
A Berzelius Reagent, Phosphorus Decasulfide (P4S10), in Organic Syntheses

Turan Ozturk,*,† Erdal Ertas,‡ and Olcay Mert§

Istanbul Technical University, Science Faculty, Chemistry Department, Organic Chemistry, 34469 Maslak, Istanbul, Turkey, Tubitak Marmara
Research Centre, FI, 41470 Gebze-Kocaeli, Turkey, Middle East Technical University, Department of Chemistry, Organic Chemistry, Ankara,

Turkey, and TUBITAK UME, Chemistry Group Laboratories, PBox 54, 41470, Gebze-Kocaeli, Turkey

Received July 6, 2009

Contents

1. Introduction 3419
2. Reactions of P4S10 3421

2.1. Ketones 3421
2.2. Thionoesters, Dithioesters, Thionolactones,

Dithiolactones, Thiolactones, and
Dithiolethiones

3426

2.3. Amides and Lactams 3435
2.4. Imides 3448
2.5. Thiophenes 3451
2.6. Thiazolines, Thiazoles, and Thiazines 3454
2.7. Dithiazoles 3456
2.8. Thiadiazoles 3456
2.9. Imidazolines and Pyrimidines 3456

2.10. Alcohols 3458
2.11. PdO to PdS 3461
2.12. Reduction 3462
2.13. Nucleotides, Purines, and Pyrimidines 3463
2.14. Miscellaneous 3467
2.15. P4S10 vs Lawesson’s Reagent (LR) 3473

3. Conclusion 3473
4. Acknowledgments 3473
5. References 3473

1. Introduction
Syntheses of organic compounds having a sulfur hetero-

atom have been in the interest of many groups. This has
been performed mainly through the reactions of thionating
agents, among the oldest and the most important ones of
which is phosphorus decasulfide (P4S10), 1 (also called
phosphorus pentasulfide, P2S5).

Although it was claimed1 that the reaction between
phosphorus and sulfur was first indicated nearly three

hundred years ago,2 possibly such a reaction had been known
even earlier but had not been noted. On the other hand, the
first reports on the synthesis of P4S10 appeared in 1843 and
were authored by J. Berzelius.3,4 The discoverer of P4S10 is
understood to be the famous Swedish chemist Jóns Jacob
Berzelius (1779-1848), who is considered among the fathers
of modern chemistry. His works include the discovery of
chemical elements such as silicon, selenium, thorium, and
cerium. Moreover, he is the first person to make a distinction
between organic compounds, containing carbon, and inor-
ganic compounds. He also worked on chemical formula
notation, such as isomers.

Berzelius synthesized P4S10 by a violent reaction of white
phosphorus and sulfur. A more controlled reaction was later
obtained using red phosphorus. P4S10 can also be formed by
reaction of elemental sulfur or pyrite (FeS2) with ferrophos-
phorus (Fe2P), which is a byproduct of P4 production from
phosphate rock.

Since then, P4S10 has been used widely in organic
syntheses for a wide range of purposes, primarily as a
thionating agent of organic (also inorganic) compounds and
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for the syntheses of various heterocycles, including thiophenes,
thiazines, thiazoles, thiazolines, imidazolines, pyrimidines,
imides, dithiazoles, thiadiazoles, and dithiins. Additionally,
it has widespreadly been applied in thionations of peptides,
nucleosides, purines, and pyrimidines, and in reductions of
sulfoxides to sulfides.

In 1854, Kekule employed P4S10 for thionation of some
compounds, including diethyl ether, anhydrides, and ethanol.5

In 1859, Carius re-examined the reactions and reported that,
contrary to Kekule’s findings, rather than obtaining ethylm-
ercaptan from ethyl alcohol, the reaction in Scheme 1 took
place.6 Moreover, a general scheme obtained through the
further investigations is depicted in Scheme 2.7

In 1878, Hofmann applied P4S10 to convert amides to
thioamides, the products of which included HCSNH2 (30-

50%), CH3CSNH2 (35-40%), (CH3)2CHCSNH2 (30-50%),
3,4-(CH3O)2C6H3NHCSCH3(%55),nonylthiolactam(50-90%),
4-ClC6H4NHCSCH3 (54%), 4-NO2C6H4CSNH2 (70-90%),
4-H2NC6H4CSNHC6H5 (5%), and thionsaccharin (90%).8

P4S10 is now a commercially available compound, and not
only is it used for thionation reactions and constructing
heterocycles, it is also used for industrial applications such
as production of additives for lubricants, oil, flotation agents,
and insecticides, etc.9

The usual method of thionation using P4S10 is conducted in
refluxing solvents such as benzene, toluene, dioxane, xylene,
THF, pyridine, acetonitrile, and CS2. On the other hand, there
are examples where the reactions were carried out at 0 °C to
room temperature even in low boiling solvents such as dichlo-
romethane and diethyl ether. Moreover, addition of some bases,
such as NaHCO3, Na2CO3, Na2SO3, pyridine, and Et3N, is
widely applied as well as addition of Al2O3. More importantly,
incorporation of hexamethyldisiloxane (HMDO) into the reac-
tion mixture resulted in the improvement of the yield (see P4S10

vs Lawesson’s reagent, LR, part).
Although there is not a clear-cut report for the thionation

mechanism of P4S10, it is generally accepted that, particularly
in the reactions conducted under refluxing solvents, P4S10

dissociates into P2S5, 2 (Scheme 3).10-12

The decomposition product 2 can then react with func-
tional groups such as carbonyl 3 to form four-membered ring
4, which decomposes to the corresponding thioketone 5 and
to the thermodynamically more stable product 6, having a
PdO bond (Scheme 4).

P2S5 produced in the reaction medium was trapped by
various research groups, and the X-ray diffractions were
reported, 7-10.13-15 Moreover, the reactions performed in
the presence of bases such as pyridine were reported to form
a pyridine-P2S5 complex 11.16-18

X-ray diffraction,1,19-21 mass, NMR,1,22-24 infrared,
Raman,12,25-27 ESR,28 and XPS29 spectroscopic studies of
P4S10 were conducted. Additionally, solubility,30 sublima-
tion,31 and vaporization32 behaviors were investigated in-
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Scheme 1. Carius’ Postulation of the Reaction of Ethyl
Alcohol with P4S10

Scheme 2. General Reaction Scheme of Alcohol with P4S10

Scheme 3. Dissociation Mechanism of P4S10

Scheme 4. Thionation Mechanism of P4S10
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depth. Phosphorus pentasulfide having the phosphorus-32
isotope was reported to be prepared.33

Interestingly, to our best knowledge, a comprehensive
review has not appeared so far, although some organosulfur
related reviews included P4S10 as short sections.34-42 In this
review, considering its widespread use in organic syntheses,
P4S10 has been reviewed in-depth.

2. Reactions of P4S10

2.1. Ketones
Ketones 12 are converted to thioketones 13 (Scheme 5)

with P4S10, even in the presence of some functional groups
such as aromatic and heterocyclic rings, halogens, ethers,
amines, ferrocyl, and tosyl groups (Table 1).

Various reaction conditions are applied, including pyridine,
toluene, CH2Cl2, CH3CN, THF, diglyme, xylene, CS2, and
dioxane as solvent, 0 °C to reflux as the reaction temperature,
and in some cases in the presence of Al2O3 (Table 1, entries
9-12), NaHCO3 (Table 1, entries 18, 19) and Et3N (Table
1, entry 28). The reaction is not preferentially carried out
under inert atmosphere. There are a number of examples
where the reactions were performed open to atmosphere.

It is not unusual that the use of P4S10 results in unexpected
products. It could be concluded that, in general, when R,�-
unsaturated ketones are treated with P4S10, various products are
obtained, including dimerization (Table 2, entries 1, 2-9) and
new ring formations (Table 2, entries 2, 10, 11). It looks as
though dimerization and a new ring formation are likely
products of the reaction of R,�-unsaturated ketones with P4S10.

Reaction of R,�-unsaturated ketone 14 with P4S10 in CS2

gave an intramolecular Diels-Alder reaction to yield the
cyclo adduct 16, possibly through the thione intermediate
15 (Scheme 6).74

Treatment of the diketone 17, having an R,�-unsaturated
unit with P4S10 in pyridine (dry), for 3-5 h at room
temperature resulted in the formation of thiopyran ring 18
(Scheme 7).75 On the other hand, it was reported that the
treatment of the same ketone with P4S10 in refluxing xylene
yielded trithiapentalene 19.76

Thiopyran 21 ring was also obtained when 1,5-diketones
20 were reacted with P4S10 (Scheme 8, Table 3).

Trithiapentalenes were reported to be obtained from
1,3,5-triketones.81,82 Treatment of the triketones 22-24 with
P4S10 in refluxing toluene yielded the trithiapentalenes 25-27
(Scheme 9).

The reaction of keto dienamine with P4S10 led to the
formation of bridged trithiapentalene. Treatment of the
dienamine 28, prepared from the reaction of 4-phenylcyclo-
hexanone and dimethylamino-tert-butoxymethane (Bred-
ereck’s Reagent), with P4S10 (or Lawesson’s reagent, LR 566)
in refluxing benzene or toluene yielded the trithiapentalene
29 in 41% (Scheme 10).83 It was reported that this methodol-
ogy was extended to the synthesis of various bridged
trithiapentalenes 30.

Another unexpected product of P4S10 is the production of
1,2,4-trithiolane from the reaction of some ketones with
P4S10. In an attempt to convert the oxo group of the ketone
31 to thio, two trithiolanes, cis-32 and trans-33, were isolated
(Scheme 11) along with the desired thioketone 34 (Table 1,
entry 27).64

A similar result was obtained on treatment of the ketones
35 and 36 with P4S10. 1,2,4-Trithiolanes 37 and 38 were
isolated after performing the reaction in pyridine at 40 °C
in 79 and 41% yields, respectively (Scheme 12).84 On the
other hand, the reaction of the ketone 39 with P4S10 under
the same conditions gave the dimer 40 in 78% yield.

