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1. Introduction

Four-membered monocyclic aza-heterocycles,' despite
their indisputable importance as bioactive compounds and
pharmaceutical tools, have received by the chemical com-
munity little interest compared to the higher homologous
counterparts. The greatest interest was obviously gathered
by azetidine-2-ones (f-lactams) for their key role in anti-
bacterial activity, but still the main object of study was the
synthesis of bicyclic fused compounds for their relationship
with natural antibacterial agents. The lower general interest
in azetidines is probably due to their strained nature and the
difficulty of formation of the four-membered ring, thereof.
For simple azetidines, for example, the reduction of S-lactams
is still one of the most used methods for their synthesis.
Nevertheless, an overview of the literature shows that
derivatives of these heterocyclic rings found diffuse applica-
tions in medicinal chemistry as pharmacological tools, in
peptidomimetics as non-natural amino acids, and in numerous
natural products.

This review will, therefore, address the most recent
methods for the synthesis of these four-membered ring
systems, focusing on the stereoselective methods. For aze-
tidines and azetidine-3-ones, the highlights of the literature
from 1990 will be covered, whereas for azetidine-2-ones (f3-
lactams), because of the higher literature coverage, the
literature since 2000 will be considered, for both subjects
until the most recent of early 2008.

2. Azetidines

Azetidines are an important class of aza-heterocyclic
compounds with remarkable biological activities, which
makes them an interesting synthetic topic. Compared to their
importance, a relatively low number of reviews, albeit very
broad and complete,” on their synthesis has appeared. In
particular, what is remarkable is the lack of profuse general
methods for the synthesis of enantiopure azetidines.® On the
other hand, the azetidine ring finds a wide application as a
pharmacological tool in many drugs or bioactive compounds,
usually in medicinal chemistry structure activity studies. The
number of only the most recent manuscripts* gives evidence
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of the large use of this ring system in the synthesis of
bioactive compounds.

The most recent methods of synthesis of the azetidine ring
will be examined. A few more important classes of azetidine
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compounds will be analyzed separately, evidencing the most
recent and selective ways of access.

2.1. Cyclizations by Nucleophilic Substitution of
Amine Nucleophiles

2.1.1. Halides, Sulfonic Esters, Triflates, Etc., Leaving
Groups

Cyclization of a preformed chain by nucleophilic displace-
ment of a leaving group (X, Scheme 1) by a nitrogen
nucleophile is, by far, the most common method to produce
azetidines. Amines are the most common nitrogen nucleo-
philes, as the only other example is limited to hydroxy-
lamines.” One common drawback of the reaction is the
elimination of HX moiety that competes with the cyclization,
apparently due to the strain nature of the forming azetidine
ring.

Chloride® and bromide”® are the most common halide
leaving groups encountered, being as much reactive and more
available than iodides.®”' However, the iodomalonate 4,
formed by anodic oxidation of I, underwent a quantitative
cyclization to azetidine 5 (Scheme 2).°

The cyclization of aniline (6) with 1,3-dichloropropane
(7) has been recently carried out in water by the assistance
of microwaves (80—100 W), affording N-Ph-azetidine 8 in
54% yield (Scheme 3).°

Traditional protocols in the presence of alcoholic inter-
mediates involve the transformation of the alcohol in sulfonic
ester, mainly mesylate,' %P tosylate,' """ and triflates,'?
followed by base mediated cyclization. Triflates, albeit the
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less addressed, are the most reactive leaving groups, allowing
the cyclization to be run in one pot. Hillier and co-worker'
proved their superiority over tosylates, especially in the
presence of bulky substituents, in the synthesis of 1,3-
substituted azetidines 11 from 2-substituted-1,3-propanediols
9 in a one-pot reaction (Scheme 4, eq 1). By this method,
pentaerythritol 12 gave the spirocyclic azetidine dimer 13
in 35% yield (Scheme 4, eq 2).

The Phenylselenonyl group can act efficiently as a leaving
group.'? Very recently, the method has been applied to the
synthesis of a variety of enantiomerically pure azetidines with
yields ranging from 44 to 80%."*" Only one example of a
cyclic sulfate is recorded,'* as well as diphenylsulfonium'?
and azide'® as leaving groups.

A competition between cyclization to a three-membered
aziridine 15 instead of azetidine 16 (Scheme 5, eq 1) was
observed as a result of unfavorable steric interaction in the
cyclization of dimesylate 14, as evident from the transition
state A (Scheme 5).'% Isomer 17 afforded exclusively trans-
substituted azetidine 19 (Scheme 5, eq 2).

Another competition might occur between the formation
of an azetidine ring and a cyclopropane ring, as shown by
De Kimpe and co-workers.”" When acidic protons are present,
like in compound 21, the use of a base can lead to the
formation of the cyclopropane amino ester 22. Efficient

Brandi et al.
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formation of the azetidine occurs under heating without any
additional base, directly during the reduction of imine 20,
because of the sufficient nucleophilicity of the secondary
nitrogen (Scheme 6).

De Kimpe’s group provided the synthesis of uncommon
3,3-dichloroazetidines 27 and 28 (Scheme 7)'°¢ and 3-fluo-
roazetidines 31 (Scheme 8)’° starting from imines.

Concellén and co-workers developed an efficient protocol
for the synthesis of enantiopure azetidinium salts 34a,c,
starting from dibenzylamino aldehydes 32a,c, through sa-
marium mediated iodomethylation, which occurs with good
diastereoselectivity (Scheme 9).*>¢ By the same group,®
addition of ester enolates 36 to analogous N-dibenzylamino
ketones 35 gave enantiopure azetidinylium acetates 38 in
excellent yields and stereoselectivity, which can be hydro-
genolysed quantitatively to the azetidinyl acetate 39 (Scheme
10).

Several bis(hydroxymethyl)azetidine-1-yl-pyrimidine nu-
cleosides 43, analogs of oxetanocin-A, were synthesized via
construction of the nucleobase on the unstable 1-aminoaze-
tidine 42 prepared from (+)-diethyltartrate (DET) (Scheme
11).'°™ Monosaccharide-fused azetidines were synthesized
as pharmacological tools. The 3-amino-3-deoxy furanose
derivative 46 is an important intermediate for the synthesis
of bicyclic analogs of AZT (Scheme 12).''¢
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Primary amines reacted upon 4,6-ditosylates of glucopy-
ranosides 47 to give compounds 48a,c, with an azetidine ring
formed between C4 and C6 of the pyranose ring, in good

yields. Interestingly, corresponding mannopyranosides led
to the uncyclized 4,6-diamino-4,6-dideoxy compounds
(Scheme 13).!f

An azetidine isostere 52 of the oxetane-type taxane
1-deoxy-2-debenzoyloxy-4-deacetylbaccatin VI was synthe-
sized starting from the alkaloid 2'-deacetoxyaustrospicatine
49 (Scheme 14).'°
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The efficient formation of azetidines through the inter-
mediacy of anextremely strained molecule, 1-azabicyclo[ 1.1.0]butane
(54),'” needs a special remark (Scheme 15)."® Compound
54 is, in turn, obtained indifferently from 1,3-dibromo-53,"°
or 1,2-dibromopropylamines (55),*° or allylamine (56) and
NCS. Several nucleophiles were added to the strained
1-azabicyclo[1.1.0]butane, forming 3 substituted azetidines
57 quite efficiently (Scheme 15).'”72° The method revealed
useful for the synthesis of the new energetic material 1,3,3-
trinitroazetidine.'®* 3-Phenyl-1-azabicyclo[1.1.0]butane gave
3-chloro-3-azetidine- 1 -carbodithioates by reaction with chlo-
rodithioformates.?’

Other methods of cyclization involve Mitsunobu activation
of the hydroxyl group.*’Recently, an efficient novel cycliza-
tion of y-amino alcohols 58, obtained by a stereoselective
Mannich reaction, mediated by 1,1'-carbonyldiimidazole
(CDI) led to an efficient synthesis of enantiopure cis-
substituted azetidines 59 (Scheme 16).2> Also one example
of trans-substituted azetidine is reported.

by 2-(1-bromoalkyl)oxiranes.?’” The mechanism of the reac-
tion requires some comment. The process proceeds rather
with the opening of the epoxide by the amine, i.e., to give
intermediate 62, followed by cyclization to azetidine by
displacement of the halide. The formation of aminoalkyl
oxiranes (as 65 or 68, Scheme 18), by primary displacement
of the halide, seems to hamper the further cyclization to
azetidines.!'®?>2% However, these findings are contradicted
by more recent results (Scheme 18), where azetidines 66 and
69 were obtained from aminoalkyl oxiranes by simple
heating.”® In one case, the rearrangement ran more smoothly
under MgBr, catalysis.*’

2.1.3. Opening of Aziridines

Nadir’s group intensely contributed to the synthesis of
azetidines through the opening of aziridines. They developed
a process involving the opening of aziridines 70 by dimeth-
ylsulfoxonium methylide 71 followed by 4-exo-tet ring
closure of intermediate 72 with dimethyl sulfoxide (DMSO)
extrusion (Scheme 19).° The reaction is stereospecific, as
the cis-aziridines yield the trans-azetidines 73 and the trans-
aziridines yield the cis-azetidines. This stereochemical course
is interpreted in terms of an Sn2/1,4-elimination
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mechanism.** Several alkyl and aryl 2,3-substituted- and
2,3-disubstituted-N-arylsulfonylazetidines were prepared in
fair-to-good yields. Recently, the synthesis was carried out
using microwave irradiation in solvent-free conditions on
alumina as the solid support.**" Dimethylsulfonium ethoxy-
carbonylmethylide also gives a similar reaction.>!

1-Arylsulfonyl-2-(halomethyl)aziridines, by opening with
amines, gave 3-aminoazetidines, albeit in moderate yields.*
More recently, anti-aziridino amino esters 74 were thermally
rearranged upon treatment with Et;N to trans-N-protected
alkyl-3-aminoazetidine-2-carboxylic esters 75 (Scheme 20).3
Absence of the base leads to lower rearrangement yields.
Interestingly, syn-aziridino amino esters failed to give
rearrangement to azetidines.

2.1.4. Opening of Bromonium, lodonium, and
Seleniranium Intermediates

N-Tosyl-cynnamilamides 76 gave with Br'(collidine),-
PFs ", chemoselectively, azetidines 77 by 4-endo cyclizations
(Scheme 21).3

substituent on the allylamine, nor with other protecting
groups of the amine.

Optically pure S-amino alcohols or methyl ethers 78,
containing a homoallylvinylsilane moiety, treated with N-
bromosuccinimide (NBS), provide fair-to-good yields of
azetidines 79 (Scheme 22) in a totally regio- and diastereo-
selective manner.*

A reinvestigation36 of the iodocyclization of a 1,2,3-
trideoxy-D-gluco-hept-1-enitol 80 demonstrates the formation
of an azetidine imine alditol 81 (Scheme 23). An N-tosyl-
2-iodomethylazetidine was obtained in poor yield by treat-
ment of the homoallyl-N-tosylamide with fert-butyl hy-
poiodite.*’

The formation of azetidines by nucleophilic opening of
seleniranium intermediates was observed for the first time.®
Homoallyl benzylamines 82 with PhSeX (X = Cl, Br, I) in
CH3;CN and NayCO; at room temperature (rt) afforded
mixtures of azetidines 83 and pyrrolidines 84, deriving from
4-exo-trig and 5-endo-trig cyclizations, respectively (Scheme
24). a,,o-Disubstituted homoallylic amines gave exclusively
azetidines, also favored by the use of PhSel or PhSeBr
instead of PhSeCl. The use of an excess of PhSeX induced
an isomerization of the mixture, leading preferentially to
pyrrolidines.***
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2.1.5. Electrophilic Attack on C=C

The reaction of tert-butylaminomethylbenzotriazole with
allyltrimethylsilane in the presence of AlCl; afforded N-fert-
butyl-2-trimethylsilylazetidine via cyclization on a carboca-
tionic intermediate.>® A TiCly (or BFs) catalyzed reaction
of N-acylaldimines 85 with allyltriisopropylsilane 86 gave
azetigines 87a,b with poor diastereoselectivity (Scheme
25).

The N-acyl protecting group and the bulkyness of the
silicon substituent are key factors for the cyclization to occur.
N-Ethoxycarbonylaldimine and allyltrimethylsilane gave
exclusively, or preferentially, homoallylamines.

2.1.6. NH Insertions in Diazo Compounds

The metal-catalyzed intramolecular NH insertion of diazo
compounds has received considerable attention, mainly
regarding amide NH bonds, and has led to the synthesis of
fused -lactams.*' After the first example by Rapoport*? of
Rh;(OAc),s catalyzed intramolecular N—H insertion of
o-diazo f3-chetoesters 88 to azetidine-3-one 89 (Scheme 26),
several other examples have followed since.*’

Amino acids provide an excellent starting point for the
synthesis of optically pure 2-substituted azetidine-3-ones
91a—j (Scheme 27).!43b~¢

Cu(acac), was also used as the catalyst with N-Ts protected
amino acids 90k—m, with somewhat lower yields (Scheme

Brandi et al.
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28).*% Correia and co-workers**" recently extended this
chemistry to the synthesis of 2,4-disubstituted azetidine-3-
ones 93, finding Cu(acac), catalyst and N-Ts diazoketones
92 to be the best reagents (Scheme 29).

Diastereomeric olefin side products, like 94, were obtained
in yields around 20% as a result of a -hydride elimination
of the intermediate organometal. The yield and diastereo-
meric ratio of olefinic side products vary greatly with respect
to the catalyst employed. Rh catalyst favors the formation
of olefin compound, with preference of the Z diastereoisomer.
It is noteworthy that the high stereoselectivity of the reaction
leads exclusively to cis-2,4-disubstituted azetidine-3-ones 93,
likely deriving from a transition state in which the bulky
metal ML, and the alkyl group are preferred in an anti
relationship.

Aminodiazomethyl ketones 96 leading to azetidinones 97
were synthesized by a new method from alkyl azides and a
cyclopropanone methyltriethylsilyl ketal 95 under BF;
catalysis (Scheme 30).**"

2.1.7. Pd Catalyzed Cyclizations

Allenes bearing a tosylamino group on the chain undergo
Pd catalyzed coupling-cyclizations to aza-heterocycles with
phenyliodonium salts** or organic halides.** %" In these
reactions, the amino allene undergoes carbopalladation at the
central sp-carbon atom to form a sr-allyl palladium interme-
diate, which is followed by intramolecular 4-exo and 4-endo
cyclization of nitrogen. In the case of 5-tosylamino-1,2-
pentadiene, a 2:1 mixture of the vinyl azetidine ring and the
tetrahydropyridine was obtained.** The method, using allenyl
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modified amino acids, was applied to the synthesis of
enantiopure azetidine-2-carboxylates. The ratio in favor of
the azetidine reached as much as 95:5.*° Similar optically
pure amino acid derived -amino allenes 98, by choosing
the appropriate solvent and nitrogen protecting group, gave
exclusively the cis-substituded vinyl azetidines 99 with
excellent stereoselectivity and yield (Scheme 31).°
Interestingly, similar Br substituted allenes 100 give cis-
and trans-2-ethynylazetidines 101a,b with good yield and
stereoselectivity by treatment with NaH (Scheme 32).*®

2.2. Cyclizations by C—C Bond formation
2.2.1. Nucleophilic Displacement of Halides

Boc protected azetidine-2-carboxylic acid 103 was syn-
thesized from N-(w-chloroethyl)-Boc-glycine 102 by treat-
ment with 2 equiv of LDA at room temperature (Scheme
33).* Racemic 2-phenyl azetidine-2-carboxylic acids were
similarly synthesized from phenylglycine esters.>®

The Couty group nicely developed this carbanion chem-
istry for the synthesis of enantiopure 2-cyano azetidines
105a,b, precursors of 2-acyl azetidines or 2-carboxylic acid
and derivatives, starting from ephedrine or phenylglycinol
precursors (Scheme 34).5!

