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Abstract:  Although they are less abundant than their a-analogues, B-amino acids occur in nature

both in free form and bound to peptides. Oligomers composed exclusively of [B-amino acids
(so-called B-peptides) might be the most thoroughly investigated peptidomimetics. Beside the facts
that they are stable to metabolism, exhibit slow microbial degradation, and are inherently stable to
proteases and peptidases, they fold into well-ordered secondary structures consisting of helices,
turns, and sheets. In this respect, the most intriguing effects have been observed when B?-amino
acids are present in the B-peptide backbone. This review gives an overview of the occurrence and
importance of B*-amino acids in nature, placing emphasis on the metabolic pathways of B-amin-
oisobutyric acid (B-Aib) and the appearance of B*-amino acids as secondary metabolites or as
components of more complex natural products, such as peptides, depsipeptides, lactones, and
alkaloids. In addition, a compilation of the syntheses of both achiral and chiral B>-amino acids is
presented. While there are numerous routes to achiral B*-amino acids, their EPC synthesis is
currently the subject of many investigations. These include the diastereoselective alkylation and
Mannich-type reactions of cyclic- or acyclic B-homoglycine derivatives containing chiral auxilia-
ries, the Curtius degradation, the employment of transition-metal catalyzed reactions such as
enantioselective hydrogenations, reductions, C—H insertions, and Michael-type additions, and the
resolution of rac. B>-amino acids, as well as several miscellaneous methods. In the last part of the
review, the importance of B>-amino acids in the formation of B-peptide secondary structures is
discussed. © 2004 Wiley Periodicals, Inc. Biopolymers (Pept Sci) 76: 206243, 2004

Keywords: [(-amino acids; stereoselectivity; 10/12-helix; hairpin turn; oxazolidinone; Evans
auxiliary, Oppolzer sultam; N-methoxymethyl benzyl carbamate

1. INTRODUCTION

The chemistry of B-peptides was investigated in-
tensively in the past decade.'”” Probably the most
important results have been: (i) that B-peptides fold
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in a predictable way to form secondary structures in
solution with short chain lengths; (ii) they are sta-
ble to cleavage by peptidases and to metabolic
transformations; and (iii) they can mimic «a-pep-
tides in peptide—protein and protein—protein inter-



actions. The B-amino acids can be subdivided into
B3-, B*, and B**-amino acids, depending upon the
position of the side chain(s) on the 3-aminoalkanoic
acid skeleton.
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The most interesting secondary structures of B-pep-
tides have only been observed when B*-amino acids
are built into the backbone: a B-peptidic hairpin turn
and a novel type of helix consisting of 10- and 12-
membered hydrogen-bonded rings. On the other hand,
B*-amino acids are not as readily available as their
B3-counterparts; almost all 8*>-amino acids with pro-
teinogenic side chains are now commercial (with N-
Fmoc protection and acid labile side chain protec-
tion), while the B*-amino acids must be prepared
using multistep procedures.

For these reasons, a review article on naturally
occurring B*-amino acids, their syntheses, and their
incorporation into 3-peptides is appropriate.

2. B-AMINOISOBUTYRIC ACID IN
MAMMALIAN METABOLISM

Beside the proteinogenic amino acids aspartic (Asp)
and glutamic acid (Glu) and their amides (Asn, Gln)
that can be referred to simultaneously as a- and f3- or
a- and y-aminocarboxylic acids, there are four other
B-amino acids involved in mammalian metabolism.
Among them, the so-called -aminoisobutyric acid
(= 3-amino-2-methyl propanoic acid, [B-Aib, or
B?hAla)® represents the only example of a B%-amino
acid, and it is found in both enantiomeric forms:

! Taken in part from the Ph.D. thesis of G. Lelais, Dissertation
No. 15429, ETH Ziirich, 2004.

2 Based on the 2004 Vincent duVigneand Swond Lecture of D.
Seebach.

3 In the notation 8"hXaa the number n indicates the position of
the side chain in the B-amino acid, the prefix h stands for homo and
relates to the extra methylene group, and Xaa is the three-letter code
for the a-amino acid with the same side chain. For brevity, the
abbreviation 3"hXaa is used here for the corresponding amino acid;
the correct but longer symbol is H-3"hXaa-OH.
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(R)-B*hAla is a metabolite of thymine (Section 1.1,
Scheme 1)37!! and (S)-BzhAla is a metabolite of va-
line* (Section 1.2, Scheme 2).''713 Early clinical stud-
ies '” placed little emphasis on the sense of chirality;
chromatographic resolution of the enantiomers shows
that human urine contains H-(R)-BzhAla-OH almost
exclusively, whereas the (S)-form is present in
plasma.'®

2.1. The (R)-B2hAla Metabolite

The natural occurrence of (R)-aminoisobutyric acid
was first established in 1951 after its isolation from
urine.'®?° It was soon found that the characteristic of
excreting this amino acid was inherited as a recessive
trait.'”?! Whereas most persons excrete little (R)-
BhAla in their urine (0—1.7 pg/mg creatinine), some
clinically normal persons are congenitally deficient in
(R)-B-aminoisobutyrate-pyruvate transaminase (cf.
step 4 in Scheme 1) and excrete much larger amounts
of this B*-amino acid. This is called hyper-B-amin-
oisobutyric aciduria (hyper-B-Aiburia) and is referred
to as a benign “metabolic polymorphism” present in
human populations (5 to 10% of Caucasians and 40 to
95% of Asian populations). As shown in Scheme 1,
(R)-B*hAla is a catabolite of thymine; dihydrothym-
ine and B-ureidoisobutyrate are intermediates.**>*
The first, second, and third steps of thymine catabo-
lism, leading to (R)-B*hAla formation, correspond to
the second, third, and fourth steps of cytosine/uracil
catabolism yielding B-alanine (i.e., 3-homoglycine,
BhGly).'" Accordingly, the balance between the sal-
vaging and catabolism of pyrimidines will influence
the abundance of (R)-B?hAla. B-Ureidoisobutyric
acid and its precursors must be transported to the liver
to form (R)-B’hAla because B-ureidopropionase is
active only in the liver. Early studies by Fink et al.'®
established that rat liver slices convert [CH3-'4C]thy—
mine to radiolabeled glucose and alanine in addition
to the expected intermediates of the thymine — (R)-
B’hAla pathway. (R)-B*hAla is thus a glycogenic
amino acid. The first step of the (B-aminoisobutyrate
metabolism (cf. step 4 in Scheme 1) is a transamina-
tion reaction in which pyruvate is the acceptor. (R)-
Methylmalonic acid semialdehyde ((R)-MMS) is then
expected to be transformed to propionyl-CoA and
finally to succinyl-CoA, but since this pathway has

*The other two natural B-amino acids are B-alanine (i.e.,
BhGly) and (R)-B-leucine (i.e., (R)-B>hVal) but they will not be
taken into account in this article. For extensive referencing on the
metabolic pathways of these two amino acids see Refs 11 and 14.
For reasons of clarity it should be noted that (R)-BhAla is referred
to as (—)-B%hAla, or D-B*hAla'>'® and that it is the homologue of
a-L-Ala!
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only been well-established for the catabolism of (S)-
MMS (cf. 8 in Scheme 2, Section 1.2), it may not
apply to the (R)-enantiomer. If methylmalonate semi-
aldehyde dehydrogenase, the enzyme catalyzing step
5 (Scheme 1), is specific for the (S)-enantiomer, two
processes may possibly serve to racemise (R)-MMS; a
nonenzymatic racemization of (R)-MMS? (step9)ora
reversible pathway through the nonchiral intermediate
methylacryl-CoA (steps 10 to 13).

Although the synthesis of (R)-B*hAla is suppos-
edly impaired in the face of dihydropyrimidine
dehydrogenase (step 1), dihydropyrimidinase (step
2), and B-alanine synthase (step 3) deficiencies, it is
not clear what consequence it might have on patho-
genesis of the associated clinical phenotype. On the
other hand it has been found that 3-Aib excretion is
increased by catabolism, in neoplastic states, in
Down’s syndrome, and when somatic growth in-
creases the turnover of pyrimidines. In these cir-
cumstances, primarily the (R)-isomer is excreted.
B-Aib excretion can, therefore, be used to monitor
clinical progress and response to treatment of cer-
tain neoplasms."’

2.2. The (S)-B2hAla Metabolite

Some B-amino acids play also a role in the metabo-
lism of a-amino acids. L-Valine can, for example, be
converted into (S)-BzhAla during its catabolism
(Scheme 2). The initial step of this pathway involves
a reversible transamination to the a-ketoisovaleric
acid followed by irreversible oxidative decarboxyl-
ation to form isobutyryl-CoA, which is then trans-
formed to methacryl-CoA by the action of a dehydro-
genase. The stereoselective hydration of the C=C
double bond with subsequent hydrolysis of the thiol-
ester affords (S)-B-hydroxyisobutyric acid. Oxidation
of the hydroxy group to the aldehyde (S)-MMS fol-
lowed by transamination leads to (S)-B-aminoisobu-
tyric acid. Due to the fact that (S5)-MMS is mainly
converted to propionyl-CoA (for further metabolism
to succinyl-CoA) by an irreversible complex reaction
catalyzed by methylmalonate semialdehyde dehydro-
genase, the amount of (§)-B”hAla in plasma is usually
kept low (1.8 to 4.5 wM). An increase in its concen-
tration (up to 30 uM) has only been observed when
the aforementioned dehydrogenase 1is defec-
tive.'32729=31 I combination, an increase in the con-
centration of 3-hydroxyisobutyrate, 3-aminoisobu-
tyrate, 3-hydroxypropanoate, 3-alanine, and 2-ethyl-

3 The facile enolization of B-oxoacids and the relatively high
acidity of their a-protons is well-established, but the rate of race-
mization of (R)-MMS has apparently not been established.?>>

3-hydroxybutyrate was also observed. Interestingly,
in this case the (-Aib content in urine was about
equally composed of the (S)- and (R)-isomers, while
normally the R/S ratio is about 95:5.*° 3-Hydroxy-
isobutyric acid was about 75% (S)- and 25% (R)-
configuration, and all of the 2-ethyl-3-hydroxypropi-
onic acid (i.e., a metabolite of the minor pathway of
the isoleucine catabolism) was the (§)-isomer.”’ A
defective methylmalonate semialdehyde dehydroge-
nase was proposed by studying the metabolism of
valine in intact fibroblasts from a patient. The oxida-
tion of [1— 'C]valine to '4C02 was normal, but the
oxidation of [2— '*C]valine to '4C02 was undetect-
able, indicating a severe block in valine metabolism
below the level of isobutyryl-CoA. The label in the
2-position of valine would be metabolized to the
1-position of MMS and would yield labeled carbon
dioxide if methylmalonate semialdehyde dehydroge-
nase was active. Thus, the lack of production of
labeled carbon dioxide from the substrate strongly
indicates a deficiency of MMS dehydrogenase in the
patient.?®

3. B>-AMINO ACIDS AS A
COMPONENT OF NATURAL
PRODUCTS

As for mammals, only B°hAla seems to play a role as
a primary metabolite in invertebrates (cf. Section 2.1).
However, other Bz-amino acids are occasionally
found in natural products. These secondary metabo-
lites are either 3*-amino acid monomers or compo-
nents of more complex structures like peptides, dep-
sipeptides, lactones, and alkaloids. Often they have
important pharmacological properties and are there-
fore of great interest.

3.1. Monomeric BZ-Amino Acids

Only a few *-amino acids have been isolated from
plants, bacteria, and invertebrates (Figure 1) and al-
though their function is not known in all cases, they
often exhibit interesting biological activities.
B-Aminoisobutyric acid has been found in several
invertebrates like mussels*® and cestodes.** It has
been established that, at least for the latter species,
this amino acid is produced by thymine catabolism.*
In addition, B-Aib has also been found in plants,*®~*°
where its function is still unknown. It is interesting to
note that B*hAla and the homologous B’hAbu (a-
ethyl-B-alanine) have been extracted and character-
ized, together with other a-, B-, -, and 6-amino
acids, from the Murchison meteorite.*'~** The fact
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SCHEME 1 Formation and metabolism of (R)-B-aminoisobutyrate ((R)-B-Aib or (R)-B*hAla).*!
The circled numbers indicate enzymes or metabolic processes: 1 = dihydropyrimidine dehydroge-
nase; 2 = dihydropyrimidinase; 3 = (-alanine synthase; 4 = 3-aminoisobutyrate-pyruvate transam-
inase; 5 = methylmalonate semialdehyde dehydrogenase (acetylating) (?); 6 = propionyl-CoA
carboxylase; 7 = methylmalonyl-CoA racemase; 8 = methylmalonyl-CoA mutase; 9 = nonenzy-
matic; 10 = 3-hydroxyisobutyrate dehydrogenase; 11 = an acyl-CoA synthetase (?); 12 = 3-
hydroxyisobutyryl-CoA hydrolase; 13 = nonenzymatic for (R)-isomer (?). The circled letters
indicate confirmed (solid arrows) and putative (interrupted arrows) enzyme deficiencies: A = di-
hydropyrimidine dehydrogenase deficiency; B = dihydropyrimidinase deficiency; C = B-alanine
synthase deficiency; D = hyper-B-Aiburia; E = a shared disorder of 3-alanine and (3-Aib catabo-

lism 27,28
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dehydrogenase; 4 = enoyl-CoA hydratase; 5 = 3-hydroxyisobutyryl-CoA hydrolase; 6 =

acyl-CoA synthetase (?); 7 = 3-hydroxyisobutyrate dehydrogenase; 8 = methylmalonate semial-

dehyde dehydrogenase (acylating); 9 =

racemase; 11 = methylmalonyl-CoA mutase; 12 =

propionyl-CoA carboxylase; 10 =

methylmalonyl-CoA
thiolester hydrolase (?); 13 = (S5)-B-aminoisobu-

tyrate-a-ketoglutarate transaminase. Disorders of valine oxidation (A)*? may affect step 13.

that the meteorite contains all possible acyclic o-, 3-,
v-, and 8-amino acids is consistent with a process of
their formation involving a random combination of
single C-precursors (e.g., radical species).
B-Prolinebetaine**** and trans-4-hydroxy-B-pro-
linebetaine®® could be considered cyclic B2-amino
acids and have been found in many species of marine
algae.*’ It would appear, therefore, that these com-
pounds are a characteristic feature of such organisms.
Betaines are thought to play a pivotal role in plant
cytoplasmic osmotic adjustment in response to 0s-
motic stress.*® Some algae also contain frans-pyrro-

lidine-2,4-dicarboxylic acid,* a compound that selec-
tively inhibits the transport of L-glutamate, one of the
major excitatory neurotransmitters in the mammalian
brain. The guanidino compound phascolosomine was
isolated from sipunculid worms®® and was found to be
mainly localized in the viscera of the worms. Usually,
guanidino compounds are particularly abundant in
muscle and were found to be the components of
muscular phosphagens. Therefore, they play an im-
portant part in the energy processes of muscular con-
traction, and their function is similar to that of argi-
nine in most invertebrates and to that of creatine in all
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FIGURE 1 Acyclic and cyclic 8*-amino acids found in nature as monomers.

vertebrate muscles. The concentration of phascoloso-
mine is comparatively low in muscle, but exception-
ally high in viscera (about 2 to 4 times the average
concentration of the total guanidine bases used as
phosphoryl acceptors in the body-wall muscle of these
animals). Thus, phascolosomine exhibits unusual fea-
tures with regard to its structure and distribution. The
homologated proline esters Me-3*hPro-OMe and Me-
B*hPro-OEt are volatile alkaloids found in the Areca
catechu palmae.”' A more complex class of 8*-amino
acids has been isolated from the culture filtrate of the
bacterium Streptomyces nobilis SANK 60192.>? They
have been designated A-72363 Al, A2, B, and C and
have been shown to inhibit several glycosidases.
A-72363 B (i.e., siastatin B) is selective for neuramin-
idase and S-glucoronidase and A-72363 C for 3-glu-
coronidase and heparanase, with the remaining two
compounds exhibiting a weak inhibitory effect on the
glycosidases tested.>

3.2. B?hAla Derivatives as Part of
Peptides

Peptides containing B*-amino acids occur rarely in
nature. Moreover, they contain exclusively B”hAla
derivatives. The most simple structures isolated are
represented by 7y-L-glutamyl-B-isobutyric acid, or
ethyl ester, dipeptides (Figure 2). They have been
found in several plants®’~*° and in bovine brain.’*>
Whereas in plants the S*hAla building block has the
(R)-configuration, the enantiomer is present in bovine
brain.