Thionation of 1,1′-dibenzoferrocene 41 with P4S10 in a
refluxing mixture of CH2Cl2/Et2O (1:1) for 1 h gave 1,2,4-
trithiolane 42 in a yield of less than 1%, along with 1,1′-
bis(thiobenzoyl)ferrocene 43 in 40% yield (Table 1, entry 20)
(Scheme 13).57 Its mechanism suggested that the initial step

Scheme 6. Reaction of r,�-Unsaturated Ketone 14 with
P4S10

Scheme 7. Reaction of r,�-Unsaturated Diketone 17 with
P4S10

Scheme 8. General Reaction of 1,5-Diketones with P4S10

Scheme 5. General Reaction of P4S10 with Ketones
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Table 1. Products of the Corresponding Ketones with P4S10
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involved the exchange of carbonyl oxygenes with sulfur to
give 44 and then addition of H2S to the two thioketones
formed the dithiol 45, oxidation of which resulted in the
1,2,4-trithiolane 42.

On the way to converting the oxo groups of 46 (Table 1,
entry 24) to thiones, a dimerized product 47 in 2.8% yield,
consisting of a 1,2,4-trithiolane unit, was isolated along with
the products containing thione groups (figures in entry 24).61

On the other hand, treatment of 46 with P4S10 in refluxing
pyridine for 12 h, rather than 1.5 h done previously,61 resulted

in the formation of 48 in quantitative yield, and heating 46
with P4S10 up to 200 °C under reduced pressure yielded 49
in 72% yield (Scheme 14).85

Reductive coupling, resulting in the formation of the
peropyrene 51, took place upon treatment of the ketone,
phenalenone 50, with P4S10 (or LR) in refluxing benzene
(Scheme 15).86 It was suggested that its mechanism involves
the conversion of the oxo group to the thione 52, which was
followed by the formation of a carbene intermediate 53. Its
coupling gives the final product 51.

A series of coupling products were obtained when the
dione 54 was reacted with P4S10 in refluxing toluene (Scheme
16).87 The mechanism was proposed to involve the replace-
ment of the oxygens with sulfurs to give 55, which was then
decomposed to 56 and 57, from which the coupling products
58, 59, and 60 were formed, respectively.

Table 1. Continued
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Table 2. Reaction of r,�-Unsaturated Ketones with P4S10
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Treatment of the R-hydroxyketones 61 and 62 with P4S10

in refluxing dioxane and then addition of alkylating agent
such as MeI, BzBr gives the dithiolene thiophosphoryl
thiolates 63, 64, and 65, respectively (Scheme 17).88

In a similar manner, the benzoins 66 (Scheme 18)89 and
68 (Scheme 19)90 were treated with P4S10 in refluxing dioxane
followed by trapping, using metal ions to form the complexes
in place of alkylating agents to yield 67 and 69.

In the case of having reactive functional units close enough
to give reaction with carbonyl groups, unexpected products
including addition of the part of P4S10 or dimerization were
obtained. Treatment of the tetrabutyl ammonium salt of
camphor 70 with P4S10 in refluxing toluene gave an addition
product 71 (Scheme 20).91 The reaction of 1,3-diketone 72
with P4S10 in o-dichlorobenzene at 100 °C in the presence
of Li2CO3 yielded the addition product 73 (Scheme 20).15

Treatment of �-oxo sulfenyl chlorides 74a,b with P4S10

in refluxing toluene for 10 h produced the dimers 75a,b and
1,2,3,4-tetrathiins 76a,b (Scheme 20).92

Reaction of 2,3-diphenylcyclopropenone 77 with P4S10 in
benzene (dry) at 50-60 °C was reported to produce the
corresponding thione derivative 2,3-diphenylcyclopropeneth-
ione 78 in 68% yield (Scheme 21).94 On the other hand,
contrary to these results, depending on personal communica-
tions, a different result indicated that the reaction of 77 with
P4S10 gave dithiolethione 79 rather than 78.95 Then, a rather
extensive study demonstrated that the reaction of 77 with
the P4S10 in benzene at 45 °C yielded both 78 and 79 in
equal ratios.96 Moreover, while the mixture was refluxed for
30 min, 79 was obtained as a sole product in 10% yield.
The same reaction at room temperature for 3 h resulted in
the formation of the thione 78 in 15% and 79 in trace.

Treatment of thiobenzophenone 81, obtained by the
reaction of benzophenone 80 with P4S10 in CH3CN/NaHCO3

at 30 °C, with P4S10 in refluxing xylene for 20 h yielded
tetraphenyl ethylene 82 (Scheme 22).98 High temperature
could be the reason that tetraphenyl ethylene was obtained
from thiobenzophenone, not from benzophenone.

An attempt to thionate the ketone 83, having an epoxide
moiety, surprisingly yielded the dithiole 86, the mechanism
of which was suggested to involve the intermediates 84 and
85 (Scheme 23).99 A similar result was obtained on treatment
of epoxyketone 87 with P4S10, which gave the dithiole 88 in
50% yield.100

Addition of part of P4S10 was observed when indigo 89
was reacted with P4S10 in hot pyridine, which gave a hardly
soluble dark blue solid 90 (Scheme 24).101

2.2. Thionoesters, Dithioesters, Thionolactones,
Dithiolactones, Thiolactones, and Dithiolethiones

Replacement of carbonyl oxygens of ester and lactone
groups with sulfur using P4S10 has been demonstrated by

Table 3. Synthesis of Thiopyrans from 1,5-Diketones
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various examples. It looks that they are less reactive than
amides, as the examples indicate that amide carbonyls
could selectively be thionated in the presence of ester and/
or lactone groups with P4S10 (see the amide part). On the
other hand, esters and lactones are reactive enough that
they could be thionated in the presence of some simple
functional groups such as alkylamines, halogens, nitro,
and CN groups (Table 4). Although it appears that the
general reaction solvents are toluene and xylene, aceto-

nitrile, diethyl ether, THF, benzene, dioaxane, chloroform,
and pyridine are also used. The reaction is generally

Scheme 11. Reaction of 31 with P4S10

Scheme 12. Treatment of the Ketones 35, 36, and 39 with
P4S10

Scheme 13. Thionation of Dibenzoferrocene 41 with P4S10

Scheme 14. Reaction of 46 with P4S10

Scheme 9. Formation of Trithiapentalenes from
1,3,5-Triketones

Scheme 10. Reaction of Dienamine with P4S10

Phosphorus Decasulfide in Organic Syntheses Chemical Reviews, 2010, Vol. 110, No. 6 3427



performed in refluxing solvents. There is no clear-cut
indication that the thionation reaction should be conducted
under an inert atmosphere. Some of the reactions are
carried out using HMDO (hexamethyldisiloxane) (Table
4, entries 1-4, 14-18, 28, and 29, Table 5, entries 6 and
7), NaHCO3 (Table 4, entry 26), S8 and ZnO (Table 5,
entries 1, 4, 5, and 7) along with P4S10.

The synthesis of dithioesters from either carboxylic acids
and alcohols or thiols using P4S10 in usual thionation solvents
was reported by various groups (Schemes 25-27). Treatment
of the acids 91 and 94 with the alcohols 92 and 95 in the

presence of NaHCO3 and Ph3SbO, respectively, produced
the corresponding esters 93 and 96, respectively (Scheme
25).136,137 Using the same catalysis, Ph3SbO, the reaction of
acetic acid 97 with the olefins 98a-c in benzene at 50 °C
for 12 h gave the olefins 99a-c.138 Dithioesters 102 were
also obtained only in the presence of P4S10 through the
reaction of the acids 100 with the alcohols or thiols 101 in
toluene or CCl4.139

The di-106 and tri-107 dithioesters were synthesized using
the di- and trifunctional carboxylic acids 103 or 104 and

Scheme 15. Formation of Peropyrene 51

Scheme 16. Formation of the Coupling Products from 54

Scheme 17. Reactions of the r-Hydroxyketones with P4S10

Scheme 18. Reaction of 66 with P4S10

Scheme 19. Reaction of 68 with P4S10

Scheme 20. Reaction of the Ketones 70, 72, and 74 with
P4S10

Scheme 21. Reaction of Diphenylcyclopropenone with P4S10

Scheme 22. Synthesis of Tetraphenyl Ethylene
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benzyl mercaptan 105 in refluxing toluene or dioxane,
respectively (Scheme 26).140

It was reported that treatment of the carboxylic acids 110
with trialkyltetrathiophosphates 109, which was obtained in
bulk from alcohols 108 and P4S10,141,142 yielded the thiolo-
carboxylic esters 111 along with a small amount of the
dithioesters 112 (Scheme 27).143 Further reactions of the
thiolocarboxylic esters with P4S10 resulted in the complete
transformation to the dithioesters.

Thionoformate and dithioformate were synthesized with
the reaction of P4S10 with ethyl orthoformate and orthothio-
formate, respectively (Scheme 28).144,145 The reaction of ethyl
orthoformate 113 with P4S10 at 95-150 °C gave three
products: ethyl formate 114, ethyl thionoformate 115, and
triethyl dithiophosphate 116. Similar results were obtained
on treatment of ethyl orthothioformate 117 with P4S10, which
yielded ethyl dithioformate 118 and triethyltetrathiophosphate
119.

The reaction of alkylaminocrotonates 120 with P4S10 in
benzene at 60 °C yielded thiaphosphetanes 121 in low yields,
1-4%, which were spontaneously rearranged to oxaphos-
phetanes 122 (Scheme 29).146

Benzoxanzinones 123 were transformed into benzothiaz-
inthiones 126 in good yields on treatment with P4S10 (Scheme
30).93 The mechanism was suggested to involve initial
thionation of the carbonyl group to give 124, which was
rearranged to 125 and then second thionation resulted in the
formation of 126.

