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1. Introduction

Construction of novel peptidic sequences with tailor-made enhanced properties with respect to natural
active peptides and proteins is the ultimate, and one of the most challenging, goals in biomimetic research.
In recent years, therefore, tlie novodesign of peptides and proteins with a high propensity to fold
with predetermined secondary and tertiary structures has rapidly become a subject of major interest and
importance in the area of bioorganic chemisti}) as the introduction of conformational constraints
into peptides may provide useful information on their bioactive conformation and result in beneficial
physiological effects. Among the variety of non-coded amino acids used to optimise the biological
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properties of bioactive peptidesi-alkyl «-amino acids have played a special role in the design of
peptides with enhanced propertiés?®

Structure stabilisation in peptides by the incorporation of non-coded amino acid residues possessing
specific conformational preferences for inducing particular conformations when inserted into a polypep-
tidic chain is mainly due to severe restrictions of the rotational freedom around theirod)\l-=0(
C(x)—C=0 bond.x-Alkyl «-amino acid&-34 have been shown to impart well-defined conformational
constraints to a peptide backbone; it has been shown, for example, that the achisghylalanine
(Aib) strongly prefers folded conformations, preferentially inducing helical secondary structures of
either the 3o- or a-helical type3>-*2 Chiral isovaline (lva) seems to be more versatile and is able to
achieve extended conformations in addition to showing behaviour similar to thetneéthylalanine
residues®—8 x-Methylvaline [(x-Me)Val] residues are strorgrturn and right-nanded helix conformers
that are able to induce the same helicity as that $fn@nosubstituted protein amino acit¥s®® «-
Methylphenylalanine [k-Me)Phe] is an efficienf-turn and helix former, much stronger than its non-
methylated parent compound phenylalanine, and in general the relationship between the chisality of
methylphenylalanine and the handedness of the helix is opposite to that exhibited by protein amino
acid$%0 and the same is true far-methylleucine [k-Me)Leu]82-62 Finally, x-methylserine [&-
Me)Ser] seems to be a promising residue in the design of peptides presenting a well-defined and specific
conformatiorf3-65

Moreover, thesex-alkylamino acids are known to be powerful enzyme inhibitors. Evidence for this is
provided, for example, by the inhibition of aromatic acid decarboxylase-hyethyldop&® the fact that
x-methyltryptophan [&-Me)Trp] is a substrate for tryptophan hydrol®sand its 5-hydroxy derivative
is a potent inhibitor, in vivo, of tyrosine hydrola8®or the competitive inhibition of aspartate amino
transferase by-methylaspartic acid {{-Me)Asp]°

Recent reviews in the literature have covered the diastereoselective syntheses of various kinds of amino
acids. In 1989 the splendid monograph by Willidfheollected the existing approaches to the synthesis
of amino acids, and this was complemented in 1994 by the work of Dutha@levering new approaches
to these compounds but excluding methods for enantioselective preparatiesubitituted quaternary
x-amino acids. In 1996 Seebach et al. published their review on self-regeneration of stereocentres, a part
of which was dedicated to alkylation of-amino acids to produce-alkylamino acids by application of
this synthetic principl€ and, in addition, an article by Wirth was published in 1997 that described some
new strategies to-alkylatedx-amino acids’3

The present review covers the literature related to the synthesissabstituted quaternanry-amino
acids with an acyclic backbone skeleton. Cycloaliphatic quaternagmino acids or heterocyclic
guaternaryx-amino acids are not included as the literature on this subject will be covered in Part 2
of this review.

2. Diastereoselective alkylation ofx-amino acids. Self-reproduction of chirality

«-Amino acids can bex-alkylated stereoselectively with retention or inversion of configuration
throughcis- or transimidazolidinones2 and 5, respectively, without any external chiral auxiliary in a
synthetic route developed by Seebach and called self-reproduction of the centre of chirality.

In order to obtaircis- or transimidazolidinones, methyl or ethyl esters of amino acid hydrochlorides
were converted intdl-methyl amides that, by condensation with pivalaldehyde and subsequent cyclisa-
tion of the obtained Schiff basésafforded eithecis- or transimidazolidinones as the major compounds
depending on the reaction conditioffsA simple recrystallisation afforded the desired starting material
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in optically pure form. Deprotonation of imidazolidinones with lithium diisopropylamide (LDA) to give
non-racemic lithium enolates, followed by addition of the appropriate electrophile, yielddd/lamino

acid precursor8 or 6 with a high stereoselectivity. In order to obtain the fee@lkylamino acid4 and

7, rather severe hydrolysis is required in concentrated acid at 175-180°C in a sealed tube, a factor that
limits this synthetic methodology to amino acids without acid-labile substituents (Scheme 1).

CHs
1) LDA N._O HCl CO,H
2) RoX 4""<N:E\\R1 A HZN/QS‘
Bz Ra2 2
3 4
By RpX de% Ref.
0 CHy (CHiO)CeHsCHBr 595 75
N (CH3),CH CHgl >95 75
CH30,CCH, CHgl > 95 76
ZNH(CHa)4 CHal 93 77
CHj
1) LDA N-.© HCl COzH
:E"R A /Ji‘%
2) RoX <N 2 HN"S
Bz Ry !
6 7
Bl BZX de% Ref.
a CHs (CH30)2CeH3CH2Br - 5 95 75
b CH3S(CHy), CHsl >95 75
c CH302C(CHy),  CHal > 95 76
d CH30,C(CHz)2  CgHsCHoBr >95 76
e ZNH(CHy)4 CHsl 93 77
f ZNH(CHy)4 CeHsCH,Br 85 77
g ZNH(CHa)3 CHgl 90 77

Scheme 1.

This general and elegant asymmetric synthesis-afkylamino acids has been applied by Seebach and
co-workers to the synthesis of a wide variety of highly valuable compounds such as both enantiomers
of a-methyldopd® from (S-alanine, §)-x-methylvaliné€® from (S-valine, R)-x-methylmethioniné
from (S)-methionine, §)-x-methyl aspartic aci? from (S)-aspartic acid,R)-x-methyl and §)-x-benzyl
glutamic acid® from (S)-glutamic acid, R)- and §)-x-methyl and R)-x-benzyllysiné’ from (S)-lysine,
(R)-x-methylornithiné” from (S)-ornithine and, more recently, to the stereoselective synthesiS)-of (
x-methyl-4-carboxyphenylglycind 3,779 (S)-x-methyl-4-phosphonophenylglycings,”® and ©)-«-
methyl-4-(tetrazol-5-yl)phenylglycin&7,”® from (R)-4-hydroxyphenylglycine (Scheme 2).

cis-Imidazolidinones are less readily available thensimidazolidinones and so, in order to obtain
both enantiomers of ax-alkylamino acid, it is more convenient to use both enantiomers of-an
amino acid when possible, as described by Hruby &% &r the synthesis of all the isomers of -
dimethylphenylalanine from§- and R)-alanineN-methylamide.

In this case, the authors observed kinetic resolution when an equivalent of racemic (1-
bromoethyl)benzene was used as the electrophile, and a 1:3 mixture of the two possible stereocisomers on
the stereogenic carbon of the side chain atv@s obtained on alkylation of bothansimidazolidinones.

By using a large (3-fold) excess of (1-bromoethyl)benzene, high overall yields of a mixture 7.7/92.3 of
(S§9-imidazolidinones20 and21 from the §9)-imidazolidinonel8, or 3/97 of R R)-imidazolidinones
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Scheme 2.

22 and 23 from the RR)-imidazolidinone 19, of the two possible sterecisomers oryyCwas
obtained. Hydrolysis of each of the four enantiomerically pure alkylated imidazolidinones afforded the
corresponding four diastereocisomersogf-dimethylphenylalanin4-27 (Scheme 3).

Alternatively, sodium salts ofx-amino acids can be condensed with pivalaldehyde to give Schiff
bases that, upon treatment with benzoyl chloride in dichloromethane at or below room temperature, were
cyclised to afford oxazolidinones @fs configuration29 in a highly diastereoselective manner. In this
case LDA is not a good base to deprotonate oxazolidinones and lithium diethylamide (LDEA) was used in
order to obtain high yields of the alkylated produ8@by treatment with an electrophile. The free amino
acid can be obtained under much milder conditions that those necessary for imidazolidinones, i.e. 6 N
HCI under reflux conditions and in the presence of Be8IlD,, giving more simple access tw-alkyl
amino acids than for the analogous imidazolidinones. The following amino acids have been obtained
using this synthetic protocolRj-x-methylphenylalanirfé from (9-alanine, §)-methyllysiné”’ from
(9-NB-Boc-lysine, and 9)-x-allylalaniné? from (S)-alanine (Scheme 4)S)-x-Methyltryptophan34,’’
has been obtained frong)alanine throughrans-oxazolidinone32 (Scheme 4).

In order to obtainR)-x-methyltryptophan Zhang et &.synthesised theis-oxazolidinone by cyclisa-
tion of the Schiff base offf)-tryptophan and pivalaldehyde in the presence of ethyl chloroformate. Direct
methylation of this compound can be achieved without protection of the indole moiety by treatment with
two equivalents of LDA followed by one equivalent of methyl iodide. Under these conditions the reaction
occurs only at thex carbon in good yield and with excellent diastereoselectivity (>98%). Final hydrolysis
in refluxing 6 N HCI furnished the amino acid in good yield (Scheme 5).

