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Advances in the Use of Enantiopure 3-Lactams
for the Synthesis of Biologically Active
Compounds of Medicinal Interests

Iwao Ojima, Edison S. Zuniga, and Joshua D. Seitz

Abstract B-Lactams play a significant role in organic synthesis in addition to its
importance as the core structure of B-lactam antibiotics. The “B-lactam synthon
method” introduced in late 1970s has greatly advanced the use of B-lactams as
key intermediates for the synthesis of biologically active compounds such as
nonprotein amino acids, peptides, peptidomimetics, and complex natural products
and congeners. This chapter describes the advances in the synthesis of B-lactams
with excellent enantiopurity, useful patterns of B-lactam ring cleavage, ring-
opening coupling, and applications of the B-lactam synthon method to the syn-
thesis of biologically active compounds of medicinal interests. In addition, novel
B-lactams, exhibiting potent activities, not as antibacterials but as anticancer and
cholesterol-controlling agents, are described.
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1 Introduction

The B-lactam skeleton has attracted significant interest among synthetic and medic-
inal chemists over the years mainly because it is the core structure of natural and
synthetic B-lactam antibiotics [1]. However, B-lactams have been playing an
important role in organic synthesis as well. The use of B-lactams as synthons for
compounds with biological and medicinal interests has been greatly advanced since
the introduction of the “B-lactam synthon method” in late 1970s [2—12]. Through
the B-lactam synthon method, various B-lactams have been used as precursors to
nonprotein amino acids and amino alcohols, which are essential building blocks for
the synthesis of peptides and peptidomimetics. Furthermore, the 3-lactam synthon
method has been applied to the synthesis of a variety of medicinally important
compounds such as indolizidine and isoquinoline alkaloids, taxoids, and other
complex natural products.

The synthesis of these biologically important and stereochemically defined
compounds can be facilitated by chemical transformations of enantiopure B-lactams
(Fig. 1). B-Lactams with high enantiopurity can be obtained through asymmetric ester
enolate—imine cyclocondensation, diastereoselective Staudinger ketene—imine cyclo-
addition reaction, followed by enzymatic resolution of enantiomers or asymmetric
Staudinger [2+2] ketene—imine reaction. The chirality of these chiral f-lactams can
be transferred directly to an array of synthetic intermediates, which are useful for the
synthesis of enantiopure compounds of biological and medicinal significance.

Once B-lactams with high enantiopurity are obtained, any of the C—C and N-C
bonds of the four-membered ring can be cleaved to yield useful chiral synthetic
intermediates. The ring strain of the P-lactam ring promotes bond cleavage.
The most widely exploited bond cleavage is that of the N1-C2 amide bond. This
bond is susceptible to nucleophilic agents. For example, the nucleophilic cleavage
of the N1-C2 amide bond of N-acyl-3-hydroxy-pB-lactam derivatives by alcohols,
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Fig. 2 Examples of biologically active compounds of medicinal interests, containing o-hydroxy-
-amino acid components

amino acids, and thiazoles provides the corresponding N-acyl-a-hydroxy-fB-amino
acid esters, amides, and dipeptides, including the highly efficient introduction of
(3R,45)-N-benzoylphenylisoserine moiety to a baccatin IIl derivative, forming
paclitaxel, one of the most important anticancer drugs, after simple deprotection
(Fig. 2).

The B-lactam synthon method has been successfully applied to (1) the synthesis
of biologically active oligopeptides, (2) the synthesis and stereoselective labeling of
dipeptides, (3) the asymmetric synthesis of peptidomimetics, (4) the synthesis of
antimicrobial agents and complex natural products, and (5) the highly efficient
synthesis of paclitaxel and new taxoids that are highly potent anticancer agents
(Fig. 2). This chapter describes the advances in the asymmetric synthesis of f-lactams
and highlights the applications of the B-lactam synthon method to the synthesis of
biologically active compounds of medicinal interests. In addition, novel B-lactams,
exhibiting potent activities, not as antibacterials but as anticancer and cholesterol-
controlling agents, are described.
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2 Asymmetric Synthesis of 3-Lactams

Selected methods for the asymmetric synthesis of B-lactams are discussed in this
section. PB-Lactams with high enantiomeric excess can be obtained by means
of two major methods, i.e., (1) Staudinger [2+2] ketene—imine cycloaddition and
(2) ester enolate—imine cyclocondensation.

2.1 Staudinger [2+2] Ketene—Imine Cycloaddition Reaction

The first synthesis of B-lactams was reported by Staudinger in 1907, in which a
Schiff base derived from aniline and benzaldehyde underwent thermal cycloaddi-
tion with diphenylketene to form 1,3,3,4-tetraphenylazetidin-2-one [13]. Since its
introduction, the Staudinger ketene—imine cycloaddition has been regarded as the
most direct and widely used method for the synthesis of B-lactams. Although the
Staudinger reaction has been documented for over a century, uncertainties still
remain, even now, regarding the details of its [2+2] cycloaddition mechanism.
Exhaustive discussions on the factors influencing the mechanism of the Staudinger
reaction are beyond the scope of this chapter. However, two recent reviews on
this subject summarize the current standing [14, 15]. The most widely accepted
mechanism of the Staudinger ketene—imine cycloaddition involves a two-step
process through a nucleophilic attack of the imine nitrogen to the electrophilic
central carbon of a ketene (generated in situ from an acid chloride and a base),
forming a zwitterionic intermediate, which undergoes conrotatory ring closure to
give the four-membered cycloadduct, as shown in Scheme 1 (pathway I). When a
monosubstituted ketene and an aldimine are used, the reaction produces two
stereocenters in the B-lactam ring, hence cis- and/or trans-f-lactam products can
be obtained exclusively or as a mixture in a variable ratio, depending on the
substrate structures and reaction conditions [14, 15]. If there is no Z to E isomeri-
zation in the zwitterionic intermediate, the reaction gives cis-B-lactam as the
exclusive product. Although Scheme 1 only shows E-imine, the stereochemistry
of the imine surely influences the stereochemistry of the resulting B-lactam, i.e.,
E-imines preferentially lead to the formation of cis-B-lactams, while Z-imines pre-
dominately give trans-f-lactams [16—19]. The studies conducted to establish the
origin of cis/trans stereoselection revealed that the relative transition state energy
in the rate-determining step is dictated by electronic torquoselectivity [19-21].

Two other pathways have also been proposed for the reaction mixing an acid
chloride, a base and an imine all at once (pathways II and III). This reaction
involves acylation of the imine nitrogen first, followed by deprotonation at the
a-carbon by a base to generate the zwitterionic intermediate same as that in the
pathway I (pathway II) or another process wherein the chloride counter ion, generated
in the first step, adds to the iminium bond to form the corresponding N-o-
chloroalkylamide anion, which undergoes cyclization through an intramolecular
SN2 reaction (pathway III), which can accommodate the formation of trans-f3-
lactam as the major product under certain conditions [14, 15].
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Scheme 1 Proposed mechanistic pathways for f-lactam formation via Staudinger ketene-imine
cycloaddition

It has been reported that reaction variables such as reaction temperature, solvent,
base, additives, and the order of addition of reactants influence the stereochemistry of
the products. Nonpolar solvents are favorable for the formation of cis-f-lactams,
whereas polar solvents are better for the formation of frans-p-lactams [22]. Presum-
ably this effect is due to the stabilization of the zwitterionic intermediate in polar
solvents, allowing isomerization of the double bond prior to ring closure. The stereose-
lectivity is also dependent on the order of addition of reactants, i.e., an acid chloride
and an imine, which can be explained by the three pathways shown in Scheme 1.