Interestingly, by keeping the reaction longer at —30 °C,
the ratio in favor of isomer 105b increased to 92:8.°'° Both
enantiomers of azetidine-2-carboxylic acid 108 were obtained
by intramolecular alkylation using optically pure a-methyl-
benzylamine derived glycine esters 106 (Scheme 35).°*
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Starting from proline ester derivatives, strained azabicyclo-
[3.2.0]heptanes are obtained in good yields.>® With the same
chemistry applied to phosphonates 106a—c azetidine 2-phos-
phonic acids 107a—c¢ were obtained with complete diaste-
reoselectivity (Scheme 36).>* Azetidines 105 can be alkylated
to form azetidinium salts, which, by treatment with base,
produce strained azetidinium ylides able to undergo cyclo-
propanation and epoxidation reactions.>

A series of constrained analogues of glutamic acid 114a
and 114b were also obtained, by the same group, through
intramolecular Michael additions of nitriles 112a—f, followed
by hydrolysis and deprotection of intermediates 113m and
113n (Scheme 37).°° The Michael addition occurred with
moderate stereoselectivity, except in one case, by replacing
the nitrile group with a tert-butyl ester group, and it was
thermodynamically controlled.

2.2.2. Cyclizations Involving C=0 Group

Electroreductive intramolecular cross-coupling of imines
with alkoxycarbonyl compounds is an interesting method for
the synthesis of azetidines. Enantiomerically pure or enriched
azetidin-2-ones 116 were obtained by electroreduction of
enantiopure aromatic o-iminoesters, prepared from o-ami-
noacids, in fair yields (Scheme 38).°” TMSCI was indispen-
sable to promote the electroreductive intramolecular coupling.
Some racemization occurred under the conditions of elec-
troreduction (0.3 M solution of BuyNCIO,/THF, TMSCI, and
triethylamine (TEA)).

When a second ester group is present on the substrate,
the formation of azetidine-3-one mixed ketal 118b is
preferred for glutamic acid derivative 117b (n = 2) over the
six-membered cyclized product, as calculated also by density
functional theory (DFT) method.>”* Aspartic acid derivative
117a (n = 1) gave, besides azetidine-3-one mixed ketal 118a,
diastereomeric pyrrolidin-3-ones.
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The photochemical activation by irradiation of appropriate
aminoketones 119 leads to an intramolecular cyclization, to
form azetidinols 121 as reaction intermediates or final
products, known as Yang cyclization (Scheme 39).%® The
success of the process depends on several factors that can
drive the reaction path chemoselectively toward the cycliza-
tion of the diradical intermediate 120 (route a) rather than a
Norrish-Type-II cleavage (Scheme 39, route b).

Several examples of the application of this chemistry have
been reported.”® An efficient stereoselective synthesis of an
enantiopure azetidine-2-carboxylic acid 127 (and its enan-
tiomer) was achieved starting from the amino ketone 124,

Brandi et al.
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which was designed to avoid photochemical fragmentation
(Scheme 40).5%%

The process found more applications in the formation of
bicyclic fused azetidines, likely because substrates are less
prone to fragmentation.’** ™ Pedrosa and co-workers %
devised a method for the synthesis of enantiopure azetidinols
130a—g by using enantiopure scaffolds 128a—g, derived
from menthol, which contain the two photoreactive chains
undergoing photocyclization and can eventually be removed
(Scheme 41).

The diastereoselectivity of the cyclization is dependent on
the nature of the substituents at the nitrogen atom. N-Benzyl
derivatives were totally diastereoselective, leading to a single
diastereoisomer. Bach and co-workers>* proposed a Norrish—
Yang cyclization of N-(w-oxo-w-phenylalkyl)-substituted
imidazolidinones 131 to fused azetidines 132a,b in solution
and in the solid state (Scheme 42).

As compound 131 (R = Ac) crystallizes in a chiral space
group, a suitable homochiral crystal was also irradiated in
the solid state to study the enantioselectivity of the process.
At low conversion (1%), a high diastereomeric ratio (exo/
endo = 94:6) of the product was observed, and the major
exo isomer showed a 78% ee. The ratio drops to 87:13 and
ee drops to 28% at 36% conversion.

2.3. Cycloadditions

The cycloaddition chemistry for four-membered hetero-
cycles involves mainly the synthesis of [-lactams, from
which azetidines are obtained by reduction (see below). There
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are relatively few examples of cycloaddition reactions of
imines and alkenes leading directly to the azetidine ring.®*~ ¢

The Prinzbach group®® has extensively studied the in-
tramolecular [2 + 2]-photocycloadditions of rigid imine/ene
systems 133 leading to cage compounds 134 (Scheme 43).

Dave and co-workers®** studied the photodimerization of
N-acetyl-2-azetine 135, obtaining both possible head-to-head
dimers diazatricyclooctanes 136 and 137 with syn and anti
geometry, respectively (Scheme 44).

N-Acetyl-2-azetine 135 was employed by the same
group®®® with cyclic dienes 138a—c and 140 in Diels—Alder
reactions, which occurred easily in high yields (Scheme 45).

Cycloadditions of imines to enol ethers have rarely been
employed. In fact, Scheeren and co-workers reported that
[2 + 2]-cycloadditions of imines to enol ethers require high
pressure (12 kbar).%®® Because of their ring strain, however,
(alkoxymethylene)cyclopropanes 142 are excellent substrates
for cycloadditions. Thermal cycloaddition in acetonitrile at
80 °C gave spirocyclopropane azetidines 143 in very good
yields (Scheme 46).“The [Ag(fod)] (fod = 6,6,7,7,8,8,8-
heptafluoro-2,2-dimethyl-3,5-octanedionato) catalyzed [2 +
2]-cycloaddition allowed the reaction to proceed at lower
temperature (30 °C), with somewhat lower yields but higher
diastereoselectivity. A strong preference for the cis diaste-
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reoisomers of the products 143 is observed, which is fully
consistent with the proposed two-step mechanism of the
process.

A Lewis acid catalyzed [4 + 2]-cycloaddition of N-acetyl-
2-azetine 135 with imines of aromatic amines was also
reported, on the way of the synthesis of functionalized
tetrahydroquinolines 146 by opening of the azetidine ring
of 145.°% One example is reported in Scheme 47.

2.4. Ring Rearrangements
2.4.1. Rearrangements of Four-Membered Rings

3-(Chloromethyl)azetidin-2-ones 147, 3-methyl- or 3-chlo-
romethyl substituted, efficiently rearrange to azetidine-3-
carboxylic acid esters 148 on treatment with alkoxides.
Numerous examples are reported with yields ranging from
41 to 88% (Scheme 48).*

Oxetane amides 149 undergo a new synthesis of (3-
azetidinyl)methanol esters 151 by an acid-catalyzed rear-
rangement at 150 °C of intermediates 150 (Scheme 49).5°

Although the scope of the reaction is limited by the
vigorous reaction conditions and, apparently, the necessary
bulkiness of the R' and R? substituents, the method offers
an interesting alternative to the most common procedures.
Oxaziridines, and their precursor nitrones, of hexahydroin-
doles have been rearranged, applying the known photo-
chemical rearrangement of oxaziridines,®® to fused azetidines,
1-azabicyclo[5.2.0]nonan-2-ones.®” The method has been
employed for the synthesis of novel nonpeptide RGD
mimetics.
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2.4.2. Rearrangements of Larger Rings

Among ring rearrangements, ring contractions represent
a group of interesting reactions for the synthesis of less
common azetidines.® "' The well-known electrocyclic ring
contraction’? of l-aza-2,4,6-cyclooctatriene systems 156
found new examples of the synthesis of benzofused aze-
tidines (7-azabicyclo[4.2.0]octadienes) 153a,b through a
rhodium(Il) catalyzed intramolecular domino reaction of
vinyldiazomethanes substituted pyrroles 152 (Scheme 50).%°

Krow’ and co-workers extensively investigated the
known”? synthesis of 2-azabicyclo[2.2.0]hex-5-enes 158 by
photochemical electrocyclic ring contraction of dihydropy-
ridines 157 (Scheme 51). The main scope of the study is the
further rearrangement of 2-azabicyclo[2.2.0]hex-5-enes to
2-azabicyclo[2.1.1]hexanes 159.

A very efficient method for the synthesis of valuable
2-vinylazetidines 161 is the Pd(0) catalyzed decarboxylative
ring contraction’' of vinyloxazinones 160 (Scheme 52).7*
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The mechanism of the ring contraction involves the
formation of a m-allyl Pd complex, by extrusion of CO,,
followed by nucleophilic attack of the nitrogen to form the
azetidine ring. A fast epimerization through a 7—o—s allyl
interconversion must occur in the process with vinyl-
unsubstituted substrates, as the two diastereoisomers 160a
and 161 gave the same product mixture of azetidine 160a
and 162 in a 16:1 ratio (Scheme 53).

2.5. Reduction of Azetidin-2-ones

The synthesis of azetidines by reduction of azetidin-2-
ones (B-lactams) is among the most used methods, because
of the easy availability of these compounds and the facile
reduction process. Reduction of N-substituted azetidin-2-ones
to N-substituted azetidines is generally accomplished rapidly
and in good yield with diborane in tetrahydrofuran, LiAlH,,
and Raney nickel or, more efficiently, with alanes in ether.
The stereochemistry of the ring substituents is retained under
the reaction conditions. 3-Aminopropanol derivatives, formed
by reductive ring cleavage, are sometimes obtained as
byproducts in diborane, LiAlH4, and Raney nickel reductions,
but not in alane reductions. Several significant examples
appeared recently.”>~’® Ojima and co-workers were the first
to discover the potency and selectivity of DIBAL-H and
chloroalanes (AIH,Cl or AIHCL) in reductions of
B-lactams.”® He applied these conditions to an extremely
large variety of substrates showing the generality and
efficiency of the process.””> As an example of the efficiency
of the reduction, the reduction of bis-f-lactam 163 to bis-
azetidine 164 is shown in Scheme 54.

Alcaide and co-workers’® applied more recently the
chloroalane reduction method to a large series of monocyclic
and polycyclic S-lactams (Scheme 55).

It is worth noting the high chemoselectivity of these
reductions, as the amide bond is reduced selectively in the
presence of conjugated double bonds (165),”%* double triple
bonds (167, 169),76“’b and other functionalities sensible to
reduction conditions (Scheme 56, eqs 1—3).7%%¢

2-Azetidine carboxaldehyde acetals and thioacetals 177,
in contrast, under reduction conditions underwent a Lewis
acid catalyzed ring enlargement to 2,3,4-substituted pyrro-
lidines 178 (Scheme 57).”%

De Kimpe and co-workers’’*® have recently used the
methodology for the synthesis of 3-chloro- and 3,3-dichlo-
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roazetidines. 2-(1-Haloalkyl)- and 2-(2-bromoalkyl)azetidines
180, precursors for a new azetidine ring transformation to
piperidines 182 and pyrrolidines 183 via bicyclic azetidinium
salt 181, were synthesized in a similar manner from the
corresponding azetidine-2-ones 179 (Scheme 58).”7°

The instability, and tendency to opening of the azetidine
ring, in the presence of Lewis acids during the reduction
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with alanes was observed also by Carreira and co-workers’®*
in the synthesis of cholesterol absorption inhibitors, like 186.
The electron-rich phenyl C-4 substituent of the S-lactam 184
favors rearrangement of the formed azetidine to tetrahydro-
quinoline 185 (Scheme 59).

Only by transforming the group in electron-withdrawing
through a sulfonyl ester does the reduction to azetidine
perform nicely. Sulfonylated azetidine glycosides 186 are
potent cholesterol absorption inhibitors.*®

2.6. Miscellaneous Syntheses

One example of the cyclization of ethyl ester of 4-azi-
doboronic acid in the presence of BCl; leads to azetidine in
low yield (31%).”° The novel radical addition*>¢ of xanthates
188 and 190 to azetine 187 produced new azetidines 189
and 191 in fair yields.®® The trans isomer predominates in
both cases. (Scheme 60).

The multicomponent copper-catalyzed reaction of sulfo-
nylazides 192, alkynes 193, and carbodiimides 194 gave
2-(sulfonylimino)-4-(alkylimino)azetidines 195 very effi-
ciently (Scheme 61).%! The triazole 196, formed by addition
of sulfonylazides 192 and alkynes 193, is the presumed
intermediate that extrudes nitrogen to form the chetenimine
197, which undergoes [2 + 2]-addition to the carbodiimides
194.

An efficient synthesis of 1,2,5-triaryl substituted azetidines
200 by the aza-Michael addition of diethyl N-arylphospho-
ramidates 198 to chalcones 199 was recently reported. The
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Scheme 62 211 with an appropriate amino aldehyde 214 leads to the

o}

[ 1) NaH
ATHNPEO), + g2t e At DA
2) [bmim]X X N
198 199 AP
76-89% 200

X =8CN, SPh

cyclization to azetidines is induced by anions (X = PhS™,
NCS™) of a task-specific ionic liquid [bmim]X (Scheme
62).82

2.7. Important Classes of Compounds
2.7.1. Natural Products

Natural compounds containing the azetidine ring as a
substructure, apart from f-lactams, are somewhat rare. They
include compounds from the mugineic acid class (201 and
202),% to penaresidin/penazetidine class (203—205),%*% and
a series of peptidyl polyoxins 206a—d,*® although new
compounds, like calydaphninone 207, are being recently
isolated (see Chart 1).%’

Mugineic acid and analogues 201 are phytosiderophores,
which are produced in higher plants as iron-chelating amino
acids and promote uptake and transport of iron required for
the chlorophyl biosynthesis. Mugineic acid is isolated from
wheat or roots of barley, whereas nicotianamine 202 is found
in solanaceous plants, e.g., tobacco leaves. The key structural
feature of the compounds is the presence of an azetidine-2-
carboxylic acid N-linked to a peptidic chain. The strategy
for the synthesis of the compounds, pursued by the group
of Shioiri and Hamada,*® has been devoted mainly to the
formation of the pseudopeptide chain to be coupled with
azetidine-2-carboxylic acid, as shown in Scheme 63 for the
synthesis of 2'-deoxymugineic acid 213.%%"

The reductive amination of aldehyde 209, derived from
p-methoxycinnamate, with amine 208, derived from S-ty-
rosine, followed by reduction, led to the formation of the
chain of natural compounds 201—202, where the carboxylic
groups were installed by a RuCl; oxidation of the p-
methoxyphenyl groups of 209. Reductive coupling of the
aldehyde 211 with azetidine-2-carboxylic acid 7-butyl ester
212 gives 2'-deoxymugineic acid 213. Replacing aldehyde

synthesis of nicotianamine 202 (Scheme 63).3%°

Another more recent synthesis utilizes the key intermediate
216 to synthesize, in a straightforward way, both nicotian-
amine 202 and 2'-deoxymugineic acid 213 by reductive
condensation of 212 with aldehydes 215 and 217, respec-
tively, which were obtained from aspartic and malic acid,
respectively (Scheme 64).%%

Penaresidin A (203) and B (204)%* and penazetidine A
(205)% alkaloids, isolated from marine sponges of the genus
Penares, are sphingosine-derived azetidine alkaloids pos-
sessing potent bioactivity. Compounds 203 and 204 have an
actomyosin ATPase-activating activity, and compound 205
has a protein Kinase C inhibitory activity. Mori’s group®®
carried out the first synthesis of Penaresidin A (203) to
determine the correct absolute configuration of the natural
compounds. The synthesis started from the alkyne 219,
incorporating the chain obtained from the epoxide 218, and
in 11 steps constructed the azetidine moiety through modi-
fication of an incorporated Garner’s aldehyde (Scheme 65).

