2.2.5.1
Manganese

Whereas the reaction of Mn(CO);Br with potassium thiobenzoate gives the
dinuclear complex 27 in which the sulfur atoms of three thiobenzoato ligands
triply bridge two manganese metals, the reaction with thiobenzoic acid forms
the mononuclear Mn(CO),(PhCOS) in which the thiocarboxylato ligand is
chelated [98]. The reaction of Cs,(SOC-COS) with Mn(CO);Br yields the p-1,2-
dithiooxalato complex 28 where the thiooxalato ligand has a trans-conformation
and binds to the two Mn atoms through the sulfur atoms [326]. The homolep-
tic thiocarboxylato complex 29 of formula (Ph,P)[Mn(Ph;CCOS);] in which the
thiocarboxylato ligands act as a bidentate has been prepared by the reaction of
triethylammonium thiobenzoate with MnCl,-4H,0 in the presence of Ph,PBr
[53].1In the anion, the Mn metal is situated on the C-3 axis, and the three PhCOS
ligands are related by three-fold rotational symmetry [53]. One phenyl ring
of the Ph,P group was disordered. The magnetic moment (5.99 p;) is higher

o
K*[(CO)sMn(m-PhCOS)sMn(CO)g] (00)51\/ms\H)LSMMCO)5

27 28 O

(Ph4P)[Mn(PhzCCOS)3]

29
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than those of the corresponding structures [M(Ph;CCOS);]~ (M=Co, Ni) [53].
The reaction of Na,[Mn(Se)(CO),], with benzoyl chloride gives the dimeric
selenocarboxylato manganese complex [Mn(PhCOSe)(CO),],, where each se-
lenocarboxylato ligand bridges to the two Mn metals through the selenium
atom [Mn-Se: 2482(1),2.519(1) A] and the selenocarboxyl oxygen atoms do not
coordinate (for bond distances, see Table 2) [56].

2.2.5.2
Technetium

No technetium complexes with chalcogenocarboxylato ligands are known.

2.2.5.3
Rhenium

The reaction of Re(CO);Br with PhCOSH gives the dimeric complex 30, where
the thiocarboxyl sulfur atom is coordinated to the two rhenium atoms [99],
whereas heating with cesium thiobenzoate in ethanol leads to the anion
complexes 31 in which the S-thiobenzoato ligands are triply bridged to the
two rhenium atoms [213]. In addition, reaction with Cs,(SOC-COS) affords
(OC)sRe(SOC-COS)Re(CO); [326], the structure of which resembles that of the
corresponding manganese complex 28.

Ph

Cc=0 o (CO) Ph
ASs Rey %o
(co),Red_Re(CO), Ph)L < % ph
s
, N Y
=0
phC C0o); ©

30

2.2.6
Group 8 Element Compounds (Fe, Ru, Os)

2.2.6.1
Iron

In 1966, King reported the first synthesis of thiocarboxylato iron complex
CpFe(CO),(PhCOS), achieved by treating [CpFe(CO),], with thiobenzoic acid
[182]. The monoanions and dianions generated by the reaction of (u-S,)-
[Fe(CO);], with alkyl-lithium or Grignard reagents readily react with acyl
chlorides to give clusters with thiocarboxylato ligands 32 [288]. The sulfur and
selenium atoms in (p-E,)-[Fe(Cp”)(CO),], (E=S, Se; Cp’=CsHs;, tert-C,Ho,CsH,,
1,3-(tert-C4H,),CsH;, x=3,4), which are prepared from the reaction of [CpFe-
(CO),], with elemental sulfur or selenium, react smoothly with acyl chlorides
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to give the corresponding thio- [57-60] and selenocarboxylato iron complexes
33 [CpFe(CO),(RCOE)], (E=S, Se) [61, 125]. The thio- and seleno-carboxylato
ligands in these complexes bind to the metal through the chalcogen atom [58].
The reactions of the iron thio- and seleno-terephthaloyl chloride complexes 34
with nucleophiles such as amines and alcoholates yield the corresponding
amides, esters [125, 127], and bis(organoiron) complexes 35 [125, 126, 128].
Moreover, the irradiation of 33 in the presence of Ph;E (E=P, As, Sb) leads to
Fe(Cp)(CO)(Ph;E)(RCOS) [122].

Ph.g  4O)CR o o
< \
(CO)sFe” “Fe(CO); (CPICORF QEWY
N
32 34 (E=S,Se; Y=Cl
35[E=S;Y = SFe(Cp')(CO)y]

2.2.6.2
Ruthenium

Gould and Stephenson et al. [85] and Gilvert and Wilkinson [76] found that
RuClL;[Ph(CHj;),P]; or RuClL,[Ph;P]; readily react with ammonium or sodium
thiocarboxylates to give thiocarboxylato ruthenium complexes 36, which
react further with CO or amines, giving the adducts 37 [85]. The bridged poly-
chalcogen complexes (-Es) [Ru(Cp”)(CO),], (E=S, Se; Cp"=CsHs;, [(CH;);C]CsH,,
1,3-[(CH3);C],CsH3, x=3, 4) are acylated by acyl chlorides, giving the corre-
sponding thio- 38 and seleno-carboxylato ruthenium complexes 39 [59, 123].
The chalcogenocarboxylato ligands of 36-39 are monodentate (for bond dis-
tances, see Table 2).

Ru(PhCOS)n(R3P)3 Ru(PhCOS),(RsP)2(L)» Ru(Cp')(CO)(PhCOS),
36 37 38 (E=S)
RsP = Ph(CHg),P, PhsP L = CO or RN 39 (E = Se)
2.2.6.3
Osmium

Only one osmium complex 40 with a thiobenzoato ligand has been synthe-
sized, by the reaction of Os;(CO),,(CH;CN), with thiobenzoic acid [2]. The
thiobenzoato ligand is bound to the metal in the p,n'-mode through the

o (CO)
S
J\s< | >Os(CO)4
Os
40 (CO)

Ph
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sulfur atom and it bridges the two osmium atoms of the triangle, but no in-
tramolecular interactions between the carbonyl oxygen and the osmium atoms
are observed (for bond distances, see Table 2) [2].

2.2.7
Group 9 Element Compounds (Co, Rh, Ir)

2.2.7.1
Cobalt

Using the stoichiometric reaction of cobalt sulfate with potassium thiobenzoate
in aqueous solution, the complex [Co(PhCOS)], can be obtained in low yields
(<10%) [204]. Similar treatment of Co,(COs); or cobalt oxalate with excess
thiobenzoic acid or its sodium salt leads to the Co(III) complex Co(PhCOS);
[204]. The reaction of Co(NO;),:6H,0 with thiobenzoic acid in the presence of
Ph,PCl gives the anionic cobalt complex 41 (Ph,)P[Co(PhCOS);] in good yields
[53]. The structure of 41 resembles that of the manganese complex 29 [321],
where the sulfur and oxygen atoms from each thiocarboxylato ligand are
bounded to the central metal atom, giving a distorted octahedral geometry (for
bond distances, see Table 2) [53]. The anion (C,H;),N[Co(pdtc),] 42 [pdtc=
pyridine-2,6-bis(thiocarboxylate)(2-)], in which the thiocarboxylato ligands
are monodentate through the sulfur atom, is formed from the reaction of
Co(CH;C00),(4H,0) with pyridine-2,6-bis(thiocarboxylate) in the presence of
(C,H;),NCI [193].

(Ph4P)*[Co(PhCOS)3]
41

Rha(CH3COS)4(Py)2
43

2.2.7.2
Rhodium

Dirhodium terakisformate Rh(HCOO),(0.5H,0) reacts with thioacetic acid to
give rhodium tris(thioacetate), Rh(CH;COS);. Treatment of the tris(thioacetato)
complex with pyridine leads to the adduct 43 Rh,(CH;COS),(Py), [9].

2.2.7.3
Iridium

No iridium complexes with monochalcogenocarboxylato ligands are known.
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2.2.8
Group 10 Element Compounds (Ni, Pd, Pt)

2.2.8.1
Nickel

In 1952 Hieber and Briick obtained the dark violet crystals of a nickel bis-
(thiobenzoate) complex by reacting NiCl,-6H,0 with thiobenzoic acid [97].
Melson and his coworkers isolated the thiocarboxylato nickel complexes
Ni(RCOS),0.5C,H;OH (R=CH,, C,Hs, CH;) (44) using NiCO,-2Ni(OH),-4H,0
as the source of nickel [222], and revealed that the molecular structure of the
thiobenzoate derivative (44, R=Ph) is a dinuclear complex with formula
Ni,(PhCOS),-C,H;0H, in which the thiocarboxylate groups behave as bridg-
ing ligands between two nickel atoms to form a structure with a short Ni---Ni
distance (2.49 A), similar to those that have been found for several transition
metal carboxylates [26,221]. The complexes 44 readily react with amines such
as pyridines (Py) to give the adduct Ni(RCOS),(Py), 45 [26,191]. X-Ray struc-
tural analysis showed that 45 (R=CHj; [34], Ph [234]) has an octahedral geom-
etry where the thiocarboxylato ligands are bidentate and the two nitrogen
atoms are in a cis-configuration [34, 234].

Ni(RCOS),+0.5C,HsOH Ni(RCOS)2(Py),
44 45

A series of thio- 46 [51, 168] and seleno-carboxylato complexes 47 [175] with
trans-configurations have been synthesized from the reaction of NiCl,(R}P),
with alkali metal or O-trimethylsilyl selenocarboxylates (Scheme 4). Telluro-
carboxylato nickel complexes 48 Ni(RCOTe),(R}P), are too labile to isolate,
although their formation has been confirmed by their 'H, 1*C, and '»Te NMR
and IR spectral data [175]. The anionic thiocarboxylato nickel complex 49 is

M(RCOE)
M=Na, K O\ R3T JOL
MCIx(R'3P), — R\”/E——M—E R
RC(E)OSi(CHg)s I F',R.s
E=S, Se, Te
M= Ni Pd Pt
46 (E=S) 52 (E=S) 57(E=S)
47 (E = Se) 53 (E = Se) 58 (E = Se)
48 (E = Te) 54 (E = Te) 59 (E = Te)

Scheme 4 Syntheses of bis(chalcogenocarboxylato)bis(phosphine)-nickel, -palladium and
-platinum
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synthesized in high yields from the reaction of NiCl,-6H,0 with triethylam-
monium thiobenzoate. X-Ray structure analysis shows that the nickel atoms in
49 are situated on the C-3 axis, and the three PhCOS ligands are related by
three-fold rotational symmetry (for bond distances, see Table 2) [53]. Holm
and his coworker synthesized anionic (M)[Ni(pdtc),] 50 [(M=C,H;),N or
Ph;PCH,Ph; pdtc=pyridine-2,6-bis(thiocarboxylate)] with a tetragonally dis-
torted octahedral structure as a model compound of [NiFe]-hydrogenase from
the reaction of Ni(CH;COO0),(4H,0) with pyridine-2,6-bis(thiocarboxylate) in
the presence of (C,H;),NClI or (Ph;PCH,Ph)Br [193].

(Ph4P)*[Ni(PhCOS),]
49

2.2.8.2
Palladium

It is well-known that the reaction of palladium(II) acetate with an excess
of thiobenzoic acid in benzene gives the polymeric thiobenzoato palladium
complex 51 [Pd(PhCOS),], (x=3) [83], although the complex formed from the
reaction of PdCl, with sodium thiobenzoate in water was reported to be
dimeric [Pd(PhCOS),], in benzene [253]. The thiobenzoato complexes 51 ob-
tained by the reaction of Na,PdCl, with sodium thiobenzoate react with Lewis
bases to give the neutral monomeric complexes trans-Pd(PhCOS),(L), (L=R}P,
R3As, R;Sb, pyridines, and so on), where the PhCOS ligands are monodentate
[83]. 'H and *'P NMR studies suggest a trans-configuration for the thiocar-
boxylato ligands [83]. A series of thio- 52, seleno- 53 [175] and telluro-carbox-
ylato palladium complexes 54, trans-Pd(RCOE),(R3P), (E=S, Se, Te), have been
synthesized by similar methods to those shown in Scheme 4 [168]. The mono-
chalcogenocarboxylato ligands of these complexes connect to the central metal
via the chalcogen atom [168, 175]. The chelating diphenylphosphinoferrocene
(dppf) imposes a cis-configuration on Pd(RCOE),(dppf) (for bond distances,
see Table 2) [241].

2.2.8.3
Platinum

Similar to the palladium complexes mentioned above, the complex Pt(PhCOS),],
(55), obtained by the reaction of Na,PtCl, with sodium thiobenzoate, also reacts
with Lewis bases such as phosphines and pyridines giving the neutral mono-
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[PA(PhCOS),ly (x=>3)
51

Pt(PhCOS),]x trans-Pt{(RCOS),L,

55 56
L=R’3P, R'3As, R’3Sb
pyridines etc.

meric complex 56 trans-Pt(RCOS),L, (L=RjP, R}As, R}Sb, and pyridines) 56
[83]. The thiocarboxylato ligands were found to act as monodentate ligands on
the basis of the C=0 stretching frequencies at ~1660 cm™! [83]. Thio- 57, seleno-
58,and telluro-carboxylato platinum complexes 59 trans-Pt(RCOE),[(C,H;);P],
(E=S, Se, Te) can be readily synthesized by the reaction of chalcogenocarboxylic
acid sodium salts or trimethylsilyl esters with cis- and trans-PtCl,(R3P), [168].
In addition, the complexes 57-59 can be obtained by the oxidative addition
of bis(acyl) dichalcogenides to Pt[(C,Hs);P], [168]. Note that whether cis- or
trans-PtCl,[(C,H;);P], is used as the starting material, only the trans-isomer is
obtained [168]. The chalcogenocarboxylato ligands in 57-59 bind to the cen-
tral Pt metal through the chalcogen atoms and there are no interactions be-
tween the carbonyl oxygen and the central metal [168].

When one of the two oxygen atoms of the carboxyl group in RCOO-Z
(Z=all of the elements in the periodic table) is replaced by a sulfur, selenium
or tellurium atom, some high-lying m-orbitals and low-lying empty m*-or-
bitals that involve carbon and chalcogen atoms may make the compound more
reactive, in the order to S<Se<Te. In fact, the stability of the platinum com-
plexes Pt(RCOE),(PR}), (E=S, Se, Te) decrease in the order: E=S>Se>Te. The
aliphatic complexes {M(RCOE),(PR}),, R=alkyl} are more labile than the
aromatic ones (R=aryl) [169, 175]. With Group 10 metals, M(RCOTe),(PR}),
becomes more labile in the order: M=Pt>Pd>Ni. Upon exposure of the palla-
dium 54 and platinum complexes 59 to air, no appreciable change is observed
for over week. The nickel complexes 48 with tellurocarboxylato ligands are too
sensitive toward oxygen to isolate.

2.2.9
Group 11 Element Complexes (Cu, Ag, Au)

2.2.9.1
Copper

The first preparation of a chalcogenocarboxylato copper complex was de-
scribed in the article by Engelhardt et al. [62] in 1868, who prepared thioben-
zoic acid copper from the reaction of potassium thiobenzoate with CuSO, in
aqueous solution. The chemistry of this class of compounds, however, is not
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known. The reaction of CuCl or Cu(CH;COO), with thiobenzoic acid [239]
and its sodium [271] or triethylammonium salts [268] results in yellow-green
diamagnetic thiobenzoato copper(I) Cu(CsHsCOS). Its molecular structure
analysis by X-ray diffraction remains to be done. 9,10-Phenanthrenesemi-
quinonatobis(triphenylphosphine)copper(I) readily reacts with dibenzoyl di-
sulfide to give the dinuclear Cu(I) complex 60, in which the thiobenzoato
ligand is monodentate and bridges between the two copper ions [294].

O:QPh
/S\
(Ph3P)CU\S/CU(PPh3)2 M+[CU(RCOS)2]'
PhC=0 61
60 M = (CoHg)sNH, PhyP

Thiocarboxylato Cu(I) complexes with triphenylphosphine [Cu,(CH;COS),-
(Ph,P),, Cu,(CH,COS),(Ph,P),, Cu,(CH,COS),(Ph,P),, Cu,(PhCOS),(Ph,P),,
Cu(PhCOS)(Ph;P),] are synthesized in high yields by the reactions of alkali
metal thiocarboxylates with mixtures of CuCl and Ph;P in stoichiometric ra-
tios, and their structures have been determined by X-ray diffraction analysis
[49]. The isolation of anionic thiocarboxylato copper 61 (R=Ph, M=Cu,
M’=Ph,P) has been reported from triethylammonium thiobenzoate with CuCl
in the presence of Ph,PCl, and structural analysis has indicated that the two
thioacetato ligands are bound to the metal through the sulfur atom and no
intramolecular interactions occur between the metal and the carbonyl oxy-
gen atoms [268]. The selenocarboxyalto copper complexes Cu(RCOSe) and
Li[Cu(RCOSe)(CN)], generated by bubbling COSe through PhCu or R,Cu(CN)Li
solution, readily react with alkyl iodides to give the corresponding Se-alkyl
selenoesters in good yields [72].

2.2.9.2
Silver

Thiocarboxylato complexes of silver(I) [148, 271] have been synthesized in
good yields from the stoichiometric reaction of sodium or piperidinium thio-
carboxylates with AgNO;, respectively. Like the copper complexes, two anionic
thiocarboxylato silver complexes (Ph,P)*[Ag(CH;COS),] and [(C,H;);NH]*-
[Ag(PhCOS),] have been identified, where the two thiocarboxylato ligands are
monodentate through the sulfur atom [268]. The reaction of Cp,MoH, with
sodium thiobenzoate and potassium thioacetate in the presence of AgBF, gives
the dimeric [(Cp,MoH,)Ag(PhCOS)], and a polymeric thiocarboxylato com-
plex [(Cp,MoH,)Ag(PhCOS);],, of silver, respectively [38].
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2.2.9.3
Gold

Recently, Schmidbaur and his coworkers found that thiocarboxylic acids are
aurated by {[(R3P)Au];0}*BF; to give novel thiocarboxylato gold(I) complexes
Au(RCOS)(R’;P) (62) in which the thiocarboxylato ligand is exclusively bonded
through the sulfur to the central gold atom [261]. In the solid state, the complex
(R=CCl;, R’=CHj,) exists in a dimer with weak intermolecular Au---S’ (3.722 A)
and Au---Au’ bonds (4.012 A), but no intramolecular interaction between the
carbonyl oxygen and Au atoms is observed. For the complex (R=CHj;, R'=2-
CH;CgH,), such Au--- Au’ bonds are not observed, owing to the steric hindrance
arising from bulky 2-CH;C¢H, groups (for bond distances, see Table 2).

O
oAl PCHs
3

s”i
/S cel,
cHgp— T I
62

2.29.4
Reactions

Copper(I) thiocarboxylates Cu(RCOS) react with aryl iodides to give S-aryl
thioesters in good yields [254]. Treatment with aqueous solution of pyridine
affords CuS and Cu(PhCOO),(Py),(H,0) with evolution of H,S [237]. Moreover,
heating of 63 with 2-iodoaniline at 100-110 °C in hexamethylphosphorotriamide
yields 2-arylbenzothiazoles [255]. Reacting silver thiocarboxylates with thio-
aroylsulfenyl bromides RC(S)SBr leads to the formation of the asymmetrical
acy thioacyl disulfides RC(O)SS(S)CR [155],and additional treatment with Br,
or N-bromo-succinimides (NBS) and N-iodo-succinimides (NIS) gives the acyl-
sufenyl halides RCOSX (Br, I) (see Sect. 2.3.5) [149].

2.2.10
Group 12 Element Compounds (Zn, Cd, Hg)

2.2.10.1
Zinc

Sodium thiocarboxylates readily react with zinc salts such as ZnCl, or Zn(NO3),
in aqueous solution to give the thiocarboxylato zinc complexes 64, possessing
two crystallizing H,0 molecules [271]. Reaction of thiocarboxylic acid with
diethyl zinc in the presence of lutidine has been found to give the adduct
Zn(RCOS),(L), (L=3,5-lutidine) 65 in good yields [249]. Anionic thiocarbox-
ylato complexes 66 (M=Zn) have also been isolated from the reaction of
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Zn(RCOS),*(H-0), Zn(RCOS),L,
64 65
L=3,5-lutidine
M"*[M(RCOS),3] Cd(PhCOS),*C,Hs0H
66 67
M=Zn, Cd, Hg
M'=(CzHs)3NH,
Ph,P, Ph,AS Cd(PhCOS),L,
68
L=pyridine
3,5-lutidine

triethylammonium thiobenzoate with Zn(NOs), in the presence of tetraphenyl-
phosphonium and -arsonium chlorides [269, 321].

2.2.10.2
Cadmium

The preparation of Cd(PhCOS), by reacting CdCl, with sodium thiobenzoate
in aqueous solution was described in 1970 [272], although details of the reac-
tion conditions were not given. The isolation and X-ray structural analysis
of the ethanol adduct Cd(PhCOS),-C,H;0H were reported by Russian chemists
in 1977 [235]. The complex 67 reacts with pyridines to give the adducts
Cd(RCOS),(L), (L=pyridine or 3,5-lutidine) (68) [190], which are obtained
from the direct reaction of RCOSH with cadmium carbonate in the presence
of 3,5-lutidine [249]. Two types of anion complexes, 66 (M=Cd) and 69 (M=Na,
M’=Cd), have been synthesized from the reaction of Cd(NO;),-6H,0 with
Na(PhCOS) in the presence of Ph,ECI (E=P, As) [48,269,321], of Cd(NO;),-4H,0
with Et;NH(PhCOS) [323], and of Cd(NO,),-4H,0 with M(PhCOS) (M=Na, K)
in the presence of (CH;),NCI [50, 319], respectively.

(CHg)4N*[MM'(PhCOS)] PhHg(RCOS)
69 70
M = Na, K
M' = Cd, Hg
Hg(PhCOS)(RCSS)
71

2.2.10.3
Mercury

Three preparation methods for aromatic mercury bis(thiocarboxylates) have
been reported: (1) reaction of HgCl,-4H,0 with Na(RCOS) [271]; (2) insertion
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of mercury into diacyl disulfides [300]; (3) reaction of Ph,Hg with two molar
amounts of RCOSH [145]. The phenylmercury thiocarboxylates PhHg(RCOS)
(70) can be obtained by reacting Ph,Hg with an equivalent RCOSH, or PhHgBr
with potassium or piperidinium thiocarboxylates [147]. The compound 70
reacts with dithiocarboxylic acids affording the complex 71 with both thio- and
dithio-carboxylato ligands [147]. The anionic complexes 66 (M=Hg) [269, 321,
322] and 69 (M=K, M’=Hg) [50] of mercury were prepared using triethylam-
monium, sodium or potassium thiocarboxylates, and mercury dichloride,
and their structures are characterized by X-ray diffraction analysis [270, 322,
323]. The reaction of Hg(PhCOS), with CdCl, or HgCl, in the presence of
Ph,AsCl-H,0 has been found to lead to the formation of a new type of ionic
complex (Ph,As),[Hg(PhCOS),(MCl,)]* (M=Cd, Hg) (72), in which the thio-
benzoato ligands are monodentate through the sulfur atom and the central Hg
metal is linked to MCl, through two chlorines [324].

Ah 2

/C\\

§ o
(PhaAs™) Hg<g:: MCl,

S\ ’/O
C
Ph
72 (M = Cd, Hg)
2.2.10.4
Structures

The coordination environment around the zinc in 64 (R=Ph) is a distorted tetra-
hedron, consisting of two sulfur atoms from two equivalent ligand molecules and
two oxygen atoms from two equivalent water molecules (bridged via hydrogen
bonding) (for bond distances, see Table 2) [27]. The complexes M(RCOS),(L),
(M=Zn, Cd; L=pyridine, 3,5-lutidine) (65 and 68) are monomeric and approxi-
mately tetrahedral with approximate C,, symmetry and with monodentate thio-
carboxylato ligands binding to the metal through the sulfur atoms [236, 249]. It
is worth noting that the oxygen atoms of two thiocarboxyl groups in 68 (M=Cd)
do not participate in the coordination [236]. On the other hand, the ethanol-
adduct of bis(thiobenzoato) cadmium 68 exists as a dimer [Cd(PhCOS),-
(C,H;0H)], and is a distorted octahedron, where the two thiocarboxyl groups
coordinate to the Cd metal by chelating and bridging, respectively, three sulfur
atoms, two oxygen atoms (Cd-O: 2.68(3), 2.54(3) A) from four thiocarboxyl
groups, and one oxygen atom (Cd-O: 2.43(3) A) from ethanol [235]. Structural
analysis of the anionic complexes [Zn(CH;COS);(H,0)]" shows that the three
thioacetato ligands bind to the metal through sulfur atoms, and in addition the
two hydrogen atoms of an H,0 molecule are bound by hydrogen-bonding to the
two oxygen atoms of two thiocarboxylate groups [269]. In contrast, the three
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thiocarboxylato ligands of the cadmium anion complexes 66 (M=Cd) are in a
propeller-like arrangement and are bidentate [48, 269, 323]. The structures of the
complexes of 66 all resemble each other; the metals are surrounded by three
sulfur atoms in trigonal-planar fashion, and each metal atom is bound weakly
to oxygen atoms (the coordination number of the Hg is six and is best described
as arranged in a distorted octahedron) [321, 322]. It is noted that the CdS;
kernel of 66 (M=Cd) has two crystallographically different structures: trigonal
pyramidal (rhombohedral) and planar (monoclinic) [48]. The trinuclear anion
in 69 (M=Cd) contains a distorted octahedral NaO4 kernel [Na-O distances:
2.303(2)-2.470(5) A], where an almost planar coordination of the three sulfur
atoms and weak interactions of the three oxygen atoms are observed around each
Cd [319]. In the new ionic complex 72, the two thiobenzoato ligands are bound
linearly to the central Hg metal through sulfur (S-Hg-S angle: 174.9°) [324].

2.2.10.5
Reactions

Heating 65, 68 (M=Zn, Cd; R=CHj, tert-C,H,; L=3,5-lutidine) gives metal
sulfides in quantitative yields with the elimination of diacyl sulfides [249].
Treatment of mercury bis(thioacetate) with an aqueous solution of KOH gives
mercury sulfide and potassium acetate [307]. Phenylmercury thiocarboxylates
70 react with N-bromo- [148] and N-iodo-succinimides [146] to give the cor-
responding acylsulfenyl halides (Scheme 5) (see Sect. 2.3.5).

P O
RCOSHgPh + QNX or Xp R)J\SX
70 e} X=Br, |

Scheme 5 Syntheses of acylsulfenyl bromides and iodides using phenylmercury thiocar-
boxylates

23
Typical Element Compounds

2.3.1
Group 13 Element Compounds (B, Al, Ga, In, TI)

2.3.1.1
Boron

Thiocarboxylic acid borylesters 73 have been prepared by thioboration of the
corresponding esters with bis(1,5-cyclooctanediylboryl) sulfide [185]. Treat-
ment of [B;H,], or B;H,/THF with thioacetic acid has been shown to lead to
acylthiotriborane 74 [18].
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i
. H-g-0,
S—pB H,B" w +)C-R
POV HB-$
H

R™ O

73 74

2.3.1.2
Aluminum

The trialkyls R;M (M=Al, Ga, In) undergo insertion reactions with COS to form
alkylmetal thiocarboxylates (RCOS),MRj_, (M=Al, Ga, In; x=1-3), which are
difficult to separate [327]. Treatment of trimethylaluminum with thioacetic
acid, however, leads to a good yield of dimethylaluminum thioacetate 75 as yel-
low crystals that sublime (Scheme 6) [327]. On the basis of infrared and 'H
NMR spectra, the structure of 78 has been deduced to be a dimer [327]. Syn-
theses of Group 13 metal derivatives of selenocarboxylic acids have not been
reported, although the formation of RCOSeAl(CHj;); has been described as a
short-lived intermediate in the reaction of RCOOR’ with [(CH;),Al],Se to form
diacyl diselenide [281].

(CH3)3A|
([CHAICH,C(S)OL),
75
(CHa)sGa
CH,COSH CHsGa[CH5C(S)Ol
(CaHe)gln 70
(C5Hs),In(CH5COS)
77

Scheme 6 Syntheses of aluminum, gallium and indium thiocarboxylates

s o
P AN R
Al AIZ
R \O\(SI R
CHj
78
23.13
Gallium

In contrast to the above aluminum compound 75, dimethylgallium thioacetate
76, obtained from reacting trimethylgallium with thioacetic acid, is monomeric
(Scheme 6) [327]. A similar reaction in the presence of 3,5-lutidine (Lut) forms
the methylgallium bis(thioacetate) adduct 79 and the lutidine in which the cen-
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tral Ga metal is tetrahedrally coordinated by two sulfur atoms from monoden-
tate thioacetato ligands, one methyl carbon, and one nitrogen from lutidine
[327]. Gallium tris(thioacetates) obtained by the stoichiometric reaction of
(CH;);Ga and thioacetic acid also form a 1:1 adduct Ga(CH;COS);(3,5-lutidine),
where the two thiocarboxyl groups and the gallium atom exist in the same plane,
and the carbonyl oxygen atoms are oriented in the same direction (for bond
distances, see Table 3) [289].

CH,Ga[CH,C(S)Ol,(Lut)

79
Lut = 3,5-lutidine

2.3.1.4
Indium

The ethylindium bis(thioacetates) 77 have been isolated from the reaction of
the corresponding trialkylindium with thioacetic acid (Scheme 6) [91, 327].
X-Ray structural analysis of 77 shows that the In--- O distance within the four-
membered ring is nearly the same length as the distance between the oxygen
and the indium atom of the adjacent ring, and that the coordination number
of indium is five [90, 91]. The reaction of InCl; with potassium thiobenzoate
in a 1:3 ratio gives a high yield of indium tris(thiobenzoate) which quickly
decomposes to the sulfido complex 80 and dibenzoyl sulfide, while the reaction
with triethylammonium thiobenzoate in a 1:4 molar ratio yields the anionic
complex 81 in which the thiocarboxylato ligands are bound to the indium metal
in a monodentate manner through the sulfur atoms [291]. The coordination
environment of the indium is a distorted tetrahedral. No significant intramol-
ecular interactions exist between the carbonyl oxygen and the central In metal
(for bond distances, see Table 3) [291].

In(S)(PhCOS), [(CoHs)sNHI[IN(PhCOS),
80 81

In general, the thiocarboxylato Group 13 element derivatives 75-77 are
labile and soluble in common aprotic solvents. It is worth noting that the
indium compound 77 is even soluble in cold water.

2.3.1.5
Thallium

The reaction of TI(CH;COO); with three equivalents of thiobenzoic acid pro-
duces thallium(III) tris(thiobenzoate) 82 in good yield, while the similar reac-
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tion with thioacetic acid leads to a quantitative yield of TI(I) thioacetate [313].
The compound 82 has been used as the starting compound for the preparation
of thiocarboxylato niobium and tantalum complexes [110]. Heating of 82
produces dibenzoyl disulfide and TI(I) thiobenzoate [313].

TI(PhCOS),
82

23.2
Group 14 Element Compounds (M=Si, Ge, Sn, Pb)

2.3.2.1
Silicon

In 1966 Martel and Duffaut [210] and Gronowicz and Ryan [86] reported the
first synthesis of O-triorganosilyl thiocarboxylates 83b from reacting thiocar-
boxylic acids with triorganosilyl chlorides or triorganosilylamines, respectively.
Since then, several preparation routes have been developed: (1) RCOSH or
M(RCOS) (M=alkali metal) + R}SiCl [144]; (2) RCOCI+R’;SiSLi [77] or (R’5Si),S
[202]; (3) acyl thiocarbamoyl sulfides + R}SiCl in the presence of triethylamine
[191]; (4) RCOCI with lithiated N-trimethylsilylthioacetamide [40] or (R}Si),S
[192]; (5) RCOSH+(H;Si),N=C=N(SiH;), [54]; (6) RC(O)SSnR}+R;SiBr [10].
Amongst these routes, methods (1) and (2) lead to good yields and are consid-
ered to be the methods of choice considering the availabilities of the starting
compounds and the simple procedures (Scheme 7). Although S-organosilyl thio-
carboxylates 83a such as CH;C(0O)SSiPh; and CF;C1(0)SSi(CHj;); [77,228] have
been reported to form, their spectroscopic detection appears to be difficult.
O-Trimethylsilyl selenocarboxylates 84b have been synthesized by reacting
selenocarboxylic acid potassium salts with trimethylsilyl chloride (Scheme 8)

K(RCOS) + RuSICl ———— s
M <.

RCOCI + R,SiSLi ___~ R USSRy R” “OSiRY
or (R'3Si),S 83a 83b

Scheme 7 Syntheses of O-triorganosilyl thiocarboxylates

(0] Se

Mo -2

R” “SeSiR' R” “OSiR'y
84a 84b

K(RCOSe) + R'SiCl

Scheme 8 Syntheses of O-triorganosilyl selenocarboxylates
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[113,166] and these have been shown to be useful starting compounds for the
preparation of selenocarboxylic acid derivatives. For the tellurium isologue,
both Te-triorganosilyl 85a and O-triorganosilyl telluroesters 85b have been
observed spectroscopically (Scheme 9) [162,286]. In the case of trimethylsilyl
telluropivaroate (R=tert-C,Ho; R’=CH;), 85a and 85b exist in an equilibrium of
65:35 [286]. No silicon compounds bearing three or four chalcogenocarboxyl
groups [(RCEO),SiR}_,; x=3, 4; E=S, Se, Te] are known.

(R'sSi),Te + RCOX
X = Cl, RCO, ~ j)\ jji
R” > TeSiR; — R~ “OSIR!
M(RCOTe) + R,SiCl - 85 ’ 85b 3
a
R= fe/'t'C4Hg; R'38i = (CH3)3S]
R = 4-CHaCgHy; R' = (tert-C4Hg)(CHa),Si

Scheme 9 Syntheses of O-triorganosilyl tellurocarboxylates

0-Orgnosilyl thiocarboxylates 83b are stable thermally, but readily hydrolyze
to thiocarboxylic acid and hexaorganylsiloxane. The selenium isologues 84b
RC(Se)OSiR; are labile towards oxygen and moisture [112]. The tellurium
isologues 85b (E=Te, x=1) (dark blue to green) are extremely labile toward
oxygen [286]. O-silyl telluroacetate CH;C(Te)OSi(CH;); decomposes at room
temperature to yield (E)- and (Z)-2-butene derivatives with the liberation of
elemental tellurium [286, 287].

2.3.2.2
Germanium

The following three reactions have been used to prepare the S-triorganogermyl
thiocarboxylate 86 (M=Ge, E=S): (1) RCOCI+R};GeSM (M=Li, Na) [47, 95, 97,
279]; (2) M(RCOS) (M=alkali metal) + organogermyl halides [143,271,303]; (3)
RCOSH+H;GeN=C=NGeH; [54]. Among these, method (2) appears to be the
most convenient and versatile (Scheme 10).

O

M'(RCOE) or RCEOSI(CHg)s + Ry MX, (RJLE)XMR,
M =Na, K X=Cl, Br 6 (M-Ce) o
" =Ge
R"NH 87 (M=Sn)

E=S, Se, Te 88 (M=Pb)

Scheme 10 Syntheses of organo-Group 14 metal chalcogenocarboxylates

Se-Organogermyl selenocarboxylates 86 (M=Ge, E=Se) can easily be syn-
thesized by reacting alkali metals [165] or O-triorganosilyl selenocarboxylates
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[132] with triorganogermyl chlorides. Recently, the isolation of Te-triorgano-
germyl tellurocarboxylate 86 (M=Ge, E=Te) has been reported, obtained from
reacting sodium or potassium tellurocarboxylates with triphenylgermyl chlo-
ride [306]. No O-organogermyl chalcogenocarboxylates are known.

2.3.2.3
Tin

A large number of organostannyl chalcogenocarboxylates with formulae
(RCOE),SnR}_, (E=S, Se, Te; x=1-4) and (RCOS),SnX, (X=halogen) are known.
Five synthetic methods have been developed for the sulfur derivatives 87 (E=S),:
(1) R4SnSLi [275-277] or R5SnSNa+RCOCI [265]; (2) R,SnO [37] or RSn(O)OH
[271] with RCOSH; (3) PhC(S)OAr with (n-C,H,);SnH [11]; and (4) R,SnX,_,
(X=halogen; x=0-3) with alkali metal or piperidinium thiocarboxylates [143,
271, 303]; (5) CH;CO0Sn(CHj); [75] or (CH;COO0),Sn [220]+CH;COSH [75].
Amongst these methods, methods (1) (using lithium organotinthiolate) and
(4) (using potassium thiocarboxylates) are the most practical from the point
of view of good yields and simple procedures. A series of Se-organostannyl
seleno- 87 (E=Se) [112,117] and telluro-carboxylates 87 (E=Te) [307] have also
been synthesized in moderate to good yields from the reaction of alkali metal
seleno- and telluro-carboxylates and organotin chlorides. Tin compounds pos-
sessing both thiocarboxylato and xanthato ligands 89 are obtainable [311]. The
anionic tin complexes 90 have been isolated from the reaction of tin dichloride
with triethyl-ammonium thiobenzoate in the presence of (CH;),NCI [320].
Cyclic thio- 91 [180] and seleno-carboxylic acid tin esters 92 [212] have been
obtained by the reaction of mercarptacids with trimeric dibutyltinsulfide [180],
respectively.

o}
R /Sn'E
(RCOS)(R';NCSS)SnR", (CH3)sN*[Sn(PhCOS)sJ ™ R
89 90 91 (E=S)
92 (=Se)
. ) Tbt = 2,4,6-
Ph,As*[Pb(PhCOS)s] [(Me3Si),CHI5CeH
93
2.3.24
Lead

Attempts to prepare thiocarboxylic acid lead esters using thiobutyric acid were
described by Ulrich in 1859 [314]. Lead bis(thiobenzoate) can be obtained in
good yields by the reaction of (CH;COO),Pb or (PhS),Pb with thiobenzoic acid
[39]. Four routes to organoplumbyl thiocarboxylates RCOE),PbR;_, (E=S;x=1,
2) have been developed: (1) Ph;PbSLi+RCOCI [77, 280]; (2) R;PbCl + alkali
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metal or piperidinium thiocarboxylates [304]; (3) RCOSH+(C,H;),Pb [94] (or
Ph,Pb [93, 189], Ph,PbOH [189] and Ph,Pb, [189]); (4) (RCOS),Pb+Ph,Pb
[189]. Anionic lead complexes 93 Ph,As*[Pb(PhCOS);]~ with thiocarboxylato
ligands also are obtained from two routes: (1) reaction of Na(PhCOS) with
Pb(NO;), in the presence of Ph,AsCl, and (2) reaction of (PhCOS),Pb with
Ph,As(PhCOS) [39]. A series of organoplumbyl selenocarboxylates 88 (E=Se;
x=1,2) have been synthesized in moderate to good yields by the stoichiometric
reaction of the corresponding organolead chlorides with alkali metal or piperi-
dinium selenocarboxylates [160]. Recently, triphenylplumbyl tellurocarboxylates
88 (E=Te; x=1) have been isolated from the reaction of Ph;PbCl with the corre-
sponding tellurocarboxylic acid sodium salts [306]. Lead complexes bearing two
or more seleno- or telluro-carbxylato ligands are unknown.

The chalcogen-substituted Ge, Sn and Pb derivatives 86-88 are stable towards
both oxygen and moisture. Their stability appears to decrease in the following or-
der: E=S>Se>Te; M=C>Sn>Ge>Pb. The Te-substituted derivatives RCOTeMR;
(M=Ge, Sn, Pb) decompose in solutions (of CH,Cl, or CHCl;, for example) at
-20 °C to give (R;M),Te (M=Ge, Sn, Pb) with the liberation of black tellurium
[306].

2.3.2.5
Structures

The C-0O, C-S§, and C=0---M (Ge, Sn, Pb) distances for typical Group 14
element chalcogenocarboxylates are shown in Table 3. O-Silyl thioacetate
[CH,;C(S)OSiH;] shows no intramolecular interactions between the thiocar-
bonyl sulfur and the silicon atoms in both the solid and the gas state [10].
Instead, intermolecular interactions between C=S and Si atoms (3.19 A) are
observed; the resulting coordination number of the central silicon atom is
five [10]. The structures of a series of Group 14 element derivatives of mono-
chalcogenocarboxylic acids such as (PhCOS),Sn(CH;), [197], PhCOSSnPh;
[308], ArC(O)EMR; (E=S, Se, Te; M=Ge, Sn, Pb) [303,306], and (PhCOS),Sn(n-
C,Hy) [291] have been revealed. The structures of ArC(O)EMPh; (E=S, Se, Te;
M=Ge, Sn, Pb) are isomorphous, where the complex containing the central Ge,
Sn and Pb atoms forms a distorted tetrahedron and the carbonyl C-O, C-E and
E-M distances are comparable to the C=0 double and C-E and E-M single
bonds, respectively. The distances between the carbonyl oxygen and the central
Ge, Sn or Pb atom are all within the sum of the van der Waals radii of both the
atoms, indicative of intramolecular attractions between the two atoms. It is
worth noting that the C=0---Sn distance in 4-CH;C,H,COSMPh; (M=Ge, Sn,
Pb) is shorter than that of the corresponding C=0---Ge, despite the fact that the
atomic radius of Sn is larger than that of Ge [303]. A similar shortening of the
C=0---Sn distance is observed for the corresponding selenium and tellurium
derivatives [306]. Their molecular orbital calculations using the model com-
pounds CH;C(O)EM(CH;); (E=S, Se, Te; M=Ge, Sn, Pb) support these results.
The NBO (natural bond orbital) analysis of CH;COSM(CH;); (M=Ge, Sn, Pb)
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Ny 0
oG 00% 7
CHs /M--u,CH3 CHa ﬁ\’"{lCHs
A T
S*MCipso
94 95

Table4 NBO analysis of at BALYP/LAND2DZ+p Level [303]

02 - C6
c6 P—{ M c6
c2
s2 c7
CH,COSM(CH,),
AE [kcal mol!]?

M ny—0%cr ny—0%s
Ge 1.82 0.64
Sn 2.46 2.25
Pb 2.44 2.05

2 AE=Stabilization energies associated with delocalization.

indicates that the orbital interactions between the nonbonding orbitals on the
carbonyl oxygen (n,) and the ofs orbitals 94 play a more important role than
those between ng and the 0%, orbitals 95 (Table 4) [303], whereas in the case
of the selenoacetate both interactions (ng—07%;s. and no—0%;c) are important,
and the no—0of;c interactions play a dominant role in telluroacetate [306]. The
magnitude of the interactions (the affinity) between Group 14 metals and oxy-
gen or chalcogen atoms such as sulfur, selenium, and tellurium is considered
tobe Si---O>Sn---O>Pb---0>Ge---0>C---0 [306].In the triligated anion com-
plexes [(CH;),N]*[Sn(PhCOS);] [39] and (Ph,As)*[Pb(PhCOS);]~ [320], the
coordination geometries around the Sn and Pb atoms are trigonal pyramidal.
Very weak interactions between the oxygen atoms of the carbonyl groups and
the central metal ions are observed. The thiocarboxylate group of dichloro-
stannyl bis(thiobenzoate), which possesses electron withdrawing atoms on the
tin atom, tends to become bidentate [291].

2.3.2.6
Reactions

The unimolecular gas-phase thermolysis of RR"CHC(S)OSi(CHj); at 380-760 °C
gives the corresponding ketene as the major product [40]. The O-trimethylsilyl
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thiocarboxylates 83b (R’=CH;) react with ethanol and acetic acid to give thio-
carboxylic acid [87]. Moreover, the compounds 83b react with a variety of
electrophiles, such as benzyl bromide [192] and acyl [192,202,226] and ethoxy-
and thioethoxy-carbonyl chlorides [192], to afford the corresponding esters, S-
alkyl thioesters [193],and diacyl sulfides [192,226] in good yields, respectively.
Treatment of 83b with tert-butyl hypochlorite and NBS yields the corre-
sponding acylsulfenyl halides [232]. Reacting w,w’-bis(O-trimethylsilyl) thio-
esters [(CH;);Si0C(S)-A-C(S)OSi(CH;)s, A=(CH,),_s, -C¢H,-] with w,0’-diacyl
chlorides leads to polythioesters [193]. The selenium 84b and tellurium iso-
logues 85b also undergo alkylation and acylation on the chalcogen atoms to
give the corresponding E-alkyl chalcogenoesters (RCOER’, E=Se, Te) and diacyl
chalcogenides [(RCO),E, E=Se, Te], respectively [171,291], and in addition they
react with arylchalcogenyl halides to give the corresponding Se-substituted
selenides 96 (Scheme 11) [132]. The reactions of 84b and 85b with rubidium and
cesium fluorides afford the corresponding heavy alkali metal seleno- 4 (M=Rb,
Cs) [173] and telluro-carboxylates 5 (M=Rb, Cs) in good yields [174]. S-Organos-
tannyl thiocarboxylates 87 (E=S; x=1, 2) are useful starting compounds for the
synthesis of acylsulfenyl halides (RC(0)SX, X=Cl, Br, I) [150] (see Scheme 12).

X i
+ ArE'X
R™ "OSiMej R)J\ EE'Ar
84b (E=Se) 96
85b (E=Te) E=Se, Te
E'=S, Se, Te

Scheme 11 Syntheses of acyl aryl dichalcogenides

j\ NCS, NBS, Br, or I, )OJ\
(R S)XSan_ . R” OsX
x=1, 2 X=Cl, Br, |

Scheme 12 Syntheses of acylsulfenyl halides using organostannyl thiocarboxylates

The Se-triphenylgermyl selenocarboxylates 86 (M=Ge, E=Se) also react with
arylsulfenyl chlorides and phenylselenenyl bromide to give Se-acyl arylsulfenyl
selenides RC(0)SeSAr and acyl aryl diselenides RC(O)SeSeAr in moderate
yields, respectively [165]. The diselenides can be obtained quantitatively by
reacting Se-triphenylstannyl selenocarboxylates with arylselenenyl bromides
[117]. Treatment of the Se-triphenylstannyl 87 (M=Sn, E=Se, x=1) and Se-
triphenylplumbyl selenocarboxylates 88 (M=Pb, E=Se; x=1) with N-bromo-
succinimide produces dibenzoyl diselenide in quantitative yields, presumably
via unstable intermediate PhCOSeBr [135]. Lead bis(thiocarboxylate) reacts
with tetraphenylarsonium thiobenzoate to give anionic lead complexes 93
[39]. Organostannyl selenocarboxylates 87 (E=Se) do not react with alkyl
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halides such as benzyl bromide below 100 °C. In the presence of a catalytic
amount of AICL;, however, the reaction proceeds to give the corresponding
Se-benzyl selenoesters [117]. Although (PhCOS),Pb does not dissolve in com-
mon solvents, (cyclo-C¢H;;);PCSS and (cyclo-C¢H;;);PO solubilize (PhCOS),Pb
to give a 1:1 adduct [(cyclo-C4H,,);PCSS]--(PhCOS),Pb [39].

233
Group 15 Element Compounds (N, P, As, Sh, Bi)

2.3.3.1
Nitrogen

There are four preparation methods for S-acyl sulfenamides 96: (1) RC(0)SX
(X=Cl, Br, I)+R}NH [20,284]; (2) M(RCOS) (M=Na, K)+R;NCI [78,229,262]; (3)
M(RCOS) (M=Na, K) + sodium hydroxylamine-O-sulfonate (see Scheme 13)
[262]; (4) addition reaction of RCOSH to activated N=N double bond [67]. The
cyclic compounds 97, such as benzoisothiazolinones, have also been obtained
by oxidizing the corresponding isothiazolthiones with KMnO, [198] or iso-
propylethylenoxide [82] and by heating bis(o-aminobenzoyl) disulfide in acetic
acid [64].

(0]
R'NCO
RJJ\SNHCONHR'

C[CHO 110
0 OH HO

o)
R” “SNH, o) RJ\SN=CH

96 (R' =H) ©jo 111

SR
R SNK) * R)J\SNHC(O)CNHR'
112 O

113

Scheme 13 Reactions of acylsulfenamides

O +
j\ @\/(S { NHRCOEY
R” “SNR' . %
2 R N 98 (E=S)

96 97 99 (E=Se)
R'=H, alkyl, aryl 100 (E=Te)

A variety of thiocarboxylic acid ammonium salts have been synthesized
by the reaction of thiocarboxylic acids with amines such as piperidine and by
salt-exchange reactions of alkali metal thiocarboxylate with tetraalkylammo-
nium halides [141, 142]. Most of the lower aliphatic thiocarboxylic acid piperi-
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dinium salts (below C,) are oils. The corresponding diethylammonium salts
(C,H;),NH,(RCOS), however, are crystals [211]. Aromatic thio- [245], seleno-
[245] and telluro-carboxylic acid tetraalkylammonium salts [174] can also be
prepared in good yields by salt-exchange reactions between the corresponding
alkali metal salts and (CH;),NCl. Treatment of diacyl selenides [114], diselenides
[115] or ditellurides [133] with primary and secondary amines such as cyclo-
hexylamine and piperidine gives the corresponding ammonium seleno- 99 and
telluro-carboxylates 100 [133]. The hydrogen selenide anion (HSe"), generated
by bubbling carbon monoxide into tetrahydrofuran solution containing Se
powder, a stoichiometric amount of water and a base such as 1,8-diazabicy-
clo[5,5,0]undec-7-ene (DBU), can be acylated with acyl chlorides to form
selenocarboxylic acid salts (DBU-H)*(RCOSe)™ [243].

