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C O N S P E C T U S

Ylides are nucleophiles that bear a unique leaving group,
LnM, and can attack aldehydes, ketones, imines, and elec-

tron-deficient alkenes. Over the course of the reaction, they
react with CdX (X ) C, N, O, etc.) double bonds to form
betaine or oxetane intermediates, which further eliminate the
heteroatom-containing group in one of two ways to give the
corresponding olefination or cyclization product. Since the dis-
covery of the Wittig reaction, ylide olefination has developed
as one of the most useful approaches in constructing
carbon-carbon double bonds. These reactions provide unam-
biguous positioning of the C-C double bond and good ste-
reoselectivity. Researchers have also widely used ylides for the
synthesis of small ring compounds such as epoxides, cyclo-
propanes, and aziridines. However, the use of ylides to pre-
pare larger cyclic structures was very limited.

This Account outlines our recent work on ylide-initiated Michael addition/cyclization reactions. By altering the heteroa-
toms and the ligands of the ylides, we have modulated the reactivity of ylides. These modified ylides provide easy access
to diverse cyclic compounds with the ability to control regioselectivity, chemoselectivity, diastereoselectivity, and enantiose-
lectivity. Reactions using these ylides produce the structural components of many biologically active compounds and valu-
able intermediates in organic synthesis. Allylic telluronium and sulfonium ylides can react with R,�-unsaturated esters, ketones,
amides, and nitriles to afford multisubstituted vinylcyclopropanes with high selectivities. Telluronium allylides react with aro-
matic N-phenyl aldimines to give trans-vinylaziridines and with chiral N-tert-butylsulfinylimines to afford the optically active
cis-2-substituted vinylaziridines, both with high diastereoselectivities. We also used sulfonium and telluronium allylides to
prepare vinylepoxides.

In addition, ylides are good reagents for the synthesis of five-membered heterocyclic compounds. By treatment of sta-
ble camphor-derived sulfur ylides with R-ylidene-�-diketones, we obtained multisubstituted dihydrofurans with high dias-
tereo- and enantioselectivities. Ammonium salts derived from cinchonidine and cinchonine react smoothly with 3-aryl and
3-heteroaryl-2-nitro acrylates, affording both enantiomers of isoxazoline N-oxides with up to 99% ee.

Ylides can initiate tandem cyclizations for the synthesis of chromenes, bicyclic compounds, and cyclohexadiene epoxides.
Varying the choice of base allows access to 2H-chromenes and 4H-chromenes from 3-(2-(bromomethyl)phenoxy)acrylates
via a tandem ylide Michael addition/elimination/substitution reaction. Phosphines can catalyze an intramolecular ylide [3
+ 2] annulation constructing bicyclo[n.3.0] ring systems with three contiguous stereogenic centers. The reaction of crotonate-
derived sulfur ylides with R,�-unsaturated ketones affords cyclohexadiene epoxides with excellent diastereoselectivities
(>99/1) in good to high yields. Using a camphor-derived sulfonium salt, we have produced asymmetric cyclohexadiene
epoxides with high ee’s. Overall, these results illustrate the versatility and tunability of ylides for the preparation of cyclic
systems containing more than three atoms.
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Introduction
The birth of the Wittig reaction marked the entry of ylides into

the arsenal of important synthetic tools. An ylide,

LnM+-C-RR′ , can be regarded as a nucleophile bearing a

unique leaving group, LnM. Different from common nucleo-

philes, it can initiate a nucleophilic addition to aldehyde,

ketone, imine, and electron-deficient alkene and then displace

the leaving group via an intramolecular substitution to form

a cyclic compound (route 1 in Scheme 1). One of the advan-

tages is that both the reactivity of an ylide and the selectivity

of an ylide reaction can be modulated readily by the hetero-

atom M and the ligand L. Moreover, the heteroatom com-

pound LnM could be easily recovered and reused under

certain circumstance, leading to the developments of cata-

lytic ylide cyclization1,2 in the past decade. These advantages,

together with its ready accessibility, make ylide cyclization a

useful method for the synthesis of small ring compounds,1–3

such as epoxides, cyclopropanes, and aziridines.

