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Abstract: B-Amino acids with a single side chain in the a-position
(B2-amino acids or H-B*hXaa(PG)-OH; i.e., homo-amino acids with
proteinogenic side chains) have turned out to be important compo-
nents in B-peptides. They contribute to unique secondary structures,
they are required for mimicking the structure and the activity of p-
turn-forming a-peptides, and they can be used for protecting a-pep-
tides against attack by aminopeptidases. In contrast to B*-homo-
amino acids, the B>-isomers cannot be obtained simply by enan-
tiospecific homologation of the (natural) a-amino acids, but have to
be prepared by enantioselective reactions or sequences of transfor-
mations, which are presented herein. The various preparative meth-
ods are ordered according to the bond at the stereogenic center,
which is formed in the stereoselective step, with the four strategic
bonds being the C(2)-C(3) backbone bond, the C(2)-side-chain
bond, the C(2)-H bond, and the C(1)-C(2) bond between the car-
boxylate and the a-carbon. In the most frequently employed meth-
ods, a chiral auxiliary group is attached at the carboxyl C(1) atom
or at the nitrogen in the 3-position, but there are also a number of
enantioselective catalytic processes, including the hydrogenation of
suitable acrylates. The alternative of stereoselective synthesis,
namely resolution of racemic mixtures (for instance by biocataly-
sis), is also discussed. A critical comparison of the various methods
and strategies is presented. For the peptide chemist, a list is included
with the Cbz-, Boc-, and Fmoc-protected B*-amino acid building
blocks, ready for peptide coupling. In addition, the search strategy
for nonracemic B*-amino acids and their precursors from the data-
bases is described in detail.
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1 Introduction

Since the discovery' in 1996 that peptides consisting of
homologated proteinogenic amino acids (Figure 1) form
more stable secondary structures (helix, turn, sheet) than
the natural counterpart, research on B-peptides has under-
gone an explosive development. This was not only caused
by the variety of structures, which differ from, and at the
same time are similar to, those of a-peptides, but by the
findings that B-peptides (and mixed B/a-peptides) are gen-
erally proteolytically and metabolically stable in vitro and
in vivo, and that they can be designed as to mimic biolog-
ical activities of natural peptides, and thus are of interest
for biomedical research. For an overview, we refer to re-
view articles covering the field of B-peptides in general or
special aspects of it.>™*

R R O y R
H OH H N OH
N N OH H
H H
Oln n Oln
o. (Xaa) B3 (hXaa) B? (hXaa)
CO-% CO-% co-%
H | H
=N H " CH, §—N-CH,——H
R —N H R
R

R = side chains of proteinogenic amino acids
® = inserted CH, group

Figure 1  Strictly, the term B?>-homo-amino acid (*hXaa) should be
used only for the homologated proteinogenic natural o-amino acids,
while the more general term B?-amino acid for any B-amino acid that
carries a side chain in the a-position. For the f-amino acids which do
not have the absolute configuration derived from natural a-amino
acids, as shown here, a stereochemical descriptor, preferably the CIP
(R) or (S), should be used.
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2 Why p*-Amino Acids?

There is an almost infinite number of B-amino acids
(Figure 2)° that could become building blocks of B-pep-
tides. Why do we show only the B*- and B*-homo-amino
acid residues in Figure 1 and why did we decide to write
a review article just on B?-amino acids?

,1"\ 3 up to tetrasubstituted B-amino acids
RL R & constitutional isomers

L]
,/ ) L]
“N R e chiral and nonchiral derivatives
Hal % e configurational isomers
L]

R CO-H 5 types of cyclic B-amino acids

Figure 2

In our investigations of B-peptides we have almost exclu-
sively kept the side chains (R in Figure 1) proteinogenic;
that is, we used p3-homo-amino acids (CH, inserted be-
tween carbonyl and a-carbon) and p?-homo-amino acids
(CH, inserted between a-carbon and nitrogen) as building
blocks. This would guarantee that both intra- and intermo-
lecular interactions between the side chains, or of the side
chains with others molecules, are the same as they are
with natural peptides. In hindsight this restriction turned
out to be fortunate: there was more than enough to be dis-
covered with the resulting B-peptides.® It turned out that
the peptides consisting of B*-amino residues (B’hXaa)
fold to a 3,,-helix (Figure 3, a and c). This helix was
‘seen’ by 2D-NMR analysis in the protic solvent methanol
for B*-peptides ranging in length from 6' to 20 residues’
(in aqueous solution, salt bridges®*®or covalent-bond
bridging® are required for stabilization of the 3,,-helix).

Even more stable was the helical conformation of a pep-
tide consisting of like-2-methyl-3-amino acid residues'®
(Figure 3, b). When we started'""'? incorporating p?-amino
acid moieties (B’hXaa) into B-peptides, we were in for
some surprises.

The B>-peptidic helix (Figure 3, d) is less stable than its °
counterpart;!®!! in spite of intense efforts, we were not
able to find a secondary structure for a B*-eicosapeptide

B

that consisted of the 20 homologated proteinogenic amino
acid residues, and which had been synthesized using all
our strengths (Figure 4).3" To put this in a positive way,
B2-peptides have conformationally much more flexible
backbones (than B3-peptides), a feature that is typical of
the natural a-peptidic chains that fold to protein struc-
tures.

With a sequence consisting of alternating B> and B*-
homo-amino acids (p?hXaa-B*hXaa), we discovered a
novel type of helix (Figure 5).!%12-14 The B%p3-peptide
does not fold to the 3,,-helix (Figure 3, e) but to a helix
consisting of alternating 10- and 12-membered hydrogen-
bonded rings, narrow and wide turns, steep and low pitch-
es (Figure 5). Again, this helix is not as robust as the 3, ,-
helix but more flexible: depending on the chain length of
the B%/B3- peptide and on the terminal protection, the fold-
ing is more or less pronounced, and there may even be a
partial switch to a 3,,-helical conformation, as concluded
from CD measurements.!®> There are two other peculiari-
ties of the 10/12-helix: unlike all other a- and B-peptidic
helices, it has no macrodipole, since the C=0O bonds alter-
nately point in opposite directions, and so, of course, do
the N-H bonds (see Figure 5, a); furthermore, the surface
of the helix is covered by substituents more densely on
one side (see the view along the helix axis of a B*B3-non-
amer in Figure 5, c).

Inspection of the 12/10-helical structure reveals that the
10-membered hydrogen-bonded ring, that is, the p?hXaa-
B*hXaa structural element, resembles a so-called B-turn in
a-peptides and proteins (Figures 5 and 6, a); this led to the
development of B-peptides folding to hairpin turns'® (by
choosing the right strategy, with as few as four f-amino
acid residues, see Figure 6, b). Also, when we turned to
investigations of ‘mixed’ B/a-peptides!’ (a recent focus in
B-peptidic research3*-%1%), incorporation of p*hXaa moi-
eties uncovered a new type of hairpin structure, in which
the actual turn section consists of a B*/o pair of residues
(Figure 6, d).'%¢

(B%hXaa)g

(B®hXaa-B°hXaa),

Figure3 The 3,,-helix of f-peptides. (a) Left-handed (M) helix with lateral (green) and axial (black) position on the tetrahedral centers; pitch
ca. 4.8 A; macrodipole from C- to N-terminus; axial positions only for hydrogens. Distribution of the lateral substituents (green) with $23- (b),
B3- (c) B*- (d) and B%B3-amino acid residues. The stability of the helix decreases from (b) to (e). The B%B> sequence actually folds to a 10/12-
helix (see Figure 5), and there is only weak evidence that it may adopt a 3,,-helical conformation with longer chain lengths.

Synthesis 2009, No. 1, 1-32  © Thieme Stuttgart - New York
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Figure 4  F-Eicosapeptide, consisting of the 20 homologated proteinogenic amino acids, synthesized in 159 steps. This is one of 10'® pos-
sible sequences; for a rationale of synthesizing this particular peptide, see ref.’" The fundamentally different CD spectra in water and methanol
indicate different structures in these solvents. It was not possible to find an NMR-solution structure in methanol, in spite of great efforts.
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H H H H H H H H
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BeAla
SLeu
p2val B
BiAla
pLeu
3
BAla

pLeu
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Figure 5 Aright-handed (P) 10/12-helix of a B%/8?-nonapeptide. (a)
Alternating 10- and 12-membered H-bonding rings; no macrodipole.
(b) The 10-membered hydrogen-bonded rings form around CHR-
CO-NH-CHR (B3-B?) moieties, in the central positions of the 12-
membered hydrogen-bonded rings there are CH,—-CO-NH-CH,
moieties; see the turn structure of the 10-membered ring and compare
with Figure 6. (c) ‘Uneven’ distribution of substituents on the surface
of the helix.
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Not only in the realm of B-peptidic structures were B*-res-
idues good for surprises. Of the numerous B-peptides
(consisting of homologated proteinaceous amino acids)
that were tested for hemolytic (cf. toxicity) and antibiotic
activity (by N. Ryder and colleagues at Novartis*!®), a g3/
B*-nonapeptide was by far the most active (Figure 7, a).
Since B3-peptidic analogues were inactive, the flexibility
of the B*/B*-chain and, perhaps, the nonpolar character of
the 10/12-helix, to which it can fold, may cause this toxic
effect.

B-Peptides are proteolytically''7!%(and metabolically*™?°)

stable; that is, neither amino- nor carboxy- nor endopepti-
dases cleave them.?! In order to protect a given a-peptide
from N- and C-terminal cleavage by the most ubiquitous
exopeptidases with minimal structural alteration, a B>
residue has to be introduced at the N-terminus and a B*-
residue at the C-terminus?? (Figure 7, b); B*>- and B*-
amino acids are actually on their way to becoming
pharmacophores.?

The most extensive use of B?-amino acid residues in bio-
logical investigations has, so far, taken place in open-
chain and cyclic mimics of the peptide hormone soma-
tostatin.’™d The dramatic affinity increase (for one of the
G-protein coupled somatostatin receptors, hsst,) of a B-
tetrapeptide, when going from a B*-B*-B*-B* to a turn-
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a) u-pep’(ide B-peptide
i o j
G m/\NJ\/@ A
0 co H

£l

‘SULNME

cannot fall into 344-helical conformational manifold
p3hval' and B*hPhe* would fit in right-handed
p?hval® and ehAla® in left-handed 314-helix

Figure 6 Hairpin turn structures of B-peptidic chains. (a) Structural similarity of an (R)Xaa-(S)Xaa ‘B-turn’ and an (S)B*hXaa-(S)B*hXaa turn;
the RCH-CO-NH-CHR parts are actually superimposable (cf. the mimicking in Figure 7, c). (b) A B-tetrapeptide that folds to an especially
stable turn. (c) and (d) Turns of mixed B/u-peptides with B?-amino acid residues in ‘strategic’ positions; these turn structures are minimally
stabilized by hydrogen bonding, they result, rather, from preferred backbone conformations of the building blocks.

forming B*-B2-B-B° structure,'!”** is demonstrated by the
data given in Figure 7, c.