The physiological relevance of +y-glutamyl pep-
tides is still not clear. It has been postulated™ that the
concentration of free B?hAla as well as of other amino
acids in the brain is regulated by reversible formation
and hydrolysis of the corresponding -y-glutamyl
dipeptide by action of a transferase, probably glu-
tamyltransferase. This makes use of glutathione (i.e.,
y-glutamylcysteinylglycine tripeptide, also known as
GSH) as a substrate to transfer the y-glutamyl bond to
new acceptors.”® Such dipeptides could also be syn-
thesized through the effect of y-glutamylcysteine syn-
thetase (y-GCS), a mammalian enzyme that catalyzes
the first step of glutathione synthesis, coupling L-
glutamic acid and L-cysteine to form -y-glutamylcys-
teine. Rathbun®’ demonstrated the ability of this en-
zyme, isolated from bovine lens,”® to catalyze the
synthesis of vy-glutamyl dipeptides using several
amino acids in place of cysteine. Moreover, he
showed that both enantiomers of 8*hAla can substi-

a) (0]
HOECW__.;\/”\_/\_/CSM
-
NHz :
R=H,Et
b) o)
HO.C .\\)L COxH
Oy " N/\r
H
NH;

FIGURE 2 +-Glutamyl dipeptides isolated from (a)
plants and (b) bovine brain.
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YM-170320

FIGURE 3 The lipopeptide antibiotic YM-170320, an
ergosterol-biosynthesis inhibitor.

tute L-cysteine in the y-GCS reaction, although with
different efficiency.’® The enzyme can distinguish
between these two isomers since (S)-BzhAla was con-
sumed at a rate which was two or three times that of
(R)-B*hAla. Whether these plant and bovine-brain
peptides all arise from one of the mentioned reactions
is still unknown.

A solid-state fermentation of vegetative mycelia of
strain YL-03706F, a mutant of Candida tropicalis
pK233, has produced a novel lipopeptide antibiotic
designated YM-170320 (Figure 3).°° YM-170320 be-
longs to a novel class of ergosterol-biosynthesis in-
hibitors,® and the mode of action is now under inves-
tigation.

Cryptophycins are potent antitumor and antifungal
peptolides that are found in the blue—green alga (cya-
nobacteria) Nostoc sp. GSV 224.°-%* The major nat-

6 There is substantial interest in discovering inhibitors of ergos-
terol biosynthesis in fungi, since ergosterol is an essential constit-
uent of the fungal cytoplasmic membrane.
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FIGURE 5 Structure of topostatin, an inhibitor of topo-
isomerases I and II.

urally occurring representative of this class of cyclic
depsipeptides, cryptophycin 1 (Figure 4), shows ex-
cellent activity against a broad spectrum of solid
tumors, including drug-resistant ones, implanted in
mice.®!%3%  Structure-activity relationship (SAR)
studies have shown that an intact 16-membered pep-
tolide ring is essential for optimal cytotoxicity. Addi-
tionally, the (R,R)-epoxide ring, the chlorine substitu-
ent, and the methoxy group in unit B, the methyl
groups in units A and C, and the isopropyl group in
unit D are also necessary for activity.

Another example of a depsipeptide is represented
by the topoisomerase inhibitor topostatin (Figure 5).
This microbial antitumor compound was isolated
from the culture filtrate of Thermonospora alba strain
No. 1520°7® and was found to inhibit nuclear en-
zymes topoisomerases I and II, both responsible for
the concerted breaking and rejoining of DNA
strands.®’

The enzymes are involved in producing the neces-
sary topological and conformational changes in DNA
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FIGURE 4 Structure of cryptophycin 1 with the summary of in vivo structure—activity relation-
ship (SAR) studies. It has been classified into four subunits: units A and D represent hydroxy acids,
whereas units B and C are a-and 8%-amino acids, respectively.
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17-dimethylaminolobohedleclide

FIGURE 6 Sinulamines (I-1II), saussereamines (A-E), and 17-dimethylaminolobohedleolide are

natural products isolated from soft coral species.

that are critical to many cellular processes such as
replication, recombination, and transcription.70 To-
postatin is completely different from other anti-tumor
drugs causing DNA damage, such as camptothecin
and doxorubicin, which have so far been clinically
tested. Topostatin is a toposiomerase inhibitor with no
cytotoxicity against noncancerous human cells. Addi-
tionally, it shows a specific inhibition against the
growth of SNB-75 and SNB-78, which are tumor cells
of the central nervous system.

3.3. B2-Amino Acids as Part of
Nonpeptidic Natural Products

Few nonpeptidic classes of natural products such as
alkaloids, terpenes, and others possess a *-amino-
acid moiety in their core system. These residues are
often represented by a-aminomethyl-y-butyrolactone
moieties, which are potentially formed via a Michael-
type addition to an a-methylene-y-lactone by various
N-nucleophiles. For example, several terpenes with
such amino acid derivatives have been isolated from
three soft coral species (Figure 6). All sinu-
lamines’"’? and the 17-dimethylaminolobohedleol-
ide”® are diterpenes containing an a-dimethylamin-

omethyl-y-butyrolactone as the B*-amino acid unit.
These species have anti-cancer activities; the first
group inhibits the proliferation of KB cells, and the
second compound inhibits the cytopathic effect of in
vitro HIV-1 infection. In contrast, the saussureamines
are amino acid sesquiterpenes in which the amino
group of the B%-amino acid is also part of an a-amino
acid.”*~7® These natural products have been isolated
from Chinese saussureae radix, the dried root of Sau-

FIGURE 7 Germacranolide—valine adduct dimer isolated
from Centaurea aspera.
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ssurea lappa Clarke, which is known as an aromatic
stomachic and frequently prescribed in Chinese and
Japanese traditional medicine. Effectively, these com-
pounds have a potent inhibitory effect on both acidi-
fied ethanol- and stress-induced gastric ulcer forma-
tion in rats.

Another sesquiterpene lactone has been isolated
from Centaurea aspera and is shown in Figure 7.”’
This compound differs from the other amino acid
sesquiterpene derivatives because it occurs in a
dimeric form (“diketopiperazine”).

Other derivatives with a y-butyrolactone system
were found in plants and marine sponges (Figure 8).
For example, tri-(a-metylene-y-butyrolactonyl)amine
was isolated from the Tasmanian endemic plant Bel-
lendena montana,”® whereas the ampiasterins C-E, a
new family of cytotoxic secondary metabolites, were
extracted from the marine sponge Plakortis quasiam-
phiaster.”

Natural products containing B*-amino acids other
than the lactone derivatives have also been found. An
example is physarigin B,%" a yellow pigment from a
cultured myxomycete Physarum rigidum, an unusual

]

)J\NH

MeO T N N e N,-j/co.,.n
H

group of primitive organisms that may be assigned to
one of the lowest classes of eukaryotes (Figure 9).

Other examples (Figure 10) include (+)-11-oxo-
cystine, a lupin alkaloid with hallucinogenic activity
isolated from the leaves of Sophora secundiflora,®
and a group of ergot alkaloids isolated from Claviceps
purpurea, a fungal parasite of grasses and cereals. The
ergot alkaloids were the first a-adrenergic antagonists
discovered, but side effects generally prevent their
administration in doses that would produce more than
a minimal blockade in humans. In general, the effects
of all these compounds appear to result from their
actions as partial agonists or antagonists at andrener-
gic, dopaminergic, and serotonergic receptors. They
have some clinical applications, notably in obstetrics
and the treatment of migraines.®”

The ergot alkaloids can be divided into four main
structural groups: clavine alkaloids (which do not
contain any B*-amino acids); lysergic acid; simple
lysergic acid amides (e.g., ergometrine); and peptide
alkaloids or ergo-peptines (e.g., ergotamine). A fur-
ther example of the occurrence of a 3%-amino acid as
part of an alkaloid is shown in Figure 11. This steroi-

Q
physarigin B

FIGURE 9 Physarigin B is a yellow pigment present in the myxomycetes of the Physarum

rigidum species.
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FIGURE 10 Selection of alkaloids containing a 3*-amino-acid moieties. The (+)-11-oxocystine
is a lupin alkaloid and the others are ergot alkaloids.

dal alkaloid (SN-d) has been characterized from the
methanolic solution, kept for 2 years, of Solanum
nigrum berries.®® SN-d could never be isolated from
fresh berries and it is, therefore, interesting that the
ingredients of the fruits with unbroken pericarps
soaked in MeOH for a long time were changed by a
selective oxidation at C-12 and/or C-27 on the steroi-
dal skeleton. This was apparently effected by the aid
of enzymes included under the experimental condi-
tions (in MeOH). Among the newly formed com-
pounds in the culture, only SN-d contains a 3*-amino
acid residue.

4. METHODS FOR THE SYNTHESIS OF
ACHIRAL B2-AMINO ACIDS

A first look into the Beilstein database with a search
for simple or complex structures containing 3*-amino
acids has, surprisingly, revealed that more than
15,000 different compounds have such residues in
their core system. Among them, almost 2000 have
biological activities and nearly 100 are present in
nature. Racemic 8%-amino acids have been the subject
of research since the early part of the 20th century.
Most of the methods for their preparation rely on the
use of acrylic, cyanoacetic, and malonic ester deriv-
atives. Some examples are shown in Scheme 3.

HO

FIGURE 11 SN-d, a steroidal alkaloid enzymatically de-
rived from the original constituents of Solanum nigrum
berries, immersed in MeOH for 2 years.

5. METHODS FOR THE SYNTHESIS OF
ENANTIOMERICALLY PURE B2-AMINO
ACIDS (EPC SYNTHESIS)

The importance of B-amino acids and their derivatives
in the field of pharmacology and in peptide chemistry
is well represented by the multitude of papers that
have been published in the past decades. Additionally,
since the far-reaching discovery that B-peptides (i.e.,
oligomers derived from (-amino acids) form much
more stable structures than their a-peptidic natural
counterparts,'~’ there has been an ever-growing inter-
est in synthesizing 3-amino acids with various sub-
stitution patterns. In particular, the preparation of
enantiomerically pure -amino acids has become an
important and challenging endeavor for organic
chemists. Stereoselective syntheses of (3-amino acids
have already been extensively reviewed.''>"'** How-
ever, among all the methods for the preparation of
B-amino acids, the synthesis of 3-substituted 3-amino
acids (i.e., B3—amino acids) has been investigated most
thoroughly. Several methodologies for the synthesis
of a-substituted B-amino acids (8*-amino acids) have
emerged recently; they include alkylation of a chiral
cyclic or acyclic enolate, Mannich-type reactions of a
chiral enolate, Curtius rearrangements, diastereoselec-
tive conjugate additions of an achiral amine to a chiral
a,B-unsaturated ester or of a chiral amine to an achiral
enolate, metal-catalyzed reaction, and resolutions.
These methods will be discussed in the following
sections.’

7 Throughout this article, we use % es and % ds to specify the
selectivities of reactions where one of the enantiomers or one of the
diastereomers is formed preferentially. The % ee present in the
original literature has been converted to the corresponding % es
value.
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SCHEME 3 Various methods for the preparation of racemic $*-amino acids. (a) Nucleophilic
attack of cyanide®** or deprotonated nitromethane®® on an a-haloester followed by nitrile or nitro
reduction. (b) Michael addition of an amine to an acrylic ester derivative containing the side
chain.?*#7-%° (¢) 1,4-Addition of a nucleophile to an acrylic ester derivative containing the 8-amino
group.” (d) Stobbe condensation of a succinic ester”* > or (e) Wittig olefination of a succinic
ester-derived phosphorane®®°” with an aldehyde, followed by Curtius reaction and hydrogenation.
(f) Hydrolysis of either 5-substituted dihydrouracils®®*~'%° or 4-substituted pyrazolines.'®' (g)
Reductive desulphurisation of isothiazole derivatives.'® (h) Amidomethylation of aryl acetic
esters.'®® (i) Amidomethylation of monosubstituted malonic- or cyanoacetic esters.'®~1%¢ (j)
Three-component Mannich reaction of an aldehyde, NH;, and a malonic- or cyanoacetic ester
derivative.'®” (k) Knoevenagel condensation of a cyanoacetic ester with an aldehyde,'®®~''°
followed by hydrogenation or complete reduction with a borane reagent. (I) Alkylation of a
cyanoacetic ester''' followed by reduction. (LG = leaving group; PG = protecting group; Nu

= nucleophile; X = halide; in all cases n = 0, unless indicated otherwise in the Scheme).

5.1. Enantioselective Synthesis of 2-
Amino Acids via Chiral -Homoglycine
Derivatives

One of the best methods for introducing a substituent
at the a-position of a B-amino acid derivative is by far
the diastereoselective alkylation of the corresponding
enolates. Most of the examples described in the liter-
ature involve the use of either cyclic or acyclic 3-ho-
moglycine derivatives; cyclic ones often give better
diastereoselectivities. The efficiency of this method
has been demonstrated by Juaristi et al.,'**'**> em-

ploying a racemic or enantiomerically pure 2-tert-
butylperhydropyrimidin-4-one derivative® that allows
for excellent differentiation of the diastereotopic faces
of the enolate plane (Scheme 4). The high trans-
diastereoselectivity of the alkylation has been attrib-
uted to the axial orientation of the tert-butyl substitu-
ent in the sofa-conformation of the six-membered

8 The enantiomeric pyrimidin-4-one derivatives were obtained
via preparative resolution by recycling chromatography on a Chira-
spher column.'?¢

O \ O
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/ 2) ion exchange
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trans (S) or (R)

R = Me, Bn, Bu, CgH 3 (75-77%, >95% ds)

SCHEME 4 Diastereoselective alkylation of rac-, (R)-, or (S)-1-benzoyl-2-tert-butyl-3-methylp-
erhydro-pyrimidin-4-one according to Juaristi.'?*'** The hydrolysis requires heating with 6 M HCI.
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SCHEME 5 Preparation of (S)-1-benzoyl-2-tert-butyl-3-
methylperhydropyrimidin-4-one starting from (S)-aspara-
gine.

ring, being a classical manifestation of the so-called
A3 effect exerted by an amide group. The corre-
sponding B*-amino acids are then obtained in good
yields by acidic hydrolysis of the alkylated com-
pound, followed by ion exchange chromatography.