2.1.1 Through [2+2] Cycloaddition of Achiral Ketenes to Chiral Imines

Asymmetric synthesis of B-lactams can be realized through the [2+2] cycloaddition
of an achiral ketene to a chiral imine. Chiral imines can be derived from chiral
aldehydes and achiral amines or from chiral amines and achiral aldehydes. Modest
to good diastereoselectivities, in most cases, are observed for the reactions using
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Scheme 4 Diastereoselective chiral phenylethenylimine - ketene cycloaddition

imines derived from simple chiral amines such as (R)-1-phenylethylamine or (R)-1-
naphthylethylamine [8, 23, 24]. For example, 3-phalimido-f-lactams 2 and 3, were
obtained in 74% yield and good diastereomer ratio (dr = 9:1), using imines 1
derived from (R)-1-phenylethylamine (Scheme 2) [23]. Imines 4 derived from
(R)-1-naphthylethylamine reacted with phenoxyketene to give 3-phenoxy-
B-lactams 5 and 6 in 71% yield with modest diasteroselectivity (dr = 83:17)
(Scheme 3) [24]. It is worthy of note that the two diastereomers were easily
separated by silica gel chromatography providing a facile route to the enantiopure
B-lactams. The reaction of imine 7a (R = TMS) with phthalylketene gave
B-lactams, 8 and 9, in a low diastereomer ratio (dr = 2:1), while the reaction
with imine 7b bearing a bulkier O-protecting group (R = TBS) gave B-lactam
8 with much higher diastereoselectivity (dr = 8:1) (Scheme 4) [25]. The reaction of
the imine 10a (R = TPS) derived from p-threonine with azidoacetyl chloride in the
presence of a base gave B-lactams 11 and 12 with excellent diastereoselectivity
(dr = 19:1) (Scheme 5) [26]. The [2+2] cycloaddition of azidoketene and
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Scheme 6 Highly stereoselective bis-B-lactam formation via azidoketene - chiral imino-f-lactam
cycloaddition

benzylideneamines with chiral B-lactam backbones 13 and 15 proceeded in excel-
lent diastereoselectivity (dr = >99:1), resulting in the formation of enantiopure
bis-B-lactams 14 and 16, respectively, in modest to good yields (Scheme 6) [27].
Better stereoselectivities, in general, have been achieved when imines derived
from chiral aldehydes are used, e.g., imines derived from o-oxyaldehydes [28],
sugar-derived aldehydes [28-30], a,B-epoxyimines [31], and a-amino aldehydes
[32]. In most of these cases, cis-B-lactams are produced exclusively or with dr
greater than 9:1 [28-30]. For example, the reactions of chiral a,B-epoxyimines 17
with a variety of ketenes afforded the corresponding 3-amino-B-lactam derivatives
18 and 19 in 9:1-93:7 diastereomer ratio (Scheme 7) [31]. In many other cases, the
formation of a single diastereomer of a B-lactam was observed, as represented by
the reactions of two sugar-derived chiral imines 20 and 22 with benzyloxyketene,
which gave B-lactams 21 and 23 in 63% and 87% yields, respectively (Schemes 8
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and 9) [28]. In addition, the reactions of chiral oxazolidinylimines 24 with various

hydroxyketene derivatives gave the corresponding B-lactams 25 as single dia-
stereomers in modest to an excellent 98% yields (Scheme 10).
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Scheme 11 Highly stereoselective ketene - chiral imine cycloaddition using glyceraldehyde
ketal, derived from D-mannitol as chiral source

The reaction of chiral imines 29, derived from p-glyceraldehyde ketal 28, with
various ketenes in situ generated from acid chloride and an amine base provides an
easy access to a large-scale synthesis of the corresponding -lactams 30 (Scheme 11)
[33]. p-Glyceraldehyde ketal 28 can be readily prepared from p-mannitol (26), a
cheap, enantiopure, and commercially available starting material (Scheme 11) [33].
The terminal glycol moieties of 26 were protected as acetals to form 27. The C-C
bond of the remaining glycol of 27 was then oxidatively cleaved by sodium
periodate to give 28. The [2+2] cycloaddition of the corresponding imines 29 with
acyl chloride gave optically active B-lactams 30 as single diastereomers in 44—70%
yields [33, 34].

2.1.2 Through [2+2] Cycloaddition of Chiral Ketenes to Achiral Imines

Another approach to the asymmetric ketene—imine [2+2] cycloaddition is to use
chiral ketenes. This strategy has been very successful for the asymmetric synthesis
of 3-amino-f-lactams. Oxazolidinones derived from (S)- and (R)-phenylglycine
are excellent chiral auxiliaries for the asymmetric ketene—imine [2+2] cycloaddi-
tion [35]. For example, (S)-4-phenyloxazolidinon-3-ylacetyl chloride (31) with
N-benzylaldimines 32 gave B-lactam 33 with 95:5-97:3 dr in 80-90% yield
(Scheme 12) [35]. This methodology has been successfully applied to solid phase
synthesis [36, 37]. A chiral ketene generated from 31 was reacted with imines
immobilized on a solid phase bead 35 for the combinatorial synthesis of a library of
B-lactams after cleavage from the resin-bound B-lactams 36 (Scheme 13) [36, 38].
In another example of ketene-induced chirality, the reaction of phenantridine 38
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Scheme 13 Stereoselective cycloaddition of chiral ketene and imine anchored on a polymer resin
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Scheme 14 Asymmetric synthesis of trans-f-lactam via chiral ketene - cis-imine cycloaddition

with 37 in the presence of triethylamine gave enantiopure polycyclic B-lactam 39 in
53% yield (Scheme 14) [39].

Even when complete diastereoselectivity is not achieved, the resulting dia-
stereomers can be separated by conventional methods, and the chiral auxiliary is
cleaved to produce two enantiopure B-lactams. For example, the reaction of ketene
40, bearing an a-glycoside moiety, with imine 41 gave two trans diastereomers in a
45:55 ratio (Scheme 15) [40]. After the separation of the two diastereomers by
column chromatography and the subsequent acid-catalyzed hydrolysis, the two
enantiomers were obtained in the enantiopure form [40]. The reaction of ketene
45 with imine 46 derived from a glycinate afforded B-lactam 47, which was
obtained enantiopure after recrystallization [41]. B-Lactam 47 served as the key
intermediate for the optimization of B-lactam-based vasopressin Vla receptor
agonists (Scheme 16) [41]. The use of chiral ketenes in [2+2] cycloadditions has
also been extended to the synthesis of spiro-f-lactams [42-44].
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Scheme 16 Asymmetric synthesis of the key intermediate for -lactam-based vasopressin Vla
receptor agonists

2.1.3 Enantiopure f3-Lactams Through Enzymatic Kinetic Resolution

Enzymatic kinetic optical resolution of racemic [-lactams obtained by the
Staudinger ketene—imine cycloaddition provides another route to enantiopure
B-lactams. This protocol is especially useful for the synthesis of enantiopure
3-hydroxy-fB-lactams [11, 45-50]. Although at least a half of the racemic B-lactam
cannot be converted to the desired enantiomer in this process, the starting materials
are inexpensive. Thus, the enzymatic resolution process is economically attractive
albeit the “atom economy” is not good. Also, the other enantiomer can be used as a
versatile synthetic building block and may not be wasted.

Among various hydrolytic enzymes examined, amano lipases and pig liver
acetone powder (PLAP) have been found to provide the best results in the kinetic
optical resolution of racemic cis-3-acetoxy-4-phenyl-B-lactams, yielding the
corresponding (3R.4S)- and (35,4R)-B-lactams with high enantiopurities [45, 48].
The “PS-Amano” lipase has been successfully applied to the kinetic resolution
of racemic cis-3-acetoxy-4-(2-methylbut-2-enyl)azetidin-2-one [11, 49, 50].
The “PS-Amano” lipase preferentially hydrolyzes the acetate moiety at the C-3
position of this B-lactam. Therefore, (3R,45)-B-lactam is obtained with extremely
high enantiopurity (>99% ee) when the reaction is stopped over 50% conversion.
The actual examples are described together with their synthetic applications later in
this chapter.
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Fig. 3 Organocatalysts for the asymmetric ketene-imine cycloaddition and a proposed key
intermediate

2.1.4 Catalytic Asymmetric Synthesis of 3-Lactams Through [2+2]
Cycloaddition of Zwitterionic Enolates and Imines

A catalytic process for the asymmetric [2+2] ketene—imine cycloaddition to form
enantio-enriched B-lactams has been developed [51]. Cobalticenium tetracarbonyl
cobaltate (49) contains both a nucleophilic anion and Cp,Co cation that could
act in concert with each other. When applied to the [2+2] cycloaddition of
diphenylketene, generated from 48 and NaH, to N-tosylimino ester 51, cobalt-
complex 49 exhibited a good catalyst activity, giving B-lactam 52 in up to 85%
yield after only 5 min at room temperature (Scheme 17) [52].

