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1. Introduction

Organic chemistry is an ever-evolving science. Each new dis-
covery adds to the glory of organic synthesis. Even the reactions,
which were discovered a century ago have promising new di-
mensions being added each day. Michael addition is one such re-
action. As originally defined by Michael,! the reaction is the
addition of an enolate of a ketone or aldehyde to an o,B-unsaturated
carbonyl compound at the B carbon. A newer definition, proposed
by Kohler,? is the 14-addition of a doubly stabilized carbon
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nucleophile to an a,B-unsaturated carbonyl compound. Some ex-
amples of nucleophiles include f-ketoesters, malonates, and
B-cyanoesters. When the nucleophile is nitrogen based, the re-
action is named as an aza-Michael addition. Ever since its discovery,
Michael addition has been a very popular reaction among organic
chemists.

During our work on the total synthesis of natural products, we
planned to use an asymmetric aza-Michael addition reaction as
the crucial step and, hence, scanned the literature. We found that
the earlier literature or erstwhile review(s) on asymmetric aza-
Michael reactions were either embedded or dedicated mostly to the
generation of B-amino acids. It was therefore felt necessary to
compile the literature under one heading for the benefit of the
readers and the potential users.
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2. Asymmetric aza-Michael addition

Conjugate addition has been used as an efficient tool in organic
synthesis for over a century now, but the versatility of aza-Michael
addition, i.e., conjugate addition, using nitrogen-based nucleo-
philes has become evident only recently. Aza-Michael addition is an
excellent way of forming C-N bonds and is of tremendous signifi-
cance in asymmetric synthesis. In this review, we discuss the scope
of asymmetric aza-Michael addition as an efficient tool in organic
synthesis by citing various examples from the literature and from
the work carried out in our own laboratories. This review is con-
fined to the chiral version of the reaction and the vast literature on
other types is excluded. The asymmetric aza-Michael reaction will
now be broadly discussed under several categories.

3. Diastereoselective aza-Michael addition

The diastereoselectivity in the aza-Michael addition can be
achieved by employing one of the following methods.

3.1. Using chiral amines

Lithium amides, the universally known strong bases, have re-
cently been recognized as potential nucleophiles in stereocontrolled
aza-Michael additions. The first asymmetric aza-Michael addition
was reported by Hawkins et al.’> They demonstrated the first dia-
stereoselective conjugate addition of the homochiral lithium amide
derived from 2 to a range of a,f-unsaturated acceptors. Lithium

N NN S TS
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1 2 3

N-trimethylsilyl
phenylethylamine

HN. ‘ NH
T™S
4

TMS-SAMP 5

N-benzyl-phenylethylamine N-allyl-phenylethylamine

Figure 1.

amides, derived from readily available chiral amines (1-5), have been
extensively used as synthetic equivalents of ammonia in these
transformations (Fig. 1).

The extensive work of Davies et al. has demonstrated that
secondary homochiral lithium amides such as 7 undergo highly
diastereoselective conjugate addition to a range of a,B-un-
saturated esters 6.5 The subsequent product 8 on debenzylation
results in the corresponding B-amino acids 9 in high yields and
high ees (Scheme 1).”

The formation of product 8 was rationalized by a proposed
transition-state model A (Scheme 1), based on molecular modeling
studies. The lowest energy transition state was that in which the
a,B-unsaturated acceptor adopts an S-cis conformation, lithium is
chelated to the carbonyl oxygen as well as to the nitrogen lone pair,
and the two phenyl groups are almost parallel to each other, as
shown in model A (Scheme 1), to facilitate the si-face addition as
the most favored, generating the desired product 8.8

Trapping of the intermediate enolate electrophile, realized from
10 undergoes Michael addition with concomitant hydroxylation to
furnish a-hydroxy f-amino acids 11 in excellent diastereoselectivities
(Scheme 2).

j’h
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10 OH
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S< o] 90-92% de
77N
(6]
Scheme 2.

One limitation of the above methodology is that, however,
since the end products posses the benzyl groups their removal
requires hydrogenolysis reaction. Consequently, the amide
(a-methylbenzyl phenyl amide) cannot be used for the synthesis
of unsaturated B-amino acid derivatives that are encountered
in nature such as (2S,35,8S,95)-3-amino-9-methoxy-2,6-8-tri-
methyl-10-phenyl-4,6-decadienoic acids, commonly known as
ADDA (16, Scheme 4), or in the antibiotics, cyanovirin-N, nod-
ularin, and microcystin. In order to bring the synthesis of these
B-amino acids within the scope of the lithium amide methodology,
a slight modification of the protocol was therefore desirable.

To overcome this difficulty, Davies et al.° have demonstrated the
use of lithium (a-methylbenzyl)allylamide (S)-13 in the conjugate
addition of the enolates 12 and, later, the N-allyl group present in
compound 14 could be preferentially removed in the presence of
the N-o-methylbenzyl group upon treatment with Wilkinson’s
catalyst (Scheme 3). Subsequently, the N-a-methylbenzyl group in

(6] /L )

ﬁ)k 7 Ph o 1. Pd(OH),/C/H, NH, O
RS OR R; OR 2.TFA R; OR
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6 8 9
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Scheme 1.
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15 can be removed from B-lactam ring systems using a dissolving
metal reduction without affecting the unsaturated side chain.

