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In this review, we describe the many roles chalcogenides
play as organocatalysts. Chalcogens, or the oxygen family,
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of the elements in turn, as this tends to be how chemists . . , .
think. Furthermore, this allows us, where appropriate, to loadings. The catalysts consist of compounds with two single

compare the reactivity/selectivity of different chalcogenides Cﬁr?on—chalfoggn b;)rlugs (t)r?ly (ﬁ'ﬁ]" a S%!f'ie)%w?ﬁrebthi
in a particular reaction. Our own interest in this area started Cf a cogen aloczn IS VI ah or de ca ?‘bytéc EI‘IC 'V'ty' 0 eh es
with the exploration of sulfides as catalysts in ylide-mediated or our knowledge, we have described all Instances where a
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amounts in ylide reactions and generates the corresponding
1.1. Scope chalcogenide in_sitp. We will provide leading references only
o for these chemistries.
Within this review, we have taken the broad definition of
a catalyst to be a compound that takes part in the reaction Epoxidation
but is regenerated during the course of the reaction. Instances
where stoichiometric amounts of catalyst are used are Epoxides are important building blocks and versatile

described, but the focus is on the use of substoichiometric substrates in organic synthesis. The synthesis of epoxides
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Scheme 1. Comparison of Ways to Synthesize an Epoxide
from a Carbonyl Compound
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Scheme 2. Epoxidation Reaction Using a Sulfur Ylide
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chemistries in one step. Chalcogenide-catalyzed ylide ep-
oxidations shall be described below.

2.1. Sulfide-Catalyzed Epoxidations

Stoichiometric sulfur ylide-mediated epoxidations were
first reported in 1958 by Johnson and LaCoti8ince then,
and after the establishment of the well-known method of
Corey and Chaykovsk¥y,many improvements have been
made to these reactiofslhe reaction involves the attack
of an ylide on a carbonyl group, which yields a betaine
intermediate that collapses to give an epoxide and a sulfide
(which can be recovered) (Scheme 2).

It is important to note that there are two main ways of
carrying out the ylide-mediated epoxidation reaction; one
involves the preformation and isolation of a sulfonium salt
from a sulfide, which then is deprotonated to give an ylide
that can then react with the carbonyl groug? The other
method, on which we will focus, is the formation of an ylide
from a sulfide followed by reaction with the carbonyl group
in the same pot®1912 The reaction returns the starting
sulfide, and so the sulfide is a catalyst and can be used in
substoichiometric amounts. Two different approaches to
forming the sulfur ylide in situ have been used: (1) the
alkylation of the sulfide followed by deprotonation with a
base, and (2) the direct reaction of the sulfide with a carbene
or carbenoid. These are described in detail below.

2.1.1. Catalysis via Sulfide Alkylation/Deprotonation

The first catalytic sulfur ylide epoxidation was reported
by Furukawa et al. in 198%. The first example of an
enantioselective reaction of this type was described by the
same authors 2 years latérSubstituted benzyl bromides
were used to alkylate chiral sulfide among others, and in

continues to attract interest, especially because of the pos-situ deprotonation of the resulting sulfonium salt by pow-
sibility of regio- and stereoselectively ring-opening epox- dered potassium hydroxide yielded a sulfur ylide that
ides with a nucleophile to afford bifunctional compounds. epoxidized benzaldehyde arnmchlorobenzaldehyde and
The main methods employed to prepare epoxides can beregenerated the sulfide (Scheme 3).

divided into two groups: those that involve the oxidation of

The best results were obtained in acetonitrile using benzyl

an alkene, which in turn can be obtained from a carbonyl bromide (2 equiv) and benzaldehyde (2 equiv), resulting in
compound by a Wittig-type reaction, and those that involve transstilbene oxide being obtained in 100% vyield (based
the alkylidenation of a carbonyl compound, either by using on sulfide) and 47% ee after stirring at room temperature
an ylide (Scheme 1), a carbene, or a Darzens’ reaction. Iffor 36 h. Furukawa et al. also demonstrated turnover numbers
the starting material is a carbonyl compound, then the latterof up to 2.3 using 10 mol % of sulfide relative to
class of reactions represents a potentially more efficient way benzaldehyde and benzyl bromide. Since that pioneering
of synthesizing the desired epoxide, but with the significant work, a number of research groups have worked on the same
challenge of controlling both relative and absolute stereo- catalytic cycle, trying to improve different aspects of the
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Scheme 3. Catalytic Cycle for Epoxidation Reactions via
Sulfide Alkylation/Deprotonation
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reaction: the scope of aldehydes and alkyl halides that can
be used and the amount and nature of the sulfide necessary
to achieve the transformation with good yields and enantio-
meric excesse$. 2> Representative examples of sulfides
tested and results in the epoxidation of benzaldehyde are
shown in Chart 1.

Optimally, these reactions are carried out open to air at
room temperature, using a mixture'BuOH/water (9:1) or
MeCN/water (9:1) as solvent and with sodium or potassium
hydroxide as base. These conditions suppress undesired side
reactions (e.g., Cannizzaro reaction, benzyl bromide sol-
volysis and Williamson alkylation, and solvent reactivity).
Benzyl bromide is the most commonly reported halide
component in the reaction. The presence of water has an
effect on diastereoselectivity as well as on enantioselectivity
(see sections 2.1.5 and 2.1.6). Sulfide loadings range from
100% to 10%, although low yields or long reaction times
are reported at low loadings of some sulfides. Reported
reaction times vary from 1 day to 1 month, depending on
the sulfide and reaction conditions chosen. The rates are often

Chart 1. Selected Chiral Sulfides and Results Obtained for Epoxidation Reactions Using the Alkylation/Deprotonation
Methodology (Solvent and Additives Vary); dr = trans/cis
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Metzner

115

36 h, 50 mol%
50%

dr=100:0

ee = 47% (R.R)

2316

15 h, 20 mol%
97%

dr=100:0

ee =42% (R,R)

20

4d, 10 mol%
35%

dr=91:9

ee = 44% (S,S)

4a/b'®

23/20 h, 50 mol%
53/32%

no cis reported
ee =78/7% (R,R)

525
19 h, 100 mol%
97%

dr=87:13

ee = 90% (S,S)

623
14 d, 20 mol%
66%

dr=76:24

ee =83% (R,R)

2b16
30 h, 100 mol%
87%

dr=100:0

ee =74% (R R)

320

4 d, 100 mol%
72%

dr=94:6

ee = 56% (S,S)

@—SMe
Fe
=

Metzner

e
¢

Uemura

TBDM
Soj/\S-pCI-CeH4
., S-pCI-CeHy

TBDMSO

Ishizaki

e

S
aR=Me
bR =Et
Metzner

12220

7 d, 100 mol%
92%
dr=81:19

7223

2d, 10 mol%
96%

no cis reported
ee = 32% (S,S)

822b

1-4 d, 10 mol%
1%

dr=78:22

ee =68% (R,R)

9a/b™®

4/6 d, 10 mol%
82/90%

dr=92:8

ee = 85/92% (S,S)

1021
4.d, 10 mol%
41%
dr=90:10
ee=97% (RR)

112224
7 d, 10 mol%
50%
dr=70:30

ee =70% (S,S)

Metzner

722a

1d, 100 mol%

66%

no cis reported
ee =54% (S,S)

822b

1-4 d, 100 mol%
59%

dr=78:22

ee =69% (R,R)

93/b17’18

2/4 d, 100 mol%
92/97%

dr = 94:6

ee = 84/93% (S,S)

102"
7 d, 100 mol%
59%

dr =937

ee =97% (R,R)

11p224
1.d, 100 mol%
50%

dr =67:33

ee = 50% (S,S)

1324
1d, 20 mol%
88%

dr =83:17

ee =96% (RR)
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Scheme 4. Epoxidation Reaction and Possible Side Reactions Occurring when the Base Deprotonates the Sulfonium Salt
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Scheme 5. Synthesis of Vinylic Oxiraned—32

a balance must be found. PhCHO R

The alkylation step is slow and reversiBfén the presence + _ Tmobe wﬁ\/\
of excess alkyl halide, most of the catalyst is in the form of PN KoCOq LBUOH — Ph ™S
sulfonium salt. In protic solvents, the deprotonation by base Br ™S 89% yield
is rapid and reversible, and the equilibrium between the ylide trans:cis = 76:24
and the salt lies largely on the side of the salt. Additives O\
such as BgNI and Nal have been used to activate the benzyl PHCHO W\

bromide through halogen exchange and to speed up the

9a

. - o Q
alkylation step'® Other additives such as catechol (0.5 mol * 100 mol%
%) and BUNHSQ, can also have positive effedslt has I/Y oup f2OH, Ph
been proposed that the ammonium cation might act as a : 'r.tf‘zd 2 o
phase-transfer catalyst, helping the extraction of the hydrox- ' e Vel 4
ide anion into the organic phase to effect deprotonation of ee = 84% (S,S)

the sulfonium salt* Increasing the bulk of the sulfide

sometimes improves the selectivity but generally slows the Scheme 6. Synthesis of a Vinyl Epoxide Bearing a

alkylation step.
The scope of the reaction is limited because of the use of

Morita —Baylis—Hillman Backbone

\\“'O\

basic conditions, which generally limit the reaction to PhCHO gsa

aldehydes with nonenolizable protons. The epoxidation of * 100 mol% 2§

aromatic aldehydes with benzyl ylides can be achieved with 1 NaOH, PhNNMez

high yields and high diastereo- and enantioselectivity. Me,N M gttt L

Cinnamaldehyde and heteroaromatic aldehydes generally rt,2d tran?:c?s}:efg:w
ee =64%

react well, too. It is noteworthy that, with Metzner’s sulfide,

9a, when aliphatic aldehydes were used, low diastereoiso- )
meric ratios were found but high enantiomeric excesses for Without recourse to chromatography through an acid/base
the cis- and trans-epoxides were achievéd!2” The C,- extraction?®
symmetric sulfides of Goodman and co-workégive the With regard to substrate scope, there are extra complica-
highest enantioselectivities, but reaction times effddays tions in the synthesis of vinyl epoxides using sulfur ylides.
are required for moderate yields. TBge-symmetric sulfides  Alkylation with an allyl halide followed by deprotonation
of Metzner and co-workers produce the best combination of of the resulting sulfonium salt can lead to more than one
yield and selectivity. The diastereo- and enantioselectivities reaction pathway unless the reaction conditions are controlled
are discussed in sections 2.1.5 and 2.1.6. (Scheme 4). Deprotonation at theposition rather than the
Sulfide 4b gives significantly lower ees tha#a. Thisis ~ @-position can result in a [2,3]-sigmatropic rearrangement,
probably due to the distance of the stereogenic centébin ~ While attack on the aldehyde from theposition of the ylide
to the reacting centéf. Cyclic sulfides with 5-, 6-, and IS also a possibility. Sulfides can be designed so that
7-membered rings have been synthesized, but no generaﬂeprotonatmn at the'-position is hindered by substitutich.
trend exists. While the groups of Metzner, Goodman, and When nong-substituted allyl halides are used, low dia-
Shimizu have reported good to excellent results with stereoselectivities are obtained. The best results using ben-
5-membered rings, results with 6-membered rings from the zaldehyde are shown in Schemé&%so0d results have been
groups of Saito, Shimizu, and Aggarwal vary from poor to obtained in terms of diastereo- and enantioselectivity when
excellent. p-substituted allyl halides have been used together with chiral
In some cases, authors have reported recovery of thesulfides®!3
sulfides. Saito and co-workers could recover enantiopure The recent work of Metzner and co-workers usingoro-
sulfide 3 in essentially quantitative yield, and they could momethyl)acrylamide is noteworthy because it gives rise to
reuse it repeatedRP.2 Goodman and co-workers recovered functionalized vinyl epoxides bearing a Morit8aylis—
sulfide 10in yields of 70-96%2! Similar yields of recovery ~ Hillman backbone, which are present in pharmacologically
were achieved by Metzner and co-workers with sulfigfé important molecules as well as being important building
while for sulfides similar tdl2, recovery was only possible ~ blocks** Scheme 6 shows an example using chiral sulfide
in some cases, with yields varying from 60 to 93%Wang 9a
and Huang reported recovery of their ferrocenyl-derived Forbes et al. have reported epoxidations using ylides
sulfide with yields from 92 to 98%? Aggarwal and generated by decarboxylation of preformed carboxymethyl-
co-workers reported th&tcould be recovered in good yield sulfonium sal€® They also report one example of sulfide
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Scheme 7. Catalytic Cycle Using Ylide Generation by Scheme 9. Catalytic Cycle for Ylide Epoxidation via the
Decarboxylation Carbene Route

.
R-s™Rr' ML,
R2CHO R N,CHR'

AngO::,
o]
N
RZA"’R1 RyS M=CHR" 2
7 S/YO M =Rhor Cu
Scheme 10. Main Side Reaction in the Catalytic Cycle of the
Carbene Route
\9/3+

RN=CHR + N,CHR ——~ R

CO,
o N
2 Chart 2. Selected Chiral Sulfides and Results Obtained for
Scheme 8. Enantioselective Synthesis of a Glycidic Amide Epoxidation Reactions Using the Carbene Route (d~=
through the in situ Alkylation/Deprotonation Catalytic Cycle trans/cis)
Br - sulfide Q
: PROHO. = NaCHPR Rhy(OAc), or ph/Q “Ph

Kfo Or. A
Cu(acac), (1 mol%)
N >< S 13 solvent, it
\/_ ; (0] (50 mol%) o o)
A 14%
+ Cs,CO3 N ae) {‘J 74% 70% 58%
‘ Me,S% dr = 88:12 trans dr=86:14

O CH,Cl,, 40 °C, 2 d Rhy(OAc), Rhy(OAc), S ee=11%
o 20 mol% sulfide 100 mol% sulfide Rhy(OAC),
o %1£° gg"f 20 mol% sulfide
N :
| 30% ee
154 16%
. . . L 55%
being used to generate the carboxylate intermediate in situ dr = 80:20 1"“ 0% s
A . r= e
(Scheme 7)p-Nitrobenzaldehyde gave 40% conversion to ) ;i?gi*’/;(s,& S ee=72%
. . . . . C
epoxide in an gnoptlmlzed procedure using 200 mol % of s 8o sufide Cu(acac),
methyloctylsulfide.
2.1.1.1. Synthesis of Glycidic Amides via Sulfide Alky- 1742 1742 18%
lation/Deprotonation. Glycidic amides are important mol- 70% 83% 73%
ecules in organic synthesis because they are key intermediates 7 c-%i®r  eocsin R o e RA)
in various syntheses of pharmaceutical products. Their Rhy(OAC), Rhy(OAc) S, Cu(acac),
100 mol% sulfide 20 mol% sulfide 20 mol% sulfide

synthesis starting from an aldehyde and a sulfonium salt was
reported in 1966 Recently, Metzner and co-workers have
shown that the alkylation/deprotonation methodology works }24/6
well for building spiroepoxyoxindoles from various isatifis. /—>\
These kinds of glycidic amides are obtained in this work S eoe o 59)
starting from a ketone and abromoacetamide, whereas 20 mol% sulfide
usually these structures are obtained either by using a
stoichiometric amount of preformed amide sulfonium salt the reaction of the metallocarbene with the sulfide has to be
reacting with an aldehyd® or by an o-diazoacetamide  faster than that of the diazo compound with the metallocar-
through the carbene route (see section 2.1.2.1). The epoxi-bene, so that dimerization products are again avaditled.
dation proceeds with very high diastereoselectivity, and when Nevertheless, it is important to note that the metal carbene
sulfide 13 was used, a 30% ee was obtained (Scheme 8). species is much more reactive than alkyl halides, so less-
o ] reactive sulfides can be used with this method.
él.Z. Cﬁtag{SIS Vgl Yiide F((j)rmatlon from a Carbene Two further issues are important to note. First, the amount
ource 1. Liazo Lompounas and concentration of the sulfide affected the yield. Using
The use of a metal to decompose a diazo compound andsubstoichiometric amounts of sulfide, but at similar concen-
generate a metal carbene that can further react with a sulfidetrations to those in the stoichiometric reaction, gave sim-
is another very important method for generating ylides. ilar yields. With substoichiometric amounts of sulfide, fur-
Aggarwal et al. first reported the application of this method ther improvements in yield were achieved by slower addi-
in a catalytic cycle in 1992° They proposed a catalytic cycle tion of the diazo compoun#®:*?> Second, the process could
(Scheme 9) that broadens the scope of the reaction, not onlybe rendered asymmetric by the use of enantiopure sulfide
because the use of neutral conditions permits the use of basel4, obtaining similar enantioselectivities to those obtained
sensitive aldehydes but also because less reactive sulfideby Breau and Durst using the same sulfide under standard
and aldehydes can be us€d! stoichiometric sulfonium salt epoxidation reactidhshe
This first study revealed some important factors that need challenge was then to design new chiral sulfides that
to be taken into account. The rate of addition of the diazo permitted higher enantioselectivities in these reactions. Some
compound to the reaction mixture needs to be slow to of the best results are summarized in Chart>2:47
minimize the amount of carbene dimerization (Scheme Cu(acac) gave much better results than JRBAc), when
10)39443 The choice of sulfide is also important because the bulk of the sulfide was increased. This is believed to be

trans
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Scheme 11. Catalytic Cycle for the Synthesis of Glycidic Scheme 13. In situ Generation of Diazo Compound and
Amides Resulting Catalytic Epoxidation Cycle
4= $1 R7§;R1 Rth PTC ~ Na+
R\,S/\[(N‘RZ o R2CHO R N,CHR! e RSN
R 2
e} Cu(acac), ’)J\ R -NaTs
R®CHO r N o NaHT
N, R! ) N, "
R2 R1 RS [Rh]=CHR' RSN 16
o) R! )
! N 1,4-dioxane
R”L\H/N‘RZ RS ICul:>7 Rl 2 T "
o 4 N‘Rz RICHO + HoN" N Ts
Scheme 12. Sulfide-Catalyzed Asymmetric Synthesis of generated in situ from an aldehyde and tosylhydrazine;
Glycidic Amides treatment with base gives the hydrazone salt. This salt
decomposes to the diazo compound with the aid of a phase-
OO transfer catalyst in acetonitrile at 3@0 °C. Rhy(OAc), was
SMe found to be better than Cu(acae)s the metal catalyst under
XMe .. 3
OO these conditions (Scheme 193y
o This procedure, employing the tosylhydrazone salt, was
A )LH §2§:3 o shown to work well with low sulfide loadings (even down
' N Ar\«Q\CONRZ to 5 mol %) and has been scaled up to 20 mfa¢lurther-
o~ Cu(acac), (10 mol%) _ more, yields and diastereoselectivities were higher using this
NZ~ CONR. S AL method than when a preformed diazo compound was used.

o . Another important point is that some epoxides that could
due to the fact that the copper carbenoid is less sterically not be synthesized using the previous catalytic cycle because
hindered than the rhodium carbendtZhu and co-workers  of the instability of the parent diazo compound could be
have described epoxidations using pentafluorophenyldiazo-accessed eas”y through this route. For examp|e,n.he
methane with RKOAc), as the metal catalyst and tetrahy- methoxybenzaldehyde-derived hydrazone salt worked well,
drothlophene (THT) as the sulfide. The sulfur yllde generated but the Corresponding diazo Compound decomposeﬁa’[
was only reactive enough to react wipara-substituted °C and can detonate when isolaf&d.
benzaldehydes bearing electron-withdrawing groups, achiev-  An extensive study was carried out to establish the scope
ing yields of 64-100% and very high diastereoselectivities of the reactior?® Tetrahydrothiophene (THT) was chosen
(>99:1 trans/cis}? o _ as the sulfide, and changes in the metal catalyst, the

The main problems with this methodology are the inherent tosylhydrazone salt counterion and substituents, and the
hazards associated with working with diazo compounds. For substituents of the aldehyde were considered. A variety of
this reason, a new catalytic cycle was devised in which the tosylhydrazone counterions can be used (Na, K, Li, jBu
diazo compound was generated in situ from less hazardousgithough lithium tends to give lower diastereoselectivities
materials (see section 2.1.3). _ o and sodium gives the best results. Electron-rich, neutral,

~2.1.2.1. Synthesis of Glycidic Amides via Ylide Forma-  electron-poor, and even hindered aromatic aldehydes yield
tion from Diazo Compounds. Aggarwal et al. reported in  epoxides with very high yields artcans-diastereoselectivi-
1998 that their catalytic cycle starting from a diazo compound ties. Heteroaromatic aldehydes give moderate to very good
could also be applied to the synthesis of glycidic amides. yields (33-90%) and good to excellentans-diastereose-
Diazoacetamides were used as the diazo compounds, bufectivity (87:13 to 98:2). Aliphatic and propargylic aldehydes
reaction temperatures needed to be raised to promotecan also be employed, as well as somg-unsaturated
formation of the metal carbenoid (Scheme 11). The best gldehydes. Ketones were also tested, but although small
conditions found for the achiral version of the reaction were amounts of epoxides were obtained, substantial amounts of
to use Cu(acagpnd THT in highly concentrated acetonitrile 3 side product were obtained, probably coming from Som-
solutions. A wide variety of aldehydes could be used: melet-Hauser rearrangements of the sulfur ylides due to
electron-rich, neutral, and electron-poor aromatic aldehydes, jower reactivity with ketones (see also section 4.1.2). Table
as well as aliphatic aldehydes. The reaction also tolerated1 summarizes some of these results. A variety of substituted
the use of a variety o-substituted diazoacetamides. tosylhydrazone salts can be employed. A study of the scope

An asymmetric version of the same reaction was reported was carried out using benzaldehyde as a model aldefiyde.
by Seki and co-workers in 1999 A variety of substituted |t is important to note that the reproducibility of the reaction
aromatic aldehydes gave epoxides in yields ranging from depends on the quality of the tosylhydrazone salt d&ed.
18 to 71% and ees up to 64% when 20 mol % of chiral Good yields were obtained with both electron-deficient and
sulfides20 or 21 were used (Scheme 12). Sulfi@® was  electron-rich aryl diazo precursors. Electron-deficient diazo
recovered in 76% yield by column chromatography. High compound precursors furnish the diazo compounds more
enantioselectivities with this class of ylides can be obtained readily, so lower temperatures can be employed. Most
using stoichiometric amounts of a camphor-based sulfonium heteroaromatic diazo precursors can be used, resulting in
salt related t@.%® epoxides being obtained with moderate to good vyields.
. . ) Finally, an acetophenone-derived hydrazone salt gave good
2.1.3. Ylide Formation from a Carbene Source Il yields but was somewhat capricious. Table 2 shows some
N-Tosylhydrazone Salts of these results

In a modified procedure, tosylhydrazone salts are used as Although several different chiral nonracemic sulfides have
the source of a diazo compoubidTosylhydrazones can be been tested in these reactidisulfide 2252 (Figure 1) has
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Scheme 14. Synthesis of a Vinyl Oxirane Starting from a