The synthesis of penazetidine A (205) by the same authors
followed the same synthetic scheme.®® Yoda and co-
workers®® synthesized Penaresidin B (204) in two different
ways, producing the azetidine ring via conversion of lactams.
The more recent strategy is reported in Scheme 66.%

The key precursor 223 for the azetidine moiety is obtained
in five steps from the alkyne 221 and the aminoglycoside
222. Other syntheses, mainly differentiating in the construc-
tion of the azetidine moiety, led to the synthesis of natural
compounds and their analogues.”®

Polyoximic acid 229 is a degradation product of polyoxins
206, a total of 15 compounds that are potent inhibitors of
chitin synthetase.® It was originally designated as trans-3-
ethylidene-L-azetidine-2-carboxylic acid, and several total
syntheses referred to this stereoisomer,*%%°! put the work
of Hanessian and co-workers**®° revealed the correct Z
structure. The key step in the synthesis is the formation of
the azetidine ring 225 by Rh catalyzed carbene insertion into
the N—H bond of a diazoketone 224 derived from D-serine.
A Z-stereoselective Wittig reaction of a Weinreb amide
stabilized ylide 226 on the formed azetidinone 225 follows.
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Further reduction of azetidinylene amide 227a and depro-
tection/oxidation steps give cis-polyoximic acid 229 (Scheme
67).

2.7.2. Azetidine Carboxylic Acids

Parent azetidin-2-carboxylic acid and derivatives have been
synthesized by several groups as rigid analogues of amino

compounds and their reactivity.®*

Kozikowski and co-workers’>*€ have synthesized a series
of optically pure rigidified glutamate analogues 230, 231,
232, and derivatives, with potent activity on the glutamate
receptors. Yamamoto and co-workers have synthesized again
amino acid 230 by the same procedure using optically pure
1-phenylethylamine (see Chart 2).”™

Correia and Burtoloso”?? recently provided an alternative
synthesis to the rigid glutamic acid analog 231 (n = 1)
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starting from optically pure 2-phenylazetidin-3-one 233
(Scheme 68).

Hanessian and co-workers”*® have synthesized conforma-
tionally constrained analogues of phenylalanine 240 and
leucine 241 by a zinc-mediated asymmetric addition of allylic
bromides 237 to camphor sultam derivative of glyoxylic acid
O-benzyl oxime 236 (Scheme 69).

Seebach and co-workers®® have stereoselectively alkylated
the carbanion 243 of oxazolidinone 242, derived from (S)-
2-azetidine carboxylic acid, with aldehydes (Scheme 70). The
reaction, resembling that of the homologous proline, provides
2-hydroxyalkylated azetidine-2-carboxylic acids 245 (for-
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mally D-allo-threonines) with R,R-configuration. An efficient
enzymatic resolution of methyl N-alkylazetidine-2-carboxy-
lates by Candida antartica lipase-mediated ammoniolysis has
been reported.®*

Azetidine-3-carboxylic acid (249) is an important 3-amino
acid used for the preparation of a variety of pharmaceutically
active compounds, including CCRS receptor modulators,
procollagen C-proteinase inhibitors, tryptase inhibitors, IL-5
inhibitors, and others.'** However, only one literature report
has appeared on the preparation of this compound based on
a condensation of epichlorhydrin and benzhydrylamine
followed by a cyanide displacement.”> A more efficient
recent synthesis'** utilizes the cyclization of benzylamine
on an activated diethylbis(hydroxymethyl)malonate 246.
Simple hydrolysis and decarboxylation provide the azetidine-
3-carboxylic acid 249 in 55% overall yield (Scheme 71).

2.7.3. Exomethylene Azetidines

2-Exo-methylene azetidines have been the object of interest
as entries to f-lactams through ozonolysis. An aza-
Baylis—Hillman reaction of N-tosylated aryl aldimines 250
with ethyl 2,3-butadienoate 251 or penta-3,4-dien-2-one 253
under catalysis of DABCO undergoes an efficient synthesis
of azetinylidene ethyl carboxylates 252 or ketones 254
(Scheme 72). The yields with ketone are sensibly lower
because of the formation of unidentified side products.”®
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The behavior of DABCO as the Lewis base promoter is
to be considered abnormal, because other bases show no
catalytic activity for this reaction. DMAP furnishes dihy-
dropyridines with the intervention of 2 equiv of aldimines
in sli%htly different conditions, and phosphines give pyrro-
lines.”® Similar 4-trifluoromethylazetinylidene carboxylates
were obtained by Wittig reaction of corresponding f-lac-
tams.”’

The cyclization of enamines by nucleophilic displacement
of chloride, previously reported by De Kimpe’s group,’® has
been recently complemented by the Cul catalyzed cyclization
of N-tosyl-3-halobutenylamines 251 (Scheme 73). *° Excel-
lent yields of exo-methylene azetidines 256—258 were
obtained, also with a complete control of the stereoselectivity
in the case of alkene substituted starting materials.

2.7.4. Ligands for Metal-Catalyzed Reactions and Chiral
Auxiliaries

A great deal of effort has been devoted to the synthesis
of optically pure azetidines as ligands for metal-catalyzed
reactions or chiral auxiliaries.®"™!0¢¢:&14.94190 Qpe principal
target of several groups is the synthesis of C,-symmetric
azetidines,”™™10c-d:14.100ed Amono these, azetidine diols 259
were the main goal of Yamamoto’s M and Guanti’s'*%
groups, who engaged themselves in their enantioselective
synthesis (see Chart 3).

Yamamoto and co-workers’™ obtained optically pure diols
259 by reduction of optically pure diesters and used the
methyl and benzyl ethers of the diol as chiral auxiliaries in
the asymmetric alkylation of the derived propionamides with
good diastereoselectivity (79 and 81% de, respectively).
Guanti and co-workers'* proposed an elegant enzymatic
resolution of racemic diol 259 using S-PPL (porcine pan-
creatic lipase) immobilized on celite.
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The bidentate ligand 260, containing the same azetidine
diol moiety, was synthesized by Shi and co-workers.'* Its
catalytic ability on asymmetric induction has been examined
in the cyclopropanation of styrene by diazoacetate catalyzed
by copper(I), but stereoselectivity and enantioselectivity was
only poor (20—34% ee).

Genet and co-workers'®® have synthesized several C,-
symmetric azetidines 263, by displacement of optically pure
dimesylates of anti-1,3-diol 262, as new ligands for Pd
catalyzed organic reactions (Scheme 74, eq 1).

Yamada and co-workers,'” by a similar procedure,
synthesized the C,-symmetric 2,4-diphenyl azetidine 265
(Scheme 74, eq 2). This process is much less efficient for
the production of N-arylated azetidines 267. These can be
efficiently produced by palladium-catalyzed coupling of
prelf()%rmed azetidines with aryl bromides (Scheme 74, eq
3).

A Pd complex 268, an intermediate of the synthesis, was
isolated and characterized. The same authors synthesized the
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P—N heterobidentate ligands 269 and 270 bearing phosphe-
tane and azetidine rings (see Chart 4)."*

Four-membered fused oxazaborolidine 271, azetidine
analogues of Corey reduction catalyst,'®! were synthesized
in both enantiomeric forms from azetidine-2-carboxylates.'*%
The oxazaborolidine showed an excellent reactivity and
enantioselectivity in the reduction of prochiral ketones with
borane (0.1 equiv of catalyst, yield > 90%, 95—97% ee)
(see Chart 5).

Similar ligands 272, with various R groups, were synthe-
sized in good yields (55—92%) as chiral ligand for BBr;
catalyzed Diels—Alder reaction.”* N-ferrocenylmethyl aze-
tidin-2-yl(diphenyl)methanol 273 catalyzed the enantiose-
lective ethylation and arylation of arylaldehydes with enan-
tioselectivities up to 98.4% ee and 95.7% ee, respectively.'*>
Similar excellent catalytic activities have a new series of
enantiopure cis-3-hydroxyazetidines prepared from (R)-1-
phenylethylamine.'®

Finally, the synthesis of new palladium(Il) complexes
bearing sterically congested azetidine ligands was developed
by Couty and co-workers.'® Diamine, aminoimine, and
aminoimidate ligands provided bidentate palladium(II) com-
plexes 274, 275, and 276, respectively, whose structures were
confirmed by X-ray analyses. The complexes revealed very
efficient catalyst for Suzuki cross-coupling of aromatic
halides (yields 77—87%, 0.1% catalyst) (see Chart 6).

3. Azetidin-3-ones

Azetidin-3-ones have been the object of wide interest since
they are important intermediates for the synthesis of numer-
ous azetidine derivatives.' A collection of the most
common methods for their synthesis is nicely reported in
refs 43d, 91b, and 104, mainly including cyclizations of
aminohalogenoketones, oxidations of azetidinols, or, more
efficiently, a-diazo ketones, and several examples of their
syntheses have been reported in section 2.1.6 of this review.
More recent examples provide novel straightforward syn-
theses of azetidine-3-ones by intramolecular bromide
displacements.
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N-Substituted azetidin-3-ones 279 are obtained in a one-
pot methodology by treatment of primary amines with alkyl
5-bromo-4-oxopent-2-enoates 277 (Scheme 75).'%

The mechanism of the reaction probably involves the
tandem displacement of bromine followed by 4-exo-trig ring
closure of 278. Chiral phenylethylamine provides only poor
diastereoselectivity in the process.

De Kimpe’s group'® has developed new syntheses of
N-substituted azetidine-3-ones. Compounds 283 are obtained
in six simple steps and 30—40% overall yield from 2-bro-
moallylamine 280 (Scheme 76).'%%

2-Methyl-N-alkyl azetidine-3-ones 285 were synthesized
from butane-2,3-dione 283 in six simple steps and similar
overall yield (Scheme 77).'96®

The characteristic feature of these syntheses, and of the
following regarding 2-methoxymethyl azetidine-3-one 289
(Scheme 78),'%°¢ is the introduction of the nitrogen as an
imine that undergoes reduction and cyclization. The further
reduction of the ester function in 288 provides the methyl-
enoxy side chain of azetidine-3-one 289.

Interestingly, in the cyclization step, a competition between
bromide displacement and nucleophilic attack on the meth-
oxycarbonyl function occurs, leading to a 26% yield of
lactam 290. Changing the conditions for cyclization from
Et:N in MeOH to a saturated aqueous solution of NaHCO;
leads to exclusive formation of the lactam 290.
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An interesting samarium iodide promoted coupling of
N-substituted azetidine-3-ones 291 produced the correspond-
ing pinacols 292 that, through their mesylates, were trans-
formed in the corresponding spirocyclic oxiranes 293
(Scheme 79).'°” A computational study of puckering poten-
tial and thermodynamic properties of 3-azetidinone has been
carried out.'*®

4. Azetidin-2-ones

Azetidin-2-ones (f3-lactams) represent a very important
class of compounds because of their well-known biological
activity'®® and their usefulness as intermediates in organic
synthesis.!'® Many synthetic methods were developed for
the formation of the f-lactam ring including [2 + 2]-cy-
cloadditions, cyclization reaction, carbene insertion reactions,
and rearrangement of heterocyclic compounds.''"!1%" In this
review, the recent methods of synthesis of the azetidin-2-
one ring, besides some of the most remarkable advances in
the more classical approaches, are reported.

4.1. Imines Plus Ketenes: The Staudinger
Reaction

The Staudinger reaction, reactions of ketenes with imines,
is probably the most important synthetic tool to access
B-lactams. Since its discovery by Staudinger,''? this reaction
has long been studied experimentally and theoretically to
understand its mechanism(s) and the rationale for the
stereoselectivity, and it has been applied to the synthesis of
a wide variety of f-lactam structures (Scheme 80). This
reaction is still nowadays one of the best means for the
synthesis of B-lactams."'!®
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4.1.1. Methods for the in situ Preparation of the Ketene
Reagent

The crucial point of the reaction is the use of highly
reactive ketenes, which have to be often produced in situ,'"?
with some remarkable exceptions of stable ketenes as
diphenyl ketene''* and (trimethylsilyl)ketene.''> The most
common method for the in situ production of the ketene
derivatives is the simple reaction of an acyl chloride with a
base, generally a tertiary amine. The reaction conditions are
generally mild (—10 °C to room temperature).''® Very
recently, the use of the Vilsmeier reagent was reported as
an efficient activator of carboxylic acids,''” as well as N,N'-
carbonyl diimidazole''® and triphosgene.''® If the reaction
between an acyl chloride and an aromatic imine is performed
in ionic liquids, and in the presence of Yb(OTf),, the addition
of a base is not necessary for the reaction to occur, with
remarkable selectivity toward the frans adduct.'*® Also, a
solvent-free procedure, under microwave irradiation, was
described.'?!

Since the first observations by Hegedus'?* that Cr and Mo
Fischer carbene complexes, when exposed to sunlight in the
presence of an imine, formed a f3-lactam in almost quantita-
tive yield, this method has found application as a general
synthesis of f-lactams. The intermediacy of ketene-like
species formed by the reversible insertion of a cis-CO ligand
into the M=C bond was postulated on the basis of indirect
evidence.'?* More recently computational and experimental
studies by Cossio and Sierra suggested that the irradiation
gives place to an equilibrium with a metallacyclopropanone
structure that, in the presence of a ketenophile, forms the
B-lactam.'* Ferrocene substituted 2-azetidinones were ob-
tained by reacting ethoxychromium(0)carbene complex 298
with imine 297 and 300 under irradiation. In this case, the
reaction afforded selectively azetidinones 299 and 301 in
good yields (Schemes 81 and 82).'%°

This approach was also extended to polycyclic aromatic
substituents on the carbene reagent, and the presence of a
coordinating group was revealed to be deleterious for the
cycloaddition.'® Toward the synthesis of cyclam derivatives,
a useful intermediate was obtained using the reaction of the
bis-carbene complex 302 with protected imidazoline 303.
The bis-azapenam 304, upon deprotection and acid treatment,
afforded the basket dioxocyclam 305.'%’

Meldrum’s acid derivatives, like 306, are precursors of
an acylketene 307 that can be used in Staudinger reactions.'*®
Recent examples are offered by the synthesis of penam
derivatives by the reaction of derivatives 306 with A’-
thiazoline 308 obtained from L-cysteine methyl ester hydro-
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chloride. The reaction occurs in dry benzene with gaseous
HCI affording the corresponding penams 309 in good yields
(Scheme 83).'*” More recently, some mechanistic evidence
was disclosed to confirm the a-oxoketene pathway through
kinetic studies.'*°

Diazoketones can decompose under thermal condition,
irradiation, or Rh catalysis to afford the corresponding ketene
through a Wolff rearrangement.'' Some recent examples
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can illustrate this reactivity. Di(2-azulenyl)ethanedione mono-
hydrazone (310) was oxidized with MnO; to the o-diazoke-
tone 311 that, upon heating in the presence of imines,
afforded the corresponding -lactams 312 (Scheme 84).'*?

Analogously, the same reaction can be performed by
microwave irradiation'** or by vapor-phase pyrolysis.'** The
decomposition of the diazoketone can be also accomplished
by irradiation at low temperature. This last approach was
used for the synthesis of the $-lactam cyclopeptide analogue
318 (Scheme 85).'%°

A recent example of the use of Rhy(OAc)s for the
degradation of a oa-diazocarbonyl derivative is offered by
the reaction of phenyldiazoacetic anhydride 319. The de-
composition of compound 319 gave origin to the mesoionic
derivative 320, which reacted with amine 322 to afford
B-lactams 323 and 324 in moderate yield (Scheme 86).'

Another mesoionic compound, although obtained with a
different approach, found application in the synthesis of C-3
spirofused 8-lactams.'” The catalysis of Rh complex is also
effective in promoting a thia-Wolff rearrangement, trans-
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forming a-diazo thiol esters, such as 325, into thiosubstituted
ketenes.'*® However, the same reaction can be performed
without the use of the catalyst, increasing the temperature
as shown in the next example for the diastereoselective
preparation of 327 (Scheme 87).'°

The reaction between a-bromocarboxylic acids and imine
can be mediated by triphenylphosphine. The reaction occurs
in refluxing benzene with a moderate-to-quantitative yield
and a remarkable selectivity toward the trans stereoisomer.
This selectivity and the mechanism proposed by the authors
suggest that this might not be a real Staudinger reaction
(Scheme 88).!%°

4.1.2. Reaction Mechanism and Control of the
Stereoselectivity

Concerning the comprehension of the mechanism of the
Staudinger reaction, probably the best qualitative description
of one possible mechanism was offered by Hegedus.'*' It is
suggested that the imine, the nucleophile, attacks the lowest
unoccupied molecular orbital (LUMO) of the ketene carbony]l
group coplanar to the ketene substituents. The attack occurs
on the less hindered side (exo approach), with the plane of
the imine perpendicular to that of ketene, generating the
zwitterionic intermediate 332 (Scheme 89).