Further, Davies et al. described the enormous synthetic utility of
the protocol shown in Schemes 1-3, as exemplified by its appli-
cation in the synthesis of antibiotic ADDA (16),'° sperabillins B and
D (17),"! B-haloaryl-B-amino acids (18),'* peptidomimetics (19-
21),"3 cyclic B-amino acids (23),'* an ultra-broad spectrum carba-
penem (22),° pyrrolizidine alkaloids (26 and 27),'° etc. (Scheme 4).
Thus, the initial Michael addition product 24 upon simple conver-
sions led to highly substituted lactam 25, which on further ex-
trapolation led to 26 and 27 as the case maybe.

corresponding f-amino ester 29 exclusively. Extrapolating further,
a second aza-Michael addition of chiral amine 30 with alkynoic
ester 31 gave enamine 32, which eventually led to the synthesis of
(—)-8-epi-hyperaspine 33 in good yields.

A similar strategy was employed for the synthesis of hyperaspine
(Scheme 6).!® Thus, enantiopure p-amino ester 35 was obtained ex-
clusively in 89% yield by the diastereoselective aza-Michael addition
of lithium (S)-N-benzyl-a-methylbenzylamide to (E)-2-nonenoic acid
ethyl ester 34 followed by a hydrogenolysis reaction. Further, this
B-amino ester 35 on next Michael addition to the alkynoic ester 36
gave diester 37 and on further transformations gave hyperaspine 38.

NH, O
OH NH, O u OH NH, O NH
D . = R, N~ OR
Y OH  -=--n- - Y\/\n/ N NH,
NHz 16 R, 17 18
X
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Scheme 4.

Zhu and Ma have applied the above methodology in the con-
struction of the 3-oxaquinolizidine skeleton of hyperaspine
(Scheme 5).17 The diastereoselective conjugate addition of lithium
(S)-N-benzyl-o-methyl benzylamide to 3-hydroxy o,B-unsaturated

Sewald et al.'® demonstrated the use of N-trimethylsilyl-phenyl-

ethylamine as a nucleophile (Scheme 7). Thus, the conjugate addition
of homochiral amidocuprates or lithium amides based on (R)-N-(1-
phenylethyl)-(trimethylsilylJamine 40 to o,B-unsaturated esters 39

ester 28 and subsequent hydrogenolysis provided the proceeds stereoselectively to afford the corresponding B-amino
B |
OH oH N~ Ph TBSO  NH, P
AN COMe A ~_-COMe A~ -COMe \M/
28 29 30 4 31
Yo /| H
EtO,C R N 0., m
NH OTBS = H
o 33

(-)-8-epi-hyperaspine

Scheme 5.
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acids (Scheme 7). Trapping of the intermediate enolate with D0
furnished the corresponding a-deuterated -amino acid compounds
41. anti-a-Alkyl-p-amino acids are obtained stereoselectively after
transmetalation of the lithium/copper ester enolate to the titanium
ester enolate and trapping with carbon electrophiles. The anti/syn-
selectivity can be explained by assuming transition-state geometries
where the delivery of the nitrogen nucleophile is controlled by
lithium ‘chelation’ between the reagent and substrate. While in one
case the product configuration could be controlled by the reagent
irrespective of the substrate stereochemistry, in other examples the
topicity of the addition is complementary to published results. For
instance, erythro- or threo-configured 2,3-dideoxy-3-aminopentoses
are accessible via this route.

In a similar way, Enders et al.>? have developed a diastereo- and
enantioselective synthesis of a-alkyl/aryl-f-amino acids by a tan-
dem 1,4-addition/a-alkylation strategy (Scheme 8). Thus, the ‘chiral
ammonia’ utilized by these authors is (S)-(—)-2-methoxymethyl-1-
trimethylsilylaminopyrrolidine (TMS-SAMP) 43, readily prepared
from the well-established auxiliary (S)-(—)-1-amino-2-methoxy-
methylpyrrolidine (SAMP). By adding the lithium salt of TMS-SAMP
to various methyl and tert-butyl o,B-unsaturated esters such as 42,
the corresponding (S,S)-3-amino ester derivatives 44 were
obtained in 93-98% de and in varying yields of 32-67%. These
products were readily transformed into the corresponding (S)-f-
amino acids 45 by the reductive cleavage of the SAMP moiety with
Raney Ni/H; (Scheme 8).

o

RMOr-Bu

42
OMe
E/g—N H—TMS

43

43

R = alkyl

TMS

Further, if the addition of the lithium salt of TMS-SAMP was
followed by treatment of the reaction mixture with HMPA (3 equiv)
and the appropriate alkyl halide, both the a- and the B-position
were functionalized in favor of the anti-stereoisomer with di-
astereomeric excesses ranging from 63 to >96% (Scheme 9).

An application of this methodology?! was the synthesis of trans-2-
aminocyclopentane-, cyclohexane-, and cycloheptane-1-carboxylic
acids 48 (Scheme 9) in high diastereo- and enantiomeric purity
(de>96-98%, ee>98%) utilizing the stereoselective conjugate addi-
tion of lithiated (S)-(—)-2-methoxymethyl-1-trimethylsilylamino-
pyrrolidine (TMS-SAMP) 43 to w-halide-substituted o,3-unsaturated
enolates to afford 47 followed by subsequent ring closure of the in-
termediate ester enolate (MIRC reaction). Likewise 49 on aza-Michael
addition as adopted in earlier case with 43 gave acyclic hydrazide 50,
which on different set of reactions led to the piperidine derivative 51,
thus showcasing the diverse utility of this reaction.