S Vinyl Tosylhydrazone Salt in a Catalytic Epoxidation Cycle
o Using THT as the Sulfide Catalyst
PhCHO 20 mol% THT Q
+ 1 mol% Rhy(OAC) Me
22 . 10mol% BnEtsN*CI | Ph
- Na Ph
Figure 1. Sulfide 22. Me S -Nog 1,4-dioxane, 30 °C
jf S 76% yield
Table 1. Selected Epoxides Obtained from the Reaction of Ph” H dr =>98:2
PhCHNNTsNa with Different Aldehydes Using 22 or THT as
Catalyst Scheme 15. Asymmetric Synthesis of a Vinyl Oxirane
sulfide Starting from a Vinyl Tosylhydrazone Salt in a Catalytic
Nat 1 mol% Rha(OAc), Epoxidation Cycle Using Chiral Sulfide 22
« N 10 mol% BnEtsN*Cl o]
RCHO + pp SN""Ts . PhCHO 20 mol% 22 O
CH4CN, 40 °C Ph R + 1 mol% Rhy(OAc), Me “tpp
5 mol% BnEt;N*CI- |
- - - _ Na Ph
sulfide  time yield ee I o
entry R (mol%) (h) (%) trans/cis (%) MeJ\A\N’N‘Ts 1,4-dioxane, 30 °C g:i/?gglg
1 Ph 22(5) 48 82 >98:2 94 Ph" O H ee = 67%
2 Ph THT (20) 24 95 >08:2
3  pMeOGH, 22(5) 48 68 i98§2 92 ratios (-98:2). Aliphatic aldehydes gave moderate yields,
4 pMeOGH, THT(20) 24 98 =>98:2 moderate to good drs, and high ees. A limited number of
5 p-CICeHs4 22(5) 48 80 >982 91 4 aldehvd d also b loved  f
6 0-CICeHs THT (20) 24 86 >08:2 a,ﬁ—unsatur_ate aldehydes could also be employed, for
7 3-furyl 22(5) 48 77 >98:72 92 example, cinnamaldehyde. Representative examples using
8 3-furyl THT (20) 24 85 90:10 both THT and22 are given in Table 1.
9 c-hexyl 22(5) 48 58 88:12 90 Substituted tosylhydrazone salts were also tested. Electron-
10 c-hexyl THT(20) 24 70 65:35 rich aromatic diazo precursors generally gave good yields
_ _ _ and very high drs and ees (894%). Electron-deficient aro-
Table 2. Selected Epoxides Obtained from the Reaction of matic diazo precursors gave good y|e|ds and h|gh diastereo-

Benzaldehyde with Substituted Tosylhydrazone Salts Using 22

or THT as Catalyst selectivities, but enantioselectivities (643% ee) were found

sulfide to be more variable and solvent-dependent. Heteroaromatic

Na~  1mol% Rhy(OAC), precursors could also be employed, but yields and enan-
SN BnEt;N*CI Q tioselectivities were only moderate. A selection of the
PhCHO + R™N"""Ts 00 R/Q-/,Ph best examples using THT and sulfi@@ is given in Table
2.
equiv Tables 1 and 2 show the broad scope of the reaction,
sulfide  of yield trans/ ee clearly showing that it is much wider than the alkylation/
entry R (mol %) PTC* solvent (%) cis (%) deprotonation protocol and that some products can only be
1 pMeGHs 22(5) 0.05 CHCN 74 955 93 obtained through this route.
2 pMeCHs THT(20) 0.05 CHCN 87 87:13 Vinyl oxiranes have also been obtained using this catalytic
i" Omegégét $2H(T5)(20) 8-82 gggll\_l{ ;(2) iggig 93 cycle. It is important to note that most of the vinyl epoxides
o-Me 4 . 65 . ; . i .
5 DCNGHs 22(20) Tadoxane 70 ~98'2 73 obtalne_d are hydrolytlcally sensitive and have to be purified
6 p-CNGH: THT (20) 14-dioxane 90 >98-2 on basic alumlna. When using THT as t_he sulfide catalyst,
7 2-furyl 22(20) 0.1 CHCN 53  90:10 61 yields and diastereoselectivities were highly dependent on
8 2-furyl THT (20) 0.05 CECeHs 96  80:20 the structure of the tosylhydrazone salt. The best results were

obtained when both the- and-positions are substituted.
One of the best results is shown in Scheme 14. When sulfide
22 was used yields, enantio- and diastereoselectivities were
proven to be the best in terms of yields and enantio- and generally low to moderate. The best results were obtained if
diastereoselectivities. It is stable to the reaction conditions, the a-position was substituted and th@-position was
can be synthesized on a 20 g scale in four steps fromunsubstituted or monosubstituted (Scheme 513)se of
camphor sulfonyl chloride, can be reisolated by chromatog- preformed sulfonium salts derived fro®2 gave better
raphy after the reaction in quantitative yields, and is available results?
in both enantiomeric form®.5° An alternative way to synthesize vinyl epoxides is to
The effect of the solvent on the enantioselectivity was start with an unsaturated aldehyde. When sul?@ewas
studied, and toluene, 1,4-dioxane, acetonitrile, and trifluo- used in the reaction ofranscinnamaldehyde and the
rotoluene were found to give the best yields and enantio- tosylhydrazone salt derived from benzaldehyde, the yields
selectivities. In general, the other trends found when an and enantioselectivities were good, and the diastereoselec-
achiral sulfide was used were reproducible when using tivities observed were excellent 08:2 trans/cis) (Scheme
sulfide 22.5% Aromatic aldehydes gave good ees{32%) 16)33
and yields (68-84%) and excellent trans/cis diastereoselec- As a summary for this section, Scheme 17 shows a
tivities (>98:2). The only case in which the yield was lower retrosynthetic analysis for the synthesis of differently sub-
was when mesitaldehyde was used, probably due to stericstituted epoxides when achiral unhindered sulfides (e.qg.,
hindrance. Heteroaromatic aldehydes, with the exception of THT) are used as catalys&Scheme 18 shows the analogous
pyridine carboxaldehydégyave moderate to good yields and analysis for the enantioselective synthesis of various epoxides
high enantiomeric excesses (893%) and diastereomeric  using22.

3aPTC = BnENCI. P30 °C.
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Scheme 16. Asymmetric Synthesis of a Vinyl Oxirane
Starting from a Tosylhydrazone Salt in a Catalytic o\\%/o
Epoxidation Cycle Using Chiral Sulfide 22 and S/N I\(\)
trans-Cinnamaldehyde i
«_CHO 5 mol% 22 o RS 23 SR
R 1 mol% Rhy(OAc
S Smath BENCH  pre e Figure 2. Sulfide 23
_ Na o 70% yield
Ph/%N,N\.:_\ia CHaCN, 407C, 48 o e step, so, in this example, the organocatalyst and the metal
catalyst were working cooperatively. Enantiomeric excesses

2.1.4. Ylide Formation from a Carbene Source llI: of up to 54% were obtained. In 2004, Bellenie and Goodman
Simmons—Smith Reagent showed that epoxides could be obtained in up to 76%

; ; o o ! ;
Because diazomethane cannot be employed in the catalyticzﬂfiﬁgiofgﬁgc excess and 96% yield when using 2 equiv of

cycle shown in Scheme 9 (it is believed to form ethylene

very easily), an alternative catalytic cycle based on the use 2.1.5. Origin of Diastereoselectivity in S-Ylide

of the Simmons-Smith reagent as a source of carbene has 'p(')X'idations

been developed (Scheme 19). The process proved to be usefulf

for aromatic, aliphatic, unsaturated, amdalkoxy and The diastereoselectivity obtained $ylide epoxidations

o-amino aldehyde% furnishing terminal epoxides in yields depends on the degree of reversibility of the formation of

ranging from 58 to 85% with THT (100 mol %) as sulfide. the betaine intermediates arising from the attack of the sulfur

When aldehydes bearing a chiral center were used, noylide on the carbonyl group of the aldehy®¥eScheme 20

racemization of this chiral center was observed, although shows the individual steps for the reaction. The addition of

mixtures of diastereoisomers were obtained. the ylide to the aldehyde occurs in a “cisoid” manner, which
An asymmetric version of this reaction was reported using is preferred due to favorable Coulombic interactions, and

sulfide 23 that incorporated a ligand capable of binding to two rotamers of thanti- andsynbetaines are forme®4a

the metal ion (Figure 2 In this case, it was demonstrated and264).%° Calculations suggest that the barriers for forma-

that the zinc ion was intimately involved in the epoxidation tion of these two rotamers from an aldehyde are very similar

Scheme 17. Retrosynthetic Analysis of Epoxide Formation Using Achiral Unhindered Sulfides; mog moderate. (Reprinted
with permission from Aggarwal et al. J. Am. Chem. Soc2003,125 10926. Copyright 2003 American Chemical Society.)

o TSNy high yield 0 high yield(*) o TSNy
)]\ ||\ ———— A _ ZJJ\ ||\ ;
A" H A2 mod de Ar' ‘Ar? high de A" "H Ar
* = except
Ar' = any mesitaldeh')a/de Ar" = electron deficient/
Ar? = electron rich derived salt) neutral/hindered/
and unhindered electron rich and hindered
Ar? = any
N TsN.
TsN-y mod-high yield 0 mod-high yield o NN
Het” “H Ph highde  Ph Het low-high de Ph™ H Het
Het = any Het = furyl or 3-pyridyl
o TSNy mod-high yield 0
Akyl” "H Ph high de Ph Alkyl
Alkyl = primary,
secondary or tertiary

TsN N mod-high yield o) , mod-high yield o TsN.

| (0] N
:‘i)\m)kH l\Ph mod-high de  PH w«/fg; low-high de Ph)j\H %/ ¥
) ¥ ;

high selectivity with
a-substituent

o TNy mod-high yield Q GH, Mmod-high yield o SNy
Ar” "Me Ph  mod-highde Ph Ar Ph™ "H  Ar” “CH,
high cis selectivity high trans selectivity

but reactive ketone required but can be capricious
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Scheme 18. Retrosynthetic Analysis of Epoxide Formation Using Chiral Sulfide 22; moe moderate. (Reprinted with
permission from Aggarwal et al. J. Am. Chem. S0c2003,125 10926. Copyright 2003 American Chemical Society.)

TsN.
Y

Tsﬁ\

o o) mod-high yield o] N
Ph” “H Ar Ar Ph high de/ee Ar” "H Ph
Ar = electron neutral; high yield, high de, high ee Ar = any
Ar = electron rich; high yield, mod de, high ee
Ar = electron rich and hindered; poor yield, high de, mod-high ee
N TsN.
o TSNy high yield 0 mod yield 0 SN
Het” “H Ph  highdelee  PH Het mod-highdelee Ph™ 'H Het
Het = furyl Het = furyl
[e) TSN‘N mod yield o)
)J\ |k R — /Q,}/
Alkyl H Ph  mod-highde Ph Alkyl
high ee
Alkyl = primary or secondary
o TSNy high yield o) . lowyield )oJ\ TSN‘lN /
Ph/\)J\H kPh high defee ~ Ph //4(:9‘ low de Ph™ "H RS
T (except a-Me) T
low-high ee

Scheme 19. Catalytic Cycle for Ylide Epoxidation Reactions
Using the Simmons-Smith Reagent

Aromatic aldehydes, for example, give bettans-selectivity
than aliphatic aldehydes. Electron-deficient benzylides also

R, - yield better diastereoselectivities than other semistabilized
R'CHO R’S_CH2 I ylides because of their greater stability.
z CI(-.:HI (ii) Increased reversibility also results when the steric
2 hindrance of the ylide and/or the aldehyde is increased, which
0 leads to an increase in the torsional rotation barrier. With
i RS EtZnCl chiral aldehydes and sulfides, match/mismatch effects arise

and affect the ease of rotation and thus, the degree of
reversibility 83

in energy, so if both these steps were nonreversible, only a
low trans/cis ratio would be observed. When aryl-stabilized
sulfur ylides are used, high diastereoselectivities are observe
due to the reversible, and largely nonproductive, formation
of thesynbetaine26a Experimentally, it was demonstrated

that, in reactions with benzaldehyde and dimethylsulfonium

(iii) Reversibility is decreased if there is improved solva-
c}ion of the betaine alkoxide by a metal or a protic solvent,
which lowers the torsional rotation barrir.

Itis important to note that, while all these factors can also
have an effect on the reversibility ahti-betaine formation,

benzylide anti-betaine24a forms nonreversibly and yields

trans-epoxide25, whi

le synbetaine26aformation is revers-

ible 5° Calculations predict that, for theynbetaine26a, the
energy necessary for-&C bond rotation to lead to rotamer

26b, which can ring-close, is higher than the energy

necessary to revert to starting materflsn contrast, the
formation of theanti-betaine24ais nonreversible and, after

C—C bond rotation,
25. Finally, the ring

rotamers 24b, 26b) is rapid (Scheme 20). It has recently

leads to the formationtedins-epoxide
-closure step from themti-periplanar

the effects orsynbetaine formation normally dominate the
diastereoselectivity. Consideration of all these factors allows
the rationalization of the different diastereoselectivities
observed in sulfur ylide-mediated epoxidations.

2.1.6. Origin of Enantioselectivity in Sulfide-Catalyzed
Asymmetric Epoxidations

Enantioselectivity is governed by four main factéts:
(i) The selectivity for the alkylation of only one of the
lone pairs on sulfur, so that only a single diastereomeric

been shown that equilibration of intermediate betaines cansulfonium salt and/or ylide is formed,;
also occur by deprotonation of a benzylic carlooto sulfur
under basic conditiorfs.

The degree of reversibility of theynbetaine formation

is influenced by a n

(i) synBetaine formation is more reversible when the

umber of facto?s:

(i) The ylide conformation;

(iii) The facial selectivity of the ylide reaction with the
carbonyl; and

(iv) The degree of reversibility of the betaine formation.

Sulfides22 and 28 control all of these factors well and

thermodynamic stability of the starting materials is increased. give high enantioselectivities in all casé$?Solladie Cavallo



Chalcogenides as Organocatalysts

Chemical Reviews, 2007, Vol. 107, No. 12 5851

Scheme 20. Individual Steps Involved in Epoxide Formation with Energies from DFT Calculatiorf®

o}

L AG™= o | AG™ o e
R™VH +4.5 keal Ar:®18+\ +5.5 keal H/@Ar +1.8 keal o]
Ar é+ +6.8kcal R H R H AT R
\F ~ H FERN
H 24a anti-betaine 24b 25
(-2.3 kcal) (-2.8 kcal) (-23.8 kcal)
(0}
)J\ AG1= o | AG¢= o AGI=
H™ VR +4.7 kcal Ar st +8.1 kcal H Ar  +3.3 kcal o]
o === }jﬁ < AN
Ar \\\ S+ +7.9 kcal H R H R Ar R
Y ™~ H /_§\
H 26a syn-betaine 26b 27
(-3.2 kcal) (-1.1 kcal) (-20.9 kcal)

Scheme 21. Equilibrium of Ylide Conformers 29 and 30 and
Aldehyde Approach

Scheme 22. Equilibrium of Ylide Conformers 31 and
Aldehyde Approach to 31B

QO H (@) RZ
H H H 1: H H§ Rt/?-l/ ;&
+ /_k . + /_k 3 O I 3 0o
S R - S H H\(+\lfMe Ph\{_'_\l—{{/Me
O o Ph ) H
31A 31B
oy | 204 208
~ 1
Sl |
_ . 0
(R,R)-epoxide (S,S)-epoxide S Me 0
Ph\F \lf o /A"’R
He TN (RR)
W /%'/L\ R hindrance
. - [ o]
L5 S 3
H7 R R H to approach from thReface. In the case of ylid80A, facial
O\4R? O\\f'/’H selectivity arises from the presence ajemdimethyl group,
M R forcing the aldehyde to approach from the opposite face.
Nevertheless, it is important to note that a compromise needs

_O\é/ R2 30A 308 to be found when designing a chiral sulfide because too much

\ steric hindrance around the sulfur atom leads to a decrease
H R 1 l in the rate of reaction with the alkylating agent or metal

(R,R)-epoxide (S,S)-epoxide carbenoid.

~

o—s
28

Another example of a rigid structure that leads to good
enantioselectivities is sulfide8, which has been used in the
carbene route. Once the ylide is formed, one of the
conformations is highly favore@®1B (Scheme 22), and the
methyl substituent on the carbento sulfur hinders thesi

and Adib have reported the synthesis of epoxides with good-face from attack by aldehydes, thus leaving only one main

to-excellent yields and diastereoselectivities and with excel- approach, and so enantiomeric excesses as high as 93% are
lent enantioselectivities using stoichiometric amounts of obtained®®“” The facial selectivity with sulfur ylide31 is
preformed sulfonium salt derived fro28.646%In both cases, also believed to benefit from electronic effettsThe

a single sulfonium ylide diastereomer is formed. This is due anomeric effect should give rise to a lengthenedShond

to steric effects in the case of sulfi@2. In the case oR8, in the oxathiane moiety, making it more electron rich. This
the alkylation of the axial lone pair can be explained by a should increase the tendency of the incoming aldehyde to
combination of steric effects and the 1,3-anomeric effect (the attack from the face opposite the oxathiane moiety due to a
equatorial lone pair may overlap with tlg-orbital of the Cieplak effect (nucleophilic attacks onsystems occur on
C—0 bond and so be less nucleophilic than the axial lone the face opposite the better donor).

pair) 8¢ There is a preference for the lone pair on sulfur to  Control of lone-pair alkylation, ylide conformation, and
be orthogonal to the lone pair on the ylidic carl§émgnd facial selectivity should lead to the formation of one preferred
therefore, there are two potentially important conformers of anti-betaine intermediate. Hinti-betaine formation is non-
the resulting ylides,29A/B and 30A/B (Scheme 21). reversible, control of these factors gives highly enantiose-
Conformers29A and 30A are much more favored, due to lective epoxide formation. It is believed that, in many cases,
reduced steric interactiofs%’In the case of ylid&9A, facial the minor enantiomer of epoxide observed is formed from
selectivity is ensured because of the presence of a bulkythe aldehyde reacting with the minor ylide conforri&f®
group on theSiface of the ylide, which forces the aldehyde However, if theanti-betaine is formed (partially) reversibly,
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Scheme 23. Equilibrium of Ylide Conformers 32 and
Aldehyde Approaches to 32 OSCHZR ;&m
R R |

RS — RS 2 33 SR
Ph},‘l\H H;I\Ph R=Ph,H

Figure 3. Sulfide 2 and itsendebenzylthio analogu&3, used in

i preparing epoxides with the opposite sense of asymmetric induction.
OxlH Oy Ph
Ph H Scheme 24. Synthesis of Glycidic Esters
0
1) RuCls, NalO, o]
A, 2) CH,N .
tfast Jslow Ph @O 22 N Ph/& “COMe
o] 0 67% yield
RAY A 92% ee 93% ee
Ph Ph Ph ‘Ph
trans-(S,S) trans-(R,R) Scheme 25. Synthesis of a Ferrocenyl Epoxide and
Derivative
the bond-rotation and/or ring-closure steps can become sglfég;\ §)2 "
enantiodifferentiating, and lower enantioselectivities can 0 BREGNC! ‘o
result because of differences in the reversibility of betaine Fe H  PhcHN,TsNa Fe y “1Ph

formation and subsequent steps for the pathways starting
from, e.g.,29A and29B.52%8 This has been used to explain

the slightly lower ee values observed in reactions of NaNj
benzaldehyde with ylides derived from electron-poor aro- NH,CI
matic tosylhydrazone salts (Table 2, entry 5).

When low enantioselectivities are observed, it is most often v Ph
due to either poor control of either ylide conformation or @'\(
the reversibility of the betaine formation. To deduce which é oH
of the two factors is responsible for reduced ees in any given 34
case, a simple test was designed for reactions using the 27% yield (2 steps)
carbene catalytic cycl&:52 As mentioned above, the use of 95% ee

protic solvents reduces the reversibility of the betaine . . . o
formation. The same reaction can be carried out using neat2 and itsendebenzylthio analogu8s, there is the possibility

- - to prepare epoxides with the opposite sense of asymmetric
MeCN and using a mixture of MeCNAD. If the ee value . ; ;
is higher when '?he agueous mixtureéi? used, it shows that "duction (Figure 3). It was postulated that the free hydroxyl
reversibility of the betaine formation is a p}oblem. This 9roup on the sulfide IMproves thg facial-selectivity signifi-
method is a valuable test to determine the origin of low cantly due to nonbonding interactions between the hydroxyl

enantioselectivities but does not constitute a practical Waygroup and the carbonyl group of the aldehytie.

of improving them when reversibility is a problem because, 17 Applications in Synthesis

usually, lower yields are observed via the carbene route in ] S ]

the presence of water. The presence of water in the in situ_ Although much of the effort in the epoxidation field using
alkylation/deprotonation catalytic cycle has the effect of Sylides has been focused on the establishment of the
lowering the diastereomeric ratio because of the reducedMethodology, there are some examples of synthetic applica-
reversibility of the betaine formation (see section 2.1.5) but tions. Glycidic esters are important intermediates in synthe-
also has a positive effect on enantioselectivity: under theseSis and have found widespread use. Furaldehyde-derived
conditions anti-betaine formation can become nonreversible, €Poxides, obtained by catalytic epoxidation using stifur

and then the four criteria for obtaining high levels of Ylide chemistry, can be easily converted to glycidic esters
enantiocontrol can be achieved. by oxidation followed by esterification (Scheme 24)The

methodology proved useful in the preparation of the first
o-ferrocenyl epoxide, which is not only important in itself
but also reinforces the potential of the methodology for the
synthesis of sensitive molecules that are not accessible by
olefin oxidation’® The reaction was also carried out asym-
metrically using sulfide22. Because of its instability, the
epoxide was not isolated but was ring-opened with sodium
azide to give34 in very good enantioselectivity, albeit in
low yield (Scheme 25). Sulfid@2 was also used in a key
tepoxidation reaction in the synthesis of prelactone3s,
which is an early metabolite in the biosynthesis of polyketide
antibiotics (Scheme 28}.This methodology will undoubt-
edly find further applications in the future.