As our initial investigations in ylidic cyclization, we decided

to focus on reactions of ylides with Michael acceptors for the

synthesis of cyclopropanes because cyclopropane derivatives

are ubiquitous structural components of many biologically

active compounds and valuable intermediates in organic syn-

thesis. With regard to the choice of ylides, we selected

allylides since the products are useful multisubstituted vinyl-

cyclopropanes and general methods for the synthesis of such

compounds are lacking due to the difficulties associated with

regioselectivity, diastereoselectivity, and enantioselectivity. On

the basis of the cyclopropanation mechanism, we reasoned

that intermediate I of the Michael addition of ylide might fur-

ther be trapped by a second electrophile and then trigger a

tandem cyclization reaction to furnish diverse cyclic com-

pounds (route 2 in Scheme 1). Thus, we explored the ylide-

initiated Michael addition/tandem cyclization to form cyclic

compounds beyond three-membered rings, and various cyclic

compounds outlined in Scheme 2 are prepared with high

selectivities via an ylide route.

Ylide-Initiated Michael Addition/Substitu-
tion Cyclization. From Three- to Five-Mem-
bered Rings
Carbon-carbon bond formation is one of the most essential

and effective tools for the construction of organic molecules.

Ylide-initiated Michael addition/substitution proved to be very

efficient for several carbon-carbon bond-forming reactions

involved in the synthesis of cyclic compounds.

Michael Addition/Substitution To Form Vinylcyclo-

propanes. Considering that allylic sulfur ylide is easily rear-

ranged4 and allylic telluronium ylide is more reactive than the

corresponding sulfur ylide,5 telluronium allylides were cho-

sen for our initial study. We found that telluronium allylides

could react with R,�-unsaturated esters and amides to pro-

vide the vinylcyclopropane derivatives in high yields with high

stereoselectivities.6 Interestingly, the diastereoselectivities of

this cyclopropanation were easily controlled by varying the

reaction conditions (Scheme 3).7–9

SCHEME 1. Possible Pathways for Ylide-Initiated Tandem
Cyclization

SCHEME 2. Various Cyclic Products via Ylidic Cyclization

SCHEME 3. Control Synthesis of Both Cyclopropane
Diastereomers7,8
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Although exciting methods have been reported for the con-

struction of cyclopropanes,1c,3,10,11 direct synthesis of opti-

cally active disubstituted vinylcyclopropane derivatives

remains underdeveloped. The excellent diastereoselectivity in

aforementioned reactions encouraged us to develop chiral tel-

luronium ylides for the synthesis of optically active cyclopro-

panes. Thus, we designed new chiral telluronium salts 7 and

8, which were readily prepared from hexane-2,5-dione 4 as

shown in Scheme 4.12

Silylated telluronium tetraphenyl borate 8b, after in situ

deprotonation by LiTMP/HMPA, reacted smoothly with a vari-

ety of �-aryl- and �-heteroaryl-R,�-unsaturated carbonyl com-

pounds to furnish 1,2-cis-vinylcyclopropanes 3 with high

diastereoselectivities (dr > 88/12) and enantioselectivities

(93-99% ee) in high yields (up to 99%) (Table 1). R,�-Unsat-

urated ketones gave 1,2-cis-vinylcyclopropanes with high

chemoselectivity, and no epoxides were detected. Telluronium

sats 8a and 8c gave products with similar selectivities but in

lower yields.

Interestingly, by using LDA/LiBr instead of LiTMP/HMPA as

a base, the reaction of telluronium salt 8b with �-aryl-R,�-

unsaturated esters and amides afforded 1,2-trans-vinylcy-

clopropanes 2 instead of 3 with good to high diastereo-

selectivities and enantioselectivities. For cinnamates,13

unexpectedly, additives LiBr and MgBr2 gave the same dias-

tereoselectivities but opposite enantioselectivities (Scheme

5). Thus, three isomers, 2, 3, and ent-2 of eight optically

active vinylcyclopropanes were synthesized with good

selectivities by the choice of reaction conditions when cin-

namates are employed.13

The above results indicate that the stereoselectivities of the

telluronium allylide cyclopropanation can be switched readily

by a proper choice of the reaction conditions, of which lith-

ium or magnesium ion plays a key role in tuning the diaste-

reochemistry. In the presence of lithium ion, we proposed a

chelating six-membered ring transition state A (Scheme 6) to

explain the formation of the major product 2. Based on this

assumption, camphor-derived sulfonium salt 9a14 with a

hydroxy group at the �-position of the sulfur atom was

designed. It is envisaged that the corresponding ylide 10

might form a rigid six-membered ring in the presence of metal

ion such as lithium ion and thus be beneficial to the diaste-

reoselectivity and enantioselectivity of the cyclopropanation.

