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1. INTRODUCTION

Rongalite, also called Rongalit (Rongal-registered trademark
of BASF), is sodium hydroxymethanesulfinate dihydrate, which

is represented by the chemical formula Na+HOCH2SO2
�
3 2

H2O. The salt has many names, such as formaldehyde sodium
bisulfite adduct, formaldehyde sodium sulfoxylate, formaldehy-
desulfoxylic acid sodium salt, natrium formaldehydesulfoxylate,
natrium hydroxymethanesulfinate, sodium formaldehydesulfox-
ylate, sodium methanalsulfoxylate, sodium oxymethanesulfinic
acid, and sodium sulfoxylate formaldehyde.

Rongalite contains large, transparent, and tubular crystals. It is
a strongly hygroscopic substance and should be stored in a dry,
cool, dark place, protected from moisture. Rongalite is odorless
or possesses a faint leek smell. The loss of purity and hence
reactivity is indicated if it smells like fish.

Truter investigated the X-ray crystal structure1 of rongalite
and confirmed the chemical structure shown in Figure 1.
There are several methods available in the literature for the
preparation2 of rongalite (1), and it is commercially available
as lump, powder, and granules to meet the demands of
various industrial applications.

The stability of rongalite at various temperatures and under
acidic or basic conditions has been a studied thoroughly by
Kunin.3 Rongalite in aqueous solution was found to decompose
at 80 �C to decrease the pH of the solution. At 80 �C, in aqueous
solution, rongalite was found to decompose to produce sodium
sulfite, sodium sulfide, formaldehyde, and water and liberate
sulfur dioxide and hydrogen sulfide.3bWhen rongalite was heated
at 100 �C, the decomposition was accompanied by an increase in
pH owing to the production of sodium hydroxide. Rongalite
exhibits maximum stability at pH 6�9. In a 30% solution of
rongalite at 100 �C, in a stream of N2, after 4�10 h, the
decomposition products which have been identified include
sodium sulfite, sodium thiosulfate, and sodium sulfide.3a

In French, “rongeage” means discharge, and rongalite is com-
monly used as a bleaching agent in the printing and dyeing
industry.4a�k It is an excellent decolouring agent for some organic
compounds and also for sugar juice, caramel, etc.4k,l Owing to its
reducing property, rongalite constitutes an essential compo-
nent of various redox-initiator systems for polymerization.5

Rongalite has been used as an antidote against heavy metal
(e.g., Hg, Au, Cu, Ba, Sb, Pb, and Bi) poisoning6 and also as a
photographic developer or an additive to photographic
developers.7 Interestingly, it has shown good bactericidal
and fungicidal properties.8 Rongalite has been widely inves-
tigated as a component of veterinary medicines.9

Although toxicological properties of rongalite have not been
thoroughly explored, it is suspected of causing genetic defects.
Rongalite liberates toxic gas on contact with acid. It may be
harmful if absorbed through the skin, causes eye irritation, and
may be harmful if swallowed or inhaled.10
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2. SYNTHETIC USE OF RONGALITE

Although a variety of organic transformations are found to be
mediated by rongalite, it has remained relatively unexplored in
synthetic organic chemistry. Here we present a comprehensive
review of literature appearing from 1905 until 2010, demonstrat-
ing the applications of rongalite as a versatile reagent in synthetic
chemistry. The literature available has been broadly divided into
11 sections which reveal the utility of rongalite in a wide range of
chemical reactions.

2.1. Preparation of Sulfones via Rongalite
Sulfone derivatives are preferred starting materials for diver-

sity-oriented synthesis, and the sulfone moiety constitutes a core
structural motif for various biologically active molecules.11 The
importance of sulfones and documented difficulties in their
preparation12 have always been of considerable interest to
synthetic chemists. In this context, rongalite has been identified
as a readily available source of sulfoxylate dianion (SO2

2�) and
provides a simple route for the preparation of sulfones.

In 1908, Fromm described13 the synthesis of dibenzyl sulfone
by the treatment of benzyl chloride with rongalite in aqueous
alcohol. In 1971, Kerber and Starnick reported14 the preparation
of β,β0-disubstituted diethyl sulfones 3 via rongalite. Activated

olefinic substrates such as 2 were reacted with rongalite in
aqueous methanol to deliver diverse sulfone derivatives in good
to excellent yield (64�91%, Scheme 1).

The reaction of 1,4-benzoquinone (4) with rongalite in
aqueous medium leads to the formation of symmetrical bis-
(dihydroxyaryl) sulfone 5 in 66% yield (Scheme 2).15 Similar
products are observed when rongalite is treated with 1,2-benzo-
quinone as well as 1,4-naphthoquinone. Oxidation of sulfone 5
leads to intramolecular cyclization by participation of a hydroxyl
group to furnish the cyclic sulfone derivative 8/9 (Scheme 2).15

Messinger and Greve revealed16 that the hydrochloride salt of
Mannich bases 10 can be reacted with rongalite in DMF�metha-
nol to obtain symmetrical sulfones 11 in moderate to good yields
(Scheme 3).

When 4-(dimethylamino)-1,3-diphenylbutan-2-one hydro-
chloride (12) was heated with rongalite in aqueous medium,
an oil was generated which upon treatment with ethanol
furnished cyclic sulfone 13 in 14% yield (Scheme 4).17

Dittmer’s group has a pioneering contribution toward the
expansion of rongalite in organic synthesis. In this regard, the
preparation of symmetrical sulfones has been achieved by the
treatment of primary halides with rongalite.18 Various substituted
benzyl bromides 14 were heated with rongalite at 80 �C in
aqueous DMF in the presence of potassium bicarbonate to
furnish dibenzyl sulfones 15 in a moderate to good yield
(45�88%). When allyl bromide (16) was reacted with rongalite
under similar reaction conditions, diallyl sulfone (17) was
obtained in 20% yield. The cyclic sulfone 19 was obtained
(43%) when 1,5-dibromopentane (18) was treated with ronga-
lite. When α,α0-dibromo-o-xylene (20) was treated with ronga-
lite in aqueous DMF at 40 �C, the sultine 21was obtained in 43%

Figure 1. Chemical structure of rongalite.

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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yield, which upon refluxing in benzene for 3 h delivered sulfone
22 in 78% yield (Scheme 5).18

The combination of rongalite and sulfur dioxide has been used
toward the synthesis of sulfones. Phenacyl bromide (23) reacts
with a solution of sulfur dioxide obtained by passing SO2 into
anhydrous DMF and rongalite at room temperature to give
diphenacyl sulfone (24) in 56% yield and acetophenone (25) in
30% yield.18 Also, α,α0-dibromo-o-xylene (20) was found to
react with rongalite�SO2 in DMF at 70 �C to furnish sulfone 22
in 75% yield (Scheme 6).19

Harris reported20 the synthesis of several aromatic bissulfones
15 by the treatment of various benzyl halides 14 with rongalite.
The reactions were performed in DMF at 100 �C to obtain

the variously substituted bissulfones 15 in moderate yields
(Scheme 7).

Two possible mechanisms for the formation of sulfone
derivatives are shown in Scheme 8.20 The first path involves
the nucleophilic displacement of bromide in benzyl bromide by
hydroxymethanesulfinate anion (27), followed by the loss of a
formaldehyde molecule in the presence of a base, generating a
nucleophile, 31, suitable for the second step. The formation of
sulfone can also be explained by the initial nucleophilic displacement
by sulfinate anion (29) generated from rongalite. Since no inter-
mediates have been isolated, either of these routes appears to be
operating simultaneously for the generation of sulfones (Scheme 8).
Dittmer and co-workers18 have recommended that addition of
potassium bicarbonate to the reaction mixture leads to the forma-
tion of SO2

2� dianion (33) via the deprotonation of HSO2
�, which

is a better electron donor than HSO2
�. Benzyl halides with

electrophilic substituents can accept an electron easily from
SO2

2� dianion (33) and undergo substitution via radical anions.

Scheme 5

Scheme 6

Scheme 7

Scheme 8

Scheme 9
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To expand the utility of rongalite, Kotha and co-workers have
demonstrated21 the synthesis of highly functionalized benzosul-
fones via rongalite. In view of a report indicating the use of
tetrabutylammonium bromide (TBAB) as a phase-transfer cat-
alyst (PTC) in DMF to prepare the sultine,19 the dibromide 34
was treated with rongalite in the presence of TBAB in DMF to
deliver the sultine derivative 35 in 49% yield. The rearrangement
of 35 under thermal conditions gave the corresponding sulfone
36. Later, Suzuki�Miyaura cross-coupling22 reactions between
the dibromosulfone 36 and boronic acids in the presence of
Pd(0) catalyst delivered cross-coupling products such as 37
(Scheme 9). Additional functional groups present in the cross-
coupling products can serve as a useful handle for further
synthetic manipulation. Since a large number of boronic acids
are commercially available, this route can be an attractive option
for the combinatorial synthesis of sulfone derivatives.

