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Selenium was discovered in 1817 by J. I. Berzelius' and although the first organoselenium compound, ethyl

selenol, was reported in 1847 by F. Wohler and C. Siemens,’

it was much too early for an efficient use of

selenium in organic chemistry. In 1929 the first patent for the use of selenium dioxide as oxidant in synthetic

organic chemistry appeared.® But it was not until 1970, when the formation of alkenes by decomposition of

selenoxides was found to be a versatile process proceeding under very mild conditions, that explosive growth

in the use of organoselenium chemistry occured.* Since that time the use and the development of selenium
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reagenis beside elemenial selenium and seienium dioxide have become popuiar in organic chemisiry. First
reviews® of the early work as weli as first conference reports® dealing with the chemistry of selenium were
published. Already in 1957 it was shown that selenium is an essential trace element for animals.” Biologists
began to investigate its properties and it was discovered that Glutathione Peroxidase, a mammalian enzyme,
contains a selenocystein residue in its active site.® Since then there has been also a growing interest of the
enzymology and of the bioorganic chemistry of selenium.’

From the viewpoint of the organic chemist, the chemistry of
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and 2.48, respectively, giving them similar reactivities. But selenium containing molecules are sometimes sensi-
tive towards oxidation or light and are therefore iess stable. Furthermore, they are sometimes evii-smeliing and
toxic. This is due to the fact that the carbon — selenium bond (243 kJemol™) is weaker than the carbon — sulfur
bond (272 kJemol™") and the carbon — oxygen bond (356 kJemol™). The chalcogen - hydrogen bond energies
also decrease in the same order.'®

Despite the similarities between sulfur containing molecules and their selenium congeners, there are several

unique features of organoselenium compounds. They can be used in nucleophilic, in electrophilic, as well as in

s. Therefore, manv methods based on selenium have been developed into standard procedures
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In this report importani receni advances using chiral selenium compounds as stoichiometric reagents and
as catalysts in organic synthesis are reviewed. Various aspects of chiral selenium compounds in organic chemi-
stry have been summarized in a different context.'’ Reactions with selenium containing compounds are not

included in this report if the selenium does not play a crucial rolc in stereoselectivity.'

2. Synthesis of Chiral Selenium Compounds

Diselenides are the central reagents of organoselenium chemistry. Various routes for their preparation have
been worked out and a manifold of differe il precursors cai be transformed to the bOi‘reSpuuuulg diselenides
with high efficiency. The most important routes invoive either the reaction of metal diseienides with halides or
the preparation of selenols via metalated precursors which can be easily oxidized to the corresponding di-

. . 3
selenides as shown in Scheme 1.

2 R—Br + M;Se; — R—Se—Se—R

2 R-M + 28e ~— cxidation
e 2 R—SeH —_— R—Se—Se—R
2 R—SeCN -

Scheme 1. Synthesis of Diselenides

For the synthesis of chiral diselenides, precursors with chiral substituents R have to be used in the syn-

thesis. In a second class of chiral selenium compounds the chiral center is located on the selenium atom itself.
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responding sulf-
oxides. But beside selenonium saits, seienonium ylides, and seienonium imides they seem to have a larger
potential with respect to stereoselective synthesis. Several methods for their preparation have been developed
and in subsequent reactions a transfer of chirality is possible.'

2.1. Synthesis of Chiral Diselenides of Type (Ar*Se),

by Tomoda and co-w

Taaaiota 2 (2202 6% ~ ¥

various monoprotected chiral binaphthylamines 1 and addition of potassium selenocyanate gave compounds 2

and treatment with aqueous sodium hydroxide yieided the desired chirai binaphthyi diseienides 3 in about

30 % overall yield (Scheme 2).
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Scheme 2. Tomoda’s Chiral Binaphthyl-derived Diselenides
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."* The racemic 2-bromoparacyciophane 4 was transferred inio the dia-

e

was described by Reich e al. in 15
stereomeric sulfoxides, which could be separated. Oxidation and introduction of bromine yieided 5, and the
selenium was subsequently introduced by reaction with dibenzyl diselenide. After cleavage with bromine and
reduction with hydrazine the diselenide 6 was obtained in 21 % overall yield.

1. (—)-menthyl- 1. n-BuLi
(—)-(S)-p-tolu- 2. (BnSe),
—Z_S>— enesulfinate —_ > 3. Br,, then NaHSO; D ——
| =K —— | 3= =3
I_O_l . 7 N 7N
= 2. resolution I_'<=2_I 4. N>H, —
3. mCPBA “Br “Se),
4, Bt‘z, Fe
4 5 6

Scheme 3. Reich’s Chiral Paracyclophane Diselenide
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C,-symmetrical diselenides 9 and 12 were reported by Déziel in 1993 and 1997."

The synthesis of 9
starts with 2-bromoisophthalic acid 7, which is prepared by malonate addition to the acyl chloride and subse-
quent hydrolysis with decarboxylation. Compound 8 is reduced with (-)-B-chlorodiisopinocampheylborane
[(©)-(Ipc);BCl], ethylated and the diselenide 9 is obtained in 20 % overall yield via bromine — lithium exchange
and addition of elemental selenium followed by oxidative work-up. Starting from 7, a synthetic route to the
sterically more rigid diselenide 12 was reported recently. The synthesis to this diselenide is long, although 12

is obtained in about 30 % overall vield

I aii Liall YAl

1.S0Cl, | 1. (9)-(Ipc);BCl
AN COH 2 Nall, H,C(COMe), Z o 2 NaH Ed AN OFt
| 3. H,804, HOAc o 3. t-BuLi, Se |
Y\Br I \\(\Bl‘ —_——— Y \Se)z
CO;H
2 A“ A_Et
7 8 9

1. SOCh,
+ 2. HBr/ HOAc

Br\I Y 1. HCI —
1. LHMDS 2. (<)-(Ipc),BCl H
Ay S0 2. CHy=CHPPhy*Br- AN X0 3.NaH AN N0
3.KOH - '\)\n 4. Mg, Se _ K/”\n .