Hirschmann and co-worke¥s® obtained severalx-(3,3-dimethylallylJamino esters through the
Seebach protocol by using allyl chloroformate to induce cyclisation to furoistoxazolidinones.
Alkylation of cis-oxazolidinones derived fromRj-phenylalanine, R)-leucine and R)-valine with 1-
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GHs CHs
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BZ’ CH3 BZ CH3
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1) LDA 1) LDA
2) PhCH(Br)CHs (rac, 3 eq.) 2) PhCH(Br)CHjs (rac, 3 eq.)
CH3 CH3 CH3 CH3
H3 < Ph
%':s
N o Z ph H z‘ CH3 z‘ CH3
20 21 22 23
dr=7.7/92.3 dr= 3/97
JHCI, A l HCI, A l HCI, A l HCI, A
CH CH CHs H
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COzH COQH = CH3 - CHg
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Scheme 3.
< 1) LDEA _( <0 0 HCl or COH
s§ ‘i j 2RX | N:E\Fh FeCly. SO, HEN/Q::‘
\2\5;‘ BZ Rz 2
SN 29 30 31
H Entry Ry RoX de% Ref.
X /,COzNa a CHg CaHsCHBr >95 81
N .I'R b BocNH(CHy)4 CHal > 95 77
28 c CHj CH,=CHCH,Br 97 82
cGHscom j ) LDA/HMPT 1) NaOCHsy CO,H
: CHgBr T2)HCI . HoN /K {
H CHa\Ln
N\ Al .
N Boc H
32 Boc 33 34
(minor compound) de>95 %
Scheme 4.

bromo-3-methyl-2-butene afforded the corresponding oxazolidinones with >95% diastereoseféctivity.
Alternatively, alkylation ofcis-oxazolidinones derived frongf-prenylglycine with several electrophiles
provided the alkylated oxazolidinones with a very high diastereoselectivity (>85Pi)drolysis of these
compounds to give the final amino esters was performed in several steps: basic hydrolysis to the alloc-
protected amino acids, transformation of the amino acids into the corresponding amino esters and removal
of the alloc protecting group with a catalytic amount of Pd(BP(Scheme 6).
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2) HCI, A
37 H
Scheme 5.
0 ) KHMDS 1) 1N NaOH
B 22 BT e
Alod R 2 Alloc 3) Pd(PPhg),
28 39 dimedone
Entry B a Re. I
o =
a CgH5CH, 20/1 84 HQN/k
b (CHQ)ZCHCHQ > 20/1 84 R
c (CHs),CH > 99/1 84 40
~i < :r ) KHMDS _~ < 1) 1N NaOH ]
Y \/L 2) KoCO3, CHgl
Alloc AIIoc 3) Pd(PPhg),
a 42 dimedone
Entry RBRX dr Ref.
a CeHsCH,Br > 99/1 85
b 4'BnOCGH4CHgBr > 99/1 85
c BnOCHjl > 99/1 85
d |(CH2)4', NaN3 > 99/1 85
Scheme 6.

A tricyclic version of Seebach’s oxazolidinones was developed by Zydowsky*&tal this started
from trans-oxazolidinones43 derived from condensation of amino acids with salicylaldehyde and
triphosgene under anhydrous conditions. Alkylation of these compounds with alkyl halides using lithium
bis(trimethylsilyl)Jamide as a base proceeded in good yields and, in most cases, excellent diastereo-
selectivity with predominant, if not exclusive, retention of configuration. Hydrolysis of the alkylated
oxazolidinones with lithium hydroxide in agueous dioxane afforded the free amino4tidsgood to
excellent yields (Scheme 7).

Imidazolidinones and oxazolidinones, after deprotonation, can both react with carbonyl compounds as
electrophiles to afford the corresponding hydroxyalkylation compounds, and in some cases by-products
arising from 1,4-migration of the benzoyl group to the hydroxyl group are also obtained. In the addition
of aldehydes to chiral enolates four diastereoisomers can be formed, although hydroxyalkylation of
imidazolidinones and oxazolidinones derived from methionine with acetaldehyde cleanly afforded a sin-
gle diastereoisomé¥. Desulfurisation and hydrolysis of oxazolidinone yielde8,8R)-2-ethylthreonine
48. Several attempts to hydrolyse imidazolidinone with 6 N HCI at 150°C in a sealed tube afforded
tetrahydrothiophend9 (Scheme 8).

The imidazolidinone derived from methionine has been converted to the vinylglycine deris@ative
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Entry Ry RoX dr
a CeHs CHy=CHCH,Br > 31/
b CeHs CH3CHal 31/1
c CeHs CHal 8/1
d (CH3),CH CH,=CHCH,Br > 31/1
e (CHg),CH CHsl 5/1
Scheme 7.
CO.H
X0 2
+< j ) LDA _’._< X=0 HyN——CH,CH
5 N—™, )CH CHO 5 1) Raney Ni H——OH
Y4 Z
2) Hz0* CHs,
SCHy SCH3 )M
46 a7 x 48
RN CO,H
Entry X de% "q 7. iNH,
a N-CHs >95 & CH,
b 0 > 95
49
Scheme 8.

by oxidation and subsequent pyrolysis of the sulfoti®eprotonation of this compound followed by
reaction with electrophiles cleanly affordedalkylation compound$1when alkyl halides were used as
electrophile$® Nevertheless, the use of carbonyl compounds as electrophigesto hydroxyalkylation

in the o (53) andy (54) positions (acetaldehyde), or exclusively in th¢€54) position (acetone) unless
magnesium or titanium enolates were generated in the reaction medium prior to the addition of the
acetaldehyde; in this casealkylation compounds were preferentially obtained (Scheme 9).

Hydrolysis of alkyl vinyl imidazolidinones1 in 6 N HCI at 100°C in a sealed tube afforded the
correspondingx-alkylated vinylglycine$2. These compounds can be also obtained threugltkylated
imidazolidinoness5, derived from methionine, by oxidation and subsequent pyrolysis of the sulf§xide
(Scheme 10).

Alkylation of imidazolidinones and oxazolidinones occarti to the G substituent. This stereochemi-
cal behaviour has been explained by Seebach et al. in the case of imidazolidinones by taking into account
the steric requirements of the, Gubstituent, which hinders the approach to tieface and favours
the attack of electrophiles at ttanti-face, as well as invoking stereoelectronic effects that lower the
transition-state energy of the approach of the electrophile from the face opposite tp shbgfituent.
Moreover, the aggregation state of the reagent, as well as the chelation of the metal, may play an important
role in controlling the stereochemical course of the reaction and must also be taken into account.

Chiral oxazolidinones obtained from amino acids and aromatic aldehydes (benzaldehyde or 2,3-
dichlorobenzaldehyde) are also versatile intermediates in the synthesialkyl amino acids following
the ‘principle of self-reproduction of chirality centres’ and require milder hydrolysis conditions that those
used to deprotect pivalaldehyde acetals-Oxazolidinones otrans-oxazolidinones were deprotonated
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CH3
) LDA 6N HCI, A 021
{ ( HaN R
52
CH3 CHa Entry BX de%
4’_< j 1) H;0,/HOAG AH j E g:aICH | 23
3 2
xylene A c CH,=CHCH,Br 79
SCHs 50 ‘ ColsCHzBr v
46 (X = N-CHj)

CHs CHs
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—_— OH + +<
R1COR2 N X\ R1
BZ OH
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53 54

53/54

60/40
5/95
95/5
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de%
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79
87
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MgBr,
Ti[N(CHa),]CI

CH4CHO
CHaCOCHg
CH4CHO
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Q0 T o

Scheme 9.

H202/H0Ac
xylene A

CO,H
R

CHy CHa
(Njo _1LDA ( ( BN HCI, A
N—,
Bz

L

SCHg

SCHs

46
(X = N-CHg)

56 52

BX

a CHjl
b CH3CH,l
c (CHg),CHI

Scheme 10.

with potassium or lithium hexamethyldisilylamide (KHMDS or LHMDS) and neutralised with an
electrophile to afford the corresponding alkylation compound as a single diastereoisomer. Thecigtio of

to trans-oxazolidinones obtained in the cyclisation of sodium salts of Schiff bases derived from amino
acids with acyl chlorides depends on the nature of the acyl chloride used. The use of benzyloxycarbonyl
chloride leads preferentially th-benzyloxycarbonyloxazolidinones efs-configuration, whereas the

use of benzoyl chloride preferentially givlisbenzoyloxazolidinones dfans-configuration. Depending

on the N-protecting group, the free alkyl amino acid is obtained by hydrolysis of the oxazolidinone
with sodium hydroxide and hydrogenolysis of the carbobenzoxyl group (P=Z), or by hydrolysis with
40% HBr at reflux (P=Bz). This approach has been applied to the synthesis of both enantiomers of
x-methylphenylalanirf® from (S)-phenylalanine or §-alanine, several§-w-alkyl aspartic acid®

from the correspondingS-mino acid, conveniently protectedR)x-methylaspartic acid andR}-x-
methylleuciné! from (R)-alanine, conveniently protecte®)¢x-methylglutamic from R)-alanine by
Michael additiod' and, more recently,R)-allylmethionin€? from (R)-methionine andR)- or (S)-2-
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the electrophile entered from the side opposite the aryl group.

1) MHMDS . < 1) NaOH/CHzOH CoéH
= Cefts" < j CeHs" CR1 T 2)Hp PAIC T HN-N!
R, Ra
58 59 60
H  CO,Na
PN el Entry By BpX de%  Ref.
Cets” N7 R a CeHsCHs CHl >95 89
57 b CHs CgHsCHBr >95 89
1) NaOH/CH3OH
1) MHMDS »< 2) H,, Pd/C or CORzH
CGH5—< j CeHs Ry 1) 40 % HBr HoN -"Rz
Ry  2)ion exchange 1
61 62 63
Enty P By RoX de% Ref.
a Z CsHscHg CH3| > 95 89
b Bz CHs EtO,CCH,Br >95 90
c Bz CGH50H2 EtO,CCH,Br > 95 90
d Bz (CH3),CH EtO,CCH,Br > 95 90
e Bz CH3SCH20H2 EtOZCCHzBr > 95 90
f Bz CHj3(CHy)3 PhtNCH,Br >95 93
Scheme 11.
1) KHMDS 1) NaOH/CH3OH COH
-—»CsHs'< CeH 5’< WR, Ry
2 ZHN
R Ry
66 67
H COzNa
o Ay Bl Entry R R,X de%  Ref.
65 R
64 a CH3SCH,CH, ~ CHz=CHCHal >95 92
or LDA CeHer < 2) Hy, Pd/C or }%
CGH5"< 6rs" nR1 1)40 % HBr  H,N "‘R‘
2) ion exchange 2
70
Entry P By RoX de% Ref.
a V4 CH3 EtOQCCHgBI’ > 95 91
b z CH3 (BOC)ZN(CH2)4| > 95 91
c Bz CHj3(CHy)3 PhtNCH,Br >95 93
| DLbA < 1) NaOH/CHZOH CO.H
2) CH=CHCO,'Bu & CHa ZHN—N CHs ,
CH,CH,CO,'Bu CH,CH,CO,' Bu

de > 95 %
Scheme 12.

72

This methodology has also been applied to the synthesis of two isotype-selective antagonists
of glutamate recepto®. Alkylation of chiral oxazolidinone73, derived from §)-alanine, with 2-
bromoethyltriflate, followed by conversion of the resulting bromide into the diethylphosphite through an
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intermediate iodide and hydrolysis, provid&)-2-amino-2-methyl-4-phosphonobutyric acif§)-MAP4

76 in high overall yield. Michael addition of the enolate obtained from oxazolidint®& methyl E-
3-bromopropenoate, followed by elimination of HBr, afforded-unsaturated estef7. Treatment of

this ester with diazomethane led to a mixture of diastereomeric oxazolidim@esd79in a 3:4 ratio,

and these compounds were separated by column chromatography. From the isolated compounds two
enantiomerically pure 2-methyl-2-carboxycyclopropylglycines were obtained (Scheme 13).