This intermediate was detected and characterized by IR
spectroscopy.'#* Rotation of the imine into the plane of the
ketene in concurrence with a conrotatory ring closure
produces the B-lactam 333 in which the imine R' group and
the L group of the ketene are cis. When the substituents on
the sp” carbon of the imine (R' in the scheme) can stabilize
positive charge, the zwitterionic intermediate may undergo
isomerization to the cis form of the iminium bond, producing
the more stable trans-f-lactam 336. Isomerization of the
zwitterionic intermediate can also occur by addition of
nucleophiles to the zwitterions followed by rotation and
elimination. The relative rates of each of these processes
determine the stereochemical outcome of any particular
ketene/imine reaction. Using a cyclic imine, the cis geometry
is forced by the ring; thus, cyclic imines generally give
p-lactams possessing a trans geometry.

In the following years, an effort was made to give a more
detailed theoretical framework to this reaction. Ab initio
calculations verified the presence of the zwitterionic inter-
mediate and an electrocyclic conrotatory ring closure which
appeared to be the rate-determining step.'*® Subsequent
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studies'** confirmed the two-step nature of the process and

evidenced some similarities with the model proposed by
Houk for the conrotatory electrocyclic reaction of cy-
clobutenes.'*® The authors rationalized the stereochemical
result on the basis of the configuration (Z or E) of the starting
imine and upon the exo or endo approach between the two
reagents.

This model was also useful to rationalize the stereochem-
ical outcome of the reaction of cyclic ketenes,'*° like 338,
obtained from 2-tetrahydrofuroylchloride 337 (scheme 90).'*’

Recently, a new study by Xu’s group'*® proposed a new
rationale to justify the stereochemical outcome of the
reaction, revisiting the model described by Hegedus and
pointing out the kinetic origin of the cis/trans ratio of
p-lactam products. The proposed pathway for the formation
of the final B-lactam is described below (Scheme 91).

This model is based on the consideration that the exo-
attack is generally favored. Indeed,for the most frequently
used monosubstituted ketenes, the exo-attack is exclusive.
The final stereochemical outcome is influenced by the nature
of the ketenes and the imines, since it is the result of the
competition of the direct ring closure (k;) and the isomer-
ization of the imine moiety (k). The ki/k, ratio determines
the cis/trans ratio of the f-lactam products. The authors
propose, according also to observations present in precedent
works,'#%1442 that the ring-closure step could be more
conveniently viewed as an intramolecular nucleophilic ad-
dition of an enolate to the imine moiety rather than an
electrocyclic process. Electron-donating ketene substituents
and electron-withdrawing imine substituents accelerate the
direct ring closure (increasing k), leading to a preference
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for cis-f-lactam formation. On the other hand, electron-
withdrawing ketene substituents and electron-donating imine
substituents decrease the k; value and favor the isomerization
process, leading to a preference for the trans-f3-lactam
formation. The electronic effect of the substituents on the
isomerization is a minor factor in stereoselectivity. Finally,
after a comparison of the same reactions performed under
different conditions, the same authors suggested that there
is no influence of microwaves'>® or photoirradiation in the
stereoselectivity of the Staudinger reactions.'!

The stereoselectivity is influenced also by the nature of
the solvent since nonpolar solvents favor the formation of
cis-f-lactams, while polar solvents favor the formation of
the trans ones. Also, the way the ketene is formed, and the
order of addition of the reagents, appears to influence the
stereochemical outcome.'>* The presence of orbital interac-
tions (p—m or ;m—m) between the ketene and the imine
reagents influences the stereochemical outcome as well as
temperature.'>?

A very effective procedure to obtain frans-f-lactams was
developed by Lectka and co-workers by using the salt 343
as an anionic nucleophilic catalyst. The ionic nature of the
catalyst is proposed as the reason for the observed selectivity
(Scheme 92). Actually, this procedure does not work
efficiently with aliphatic acyl chlorides.'>*

The use of sorbyl chloride 346 as a precursor of butadi-
enylketene afforded some interesting results concerning the
diastereoselectivity. When the Staudinger reaction was
performed with N-aryl imines, it afforded exclusively the
trans adduct, while the use of N-alkyl imines afforded
exclusively the cis S-lactam (Scheme 93).'%°

The trans selectivity is also obtained in Staudinger
reactions between imines and vinylketenes possessing a
y-heteroatom. The vinyl side-chain stereoselectively adopts
the Z-configuration to stabilize the vinylketene and produces
exclusively trans-3-vinyl-B-lactams (Scheme 94).'°
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4.1.3. Special Classes of Azetidin-2-ones

Very few examples of the synthesis of 4-amino-S-lactams
are known because of their instability. These compounds
undergo ring cleavage mainly by the fission of C3—C4 bond.
Another possible mechanism of ring cleavage was observed
when a hydrogen atom was present on C3 and was ascribed
to the mesomeric effect of the exo-cyclic nitrogen atom, as
shown in Scheme 95.

This difficulty can be compensated for by using, as starting
reagents, trisubstituted amidines bearing electron-withdraw-
ing substituents on enamino nitrogen. The reaction afforded
in good yield exclusively frans-adducts 360 (Scheme 96)."”

The use of N-sulfenylimines afforded the corresponding
N-sulfenyl-f3-lactams as mixtures of cis—trans adducts. The
interest in this approach is related to the ability to vary the
oxidation state of the sulfur atom, varying, accordingly, the
reactivity of the B-lactam ring (Scheme 97).'*®

Also o-oxohydrazones have been used as imine compo-
nents to obtain 4-functionalized azetidinones. The final
lactams were subsequently easily deprotected at the nitrogen
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atom by oxidation with magnesium monoperoxyphthalate
(MMPP) (Scheme 98).'>°

3-Alkoxycarbonyl 5-lactams have been obtained using the
Staudinger reaction of ethoxycarbonyl(phenylthio)ketene
with various imines. The ketene was formed through a thia-
Wolff rearrangement of compound 369 under the catalysis
of Rhy(OAc),. The subsequent desulfurization of 371 af-
forded the final lactam with good yields and diastereoselec-
tivity. The reaction was performed with a large number of
acyclic and cyclic imines (Scheme 99).'°

4.1.4. Asymmetric Synthesis

Many examples of the synthesis of optically active
[-lactams by the Staudinger reaction are reported in the
literature, and the argument has been already reviewed'®’
and also tackled on a theoretical basis.'®*

The chiral imine 373 derived from L-alanine methyl ester
and cinnamaldehyde was used with phenoxyacetylchloride
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and afforded a mixture of the two diastereoisomers 374 and
375 with a low selectivity (Scheme 100).'%

A collection of 4-(C-galactosyl)- and 4-(C-ribosyl)-3-
lactams was prepared by the Staudinger reaction in a one-
pot procedure starting from a formyl C-glycoside, a primary
amine, and a substituted acetylchloride in the presence of
triethylamine. The reactions were performed using resin-
supported scavengers for the removal of the excess reagents
(Scheme 101).'°* A similar approach was also exploited by
other authors.'®

Chiral imine 380 found applications in reactions with
cyclic ketenes derived from proline. The reaction is extremely
selective, and the authors rationalized this result through
density-functional calculations (Scheme 102).166

N-alkylimines 374 derived from (R)-glyceraldehyde ac-
etonide were employed in cycloadditions with alkoxyketenes
to afford the corresponding 2-azetidinones. These compounds
were subsequently elaborated to afford new bicyclic -lac-
tams 377 (Scheme 103).'%7

An enantiopure 2,3-dihydrobenzoxazepine was used in the
formal cycloaddition with phthalimido ketene, affording, with
high selectivity, the corresponding tricyclic 2-azetidinone."®®
Similarly chiral 5,6-dihydropyrazin-2-(1H)-ones were used
for the synthesis of fused oxopiperazino-f-lactams.'® Some
examples of the use of tricarbonylchromium complexes for
the asymmetric synthesis of 2-azetidinones are present in
the literature.'’® The group of Uemura reported the use
of the axially chiral biaryl derivative 386 for the synthesis
of the enantiopure 2-azetidinones 387 through a very
selective and efficient reaction (Scheme 104)."”' Analo-
gously, aldehyde 388 was a precursor for imines used in
Staudinger reactions with acetoxyketene to afford new
enantiopure azetidinones.'”?
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The planar-chiral ferrocenylimine 389 was used in the
stereoselective synthesis of the 2-azetidinones 390, affording
exclusively the cis adduct derived from the approach to the
less-hindered diastereotopic face of the imine double bond
(Scheme 105).'73

The use of the Staudinger reaction for the synthesis of
4-unsubstituted 2-azetidinones is not viable, since it would
require the use of formaldehyde-derived imines that are prone
to oligomerize under the reaction conditions. An efficient
alternative is offered by the use of formaldehyde N,N-
dialkylhydrazones.'™* These reagents are more stable and also
offer the possibility to use the extra nitrogen atom as a tool
for inserting a chiral auxiliary to be used in diastereoselective
reactions. The high efficiency of this approach is demon-
strated by the synthesis of 2-azetidinones 393 and 398
(Scheme 106).

The second reaction is an example of a double asymmetric
induction between the two chiral reagents. The same
procedure was subsequently applied also to the synthesis of
4-substituted 2-azetidinones starting from higher alde-
hydes.'” A double asymmetric induction was also used by
Corey in the synthesis of f-lactam 401, an intermediate
toward a 3-lactam related to salinosporamide A and omu-
ralide (Scheme 107).17¢
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Optically active ketene 402 was used in Staudinger
reactions with cyclic imines to afford polycyclic 2-azetidi-
nones incorporating 1,4-benzodiazepines 404 (Scheme
108).177

The enantiopure cyclic ketene 406, obtained from 1,3-
thiazolidine derivatives,'”®'*” underwent the formal cycload-
dition with C-phenyl-N-phenyl imine, affording two diaste-
reoisomers derived from the different approach of the imine
to the two diastereotopic faces of the ketene (Scheme 109).!7°

In a similar approach, the residual stereogenic center
present in the ketene derived from 4-hydroxyproline was
revealed to be efficient in determining the stereoselectivity
of the formal cycloaddition with achiral imines.'®* The
ephedrine derived acid 410 was used as a precursor of a
chiral ketene (see Figure 1). Although the diastereoselectivity
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obtained is poor, the ketal moiety allowed the easy removal,
after separation of the diastereomeric mixture, and recycle
of the chiral auxiliary for the synthesis of enantiopure
3-hydroxy-4-aryl-2-azetidinones.'®’

Also very recently, tartaric acid was used as a precursor
of a chiral ketene. The C, symmetric nature of the acetonide
411 allowed the partial saponification and transformation into
the monoacylchloride 412. The Staudinger reaction afforded
the spiro-f-lactams 413 and 414 in a 60:40 ratio (Scheme
110). Both diastereoisomers derived from the exclusive
approach of the imine to the side opposite to the oxygen
atom. The authors justify this result on the basis of the
torquoelectronic effect of the oxygen substituent.'®?

Tosylimine 342 was the substrate of choice for an
enantioselective approach to -lactams through a modified
Staudinger reaction, still developed by the group of Lectka.'®?
Tosylimine 342 reacts sluggishly with ketenes, but the
reaction can be catalyzed by tertiary amines.'®* The amine
undergoes nucleophilic addition to the ketene to form the
zwitterionic enolate 415 that finally reacts with the imine
342 to afford the desired S-lactam 416 (Scheme 111).

The use of benzoyl quinine (BQ, 418), a chiral alkaloid,
allowed the obtainment of the final lactam in excellent
enantioselectivity and good yields (Scheme 112).

The proton sponge 417 was used as a stoichiometric base
since it did not interfere with the ketene because of its low
nucleophilicity. Other stoichiometric bases have been used,
such as bicarbonate'® or sodium hydride.'®® The addition
of a chiral Lewis acid increased the yield and the enanti-
oselectivity of the process.'®’

Finally, the overall process was optimized, increasing the
yield of the fS-lactam by varying the structure of the chiral
base and introducing a catalytic amount of In(OTf);, which
enhanced the reactivity of the imine counterpart. In this way,

Chemical Reviews, 2008, Vol. 108, No. 9 4011

Scheme 112
R,  CO,Et
+ N
No-. Me;,N  NMe :
2 2
R 342 Ts © 418TS
M7 OO R = Alk, Ar, O-Alk
O-Ar, N3, Br
toluene, -78°C  ee 95-99%, yield 36-65%
OMe
%
N7 |
BQ= X "N
00
418
Scheme 113
OMe
OMe /
N7 | %
=~ /Ts
0 N x ]
K Lnin-cat ' | H '+
); 421 + EtOzC o 2/\0—
Ph N0 Ph
preformed ketene \O oh | N/Ts
420 [ o gL
22 o-in? 423 O=
2TfO OEt
Ph,  CO.Et Ph, . COE
O:<_\N——Ts ) N
Cat—inkn
424 425 80%
95% ee
15:1dr
OMe
%
NZ |
Laincat = x>y
2+ In/o\ o}
2TiO" b
421

a bifunctional asymmetric catalysis process was obtained as
described in scheme 113.'®

This approach has been recently extended to the use of
arylimine.'® In this case, the catalyst was a silylated
derivative of quinine and required a hindered lanthanide
complex to afford high ee.

A similar approach was followed by Fu and co-workers
using a planar-chiral nucleophile obtained from ferrocene
derivative 427.'°° This catalyst was revealed to be particu-
larly useful with cyclic and disubstituted ketenes, both
symmetrical and unsymmetrical, and the imine counterpart
is again represented by the tosylimine derivative (Scheme
114).

The stereoselectivity is influenced by the nature of the
substituent on the nitrogen atom of the imine. A tosyl group
gives the cis diastereoisomer as the major one, whereas the
triflic imine derivative affords the trans adduct as the major
one.'! Finally, very recently, a carbene catalyzed enanti-
oselective version of the Staudinger reaction has been
described. Again, the action of the catalyst is supposed to
be related to the formation of an intermediate derived from
the nucleophilic attack of the catalyst on the ketene as
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described in Schemes 115 and 116.'"°2 However, the same
authors do not exclude an alternative mechanism involving
a nucleophilic addition of the catalyst to the imine counter-
part.

Brandi et al.
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4.1.5. Solid-Phase Synthesis

Several examples are known of the application of the
Staudinger reaction in solid-phase syntheses, or polymer-
supported liquid-phase syntheses, of 3-lactams.'®® The Mata
group has developed a solid-phase synthesis of di- and
trisubstituted S-lactams using a Wang resin functionalized
with the imine reagent. The ketene was produced in situ
starting from the carboxylic acid and the Mukaiyama’s
reagent (Scheme 116).

The authors tested several resins, but the best results were
obtained with the Wang resin, and the Mukaiyama’s reagent
revealed the most efficient and user-friendly reagent for the
in situ production of the ketene.'” The same authors
extended this agsproach to the synthesis of 1,3,4-trisubstituted
ﬁ—thlolactams and, more recently, to the production of C3
anchored monocyclic S-lactam derivatives.'”® A comple-
mentary approach was described by Taddei and co-work-
ers,'”” anchoring the Mukalyama s reagent onto a Merrifield
resin through a 6-aminocaproic acid spacer. Because of the
reduced reactivity of the salt, it was revealed to be necessary
to use sonication for 2 h. A benzyloxyaniline functionalized
tentagel-resin was used for a solid-phase synthesis of
N-unsubstituted 2-azetidinones.'*® The spacer was designed
to be removed using ceric ammonium nitrate as the cleaving
reagent (Schemes 117 and 118).

4.2. Enolate—Imine Condensation'®®

The first example of this synthetic approach to S-lactams
was described by Gilman and Speeter (after whom the
reaction is named) in 1943. They described the condensation
of the Reformatsky reagent derived from ethyl-a-bromoac-
etate with N-phenylbenzaldimine.”®® Actually, under the
name of Gilman—Speeter reaction, several kinds of condi-
tions are described using zinc, lithium, aluminum, tin boron,
zirconium, and titanium enolates, although most of these
approaches end up producing the 3-aminoesters.

