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1. Introduction

The addition of a 1,3-dipole to an alkene or alkyne is a
prominent transformation in organic synthesis.' Over the past
two decades the intense study of enantioselective 1,3-dipolar
cycloaddition methodologies has provided organic chemists
with the tools necessary to synthesize a variety of chiral
heterocycles in highly enantioenriched forms.” The majority
of advances in this area are a direct result of studies focusing
on chiral Lewis acid-catalyzed or chiral metal-mediated 1,3-
dipolar cycloaddition methodologies. It is important to note
that even though the many dipoles possess very strong donor
atoms it is still possible to carry out enantioselective Lewis
acid-catalyzed dipolar cycloadditions. However, a large
number of dipoles require highly basic conditions for their
preparation and these conditions could potentially be del-
eterious for reactions mediated by Lewis acids. Strategies
to address these potential drawbacks have been put forth in
the literature. One of the more successful strategies among
these is dipolar cycloadditions using organocatalysts. Several
highly efficient and enantioselective dipolar cycloadditions
using different types of organocatalysts have been recently
reported in the literature.?

Dipoles can be classified as either allyl anion type or
propargyl/allenyl anion type according to their structure (for
classification of common 1,3 dipoles, see Table 1). Highly
enantioselective 1,3-dipolar cycloadditions of both allyl anion
and propargyl/allenyl anion type 1,3-dipoles are well-known
at this point. Of the allyl anion type 1,3-dipoles, enantiose-
lective methodologies have been developed for the cycload-
ditions of nitrones,* azomethine imines,*>™ azomethine
ylides,® and carbonyl ylides.” Furthermore, chiral Lewis acid
catalysis has made possible highly enantioselective cycload-
ditions of nitrilium and diazonium betaines (propargyl/allenyl
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type 1,3-dipoles), such as nitrile oxides,® nitrile imines,’

diazoalkanes and diazoacetates.'°

Over the years a variety of chiral Lewis acids have been
evaluated for dipolar cycloadditions. The most successful
of these have employed copper, silver, nickel, aluminum,
zinc, and lanthanide Lewis acids, generally in combination
with one of the privileged classes of chiral ligands such as
the bisoxazolines, BINAPs, and Pyboxs. This chapter focuses
on the use of copper Lewis acids in dipolar cycloadditions.
Reactions with silver and nickel Lewis acids will be
discussed in other chapters of this special issue.

Chiral copper(I) and (II) salts figure prominently in the
development of enantioselective 1,3-dipolar cycloaddition
reactions. In particular, chiral copper salts have been
fundamental to the development of enantioselective 1,3-
dipolar cycloadditions involving allyl anion type 1,3-dipoles
that contain a nitrogen atom in the middle of the dipole (aza-
allyl type 1,3-dipoles, Figure 1). Since the majority of
enantioselective copper-catalyzed 1,3-dipolar cycloadditions
involve aza-allyl type 1,3-dipoles, they will necessarily serve
as the focus of this review.

The activation of the dipole or the dipolarophile in copper-
catalyzed enantioselective cycloadditions of aza-allyl type
1,3-dipoles generally occurs via one of four primary path-
ways. Two modes of activation involve metal-dipole interac-
tions (Figure 2), while the other two modes of activation
involve metal-dipolarophile interactions (Figure 3). For stable
aza-allyl type 1,3-dipoles, such as electron-deficient nitrones,
coordination of the chiral copper salt to the dipole leads to
lowering of the energy levels of the frontier molecular
orbitals (FMOs) of the dipole (Figure 2, eq 1). This type of
activation has been used to facilitate LUMOyipoie—
HOMOipolarophile Interactions and is common when electron-
rich alkenes are used as dipolarophiles. A second type of
activation is common when glycine imines are used as
precursors to N-metalated azomethine ylides. In this situation
coordination of the glycine imine by the chiral copper salt
facilitates deprotonation of the glycine imine to form a well-
organized chiral N-metalated azomethine ylide complex,
which can react with a variety of electron-deficient alkenes
(Figure 2, eq 2). The third common mode of activation
involves coordination of the chiral copper catalyst to a
conjugated carbonyl of an electron-deficient alkene (Figure
3,eq 1). In this scenario the FMOs of the dipolarophile are
lowered, facilitating HOMOipole =~ LUMOgipotarophile 1nterac-
tions. The final mode of activation with relevance to this
review is the activation of alkynes. This type of activation
involves coordination of the chiral copper catalyst to an
alkyne (Figure 3, eq 2). Subsequent deprotonation of the
copper—alkyne complex leads to the formation of a chiral
copper acetylide that is activated toward cycloaddition with
aza—allyl type 1,3-dipoles.
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This review aims to summarize achievements of the many
scientists who have been integral to the development of
enantioselective copper-catalyzed 1,3-dipolar cycloaddition
reactions.

2. Nitrone Cycloadditions

2.1. Reactions with Electron-Deficient Alkenes

1,3-Dipolar cycloaddition reactions of nitrones with electron-
deficient alkenes allow for efficient syntheses of isoxazo-
lidines with high degrees of regio- and stereocontrol.'' In
recent years many groups have reported chiral Lewis acid-
catalyzed nitrone cycloadditions that give enantiomerically
enriched isoxazolidine derivatives.*>*"™ At this point in the
development of enantioselective nitrone cycloadditions, a
variety of Lewis acid and chiral ligand combinations have
been used with great success to access the endo isoxazolidine
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Table 1. Classification of Common 1,3-Dipoles

Allyl Anion Type
Nitrogen-centered
o®

>:N®

\
©

>:N'\g)_ Azomethine Imines >:0,N®—

% o
>:N® Azomethine Y lides >: ¢

Oxygen-centered

o
Nitrones >: >_ Carbonyl Ylides

Carbony! Imines

Carbonyl Oxides

o]
\ ®
@N_ @N_

N=ND Azimines N=G® Nitrosimines
0© 0© o
N=N® Azoxy Compounds N=C® Nitrosoxides

\
0© 0©
0=N® Nitro Compounds 0=0® Ozone

Propargyl/Allenyl Anion Type
Nitrilium Betaines Diazonium Betaines

) - . @ .
—:N4<9 Nitrile Ylides NEN~<9 Diazoalkanes
@ @ ¢
—:NfNi9 Nitrile Imines NEN_N? Azides
:%_09 Nitrile Oxides NECI?—OG Nitrous Oxide

cycloadduct in high regio-, diastereo-, and enantioselectivity.
Examples of chiral Cu(Il) complexes that catalyze endo and
enantioselective nitrone cycloadditions are included in this
body of literature.

Saito and co-workers reported that the combination of
Cu(OTf), with aminoindanol-derived bis(oxazoline) ligand
4 efficiently promotes the cycloaddition of nitrones derived
from aromatic aldehydes with 3-alkenoyl-oxazolidin-2-
ones.'?> When N-crotonoyloxazolidinone 2 was used as the
dipolarophile, cycloadditions of nitrones la-f led to the
formation of isoxazolidine cycloadducts endo-5 and exo-6
with moderate endo selectivity and high enantioselectivity
for both endo and exo cycloadducts (Table 2, entries 1—6).
Interestingly, the use of N-acryloyloxazolidinone 3 as the
dipolarophile also gave a mixture of cycloadducts, but the
exo cycloadduct 6 was the major product and no rationale
for the reversal in diastereoselectivity is proposed (Table 2,
entry 7). This methodology showed chiral Cu(Il) salts to be
competent catalysts for enantioselective nitrone cycloaddi-
tions, but left room for improvement due to the modest endo/
exo selectivities that were observed.