COLH 1) HCI, A c
. - 6Hs
HQN/Q —PO(CEt);  2) propylene oxide _-< o \-PO(OE),
CH3 CH3
76 75
1) Nal, acetone
2) NaPO(OE),
LHMDS ) LHMDS
CGH5—<I ) CH—<j __—.CH5-<
\/0020"’3 2)B 2) BrCH,CH,OTf CE/Bf
Bz 3
CO,CH
77 2¥s 73 74
de>98 % de > 98 %

J CH,N,/Pd(OAC),

0.0
CGH5—< IV\COZC% * CGHS—<N:QACO CH
CHg BZ CHg s
78 79
1) NaOH/CH3OH 1) NaOH/CH3OH
2) HCI, A 2) HCl, A

3) propylene oxide

3) propylene oxide

CO,H CO,H
J{V ~CO,CH3 "
HaN CH, HoN CHs CO,CHj
80 81
Scheme 13.

The use of benzaldehyde dimethylacetal instead of benzaldehyde to obtain oxazolidinones has proven
to be a better procedure to obtain the oxazolidinone derived fidnenzyloxycarbonylphenylalanine
as a twofold improvement in the yield is obser?@deutralisation of the enolate generated from this
oxazolidinone with ethylene oxide procedeed with high efficiency. From this alkylated comp®&)nd, (
benzyl-2,4-diaminobutyric acid has been obtained through standard procedures (Scheme 14).

In the same context, Davi¥®s®’ has developed a practical route R){x-methylamino acids fromS)-
alanine viacis-N-pivaloyl-1,3-oxazolidin-5-one7 derived from ferrocene carboxaldehyde. Alkylation
of the lithium enolate of this compound, obtained by deprotonation with LDA, with an appropriate alkyl
bromide led to the corresponding alkylation compound. This compound arises from the attack of the
electrophile opposite to the ferrocenyl group and is obtained as a single diastereocisomer in good yield.
Hydrolysis of compoun®8 under mild conditions (amberlyst-15) released the free amino acid, ferrocene
carboxaldehyde and pivalic acid (Scheme 15).

The principle of self-reproduction of chirality has also been appligtteterosubstituted amino acids
such as serin®1%threonin&®101:102and cysteiné%31%4In these cases, in order to avoid undesiged
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1) KHMDS 0.0

CO,H BF3.0Et, C.H <O ° 2) ethylene oxide ¢ <
CgHs _—3--2 _ CgHs" jn—c H —_———— & Lefs™ m—CgH
ZHNJ\ s OCH, N &s 3) BF3.0Et, N CeHs
CeHs—< z z OH
82 OCHj 83 84
de > 98 %
1) MsCl, Pyridine CsHs"'< _ 1) NaOH .m—CgHs
Stk w—CgHs —
2) NaNg N 2) H,, Pd/C HoN
N3 NH,
85 86
Scheme 14.
00
@n...< :r )LDA @ < ICH3 Amberlyst-15 /(ioé::!
Fe  N""CH, 2)RX acetone/H,0  HoN
&> co'u @ do'u”
87 88 89
Entry BX de% Bef.
a  CgHsCHyBr >98 96, 97
b CH,=CHCH,Br > 96 97
c CH3CH=CHCH,Br 92 97
d 2'CH306H4CH28|' 96 97
e CGH5CH=CHCHQB|' > 98 97
f 2-naphthyl-CH,Br > 98 97
g N-Boc-3-indolyl-CH,Br 96 97
h NCCH,Br 92 97
Scheme 15.

elimination reactions as the heteroatom W is tied into the heterocyclic ring, alkylation does not occur
through enolates of the typk with an endocyclic double bond but through enolates of the B/méth
an exocyclic double bond (Scheme 16).

R_<\)((:’[0Li R_<V)V(I
A

C(OCH3)OLi

CH,W R
B

Scheme 16.

The methyl ester hydrochloride of)fserine reacted with pivalaldehyde/triethylamine to affoid
and transmethyl 2tert-butyloxazolidine-4-carboxylate, which was formylated to affoist91 as the
major diastereoisomer. Deprotonation of this compound with lithium diisopropylamide (LDA), followed
by reaction with an electrophile, usually in the presence of a cosolvent such as hexamethylphosphotri-
amide (HMPA) or dimethylpropyleneurea (DMPU), gives tkialkylated compoundS2 in satisfactory
yields and with excellent diastereoselectivity. In this case, the attack of the electrophile occurs almost
exclusivelyanti- to thetert-butyl residue. The hydrolysis of the alkylated oxazolidinesitalkylserines
has been achieved by refluxing in 6 N HCI (Scheme 17).

L-Threonine has been converted irtealkylallothreonines of both senses of chirality through 2-
phenyloxazolines ofis andtrans configuration,95 and 98 respectively, which can be stereoselectively
obtained?® Deprotonation of oxazolines with lithium diisopropylamide (LDA) generates the enolates,
which react with reactive electrophiles to afford the corresponding alkylation comp86raat&l99 with
high diastereoselectivity. The electrophile approaches the enolate from tharftide the threonine
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CHO CHO R
C'HaNj-ﬂCochs ! BUCHO/Et;N % <N :,»‘CO?CHG 1) LDA _} ) <N jncozH Hoo M jﬂCOzH
HO HCOOCOCH; o 2) RX o A HO
90 91 92 93
Entry RBRX de% Ref.
a CHjl >98 99
b CH3CHyl >98 99
c CHp=CHCHal >98 99
d CgHsCH,Br 97 99
e CeHsCOCI >95 99
f CH3(CH,)1COCI >98 100
Scheme 17.

methyl residue and the presence of a cosolvent greatly improves the yield. The free amino acids resulting
from Cox-alkylation, (Z5,39)- and (R,3R)-2-alkylallothreonines, are obtained in high yields by refluxing
the corresponding oxazoline with 6 N HCI followed by ion exchange chromatography (Scheme 18).

R

N_~CO2CHg NP HoN—mCO,CH

o J O WD gy feoens g rpeocr,
o 2) RX o—, A

CHy ‘CH HO™ ",
95 96 97
Entry BX de% Ref.
C|H3N ,.\COZCHg a CH3| 95 99
1 b CHyCHl o %9
HO™ Nch, c CHy=CHCH,Br ~98 99
94 d CgHsCH,Br >98 99
)
6
&
<
NG
CO,CH
?5: N_~CO,CHj3 1) LDA N 982CH8 HCI HoN ‘nRZ 8
el L g o L S
o) o) HO oy
CH3 CH3 3
98 99 100
Entry BX de% Ref.
a CHal 93 99
b CHzCHal 95 99
c (CHg)oCHCH,CH,Br  >98 99
d (CHg)2CHI >98 99
e CeHsCOCI >95 99

Scheme 18.

The use of carbonyl compounds as electrophiles has also been tested, although hydrolysis to the
final amino acids has not been performed. Both oxazoli@hand oxazolined5 react with acetone
through an intermediate enolate to give a single diastereois$#&t1On addition of benzadehyde to
oxazolidine91, one of the four possible diastereoisomers is obtained prefereffialyd oxazolinegds
adds benzaldehyde to afford only two of the four possible diastereoisomers, i.e. those that are epimeric
at the chiral carbon on the newly introduced side cR&!

(2539)-2-Aminoethylallothreoninel02 has been obtained by the addition of the lithium enolate
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generated from the oxazolires to nitroethend® as conjugate addition occurs in high yield and with
excellent diastereoselectivity. Hydrogenation and hydrolysis of the Michael adduct leads to the free
amino acid according to Scheme 19.

NO, NH3CI
et j OO pyioa o < foch-aa ) Ha, PAC CIHaNjE/OZH
“CHg ) ZNO, “CHa 2) HCl, A HO gp,
95 101 102
de 95 %
Scheme 19.

In the case of cysteindd-elimination strongly competes with the formation of the enolate despite the
sulfur atom being tied into a heterocyclic ring. Compouk is isolated from the reaction mixture
even after short reaction times with base-&8°C and quenching with very reactive electrophiles. This
undesired process can be avoided by addition of the starting bicyclic comd@anevhich is easily
obtained from R)-cysteine, formaldehyde and pivalaldehyde, to a solution of the aldehyde used as the
electrophile and LDA otert-butyllithium at —78°C. Of the four possible diastereomeric adducts, only
one is usually formed with a high diastereoselectiity4 (Scheme 20).

. 0.0
0 —+—<
Pt 1
=) N~=CH,
2%

10 0 “sn
NT%H

Ly R= CSHSCHQ CH2_CHCH2

105
Entry aldehyde de% Ref.
a cinnamaldehyde 89 103
b benzaldehyde 92 103
c 4-bromobenzaldehyde 82 103
d anisaldehyde 96 103
e piperonal 96 103
f furfural 88 103
g thenaldehyde 94 103
h 1-methylpyrrol-2-carbaldehyde 90 104
i pyridin-3-carbaldehyde 65 104

Scheme 20.

The alkylation compound obtained by the reaction with benzaldehyde has been used to exemplify
the various possible transformations danx-dialkyl open-chain amino acid§* Cleavage of the ring
containing the S atom, followed by acidic hydrolysis of the cyblj©-acetal, leads to the corresponding
(2R,3R)-ax-hydroxyalkylcysteinel07, which on treatment with Raney nickel cleanly affordR@R)-«-
methyl{-phenylserine. Alternatively, desulfurisation with Raney nickel followed by acidic hydrolysis
affords N-methyl-(R,3R)-ax-methyl{3-phenylserine (Scheme 21). These results indicate that the attack
has occurred with retention of the relative stereochemistry of substituenssaatd@with absolute topicity
si, si.
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Scheme 21.

Pattenden et al. have succeeded in alkylatiRly r (S-cysteine by a slight modification of the
Seebach procedut€®196N-Formylation of the thiazolidind 11, derived from condensation of cysteine
methyl ester hydrochloride and pivalaldehyde, led to the key reaction intermediate as acsngle
diastereoisomer. Deprotonation-220°C with LDA in the presence of DMPU afforded the corresponding
lithium enolate, which was quenched aB0°C with a range of reactive electrophiles to produce
the corresponding 4-alkylthiazolidinesl3 with excellent diastereoselectivity. Treatment with 5 M
hydrochloric acid releases the hydrochloride salt of the 2-methyl-, 2-ethyl- or 2-benzylcysteine of the
same configuration as the starting amino acid (Scheme 22).

<2 < CO,CH
_| j \Cochs HCOzH —{ < j \COgCHa 1 LDA ‘-’ < j~COQCHQ CIHSNTH 2 3
HS

1 112 114

Entry BX de% Ref.
a CHgl >95 105, 106
b CH3CHol > 95 105
c CgHsCHBr > 95 105
d CHy=CHCH,Br > 95 105
e CHSOQCCHZBF > 95 105
Scheme 22.