The power of this method has been further im-
proved by using (S)-asparagine for the synthesis of
enantiomerically pure  (S)-perhydropyrimidin-4-
one.'?>127:128 Indeed, condensation of (§)-asparagine
with pivalaldehyde according to the procedure de-
scribed by Konopelski and co-workers,'?*!30 fol-
lowed by protection of the amino group, oxidative
decarboxylation, and Pd-catalyzed hydrogenation,
gives in good yield the chiral perhydropyrimidin-4-
one (Scheme 5).

Diastereoselective alkylation of the (S)-perhydro-
pyrimidin-4-one produces the 1,4-trans-product,
which undergoes acidic hydrolysis to form the (R)-
B*-amino acid with no loss of configurational integ-
rity. It turns out that enolate formation of the 1,4-
trans-adduct, followed by protonation (aqueous
NH,CI), can afford, with high stereoselectivity, the
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1,4-cis diastereomer; the protonation takes place
again from the face opposite to the tert-butyl group. In
this way, a common precursor can be used for the
preparation of either enantiomeric form of a 2-amino
acid (Scheme 6).

This route provides a classical example of the
concept of “self-regeneration of a stereogenic cen-
ter”'®!: the initial stereogenic center of asparagine
induces the stereoselective formation of a new, tem-
porary chirality center (i.e., carbon bearing the tert-
butyl group), before being trigonalized by decarbox-
ylation. A new ligand (i.e., R-group) is then intro-
duced, again diastereoselectively, and the temporary
center is finally removed. The major drawback of this
method is the rather harsh condition needed for the
release of the B*-amino acids, hampering its applica-
tion for the preparation of B*-amino acids with func-
tionalized side chains.” The introduction of 1-Boc-
protected  2-fert-butyl-4-methoxytetrahydropyrimi-
dine (BMP) for diastereoselective alkylation reactions
by Seebach et al.'*? was an improvement. BMP has
been prepared from Z-protected B-homoglycine by
conversion to its amide and in situ reaction with
pivaldehyde to give the tetrahydropyrimidinone, the
basic nitrogen of which was Boc-protected.'® Treat-
ment with Meerwein’s salt afforded racemic or enan-
tiopure (after resolution) BMP. Alkylation of the Li-
enaminate results in good yields (47-97%), and only
the trans diastereoisomer is formed. Cleavage of the
alkyl-substituted six-ring heterocycle can be accom-
plished by a two-step procedure: first, removal of the
Boc-protecting group, and then cleavage of the ring

° For solid phase synthesis by Fmoc-strategy, functionalized
side chains must be protected with acid-cleavable protecting
groups.

10 Multigram amounts of nonracemic material can be obtained
by preparative chromatographic resolution of the pyrimidinone
precursor on a Chiralcel OD column.
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SCHEME 6 Synthesis of either 8*-amino acid enantiomer starting from a common precursor.
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SCHEME 7 Boc-Protected BMP as a precursor for diastereoselective alkylations, which lead to
the formation of racemic or enantiopure Boc- or Z-protected %-amino acid methyl esters upon
acidic hydrolysis under mild conditions. Only one enantiomer of the trans-adduct is shown.

under acidic conditions (TFA in water at 0°C) to give
the methyl esters of the B-amino acids (Scheme 7).

The use of milder conditions for the cleavage of
the Boc-protected alkylated BMP is well demon-
strated by the successful isolation of an «-allyl-(-
amino acid derivative, which could not be obtained by
cleavage of the corresponding perhydropyrimidin-4-
one with 6 M HCI'** (Scheme 8).

As already mentioned above, acyclic B-homogly-
cine derivatives have also been successfully employed
in the enantioselective preparation of B*-amino acids.

) TMSOTf OMe
2) 0.1m TFA,
H20 4d

> < 3)Boc0

0,
62% Bod //
rac.

HO
BM HCI, A
) ion exchange

8°/O
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SCHEME 8 Hydrolysis of the allylated BMP derivative
for the formation of the Boc-protected a-allyl-f-amino acid
methyl ester. Cleavage of the corresponding perhydropyri-
midin-4-one compound caused cyclization of the interme-
diate B%-amino acid, so that a mixture of cis- and trans-5-
methyl-B-proline was isolated.

For this approach several chiral auxiliaries have pro-
vided good selectivities. A collection of chiral
B-aminopropionic acid derivatives, which have been
successfully adopted for diastereoselective alkylations
or aldol reactions, is presented in Figure 12.

The first example of chiral induction by acyclic
homoglycine derivatives was achieved in 1994 when
Roumestant and co-workers'*® performed a diastere-
oselective methylation reaction on a 3-homoglycine
derivative with two chiral handles (i.e., (15,2R,59)-
menthyl-N-[(15,25,55)-2-hydroxypinan-3-ylidene]-£3-
alaninate). Although alkylation of the Li-enolate with
methyl iodide occurred with poor conversion, addi-
tion of hexamethylphosphoramide (HMPA) as cosol-
vent afforded the alkylation product in 86% yield and
92% ds. Separation of the mixture by column chro-
matography, followed by acidic hydrolysis of both
auxiliaries, gave the pure (S)-B%hAla in good yield
(Scheme 9).

Interestingly, the use of (—)-menthol instead of
(+)-menthol ester for alkylation under the same con-
ditions gives better yields of the methylated com-
pound but poorer diastereoselectivity (cf. “double ste-
reoinduction” or “matched/mismatched pairs”)'*>,

Lavielle and co-workers'** reported the use of
chiral imine derivatives for the enantioselective prep-
aration of 8*-amino acids. The sultam-derived B-ho-
moglycine imine, easily obtained from Boc-3-homo-
glycine and the corresponding sultam, is lithiated by
means of LDA or BuLi in a THF/DMPU' '-solution at
—78°C and then alkylated to give the (R)-product as
a single diastereoisomer. The B*-amino acids are ob-

" DMPU, N,N-dimethylpropylene urea.'#*
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FIGURE 12 Examples of chiral B-homoglycine derivatives employed in the synthesis of B>
amino acids. It should be mentioned that the likelihood of eliminating the protected 3-amino moiety
upon treatment with base can depend on the protecting groups that are used.

tained in 57-75% yield after acidic hydrolysis and
Boc-protection (Scheme 10).

The use of (—)-sultam as chiral auxiliary yields the
(R)-B*-amino acid precursors, conversely, (+)-sultam
leads to the (S)-B*-amino acid derivatives. The alky-

1

O/U\/\NH + 0

2
H HO

R

1) LDA, HMPA
- —————
2) Mel
86%, 92% ds

lation step must be performed at a temperature of less
than —45°C to avoid competitive elimination with
ketene formation, which leads to the alkylated sultam
as the main product. By comparison, the analogous
imine precursor using Evans’ benzyl oxazolidinone as

_BFgELO )]\/\
toluene
92%
(o]
cnnc acid )J\/\
2) 6Mm HCl HO _ NH,
3) methyl oxirane H
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SCHEME 9 Diastereoselective alkylation of a chiral 8-homoglycine.'*?
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SCHEME 10 Enantioselective synthesis of $%-amino acids according to Lavielle and co-work-

ers.!>*

the chiral moiety (cf. Figure 12) has also been tested
for stereoselective alkylations, albeit with lower di-
astereoselectivities obtained: alkylation with benzyl
bromide afforded the product with 90% diastereos-
electivity, whereas with iso-butyl iodide a racemic
mixture was obtained, even at —78°C. A better result
for the diastereoselective alkylation of a Z- and ben-
zyl-protected -homoglycine with Evans’ benzyl ox-
azolidinone as chiral auxiliary has been described by
Xue and co-workers,'*> who synthesized an enantio-
pure (R)-B*-homoaspartate derivative through stereo-
selective alkylation with tert-butyl bromoacetate
(Scheme 11).

Another chiral auxiliary that has been successfully
used for the synthesis of a-substituted 3-amino acids
is pseudoephedrine (Myers method'*>~'*"). Lum and

Bn "2) BrCHCOZBu
THF, -78°
75%

o o
o)kN/U\/\N/Z WA )k

co-workers'*® coupled Boc-B-homoglycine and (+)-
pseudoephedrine to give the corresponding derivative,
which was Boc-deprotected to afford the chiral
B-aminopropanoic amide precursor. Lithiation with
lithium hexamethyldisilazide (LHMDS) in the pres-
ence of LiCl followed by alkylation with several
electrophiles can provide the alkylated products as a
mixture of diastereoisomers and in good yields
(Scheme 12). Unfortunately, no separation of diaste-
reoisomers could be achieved by chromatography and
no determination of the alkylation selectivities was
possible by either NMR or HPLC. Cleavage of the
auxiliary provided enantiomerically enriched fully
deprotected B*-amino acids (88—>99% es).

For the preparation of a 8*-homoalanine deriva-
tive, Liebscher and co-workers'?” employed a chiral

LiOH, H202 HO N
Bn Bn
COg'BU 90% tBUOZC
(R)

SCHEME 11 Synthesis of an (R)-B*-homoaspartate derivative via diastereoselective alkylation of

a chiral B-alanyloxazolidinone precursor according to Xue and co-workers.
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SCHEME 12 Synthesis of 8%-amino acids using pseudoephedrine as a chiral auxiliary according

to Lum and co-workers.'3®
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SCHEME 13 Preparation of a 3*-homoalanine derivative by diastereoselective alkylation of a

chiral oxazoline derivative according to Liebscher.

2-(B-aminoethyl)oxazoline for achieving diastereos-
elective methylations (Meyers’ method'**'#?). This
precursor was prepared by adapting the known syn-
thesis of oxazolines'*° from the corresponding imido
ester and chiral amino alcohol, followed by benzene
sulfonylation. Methylation of the Li-enolate in the
presence of BEt; afforded the a-methyl derivative in
only 43% yield but 90% diastereoselectivity. In the
absence of BEt; both the yield and the selectivity
dropped to 20 and 64%, respectively. The N-protected
B*-homoalanine can be obtained in good yield after
hydrolytic removal of the chiral auxiliary (Scheme
13).

A whole series of B-homoglycine derivatives
(I-V) containing an a-phenethyl group as the chiral
inductor have recently been the subject of research in
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Juaristi’s group;'*®~'? the preparation of these deriv-

atives is shown in Scheme 14.

In most cases, the selectivities of subsequent alky-
lation reactions are only moderate and are sometimes
influenced by the addition of cosolvents (i.e., DMPU,
or HMPA) or “inert” salts (e.g., LiCl). In the case of
compound II, for example, neither the addition of
LiCl nor that of one of the cosolvents had any bene-
ficial effects. In contrast, with compound III the se-
lectivity of the alkylation, as well as the yield, in-
creased by the addition of either DMPU or HMPA,
but decreased when LiCl was used as the additive
(Scheme 15).

Due to the fact that both compounds II and III in
Scheme 15 favored addition of the electrophile with
formation of an (R) stereogenic center, the influence
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SCHEME 14 Preparation of the B-homoglycine derivatives containing (a) one chiral-auxiliary

(I-III) or (b) two chiral-auxiliary groups (IV, V), according to Juaristi and co-workers.
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SCHEME 15 Diastereoselectivities of enolate II-Li and III-Li alkylations and subsequent cleav-

age of the auxiliaries by R = Me to afford the fully deprotected (R)-B*-homoalanine.

of “double induction” was tested. It was discovered
that precursor (S)-V gives, in the absence of additives,
slightly lower selectivity than that observed in the
methylation of II, but significantly higher selectivity
than that obtained from the methylation of III. Addi-
tionally, the highest selectivity is reached in the pres-
ence of 3 equivalents of HMPA. In contrast, precursor
(R)-V affords low selectivity in the absence of addi-
tives and complete inversion of selectivity in the
presence of 3 equivalents of HMPA (Scheme 16).

As a further extension toward the preparation of
enantiopure 3°-amino acids, the stereoselective alky-
lation of B-homoglycine dianion derivatives I-2Li'*°
and IV-2Li'"° has also been tested (Scheme 17).
Previous work of several groups has, indeed, demon-
strated that alkylation of chiral dianion derivatives
proceeds with high stereoselectivity.'3!~'¢°

Ja L
Phi NJJ\/\III “>ph
.. B

(S)-V or (R)-V

n
Ph

1) BULi/THF
2) Mel, -78°

138

In general, both higher yields and better stereoselec-
tivities are observed in the alkylation reaction of the
dilithio-derivative I-2Li compared with the enolate II-
Li. In addition, the alkylation products show opposite
diastereoselectivities; compounds derived from I are of
(S)-configuration, whereas the ones derived from II are
of (R)-configuration. The effect of LiCl or HMPA addi-
tive on the diastereoselectivity of the alkylation reaction
is negligible, although yields generally improved. In the
methylation of IV, the (S)-derivative is more selective
than the (R)-derivative (i.e., “matched” versus ‘“mis-
matched” compound), and for the alkylation of (S)-IV,
the addition of LiCl salts to the reaction medium causes
an increase in diastereoselectivity. At the same time,
both methylation and benzylation proceed in higher
yields, whereas the reaction with EtI and PrI gives lower
yields.

/L I )\
Ph N)%/\’f *“Ph
)1,' Me Bn

Ph "

entry precursor additive, equiv. dr (R):(S) vyield (%)

1 (S)-v - 75:25 73
2 (S)-v HMPA, 3 89:11 73
3 (R-V - 66:33 89
4 (R)-V HMPA, 3 36:64 47

SCHEME 16 Diastereoselectivity of enolate V-Li methylation.'*®
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2) 4u HClI
H 3) Dowex
R = Me, 93%

o o)
Z 1) Hp PAOH J\/\
)]\_/\N/ MLACSU NI VO
N | H
B R ’
(S)

substrate  ds (%) vyield (%)

67
(R)IV 62 60

Ph/'\NjL_/\N/LPh
S RH

Ph

SCHEME 17 Stereoselective alkylation of B-homoglycine derivatives containing a-phenethyl
groups as the chiral auxiliary. (a) Alkylation of compound I followed by cleavage of the auxiliary
when R = Me. (b) Comparison of methylation selectivity of “matched and mismatched” compounds

IV. (c¢) Diastereoselective alkylations of (S)-IV.

Finally, in our group,'*"'*? the use of chiral diphe-

nyloxazolidinone-containing $3-alanine derivatives for
aldol reactions was explored, allowing for introduc-
tion at the a-position the side chains of serine, cys-
teine, threonine, and tryptophan on the 3-amino acid
backbone (Scheme 18).