Another strategy for controlling enantioselectivity is the
use ofC,-symmetry in the structure of a chiral sulfide, e.g.,
9a, 9b, and10. These sulfides have been used in the in situ
alkylation/deprotonation catalytic cycle. In these cases, a
single sulfonium salt is formed (lone-pair alkylation selectiv-
ity is not an issue here). Julienne and Metzner originally
suggested that the conformation of the resulting ylide is well-
controlled by the group on the carbento sulfur, which
would prevent the phenyl moiety from sitting neart’it.
However, calculations by Goodman and co-workers sugges
that the conformation of the ylide is not very well-controlled
and that both conformers are in a rapid equilibrium. High
enantioselectivities are still obtained with these sulfides
e s i 2Pl Wi AEMIES 5 Selenide.Catalyzed Epovidations

Finally, Dai and co-workers showed in their in situ There are very few examples of epoxidation reactions
alkylation/deprotonation catalytic cycle that, by using sulfide using selenides in a catalytic manriéf® Metzner and co-



Chalcogenides as Organocatalysts

Scheme 26. Catalytic Asymmetric Ylide Epoxidation in the
Synthesis of Prelactone B

N Sulfide 22
Na Rhy(OAc),
MeO ~ N BnEt;NCI O
\©/\N’ Ts OMe
50% yield

90:10 dr
92% ee

35

Scheme 27. Selenium Ylide-Catalyzed Asymmetric

Epoxidation
\Q\ 20 mol%
o 36
NaOH, 7 d 0
+-BUOH/H
©)LH +  BnBr LOWReO Ph“"L\Ph
91% yield
1:1 trans:cis

91% ee

Scheme 28. Telluride-Catalyzed Epoxidation Reaction

o _ o
'Bu,Te (20 mol%) %%
H
e B
O THF/Et,0/H,0 O
50°C
87% yield

68:32 cis:trans

Scheme 29. Telluride-Catalyzed Asymmetric Epoxidation

Reaction
BnBr Et’éje> E o
+ 37 20 mol% .,
o Ph
NaOH, n-BuyNBr, al

rt, 72 h, CH,Cl,
28% yield
97:3 trans:cis
82% ee

eg

workers described the use of selendeanalogous to sulfide
9a One of the best results is shown in Scheme 27. In contrast
to reactions using sulfides, no diastereoselectivity was

observed when using selenigé.

2.3. Telluride-Catalyzed Epoxidations

Tellurium ylides react with carbonyl compounds to yield
either epoxides or olefins (see section 6 for a discussion o
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stereoselectivities and good enantioselectivities, but low
yields’? It is worth noting that thérans-epoxide was favored

in this case, but no rationalization for this has been put
forward yet. Traces of olefination product were also observed
(see section 6.1).

Finally, Tang and co-workers reported the synthesis of
vinyl epoxides using a slightly modified proceduPelheir
synthesis involved the use 0f~20 mol % of a telluronium
salt, as well as an allyl halide, aldehyde, and base. The
telluronium salt was used to start the epoxidation, liberating
the telluride, which then entered the catalytic cycle. Good
yields but low diastereoselectivities were obtained for a range
of vinyl epoxides.

2.4. Summary of Chalcogenide-Catalyzed
Epoxidations

Chalcogenides catalyze the epoxidations of carbonyl
compounds via ylide-mediated pathways. There are a variety
of ways of generating the ylide in situ. The useNsfosyl-
hydrazone salts to generate diazo compounds in situ allows
a particularly broad substrate scope. Using sulfide-catalyzed
methods, high yields and diastereoselectivities can be ob-
tained for a range dfans-epoxides. Chiral nonracemic sul-
fides provide good to excellent enantioselectivities. Selenide
and telluride-catalyzed methodologies are less well-developed
but show some promise.

3. Aziridination

Aziridines can be prepared from imines by addition of (i)
a metal carbenoid or (ii) a carbanion bearing a leaving
group*7® In this section, we will discuss the reactions of
ylides, where again sulfur ylides have enjoyed most sucéess.
The ylide is often synthesized by deprotonation of a
preformed salt, and useful stoichiometric asymmetric pro-
tocols have been developed by various grotfys.s°
Similarly, telluriun®®! and arsonium ylidé48? have been
generated from the corresponding salts and employed in
ylide-mediated aziridinations. Methods that use the chalco-
genide as a catalyst are less common and confined to
sulfides*!* As with epoxidation, there are two ways of
accessing the ylide: (a) sulfonium salt formation from alkyl
halide followed by deprotonatiéh®*and (b) sulfide reaction
with a metallocarben®; 1251578592 These two approaches
are discussed in turn, followed by a discussion of the factors
that control diastereoselectivity and, where applicable, enan-
tioselectivity in these reactions. Finally, successful applica-
tions of these procedures in synthesis are described.

3.1. Sulfide-Catalyzed Aziridinations

§3.1.1. Catalysis via Sulfide Alkylation/Deprotonation

the latter class of reactions). Examples of the use of tellurides Dai and co-workers were the first to report sulfide-

in catalytic epoxidation reactions are scarce. The first exam- catalyzed aziridinations (Scheme 30), based on the reaction
ple using a telluride catalytically was reported by Huang and in acetonitrile of a sulfide with cinnamyl bromide, followed
co-workers in 1990? Diisobutyl telluride was used as the by deprotonation of the resulting sulfonium salt and reaction
catalyst and GE£O; as the base using the in situ alkylation/ of the ylide with an imine to yield an aziridine (cf. Scheme
deprotonation catalytic cycle (see section 2.1.1). The reaction3).83 Cinnamyl bromide was the only halide that could be
was carried out using allyl bromide and worked well with a used in this system (Table 3); the reactions with other allyl
range of aromatic, heteroaromatic, and nonprimary aliphatic halides proved unsuccessful. Potassium carbonate was found

aldehydes. An example is shown in Scheme 28.

to be the most effective base, and reaction times were

Scheme 29 shows an example of the first telluride-cata- generally of the order of 1.5 h.

lyzed asymmetric epoxidation. Telluri@g, the Te-analogue
to sulfide 9b, was reported to give very goadmans-dia-

Dimethyl sulfide was found to be the best catalyst,
although E4S and chiral sulfid?a were also demonstrated
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Scheme 30. Sulfide-Catalyzed Aziridination via Alkylation/

McGarrigle et al.

Table 4. Saito et al.’s Catalytic Asymmetric Aryl Aziridine

Deprotonation Cycle Synthesi§*
e
Ph™ X Br Me,S p-Tol Ts
TS\N N/Ts Br s OH Aﬁ
| .
|kR R1J + RzJ 3 R1 R2
- 3.0eq K,CO3 (3 eq)
Br, CH. CN, T
Ph
\/\/SMez Ts :
N mol yield trans/ eé
Ph/qu entry R R2 %3 T time (%) cis (%)
KoCOy 4 1  Ph Ph 100 rt 2d 99 7525 92
Pho o~ -SMe; 2 Ph Ph 20 rt 4d 61 7525 90
3 Ph Ph 100 82C 2h 94 72:28 84
Table 3. Dai and co-workers’ Catalytic Styryl Aziridine 4 p-MeCH; Ph 100 rt 2d 99 79:21 89
Synthesié® 5 p-MeOGH, Ph 100 rt 2d 94 63:37 86
Br 6 pClCHs Ph 100 rt 2d 86 78:22 92
s e 7 Ph p-MeCsHs 100 rt 2d 87 7426 89
b s A 8 Ph pPNOCH, 100 rt  2d 99 65:35 98
R Ph O Q2ed RS NNy 9 Ph E-PhCHCH 100 rt  2d 99 54:46 42
12eq ' 10 E-PhCHCH Ph 100 rt 2d 99 7525 94
aee oftransproduct.
time yield
entry R sulfide  mol% (h) (%) trans/cis ) ) ) )
1 o-CICeH MesS 100 075 72 3169 qf 3, but weld; were |njp(oved and the pre\_/lo_usly competi-
2 pCICeH, Mé,S 20 15 43 4357 tive hydrolysis of the imine was wholly eliminated under
3 p-ClCeHq Me,S 20 15 49 53:47 the dry conditions employed. Very good to excellent ees were
4 p-NO.CeHs  Me,S 20 15 30 35:65 obtained (86-98%, Table 4). Increasing the temperature
5 Ph MeS 20 20 49 38:62 shortened the reaction time significantly at a small cost to
? OZ'C\:AIeCOﬁGH“ 'I‘E/'tfés 38 i-g ‘218 ig;gé ee (entry 3). However, in all cases the drs were pod,
8 B-CIC?Hz oa 20 15 23 4951 1-3:1 in favor of thetransisomer. In addition to benzyl

21.2 equiv of Kl were also added.

Scheme 31. Formation ofis-Azepine 39 by Cope
Rearrangement of Bisstyryl cis-Aziridine 3882
SO,Ph

bromides, yields of up to 99% were also obtained with
cinnamyl bromide, but ees were significantly lower for these
cases (entry 9). However, the same vinyl aziridine product
was synthesized with excellent enantioselectivity and yield
using the same sulfidgto transfer a benzylidene group from
a benzyl bromide to a cinnamaldimine (entry 10).

SO,Ph
N N
_SO,Ph \ .. . .
N Br NN | O0Pe @ 3.1.2. Catalysis via Ylide Formation from a Carbene
J) [ MesS. 20moi% % PR Ph Source I: Diazo Compounds
39
e Pi2eq MOEN 345+ SOzPh 28% Aggarwal and co-workers have also developed a method
PPN for the catalytic asymmetric aziridination of imines via sulfur
40 P ylides generated by the reaction of a metallocarbene with a

13%

sulfide (Scheme 3285891 closely related to their epoxi-
dation system described above (sections 2.1.2 and 2.1.3). The

to catalyze the reaction successfully, albeit in lower yield carbenoid was generated by the decomposition of phenyl
(Table 3, entries 7 and 8). No ee was reported for the reactiondiazomethane in the presence of a suitable transition metal
of 2a. Loadings of 20 mol % of Mg5 gave yields of up to  salt, usually ROAc),. To avoid reaction of the metallo-
49%, although higher loadings resulted in significantly carbene with excess phenyl diazomethane, the latter reagent
improved yields (entry 1). The addition of KI resulted in a was added slowly over the course of the reaction.
small increase in yield attributed to faster salt formation with A range of imines could be aziridinated via semistabilized
cinnamyl iodide generated in situ (entry 3). ylides in moderate to excellent yield using 820 equiv

The diastereomeric ratios varied from very poor in favor of sulfide (Table 5). Using (trimethylsilyl)ethanesulfonyl
of the trans-aziridine, to 29:71 in favor of theis-isomer. (SES), which was most frequently employed as the imine-
Both toluenesulfonyl and benzenesulfonyl were found to be activating group because of its ease of rem8%&, the
suitable N-activating groups. Benzaldimines bearing both diastereomeric ratios obtained were moderate at beatl(
electron-withdrawing groups and electron-donating groups
were tolerated to varying degred$-Benzenesulfonyl cin-
namaldimine gave a mixture of theans-aziridine 40 and

Scheme 32. Catalytic Cycle for Aggarwal’s
Sulfide-Catalyzed Aziridination888

cis-azepine39, believed to arise from the Cope rearrangement R? +o
of the unisolatedis-aziridine 38 (Scheme 31). ﬂN ReS” Ph ML, N,CHPh
Saito et al. reported an asymmetric variant of the alkyla- R'
tion/deprotonation cycle (Table 2).Reaction of chiral R? m
sulfide 3 with excess benzyl bromide (3 equiv) and potassium N N,
carbonate iranhydrousacetonitrile gave aziridines in moder- R«Q%ph RzS  [M]=CHPh o o
A N

ate to excellent yields. Use of this more hindered sulfide

required longer reaction times-{# days), even with 1 equiv 18
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Table 5. Aggarwal and co-workers’ Sulfide-Catalyzed Table 7. Aggarwal et al.’s Catalytic Asymmetric Aziridination
Asymmetric Aziridination Using Phenyldiazomethané?:8 Using N-Tosylhydrazone Salt§*
2 RZ
JNrR . )ll\lz sulfide lll s
1 mol% Rhy(OA .
R Ph mol éCM,ZI('t C)a R A “ph o
mol yield trans/ ee R2 s R?
entry R R? sulfide % (%) cis (%) IN L 2 ﬁfolo/ N
1 Ph SES Mg 20 92 31 0 o Rmy(OAc), T R ph
2 Ph SES 18 20 47 3:1 95 10 mol% BnEt;N*CI-
3 Ph SES 18 100 84 3:1 95 1,4-dioxane, 40 °C
4 p-MeCsHa SES 18 20 91 3:1 93
5 p-CICeH, SES 18 20 58 3:1 88 yield ee
6 (E)-PhCHCH SES 18 20 62 5:1 93 entry R R? (%) trans/cis (%)
7 GCHu SES 18 100 72 1:1 89
9 Ph P(O)Ph MeS 100 86  3:1 2 Ph SES /5 251 94
10 Ph CQMe 18 100 75 61 92 3 Ph SES 66 251 95
11 Ph CGBn 18 100 58 61 90 4 p-ClCeH, SES 82 21 98(81)
12 Ph CQ(CH,),TMS 18 100 55  9:1 91 5 GHu SES 50 251 98(89)
13 Ph CGOBuU 18 100 60 91 92 6 (E)-PhCH=CH SES 59 8:1 94
14 Ph COCMeCCk 18 100 58 >10:1 92 7 3durfuryl Ts 7281 95
8  tBu Ts 53  2:1 73 (95)
a2 ee oftrans-product. 9 Ph Ts 68 251 98
10 Ph S@-5-CioH7 70 31 97
Table 6. Aggarwal et al.’s Catalytic Asymmetric Aziridine 11 Ph cicoco- & 6:1 90
Synthesis with Stabilized Ylide&® aee oftransaziridine (ee otis-aziridine).” 5 mol % of sulfide used.
Te N, /Q Ts Scheme 33. Use of al-Tosylhydrazone Salt in the
),N . XW) w ,HA Synthesis of a Trisubstituted Aziridine*
0T TR
1.5eq stoz'ﬁ'CmH? S
entry R X yield (%) trans/cis &%) Ph )l\Ph o
1 p-MeOGH,  OEt 53 2:3 45
2 Ph OEt 80 1:3 58 + SO.-BC.H
3 pCiCH.  OEt 72 1:5 54 . 2020, SorP
4 p-NO,CgHa4 OEt 83 1:12 56 S Phu/.u\
5 CeHus OEt 76 1:11 44 N Na* 1 mol% Rhy(OAC);  PH Ph
6 Ph NE: 98 1:1 30 e 10 mol% BnEt;N*CI 50%
Ph 1,4-dioxane, 40 °C 84% ee

aee of cis-product.” 20 mol % of sulfide used.

this protocol avoids the need to handle the potentially
in favor of thetransisomer), but the enantiomeric excesses hazardous diazo compounds by generating them slowly in
achieved with sulfidel8 were very good to excellent situ by decomposition of the hydrazone salts at@0Results
(88—95%). Crucially, Aggarwal et al. also demonstrated that employing sulfide 22 with the sodium salt of phenyl
this chemistry was not limited tN-SES imines; Ts, POBh N-tosylhydrazone and a range of imines are summarized in
and a range of alkoxycarbonyl groups were also successfullyTable 7. Excellent ees and moderate to good yields of the
deployed adN-activating groups (Table 5§.Higher drs were  favoredtrans-aziridine were obtained in all cases, and the
obtained in some of these cases, and the ees remained vergirs varied from poor to good.
high. Good yields could still be obtained with sulfide loadings

Aggarwal et al. have also reported that diazoesters andas low as 5 mol % (entry 3), with no diminution of ee. In

diazoacetamides can be used in this catalytic procedure toaddition to examples of aryl, heteroaryl, cinnamyl, and
synthesize ester- and amide-bearing aziridines (Tab$ 6). aliphatic imines as substrates, this system has also allowed
Higher temperatures were required to effect diazo decom-for the extension of this methodology to the synthesis of
position of the more stable diazo-precursors. Sulidgave trisubstituted aziridines for the first time, employing an imine
moderate to excellent yields and moderate ees &G generated from a symmetrical ketone (Scheme 33).
THF. The diastereoselectivities with ester-derived ylides were
variable and favored the more stallis-aziridines. More ~ 3.1.4. Ylide Formation from a Carbene Source ll:
electron-poor imines led to higher levels cg-selectivity. Simmons—Smith Reagent
The reasons for this change in selectivity compared with

semistabilized ylides are discussed in section 3.1.5. Aggarwal and co-workers have extended their sulfide-

catalyzed system for the formation of terminal epoxides
(section 2.1.4) to the synthesis of terminal aziridines (Table
8).570mines derived from aromatic and aliphatic aldehydes
were suitable substrates. Interestingly, the usual requirement
Aggarwal and co-workers reported that phehtosyl- in ylide aziridination for an activating electron-withdrawing
hydrazone salts can be used as the carbene source in reactiomgoup on the imine nitrogen was not foungtovided the
employing chiral sulfide225°1 As explained in section 2.1.3,  N-substituent had at least one possible coordinating site

3.1.3. Ylide Formation from a Carbene Source II:
N-Tosylhydrazone Salts
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Scheme 35. Effect of Water on the Stereochemical Outcome

Table 8. Aggarwal and co-workers’ Sulfide-Catalyzed Terminal
of Sulfide-Catalyzed Aziridinations Observed by Saito et

Aziridine Synthesig’"%0

NR2  sulfide (200 mol%) NR2 al.84
| —_—
1 CICH,l, 2
CH,Cly, rt, 16 h OH
S
> N - Br _Ts 3 Ts
entry R R sulfide yield (%) ee (%) | + )IN 100 mol% . N
1 Ph Ts THT 68 o Ph KzCO;3 (3.0 eq) P X" ph
2 pNOCH: Ts THT 66 3.0 eq solvent, t, 2d vont transic
3 pAcOGHs Ts THT 68 MeON a4
4 CoH11 Ts THT 72 9:1MeCN/H,0  10:90
5 Ph SES THT 72 , . o
6 Ph p-MeOGH,  THT <3 ible.®® Therefore, in these cases, the product distribution is
7 Ph 0-MeOGHs  THT 79 determined by the initial facial selectivity of the attack of
8 Ph 0-MeOGH;  9a 70 19 the ylide on the imine. Stabilization of the anion of the

betaine by the electron-withdrawimdssulfonyl group might
partly explain the difference compared with the related
epoxidation case. In the case of stabilized ylides, however,
the analogous crossover experiments demonstrated that the
addition of the ylide was reversible. The rate of ring-closure

a2.5 equiv of CICHI were used.

Scheme 34. Generalized Mechanism for Sulfur
Ylide-Mediated Aziridination

L /\U’? R +R1/“N_R5 of the betaines is the rate-determining and diastereo-
R -éSﬁ H SRE T 89 N ge differentiating step for stabilized ylides. A computational
R R R® H study onN-sulfonylimines by Robiette has supported these
findings?* also shedding great light on the nature of the
R2R3Sl transition states involved (see below).
On the basis of calculations on the reaction Igf
R sulfonylimines with semistabilized ylides, Robiette predicted
/ﬁ\ that, for anti-betaine formation, the ylide approaches the

imine in a cisoid fashion analogous to the transition state
) ) found for epoxides (see section 2.1.5), but unlike epoxides,
(compare entries 6 and 7 in Table*®8)it was postulated  for synbetaines a transoid approach is favored (see Figure
that these imines were activated through chelation of zinc. 4, TSanti-A and TSsynB). For theanti-betaine, both steric
A|th0Ugh some investigations were undertaken into rendering and Coulombic interactions favor the cisoid approach_ In
this process asymmetric, the best ee obtained to date is 19%addition, a G-H-++O hydrogen bond between an oxygen of

employing sulfidea (entry 8)>7

3.1.5. Origin of Diastereoselectivity in Sulfide-Catalyzed

Aziridinations

showed that the addition of semistabilized ylides Ne

the sulfonyl moiety and a sulfide methyl hydrogen also

stabilizes TSanti-A. For the synbetaine, steric factors
outweigh the Coulombic interactions and the transoid ap-

proach is favored. In addition, solvation lowers the energy

With different ylides, the diastereoselectivity-determining of the transoid structures (TS-B) relative to the cisoid TS
step in the reaction mechanism varies (Scheme 34). Using(TS-A and TS-C, due to better access to the polar groups)
crossover experiments (generation of the betaine intermediateand competes with Coulombic stabilization. Thus, more polar
in the presence of a more reactive imine), Aggarwal et al. protic solvents give moreis-aziridine (see Scheme 3%).

In both cases, the steric clashes with Msulfonyl group

sulfonylimines forming intermediate betaines was nonrevers- are the dominant steric interactions. The calculated energy

H-Bond
PN 0o o
Favorable ! H \\S// '
dipolar\i/{ 0N
interaction~s—" T3~ N :
LS
Ph H

R

TS-anti-A

Favored by H-bond
1 and polar interaction.

