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cycloaddition reactions of the azomethine ylides. However,
before describing the details of the asymmetric cycloadditions
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to Woodward-Hoffmann rules*-2¢ Although, in general,
such cycloadditions are considered to be concerted with both
carbon-carbono bonds being formed at the same tifie,
involvement of a singlet diradical or zwitterionic intermedi-
1,3-Dipolar cycloaddition reactions are fundamental pro- ates has also been debatéHowever, strong evidence exists
cesses in organic chemisthgnd their asymmetric version  in favor of a concerted mechanism due to the stereospecificity
offers a powerful and reliable synthetic methodology to of the cycloadditions in which the relative stereochemistry
access five-membered heterocyclic rings in regio- and of the alkene dipolarophile is retained in the pyrrolidine
stereocontrolled fashioch® In particular, the reaction of  product.
azomethine ylides (AMY) with alkenes is a powerful method =~ CNDO/2x calculations of energies of the various orbitals
for the syntheses of substituted and stereoisomerically pureinvolved have revealed that AMY are all electron-rich species
pyrrolidines®~1° an important building block in the syntheses characterized by relatively high-energy HOMOs and LU-
of many natural products and pharmaceuti¢ai®. Although MOs, preferentially reacting with electron-deficient alkenes
some highlights on the asymmetric cycloadditions of azo- due to a narrow HOM@,oie—LUMO gipolaropnile gap2° how-
methine ylides can be found in a few recent general ever, this may not necessarily be obvious, particularly in the
reviews>°>1%a comprehensive account in this field is lacking intramolecular cycloadditions as reaction can take place even
despite the substantial development of the field. In this with an unactivated alkene too. Sustni@rlouk 29332 and
review, we wish to present an exhaustive survey of the Bastidé3° explained the reactivity and regiochemistry of
published literature, spanning over the past two decadesl,3-dipolar cycloaddition reactions based on relative FMO

1. Introduction

(1985-2005), for accomplishing asymmetric 1,3-dipolar
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energies between the dipole and dipolarophile and classified

AMY cycloadditions to a Type | class in which the dominant

FMO interaction is of the HOM@ye With LUMO aiene
(HOMO controlled, represented by the solid line) as outlined
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in Chart 2. HOMO-controlled reactions are accelerated by v J v 0
electron-releasing substituents in the dipole and electron- 6—2 g_ﬁ
withdrawing groups in the dipolarophilé&s. A B

The regioselectivity in the cycloadditions of AMY can be
predicted on the basis of the unequal magnitude of the regioisomers in the cycloaddition of the azomethine ylides
terminal coefficients of the HOMO and the LUM®orbitals due to excess negative charge on their terminal atom making
of the dipoles and the direction of the reaction in which double-bonded carbons of the dipolarophile either less
maximal FMO overlapping is allowed between the orbitals negative or more positive. However, in the case of intramo-
closest in energy3’ The regioisomeric transition stafeis lecular cycloadditions, conformational constraints normally
more stable tham because of its more efficient overlap, dictate that only one particular regioisomer can be formed.
Chart 3, aglictated by the terminal coefficients. The favored  The stereochemical outcome of the cycloaddition of AMY
regioisomer will be the one formed through the transition is dependent on the geometries of the dipoles as well as the
state in which atoms with larger coefficients overtéthough dipolarophiles. For example, the 2,5-stereochemistry of the
there would be very small energy differences (@6lkcal resultant pyrrolidine ring emerges from the geometry of the
mol~1) between the two transition states. In general, there is ylide, while 3,4-stereochemistry results from the geometry
overall acceleration of the rate of formation of both the of the alkene dipolarophile. The 2¢is-disubstituted pyr-
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Chart 4 achiral dipolarophile. In this context, this group at first

R R R R studied the cycloaddition of a chiral acyclic nonstabilized

R N_R" (/N%@ N_R RN o AMY 2, generated by the Ag(l)F-mediated reaction of
®3 R & ®9 61" optically active amine precursdia, using benzaldehyde as

W-Shaped ylide  U-Shaped ylide S-Shaped ylide a dipolarophile, which gave 1:1 diastereomeric mixtures of

corresponding oxazolidings However, cycloaddition a2a

to different 1-nitrostyrened gave5ain a maximum of 3:2

A EWG Z EWG diastereomeric ratios (Scheme 1). This group also evaluated
the impact on the diastereoselectivity of cycloaddidis

by increasing the size and changing the electronic character
of one of the groups attached to the chiral center of the ylide

R
R'e N. .R" R E R precursor (e.g.1lb—c) and noted moderate improvements
\( ]’ \( ] in it (dr 4:1). This result was explained through a preferred

| | conformemB of two possible Felkir-Anh models of the ylide
EWG EWG 2 involving anti-attack of the alkene on to the opposite face

o ) of the dipole due to unfavorable nonbonded interactions in
rolidine results by the involvement of W- and U-shaped the transition state, Figure 1.
dipole, while 2,5transdisubstituted product emerges from — agier a gap of several years, cycloaddition of the chiral
the two possible S-shaped ylides (Chart 4). Mixture of ,,nstapilized azomethineylidés derived by treatment of
stereoisomers can also result by the isomerization of theyeq corresponding chiral amiméoxides Ga—d) with LDA
ylide. Similarly, 3,4€is-disubstituted pyrrolidine productis 5t g or—78 °C, was studie® using several alkenes of the
derived from thecis-disubstituted alkenyl dipolarophiles, and type 8 as the dipolarophile and found to give the corre-
the 3,4tran_sdisu_bstituted pyrroli(_jine prod_ucts arise from sponding pyrrolidinesda, 9b, Scheme 2) as a diastereomeric
the transdisubstituted alkenyl dipolarophiles due to the iyire with poor facial selectivities (de 57:43 to 80:20).
concertedness of the cycloaddition reaction. Furthermore, theyjige dimeric productlOwas also isolated in these reactions
cycloadditions are normally stereoselective where the sub-j, 5 significant amount. The low selectivities observed in
stituent(s) on the dipolarophile adopt generally @mlo  hese cycloadditions were interpreted by considering the
orientation analogous to isoelectronic Dielslder reaction. pajance of the diastereofacial control with the steric factor

Azomethine ylides can be classified as (a) nonstabilized, qye to free rotation of the nitrogertarbon asymmetric bond.
(b) stabilized nonmetalated, and (c) stabilized N-metalated  Ajmost at the same time Cottrell et%lalso showed that
depending upon their electronic properties. The important 1 3_ginolar cycloaddition of the chiral nonstabilized AMY
methods of their in situ generation can be summarized 25 gerived from11, undergoes cycloaddition to the cyclic
schematically as follows: (a) Nonstabilized azomethine jyo|arophilel2 resulting a 1:1 mixture of diastereomérd
ylides (Chart 5), (b) Stabilized nonmetalated azomethine 414 (Scheme 3) without any facial selectivity. Cycload-
ylides (Chart 6), and (c) Stabilized N-metalated azomethine yition of ylides 2d and 2, having sterically bulky $)-1-

yIi_des (C_hart 7). Examination of the examples discgssed in naphthyl ‘moiety as an auxiliary, also did not show any
this review show that most of the methodologies for anhreciable increase in the diastereoselectivity.

generating AMY discussed above have been utilized for the | interesting study aimed at preparing an enantiomeri-

asymmetric cycloadditions. _ _ cally pureC,-symmetric fullerene dimer as the new material,
In the last two decades, extensive studies have beenyjijes15a—f having ferrocenyl chiral auxiliary on the carbon

performed in the area of asymmetrict{2]-cycloaddition  5iom of the dipole itself was reporédo undergo smooth

of azomethine ylides employing all three possible combina- cycloaddition to Go producing the corresponding cycload-

tions such as (a) chiral dipoles-achiral dipolarophiles, (b) §ycts16a—f in >95% de in almost all cases studied (Scheme
achiral dipole-chiral dipolarophiles, and (c) chiral catalysis. 4).

Varying degrees of asymmetric inductions have been re-

corded from all these combinations, though no definite 5 2 Achiral Nonstabilized AMY and Chiral

pattern could be seen emerging. Therefore, the aim of theDipoIarophiIes

present review is to compile and categorize the widely

scattered results in the area of asymmetritZB-cycload- While asymmetric induction in the 1,3-dipolar cycload-

ditions of AMY reported in the literature, so that practicing dition of the chiral azomethine ylides with the achiral

organic/medicinal chemists may plan to choose a strategydipolarophiles was being explored, the study also flourished
to synthesize highly substituted chiral pyrrolidine moieties simultaneously using achiral dipole and chiral dipolarophiles
of their choice. This review is also intended to inspire further probably due to the invention of several good chiral

developments in this area. auxiliaries. In this context, the beginning was made by Wee
et al® in 1989 by describing cycloaddition of an achiral
2. Asymmetric 1,3-Dipolar Cycloaddition Using nonstabilized AMY18a(R = Bn) to a number of enantiopure
Nonstabilized AMY dipolarophilesl9a—d (Scheme 5). The reaction witt9a,b
proceeded with high facial selectivity, producing only one
2.1. Chiral Nonstabilized AMY and Achiral diastereomeric cycloadduc2@a,b)in each case. Cycload-

: : dition with 19awas presumed to occur from the side opposite

Dipolarophiles the bulky silyloxymethyl substituents, while in the case of
Padwa’8! group was the first to initiate a study designed 19b, it proceeded from the side opposite the anomeric ethoxy

to examine the extent to which an asymmetric center adjacentgroup. Interestingly, cycloaddition withy,5-unsaturated

to the nitrogen atom of the azomethine ylide controlled esters19cand19d proceeded with moderat@Qc 8.5:1.5)

diastereoselectivity in the cycloaddition reaction with an to poor @0d, 2:1) n-facial selectivity. The poor diastereo-
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Chart 6 major product. On the other hand, confornizrin which
MeO,C COMe A ® 9 the allylic C—O bond is perpendicular to the plane of the
WV = MeO,C” N"COMe  (Ref.45) 7-bond formed20¢. Furthermore, conformed was con-
Ar hv Ar sidered least likely to participate in the 1,3-dipolar cycload-
dition reactions as this would have resulted in an unfavorable
RL N. _CO.Me A o o 7, o* C—O0 interaction in the electron-deficient transition
SR RN G- CoMe tate® Recently, H ian et.H al ted simil
5 Toluene or Xylene \l/z Stater ecently, ane_s§|an et.al also repor e. S|m.| ar
R 1,2-Prototropic shift (Ref.46) results on the cycloaddition dBato an activateais-olefin
having chiral amino acetal auxiliary. This group used this
329 3(19 strategy for the stereoselective synthesis of constrained
R3\7NY002Me R3\¢N\@(COZMe (Ref.47)
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o
H H 3
1: 1 mixture
selectivity observed with theis-esterl9cwas explained by
considering two reactive conforme€ and D of the A NO; Ar. _ NO,
dipolarophile (Figure 2). The conformer with the more Z \ { ;
preferred “inside” alkoxy conformation was considered N * N
unstable due to severe nonbonded interactions between the ph):,\CHZR ph)’;\CHzR
cisimethoxycarbonyl group and the dioxolanes ring, and H HI
therefore, thecis-ester conformef9c was forced to react S 23 o
via the “outside” alkoxy conforme€ to give 20c as the 5¢ @:1) 5¢'
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azacyclic hydroxyethylene isosteres as aspartic proteas

inhibitors.