In the case of serine/cysteine and threonine deriv-
atives, the aldol reaction proceeded with almost com-

plete diastereoselectivity, whereas with tryptophan a
mixture of diastereomers was observed (ca. 6:4).
Complete selectivity has only been achieved when the
original Evans auxiliary was employed.'?

12T Kimmerlin and D. Seebach, unpublished results.

o] OBu
a)
H
o] o] o} OH ©
)J\ )L NHZ
o~ N 1) BusBOTI/NEt, 0 R or
Ph %—‘,, 2) RCHO }—‘, o)
- NHPG Ph - NHPG
Ph // Ph /”
MeO \
PG = Boc, R = Me (91%, 97% ds) N
PG = Z, R = 1-Troc-1H-indolyl (52%) NHZ
Boc
b)
. ; (o} OH o
1) TiCly, NEt; or EtN'Pry )L
2)1 -tri TiCl
} 1,3,5-trioxane, TiCly N - BnO XPG

CHoCly, 0°

0 o0
A
Phw NPhth
Ph

85%, 97% ds

—_—
Ph NPhth
ﬁ NPhth

XPG = O'Bu, STrt

SCHEME 18 Diastereoselective aldol reaction of B-homoglycine precursors using Seebach’s
chiral auxiliary; for the preparation of (a) B>-homothreonine- and B>-homotryptophan-'*? or (b)

B*-homoserine- and 3%-homocysteine derivatives.
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a) Oppolzer et al

%3)1\,

R = Me, Et(34-58%, 86-94% ds)
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S
ir~o
8]
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SCHEME 19 Diastereoselective amidomethylation of chiral (a) N-acyl-sultam and (b) N-acyl-

oxazolidinone derivatives.

5.2. Diastereoselective Addition of Chiral
Enolates to Acyliminium Salts: The
Amidomethylation Reaction

Although less explored than the alkylation, the Man-
nich-type reaction with chiral enolate derivatives pro-
vides a general route to enantiopure 3*-amino acids. It
involves the condensation of a chiral acid derivative
with a reagent that is synthetically equivalent with a
formyl imine. The independent pioneering work by
Oppolzer and colleagues'®""'? and that of Evans et
al.'® has demonstrated the feasibility of this method
by coupling aminomethyl compounds with a chiral
N-acyl-sultam or N-acyl-benzyloxazolidinone, re-
spectively (Scheme 19).

(Z)-Enolate formation with metal chelation and
electrophilic attack from the less hindered faces of the
enolates gives, in moderate to good diastereoselectivi-
ties, the amino-alkylated products, which can be eas-
ily isolated as single diastereoisomers after flash chro-

matography and crystallization. The Evans method is
by far the best in terms of yield and selectivity and has
been successfully adopted by Seebach and col-
leagues'®*'%> and Roberts and co-workers'®® for the
preparation of B%-amino acids (Scheme 20).

There are, however, drawbacks relating to the use
of N-chloromethylbenzamide as the amidomethylat-
ing reagent, such as degradation of the reagent on
storage and the need for harsh conditions (i.e., heating
in 6 M HCI) for the final removal of the N-benzoyl
group. Thus, this method can only be used to prepare
a limited number of B-amino acids. Following im-
provements in this field with the introduction of
amidomethylating agents bearing N-protecting groups
that are cleavable under milder conditions by Wyatt
and co-workers'®” and Evans and colleagues'®® (i.e.,
1-(N-benzyloxycarbonylaminomethyl)benzotriazole
and N-methoxymethyl benzyl carbamate, respec-
tively), the synthesis of a wide range of 8%-amino acid

0 o 9
)J\ )k 1) HyO,, LIOH
Jﬁ _1) TiCla, NEt5, 0° o’ >N £~ NHBz 2) 6m HCI HO " “NH,
2) BzNHCH,CI \_< R 3) Dowex LS

unlike

R = Bn; R' = Me, Pr, 'Bu, Bn (75-85%, 93-99% ds)
R =Pr; R = Bu (53%, >95% ds)

SCHEME 20 Preparation of (R)- and (S)-B*-amino acid derivatives by amidomethylation of

acyl-oxazolidinones.
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0
1) LIOH, HaDa HO)Kl/‘\ NHz
—_— -
2) Ha, PAIC, ACOH Y
65-84%

Ar = Ph, 4-{benzyloxy)phenyl, 1-banzyloxycarbonylindol-3-yl (58-65%, 93-06% ds)

b} Seebach and co-workears:
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\ I|' .-_‘] ZNHCIuDMe N of H HJD?TIIF T
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¢) Sesbach and co-workers:
8] 8] o]

N T
> NJ\ 1) TICly, NEt3
g 2 ZNHCHOMe
Ph CHeCly, 0
Ph

Keans

LiOH, Ha05 g
Ha OV THF HGJkT/\NHZ
or LIOH, HaO/THF
H

u-configuration

= Me, ‘Pr, Bu, Bn, PhthNCHg, PhthM{CHzla, Br{CHala, Br{CHgla, BriCHz), (5)-EICH{Me}, TEDPSOCH,CHz,

MeS{CHz)z (60-80%, BO-86% ds)

SCHEME 21 Preparation of 8*-amino acids by amidomethylation using electrophiles that contain
protecting groups cleavable under mild conditions. (a) According to Wyatt,'®”'%® (b) with Evans’

benzyl-oxazolidinone auxiliary,'®®'7® and (c) with Seebach’s oxazolidinone auxiliary.

derivatives by means of this methodology was made
possible (Scheme 21). As with the previous examples,
several auxiliaries can be employed, affording the
products with unlike relative configurations in good to
complete diastereoselectivities. The use of the benzo-
triazole derivative as the electrophile (cf. (a) in
Scheme 21) is limited to Li- and Na-enolates, since
Ti-enolates are unreactive. The best yields have been
obtained by warming up the reaction mixture to room
temperature before quenching, although the formation
of ca. 30% of deacylated chiral auxiliary as a major
by-product is observed.

Wyatt and co-workers'® have also attempted the use
of N-acetoxymethyl benzyl carbamate (ZNHCH,OAc)
for the Mannich reaction under Ti-enolate conditions.
However, only moderate to low yields have been ob-
tained when R is either aryl or alkyl, with much of the

R O

PG'
HzNMO/

f°-amino acid

141,142,171,172

starting material remaining. On the other hand, N-me-
thoxymethylbenzyl carbamate (ZNHCH,OMe) shows
enhanced reactivity under Ti-enolate conditions, permit-
ting the isolation of alkylated products in 60—90% yield,
making this method suitable for the multigram'? prepa-
ration of a wide variety of *-amino acids.'#!-!4%!71-172

5.3. Curtius Degradation

Another route for the incorporation of an amino-
methyl group is based on the Curtius rearrangement of
enantiomerically pure and regioselectively protected
monosubstituted succinates, a route that can lead to
either B or B*-amino acids'”*'”* (Scheme 22).

'3 A large-scale synthesis of ZNHCH,OMe performed by No-
vartis has highlighted some purification issues.

O R

PG/O\H)'\/ NH;

o]
p2-amino acid

SCHEME 22 Curtius rearrangement of succinic acid derivatives for the selective preparation of

B or B*-amino acids.
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o} o) 0
)H/\WOH 1) (F0PONs, NELs )H/\ i )H/\
MeO 2) ROH MeO NHR ~ _LOH HO NHR'
L toluene, 80° 1 THF/H,0 :

R = Me, Bn, 'Pr, ‘Bu, CgH11CH;

R'=Bn, PMB

SCHEME 23 Curtius rearrangement of (R)-monosubstituted succinates for the preparation of

B*-amino acids.

The first examples of enantiomerically pure B
amino acids prepared by this method were summa-
rized in a patent of the Monsanto Company in 1990,
73 in which chiral monosubstituted succinates are
degraded to N-protected 3*-amino acids by the action
of diphenylphosphoryl azide (i.e., (PhO),PONj;) and
triethylamine, with quenching of the intermediate iso-
cyanate by primary alcohols (Scheme 23).

Other groups have also applied the Curtius proto-
col for the preparation of 8*-amino acids. In addition,

a) Wyatt and co-warkers!™

they have utilized such a transformation with the
asymmetric multistep synthesis of succinate deriva-
tives, including a diastereoselective alkylation reac-
tion of acyl oxazolidinones (Scheme 24).

For the preparation of chiral succinate derivatives,
essentially two routes have been adopted: the first one
involves diastereoselective alkylation of chiral succi-
nyloxazolidinones with alkyl or benzyl halides (cf. (c)
in Scheme 24), whereas the second one includes an
alkylation of acyloxazolidinones with XCH,CO,R

0O o 0 1) RuCls, NalO, o
M )_I\/H 1) NHMDS, H 2} (PhOJ:PIOJN, )J\/\
o N THF, -78"° ¥ - NEth, BnOH - HO ~ NHZ
2) MeOaCCH,Br, : 4) LIOH, Ha02 :
prf: ;ME 78— 15" S CoMe 34.37% ™ CO.H
A = CHy=CHCH;, 3 4-dimethoxybenzyl (53-80%, >07% ds)
X* = chiral auxiliany
b) Wiatt and co-workers, '®® Garbay and co-workers'’®
o o 0 1) TEA/CH,Cl, o
)j\ )j\/ﬁ 1) NHMDS, J\/ = 2) (PhO):P{O)Na, )_k/ &
o N THF, -78° Xt : MEts, BrnOH HO =
H 2} ‘B0 CCH,Br 3 4) LIOH, Hz0; 4
Pl Ma CO'Bu 31-50% NHZ
A = Ph, 4-banzyloxyphenyl, 1-benzyloxycarbonylindol-3-yl, Bn (49-88%, =90% ds)
R = 4-diethylphosphonobenzyl {63%, 90% ds)
X" = chiral auxiliary
¢} Sibi et al' ™ 17¥
O e O 1) TFA/CHLCls (o]
/u\ J\/\ 1) MHMDS, 2) CICOZEL, NEts,
o’ TN CO,"Bu THF.-78° _ x £0,Bu NaNs, BUOH o NHBae
__ 2) ABr, THF ) LIOH, Hz0z
e R R
. —Ph -76° — -45° 30-66%
Ph
A = Me, CHe=CHCH., Bn { 72-83%, 90-96% ds)
X* = chiral auxiliany
d) Sesbach and co-workers! 5% 17181
o] O o] 1) deprotection 0
)L )J\/ = 1) NHMDS, & 2} (PhO)oP(O)MNa, a
Q" N _THF, 78" TN _ NEt;, BnOH HO™
. 2) R"0:CCHBr 4) LIOH, Hs04
R B COzR" B1-73% NHZ

R = Ma{CHgJoCHz; R = Ph; B" = ‘Bu (B2%, ~67% ds}

R = 'Bu0;CCH;, ‘BuOzCCHLCHg; Y = Ph; A" = Bn (55-71%, =87% ds)

R = 1-tart-butoxycarbonylindol-3-yl-CHg; A' = H; A" = Bn (76%:, =87% ds}
R = 1-terf-butoxycarbonylindol-3-y1-CHg; A = Ph; ™ = Bn (89%, =57% ds)
¥* = chiral auxiliary

SCHEME 24 Approaches for the preparation of chiral succinate derivatives and the subsequent
Curtius rearrangement toward the preparation of $*-amino acids.
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SCHEME 25 Preparation of isotopically labeled 8- and B*-amino acids by alkylation and

subsequent Curtius rearrangement.

(cf. (a), (b), and (d) in Scheme 24).'* All these exam-
ples give high yields and diastereoselectivities and
have recently permitted the preparation of $*-amino
acids with functionalized side chains!**!8%18! (je.,
B*hTrp-, B*hArg-, B*hOrn-, B*hAsx-, and B*hGlx
derivatives). Alternatively, Voges and Metz applied
similar methodology to the synthesis of isotopically
labeled B%-and B*-amino acids using the Oppolzer or
Evans methodology'®’ (Scheme 25).

Another method for the construction of B*-amino
acid derivatives was explored by Williams and co-
workers,'®%189 applying palladium catalyzed asym-
metric allylic substitutions followed by a Curtius re-
arrangement (Scheme 26). The first step leads, very
cleanly, to the corresponding malonate substituted
product in high yield, with complete regiocontrol and
excellent enantioselectivity. The following decarbox-
ylation, Curtius rearrangement, and oxidation steps

!4 The high regioselectivity observed in the enolate generation
of acyloxazolidinones that also contain an ester group must be
attributed to the increased acidity (or deprotonation rate) of the
a-hydrogen adjacent to the imide over the ester group.'¢*!82-186

PhwR

NaCH(COsMe),

lead to the isolation of the corresponding B*-amino
acids, without loss of enantiopurity.

5.4. Preparation of g2-Amino Acids by
Transition-Metal Catalyzed Reactions

Apart from the aforementioned example, which could
also have been included in this section, only a few
other methods relying on the use of chiral metal
complexes for the enantioselective synthesis of B°-
amino acids have been reported. All of them have
been introduced very recently and are still in their
seminal phase, showing good selectivities only spo-
radically and with only restricted diversity. One of the
most attractive approaches toward enantiopure -
amino acids is, by far, the enantioselective hydroge-
nation of readily available o,B-unsaturated amino
acid precursors (cf. Scheme 3, above). This approach
has been investigated by Jackson and co-workers'? in
pursuing the enantioselective hydrogenation of «,f3-
unsaturated nitrile and methyl ester derivatives
(Scheme 27). The corresponding nitriles can be pre-

Ph R

Ph OAc
10 mol%
Ph,P
THF, 30°
1) DMSO/NaCl/H,0, A Ph R
2) NaOH, HoO/MeOH 2
3) (PhO)oP(O)N3, NEt3 Ph \
‘BUOH, A NHBoc
39-45%

R = Me, Ph, mesityl, 1-naphtyl (86-97%, >97% es)

2.5 mol% [PdCI{allyl)] :

Ph  CH(CO.Me),

ipr

(e}
)J\/ R
RuCl;, NalO4 HO ~

—_—-
MeCN/CCly/H,0
60-65%

\NHBOC

SCHEME 26 Palladium catalyzed asymmetric allylic substitution followed by Curtius rearrange-
ment for the preparation of enantiomerically pure 8*-amino acids.
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SCHEME 27 Enantioselective hydrogenation of «,B-unsaturated nitrile and ester derivatives for

the preparation of 8%-amino acids.

pared by Ni-catalyzed hydrocyanation, although as a
mixture of two regioisomers, in which the desired
a-phthalimidomethyl cyanide is the major product.
Methanolysis of the latter affords the corresponding
methylacrylate. Both compounds have been subjected
to enantioselective hydrogenation with Rh DuPHOS,
Rh BPE, and Rh BINAP chiral catalysts to give the
B*-amino acids in good yields and with es values
ranging from 50 to 92%. The best result was obtained
by hydrogenation of the phthalimido ester precursor
of B’hAla (R = H). It is noteworthy that, depending
on both the chiral ligand and the substrate, enantioen-
riched B%-amino acids of (R)- or (S)-configuration
could be obtained.