In conclusion, it appears appropriate to make the state-
ment that the B?-amino acid residues play a special role in
the chemistry and biology of B-peptides consisting of ho-
mologated proteinogenic o-amino acids. On the other
hand, it is a fact that B?-, in contrast to B*-amino acids
(Figure 8),°**23 cannot be prepared stereospecifically by a
standard synthetic methodology from the corresponding
readily available a-amino acids (see below, section 5.1).
Furthermore, derivatives of B?-amino acids can undergo
racemization or epimerization, while those of B*-amino
acids cannot.

Thus, the B2-amino acids are of great interest for B-peptide
structural design (and for biological and biomedical appli-
cations), and they are a challenge to prepare enantioselec-
tively, good reasons to devote this account to preparative
methods for making them.

3 Literature Search

Although we have followed the literature on B-amino
acids for more than a decade, we wanted to make sure not
to miss any principal method of building the B*-amino
acid skeleton enantioselectively, keeping in mind that we
eventually needed to have the orthogonal functionality

Synthesis 2009, No. 1, 1-32  © Thieme Stuttgart - New York
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Figure 7 Peptides with B*-homo-amino acid residues in ‘strategic’ positions. (a) A B*/B>-peptide with cytotoxic properties. (b) Protection of
the termini of angiotensin IV against attack by exopeptidases by terminal homologation; at the N-terminus a 3>-homo-amino acid is required;
the indicated activity is unchanged (cf. identical structure from red dot to red dot), but the B?-a-a-a-a-B3-peptide is proteolytically stable, whe-
reas angiotensin IV is rapidly degraded. (c) The B?-B*-motif in hairpin turns allows for mimicking a-peptidic turns (cf. Figure 6); the all-p>-
tetrapeptide and the B3-p>-B3-B-isomer differ by a factor of 10° in their affinity for the human somatostatin receptor hsst4. (d) A cyclic (B>-p*-
B3-B3) peptide has micromolar affinity for this receptor.3d

Synthesis 2009, No. 1, 1-32  © Thieme Stuttgart - New York
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CHzN, Aryl

(activated o-amino acid)
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T
HZN/k'/”\OH

Kowalski Kolbe
homologation reaction
R CH,Bry, BuLi KCN R
OMe PG.. /'\/OMS
Bn,N N
H
(e}

Figure 8 Homologation of a-amino acids to B*-amino acids. The
Arndt-Eistert methodology is superior in effectiveness: two steps
from a commercial Boc-, Cbz-, or Fmoc-protected a-amino acid with
orthogonal protection of side-chain functionalities; diazomethane
technology is now offered by companies, and the Wolff rearrange-
ment is induced?® by catalytic CF,CO,Ag (4 mol%) in the presence
of a tiny amount of SiO,. The Kowalski homologation requires BuLi-
stable protection on nitrogen and on side-chain functional groups,*®
and the total number of steps leading to derivatives PG!'-
B*hXaa(PG?)-OH used for peptide coupling is much larger. The new
Coates? and the old Kolbe homologation require a primary reduction
of the a-amino acid to an amino alcohol; again, the number of steps
leading from commercial starting materials to the building blocks of
solid-phase or solution peptide coupling is greater than in the Arndt—
Eistert homologation. To the best of our knowledge, all appropriately
protected derivatives with proteinogenic side chains, with the excep-
tion of B*hHis, B*hCys and B*hSec,?¢¢ are now commercially availa-
ble (we thank Fluka AG, CH-Buchs for discount prices). See also the
discussion in the conclusion (Section 11).

pattern for peptide assembly: a free carboxylic acid group,
an Fmoc-, Boc- or Cbz-protected amino group and acid-
or hydrogenolysis-labile protection of side-chain func-
tional groups, which more than half of the proteinogenic
amino acids actually have: hydroxy (Ser, Thr, Tyr), thiol
(Cys), selenol (Sec), amino (Lys), heterocyclic (His, Trp),
carboxyl (Asp, Glu), carboxamido (Asn, Gln), and guani-
dino (Arg) groups (Figure 9). An internal general search
in a database system resulted in a shocking number of hits
when we asked for B?-amino acids. What we wanted were
those publications in which ‘reasonable’ precursors for
the building blocks required in solution and solid-phase
peptide synthesis are described (Figure 10).2

This was a challenging task even for the specialist in in-
formation retrieval. There were many pitfalls that had to
be avoided, and weaknesses in the various databases and
of the search strategies became evident. The details are
described in section 10 of this article, and the lessons we
learned will be of benefit for future searches of this type,
both in our chemistry department and in others.

Eventually, we arrived at a trustworthy body of about 250
relevant publications, in which the preparations of non-
racemic B?-amino acid derivatives or ‘reasonable’ precur-
sors thereof were described. Without the specialized
information-retrieval tool, we would have stood in front

° amino acids that do not require protection
R=H, Me, i-Pr, i-Bu, s-Bu*
CH,>CH,SMe, Bn, proline

[ side chains with functional groups
that have to be protected

R = CH,OH, *CH(Me)OH, CH,CgH4OH, CHoSH,
CH,SeH, (CHp)4NH,, CHyCOLH, CHoCHoCOLH, CHoCONH,,
CH,CH,CONH,, CHoCHoCHoN=C(NH,),,

N NH
ch-(/:,, H.C—
N

Figure 9

of a formidable mountain or have been totally lost. Still,
we cannot be completely sure of not having missed a line
of work in the literature on this subject — we are sorry if
we did. The choice of particular examples to demonstrate
a synthetic methodology for preparing B*-amino acids is,
of course, subjective, and we apologize for that.

4 Retrosynthetic Analysis

When looking at the entire body of literature retrieved
from the databases, it is, not surprisingly, evident that
there are synthetic routes, leading to B*>-amino acid deriv-
atives, in which each and every bond of the parent skele-
ton is being formed (Figure 11, top). The bond-forming
steps can be divided into two main categories: those in
which bonds at the chirality center are created, and those
in which bonds in the periphery around this center are
generated. Since enantiopure B?-amino acids are the goal,
the first category is going to be central to our discussion.
We order the examples for the following chapters in four
groups, namely stereoselective formation of (a) the C(2)—
C(3) bond, (b) the C(2)-R bond, (¢) the C(2)-H bond, and
(d) the C(1)-C(2) bond. The second category of bond-
forming steps includes the N-H, N-C(3), C(3)-H, C(1)-
O or C(1)=0, and C(1")-R’ bonds. Finally, there is a third
category of bond formation: elaboration of the side chains
(R, CH,R’), functional-group interconversion or protec-
tive-group manipulations in the side chain, on nitrogen or
on C(1) — not unimportant if we keep in mind that we
eventually need to establish orthogonal protection of the
amino group and the side-chain functional groups, and
have a free carboxylic acid group of the B?-amino acids, in
order to be able to carry out peptide syntheses.

In Figure 11 the types of synthetic operations are listed,
by which the chirality center of B?-amino acids has been
generated stereoselectively with formation of one of the
strategic bonds (a)—(d). For bond (a) a des-amino acid,
carrying the appropriate side chain or a precursor group
thereof, is the starting material. For bond (b) the precursor
of the side-chain R group is either an electrophilic (R—X)
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R/PG2
H )\
N
PG "*>CO.H

building blocks for peptide synthesis

PG!

B
o=

Fmoc Boc Cbz

PG? acid-labile for Fmoc solid-phase synthesis
or hydrogenolytically labile for Boc strategy

NOT INCLUDED

e B?-amino acid derivatives which cannot
be readily converted into the building blocks
required for peptide synthesis, such as
Rz R R?, R3 = alkyl

lll\)\ noncleavable aryl
R CO.H

hard to cleave SOo-aryl

® preparation of racemic p2-amino acids,

unless resolution is reported (cf. ref. 5d and Section 9)
° BZ—amino acids with "exotic" side chains,

such as heterocycles, carbohydrates (see ref. 2d and 31)
e B?3-amino acids and a-heterosubstituted B-amino acids

R X
H N\)\
HzNj)\cozH 2 COH (X =OH, NHy, etc.)
RZ
e B?2-amino acids such as p?hAib (see ref. 3a)
R2 R1
HoN R, R2#H
CO.H
e 3-oxa- and 3-aza-B2-amino acids (see ref. 2d, 26)
R
N X =0, NH, NR
X7 COH

e extensive patent literature, mostly describing applications of

the methods covered by journal literature
e discussions of the mechanisms or stereochemical

courses of reactions
Figure 10

or a nucleophilic (R-metal) reagent. For bond (c) the sub-
strates contain the entire skeleton of the B?-amino acid,
including the appropriate functionality patterns and a uni-
form E- or Z-configuration of their enolate or acrylate
double bonds. For bond (d), the rarest case, a nucleophilic
addition of, or a substitution by, a moiety, which eventu-
ally acts as precursor to the CO,H group, is the key step.

With respect to these synthetic possibilities there are two
fundamentally different types of B?>-amino acids: those in
which the R group is a hydrocarbon residue (Figure 9,
top), and those which contain a functional group in the
side chain R (Figure 9, bottom); methionine is a ‘border-
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line case’. P>-Amino acids of the first type are far more
easily prepared, because there is no reactivity conflict
with the reagents employed in the construction of the stra-
tegic bonds (a)—(d): enolate generation with strong base
or by Michael addition with in situ enolate trapping is pos-
sible; the side-chain R group can be introduced with R—X
or with R—metal reagents, there is no problem with hydro-
genation or oxidation steps (cf. the list of reactions in
Figure 11). On the other hand, with functionalized side
chains R there is not simply need for selective protection,
but there may be bothersome neighboring-group effects,
B-eliminations of leaving groups, competing reactivities,
or catalyst poisoning (c¢f. Figure9, bottom, and
Figure 11).

When comparing different routes, we also must take into
account the number and the nature of reaction steps re-

R
®) .
R, H.__ HY o0
HON N2s T © AN ! 2/H
AN 3 YNt " N_ 3 C__1 LOH
e cosH AN

2@ @ AN
" H H" o

strategic bonds (category 1) peripheral bonds (category 2)

H R ® aminomethylation of a desamino acid derivative
Mannich reaction
PGNCHz~_ ~COX ( i ")
(a) o synthetically equivalent processes such as:
» hydroxymethylation of desamino acid derivatives
and OH/NH, substitution
» alkylation with RO,C—-CH,X and Curtius
degradation
» carbene insertion into a PGNCH>—H bond

H\ /R m alkylation or hydroxyalkylation with
C R-X or R'=CHO, respectively, of a
PGN—""~cox 3-aminopropanoic acid enolate
(b) R = side chain of amino acid

o synthetically equivalent umpolung:
0,N-CH=CH-CO,R + R—metal
(R = side chain of amino acid)

H\ /R u the source of hydrogen may be:
PGN\/C\COX H®(protonation' of an enolate)
(c) Ho (hydrogenation)
H* (radical reaction)
® synthetically equivalent precursors may be:
R
PGN\/g L
C(X)OH or O-metal (generated in situ)
R R
PGN-CH=( OaN-CH=(
COX COX
CHR' CHR'
PGN HO.C
G 2 CO.R
H R ) . -
\C/ m a substituent is introduced, which is eventually
PGN\/c| \002H converted into a COoH group
L ® precursors:
R
O2N-CH=CHR | PGN\)\X
Figure 11
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quired (i) to obtain the reactants and (ii) to arrive at the fi-
nal target peptide building block (Figure 10, top), after the
strategic bond has been formed. Thus, when the chirality
center is created with formation of the C-H bond (c), the
precursors are all acrylate derivatives, which have to be
prepared by aldol, nitroaldol, Claisen, Knoevenagel, or
Stobbe condensations, by Baylis-Hillman or Heck reac-
tions, or by additions to acetylenes. In turn, the starting
materials for these preparations are, again, often des-
amino acids (R-CH,—CO,H), a-keto carboxylic acids (R—
CO-CO,H), or synthetic equivalents thereof.