Asymmetric synthesis of §-(—)-cucurbitine 23) in
greater than 98% ee was reported by Williams €€ dy
employing highly diastereoselectivef2]-cycloaddition of
18ato chiral dipolarophile21. CycloadducR2was obtained

Pandey et al.

Scheme 4

R= {TMs  {-PPh
15a 15b
—(%H @OMe
15¢
15d
=
15¢ 15¢

performed in toluene instead of methylene chloride as the
solvent.

In related studie&}%5cycloaddition ofl8ato (2)-alkenes
29a,b (E)-alkene 29c bearing Oppolzer's auxiliary, and
alkene29d bearing Evans’ chiral auxiliary, respectively, were
reported to produce corresponding add8a dr = 4:1),
30b (dr = 3.5:1.5) (Scheme 9), an80c (dr = 4:1) with
significantly good facial selectivity. However, cycloaddition
with 29d produced the corresponding0d in reduced
diastereomeric ratios (2.6:1.4). Thé-methylazomethine
ylide 18b (R = Me) upon cycloaddition to isatin-based chiral
dipolarophile 31 is reporte® to produce two oxindole
derivatives32 and 33 in almost equal amounts without any
facial selectivity (Scheme 10). These workers also carried

&orward 32 for the synthesis of -)-horsfiline. However,

significant improvement in the formation of oxindo&8
(single diastereomer) was repofi€oly cycloaddition of ylide
36, generated by reaction bEphenylisatin 84) andL-proline
(35), using37 as the dipolarophile (Scheme 11). Furthermore,
it has also been established that cycloaddition usiig

as a single isomer in this cycloaddition reaction (Scheme attached with Merrifield resin did not change the diastereo-

6). In another related study AMY 18ahas been shown to
undergo smooth cycloaddition on to the chiral furanone
derivative 24 to give diastereomerically pure adduzs in
81% yield (Scheme 7). However, the cycloaddition18a

as well2a and 24 to various chiral dipolarophiles of type
26 gave corresponding cycloaddu@g and 28 in poor (dr
56:44) to modest diastereoselectivity (dr 80°2CF (Scheme

8, Table 1). In another publication, Karlsson’s group has
shown® recently, cycloaddition oato the cyclic five- and
six-memberedy,S-unsaturatedN-enoylbornanesultams, and

selectivity of 38 appreciably.

In another publicatiof cycloaddition of1l8bto 39 bearing
various chiral auxiliaries is reported to give the corresponding
spiropyrrolidines40 in varying degrees of diastereoselec-
tivities (Scheme 12). A maximum de of 86% was obtained
using 39d as the substrate.

Single as well as double asymmetric inductions were
explored by Meyers et &:7°by carrying out cycloaddition
of the chiral AMY 2aas well as achiral AMYL8aon to the
chiral unsaturated bicyclic lactandd. The diastereoselec-

the diastereoselectivities were found to be poor to moderatetivities were found to be dependent on the nature of the
depending on the solvents used. Slight improvement in the angular substituents'®n41. For example, the predominant
diastereoselectivity was noticed when cycloaddition was approach of4la,bto the a face of the dipolarophile was



Asymmetric [3+2]-Cycloaddition of Azomethine Ylides

Chemical Reviews, 2006, Vol. 106, No. 11 4489

Scheme 5
O
TBSO 0
H H
N 20a
Bn
OTBS
OTBS
| o o
19a (0] -OEt
o — X X
19b [0 e} o O
CO,Me \_J CcO,Me
%Cﬁi/e + { \
R o o N N
LLCOzMe Bn Bn
18a; R =Bn — 20c (ds=8.5:1.5) 20¢'
19¢
TFA X o o oXo
0" o I co,Me COzMe
TMSA’}‘/\OMe \_K_\ ;
Bn — +
17 19d CO,Me N N
Bn Bn
20d (ds =2:1) 20d’
Scheme 6 Scheme 7
Ph Bn
Phﬁ/'\ o ; N ]
18a + CbzN —_— —
18a + —
[ ° o~{ )5 o~d_Mey
O O
H™H
21 24 25
Ph ® Scheme 8
Ph o HaN, CO5 o o o
CbzN e ej R1MX Ph >¥Xc Ph Xc
) N
N +
N 23 i N N
Ph—" " R 51 51
22 S-(-)-Cucurbitine R R
Single isomer 18a; R=Bn 27 28

noticed when R = Me, affording a 16:1 mixture of
cycloadductgl2 and43, whereas with R= H, the approach

of the dipole occurred from thg face of4lc affording a

5:1 diastereomeric mixture wi#h3cpredominating the ratio
(Scheme 13). Furthermore, cycloaddition Bj-Ra and §)-
2ato41was also explored by these groups, and it was found
that for the cases where®R= H (41la—c), Table 2, the
m-facial selectivity was insensitive to the chiral substituents
of the dipole. However, whereveR: larger than hydrogen
(41d—f, R® = CO,Me or CQyBu), significant enhancement

‘2{ H\\\COZMe MeOZC,,,H ’
IR A
o) O\,L
c D

20c 20¢'
Figure 2. Conformational models of the dipolarophil®c

2a; R = (R)-1-phenylethyl major

2a'; R =(S)-1-phenylethyl

in the diaselectivities was observed with the dipd®-2a
compared with the ratios provided by the achir@has well

as ©-2a. On the basis of these experimentally observed
results, the transition-state models favorimgpproach of
the dipole for R)-2a as well as achiral8aand §)-2awere
proposed as shown in Figure 3.

More recently Barluenga’s group reportédighly dias-
tereoselective (dr 95:5) cycloaddition between AMY5,
generated fromi4 by reaction of CsF, and various-}-8-
phenylmenthol derived Fisher alkoxy alkenyl carbene com-
plexes46a—d furnishing the corresponding cycloaddué®
in good yield (Scheme 14). The high diastereoselectivity (dr
> 99%) was explained considering the bottom face approach
of the dipole45to the dipolarophilel6 owing to an effective
blocking of the upper face by the phenyl group of the
8-phenylmenthol chiral auxiliary of the dipolarophile due to
s-stacking interaction between the phenyl group and the
alkene double bondTS-1, Figure 4).

Considering the possibility of better facial selectivity in the
cycloaddition of cyclic azomethine ylides due to conforma-
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Table 1. Diastereoselectivities between the Cycloaddition of 18 further systematically studiéticycloaddition of azomethine
and 2¢° ylides 66, derived from severaN-methoxycarbonylmethyl
R R! Xe Solvent dr (27:28) oxazolidiness5a—e, to 60, and the diastereomeric ratios are
o e 5 eyl et shown |n.1.'able 3. From these results it was concluded that
)LO cycloaddition using oxazo!ldlne§5a—c gave two exo
—QN\) adductsexo67 and exo68 without any facial diastereose-
Toluene 60:40 lectivity, Scheme 18. This observation was explained by
B\ considering the remote position of the chiral center unable

to interact with the dipolarophile in this cycloaddition mode.

Bn c-Pr g\\ Toluene 80:20 In contrast, cycloaddition using oxazolidif&d—e gave both
—(—N\j) exoas well asendoadducts with excellent diastereoselec-
: tivity, which possibly resulted due texc as well asendo-
Ph mode addition on the same face of the dipole. This group
Bn o-Pr 0 Toluene 70:30 further explored the diastereofacial selectivity in the
)LO cycloaddition of AMY 69, where chirality was introduced
‘%N into the ester functionality of the precursor oxazolidine

moiety, to 60 (Scheme 19), recording excellent diastereo-
facial andenddexoselectivities. The results with different

Bn Ph od DCM 74:26 chiral auxiliaries and substituents are shown in Table 4. The
_@?5 high facial selectivity using 8-phenylmenthol (en&9e is
(R)-1-phenylethyl 78:22 shown to arise due to complete masking of one face of the
% ylide by the phenyl ring of the 8-phenyl menthyl group

involving anexotransition stateS-2). In this case, the first
® c-Pr= cyclopropyl. chiral center attached to the nitrogen atom forced exclusive
exo addition of the dipolarophile while the second chiral
tional rigidity, Pandey et dF reported a highly diastereoselec- center on the ester group permitted diastereofacial selectivity.
tive asymmetric [3-2]-cycloaddition reaction of cyclicazometh- Takano et af® studied cycloaddition between chiral
ine ylides49, generated fron#8 by the sequential double  stapilized AMY 72, generated by the thermolysis of aziridine
desilylation processes using Ag(l)F as one-electron oxidant, 71 and vinylene carbonate7), but unfortunately the
to Oppolzer’s acryloyl camphor sultar@. The diastereo-  cycloaddition proceeded without much selectivity, producing
selectivity was found to depend slightly on the ring size of ]| four possible diastereo- and enantiomeric cycloadducts
the cyclic azomethine ylide. Since diastereomeric cycloadductsgch a®xo(74 and77) andendo(75and76) in a 3:1 ratio
51 and 52 were easily separable, the correspondigza  (Scheme 20). In another related stud§P ylide 78, where
bicyclo[m.2.1]alkane framework$(, X =7, 8, and 9were  Oppolzer's chiral sultam was placed on the carbon moiety,
obtained in the optically pure form in each case, Scheme 15.is reported to undergo diastereoselective cycloaddition to
This group later demonstrated the application of this strategy dimethyl maleate®9), producing major addu@o via endo

for the asymmetric total synthesis of-)-epibatidine’® addition to Z-ylide. However, cycloaddition o8 to the
Subsequently, a similar strategy was also developed byN-phenyl maleimide0) gave adduct81aand81d in poor
Ashley et al’* to prepare the diazabicyclic framewdsi of enddexoselectivity gndoexo= 1.8:1). On the other hand,

(—)-lemonomycin §7) in excellent enantiomeric purity (94%  cycloaddition using unsymmetrical dipolarophile methyl acryl-
ee) by cycloaddition of oxidopyrazinium s&6, generated  ate 82) produced regioisome@3aand83d in a 2:1 ratio
by deprotection of54 with an amine, to50 followed by  (Scheme 21). This group has also sh&uthat the dipolar

reductive removal of the sultam auxiliary, Scheme 16. cycloaddition of the corresponding NH-stabilized azomethine
ylide 84, generated via “imine tautomerization route”, to
3. Asymmetric 1,3-Dipolar Cycloaddition Using dipolarophiles such a80, 79, and82 gave alleis adducts
Stabilized Nonmetalated AMY via endoapproach of the dipolarophiles to tEeE-ylide. In
comparison to ylid&’8, the diastereoselectivity observed with
3.1. Acyclic Chiral Azomethine Ylides 84 was found to be poorer in each case. The facial selectivity