Although the use of zinc enolates was the first to be
described, still several recent examples of this reaction are
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known. Often the reaction gave origin to mixtures of
B-lactams and f-aminoesters (Scheme 119).>°" The use of
high-intensity ultrasounds afforded in good yield mixtures
of these two products, with their ratio depending on the
structural characteristics of the imine and the o-bro-
moester.?*?

The reaction was also extended to the use of chiral 1,3-
oxazolidines, which afforded the corresponding (-lactams
with high diastereoselectivity (Scheme 120).2%

The high level of diastereoselectivity was rationalized on
the basis of the formation of a strongly rigid intermediate in
which the zinc atom of the alcoholate is complexed by the
nitrogen atom. y-Fluorinated derivatives of acrylates reacted
efficiently with aromatic imines to afford the corresponding
B-lactams as the main products.?**

The Reformatsky reaction can also be catalyzed by
RhCI(PPhs);. With this methodology, the use of a different
solvent and temperature allowed for the selective obtainment
of the2 (,)Bs—aminoester or the corresponding 5-lactam (Scheme
121).

Analogously, titanium complexes can act as catalyst in
the presence of a stoichiometric amount of Zn metal.”°® Zn
can be substituted with In powder, and a series of ferroce-
nylimines reacted with ethyl bromoacetate in the presence
of In (Scheme 122).2%7

The Reformatsky procedure can be extended also to imide
445.%% which offered also the chance to perform an
enantioselective synthesis of trans-B-lactams.® This ap-
proach is particularly remarkable since, generally, the
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Gilman—Speeter reaction affords mixtures of cis- and trans-
pB-lactams with the cis isomer being the major one. This
trans-selectivity, as well as the enantioselectivity, was
rationalized with the formation of the Zn complex 446
(Scheme 123).

Amine-free lithium enolates can be obtained by treating
silylketene acetals with MeLi. The reaction of the lithium
enolates with a chiral imine afforded the corresponding
p-lactams with high diastereoselectivity, which was rational-
ized by the formation of the transition state 461 (Scheme
124).210

Also, lithium acetate or methoxide, N-lithio-2-pyrrolidone,
potassium phtalimide,>'’ and tris(2,4,6-trimethoxyphe-
nyl)phosphine®'? were revealed to be proper Lewis bases
for the Mannich-type addition and cyclization of aldimines
and ketenesilyl acetals (Scheme 125). Mixtures of 5-lactams
464 with the corresponding 3-aminoester were obtained, but
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usually the -lactam is the main product, and in some cases
the only one. The same reaction was revealed to be even
more efficient and also stereoselective when using trimeth-
ylsilylenolate from S-ethyl thioates with lithium phenoxide
(Scheme 125).%3

The first example of a direct catalytic enantioselective
synthesis of f-lactams was reported by Tomioka and co-
workers, who achieved a catalytic asymmetric Gilman—Speeter
reaction.>'*® The reaction of pent-3-yl-2-methylpropanoate
with imine in the presence of a catalytic amount of the
enantiomerically pure ether ligands 467 resulted in a ternary
complex reagent 469 [containing an achiral lithium amide
(LICA), the ester enolate, and the ligand 467] that afforded
p-lactam 468 in high yield and good enantiomeric excess
(Scheme 126).

The same authors developed several different chiral
ethereal ligands that favored the formation of a binary
complex without the need of the excess of LICA necessary
in the preceding version of the reaction. The amines 470—473

gagel:4 the corresponding complexes 474—477 (see Chart
7).

111d

These ligands, as well as some bis-oxazolines,>'> were
revealed to be more efficient in the catalysis of the reaction,
although the enantiomeric excesses did not improve mark-
edly. More recently, the same methodology using ligands
470 and 473 and LDA was applied to the reaction of enolate
obtained from silyl protected glycolates and imines with high
yields but low enantioselectivity.?'® Better results were
obtained combining the use of chiral ethereal and aminoet-
hereal ligand 470 and 473 with the presence of the enolate
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derived from menthyl isobutyrate 478. In this case, the
enantiomeric ratio raised up to 97:3 (Scheme 127).217

A few examples of the solid-supported synthesis of
p-lactams through the enolate—imine reaction have been
described. The benzylamine resin 479 was modified with a
triazene linker to afford the supported esters 480 and 483.
Treating ester 480 with 1.2 equiv of LiHMDS and subse-
quently with C,N-diaryl imines afforded the corresponding
[-lactam derivatives. Ester 483 with an excess of LIHMDS
afforded the corresponding dianion, which was transformed
into S-lactam derivatives. The traceless triazene junction was
finally removed (Scheme 128).218

Functionalized carbosilane dendritic species demonstrated
useful soluble supports for the stereo- and enantioselective
synthesis of S-lactams. The proper derivatization of the
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dendritic species 487 afforded the Zn enolate 488 that reacted
with an imine to afford directly the 3-lactam 491 as a single
trans-isomer and 30% ee (Scheme 129).2'° The use of this
carbosilane dendrimer allowed the use of nanofiltration
techniques for the separation and recycling of the dendritic
support. Wang and co-workers also applied soluble polymer
supports to the Reformatsky procedure of o-bromoimide with
good results.??°

Thioesters are ideal enolate precursor for S-lactam syn-
thesis since they possess several of the features required for
this reaction. They are easily enolized (also in a highly
stereoselective fashion), and the sulfide group is a better
leaving group with respect to the alkoxide group. For this
reason, thioesters have been widely used to prepare titanium,
tin, aluminum, and boron enolates of thioesters. This
application has been recently reviewed in detail, and only
one new contribution will be discussed.**'

2,2'-Dibenzothiazolyl disulfide was revealed to be a
versatile reagent for the formation of thioesters 492. These
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substrates react with titanium tetrachloride to afford the
corresponding enolates 493, which react with imines to afford
efficiently 3-lactams 494 and 495 (Scheme 130).%

Recently, silyl ketene thioacetal,s*** derived from 2-pyridyl
thioesters,”>* were used in a Sc(OTf)3-catalyzed reaction with
imines to afford B-lactams®*> The use of Sc(OTf); allowed
the development of a catalyzed, solvent-free process.

4.3. Kinugasa Reaction

The reaction of nitrones with terminal alkynes catalized
by Cu(l), known as the Kinugasa reaction, is a relatively
new and unexplored approach to S-lactams. Usually, the
kinetic favored cis-3,4-disubstituted [-lactam cis-293 is
mainly obtained, but depending on the reaction conditions
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and the substitution pattern, epimerization to the thermody-
namically more stable trans-isomer can occur (Scheme
131).2%

Two mechanisms have been proposed for this highly
versatile and efficient methodology, both considering an
initial [3 + 2]-cycloaddition between the nitrone 496 and
the in situ formed copper acetylide complex 501. Then, the
intermediate isoxazoline 502 rearranges to the final azetidi-
none 296, passing through the bicyclic oxaziridine 503
(che;me 132, path A) or the ketene 504 (Scheme 132, path
B).

Since its discovery in 1972,%*® several aspects of this
reaction have been addressed including modifications of the
reaction conditions, the intramolecular version, and its
diastereo- and enantioselectivity, which were achieved using
either chiral auxiliaries and chiral ligands. A three-component
synthesis of f-lactams 507 from N-substituted hydroxy-
lamines, aldehydes, and phenylacetylene (506) in the pres-
ence of catalytic amounts of CuCl, 2,2'-bipyridine, and
AcONa was also studied (Scheme 133).%%°

The most significant achievements in the field have been
very recently and comprehensively reviewed?*?® and, there-
fore, are not discussed here.

4.4. Isocyanate Cycloaddition

The [2 + 2]-cycloaddition of isocyanates to alkenes
provides an easy route to 3-lactams. The most used isocy-
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anate is chlorosulfonylisocyanate (509, CSI) because of its
exceptionally high reactivity. Furthermore, the resulting
p-lactams can easily be converted into the N-unsubstituted
derivatives by reducing treatment under basic conditions
(Scheme 134).23¢

This reaction is mechanistically related to the addition of
ketenes. Formally thermally not allowed, the low-energy
orthogonal ;r-bond of the cumulene renders concerted thermal
[2 + 2]-addition energetically feasible. Ab initio calculations
predict that the [2 + 2]-reaction takes place through a
concerted suprafacial mechanism.”*’

More recently, some attention has been devoted to the
control of the stereochemistry in cycloaddition to chiral
alkenes. The cycloaddition of CSI to chiral E-vinylsulfide
502 afforded a 2.5:1 diastereomeric mixture of phenylthio-
azetidinones after the reductive removal of the N-chlorosul-
fonyl group of the adduct (Scheme 135, eq 1).>*

Chmielewski’s group has thoroughly studied the stereo-
selectivity of the reaction of CSI with chiral vinyl ethers,
derived from carbohydrates, for the production of mono- and
bicyclic B-lactams.”** This approach was also revealed to
be useful in solid-phase synthesis.*** More recently, this
study was also extended to chiral alkoxyallene 515 (Scheme
135, eq 2).* Trichloroacetyl isocyanate 519 was added to
glycal to obtain l-oxabicyclic f-lactam 520 with good
selectivity and yield (Scheme 135, eq 3).>*® The trichloro-
acetyl group was removed using benzylamine.
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4.5. [3 + 1]-Annulation

Free-radical mediated stannylcarbonylation of azaenynes
with tributyltin hydride and carbon monoxide appears to be
a useful method for the synthesis of 3-(stannylmethylene)-
2-azetidinones. For example, imine 521 was converted to
azetidinone 522 in 84% yield (Scheme 136).>*” Analogously,
3-silylmethylene derivatives such as 523 and 3-thiomethylene
lactams were obtained using tris(trimethylsilyl)silane and
hexanethiol, respectively, as radical mediators.>3®

4.6. Cyclizations
4.6.1. N—C2 Cyclization

A common approach to the azetidinone ring is based on
the cyclization of S-amino acids and esters. In situ activation
of the carboxylic acid group can be achieved using conven-
tional amide coupling reagents such as carbodiimides,
2-chloro-1-methylpyridinium iodide (Mukaiyama’s reagent),
and the redox couple di(2-pyridinyl) disulfide/triphenylphos-
phine.**

Recently, Sharma et al. have investigated the efficiency
of some coupling reagents in promoting the cyclization of
fB-amino acids. Disulfide reagents such as di(1,3-benzothia-
zol-2-yl) disulfide and 2,4-bis(4-methoxyphenyl)-1,3,2,4-
dithiadiphosphetane 2,4-disulfide (Lawesson’s reagent), (chlo-
romethylene)dimethylammonium chloride, and phosphoryl
chloride promoted the cyclodehydration of S-amino acids
524 under mild conditions, affording the corresponding
monobactams 525 in good yields (Table 1).%%*°

The cyclization of -amino acids mediated by phenylpho-
sponic dichloride [PhP(O)Cl,] in TEA was found to afford
p-lactams and cyclo-f-dipeptides in different ratios depend-
ing on the reaction conditions and the substitution pattern.**!
Usually, the formation of particularly strained azetidinones
from the corresponding -amino acids is more difficult and
the yields strongly depend on the reaction conditions and
the substitution pattern. For example, -amino acids 526a
and 526b were cyclized in low yields using different standard
coupling reagents. However, the N-methyl dihydro-2H-indol-
2-one derivative 526¢ afforded the corresponding spiro-/3-
lactams 527¢ in good yield by treatment with tris(2-oxo-3-
benzoxazolinyl)phosphine oxide and TEA in boiling CH;CN
(Table 2).24?

Tris(2-0x0-3-benzoxazolinyl)phosphine oxide was also one
of the best coupling reagents in the cyclization of amino acids
528 to carbapenam-3-carboxylates 529 (Scheme 137). The
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Table 1. Intramolecular Coupling of f-Amino Acids 524

2 R?
HOLC R AB CorD R _i.gs
\‘/<NHR4 J N
R o] R*
rac-524 rac-525
yield” (%)
R' R? R} R* A B C D
a H H H H 54 76 77
b H H H Bn 80 80 85
¢ H Me H Bn 83 79 82 83
d H Me H CH,Bn 85 82 84
e H Me H n-Bu 75 81 86 76
f H Me H i-Bu 82 78 80 77
g H Me H CH,CH,OH 83 79 80 78
h H Me H CH,CH(OH)Me 79 82 82 74
i Me H H Bn 85 85 82 82
j Me H H CH,Bn 86 81 81
k Me H H n-Bu 73 82 82
1 Me H H i-Bu 81 80 83 78
m Me H H CH,CH,OH 82 83 82 79
n Me H H CH,CH(OH)Me 84 84 84
o H Ph H Bn 80 81 75 79
p H Ph H H 54 82 83 73
q H piperonyl H H 50 80 83
r H 4-MeOC¢H, H H 51 79 81
s Me H 4-MeCgHy 4-MeCeHy 79 175
t Et Me H Bn 75 170
u Bn Me H Bn 73 69
v BnO Ph H Bn 70 77

“Reaction conditions: (A) (i) di(1,3-benzothiazol-2-yl) disulfide,
PhsP, CH,Cl, (0.07 M), 25—30 °C; (ii) TEA.2*% (B) (i) Lawesson’s
reagent, TEA, CH,Cl, (0.01 M), 25—30 °C; (ii) TEA, 0 °C to 25—30
°C.2*%(C) (1) (chloromethylene)dimethzylammonium chloride, CH;CN
(0.01 M), 0 °C; (ii) TEA, 0 °C to rt.*®® (D) POCls, TEA, CH,Cl,
(0.04 M), 0 °C to rt.2402

Table 2. Formation of Spiroazetidinones 527>4>

HO,C Q
2
R HNi—j; > A BorC RZ‘N/}\L < iﬁ
o] o]

N CH3CN N
é1 reflux |'q1
526 527
yield” (%)
R! R? A B C
a H H 13 16 39
b H 4-MeOCgHy 15 20 26
c Me H 13 16 70

“ Coupling reagents: (A) (PyS),, PhsP; (B) 2-chloro-1-methylpyri-
dinium iodide (Mukaiyama’s reagent); (C) tris(2-oxo-3-benzoxazoli-
nyl)phosphine oxide, TEA.

Scheme 137
H
HOZCVQ"’cozR );D
H O B
CO.R
528 529

R = Me, Bn

discrepancies in the yield values reported by different authors
for the synthesis of 529 under similar conditions can probably
be ascribed to its instability.**

[3-Amino acids were converted to substituted azetidinones
through intramolecular multicomponent Ugi reaction (see
section 4.6.1.1).

An alternative approach to the 3-lactam ring is based on
cyclization of S-amino esters in the presence of a base such
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Scheme 138
R . Me, R
Me, pmp _HHMDS |
JE THF, 20 °C N, M
MeO,C ' o PMP
530 88-93% 531
R =Me, Et, i-Pr, t-Bu, Ph, 3,4-(MeQ),CeHa, 2-furyl, 2-thienyl
R2 R3 R2
R3 r!  LiHMDS
N’ - N )
MeO,C M THFE ¢ Rt 2
532 -20 or 0°C 296

R! = i-Pr, R2 = CO,Et, R® = PMP 96%
= OTES, RZ=Ph,R3=H 85%

Scheme 139
Cr(CO)3
R MeMgl
NH ether, 0 °C
MGOQC

|
PMP 90-95%
533 R = Me, F, OMe

Scheme 140
y\ﬁ/ toluene N,
MeQ,C reflux, 6 h o Ph
535 83% 536
Scheme 141
PMP,
NH SiMe,Ph
: tBuMgCI o=
PhMe,Si” X CO,Me
H THF 55°C
OH
537 79%

smgle isomer

as EtMgBr, MeMgl, n-BuLi, -BuOK, LiHMDS, LiOH,
KOH, etc. For example, chiral amino esters 530 and 532 in
the presence of LiIHMDS gave f-lactams 531 and 296,
respectively, in high yields and with retention of the relative
and absolute configurations of the stereocenters (Scheme
138).2%

Sarkar et al. reported the cyclization of -amino esters
533 in the presence of MeMgl. The expected Cr(CO)s-
complexed 4-aryl-azetidinones 534 were obtained in high
yields and with no loss of diastereomeric purity (Scheme
139).%*

In some cases, a strong dependence of these reactions on
the substrate substitution pattern and the reaction conditions
was observed. For example, several bases in different
solvents failed to cyclize 535, whereas 3-methylene azeti-
dinone 536 was obtained in 83% yield using Sn[N(TMS):]»
in refluxing toluene (Scheme 140).%4¢

The ff-amino ester 537 was converted to the cis-disubsti-
tuted S-lactam 538 in 79% yield and complete diastereose-
lectivity by treatment with -BuMgCl in tetrahydrofuran
(THF) at 55 °C for 3 h (Scheme 141). Prolonged reaction
times or using i-PrMgCl as base afforded a cis/trans
diastereomeric mixture of 538.%*’

Pseudodipeptides 539a and 539b failed to cyclize to
p-lactams by treatment with LIHDMS probably because of
the presence of an enolizable ester moiety (Table 3).
Actually, the reduced o,3-diamino esters 539¢—539j smoothly
underwent the LIHMDS-promoted intramolecular aminolysis

Brandi et al.