I\/Ik n
\* . - . >
Br
-/

10 1 12

Scheme 4. C>-symmetrical Chiral Diselenides from Déziel

with a fe vl skeleton such as 14 were synthesized by Uemura ef al. in 1994.'* They are
readily accessible from the chiral ferrocenyl derivative 13 in 80 % yield. A drawback of this synthesis is the

availability of 13, because it is quite expensive or has to be prepared via a multistep synthesis.
@"'\ NMe)_ s-BuLi, Se @ NMEZ
———————————
Fe Fe Se),
13 14
Scheme 5. Uemura’s Chiral Ferrocenyl-Based Diselenides
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stereoselective synthesis by Tomoda et al.* The chiral moiety 16 was readily derived from D-manr

acetalization with benzaldehyde and treatment with triflic anhydride. Cyclization was accomplished with
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synthesis of 19 is a one-step preparation from camphor 18. After protection of the selenium as an allyl
selenide, the diselenide 21 with the cyclic carbamate moicty was prepared by formation and reduction of the
cyanohydrin to compound 20 and subsequent cyclization in 53 % overall yield
1 AI_TTTY
1. NaBHg,
H,C=CHCH,) o 1. ImyCO

Y LDA Y 2. Me;SiCN, Znl, \( 2. r;gPBA,

4b Se H 3. LiAlH, % H 3. NoH, H
. ( — y 56)2 - . ——— nse)z
o}

A\} Se o
0 Nop, S
NH2 H O
18 19 20 21

Scheme 7. Camphor-Derived Diselenides from Back

The success of the above mentioned diselenides led to the design and synthesis of more simple discle-

nides. Diselenides like 23 and 25 are easily accessible by a one-step synthesis from commercially available

1 ]
WNMQ f-Bubd, Se DI
= P RO
Vol ~ be)2 : %
22 23 (*\ ~ X
-BuLi, VP 2
Et TMEDA, Et R./ Se);

Scheme 8. Chiral Diselenides by Wirth
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chirai precursors 22 and 24. Ortho-iithiation and addition of elemental selenium yields after oxidative work-up
the corresponding diselenides in yields of 60 — 80 %. Because of this rapid and facile method, a large number
of diselenides of type 26 (X = NR”;, OR™) have been synthesized.''¢*

2.2. Synthesis of Chiral Tricoordinate Selenium Compounds

type 27 bearing bulky substituents R and R’ are sufficiently stable to be isolated.

Optically active selenoxides were prepared for the first time by resolution of diastereomeric selenoxides.*
This methodology was subsequently applied to synthesize the first configurationally stable selenoxides.*
Alkyl aryl selenides can be oxidized either under Sharpless oxidation conditions® or with optically active oxa-
ziridines.”® If one substituent of the selenide is chiral, the oxidation can lead preferentially to one diastereomer

as shown in the oxidation of selenide 28 to the selenoxide 29.

O
oxidation 1l
R—Se—R -3~ R~Se-R' mCPBA
A\},—ou — @OH
i-Pr Y <Se\ fSe " ph
— P o CO,M Ph O/ \'.
a0 = \ 2, - R'=
eg X N\ 7 T < ‘\\ / Urlvie »8 29
i-Pt

Scheme 9. Chiral Selenoxides

3. Chiral Selenium Compounds: Stoichiometric Applications

Although many of the chiral selenium compounds have to be prepared by muitistep syr
unril recently, been used mostly in stoichiometric reactions. Some derivatives, however, have been employed
in catalytic versions of the stoichiometric reactions or as ligands in other catalyzed processes. Diselenides are
versatile precursors for generating either nucleophilic species by reduction or electrophilic species by oxida-
tion. They can even be employed to generate radical precursors, but usually selenides, rather than diselenides,

arc used for this purpose.

There are several methods known for the generation of aryl selenolate anions. They can be obtained directly
from aryl metal compounds and elemental seienium. The reduction of aryl diselenides®® or aryl selenocya-

nates? leads, however, to cleaner aryl selenolates which can be used for various reactions. These reagents are
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Agens derived from
chirai diseienides have been used by different research groups in the stereoselective nucieophiiic ring opening
reaction of meso-epoxides. In these nucleophilic selenium species, since a heteroatom will not interact directly
with the selenium, the chelation of the metal counterion of the reducing agent is most probably important.
This might also explain the very strong dependency of the reduction conditions on the outcome of the reac-
tion. Cyclohexene oxide was investigated by most of the research groups. It turned out that organoselenium
nucleophiles with stereogenic axes are efficient in stereoselective epoxide opening reactions. In Table 1 the
results from different research groups are summarized. Uemura and coworkers investigated not only the ferro-
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reduction N7 30 2. H,0, /|\
(Ar*Se); ——= Ar*Se Mt ————— + —_— [ * l]
OH
{TS&Ar* 3
31