In another example,23 the open-chain, terminally olefinic
sulfones 39 have been obtained by treatment of alkenyl bromides
with rongalite. The reaction has been performed at room
temperature, and potassium carbonate has been used as a base
in the presence of TBAB. Furthermore, symmetrical bisolefinic
sulfones 39 have been subjected to a ring-closing metathesis24

(RCM) protocol to afford the cyclic and macrocyclic sulfones 40
and 41, respectively (Scheme 10).23

Interestingly, when the substrate, such as 1,8-bis(bromomethyl)
naphthalene (42), was treated with rongalite and potassium carbo-
nate under PTC conditions, the corresponding six-membered
sulfone 43 was produced in 75% yield. Similarly, 2,20-bis-
(bromomethyl)-1,10-biphenyl (44) gave the corresponding seven-
membered sulfone 45 in 98% yield (Scheme 11).23

Toward the preparation of highly functionalized crown ethers, a
straightforward method employing the benzocrown-based sulfone
as a key building block has been reported.25 When the dibromo
derivatives 46a and 46b were treated with rongalite in the presence
of potassium carbonate and TBAB in DMF, the crown-based
sulfones 47a and 47b were generated, respectively. When sulfones
47a and 47b were subjected to a Diels�Alder (DA)26f,g reaction
with various dienophiles using o-dichlorobenzene (o-DCB) as a
solvent at 160 �C for 48 h, highly functionalized benzocrown
ether derivatives 48a�e were obtained in moderate to good

Scheme 10

Scheme 11 Scheme 12



1654 dx.doi.org/10.1021/cr100175t |Chem. Rev. 2012, 112, 1650–1680

Chemical Reviews REVIEW

yields via a concomitant dehydrogenation of intermediate DA
adducts (Scheme 12).25

2.2. Preparation of Sultines via Rongalite
The transient intermediates related to o-quinodimethane26 (o-

QDM) or o-xylylene 50 have a remarkable utility in DA
chemistry, and they provide easy routes for the synthesis of
complex polycyclic compounds. Although several methods are
available26 for the generation of o-QDM intermediates, sultine
derivatives 49 provide an easy access to o-QDM intermediates 50
under mild reaction conditions (Scheme 13).

Dittmer and co-workers have reported18 a simple procedure
for the synthesis of sultines via rongalite. In this regard, α,α0-
dibromo-o-xylene (20) has been treated with rongalite in aqu-
eous DMF to obtain the sultine derivative 21 in 43% yield
(Scheme 5). Later, the procedure for the preparation of sultines
was improved,19 and α,α0-dichloro-o-xylene (51) was treated
with rongalite and sodium iodide in DMF at 25 �C to obtain
sultine 21 in 70% yield (Scheme 14).

Interestingly, when α,α0-dichloro-o-xylene (51) was treated
with rongalite in the presence of a catalytic amount of TBAB at
25 �C, the sultine 21 was obtained in 73% yield. Dichloro
compound 51 was found to be unreactive even at 60 �C when
the reaction was performed in the absence of TBAB. The
optimum yield (83%) of sultine 21 was obtained in 3 h by
performing the reaction of rongalite with α,α0-dibromo-o-xylene
(20) in the presence of TBAB at 0 �C (Scheme 15).19

It is interesting to note that constrained dibromoxylenes such
as 52 (Figure 2) failed to react with rongalite to furnish desired
sultines27 under Dittmer’s conditions.

Fullerenes have been the subject of intense research activity
owing to their varied applications in material science, electronics,
and nanotechnology.28 Among the numerous methods available
for the generation of o-QDM intermediates, sultine derivatives
have provided the most convenient route for the preparation of

functionalized fullerene derivatives under mild reaction condi-
tions. When the equimolar (1:1.1) mixture of 21 and fullerene
C60 was refluxed overnight, cycloadduct 53 was obtained in 30%
yield (47% based on unreacted fullerene C60) together with a
mixture of bisadducts (Scheme 16).29 The sultine 21 was in turn
prepared using rongalite.

Furthermore, p-dihexyloxy-substituted sultine 54 prepared via
rongalite was subjected to DA reaction with fullerene C60 to
obtain the functionalized fullerene derivative 55 in 45% yield
(Scheme 17).29

In 1995, Chung and co-workers synthesized furanosultine
57, 2,5-dimethylthienosultine 60, and pyrrolosultine 62 using
rongalite.30 When 3,4-bis(chloromethyl)furan (56) was reacted
with rongalite and TBAB in DMF at 25 �C, the desired sultine 57
was obtained in 40% yield. The compound 56 was in turn
obtained from the diacetate 55 by treatment with aluminum
trichloride. The bis(chloromethyl)thiophene 59 has been pre-
pared by the chloromethylation of 2,5-dimethylthiophene (58)
in 48% yield. Treatment of thiophene derivative 59with rongalite
furnished the thienosultine 60 in 35% yield. Similarly, when 3,4-
bis(chloromethyl)-N-tosylpyrrole (61) was reacted with ronga-
lite, pyrrolosultine 62 was obtained in 62% yield (Scheme 18).

Scheme 13

Scheme 14

Scheme 15

Figure 2. A constrained dibromoxylene derivative fails to furnish
sultine.

Scheme 16

Scheme 17
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When furan-based sultine 57 was subjected to DA reaction
with 3 equiv of dimethyl acetylenedicarboxylate (DMAD) in
benzene at 120�123 �C in a sealed tube for 1 h, 5,6-dimethy-
lidene-7-oxanorbornene 68a was obtained in 38% yield along
with some polymeric byproduct. Similar results were observed
when the DA reaction was performed with dienophiles such as
diethyl fumarate (DEF), diethyl maleate (DMM), and furano-
nitrile (FN). Investigations based on DA reaction of 2,5-
dimethylthiophenosultine 60 with several dienophiles revealed
that the formation of a fused structure of type 67 is preferred
rather than the bridged structure 68. The DA reaction of the

sultine 60 with DIMF produced the fused adducts 67 along with
thiophene-fused sulfolene 64. In the absence of dienophile,
sultine 60 underwent thermolysis to give sulfolene 64 in 90%
yield. A series of experiments revealed that the sulfolene 64 has
very low reactivity compared to the corresponding sultine 60 in
DA reaction as only starting material could be recovered when it
was subjected to DA reaction with DIMF and FN. N-Tosylpyr-
rolosultine 62 reacts with a variety of dienophiles (3 equiv) at
150�170 �C to give three types of products: sulfolene 65, 1:2
DA adducts such as 69, and fused adducts of type 67. When 1
equiv of dimethyl acetylenedicarboxylate was used, only sulfo-
lene 65 and fused adduct 67a were obtained. When sultine 62
was treated with dimethyl fumarate at 170 �C, a fused adduct, 67a
(63%), and a rearranged sulfolene, 65 (32%), were formed.
Interestingly, sulfolene 65 produced 69a as a sole product upon
the treatment with dimethyl acetylenedicarboxylate. The experi-
mental studies have indicated the difference in the reactivities of
furano-, thieno-, andN-tosylpyrrolo-fused sultines 57, 60, and 62
and the corresponding sulfones 63�65 (Table 1).30

The authors proposed a mechanism which involves the
formation of non-Kekule biradicals 66, followed by DA reaction
with a dienophile to form either bridged adducts 68 or fused
adducts 67. Both of these adducts may react with another
molecule of dienophile to generate 1:2 adducts 69. Another
possibility involves the first DA reaction on the aromatic side of
sultines 57, 60, and 62 to give 70, from which expulsion of SO2

Scheme 18

Table 1
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occurs to give bridged adducts 68. Furthermore, the addition of a
dienophile to 68 may occur to produce 69, which can undergo a
retro-DA reaction to afford 67 (Scheme 19).30

In 1997, Chung and co-workers prepared31 quinoxalino-fused
sultines 74a�c using rongalite. To this end, substituted
o-diaminobenzene derivatives 71a�c were reacted with 1,4-
dibromobutane-2,3-dione (72) to obtain the quinoxaline-based
dibromides 73a�c. When these dibromides were treated with
rongalite, along with the sultines 74a�c, debrominated bypro-
ducts 75a�c were formed (Scheme 20).31 However, these
byproducts 75a�c were converted back to dibromo derivatives
73a�c by treatment with N-bromosuccinimide.

The DA reactions of sultines 74a�c with various dienophiles
(3 equiv) were performed in toluene at 200 �C in a sealed tube
(Scheme 20). When DEF or DIMF was used as a dienophile, 1:1
adducts 78a�c and 79a�c were obtained in good yields. When

DMAD was used as a dienophile, the DA reaction was found to
be accompanied by spontaneous aromatization, resulting in the
formation of aromatized products 80a�c in moderate to ex-
cellent yields (41�94%) depending upon the nature of the
substituents present in the parent system. In the absence of a
dienophile, sultine 74a underwent the thermal extrusion of SO2

to give cyclobuta[1,2-b]quinoxaline 81a in 96% yield. Thermo-
lysis of 74a in the presence of methanol or cyclohexa-1,4-diene
furnished 77a in 89�99% yield (Scheme 21).31

When 74a�c were treated with an excess amount of N-
phenylmaleimide at 200 �C, two DA adducts, 83a�c and
84a�c, were obtained. When 1 equiv of NPM was used, 1:1
adducts 82a�c were obtained in 54�72% yields (Scheme 22).31

7,8-Disubstituted quinoxalino-fused sultine building blocks
74a�c have a distinct advantage over the corresponding sulfo-
lene derivatives because the former compounds open up at lower
temperature and sulfolenes require a high temperature
(g290 �C) to generate o-QDM intermediates.