2.3.3.2
Phosphorus

In general, diorganylphosphorus monochalcogenocarboxylates RCOEPR)
(E=S, Se, Te) are oils and are difficult to purify due to their instabilities (Arbu-
zov rearrangement readily occurs). The first example of chalcogenocarboxylic
acid phosphorus compounds was reported in 1987 by Russian chemists, who
synthesized tris(benzoylthio)phosphine (PhCOS);P by reacting PCl; with thio-
benzoic acid and revealed its structure by X-ray crystallographic analysis
[3, 203]. A series of phosphorus compounds with thiocarboxyl groups 101
(E=S,x=1-3) were isolated from the reactions of Ph,PCl, PhPCl, and PCl; with
thiocarboxylic acid alkali metal salts [304] or O-trimethylsilyl esters [132],
respectively. Some cyclic compounds 102-104 have been synthesized [45,199].
The reaction of thiocarboxylic acid with (RO),PSSH in the presence of tri-
ethylamine produces acyl S-thiophosphoryl sulfides 105a, which, when heated
to 130 °C equilibrate with 105b [335]. The reaction of the PhRPSSe™ ion with
acyl chlorides results in both the sulfide 106a and the selenide 106b, in the
ratio 2:8 [233]. The reaction of K[(R"O),PSSe] with RCOBr forms a selenide of
type 106b [337], whereas the reaction of Na[(i-C;H,0),POSe] with benzoyl
chloride affords only PhCOOP(Se)(OC;H,-i), [81].

e
‘ RN
(RCOE),PR's., F&S @\/‘LP/OR

101 PN CHS \\
' 215
E=S, Se RS S
=1-3 102 103 104 (Y=CHj etc.)
s o g i
_OR' —= !_OR -R p-R
Ph/u\s/ “OR' ph” ~o- " 0OR R)ks/ “Ph R)LSe’ “Ph
105a 105b 106a 106b
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2.3.3.3
Arsenic

Thiocarboxylic acid arsenic derivatives 107 (E=S; x=1-3) have been synthesized
by the following four methods: (1) R’PhAsO+RCOSH [316]; (2) R;PhAsS+
RCOBr [317]; (3) Ph;_ AsCL,+M(ArCOS) (M=K, (CH,),NH,) [305]; (4) As,O3+
RCOSH [to (RCOS);As] [292]. Among these, the methods (3) and (4) are prefer-
able in terms of yield and simplicity of procedure. A series of selenium isologues
107 (E=Se) have been prepared in good yields using selenocarboxylic acid
sodium salts or O-trimethylsilyl esters [132, 139]. Diphenylarsanyl selenocar-
boxylates 107 (E=Se, x=1) also are obtained by treating piperidinium diphenyl-
selenoarsinate or -diselenoarsanate with acyl chlorides [137].

(RCOE),AsR's.,
107
E=S, Se
x=1-3
2.3.34
Antimony

Although antimony tris(thiocarboxylate) (RCOS);Sb (R=CHj; [88,89], Ph [292])
can be readily obtained in good yields from stoichiometric reactions of Sb,0;
with thiocarboxylic acids [88, 292] or SbCl; with potassium thiocarboxylates
[181], the preparation and isolation of the organoantimony thiocarboxylates
108 (RCOS);_,SbR;, (x=1,2) are difficult and have been limited to PhCOSSbPh,
[292] and (PhCOS),SbPh [292], most likely due to lack of availability of the
starting compounds Rj}_,SbX, (X=Cl, Br, I; x=1, 2). The selenium isologues
(RCOSe),SbPh and (RCOSe);Sb can be synthesized from the reactions of
PhSbCl, and SbCl; with the selenocarboxylic acid alkali metal salts 4, respec-
tively [181]. Thiocarboxylato Sb(V) complexes RCOSSbX(CHj;); (X=CI, Br) and
(RCOS),Sb(CH,;); (x=0, 1) have been isolated [256].

(RCOE),SbR'5.

108
E=S, Se
x=1-3
2.3.3.5
Bismuth

Like the antimony derivatives, bismuth tris(arenecarbothioate) 109 (E=S; x=3)
can be easily prepared using the reaction of (CH;COO);Bi [39], (PhS);Bi [39],
Bi,0; [292] and BiX; [181] as the bismuth source. The organobismuth thiocar-
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boxylates 109 are difficult to isolate due to the lack of availability of the corre-
sponding organobismuth halogenides. Recently, a series of phenylbismuth
bis(arenecarboselenoates) have been isolated from the reaction of a mixture of
Ph,Bil and PhBil, with thiocarboxylic acids [181].

(RCOE),BiR'5.

109

R=aryl
E=S, Se, Te
x=2, 3

Thiocarboxylic acid Group 15 element derivatives (RCOS),MPh,_, (M=P, As,
Sb, Bi; x=1-3) are very stable thermally and towards oxygen and moisture
whereas the selenium isologues are sensitive toward oxygen and decompose in
air with the liberation of red selenium [181]. Bismuth tris(arenecarbothioate)
compounds show very poor solubilities in common organic solvents [39].

2.3.3.6
Structures

The selected bond distances of chalcogenocarboxylic acid Group 15 element
derivatives are listed in Table 3. The C-O (1.217-1.237 A) and C-S (1.697-
1.723 A) distances of 2,6-dimethylpiperidinium thiobenzoate [259], (CH;),N*-
(2-CH,0CH,COS)" [245], (CH,),N*(2-CF,C,H,COS)~ [245], and (C,H),N*(2-
HOCH,COS)~ [223] are long and short, respectively, compared to those of
S-aryl thioesters, which indicates that the anion charge is localized on the
chalcogenocarboxyl group [245]. A similar trend is observed for the C=0 and
C-Te distances of the tellurium isologue (CH;),N*(2-CH;0C¢H,COTe)™ [174,
245]. The molecular structures of a series of thio- and seleno-carboxylic acid
pnictogen derivatives (RCOE);_,MPh, (M=P, As, Sb, Bi; E=S, Se; x=0-2) have
been analyzed by X-ray crystallographic analysis. The diphenyl derivatives
RCOSMPh, (M=P, As, Sb, Bi) show analogous structure regardless of the nature
of the central Group 15 atom, where the geometry around the pnictogen atoms
is a distorted tetrahedral with a lone pair at the apex, and the thiocarboxyl
group exists in the same plane as one of the two phenyl groups. In addition,
weak interactions between the carbonyl oxygen and the central pnictogen
atom are observed [174,292]. This similarity in structure can also be observed
for the bis- and tris-derivatives (RCOS);_ MR} (M=P, Sb, Bi; x=0, 1) which ex-
ist in in C; symmetry [181, 292]. In addition, the two chalcogenocarboxylato
ligands in the bis-derivatives exist almost in the same plane and the same
direction [174]. Molecular orbital calculations, using the simplified models
(CH;COE);_M(CHj;), (M=N, P, As, Sb, Bi; E=S, Se, Te; x=0-2), indicate interac-
tions between the unshared electron pair on the carbonyl oxygen and the o*
orbitals of the M-S and/or M-Cipso bonds [174, 181, 292], and that the inter-
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actions in the bis-derivatives are stronger than those in the mono- (x=2) and
tris-ones (x=0) [174]. It is noted that the C=0--- As distances in (RCOS),MPh
(M=P, As, Sb, Bi) are shorter than that of the corresponding C=0---P, despite
the fact that the atomic radius of As is larger than that of P [304, 305]. The
tendency for this shortening of C=0---As is observed in the tris-derivatives
(RCOS);M (M=P, As, Sb) [181, 304, 305], reflecting the magnitude of the inter-
actions (the affinity) of the P or As atoms with the oxygen atom.

2.3.3.7
Reactions

S-Acylhydrosulfenamides 96 (R’=H) readily react with phenyl isocyanate,
aldehyde, and phthalic anhydride at room temperature to give the corre-
sponding S-acylsulfenamides 110-113 (Scheme 13) [262]. Treatment of the
cyclic 2,1-benzisothiazoline-3-ones 97 with oxalyl chloride gives the isothia-
zolium chlorides 114 (Scheme 14) [64]. The reaction of ethylphenylarsinic
thioacetate with acetyl bromide gives diacetyl sulfide [317]. N-Acylthiosuccin-
imides 115 have been found to react readily with thio- and dithio-carboxylic
acids and dithiophosphoric acids at room temperature to give the corre-
sponding asymmetrical disulfides 125, 128, 130 in good yields (Scheme 15)
[144, 229]. The reaction of diphenylarsanyl thio- and seleno-carboxylates 107
(E=S, Se; x=1) with piperidine affords the corresponding piperidinium di-
phenyldithioarsinate 116 and diphenyldiselenoarsinate 117 along with tetra-
phenyl diarsane and N-acylpiperidine (Scheme 16) [305]. On the other hand,
the bis-derivative (ArCOS),AsPh forms the phenyltrithioarsonate dianion 118
in which two anion charges are delocalized on the AsS; moiety along with the

(0] Cl
COcClI 3 .

RO \

114

R'C(E)SH o E

M

o o R”Ss” R
L 125 (E=0)
R” “SN — 128 (E=S)
(R'O),P(S),H o S
15 © JU_B-oR
R”ss” ~OR'

130

Scheme 15 Syntheses of asymmetrical disulfides using N-acylthiosuccinimide
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CNH

107 (< ﬁHz)(thAsEz)‘ + PhyAsAsPh, + RCON )
R=4'CH3C6H4
R'=Ph 116 (E=S)
E=S, Se; x=1 117 (E=Se)

Scheme 16 Syntheses of acyl aryl dichalcogenides

cyclic tetramer 119 (Scheme 17) [305]. Treatment of the arsanyl selenoester 107
(E=Se; x=1) with N-bromosuccinimide generates the acylselenenyl bromide
120 which adds to alkenes to give the cis-adducts 121 (Scheme 18) [135]. More-
over, 107 reacts with activated alkynes such as phenylacetylene in benzene to
give the corresponding (E)-addition products 122 with regio- and stereo-selec-
tivity [138] (Scheme 18), whereas the reaction with the sodium alcoholate gives

TR

Ph'As’S\As‘Ph

+ 2. / \
(R S>2AsPh (< :NHZ)Z(PhASSS) £ s vRooN )
As_ - As.
R=4-CHzCgH, 118 Ph™ "8 Ph
R'=Ph 119
E=S, x=2

Scheme 17 Reactions of diphenylarsanyl thio- and seleno-carboxylates with piperidine

0
QNX R1 L R2
o 1 R2
o I P rose ]
R” “Sex RC(O)SG_;_’—X
120 R® R*
X=Cl, Br 121 (cis-Adducts)
0
= R AsPh,
j)\ R)J\Se — R
R™ "SeAsPh, 122 (E)-Adducts
107 R'ONa
R=4-CH3CgH,4 Na*(RCOSe)” + Ph,AsOR' + RC(O)OR'
ArEX )O]\
E-0.s R~ “SeEar T PhoAsX
X=Cl,Br 141 (E=Se)
147 (E=Te)

Scheme 18 Reactions of diphenylarsanylselenocarboxylates
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the selenocarboxylic acid sodium salt along with the corresponding esters
Ph,AsOR’, indicating that nucleophilic substitution reactions take place com-
petitively on both the arsenic and the carbonyl carbon atoms [139]. In contrast,
the reactions with arylselenenyl and aryltellurenyl halides lead to the acyl aryl
diselenides 141 and the Se-acyl aryltellurenyl selenides 147 along with the cor-
responding Ph,AsX, respectively (Scheme 18) [139].

234
Group 16 Element Compounds (0, S, Se, Te)

2.3.4.1
Oxygen [RC(O)E-0-, E=S, Se, Te]

Regarding the S-acyl alkoxy chalcogenides [RC(O)EOR’; E=S, Se, Te], a few sul-
fur derivatives 123 RC(O)SOR” have been prepared from acylsulfenyl chlorides
with alcohols in the presence of pyridine [100, 102]. The aromatic derivatives
123 (R=aryl) can also be obtained in good yields using aroylsulfenyl bromides
with alcohols [189, 253].

0 0 0 o)
J JC A RY$ $
R “SOR R” “SSR R” Nss” R R S S
123 124 125 0 i
126 127
o) S o) 0
R/U\Sq)J\R RJ\SSN o) R/U\SS’IU’\(CD)S
- _/
128 129 130

2.3.4.2
Sulfur [RC(O)E-S-, E=S, Se, Te]

There are a variety of synthetic routes to the acyl organyl disulfides RC(O)SSR’
124: (1) CH,C(0O)SSCI + alkenes [20, 24, 283]; (2) RC(O)SCI+R’SH [176]; (3)
RCOSH+R’SNR” [176, 177, 282]; (4) RCOSH+R"SCI [66, 67, 186]; (5) RCOSH+
R’SSO;Na [227]; (6) RCOSH + activated arenes [71]; (7) RCOSH+ thiasulfo-
nium [R’SS*(CHj;),] [55], R"OC(O)SSR” [36], or organyldithiopyridine N-oxide
[12]; (8) RC(O)SCN+R’SH [67]; (9) (RCOS),+R’SH [67]; (10) RC(O)SSO,R+
R”SH [67]; (11) RC(O)SS(O)COR’+R”SH [95]; (12) ArCSSR’ [or ArC(=S=
0)SR’]+m-CIC4H,C(O)OOH (m-CPBA) [225]. Fields and his coworkers have
examined most of these routes and recommend method (4) in terms of yield
and simplicity of procedure [65]. The symmetrical diacyl disulfides 125 (R=R")
can be readily obtained by the following methods: (1) air-oxidation of thioben-
zoic acids [70]; (2) oxidation of alkali and alkali earth metal thiocarboxylates
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with oxygen [62], H,0, [1], I,/KI [1, 248], CH;SO,Cl [68], ArSO,CI [68, 141],
(RO),Sn/FeCl, [270], TI(CH,COO) [313], K,FeCN, [68], NiO, [239] or XeF,
[244]; (3) heating TI(RCOS); (R=CH,;, Ph) [266, 313] or acylsulfenyl halides
[266]; and (4) the reaction of RCOCI with Li,S, [79, 80]. Amongst these, oxi-
dizing potassium thiocarboxylates with an ethanolic solution of I,/KI [248] or
an acetonitrile solution of XeF, [244] in method (1) is the method preferred for
the preparation of common diacyl disulfides. Three five-membered ring diacyl
disulfides 126 have been synthesized by the iodo-oxidation of bis(thiomalonic
acids) in the presence of pyridine [273], but the isolation of six-membered
compounds like 127 which are more sterically hindered is still to be solved. The
asymmetrical diacyl disufides 125 (R#R") can also be prepared by reacting thio-
carboxylic acid with acetylsulfenyl chloride [22] or N-acylthiosuccinimides
[229]. The acyl thioacyl disulfides 128 have been prepared by the following
three reactions: (1) RCSSH+N-acylthiosuccinimides [144]; (2) RCOSH+
RC(S)SBr [155] and (3) RCSSH+RC(O)SBr [232]. The reactions of CH;C(O)SSCI
with morphorine, of dithiophosphoric acids with N-acylthiosuccinimides, and
of diacyl disulfides with chlorine yield the asymmetrical disulfides 129 [284],
130 [157] and 131 [20, 22], respectively, in which the nitrogen, phosphorus or
chlorine atom is connected to the opposite sulfur atom of the disulfide sulfur
moiety, respectively.

M PN B AR
R SSCI R \ ,S R S,R R SSSN @]
s -/
131 R 133 134
132 x=34
O (0] O O

A variety of cyclic compounds 132, including a -C(O)SS- moiety, have been
synthesized [63,209]. Acetyl alkyl trisulfides 133 have been obtained from the
reactions of thiocarboxylic acid with alkylthiosulfenyl chlorides (RSSCI) [285]
and acetylthiosulfenyl chloride CH;C(S)SCl with thiophosgen [219]. Acetyl
trichloromethyl trisulfide generated from acetylthiosulfenyl chloride and Cl,CS
reacts with morphorine to give acetyl morphorinecarbonyl trisulfide 134 in
good yields [219]. The acetyl methyl 133 and the diacetyl polysulfides 135
(R=CHj;, x=3, 4) can be obtained by the reaction of R"SH or CH;COSH with
CH;C(0)S,Cl (x=2, 3) or by oxidation of acetylthiosulfenyl chloride with an
aqueous I,/KI solution, respectively [23]. Aromatic diacyl tri- 135 (R=aryl; x=3)
[14, 15,19] and tetra-sulfides 136 (R=aryl; x=4) [14, 15, 19] can be easily pro-
duced by the reactions of thiobenzoic acid or its potassium salts with SCI, and
S,Cl,, respectively. Se-Acyl arylsulfenyl selenides 137 are prepared by the reac-
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tions of selenocarboxylic acid alkali metal salts [116] or O-trimethylsilyl
thioesters [132] with arylsulfenyl halides and of Se-triphenylgermyl seleno-
carboxylates with arylsulfenyl halides [117, 165]. Te-Acyl arylsulfenyl tellurides
138 are isolated from the reaction of potassium tellurocarboxylates with aryl-
sufenyl chlorides [133].

(0] O
R)J\SeSAr R TeSAr
137 138

2.3.4.3
Selenium [RC(O)E-Se-, E=S, Se, Te]

For the synthesis of the acylsulfenyl aryl selenides 139, the following five routes
have been developed: (1) RCOSH or M(RCOS) (M=Na, K)+ArSeBr [152]; (2)
(RCOS), [152] or (RCOS),SnBr, [151]+PhSeBr [151,152]; (3) RCOSH+ phenyl-
selenylsuccinimides [309]; (4) (RCOSe),+ArSBr [153] and (5) ArC(S)SePh+
m-CPBA [159]. Among these, methods (1) and (2) are the most practical, with
easy procedures and high yields. Thiocarboxylic acids and their piperidinium
salts react with SeCl, or Na,SeS,0O, to give the selenium bis(thiocarboxylates)
140 (E=Se) [4, 156]. The acyl aryl diselenides 141 are obtained in moderate
to good yields by the reactions of selenocarboxylic acids [113, 116] and their
alkali metal or piperidinium salts [113, 116] with arylselenyl halides. Instead of
these acids and salts, O-trimethylsilyl [132] and Se-organo-germyl [165], -stan-
nyl [117], -plumbyl [160] and -arsenic selenoesters [139] have also been used
as starting compounds for the synthesis of 141. The aliphatic diacyl diselenides
142 (R=alkyl) (except for di(stearoyl) diselenide) have not been isolated due to
difficulties with purification. In 1932 Szperl and Wiorogorsky reported the iso-
lation of dibenzoyl diselenide from the reaction of acyl chloride in the presence
of AIC; [301]. Since then, several routes to the diaroyl diselenides 142 (R=aryl)
have been found: (1) oxidation of RCOSeH [104, 114, 120] or M(RCOSe) (M=
alkali metals, piperidinium) with air, iodine [113] or XeF, [246]; (2) reaction of
RCOCI with elemetal selenium/NaOH under phase-transfer conditions [318];

(0] (0] O (6]
RJ\SSeR' R)I\SSeSJ\ R R™ “SeSeAr
139 140 141
O o) 7 O O O
R)I\SeSe)LR ©j:«E R)J\STeS/LR RJ\STeR'
142 143 (E=S) 145 146

144 (E=Se)
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(3) reaction of acyl chlorides with HSe™ generated by bubbling CO into a sus-
pension of elemental selenium in tetrahydrofuran solution containing stoi-
chiometric amounts of H,0O and base, followed by air-oxidation [243]. Among
these, method (1), using Na(RCOSe) and XeF,, and method (2) are preferable.
Cyclic compounds that include a -C(O)SE- (E=S, Se) [201] or -C(O)SeSe- moi-
ety [201] in the molecules, as in 143 and 144, have also been prepared.

2.3.4.4
Tellurium [RC(O)E-Te-, E=S, Se, Tel

The S-acyl aryltellurenyl sulfides 146 can be synthesized from the reactions:
(1) RCOSH+PhTeOH [105]; (2) RC(O)SBr+ArTeTeAr [152]; (3) M(RCOS)
(M=Na, K, piperidinium)+ArTeBr [151]. The crystalline Se-acyl phenyltel-
lurenyl selenides 147 have been isolated in good yields from the reaction of
O-trimethylsilyl selenocarboxylate with PhTel [132]. Thiocarboxylic acids
and their piperidinium salts react with TeCl, or Na,TeS,O; to give the tellurium
bis(thiocarboxylates) 145 (E=Te) in good yields [156, 296]. In contrast to the
sulfur and selenium compounds such as 125, 137, 139, 140, 141, and 142, the
acyl aryl ditellurides148 and the diacyl ditellurides 149 are thermally very
labile and are air-sensitive, so their isolation has been limited to just the
2-methoxy derivative 149 (R=2-CH;0C¢H,) from the oxidation of the corre-
sponding alkali metal or piperidinium salts with I, [133], C;H5SO,Cl [133], XeF,
[247] or air [298].

O O O o)

PR

R™ “SeTeR' R” “TeTeR' R TeTe” R
147 148 149

2.3.4.5
Structures

The molecular structures of selenium(II) [4] and tellurium(II) bis(thioben-
zoate) 145 (R=C¢H;) [296] show that the two thiocarboxyl groups are attached
to the central selenium or tellurium atoms through the sulfur atom (for bond
distances, see Table 3). The geometry around the selenium or tellurium atom
appears to be a distorted tetrahedral, wherein the two carbonyl oxygen atoms
associate with the central Se or Te atoms of other molecules. In the cases of
diacyl dichalcogenides such as dibenzoyl disulfide [267], bis(4-chlorobenzoyl)
disulfide [244] and bis(4-methoxybenzoyl) diselenide [246], the carbonyl
oxygen atoms associate with the opposite chalcogen atom [C=0---S distance:
<3.0 A;C=0---Se: 3.0 A] and the dihedral angles of -C(0O)-E-E-C(O)- (E=S, Se)
are 79-90° [244, 246, 267]. Interestingly, the ditelluride 149 (R=2-CH;0C,H,) is
rendered almost planar by the four non-bonding intramolecular interactions
between the tellurium and the methoxy oxygen atoms and between the Te and
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the opposite carbonyl oxygen atoms (150), whereas the corresponding sulfur
125 and selenium isologues 142 exhibit dihedral angles of ~70° [247].

CHg
o. .0
QLo
\ - Te\‘\\ //
/O \O
H3C

150

Molecular orbital calculations show that orbital interactions between the loan
pair of the carbonyl oxygen and o} (1,4-interaction) contribute to the stabi-
lization of the planar conformer of the ditelluride, and also result in a shorten-
ing of the Te---O=C distance [247]. The orbital energies of the lone pair of the
carbonyl oxygen in the dichalcogenides RC(O)EEC(O)R (R=2-CH;0C,H,, E=S,
Se, Te) are almost equal, and the energy gap between ny (donor) and o%.¢
(acceptor) is the smallest among the three compounds. The interactions be-
tween the ng orbitals of the methoxy oxygen and the 0%y, orbitals play a more
important role in the planarity of RC(O)TeTeC(O)R (R=2-CH;0C¢H,) than
those between the carbonyl oxygen and the 0% or 0% orbitals [247].

Disulfides such as 124, 125, and 132 are highly stable. Diacyl diselenides 142
gradually decompose in air with liberation of elemental selenium to give
diacyl selenides. Asymmetrical diacyl disulfides (R#R") gradually undergo
disproportionation reactions at room temperature to give the corresponding
symmetrical diacyl disulfides [22]. The acyl aryl disulfides 124 (R’=aryl) also
undergo disproportionation under heating to give the corresponding sym-
metrical diacyl and diaryl disulfides [65]. The structures of selenium [4] and
tellurium bis(thiobenzoates) [296] have the carbonyl oxygen atoms associated
with the central selenium or tellurium atom on another molecule.

Aromatic diacyl trisulfide 135 (R=aryl), selenium 140 (E=Se) and tellurium
bis(thiocarboxylates) 145 (E=Te) are stable both thermally and towards oxygen.
The introduction of functional groups such as CH;0 and (CHj;),N that possess
an electron pair on the ortho-position of the phenyl ring significantly enhances
the stability of these aromatic chalcogenocarboxylic acid derivatives with the
intramolecular coordination of the loan pair on the oxygen or chalcogen atom
of the carbonyl or the chalcogenocarbonyl group to the central metal.

2.3.4.6
Reactions

Alcoholysis of the acyl organyl sulfides RC(O)S,R’(R, R’=alkyl, aryl; x=2, 3)
in the presence of hydrogen chloride gives the organyl hydrodi- and hydrotri-
sulfides RS, H (x=2, 3) in good yield [20, 21, 65, 176, 282]. Acyl alkyl disulfides
react with thiols to yield asymmetrical disulfides [200]. Selenium bis(thiocar-
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boxylates) 140 (E=Se) react with halogen to give acylsulfenyl halides which
gradually decompose to the corresponding acyl chloride and diacyl disulfides
[157]. Similar halogenation of tellurium bis(thiocarboxylate) 145 (E=Te) at
0 °C gives diacyl disulfides with the liberation of black tellurium, presumably
via halotellurium bis(thiocarboxylate) 151 [156]. Treatment of the telluride
with bromine at -30 °C affords dibromotellurium bis(thiocarboxylate) 151
(X=Br) [156].

o x O
R)J\SilES)kH

l
X

151
E=Se, Te; X=Cl, Br

Although aroyl aryl disulfides 124 (R, R’=aryl) do not react with methanol
(even under reflux conditions), acetyl benzyl disulfides 124 (R=CHs; R’=PhCH,)
are ethanolyzed to give the corresponding benzyl hydrodisulfides in good
yields [176]. The reaction of 124 with thiols proceeds at room temperature
to yield asymmetrical disulfides [200]. Refluxing 4-chlorobenzoyl phenyl di-
selenide in a mixed solvent of methanol/benzene produces the deselenized
Se-phenyl selenoester in good yields [116], while distearoyl diselenide 142 (R=
n-C;;H;s) in methanol is decomposed to methyl stearate with the evolution of
hydrogen selenide and the liberation of elemental selenium [114]. Treatment of
S-acyl organoselenenyl sulfides 139 with primary and secondary amines in the
presence of Hg(CH;COO), results in good yields of the corresponding amides
[310]. The compound 139 has also been found to react with cyclohexene to give
the adduct 152 (Scheme 19) [310]. The acyl aryl 124 and diacyl disulfides 125
[151] are readily desulfurized by triorganophosphines to give S-aryl thioesters
and diacyl sulfides in good yields, respectively. Reduction of diaroyl disulfides
with LiAlH, affords the corresponding thiocarboxylic acid and benzylmer-
captane [196]. Similarly, aroyl phenyl diselenides 141 (R=aryl; R’=Ph) [116] are
deselenized with triphenylphosphine giving Se-aryl selenoesters [151]. In
contrast, S-acyl phenyltellurenyl sulfides 146 (R’=Ph) are not desulfurized with
trialkylphosphines even under reflux in toluene [151]. Refluxing diaroyl di-
selenides 142 (R=aryl) in a mixed solvent of methanol and benzene (1:1) in the
presence of KOH yields potassium selenocarboxylates containing one selenium

RCOS SeR'
0 d
A sserr C>:o d‘o
139 152

Scheme 19 Reactions of Se-aryl acylsulfenyl selenides with cyclohexenone
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atom as green crystals [104, 116]. The reaction of acetyl benzyl disulfide 124
(R=CH;, R’=PhCH,) with sodium benzylthiosulfate in water gives dibenzyl
trisulfide in moderate yields, and the reaction with cyclohexylamine affords
N-cyclo-hexylacetoamide [227]. Acetylthiosulfenyl chloride 131 (R=CH,) reacts
with alkenes to give both Markovnikov and anti-Markovnikov adducts (except
for styrene, which gives only the Markovnikov oriented product) [230]. Treat-
ment of the diaroyl di- and tri-sulfides (RCO),S, (x=2, 3) with aniline quantita-
tively produces benzanilide with the liberation of elemental sulfur or hydrogen
sulfide [19]. The diaroyl disulfides 125 (R, R’=aryl) and diselenides 142 (R=
aryl) react with piperidine to give the corresponding chacogenocarboxylic acid
piperidinium salts [(CH,)sNH,]*(RCOE)~ (E=S [170], Se [115], Te [133]). Diben-
zoyl disulfide, and Lewis acids such as BX;, AlX;, SnCl,, TiCl,, ZrCl,, and SbCls
form the 1:1 adducts MX,-(PhCOS), (M=metal; X=Cl, Br) [206]. Nakabayashi and
his coworkers synthesized acetyl benzyl disulfide 124 (R’=PhCH,) with S at the
acetylsulfenyl sulfur, and revealed that the acetylsulfenyl sulfur atom is swapped
for acetyl benzyl disulfide with triphenylphosphine [177]. The diacyl diselenides
142 serve as useful acylating agents for a variety of nucleophiles such as amines,
sodium alcoholates and thiolates, and organocopper compounds [242].In 1907,
Fromn and Schmoldt reported that the dry-distillation of dibenzoyl disulfide
produces a crystalline compound with formula C,,H,,S,: “tolanetetrasulfide”
[68]. The structural analysis of this compound remains unresolved.

23,5
Group 17 Element Compounds (F, Cl, Br, I)

2.3.5.1
Fluorine

No acylsulfenyl fluorides have been known.

2.3.5.2
Chlorine

The first acylsulfenyl halides 153-154 RC(O)SX (X=Cl, Br, I) were reported in
1952 by Bohme and Clement [21] who isolated acetylsulfenyl chloride 153
(R=CH;) using the reactions of thioacetic acid, diacetyl sulfide or acetyl benzoyl
sulfide with chlorine below -10 °C [20]. Trifluoroacetyl derivatives also have
been prepared by a similar method [228,266]. This methodology, however, can-
not be applied to the synthesis of other common aliphatic and aromatic acyl-
sulfenyl halides due to their thermal instabilities and purification difficulties.
In 1982, a general preparation method for acylsulfenyl halides was developed
by reacting diphenylstannyl bis(thiocarboxylates) with a halogen or N-halo-
rosuccinimide (NXS) (Scheme 20) [149]. Pivaloylsulfenyl chloride has been
synthesized without an a-hydrogen atom via the reaction of O-trimethylsilyl
thiopivaloate with fert-butyl hypochlorite [232].
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NCS
R)J\SCI
153
j\ Br, or NBS j\
R™ "S-M R™ "SBr
M=Sn, Ag, Hg 154
O
I, or NIS
R)J\Sl
Scheme 20 Synthetic methods for acylsulfenyl halides 155

2.3.5.3
Bromine

Aromatic acylsulfenyl bromides 154 have been synthesized by reacting thio-
carboxylic acid phenylmercury [148], diphenyltin [149], silver [149], or O-tri-
methylsilyl derivatives [232] with bromine or N-bromosuccinimide (NBS)
(Scheme 20). In contrast, the selenium isologues are very sensitive toward oxy-
gen and are also thermally labile. In the reaction of the diphenylarsanyl seleno-
carboxylates 107 with NBS, only the formation of the 4-methylbenzoylselenenyl
bromide 120 (R=4-CH;C¢H,; X=Br) has been proved, by converting it into the
p-bromoethyl selenocarboxylates 121 (X=Br) (see Scheme 18) [135].

2.3.54
lodine

Like the chlorides 153 and the bromides 154, treating phenylmercury thiocar-
boxylates with iodine yields the acylsulfenyl iodides 155 in moderate yields
(Scheme 20) [146]. Moreover, silver thiocarboxylates undergo S-iodination with
N-iodosuccinimide (NIS) to give 155 [148]. Trifluoroacetylsulfenyl iodide has
been isolated [228]. The use of diphenylstannyl bis(thiocarboxylates) instead
of PhHg(RCOS) is more effective [149].

The acylsulfenyl halides 153-155 are labile thermally and toward oxygen.
The stabilities toward oxygen and heat decrease in the order X=CI>Br>I, while
the stability toward moisture decreases in the order X=I>Br>Cl.

2.3.5.5
Structures

2-Methoxybenzoylsulfenyl bromide and benzoylsulfenyl iodide have mono-
meric and nearly planar structures, where the carbonyl oxygen intramolecu-
larly coordinates to the halogen atoms, but no intermolecular interactions
between the oxygen and halogen or between halogens are observed [170].
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2.3.5.6
Reactions

The acylsulfenyl halides 153-155 have been known to act as electrophiles. Some
of their reactions are shown in Scheme 21. For example, acetylsulfenyl chloride
reacts with amines such as aniline to give the corresponding S-acetylsulfen-
amides 96 [20, 262, 283], and it undergoes the acylthiolation reaction on the
a-carbon with carbonyl compounds such as alkyl acetates, benzoylacetone,
acetone and cyclo-hexanone, leading to the thioesters 156 [23]. Moreover, the
reaction with unequivocally polarized alkenes yields the acetyl S-chloroalkyl
sulfides 157 (anti-Markovnikov addition) [20, 24] along with the acyl S-halo-
genoalkyl disulfides 158 [20, 24, 286], whereas the reaction with a variety of
activated aromatic compounds such as phenol and toluene gives the acetyl aryl
disulfides 159 as a major product [25,71]. Aroylsulfenyl bromides 154 (R=aryl)
also add to alkenes to yield similar anti-Markovnikov adducts [147]. A for-
mation mechanism for the disulfides 158 and 159 has been proposed, and is
illustrated for the S-chloroalkyl disulfide 162 in Scheme 22. Here the episul-
fide intermediate 161 formed by splitting CH;COCI from the episulfonium
chloride 160 reacts further with another mole of acetylsulfenyl chloride [24].
The aroylsulfenyl bromides 154 and iodides 155 readily react with thio- and
dithio-benzoic acids and their piperidinium salts to give asymmetrical acyl
benzoyl 125 [22, 147] and acyl thiobenzoyl disulfides 128 in good yields, re-
spectively [147,232]. The trifluoroacetylsulfenyl halides CF;C(0)SX (X=Cl, Br)
react with mercury at room temperature, giving Hg(CF;COS), and (CF;COS),
[266]. The acylselenenyl halides 120 also react with alkenes such as cyclohexene

o)

o 0 Py 0

R” “SOR'
R)LSSJ\R 123 Ar)]\SER'
125 124,139, 146
AorO, IR'OH L E=SSeTe

)OL JSJ\ R'CSSH j’\ RCOCH,A"_ RC(0)S
R”sS” R R” “sX R'C(O)CHR"

128 153- 155
PhOH R' 156
/ X=Cl, Br, | &
o o]

R ss @Y alkenes R SNR',

159 96
Y=OH, CH3 R1 R2 R1 R2
RC(O)SHX + RC(O)SS-{—{—X
3 R4 3 R4
157 R° R 158 R* R

Scheme 21 Reactions of acylsulfenyl halides
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Scheme 22 Formation mechanism for chloroethyl acyl disulfides 162

and enol silyl ether at room temperature to give cis-adducts 121 as major prod-
ucts (see Scheme 18) [135].

3
Infrared, NMR and Electron Spectra

3.1
Alkali Metal and Alkali Earth Metal Salts

C=0 stretching frequencies and some *C=0, 7’Se, and '*Te spectra of repre-
sentative monochalcogenocarboxylic acid alkali and alkali earth metal salts are
collected in Table 5. The asymmetric vCOE bands (E=S, Se, Te) of these ionic
alkali metal salts can be observed in the range of 1510-1585 cm™. The *C=0,
77Se, and '°Te NMR spectra appear at 6=205-225, §=210-230, and 6=50-470,
respectively. Specific trends in the carbonyl stretching and 1*C=0,7’Se, and '**Te
signals are not observed as we progress through the metal cations. Little is
known about the IR and NMR spectra of the alkali earth metal monochalco-
genocarboxylates.

3.2
Transition Metal Complexes

In Table 6, the C=0 stretching frequencies and some *C=0, 7’Se, 1**Te and *'P
NMR spectra of transition metal complexes with monochalcogenocarboxylato
ligands are listed. The C=0 bands for the thiocarboxylato ligands bridged
between the two molybdenum metals are observed at 1400-1450 cm™ [107].
The bidentate thiocarboxylato ligands of homoleptic transition metal com-
plexes such as (Ph,P)M(PhCOS); (M=Mn, Co, Ni) show the asymmetrical
vC=0 bands at 1540-1630 cm™! [53]. The thio-, seleno- and telluro-carboxylato
ligands of M(RCOE),(R5P) [M=Ni (48), Pd (54), Pt (59); E=S, Se, Te; R, R"=alkyl,
aryl] are typical monodentate ligands and their asymmetrical carbonyl stretch-
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Table 5 Spectral data for alkali and alkaline earth metal monochalcogenocarboxylates

Compounds, M(RCOE) M E IR*cm™' NMR [§] References

v (C=0)

1BC=0P 77Se or Te®

Li(C,H,COS)((C,H;),0) Li S 1509 [150]
Li(CH,COSe)(LiCl) Li Se 1557 2225 409.0 [187]
Li(C{H;COSe)(LiCl) Li  Se 1556 2175 371,1 [187]
Li(CH;COTe)(THF) Li Te 1584 210.2 186 [164]

1505
Li(C4H,COTe)/THF Li Te 1558 211.8 2348 [164]
Na(CH;COS) Na S 1517 [150]

1551

1562
Na(C4H,COS) Na S 1521 216.4 (150, 245]
Na(CH;COSe) Na Se 1575 219.7 [150,168]
Na(C.H,COSe Na Se 1525 2159 2248 [162, 168]
Na(CH,COTe) Na Te 1552 207.8 2519 [167]
Na(C,H;COTe) Na Te 209.0 2248 [167]
K(CH,COS) K S 1528 [150]
K(C4H,COS) K S 1523 214.5 [150]
K(CH;COSe) K Se 219.7 392.8 [246]
K(C(H,COSe) K  Se 1538 2160  364.0 [246]
K(CH,COTe) K Te 207.1 [167]
K(C4H,COTe) K Te 1548 208.9  220.0 [167]
Rb(CH,;COS) Rb S 1525 220.2 [150,245]
Rb(C,H,COS) Rb S 1520 214.5 [150, 245]
Rb(CH,COSe) Rb  Se 1538 219.7 [172]
Rb(C,H,COSe) Rb  Se 1545 2158 370.8 [171,172]
Rb(CH,COTe) Rb Te 1570 2073 262,1¢ (174]
Rb(C4H,COTe) Rb Te 1543 208.7  228.8 [174]
Cs(CH;COS) Cs S 1520 [150]
Cs(CH,COS) Cs S 1526 214.2 [150,245]
Cs(CH,COSe) Cs Se 1539d  219.9 [172]
Cs(C4H;COSe) Cs Se 1547 2157 3887 [171,172]
Cs(CH;COTe) Cs Te 1574 207.2 286.9¢ [174]
Cs(C4H5COTe) Cs Te 1555 208.6 254.4¢ [174]
Mg(4-CH,C,H,COS),(15-C-5) Mg S 1487 208.0 [170]
Ca((4-CH,;C¢H,COS),(18-C-6)f Ca S 1459 209.2 [170]
Sr(4-CH,C(H,COS),(18-C-6)  Sr S 1492 2135 [170]
Ba(4-CH,C,H,COS),(18-C-6) Ba S 1507 208.6 [170]

@ KBr disc; ® In CDCl; € In CH;0D; ¢ Nujol; ¢ 5-C-5=15-crown ether-5; f 18-C-6=18-crown
ether-6.
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ing frequencies are relatively high, at >1600 cm™! [83,168, 175,241]. The vC=0
bands for Pt(4-CH,C¢H,COE),[(C,H;);P], (M=Pd or Pt; E=S, Se, Te) show low
frequency shifts in the order: E=S, Se, and Te, although the C=0 distances
decrease in this order [168, 170].

The *C NMR spectra of the tellurocarboxylato palladium 54 and platinum
complexes 59 are observed at 6=213.9+0.2 (R=tert-C,H,) and 6=196.8£1.6 ppm
(R=aryl). The '*Te NMR spectra of 54 and 59 show one signal at 6=329-
532 ppm, which indicates lower field shifts than those of the corresponding
alkali metal salts [M(RCOTe), M=Li, Na, K, Rb or Cs] [164, 167, 174]. For the
platinum complexes 59, the 12°Te resonances [with !J(PPt)=681-812 Hz] show
greater field shifts (by 33.6£0.3 ppm) than those of the corresponding palla-
dium complexes 54. In the *'P NMR spectra, the signals of the platinum com-
plexes 59 (6=-1.1-0.0 ppm) are shifted to somewhat higher fields than those of
the corresponding palladium complexes 54 (§=5.7-7.1 ppm) [168]. The coupling
constants [[J(PPt)] of the trans-isomers 59 are ~2400 Hz. '3 Cd(II) and **Na
NMR signals of the anionic complexes [(CH3),N]{Na[(Cd(PhCOS),)],} have
been reported [319]. The '*Cd(II) and "Hg NMR signals of (Ph,E)-
[M(PhCOS);](H,0) (M=Cd, Hg; E=P, As) also are observed at 6=280-295 and
6=-740 to -760, respectively [269].

3.3
Main-Group-Element Compounds

The carbonyl stretching frequencies and *C=0, ’Se and 'Te NMR chemical
shifts of representative monochalcogenocarboxylic acid main-group-element
compounds are shown in Table 7. The structures of tin thiocarboxylates
RCOSSnR} and (RCOS),SnR), [108, 163, 220, 311] have been discussed in the
light of infrared spectra. The asymmetrical vC=0O bands appear at 1550-
1650 cm™!. The 3C=0, 7’Se and **Te chemical shifts are observed at 6=180-200,
6=300-600 and 6=300-450, respectively. The C=0 stretching bands of ArC(O)-
EMPh; (M=Sn, Pb; E=S, Se, Te) shift to higher frequencies upon going from S,
to Se, Te. The *C=0 signals shift upfield by 1-5 ppm in the same order, except
in the case of Ge derivatives.

The infrared and Raman spectra of benzoyl- [154] and trifluoroacetyl-sulf-
enyl halides [228] have been measured and the bands at 522,446 and 396 cm™!
have been assigned to the S-ClI, S-Br and S-I stretching frequencies, respec-
tively, whereas the bands at 190,152 and 138 cm™! were assigned to the C-S-Cl,
C-S-Br, and the C-S-I bend frequencies, respectively. On the basis of the
Mossbauer spectra, diorganotin bis(thioacetate) is believed to have octahedral
structure [260].

O-Triorganosilyl thio-, seleno- and telluro-carboxylates are pale yellow to
yellow, orange to purple, and blue to green, respectively. The n-mt* transitions
of the thio-, seleno-, and telluro-carbonyl groups in ArC(E)OSi(CH;); (Ar=aryl;
E=S, Se, Te) appear at 425-445 (cyclo-hexane) [143], 495-545 (hexane) [166],
and 670-730 nm (in acetonitrile) [174], respectively.
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4
Applications

Some of the acyl organyl and diacyl disulfides 119 have been found to be
effective as antifungicides against Histoplasma capslasma [66, 272] and as
anti-irradiation agents [65, 272]. Acetyl trichloromethyl disulfide is effective
against German roach and milkweed bug and just as effective as Bordeaux
against the fungus Alteneria Sclertia fructicola [93]. Liquid crystal properties
of compounds bearing the RC(O)SOR- moiety have been reported [302]. Thio-
carboxylic acid Pb, Cd and Ni complexes have been used as plasticizing agents
for natural rubber [312]. A variety of metal thiocarboxylates, such as Ca [194,
293],8Sr [194,293],Ba [194,312], Ga [289, 338],In [289, 338], Sn [257], Pb [257],
Zn [41, 205, 249, 250, 258], Cd [249, 250], Hg [249], Sb [205], and Co [41] have
been used as effective precursors to nano-crystalline metal sulfide materials.
The facile preparation of high purity coin metal chalcogens by the thermoly-
sis or alcoholysis of coin metal chalcogenocarboxylates has been reported
[169]. Chalcogenocarboxylato complexes with transition metals such as Pd and
Pt have been used effectively as additives for the high sensitization of silver
halide photographic films [330-335].
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Abstract This chapter reviews studies into the preparation of thio-, seleno-, and telluro-car-
boxylic acid esters (referred to thiol, selenol, and tellurol esters, respectively) and into their
use in organic synthesis. The studies reviewed here span the last ten years, although some
important and original findings reported further back than this are also included.
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1
Introduction

Chalcogeno esters (thiol, selenol and tellurol esters) are useful synthetic inter-
mediates that have been employed, for example, as acylating reagents, building
blocks for heterocyclic compounds, precursors of acyl radicals and anions, and
in asymmetric aldol reactions. This chapter deals with the transformations and
recently-developed synthetic reactions of chalcogeno esters. Chalcogeno esters
that are naturally occurring or intermediates in biological metabolism process
- for example, derivatives of Coenzyme A, which play critical roles in biochem-
ical transformations - are out of the scope of this chapter.

2
Thio-Carboxylic Acid Esters (Thiol Esters)

In spite of the growing interest in organic transformations of thio-carboxylic
acid esters (thiol esters, see Fig. 1) 1, until the mid-1980s, methods for prepar-
ing them were limited to those based on conventional methodologies (such as
the condensation of the thiols with the parent carboxylic acids in the presence
of an activating agent, and substitution of acid chlorides or acid anhydrides
with metal thiolates; see for example [1]). Nowadays, in addition to these meth-
ods, thiol esters 1 can now be synthesized by (i) transition metal-catalyzed
carbonylation, (ii) reaction of acyllithiums with disulfides, (iii) hydration of
thioacetylenes, (iv) Tishchenko-type reactions, and (v) couplings of thiol chlo-
roformate with organotin compounds. The thiol esters 1 have been used in
asymmetric Michael additions and Mannich reactions as well as in asymmet-
ric aldol reactions. They can be converted to aldehydes and ketones and also
utilized as precursors of acyl radicals and as protecting groups for thiols.
Methods of synthesizing lactones and performing decarbonylative addition to
alkynes have also been developed.

)OI\ O O
R™ "SR R)J\SeR' R)J\Teﬂ'
1 2 3

Fig.1 Thiol (1), selenol (2), and tellurol (3) esters
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2.1
Syntheses

2.1.1
Carbonylation of Thiols and Disulfides with Carbon Monoxide

In 1960, it was reported that reacting thiols, disulfides, and sulfides with carbon
monoxide gave thiol esters in the presence of Co,(CO), or metal oxide catalysts
at 250-300 °C and under 100-1000 atm, as shown in Egs. 1 to 3 [2]. Both aliphatic
and aromatic thiols undergo carbonylation to give thiol esters in yields up to
46% with conversions up to 73%. No reaction took place between carbon
monoxide and benzenethiol at 70 °C in the presence of Co,(CO), nor at 275 °C
without the catalyst. Reaction conditions for carbonylation of disulfides and
sulfides were similar to those used for thiols, but yields were low (up to 30%).

cat. Cop(CO)g |

2RSH + CO RCSR + H.S (1)
benzene
1
t. Cos(CO
RSSR + 2CO cat. Coy(C0)e RCSR + COS )
benzene
7
cat. Co,(CO
RSR + CO 2(CO) RCSR (3)
benzene

In 1985, Alper and co-workers reported the Co,(CO),-catalyzed desulfuriza-
tion and carbonylation of benzylic and aromatic thiols to carboxylic esters with
carbon monoxide (58 atm) in aqueous alcohols at 190 °C (Eq. 4) [3]. However,
desulfurization products are formed when the reaction is performed in ben-

Co,(CO)s (5 C”)

RSH . mol %) .
+ CO + ROHW RCOR' + H,S (4)
58-61 atm
R R'  vyield, %
4-CH3CeH4CH,  Et 75
Me 83
i-Pr 74
t-Bu 28
Ph Et 32

CH3(CH»)7 Et trace
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zene instead of aqueous alcohols [4]. It is also interesting that thiol esters are
also obtained in good to excellent yields when 2,3-dimethyl-1,3-butadiene
(DMBD) or 2,3-dimethoxy-1,3-butadiene (DMEBD) is added (Eq. 5) [5].

0
C0,(CO)g (5 mol %) l
RSH + CO RCSR + COS (5)
0 | diene (1.0-1.2 equiv)
10 mmo 185-190 °C, 55-61 atm
PhH (30 mL), H,O (2 mL)
R diene  yield, %
Ph DMEBD 87
4-CHsC¢H, DMBD 61
DMEBD 82
2-naphtyl DMBD 63
DMEBD 85

The yield of the thiol ester depends upon the diene employed, as shown in
Eq. 5. Under similar conditions, isoprene (13%), indene (37%), and 1,3-cyclo-
hexadiene (8%) are much less efficient (R=4-CH;C4H,). The carbonylation re-
action is applicable to a variety of aromatic and benzylic thiols, but aliphatic
thiols are inert under similar reaction conditions.

In the reaction of disulfides with carbon monoxide using a catalytic amount
of Co,(CO)y, diaryl disulfides give the corresponding thiol esters in better yields
than dibenzyl disulfide [6].

2.1.2
Carbonylative Addition of Diphenyl Disulfide and Thiols to Acetylenes
with Carbon Monoxide

Ogawa, Sonoda, and co-workers revealed that the Pd(PPh;),-catalyzed addition
of diaryl disulfides to terminal acetylenes takes place stereoselectively, giving
high yields of (Z)-1,2-bis(arylthio)-1-alkenes 4.

When the reaction is performed under pressurized carbon monoxide, car-
bonylative addition occurs, affording the (Z)-1,3-bis(arylthio)-2-alken-1-ones
5 (Scheme 1), where carbon monoxide is regioselectively incorporated at the
terminal carbon of the acetylenes [7]. Higher pressure is essential to suppress
the generation of the direct adduct of the disulfide 4.