Crich at al. have developed a variation of the Seebach concept of ‘self reproduction of chi-
rality’ based on the reactive nature of the indole group in tryptopA&at?® In this methodology,
hexahydropyrrolo[2,3]indole, obtained froniNy-methoxycarbonyl--tryptophan methyl estelrl5 was
protected by transformation into thé-tosyl derivativel16. This compound can be deprotonated at
—78°C with LDA to generate a lithium enolate that reacts with various electrophiles to give excellent
yields of alkylated compounds in which the electrophile has entered froraxtbace of the enolate
with complete diastereoselectivity. In this way different substituents could be introduced with retention
of configuration. In order to regenerate the tryptophan ring, hexahydropyrroloindoles were stirred at room
temperature in trifluoroacetic acid to reledggsulfonamidox-alkyltryptophan derivatives in excellent
yields. In the case of the-methyl compound, removal of the sulfonamide protecting group was achieved
by treatment ofL18in refluxing liquid ammonia with sodium metal. Subsequent refluxing with potassium
hydroxide led to complete deprotection (Scheme 23).

The same protocol, when applied t8)6-hydroxytryptophan, led to the correspondingalkyl
derivatives® and, from hexahydropyrroloindolek21, Ames et at'® have developed enantiospecific
syntheses oi-(fluoromethyl)tryptophan analogues (Scheme 24).
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H H R
2CO,CHs H 2aCO,CHg H 2.CO,CHj
©\/\§\'@co cH, D HPOs N 1Lba N
| s 5 Tsal | )7 7°Co,cHs  2)RX | 7 "~co,cH
N ) N H 2CHs N H 2CH3
H Ts Ts
115 116 117
R R R
= COQCH3 = COQCHg = COgH
Na/NHj (I
TFA_ | N\, NHCO,CH,3 ___§_Q l N\ NHCO,CHj3 - KOH | Ny NH,
ion exchange
N N N
Ts H H
118 119 120
R =CH, R=CHg
Entry RBX de% Ref.
a CHal > 98 107, 108
b CeHsCHBr > 98 107, 108
c CH3SCH,CHl > 98 107, 108
d CHp=CHCH_Br >98 107, 108
e EtO,CCH,Br >98 107, 108
e TMSCHQCH2OCHQC| > 98 107,108
Scheme 23.
CHOCH,CH,TMS CH,0H CHyF
X H /~%=CO,CH; X H /~=CO,CH; X H /~=CO,CHs
~  “CO,CH ~ CO,CH % "CO,CH
N H 2CH3 N H 2CH3 N H 2CH3
Ts Ts Ts
121 122 123
CHoF CHoF CHoF
X —COLCHs NHy () X 0020t oH ~C0H
TFA, ) NHCO,CH; Na/NHg () ) NHCO,CH; — ) NH,
N N N
Ts H H
124 125 126
CH,F CH,F CH,F
“=CO,CH aCO,CH 2CO,H
HO 278 Na/NHs (1) HO Z7% NaOH HO 2
N N N
Ts H H
127 128 129
X = H, CHz0
Scheme 24.

Both enantiomers ofk-methylaspartic acid have been obtained from benzene sulfonarmafed?!
The (§-enantiomer was obtained from tlemethyl compound by transforming the indole ring into
a carboxylic acid moiety through an oxidative cleavage with sodium metaperiodate and ruthenium
trichloride hydrate. The same procedure applied toxacarbomethoxymethyl compound afforded a
selectively protected tricarboxylic compound, which was decarboxylated to g)ve-Mmethylaspartic
acid (Scheme 25).

Quenching of the enolate generated frdi®6 and LDA with phenylselenylchloride afforded the
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l R = CHj R = CHoCO,CH, l
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HO,C HO,C
2¥  NHCO,CHs 2¥  NHCO,CHs
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Scheme 25.

corresponding phenylselenid87, from which dehydroderivativé38was obtained in nearly quantitative
yield 112 This intermediate was submitted to conjugate addition with several nucleophiles and the quench-
ing of the enolate, obtained from the reaction1@8 with lithium dimethylcyanocuprate, with methyl

iodide gave the double,p-dimethylated adduct39as only one of the four possible diastereocisomers.
Both conjugate addition and enolate trapping were found to have occurred froexdfce. In this

case, cycloreversion of the adduct to the tryptophan nucleus and desulfurisation could be achieved in a
single step by treatment with methanesulfonic acid. Subsequent hydrolysis with 6 N HCI under reflux
conditions allowed the synthesis @ff-dimethyltryptophan as its hydrochloride salt (Scheme 26).

SGCSHs
COQCHa COQCHg H” ~ COcha
) LDA MMPP - N 1) CuCN/CHagLi
OZCHQ CGHSSeCI OgCHQ I N ",H \COQCHg 2) CHg3l
SOZC6H4OCH3 802C6H4OCH3 SOZC6H4OCH3
136 137 138
CHa CHs CHj s CHy CHa
CO,CH CO,CH CO,H
2xs CH3SO3H e HCl 2
\ NHCO,CH3; | Ny NH5Cl
“CO,CHj3 N
SOZCGH4OCH3 H
139 140 141
Scheme 26.

In a recent approach to this concept Najera éflbbtained the chiral oxazinon&45 by reaction
of o-bromoisovalerophenone with the potassium saltNeBoc-L-alanine. In the first instance, an
equimolecular mixture of esters43 and 144 was obtained, from which the §6R) compound was
isolated by flash chromatography. Treatment of compditiwith hydrogen chloride in ethyl acetate,
followed by treatment with base in the presence of molecular sieves, provided the chiral oxdZzibase
a 1:20 mixture of diastereoisomers at @om which thetrans-diastereoisomer was isolated. ThEER)
chiral oxazinone has also been obtained as a single diastereoisomer by esterifiddtidaaaf-alanine
with (R)-&-hydroxyvalerophenone and subsequent cyclisation as above. When the same procedure was
applied to the (8,6S) ester, a mixture afis—transoxazinones was obtained, but in this case epimerisation
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at G also occurred, a fact that limits the access to the oxazinoisohfiguration at @ as a synthetic
intermediate (Scheme 27).

) 070
/g)HN “CHy

CeHs
/iBf Boc
C':|3 CeHs™ O 143

KO,C_ =
+
NHBoc
(0] (0]
142 /i T 1) HCI (g) /E[O:ro
CeHs” TOHN” “CH;  2) EtsN Xy Ao
67’5 Boc s 2)Es CeHs”™ "N~ “CHs
144 145
dr =20/
Scheme 27.

Reaction of oxazinoné45 with different electrophiles in the presence of potassium carbonate and
tetra n-butylammonium bromide afforded the corresponding alkylated oxazinones in good yields and
with good diastereoselectivities. It is also possible to perform alkylation of oxazibdsevith allylic
carbonates in the presence of Pd(PRPand 1,2-bis(diphenylphosphino)ethane as a catalyst. In this case,
regioselective and stereoselective allylation of oxazinone took place and the diastereoisomer arising from
the attack of the allylic carbonate in the less substituted position to the face of the enolate opposite
to the isopropyl group was preferentially obtained. Final hydrolysis affordexethylamino acids in
enantiomerically pure form (Scheme 28).

Oxazaborolidinonéd* have also been used as intermediates in the synthesis of ahatidylamino
acids. In this case the-amino acid sodium salts were transformed imt@midino carboxylates, which
were treated with potassium phenyltrifluoroborate and trimethylsilylchloride to afford the corresponding
oxazaborolidinone as a mixture of diastereoisomers. Slow evaporation of the solution afforded the less
soluble diastereocisomé&b1with a high diastereoselectivity. Alkylation on trapping the enolate generated
by treatment with base (potassiuert-butoxide or potassium hexamethyldisilylamide)-at8°C with
allyl or benzyl halides gave the corresponding alkylated compounds with excellent diastereoselectivity.
The adduct derived from the attack of the electrophile at the less hindered fasgnif&ce to fluoride,
was obtained preferentially. Other alkylating agents, such as methypoopyl iodide, showed less
selective behaviour. Methanolysis to cleave the boron complex and amidine cleavage with ethylene
diamine gave enantiomerically pure amino acids in good yields; in this Rag{methylphenylalanine
or (R)-ax-methylvaline were obtained (Scheme 29).

Chiral borane—amine adduét8 have also proved to be potential intermediates for the asymmetric
synthesis ofx-methyl amino acids, allowing the synthesis @fmethyl amino acid derivatives from
methyl (§)-N-benzylN-methylalaninate. Treatment of this compound with a borane—dimethylsulfide
complex in hexane led to a mixture of diastereomeric borane—amino ester adducts. The less soluble
diastereoisomer]55 was isolated by crystallisation during the reaction provided that equilibration of
the more soluble diastereoisomer remaining in solution occurred. The isolated diastereoisomer was
alkylated with various alkyl halides, using KHMDS as a base, on reaction with reactive electrophiles,
allyl or benzyl bromides. In the cases when less reactive electrophiles were used, LDA and the addition
of a complexing agent prior to neutralisation proved to be a more practical protocol. Diastereofacial
selectivities were in the range of 68-82%. Hydrolysis with ammonium chloride solution led to the
correspondindN-benzylN-methylamino ester with acceptable to good yields (Scheme 30).
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Entry E R dr
a CH2=CHCH2| CHQ:CHCHg 96/4
b HC=CCH,Br HC=CCH, > 98/2
c CeHsCH,Br CgHsCH, > 98/2
d EtO,CCHo,l EtO,CCH, 95/5
e (E)-CH30,CCH=CHCH,Br (E)-CH3z0,CCH=CHCH, 92/8
f (CHO), CH,OH 80/20
g CH2=CHCOzCH3 CH20H20020H3 95/5
0._0 1) HCI, r.t. Coé‘*f'
S IR' ~2) LiOH HQN&CH
CgHs~ "N” YCHgz  3)ion exchange 3
148 149
R' = CH,=CHCH,
Entry ROCO,Et R dr
a  CHo=CHCH,0OCO,Et CHy=CHCH, > 98/2
b  CH,=C(CHz)CH,OCO,Et CHp=C(CHg)CH, > 08/2
¢ (E)-CgHsCH=CHCH,OCO,Et (E)-CeHsCH=CHCH, 91/9
d  CHo=CHCH(CH3)OCO,Et (E)-CH3CH=CHCH, 92/8
e (E)-CHaCH=CHCH,OCO,Et (E)-CH3CH=CHCH, 92/8
f  (CHp=CH),CHOCO,Et (E)-CHp=CHCH=CHCH,  g5/15
g (E)-CHy(CHy),CH=CHCH,0OCO,Et (E)-CH3(CH),CH=CHCHz  94/6
Scheme 28.
(o} o]
jfg”a F,,,B/o IR F,,‘B/o iﬂ
TMSCI | RoX | EDA HoN
(CHa)eN (CHoaN” 2 (CHaN" ? NR
150 151 152 153
R = CgHsCHb,
Entry R, RoX dr (CHa)oCH
a CeHsCH, CHgl 5.8/1
b CGH50H2 CH2=CHCHQBI' 142/1
Cc CsHsCHg CchHchgBr 4/1
d (CHg)2CH CHal 4/1
e (CH3)oCH CHo=CHCH,Br > 20/1
f (CH3)2CH CeHsCHoBr 99/1
g C6H5 CH2=CHCHzBf 14/1
h CeHs CHal 11
Scheme 29.