Saito and co-workers also studied chiral bis(imine) ligand
7a—d/Cu(OTf), complexes as a potential solution to the
moderate diastereoselectivities that were observed when
bis(oxazoline) 4 was used as the chiral ligand in Cu(Il)-
catalyzed nitrone cycloadditions.'®> The aromatic imine
subunit of the bis(imine) ligands was found to have a
dramatic effect on the chemical yields and levels of enan-
tioselectivity (Table 3, entries 1—4). Bis(imine) ligand 7¢
was determined to be optimal on the basis of a model
cycloaddition of a,N-diphenyl nitrone 1a with N-crotonoy-
loxazolidinone 2. The combination of Cu(OTf), and 7¢ gave
the desired cycloadduct as a 91:9 (endo/exo) mixture in 94%
yield and 90% endo ee (Table 3, entry 3). Surprisingly, the
pentafluorophenyl bis(imine) derivative 7d led to poor
enantioselectivity (—13%) for the endo cycloadduct, but the
diastereoselectivity was the highest for all the ligands
surveyed (Table 3, entry 4). The scope of the Cu(OTf),/7¢
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Figure 1. Common allyl anion type dipoles used in enantioselective copper-catalyzed 1,3-dipolar cycloadditions.
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Figure 2. Common modes of dipole activation in copper-catalyzed 1,3-dipolar cycloadditions and the effect of activation on the relative

energy of the dipole frontier molecular orbitals.
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Figure 3. Common modes of dipolarophile activation in copper-catalyzed 1,3-dipolar cycloadditions and the effect of activation on the

relative energy of the dipolarophile frontier molecular orbitals.

catalyst was demonstrated in cycloadditions of a variety of
nitrones derived from aromatic aldehydes (Table 3, entries
5—38). In general the yields, endo/exo ratios, and enantiose-
lectivities are excellent. However, the scope of the dipo-
larophile is limited to crotonate 2 as the cycloaddition of
o, N-diphenyl nitrone with acrylate 3 led to poor endo/exo
selectivity (56:44, entry 9) and reactions with additional
substituted 3-alkenoyl-oxazolidin-2-ones were not reported.

Palomo and co-workers have since reported an additional
copper catalyst—substrate combination for endo- and enan-
tioselective nitrone cycloadditions.'"* The Cu(OTf),/z-Bu
BOX 10-catalyzed cycloadditions of nitrones with S-unsub-
stituted dipolarophile 8 are highly endo and enantioselective
(Scheme 1, eq 1). In addition, cycloadditions of nitrones with
p-substituted dipolarophile 13 are also efficient. The Cu(OTf)»/
t-Bu BOX 10-catalyzed cycloaddition of 13 with nitrone 1a

is reported to give isoxazolidine 14 with 98:2 diastereose-
lectivity and 99% ee (Scheme 1, eq 2).

Iwasa et al. reported one example of a Cu(OTf)./4,5-bis(2-
oxazolinyl)-(2,7-di-tert-butyl-9,9-dimethyl)-9H-xanthene (xabox)-
catalyzed cycloaddition of o, N-diphenyl nitrone with 3-cro-
tonoyl-2-oxazolidinone.'> The corresponding isoxazolidine
was isolated in 55% yield as an 86:14 endo/exo mixture of
diastereomers. The enantiomeric excess for the endo cy-
cloadduct was 77%. However, Mg(Il) and Mn(II) Lewis
acids were found to give improved yields and selectivities,
and further investigation of the Cu(II)-catalyzed process has
not been reported with the xabox ligands.

Saito and Palomo’s chiral Cu(Il)-catalyzed nitrone cy-
cloadditions represent nice additions to the existing body of
literature detailing endo and enantioselective nitrone cy-
cloadditions, but the ability to perform highly exo and
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Table 2. Cu(OTf),/4-Catalyzed Nitrone Cycloadditions

Stanley and Sibi

O\”/\WO

N 8
Cu(OTH), A
JL N
R1”™H CHoCl,, 4A MS R'  Ph
room temperature
1a-f 2R2= Me endo-5 exo-6
3R%=
entry R! R2 yield (%) endolexo endo ee (%) exo ee (%)
1 Ph (1a) Me 99 70:30 99 99
2 4-CH30CgH, (1b) Me 71 50:50 929 99
3 4- CH;C6H4 (1¢) Me 97 70:30 929 99
4 4- CF;C¢H4 (1d) Me 99 86:14 95 94
5 2-Naphthyl (1e) Me 94 60:40 95 98
6 2-Furyl (1f) Me 90 91:09 96 99
7 Ph (1a) H 93 22:78 52 96
Table 3. Cu(OTf),/bis(imine) 7a—d-Catalyzed Nitrone Cycloadditions
N _
A 7ad _\Ar R2 o B2
Cu(OTh);, | |
o pn JOL i/\ (20 mol%) ) 0+ 7 "-élo
IR : N ]
R H \J CH,Cl,, 4A MS R'  Ph R' Ph
1a, 1¢-f 2R2=Me room temperature endo-5 exo-6
3R?=H
entry R! R? Ar (Ligand) yield (%) endo: exo endo ee (%)
1 Ph (1a) Me Ph (7a) 37 88:12 7
2 Ph (1a) Me 2,6-(Me0),CsHy4 (7b) 32 90:10 78
3 Ph (1a) Me 2,6-Cl,C¢Hy (7¢) 94 91:9 90
4 Ph (1a) Me CeFs (7d) 84 95:5 -13
5 4- CH;C6H4 (1¢) Me 2,6-Cl,C¢Hy (7¢) 26 80:20 76
6 4- CF;CeHy4 (1d) Me 2,6-Cl,C¢Hy (7¢) 929 99:1 92
7 2-Naphthyl (1e) Me 2,6-Cl,C¢Hy4 (7¢) 90 92:08 97
8 2-Furyl (1f) Me 2,6-Cl,CsHy4 (7¢) 99 99:1 98
9 Ph (1a) H 2,6-Cl,CsHy4 (7¢) 90 56:44 90
Scheme 1
O Q
m
N N
B 10 ? B (@] (@]
-Bu -Bu
o eo\(ﬁ,ﬂ CU(OTH), (10 mol%) HO HO
Ar” ~H CHuCly, 4A MS, -20 °C N O-N
Ar R R
8 9 endo-11 endo-12
55-99% yield
90:10to0 >97:3 (11:12)
76.24 t0 >97.3 (endo.exo)
90-99% ee
Cu(OTf),/10 o
HO i N eo\%’Ph (10 moi%) HO S o 982 (endoexo) (2)
%k/\/ P : 99% ee
Ph™ “H  CHCly, 4AMS, 0°C =N
Ph Ph
13 1a endo-14

enantioselective nitrone cycloadditions remained a significant
challenge. The Sibi group has since addressed this issue by
using Cu(OTf),/chiral bis(oxazoline) complexes as catalysts
for cycloadditions of nitrones with a,5-unsaturated pyrazo-
lidinone imides.'® A survey of common bis(oxazoline)
ligands in a model cycloaddition of nitrone 16 with pyra-
zolidinone crotonate dipolarophiles 15 led to the identification

of Cu(OTf), and aminoindanol-derived bis(oxazoline) 19 as
a combination that could provide highly exo and enantiose-
lectivity cycloadditions (Table 4, entries 1—3). Originally it
was believed that the pyrazolidinone template was respon-
sible, in part, for the high level of exo selectivity, but an
evaluation of N(1) and C(5) pyrazolidinone substitution
showed that pyrazolidinone templates could be used to
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Table 4. exo Selective Nitrone Cycloadditions: Effect of Bisoxazoline Ligands and Pyrazolidinone Substitution

0 o 0 Ligands 17-19 O CH, O CHs
)J\/ Cu(OT), (30 mol%) : P ;
CH3 + >:N o+ Jo
R2 N\_ 1 Me CHClp, 4A MS pr N PR N
R room temperature CHs CHs
15 16 exo0-20 endo-21
o~
S/'N N 17 R=CHj
S 1BR=iPr
R R
entry ligand R' yield (%) exolendo exo ee (%)
1 17 Ph CH; 96 90:10 75
2 18 Ph CH; 91 79:21 71
3 19 Ph CH; 94 96:04 98
4 17 CH; CH; 96 92:08 78
5 17 1-Naphthyl CH; 93 89:11 86
6 17 Ph —(CHa)s— 93 95:05 79
7 17 Ph Bn 94 91:09 92
Table 5. Cu(OTf)2/19-Catalyzed exo Selective Nitrone Cycloadditions
© Cu(OTH),/19 o g o p
(30 mol%) 3 3
/\Fﬂ >=N o Z)t\,O " ZJKE\I )
H R CH.Cl,, 4A MS Ph” N pr N
\—F’h room temperature R? R?
1a, 15, or 23 exo-24 endo-25
entry R! R? yield (%) exolendo exo ee (%)
1 CH;s CH; (15) 94 96:04 98
2 CH;3 Bn (23) 92 93:07 99
3 CH;3 Ph (1a) 85 52:48 99
4 Et CH; (15) 88 94:06 99
5 H CH; (15) 85 66:34 99
6 CO,Et CH; (15) 44 67:33 85

amplify the level of enantioselectivity, but had minimal
impact on the exo/endo selectivity (Table 4, entries 1, 4—7).
Furthermore, a Cu(OTf),/17-catalyzed cycloaddition of ni-
trone 16 with oxazolidinone crotonate 2 was also highly exo
selective, suggesting that the pyrazolidinone template was
not the source of exo selectivity.