Table 3. Base-Induced Cyclization of f-Amino Esters 539743
R R* = CH,0OTBS

NsHN Rt NsHN, NsHN R’
MeO,CX  LinMDS o:(g 1) HF 3
HN  THF,0°C N2 %:03/ Hz0 R2
R2"T~R* N
R2" 4 H TCCA 3
3R 8 TEMPO R® COM
539 540 541
R' R> R? R* 540 yield (%) 541 byield (%)
a Bn H H CO,Bn
b Bn H Me CO;Bn
¢ Bh H H CHOTBS 95 81
d Bn H Me CH,OTBS 92 89
e Bn Me H CH,OTBS 90 90
f Bn H Ph CH,OTBS 97 60
h Bn Ph H CH,OTBS 93 60
i Me H H CHOTBS 60 90
j Me i-Pr H CH,OTBS 98 80
Scheme 142
i) LDA (2.2 equiv) N\ Me
Buo,c Y THF, -40 °C \/j;‘
N N
NHMe i allyl bromide (1.9 equiv) 7 “Me
542 83% 543
Scheme 143
,\R R
MeO,C HN-NH MelLi, Cul I} 0
}—Ph RTINS {
H Ph
544 72-99% 545

R = Ph, PhCH,CH, PhCH=CH

to the corresponding azetidinones 540, which, in turn, were
converted into the [3-amino-2-oxoazetidin-1-yl]propanoic
acids 541 in good overall yields (Table 3).%*®

A large-scale synthesis (60 g) of the (35,45)-3-allyl-1,4-
dimethylazetidin-2-one (543) was achieved by one-pot cy-
clization and stereocontrolled alkylation of the 3-amino ester

542 through the formation of a dianion intermediate (Scheme
142).2%

Analogously to -amino esters, -hydrazino esters can
cyclize under basic conditions. For example, N-benzoyl
derivatives 544 afforded the corresponding S-lactams 545
in 72—99% yield (Scheme 143).%°

Some cis- and trans-disubstituted monobactams, including
synthetic precursors of racemic olivanic acid and tienamycin,
have been synthesized by cyclization of $-amino acyl iron
complexes such as 547 by oxidative decomplexation with
bromine. The substrates were obtained by conjugate addition
of lithium amides to o,f-unsaturated acyl iron complexes
followed by in situ treatment of the enolate with acetaldehyde
(Scheme 144).%!

4.6.1.1. Multicomponent Reactions. Variations of the
multicomponent Ugi reaction involving an amine, a carbonyl
compound, an isocyanide, and a carboxylic acid were used
to prepare substituted S-lactams in a convergent fashion. In
particular, 3-keto acids 549 and 3-amino acids 551 acted as
bifunctional reagents in an Ugi four-center three-component
reaction (U-4C-3CR), leading to small libraries of mono-
and polycyclic azetidinones 550 and 552 (Scheme 145).%
Significant rate enhancements were observed when the U-4C-
3CRs were performed in water or aqueous glucose solution.?>2¢ "

When f-aminothiocarboxylic acids were reacted with
aldehydes and 3-dimethylamino-2-isocyanoacrylates, a thia-
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Scheme 144
) By TMS Me_ H
O(IZ/PPh3 Li O?,PPh3 < OH
,Fe\n/\/Me THF, -78 °C Fé_A_Me
% 0 ii) MeCHO % o M NHen

546 THF, -78 °C 547
81%;dr = 83:17

Br2’ CH2C|2 HO |:{ H

—78°C zsMe
then EtN M€ N,
o

Bn
0% 548
Scheme 145
4
1 AY
R! rR2 R' NH
U-4C-3CR
COH + R3NH, + RINC ——— § m
o)\( 2 2 N\ o)
R2 o] R3
549 550
R RZ R
U-4C-3CR (2)
CO,H + R3CHO + RINC—————~ o
HoN N »)J\ Rt
R2 O N’
R H
551 552
Scheme 146
NMe J;V/
MeOH N
HZNJ\/COSH +OHCJ\ ’ /[ — O
E NC N
553 554 69% S\_fN
E =COyMe 555 556 E

zole ring was also formed and 1-(1,3-thiazol-2-yl-methyl)-
azetidin-2-ones such as 556 were obtained (Scheme 146).%3

4.6.2. C2—C3 Cyclization

Cyclization by C2—C3 bond formation is a quite uncom-
mon f-lactam synthesis. The more studied of this type is
cyclization of carbamoyl radicals. Recently, N-allyl aminoa-
cyl radicals able to undergo 4-exo-trig ring closure were
generated from 1-methyl-2,5-cyclohexadiene- 1-carboxamides
and from oxime oxalate amides by photolysis. Up to now,
these processes afforded (-lactams such as 558 and 560 in
moderate yields (up to 66—70%). Depending on the reaction
conditions and the stability of the intermediate cyclized
radicals, hydroxylated derivatives could be obtained (Scheme
147).%>* The kinetics of cyclization of carbamoil radicals
generated by oxime oxalate amides were studied by electron
paramagnetic resonance (EPR) spectroscopy and DFT com-
putations.?>>

N,N-Dialkyl dithiocarbamates were used in place of
xanthates in group transfer radical cyclization reactions of
carbamoyl radicals. For example, 3-lactam 552 was obtained
as a single diastereomer in 92% yield by irradiation of 551
(Scheme 148).2%¢

Radical cyclization of haloenamides with Cu(I) or Ru(Il)
complexes was investigated. Depending on the reaction
conditions and the metal oxidant used, the kinetically favored
p-lactams or the thermodynamically more stable y-lactams
were regioselectively formed.?’
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Scheme 147
hv
lauroyl peroxide (1.5 equiv mol) g,
MeBn methy! thioglycolate (1 equiv mol) j;‘ )
N N,
o \_/Ph CeHe o] Bn
557 66% 558

hv
Q o 4-MeOCgH4COMe (3 equiv mol) HOH“.

vH (2)
| 100°C,5h
Bn/N%Q toluene, 000 C,5 g N\Bn
0 Ny 0% dr = 5:1
559 W 560
Ph
Scheme 148
S
hv ELN—
cyclohexane S
N—Bn reflux H H
S N,
ELN—  © 92% d Bn
S 561 562
Scheme 149
RZ
R2
AN Pd(PPhs),
PhX (1-5mol%) prx"\
}—N\ toluene N.
d R!' reflux,1h o R!
563 564
X R R2 Yield (%) E/Z
Se Me H 74-81 0/100
Se n-Bu H 60 2/98
Se Bn H 59 3/97
Se Bn Et 88 3/97
Se Me 4-CICgHys 76 11/89
S Me H 72 0/100
Scheme 150
R1
Cl
J K e o
o] )N COR? CHiCN N Ar
rt
A" 565 566
base: Cs,CO3 BTPP, BEMP 0-58% ee
Scheme 151
Ph Ph
c Ph BTPP <
;\ /[ =COzBu 21CO,!BuU
07 "N” "COy'Bu  CHLCN )/:N\ N,
|
Pmb (@) Pmb @) Pmb
567 (5)-568 (R)-568
Additive mol% yield%  (S)-568 : (R)-568
- 73 76 :24
(-)-TADDOL 10 71 85:15
(+)-TADDOL 10 67 81:19
(+)-TADDOL 10 81 79: 21
(-)-TADDOL 50 68 91: 9

Fujiwara and Kambe prepared 3-alkylidene--lactams 564
by intramolecular selenocarbamoylation of alkynes catalized
by Pd (1—5 mol %). Both terminal and internal alkynes
afforded 564 in good yields. Competitive cyclization of a
carbamoselenoate bearing both N-(2-propynyl) and N-(4-
pentynyl) showed that the formation of the four-membered
ring is kinetically favored over the six-membered lactam.
An analogous example of intramolecular thiocarbamoylation
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CIIMe >
o N/\
Pmb
(R,S)-569

Scheme 152
Ph

CO,Me

CSQCO3
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BTPP

Ph
Cs,CO; H 7

Cl-_Me _Ph
j/: /( or Me:’;'—-COZMe
07 N"CoMe BTPP N,

CH3CN

o Pmb
Pmb CH3CN m
(81 S)-569 (S, S)-570
64%, >08% ee
Scheme 153
1. (COCl), m Br
R._COH _DMF (ca) CHClp I )E\
= 2.
& E2CH.-DMB 0" NTE
571 H 572 DMB
K2HPO4’CHQC|2’ H20 573
E
R R E
EtsN ﬁE LiCl, H,0 /J;(
- N, . N,
o pmg OMF. 130°C 5 DMB
574 95% 575 93%

trans/cis 46:1
R = F3CCONH(CHy)3; E = CO,Me; DMB = 2,4-dimethoxybenzyl

Scheme 154
. e
RIB')cozEt Et;N CHoCN R/J;(C%Et
N\
07 N CH3CN g .
Bn rt
576 rac-577
R yield%  cis/trans ratio
Me 84 91: 9
Et 90 90: 10
i-Pr 75 87 :13
n-Bu 85 93: 7
cCsHg 57 90: 10
c-Hex 63 91: 9
Scheme 155
9 1
1 1l 3 R O
RYP(OR b TR II|3(0R3)2
N. THF, reflux N.
CI/\“/ R® 2-3h o] R?
0 578 55-99% 579

R' = Ph, Furyl, Cinnamyl; RZ = Ph, Bn, Allyl, i-Pr, Naphth; R3 = Me, Et

to thio-substituted 3-methylidene azetidinone was also
reported (Scheme 149).2°8

4.6.3. C3—C4 Cyclization

The C3—C4 bond formation can involve either radical or
ionic intermediates. Usually the stereochemistry control is a
major concern in these reactions, and the development of
known and new methodologies continue to attract attention.

Base-assisted intramolecular alkylation of N-chloroacetyl
a-amino acid derivatives 565 to 1,4,4-trisubstituted 2-aze-
tidinones 566 was thoroughly explored by Gonzalez-Muiiiz’s
group (Scheme 150).>°° Generally, the best results were
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Scheme 156

o)
1]
Ph P(OR3),
\/\r
N.p2
CI/\[( R
o}
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l NaH
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Phszao2 PORY h
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P(OR3),
(R

CI/\g/ R F N2

581 582

584

OH OH
He g o R o R
Me >R Me Me:.. §
N + | + )
o] ‘PG o N HO" N,
PG o__ PG
587

585 586

obtained using bases such as Cs,COj; or more exotic ones
like fert-butylimino tri(pyrrolidino)phosphorane (BTPP) and
2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-
diazaphosphorine (BEMP) in acetonitrile solution. The
intramolecular alkylation occurs with some chirality memory
of the enolate intermediates as a modest enantioselectivity
(0—58% ee) is observed, strongly depending on the nature
of the amino acid side chain R' and the base and the solvent
used.

In the cyclization of phenylalanine derivatives, the memory
of chirality effect was enhanced in the presence of 2,3-O-
isopropylidene-1,1,4,4-tetraphenyl-L-threitol (TADDOL) and
its enantiomer. The extent and sign of the enantioselectivity
was practically independent of the configuration of the
additive, as shown in Scheme 151.2%°

The effect on stereoselectivity of additional stereogenic
centers in the acyclic substrate was also studied. The
introduction of a suitable chiral auxiliary on the carboxylic
group in 565 allowed the synthesis of -lactam derivatives
with good stereoselectivity.*®"!

A high diastereoselectivity was observed with derivatives
of enantiopure 2-chloropropionic acid. In this case, the
configuration of the newly formed quaternary stereocenter
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Table 4. Cyclization of Epoxybutyramides 58428
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product ratio” (rel %)

entry SM PG R rxn cond.” 585 586 587 other 585 yield
1 584a 4-MeOCeHa Ph A 100 76%
2 584b 4-MeOCeHa -Bu A 100 81%
3 584c Ph,CH Ph A 16 56 21 7
4 Ph,CH Ph B 57 21 20 2
5 584d Ph,CH -Bu A 55 35 8 2
6 Ph,CH t-Bu B 100
7 584e Ph,CH 2-MeOC¢H4 B 31 12 57
8 584f Ph,CH i-Pr B 85 15
9 584¢g Ph,CH c-Pr B 88 7 82%
10 584h Ph,CH H A 76 24
11 Ph,CH H B 2 98

“(A) K,COs;, 100 °C, DMF, 18 h; (B) LIHMDS, 0 °C, THF, 3 h. ® Determined by '"H NMR spectroscopy of the crude mixtures.

Scheme 158

-~ -1 —= 585
Me’uﬁfN‘PG Me/L\(N‘PG‘,
o (E)-589 ©
584
R R
o -0 585
), 9 o
N\ D N\ —_—
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587
© (2)-589 ©
Scheme 159
0 +B ? 8
X FBU pa X sbu
TN @equwy | T Y N [EY
N Ph —40°C 7 L >pn
X 30 min X
590 591
o)
« 2 tBu N’;B”
SN EY XA
TN
M | —
E Li” Ph N Ph
X
502 X 593
X  EY Yield (%)
H  MeO,CCl 91
H  BnO-GCl 81
H  BzCl 86
H  MeOTf 82
Cl MeO,C-Cl 83
¢ BzCl 39

was completely determined by the propionic acid configu-
ration without any influence of the amino acid moiety. For
example, diastereomeric (S,5)-569 and (R,S)-569 gave the
same 3,4-cis (-lactam (S,S)-570 with 64% yield and >98%
ee (Scheme 152). Similarly, base-promoted cyclization of
(R,R)-569 and (S,R)-569 afforded the enantiomeric 1,3,4,4-
tetrasubstitued 2-azetidinone (R,R)-570.7°> The solid-phase
synthesis of 1,4,4-trisubstituted 2-azetidinones by base-
assisted cyclization of supported N-chloroacetyl a-amino
acids has also been reported.”®

Azetidinone 574 was prepared by in situ generation of
amide 573 from the acid chloride of 571 and amine 572 in

Scheme 160

o Y
+ N 1) hv
RNH; Y
- 2) CHoN,
0,C ©
594

HO Nj/
+ o
RNHj3
“0,C
595
MeO,C
HO Et o
— MeO,C * +
N N
O — (0]
596 597

7>

the presence of KHPO, as base, followed by addition of an
excess of triethylamine to promote the intramolecular cy-
clization (Scheme 153).%°* Under these conditions, the overall
process occurred with inversion of configuration without any
detectable racemization. The two-base, one-pot protocol was
shown to be more convenient than performing both the
acylation and cyclization steps in the presence of the same
base such as triethylamine, diisopropylethylamine, or N-
methylpiperidine. The C4 geminal diester 574 underwent
highly frans-diastereoselective dealkoxycarbonylation by
treatment with LiCl in DMF/H,0 at 130 °C (93% yield and
98% ds). The unprecedented degree of selectivity was
ascribed to the presence of the trifluoroacetamide group,
which can act as an intramolecular proton source. The 3,4-
trans-azetidinone 575 was then converted into the tryptase
inhibitor BMS-262084 in optically pure form (ee > 99%).