Treatment of thienothiophene, having esters and amide
groups ortho to each other, with P4S10 in pyridine gave a

Scheme 25. Synthesis of Esters from Carboxylic Acids and
Alcohols or Thiols

Scheme 26. Syntheses of di- and tri-Dithioesters

Scheme 27. Syntheses of Dithioester from Thiolocarboxylic
Esters

Scheme 23. Syntheses of the Dithioles 86 and 88

Scheme 24. Reaction of Indigo with P4S10
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Table 4. Products of the Corresponding Esters and Lactones
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ring closure reaction (Scheme 31).147 The reaction of 127
with P4S10 in refluxing pyridine for 20 h yielded two
compounds: the ring closure, 129, and nonring-closure, 130,
products. On the other hand, the same reactions of 128 with
P4S10 gave only the ring closure products 129 and 131.

Dithiolactone 133 was obtained from the reaction of the
dicarbonyl compound 132 with P4S10 in refluxing dioxane
for 4 h (Scheme 32).148

Dithiolethiones were synthesized from various starting
materials, including thioacetals, having a carbonyl group at
the 3-position (Table 6, entries 2, 3, 5, and 6). The reaction
of diacylketene thioacetals 134 with P4S10 in various solvents
at room temperature gave dithiolethione 135 in moderate
yield.149 On the other hand, when the reaction was performed

in a mixture of ACN-Et3N (9:1) at -30 °C, the dithioester
136 was obtained in 44% yield.

1,2-Dithiol-3-thione 138 was obtained in 31% yield on
treatment of 2-thioxo-1,3-thiazine-4-one 137 with P4S10

in hot pyridine (Scheme 33).159 On the other hand, when
the reaction was performed in xylene in place of pyridine,
with 137 or 139, 1,3-thiazine-2,4-dithione 140 was obtained.
No reaction took place when benzene or toluene was used
as solvent. Moreover, the use of mixed solvents such as
xylene/pyridine caused the formation of 140 in 60-80%
yields.

The effect of the use of pyridine or xylene as solvent in
the mechanism explained that pyridine, as a base, attacks at

Table 4. Continued

Scheme 28. Reaction of Orthoformate and Orthothioformate
with P4S10

Scheme 29. Reaction of Alkylaminocrotonates with P4S10

Scheme 30. Synthesis of Benzothiazinethiones from the
Reaction of Benzoxazinones with P4S10
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hydrogen on the nitrogen, causing a ring-opening to produce
141, reaction of which with P4S10 gives 142. Then the ring
closure yields the product 138 (Scheme 34).

Aryldithiolethiones 144 were reported to be obtained from
the reaction of 1-aryl-3,3-dialkylthio-2-propen-1-ones 143
with P4S10.160 Similar results were obtained with �-ox-
oesters.161

Dithiolethione 146 was produced in 45% through the
reaction of bis(2-carboxy-3-chlorophenyl)disulfur 145 with
P4S10 in refluxing xylene (Scheme 35).162

Interestingly, the reaction of the ester 147 with P4S10 in
different solvents such as xylene and pyridine gave different
results (Scheme 36).163 While the reaction of 147 with P4S10

in refluxing xylene for 1.5 h yielded the dithiolactone 148

Table 5. Formation of Dithiolethione

3434 Chemical Reviews, 2010, Vol. 110, No. 6 Ozturk et al.



in 25-30% yield, performing the same reaction in refluxing
pyridine resulted in the formation of thionolactone 149 in
50-70% yield.

2.3. Amides and Lactams
Amides and lactams can easily be converted to thioamides

150 and thiolactams 151 (Tables 7 and 8, respectively).

As they are among the most reactive groups, they could
easily be thionated in the presence of various functional
groups, such as ester, pyridine, Boc, amine, nitro, and cyano
(Tables 7 and 8). The reaction was performed in various
solvents, including toluene, xylene, benzene, THF, CH2Cl2,
CHCl3, pyridine, dioxane, hexamethylphosphoric triamide,
acetonitrile, and dimethoxyethane, and the reaction temper-
ature was changed from -20 °C to reflux. In some cases,
thionation of amides and lactams was carried out in a basic

medium using NaHCO3, Na2CO3, Et3N, KF, NaF, K2S, and
Dabco, although the reaction was generally conducted in neat
solvent. Moreover, there are examples where catalysts such
as hexamethyldisiloxane (Table 7, entries 1, 30, 31, and 35;
Table 8, entry 1), silica gel 60 (Table 8, entries 36 and 43),
and Al2O3 (Table 7, entries 21, 25, and 26; Table 8, entry
51) were employed. Surprisingly, in one example of thion-
ation of some amide and lactams, P4S10 was treated with
n-BuLi prior to the addition of amide and lactams into the
reaction medium (Table 7, entry 32; Table 8, entries 46-50,
respectively).224 It was concluded that P4S10 was initially
reacted with n-BuLi to form the complex 152, the reaction
of which with the lactams yields the thiolactams (Scheme
37).

Although there are examples which indicate that amides
(Table 7, entry 27) and lactams (Table 8, entries 26 and 52)

Scheme 31. Reaction of Ortho Ester and Amide Groups
with P4S10

Scheme 32. Reaction of Dicarbonyl Compound with P4S10

Scheme 33. Synthesis of 1,2-Dithiol-3-thione from
2-Thioxo-1,3-thiazine-4-one

Scheme 34. Mechanism of Formation of 1,2-Dithiol-3-thione

Scheme 35. Reaction of 145 with P4S10

Scheme 36. Reaction of 147 with P4S10
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could be thionated in the presence of cyano groups, there
are also examples that the cyano groups could be converted
to thioamides. Refluxing of acrylidenemalononitriles 153

with P4S10 in toluene (dry) gave the corresponding thioamides
154a-c along with a side product 155 derived only from
153a-c (Scheme 38).227

In another two examples, the nitriles 156 and 156a-e were
converted to the corresponding amides 157 and 157a-e,
respectively, under different conditions. While the reaction
of the nitriles 156 with P4S10 in the presence of sodium
sulphite or sodium dithionite at room temperature produced

Scheme 37. Reaction of n-BuLi with P4S10

Table 6. Synthesis of Dithiolethione
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the amides 157 in 5-25 min with 60-98% yield, performing
the same reaction with a microwave resulted in 2-5 min
with 55-92% yield (Scheme 39).228 On the other hand,
converting the nitriles 156a-e to the corresponding amides
157a-e with P4S10 in ethanol at room temperature took
between 2 and 6.5 h with 53-95% yield (Scheme 40).229

It looks as though the differences between the reaction
conditions of thionation of amides and lactams in the
presence cyanide, and converting a cyanide group to an
amide are reaction temperatures, protic solvents, and inclu-
sion of Na2SO3 or Na2S2O4 in the reaction mixture. Thion-

ations of amides and lactams, without affecting the cyanide
groups, were performed in refluxing pyridine. On the other
hand, a mild reaction condition such as room temperature is
required to obtain thioamides from cyanides.

Amides 160 were synthesized from carboxylic acids 158
and amines 159 in the presence of P4S10 and triphenylstibine
oxide (Ph3SbO) (Scheme 41).230 The method was also applied
to the syntheses of some peptides, such as z-Gly-Gly-OEt,
z-Phe-Leu-OEt, z-Leu-Phe-OMe, z-Ser-Gly-OEt, and z-Tyr-
Gly-OEt, and to the preparation of diamides of adipic acid
(CH2CH2CO)2(NHPr)2.

It was claimed that the combination of P4S10 and Ph3SbO
leads to the formation of thiocarboxylic acid 161, which
could then react with the amine 159 to yield the amide 160
(Schemes 42 and 41).230

The same combination (P4S10/Ph3SbO) was applied to the
reactions of the amines 162 with carbon dioxide, which
resulted in the formation 1,3-dialkylureas 163 (Scheme 43).231

Moreover, when the diamines 164 were reacted with carbon
dioxide, cyclic ureas 165 were obtained (Scheme 44).

Addition of part of P4S10 was observed with the reactions of
amide systems having reactive ortho amine groups. The reaction
of the amides 166 with P4S10 gave the addition products 168
through the intermediate 167, which has an o-amino system
(Scheme 45).232 Similar results were observed with 2-amino-
3-carbamoyltetrahydrobenzothiophene 169 and 2-aminobenza-
mide 170, which gave the addition products tetrahydrobenzo-
thiophenodiazaphosphinane-2-thion-4-one 171 and benzodiaza-

Scheme 38. Thionation of the Arylidenemalononitriles

Scheme 39. Synthesis of Thioamides from Cyanides in the
Presence of Na2SO3 or Na2S2O4

Scheme 40. Synthesis of Thioamides from Cyanides

Scheme 41. Synthesis of Amides from Carboxylic Acids and
Amines

Scheme 42. Reaction of Carboxylic Acid with Ph3SbO/P4S10

Scheme 43. Synthesis of Ureas from Amines and Carbon
Dioxide

Scheme 44. Synthesis of Cyclic Ureas
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phosphorine-2,4-dithione 172,233-235 respectively, the structure
of which were described by X-ray crystallography.236

A similar reaction, addition of part of P4S10, was
reported as minor products of the reaction of N-(pyridine-

2-yl)arylcarbomades with P4S10 (Table 7, entry 27), which
yielded 173.180

An attempt to synthesize the corresponding thiolactam 176
from the lactam 174 in wet pyridine at 120 °C surprisingly
gave 175 in 73% along with the desired product 176 as a
minor product in 12%, which could also be converted to 175
by treatment with P4S10 or H2S (Scheme 46).237 On the other
hand, when the reaction was performed at 85 °C, the yields
of 175 and 176 were changed to 5% and 79%, respectively.
The thiolactam 175 was also synthesized from the corre-
sponding lactam (Table 8, entry 54).

