Preface

The pioneers of organoselenium chemistry realized that the chemistry of selenium-containing compounds offers multiple advantages over established methods.
A wide range of reactions is possible, ranging from cationic, radical, and anionic
transformations, to rearrangements and eliminations. Selenium-containing
compounds can even be used as catalysts and ligands. The various findings in,
and applications of, selenium chemistry has led, in recent years, to a tremendous
growth which is reflected by the large number of publications in this field.
However, the last comprehensive compilation of organoselenium chemistry
appeared more than ten years ago. Embarking on a new millennium, we felt that
there is a need for an update. I am grateful to the distinguished scientists who
contributed, with their skill and expertise, the various chapters of this volume.
By emphasizing the developments in organoselenium chemistry over the last
number of years, this volume presents a comprehensive overview of the various
facets, scope, and limitations of organic chemistry with selenium.
Basel, December 1999
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The development in organoselenium chemistry has been expanding rapidly over the last
several years. The different reactivity of selenium-containing compounds in contrast to the
sulfur analogs has led to versatile and new synthetic methods in organic chemistry. The
principles of organoselenium chemistry are traced back to their origins. A survey on organoselenium compounds is combined with a short introduction to the various chapters of this
book.
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Selenoenzymes

In 1817, Berzelius discovered the element selenium in the sludge of the lead
chambers of the sulfuric acid chamber process of a plant at Gripsholm in Sweden
[1]. He studied the properties and the inorganic compounds of this new element
in detail. Organoselenium compounds have been known since 1847, when
Wöhler and Siemens reported the first synthesis of ethyl selenol [2]. Therefore,
selenium and its compounds are not exactly new for use in organic chemistry. In
1929 the first patent from I. G. Farbenindustrie AG for the use of selenium dioxide
as oxidant in synthetic organic chemistry appeared [3]. Since that time, selenium
dioxide has been known as a valuable reagent for oxidations and for the hydroxylation of slightly activated positions [4], and because of its volatility has been used
in the purification process of elemental selenium [5]. A main source of selenium
is the anode sludge deposited during the electrolytic refining of copper. Selenium
is used in electronic devices as a photoconducting and semiconducting element,
as a decolorizer of glass, in the pigments industry, in metallurgy, and as an
essential micronutrient. Its production reaches several thousand tons per year.
In 1957 selenium was found to be an essential trace element [6]. Since that time,
the biological properties of selenium have been investigated, and in 1973 the first
selenoenzyme, glutathione peroxidase, was discovered [7]. This has led to a growing interest in the enzymology and the bioorganic properties of selenium [8].
It was not until 1970 that the formation of alkenes by decomposition of
selenoxides was found to be a very versatile process proceeding under mild
conditions [9]. Since that time, organoselenium chemistry has been focused on
by organic chemists. The pioneering work of Sharpless et al. [10], Reich [11], and
other research groups in the 1970s was accompanied first by reviews [12] and
conference reports [13] on various aspects, followed by a rapid growth of
organoselenium chemistry. This is reflected by a large number of publications
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dealing with organoselenium chemistry. Several books have been published in
the 1980s on this topic as well [14] and a recent conference report highlighted
the current activities in selenium chemistry [15, 16].
The various structures of organoselenium compounds are closely related to
their sulfur analogs, but their properties are often quite different. Different bond
lengths and bond strengths as well as a different electronic behavior lead to the
difference in reactivity compared with homologous organochalcogen compounds. Reactions are possible which cannot be performed with organosulfur
or organotellurium compounds.
Selenium forms weaker s-bonds than sulfur and many reactions which involve the cleavage of such bonds are faster than for analogous sulfur compounds
and proceed under milder reaction conditions. The syn-elimination of selenoxides was discovered in 1970 [9] and had a major impact on organoselenium
chemistry. This reaction is about three orders of magnitude more rapid than the
elimination of the corresponding less polar and less basic sulfoxides. Sigmatropic
rearrangements proceed at markedly lower temperatures. These reactions are
discussed in detail in Chap. 8 by Y. Nishibayashi and S. Uemura.
The homolytic cleavage of the carbon-selenium bond provides easy access to
radicals, which can undergo various subsequent reactions. Radical chemistry
using selenium-containing compounds is described by P. Renaud in Chap. 4.
The weak carbon-selenium bonds tune the reactivity of electrophilic selenium
species as well. After the first publication in this area by Reich et al. in 1973 [17],
intense activities can be recognized in this field of organoselenium chemistry.
The versatility of electrophilic selenium species with respect to stereoselective
synthesis is presented by M. Tiecco in Chap. 2.
The higher reactivity of organoselenium derivatives can also be observed in
the various reactions of selenocarbonyl compounds which are described in detail
by T. Murai and S. Kato in Chap. 7.
Selenium is more easily oxidized to Se(IV), but the oxidation stage Se(VI) is
obtained with more difficulty than with the corresponding sulfur compounds.
For example, selenuranes (tetracovalent selenium compounds) are more easily
obtained than the sulfur analogs. The synthesis as well as the chemistry with
selenium at higher oxidation stages is reviewed in Chap. 6 by M. Mikolajczyk and
J. Drabowicz.
Organoselenium compounds are easily attacked by a nucleophile. Reaction
with organolithium reagents allows a convenient synthesis of carbanionic species.
C. Paulmier and S. Ponthieux describe this chemistry in Chap. 5.
Selenides and selenolate anions are usually less basic and more nucleophilic
than corresponding sulfur compounds. This unique property was recognized in
1973 by Sharpless and Lauer and used for the conversion of epoxides into allylic
alcohols [18]. This publication can be regarded as another milestone in organoselenium chemistry. New aspects and a variety of other related reactions are
summarized by M. Iwaoka and S. Tomoda in Chap. 3.
Because organoselenium compounds are more expensive than the corresponding sulfur compounds, there is an increasing use of only catalytic amounts
of these compounds in a variety of reactions. This active area of research is summarized by Y. Nishibayashi and S. Uemura in Chap. 9.