Similar to above studies, extensive research efforts haveOf both AMY (78as well as34) was believed to be controlled

also been directed to exploring the diastereoselectivities by the bulky.camphor S‘?"am molety. )
utilizing stabilized chiral azomethine ylides as the dipole. ~ Cycloaddition of the chiral AMY87, generated by reaction
The first paper in this area appeared from the group of Of ethyIN-(1-phenylethyl)glycinecarboxylat§) and ethyl
Husson et aJ’s where cycloaddition of the chiral stabilized 9lyoxalate 86), to dimethyl fumarateg8) was reportett to
AMY 593 generated by treating the oxazolidiB8a with give mixtures of all four possible diastereomezs{89a+
TMSOTTf in the presence of Hunig base, to tNephenyl ~ 89d)/endd89b + 890) = 59:41]. The maximum diastere-
maleimide 60) was reported to give all four possible isomers OMeric ratio ofexoadducts89a89d was found to be up to
of the adduct$1—64in the ratio of 44:32:16:8, respectively. 88:12 (Scheme 22). Similarly, cycloaddition to the maleim-

However, with58b, the twoexoisomers 61b and62b) were ides €0) was also shown to produce the corresponding
formed as major adducts (85% vield) in a 1:1 diastereomeric Pyrrolidines90 in poor diastereomeric ratios.
ratio while the others corresponding émdo63b and 64b Enders et at? have shown that cycloaddition of AM92

(Scheme 17) were formed as minor adducts. The stereo-to several alkenes of ty@8 produced mixtures aéxdendo
chemical outcome of these compounds was explained by ancycloadducts93a and 93b in poor diastereomeric ratios
exoattack on each side of the stabilized U-shaped yiifle  (Scheme 23, Table 5). It was noted thettdo adducts
without any facial selectivity. In continuation, this group dominated in each case except in the case whére Rh.
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addition due to the conformational biases. Results obtained
with various azomethine ylidedba—d are depicted in Table
32 (39%) 33 (41%) 6. In fact, the dipolarophile’s facial selectivity associated with
all the above cycloadditions employirs) was uniformly
3.2. Cyclic Chiral Stabilized AMY excellent (25:1). This cycloaddition strategy has been utilized

for the synthesis of{)-quinocarcin, an antitumor antibi-
To develop an azomethine ylide cycloaddition strategy otic.8586

toward the synthesis of the bioactive naphthyridinomycin and The diastereoselectivities in the cycloaddifibof azo-
quinocarcin alkaloids, Garner et®&f*explored the cycload-  methine ylide 124, derived from ()-123 and various
dition of the achiral as well as chiral cyclic azomethine ylides aldehydes, to dimethyl maleatédj is shown to depend on
95, generated by photolysis of the corresponding aziridine the electronic nature of the aldehydes (Scheme 25) used. For
94a—d, to the methyl acrylateB2 (Scheme 24), which  example, in the case of the higher aliphatic and aromatic
produced mixtures ofxoandendoadducts. Cycloaddition  aldehydesendoselectivity was found to be excellent while
of 95agave mixtures oéxdendoadducts in a 5:1 ratio, while  the stereoselectivity at the C-7 position 125 the carbon
reaction of95h,cgave the corresponding adducts with very to which the aldehyde substituents are bound, was generally
little or no diastereoselectivity. This observation was ex- low, possibly due to theyn—anti interconversion of the R
plained considering the remoteness of the chiral center insubstituents in<)-123 However, a single isomer of the
95 from the reacting center of the AMY. To improve adduct125 was formed by cycloaddition of the AMY
diastereoselectivity, this group further studied the cycload- generated using isobutyraldehyde. Furthermore, this study
dition of 95d to a variety of chiral dipolarophiles and found was extended ° to synthesize{)- and ()-spirotrypros-
that Oppolzer’s chiral acryloyl sultam as well as)(50is a tatin B by cycloaddition of AMY127to 128 which provided
better auxiliary considering its anticipatesko-re mode a high degree ofendo specificity, producing only one
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Table 2. Diastereoselectivity in the Cycloaddition of 18a, 2a, and
2d, and Lactam 41

lactam41

ylide 18a ylide (R)-2a ylide (§)-2a

entry R R? R® lactam @Q)-42:43 (R)-42:43 (9-42:43
1 Mei-PrH 4la 91:9 94:6 91.9
2 Me Ph H 41b 94:6 91:9 92:8
3 H Ph H 41c 17:83 19:81 16:84
4 Me i-Pr COMe 41d 71:29 87:13 59:41
5 Me i-Pr CQBu 4le 72:28 92:8 51:49
6 Ph i-Pr COMe 41f 74:26 87:13 69:31

diastereomet29in 82% yields (Scheme 26). The higindo
selectivity was explained by involving &-(-exctransition
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generally generated by condensing chiral 5-phenylmorpholin-
2-one and aldehydes, ketones, and/or their derivatives. The
results of their various studies are summarized in Table 7.
The stereochemical control at C-3 of the morpholin-2-one

state. These groups also extended this methodology for thering was rationalize by envisaging an axial approach of

stereoselective synthesis of spirotryprostatfi-A4nd ADE

fragment of nakadomarin 2. Ding et al®® also extended

the dipolarophile to the least hindered face of the yli3@
held in a chair conformation in which the phenyl group is

the same strategy to prepare a variety of substituted oxiin- equatorial (Figure 5). Flipping of the morpholinone ring to

doles.

Harwood et aP* 197 explored, in a series of publications,

a boat conformation, upon completion of the cycloaddition,
resulted in all the substituents lying in the sterically least

the cycloaddition of various 5-phenylmorpholine-2-one-based demanding environments. Use of a Lewis acid was initially

chiral azomethine ylide$300n to a variety of dipolarophiles

proposed to chandethe interaction betweeh30 and the

and under different reaction conditions. The ylides were dipolarophiles from a dominant HOM§ie—LUMO ajene
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ex0-67 X=H,Y=CO,Me ex0-68
endo-67 X=CO,Me, Y =H endo-68
interaction to a LUMQpoie—HOMOgeneinteraction, though Scheme 19
without much experimental support. However, their ret€nt | R?
work on the catalyzed cycloaddition @67 unequivocally R'w%oms
supports such changeovers in FMO interactions. R R? R*0,C,. N
In contrast to the usual favor ehdocycloaddition 0f130 o _% . H\s aLoH
to various dipolarophiles reported by Harwood's grétig%” R*O&g\\ OoTMS
Moloney et al'®® observed the predominanceefoadducts 07 N0
in the cycloaddition of §-130to various dipolarophiles as 69 Ph
depicted in Scheme 27. Cycloaddudl resulted in each g 70
case as a byproduct in the cycloaddition of the aldehyde itself 0N //\j R2
used to generat&30. Surprisingly, in entries 4, noendo o/k@/'\&!/\f\ows
adducts were observed at all. The unactivated alkenes, such R

as cis- and trans-stilbene (Table 8, entries 4 and 5) gave
particularly low yields of the corresponding adducts. How-

TS-2

ever, these researchers did not provide any suitable explanato undergo cycloaddition with various electron-deficient

tion for these contrasting observations.
The carboxy-stabilized ylide$72 and 173 obtained by

olefins with high endo selectivity (Scheme 28). Sym-
metrically substituted electron-poor olefins such as dimethyl

reaction of paraformaldehyde with corresponding chiral maleate gave high 91:@nddexo diastereoselectivity in
saturated alanine and glycine-derived 6-isopropyl-5-phenyl- comparison with the cyclic dipolarophiles. Cycloaddition of

morpholin-2-ones] 70and171, respectively, are report€d

acetylene dicarboxylate with alanine-derived AMY72
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Table 4. Selectivity in the Formation of 70 by the Cycloaddition of 69 with 60
H-2/H-3 cis-exo H-2/H-3trans-endo
R Rt R? overall yield (%) 70a 70b 70c 70d exdendo de
6%9a  Me Ph H 85 48 52 100:0 4
69b (+)-menthyl Me Me 52 55 45 55:45
69c  (+)-menthyl Ph H 83 84 9 7 93:7 80
69d  (—)-menthyl Ph H 79 20 80 100:0 60
69e ()-8-phenyl menthyl Ph H 86 >98 100:0 >95
Scheme 20 by virtue of the heterocyclic ring, to various dipolarophiles
185 producing a mixture of cycloadducts86 and 187
W,COZPMP . oo (Scheme 30).
N A HZc%ﬁ/\coszp \—=/ However, minorexo isomers were also reported to be
Ph)\Me cH 73 formed only with the methacrylonitrile as the dipolarophile.
Ph : Results with both R)- as well as §-184 and various
71 72 dipolarophiles are shown in Table 10. The stereochemical
o o o o outcome of these cycloadditions was explained by consider-
oJ\o oJ\o oJ\o oJ\o ing theendoapproach of the dipolarophile (Figure 6) having
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provided exclusivelyl75d in 75% vyield by attack of the
dipolarophile from the less hindered side of the dipole.
Detailed results with various dipolarophiles are shown in
Table 9.

Similar to Harwood’'#1%7 and Najera’s!° study, chiral
AMY-template178 derived from imidazolidinon&77 and
formaldehyde, has also been testéds a chiral controller

anti geometry where facial selectivity is provided by the
4-phenyl substituents.

The chiral ylide188is reported*to undergo cycloaddition
to acyclic nitro-olefin189 exclusivelyanti to the hydroxyl
substituents of the ylide, produciri0 as a single diaste-
reomer (Scheme 31). Although cycloaddition with the cyclic
nitro-olefins was found to be highly diastereoselective, the
regioselectivity was relatively poor. In a few selected cases
the authors noted that cycloaddition involved a stepwise
mechanism rather than a concerted one.

Grigg et al*'®reported highly diastereoselective cycload-
dition of AMY 192 derived from isatin191) andL-proline
(35), to menthyl acrylates, producintP3in a 9:1 diaster-
eomeric ratio (Scheme 32). The transition-state ma&:#
was suggested to involve &cis configuration of the
dipolarophile with union occurring between the face of
the menthyl acrylate and tha face of the dipole, as the
carbonyl group of the ester sy/nplanar with the menthyl
C(1)—H and thesi face of the acrylate is effectively shielded
by the C(2)i-Pr group. The same group further repoitéd
the cycloaddition of nonmetalatd®5 as well as metalated
azomethine ylidd.96, derived from diazepine-1-carboxylate
derivativesl 94 to theN-methylmaleimide and ethyl acrylate,
respectively, to obtain corresponding spiro-cycloaddlg®
and198in a complete regio- and stereoselective manner and
in excellent chemical yields (8493%, Scheme 33). More
recently, this group also studi€din detail the cycloaddition
of uracil polyoxin-derived azomethine ylid&90 and 201
with various maleimides, and the results are summarized in
Scheme 34.