Table 7. Continued

Scheme 45. Addition of Part of P4S10 to the Products Having
o-Amino Groups

Scheme 46. Reaction of Lactam 174 with P4S10
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The reaction of isatin 177 with P4S10 in refluxing
pyridine yielded 178 in 7%, rather than its corresponding
thiolactam (Scheme 47).238,101 On the other hand, when
the reaction was performed at 85 °C for 30 min, the
coupling product 179 was isolated together with indirubin
180, and heating 177 at 85 °C for 5 min and leaving at

room temperature for 2 days yielded another coupling
product, 181, in 90% yield.

Thiolactams 189-195 were reported to be obtained from
the reaction of ω-amino acids 182-188 with P4S10 in boiling
toluene, the reaction time and the yields of which varied
between 1 and 2 h and 38-91% (Table 9).239

Table 8. Continued
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Treatment of the hydantoin 196 with P4S10 in boiling dioxane
gave imidazothiazole 198, possibly through the thionoester 197,
which lost ethanol to yield 198 (Scheme 48).240

While the reaction of tetraalkyl ureas with P4S10 smoothly gave
the corresponding thioureas in moderate yields, the reaction of

trialkyl urea resulted in side reactions giving such trans-acylated
products and dithiophosphate (Table 7, entry 33).241

Although thionation of indolin-2-one 199a with P4S10 was
carried out earlier,243 an in-depth study indicated the forma-
tion of various side products (Scheme 49).244,245 When 199a
was treated with P4S10 in refluxing benzene for 2 h, indoline-
2-thione 200a was formed in 65% yield along with the side
products 201a and 202a, as major and minor products,
respectively. The amounts of the side products increased on
performing the reaction in xylene, and the yield of 201a
became 45%. Thus, it was concluded that 200a could be an
intermediate for the formation 201a and 202a.

Similar treatment of 1-methylindonin-2-one 199b with
P4S10 in xylene at 100 °C for 2 h yielded 200b in 74% and
the side products 201b and 202b as the minor products,
which on the other hand surprisingly became major products
in refluxing xylene. Heating 202b in xylene did not result
in any 201b, which could be an indication that 202b is not
an intermediate for the formation of 201b.

Thionation of 1,3-dimethylindolin-2-one 203 in boiling
toluene for 2 h gave 204 in 60% yield and the desulfurized
205 as a minor product, which was also obtained by the
reaction of 204 with P4S10 (Scheme 50).244-247 1,3,3-
Trimethylindoline-2-thione 207 was isolated as a sole product
in 80% yield from the reaction of 206 with P4S10.

Reactions of two lactam groups, 208 and 209, in the
presence of P4S10 in refluxing pyridine for 10 h gave
thiopyrane ring 210 in 56-63% yields (Scheme 51).248

Scheme 47. Reaction of Isatin with P4S10

Table 9. Synthesis of Thiolactams from ω-Amino Acids

Scheme 48. Reaction of Hydantoin with P4S10

Scheme 49. Thionation of Indolin-2-one

Scheme 50. Thionation of 3-Methyl- and
3,3′-Dimethylindolin-2-ones
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Subsequent ring-opening and then ring formation took
place when oxazolinone 211 was refluxed in xylene, which
yielded 212 in 30% yield (Scheme 52).249

Addition of part of P4S10 was observed through the reaction
of the thioamide 213 with P4S10 in refluxing toluene for 5 h,
which gave 214 in quantitative yield (Scheme 53).251

Thionation of diacylacetamide 215 or 216, which was synthe-
sized from 215 by treatment with P2O5, with P4S10 in refluxing
xylene for 1 h afforded quantitatively 217 (Scheme 54).252

An unusual rearrangement of the lactam 218 to 219 along with
the expected product 220 was observed during the reaction of 218
with P4S10 (Scheme 55).253 As the rearrangement product 219

was obtained in 90% yield, 220 was reported to be in 5%.
When the same reaction was repeated with LR, 70% overall
yield of 219/220 was obtained with a ratio of 11:1,
respectively.

2.4. Imides
Replacement of carbonyl oxygens of imides with sulfur,

even selectively (Table 10, entries 1, 6-8, 10, 15, 16, 19,
and 20), is now a routine process (Table 10). It looks as
though imide carbonyls are so reactive that even in the
presence of functional groups such as amine (Table 10, entry
11) and esters (entries 6 and 7) such a conversion can
successfully be achieved. The reaction can be performed at
high temperature without any solvent (entry 1), under
microwave irradiation using silica gel (entries 11-13) in
shorter reaction time or in common solvents such as xylene,
pyridine, dioxane, benzene, and acetonitrile. Although the
reactions were generally carried out at refluxing solvent
temperatures, there is an example of a reaction performed
at room temperature (entry 17).

Thionation of phthalanil,262 a phthalimide derivative 3,6-
di-p-toluidino-N-tolylphthalimide (Table 10, entry 18), and
phthalimide (entry 19) with P4S10 goes back to the first half
of the 20th century.262-264 In this era, thionation of barbituric
acid derivative 221 was reported to take place stepwise,
replacing the imide oxygen by sulfur first.265 When the
reaction was performed in refluxing toluene, a mixture of
thionated products 222 and 223 was obtained. On the other
hand, in refluxing xylene a mixture of dithionated 223 and
fully thionated 224 products was isolated.

It looks as though controlled thionation of various carbonyl
groups in the presence of imide could be possible by using less
P4S10 and a shorter reaction time (Table 10, entries 8 and 9).
While excess P4S10 and a longer reaction time yielded full
thionation of all carbonyl groups, less P4S10 and shorter reaction
time resulted in monothionation of the carbonyl moieties.

During thionation of 225 with P4S10 in THF at 50 °C for
3 days, a rearrangement product 227 was obtained, the
possible mechanism of which went through a ring-opening
intermediate 226 (Scheme 56).258

Thionation of the oxo groups of 228, having bulky
isopropyl groups on the nitrogen atoms, with P4S10 did not
give the expected product; a disulfide product 229 was
isolated (Scheme 57).266

It was reported that as the hindered thioimides (Table 10,
entries 2-4) were prepared with P4S10 in refluxing xylene,
the less hindered thioimides 230-234 were synthesized using
LR 566 from the corresponding imides.256

Scheme 51. Synthesis of Thiopyrane

Scheme 52. Reaction of 211 with P4S10

Scheme 53. Reaction of 213 with P4S10

Scheme 54. Thionation of 215 and 216

Scheme 55. An Unusual Rearrangement of 218
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2.5. Thiophenes
Synthesis of thiophenes, particularly from 1,4-diketones,

is a well-known method (Table 11). Its possible mecha-
nism, like the synthesis of thiophenes from 1,4-diketones
using LR 566,278,279 involves initial thionation of the
carbonyl groups 235 to 1,4-dithiones 236, which is the
usual reaction of P4S10. Its subsequent in situ cyclization
and elimination of H2S results in the formation of
thiophene ring 237 (Scheme 58).

1,4-Dicarbonyls having different functional groups, such
as aldehyde (Table 11, entry 12) and disodium succinate
(entry 13), successfully produced the corresponding thiophene
ring. In a later case, it was claimed that the use of red
phosphorus during the reaction removes the formed -SH
or -OH groups 238 to obtain 239.284 Otherwise, the yield
goes drastically down from 95% to 98% to 55-60%.

1,2-Diketones such as benzyl 240, 2,2′-thienyl 241,
acenaphthenequinone 242, and o-chloranil 243 were reported
to give either fused or substituted thiophenes 244-249,
although in low yields, 1.8-25%, when reacted with P4S10

in the presence of phenol at high temperatures 160-170 °C
(Scheme 59).285

1,6-Dioxo compounds 250, having 2,4-diene functional-
ities, yielded 2,5-disubstituted thiophenes 251 and 252 on
reaction with P4S10 (Scheme 60).255 The mechanism was
suggested to involve thionation of one of the carbonyl groups,
and then Michael type addition yielded 2,5-disubstituted
thiophenes. The second proposed mechanism involved an
addition of sulfur to the four carbon unit between two
carbonyl groups.

Thiophenes 254 containing trifluoromethyl and fluorine
were prepared by treatment of R,�-unsaturated ketones 253,
prepared from hexafluoroacetone, with P4S10 (Scheme 61).286

It was suggested that the initial replacement of oxygen with
sulfur at 120-140 °C was followed by an intramolecular
1,5-cyclization to yield 254.

Thionation of N-phenylacetylthiobenzamides 255 with
P4S10 in boiling CS2 unexpectedly resulted in the formation
of thiophene rings 260 (Scheme 62).287 A possible mecha-
nism was reported in which, initially, the oxo group was
converted to thione 256, a tautomer from 257 was attached
to the thione carbon of 256, and then the H2S elimination
gave 258. Intramolecular cyclization of 259, which is a
tautomer of 258, yielded the thiophene 260 in 37-74%
yields.

The reaction of γ-chloroketones 261 with P4S10 in
dimethylformamide (DMF) or dioxane at 90 °C gave the
substituted thiophenes 262 in 65-77% yields (Scheme
63).288

In a similar manner, treatment of γ-hydroxycarbonyls 263
with P4S10 in refluxing pyridine gave the fused thiophenes
264 in 38-64% yields (Scheme 64).289 The reaction of a

Scheme 56. Rearrangement of 225 during Thionation with
P4S10

Scheme 57. Synthesis of the Unexpected Disulfide 229

Scheme 58. General Scheme for the Synthesis of Thiophene
from 1,4-Diketones

Scheme 59. Reactions of 1,2-Diketones with P4S10

Scheme 60. Synthesis of 2,5-Disubstituted Thiophenes from
1,6-Dioxo-2,4-dienes

Scheme 61. Synthesis of Thiophenes Containing
Trifluoromethyl and Fluorine
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Table 11. Continued

Scheme 62. Synthesis of Thiophenes from
N-Phenylacetylthiobenzamides

Scheme 63. Thiophenes from γ-Chloroketones

Scheme 64. Thiophenes from γ-Hydroxycarbonyls

Scheme 65. Synthesis of Fused Thiophene from
γ-Hydroxycarbonyl

Scheme 66. Synthesis of Fused Thiophenes from
Chloropropenylpyrazine
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more complex γ-hydroxycarbonyl 265 with P4S10 in thio-
acetamide gave a similar product, fused thiophene 266
(Scheme 65).290,291 Its yield was reported to be 14%, after
deprotection. Alternatively, such fused thiophene systems 268
were synthesized by the reaction of chloropropenylpyrazine
267 with thiourea (Scheme 66).292

Thiophenes fused to 1,2,4-triazines 272 and 273 were
obtained from the reaction of both R,�-unsaturated carbonyls
269293 and Mannic bases 270 and 271,217 respectively
(Scheme 67).

