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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] o} (0] O
RJLOH R)J\SH RJ\SeH R/U\TeH A
S S S S
RJ\OH R)J\SH R/U\SeH R/U\TeH
B
Se Se Se Se
RJ\OH R)J\SH R™ "SeH R™ "TeH
Te Te Te Te
R”™ "OH RJ\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 HC]
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} M O E
R)\K E # Hl ELO N RJ\OH
E=S,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 OC, 1h Se S
- *N(C4Hon HCl —_
pg MOHels + E1,0 b oy R g
R = C(CHQCH=CH2)3 2 2'

Green solution
Scheme 3

CF;CO,H, CF,;S0;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].

CHy CHy
N Se HX N Se
[* - [ < x
N Se HX : CH3CO,H, CF3CO.H N SeH
\CH3 CF3803H, HBF4, or H2804 \CHQ
3
Scheme 4 Immediate decomposition
Se Se
-70 °C
\J *N(CsHg-n)s + CF3SOzH
R)\Se i g Et,0 R” “SeH
R = 2-CH3CgH4 4
green solution
(0]
SN S
R Se/\)l\
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.

O S

o = A

R™ "SH R™ "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 o] E

R=4-CH,0C.H, RJ\EH RJKOH
chalcogenol form chalcogenoxo form
E=S NMR ('H) SH 4.48° OH 14.52¢
(&(9) C=0 188.5? C=$§ 212.3¢
E=Se NMR (‘H) SeH 2.59° OH 15.3¢
(*C) Cc=0 189.6* C=Se 222.2°¢
(77Se) 427.5% 753.9¢
E=Te NMR (‘H) TeH - OH 16.02¢
(3C) C=0 = C=Te 222.2¢
(125Te) 535b 952°¢

2 In CDCl, at rt; ® in toluene-dg at =90 °C; ¢ in THF-d, at -90 °C.



6 O. Niyomura - S. Kato

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 HS (S
558
CHa/IkSH Me/u\s)<CH3 HaC—h 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;C¢H,) [26] exist as cyclic dimers, with both molecules connected via inter-

i ,H\
H-S o s
.0 s
R—< )R H-9 \
S—H---E ©/U\S H--S H

9 E =0, R=2-HOCgH, -
10 E =0, R = 4-CHyCeHs
11 E=S, R =4-CHaCoH, (C=S:1.651, C-5:1.736 A)
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molecular hydrogen bonds (S-H---0=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’=O0,
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.

_H
HJ\E/ H O E H/gE
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].