5 B?-Amino Acids by Formation of the C(2)-
C@3) Bond

There are several synthetically equivalent transformations
by which this bond can be formed, whereby the H,N-CH,
synthon can be conceived of being realized in the form of
a nucleophile (d'-reactivity),?” an electrophile (a'-reactiv-

ity) or a carbenophile (Figure 12). The normal reactivity

combination a!/d? (Mannich transform)® is the most obvi-
ous.
i i i
He He
C C .C
© cox @ cox “cox
H
® ) |
HoN—CH HN—CH, HaN—CH;
a'/d? d'/a? carbene insertion
"normal" umpolung
reactivities of reactivities
Figure 12
5.1 Is There a Stereospecific Route from

a-Amino Acids?

The d'/a?> combination with umpolung of both reactants,
on the other hand, is the most attractive transformation,
since it could provide a stereospecific conversion of a-
into B%-amino acids. Thus, the classical method of replac-
ing the amino group of amino acids by OH or a halogen
atom, most commonly Br, with retention of configuration,
and a nucleophilic aminomethylation®”** with inversion
of configuration would provide a B?-amino acid, as out-
lined (Scheme 1, a). Experiments along these lines have
failed so far. It is, for instance, possible to convert a-halo
esters into a-cyano esters,’® but these are configurational-
ly labile.?! In certain derivatives of chiral heterocycles, a-
substituted B-keto-carbonyl moieties are known to be con-
figurationally stable,* but it appears that this is not true
for corresponding cyano derivatives*> (Scheme 1, b), oth-
erwise analogous achiral heterocycles could be employed
for the nucleophilic substitution process in Scheme 1, a
(2). An intriguing reaction is the pyrolytic** or samarium-
mediated®** rearrangement of isocyanides to cyanides
with retention of configuration, through which o-amino
acids have been stereospecifically converted into p2-ami-
no acids**® (Scheme 2). The lability of the chirality center

in substituted cyano acetates (malonitriles) prevents the
direct application of this method to a-amino acid derived
isocyanides and the high temperatures in the flash pyroly-
sis are prohibitive for practical purposes.

a)
R R

1)
HoN )\
N con — COH:>H2N)*\

CO.H
stereospecific substitutions

1) diazotation/HX (van Slyke)
or conversion into isocyanide (formylation/dehydration)

o.. C)
2)N=C, C=N—CHaLi, Ho,C=NO,, LIHC=NO,Li
for nucleophilic aminomethylation
or isocyanide —> cyanide rearrangement
[thermal or Sm(ll)-promoted]

b
) R R R
* *
/k RW NQ )ﬁ(NQ
* ! ~C *
N///C CO2R NZ
o (e} (0}
Scheme 1
0-aMiN0 - oo >  pZ-amino
acid  ------------ > acid
l > 500 °C ﬂ
R flash pyronS|s )\/
OAc
CN"* OAc retentlon / C
Scheme 2

Another, more speculative, route for insertion of a CH,
group between the nitrogen and the a-carbon of an amino
acid, without racemization, might lead through intermedi-
ate aziridine derivatives® as outlined in Scheme 3. In this
case the first step would be an electrophilic hydroxymeth-
ylation with self-regeneration of the chirality center
(SRS).%¢

>|< R
HN\)\
*“COzR'

R
HgN)*\COZH

a) R*
fm— PGNj\CozR'

a) hydroxymethylation with SRS
b) aziridine formation
¢) reductive ring opening

Scheme 3

Finally, the cobalt-catalysed insertion of carbon monox-
ide into the C—O bond of oxazolines (cf. Figure 8) could
be elaborated to become an overall homologation of an a-
amino to a B?-amino acid. Stereospecific conversion into
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the a-hydroxy carboxylic acid amide, reduction to an ami-
no alcohol** and condensation with an aromatic carboxy-
lic acid will provide the substrate for CO insertion, which
has been shown?* to occur with inversion of configura-
tion, see Scheme 4. The strategic bond formed here is ac-
tually bond (d)!

R

0-amino — » R O/%
acid - )*\/NHZ -
HO >:N

¥ Aryl

oy R

y

O
B?-amino * co
acid O_ N Co catalyst
inversion
Aryl

Scheme 4

At present, none of these transformations of o-amino
acids seems to be of practical value, so that there is no way
around using chiral auxiliaries, reagents, or catalysts for
the preparation of the B?>-amino acid building blocks for
peptide synthesis.

5.2 Chiral Auxiliaries and Catalysts for
C(2)-C(3) Bond Formation

B-Amino acid derivatives may be considered Mannich
bases built of a carboxylic acid, formaldehyde, and am-
monia. In fact, in 1922 Mannich made the following state-
ment about f-amino acids: ‘Im Gegensatz zu den wegen
ihrer biologischen Bedeutung ausgiebig studierten o-
Aminosduren ist die Klasse der B-Aminosduren weit
weniger griindlich bearbeitet worden.”*’ In rough transla-
tion, Mannich was stating that in contrast to the a-amino
acids, which have been extensively studied because of
their biological importance, B-amino acids have been
much less thoroughly investigated.

An overall enantioselective preparation of -amino acids
with stereoselective formation of the strategic bond (a),
the ‘Mannich C—C bond’, can be envisioned by having (i)
a chirality center in the group R, (ii) a removable chiral
substituent on nitrogen, or (iii) a chiral auxiliary moiety
on the carbonyl group. The first type of induction® is not
of general importance since of the proteinogenic amino
acids, only isoleucine and threonine have a stereocenter in
the side chain. Amino groups with chiral substituents are
employed directly (see below, organocatalysis) or indi-
rectly [when their lithium amides are added to a-methyl-
ene esters, i.e. acrylates that can be prepared by aldol
condensation between an ester and formaldehyde or by
methylenation of an a-keto ester; in this case bonds (b) or
(c) are the strategic bonds, see sections 6 and 7]. In the
most commonly used method of stereoselective formation
of bond (a), a chiral auxiliary is attached to the carbonyl
carbon of the carboxylic acid and the aminomethylation is
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1

H )\(O—metal

N

*

®
PGN-CH, 5
Mannich R0,C-CHx—X
ref. 10, 11, ref. 18c, 50-57
14, 24a,
39-51
1

R! R R!
L0 RZOZCQA"&O HO._ /,Kfo
N N N

* DO

Curtius
R1

Ne_ A
N
R30,C” *>COH

oy)

O=CH,
ref. 23, 25d,
51,58

PGN.__

substitution

‘ hydrolysis

N H H
Ol OS¢
J/ cis
O—" R=Bn, iPr o
Ph
A B
ref. 10, 11, 23, 40, ref. 39, 50, 55
42, 44,56, 58
N
O§/\
O—f—pn HN
Ph 028
c D
ref. 14, 18c, 24a, 25d, 41, ref. 47-49
43,44, 46, 51, 56, 57
metal: Li, Na, ZnX, TiCls, SiRg
® ®__ .0
PGN-CHy: (Bn)aN=CH, TFA_ BnsN-CHo-OMe
CbzNH-CHz-X N
X = OH, OAc, Cl, OMe, O/-Pr, N’ ]@
N
R20,C-CH,-X: R2=Bn, +-Bu; X = Br, |
Scheme 5
achieved in three synthetically equivalent

ways!0:11:14.18¢.23.242.254.39-38 45 oytlined in Scheme 5.

The starting material, generally a des-amino acid, may be
commercially available, or may be prepared by reductive
deamination of an o-amino acid, either directly (with
H,NOSO,;H**° or with SmL,*°) or by first replacing NH,
by Br (HNO,/HBr or NOBr) and then removing Br with
metals or hypophosphorous acid.®" A chiral auxiliary is
attached by acylation of a classical Evans oxazolidinone
A or B, of the modified oxazolidinone DIOZ C, or of
Oppolzer’s sultam D (Scheme 5). The corresponding eno-
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lates are generated by deprotonation. Alternatively, a sul-
tam carrying an o-bromoacyl group is treated with zinc to
produce a zinc enolate (Reformatsky reagent). There are
three synthetically equivalent diastereoselective reactions
of the chiral enolates, creating bond (a): (i) a ‘real’ Man-
nich reaction with an electrophilic aminomethylating
compound (X—CH,~-NPG),!0:11:1424a39-51 (jj) the alkoxy-
carbonylmethylation (X—CH,—~CO,R)!85-57 with subse-
quent Curtius degradation, and (iii) the hydroxy-
methylation (CH,0)*?3¢5158 followed by substitution of
the OH by an NH, group (B-hydroxy acids®? of any other
origin may, of course, be employed as well).®* Since all
auxiliaries A—D are available in both enantiomeric forms,
(R)- and (S)-B*-amino acids are accessible by these meth-
ods.

The most frequently used auxiliaries are the oxazolidino-
nes A—C. Although there are claims of ‘scalable’ synthe-
ses of P?-amino acids, using the sultam auxiliary D
(compare B*hTrp in references 56 and 49), this alternative
has yet to be applied with advantage (fewer steps, milder
conditions, cheaper and safer® reagents, etc.) to the more
difficult, side-chain-functionalized derivatives. In our
work on B-peptides the diphenyl-substituted oxazolidin-
one C was used to prepare 16 of the p?-amino acids with
proteinogenic side chains by one of the three synthetically
equivalent routes shown in Scheme 5. For an example of
each, see Scheme 6 and for the p2-eicosapeptide®®
taining all of them, see Figure 4.

The aminomethylating agent now preferred by us® is
Cbz—NH-CH,-Oi-Pr, the preparation and application of
which for multigram-scale access to Cbz-B?hPhe-OH is
described in recent Organic Syntheses procedures*
(Scheme 6, a). The Curtius route was elaborated, for in-
stance, in the preparation of Fmoc-B*hArg(Boc),-OH
(Scheme 6, b).'% After testing several alternative se-
quences, Fmoc-B?hHis(Tr)-OH was obtained through the
hydroxymethylated intermediate (Scheme 6, ¢).>¢ Other
problematic cases, such as Fmoc-B*hAsn(Tr)-OH, were
‘solved’ along the same lines.’'>” The superiority of the
DIOZ ligand C is given (i) by its preparation from valine
and PhMgBr (instead of complex hydride for A),% (ii) by
the high diastereoselectivities with which its acyl deriva-
tives react, (iii) by better regioselectivities between the
two C=0 groups in the acylated derivatives,*' and (iv) by
a high crystallization tendency of all DIOZ derivatives,*
including the auxiliary itself (readily recovered, mp 254
OC).65

The Gellman group has chosen an organocatalytic
step to create the strategic bond (a) of p?-amino acids for
their investigations of B-peptides®™*® (Scheme 7).