During the synthesis of thioketones from R-(2-haloaryl)ke-
tones, using P4S10 as a thionation reagent, fused thiophene
275, directly obtained as the 2-halophenyl group, was
replaced by 2-chloropyridyl 274 (Scheme 68).45

Refluxing a mixture of 2-hydroxydiphenyl 276 and P4S10

for 10 h produced diphenylene sulfide 277 (Scheme 69).294

Following a similar methodology, 2,2′-dihydroxydiphenyl
278 was heated with P4S10 at 350 °C for 15 min in CO2 in
an autoclave, which yielded dibenzothiophene S,S-dioxide
279.

Treatment of 2-benzoylbenzoic acid 280 with P4S10 in
refluxing xylene for 4 h produced the thiophene 281a,

whereas either refluxing the same compound in benzene (dry)
for 25 h or heating the mixture neat at 115 °C for 15 min
gave the dimer 282b (Scheme 70).295

Thienopyrazole 283 was obtained in 85% yield on treat-
ment of 3,4-dibenzoylpyrazole 282, which is a 1,4-diketone,
with P4S10 in refluxing dry pyridine for 5 h, and the resonance
structures are depicted as 283a-c (Scheme 71).296

An interesting thiophene derivative 285 was isolated,
although in low yield, 9.5%, by the reaction of 1,2-diketone
284, having two indole moieties, with P4S10 in refluxing
pyridine. The structure of 285 was confirmed by X-ray
crystallography (Scheme 72).101

2.6. Thiazolines, Thiazoles, and Thiazines
The reaction of 1-amide-4-hydroxyl and 1-amide-4-car-

bonyl systems (Tables 12 and 13, respectively) yielded
thiazoline and thiazole heterocyclics. Similar results were
obtained on treatment of the 1-amide-4-halogene system with
P4S10. The reaction of γ-chloro and γ-bromo amides 286 and
287 with P4S10 in pyridine at 100 °C for 2 h and neat at
145-150 °C (1 h) and 120 °C (2 h), respectively, gave the
corresponding thiazoles 288 and 289 (Scheme 73).303,305

Scheme 67. Synthesis of Fused Thiophenes to 1,2,4-Triazines

Scheme 68. Synthesis of Fused Thiophene from
r-(2-Chloropyridyl)ketone

Scheme 69. Synthesis of Diphenyl Sulfide and
Dibenzothiophene S,S-Dioxide

Scheme 70. Reaction of 2-Benzoylbenzoic Acid with P4S10

Scheme 71. Reaction of 3,4-Dibenzoylpyrazole with P4S10

Scheme 72. Reaction of 1,2-Diketone with P4S10
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Arylthiazoles 291 were obtained on treatment of N,N-
diformylaminomethyl aryl ketones 290 with P4S10 in CHCl3

at 60 °C for 45-60 min (Scheme 74).306

The reaction of the benzamidodiethoxypropionate 292 with
a mixture of P4S10/S in xylene or CS2 gave a mixture of the
thiazoles 293 and 294 (Scheme 75).307

Tris(thiazoline)s 296 were successfully synthesized with
treatment of tris(�-hydroxamide)s 295 with P4S10 in refluxing
toluene in the presence of Et3N (Scheme 76).308

An interesting reaction of N-aroylaziridines 297 and 298
with P4S10 in refluxing toluene for 3 h resulted in the
formation of the thiazoline ring 301 and 302 in 70-77%
yield (Scheme 77).309 The possible mechanism was suggested
to involve the intermediate aziridine-1-thione 299 and 300,
which was rearranged to the thiazolines 301 and 302.

Treatment of oxazolines 303 with P4S10 in refluxing
CH2Cl2 for a prolonged time, 140 h, was reported to produce
the thiazolines 304 in 32-49% yields (Scheme 78).300

Table 12. Synthesis of the Thiazolines and Thiazoles from 1-Amide-4-hydroxyl

Table 13. Synthesis of the Thiazoles from 1-Amide-4-carbonyl
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The synthesis of fused benzo-1,4-thiazines 307 was
reported to be achieved by the reaction of benzyl arylimines
305 with P4S10 in boiling xylene or toluene, the reaction
mechanism of which was suggested to involve thionation of
the carbonyl group 306 followed by a cyclization process
(Scheme 79).310

2.7. Dithiazoles
Synthesis of the dithiazole 309 by treatment of oxathiazine

S-oxides 308 with P4S10 in refluxing toluene for 1 h was
reported, although it was indicated that using LR 566 gave
a slightly higher yield (Scheme 80).311

Treatment of P4S10 with chlorine was explained to give a
mixture of products, such as sulfur chloride and phosphorus
pentachloride (Scheme 81).312 Application of a similar
method, that is addition of chlorine to a mixture of P4S10

and 4-chloroaniline 310 in acetic anhydride at 75 °C, led to
the formation of benzothiazathiolium chloride 311, which
was reported to be in good yield (Scheme 82).

2.8. Thiadiazoles
Thiadiazoles were obtained by the reaction of 1,4-diamides

with P4S10 (Table 14). The reaction was in general conducted
in boiling xylene and toluene.

A report indicated that treatment of the 1,4-diamide 312,
having an ester functional group, with P4S10 in pyridine at
80 °C gave a low yield of the thiadiazole 313, around 30%,
and no product was obtained if more than 0.01 mol of starting
material was used (Scheme 83).317 On the other hand, when
the 1,4-diamide 312 was first reacted with LR 566 in a
refluxing solvent mixture of toluene (dry)/pyridine (dry) for
4 h and then subsequently reacted with P4S10 in pyridine for
4 h at 80 °C, successful transformation to the thiadiazole
313 was achieved. The crude product was hydrolyzed to the
hydroxyphenylthiadiazole 314 in 52-90% yields.

An interesting synthesis of the thiadiazoles 317 from the
reaction of the hydrazides 315 with the triethylorthoformates
316 using P4S10 in alumina (P4S10/Al2O3) under microwave
irradiation was disclosed (Scheme 84).318

2.9. Imidazolines and Pyrimidines
Reactions of diamines with nitriles in the presence of P4S10

were reported to yield imidazolines. Treatment of ethylene-
diamine 318 with arylaminoacetonitriles 319 in the presence
of a catalytic amount of P4S10 at 80-120 °C gave the
imidazolines 320 in 72-88% yields (Scheme 85).319

By employment of a similar methodology, compounds
having diimidazoline and dipyrimidine moieties were syn-
thesized (Scheme 86).320 Alkanedinitriles 321 were reacted
with ethylenediamine 318 and propylenediamine 322 in
toluene (dry) at 90 °C for 10 h to obtain dimidazolines 323
and dipyrimidines 324, respectively, in the presence of a
catalytic amount of P4S10. Similar results were reported to
be obtained when LR, S8, or Na2S ·9H2O was used in place
of P4S10.

The reaction mechanism was suggested to take place with
an initial attack of amine to P4S10, followed by an attack

Scheme 73. Synthesis of Thiazoles from γ-Haloamides

Scheme 74. Synthesis of Thiazoles from
N,N-Diformylaminomethyl Aryl Ketones

Scheme 75. Reaction of 292 with P4S10

Scheme 76. Synthesis of Tris(thiazoline)s

Scheme 77. Synthesis of Thiazoles from N-Aroylaziridines

Scheme 78. Reaction of Oxazolines with P4S10
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from the thiol to the nitrile. Then a series of rearrangements
led to the formation of imidazolines and pyrimidines (Scheme
87).

Imidazolines 327 and 328 were synthesized by microwave
irradiation of a mixture of nitriles 325 and 326, ethylenedi-
amine 318, and P4S10 (Scheme 88).321 Irradiation (720 W)
was performed for 1.25-20 min, which produced a high
yield of the imidazolines, 86-98%.

Scheme 79. Synthesis of Fused Benzo-1,4-thiazines

Scheme 80. Synthesis of Dithiazole

Scheme 81. Reaction of P4S10 with Chlorine

Scheme 82. Synthesis of Dithiazole with a Mixture of P4S10

and Chlorine

Table 14. Synthesis of Thiadiazoles from the Corresponding 1,4-Diamides

Scheme 83. Reaction of 1,4-Diamide with LR and Then with
P4S10

Scheme 84. Synthesis of Thiadiazoles with P4S10/Al2O3

Scheme 85. Synthesis of Imidazolines 320
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2.10. Alcohols
Conversion of hydroxyl groups to thiols does not look

very successful, although there are examples indicating
that such a conversion could be performed, particularly
with phenolic hydroxyl groups. The compound 329, having
hydroxyl moeity, was stirred with P4S10 in pyridine for
1 h at room temperature to obtain thiol 330 in 56% yield
(Scheme 89).334

Similar reaction of hydroxyl cinnolines 331-335 with
P4S10 in boiling pyridine, toluene, or quinoline yielded the
corresponding thiols 336-343 (Scheme 90).335

The usual product obtained on reaction of P4S10 with
alkylalcohols is dialkyldithiophosphoric acid, which forms
at various temperatures and with various solvents, including
pyridine, toluene, benzene, CS2, and dichloromethane (Table
15). Moreover, some reactions were conducted as neat
(entries 1 and 4) and under microwave irradiation (entry 11).