TS-syn-A
Sterically
disfavored

Ms Ms
N N/»‘f:
H R R SMe,
Ph H Ph H
§Mez H
\Ts-anti-B TS-anti—Cj

Sterically disfavored

Ms

~ i
N ; SN 4
H R | R SMe,
H Ph | H Ph
SMe; H
TS-syn-B TS-syn-C
Sterically Sterically

favored

disfavored

R =Ph or CO,Me

Figure 4. Six possible staggered transition states leadingyto and anti-betaines.

trans-aziridines

cis-aziridines
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differences between the transition statesdpn and anti-
betaines predict thatans-aziridines will be favored but only
just, leading to low stereoselectivity, as is generally observed

Chemical Reviews, 2007, Vol. 107, No. 12 5857

Scheme 36. Synthesis of the Taxol Side Chain Using
Sulfide-Catalyzed Aziridination®2

Ts

| (0]
experimentally (see Tables 4, 5, and 7). 0 I NN Na® Q’L on
For stabilized ylides, Robiette’s calculations predict that <\J\| PhJ

the ring-closing step from betaine to aziridine is the rate- Niges - N
and selectivity-determining step. This-aziridine transition RﬁZ{éﬁc‘)z%mrﬁL’.%};) 5
state is favored over thigans-aziridine transition state by 4 PTC, dioxane, trans:cis 8:1
decreased steric interactions around kasulfonyl group. 40°C, 48 h, 52% 98% ee
The relative energies of the transition states for ring-closure

of the betaines tais- andtrans-aziridines predict a small O MeO,C,  Ph
preference for theis-isomer, as is observed experimentally q_\yh o HN_/<°
(Table 6). Amide-stabilized ylides show intermediate reactiv- = \ == Ph
ity (between ester- and aryl-stabilized ylides) and show e .
intermediate selectivity, i.e., essentially a 1:1 ratiocef Ph

andtrans-aziridines. 42

_The substantial effect of the imirl-substituent on the  gcheme 37. Synthesis of a Fragment of Nelfinavir Using
diastereoselectivity in the reaction of semistabilized ylides syilfide-Catalyzed Aziridination®

has not been fully explained. Clearly, the substituent can Bn

affect whether transoid or cisoid approaches are favored and NBn TE'L(HZSO(Z"‘;:?;)‘ N
affect the relative energy differences of the transition states ><0]/ Et,Zn (100 mol%) ><°j/u
for syn andanti-betaine. In addition, the degree of revers- o CH,Cly, 1, 16 h, 55% o

ibility might be affected by the steric bulk and the electron- 44 45
withdrawing ability of the substituent. In the reaction of anti.syn 1.3:1
ylides generated from preformed sulfonium salts, Hou and l
co-workers have also shown that the imiksubstituent can

influence the diastereoselectivity in the reactions of amide-

stabilized ylides and imin€$. In their system, betaine \ren
formation could change from reversible to nonreversible by ><°
changing theN-substituent (and indeed other variables). o} SPh
Future studies may delineate the influence of each of these 46
factors more clearly. Nelfinavir fragment

3.1.6. Origin of Enantioselectivity in Sulfide-Catalyzed

) Jhatlt] oxazoline 42. Further transformations then furnished the
Asymmetric Aziridinations

Taxol side chain in 20% yield over seven steps from

As in the related epoxidation reactions, four main factors commercially available starting materials.
affect the enantioselectivity in ylide-mediated aziridinations ~ Aggarwal et al. have also demonstrated the utility of their
with semistabilized ylide®? These are discussed in section sulfide-catalyzed terminal aziridine synthe¥igziridination
2.1.6. Again, the enantioselectivity is controlled in the of theN-benzylimine44 derived from glyceraldehyde yielded
nonreversible betaine formation step. A single diastereomeraziridine 45, which readily underwent ring-opening with
of ylide must be formed, and the ylide conformation must thiophenol to afford a fragment of the protease inhibitor
be well-controlled. Finally, the ylide must exhibit high facial Nelfinavir (see Scheme 37).
selectivity in the approach to the imifig%®In aziridinations
with sulfides such ag2, these factors are well-controlled 3.1.8. Summary of Chalcogenide-Catalyzed Aziridinations
and high enantioselectivities are observed (especiallgrfor o ) _
betaines and, thusans-aziridines). In the case of stabilized A range of aziridines are accessible through sulfide-
ylides, betaine formation is reversible and the ee is deter- catalyzed chemistry. Some Systems employ alkyl halides, but
mined in the ring-closure step, and poor to moderate the l?est results are obtained v_\nth metallocarbenes as the
enantioselectivities are observed (Table 6). The restriction @lkylidene source. The use of diazo compounds to this end
to semistabilized ylides is the main limitation of this has been largely superseded by the application of the safer
asymmetric methodology, and it is likely that new sulfides N-tosylhydrazone salts. As aziridines bearing a range of

will have to be designed to achieve high enantioselectivities Nitrogen substituents can be synthesized, this method allows
with stabilized ylides. access to compounds that could not be reached readily by

olefin aziridination"¢ Furthermore, it is possible to synthe-
size vinyl aziridines through ylide chemistry, which is
difficult through olefin aziridination. The main drawback

Sulfide-catalyzed aziridination methodologies have been with sulfide-mediated imine aziridination is that the drs are
applied to the synthesis of the Taxol side chai){>anda  |ow in many cases. Excellent enantioselectivities and good
fragment of the HIV-protease inhibitor NelfinavitThe key  yields have been consistently obtained in the synthesis of
steps of both of these syntheses are outlined below. vinyl and aryl aziridines. Ester- and amide-bearing aziridines

Aggarwal and Vasse sought to synthesize the Taxol sidecan also be accessed in good yield, but ees are moderate at
chain through catalytic aziridination of tide-SES-protected  best. A separate process also allows for the synthesis of
imine 41 (Scheme 362 Deprotection of the SES group, terminal aziridines in good yields, but only with low
followed by benzoylation and rearrangement, then afforded enantioselectivity.

3.1.7. Applications in Synthesis
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Scheme 38. Standard Methods for Sulfide-Catalyzed Scheme 39. Catalytic Cycle for Cyclopropanation Proposed
Ylide-Mediated Cyclopropanation by Tang and co-worker$®8

R1
COAr?
. /e
1w =
R_SR, R,S o o e
~ sl Ph
OH  _
1. RU_X, Br
base S -COA?
OR Me Cs,C0;4
2. [M]=CHR' &t Ph
OH ~

4. Cyclopropanation
. Table 9. Tang and co-workers’ Sulfide-Catalyzed
Cyclopropanes are commonly prepared by reaction of cyciopropanation using Alkylation/Deprotonation
metal carbenoids with nucleophilic alkenes or by addition Yiide-Mediated Protocol

of carbanions bearing potential leaving groups to electrophilic COAR
alkenesg %6 Within the latter process, reports of organocata-

lytic chalcogenide-catalyzed cyclopropanation reactions are PN Br AT e
somewhat limited. As with epoxidation and aziridination Ph (1\59 )Br 'Y'f\/\/F,h 47
reactions, these reports have centered on the in situ generation o oa (20 mol %) N
of an ylide from a chalcogenide, which is regenerated in the *
reactiont! There are two principal methods by which this A -COA”  Cs,CO4 (2 69.), 0°C GOAr®
may be achieved: (i) through alkylation of the chalcogen 251 HBUOHICH,CN ANG>

Ar Ph

heteroatom with an alkyl halide followed by deprotonation,

and (ii) by reaction of the chalcogen with a metal carbene
(Scheme 38). The most studied, sulfide-catalyzed cyclopro- ce
panation will be discussed first, followed by the use of gngry Alt Ar2 () (%) 4748 (%)
selenides and tellurides as cyclopropanation catalysts.

48

1 Ph Ph 36 92 86114 82

, , 2 Ph -MeCHs 57 87  87:13 81

4.1, Sulfide-Catalyzed Cyclopropanations 3 0-BrCeH. Eh “ 20 90 7723 88
o , . , 4 pBrCsH, Ph 30 89 7525 77

4.1.1. Catalysis via Sulfide Alkylation/Deprotonation 5  pMeOGH, Ph 80 66  86:14 80

The most traditional method for the formation of a . o
sulfonium ylide is through the alkylation of a sulfide with ~Scheme 40. Attempted Cyclopropanation Reaction with
an alkyl halide followed by deprotonation of the resulting Sulfonium Salt Derived from O-Methylated Chiral Sulfide

sulfonium sal€ The alkylation is often carried out in a Me B

separate step with isolation of the salt, which may then be S TMS \j\/
either deprotonated in the presence of a Michael acceptor OMe _BUOK oo

for cyclopropanation or, in cases where the ylide is highly . THF, -78°C R=H
stabilized, deprotonated in a separate step to form the ylide, LA\ COMe 49 R= TMS

which may then be isolated and stored for several wétks.
However, it has recently been shown that it is possible to o ) )
carry out this alkylation/deprotonation sequence in the Of a substoichiometric amount of the preformed sulfonium
presence of non-base-sensitive Michael acceptors, thussalt, although addition of an equivalent amount of sulfide
allowing a one-pot reaction, and, since the sulfide is Was reported to yield similar results.
regenerated in the reaction, substoichiometric amounts as low Unlike the reaction in which a stoichiometric amount of
as 20 mol % of sulfide can be us&d. the sulfonium salt is deprotonated, this reaction does not
This methodology has been demonstrated by Tang andtolerate sulfonium salts bearingarimethylsilyl substituent.
co-workers, who have extended the stoichiometric use of The cyclopropanations ef,3-unsaturated esters and amides
their sulfide 2a in asymmetric cyclopropanatiohgo a have also proven to be problematic. Furthermore, the higher
catalytic version of this chemistry (Scheme 39in this case, temperatures required for the catalytic reaction mean that,
only 20 mol % of the preformed sulfonium salt is required, although the diastereo- and enantioselectivities are high, they
and in the presence of 1.5 equiv of cinnamyl bromide, a are occasionally not as good as those obtained in the
number ofB-aryl enones have been cyclopropanated. High stoichiometric reaction.
yields and diastereoselectivities were achieved using this The presence of the hydroxyl group on the sulfide was
catalytic cycle with moderate to high enantioselectivities, reported to be critical to the reaction as it is proposed to
although prolonged reaction times were required (Table 9). serve as a hydrogen-bond donor to the Michael accéptor.
It is also worth noting that it is possible to obtain the other Methylation of this oxygen was shown to prevent the desired
enantiomer of the product by using the diastereomeric sulfide reaction from occuring, with only productd9) resulting
in which the hydroxyl and thioether occupy the endo from rearrangement of the ylide (Scheme 40). It is believed
positions. Most of the examples reported by Tang and co- that the hydroxy sidearm helps to organize the transition state,
workers for this reaction were conducted through the addition leading to excellent face-selectivity. This, in combination
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Table 10. Kim and co-workers’ Dimethyl Sulfide-Catalyzed The use of 20 mol % of THT in these reactions, in the
Cyclopropanation® presence of GEO; and 1,2-dichloroethane at 8C, afforded
R2 R? 1 the desired compounds as single diastereomers in moderate
A EWG!, RL_EWG? MezS (150mol%) g\ EWG to good vyields. The reaction could be applied dg3-
R NaOH (1.5 eq.) HeN unsaturated esters, ketones, and aldehydes, andebatid
Br CHaCN, rt EWG2 Z-alkenes were found to give the same diastereomer of the
(1.5eq.) trans only prOdUCt-
entry R R EWG R EWGE fime(h) vield (%) 4.1.2. Catalysis via Ylide Formation from a Carbene
1 Ph H COMe H COMe 12 45 Source
2 pMeCH, H COMe H COMe 12 47
3 pCICHs, H COMe H COMe 13 49 ; ; ;
1 p-Meéelfu H COMe C CN 20 52 _ S_ever_al reports have dealt W|th the generation of an ylide
5 H Ph CN H COMe 12 48 in situ via reaction of a sulfide with a metal carbefé! 10

Unlike the more traditional method in which a sulfide is
reacted with an alkyl halide followed by deprotonation, this
reaction is conducted under neutral conditions and thus
tolerates base-sensitive substrates. Furthermore, the long

aTwo stereoisomers were obtained in a ratio of 3:2.

Table 11. Sulfide-Catalyzed Intramolecular Cyclopropanation

@ h fve reaction times agsocigted with some of the above m_ethqu
@f\Br (20 mol %) H may also be.av0|ded in many cases as ylide formation via
xFh ewe A this method is often much faster.
DSE?%‘S%C 50 To this end, the catalytic cycle developed by Aggarwal et
al. for epoxidation and aziridination (see sections 2.1.2 and
entry X n EWG yield (%) 3.1.2) has also been applied to cyclopropanation, and allows
1 0 1 COMe 76 substoichiometric amounts of sulfide to be employed (Scheme
: g& 9 E%E"te > 41). Using this process, both semistabilized and stabilized
4 CHy 1 CHO 64 ylides can be generated. Stabilized ylides may be generated
5 CH, 1 COPh 64 directly from the diazo compound. In this case, slow addition
a At 45 °C. of the diazo compound via syringe pump is required in order

to minimize its concentration in solution and thus prevent
side reactions between the metal carbenoid and the diazo
compound®® Semistabilized ylide$! however, should be
generated from th&l-tosylhydrazone salts, which allows a
much safer in situ generation of the less stable diazo
compounds in the presence of a phase-transfer catalyst.

this case, slow addition via a syringe pump is not required
because diazo compound generation can be easily regulated

with the well controlled ylide geometry (see section 2.1.6),
results in good diastereo- and enantioselectivities in the
products. Furthermore, the use of dimethyl sulfide or THT
in place of this sulfide under the same conditions gave only
trace amounts of the cyclopropanation products.

In contrast, under different conditions, Kim and co-workers
employed dimethyl sulfide in a catalytic cyclopropanation . . :
usirrl)g gllylic bromi()j/es derived from BailltHsHiI)I/marrl) adpducts by Eongrf)lllng the temperature of the reaction (typically-30
(Table 10)* In these cases, although the sulfide is regener- 40 °C).
ated in the reaction, 150 mol % of sulfide was used to obtain ~ For semistabilized ylides, the reaction has been shown to
the cyclopropanation products with moderate yield and work well for a number of acyclic enones, giving high yields
excellenttrans-selectivity. Acyclic enones were reported to and moderate diastereoselectivities in many cases (Table
work well with this chemistry, but reactions with cyclic 12)3*191Six-membered-ring sulfides such as pentamethylene
enones, acrylates, and acrylonitrile were unsuccessful. In-sulfides53 and54 gave better yields than five-membered-
terestingly, 2-chloroacrylonitrile could be employed in this ring sulfides (see Figure 5). The cyclopropanation reactions
reaction, giving the product in 57% vyield. A range of are slower than the corresponding epoxidation and aziridi-
substituted allylic bromides was also used. nation reactions. As a result, ylide equilibration can become

More recently, Tang and co-workers have extended this competitive and it has been noted that products resulting from
chemistry to a catalytic intramolecular cyclopropanation Sommelet-Hauser rearrangements have been obtained in
reaction to obtain benzobicyclic compourk(Table 11):° reactions employing THT as the ylide precursor (Scheme

Scheme 41. Aggarwal and co-workers’ Sulfide-Catalyzed Cyclopropanation Using Metal Carbenes as the Ylide Precursor

Semi-
Stabilised Stabilised

Ylides Ylides

. ) 8 i
EWG R,8” R! p r[no]W ) PTC -

(] NS
Jl/ N2CHR1 - R1/\N’ \TS
2
R Na
RZ
R! N
2
EWG R,S [M]=CHR'
(20 mol%)

M = Rh,(OAc)s, Cu(acac),, PTC = BnEt;NCI (20 mol%)
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Table 12. Aggarwal and co-workers’ Sulfide-Catalyzed Table 13. Use of Different Michael Acceptors in the
Cyclopropanation Using Diazo Compounds Sulfide-Catalyzed Cyclopropanation Using Stabilized Ylide¥*104
COR? o i (8" (100 mol%)
R mol%) EtO,C
/\, 1 ‘)\OEt S
R,S (20 mol%) Ph “R! R )ﬁ\ ’ l\llz e e RZBA/COR1
/\)OL Rha(OAC), (1 mol%) 52a R2°OR3 Cu(acac), (5 mol%) RS
R™N"""R®  PhCHNNTSsNa (15 eq) * 1:2-DCE, 65°C
51 BnEt;NCI (20 ngol%) COR? -
dioxane, 40 °C A entry R R2 R3 n  yield (%) dr
P RS 12 Ph H Ph 2 72 4:2:1
52b 22 Me H H 2 64 >95:5
3 OEt H COEt 2 68 >05:5
entry R R? RS  dr62a52b) ee (%) yield (%) 4: Me Me Me 2 5 >95:5
1 Ph  Ph 53 41 9zb 5 ~(CHz— H 1 81 11
2 Ph Ph THT 11 4% aRef 101.° Ref 104.
3 Ph Ph 18 4:1 97 38
g EE EE gi 4511 g? ?g Scheme 43. Catalytic Asymmetric Cyclopropanation Using
6 Ph  Me 54 ' 5 Stabilized Ylides Derived from ent-22
7 Me Ph 54 4:1 90 50 o]
8 H OEt 54 71 10 H
a Conditions: RB(OACc) (1 mol %), PhCHN (1 equiv), toluene, rt, CO,Et
12 h.P100 mol % RS. ¢50% starting material recovered. i) Cu(acac), (5 mol%) H
ent-22 (1 eq.)
(e} o 81% ee
1,2 DCE, 60 °C, 24h
S %QE‘ l é 74% vyield, 1:1 d :
O S N2 6 yleld, 1: I. o
O H
53 18 NCO,Et
H
22 54

75% ee

Figure 5. Compounds3, 22, 18, and54. . e . . .
ot pou It can sometimes be difficult to predict which substrates will

Scheme 42. SommeletHauser Rearrangement of Five- and work well with this chemistry:9
Six-Membered Ring Sulfur Ylides The catalytic reaction with stabilized ylides works well
_ Sommelet- n with both cyclic and acyclic enones to give high yields and,
(‘X" ylide w" Hauser in some cases, high diastereoselectivities (Table 13). How-
equilibration - rearrangement “g K
> A ever, acrylates, enals, and nitrostyrene have proven to be
SN N, problematic.
n=155a n=156a Sulfideent-22has been used catalytically in the synthesis
n=255b n=256b of cyclopropanes with stabilized sulfur ylides (Scheme 43).
*fast forn = 1, slow for n = 2 In this case it was possible to obtain high enantioselectivities

in the reaction although the diastereoselectivity was ptor.
42) 10112 However, six-membered-ring ylides do not allow Contrastingly, however, the equivalent reaction using the

such rapid equilibration to occ# and thus give improved ~ Stoichiometric sulfonium  salt deprotonation method of
yields. generating the ylide was shown to provide high diastereo-

A number of chiral sulfides have also been developed for selectivity but low enantioselectivity in one of the products
this chemistry’119L102Because of the propensity of ylides (57, 14% ee) (Scheme 44). The difference between the
containing five-membered rings to undergo rapid isomer- catalytic reaction and the preformed salt reaction has been
ization under these conditions, the reactions using semista-aitributed to one of the diastereomeric betaines ring-closing
bilized ylides have been conducted with the [2,2,2]-sulfide Slowly due to nonbonded steric interactions in the TS and,
54 as catalyst to give optimum yields and enantiomeric thus, undergoing competitive base- and/or ylide-mediated
excesses (Table 19)To explain the observed selectivities equilibration under these conditions. This base/ylide-mediated

the same factors must be considered as for sulfur ylide- Proton transfer does not occur in the catalytic reaction
mediated epoxidations (sections 2.1.5 and 2.1.6). BetainePecause of the neutral conditions and the low concentration

formation is nonreversible and so this step is also the Of Ylide intermediates in these reactions (Scheme 43).

enantioselectivifty—determining step. As befpre, a single o_lia- 4.1.3. Applications in Synthesis

stereomer of ylide should be formed and its conformation ) ) )

and face selectivity should be well controlled. The diaste-  Sulfide54 has also been used in the synthesis of confor-

reoselectivity is controlled by nonbonding interactions Mationally constrained cyclopropyl amino acids (Scheme 45).

between the ylide and the Michael acceptor substituents. Using the conditions shown, the product was obtained with
In many cases the reactivity of substrates in this carbene-complete cis diastereoselectivity and, following recrystalli-

based catalytic cycle for sulfur ylide cyclopropanation is not Zation, was also obtained with high enantiomeric puffity.

mirrored by the equivalent reaction where the ylide is formed 42 Selenide-Catalvzed Cvcl .

through deprotonation of the salt. In some cases this can be™“: elenide-Catalyzed Cyclopropanations

attributed to the increased reaction temperature required for One account has been reported of a cyclopropanation

the catalytic reaction; however, this is not always the case. reaction that uses a selenide catalyst (Schemé®38).this
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Scheme 44. Mechanism of Base- and Ylide-Mediated Epimerization of the Intermediate Betaine in Cyclopropanation Leading
to High Diastereoselectivity and Low Enantioselectivity in One of the Diastereomers (5%}

o) o o
BF, o= " @H o
4 H  fast CO,Et Focoet | M H

'ST™CoEt  H SRy H A CO,R
O © M o 57 H H &
o exo (4)-57, 14% ee ()- SR,
é T exo
_ fast
(o] y [¢]
l¢] o) H 1 H
CO,Et & H H T u
B H slow - CO,Et T CO,Et V‘ H
A SR g A §R2 RO,C SR,
endo (+)-58, 80% ee endo
| |
base
87% yield
57:58 = 9.6:1

Scheme 45. Application of Sulfide 54 in Catalytic
Asymmetric Cyclopropanation toward the Synthesis of
Cyclopropyl Amino Acids

i) Rh(OAc), (1 mol%)
BnEt;N Cl (20 mol%)

o \ NG 54 (20 mol%)
NS -di ©f
0 + Ph/\N’N‘Ts 1,4-dioxane, 40 °C, 24 h
CO,Et i) recrystallisation
cis only, 40% yield, 100% ee
o .
Ph AN 6N HCI, reflux, 4 h Ph\A;,NHaCI
- 0, -
P 90% CO,Et

Scheme 46. Trimerization of Diazoketones Catalyzed by
Selenides

[Cu] o
Ar,Se N2
.
AraSe—\
COAr!
COAr! COAr!
. COAr!
S Ar,Se
1 1 2
Ar'oC COAr COAr

4
SeAr,
Ar = p-MeO-CgH,4

case, as little as 5.5 mol % of selenide was used as a catalys
in the trimerization of a number of aromatic diazoketones
to form the cyclopropanes in moderate to good yields (Table

14).

4.3. Telluride-Catalyzed Cyclopropanations

Table 14. Yields Obtained in Selenide-Catalyzed
Cyclopropanation (According to Scheme 46)

entry Al selenide (mol %) yield (%)
1 Ph 100 59
2 p-CICeH4 100 54
3 m-CICgH4 100 49
4 p-MeOGsH4 100 55
5 p-CNCgH.4 100 41
6 p-MeCeH4 100 68
7 p-MeCgH4 55 44

reaction is believed to proceed through a similar mechanism
as that described for the formation of sulfur ylides, and under
these conditions a number ¢f-aryl enones have been
cyclopropanated to give high yields and excellent diastereo-
selectivities (Table 15).

It has also been shown that substituted benzyl bromides
make good substrates for this reacti®hin this case, a
number off3-aryl heteroaromatic enones have been cyclo-
propanated to give the products in good to excellent yields
(Scheme 47).

An asymmetric version of the above reaction has also been
developed by Tan¥?® The replacement of diisobutyl telluride
with a C-symmetric telluride to make sd@0 has been shown
to yield the product vinyl cyclopropane with high yield,
diastereoselectivity, and enantioselectivity with sqfreryl
enones (Scheme 48).

4.4, Summary of Chalcogenide-Catalyzed
Cyclopropanations

In summary, there are limited reports of catalytic chalco-
genide-mediated cyclopropanation reactions. Methodologies
are based on the in situ generation of an ylide from a
chalcogenide, either through alkylation of the heteroatom

ith an alkyl halide followed by deprotonation or by reaction

f the heteroatom with a metal carbene. The majority of
examples that exist are catalyzed by a sulfide, and the groups
of both Tang and Aggarwal have developed chiral sulfides
that allow the generation of the product cyclopropanes with
high yield, diastereoselectivity, and enantioselectivity being
obtained in many cases. Tang and co-workers have also

There are a number of reports of catalytic telluride- extended their work to incorporate tellurium ylide cyclo-
mediated cyclopropanation reactions. In particular, Huang propanations, and the use of a chiral telluride allows the
and co-workers have extended their catalytic cyclopropana-synthesis of cyclopropanes in good enantiomeric excesses.

tion through the in situ alkylation of sulfides with an allyl
bromide (section 4.1.1) to the use of telluridé81°’ The

To date, there is only one report of a selenide-catalyzed
cyclopropanation.
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Table 15. Telluride-Catalyzed Ylide-Mediated Cyclopropanation Table 16. Sulfide-Catalyzed Chromene Synthesis
1
" R1\"&/\SiMe3 o 10 o Z 0" > COo,Et
\ il T i 1 Oo
R 2' Bu; : 59a |\ N Br K.COn DCE. 80 62
+ (20 mol%) + Ao X COE or *
THFAtrace Hy0 R? ii) THT (100 mol%) R!
B >"siMe,  Cs2C0s, 50°C o1 .0, Do 80 % m
P ses Z 0" Co,Et
59b 63
t R diti 62/63 ield (%
entry R R 59450b  yield (%) ety condiions yield (%)

1 H i 33:1 85
1 Ph COPh >98:2 70 2 1-naphthy | 37:1 88
2 pCICHs  COPh >99:1 64 3 64BU i ~991 99
3 pNOCsH: COPh >99:1 83 4 4-Me i 201 85
4 p-MeCsH, COPh >098:2 70 5 H i 1.'20 83
5 Ph COCH=CHPh >99:1 58 6 1-naphthyl i 1?99 85
7 64Bu ii 1:20 87
8 4-Me ii 1:25 85

Scheme 47. Use of Benzyl Bromide in Telluride-Catalyzed
Cyclopropanation Reactions

Scheme 49. Proposed Mechanism for Sulfide-Catalyzed
o . S\ Chromene Synthesis
X s i-Bu,Te O

| /) (20 mol%) : m

X . NaOH, THF A 0~ CO,Et
,30-50h  Ph ©\ 63

N X

Ph
X =Cl, 73% Cs,CO, }
X =H, 65% J

0 N -COE 07 “CO.Et

Scheme 48. Application of a Chiral Tellurium Salt in Tang

and co-workers’ Organocatalytic Cyclopropanation Reaction 61 O 62
BT, 60 COR! S
+
Te/\/\SiMes &/\

Br

xCOR! L (20 mol%) R SiMeg .