3.2. Using chiral substrates

Stereoselective 1,4-addition of an achiral amine nucleophile to
a chiral acceptor has been investigated by a number of scientists.??
Achiral amines have also been shown to undergo exemplary dia-
stereoselective conjugate additions. Following this strategy, d’An-
gelo et al. achieved a very high stereocontrol in the conjugate
addition of achiral amines to chiral (a,B-ethylenic esters) crotonates
52, albeit under high pressure, to produce B-amino esters 53 in

OMe .
1. SiO,/EtOAc NH, O
/:\/ﬁ\ 2Raney-Ni/H, R Or-Bu
45
R Ot-Bu
4 90-98% ee
93-98% de R = alkyl

Scheme 8.
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Synthesis of cyclic B-amino acids
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good chemical yield and variable des ranging from 5 to >99%23
(Scheme 10). A -stacking model B was proposed to rationalize the
observed high selectivities, which were consistent with the pref-
erential attack of the amine from the less hindered enoate 7-face of
the crotonate existing in its S-trans conformation. The aryl group of
the inductor shields the a-face of the crotonate unit and an anti
addition of the amine across the double bond was also suggested by
the authors via the addition of CHND,.

Ph
0 A
A Ph,CHNH, Ph M
5 14-15 bar * OR*
Ar
/r‘L % up to 99% de

HZNCHth

n-stacking model B

Scheme 10.

Matsuyama et al. demonstrated the addition of different acyclic
nitrogen nucleophiles to chiral p-tolylsulfinyl cinnamate 54 to
produce the adducts 55 with moderate-to-good selectivities?*
(Scheme 11). Most notably, the addition of NH3 to 54 proceeded
smoothly at room temperature, followed by reductive cleavage of
the sulfinyl group to give the product 55 (R=H) in 81% ee.

Tol O H
|
N 1. RNH, . R = H, PhCH,-
o * 0r-Bu Or-Bu 2
| 2 Sml, (S)-PhCH(CH3)
Ph Ph” * NHR H,N(CH,);
s4 55 H,N(CH2),
52-89% de
Scheme 11.

Other similar instances were described by Yamamoto et al.?

and Meyers and Shimano,?® respectively, as outlined in Schemes 12
and 13. The conjugate addition of achiral lithium amide 57 to chiral
enoates 56 (Scheme 12) produced a mixture of the syn and anti
products in high yields (83-99%). Sterically bulky groups such as

Bn N _TMS
x_COyr-Bu R =TBDMS
Ph N/TMS COyt-Bu TBDPS
OR ! iPrsC
56 Li OR 58 Mo
57 88-100% de
Scheme 12.

trityloxy and TBDPS gave the syn-diastereomer 58 either exclu-
sively or predominantly. The syn-selectivity may be explained by
a modified Felkin-Anh (C) model. Similarly, chiral oxazolidine 59
(Scheme 13) on Michael addition with piperidine and simultaneous
trapping with several electrophiles gave corresponding adducts 60,
which on hydrolysis afforded dihydroaryl a-substituted B-amino
acids 61 in equally good yields and selectivities as obtained in
acyclic substrates.

There are numerous other examples, which employ conjugate
addition of simple achiral benzylamine to chiral enoates. For in-
stance, Costa et al.2” were able to add BnNH, to the chiral ester 62 to
give 63, in 90% yield and in good diastereoselectivity (85% de)
(Scheme 14).

Similarly, Sharma et al.>® demonstrated the aza-Michael addi-
tion of BnNH, to sugar-based y-alkoxy o,B-unsaturated esters 64a—e
to give the corresponding B-amino esters 65a—e by utilizing TBAF as
a base (Scheme 15). The use of TBAF in the reaction is to suppress
the 1,2-addition pathway, while enhancing the rate of the reaction.

In another report, Perlmutter and Tabone utilized the diastereo-
selective conjugate addition of BnNH; to various alkenoates 66 in
methanol at room temperature to give the adducts 67 with virtually
complete anti-diastereoselectivity (up to 90% de) for the synthesis of
anti-o-substituted-p-amino esters via 1,3-asymmetric induction®®
(Scheme 16). It was found that the presence of a f-substituent led to
a dramatic reduction in yield, although the same anti-diaster-
eoselectivity was maintained.

Fustero et al.>? planned the synthesis of partially modified retro
(PMR)-W[NHCH;] peptide mimetics, using an aza-Michael-enolate
protocol to incorporate a chemically stable group [CH,CH(CF3)CO] to
access trifluoromethyl-Ala in a stereodefined way. The smooth and
general synthesis of PMR-W[NHCH,]-tripeptides 70 (Scheme 17) by
tandem asymmetric aza-Michael addition-enolate protonation of
a-amino esters 68 with N-(a-trifluoromethyl)acryloyl-¢-amino es-
ters 69 is demonstrated. This sequence furnishes products in good-
to-excellent diastereoselective 1,4-asymmetric induction (up to 95%
de), depending upon the substrate. Very high stereocontrol was
observed upon fine tuning the key reaction parameters such as the
solvent and the base.
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CO,R In particular, the addition of O-benzylhydroxylamine catalyzed
COR BoNH. Y by 2 equiv of AlMeCl furnished the B-amino derivative 72b in an
R nNH, R = Me, ‘Bu . . . . o -
! - R, = Me. Et 89:11 diastereomeric ratio and 83% yield. The nucleophilic attack of
OTBS ~ po : CH'(CI’_[)S Ph the aluminum-chelated crotonyl imide derivative would preferably
66 occur from the CB-re face of the syn conformation. Conversely,
up to 90% de . . . .. . . .
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Scheme 16. o-amino derivate as major product.
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Scheme 17.