3.3. Achiral Stabilized AMY and Chiral

in the 1,3-dipolar cycloaddition reaction using different Dipolarophile

electron-deficient alkenes, and the results are depicted in

Scheme 29. While cycloaddition with-phenyl maleimide
(60b) was found to give cycloadduct&79 and 180 in

Apart from these studies, few examples are also found in
the literature where cycloaddition of the stabilized nonmeta-

moderate diastereoselectivity (up to 60% de), cycloaddition lated achiral azomethine ylides with the chiral dipolarophiles

to 88 gave the corresponding cycloaddutt&l and 182 in
poor diastereomeric ratio (de 20%). The stereochemical
outcome of this dipolar cycloaddition was rationalized by
envisagingenddexo approaches of the dipolarophile to
predominantly one face of the essentially planer yid8
from the sideanti to thet-Bu group.

Excellent diastereoselectivity was observed with the cy-

cloaddition of homochirdt?113 4(R)-phenylimidazolinium
ylide 184, where the auxiliary is conformationally restrained

are also studied. One such examptmncerns with cycload-
dition of the stabilized AMY206to 24 exhibiting excellent
facial selectivity by producing two regioisomet87 and208

in a 1:2 ratio (Scheme 35). Furthermore, stabilized AMY
211, generated in situ from the ethyl pyruv&@9and alanine
210 is reportef to react with24 to give 212 (epimeric at
C-6) as a diastereomeric mixture in a 23:2 ratio (Scheme
36). The major adduc212 was formed by aranti facial
approach of the dipole witendcester orientation.
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Scheme 23 Grigg et al''® also reported cycloaddition of the N-
- Ar _ R2 metalated azomethine ylidd 6 having-lactam as the chiral
R'"NH ArCHO R1/G’\<,3/J = , auxiliary, to theN-methylmaleimide and obtained mixtures
m PN CeHsCl, A ‘_.pn|_ 88 R of two diastereomeric cycloadductdl(7 and218) in good
0. .0 cﬂ chemical yield. Depending upon the variation of the sub-
oy X stituents on th@-lactam, the optimized diastereomeric ratios

in toluene are shown in Table 11. Formation of these
91 92 diastereomeric products was attributed @adespecific
, , cycloaddition on both faces of tHeE-(syn)-dipole. These
RO R RE. R authors as well as others also studf@dycloaddition 0216
Z—)\ to methyl acrylate; however, the extent of diastereoselectivity
R™ N7 A RT "N A obtained was much lower (70:30). The cycloaddition product
m.f’h + (’\.‘\F’h from the later reaction was utiliz&# for the stereocontrolled
o. .0 o. .0 synthesis of the optically pure highly functionalized pyr-
PaN X rolizidine systems.A significant improvement in the diaste-
exo- (93a) endo-(93b) reoselectivity is reportéé from the cycloaddition of N-

Table 5. Diastereoselectivity Details for the Cycloaddition of 92
onto 88

lithiated AMY 220linked to a planar chiral arene Cr(C£)
complex and methyl acrylate. Study with various substituted
ylides is shown to produce cycloaddu2?l as a single

Rl Ar R2 93a93b isomer. The exclusiveynandendoselectivity was explained
a COCHs CoHs CO.CHs 4357 by invoking chelation between.the Iithium',.imine nitrogen,
b CO,CH, CeHs CN 30:70 and carbonyl oxygen as shown in the transition-state structure
c CO,CHs p-FCeH, CO,CH; 42:58 220a rendering only opposite face approach of the dipo-
d CO.CHs P-FCeHa CN 31:69 larophile possible to the chromium tricarbonyl fragment of
e GeHs CeHs CO,CHs 65:35

4. Asymmetric 1,3-Dipolar Cycloaddition Using
Stabilized N-Metalated Azomethine Ylides

4.1. Chiral N-Metalated Azomethine Ylides and
Achiral Dipolarophiles

Husinec et al'8 explored the cycloaddition of oxazoline-
derived stabilized chiral dipol214, generated by treating
213 with AgOTTf in the presence of BN, to the N-methyl
maleimide, which produced diastereomerically pure
adduct215 This high diastereoselectivity was explained
by considering the approach of the dipolarophile from
the less shielded face of the N-metalated dip@iA

the AMY. Reversed product regiochemistry 222 was
observed when TiCl(®r); was utilized as the Lewis acid.

A hypothetical modeP20b was proposed to explain this
observation in which the arengyrrolidine bond adopted a
conformation that minimized Asstrain between the aryl
ortho substituents and the pyrrolidine group (Scheme 39).

Optically pure ferrocenyl-substituted pyrrolidine deriva-
tives227—230were synthesized by diethylzinc-cataly#&d
1,3-dipolar cycloaddition of the chiral azomethine yl26
to a number of electron-deficient dipolarophiles (Scheme 40).
The chiral azomethine ylid226 was generated by condens-
ing glycyl sultam223with the ferrocenecarboxaldehyda4
via imine tautomerization and complexation with diethyl zinc.
High regio- and diastereoselectivity in the formation of
adducts227—230 was explained through a transition-state
structure of227in which the dipolarophiles approached to

Monosubstituted dipolarophiles such as methyl acrylate werethe E,E-ylide in anendomode from the upper face to give
found to give low diastereoselectivity due to lack of thecisarrangements of all the substituents. Furthermore, very
interaction of the dipolarophile with the oxazoline auxiliary high diastereofacial selectivity was attributed to the steric
(Scheme 37). bulk imparted by the ferrocenyl group at theeface of the
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Scheme 24
/RL1 o R EWG = EWG =
Ph Jﬁ hy Ph—~p O gg; CO,Me
>e ;
o} disrotaory OEN\ i-Pr
’I‘ opening ® "Me 97 (1)-50 N 0
Me 95 coo s{ <
1 \\o
94a;R'=H
94b; R' = CO,Me o~ SON(CeH
94c; R' = CH,0AC 7 EWG 2o ” 50 O
94d; R = CH,0SiMe,'Bu 82 %N
&b
R' 0 n R R' O Me R" o Ewe
N
Ph/'\;/_u\/fEWG . Ph N /LN . Ph/'\N/U\\/ H
o N ol H % N
Me EWG EWG €
exo-re ex0-si endo-re endo-si
Dipolarophile
82 99 100 101 102
96 103 104 105 106
97 107 108 109 110
98 111 112 113 114
(-)-50 115 116 117 118
(+)-50 119 120 121 122
Table 6. Cycloaddition Details between Various 95 and Dipolarophiles
entry  aziridine  dipolarophile exoadducts % yield ratio (dr) endoadducts % yield ratio (dr)
1 94a 82 99a/100a 50 101a/102a 11
2 94c 82 99¢/100c 73 11
3 94a 96 103a/104a 22 105a/106a 36
4 94a )-97 107a/108a 64 11 109a/110a 15 1:1
5 94a £)-98 111a/112a 57 1:1
6 94a )-50 115a/116a 39 >25:1 117a/118a 16 >25:1
7 94b )-50 [115b+ ent120b)/[116b+ ent119b] 61 >25:1
8 94c )-50 115c/116¢ 58 >25:1
9 94c (+)-50 120c/119c¢ 55 >25:1
10 94d £)-50 115/116d 45 >25:1
11 94d )-50 120d/119d 46 >25:1
Scheme 25 Scheme 26
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ylide, which made the approach of the dipolarophile from

this side almost impossible.
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Table 7. Cycloaddition Details of Various Chiral Oxazine-Based Azomethine Ylides and Dipolarophiles

Dipole Dipolarophiles Addends Cycloadducts (%) Ref.
Ph ll\ll o) ﬁ 0 94-96
(€]
\[@l U
(O ®]
60
(R)-130
endo exo
a,R=Ph Nil 45 13
b, R =Me 41 19
¢, R=H 54 14
60b Et,O <1 80
L£O,Me COzMe 94-96
MeO,C CO,Me Ph\[N/E;COzMe phTN - CO,Me
- +
(O] o~ 0
79 133 134
Nil 20 6
MgBr;. 40 20
Et,O
MeOZC\_ COMe CO,Me 94-95
N\
CO,Me Ph N CO,Me Ph N "1CO,Me
T H + T H
88 0”70 0”0
135 136
Nil 0 0
MgBr,. 0 56
Et,O
R'—=——cCoO,Me CO,Me 94, 95
H
R' = CO,Me 0”0
138
= 94, 95
® COMe Ph N \ CO,Me
137 Nil \Eo g
R'=H 139
X 98
o "%
H
82b, X = SO,Ph 0~ "0
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Table 7 (Continued)

Dipole

82¢, X =CN

Dipolarophiles

Cycloadducts (%) Ref.

82a; X = CO,Me

Ph lo iPr
CL

143

60b
60c
! Ph
|
Ph\[@ﬂi 53b
O (6]
146
rR
|
Ph"[gi RCH=0
o0 152
151
Ar
le
Ph"[@i ArCH=NR
0”70 155
154

Ar=Ph,R=Me,

Ar =p-F C6H4, R= Bn,

98
Pha N "X |, Pha N X
L "L
(O (O N®)

141 142
dr-1:1
o] 95
H
NR
Ph\[:ézzgi;&b + Ph
iPr \[
oo
144
34 7
46 -
96

R"/’O 97,
Ph“[:N /R 105
H
2 ° 106
69
R = Cyclohexyl 69
A, R 104
'/’N
Ph,, N "Ar
(L
(o) (0]
156
56

70

Pandey et al.
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Table 7 (Continued)

Dipole Dipolarophiles Addends Cycloadducts (%) Ref.
“ [@:\I\ MgBr,. 106
o~ "0
157 ELO
60b 43 30
60c 33 28
dipole HOMO Table 8. Diastereoselectivity in the Cycloaddition of §)-130 with
/&N endo-streochemistry Various Dipolarophiles
AN prefferred Ent Dipolarophile  Isolated yield of major cycloadduct
O)TX T ry  Dipolarop y jor cy

O N
) % HX"’: 1 °
Sterically more o= O:<;>
accessible face dipolarophile LUMO —

12 [ 2 + 161 (36%)

162 (53 %)
2 0
~_|
Figure 5. HOMOyipole—LUMO gipolarophile interaction to explain
stereoselectivities. + 161 (5%)
163 [
Scheme 27

164(27%)

R1
o}
[ 1R r 0.0
Ph.. N®@ Rs,_; Ph.. N R? ph, N 3 \\~o
(L |—— L - C N
0”0 0”70 S @ +161 (30%)
165 [

(S)-130 160 161
4.2. Achiral N-Metalated AMY and Chiral o s
Dipolarophiles 4 o
Although cycloaddition of the N-metalated-azomethine
ylides with both acyclic as well as cyclic dipolarophiles is 167 [ " 1 161 (52%)
explored extensively, its asymmetric version was first

reported by Kanemasa et'df-*?>by studying cycloaddition
of a highly reactiveN-lithiated AMY 231 (M = Li) at —
°C to a,f-unsaturated esters bearing a mettg)-3-[(3R,- 5 Ph