They also reported an interesting finding; that acetylenes react with ben-
zenethiol and carbon monoxide to give different carbonylation products de-
pending on the catalysts used (Scheme 2). For example, when RhH(CO)(PPh;),
is employed, the carbon monoxide and phenylthio group are introduced selec-
tively into the terminal and internal positions of acetylenes, giving 6 [8]. How-
ever, when Pt(PPh;), is used instead of RhH(CO)(PPh;),, a dramatic changeover
of the regioselectivity of CO introduction is observed, and hydrothiocarboxyl-
ation of the acetylenes (a hydride and a thiocarboxyl group are introduced into
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Pd(PPhs)4 R
(1 mol %)

PhH,80°C,12h A  SAr

4

R = CgHys, Ar = Ph, 91%
R—= . ArSSAr R = Ar = Ph, 85%

Pd{PPhs),

(2 mol %) R\/\(SAI’

CO (60 atm)
PhH, 80 °C AS 0
26-39 h 5

R = n-CgH1s, Ar = Ph, 84%
Ar= 4-CH306H4, 86%

Scheme 1 Addition of disulfide to alkyne with and without carbon monoxide

RhH(CO)(PPhg)s
(3 mol %) R.~_H

CO (30 atm) PhRS O
CH4CN, 120 °C
5h

6
R= n-C6H13, 82%
R—=—= ., PhSH R = Ph, 52%

Pt(PPhg), R

(3 mol %) f
CO (30 atm)
CHLCN, 120°c  FNS™ 0
1-7h

R= n-CGH13, A =55, 83%
R=Ph,A=7.5,63%

A: molar ratio of alkyne/thiol

Scheme 2 Dramatic changeover of the regioselectivity of carbon monoxide insertion

the terminal and internal positions of acetylenes, respectively) takes place to
afford conjugated thiol esters [9]. Product 7 may undergo conjugate addition
of PhSH during the reaction, but the use of excess acetylene affords 7 pre-
dominantly. The procedure for this hydrothiocarboxylation can be used with
a variety of aromatic and aliphatic thiols, giving o,f-unsaturated thiol esters
in good to excellent yields. In particular, the hydrothiocarboxylation with
aliphatic thiols proceeds smoothly without using an excess amount of acetylene.
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2.1.3
Carbonylation of N,S-Acetals

Carbonylations of a series of N,S-acetals 8 were carried out in dry benzene under
pressurized CO at 140 °C for 24 h in the presence of 1 mol% of [Rh(COD)Cl],.
Thiol esters 9 were obtained as the only products, in 68-92% yields (Eq.6) [10].

R
|
s NP mr(glo"g))cuz SN
@A A+ ©© benzen 53 atm m ©
8 140 °C, 24 h 9
R R’ yield, %
Et Et 74
i-Bu i-Bu 82
cyclohexyl  cyclohexyl 92
Me cyclohexyl 81
allyl cyclohexyl 68
Me Bn 81

The substrates applicable to this reaction are limited to benzylsulfides. Neither
alkyl nor aryl sulfides underwent carbonylation, and the starting material was
recovered along with some decomposition products. This reaction is regiose-
lective,and no CO insertion into the C-N bond was observed, even when ben-
zylamine units were involved. Such regioselectivity seems unusual, since CO
incorporation between carbon-heteroatom bonds may become less favorable
in the order of C-N>C-S>C-0 [11].It was also reported that carbon monoxide
was inserted into the C-N bond of the thiazolidine rather than its C-S bond
[12].In the present reaction, the presence of an N atom at the 3-position from
the S atom is essential for the insertion of CO into the C-S bond. It is likely that
chelation of the substrate to Rh in a bidentate manner is important. Compounds
with nitrogen atoms in their heterocyclic rings are not effective. Introduction of
a phenyl group at the carbon between the sulfur and nitrogen atoms alternates
the regioselectivity, leading to the insertion of carbon monoxide into the C-S
bond of the same side of the nitrogen exclusively (Eq. 7).

Ph
)\ R
S” °N [Rh (COD)Cl], )‘\( "R
oo+ (7)
R
R yield, %
Et Et 83
Me Bn 46

-CHpCH2OCH,CHy- 80
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2.14
Trapping of Acyllithums Derived from Alkyllithiums and Carbon Monoxide
with Disulfides or Elemental Sulfur

Seyferth and co-workers reported the nucleophilic acylation of carbon elec-
trophiles such as aldehydes [13a], ketones [13a,b], esters[13a,b], lactones [13c],
and trialkylchlorosilanes [13d] with acyl- and aroyllithiums generated in
situ from the RLi/CO system at very low temperatures (-110 °C to -135 °C).
They have also applied this system to the acylation of disulfides, as shown in
Eq.8 [14].

0
RLi/CO + R'SSR' RCSR' + R'SLi (8)
THF/Et,O/n-pentane
=13/13/4
-110 °C, 2 h, then rt
R R vyield, %

t-Bu Me 66
Bu Me 78
t-Bu i-Pr 71
s-Bu -Pr 74

A typical procedure is as follows. The disulfide and a mixed solvent of dry
THE Et,0, and n-pentane are charged to a flask. The solution is cooled to
-110 °C, and carbon monoxide is bubbled in for 30 min. Then a solution of
alkyllithium is added using a syringe pump. After the addition is complete, the
yellow reaction mixture is stirred at —110 °C under CO for 2 h. A reaction tem-
perature of -110 °C is suitable and reacting at lower temperatures or -78 °C
usually gives lower yields of products. When the acyl halide corresponding to
the acyllithium formed is available, the resulting BuSLi can be converted to the
same thiol ester, giving rise to an improvement in the thio ester synthesis
(Eq.9).

(0]
I

+BuLi/CO + BusS, W t-BuCSBu + BuSLi (9)
w

I
+-BuCCl

Besides these nucleophilic acylations of disulfides, they also developed acyla-
tion of elemental sulfur. For example, the generation of #-Bu(CO)Li from ¢-BulLi
and CO in the presence of elemental sulfur at -78 °C, followed by the addition
of Mel, gave t-BuC(O)SMe with a 57% yield. s-BuLi also affords the product in
a similar yield, but this reaction is not successful when BulLi is used.
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2.1.5
Hydration of Thioacetylenes

Braga and co-workers developed a convenient method of synthesizing thiol
esters using the acid catalyzed hydration of thioacetylenes 10 in CH,Cl, in the
presence of silica gel (Eq. 10) [15].

0
— . acid (1.1 equiv)
R—=—SR silica (1 g), CHoCl, R\)\SR' (10)
10, 1 mmol 40 °C
R R acid time, h  vyield, %
Ph Me TFA 2 86
p-TsOH 10 86
CISO5H 6 85
HCIO, 140 80
HCI 15 80
AcOH 140 -
tBu Me TFA 16 85

Strong acids such as p-TsOH, trifluoroacetic acid (TFA), CISO;H, HCIO,, and
HCI proved to be effective, but no reaction took place in acetic acid. Other
solvents such as DMF, CHCIl;, benzene, Et,0, and THF were not suitable for
efficient hydrolysis. The reaction does not proceed satisfactory in the absence
of silica containing water in natural contents. The use of additional amounts of
water neither improves the yields nor increases the rates of the reactions.

This protocol is applicable to the synthesis of selenol esters starting from
selenoacetylenes 11 (Eq.11) [15b, 16].

(0]
_ acid (1.1 equiv)
Ph—=—SeMe Ph 11
silica (1 g), CHoClp \)I\SeMe (1)
11, 1 mmol 40 °C
acid time, h  yield, %
TFA 48 92
p-TsOH 70 88
CISOgH 56 48
HCIO,4 96 70
HCI 96 40
AcOH 140 5

The difference between the sulfur and selenium analogs was their hydration
reaction time. The rate of hydration of alkynyl selenides is very slow compared
to their sulfur counterparts. For example, hydration of a selenoacetylene
(R=Ph, R’=Me) with TFA needed 48 h to complete, whereas hydration of the
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corresponding thioacetylenes completed within 2 h. The first step (addition of
the acid to the chalcogeno acetylenes) was found to have comparable rates in
both cases, but the rate of the second step leading to the chalcogeno esters was
slower for selenium (Scheme 3).

p-TsOH Ph YMe \)O]\
Ph———YMe P ) ——— pn
H OTs YMe
Y =S, Se

Scheme 3 Reaction pathway for hydrolysis of chalcogenoacetylenes

2.1.6
Tishchenko-Type Reactions of Aldehydes with i-Bu,AISR

A new method of synthesizing thiol, selenol, tellurol esters from aldehydes via a
Tishchenko-type reaction using diisobutylaluminum chalcogenoate (i-Bu,AIYR,
Y=S, Se, Te) has been reported; it is shown in Eq. 12 [17].

@) o}

Py BuAlYR PR

(12)

Ph H THF/n-hexane (2:1) Ph YR

2 equiv -23 °C, then 25 °C
YR time, h  yield, %
SBu 2 83
SeBu 2 79
TeBu 1 52 (71)
SPh 20 61
SePh 20 (10) 29 (44"
SBn 2 83

" In the presence of Et,AICI

This reaction proceeded efficiently to give thiol and selenol esters when i-
Bu,AlISR and i-Bu,AlSeR were used, respectively. Thiol and selenol esters were
obtained in good yields from both aromatic and aliphatic aldehydes except in
the case of pivalaldehyde. S-and Se-Ph esters were formed in moderate to good
yields. Te-Bu esters were obtained in satisfactory yields from aromatic alde-
hydes. Addition of Et,AlCl improved the yields. When arenetelluroate (i-Bu,Al-
TeAr) was employed, reduction of aldehydes to alcohols predominated, and the
Te-Ar esters could not be obtained.
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2.1.7
Dehydration of Carboxylic Acids with Thiols by Solid Supported Carbodiimide

The dehydration of carboxylic acid with thiols by the use of polymer supported
ethyl (dimethylaminopropyl)carbodiimide (EDAC) 12 [18] was reported by
Adamczyl and co-worker (Eq. 13) [19].

c” ,ll
™ N=C=N—_
o)

CBZ. A~ AN 4 RSH 7| CBZ~N/\)kSR
CHCly, rt

H

1 15 equiv (13)

R time,h  yield, %

Ph 16 86
CeFs 16 74
Bn 16 77
i-Pr 72 63’
t-Bu 72 34’

" Ten equiv of thiol was used

The condensation of benzenethiol with a slight excess amount of carboxylic
acid proceeds faster than that of benzylic thiol. This rate difference is in accord
with previous observations using a soluble carbodiimide in Et,O [20]. The
more sterically hindered secondary and tertiary thiols (isopropyl and ¢-butyl
thiols) formed only small amounts of the desired products. This method can
be extended to the preparation of various a-amino thiol esters.

2.1.8
Cross Coupling of (ac-(Acyloxy)alkyl)tributylstannanes with Thiol Chloroformate

Falck and co-workers report cross-coupling of (a-(acyloxy)alkyl)tributylstan-
nanes with thiol chloroformate using a catalytic amount of copper salts. For
example, (a-(acetyloxy)benzyl)tributylstannane 13 was treated with thiol chlo-
roformate 14 in the presence of 8 mol% of CuCN in toluene at 75 °C for 21 h to
give the thiol ester 15 with 98% yield (Eq. 14) [21].

OAc o} CUCN (8 mol %) OAc
u mol %
SEt
Ph/kSnBu3 * Cl)j\SEt toluene Ph (14)
13 14 75°C, 21 h o)

15, 98%
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2.2
Reactions

2.2.1
Asymmetric Aldol Reaction between Silyl Enol Ethers of Thiol Esters
and Aldehydes

The titanium tetrachloride (TiCl,)-mediated aldol reaction of silyl enol ethers
with aldehydes was first reported by Mukaiyama and co-workers [22]. Follow-
ing this report, several other Lewis acids such as BF; - Et,0, and SnCl,, or
fluoride anions such as Bu,F were found to be effective promoters or catalysts
in this reaction.

In 1989, a highly enantioselective aldol reaction of achiral silyl enol ethers
of thiol esters with achiral aldehydes was developed by using a novel chiral
promoter system consisting of chiral diamine-coordinated tin(II) triflate and
tributyltin fluoride (or dibutyltin diacetate) [23]. When the silyl enol ether 16
of S-ethyl ethanethioate was treated with PhCHO in the presence of stoichio-
metric amounts of tin(II) triflate, (S)-1-methyl-2-[(piperidin-1-yl)-methyl]-
pyrrolidine (18),and tributyltin fluoride, the aldol reaction proceeded at -78 °C
to afford the corresponding adduct 17 in 78% yield with 82% ee (Scheme 4).

Sn(OTf),

OSiMes diamine 18 @ OH
PhCHO + =< —_— 8
T T g BusSnF EtSJ\/\Ph
CHyCl,, -78 °C .
16 17, 78% yield
82% ee

OAI\O O/\N O
Ir\\l/Ie Rllle H O
18 19

Scheme 4 Asymmetric aldol reaction

The importance of the combination of chiral diamine-coordinated tin(II) tri-
flate and tributyltin fluoride is obvious from the result that no enantiomeric se-
lection was observed when using only chiral diamine-coordinated tin(II) triflate
or a combination with other metal salts. Tributyltin fluoride was found to be the
most effective among the several tin(IV) fluorides examined. The maximum ee
was obtained (92%) when (S)-1-methyl-2[(N-1-naphthylamino)methyl]pyrro-
lidine (19) was employed as the chiral diamine.

The authors studied the further possible extension of this enantioselective
reaction to the synthesis of syn-a-methyl-p-hydroxy thiol esters and found that
the reaction of PACHO with enol silyl ether 20 in the presence of stoichiomet-
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ric amounts of tin(II) triflate, chiral diamine 19, and tributyltin fluoride af-
forded only syn aldol 21 with excellent enantioselectivity (Eq. 15).

Sn(OT)»

OSiMe; .. . OH O OH O
PhCHO + ,— _diamine 19 + AN (15)
BugSnF SEt -~ SEt
SEt 3 H
20 syn-21 anti-21

yield 86%, syn/anti 100:0, >98% ee

These findings brought about extensive studies of asymmetric aldol reac-
tions using silyl enol ethers of thiol esters that employed other chiral diamines
[24] or organometals such as Cu [25], Zr [26], Ti [27], B [28], Sc [29], and Pr
[30]. An imino aldol reaction catalyzed by a cation-exchange resin [31],and un-
catalyzed aldol addition of enoxysilacyclobutanes to aldehydes [32] have also
been reported.

2.2.2
Asymmetric Michael Addition of Silyl Enol Ethers of Thiol Esters to Enones

In 1974, Mukaiyama and co-workers reported the first examples of Lewis acid-
catalyzed Michael reactions between silyl enolates and a,3-unsaturated carbonyl
compounds [33]. Evans and co-workers developed a catalytic asymmetric
Michael reaction of silyl enol ethers of thiol esters to alkylidene malonates. For
example, the reaction of alkylidene malonate 23 with 2.2 equiv of silyl enol ether
22 was carried out in the presence of 10 mol % of catalyst 25 and 2 equiv of hexa-
fluoro-2-propanol (HFIP) in PhMe/CH,CI, (3:1) at -78 °C to give the expected
adduct 24 in 93% ee (Scheme 5) [34]. Borane complex-catalyzed asymmetric
Michael addition has also been reported [35].

(0] Ph
OSiMe; ~ MeO:C.__CO:Me catalyst 25 (10 mol %) CO,Me
=< + | +BuS
SBu-t HFIP (2 equiv)

Ph COgMe
PhMe/CH,Cl, (3:1
PrMe/CHeCle (3:1) 24, 93% ee

22 23

Me Me —| 2+

o | |\O> 2SbFg
N\ /N

Cu

25

Bu Bu

Scheme 5 Asymmetric Michael addition
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2.23
Asymmetric Mannich-Type Reactions of Silyl Enol Ethers of Thiol Esters

Kobayashi and co-workers discovered catalytic enantioselective Mannich-type
reactions of silyl enol ethers of thiol esters with aldimines using a novel zirco-
nium catalyst. For example, in the presence of 10 mol% of catalyst 28, the silyl
enol ether 20 was treated with aldimine 26 in CH,Cl , at -45 °C in the co-exis-
tence of N-methylimidazole (NMI) as an additive to afford the adduct 27 in 78%
yield with 88% ee (Scheme 6) [36].

HO OH
]@ OSiMes  catalyst 28 (10 mol %) @
e =

NMI ( 2 equiv) NH O
{ SEt .
Ph)\ 20 CHZCIZ 45 °C Ph/'\/u\SEt

Br Br
SOFgNg®
Zr
/
OO O
Br Br
28

Scheme 6 Asymmetric Mannich-type reaction

27, 78% yield
88% ee

2.2.4
Ir-Catalyzed Substitution of Propargylic-Type Esters with Silyl Enol Ethers
of Thiol Esters

Matsuda and co-workers found that silyl enol ethers of thiol esters are good nu-
cleophiles in the reaction with propargylic-type esters to form [3-alkynyl thiol
esters in the presence of a catalytic amount of [Ir(cod)(POPh;),]OTf 32 [37].
The acetoxy group of 29 was readily substituted at 25 °C to form thiol ester 31
with 93% yield by simply stirring together 29,4 equiv of silyl enol ether 30,and
32 (5 mol%) (Eq. 16).

Ph , Ir(cod){P(OPh)s},]OTF (32 Ph, O
/<OA =<OSIMes S /uSPh
7 ¢+ o P
SPh CH,Cly, 25 °C, 4 h Ph
29 30: 4 equiv 31:93%  (16)

Ph
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2.2.5
Reduction to Aldehydes

The reduction of thiol esters to aldehydes using Raney nickel was reported
to proceed in 70-80% ethanol under reflux more than five decades ago. [38]
Fujita and co-workers developed a low temperature (-20 to -50 °C) reduction
of thio esters by treating with diisobutylaluminum hydride (DIBALH) in
hexane-dichlorometane (Eq. 17) [39]. The authors also reported that treatment
of thiol esters with NaBH, in aqueous THF at room temperature gave alcohols
in high yields (Eq. 18).

o s ; o)
DIBALH (1.1
A b (e

hexane/CH,Cl, (1:1) R”™ "H (17)
-20to -50 °C
R yield, %
Ph 93
n-C15H31 79
n-CgH1g 72
n-CsHq4 54

PhCH=CH (trans) 64

O S/> .
NaBH, (3 equiv)
N RCH,OH 18
RJ\S)\N aq. THF, rt 2 (18)
R yield, %
Ph 92
n-C15H31 99
n-CgH1g 98
n-C5H11 96

PhCH=CH (trans) 92

In 1990, Fukuyama and co-workers established a palladium-mediated re-
duction of thiol esters to aldehydes with Et;SiH (Eq. 19) [40].

This reduction proceeds at room temperature and functional groups such
as azide and nitro groups are incompatible. The practical utility of this reaction
is demonstrated by its application to the total synthesis of complex natural
products such as (+)-neothramycin A methyl ether [41]. Recently, an improved
protocol using odorless dodecanethiol has been reported [42, 43].

Penn and co-worker report the reduction of thiol esters with lithium. Treat-
ment of aryl and alkyl thiol esters with lithium wire at -78 °C for 4-5 h, followed
by quenching with MeOH, resulted in the exclusive formation of aldehydes
(Eq.20). The reaction mechanism seems to involve electron-transfer from lithium
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o . .
)j\ Et3SiH (2-3 equiv)

AL Eusiset
R™ "SEt Y09 pa/C (2-3mol%) F H T FB

acetone, rt
MeO COSEt O._~_COSEt
U O (19)
MeO
91% 94%
Ph_ _COSEt
he PhS” “COSEt
OAc
75%
84%

2 3
1) Li/THF, -78 °C
RJ\S R)J\H (20)

2) MeOH
R yield, %
Ph 98
n-C1 oHo4 99
cyclohexyl 100
+Bu 98

to a thiol ester, which undergoes bond cleavage to generate a radical and an an-
ion. The radical formed is further reduced to yield thiolate or acyl anion which
is trapped with electrophiles. The formation of an acyl anion is supported by
evidence that acetophenone is produced by successfully quenching of the ben-
zoyl anion with methyl iodide [44].

2.2.6
Substitution with Organometallic Reagents Leading to Ketones

The reactions of thiol esters with organocopper and Grignard reagents to ke-
tones were revealed in 1974 by Anderson and co-workers (Eq.21) [45-46],and
Mukaiyama and co-workers (Eq. 22) [47], respectively.

RoCulLi (1.0-1.2 equiv) (21)
n-CgoHqg SEt Et,0, 1.5-2 h n-C9H18 R

R temp, °C vyield, %

Me -78 75
Bu -40 87
Ph -40 74
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0] Z | 0}
PhMgBr (1 equiv)
RJ\S N THF, 0 °C RJ\Ph (22)
R yield, %
Ph quant
Me 91
n—Can 86

Fukuyama and co-workers disclosed the palladium-catalyzed synthesis of
ketones by the reaction of thio esters with organozinc reagents (Eq. 23) [48].
Treatment of thio esters with a catalytic amount of PdCl,(PPh;), (5 mol%) and
EtZnlI (1.5 eq) in toluene at room temperature for 5 min affords ketones in high
yields. Ethyl zinc iodide as well as i-butyl-, benzyl-, phenyl-, B-phenethyl-, and
vinylzinc iodides react smoothly to afford the corresponding ketones. The
geometry of the olefins on the alkyl chains is retained in the reaction. Alkyl,
aryl, and o,B-unsaturated thio esters can be converted into ketones in good to
excellent yields. It should be noted that a variety of sensitive functional groups
including ketones, a-acetates, sulfides, aromatic bromides, chlorides and even
aldehydes are compatible with this protocol. This remarkable chemoselectiv-
ity indicates that ketone formation is much faster than the oxidative addition
of palladium to aromatic bromide or nucleophilic additions of zinc reagents to
aldehydes.

o} o}
PdCly(PPhg),
Et % Et
MeO oluene, rt, 5 min MeO

1.5 equiv
‘ 91% (23)
(0] OAc /@/\ COSEt
Ph)\/\COSEt Ph)\COSEt Br op\COSE
99% 75% 91% 69%

Srogel, Liesbeskind and co-worker reported the palladium-catalyzed cross-
coupling of the thiol esters 32 with the boronic acids 33 (Eq. 24) [49].

/OAc
Pd
Rl

X (o-tolyl)o

Q f 34: 5-10 mol % L
—S ' .
H * RBOH: — 2045 moi%) - R~ R (24)
33: 1.2 equiv IS%\%E39E)4_96 ecgjiv)

v ,90-95 °
32: X =Br, | oM
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(@]
M P
R S 32a: R = phenyl, X = Br R S
32b: R = methyl, X =Br 35a: R = 4-MeCxH, R'= Me
32¢: R=undecyl, X=Br  35p: R = undecyl, K = Et
X

Fig.2 4-Halo-n-butyl and normal thiol esters

The coupling of stable organosulfur compounds with boronic acids is of
great synthetic importance, since both reaction partners are readily available,
low toxicity, and are stable toward many reagents. 4-Halo-n-butyl and normal
thio esters (Fig. 2) were prepared and investigated as substrates for palladium-
catalyzed cross-coupling with boronic acids.

In the presence of 5-10% palladium catalyst 34,20-45% Nal, and 4-6 equiv
K,COs3, various boronic acids underwent cross-coupling with thio esters 32 in
dimethylacetamide at 90-95 °C for 12-24 h to give the desired ketones in mod-
erate to high yields. Tetrahydrothiophene, detected by GC/MS, was formed by
intramolecular nucleophilic attack at the terminal carbon by a sulfur atom. In-
terestingly, in the absence of Nal, the bromobutyl thiol ester 32a gave only a
trace amount of benzophenone when treated with phenylboronic acid in the
presence of 34 in DMA at 95 °C for 22 h. In the presence of Nal, the bromide
atom at the terminal carbon is replaced by an iodide atom, leading to sulfonium
formation via intramolecular S-alkylative activation.

Only a trace of p-tolyl phenyl ketone was formed when the simple thiol es-
ter 35a was treated with phenylboronic acid in the presence of Nal under sim-
ilar reaction conditions. Although less efficient than the intramolecular system,
intermolecular alkylative activation was also feasible. For example, 35b was
transformed into undecyl phenyl ketone (48%) when treated with PhB(OH),
and 1,4-dibromobutane in the presence of 6 mol% of 34,30% Nal, and 4.1 equiv
of K,CO; in DMF at 90 °C for 18 h. Use of 1,2-dibromoethane and 1-bromo-
hexane in place of 1,4-dibromobutane did not promote this reaction.

Liebeskind and Srogl developed Pd-catalyzed cross-coupling of simple thiol
esters with boronic acids to give ketones in the presence of Cu(I) thiophene-2-
carboxylate (CuTC) under nonbasic conditions (Eq. 25) [50].

(0] Pdodbag (1 mol %) O

P(2-furyl)z (3 mol %
R)J\SR. + R'B(OH), —2funvl)s (3 mol %) R)I\R.. (25)
1.1 equiv CuTC (1.6 equiv)

THF, 50 °C, 18 h
R = R yield, %
Ph CH,CONMe, 2-MeOCgH, 88
3-MeOCgH4 83
2-naphthyl 79
n-Cqy1Ho3 4-MeCgHy 3-NO,CgHy 79
CF3 (E)-B-stryl 93
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Unlike the usual Suzuki-Miyaura cross-coupling of boronic acids with halides
[51], bases were detrimental to the present reaction. Addition of 1 equiv of
K,CO; to the reaction significantly suppressed the yield of ketone. On the other
hand, ketones were formed in moderate yields in acetic acid. It was proposed
that CuTC coordinates to the sulfur atom to activate the acylpalladium-thiolate
complex toward transmetalation with a boron reagent (Scheme 7).

L, L L, L
Pd_ ., CuTC _R'BIOH) Pd
RCO” \f/ RCO” YR

i
CuSR'
+
B(OH),TC

Scheme 7 Activation of acylpalladium-thiolate by CuTC

o,B-Acetylenic ketones are useful synthetic precursors of compounds such
as chiral propargyl alcohols [52], a,B-unsaturated ketones [53], as well as a
variety of Michael addition products, and have therefore served as crucial in-
termediates for the synthesis of natural products [54]. Yamaguchi and co-work-
ers reported a mild and efficient synthesis of o,[3-acetylenic ketones from the
reaction of thiol esters with trimethylsilylacetylenes in the presence of AgBF,.
The reaction takes place in CH,Cl, at room temperature and completes within
30 min (Eq. 26) [55]. Among the catalysts examined, AgBF, proved to be the
most effective. Other catalysts such as AgF and CuCl, gave no product and
SnCl, gave a yield of less than 10%.

e O
. . AgBF, (2.2 equiv) )\
+ 'R—=——SiMe R” S\ (26)
R™ SE > CHaCly, 1, 10-30 min N
1.2 equiv R
R R' yield, %
Pr n-CGH13 96
Pr Ph 88
Pr n-CGH13 97
-Pr Ph 97
Ph Ph 92

In 2003, Sonogashira-type palladium-catalyzed coupling of thiol esters with
1-alkynes was found to give a,-acetylenic ketones (Eq. 27) [56].

When thiol esters were subjected to the conventional Sonogashira condi-
tions, the expected coupling products were obtained, although the yields were
poor (~17%). However, the yield was dramatically improved by adding phos-
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PdCl,(dppf) (10 mol %)

(@]
O P(2-furyl)s (25 mol %)
R)J\SEt . — By Cul (1.7 equiv) R)\
(0]

DMF/EtN (5:1), 50°C Bu
1-4 h
o) o 27)
Ar/\)I\SEt PhNSEt Ph/\)l\SEt
Ar = 4-MeOCeHy, 94% O

= 4-BrCqHy, 80% 80% 64%

phine ligands such as tri-2-furylphosphine. Among the catalysts examined,
PdCl,(dppf) proved to be the most effective.

2.2.7
Synthesis of B-Lactones by the Reaction of Lithium Enolates of Thiol Esters
with Carbonyl Compounds

Danheiser and co-worker describe a convenient one-step preparation of B-lac-
tones based on the addition of thiol ester enolates to carbonyl compounds.
Treatment of thiol esters with 1 equiv of LDA in THF at -78 °C for 30 min fur-
nishes lithium enolates, which smoothly combine with ketones and aldehydes
at -78 °C. Subsequent gradual warming results in the formation of 3-lactones
in good to high yields (Eq. 28) [57].

o) 1) LDA, THF oLi O o O
-78 °C, 30 min
R ! R p——
\)kSPh 2) cyclohexanone MSPh -LiSPh
-78 °C R R
R yield, % (28)
86
Me 92
-Pr 48
MeO 78

2.2.8
Generation of Acyl Radicals from Thiol Esters by Intramolecular Homolytic
Substitution at Sulfur

For transformations based on stannane-mediated radical chain sequences,
selenol esters are the precursors of choice owing to their ease of preparation,
stabilities, and ability to accomplish Sy2 reactions (see Sect. 3.2.1). However,
replacing the selenol esters by thiol esters in these tributyltin hydride- or allyl-
tributylstannane-mediated chain reactions would be attractive from a synthetic
viewpoint.
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Unfortunately, the radical chain reaction of simple S-phenyl thiol esters
was not efficiently triggered by trialkyltin radicals [58]. The homolytic bond
dissociation of S-2-naphthyl and other thiol esters by photolysis also seems to
be a low quantum yield process (£=0.08-0.10) [59].

Crich and co-worker report an attractive solution to this problem by a com-
bination of efficient iodine abstraction by tributyltin or tris(trimethylsilyl)silyl
radicals from an aryl iodide to form an aryl radical and successive intramole-
cular homolytic attack at sulfur by the aryl radicals to generate acyl radicals
(Scheme 8) [60].

R. R R. R
| BuzSn e |
IS e S
(e} o)
RR :
— O |
S

R =H or Me

Scheme 8 Generation of acyl radical by intramolecular hemolytic substitution at sulfur

Reactions of thiol esters with the three most commonly used reagents - tri-
butylstannane, tris(trimethylsilyl)silane (TTMSS), and allyltributylstannane —
were conducted using AIBN as an initiator. The reaction of 36 with 1.3 equiv of
Bu;SnH in refluxing benzene with AIBN for 1 h led to complete consumption
of the substrate and clean formation of the cyclization and reduction products
(39 and 40, respectively, see Fig. 3) in a ratio of 96:4. As anticipated, dihydro-
benzothiophene 41 was also formed in this reaction. It is worth noting that 40

36: R=H 38
37: R=Me
0 o Ph
Ly CL o
o o/\/ S
39 40 41

Fig.3 Compounds 36-41
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N3
o A
S S
R

42:n=1,2 43:n=1,2
Fig.4 Thiol esters 42 and 43

was only formed in very low yields, suggesting that the intramolecular attack
of an aryl radical at a sulfur atom is faster than the intermolecular hydrogen
atom abstraction from the stannane. As may be expected, use of the poorer
hydrogen atom donor TTMSS in place of Bu;SnH as the reducing agent com-
pletely suppressed the formation of 40. Hydrogen transfer to the aryl radical
could also be completely suppressed by use of 37 and 38, where two methyl
groups enhance cyclization.

Benati, Spagnolo, Strazzari and co-workers applied this Crich’s method to
the generation of acyl radicals bearing an azido group in the side chain from
thiol esters 42 and 43 (see Fig. 4) [61].

Interestingly, the acyl radicals formed show different chemical behaviors
depending on their structures. Aroyl radicals from 42 were highly prone to per-
forming an unprecedented intramolecular five- and six-membered cyclization
via attack onto the azido moiety (Scheme 9), whereas acyl redicals from 43
undergo rapid decarbonylation.

-No
BuzSnH or
Oj;:‘” TTMSS CQ?N'
n

Reagents: (i) BugSnH/AIBN; (ii) TTMSS/AIBN

Scheme 9 Azidoacyl radical cyclization

2.2.9
Reduction of Thiol Esters with Sml, and Synthetic Application as Synthons
of Unstable Acyl Radicals

The kinetic stability of acyl radicals is strongly controlled by the decarbonyla-
tion reaction, which is influenced by the nature of substituent X (Eq. 29). For
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example, acyl radicals possessing a heteroatom substituent at the a-position
undergo rapid decarbonylation due to the radical stabilizing effect of sub-
stituent X [62].

X _Jo =—— x—e+ co (29)

Skrydstrup and co-workers reported a SmI,-mediated generation of formal
acyl radical equivalents from amino acid thiol esters, and their synthetic ap-
plication. Trapping of the intermediates formed in this way with a variety of
acrylamides provides a simple way to access y-ketoamides and -esters, which
are incorporated in small peptide strands of a series of potential protease in-
hibitors (Eq. 30) [63].

Ph Ph

O
Sml, (3.3 equiv)
A 2
CBzHN SAr \)kNHBnm CBzHN/E'(\/LNHBn
(6] (6]
1.5 equiv Ar = 2-pyridyl, 49%
4-pyridyl, 66%

(30)

For example, a solution of acrylamide and thiol ester (1.5 equiv) in THF was
added dropwise to a 0.1 M solution of SmI, cooled to -78 °C. After the mixture
was stirred for 1 h, followed by oxidation of the excess SmI, with oxygen, y-keto-
amide was formed in 49% yield. That decarbonylation (as shown in Eq. 29) is not
observed implies that the reacting species is not a free acyl radical. It is proposed
that electron transfer into the carbonyl group could generate a ketyl radical
anion equivalent to the structure 44 coordinating to samarium(III) (Scheme 10).

,Smly Sm'!

Smlz Smlll o 7N
\)J\NHBn RHN U
RHN¢

44 O "NHBn

Scheme 10 Proposed reaction pathway for SmI, mediated addition of thiol ester

2.2.10
Decarbonylation of Thiol Esters to Sulfides and Carbothiolation of Alkynes
Catalyzed by Pd

T. Yamamoto, A. Yamamoto and co-worker report palladium-catalyzed decar-
bonylation of thiol esters to sulfides (Eq.31) [64].
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Pd(PCys)s (5 mol %)
Ar” "SAT “toluene, 100 °C, 3 h

ArSAr (31)

100% (Ar = Ph)
98% (Ar = 4-MeCgH,)

Symmetrical diaryl sulfides are obtained from the corresponding thiol esters
by heating them in the presence of Pd(PCy;),. Other zero-valent Ni and Pd com-
plexes such as Pd(PPhs;),, Pd(dpe),, Ni(PPh;),, and Ni(PEt;), are less effective
than Pd(PCys),. A key intermediate of the reaction seems to be an aryl Pd(II)
compound carrying a thiolate ligand ArPd(SR)L, generated via decarbonylation
of the aroyl Pd(II) formed by the oxidative addition of thiol ester to Pd(0).

Kuniyasu and co-workers report regio- and stereoselective additions of car-
bon and sulfur functionalities to alkynes by utilizing a similar intermediate
generated in situ from thiol ester and Pt(0), which undergoes insertion of
alkyne into the S-Pt bond and subsequent reductive elimination (Eq. 32) [65].

O R'
Pt(PPh3)4 (5 mol %
Pe R (PPhg)4 ( ) /=< (32)
R SPh toluene, reflux R SPh
1.2 equiv 10-15 h

R R' yield, %
Ph n-C6H13 77
4'M606H4 70
4'BFCGH4 81
Ph 71
MesSi 75

For example, the reaction of PhC(O)SPh with 1-octyne carried out in the
presence of Pt(PPh;), under toluene reflux for 10 h produced the anticipated
(2)-2-(phenylthio)-1-phenyl-1-octene with 77% yield. Neither regio- and
stereoisomers of the desired product nor PhSPh were detected. When the re-
action was performed using Pd(PPh;), as a catalyst, PhSPh was formed with
40% yield without formation of the carbothiolation product. Functional groups
such as 4-Me, 4-Br, and 4-NO, on aromatic rings of R” did not interfere with the
reactions. The reactions of PhC(O)SBu or PhC(O)SCH,Ph with 1-octyne were
very sluggish. This platinum-catalyzed arylthiolation of alkynes was not so sen-
sitive to electronic effects of the aromatic rings in R. The group R can be re-
placed by a vinyl group to afford the vinylthiolation product with the stereo-
chemistry of the vinyl moiety retained.

They also extend their reaction to the carboselenation of alkynes with selenol
esters under similar conditions employed for the carbothiolation (Eq. 33) [66].

0 Pt(PPhg), R
Pe + =R S~ (33)

R™ "SeR' R SeR'
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Selenol esters bearing a 4-MeOC,H, group on Se underwent aroylselenation
under CO (10 atms) to give the corresponding product with 42% yield along
with a trace amount of the arylselenation product (Eq. 34).

% Pt(PPh Ar Ar
A =n o0 Y (34

+
SeAr CO (10kg/cm?)  PhSe O

Ph

42%
Ar= 4'MQOC6H4

2.2.11
As Protecting Groups for Thiols for Suzuki-Miyaura Cross-Coupling

In Suzuki-Miyaura cross-coupling of boranes or boronic acids, the thiol group
poses a special problem arising from its strong affinity toward late transition
metals. Due to the poisoning of the catalyst, more than stoichiometric amounts
of palladium would be necessary to obtain a coupling reaction. Sulfides and
thio-heterocycles are applicable to Suzuki-Miyaura coupling. Although sulfides
seem to be suitable protecting groups for thiols, deprotection due to the cleav-
age of S-C bonds is problematic. The commonly employed reaction conditions
for their cleavage are too harsh for a number of functional groups.

Terfort and co-workers focused their efforts on the use of acyl groups, since
these are easily attached to the thiol moiety, forming thiol esters, which in turn
are easily cleaved by aqueous base. Reaction of thiol esters with p-tolylboronic
acid anhydride in the presence of Pd(PPhs,), followed by saponification afforded
the coupling product in high yield (Scheme 11) [67].

Br
Pd(PPhg)s O 1) ag. NaOH
. (5 mol %) 60 °C, 3.5 h
K3POy4 2) citric acid
(1.5 equiv)
SYO
R

BO |; DME, reflux
16 h

»
T

S\(O
R = 2-methoxyisobutyryl R

Scheme 11 Thiol ester as a protecting group for thiol

3
Seleno-Carboxylic Acid Esters (Selenol Esters)

Seleno-carboxylic acid esters (selenol esters) 2 are also prepared like thiol
esters by the reaction of acyl halides with selenols, or diselenides as well as their
alkali metal salts. Most of the preparative methods for thiol esters shown in
Sect. 2.1 are applicable to the synthesis of selenol esters 2. Unique synthetic



112 S.-i. Fujiwara - N. Kambe

methods for selenol esters are the following carbonylation reactions: (1) group
transfer radical carbonylation reaction; (2) carbonylation of organolithium
compounds with Se and CO; (3) Pd-catalyzed coupling of stannyl selenide, aryl
iodides, and CO. Selenol esters 2 have been widely used as precursors of acyl
radicals. They can also be utilized as acylating reagents and dienophiles in
Diels-Alder reactions, and can be converted to aldehydes, a-seleno ketones, and
vinyl selenides.

3.1
Syntheses

3.1.1
Reactions of Selenolate Anions with Acid Chlorides

A common method of synthesizing selenol esters is to react selenolate anions
with acyl chlorides. Selenolate anions can be easily generated through the
reductive cleavage of the Se-Se bond using various reducing agents, such as
sodium borohydride, sodium, and lithium aluminum hydride. Reaction of Grig-
nard and organolithium reagents with elemental selenium is also a convenient
and practical method [68].

Zhang and co-workers report novel syntheses of selenol esters by using SmI,
[69a], Sm/TMSCI/H,0 [69b], TiCl,-Sm [69¢], Sm/CrCl; [69d], and Sm/CoCl,
[69¢] as reducing agents.

3.1.2
Reaction of Thallous Selenide and Bis(organoseleno)mercury with Acid Chlorides

In 1980, Detty and co-worker revealed the synthesis of selenol esters by the
reaction of thallous phenyl selenide with aroyl and acyl halides (Eq. 35) [70].

o 0
RJ\CI + PhSeTl "E6, R)J\SePh (35)
125 h
R = Ph, Me >97%

Thallous phenyl selenide is prepared by the dropwise addition of thallous
ethoxide to a solution of benzeneselenol in hexanes-Et,0, and is obtained as an
orange solid in quantitative yields. Acyl and aroyl halides react readily with
thallous phenyl selenide to give the corresponding selenol esters in >97% iso-
lated yields.

Recently, Silveira and co-workers reported the synthesis of thiol, selenol and
tellurol esters based on the reaction of bis(organochalcogenyl)mercury com-
pounds with acyl chlorides in the presence of a catalytic amount of Bu,NX
(Eq.36) [71].

The starting mercurials, Hg(SPh),, Hg(SePh),, and Hg(TeBu),, are stable
solids that are easily prepared by the reaction of metallic Hg with PhSH,
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i gy, BUaNX (4 mol %) Q .
. .
R o T MR —ee orco) T RTOYR (36)
1, 2-5 h
SePh SPh TeBu
R (yield, %) (yield, %) (yield, %)
Ph 99 98 39
4-CICeHs 74 99 44
CeHsCH, 94 99 35
+Bu 81 94 7

PhSeSePh, or BuTeTeBu. The yield decreases by changing Y from S to Se or Te.
The addition of the ammonium halide catalyst greatly improves the efficiency
of the reaction. The reaction between benzoyl chloride and Hg(SePh), was
monitored by IR spectroscopy to obtain an insight into the reaction pathway.
At the start of the reaction, the C=0 stretching frequency of benzoyl chloride
barely changed (=5 cm™). Unexpectedly, however, no sign of the product
(1680 cm™) was detected. The characteristic band of PhnCOSePh only began to
appear after 1.5 h. Instead, strong absorptions at 1530, 1475, and 1425 cm™ were
observed, which could not be attributed to Hg(SePh), or ClHgSePh. Therefore,
this transformation might follow the pathway depicted in Scheme 12.

o Hg(SePh),

0
Hg(SePh), + v (step 1)
2+ g P
---~Hg(SePh), Cl

o--""

P . Ph+O,HgSePh (step 2)
| Ph7C PhSe
-

- o
Ph— ) HgSePh | _X + PhSeHgX + CI~ (step 3
Pth\ o Ph)J\SePh g (step 9)

Scheme 12 Proposed mechanism for the reaction of bis(organochalcogenyl)mercury with
acyl halide

3.1.3
Metal-Catalyzed Arylselenation of Acyl Chlorides

Nishiyama, Sonoda and co-workers revealed that the Pd(PPh;),-catalyzed re-
action of PhSeSnBu; with acyl or aroyl chlorides afforded selenol esters in
moderate to excellent yields (Eq. 37) [72].
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) Pd(PPh3),4 (1 mol % o)
J__+ PnSesnBug (PPhala { - ) (37)
R” >Cl toluene, 25 °C, 6 h R SePh
R yield, %
Ph 97
4-MeCeH4 83
4-CICgH,4 91
Pr 85
tBu 51

For example, when PhSeSnBu; was allowed to react with benzoyl chloride in
the presence of a catalytic amount of Pd(PPh;), at 25 °C for 6 h, the correspond-
ing selenol ester was formed with 97% yield. 4-Methyl, 4-methoxy, 4-chloro,
4-nitro, and 4-cyanobenzoly chlorides also afforded selenol esters with 71-91%
yields. This coupling reaction proceeds efficiently when acyl chlorides with lin-
ear alkyl chains or benzylic groups are employed, although a-methyl- and «,a-
dimethyl-substituted acyl chloride gives moderate yields of products.

Beletskaya and co-workers reported the reactions of acyl and aroyl chlorides
with PhSeSnBus, which was generated in situ by the reaction of PhSeSePh with
Bu,;SnSnBu; in daylight [73]. However, Nishiyama and co-workers reported that
the reaction of isolated PhSeSnBu; with benzoyl chloride under similar reac-
tion conditions to those of Beletskaya’s report afforded the product with only
24% yield.

Ranu and co-workers discovered a simple reaction between acyl chlorides
and PhSeSePh mediated by indium(I) iodide at room temperature to produce
selenol esters (Eq. 38) [74].

(0] Inl (50 mol %) O
)J\ + PhSeSePh ertc» (38)
212,
R™ °CI 40-45 min R SePh
R = Ph, 72%
Me, 52%

This reaction might proceed by the reaction of acyl chlorides with bis(phenyl-
seleno)iodoindium(III), InI(SePh),, formed from InI and PhSeSePh [75].

3.1.4
Methylselenation of Esters with Dimethylaluminum Methylselenoate

Kozikowski and co-worker reported the conversion of O-alkyl esters to selenol
esters using dimethylaluminum methylselenoate (Me,AlSeMe) (Eq. 39) [76].
Me,AlSeMe is conveniently prepared by heating a toluene solution contain-
ing Me;Al with selenium powder. The transformations of a variety of methyl
and ethyl esters to their corresponding selenol esters were found to complete
within 1 h (30 min at 0 °C, with an additional 30 min at room temperature). The
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O O
Y +  MeyAlSeMe P (39)
R™ OR' 1.1.equiv gt'éczlgzomn R™ “SeMe
then rt
R R' yield, %
n-CgHi3 Me 95
Ph Me 99
cyclohexyl Me 93
cyclopropyl  Et 96

ethyl ester of cyclopropanecarboxylate gave the corresponding selenol esters
without ring opening. The ¢-butyl ester was converted to its selenol ester only
in low yield, even after prolonged heating. While 6-valerolactone (45) is trans-
formed to the 6-hydroxyselenol ester 46, y-butyrolactone (47) is recovered
unchanged (see Fig. 5).

0 0 0
é HO/\/\)]\SeMe ‘ ;o
45 a6 a7

Fig.5 Cyclic lactones 45 and 47, and 8-hydroxyselenol ester 46
3.1.5
Oxidative Selenation of Hydrazines with Benzeneseleninic Acid

Back and co-workers revealed that the oxidations of N-acyl and N-aroyl hy-
drazines 48 with benzeneseleninic acid 49 produced selenol esters (Eq. 40) [77].

O
I I PPhs (1 equiv)
RCNHNH PhSeOH ———— > R~ "SePh
2+ Thee CH;Cl, t (40)
48 49, 2 equiv
R yield, %
cyclohexyl 86
Ph 77
+Bu 83
PhCH, 73

Benzeneseleninic acid is a stable, readily available, odorless solid which can
be used to oxidize various organic substrates. The reaction shown in Eq. 40 was
conducted by slowly adding a mixture of the hydrazide and PPh; to benzene-
seleninic acid in CH,Cl, solution.
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The initial oxidation of the hydrazide 48 is expected to generate the corre-
sponding acyl- or aroyldiazene 50 and benzeneselenenic acid. Further reaction
of these species produces the hypothetical intermediate 51, followed by nitro-
gen extrusion leading to selenol ester formation (Scheme 13).

(0]
i i i
RCNHNH, + PhSeOH RC-N=N-H + PhSeOH +H,O
48 49 50
) o)
P -Np i
R SePh RC-N=N-SePh + H0

51
Scheme 13 Reaction pathway of the oxidation of hydrazine with PhSeO,H

3.1.6
Tandem Alkylation-Acylation of a Se?- Equivalent

Segi, Sonoda and co-workers reported a one-pot synthesis of selenol esters by
tandem alkylation-acylation of bis(trimethylsillyl) selenide 52 as a Se?~ equiv-
alent (Scheme 14) [78].

. . BuLi . . n-C6H13Br
M M L Mez ————— n- i
e3SiSeSiMes THE iSeSiMes 30°C. 2 h n-CgH13SeSiMes
52 0 °C, 30 min 53
X9
BuLi Ph™ ~CI
_- — n-CgH43SeLi Ph SeCgHq3-n
0 °C, 30 min 30°C,2h

79%

Scheme 14 Tandem alkylation and acylation of Se?*- equivalent

The reaction of 52 with BuLi followed by alkylation with alkyl halides gave the
silyl selenides 53. The repetition of a similar operation with BuLi and acyl chlo-
rides afforded selenol esters in good yields. Selenol ester was also obtained in a
good yield when the order of the alkylation/acylation sequence was changed.

Elemental selenium can be reduced by carbon monoxide and water in the
presence of tertiary amine to produce an amine salt of hydrogen selenide
([HSe™] [R;NH*]) [79], which can be trapped by acid halides and alkyl halides
to give selenol esters (Scheme 15) [80]. A variety of acyl or aroyl chlorides can
be used as the substrates. However, the bulkiness of the alkyl halides influences
the yields of the products.
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0
DBU -
Se + CO + H0 229 RJ\C' )Ol\ DBU- HJ*
e+ MY D 25°C. 2min | B~ “se | [PBYU-HI
120 °C, 5 h
R'X 0
25°C,2min R SeR'
R R yield, %
Ph Me 9%
PhCH 93
2-furyl 80
Bu 91
t-Bu 70

Scheme 15 Synthesis of selenol ester by the use of Se/CO/H,0 reaction system

3.1.7
Desulfurization of Se-Aryl Acylmethanesulfenoselenoates

Kato and co-workers described a method of preparing selenol esters by desul-
furization of Se-aryl acylmethanesulfenoseleoates 54 with PPh; (Eq.41) [81].

(0] . O
PPhs (1 equiv)
—— s\ = 41
RJ\S/SGPh benzene R)]\SePh (41)
10-13°C,2.5h
54
R= n—C17H35, 32%
Ph, 61%

54 can be synthesized conveniently either by the reaction of the acylsulfenyl
bromides 55 (see Fig. 6) with ArSeSeAr or by that of the metal thiocarboxylates
56 with ArSeBr. The desulfurization reactions are clean and complete at room
temperature within 3 h. Attempts to prepare Te analogs by a similar desulfur-
ization technique from 57 failed. However, the deselenation of the aryl aroyl di-
selenides 58 proceeds to give selenol esters [82].

55 56 57 58
Fig.6 Compounds 55-58
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3.1.8
Synthesis of a,-Unsaturated Selenol Esters and Vinylic Selenol Esters
by the Use of Zirconocene Hydrochloride

o,3-Unsaturated selenol esters serve as dienophiles in Diels-Alder reactions
with a variety of 1,3-dienes. They can also be prepared by other methods shown
in this chapter. In 1999, Huang and co-worker reported a new method for the
synthesis of a,-unsaturated selenol esters by the reaction of acylzirconene
chlorides 60 with electrophilic selenium bromides (Scheme 16) [83].