3.3. Using chiral auxiliaries

Cardillo et al. demonstrated another significant protocol in-
volving aza-Michael addition with chiral substrates in which the
Lewis-acid-mediated addition of O-benzylhydroxylamine to chiral
imides 71%! (Scheme 18) played a crucial role. Initially, the reaction
of various o,B-unsaturated acyl chlorides with (4S,5R)-1,5-di-
methyl-4-phenylimidazolidin-2-one afforded the corresponding
acylated oxazolidinones 71, which were used in a Michael addition
later in the presence of a Lewis acid. The beauty of this reaction was
the dual mechanistic role of the Lewis acid in chelating both the

wo R K
onc\var\”/N\/cozxl
R o R
70
T O O NHBn
. TiCly H
2.BnONH,  — N)LNJ\/\R*
=)
i\)L O < “Ph 72a
up to 60% de
\N NJJ\/\R* - p
j_— O O NHBn
N Ph )LN -
7 1. AlMe,Cl N J
2. BnONH, S P
R = Me, Et, nPr < P 72b
up to 88% de
Scheme 18.
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In yet another method, Cardillo et al. reported the diastereo-
selective functionalization of both the - and the B-position of chiral
enamides 73 with the addition of chloromagnesium phthalimide3?
(Scheme 19). The reaction afforded the corresponding B-phthali-
mido derivatives 74 in 95:5 diastereomeric ratio and in 90%
yield. Incidentally, the reaction was performed with 5 equiv of the
nucleophile. Furthermore, the resulting enolate was trapped by
performing the reaction in the presence of benzenesulfonyl bromide
to offer the syn-2-bromo-3-phthalimido derivative 75 in good yield
and high diastereoselectivity, and thus was then transformed into
the corresponding anti-2-azido-3-phthalimido derivative by dis-
placement of the bromide with azide.

o CQ i O N-Phthal
: R=H
Me\N)LNJ\/\ o Mo N =

a:
b:R

H c:R=n- Pr
H Ph d:R=Ph
Ph
O 74 40-90% de
30-90% yield
N ™M O O N-Phthal
(5eq) Me-~ NJL N R
) H M = MgCl
benzenesulfonyl bromide Ph Br
(1.5 eq.), THF
75
for R = i-Pr
8:1:1:0dr
98% yield

Scheme 19.

Saito et al. went a step further to prepare the isoxazolidinone
precursors via an aza-Michael addition.>®> One of the traditional
synthetic routes to isoxazolidinones 78 consists of two elementary
processes, namely a Michael addition of a hydroxylamine to an o.,3-
unsaturated ester 76 and a cyclization process involving an intra-
molecular transesterification between the ester group and the
N-hydroxyl group of the resulting adduct (Scheme 20). It should be
noted, however, that the second step requires a strong base such as
LDA or LHMDS at —78 °C, which makes this method rather less
attractive. After endeavors to remedy these drawbacks, Saito et al.
found that switching the ethyl group of acrylate to a particular alkyl
group bearing an 2-CO3R moiety can facilitate not only the Michael
addition of (N-benzyl)hydroxylamine (BHA), but also the ensuing
transesterification step at 0 °C to room temperature without relying
on any base, although in this case the yields with BHA are very high,
albeit in low diastereoselectivity (1-10% ee).

(0]

Ph”  NHOH
o z - o
PG G (e — ﬁ
: & \—Ph
OH :
76 H
78
R = Me, Ph
Z = CO,Me, CO,CH(CH3), 64-84% de
CONMe,

Scheme 20.

Using chiral (N-o-methylbenzyl)hydroxylamine [(S)- or (R)-
MBHA] 77 in lieu of BHA totally changed the above-mentioned
product profile in terms of stereoselectivity. The product was formed
in 70% yield and in a 9:1 ratio (80% de). These values can be explained
by the phenomenon of double stereodifferentiation. In this work,
they used (N-methylbenzyl)hydroxylamine as a bifunctional nucleo-
phile, since isoxazolidinone 78 can be visualized as a masked -amino
acid moiety through the reductive N-O bond cleavage.

Similarly, using this methodology, Zanda et al3* prepared

a small library of enantiomerically modified retropeptides having
a Y[NHCH(CF3)] unit as a possible mimic of the classical ¢(NHCO)
retropeptide unit using a double stereodifferentiation approach.?’

The above-mentioned protocol, however, contains a common
drawback in the sense that the stereocenters of chiral amines such
as (S)-MBHA are destroyed during the deprotection step in order to
generate free f-amino acids. Hence, more economical chiral amine
nucleophiles bearing removable and recyclable chiral auxiliaries
are desirable.