Introduction and General Aspects

3

Organoselenium compounds can be efficiently introduced, manipulated, and
removed in many different ways under mild conditions and usually in good
yields. In Scheme 1 an overview is presented of different organoselenium compounds which are involved in the various transformations. Many of these
organoselenium compounds and a variety of inorganic selenium compounds
are commercially available. The synthesis of other reagents from commercially
available starting materials is described in the respective chapters.
An important method for the characterization of selenium-containing compounds is 77Se NMR spectroscopy. The 77Se isotope has a natural abundance of
7.5% and its medium receptivity is about three times that of the 13C nucleus. The
first systematic NMR investigations on inorganic [19] and organic [20] selenium
compounds were published about 30 years ago. The 77Se resonances appear in a
range of about 3000 ppm, making NMR spectroscopy a very sensitive tool for the
analysis of selenium-containing compounds. Recently several compilations of
77Se NMR data have been published [21]. In Scheme 2 some shifts of different
selenium-containing compounds are indicated.
The several contributions to this volume focus on some selective aspects of
organoselenium chemistry. Each contribution gives a critical survey discussing
the most significant developments in the respective area over the last ten years.
The conceptual presentation of the main principles as well as future research
directions should also allow the non-specialist reader to understand the significant advantages of organoselenium chemistry over existing methodology.