67,68

Diphenylprolinol trimethylsilyl ether®”® or proline®’® were

used as catalysts. It turned out that, in the proline cataly-
sis, a chiral aminomethylating reagent gave the best re-
sults (‘double stereodifferentiation’, (S)-proline and (S)-
benzyl(phenethyl)amine producing (S)-B*-amino acid de-
rivatives).”° The sequence of steps starts with a Mannich
reaction of an aldehyde (a reduced des-amino acid) and

a) Ph
Ph Ph Ph
1) (S)-DIOZ (C)
H o)
2) CbzNH-CHo—Oi-Pr, TiCl, _N
H Cbz (R)

I

3) H,0
Cbz-B2hPhe-OH

overall yield 56%
er>99:1

Br / Ph
(R) DIOZ (©)

TMSOTY W W(
COCI  5) DPPA, BnOH

6 H,O
5 7) BnBr, NaHCO3
(S)-Fmoc-B-hArg(Boc).-OH

overall yield 42% NBoe

1)
2)
3) BrCHZCOZt -Bu
4)
5)

N NHBoc

9) Hp, Pd/C
10) Fmoc-OSu

c)

T,

<\ \ <\j\ J " Ph
N 1) (R-DIOZ (C)

2) CH,0, TiCl
copH 2 O Tl \/ﬁfﬁ(

3) BnOLi
4) DIAD, PPhs, HN3
(S)-Fmoc-FEhHis(T-OH =22 o
. o 2,
overall yield 15% 6) Fmoc-OSu

er>99:1

Scheme 6

*
1) (PhCHMe)BnN—-CH,—OMe

R or BnoN-CH,—OMe v R
k HO Ph B /N\)*\/OH
n
. or
cat @\C%H Q\FP“ (R’ = Bn) er ~95:5
(20 mol%) OsiMe; (R’ = phenethyl) dr 83:17-90:10
2) NaBH,
3) Hp, Pd/C
4) Boc,0 or
Fmoc-OSu

R

PN R N._h_o
N P — N H
RO,C” *>CO,H PG~ *

or NalO4, RuCl3

g?hVal-, -Leu-, -Phe-
-Tyr-, -Lys-, -Glu derivatives

overall yields 10-60%

Scheme 7

involves a sodium borohydride reduction as well as an ox-
idation of a primary alcohol to a carboxylic acid. Of the
B%-amino acids with functionalized side chains, Fmoc-
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B*hGlu(t-Bu)-OH, -Tyr(t-Bu)-OH, and -Lys(Boc),-OH
were reported. The chiral benzyl(phenethyl)amine is
cheap enough to be sacrificed in the overall process, just
like in other cases discussed below (see, for instance,
Scheme 11), an event for which Mislow proposed the
term immolative asymmetric synthesis in his famous text-
book Einfiihrung in die Stereochemie (1967) (Introduc-
tion to Stereochemistry, 1965).

The role of the electrophile N-CH,* and the nucleophile
“CHR(COX) in the Mannich transformations are reversed
(umpolung, cf. Figure 12) in the elaborations of the B’-
amino acid skeleton shown in Scheme 8. In the first two
transformations, (a) and (b),>>>* malonate (RO,C),CH~
becomes synthetically equivalent to an aminomethyl an-
ion (N-CH,") and electrophilic character is imposed upon
the a-carbonyl carbon atom. In the third case (c) a carbene
inserts into an NCH,—-H bond.® The imidazolidinone
chiral auxiliary shown in Scheme 8 a (a 2,3-diaminopro-
panoic acid derivative) causes the a-bromo carbonyl com-
pound of R,S-configuration to undergo Br/CH(CO,Bn),
nucleophilic substitution (with inversion) faster than the
S,S-diastereoisomer; under appropriate conditions, the
two diastereomeric starting materials equilibrate by
epimerization at the Br-substituted carbon, so that a 1:1
mixture gives rise to an 80% yield of R,S-product (cf. the

a)
o ./ g © N/
R YN 1) NaCH(CO,Bn), Y
; in HMPA N
Br ) (BnO,C)oHC (S
o CO,t-Bu o) CO»t-Bu

mixture of diasterecisomers (R.5)/(S,5) 2 94:6

(R = Me, Et, i-Bu)

Y R 2) Hy, Pd/C
P /k 3) DMSO, 100 °C
Cbz” ™" CO:Me =4 OppA, BrnOH
5) MeONa
(R =Me)
overall yield 40%
b)
R Ph R Ph
1) NaCH(CO,Me), M
¥z =
ACQMPh ——————— (MeOxC);HC * Ph
PdL
R = Me, Aryl er>97:3
R 2) DMSO, NaCl, 180 °C
H\)\ 3) NaOH
- *
Boc COM = OpPA, tBUOH
overall yield ~23% 5) NalOy4, RuCls
c)
PG Si—
Aryl ! N—=
1) Bn’N‘Me o Esfi " /?‘ry'
\ b=y
N5 CO,Me HaN_
Rha[(S)-DOSP], COMe
2) deprotection overall yields 50-70%
er 86:14 to 98:2
Scheme 8
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discussion in section 5.1 and Scheme 1); the subsequent
conversion of the malonate unit to CbzNH-CH, is
straightforward.>* In the second equation (b) of Scheme 8,
an application of the enantioselective palladium-catalyzed
allylation to the preparation of a B?-amino acid is
shown.’>%* The construction principle for f>-homo-arylg-
lycines by carbene insertion, invented by Huw Davies®
(Scheme 8, ¢), comes closest to that of a Mannich reac-
tion. While chemically and mechanistically intriguing, the
reactions in Scheme 8 do not appear to lend themselves to
a more general access to the kind of B?-amino acid deriv-
atives required for B-peptide synthesis.

6 p?-Amino Acids by Formation of the C(2)-R
Bond

By the classical Mannich transform, discussed in the pre-
vious section, the side chain R is part of a carboxylic acid
derivative (‘des-amino’ acid), the enolate of which is ami-
nomethylated; natural (proteinogenic), as well as unnatu-
ral and nonproteinogenic side chains thus become part of
the resulting B%-amino acid. In contrast, the side chain is
attached to a 3-amino acid derivative by a, likewise clas-
sical, enolate alkylation with RX (an electrophile) when
the strategic bond (b) is formed. In this case, the amino
group must be protected in such a way that it does not be-
come a leaving group’® at the enolate stage’! (Mannich
bases are, after all, precursors to o,-unsaturated carbonyl
compounds!). As with the Mannich reaction, there are
several routes with umpolung of reactivity, in which the
side chain is introduced with R—metal (a nucleophile) that
adds to an enolate cation equivalent (a’-reactivity,”’ see
section 6.2). With functionalized side chains R, the func-
tional group has to be protected to be compatible either
with an alkylating site (C—X) or with an organometallic
center (C—metal) in the same molecule.

6.1 a-Alkylations of Chiral Enolates Derived
from B-Aminopropanoic Acid

The most commonly used derivatives for enolate genera-
tion are, again, N-acyloxazolidinones or analogues there-
of — see the auxiliary column in Table 1 and the
corresponding references.323d:44.72-84

Besides the free NH, (entry 7) and benzylated amino
groups (entries 1, 3, 6, 8) there are deprotonated carbam-
oyl groups (entries 2, 8), as well as phthalimido (entries 2,
5) and imido groups (entry 4); in two cases (entries 9, 10)
the amino group is a ‘hidden’ functionality on the corre-
sponding enolate (CO,R — NH, or CH=CH, - CO,H —
NH,). In all but one case, the enolate is generated with
base. Davies et al. (entry 3) use an in situ enolate-
trapping®  procedure, in which Bn,NLi, (Ph-
MeCH")BnNLi or (PhMeCH"),NLi (cf. entry 8) was add-
ed to an acryloyl oxazolidinone with enolate formation.%¢
Note that in this and other cases (entries 3, 8) there is a
‘double stereodifferentiation’, with a chiral auxiliary
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group on the carbonyl carbon and a chiral alkylamino
group in the B-position, which must ‘match’®” for optimal
results, ¢f. immolation and Scheme 7, above. Other chiral
(heterocyclic) compounds derived from 3-aminopropano-
ic acid,%?¢#89! that have been used for enolate generation

and preparation of B?-amino acid derivatives, are shown in
Scheme 9.

As can be concluded by inspection of the f?hXaa column
in Table 1, ‘simple’ electrophiles (R-CH,—X, CH,O0,
MeCHO, RO,C-CH,—X) are used for enolate alkylations
and hydroxyalkylations; of course, many nonproteinogen-

Table 1 Chiral Enolates Derived from 3-Aminopropanoic Acid for Alkylations and Hydroxyalkylations with Formation of the Strategic Bond (b)*"

PGN\/\(NQ or NF>

O-metal or OH
Entry PGN Auxiliary B*hXaa Ref.¢
Bn )
1 N A,R=Bn B*hAsp 74
Cbz/
0]
B*hSer 25d, 44,75
) y  BuzBO C B*hCys
: N B2hThr
tBuO
B’hAla 5e, 76
3 BnN, Ph—« Os\/ B*hPhe
N o f°hThr
Bn
2
Ph,CoN BhAla 77,78
4 (MeS),C=N D B*hLeu
et B’hPhe
0] H
N (0]
5 = E B*hThr 79
| N 0
=
(0]
! FhAla 80
*hPh
(o] B*hLeu
OH
7 H,N N B’hAla 81
~ \l/\Ph
Bn\ Buo,BO
/N ) N
cbz  tBuO H p*hAla 72,82
8 Ph\:/N\rPh BhPhe
Ph‘é Ph‘é :
N> /N
Bn/ Li
o B?hAla 73
RO,C/Curtius degradation H B’hPhe
9 (cf. the Curtius route OY JAPh B*hSer
in Scheme 5) o B?hAsp
A.R=Bn 83
H,C=CH/NalO,~RuCl,
10 then Curtius degradation B B*hAsp 84

(cf- Scheme 8, b)

* The metal can be Li, Na, BR,.
® For specification of A-D see Scheme 5.

¢ There may be one or more than one of the defined amino acids described in one of the references.
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PhO,S
\
N

i f
RO,C
Ph)J\N N 2SN
K/& or U\
o) OMe

ref. 82d, 89
from aspartic acid

NEe)

~

H
MeO—~ Ph

ref. 88 or by resolution
H
Ph
Fh N)\N N=-Ni—0
K/go s N\
Ph
ref. 90 ref. 91
Scheme 9

ic side chains of this type were introduced (such as prima-
ry alkyl, allylic, and benzylic substituents R, not shown
here); the same is true of the reactions of the 3-aminopro-
panoic acid derivatives shown in Scheme 9. Furthermore,
there are auxiliaries (entries 7, 8 in Table 1) and heterocy-
cles (hydropyrimidinones in Scheme 9) that are difficult
to cleave. Whenever an amide group CO-NH,, CO-
NHMe, CO-N(alkyl), has to be hydrolyzed to produce the
desired free carboxylic acid, rather harsh acidic (or basic)
conditions are required, which may lead to racemizations,
or may be otherwise incompatible with other functional
groups in the molecule.