Consequently, Saito et al. designed Lewis acid-hydroxylamine
hybrid reagents (LHHRs) 80.3> The chiral auxiliary was tethered by
an appropriate metal to its hydroxyl group and the hydroxylamine
acts as the chiral amine nucleophile. In the work involving this
‘LHHR concept’, because the tethered atom (Al, B, etc.) can play the
role of a Lewis acid (Scheme 21), it was exploited as the methodo-
logy. Thus, LHHR 80 can be prepared via a two-step transformation
involving the reaction of 2,3-dimethyl-2,3-butanediol (1 equiv)
with a borane-THF complex (1.0 equiv/THF/0 °C, 30 min) and sub-
sequent reaction with N-benzylhydroxylamine (1.0 equiv, 0°C,
30 min) and crotonoate 79 to give the corresponding iso-
xazolidinone derivatives 81.

o
/\)?\ 80 o
\ 1
R Z N,
M=ALB R Bn
79 81

R = Me, Bn, Ph

TZ
é/i =
_o, r;{ *
/
*, Z\ )
O-X.
.

(@]
O o or 'f‘N)kO Ck)—M o- N\

B

Scheme 21.

Much better results with regard to the enantioselectivity, al-
though moderate (43-71% ee), have been achieved when Al-based
LHHRs were reacted with crotonates, compared to the borane
reagents.

Cardillo et al.3® utilized (S,5)-(+)-pseudoephedrine 83 as a chiral
auxiliary in the conjugate addition reaction of nitrogen nucleophiles
to a,B-unsaturated amides 84 derived from corresponding crotyl
chlorides 82 (Scheme 22) to afford products in good-to-excellent
yields (52-73%) and diastereoselectivities (60-99%) via a 1,5-asym-
metric induction. Several f-aminoamide adducts were prepared
using different conjugate acceptors and two different lithium ben-
zylamides as nucleophiles. The resulting differently substituted
enantiomerically enriched B-aminoamides 87 prepared could be
transformed afterward into several interesting compounds, such as
B-amino esters 88, y-amino alcohols, and f-amino ketones. Products
with an opposite configuration at the newly generated stereogenic
center could be generated when the protection of the free OH group
of the auxiliary was changed to a bulky silyl ether 85 prior to the
conjugate addition to afford the respective products 86. Transition-
state model A explains the preferential conjugate addition.
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4. Enantioselective (organocatalytic) aza-Michael addition

In the last five years, the asymmetric aza-Michael reaction has
emerged as a powerful tool for the synthesis of chiral f-amino
carbonyl compounds. Various research groups around the world
have achieved tremendous success in organocatalytic based strat-
egy towards aza-Michael addition. The first example was reported
by Jergensen et al. in 1996, in which a titanium-BINOL catalyst 90
was used to catalyze the addition of BnONH; to N-acyloxazo-

(0] NHOBn

0
O/U\NJ\/*kR
J/

90 (10 mol%)

O O
O)kNJv\R
-/

BnONHy, -60 °C

89 91
42% ee
OO 0 R = Me, Pr, Ph
[TiCly
e
920
Scheme 23.
o 0.3 eq MgBr,.2E,O
N .
=N Pz 0.3 eq Ligand 95
N
= 1.1 eq H,NOBn
92

(6]
O\jY

N N,

95
bisoxazoline ligand

lidinones 89.3” This resulted in high conversions into 91, albeit in
42% enantioselectivity (Scheme 23).

Sibi et al. have recently achieved a highly enantioselective pro-
tocol for the conjugate addition of O-benzylhydroxylamine to a 3,5-
dimethylpyrazole-derived enoate 92 using catalytic amounts of
a chiral Lewis acid prepared from MgBr,-OEt; and a bisoxazoline
95, thus generating f-amino acid derivatives 93 in good chemical
yields and upto 97% ee,® together with 94 (Scheme 24). The control
of the product configuration by the Lewis acid was also noteworthy.
The opposite enantiomer of the product was produced in 59% ee
when a lanthanide Lewis acid was employed in conjunction with
the same ligand. The effects of temperature and the stoichiometry
of the chiral Lewis acid on the reaction were also investigated.
These workers also presented a hypothesis for the observed high
selectivity with MgBr,. After the amine addition to an S-cis sub-
strate/Lewis acid/ligand complex, a tetrahedral or a cis-octahedral
arrangement accounts for the observed product configuration
(model A, Scheme 24).

Cardillo reported the conjugate addition of BnONH; to doubly
activated acceptors, alkylidene or arylidene malonates 96, in the
presence of a Cu(Il)-box-complex 97, resulting in 98 in low ees (up
to 29%)>° (Scheme 25). The selectivity was further increased to as
high as 76% by the use of a bulkier amine nucleophile, N,0-
bis(trimethylsilyl)hydroxylamine.