789-2-phenylperhydropyrrolo-[1,2-climidazol-3-yl]prope- ~ /2
[ +161 (58%)

168(3 6%)

noate P32 mixture of 2,4trans and 2,4eis (86:14)] and Ph

chiral 2-oxazolidinyl 233 moieties as chiral controllers at 3

their B positions. In each case, the corresponding cycload-

ducts 234 and 235 were isolated in excellent yields (80 169 (3%)
85%) and diastereoselectivities. Formation284a,bin a
diastereomeric ratio of 75:25 was explained considering the
isomeric ratio of the dipolarophil232 since233 produced anti-periplanar conformerap) TS-5instead ofynperiplanar
only 235as a single diastereomer. It was also noted that the conformer ép) in which thesi(Ca) face is open to attack by
temperature £78 °C to room temperature), metals (Li or the dipole because of the critical steric hindrance caused by
Mg), and size of Rin the dipole (Me vst-butyl) did not the N-phenyl substituents. Similarly, exclusive attack of the
alter the diastereoselectivity (Scheme 41). €hdospecific- ylide at there (Ca)-face of C(2)-C(f) involving anti-

ity together with excellent diastereoselectivity for these periplanar conformer of S-6 produced cycloaddu@34h
cycloadditions was explained by considering transition-state On the other hand, formation of cycloadd®&85 involved
modelsTS-5to TS-6 (Figure 7). The diastereoselectivity for  transition statel S-7, where ylide231 attacked thesi face
formation of234awas explained by invoking predominant (C2) of the thermodynamically less favored 3HFB syn
involvement of thermodynamically more stable C{2)(5) periplanar conformer rather thamti-periplanar conformer
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ﬁf

170

ET

171

Scheme 28

CHZO)n
Toluene, 80°C

_ (CHOM

Toluene, 80°C Ph

173

ﬁf
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79

_—

or

R! R?

174

o0.__0
Me
Ph” N7\ R!
R2

175
. [o 0
Ph NE;*W
R2

176

79

—_—

or
R'——R2

174

TS-8. Existence of serious steric hindrance between the ester In contrast to Grigg’®"12° observation that the cycload-

moiety of231and 7&H of 233 or between the ester moiety
and the bridgehead hydrogen was considered a major,
contributor to the stereoselectivity determining factor.
Kanemasa'’s group further exploté&ttycloaddition 0231
(M = Li, —78 °C) to a,f-unsaturated methyl ester having
C,-symmetric 1,2-diamine-based chiral auxiliarig8aand
236b) and reported formation of the homochiral pyrrolidines
237and238in a maximum optimized diastereomeric ratio
of 96:4 (Scheme 42). Interestingly, it was also noted that
diastereoselectivity depends very much on the nature of the
R of the dipole and R of the dipolarophile. For example,
cycloaddition of ()- and/or (+)-236a(R = Ph) t0231(R®
= Me) produced correspondir&#7and238in a 96:4 ratio,
whereas the ratio was reversed (4:96) usdBgb (R = Me)
and 231 (R® = tert-butyl). This observation was explained
considering the attack of the methyl ester ylidé (R Me)
and tert-butyl ester ylide (R = t-Bu) from the opposite
diastereotopic facesj (8) andre (5) faces, respectively, of
236. Furthermore, it was also noticed that cycloaddition of
231, irrespective of the nature of the’ Broup (R = Me or
t-Bu), to 236b always produce@38 as the major diastere-
omer, indicating that both types of the dipole attack86b
from the same diastereotopic faces.
Simultaneous to Kanemas&$'%result, Grigg et at?7.128

dition of various dipoles of typ@31 with several optically
pure acrylates or equivalents gave diastereomerically pure
cycloadduct, a report highlight€d that cycloaddition o231

to acyclic chiral dipolarophile244 produced two diastere-
omeric cycloadducts 245 and 246, de = 95:5, under
optimized reaction condition) presumably wadoaddition

of a W-shaped dipole (Scheme 44). However, cycloaddition
with 247 gave anti-selective cycloadduct248 and 249
largely depending on the nature of the R of O-protecting
group The diastereomeric ratio &¥48249 increased with
the increase in the size of the R grofi®= Bn, 78:22; R=
TBDMS, 90:10), which was interpreted by proposing three
transition-state modelsTG-10 and TS-11 or TS-12) as
shown in Figure 9. To explain the formation 48 it was
proposed that the ylide attacked tre#re face of the ester
away from the bulky alkyl residue at the stereocenter as
shown inTS-10 This attack led to a transition state where
the —OR allylic substituents occupied a stereoelectronically
favored “inside” position and small H group, the more
sterically demanding “outside” position, closer to the incom-
ing dipole. Similarly, for the formation 0249, transition-
stateTS-11 was invoked, featuring attack at tis@si face
anti-periplanar to small H group with the alkoxy group
“inside” and an unfavorable steric interaction between the

also reported independently complete diastereo- as well asylide —OMe group and the allylic R group in the “outside”

endaselective cycloaddition of several Ag-metalated ylides
231a—conto (+)-menthyl acrylateZ39 producing only one
adduct 240 in each case with a maximum vyield of 50%
(Scheme 43). This group further evaluated the effect of
different metal salts on the diastereo- and regioselectivities
of the cycloaddition reaction and reported that metal salts
such as LiBr and TI(Ng), gave only240 whereas Ti(G
Pr), led to the reversal of regioselectivity, producing homo-
chiral cycloadduct241 Successful isolation o243 by
cycloaddition of 242 to 239 demonstrated that the ester
moiety in the ylide structur@31 can be replaced with any
other electronegative group.

The regio- andendespecificity in the formation o240
was explained through a transition-state mob®t9 where
a facial shielding effect of the isopropyl moiety of the
menthyl moiety is accommodated. This model involved
addition of 1si,3-re face of the dipole to thee face of the
s-cisacrylate. The isopropyl group effectively shielded the
si face of thes-cisacrylate. The C(6) equatorial hydrogen
atom of the menthyl moiety was believed to infringe slightly
on thes cloud of any C(3)-aryl substituent on the dipole
(Figure 8). The generality of the regio- ammhdemode
cycloaddition of various dipoles of typ231 to optically
active furanone and pyrrolone derivatives was furftfer
established by these workers.

region. The modeTS-12 was believed to be energetically
less favorable as the steric interaction between the “outside”
—OR group and the methoxy residue on the ylide destabilizes
this transition structure with respect #5-10 (Figure 9).
The highest dr (96:4), obtained wherFRH, was explained

by considering the hydrogen bonding between#@H of

the dipolarophile and the dipole oxygen. Similar results were
also reported?! subsequently, using chiral nitroalkeR280,
which produced a diastereomeric mixture of the correspond-
ing cycloadduct®51 and252, de mostly depending on the
nature of the metal used. This strategy was, recéfly,
utilized for the preparation of inhibitors afsf3:-integrin-
mediated hepatic melanoma metastasis.

Patzel et al**134also described a highly regio- as well as
diastereoselective cycloaddition betwe2Bl (M = Ag,
—78°C) and different chiral enon&b3a—e, producing the
corresponding adduc®b4in more thara 95:5 ratio in each
case under optimized reaction conditions. A substantially
lower de was recorded when M Li and at room temper-
ature (Scheme 45).

Waldmann et al*>36accomplished almost completadd
exoselectivity 56a256b, 99:1) in the cycloaddition d231
(M = Li,) to N-acryloyl-(S)-proline benzyl ester265) at a
temperature range from78 to 25°C (Scheme 46). The
almost completenddexoselectivity and face selectivity was
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Table 9.Exo/Endo Selectivity in the Formation of 175 and 176

Entry Dipole Dipolarophile Time  endo/ Major adduct
(h)  exo ratio Structure Yield (%)
XL
. M
1 172 79 24 91:9 Ph 6”?002% 33
C0,Me
175a
ﬁo ;
2 172 60b: R = Me 6 7516  p, 6‘}{"'?/(0 32
o, NMe
T
o]
175b
R1 — R2
0._0O
3 172 174a; 3 - Me 75
R]= R-= /
CO.R
-COOEt
175¢
R1 — R2
o0._0O
4 172 174b; 3 2 Me 44
Ph N
! /
R'=H,
CO,Et
R’ =-COOEt
175d
P
. Al H
5 173 79 3 85:8 PRV SN L CO,Me 34
COzMe
176a
0o
6 173 60b; R=Me 6 55:25 Ph\\\-[N QH o 58
NMe
o]
176b

adr = 99:1.bdr = 96:4.

explained by invoking highly ordereehdotransition states  interaction with the sterically undemandinghydrogen of
TS-13andTS-14(Figure 10) in which the lithium cation is  the proline needs to be considered (Figure 10).
coordinated to the azomethine ylide and to the dipolarophile It has also been shown by Nyerges et®fthat the

in such a way that a compact and efficient ordering of the diastereoselectivity in the cycloaddition 881 (M = Ag,
reaction partners results. Of the tveadotransition states  room temperature) to various chiral acrylami@&§ depends
proposedTS-13is energetically more favorable because in on the nature of the chiral auxiliary utilized. For example,
TS-14the R group of the dipole lies close to theCOOBN ylide 231 added on to the acrylamide&$7a,hy producing
group of the proline benzyl ester while IiS-13 only an adducts with only poor to low diastereoselectividbg 259,
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Scheme 29
Me, 0 Me_ O
E% (HCHO), E*ﬁ
. wiA® o |
a toluene, A N
21w 2N
H
177 178
Scheme 30
Bn Bn
/ N 1 — 2
N BrCH,CO,R [ P RH(issCRY
LD =] g |
Ph™™N DBU
RO,C
(5)-183
(R)-183 184
Bn Bn
| 2 | R2
N H R N_H
;\N Y + LN I/Y
PH R! Ph R’
CO,R CO,R
186 187 (yield 24-74%)

Table 10. Diastereoselectivity in the Cycloaddition of 184 to 185

dipole dipolarophilel85 cycloadducts

R Rt R2 Y 186* (%) 187 (%)
Me H Me COMe 53 (55)
Me H Me CN 24 (41) 3(5)
t-Bu H, Me CQMe 61 (62)
t-Bu H Me CN 27 (22) 4(3)
t-Bu H H COMe 59 (49) 3(2)
t-Bu Me H COMe 46 (26)
t-Bu H H SGPh 33
t-Bu H H COMe 71

aValue in brackets indicates the yield of the correspondRiigpmer
of the dipole.

CHzPh Ph N—CH,Ph
N H Me L
S = T
PH ~x Y
X H—"">R2
R1
TS-3

Figure 6. Model showingendoapproach ofl84 to explain the
facial selectivity.

1:1 to 1.8:1); howeverC,-symmetric acrylamide&57c-e

Pandey et al.