6.2 C(2)-R Bond Formation by Nucleophilic
Addition and Substitution

The umpolung of enolate alkylation of a 3-aminopropano-
ic acid moiety can be accomplished by nucleophilic addi-
tion to a 3-nitroacrylate or its synthetic equivalent
(Scheme 10).97%

The nitro group determines the regioselectivity of addi-
tion.!% With the achiral nitroacrylate and nitroacrolein
acetals, enantioselective additions of dialkylzinc reagents
in the presence of catalytic amounts of copper triflate and
a chiral ligand are used. With the chiral precursors (ace-
tonide, acryloyloxazolidinone, phenylmenthol ester)
shown (Scheme 10, a), diastercoselective additions of
Grignard and zinc reagents occur. After more or less sim-
ple functional-group manipulations, p?-amino acids are
obtained. So far, the reactions have been carried out main-
ly with dialkylzinc reagents. Considering the fact that or-
ganozinc compounds may contain functional groups, this
approach to B?-amino acids has the potential of becoming
widely applicable, if not in large-scale production (low-
molecular-weight nitro compounds and pyrophoric di-
alkyl zinc compounds!), at least for laboratory use. In
Scheme 10 b, another enantioselectively catalyzed nu-
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a)

OgN\/YOR ONAcop  ON~

o)
OR H o\$

ref. 92, 93, ref. 95, 96 ref. 94
95, 97

Ph pp

0N~ NP ozN/\/”\o
\/\[O( Tg

ref. 98 Ph

H

R2Zn, Cu(OTf),, chiral ligand*

or RMgX

or RMgX, CuBroeMe,S

or RoZn, Cu(OTH),

and functional group transformations

b)
SO,Tol Me
~N TR 1) MeMgBr N *
Boc Br CuBrysMe,S Boc CO,Me
chiral Iigand*

2) RuCls, NalO4
3) M638ICHN2
4) Mg metal, sonication

Scheme 10

cleophilic attachment® of the side chain of a B*-amino
acid is illustrated.

7 B2-Amino Acids by Stereoselective Forma-
tion of the C(2)-H Bond

The smallest substituents H on the chirality center of -
amino acids can be introduced by protonation (H*), hydro-
genation (H-H) or hydrogen-atom transfer (H'), see
Figure 11. Except for hydrogenations, which can be car-
ried out enantioselectively with a chiral catalyst, the sub-

strate must be a chiral molecule, so that a
diastereoselective H-addition can take place.
7.1 Protonation of Enols or Enolates Derived

from 3-Aminopropanoic Acid

For diastereoselective protonations to occur, a chiral enol
derivative is generated in situ, by addition of an N-nucleo-
phile to an acrylate carrying the side chain R in the a-car-
bonyl position, formally an overall hydroamination of the
acryloyl C=C bond. The same kind of enolate derivative
(without a side chain R in the a-position) is formed in the
addition of R,NLi to acrylate ester (Table 1, entry 3), but,
rather than by a proton, it is trapped by an alkyl halide
(formally an overall alkylative amination of the C=C
bond). The process is related to the first two steps of a
Morita-Baylis—Hillman reaction'®! (formally an electro-
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philic substitution of the hydrogen in the acrylate a-carbo-
nyl position), when, for instance, a tertiary amine is
adding to acrylate, and the resulting enolate is trapped by
an electrophile. Chiral enols or enolates for the protona-
tion may be generated in three ways (see Scheme 11, a):
(1) by adding to an acrylate ester an amine, a lithium
amide® or a hydroxylamine!®? nucleophile carrying a re-
movable chiral group R’, (ii) by having a chirality center
in the R group of the acrylate (cf. the threonine side
chain),'91% or (iii) by attaching the acryloyl group to a
chiral auxiliary X.>*?*195 Stereoselective protonation is
also observed with an achiral enolate either in the pres-
ence of chiral additives (such as amines or lithium
amides®™!%) or by using a chiral proton source (for in-
stance a phenol derivative®").!%7 As in previous sections
of this article, there are cases in which more than one type
of stereoinduction is at work, for instance a chiral substit-
uent on nitrogen and a chiral X group>®!%® on the enol or
enolate shown in brackets in Scheme 11, a; this enol de-
rivative contains yet another stereogenic unit, the C=C
bond, which can have cis- or trans-configuration. Espe-
cially when amines or hydroxylamines are applied as N-
nucleophiles it is conceivable that equilibria are estab-
lished — between the acrylate and the enol, between enols,
and even between enols and the corresponding carbonyl
compounds — so that the observed overall diastereoselec-

tive addition of R,N and H to the acrylate double bond
might become the result of thermodynamic, rather than ki-
netic control (¢f. the diastereoisomerization occurring in
the Br/malonate substitution outlined above in Scheme 8,
a).

In spite of the potential complexity of the processes in-
volved, the method of adding R,N-H to acrylate double
bonds can be quite useful for the preparation of f*-amino
acids, see the examples in Scheme 11, b and in
Scheme 12. The addition of benzylic lithium amides to an
N-acryloyloxazolidinone and protonation with pyridone is
highly diastereoselective.® On the other hand, N-pheneth-
ylhydroxylamine adds with poor selectivity to a-substitut-
ed acrylates, but the isoxazolidinones resulting from base
treatment of the primary adducts are readily separated;
this provides, eventually, both enantiomeric B*-amino
acids,'*? a useful aspect for a research group actively en-
gaged in investigations of B-peptides, in which (R)- and
(5)-PG!-B?’hXaa(PG?)-OH are welcome building blocks
(vide supra, section 2). In Scheme 12, a and b, two highly
diastereoselective hydroaminations are presented, the
addition of benzylamine to (R)-2-methylene-3-silyloxy
butanoate (— a B*hThr derivative)'™ and the ‘coupling’ of
valine ester with N-(trifluoromethacryloyl)valine ester
(— a peptide containing a B*hAla(F;) residue).'*®

a) _ R ]
R'ZN\/g
R'NH, CXOH
R'oNH
or R or .
R'NHLi protonation H R H )4
" NLi + ] — > PGN - N
ErgNLI )\COX R *NCoX R'OZC/ NTF CO.H
R'ONH, R'zN\/g .
R'NHOH CXOLi
cis- or trans-enol
derivative
diastereoselective protonation
induced by a chiral group in R, R" and/or X
b)
(0]
(R=EY) I 4) COCl, )

1) KOt-Bu, Me,CHX R’2N N 7) BuLi, MeOH

2) LHVDS, CH,0 CO.H o0 M o s; o, PA/G

8) LioH 5) Buli, o= 9) HCI, Ho0

° dr > 95:5
6) BnoNLi or
*
(PhMeCH)BnNLi
\[(\COZR then 2-pyridone HoN H
0 NC0oH
(R=Bn) overall yield 17%

1) BocNH(CH,)4Br (see ref. 5e)

2) CH.O
NHBoc

3) PhMeCH-NHOH
4) LHMDS

~1:1 mixture of

CO2Bn ) h
2 diastereoisomers

Scheme 11

\I(CHz )aNHBoc

5) chrom. separation

6) HCO,NH,4, Pd/C
7) Fmoc-OSu

Fmoc-B?hLys(Boc)

(R)or (S)
overall yield ~37%
(sum of 2 enantiomers)
(see ref. 102)
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OSiMe,t-Bu OSiMe,t-Bu
1) BnNH,
7 H
2)Hp, PAIC TN~ AN
CO,Me ) Ha, CO,Me
4 steps from yield 90%
D and acryloyl chloride dr>98:2
b)
i X
AN +
MeO,C HJ\!/ HN" >CO,Me DABCO
CF3
X
MeO,C~ N N~ >Co,Me
H cry M
yield 89%
dr 33:1
Scheme 12
O

N\)L
CO»t-Bu

(e}

chiral Rh catalyst,

AryIB(OH), Mgl chiral ligand

phthalimide as Alkyl-X
proton source, BuzSnH, Et3B, O,
dioxane, CHuCl,, =75 °C
50°C, 20 h

Aryl Alkyl

PhtN\/[
*>CO,t-Bu

yield 70-90%
er up to 95:5

PhtN\/E
*>CO,t-Bu

yield 60-90%
er 70:30-95:5

1) (NHp)2
2) FmocCl
3) TFA

R

*>CO,H

Fmoc”

Scheme 13

A fundamentally different approach to p?-amino acid de-
rivatives was taken by Sibi et al. (Scheme 13),'%1%in the
form of an overall R/H addition to the C=C bond of terz-
butyl 2-(phthalimidomethyl)acrylate. Thus, besides the
strategic C—H bond (c¢), a ‘peripheral’ C—C bond R’-CH,
(Figure 11, top right) is formed. Under one set of condi-
tions, an arylborane adds, catalyzed by a chiral rhodium—
phosphane complex, where phthalimide is used to proto-
nate a supposed'!! rhodium-enolate intermediate.''® Al-
ternatively, an alkyl radical adds, in the presence of a
chiral Lewis acid (Mgl,-bisoxazoline), and the resulting
enoyl radical is trapped by tributyltin hydride.!” The
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products can be converted into Fmoc-B*hXaa-OH in three
steps.

7.2 Enantioselective Hydrogenation of Acrylates
and Nitroolefins with Formation of p*--Amino
Acid Derivatives

As compared to the (stoichiometric) use of a chiral auxil-
iary, enantioselective catalytic hydrogenation appears to
be much more attractive (in previous sections there were
only three examples of catalytic processes -
Schemes 7, 8, 13). The apparent simplicity of the hydro-
genation must, of course, be paid for: the substrate must
contain the entire skeleton of the target p2-amino acid,
with its functional groups or immediate precursors there-
of, and its double bond must generally have a uniform
geometry. The types of hydrogenation precursors are list-
ed in Table 2, together with information about their ori-
gins and specification of the side chains (only
hydrocarbon!), with which the reactions have been carried
out so far.!!>7127 Selected information about the access to
the substrates, the catalysts employed, the N-protection,
the scope, and references are also given. For high enanti-
oselectivities, the 3-aminoacrylates, the benzylidene suc-
cinic acid half-esters and the nitroacrylates must be
configurationally uniform; in the dihydropyrimidinone
the Z-configuration is fixed.

In Scheme 14 and Scheme 15, three specific examples are
outlined. An organocatalytic nitroolefin reduction with
Hantzsch ester'?® is shown in Scheme 14. The 2-keto es-
ter, formally derived from valine, is converted into the
(2)-2-isopropylnitroacrylate, to which hydride is trans-
ferred from the dihydropyridine system under the influ-
ence of a Jacobsen thiourea (a so-called hydrogen-bond
catalyst), to give a B-nitro ester with excellent enantio-
selectivity. The conditions are mild enough to prevent
otherwise facile HNO, elimination'® from the product,
which itself is a potential precursor to a p?hVal building
block for peptide synthesis.