[ & L 1O T : - T
olneme 1v. Cpoxiac i

Table 1

Stereoselective Nucleophilic Ring Opening of Cyclohexene Oxide

Diselenide ~ reducing agent, conditions  de (Configuration of 32) Yield (30+31) reference
3a NaBHjy, EtOH, 25 °C 50 % (S) a I5¢

14 NaBH,, EtOH, 25 °C 2% (S) 78 30

14 LiAlHg4, THF, 40 °C 69 % (S) 75 30

23 NaBHg, EtOH, reflux %" 87 !

2 not reported. ° configuration not determined.
3.2. Electrophilic Reagents

The precursor molecules for the generation of electrophilic selenium species of the type R-SeX are again the

corresponding diselenides. Reaction of C = C bonds with selenium electrophiles leads via the seleniranium ion

intermediates 33 and subsequent anfi-attack of nucleophiles to yield addition products 34. This reaction has
found widespread application in organic synthesis, because the addition products 34 are valuable building

blocks as shown in Scheme 11.
After oxidation of the seienide to the seienoxide a F-elimination can take piace. The removai of the seie-

nium moiety makes it possible to introduce new C = C bonds into the products under very mild conditions
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{paith A). These double bonds are then functionalized in the allylic position. Radicals can be generated by a
homoiytic cieavage of the carbon — seienium bond in 34. This opens the door for subsequent radical reactions
(path B). The selenium moiety can also be replaced by other functional groups depending on the nature of the
substituents (path C),

{34 ", /

-
a

r r 1 s
\__ RSe* l Sle I Nu~ \ ScR 8 \ .
— & | — M - W\
| \ | N\ c Nu
L J . X
KX 24 \ {

Z
=

Scheme 11. Addition o

Many efforts have been made to apply the selenenylation reaction in stercoselective synthesis. The com-
pounds of type 34, and the products of the subsequent reactions (path A —C) possess sp> carbon atoms
which are generated in the selenenylation reaction from the alkene. For selective generation of these stereocen-

ters, stereoselective selenenylation reactions have been developed. The use of chiral selenium electrophiles on

the one hand or the reaction with optically active nucleophiles on the other hand provide two possibilities for
ennh o ctarancalantive oolonanvlatinn reactinn Tha ctarenrhamictry nf tha nradnect U ic datermined hy the
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i)

iniiial face-selective addition o

tive quenching of the highly reactive seleniranium ion 33 by a nucicophile

e

s much iess efficient in generating
new stereogenic centers.' >

Chiral selenenamides were one of the first chiral selenium reagents and were used already in 1985 for
stereoselective selenenylations of ketones.>? The first stereoselective electrophilic selenenylations were carried
out by the group of Tomoda who investigated several alkenes in the stereoselective methoxyselenenylation

enerated from the corresponding diselenides.'* Thus, selenenyl bromides were

with selenium electrophiles

farma
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addition of various nucieophiies like aicohols, carboxyiic acids, nitrogen or carbon nucieophiies as described
later. The stereoselective methoxyselenenylation using aromatic alkenes is shown in Scheme 12. Nearly all
chiral diselenides have been employed in this reaction. Therefore, the results obtained by the different research
groups can be compared and are summarized in Table 2. Many different alkenes can be used for this reaction.
Because the selectivities obtained with styrene are not necessarily representative for the various diselenides,
the addition reactions to (E)-1-phenylpropene are compared in Table 3. The absolute configuration of the
analysis of the cleavage

1 - oo
1

found to be highly efficient with respeci to selectivity and yield in the meihoxysclenenyiation o
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Scheme 12. Stercoselective Methoxyselenenylation of Styrene and (E)-1-Phenylpropene

Table 2

Stereoselective Methoxyselenenylation of Styrene

Diselenide counterion conditions 354e 35 VYield  Configuration of 36  Reference
3a B MeOH, 25 °C 49 % 49 % a 152
9 TfO™ Et,0, -78 °C 77 % 88 % (S) 172
12 TfO~ Et,0, -78 °C 94 % 73 % () 17d
14 TO™ CH,Cl,, -78 °C 35% 97 % a 18d
14 Br CH,Cl,, 25 °C 97 % 21 % (S) 33
17 PF¢ CH,Cl,, -78 °C 42 % 79 % a 20d
19 SO CH,Cl,, MeOH, 25 °C 30 %" 91 % (R) 34
19 TfO~ CH,Cl,, 78 °C 47 % 77 % (R) 3
22 TfO Et;,0,0°C 10 % 64 % 8 23
25 TfO™ Et,0, -100 °C 89 % 81 % (R) 23b

3 Configuration not determined. ® With aiiphatic aikenes usuaily higher selectivities are obtained.

Table 3
Stereoselective Methoxyselenenylation of (E)-1-Phenylpropene

Diselenide counterion conditions 37 de 37 Yield Configuration of 38  Reference
3a Br MeOH, 25 °C 24 % 49 % a 154

3¢ Br MeOH, 25 °C 79 % 87 % (R 15t

9 TfO" Et,0, ~78 °C 86 % 82 % (S 172

12 TfO" Et,0, -78 °C 98 % 81 % () i7d

14 TfO~ CH,Cl,, =78 °C 96 % 99 % (S) 184

17 Br CH,Cl,, -78 °C 52 % 85 % (R) 20d

17 PF¢ CH,Cl,, -78 °C 95 % 58 % (R) 20d

25 TfO™ Et,0, -100 °C 80 % 45 % (R) e

* configuration not determined

o
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The face-selective formation of seleniranium ions is the crucial step in stereoselective selenenylation reactions.
The exceptions are symmetrical cis-disubstituted alkenes like cyclohexene in which the attack of the nucleo-
phile determines the stereochemistry in the product.