R - 59a L) Br .

N THF, Cs,CO; . [ s> o L $ ) o
COR!
B A siMe @\/ m
3 A P o\ CO-Et o “cogt
R 7 SiMe,
59b base \ }

R=R'= Ph: 86% ee, 91% yield, 59a/59b = 90/10
R = p-Cl-CgHy, R = Ph:  89% ee, 94% yield, 59a/59b = 91/9

@\) - Cfg_/coza
5. Sulfide-Catalyzed Chromene Synthesis o\ COE g
65

66
While investigating sulfide-catalyzed cyclopropana- \/
tions (see section 4.1), Tang discovered that THT could ] ) ]
catalyze the formation of chromened2 and 63 from 6. Telluride-Catalyzed Olefin Synthesis
appropriately substituted benzyl bromides (Table 26)1° ] o ]
Either 2H- or 4H-chromenes could be obtained selectively 6.1. Te-ylide Olefination and Related Reactions

depending on the choice of base employed: potassium |, he early 1980s, it was reported that stabilized telluro-
carbonate or cesium carbonate. Optimal sulfide loadings ni;m ylides react with aldehydes to yield alkefég,111

varied from +100 mol % depending on the substrate and | 5161 "Huang et al. reported that the corresponding telluro-

th_e desweq outcome. Good to excellent y|eId_s were ac;hlevedmum salts react with aldehydes in the absence of base to

with a variety ofa,f-unsaturated esters using this simple give E-o,B-unsaturated alkenes in excellent yielt&sThe

and mild protocol. salts could be generated in situ from the reaction of dibutyl-
The proposed mechanism is shown in Scheme 49. Tetra-telluride witho-haloestersp-halonitriles, andx-haloketones

hydrothiophene reacts with benzylic bromigieand depro- to give a one-pot telluride-mediated olefination process.

tonation leads to ylid&5. However, conjugate addition is  Subsequently, Huang et al. reported a method for using the

not followed by the expected cyclopropane formation; rather, telluride as a catalyst with triphenyl phosphite as a stoichio-

phenolate is eliminated, and,8 attack leads to expulsion  metric reductant***14Thus, reaction of dibutyl telluride (20

of THT and formation o62. If Cs,CQO; is usedf2isomerizes mol %) with ana-haloester or am-haloketone, potassium

to 63. carbonate, triphenyl phosphite, and aldehyde in THF afforded
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Table 17. First Telluride-Catalyzed Olefination of Aldehydes C(CHZO/\/O\/\TeBu)4
Bu,Te (20 mol%)
. ;
+
Br. A . .
R’ R? a0, R R? Scheme 50. Proposed Major Catalytic Cycle for
' Telluride-Catalyzed Olefination
entry R R? time (h) yield (%) o
1 p-Cl-CeHy OMe 13 89 2
2 p-Cl-CeHa OMe 20 79 (PhO);PO R
3 Ph OMe 13 98
4 p-Me-CeH,4 OMe 18 95 BuyTe
5 2-furyl OMe 7 76 (PhO
6 (E)-PhCH=CH OMe 17 80 )P
7 Me(CH)s OMe 17 83 ~
8 cyclohexyl OMe 12 74 Y Br
9 p-Cl-CeHa Ph 17 89 Te
10 Ph i-Pr 145 08 Bu,TeO /:7240
aNo Z-isomer found in any cas€ NaHSQ and a trace of water
- o)
were used in place of (Phép. 0
R1/\)J\R2 Rzﬂﬁ K2CO3
Table 18. Tang and co-workers’ PEG-TeBu-Catalyzed
Olefination of Aldehydes ;
R'CHO
o o PEG-T&B(U: (()2 mol%) o
2 3 H
R - . Scheme 51. Routes for Formation of 70
R1J Br\)LRZ P(OPh)s, toluene R1/\)LR2
or T H,0 Bu Bu o)
NaHSOs, THF-H,0 Bu,Te*\)J\Ph % B,_T:e_O_T:e_Br + L
i - Br Bu Bu Ph
ime yield
entry R R2 reductant  (h) E/Z (%) 69 70
1 p-Cl-CeHa OEt P(OPh) 7 >991 98 o
p-Cl-CeHa OtBu NaHSQ 48 >99:1 93 Bu RICHO Bu Bu o
3 Ph OEt P(OPh) 18 >99'1 98 T e O-TouBr + L
4 Ph QBu NaHSG 11 >991 92 Bu”™ > "Ph Br TElfuo TE.fu B+ Ny
5 p-Me-CeHg OEt  P(OPh 23 90:10 93 Br
6 p-Me-CsH, OtBu NaHSQ 24 94:6 96 69 70
7 2-furyl OEt P(OPR) 12  >99:1 96
8 2-furyl OBu  NaHS 11 >99:1 88 . L . .
9 trans}/phCH=CH OEt p(opr% 48  >99:1 74 Bu;Te in combination with 18-crown-6 gave a 69% vyield
10  transPhCH=CH OBu NaHSQ 23  >99:1 88 of ethyl (E)-p-chlorocinnamate (cf. trace amounts in the
e m:ggr@g o Eg%%g n O S absence of the crown ether). Additionally, it was proposed
13 cyclohexyl OEt  P(OPh) 48 >99:1 70 that the oxygens in the PEG could help stabilize the
14 cyclohexyl @u NaHS@ 48 >99:1 76 telluronium salts, improve efficiency, and decrease catalyst

degradation. The PEG-supported telluride was synthesized

alkenes in good to excellent yield and with excellent in two steps from PEG in 82% yield. The catalyst could be
E-selectivity (see Table 17). Use of inorganic reducing agents recovered by precipitation with diethyl ether but gave reduced
in place of triphenyl phosphite gave lower yields under their yields in subsequent reactions. To improve the tellurium
reaction conditions (entry 2). loading on the carrier, a telluride-functionalized oligoglycol

In 2001, Tang and co-workers reported that catalyst 68 and related telluronium salts were used in place of PEG-
loading could be reduced to 2 mol % using a more active TeBul!”Excellent yields and selectivities were obtained with
poly(ethylene glycol) (PEG)-supported telluride, PEG-TeBu 2—5 mol % of the salts. Trisubstituted olefins were formed
(Table 18)!15116Changes to the order of addition reduced with good to excellenE/Z-selectivities (70:30 to 99:1) using
side products and were crucial to obtaining optimum yields the salt derived from the reaction of etlwAbromopropionate
at low catalyst loadings. In addition to the lower catalyst with 68 as catalyst.
loading, under these conditions the use of NahlSQ Recently, Zhu et al. reported telluride-mediated olefina-
reducing agent in THF/water (4:0.07) gave comparable yields tions using perfluorophenyl diazomethane to form a rhodium
to those obtained with triphenylphosphite. This gave a more carbenoid, which in turn reacted with stoichiometric amounts
practical method and also simplified the purification of the of Bu,Te to give the corresponding tellurium ylid&.
products. Use dfert-butyl a-bromoacetate as thehaloester Excellent yields andrans-selectivities were obtained; how-
gave the best yields by reducing formation of side products ever, the tellurium oxide byproducts were not recycled.
due to ester hydrolysis in the NaH$®ystem. Excellent The catalytic cycle proposed for telluride-catalyzed ole-
E-selectivities and good to excellent yields were obtained finations is shown in Scheme 50 and is similar to that
(Table 18). Use of the NaHSOsystem led to improved  proposed for other chalcogenide-catalyzed ylide reactions
selectivities in cases where lower selectivities had been (see section 2.1.3}2Mechanistic investigations revealed that
observed using P(OPhin toluene. telluronium salt69 reacted with water to give acetophenone

It was proposed that the PEG could interact with the and compound70 (Scheme 51) (see section 612118
potassium ions in a similar manner to crown ethers and, Initially it was thought that this was a catalyst deactivation
therefore, act as a phase-transfer catalyst and increase thpathway; however, it was later shown tha® could be
basicity of the potassium carbonate. This would, in turn, converted to Bele in the presence of P(ORgnd K.COs.
increase the rate of telluronium ylide formation and improve Compound70 can in fact be used as an effective catalyst
the catalyst turnover. This proposal was supported by thefor olefination of a-halocarbonyl compound3® Tang and
fact that, with P(OPh)as reductant, the use of 4 mol % co-workers also confirmed earlier reports that the olefination
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Scheme 52. Proposed Minor Pathway for Scheme 53. Proposed Catalytic Cycle for
Telluride-Catalyzed Olefination Telluride-Catalyzed Debrominations
(0] R2
Br\)]\Rz Br\X\Br RV\J‘RZ
Bu,Te \& R!
P(OPh); K.co g~ Bu O
or +
NaHSO; zs Bu/TeJJ\RZ
69
RaTe R,TeBr,
R'CHO
?u I|3u
Br-1'|e<O-'I'Ie-Br o)
Bu Bu RV\)LRZ
70 reductant

. . . . Scheme 54. Telluride-Catalyzed Transformation of
reaction could be carried out in the absence of base to giVeThiocarbonyls to Carbonyl Compounds with Proposed

low yields of the desired alkenes and showed that compoundcatalytic Cycle
70 was produced under these conditions (Scheme 51). s
Therefore, two pathways for olefination may be operating JL
(Schemes 50 and 52). It is believed that the major pathway
involves the telluronium ylide.

0
R'” "R2 R1/U\R2

6.2. Telluride-Catalyzed Dehalogenation and Ar,TeO ArTe

Related Reactions \ //B\
- . . . NS
Vicinal dibromides can be dehalogenated to form olefins HZ0/K;COs Ar,TeBr, Br

using tellurides as catalysts (Table 19).Suzuki et al.

reported that-MeOGsH,).Te was an effective catalyst using 54)12! Using (-MeOGH,).Te as the catalyst, good to

potassium disulfite as a stoichiometric reductant under excellent yields were obtained with catalysts loadings as low

biphasic conditions. The reaction exhibited excellent stereo- as 1.5 mol %, e.gt-Bu,C=S gave a quantitative yield of

selectivity, e.g., onlptrans-stilbene was obtained from the  t-Bu,C=0 in 15 h.

corresponding IR*,2S%-dibromide (entry 1) whilstcis-

stilbene was formed with very high dr (6:94) from the ita — ic —ij ; ;

alternative diastereomeric dibromide (entry 2). Detty and co- 7. Morita ~Bayls ~Hilman-type Reactions

workers found that, with more electron-rich tellurides such i

as (MeNCgHy4),Te, the scope could be extended to less 7.1 Introduction

reactive nonbenzylic bromides and could give terminal and Scheme 55 shows a Moritdaylis—Hillman (MBH)

trisubstituted olefins, although these reactions were very reaction, which effects aw-functionalization of alkenes

slow 20 Either glutathione (GSH) or sodium ascorbate (SA) activated with an electron-withdrawing group. Traditionally

was used as the stoichiometric reductant in these casesthese reactions use tertiary amine (e.g., DABERQy tertiary

Scheme 53 shows the proposed catalytic cycle. Comfflex  phosphiné® catalysts, and typically involve an aldehyde or

has also been used as a source ofTRBuin the catalytic activated ketone as the terminal electrophile, thus leading

dehalogenation ofi-halocarbonyl compounds? to hydroxyalkylated substrat@4. Alternatively, the employ-
Ley et al. have reported a related reaction using 1,2- ment of an oxophilic Lewis acid and a weaker Lewis base,

dibromoethane as a sacrificial reductant. Reaction of a such as chlorid&*?>bromidet?®iodide?® or chalcogenide

telluride with the dibromide in the presence of water gives (the subject of this review), species which are unable to effect

a telluroxide, which is a mild oxidant for the conversion of the transformation alone, is useful (Scheme 55, conditions

thiocarbonyl compounds to carbonyl compounds (Schemeb). These conditions allow more reactive Michael acceptors

Table 19. Telluride-Catalyzed Debromination ofzic-Dibromides

R2
R,Te (X mol%) 2
B 2 R
r\%\sr reductant RN
R
entry X R reductarft geometry R R? time (h) Ez yield (%)
1 5 p-MeOGsH,4 K505 (1R*,2S9 Ph Ph 24 E only 92
2 5 p-MeOGsH4 K2S,0s (1R*,2R% Ph Ph 24 6:94 88
3 25 n-CgHi3 GSH (1R*2S%) Ph Ph 135 E only 97
4 25 n-CgHis SA (1R*,2S%) Ph Me 42 E only 87
5 25 p-MezNCgH,4 GSH GHi7 H 536 79
6 25 p-MeaNCeH4 GSH (LR*,2R% Et Me oe Zonly 96
7 25 p-MezNCeH4 SA Ph Me 116 85
a2 GSH = glutathione and SA= sodium ascorbaté.Bu,NI used as additive.
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Scheme 55. Morita-Baylis—Hillman Reaction: General Scheme 57. MBH Reaction Using TiC/Chalcogenide as
Methods Reagents by Kataoka and co-workers
WEWG . ji aorb oH cwe o 9 TiCl (1.0 eq.) OH O
R R2 R ;iw /@)J\H ﬁj chalcogenide (10 mol%)
CHClp, 1t, 1 h
. 71 O,N O,N
a: NR; or PR
3 3 3.0eq. 75
eg % ﬁ\“ oy Chalcogenide:
-8 - Y3l
IN ZNJ s SMe
- O O™ O CO
b: Lewis acid / Lewis base; NR3 (e.g. DBU) S s Se
) ) 60% 76 77 78 79
e.g. EtAll, TMSSePh, TiCl, TiCl,/SR,, BF;*OEL/SR, 69% 67% 71% 70%
Scheme 56. Mechanism for a Traditional s s
Morita —Baylis—Hillman Reaction ©CS$© CSQ X
EWG - _EWG 3
NR; + W N J/ 0 80 81 82,X=Y=S,74%
+ 1)L ) 71% 85% 83,X=S,Y=Se, 78%
RsN R" "R 84,X=Se,Y=S,71%
72 \ 85,X=3S,Y =NBn, 76%
- 86, X = Se, Y = NBn, 69%
OH . o
transfer + OTiCl,
71
RsN
Lo RN a o
RS- EwG
R Sé
+ ON &+ Se )
RsN 2
74 Decomposition product
Proposed intermediate with
such as enones and enals to participate without complications transannular stabilisation

involving their dimerization (the RauhdCurrier reactiot?’)

or polymerizatiof?®2° and enable terminal electrophiles goiated by preparative thin-laver chromatography (TG
other than aldehydes and activated ketones to be used, suchpe meth)(/)golggy Was develgped usmgitr%bgnga(ldehzlde

as oxoniun¥®t* or iminium ions:** Using traditional  anq 2_cyclohexen-1-one as reactants. When using, @isle
catalysis, the ensuing basic environment facilitates in situ o chaicogenide, no reaction was observed in the absence
enolization/proton transfer of the intermediat® with of Lewis acid or éven in the presence of BBEbL, SnCh
sub_sequ_ent expulsion of catalyst from (mechams_m ScCh, Sc(OTf), LaCl, La(OTf)s, SMCh, Sm(OTf, LUCls,
outlined in Scheme 56§ On the other hand, transformations Lu(OTfs, YbCls, Yb(OTf); or Mg(CIOy),. MBH adduct75
conducted under Lewis acidic conditions usually require a5 isolated in the presence of a substoichiometric amount
stoichiometric amounts of Lewis base since the analog of ¢ SMe, (0.1 equiv) and stoichiometric amounts of TiCl
inter_medi_ate_73, now stabilized by c_oc_)rdinatior_l to the (60% vyield), AICE (30% yield), EtAICh (13% vyield),
Lewis acid, is unable to undergo efficient enolization or Eq,A|C| (1% yield), or HCL (15% yield) (Scheme 57).
the resultant Lewis acid-stabilized enolatd is kinetic-  gjng Hf(OTf), an aldol reaction involving the saturated
ally stable at ambient conditions. However, release of the _carbon of 2-cyclohexen-1-one was predominant (47%
Lewis base becomes facile during workup/purification or yie|q) ‘Using substoichiometric amounts of Ti@0.1 equiv)

by treatment of th$-_substltuted aldol-type precursor with  3nq SMe (0.1 equiv), the yield dropped to 17%; using
an amine base, typically DBU. Moreover, in many cases gigichiometric amounts of both reagents, the yield remained
where in situ enoh;atlon is apparent, dehydration rather than essentially unchanged (62% yield). A library of 11 sulfides
catalyst turnover is the observed consequence, especially;nq selenides was screened in the reaction between
when the reaction is conducted at elevated temperatai®s ( pjiropenzaldehyde and cyclohexen-1-one, and the yields after
°C).12512813413The MBH reaction and its Lewis base/Lewis 1 1, ranged from 60% (SMp to 85% (bisselenidesl)

acid variants have been extensively review€dhis section (gcheme 57). The authors attributed the superiorityldb

will focus on those MBH-type transformations involving 3 transannular stabilization of the cationic trivalent selenium
neutral chalcogenide-centered Lewis bases, but other transggpier by the second selenium atom (intermedsd)e The

formations will be discussed briefly where important com-  fact of time on the yield of MBH adduct was also examined

parisons need to be drawn. using SMe; the optimum reaction time was found to &5

. min (70% yield). If the reaction was allowed to proceed
7.2. Aldehydes and Activated Ketones as further, the yield steadily dropped te45% after 12 h. In
Terminal Electrophiles order to determine the origin of the apparent decomposition,

. . MBH adduct75 was treated with TiGI(3.0 equiv) at room
7.2.1. TiCly and Chalcogenide temperature for 1 h. A significant amount (57% conversion)
In 1998, Kataoka and co-workers reported that substoi- was converted to chlorid88 (Scheme 57).
chiometric amounts of a chalcogenide in the presence of a Kataoka and co-workers also explored the scope of the
stoichiometric amount of TiGleffected a MBH reaction  reaction with respect to Michael acceptor and aldehyde using
between a Michael acceptor and an aldehyde; the reactionsSMe, and bisselenid81 as Lewis bases. Electron-deficient
were conducted at room temperature, and following a aldehydes were converted in moderate to good yields (Table
saturated aqueous NaHg@uench, the MBH adducts were 20, entries 1 and 2), while more electron-rich aromatic
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Table 20. Scope of Achiral Chalcogenide/TiGHMediated MBH Reaction
chalcogenide (10 mol%) OH

o
Y EWG TiCl (1.0 eq.) EWG
R"H* R

conditions |

3.0 eq.

Entry Chalcogenide Aldehyde Alkene  Conditions Product %

1 SMe; o “ oH O 68°
-NO,CsH,CHO HK M
2 81 | Lh O,N 70

3 SMe, o » OH O 30
p-NO,CsH,CHO )|)\ /©))|)\
4 81 lh O,N 90 29
5 SMe, o OH Q 25
1t
PhCHO Ej O ‘
6 81 lh 52
9
7 SMe, o OH O 42
reflux Ph
PhCH,CH,CHO
8 81 10 min 55
92
OH
CN reflux CN
9 SMe;, p-NO,CsH,CHO W | 88
241
ON 03

10 SMe;, » OH 49
CO,Me CO,Me
p-NO,CsH,CHO W _ |
11 81 2 min ON 14
SO,Ph rt SO,Ph
12 SMe, p-NO,C¢H,CHO [ | 28
50h O-N
2 95

2 A small amount of side product 96 was also isolated.

a A small amount of side produ&@6 was also isolated.

aldehydes resulted in poor isolated yields (Table 20, entriesScheme 58.0-Ketoesters as Terminal Electrophiles Using
5 and 6). A single example of an enolizable aliphatic the Reagents TiCl/SMe,

aldehyde gave a moderate yield of its corresponding MBH SMe, (10 mol%)

adduct92 (Table 20, entries 7 and 8). With respect to the % TG (10ea)  goc ™9
Michael acceptor, enones gave good yields (Table 20, entries OEt + HL CHCl . 1h AMR
1-8), with the exception being the acycljgsubstituted 3.06q.

enone, E)-3-penten-2-one (Table 20, entries 3 and 4), which 97:R = Me, Ar= CgHs, 73%
gave a~30% yield of the desired addu@0. Additionally, e e oMy, 23%

in the reaction of methyl vinyl ketone (MVK), a side product 100: R = Me, Ar =6p-?\)le066H4, 64%
96 was also isolated in 3115% yield; the authors proposed 101: R = Me, Ar = p-MeCeHy, 51%

that it resulted from a sequence of transformations beginning
with an acid-catalyzed hetero-Diel#lder reaction between  as acrylonitrile, methyl acrylate and phenyl vinyl sulfone.

the MBH-adduct of methyl vinyl keton&9 and MVK. The optimum chalcogenide varied with substrate.