A report indicated that further reactions of dialky-
ldithiophosphoric acids with P4S10 lead to the formation

of trialkyl phosphorotetrathioates.336 It was explained that
treatment of alcohols 344 with P4S10 initially gives the usual
product, the dialkyldithiophosphoric acid 345, to which
further addition of P4S10 and conducting the reaction at
elevated temperatures, such as 105-230 °C, result in
the formation of the phosphorotetrathioates 346 (Scheme
91).

Scheme 89. Conversion of Hydroxyl Group to Thiol

Scheme 90. Reaction of Hydroxy Cinnolines with P4S10

Scheme 86. Synthesis of Diimidazolines and Dipyrimidines

Scheme 87. Possible Reaction Mechanism of Formation of
Imidazoline (and Pyrimidine)

Scheme 88. Synthesis of Imidazolines by Microwave
Irradiation

3458 Chemical Reviews, 2010, Vol. 110, No. 6 Ozturk et al.



The reaction of methyl mercaptan 347 with P4S10 in
refluxing toluene for 20 h gave methyl phosphenotrithioate
348 in 67% yield (Scheme 92).337

Displacement of halogens with thiol was reported to take
place on reaction of halogen- substituted nitrogen hetero-
cycles and phenyl with P4S10 (Table 16).338,339 Although most
of the conversions were performed in refluxing pyridine, in
a few cases the reactions were carried out in refluxing

Table 15. Dialkyldithiophosphoric Acids from the Reactions of the Corresponding Alcohols/Diols with P4S10

Scheme 91. Formation of Phosphorotetrathioates Scheme 92. Synthesis of Methyl Phosphenotrithioate
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toluene, and the reaction time and the yields were varied in
the ranges 2-4 h and 18-95%, respectively.

The reaction of the alcohols 349a-b and 352, having an
acetylene moiety next to the hydroxyl group, with P4S10

resulted in the rearrangement to yield R,�-unsaturated
thioketones 351 and 353 (Scheme 93).340 The reaction was
performed in toluene at room temperature for 6 h. Although
the reaction mechanism has not been fully explained, it was
assumed that the intermediate 350 could be involved in the
rearrangement.

Treatment of the dithiols 354 with P4S10 in boiling
o-C6H4Cl2 for 10-40 min yielded the metaphosphorotrithioic
esters 355 and 356 in 40-60% yields (Scheme 94).341

The reactions of the coumarins 357 and 358 and the
furocoumarins 359 and 360, having hydroxyl groups, with
P4S10 in boiling toluene (dry) yielded various products
(Scheme 95).116 While the 4-hydroxycoumarine 357 gave

the dimer 361, the 7-hydroxycoumarine 358 yielded only
thiolactone 362, the hydroxyl group of which did not react
with P4S10. On the other hand, the reaction of furocou-
marine 359 with P4S10 resulted in the thionation of the
hydroxyl and carbonyl groups, to give 363. Surprisingly,
the similar compound 360 produced the organophosphorus
364.

An interesting reaction of the diol acetal 365 with P4S10

was reported to produce the keto acetal 366 in moderate
yield, 47% (Scheme 96).342

Addition of chlorine to the suspension of P4S10 and
hydroxylmethylphthalimide 367 in CCl4 at room temper-
ature yielded N-chloromethylphthalimide 368 (Scheme
97).312 The reaction that took place by addition of chlorine

Table 16. Displacement of Halogens with Thiols

Scheme 93. Reaction of Acetylenic Alcohols with P4S10

Scheme 94. Reaction of Dithiols with P4S10

Scheme 95. Reactions of Coumarines with P4S10
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to P4S10 was explained in Scheme 97, which could be the
reason for transformation of the hydroxyl group to
chlorine.

2.11. PdO to PdS
Conversion of the oxo group of phosphorus (PdO) to the

thio (PdS) can be carried out using P4S10 (Table 17). Reports
in the literature indicate that such a conversion can even
selectively be accomplished with a sterically hindered
phosphoryl oxide and in the presence of imide groups (Table
17, entry 6). Such a transformation was also achieved without
affecting the lactam moiety.349

Although the reaction was in general performed in refluxing
benzene and toluene (entries 3-6), there are examples where the
reaction was carried out in CH2Cl2 at room temperature (entries 3
and 4) and under microwave irradiation (entries 1 and 2).

The reaction of compound 369 having phosphoryl oxide and
ester groups with P4S10 at room temperature resulted in the
replacement of the oxo group of the phosphorus with thiol,
yielding 370 along with 371 and 372, which had sulfur atoms

Scheme 96. Reaction of Diol Acetal with P4S10

Scheme 97. Replacement of the Hydroxy Group by Chlorine
with the Mixture of P4S10 and Chlorine

Table 17. Conversion of PdO Groups of the Corresponding Compounds to PdS
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in the ring rather than having exchange of carbonyl oxo with
thione (Scheme 98).349 Further reaction of 372 with P4S10 at
100 °C gave three products, including exchange of the oxygen
atoms of phosphor and carbonyl groups with sulfur, 373 and
375, respectively, and the dehydration product 374.

Thionation of tetraalkylphosphorodiamidous acids 376
with P4S10 in the presence of triethylamine for 1.5 h at room
temperature was claimed to produce the intermediate 377,
to which was added in situ the alkyl halides 378 to obtain
379 (Scheme 99).350

The reaction of triethylphosphite 380 with P4S10 in benzene
for 1 h thionated the phosphorus to yield 381 in 44% yield
(Scheme 100).350 A similar reaction was performed for 382,
this time in xylene at 100 °C for 20 min, which also gave
thionation at phosphorus; 383 was obtained in 60% yield.

2.12. Reduction
Reduction of particular sulfoxides 384 to sulphides 385

using P4S10 as a reducing agent is a well established
methodology (Scheme 101, Table 18).351-353

It was reported that the reaction of an SdO group with
P4S10 is faster than the reaction between CdO and P4S10

(Table 18, entry 4). The reduction mechanism was suggested
to involve a Wittig-like intermediate 387, which was
supposed to form through the reaction of 386 with sulfoxide
384 (Scheme 102).351,352 Thiosulfoxide forms along with
oxygenated P4S10 389. Production of 100% of a stoichio-
metric amount of elemental sulfur was considered to be
evidence of loss of sulfur from thiosulfoxide 388 to form
sulphide 385 (Scheme 103).

It appears that, in the presence of ester, amide, nitro, and
halogen, such a reduction can selectively be achieved.354 In
addition to sulfoxides, the sulfilimines 390 can in a similar
fashion be reduced to the sulphides 391 (Scheme 104).355

As the amino, hydroxyl, or cyano groups are more reactive
toward P4S10, if those groups are present in the molecule,
such a reduction is not expected to take place.351 In contrast
to sulfoxides, sulfones, sulfinates 392 and 393, and sulfites
394 were reported to be not reactive toward P4S10.351,354

The same group reported that the selenoxides 395 could
successfully be reduced to selenides 396 even faster than
sulfoxides (Scheme 105).351 The faster reaction rate was
attributed to the longer and more polar Se-O bond. On the
other hand, attempts to reduce selenoxides with P4Se10 to
selenides were unsuccessful.351

Reduction of the sulfines 397 to the thiones 398 was
successfully achieved, although thiophosphoryl bromide
(PSBr3) was reported to give even better yields (Scheme
106).356 The reaction was performed in CH2Cl2 at room
temperature for 2 h to yield the thiones in 58-94% yields.

Deoxygenation of the benzoyl oxygen of 1,2-dicarbonyls
399 was reported to be successful on reaction with P4S10 in
refluxing pyridine for 2 h to afford 400 (Scheme 107).357

Treatment of sulfonic acids 401 with P4S10 was claimed
to result in the reduction to the corresponding polysulfides
402, which was, without isolation, reacted with LiAlH4 or
NaBH4 to obtain the thiols 403 (Scheme 108).358

Scheme 98. Reaction of PdO with P4S10 in the Presence of a
Lactone Group

Scheme 99. Thionation of Phosphorodiamidous Acids with
P4S10

Scheme 100. Reaction of 380 and 382 with P4S10

Scheme 101. General Reaction of Reduction of Sulfoxides to
Sulfides

Scheme 102. Reaction Mechanism of Sulfoxide with P4S10

Scheme 103. Decomposition of Thiosulfoxide to Sulfide

Scheme 104. Reduction of Sulfilimines to Sulfides

3462 Chemical Reviews, 2010, Vol. 110, No. 6 Ozturk et al.



2.13. Nucleotides, Purines, and Pyrimidines
Replacement of oxo groups of nucleotides, purines, and

pyrimidines with thione using P4S10 has wide application to
obtain their sulfur analogues (Table 19). Although the
reaction was, in general, conducted in refluxing pyridine, in
some reactions, tetralin (entry 7), dioxane (entries 14 and
15), and diglyme in the presence of NaHCO3 (entries 12 and
13) were also used. Particularly, when the nucleotides were
thionated, the hydroxyl groups were protected by acetyl
(entries 1 and 2) or benzyl (entries 10 and 15) groups.