Scheme 1
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The most important progress made in the last ten years in the production of new electrophilic
selenium reagents as well as in their reactivity towards unsaturated compounds are presented
and discussed. Several new selenium-promoted, ring-closure reactions are illustrated and the
factors controlling the selectivity of the cyclization process are discussed. One-pot selenenylation-deselenenylation sequences, which occur using only catalytic amounts of the organoselenium reagents, are presented. Finally, the efficient asymmetric syntheses, which are carried
out with the recently described chiral non-racemic electrophilic selenenylating agents, are also
surveyed.
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1
Introduction
Organoselenium compounds are now commonly employed as very useful and
powerful reagents. They allow the chemo-, regio- and stereoselective introduction of new functional groups into complex organic substrates to be carried out
under extremely mild experimental conditions. Selenium can be introduced as
an electrophile, as a nucleophile or as a radical. Once incorporated, it can be
directly converted into different functional groups or it can be employed first to
favor further manipulation of the molecule and then eliminated in a later stage.
In many respects the properties of organoselenium compounds are similar to
those of the better known sulfur analogs. However, the introduction of the
heteroatom, the manipulation of the resulting molecules and, in particular, the
removal of the selenium containing functions occur under much simpler and
milder conditions than those required for the corresponding sulfur compounds.
The fundamental aspects of organoselenium chemistry have been described in
excellent books and review articles that appeared some years ago [1–4]. Some
review articles have also appeared more recently [5–8]. The scope of the present
chapter is to illustrate the new aspects that have emerged in recent years in the
field of addition reactions of electrophilic selenium reagents to carbon-carbon
double bonds. The reactions of the electrophilic reagent RSeX with alkenes 1
(Scheme 1) are stereospecific anti additions which involve the formation of the
seleniranium ion intermediates 2 and, in the presence of external nucleophiles
NuH, afford compounds 3. With unsymmetrical olefins the addition preferentially follows the thermodynamically favored Markovnikov orientation. In the
case of alkenes 4, holding suitably positioned nucleophilic groups, attack upon
the seleniranium ion 5 takes place intramolecularly and the cyclic products 6 or
7 are thus formed.

Scheme 1. Addition and Cyclization Reactions Promoted by Electrophilic Selenium Reagents

Electrophilic Selenium, Selenocyclizations

9

Several new procedures have been described for the production of the PhSeX
which is the more commonly employed electrophilic reagent and which can be
generated in the presence of different counterions. Moreover, more reactive and
more selective electrophilic selenium reagents have also been prepared and
investigated. Of particular interest are chiral, non-racemic selenium reagents
that have been described recently and employed to effect asymmetric syntheses.
In these cases, in fact, the stereochemistry of the new chiral carbon atoms which
are generated in compounds 3, 6 and 7 is controlled by the chiral reagent and diastereoselective addition and cyclization reactions are observed. The use of chiral
selenium compounds in organic synthesis has been reviewed recently [9, 10].
Interesting new examples of stereospecific anti addition reactions across
carbon-carbon double bonds have been described. However a considerably
greater attention has been devoted to the study of the cyclization reactions.
Factors governing the course of these reactions have been investigated and
several new syntheses of important heterocyclic compounds have been described. A further interesting aspect, which emerged in recent years, concerns
the possibility of effecting some functional group conversions with the use of
only catalytic amounts of the electrophilic selenium reagent. The development of
these catalytic processes and of the selenium promoted asymmetric syntheses
probably represents the most important results, which have been reported recently in this field. Their conceptual and synthetic relevance considerably increases the importance of organoselenium chemistry.

2
The Production of the Electrophilic Reagents
The phenylselenyl moiety is the most common group used to introduce electrophilic selenium into an organic molecule. Most of the reagents employed are
either commercially available, as for example PhSeCl 8 and PhSeBr 9, or they can
be easily produced either from 8 or from diphenyl diselenide 10. Compounds 8
and 9 also are prepared from 10 by treatment with sulfuryl chloride or chlorine
in hexane and with bromine in tetrahydrofuran, respectively. The appropriate
choice of the reagent is necessary in order to ensure that a clean addition reaction can take place. In the cases of the addition reactions in the presence of
external nucleophiles or in the selenium promoted cyclization reactions the use
of phenylselenyl chloride or bromide give rise to some undesirable secondary
processes such as the incorporation of the halide anions and the decrease in
regioselectivity. For this purpose several new phenylselenenylating agents which
do not contain nucleophilic counterions have been introduced (Scheme 2). Some
of them were prepared from PhSeCl, like the N-(phenylseleno)phthalimide
(N-PSP) 11 [11] or generated in situ, with silver salts, like the hexafluorophosphate 12 [12], the hexafluoroantimonate 13 [12], the tolylsulfonate 14 [13] or the
triflate 15 [14]. In other cases the electrophilic reagent was produced in situ by
the oxidation of diphenyl diselenide. Phenylselenyl sulfate (PSS) 16 is a very
efficient electrophilic reagent, which is easily produced from the reaction of
diphenyl diselenide with ammonium peroxodisulfate [15]. An electron transfer