Sulfonium salt 9a can be prepared from cheap d-camphor

in three steps in a 10-g scale (Scheme 7).15,16 Treatment of 9a

with lithium diisopropylamide (LDA), followed by the addi-

tion of methyl cinnamate gave only a trace amount of the

desired product 2b due to the [2,3]-sigmatropic rearrange-

ment of the ylide (Scheme 8). To prevent the ylide rearrange-

ment, a one-pot procedure using a weaker base than LDA was

examined. Vinylcyclopropane 2b was obtained with 97% ee

SCHEME 4. Synthesis of Telluronium Salts 7a-c and 8a-c

TABLE 1. Stereoselective Synthesis of Vinylcyclopropanes via Chiral
Telluronium Ylide

R1 R2 dr yield (%) ee (%)

Ph OMe 96/4 95 96
p-MeOC6H4 OMe 97/3 63 94
p-MeC6H4 OMe 98/2 88 97
p-CF3C6H4 OMe 88/12 99 96
p-BrC6H4 OMe 97/3 97 96
2-furyl OMe 94/6 81 97
Me OMe 92/8 57 94
Ph Ph 98/2 95 95
Ph N(CH2)5 99/1 83 93

SCHEME 5. Base-Reversed Enantioselectivities

SCHEME 6. Chiral Telluronium and Sulfonium Salts

Ylide-Initiated Michael Addition-Cyclization Reactions Sun and Tang
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in 85% yield when salt 9a, t-BuOK, and methyl cinnamate

were mixed at -78 °C in THF (Scheme 8).16

�-Aryl-R,�-unsaturated esters, ketones, amides, and nitriles

worked smoothly under the same conditions to afford the cor-

responding 1,2-trans-vinylcyclopropane with excellent enan-

tioselectivities and diastereoselectivities (Table 2).

Interestingly, the enantioselection of cyclopropanation is

reversed when the corresponding endo-sulfonium ylide is

employed. Some representative examples are listed in Table

3. Most R,�-unsaturated esters, ketones, amides, and nitriles

examined proved to be suitable substrates. Thus, both enan-

tiomers of 1,2-disubstituted, 1,2,3-trisubstituted, and 1,1,2-

trisubstituted cyclopropanes were easily prepared with high to

excellent enantioselectivities in reasonable yields from the

same chiral source, d-camphor.

The camphor-derived �-hydroxyl-sulfonium salts 9 and 13

proved to be efficient reagents for the cyclopropanation of

electron-deficient alkenes. Experimental results in Scheme 9

suggested that the free hydroxyl groups in 9a must play a cru-

cial role in controlling both the reactivity and stereoselectiv-

ity.

DFT calculations showed that the cyclopropanation pro-

ceeded preferably via a ten-membered transition state, in

which the H-O-C-C-S-C moiety is in a boat-like confor-

mation and the hydrogen bond is very strong (Figure 1).16

These models gave excellent explanations for the high selec-

tivities and the opposite enantioselectivities of exo- and endo-

sulfur ylide cyclopropanation reactions.

SCHEME 7. Synthesis of Sulfonium Salt 9a

SCHEME 8. Effects of Reaction Conditions on Sulfur Ylide
Cyclopropanation

TABLE 2. Cyclopropanation Using d-Camphor-Derived Sulfonium
Salt 9a

R EWG dr yield (%) ee (%)

Ph CO2Me >99/1 85 97
2-furyl CO2Et >99/1 57 97
Ph CON(CH2)5 >99/1 70 97
Ph COBut 92/8 64 95
Ph CN >99/1 61 94
H CO2Me >99/1 83 95
Me CO2Me 86/14 20 92

TABLE 3. Synthesis of Both Enantiomers of Vinylcyclopropane

14 (9a) ent-14 (13a)

R1/R2 EWG yield (%) ee (%) yield (%) ee (%)