Interestingly, the use of sultines has been extended toward the
preparation of highly functionalized fullerene derivatives.32 In
this regard, treatment of dibromides 85a and 85b with rongalite
in DMF in the presence of a catalytic amount of TBAB furnished
the sultine derivatives 86a and 86b in 50% and 80% yields,
respectively. Similarly, when the dibromide 87 was reacted with
rongalite, in the presence of a catalytic amount of TBAB, the
desired sultine 88 was obtained in 70% yield. Furthermore, the
dibromide 89 reacted with rongalite under the reaction condi-
tions previously described to give the corresponding sultine 90 in
49% yield (Scheme 23).

The sultines 86a, 86b, 88, and 90 were subjected to DA
reaction with fullerene C60 in refluxing toluene to furnish the

Scheme 19

Scheme 20
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corresponding 1,2-dihydrofullerene derivatives 92a�d in moderate
yields (22�45%). The alkyl groups in cycloadducts 92a�d were
removed by treatment with the boron tribromide. The dealkylation
of 92a delivered 93a together with p-benzoquinone derivative 94a.
However, 92d and 92cwere treated with BBr3 and directly oxidized
to deliver 94b and 94c, respectively (Scheme 24).32

The strategy depicted in Scheme 23 has been extended toward
the preparation of sultine 97 in 78% yield.33 Finally, theDA reaction
of sultine 97with fullerene C60 furnished the cycloadduct 98, which
was further converted into the fullerene-based p-benzoquinone
derivative 99 by treatment with BBr3 (Scheme 25).

33

The reaction of 2,3-disubstituted 6,7-dibromomethylquinox-
alines 101a�c with rongalite gave quinoxalino-fused sultines
102a�c in 55�76% yields. The dibromides 101a�cwere in turn

obtained by the N-bromosuccinimide (NBS) bromination of
the corresponding 6,7-dimethylquinoxaline derivatives 100a�c
(Scheme 26).34

The DA reactions of sultines 102a�c with 3 equiv of DEF,
DIMF, DMM, FN, or N-phenylmaleimide were performed in
toluene to obtain the corresponding DA adducts. The reaction
involves the extrusion of SO2 from sultine derivatives to generate
the quinoxalino-6,7-quinodimethanes 103a�c, which were in-
tercepted by dienophiles to furnish 1:1 adducts 106�110. Minor
amounts of sulfones 104a�c were also obtained; however, these
did not react with dienophiles even at 210 �C. In the absence
of a dienophile, sultines 102a�c underwent thermal extrusion of
SO2 to form cyclobuta[6,7-g]quinoxalines 105a�c and the
rearranged sulfolenes 104a�c in various ratios depending upon
the substituents. The same mixtures were obtained during
the pyrolysis of sultines 102a�c in toluene mixed with
methanol. Cyclobuta[6,7-g]quinoxalines 105a�c did not react
with any of the above dienophiles upon heating at 210 �C for 24 h
(Scheme 27).34

Scheme 21

Scheme 22 Scheme 23
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The pyrazino-fused sultine 114 has been prepared by the
reaction of bisbromide 112 with rongalite in DMF in the
presence of a catalytic amount of TBAB. The bisbromide 112
has in turn been obtained by the bromination of commercially
available 2,3-dimethylpyrazine (111). The sultine 114 was
refluxed in toluene in the presence of 1.2 equiv of dienophiles
to generate 1:1 DA adducts 117�120 in good to excellent yields.
In the absence of any quencher, pyrazine-based sulfolene 116
was obtained in 73% yield (Scheme 28).34

Heterocycle-containing sultines such as quinoxalinosultines
74a�c, 102a�c, and pyrazino-fused sultine 114 were subjected
to DA reaction with fullerene C60 in o-DCB (in toluene for 114)
to obtain the 1:1 cycloadducts in good yields (Scheme 29).34

Interestingly, the monoaddition product of C60 is predominantly
formed without detection of an appreciable amount of bisaddi-
tion products.

In an interesting piece of work, Chung and co-workers35

prepared a variety of 3,4-bis(chloromethyl)thiophenes 59
and 125 via the chloromethylation of the corresponding 2,

5-disubstituted thiophenes 58 and 124. The dichloro com-
pounds 59 and 125 react with rongalite in the presence of TBAB
to furnish thienosultines 60 and 126. When thienosultines 60
and 126 were heated in a sealed tube at 180 �C, the correspond-
ing sulfolenes 64 and 127 were obtained in 83�94% yields
(Scheme 30).35

The various dienophiles were reacted with sultines 60 and
126a,b to obtain Diels�Alder adducts. For example, sultine 126c
reacts with N-phenylmalimide to give DA adduct 128 in 82%
yield accompanied by the formation of sulfolene 127c in 6%
yield. Along similar lines, DEF, FN, and DIMF were found to
afford the corresponding DA adducts 129�131 under the sealed
tube reaction conditions with 126c. All DA reactions were
accompanied by the generation of sulfolene 127c (Scheme 31).35

Nucleophilic ring-opening of sultine 126a with n-BuLi gen-
erated sulfinyl alcohol 132 in 33% yield. Sultine 60 was found to
react with 2-mercaptoethanol in a sealed tube to deliver 133 in
21% yield along with the corresponding sulfolene 64 in 30%
yield. When methanol was used as a radical trapping reagent,

Scheme 24a

aA superscript “b” indicates yields based on consumed C60.

Scheme 25 Scheme 26
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sealed tube reaction of sultine 60 in benzene furnished 134 in 19%
yield and rearranged sulfolene 64 in 20% yield (Scheme 32).35

In 2004, Chung and co-workers36 prepared a variety of
thienosultines using rongalite and employed DA strategy toward
the preparation of highly functionalized fullerene derivatives.
Thiophene derivatives 136 and 137 were obtained by lithium
exchange of 2,5-dibromothiophene 135, followed by thiolation.
The chloromethylation of thiophene derivatives 136 and 137
gave 138 and 139, respectively. The reaction of 138 and 139with
rongalite at room temperature in DMF in the presence of a
catalytic quantity of TBAB delivered thienosultines 140 and 141,
respectively. Sultine derivatives 140 and 141 underwent DA
reaction with fullerene C60 in o-DCB at the reflux temperature to
furnish 1:1 cycloadducts 142 and 143 and 2:1 bisadducts 144 and
145). Remarkably, when the DA reaction was carried out under
the microwave irradiation conditions, the reaction time was
decreased considerably compared to that in conventional heating
conditions (Scheme 33).36

The naphthosultine 149 has been prepared starting with 2,3-
naphthalenedicarboxylate 146. Reduction of the diester 146with
lithium aluminum hydride gave the diol 147 (96%), which upon
bromination furnished the dibromo derivative 148 in 70% yield.
The naphthosultine 149 was obtained in 63% yield by the
reaction of dibromo derivative 148with rongalite in the presence
of TBAB in DMF. The DA reactions of naphthosultine 149 with
various electron-deficient dienophiles were performed in a sealed
tube at 180 �C to obtain 1:1 cycloadducts 152�155 in 67�95%
yields. It is interesting to note that formation of DA cycloadducts
was accompanied by the formation of sulfone derivative 151. In
the absence of a dienophile, naphthosulfolene 151was formed in
84% yield (Scheme 34).37

Interestingly, benzodisultine 158 has been prepared as a
diastereoisomeric mixture in 56% yield by the treatment of
1,2,4,5-tetrakis(bromomethyl)benzene (157) with rongalite

and TBAB in DMF. The tetrabromide 157 was in turn prepared
by the bromination of 1,2,4,5-tetramethylbenzene (156) using
NBS (Scheme 35).37

Townsend and co-workers38 prepared 6,7-dichloro-1,4-dihy-
dro-2,3-benzoxathiin 3-oxide (160), which was used as a precursor
for the generation of the corresponding o-quinodimethane. In
this regard, 1,2-bis(bromomethyl)-4,5-dichlorobenzene (159)
was reacted with rongalite in the presence of TBAB to obtain
the corresponding sultine 160 in quantitative yield. 160 was
refluxed in benzene with ethyl (E)-3-nitroacrylate to furnish
DA adduct ethyl 6,7-dichloro-3-nitro-1,2,3,4-tetrahydro-2-
naphthoate (161) in 71% yield. When 161was subjected to NBS
bromination with tungsten light, followed by dehydrobromina-
tion at�15 �C with triethylamine, compound 162 was obtained
in 88% yield (Scheme 36).38

Constrained α-amino acid (AAA) derivatives are used exten-
sively in the design and synthesis of a variety of bioactive
peptides.39 In this regard, the sultine 21 has been prepared using
rongalite and reacted with methyl 2-acetamidoacrylate (163) at
toluene reflux temperature to give tetralin-based AAA derivative
164 in 66% isolated yield. In addition, the diiodotetralin deriva-
tive 167 has been subjected to Suzuki�Miyaura (SM) cross-
coupling reaction to obtain highly functionalized tetralin deriva-
tives 167. For example, diiodotetralin derivative 167 reacts with
p-methylphenylboronic acid in the presence of [Pd(PPh3)4]
catalyst and aqueous sodium carbonate in THF�toluene to afford
tetralin-based AAA derivative 168 in 89% yield (Scheme 37).40a,b In
another example, sultine 166was directly subjected to SM reaction,
and then DA reaction was performed at the sultine part to obtain
polycyclic aromatic compounds.40c