The scope of a,f-unsaturated pyrazolidinone imides and
nitrones that can be used as dipolarophiles and dipoles in
this methodology is modest, and some notable problems
remain to be addressed. Diastereo- and enantioselectivities
are high when nitrones derived from N-alkyl hydroxylamines
are utilized (Table 5, entries 1 and 2), but the exo/endo
selectivity was 1:1 when nitrone 1a, which is derived from
benzaldehyde and N-phenyl hydroxylamine, was used as the
dipole (entry 3). 5-Alkyl substituted o,-unsaturated pyra-
zolidinone imides are excellent dipolarophiles, but pyrazo-
lidinone acrylate and pyrazolidinone fumarate substrates lead
to lower diastereoselectivity (compare entries 1 and 4 with
entries 5 and 6). Although additional improvements in terms
of substrate scope remain to be made, this methodology
represents the first highly exo and enantioselective nitrone
cycloadditions and clearly demonstrates the potential of chiral
copper Lewis acids to advance the utility of enantioselective
nitrone cycloadditions.

Highly exo and enantioselective nitrone cycloadditions are
also possible when o,(-disubstituted o./3-unsaturated sub-
strates are used as dipolarophiles. These reactions are
particularly challenging for one primary reason. That is
because common achiral auxiliaries, such as oxazolidinone,
lead to poor reactivity and enantioselectivity due to poor

control of rotamer geometry. The poor control of rotamer
geometry is thought to be a result of undesirable A'-
interactions. The Sibi group reported a solution to this
problem that utilizes the optimal catalyst from their previous
study, Cu(OTf),/19, in combination with a,f-disubstituted
acrylimides 26 as the dipolarophiles.'” The Cu(OTf),/19-
catalyzed cycloadditions of nitrones with a number of these
templates give the corresponding cycloadducts exo-27 and
endo-28 in moderate to good chemical yields with high
enantioselectivity and good to excellent exo/endo ratios
(Table 6). Two factors proved critical to the development
of these cycloadditions reactions. First the Cu(OTf),/19
catalyst provides for high exo and facial selectivity. Second,
the N—H imide templates 26 effectively relieve A'~ interac-
tions between the achiral auxiliary and the alkene moiety,
thus providing the enhanced reactivity necessary for cy-
cloadditions between nitrones and o,(-disubstituted o./-
unsaturated dipolarophiles. However, it should be noted that
reactivity is still problematic. To achieve yields of >60%
reaction times of up to 10 days are required in specific cases.

2.2. Reactions with Electron-Rich Alkenes

In contrast to the well-developed enantioselective cycload-
ditions between electron-deficient alkenes and electron-
neutral or electron-rich nitrones, inverse electron-demand
nitrone cycloadditions are much less prominent. Inverse
electron-demand nitrone cycloadditions rely on interaction
between the HOMO of the alkene and the LUMO of the
nitrone. Thus, lowering the energy of the nitrone frontier
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Table 6. Cu(OTf),/19-Catalyzed exo Selective Cycloadditions of Nitrones with a,f-Disubstituted Acrylamides

o o o CU(OTH),/19 Qg R Q gt B2
Ph IO (30 mol%) z e z e
NTYTRZ H =@ o LR
Ho gt H Re CHoCly, 4A MS Ph” N PR N,
room temperature R R
26 1a, 15, or 23 exo-27 endo-28
entry R! R? R? yield (%) exolendo exo ee (%)
1 Me Me Me (15) 60 99:01 94
2 Me H Me (15) 57 81:19 89
3 Me Et Me (15) 63 99:01 91
4 -(CHy)s- Me (15) 82 99:01 92
5 -(CHa)s- Bn (23) 89 99:01 94
6 -(CH,)3- Ph (1a) 77 94:06 89
Table 7. Cu(OTf)»/10-Catalyzed Inverse Electron-Demand Nitrone Cycloadditions
00
| |
® e <7/N N\¥>
PO R¢ OR®  tBU *Bu Bn. O\ O’ Bn. One O
o ° =( CUu(OT), (25 mol%) R+ n2
H HZ Oﬁ““ ',‘RA O ',,H4
OR! CHoCls OR! OR?
29 R = Et 31 exo-32 endo-33
30R'=tBu
entry R! R? R? R* yield (%) exo/ endo ee (exolendo %)
1 Et H Et H 83 77:23 89/16
2 Et Me Me 83 31:69 90/94
3 Et H -(CHa)»- 43 50:50 12/0
4 t-Bu H Et 52 50:50 0/0

molecular orbitals accelerates this type of 1,3-dipolar cy-
cloaddition. Jgrgensen and co-workers reported the first
enantioselective copper-catalyzed inverse electron-demand
1,3-dipolar cycloaddition between nitrones and electron-rich
alkenes.'® A key feature of their work was the use of nitrone
substrates that contain an ester that allows a well-organized
complex to be formed upon bidentate coordination of the
nitrone to a chiral copper(Il) Lewis acid.

Cu(OTY),/t-Bu-BOX 10-catalyzed cycloadditions between
ethyl glyoxylate-derived nitrone 29 and vinyl ethers, such
as ethyl vinyl ether and 2-methoxy propene, proceed in
moderate to good yields and stereoselectivities (Table 7,
entries 1 and 2). A pentacoordinated complex 34 of the Lewis
acid, nitrone, and vinyl ether is proposed to account for the
observed stereoselectivity in the cycloaddition of 29 with
ethyl vinyl ether (Figure 4). In this complex, effective
organization of the dipole and substrate is thought to occur
by bidentate coordination of the nitrone and monodentate
coordination of the vinyl ether. However, this methodology
is limited by the lack of nitrones and vinyl ethers that lead
to high yields and selectivities. The cycloadditions of nitrone
29 with 2,3-dihydrofuran and #-butyl glyoxylate-derived
nitrone 30 with ethyl vinyl ether gave 1:1 ratios of the exo
and endo cycloadducts with low enantioselectivities (Table
7, entries 3 and 4).

o}

t-B N/
RO RY
|
\_o"'Cu—N/ o
SN—O0" ]
Bn"\ o ,O\ E
t-Bu
34
Figure 4. A pentacoordinated intermediate (34) proposed to
account for the stereoselectivity observed for cycloaddition of

nitrone 29 with ethyl vinyl ether.

It should be noted that Jgrgensen and co-workers have
also utilized a complementary chiral aluminum Lewis acid
in inverse electron-demand nitrone cycloadditions.'® The
optimal (R)-3,3'-diphenyl-BINOL-AIMe complex allows
nitrones that are not capable of bidentate coordination to be
used in highly exo and enantioselective inverse electron-
demand nitrone cycloadditions. Cycloadditions of a variety
of a-aryl-N-phenyl nitrones and cyclic nitrones (3,4-dihy-
droisoquinoline N-oxides) with vinyl ethers proceed to give
the corresponding cycloadducts with good to excellent exo
and enantioselectivity.

2.3. Reactions with Alkynes

f-Lactams are synthetic targets of great biological impor-
tance owing to their presence in antibiotics, such as the
penicillins and the cephalosporins.?® 8-Lactams are also
useful as building blocks in synthetic organic chemistry.?!
The most famous use of a S-lactam as a synthetic intermedi-
ate is the semisynthesis of paclitaxel (Taxol), which employs
a B-lactam to install the B-amino acid-derived side chain.??
The importance of f(-lactams in synthetic and medicinal
chemistry has made methods to synthesize them a high
priority. The Kinugasa reaction, which involves the reaction
of a copper acetylide with a nitrone to form a f-lactam, is
one approach that has received increased attention during
the past decade.