With further optimization of conditions, they were able to iah and K d K d Kers’
achieve the coupling op-nitrobenzaldehyde with more Basavaiah and co-workers used Kataoka and co-workers

demanding Michael acceptors (Table 20, entried®), such ~ conditions (TiCY/SMe;) to access MBH adduct87—101
using nonenolizable-ketoesters as terminal electrophiles
0 and methyl vinyl ketone or ethyl vinyl ketone as Michael
acceptors (Scheme 58%.Yields ranged from 4873%, but
attempts to expand the methodology to enolizablketo-
esters such as ethyl pyruvate were unsuccessful. Using
9 Kataoka and co-workers’ conditions, Bauer and Tarasiuk
NO, obtained moderate yields of the MBH adducts of 2-cyclo-

= 0]
OH
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Scheme 59. Proposed Mechanism for the Tigl
Chalcogenide-Mediated MBH Reaction

T|CI4

SMeZ
- TiCl
T +/©
Ho o Me,S
| 102
R)\C RCHO l
105 R
k'\"ez H - T|CI4
Mejsjij MeZS f

Scheme 60. Li and co-workers’ Synthesis of MBH Adducts
Using TiCl, Alone

o O TiCl,(1.2eq) OH ©O
Py CH,Cl,
Ar H + - - . Ar
0°Ctort,2h
20eq 75: Ar = p-NO,CeH,
56% yield
0 O  Tic,(1.2eq) oH o O
P N CH,Cly
ATHEN ———— A" N o
f,1h :
o

106: Ar = p-NO,CgH,
77% yield

hexen-1-one and—)-menthyl and {)-8-phenylmenthyl
glyoxylate in 54:45 and>97.5:2.5 dr, respectivelif? At-
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Scheme 61.a,-Unsaturated Thioesters as Michael
Acceptors in the TiCl/Chalcogenide MBH Reaction

TiCl, (1.0 eq.)

j.l\ o] chalcogenide OH O OH O
0,
R™OH+ HJ\SEt __(0mo%) g SEt R%SEt
| CH,Cl, 1t, 20 h
107: 2.0 eq. c
R = pNOCeHs 108 109
| - DBU (1.5 eq)
Chalcogenide Yield of 109 Toluene. rt. 1h
60%
SMe, 7%
S
110a 90%
|
Ph S Ph
(e]
110b 84%
||
Ph™ "se Ph

(Table 20)!37 Such relatively unreactive Michael acceptors
have not been shown to participate using Ti@lbne. In a
later publication, Kataoka and co-workers expanded the
scope of the methodology to includg3-unsaturated thioesters
107141 Reactions in the presence of 10 mol % of SMe
sulfide110g or selenidel10bwere superior to those without
(Scheme 61). Other aldehydes, including more electron-rich
aromatic aldehydes and enolizable aliphatic aldehydes, gave
yields above 50%. The dehydrochlorination step was also
examined in detail: ENH was found to be as effective as
DBU. Treatment with Ti(@Pr), was effective and also
brought about a transesterification to the isopropyl ester but
with the added consequence of released thiolate recombining
with product through 1,4-addition. However, in the presence

tempts to extend the methodology to methyl acrylate were of iodomethane, such 1,4-additions were suppressed, pre-

unsuccessful.

sumably through efficient methylation of thiolate.

Kataoka and co-workers proposed a mechanism (Scheme Although it is clear that the addition of chalcogenide is

59) that involved initial generation of @sulfonium-TiCl-
stabilized enolatd02 by conjugate addition of SMdo the

TiCls-activated Michael accepté#’ Coordination of the

aldehyde to the metal center @02 is followed by C-C
bond formation to give the TiGlstabilized alkoxidel04

important for the success of those reactions involving
relatively unreactive Michael acceptors, its importance in
those transformations involving enones is considerably less
clear. However, Kataoka and co-workers provided evidence
that the chalcogenide is not an innocent spectator in such

They then proposed an in situ enolization and expulsion of transformations. In response to Li and co-workers’ research,

the sulfide to form the MBH-adductO5 coordinated via
its oxygen atoms to TiGJ the stability of which they assume

Kataoka and co-workers reported that fhehloro deriva-
tives of the MVK-derived MBH adduct11 can be isolated

accounts for the requirement of the stoichiometric amount using the conditions developed in their laboratory [TiLO

of Lewis acid.

equiv), chalcogenide (10 mol %)] and explained that previous

In 2000, the role and importance of chalcogenides in the failure to observe them was due to their method of purifica-
conditions developed by Kataoka and co-workers was tion where column chromatography, as used by Li and co-
brought into question when Li and co-workers reported that workers, allowed their isolation but preparative TLC did not
treating a solution of a Michael acceptor, specifically a cyclic (Scheme 62)#2 The diastereomeric composition (syn/anti)

enone and an aldehyde with TiChlone, resulted in the

isolation of MBH adducts (Scheme 68¥.When N-acryl-

of B-chloro adductsl11 was dependent upon the chalco-
genide used. For example, when SMe 110b was used,

oyloxazolidinones were employed as Michael acceptors, the111 was isolated as a diastereomeric mixture favoring the
p-chloroaldol adducts106 were isolated after aqueous synisomer, with the ratios being 7:1 and 3:1, respectively
workup; a method to effect dehydrochlorination to the MBH (the ratio in the absence of chalcogenide was not reported).
adduct was not reported. The authors proposed a mechanismAlthough they suggested that the chalcogenide may still
similar to that outlined in Scheme 59, where a chloride ion function as a nucleophilic catalyst (with the resulting

acts as the nucleophilic catalyst.

SB-sulfonium aldol adducts undergoing in situ enolization,

Despite Li and co-workers’ report, evidence for the retro-Michael addition of chalcogenide, and subsequent
chalcogenide’s involvement in some way under Kataoka and hydrochlorination), their failure to isolate intermediates to
co-workers’ conditions is compelling. For example, Kataoka support such a claim forced them to consider an alternative
and co-workers have shown that acrylates and acrylonitrile role for the Lewis base. They suggested that the chalcogenide

can participate readily using the Tildulfide methodology

may coordinate to the titanium center and alter its Lewis
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Scheme 62. Kataoka and co-workers’ Isolation of
P-Chloroaldol Adducts Using TiCl, and Chalcogenide and
Revised Mechanism

j\ o TiCl, (1.2 eq.) OH O
i 0,
A OH + ﬁj\ chalcogenide (10 mol%) Ar/l\g)l\
CH,Cl,,0°C,1h e
o 111: Ar = p-NO,CgH,4
h Chalcogenide syn/anti Yield (%)
Ph Se Ph SMeZ: 71 74
110b 110b: 3:1 95

Revised Mechanism

Cl,SMe,

SMe )
TiCl, 22 TiClySMe, c--Ti
No)

\)?\ - \)l\ SMe.
v

RCHO Cl OTiCls
=

CiTio 0
R

Cl

Scheme 63. MBH Reaction of an Acyclic Carbohydrate
Derivative

% 0Bn
* TiCly/Me,S ;
0Bn Z
- ChaClo OBn  OH O
OBn 113, 45%
112 OBn ~C
BnO =
OBn OH O
114
on cl
BnO N
OBn (o]

McGarrigle et al.

Scheme 64. Verkade and co-workers’ Synthesis of MBH
Adducts Using TiCl, and a Proazaphosphatrane Sulfide

j\ O Ticl,(1.0eq) OH O OH
0,
R™H . 116 (5 mol%) R or g EWG
)n rt, 5-30 min )

or n

EWG 117: R = p-NO,CgHg4, n = 1, 92%
W 75: R = p-NO,CgHy, n = 2, 94%
118: R = p-MeC¢Hy, n =2, 91%

§ 119: R = 0-MeOCgHy, n = 2, 88%
~ _P-NT 120: R = CgHqq, n =2, 92%
N j 121: R = BnCH,CH,, n = 1, 88%
( 89: R = p-NO,CgH,, EWG = COMe, 92%
NZ 122: R = p-NO,CgH,4, EWG = CO,Et, 92%
116 93:R= p—NOzCBH4, EWG = CN, 88%

(N‘SJ/S\/\ro\TiCLt
~7N
P N N

Proposed intermediate with transannular
N\)) 123 stabilization

in this case. One would expect such adducts to be less prone
to enolization. The MBH adducts were isolated by column
chromatography following an aqueous workup. Apparently,
the presence of this particular Lewis base greatly facilitates
the enolization of such precursors, a peculiarity not addressed
by Verkade. Their discussion of mechanism was limited to
the suggestion that the superiority of the Lewis b&a4é

over others originates from a transannular interaction between
the tertiary amino group and the developing phosphonium
ion, thus increasing the rate of formation of tBetitanium
enolate {23 Scheme 64). Using BFOE® as the Lewis acid

(a reagent that is unable to effect a MBH reaction alone)
and a substoichiometric amount b6, the MBH adduc5

was obtained in 50% yield. Verkade and co-workers con-
cluded that the apparent role bf6as a nucleophilic catalyst
under these conditions gave credence to an equivalent role
in conditions with TiC} as the Lewis acid.

Shi et al. reported that Tiglcatalyzed MBH reactions
were superior in the presence of substoichiometric amounts

of ethers and other Lewis basic oxygen additives such as
alcohols, ketones, and triphenylphosphine oxide. They
o o ) ] N reported that while no MBH reactiop-hitrobenzaldehyde
acidity and the availability of chloride for conjugate addition and methyl vinyl ketone) occurred at78 °C using TiCk
(Scheme 62). Solutions of Tigin CDCls turned a reddish-  ajone (1.4 equiv), a 30% yield of MBH adduct was obtained
brown color upon addition of chalcogenide; indeed, com- n the presence of 0.2 equiv of MeG#.However, it should
plexes of TiCl and chalcogenides have been isolated and pe noted that no such control experiments were conducted
characterized®® at higher temperatures, which encompasses most of the

Shaw and co-workers used MVK and carbohydrate-derived examples in Shi et al.’s work, and that Goodman and co-
a.,f-unsaturated aldehydes suchld?to obtain the MBH  workers have reported that the same reaction devoid of any
adductl13as well as small amounts gfchloroaldol adducts  additive is facile even at+90 °C.146 With some additives,
such asl14and115(Scheme 63); after 15 min, the major  g-chloro adducts analogous tbl4 and 115 were also
product wasl 14, but after 50 min113was isolated in 45% isolated. Shi et al. found that the preformed complexes,TiCl
yield.*?® Dehydrochlorination of thgg-chloroaldol adducts ~ (THF), or TiCl,(OEt), were exceptional reagents, giving
could be effected by DBU. near quantitative yields of MBH adduct at78 °C when

This chalcogenide-mediated enhancement of reactivity wasusingp-nitrobenzaldehyde and MVK as substrates. For more
emphasized further by a report from Verkade and co-workers, electron-rich aldehydes, dehydration rather than dehydro-
who described that TiGlin the presence of a substoichio- chlorination of the intermediatg-chloro-MBH adducts
metric amount of proazaphosphatrane sulfitte6 were predominated. They proposed that association of the oxygen-
exceptional conditions, allowing the isolation of MBH based additives with the titanium metal facilitated a chloride
adducts derived from methyl acrylate in short reaction times ion displacement and subsequent Michael addition to the
and in high yield (Scheme 643} Interestingly, considering  enone. The use of chiral oxygen-based additives gave MBH
the fact that Kataoka and co-workers had demonstrated thatadducts of very low enantiopurity<6%). They proposed
pB-chloro adducts derived from ketones were isolable by that this was due to the chloroenolate being bound to the
column chromatography, the assumedchloro or sulfo- titanium center through a nonspecific ionic interaction and,
nium) aldol-type precursors to MBH adducts derived from thus, not being significantly influenced by the chiral environ-
methyl acrylate (akin td11, Scheme 62) were not detected ment in its reaction with aldehyde.

115, 6%
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Table 21. Enantioselective MBH Reaction Using TiClChiral Chalcogenide

o) 0o 10r124 OH O
TiCl, (1.0 eq.
< )LH + H{ iCly (10eq) )\”/U\
| conditions
1:R=H
124: R = Me OR
SMe
entry sulfide (mol %) aldehyde tempQ) (time (h)) yield (%) ee % (config.)

1 1(10) p-nitrobenzaldehyde —20 (1) 95 2R
2 124(10) p-nitrobenzaldehyde —20 (1) 97 1R
3 1(100) p-nitrobenzaldehyde —20(2) 27 44 R)
4 124(100) p-nitrobenzaldehyde —20 (1) 41 6 R)
5 1(100) p-nitrobenzaldehyde —78(1) 26 71R)
6 1(100) p-nitrobenzaldehyde —78 (24) 17 69R)
7 1(100) p-chlorobenzaldehyde =78 (1) 22 40
8 1(100) 3-pyridinecarboxaldehyde —78 (1) 31 29
9 1(100) 4-pyridinecarboxaldehyde —78 (1) 35 14
10 1(100) 3-phenylpropionaldehyde =78 (1) 43 74

Kataoka and co-workers reported an enantioselective Scheme 65. Goodman and co-workers’ Synthesis of MBH
variant of the TiCl/chalcogenide-mediated MBH reaction Adducts Using BFs*OEt/THT

using enantiomerically pure chiral hydroxy chalcogenitiés. BF 3 OEt; (1.5 eq.)

Using 10 mol % ofl and conducting the reactiop-itro- o o  THT(120mol%) CHClL o o
benzaldehyde and MVK) at20 °C, the MBH adduci89 )y H{ _ 0°Cithen NEt; R)\H)k
was isolated in 95% yield but was found to be essentially ROH *

racemic (Table 21, entry 1). By using stoichiometric amounts 3.0eq.

of 1, an ee of 44% was obtained, although the yield was o 89: R = p-NO,CgHs, 50%
dramatically reduced (Table 21, entry 3). The authors RN 125:R=CgHs, 52%
attributed the reduction in yield to the formation of titanium + 1o o e e 4%
alkoxides with 1, species of much lower Lewis acidity. 129 D 128: R = PhCH,CHy, 43%

However, the similar reduction in yield using the methyl

ether derivatin24SUggestS that other |nh|b|t0ry processes ynsuccessful. The use of the more Cha”enging enone,
are in operation (Table 21, entries 2 and 4). Conducting the cyclohexenone, as the Michael acceptor gave the correspond-
reaction at-78°C led to a further increase in ee (71%) but jng MBH adduct in low yield (11%). In an earlier report,
no improvement in yield (Table 21, entry 5); longer reaction Kataoka and co-workers had shown that BBMe, or BCl-
times did not lead to an increase in yield either (Table 21, gMe, could also effect MBH-type transformatiot¥ Quench-
entry 6). Using the optimum conditions with respect t0 ing the reactions with kD, rather than NMg(which led to
enantioselectivity (Table 21, entry 5), it was found that the \BH adducts), allowed the isolation gfbromo org-chloro
ee was strongly dependent upon the nature of the aldehydegdducts akin td.29, suggesting that, in these cases, chalco-
For example, the use @chlorobenzaldehyde, 3-pyridine-  genide may not function as a nucleophilic catalyst. Interest-
carboxaldehyde, 4-pyridinecarboxaldehyde, and 3-phenyl-ingly, in comparison to Goodman and co-workersBFEL/
propionaldehyde gave the corresponding adducts in 40%,THT conditions, the scope of the Michael acceptor was much
29%, 14% and 74% ee, reSpeCtiVEIy, but y|EIdS remained broader with BCj-SMeZ or BBr;:SMe,, where MBH adducts
low (Table 21, entries #10). Although it is generally  derived from cyclic enones, methyl acrylate, angf-
believed that the chalcogenide interacts with Tilereby  ynsaturated thioesters could be isolated. Presumably, the
promoting the formation of thes-chlorotitanium enolate  increased reactivity has its origins in the superior Lewis
(Scheme 62), the mechanism involvitignay be different. acidity of BBr; and BCh over BR;, 1“8 and, in the latter case,
In this case, the alcohol is I|ke|y to bind to titanium and the the formation Of eno'ate requires an entropica”y more
tethered sulfide may perform the role of nucleophilic catalyst. demanding encounter of the BEctivated Michael acceptor
The organized, cyclic intermediate could give rise to the high wjth chalcogenide. For the former cases, intramolecular
levels of selectivity observed. delivery of bromide or chloride following coordination of
. . the respective Lewis acid to Michael acceptor may be faster
7.2.2. BXs (X = F, Cl, Br) and Chalcogenide than nucleophilic attack of sulfide. An intramolecular
In 2002, Goodman and co-workers reported thad-BE® delivery of halide to an activated cyclic enone is difficult to
(1.5 equiv) in combination with tetrahydrothiophene (THT) envisage owing to its ring-constrainedrans conformation,
(1.2 equiv) as the Lewis base represented moderatelyand an intermolecular delivery has been propd3dtishould
effective MBH conditions when MVK was employed as the be noted that for cyclic enones the presurfidtalogen aldol
Michael acceptor (Scheme 68¥.The reaction was quenched adducts have not been isolated or observed. Although not
with NEt; in order to effect enolization with concomitant mentioned by the authors, it is also possible that $Me
release of sulfide. If, on the other hand, the reaction was undergoes conjugate addition to BBor BCl-activated
quenched with agueous acid, the allyl sulfonium 26 enone, only to be displaced by bromide or chloride in a
was isolated, thus providing compelling evidence to support subsequent transformatiéf¥.
the hypothesis that, in this case, sulfide functions as a Using theC,-symmetric sulfidelO at —78 °C, Goodman
nucleophilic catalyst; the reaction devoid of sulfide was and co-workers isolated MBH adducts with ees ranging from
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Scheme 66. Goodman and co-workers’ Enantioselective Scheme 67. Kim and co-workers’ MBH-type Reaction with
Synthesis of MBH Adducts Using BR-OEt,/Chiral Sulfide Oxonium lons as Electrophiles Using TBSOTF/SMg
BF3¢ OEt, (1.5 eq.) o OTBS
o 0 20 el OH O a
g 10 (120 mollk), CH,Cl, TBSOTf + SMe, + -50°C oTf
REH ’ R 126 23e +
o4 o THE  Me,s
3.0eq. ) 135
Conditions: -78 °C, 1 min
Ph Ph 89:R=p-NO,CgH,, 8% yield, 53% ee o~ OMe
}/O .\\O\\"‘ |
o\b O  Conditions: -78 °C, 30 min OMe
s e 89: R = p-NO,CgH,, 48% yield, 45% ee
"R = 0/ Vi 0
10 127: R = Et, 18% vyield, 28% ee TBSOMe 136: 1.1 eq.
Conditions: -78 °C, 120 min orTMSOMe  TMSOTf (0.2 eq.)

127: R = Et, 60% yield, 23% ee -50°C, 1h
128: R = PhCH,CH,, 41%, 14% ee

OMe O OMe O

MegS -

Ph Ph -
%\OW 1 - w
o) o) + 86% yield
s wu/ )\/\SRZ

H3_Ph
r \\O( moiety in the presence of BFOEL to give a cyclic B-
OH F3B” stabilized enolate. It was proposed that the initial species
Z enol 132 was calculated syn-clinal transition state 130 formed was a BE'Stab.I“ZGd species, which 'SUbsequently
to be the more stable transferred a fluoride ligand to a second equiv ok BFhe
Table 22. Kataoka and co-workers’ Synthesis of MBH Adducts use of133 and an aldehyde in the presence 9f3E{FEt2’
Using Pendent Chalcogenides followed by a NE#-based workup, gave good yields of the
o O XMe 1.BF;*OEt;(20eq) OH O XMe MBH adduct (Table 22, entries 1 and 3). If a neutral workup
A, CH4CN,0°C, 2 h was employed, the intermediate sulfonium salt could be
R" "R + 1 . i . .
| o N R? isolated as a 1:1 mixture of diastereomers. The use of the
. NaHCO; or NEt; . .
X=Sors selenide substraté34 gave a less clean reaction; although
133:X=5 VBH Adduct the MBH adduct was isolated in good yield, a product
(200 mol%) oH © resulting from an apparent demethylation of the intermediate
selenonium ion was also isolated (Table 22, entry 2). The
RR2 use of acyclic or cyclic ketones (entries @) or a-diketones
Se (entries 7 and 8) as the terminal electrophile gave poor to
Bicycle moderate yields of the corresponding MBH adducts. The use
of a-ketoesters gave poor to good vyields; interestingly,
Michael yield % enolizable rather than nonenolizabte-ketoesters were
entry  acceptor terminal electrophile MBH adduct superior substrates (entries 9 vs 10).
1 133 p-nitrobenzaldehyde 75 ] o .
% iﬁé‘ pR-lnitrgtr)]eCné%lE'eh%gie y 70'?5 7.3. Oxonium and Iminium lons as Terminal
= 2 R° = |
4 133 R! = p-NO,CsHs, R2 = Me 47 Electrophiles
5 134 R1= 2|o-NOzCeH4, R? = Me 50 In 1993, Kim and co-workers reported thatsulfonium
? igg El’_R CzéChHZF)QS_ o 5461 silyl enol ethers could be generated at low temperatti#&(
1_ T °C) by treating the corresponding enone or enal with TBSOTf
8 134 R!= COPh, R=Ph 4 30
9 133 Rl = COEt, R = Me 70 and SMe (Scheme 67)% 1t was found that SRtwas unable
10 133 R!= COMe, RR=Ph 37 to undergo such a transformation, presumably because of
: : its weaker nucleophilicity. Variable temperature NMR
a Selenobicycle (16%) al latetall d t to rt (3 h). ) . ! .
ort, 2eh.eno icycle (16%) also isola owed to warm to rt (3 h) experiments in deuterated THF showed that, while the silyl

enol ethers were thermodynamically stable—&t0 °C, at

) ) higher temperatures-20 °C) the position of the equilibrium
14 to 53% (Scheme 663°With the support of computational  |ay predominantly on the side of starting material (i.e., enone,
data, the authors proposed that the major enantiomer origi-sme,, and TBSOTf)L31150 A MBH-type reaction was
nates from the open transition statg0 Interestingly, there  performed by preforming thg-sulfonium silyl enol ether
was a slight drop in ee at higher conversions (Scheme 66,0f cyclohexenond 35 at low temperature and then adding
seeB9isolated after 1 min and after 30 min reaction time) acetal 136 (a precursor to an oxonium species) and a
which suggests a slow racemization pathway. substoichiometric amount of TMSOTT. The resultifigsul-

In 2003, Kataoka reported a BPEEb-catalyzed MBH fonium 5-OMe-MBH adduct137 was treated with DBU to
reaction using phenyl vinyl ketond$83 or 134 as Michael give theO-methylated MBH-adduc138 (Scheme 67). An
acceptors and aldehydes, ketonegjiketones, oro-keto- earlier publication demonstrated that a similar transformation
esters as terminal electrophiles. In these cases, the nucleoeould be effected using pyridine as the Lewis b&3e.
philic catalyst, either a sulfide or a selenide, was appended In 2003, Kataoka and co-workers used phenyl vinyl
to the Michael acceptor, specifically on the phenyl substituent ketones with pendent sulfide33or selenidel34as Michael
ortho to the keto substituent (Table 223.NMR studies acceptors and acetals or ortho esters as the terminal elec-
confirmed an intramolecular Michael addition of the sulfide trophile in a BR-OEt-catalyzed synthesis of MBH-type
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Scheme 68. Kataoka and co-workers’ MBH Reaction of Scheme 69. Metzner and co-workers’ Investigation of
Acetals with Michael Acceptors Containing Pendent Intermediates in a MBH-type Reaction Effected by
Chalcogenides TBSOTF/SMe,