H O

R
___ ZrCpoHCI CO
R—= Jam R/\)k ZrCpCl

CHCL ' “zcp,cl M2

rt, 30 min 60
59
ArSeBr
R Ar yield, % rt, 10 min
Bu Ph 75 O
4-CICgH 79
64 R/\)J\Se Ar
4-MeCgHy 82
Ph Ph 84

Scheme 16 Synthesis of a,f-unsaturated selenol esters by the use of zirconene hydrochloride

Acylzirconocene chlorides 60 can be prepared through sequential treat-
ment of alkynes with zirconene hydrochloride and carbon monoxide [84].
This method affords a variety of o, -unsaturated selenol esters in good yields
at room temperature. Diaryl diselenides can also be used in place of ArSeBr
[85a]. a,3-Unsaturated tellurol esters can be prepared by the same protocol
shown in Scheme 16 [85b].

Vinylic selenol esters were formed by using the same zirconocene inter-
mediate 59. The insertion of elemental selenium into the (sp?)C-Zr bond of
alkenylchlorozirconocenes 59 affords the (E)-vinylseleno zirconocenes 61,

ZrCp,HCI
_ THeasomin R Se,rt,30min R
ZrCpoCl SeZrCp,Cl
59 61
o
R R yield, % tt, 2-8 h
R')J\CI

Ph Me 84
Ph Ph 81 o j-)l\

MeOCH, Ph 82 \/\Se R

Scheme 17 Synthesis of vinylic selenol ester
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which were trapped by acyl chlorides giving (E)-vinylic selenol esters in good
yields (Scheme 17) [86].

3.1.9
Carbophilic Addition of Organocopper Reagents to Carbonyl Selenide (SeCO)

Carbonyl sulfide (SCO) reacts with Grignard reagents at the carbonyl carbon
[87], and this has been used to introduce a thiocarboxyl unit into organic mol-
ecules. For example, thiocarboxylations of enolates [88], phosphorous ylides
[89], and an acyllithium [90] have been reported. Selenocarboxylation to
organocopper reagents with carbonyl selenide (SeCO), followed by alkylation,
gave selenol esters (Eq.42) [91].

o

. Mel
8600 + RCU(CN)LI — o= zeop o RJ\SGMG (42)
10 min then 20 °C
R yield, %
Ph 86

4-M6‘OCGH4 70
4-MeCGH4 65
4-CICgH, 84

The reaction of SeCO with PhLi resulted in selenophilic attack with con-
comitant elimination of CO, giving rise to PhSeBn after trapping with BnBr.
A similar result was also obtained with PhMgBr. In marked contrast to these
results, when a cyanocuprate, PhCu(CN)Li, was employed, carbophilic attack
took place successfully to give the corresponding selenol ester in 86% yield
after trapping with Mel. In a similar manner, selenol esters were obtained in
high yields from lithium cyanoarylcuprates with an electron-releasing or -with-
drawing substituent at the para position.

3.1.10
Co,(C0)4-Catalyzed Carbonylation of Diaryl Diselenides

Uemura and co-workers reported that diaryl diselenides reacted with carbon

monoxide (5-100 atm) at 100-200 °C for 1-4 h in the presence of Co,(CO); to
give the corresponding selenol esters (Eq.43) [92].

COQ(CO)B

(0]
(40 mol %)
ArSeSeAr + CO ——M > 43
CH3CN Ar)J\SeAr (43)
20-100 150-200 °C, 1 h

atm
Ar = Ph, 90%
4-MeOCgH4, 90%
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Similar treatment of diphenyl ditelluride affords telluro analogs in lower
yields. Didodecyl diselenide also gives selenol ester, while selenol esters were
not produced from dibenzyl diselenide and didodecyl ditelluride.

The reactivity of PhMMPh (M=S, Se, Te) was found to decrease in the order
Te>Se>S. The carbonylation of diaryl diselenides proceeds catalytically with
Co,(CO)q in the presence of PPhs.

3.1.11
Carbonylative Addition of Diphenyl Diselenide to Acetylenes
with Carbon Monoxide

The procedure for the carbonylative addition of diaryl disulfide to acetylene
shown in Sect. 2.1.2 (Scheme 1) is also applicable to the diselenide/acetylene
reaction system (Eq. 44) [7].

Pd(PPh3),
(2 mol %) R~ SeAr

CO(15kg/cm?)  ArSe O
benzene, 80 °C

R—== + ArSeSeAr (44)

R Ar yield, %

n-CgHiz 4-MeCgHy 80
4-CFsCqHs 89
(CHg)3OH Ph 76

This carbonylation is completely regioselective and highly stereoselective;
the carbonyl group is introduced only at the terminal carbon of the acetylene,
and Z-isomers are obtained. Acetylenes bearing a C=C double bond react
chemoselectively at the triple bond. The hydroxyl group does not interfere with
the carbonylative addition. In contrast, propargylamine affords a complicated
mixture.

When the reaction of 62 with carbon monoxide is conducted in the presence
of Pd(PPh;),, no CO-incorporated products are formed (Eq. 45). This result in-
dicates that 62 is not a precursor for the carbonylation.

R
— Pd(PPhg)/PhSeSePh Ry SePn
+ CO 7 (45)
PhSe  SePh PhSe O
62
3.1.12

Group Transfer Carbonylation

Ryu, Sonoda and co-workers reported a three component coupling reaction,
based on group transfer carbonylation, that involves methyl «-(phenylseleno)-
acetate 63 (and related derivatives), terminal alkenes, and CO (Scheme 18) [93].
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Oy __SePh
hv (=300 nm) /\J\:
N
A -_
MeO,C SePh + Z>R + CO benzene MeO,C R
63 50 equiv  80-85 60 °C,20 h 64
atm
Z R . co o
° N o
s L o2 Py
65 MGOQC R
66

Scheme 18 Three component coupling of 63, alkyne, and CO

For example, when a benzene solution of methyl a-(phenylseleno)acetate 63
and 1-octene (50 equiv) was irradiated using a 500 W xenon lamp (>300 nm) for
20 h at 60 °C under 80 atm of CO pressure, selenol ester 64, the three-component
coupling product, was formed with 58% yield. In order to irradiate under CO
pressure, an autoclave equipped with quartz windows was employed in this work.
The reaction pathways shown in Scheme 18 may account for the formation of the
selenol esters: (1) the photoinduced homolysis of methyl a-(phenylseleno)acetate
63 takes place; (2) the (methoxycarbonyl)methyl radical 65 generated adds to
1-octene; (3) the addition of the resulting alkyl radical to CO leads to an acyl
radical 66, and; (4) an S;;2 reaction on the selenium of 63 prompted by the attack
of the acyl radical yields the selenol ester 64 and regenerates 65.

3.1.13
Carbonylation of Organolithium Compounds with Selenium
and Carbon Monoxide

In 1996, it was revealed that benzylic and allylic organolithium compounds un-
derwent carbonylation with CO aided by selenium, yielding selenol esters after
trapping with alkyl halides [94].

Organolithium compounds are known to react with selenium to give lithium
selenolates. Indeed, when the (9-methylfluorenyl)lithium 68 generated from
67 and BuLi was allowed to react with selenium at 20 °C, the corresponding
selenide 69 was obtained in 93% yield after quenching with Mel. However,
when CO was introduced at 20 °C into a THF solution of selenolate 68, a stoi-
chiometric amount of CO was absorbed within 90 min. Addition of Mel gave
the selenol ester 70 in 93% yield (Scheme 19).

Addition of HMPA accelerated the CO absorption, and carbonylation pro-
ceeded even at -23 °C. Fluorenes with a butyl or cyclohexyl group, triphenyl-
methane, and pentamethylcyclopentadiene also underwent carbonylation to
give the corresponding selenol esters.

Lithium enolates of ketones and aldehydes also undergo carbonylation with
carbon monoxide aided by selenium to yield the -keto and p-formyl selenol
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VB
4% ()
O.O 2) Se (1.2 equiv) .

-78 °C, then .
20 °C, 30 min Seli
67 68
Mel
1) CO, 20 °C
2) Mel
SeMe SeMe
69 O
70: 96%

Scheme 19 Carbonylation of organolithium compound with Se and CO

esters 72. A unique carbonylation mechanism involving the selenocarbonate
intermediates 71 has been suggested on the basis of control experiments
(Scheme 20) [95].

OLi

Se i seLi — 22 i Se__Li
PR —>Ph/‘H/el—>Ph Y

0]

o

PN

NN o o Vel o o

(O _ Lise O e

o P Ph)H/LSeLi Ph)‘\H\SeMe
72

7

Scheme 20 Carbonylation of lithium enolate of ketone and aldehyde

3.1.14
Pd(PPh;),-Catalyzed Coupling of Phenyl Tributylstannyl Selenide
with Aryl lodides and Carbon Monoxide

Pd(PPh;), catalyzes the three-component coupling of phenyl tributylstannyl
selenide 73 with aryl iodides and carbon monoxide to afford the corresponding
selenol esters (Eq. 46) [96].

When phenyl tributylstannyl selenide 73 (see Fig. 7) was allowed to react with
iodobenzene in the presence of a catalytic amount of Pd(PPh;), in toluene so-
lution under carbon monoxide (5 atm) at 80 °C for 5 h, selenol ester was formed
with 89% yield. Chloro- and bromobenzenes did not give the selenol ester un-
der the same reaction conditions, but aryl iodides with various substituents on



Thio-, Seleno-, and Telluro-Carboxylic Acid Esters 123
SeSnBug ~ ! (F’Sdgf’cff*lg))“ 73
O/ + CO + x@/ O/SG ~ (46)
Z toluene
5 atm 80°C, 5h o)
73
X yield, %

H 89

4-Me 73

4-MeO 70

4-Cl 85

the ring can be used in this reaction. The first step of this reaction would be
the oxidative addition of the aryl iodide to the low-valent palladium species 74,
followed by the insertion of carbon monoxide into the palladium-carbon bond
to form the aroyl palladium complex 75. The following transmetalation of 75
with PhSeSnBu; generates the intermediate 76. The subsequent reductive elim-
ination from 76 affords the selenol ester and the low-valent palladium species.

Pd(0) A co COAr 44 COAr

AX —> Pd ——~ Pd ——= Pd
| | SePh

74 75 76

Fig.7 Palladium species 74-76
3.2
Reactions

3.2.1
Precursors of Acyl Radicals

i
ArCSePh

- Pd(0)

In 1980, Graf and co-workers reported that phenyl selenol esters underwent
reduction to the corresponding aldehydes and alkanes (reduction and decar-
bonylation) in the presence of trialkyltin hydrides and a free-radical initiator

through generation of acyl radicals (Scheme 21) [97].

BuzSnH

o}

P

BusSn e j)
R” “SePh

R L]

Scheme 21 Generation of acyl radical from selenol ester
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In 1988, Boger and co-worker found that the intramolecular free-radical
cyclization reactions of acyl radicals generated from selenol esters proceeded
efficiently, suppressing competing reduction and decarbonylation (Eq. 47) [98].

O o X
SePh BusSnH (1.2 equiv) (47)
~_ X AIBN, benzene
reflux, 1.5 h
X yield, %
COsMe 84
H 76
MeO 64

They also revealed that primary alkyl-, vinyl-, and aryl-substituted acy radicals
generated by treating selenol esters with Bu;SnH can be utilized in intermole-
cular alkene addition reactions (Eq.48) [99,98b]. Acyl radicals exhibit nucleo-
philic character and react efficiently with alkenes bearing electron-withdrawing
or radical-stabilizing groups.

o) BusSnH o)

(1.3 equiv)
benzene, 80 °C

R X yield, %
4-MeOCgH,; CO.Bn 60
CN 64
Ph 71
Ph COoMe 58
Me Ph 51

Since these findings, selenol esters have been frequently used as precursors
of acyl radicals in organic synthesis, especially for the total synthesis of natural
products [62,100, 101].

3.2.2
Utilization as Acylating Reagents

The ability of the selenol ester to serve as a potent acyl-transfer agent was
demonstrated by the conversion of selenol ester to its corresponding acid,
ester, or amide. This was accomplished by simply stirring the selenol ester with
H,0/CH;CN, MeOH/CH;CN, or cyclohexylamine/CH;CN, respectively, at room
temperature for 1 h in the presence of HgCl, and CaCO; (Scheme 22) [76a].
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H,O

»=o

(97%)

HgCly, CaCOg MeOH

R SeMe CH4CN

Scheme 22 Selenol ester as acyl-transfer agent

=o

(88%)
R” “OMe

g ()
88%
R)I\H (88%)

Kozikowski and co-worker also reported that the copper(I) triflate-benzene
complex, (CuOTf),PhH, promoted Friedel-Crafts acylations of aromatic com-
pounds (Eq.49) [102]. Other metal complexes such as HgCl,, AgNO3, CuCl, and
Cu,0 were not effective. The reaction proceeds efficiently when arenes with
electron-donating groups are employed. Toluene, used as the solvent, was only
acylated in low yields in this Cu(I)-selenol ester system, implying that more
reactive arenes are needed for this reaction. Methylthiol esters were sluggish
under these conditions. Heterocyclic compounds such as furan, thiophene, pyr-
role, and N-methylindole readily underwent acylation.

(CuOTf),PhH 0
o (1.2 equiv)
SO Sgeam . i (49)
R SeMe = enzene

rt, 3-180 min R'
1.2 equiv
R R yield, %
n-CgHy3 MeO 81
CH,=CH(CHy)» 55
CH3C(O)(CHyp)» 60
n-CGH13 Me 28

Oxazoles can also be synthesized by simply stirring selenol ester and isoni-
trile together at room temperature for 6-20 h in the presence of 1.5 equiv of
Et;N or DBU and 1.5 equiv of anhydrous cuprous oxide (Eq. 50).

% ~ Cu,0 (1.5 equiv) Et0:C, R
+ EtO,C” "N=C - — (50)
R™ “SeMe EtsN (1.5 equiv) N. O
THF, rt, 6-14 h N
R yield, %
Ph 60
cyclopropyl 61

n-CGH13 85
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3.23
Homologation of Selenol Esters to a-Seleno Ketones with Diazomethane

Back and co-worker reported diazomethane reacts with a series of selenol es-
ters in the presence of Cul, CuSePh or Cu powder, producing a-seleno ketones
in moderate yields (Eq.51) [103].

0 Cu (or Cul)
K qn® O vawh (5)
R SePh exCess 2
R yield, %
Ph 56
Me 65
PhCH, 56
2-furyl 42

The thiol ester failed to provide the corresponding o-thio ketone when
treated with diazomethane. No insertion was observed when ethyl diazoacetate
(EtOC(O)CHN,) or trimethylsilyldiazomethane (Me;SiCHN,) were used with
the selenol esters.

3.24
Pd(PPh;),-Catalyzed Reduction to Aldehydes with Bu;SnH

Ogawa, Sonoda and co-workers reported the Pd(PPh;),-catalyzed chemoselec-
tive and siteselective reduction of (Z)-1,3-bis(arylseleno)-2-alken-1-ones 77 with
Bu;SnH to provide the corresponding aldehydes in high yields (Eq. 52) [104].

R SePh FaPrhals R H
e 0.4 mol %
Yy + BusSnH b( il Y (52)
enzene
PhSe O 95 5C. 3-17 min PhSe O
77
R yield, %
n'CeH13 91
Ph 90

HO(CHy)2 87

In this reaction the carbon-carbon double bond was not reduced and no de-
carbonylative product was formed. The reduction was retarded by the additon
of PPh; (8 mol%). When the AIBN-initiated reaction system was applied to 77,
the same product was obtained, but isomerization of the C=C double bond also
took place.
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3.25
Addition to Alkynes

Reaction of selenol esters with phenylpropiolonitrile in the presence of K,CO;
in refluxing THF-containing water affords (Z)-3-arylselenocinnamonitriles 78
stereoselectively in high yields (Eq. 53) [105].

o K>COq Ph  H
+ Ph—=——CN — (53)
R*SeAr THF/H,O ArS€ CN
reflux, 4 h

R Ar yield, % '8

Me Ph 89

Me  4-MeOCgH, 93

Ph 4-CICgH4 96

Selenol esters add to terminal alkynes in the presence of CuX (X=Cl,I) and
trimethylamine hydrochloride at 80-90 °C for 6-8 h to give (Z)-f-seleno-a, -
unsaturated ketones 79 in high yields (Eq. 54) [106].

0] R H

CuX
+ R—= — 54
A sonr EtsN, MegNHCI Ar'Se>_37 Ar (54)

o}
79

The proposed reaction pathways are shown in Scheme 23. Alkynylcopper 80
formed from alkyne and cuprous halide in the presence of a base attacks selenol
ester at the carbonyl carbon to form «,B-alkynone 81 and 82. Then arylselenol
generated from 82 adds to a,f3-alkynone to produce the (Z)-p-arylseleno-a,f3-
unsaturated ketone 79.

R—= + CuX + Ei3N R—=—=~Cu + EtzNHX
80

R—==—~¢Cu + ArCOSePh R—=—=—COAr+ PhSeCu
80 81 82

PhSeCu + EtzNHX [PhSeH] + EtgN + CuX

82
R H
[PhSeH] + R—==—COAr >=<
81 PhSe COAr
79

Scheme 23 Reaction pathway of addition of selenol ester to alkyne
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Tellurol esters also add to alkynes under similar reaction conditions (Eq. 55)
[107].

0 Cul R H
M+ R= — (55)
Ar TeAr' Et3N, MesNHCI ArTe Ar
O
64-91%

3.2.6
Diels-Alder Reactions of o, -Unsaturated Selenol Esters

o,B-Unsaturated selenol esters react with a variety of 1,3-dienes to give Diels-
Alder products. Good levels of regioselectivity are obtained with unsymmet-
rical dienes when Lewis acid promoters are used [108].

The results in Scheme 24 show that the thermal reaction of selenol ester with
isoprene is non-regioselective. Regioselectivity was improved by using a strong
Lewis acid at low temperatures. The solid-supported Lewis acid facilitates the
reaction but regioselectivity was not improved. The use of thiol esters affords
similar results. Selenol and thiol esters are more reactive than the correspond-
ing parent esters.

MBOQC

Z ICOSePh «~COzMe .COSePh
conditions +
COSePh CO.Me

83 84

conditions yield ratio (83:84)

190-195°C  81% 55:45
TiCly, -60°C -1t 77% 100:0
SIO,-ELAIC, 1t 88% 46:54

Scheme 24 Diels-Alder reaction of a,-unsaturated selenol ester

Reactions of a,B-unsaturated selenol esters with cyclohexanone enamines
provide bicycle[3.3.1]nonane-2,9-diones 85 (Eq. 56) [109].

N H,0 ©
* \t CH,C } 0 (56)
coseph CH:Cl

rt, 18 h
85, 66%
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3.2.7
[2+2] Cycloaddition of Silyl 0,Se-Ketene Acetals of Selenol Esters to Aldehydes

Abe and co-workers revealed that the photochemical [2+2] cycloaddition (Pa-
terno-Biichi reaction) of silyl enol ethers 86 of selenol esters to aromatic alde-
hydes affords the 3-selanyl-3-siloxyoxetanes 87 (trans:cis=65:35-85:15) regio-
selectively in good to high yields (Eq.57) [110].

A OTBDMS
> - :OTBDMS .1 hvesom) \——SeR
SeMe Ph” H CH3CH O— (57)
86 87, 84%

(cis/trans = 38/62)

3.2.8
Deoxygenative Methylenation (Witting-Type Reaction) of Selenol Ester
with Dimethyl Titanocene

Petasis and co-worker reported that methylenation of selenol and thio esters
with dimethyl titanocene led to the formation of the corresponding vinyl se-
lenides and sulfides (Eq. 58) [111]. Dimethyl titanocene can be easily prepared
from titanocene dichloride and methyllithium [112]. The methylenation reac-
tions involve simply heating a mixture of dimethyl titanocene and chalcogeno
esters at 60-75 °C.

0
R YPh + TiCpoMe, ——————— R YPh (58)
toluene, 75 °C

R=H,Y=Se 77%
R=Me,Y=S 70%

4
Telluro-Carboxylic Acid Esters (Tellurol Esters)

Syntheses of tellurol esters 3 are limited in comparison to thiol and selenol
esters. A conventional preparative method is the reaction of tellurolate anions
with acid chlorides or acid anhydride [113]. Co,(CO)s-mediated carbonylation
of dichalcogenides (described in Sect. 3.1.10) is applicable to diphenyl ditel-
luride, but the yields of tellurol esters are poor. They can also be obtained by
transesterification of esters with i-Bu,AlTeBu. Reactions of tellurol esters 3 have
not been extensively explored yet. However, generation of acyllithiums by
Li-Te exchange is characteristic. They can be employed as acyl radical precur-
sors in tin free radical reactions.
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4.1
Syntheses

4.1.1
Alkylation of Tellurocarboxylates

Tellurocarboxylates (RCOTe") are considered to be one of the most fundamen-
tal starting compounds for the synthesis of tellurol esters. However, due to their
instability, tellurocarboxylates were not described in the literature until the
mid-80s. Kato and co-workers synthesized ammonium or potassium telluro-
carboxylates by reacting bis(acyl) telluride 88 with primary or secondary
amines or potassium ethoxide, and trapped them with methyl iodide, giving
rise to tellurol esters (Eq. 59) [114].

O O n- or s-amines ) (0] Mel ( ) 0]
or EtOK (2 equiv _, Mel (excess
Ar” T AT TGRLCL, 30 °C Ar)l\Te M T 30°C Ar)kTeMe (59)

88 Ar = 2-MeOCGH4

The authors also synthesized tellurol esters by successive acylation and
alkylation of sodium telluride (Na,Te) via tellurocarboxylates [115]. Suzuki,
Tani and co-workers succeeded in the synthesis of tellurol esters by a similar
method using sodium hydrogen telluride (NaTeH) (Eq. 60) [116].

o)

o
NapTe RJ\CI R )]\

or NaHTe R™ "TeR

(60)

4.1.2
Reaction of Trimethylsilyl Benzenetellurolate with Acyl Chloride

Ogura and co-workers reported that PhTeSiMe; reacted with aroyl chlorides in
THF at room temperature for 3 h to give tellurol esters (Eq.61) [117].

O O

Cl + PhTeSiMez ——— = TePh (61)
THF, rt
X

X
X yield, %
H 87
cl 87
CN 83

Me 91
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Schiesser and co-worker conducted the same reaction as shown in Eq. 61 in the
presence of a catalytic amount of Pd(PPh;), [118]. Zhang and co-worker re-
ported the samarium diiodide-induced reductive cleavage of the Te-Si bond of
PhTeSiMe; and the subsequent trapping with acyl halides to give tellurol esters
in good to high yields [119].

4.1.3
Transesterification of Esters with i-Bu,AlTeBu

A variety of esters can be converted to the corresponding tellurol esters in mod-
erate to good yields by reacting with i-Bu,AlTeBu (Eq. 62) [120].

i i (62)
+ FBuyAlTeBu 62
. n-hexane
R™ "OR'"  q13equiv 25°C,12-40n R TeBu
R R' yield, %
Ph Et 80
-Pr 3
Ph 62
4-MeCGH4 Et 71
4-CICgH4 Et 92

For example, the reaction of ethyl benzoate with 1.3 equiv of i-Bu,AlTeBu,
prepared in situ by Ogura’s method from BuTeTeBu and 2 mol equiv of DIBALH
at 25 °C in toluene in the presence of a catalytic amount of PPh; for 20 h [121],
affords the tellurol ester in 82% yield. This transesterification proceeds smoothly
in nonpolar solvents such as toluene and n-hexane. Aryl esters react efficiently
in comparison with alkyl esters. Addition of a catalytic amount of PPh; or
ZnCl, accelerates the reaction and improves the yields. Substituents on the oxy-
gens of the esters exert significant steric effects on this reaction, but the reac-
tion is insensitive to the steric bulkiness of substituents on the carbonyl carbon.

4.2
Reactions

4.2.1
Synthesis of Ketones, Carboxylic Acids, and Esters

Like selenol esters, tellurol esters can also serve as acyl transfer reagents, giving
rise to the corresponding ketones, carboxylic acids, and esters. For example, tel-
lurol esters react with lithium dialkylcuprates at =78 °C to give the correspond-
ing ketones in high yields (Eq. 63) [117].

Carboxylic acids were obtained in good yields from tellurol esters in the
presence of copper(II) chloride dihydrate in acetone at room temperature for
5 min (Eq. 64) [122].
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(0] (0]
+ R Culi —— (63)
Ph)I\TePh 11-1.2 equiy HF/EEO _ Ph)I\R'
JA-l.2€quiv 78 °G, 15-30 min
R'= Me, 87%
BU, 7%
ullze2rs
R TeBu-n acetone R OH (64)
rt, 5 min
R vyield, %
Ph 96
PhCH» 65
tBu 73

Selenol esters were also hydrolyzed to carboxylic acids, but thiol esters are
inert under similar conditions. The nature of the copper salt has a dramatic
influence on the reaction course. No hydrolysis products were obtained when
tellurol esters were treated with copper sulfate or copper(I) chloride.

When the reaction was performed in dry ethanol or methanol at room
temperature, both tellurol and selenol esters were transformed into the corre-
sponding esters (Eq. 65).

1 1
ROH
_— ' 65
R™ YBu CuCly, rt R (?)R (65)
Y =Te, Se 69-88%
4.2.2

Generation of Acyl- and Aroyllithiums via Lithium-Tellurium Exchange

The most straightforward method for nucleophilic introduction of acyl and
aroyl groups into organic molecules is the use of carbonyl anions, represented
by acyl-and aroyllithiums, as nucleophiles. Their synthetic utility, however, has
been severely limited for a long time because of difficulties both in their gen-
eration and in controlling their reaction courses. A practically useful route to
acyl- and aroyllithiums has been developed, based on the efficient lithium-tel-
lurium exchange of tellurol esters [123].

When BuLi was added to aryltellurol esters in THF/Et,0O at low tempera-
tures in the presence of pinacolone as an electrophile, a-hydroxy ketones 90
were obtained in high yields via aroyllithiun 89 together with dibutyl telluride
(Eq. 66) [124].

Although the corresponding selenol esters are candidates to be the precur-
sors of carbonyl anions, reacting PhC(O)SeBu under similar conditions did not
give the desired adduct.
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(0]
t—Bu)J\ ?

0 B |
A Tomy %l AL ArNB”" (66)
-105°C 89 OH
A yield, % P
Ph 85

4-CFsCeHs 60
2,6-F.CeHy 74
tBu(-78°C) 66

Under similar conditions, tellurol esters bearing acidic a-hydrogenes gave
complex results, but when 91 was treated with 2 equiv of BuLi in the presence
of 2 equiv of Me;SiCl at =105 °C, the enol silyl ether 92 of acyl silane was ob-
tained quantitatively with high Z-stereoselectivity (Eq. 67) [125].

O BuLi (2.2 ) OSiMes
Ph . uLi (2.2 equiv
\)kTeBu + MesSiCl = Z>SiMes (67)
91 2.2.equiv -105 °C, 15 min, Ph
then 25 OC, 30 min 92 99%
E/Z=2/98

Ethanetelluroates with other anion stabilizing groups at the a carbon, such
as aryl, phenylthio, and benzyloxy groups, gave enol silyl ethers of the corre-
sponding acylsilanes in good to high yields. This reaction was stereoselective,
and Z-isomers were obtained as sole or major products from a variety of
chlorosilanes. Control experiments revealed that the reaction comprises the fol-
lowing consecutive processes, as shown in Scheme 25: (i) a-proton abstraction
to give the enolate 93; (ii) chlorosilane-trapping of 93 to give 94; (iii) lithium-
tellurium exchange of 94 to form (a-siloxyvinyl)lithium 95; (iv) 1,2-silicon
shift, and; (v) chlorosilane-trapping of the resulting acylsilane enolate 92.

o] BuLi LiO - R5SiO
uLl 30l
G\)I\TeBu %\TeBu %\TeBu
91 G G
93 94
. RgSiO i RsSIiO
Buli 3> o Lo ReSICI  °
Kku (ksma %\SiR3
G G G
95 92

Scheme 25 Reaction pathway for the formation of silyl enol ether
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423
Generation of Acyl Radicals and ArTe Group Transfer

Selenol esters are excellent precursors for the generation of acyl radicals used
to construct radical chain reactions in the presence of Bu;SnH. This reaction
involves hydrogen atom abstraction from the Bu;SnH by a carbon radical to
form a stannyl radical which then abstracts the seleno moiety from the selenol
ester to generate acyl radicals (the essential chain propagation steps). Crich and
co-workers developed a new method of generating acyl radicals by photolysis
of tellurol esters. Combination of this process with their inter- or intramolec-
ular trapping and group transfer of the ArTe moiety provides an alternative
chain sequence without a hydrogen transfer process [126]. For example, the
photolysis of 96 (see Fig. 8) under an inert atmosphere at 8 °C in benzene in the
presence of 1 equiv of diphenyl diselenide gave the selenol ester 97 quantita-
tively. A similar reaction using diphenyl disulfide in place of diphenyl dise-
lenide afforded the corresponding thiol ester 98 with 85% yield, although a
longer irradiation time was required. Thermal reactions can also take place;
for example, refluxing a benzene solution of 96 and diphenyl diselenide under
nitrogen in the dark gave 80% of 97 after 2 h, while 98 was obtained with only
16% yield after 16 h when diphenyl disulfide was employed.

o) o) o)
@J\TeAr @J\SePh ©)\5Ph
96: Ar = 4-F-CgH, 97 98

Fig.8 Chalcogeno esters 96-98

These observations are best interpreted in terms of either photochemically-
and/or thermally-initiated homolytic cleavage of the acyl-tellurium bonds,
followed by the attack of the acyl radicals formed in this way on the Se or S
atom of the diselenide or disulfide.

Irradiation of 99 in benzene at reflux gave 100 in high yields as the products
of acyl radical cyclization with ArTe group transfer, along with an elimination
product 101 (Eq. 68).

(0] (0] (e}
TeAr Cﬁﬁ/\TeAr + Cﬁk//{
benzene (68)
o/\/ o o

reflux

99 100 H0p, 1t 101

The tellurium transfer product 100 could be converted to 101 in excellent
yield by simply stirring it at room temperature with hydrogen peroxide in THE.
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Yamago, Yoshida and co-workers reported that tellurol esters bearing alkyl,
aryl, alkenyl carbon residues react with 2,6-xylyl isonitrile at 100 °C for 6 h to give
the a-acyl-substituted imidoyl tellurides 102 in good to high yields (Eq. 69) [127].

0 o
_ . TeA
O Toar + Oy CaDs R ear (69)
2 equiv ° N
Ar— Phor q 100 °C, 7-19 h NXy
4-MeCgH, XY =2,6-xylyl 102
)\)OL o) 0 0
TeAr wTeAr V)kTeAr Ph)J\ TeAr
87% 78% 73% 48%

Decarbonylation from acyl radicals is a serious side reaction in the reaction
of tellurol esters bearing secondary and tertiary alkyl carbon units as R. How-
ever, decarbonylation can be avoided by carrying out the reaction under CO
pressure. In addition, electrochemical oxidation of the product 102 in the pres-
ence of water afforded the corresponding a-acyl amide in quantitative yields.

4.2.4
Reaction with Phosphoranes and Arylpropiolates

Tellurol esters react with phosphoranes at room temperature to give a-acylphos-
phiranes 103 (Eq. 70) [128]. The reaction with arylpropiolates gives (Z)-p-aryl-
telluro-a,-unsaturated esters 104 with high stereoselectivity (Eq. 71) [129].

0
Ar)J\TePh + PPha=CHCOR —e— COAr (70)
Ar R yield, % 103
Ph Et 51
Ph Me 44
4-BrCgH, Et 53
o} .
Ar H
)j\ K,COg
Ar—=—CO,Me —— > » — (71)
Ar” "TePh T 2
THFHO  prte’ CooMe
reflux 104
Ar Ar yield, %
Ph Ph 87
4-MeOCGH4 Ph 88

Ph 4-CICgH4 91
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Abstract In this chapter, we review dithiocarboxylic acid salts. Methods of synthesizing
these salts are reviewed, such as insertion of carbon disulfide into the metal-carbon bond,
reaction of a dithiocarboxylic acid with a transition metal salt in the presence or absence of
a base, ligand exchange of dithiocarboxylato metal or ammonium salts with another metal
complex bearing a leaving group, and so on. The dithiocarboxylic acid complexes exhibit
a variety of coordination styles that have been characterized by X-ray crystallographic
analysis. Spectroscopic (IR, 1*C, and UV-Vis) properties of the salts are summarized. The
reactivities, structures, properties, characteristics and applications of each salt are dis-
cussed in detail for the salts of most elements (except for carbon).

Keywords Dithiocarboxylate salts - Dithiocarboxylato complex - Dithiocarboxylic acid -
Thiocarbonyl group - Coordination

Abbreviations

acdc  2-amino-1-cyclopentene-1-dithiocarboxylato
ACP alternative charge-polarization

AV average valence

CDW  charge density wave

CP charge-polarization

Cp* 1,2,3,4,5-pentamethylcyclopentadinenyl

1-D one-dimensional

dmid  2-o0xo-1,3-dithiole-4,5-dithiolato

dmit 1,3-dithiole-2-thione-4,5-dithiolato

dsit 2-thioxo-1,3-dithiole-4,5-diselenolato
DSC differential scanning calorimeter

E element

EXAFS extended X-ray absorption fine structure
i-dto 1,1-dithiooxalato

i-dtoMe O-methyl-1,1-dithiocarboxylato

IR infrared
L ligand
M metal

MMX  halogen-bridged binuclear transition metal
mnt 1,2-dicyanoethene-1,2-dithiolato

NIR near infrared

NMR  nuclear magnetic resonance
R organic substituent

trto trithiooxalato

tto tetrathiooxalato

uv ultraviolet

vis visible

XPS X-ray photoelectron spectroscopy
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1
Introduction

Salts of dithiocarboxylic acids are compounds in which the thiol hydrogen
atom of the dithiocarboxylic acid is replaced by another element. The terms
“dithiocarboxylato” and “dithiocarboxylate” are used for the salts of transition
metals and main group elements of dithiocarboxylic acids, respectively, in this
chapter. Both dithiocarboxylate and dithiocarboxylato salts potentially have a
variety of coordination styles and some interesting properties. Although salts
that were crystallographically characterized in the initial studies on these
salts are limited to transition metal complexes, many salts of main group ele-
ments have been studied and crystallographically characterized over the last
two decades. This chapter describes the salts with the general form RCS,EL,,,
where R represents carbon substituents and E represents both transition met-
als and main group elements (except for hydrogen and carbon). There have al-
ready been some good reviews on studies in this area [1-3]. This chapter fo-
cuses on works published since 1990, in order to include new findings about
these salts, although we also consider some older studies into their syntheses
and basic properties. Since the delocalization of the C-S and C=S bonds in the
dithiocarboxylato ligands of the transition metal complexes inhibits our abil-
ity to pin down their bond orders, both of them are drawn as a single bond in
figures and schemes in this chapter. The coordination of thiocarbonyl sulfur to
the transition metal is drawn in a similar way. On the other hand, the coordi-
nation between the thiocarbonyl sulfur and the main group element is drawn
as a dotted line for the salts of main group elements. Starting with the synthe-
ses of the salts, we cover the dithiocarboxylic acid salts of each group in the pe-
riodic table in turn (including some reactivities). Then we discuss the struc-
tures and spectroscopic properties of the salts of each group.

2
Synthetic Methods and Structures

2.1
General Synthetic Methods

Dithiocarboxylato salts of transition metals, RCS,EL,, are usually obtained by
the following methods: (a) insertion of CS, into the C-E bond of the compound
REL,; (b) reaction of dithiocarboxylic acids with a transition metal salt in the
presence or absence of a base; (c) ligand exchange of dithiocarboxylato metal
or ammonium salts with another metal complex bearing a leaving group, like
a halide, and; (d) conversion of a thiolate compound to a dithiocarboxylato
compound (Scheme 1). There are several other miscellaneous synthetic meth-
ods [1, 2]. The dithiocarboxylate salts of main group elements are generally
synthesized by methods (b), (c), and (d).
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Scheme 1 Synthetic methods for dithiocarboxylic acid salts of Group 1-17 elements

Method (a) is the most atom-economical method. It is mostly used for syn-
thesizing the salts of transition metals, alkali metals and alkaline earth metals.
Some alkyllithiums and Grignard reagents are useful for synthesizing the
corresponding lithium and magnesium dithiocarboxylate salts [4]. Method
(b) is a straightforward reaction from the dithiocarboxylic acids to the corre-
sponding salts. The alkali and ammonium salts are directly synthesized by
deprotonation with metal hydrides such as LiH, NaH, and KH, rubidium and
cesium acetates, or secondary and tertiary amines in aprotic nonpolar solvents
[5, 6]. In method (c), a dithiocarboxylic acid salt forms other dithiocarbox-
ylate salts by ligand exchange. Treatment of the dithiocarboxylic acid with
secondary or tertiary amines for deprotonation and simultaneous or subse-
quent addition of chlorosilanes, chlorogermanes, chlorostannanes, and chloro-
plumbanes gives the corresponding group 14 element salt, respectively, via
the intermediary ammonium salt [7-10]. Sodium salts, potassium salts, and
cesium salts of dithiocarboxylic acids are also used [11-13]. Phosphorus and
arsenic compounds are similarly synthesized from chlorophosphines and
chloroarsines, respectively [14-16]. In method (d), the thioacyl group moiety
is newly attached to the thiolate salts bearing an S-E bond, in contrast to the
other three methods. Treatment of carboxylic chlorides with dithiophosphoric
acids yields the corresponding anhydrides, which can be easily converted into
thioacyl dithiophosphates upon treatment with an excess of dithiophosphoric
acid [17,18].

Many transition metal complexes bearing dithiocarboxylato ligands have
been studied from various points of view. Their coordination modes depend
on the metals and the other ligands on the metals. The complexes sometimes
show interesting properties, such as electron conductivity. Synthetic methods
are usually as same as those of the main-group-element complexes bearing
dithiocarboxylato ligands. The insertion of carbon disulfide into the metal-car-
bon bond is especially used in the synthesis of transition metal complexes.
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2.2
Structures and X-Ray Crystallographic Analysis

The most powerful tool for structural determination is X-ray crystallographic
analysis, although good crystallinity of the salts is necessary. Several dithio-
carboxylate salts have been characterized by X-ray crystallographic analysis.
Dithiocarboxylate metal salts show various coordination types, which are mainly
divided into six groups, as shown in Fig. 1. The ligand acts as an uncoordinated
free anion (type I),a monodentate ligand (type II), a bidentate r*-chelate ligand
(type III),a monodentate ligand with additional interaction with another metal
(type IV), a bridging ligand(s) to two metal atoms (type V), or a n’>-tridentate
ligand (type VI). Such coordination types depend on the central metal, the R
group of the dithiocarboxylato ligand (RCS,), and the other ligand on the
metal. In order to classify the ligands into coordination types, we need to know
the locations of the metal atoms and the interatomic distances between each
sulfur atom and metal atom. The bond angles around the thiocarbonyl carbon
atoms give very little information about the structure and coordination types,
because the S-C-S angles vary little from 120° in every salt. Types I-IV are not
sharply separated, and it is difficult to distinguish the border between coordi-
nation and uncoordination; in other words, we cannot definitely state whether
the ligand coordinates to the metal or not. In ambiguous and confusing cases,
other spectral methods and theoretical calculations are used to classify the
coordination styles.

In type I, the cation is too far from two sulfur atoms of the dithiocarbox-
ylate ligand to coordinate and/or its Lewis acid properties are too weak to be
coordinated. The dithiocarboxylate behaves as a free anion in this case. The
inner salts of dithiocarboxylates are included in this category [19,20]. Two C-S
bonds exhibiting almost similar bond lengths (around 1.68 A) are almost
equivalent in these cases.

In type II, only the thiolate moiety of the dithiocarboxylate ligand coordi-
nates to a metal atom. The thiocarbonyl sulfur is free from coordination and the
lengths of the two C-S bonds are different in this case. The longer bond, which
is usually shorter than the sum of the corresponding covalent radii, is consid-
ered to be a C-S single-bond, and the shorter one to be a C=S double-bond.
This type of n'-coordination is found in transition-metal complexes in which
another donor in the organic substituent (R) of the dithiocarboxylato ligand
chelates intramolecularly to the central metal forming a chelate ring (see
Sects. 2.4.2,2.4.3).

R R R j\ R M R
M M. N
S)\S— S)\S’ s\)\/s S ? ?)\\? S ,{(
M= M M M—M S
Type | Type ll Type lll Type IV TypeV  Type VI

Fig.1 Ways that dithiocarboxylate ligands can coordinate to metals
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In many cases, however, another inter- or intramolecular coordination from
the thiocarbonyl sulfur in the vicinity to the metal atom should be considered
in order to discuss the coordination states of the dithiocarboxylic acid metal
salts. In type III, the thiocarbonyl sulfur atom of the ligand coordinates to
the atom to which the thiolate moiety is bound. This coordination style is
often observed in main-group-element compounds bearing a dithiocarbox-
ylate ligand, as well as in transition metal complexes [10, 15, 16]. Both the two
C-S bonds and the two S-M bonds of a bidentate dithiocarboxylate ligand
show different bond lengths in many cases, and the two sulfur atoms are dif-
ferent distances from the metal ion, giving unsymmetrical coordination to the
metal. The C-S bond lengths are 1.59-1.78 A. The difference in bond length
between two C-S bonds is small if significant delocalization occurs. If the S-M
bond lengths as well as the interactions between two sulfur atoms and the metal
atom are the same, the C-S bond lengths are also equal and the double bond
of the CS, moiety is completely delocalized.

In type IV, the thiolate sulfur atom coordinates to a metal atom and the thio-
carbonyl sulfur coordinates to another metal atom. This type of coordination
is seen in tetrathiooxalate complexes (see Sect.2.7) [21-30]. This coordination
style is also seen in polynuclear silver and copper complexes [31, 32].

In type V, the ligand bridges two metal atoms through two sulfur atoms. Each
sulfur atom coordinates to one of two metal atoms in this case, respectively. The
two C-S bonds are completely delocalized. This kind of coordination style is
often observed in transition metal complexes, especially in the so-called MMX
complexes (see Sect. 2.6) [16].

In type VI, the CS, moiety coordinates to one metal atom in a n’>-manner.
The ligand works as a r’-tridentate ligand, like a Tt-allyl ligand, in this type of
compound, although such a coordination mode is rarely observed in dithio-
carboxylic acid salts (see Sect. 2.4.4) [33-37].

Other types of coordination modes are also observed in several salts in
which dithiocarboxylate ligands coordinate to three or more metal atoms. Such
coordination modes are explained by combinations of the coordination types
described above.

In the following sections, syntheses and structures of these salts are dis-
cussed in detail, as well as some of their properties and applications.

23
Alkali Metal and Alkaline Earth Metal Compounds

2.3.1
Group 1 Element Compounds (Li, Na, K, Rb, Cs)

Dithiocarboxylate salts of Group 1 elements are an important class of com-
pounds for the synthesis of dithiocarboxylic acid derivatives. Anhydrous alkali
salts of the dithiocarboxylic acid of 4-methyldithiobenzoic acid, such as 1-5, are
obtained in solid form by the reaction of the dithiocarboxylic acid 6 with alkali
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metal hydrides (LiH, NaH, and KH) and metal acetates (RbOAc and CsOAc),
respectively, in aprotic solvents (Scheme 2) [6]. Lithium and sodium salts 1 and
2 are also obtained by treatment with butyllithium and sodium metal, respec-
tively [5, 6]. Many useful preparation methods are provided by the reactions
of trimethylsilyl dithiocarboxylate 7 with potassium, rubidium, and cesium
fluorides [38]. Another synthetic method for sodium dithiobenzoate is the
reaction of benzyl chloride with elemental sulfur in the presence of sodium
methoxide [39].

Na
or MH (M = Li, Na, K)

@_/(S or CH3CO,M (M = Rb, Cs)

Me

SH )

: ey

S S-M

y MF (M =K, Rb, Cs) 1 (M = Li)

e _ 2 (M= Na)

S—SiMes

7 3(M=K)
4 (M =Rb)
5 (M = Cs)

Scheme 2 Syntheses of alkali metal salts of 4-methyldithiobenzoic acid

The crystal structures of the lithium salts 8 with bulky aryl substituents
exhibit monomeric structures and r>-coordination of the dithiocarboxylate to
the lithium atom (Fig. 2) [40]. Lithium complexes 9 and 10, bearing pyrazyl and
pyridyl groups, respectively, also have monomeric structures, the former of
which has n?-coordination similar to that of 8. On the other hand, the lithium
cation in 10 is chelated by one sulfur atom of the dithiocarboxylate and a ni-
trogen atom of the pyridyl group [4].

A series of 4-methyldithiobenzoate salts of potassium 3, rubidium 4 and
cesium 5 show dimeric structures in which each dithiocarboxylate ligand is
chelated to two metal cations (Fig. 3) [38]. The two metal atoms are located on
the upper and lower sides of the plane involving four sulfur atoms of two
dithiocarboxylate ligands. The metal cations further interact with the tolyl frag-
ments in the neighboring molecules. The C-S bond lengths of the potassium

Mes Me,
S.  OEt S. N
S OEt, N—= S N
Mes \ /) Me Me
Mes = 2,4,6-Me3CgHo N
8 9

Fig.2 Some lithium salts of dithiocarboxylic acids
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M.
rS\/I/’ \\\\IS\
S, /.S

3 (M=K)
4 (M = Rb)
5 (M = Cs)

Fig.3 Dimeric structures of the alkali salts of 4-methyldithiobenzoic acid

salt 3 are different from each other, while those of the rubidium and cesium
salts, 4 and 5, are almost equal. A similar situation is observed for M-S inter-
atomic distances.

The dithiocarboxylate salts of alkali metals readily react with alkyl halides.
The lithium, sodium, and potassium salts 1-3 readily react with methyl iodide
to give the corresponding methyl ester 11 at room temperature in good yields,
while similar reactions of rubidium and cesium salts 4 and 5 result in low yields
(Scheme 3) [38].

S S
S—-M SMe

M =Li, Na, K, Rb, Cs 1
1-5

Scheme 3 Reaction of iodomethane with alkali metal salts of 4-methyldithiobenzoic acid

23.2
Group 2 Element Compounds (Mg)

Magnesium salts 12 are the most important among the dithiocarboxylate salts
of alkaline earth metals. Magnesium salts 12 are prepared by insertion of CS,
using Grignard reagents (Scheme 4) [41]. These salts 12 are treated with acid,
alkyl halides and alkyl triflates to prepare dithiocarboxylic acids and esters, re-
spectively [42-45]. A dinuclear aluminum-magnesium compound 13 is also
synthesized by insertion of CS, into the Mg-C bond (Fig. 4) [46].

R'X S
or R'OTf R—<
s S SR
2
R-MgX R —
S-MgX S
X =Cl, Br 12 [ MO R4
R = alkyl, aryl SH

Scheme 4 Syntheses of magnesium salts of dithiocarboxylic acids and their reactions with
electrophiles
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Fig.4 The magnesium salt of dithioacetic acid

2.4
Transition Metal Compounds

2.4.1
Group 3 Element Compounds (Sc, Y)

Dithiocarboxylato complexes of the Group 3 elements scandium and yttrium
have scarcely been studied. Only one example of the yttrium dithiocarboxylato
complex [Y{n?-(3,5-Me,C¢H;)CH,CSS}Cp3] 14 has been synthesized by inser-
tion of CS, into the C-Y bond of the corresponding substituted benzyl complex
[47]. IR spectra suggest that the coordination mode of the dithiocarboxylato
ligand in 14 is n*-bonding.

24.2
Group 4 Element Compounds (Ti, Zr, Hf)

Not many examples are known of zirconium and hafnium complexes bearing
dithiocarboxylato ligands [48-50]. For titanium complexes, examples of the
complexes 15 with new “scorpionate” ligands, [bis(3,5-dimethylpyrazol-1-
yl)dithioacetato], have been reported (Fig. 5) [51]. The scorpionate ligand of
these titanium complexes usually acts as a tridentate ligand, although intro-
duction of two such ligands on the titanium atom results in the formation of
16, in which the ligand acts as a bidentate ligand.

Another example of a titanium complex is the binuclear titanocene complex
18 which is obtained by the insertion of titanocene dicarbonyl into the S-S
bond of a fused ring compound 17, involving elimination of CO (Scheme 5)
[52]. Both dithiocarboxylato and thiolato moieties are bound to each titanium

Me Me
\ 7\
N/vN ﬂ r\?_)\
%; S Me N‘ ‘N Me
N< /\(s 37/J\ -N
N N
e Me—¢ N»—Me
|OR ‘uM S/TI S M
e ¢’ c Me
R = Me, Et, i-Pr, CI(CHy)4
15 16

Fig.5 Titanium complexes bearing one or two “scorpionate” ligands
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Scheme 5 Formation and a reaction of a binuclear titanocene complex

atom in n'-coordination mode in 18. The reaction of 18 with chlorine gives 17
and TiCp,Cl,.

243
Group 5 Element Compounds (V, Nb, Ta)

The oxovanadium(IV) complex 19 of 2-amino-1-cyclopentene-1-dithiocar-
boxylato (acdc) and the complex with N-methylated acdc ligands 20 have both
been synthesized and characterized by various spectroscopic measurements in
order to elucidate the coordination environment of the acdc ligand (Fig. 6) [53].
Simply introducing a methyl group onto the amino group to form 20 causes a
change in the coordination around the oxovanadium(IV) center compared to
19. Although 19 prefers bonding to two sulfur atoms of the dithiocarboxylato
unit, 20 prefers bonding to one nitrogen and one sulfur atom, since the basic-
ity of the amino group is enhanced.