Ph/H CON(C2H4)4 70 97 72 96
H/H CO2Me 83 95 55 93
Ph/H CO2Me 77 99 86 98
C4H9/H CO2Me 78 87 72 90
H/H CO2Me 90 93 60 91
p-ClC6H4/H COBut 91 98 91 98
C4H9/H COBut 88 70 81 90
Ph/H CON(C2H4)4 98 98 87 96
H/H CON(C2H4)4 70 90 78 98
p-BrC6H4/H CN 83 96 75 95
H/CH2Ph CO2Me 83 88 78 97

SCHEME 9. Effect of the Free Hydroxyl Group on the
Cyclopropanation

FIGURE 1. DFT-calculated transition state for exo- and endo-sulfur
ylide cyclopropanation.
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In the cyclopropanation reactions of sulfonium and tellu-

ronium ylides, the chiral sulfide and telluride can be recov-

ered, respectively. These results prompted us to develop their

catalytic version.12,16 To our delight, exo-sulfonium salt 9b

and endo-sulfonium salt 13b, as well as telluronium salt 8b,

can catalyze the cyclopropanation reaction of chalcone with

silylated allylic bromide or cinnamyl bromide, furnishing

1,2,3-trisubstituted-vinylcyclopropane derivatives as major

products in good to high yields with good enantioselectivi-

ties (Scheme 10).12,16 The optimal catalyst loading is 20

mol %.

It was reported that the reaction of telluronium allylide

with R,�-unsaturated aldehyde gave the epoxides

chemoselectively.5,17 Our studies described above showed

that the reaction of telluronium allylide with R,�-unsaturated

ketones furnished cyclopropanes without the detection of any

epoxide.12 We were very curious about the chemoselectivity

of the reaction of telluronium allylide with R,�-unsaturated

imines. Interestingly, we found that the chemoselectivity of the

reaction was N-substituent-dependent (Scheme 11). When

N-sulfonyl or N-sulfinyl imines were selected as substrates,

only aziridines were obtained.18 However, telluronium sily-

lated allylide reacted with N-phenyl imine in a 1,4-addition

manner to afford cyclopropanecarbaldehyde 17a with dias-

tereoselectivity of dr > 99/1 in 85% yield.18 Therefore, the

chemoselectivity of the ylide reaction with R,�-unsaturated

imine was controlled by a proper selection of the N-substitu-

ents. The probably reason is that the N-substitutents change

the charge distribution of R,�-unsaturated imines. The clear

reason waits for further investigation.

Using chiral telluronium salt 8b, �-aryl and �-heteroaryl-

R,�-unsaturated imines furnished 1,2-cis-cyclopropanecarbal-

dehyde with excellent diastereoselectivities (dr > 36/1) and

enantioselectivities (>95% ee) in good yields (Scheme 12).

Substituents on the aryl ring proved to be well-tolerated.

We proposed that the cyclopropanecarbaldehyde was

formed via an ylide 1,4-addition to R,�-unsaturated imines,

followed by hydrolysis on silica gel. Increasing the molar ratio

of telluronium salt 1b to imines from 1:1 to 3:1 resulted in the

production of vinylcyclopropylaziridines 18 in good yields

(63-86%) with high diastereoselectivities (Scheme 13), pro-

viding an easy access to cyclopropylaziridines.18

Both telluronium and sulfounium allylides can react with

R,�-unsaturated carbonyl compounds to give 1,2-disubstituted

or 1,2,3-trisubstituted cyclopropanes. Telluronium salt 1b also

reacted with arylidene malonates to afford 1,1,2,3-tetrasub-

stituted cyclopropanes diastereoselectively,19 which are very

useful synthetic intermediates in the construction of cyclopen-

tane skeleton and heterocyclic compounds.20 However, the

substrates for this reaction are limited to arylidene malonates.

When the corresponding arsonium salts 19 were used instead,

both alkylidene and arylidene malonates proceeded well to

give trans-2,3-disubstituted cyclopropane 1,1-dicarboxylic

esters with high selectivities (Scheme 14).21 A recent study

showed that the triphenylarsine loading could be reduced

from a stoichiometric amount to a catalytic amount (20 mol

%) using 2-phenylvinyltosylhydrazone salt in the presence of

a catalytic amount of Rh2(OAc)4.22

SCHEME 10. Asymmetric Catalytic Ylide Cyclopropanation of
Chalcones

SCHEME 11. Effects of N-Substituents on Chemoselectivity

SCHEME 12. Asymmetric Cyclopropanation of R,�-Unsaturated
Imines with Telluronium Ylides