At first glance one may question the fit of the Kinugasa
reaction in a review of 1,3-dipolar cycloadditions, but an
examination of the proposed reaction mechanism reveals a
[3 + 2] cycloaddition to be fundamental for the transforma-
tion (Figure 5). The requisite copper acetylide 37 is initially
formed by deprotonation of a copper-complexed alkyne. A
subsequent 1,3-dipolar cycloaddition between a nitrone and
the copper acetylide provides the five-membered intermediate
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Figure 5. Proposed mechanism of the Kinugasa reaction.

Scheme 2
O6.® py Culh (10 mol %) Ph ph
o+ ~N-" ' Ligand 18 (10 mol %) j;(
ph)J\H (-)-sparteine o N‘Ph
35a 1a 40

50% yield (trans-40)
57% ee

38. Rearrangement of 38 to the copper enolate intermediate
39 and subsequent protonation leads to the formation of the
[-lactam 36.

Despite the attractive features of the Kinugasa reaction as
a method to synthesize 5-lactams, direct catalytic and highly
enantioselective variants of this transformation have remained
rare since its discovery in 1972.%* Miura reported the first
catalytic enantioselective example of the Kinugasa reaction
in 1995.** The reaction of phenylacetylene with a,N-
diphenylnitrone 1a in the presence of Cul (10 mol %), i-Pr
BOX 18 (20 mol %), and (—)-sparteine as the base led to
the formation of S-lactam frans-40 in 50% yield with 57%
ee (Scheme 2). The ratio of trans/cis isomers is not reported.
Although Miura’s work is limited in terms of yields,
selectivities, and substrate scope, it serves as the groundwork
for the highly selective variants of the Kinugasa reaction that
are possible today.

Lo and Fu reported the first enantioselective Kinugasa
reaction with broad substrate scope in 2002.%° They identified
the combination of a C,-symmetric planar-chiral bis(azafer-
rocene) ligand 45 and CuCl to be a highly stercoselective
catalyst for the Kinugasa reaction. One particularly interesting
observation that came out of this work is that the yield and
enantioselectivity of CuCl/45-catalyzed Kinugasa reactions
is highly dependent on the electronic nature of the nitrone.
The cycloaddition of a nitrone bearing an electron-rich N-aryl
substituent led to the formation of S-lactam cis-46 in high
enantioselectivity and moderate yield (Table 8, entry 1).
Conversely, the cycloaddition of a nitrone bearing an
electron-deficient N-aryl substituent led to the formation of
the corresponding f-lactam with lower enantioselectivity and
improved yield (Table 8, entry 3). The scope of the process
is sufficiently broad with respect to both the alkyne and
nitrone components. Cycloadditions of a variety of nitrones
with monosubstituted alkynes form the corresponding /3-lac-
tams in generally high cis/trans ratios and enantioselectivities
(Table 8, entries 4—7). The majority of the nitrones employed
in the survey of the reaction scope have an electron-rich
N-aryl substituent, thus the isolated yields of the 5-lactams
are moderate.

After the development of the enantioselective intermo-
lecular Kinugasa reaction methodology, Shintani and Fu
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reported an enantioselective intramolecular variant of the
Kinugasa reaction.”® Interestingly, the optimal ligand from
the previous study of the intermolecular Kinugasa reactions
led to low yield and enantioselectivity in the reaction of
alkyne—nitrone 47a. The yield and enantioselectivity for the
reaction of 47a could be dramatically improved by employing
phosphaferrocene-oxazoline 48 as the chiral ligand. The
optimal catalyst combinations of CuBr with ligands 48 or
49 allowed for cycloadditions of a variety of alkyne—nitrone
substrates 47a—c¢ to form tricyclic B-lactam derivatives
50a—c in moderate to good yields and high enantioselec-
tivities (Table 9).

The intramolecular Kinugasa reaction methodology was
further extended by the development of conditions that allow
a-allylated B-lactams to be prepared with the same catalyst
(Scheme 3). Shintani and Fu showed that a highly diaste-
reoselective allylation of the intermediate copper enolate (see
intermediate 39, Figure 5) was possible when the reaction
was run in the presence of allyl iodide and a mixture of silyl
enol ether 52 and KOAc as the base. When alkyne—nitrone
47a was exposed to these reaction conditions, the corre-
sponding a-allylated tricyclic S-lactam 53 was formed in
76% yield with 85% ee. This reaction sequence is quite
impressive because of the formation of two carbon—carbon
bonds, a carbon—nitrogen bond, a carbocyclic ring, a
p-lactam, a carbonyl group, a tertiary stereocenter, and an
all-carbon quaternary stereocenter.

A common problem associated with Cu(I)-catalyzed Kinu-
gasa reactions is low chemical yield of the desired -lactam
presumably due to the Glaser oxidative coupling side-
reaction.”” Thus, the majority of Cu(l)-catalyzed Kinugasa
reactions require inert reaction conditions. Tang and co-
workers have reported a potential solution to the requirement
for inert conditions. They reported the combination of
Cu(ClO,), and pseudo-Ci-symmetric trisoxazoline 54 to be
an efficient, air-stable, and water-tolerant catalyst for inter-
molecular Kinugasa reactions.”® The use of Cu(Cl0y),/54
as the catalyst for the reaction of nitrone la with pheny-
lacetylene led to the formation of 5-lactam 40 as a 27:1 ratio
of cis/trans isomers, in 64% yield with 83% ee for the cis
isomer (Scheme 4). It should be noted that the authors
propose a Cu(l) species to be the active catalyst in the
reaction via an in situ reduction of the Cu(Il) species by
phenylacetylene.

Basak and Ghosh have developed a variant of the Kinugasa
reaction that allows for straightforward synthesis of 3-ex-
omethylene 3-lactams.? The reaction of propargylic alcohol
55 with nitrones in the presence of Cul/L-proline resulted in
good yields of the desired 3-exomethylene [(-lactams 56
(Table 10). Unfortunately, the enantioselectivity for reaction
of 55 with o,N-diphenylnitrone 1a was poor, and enanti-
oselectivities for reactions of additional substrates were not
reported (Table 10, entry 1). It should be noted that the use
of DMSO as the solvent is critical to the formation of the
3-exomethylene S-lactam 56 in favor of the corresponding
cis-B-lactam 57. Furthermore, the authors explain that the
use of common amines as bases in this reaction leads only
to formation of the cis-f-lactam, and that the amphoteric
nature of the amino acid is necessary to promote elimination
and formation of the 3-exomethylene -lactam. The authors
suggest an intermediate complex 58 with the carboxylic acid
of proline oriented to provide the driving force for elimina-
tion as a reasonable explanation for the experimental
observations (Figure 6).



2894 Chemical Reviews, 2008, Vol. 108, No. 8

Table 8. Intermolecular Cu(I)/Bis(azaferrocene)-Catalyzed Kinugasa Reactions

Stanley and Sibi

Me Me
2 i 1 2 Me Me
R R H CuCl/Ligand 45 Ra, \\\R
‘ . \[,\11/ (1-2.5 mol%) )/j Mere
N N SRR
| | 60 @ Ar CyaNMe g Ar '\l\ﬂ/lee = o Ve
MeCN, 0 or -20 °C " /@\M 45
36 1a, 41-44 a6 © €
Me
1aR%=Ph, Ar=Ph
41 R2 = Ph, Ar = 4-(MeO)CgH,
42 R2 = Ph, Ar = (EtO,C)CgH,4
43 R2 = 4-(F5C)CgHa, Ar = 4-(MeO)CqHy
44 R? = Cyclohexyl, Ar = 4-(MeQ)CgH,
entry R! nitrone yield (cis, %) cis/trans ee cis (%)
1 Ph 41 53 95:05 85
2 Ph la 69 95:05 77
3 Ph 42 79 94:06 67
4 Ph 43 50 93:07 90
5 Ph 44 57 93:07 89
6 4-(F3C)CeHy 44 57 >95:05 93
7 PhCH, 44 43 71:29 73
Table 9. Intramolecular Cu(I)/Phosphaferrocene-Oxazoline-Catalyzed Kinugasa Reactions
— Ligand 48 or 49 Me 0
CuBr Me A j
N (5 mol%) Ph - N" R
®:N_ 0.5 equiv Cy,NMe N, MMe - M,:I 48 R = j-Pr
Ar MeCN, 0 °C o A e € 49R=1tBu
47ac 50a-c Me
Entry Substrate Ligand Product Yield (%)  ee (%)
1 o o 48 e 502 74 8§
Oo@ Q
e
OCO?E‘ COE
S
—_ ‘ S/ \
[ 47b 50b
2 @o,‘% 49 e 64 90
: ~CO,Et Q
COLEt
o 0.
| 47c 50¢
3 ol O 49 OS;NQ 68 91
) COEt COE
Scheme 3
Ligand 48
— CuBr
_ 5 mol%
i . | ( ) =/ | 76% yield
o N " Ph(Me;SI0)C=CH, o 85% ee
o @\©\ 51 52 (2 equiv)
KOACc (1 equiv)
CO.Et CO,Et
47a MeCN, rt 53 2
3. Azomethine Ylide Cycloadditions Scheme 4
The drive to synthesize pyrrolidine and proline derivatives —~
in enantiomerically enriched form owes greatly to the ~N N
incorporation of these heterocyclic cores into a variety of (o\l ! g