It was found that the nucleophilic catalyst does not need to be a metal anion
or charged. Thus, an organocatalyst was found to effect this process [53]. More-
over, it was hypothesized that an organocatalyst, containing a nucleophilic
center associated with an electrophilic center could rigidify the key intermediate
57 (Fig. 3) and potentially generates B-lactams with higher diastereoselectivity.
When tertiary amines 53 and 54 were used as catalysts for reaction of diphenyl-
ketene with imine 56, 53 gave B-lactam in a 34:66 cis:trans ratio, and tertiary amine
54, capable of hydrogen bonding, outperformed 53 to afford B-lactam in a 3:97
cis:trans ratio.
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Fig. 5 Enantioselective f-lactam formation through organocatalysis of a cinchona alkaloid

First, a novel catalytic process was studied using achiral nucleophilic catalysts.
In general, the imine acts as the electrophile and the ketene component acts as the
nucleophile in this catalytic process (Figs. 4 and 5). The imine is made highly
electrophilic by incorporating an electron-withdrawing group to the imine nitrogen
and a carbalkoxy substituent to the imine carbon. The transformation of the
electrophilic ketene component to a nucleophilic reactant was devised with the
use of a nucleophilic catalyst (Nu:) that reversibly binds to the ketene to form a
zwitterionic enolate 58. Nucleophilic attack of 58 on the o-carbon of the imine
leads to the asymmetric C—C bond formation, followed by cyclization to give
B-lactam 59 and regenerates the nucleophilic catalyst (Fig. 4).

Based on these results, optically active cinchona alkaloid derivatives were
screened as potential organocatalysts for enantioselective reactions with high
diastereoselectivity. Then, it was found that benzoylquinine (BQ) (85) catalyzed
the reaction of 60 with 61 to give B-lactam 63 with 99% ee, but in low yield
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Scheme 19 Enantioselective B-lactam formation through organocatalysis in the presence of
Lewis acids

(Scheme 18) [53]. It was also found that BQ promoted the reaction of imine 61 with
monosubstituted ketenes, generated in situ from acid chlorides in the presence of a
proton sponge 62 at a low temperature, to give B-lactams 63 with very high % ee
and dr, but in low to modest yields (Scheme 18) [54]. The low yield in this process
can be attributed to the formation of ammonium salts as interfering byproducts,
which arise from the use of amine bases as dehydrohalogenating agents. These
byproducts leave residual bases that catalyze the formation of a racemic mixture of
B-lactam 63 [53].

In order to improve the chemical yield, metal salts were explored as effective
cocatalysts to further activate imines [55]. Then, it was found that the use of triflates
of Sc(IIl), AI(IIT), Zn(IT), and In(IIT) (10 mol %) with BQ gave B-lactams 63 in high
yields with excellent enantioselectivity and high diastereoselectivity (Scheme 19).
Among the metal salts examined for the reaction of 60a (R = Ph) with 61, In(OTf);
gave the best results (95% yield), followed by Zn(OTf), (85% yield), while Al(OTf);
(78% yield) and Sc(OTf); (80% yield) were less effective [55]. Having established that
In(OTf); was the best overall Lewis acid cocatalyst, it was applied to various substrates
to determine the effect on reaction enantio- and diastereoselectivity (Table 1).

Recently, N-heterocyclic carbenes (NHCs) have been reported to catalyze the
enantioselective formation of B-lactams [56, 57]. For example, NHC 64a derived
from (S)-pyroglutamic acid catalyzed the [2+2] ketene—imine cycloaddition of
various arylketenes 65 with arylimines 66 to give the corresponding B-lactams 67
in moderate to good yields and with excellent enantioselectivities [56] (Scheme 20).
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Table 1 Asymmetric Entry R Yield (%) % ee dr (cis:trans)
synthesis of -lactams

through [2+2] cycloaddition 1 CeHs 95 98 60:1
promoted by the BQ-In(OTf); 2 CH,CeHs 94 98 9:1
catalyst system 3 CH,0OCe¢Hs 93 96 12:1
4 OCH;s 93 97 22:1
5 OC(0O)CH; 92 98 34:1
6 OCH,C¢Hs 98 96 11:1
Ph ‘_l\/,\>§N BF,
fo) Boc PhJ\“ N NO ArlAr2
N otes _@®Ph R H
o 64
A" R Ar >~ N\TS
65 66 yield: 53 - 78% 67

up to 99% ee
Ar! = Ph, 4-MeO-Ph, 4-Cl-Ph
Ar2 = Ph, 2-CIPh, 3-CIPh, 4-CIPh, 2,4-CIPh,
2-BrPh, 4-BrPh, 4-NO,Ph, 2-furyl

Scheme 20 Asymmetric synthesis of B-lactam catalyzed by N-heterocyclic carbene
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-N N
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65 68 CH,Cl,/toluene 69
52-93% 33-91% ee

Ar = Ph, Bn, 4-MeO-Ph, 4-Br-Ph, 4-CI-Ph, 3-CI-Ph, 2-CI-Ph
R' = Me, Et, n-Pr, n-Bu
R2 = Me, Et, i-Pr, t-Bu

Scheme 21 Asymmetric synthesis of aza-B-lactam catalyzed by N-heterocyclic carbene

Another NHC 64b was used as a catalyst for the reaction of arylketene 65 with
azodicarboxylate 68 to afford aza-B-lactams 69 with 33-91% ee [57] (Scheme 21).
Moderate to excellent enantioselectivity was also achieved using a C-2 symmetric
imidazolinium catalyst 70a or triazolium catalyst 70b in the reaction of diphenyl-
ketenes 71 with various arylimines 72, yielding the corresponding B-lactams 73
with 55 ~> 99% ee (Scheme 22) [58].

2.2 Asymmetric Synthesis of B-Lactams Through Chiral Ester
Enolate-Imine Cyclocondensation

The chiral ester enolate—imine cyclocondensation is an efficient and versatile
method for the asymmetric synthesis of B-lactams and has been widely applied
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Scheme 23 Asymmetric synthesis of 3-amino-f-lactam via chiral ester enolate - imine
cyclocondensation

for the synthesis of 3-amino- and 3-hydroxy-B-lactams with excellent enantio-
purities [6, 8, 59-61].

The reaction of N-PMP-arylaldimines 76 (PMP = p-methoxyphenyl) with chi-
ral ester enolates 75 generated from N,N-bis(silyl)glycinates 74 bearing enantiopure
ester moieties gives mostly frans-3-amino-f-lactams 77 with excellent enantio-
purity in fairly good yields (Scheme 23) [59]. For example, the reaction of
(—)-menthyl glycinate 75a with benzaldimine 76a in the presence of LDA in
THF at —78°C for 4 h gave (3R,4R)-B-lactam 77a with >99% ee in 65% yield.
However, when (+)-neomenthyl glycinate was used under the same conditions, a
26:74 trans:cis mixture of 77a with 54% ee and 21% ee, respectively, were formed
[59]. The use of (—)-bornyl ester resulted in the formation of 37:63 trans:cis
mixture of 77a with very low enantiopurity [59]. Thus, (—)-menthyl and (—)-2-
phenylcyclohexyl glycinates were found to be the chiral auxiliaries of choice in this
reaction. When N-TMS-cinnamaldimine 76f was used, the reaction gave cis-
B-lactam 77f exclusively in modest yield with low to good enantioselectivity.
Representative results are summarized in Table 2 [59].