O  NHOBn O  NHOBn

/N\

N Bn + HN Bn

= |

93 OBn
95% ee

9%

model A

Scheme 24.
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It is a well-established fact that N-substituted hydroxylamines,
which are more nucleophilic than O-substituted hydroxylamines,
can undergo conjugate addition to o,B-unsaturated enoates to
generate isoxazolidinones, precursors for f-amino acids.*® Sibi and
Liu utilized the high reactivity of BANHOH and developed an effi-
cient method for the conjugate addition of BnNHOH to pyrrolidi-
none-derived enoates 99*' and 102. Thus, the protocol afforded
respective isoxazolidinones 100 and 103. This proved to be an ex-
cellent protocol for obtaining B-aryl-B-amino acid derivatives in
high enantiomeric purity using catalytic amounts of a chiral Lewis

95, 2.2 eq BaNHOH, -60 °C

acid 95 (Scheme 26A). Improvement of the selectivity of the con-
jugate addition at moderate reaction temperatures and using
simple ligands have been extensively discussed by Sibi et al. in their
reports.*> Furthermore, catalysts 104 and 105 provided enantio-
meric products with high purity at practical reaction conditions
(Scheme 26B). Catalyst 106 proved to be equally good.

Jorgensen et al. investigated the first stereoselective addition of
secondary aromatic amines 108 to acylpyrrolidinones 107.*> The
selectivity and chemical efficiency were found to be dependent upon
the reaction conditions including solvents, catalysts, and Lewis acids.
DBFOX-Ph 110 effectively catalyzed the addition of substituted
N-methyl anilines to acylpyrrolidinones, providing B-amino acid
derivatives 109 in varying selectivities (up to 90% ee) (Scheme 27).
The absolute configuration of the product was determined to be S,
which agreed with a trigonal bipyramidal geometry around the
metal with ligand 110 occupying three sites, while the substrate took
up the other two positions, leaving the re face of the alkene available
for amine additions.

A novel polymer-supported chiral catalyst 112 was utilized by
Sundararajan and Prabagaran in the 1,4-addition of BnNH; to ethyl
cinnamate 111 for the synthesis of chiral f-aryl-f-amino ester 113
in high enantioselectivity (81% ee)** (Scheme 28). It should be
noted that the work up of this reaction is simple: only a filtration
step is needed for purification of the final product and the catalyst
can be easily recovered by washing with 1 N HCl. Numerous reports

0.~ 0 NH,
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[0}

0 O%,
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have been cited to establish the efficacy of asymmetric catalysis as
an efficient tool for aza-Michael addition.*>

Shibasaki et al. came up with a practical, more amine-tolerant,
asymmetric catalysis for aza-Michael addition (Scheme 29).%6 They
demonstrated the utility of heterobimetallic multifunctional ca-
talysis*’ in an asymmetric 1,4-addition of an O-alkylhydroxylamine
to enone 113 to afford corresponding aminoketone 115 as the
product. High ees and yields were achieved using as little as 3 mol %
of YListris(binaphthoxide) YLB 114a, while 114b was not effective.
High catalyst turnovers (0.5-3 mol % of YLB) and good yields (80-
98%) and ees (81-96%) were achieved under concentrated condi-
tions (1.1-2.5 M), although the substrate scope was somewhat
limited. These results implied that neither the amine nor the
product inhibited the heterobimetallic catalysis, unlike standard
Lewis-acid catalysis. The same authors have exemplified the utility
of the 1,4 adducts, and converted them into acylaziridines, syn-1,3-
amino alcohols, and anti-1,3-amino alcohols.8

(0] .OMe
(S)-YLB 114a (3 mol%) O HN
Ph M Ph + McONH, additive Phk/\ -
THF, -20 °C

M=Li
YListri(binaphthoxide) (YLB) 114a

M=K
YKjtris(binaphthoxide) (YPB)  114b

Scheme 29.

1.49

Hamashima et a employed a combination of a chiral Pd
complex 116 and an amine salt, enabling a completely regulated
release of free nucleophilic amine (Scheme 30). This combination

RNH,
N 2 (1.5eq) <\ ’ 118 -
*< P Pd ) ——— # p,Pd\L, R X
P g P 2TFO"
2TfO" +R'NH, 119
116 17 R =Ar, Bn
(0.2-4 mol%) ~989%, ~98% ee
P R = Me, Et, BnOCH,
*<p = (R)-BINAP /\)?\ )CL X = H, CF3, OMe
RN
118
Scheme 30.

suppressed both the decomposition of the catalyst by the amine
and the uncontrolled spontaneous reaction thus ensuring an effi-
cient catalytic asymmetric conjugate addition of various amines on
alkenoyl 1,3-oxazolan-2-ones 118 to afford f-amino acid de-
rivatives 119 in high chemical yields with ees up to 98%. In addition,
a highly enantioselective protonation in 1,4-addition of amines was
also developed using this novel reaction system. These workers
suggested a mechanism in which the generated complex 117 could
activate the enone in a bidentate fashion. The re-face of the double
bond was blocked preferentially by one of the phenyl groups in (R)-
BINAP, the addition of amine proceeded from the si-face in a highly
enantioselective manner, and the Pd enolate was found to give
subsequent protonation of this Pd enolate, followed by dissociation
of the product as the salt, which would complete the catalytic cycle.

Phua et al®® have demonstrated that [R-(BINAP)Pd-(sol-
vate),]**[TfO"], 121 catalyzes the addition of aromatic amines to
o,B-unsaturated N-oxazolidinones 120,**°! carbamates 123,°2 and
imides®3 to afford the corresponding products 122 and 124 in ex-
cellent yields (95%) and enantioselectivities (>98%) (Scheme 31).
They have performed extensive studies in parallel ligand screening
and identified that Pd(OTf),-2H,0 can be used as a precursor in the
rapid construction of asymmetric hydroamination catalysts.