Possibly, due to steric hindrance and resonance reasons, the
amino groups on the molecules do not react with P4S10 first
(entries 1, 2, 11, and 21). Also, the presence of other
functional groups such as esters does not alter the reaction
(entries 1, 2, 13, 24, and 25). Moreover, a selective thionation
of only one oxo group is possible (entries 5, 8-10, 12, 13,
15-17, 20, and 24). The reaction of xanthine 404 with P4S10

was reported to result in a selective thionation to yield 405
rather than 406, which was proved by comparing the UV
measurements (Scheme 109).373

An extensive study on the thionation of the purines
407-410 and 415 revealed that, contrary to results obtained
with the purine, where R ) H (Table 19, entry 5), thionation
of 407, where R ) Me, with P4S10 gave fully thionated
product 411 along with a trace of 414 (Scheme 110).
Interestingly, attempts at the thionation of 408 did not yield
any product while compound 409 yielded the fully thionated
compound 411 smoothly. Contrary to the result obtained with
407, thionation of the purine 410, where R ) Ph, with P4S10

gave selectively thionated product 412. It was indicated that
when the same reaction was performed, this time with a
specially purified P4S10, again a selectively thionated product
413, but on the other oxo group, was obtained. Extension of
the study to purine 415, which has three oxo groups, gave
416 as the major and 417 as the minor products (Scheme
111).374

The reaction of the purine 418, as either its iodide or the
p-toluenesulphonate form, with P4S10 was reported to yield
419, which had two thione groups (Scheme 112).375

Table 18. Production of Sulfides from the Corresponding Sulfoxides unless Otherwise Stated

Scheme 105. Reduction of Selenoxides to Selenides with
P4S10

Scheme 106. Reduction of Sulfines to Thiones

Scheme 107. Deoxygenation of the Benzoyl Oxygen of
1,2-Dicarbonyl

Scheme 108. Reduction of Sulfonic Acids to Polysulfides
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Table 19. Continued
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Dimers 421 and 422 having dithiino and thiophene
moieties, respectively, were obtained on treatment of the
thiobarbituric acid derivative 420 with a P4S10-pyridine
complex (Scheme 113).376 The reaction was conducted in

chlorobenzene for 3 days at 130 °C to yield 65% of a mixture
of the products 421 and 422, which were characterized by
extensive spectroscopic studies.

The synthesis of the thiazolopyrimidines 424a-c was
performed by the reaction of the pyrimidines 423a-c with
P4S10 in refluxing pyridine for 3 h (Scheme 114).377

Treatment of the vinylpyrimidinones 425a-c with P4S10

in the presence of Na2CO3 in THF (dry) at room temperature
for 10 min yielded the pyrimidinones 426a-c in good yields,
91-94% (Scheme 115).378

Table 19. Continued

Scheme 109. Selective Thionation of Xanthine

Scheme 110. Thionation of the Purines 407-410

Scheme 111. Thionation of the Purine 415

Scheme 112. Thionation of the Purine 418

Scheme 113. Synthesis of Dithiinodipyrimidine 421 and
Dipyrimidine-thiophene 422 Derivatives
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2.14. Miscellaneous
The synthesis of poly(isothianaphthene) (PITN) 429

from phthalic anhydrate 427 and phthalide 428, using
P4S10, was reported, and the mechanism was extensively
studied (Scheme 116).385-389 The reactions of both ph-
thalide anhydride and phthalide with the P4S10 in refluxing
xylene for 20 h gave the same product, PITN.

When the reaction time was kept shorter, such as 3 h,
polymerization did not take place; instead thiophthalic
anhydrides 430 and 431 and the dimers 432-434 were
obtained along with a trace amount of PITN (Scheme 117).386

The polymerization of thiophthalic anhydride under the same
conditions demonstrated a higher yield of PITN.

The mechanism of the polymerization of phthalic
anhydride was depicted in Scheme 118.386 The initial step,
similar to ester reactions, is thionation of the carbonyl
group, 435, which is isomerized to the more stable
thiophthalic anhydride 430. Then, thionation of 430 gives
dithiophthalic anhydride 431, further thionation or dimer-
ization of which yields trithiophthalic anhydride 436 or
dithiodimer 432, respectively. The reaction of 432 with
P4S10 produces tetrathio-dimer 434 and subsequently PITN

429. At the same time, 436 can either yield the polymer
PITN or first forms the dimer 434 and then polymerizes
to yield PITN.

Similar to the case of phthalic anhydride, the reaction time
for the polymerization of phthalide 428 was kept shorter.
PITN was obtained only in 9%, and the major product was
reported to be thiophthalide 437 along with a small amount
of dithiophthalide 438 (Scheme 119).386

The mechanism of the polymerization of 428 was ex-
plained to involve initial thionation of the carbonyl group
to form 437, which can izomerize to 439 (Scheme 120).
Reactions of both isomers 437 and 439 with P4S10 yield the
dithiophthalide 438, the polymerization of which produces
the polymer PITN.

Applying the method developed for the synthesis of PITN,
using P4S10, various analogues, 440, 441,390 442,389

443-445,390 and 446,391 along with the aza-analogue 447,389

were synthesized. Contrary to the synthesis of polyisoindole
447 from phthalimide, attempts to polymerize N-propy-
lphthalimide 448, 3,4-pyridinedicarboximide 451, and ph-
thalhydrazide 453 gave their corresponding thionated
products 449, 450, 452, and 454, respectively (Scheme
121).389

The synthesis of dithiophthalide 438 was performed with
the reaction of 1,2-phthaldehyde 455 with P4S10 (Scheme
122).387 Its various analogues 456 were reported to be
synthesized as potential chain stoppers.386,392 Thionation of
the phthalid 457 with P4S10 exclusively produced exchange

Scheme 114. Synthesis of Thiazolopyrimidines

Scheme 115. Synthesis of Pyrimidinones

Scheme 116. Synthesis of PITN

Scheme 117. Reaction of 427 with P4S10 in a Shorter
Reaction Time

Scheme 118. Mechanism of the Polymerization of Phthalic
Anhydride

Scheme 119. Reaction of 428 with P4S10 in a Shorter
Reaction Time

Scheme 120. Polymerization Mechanism of Phthalide
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of carboxylic oxygen with sulfur to yield 458 (Scheme
123).393

Phenanthrene-9,10-quinone 460 was reacted with various
arylalcohols such as catechol 459, resorcinol 461, phloro-

glucinol 462, pyrogallol 463, 1-naphthol 464, and 2-naphthol
465 in the presence of P4S10 (Scheme 124).285 The reactions
were performed at 160 and 220 °C for 2 h, which yielded
the dioxin 466, the furans 467, 468, 470, and 471, the
disulfides 472, 476, and 477, the sulfides 473 and 475, the
ether 474, and the alcohol 469.

Oxadiazolethiones 479 were synthesized through the
reactions of oxadiazoleones 478 with P4S10 in refluxing
xylene, which were obtained in 45-64% yields (Scheme
125).394 The products were subjected to rearrangement to
obtain the thiadiazoleones 480, reaction of which with P4S10

under the same conditions yielded the thiadiazolethiones 481.
Treatment of N-phenylsydnone 482 with P4S10 in dry

toluene in a sealed tube at 120 °C for 6 h gave 1,4-
diphenyltetrazine 483 in 27% yield (Scheme 126).395

The same reaction was repeated by a separate group; that
is, syndone 482 was reacted with P4S10, and even in a
different solvent such as CH2Cl2 at room temperature, the
tetrazine 483 was also obtained.396 On the other hand, when

Scheme 121. Thionation of 448, 451, and 453 with P4S10

Scheme 122. Reaction of 1,2-Phthaldehyde with P4S10

Scheme 123. Thionation of Phthalid 457 with P4S10

Scheme 124. Reaction of Aryl Alcohols with 460
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the syndones 484a-c, having different groups, were reacted
with P4S10 in various solvents such as benzene, CH2Cl2, and
CS2, N-thioacylhydrazines 485a-c were obtained instead
(Scheme 127).

The carboxylic acids 486 were converted into thiocar-
boxylic acids 487 using triphenylstibine oxide/P4S10 as
catalyst. The reaction was performed in benzene at 40-80
°C for 1-6 h, which gave 64-95% yields (Scheme 128).138

The reaction of oxadiselenaazapentalene 488 with P4S10

in boiling benzene yielded three products, 489, 490, and 491
(Scheme 129).397 It was explained that while treatment of
491 with P4S10 produced 490, the reaction of 489 did not
give 490, which was interpreted as the reaction sequence
following the order 488 f 491 f 490.

Attempts to synthesize the thioketenes 493, 498, and 502
from the ketenes 492 and 497 and diphenylacetyl chloride
501, respectively, resulted in the formation of various dimers
(Scheme 130).398 The reaction was conducted in refluxing
pyridine between 15 and 17 h. As dimesityl ketene 492 gave
three dimmers of 494-496, ditipyl ketene 497 yielded only
one 500 along with the carboxylic acid 499, and from
diphenylacetyl chloride 501, two dimers 503 and 504 were
obtained. The mechanism was suggested that the thioketenes
505 formed in situ either react with each other to form 506
or react with the anion 507, produced from P4S10, to give
508. It then reacts with itself to yield 509 or reacts with the
thioketene 505 to give the dimer 510 (Scheme 131).

Similar results were obtained in an attempt to synthesize
the thioketene 514, having trifluoromethylsulphanyl
groups.104 The reactions of the acetyl chloride 511, the
carboxylic acid 512, and the ketene 513 with P4S10 in
refluxing toluene resulted in the formation of the dimers 515
and 516, which were suggested to form through the
intermediate thioketene 514 (Scheme 132).

A ring-opening of the oxadiazino moiety 517 was observed
when reacted with P4S10 in refluxing pyridine for 1 h (Scheme
133).399 One thione group and one oxo group were formed
in the product 518, the reaction of which with H2SO4 gave
the thiadiazino ring 519.

The reactions of the alkylamine 520 with P4S10, in different
ratios, were investigated.400-402 The reactions were conducted
between 2, 6, and 12 molar ratios of dibutylamine 520 and
one mole of P4S10 (Scheme 134). While 2 mol of the amine
520 gave the thioic acid 521 along with 522, 6 mole ratios
yielded 523, triethylamine 524, and H2S 525. Finally, 12 mol
of the amine produced 526 along with 524 and 525. It could

Scheme 125. Synthesis of Oxadiazolethiones

Scheme 126. Reaction of N-Phenylsydnone with P4S10

Scheme 127. Reaction of Sydnones with P4S10

Scheme 128. Synthesis of Thiocarboxylic Acids

Scheme 129. Reaction of Oxadiselenaazapentalene with
P4S10

Scheme 130. Reactions of Ketenes with P4S10
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be concluded that the molar ratio for amine is effective for
the formation of different products.