The most plausible mechanism of this process based on those results is illustrated
in Scheme 24 [59]. The addition of (E)- or (Z)-enolates 75 to imine 76 is likely
to proceed through chair transition states and (Z)-enolate Z-75 yields trans-78, while
(E)-enolate E-75 affords cis-78. Because of the bulkiness of the N,N-bissilylamino
moiety, the TS-cis transition state for arylaldimines 76 (R' = aryl) appears
unfavorable due to the steric conflict between the bissilylamine and R' as well as
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Table 2 Asymmetric synthesis of 3-amino-B-lactams through chiral ester enolate—imine

cyclocondensation
% trans-171 % cis-717
Entry R¥* R' R?  Yield (%) (% ee) (% ee)
1 (—)-Menthyl Ph PMP 68 100 (>99)
2 (—)-2-Ph-cyclohexyl  Ph PMP 58 100 (>99)
3 (—)-Menthyl 4-F-C¢Hy PMP 55 100 (>99)
4 (—)-Menthyl 4-CF;-C4H, PMP 59 100 (>99)
5 (—)-Menthyl 4-MeO-C¢Hy PMP 70 89 (>99) 11 (38)
6 (—)-Menthyl 3,4-(Me0),C¢Hy PMP 70 91 (>99) 9 (38)
7 (—)-2-Ph-cyclohexyl (E)-PhCH=CH, TMS 46 100 (78)
‘ > /
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Scheme 24 Proposed mechanisms for the formation of frans- and cis-p-lactams via chiral ester
enolate - imine cyclocondensation

R* moieties. Thus, if £-75 and Z-75 are in equilibrium under the reaction conditions,
the reaction should proceed through the TS-#rans transition state to give trans-77 via
lithium amide trans-78. However, in the reaction with cinnamaldimine 76f, the steric
hindrance between the bissilylamine and styryl moieties in the TS-cis transition state
is substantially decreased. Thus, cis-77 is the exclusive product in this reaction.

The chiral ester enolate—imine cyclocondensation has also proven to be a highly
efficient method for the asymmetric synthesis of 3-hydroxy-B-lactams with excellent
enantiopurity [7, 62]. In contrast to the rigid bissilylamino moiety in glycinates 75, the
O-protected hydroxyl group is very flexible in hydroxyacetates 79. Accordingly, both
the chiral auxiliary moieties and O-protecting groups were screened to find the optimal
chiral ester enolate 80 for this process. Thus, benzyl, #-butyldimethylsilyl (TBS)
and triisopropylsilyl (TIPS) groups as well as (—)-menthyl, (+)-N-methylephedrinyl,
(—)- and (+)-trans-2-phenylcyclohexyl groups were examined, and the combination of
TIPS and (—)- or (+)-2-phenylcyclohexyl groups was found to give the best results.
It should be noted that cis-B-lactams were formed exclusively in this process.

Chiral enolate 80 was generated from (—)-2-phenylcyclohexyl TIPSO-acetate
79 with LDA in THF at —78°C for 2 h. N-TMS-arylaldimines 76 (R? = TMS) was
added to the enolate solution and reacted at —78°C and then gradually warmed to
room temperature to give (3R ,45)-3-TIPSO-4-aryl-B-lactams 81 with 96-98% ee in
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Table 3 Asymmetric synthesis of 3-TIPSO-B-lactams through chiral ester enolate—imine
cyclocondensation

Entry R' R? R? B-Lactam Yield (%) % ee
1 Ph T™S H 8la 85 96
2 4-MeO-CcHy T™MS H 81b 80 96
3 3,4-(MeO),CgH3 T™MS H 8lc 80 98
4 Ph PMP PMP 8la 89 98
5 4-F-CgHy PMP PMP 81d 81 98
6 4-CF;5-C¢Hy PMP PMP 8le 84 99
7 2-Furyl PMP PMP 81f 78 92
8 (E)-PhCH=CH, PMP PMP 8lg 85 96
9 2-Furyl-CH=CH, PMP PMP 81h 72 94
10 C-C(,Hl 1CH2 PMP PMP 81i 85 90
11 Me,CHCH, PMP PMP 81j 85 92
12 Me,C=CH PMP PMP 81k 60 94
(i-Pr)Si
HoO R' N
(THF), /I\ g R (i Pasio, R’
T T RO N- -R?
E-80 82

Scheme 26 Proposed mechanism for chiral ester enolate - imine cyclocondensation using
2-phenylcyclohexanol as chiral auxiliary

80-85% yields (Scheme 25) [6, 60]. It is worthy of note that (3R,45)-3-TIPSO-
4-phenyl-B-lactam 81a serves as a key intermediate for the highly efficient semi-
synthesis of paclitaxel (vide infra) [6].

Since N-TMS-imines are limited to arylaldimines due to instability of N-TMS-
alkylaldimines, N-PMP-imines 76 (R* = PMP) were employed to expand the scope
of this process, and excellent results were obtained (Scheme 25). Representative
results, using (—)-2-phenylcyclohexanol as the chiral auxiliary, are summarized in
Table 3 together with those for N-TMS-imines 76 (R2 = TMS) [6, 60, 63].

The plausible mechanism of this process includes the kinetically favorable
E-enolate E-80 formation, the chair transition state TS, lithium amide 82 formation,
and cyclization as illustrated in Scheme 26 [6]. In the transition state TS, the bulky
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Fig. 6 Four possible ring-opening modes of N-acyl-B-lactam

TIPSO group occupies an equatorial position, but the chiral auxiliary moiety as well
as R' and R? of imine 76 take axial positions, which enables highly efficient
enantioface selection of imine 76. It should be noted that Z-enolate Z-80 could
also lead to the same stereochemical outcome via boat-like transition state. How-
ever, molecular mechanics calculations indicate that E-80.3THF is more favorable
than Z-80.3THF by 2.5 kcal/mol [6], in addition to the fact that £-80 formation is
kinetically favorable, which strongly support the proposed mechanism.

3 Ring-Opening Reactions of 3-Lactams

B-Lactams serve as useful and versatile synthetic intermediates, as they are not only
readily synthesized with high enantiopurity, but also offer four distinct modes of
reactivity (Fig. 6). The strain energy imposed on each of all four bonds, arising from
the four-membered ring amide structure, allows for unique reactivity not observed
in larger ring systems such as y- and 8-lactams. Cleavage can occur in any of the
four bonds in the B-lactam skeleton, and the selectivity in bond cleavage depends on
the substitution pattern and the reaction conditions, as described below.

The most obvious ring-opening reaction is the cleavage between N1 and C2
through nucleophilic acyl substitution at the amide carbonyl moiety. A less obvious,
but extensively studied reaction is the N1-C4 bond cleavage either reductively or
through catalytic ring expansion or contraction. The C3—C4 bond cleavage is not
obvious, but this ring opening is possible through pericyclic reactions and catalytic
ring expansions. The least common and not obvious, but interesting reaction is the
C2-C3 bond cleavage. Examples of those ring-opening reactions are described
below to highlight the unique reactivity of the B-lactam ring system.
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Scheme 27 Examples of 1,2-bond cleavage reactions

3.1 Ring Opening via NI-C2 Bond Cleavage

Ring opening of N-acyl-B-lactams through the cleavage of the N1-C2 bond by
intermolecular or intramolecular attack of nucleophiles has been extensively studied
and applied to numerous systems to give a variety of compounds of biological and
medicinal interests (Fig. 7). These reactions constitute the major component of
the “B-lactam synthon method,” wherein various [-lactams serve as synthetic
equivalents to B-amino acid residues [5, 7-12]. For example, the intermolecular
reactions with water, alcohols, amines, and amino acid esters afford the corres-
ponding B-amino acids, B-amino esters/amides, and dipeptides, respectively [12].
On the other hand, intramolecular reaction results in ring expansions to highly
functionalized cyclic products such as amino-y-lactones [64], five-membered
enaminolactones [65], y-lactams [66], and macrocycles [67]. Reductive N1-C2
bond cleavage leads to the formation of y-amino alcohols [68].

Three examples of the N1-C2 bond cleavage by intermolecular reaction with
nucleophiles are shown in Scheme 27. Alcohols or alkoxides are good nucleophiles
in many N1-C2 ring-opening reactions. The reaction of N-Boc-f-lactam 83 with
methanol in the presence of Et;N and 4-dimethylaminopyridine (DMAP) gives
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Scheme 29 Reductive 1,2-bond cleavage, leading to the formation of y-amino alcohol

a-hydroxy-fB-amino acid methyl ester 84 in excellent yield [69]. The reaction of
N-acyl-B-lactam 85 with o-amino acid methyl esters affords dipeptide 86, bearing
a-hydroxy-B-amino acid unit in the N terminus [49]. The use of an ester enolate as
the nucleophile for the ring opening of N-Boc-B-lactam 87 gives hydroxyl(keto)
ethylene dipeptide isostere 88 in excellent yield [70].