10
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Scheme 2. Common Electrophilic Selenenylating Agents

or an SN2 reaction as suggested in Scheme 2 can initiate this process. The production of electrophilic phenylselenenylating agents from 10 can be effected
with several other reagents. Thus, KNO3 [15, 16], CuSO4 [15], Ce(NH4)2(NO2)6
[15,17], and Mn(OAc)3 [18] have all been successfully employed. Nitrogen dioxide [19], m-nitrobenzenesulfonyl peroxide [20], iodobenzene bis(trifluoroacetate) [21], iodobenzene diacetate [22] and 2,3-dichloro-5,6-dicyano-1,4benzoquinone [23] have also been proposed as oxidizing agents. The phenylselenyl cation (Scheme 2) can also be generated from the cleavage of the
diphenyl diselenide radical cation produced by photosensitized single electron
transfer from diphenyl diselenide to 1,4-dicyanonaphthalene [24]. The choice of
one of these reagents is often dictated by the requirements of the particular
addition reaction to be carried out. The two reagents which can be considered of
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general application for their efficiency and for the clean reactions to which they
give rise are the phenylselenyl triflate 15 and sulfate 16. This latter can be prepared more easily but it has the limitation that it cannot be employed at temperatures below –30 °C. An important and useful property of 16 is that it can be
used to effect several conversions of functional groups using only catalytic
amounts of diphenyl diselenide.
Diphenyl diselenides holding substituents in the phenyl ring have been prepared in order to alter the reactivity or the selectivity of the corresponding electrophilic reagents. Thus, (2,4,6-trisisopropylphenyl)selenium bromide, produced from the corresponding diselenide 17 by treatment with bromine, effected the
ring closure of homoallylic alcohols to tetrahydrofurans with a stereoselectivity
considerably higher than that observed with other phenylselenenylating agents
[25]. The nitrogen containing diselenides 18, 19 and 20 were employed to effect
addition reactions to alkenes [26, 27] under catalytic conditions using copper
nitrate and sodium persulfate as the oxidizing agents.
Very recently, using polystyrene beads, the preparation of some polymer-supported selenium reagents has been described by Nicolaou [28]. Polymer-bound
selenium bromide and selenium phthalimide act as efficient selenenylating
agents of alkenes. In view of their versatility and ease of handling these reagents
can find useful applications in solid phase and combinatorial synthesis.
Several research groups have been deeply involved in the preparation of
different types of optically active diselenides and in their in situ transformation
into electrophilic selenenylating agents with one of the methods reported above.
Examples of optically active diselenides are reported in Scheme 3. The first
stereoselective electrophilic selenenylation reactions were reported by Tomoda
[29] starting from the binaphthyl diselenide 21. A few years later efficient
selenenylating agents were produced from the C2-symmetrical diselenides 22
and 23 which were described by Deziel [30]. The very interesting ferrocenyl diselenide 24 was prepared by Uemura [31] by metallation, treatment with
elemental selenium and oxidative work-up. Compound 25 represents an
example of a class of diselenides holding various chiral pyrrolidine moieties,
which were prepared and employed in stereoselective syntheses by Tomoda
[32]. Compound 26 was introduced by Back [33]. This is probably the most easily
available chiral diselenide since it can be obtained on a large scale in a one-step
preparation from camphor. Other camphor-based diselenides can be easily
prepared from 26. An efficient reagent is the diselenide 27 in which the carbonyl
group has been converted into an oxazolidinone ring. A variety of structurally
simpler diselenides were synthesized by Wirth [34]. Starting from the commercially available chiral precursors the diselenides 28 and 29 were simply prepared
in a one-step synthesis consisting of the ortho-lithiation, reaction with elemental selenium and air oxidation. With this simple method a large number of
diselenides having the general structure 30 (X = NR≤2 , OR≤) have been prepared.
Particularly efficient electrophilic reagents were recently obtained from the
diselenides 31 [35] and 32 [36] also described by Wirth.
A common characteristic of all these diselenides is the close proximity of a
heteroatom (oxygen or nitrogen) to the selenium atom. It has been reported at
several occasions that selenium can interact with nearby heteroatoms. In some
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Scheme 3. Chiral Non-Racemic Diselenides