SCHEME 13. Synthesis of Cyclopropylaziridines

Ylide-Initiated Michael Addition-Cyclization Reactions Sun and Tang

Vol. 41, No. 8 August 2008 937-948 ACCOUNTS OF CHEMICAL RESEARCH 941



The vinylcyclopropanes are potentially useful in organic

synthesis.14 As shown in Scheme 15, trimethylsilylvinylcyclo-

propane 2a was easily oxidized into aldehyde 21 without the

loss of optical purity, which is a key intermediate for the syn-

thesis of the biologically active compounds phenylcarboxycy-

clopropylglycines (PCCGs). The successful transformations of

2a into ketone 20, epoxide 22, and aldehyde 23 have also

been carried out (Scheme 15). Compounds 20-23 are inter-

mediates feasible for various further transformations.

Michael Addition/Substitution To Form Tetrasub-
stituted Dihydrofuran. As a well-accepted mechanism, the

Michael addition of ylide to R,�-unsaturated ketones will pro-

duce a betaine intermediate. This intermediate can potentially

undergo intramolecular substitution in two pathways: C-sub-

stitution (path A in Scheme 16) and O-substitution (path B in

Scheme 16), which lead to the formation of cyclopropanes

and dihydrofurans, respectively. In most cases, the reactions

of ylides with R,�-unsaturated ketones afford cyclopropanes.

In contrast, the creation of dihydrofurans via ylide Michael

addition/substitution is far underdeveloped. A stereoselective

synthesis of dihydrofurans via an ylide approach would face

the challenge to control the regioselectivity, chemoselectiv-

ity, diastereoselectivity (cis/trans), and enantioselectivity.

The reaction of ethyl (dimethylsulfuranylidene)acetate

(EDSA) with R,�-unsaturated ketones furnished cyclopro-

panes.23 Recently, we found that the same ylide reacted with

alkylidene and 3-arylidene-2,4-pentanediones to afford

dihydrofuran derivatives with high selectivities rather than

cyclopropanes, probably because the steric hindrance of

R-substituents of the carbonyl group retarded the 1,3-substi-

tution to form cyclopropanes. By employing camphor-derived

sulfur ylide 24 instead of EDSA, we developed a diastereose-

lective (dr > 6.5/1) and highly enantioselective (>88% ee)

cyclization reaction for the preparation of optically active

highly substituted dihydrofurans (Table 4). Various R-ylidene-

�-diketones proved to be good substrates for this annula-

tion.24

Michael Addition/Substitution To Form Isoxazoline N-
Oxide. The success of producing dihydrofurans by the reac-

tions of R-ylidene-�-diketones with sulfonium ylides

encouraged us to further explore the possibility to synthe-

size other five-membered heterocyclic compounds. In the pres-

ence of K2CO3, dimethylsulfonium salt 25 reacted with (Z)-

benzyl R-nitro-R,�-unsaturated esters, leading to isoxazoline

N-oxides25 that were frequently used as intermediates in the

synthesis of complicated molecules.26 In all cases investigated,

the diastereomeric ratios (trans/cis) were higher than 99/1,

and no cyclopropane derivatives were observed (Table 5).

Camphor-derived sulfonium salt 26 for the enantioselective

synthesis of isoxazoline N-oxides proved to be inefficient, and

only low ee’s were obtained. Fortunately, ammonium salts 27
and 28 prepared from cinchonidine and cinchonine gave

good results. In the presence of Cs2CO3, ammonium salts 27
reacted smoothly with 3-aryl and 3-heteroaryl-2-nitro acry-

SCHEME 14. Cyclopropanation of Arsonium Allylides with
Alkylidene and Arylidene Malonates

SCHEME 15. Chemical Transformation of Vinylcyclopropanes

SCHEME 16. Two Pathways for Reactions of R,�-Unsaturated
Ketones with Ylide

TABLE 4. Synthesis of Dihydrofuran Derivatives from Ylide

R yield (%) trans/cis ee (%)

Ph 95 10/1 91
p-ClC6H4 88 15/1 93
p-BrC6H4 90 14/1 94
p-NO2C6H4 95 12/1 92
p-MeC6H4 80 10/1 88
o-furyl 92 6.5/1 89
2-E-cinnamyl 89 14/1 94
Et 86 12/1 95

Ylide-Initiated Michael Addition-Cyclization Reactions Sun and Tang
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lates, affording (R,R)-isoxazoline N-oxides as single diastereo-

mers (trans/cis > 99/1) with over 96% ee in good yields. The

enantiomeric excesses are nearly independent of the substit-

uents of the aryl and heteroaryl groups (Table 5).