Two examples of the N1-C2 bond cleavage through reaction with intramolecular
nucleophiles are illustrated in Scheme 28. The intramolecular ring opening of the
N1-C2 bond by a primary amine moiety at the C3 position of -lactam 89 led to the
formation of a rearrangement product, functionalized y-lactam 90 in quantitative
yield [66]. In a similar manner, 3-aminoethoxy-B-lactams and 1-aminoethy-
B-lactams were transformed to morpholinones and seven-membered azalactams,
respectively, in high yields [66]. The macrolactonization of 91 was achieved through
intramolecular ring-opening coupling of the alcohol moiety and the B-lactam moiety
to give 92 in 59-68% yield, which is an advanced key intermediate for the total
synthesis of Pateamine A [67].

Reductive cleavage of the N1-C2 bond B-lactams of by NaBH, or LiAlH,
provides a viable route to y-amino alcohols [68, 71]. The reduction of 3-hydroxy-
4-trihydroxyalkyl-B-lactam derivative 93 prepared from p-mannitol with LiAlH,
gave polyhydroxy-y-amino alcohol derivative 94 in 80% yield, which is the key
intermediate in the synthesis of (—)-polyoxamic acid (95) [71] (Scheme 29). In a
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similar manner, 3-hydroxy-4-polyhydroxyalkyl-B-lactam derivatives have been
successfully used as the key intermediates for the synthesis of gentosamine,
6-epilincosamine, and y-hydroxythreomine [71]. The reductive cleavage of the
N1-C2 bond of B-lactam 96, bearing 2-chloroisopropyl group at the C4 position,
with LiAlH, gave B-hydroxyethylaziridine 97 in modest to fairly good yield
through a tandem reduction—cyclization process (Scheme 30) [72]. An ingenious
ring-opening-reductive elimination reaction of fused B-lactam 98 with LiBEt;H
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gave pentacyclic alkaloid 99 in 62% yield, which is an advanced key intermediate
for the total synthesis of renieramycin H [73] (Scheme 31).

The reaction of 4-acyloxy-f-lactam 100 with an acid chloride and DBU was
found to undergo a rather sophisticated acylation—elimination—electrocyclic rear-
rangement to afford 1,3-oxazin-6-ones 101 in modest to good yields, as illustrated
in Scheme 32 [74].

3.2 Ring Opening via NI-C4 Bond Cleavage

When an aryl substituent is attached to the C-4 position of a B-lactam, a facile N1-C4
bond cleavage takes place exclusively through palladium-catalyzed hydrogenolysis,
which is ascribed to the strain energy of the B-lactam skeleton. This reaction made a
foundation of the first generation B-lactam synthon method [4, 5, 7, 62], which has
been applied to the synthesis of a variety of enantiopure aromatic o-amino acids,
a-hydroxy acids, dipeptides, and oligopeptides. Those enantiopure B-lactams can
be reduced to the corresponding azetidines, which are further transformed to
polyamines, polyamino alcohols, and polyamino ethers [62, 75].

Examples of the application of the reductive N1-C4 bond cleavage of B-lactams
are shown in Schemes 33, 34, 35. In general, the hydrogenolysis of stereochemically
defined 4-aryl-B-lactam 102 bearing either a benzyloxy or azido group at C3 over
Pd-C under mild conditions, followed by acid hydrolysis, gives the corresponding o-
hydroxy acid or a-amino acid 103 in excellent yield [5, 7, 62] (Scheme 33). In the
same manner, the reaction of enantiopure -lactam 104, derived from an imine of a
chiral a-amino acid ester, affords the corresponding dipeptide 105 without racemi-
zation [5, 7, 62] (Scheme 33).
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o NH 2. H0* X~ COOH
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H H
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NT;R 2. HyO* HaN N COOBu
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104C02BU
[Pd(D)]
H H H\H
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H H u
NG NG HN 7/
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Scheme 33 1,4-Bond cleavage of 4-aryl-B-lactams by stereospecific hydrogenolysis
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It is worthy of note that the stereochemical course of the N1-C4 bond cleavage
was found to be complete inversion of configuration at the C4 position, as
illustrated in the reaction of 105 to give deuterium-labeled dipeptide 107 [76].
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Scheme 36 Transformation of bis-f-lactams to bis-azetidines and then polyamino polyol
derivatives

This finding opened a reliable route to the stereospecific isotope labeling of the
B-position of aromatic a-amino acid residues in peptides, which are useful in
enzyme and metabolism research (Scheme 33).

Enantiopure dipeptide synthon 110 can be obtained through [2+2] cycloaddition
of chiral ketene 108, generated from enantiopure oxazolidin-1-ylacetyl chloride
108 and Et;N at —78°C, with a-amino ester imine 109. The hydrogenolysis of 110
over Pd-C, followed by Birch reduction affords dipeptide 112 without
epimerization [7, 77, 78] (Scheme 34).

Pentapeptide synthon 113, prepared through coupling of two enantiopure 4-aryl-
B-lactam units, was subjected to hydrogenolysis over Pd-C at 50°C to give [p-Ala?,
Leu’-ol]enkephalin 114 in high yield [79]. In a similar manner, the reaction of
enantiopure bis-B-lactam 117 afforded Ac-Phe-p-Phe-Ala-OMe (118) in high yield
[27]. Bis-B-lactam 117 was prepared through extremely diastereoselective [2+2]
cycloaddition of azidoketene to imino-B-lactam 115, giving azido-bis-B-lactam
116, which was selectively reduced to 117 at 0-5°C, followed by acetylation [27]
(Scheme 35).

Enantiopure B-lactams can be easily converted to the corresponding azetidines
without racemization using monochloroalane. For example, the selective
hydroalane reduction of bis-B-lactam 119 afforded bisazetidine 120 in 85% yield
and the subsequent N-C cleavage of 120 by hydrogenolysis over Pd-C gave the
corresponding polyamino alcohol 121 in quantitative yield (Scheme 36) [75]. In
the same manner, tetrapeptide equivalent bis-fB-lactam 122 was converted to
bisazetidine 123 in moderate yield and then to polyamino ether 124 in quantitative
yield. It is worthy of note that the reductive cleavage of the two azetidine moieties
of 123 were much faster than debenzylation in this case. Thus, 124 was obtained as
dibenzyl ether (Scheme 36) [75].

Reduction of 4-m-haloalkyl-B-lactam 125 with monochloroalane, followed by
reflux in acetonitrile, led to the formation of pyrrolidine (n = 0) or piperidine
(n = 1) 126 through ring expansion (Scheme 37) [80]. The ring expansion reaction
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Scheme 38 Formation of aziridines via reductive ring-contraction process

appears to proceed via bicyclic ammonium intermediate 128, which can accommo-
date the 3,4-syn stereochemistry of 126. The intermediate 128 was found to react
with external nucleophiles, including hydroxide and acetate [81].

When 2-aryl-3,3-dichloroazetidine 131, derived from f-lactam 129 through
monochloroalane reduction, was reacted with sodium methoxide, aziridine ketal
130 was obtained in 60-90% yield for two steps (Scheme 38). The proposed
mechanism of this reaction includes a highly strained 2-azetine 132 and azabicyclo
[1.1.0]cyclobutane 134 as intermediates. Then, 134 undergoes C—N bond cleavage
and ring contraction to form aziridine oxonium salt 135, which reacts with
methoxide ion to give 130 (Scheme 38) [82].

In the course of an attempt to synthesize a fused tricyclic system containing
B-lactams, 3,4-difunctionalized B-lactam 136 was treated with DBU to give
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unexpected 2-carbamoylbenzodihydropyran 137 in 60-69% yield (Scheme 39)
[83]. A proposed mechanism includes (a) novel N1-C4 bond cleavage initiated
by the double deprotonation of two methines to form enynetriene 139, (b)
Diels—Alder cycloaddition to form 140, and (c) bond isomerization of 140 to
form aromatized product 137, as illustrated in Scheme 39.