OMe OMe O  XMe (@) OTBS

-50 °C -
OMe 1.BF3*OEt; (2.0eq.) TBSOTf / \ oTf
CH3CN, -40°C, 1 h 1.4 eq. s THF

1.1 eq. S

(1.0eq.) 2. NEty 9: X = S (78%) e G 151
X = Se (79%)

O XMe

w

OMe O Acetal J

133 X fs ‘/'\KE‘OO ‘OTf OMe O
X= OMe
134X = Se se [
141: 5% oMe g
.

Table 23. Metzner and co-workers’ MBH-Type Reaction with TBSOTf @
Oxonium lons as Electrophiles Using TBSOTF/SMg 152

L S Y 100 mol% OMe O

(0]
MeO_ OMe Enone
>< + e E—— +
H R TBSOTf (1.4 eq.) OMe OMe
i-PraEtN (1.5 eq.) | - +

-50 °C (diasteromeric mixture)

11 eq. CH,Cl,, 20°C, 1h  1381142-150 ort _ 3\3
entry R product yield (%) TBSOMe 153 OTf
% LF;_h,\,leQ,_|4 ﬁg 22 Hunig's base and TBSOTf were unable to effect a MBH-
3 4-CIGH, 143 66 type transformation in the absence of THT. The yield was
4 4-FGH,4 144 83 dependent upon the acetal. Generally, while electron-neutral
5 4-CRCeH, 145 33 (65} and electron-poor aromatic acetals gave moderate to good
? g:mggﬁﬁ“ ﬂ? 23(397 yields (45-80%), the use of electron-rich substrates resulted
8 2_Meij_|4 148 212 in poor yields. Interestingly, the electron-poor (entry 5) and
9 (E)-PhCH=CH 149 642 the electron-rich (entry 6) aromatic acetals gave poor yields
10 PhCHCH, 150 none detected using the optimized conditions (33% and 26%, respectively)
a_50°C for 6 h. but the yields were improved to 65% and 39%, respectively,

by conducting the reactions at50 °C for 6 h. Aliphatic
acetals failed to undergo the MBH-type reaction; the
adducts (Scheme 68% As described earlier in this review, propensity for the corresponding oxonium ions to undergo
Kataoka and co-workers published a similar work using enolization may be an important consideration. Cyclic enones
carbonyl based terminal electrophiles (Table 22Y.reating were better substrates than the acyclic substrate MVK: using
133 benzaldehyde dimethyl acetal, in gEN with BFR;*OEbL benzaldehyde dimethyl acetal, the yields were 80% (cyclo-
(2 equiv) at—40 °C for 1 h followed by a NEtbased hexenone) and 55% (MVK).
workup, provided good yields of the methylated MBH adduct  In a further step toward the goal of an enantioselective
139 The seleno substrate34 gave similarly good yields,  variant using substoichiometric amounts of chiral sulfide,
but a product14l derived from demethylation of the experiments using 20 mol % of THT were conducted in order
intermediate selenonium ion was also isolated. It should beto confirm catalyst turnover. However, when the reaction
noted that this chemistry and the aforementioned work of was conducted using the optimized conditions, the MBH
Kim and co-workers is reminiscent of earlier work by Noyori adduct was isolated in 21% yield, suggesting no turnover of
and co-workers, who generated neuffageleno silyl enol sulfide. When the reaction was conducted-at0 °C for 6
ethers by treating enones with TMSSePh and subsequentlyh with 1.0 equiv of Hmig’s base (rather than 1.5 equiv), a
trapping them with oxonium ions; an oxidative workup 42% yield of MBH adduct was obtained, suggesting an
provided MBH-type adducts of the type under discus3®n. apparent, albeit inefficient, turnover of catalyst. Although
In 2006, Metzner and co-workers reported a modification the lack of turnover at-20 °C was not commented upon,
of Kim and co-workers’ procedure, which allowed an in situ it may be that, at this temperature, the rate of enolization
enolization of thes-sulfonium#’-OMe intermediate akinto  is too slow to compete with other processes consuming
137, thus giving the MBH-type adducts directly following reactants.
an aqueous quenépt They found that the treatment of close The reaction (stoichiometric in sulfide) was also studied
to equimolar amounts of enone and acetal (1.1 equiv) with using*H NMR (Scheme 69). Similar to Kim et al.’s earlier
TBSOTf (1.4 equiv), THT (1.1 equiv), and Hig's base (1.5  findings!*°Metzner and co-workers confirmed that a mixture
equiv) in CHCI, for 1 h at—20 °C gave optimum yields of  of enone, THT, and TBSOTf in CITI, rapidly forms the
the methylated MBH adduct (Table 23). The reaction could S-sulfonium silyl enol etherl51 at low temperatures; the
also be conducted at lower temperatureg0 to —50 °C, ratio of silyl enol ether to enone was 61:39-é60 °C, while
but the lower rates required longer reaction time$ (); at —20 °C, only traces of silyl enol ether were detected. In
no reaction was observed-a¥8 °C, and decomposition was a separate experiment, it was found that a mixture of acetal,
observed if the reaction was conducted &0 It was also THT, and TBSOTf rapidly forms the sulfonium speciEs3
found that the success of the reaction was dependent uporBy adding the remaining reagent, acetal or enone, respec-
the addition of Huig's base as the final reagent to the tively, to the aforementioned NMR experiments, identical
reaction mixture. However, the authors confirmed that *H NMR spectra were produced, with signals corresponding
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Scheme 70. Kim and co-workers’ Generation of TMSOTI, the disaccharidé64 was obtained in 91% vyield
1,2-Sulfonium Species and Their Reaction with Nucleophiles with anoup ratio of 2:1. In the presence of sulfide (10 equiv),
OFt TMSOTf (1.1eq.)  78°C QFt o
\H/}oa * SMe, (12(0 mol°q/og on %\EM% QA o oH o
154 155 AC/S% B@m
RMgBr TMSOEt ) Ns ScinHycel, B0 (e
R = Me: 156, 82% Nuc = RMgBr or Me;SiR 162 163
R = Ph; 157, 95% 78°C -30°C
R o 0 oo e o e S sy O T, e
- 2 9 FRA R e BnO -
Me;SiR \H&R Ac% BZB%O&A
156-161 3 OC(NH)CCl3 OMe
R = CH,CHCH,; 160, 96% 167 165
R= O~ ;161,73%
OBn OBn
BnO Q O Q
BnO™ N, B0
to diastereomeric mixtures gtsulfonium aldol adduct52 OCINH)CCls OMa
The importance of the 1,2-addutb3to the success of the 168 166
reaction is unclear (Scheme 69). oA
In 1993, Kim and co-workers introduced, for the first time, o
1,2-sulfonium adducts similar td53 by treating aliphatic Acom
diethyl acetal154 with TMSOTf and SMe at —78 °C AO™ N, Mo
(Scheme 70323 The resulting solution was then treated with BZO%
a range of Grignard and silicon-based reagents to give the BzO
adducts156-161 Although, the authors did not discuss 164 B0 Ome

mechanism, there are a number of possibilities: (a) direct
displacement of sulfide with the nucleophile (i.e., a2S

the anomeric ratio was improved to 5:1, but with a slight
type process); (b) the oxonium ion, in equilibrium with the e J

: . - . reduction in yield (83%). Interestingly, when the reactions
1,2 sulfonium adduct, is the pertinent electrophile (&8-S (i the absence or presence of sulfide) were conducted at 0
type process); or (€) a mechanism containing bath &d o¢ the selectivities were much improved, 8:1 (92%) and
S\2 elements where Lewis acidic moieties on the nucleophile 5q.1 (94%), respectively. Additionally, the replacement of
assist in the expulsion Qf sglfide. The authors did not report phenyl ethyl sulfide with thiophene led to the exclusive
the results of the reaction in the absence of sMe ~ formation of thea-anomer in 91% yield. A similar effect

~ Good evidence to support the importance of 1,2-sulfonium was observed with glycosyl accept®5, with the conditions
intermediates and their subsequent reaction {2-$pe including a 10-fold excess of thiophene at an operating
dlsplacement reactions, as described previously, has recently‘gempera»[ure of OC being superior. As expected, tod3
come to light. Boons and co-workers demonstrated that theatio js highly dependent upon the glycosyl acceptor; for
selectivity for the 1,2-cis product (ax-anomer) in glyco-  example, acceptot66 gave only theo-anomer under all
sylation reactions betweer+zido-2-deoxyglucosyl trichlo-  conditions, including those devoid of sulfide. Variation of
roacetimidate donors and a range of glucosyl acceptors Washe 2-azido donor was also important, while the use'ef 4
increased in the presence of a large excess of phenyl ethylo-penzyl donor 67 (remaining hydroxyl groups acetylated)
sulfide or thiophene (Table 24j? For example when the  gave significant improvements -selectivity in the pres-
glycosylation reaction between donb$2and acceptoi63 ence of sulfide; the use of the pexbenzylated donot68
was conducted at-78 °C, in the presence of 10 mol % of  gave little or no improvement (Table 24). The authors did
not provide examples using donors with other seemingly

Table 24. Boons and co-workers’ Formation of Disaccharides ini i i i
nonparticipatory substituents, besides the azido group, at the
with High a-Selectivities in the Presence of Sulfide P P y group

2'-position.
Tﬁ,ﬁ%g&%g%’ ‘ _ In order to understand the effect of sulfide, mixtures of
donor  *  acceplor o temp, Csaccharide donor162in the presence of TMSOTT (1 equiv) and pheny
ethyl sulfide (10 equiv) were analyzed B NMR spec-
entry donor acceptor sufide T(°C) vyield (%) o/f troscopy (Scheme 71). At20 °C, ionization of the tri-
1 162 163 none 78 o1 o1 chloroacetimidate had occurred, r_esu[tmg in the formation
2 162 163 PhSEt 78 83 51 of three new species, the-anomeric triflate169 and two
3 162 163  none 0 92 8:1 diastereomerig-anomeric sulfonium specids0(epimeric
4 162 163  PhSEt 0 94 2011 at sulfur). Upon warming to OC, the triflate169 and one
2 12% 123 thiophene (()) 31 a%r_“y of the diastereomeric sulfonium species were no longer
1 165 none > 1ol detected, with the remaining-anomeric sulfonium species
7 162 165  thiophene 0 95 18:1 inating th ional .
8 162 166  none 0 40 oonly now dominating the spectrum. Computational studies sug-
9 162 166  thiophene 0 43 oonly gested_that the absence of cam;ulfonl_um species was due
10 167 163 none 0 90 12:1 to steric rather than stereoelectronic effects. The authors
i% ig; igg thiophene 8 gg 3?211 suggested that the selectivity for theanomeric disaccharide
none : i ; .
13 168 163 thiophene 0 > a1 product originated from an\@ reaction between thg&ano

meric sulfonium specie$70 and the glycosyl acceptor.
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Scheme 71. Boons and co-worker’s Detection of a Scheme 73. Aggarwal and co-workers’ Synthesis of
p-Anomeric Sulfonium Salt 170 (+)-Heliotridine Employing a Key MBH-type Cyclization
OAc OAc OAc
o ©\ 4@»» SMe;, (300 mol%) N H
AcO TMSOTf (3.0 eq.)
AcO N s TMeOT 07N TOR BF#OEt, (30eq) O N CHO
3 OCINH)ICCl; (10 Eq.) K/ACHO -
CH4CN, 1t, 3h
162 178 179, 65%

trans:cis = 3:1
CDCl3, -20 °C
LiAlH4 (7.0 eq.),
THF, reflux, 1 h

@

3 OTf

169 170 (mixture of diastereomers) (+)-heliotridine )-retronecine
38% 12%
Jwarmi"g 100°C Table 25. Aggarwal and co-workers’ Asymmetric MBH-Type
Reaction with Iminium lons Using TMSOTF/Chiral Sulfide 22
; oTf

OAc (1) TMSOTf (2.5 eq.)

o 170 (&n 22 (150 mol%) ’m @
AcO S\/ (one diastereomer) N~ ~OMe @ CH2C|2 <-60°C,5h N
AcO PG 'n

N; 2) DBU (1. 5eq) PG In
2.0 eq. CHZC|2 (S)

Scheme 72. Aggarwal and co-workers’ MBH-type Reaction
with Iminium lons as Electrophiles Using TMSOTF/SMe, S

(1) TMSOTF (2.5 eq.)

(& SMe, (1.5 €q.), CHyCla, I § o
0 0
\OMe & -78°Cto-20°C, 3 h ’E,‘G \_(Ja(
PG 2) DBU, CH,Cl,, r.t. K m 22
2 0 eq. 171177
entry acetal enone product vyield (%) ee (%)
O\H)L W‘\ % 1 PG=Cbzm=1 n=1 180 69 82
Eoz ‘ 2 PG=Chzm=1 n=2 181 86 80
3 PG=Boc,m=1 n=1 174 75 88
171 (85%) 172 94% 173 (95%) 174 (69%) 4 PG=Boc,m=1 n=2 182 90 88
DB hoatment not ot o) 5 PG=Cbzm=2 n=1 183 88 94
[ DBU treatment not required | 6 PG=Cbzm=2 n=2 175 49 98
% O\Wv\ the Lewis base in these conditions compared tosRith
pyridine was also demonstrated; the former led to the
175 (75%) 176 (90%) 177 (51%) formation of a stable phosphinréminium ion adduct, while

the latter promoted formation of enamide, via deprotonation
Recently, Aggarwal and co-workers showed that cyclic of the iminium ion. Presumably, the formation of a sulfide
N-acyliminium ions, generated in situ from the corresponding iminium ion adduct is also occurring under these conditions
N,O-acetals, are compatible terminal electrophiles in a but is kinetically unstable with respect to iminium ion at the
TMSOTf/sulfide mediated MBH-type reaction (Scheme operating temperature. Considering the previous discussion
72)132 Pyrrolidine or piperidine basedl,O-acetals were  on such 1,2-sulfonium adducts, it cannot be ruled out that
combined with a wide range of Michael acceptors, including such an equilibrium contributes to the success of the reaction.
enones (both cyclic and acyclic), enals (acrolein and cro- Aggarwal and co-workers applied the methodology to a
tonaldehyde), andr,S-unsaturated thioesters, to give the short synthesis of-f)-heliotridine (Scheme 73). Intramo-
corresponding adducis1-177in good yield. The optimum  lecular MBH-type reaction and global reduction of the

conditions involved the treatment of a solution of tRgD>- resultant bicyclel79 gave a mixture of )-heliotridine
acetal and Michael acceptor (2 equiv) in &H, with and unnatural-{)-retronecine, with the source of the latter
TMSOTf (2.5 equiv) and SMe(1.5 equiv) at an initial being the poor diastereoselectivity in the MBH-type ring
temperature of~78 °C and a subsequent warming &0 closure.

°C or room temperature (in the caseNstosyl-N,O-acetals); Aggarwal and co-workers also reported an asymmetric

following an aqueous quench, the crude material was treatedvariant of the MBH-type reaction for cyclic enones using
with DBU in order to effect quantitative expulsion of sulfide the camphorsulfonic acid-derived chiral sulfid22 (Table
from theS-sulfonium Mannich product; in the case of enals, 25)1%2 The resulting MBH-type adducts were isolated with
the saturated NaHCGQuench was sufficient. The use of the good to excellent enantioselectivity (898% ee) and in
more challenging Michael acceptor, methyl acrylate, required moderate to good yields (4®0%). Although stoichiometric

a longer reaction time at20 °C and was only moderately amounts of sulfide were required (1.5 equiv), the sulfide was
successful, providing the MBH-type adduct in 50% vyield; easily recovered by column chromatography. The use of an
competitive dimerization of thi,0O-acetal accounted for the  acyclic enone (MVK) led to the isolation of the adduat3

fate of the remaining substrate. The superiority of sulfide as in low enantioselectivity (8% ee).
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Table 26. Kataoka and co-workers’ Halohydroxyalkylation of Scheme 74. Kataoka and co-workers’
Acetylenic Ketones Using TiCl/Chalcogenide Halohydroxyalkylation of DMAD Using TiCl 4/Chalcogenide
o COMe TiCly (1.0 q.) OH O CO,Me  TiCl (1.0 eq.) OH O
. SMe, (10 mol%) o} SMe; (10 mol%)
ROH | ——— RO Me o+l RN ove
o R™H CH,Cly, 1t, 50 h
H CHeCl 07C. 20 vy coMe ¢ CI” > COMe
(3.0 eq) 184-189 (3.0 eq) 195: 30%
entry R product E/Zratio yield (%) )SJ\ MeOLC /CI
1 p-NO2-CeHy 184 E only2 86 Me,N~ “NMe, O
2 p-CFs-CeHg4 185 E only 73 RO
3 p-F-CeHa 186 E only 89 194 196: 10%
4 CeHs 187 20:1 84
5 P-CHs-CeHa 188 151 86 Scheme 75. Kataoka and co-workers’ Isolation of Thioether
6 PhCHCH, 189 20:1 84 197 and Proposed Mechanism of Formation
a|n the absence of sulfid&/Z = 1:1 (84% yield). o] CO,Me TiBry (1.0 eq.) OH O
R)LH . SMe, (10 mol%) Houe
Table 27. Kataoka and co-workers’ Halohydroxyalkylation of CH,Cl,, -20 °C
Methyl Propiolates Using TiClJ/Chalcogenide H 60 h SMe
Co,Me TiCl(1.0eq.) OH O (3.0eq) 197: 9%
o} SMe, (10 mol%) R = p-NO,CgH,
Jo* R OMe T
RH CH,Cly, 1t, 50 h | MeBr
R cl” "R? Proposed pathway:
(3.0 eq) 190-193 $.f3
CO,Me ; i
: - 2 TiBr, Br3T|O\"/OMe RCHO (e] IO
entry R R? product E/Zratio  yield % Il i I g R OMe
e
1 pNOxCHs H 190 17 75 i 2 Meng' - ' S,
2 P-NO2-CgH4 Me 191 1.1 25
3 p-CR-CeHs H 192 1:6 36 198 199
4 p-Cl—=CeHs  H 193 17 47 workers found that the reaction of TiChcetylenic ketone,
aNo reaction in the absence of sulfide. and aldehyde gave 95% of theE-isomer, albeit at room

temperature rather than @C.1% It has been shown by
. . . o Taniguchi et al. in a similar reaction that, while tBeésomer

To summarize, conditions employing the combination of is the thermodynamic product, ti&isomer is kinetically
an oxophilic Lewis acid and a chalcogenide are useful for tayored, although the equilibration pathway has not been
effecting Morita-Baylis—Hillman-type transformations. These  etermined5” Kataoka and co-workers also reported that the
conditions have an increased scope of the terminal electro-g.promo adducts were obtained in lower yield when TiBr
phile (i.e., iminium ions and nonenolizable oxonium ions) was used. The less reactive methyl propiolate required more
over the tertiary amine/phosphine catalyze_q reactions. Wth forcing conditions (room temperature for-280 h) and the
regard to the Michael acceptor, these conditions are SUPEiorg_chloro-MBH adductd90-193were obtained in moderate
for reactive substrates such as enones a_nd enals but furthe\yiems in favor of theZ-isomer (Table 27). The reaction
development of the methodology is required to allow less- geyoid of chalcogenide did not proceed, thus highlighting
reactive substrates, such as acrylates, to participate as readilyyg importance of the chalcogenide additive. Selenitigh
as they do using traditional catalysis. High levels of \yas also tested for all the aforementioned Michael acceptors
enantlo_lnductlon can_be achleve_d by using e_znant|omer|cally but in all cases SMewas superior. The reactions in the
pure c_hlral cha_lcogemdes._There is strong evidence to SUggesbresence of selenid&10b were slow, and in the case of
that, in reactions involving acetals in the presence of methyl propiolate low yields of the corresponding adducts
chalcogenides, s_pecn_‘lcally sulfides, the 1,2—sulfon|um salts \yere” obtained. Using dimethyl acetylenedicarboxylate
rather than oxonium ions are the pertinent electrophiles. (DMAD) and SMe as additive, a mixture of thE-195(30%
yield) and lactonel96 (10% yield) was formed, with the

8. Miscellaneous Reactions Involving 1,4-Addition latter presumably being the result of transesterification of
of Chalcogenide the Z-195 (Scheme 74). Ultimately, for this substrate,
thioureal94 rather than SMgewas found to be the superior
8.1. Halohydroxyalkylation of Electron-Deficient catalyst (40% of-195and 40% 0f196). _
Alkynes Although there was no evidence in the cases with

acetylenic ketones as substrates to support a 1,4-addition role

Kataoka and co-workers effected a chlorohydroxyalkyla- for the chalcogenide, in the case of methyl propiolate the
tion of electron-deficient alkynes by treating them with TiCl  isolation of small amounts<{10%) of thioetherl97, albeit
a substoichiometric amount of a chalcogenide, and the only when TiBp was used, suggests 1,4-addition may be
corresponding aldehyde (Tables 26 and 27)sing acety- involved (Scheme 75). The authors considered two mecha-
lenic ketones, the products84—189 (5-chloro-MBH ad- nisms for the formation o197: (a) that mixtures of TiBr
ducts) were obtained in high diastereomeric purity in favor and SMe form a titanium thiolate species which subse-
of the E-isomer; more electron-rich aldehydes gave lower quently catalyzes the formation of allenoate, which then
E/Z ratios. They reported that the reaction in the absence ofreacts with aldehyde to givE9d7, or (b) that SMe catalyzes
chalcogenide gave the adduct as a 1:1 mixturé&-ofnd the formation of sulfonium allenoaf®8 which subsequently
Z-isomers. However, it should be noted that Li and co- reacts with aldehyde to give sulfonium s&®9 which in
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turn is converted td 97 via nucleophilic attack by bromide
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Scheme 76. Kim and co-workers’ Synthesis g8-Substituted

(Scheme 75). The former was ruled out as attempts to trapSilyl Enol Ethers

thiolate were unsuccessful. However, convincing evidence o oTBS
in support of the latter pathway was not obtained. -70°C “oTf
TBSOTf 4+ SMe, + b o +

8.2. Synthesis of B-Substituted Silyl Enol Ethers 12ed 23eq N

Kim and co-workers reported the reaction of in situ- R nucleophile
generated3-sulfonium silyl enol ethers (Scheme 67) with N (12eq,)
various nucleophiles at70 °C to give S-substituted silyl PhyP”” 200 70°C
enol ethers (Scheme 76 and Table ¥8)They suggested + oTBS
that thes-substituted silyl enol ether produ@80—-208were | SN 201 X
formed via an {2 displacement of the sulfide by the 7
nucleophiles. Using th@-sulfonium silyl enol ether209 R

202 200-208

derived from af-alkyl substituted acrolein, they reported
that an apparenty@' displacement of sulfide to giv210
was observed in preference tgZisplacement to give1ll

Lee and co-workers focused on the reaction of in situ-
generateds-sulfonium silyl enol ethers with a variety of
preformed organoindium reageftd58s-Alkyl, allyl (Table

209

s H
203 N
éﬁ Me,S” > “OTBS
H

204
29), B-propargylic and allenyl (Table 30) silyl enol ethers \
were isolated in good yield. When substituted allyl bromides Ns 205
were used412band2129, the new C-C bond was formed CH(CO,Me), 206 o ph -
at the more substituteg-position. When ethyl bromocro- Me 207 5/
tonate was employed, a mixture of constitutional isomers OTBS  Ph oTBS
CH,CH 208 210 211

was obtained via €C bond formation at the. andy (more-
substituted) positions, with the latter being predomina@i,(
and222). The use of terminal propargylic bromides led to
exclusive formation of alkynyl produc®30-235, while the
use of internal propargylic bromid&9cgave the allenylated
products236—238

are formed quantitatively at the operating temperature led
the authors to suggest a mechanism involving a2 S
displacement of sulfide from these intermediates by the alkyl,
allyl, propargylic, or allenyl ligand on indium. The formation
of substitutionally crowded €C bonds in some cases is

No product was obtained in the absence of sulfide, thus noteworthy.

confirming that sulfide plays a crucial role in these trans-
formations. The observation thatsulfonium silyl enol ethers

To summarize, the combination of a chalcogenide and a
Lewis acid also allows activated alkynes to participate in

Table 28. Results from Kim and co-workers’ Synthesis of3-Substituted Silyl Enol Ethers

o oTB
nucleophile .
TBSOTf + SMe, + (1.2eq.) X
1.2 eq. 2-3 eq. THF, -70 °C R?&
200-208
Entry  Proposed Intermediate Nucleophile Product Yield (%)
1 PPh; 200 nd
OTBS
2 “OTf Pyridine 201 nd
+
3 Me,S O 202 76
135 N
H
4 @N: > 203 75
5 Bu;SnH 204 89
6 “ BusSnNj3 205 82
7 “ NaCH(CO;Me), 206 93
8 «“ MeMgBr 207 94
9 « CH,CHMgBr 208 82
10 )5 H PhMgBr 210/211 85/7
Me, 8~ 7 “oTBS

209
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Table 29. Lee and co-workers’ Synthesis gf-Allyl or f-Ethyl
Acetate Silyl Enol Ethers

(o} 1.In (1.0 eq.)
212214 (1.5 eq.) QTBS
THF
)n 2. enone (1.0 eq.), SMe, )
n=1223 TBSOTF (1.05 eq.) n
THF, -78 °C 7/ IR?
or R
o 215-220
OTBS  OTBS
x
/\)K/ RH/\/Br
R2
212 Et0,C~( 221 222
aR', R2=H
b: R'=Me, R2=H = /
c:R", RZ=Me dr=1:1.2 CO,Et
EtO,C._~_Br oTBS
213 223-225
)
I._CO,Et EtO,C "
214
| oTBS
=
R' R?
226-228
entry RX R R n product % yield (dr)
1 212a H H 1 215 62
212b Me H 1 216 64 (1:1)
3 212a H H 2 217 65
4 212c  Me Me 2 218 61
5 212a H H 3 219 65
6 212c¢  Me Me 3 220 66
7 213 1 221:222(3:1) 72
8 214 1 223 74
9 214 2 224 62
10 214 3 225 71
11 212a H H 226 65
12 212b Me H 227 69 (1:1.1)
13 212¢  Me Me 228 62

MBH-type processes. It is also apparent tfiagulfonium

silyl enol ethers function as electrophiles in the presence of

a variety of nucleophiles.