Most of the chiral selenium electrophiles investigated by different research groups as described above
possess a heteroatom close to selenium, which is connected to a stereogenic center. This heteroatom is able to

coordinate to the divalent selenium and it has been shown that this coordination leads to the formation of

known that the non-bonding selenium — heteroatom interaction is predominantly of the n—o‘*-type orbital
interaction between the heteroaiom and the seienium. it has aiso been shown that this inieraction can ciearly
be recognized by the chemical shifts in the "’Se NMR spectra of either the diselenides or the corresponding
selenenyl electrophiles.?*%%* The chemical shifts are dependent both on the heteroatom and on the substitution
pattern.’’

Because of the selenium — heteroatom interaction the environment around the selenium is chiral, with the
result that face-selective addition reactions to alkenes becomes possible. Irrespective of the substituent pattern
of the chiral side chain in the diselenides of type 26, it was recognized that selenium electrophiles generated

Frrm tl—. all-a nd tha
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rality transfer, the
found to be reversible under the reaction conditions.” This means that there is an equilibrium between the dia-
stereomeric seleniranium ions and the position of equilibrium is dependent on the chiral moiety of the selenium
electrophile and on the alkene. Because of the stereoselectivity observed in these reactions the diastereomeric
seleniranium ions resulting from a re-attack and from a si-attack to the alkene must be formed in non equiva-
lent amounts and must therefore have different stabilities.

For an examination of their relative stability, the seleniranium ions resulting from a re-attack and from a si-
attack to styrene were synthesized independently using a reaction developed by Toshimitsu et a/.* which

involves protonation of f-hydroxy selenides and subsequent intramolecular Sy2 displacement by selenium.

Tha 11ea Af anantinmaorinally mira R hudrave calanidac 2Q in thic raactinn chanild allawr the indanandant aenara_
108 USC U1 ChlaildUinicriCany pulc pemilyGQIURY SUCTiiGes 57 11 ulls ICatiuiUil S0l aulw uil NGl pPlnaliie ghntaa
£ L A _ 1 __t___°* - S AN O_ L oaat ot el LI 13 PPNV IR PR
LlUI'l Q1 g aesirea bclc[llrdl Im 10118 40U, DUDSCYUCIIL ITACLIOIL WL HTICUIAIIOL YICIUS L lU p—lllculU)&ybch[uucb JD

which are identicai to the methoxyseicncnyiated products of styrene (Scheme 12). The chirai -hydroxyseie-
nides 39 were available by reaction of the corresponding selenolate with styrene oxide having either the (R)- or
(S)-configuration.

The seleniranium ions were generated by treatment of the B-hydroxy selenides 39 with trifluoromethane-
sulfonic acid at — 25 °C and subsequent reaction with methanol yielded the f-methoxyselenides 35. Employing
compound (R,5)-39 in this rcaction, the seleniranium ion 40a* is formed selectively. Seleniranium ion 40a*
corresponds to the re-attack of the selenium electrophile to styrene which was assumed to be the most stable

2 LA iUl L) 11

seleniranium ion and therefore formed in excess during the methoxyselenenylatlon reaction. Indeed, the reac-

information ai th enzyuc posmon
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(8,5)-39 B 40b* _ (5,5)-35

stable than 40a* which is confirmed by the results. Subsequent reaction with methanol lead to a 3:1 mixture of
(5,5)-35:(R,5)-35. The addition product (5,5)-35 with (S)-configuration at the benzylic position is obtained as
the major diastereomer, but decreased optical purity at the benzylic position is observed.

This result is rationalized by partial conversion of the less stable seleniranium ion 40b" into the more
stable seleniranium ion 40a’ before reaction with methanol by a decomplexation — complexation mechanism as
outlined in Scheme 13. Because this reaction is performed in methanol, the addition reaction is competing and
the major product is still the diastereomer (S,5)-35. The intermediate formation of styrene implied to this
mechanism could not however be demonstrated. Performing the reaction starting with (S,5)-39 in the presence

of (E)-1-phenylpropene led to the formation of substantial amounts of 37 besides the product 35 which is an
S J-UE R PRSI BRUIPL S IPUNEE UL O Loctoms dacniland aloooo 38 o ctrictirac
indirect proof of the decomplexation — complexation mechanism described above The structures of the dia-

stereomeric seleniranium ions 40a* and 40b" have been caicuiated and support the stereochemical outcome of

the asymmetric methoxyselenenylation reaction.

3.2.2. Optimization of Chiral Selenium Electrophiles

all research

4]

groups investigating chiral selenium electrophiles considerable efforts have been made to opti-

eactions. Because of the structurally different diselenides employed in

=,
(o]
=
=

d even the structural vari-
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ations of the chiral selenium reagents have been carried out more or less on a random basis. Hopefully, the

—
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above mentioned recent investigations on the mechanism of the seienenylation reaction of alkenes and on the
intermediate seleniranium ions can now lead to a rational design of more efficient reagents.