The reaction of 4-(arylimino)-f-lactam 141 with a catalytic amount of tetrabuty-
lammonium cyanide (BuyNCN) gave chiral 5-aryliminopyrrolidin-2-one 142 via
ring expansion through N1-C4 bond breakage (Scheme 40) [84]. A proposed
mechanism is illustrated in Scheme 40. This process can be applied to the one-pot
transformation of 4-formyl-B-lactam 147 to the corresponding succinimide 148,
including imine formation to 147 and hydrolysis of the imino moiety (Scheme 41).

Ring expansion of B-lactams to six-membered ring imides through N1-C4
bond cleavage has also been reported (Scheme 42). 4-Hydroxyphenyl-B-lactam
149 reacted with #-butyl methyl malonate in the presence of potassium 7-butoxide
to give 1,3,4,5-substituted glutarimide 150 through a mechanism illustrated in
Scheme 42 [85]. An acid-catalyzed intramolecular variant on this ring expansion
reaction was later applied to the synthesis of “tyrosyl” peptidomimetics [86].

3.3 Ring Opening via C2-C3 Bond Cleavage

The ring opening of B-lactams through the C2—C3 bond cleavage is less common as
compared to the N1-C4 cleavage in the literature. Nevertheless, this process has
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been used for the synthesis of various «-amino acids, N-carboxy anhydrides
(NCAs), and spirobicyclic compounds [87, 88]. Future study on this process may
lead to novel routes to biologically active compounds.

NCAs of a-amino acids have found broad applications in peptide synthesis as an
NCA is an activated ester with simultaneous protection of the amino group. Direct
access to NCA 156 from 3-keto-f-lactam 155 was found to be feasible through
Bayer—Villiger oxidation, and 156 was reacted with methanol or amines to give the
corresponding serine/threonine ester or amides 157 (Scheme 43) [89]. It was also
found that NCA 159 could be obtained though a one-pot double oxidation of
3-hydroxy-B-lactam 158 using TEMPO-NaOCI as shown in Scheme 44 [90].
Decarboxylation of NCAs using TMSCI in methanol was reported to give the
methyl esters of the corresponding amino acids in moderate to excellent yields [91].

The ring-opening coupling of 3-keto-B-lactam 160 with amines in THF gave the
corresponding o-amino amides 161 via the C2—-C3 bond cleavage and decar-
bonylation in moderate to good yield (Scheme 45) [92]. When an o-amino ester
was used as an amine, the corresponding enantiopure dipeptide was formed in fairly
good yield. Cyclic amines, e.g., pyrrolidine, piperidine, morpholine, and proline
methyl ester, were also successfully employed in this reaction.
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An interesting application of the C2—C3 bond cleavage was reported for the
reaction of dihydrofuran 162 with 3-keto-B-lactam 160a. The reaction of 162 with
160a in the presence of #-butyllithium and then BF5-OEt,, followed by pyridinium
p-toluenesulfonate (PPTS) gave spirobicyclic product 163 in 25% for two steps
(Scheme 46) [88].

3.4 Ring Opening via C3—C4 Bond Cleavage

Ring opening reactions of B-lactams through the C3—C4 bond cleavage are fairly
abundant in the literature, which include catalytic ring expansions, electrocyclic
reactions, and radical processes. These reactions lead to a myriad of heterocyclic
compounds with well-defined stereochemistry.

The acid-catalyzed ring rearrangement of 4-formyl-B-lactam 164 gave pyrro-
lidinedione 165 in 75% yield (Scheme 47) [93]. This reaction proceeded through
the C3-C4 bond cleavage, initiated by the protonated aldehyde species (i.e.,
oxonium ion 166) and skeletal rearrangement to pyrrolidinone cation 167, followed
by 1,2-hydride shift to form 165 and regenerate proton.

The reaction of 3-alkoxy-4-formyl-B-lactam 168 with +-BuMe,SiCN (TBSCN)
catalyzed by molecular iodine gave 5-cyanopyrrolidin-2-one 169 in moderate to
high yield with high syn selectivity (Scheme 48) [94]. This skeletal rearrangement
is proposed to involve the C3—C4 bond cleavage, acyliminium ion formation, and
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75% PMP
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l*“ ]
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Scheme 47 Acid-catalyzed ring-expansion reaction of 4-formyl-p-lactam
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cyanide addition. The proposed mechanism was supported by the DFT calculation
using 1-phenyl-3-methoxy-4-formylazetidinone (168a) and TMSCN. This unique
process is applicable to other nucleophiles such as allyltrimethylsilanes and
propargylsilane [94].

4-Formyl-B-lactam 170a (X = O) and 4-arylimino-f-lactam 170b (X = ArN)
underwent stannous chloride-mediated ring expansion via the C3—C4 bond cleavage
to give 1,4-dihydrooxane 171a (X = O) and pyrazine-2,3-dione 171b (X = ArN),
respectively, in good to excellent yield (Scheme 49) [93].

The thermal [1,3]-sigmatropic rearrangement of 3,3-bis(2-phenylethenyl)-
B-lactam 172 gave 6-(2-phenylethenyl)-5,6-didehydropiperidin-2-one 173 in excel-
lent yield (Scheme 50) [95]. The B-lactam 172 was prepared from a ketimine of
bis(benzylidene)acetone with diphenylketene or dimethylketene via [2+2] cycload-
dition and used for the rearrangement process in one pot. The piperidinone-diene
173 was used for hetero-Diels—Alder reaction with electrodeficient dienophiles to
afford bicyclic and tricyclic alkaloid skeletons in excellent yields.
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The [3.3] sigmatropic (Cope) rearrangement of 3,4-dialkenyl-B-lactam 174,
involving the C3—-C4 bond cleavage, took place at 120°C to give the corresponding

eight-membered lactam, tetrahydroazocinone 175, in fairly good to quantitative
yield (Scheme 51) [96].
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The tin-initiated radical cyclization of 1-propargyl-4-alkenyl-f-lactam 176
gave l-acyl-5-tributylstannylmethylene-2,3-didehydropiperidine 177 in 62-85%
yield, through cyclization to bicyclic radical intermediate 179 and bond migration
to form a monocyclic radical intermediate 180 via C3-C4 bond cleavage
(Scheme 52) [97].

4 Use of Enantiomerically Enriched 3-Lactams
as Intermediates for the Synthesis of Biologically
Active Compounds of Medicinal Interest

4.1 pB-Lactam Peptidomimetics

B-Turn peptidomimetics play an important role in drug design and medicinal
chemistry [98]. Turns are common motifs in peptides, where a peptide chain
reverses its overall direction. A B-turn is formed when this directional shift occurs
over four residues in such a way that the carbonyl oxygen of the first residue
(i) comes in close proximity to the amide proton of the fourth residue (i + 3)
(Fig. 8) [99-101]. In the case of types I, II, and III B-turns, this conformation
involves the formation of an intramolecular hydrogen bond between the two
residues to give a pseudo-10-membered ring (Fig. 8). B-Turns are critical to the

Freidinger's pB-turn mimetics
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Scheme 53 Synthesis of B-lactam-based B-turn surrogate dipeptide unit

stability of protein conformation [102], protein—protein interaction [103] and are
preferred sites for protein degradation by proteolytic enzymes [104]. Accordingly,
the development of an efficient method for the synthesis of enantiopure molecular
templates for B-turns has a significant meaning in peptide and medicinal chemistry.