There has been only one example of dithiocarboxylato complexes of tanta-
lum - Ta(MeCSS);Cl, - which has only been characterized by IR and 'H NMR
spectroscopy and elemental analysis [54]. Among a few examples of niobium
complexes, complex 21, which was synthesized by the reaction of Nb(r’-C,H,)-
(°-CsH;) with dithioacetic acid, bears two dithiocarboxylato ligands and one
n*-S, ligand (Fig. 7) [55]. The coordination environment of the central Nb(V)
atom is a severely distorted pentagonal bipyramid, where a 1°>-C;H; ring occu-
pies one axial site, and a side-on bonded disulfide, 7?-S,, occupies two equato-
rial sites. The remaining positions are occupied by two nonequivalent bidentate
dithioacetato ligands. In the formation of 21, desulfurization from dithioacetic
acid and substitution with dithioacetic acid occur under mild reaction condi-
tions. A similar reaction has been reported in the formation of divanadium
complex 22 bearing two p-n*-S, bridges [56].

H H
e Me
NH2 S\cl\i/s NH2 \,{I\(I?/N/
/N % V
S S s \S
S S

s/
19 20
Fig.6 Oxovanadium(IV) complexes bearing 2-amino-1-cyclopentene-1-dithiocarboxylato
ligands
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Fig.7 Niobium and vanadium complexes bearing both dithiocarboxylato and 1?-S, ligands

2.4.4
Group 6 Element Compounds (Cr, Mo, W)

In contrast to the much less explored chromium complexes bearing dithiocar-
boxylato ligands [57-60], several examples of the molybdenum and tungsten
complexes bearing dithiocarboxylato ligands have been reported. One syn-
thetic method for dithiobenzoate complexes is to react the carbyne complexes
of molybdenum and tungsten with elemental sulfur [61-64]. The former alkyne
moiety of the alkylidyne complex 23 is sulfurized with elemental sulfur to
form 24 in this reaction (Scheme 6). Sulfurization of 23 with propylene sulfide
under careful control of reaction conditions provides the metallathiirene in-
termediate 25 which gives 24 after further sulfurization with elemental sulfur,
indicating the intermediacy of the metallathiirene complexes in the formation
of dithiocarboxylato complexes from alkylidyne complexes [65]. Furthermore,
a rare example of a mononuclear tridentate dithiocarboxylato complex 26
was obtained by sulfurization from the corresponding alkylidyne complex
(Fig. 8) [34].

S
Sg or AM
e

LnMo=—-=R

S
Lnlvlo/#R
23 25
R = CgH4OMe-4; ML, = Mo(CO){HB(pyrazol-1-yl)3}

S
/
LMo }R
S
24

Scheme 6 Formation of molybdenum complexes bearing dithiocarboxylato ligands by sul-
furization of the alkylidyne complexes
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Fig.8 Mononuclear molybdenum complex bearing a tridentate dithiocarboxylato ligand
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2.4.5
Group 7 Element Compounds (Mn, T, Re)

Although there are not many examples of r?>-dithiocarboxylato manganese com-
plexes [66], the nitrido technetium-99m complexes 27 bearing alkyldithiocar-
boxylato ligands have been studied in relation to their potential applications as
radiopharmaceuticals, since they label leucocyte in whole blood cells with good
efficiency and selectivity in vitro (Fig.9) [44]. The design of the ligand was op-
timized and the best labeling result was obtained by 27 with aliphatic linear
chains. Furthermore, 27 shows lymphocyte selectivity [67]. Such a property is
helpful in revealing the subcellular distribution of the radiopharmaceutical in
human blood cells via microautoradiographic analysis. The redox-active nitrido
technetium-99m complex 28 bearing two ferrocenyldithiocarboxylato ligands
has also been reported [68]. Both the neutral Fe(II) state and the cationic mixed-
valence Fe(II)-Fe(III) state are synthesized at tracer level. The latter state can
be converted easily into the former state by one-electron transfer with
various reductants, such as triphenylphosphine and excess SnCl,. Biodistribu-
tion studies in rats showed that both states are mostly retained in the lungs and
liver without any significant uptake in organs such as the heart and brain [69].

Reported rhenium complexes possess one [70-74], two [75], and three [75]
dithiocarboxylato ligands coordinated to the one rhenium atom to form a high
coordination state, as in the case of the technetium complex [76]. One of these
complexes 29 is synthesized from Re(VII)S, and (PhCSS), (Fig. 10) [72]. An
internal redox reaction occurs and Re(VII) is reduced to Re(III) in the synthetic
process. Addition of sulfur-abstracting reagents, Ph;P or Et,NCN, produces the
heptacoordinate complex 30 with the neutral capped octahedron structure or

N
S.in S S .S
R—< Tc >—R Tc
s” s T :s/ \s: T
R = alkyl Fe Fe
- <= <«
27 28

Fig.9 Nitrido technetium complexes bearing dithiocarboxylato ligands
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29 30 31

Fig.10 Rhenium complexes possessing dithiobenzoato ligands
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31 with the distorted pentagonal-bipyramidal structure, respectively [75]. These
tris(dithiocarboxylato)rhenium complexes bear one more ligand, such as Ph;P
or CN-, on the rhenium atom.

2.4.6
Group 8 Element Compounds (Fe, Ru, Os)

Whereas osmium dithiocarboxylato complexes are very rare, some dithiocar-
boxylato iron and ruthenium complexes have been synthesized by substituting
into the metal-halogen complex with lithium dithiocarboxylate [77] and by
inserting CS, into the carbon-metal bond [78,79]. The reaction of a vinylidene
complex 32 with CS, and NaOMe has also been reported to undergo a facile loss
of HCI, followed by insertion of CS, to give the dithiocarboxylato complex 33
(Scheme 7) [80].

Me
Me @Me Me Me\Q,Me

Me” | Me
Me I Me CS,, NaOMe

CSp, NaOMe _ pp, p—FlU~S
P / \C\‘c S‘\
N\
t—Bu N

tBu
32 33

Scheme 7 Formation of a ruthenium complex bearing a dithiocarboxylato ligand from a
vinylidene complex

The reaction of the iron complex 34 with CS, yields the corresponding
complex 35 of bicyclic structures (Scheme 8) [81]. The reaction proceeds via a
1,3-dipolar cycloaddition of the C=S bond across the Fe-N=C unit, followed by
insertion of an isocyanide to form the ferra[2.2.2]bicyclic complex 35.

/) %\[ \7\
PPN NFPE Cs, FPr-N ' IV |

~i-Pr RN N\I Pr
F Fe
RNC” é CNR RNC™ | "CNR RNC”' | "CNR
CNR CNR
34 35

Scheme 8 Formation of bicyclic iron complexes bearing a dithiocarboxylato ligand

The insertion of CS, occurs at the Fe-C bond of the tetramethylfulvene-
bridged diiron complex 36, producing the triiron complex 37 and the monoiron
complex 38 (Scheme 9) [82]. A dithiocarboxylato ligand in 37 bridges three iron
fragments in a novel coordination mode. One iron atom adopts the distorted-
piano-stool geometry, while the other two iron atoms are distorted octahedral.



154 N.Kano - T. Kawashima
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Scheme 9 Formation of a triiron complex and a monoiron complex bearing a dithiocar-
boxylato ligand

Each of the two pairs of iron atoms is bridged by sulfur atoms from the dithio-
carboxylato ligand. The carbon atom of the dithiocarboxylato ligand interacts
with an iron atom, adopting a pseudotetrahedral geometry in contrast to other
dithiocarboxylato complexes. A reduced m-bonding interaction in the C-S
bonds causes elongation of the C-S bonds in 37.

The dithiocarboxylato complexes are also produced by reactions involving
insertion of iron into the S-S bond. The reaction of 39 with Fe,(CO), gives
the tetrairon complex 40, in which each of two sulfur atoms of the dithio-
carboxylato ligand are coordinated to two and three iron atoms, respectively
(Scheme 10) [83-86].

S S,
(OC)sFe
FGQ(CO)Q ¢ I‘:e(CO)g
s, S;Ilze(CO)g
S \ SZFe(CO)q
39 40

Scheme 10 Formation of a tetrairon complex

24.7
Group 9 Element Compounds (Co, Rh, Ir)

There have only been a few examples of cobalt and rhodium complexes bearing
dithiocarboxylato ligands, such as the cobalt complex 41 which bears a bridg-
ing dithiobenzoate ligand, as shown in Fig. 11 [87-91], while there are a few (in-
teresting) examples of iridium complexes. Treatment of a stable iridabenzene

s

(0C)sCol|>Co(CO)
(OC),Ca_ 'S
\S_K

Ph
41

Fig.11 Cobalt complex bearing a bridging dithiobenzoato ligand
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complex 42 with CS, leads to [4+2]-cycloaddition reactions, giving the bicyclic
complex 43 (Scheme 11) [92, 93]. The formal C=S double bond length of the
adduct 43 is almost as same as the C-S single bond length, suggesting that a
resonance structure (C*-S~) is an important contributor to the bonding. The CS,
adduct 43 further undergoes cyclotrimerization reactions by linking subunits
through thiocarbonyl sulfur centers after elimination of Et;P [94]. The trimer 44
contains a novel organometallic trithia-12-crown-3 ring system.

Me_ EtP

Oli/PEts
" “PEtg
e
42 MZ'L\
‘CSZ flr/PEts
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||>E13 o ,Et3p/ EtP S
PEt3 3 \I
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s Me” Me EtgP PEta
43 44

Scheme 11 Formation of cyclic iridium complexes bearing dithiocarboxylato ligands from
an iridabenzene complex

2.4.8
Group 10 Element Compounds (Ni, Pd, Pt)

The insertion of CS, into a Ni-C coordination bond is proposed in the reaction
of the cyclohexyne nickel(0) complex 45, as in the case of the reaction with
CO,, although the product 46 could not be separated from the byproduct
(Scheme 12) [95].

SY2 s gyZ
QERE-N G

P

Cyz Cy2

45 46

Scheme 12 Formation of a cyclic nickel complex bearing a dithiocarboxylic moiety from a
cyclohexyne nickel(0) complex

Although few examples have been reported on the insertion of CS, into the
Pd-Cbond [96], the substitution of lithium dithiocarboxylate 47 for PdCl, and
hydrolysis gives the palladium dithiocarboxylato complex 48 (Scheme 13) [97].
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OR O-
47 48 49

Scheme 13 Formation of palladium dithiocarboxylato complexes with a hydrogen bond

The dithiocarboxylato groups in 48 are not only bidentate ligands, but they also
hydrogen-bond with the amino proton in the vicinity of each thiocarbonyl
group. The three ring systems, the chelate and the six and five membered (im-
idazole) rings, are arranged in an almost planar fashion in 48. The diradical
derivative 49 shows strong antiferromagnetic coupling between the two spins at
low temperatures. Other nickel, palladium, platinum complexes bearing dithio-
carboxylato ligands have also been studied spectroscopically [98-103].

2.4.9
Group 11 Element Compounds (Cu, Ag, Au)

Synthesis of M(Me;C;CSS)(R;P) (M=Au, Ag, Cu) 50 is achieved from Li(Me;-
C5CSS) and MCI(PR3), (Fig. 12) [104]. Arylcopper(I) compounds ArCu (R=Ph,
3-MeC¢H,, 2-MeCH,) directly react with CS, in the presence of Ph;P and
undergo CS, insertion to form the corresponding dithiocarboxylato complexes
Cu(ArCSS)(Ph;P), 51 [105]. Reaction of these complexes with Mel affords
ArCSSMe. The dithiocarboxylato complexes of copper tend to form oligomers
with various geometries around the copper atoms [106, 107]. Although Cu(n?-

MeM S c s R
e —Cu_~
Me R—<S /S>iR\/S
S—M(PRs) g—CY g=Cu
3/n ~ N\
Me e PhgP-Cu™ s PPhs
M = Au, Ag, Cu; S—<
R = Ph, i-Pr, Me; R
n=1,2 R= 4-MeC5H4
50 54

Fig.12 Group 11 element compounds bearing dithiocarboxylato ligands
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PhCSS)(Ph;P), 52 [105] and Cu(n?>-MeCSS)(Ph;P), 53 [108] have monomeric
structures, the p-tolylcopper complex [{Cu(4-MeC,H,CSS)},(Ph;P),] 54, which
is synthesized by the reaction of [{Cu(4-MeCsH,CSSS)},] with Ph;P, has a tetra-
meric structure [31]. Four dithiocarboxylato ligands are bound to four copper
atoms through an intricate bonding system, as each ligand is tridentate with one
sulfur bound to one copper atom and the other to two atoms, so that each cop-
per atom is bound to three sulfurs and is involved in three bridges. The reaction
mechanism involves the desulfurization of the trithioperbenzoate ligand.

Silver dithiocarboxylato complexes also tend to form dimers, polymers and
clusters with various geometries around the silver atoms [109-111]. For ex-
ample, in the tetranuclear silver clusters 55 and 56 bearing dithiocarboxylato
ligands, four silver atoms are in a roughly square-planar array and a highly
distorted tetrahedral array, respectively (Fig. 13) [32]. In these complexes, each
sulfur atom is attached to one or two silver atoms, respectively.

In the binuclear gold complex bearing a dithiobenzoato ligand 57, the co-
ordination geometries of the two gold centers contrast with those of the above
silver and copper complexes (Fig. 14) [112]. The dithiobenzoato ligand coor-
dinates to only one gold center while two dppm bridge the two gold centers.
In the mononuclear gold complex 58, two PPh,C(PPh,Me)CSS ligands act as
bidentate P,S-chelates to form an almost square-planar geometry around the
gold [113].
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Fig.13 Tetranuclear silver clusters bearing dithiocarboxylato ligands
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Fig.14 Gold complexes bearing dithiocarboxylato ligands
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2.4.10
Group 12 Element Compounds (Zn, Cd, Hg)

The zinc(II) complex 59 was obtained by the reaction of Zn(MeCN),(BE,), with
the corresponding sodium salt of dithiocarboxylic acid and subsequent recrys-
tallization from pyridine (Fig. 15) [114]. The crystal structure was shown to be
a distorted trigonal bipyramidal geometry with one sulfur atom from each of
the dithiocarboxylato ligands occupying the axial sites. In the absence of donor
molecules such as pyridine, one sulfur atom from the dithiocarboxylato ligand
coordinates to another zinc center to form a dimer-like Zn(II) complex 60 in
the crystalline state [115]. EXAFS study indicates that 60 retains the dimeric
nature in the mesophase.

’ ’ R
S)\Q
HO OH
t-Bu t-Bu R

59 60 (R = OCgH47)

Fig.15 Zinc complexes bearing dithiocarboxylato ligands

The lability of Hg(acdc), 61 and the rapid interaction with elemental mer-
cury electrode strongly influence the nature of the redox processes observed at
mercury electrodes. In the reduction of 61, reduction at a mercury electrode oc-
curs according to an overall two-electron step, as shown in Scheme 14, although
mercury(I) is implicated as an intermediate [116].

NH, S‘H S NH» NH, s
/9 + 2e” Hg + 2
S S S—

61
Scheme 14 The redox processes of Hg(acdc), observed at a mercury electrode

In comparison with these results, cadmium dithiocarboxylato complexes
have been explored much less extensively [48].
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2.4.11
Lanthanoid and Actinoid Compounds (La, Ce, Sm, Th, U)

There have only been a few dithiocarboxylato complexes of lanthanoid and
actinoid atoms. Only the samarium and uranium complexes have been crys-
tallographically analyzed among such complexes, although the formations
and spectral studies of a few lanthanum [117], cerium [48, 117] and thorium
[117, 118] complexes have been reported.

The dithiocarboxylato samarium complex 62 was characterized crystallo-
graphically to have octacoordination and a distorted dodecahedral geometry
where the two dithiocarboxylato ligands are located in the same plane (Fig. 16)
[119]. The complex 62 was found to react readily with methyl iodide and ben-
zoyl chloride to give the corresponding dithioesters, respectively, indicating
that the complex 62 exhibits the same reaction mode with the corresponding
alkali salts. Another samarium complex 63 was synthesized by treatment of CS,
with SmCp¥(n*-CH,CHCH,) [120]. The allyldithiocarboxylato complex 63 slowly
isomerizes to 64. Both sulfur atoms coordinate to the samarium center.

peted >.o#

SIS Na'(THF), \ S/
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Fig.16 Samarium complexes bearing dithiocarboxylato ligands

There have been a few uranium complexes 65, 66 in which the uranium(VT)
atom is in a heptacoordinate and pentagonal-bipyramidal environment (Fig. 17)
[121,122]. The linear uranyl group is perpendicular to the equatorial plane in
which four sulfur atoms of two dithioacetato groups and the oxygen atom of
the ligand occupy the corners of an irregular pentagon in 65.

S II/

Y S

65 (L = PhyPO)
66 (L = Ph3AsO)

Fig.17 Uranium complexes bearing dithioacetato ligands
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2.5
Main Group Element Compounds

2.5.1
Group 13 Element Compounds (B)

The reaction of amino-9-fluorenylideneborane 67 with [FeCp(CO),],CS, gives
the corresponding [2+2] cycloadduct 68 with CS, (Scheme 15) [123]. Both the
dithiocarboxy group and the boron atom are fixed in the four-membered

ring of 68.
O FeCp(CO)l,CS
B§:> [FeCp(CO)2]oCS,
67

Scheme 15 Formation of the [2+2] cycloadduct of amino-9-fluorenylideneborane with CS,

Other boryl esters of dithiocarboxylic acids 69 are obtained by sulfurization
of the corresponding carboxylic acids, esters or amides with organoboron sul-
fides such as (9-BBN),S and bis(1,5-cyclooctanediylboryl) sulfide (Scheme 16)
[124,125]. Methanolysis of the boryl esters 69 gives the corresponding dithio-
carboxylic acids.

R—/{O

S S
) /N
A5 MeOH_ o g
X S SH
R = alkyl, aryl 69

X = OH, OR, NR',

Scheme 16 Formation of boryl esters of dithiocarboxylic acids by sulfurization of the
corresponding carboxylic acids, esters or amides with an organoboron sulfide

The dithiocarboxylate salts of other Group 13 elements have not been stud-
ied extensively in recent years, although a few spectroscopic studies have been
reported [126, 127].
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2.5.2
Group 14 Element Compounds (Si, Ge, Sn, Pb)

Although CS, insertion into the metal-carbon bond is rarely used to synthesize
dithiocarboxylate salts of Group 14 elements, divalent tin salts of the dithiocar-
boxylates 70 and 71 are synthesized by this method (Fig. 18). They are obtained
by the stepwise insertion of CS, into two Sn—C bonds of a diarylstannylene, Sn-
[2,4,6-(+-Bu);C4H,], [128]. Reaction of another stannylene Sn{2,4,6-[(Me;Si),-
CH]5C¢H,}[2,4,6-(i-Pr);C¢H,] with CS, produces the stannylene-CS, ylide 72,
which is trapped by methyl acrylate to afford cyclic stannyl dithiocarboxylate 73
(Scheme 17) [129].

tBu

tBu S--gn--S  tBu tBu S--gn
/\ /
SS S
t-Bu Bu
t-Bu tBu :Bu tBu Bu t-Bu

70 s
Fig.18 Divalent tin compounds bearing bulky dithiocarboxylate ligands

R R

R R

Fo\-+ MeJ\cone F O\ S~°
ipr Sn-S=C=§ - ipr Sn
R = CH(SiMeg)» Me

iPr -py CO2Me

i-Pr -Pr
72 73

Scheme 17 Formation of a cyclic stannyl dithiocarboxylate from a stannylene-CS, ylide

A series of tetravalent Group 14 element compounds bearing one, two, or
three dithiocarboxylate ligands 74 have been synthesized by the stoichiometric
reactions of piperidinium or triethylammonium dithiocarboxylates with the
corresponding chlorosilanes, chlorogermanes, chlorostannanes, and chloro-
plumbanes, respectively (Scheme 18) [7-10, 130]. The intramolecular weak non-
bonded interactions between the thiocarbonyl sulfur and the central Group 14
elements (Ge, Sn, Pb) have been confirmed by X-ray crystallographic analysis
and >C NMR, IR, and UV-Vis spectroscopy [10]. Based on the intramolecular
distances between the thiocarbonyl sulfur and Group 14 elements, the affinities
of the Group 14 elements are deduced to decrease in the order Sn>Pb=>Ge>Si>C.

A relatively strong Sn-S interaction is also found in tin compounds bearing
two or three dithiocarboxylate ligands. The stannyl bis(dithiocarboxylates) 75
and 76 have been shown to take a distorted octahedral geometry, where the two
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S Phs.nECl, S\
R~ P R%S EPhyn
n

STM e Ge, Sn, Pb

+ +
M = HNEtz, HoN

Scheme 18 Syntheses of a series of tetravalent Group 14 element compounds bearing one,
two, or three dithiocarboxylate ligands

74

dithiocarboxylate ligands are bound to the tin atom as a bidentate ligand, and
the stannyl tris(dithiocarboxylate) 77 exhibits a heptacoordinate pentagonal
bipyramidal structure (Fig. 19) [10, 11,131, 132].

Bn Bn hS
S. Ph S ‘N _Bn 7/
R { ‘S--Sn--S’ Sn-—
N % Aoy
75 (R = 4-MeCgHy) 77 (R=2- MeCGH4)

Fig.19 Tetravalent tin compounds bearing dithiocarboxylate ligands

The disilane bearing four mesityldithiocarboxylate ligands 78 has been
reported to be the first heptacoordinate disilane (Fig. 20) [12]. For one silicon
atom of 78, three thiocarbonyl sulfur atoms are closely located on the opposite
sides of two Si-S bonds or one Si-Si bond, respectively, giving heptacoordina-
tion to the silicon atom. Disilane 78 has a basic tetrahedral geometry around
each silicon, and maintains an almost eclipsed conformation along the Si-Si
bond axis. Such a conformation and the high coordination states of the silicon
atoms in 78 are attributable to the interaction of the lone pair of each thiocar-
bonyl sulfur atom with the corresponding o* orbitals of the Si-S or Si-Si bonds
on their opposite sides [133].

Among the salts of Group 14 elements, silicon compounds are especially
sensitive to moisture and they easily react with water and ethanol at room tem-
perature to give the corresponding dithiocarboxylic acids [7,12,13].In contrast,

Mes
78 (Mes = 2,4,6-Me3CgHy)

Fig.20 Disilane bearing four dithiocarboxylate ligands
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stannyl dithiocarboxylate 79 is not reactive toward methanol, even at reflux
temperature, whereas it readily reacts with primary and secondary amines at
room temperature to give the corresponding thioamides and bis(triphenyl-
stannyl) sulfide (Scheme 19) [8]. The reaction of 79 with sodium methoxide
gives the sodium dithiobenzoate 2, indicating an attack on the tin atom, while
an attack on the thiocarbonyl carbon atom is suggested in the similar reaction
of plumbyl dithiocarboxylate 81 [9].

S S
RNH
p—ToI—< 2 p-ToI—{ + (Ph3Sn).S
S—EPh; E=Sn NHR
79 (E=Sn) 80
81 (E = Pb) s
kol p-ToI—/< + Ph3SnOMe
S—Na
MeONa 2

_ s
E=Pb . pro— + PhgPbSNa
OMe

82

Scheme 19 Reactions of stannyl and plumbyl dithiocarboxylates with amines and sodium
methoxide

253
Group 15 Element Compounds (N, P, As, Sh)

Ammonium salts of the dithiocarboxylate 83, prepared by treating the corre-
sponding dithiocarboxylic acid with amines, have been utilized to synthesize
both dithiocarboxylic esters [134] and the salts of other elements [14, 15,59,135,
136]. Tertiary and secondary amines such as triethylamine and piperidine are
usually used to prepare these ammonium salts (Scheme 20) [137]. The quater-
nary tetramethylammonium salts of dithiobenzoic acids 84 and 85 are synthe-
sized by treatment of the corresponding sodium salts, 2 and 86, respectively, with
tetramethylammonium chloride (Scheme 21). Their crystal structures have been
elucidated to show monomeric structures in which the tetramethylammonium
cation is located outside the plane of the dithiocarboxylate group [38]. The
almost equal C-S bond lengths indicate the delocalization of negative charge
on the dithiocarboxyl group.

S 1R2 S
NR'R
R~ 2 R

_NHRTR2, +
SH NR'R%, = NEts, HN ) S ':;*R R%

Scheme 20 Syntheses of ammonium dithiocarboxylates from the corresponding dithiocar-
boxylic acids
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S Me4NCI S
R R
S-Na S NMey*

2 (R = Me) 84 (R = Me)
86 (R = OMe) 85 (R = OMe)

Scheme 21 Syntheses of tetramethylammonium salts of dithiobenzoic acids

There are some reports of syntheses and reactivities of inner salts of dithio-
carboxylate, such as the bis(N,N-substituted amino)carbenium dithiocarbox-
ylates 87 [138-143]. The carbenium and dithiocarboxylate moieties are nearly
perpendicular to each other in a quasi-plane [19, 20, 144]. Its sulfur atom reacts
not only with methyl iodide to give carbenium iodide 88 [145], but also with
organometallic reagents RM (M=Li, MgX) to give thiolates 89 [146], revealing a
unique ability to serve both as a nucleophile and as an electrophile (Scheme 22).
Furthermore, 87 is S-iminated by [ N-(p-tolylsulfonyl)imino]phenyliodinane to
provide a novel inner salt 90 that formally possesses a thione-S-imide structure
90’ as one of its canonical structures [143].

MeX RaN S

+ X"
RN SMe
88
RQN S RQN S-M
(- | M
RN S RN SR
87 89
TsN=iph_ 2N 8 RN 57
RoN S—NTs RoN S=NTs
90 90’

Scheme 22 Some reactions of bis(N,N-substituted amino)carbenium dithiocarboxylates

Treatment of acyl chlorides with a 2-sulfenyl-2-thioxo-1,3,2-dioxaphos-
phinane 91 gives the corresponding thioacyl dithiophosphates 92 (Scheme 23)
[17,18]. The dithiophosphates 92 are useful thioacylating reagents [14, 147-149].

A series of thioacylsulfenylphosphines 93 [15], -arsines 94 [16], -stibines 95
[150], and -bismuthines 96 have been synthesized by treatment of piperidinium

0
O 8.0\ Me NEL, 5 ¢ :><'V'e
/< S P
oy HS \O Me 3 S o
R
of 92

Scheme 23 Formation of thioacyl dithiophosphates
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salts or sodium salts of dithiocarboxylates with halophosphines and haloarsines,
respectively (Scheme 24). The *'P NMR spectra of 93 show upfield shifts as the
number of dithiocarboxylate ligands is increased. The arsenic compounds 94
display intramolecular interactions between the thiocarbonyl sulfur and the
arsenic atoms. Such interactions are supported by natural bond order (NBO)
analyses performed on the model compounds. Reaction of the phenylbis-
(dithiocarboxy)arsine 97 with piperidine gives the novel compounds 98 and 99
(Scheme 25).

S Phs.nECly S)
X, Taera (R JEPran

S-M S/n
+ 93(E=P,n=1-3)
M = Na, HpoN ) 94 (E=As,n=1-3)
95 (E=Shb, n=1-3)
96 (E=Bi,n=1-3)

Scheme 24 Syntheses of a series of thioacylsulfenylphosphines, -arsines, -stibines, and -bis-
muthines

Ph, . Ph
S HN . As > Ad
A / \
Ar—{ AsPh —————= PhAsSs> |H.N )] + S S
S/2 2

//\-\s~S_A/s_
Ar = 4-MeCgH, Ph Ph
97 98 929

Scheme 25 Reaction of a phenylbis(dithiocarboxy)arsine with piperidine

2.5.4
Group 16 Element Compounds (0, S, Se, Te)

Many dithiocarboxylate compounds of sulfur have been reported. Bis(thioacyl)
disulfides 100, dimers of dithiocarboxylate ligands, are easily synthesized by ox-
idative dimerization of the corresponding dithiocarboxylic acids (Scheme 26)
[151-154]. Their reactivities toward cycloaddition reactions and S-S bond
cleavage have been investigated [155-157]. Bis(thioacyl) trisulfides 101 and
tetrasulfides 102 are also prepared by treating the dithiocarboxylic acid with
SCl, and S,Cl,, respectively [135].

For cyclic compounds, cyclic polysulfides 103 which contain six sulfur atoms
in a ring have been reported (Fig. 21) [158]. Other heterocyclic compounds
bearing dithiocarboxylate units in the ring such as 1,2-dithiole-3-thiones 104
[159,160] and 5H-1,2,3-dithiazole-5-thiones 105 have been studied [161-165].
Some 3H-1,2-dithiol-3-thiones are found in cruciferous vegetables,and a struc-
turally similar synthetic dithiolthione 106 called oltipraz has attracted wide
interest [166-168]. Oltipraz 106 has been shown to inhibit chemically-induced
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R = Ph, 4-MeCgHg, 4-MeOCgHg, 4-CICgH.

Scheme 26 Syntheses of bis(thioacyl)disulfides, -trisulfides, and tetrasulfides from dithio-
carboxylic acids

S—S_ NHR S S
s’ Ph ‘D S\/f S
I _ —
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S-S R R' R R’
103 (R = alkyl) 104 105

Fig.21 Some heterocyclic compounds bearing dithiocarboxylate units in the ring

carcinogenesis in a variety of animal models. It has a unique ability to protect
several target organs from structurally diverse carcinogens. Preclinical and
clinical data continue to support the development of oltipraz as a chemopre-
ventive reagent for clinical usage.

There are a few reports of syntheses of thioacylsulfenyl chalcogen com-
pounds of oxygen, selenium and tellurium, such as the thioacylsulfenate ester
107 [169] and its heavier chalcogen derivatives 108 [169], the haloselenium-
and halotellurium dithiocarboxylates 109 [170, 171], and the selenium- and
tellurium bis(dithiocarboxylates) 110 (Fig. 22) [171, 172]. The chemistries of
oxygen, selenium, and tellurium compounds bearing dithiocarboxylate ligands
have not been studied as closely as those of the sulfur compounds.

S S S S S
R~ R~ R~ R4  »n
S-OMe S—E—Ph S—-E—X S-E-S

E=S, Se, Te E=Se, Te E=Se, Te
X=Cl, Br, |
107 108 109 110

Fig.22 Some thioacylsulfenyl chalcogen compounds
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2.5.5
Group 17 Element Compounds (Br, I)

On the one hand, the reaction of imidazolium-2-dithiocarboxylate 111 with
bromine gives the corresponding cationic thioacylsulfenyl bromide 112 [173].
On the other hand, treatment of 111 with an equimolar amount of iodine gives
the charge transfer complex 113. Two iodine atoms and a thiolate sulfur atom
are arranged in almost a linear fashion in 113. Further treatment of 113 with an
excess amount of iodine causes oxidative coupling, affording the dicationic
disulfide 114 (Scheme 27).

i-Pr i-Pr
Me | Me |
N S oBr N 8
Tor< ——  Jord{ e
Me”~ N 8 Me” N S-Br
i-Pr I2 FPr
111 112
" J-Pr M F-Pr i-Pr. M
e e e
N S | N S8 N
Tor« - Tord e[ v
mMe” N S-=r Me” N S8 N77ye
i-Pr i-Pr i-Pr
113 114

Scheme 27 Reactions of an imidazolium-2-dithiocarboxylate with bromine and iodine

2.6
MMX-Type Transition Metal Complexes

Halogen-bridged (X) one-dimensional (1-D) binuclear transition-metal (MM)
complexes - so-called “1-D MMX chains” - have attracted much attention be-
cause of their interesting physical properties, such as metallic conduction, metal-
insulator transition with 1-D charge ordering, and so on [174]. One of the MMX
complexes 115 bears four bridging dithiocarboxylato ligands on two metal
atoms (Fig. 23). The electronic ground states of the MMX complexes 115 can
be controlled by varying the compositions of the substituents, the metal ions
and the bridging halogen ions, and also the light, heat, and pressure. There have
been several reports on MMX complexes 115 with platinum and alkyldi-
thiocarboxylato ligands, where the alkyl groups are methyl [174-176], ethyl
[177-179], propyl [180], and butyl [179, 181] groups with counterions such as
bromide, iodide, and perchlorate [182]. The complex Pt,(MeCSS),I 116, which
is synthesized by oxidizing the binuclear platinum complex 117 with iodine
[176,183], has attracted particular attention among these 1-D MMX complexes.
Complex 116 displays metallic conduction around room temperature; the first
observation of this for a 1-D MMX complex.
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Fig.23 1-D MMX complexes and a dinuclear platinum complex bearing dithiocarboxylato
ligands

An important feature of MMX compounds is an increase in the internal
degrees of freedom upon introducing a binuclear metal unit into the mixed-
valence linear chain system [174, 179]. This property enables a variety of elec-
tronic structures, represented by the extreme valence-ordering states shown
below:

average valence (AV) state: -M*+-M25*-X~-M2>*-M25*-X -

charge density wave (CDW) state: -M**-M?*-X--M3*+M3**-X -
charge-polarization (CP) state: -M?*-M**-X~--M**-M>3*-X"-

. alternate charge-polarization (ACP) state: -M?*-M3**-X--M3**-M?*-X"-

fao o

In the case of the CP state, where an unpaired electron exists at the M>* site per
dimer unit, no cell doubling occurs and so either a Mott-Hubbard insulator or
a one-dimensional metal is expected. Conversely, the electronic structures of
the CDW state and the ACP state are regarded as Peierls and spin-Peierls states,
respectively [178, 184, 185]. The four states of the MMX complexes are distin-
guished by the valence states of the metal and the bond distances in the crystal
structure.

In 116, the dithioacetato ligands and the iodines bridge two platinum atoms
[176,186,187]. Each hexacoordinate platinum atom is surrounded by four sul-
fur atoms in an approximately square-planar arrangement, and by an iodine
and another platinum atom at apical positions, respectively, to form an almost
octahedral geometry. Therefore the Pt-Pt-I- unit constitutes the neutral 1-D
chain structure. This complex has a helical arrangement of four dithiocar-
boxylato ligand planes around the central Pt-Pt axis. The C-S bonds are com-
pletely delocalized. The lattice parameters and bond lengths of Pt-Pt and Pt-I
differ depending on the temperature, especially at low temperatures [187]. The
electrical resistivity parallel to the chain axis (b) also displays a dependence on
temperature [185].

The conductivity at room temperature (0=13 S cm™) is much higher than
that of other MMX chain compounds. The MMX system of 116 is found to ex-
hibit metallic conduction between 300 and 340 K. The metal-semiconductor
transition is observed at 300 K, and then below 300 K the resistivity increases
slowly with temperature down to 150 K. Above 340 K, the resistivity decreases
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with temperature up to 350 K, which is correlated with the first-order phase
transition observed at 340 K in X-ray analysis and DSC measurements.

Various spectroscopic data reveal that the complex 116 is in a one-dimen-
sional metallic phase in the AV state above the metal-semiconductor transition
temperature, 300 K. Variable temperature measurements of 116 show that it
is in a semiconducting phase with the CP state between 90 and 300 K, and in
an insulating phase with the ACP state below 90 K with the bridging I~ ions at
the midpoints of two Pt,(MeCSS), dimers [176, 184, 185, 187, 188]. The metal-
insulator transition that occurs at 300 K originates from the Mott transition.
Low-temperature X-ray single-crystal analysis [187] suggests that a slight in-
crease in the crystal values below 90 K might relate to the expected spin-Peierls
distortion associated with MeCSS ligand twisting. Quantum chemical calcula-
tions [189,190] suggest that Peierls distortion in the Pt,(MeCSS),I chain can be
relayed to a twisting distortion of MeCSS ligand, resulting in the CDW state.
Other spectroscopic methods, such as IR, Raman, polarized Raman, UV-Vis-
NIR, polarized reflectance, Mdssbauer, and XPS, as well as electrical conduc-
tivity (or resistivity), magnetic susceptibility, thermoelectric power, molar
differential scanning calorimetry, and heat capacity measurements also show
that the valence-ordering models of 116 change depending on the temperature
[175,185,191-193].

The nickel complex Ni,(MeCSS),I 118 has also been studied [194-198].

2.7
Metal Complexes Bearing Di-, Tri-, or Tetra-Thiooxalato Ligands

2,71
Metal Complexes Bearing a Teterathiooxalato Ligand

When there is a donor group such as an amino, oxo and phosphino group in the
dithiocarboxylato ligand, the metal center often forms a chelate to the metal cen-
ter with intramolecular coordination of the donor group instead of the thio-
carbonyl sulfur in the dithiocarboxylato complexes as described in the previous
sections. Since a tetrathiooxalato (tto, C,S2°) ligand has two dithiocarboxylato
moieties, it potentially exhibits some coordination modes. Almost all tto com-
plexes, however, show the side-on/side-on coordination mode depicted in 119,
where each of two metals is bound to one thiolato moiety together with in-
tramolecular coordination to a thiocarbonyl sulfur atom of the other dithio-
carboxylato moiety of the same tto ligand (Fig. 24). Since tto?~ and divalent

S~-S. JE S S} %

LM I ML, M. I M

s—s s—~s], >
119 120

Fig.24 Transition metal complexes bearing a tetrathiooxalato ligand
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metal ions such as Pd**, Cu?*, Co?*,and Ni** easily form polymers 120 through
the bridging tto ligand, end-capping (by coordinating other ligands to the
metal) is usually used to obtain monomeric tto complexes [199, 200].

A major synthetic route to a tto complex is salt metathesis using tto salts such
as (EtyN),tto [24, 28]. For example, the nickel complex 121 bearing the dmit
ligand (dmit=1,3-dithiole-2-thione-4,5-dithiolato, C;S%) is synthesized by re-
action of a stoichiometric ratio of tetrabutylammonium bromide, Cs,(dmit) and
(Et,N),tto, followed by addition of NiCl,(H,0)4 [25]. Treatment of the Ni(dmit),
complex 122 with Na,S,0, also gave 121 (Scheme 28) [21]. The conversion of
dmit?" to tto? is realized for the first time in the latter method.

S._S_ S-S 2= NauS.0
N 292V,
s=<( I N I =S (BuNY), —
s~ ‘s~ ~§
122

S-S ,S—-S_ S-S 12—
s=( I N I N I >=S  (BuN*)
S S S S S S
121
Scheme 28 Synthesis of a nickel complex bearing both dmit and tto ligands

The tto unit in complex 119 usually exists in a planar conformation. All the
C-S and C=S bond lengths of 119 are shorter than the sum of the covalent radii
in the C-S single bond and longer than those of the C=S double bond. These
structural features indicate delocalization of the m-system. Comparing the
structures of several tto complexes with those of oxalato complexes suggests
that tto is more capable of delocalizing electrons from the metal than related
C,0, bridges are. As a result of delocalization, many complexes bearing a tto
ligand have been reported to show short C-C bond lengths. When the C-C
bond length is closer to that of the C=C double-bond length rather than that
of a C-C single-bond in such complexes, the bridging ligand should be regarded
not as a tto ligand, but an ethylenetetrathiolato ligand, unless other spectro-
scopic data clearly indicate the oxidation state of the metal.

Chemical oxidation of the ethylenetetrathiolato bridged complexes gives the
corresponding tto complexes, as indicated by electrochemical oxidation. For
example, the bimetallic ethylenetetrathiolato complex 123 is oxidized by AgBF,
in the presence of P(OMe); to give the corresponding tto-bridged complex 124
(Scheme 29) [23].

AgBF4 12+
S——S, P(OMe)s Cp*_ S~—S, ,P(OMe)s
Cp*-Co I Co-Cp* ©Q I co (BF4 )z
S (MeO)sP* 'S5 Cp+
123 124

Scheme 29 Formation of a dicationic cobalt tto complex
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Since transition metal complexes 122 with dmit ligands have received sig-
nificant attention due to their metal-like electronic properties, incorporation
of more sulfur atoms into the periphery of the structure is expected to stabi-
lize the interactions via direct S-S overlap on the adjacent inter- and intrastack
ions, and to extend the delocalization. Extended conjugated Ti-systems are
shown in 125 where chalcogen-rich 1,2-dithiolato or 1,2-diselenolato ligands
such as dmit are used as the capping ligands, and tto is used as the bridging
ligand surrounding the square-planar coordinating metals [201]. The m-system
of the tto bridging ligand is highly delocalized, resulting in a planar structure
for most of these complexes, as judged by the C-C and C-S bond lengths of the
tto fragment. Some copper complexes such as 126-128 exhibit exceptionally
slight tetrahedral distortion from square planar coordination around the co-
ordination spheres of the metal centers [22]. The planar complexes 125 have
close-packed and segregated arrangements in the crystal lattice. The intrastack
interactions with adjacent stacking units in 125 allow delocalized electronic
systems [22, 29, 30]. These structural features suggest that these compounds
may find use as conducting materials. Some chalcogen-rich ligands other than
dmit have also been used as capping ligands when constructing electrically
conducting molecules, such as the 1,2-dicyanoethene-1,2-dithiolato (mnt)
ligand, 2-thioxo-1,3-dithiole-4,5-diselenolato (dsit), the 2-oxo-1,3-dithiole-4,5-
dithiolato (dmid) ligand, and the cyclic dithiolato ligand (MeOCO),C,S,C,S%
[22,26,202]. The counterions most commonly used for such dianionic tto com-
plexes 125 are ammonium cations, such as tetrabutylammonium.

The insoluble salt formed by the reaction of 121 with (tetrathiafulvalene)-
(BF,), displays a conductivity of 0.4 S cm™ at room temperature. A black
material obtained by the electrocrystallization of 121 in the presence of Bu,NBr
under a constant current yields an even higher conductivity: 0.5 S cm™ [25,27].

X S-S X~ 12—
< Ni I Ni_ )
X" s ~g" X
125
X S—_-CN Se__S S-S S—-S._-CO:xMe
DI S S XK
X S~ ™CN Se™ ™8 s—s S

(mnt) (dsit) (E = O: dmid)
(E = S: dmit)

S#ICUICUI S(M+

126 (E=S; M= Bu4N)
127 (E Se; M = BuyN)
128 (E = Se; M = Ph,As)

Fig.25 Several dinuclear nickel and copper complexes bridged by a tetrathiooxalato ligand
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2.7.2
Metal Complexes Bearing a Trithiooxalato or a Dithiooxalato Ligand

The multidentate, chalcogen-rich ligands trithiooxalato (trto) and 1,1-dithio-
oxalato (i-dto) make it possible to construct low-strain five-membered (side-on)
or four-membered (end-on) chelate rings for topological reasons. For example,
the silver complex 129 bearing a trto ligand represents a side-on/end-on coor-
dination type [203]. Both silver atoms in 129 are bound to sulfur atoms of the
bridging ligand. The silver atoms and the trto ligand form a five-membered
chelate ring as well as a four-membered chelate ring simultaneously, whereas the
oxygen atom is not involved in any coordination. Conversely, the corresponding
copper complex 130 shows side-on/side-on coordination similar to the most tto
complexes [204]. The silver and copper complexes 131 and 132, bearing another
chalcogen-rich ligand, i-dto, also show the side-on/side-on coordination mode
of the bridging ligand [204]. The bridging trto ligand in 130 and the i-dto
ligand in 132 are far from planar, in contrast to the most of tto complexes. The
coordination modes in 129-133 are explained by MO calculations.

Binuclear bridged copper complexes with capping triphenylphosphine, such
as 130 and 132, are light sensitive in solution [205]. Photolysis of the i-dto com-
plex 132 in dichloromethane gives the binuclear copper complex (Ph;P),Cu-
(p-Cl),Cu(PPh;), with the total loss of the bridging i-dto ligand, whereas that
of the trto complex 130 in pyridine affords the mononuclear copper complex,
(PhsP),Cu(SH)(py). In contrast, the corresponding tto complex 133 remains
unchanged.

The O-methyl-1,1-dithiocarboxylato (i-dtoMe) ligand which corresponds to
the methylated derivative of the i-dto ligand does not behave as a tetradentate
ligand, in contrast to the corresponding i-dto complexes. Both the silver and
copper complexes 134 and 135 bearing the i-dtoMe ligand form a mononuclear

PhgP. ,PPhg

Ag
/ N
S\ S\ ,PPhg PhgP S-S PPhy PhgR S-S PPhy
I A Cu I Cu M I M
0=s ¢)
129

g\ 7/ ~ / AY
PPhs PhsP” E~S" 'PPhy PhsP” O PPhs
130 (E=0) 131 (M = Ag)
133 (E=9S) 132 (M = Cu)

Fig.26 Some dinuclear silver and copper complexes bridged by a di- or trithiooxalato ligand

MeQ S PPhs MeQO S
< < ene
o) S" PPhg o s
134 (M = Ag) 136 (E=P)
135 (M = Cu) 137 (E = As)

Fig.27 Some compounds and salts bearing an O-methyl-1,1-dithiocarboxylato ligand
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structure with the end-on (S,S’) coordination mode [206]. *C NMR spectro-
scopic studies show that the coordination in the complexes 134 and 135 causes
shifts of the 1°C signals of the dithiocarboxyl-carbon to higher field than those
encountered for the tetraphenylphosphonium and -arsonium salts, 136 and
137, due to the m-acceptor behavior of this type of ligand [207].

3
Spectroscopic Properties

3.1
13C NMR Spectroscopic Properties

13C NMR data are lacking for many transition metal complexes. In the *C NMR
spectra that we do have for such compounds, the thiocarbonyl carbon nuclei of
the dithiocarboxylic acid salts of transition metal elements show diverse chem-
ical shifts, ranging from 6,=191.8-259.6, except for the case of one example
of the n’-coordinated iron complex 37 (8.=129.7) [80, 82]. The chemical shifts
from main-group-element compounds similarly range from 6,=194.8-277.2 38,
123]. Although the chemical shifts are influenced by the coordination styles of
the ligand and the element that the ligand is bound to, the organic substituent
(R) on the CS, unit of the RCS, ligand affects the chemical shift dramatically.
For example, while 4-MeOC,H,CS,NMe, 85 gives §.=253.4, piperidinium adam-
antyldithiocarboxylate and PriCS,NMe, give §:=220.2 and 275.4, respectively
[38, 124]. According to systematic studies of the *C=S chemical shifts of ger-
manium, tin, and lead derivatives of mono-, bis-, and tris(4-methoxybenzene-
dithiocarboxylate), the *C=S chemical shifts for aliphatic dithiocarboxylates are
smaller than those of aromatic ones (6;=225.5-265.3) [10, 130]. Furthermore,
the double-bond character of the C=S unit is an important factors of the 1°C
NMR chemical shift. If the dithiocarboxylate unit takes part in the conjugated
system and thiocarbonyl sulfur forms a hydrogen bond, like in 76, the thiocar-
bonyl carbon shows an upfield shift (see Sect. 2.5.2) [132].

3.2
IR Spectroscopy Properties

IR spectroscopy provides some information about the coordination state of the
dithiocarboxylate ligand to the metal and the contribution of the C=S double-
bond character. Whereas the C=S stretch usually ranges from 1050 to 1200 cm™,
the bands due to the symmetric and anti-symmetric stretching bands of the
CS, moiety are observed at lower frequencies for the dithiocarboxylic acid salts.
They are usually observed in the range 800-1250 cm™!, and the v,,CS, vibration
is higher than the v,,,,,CS, vibration. Assigning them, however, is difficult due
to overlaps with other stretching bands in the fingerprint region. Indeed,
stretching bands are sometimes assigned incorrectly in some reports.
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The difference (A=v,,CS,-v,,,CS,) between anti-symmetric and symmetric
CS, stretching bands for dithiocarboxylate ligands can be used as a criterion to
distinguish the coordination mode of the ligand. Monodentate ligands give
large A values, while bidentate ligands give small A values [60]. In some stud-
ies, however, only one of the bands has been reported as the v,,CS, or vC=S
vibration. For example, vC=S$ vibrations at about 1200 cm™' have been reported
for Group 16 element compounds [14].

In compounds of main group elements, the band ranges from 870 to
1285 cm™ [6, 102]. In transition metal compounds, it is observed from 810-
1385 cm™! [50, 53]. If the C=S double-bond character is low, as seen for a free
dithiocarboxylate anion, the stretching shifts to lower wavenumbers [38, 124].
This is also true for complexes where the dithiocarboxylate ligand is conjugated
with an a,p-unsaturated double-bond, and/or complexes with a C=S:--H hy-
drogen bond [50]. If the C=S double-bond character is high in the dithiocar-
boxylic acid salt, the vCS vibrations appear at 1100-1200 cm™" [82, 95].

It is worth mentioning that the v,,CS, vibrational bands of aliphatic alkali
salts appear at a lower frequency than those of aromatic ones, at 900-1050 cm™
[4, 6, 38]. This is in contrast to the v,,CO, or v,,COS vibrations of alkali metal
carboxylates and thiocarboxylates.

3.3
UV-Visible Spectroscopic Properties

Dithiocarboxylic acid salts are usually colored. The colors derive from the
n-m* and m-m* transitions of the dithiocarboxylate ligand. In UV-Visible spec-
troscopy, characteristic absorption maxima at 250-550 nm are observed in
the visible regions of the electronic spectra of compounds of main group ele-
ments [14,169]. The absorptions at longer and shorter wavelengths are appar-
ently due to m-m* and n-m* transitions, respectively, of the thiocarbonyl group.
Some studies describe the m-mt* transition alone. In some transition metal com-
plexes, such as the MMX-type complexes, metal-to-ligand charge transfer
bands are observed in addition to the m-* and n-1t* transitions [177,184,192].