It has already been recognized that selenium electrophiles with reduced conformational flexibility in the
chiral moiety are more efficient for stereoselective selenenylation. Comparison of the selenium electrophiles 41
with 42 and 43 with 44 in selenenylation reaction shows that with the electrophiles 42 and 44 higher
selectivities can be obtained.!””® The diastereoselectivities with the electrophiles 41 —44 in the meth-

m
-/
41 42 43 44
Selectivities in the methoxyselenenylation of styrene (X = OTf):
1:8 1:30 1:14 1:28
Scheme 14. Selenium Electrophiles 42 and 44 with Reduced Conformational Flexibility

Variation of the electronic properties of selenium cations 45 was also successful. Thus, the electrophiles
46* and 47,*' synthesized from the corresponding diselenides and with a nitro-group in position 4 or a meth-
oXy-group in position 6, respectively are again more efficient than the unsubstituted selenium electrophile 45

in the methoxyselenenylation of styrene as shown in Scheme 135.

O,N
= yoH INF [~ oH & y~“oH
S N o o X ans

SetX- ~ SetX- T SetX~

O}V{E
45 46 47

Selectivities in the methoxyselenenylation of styrene (X = OT{):
1:11 1:13 1:50

Scheme 15. Substituted Selenium Electrophiles

In particular, the methoxy-substituted electrophile 47 also showed high selectivities in various cyclization
" :

enorntinmeg Tha Avosaen o -~
reactions. The oxygen of the

chiral side chain is not interacting with the seleni
ding diselenide as well as by NOE of the diselenide in solution.*!



The chirai seienium electrophiie 48, generated from diselenide 17, was simplified by attaching other chiral
nitrogen-containing moieties. However, the electrophilic reagents of types 49 and 50 are less efficient in

stereoselective selenenylation reactions as shown in Scheme 16.20

Ph

IO\‘/ /OR M
0 ( ~L ) J
/ - ™~

NNJ = Na N—N
\/\SG+ ~\”7\ \/\Se+ \Ah \/\SC+ \' \v I

X~ ) Ph X- R X
48 49 50

Selectivities in the methoxyselenenylation of (E)-1-phenylpropene (X = PFg):

1:64 1:1.3 (R=Bn, Me) 1:2
Canh 1& I i 3
Scheme 16. Diselenides having Various Tertiary Amine Groups

3.2.3. Stereoselective Cyclization Reactions

The term “cyclofunctionalization” was introduced for reactions where the addition of an electrophile to an
alkene containing an internal nucleophile leads to a cyclization reaction.*? Halolactonizations are well known
reactions of this type. The use of organoselenium reagents for cyclization reactions was already described 20
years ago.*’ Subsequently, selenocyclizations have been widely used for the synthesis of various heterocyclic
s.10444 Only recently it was found that stereoselective ring closure reactions of alkenes 51 bearing

23y AR J wae

cyclic ethers, cyclic amines, lactones and lactams. Depending on the ring size and on the substitution pattern,
the addition can occur either by an endo or an exo pathway leading to the products 52 or 53, respectively
(Scheme 17). Comparison of the various results seems to show that the nature of the nucleophile as well as the

ring size has only little influence on the facial selectivity observed.

% SeAr
‘?r endo N:d
ArSe* Se — on
) - H+ ) \
HNU - Nu exo ArSe ‘-:
WY N )
4 Nu

un
=

Scheme 17. Intramolecular Selenenylation Reactions
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It was found by several research groups, that at least a small amount of an aicohoi or an amine must be

75,185,233,

present to achieve high yields and selectivities in the selenocyclization reactions.’ 3 The reason for this
is not clear and currently under investigation. One hypothesis is that the additional alcohol or amine is neces-
sary to stabilize the selenium electrophile and/or the seleniranium ion. It has been recognized earlier that alco-
hols as external nucleophiles cannot compete with the internal nucleophiles of the functionalized alkenes.*

Many cyclizations have been performed. Depending on the alkene 5-endo, 5-exo, 6-endo as well as 6-exo

cyclizations can be achieved. In some cyclization products the absolute stereochemistry was assigned which

JeilLa )¢ all 211 ULl viiZdalivil DIOUU LI

then allows the distinction between a re-attack and a si-attack of the ch: um ph 1e dou
bond. A 5-endo and a 5-exo cyclization are shown in Table 4. The diselenides, which have been the precursors
for the chiral selenium electrophiles in these reactions, are additionally shown in Table 4.
Table 4
Stereoselective Selenocyclization Reactions
Alkene Product Diselenide (Ar*Se), de (Product) Yield (Product) Reference
0 9 86 % 72 % 17
P 12 >98 % 62 % 17
PNA"NcoH PR 17 92 % 87 % 205
SeAr* 25 72% 41% s
9 33 % 96 % 17
12 82 % 84 % 17
NNon Ar“‘Se\/j\F—) 14 76 % 29 % 180
O
14 >95 % 97 % 4
17 22 % 100 % 206
21 68 % 87 % 22
Nitrogen nucleophiles can be employed as well in these cyclization reactions. Because the preducts of

intramolecular aminoselenenylation are nitrogen containing heterocycles, they are interesting building blocks
for alkaloid synthesis. The selenium functionality is still present in the addition products and can be used for
further transformations. Wirth ef al. applied this reaction to the synthesis of tetrahydroisoquinoline alkaloids
as shown in Scheme 18. Cyclization of the Boc-protected amine 54 yiclded the tetrahydroisoquinoline deriva-
tive 55 with 90 % de, which was transformed into (~)-salsolidine 56 by radical cleavage of the selenium moiety

and deprotection of the nitrogen.*®

Meo\Il/\(\ (X=0TH) MSOTY\ " Meom
! e e 1 Ty 3 . ATTY
MeOM\h NHBoc —» MCOM‘\(NEOC —_— MeO/\/\/N