Toward the preparation of rotaxanes, sultine derivative 173
has been constructed using rongalite.41 The DA reaction has
been performed with sultine 174 to generate various rotaxanes
175�177. In this regard, the protection of the amino group of

Scheme 27
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169 as a Boc derivative, 170, and subsequently acylation of the
hydroxy functionality of 170 using acid chloride 171 gave the
dibromide 172. Later, the treatment of 172 with rongalite in the
presence of TBAB gave N-Boc-sultine 173. The deprotection of
173 with trifluoroacetic acid (TFA) followed by anion exchange
with NH4PF6 gave a regioisomeric mixture of sultines 174. A
variety of rotaxanes 175�177 were prepared by DA reaction of
174 with different dienophiles in chloroform at 80 �C using
dibenzo-24-crown-8 (DB24C8) (Scheme 38).41

Synthesis of various highly functionalized benzo-annulated
indane-based AAA derivatives were reported via a [4 + 2]
cycloaddition strategy using a sultine derivative, 183, containing
an AAAmoiety, as a reactive diene component. In this regard the
diol 181 has been prepared by [2 + 2 + 2] cyclotrimerization42 of
diyne 180 and 2-butyne-1,4-diol. The diyne 180 was in turn
obtained using ethyl isocyanoacetate (178) as a glycine
equivalent.43 The diol 181 was transformed into dibromide
182, which on treatment with rongalite in the presence of TBAB
in DMF at 0 �C gave an isomeric mixture of sultine-based AAA
derivatives 183 in 72% combined yield (1:1). The sultine 183
was reacted with various dienophiles to deliver the correspond-
ing DA adducts, which on subsequent oxidation gave the
aromatized products 184�186 (Scheme 39).44

In view of various applications of fullerene-based AAA deriv-
atives in bioorganic chemistry,45 an isomeric mixture of sultine

183 was reacted with buckministerfullerene (C60) and C70 in
toluene at reflux temperature to obtain the DA products 187 and
189, respectively. The bisadducts 188 and 190 were obtained as
minor products (Scheme 40).46

1,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid (Tic) is a
constrained analogue of phenylalanine (Phe).47 A unique syner-
gistic combination of [2 + 2 + 2] and [4 + 2] cycloaddition
reactions have been employed toward the synthesis of Tic
derivatives.48 The diol building block 193 has been assembled
via a [2 + 2 + 2] cyclotrimerization of the alkyne building block
192 and 2-butyne-1,4-diol. The diol 193was treated with PBr3 in
dry benzene to give the corresponding dibromo derivative 194 in

Scheme 28
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83% yield. Thus, treatment of the dibromo derivative 194 with
rongalite in the presence of TBAB in dry DMF furnished
the sultine derivative 195 as a mixture of diastereomers. The
sultine derivative 195 was then heated at 85�90 �C in the
presence of an excess amount of dienophiles to obtain the DA
adducts. The DA adducts were slightly contaminated with the
aromatized product, and therefore, no attempts were made to
isolate the DA adducts. Aromatization of the DA adducts was
achieved using activated MnO2 to furnish the Tic derivatives
196 (Scheme 41).48

Kotha and co-workers have conceived an interesting approach
for the synthesis of the hybrid benzocyclobutene26e (BCB)
derivatives 202 and 203 embedding two o-QDM precursors of
differential reactivity.49a The intriguing aspect of these hybrid
molecules50 is the possibility of generating o-QDM intermediates
on a single molecular frame in a stepwise manner by taking
advantage of the fact that benzosultine and benzosulfone can be

opened at different temperatures compared to the BCB unit.
Rongalite has been used as a key reagent to prepare these hybrid

Scheme 31
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molecular entities. Toward the preparation of hybrid molecular
entity 202, the diyne 197 and DMAD (198) were subjected to

[2 + 2 + 2] cyclotrimerization reaction to obtain the diester 199
in 35% yield. Later, reduction of 179 generated the diol 200
(67%), which upon treatment with the sodium bromide in the
presence of BF3 3OEt2 gave the corresponding dibromide 201
in 55% yield. When the dibromide 201 was reacted with
rongalite, the sultine derivative 202 was obtained in 75% yield.
The selective DA reaction at the sultine functionality of 202was
with DMAD (198) to obtain the cycloadduct 203 and sulfone
204. The MnO2 oxidation of cycloadduct 203 furnished benzo-
annulated BCB derivative 205 in almost quantitative (95%) yield
(Scheme 42).49a The methodology has been extended for the
synthesis of other benzocycloalkane-based sultines and sulfones.49

The DA reaction at the sultine or sulfone terminal followed by
aromatization furnished annulated benzocycloalkanes equipped
with additional functional groups useful for further synthetic
exploitation.

Extending the preparation of hybridmolecular frames contain-
ing o-QDM precursors of different reactivities, Kotha and co-
workers51 reacted dimethyl 4,5-bis(bromomethyl)phthalate 206
with rongalite in the presence of TBAB in DMF at 0 �C to obtain
the sultine derivative 207, which was converted to the corre-
sponding sulfone derivative 208 by heating in toluene at 100 �C
for 7 h. The reduction of diester-containing sulfone 208 was
achieved by using KBH4 and LiCl in refluxing THF to generate
the corresponding diol, which upon the treatment with phos-
phorus tribromide in benzene at 0 �C delivered the dibromo-
sulfone 209 in 73% yield (Scheme 38). The dibromide 209 was
converted to the desired benzosultine�sulfone 210 (55%) by
treatment with rongalite in the presence of TBAB in DMF at
0 �C.The key building block 210was subjected toDA reactionwith
DMADunder refluxing conditions to obtain aDA adductwhichwas
further aromatized with freshly activated MnO2 in anhydrous
dioxane to obtain the sulfone-based diester 211 in 90% yield.
Furthermore, benzosultine�sulfone 210 was reacted with methyl
2-acetamidoacrylate (163) in refluxing toluene to afford tetralin-
based AAA derivative 212 in a moderate yield (57%) along with
rearranged benzodisulfone 213 as a side product (Scheme 43).51

2.3. Tellurium�Rongalite-Mediated Transformations
Tellurium metal is known to be reduced upon the treatment

with various reducing agents such as sodium borohydride
(NaBH4),

52 triethyllithium borohydride (LiEt3BH),
53 sodium

naphthalene,54 etc. Also, a gentle heating of elemental tellurium
with rongalite in dilute aqueous sodium hydroxide is known to
generate sodium telluride (Na2Ten, generally existing as Na2Te2)
by reduction of tellurium, producing a wine-red-colored
solution.55 Alkyl halides were found to form dialkyl tellurides
upon the reaction with tellurium and rongalite in the presence of
sodium hydroxide in aqueous medium.56 The synthesis of 1,4-
thiatellurane (214) has been achieved by the reaction of rongalite
and tellurium with β,β0-dichlorodiethyl sulfide in aqueous solu-
tion in the presence of sodium hydroxide.57a When bis-
(trimethylsilyl)acetylene was treated with rongalite, tellurium,
and sodium hydroxide, tellurophene (215) was obtained.57b The
diazonium salt obtained from 2,20-diaminobenzophenone reacts
with a solution of rongalite, tellurium, and sodium hydroxide to
give telluroxanthone (216)57c (Figure 3).

Various important organic transformations mediated by the
tellurium�rongalite recipe will be discussed in this section.
2.3.1. Debromination of Vicinal Dibromoalkanes. Addi-

tion of bromine to a double bond and subsequent debromination
of a vicinal dibromide to restore the original double bond is one

Scheme 35
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of the valuable protecting group strategies for CdC functions in
synthetic organic chemistry. Various vicinal dibromoalkanes 217,
219, and 221 have been found to undergo debromination easily
when treated with sodium telluride obtained by gentle heating of
elemental tellurium and rongalite in an aqueous solution of
sodium hydroxide. The reaction has been carried out at room
temperature, and excellent yields (80�91%) of the correspond-
ing olefins 218, 220, and 222 have been obtained (Scheme 44).58

The most attractive aspect of this transformation is that the other
functional groups, such as carbonyl, carboxyl, ester, and nitro
groups, present in the molecule remained intact during the
debromination. Mechanistically, the elimination of bromine
atoms appeared to be stereoselective, and the stereochemical
outcome of the reaction supports the concerted anti-elimination
process involving the initial nucleophilic attack of telluride ion.
This strategy serves as a useful alternative to the debromination
of vicinal dibromides induced by sodium iodide59 as it features
mild reaction conditions and operational simplicity.
2.3.2. Reduction of Nitroaromatics. The reduction of

aromatic nitro compounds 223 to the corresponding amines
224 has been achieved using sodium telluride, obtained by
heating tellurium with rongalite in aqueous sodium hydroxide,
in good to excellent yields (55�96%, Scheme 45).60 The
reduction was performed with a catalytic amount of tellurium,
since the telluride was regenerated readily when an excess
amount of rongalite was used. The reduction was found to be
accompanied by the separation of free tellurium, and the forma-
tion of bimolecular reduction products such as azo, azoxy, and

hydrazo compounds could not be detected. In the substrates
containing two nitro groups placed in ortho or para positions
relative to each other, the reaction could be stopped at the
nitroamine stage by using less rongalite. Thus, the dinitroben-
zenes223i and223j delivered the nitroamines224i and 224j in 89%
and 96% yields, respectively (Scheme 45). When these dinitro
compounds 223i and 223j were subjected to reduction in the
presence of an excess amount (twice as much compared to that in
other reactions) of rongalite, the corresponding diamines were
obtained in 90% and 93% yields, respectively (Scheme 45).60