RZ
o o ArNHR? ANy o0 0
. :
Rl/\)J\N)kO 121 (10 mol%) R]/\)LNJLO
120 / toluene, rt to 60 °C 122 -/
(R = H, Me) A
up to 95% yield, 93% ee
2
0 )OL AINHR? ARG o
Rl/\)LN v 12125 mol%) R]/-\)LNJLO
H toluene, 25 °C -/
Y = 0-+-Bu (3), Ph (4) (R?=H, Me)

up to >99% yield, >99% ee
124

R' = Me (a), Et (b), n-Pr (c)
123

121 = [R-(BINAP)Pd-(solvate),]**[TfO],
Scheme 31.

Fustero et al. described a very highly enantioselective organo-
catalytic intramolecular aza-Michael reaction (IMAMR) of carbamates
bearing remote o,B-unsaturated aldehydes 125 as Michael acceptors
(Scheme 32)** under organocatalytic conditions to afford the corre-
sponding products 126 in good yields (80%) and in excellent ees (99%).
When a Jergensen catalyst 130 was used to effect the same conversion,
facile enantioselective formation of several five- and six-membered
heterocycles was observed. A similar methodology was applied to
access the common advance intermediate 131 en route to the synthesis
of three piperidine alkaloids, namely (+)-quinoline 132, (+)-sedamine
133a, and (+)-allosedamine 133b. The catalysts 127-129 mediated
conjugate addition resulted in products with comparable yields,
however the optical yields varied from 5 to 75% ees, respectively.

Carter et al.> described an intramolecular aza-Michael addition
of 5- or 6-protected amino a,B-unsaturated aldehydes such as 134
(n=1 or 2) to produce cyclic f-amino aldehydes such as 136 (n=1, 2)
in good yield (80%) and high enantioselectivity (95%), (Scheme 33)
promoted by prolinol derivative 135. Applying this methodology,
homoproline 139, homopipecolic acid 138, and pelletierine 137
have been synthesized in enantiopure form.

5. Asymmetric aza-Michael addition catalyzed by cinchona
alkaloids

Jorgensen and Perdicchia®® have developed the first example of
organocatalyst-assisted asymmetric aza-Michael addition of
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hydrazones 140 to cyclic enones 141 in good yields (up to 100%) and
ee >77% using inexpensive and commercially available cinchona
alkaloids 143, 144, and 145 as catalysts (Scheme 34).
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H H H
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ILR=H
I: R = OMe 14 145
143 III: R = OH
Scheme 34.

The products 142 can be recrystallized to give nearly enantiopure
compounds and, furthermore, it was shown that they could be re-
duced to the corresponding 1,3-benzylidenehydrazino alcohol de-
rivatives with high diastereoselectivity. These workers have

proposed a model in which the free hydroxyl group establishes
a hydrogen bond with the carbonyl moiety and the quinuclide group
that is linked to the hydrazone, forming a tight transition state.

6. Double aza-Michael addition

This review would not be complete without a discussion of the
marvel of two aza-Michael additions in succession, i.e., double aza-
Michael addition. For instance, Zhou et al. achieved stereoselective
synthesis of polyhydroxylated quinolizidines 148 from C-glycosides
146 by a one-pot, double-conjugate addition®” (Scheme 35). The
stereoselectivity of the first conjugate addition, giving azasugar 147,
was affected by the stereochemistry of the monosaccharide sub-
strate, whereas the stereoselectivity in the second conjugate ad-
dition was entirely directed by steric repulsion due to the large
azasugar moiety.

Another interesting example was cited by Danishefsky et al.,*®
while attempting the synthesis of xestocyclamine 149. They in-
vestigated the double Michael addition between 151, obtained in few
steps from 150, and a vinyliodoamine (Scheme 36). The reaction
produced a mixture of diastereomeric products 152a and 152b in
favor of the desired adduct (2.6:1). The diastereoselectivity was found
to be largely unaffected by permutations of the solvent, temperature,
and additives. The synthesis could not, however, be completed via
this approach and an alternative route was undertaken, the discus-
sion of which is beyond the scope of this review.

The work carried out in our laboratories for the synthesis of
(+)-hyperaspine presents another classical example of an aza-Mi-
chael addition.>® Hyperaspine 38 belongs to the class of ladybird
alkaloids isolated from Hyperaspia campestris and possessing
a unique 3-oxaquinolizidine skeleton.

As depicted in Scheme 37, the synthesis started with the known
homoallylic alcohol 153. After some sequential reactions, the a,B-
unsaturated ketone 154 was obtained. Compound 154 was identi-
fied as an ideal substrate for an SN2 reaction of its corresponding
mesylate with benzylamine followed by an intramolecular aza-
Michael addition to afford the piperidinone derivative 156, which
could eventually be transformed into 3-oxaquinolizidine. Piper-
idinone 156 was, however, resolved into two oxaquinolizidines
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157a and 157b in a 3:1 product ratio upon cyclization. The forma-
tion of 157b could be logistically explained if a double aza-Michael
addition of dienone 155 was envisaged as the intervening reaction
to result initially in 156, which was later converted into 157a and
157b.