Novel B-turn surrogate dipeptides for structurally defined B-lactam peptides
were designed and developed based on the “B-lactam scaffold-assisted design”
(B-LSAD) (Fig. 8) [99-101, 105]. For the rational design of an efficient B-turn
mimetic, two essential elements need to be incorporated into the formal modifica-
tion of a native bioactive peptide, i.e., (1) a B-turn-constraining element is needed
to force the peptide backbone to overlay the desired conformation and (2) at least
one recognition group must be placed in a stereocontrolled manner at the desired
position for interaction with the receptor or enzyme active site. Although the
previous B-turn mimetics, developed by Freidinger et al., employed a tether con-
necting the R' moiety of the i + 1 amino acid residue and the NH hydrogen of the



Advances in the Use of Enantiopure -Lactams for the Synthesis of. . . 35

R2
e R HQN)*\/OTBDMS R
€0,C . 188 R
_ OTBDMS
N—Ns i NSHN”"‘y/\N/"x/
187 52-72% H
MeO,C 189
R'= Me, Bn; R2=H, Me, i-Pr, Ph t
R1 R1

NsHNJ/j i iy NsHNJ/j
N, g ~——— N, Re
o 50-82% o t

for 3 steps
1826 O02H P 190 “OTBDMS
i) CHaCN, r.t.; ii) LIHMDS,0°C; iii) HF; iv) CrO4/H,0 or TCCA-TEMPO
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i + 2 residue, forming six-, seven-, and eight-membered rings, the rigidity of those
mimetics was often not sufficiently high [106-108]. Therefore, Palomo et al.
introduced a highly rigid B-lactam skeleton, which appears to be very beneficial.
In this case, the methine moiety of the i + 1 residue and that of the i + 2 residue
needed to be connected by a methylene moiety (Fig. 8).

The B-turn mimetic 181 resulting from this approach differs in one substituted
or unsubstituted methylene group at the B-position from the native peptides, as
highlighted in the 3-alkyl-3-amino-B-lactam ring moiety and a linear disposition
of the Ca, N, and Co atoms (Fig. 9) [99]. This analysis led to the design of novel
B-lactam-based B-turn surrogate dipeptide 182 (Fig. 9) [99].

Monotopic or ditopic B-lactam scaffolds 182 as the B-turn surrogate dipeptide
units were synthesized through syn-selective 3-alkylation of enantiopure 3-amino-
B-lactam derivatives 183, giving 3-alkyl-3-amino-f-lactam 184, followed by depro-
tection and oxidation (Scheme 53) [100], as well as ring-opening coupling of
N-nosylaziridine 187 with o-amino silyl ether 188, giving B-amino ester 189,
followed by cyclization to the corresponding B-lactam 190 and subsequent installa-
tion of carboxylic acid terminus via deprotection and oxidation (Scheme 54) [101].

4.2 Asymmetric Synthesis of Nonprotein Amino Acids

Nonprotein amino acids are amino acids that do not arise from protein amino acids
by posttranslational modification and they do not have a specific transfer-RNA
and codon triplet, thus they are not found in the main chain of proteins. Several
nonprotein amino acids are important components of compounds of medicinal
importance, thus the synthesis of enantiomerically enriched nonprotein amino
acids is vital for medicinal chemistry and organic synthesis.
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Scheme 55 Transformations of enantiopure 3-amino-f-lactams to diamino acids and diamino
alcohols

4.2.1 Asymmetric Synthesis of o,3-Diamino Acids

o,B-Diamino acids are often components of peptidic antibiotics such as laven-
domycin or glumamycin [109]. It has been shown that the hydrolysis of enantiopure
3-amino-B-lactams gives the corresponding o,3-diamino acid (Scheme 55) [7, 8].
Acidic hydrolysis of B-lactam (3S,4R)-191, which was prepared through chiral
ester—enolate cyclocondensation or asymmetric [2+2] ketene—imine cycloaddition
reaction (vide supra), gave o,B-diamino acid (25,3R)-192 as hydrochloride in
quantitative yield. Cis-B-lactam (3S,4R)-191 was epimerized to the corresponding
trans-B-lactam (3R,4R)-191 through imine formation, deprotonation, and proton-
ation. B-Lactam (3R,4R)-191 was converted to a,B-diamino acid (2R,3R)-192 as
hydrochloride through acidic hydrolysis in the same manner as that for (35,4R)-191.
Moreover, (3R,4S5)-191 can be prepared just by switching the chiral auxiliary to the
other enantiomer in the asymmetric ketene—imine [2+2] cycloaddition (vide supra),
(35,45)-191, (2R,25)-192 and (2S5,25)-192 can be obtained in the same manner.
Furthermore, o,-diamino acid 192 was reduced to the corresponding o,B-diamino
alcohols 193 in high yields using LiAlH,. Thus, four diastereomers of enantiopure
o,B-diamino acid 192 as well as o, -diamino alcohol 193 can be readily obtained by
this protocol.

4.2.2 Asymmetric Synthesis of a-Alkyl-a-Amino Acids and Their
Derivatives

A good number of a-alkyl-o-amino acids serves as powerful substrate-based
inhibitors of enzymes such as decarboxylases and aminotransferases [109]. Also,
a-alkyl-o-amino acid residues can be introduced into physiologically active
peptides to impose conformational constraints, which is highly beneficial for 3D
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structure—activity/function studies [109]. The synthesis of a-alkyl-o-amino acids is
challenging because conventional enzymatic resolution cannot be applied effec-
tively. Thus, it is necessary to use asymmetric synthesis to obtain these amino acids.
Among the synthetic methods investigated, the B-lactam synthon method provides
one of the most efficient routes to a-alkyl-a-amino acids with high enantiopurity
through extremely stereoselective alkylation of 3-amino-f-lactams.

Two types of asymmetric alkylations have been developed, i.e., (1) the alkyl-
ation of the C-3 position of a B-lactam (Type 1) and (2) the alkylation of the side
chain ester enolate (Type 2) (Scheme 56) [7, 8]. In the Type 1 alkylation, an
electrophile attacks the -lactam enolate at the C-3 position from the back side of
the C-4 aryl group to avoid steric hindrance. In the Type 2 alkylation, an electro-
phile attacks the C1’ position of the lithium enolate, which forms a chelate with the
B-lactam oxygen, from the opposite side of the C-4 aryl group.

For example, the Type 1 alkylation was successfully applied to the asymmetric
synthesis of (S)-methylphenylalanine (197a: X = H) and (S)-O,0-dimethyl-a-
methyl-DOPA (197b: X = MeO) with >99.5% ee (Scheme 57) [7, 78, 110].
Methylation of B-lactam 194 with Mel and LIHMDS gave 3-methyl-f-lactam 195
with >99.5% de in excellent yield (Scheme 57). Birch reduction of 195 gave the
corresponding o-methyl-a-amino acid amide 196 in good yield. Acidic hydrolysis
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Scheme 59 Synthesis of enantiopure (R)-Phe-(S)-a-Me-Phe-OH via Type 2 alkylation

of 196 should afford 197. The Type 1 alkylation was also applied to (S)-o-allyl-Phe-
(S)-Leu-OH (200a) and (S)-a-Me-Phe-(S)-Leu-OH (200b) [7, 111] (Scheme 58).
The allylation of imino-f-lactam 198 with LIHMDS and allyl bromide, followed by
hydrolysis of the imine moiety gave 3-amino-3-allyl-B-lactam 199a with >99.5%
de in 93% yield. Birch reduction of 199a gave 200a in 90% yield. In a similar
manner, 199b with >99.5% de was obtained via the hydrogenolysis of 200b on
10% Pd-C in high overall yield.

The Type 2 alkylation of B-lactam ester 201 with benzyl bromide and LDA
gave Cl’-dialkyl-B-lactam ester 202 with >99.5% de in excellent yield, and
the subsequent Birch reduction afforded (R)-Phe-(S)-a-Me-Phe-OH (203) with
>99.5% de in high yield (Scheme 59) [78]. The Type 2 alkylation was successfully
applied to the sequential asymmetric double alkylation of chiral f-lactam ester 204,
which was prepared via asymmetric [242] cycloaddition of chiral ketene to fert-
butyl N-benzylideneglycinate with >99% enantioselectivity. In this reaction, the
double alkylation took place at the C1’ position and the absolute configuration of
the newly formed chiral center was controlled just by changing the order of
the addition of two alkyl halides (Scheme 60) [8, 110]. For example, the reac-
tion of 204 with Mel and then benzyl bromide gave the C1’-dialkyl-B-lactam
(3R,4S,1'S)-206a with >99% de in 79% yield, which was subjected to deprotection
with trifluoroacetic acid, followed by Birch reduction to give (S)-Phe-(R)-o-Me-
Phe-OH, (S,5)-207 with >99.5% de in 76% yield.