9. Radical-Polar Crossover Chemistry

Easily oxidized sulfides, such as tetrathiafulvalene (TTF

McGarrigle et al.

Table 30. Lee and co-workers’ Synthesis gf-Propargylic and
P-Alleny! Silyl Enol Ethers

0o
R OTBS
Jn .
R
R2 1.1n, 229, THF )n
R? 2. enone, SMe,, 3 R2
n=1,2 TBSOTf (1.05 eq) R R?
R!'=H, Me THF, -78 °C
RZ=H, Me \
230-235
+
R3 or
= Br OTBS
R4/\
R! )
229 "
aR3RY=H =
b: R®=Me, R*=H
c¢:R3=H,R*=Me 236-238
entry R R? n RX product % yield (dr)
1 H H 1 229a 230 82
2 H H 1 229 231 71(1:2.1)
3 Me H 1 229a 232 81
4 H H 2 229a 233 86
5 H H 2 229b 234 81 (1:1.3)
6 H Me 2 229a 235 48
7 H H 1 229c 236 69
8 Me H 1 229c 237 73
9 H H 2 229c 238 64

aLil was used an additive witR29c

Scheme 77. General Scheme for Radical-Polar Crossover
Reactions

+
A-N, B—Nu
N, SR,
A Nu
+SRy B—+SR2

radical

process g’

9.1. Radical Cyclization Followed by Oxidative
Quench

The most-studied reaction in this field has been the
cyclization of aryl radicals onto tethered olefins, which, after

' the coupling with the sulfide radical cation and displacement

239), can be used to reduce arene diazonium salts to arylyf the sulfide, gives rise to alcohols, ethers, or amige!
radicals, and in suitable cases, such species can then underggy far the most commonly used sulfide in this chemistry
conventional radical chemistry to convert to more stable, has been TTF239, a sulfide often employed by materials
alkyl-centered radicals. These more stable radicals canchemists on account of its ease of oxidattéhScheme 78
thereafter couple with the sulfide’s radical cation (formed shows the application of TTF in the cyclization of a benzene

on oxidation of the sulfide) to give sulfonium salts. Finally,
the sulfide can then be displaced from the salt by a variety

diazonium salt, followed by oxidative quench.

of nucleophiles, in a sequence that has become known as9.1.1. Reactions of 2-Allyloxy Benzene Diazonium Salts
“radical-polar crossover chemistry” (see Scheme 77 for the with TTF

catalytic cycle)t>?169This process is catalytic in sulfide, and
it is possible to use substoichiometric quantities of sulfide;
however, the yields are generally superior if stoichiometric
amounts are employéé?161.162The two types of transforma-
tion which have been achieved by this chemistry, involving
either radical cyclization or radical translocation, are de-

scribed below.

The original substrates studied in this chemistry were allyl,
crotyl, and prenyl ethers of benzene diazonium salts,
245a-¢.159161 The O-crotyl- and O-prenyldiazonium salts
underwent smooth conversion to the desired alcohols, but
in the case of the allyl ether, the reaction stopped at the
sulfonium salt stage (Scheme 79). If dry acetone was used,
all three sulfonium salts could be isolated, and the latter two
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Scheme 78. Catalytic Cycle for Radical Cyclization of Arene
Diazonium Salts

S
=1
RE

OH
2
[ j\—j RY
o)
246b-c
BF; R! b: R'=H, R?=Me, 73%
N (72% with 20 mol% TTF)
2 ZoR? ¢: R'=R2=Me, 48%
TTF (100 mol%)
O or
acetone/water 49:1
o R =24R523='°H 1, 30 min BF, TTF'
b:R'= H, R?= Me R
c:R'=R%=Me
0

247
a:R'=R?=H, 75%

Scheme 80. Evidence in Support of a Radical Mechanism
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Scheme 81. External Nucleophiles Other than Water in
Radical-Polar Cyclizations

OMe BF,
0,
TTF (100 mol%) N
MeOH ©:
(o) rt, 30 min, 54% (o)

252 245

TTF (100 mol%)
MeCN
rt, 30 min, 54%

HN)K

Swh

253

Scheme 82. Internal Alcohols as Nucleophiles in
Radical-Polar Cyclization Reactions

BFy
+
@ENZ/ OH " TTF (100 mol%) o
acetone/water 49:1 0O
255

© rt, 30 min, 48%
254

BF, o)
N, TTF (100 mol%)
©: /\é acetone/water 49:1 o

0 it, 30 min, 73%
256 OH 257

Scheme 83. Attempted Tandem Cyclization Reaction

sr; °
O
O

258

TTF (100 mol%)
acetone/water 49:1

BF; . . n4d
Ni/\ TTF (100 mol%) W o o
acetone/water 49:1 SPh
o SPh rt, time unspecified o . \S
248 249 — .
(0} O
‘ 259 260
X
©:j/\ + PhSSPh l l
o 0o Q
60% 41%
o o OH
261 262
could subsequently be hydrolyzed to afford the alcohols. 41% 15%

Subjection of sulfonium sat47to more vigorous hydrolysis
conditions resulted only in decomposition of the tetrathia- as discussed above, the use of methanol or acetonitrile as
fulvalene moiety. This observation regarding the relative easesolvent resulted in the formation of ethers and amides,
of hydrolysis of primary, secondary, and tertiary sulfonium respectively, although the yields were highest with water as
salts has been found to be general, and the trend has beethe nucleophile (see Scheme 81)*%!Internal alcohols can
ascribed to a unimolecular reaction mechanism for the final also act as effective nucleophiles in the displacement of TTF
displacement stey?161 from sulfonium salts (see Scheme 8%
Support for the radical mechanism shown in Scheme 78 o
was found in the reaction of s@48 which, after cyclization,  9-1.2. Tandem Cyclizations
led to elimination produc250 (Scheme 80)% This elimina- Attempts to induce a second cyclization prior to trapping
tion would not be expected to occur if the cyclization were resulted in a significant degree of coupling between the TTF
to operate through a cationic mechanism. radical cation and the alkyl radical product of the first
Three external nucleophiles have been shown to displacecyclization (Scheme 83f1166This is presumably a conse-
TTF from its sulfonium salts. As well as water in acetone, quence of the lower rate for theexotrig-cyclization of an
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Scheme 84. Use of a Probe for Radical Involvement in

Tandem Cyclizations

sy ©
SHED
PhS
263

TTF (100 mol%)

acetone/water 49:1
rt, time unspecified

McGarrigle et al.
Scheme 86. Radical-Polar Cyclization of an
N,N-Diallyl-substituted Benzenediazonium Salt
BF, OH

4
@NT TTF (100 mol%)
N
L~

acetone/water 49:1

(0] rt, 30 min, 40% v
1o o 274 275
- +
(0] PhS o 7
264 265 266 N
19% 48% 18% v
Chart 3. Bulkier Electron Donors 276

not observed

MeO,C CO,Me

s s
)Is> <sj< Scheme 87. Use of Radical-Polar Crossover Chemistry as a

/
Lo~X

MeO.C COMe Key Step in the Synthesis of Aspidospermidine
267 268 0
—cF,
/ HN
N s
_ AN
Q=10 v
s N . @ 45%
HO - N TTF
269 o0=8=0 (100 mol%)

Scheme 85. Comparison of Oxygen and Nitrogen Linkers

BF, OH o)
@:Nzi%\ TTF (100 mol%) W HN>\—CF3
acetone/water 49:1 X

X t, 30 min OH

270 271 — N
a: Xx=0 a: X=0, 58% — N H
b: X=NAc b: X=NAc, 59% N
c: X=NBn c: X=NBn, 21% O:I HO 280

| = aspidospermidine

BF, 0
E:[N; TTF (100 mol%) ©§|ﬁ) 219
x% acetone/water 49:1 X also examined, but radical attack on the phenyl ring of the
OH

rt, 30 min a A . .
272 273 linker proved to be a competitive reaction to the desired
a: X=0 a: X=0, 27% cyclization. Data for different linking groups is presented in
b: X=NT: b: X=NTs, 68%
¢ XoNMS c: X=NMs, 75% Scheme 85.

The analogous|,N-diallyl substrate afforded a 40% yield
of the corresponding alcohol, rather than the expected
primary sulfonium salt (Scheme 88%.It was proposed that
this was because the slightly more electron-rich aromatic ring,
relative to those of the ethers, acetamides, and sulfonamides,
could act as a more effective participating neighboring group
in this case, aiding the hydrolysis of the initially formed
sulfonium salt.

alkyl radical when compared with that of an aryl radical.
The resulting sulfonium salt was hydrolyzed in situ to give
261 as the major product (41%), although some bicyclized
product262(15%) was also obtained. The second cyclization
was more effective in the presence of substfigbearing
a thioether (Scheme 84Y’

The use of bulkier electron dono267—269 (see Chart
3) appears to (etard the coupling step and, t_hus, allow ag g4 Application in Synthesis
second cyclization to occur more readily, allowing for even ) ) )
greater yields o265 (67—73%) under the same conditions ~ The chemistry described above has been applied to the
as abové®” However, none of these reagents have been total synthesis of the pgntac_ychc alkalo_ld aspldosperm|d|ne,
shown to undergo successful coupling and hydrolysis, giving 280*%° The key step in this synthesis, the radical-polar

instead either stable sulfonium salts or decomposition reaction of278 with TTF to give tricyclic alcohol279,
products. proceeded in 45% yield (Scheme 87).

9.1.3. Extension to Indolines 9.2. Radical Translocation

Acetamide, benzene sulfonamide, and methyl sulfonamide The second area of chemistry in which the radical-polar
linkers can be employed instead of ethers to tether the olefincrossover catalyst TTF has been employed has been that of
to the arene, allowing for the synthesis of indolines through radical translocatiot£?166.17%Again, readily reduced benzene
this chemistry (Scheme 8% Acetamides gave yields diazonium salts are employed as substrates, but no tethered
comparable to ethers, while the more rigid sulfonamide olefin is present, so the most readily available reaction
systems gave significantly higher yields in reactions that do pathway for the aryl radical generated is hydrogen abstraction
not proceed well with the analogous ethers. Benzamides werefrom a nearby €H bond, to generate a more stable alkyl
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Scheme 88. TTF-Catalyzed Transformation of Diazonium
Dialkylbenzamide Salts to Monoalkylbenzamides

BF,
TTF (100 mol%)

N,
, NHR
NRR acetone/water
49:1,rt,2h (0]

R

(o]
281a-e 282a-e

. a:R=R'=Me, 39%
:’.E:Ev_ge b:R=R'=_Et,85%
¢ R=R=Pr c:R=R'=Pr, 98%
d:R=R'=Bn (76A7W|th 10 mol% THT)
TRt Vo d:R=R'=Bn, 61%
e:R="Bu,R'=c-Pr

e: R ='Bu, R'= c-Pr, 87%

Scheme 89. Demonstration of Aldehyde Products in
TTF-Catalyzed Monodealkylation of Dialkyl Amides:
Reaction and Proposed Pathway (DNP=
2,4-Dinitrophenylhydrazine)

NO,
éﬁ,

TTF (100 mol%)
HN.
D acetone/water 49:1, rt, 2h N
then DNP in EtOH rt

Yield not reported

Gy %5

0,0 - ol - OGP
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Scheme 90. Anilides as Substrates for TTF-Catalyzed
Radical Translocation

BFy4 291

Ny SR a:R=R'=H, 41%
L b: R=H, R = Me, 32%

N 0 TTF (100 mol%) c:R=R'=Me, 14%
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rt, 30 min [\
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9.2.2. Anilide Substrates

Anilides, the other substrates to have been studied in detall,
have afforded substantially different results. All three anilides
290a-c underwent a degree of translocation, but in all cases,
significant trapping of the aryl radical by the TTF radical
cation also occurred; in the acetamide case, it dominated
(Scheme 90¥%2179Furthermore, when radical translocation
did occur, coupling of the resulting radical with the TTF
radical cation occurred on carbon rather than on sulfur.
Again, the yields of the products of translocation approx-
imately matched the stabilities of the translocated radicals.

Such anilide substrates are the only reported instances in
which the generation of 8pgadicals under TTF-mediated
radical-polar conditions has led to the formation of C-linked
sulfonium salts (Scheme 90). It was suggested that the
formation of an S-linked salt may be destabilized in these

Scheme 91. Lactone Synthesis Using TTF-Catalyzed

radical. This new radical can then couple with the TTF Radical-Polar Cyclization: Reaction and Proposed Pathway

radical cation, and the resulting salt can be hydrolyzed or
displaced by a nucleophile. This chemistry can thus allow
selective functionalization at unactivated sites.

9.2.1. Benzamide Substrates

The most thoroughly studied system in which this type of
chemistry has been examined is that of dialkylbenzamides
281a—e (Scheme 88)%2170In all of these cases, successful
translocation, trapping, and hydrolysis of the sulfonium salt
to the N-benzoylhemiaminal resulted in overall oxidative
monodealkylation. The proposed mechanism for these trans-
formations is shown in detail for a similar substrate in
Scheme 89. It can be clearly seen from Scheme 88 that the
yield of dealkylated product is closely linked to the stability
of the radical formed after translocation.

The catalytic nature of this chemistry was demonstrated
with substrat81¢ which afforded282cin good yield (76%)
with only 0.1 equiv of TTF®2 As the aldehydes presumed
to result from this chemistry were of low molecular weight
and were not isolated, the cyclic secondary an#édwas
examined; treatment on workup with 2,4-dinitrophenylhy-
drazine (DNP) resulted in hydrazor&89, supporting the
proposed mechanism of the oxidative dealkylations (Scheme
89)162.170

BF4
N
TTF (100 mol%)
aoetone/water 49:1
2 h, 45% 07 0

293 299
SON shs”
¥ i
294 298

.
TTF _
-
B iL( L %
'il 0 N"0

295 N\ Vi 297

296
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Scheme 92. TTF-Catalyzed Radical Translocation of Model Substrate for the Synthesis of ADRT

BFy TTF (100 mol%) TTF By "
+ mol
@[NZ/D acetone, rt @ /@ ©E\tojf> Na%
(0] + O N__O
then NaBH, o) o) HO
© in EtOH | \,\i
300 301 302
23% 40% o)
ADRT
303

cases by the adjacent carbonyls. Such a destabilization could.ike the polymer-bound system, the reisolation of the
not only help to account for produc292a—c but could also reagent, by evaporation of the water after extraction, afforded
explain the successful translocatiecyclization sequence the radical cation rather than the active species. In this case,
observed in substrate93 Ordinarily, an alkyl radical though, reduction back to the donor reagent has not been
intermediate would be trapped by the TTF radical cation, reported. These reactions could also be conducted in pure
but in the case of radic&l94, the rate of the trapping may water if the more soluble diazonium chlorides were used
be slowed by the adjacent carbonyl, hence allowirexs- rather than the diazonium tetrafluoroborates, although the
trig-radical cyclization to occur. The TTF radical cation yields were found to be lower (2687%).

would then intercept the new tertiary radical286to give

297, followed by intramolecular displacement by the amide 9.4, Summary of Radical-Polar Crossover

oxygen, which, on hydrolysis, would produce lactdf9 Chemistry

(Scheme 91). . . .
The radical-polar crossover chemistries of benzene dia-

9.2.3. Ether Substrates zonium salts represent two novel classes of reactions. Radical
cyclization followed by oxidative quench allows for the
synthesis of complex alcohols and polycycles, consisting
primarily of dihydrobenzofurans and indolines. Most aspects
of the mechanism of these reactions have been studied in
detail and are well-understood. As well as hydrolysis with
water, methanol, acetonitrile, and internal alcohol, nucleo-
9.3. TTF-Related Reagents philes can also be used to displace TTF from the initial
A number of variants of the standard radical-polar reagent sulfonium salt products. Tandem radical cyclizations are
have been developed, including one in which a TTF moiety possible in some cases, but their general applicability is rather
is bound to a polymeric resir804.17* This polymer-bound limited. Finally, the power of the radical-polar cyclization
reagent allows for easy separation from the product and and oxidative quench has been successfully demonstrated
recycling of the reagent, although, if the reaction is conducted in natural product synthesis.
under air, then the radical cation of the polymer bound Radical translocation followed by oxidative quench has
reagent is isolated, necessitating a NaBitdduction to less synthetic applicability than the radical cyclizations at
regenerate the active species. The procedure has been testguesent, with the monodealkylation of dialkylbenzamides
in four consecutive radical cyclization cycles, with no being the most successful system studied. However, it has
diminution of yield observed (Scheme 93). Yields are, been shown that this chemistry can be used to functionalize
however, lower than in the solution phase (44% cf. 73% for tetrahydrofurans. Study of the translocation reactions has also
salt 245b). engendered greater insight into the understanding of the
Another TTF analogue305, has been developed bearing mechanism of radical-polar crossover chemistry in general,
a polar side chain that makes it water solub3feThis allows showing that, while nucleophilic radicals couple to the TTF
the products to be isolated by simple organic extraction. radical cation on sulfur, electrophilic radicals couple instead
Yields in the radical-cyclization chemistry were only slightly on carbon.

In a related example, with a potential application to the
synthesis of anti-HIV ADRT303 diazonium salB00gave
acetal302 in 40% vyield together with sulfonium sak01
(Scheme 92362170

lower than in the parent system (57% cf. 73% for 845h). Although greater yields are generally obtained with

stoichiometric amounts of catalyst, the cyclization followed
Scheme 93. TTF Analogues Catalyzing a Radical-Polar by oxidative quench has been demonstrated to give good

Crossover Cyclization Reaction yields with as little as 20 mol % of sulfide, whereas the
BF; OH radical translocations can be conducted successfully with 10
4 catalyst
N2 (100 mo.%, mol %. The development of polymer-supported and water-
@: soluble analogues of the prime catalyst, TTF, further
acetonea’water . . . . .
© increases the practicality of this chemistry.
245b 246b
10. Conclusions
catalyst: TTF, 73% E >—< ]/\ i . . . .

304, 44% Chalcogenide-catalyzed reactions provide a wide range of

7% .
S useful products. Sulfides are the most commonly used

chalcogenide catalysts, but a growing number of useful

s s & reactions are being developed using the other members of
[ = ]/\ the family. Chalcogenides can be involved in catalysis
5 B through a variety of distinctly different mechanisms. Most
often, the first step of the catalytic cycle is nucleophilic attack
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by the chalcogenide on one of the substrates. Subsequent or(14) Furukawa, N.; Okano, K.; Fujihara, Nippon Kagaku Kaish1987,

concurrent ylide formation then allows a range of reaction
manifolds to occur. Alternatively, the initial step can be an
electron transfer, with radical chemistry then ensuing. In

either type of reaction, the chalcogen can then be regenerated

either by nucleophilic displacement (either intra- or inter-
molecular) or by elimination. Such cycles allow the catalytic
synthesis of epoxides, aziridines, cyclopropanes, olefins,

chromenes, MBH adducts, indolines, and a variety of other (20)

heterocycles.

11. Abbreviations

ADRT 4'-azidothymidine

c-Pr cyclopropyl

Cy cyclohexyl

DCM dichloromethane

DNP 2,4-dinitrophenylhydrazine
EWG electron-withdrawing group
GSH glutathione

[M] metal with unspecified ligands
MBH Morita—Baylis—Hillman

MVK methyl vinyl ketone

PEG poly(ethylene glycol)

PTC phase-transfer catalyst

SA sodium ascorbate

SES p-trimethylsilylethanesulfonyl
TcBoc trichlorotert-butoxycarbonyl
THT tetrahydrothiophene

Tol tolyl

TTF tetrathiafulvalene
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