1

54 55 (90 % de) 56

Scheme 18. Aminoselenenylation in Natural Product Synthesis
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recently Déziel ef al. have shown that asymmetric varianis of these reactions iead to stereoselective C —C
bond formation. Also for the cyclization of the alkene 57 the addition of methanol is necessary leading to a 1:1
mixture of methoxyselenenylated product 58 beside the cyclization product 59. The methoxyselenenylated
product 58 can then be transformed into the cyclization product 59 via the intermediate seleniranium ion by
treatment with trifluoromethanesulfonic acid. The tetrahydronaphthalene derivative 59 is then obtained in 70

% yield with 98 % diastereomeric excess.*

MeO. o~ 42 MeO._ g~ MeO.
> ST o o WIS
s —— g, + 4,
MeO I/ MeO” N7 R SeAr T MeO Z [ SeArt
Ph MeO Ph Ph
57 58 HOTf 59 (98 % de)

Scheme 19. Stereoselective Arene-Alkene Cyclizations

3.2.4. Natural Product Synthesis

In stereoseleciive selenenyiation reactions the wide range of different aikenes and nucieophiies such as aicohols
or carboxylic acids which can be used confers great flexibility on this methodology. This is further enhanced
through the use of nucleophiles bearing other functionalities which can be employed in the addition reactions.
Thus, even alcohols bearing double or triple bonds can be added using slightly modified reaction conditions.
These addition products can then be cyclized by an intramolecular radical cyclization to afford substituted
cyclic ethers. This strategy of oxyselenenylation and subsequent radical cyclization was applied by Wirth et

al. to the synthesis of furofuran lignans.

Qelenenvlatione of TRDMS-nratected allvlic aleohols usine 2 3-hutadien-1-0l as nucleonhile vield addi-
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major diastereomers via the favored 5-exo-pathway then leads to the tetrahydrofuran derivatives 61. The
stereochemistry of the carbon atom bearing the aromatic substituent (C-2) is controliing the stereochemistry at
the neighboring carbon atom C-3. This is explained by a transition state in which the aromatic and the bulky
silyloxymethyl substituents are arranged in pseudo-equatorial positions. At C-4 a 1:1 mixture of stereoisomers
was observed, because the reaction proceeds via a boatlike and a chairlike transition state which are similar in
energy.’! After transformation of the vinylic double bond to the aldehyde by diol formation and oxidative
cleavage epimerization occurred under the conditions of deprotection and the hemiacetals 45 were formed

spontaneously. Compound 62a already represents a natural product, (+)-samin, a component of sesame oil. 32
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Scheme 20. Total Synthesis of Samin and Membrin

3.3. Selenides in Stereoselective Reactions

mination then introduces a double bond again (p:
active seienoxides as pointed out in section 2.2. These compounds are accessibie by either using chiral oxi-
dizing agents or by employing selenides with chiral substituents in the oxidation reactions. Both routes have
been investigated and, depending on the selenides, different subsequent reactions are possible. Optically active

selenonium salts®® and selenonium ylides>® have been prepared, but thus far, have not proved to be efficient

reagents in stereoselective synthesis.

3.3.1. Stereoselective Selenoxide Eliminations

If substituted vinylic selenides are used for the preparation of selenoxides, it is possible to generate allenes by
the B-elimination reaction. This reaction can also be performed in a stereoselective way to generate optically
active allenes. There are various strategies to access vinylic selenides.”® Compounds like 64 can be oxidized
stereoselectively either by the method of Sharpless®® or by the Davis chiral oxidant.?® The subsequent elimina-

1. 0sO
N <ONeOH
2. HslOg
———————
na
62
rA OMe
: |
: : “‘\\\/
D““kr\)
n (8]
63
lenGdeec and the citheeanent «
S airilu Ui SUUST (o] $ 1IN )

tion via 65 generates the chiral allenic sulfone 66 in moderate enantiomeric excess (Scheme 21).%

Ti(OPY); [
NO, (+)-DCHT
TBHP
[\3—86_ nPro .
Ts
64

65

—ArScOH nPr
— ==
85 % Ts

66 (up to 42 % ee)

Scheme 21. Stereoselective Selenoxide Eliminations with Sharpless Oxidation
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seienolates and the alkyne 67. If these compounds are used in the oxidation-elimination sequence, the axiaily
chiral allenes 69 are obtained in enantioselectivities up to 89 % as shown in Scheme 22.'%3¢

14, NaBH, mCPBA CO,Et
—=C0,Ei = _>=\ — H"’,—'—-' . :/
Fc*Se COEt 43 %
67 68 69 (up to 89 % ee)

Scheme 22. Stereoselective Selenoxide Eliminations with Chiral Selenides

High selectivities are also obtained in the synthesis of cyclohexylidenemethyl ketones of type 70 which

can bhe vntheqwed hv seleno

Scheme 23.58

xide elimination from the appropriate precursors in up to 83 % ee as shown in

&
é
@)
[55]
b=
§S
=g
g

-~
-

0)

O

=)
(i

S

70 (up to 83 % ee)

Scheme 23. Stereoselective Selenoxide Eliminations with Davis Oxidant
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5 Sigmatropic kcarrangements
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In conirast to suifoxides,” the {2,3] sigmairopic rearrangement of seienoxides proceeds under very mild

conditions'®%°

and is a very versatile route to allylic alcohols. Either enantiomeric or diastereomeric selenoxides
can be employed in the stereoselective synthesis of allylic alcohols.