Further, the formation of 157a/157b in an isomeric ratio of 3:1
and the stereochemical preferential formation could be explained
by considering the fact that the first Michael reaction of the dien-
one 155 with benzylamine was indeed a regio- and diastereo-

O
. OCHO
Etow
CHO

159

o OBn

EtOJV/\]b
0
158 07\

R —
R ——

1.

9669

surveyed. For instance, Dhavale et al. achieved the synthesis of 1,4,5-
trideoxy-1,4-imino-L-xylo-hexitol 160 and 1,4,5-trideoxy-1,4-imino-
p-arabino-hexitol 161 using the intramolecular aza-Michael addition
of benzylamine, generated in situ, to the o,B-unsaturated ester 159
derived from p-glucose®® (Scheme 38), which was realized from 158
upon acetonide unmasking and periodate cleavage. These in-
termediates were efficiently converted into (—)-lentiginosine 164,
castanospermine 162, and swainsonine 163 in overall good yields
(Scheme 38).

BnNH,
2 cat. MeCOOH m
OBn 0
NaCNBH; Bn
160 42% 161 58%

\QD QD*)H CIDon
HO" B : B H -
OHH OH OHH OH OH

castanospermine

sweinsonine

lentiginosine

Scheme 38.

selective intermolecular aza-Michael reaction to afford an aza-
enone intermediate (syn and anti, Scheme 37), which on second
aza-Michael reaction (intramolecular) provided the 2,6-di-
substituted-trans-piperidinones as exclusive products. While, the
former regioselective Michael addition can possibly be explained
by a transient 10-membered H-bonding between the ketone and
benzyl ether groups, resulting in a diastereomeric ratio of 3:1 in
favor of the requisite isomer, the exclusive anti-selectivity of the
second aza-Michael reaction was mainly due to less prevalence of
steric repulsions due to the substituents in the transition states
(models A and B, Scheme 37).

Various research groups have frequently used an aza-Michael
addition as the key step for the synthesis of cylindricines 168-170.
The first total synthesis of a cylindricine alkaloid was reported by
Snider and Liu in 1997.5" The key steps included in this approach
are: a double Michael reaction of ammonia on a dienone 167,
obtained from 165 via a Grignard and dehydration reaction to af-
ford 166, to form the fused A/B-ring system and a copper-catalyzed
N-chloroamine/olefin radical cyclization for the C-ring construction
(Scheme 39).

Liu and Heathcock’s approach toward the synthesis of cylin-
dricines A and B also employs the aza-Michael addition as the key
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CH(OM
(I o _QHC & © ) Li—=—cgs _ McOH
T 7;ec
o 60% 2) LIAIH,, NaOMe CaHn

3) MnO, 45%
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gﬁ{ﬁ
e ﬁ
H CeHiz i H CeHi3
168 (19%) 169 (56%)

N C6H]3
H

170 (6%)

|

cylindricines A, D and E

Scheme 39.

Thus, a highly stereocontrolled double aza-Michael reaction
played a crucial role in minimizing the number of products. The
synthesis took advantage of the lone stereogenic center of the
starting material in creating additional chiral centers in a stereo-
defined fashion.

7. Application of aza-Michael addition in natural product
synthesis

Although numerous applications were discussed while explain-
ing the various strategies of the aza-Michael addition, some more
representative examples in natural product synthesis are now briefly

step, in which a dienone 174 was generated following a series of
reactions involving the alkylation reaction of 171 to diene 172 first,
which was converted to ketophosphonate 173 on way to dienone
174 via Wittig-Horner reaction. Heating this compound with am-
monia/ammonium hydroxide in ethanol resulted in a double Mi-
chael reaction to afford the desired 1-azadecalin 175 in high yield as
a 1:1 mixture of cis and trans isomers®? (Scheme 40). These were
separated using HPLC, converted to octahydro-4-quinolinone de-
rivatives 176 and were independently used in the synthesis of
cylindricines A and B.

In 1999, Molander and Ronn described an enantioselective total
synthesis of (—)-cylindricine C, which featured an intramolecular
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double Michael addition of an amine to a dienone®? (Scheme 41).
An initial Michael reaction of the amine derived from the reduction
of the azide 177 led to diastereomeric spirocycles. Stereoelectronic
factors promoted the conjugate addition of the amino group in
enone 178 to form the tricycle 180, a relatively stable ring system.
Subsequent epimerization of ketone 180 at C(5) then produces the
thermodynamically more stable cylindricine C system 181. The
second Michael addition did not take place in the case of the di-
astereomeric spirocycle 179, due to an unfavorable interaction be-
tween the enone and the siloxymethyl group.

8. Conclusions

The asymmetric aza-Michael addition reaction has great po-
tential in organic synthesis, primarily because of the ubiquitous
presence of f-amino acids or alcohols in many natural products as
partial structures or in designed hybrid scaffolds containing
B-amino acids/alcohols due to their role played in bioprocesses as
isosteres of a-amino acids. More importantly, the factors that gov-
ern the 1,2-selectivity via induction, optimization of the method-
ology/enrichment of isomeric mixtures in favor of one isomer, use of
chiral catalysts in enantioselective versions of the reaction and the
corresponding advantages are discussed. Thus, various asymmetric
aza-Michael protocols available at the disposal of an organic
chemist to access such moieties in highly stereoselective manner
have been reviewed. Some applications in the total synthesis of
natural products are also showcased in an appreciation of this
protocol.
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