The alkali salts show two or three band maxima between 250 and 500 nm,
indicating that the bands below 350 nm are m-m* and that the other band over
350 nm is due to n-m* transitions [4, 6, 171]. These absorption maxima are
rather insensitive to the effects of heavy metal atoms, although they are sensi-
tive to the geometry around the metal. Similarly, Group 14 element compounds
have two characteristic absorption maxima at 300-320 and 520-530 (aromatic)
or 470-490 nm (aliphatic), respectively [7]. The latter n-m* transitions show
a tendency towards a blue shift, while the former m-mt* transitions show a tend-
ency towards a red shift on increasing the atomic number of the element. The
order (Si>Ge>Sn>C) of the n-m* transition may reflect the capacity for dn-pm
bonding between the Group 14 element and the sulfur atom.

Finally, in terms of the intensities of molar absorption coefficients, we
should mention the n-m* transitions of the thiocarbonyl group of bis(thio-
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acyl) di- and tri-sulfides. They are observed at 480-490 nm (aliphatic) and
500-530 nm (aromatic), which are unusually high (loge>3) for dithiocarbox-
ylate compounds [136].
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Abstract Recent works (published over the last decade) on the syntheses and reactions of
dithioic acid esters (dithioates) are reviewed. Dithioates have been synthesized by various
means, including: (i) reaction of dithioic acids and their salts with electrophiles; (ii) thionation
of S-substituted thioates; (iii) [3,3]-sigmatropic (thio-Claisen) rearrangements of ketene alkyl
allyl dithioacetals and [2,3]-sigmatropic rearrangement; (iv) elimination of one of the S-sub-
stituents of ketene dithioacetal; (v) sulfuration of iminium salts. Dithioates are useful substrates
for aldol reactions, conjugate additions and cycloadditions. Dithioates undergo thiophilic and
carbophilic additions with nucleophiles, the nature of which depends on the character of the
nucleophile. Reactivites of a-carbenium dithioates derived from inner salts of dithioic acids
are discussed. Five-, six-, and seven-membered heterocyclic compounds with -C(S)S- groups
in their ring systems, cyclic anhydrides of dithioic acids, S-M dithioates (M=Group 14, 15,and
16 elements), and transition metal complexes of dithioic acids are also briefly described.

Keywords Dithioates - Dithioic acid - Thionation - Thiophilic addition -
Carbophilic addition

Abbreviations

Ac acetyl

ACDA  2-amino-1-cyclopentene-1-carbodithioic acid

1-Ad 1-adamantyl

Ans 4-methoxyphenyl (4-anisyl)

Boc tert-butoxycarbonyl

Bu butyl

s-Bu sec-butyl

t-Bu tert-butyl

cat catalyst

Cp cyclopentadienyl

DABCO 1,4-diazabicyclo[2.2.2]octane

DBH 1,3-dibromo-5,5-dimethylhydantoin

de diastereomer excess

DMAD  dimethyl acetylenedicarboxylate

DMF N,N-dimethylformamide

DMPU  1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone
(N,N’-dimethylpropyleneurea)

DMSO  dimethyl sulfoxide

dr diastereomer ratio
E* electrophiles

ee enantiomer excess
Et ethyl

h hour(s)

HMPA  hexamethylphosphoric triamide
LDA lithium diisopropylamide
LHMDS lithium hexamethyldisilazide
MBT 2-mercaptobenzothiazole

LR Lawesson’s reagent

m-CPBA m-chloroperoxybenzoic acid
Me methyl

Mes mesityl, 2,4,6-trimethylphenyl
Ms methanesulfonyl

NBS N-bromosuccinimide

NCS N-chlorosuccinimide
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NIS N-iodosuccinimide

Ph phenyl

Pr propyl

i-Pr isopropyl

Py pyridine

rt room temperature

TBDMS tert-butyldimethylsilyl

Tf trifluoromethanesulfonyl (triflyl)

THF tetrahydrofuran
TMS trimethylsilyl

Tol 4-methylphenyl
Ts 4-toluenesulfonyl
1

Introduction

The chemistry of dithioic acid esters (dithioates) has a very wide scope, from
materials science to biological science. Their relatively straightforward syn-
theses and high reactivities have enabled us to investigate their structures, bi-
ological activities, and their use in organic and inorganic syntheses [1]. In this
article, we survey papers published on the syntheses and reactions of dithioic
acid alkyl and aryl esters (S-alkyl and S-aryl dithioates). We focus mainly on re-
cent works (published during 1993-2003), although we sometimes also refer to
other historically important research. There are several types of heterocyclic
compounds that contain -C(=S)S- groups in their ring systems, and we also
review some of these cyclic dithioates. While free dithioic acids and their alkali
and alkaline-earth metal salts are beyond the scope of this article, we briefly
discuss S-M dithioates [M=Group 4-16 (except carbon) elements] too.

2
Synthesis of Carbodithioic Acid Esters

2.1
From Dithioic Acids and Their Salts

Alkylations of dithioic acids or their salts comprise the most straightforward

route to alkyl dithioates. Dithioic acids react with alkyl halides under basic con-
ditions to yield the dithioates, as illustrated in Eq. 1 [2, 3].

H H
NYCHZCSZH BI’CHQCHQBI’, K2003 NYCHQC(S)SCHQCHQBI’
N BusN*Br, Me,C=0 N

] 0 (1)
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Dithioate salts are readily prepared in situ by reaction of a carbanion with
CS,, and are alkylated using various electrophiles (Table 1). Compounds that
have acidic hydrogens activated by -CN (Entries 1-3) [4-6],-CO,Et (Entry 4) [7],
PhS(O),- (Entry 5) [8],-S(O)- (Entry 6) [9], and -C(O)- (Entries 7-9) [10, 11]
groups are converted to the corresponding alkyl carbodithioates by treating
them with CS, under basic conditions, and then an alkyl iodide. Dithioate
groups in a-cyano dithioates la—c prepared in this way can be used as build-
ing blocks in syntheses of heterocyclic compounds, as shown in Egs. 2 to 4
[4-6]. In the case of sulfoxides, the best results are accomplished using 4-fluo-
rophenyl methyl trithiocarbonate (2) instead of CS, and methyl iodide (see
Entry 6) (Scheme 1) [9,21]. The chirality on the sulfoxide sulfur atom of (R)-
cyclohexyl methyl sulfoxide (3) is mostly retained in the reaction to give the
chiral -sulfinyl dithioic acid ester 4 (Eq. 5) [9, 22].

S NHoNH,
H |er|d|ne
S Saale Sg e Rt g e s
/
N N DME \ NH \_NH
reflux
1a

65% (2)

0
N \7)\( Br NS EtoN
@s N * J\/MSMe

H S

. EtOH, rt
Ph CN
N O (3)
Lo
S S)ﬁ/l
N s
ph CN
92%
Ph EtOC Ph
Et0,C.__Cl N s LN 2 ﬁ
i + 8/\ I . (4)
N\N,H S SMe DMF, 1t
Ph CN

1¢ (R = Ph)
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Table 1 Syntheses of carbodithioates using CS,
Entry Starting compound Reagents and conditions Product Reference

S
H 1. EtONa, EtOH, 40-50 °C i SMe [
1 @: > 2. CSy, reflux *
/
N CN 3. Mel, EtOH N CN
* The Na salt was isolated in 58% vyield. 1a 78%
**From the Na salt.
s
SM
, @:S/ 1. CS,, KOH, DMF, rt ©[S/>_2L ¢ -
N> \CN 2. Mel N CN
1b 82%
S
/[S 1.CS,, KOH, DMF, 1t JIS>_2L SMe (6]
7\ 2. Mel 7
3 R N CN R N CN
1c
0.__0
R = Ph (74%), @/\i (74%)
o) o S
N _N SMe
N 1. CS,, NaH, DMF N
4 /f:\ Damm 2. Mel P 7
Me” “NZ S COEt Me” "N TS COEt
41%
1. BuLi (1 equiv), THF S
2. CS;5 (1.5 equiv)
5 PhS(0).CH,R 3. BuLi (1 equiv) F’hS(O)Z\H]\SMe (8]
4. Mel (1 equiv) R
R = H (89%), n-C;H1s (88%),
0
[ »—CHyCH,- (79%)
o
o 1. BuLi (2 equiv) o s
6 1]
3 2.CS; t.Bu/S\)J\SMe 9

tBu”" "CHj 3. Mel

33%
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Table1 (continued)

Entry  Starting compound Reagents and conditions Product Reference
o O o O
1. K,COg, DMF E1o
7 EtO 2.CS, [10]
) 3.RI RS
S
R = Me, Bu
o O o o
1. KoCO3, DMF
8 Me OEt 2.CS, Me OEt [10]
3. Bul ) SBu
COQMG MGOQC
o} O S
1. NaH, THF, 0 °C
9 SMe 2.CS, SMe (1]
3. Mel SMe
90%
Cl S
N cl s N Cl
10 N CS,, NaOH, N =
S>_ cl DMSO @j/ S\© [12]
S
) S
R 2
y l/_\>\ 1. CS,, KOH, DMSO R SEt
2. Etl \
- P Me i e [13]
H H
R' = Me, Ph, 2-furyl, 2-thienyl; R = H, Me 36-61%
R'-R? = (CHa),
RZ R® RZ  R®
12 2/ \g 1. CS, KOH, DMSO I\ SEt [13,14]
RSN 2. Etl R!
N H s
R' = Me, t-Bu; R2 = H, Me; R® = H, Me 46-62%
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Table 1 (continued)
Entry Starting compound Reagents and conditions Product Reference
1. CS,, KOH, DMSO S
19 % i X /N\ X [15]
N 2. = H 7Y
X = CN (62%), COoMe (36%),
CONH, (52%)
N 1. BuLi, THF NS
14 @ S 2.CS, ©: \>_/< [16]
S 3. CF3S03Me S  SMe
67%
S
15 ArMgBr 1.CS; )J\ [17]
2. Mel Ar” >SMe
Ar = 1-naphthyl (96%), 2-naphthyl (82%), 4-PhCgH4 (89%),
4-n-CgH4170CgH, (84%), 6-MeO-2-naphthyl (91%)
16 PhMgBr 1.CSy j\
OTf j\ Ph [18]
2.
n_CGH13 CF3 n—CGH13 CF3
5 6 63%
17 RMgX 1. Cul OTBDMS
2.CS, gy S\H/R
OTBDMS 19
juiy! "
., OAc fe}
. :
NH 7 31-75%
0]
8
R = 3-pyridyl, Ph, Bu, s-Bu, Pr, i-Pr, Me, TMSCH,,
Mes, PhCMe>CHo; X = Cl, Br
S S (20]
1. CSp, LHMDS, THF SMe
18 HSJ\CH3 2. Mel Mes)g

SMe
69%
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g 1. MeLi (1 equiv), THF CR,“L"S NH,CI 9\)?\
RS CH, s R’S _ SMe R” SMe
» 30-74%
. 4-FCSH4_S SMe
Scheme 1 2 (0.5 equiv) R = Me, i-Pr, CgH11, Bu, 1-Ad, Ph
X O 1. MeLi (1 equiv), THF, -10 °C "\ 3)81\
S: . ’ ) S
~ M
< CHs 5 2 (0.5 equiv) ~ SMe ®)
3 4 71%
>99% ee 98% ee

Pyrroles are deprotonated with KOH in DMSO, and the resulting anions re-
act with CS, at the unsubstituted carbon atom in the ring, not the nitrogen atom
(Entries 11-13) [13-15]. The resulting potassium carbodithioates can be trapped
with electron-deficient alkenes using conjugate addition (Entry 13) [15]. Tri-
flates (Entries 14 and 16) [16, 18] and acetates (Entry 17) [19] also serve as
electrophiles. a-Trifluoromethyl triflate 5 (Entry 16) can be allowed to react
with benzenecarbodithioate to give the a-trifluoromethyl dithioate 6 [18]. The
azetidinone dithioic acid esters 7 (Entry 17) have been prepared in 31-75%
yields using organocuprates, CS,, and acetoxy azetidinone 8 [19]. The azetidi-
none dithioic acid esters 7 have been converted to 2-substituted penems 9 in
good yields (Scheme 2) [19].

(o}
OMe OTBDMS OTBDMS
cl A s
5 : \ﬂ/ _ MeP(OEY, _
7 > N S / R
i'PrgNET, Cchlg 0 >:o CHC|3
94-100% MeO,C 41-67% CO.,Me
Scheme 2 9

3-Silyloxyalk-2-enylphosphonium salts undergo nucleophilic substitution
with various nucleophiles [23]. The phosphonium salt 10, prepared in situ from
cyclohexenone on treatment with TfOTBDMS and triphenylphosphine in THEF,
reacted with lithium dithioate 11 to yield dithioate 12 with a 78% yield (Eq. 6).

OTBDMS QTBOMS
S s
+ TO" P
PhCH SLi - ° (6)

" 10 12 78%
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Treatment of dithioacetic acid with 2 equiv of BuLi generates the dilithium
dithioenolate 13, which reacts at the terminal carbon with the carbonyl carbon
of enone 14. The resulting lithium dithioate is methylated with methyl iodide
to provide the methyl B-hydroxy dithioate 15 (Scheme 3) [24].

; Me\©¢o
Buli '

- S
j’\ (2 equiv) SLi 14 Me \@8")1\
Me” “SH STE SMe
Scheme 3 13 15 80%

Phenyl dithioate 16 was prepared by treating the sodium salt of 17 with thio-
phenol in the presence of boron trichloride, as shown in Eq. 7, where the inter-
vention of the S-boryl dithioate is considered [25].

1. NaH, CH,Cl, s
S 2. BCl3 (0.035 eq) Py
iPr” “SH i-Pr”” “SPh (7)
3. PhSH (3 eq), CH,Cly, reflux
17 16 30%

2.2
From S-Substituted Thioates or Carboxylic Acids

When heated with Lawesson’s reagent (LR) or P,S,,, S-alkyl and S-aryl thioates
are thionated to give dithioates in low to high yields (Eq. 8 and Table 2). The
chirality at the B-position is retained upon thionation with LR (Entry 1) [26].
The reaction of S-ethyl 3-(N-tert-butoxycarbonyl)aminopropanethioate (Entry 2)
with LR gives the dithioate 18 in low yield, probably due to the lack of selec-
tivity of LR toward the thioester carbonyl versus the carbamate carbonyl [27].
The dithioate 18 was prepared by reacting the thioacyl-N-phthalimide 19 with
ethanethiol in higher yield (Eq. 9) [27, 32].

o LR or P4S10 S

N N

R” "SR R” "SR (8)
S

LR = Ans-P{ R-Ans

S's

o)
EtSH
BocNH/\)J\ % BocNH /\)J\SEt 9)
EtsN
o 18 75%
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Table2 Syntheses of dithioates with Lawesson’s reagent (LR) or P,S,

Entry Starting compound Reagents and conditions Product Reference
0 S
LR, PhMe M [26]
1 PhUSEt Ph SEt
94%
/\i LR, PhMe, /\)i
2 BocNH SEt 100°C, 12h BocNH SEt [27]
18 23%
i X
3 /U\ LR, PhMe,
Et SOR reflux Et SOR [28]
R =H, Me, CI, Br, SH
O Me S Me
P LR, PhMe, PN
4 §” "Ph reflux, 4 h S” “Ph [29]
R R
R = H (88%), Me (91%),
MeO (82%), Br (90%)
5 S S
Cl (¢] Cl S
9 R2SH T
6
R‘JJ\OH P4S10 (20 mol%) R1J\SR2 (311
PhMe, 110°C, 4 h
45-96%

R' = Pr, Ph, p-XCgH4 (X = Me, tBu, MeO, F, Cl, Br, I, CF3, NO, CN),
0-MeCgHy4, m-FCgHy4, m-NOoCgHy, 3,4,5-(MeQ)3CgHo, 2—thieny[
R? = PhCHy, Pr, Bu, +Bu, Ph, 0-MeOCgH,, p-CICsHa, 2-thienyl

Carboxylic acids can be converted directly to the dithioic acid esters on treat-
ment with a thiol and 20 mol% of P,S,, (Entry 6) [31].It has been proposed that
this reaction involves the formation of the O-aroyl (or acyl) trithiophosphate
derivative 20, the reaction of these intermediates with thiols, and thionation of
the resulting S-substituted thioates with P,S,,. Alcohols such as benzyl alcohol,
t-butyl alcohol, 1-phenethyl alcohol were used instead of thiols; it was claimed
that these alcohols are initially converted to the corresponding thiols on reac-

tion with P,S;, (Eq. 10) [31].
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'PS' SH
Eé’ prS 0
=Pia-
ssPes
S
20
j\ ROH, P4S1o (1 equiv) j\
Ar” "OH solvent Ar” "SR (10)

30-75%
Ar = Ph, p-XCgHy4 (X = MeO, F, NO,)
R = PhCH,, +Bu, 1-phenethyl

solvent (temp./°C): PhH (80), PhMe (110), PhCI (110),
(CICH,), (80), CCly4 (70)

2.3
By [3,3]-(Thio-Claisen) and [2,3]-Sigmatropic Rearrangements

The a-sulfinyl ketene dithioacetals 21 rearrange readily at room temperature
(5-45 h) to give y,6-unsaturated a-sulfinyl dithioates 22 in good isolated yields
with high diastereoselectivity (93:7->99:1), as shown in Eq. 11 [12, 33]. To ra-
tionalize the diastereoselectivity, I was proposed, based on the Felkin-Anh
model, as the conformation that led to the transition state of the rearrangement
(Eq. 12). Similarly, B-trimethylsiloxy (23) [34] or 3-hydroxy [35] ketene dithioac-
etals underwent thio-Claisen rearrangements, yielding the corresponding o-al-
lyl B-hydroxy dithioates 24 (Eq. 13). In the case of S-crotylic ketene dithioacetal
23 (R!'=Et, R?=Me), four diastereoisomers were formed in the ratio of 1:6:90:3,
where the syn-syn diastereomer was predominant. The conformation II was pro-
posed for the formation of the major isomer (Eq. 14).

~ P

_S
N 0” \E/U\SMe (11)
O/’S\/\SMe CH,Cly, 20 °C \/

1

R2
21 .
R' = Me, t-Bu, i-Pr, cyclohexyl 258302_3::/"
R2=H, Me
SMe/ SMe
= =
A sa I 12)
VSRt S~
WA A

I 22
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R2
HO s
TMSO s/\) 1.200r80°C,ELO g e )
RN sMe 2. MeOH, HCI (cat) R
23 |
24

R'=i-Pr, RZ = H; dr = 86:14
R' = Et, R? = Me; dr = 1:6:90:3

\2_7,SMe 3.3] CS,Me (14)
TMSO' 2 H
R
C/ .

The thio-Claisen rearrangement of 25 was examined under Zeolite-catalyzed
and uncatalyzed conditions (Eq. 15) [36]. Under Zeolite-catalyzed conditions,
only anti a-allyl B-hydroxy dithioate 26 was obtained in high yield. Under
uncatalyzed conditions, the syn isomer was the major product (8:1-19:1). This
diastereoselectivity switch has been explained by transition model III.

ANF R %\’SMe HO 8
HO S Zeolite -
A e HOMS — R SMe  (15)
R SMe hexane, rt : : P
25 O-AlI—0-Si—0-Al-0-
26 76-88%

R = Me, Et, Pr, t-Bu, Ph n

A [2,3]-sigmatropic rearrangement of y,6-unsaturated carbene (27) can be
employed as the key step in the synthesis of naturally-occurring halogenated
monoterpenes. The carbene 27 is generated when tosylhydrazone 28 is treated

SMe SMe
cl s/g NNHTs  NaH C').-k‘\s
w THF w
Br cl Br Cl
28 27

MeS
- . N _— N
Br Cl Br Cl

Scheme 4 29 30
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with NaH, and rearrangement of 27 yields the dithioate 29. Further elabora-
tion of the dithioate 29 leads to the racemic antitumor agent 30 in four steps
(Scheme 4) [37].

2.4
From Ketene Dithioacetal

-Oxo ketene dithioacetal 31 has been converted to -oxo dithioate 32 by treat-
ing it with hydrogen sulfide in the presence of boron trifluoride etherate in re-
fluxing dioxane (Eq. 16) [38]. Dimsyl sodium, generated from DMSO and NaH,
acts as a base toward 2-ylidene-1,3-dithiolane 33, prompting the fragmentation
of the dithiolane ring, giving f-hydroxy o, 3-unsaturated vinyl dithioate 34 in high
yields (Scheme 5) [39]. Dimsyl sodium also induces S-demethylation of ketene
dimethyl dithioacetal, giving B-hydroxy a,B-unsaturated methyl dithioate [39].

O SMe o S
SMe HQS, BF3’Et20 SMe (16)
dioxane, reflux
31 32 81%
/> ﬁ/>’3 O S \
0 s NaH, DMSO 0o s\O : )
RJI\/I\S 70 °C R)J\/I\S RMS
33
H* O’H S
PP NN
34
Scheme 5 R = Ph (92%), Me (82%)

The a-phosphonodithioacrylic acid esters 35 were prepared in moderate
yields by reacting phosphonoketene dithioacetal 36 with trifluoromethanesul-
fonic acid and tetrabutylammonium bromide (or iodide) (Scheme 6) [40]. This

0 Br
1l TfOH - 1l
EtS,  P(OEt)  Bu,NBr Bi<S, P(OED, S, P(OEY),
EtS\F$70H CH20|2, rt EIS: %; EtS \>
R R R
36 35

R = tBu (52%)
Scheme 6 Ph (25%)
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transformation was also achieved by treating with triphenylphosphine-CBr, in
dichloromethane [40].

2.5
From Iminium Salts

Iminium salts, prepared by S-methylating thioamides with methyl iodide
(Scheme 7) [26], TEtOMe (Scheme 8) [41], or dimethyl sulfate (Scheme 8) [41],
can be reacted with H,S to yield methyl dithioates. Trifluorothioacetamide 37
is first converted to the dichloride 38, and then 38 is allowed to react with
thiols to provide the iminium chlorides 39, which was treated with H,S to give
the trifluorodithioacetates 40 in moderate to good yields (Scheme 9) [41].

OAc OAC OAc

S
N

s SMe SMe

Scheme 7 72%

TfOMe
S or .
b Me»SO, SMe  x HoS TMe
+ —_—
FgC NR2 FgC NR2 CH2C|2 FgC S
0°C
Scheme 8 X =TfO or MeSO4

In a modified Pinner reaction, the cyano group of the N-acyl amino nitrile
41 was converted to the ethylthio iminium salt 42 on treatment with ethan-
ethiol in liquid HF at 77 K. The iminium salt 42 was treated with H,S gas in
pyridine at 0 °C to give a dithioester derivative of the N-acyl amino acid 43
(Scheme 10) [42]. This method has also been used to synthesize dithioesters of
dipeptides.

S cl_ ¢l SR ¢r
I Cl X RSH A
FSC N FSC N _ > Fgc N+
CH,Cl, CHCly
37 38 78% 39
.S SR R = Ph (67%), -Bu (48%), PhCH, (65%),
2 CH,=CHCH, (65%), EtO,CCHj (57%),
FsC™ 78 0-(MeO»C)CeHg (70%)

Scheme 9 40
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EtSH N - S
H B NHy HoF H
H
F{\n/NvCN liquid HF | N\)j\ H.S R\H/N\)J\SEt
3 77K hil SEt | py,0°C
to 273 K o) o
41 42 43

R = Me (42%), Ph (87%), p-XCgHg [X = Cl
Scheme 10 (68%), Br (48%), F (68%), | (48%), MeO (51%)]

2.6
Miscellaneous

Aryl methyl ketones can be converted to «-keto dithioates, as shown in
Scheme 11 [43]. Therefore, on treatment with iodine and pyridine, the ketone
44 yields pyridinium salt 45 , and 45 can then be treated first with elemental sul-
fur in the presence of triethylamine in DMSO and DMF and then with methyl
iodide to give S-methyl a-keto dithioate 46. The reaction of 1-(diethylamino)-
2-(phenylthio)acetylene (47) with elemental sulfur in refluxing chlorobenzene
gives compound 48 in which the dithioester and thioamide groups directly con-
nected to each other (Eq. 17) [44].

)OL Iz, py j\/@ 1. Sg, EtsN, DMSO, DMF
Ar Me Ar X
-

2. Mel
44
45
0
ArJ\[(SMe Ar = Ph (64%), 2-thienyl (22%)
S
Scheme 11 46
Sg S NEtZ
PhS—==—NEt, H (17)
PhCl, reflux, 1.5 h PhS S
47 48 74%

Perfluoroalkanedithioic acid ester 49 is synthesized by reacting a,c-dichloro
sulfide 50 with zinc sulfide in acetonitrile (Scheme 12) [45], where the zinc
sulfide is prepared from ZnCl,, NH,OH, and Na,S. Interestingly, this synthesis
does not work with pure ZnS. This dithioester serves as an excellent dienophile
toward butadienes.

The reaction of 3-(methylthio)-3H-1,2-dithiolylium iodide (51) with 1,3-di-
aminopropan-2-ol gives bis(enaminodithioester) isomers 52 in an isomeric
mixture with 60% combined yield (Eq. 18); these isomers are potential tetra-
dentate ligands [46].
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SO.Cly
CF3CF,CF,CH,SEt CF3CF,CF,CCI,SEt
HoClo
50 83%
ZnS )SJ\
MeCN, reflux CF3CF,CF5 SEt
Scheme 12 49 49%
OH

HN A NH,

S S
S
- SMe
+S\J/ i MeSJV\N/\/\N/\"JJ\SMe (18)
! EtOH, THF H 4y H
51

52 60%

[-Oxo dithioester 53 was prepared from ketone 54 on treatment with di-
methyl trithiocarbonate in the presence of t-BuOK in a mixture of benzene and
DMEF (Scheme 13) [47]. Spectroscopic observations revealed that the dithioester
53 exists mostly in the enolic form 55. The reaction of 53/55 with hydrazine
gives the tricyclic compound 56. A Diels-Alder reaction of 9-methylanthracene
with 57 forms the adduct 58 in 93% yield (Scheme 14) [48]. The thermolysis of
58 in refluxing chloroform resulted in the elimination of PhSO3, yielding
anthracenecarbodithioate 59 with a yield of 82% through the carbocation in-
termediate 60.

(MeS),C=S
a S +-BuOK J | S J | S
s PhH, DMF s SMe SN N SMe
0°Ctort o s OH s
54 53 97% 55
S
HoNNHsH,0 7|
S N—SH
EtOH, reflux N~N
H
Scheme 13 56 75%

tert-Alkyl radicals, generated by thermolysis of the corresponding azo com-
pounds, react with disulfides of the type ZC(S)SSC(S)Z (Z=RO, RS, R,N, and
Ph) to furnish the respective ZC(S)SR (R=tert-alkyl) [49, 50]. In the case of
bis(thiobenzoyl) disulfide (61), -alkyl dithiobenzoates 62 are obtained in good
yields (Eq. 19). The reaction is carried out in refluxing cyclohexane [49] or
refluxing ethyl acetate [50] under inert atmosphere.
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Me
X
ArS” “S(O)Ar ¥ OOO Q
() CH20|2 l
57 Me
= p-CICgH,4 58 93%
SAr
A
o | ey QU0
CHCl,
80 °C Me
60
Scheme 14 59 82%

Me Me
R'-—N=N—R! s
R? R?

S S
e
M N Ph" “S—(R'
Ph S-S Ph cyclohexane, reflux [49] R2 (19)
or
61 ACOE, reflux [50] 62
R' = Me; R% = CN (56%) [49]
R‘ Me; R2 = CO,Me (65%) [49]
= CH,CH,CO,H; R? = CN (68%) [50]
3
Reactions
3.1

Reaction at «-Position: Aldol Reaction and Conjugate Addition

Anions generated at the a-position of a dithioester react with aromatic alde-
hydes to give the B-hydroxy dithioates 63 (Scheme 15) [17, 51]. A diastereo-
meric mixture of 63 (R=PhCH,) was obtained in low to moderate yields when
3-phenylpropanedithioate was employed [17]. The dithioates 63 lead to (E)-
o,B-unsaturated dithioates 64 on treatment with MsCl in pyridine.

A spirocyclic dithiolactone 65 was synthesized in high yield by sulfenyl
group-assisted dehydration followed by intramolecular cyclization of B-hy-
droxy y-(phenylthio) dithioate 66 (Scheme 16) [52, 53].

OH S S

1. LDA, THF 5 MsClI, py ﬁ)k
AT SEt
F‘Jj\sa 2. ACCHO Ar%SEt &
R
63 64

R =H, PhCH,
Scheme 15
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OH S

) PhS
S 1. BuLi, THF
)j\ SEt TsOH
SEt SPh CHCl
CHO
2. 66 93%
PhS

" S PhS
PhS \ sk MO s
SEt St - = S

65 85%
Scheme 16

Acid-catalyzed condensation of a-phosphonyl dithioate 67 with aromatic
bis-morpholino aminal 68 yielded a-phosphonyl a,3-unsaturated dithioate 69
in high yield, which underwent hetero-Diels-Alder reactions with alkenes to
give the 3,4-dihydro-2H-thiopyrans 70 in high yields (Scheme 17) [54].

)
ArCH+N O] 68
/ /2

SEt
SEt CICH,CO,H
(EtO),P(0)
EtO),P(O S
(EtO)P(0) S PhMe, 20 °C |
Ar
67 69
SEt

Z XR (EtO),P(O) Ar = Ph, p-YCgH4 (Y = NO,, CF3, MeO),
78 3-pyridyl, 4-pyridyl

Ar XR RX=EtO, +BuO, EtS
Scheme 17 70

A conjugate addition of a-sulfonyl dithioate 71 to acrylaldehyde took place
quantitatively in the presence of t-butyltetramethylguanidine (72) as the base
(Eq.20) [8].

S H,C=CHCHO S
Me,N),C=N-t-Bu (72 PhS(O
PhS(O)Z\)J\ ( 2 )2 ( ) ( )2 SMe
SMe CH,Cl, (20)
7 CHO

100%
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3.2
Cycloaddition

Perfluoroalkanedithioates readily react with 1,3-butadienes to give thiopyran
derivatives [41, 45, 55]. The reaction of butyl trifluorodithioacetate (73) with
1-(trimethylsilyloxy)buta-1,3-diene (74) produces a mixture of two regioiso-
mers 75 and 76, each of which consists of two diastereomers present in the
ratios of 2.5:1 and 2.3:3.2, respectively [45]. The reaction of methyl trifluoro-
dithioacetate (77) with diphenyldiazomathane (78) in petroleum ether at =20 °C
produces thiirane 79 almost quantitatively [41]. On the other hand, the reaction
with ethyl diazoacetate (80) in ether at temperatures between 0 °C and room
temperature gives thiirane 79 stereoselectively with an 86% yield, along with a
3% yield of 1,3-dithiolane 81. The formation of 79 and 81 is explained by the
intervention of the thiocarbonyl ylide 82 which undergoes a conrotatory ring
closure to give thiirane 79, or a further reaction with 77 to give 1,3-dithiolane 81.

OTMS OTMS OTMS
)J\ . — S cr. + | SBu (21)
F3C SBu AN 4 3 S
SBu
73 74 75 76
S S o FsC. s R
FsC. .R
e e PO AR N e
Fe,C)J\SMe * NCRR Mes” “R? e (22)
77 MeS
& 81
78:R'=R2=Ph 98% -
80: R' = COEt: R2=H 86% 3%
2
Fsc\r/S*\rR
MeS R’
82

A Diels-Alder cycloaddition of methyl pentamethylcylopentadiene-5-carbo-
dithioate (83: X=S) with N-phenylmaleimide takes place with complete anti-T-
facial selectivity to give anti-84, while that of the corresponding ester 83 (X=0)
shows syn-mi-facial selectivity to give syn-84 predominantly, as shown in Eq. 23
[56]. This selectivity was interpreted in terms of the deformation of the frontier
molecular orbitals of 83, which is dependent on the orbital energy difference
between Ty Of the diene moiety and ng [C(S)SMe] or ny [C(O)OMe] of the
5-substituent.
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o 0 C(X)XMe  MeX(X)C
N
C(X)XMe Ph
J o + / O (23)
PhMe, 25 °C
NPh NPh
o
83
syn-84 anti-84
X=8 0 : 100
X=0 84 : 16

3.3
Thiophilic and Carbophilic Additions

3.3.1
Thiophilic Addition

A characteristic feature of thiocarbonyl compounds is thiophilic addition to the
thiocarbonyl sulfur atom by nucleophiles [1]. Reactions of dithioates and thio-
carbonyl S-oxides (sulfines) with organolithium reagents have been investi-
gated. Addition of organolithium reagents to methyl 2-pyridinecarbothioate
(85) takes place at the thiocarbonyl sulfur atom, and the resulting carbanion 86
is trapped with an electrophile (E*) to give the dithioacetal 87 in moderate to
high yields, as shown in Scheme 18 [57]. The reaction of methyl 3-pyridinecar-
bothioate with organolithium reagents occurs in the same manner to give the
corresponding adducts (21-85%). The reaction of perfluoroalkanedithioates 88
with Grignard reagents and Buli yields the perfluoroketene dithioacetals 89 by
elimination of the fluoride ion from the a-position (Eq. 24) [58].

X ‘ . | A . X
| P SMe RLi (2.2 equiv) \ SMe E | ) sMme
N THF, -78 °C ; N E
SR SR
85 86 87 30-88%
MeO | N MeO | N Cl
R = Me, Bu, s-Bu, +Bu, NN N~
OMe OMe

Scheme18  Electrophile (E*) = H,0, Mel, CHy=CHCH,Br, PhCH,Br, MeCHO

Oxidation of methyl 3-pyridinecarbodithioate (90) with m-CPBA at 0 °C
gives an (E) and (Z) mixture of the S-oxides (sulfines) 91 with a 79% yield
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Re S R2M i R SR?
gBr or BuLi F,
< 1 Et,0,-50°C b (24)
F SR 2% F SR
88 89 60-86%

Re = F, CoF5, H(CF2)s
R' = PhCHy, Et, Pr
R? = Et, Pr, Bu

(Scheme 19) [57]. The reaction of 91 with MeLi or BuLi produces a diastereo-
meric mixture of dithioacetal oxides 92 in 55-90% yields. This thiophilic
addition was used as the key reaction in syntheses of 2-cyclopenten-1-ones 93,
as shown in Scheme 20 [59].

Os .0
S %5 s
[ “SMe _m-CPBA TNy M+ N swe
N CH,Cl, _ P
0°C N N
90 (E)-91 (291
79% E:Z = 79:21
o)
11
R-S. SMe
1. RLi, THF, -78°C WE R = Me, Bu
2. H,0 or Mel 7 E=H, Me
Scheme 19 92 55-90%
o}
o)
O R® SO o Rre ‘gMe MeS. SMe
MeLi R4 o
R1WSM6 THF R1WSMG R1
Rz R* -78 °C Rz R* R3 R2
o}
o} R" R R® R
Meé SMe
1. TMSC R4ﬁ<oms TOH R R Me Me H H
R! CH.CI Me H Me H
20 g R n RS R®  Me Me H Me
93 (CH2)s» Me H

Scheme 20

Oxidation of a chiral dithioate 94 with m-CPBA yielded an (E) and (Z) mix-
ture of chiral sulfines 95, which underwent racemization on standing for 24 h
via the enesulfenic acid intermediate 96 (Scheme 21) [26].
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Me Me Me
m-CPBA rt
oLl

S 0°C SO SO
94 95 EZ=1:1

EZ=0.7:1

Me
SEt
Ph
SOH
Scheme 21 96

The reaction of trifluorodithioacetate 77 with t-BuSH in the presence of a
catalytic amount of +~-BuOK in THF takes place at the thiocarbonyl sulfur atom
to give the disulfide 97 with a 93% yield (Eq. 25) [41].

s S,S-t-Bu
+BuOK (cat
)J\ + t+BuSH (cat) /I\
FsC™ "SMe THF, rt FsC~ “SMe (25)
77 97 93%

An ene-type reaction of ethyl dithioacetate and dithiopropionate with amino-
borane 99 has been reported [60]. While the reaction of dithiopropionate 98
(R=Me) halted at the stage of the S-boryl intermediate 100 (80%), the corre-
sponding intermediate formed from dithioacetate 98 (R=H) rearranged to C-bo-
ryl dithioester 101 (96%). When 2 equiv of 99 was used for 98 (R=H), 101 further
reacted with 99 to give 1:2 adduct 102 (Scheme 22).

EtS R EtS R
s (CFg)gBNMeg HH >=/
PR 99 S) (H - S H
RCHz SEt CH§C|2 E C/B_NMeg F3C‘)B-_N:‘Me
98 4°C SFao' FsC Me

100: R = Me (80%)

IB'(CF3)2N+HM62

EtS
99 S
T:OH—' s?j_\B-'CF3 — = CFs

gs B
Meo,N* CF3

102

Me,N* CF3

Scheme 22 101 96%
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3.3.2
Carbophilic Addition

3.3.2.1
Thioacylating Reagents

It is well known that reacting dithioates with alcohols and primary and sec-
ondary amines produces O-substituted thioates and thioamides, respectively, via
carbophilic addition. A kinetic study of the reaction of aryl phenyldithioacetates
[PhCH,CS,Ar] with benzylamine in MeCN concluded that the rate-determining
step was proton transfer concurrent with the departure of the leaving group
from the tetrahedral intermediate [PhCH,C(S")(SAr)N*H,Ph] [61]. 2-Benzo-
thiazoyl dithiobenzoate (103) is an effective thiobenzoylation agent [62]. Re-
acting it with primary and secondary amines and alcohols yields thioamides
and O-substituted thioates, respectively, in near-quantitative yields with the
recovery of 2-mercaptobenzothiazole (104), as shown in Eq. 26. Reactions of
methyl trifluorodithioacetate (77) with various amines and amino acids have
also been reported [41].

S
S PhNH, or MeOH S S
@: />—S)J\Ph L + 2—SH (26)
N CH,Cls, 1t Y~ 'Ph N

Y = PhNH, MeO
103 104

3.3.2.2
Reformatsky Reaction

The Reformatsky reagent 105 reacts with thiocarbonyl compounds - such
as dithioates 106 (R'=Ph, Et; R?=MeS), cyclic trithiocarbonates 106 [R!-R*=
-S(CH,),S-1], and thioketones 106 (R!=Ph; R*=Me) - via carbophilic addition
to give a,B-unsaturated esters 107 (Eq. 27) [63]. In the case of dithioates,
B-methylthio a,f-unsaturated esters 107 (R>=MeS) were obtained in good yields.

H._ CO.Et
+ BrZnCH,CO5Et

s
I I[ 27
R "R PhH, reflux R @7)

2
106 105 R
107

R' = Ph; R2 = Me$S (68%)
R' = Et; R2 = MeS (58%)

S o S O SMe

105
MeSJ\SMe EtoJ\/U\SMe * EtoMSMe (28)

108 52% 109 21%
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The reaction of dimethyl trithiocabonate with 105 gave a mixture of methyl
(ethoxycarbonyl)dithioacetate (108) and ketene dithioacetal 109 (Eq. 28).

3.4
Inner Salts of Dithioic Acids

Reacting nitrogen-stabilized «-carbenium dithioates 110 and 111 (inner salts)
with electrophiles yields the a-carbenium dithioesters 112 and 113, respec-
tively, in high yields, as shown in Scheme 23 [64] and Scheme 24 [65]. Hydro-
lysis of 112 and 113 gives a-oxo dithioates 114 and 115, respectively. In the case
of imidazolidinium dithioate 117, prepared from the inner salt 116, the hydro-
lysis is followed by intramolecular cyclization to give a 28% yield of 3-thioxo
piperazin-2-one 118 (Scheme 25) [64]. The alkylation of f-carbenium dithioate
119 proceeds similarly (Scheme 26) [66].

R2,N* R%N" S
2 . R3X or 5 2 ? P
S M830+BF4' SRS HxO SRS
R1 R1 R1
110 112 114
R’ =H, Me, tBu, Ph R® = Me, Et, Bu
R?,N = NMe,, pyrrolidino
Scheme 23
Mel or
Eth) (S MesO*BF, EtoN S NaOH EtoN S
+ - . +) H
EtN S EtN |- SMe H0 O SMe
111 113 115
Scheme 24
Me Me o 8 o 8
N S Mel N S HO »—< NaOH 4
[+)>_<(_ el (< Me-N_  SMe MeN  NMe
N s N | SMe ~
Me Me I N+H2Me 118 28%

116 117
Scheme 25
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Me Me Me a
N R cs, N RS Mel N S
|/
L~ B (>4
N R N R S - N R SMe
Me Me Me
R=H, Me 119

Scheme 26

The reactions of iminium dithioate 120 are summarized in Scheme 27 [64].
The reaction of 120 with aniline takes place initially at the iminium carbon,
prompting an iminium exchange reaction followed by deprotonation to produce
a-imino dithioate 121. The same reaction also takes place for p-phenylene-
diamine. The reaction with o-phenylenediamine occurs first at the iminium
carbon and second at the dithioate carbon to give the quinoxaline 122. When
morpholine is employed, the resulting iminium salt reacts further with another
molecule of morpholine (when 2 equivs of morpholine is used) or methanol
(solvent) to give a,a-dimorpholino dithioate 123 or «a-methoxy-a-morpholino
dithioate 124, respectively.

PhN:S Z,S NH; N_Ph
Ph SMe PhNH, ©:NH2 C[NISMG
121 71% 122

'\/legN+ S
-
Ph SMe
SMe NEta \
[ j MeOH
123 75% MeO s S

_rL_/<SMe ) NON
O s

Scheme 27 124 17% 93%

The reactions of bis(diethylamino)carbenium salt 113 are summarized in
Scheme 28 [65]. Nucleophilic additions of Grignard reagents, organolithium
reagents, enolates, amides, thiolates, and phosphite take place regioselectively
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EtoN SPO(OR), EtoN SR
R = Me, Ph, Bu, 2-thienyl
EtN  SMe EttN  SMe
(RO)sP
RMgX
R = Me, Et e / EttN  S-tBu
Et-N S . -bu
N S—YS  nas 1 (M = MgCl, Li) 126
- +
Et,N |- SM
ELN  SMe/ 28 1 SVe 2 Mel EuN  SMe
OLi
RSNa =< EtoN SMe
R 125
EtNL
EttN  SSR
EttN  SCH,COR
EttN  SMe 2 2
EttN  SNEt,
R = Me, Ph EtoN SMe
BN SMe R = Ph, OEt
Eth Se Me
Me—<o
EttN  SMe Me
Scheme 28 127

at the thiocarbonyl sulfur atom to yield the corresponding alkenes in high
yields. This is in sharp contrast to reactions with oxygen nucleophiles, which
take place at the carbenium carbon atom (Scheme 24). Treatment of 113 with
t-BuLi followed by addition of methyl iodide yields bis(methylthio) compound
125 (9%) in addition to the normal S-tert-butyl compound 126 (85%). This
reaction suggests the occurrence of single-electron transfer from #-BuLi to 113,

NEt, R NEt

¢
EtzNjf:NEtg SE)\NE@ EthINEtz S\%\NEQ

s s 6 MeLi R-5” 8 S R

s S
NEt > NEt
EtoN S7Ns 2 6P(OMe)s EtoN S/J\( 2

+)
ELN s NEt, EtzN/\/s NEt,
S s S S gpr rS s S.__S-R
EtzN \(&S Eth\%\
A Et,N“# NEt, S Et;N” “NEt,
NEt, NEt, R

128 129
R = Me (61%)
R = P(0)(OMe), (92%)

(29)
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giving the radical pair 127. Combination with 127 yields 126, while dispropor-
tionation (giving (Et,N),C=C(SMe)SH and 2-methylpropene) followed by reac-
tion with methyl iodide gives 125.

The reaction of hexa(bromomethyl)benzene with 6 equiv of 113 yields 128,
which bears six carbenium salt units (Eq. 29) [67]. The compound 128 reacts
with 6 equiv of MeLi or P(OMe); to furnish huge molecules (129) in high yields.

3.5
Miscellaneous

As shown in Scheme 29, aromatic and vinylic dithioester groups can be con-
verted to trifluoromethyl groups directly by treating them with (Bu,N)H,F;-
DBH (1,3-dibromo-5,5-dimethylhydantoin) (Path a) [17]. The use of NBS
or NCS (Path b) in place of DBH yields a,a-difluoro sulfides 130 [17]. This
fluorination can also be performed with poly(hydrogen fluoride) pyridinium
(Path ¢) [32].

N

borc

):m

R'CF,SR?
130

RICF
R'” “SR2 8

a: (BusN)HoF3, DBH, CH,Cly, 0 °C to 1t [17]
b: (BusN)HoF3, NBS or NIS, CHoClp, 0 °C to rt [17]
C:

Scheme 29 (HF)nepy, DBH, CH.Cly, 20 °C [32]

It has been suggested that dithioate 131 serves as a single-electron acceptor
in the reaction with LDA to yield bis(methylthio)stilbene 132 (Scheme 30) [68].
In this reaction, dianion 133, the precursor of 132, is believed to be formed by
the dimerization of anion radical 134, generated by a single-electron-transfer

i Bt | Et
Et :
@( LDA S Mel SMe
SMe THF i
-78°C ©\ S ©\ SMe
S
Et

131
133 132

. _SMe Ar
h h

S S
134 N(i-Pr)>  (Ar= 0-EtCgHy)

Scheme 30 135

Et

Ar. SMe
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process from LDA to 131, followed by the elimination of Me,S,. An alternative
mechanism has been suggested, where 133 is formed by the carbophilic addi-
tion of anion 135 (generated by the thiophilic addition of LDA to 131) to 131,
followed by elimination of Me,S, and i-Pr,N* as (i-Pr,N),.

3.6
Metal Complexes

Dithioates with nitrogen atoms at the - or y-position serve as bidentate ligands
for metals through their thiocarbonyl sulfur and nitrogen atoms. Thiazole-2-car-
bodithioate 136 reacts with M(CO)s(THF) (M=Cr, W) and Fe(CO),(THF) to give
various complexes 137 in low yields, as shown in Eq. 30 [16]. The five-membered
chelete structures of these complexes have been established by X-ray crystallo-
graphy. Methyl 2-(cyclohexylamino)pentene-1-carbodithioate (138) undergoes
similar complexation with a Rh(II) complex to give the six-membered Rh(I)
complex 139 (Scheme 31) [69]. The Rh(I) complex 139 can be used to obtain the

Me Me

~ ~

N

SN M(CO)n1(THF) Mo
)¢ T oweon (30)
MeS™ ™S MeS™ ~S

136 137

M(CO),, = Cr(CO)4 (31%)
W(CO)4 (27%)
Fe(CO)s (26%)

1. AcONa, DMF S, co
2. Rh,Cl5(CO), Ri RsP
N" CO Me,CO

139 40%
MeS | MeS |
PR3 S\| /Me S\l /COMe
| Rh(CO)(PR3) Rh(PR3)
/ — . /
140 84% 141 142

Scheme 31
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phosphine complex 140, which undergoes the oxidative addition of methyl iod-
ide, forming the Rh(III)-alkyl complex 141 via an equilibrium step, followed by
the migratory insertion of CO to furnish the Rh(III)-acyl complex 142. A kinetic
study of the oxidative-addition-migratory-insertion process has been reported.

The reaction of $-amino dithioate 143 with butyltin trichloride (0.5 equiv)
under basic conditions yields the 2:1 complex 144 in 75% yield (Eq.31) [70]. A
hexa-coordinated hypervalent structure was proposed for 144, based on spec-
troscopic data.

H
NH,  1.MeONa H By y
5 2. BuSnCly NOT,
S Sng (31)
|
S
SMe MeS SMe
143 144 75%
4
Cyclic Dithioates

The chemistry associated with cyclic dithioates is varied and interesting. In
particular, because 3H-1,2-dithiole-3-thiones 145 are involved in a wide varitey
of biological activities, their chemistry has attracted considerable attention. A
5-(p-methoxyphenyl) derivative (anethole dithiolthione, ADT) is suggested to
be a potentially efficacious chemoprevention agent for lung cancer [71],and a
5-(2-pyrazinyl)-4-methyl derivative (oltipraz) is reported to inhibit HIV-1 (AIDS)
virus replication by irreversibly binding to the viral reverse transcriptase en-
zyme [72]. A study of metabolites of oltipraz and related compounds has been
reported [73].