Noticeably, the same cyclization went smoothly using cin-

chonine-derived salt 28, affording the desired product in 99%

ee but with opposite configuration. Thus, both enantiomers of

isoxazoline N-oxide were obtained easily just by a simple

alternation of the chiral ammonium salts (Scheme 17).

Ent-29a can be easily transformed into dehydroclausena-

mide, a potentially hepatoprotective amide isolated from dry

leaves of tranditional Chinese medicine Clausena lansium. As

shown in Scheme 18,27 ent-29a was deoxygenated to isox-

azoline 30 by trimethylphosphite. The resulting isoxazoline

was treated with Raney Ni under H2 atmosphere, followed by

the methylation and treatment with PhLi to give phenylke-

tone 33, which is able to be conveniently transformed into

dehydroclausenamide 34 in two steps according to

literature.27b Thus, the enantioselective formal total synthe-

sis of dehydroclausenamide is achieved in seven steps using

nitroolefin as a starting material.

Ylide-Initiated Michael Addition/Tandem
Cyclization
Tandem reactions are powerful synthetic tools for rapid cre-

ation of complex molecules, in particular cyclic molecules, with

environmental friendliness, operational simplicity, and atom

economy.28 Ylides have been demonstrated to be very effec-

tive initiators for tandem cyclization reactions.

Michael Addition/Elimination/Substitution To Form
Chromene. The wide utility of chromenes29 provides a strong

impetus to develop effective methods for the synthesis of such

compounds. In the presence of 10 mol % tetrahydrothiophene

(THT), upon treatment of K2CO3, substrate 35 furnished

2H-chromene 36 in 85% yield. With Cs2CO3 as the base,

interestingly, 4H-chromene 37 was selectively obtained in

78% yield (36/37 ) 1/20) (Scheme 19).30 A variety of acry-

lates were suitable substrates for the selective synthesis of

2H-chromenes or 4H-chromenes by the choice of K2CO3 or

TABLE 5. Cyclization of Ylide with Nitroolefins

25 27

R/R′ yield (%) trans/cis yield (%) trans/cis ee (%)

Ph/Bn 91 >99/1 65 >99/1 >99
p-MeOC6H4/Bn 99 >99/1 75 >99/1 99
o-MeOC6H4/Me 88 >99/1 54 >99/1 99
p-MeC6H4/Bn 94 >99/1 77 >99/1 >99
p-FC6H4/Me 92 >99/1 79 >99/1 99
o-furyl/Bn 93 >99/1 67 >99/1 >99
i-C3H7/Me 70 >99/1 30 80/20 99

SCHEME 17. Synthesis of Both Enantiomers of Isoxazoline N-Oxide
29a

SCHEME 18. Formal Synthesis of Dehydroclausenamide 34

SCHEME 19. Control Synthesis of 2H-Chromenes and 4H-
Chromenes

Ylide-Initiated Michael Addition-Cyclization Reactions Sun and Tang
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Cs2CO3. Both electronic and steric variations on aryl groups

did not result in obvious changes in yields. The ratio of

2H-chromene/4H-chromene implied that this reaction is sub-

strate-dependent. It is worth noting that the reaction can afford

2H-chromene in high yield even with 1 mol % catalyst

loading.

The base effects in this reaction were attributed to the dif-

ferent basicity of K2CO3 and Cs2CO3. As shown in Scheme 20,

when a mixture of 2H-chromene/4H-chromene was treated

with a base in DCE at 80 °C, 2H-chromene was almost com-

pletely isomerized into 4H-chromene after 18 h in the case of

Cs2CO3 being applied. The same transformation proceeded

very slowly in the presence of K2CO3 (Scheme 20). This

hypothesis was further supported by 1H NMR monitoring of

the annulation reaction.30

The mechanism for the formation of 2H-chromene can be

described as follows (Scheme 21). Tetrahydrothiophene reacts

with bromide 35 to form sulfonium salt II, which is subse-

quently deprotonated to generate the corresponding sulfo-

nium ylide III in situ. An intramolecular Michael addition of

the ylide to acrylate followed by a �-elimination produces V.