Better results, applying a similar approach, have
been documented by Li and co-workers.'®' They ac-
complished the synthesis of enantiopure «,3-diamin-
opropanoic acid derivatives'> by Rh DuPHOS-cata-
lyzed asymmetric hydrogenation of «,3-diamidoacry-
lates (Scheme 28). It is not clear whether the high
selectivity is due to the effect of the a-amino group,
the B-amino group, or both.

An important industrial transformation, which pro-
duces 100 ton/year of almost enantiomerically pure

15 These derivatives are at the same time «- and -amino acids.

0 NHPG (0]

Hz

RO
NHPG'

(5,5)-DuPHOS-Rh RO

compound, is the asymmetric ketone hydrogenation
of methyl (*)-2-(benzamidomethyl)-3-oxobutanoate
(Scheme 29). The resulting syn-(2S,3R)-B>-homo-
threonine derivative is obtained with optimal diaste-
reo- and enantioselectivities, making use of several
chiral complexes,'®*"'°7 and can be transformed to the
B-lactam key intermediate of carbapenem antibiot-
ics.l98,199

Another example of a catalytic enantioselective
reaction for the preparation of B*-amino acids was
reported by Davies and Venkataramani.?*® The cru-
cial reaction is an asymmetric C—H activation of N-
Boc-protected methylamines by means of a [Rh,((S)-
DOSP),] induced C-H insertion (Scheme 30).

It has been postulated that the cause of the selec-
tive insertion into the N-methyl group over electron-
ically much more favorable sites (e.g., an allylic site:
R = trans-MeCH=CHCH,) is due to the sterically
demanding nature of the Rh complex.

Alternatively, Wendisch and co-workers applied
Cu(I)-mediated Michael-type additions of alkyl
zinc®®! or alkyl aluminium?®°? reagents to nitro acry-
lates to obtain Bz-amino acids, thus demonstrating the
feasibility of the alkylation process with umpolung
(compare Scheme 31 (a) with Section 4.1). The use of
copper catalysts increases the regioselectivity of the

NHPG H o} NHPG
2
=
(R,R)-DUPHOS-Rh RO
NHPG' NHPG'

SCHEME 28 Rh-Catalyzed asymmetric hydrogenation of «,B3-diamidopropenoates.
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SCHEME 29 Diastereo- and enantioselective hydrogena-
tion for the preparation of a 3-homothreonine derivative—a
precursor of a key intermediate for carbapenem antibiotics
production.

reaction but most of the chiral ligands screened gave
only moderate enantioselectivities. Only the Ferringa-
type BINOL-based ligand shown in Scheme 31 gave
rise to high enantioselectivities up to 94%. It has been

MeO,C_ _A PG
€02 e ' ! 1) [Rhg((S)-DOSP)]
~ —_—_—
N, * < R 2) deprotection

21-77%, 65-98% es

PG = Bog, Z, Fmoc, Teoc

R = Me, Pr, 'Pr, Bu, Bn, trans-MeCH=CHCH,, Me,C=CHCH,, trans-PhC=CHCH,
Ar = Ph, 4-CF3C¢Hy4, 4-MeOCgHy4, 4-MeCgH,4, 2-naphthyl, 4-CICgH,, 3-thienyl, CgHsCH=CH,
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found that solvents lacking electron donating atoms
lead to low es, and as a result ‘BuOMe is the solvent
of choice. Moreover, it could be confirmed that the
nature of the ester group (R’) does not influence the
yield or the enantioselectivity of the reaction. On the
other hand, a difference in selectivity was observed
with different organometal compounds. Diethyl and
di-tert-butyl zinc give better results than their alumi-
nium analogs, but the opposite is found when R is
methyl. Independently, Rimkus and Sewald®® also
explored the potential application of diethyl zinc ad-
ditions to 3-nitromethylacrylate and similar conclu-
sions have been drawn (Scheme 31(b)).

At the same time, Feringa and co-workers***
(Scheme 31(c)) applied the conjugate addition of di-
alkyl zinc reagents to nitropropene acetals using sev-
eral chiral catalysts providing enantioselective reac-
tions. In this case the best es values were also ob-

H O-FRh
MeO,C._~., R D_< |
S H X

N O—Rh
Ar \
SOLAr
4
[Rh2((S)-DOSP)4]

Ar = p-C1pH25CeHs

SCHEME 30 C-H insertion of N-protected methylamines for the construction of 8%-amino acids.
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SCHEME 31 Stereoselective synthesis of 8*-amino acids by Michael-type addition of diorgano
zinc reagents to nitro acrylates ((a), (b)) or nitropropene acetals ((c)).



230 Lelais and Seebach

tained with the BINOL-based ligand. In contrast to
Wendisch’s results, the reaction with methyl zinc
gave the desired product with 99% enantioselectivity.

Organometallic reagents have also been applied by
Baldwin and co-workers 232 in their experiments
devoted to the selective ring opening of aziridines
toward the formation of a- and (3-amino acids. Un-
fortunately, organocuprates and methyl-Grignard re-
agents led to nonselective opening of chiral aziridine-
2-carboxylate esters to give mixtures of a- and B*-
amino acids, together with plenty of other
compounds.

5.5. Resolutions of Racemic p2-Amino
Acids

The easiest method to separate a racemic mixture into
its enantiomeric constituents is resolution, in other
words converting a racemic mixture into a diastereoi-
someric mixture by means of a chiral compound.
Most of the time, this reaction is used with formation
of diastereoisomeric salts, permitting separation by
crystallization (due to a difference in solubility in a
suitable solvent), or by chromatography. After sepa-
ration, the resulting diastereomerically pure salts can
be easily “cleaved” to give the desired enantiomeri-
cally pure compound. For the resolution of 8%-amino
acids only a few examples have so far been described,
and they involve the resolution of B*-homoala-
nine'>'® B%-homophenylglycine,?*”**® BZ-homopro-
line,” and B*-iso-proline.?'**'" The chiral reagents
used for these purposes are shown in Figure 13.

However, there are also other methods for obtain-
ing enantiopure amino acids, for example, attempting
“diastereoselective” reactions for the construction of
Bz-amino acid scaffolds, which are deliberately mod-
ified to give only racemic mixtures of diastereoiso-
mers, but in very high yields. Subsequent crystalliza-
tion or chromatography produces either diastereoiso-
mer as single compound. Indeed, Shustov and
Rauk?'? and Gellman and co-workers®'? applied this
methodology by treating chiral amines with achiral
acrylate derivatives at high temperatures. The so-
formed 1:1 mixtures of diastereoisomers were ob-
tained in almost quantitative yield and could easily be
separated by crystallization and chromatography, re-
spectively (Scheme 32). Subsequent cleavage of the
chiral “protecting group” afforded the enantiopure
B-amino acids in good yields.

In a similar approach, Kim and co-workers*'* cou-
pled racemic B-hydroxyacids with (S)-phenethyl
amine. After chromatographic separation they con-
verted both diastereoisomers into the $*-amino acid
enantiomers (Scheme 33).

HOsS o]

Rats 207, 208 Refs 209, 210 Ref 211

FIGURE 13 Some chiral compounds, which have been
used for diastereoisomeric salt formation with B%-amino
acid racemates.

Enzymatic resolution has also been applied to the
preparation of B%-amino acid, but it plays a less im-
portant role in comparison with the production of o-
and B°-analogues. The ability of hydrolytic enzymes
to act as asymmetric catalysts for the Michael addition
reaction has been explored by Kitazume et al.>'>2!7
in order to prepare enantioenriched a-trifluoromethyl-
B-alanines (Scheme 34). In most examples, only mod-
erate enantioselectivities (up to 86% es) were ob-
served, but a drastic improvement (>99% es) was
achieved using chiral esters of menthol as the Michael
acceptors.

Kanerva and co-workers ° studied the enzymatic
resolution of racemic B*-homoalanine ethyl ester by
N-propionylation with Candida antarctica lipase A
and B (i.e., CAL-A and CAL-B) using neat ethyl-,
butyl-, and 2,2,2-trifluoroethyl butanoate as organic
solvents. The two enzymes displayed opposite and
low enantioselectivities, but allowed for the prepara-
tion of the two enantiomers in a two-step resolution
protocol (Scheme 35).

The efficiency of lipases in catalysing the asym-
metric acylation of 2-substituted 1,3-propanediols has
also been explored. Yokomatsu et al.?'® employed
this technique for the preparation of an enantiopure
B2-peptide nucleic acid (PNA) having a (thymin-1-yl)
methyl side chain (n = 1). The synthesis was based on
a ‘“chemoenzymatic” route, which is shown in
Scheme 36. It should be noted that elongation of the
side chain by another CH,-group (n = 2) causes a
drastic decrease in the efficiency of the enzymatic
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SCHEME 32 Michael-type reactions to form 1:1 mixtures of diastereoisomers for resolution.

Only one enantiomer is shown.

reaction, allowing for the isolation of the acetate de-
rivative in only 57% enantiopurity.

In one of the routes for the enantioselective prep-
aration of either (R)- or (S)-B>-iso-proline, Furstoss
and co-workers®*® used a microbial stereoselective
Baeyer—Villiger oxidation for the synthesis of a com-
mon chiral starting material. Thus, oxidation of an
achiral cyclobutanone derivative with the fungus Cun-
ninghamella echinulata NRRL 3655 afforded in good
yield and very high enantiopurity (60%, >98% es) the
(—)-benzyloxymethyl-y-butyrolactone, which was

Me
i A v
HoN Ph A
HO OH —————» Ph
EDC, HOB, NEts
R CH,Cly, 0°
e}
—— R =Me, Pr, Bn
—i Ho)j\(\NHz
R

O .
chromatograph ~
H)JY\OH grapny Ph/\

R

subsequently converted to either (R)- or (S)-B*iso-
proline (Scheme 37).

5.6. Miscellaneous Methods

Some other approaches have been successfully ap-
plied for the preparation of specific B*-amino acid
derivatives. For example, stereoselective Michael-ad-
dition reactions of benzylamine to a chiral substrate
have been investigated by Perlmutter and Tabone for
the preparation of B*-homothreonine and its ana-

Me

o)
N)H/\OH
H

R

SCHEME 33 Racemic -hydroxyacids as starting materials for the preparation of enantiopure

B*-amino acids. Only one enantiomer is shown.
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R=Et Bu
R' = Et. {-}-menthol, (+)-menthol

organic solvent
3-83%, 50->09%es

enzyme

R'O.C
\T/\NHQ

CFy

enzyme = pig liver esterase, lipasePL 679, lipasePL 266, lipaseAL B6&5, Candida cylindracea
arganic solvent = hexane, benzene, CF:CICFCl:, acetone, THF

SCHEME 34 Enzyme-assisted Michael addition of alkyl amines to 2-trifluoromethylpropenoic

acid esters.
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SCHEME 35 Two-step resolution protocol for the preparation of enantiomerically pure [3°-

homoalanine derivatives.

logues.?*!**? Addition of benzylamine to enantiopure
methyl 2-methylene-3-hydroxy or -silyloxy-alkano-
ates proceeds with excellent yields, but modest diaste-
reoselectivities are observed when the hydroxy group

is unprotected. Remarkably, protection of this group
as a tert-butyldimethylsilyl (TBDMS) ether causes the
addition to be diastereoselective, yielding only the
u-product (Scheme 38). When THF is used as solvent,
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SCHEME 36 “Chemoenzymatic” approach for the preparation of a B-PNA with a (thymin-1-yl)methyl

side chain.
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SCHEME 37 Preparation of B>-iso-proline according to Furstoss.
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SCHEME 38 Addition of benzylamine to propenoate derivatives.

protonation takes place preferentially from the Si-
face; on the other hand when MeOH is used the
selectivity is reversed in favor of Re-attack.

The 1,4-addition of a lithium enolate to chiral
aminomethylacrylates has also been demonstrated to
proceed with excellent diastereoselectivities (up to
99% ds), providing an expeditious synthesis of B>
homoglutarate derivatives for the construction of neu-
tral endopeptidase inhibitors in multi gram scale (up

.

RO,C Ph P ROLC J\
2 \H/\Br . h \H/\N Ph
K»CO; \\k
“ “Ph
: OR'
OLi ROZC\/\N/L

Ph
R = Bu; R' = H (99% ds) : \\\k

R =Me; R'=H (97% ds) - Ph

R = Me; R' = Me (90% ds) CO,R'

SCHEME 39 1,4-Addition of enolates to chiral a-(amin-
omethyl)acrylates for the preparation of B-amino acids.
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X=1,Br
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. N
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B H
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to 500 g)223 (Scheme 39). Thus, condensation of
2-bromomethylacrylic esters with commercially
available C,-symmetrical (S,S)-bis-phenethylamine in
the presence of potassium carbonate gives the chiral
acrylates, which are subsequently treated with the
enolates of cyclopentanecarboxylic acid or methyl
ester to afford the corresponding B*-amino acids with
almost complete diastereoselectivity.

Recently, Sibi and Kalyani*** applied a new meth-
odology relying on enantioselective H-atom transfer
reactions for the preparation of 8%-amino acids. Thus,
radical 1,4-addition of alkyl groups to $-amino acryl
ester derivatives followed by reaction with either
R;SnH or (TMS);SiH, in the presence of a chiral
Lewis acid, permitted the isolation of Bz—amino acid
esters with alkyl side chains in good yields and selec-
tivity (Scheme 40).

Using a different approach, Calmes and co-work-
ers'%*?% have prepared enantiomerically pure (S)-82-
homoarylglycines via asymmetric transformation of
the corresponding racemic N-phthaloyl derivatives,
conveniently obtained from benzyl aryl acetates and

R = Me; R' = Ac, Et, Pr, ‘Bu, MeOCHy, ‘Bu, cyclopentyl, cyciohexyl, 1-adamantyl (68-95%, 60-80% es)
R =Bu; R = Et, Pr, 'Bu, MeOCH,, CICH,, Cl{CH,)sMe,sC, cyclopentyl, cyclohexyl, 1-adamantyl (70-95%, 68-99% es)

SCHEME 40 Enantioselective H-atom transfer reactions for the preparation of $-amino acids.
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SCHEME 41 Stereoselective synthesis of (S)-B*-homoarylglycines.
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SCHEME 42 Solid-support asymmetric synthesis of 3*-homoarylglycines according to Calmés.

N-bromomethyl  phthalimide. These achiral
B-amino acids are precursors to the N-phthalyl-3-
aminomethyl-2-aryl ketenes by treatment with ox-
alyl chloride, followed by dehydrochlorination and
trapping with a chiral alcohol (i.e., (R)-pantolac-
tone), which leads to the corresponding diasterei-
someric mixtures, with the (S,R)-products being the
major isomers (Scheme 41).