2.3.3. Synthesis of Allylic Alcohols. Dittmer and co-work-
ers have reported61 the novel use of tellurium�rongalite chem-
istry toward the synthesis of a variety of allylic alcohols. When
2-substituted 2-chloromethyloxiranes 225 were treated with the
telluride ions produced by the reduction of elemental tellurium
with rongalite, 2-substituted allyl alcohols 226 were generated in
moderate to excellent yields (40�90%, Scheme 46).61 Several
highly functionalized allylic alcohols have been synthesized by
the tactical utilization of the tellurium�rongalite protocol.
During the preparation of acetylenic substituted allyl alcohol

226d via the corresponding epichlorohydrin 225d and tell-
urium�rongalite couple, along with the desired allyl alcohol,
2-substituted 4-hydroxymethyltellurophenes 227 were also pro-
duced in less than 10% yield (Scheme 47).62

Furthermore, Dittmer and co-workers have extended63 the
utility of tellurium�rongalite chemistry toward the synthesis of
diverse optically pure allylic alcohols by combining it with the
Sharpless asymmetric epoxidation (SAE). Racemic 1-substituted

Scheme 38
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2-propenols have been transformed into one of the enantiomers
with high optical purity and chemical yield. The process involves
the conversion of one of the enantiomers of racemic allyl alcohol,
228, into glycidol 229 via epoxidation in Sharpless kinetic
resolution, leaving the other enantiomer, 230, unreacted. The
glycidol 229 was transformed into methanesulfonate ester 231
by the reaction with methanesulfonic anhydride and pyridine.
The treatment of glycidol methanesulfonate ester 231 with
telluride ions generated by the reduction of elemental tellurium
with rongalite delivers an enantiomer of allyl alcohol of the same
stereochemical configuration as the unreacted enantiomer 230
from the Sharpless�Katsuki resolution (SKR). Thus, a unique
combination of SKR and the tellurium�rongalite protocol
enables the preparation of a single enantiomer of 1,2-disubstituted
allylic alcohols 230 in good yield and high ee, overcoming the
limitation of 50% yield by a resolution process (Scheme 48).63

Interestingly, vinylcarbinols which are known to react slowly in
the electrophilic SKR process can be obtained readily in high optical
purity by combining SAE with tellurium�rongalite chemistry. The
procedure involves the SAE followedby conversion of epoxy alcohol
232 to its tosylate and treatment with telluride ion (Te2�)
generated in situ by the reduction of elemental tellurium by
rongalite. The reaction produces a single enantiomer of a 1-mono-
substituted allylic alcohol, 234. The ee’s are high, as the epoxidation
step is stereospecific. As indicated in Scheme 49,64 various 1-mono-
substituted allylic alcohols 234 have been prepared by tactical
utilization of the reducing property of rongalite.
The reaction proceeds either via a stereospecific 1,3-transposi-

tion of the double bond and alcohol functionality or via an

inversion of the alcohol configuration with simultaneous deoxy-
genation of the epoxide function in epoxy alcohols. The method
involves the generation of telluride ion in situ via reduction of the
elemental tellurium by rongalite in an aqueous medium. It has
been envisaged that the initial attack by telluride ion at the tosylate
carbon of 235 is followed by the formation of the epitelluride
237. Thus, the tellurium atom functions as the nucleophile to
effect intramolecular ring-opening of the epoxide 236. Interestingly,

Scheme 39 Scheme 40
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the tellurium reaction is unique as the proposed epitelluride 237 is
unstable and loss of elemental tellurium occurs (Scheme 50).64

Tertiary allylic alcohols 240 have been prepared readily by the
application of an SAE�Te transposition process to 3,3-disubsti-
tuted primary allylic alcohols 239. As tertiary alcohols are difficult
substrates for SKR, SAE combined with tellurium�rongalite
transposition provides an excellent route for the preparation of

(+)- and (�)-linalool and (+)-nerolidol in good yield and ee
from geraniol and trans,trans-farnesol, respectively (Scheme 51).64

Furthermore, a synthesis of 1,2-disubstituted allylic alcohols
242 has been achieved by application of SAE and tellurium�
rongalite transposition of alcohol 241 (Scheme 52).64

The SAE of 2,3,3-trisubstituted allylic alcohol 243with D-(�)-
diethyl tartarate [(�)-DET] followed by Te-catalyzed transposi-
tion using tellurium�rongalite furnished 1,1,2-trisubstituted
allylic alcohol 244 in 41% yield (Scheme 53).64

The conversion of glycidyl tosylates or meseylates into the
corresponding allylic alcohols is accompanied by oxidation
of telluride ion, used in stoichiometric amounts or more, into
elemental tellurium. The removal of the precipitated tellurium is

Scheme 42

Scheme 43

Figure 3. Tellurocycles prepared using rongalite.
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difficult on a large scale due to the fine nature of the particles.
Dittmer and Kumar65 improved the synthesis of allylic alcohols
and revealed that a catalytic amount of tellurium can be used with
an excess amount of rongalite to effect the transposition of allylic
hydroxyl groups and carbon�carbon double bonds that pro-
ceeds via the epoxy tosylate. The transformations were found to

occur with the use of a catalytic quantity of tellurium (0.1 mol
equiv of elemental tellurium) in combination with an excess
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amount (∼3 mol equiv) of reducing agent, rongalite. Thus, by
adapting this protocol, various allylic alcohols 245 have been
synthesized in good to excellent yield (65�92%) from the
corresponding epoxides 246 (Scheme 54).65

The tellurium�rongalite-mediated route toward the prepara-
tion of allylic alcohol can be regarded as a green route as (1) the
tellurium is recyclable and can be used in catalytic amounts, (2)
during the reaction, the rongalite, which serves as a reducing
agent, apparently converts into a water-soluble, nontoxic bisulfite
derivative, and (3) only small amounts of organic solvent,
typically THF, are used with a large amount of water as a solvent,
thereby eliminating the problems associated with the disposal or
recovery of the organic solvents. To broaden the scope of the
tellurium�rongalite-mediated preparation of allylic alcohols,
Dittmer and co-workers reported that epoxy tosylates 245 can
be converted into allylic alcohols 246 under the PTC conditions.
To a deep red-purple solution of telluride ions produced by the

reduction of elemental tellurium with aqueous rongalite�NaOH
are added Adogen 464 and the epoxy tosylate 245 in toluene.
The product allylic alcohol was found to be separated in the

Scheme 55
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toluene layer. A catalytic amount of tellurium has been used, and
the aqueous layer containing suspended tellurium obtained after
reaction can be reused by addition of more rongalite and NaOH.
Various allylic alcohols 246 synthesized under PTC conditions
are indicated in Scheme 55.66

The elemental tellurium can be reduced in the absence of
solvent, and this aspect may be considered as an additional green
component to the entire transformation. The trituration of Te,
rongalite, and KOH in a mortar in an inert atmosphere can
produce sodium telluride. In this regard, the neat epoxy tosylates
245 were mixed with the preformed telluride reagent, and the
reactionmixturewas sonicated or irradiatedwithmicrowaves to give
the desired allylic alcohols 246 in excellent yields (Scheme 56).66

An interesting example67 of a reductive epoxide ring-opening
cascade reaction induced by a Te�rongalite mixture is illustrated
by stereocontrolled total synthesis of the marine sponge diter-
penoid nakamurol A. The allylic alcohol 248 has been prepared
via a synthetic scheme which contains several steps, starting from
the commercially available (R)-3-methylcyclohexanone (247).
Stereoselective epoxidation of the allylic alcohol 248 by the SAE
method using (�)-DET furnished the desired (13R,14R)-
epoxide 249 in 53% yield. Later, the alcohol was transformed into

the corresponding tosylate, which was treated with tellurium in
the presence of rongalite in aqueous medium to deliver ent-
nakamurol A (250) in 30% yield (Scheme 57).67

A remarkable report68 by Dittmer and Chao describes the
synthesis of dihydroisobenzofuran derivatives via tandem reaction
induced by the tellurium�rongalite couple. The carbon�carbon
double bond of the allylic alcohol 251 has been epoxidized
selectively with m-chloroperoxybenzoic acid (m-CPBA) to afford
an epoxide, 252, in 95% yield. The epoxy alcohol 252was converted
into the corresponding tosylate 253 by treatmentwith tosyl chloride
in 90% yield. Tosylate 253 underwent tandem intramolecular
Michael-type addition of oxyanion 255, which was generated
in close proximity to an α,β-unsaturated ester, in the presence
of tellurium�rongalite and PTC (Adogen 464). The resulting
1-substituted 3-vinyl-1,3-dihydroisobenzofuran 254 was isolated
in 90% yield. Treatment of optically active epoxy tosylate 257with
telluride ions resulted in the formation of a diastereomeric mixture
of two diastereomers of 258 in a 56:44 ratio (Scheme 58).68