Electrogenerated bases were used to induce cyclization of
bromoamides 576. Addition of racemic 576 to a solution of
cyanomethyl anion, generated by galvanostatic cathodic
reduction of a solution of EtyNPF¢ in acetonitrile, afforded
3,4-cis-azetidinones 577 in good yields and high diastereo-
selectivity. Complete conversion of the substrate required
two moles of electrons per mole of bromoamide (2 F/mol)
(Scheme 154).%6°

Chloroamidophosphonates 578 gave phosphono-{-lactams
579 in good yield by treatment with NaH to induce the ring
closure (Scheme 155). Unexpectedly, the ring-closure reac-
tion of N-chloroacetyl-1-aminoalkenyl phosphonates 580
exclusively leads to the azetidinones 582 without formation
of the six-membered lactams 583 (Scheme 156).2°

AD initio calculations showed that the remarkable selectiv-
ity associated with this intramolecular reaction was primarily
due to a restricted rotation around the C—N bond, which
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Table 5. Solid-State and Solution Irradiation of Salts 594 (Ionic Chiral Auxiliary Method)
entry RNH, rxn cond.? convs (%) 596 (%) ee (%) 597 (%) ref
1 L-prolinamide A 99 94 99 2 271a,b
2 B 99 91 >99 nr? 271a,b
3 C nr’ nr’ 7 nr? 271a
4 (R)-bornylamine A 100 92 96 7 271b
5 (S)-1-aminoindan A 100 94 89 5 271b
6 (S)-1-phenylethylamine A 52 nr? 18 nr? 271a
7 A 99 79 3 10 271a,b
8 (1R,2S5)-1-amino-2-indanol A 23 15 91 1 271b
9 A 98 75 45 10 271b

“ Photocyclization was conducted at rt followed by diazomethane work up: (A) irradiation under nitrogen of a 5 mg sample of the crystalline salt
sandwiched between Pyrex microscope slides; (B) irradiation of a degassed hexane suspension of 500 mg of the salt; (C) irradiation of a deoxygenated

CH;CN solution of the salt. ?nr = not reported.

Scheme 161

o}

oY o O HO
N — ;
T N
(e} fo} 7/
598 599

prevents the ambident allylic anion 581 from reaching the
confozrgler suitable for six-membered ring formation (Scheme
156).

Marchand-Brynaert et al.’*® revisited the approach to
valuable carbapenem precursors 588 previously used by
Hanessian®®® (Scheme 157 and Table 4, entries 1 and 2) and
based on cyclization of the epoxybutyramide 584 derived
from L-threonine and a Bayer—Villiger oxidation (B—V).
Replacement of the PMP N-protecting group with the
benzhydryl one caused the loss of regioselectivity in the
K,COs-promoted cyclization in hot dimethylformamide
(DMF) (Scheme 157 and Table 4, entries 3, 5, and 10). Either
the nature of the base, the countercation, the solvent, or the
R group affected the enolate C-/O-alkylation selectivity.
Formation of azetidinone was favored in the presence of a
hard cation (Li,CO; vs K,COs) in a less polar solvent (THF
vs DMF). Furthermore, C-alkylation was favored by the
presence of bulky substituent (steric effect) (R = #-Bu, c-Pr,
i-Pr vs H), while the presence of an aryl group increased
the ratio of O-alkylation (electronic effect) (R = Ph,
2—MCOC6H4).

The proposed rationalization of the effect of the N-
protecting group on the cyclization selectivity was based on
(E)-589 and (Z)-589 enolates ratio. The (E)-enolate could
only provide the four-membered heterocycle 585, while the
(Z)-enolate could undergo intramolecular C- and O-alkylation
to 585 and 586, 587, respectively (Scheme 158). With PG
= PMP, the 4-exo-tet process was observed in all cases,
because of the formation of the sole enolate (£)-589. With
the nonconjugated and bulkier benzhydryl group, (E)-589 is
probably less stable than (Z2)-589, because of steric interac-
tions between the PG and R groups. Thus, under reversible
conditions of enolate formation (K,COs;, DMF, A), the
reaction should proceed mostly via the (Z)-enolate, giving
three kinds of cyclized products. On the other hand, under
nonreversible conditions of enolate formation (LiHMDS,
THEF, 0 °C), the (E)-enolate should be formed more rapidly,
giving the expected azetidinone as the major (or unique)
product.

Azetidinones 585 were obtained exclusively as the trans-
stereoisomers through a clean SN2 mechanism with inversion
of configuration of epoxide C2 and control of the absolute
configuration of the new generated stereocenter. Eventually,

X

585g was converted into 588g by removal of the benzhydryl
group, B—V oxidation with mCPBA, and protection of the
hydroxy group with TBSCI in 69% overall yield.

Acylation and alkylation of lithiated N-benzylisonicoti-
namides 591 trigger a dearomatizing 4-exo-cyclization to
spiroazetidinones 593 (Scheme 159). Remarkably, the elec-
trophile attacks 591 at the pyridine nitrogen rather than the
organolithium center, presumably for steric reasons. When
Mel was used as an electrophile, mixtures of products
resulting from N- and C-alkylation were obtained.*””

Several approaches to stereoselective photocyclization of
o-oxoamides 594 to f-lactams 596 have been analyzed. In
particular, both the use of ionic and covalent chiral auxiliaries
leads 2tg)1 high levels of asymmetric induction in the crystalline
state.

Irradiation of crystalline salts of the achiral 4-[(diisopro-
pylamino)(oxo)acetyl]benzoic acid with an enantiopure
amine (solid-state ionic chiral auxiliary method) afforded,
after esterification with diazomethane, optically active 3-hy-
droxyazetidinone 596 along with small amounts of oxazo-
lidinone 597 (Scheme 160 and Table 5). L-Prolinamide
proved to be the best chiral auxiliary, giving essentially
enantiopure 596 in high yield (>90%) by irradiation of the
corresponding salt 594 (RNH, = L-prolinamide) either in
the pure solid state (5 mg scale) or in hexane suspension
(500 mg scale) (Table 5, entries 1 and 2). The crystalline
state of the irradiated sample was proved to be important.
Actually, negligible enantioselectivity was obtained by
photolysis of MeOH or CH3CN solution of the salt (Table
5, entry 3). In some cases, the enantiomeric excess of the
p-lactam 596 varied with the extent of conversion of the
starting material 594 (Table 5, entries 6—9). This was
probably due to the occurrence of conformational isomerism
in the crystals of the corresponding salt 594.%7!%>

Other approaches consist of irradiating covalent chiral
auxiliary-containing a-oxoamides 598 in pure crystalline
state (solid-state covalent chiral auxiliary method) or in
zeolites and cyclodextrins (Scheme 161).

Solid-state irradiation of 598 was highly diastereoselective
when a suitable chiral auxiliary was used, whereas photolysis
of the same substrate in solution was poorly stereoselective
(Scheme 161 and Table 6). Phenylethylamide derivative 598
(X = PhMeCH) gave the corresponding -lactam with >99%
de even at 100% conversion (Table 6, entry 1). Using other
chiral auxiliaries, the de of the product 598 decreased
progressively with conversion (Table 6, entries 5, 6, 9, and
10). X-ray structural studies of crystals of a-oxoamides 598
showed that the crystal lattice preorganizes the reactant
molecules toward a single diasteromer of the f-lactam and
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Table 6. Solid-State and Solution Irradiation of o-Oxoamides 598 (Covalent Chiral Auxiliary Method)

entry XH rxn cond.” convs (%) 599 de (%) ref
1 (R)-1-phenylethylamine A 98 >99 271b,d
2 C 2 (MeOH) 28 (CeHg) 271d,b
3 D (NaY) 62 271c,b
4 E(3-CD) 87 271b
5 (R)-3-methyl-2-bythylamine A 22 96 271d
6 A 100 79 271d
7 C 2 271d
8 D (NaY) 30 271c
9 (1R,2S)-ephedrine A 70 91 271d
10 A 100 87 271d
11 C 3 271d
12 (2R)-2-phenyl-1-propanol A 98 84 271b
13 B 94 95 271b
14 L-phenylalanine methyl ester A 80 76 271b
15 C 2 (MeOH) 5 (CeHg) 271b
16 D (NaY) 82 271b
17 E(3-CD) 12 271b

“ Photocyclizations of (A) neat polycrystals; (B) crystals suspended in H,O; (C) a CH3CN or C¢Hg solution of the oxoamide; (D) the oxoamide
within zeolite (MY, M = alkali metal ion); (E) the oxoamide within cyclodextrin (CD).
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forbids large motions of the 1,4-diradical intermediate, which
would lose the stereochemical memory.?”'¢

Scheme 165
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Photochemical rearrangement of covalent chiral auxiliary-
containing o-oxoamides 598 in the interior cavities of zeolites
(MY, M = alkali metal ion) and as crystalline 1:1 complexes
with cyclodextrins (CDs) was also studied. In some cases,
good levels of asymmetric induction were observed, but they
were generally lower than those obtained in the pure
crystalline state (Table 6, entries 3, 4, 8, and 16).

Photorearrangement of achiral oxoamides 594 in “chirally
modified” zeolites, i.e., zeolites preloaded with an enan-
tiopure external chiral inductor such as ephedrine, norephe-
drine, menthol, and 1-phenylethylamine afforded the corre-
sponding S-lactams with low enantioselectivity (up to 44%
ee).27lb

Highly regio- and enantioselective photocyclization of
N-ethyl-N-methyl-2-oxo-2-phenylacetamide 600 was achieved
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by irradiation of a 1:1 inclusion complex of 600 with
optically active hosts 601 in the solid state (Scheme 162).272
Five- and six-membered hosts 601 (n = 1, 2) induced
reversed regioselectivity, and S-lactams 602 and 603 were
obtained with opposite absolute configuration at the C3
stereocenter. X-ray structure analyses of the inclusion
complexes showed that the observed selectivities were due
to different conformations adopted by 600 in the crystals.

A study on photochemical behavior of N-trimethylsilyl-
methyl- and N-tributylstannylmethyl-substituted o-ketoam-
ides in solution was reported.”’® Photoreaction of a 1:1
inclusion crystal of amide 606 with 601 (» = 1) gave
optically pure azetidinone 607 in 61% yield (Scheme 163).%7*

Some enamides prepared from enantiopure 0.-amino esters
underwent diastereoselective Mn(IIl)-mediated 4-exo-trig
cyclization. For example, the Val derivative 608 afforded
the trans-azetidinones 609 in 4:1 diastereomeric ratio
(Scheme 164).27°

Regiochemistry in radical cyclizations of 2-halide-N-
vinylacetamide derivatives has also been studied.?’® Com-
plete regioselectivity was observed in the atom transfer
radical cyclization of bromoenamides 612 mediated by the
N,N,N-tris(pyridin-2-ylmethyl)amine (TPA)—CuBr complex
that afforded f3-lactams 613 in high yields with no formation
of y-lactams (Scheme 165).275%

The formation of the spiroazetidinone 617 was useful to
prove that radicals of o-substituted acetanilides undergo
Smiles rearrangement through the formation of four-
membered cyclic intermediates.?”” In particular, when xan-
thate 614 was treated with a peroxide in refluxing chlo-
robenzene, it afforded 617 as the main product along with
only traces of the Smiles product 619 (Scheme 166). In this
case, the elimination of the stabilized triphenylmethyl radical
from intermediate 616 justified the favored formation of
derivative 617.

4.6.3.1. Metal-Catalyzed C—H Insertion. Diazoacetoac-
etamides and related diazo compounds undergo Rh(II)
catalyzed decomposition to form f-lactams in high yield and
good stereocontrol. The reaction proceeds through the
formation of a metallocarbenoid. A stable dirhodium tetra-
carboxylate carbenoid was isolated and its structure analyzed.
This complex was revealed to be able to catalyze the
B-lactam formation from a diazoacetoacetamide.”’® This
approach was used for the synthesis of $-lactam fused cyclic
enediynes 623 (Scheme 167, eq 2).%’° The main features of
the reaction have been defined and often give mixture of
five- and four-membered lactams.?®* Most recent examples
are directed toward the application of the reaction to new
substrates.?®!

Quinoline f-lactams 625 were obtained by the Rh(II)
catalyzed decomposition of the corresponding o.-diazoamides
(Scheme 167, eq 3). The formation of the -lactam as the
sole product was justified on the basis of steric and
stereoelectronic effects as shown also by the less selective
behavior of ketone 624 (R = Me).>%?

Also a-diazo-a-(phenylsufonyl)acetamides can undergo
the rhodium(II) catalyzed C—H insertion to afford -lactams,
although this reaction was reported as a side reaction for
the formation of y-lactams. The reaction was revealed to be
sensitive to stereoelectronic effects (Scheme 168).%%* Similar
behavior was described for a-diazo-o-(dialkylphosphoryl)-
acetamides for the synthesis of phosphoryl substituted 3- and
y-lactams.?%*

Brandi et al.
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This reaction can also be performed in water or ionic
liquids.?®> The advantage of using water as the reaction
medium consists of the solubility and stability of the catalyst
that makes its recycle easier. For reactions in water, it was
revealed to be more efficient to use less polar Rh(II) catalyst
as well as less polar substituents on the amide groups
(Scheme 169).%%¢
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A few examples of the enantioselective version of this
reaction are reported using enantiopure Rh(II) catalysts.
Dirhodium(Il) tetrakis[ N-phthaloyl-(S)-phenylalaninate [Rhx(S-
PTPA)4] induced an interesting level of enantioselectivity
in the reaction of a-diazoamide 637 to afford S-lactam 638
(Scheme 170). 2%

More recently, the same authors developed another
analogous catalyst based on an atropisomeric biaryl back-
bone.?®® Also, Ru(I) complexes like [RuCIQ(p-cymene)]z289
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and several others*’® were revealed to be able to catalyze
the carbenoid C—H insertion of a-diazoacetamides, however,
with the same problem of selectivity between S- and
y-lactams already evidenced with Rh catalysts.

Ruthenium porphyrin 641 effectively catalyzed the trans-
formation of lithium tosylhydrazone salts 639 into the
corresponding f3-lactams. It is remarkable that the stereose-
lectivity of this reaction, i.e., exclusively cis-lactam was
obtained, is complementary to the one catalyzed by Rh
complexes, which are known to afford the trans-f-lactams
(Scheme 171).2!

4.6.4. N—C4 Cyclization

The most commonly used approach to -lactams by N—C4
bond formation is the cyclization of activated (-hydroxy
amides.?* Ring closure is performed in one step using the
Mitsunobu protocol and related reactions, or by a two-step
procedure where the alcohol is first converted into a good
leaving group such as a mesylate, which is then displaced
by the amidic nitrogen under basic conditions.