In an extension to this methodology, an enantio-
pure pantolactone derivative was recently attached
to a solid support and the asymmetric preparation of
B*-amino acids was undertaken.’?® After Fmoc-
deprotection of the Rink amide resin and attachment
of the chiral auxiliary, diastereoselective addition
of the supported alcohol to the ketene was accom-
plished. Acid hydrolysis of both the ester and
phthalimido groups gave the enantiomerically en-
riched B*-homoarylglycines in good yields and
comparable selectivities to that obtained in solution
(Scheme 42).

Among all B*-homoarylglycine derivatives, the
synthesis of B?-homophenylglycine (i.e., f*hPhg)
has drawn the interest of many groups, probably
due to the fact that the (*)-ethyl ester has neuro-

HN NEts a” N
\ (CC150),CO \
S .S
o7\ 0”7\
o 0
1) LiAlH, 0
2Boe0_ poohn /\‘)kOH
3)PDC L

logical activity**” and (S)-B*hPhg is part of the side
chain of the semisynthetic penicillin betacin.?’ An
approach toward its preparation in enantiopure
form was explored by Lavielle and co-workers>*®:
acylation of phenylacetonitrile with a chiral elec-
trophilic sultam carbonyl chloride leads selectively
to one diastereoisomer, which can be transformed
by reduction, N-Boc protection, and oxidation, to
afford N-Boc-B?-homophenylglycine as a single
enantiomer (Scheme 43).

B-Hydroxy carboxylic acids are interesting precur-
sors for conversion to Bz—amino acids. First, they are
easily obtained by diastereoselective hydroxymethy-
lation using Evans’ methodology, and second, they
react under Mitsunobu conditions to form the pB*-
amino acids (Scheme 44). This method has been suc-
cessfully applied by Kim and co-workers?****° for the
preparation of B*-amino acids with methyl, iso-pro-
pyl, iso-butyl, and benzyl side chains.

Bz—iso—Proline, a cyclic Bz—amino acid, is a potent
agonist at the strychnine-sensitive glycine receptor.?®!
It serves as a building block for the preparation of
novel inhibitors of bacterial DNA gyrase®*? and forms
the central moiety of a conformationally restricted,

0]
1) PhCH,CN, NaH NG
DMSO/THF N
2) quenching Ph
95% ds O//%
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SCHEME 43 Preparation of enantiopure Boc-8?hPhg-OH according to Lavielle
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SCHEME 44 Synthesis of chiral B-hydroxy acids and the subsequent conversion to 3*-amino

acids.

highly potent fibrinogen receptor antagonist.*** For
this reason, several groups became interested in its
preparation (Scheme 45). In a first approach, Gmeiner
and co-workers***%*> made use of aspartate as the start-
ing material. This natural a-amino acid is transformed in
high yield to a N,N-dibenzyl-protected amino-1,4-diol,
which is subsequently converted to a 1,4-hydroxyamino-
derivative by equilibrating rearrangement of the diben-
zylamino group. Cyclization, substitution by cyanide,
and hydrolysis give the B*-iso-proline as single enantio-

mer. The second route, proposed by Klein and co-work-
233

from 4-hydroxyproline. Decarboxylation followed by
hydroxy activation and displacement by cyanide affords
a compound with the desired B-amino-acid backbone,
which is hydrolyzed to give the N-protected [B-amino
acid. In another approach, Ichikawa and co-workers®’
employed commercially available (R)-glycidol as the
starting material. Conversion to a nitrile derivative, fol-
lowed by reductive cyclization and displacement of the
activated hydroxy group by cyanide, gives the B*-iso-
proline core system, which by hydrolysis and Fmoc-
protection is converted to the desired B*-amino acid

ers®> and also used by Gellman and colleagues®®, starts derivative.
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SCHEME 45 Synthetic approaches for the preparation of B>-iso-proline according to (a)
Gmeiner, (b) Klein, and (c) Ichikawa.
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H-(3%hVal-p*hAla-F°hLeu),-OH

b) )

COzH
H2N'CH2“7 H
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{P) 3,4-helix
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FIGURE 14 (a) (M)-Helix of a peptide of L-B*-amino acid residues and (b) (P)-helix of a peptide
consisting of (R)-B*-amino acids. Assignment by the Fisher nomenclature must be used for the
B-amino acids, because the “systematic” CIP specification of configuration is conflicting in this
case.” The green circles indicate “allowed” positions for nonhydrogen substituents; in the positions
labelled by black circles only hydrogen and fluorine atoms have been shown to be tolerated (F.
Gessier, C. Noti, R. Mathad, B. Jaun, D. Seebach, unpublished results, ETH-Ziirich).

6. B2-AMINO ACIDS IN B-PEPTIDES

B-Peptides composed entirely of homochiral B> or
f*-amino acids with proteinogenic side chains have,
so far, only been found to form the 3,,-helical sec-
ondary structure in solution (Figure 14).

From the few examples of B*-peptides investi-
gated,'®*1%5238-23% it can be concluded that they form
somewhat less stable 3,,-helices than their 8> coun-
terparts. For example, in order to observe a 3, ,-helical
CD-pattern of comparable intensity, the MeOH solu-
tion of the 3*-hexapeptide shown in Figure 14 had to
be cooled to —20°C.

A unique helical secondary structure is observed
with B-peptides built of alternating L-B- and (S)-p*
amino acids.'®>?*°=2%> A chain constructed in this
way could very well fold to a left-hand 3, ,-helix, with
all substituents in the allowed, lateral positions la-
beled with green circles in Figure 14. However, sev-
eral B%/B-peptides of this type have been shown to
fold to a (P)-10/12-helix, comprised of alternating 10-

and 12-membered hydrogen-bonded rings (Figure
15).

The N-terminal Boc-protecting groups participate
in the folding process and, depending on whether the
chain begins with a 8- or a 3*-amino acid moiety, the
helix starts with a 10- or a 12-membered hydrogen-
bonded ring.*** The consequence is that the B*-B>-
segments in the helix become part of the 10- and the
B-B*-segments part of the 12-membered H-bonded
rings (Figure 15(b) and (c)). Besides the unusual fact
that it is held together by two types of H-bonded
rings, the 10/12-helix has another exceptional prop-
erty: the C=0 dipoles are alternatively pointing in
opposite directions with respect to the helix axis,
resulting in no macrodipole. It is this feature that may
be responsible for the nonpolar properties of §%3°-
peptides. The compounds are soluble in organic sol-
vents, such as CH,Cl, or AcOEt, which allows for the
preparation of a nonamer from the hexamer shown in
Figure 15(a) by fragment coupling in solution. This
would not be possible with an all-B*-peptide carrying
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FIGURE 15 (a) The 10/12-helix in side-view; (b) in a schematic presentation looking down the
helix axis, and its (¢) 10- and (d) 12-membered hydrogen-bonded-ring components.
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FIGURE 16 (a) Formula and (b) NMR-solution structure in MeOH of a 3-hexapeptide forming
a hairpin turn with adjacent antiparallel sheet. (¢) Schematic presentation of a hairpin turn of an
N-acyl-B-tetrapeptide amide and, for comparison, (d) section of an a-peptidic B-turn with a b-amino
acid residue.
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the same aliphatic side chains of Val, Ala, and Leu,
for reasons of poor solubility. In fact, larger B*/p*
oligomers run faster on a silica gel plate than shorter
ones. When looking down the 10/12-helix axis (Fig-
ure 15(b)), the surface of the helix is covered by more
substituents than in a 3,,-helix (cf. Figure 14) and
sequential R-groups alternatively adopt diagonal and
adjacent positions with respect to one another.>**> The
better “wrapping” of the helix by aliphatic side chains
may be another reason for the nonpolar properties of
this particular type of 8%/B>-peptides. The 10/12-helix
is more stable with terminal protection than with-
out.'%>2* Also, NMR analysis and molecular-model-
ing calculations using GROMOS lead to the conclu-
sion that the B%B’-peptidic 10/12-helix of the
hexapeptide shown in Figure 15 is in equilibrium with
a smaller fraction of the 3,,-helix.'0%-240-242

Knowing that a 8%-B*-segment has a tendency to
form a 10-membered H-bonded ring, as outlined
above, and that B-peptides built from B**-disubsti-
tuted amino acids of unlike-configuration®** are
forced to adopt a linear conformation and can there-
fore form PB-peptidic pleated-sheet structures,** a
B-peptidic hairpin turn has been constructed from six
noncyclic 3-amino acids as detected by NMR spec-
troscopy in MeOH solution***?*> (Figure 16).

Again, besides the turn conformer there seems to
be a smaller fraction of molecules that form a 10/12-
helix, according to MD calculations.”*® Shorter
B-peptides possessing a B2-B-segment consisting of
only four or even two (-amino acid residues may
also, at least partially, adopt a turn structure.'”"**” In
agreement with these structural investigations are the
results of biological tests, in which it was shown that
B-peptides of the type discussed here can mimic the
a-peptidic hormone somatostatin as potent and highly
specific agonists:'”!**® somatostatin is known to con-
tain a B;-type turn as a key recognition motif for the
five human membrane-bound SRIF-receptor sub-
types.?*’

Thus, there is ample evidence for the statement
made in the Introduction: B*-amino acids as residues
in B-peptides of designed structures and physiological
activities are most important!

The authors express their gratitude to Dr. David F. Hook for
his helpful suggestions and comments in the preparation of
the manuscript.

REFERENCES

1. Seebach, D., Matthews, J. L. Chem Commun 1997,
2015-2022.

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

. Gellman, S. H. Acc Chem Res 1998, 31, 173-180.
. DeGrado, W. F., Schneider, J. P., Hamuro, Y. J Pept

Res 1999, 54, 206-217.

. Gademann, K., Hintermann, T., Schreiber, J. V. Curr

Med Chem 1999, 6, 905-925.

. Cheng, R. P, Gellman, S. H., DeGrado, W. F. Chem

Rev 2001, 101, 3219-3232.

. Hill, D. J., Mio, M. J., Prince, R. B., Hughes, T. S.,

Moore, J. S. Chem Rev 2001, 101, 3893-4011.

. Seebach, D., Beck, A. K., Bierbaum, D. Chem

Biodiver 2004, 1, in press.

. Fink, R. M., Fink, K., Henderson, R. B. J Biol Chem

1953, 201, 349-355.

. Fink, R. M., McGaughey, C., Cline, R. E., Fink, K.

J Biol Chem 1956, 218, 1-7.

Fink, K., Cline, R. E., Henderson, R. B., Fink, R. M.
J Biol Chem 1956, 221, 425-433.

Griffith, O. W. Annu Rev Biochem 1986, 55, 855—
878.

Coon, M. J. Fed Proc 1955, 14, 762-764.

Kupiecki, F. P., Coon, M. J. J Biol Chem 1957, 229,
743-754.

Poston, J. M. Adv Enzymol Relat Areas Mol Biol
1986, 58, 173-189.

Balenovic, K., Bregant, N. Tetrahedron 1959, 5, 44—
47.

Kakimoto, Y., Armstrong, M. D. J Biol Chem 1961,
236, 3283-3286.

Sutton, E. In The Metabolic Basis of Inherited Dis-
ease, Ist ed., Stanbury, J. B., Wyngaarden, B.,
Fredrickson, D. S., Eds., McGraw-Hill: New York,
1960; pp. 792-806.

Solem, E., Jellum, E., Eldjarn, L. Clin Chim Acta
1974, 50, 393-403.

Crumpler, H. R., Dent, C. E., Harris, H., Westall,
R. G. Nature 1951, 167, 307-308.

Fink, K., Henderson, R. B., Fink, R. M. Proc Soc Exp
Biol Med 1951, 78, 135-141.

Gibson, K. M., Jakobs, C. In The Metabolic & Mo-
lecular Basis of Inherited Disease, 8th ed., Scriver,
C.R., Beaudet, A. L., Valle, D., Sly, W. S., Childs, B.,
Kinzler, K. W., Vogelstein, B., Eds., McGraw—-Hill:
New York, 2001; Vol. 2, pp. 2079-2105.

Fink, K., Henderson, R. B., Fink, R. M. J Biol Chem
1952, 197, 441-452.

Roberts, E., Bregoff, H. M. J Biol Chem 1953, 201,
393-398.

Canellakis, E. S. J Biol Chem 1956, 221, 315-322.
Kabachnik, M. 1., Yoffe, S. T., Vatsuro, K. V. Tetra-
hedron 1957, 1, 317-327.

Nierlich, F., Polansky, O. E. Mon Chem 1968, 99,
1351-1354.

Pollitt, R. J., Green, A., Smith, R. J Inherit Metab Dis
1985, 8, 75-79.

Gray, R. G. F., Pollitt, R. J., Webley, J. Biochem Med
Metab Biol 1987, 38, 121-124.

van Gennip, A. H., Kamerling, J. P., de Bree, P. K.,
Wadman, S. K. Clin Chim Acta 1981, 116, 261-267.



30.

31.

32.

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Congdon, P. J., Haigh, D., Smith, R., Green, A.,
Pollitt, R. J. J Inherit Metab Dis 1981, 4, 79-80.
Boulat, O., Benador, N., Girardin, E., Bachmann, C.
J Inherit Metab Dis 1995, 18, 204-206.

Sweetman, L., Williams, J. C. In The Metabolic &
Molecular Basis of Inherited Disease, 8th ed., Scriver,
C.R., Beaudet, A. L., Valle, D., Sly, W. S., Childs, B.,
Kinzler, K. W., Vogelstein, B., Eds., McGraw—Hill:
New York, 2001; Vol. 2, pp. 2125-2163.

Awapara, J., Allen, K. Science 1959, 130, 1250-1250.
Campbell, J. W. Biol Bull 1960, 119, 75-79.
Campbell, J. W. Biochem J 1960, 77, 105-112.
Asen, S., Thompson, J. F., Morris, C. J., Irreverre, F.
J Biol Chem 1959, 234, 343-346.

Morris, C. J., Thompson, J. F., Asen, S., Irreverre, F.
J Biol Chem 1961, 236, 1181-1182.

Larsen, P. O. Acta Chem Scand 1962, 16, 1511-1518.
Larsen, P. O. Acta Chem Scand 1965, 19, 1071-1078.
Wathelet, B., Marlier, M., Dardenne, G., Casimir, J.
Phytochemistry 1988, 27, 607—608.

Kvenvolden, K., Lawless, J. G., Ponnamperuma, C.
Proc Natl Acad Sci U S A 1971, 68, 486-490.
Lawless, J. G. Geochim Cosmochim Acta 1973, 37,
2207-2212.

Cronin, J. R., Pizzarello, S., Yuen, G. U. Geochim
Cosmochim Acta 1985, 49, 2259-2265.

Blunden, G., Gordon, S. M., McLean, W. F. H., Key-
sell, G. R. Phytochemistry 1983, 22, 293-293.
Sciuto, S., Chillemi, R., Piattelli, M. J Nat Prod 1988,
51, 322-325.

Blunden, G., Smith, B. E., Cary, P. D. J Appl Phycol
1989, 1, 1-4.