pharmaceuticals and alkaloids.®® In addition, the use of

54

numerous proline derivatives as chiral organocatalysts has pp. py  CulC0:2 NN Ph, ,Ph
Ph i
: : 31 T (10 mol%) 64% yield
increased the demand for these heterocycles in recent years. 1 . N o 271 (cis trans)
Though a number of methods exist for the synthesis of chiral l Q®Pn " o “ph 83%ee(dis)
pyrrolidine and proline derivatives, few can match the 5 . MeC%,ZJO oc w0
a

synthetic potential of 1,3-dipolar cycloadditions of azome-
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Table 10. Cul/L-Proline-Mediated Synthesis of 3-exo-methylene
p-Lactams

HO Cul/L-Proline R . R’
W RLH/H (100 mol %) HO

l @O%‘F’h DMSO o7, & pn
55 1a-b, 1f-g 56 57

entry R! yield 57 (%) ee 57 (%) yield 58 (%)
1 Ph 71 15 10
2 2-Furyl 70 NA 10
3 2-Thienyl 71 NA 8
4 4-Methoxyphenyl 75 NA 10

thine ylides with alkenes. The power of azomethine ylide
cycloadditions lies in the fact that pyrrolidine derivatives with
up to four stereocenters can be generated in a single operation
from readily available starting materials.

Many methods are available to generate azomethine ylides,
but the in situ metalation of imino esters to form metalloa-
zomethine dipoles has become the most widely used ap-
proach. The attractiveness of this method for azomethine
ylide generation is due in large part to the ease with which
catalytic enantioselective cycloadditions can be accom-
plished. Metalation of an o-imino ester with a chiral metal
complex results in the formation of a well-organized ligand/
metal/azomethine ylide complex that, in many cases, will
add to electron-deficient alkenes with high degrees of regio-,
diastereo-, and enantioselectivity. The first reports of metal-
mediated enantioselective azomethine ylide cycloadditions
came from Grigg and co-workers in the early to mid-1990s.
Their work showed that combinations of CoCl, with a chiral
aminoalcohol and AgOTf with a chiral bisphosphine ef-
fectively promote enantioselective azomethine ylide cycload-
ditions.>> However, stoichiometric amounts of the chiral
metal complexes were used in Grigg’s studies, and it was
not until 2002 that the stage was set for efficient catalytic,
enantioselective azomethine ylide cycloadditions to emerge.

Zhang and co-workers reported the first catalytic enanti-
oselective cycloadditions of azomethine ylides using a
combination of AgOAc and the chiral bisphosphine 62 as
the catalyst precursors (Figure 7, eq 1).>* They demonstrated
that chiral Ag(I)-catalyzed azomethine ylide cycloadditions
could be used to prepare enantioenriched pyrrolidines from
a variety o-imino ester and electron-deficient alkene sub-
strates. Subsequent studies have led to the development of
additional chiral ligands that improve the substrate scope,
reaction conditions, and/or selectivity of chiral Ag(I)-
catalyzed azomethine ylide cycloadditions. Of particular
interest are Schreiber’s application of (S)-QUINAP ligand
65 that allows synthesis of pyrrolidines bearing a tert-alkyl
amino stereocenter (Figure 7, eq 2)** and the use of a chiral
ferrocene-derived N,P ligand 67 by Zeng and Zhou that
allows the AgOAc-catalyzed cycloadditions to proceed in
the absence of added amine base (Figure 7, eq 3).>° In a
more recent work Zhou and co-workers reported a new class

H
- N o H -
o] o\&—\(é o o] %iﬁgh >‘
-H5 u N JE—
58 59 56a

Figure 6. Proposed role of L-proline in the formation of 3-exo-
methylene f3-lactams.
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of N,P ligands (69 and 70) that lead to nearly complete
reversal of enantioselectivity based on the hydrogen-bonding
ability of the ligand amino functionality (Figure 7, eq 4).*°

Each of the Ag(I)-catalyzed azomethine ylide cycloaddi-
tions described above result in the selective formation of the
endo pyrrolidine cycloadduct in high enantioselectivity,
however access to corresponding exo isomer is currently not
possible when chiral Ag(l) catalysts are employed. In
addition, the use of a,a-diphenylprolinol®” and Zn(II)/chiral
bis(oxazoline)*® complexes as catalysts for azomethine ylide
cycloadditions with o,8-unsaturated aldehydes or acrylates
and fumarates, respectively, also results in the formation of
endo cycloadducts. A complementary catalyst is, therefore,
necessary to access the corresponding exo cycloadducts in
high yields and stereoselectivities. Chiral Cu(I) and Cu(II)
complexes serve to effectively address this limitation of
Ag(I)-catalyzed azomethine ylide cycloadditions.

Komatsu reported that Cu(OTf),-BINAP 74 and Cu(OTf),-
SEGPHOS 75 catalyze the exo and enantioselective cycload-
ditions of azomethine ylide 72 with N-methylmaleimide and
N-phenylmaleimide (Table 11).** The authors propose transi-
tion states 78 and 79 to account for the observed exo
selectivity (Figure 8). Steric repulsion between the maleimide
nitrogen substituent and the phenyl groups on the phosphorus
atom of the chiral phosphine ligand in transition state 79 is
thought to favor transition state 78 and lead to formation of
the exo cycloadduct. These transition state models are further
supported by the observation that reactions with N-phenyl-
maleimide gave higher exo selectivity than reactions with
N-methylmaleimide, presumably due to the larger steric
volume of the N-phenyl substituent (Table 11, compare
entries 1 and 3 with entries 2 and 4). Although this work is
noteworthy as the initial example of catalytic exo and
enantioselective azomethine ylide cycloadditions, drawbacks
to the Cu(Il)-BINAP and Cu(Il)-SEGPHOS catalysts exist.
Foremost among the drawbacks is that the exo:endo ratios
decrease when acyclic dipolarophiles are utilized. In the most
selective example the Cu(OTf),-SEGPHOS-catalyzed cy-
cloaddition of 72 with fumaronitrile 80 gave a 63:37 mixture
of exolendo cycloadducts in 54% yield (92% ee exo, 83%
ee endo, Scheme 5). Cu(OTf),-BINAP-catalyzed cycload-
ditions of 72 with diethyl fumarate and fumaronitrile were
endo selective.

Zhang addressed the need for a chiral copper catalyst that
could generate exo pyrrolidine cycloadducts from acyclic
dipolarophiles and azomethine ylides by using a combination
of CuClO;4 and the ferrocene-derived phosphino-oxazoline
ligand 85 (Table 12).*° CuClO,/85-catalyzed cycloadditions
of a variety of azomethine ylides 83 with acrylate and
maleate dipolarophiles proceed to afford the cycloadducts
exo0-86 in good yields with excellent diastereo- and enanti-
oselectivities.