cases the existence of this interaction has been demonstrated by theoretical
calculations as well as by crystal structure determinations and by NMR spectroscopic measurements [32e, 32f]. This interaction will force the chiral center
to come close to the reaction center during the addition of the selenenylating
agent to the alkene and this will result in asymmetric induction. Moreover, the
same interaction should also dictate the structure of the active selenium reagent
thus playing a fundamental role in forming the preferred diastereomer in the
addition products 3.
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3
Addition Reactions to Carbon-Carbon Double Bonds
There are relatively few direct applications of the additions of electrophilic phenylselenyl reagents to olefins.The great synthetic importance of these reactions is due
to the fact that, because of the versatility of the selenium-containing moiety, the
addition products 3 (Scheme 1) can be used as precursors for a series of useful
transformations. In fact, the phenylseleno group can be removed in several ways
leading to interesting derivatives in each case. By treatment with tin hydrides in
the presence of AIBN, the homolytic cleavage of the carbon-selenium bond takes
place and carbon radicals 33 are generated (Scheme 4). This opens the way to
several interesting radical reactions. Alternatively, radicals 33 can effect hydrogen
abstraction to afford the reduction products 34. Oxidation of selenides 3 gives rise
to selenoxides 35 from which the allylic products 36 are obtained by elimination.
After conversion to selenones [37] by oxidation or to selenonium ions [38, 39] by
treatment with PhSeX, the selenium moiety can react with various nucleophiles to
afford the substitution products 37. When optically active selenenylating agents
are employed the addition products 3 are produced as a mixture of two
diastereomers and their deselenenylation leads to enantioselective formation of
compounds 34, 36 and 37. In some cases the two diastereomers can be separated
and their deselenenylation thus produces enantiomerically pure compounds.

Scheme 4. Deselenenylation Reactions

A limited number of new addition reactions has been described in recent
years. These mainly concern reactions carried out in the presence of external
oxygen (oxyselenenylation reactions) or nitrogen nucleophiles. On the other
hand, oxyselenenylation reactions have been largely used as a probe to test the
efficiency of the various chiral selenenylating agents.
3.1
Oxyselenenylation Reactions
The oxyselenenylation reactions, i.e. the stereospecific anti addition of an
organoseleno group and of an oxygen nucleophile, such as an OH, OR, OCOR
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group, to an olefin are very useful and largely used procedures for the preparation of simple as well as complex molecules. Simple experimental conditions
to effect efficient hydroxy-, alkoxy- or acetoxy-selenenylation of alkenes have
already been described [1, 4] and are currently employed.
Engman reported that the acetoxyselenenylation of alkenes could be better
carried out with PhSeBr in acetic acid in the presence of acetic anhydride and
KNO3 [40]. In the case of terminal olefins the addition proceeds with poor regiocontrol. However, when the chloroform solution of the two products was treated
with catalytic amounts of boron trifluoride etherate, isomerization takes place
and the anti-Markovnikov adduct was transformed into the Markovnikov product. The acetoxyselenenylation of alkenes can be cleanly effected also by oxidation of diphenyl diselenide with iodobenzene diacetate in acetonitrile [22].
An interesting application of sequential oxyselenenylation reactions was
reported recently by Kim for the synthesis of biologically important cyclitols
[41, 42]. Both, the stereochemistry and the regiochemistry of the sequential oxyselenenylation of cyclohexene, were controlled by the use of chiral diol hydrobenzoin as the nucleophile. Illustrated in Scheme 5 are the various steps employ-