CHMe HM
2 1) EtzN, MeNO, critlez
_— - —_—
O COEt 2) MeSOZCI 02N CO,Et
3) Hantzsch ester,
chiral thiourea
e oo j\HQ (10 mol%)
Et” \Cr)(\H N N/“H

\'X
talyst
(prepal?:dair\v/z steps) 02N COZEt

overall yield 27%
er 96:4

Scheme 14

In Schemel5, two special reactions are shown in which a
mixture of two equilibrating stereoisomeric precursors
gives rise to a single stereoisomer of a product: a process,
which, in the case of enantiomers, is commonly referred
to as dynamic resolution. Thus, the E/Z mixture of
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methyl-2-(benzylhydroxylaminomethyl)hex-2-enoate is
hydrogenated to a B*-amino acid derivative in almost
complete enantioselectivity with a Rh-Duphos catalyst
(Scheme 15, a).''® Likewise, racemic mixtures of a-sub-
stituted B-keto esters are known to be reduced to single
stereoisomers of 2-substituted 3-hydroxy esters with hy-
drogen and Ru-BINAP catalyst (Noyori’s method'?'*") or
with yeast®? 121k the enantiomers equilibrate through
the achiral enol form, and the keto group of essentially
only one of the enantiomers is reduced diastereoselective-
ly (kinetic resolution with in situ recycling). Applied to a
2-aminomethyl-3-ketobutanoate, this process provides a
diastereomerically and enantioselectively pure derivative
of H-B?Thr-OH (Scheme 135, b).!2!! For peptide synthesis,
Bz-NH would have to be converted into Fmoc-, Boc- or
Cbz-NH, the OH group will have to be orthogonally pro-
tected, and the methyl ester group hydrolyzed. Note that,
in this case, the strategic C—H bond (¢) is not formed by
hydrogenation but rather in a keto—enol equilibrium step;
the chiral catalyst ‘picks’ the (R)-B-keto ester for hydro-
gen transfer to the O=C bond.

8 Preparation of f>-Amino Acids with Forma-
tion of the Strategic C(1)-C(2) Bond

The C-C bond between the chirality center and the CO,H
group has been created stereoselectively in three mecha-
nistically different ways; remarkably, all of them use a
catalyst. The cobalt-catalyzed CO insertion into the O—
C(5) bond of an enantiopure oxazoline was discussed in a
previous section (see 5.1, Scheme 4),%°¢ as a possibility of
enantiospecifically converting an o-amino acid into a -
amino acid. Conjugate additions of carbon nucleophiles,
that are synthetically equivalent to HO,C", to the C=C
bond of o,B-unsaturated carboxylic acid derivatives or of
nitroolefins provide a second route to the B*amino acid
skeleton; these reactions have been catalyzed by a chiral
Lewis acid or a thiourea-type organocatalyst (cf.
Scheme 14). A third avenue that has been used in one case
is the palladium-catalyzed allylation of a malonate anion,
which acts as the HO,C™ equivalent in an enantioselective
substitution reaction. Again, these processes have, so far,
been applied only to the formation of potential f?>-amino
acid precursors with nonfunctionalized side chains, most-
ly aryl (— B*hPhg and analogues).

In Scheme 16, a four-step sequence from benzoylhex-2-
enoyl imide to the B?>-amino acid with a propyl side chain
is illustrated.'?® The starting material was prepared by the
authors'?® from an epoxide that was opened with CO/
BzNH, (a cobalt-catalyzed amidocarbonylation), and H,O
elimination from the resulting B-hydroxyacid derivative;
of course, there would be many other ways of preparing
this type of compound. The strategic bond (d) is formed
by cyanide addition in the presence of an aluminum—salen
complex, and the enantiopurity (99:1) is almost complete-
ly preserved in the three following steps (imide cleavage

OHC—C3H; AcO CsHz
. 1) DABCO l 3) BnONH
T EE—— —_—
2) Ac,0
Z > CoMe ’ CO.Me
CHCgH;  4) Ha, [Rh((S,S)-Et- H C4Hg
N Duphos)(cod)]BF4 P
BnO”~ COzMe  substrate/catalyst BnO~ CO-Me
mixture of E/Z isomers ratio 10001 overall yield 67%
N er>99:1
CzHS'Q"'CQHs i
DL
(I Rhz” BF,~
o G,c];‘ !
25 ey 25
catalyst
b)
methyl acetoacetate
(e} (o} OH O (e}
)‘)ﬁ\om — )\fJ\OMe — )%OMe
H H
I NH INH

Hy, (P)-Ru-BINAP
substrate/catalyst
ratio 1000:1
conversion 72%

ool

P

~

Ru/
¥ /N

= O PAryl,

\

OH O
z Aryl = 3,5-Me,CgHg
dr 98:2
OMe er>99:1 catalyst
H NH
(0] Ph
Scheme 15

with base, Curtius degradation, nitrile hydrolysis) to the
amino acid hydrochloride (er = 97:3).

Three synthetically equivalent nucleophiles, hydroxyace-
tophenone,'?® acetylacetone,'* or 2-methoxyfuran,'?! are
used as masked HO,C™ in Michael additions to nitroole-
fins (mostly nitrostyrenes), see Scheme 17. The enantio-
selectivities are induced by chiral Lewis acid complexes
(Mg?*, Zn**) or a binaphthyl-derived thiourea. All reac-
tions are highly enantioselective (generally 95:5), and in
two cases'?>!13° the conversion of primary adducts into -
homophenylglycine by oxidative degradation (Oxone®,
KMnO,, NalO,/RuCl;) and nitro-group reduction (H, and
Pd/C, LAH) has been demonstrated.

A rather laborious enantioselective synthesis of nipecotic
acid (H-B*hPro-OH) is shown in Scheme 18, where the
key step is a palladium-catalyzed allylation; the acetoxy-
malonate moiety thus introduced is converted into a CO,H
group by decarboxylative hydrolysis and sodium perio-
date oxidation."*? B*-Homoproline is normally prepared
from nicotinic acid by hydrogenation and resolution.!*
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= o)
1) TMS-CN
BZ\ 4>) BZ\ )‘k *
(e} 10 mol% H CN

N
H chiral Al-salen
complex er 99:1
2) NaOH
) 3) DPPA, t-BuOH
H NH_ 4) HCI
\AI/
t—BUACgO/;(\Oj%DfFBU
+Bu tBu

X = Cl, Me, CN, imidate
catalyst

HCIeHN 3o 1y
2

overall yield 61%
er97:3

other side chains
Me, Et, i-Pr, t-Bu,
i-Bu, CH,0OBn

Scheme 16

9 B>-Amino Acids by Resolution?

In sections 5 through 8, we restricted the discussion (cf.
Figure 10) to cover exclusively reactions (enantioselec-
tive) or series of reactions (involving a diastereoselective
step), in which one of the strategic bonds (a)—(c) at the
chirality center of the target molecule, a B%-amino acid, is
formed stereoselectively, SO that eventually
enantiopure'** building blocks for peptide synthesis
could, at least in principle,' be prepared. Some routes are
cumbersome, involve expensive, dangerous or toxic re-
agents, require elaborate reaction conditions, or are appli-
cable only to B?-amino acids with ‘simple’ (hydrocarbon)
side chains (cf. Figure 9).

Thus, the question appears appropriate and fair, whether it
would not be easier to prepare racemic B*-amino acid de-
rivatives by simple methods and carry out resolutions. Es-
pecially for the purposes of an academic and, even more
so, of an industrial research laboratory, this procedure
could be doubly advantageous: (a) simpler chemistry is
involved and (b) both enantiomers become available.!3°

Table 2 Substrates Used in Catalytic Enantioselective Hydrogenations for the Preparation of B>-Amino Acids?

Substrate

Details

Ref.

4R
N
Ac” \%\COZEt

H

CHR'

PGN
COQME‘

Aryl H
HOZC\I
COzMe

CO2R'

R

E-configuration

from 2-formyl ester and MeCONH,
H,/RhL* catalyst

R = Me, i-Pr, i-Bu, Ph

E- or Z-configuration or mixtures thereof
through Baylis—Hillman reaction or

from phthalimidomethyl alkynes + HCN
H,/RhL* catalyst

R’ =H, alkyl, aryl

PGN = BnNH, BnO-NH, PhtN, AcNH

E-configuration

by Stobbe condensation
H,/RhL* catalyst

subsequent Curtius degradation

Z-configuration

(chromatographically separated from E-isomer)

by Henry reaction from 2-keto esters and nitromethane
Hantzsch ester/thiourea organocatalyst or
enzyme/NADPH

R = alkyl, aryl

R’ = Me, Et, Bn, +-Bu

by aminomethylations of acetoacetate
H,/RhL* or RuL* catalyst or
enzyme/NADH or plant-cell culture
R = Me, Et

PGN = BzNH, PhthN

product is PG-B*hThr-OR

from 5-iododihydropyrimidinone
by Sonogashira coupling
H,/Raney Ni

112

113-117
(see Scheme 15a)

118

119, 120

121a,b,1, 122-126
(see Scheme 15b)

127

2 The hydrogenation of the hydropyrimidinone is diastereoselective (achiral catalyst).
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a)

R 9] 5 mol% chiral ligand 1

5 mol% EtxZn
5 mol% BuoMg

= +
NO2 OH

R = aryl, CH,OBn, alkynyl
R' = Ph or 2-furyl

R’

R

ON_ -
ZNJ\Ph

o (Aryl = Ph)

1) LAH
2) Boc,O
3) NaIO4, RUC|3

Boc-B?hPhg-OH

OH yield 25%

dr 70:30-96:4

er 88:12-96:4

b)

Ayl O O Aryl
1 mol% catalyst 2
. 1 molve catalyst2 ~  O,N

NO,

Aryl

12 mol% ligand 3
10 mol% Zn(OTf),

OoN

yield 50-70% A

*“CH(COMe),

yield 78-92%
er 92:8-99:1

(Aryl = Ph)
1) Oxone®
2) DIBAL-H
3) cat. KMnOy,

NaIO4, N32003
4) Hy, Pd/C

Ph

HoN
CO.H

yield 38%

1) RUClg, NalO4

(Aryl = Ph) !
2) CHoNHs 3

yield 77%
er 95:5

yield 55-86% OMe
er 90:10-98:2

Ph_ OH

P fh
OH
N N

ligand 1

Scheme 17

The pharmaceutical companies nowadays have facilities
dedicated to routine chromatographic resolution with
chiral column materials.'*” When we searched for p?-ami-
no acids, without specifying that they had to be enantio-
merically pure, the databases provided tens of thousands
of hits (cf. section 10). This is not surprising, since, after
all, B-amino acids have the functionality pattern of classi-
cal Mannich bases, a 1,3-relationship?’ of the two func-
tional groups, and thus are formed by the classical
textbook reactions of organic chemistry: acetoacetate,
malonate, malonitrile, cyanoacetate, succinate, and acry-
late ester syntheses, keto-cleavage, decarboxylation, see
the name reactions associated with Claisen, Curtius,
Henry, Knoevenagel, Mannich, Morita—Baylis—Hillman,
Stobbe. These methods can provide racemic B?-amino
acids, see the indications made in Figure 13, with some
references.'3® Classical resolutions by attachment to a
chiral compound and diastereoisomer separation'®? or by
formation and crystallization of diastereoisomeric salts
with chiral amines or chiral acids could be used to obtain
enantiopure B?-amino acids (cf. nipecotic acid'*}). Unfor-
tunately, application of these methods cannot be rationally
designed like a stereoselective synthesis. In fact, attempts
with N-Boc-B*-homovaline and the Aldrich ChiroSolv®
kit for crystallizing resolutions (32 different chiral bases)
were unsuccessful.'*

The preparation of f*-amino acids by enzymatic kinetic
resolution, with isolated immobilized enzymes or with
cell cultures, has been thoroughly studied and reviewed in
an article entitled ‘Biocatalysis as a profound tool in the

W

Ph Ph

catalyst 2 ligand 3

OAc

I
(j/OAC O/C(COZMe)g
1) NaC(OAc)(COzMe),

N 2 mol% chiral N
| Pd-phosphane |
B complex Boc

0cC rac.