The exo and enantioselective copper-catalyzed azomethine
ylide cycloadditions have been described in the previous
paragraphs, but the endo and enantioselective complements
have also been reported. Carretero and co-workers reported
the combination of Cu(CH3CN),ClO4 and Fesulphos ligand
90 to be a remarkable catalyst for endo and enantioselective
cycloadditions of azomethine ylides with a variety of
electron-deficient alkenes.*' Inthe presence of Cu(CH;CN),ClO./
90 aryl imines of glycine methyl ester react with N-
phenylmaleimide to give the corresponding endo pyrrolid-
inones in nearly complete diastereo- and enantioselectivity
(Figure 9, eq 1). In addition, azomethine ylides bearing an
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Ligand 62

Stanley and Sibi

COMe AGOAC MeO,C  CO.Me 62
PN I (3 mol %) 0 [/ o=
RN COMe NG HN Fe (O
CO,Me . R N CO,Me
2 i-PrNEt,, toluene H 2
0°C PAr, ArgP
60 61 endo-63 Fe
73-98% yield oy Ar=35-MeCeHy
70-97% ee
OsOMe Ligand 65
j\: o AGOAC +BUO,C. O X
N" R o+ (3-10 mol %) O\R _N
L \)J\Ot-Bu O 65 @
Ph”" ~H FPINEt,, THF 2 PPh,
63 64 -200r-45°C endo—66 O‘
R =H oralkyl 77-98% yield
77-91% ee
Ligand 67
CO,Me AgOAC MeO,C CO,Me 0/51 B
NS % ~
A7 SN coMe + [ (3 mol %) /Z—S\ d\N (3)
CO,Me EL,0, -25 °C R H CO,Me Fe P(4-CF3CgHa)o
60 61 endo-63 S e
56-99% yield
88-98% ee
Ligand 69 or 70 PAr, *
COMe AgOAC MeO,C CO,Me 2
X NR
R/\N/\COZEt + | (3 mol %) = 2 (4
COMe £ o5°0 R7 N TCORE 69R=H_
68 61 endo-71 Ar = S,S‘MeZCGHg
Ligand 69 Ligand 70
93-98% yield 91-98% yield
881091%ee -85t0-91% ee
Figure 7. Summary of enantioselective Ag(I)-catalyzed azomethine ylide cycloadditions.
Table 11. Cu(II)-BINAP and Cu(II)-SEGPHOS-Catalyzed exo Selective Azomethine Ylide Cycloadditions
Ligand 74 or 75
Cu(OTf), CO,Me Ph CO,Me
- = (2 mol %) \Q’
PR N COMe  * oﬁq\ko
R NEt; . O/\N/\o 0 N 0O
CHyCly, 40 °C N N
72 73 exo-76 endo-77
9% <10
PPh, o PPh,
PPh, 0 PPh,
oo R e e
(0]
entry ligand R yield (%) exo:endo exo ee (%)
1 74 Ph 71 >95:05 64
2 75 Ph 78 89:11 72
3 74 Me 64 72:28 55
4 75 Me 64 86:14 62

additional o-substituent and ketimine-derived azomethine

ylides are also effective dipoles, leading to the formation of

pyrrolidinones containing a tert—alkylamino stereocenter at

5=

hph’.‘

C C”\f C

PR | Ph, L
Ph 79

Favored — exo

@af
7|‘

l@

Disfavored — endo

Figure 8. Transition states proposed to account for exo selectivity
in the cycloaddition of 72 with N-phenylmaleimide.

the C-2 or C-5 position respectively (Figure 9, eq 2 and 3).
The Cu(CH3CN)4Cl04/90 catalyst is also selective in azome-
thine ylide cycloadditions that employ acyclic dipolarophiles.
For example, the cycloaddition of the azomethine ylide
derived from 72 with dimethyl fumarate gives the pyrrolidine
cycloadducts as a 90:10 endo/exo mixture in 89% yield with
99% ee for the endo isomer (Figure 9, eq 4). The
Cu(I)—Fesulphos catalyst system also allows azomethine
ylide cycloadditions to monoactivated alkenes. The most
striking example is the cycloaddition of 72-derived azome-
thine imine with methacrolein to form a pyrrolidine bearing
an all-carbon quaternary stereocenter at C-4 in 48% yield
with nearly complete endo selectivity (Figure 9, eq 5).
Additional dipolarophiles, such as dimethyl maleate, fuma-
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Scheme 5

Ligand 75
Cu(OT),

NS
PR N COMe T

/:/

NC NEts
CHJCly, -40 °C

72 80

CN (2 mol %

qcogwe Ph p,cogrwe

exo-81 endo-82
54% yield
63:37 (exo.endo)

92% ee (exo)

83% ee (endo)

Table 12. CuClO4/85-Catalyzed exo Selective Azomethine Ylide Cycloadditions

Ligand 85
R2 cuclo, R°0C,  R? RP0,C, O\/}....,.Bu
RISNTCoMe [ (5 mol %) «O\ . N
CO,R® Et.N or DBU R™ N7 YCO.Me R! CO,Me Fe P(4-CF3CgHs)o
O, -25 ¢ H S 8
83 84 THF, -25°C exo-86 endo-87
entry R! R? R? exo:endo yield of exo-86 (%) ee of exo-86 (%)
1 Ph H t-Bu 95:05 65 84
2 p-Cl-CeHy H t-Bu 96:04 85 91
3 p-MeO-CgHy H t-Bu 97:03 82 91
4 p-NC-CeHy H t-Bu 95:05 84 91
5 2-naphthyl H t-Bu 98:02 84 90
6 p-Cl-CeHy CO,Me Me 98:02 87 93

ronitrile, methyl acrylate, and [-nitrostyrene, are also
competent in this methodology. However, the diastereose-
lectivities are highly substrate dependent.

Carretero and co-workers have also developed polymer-
supported derivatives of the Fesulphos ligands.** The

performance of the optimal polystyrene-supported Fesulphos
derivative in Cu(I)-catalyzed enantioselective cycloadditions
of azomethine ylides with electron-deficient alkenes was
comparable in terms of yields and selectivities to the
nonsupported Fesulphos ligand. The authors also showed that

S~tBu
Fe PPhy

S w0

Cu(CH3CN),CIO,

S~ — (3 mol %)
AN CoMe + OI\A\Q _
N NEt
Ph 3
CH,Cly, -10 °C
88 89
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CH, CU(CHLCN),CIO,
. — (3 mol %)
Ar/\N)\COZMe + 05&0
N NEt,
Ar = 2-Naphthyl CHyCly, -10 °C
92 89
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CH, CU(CHLCN),CIO,
- ﬂ (3 mol %)
PR ON"COMe g 0
N NEt, (18 mol %)
GHoCly, 10 °C
24 89
Ligand 90
CU(CHLCN),CIO,
CO,Me (3 mol %)
Ph/\ /\CO Me + — - .
MeO,C NEt5 (18 mol %)
THF, -10 °C
72 96
Ligand 90
CU(CHaCN),CIO,
CHO (3 mol %)
Ph SN COMe * _—
NEt, (18 mol %)
THF, -10°C
72 98

81-85% yield

O N0 o o
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99% ee
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ﬁh
© © 78% yield
CH >08:2 (endo.exo) (2)
L8 92% ee
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H
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>08:2 (endo.exo)  (3)
HsCH 94% ee
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MeQ,C, CO,Me
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Ph” "N~ "CO.Me 99% ee
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Figure 9. Overview of Cu(I)—Fesulphos 90-catalyzed azomethine ylide cycloadditions.
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Scheme 6

Ligand 90
CUu(CH3CN),CIO4 PhOLS,
10 mal %)
RN + SO,Ph {
Ph™ "N” "COMe t __/ Ph S COMe
H
exc-101

83% yield
51% ee

NEt; (18 mol %)

72 100 toluene, 0 °C

Table 13. Cu(I)/Taniaphos-Catalyzed Cycloadditions of
Azomethine Ylides with Phenyl Vinyl Sulfone

PhyP
NMe,

Fe “PPh,
@ 103

Cu(MeCN),CIO,  PhO,S

(5 mol%) ? }
"Ny
H

e}
RVN\/U\OMG . WSOZPh

EtN (18 mol%) 2 COzMe
102 100 foluene, 0 °C ex0-104
entry R yield (%) ee (%)
1 4-FC¢Hy 91 82
2 3-FC-¢Hy4 83 85
3 4-MeOCgH4 71 84
4 2-naphthyl 71 65
5 cyclohexyl 50 69

the polystyrene-supported Fesulphos/Cu(I) catalyst could be
recovered and reused with no detrimental effects to reactivity
or selectivity.