Scheme 5. Serial Oxyselenenylation Reactions. Synthesis of Cyclitols
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ed for the synthesis of the important natural cyclitols muco-quercitol 42 and
d-chiro-inositol 43 which shows physiological activity as an insuline mediator.
The reaction of cyclohexene with N-(phenylseleno)phthalimide in the presence of (S,S)-hydrobenzoin in methylene chloride afforded two diastereomeric
oxyselenides (38 and the (1R, 2R) diastereomer) in a 1:1 ratio. Compound 38
was separated and converted into the olefin 39 via selenoxide elimination. The
second PhSeOTf promoted oxyselenenylation reaction gave only the cis fused
bicyclic dioxane 40. Oxidation and subsequent elimination provided the olefin
41. This is the key intermediate for the syntheses of the cyclitols 42 and 43, that
were obtained from a series of classical reactions as indicated in the Scheme.
Oxyselenenylation reactions have also been employed to promote glycosylation
reactions [43].
3.1.1
Asymmetric Oxyselenenylation Reactions

Asymmetric oxyselenenylation reactions have been extensively employed to
investigate the efficiency of the various chiral non-racemic selenenylating agents.
In particular, the methoxyselenenylation of styrene has been studied with all the
diselenides reported in Scheme 3. The mechanistic course of the methoxyselenenylation of styrene has been investigated in some detail by Wirth [44] using the
selenyl triflate of diselenide 29. Starting from the electrophilic reagent with the
S-configuration, the two diastereomeric addition products were formed in a ratio
of up to 96:4 and it was demonstrated that the newly generated stereocenter of
the major diastereomer 44 (Scheme 6) has the (R)-configuration. This corresponds to a favored re attack of styrene. Since in the case of (E)-alkenes the formation of the seleniranium intermediates is the step determining the stereochemistry of the addition reactions [7, 29a] it can be said that the reaction of the
alkene with the chiral selenium electrophile results in the preferential formation of one seleniranium intermediate. Competitive experiments demonstrated
that the formation of the seleniranium intermediates is a reversible process; it
follows that the preferential formation of one seleniranium intermediate over the
other must reflect the difference of stability between them. Experimental evidences to support this interpretation were obtained by independently generating
the seleniranium ions and by investigating their reactions with methanol. For this
purpose the two optically active b-hydroxyselenides (R,S)-45 and (S,S)-47 were
prepared [45] by reaction of the selenium anion produced from 29 with the
(R)- or (S)-styrene epoxide. Protonation of 45 and 47 and a subsequent intramolecular SN2 displacement by selenium generate the desired seleniranium
intermediates. In the case of the intermediate 46, corresponding to that formed
by re attack of styrene, and which is assumed to be the more stable, the reaction
with methanol gave the expected product (R,S)-44, without loss of stereochemical information at the benzylic carbon atom. In the case of the intermediate 48,
corresponding to the si attack of styrene, and assumed to be less stable, a mixture
of (S,S)-49 and (R,S)-44 was obtained. This clearly indicates that some conversion
of 48 into the more stable 46 occurred before reaction with methanol by a decomplexation-complexation mechanism as indicated in Scheme 6.
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Scheme 6. Mechanism of Asymmetric Methoxyselenenylation of Styrene

The results obtained in the reactions of styrene with various electrophilic
reagents derived from the diselenides indicated in Scheme 3 are illustrated in
Table 1.
It can be observed that in several cases the addition reaction proceeds with
excellent diastereomeric excesses. Although the reaction temperature, the solvent
and the nature of the counter anion are different from case to case, nevertheless the
data reported in the table can be used to have preliminary indications about the
ability of the various electrophilic reagents to transfer the chirality to the newly
generated stereocenters.The information gained from these experiments,however,
must be used with caution since the stereoselectivity is also a function of the alkene
employed and examples are known in which a reagent which gives unsatisfactory
results with styrene can, in contrast, be efficient with other alkenes. This is clearly
evident from the data reported in Table 2 in which the diastereomeric excesses
measured for the reactions of the electrophilic reagents derived from the diselenides 24 and 26 with various alkenes are reported. In both cases the results obtained with other alkenes are much better than those observed with styrene.
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Table 1. Asymmetric methoxyselenenylation of styrene

Diselenide

Counteranion

Conditions

de (%)

Yield (%)

Ref.