SN2′ substitution of intermediate V affords 2H-chromene. The

second possible pathway for the production of intermediate V
from sulfonium salt II is via decomposition of salt II into ylide

VI and ynoate in the presence of base, followed by a Michael

addition of ylide VI to the ynoate. Because 2H-chromene 36
was not observed in a cross-experiment as shown in Scheme

22, the first pathway, which involves an intramolecular

Michael addition/�-elimination, is more reasonable.31

On the basis of the mechanism, the C-O cleavage involved

in the �-elimination is one of the key steps to form

2H-chromene. When substrates 38 were used, the �-elimina-

tion step was inhibited and cyclopropanes 39 were obtained

in good yields under similar reaction conditions using Cs2CO3

(Scheme 23). These results further confirmed the aforemen-

tioned mechanism and provided an easy access to

benzo[n.1.0]bicycloalkanes.31

Double Michael Addition/Elimination To Form [n.3.0]-
Bicyclic Compounds. The chemical behaviors of ylides

proved to be dependent on both the heteroatom and the

ligand, resulting in different reactions for the same substrates.

As shown in Scheme 24, the reactions of bromide 40, initi-

ated by triphenylphosphine (PPh3), furnished [3.3.0] com-

pound 41, and the same substrate gave 4H-chromeme 42
when THT was used instead of PPh3 under the similar condi-

tions.32

By replacment of phenoxyacrylate 40 with phenoxycrotonate

43, benzobicyclo[4.3.0] compounds 44 were prepared in high

yields in the presence of Na2CO3 and 20 mol % PPh3 (Table 6).

When R-methyl R,�-unsaturated esters 43 were employed,

SCHEME 20. Isomerization of 2H-Chromene to 4H-Chromene

SCHEME 21. Possible Mechanism for the Formation of 2H-
Chromene

SCHEME 22. Cross Experiment

SCHEME 23. Synthesis of Benzo[n.1.0]bicycloalkanes

SCHEME 24. Catalytic Ylide Annulation
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noticeably, the reaction also proceeded very well to give benzo-

bicyclo[4.3.0] compounds with a quaternary carbon.33

The substrate scope is quite general for this annulation

reaction. As shown in Scheme 25, alphatic substrates

worked well to afford both bicyclo[3.3.0] and bicyclo[4.3.0]

compounds with high diastereoselectivities in moderate to

good yields. In contrast to that for bicyclo[3.3.0] com-

pounds, the diastereoselectivity for bicyclo[4.3.0] was

reduced slightly.32

This annualation was also performed under neutral condi-

tions when the corresponding tert-butyl carbonate was used

instead of the bromides. This modification allowed the reac-

tion temperature to be decreased from 90 °C to room tem-

perature with 20 mol % of tributyl phospine (Scheme 26).32

Although the present reaction usually gave a mixture of

two isomers, both isomers were readily hydrogenated and

transformed into a single compound. For example, a mixture

of 44a and 45a was subjected to hydrogenation, affording the

same product 50 (Scheme 27).34

The tentative mechanism of annulation reaction is shown

in Scheme 28. Triphenylphosphine reacts with the bromide to

generate phosphonium salt I, which is deprotonated by the

base to produce the corresponding phosphonium ylide II in

situ. Double Michael additions, followed by �-elimination of

triphenylphosphine, afford the product to complete the cata-

lytic cycle.32

Michael Addition/Epoxidation To Form Cyclohexadi-

ene Epoxides. Generally, the reactions of allylic sulfur ylide

with R,�-unsaturated ketones were reported to afford

vinylcyclopropanes.13,14,16 However, we found that sulfur

ylide derived from crotonate reacted with R,�-unsaturated

ketones in a different manner. In this case, cyclopropanes

were not observed, and the reaction afforded cyclohexadi-

ene epoxides, which are very important subunits in a num-

ber of biologically active compounds and are versatile

intermediates in organic synthesis.35 Both �-aryl- and �-alkyl-

substituted R,�-unsaturated ketones furnished the desired

products in good to high yields with excellent diastereoselec-

TABLE 6. Intramolecular Phosphine-Catalyzed Annulation Reaction

R/R′ yield (%) dr (44) 44/45

H/H 95 >99/1 91/9
Cl/H 99 >99/1 94/6
OMe/H 96 >99/1 91/9
H/Me 82 93/7 100/0
Cl/Me 78 95/5 100/0

SCHEME 25. Intramolecular Phosphine-Catalyzed Ylide Annulation
Reaction

SCHEME 26. Annulation of Carbornate Derivativesa

a Boc ) tert-butoxycarbonyl.