5 steps from ero8:2

ethyl bromoacetate,
allylamine,

vinyl Grignard reagent,
and metathesis (RCM)

Z CO.H
(R)-nipecotic acid <—— (j/
N

|
Boc

2) NaOH
3) NalO,

1+-PPhyeBH3

COzH
ligand

overall yield 27%
er>99:1

Scheme 18

preparation of highly enantiopure B-amino acids.”> A
large variety of different types of enzymes was employed
successfully, including chymotrypsin, [-lactamases,
nitrilases, hydantoinases, lipases, transferases and
isomerases. The examples'**-'43 for B%-amino acids that
we found in the databases are shown in Scheme 19. In an
ideal case (Scheme 19, d) an almost theoretical yield of
two different derivatives of the enantiomers of a f>-amino
acid can be obtained.'*

Synthesis 2009, No. 1, 1-32  © Thieme Stuttgart - New York



20 D. Seebach et al.

REVIEW

ref. 102
(cf. Scheme 11, b)

RX, CH,0, NH,

o o0
)J\/U\OR
o o
ROMOR
\ o)
>
OR

RX, PGN—-CHy-Y ref. 138a—c

RX or R'CHO, H» ref. 138d—f
N\\\/R O=C(OR)s, Ha ref. 138g,h

RX or RCHO, H;0 ref. 138

RX or R'CHO, NH3 ref. 101

(cf. Scheme 15, a)

(0]
RO OR R'CHO, Hy, degradation ref. 118,
(cf. Table 2)
(o)
0]
R OR O2NMe, H, ref. 120
(cf. Scheme 14)
o
0N co,m ReZn, Hz ref. 95, 96
2 (cf. Scheme 10)
OoN
2ISN"Co,R 2 equivLDA, RX, H,  ref.138kl

Figure 13 More or less classical sequences of reactions leading to
racemic mixtures of B%-amino-acids derivatives. Starting materials,
reactants and/or reagents and leading references are given.

10 Detailed Search Strategy

Information retrieval in chemistry and related sciences
has been dominated for some time by end-user searching,
that is, chemists searching databases themselves at their
workplace, without specialist intermediaries, using data-
base systems like SciFinder/SciFinder Scholar, Cross-
Fire, DiscoveryGate, Web of Knowledge, etc. This has
been facilitated, or rather made feasible at all, by graphic
user interfaces, and also by flat-fee licenses for such com-
mercial systems. In contrast, the first two decades of on-
line (database) searching for chemical information were
dominated by information specialists doing the searches
as intermediaries, this being necessitated by the complex
nature of the text-based, command-driven retrieval sys-
tems and interfaces, as well as by the pay-per-use license
model with an underlying complex cost structure, charg-
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a)
Candida antarctica

’ N\)\ lipase A (CAL-A)
? CO,Et CaH7CO2CH,CF3

rac.

HzN\)\
CO,Et

conversion 75%
er 98:2

b

) multistep enzymatic

HJ\ kinetic resolution HVL
- immobilized -
Boc rac. CO:Me Candida antarctica Boc . CO=H
lipase (Novo Nordisk) overall yield 31%
er>98:2
c)
~~
Cyat’“t" CAL-A H :
acetate| —>  H,N S~ Pr N 2
acetone -2 CO,Me PrCO,Et \n/ \/\COZMe
Hy rac.
yield 36%
er 89:11
d)
Ph

cyanoacetate Ji

benzaldehyde |[—> N3

NaBH,4 CN

HN3 (Mitsunobu) rac.

Rhodococcus
erythropolis AJ270

Ph /Ph
N /E N 2
ENCOH T O CONH,
yield 49% yield 48%
er 98:2 er>99:1

Scheme 19

ing for connect time, searches, and results displayed in a
manner often hard to predict.

What is often overlooked, however, are the limitations of
these modern database systems: ease of use (handling)
cannot be equated with overall utility when large, com-
plex databases like those produced by Chemical Abstracts
Service (CAS), Beilstein, or Gmelin are involved. For the
large majority of the database systems mentioned above
and the databases thus accessible, the ‘traditional’ host-
based versions of the same databases are still available,
using complex, but powerful command-driven retrieval
languages.'** This is important with regard to the fact that
many end-user systems were designed only for routine
searches. SciFinder Scholar'® is an important example in
this respect: for practical and for teaching purposes, we
classify chemical information retrieval problems into four
categories with regard to this database system:

(1) queries for which the search method is obvious in
SciFinder Scholar

(2) queries for which the search method is not obvious to
an average user in SciFinder Scholar (a clear case for sup-
port and training)

(3) queries for which the SciFinder Scholar user interface
is not suitable, but the desired information is retrievable
from CAS databases using other interfaces; these would
include complex topic searches, searches for all com-
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pounds having a certain number of elements in any
stoichiometric ratio, searches for sequence fragments of
biopolymers

(4) searches for which databases other than those pro-
duced by CAS look more promising, or are at least as im-
portant as these

This situation has prompted us to use SciFinder Scholar
for routine access to the CAS databases, but still keep ac-
cess to the CAS databases at the host STN International*®
via the powerful retrieval language STN Messenger.'"
This is important not only for the searches in category 3
above; quite a number of substructure and reaction
searches which are in principle amenable to be searched
via SciFinder Scholar (category 1 or 2) hit an internal sys-
tem limit called ‘Auto Fix’. This ‘fixing’ prevents acyclic
parts of the substructure searched for (i.e., those not ex-
plicitly in rings) from being in a ring, and excludes further
ring annellation (but not other substitution) to cyclic parts
of the substructure. This limitation imposed by SciFinder
Scholar may sometimes be acceptable or even desired by
users, but often it is not. For the latter cases, we turn to
substructure searches in STN Registry'*® for compounds,
or STN CASREACT" for reactions.!* Some substructure
searches in SciFinder Scholar will not even run within the
limitations imposed by AutoFix, they demand further lim-
itations via molecular weight, or formal restrictions (‘fil-
ters’) like excluding mixtures, restricting to polymers, etc.

For a question as complex as a search for all B>-amino
acids and the corresponding literature about methods for
their preparation, one would assume, based both on our
previous experience with this type of search (dating back
for more than 25 years), and on the limitations mentioned
for SciFinder Scholar, that a substructure search in STN
Registry would be the indispensable key step. In the
course of extensive orientational searches we learned,
however, that this kind of search is also amenable to be
solved by SciFinder Scholar. This has not only economic
advantages — using SciFinder Scholar with its fixed price
already paid for versus STN with costs incurred for data-
base connect times, searches and items displayed — it also
reduces the necessary intervention of an information spe-
cialist to consulting in the steps of the search process in-
stead of executing all the searches oneself. Command-
driven searches in CAS databases with STN Messenger'’!
for structures, reactions, and literature require knowledge
of search features, CAS indexing policies, and cost control
measures beyond the experience of most users.

The first step in complex, rather comprehensive substruc-
ture search for an entire compound class like B*-amino
acids is the definition of border conditions in the substruc-
ture query at hand; this is traditionally done with so-called
‘sample searches’ in STN Registry (for which only con-
nect charges, but no search or display charges, are in-
curred if executed in the proper way). In our example, we
decided to try SciFinder Scholar searches for this prelim-
inary query optimization.

The particular questions to answer for f-amino acids
were:

(1) C-terminus: include, besides free acid, esters, amides,
also protecting groups not in this class of derivatives, or
even acid chlorides, aldehydes (R = H), or corresponding
alcohols (CH,OH instead of C=0-R)?

(2) topology: entire fragment shown in Figure 14 also in a
ring — either in its entirety, or only the terminal N, R at the
C-terminus, or substituent R* part of a ring?

(3) substitution pattern: chiral center at a-carbon; no sub-
stituent, mono, or disubstitution at a-carbon/B-carbon;
type of substituent R*: H, C, heteroatom?

(4) N-terminus: free amino group, protection with acyclic
or cyclic protecting group (i.e., N either part of a ring or
not)?

N/\)J\R
*

R

Figure 14 Basic structure of ?-amino acids

In these test searches, features and limitations were deter-
mined or ascertained, many of which are to our knowl-
edge not documented for SciFinder Scholar. As in many
routine cases, AutoFix was the first stumbling block, lim-
iting retrieval to amino acids with the query fragment not
being part of a ring. The only way to overcome this limit
was to ‘slice’ the search domain by ranges of molecular
weight in such a way as to bypass the limits of SciFinder
Scholar, and finally then recombine all these partial
(saved) result sets. Fortunately, we did not need to use this
rather tedious search tactic (see below).

When limiting searches to ‘return single components
only’, the (in our search) undesired and often very com-
mon mixtures are eliminated, but so are also salts of ami-
no acids; this limit was therefore not acceptable here.

Two further problems had to be decided upon which relate
not to the user interface SciFinder Scholar, but to the un-
derlying content of the CAS databases. In the beginnings
of the CAS Registry System,"' stereochemical informa-
tion was only present in stereodescriptors as part of the
name. Only later on, absolute or relative configuration of
chiral centers was made structure-searchable. Whenever a
query with one or several chiral centers is searched in
SciFinder Scholar, all stereoisomers are retrieved, and
then grouped into categories according to their matching
properties with the query structure: absolute stereo match,
absolute stereo mirror image, relative stereo match, stereo
that does not match query, no stereo in answer structure.
The last category includes those compounds where ste-
reochemical information was not present in the structure;
that is, either present only in textual stereodescriptors not
searchable via SciFinder Scholar, or unknown. Because
of the relatively large number of compounds retrieved in
this category in our searches (8323), we decided to ex-
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clude these from our results, as we were interested in
chiral compounds with known stereochemistry and from
a time period where this information was structure-
searchable in CAS Registry.

Retrieving the desired B*-amino acids was only the first
step in our search, the final goal being methods for their
synthesis. When indexing the literature, CAS assigns the
term ‘preparation’ for compounds in a very generous way,
including also formations of the compound (or of unspec-
ified derivatives) which most chemists would not classify
as synthesis. With the interface SciFinder Scholar, nar-
rowing down the large amount of publications for ‘prepa-
ration’ is not possible in the same way as it is in using the
STN version of the CAS literature databases (e.g., using
the more specific role SPN = synthetic preparation), and
even these features in STN are considered insufficient. We
therefore decided to limit ourselves to preparations of the
retrieved P-amino acids in the CASREACT reaction
database'*? and the corresponding references; this reduced
the literature references for preparation of 2441 B?-amino
acids from 479 ‘references associated with preparation’ in
CAplus™? to only 183 references for ‘reaction role: prod-
uct’ of these compounds.