One of the first applications of this reaction was the stereoselective oxidation of the allylic selenide 71 by
the Davis oxidant. The selenoxide 72 is formed and after the subsequent [2,3] sigmatropic rearrangement and
hydrolysis the allylic alcohol 73 can be obtained in up to 60 % ee.®’ Alternatively, the Sharpless oxidation can
be used for the stereoselective oxidation of compounds of type 71 and the allylic alcohol 73 can be obtained in

up to 92 % ee (Scheme 24).%?

Davis oxidant or

i Sharpless oxidation ) . [2,3] CI)H
PhMSe/Ar - Ph/‘\//\ge//‘\r PhM
]
G
71 72 73 (up to 92 % ee)

Scheme 24. Stereoselective Oxidation and Rearrangement of Allylic Selenides
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Allylic selenides with a chiral substituent Ar* on the selenium atom have also been employed in the syn-
thesis of diastereomeric selenoxides and used for [2,3] sigmatropic rearrangements. Selenides of type 74 de-
rived from the chiral diselenides 6'° and 14'* have been investigated. The rearranged products 75 can be ob-
tained in up to 89 % ee (R' = H, R? = Ph, Ar* = Fc*). Recently Uemura ef al. found that the diastereoselective
imination of chiral allylic selenides is possible too. The {2,3] sigmatropic rearrangement occurs without loss of
optical purity and the chiral allylic amines 76 can be obtained in up to 87 % ee (Scheme 25).5 Very recently, a

catalytic version of the stereoselective imidation was reported.®* The same strategy was used by Koizumi er

s
ounds. The allylic amines 76 were obtained in up to 93 % ee .

1 i8]
i Aiveiiz L1 . a: Qi

mCPBA ,i\/
— Ar*SeOH R?

R! 7
\

74 PhI=NTs 1

Scheme 25. Oxidation and Imination of Chiral Allylic Selenides

3.3.3. Enantioselective Protonation of Enolates

For the enantioselective protonation of enolates Koizumi ef al. used the chiral y-hydroxyselenoxide 29.
The lithium or zinc enolates are generated and subsequent reaction with 29 yielded optically active 2-benzyl-

0
Bn 29 M. Bn

CH,Clp, -100 °C

( /2*52
Y

(up to 89 % ee)

Scheme 26. Enantioselective Protonation with Chiral Selenoxides.

4. Chiral Selenium Compounds: Catalytic Applications

Two different fields can be recognized in terms of the catalytic applications of chiral selenium reagents. As
shown in Scheme 11, selenenylations can be followed by other transformations cleaving the selenium moiety

from the addition product. If the liberated selenium compound can be used again for an addition reaction, an

m species is possible. The second field can be



4.1. Catalytic Selenenylation - Deselenenylation Reactions

The oxidative elimination of selenoxides derived from selenenylation products proceeds under milder condi-
tions and with higher selectivity than the reactions of the corresponding sulfoxides. The prerequisite for the
development of such catalytic selenenylation - deselenenylation processes is the generation of the reactive
selenenylating agent under reaction condition which also allows for the subsequent oxidation to the selenoxide

and its elimination reaction. For the first time Torii e al. have achieved a catalytic oxyselenenylation - desele-

nenylation process by electrochemical methods %7 The electrophilic selenium species is generated from di-
J T B e e e O e T B B e S v -
phenyl diselenide by electrochemical oxidation in the presence of an alkene 77 in methanol. The subsequent

al

oxidation and elimination is again driven by electrochemical oxidation yielding the allylic ether

Scheme 27. Recently Torii et al. reported also the electrochemical generation of a nucleophilic selenenyl

species which was used in the epoxide opening reaction.”®

OMe OMe OMe
MeOH )\/\ —2e M
RN R = ROYTR T ROYTR| T ROYR
SePh SePh
( | A \
77 L O ] 78
~~ | PhSeOH | —=—-"
Scheme 27. Electrochemical Oxyselenenylation - Deselenenylation Reactions

Tiecco ef al. demonstrated the possibility of generating electrophilic selenenyl sulfates by reaction of
diselenides with peroxodisulfates as shown in Scheme 28.69 Additienall“, the ,’ showed the possibility of

nide.” Furthermore, it is possible to use diselenides with nitrogen containing substituents in the catalytic
conversion of alkenes to allylic ethers.!'*87! Very recently chiral diselenides have been investigated in catalytic
oxyselenenylation — elimination sequences leading to optically active allylic ethers.'*¢2%272 These reactions are
shown in Scheme 29. The electrophilic selenenyl sulfates 79 are formed by reaction of the corresponding
o+

AXQo o NQN
AITDC TUDU3

I
Ar*Se SO~

(Ar*Se), + ;082 _— —> 2 Ar¥Se0SO5
-+
AI‘*S?-OSO3_ 79
Ar*Se  SO4%-

cheme 28. Synthesis of Selenenyl Sulfates

.
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been obtained as shown in Table 5. It was recognized by Tomoda et al. that a sccond substituent at the other

20a vr YTl

ortho-posiiion (o seienium biocks this side and the attack of the alkene is less selective.” " However, Wirth ef
al. have found that a substituent at this position enhances the selectivities of oxyselenenylation reactions. The
diselenides investigated in this reaction are shown in Scheme 30. Metal ions™ as well as nitrates’® are known
to accelerate the decomposition of peroxodisulfates and the reaction conditions for performing the catalytic

oxyselenenylation - elimination reactions have been investigated carefully.