Blunden, G., Smith, B. E., Irons, M. W., Yang, M. H.,
Roch, O. G., Patel, A. V. Biochem Syst Ecol 1992, 20,
373-388.

Wyn Jones, R. G., Storey, R., Leigh, R. A., Ahmad,
N., Pollard, A. In Regulation of Cell Membrane Ac-
tivities in Plants, Marré, E., Cifferi, O., Eds., North-
Holland: Amsterdam, 1977; pp. 121-136.
Impellizzeri, G., Piattelli, M., Sciuto, S., Fattorusso, E.
Phytochemistry 1977, 16, 1601-1602.

Guillou, Y., Robin, Y. J Biol Chem 1973, 248, 5668 —
5672.

Holdsworth, D. K., Jones, R. A., Self, R. Phytochem-
istry 1998, 48, 581-582.

Takatsu, T., Takahashi, M., Kawase, Y., Enokita, R.,
Okazaki, T., Matsukawa, H., Ogawa, K., Sakaida, Y.,
Kagasaki, T., Kinoshita, T., Nakajima, M., Tanzawa,
K. J Antibiot 1996, 49, 54—-60.

Kawase, Y., Takahashi, M., Takatsu, T., Arai, M.,
Nakajima, M., Tanzawa, K. J Antibiot 1996, 49, 61—
64.

Kakimoto, Y., Kanazawa, A., Nakajima, T., Sano, L.
Biochim Biophys Acta 1965, 100, 426—431.

Sano, 1., Kakimoto, Y., Kanazawa, A., Nakajima, T.,
Shimizu, H. J Neurochem 1966, 13, 711-719.
Fodor, P. J., Miller, A., Waelsch, H. J Biol Chem
1953, 202, 551-565.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.
75.

76.

7.

78.

79.

80.

81.

B-Amino Acids 239

Rathbun, W. B. Arch Biochem Biophys 1967, 122,
73-84.

Rathbun, W. B. Arch Biochem Biophys 1967, 122,
62-72.

Rathbun, W. B., Gilbert, H. D. Anal Biochem 1973,
54, 153-160.

Sugawara, T., Tanaka, A., Tanaka, K., Nagai, K.,
Suzuki, K., Suzuki, T. J Antibiot 1998, 51, 435-438.
Golakoti, T., Ohtani, 1., Patterson, G. M. L., Moore,
R. E., Corbett, T. H., Valeriote, F. A., Demchik, L. J
Am Chem Soc 1994, 116, 4729-4737.

Golakoti, T., Ogino, J., Heltzel, C. E., Le Husebo, T.,
Jensen, C. M., Larsen, L. K., Patterson, G. M. L.,
Moore, R. E., Mooberry, S. L., Corbett, T. H., Vale-
riote, F. A. J Am Chem Soc 1995, 117, 12030-12049.
Golakoti, T., Ogino, J., Heltzel, C. E., Le Husebo, T.,
Jensen, C. M., Larsen, L. K., Patterson, G. M. L.,
Moore, R. E., Mooberry, S. L., Corbett, T. H., Vale-
riote, F. A. J Am Chem Soc 1996, 118, 3323-3323.
Subbaraju, G. V., Golakoti, T., Patterson, G. M. L.,
Moore, R. E. J Nat Prod 1997, 60, 302-305.

Moore, R. E., Corbett, T. H., Patterson, G. M. L.,
Valeriote, F. A. Curr Pharm Design 1996, 2, 317-330.
Moore, R. E., Smith, C. D., Patterson, G. M. L.,
Mooberry, S. L., Corbett, T. H., Valeriote, V. A.,
Golakoti, T. (The University of Hawaii, Wayne State
University). Cryptophycins. U.S. Patent 5952298,
1999 (Chem Abstr 1999, 131, 196970).

Suzuki, K., Nagao, K., Monnai, Y., Yagi, A., Uyeda,
M. J Antibiot 1998, 51, 991-998.

Suzuki, K., Yahara, S., Kido, Y., Nagao, K., Hatano,
Y., Uyeda, M. J Antibiot 1998, 51, 999-1003.
Suzuki, K., Yamaizumi, M., Tateishi, S., Monnai, Y.,
Uyeda, M. J Antibiot 1999, 52, 460—-465.

Wang, J. C. Annu Rev Biochem 1985, 54, 665-697.
Iguchi, K., Nishimura, K., Yamazaki, K., Iwashima,
M., Yamada, Y. Chem Lett 1992, 127-130.
Kobayashi, M., Ishizaka, T. J] Chem Res S 1992,
340-341.

Rashid, M. A., Gustafson, K. R., Boyd, M. R. J Nat
Prod 2000, 63, 531-533.

Li, Y., Jia, Z. J. Phytochemistry 1989, 28, 3395-3397.
Yoshikawa, M., Hatakeyama, S., Inoue, Y., Yama-
hara, J. Chem Pharm Bull 1993, 41, 214-216.
Matsuda, H., Kageura, T., Inoue, Y., Morikawa, T.,
Yoshikawa, M. Tetrahedron 2000, 56, 7763-77717.
Marco, J. A., Sanz, J. F., Yuste, A., Jakupovic, J.
Tetrahedron Lett 1991, 32, 5193-5194.

Bick, I. R. C., Gillard, J. W., Leow, H. M. Phytochem-
istry 1986, 25, 972-973.

Zampella, A., Giannini, C., Debitus, C., D’Auria,
M. V. Tetrahedron 2001, 57, 257-263.

Misono, Y., Ito, A., Matsumoto, J., Sakamoto, S.,
Yamaguchi, K., Ishibashi, M. Tetrahedron Lett 2003,
44, 4479-4481.

Murakoshi, 1., Kubo, H., Ikram, M., Israr, M., Shafi,
N., Ohmiya, S., Otomasu, H. Phytochemistry 1986,
25, 2000-2002.



240

82

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Lelais and Seebach

Rehécek, Z., Sajdl, P. Ergot Alkaloids: Chemistry,
Biological Effects, Biotechnology, Vol. 12. Elsevier:
Amsterdam, 1990.

Yoshida, K., Yahara, S., Saijo, R., Murakami, K.,
Tomimatsu, T., Nohara, T. Chem Pharm Bull 1987,
35, 1645-1648.

Pollak, M. A. J Am Chem Soc 1943, 65, 1335-1339.
Hultin, P. G., Jones, J. B. Bioorg Chem 1992, 20,
30-41.

Ram, S., Ehrenkaufer, R. E. Synthesis 1986, 133-135.
Sekura, R., Hochreiter, M., Meister, A. J Biol Chem
1976, 251, 2263-2270.

Bauce, L. G., Goren, H. J. Int J Pept Protein Res 1979,
14, 216-226.

Baldwin, J. E., Harwood, L. M., Lombard, M. J.
Tetrahedron 1984, 40, 4363-4370.

Steer, D. L., Lew, R. A., Perlmutter, P., Smith, A. 1.,
Aguilar, M. L. J Pept Sci 2000, 6, 470-477.

Huck, J., Duru, C., Roumestant, M. L., Martinez, J.
Synthesis 2003, 2165-2168.

Majee, R. N., Ramani, R. Indian J Chem B 1985, 24,
230-231.

Bloomer, J. L., Stagliano, K. W., Gazzillo, J. A. Indian
J Chem B 1993, 58, 7906-7912.

del Corral, J. M. M., Gordaliza, M., Castro, M. A.,
Salinero, M. A., Dorado, J. M., San Feliciano, A.
Synthesis 2000, 154-164.

Yvon, B. L., Datta, P. K., Le, T. N., Charlton, J. L.
Synthesis 2001, 1556-1560.

Cameron, A. F., Duncanson, F. D., Freer, A. A.,
Armstrong, V. W., Ramage, R. Chem Soc Perkin
Trans 2 1975, 1030-1036.

Clinch, K., Marquez, C. J., Parrott, M. J., Ramage, R.
Tetrahedron 1989, 45, 239-258.

Clemo, G. R., Melrose, T. A. J Chem Soc 1942,
424-426.

Dietrich, R. F., Sakurai, T., Kenyon, G. L. J Org Chem
1979, 44, 1894-1896.

Rachina, V., Blagoeva, I. Synthesis 1982, 967-968.
Ioffe, B. V., Isidorov, V. A., Stolyarov, B. V. Dokl
Akad Nauk Sssr 1971, 197, 91-94 (Chem Abstr 1971,
75, 20955).

Adams, A.; Slack, R. J Chem Soc 1959, 3061-3072.
Calmes, M.; Escale, F.; Glot, C.; Rolland, M.; Mar-
tinez, J. Eur J Org Chem 2000, 2459 -2466.
Hellmann, H.; Haas, G. Chem Ber-Recl 1957, 90,
1357-1363.

Bohme, H.; Broese, R.; Eiden, F. Chem Ber-Recl
1959, 92, 1258 -1262.

Tan, C. Y. K.; Wainman, D.; Weaver, D. F. Bioorg
Med Chem 2003, 11, 113-121.

Mannich, C.; Ganz, E. Chem Ber-Recl 1922, 55,
3486-3504.

Gardner, P. D.; Brandon, R. L. J Org Chem 1957, 22,
1704-1705.

Gearien, J. E.; Nakamichi, M.; Liska, K. J. ] Am
Pharm Assoc 1959, 48, 61-63.

110.

111.
112.

113.

114.
115.

116.
117.

118.
119.
120.
121.
122.
123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Lee, J.; Gauthier, D.; Rivero, R. A. J Org Chem 1999,
64, 3060-3065.

Hessler, J. C. J Am Chem Soc 1913, 35, 990-994.
Juaristi, E.; Quintana, D.; Escalante, J. Aldrichim Acta
1994, 27, 3—11.

Ye, T.; McKervey, M. A. Chem Rev 1994, 94, 1091—
1160.

Cole, D. C. Tetrahedron 1994, 50, 9517-9582.
Cardillo, G.; Tomasini, C. Chem Soc Rev 1996, 25,
117-128.

Sewald, N. Amino Acids 1996, 11, 397-408.

Ojima, I.; Delaloge, F. Chem Soc Rev 1997, 26,
377-386.

Juaristi, E., Ed. Enantioselective Synthesis of
B-Amino Acid, Wiley—VCH: New York, 1997.
Abdel-Magid, A. F.; Cohen, J. H.; Maryanoff, C. A.
Curr Med Chem 1999, 6, 955-970.

Juaristi, E.; Lopéz-Ruiz, H. Curr Med Chem 1999, 6,
983-1004.

Abele, S.; Seebach, D. Eur J Org Chem 2000, 1-15.
Kirmse, W. Eur J Org Chem 2002, 2193-2256.

Liu, M.; Sibi, M.P. Tetrahedron 2002, 58, 7991-8035.
Juaristi, E.; Quintana, D.; Lamatsch, B.; Seebach, D. J
Org Chem 1991, 56, 2553-2557.

Juaristi, E.; Seebach, D. In Enantioselective Synthesis
of B-Amino Acids, Juaristi, E., Ed., Wiley—VCH, New
York, 1997; pp. 261-277.

Kinkel, J. N.; Gysel, U.; Blaser, D.; Seebach, D. Helv
Chim Acta 1991, 74, 1622-1635.

Juaristi, E.; Quintana, D. Tetrahedron Asymmetry
1992, 3, 723-726.

Juaristi, E.; Quintana, D.; Balderas, M.; Garcia-Pérez,
E. Tetrahedron Asymmetry 1996, 7, 2233-2246.
Chu, K. S.; Negrete, G. R.; Konopelski, J. P.; Lakner,
F. J.; Woo, N. T.; Olmstead, M. M. ] Am Chem Soc
1992, 114, 1800-1812.

Hardy, P. M.; Samworth, D. J. J Chem Soc Perkin
Trans 1 1977, 1954-1960.

Seebach, D.; Sting, A. R.; Hoffmann, M. Angew
Chem Int Ed 1996, 35, 2708 -2748.

Seebach, D.; Boog, A.; Schweizer, W. B. Eur J Org
Chem 1999, 335-360.

Akssira, M.; Boumzebra, M.; Kasmi, H.; Roumestant,
M. L.; Viallefont, P. Amino Acids 1994, 7, 79-81.
Ponsinet, R.; Chassaing, G.; Vaissermann, J.; Lavielle,
S. Eur J Org Chem 2000, 83-90.

Xue, C. B.; He, X.; Roderick, J.; Corbett, R. L.;
Decicco, C. P. J Org Chem 2002, 67, 865—870.
Nagula, G.; Huber, V. J.; Lum, C.; Goodman, B. A.
Org Lett 2000, 2, 3527-3529.

Rottmann, A.; Bartoczek, M.; Liebscher, J. Synthesis
1997, 313-327.

Gutiérrez-Garcia, V. M.; Lépez-Ruiz, H.; Reyes-Ran-
gel, G.; Juaristi, E. Tetrahedron 2001, 57, 6487—-6496.
Gutiérrez-Garcia, V. M.; Reyes-Rangel, G.; Muiloz-
Muiiz, O.; Juaristi, E. J Braz Chem Soc 2001, 12,
652—-660.



140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.
158.

159.

160.

161.

162.

163.

Gutiérrez-Garcia, V. M.; Reyes-Rangel, G.; Muiioz-
Muiiiz, O.; Juaristi, E. Helv Chim Acta 2002, 85,
4189-4199.

Hintermann, T.; Seebach, D. Helv Chim Acta 1998,
81, 2093-2126.

Seebach, D.; Schaeffer, L.; Gessier, F.; Bindschédler,
P.; Jager, C.; Josien, D.; Kopp, S.; Lelais, G.; Ma-
hayan, Y. R.; Micuch, P.; Sebesta, R.; Schweizer,
B. W. Helv Chim Acta 2003, 86, 1852-1861.
Masamune, S.; Choy, W.; Petersen, J. S.; Sita, L. R.
Angew Chem Int Ed 1985, 24, 1-30.

Beck, A. K.; Seebach, D. In Encyclopedia of Reagents
for Organic Synthesis, Paquette, L. A., Ed., Wiley:
Chichester, 1995; Vol. 3, pp. 2123-2127.

Myers, A. G.; Yang, B. H.; Chen, H.; Gleason, J. L.
J Am Chem Soc 1994, 116, 9361-9362.

Myers, A. G.; Yang, B. H.; Chen, H.; McKinstry, L.;
Kopecky, D. J.; Gleason, J. L. J] Am Chem Soc 1997,
119, 6496-6511.

Myers, A. G.; Charest, M. G. In Electronic Encyclo-
pedia of Reagents for Organic Synthesis, http://www.
mrw.interscience.wiley.com/eros/eros articles fs.html.
2001.

Meyers, A. L; Taylor, E. C.; and Weissberger, A., Eds.
Heterocycles in Organic Synthesis, Wiley: New York,
1974; Vol. 3.

Roos, G., Ed. Compendium of Chiral Auxiliary Ap-
plications, Academic Press: San Diego, 2002; Vol.
I-I11.

Johnson, W. S.; Schubert, E. N. J] Am Chem Soc 1950,
72, 2187-2190.