2.4. Rongalite-Promoted Reductive Dehalogenation
Rongalite serves as an efficient reagent for the reductive

dehalogenation of phenacyl halides and other α-haloketones.69�73
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The rongalite�tellurium combination can induce deiodination in
nonactivated aryl iodides, leading to the synthesis of diaryl
tellurides.74 Also, perfluoroaryl halides undergo dehalogenation
upon treatment with rongalite.75

2.4.1. Reductive Dehalogenation of Aldehydes and
Ketones. In 1987, Harris demonstrated69 that rongalite can be
used for the reductive dehalogenation of various α-haloketones
259 in mixed aqueous solvent systems. To this end, ethanol was
preferred owing to its low cost and comparatively low toxicity.
Phenacyl halides 259 are reduced slowly (24 h) in ethanol at
room temperature or rapidly (<1 h) at reflux temperature to
furnish the corresponding ketones 260 (Scheme 59). During the
same time, Dittmer and co-workers reported18 that the phenacyl
chloride reacts with rongalite to produce acetophenone in 93%
yield when heated in aqueous DMF at 80 �C for 20 h.
Three possible mechanistic pathways (Scheme 60) have been

suggested to rationalize the dehalogenated product from α-
haloketone.69 Path A involves the addition of SO2

2� anion to
ketone to give intermediate 261. Later, a concerted elimination
of SO2 and halide ion delivers the dehalogenated product (path
A). Also, a mechanism involving the hydroxy sulfinate attack on
the carbonyl group followed by concerted elimination of for-
maldehyde, SO2, and halide could not be substantiated by the
characterization of intermediate 263 (path C). In view of the
pronounced tendency of α-haloketones to undergo halogen
displacement by various nucleophiles and as α-hydroxy sulfones
262 are known to be unstable, an alternative mechanism (path B)
involving nucleophilic displacement of halide, followed by loss of
formaldehyde and SO2, has been suggested.
Fluorinated ketones are attractive synthetic targets because

they not only serve as useful intermediates for the preparation of
other fluorinated compounds but also act as inhibitors of a variety of
esterases and proteases.70 Kumar and co-workers have reported71 a
reductive dehalogenation of chlorofluoroacetyl and chlorodifluoro-
acetyl steroidal furan derivatives 265 to furnish the corresponding
monofluoroacetyl and difluoroacetyl steroidal furans 266 via ronga-
lite. The reaction has been performed in ethanol or a THF/ethanol

(1:1) mixture, and fluoromethyl steroidal ketones 266 have been
prepared in 80�86% yield (Scheme 61).71

In another instance,72 rongalite has been used as a single
electron transfer reagent for the reductive dehalogenation of a
series of halogenodifluoromethylated aromatics and heterocycles
such as 267, 269, 271, 273, 275, and 277 (Scheme 62). The
reaction is believed to involve the electron transfer between the
starting material RCF2X and SO2

� (or HSO2
�). Interestingly,

perfluoroaryl halides undergo reductive dehalogenation by ron-
galite to give pentafluorobenzenes. The process is discussed in
detail in section 2.4.3.
In 2007, Tsuboi and co-workers demonstrated73 the reductive

dechlorination of dichlorofluoromethyl aryl ketones using ron-
galite. Various dichlorofluoromethyl aryl ketones 279 have been
refluxed in ethanol in the presence of 2 mol equiv of rongalite to
deliver the corresponding fluoromethyl phenyl ketones 280 in
good yields (58�60%) in less than 1 h (Scheme 63).73

2.4.2. Reductive Dehalogenation Leading to the
Synthesis of Dialkyl/Aryl Tellurides. Synthesis of aromatic
tellurides is of great value in connection with the development of
organometals and new imaging systems.76 Sodium telluride
prepared by reducing tellurium with rongalite in dilute aqueous
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sodium hydroxide reacts smoothly with nonactivated aryl iodides
281 to give symmetrical diaryl tellurides 282 in excellent yields
(71�94%).74 The use of activated aryl iodides to perform the
reaction resulted in poor yields of product, probably due to con-
current reductive deiodination. Halides other than iodides were
found to be unsuitable for the preparation of tellurides. The use of
bromides gave poor yields, and chlorideswere found to be unreactive.
The sodium telluride prepared from tellurium and rongalite appears
to be a highly efficient and handy vehicle for incorporating a tellurium
atom into nonactivated aromatic systems (Scheme 64).74

2.4.3. Reductive Dehalogenation of Perfluoroaryl Ha-
lides. Rongalite has shown an excellent utility in reduction of
perfluoroaryl halides. For example, reduction of pentafluoroio-
dobenzene (283) with rongalite was performed in DMF at room
temperature to obtain pentafluorobenzene (284) in 61% yield.
The reaction was essentially performed under an argon atmo-
sphere to avoid the oxidation of reducing species. Performing the
reaction at 75 �C in the presence of NaHCO3 delivered a
quantitative yield of pentafluorobenzene (284) (Scheme 65).75

Similarly, bromopentafluorobenzene (285) reacts with rongalite
in DMF under an argon atmosphere to deliver pentafluorobenzene
(284) (Scheme 66).75 The halophilic (SN2X) mechanism impli-
cated the formation of pentafluorobenzene via rongalite.
Chloropentafluorobenzene (286) reacts with rongalite in the

presence of sodium bicarbonate inDMF at elevated temperatures
to afford chloro-2,3,5,6-tetrafluorobenzene (290) (Scheme 67).75

Thus, a fluorine para to chlorine is found to be reduced, and the
reaction may follow an SNAr mechanism. In iodo and bromo
derivatives, the halophilic attack seems to operate predomi-
nantly. However, with chloro derivatives the reaction follows
the SNAr mechanism significantly.
In the absence of sodium bicarbonate, a mixture of sulfides was

formed, probably by substitution reactions of decomposition
products of rongalite. Also, chloropentafluorobenzene (286) and
rongalite react at 90 �C to give sulfides 291 and 292 and other
high molecular weight sulfides (Scheme 68).75

2.5. Rongalite-Induced Reduction of Aldehydes and Benzils
In 1983, Heilmann and co-workers observed that benzils can

be reduced to the corresponding benzoins in the presence of acid
using rongalite.77 Harris and co-workers extended78 the utility of
rongalite toward the reduction of various aromatic aldehydes and
benzils. For example, aromatic aldehydes 293 and 295 have been
reduced to the corresponding alcohols 294 and 296 in good
yields (60�77%) in aqueous DMF at 100 �C (Scheme 69).78

Moreover, benzils 297 and 299, even those having electron-
releasing substituents, underwent a rapid reduction to give the
corresponding alcohols 298 and 300 under similar reaction condi-
tions (Scheme 70).78

Although no intermediate species (301 or 302) could be isolated
and characterized mechanistically (Scheme 71),78 the nucleophilic
substitution reaction has been supported by the following observa-
tions that (i) the substituents on the aromatic ring have an influence
on the reactivity of the substrates and (ii) the reaction occurs in
neutral or basic medium. Thus, the initial nucleophilic attack might
have occurred through SO2

2� dianion (Scheme 71, path A) or
HOCH2SO2

� anion (Scheme 71, path B) or both.

2.6. Synthesis of Fluorine-Containing Organic Materials Using
Rongalite

Organofluorine compounds79 have found a wide range of
applications in pharmaceutical and agrochemical materials. This
has led to a growth of the literature related to the preparation of
fluorine-containing organic materials.
2.6.1. Preparation of α-Halo Thioethers.Wakselman and

co-workers have used rongalite in the synthesis of fluorinated
sulfides 305.80 The reaction involves the treatment of trifluoro-
methyl bromide with disulfides 304 in the presence of rongalite
in aqueous DMF. Disodium hydrogenophosphate was added to the
reaction mixture to neutralize the sulfur dioxide formed during the
course of the reaction. The stoichiometric amount of rongalite was
used, and the transformation was found to be satisfactory when
aliphatic as well as aromatic disulfides were used. The condensation

Scheme 68

Scheme 69

Scheme 70
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was performed generally at room temperature, and alkyl and aryl
trifluoromethyl sulfides 305 were obtained in moderate to good
yields within a few hours (Scheme 72).80

This methodology is based on the formation of perfluoroalkyl
radicals 308 under reductive conditions. The weak sulfur�sulfur
bond in disulfides 304 is susceptible to the free radical attack, and
this aspect seems to be critical for the formation of alkyl or
aromatic trifluoromethyl sulfides 305 (Scheme 73).80

Expanding the utility of the methodology, Wakselman and co-
workers have synthesized81 a variety of perfluoroalkyl sulfides
313 by the treatment of disulfides 304 with a wide range of
perhalogenoalkanes 312 in the presence of rongalite. A fairly
good solubility of rongalite in DMF allowed the use of a
minimum amount of water in the solvent system. Simple

Scheme 71

Scheme 72

Scheme 73

Scheme 74

Scheme 76

Scheme 77

Scheme 75
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aromatic as well as aliphatic disulfides have been treated with
several perfluoroalkanes 312 such as C4F9I, C8F17I, C6F13I,
CCl2FCClF2, and CF2BrCl to obtain the corresponding fluor-
oalkyl sulfides 313 (Scheme 74).
The reaction of CFCl3 with diphenyl disulfide 304 in the

presence of rongalite gave dichlorofluoromethyl phenyl sulfide
314. The reaction was carried out in aqueous DMF under a 4 atm
pressure of nitrogen. The procedure was generalized for the
preparation of various thioethers 314 (Scheme 75).82