The triple alkylation of 204 was also achieved through a combination of the
Type 2 and Type 1 alkylations (Scheme 61) [8, 110]. After the Type 2 dialkylation
with Mel and allyl bromide, the side chain of C1’-dialkyl-B-lactam ester 206b had
no acidic proton. Thus, Type 1 alkylation with Mel took place at the C3 position of
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206b to give trialkyl-B-lactam (3S,4R,1’R)-208 in high yield, which was converted
to (S)-a-Me-Phe-(R)-a-allyl-Ala-OH, (S,R)-209, with >99.5% de in 62% yield.

4.2.3 Asymmetric Synthesis of a-Hydroxy-3-Amino Acids and Their
Derivatives

o-Hydroxy-B-amino acids (isoserines) are key components of a variety of thera-
peutically important compounds. For instance, (2R,3S)-3-amino-2-hydroxy-5-
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methylhexanoic acid (norstatine) and its analogs have been incorporated, as critical
amino acid residues, into peptide-based inhibitors of enzymes such as rennin [112],
HIV-I protease [113], and angiotensin converting enzyme (ACE) [114]. N-Benzoyl-
(2R,3S5)-3-phenylisoserine and N-tert-butoxycarbonyl-(2R,3S)-3-phenylisoserine
moieties are essential components of paclitaxel and docetaxel, respectively,
which are two of the most widely used anticancer drugs in cancer chemotherapy
[115, 116]. Accordingly, extensive efforts have been made to develop efficient
methods for the syntheses of isoserines with excellent enantiopurity, and the [-
lactam synthon method has provided highly efficient solution to this synthetic
challenge.

Norstatine and other isoserines 218 are readily accessible through acidic hydrolysis
of 3-hydroxy-B-lactam 217 with excellent enantiopurity, which was obtained through
chiral ester enolate—imine cyclocondensation or Staudinger ketene—imine cycloaddi-
tion followed by enzymatic resolution (vide supra) (Schemes 61, 62, 63, 64) [7, 61].

The N1-C2 bond cleavage of B-lactams is substantially enhanced when a
strongly electron-withdrawing group, e.g., acyl, carbalkoxy, carbamoyl, sulfonyl,
etc., is introduced to the N1 position. Thus, N-acyl-B-lactams can exploit additional

O
AcO
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—_—
CH,Cl, /l/:‘\, 10% CHLCN /l/:‘\, /l;‘\,
) . ‘PMP

Y\?N‘PMP -78 °C-rit. o PMP 50°C
210 211 212
racemic >99.9% ee > 99.0% ee
(BR,4S) (3S5,4R)

Scheme 62 Synthesis of 3-acetoxy- and 3-hydroxy-f-lactams via ketene-imine cycloaddition
followed by enzymatic optical resolution
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Scheme 63 Synthesis of 3-acetoxy-B-lactams from asymmetric ketene-imine cycloaddition product
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Scheme 64 Synthesis of a-hydroxy-B-amino acids from enantiopure 1-PMP-3-TIPSO-f-lactams
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activation by the N-acyl group in addition to the inherent ring strain associated with
the B-lactam skeleton. For example, N-Boc-3-hydroxy--lactams 219 undergo ring-
opening coupling with various amino acid esters 220 to give the corresponding
dipeptides 221 in high yields under mild conditions in the absence of any coupling
agent without racemization (Scheme 65). This coupling method is applicable to
bulkier proline methyl ester as well as the Wang resin-bound amino acids [7, 117].
This highly efficient and atom-economical ring-opening coupling represents one of
the most salient features of the B-lactam synthon method. Furthermore, enantiopure
N-Boc-3-siloxy-B-lactams have been successfully converted to the corresponding
hydroxyethylene isosteres and dihydroxylethylene isosteres, which are critical
components of various enzyme inhibitors [118, 119].

The incorporation of fluorine(s) into a biologically active compound often
improves the pharmacological properties of the compound, resulting in increased
membrane permeability, enhanced hydrophobic binding, and stability against met-
abolic oxidation among other benefits [49, 120, 121]. In addition, fluorine is not
present in living tissue. Thus, the addition of fluorine(s) into biologically active
compounds as marker(s) for '°F NMR studies provides a simple and valuable
means to monitor protein structures and drug—protein interactions in vitro and
in vivo. Thus, the development of efficient methods for the synthesis of various
fragments and components to construct those fluorine-containing biologically rele-
vant compounds for pharmaceutical, pharmacological, medicinal, and chemical
biology studies is in high demand.

The B-lactam synthon method has been successfully applied for the synthesis of
fluorine-containing a-hydroxy-f-amino acid derivatives and congeners. Enantiopure
3-hydroxy-4-Rf-B-lactams (Rf = fluorine-containing substituent) were obtained
through (1) ketene—imine [2+2] cycloaddition followed by enzymatic resolution of
the resulting racemic 3-acetoxyl-4-Rf-f-lactams with the PS Amano lipase or (2)
functional group transformations of enatiopure 1-PMP-3-TIPSO-4-(2-methylprop-
1-enyl)azetidin-2-one, (3R,45)-216a or (3S,4R)-216a [12]. For example, (3R,4S)-
216a was converted to the corresponding 4-formyl-B-lactam (3R, 4R)-222 by
ozonolysis, which was further reacted with diethylaminosulfur trifluoride (DAST)
and CBr,F,/Zn to give 4-difluoromethyl-B-lactam (3R,4R)-223 and 4-difluorovinyl-
B-lactam (3R,4R)-224, respectively, with >99.9% ee in high yields (Scheme 66)
[12, 50, 122]. 4-Trifluoromethyl-B-lactams, (+)-226 and (—)-227, with >99% ee
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Scheme 67 Synthesis of enantiopure 3-TIPSO-4-trifluoromethyl-B-lactams via enzymatic optical
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were obtained through enzymatic resolution of racemic cis-3-acetyl-4-CF;-f-lactam
(£)-225, and converted to 3-TIPSO-B-lactams, (+)- and (—)-228 (Scheme 67) [12,
50]. The PMP group of the enantiopure 4-Rf-B-lactams was removed by cerium
ammonium nitrate (CAN) and the resulting NH-free B-lactams 229 were reacted
with acyl chlorides, chloroformates, and arenesulfonyl chlorides in the presence of
an appropriate base to give the corresponding N-acyl-, N-carbalkoxy, and N-
arenesulfonyl-f-lactams, 230, 231, and 232, in good yields (Scheme 68) [12].
These B-lactams were converted to the corresponding B-Rf-o-siloxy-f-amino acid
methyl esters 233, 234, and 235, respectively, with MeOH, triethylamine, and
DMAP at room temperature (Scheme 68) [12]. In a manner similar to the case of
1-Boc-3-hydroxy-p-lactams 219 (Scheme 68), 1-Boc- and 1-Cbz-3-TIPSO-f3-
lactams 230 reacted with various o- and P-amino acid esters to give the
corresponding dipeptides in good to excellent yields [12].

The alkylation of 3-siloxy-B-lactams 216 proceeded with excellent diastereos-
electivity in the same manner as that of the Type 1 asymmetric alkylation of
3-imino- and 3-oxazolidinyl-B-lactams (vide supra) to give 3-alkyl-3-siloxy-
B-lactams 236 with >99% de, which were converted to the corresponding o-
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Scheme 69 Synthesis of enaniopure o-alkyl-isoserines and their derivatives via Type 1 alkylation

alkyl-o-hydroxy-B-amino acids 237 via acidic hydrolysis of NH-free B-lactams or
N-Boc-a-alkyl-a-hydroxy-B-amino acid methyl esters 239 via N-Boc-3-alkyl-
3-siloxy-B-lactams 238 (Scheme 69) [123]. N-Boc-B-lactams 219 and 236a
underwent ring-opening coupling with (S)-Leu-OMe and acetate enolate, respec-
tively, to give the corresponding dipeptides 240 and a hydroxy(keto)ethylene
dipeptide isostere 241 in high yields (Scheme 70) [123].

Cyclopropanation of 3-hydroxy-4-(2-methylprop-1-enyl)-B-lactam 212 with the
Simons—Smith reagent (i.e., Et,Zn/CH,I,) gave 4-[(S)-2,2-dimethylcyclopropyl]-