Enolates generated from optically activeamino acids have been enantioselectively alkylated without
the addition of any external chiral source, according to the concept of ‘memory of chirality’ proposed
by Fuji et al116:117|n this way,N-methylN-Boc-phenylalanine ethyl ester has been transformed into the
correspondingx-methylphenylalanine derivative, without the addition of any external chiral source, by
deprotonation with base followed by neutralisation with methyl iodide. The level of asymmetric induction
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CHa CeHsCHy, BHs' CHs
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CeHsCHz™ Y 8 CHy”™ N\_{COOCHS T oRx - CeHsCH 7 ?
CHs CHg 3) NH,CI CH; R
154 155 156
Entry BX ee%
a CGHscHzBr 82
b (E)-CgHsCH=CHCH,Br 82
c CH2=CHCHzBr 74
d CH3(CHp)4l 68
e CHgOzCCHzBf 80
Scheme 30.

and the absolute configuration of the final amino acid derivative depended on the nature and amount
of base. It was found that KHMDS promoted inversion of configuration whereas with LTMP or LDA
asymmetric methylation proceeded with retention of configuration. The best results were observed with
the use of an equimolecular amount of LTMP as a base at low temperatures and quenching after 15 min
(Scheme 31).

CO,CH,H3 CO,CHoH3
CH,CgH 'CH,CgH
Boc—N)\H Zvers 1) LTME, Boc—NJ\CH2 e

! 2) CHgl ] 3
CH3 CH3

157 158

ee 82 %
Scheme 31.

3. Diastereoselective alkylation of chiral amino acid enolates

Alkylation of glycine or amino acid anion chiral equivalents is one of the most convenient general
methodologies for the synthesis of non-racemic amino acids and, in partigtdéicylamino acids. This
approach is based on the following concept. A chiral amino acid equivalent is built up from a racemic
lower amino acid (or synthetic equivalent) and a chiral auxiliary; this compound must possess an acidic
CH adjacent to the potential amino acid group. Treatment with base generates an anion intermediate
that is neutralised with an electrophile to diastereoselectively afford a higher amino acid. Subsequent
hydrolysis of the alkylated compound liberates the chiral auxiliary and the newly formed optically active
amino acid.

The bis-lactim ether methodology developed by Schéllkopf ét%k?°is one of the most notable
examples of this approach. The pioneering work of these authors involved condensation of two molecules
of L-alanine methyl ester on heating to give a diketopiperazine that, on treatment with trimethyloxonium-
tetrafluoroborate, is converted intd389)-2,5-dimethoxy-3,6-dimethyl-3,6-dihydropyrazithég, its bis-
lactim ether. This bis-lactim ether can be alkylated, after deprotonation with butyllithium, with a wide
variety of electrophiles in a highly diastereoselective manner. Hydrolysis of the alkylated bis-lactim
ethers yielded -alanine methyl ester and the correspondi®)} &-methylamino acid. This indicates
that the electrophile had entereuhti to the methyl group of the alanine, which acted as a chiral
auxiliary. In this way differentx-methylamino acids oR configuration have been obtain&d:*?? To
obtain x-alkylleucine derivatives, the bis-lactim etherisfeucine has been used as starting mat€dal
(Scheme 32).
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Entry By BpX de% Ref.
a CH3 CeHsCHzBI’ 93 121’122
b CHg 3,4-(CH30),CeHaCHBr 95 121,122
c CHs 2-naphthyl-CH,Br 93 121,122
d CHj 2-quinolyl-CH,Br 94 121,122
e CHs 3-pyridyl-CH,ClI 595 121,122
f CH3 CH2=CHCH28I' 92 121 ’122
g CHs (CHg)2CHBr 92 121,122
h CHa CHgCHaBr 95 122
i CHy CHa(CHa),Br 92 122
i CHg CgHsCH=CHCH,Br 91 122
k (CHa)QCHCHZ CGHSCHzBI’ > 95 123
I (CHg3),CHCH, 2-naphthyl-CH,Br >95 123
m  (CHg3),CHCH, CHp=CHCH,Br >95 123
n  (CHg),CHCH, CeHsCH,OCH,CHoBr - 5 95 123
[0} (CH3)20H0H2 HCECCHzBf > 95 123
p  (CHg),CHCH, CH3(CHa)sl 85 123
q  (CHg),CHCH, CHl 84 123
r  (CHg),CHCH, CH3SCH,CI 88 123
Scheme 32.

The procedure was subsequently improved with the use of mixed bis-lactim ethers derived from a
chiral amino acid (e.gL-valine) and racemic alanine, obtained from dipeptid&al-D,L-Ala-OCHs.
The mixed bis-lactim ethet64 is metallated regioselectively in the alanine moiety by treatment with
butyllithium at —70°C and subsequently alkylated with excellent diastereoselectivity (e.d. >95%). This
procedure has been applied to the synthesis of several amino acids s&fvaméthylphenylalanine,
(R)-x-methyldopa, severalRj-x-methylx-allylglycines!?* (R)-a-methylseriné?® (R)-x-methyl-S-
alkylcysteines??® (R)-x-methyltryptophat?’ and R)-isovaliné?8 (Scheme 33).

The use of acrylates that carry a leaving group indosition makes possible an addition—elimination
process that gives precursorsfyf-didehydroe-methylglutamates® (Scheme 34).

When oxiranes are used as electrophilsg-methylhomoserine methyl esters are finally obtaifi€d.
The diastereofacial selectivity of the nucleophilic oxirane ring opening is, in all cases, almost total. In
addition, the use of chiral racemic oxiranes means that one enantiomer reacts faster than the other with a
very high degree of kinetic resolution (Scheme 35).

Bis-lactim ethers are also capable of giving aldol condensations with both aldehydes and ketones
with a high level of asymmetric induction onyCout low asymmetric induction on ¢C Surprisingly
the level of enantiofacial discrimination on the attack of the carbonyl group does not depend on the
size of the substituent. In this way the symmetrical bis-lactim ether derived ifrataniné3:132 and
the mixed bis-lactim ether derived fromvaline andp,L-alaniné33 reacted with ketones and aldehydes
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Scheme 35.

to give synthetic precursors @f-methyl serines (Schemes 36 and 3®)Alkenylalanine precursors
have been obtained by treatment of hydroxy derivatives with thionyl chloride/pyridine. On the other
hand, reaction of bis-lactim ethers with acid chlorides leads to the formation of ket@&3esvhich

have been alternatively synthesised by Swern oxidation of the corresponding al&hbtained

by condensation of bis-lactim ethers with aldehydes). Reaction of compdiB&lgvith methylene
triphenylphosphorane followed by subsequent hydrolysis, furnish@ethyl{-substituted vinylglycine
derivatived3* (Scheme 37).

CH
3 _Ng_OCH, CHa, C0,CHs
Hi\ j; 1) BuLi 'Af 1) HCI dil. /59
_hBubi TR H
CH0” "N\ e 5 R.cor, CHO CHa 2)NHoH  FeN Rl
R1 R R
2
160 178
Entry By Ry de % Epimeric ratio Ref.
a H H 90 . 131,132
b CHs CHs 85 ] 131,132
c CeHs CeHs  >95 ) 131,132
d CeHs CHs, > 95 70.5/29.5 131, 132
e CgHs H 82 76/24 131,132
f 4-CH30CgHs H 85 87/13 131,132
Scheme 36.

Bis-lactim 187, obtained from the reaction with oxalyl chloride, has been transformed into a 2-ethynyl-
substituted bis-lactim and, from this compounRB)-g-ethynylalanine methyl ester can be isolated by
hydrolysis under standard conditions (Scheme 38).

This extremely useful methodology has a wide application for the synthesis of unusuethylamino
acids and has recently been applied to the synthesisodfbridged bisi-alanine) derivatives from bis-
lactim 1643% (Scheme 39).

Schollkopf et al. have also described the use of optically active imidazolinones as intermediates in
the synthesis ofx-alkylamino acids:36-137 Cyclisation of chiralx-isocyanoamides with 1 equivalent
of base leads to the in situ formation of the metallated imidazolinone, which can be stereoselectively
alkylated at G with good yields and stereoselectivities when benzylic halides are used. Hydrolysis of
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Scheme 38.

the 4,4-disubstituted imidazolinones under harsh acid or alkaline conditions affords the corresponding
x-alkylamino acids (Scheme 40).
An alternative approach used by the same authors for the synthasialk§lamino acids is based on
diastereoselective alkylation with activated electrophiles of 3,6-dihyHrd-2-oxazin-2-ones, prepared
from optically activex-hydroxy acids and arylglycines. Mild acid treatment of the alkylated compounds
has led to a wide variety af-alkylated phenylglycinés® andx-alkylated furylglycine$®® (Scheme 41).
Seebach et al. have developed a chiral glycine derivatemsbutyl 2-tert-butyl-3-methyl-4-oxo-
1-imidazolidinecarboxylate206, an imidazolidinone derived from glycifé® that can be geminally
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Scheme 39.

dialkylated in excellent yields and selectivities in a one pot procedure. Depending on the order of
addition of the two electrophiles, both enantiomers obaalkylamino acid, or itdN-methylamide, can
be obtained after successive hydrolysis with TFA and¥ct*?(Scheme 42).

Hydrolysis of 5,5-dialkylated imidazolidinones to give the free amino acid in an acidic medium is
impossible in these cases when the bulk of the side chaipfRfRis greater than CgICgHsCHs.

The bulk of these side chains hampers the access to so@lkylamino acids. The authors have
succeeded in this step by simply transforming aminomethylamides, obtained by hydrolysis in 6 N
HCl/methanol, intoN-benzoylamino acid amides. These compounds can be converted into free amino
acids by hydrolysis of thBl-methylamide with 4 N HCl/dioxane followed by hydrolysis of tRebenzoyl

amino acid with concentrated aqueous HCI at 100°C in a sealed tube. In this-atkylamino acids

with bulky substituents have been obtained and this is now the procedure of choice for the syntkesis of
alkylamino acidé-143(Scheme 43). This synthetic protocol has been recently applied to the synthesis of
enantiomerically pureS)-a-methylphenylalanine,§)-x-methyldopa andS)-x-methyltyrosine labelled

with fluorine-18144

Deprotonation of unsaturated imidazolidinorizk3 with LDA generates a lithium dienolate inter-
mediate that can be subsequently alkylated with different alkyl halides as well as aldehydes to afford
products derived from electrophilic attack in tixecarbonyl compound?® Hydrolysis of some of these
compounds led to the synthesis of some unusual amino acids (Scheme 44).