Hexamethyldisilazane, (Me3Si)2NH, was reacted with P4S10

in different stoichiometric ratios to give SP(NHSiMe3)x-
(SSiMe3)3-x, where x ) 0-3, along with a linear trimer
(Me3SiNH)P(S)[(µ-NH)P(S)(Me3SiNH)P(S)][(µ-NH)P(S)(NH-
SiMe3)2]2.403

Treatment of tributylindium 527 with P4S10 in benzene at
80 °C for 3 h gave 528 in 95% yield (Scheme 135).404

Heating P4S10 with alkyl halides such as octyl bromide
and butyl chloride did not give any product.405 On the other

hand, introduction of Lewis acid, AlCl3, resulted in the
formation of products. Thus, reactions of primary and
secondary alkyl halides 529 with P4S10 in the presence of
AlCl3 in CS2 at 40-50 °C for 30 min gave the products 530
and 531 (Scheme 136).

When the alkyl halides and the Lewis acid were changed
to alkyl bromide and AlBr3, respectively, different products,
(RS)2P(S)Br and RSP(S)Br2, were obtained.406

The use of pyridine as a solvent in reactions of P4S10 is
well-known, and it was reported that pyridine as a base
attacks at P4S10 to form the zwitterionic species 11a.16-18

The reaction of 2-, 3-, and 4-methylpyridines 532-534
with P4S10 indicated that, different from the case of 2- and
4-methylpyridines, only 3-methylpyridine, similar to unsub-
stituted pyridine, produces zwitterionic product 11b (Scheme
137).16 On the other hand, the pyridines 532 and 533, after
the hydrolysis, yielded the products 535-537, having
carbon-phosphorus bonds. Surprisingly, a similar result was
obtained when pyridine 538 itself was subjected to the same
reaction sequence: (i) reflux with P4S10 and (ii) hydrolysis,
which produced the product 539, having a carbon-phosphorus
bond (Scheme 138).

Reaction of the enamine 540 with P4S10 in pyridine gave
the heterocycle diazaphosphorinethione 541, which had part
of P4S10 (Scheme 139).407

Treatment of diethyl oxomalonate 542 with P4S10 yielded
thioxomalonate 543 through a selective thionation of the oxo
group (Scheme 140).408 It was trapped in situ with cyclo-
pentadiene 544, 2,3-dimethylbuta-1,3-diene 545, and an-
thracene 546 to obtain the corresponding adducts 547, 548,
and 549, respectively.

Surprisingly, fused dithiins 551 as major and thiophenes
552 as minor products were obtained as a result of the

Scheme 131. Mechanism for the Formation of the Dimers
from Thioketenes

Scheme 132. Attempt To Synthesize Fluoronated
Thioketenes

Scheme 133. Reaction of Oxadiazino Group with P4S10

Scheme 134. Reaction of Alkylamine with P4S10

Scheme 135. Reaction of Tributylindium with P4S10

Scheme 136. Reaction of Alkyl Halides with P4S10
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reaction of 1,8-diketones 550 with either P4S10 or LR 566 in
refluxing toluene (Scheme 141).409-416 Computational chem-
istry studies suggested that its mechanism follows two paths
after an initial thionation of the carbonyl groups: (i) an attack
from sulfur to the thione, leading to a six-membered dithiin
ring 553, and (ii) the reaction of two thione rings, eliminating
H2S, resulting in the formation of a nine-membered ring 554,
rearrangement of which leads to a second six-membered ring
555 (Scheme 142).417 The thiophene heterocycle 552 forms
from the dithiin 551 by its rearrangement through 556, which
eliminates elemental sulfur to yield 552.

An in-depth study of the reactions of the 1,8-diketones
557 with P4S10 in refluxing toluene or dioxane and with or
without pTSA or NaHCO3 surprisingly yielded the vinylene
analogue 558 of ethylenedioxythiphene (EDOT) along with
dithienothiophene (DTT) 559 (Table 11, entry 14) in
51-75% yield (Scheme 143).418

The reaction of benzyl monoarylimines 560 with P4S10 in
refluxing toluene yielded the indoles 563, possibly through
the intermediates 561 and 562 (Scheme 144).310

Stilbene 565 was obtained, although in low yield, 5%, on
treatment of benzaldehyde 564 with P4S10 in refluxing xylene
for 20 h (Scheme 145).98

An important application of P4S10 could be counted as the
synthesis of LR 566, which is the product of the reaction of
P4S10 with anisole.278 LR has now been the most used

sulfurizing agent of organic compounds. In a similar fashion,
P4S10 was extensively used for the preparation of analogues
of LR such as 567,419 568,420 569,421,422 570,422 571,423,424

572,425 573-576,426 577, 578,427 579,428 and 580.429

Scheme 137. Reaction of 2-, 3-, and 4-Methylpyridines with
P4S10

Scheme 138. Reaction of Pyridine with P4S10

Scheme 139. Reaction of Enamine with P4S10

Scheme 140. Reaction of Oxomalonate with P4S10

Scheme 141. Reaction of 1,8-Diketones with P4S10 and LR

Scheme 142. Possible Reaction Mechanism of Formation of
Dithiin and Thiophene
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Thionation of multiwalled carbon nanotubes using P4S10

in refluxing toluene was reported that the sulfur content
bonded to nanotubes was 0.6%, which was confirmed by
TEM.430 Attachment of vertically aligned single walled
carbon nanotubes onto a silicon substrate was achieved
through a thioester linkage, which was formed by the reaction
of carboxylic acid and -OH moieties, respectively, with
P4S10.431

Modifications of cellulose, �-cyclodextrin, and starch in
terms of introducing sulfur atoms were achieved by their
reactions with P4S10 in the absence or presence of dimethyl
formamide.432 The resultant products were reported to have
about 2-22% sulfur and about 1-10% phosphorus contents.

Reactions of disulfides 581 with P4S10 were reported to
produce tetrathiolothionophosphates 582 (Scheme 146).433

The reaction was conducted in dry toluene at 100-110 °C
for 1 h, and the yield varied between 7 and 38%.433,434 Further
studies revealed that the use of ultrasonic irradiation435 and
iodine436 improved the yields, and reaction conditions, such
as lower temperature and shorter reaction time, were required.

Treatment of the thioacetals 583 with P4S10 at 100-140
°C for around 3 h gave 584 and 585 in 86-93 and 8-9%
yields, respectively (Scheme 147).433

Treatment of alkoxy- 586 and alkylthiotrimethylsilanes 587
with P4S10 yielded s-trimethylsilyl esters of dithio- and

tetrathiophosphoric acids 588 and 589, respectively, along
with bis(trimethylsilyl)sulfide 590 (Scheme 148).437-440

A similar reaction of organogermanium 591,441,442 orga-
nothiarsenic 592,442,443 and organoborates 593444,445 with P4S10

produced the esters 594, 595, and 596, respectively (Scheme
149).

Scheme 143. Synthesis of the Vinylene Analogue of EDOT

Scheme 144. Synthesis of Fused Indoles

Scheme 145. Synthesis of Stilbene

Scheme 146. Reaction of P4S10 with Disulfides

Scheme 147. Reaction of P4S10 with Thioacetals
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Reaction of benzyl chloride with P4S10 in the presence of
K2CO3 in acetonitrile (dry) at 60-70 °C for 2 h gave
tribenzyltetrathiophosphate (PhCH2S)3PdS.446,447

Treatment of coumarine 597, having an azido and a
carboxaldehyde at 4- and 3-carbons, respectively, with P4S10

in refluxing toluene resulted in the formation of two unusual
products, 598 and 599 (Scheme 150).448

2.15. P4S10 vs Lawesson’s Reagent (LR)
Unfortunately, there is no clear-cut mechanism for un-

derstanding the difference between the two well-known
thionating reagents, P4S10 and LR. On the other hand,
although both reagents are widely used in organic syntheses,
considering the number of papers appearing each year, it
looks as though LR is more popular among chemists. There
is a general conclusion that LR is superior over P4S10,
particularly in terms of obtaining better yields. On the other
hand, this view may change with the recent developments,
which indicate that the use of hexamethyldisiloxane (HMDO)
together with P4S10 gives superior or comparable yields to
those obtained with LR.66,102,129 This mixture is now called
“Curphey reagent”.253 It has been claimed that this method
has the advantage of easily removing the reagent-derived
byproducts. Detailed experimental and NMR studies revealed
that during the reaction initially P4S10 converts the carbonyl

groups into thiocarbonyls and, then, before the formed
reactive electrophilic polythiophosphates cause any side
reactions, HMDO acts as a scavenger for them, which results
in higher yields due to the lesser side reactions.

3. Conclusion
Phosphorus decasulfide (P4S10) is among the oldest thion-

ating agents for organic compounds. It is even used for the
preparation of the most used thionating agent, such as LR.
Phosphorus decasulfide has now been an indispensable
reagent for sulfur chemistry, particularly for converting
almost all kinds of oxo groups to thios, which are important
functional groups to perform various organic reactions or
for use as end products in material, medicinal, etc. chemistry.
Moreover, phosphorus decasulfide is widely applied for the
synthesis of almost all kinds of heterocyclic compounds
incorporating sulfur atom(s). Its range varies from thiophene
to thiazoline, thiazole, thiazine, dithiazole, thiadiazole, py-
rimidine, and imidazoline. It finds widespread application
in thionation reactions of nucleosides, purines, and pyrim-
idines. Reduction of sulfoxides to sulfides could be concluded
as another useful reaction of phosphorus pentasulfide.

Like LR, phosphorus decasulfide is a reagent that can make
surprises by giving unexpected reactions, the results of which
lead chemists to new methodologies and reactions. Depend-
ing on our experience and the literature survey, it could be
to the synthetic chemists’ benefit to try both reagents, P4S10

and LR, in their syntheses to obtain the best results and
surprising products.
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