Seebach, D.; Estermann, H. Tetrahedron Lett 1987,
28, 3103-3106.

Estermann, H.; Seebach, D. Helv Chim Acta 1988, 71,
1824-1839.

Beatty, M. F.; Jennings-White, C.; Avery, M. A.
J Chem Soc Perkin Trans 1 1992, 1637-1641.
Berkowitz, D. B.; Smith, M. K. J Org Chem 1995, 60,
1233-1238.

Myers, A. G.; Gleason, J. L.; Yoon, T. Y. J Am Chem
Soc 1995, 117, 8488 —-8489.

Myers, A. G.; Gleason, J. L.; Yoon, T.; Kung, D. W.
J Am Chem Soc 1997, 119, 656-673.

Mclntosh, J. M.; Peters, S. Synthesis 1999, 635-638.
Myers, A. G.; Schnider, P.; Kwon, S.; Kung, D. W. J
Org Chem 1999, 64, 3322-3327.

Papa, C.; Tomasini, C. Eur J Org Chem 2000, 1569—
1576.

Seebach, D.; Jacobi, A.; Rueping, M.; Gademann, K.;
Ernst, M.; Jaun, B. Helv Chim Acta 2000, 83, 2115—-
2140.

Oppolzer, W. Pure Appl Chem 1988, 60, 39-48.
Oppolzer, W.; Moretti, R.; Thomi, S. Tetrahedron Lett
1989, 30, 5603-5606.

Evans, D. A.; Urpi, F.; Somers, T. C.; Clark, J. S;;
Bilodeau, M. T. J Am Chem Soc 1990, 112, 8215-
8216.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.
178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

B-Amino Acids 241

Hintermann, T.; Seebach, D. Synlett 1997, 437-438.
Seebach, D.; Abele, S.; Gademann, K.; Guichard, G.;
Hintermann, T.; Jaun, B.; Matthews, J. L.; Schreiber,
J. V. Helv Chim Acta 1998, 81, 932-982.

Coffey, P. E.; Drauz, K. H.; Roberts, S. M.; Skidmore,
J.; Smith, J. A. Chem Commun 2001, 2330-2331.
D’Souza, A. A.; Motevalli, M.; Robinson, A. J.;
Wyatt, P. B. J] Chem Soc Perkin Trans 1 1995, 1-2.
Barnett, C. J.; Wilson, T. M.; Evans, D. A.; Somers,
T. C. Tetrahedron Lett 1997, 38, 735-738.
Arvanitis, E.; Ernst, H.; Ludwig, A. A.; Robinson,
A. J.; Wyatt, P. B. J] Chem Soc Perkin Trans 1 1998,
521-528.

Abele, S.; Guichard, G.; Seebach, D. Helv Chim Acta
1998, 81, 2141-2156.

Gademann, K.; Kimmerlin, T.; Hoyer, D.; Seebach, D.
J Med Chem 2001, 44, 2460-2468.

Sebesta, R.; Seebach, D. Helv Chim Acta 2003, 86,
4061-4072.

Talley, J. J. (Monsanto Company). Method of Prepar-
ing Chiral B-Amino Acids. Patent EP 0396526, 1990
(Chem Abstr 1990, 114, 229382).

Evans, D. A.; Wu, L. D.; Wiener, J. J. M.; Johnson,
J. S.; Ripin, D. H. B.; Tedrow, J. S. J Org Chem 1999,
64, 6411-6417.

Arvanitis, E.; Motevalli, M.; Wyatt, P. B. Tetrahedron
Lett 1996, 37, 4277-4280.

Liu, W. Q.; Olszowy, C.; Bischoff, L.; Garbay, C.
Tetrahedron Lett 2002, 43, 1417-1419.

Sibi, M. P. Aldrichim Acta 1999, 32, 93-103.

Sibi, M. P.; Deshpande, P. K. J Chem Soc Perkin
Trans 1 2000, 1461-1466.

Micuch, P.; Seebach, D. Helv Chim Acta 2002, 85,
1567-1577.

Seebach, D.; Namoto, K.; Mahajan, Y. R.; Bindschi-
dler, P.; Sustmann, R.; Kirsch, M.; Ryder, N. S;
Weiss, M.; Sauer, M.; Roth, C. Chem Biodiver 2004,
1, 65-97.

Lelais, G.; Campo, M. A.; Kopp, S.; Seebach, D. Helv
Chim Acta 2004, 87, in press.

Evans, D. A.; Takacs, J. M. Tetrahedron Lett 1980, 21,
4233-4236.

Evans, D. A.; Bartroli, J.; Shih, T. L. J] Am Chem Soc
1981, 103, 2127-2129.

Evans, D. A.; Ennis, M. D.; Mathre, D. J. ] Am Chem
Soc 1982, 104, 1737-1739.

Evans, D. A.; Bilodeau, M. T.; Somers, T. C.; Clardy,
J.; Cherry, D.; Kato, Y. J Org Chem 1991, 56, 5750—
5752.

Oppolzer, W.; Cintasmoreno, P.; Tamura, O.; Cardi-
naux, F. Helv Chim Acta 1993, 76, 187-196.
Voges, R.; Metz, Y. In Synthesis and Applications of
Isotopically Labelled Compounds: Proceedings of the
Seventh International Symposium Dresden, Germany,
Pleiss, U.; Voges, R., Eds. Wiley: Chichester, 2000;
Vol. 7, pp. 307-310.



242

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.
204.

205.

206.

207.

208.

2009.

210.

Lelais and Seebach

Bower, J. F.; Williams, J. M. J. Synlett 1996, 685—
686.

Bower, J. F.; Jumnah, R.; Williams, A. C.; Williams,
J. M. J. J Chem Soc Perkin Trans 1 1997, 1411-1420.
Saylik, D.; Campi, E. M.; Donohue, A. C.; Jackson,
W. R.; Robinson, A. J. Tetrahedron Asymmetry 2001,
12, 657-667.

Robinson, A. J.; Lim, C. Y.; He, L.; Ma, P.; Li, H. Y.
J Org Chem 2001, 66, 4141-4147.

Noyori, R.; Ikeda, T.; Ohkuma, T.; Widhalm, M.;
Kitamura, M.; Takaya, H.; Akutagawa, S.; Sayo, N.;
Saito, T.; Taketomi, T.; Kumobayashi, H. ] Am Chem
Soc 1989, 111, 9134-9135.

Mashima, K.; Kusano, K.; Sato, N.; Matsumura, Y.;
Nozaki, K.; Kumobayashi, H.; Sayo, N.; Hori, Y.;
Ishizaki, T.; Akutagawa, S.; Takaya, H. J Org Chem
1994, 59, 3064-3076.

Benincori, T.; Cesarotti, E.; Piccolo, O.; Sannicolo, F.
J Org Chem 2000, 65, 2043-2047.

Kumobayashi, H.; Miura, T.; Sayo, N.; Saito, T.;
Zhang, X. Synlett 2001, 1055-1064.

Saito, T.; Yokozawa, T.; Ishizaki, T.; Moroi, T.; Sayo,
N.; Miura, T.; Kumobayashi, H. Adv Synth Catal
2001, 343, 264-267.

Blaser, H. U.; Malan, C.; Pugin, B.; Spindler, F.;
Steiner, H.; Studer, M. Adv Synth Catal 2003, 345,
103-151.

Murahashi, S. I.; Naota, T.; Kuwabara, T.; Saito, T.;
Kumobayashi, H.; Akutagawa, S. ] Am Chem Soc
1990, 112, 7820-7822.

Murahashi, S. I.; Saito, T.; Naota, T.; Kumobayashi,
H.; Akutagawa, S. Tetrahedron Lett 1991, 32, 2145—
2148.

Davies, H. M. L.; Venkataramani, C. Angew Chem Int
Ed 2002, 41, 2197-2199.

Eilitz, U.; Lessmann, F.; Seidelmann, O.; Wendisch,
V. Tetrahedron Asymmetry 2003, 14, 189-191.
Eilitz, U.; Lessmann, F.; Seidelmann, O.; Wendisch,
V. Tetrahedron Asymmetry 2003, 14, 3095-3097.
Rimkus, A.; Sewald, N. Org Lett 2003, 5, 79-80.
Duursma, A.; Minnaard, A. J.; Feringa, B. L. ] Am
Chem Soc 2003, 125, 3700-3701.

Baldwin, J. E.; Adlington, R. M.; O’Neil, I. A,;
Schofield, C.; Spivey, A. C.; Sweeney, J. B. J Chem
Soc Chem Commun 1989, 1852-1854.

Baldwin, J. E.; Spivey, A. C.; Schofield, C. J;
Sweeney, J. B. Tetrahedron 1993, 49, 6309-6330.
Testa, E.; Cignarella, G.; Pifferi, G.; Fiiresz, S.; Tim-
bal, M. T.; Schiatti, P.; Maffii, G. II Farmaco, Ed Sci
1964, 11, 895-912.

Garbarino, J. A.; Nuiliez, O. J] Chem Soc Perkin Trans
1 1981, 906-908.

Abele, S.; Seiler, P.; Seebach, D. Helv Chim Acta
1999, 82, 1559-1571.

Yuki, H.; Okamoto, Y.; Kobayashi, Y. J Polym Sci
Polym Chem Ed 1979, 17, 3867-3878.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.
228.
229.
230.
231.

232.

233.

234.

235.

236.

237.

238.

Fles, D.; Ghyczy, T. Croat Chem Acta 1964, 36,
27-32.

Shustov, G. V.; Rauk, A. Tetrahedron Asymmetry
1996, 7, 699-708.

Lee, H. S.; Park, J. S.; Kim, B. M.; Gellman, S. H. J
Org Chem 2003, 68, 1575-1578.

Lee, H. S.; Park, J. D.; Kim, D. H. Bull Korean Chem
Soc 2003, 24, 467-472.

Kitazume, T.; Ikeya, T.; Murata, K. ] Chem Soc Chem
Commun 1986, 1331-1333.

Kitazume, T.; Murata, K. J Fluor Chem 1987, 36,
339-349.

Kitazume, T.; Murata, K.; Kokusho, Y.; Iwasaki, S. J
Fluor Chem 1988, 39, 75-86.

Solymadr, M.; Liljeblad, A.; Lazar, L.; Fiilop, F.; Kan-
erva, L. T. Tetrahedron Asymmetry 2002, 13, 1923—
1928.

Yokomatsu, T.; Takada, K.; Yasumoto, A.; Yuasa, Y.;
Shibuya, S. Heterocycles 2002, 56, 545-552.
Mazzini, C.; Lebreton, J.; Alphand, V.; Furstoss, R. J
Org Chem 1997, 62, 5215-5218.

Perlmutter, P.; Tabone, M. Tetrahedron Lett 1988, 29,
949-952.

Perlmutter, P.; Tabone, M. J Org Chem 1995, 60,
6515-6522.

Barnish, I. T.; Corless, M.; Dunn, P. J.; Ellis, D.; Finn,
P. W.; Hardstone, J. D.; James, K. Tetrahedron Lett
1993, 34, 1323-1326.

Sibi, M. P.; Kalyani, P. Angew Chem Int Ed 2004, 43,
1235-1238.

Calmes, M.; Escale, F. Tetrahedron Asymmetry 1998,
9, 2845-2850.

Akkari, R.; Calmes, M.; Di Malta, D.; Escale, F.;
Martinez, J. Tetrahedron Asymmetry 2003, 14, 1223—
1228.

Leonard, F.; Wajngurt, A.; Klein, M.; Smith, C. M. J
Org Chem 1961, 26, 4062-4065.

Ponsinet, R.; Chassaing, G.; Lavielle, S. Tetrahedron
Asymmetry 1998, 9, 865-871.

Jin, Y.; Kim, D. H. Synlett 1998, 1189-1190.

Kim, H. O. Synth Commun 1998, 28, 1713-1720.
Johnson, G.; Drummond, J. T.; Boxer, P. A.; Bruns,
R. F. ] Med Chem 1992, 35, 233-241.

Ma, Z.; Wang, S.; Cooper, C. S.; Fung, A. K. L;
Lynch, J. K.; Plagge, F.; Chu, D. T. W. Tetrahedron
Asymmetry 1997, 8, 883—-887.

Klein, S. I.; Czekaj, M.; Molino, B. F.; Chu, V. Bioorg
Med Chem Lett 1997, 7, 1773-1778.

Gmeiner, P.; Orecher, F.; Thomas, C.; Weber, K.
Tetrahedron Lett 1995, 36, 381-382.

Thomas, C.; Orecher, F.; Gmeiner, P. Synthesis 1998,
1491-1496.

Huck, B. R.; Langenhan, J. M.; Gellman, S. H. Org
Lett 1999, 1, 1717-1720.

Kim, Y. J.; Kaiser, D. A.; Pollard, T. D.; Ichikawa, Y.
Bioorg Med Chem Lett 2000, 10, 2417-2419.
Guichard, G.; Seebach, D. Chimia 1997, 51, 315-318.



239.

240.

241.

242.

243.

244.

Guichard, G.; Abele, S.; Seebach, D. Helv Chim Acta
1998, 81, 187-206.

Seebach, D.; Gademann, K.; Schreiber, J. V.; Mat-
thews, J. L.; Hintermann, T.; Jaun, B.; Oberer, L.;
Hommel, U.; Widmer, H. Helv Chim Acta 1997, 80,
2033-2038.

Daura, X.; Gademann, K.; Jaun, B.; Seebach, D.; van
Gunsteren, W. F.; Mark, A. E. Angew Chem Int Ed
1999, 38, 236-240.

Seebach, D.; Schreiber, J. V.; Abele, S.; Daura, X.; van
Gunsteren, W. F. Helv Chim Acta 2000, 83, 34-57.
Rueping, M.; Schreiber, J. V.; Lelais, G.; Jaun, B.;
Seebach, D. Helv Chim Acta 2002, 85, 2577-2593.
Seebach, D.; Abele, S.; Gademann, K.; Jaun, B. An-
gew Chem Int Ed 1999, 38, 1595-1597.

245.

246.

247.

248.

249.

B-Amino Acids 243

Daura, X.; Gademann, K.; Schifer, H.; Jaun, B.; See-
bach, D.; van Gunsteren, W. F. J Am Chem Soc 2001,
123, 2393-2404.

Baron, R.; Bakowies, D.; van Gunsteren, W. F.;
Daura, X. Helv Chim Acta 2002, 85, 3872-3882.
Peter, C.; Rueping, M.; Worner, H. J.; Jaun, B.; See-
bach, D.; van Gunsteren W. F. Chem Eur J 2003, 9,
5838-5849.

Seebach, D.; Rueping, M.; Arvidsson, P. I.; Kimmer-
lin, T.; Micuch, P.; Noti, C.; Langenegger, D.; Hoyer,
D. Helv Chim Acta 2001, 84, 3503-3510.
Weckbecker, G.; Lewis, I.; Albert, R.; Schmid, H. A.;
Hoyer, D.; Bruns, C. Nat Rev Drug Discov 2003, 2,
999-1017.