SCHEME 27. Chemical Transformation of Bicyclo[n.3.0] Compounds

SCHEME 28. A Plausible Mechanism for Triphenylphosphine-
Catalyzed Annulation Reaction
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tivities (>99/1). Substituents on the aryl ring proved to be

well-tolerated and influenced slightly the yields (Scheme

29).36

The intramolecular version of this reaction proceeds

smoothly, affording the desired tricyclic cyclohexadiene

epoxides with excellent diastereoselectivities (>99/1) in good

to high yields. Although they involve a remote control of

enantioselectivity, both intermolecular and intramolecular

reactions worked very well by employing d-camphor-derived

sulfonium salts, furnishing the desired epoxides with >91%

ee’s in moderate to good yields (Scheme 30).

The aforementioned reaction can be explained by a pro-

posed mechanism shown in Scheme 31. Ylide I-C, generated

in situ from the corresponding sulfonium salt 52 under basic

conditions, undergoes an intermolecular Michael addition with

R,�-unsaturated ketones to form intermediate II. Proton trans-

fer of intermediate III, followed by an intramolecular ylide

epoxidation affords the desired cyclohexadiene epoxide deriv-

ative 54.

Miscellaneous Cyclization
Vinylaziridines are important subunits in a number of biolog-

ically active compounds and useful building blocks in the syn-

thesis of nitrogen-containing compounds.37 Of the synthetic

methods developed for vinylaziridines, the reaction between

ylide and imines provided one of the convenient ways. How-

ever, the stereoselectivity, in particular the cis/trans selectivity, is

generally poor. Gratifyingly, we found that telluronium ylide 55,

derived from salt 1b in the presence of a base, reacted with aro-

matic N-phenyl aldimines to give trans-vinylaziridines with high

diastereoselectivities in moderate to high yields (Scheme 32). It

is reported that aliphatic aldimine is easily isomerized to enam-

ine and a few alkylimines but tert-butyl N-tosyl imine is subjected

to ylide aziridination. By a one-pot strategy, telluronium allylide

55 reacts with N-Boc-aliphatic imines, generated in situ from

compounds 57 to afford cis-N-Boc-aziridines with high selectivi-

ties in good yields (Scheme 33).38

When chiral N-tert-butylsulfinylimines were used, the opti-

cally active cis-2-substituted vinylaziridines were obtained. Var-

ious aryl and heteroaryl aldimines, as well as alkyl and R,�-

unsaturated aldimines all afforded the desired products with high

diastereoselectivities (>98% de) in good to excellent yields

SCHEME 29. Tandem Michael Addition/Ylide Epoxidation Reaction

SCHEME 30. Asymmetric Ylide Michael Addition/Epoxidation

SCHEME 31. A Plausible Mechanism for the Formation of
Cyclohexadiene Epoxides

SCHEME 32. Stereoselective Synthesis of Aziridines
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(Table 7). Ketimines, usually less reactive than aldimines in ylide

reactions, were also suitable substrates for this aziridination.39

Conclusion
Ylide-initiated Michael addition/cyclizations are complex from

the perspective of chemoselectivity, regioselectivity, and ste-

reoselectivity. By alteration of the heteroatoms or the ligands

of the ylides, the selectivities have proven to be controllable,

providing a powerful tool to construct diverse cyclic com-

pounds beyond cyclopropanes. Telluronium and sulfonium

allylides can react with Michael acceptors to afford multisub-

stituted vinylcyclopropane with high selectivities. The reac-

tions of carboalkoxylmethylides with R-ylidene-�-diketones

and nitroolefins furnish dihydrofurans and isoxazoline N-ox-

ides, respectively. By rational design of ylides and the sub-

strates, ylide Michael addition/tandem cyclizations have been

applied to the synthesis of chromenes, bicyclic compounds,

cyclohexadiene epoxides. These results show that ylides are

excellent reagents for the preparation of cyclic compounds

beyond three-membered rings with controllable selectivities.
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