, S Me S
R S
/ S N / S
R‘I/ S MeO s k\N o
S —
145 ADT oltipraz

4.1
Five-Membered Cyclic Dithioates

The synthesis of the five-membered cyclic dithioate 65 is shown in Scheme 16
[52, 53]. The parent y-dithiolactone (3,4,5-trihydrothiophene-2-thione) (146)
is prepared by thionation of the corresponding thiolactone 147, as shown in
Eq. 32 [74]. Preparations for the 1,3-dithiolane-4-thione derivatives 148 have
been reported [75,76] (Scheme 32). It was proposed that the adamantanespiro
compound 148a was formed by a reaction of the thiocarbonyl ylide, generated
from 149 by extrusion of N,, with carbon disulfide [75].
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RS
MeS-P. 'P—SMe
B o (O
(0] S 32
S 1,2,4-Cl3CgHa, 80 °C S (32)
147 146 69%

s
. Y
89% O
149 148

a: R'-R' = CgHy4, R = H [75]
b: R" = H; R? = p-XCgH, (X = Me,
Scheme 32 Cl, HO,C) [76]

3H-1,2-Dithiole-3-thiones 145 can be prepared from enolizable ketones 150
[77-79]. Here, 150 is treated with carbon disulfide under basic conditions, and
the resulting 3-keto ketene dithiolate 151 is treated with hexamethyldisilathiane
and then an oxidizing agent such as hexachloroethane to furnish 145 in high
yield (Scheme 33) [77]. The reaction of a 3-keto ketene dithiol (the protonated
form of 151) with P,S,, also gives 145 (R!=p-PhC¢H,; R>=H) [80]. 5-(Alkylthio
or phenylthio)-3H-1,2-dithiole-3-thiones 152 have been synthesized in low to
high yields by reacting dithiomalonates 153 with P,S,,-Sg or LR-Sg in refluxing
xylene in the presence of catalytic amounts of 2-mercaptobenzothiazole (MBT)
and ZnO (Eq. 33) [81].

o o s S-S
CS,, 2KH 1. (MesSi),S
R! pp—— -1 S|— = R"XY"S
THF, DMPU 2. C,Clg
R2 R2 R2
150 151 145
R! R2 Yield R R? Yield
Ph H 99% -(CHy)g- 73%
Ph Me 91% -(CHp)4- 77%
Ph SMe 90% Me H 76%
Tol H 88% Me Me 60%
tBu H 91% Et Me 72%

Scheme 33

S-Isopropyl and N-isopropyl groups are converted to 3H-1,2-dithiole-3-
thione rings by sulfuration and chlorination with disulfur dichloride [82, 83].
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S
O O
P4S10'Sg or LR-SB
H N A s (33)

RS SR xylene, reflux R S

153 MBT (cat), ZnO (cat) 152
P4S10-Ss  LR-Sg P4S10-Sg LR-Sg
Bu 61% 83% Ph 44% 82%
n-C12H25 65% 86% tBu 17% 47%
cyclopentyl  46% 75% PhCH, 41% 71%

As shown in Eq. 34, the reaction of diisopropyl sulfide with disulfur dichloride
in chlorobenzene at room temperature in the presence of DABCO provides 154
and the dimeric disulfide 155 in 33% and 19% yields, respectively [82]. Simi-
larly, treatment of N-isopropyl compound 156 with disulfur dichloride and
DABCO and then triethylamine furnishes a 5-chloro derivative 157 in 43% yield
(Eq. 35) [83].

s s
B iy
S S,Cl,,DABCO s
hiag sl/_/(s+3/8\S 57 (39
PhCI, rt Y ~sNg’
S s{
154 33% 155 199
S8,
O >— 1. S,Clp, DABCO O LS
N CHCls, 1t N
NI 7> NI Cl (35)
2. EtsN
0 o)
156 157 43%

The reduction of 1,2-dithiolium salt 158 with sodium borohydride followed by
oxidation yields the 4,5-bis(methylthio) derivative 159 in 95% yield (Scheme 34)
[84]. 4-Fluoro-5-(fluoroalkyl) derivatives 160 are synthesized from the corre-
sponding ketene dithioacetals 161 (Scheme 35) [85, 86]. The 4,5-bis(methoxy-

SMe SMe

SMe
MeS \@/SMP’ NaBH,, NaOH Mes%Ys I, or Oy MeS T/Sés
§=S EtOH SNa SNa 5-8
158 159 95%

Scheme 34
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S Re F
SEt MgBrs Re SEt Sg —
ReCFoCF=( s
set  180°C BF F 210°C §7 S
161 160
Scheme 35 Rr = CF3, H(CF3),

carbonyl) derivative 145 (R'=R?=CO,Me) is obtained by reacting dimolybde-
num p-DMAD complexes [87].

Functionalization of the 5-alkyl substituent was achieved by treating the 4,5-
dimethyl derivative 162 with NaNO, in acetic acid, followed by treatment with
sodium sulfide to give the 5-(hydroxyiminoalkyl) derivative 163 (Scheme 36),
which was further converted to the 5-acyl derivative [88-90]. The reaction of
4-phenyl-3H-1,2-dithiole-3-thione (164) with o, -unsaturated nitriles 165 gives
thiopyrano[2,3-b]pyrane 166 (Scheme 37) [91]. The synthesis and X-ray analy-
sis of a cadmium complex with a 4,5-disulfanyl-3H-1,2-dithiole-3-thione ligand
has been reported [92].

_ S-8 S-S
58 NaNO, ON Na,S HONG 1
Me™™ XX S 78 S
AcOH H H,0, DMSO H
Me Me 2 Me
162 163
Scheme 36
Me CN
Ph Et0,C X y Me o
J Sexor i 165 S
Ph”Me 156°C  S\g” =S  EtOH,piperidine NP N s
reflux
164 166
X = CN (75%)
Scheme 37 CO,Et (83%)

4,5-Bis(alkylthio)-3H-1,2-dithiole-3-thiones 167 can be transformed to 2,4-di-
methylidene-1,3-dithietanes 168 on treatment with trialkyl phosphites [93, 94] or
triphenylphosphine [82]. For example, the bis(dithiacrownether) derivatives 169
have been synthesized by this reaction [93]. The reaction of 5-(alkylthio)-3H-1,2-
dithiole-3-thiones with Fischer carbene complexes gives 6-(alkylthio)-3H-1,2-
dithiine-3-thione complexes with Cr and W [95].

Syntheses and reactions of bicyclic (170 [96] and 171 [97]), tricyclic (172
[98], 173 [99-103], 174 [104], and 175 [105, 106]), and tetracyclic (176 [107])
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n
RS S S\_ : S > (\0/5
S
RS /S RS S SR S S S\)g
S
S o S
167 168 169

n=123

3H-1,2-dithiole-3-thiones are also recent areas of interest with regard to cyclic
dithioates. The chemistry of 1,3-thiazoline-5-thiones (177 [108-110]), 5-thioxo-
1,3-thiazolidin-2-ones (178 [111]), and fused thiadiazolethiones (179 [112]) has
been reported.

S
s S s Et s le} Et S
S SN S 's s
s S S S
172

|
170

N
171 173
)
s-S S S— S
S s S | S
9@ b R
S- _S
N S S
H
174 175 176

N HN—ﬂ£
o)
177 178 179

S S N
N___S
()ks ()ks [::I: >\77
=/ N8
H

4.2
Six-Membered Cyclic Dithioates

In the thermal reaction of fluorinated fullerene (CgF,5) with tetrathiafulvalene
(180, TTF), a thiin-2-thione adduct 181 was isolated as a minor product. This
is believed to form by a cycloaddition of thiin-2-thione 182 (formed by elimi-
nation of CS, from TTF) with the initial adduct (C4,F,4-TTF) of CqF,g with TTF
(Scheme 38) [113]. A convenient (although low-yield) method for the prepa-
ration of 6-arylthiin-2-thione 183 has been reported (Eq. 36) [114].
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S S -CS, X CeoF16-TTF
5=C1 =22
S S S S

180 (TTF) 182

Scheme 38 181

A (HaN):C=S N
N Neo, —— | (36)
Ar” °S” S

o EtOH, HCI
183 12-38%

The reaction of disulfide 184 with electron-deficient acetylenes 185 yields 2,3-
disubstitued-4-(diethylamino)thiin-2-thiones 186 in moderate yields (Scheme 39)
[115]. Syntheses of fused thiin-2-thione derivatives, 187 [91], 188 [116], 189
[117],and 190 [118] have been reported.

s R-C——=—R? NEt,
1
EbN  C  cs, Et2N>_2Ls 185 (2 equiv) R N
EtoN H Et,N H 5 R2" 87 s
184 186 32-60%
R'= Ph, Me, MeO, EtO
Scheme 39 R2 = COPh, H, Ph, Me
S
S Z
S SN . S . S
NS
S
G | g ﬁ S:<N | P 4 s
N =z H S
187 188 189 190

1,3-Thiazine-6-thiones as well as 1,3-thiazinones have been explored as
possible antitumor and antibacterial agents, and antiviral agents for HIV
[119]. The 1,3-thiazine-6-thiones 191 were prepared by reactions starting from
1,2,4-dithiazolium salts 192 [120] or 2,4-diamino-1-thia-3-azabutadienes 193
[119] (Scheme 40), and 194 from 1-acyl-2-bromoacetylenes 195 [121] or 2,2-
dichlorovinyl trifluoromethyl ketone 196 [122] (Scheme 41).
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s-s Clos

RSCH,COR
e
R"LN)\ R? R®= CN

192 .9 .
R', R? = aryl Rfks P4S10 fj\s
R2 N/)\Ra R2 N/)\R3
R2 S / 191
=0
R1

PN

MeoN~ N7 R3

193
R2 = H, R® = NHR
Scheme 40

R'=H

2 (H2N)20=S S 2 (HgN)gC=S
RO(O)—=—Br —_ I L o RC(0)CH=CCl,
195 e R™ 'N° "NH ! 196

R = Ph (93%) R = CF3 (50%
Scheme 41 2-thienyl (85%) 194 3 )

43
Seven-Membered Cyclic Dithioates

The reaction of inner salt 119 (R=Me) (see Scheme 26) with two molecules of
DMAD yielded 3H-thiepin-2-thione 197 with a 86% yield (Eq. 37) [66].

Me Me 5
N Me S 5pmap Me S
[+) ¢ (37)
N l\llle S MeO,C—\ ,/ ~COsMe
Me MeOQC COgMe
119 (R = Me) 197 86%
4.4
Anhydrides

Anhydrides of dithioic acids have a dithioate moiety. Thiothionophthalic anhy-
dride 198 was prepared with a 85% yield by treating dithioacetal 199 with LDA
in THF containing 0.83 equiv of HMPA (Scheme 42) [123]. The compound 198
loses a sulfur atom over 110 °C, dimerizing to 200, like the unsubstituted thio-
thionophthalic anhydride [124]. An improved synthesis of and some reactions
of trithio-1,8-naphthalic anhydride (201) has been reported (Eq. 38) [125].
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S/> S MeO,

S
LDA S MeO
MeO COsEt  THF, HMPA MeO >110 °C
OMe 78 °C oMe © 07 s /e

199 198 85% 200
Scheme 42

0y 0._0O S-S _S
LR
201
5

S-M Dithioates [RC(S)SM]

5.1
M=Group 14 Element (Except C)

(MesCS,),SiPh, (202) was prepared with a 44% yield by reacting potassium
2,4,6-trimethyldithiobenzoate (203) with Ph,SiCl,, as shown in Eq. 39 [126]. The
compound 202 is thermally quite stable, but highly sensitive to moisture. On
X-ray analysis, 202 exhibited a slightly distorted tetrahedral structure, where
the intramolecular distances between the silicon and thiocarbonyl sulfur atoms
[3.315(3) and 3.341(3) A] were 14-15% shorter than the sum of the van der
Waals radii (3.90 A), indicative of weak Si-S interaction.

Mes 2.183(3) A
3.341(3) A :
@ S%\S Y

2MesCS,K + PhySiCly “>SinPh (39)
THF, 1t SN
203 2.165(3) A /g ; Ph
Mes S AN
3.315(3) A
202

The S-germanium, S-tin, and S-lead compounds 204 were synthesized in 28-
93% yields by stoichiometric reactions of piperidinium dithioates 205 with Ph;-
GeCl, Ph,GeCl,, Ph;SnCl, Ph,SnCl,, PhSnCl;, Ph;PbCl, and Ph,PbCl, (Eq.40) [127].

X-Ray analyses of some of these compounds suggested weak interactions
between the thiocarbonyl sulfur atoms and the Group 14 metals (M), where the
dithioate groups served as anisobidentate ligands toward the M atom. In terms
of example structures, (TolCS,),SnPh, (206) took a distorted octahedral or
skewed trapezoidal bipyramid and (o-MeC¢H,);SnPh (207) took a seven-co-
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S

PhMCly S
PN a B MPh,. (40)
RTOSHN ) g0, 20C <R)J\S A
205 204
R = Me, Ph, 0-MeCgHy, M=Ge (x=1,2)
p-YCgH, (Y = Me, MeO, Cl) Sn (x = 1,2,3)
Pb (X =1,2)

ordinated pentagonal bipyramid in the crystalline state. Similar S-Sn interac-
tions were observed in Ph,SnCI(ACDA) (208), Ph;Sn(ACDA) (209), and Bu,Sn-
(ACDA), (210) (ACDA=2-amino-1-cyclopentene-1-carbodithioic acid), in which
the orientation of ACDA resulted in NH: S intramolecular hydrogen bonding
[128]. On the other hand, a normal tetra-coordinated structure for the silicon
atom in N-alkyl-S-(trimethylsily]) ACDA 211 was proposed based on IR and *Si
NMR spectral data [129].

0-MeCgH, - 0-MeCgH, 1.720(7) A

3.111(7 Ph 3006(7 2.649(2) A
Y Isids /H\\ -
Tol< )—Tol - \s N yS3<& _ph
) \|::h¥ 2.482(7) A SW S
2.484(7) A ph 0-MeCgH, \CI
C(Ph)-Sn-C(Ph) 129(1)° Sn-S 2.492(1)-2.987(1) A 1,756( VA 24390 A
C-S 1.66(3)-1.69(3) A C-S 1.648(4)-1.712(4) A
206 $*-Sn-C(Ph) 160.7(1)° 208
207
P\h .
Ph Bu Bu |
/ Ho Heo N S L H N.
H-- S—"Ss\n N "8--gp----§° ‘N-H H
HN ﬁ Ph @AS/ s S—SiMeg
S
209 210 211

R =H, Me, Et, Bu

5.2
M=Group 15 Element

The reaction of the inner salt 111 with [N-(p-tolylsulfonyl)imino]phenyliodi-
nane (212) in dichloromethane at -18 °C gives the S-nitrogen compound 213
as a red crystalline solid with a 72% yield (Eq.41) [130]. X-ray analysis indicates
that one canonical structure 213a is a greater contributor than the other, 213b.

S-As and S-Sb ACDA derivatives 214 were synthesized by reacting ACDA
with CIM(S,C,H,) 215 (M=As, Sb) (Eq.42) [131]. A similar reaction employing
2-hydroxylcyclopentene-1-carbodithioic acid instead of ACDA in Eq. 42 gave
216 [132].
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PhI=NT- .
EtN S pyp . EbN S ELN - S
) +)>_/< - +)>_< (41)
ELbN S C%z%z EtbtN  S—-N-Ts EbN  S=N-Ts
111 213a 213b
NHR NHR
S S
SH + CI-M j — s-M j (42)
S s
S S
215 214
ACDA (R = NHy) M = As, Sb y

X-ray analysis of 214 showed the dithioate group serving as a monodentate
ligand with a lack of nitrogen participation in the coordination [131], while it
was claimed that the dithioate group in a related S-As compound 217 acted as
an anisobidentate ligand (As-S' 2.272(2) A; As-S? 3.125(3) A; C-S! 1.759(8) A;
C-521.685(8) A) with intramolecular NH-++$S hydrogen bonding [133]. Inciden-
tally, asymmetric dithioate ligand binding was observed at the Bi atom in Bi(N-
ethyl ACDA), (short Bi-S 2.617(2)-2.647(1) A; long Bi-S 2.963(5)-3.108(2) A)

[134].
o we (9
<j[”/S—M/Sj @;(81—A o
‘ v

M = As, Sb 217

(Thioaroylthio)phosphines [135a] and (thioacylthio and thioaroylthio)ar-
sines [135b] of the type (RCS,),MPh;_, 218 (M=P, As) were synthesized in low
to high yields and characterized by IR and NMR spectroscopies and X-ray crys-
tallography (Eq. 43).

S S
J ., + PhaMY, L | MPhg,, (43)
R™ "S/n

R™ "S X*

218
X =Na, ¢ NH, ,Y=Cl,Br, M=P, As,n=1,2,3

S-P compounds 218 (M=P) were unstable thermally and moisture-sensitive,
so 218 (M=P) hydrolyzed gradually to the corresponding dithioic acid upon
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exposure to air [135a], while S-As compounds 218 (M=As) were stable ther-
mally and toward oxygen and water [135b]. X-ray analysis of (TolCS,),PPh (219)
showed that the two dithioate ligands exist in the same plane and that the dis-
tances between the thiocarbonyl sulfur atom and the phosphorus atom are
shorter than the sum of their van der Waals radii (3.66 A) [134]. Similar weak
interactions between the thiocarbonyl sulfur atom and the As atom were ob-
served in (ArCS,),AsPh,_,. The interaction was found to be an n(S)-0*(As-C or
As-S) orbital interaction by ab initio calculations [135b].

To Ny s Tol
2.158(2) A 2.170(3) A
219

5.3
M=Group 16 Element

A variety of (dithioperoxo)thioic acid esters 220 were synthesized in moderate
to good yields by reacting dithioate magnesium halides 221 with S-alkyl p-
toluenethiosulfonates 222 or S-methyl methanethiosulfonates (223) (Scheme 43)
[136,137]. Oxidation of 220 with m-CPBA gave the sulfines 224 as an E-Z geo-
metrical mixture [136]. These sulfines isomerized to acyl trisulfides (R'C(O)-
S;R?) after 10 days at room temperature.

S R2SSO,Tol (222) s SO
m-CPBA
I orMeSSOMe (223) I s, MCPRA - I s
R'” “SMgX THE RS R omc,  RTUSTTR
221 220 0°C 224
R = Et, i-Pr, cyclohexyl, Ph, Tol 39-89% R’ = Et i-Pr, cyclohexy!
R? = Me, Et, PhCH; R = Me
Scheme 43

Oxidation of dithioic acids or their alkaline metal salts with XeF, in ace-
tonitrile or with iodine in methanol provides bis(thioacyl) disulfides 225 in
moderate to good yields (Eq. 44) [138]. X-Ray analyses of (0-MeC¢H,CS,), and
(TolCS,), show that the distances between the thiocarbonyl sulfur atom and the
y-sulfur atom (3.254(7)-3.321(1) A) are within the sum of their van der Waals
radii (3.6 A). Oxidation of inner salt 111 with NOPF; or Br, initially results in
[(Et,N),CC(S)],S,-X, (X=PF; or Br;) which loses a sulfur atom under these con-
ditions to furnish [(Et,N),CC(S)],S---X, as the final product in high yields
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S S

XeF |
)J\ ero or lp )‘J\,S R (44)

R™ "SM R S\n/

M= H, Na, K, Rb, Cs 225
For XeFs: R = Ph, 0-XCgHy4 (X = Me, MeO), p-XCgH4 (X = Me, MeO, ClI)
For Io: R = Me, Et, i-Pr, Pr, Bu, n-CsHq4

[139]. Preparation of (PhO),P(S)SSC(S)R 226 (R=Tol and Et) has been reported,
as shown in Eq. 45 [140].

1
[(PhO),P(S)S]2SnPhs | (PhO).P(s SI] PhO’F\S/S\n/R

20'2 C 2012 PhO
-30 °C -30 °C S (45)
226

R = Tol (86%), Et (80%)

5.4
M=Group 4-12 Element

Sulfur-coordinated transition metal complexes have attracted considerable in-
terest due to their electronic and structural properties, which are useful in both
industrial catalysis and biological systems [141, 142]. Dithioate ions act as
bidentate ligands in Group 4-12 transition metal complexes, such those with Ti
(227 and 228) [141],V (229) [141], Mo and W (230, 231) [143, 144], Mn (232)

THF Cl py —
s Ar\FS, | ArYS | /_\ \
Ar_<s’ ~ci S2T~s o /I\ I "\ s
THF w & Py Br—/'\/l\isx>—Ar
227 228 229 oC co
Ar = 2,6-MesCgHs Ar = 2,6-(2,4,6--Pr3CeHo)CeHa 230
M = Mo, W
Ar = Ans
Ph
HB(p2)s COPh (g SAS co
S S/ \l 1 N
M > Ar S 9 LM »—Ph OC"Rle“S%R
/\"S P S NS
s” | CO sS&Y oc” |
ocC Co co ¥ co
Ph
231 232 235
M = Mo, W M= COMe
pz = pyrazol-1-yl R= \
Ar = Ans R

= Re(CO),, NHEt
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F|>F>h3
“S SI \\S ’1"
OC gy = Pt s, 1.8
C=CPh RECS,)M(THF Pt RS
PPh 237: M = Co Et (S' \S Bu<(S...l,.\S)-Bu
’ 238: M = Ni «’|‘>_
238 239
R=H,PhCH=cPh, 7~ 246-(CFalCel +
MesC=C 240
X
Cp /S“S Cp py
\'H‘Ag—Ag/—ihXO S | s
M/O‘H’ \ [ H) Ar<s«zn\s>\Ar
S<=S Cp
Cp
T 242
Ph Ar = 3,5-£BuyCeHg

[145], Tc (233), Re (234) [146], (235) [147,148],Ru (236) [149], Co (237) [150],
Ni (238) [150], Pt (239 and 240) [151,152], Ag (241) [153], and Zn (242) [154].

6
Conclusions

While most possible combinations of the dithioate substituents R! and R? have
already been synthesized, the development of more convenient synthetic meth-
ods for them continues. The practical use of dithioates as building blocks in
organic synthesis has been widely studied. Dithioates, in particular cyclic di-
thioates, have attracted considerable attention due to their biological activity,
and dithioic acids can be used as bidentate ligands in a wide variety of transi-
tion metal and heavy main group element complexes. Therefore, dithioic acids
and their esters are becoming increasingly important, not only in organic
chemistry, but also in the industrial and medical sciences.
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Abstract In this chapter we consider derivatives of carboselenothioic and carbodiselenoic
acids, and compounds related to them. Ammonium salts and inner salts of selenothioic and
diselenoic acids have been prepared, while their free acids are yet to be isolated. Selenothioic
acid Se-esters are prepared by reacting bis(thioacyl) sulfides with thiols and thioic acid
O-esters with Me,AlSeMe. Selenothioic acid S-esters are synthesized by three reactions:
(a) reaction of Se-alkynyl selenoates with thiols; (b) reaction of lithium alkyneselenolate
with thiols; (c) reaction of O-methyl selenoates with Me,AISR. Diselenoic acid esters are
synthesized by reacting O-methyl selenoates with Me,AlSeMe. Mo and W complexes of
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diselenoic and selenothioic acids have also been synthesized. Selenothioic acid Se-esters act
as thioacylating agents for amines and alcohols. Reactions of selenothioic acid S-esters with
electrophiles in basic conditions are reviewed in detail; these reactions take place at the
selenium atom or at the a-carbon atom, depending on the esters and electrophiles chosen.
Other reactions such as cycloaddition, oxidation, and reduction are also reported.

Keywords Selenothioic acid - Diselenoic acid - Se-substituted selenothioate -
Se-substituted selenothioate - Diselenoate

Abbreviations

Ac acetyl

Ar aryl

Bu butyl

s-Bu sec-butyl

t-Bu tert-butyl

cat catalyst

DMAD  dimethyl acetylenedicarboxylate
Et ethyl

h hour(s)

Me methyl

Mes 2,4,6-trimethylphenyl

min minute(s)

m-CPBA m-chloroperoxybenzoic acid
Ph phenyl

Ans 4-methoxylphenyl (anisyl)
PNB 4-nitrobenzyl

Pr propyl

i-Pr isopropyl

rt room temperature

TBAF tetrabutylammonium fluoride
Tf trifluoromethanesulfonyl (triflyl)
TFA trifluoroacetic acid

THF tetrahydrofuran
T™MS trimethylsilyl

Tol 4-methylphenyl
1
Introduction

Selenothioic and diselenoic acids and their derivatives were once a rare class of
compounds; indeed, a review of them [1] published in 1995 summarized their
chemistry in just a few pages. Since then, however, their chemistry has developed
rapidly, and several types of derivatives have been prepared by appropriate
methods. Syntheses of these compounds were exhaustively described in the
review [2] published in 1998. In this article, selenothioic and diselenoic acids and
their derivatives are reviewed in terms of theoretical techniques, syntheses, and
reactions.
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S Se Se
R)J\SeH R SH R)]\SeH
selenothioic Se-acid selenothioic S-acid diselenoic acid
S Se Se
R)J\SeR' R)J\SR' R)J\SeR'
selenothioic acid Se-ester selenothioic acid S-ester diselenoic acid ester

2
Selenothioic and Diselenoic Acids and Their Salts

2.1
Theoretical Techniques

Theoretical analyses of HC(X)YH (X,Y=0, S, Se, Te) have been performed us-
ing MP2 and B3LYP methods with the 6-311G(2D) basis set for H, C, O, and S,
and Huzinaga’s basis set for Se (433111/43111/411) and Te (4333111/433111/
4311) [3]. The optimized structures of selenothioformic Se-acid (1), seleno-
thioformic S-acid (2), and diselenoformic acid (3) are summarized in Fig. 1.

Figure 2 shows the tautomerism (intramolecular 1,3-H shift) between Se-acid
1 and S-acid 2 and between 3 and 3’, with the respective transition states (TS).
Calculated relative energies for the ground states and the TSs are also shown.
At the MP2 level, the S-acid form (C=Se double bond form) 2 was more stable
than the Se-acid form (C=S double bond form) 1 by 1.3 kcal mol™'. The energy
difference diminished to 0.1 kcal mol™! at the B3LYP level. The energy barriers
for the two tautomerizations were calculated to be ~20 kcal mol™!, and these
values were much smaller (by ~10 kcal mol!) than those for the tautomerism
between HC(=0)XH and HC(=X)OH (X=0, S, Se, Te), illustrating that the
barrier for tautomerism reduces as the electronegativity of the chalcogen
decreases.

1 2 3

Fig.1 Optimized geometries of selenothioformic Se-acid (1), selenothioformic S-acid (2),
and diselenoformic acid (3) at the MP2 level; bond lengths (A) and bond angles (deg)
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S S----H SH
_— ;\ I’
H)J\Se’H J\sé H/l\\Se
1 TS 2
0.0 20.9 1.3
Se Se---H SeH
_ - Ik ,’,
HJKSe/H )\Se H/&Se
3 TS 3
0.0 20.4 0.0

Fig.2 Tautomerism of selenothioformic acids (1 and 2) and diselenoformic acid (3), and
relative energies (kcal mol™!) of the ground states and the transition states (TS) at the MP2
level

2.2
Syntheses and Reactions of Selenothioic Acids and Salts

Treatment of S-2-(trimethylsilyl)ethyl selenothioates 4 with tetraalkylammo-
nium fluoride in THF yielded the ammonium salts 5 in high yields (Eq. 1) [4].
The salts 5a-5d (R’=Bu) were obtained as green to purple oils (A,,,=583-
597 nm in THF) and 5b-5d (R’=Me) as green to purple solids. The structure of
5b (R’=Me) was established by X-ray crystallography. These salts were ther-
mally stable but sensitive toward water and oxygen.

i L T 1
R SCHQCHQTMS THF. 0 °C R S ( )
4 5
R = Ph (a), 0-MeCgH4 (b), Tol (¢), C(CH,CH=CH,)s (d)
R'=Bu, Me

Acidification of 5d (R’=Bu) with hydrochloric acid in ether at 0 °C gave se-
lenothiolactone 6 with 37% yield, probably through the selenothioic acid 7/7’
(Scheme 1) [4]. The intervention of 7/7” was verified during spectroscopic ob-
servations of the acidification of 5d (R’=Me) at -78 °C; 'H NMR 6=8.36 (SH);
BC NMR 6=251.4 (C=S) at -20 °C; A,,,,=603 nm (n—7*). In 7’Se NMR, the
signal could not be observed probably due to the peak-broadening by rapid

HCl )SE SeH ¢ .
Et:0,-78°C  |R” “SH A Ns | moBg
R'= Bu, Me ! ’ Z N
6 37%

Scheme 1
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tautomerization between 7 and 7”. The acylation and thiocarbamoylation of 5d
(R’=Bu) gave 8 and 9, respectively (Scheme 2).

O S
S O )k )k S S
tBu Cl Meo,N~ ~Cl )J\ JJ\
R)J\Sej\t-Bu 5d R Se "NMe
THF, 0 °C MeCN, 20 °C 2
8 61% R' = Bu, Me 9 39%
Scheme 2

2.3
Syntheses and Reactions of Diselenoic Acids and Salts

Similar to selenothioic acid and the ammonium salts (Sect. 2.2), the reaction of
the 2-(trimethylsilyl)ethyl diselenoates 10 with Me,NF provided the ammonium
salts 11 as green solids, which were characterized by NMR, UV spectroscopy and
X-ray crystallography (for 11a) (Eq. 2) [5]. The salts 11 were thermally stable,
and, in particular, 11b was stable in air not only in the solid state but also in a
solution of acetonitrile at -20 °C. The double bond character of the C-Se bond
in 11 was suggested by data from an X-ray analysis of 11a [C-Se 1.828(4) and
1.831(4) A],*C and 77Se NMR (8.5.=256.1-263.6 and 6,,=1363-1493, respec-
tively), 1*C-""Se coupling constants (J=208.7-214.9 Hz), and UV-Vis spectro-
$COPY [Apax=417-453 nm (m-m*) and 634-690 nm (n-m*) in THF].

Se Se
J Mo G e @)
Ar SeCH,CH,TMS R Se
10 11 47-78%

Ar = Ph (a), 0-MeCgH4 (b), p-BrCgH, (c), Ans (d)

On acidification with TfOH or HCI/Et,0 in THF-dg at -70 °C, a light green
suspension of 11b turned to a green solution, which, however, did not give any
NMR signals. However, addition of methyl vinyl ketone to the solution gave the
diselenoate 12 with 21% yield, implying the generation of diselenoic acid 13
(see Eq. 3, [5].

o)
Me Se Me Se Me Se (0]
- TfOH \)J\
kse SeH Se/\)J\
Et,0, -70°C 70 °C
+NMe4
11b 13 12 21%  (3)

The reaction of cyclic enediamine 14 with Se,Cl, in the presence of triethyl-
amine yielded a diselenoate inner salt 15 as a dark green solid (A,,,,=508 and
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635 nm in CH,Cl,) (Eq. 4) [6]. The structure was established by X-ray crystal-
lography. In the solid state, the diselenoate part was nearly perpendicular
(86.3°) to the plane of the carbenium ion part, which suggested an attractive in-
teraction between the negatively charged selenium atoms and the carbenium
carbon atom. Acidification of 15 with acids brought about immediate decom-
position with the formation of red selenium.

Me Me
N H  Se,Cly, EtzN N  Se

[~ ———— [ 4
N H N Se (4)
Me Me
14 15

The selenium atoms in 15 were replaced stepwise with sulfur (Eq. 5) [6]. Stir-
ring 15 with elemental sulfur in CDCIl; at room temperature gave a mixture of dis-
elenoate (15), selenothioate (16),and dithioate (17) inner salts in the ratio of 2:2:1.

Me Me Me
Sg N  Se N S N S
% oo [E)ng s [;?)—(ée + [E)Hg (5)

Me Me Me
15 16 17
2 : 2 : 1

The reactions of 15 with Mel (or Me;O*BF;), DMAD (2 equiv), and TsN=IPh
produced 18, 19, and 20, respectively.

Me Me Me
N Se N E N Se
(2 L= se® [
N SeMe N — H: N N-Ts
Me x- Me E Se g Me
18 X =1o0rBF4 19 E = COMe 20

The reaction of acyclic enediamine 21a with Se,Cl, did not give the inner salt
like 15, but hexaselenacyclooctane 22a (Eq. 6) [6]. The same type of compound
22b was obtained by the reaction of chloroenediamine 21b with elemental
selenium in the presence of triethylamine [7]. The UV-Vis spectrum of 22b mea-
sured in a polar solvent (CH,Cl,, CHCl;, and DMF) exhibited characteristic
absorption maximum at ~440 nm, which, together with its NMR data, suggested
the dissociation of 22b into the inner salts 23 or 24 (Eq. 7) [7]. Compound 22b
gave the corresponding a-carbenium methyl diselenoate on treatment with
methyl iodide in 84% yield.
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Se,Cly, EtgN (for 21a)
RoN H o or Se, EtgN (for 21b) R2N Se\se/Se NR2
= =~ . (6)
RN R RN ge~%~g¢  NR:
21a: RoN =0 N ,R=H 22a: RN =0 N
/
21b: RoN = EiN, R' = Cl 22b: RyN = Et,N
Et,N  Se ELN - Se
2b =——= 2 +—( + 2Se [or2 +) (7)
EtN  Se EttN  Se—Se"
23 24

3

Syntheses of Selenothioic and Diselenoic Acid Esters

3.1
Selenothioic Acid Se-esters

A limited number of selenothioic acid Se-esters 25 [8], 26 [9], 27 [10], and 28

[11] were known before 1988.

S
S
Se
o g~ NMe: (CF3)oCH
S 26
25

S

s
)J\SePh ©:/S</89

27 28

In 1988, Kato reported that the bis(thioacyl) sulfides 29 reacted with sodium
areneselenolate 30 to yield the Se-aryl selenothioates 31 (Eq. 8) [12]. Thioacyl

S

S

S
+ ArSeNa J\ (8)
R)J\S)LR CH,Clp, MeOH R™ "SeAr
29 30 0 °C, 30 min 31
R Ar Yield/% R Ar Yield/%
Me Ph 26 Ph Ph 44
Et Ph 51 Tol Ph 73
Pr Ph 68 Tol Tol 81
i-Pr Ph 77 Tol p-CICgH, 70
Bu Ph 60 Mes Ph 0
n-CsHq4 Ph 69 Ans Ph 68
cyclo-C6H11 Ph 83 p—ClCGH4 Ph 78
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chlorides [RC(S)CI] could be used instead of 29, and the reaction of RC(S)Cl
with ArSeTMS also yielded 31 in some cases. A limitation of this method is that
sterically hindered selenothioate 31 (R=Mes; Ar=Ph) could not be prepared.
Alkaneselenothioates 31 (R=alkyl; Ar=Ph) prepared in this way showed ab-
sorptions due to the C=S stretching vibration (v._s) around 1170-1210 and
831-878 cm™! in IR spectroscopy and absorption maxima (A,,,) due to the
n-m* transition of the C=S group around 486-493 nm (hexane) in UV-Vis spec-
troscopy. The corresponding values for arenecarboselenothioates 31 (R=aryl)
were Vo_g=1238-1250 cm! and A,,,,,=528-542 nm (hexane), respectively. In 1*C
NMR spectroscopy, thiocarbonyl carbons appeared at 6=240.1-250.2 for 31
with R=alkyl, and 6=229.5-232.2 for 31 with R=aryl.

After that, Se-methyl selenothioates 32 were prepared by the reaction of
O-methyl (or ethyl) thioates 33 with Me,AlSeMe (34) in high yields (Eq.9) [13].
In ¥C NMR spectroscopy, 32 (R!=alkyl) displayed a signal from the thiocar-
bonyl carbon at 6=241.3-245.1 and 32 (R!=Ph, Ans) at §=230.3-233.2,in a sim-
ilar region to 31. The thiocarbonyl carbon in 2-thiophenecarboselenothioate 32
(R'=2-thienyl) resonated at a somewhat higher field (§216.1).

S
N

; 5 + MeyAlSeMe ; %)

R OR Et,0, rt R SeMe
33 34 32

R' R2 Yield/% R R2 Yield/%
n'CsH11 Et 96 Ph Me 91
n-C;Hqs Me 98 Ans Me 87
n-CisHzy  Me 90 2-thienyl Me 89
PhCH, Et 94

Both Se-aryl (31) and Se-methyl (32) selenothioates are orange or red com-
pounds and are fairly stable in air at room temperature.

3.2
Selenothioic Acid S-esters

The reaction of Se-alkynyl selenoacetates 35 with alkanethiols (2 equiv) in the
presence of a catalytic amount of TFA gave S-alkyl alkaneselenothioates 36
as blue-violet liquids in 30-70% yields (Eq. 10) [14]. The selenothioates 36
were stable to heat and moisture, but were extremely sensitive toward oxygen
and decomposed quickly on exposure to air, with the liberation of red sele-
nium. The relevant spectroscopic data for the S-alkyl alkaneselenothioates 36
are as follows: 1*C NMR 6(C=Se)=237.5-240.0; ”’Se NMR 6(C=Se)=1538.8-
1569.7 [6=2294.8 for 36 (R'=Ph, R?=¢-Bu)]; UV-Vis A,,,=571-591 nm (cyclo-
hexane).
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O Se
TFA (cat)
.+ 2ResH R! 10
R'-—=—S¢ "Me THF, reflux, 48 h \)J\SRQ (10)
35 36

R' = Ph; R? = Et (48%)
R' = Ph; R? = Pr (70%)
R' = Ph; R? = i-Pr (54%)
R' = Ph; R2 = +-Bu (33%)
R' = H; R? = Pr (30%)

In the synthesis shown in Eq. 10, selenoketene (R'CH=C=Se) was proposed
as the intermediate [14]. This consideration led to a more straightforward and
convenient synthesis of 36 [15]. Therefore, lithium alkyneselenolate 37 was
treated with a thiol (R?SH) to give the selenoketene intermediate 38, which fur-
ther reacted with lithium thiolate (R2SLi) to yield S-substituted selenothioate
36 after protonation, as shown in Scheme 3. Quenching this reaction with allyl
bromide yielded a-allyl selenothioates [15c]. When (trimethylsilyl)acetylene
was used, the trimethylsilyl group was detached from 36 during purification
with silica-gel column chromatography to give the S-alkyl selenothioacetates
39.X-Ray crystallographic analyses of 36 (R'=Ph;,Si, R?=i-Pr) and 36 (R'=PhSi,
R?=2,6-Me,C,H;) were performed [15a]. S-Aryl selenothioates were less stable
than S-alkyl selenothioates; 36 (R'=Ph;Si, R?>=Ph) decomposed gradually even
below -10 °C under argon to give 1,3-diselenetane 40, the dimer of seleno-
thioate 39 (Scheme 4) [15a].

m _
-:S
1) BuLi 5 H>: °
2) Se R<SH
R'C=CH [ R'C=CSeli| =———= 38
R2SLi
; ) 37
R' = TMS, Ph3Si, Bu, Ph, )
Ans, p-CICeHs | R'C=CSeH |
Se . Se
RZSLi S|02
o than L RQJ\SF@ 1_ Me)J\SR2
and then H R'=TMS
36 39
36: R' = PhsSi; R2 = i-Pr (24%), Ph (23%) 39: R? = Et (51%),Bu (98%),
R' = Bu; R? = Bu (58%) 5-Bu (54%), t-Bu (42%),
R' = Ph; R? = Bu (29%) PhCHj (83%),
R' = Ans; R? = Bu (19%) CH,CO5Et (20%)

R' = p-CICgH.; R = Bu (13%)

Scheme 3
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39
Se (R2 =Ph) Me, Se ,SPh
36 —_— —_— X
R' = PhySi Me™ "SPh PhS" Se Me
R2 = Ph 39 40
(R? = Ph)
Scheme 4

S-Alkyl arenecarboselenothioates 41-44 were prepared by transesterifica-
tion of O-methyl selenoates 45 with Me,AISR 46 in 40-92% yields (Eq. 11) [16].
No S-phenyl ester 41 (R=Ph) was obtained by this method because of its
decomposition during aqueous work-up. While 41 (R=Me) and 42 were highly
labile and quite susceptible to oxidation in air, the p-methoxy and o-methyl
substituents on the phenyl group stabilized the esters 43 and 44, respectively,
to air. Relevant spectroscopic data for 41-44 are as follows: *C NMR §(C=Se)=
231.5-237.9; 7Se NMR §(C=Se)=1623.8 for 41 (R=Me); UV-Vis A, ,,=597-629 nm
(cyclohexane) [499 nm for 44 (R=Me)].

jj‘i MeZ‘Q;SR Se
M (11)
Ar” "OMe PhMe, 0 °C Ar SR
45 41-44

41: Ar = Ph; R = Me (82%), Bu (75%), s-Bu (42%), Et (49%)
42: Ar=Tol; R = tBu (81%)

43: Ar = Ans; R = Me (54%)

44: Ar = 0-MeCgHy4; R = Me (92%), Bu (80%)

3.3
Diselenoic Acid Esters

Transesterification of O-methyl arenecarboselenoates 47 with Me,AlSeMe 48
yielded the methyl diselenoates 49 as green compounds in 37-91% yields
(Eq. 12) [17]. In the *C NMR spectra of 49, the selenocarbonyl carbons ap-
peared at 6=233.3-240.5, and in the UV-Vis spectra, absorption maxima due
to m-m* and n-T* transitions were observed in the regions of 356-383 and
615-619 nm, respectively.

Me,AlSeMe

Se 48 Se
Ar)J\OMe PhMe, 0 °C ArJ\SeMe (12)
47 49

49: Ar = Ph (91%), Tol (64%), 0-MeCgH, (37%), Ans (73%),
p—Bl’CGH4 (510/0), p—CFgCGH4 (640/0)
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When O-methyl alkaneselenoates 50 [R=Bu, Cl(CH,);, Ph, Tol, Ans, p-
CIC4H,, 1-naphthyl] were treated with 48, only 51 was successfully obtained in
the pure form as a deep purple oil with 61% yield [17].

Se O Se
R\)J\OMe ’ SeMe

50

3.4
Metal Complexes

A few metal complexes of selenothioic and diselenoic acids have been reported.
In a study on the reactivity of metal-carbon triple bond compounds toward
chalcogens, it was found that molybdenum (52) and tungsten (53) carbyne
complexes reacted with elemental selenium to yield the corresponding di-
selenoate complexes 54 and 55, respectively (Egs. 13 and 14) [18].

E \ Se _Se
oc_yozcng-t-Bu S— oc- Mo >—CH2 -+-Bu (13)
oc ' oc
52 54 78%
@\ é _Se
_WZC-Tol C’W >_ Tol (14)
oc THF, 1t
od , od
53 55 94%

The stoichiomeric reaction of another molybdenum alkylidyne complex 56
with 2-methylthiirane as the sulfur source yielded the thioacyl complex 57. A
further reaction of 57 with Seg-LiBHEt; furnished the selenothioate complex
58 in high yield (Scheme 5) [19].

S Ans
H(pZ)sB\ M e/A H(pZ)SBQA 4(
-Mo=C-Ans oc-Mo
ocy CHCl, /o
oC oC
56 57 97%
pz = pyrazol-1-yl
Seg, LIBHEt; (1: (pZ)SB
Ge 1 ts (1:8) OC MO }—Ans

THF
Scheme 5 58 87%
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4
Reactions of Selenothioic and Diselenoic Acid Esters

Selenothioic acid Se-esters serve as thioacylating agents toward amines and
alcohols. Similarly, selenothioic acid S-esters and diselenoic acid esters can be
used as selenoacylation agents. In addition, their thiocarbonyl and selenocar-
bonyl groups act as dienophiles. The reactions of S-substituted selenothioates
with electrophiles under basic conditions were investigated in detail.

4.1
Selenothioic Acid Se-esters

411
Reactions with Amines

The reaction of Se-phenyl p-toluenecarboselenothioate (31: R=Tol, Ar=Ph) with
aniline gave thioamide 59 and PhSeSePh, while that with aliphatic secondary
amines yielded the ammonium dithioates 60 (Scheme 6) [12]. The formation
mechanism of 60 was not clarified [12]. On the other hand, the reaction of Se-
methyl selenothioates 32 with dimethylamine in dichloromethane provided the
corresponding thioamides 61 and MeSeSeMe in quantitative yields (Eq. 15) [13].

PhNH, S (Phse)
+ e
hexane,70°C  Tol” “NHPh e
j\ 59 68% 99%
Tol SePh s
31 ReNH - (PhSe)
R = Tol, Ar = Ph - + €)2
( ol, Ar ) CHoClp, 20 °C Tol” ~S" NH.R,
Scheme 6 60
S
M, + (MeSe)2 (15)
R” “SeMe CH,Cl, R™ "NMe;
32 61

R = PhCHy, Ph, Ans,

Reactions of 31 (R=Tol, Ar=Ph) with NH,NH, in ethanol at 20 °C, NH,NH,
in refluxing ethanol, and H,NC(S)NHNH, provided the thiohydrazide 62
(78%), the 1,3,4-thiadiazole 63 (84%), and the 3,4-dihydro-2H-1,3,4-triazole-2-
thione 64 (89%), respectively [12].

S N N
Tol\('ll K?/TOI Tol\(/ \fs

Tol” ~NHNH, HN-NH
62 63 64
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4.1.2
Reactions with Alcohols

The reaction of Se-phenyl selenothioates 31 (R=Tol, Ar=Ph) with RONa in ROH
(R=Me, Et) at room temperature furnished the O-alkyl thioates 65 (R=Me, Et)
and PhSeSePh in high yields (Eq. 16) [12]. O-Phenyl thioates 65 (R=Ph) also
could be prepared by reacting 31 (R=Tol, Ar=Ph) with PhONa in ether at room
temperature.

S S
I RONa +  (PhSe) (16)
Tol” “SePh R = Me, Et, Ph Tol” “OR
31 65
(R =Tol, Ar=Ph) R = Me (86%), Et (91%),
Ph (79%)
4.1.3
Oxidation

Oxidation of Se-phenyl selenothioates 31 (R=i-Pr, Bu, Tol) with m-CPBA in ether
gave a mixture of E- and Z-S-oxides (sulfines) 66, phenylseleno acyl sulfides 67,
diphenyl diselenide, and diacyl disulfides 68 (only in the case of R=Tol) (Eq. 17)
[12]. It was proposed that compounds 67 were formed by rearrangements of
oxathiirane intermediates 69 [12].

S O\\S S/’O 0
)J\ m—CPBA )J\ + + )J\
R™ "SePh  Et,0,20°C R~ “SePh R” ~SePh R” ~SSePh
31 E-66 Z-66 67
R =i-Pr, By, Tol
Ar = Ph (17)
0
+ (PhSe)y + PIq R O‘s
R™ °S7; PhSe
68 69

4.2
Selenothioic Acid S-esters

4.2.1
Reactions with Electrophiles under Basic Conditions

The reactions of S-substituted selenothioates 36 with electrophiles under ba-
sic conditions were investigated in detail [14, 20-22]. An a-proton of 36 was
readily abstracted by triethylamine [14, 20], LDA [14,21],and TBAF [22],and
the resulting eneselenolates 70 reacted with various types of electrophiles. The
reaction took place at the selenium atom in the case of alkyl halides [Scheme 7,
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SeR?
R, ~ 5 3
SeP(S)(OEY), y SR - R° Se
2
PN gpy r SR
SeC(S)NMe, (@) 72 SeCH,C=CH
(k) (b) Ph
Fh %)\sm 70a 7 Nspr
Ser 70a O
1 Hje\C(O)F@ 0] R %SRZ % Se/\)LMe
R~ — 70a
SR? 70 PhSgpy
(h) (e)
70b 200
SeCHRC(OH)HR' (9) ® 0 Se
/I\ssu 706 70b AI’J\/\/U\SBU
74 s
OH Se SeCH=CHCOR
R3 SBu SBu
73

70a: R' = Ph, R% = Pr; 70b: R' =H, R2=Bu

Reagents: (a) R3I; (b) R*CH=CHCH,Br; (c) HC=CCH,Br; (d) H,C=CHCOMe;
(e) HoC=CHCOA; (f) HC=CCOR? (g) RCHO and then H,0; (h) epoxides;

(i) R®COCI or [R3C(0)120; (j) MeaNC(S)CI; (k) (EtO),P(S)CI

Scheme 7

(a) and (c)], methyl vinyl ketone (d), alkynyl ketone (f), epoxides (h),acyl chlo-
ride or acid anhydride (i), Me,NC(S)Cl (j), and (EtO),P(S)Cl (k) to furnish the
corresponding ketene selenothioacetals, as exemplified by the formation of 71.
In the case of the allyl bromides (b), the initial Se-adducts underwent [3,3]-sig-
matropic rearrangement (seleno-Claisen rearrangement) to yield the seleno-
thioates 72 as the final products. While 70a reacted with methyl vinyl ketone at
the Se atom (d) [14], the reaction of 70b with aryl vinyl ketone took place at the
a-carbon atom (e) [22a]. Interestingly, as shown in Scheme 8, the initial adduct
(73) with aldehydes was in equilibrium with another eneselenolate 70’, and
quenching of the reaction with methyl iodide or allyl bromide gave 75 or 76,
respectively, the latter of which was formed via seleno-Claisen rearrangement
with high diastereoselectivity [21a]. The ketene Se-p-hydroxy selenothioacetals
74 [Scheme 7, (h)] were converted to the 1,3-oxaselenolanes 77 on treatment
with TFA (Eq. 18) [21b].
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OH SeMe

y Me) ”/\SBU
. . 75 79%
R SBu R SBu \ OH Se
73 70'
/\/Br Me SBu
R3 = Me (
76 89%
Scheme 8 sym.anti = 92:8
R R'
SeCHRC(OH)HR!' TFA
CHCls, 20 °C Se. 0 (18)
SBu % Me~ “SBu
74
77
4.2.2
Cycloaddition

S-Butyl selenothioacetate serves as a 1,3-dipolarophile [23]. Therefore, the azo-
methine ylide 78, generated by the thermolysis of oxazolidinone 79, was trapped
with the selenothioacetate to give the cycloadduct 80 as a 1:1 mixture of stereo-
isomers with a 45% yield (Scheme 9). Similar reactions took place when se-
lenoketones and O-methyl selenobenzoate were used as 1,3-dipolarophiles.
However, Se-methyl diselenobenzoate, selenoamides, and selenourea failed to
give the corresponding cycloadducts.

S

H g H
-0 | CO,H :Se SB
[ S0 et PRV %
o A 80°C COsAns - CO, o { Me
CO.ANns CO.ANns

78 80 45%
Scheme 9

The reaction of S-sec-butyl selenothioacetate with DMAD in refluxing
toluene afforded 1,3-thiaselenole 81, where a stepwise mechanism was pro-
posed (Scheme 10) [20c].
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Se 110 °C
)J\ + MeO,C———CO,Me
Me™ "S-s-Bu PhMe
M902C>: :<O' MeOQC>: (3') MeO,C  CO,Me
® £ ] (H+) pr—
Se OMe se ) OMe Se: S
%S, =S M <H
Me s-Bu Me e
81
Scheme 10

4.2.3
Oxidation and Reduction

Oxidation of S-propyl phenylselenothioacetate with m-CPBA was reported
[14]. The oxidation at -25 °C gave the diselenide 82, while that at 100 °C yielded
the bis(selenothioate) 83, which was formed via [3,3]-sigmatropic rearrange-
ment of 82 (Scheme 11).

xylene, 100 °C

, |

Se Ph Se SPr
m-CPBA m-CPBA Se
SPr Ph Phu N gSe 7 pn
Prs xylene \)kSPr CH,Cly Se
Ph Se 100 °C 20 °C SPr
82
83
Scheme 11

Reduction of y,6-unsaturated S-butyl selenothioates 84 was employed for the
synthesis of the tetrahydroselenophenes 85 (Eq. 19) [24]. The compounds 85
were obtained as a mixture of stereoisomers. The SBu group of 84 (R!=H,
R?=R’=allyl) was detached during the course of the reduction to give 2-methyl-
4,4-diallyltetrahydroselenophene.