21
22
23
24
24
25
26
26
28
29
31
32
32
32

Br–
TfO–
TfO–
TfO–
Br–
PF6–
SO 42–
TfO–
TfO–
TfO–
TfO–
TfO–
SO 42–
SO 42–

MeOH, 25 °C
Et2O, –78 °C
Et2O, –78 °C
CH2Cl2 , –78 °C
CH2Cl2 , 25 °C
CH2Cl2 , –78 °C
CH2Cl2, 25 °C
CH2Cl2 , –78 °C
Et2O, 0 °C
Et2O, –100 °C
MeOH, –78 °C
Et2O, –100 °C
Et2O, –15 °C
Et2O, 25 °C

49
77
94
35
97
42
30
47
10
89
98
86
86
76

49
88
73
97
21
79
91
77
64
81
55
98
74
95

[29a]
[30a]
[30d]
[31d]
[45]
[32d]
[46a]
[33d]
[34b]
[34b]
[35]
[36]
[36]
[36]

Table 2. Asymmetric methoxyselenenylation of alkenes

Alkenes

Styrene
E-3-Octene
E-2-Butene
b-Methylstyrene
a-Methylstyrene
Methyl styrylacetate
Methyl 3-hexenoate

Diselenide 26

Diselenide 24

Anion

T °C

de (%) Ref.

Anion

T °C

de (%) Ref.

SO 42–
SO 42–
TfO–

25
25
–78

30
72
74

[46a]
[46a]
[33d]

TfO–

–78

35

[31d]

TfO–
SO 42–
SO 42–

–78
25
25

66
70
80

[33d]
[46a]
[46a]

TfO–
TfO–
TfO–

0
0
0

96
96
15

[31d]
[31d]
[31d]

Interestingly, the nature of the counter anion seems to have a considerable
influence on selectivity and yield of the reactions. The effect of the counter
anion on the course of the reactions of the electrophilic reagents derived from
the diselenide 25 with b-methylstyrene, in methylene chloride and methanol at
–100 °C were investigated by Tomoda [32d]. The results obtained were as follows
(counter anion, % yield and % de are given in the order): Br–, 85, 52; ClO–4 , 47, 80;
TfO–, 68, 89; BF4– , 67, 90; SbF6– , 64, 94; PF6– , 58, 95. On the basis of these results it
was suggested that a decrease in the nucleophilicity of the counter anion, i.e. an
increase in the electrophilicity of the selenium reagent, produces an enhancement of the de of the reactions. Similar observations were also made by Tiecco
[46a] in the reactions of methyl styrylacetate, at room temperature in methanol,
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with the selenyl chloride, bromide, triflate and sulfate derived from 26 which
gave the following yields and diastereomeric ratios: 49%, 40:60; 56%, 35:65;
77%, 42:58; 94%, 85:15. It is interesting to note that in the case of the sulfate the
addition occurs with a facial selectivity different from that observed with the
other counter anions. Similar changes in selectivity on passing from the bromide
to the sulfate were also observed with styrene, a-methylstyrene, (E)-b-methylstyrene, (E)-4-octene and methyl (E)-3-hexenoate. No changes were observed
with cyclohexene and cyclooctene.
An interesting application of the asymmetric alkoxyselenenylation of alkenes
to natural product synthesis was reported recently by Wirth, who described a
short procedure to obtain some furofuran lignans [47]. The total synthesis of
(+)-Samin 53 [47a] is shown in Scheme 7. The protected allylic alcohol 50
was treated with the selenyl triflate derived from diselenide 29 in the presence of
2,3-butadien-1-ol, and afforded the addition product 51 in 55% yield and with a
diastereomeric ratio of 15:1. The favored 5-exo-trig radical cyclization of the
major isomer afforded the tetrahydrofuran derivative 52 from which the final
product was obtained through few classical steps.
Quite recently, a new asymmetric addition reaction has been described
by Tiecco. The oxidation of the diselenide 26 with ammonium persulfate produces the camphorselenyl sulfate, which reacts with alkenes in acetonitrile
in the presence of water, to afford the hydroxyselenenylation products in
good yields and with moderate to good diasteroselectivities [46b]. The results
of these experiments are collected in Table 3. Moderate diastereomeric
ratios were observed in the hydroxyselenenylation of cyclohexene, styrene
and b-methylstyrene. Good facial selectivity was observed in all the other
cases. The two diastereomeric addition products thus obtained could be
separated in most cases. Enantiomerically pure saturated or allylic alcohols