In 2000, Wakselman and co-workers proposed83 the perfluoro-
alkylation of mercaptoalkanoic esters 315 via rongalite. The
perfluoroalkylation has been realized with trifluoromethyl bro-
mide 306 in the presence of rongalite to afford perfluoroalkyl
sulfides 316. In addition, the perfluoroalkylation has been
performed on alkanedithiols 317 to give bisperfluoroalkylated
product 318 in 30�45% yield using rongalite (Scheme 76).
2.6.2. Perfluoroalkylation of Heterocycles.The perfluoro-

alkylation of pyridine and its derivatives 319 with perfluoroalkyl

iodides 312 was performed at 70�75 �C in aqueous acetonitrile
in the presence of rongalite. To extend this methodology to
quinolines and isoquinolines, the reaction mixture was subjected
to prolonged heating (Scheme 77).84

Extending the utility of perfluoroalkylation using rongalite,
C(3)-substituted (perfluoroalkyl)coumarins and -thiocoumarins
322 have also been prepared (Scheme 78).85 Toward this goal, a
variety of coumarins and thiocoumarins 321 have been treated
with perfluoroalkyl iodides in aqueous acetonitrile at 70�75 �C
to afford 3-(perfluoroalkyl)coumarins 322 in moderate to good
yields (Scheme 78).85 Furthermore, the procedure has been
extended for the perfluoroalkylation of 2-quinolones to assemble
3-(perfluoroalkyl)-2-quinolones.
Perfluoroalkylation of pyrroles and other nitrogen-containing

heteroaromatic compounds has been achieved in the presence of
rongalite. Several perfluoroalkyl iodides 312 were reacted with
pyrrole (323) in aqueous acetonitrile in the presence of rongalite
to furnish 2-perfluoroalkylated pyrrole derivatives 324 in good
yields. The reaction proceeds smoothly at 60�70 �C, and
sodium bicarbonate was added to keep the reaction medium
slightly basic (Scheme 79).86

2.6.3. Addition of Dibromodifluoromethane. Synthesis
of difluoromethyl-substituted compounds has received consider-
able attention in view of their utility in pharmaceuticals and
agrochemicals.79 When terminal alkenes 326 and cyclohexene
(328) were reacted with rongalite and dibromodifluoromethane
in aqueous acetonitrile solution at room temperature or at 0 �C,
the addition reaction of difluorodibromomethane (325) was
found to occur across the olefinic double bond. This protocol
seems to provide a valuable synthetic route for the incorporation
of CF2Br in organic compounds, and various bromofluoro-
methylated compounds 327 and 329 have been prepared in
good yields (Scheme 80).87

2.6.4. Preparation of Perfluorocarboxylic Acids.The treat-
ment of primary perfluoroalkyl iodides [CF3(CF2)nI, n=2, 3, 5, 6, 7,
11] 330with rongalite�NaHCO3 in DMF or DMSO gave sodium
perfluorocarboxylates [CF3(CF2)n�1CO2Na, n = 2, 3, 5, 6, 7, 11]
331 in amoderate to good yield.88 These perfluorocarboxylates 331
have been converted into the corresponding perfluorocarboxylic

Scheme 78

Scheme 79

Scheme 80

Scheme 81

Scheme 82
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acids [CF3(CF2)n�1CO2H, n = 2, 3, 5, 6, 7, 11] 333 by treatment
with sulfuric acid. The process was accompanied by the formation of
the corresponding ωH-perfluoroalkanes 332 as byproducts. The
optimal reaction temperature range is 60�90 �C, and increasing
the reaction temperature above 100 �C was found to increase the
formation of 332 (Scheme 81).88

Surprisingly, perfluoroalkyl bromides 334 were found to
be relatively inert, and among the various bromides, only
nonafluorobutyl bromide, perfluorohexyl bromide, perfluoro-
heptyl bromide, and perfluorooctyl bromide delivered the cor-
responding sodium perfluorocarboxylates 331 upon the treat-
ment with rongalite in basic medium (Scheme 82).88

To explain the mechanism for the formation of carboxylates, Grady
and Dittmer proposed89 that the formation of the perfluorcarbox-
ylate 339 occurs via a three-membered cyclic sultine, 337, that loses
sulfur dioxide to furnish an acyl fluoride, 338, which upon hydrolysis
leads to the formation of carboxylate 339 (Scheme 83).

2.7. Deprotection of an Allyl Group by Rongalite
In connection with studies related to the mild deprotection of

various allyl derivatives (removal of the allyl group) such as allyl
esters, allyl carbonates, allyl carbamates, O-allyl ethers, and N-
allylamines, Nagakura and co-workers have found90 sulfinic acid
or its salt in the presence of a palladium catalyst, [Pd(PPh3)4].
During these investigations, it has been observed that the 2-chloro-
allyl ester 340 can be deprotected using rongalite and a catalytic
amount of [Pd(PPh3)4] in THF�methanol, to give a carboxylic
acid, 341, in 86% yield (Scheme 84).90 This facile cleavage of the
carbon�oxygen bond of allyl ester by rongalite�[Pd(PPh3)4]
offers a useful allyl deprotection method and may find remarkable
applications in the synthesis of complex natural products.

2.8. Synthesis of Sulfides Using Rongalite
One-pot synthesis of aryl alkyl sulfides has been achieved91 by

the reaction of a variety of disulfides 304with alkyl halides 342 in
the presence of rongalite. The reaction has been carried out at room
temperature using DMF�water as a solvent system and potassium
carbonate as a base. A wide range of alkyl, allylic, and benzyl halides
as well as bromoacetophenone have been found to participate in the
reaction with disulfide 304, generating the corresponding sulfides
343 (Scheme85).91The attractive features of this procedure include
the operational simplicity, mild reaction conditions, short reaction
times, and high yields of products.

A recent protocol developed by Li and co-workers has
revealed92 the utility of rongalite toward the preparation of (Z)-1-
alkenyl sulfides. The procedure involves the hydrothiolation of

Scheme 83

Scheme 84

Scheme 85

Scheme 86

Scheme 87
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terminal alkynes 344 with diaryl disulfides 304 in the presence of
CuI, rongalite, and cesium carbonate. Several disulfides underwent
the reaction with a variety of terminal alkynes to yield the
corresponding (Z)-1-alkenyl sulfides 345 (Scheme 86).92

The authors have formulated the mechanism (Scheme 87)92

involving the formation of HSO2
� anion (29) by the decomposi-

tion of rongalite. The anion RS� (346) produced by the reaction of
29 with disulfide 304 undergoes the addition with alkyne 344 to
afford the (Z)-1-alkenyl sulfide 345. Addition of CuI seems to
improve radical generation, whereas Cs+ has been considered to
support both generation of anion 346 and cis-addition with alkyne.
The substituents present on alkynes 344 have a profound influence
on the stability of anion348, and arylalkynes display higher reactivity
for hydrothiolations than alkylalkynes due to the electron-with-
drawing nature of the aryl moiety.

Wu and co-workers have demonstrated93 the rongalite-
promoted synthesis of β-hydroxy sulfides 350 by thiolysis of
epoxides 349 with disulfides 304. The thiolate anions are
produced from disulfides 304 in the presence of rongalite and
potassium carbonate and trigger the ring-opening of epoxides to
generate β-hydroxy sulfides 350 in 83�98% yield (Scheme 88).
The highly regioselective nucleophilic attack of thiolates occurred

almost exclusively on the less hinderedα-carbon of the oxirane ring.
Thus, the epoxides derived from styrene, such as 2-phenyloxirane,
underwent cleavage with disulfide to afford the corresponding α-
addition products selectively. Symmetrical epoxides, such as cyclo-
hexene oxide, upon the reaction with disulfides produce only the
trans-isomer of the corresponding β-hydroxy sulfides. Furthermore,
optically pure (R)-2-(chloromethyl)oxirane (351) was converted
into the corresponding β-hydroxy sulfide 352 without any racemi-
zation or inversion using rongalite (Scheme 88).

Recently,94 a report revealed the synthesis of β-amino and β-
hydroxy sulfides using rongalite. Phenylalanine-derived aziridine
353was reacted with various organic disulfides 304 and rongalite in
the presence of potassium carbonate in DMF. These experiments
revealed that a variety of diaryl disulfides 304 can be cleaved using
rongalite in the presence of aziridines to obtain diverse β-amino
sulfides 354 in a stereospecific and regioselective manner in
excellent yields (Scheme 89).94 Themethodology has been general-
ized for the synthesis of a variety of β-amino sulfides 354 by varying
the aziridine substrates and substitution on the aryl moiety of the
disulfides. In addition, β-hydroxy sulfides 355 were prepared by
treatment of a range of epoxides 349 with diphenyl disulfide 304

Scheme 88

Scheme 89

Scheme 90

Scheme 91

Scheme 92
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and rongalite in the presence of potassium carbonate. These
reactions were found to be extremely facile and took less than 1 h
at room temperature for completion.