For example, hydroxamate 642 provided 1-(acetyloxy)aze-
tidin-2-one 643 in good yield by treatment with PPh; and
di-tert-butyl azodicarboxylate (DBAD) (Scheme 172).2%3

Optically active 1-(benzyloxy)azetidin-2-one 645 was
prepared on a multi-kg scale from 644. Cyclization occurred
with complete inversion of configuration. The elimination
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side reaction was reduced to less than 3% when the reaction
was carried out in toluene, whereas a large amount of styrene
derivative was obtained when THF was used as a solvent
(Scheme 173).2%4

The method was successfully extended also to the syn-
thesis of azetidinones on solid phase. In particular, polysty-
rene supported hydroxamates such as 646 underwent cy-
clization in THF with high conversions (Scheme 174). The
supported S-lactams could be easily separated from the
excess reagents and byproducts and then coupled on resin
with amino acids. Eventually, the product was removed from
the resin by reductive cleavage with Sml, to give the
N-unsubstituted azetidinone. Alternatively, acidic cleavage
of the trityl linker yields the corresponding 1-hydroxy-/-
lactam.*””

As well as N-hydroxyamides, acyl hydrazides are suitable
acidic nucleophiles to undergo intramolecular Mitsunobu
reaction. For example, 3-hydroxy derivatives 648 have been
cyclized to B-lactams 649 (Scheme 175).2%¢

Unactivated amides are less reactive and cyclization
efficiency can be strongly affected by substitution pattern
and reaction conditions, as shown by the examples in Scheme
176. In the presence of the (phenoxyacetyl)amino on Ca (650,
X = NHCOCH,OPh), the formation of oxazoline 651 was
favored under standard Mitsunobu conditions and by mesyla-
tion. The phthalimido group was a more suitable protecting
group for the a-nitrogen, and 650 (X = NHPhTh) was
converted into lactam 652 with excellent yield by treatment with
triethyl phosphate and diisopropylazodicarboxylate (DIAD) in
toluene at 90 °C (Scheme 176). Other reagents, solvents, and
reaction conditions tested in cyclization of 650 were shown to
be less convenient and selective.?*’

As an alternative, CCly and triethylamine can be used in place
of the azodicarboxylate reagent as first proposed by Miller. For
example, the serine derivative 653 was converted to 654 in 87%

Brandi et al.
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yield (Scheme 177). These reagents were found to be more
convenient especially for large-scale preparation because of the
easy and fast product separation.*”®

The two-step process, mesylation followed by base-
induced cyclization, applied to enantiopure 3-hydroxypro-
panamides 655 afforded f3-lactams 656 in excellent overall
yields (Scheme 178). With the same substrates, the Mit-
sunobu reaction was effective only in the case of 2,2-
disubstituted derivatives (655, R' = H and R* = H).>’

In the presence of KHMDS, compound 657 was converted
into 658, a synthetic precursor of the phytopathogenic
tabtoxinine-f-lactam 659 (Scheme 179).°%

The same approach was also applied to an atroposelective
synth3eoslis of N-ortho-t-butylphenyl S-lactam 661a (Scheme
180).

N-(Benzyloxy)-3-(phenylsulfanyl)propanamides 662 were
stereoselectively cyclized to azetidinones 663 by conversion
of the phenylsulfanyl moiety to sulfonium group followed
by intramolecular Sx2 reaction under basic conditions. In
all cases, the reaction afforded a sole diastereoisomer without
any epimerization of the contiguous stereocenters (Scheme
181).°%2 Cyclization of N-monosubstituted 3-bromopropana-
mides to -lactams in the presence of electrogenerated anions
has also been studied.**
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Table 7. Cobalt Carbonyl-Catalyzed Carbonylation of Aziridines
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R2 R3 COZ(CO)g cat R2 R3 R3 R2
CO 500 psi

N —_— +

L DME j;'\lj/ j;l\i

R 95-100 °C o R 0" R

671 296a 296b
aziridine [-lactams
entry R' R? R} 296a/296b yield (%) ref

1 Bn H Me 100 90¢ (50)* 307d
2 Bn H CH,OTBS 100 40 307b
3 cis Bn Me CH,OTBS trans 92:8 (95:5)¢ 99.8 (95)° 307a,d
4 trans Bn Me CH,OTBS cis 88:12 63 307a
5 cis Bn Me CH,OH trans 100 84 307b
6 trans Bn Me CH,OH 307b
7 cis Bn Me CH,OAc trans 86:14 82 307b
8 cis Bn Et CH,OTBS trans 83:17 98 307b
9 trans Bn Et CH,OTBS cis 73:27 60 307b
10 cis Bn Ph CH,OTBS trans 100 95 307b
11 trans Bn Ph CH,0OTBS cis 100 40 307b
12 cis Bn Ph CH,0OH trans 100 79 307b
13 trans Bn Ph CH,OH < ¢ ¢ 307b
14 cis Bn Ph CH,0Ac trans 100 86 307b
15 cis Bn Ph CH,NH, trans 100 68 307b
16 cis Bn Ph CO,Me 307b
17 cis Bn Ph COMe 307b
18 cis Bn Ph CHO 307b
19 cis Bn CH,OTBS CH,OTBS trans 100 90 307b
20 cis Bn —(CHy)4— trans 100 80¢ (<5)" 307d
21 trans Bn CF; CH,OTBS 307b
22 H Ph CH,OTBS 307b
23 cis CH,CO;Et Ph CH,0OTBS trans 100 63 307b
24 cis COMe Ph CH,OTBS 307b
25 cis n-Bu SiMe; n-Bu trans 100 74 307a
26 cis Ts SiMe; n-Bu 307a
27 Ts H Me 100 354 (99)” 307d

4 Catalyst = [(CsHs),Ti(THF),][Co(CO),]; CO (900 psi), 60—90 °C. ° Catalyst = [(salph)Al(THF),][Co(CO)4]; CO (900 psi), 60—90 °C; [salph
= N,N'-bis(3,5-di-tert-butylsalicylidene)phenylenediamine]. ¢ trans-4-(Benzylamino)-3-methyldihydrofuran-2(3H)-one was recovered in 64% yield.

Finally, oxoindole spirofused azetidinones 666 were
prepared by nucleophilic substitution at the amide nitrogen
with the indole C3 (Scheme 182),°** whereas spirolactam
669 was achieved by nitrenium ion spirocyclization and then
converted into the 4,4-disubstituted azetidinone 670 by
ozonolysis followed by aldehyde reduction (Scheme 183).3

4.7. From Heterocyclic Compounds
4.7.1. Aziridines

Recently, new developments in transition metal mediated
carbonylative ring expansion of aziridines 671 to 3-lactams
296 have been reported.** Carbonylation catalyzed by cobalt
carbonyl under CO pressure goes through nucleophilic ring
opening by the tetracarbonyl cobaltate anion [Co(CO),] ,
followed by CO insertion and ring closure to azetidinone
(Scheme 184).

The process is highly regioselective and stereospecific. In
particular, the CO insertion occurs preferentially on the less
hindered and/or more electrophilic ring carbon, and the ring
opening takes place with inversion of configuration. Ac-
cordingly, trans-f3-lactams trans-296 were obtained from cis-
azetidines cis-671 and cis-f-lactams were obtained from
trans-azetidines.

The effects of stereochemistry and ring substituents have
been analyzed (Table 7).*°” For example, carbonylation of
cis-aziridines was more regioselective and efficient than
carbonylation of the corresponding trans-isomers (Table 7,
entries 3—6 and 8—13).

Carbonylation of 2-alkyl-3-phenyl- and 2-butyl-3-(trim-
ethylsilyl)aziridine occurred exclusively at the benzylic and

Scheme 185
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the silicon-bearing carbon, respectively (Table 7, entries
10—12, 14, 15, 23, and 25). Usually, electron-withdrawing
substituents on ring carbon and nitrogen are detrimental for
p-lactam formation (Table 7, entries 16—18 and 26).
Analogously to Co,(CO)s, suitable [Lewis Acid][Co(CO)4]
complexes catalyze the regio- and stereoselective carbony-
lation of aziridines to f3-lactams (Table 7, entries 1, 3, 20,
and 27). In some cases, these discrete catalysts were shown
to be very efficient. For example, 2-methyl-1-[(4-methylphe-
nyl)sulfonyl]aziridine could be quantitatively converted into
the corresponding N-tosyl 4-methylazetidinone by carbony-
lation under higher pressure of CO (900 psi) at 90 °C in the
presence of a catalytic amount (5 mol %) of
[(salph)Al(THF),][Co(CO)4] (Table 7, entry 27).
Rhodium-complexed dendrimers, supported on resin, were
evaluated as catalysts for the carbonylation of aziridines. The
dendritic catalysts, which showed comparable activity to the
homogeneous analogue, could be recovered by simple
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filtration and recycled without significant loss of activity.**®

Theoretical studies on the mechanism and selectivity of
rhodium and cobalt carbonyl-catalyzed carbonylative ring
expansion of aziridines have been reported.*"”

4.7.2. Isoxazoles and Related Compounds

Examples of $-lactams formation by ring contraction of
isoxazole derivatives, such as 5-nitroisoxazolidines under
heating, irradiation, or basic conditions,*'° 5,5-difluoroisox-
azolidines with Raney nickel,*'! 5-phenylthioisoxazolidines
with BuLi,*'? 5-cyanobicycloisoxazolidines with LDA,*'?
and 5-(trimethylsilyl)isoxazolines with TBAF,*'* have been
known for a long time. Recently, new examples of direct
formation of -lactams from isoxazole derivatives have been
disclosed. 3-Arylisoxazoles 674 were converted into cage-
shaped bis-f-lactams 678 by treatment with non-nucleophilic
bases such as LDA, LHDMS, and LTMP. The process goes
through C5 deprotonation, followed, in sequence, by ring
opening to iminoketene 676, cyclization to azetidinone anion
677, and dimerization to 678 (Scheme 185).*!> The presence
of EDG on the aryl group and the use of bases with
noncoordinating cations were shown to lower the yield of
678 in favor of fragmentation products.

Analogously to 5-nitroisoxazolidines,*'® 2-nitrohexahy-
droisoxazolo[2,3-b][1,2]oxazines, obtained by tandem [4 +
21/[3 + 2]-cycloaddition of enol ethers and fS-nitrostirene,
undergo a base-induced ring contraction to azetidinones
through C5 deprotonation, N—O bond cleavage, and in-
tramolecular substitution with loss of a nitrite anion.*'® For
example, treatment of the nitroso acetal 679 with triethy-
lamine at 0 °C afforded the N-organyloxy f-lactam 682 in
74% yield. In the presence of the amine at room temperature,
682 slowly rearranged to a mixture of S-lactams 683 and
684 (Scheme 186). A mechanism was proposed for the
isomerization of N-organyloxy f(-lactams to 3-organyloxy
B-lactams.>'®

Brandi et al.

5-Spirocyclopropane isoxazolidines 685 (SPIXs) are very
versatile intermediates that can be selectively converted into
different heterocycles depending on the substitution pattern
and the reaction conditions.*'” The peculiar chemistry of
these compounds, easily prepared by 1,3-dipolar cycload-
dition of nitrones with methylene cyclopropane derivatives,
originates from the presence of the highly strained cyclo-
propane ring spirofused at the adjacent position of the
relatively weak N—O bond. Thermally induced ring expan-
sion of SPIXs to 4-tetrahydropipridones 686 (Brandi—Guarna
reaction) is well-known and was applied to the synthesis of
severglllgnatural alkaloids and related compounds (Scheme
187).

More recently, a new general process leading to S-lactam
formation has been discovered by heating SPIX in the
presence of protic acids.>'® The process is chemoselective
and occurs in the presence of 1 equiv, or a slight excess, of
a protic acid such as TFA and p-TsOH at 50—110 °C in
different kind of solvents (CH3CN, toluene, and EtOH)
(Scheme 187).

The proposed mechanism for the acidic thermal rearrange-
ment considers the homolysis of the isoxazolidinium N—O
bond followed by opening of the three-membered ring with
strain relief and formation of a strong C=0O double bond.
Eventually, the four-membered ring closure and ethylene
elimination leads to the observed product (Scheme 188).320

A nice aspect of this transformation is that the isoxazo-
lidine stereocenters are fully preserved during the ring
contraction. Accordingly, it is possible to take advantage of
the highly stereoselective cycloaddition step to set up the
azetidinone relative and absolute configuration.

Up to now, the scope of the reaction has been investigated
by the synthesis of a series of variously substituted mono-
and polycyclic azetidinone derivatives (Table 8). Examples
of cis- and frans-3,4-disubstituted -lactams were stereospe-
cifically produced from the corresponding SPIXs (Table 8,
entries 4—7), and enantiopure 3,4-cis-fused derivated were
formed starting from amino acids such as alanine, valine,
tryptophan, and proline, through an intramolecolar nitrone
cycloaddition followed by the acid-induced ring contraction
(Table 8, entries 16—19).

The reaction can be applied to bicyclopropylidene adducts
providing an easy access to highly strained 3-spirocyclo-
propane f3-lactams (Table 8, entries 8—13, 24, and 25). The
spirofused derivatives 692 were also prepared via a one-pot
three-component cascade reaction from N-substituted hy-
droxylamine salts, aldehydes, and bicyclopropylidene (691)
in the% Iesence of acetate under microwave heating (Scheme
189).

Some highly reactive 5-lactams were found to spontane-
ously undergo trifluoroacetolysis of the amide bond under
the reaction conditions. For example, S-homoprolines such
as 695 and the bicyclic S-amino acid 679 were directly
obtained by acidic treatment of isoxazolidines 693 and 696,
respectively, through the intermediate formation of carbap-
ename 694 and the highly strained tricyclic S-lactam 697
(Scheme 190).%%°

5. Concluding Remarks

The impressive summary of new research described in the
review regarding four-membered aza-heterocyclic com-
pounds attests the importance they assume in the chemistry
of organic compounds. The recent syntheses of these ring
systems have much profited from the most modern synthetic
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Table 8. Examples of f-Lactams Synthesized by Acidic Ring Contraction of SPIXs*

Entry SPIX B-lactam Yield (%) Ref Entry SPIX B-lactam Yield (%) Ref
R? R? H o H
A d Tk x
VL;<N\R1 d R N Mij:(\
mé H R H R
1 R'=Me, R*= 2-CIC¢H,4 56 325a
14 (rac dr=1:1-2), X=CHOA¢,R=H 63-92 320
2 R'=Bn, R?= CO,Et 91 325a
15 (dr>92:8), X = CHO~(S)-O-Ac-lactyl 66 322
3 R'= (R)-CHMePh, R*= CO,Et 61 325a
16  X=NTs,R=Me 60 319
17 X=NTs,R=-Pr 63 320
RS R? RS R?
VZ—{ j;( 18 X=NTs, R = CHy-3-indolyl 57 320
No_4 N,
Y 1
o R ¢ R 19 X, R=NCH;CH,CH; 47 320
1 2_ 3_
4 (rac), R'= Me, R*= Ph, R® = CO,Me 30 325a 20 (rac) X=O.R=H 60 320
5 (rac), R'= Bn, R?= Ph, R® = CH,OH 67 325a
H o H
Rg R2 3 R2 d NBn 1 NBn
/ ’\l H Me’ H
NG N Me
o R l¢] R’
. ) s 21 (rac) 87 320
6 (rac), R'= Me, R?= Ph, R® = CO,Me 29 325a
7 (rac), R'=Bn, R?= Ph, R® = CH,OH 78 325a
R2 R?
i_’<N‘ 1 ﬁ;N( 22 (rac),R=Ns 72 320
0 R o R!
23 (rac), R=Ts 60 320
8 R'=Me, R*=Ph 9% 321
9 R'=Me, R*=2-Py 9% 321
o)
10 R'=Bn,R’=Ph 75 321 o N
N R
1 2 I H H
11 R'=Bn,R*=CO;Me 78 321 R
12 R'=Bn,R°=CN 75 321 24 (rac),R=Me 66  325b,323
13  R'=PMB,R’=CN 94 321 25 (rac),R=Bn 50 325b

“Solvent = toluene, CH;CN; temperature = 50—110 °C; acid = TFA, pTsOH, 1—2 equiv; 2 min—12 h.

Scheme 188
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689 296

methods derived from other fields of organic synthesis. In
this sense, the biggest impact has been offered by the
explosion, in recent years, of transition metal catalysis.
Nevertheless, the challenge enforced by the four-membered

Scheme 189
H R?
1 hx o) NaOAc, EtOH
+N. + J\ + [>:<] —_— ﬁ;(
R"OH R2” “H 601 80-100 °C, MW N\R1
R" = Bn, CHPhj,, PMB, £-Bu 15 min-2h 692
HX = HCI, (COzH), 49-78%

R? = H, CO,Me, CO,Et

ring formation has encouraged the researchers to modify or
render more efficient the synthetic methodologies, with a
consecutive feedback to other synthetic tasks. The main
challenge for the future remains still the design of general
methods for the obtainment of enantiopure compounds, and,
in particular, the extension of the most efficient recent
methods described to asymmetric synthesis, with special
attention to transition metal catalyzed reactions.
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Scheme 190
FBUQ  OMBuqpy  tBuQ  orBu  #BuO,  OtBu
H toluene v \
N 110 °C N
} 2 min HO,C— /&
68% s FaC” S0
693 694 695
TFA o] HO,C
d MeCN_ — Me. @)
N reflux N N b
Mé H 15 romn Me H F3CAO
(rac)-696 % (rac)-697 (rac)-698
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