Chiral N-tert-butoxycarbonyl oiN-benzyloxycarbonyl 5,6-diphenyltetrahydro-1,4-oxazin-2-ones ini-
tially obtained from chiral 1,2-diphenyl-2-hydroxyethylamine and ethyl bromoacktat@nd whose
syntheses have been recently improW&d.*® have proven to be extremely useful starting materials
for the synthesis ofx-alkylamino acids with high enantiomeric puri§?-1>1Generation of the enolate
with lithium or sodium hexamethyldisilylamide followed by addition of an alkyl halide results in the
formation of alkylation products from the attack, with high diastereoselectivity, of the electrophile
anti to the two phenyl substituents on the oxazinone ring. To perform alkylation of 3-monosubstituted
oxazinones it is necessary to generate the enolate in the presence of the electrophile using potassium
hexamethyldisilylamide as base and avoiding the use of HMPA as cosolvent. Alkylation of highly
hindered 3-substituted oxazinones requires the use of a large excess of base to promote thé*feastion.
an alternative to this procedure, Baldwin has recently descfibéuht generation of the sodium enolate
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Entry Ry RoX de% Ref.
a CHs CgHsCH,Br > 95 136, 137
b CHs 3,4-(CH30),CgH3CH,Br 66-80 136, 137
c CHg 4-CH30CgH4CH,Br 72 136
d CHg 3-CH30CgH4CH,Br 81 137
e CHs 4-NO,CgH4CH,Br > 95 137
f CHj3 3-NO,CgH4CH,Br > 95 137
g CHs 4-NCCgH4CH,Br > 95 137
h CHjy 1-naphthyl-CH,Br > 95 136, 137
i CHs 2-naphthylCH,Br >95 136, 137
j CHj4 2-thienyl-CH,Br > 95 136, 137
k CHj 3-benzothienyl-CH,Br >95 136, 137
| CHj 2-bromo-3-benzofuranyl-CH,Br >95 136, 137
m CHj3 CH,=CHCH,Br 17 137
n CH3 (CH3)20=CHCHzBI’ 35 137
o CHg ¢-CgHy1CH,Br 35 137
P CH3CH, CeHsCH,Br 95 136
q CH2=CHCH2 CGHSCHzBr 90 136
r CH3CH,CH, CgHsCHBr 90 136
S (CHg),CH CgHsCH,Br 95 136
t CH3(CHp)3 CeHsCH,Br 95 136
u 4-BrCgH4CH,  CgH5CHBr 100 136
v CgHsCH, CHjgl 20 136
w CgHsCH, CHy=CHCH,Br 43 136
X CgHsCH, (CHg),CHI 65 136
y CgHsCH, CHg(CH,)3Br 55 136
z CeHsCH, EtO,CCH,Br 31 136
a' CgHsCH, 4-BrCgH4CH,Br 100 136
Scheme 40.

in the presence of 15-crown-5 also resulted in the formation of alkylation compounds, even when non-
activated alkyl halides were used to trap the enolate. In all of the cases described, dialkylation occurs with
total diastereoselectivity and, as expected, the second alkylation also proeedidedthe two phenyl

rings of the oxazinone (Scheme 45).

The Baldwin protocol has proven to be very useful in the synthesis 86%22,6-diamino-6-
(hydroxymethyl)pimelic acitP? and led to an improvement on the results described by Williams for
the synthesis of the same compotifdScheme 46).

In a related approach, Remuzon et %. obtained (&®)-N-tert-butoxycarbonyl- and N-
benzyloxycarbonyl-3,6-diphenyl-1,4-oxazin-2-ones and tested their methylation under different
reaction conditions. However, all attempts to obtain the dialkylated compounds in high yields and
stereoselectivities were unsuccessful. Nevertheless, when the starting compound possesses an additional
chiral substituent at thid-atom, e.g. a phenylethyl group, and a 4-methoxyphenyl group,atikylation
occurs with acceptable yields and excellent diastereoselectivity. Yields were better when the electrophile
was added prior to the addition of base and an increase in the size of the electrophile resulted in an
increase in the stereoselectivity of the alkylation reaction (Scheme 47). Final hydrolysis to afford 2-
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b CgHs (CHg)oCH  CHy=CHCH,Br 83 138
c CeHs (CHg),CH  CHgl 60 138
d CegHs (CHg)3C CgHsCH,Br >95 138
e CeHs (CHg3)3C CHjl 90 138
f CgHs CgHs CHjl 77 138
g CSH5 CGH5 CGH5CHQBT > 95 138
h CegHs CgHsCHy  CHal 49 138
i 2-furyl (CHg)CH  CgHsCH,Br >95 139
j 2-furyl (CH3),CH  4-pyridyl-CH,CI > 95 139
k 2-furyl (CH3),CH  2-thienyl-CH,Br > 95 139
I 2-furyl (CH3),CH  2-naphthyl-CH,Br > 95 139
m 2-furyl (CH3),CH  CHy=CHCH,Br 70 139
n 2-furyl (CH3),CH  CHal 58 139
o 2-furyl (CH3),CH  CHgCHol 61 139
p 2-furyl (CHg),CH  (CHg),CHI 62 139
q 2-furyl (CH3),CH  c-CgH14CHol 62 139
r 2-furyl (CH3)sC CeHsCH,Br > 95 139
s 2-furyl (CHg)sC CH,=CHCH,Br  >95 139
t 2-furyl (CH3)sC CHal >95 139

Scheme 41.

alkyl-2-(4-methoxyphenyl)glycine derivatives have proved to be troublesome and undesired by-products
are also obtained.

Very recently, Sandri et &P° have used a lactim containing a glycine moiety as the starting material
for the synthesis ofik-alkylamino acid-containing dipeptides. Alkylation of this compound with an alkyl
halide affords a diastereomeric mixture of lactims in which the predominant compound is that possessing
ananti configuration of substituents ag@nd G;.1°® A second alkylation of this diastereomeric mixture
yields the corresponding 3,3-disubstituted lactim with a goodtrbds induction with respect to the
methyl group on @. A change in the absolute configuration of the 1-phenethyl group leads to a slight
decrease in the stereoselectivity, although the sense of asymmetric induction is the same. Debenzylation
of the lactim followed by acidic hydrolysis easily afforded dipeptides containing sterically hindered
amino acids (Scheme 48).

Chiral amidine esters obtained from amino acids and)-1¢dimethoxymethyl-2-
methoxymethylpyrrolidine (SDMP) have been used by Kolb and Barth as amino acid equivalents
in alkylation reactions®”-158 These reactions give moderate yields and low diastereoselectivities. Final
deprotection yieldsx-alkylamino acids (Scheme 49).

Slightly better results are obtained on double alkylation of an amidine derived from
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Scheme 42.
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f CGH50H2 C'CGH11CH2
Scheme 43.

propargylaminé>8159 |n this case the ethynyl group behaves as a masked carboxylic acid, as it is
transformed into this group by oxidation with RgfalO, after hydrolysis of the amidine function with
hydrazine hydrate and cleavage of the silyl protecting group with sodium methoxide (Scheme 50).

Enolate alkylation of Schiff bases derived from glycine, or other amino acids, and chiral carbonyl
compounds, as a chiral matrix, to obtain starting aldimines has also been used tooohtlytamino
acids.

One of the first examples to appear in the literature describing the synthesiglk§lamino acids
using a chiral Schiff base derived from an amino acid was reported by Schollkopf&t lal.this
work, the authors obtained galactodialdehyde aldimi&&derived from valine, leucine and isoleucine.
These compounds, after deprotonation with LDA, reacted with activated alkyl halides to afford the
corresponding alkylated aldimin@s4 with high yields and stereoselectivities varying from 23 to >95%.
After acidic hydrolysis, methyl esters ofalkylamino acids are obtained with good yields (Scheme 51).

Viallefont et all61162 have attempted the synthesis @falkylamino acids via Schiff bases derived
from 2-hydroxypinan-3-one. These compounds, which are easily obtainedcframino acid esters,
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Scheme 44.

are deprotonated with LDA and subsequently alkylated with alkyl halides. Although Schiff bases derived
from alanine givax-methylamino acids in good yields with a predictable stereochemistry and a moderate
diastereoselectivity (52—-83%), when Schiff bases possessing bulky substituents are used the results
obtained are less convenient as the diastereoselectivity decreases and the absolute configuration of the
major compound depends on the shielding effect of the side chain of the starting amino acid. Acidic
hydrolysis of the alkylated compounds releases the corresponding amino acid and chiral auxiliary, which
can be recovered (Scheme 52).

More recently Lavergne et &2 described the synthesis of-substituted arylamino acids through
the addition of fluorobenzene tricarbonyl chromium complexesx{ionino esters derived from 2-
hydroxypinan-3-one. Lactones arylated at &e obtained in this reaction, although in some cases aryla-
tion on the pinane ring competes to a significant extent. Once again, the absolute configuration of arylated
compounds depends on the nature of the amino acid side chain. Decomplexation of diastereomerically
pure Gy-arylated lactones followed by hydrolysis gives 2-phenylamino acids (Scheme 53).

Aldimines derived from a complex chiral aldehyde of the pyridoxal type and amino acid benzyl esters
have also been alkylated at,Qvith low yields but acceptable stereoselectivities when sodium hydride
is used as a bas€* The use of aldimino compounds with &ansa structure largely increases the
optical yield. Final hydrolysis is achieved smoothly with dilute hydrochloric acid at room temperature
(Scheme 54).