CO,Me co,Me
181 60:40 182
Scheme 31
NO,
Me ~_H
o CO,Me Ph MeO,C M NO,
HO' - 189 8
NW HO N Ph
@\
Ph Ph
188 190
(single isomer, 90%)
Scheme 32

0 @@
1o
N
H H N
H

191 35 193
R*0,C l_-i Me Me
CO,R* : X 7:
ﬂ
—N
A, H %/8_8
N ° HNE_O:
H £20:
R* = (1R, 28, 5R)- menthyl = N
TS-4

producing mixtures of the two diastereom26daand2614d,
resulting from theanti-dipoles-cis dipolarophile andsyn
dipoless-transdipolarophiles approaches, respectively. Un-
der optimized reaction conditions, a maximum diastereose-
lectivity of 90:10 was obtained fo231a Use of a-alkyl
substituents on the dipoR31bdid not influence either the
reactivity or the diastereoselectivity. However, use of MeCN
instead of THF as the reaction medium in the cas23ifc
reversed the stereoselectivity complet&$1d261¢ = 20/
80). Surprisingly, the stereoselectivity 861d261d was
found re-reversed (94:06) again in refluxing MeCN (Scheme
48).

This interesting dependence of stereoselectivity on relative
solvent polarity between THF and MeCN was explained

reacted with complete diastereoselectivity in all cases, through a more dominant conformarin polar MeCN than

producing only one addu@58 (Scheme 47).

The ability of the optically pure vinyl sulfoxides in

controlling the z-facial selectivity led Ruano et &t° to

conformerB in THF where the sulfinyl oxygen in a-cis
arrangement minimized the electrostatic repulsion between
the two oxygen atoms due to higher ability of THF to

evaluate the degree of diastereoselectivity in the cycloaddi- stabilize the metal (Figure 11). The same group further

tion of azomethine ylid31 (M = Ag, room temperature)
to optically pure vinyl sulfoxide260. The cycloaddition
proceeded with complete regio- anehde selectivity,

reported?® an interesting observation of low diastereoselec-
tivity (263a263d, maximum 55:45) between the cycload-
dition of 231 (M = Ag, room temperature) and tolylsulfi-
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Scheme 33
0 O'Bu . ¢} oB
m N LiBr/ DBU N(Njﬁf u
O —_—
X0 N A X0 0
. ] A /:N N |
?{'N—H R o7 ~O'Bu 62N—Li
A ,
R 195 R 196
a; R =2-napthyl
J NMM b; R = 2-pyridyl = \co.Et
¢; R=Ph 32 2
Scheme 34
s
P O
HO ©OH
200
R1
DMF,A| =0
RZ
COsR
A _0O
HoN®
HO  OH
199a: R=H
b: R =Me
PhCHO,
Pyridine
H o sugar
Ph/@kl‘\]/ OMe
H----O
201
Scheme 35 (M = Li, —78°C, THF) produce®63aexclusively (Scheme
° 49). These results were explained by assuming that the
0 _(CH0), [ @8 24 . . = w>SUIT
Ph™ “N" "COaEt N™ "COEt | ——— reaction occurs via a nucleophilic addition/ring-closure
Bn (NARC) mechanism in which the lithium acts as a tether
205 206 between the reagent and the substrate (Figure 12). In the
Bn Bn first step, the lithium of the dipole gets associated with the
N_ .COEt EtO.C, N sulfinyl oxygen of the electrophile, evolving a 1,4-addition
H ‘ H product through two transition stat€S-15andTS-16which
H + H i
o ) results from the approach of the nucleophile to each face of
0”0 0”0 the sulfinylcyclopentenone. The strong steric interaction
207 208 produced by th@-tolyl group on approach of the nucleophile

nylcyclopentenon62in MeCN. THF solvent was not found
to influence the ratio 0263a2634d (52:48) to any significant
extent. However, the corresponding Li-metalated ARIY1

to the upper face of the cyclopentenoff&{16) explained
that compound263a-2634d, resulting fromTS-15 were
clearly favored. After formation of the €©€C bond, the
stereochemistry of the ring closure (second step of the
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Scheme 36
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Scheme 37
Ar Ar
) on . N MeN
N JAg-

AgOTf, EtN, CH,Cl, | Med™  N—(®

\\‘..-x(o ©

. B O N-methylmaleimide
i
OMe Ph
213 Ar = naphthyl
Ar

OMe Ph
215 (single isomer)

Table 11. Diastereoselectivity in the Cycloaddition of 216 to 60

R? R2 R 217218
Et PMP Me 1:1
BnO PMP Me 1:3
Phth PMP Me >30:1
BnO PMP H 1.7
Phth PMP H 24:1
t-Bu PMP Me 9:1
BnO Allyl Me 1.5:1
BnO CH.CH(OMe), Me 2:1

process) was imposed by the rigidity of the system (@idy
fusion is possible) and the stereochemistry of theNC(E
in all cases).

Cycloaddition 0f231(M = Li) is reported*-**?to proceed
in a highly regioselective aneodiastereoselective fashion
to chiral lactone264 Temperature was found to have a
profound effect on the diastereoselectivity. Silver-metalated
ylide 231 (M = Ag) gave poor diastereoselectivity in
comparison to lithiated AMY231 (Scheme 50). The prefer-
ence forexo cycloadducts was rationalized by assuming
chelation between the lithium cation and thEbenzoyl
carbonyl group of the dipolarophile as shown in the possible
transition state {S-17).

Most recently, Bashiardes et'df reported a highly regio-
and stereoselective cycloaddition betwez3l (M = Ag,

Pandey et al.

Scheme 38

217

218

newly formed pyrrolidine unit is created by exclusive
addition of the dipole from the face opposite that of the
anomeric aglycone ethoxide group. In case of the yAd#
(R? = H), the conformation of the approaching ylide is such
that the carboxyl group is opposite the carbohydrate moiety
(Figure 13). Thus, in compourb7athe resultingsynring
junction is ofendoconfiguration and the carboxyl group is
anti with respect to the-ethoxy group. In a similar manner,
with other ylides231 (R? = t-Bu and Ph) the bulkier groups
are oriented farthest from the carbohydrate moiety to give
267b,c

In addition to the studies concerning cycloadditior28
to various chiral olefinic dipolarophiles, highly diastereose-
lective cycloaddition has also been repottéd*> between
231 (M = Li, —78 °C) and enantiopure sulfiniminez68,
known to display facial selectivity. Cycloaddition 281a,b
on 268agave the correspondiny-sulfinyl imidazolidines
269 and 270 (dr = 95:5) in moderate yield~+455%). More
reactive sulfinimine268bwas found to react witl231c,d
producing the corresponding imidazolidines in excellent
yields (~80%) and practically as a single isomer (Scheme
52). The stereochemical outcome of this cycloaddition
reaction was explained in terms of the predominamdo
approach of the ylide (relative to Ar group) to the less
hindereds-face of the sulfinimines.

Unlike most other reports wheendoselectivity predomi-
nated in the cycloaddition of the ylide of ty@81, Barluenga
et al'*® reported exceptionally higaxodiastereoselectivity
(272 > 9:1) between cycloaddition ¢31 (M = Li) and
chiral alkoxy alkenylcarbene complexes of chromi@iil
derived from ()-8-phenylmenthol (Scheme 53). However,
considering the nature of the highly-deficient alkenyl
carbene compleX2(1), a concerted [32]-cycloaddition has
been ruled out; instead, a stepwise Michael additioA31f
with 271 as shown in Scheme 54 was suggested.

5. Intramolecular Asymmetric Cycloaddition of
AMY

Intermolecular cycloaddition of an azomethine ylide with
a dipolarophile leads to the formation of one new ring only.
However, the intramolecular version of this reaction is
amenable to construction of inherently more complex
products than intermolecular cycloadditions. The greater
steric constraint associated with these cycloadditions often
affords high diastereofacial discrimination, exhibiting very

room temperature) and various chiral carbohydrate-derived high stereoselectivity. On the basis of these facts, there are

enones266 to obtain a single enantiomeric compou@l7

some very interesting synthetic designs which involve highly

in almost all cases (Scheme 51). It was suggested that thediastereofacial intramolecular cycloadditions of chiral azo-
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Scheme 39
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methine ylides tethered to an appropriate dipolarophile. (—)-kainic acid £83),}*8 (—)-mesembrined84),*°and (-)-
Although this subject was reviewed recertlyn general, dihydroxyheliotridane Z85'%° (Scheme 55). Furthermore,
examples pertaining to intramolecular asymmetric cycload- these groups noted that diastereoselectivity in such cycload-
ditions are not discussed in detail. Therefore, considering ditions depends on the length of the tether between the dipole
the general theme of the subject, we illustrate this aspectand the dipolarophile. While cycloaddition 878 produced
here again in detail. The first example related to an 281 exclusively, reaction 0279 gave 280 with reversal of
asymmetric intramolecular cycloaddition of the chiral non- the stereochemistry at the 2,3-ring junction in a 3:1 diaster-
stabilized azomethine ylide may be traced to cycloaddition eomeric ratio.

of the dipole278, generated by thermolysis @773 which Asymmetric entry to the 3,8-diazabicyclo[3.2.1]octane
produced diastereomerically pure cycloadd28t, out of nucleus288 of naphthyridinomycin was report&d by the

four possible isomers, with abyn stereochemistry. The stereospecific intramolecular cycloaddition of the chiral
extremely high diastereofacial selectivity for cycloaddition nonstabilized azomethine ylid@87 equipped with the

of 278was in best accord with thenti-azomethine ylide as  tethered dipolarophile with an acetal linkage (Scheme 56).
the reactive conformer in which the bulky benzyloxymethyl In this cycloadditionsi-diastereofacial preference is forced
group took the most stable six-membered chairlike arrange-by the steric repulsion between the aromatic ring and one of
ments to give allsyn281l This strategy was utilized the amide carbonyl in thendotransition stat®87. Further-
effectively for the synthesis of acromelic acid-28@Q),'* more, this group also report€éa novel strategy of control-
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Figure 7. Transition-state models to explain the stereoselective
formation of234aand235
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tether. A correlation was found between the lengths of the
tether dipolarophile conjugate (TDC) and the observed sense
of diastereocontrol. For example, the azomethine ylides
incorporating longer TDC such &90a,bfavoredendo-si
attack 93, while shorter TDC291 led to the reversal of
selectivity producingndo-reproduct294(Scheme 57). This
group also recently report&dintramolecular cycloaddition

of the chirala-amino azomethine ylid296, derived from
295hy the catalytic reaction of AgOAc and g to produce
highly functionalized pyrrolidine derivativeZd7aand297b

in a 1.3:1 ratio (Scheme 58). The minor add@éf7b was
believed to be formed by either cycloaddition of isomerized
296 or epimerization o297a Formation of imidazolidine
byproduct298 was explained by the competitive intermo-
lecular cycloaddition of the azomethine ylide to the imine
double bond.