A recent report95 describes a simple preparation of β-sulfido
carbonyl compounds 357 via thia-Michael addition of thiolate anion
to α,β-unsaturated ketones and esters 356. The thiolate anion in
turn has been generated by rongalite and base-promoted cleavage of
diaryl disulfides 304. In this regard, variousα,β-unsaturated ketones
and esters 356 were treated with diphenyl disulfide 304, rongalite,
and potassium carbonate in DMF to obtain β-sulfido carbonyl
compounds 357 in excellent yield (92�97%). The methodology
exhibits two avenues to incorporate the diversity in thefinal product;
the first involves the use of differently substituted conjugated
carbonyl compounds, and the other one is to employ variously
functionalized diphenyl disulfides. The role of rongalite is to cleave
the disulfide bond and generate thiolate anion 346 (Scheme 87).
Interestingly, the thia-Michael addition of a thiolate generated from
diaryl disulfide 359 containing a reactive �NH2 group to methyl
acrylate (358) generated the corresponding methyl 3-[(2-amino-
phenyl)thio]propanoate 360 in 94% yield (Scheme 90).95

2.9. Synthesis of Selenides Using Rongalite
Similar to tellurium, selenium was found to react with

rongalite to deliver the corresponding sodium selenides in the
presence of sodium hydroxide.55 The reaction of long-chain alkyl
halides with Na2Se2 obtained by refluxing selenium, rongalite,
and sodium hydroxide in ethanol affords dialkyl diselenides.96

However, when rongalite was treated with elemental selenium
and 2-chloroethanol (361) at room temperature for 5 h, the
diselenide 362 was obtained in 39% yield (Scheme 91).97

Reich and co-workers have reported98 the synthesis of alkyl
aryl selenides from the appropriate halide or mesylate using
ArSe� in ethanol, which in turn is produced by the reduction of
diselenides using rongalite. In this context, diphenyl diselenide
(363) in ethanol has been reduced with rongalite in the presence
of sodium hydroxide and reacted with dichloromethane (364) to
give bis(phenylseleno)methane (365) in 92% yield. Similarly, the
treatment of 1-(3-cyclohexenyl)ethyl mesylate (366) with diphenyl
diselenide (363) and rongalite in the presence of sodium hydroxide
furnished 1-(3-cyclohexenyl)ethyl phenyl selenide (367) in 76%
yield (Scheme 92).98b

The hydroselenation of terminal alkynes 368 with diphenyl
diselenide (363) in the presence of CuI, rongalite, and cesium
carbonate has been found to furnish the corresponding (Z)-1-
alkenyl selenides 369. Hydroselenation of octyne was unsuccessful;
many other alkynes underwent the hydroselenation smoothly to
deliver (Z)-1-alkenyl selenides 369 in good to excellent yields
(71�95%, Scheme 93).92

Crich and Zou prepared99 perfluorooctyl butyl selenide (372)
in 85% yield by the treatment of dibutyl diselenide (370) with
perfluorooctyl iodide (371) in the presence of rongalite. Treat-
ment of selenide 372 with hydrogen peroxide gave perfluoroo-
ctylselenenic acid (373), which upon further oxidation furnished
fluorous selininic acid 374. The selininic acid 374 in combination
with iodoxybenzene was used to catalyze the allylic oxidation of
alkenes to enones in (trifluoromethyl)benzene. Sodium metabisul-
fite was used during the workup, and catalyst bis(perfluorooctyl)
diselenide was recovered by fluorous extraction (Scheme 94).99

The treatment of diaryl diselenides 378 with rongalite gen-
erates a potentially nucleophilic selenolate anion suitable for the
ring-opening of aziridines and epoxides in a regioselective
manner. Enantiopure β-amino selenides 379 can be readily
obtained by the treatment of N-tosylaziridine 353 with variously
substituted diphenyl selenides 378 in the presence of rongalite
and potassium carbonate. Similarly, oxirane derivatives 349 react
with diphenyl diselenides 378, rongalite, and potassium carbo-
nate in DMF at room temperature to produce the corresponding
β-hydroxy selenides 380 in excellent yields (Scheme 95).94

The mechanismmay involve the generation of anionic species
381 and radical 382 by the transfer of an electron by the sulfinate
anion (29) to diphenyl diselenide 378. The selenium radical 382
is also reduced to anion 381 by single-electron transfer (SET).
The attack of selenolate anion 381 on aziridine 353 or epoxide

Scheme 93

Scheme 94

Scheme 95
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occurs at the less hindered carbon to produce the corresponding
β-amino selenides 379 or the β-hydroxy selenide (Scheme 96).94

2.10. Synthesis of Thioesters and Selenoesters via Rongalite
A recent report100 describes the synthesis of a variety of

thioesters and selenoesters via rongalite-promoted cleavage of
disulfides followed by acylation reaction. A variety of diaryl
disulfides 304 were reacted with anhydrides 383 in the presence
of CsF inDMF at room temperature to furnish the thioesters 384
in good to excellent yields (Scheme 97).

Along similar lines, treatment of diphenyl diselenide (363)
with a variety of anhydrides 383 in the presence of CsF in DMF
at room temperature delivered the selenoesters 385 in excellent
yields (Scheme 98).100

2.11. Synthesis of N-Protected α-Aminomethanesulfinate
salts with Rongalite

In 1909, Binz and Isaac reported101 that aniline hydro-
chloride reacts with rongalite to generate a compound with the
molecular formula C27H32O3N4S2. The treatment ofMe2NPh with
rongalite, formaldehyde, and HCl gave p-(dimethylamino)benzyl
p-(dimethylamino)phenyl sulfone,Me2NC6H4CH2SO2C6H4NMe2.
Furthermore, o-toluidine was found to react with rongalite in
the presence of HCl to generate MeC6H4NHCH2SO2H 3
NH2C6H4Me.102 Later,103 they prepared a variety of bis(p-amino-
benzyl) sulfones by the treatment of anilines with rongalite,
formaldehyde, and concentrated HCl in aqueous medium.

Leurouin and Mulliez explored104 the coupling of rongalite
with various primary amines 386 and secondary amines 388. The
reaction of primary amines 386 and secondary amines 388 with
rongalite in aqueous, basic ethanol generated N-substituted α-
aminomethanesulfinates 387 and 389, respectively (Scheme 99).

Investigations revealed105 that the synthesis of N-methane-
sulfonyl- orN-(p-toluenesulfonyl)-α-aminosulfinic acid salts 391
can be achieved in aMannich-type reaction by coupling rongalite
with methane- or p-toluenesulfonamides 390 in aqueous basic
medium. These compounds have been crystallized as dicyclo-
hexylammonium salts 392 (Scheme 100).
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Dujols and Mulliez prepared106 N-protected α-aminomethanesul-
finate salts 394 by coupling α-aminomethanesulfinate salts 393 with
various acylating agents in aqueous basic medium. α-Aminomethane-
sulfinate salts 393 are prepared by the reaction of rongalite with
ammonia. Since sulfinate 393 can be obtained only in aqueous
solution, the dioxane is used to solubilize the acylating reagents. The
pHof the reactionmixturehadbeenkept above∼5 for the completion
of reaction, and the products can be isolated as salts. The sodium salts
of 393 are water-soluble and can be separated by extracting organic
byproducts and evaporating the aqueous layer to dryness. However,
crystallization of compounds 394 as dicyclohexylammonium salts to
produce 395 has been recommended in view of the selective solubility
of compounds 395 in chloroform (Scheme 101).

3. SUMMARY

The various syntheticmethods discussed in this review reveal that
rongalite is a powerful reagent for organic synthesis. It is inexpensive
and commercially available and can be handled without any special
precautions to mediate a wide of variety of synthetic transforma-
tions. It serves as a readily available source of SO2

2� anions and
facilitates the preparation of sulfone and sultine derivativeswhich are
useful starting materials in diversity-oriented synthesis. Sultines are
used immensely toward the preparation of tetracyano-p-quinodi-
methane (TCNQ) andN,N0-dicyanoquinonediimines (DCNQIs),
which are further used to construct materials with high electrical
conductivity.107 The SET reactions promoted by rongalite have
been immensely used for the synthesis of sulfide/selenide deriva-
tives and fluorine-containing compounds. In combination with
tellurium, it provides excellent reactivity which can be explored in
reduction reactions. A tactical utilization of rongalite in synthetic
plans may replace tedious organic transformations with simpler
routes.We hope that this reviewmay act as a catalyst in boosting the
applications of rongalite in organic synthesis.
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LIST OF ACRONYMS
AAA α-amino acid
Ac acetyl
aq aqueous
atm atmosphere
DA Diels�Alder
DCE 1,2-dichloroethane
DCM dichloromethane
o-DCB o-dichlorobenzene



1678 dx.doi.org/10.1021/cr100175t |Chem. Rev. 2012, 112, 1650–1680

Chemical Reviews REVIEW

DDQ 2,3-dichloro-5,6-dicyano-p-benzoquinone
DEF diethyl fumarate
DMAD dimethyl acetylenedicarboxylate
DMF N,N-dimethylformamide
DIMF dimethyl fumarate
DMM diethyl maleate
ether diethyl ether
Et ethyl
equiv equivalent(s)
FN furanonitrile
h hour(s)
Me methyl
min minute(s)
MWI microwave irradiation
NBS N-bromosuccinimide
Ph phenyl
PTC phase-transfer catalyst
o-QDM o-quinodimethane
RT room temperature
Tic terahydroisoquinoline-3-carboxylic acid
TBAHS tetrabutylammonium hydrogen sulfate
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