Another recent approach is the use of Schiff bases obtained from amino acid chiral carboxylic acid
derivatives. Diastereoselective alkylation of aldimines derived from 4-chlorobenzaldehyde and sultam-
derived amino acids has been achieved by Lavielle é¢°alhe deprotonation—alkylation sequence
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a Boc CHgl CH,=CHCH,l 100 149,150
b Boc CHgl (CH3),C=CHCH,! 100 149,150
C Boc CHgCHQCHgI CH2=CHCH2| 100 149,150
d* Boc CgHsCH,Br CH,=CHCH,Br 100 151
e* Boc CH,=CHCH,Br CgHsCH,Br 100 151
f Boc CH3| CH3(CH2)3| 100 1562
g Boc CHjl (CHg)2,CHCH,l 100 152
h Boc CHgCHo! CHg(CHp)gl 100 152
i Z CHl CgHsCH,Br 100 149,150
j z CHygl CgHsCH=CHCH,Br 100 149,150
k z CH3CH,CHl CgHsCH,Br 100 149,150
[ z CH,=CHCH,l CgHsCH,Br 100 149,150
m* Z CHgl CgHsCH,Br 100 152
n* z CeHsCH,Br CH,=CHCH,l 100 152
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*ent-218
Scheme 45.

is totally stereoselective for the methionine derivative, and is quite diastereoselective in the case of
leucine, phenylalanine and alanine. Although the authors use chiral amino acids as starting compounds,
the stereochemical course of the alkylation reaction is directed by the sultam chiral auxiliary and both
enantiomers of an amino acid afforded the saxvralkylamino acid after acidic hydrolysis (Scheme 55).
Chiral nickel complexes ofRS-alanine Schiff base with§)-N-(N’-benzylprolyl)aminobenzaldehyde
and §-2-N-(N’-benzylprolyllaminobenzophenone are interestingmino acid moieties that can be
easily alkylated to affordx-methylamino acid precursors in excellent yiel%:168 With the use of
a nickel complex of the Schiff base derived fro§)-2-N-(N"-benzylprolyl)aminobenzaldehyde, the
diastereoselectivities are quite low. Better results are obtained with the use of the nickel complex of the
Schiff base derived fromSj-2-N-(N’-benzylprolyl)aminobenzophenone as the chiral intermediate and
sodium or potassium hydroxide in DMF as a base, and under these conditions large diastereoselectivities
(>80%) are observed. Several optically perenethylamino acids have been obtained after alkylation,
separation of the diastereomeric mixtures on silica gel and hydrolysis with dilute hydrochloric acid and,
in all cases, amino acids &configuration were obtained preferentially (Scheme 56).
Hydroxymethylation of the nickel complex of the Schiff base derived fro8)-2(N-(N’-
benzylprolyl)aminobenzophenone with a large excess of formaldehyde and a high concentration
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Scheme 47.

of sodium methoxide affords two diastereomeric compoudfii$he diastereoselectivity of this reaction
is subject to both kinetic and thermodynamic control and, at the end of the reaction, the ratio between the
diastereoisomers approaches unity. After preparative column chromatography of both diastereoisomers
and hydrolysis by the action of hydrochloric acid in aqueous alcoholic solution, both enantiomers of
x-methylserine were obtained.

Berkowitz and Smith’® have recently reported a different strategy based upon the diastereoselective
double alkylation of the dianion derived from a chiNdbenzoylx-amino ester. When 8-phenylmenthol
is used as a chiral auxiliary, alkylation takes place with a high level of diastereoselectivity and moderate
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CHso)\OCHa s \%N OCHs RoX gN OCHs
CO,CHg Ry” "CO2CHj3
241 242 243
Entry By BoX de% Ref
a CHg CHF,CI - 157,158
b CHj3 CH3CH,l - 157,158
c CHj CHs(CHy)l . 157,158
d CHg CgHsCH,Br - 157,158
e CHj 3,4-(CH30),CgHaCH,Br 51 157,158
f (CH3),CHCH,  CHgl 30 158
g CgHsCH, CHsl i 157,158
h CeHsCHa CH3CHl 15 157,158
i CsHsCHz CH2=CHCHQBI’ - 158
j CgH5CH, CHF,CI - 158

Scheme 49.
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CH3CHy, R2 = CHp=CHCH,

244
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H O\H oH
) N
1) BuLi X 1) BuLi 1) BuLi

NK N
~ O. ) . o. !
/N CHs =5 Tmsc N “CHs  ZrRX NHCH3 2) RoX
=z _ / /m
(CHg)3Si (CHg)sSi
245 246 247
. H Si(CHa)s
Sy OcH,  HoNNH, Il _ NaOCHy | o PuONalO, i?al:
"\R1 Ll 2 HN Lt 2 H2N R
P HoN™ YR, 2 Ry 1
(CHg)3Si
248 249 250 251
Entry RiX RoX de% Ref
a CHgl CH3CH,l - 158,159
b CHgl CH3(CHy)sl ) 158,159
c CHgl CeHsCH,Br 84 158,159
d CHg3(CHyp)sl CHjl ) 158,159
e CeHsCH,Br CHal 67 158,159
Scheme 50.

yields that are significantly improved in the presence of 10% HMPA. This procedure has been used to
obtain a considerable variety ofmethylamino acid derivatives, which can be purified by recrystallisa-
tion, with diastereomeric excesses varying from 78 to 88%. Enantiomericallyoparethylamino acids

are obtained by ester cleavage with #T8-crown-6 followed by acidic hydrolysis allowing the recovery

of the chiral auxiliary (Scheme 57).

4. Chiral B-lactams as building blocks

Enantiomerically purg-lactams have proven to be versatile intermediates for the synthesis of a wide
variety of compounds of biological interest and have given rise to what has been callBdaittam
synthon method/1172 This methodology provides an efficient route dealkylamino acids through
different approaches.

The asymmetric ketene—imine [2+2] cycloaddition attaching a chiral auxiliary to the ketene allows
the asymmetric synthesis of 3-amifielactams. In this reaction, oxazolidinones derived frdj Or
(R)-phenylglycine behave as excellent chiral auxiliaries, so that the reaction of their derivativég-with
benzylimines derived from aromatic aldehydes provides chiral intermediates for the synthesis of aromatic
x-alkylamino acids. Treatment of an enantiomerically pRHlactam with base followed by neutralisation
with methyl iodide gives rise to methylation at the €arbon from the opposite side to the &yl group.
Cleavage of the N—£bond by hydrogenolysis and subsequent acidic hydrolysis of the amide group
releases thex-alkylamino acids. In particular§j-x-methylphenylalanine andS|-x-methyldopa have
been obtained in this wa{?-1>(Scheme 58).

The same approach has been applied to the synthesisS@R|2,3-diamino-2-methyl-5-phenyl-
pentanoic acid using a chiral 3-amino-4-stypylactam as a synthetic intermedi&i&(Scheme 59).

Chiral B-lactam287has been diastereoselectively alkylated atv@h reactive alkyl halides. The usual
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CO,CH; CO,CHg
H.N—N'R
2 H 1

H NTVR,
oo,
=)
0
253

I
Molecular Sieves

YO

252
CO,CH;
H N—\'R
1) LDA oZ-o Ry’ 2N HCl iozCHs
—_— H,N—Y""R
2 2 2
" e m
O
254 255
Entry Ry BpX de%
a (CHQ)zCH CsHsCHng 80
b (CH3),CH 2-naphthyl-CH,Br > 95
c (CH3)oCH 2-quinolyl-CH,Br 74
d (CHg)QCH 4'BFCGH4CH28|' 75
e (CHa)ch 06H5CH=CHCH28|’ 76
f (CHa),CH CH,=CHCH,Br 76
9 (CHg3)oCH CHgl 23
h (CH3>2CHCH2 CGH5CH2Bf 75
i (CH3)2CHCH2 CH2=CHCHzBr 57
j (CH3)2CHCH, HC=CCH,Br 48
k (S) -CH3CH2(CH3)CH CsHSCHzBr 88
| (S) CHsCHo(CHg)CH  2-naphthyl-CH,Br 96
m (S) -CHsCHo(CHg)CH  2-quinolyl-CH,Br 90
n (S) CHaCHy(CHg)CH  CHp=CHCH,Br 75
) (S) CHaCHa(CHg)CH ~ CHl 29
Scheme 51.
CO,CHs
CO,CH, CO,CH,
@.: HoN HR1 ®=N V'R, 1) LDA ®=N/1$R1 H* 0°C j;?gCHs
H 2) RoX Rz HoNTE"R4
‘OH BF;.OEt, \OH ) Ra \OH Ry
CHy CHs CHs
256 257 258 259
Entry By BoX de% Abs. Conf.
a CH3 CHQ(CH2)2| 83 S
b CHj HC=CCH,Br 52 s
[ CH3(CH2)2 CHg' 90 R
d CH3(CH2)2 CH2=CHCHQBI' 15 R
Scheme 52.

work-up of the alkylated compounds gawealkylphenylalanines and liberated tH®-{eucinol used as a
chiral matrix in the preparation of the starting compotfdScheme 60).

Hegedus uses as a chiral starting compound an extremely hindered bigyalitam, obtained by
photolysis of a carbene complex with a dihydrooxazine and subsequent conversion of the oxazolidine
to an oxazolidinone. Oxazolidinori293 is alkylated at @ with complete retention of configuration,
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0
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CH3 (0] 3 CH3 (0] CH O
261 262 263
de>95% de =48 % de >95 %

1) I3, -78 2C or hv, Oy 1) Ip, -78 °C or hv, O,
2) HCI, A 2) HCI, A

CO.H COzH

HoN /k”'R HoN ’k"'CeHs
CgHs R

264 265
R = CHg, (CH3),CHCH, R = (CHg3),CHCHy, (CH3),CH

Scheme 53.

CGH5CH20CO éR]_'

N
~TN | A R' 2) HCI dil. HzN/k'"Fh

7 2
N
R
266 267
Entry R R Ry B, de%
a H OCH205H5 CH3 CGHscHzBr 86
b H OCHchHs CH3 4'NOZCSH4CHzBr 83
c H OCH,CgHs CHs CHy=CHCH,Br 17
d H OCHZCGHE, CeHsCH,  CHyl 82
e (S)""' S- (CHZ)S'S " CH3 CsH5CHgBT 8
f (R)== S-(CHy)5-S = CHs CgHsCH,Br 96
g (R)—= S-(C 2)5-8 —_— CHg 4-NO,CgH,CH,Br 84
h (R)== S-(CH2)s-S CHs CHy=CHCH,Br 82
i (R)== S-(CHy)s -S —_— CeHsCH; CHjl 90
Scheme 54.

although this reaction is limited to very reactive electrophifés.’® Compound294, obtained by
methylation, has been hydrolysed with gaseous hydrogen chloride in methanol to give an aminal
that was further hydrolysed to an aldehyde, and this is the key intermediate in the synthesis of a
variety of x-methylamino acids (Scheme 61). Starting from compo286 (R)-x-methylserine, R)-
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R{ R H
1) Base 1 2 1) HzO* /C(Og
2)RoX 2)LIOH  HaNTY"Ry
Rz
802 802 CI
268 269 270
Entry Base By RoX dr Abs. Cont.
a* BulLi CH,CH,SCH;  CHal > 99/1 R
b BulLi (CHg),CHCH,  CHal 87/13 S
N BuLi CgHsCH, CHgl 85/15 S
d BuLi CHs CgHsCH,Br 92/8 R
e NaH CH3 CeHscHgBr 97/3 R
f* K,CO4 CHs CsH5CHzBr 97/3 S
g KoCOg CHg CeHsCH,Br 97/3 S
h K,CO4 CHj CgHsCH,Br 90/10 R
i BuLi CeHsCHo CHal 90/10 S
j BulLi CGHSCH2 CH3| 90/10 S
K NaH CeHsCH» CHal 90/10 S
| NaH CeHsCH, CHal 90/10 S
* 268 with (+)-sultam as chiral auxiliary
** 268 with (+)-sultam as chiral auxiliary and alanine of (R)-configuration
Scheme 55.
N COH O O
T CHoCeHs L N4CHoCgHs L-N“CH:CeHs
o=C. HiN"CHs ¢ A0 C=0 1f)pase o-C. nNiC 50  Haldi O2H
NH O NN =N N
COR Ni(NO3), Lo CHy 2 RiX CHRCMs HaN" Nep,
271 272 273 274
Entry R Base RiX dr Ref.
a H BuLi CgHsCH,Br 56/44 166,167
b H TBAI CgHsCH,Br 66/34 166,167
c H BuLi CH,=CHCH,Br 61/39 166,167
d H TBAI CH,=CHCH,Br 70/30 166,167
e H NaOH CH,=CHCH,Br 61/39 167
f CeHs  Buli CgHsCH,Br 90/10 167
g CeHs  NaOH CgHsCH,Br 93/7 167
h CeHs NaOH CH,=CHCH,Br 92/8 167
i C¢Hs  NaOH 4-CgH5CH,0CgH,CH,CI 91/9 167
] CsHs KOH 2-FCGH4CH2X > 95/5 168
k CgHs KOH 3-FCgH4CH,X > 95/5 168
| CGH5 KOH 4'FCGH4CH2X > 95/5 168

Scheme 56.

x-methylglutamic acid, R)-x-methylornithine, R)-x-vinylalanine, R)-x-ethynylalanine andR)-2-
methyl-2,3-diaminopropanoic acid have all been obtained (Scheme 62).