Se R2R3
NaBH, or LiAIH
WSBU s i Me >(_§\ (19)
R' R2R? R sg” SBU

84 85
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4.2.4
Miscellaneous

As in the case of Se-substituted selenothioates (4.1.1), the reaction of S-substi-
tuted selenothioates with primary and secondary amines in THF provided the
corresponding selenoamides in 40-84% yields [14].

The reactions of S-butyl selenothioates with trivalent phosphorus reagents
were examined [25]. As a result, the reaction yielded a-phosphoryl sulfide 86
as the main product and, in some cases, selenothioacetal 87 as the minor prod-
uct (Eq. 20).

Se O, SeMe
R?R%P(OMe) PRZR®
R% L + Rz (20)
SBu PhMe SBu SBu
R 85-110 °C R R
86 87

R' = H, CHy=CHCH,, CH,=CBrCH,
R2R3P(OMe): P(OMe)s, PhP(OMe),, PhoP(OMe)

The formation of 86 was explained in terms of the selenophilic attack of
R?R*P(OMe) giving 88, followed by elimination of the selenium atom to yield
89, protonation of which provided 86. On the other hand, the formation of 87
was rationalized by the carbophilic attack of R?R*P(OMe) to produce 90 fol-
lowed by Me-migration to afford 91, and the elimination of R?R*P(OH) which
furnished 87 [25a].

.
.PR2R3(OM + O Re (0]
Se (OMe) PR?R3(OMe) Se- +i3'—RR3 Me-gq IiFg;a
R! R! R! R!
\H'\SBU Y‘kSBu %SBU SBu
R! R! R! R!
88 89 90 91

Symmetrically substituted selenophenes 92 were obtained when S-butyl se-
lenothioates were treated with Et;N and Cd(OAc), (for R=Me, allyl) or NiCl,
(for R=H), as shown in Eq. 21 [20d].

R R
Se .
Cd(OAc), or NiCl
SBu EtsN, MeOH u Se
92

R = H, Me, CHo=CHCH,

Use of Znl, instead of NiCl, for S-butyl selenothioacetate (R=H) resulted in the
formation of 93. The formation mechanism for 92 was not clear; the initial for-
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BuS
! CdX
Do 5
s TSBU Ryl
93 94

mation of the cadmium salt 94 was proposed based on experimental observations
that the reaction in the presence of alkyl halide gave selenothioacetals like 71.

4.3
Diselenoic Acid Esters

Reactions of methyl diselenobenzoate have been reported (Scheme 12) [17].
Cycloaddition of the diselenoate with cyclopentadiene gave the cycloadduct 95
as a stereoisomeric mixture in 67% yield. The reductive coupling of the same
diselenoate mediated with copper yielded the alkene 96 with 39% yield.

Se| : Se Cu MeSe Ph

MeSe THF, 67°c " SeMe " ppye P 'SeMe

Ph 110°C
95 67% 9 39%

Scheme 12

Reactions of diselenoates with trivalent phosphorus reagents took place in
amanner similar to those of the S-butyl selenothioates (Eq. 20) to give a-phos-
phoryl selenides 97 (Scheme 13) [25].

O, O.
P(OMe), P(OMe)s Se Ph,POMe PPh,
N SeMe PhMe, 110 °C R”™ “SeMe  PhMe, rt Ph” >SeMe
Ph R = CH,=C(Ph)CH R =Ph 97b 47%
97a
84% (60:40)

Scheme 13

5

Conclusions

Although ammonium salts and inner salts of selenothioic and diselenoic acids
have been synthesized, isolation of their free acids has yet to be achieved. Eight
selenothioates I-VIII and four diselenoates IX-XII are possible if we take all of
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the combinations of substituents R (alkyl) and Ar (aryl) into account. Out
of these twelve, three esters, VIII, X, and XII, have not been synthesized yet. The
esters that have been synthesized are generally highly colored and present char-
acteristic spectroscopic properties. Whereas most of the esters are sensitive to
air, the esters are stable enough to heat to be handled at ambient temperatures
under inert atmospheres. Therefore, considering their high reactivities, they
could be employed as substrates in several organic reactions.

S S S S
R SeR R)]\SeAr Ar)J\SeR Ar)J\SeAr
| | ] v
Se Se Se Se
R SR R SAr ArJ\SR Ar)J\SAr
\" Vi Vil (v
Se Se Se Se

PN N X

R SeR R SeAr Ar SeR ArJ\SeAr
IX (X) X1 (X

R = alkyl, Ar = aryl
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Abstract Recent developments regarding synthetic methods of producing chalogen isologues
of amides are reviewed. Among exhaustive studies on the syntheses, properties, and broad
utilities of thiamides, we describe methods of synthesizing them via three-component
coupling reactions of aldehydes, amines, and sulfur, via thionation of amides, and via thio-
lysis of iminium salts. The use of thioacylating agents, and functional group manipulations
of thioamides leading to other thioamides are also presented. The discussion focuses on
synthetic methods for selenoamides starting from amides, and functional group manipula-
tions of selenoamides leading to functionalized selenoamides. The review ends with some
examples of how to synthesize telluroamides.

Keywords Thioamides - Willgerodt-Kindler Reaction - Lawesson’s Reagents -
Selenoamides - Telluroamides



248 T. Murai

1
Introduction

Amides are less reactive than most carboxylic acid derivatives, but are often
found in natural products, and they play important roles in biological and ma-
terial sciences and in industrial applications. There are three types of chalcogen
amides (as with chalcogen acids and esters). Exhaustive papers have reported on
the sulfur isologues of amides (thioamides) 1. Increasing attention is also being
paid to selenium isologues of amides, 2, and new ways of synthesizing them have
been developed. This is partly because of the biological interest of organosele-
nium compounds. In contrast, tellurium isologues of amides (telluroamides) 3
are still rare, mainly because of their instability in air.
In this chapter we review synthetic methods for these calcogen amides.

S Se Te
RJ\NR'Z R” "NR' R” "NR’
1 2 3
2
Thioamides

Thioamides have become a ubiquitous but important class of compounds - much
like ordinary organic compounds such as aldehydes, ketones, and carboxylic acid
derivatives — and extensive studies into their syntheses and reactions have been
carried out in recent years. When an oxygen atom in an amide is replaced with
a sulfur atom, the compounds become less polar and more soluble in various
organic solvents. They are reactive but still stable enough to be handled in air.
Therefore, a tremendous number of studies have been made into their funda-
mental properties, biological aspects, and broad applicabilities. Theoretical
studies into the rotational barriers that exist in the thioformamides 4 and the
thioacetamides 5 have also been made (for example [1]).

3 S
M
H)J\N,Me Me)]\w e
R R R=H Me
4 5

Compared to the corresponding formamides and acetamides, the non-bond-
ing interaction between the sulfur atom and the hydrogen atom of the methyl
group attached to the nitrogen atom is important. Two rotamers of the o,-un-
saturated thioamides 6 and 7 are observed in 'H NMR spectra, and their rota-
tional barriers can be elucidated. The isomers 6, where the thiocarbonyl and
benzyl groups are located in a cis position with respect to the C-N single bond,
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are more stable than the other isomers 7 [2a,b]. Nevertheless, these two isomers
are in equilibrium. The free energy of activation for the rotation of a C-N bond
is estimated to be 18.4~19.5 kcal/mol. X-Ray molecular structure analyses of 6
have shown that alkenyl groups are almost perpendicular to the thioamide
group. Thioamide linkages have been introduced to various peptides, and con-
formational studies have been carried out on them [3]. Increasing the ionic
radius of a sulfur atom and the length of the bond between sulfur and carbon
influences the conformational changes of peptides, and peptides containing
introduced thioamides 8 are expected to be useful in drug design and a poten-
tial probe of local conformations of peptides because of their special spectro-
scopic properties. The thioamide NH is a stronger hydrogen donor and the
sulfur atom is a weaker hydrogen bond acceptor compared to those of the
corresponding amides, and this influences conformations [4]. As examples of bi-
ological interest, the binding affinities of thiobenzamides 9 toward the estrogen
receptor [5] and the anti-influenza activities of thiobenzamides 10 have been
elucidated [6]. Additionally, the thioamides 11 exhibit higher in vitro antimy-
cobacterial and antifungal activity than the corresponding amides [7]. Various
thioamides have been used for the synthesis of metal complexes (for example
[8]) and sulfur- and nitrogen-containing heterocycles [9]. These results have
proved that thioamides are widely applicable in organic syntheses. Photo-
chemical reactions of thioamides, particularly o,3-unsaturated thioamides, are
well-documented [2]. Some achiral a,3-unsaturated thioamides provide chiral
crystals, and their solid-state photoreactions give optically active thiolactams.
Synthetic methods for sugar thioamides, their properties [10], and various

s 3 ,
Rj\)LN,CHZPh R | NPT
|l CHyPh
R A" Pr-i R R
6 7
weaker, longer H-bond
H H P § H H Q
£ N N N N
N N ; N N : N
H = H : H H B
(0] | =
R S8
stronger H-bond
S OH S
R S
N” NN OH RS._N
|~ = H A NHz
HO R/ | P
9 10 R™ N7 11
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reactions [11] have also been reviewed. In this chapter, we give examples of
thioamide syntheses reported over the last few years, as well as discussing
reactions of thioamides that lead to functionalized thioamides.

2.1
Syntheses

2.1.1
Willgerodt-Kindler Reaction

Three component coupling reactions of aldehydes or ketones, amines, and
elemental sulfur - called Willgerodt-Kinder reactions - are used to synthesize
various thioamides, although the protocol of this reaction was reported over
80 years ago. However, the reaction procedure has been developed. For exam-
ple, the reaction of dialdehydes, diamines and sulfur was investigated for the
preparation of polythioamides 12 (Eq. 1) [12].

Q9 0 s w
+ UN. + 8 R N—-R'-N
A RN s — TRy
12 "

()

The reaction is carried out with 2.5 equiv elemental sulfur and DMF or DMA
as a solvent. Performing the reaction at a temperature higher than the melting
point of sulfur (112 °C) leads to polymers with higher molecular weights. The
polythioamides 12 exhibit good solubility in organic solvents compared to anal-
ogous polyamides. The mechanism of the reaction has also been proposed.
Schiff base polymers 13 are initially formed. Then polysulfide anions 14 (formed
by the cleavage of elemental sulfur) and amines attack 13 to form thioamides
12 and degraded polysulfide anions 15 (Eq. 2). This process can take place re-
peatedly to give the polythioamides 12.

N._R . o 8 ,
R \W/ + R\H/SX\S_ R-NHy —— AL )]\R + R\N,SX.LS_
13t 14 H 12 H 45
(2)

A microwave-assisted Willgerodt-Kindler reaction was developed to syn-
thesize a-aryl thioacetamides 16 from aromatic ketones, morpholine, and
elemental sulfur (Eq. 3) [13]. The reaction is carried out without solvents and
completes within 4 min. The reaction can also be used for aldehydes. The
reaction temperature and times are dependent on the substituents in the alde-
hydes and amines [13, 14]. The use of secondary cyclic amines gives the corre-
sponding thioamides in good to high yields. In the primary amine reaction,
higher reaction temperatures are necessary. Primary thioamides are formed by
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reacting ammonia and aromatic aldehydes at temperatures higher than 160 °C
for 20 min, albeit in moderate yields. The reaction of aniline at 200~250 °C gives
the product in yields of 30% at the most, along with 2-phenylbenzothiazole. For
aliphatic aldehydes and ortho-substituted aromatic aldehydes, the correspond-
ing products are obtained in lower yields.

0 /\I _r’nic[rjc')mt/'ave- \)SJ\
. HN N irradiation Ar 3
o S O

Ar = Ph, 4'MGCBH4, 4'C|C6H4

Instead of aldehydes and ketones, benzyl -thiol, -amine, [15] and nitriles [16]
can be used under solvent-free conditions. The condensation reaction of benzyl
-thiol or amine with morpholine and elemental sulfur for 4 h gives thiobenz-
amide in high yields. Microwave-irradiation facilitates the reaction. The reaction
of aromatic nitriles, morpholine and elemental sulfur is also assisted by micro-
wave-irradiation to give the aromatic thioamides 17 in good yields (Eq.4), except
in the reaction of 4-chlorobenzonitrile [16]. In the reaction of benzylnitrile,
the sulfur atom is introduced to the benzyl carbon atom and the cyano group
is replaced with morphorine. On the other hand, the use of 4-chlorobenzylni-
trile gives a mixture of a-4-chlorophenyl thioacetoamide and 4-chloro thio-
benzamide.

_mic(;qw_ave- S
Ar—CN . Hl\@ v s irradiation Ar)J\N/\ (4)
Lo

Ar = Ph, 4-MeCgHj, 4-Et0CgH, 17

2.1.2
Thionation of Amides

Direct conversion of ordinary amides to thioamides has been developed. One of
the most relevant methods for this conversion is to use commercially available
2,4-bis(4-methoxyphenyl)-1,3-dithia-2,4-adiphosphetane 2,4-disulfide (Lawes-
son’s reagent) 18. The B-thiopeptides 19 and 20 are synthesized by treating the
corresponding amides with Lawesson’s reagent 18 in THF for 2.5~4 h [17]. Con-
densation of two B-thiopeptides 19 and 20 gives the precursor 3-thiopeptide 21,
which is again treated with 18. In these thionation reactions, the alkoxycarbonyl
group is inert and the oxygen atom of the aminocarbonyl group is selectively
replaced with the sulfur atom. Similarly, thiopeptides 22 [18], thioamides 23
[19], 24 [20], and sugar thioamides 25 [21] are prepared with 18 in toluene or
benzene at about 70~80 °C. The reaction was tested using peptides bearing
various alkoxycarbonyl groups. The results have shown that the thionation of
the aminocarbonyl group with 18 proceeds with high site-selectivity, and the
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alkoxycarbonyl group is not competitively thionated. When the products 22 and
23 are reduced with Raney nickel, the thiocarbonyl groups are converted to
methylene groups. The synthesis of thioamide 26 is achieved with 18 in THF
at room temperature [22].1 equiv of pyridine is added during the synthesis of
27 [23] to neutralize the phosphoric acids that are the by-products derived
from 18.

S R S R O
4-MeOCgH,—P! Sﬁﬁ—CsH4-0Me-4 BocHNJ\/U\N/'\/U\OMe
& H
18 19 R =Me,CH, R' = Me

20 R = MesCHCHp, R' = Me,CH

BocHN N N N OMe
H H H

21

o O, -OR o CO,Bu-t COBu-t
LA 51 goe
-Bi N ; R
vo H = © N NJ\)\NHBOC
22 S R H
23

OAc OAc
NHR
AcO Y
AcO  OAc S
25
o}
NH
I
HoS DMTrO 0
RO.__N R
N
O R 0_0O
e R._NH
2%, \[S( 27

Thionations of the pyridazinecarboxamides 28 with 18 leading to 29 have
been tested (Eq. 5) [24]. The reaction of 28 (X=Cl, MeO) is carried out with
1.1 equiv of 18, and the chlorine and methoxy group in 28 are replaced with an
SH group during the thionation to furnish 30. The reaction of 28 (X=SMe) with
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o) S

S
.N N
N > "NHBu-t + 18 N X" “NHBu-t -N
JJ\ toluene J + l\‘ X NHBu-t
X 28 110°C X 29 HS— P 30
X = Cl, H, OMe, SMe X = Cl, H, OMe, SMe (5)

1.1 equiv of 18 requires a longer reaction time, but the corresponding thioamides
are obtained in high yields. No replacement of the MeS group is observed.
o,B-Unsaturated thioamides are synthesized by reacting the corresponding
amides with 18 [2, 10a,b, 25]. It is worth noting that the geometric isomerization
from E-31 to Z-32 proceeds during the thionation (Eq. 6) [2c]. As for the thion-
ation of w-hydroxy amides, the reaction is accompanied by the cyclization and
elimination of H,0, depending on the starting amides [25]. Dichloromethane
and HMPA have been suggested as better solvents than THF for the thionation
of amides and lactams bearing simple carbon skeletons [26]. For example,
nicotinamide is converted to the corresponding thioamide with 18 in HMPA
at 80 °C for 7 h. The thionation of amides with 18 under microwave-irradiated
conditions was examined with N,N-dimethyl formamide, primary and sec-
ondary acetamides, aromatic amides and lactams [27]. The solvent-free reaction
is complete within 8 min, and the elongation of the reaction time causes the
thioamides formed to decompose. The thionation of resin-bound amides was
investigated [28]. To confirm the consumption of the starting amides, the amide
carbonyl stretch at about 1670 cm™ was used [28a]. A wide variety of solvents
were examined in parallel solid-phase synthesis at elevated temperatures [28b].
Benzyl benzoate was suggested as a superior high-boiling solvent. The resin-
bound thioamide was cleaved with 30% trifluoroacetic acid in DMA. The
thioamide moiety remained intact during the cleavage.

0 S
/ﬁ)LNBn2 + 18 > %/U\NBne (6)
31 32

A polymer-supported thionating reagent was devised [29]. The reagent 35,
which can easily be handled and stored for several months below 0 °C under an
inert atmosphere, is synthesized by reacting commercially available diamine
resin 33 and dichlorothiophosphate 34 (Eq. 7) in pyridine at 0 °C. The thiona-
tion of secondary and tertiary amides and lactams with more than 3 equiv of
35 is carried out to give the corresponding thioamides in quite high yields,
although it requires more than 30 h. In contrast, the reaction of primary amides
with 35 gives nitriles, except in the case of benzamide. To shorten the reaction

S S
v, OEt v OEt
Y P.

P U
O/\H/\/\N"b + o \CI m N NH (7)
o a4 pyridine ( ’ v

35
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time, the thionation with 35 is irradiatied with microwaves. As a result, the
reaction of tertiary amides is complete within 15 min in toluene at 200 °C in
a sealed tube. The reagent 35 is thermally stable, and no decomposition is ob-
served during the reaction. Small amounts of an ionic liquid (1-ethyl-3-methyl-
1H-imidazolium) are added to distribute heat efficiently. As for the reaction of
secondary amides and lactams, more than 4.4 equiv of 35 are used.

Alternatively, we can use P,S,; as an amide thionating agent. The amides 36
can be thionated with P,S,, and anhydrous Na,CO; in THF at 0 °C for 2 h [30].
For the B-phenyl and B-methyl a,-unsaturated amides 37, the thionation takes
place accompanied by intramolecular cyclization to afford 1,5-benzodiazepines
38 (Eq. 8). In the thionation of an acrylamide, a polymerization product is
formed. Hexamethyldisiloxane (Me;SiOSiMe;) is used as an additive in the
thionation of amides with P,S,, [26]. The reaction is performed in CH,Cl,,
CHCl;, HMPA, and benzene with high efficiency, and much less P,S,, is neces-
sary compared with the reaction without hexamethyldisiloxane.

a6 NH2
o N_o s
>N 05N N
\©: Y 37 + PsSo ——r z \©i (8)
NHR "
R = CH=CHPh, CH=CHMe 3g M R

2.1.3
Thiolysis of Iminium Salts and Nitriles

In thionation with Lawesson’s reagent 18 and P,S,, large amounts of phospho-
rus-containing co-products are formed, and separating them from the desired
thioamides is troublesome in some cases. Alternatively, we can convert activated
amides such as iminium salts, which are reactive toward sulfur-containing
nucleophiles, into thioamides. For example, to activate the amides, they are
treated with triflic anhydride in the presence of pyridine to form iminium salts
39 (Eq.9) [31]. Then the thiolysis of 39 is performed with H,S, NaSH or ammo-
nium sulfide ((NH,),S). Among them, the slow addition of aqueous (NH,),S
to the reaction mixture containing the iminium salts 39 has given the corre-

o T1,0, pyridine @ H,S or s

P2 NaSH
- o] NS e ()
H CHgClp -40 °C to 1t . A\T\l R H

39

R
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sponding thioamides in the best yields. Thiolysis of iminium salts derived from
amides and oxalyl chloride or phosphoric trichlorides with ammonium tetra-
thiomolybdate 40 occurs below room temperature within 2 h (Eq. 10) [32]. It is
advantageous that the by-products are easily separated, although H,S is needed
in order to prepare 40.

S\\IV,/'S
(PhCHoNEt3], //Mo\\s
S
o) (COCly, Cl ~OTf 40 S
R’ or <R )k R
RNV POCI RT N 78 “Ctort N
R" 3 l\q,, - o} R"
(10)

The addition reaction of hydrogen sulfide to nitrile has been well documented
as a synthetic procedure for primary thioamides. It generally requires elevated
temperatures and in some cases high pressures. The reaction with hydrogen
sulfide in the presence of anion-exchange resin (Dowex 1X8 SH- form) is
carried out at room temperature and ambient pressure in MeOH or EtOH/H,0
[33]. This reaction is suitable for compounds containing an aromatic ring and
compounds that do not dissolve in organic solvents. The efficiency of the con-
version of aliphatic nitriles is moderate to good.

2.1.4
Friedel-Crafts Reaction with Metal Thiocyanates

Alkylation of metal thiocyanates has been known to produce isothiocyanates,
and this can be followed by treatment with carbon nucleophiles to give thio-
amides. Alternatively, metal thiocyanates can be used in the Friedel-Crafts
reactions of aromatic compounds. For example, the reactions of aromatic com-
pounds bearing alkoxy groups and heteroaromatic compounds with potassium
thiocyanate under acidic conditions are carried out at 30 °C (Eq. 11) [34]. In the
reaction a large excess of methanesulfonic acid is used.

S
A KSCN (1.15 equiv.)
2o« o« OO N,

R X N iv. |
K NH. .S N MsOH (23 equiv.) R//
R =1,2-(EtO),, T 30°C
1,2-(MeO), (11)
4-MeO
2.1.5

Thioacylation of Amines

Thioacylation of amines have been developed as a synthetic method for thio-
amides. Various thioacylating agents can be used. The dithioic acid salts 41,
which are generated in situ from organolithium or Grignard reagents with CS,,
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are reacted with 2,4-dinitrobenzenesulfonamides 42 to give the corresponding
thioamides (Eq. 12) [35]. When THF is removed from the mixture involving 41,
and DMF is added to the resulting suspension prior to the addition of 42, the
reaction proceeds at 80 °C. Thioic acid O-esters [36] and dithioic acid esters
[37-39] are also used as thioacylating agents. Although the former requires
higher temperatures, acylation with dithioic acid esters is highly efficient even
at room temperature. For example, enantiopure dithioic ester 43 is reacted with
dimethylamine in THF at room temperature for 20 min to quantitatively give
the thioamide 44 without any significant loss of enantiopurity (Eq. 13) [37a].
On the other hand, dynamic kinetic resolution is observed in the reaction of
dithioic acid esters 45 with HNMe,. The minor isomers of the starting materi-
als 45 react with HNMe, more quickly than the major isomers of 45 to give
mainly the thioamides 46 (Eq. 14) [37b]. Dithioic acid carboxymethyl esters 47
are used for the thioacylation of Fmoc-protected 4-aminophenyl-substituted
alanine 48 in the presence of NaOH in H,O to give thioamides 49 (Eq. 15) [38].
The applicability of 49 to solid-phase peptide synthesis has also been shown.
Thioacylating aliphatic amines using dithiobenzoic acid 2-benzothiazolyl ester
50 under reflux in benzene completes within 10 min, whereas thioacylating
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aniline and #-butylamine requires a longer reaction time [39]. The thioacyl
dithiophosphates 52 generated via several steps from acid chlorides and dithio-
phosphoric acid 51 are used as efficient thioacylating agents for amines (Eq. 16)
[40]. The starting acid 51 is prepared in 80% yields from 2,2-dimethyl-1,3-
propanediol and P,S,, in benzene at 50 °C. Notably, aromatic, aliphatic acid chlo-
rides and even pyvaloyl chloride react with acid 51 to form the corresponding
dithiophosphates 52. The dithiophosphates 52 are purified by column chro-
matography on silica gel or by crystallization, but they are used without further
purification as thioacylating agents. Thioacylation with 52 is applicable to a
wide range of amines. Ammonia, aromatic, aliphatic primary and secondary
amines are used, and the products are obtained in yields higher than 85%. The
reaction of N-hydroxy alkylamine hydrochloric acid salt also proceeds smoothly
to afford the thiohydroxamic acids 53 with about 70% yield. Triethylgermanium
sodium 55 mediated thiocarbamoylation of 2-fluoro-2-phenylthio-2-phenyl-
acetonitrile 54 with N,N-dialkylthiocarbamoyl chloride is reported to afford
a-fluoro, a-cyano thioamides 56 with 90% yield (Eq. 17) [41]. The ring-opening
of the compounds 57 with aliphatic amines proceeds in absolute ethanol at
room temperature to afford N-alkyl-1,2-dihydro-2-thioxo-3-pyridinecarboth-
ioamides 58 (Eq. 18) [42]. Various aminoalkylamines are used, and the thio-
amides obtained are converted to the corresponding hydrochloric acid salts as
water-soluble thioamides.
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2.1.6
Via Functionalization of Thioamides

In this section, functional group manipulations of thioamides to form products
that still contain the thioamide moieties are described.

The Michael addition of amines to a,B-unsaturated thioamides has been
carried out [43]. The reaction of tertiary a,-unsaturated thioamides 59 with
cyclic amines such as pyrrolidine, morpholine, and piperidine proceeds slowly
(Eq. 19). After five days, the adducts 60 are obtained as stable compounds in
moderate yields. On the other hand, the products derived from the addition of
pyrrolidine to secondary a,B-unsaturated thioamides 61 are unstable. The
stereochemistry of the Michael addition to cyclic a,3-unsaturated thioamides
62 is dependent on the substituents on the nitrogen atom.

x Cyn
(Wn — Y%

N
H '
m=20,1 R n
X =CH,, O 60
S S
s Ao R
R ) i
61 "62

Selective generation of various carbanions from thioamides is achieved
probably because the thiocarbonyl group finely attenuates the acidity in the
compounds. One of the most well known groups of carbanions are the enethi-
olates, which are formed by deprotonation at the position a to the thiocarbonyl
group in thioamides. Potassium ¢-butoxide is used to deprotonate thioacetamide
63, and then arylation and alkylation with iodobenzene and iodoadamantane
are carried out in the presence of a catalytic amount of FeBr, (Eq.20) [44]. The
reaction is believed to involve the iron enethiolate.

DMSO

- 1 O

The optically active a-cyclohexylsulfinyl thioamide 64 is prepared by react-
ing the enethiolate, generated from the thioacetamide and NaHMDS, with the
optically active sulfinates 65 (Eq.21) [45]. Two optical isomers 64 are selectively

N/\ +BUOK + RI FeBre RJJ\@ (20)
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o,
r->boacg -0, ;8
S 65 e
/“\NMe +  NaN(SiMeg), _— R NMe,
2 THF  DAG = Diacetone-D-glucose 64
R = cyclohexyl (21)

obtained by using different bases in the reaction of the racemic sulfinyl chloride
with diacetone-p-glucose (DAG). The use of pyridine gives R-64, whereas per-
forming the reaction in the presence of N,N-diisopropylethylamine furnishes
§-65. a-Cyclohexylsulfinyl thioamide 64 is further deprotonated with #-BuLi, and
allylation of the resulting enethiolate gives the keteneaminothioacetals 66 which
undergo thio-Claisen rearrangement [46] to form o-sulfinyl y,8-unsaturated
thioamides 67 (Eq. 22). The sulfinyl group in 64 is expected to enhance the
acidity of the proton « to the thiocarbonyl group, but deprotonation from 64
with other bases fails. Nevertheless, deprotonation with #-BuLi generates the
Z-enethiolate, and only Z-isomers of 66 are formed. High stereoselectivity is
also observed for thio-Claisen rearrangement of 66. This can be understood
by assuming that the model 68, where the cyclohexyl group is oriented at the
outside position, is more favorable than the model 68’. Highly stereoselective
constructions of three successive carbon centers are achieved by using the kete-
neaminothioacetals 69 derived from crotyl and cinnamyl bromides. Notably, the
major isomers in the thio-Claisen rearrangement of 69 are reversed, with the
substituents at the terminal position of the allylic group (Eq. 23).

. Br 0 ;3

o ;% +BuLi \lﬂ/\ 0 ;3 SF S

S%NMGQ R/‘S/{/\ R — R \ANMez
66

R’ THF NMe, p G
67

64
R = cyclohexyl

(22)
-, .. S —, .o S
> O, O,
o 5 8T RSl RS,
b : eo : 7}
R’S\J'/\NMe2 ' * . (23)
69 | R | R
R' = Me major R' = Ph major
MezN MGQN
s <
STR| 8 S 68’
O, + M ll;S\R!
SR R0

Thioamide-bearing (+)-trans-2,5-diphenylpyrrolidine 70 shows high dia-
stereoselectivity during the thio-Claisen rearrangement (Eq. 24) [47]. Two
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stereogenic centers are constructed with the allylic bromides 71. Thio-Claisen
rearrangement of the keteneaminothioacetals 72 derived from the Z-allylic bro-
mides 71 (R=H) requires higher temperatures than if they are derived from the
E-allylic bromides (71) (R’=H). The use of 71 (R, R’=Et, Me) instead gives
thioamides bearing asymmetric quarternary carbon centers at the position 8
to the thiocarbonyl group. Although a longer reaction time is necessary, the
rearrangement proceeds with high syn:anti selectivity and high asymmetric

induction.
R Br
= S '
\\/ji 7 Bl ]ETA;;/ /ﬂ:ﬁi ARG
g el — S
70 py” 72 Q T

(24)

Remote chiral induction is performed with bicyclic thiolactams [48]. For
example, the thiolactam 73 is deprotonated with LDA, and this is followed by
allylation to form thiolactam 74 (Eq. 25) [48c]. The reaction with 71 (R=R’=H)
shows poor selectivity, whereas that with cinnamyl and prenyl bromides gives
the corresponding products with high diastereoselectivity.

R Br !
S 73

S 74 (25)

The enethiolates generated from the axially chiral thioamides 75 are allylated
(Eq. 26) [49]. The allylation is sluggish at room temperature, and is carried out
under reflux in THF. As a result, the keteneaminothioacetals 76, which should be
formed as intermediates but are not detected, undergo thio-Claisen rearrange-
ment to form two rotamers of the y,6-unsaturated thioamides 77 in a ratio of
about 80:20. Higher selectivity is observed for 76 derived from metallyl iodide

S

4
P N
1 2
N
Bu-t
2)R2 X 76
R‘l
R2 R® S R2 R® S

WJ\N/ WLN/
R* : /@;BU“-—I P'4 /@,Bu-t (26)
R! R

major 77 minor 77
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and prenyl bromide. The introduction of the tert-butyl group to the meta-po-
sition does not affect the stereoselectivity. The ratio of the two rotamers is
consistent and independent of time and temperature. This is assumed to be due
to kinetic control, and the barrier to rotation being high.

The deprotonation of secondary aromatic thioamides derived from
Girgnard reagents and isothiocyanates has been studied [50]. The treatment of
thioamides 78 with s-BuLi in THF at -78 °C for 30 min generates the yellow
monoanion 79, which is then acylated with acid chlorides to give the N-acyl
thioamides 80 in good to high yields (Eq. 27). The acylation takes place selec-
tively at the nitrogen atom of 79, whereas methylation of 79 proceeds at the
sulfur atom. Further deprotonation of 79 is carried out with 2 equiv of s-BuLi.
The benzylic proton in 79 is selectively abstracted to form the red dianion 81
(Eq.28). Methylation of 81 with 1 equiv of Mel occurs selectively at the benzylic
carbon atom to form thioamides 82. A similar treatment of 81 with various
carbon electrophiles and heteroatom-containing electrophiles effectively gives
the thioamides; the electrophiles are introduced to the benzylic carbon atom.
Aldehydes and a,-unsaturated ketones are also used as electrophiles. In the
latter case, 1,2-addition products are obtained. Deprotonation from O-ethyl
thiobenzamide and 2-methyl thio-1-naphthamide proceeds in a similar fashion
to form the corresponding dianions.

S s-BuLi SLi )OL S JOL
~ (1.05 equiv.) SN R7C N~ R
N ————— | (27)
H THF
78 -78 °C, 30 min 79 80
S s-BuLi SLi Mel S
. ~ .
N~ (2.0 equiv.) N~ (1.0equiv) H/ (28)
H THF Li
78 -78 °C, 30 min 81 82

When deprotonation with excess base is applied to the secondary N-benzyl
thioamides 83, the deprotonation proceeds in a different fashion. The treatment
of 83 with 2 equiv of BuLi gives a purple solution, which involves the dianions
84 (Eq. 29) [51]. The dianions 84 can be regarded as synthetically useful car-
banions adjacent to a nitrogen atom. The selective formation of 84 is in marked
contrast to a similar deprotonation of the corresponding amides, where ortho-
lithiation at the benzene ring also takes place. Alkylation of 84 takes place

i BulLi LS L R'X s R
2.0 equiv. (1.0 equiv.)
3 H/\Ar (TI—?F) RA\NJ\A’ > R)J\N)\Ar (29)
H

83 0 °C, 30 min 84 85



262 T. Murai

selectively at the carbon atom adjacent to a nitrogen atom to give the thioamides
85. The reaction of dianions with oxiranes and aldehydes also takes place at the
carbanionic center of 84. The dianions 84 are stable under inert atmosphere
and are observed using NMR spectroscopy.

2.1.7
Miscellaneous

The Ugi four- or five-component condensation using CS, and COS leading to
thioamides has been reported [52]. Isocyanides and CS, are added to a reaction
mixture of primary amines and aldehydes, and the stirring is maintained for
12-18 h. Thioamides 86 are formed in 22~92% yields along with thioureas as
by-products (Eq. 30). The reaction involves the nucleophilic attack, by iso-
cyanides, of imines formed in situ. This yields the intermediates 87, and then
the dithiocarbamic acid salts 88 are added. The reaction of primary amines,
aldehydes, isocyanides, COS, and methanol also gives thioamides, but two or
three types of thioamides are formed in nearly equal amounts.

]
@) H 4
R'-NH, + JI + C=N-R* + CS; +N N,R
27> R3 CHxCl» R2 R H
86
(30)
Rl
NH
R2 TN i *NHgR!
3
R* N, RH,N" S~
87 R 88

Reduction of N-arylimino-1,2,3-dithiazoles 89, prepared from dithiazolium
chloride and primary amines, using lithium aluminum hydride furnishes the
N-aryldithioxamides 90 (Eq. 31) [53]. The reaction is carried out for 15 min at
room temperature, and the yields of 90 are moderate. It should be noted that
the thioamide moiety, which is easily reduced with lithium aluminum hydride,
remains in the products.

S
-N cl H
Ar
— LiAIH _— /Nm)k (31)
3 + 4
S_N THF Ar NH,
S rt, 15 min S g0
89

Ring opening of 1,3-thiazole-5(4H)-one 91 with a-aminoalkyl esters 92 in
the presence of 1-hydroxybenzotriazole and N-ethyl diisopropylamine gives the
endothiotripeptide 93 (Eq. 32) [54]. The starting compound 91 is prepared by
the (£)-camphor-10-sulfonic acid-catalyzed cyclization of endodipeptide. The
reaction with 92, where a bulky alkyl group is introduced to the carbon atom



Thio-, Seleno-, Telluro-Amides 263

R' (0] cat.
R H CSA R. )\/N
N —_— N =
N N(Me)Ph rt H
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OMe
Cl-HgN R

5 92 R' H (0]
R\NJ\H/N%N/HW/OMe (32)
N H H
@ N s 0 (32
N 93

EtN(Pr-i), O

a to the carbonyl group, requires over seven days. The molecular structure of
the endothiotripeptide has been elucidated.

3
Selenoamides

Compared to thioamides, less attention has been paid to selenoamides. Never-
theless, studies of selenoamides have gradually increased in number. Various
heterocycles have been synthesized [55]. In particular, primary selenoamides
are good precursors of selenazoles and selenazines. Their biological activities
have been partly elucidated [55h]. Primary selenoamides are used as selenium
transfer reagents in reactions leading to selenourea [56], diacyl selenides [57],
and diselenides [58]. Alkylation of selenoamides with carbon nuleophiles [59]
and carbon electrophiles [60] has also been investigated. In the former case, the
selenoamides are converted to ketones, and the latter reaction gives seleno-
iminium salts. Synthetic procedures established before 1998 have been reviewed
previously [61]. In the following sections, we describe recent advances in se-
lenoamide synthesis.

3.1
Syntheses

3.1.1
Selenonation of Amides

Selenonation of aromatic amides is carried out with 1,2,3,5,7-pentaselena-
4,6,8-triphosphocane 95, which is prepared from phosphine 94 and elemental
selenium, but the corresponding selenoamides are obtained in only low yields
(Eq.33) [62]. The reaction of (PhP), with 10 equiv of elemental selenium gives
2,4-bis(phenyl)-1,3-diselenadiphosphetane-2,4-diselenide 96, and this is iso-
structural with Lawesson’s reagent 18 [63]. 96 is then used for the direct con-
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A i ‘
Se _P< ©
APH, — Se”" “Se AT NRp PN (33)
Ar=PR P=Ar Ar NRp
94 S S/
e\Se' e
95

version of aromatic amides to the corresponding selenoamides. Reacting with
tertiary and secondary amides gives the products in moderate to good yields,
whereas the conversion of benzamide is less efficient. 96 is applicable to the

Se
5o Ph
Ph™ g6 “se

96

selenonation of formamides, tertiary aliphatic amides, and lactones, when the
reaction is carried out with benzene as the solvent at room temperature for 20 h
[64]. It is characteristic that all four selenium atoms in 96 are used during the
selenonation of amides. This is in sharp contrast to Lawesson’s reagent 18
where only two of four sulfur atoms are used. Alternatively, selenonation with
reagents bearing an aluminum-selenium bond has been developed. The reagent
97 is prepared by heating a mixture of diisobutylaluminum hydride and ele-
mental selenium for 1 h under an argon atmosphere (Eq. 34) [65]. The amides
are then reacted with 97 to form selenoamides. The reaction has been applied
to syntheses of various selenoformamides, which are obtained in yields >50%.
In contrast, the selenonations of acetamide and benzamide with 97 give the cor-
responding selenoamides in lower yields.

o)
. )J\ , Se
-BuoAlIH + Se (I'BU2A|Se)n R NR's )J\
toluene (-BugAlSe), R™ "NR'
120 ~ 130 °C 97
(34)
3.1.2

Selenolysis of Iminium Salts

Amides are converted to iminium salts 98 with oxaly chloride. Selenolysis of
98 with the reagent 99 generated from lithium aluminum hydride and ele-
mental selenium will give selenoamides (Eq. 35) [66]. The reaction is effective

¢l oor
“oR
ASNT o8 Se
. . R
LiAlH, + Se — > [LlAIHSeH} A NR (35)
THF 2

99
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for synthesizing tertiary aromatic selenoamides, except for ortho-substituted
selenoamides and selenoamides with bulky groups at their nitrogen atoms.
Alternatively, tetraethylammonium tetraselenotungstate 100 can be used as
a reagent transferring the selenium atom to iminium salts [67]. The reagent
100 is applicable to the syntheses of various selenoamides. Tertiary aliphatic
and aromatic amides are efficiently converted to the corresponding se-
lenoamides. N-ethyl selenoacetamide is obtained with 76% yield, whereas the
reaction with primary amides fails. The reaction of lactams with 100 success-
fully gives the selenolactams 101 (Eq. 36).

w (Et,N);WSe, 100 [é\A)\n
ot POCh ohoy N SSe (36)

| -78 ~25°C I 101

The POCIl;-mediated reaction of acetamides with DMF followed by treat-
ment with HCIO, forms the iminium salts 102 (Eq.37) [68]. The reaction of 102
with sodium selenide gives the f-amino-a,-unsaturated selenoamides 103 as
thermally stable compounds, although the yields of 103 are lower than those of
thioamides derived by a similar reaction.

9] HCIO4 cl ClO,~
+ DMF + POCly — —— + — 4
)LNR'Z ’ MeeNMNR'z

102
NasS Se
aooe
MegN/\)J\NR‘g (37)
103

Addition reactions of a selenium source to nitriles is a well-known method
for synthesizing primary selenoamides. The selenoic acid potassium salt 104 is
employed as the selenium source, and reactions with nitriles lead to the corre-
sponding selenoamides in moderate to good yields [69]. The reaction is useful
for synthesizing less stable aliphatic primary selenoamides. The salt 104 mainly
undergoes Michael addition to a,-unsaturated nitriles accompanied by addi-
tion of 104 to the cyano group. The selectivity of the reaction is not high, and
two types of selenoamides are formed. Notably, dicyano compound reactions
have also been examined [70]. Both the products where two cyano groups are
converted to selenoamide moieties and where one cyano goup is converted to

0 0
104 104
Ar)J\SeK Ar)kSeK
BF4+OFt, Se  BF4OFt, Se Se
NCOCN NC@—/(
0°C, THF NHz 0°C, THF HaN NH,
Ar= 4-MeCsH4 105

(38)
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selenoamide moiety are formed, but stepwise conversion of two cyano groups
successfully gives the diselenoamide 105 (Eq. 38).

3.1.3
Via Functionalization of Selenoamides

N-Alkylation of selenoamides is achieved by reacting with the N-hydroxyalkyl
benzotriazoles 106 generated from benzotriazole and aliphatic aldehydes
(Eq.39) [71]. The reaction of primary aromatic selenoamides with 106 followed
by reduction with NaBH, gives secondary selenoamides in moderate to high
yields.

(0] Se

N Se
T ¢ O | ook
@N’N R H )N\ A NH, Ar)LH/\R
H toluene 2) NaBH
110°C R™ "OH ) N
106 (39)

Selenium isologues of enolate ions (the eneselenolates 107) are generated
from aliphatic selenoamides and LDA (Eq. 40). Alkylation of eneselenolates
usually takes place at the selenium atom to form keteneaminoselenoacetals,
which are highly susceptible to hydrolysis, giving ordinary amides. When allylic
halides are used as carbon electrophiles, y,6-unsaturated selenoamides 109 are
obtained in good yields [72]. Keteneaminoselenoacetals 108 may be formed ini-
tially, and then undergo seleno-Claisen rearrangement to furnish 109. Despite
the fact that a selenocarbonyl group is less stable than a thiocarbonyl group, the
seleno-Claisen rearrangement appears to proceed with an efficiency similar to
that of thio-Claisen rearrangement. In terms of the stereochemical outcome of
the reaction, the eneselenolates 107 are generated as single isomers, similar to
ordinary amides and thioamides. Michael addition reactions of eneselenolates
107 with a,-unsaturated esters and ketones have been carried out [73]. These
reactions are very rapid, and high stereoselectivity is observed for the reaction
with aliphatic o,f-unsaturated esters leading to 110 (Eq. 41). Aldol-type con-
densation reactions of aldehydes [74] and ketones [75] with eneselenolates 107
give Pf-hydroxy selenoamides 111 in moderate to high yields as stable com-
pounds (Eq.42). The efficiency of the ketone reaction is dependent on the sub-

. Se LDA . SelLi
NR2  1hF 7 NRy
107
" "(\Se Se
PR R"% -
R NR>  (40)
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stituents adjacent to the carbonyl group. The stereoselectivity of the reaction
also depends on the carbonyl compounds used and the substituents at the
nitrogen atoms of the selenoamides. Generating the eneselenolate from a-silyl
selenoamide 112 and then reacting it with aldehydes produces o, -unsaturated
selenoamides 113 (Eq. 43) [76]. The reaction shows high E-selectivity, which is
in sharp contrast to the reaction of a-silyl thioacetamide, which shows no
stereoselectivity. Deprotonation from o,p-unsaturated selenoamide 114 takes
place at the carbon atom y to the selenocarbonyl group to form dieneselenolates
115 (Eq. 44) [77]. Allylation of 115 gives the selenoamide 116, where the allyl
group is introduced to the carbon atom o to the selenocarbonyl group.

i H
. Se LDA . Seli R"J\R"‘ - O Se
NR, HE = NR R NR
107 11 R (42)
1 s
e
Se SelLi
_ LDA R""H
Me3Si NR! MegSi_h R"/\)J\NR'2
2 THF NR'z 113
12 (43)
)\jﬁ )\/SfLi /\/Br Se
- - JE—— ™
SUNRY ZNRy NR,  (44)
114 115

Like the reaction in Eq. 29, the selenoamide dianion 117 is generated by re-
acting N-benzyl selenobenzamide with 2 equiv of BuLi (Eq. 45) [78]. Alkylation
of 117 takes place selectively at the carbon atom adjacent to the nitrogen atom
to the selenocarbonyl group. Alkyl halides, acid chlorides, and oxiranes are used
as carbon electrophiles. Trimethylsilyl chloride performs silylation of 117,
giving the selenoamide 118.

Se BulLi LiSe Li Me3SiCl Se SiMe
- 3

P N Ph (2.0 equiv.) [ Ph)\\N)\Ph (1.0 equiv.)
H THF A A

0 °C, 30 min 117 18 (45)
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3.1.4
Miscellaneous

The lithium alkyneselenolates formed by reacting terminal acetylenes and BuLi
with elemental selenium are good precursers for selenoamides. Propargylation
of lithium alkyneselenolate 119 followed by reaction with secondary amines
gives a,f,y,0-unsaturated selenoamide 120 in moderate yields (Eq. 46) [79].
Four-component coupling reactions of terminal acetylenes, elemental selenium,
amines, and allylc bromides provide an efficient method of synthesizing y,6-
unsaturated selenoamides 121 (Eq. 47) [80]. 119 is formed initially, which is
allylated to form the alkynyl allyl selenides 122, which then undergo [3,3] sig-
matropic rearrangement to form the selenoketene intermediates 123. Finally,
addition of amines to 123 results in the formation of 121. It is important that
the allylic bromides and amines are added successively to 119, in order to react
the amines with 123 as soon as 123 is generated. Otherwise, yields of 121 drop,
probably due to the gradual decomposition of 123. Various terminal acetylenes,
secondary and tertiary amines are used to produce the corresponding seleno-
amides in good to high yields. The use of crotyl bromide gives diastereo-
isomeric mixtures with no selectivity.

Et Se
_ BuLi/ EtC=CCH,CI HNR;
phc=cH —BubiSe [PhCECSeLi T 2 SNONR!
THF :
119 Ph
120
(46)
BuLi/S 2B HNR", )ig
RC=CH —=4=e [RCECSeLi]—> — ‘\/V\)LNR"
THF R )
119 R 121
(47)
B R
RCc=CSe R ):-:Se
122 R\— 123

4
Telluroamides

Only limited examples of telluroamides have been reported. This is mainly
due to the labilities of telluroamides, particularly toward oxygen. Even when
telluroamides are formed in situ, they gradually decompose during purifica-
tion. Synthetic methods that produce telluroamides along with easily separable
co-products are necessary. Reagents 124 and 126, prepared from diisobutyla-
luminum hydride [65] or lithium aluminum hydride [60b] with elemental
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tellurium, have been developed for this purpose. The telluroformamides 125
can be obtained in 25~66% yields by reacting formamides with reagent 124 and
then isolating them by column chromatography on silica gel (Eq. 48). Tellurol-
ysis of the selenoiminium salt 127 with the reagent 126 proceeds smoothly
below room temperature to form the telluroamide 128 (Eq. 49). This reaction
is applicable to the synthesis of telluroformamides and aromatic telluroamides
[81]. Aliphatic telluroamides are also formed, but isolated in quite low yields
unless two alkyl groups are introduced to the carbon atom « to the tellurocar-
bonyl group.

FBusAH + Te — (FBuzAITe), H™ "NR} i
toluene (-BusAlTe), H™ "NR'
120 ~ 130 °C 124 125
(48)
MeSe ~OTf
S
R7NT 127 Te
' — | M (49)
LiAIH, + Te 126 A

|
R = H, Ph, CHy=CHCH,CH(Ph) 128

5
Perspectives

In this chapter we have reviewed methods of synthesizing chalcogen isologues
of amides that have been developed over the last few years. Dramatic progress
in the chemistry of thioamides looks set to continue. Thioamide moieties are
becoming important functional groups in the material and biological sciences.
Therefore, we need more efficient, selective, and environmentally benign
processes to produce them. For example, the site-selective thionation of amide
moieties of oligo- and poly- peptides is demanded. The main drawback with
the conversion of amides to thioamides is the formation of equimolar amounts
of co-products, such as phosphorus compounds. In an ideal process, the direct
replacement of an amide oxygen atom with elemental sulfur would occur, but
this is yet to be realized. Future prospects for selenoamides are similar to those
for thioamides. As the biological importance of selenium-containing hetero-
cycles and selenoamides becomes more apparent, more synthetic methods for
selenoamides will be developed. The use of selenoamides as metal ligands has
so far only been studied to a minor extent. Because of the affinity of selenium
toward heavy metals, metal complexes formed with selenoamides are expected
to show unique properties. Finally, in order to develop the telluroamide chem-
istry, synthetic reactions performed under mild conditions are desired. Nev-
ertheless, recent results indicate that even aliphatic telluroamides can be made
stable enough to handle by introducing appropriate substituents. The funda-
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mental properties of telluroamides have also not yet been fully studied. These
topics will be investigated in the future.
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