Although most of the above-discussed approaches for the
asymmetric variants of the intramolecular cycloaddition of
aziridine-derived azomethine ylides utilized a localized chiral
center contained within the olefin tether to invoke a degree
of asymmetry, Dogan et &t* used an alternative strategy
of attaching the chiral auxiliary onto one of the carbon atoms
of the aziridine framework itself to influence the stereo-
chemical outcome of the cycloaddition onto an achiral alkene.
For example, intramolecular cycloaddition of camphorsultam-
derived azomethine ylid800, generated by heatings- as

dipolar cycloaddition of the azomethine ylides generated well astrans-aziridines299, furnished fused bicycle301

from 289—291 by varying the structure of the silicon-based

(Scheme 59), albeit in relatively poor diastereoselectivity (de
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= 50%). Complete diastereoselectivity was also repétted Scheme 45
in the formation of306 by the intramolecular cycloaddition .
of ylide 304 The observed stereochemistry 806 was )m/OR /\)\
explained by involving a preferred-configuration of ben- T R*

zylidene azomethine ylidg04 producingendephenyl adduct M="0
selectively instead oéxophenyl adducB05via an alterna- 231, M = Ag (-78 °C) 253a-e
tive E-ylide 303 presumably due to steric congestion R'=Ph R?=H, R®=Et
(Scheme 60).
Kanemasa et &F8 found excellent stereoselectivity in the RSOV Ry £oMe
intramolecular cycloaddition of aim-situ-generated azo- s ,[—S\ .t .
R30,C R R%0,C" N7 “R!

methine ylide 309 by reaction of methyl 2-phenyl-4-
thiazolidine-carboxylate307) and enone808a,h producing
the corresponding cycloaddu@$0a,b(Scheme 61). Similar
diastereoselectivity was also recorded by Jones.8f ai

H
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an intramolecular cycloaddition 8fL3 generated by reaction
y of 311and312a(X = O) in the presence of DBU as a base,
Lo.Me which produce®14as the only product (yield 40%; Scheme
:“Ti 62). However, this group also noted that AMY of typ&3
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Figure 9. Transition-state models depicting the direction of attack Figure 10. Transition-state models to explain taeddexoas well
of the dipole toward the dipolarophile. as face selectivity for formation &36.
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derived from reaction 0811 and $-haloketone312b (X =
—CH,), failed to undergo cycloaddition reactiét¥. The
stereochemical results in these cycloadditions were ex-
plained by considering the identical transition-state model
as described earligf-11for the intermolecular cycloaddi-
tions.

Harwood et al*® 162 also showed excellent diastereose-
lectivity in an intramolecular cycloaddition of in-situ-
generated azomethine yli@&7, produced by reaction &15
and an aldehyd&16 (Scheme 63), producingl8as the only
product. On the basis of semiempirical and ab initio quantum
mechanical calculations it was suggested that the most
favorable transition state involved amti addition of the
dipolarophile to thé=-ylide (Eac:~ 12 kcal/mol). This group
also reported recenfl§? the generation of unsymmetrical
ketone-derived chiral stabilized azomethine ylides and their
intra- as well as intermolecular cycloadditions to synthesize
both enantiomerically pure bicyclic proline derivatives and
B-hydroxy-a-amino acids, respectively. Excellent diastereo-
selectivity was also reportédt from cycloaddition of321
(Scheme 64), producing22 as the only product.

Stereospecific cycloaddition leading to formation of a
single diastereomeric octahydropyrrolo[3,4]pyrrole derivative

Pandey et al.
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Figure 11. Models to explain the dependence of diastereoselectivity

of 261 on solvent polarity.
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231a; R' = 2-naphthyl, R = Me, R®= Me (MeCN) 55:45
b; R' = 2-naphthyl, R = Me, R3= Me (THF)  52:48
¢; R = 2-naphthyl, R2= Me, R®= Me 98:02

(M =Li, -78 °C, THF)

323 (Scheme 65). The chemical yields of the cycloadducts
were found to be dependent on the reaction temperature and
the presence or absence of a base.

326 is reported® by intramolecular cycloaddition of an
azomethine ylide325 generated by reaction of the N-
substituted glycine824, to chiral perhydro-1,3-benzoxazines
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An enantioselective synthetic route was develdffeidr
construction of bridged pyrrolizidine core struct880 of
asparagamine-&” by intramolecular cycloaddition of an
azomethine ylide329, generated by treating vinylogous
amide 328 with triflic anhydride followed by desilylation
with tetrabutylammonium triphenyldifluorosilicate. The cy-

R%0 o 0.

2
2] s
2
O R /! /Ag

EtO | . EtO
HO H
TS-18 TS-19
OEt COZR3 OEt R2
267a 267b-c

Figure 13. Transition-state model depicting the facial approach
of the dipole.

Scheme 51
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b; R'= Ph, R?= t-Bu, R%= Me,
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cloadduct330 (Scheme 66) was obtained in this reaction as chiral auxiliary was remotely placed on the dipolarophile

a mixture ofE andZ isomers (ratio 6:1).

unit was also reported. The Abbot research gtéilgynthe-

Although most of the above examples pertaining to sized analogues of antibacterial agent Cethroniftiny
intramolecular cycloaddition reactions involved chiral ylides carrying out the intramolecular cycloaddition of the azo-
in the cycloaddition processes, a lone report in which the methine ylide331 for construction of a pyrrolidine ring



4510 Chemical Reviews, 2006, Vol. 106, No. 11

Scheme 52
p-Tol H R?
5. v R J\\ﬁdﬁfow THF, 20h
N| o D -78°C—~4°C
Ar) mM=—0
268 231 M=Li
a; Ar=Ph a; R' = Ph, R%=Bn, R® = Me

B; Ar=p-NO2CeHs  p; RT = P, R2= Me, R® = Me

¢; R' = Ph, R?= CH,CHMe,, R® = Me

c:) R1 Q R1
-8, & :
pTol=S~ A -Tol—S~
NH + P N/\NH
Ar AT
R30,C R? R30,C R?
269 270
Ar=Ph, R2=Bn (95:5)
Ar = Ph, R%= Me (95:5)
Ar = p-NO,-CgH,  R?= Bn (97:3)
Ar = p-NO,-CgH4 , R?= CH,CHMe, (98:2)
Scheme 53
H R?
OR*
e 3
J\‘ NE OR

R! N)W + = N

v (CO)5CrNR

m=0

231, M = Li 271

a;R'=Ph, R?=H, R®= Et

a; R = H, R* = () menthyl
b;R'=tBu, R2=H,R®=Et b;R=Ph R*=

(-) 8-phenylmenthyl

OR* OR*
(copcr=, R o R
R1” N7 TCOR® R1” N7 TCOR®
H H
272 273
Scheme 54
H OR®
*RO R2 )\ OR*R O
1% - @W
(CO)sCr? R ‘ (CO)5C®)r 1 RzOR
R1 /N ------ Li U R?N
H H
274 275
& CO)sCrs_OR*
HCOZW (COICrOR'R
— R AR /é_f\‘\Rz
(CO)sgr R N YCcoR®
; H
Li Or+ H
276 272 (syn, exo)

Pandey et al.

derivative 335ain a stoichiometric amount as catalyst for
studying the enantioselective 1,3-dipolar cycloaddition reac-
tion of the N-metalated AMY231 with methyl acrylates
(metal salt to ligand ratio 1:4) (Scheme 68). The correspond-
ing pyrrolidines334 were obtained in 64% yield and 60%
ee. A reduced amount of ligar885alowered the ee, while

an increased amount slowed the reaction dramatically. Using
a molar equivalent of the anhydrous Ce@Ii the presence

of 2 mol of 335agave cycloadducB34 (45% yield, 80%

ee) accompanied by a substantial amount of imine hydrolysis
product. The ligandB35awas found to be a less efficient
ligand for Co(ll) salt tharB35b (80% vyield, 80% ee). The
role of various solvents (Ci€l,, MeCN, PhCN, THF) was
found to have a negligible effect on the rate of the reaction
and on the ee of the product. However, when methyl acrylate
was used as the solvent, the maximum ee of 96% was
recorded. Use of Ag(l) salt has also been found to catalyze
the reaction; however, the best ee obtained was only 70%.
A working transition-state modé&36, in which cis arrange-
ment of the methyl and phenyl groups of the ligand led to
pseudoequatorial conformation of the phenyl group and
effective blockage of one face of the dipole, was proposed
to explain the chiral induction.

Karlsson et al’later described the use of a chiral Lewis
acid 337 and 338 for catalyzing asymmetric cycloaddition
between nonstabilized AMY8aand a variety o, S-unsatur-
ated dipolarophile26 which proceeded with low enanti-
oselectivity (Scheme 69). The cycloaddition reactio2@a
using 1 equiv of Cu(ll)-PYBOX 338 as the catalyst fur-
nished (F4R)-27ain just 8% ee. However, the same reaction
with oxazolidinone-derived dipolarophiébin the presence
of Cu(ll)—isopropylidinebis(4-phenyloxazoline) [Ph-BOX]
337aas the catalyst gav&7bin 2% ee. Further study using
26cas the dipolarophile an837aand337bas the catalysts
also gave poor (2622% ee) enantiomeric ratios.

Zhang et al’® reported a highly enantioselective Ag(l)-
catalyzed [32]-cycloaddition of 231 (M = Ag) with
dimethyl maleate in the presence of various chiral phosphine
ligands @40—-346). The cycloaddition reaction in toluene
using 3 mol % AgOAc, 3.3 mol % ligand, and 10 mol %
i-PLNEt at room temperature was found to be the ideal
reaction conditions (Scheme 70). With the exception of
BINAP (340), all other ligands 341—345 gave onlyendo
diastereomers. The BINAP and Me-DuPh@8#3) ligands
gave poor enantioselectivity (13% ee wBA0and 23% ee
with 342), and poor diastereoselectivity was observed in the
case of BINAP énddexo= 3:1). The PennPho$43 and
BIOP (344) ligands also provided poor ee (27% ee wid3
and 13% ee with344). Trost's ligand (59% ee) and
bis-ferrocenyl amide phosphine ligands (FA#5a76% ee

system at C11 and C12 of the macrolide core. However, and with 345b 97% ee) gave considerably high ee. Using

formation of the two nonseparable isom&&2 and333in

ligand345ba number of ylides of the typ231were cyclized

a ratio of 10:1 restricted its merit to (Scheme 67) a great with dimethyl maleimide in good yields and high enanti-

extent.