Despite the broad utility of the Cu(I)—Fesulphos catalyst
system in enantioselective azomethine ylide cycloadditions,
there are some substrates for which it is not ideal. For
example, the Cu(CH3CN)4Cl04/90-catalyzed cycloaddition
of N-benzylideneglycine methyl ester 72 with phenyl vinyl
sulfone 100 proceeds to give the corresponding exo-pyrro-
lidine 101 in high yield, but with moderate enantioselectivity
(Scheme 6). However, Carretero and co-workers discovered
that a combination of Cu(CH3CN),ClO4 and Taniaphos

Stanley and Sibi

Scheme 7
H R
Ph._ .N—PPh,
l 105
Ph” YN-PPh,
H 1]

Ph
Cu(CHZCN),CIO, N o
(5 mol %)

. —
AN COMe + OJ\}O

Ph FPINEt,
CH,Clp, -40°C A" "N" "COMe
88 89 endo-91
60-85% yield
26-74% ee

ligand 103 led to a more active and selective catalyst for
cycloadditions of azomethine ylides with vinyl sulfones.*?
A variety of azomethine ylides react with phenyl vinyl
sulfone in the presence of 5 mol % Cu(CH3CN),Cl04/103
to give the corresponding pyrrolidines in moderate to high
yields with moderate to good enantioselectivities (Table 13).

An additional example of Cu(I)-catalyzed 1,3-dipolar
cycloadditions of azomethine ylides bears mention at this
point. Shi used the chiral thiophosphoramide ligand 105 as
the source of chirality in Cu(CH3CN)4ClO4-catalyzed cy-
cloadditions of azomethine ylides with N-aryl and N-
alkylmaleimides.** The Cu(CH3;CN)4Cl04/105 catalyst sys-
tem is reported to be completely endo selective, but the
observed enantioselection is generally moderate (Scheme 7).

To this point a variety of chiral Cu(I) and Cu(Il) catalyst
systems have been discussed that are effective for either exo
or endo selective azomethine ylide cycloadditions. However,
a catalyst system that could be used to access both exo and
endo cycloadducts remained elusive until recently. Hou and
co-workers have utilized an interesting approach that allows
access to either diastereomer on the basis of the electronic
nature of the phosphorus substituents in a ferrocene-derived
PN ligand scaffold to address this issue.*’ CuClO4/107-
catalyzed cycloadditions between azomethine ylides and
nitroalkenes 106 are highly exo and enantioselective (Table
14, entries 1—6). Alternatively, CuClO./108-catalyzed cy-

Table 14. Cu(I)-P,N-Ferrocene-Catalyzed Cycloadditions of Azomethine Ylides with Nitroalkenes
Ligand 107 or 108

o CuClO,
(10 mol%)

ArvN\)J\OMe + OQN/\/R

ON R o.N R

BUOK (10maley AT N7 TCOMe AT INT TCOMe
88 106 THF, 4AMS, 0°C exo 109 endo 110
O o] ﬂ ﬂ
< \\Q""i-Pr @/4\,}"”"” o4 No, u
A Ar AN
Fe PPhy Fe PAn h S/ OuN/_ Ar
Q N 3 N=/
108 (@] N
o v o 3 D\
Ar = 3,5-(CFg)p-CgHs MeO R H 111 MeO H H 112
entry Ar R ligand exolendo yield (%) exo ee (%) endo ee (%)
1 Ph Ph 107 only exo 87 95
2 Ph 4-NO,—C¢Hy 107 only exo 70 96
3 Ph 4-MeO-CgHy 107 only exo 77 96
4 Ph i-Pr 107 only exo 74 98
5 4-MeO-CgHy Ph 107 89:11 96 97
6 2-naphthyl Ph >107 92:08 92 92
7 Ph Ph 108 14:86 85 98
8 Ph 4-MeO-C¢Hy 108 30:70 79 95
9 Ph i-Pr 108 06:94 88 97
10 4-MeO-C¢Hy Ph 108 18:82 79 96
11 2-naphthyl Ph 108 19:81 98 97
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Table 15. Cu(I)/115-Catalyzed Cycloadditions of Azomethine
Imines with Terminal Alkynes

O Me
)\@Me
N Me_Fe Me
115
Me Me
o] Me o)
Cul
,NG |‘| (5 mol%) N
N ® + N /
IS R2 0.5 equiv CysNMe
H” "R CHoCly R Re
113 114 116
entry R! R? temp (°C) yield (%) ee (%)
1 Ph CO,Et room temp 98 90
2 4-FCeHy CO,Et room temp 99 95
3 n-pentyl CO:Et room temp 92 82
4 cyclohexyl CO,Et room temp 94 96
5 Ph CONMePh room temp 100 94
6 Ph 4-EtO,CC¢Hs room temp 77 88
7 Ph Ph 45 73 88
8’ Ph n-pentyl 45 63 74

“Regioselectivity = 5.6:1. ? Regioselectivity = 6.6:1.

cloadditions of identical substrates result in selective forma-
tion of the endo cycloadducts 110 with excellent enantiose-
lectivities (Table 14, entries 7—11). It should be noted that
the only difference between ligands 107 and 108 are the aryl
substituents on the phosphorus atom of each ligand. An
electron-neutral aryl substituent (Ar = Ph) is proposed to
lead the exo approach of the dipole via transition state 111,
while an electron-deficient aryl substituent (Ar = 3,5-(CF3),-
CsH3) leads to endo approach of the dipole through transition
state 112. Hou’s work places chiral copper catalysis at the
forefront of enantioselective azomethine ylide cycloadditions.
However, the ability to extend the reversal of diastereose-
lectivity to additional dipolarophiles remains a significant
goal that has yet to be addressed.
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4. Azomethine Imine Cycloadditions

4.1. Reactions with Alkynes

The final aza-allyl type dipole to be utilized in a catalytic
enantioselective process is the azomethine imine. Azomethine
imines react with copper acetylides in a manner similar to
the reactions of azides and nitrones with copper acetylides.
In 2003 Shintani and Fu demonstrated that not only were
reactions of azomethine imines with alkynes efficiently
catalyzed by Cu(I) salts, but the reactions could also be
rendered highly enantioselective.*® The combination of Cul
and phosphaferrocene—oxazoline ligand 115 proved optimal
in [3 + 2] cycloadditions of 3-oxopyrazolinin-1-ium-2-ides
113, derived from pyrazolidin-3-ones and aldehydes, with
terminal alkynes (Table 15). High yields and enantioselec-
tivities of the resulting bicyclic heterocycles 116 are observed
when a variety of azomethine imines and terminal alkynes
are employed as substrates. Azomethine imines derived from
both aromatic and aliphatic aldehydes are tolerated, while
alkynes bearing electron-withdrawing substituents provide
optimal reactivity and enantioselectivity. Selected alkynes
without an electron-withdrawing substituent require more
forcing reaction conditions that lead to lower enantioselec-
tivity in one case and 6:1 to 7:1 regioisomeric ratios (Table
15, entries 7 and 8).

Fu’s azomethine imine/alkyne cycloaddition strategy has
been extended to the kinetic resolution of azomethine imines
117 that contain a stereocenter at the 5-position of the
pyrazolidinone core (Table 16).*” The authors determined
that phosphaferrocene—oxazoline 119 was superior to 115
in terms of selectivity and allowed the catalyst loading to
be decreased to 1 mol %. Cul/119 proved to be a remarkable
catalyst for the kinetic resolution of azomethine imines
derived from a variety of aldehydes. Selectivity factors
ranged from 15 for an azomethine imine derived from

Me
o] Ligand 122 /
74—( o o Ni(CIO4)»8H20 |
O (10 mol %) OO Sy
N@ + O)kN)J\/ N (1)
JC \_J CHCly, 4A MS 122
H” 'R N\ )
121 3 endo- 123 | N
41-100% yield =
64:36 to >99:1 (endo.exo)
72-96% ee (endo) Me
0 Organocatalyst 126
o (10 mol %) QL R
N@ TIPBA (20 mol %)
e " N @)
o . N
H” R THF, 4A MS, fO ] n
TIPBA = 2,4,6-triisopropyl-
124 benzenesulfonic acid  endo-127 O
67-99% yield
86-95% ee
o}
o Organocatalyst 130 :U\
N,N N _/CHO (10 mol %) N 3)
@ : CHO H OH
)J\ 1 R THF, H,0 TFA
H™ R room temperature 13
128 129 exo—131 Ar=35- (CFa)zceHs