Scheme 7. Total Synthesis of (+)-Samin
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Table 3. Hydroxyselenenylation of alkenes with camphorselenyl sulfate, R*SO3H, in acetonitrile

and water at 40 °C
Alkenes

Time (h)

Addition Products

Yield (%)

D. r.

36

60

91:9

39

89

94:6

60

60

90:10

10

90:10

37

68

78:22

31

75

90:10

45

50

81:19

28

68

65:35

40

62

65:35

can be obtained by classical reductive or oxidative deselenenylation of the single
isomers.
The behavior of the sulfate counter anion is noteworthy. A considerably
important advantage in using sulfates is that the reactions can be effected at
room temperature. From the data collected in Tables 1 and 2 it can be seen that
in the methoxyselenenylation of alkenes the diastereomeric excesses thus obtained are comparable with those observed with other selenenylating agents,
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which, in contrast, required low reaction temperatures. The hydroxyselenenylation also was effected at 40 °C. This addition reaction represents a further
advantage of the use of the sulfate counteranion. In fact, it seems rather difficult
to find appropriate reaction conditions to obtain similar stereoselectivities with
a selenenylating agent having a counteranion different from the sulfate. Finally,
it will be shown in the following pages that with the use of the sulfate it is possible to effect several selenium catalyzed conversions. Of particular interest are
the conversions catalyzed by chiral non-racemic selenium electrophiles.
3.2
Addition of Nitrogen Nucleophiles
Due to the important role of nitrogen functional groups, the addition reactions
of an electrophilic selenium reagent and a nitrogen nucleophile to a carboncarbon double bond represent a synthetically relevant process with potential
practical applications. Among the reactions of this type which have been described already, perhaps the most important contribution is represented by the
Ritter-type amide synthesis described by Toshimitsu and Uemura [48a, 48b].
The addition of a phenylselenyl and of an acylamino group to a mono or
a 1,2-disubstituted olefin was accomplished by treating the olefin with PhSeCl in
acetonitrile and water in the presence of trifluoromethanesulfonic acid.
The stereospecific conversion of cyclohexene into the corresponding amido
selenide 54 is illustrated in Scheme 8. These amidoselenenylation reactions are
commonly employed for the preparation of allylic and saturated amides by oxidative or reductive deselenenylation. Propionitrile, butyronitrile, benzonitrile
and ethyl cyanoacetate may be used in place of acetonitrile. Styrene gave poor
results and other electron-rich olefins such as 1-methylcyclohexene or 2,3-dimethylbut-2-ene did not give the amidoselenenylation products. The reaction
can also be effected starting from the hydroxy- or methoxyselenenylation products of alkenes, in the presence of water and trifluoromethanesulfonic acid; in
this case the nitriles are used in stoichiometric amounts [48c]. This methodology was employed to prepare the amidoselenenylation products of styrene,
55, and of electron-rich olefins. It was necessary, however, to replace the phenyl-

Scheme 8. Amidoselenenylation Reactions