Table S
Qipenmanlantion Macanlanamolnatine . Dliminatinn Dacntinng nf FN_1_Dhanuvlaranana
JLCICUDCICLLLIVED UA)’ :’Clcucuylauu 1 = Lidiiiiniaciuil iNvavLiuim uig \l;}" 1=1 11wl l}llUlJ\rll\r
Diselenide (Ar*Se), ee 38 Vield Reference
17 52 % 85 % 20a
P - MMn
17a 22 % 59 % v
23 56 % 35% e
23a 75 % 23 % 72
Ph
Y
O
2~ .~—N N -

—
=
—
»
Z
2
N

u Y
Ph R

17"R=H I3:R=H

1T _ . MR 124 D — Ad~
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Scheme 30. Chiral Diselenides with Substituents in the Second ortho-Position
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The first application of chiral diselenides as ligands for transition metal-catalyzed stereoselective reactions was
described by Uemura er al. The ferrocenyl diselenide 14 was used in the rhodium(i)-catalyzed asymmetric
hydrosilylation of various ketones.” The reaction conditions as well as the rhodium source and the
hydrosilylating reagent were all screened carefully leading to enantioselectivities of up to 88 % in the chiral
alcohol products 80 (Scheme 31).

14 (5 mol %) r SiHPh o
[Rh(COD)CI], H* 1

.I
? | ¢ |

*

a

- . - rr AR E LW e o

_a . o~ ~ o~ x . /. 00 0/
X = Me, Et, CH,Cl, COMe, -Bu {upio 83 %

€)
Scheme 31. Stereoselective Hydrosilylation using 14 as a Chiral Ligand

It is assumed and supported by various data, that a 1:1 complex between rhodium and 14 is formed with
the ferrocenyl diselenide 14 acting as a tetradentate ligand which occupies four of the six octahedral positions

as shown in 81 (Scheme 32). It was found that the corresponding ferrocenyl disulfides and the ferrocenyl
; iop 76

Mczxr /E
l _~Se
\
Se~—»Rht X~

81
Scheme 32. 1:1 Complex between Rhodium and Ferrocenyl Diselenide 14

The same ferrocenyl diselenide 14 has been investigated in rhodium(1)- as well as in iridium(1)- and ruthe-
nium(1)-catalyzed asymmetric transfer hydrogenation reactions of ketones.”” However, the stereoselectivities

are generally lower (up to 48 % e¢), only one example with a sterically hindered ketone being described (95 %

O A1y Wil

20\
cc .

5

of organozinc reagents to aldehydes.’”® Diselenide 82 was the most efficient diselenide in the diethylzinc

9]
Y



addition to a variety of aldehydes 83. Only 1 mol % of 82 is necessary in the catalytic additions yielding the
secondary alcohols 84 in high enantiomeric purities as shown in Scheme 33 and in Table 6.
|
1.25 eq. EtpZn )\
. QH P AN
1 mol % 82 1 ﬁ \T N \_]
n—_rLN > - ~
JA ) § LW R' N / _
\/\Se)2
83 84 82

1 L . 11 PR N

Scheme 33. Diethylzinc Addition to Aldehydes Catalyzed by the Chir

Table 6
Addition of Diethylzinc to Aldehydes 83 Catalyzed by the Chiral Diselenide 82
Entry Aldehyde 83 ee (Configuration) 84 Yield

1 benzaldehyde 98 % (S) 97 %
2 3-(trifluoromethyl)benzaldehyde 97 %* 98 %
3 4-(tert-butyl)benzaldehyde 98 %° 67 %
4 2,3.4,5-tetrafluorobenzaldehyde 97 %? 95 %
5 2-bromocyclopent-1-ene-1-carbaldehyde 98 %? 97 %
6° pentanal 76 % (R) 91 %

# Absolute configuration not determined. ® 1 mol % (S, 5)-23 used as catalyst.

tion reactions. After addition of diethylzinc, the selenium — selenium bond is cleaved rapidly and catalytically
2t . L P U o SRS B W { avnliaia vatranlad nm acoeacaatiaem F ko cnlamalains silidale nun 3in Axrenna
active zinc selenolates are formed. NMR analysis revealed an aggregation of the selenolates which are in dyna-

mic exchange with other species. By analogy with the work of Noyori ef al. 7 these compounds were assigned
as the catalytically inactive meso dimeric species 85 and the chiral dimeric species 86 which are in equilibrium

with the catalytically active monomers.
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and the product was observed, which s
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addition to aldehydes, it was found that spectroscopic, chemical, and stereochemical properties are in accor-
dance with the well investigated properties of amino alcohols.®

5. Conclusions

Starting in the early seventies, organoselenium reagents have been used for various selective reactions under
mild conditions. It is only recently however that the application of chiral selenium-containing reagents in
synthesis has been developed. The synthesis of suitable chiral diselenide precursors as summarized in this
report has led to several applications. Besides detailed investigations of the mechanism of the stereoselective

oxyselenenylation reaction the total syntheses of several natural products has also been achieved. Even cata-

lytic reactions have been developed using the chiral diselenides as ligands in metal-catalyzed transformations
Tmnraved and nawr nrhiral caloninim hacad vannante unll criralss o davalanad in tha Gihniera and anawey lasad 4 an
l.lllPl\J Vull CHLIN LIV YY VILEAL OWIANEELUERE uuo\«u lbas\tlllb YVIIE Ol wl L% W V\rl\lt}\-ru 111 Liiv 1UlULL Aliv 111G vau woeiLs

hanced stereoselectivities in known reactions as well as in new stercoselective transformations.
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