40-95% yield

81:19 to 98:2 (exo:.endo)
77-96% ee (ex0)

Figure 10. Summary of catalytic, enantioselective cycloadditions of azomethine imines with electron-deficient alkenes.
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Table 16. Cu(I)/119-Catalyzed Kinetic Resolution of Azomethine Imines

Me

Py

Me
Ph Me_Fe Me
119
Me Me
0 Me O O
[( Cul ( (
B2 N’N® . ||‘ (5 mol%) Ra» N’N@ . R N'N
)L® R3 0.5 equiv Cy,NMe JJ\(B )_Z
H” ~R! CH.Cl, H” T R! Rl Rs
117 11g oom temperature or 0 °C 17 120
entry R! R? R? 5¢ ee 117 (%) yield 117 (%)
1 Ph Ph CO,Et 53 99 42
2 5-Me-2-Furyl Ph CO,Et 96 95 48
3 cyclohexyl Ph CO,Et 15 91 36
4 Ph 2-thienyl CO,Et 15 98 31
5 Ph i-Pr CONMePh 51 98 40
“s = selectivity factor = [rate of fast-reacting enantiomer/rate of slow-reacting enantiomer].

Table 17. Cu(OTf),/19-Catalyzed exo Selective Azomethine
Imine Cycloadditions

ent-Ligand 19
e}

o o Cu(OTH),
{ ( 10 mol %
R2 N’N@ i N/U\/ (10 mol %)
R® 1O N CH,Cl,, 4A MS
H” R \—Ph rt or40°C
132 133
0 0
N N
R? N%‘/Z g2 N\sz
2 RZ :
R R1 O R1 O

exo-134 endo-135
entry R! R? yield (%) exo:endo exo ee (%)
1 Ph H 79 >96:04 95
2 Ph Me 90 88:12 94
34 Ph —(CHy)s— 65 86:14 95
4 4-MeOC¢H; Me 81 96:04 98
5 4-CIC¢Hy4 Me 82 92:08 98
6 2-CIC¢Hy Me 89 94:06 98
7° i-Pr Me 72 88:12 87

“No 4 A MS. ®Run with 20 mol % loading of Cu(OTf)»/19.
Scheme 8

ent-Ligand 19

cyclohexane carboxaldehyde to 96 for an azomethine imine
derived from 5-methylfurfural when ethyl propiolate was
used as the dipolarophile (Table 16, entries 1—3). In addition,
kinetic resolutions of azomethine imines bearing aryl,
heteroaryl, and branched aliphatic substituents are also highly
selective (s = 15—76) (Table 16, entries 1—5). The only
apparent limitations to this methodology are low selectivities
(s < 5) for kinetic resolutions of C4-substituted azomethine
imines as well as linear aliphatic C5-substituted azomethine
imines.

4.2. Reactions with Electron-Deficient Alkenes

Over the past two years, reports of enantioselective
cycloadditions of azomethine imines with electron-deficient
olefins have begun to emerge.**"> The synthesis of the
resulting heterocycles in enantioenriched forms is challenging
because of the multiple contiguous stereocenters that must
be controlled in the 1,3-dipolar cycloaddition reactions. Suga
reported a chiral Ni(I)-catalyzed cycloaddition of azomethine
imines to oxazolidinone acrylate that provides access to the
corresponding endo cycloadducts (Figure 10, eq 1).> Chen

O 0 o Cu(0TH, Q Ve
{ ZN@ NJ\/\M (100 mol %) N— 77% yield
N7 + ; e N 7 >96:4 (exo:endo)
)L® N\_ CH,Cly, 4A MS 67% ee
H Ph Ph room temperature ph O
136 137 ex0-138
Scheme 9
e
e | |
o
o Pﬁ‘ (32 mol%) Ph 5 o
)J\ Cu(OTH), (25 mol%) gy 91% yield

O N AgSbFg, furan, DMDO 0 N N\ 99% ee
\/ _\\ ° E >: single diastereomer

139 \ acetone/CH,Cl,, -78 °C o 1M

[O] 0]
S, e 8
® H .
O)kN 0 —— 0N cuin-L
\_J T_{ /

142

o
143 ©
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and co-workers have used an organocatalyst to prepare endo
cycloadducts from azomethine imines and cycloalkenes
(Figure 10, eq 2).*' In addition Chen’s group has also
reported the cycloaddition of azomethine imines with o,(3-
unsaturated aldehydes to form the corresponding exo cy-
cloadducts (Figure 10, eq 3).>

The Sibi group has since examined Cu(lIl)-catalyzed exo
and enantioselective cycloadditions of azomethine imines.*®
The combination of Cu(OTf), and aminoindanol-derived
bis(oxazoline) ent-19 efficiently catalyzes the addition of a
variety of azomethine imines 132 to pyrazolidinone acrylate
133 (Table 17, entries 1—6). The major limitation of this
methodology is that S-substituted o.,(-unsaturated pyrazo-
lidinone imides lead to decreased reactivity and enantiose-
lectivity. For example, the cycloaddition of azomethine imine
136 with pyrazolidinone crotonate requires extended reaction
times to form the corresponding cycloadduct in 74% yield
as a >96:4 mixture of exo/endo isomers (Scheme 8). The
ee of cycloadduct exo-134 was 67%, a marked decrease from
reactions that employ acrylate 132 as the dipolarophile.
Nevertheless, this extension of the previously discussed exo
selective nitrone cycloaddition methodology'®'” serves as
the Lewis acid-catalyzed complement to Suga’s endo selec-
tive cycloaddition of azomethine imines with N-acryloyl
oxazolidinone. Considering the recent interest in enantiose-
lective azomethine imine cycloadditions, it is likely that the
substrate scope for these cycloadditions will be greatly
expanded and solutions to the unsolved stereochemical issues
will be detailed in the near future.

5. Miscellaneous Cycloadditions

As illustrated in the previous sections of this review, the
vast majority of enantioselective copper-catalyzed dipolar
cycloadditions involve a [3 + 2] cycloaddition. However,
Hsung has developed an efficient chiral Cu(Il)-catalyzed [4
+ 3] cycloaddition of nitrogen-stabilized oxyallyl cations
with dienes (Scheme 9).** The nitrogen-stabilized oxyallyl
cations are generated in situ via epoxidation of allenamides
139. Cu(OTf),/BOX complexes were found to provide useful
levels of activation and enantioselectivity. Although useful
levels of enantioselectivity were observed when Cu(OTf)y/
140 was employed as the chiral Lewis acid, significant
improvements in both reactivity and selectivity were realized
upon the addition of 4 A molecular sieves and AgSbFs. The
latter presumably serves to generate Cu(SbFy), in situ, thus
providing additional activation of the nitrogen-stabilized
oxyallyl cation 143. Furan and a variety of substituted furans
serve as competent dienes in the desired cycloaddition. When
cyclopentadiene is employed as the diene the desired
cycloadduct is isolated in excellent yield, but the enantiose-
lectivity is reduced because of a significant rate of uncata-
lyzed background reaction.

6. Concluding Remarks

1,3-Dipolar cycloaddition reactions represent the premier
method to access enantioenriched five-membered hetero-
cycles. The growth in the number and quality, in terms of
efficiency and stereoselectivity, of catalytic, enantioselective
1,3-dipolar cycloadditions has been remarkable from the mid-
1990s onward. Chiral copper catalysts have played a central
role in the rapid development of enantioselective 1,3-dipolar
cycloaddition reactions. The applications of chiral copper
catalysts in catalytic, enantioselective cycloadditions of aza-
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allyl type 1,3-dipoles, such as nitrones, azomethine imines,
and azomethine ylides, are particularly noteworthy. However,
there remains a need for additional research in this area to
develop new copper catalysts that will expand the scope of
dipoles and dipolarophiles that can be employed in dipolar
cycloadditions. Given the outstanding achievements made
over the past decade, the potential for new developments,
and the increased demand for methods to access enantiopure
heterocycles, it is likely that enantioselective copper-
catalyzed 1,3-dipolar cycloadditions will remain a powerful
tool for synthetic chemists for the foreseeable future.
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