6. Asymmetric 1,3-Dipolar Cycloaddition of AMY
Using Chiral Catalyst

Although asymmetric 1,3-dipolar cycloaddition using
either chiral AMY or chiral dipolarophiles has been studied
exhaustively, use of chiral catalysts for optical induction in
such types of dipolar cycloadditions is still in the develop-
mental stagé’®1’! Grigg et al'’>1"3were the first one to
attempt the use of chiral Mn(ll) complex of ephedrine

oselectivities (up to 97% ee). The details are presented in
Table 12. By studying the cycloaddition with a variety of
dipolarophiles, it was established that omgdo products
were obtained in each case. The high enantioselectivity
observed was explained by considering the effective blocking
of one of the enantiotopic faces of the metal bound dipole
231 with the chiral ligand due to steric interactions. The
improved enantioselectivity observed with xylyl-FABAIED)

as compared to FARBE5g explained this hypothesis. This
group also achievetd? recently, up to 98/2exdendo
selectivity and up to 98% enantiomeric excess in the
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Ph O 203 © Recently, Jargensen et’dl described their results on the
. _ o o R catalytic asymmetric dipolar cycloaddition reaction of ylide
290a: R=j-Pr,n=2 60 %, dr=2.5:1 . R R K i 7
290b: R=Ph,n=1 79 %, dr = 5:1 231[(M = Cu(ll) and zinc(ll)] in combination with the chiral
N O  NMe bisoxazoline(BOX) ligand837a,b and 349 (Scheme 71).
RuS| N Out of these three ligands screened with Cu(ll) and Zn(ll)
o 0 NMe _MVICHCN - H, metal salts, the Zn(I}t-Bu-BOX complex (Zn(l1}-337h-
\/N 254nm  py 0 10 mol %) gave good enantiomeric excess. The results with
Ph O 0—si various substituents on dipole, dipolarophiles, and reaction
294R conditions are summarized in Table 13. Reaction at low
291a:R=Ph 71% dr=10:1 temperature£20 °C) slightly improved the ee.
291b: R = Me 62% dr = 16:1

cycloaddition of231 with various acrylates using a Cu(l)
complex of346 ligand.

More recently, Schreiber et. & reported catalytic asym-
metric dipolar cycloaddition o231 (M = Ag) with tert-
butyl acrylate in the presence of six different chiral phosphine
ligands 341 and 351—355 available in both enantiomeric
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forms (Scheme 72). With 3 mol % catalyst loading, cycload- 328
dition of azomethine ylid31 using ligands341 and 351 BZ Rt R?

while ligands352—355gave low conversion at 2C, while R A
ligands 352—355 showed excellent reactivity. With the —_ fg</\‘N e HNCE,}
exception of ligand351, the diastereoselectivity was in NV 7y Me Me

general high. The P,N-ligand QUINAB53 showed an 327

excellent level of both diastereo- and enantioselectivity even R'=H, R?=Ph

at a reduced catalyst loading of 1%. The results of the

cycloaddition with various ylide231and with 3 mol % Ag- Intramolecular cycloaddition of the azomethine ylides using
(I) acetate/QUINAP-based catalyst showed excellent dias- Ag(l) complexes of QUINAP (33 mol %) was also recently
tereoselectivity £20:1) and enantioselectivity (996%) reported.’® virtually with complete diastereocontrol and
(Table 14) regardless of the electronic property of the enantiomeric excess of up to 99%.

aromatic ring, although specifically hindered ylide (entry 5)  Although most of the cycloadditions of AMY catalyzed
resulted in slightly lower enantioselectivity (89%, ee). by chiral metal complexes shogndoselectivity, Komatsu
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et al'® reportedexoselective cycloaddition reaction between
various N-metalated azomethine ylid281 and N-phen-
ylphthalimides §0a) catalyzed by Cu(OT#$)in combination
with the chiral phosphine ligand8340and358—-363 Scheme
73). Use of 20 mol % Cu(OT$)and 10 mol % BINAP340
gave besexo and enantioselectivityefdendo= 87/13; ee

H
Z o) / 16}
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2P PhyP i\ Nt i Jb
(R,R,R,R)-BIOP (344) Fe A2 AP
o <
@5/4\3%_8“ (S. S, Sp) FAP; Ar = Phenyl (345a)
=L, N (S, S, Sp)-xylyl-FAP; Ar =
&Fc-; 2 3,5-di methyl phenyl (345b)
346

of exoadduct= 34%). Bothexoaddition and enantioselec-
tivities were improved at low temperature employing BINAP
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Scheme 71
'*"_O CO,R?
A _
r\ﬁgﬁ)LOMe * R1’347
H __H
231 aR'=H,RZ=Me
a; Ar=Ph b;R'=H, R?=Et
b; Ar=2-Np c;R'= H R?=t-Bu
c; Ar= p-BrCgHy d; R'= CO,Me, R? = Me
R?0,C. R'
Zn"' - 337b (10mol %) \
Ar N~ "CO,Me
H
348
a; Ar=Ph, R"=H, R?=Me
b; Ar = 2-Np, R'=H, R?= Me
c;Ar=2-Np, R'=H, R?=Et
J d; Ar=2-Np, R'=H, R2=t-Bu
e; Ar = p-Br-CgH,, R'=H, R?= Me
But f Ar = Ph, R1= CO,Me, R?= Me
g; Ar=2-Np, R'= CO,Me, R?= Me
(S)+-Bu-BOX (337b)  hi Ar=p- BrCeH4 R"=CO,Me, R?=Me

Ph Ph Ph Ph
(R)-Ph-BOX (337a) (R.R)-Ph-DBFOX (349)

Table 12. Enantioselectivity in the Cycloaddition of 231 Using
Ligand 345b

endoproduct
entry R time (h) % yield % ee
1 Ph 7 87 87
2 p-tolyl 7 93 88
3 p-anisolyl 7 98 92
4 4-chlorophenyl 7 96 92
5 4-fluorophenyl 7 96 90
6 4-cyanophenyl 7 90 96
7 2-chlorophenyl 7 96 86
8 o-tolyl 7 97 90
9 1-naphthyl 7 73 85
10 2-naphthyl 14 98 97
11 3-pyridyl 7 98 84
12 i-Pr 48 82 70
13 Cyclohexyl 48 82 81

Table 13. Enantioselectivity in the Cycloaddition of 231 in the
Presence of 337b

entry AMY (213 dipolarophile  product (yield %) ee (%)
1 23la 347a 348a(>95) 78
2a 231a 347a 348a(80) 88
2 231b 347a 348b(93) 78
42 231b 347a 348b(84) 91
5a.b 231b 347a 348h(86) 87
6 231b 347a 348¢(76) 68
7 231b 347b 348d(12) <5
8 231c 347a 348e(89) 61
0 231c 347a 348¢e(89) 94
1® 231a 347d 348f(78) 76
11 231b 347d 3489(84) 90
12 231c 347d 348h(87) 68

2 Reaction temperature 20 °C. ® Reaction in the absence of solvent.

and BINAP derivatives (2.2 mol %) and Cu(O7 .0 mol
%) (Scheme 72). The highesko selectivity gxdendo=
99/1) was reported using BINARCu(Il) complex. In the
case of SEGPHOS363), the reaction afforded the highest

Pandey et al.

Scheme 72
M=—0
R! COMe — | R'___N.
\/ ~ Y2 2% OR3
H R?
231
0 R'=Ar, R2=H, R®=Me
\)J\Ot-Bu t-BuOOC,
AgOAc (1 to 3 mol% .
347¢ A9 ( 0) A [ N> “CO,Me
Ligand, i-Pr,NEt, THF, -45°C, 20h H

O,NH PPh,
‘NH PPh,

J»

OMe
NH PPh, PPh,

)-MOP (352)

NH PPh,

° O

(S,8)-NAPHTHYL (351)
/>_< PPh,

@ X Lpphz

PPh,

(R,R)-Trost ligand (341)
X
N
O

(S)-QUINAP (353)

(S,5)-DIOP(355)
(R)-PHOX (354)

Table 14. Enantioselectivityen the Formation of 350 Using
Ligand 353

entry Ar pyrrolidine  vyield (%) ee (%)
1 4-methoxyphenyl 350a 93 95
2 4-bromophenyl 350b 89 95
3 4-cyanophenyl 350c 92 96
4 2-naphthyl 350d 89 94
5 2-tolyl 350e 95 89

dipolarophiles gave similar results. The authors gave a
plausible mechanism, as shown in Scheme 74, for the
cycloaddition reaction in which coordinated chiral phos-
phine—Cu(ll) complexes are shown to participate. Té»®
andendoselectivity was explained with the help of transition-
state model§'S-20 and TS-21 (Figure 14).

More recently:81-182cycloaddition of extremely electron-
poor azomethine ylid869, generated by reaction of aziridine
367with the chiral Lewis acid868at 45°C in CH,Cl,, onto
norbornene 370) was reported to produce addugf2 in
modest (dr= 6:1) diastereoselectivity (Scheme 75). How-
ever, cycloaddition of the same ylide with 2-methoxypropene
(371 produced adduc373in poor (dr= 1.3:1) diastereo-
selectivity.

7. Conclusion

As highly substituted pyrrolidines are an integral part of
numerous biologically active alkaloids and pharmaceuticals,
their syntheses in optically pure form via asymmetri¢£3-
cycloaddition of azomethine ylides, which allows simulta-
neous construction of up to four stereocenters, is increasingly
becoming an important strategy. All three possible ap-

ee of theexoadduct (72% ee). Reaction with several other proaches, such as use of (a) chiral azomethine ylides, (b)
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Scheme 73
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Figure 14. Transition-state models depicting addition of coordi-
nated chiral phosphineCu(ll) ylide complex toward dipolarophile.

Scheme 75

Ph

N 3
Ph CoMe © =N N=_ o~ o-
N CH,Cl,, 45 °C
CO,Me P zn - PhETEE
Cl” Cl
364 365 (20 mol%)
Ph OMe
@I
Ph._N© So
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OMe 366 [
/J\ Me

368 367

Ph
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\QcozEt
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Me

369 yield 76%

370 yield 83%
dr=1.31 dr=6:1

achiral ylides and chiral dipolarophiles, and due to the
conformational rigidity acquired by these ylides, the dias-
tereoselectivities recorded have been generally good to
excellent. The nature of the metal, solvent, and reaction
temperature have played decisive roles on the outcome of
the diastereoselectivities. Although there are only a few
reports on the cycloaddition of chiral N-metalated AMY, the
diastereoselectivities are found to be excellent. Due to greater
steric constraints, intramolecular cycloaddition of chiral
azomethine ylides has provided only one diastereomer in
almost all studies reported in this area. Asymmetric cycload-

chiral dipolarophiles, and (c) chiral catalysts, have been gition of AMY using chiral Lewis acid catalysts, which is
extensively evaluated as stereodirecting reagents in thesgysg the current emerging field of research in this area, has
cycloaddition reactions. Studies concerning the cycloaddition shown interesting results, producing good to excellent

of chiral nonstabilized azomethine ylides have generally gnantioselectivity depending upon the structure of the ligands
given poor diastereoselectivity; however, reaction employing 5nd the metal salts utilized.

achiral nonstabilized AMY and chiral dipolarophiles has

given poor to excellent diastereofacialselectivity. The cy- g Acknowledgments
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