As a result of the extensive test searches and discussions,
we came up with the query shown in Figure 15. This que-
ry is characterized by the following key features:

(1) C-terminus: free acid or ester

(2) AutoFix: entire fragment not in ring (except terminal
atoms!)

(3) B-unsubstituted/o-monosubstituted
(4) N-terminus free or protected (also permitted in a ring)

(5) stereochemistry: only absolute or relative stereochem-
istry, ‘no match’ or ‘no stereo’ excluded

(6) only preparations from reaction database CASREACT

Input structure:

Rl =C, H

Get substances that match this structure by substructure search
Explored by Chemical Substructure in REGISTRY.

11922 Substances
Analyze by Stereo started.

Selected Absolute stereo match, Absolute stereo mirror image, Relative stereo match
Get Reactions started

2937 reaclions were found for 2441 of 2441 substances in the product role in CASREACT
Get References started

183 references were found in CAPLUS for 2937 of 2937 reactions

Figure 15 Query for B?-amino acids (© reprinted with permission
of American Chemical Society)
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When the literature thus retrieved was compared with ref-
erences already known to us from the work on an earlier
publication,”® and with additional references quoted in
those found in the search, 23 journal articles considered of
interest were found missing from our search result. For
every one of these, the CAS indexing was examined to de-
termine the following reasons for the retrieval failure:'>*

(1) no indexing of individual compounds and reactions in
reviews: 3 publications

(2) no reactions indexed at all: 4 publications

(3) stereochemistry not matching/not present: 4 publica-
tions

(4) different C-terminus (i.e., not acid or ester): 4 publica-
tions

(5) query fragment in ring: 1 publication

(6) different substitution pattern on o- or B-carbon: 12
publications

(7) no B-amino acid indexed: 1 publication (azides only
indexed)

Two special cases deserve mentioning in this context: for
one publication’> missed, the compound indexing had
been complete at the date of search (April 18, 2008), and
therefore the compound itself was retrieved, but not the
literature about its preparation via the CASREACT data-
base, as the indexing in this database was only completed
after our first search on May 3, 2008. In another case,”
compounds with the desired substitution pattern were in-
dexed in the literature database CAplus, but only those
with a different, undesired pattern in CASREACT for the
same publication. This demonstrates, together with other
missed articles in category 2, the dangers of restricting
oneself to CASREACT for syntheses.

This investigation shows the difficulty in navigating be-
tween a search result as precise as possible (given a limit-
ed amount of time to examine the retrieved literature), and
missing important information for a review article such as
this. We re-examined all restrictions agreed upon in the
original search on the basis of these results, and decided
to repeat the original structure search with an enhanced
query (amides also possible at C-terminus, see Figure 15),
but leave all other restrictions in force.

As we had stored the result from the search on April 18,
2008, we were able to extend this search on June 15, 2008,
both for the amides of f-amino acids not retrieved in the
previous search, as well as for additional B-amino acids
registered by CAS in the meantime. This second search
provided 43 additional references about the synthesis.

Although SciFinder Scholar'* was primarily designed for
routine searches by end-users, this example shows that it
is also a valuable tool for at least some of the searches that
so far were considered to belong to the domain of infor-
mation specialists and powerful (but complex) command-
driven interfaces like that provided by STN Internation-
al."*® Key aspects in this context were the ability to store
and logically combine answer sets in SciFinder Scholar, a
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feature which became available only with the recent ver-
sion 2007, and the fact that AutoFix, a limiting factor also
in this as in many other searches, still permits the terminal
atoms of an acyclic query fragment to be also in a ring.

11 Conclusions and a Table with p>-Amino Acid
Building Blocks for Peptide Synthesis

The intriguing chemical, structural, biological and
physiological®™ properties of B-peptides® have triggered
extensive activity towards the preparation of their build-
ing blocks, namely the -amino acids. For research pur-
poses, the pB*-amino acids (with proteinogenic or
nonproteinogenic side chains) are readily obtained by di-
rect Arndt-Eistert homologation of the o-amino acid
building blocks used for peptide synthesis by the Boc or
Fmoc strategy. The commercial availability'> of these B3-
amino acid derivatives is due to the fact that there are
companies which offer diazomethane technology even on
large industrial scale.'>® For the B*-amino acids, no such
generally applicable method of preparation from a-amino
acids exists (cf. Section 5.1). The survey, presented here,
about the preparation of p2-amino acids is evidence for the
wonderful complexity of organic synthesis: a multitude of
possibilities to prepare such seemingly simple compounds
with only two or three functional groups (cf. Figure 9) and
a single stereocenter.'>” A wealth of highly original, imag-
inative, innovative and creative routes has been designed
in a worldwide competition between many groups (cf. ref-
erences list).

There is no single best synthetic route for all types of B
amino acids. In our own work we needed to have access
to the (R)- and (S)-B*-amino acids with the 20 proteino-
genic side chains,*" in sufficient quantities and in a short
period of time, in order to be able to elucidate the

properties of peptides containing these building blocks.
The auxiliary DIOZ (C) served us well to reach this goal
— by one and the same methodology (cf.
Scheme 6).31:23431.57.66 For a particular type of p?-amino
acid, for instance with a hydrocarbon RCH, side chain or
with the threonine side chain (cf. Schemes 12, a, and 15,
b), there may be a single ‘best’ method not applicable to
other derivatives with functionalized side chains, and each
of these ‘ideal’ methods may require particular experience
on the part of the experimentalist, or special equipment in
a laboratory or in the process development division or
plant facility of a company. The shortest and most suitable
route will also depend upon whether a Boc- or Fmoc-
B*hXaa(PG)-OH — for solution- or solid-phase peptide
synthesis or for creating a large library of B-peptidic com-
pounds — is required, or whether a particular B*-amino
acid is to be incorporated into a small-molecule drug can-
didate.23’105’“6

For the peptide chemist we have collected the Cbz- Boc-,
and Fmoc-B?-amino acids, with proper side-chain protec-
tions in Table 3. The database search strategy described in
Section 10 allowed us to choose only those references in
which detailed experimental procedures, with character-
ization of the compounds, are given. For other targets re-
quiring access to B*amino acids, inspection of the
schemes in sections 5 through 9 will allow the synthetic
chemist to choose the most appropriate method.

The purpose of this review article was dual: to give an
overview of the procedures which have hitherto been em-
ployed for the preparation of p?-amino acids, and to chal-
lenge synthetic organic chemists to search for new,
practical avenues to these valuable building blocks for
peptide synthesis and for incorporation in pharmaceutical
drug candidates.

Table 3 List of N-Fmoc-, N-Boc-, and N-Cbz-Protected B?-Amino Acids with the Proteinogenic and Some Nonproteinogenic Side Chains*¢

Reference
B%-Amino acid PG = Fmoc PG = Boc PG = Cbz
Proteinogenic side chains Xaa
H 158 (S) 48, 52, 63a, 63h, 68, 77,97, 78, 83 (R)
Ala /NJ\
PG * "CO.H 63i (R)
Jf 158 (S) 67b (5)
H
Val
Pa S COH 102 (R) 10, 48 (R)
67b (S)
Leu 102, 158 (S)
H 47, 48,77 (R)
PG” * “COLH
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Table 3 List of N-Fmoc-, N-Boc-, and N-Cbz-Protected B?-Amino Acids with the Proteinogenic and Some Nonproteinogenic Side Chains*¢

(continued)
Reference
B2-Amino acid PG =Fmoc PG =Boc PG = Cbz
(S)
43 43
lle y )
PG~ CO,H
H
S/
Met y ) 43 43
N : (S)
PG" " COLH
67b, 110 (S)
Phe 102, 158 () 50 (R)
y 48,77,78, 80 (R)
PG~ » “COH
HO-C 44.(8)
Pro ’ 445
N 133b (R)
PG
OR 25d (R); R=1-Bu
Ser H\)i 83 (9): R = Bn
N ‘R=t
PG ISNNCoH 75 ($); R = +-Bu
OR 63k (25,3R); 44 (2R3S);
Thr Y R = SiMe,-Bu R =1-Bu
PG "+ TCOH
Ot-Bu
Tyr /©/ 43, 67b 43
Ho i(9
N
PG" " CO.H
STr
- 25d
Cys H HE)
PG™ " CO,H
24a (S);
H‘\N/HZ R!=H, R?=Boc
67b (S);
Lys R!'=R?=Boc
N 102 (R);
PG~ * “COH R!=H, R? = Boc
_CO:R 57.83;R=1-Bu
Asp H : B 57;R=tBu
N A ;R=
PG” " COLH 84;R=H
COzt'BU
57, 67b 57
Glu H 29
PG~ " COoH
CONHTr
Asn H / 57 57
H o (9
PG" " CO,H
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Table 3 List of N-Fmoc-, N-Boc-, and N-Cbz-Protected B?-Amino Acids with the Proteinogenic and Some Nonproteinogenic Side Chains*¢

(continued)
Reference
B2-Amino acid PG =Fmoc PG =Boc PG = Cbz
CONHTY
Gin L 57 57
: (5
N
PG~ " CoH
NN
Boc” \r “Boc
|
N
Arg )/ 18¢ 18¢
H  i(9
N
PG~ " CoH
N=\
N—T,
" AN 25d
Is H
N 2
PG" " CoH
/Boc
I N 44 (S) 44 (S)
Tre ’ 56 (R) 56 (R)
N
PG~ + “COoH
Nonproteinogenic side chains
4
/H\/G’) 94, 95b, 95¢
PG COzH
67b (S)
/H 67a (R)
PG « “CO,H
67b (S)
48 (R)
H
_N
PG « “CO,H
Q 67b
Ho i9
N
PG" " CoH
78
H (R
PG” ™ COH
NO,
78
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Table 3 List of N-Fmoc-, N-Boc-, and N-Cbz-Protected B?-Amino Acids with the Proteinogenic and Some Nonproteinogenic Side Chains*¢
(continued)

Reference
B2-Amino acid PG =Fmoc PG =Boc PG = Cbz
PO(OE),
63d
y (R)
PG” CO.H
CF2
PO(OE),
63d
¥ (R)
PG” COH
(Et0),0P.
63d
¥ (R)
PG~ CO,H
PO(OEt),
55 55
Ho i
N
PG~ " COoH
OBn
OBn 82d (S)
82d (R)
N
PG™ ™. COH
33b, 129 (S)
50 (R)
'y 52 (R)
PG~ « COzH
52
N L@
PG” : “CO.H
H
OBn
50
159 (S)
52 (R)
50
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Table 3 List of N-Fmoc-, N-Boc-, and N-Cbz-Protected B?-Amino Acids with the Proteinogenic and Some Nonproteinogenic Side Chains*¢

(continued)
Reference
B2-Amino acid PG =Fmoc PG =Boc PG = Cbz
H
OYN 0}
B
PG~ CO.H
0.,><_.0
[\ 161
o OMe
N (9)
PG~ CO,H

# Side-chain functional groups are protected orthogonally.
® In the references given, the compound’s preparation and characterization are described, either in the paper directly or in supplementary ma-

terial.

¢ If no configuration is specified in the formula, both enantiomers are described.
4 R-Configuration corresponds to f*hXaa, S-configuration to ent-B*hXaa (except with Ser, Thr, Cys, where it is the other way around), see the
definitions in Figure 1.
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