Alternatively, B-lactams can be stereoselectively alkylated on the side chain bonded tq tterl
and, in this case, thi@-lactam ring acts as the chiral auxiliary. The starting compounds for the synthesis of
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sHs CHs CeHs CHs
;ojv A CH s R Y5 CH CHs R
3 3 5
Crs 1) LDA, BuLi, HMPA BzHNW 1 KO/ 18-crown-6 =%
o " 2)RX o H 2) HCI, A HN" ~CO,H
275 276 277
Entry RX dr
a CGH5CHzBr 94/6
b CHgCH,l 9317
c 'BuO,CCH,Br 91/9
d CgHsCHoOCH,Br 89/11
e HCECCHQBF 93/7
f CH2=CHCH28r 94/6
g (CH3)20H0H2| 89/11
h 3,4-(TBDMSO0),CgH5CH,Br 94/6
Scheme 57.
o o)
o4 1) NEty o~¢ X 1) LHMDS
N\ _—
S/ CH,cocl &)X
CeH
615 v
278
X Li/NH3
Y
N
“CH,CgHs
280 281 282
Enty X Y de%
a H H >995
b CHy0 CHs0 >99.5
Scheme 58.
0
o o
N N Cets NEHs o CeHs
CeHs N 1) LHMDS CeHs N
O TCHyCeMs 2) CHal 0" " “CH,CeHs
283 284
1) Hg, Pd/C HZNij/\/CGHS 6N HCl HoNG 2 CeHs
2) Li/NH HO,C  NH . 2 HCI
) s (0] N‘H 2 2
285 266

Scheme 59.
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Scheme 60.
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de > 97 %
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N (9)/CHg g/N,_ CHg \'/N;(CHS
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de > 97 %
Scheme 61.

x-methylamino acids are obtained by a [2+2] cycloaddition between a chiral imine derived from alanine
tert-butyl ester and a ketene generated from 2-phenoxyacetylchfdAdé*1’9The B-lactam enolate,
generated by treatment with LDA, is alkylated with almost total stereoselectivity and in high yield
when the reaction is carried out under thermodynamic control allowing the formation of a rigid chelate
structure. Hydrogenolysis of thg-lactam ring followed by acidic hydrolysis affords the corresponding
x-methylamino acid in high yield (Scheme 63).

When the phenoxy group atszGs replaced by a benzyloxycarbonylamino group poor results are
observed in the alkylation reaction, unless this group was trimethylsilylated before generation of the
enolate. In this case, benzylation on the side chain occurs with a diastereoselectivity of 14:1 in the
formation of the §)-methylphenylalanine precurdd?1’®(Scheme 64).

When the 3-amino group of thglactam was in an oxazolidinone structure, as in the cagelattam
318 obtained from the [2+2] cycloaddition of chiralS)¢(4-phenyloxazolidinyl)ketene withert-
butyl N-benzylidenealaninate, asymmetric alkylation proceeded with extremely high stereoselectivity
and only one diastereoisomer was detected by HPEE’* Deprotection of alkylated compound
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Scheme 62.

319 with trifluoroacetic acid and reduction with lithium/ammonia gav®)-jghenylalanyl-§)-x-
methylphenylalanin@20 (Scheme 65).

The use of chiral §-(4-phenyloxazolidinyl)ketene to perform the [2+2] cycloaddition widhnt-
butyl N-benzylideneglycinate gave a chiral glycine equivalent that is doubly alkylated, 4%°Crhe
choice of the order of addition of the two alkyl halides gives control over the absolute configuration
of the final compound. The first alkylation has to be performed-@8°C to achieve good yields
and stereoselectivities, and the second alkylation under thermodynamic control occurs with excellent
diastereoselectivity. The doubly alkylated compounds are transformed into dipeptides incorp@rating
alkylamino acids by Birch reduction (Scheme 66).

Once alkylation on the side chain at Mas occurred, alkylation ats®f the -lactam ring can be
performed and, in this way, a combination of both types of alkylation allows the synthesis of dipeptides
consisting of twox-alkylamino acid$®® (Scheme 67).

The approach developed by Palomo et al. is based on the stereoselective [2+2] cycloaddition of
imines, derived from a chirak-alkoxy ketone, with (benzyloxy)ketene and subsequent transformation
of the chiral B-lactam into an amino acitl-carboxy anhydridé®l182N-Benzylimines328 react with
(benzyloxy)ketene to afford the correspondifidactams as single diastereoisomers. These compounds,
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o Nt 2) RX o NCHs
CO,'Bu CO,'Bu
31 312
CH2C6H5 H30+ HoN B CH
NH_2,CH; — A
CeHsO COH
t 2
O COg Bu
313 314
R = CgHsCH,
Entry RBRX de%
a CH,=CHCH,Br > 95
b CgHsCHoBr >98
C CHscHQBI' > 98
d 3,4'(CH30)205H30H28F 93
Scheme 63.
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Scheme 64.
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N, .CeHs 1) LDA N,  .CeHs 1) TFA /\n/ e, CHa
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CeH 2) CgHsCH,Br C.H CHg 2) Li/NHg M2
615 O/l:f!l CHj 6152 6715 \I‘CHZCGHS CO.H
CO,'Bu CO,'Bu
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de>99%
Scheme 65.

after hydrogenolysis, on exposure to commercial bleach and a catalytic amount of tetramethylpiperidine-
N-oxyl (TEMPO) generatéN-carboxy anhydrides of-methyl{3-alkylserines, which can be coupled
with amino acid benzyl esters in the presence of potassium cyanide to yield dipeptides containing

alkylamino acid$®! (Scheme 68).

[2+2] Cycloaddition of (benzyloxy)ketene amttbenzylimine333generates &-lactam that incorpo-
rates a masked formyl group aj @nd this formyl group is generated by hydrolysis of the isopropylidene
group and cleavage of the diol with sodium periodate. Wittig olefination followed by hydrogenolysis
of the benzyl group with concomitant hydrogenation of the double bond of this 4-fgfadtam, and
subsequent treatment with commercial bleach in the presence of a catalytic amount of TEMPO generates
the N-carboxy anhydrides of the correspondimgmethylamino acid, which can be coupled with amino
acid esters as described abbB%gScheme 69).
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Scheme 66.
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Scheme 67.

5. Quaternary x-amino acids by rearrangement offf-carbonyl carboxylic acid derivatives

Another approach to the asymmetric synthesiscadlkylamino acids is based on the rearrangement
of B-carbonyl compounds tx-amino acid derivatives, a process that proceeds with total retention of
configuration. Based on this approach, Fukumoto €% obtained chiral 8-phenylmenthyk,x-
dialkylmonomalonic esters by diastereoselective alkylation of 8-phenylmenttalfkylmonomalonic
esters. The reaction, performed by the addition of more than two equivalents of LDA and neu-
tralisation of the dianion with an alkyl halide, occurs with high levels of diastereoselectivity, es-
pecially when allyl or benzyl halides are used. The major compound isolated is submitted to Cur-
tius rearrangement followed by hydrogenolysis of the obtained urethane. Subsequent hydrolysis of
the 8-phenylmenthyl ester using KOH and 18-crown-6 in toluene released the corresponding
alkylamino acid in enantiomerically pure form. Surprisingly, the same diastereoisomer is obtained on
methylation of 8-phenylmenthyk-alkylmonomalonic esters and on alkylation of 8-phenylmentiy!
methylmonomalonic ester (Scheme 70).

Diastereoselective alkylation of chiral cyanoesters derived fr@2R14R)-10-dicyclohexylsulfamoyl-
isoborneol provides key intermediates in the synthesisaedlkylamino acids. By using this
methodology, developed by our group, both enantiomers of the same amino acid can be obtained
using different synthetic strategies. Alkylation of chiral 2-cyanopropanoate and methylation of chiral 2-
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Scheme 68.
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Scheme 69.
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i 4-CH30CgH4CH,Br 1211
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Scheme 70.

alkylcyanoacetate provides both stereoisomers of the samelialkylcyanoacetate with high yields and
stereoselectivitie$®® Moreover, a diastereomerically pusex-dialkylcyanoacetate can be conveniently
elaborated to afford both enantiomers of the same amino acid. Basic hydrolysis of the diastereomerically
pure «,x-dialkylcyanoacetate affords an enantiomerically puorex-dialkylcyanoacetic acid, which
when submitted to Curtius rearrangement yields one of the two possible enantiomers of the final
x-alkylamino acid after acidic hydrolysis. On the other hand, basic hydrolysis of the cyano group to an
amide group followed by esterification of the carboxylic acid with diazomethane affords an amido ester,
which is submitted to Hofmann rearrangement to yield, after acidic hydrolysis, the opposite enantiomer
of the sameax-alkylamino acid. This synthetic strategy has proven to be extremely versatile and amino
acids with different side chains such &-{sovalinel®® both enantiomers ak-methylphenylalaninés’

and o«-methylvaline’®® (R)-a-methyltryptophart®® (R)-x-methyldiphenylalaning®® and several
(R)-a-phenylamino acid$! have been obtained in good chemical yields (Scheme 71).
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Scheme 71.

To obtain §-x-methylaspartic acid, several electrophiles have been tested using potassium
carbonate as a base. The alkylated compounds obtained in the reaction S@R 4R)-
10-dicyclohexylsulfamoylisobornyl-2-cyanopropanoate  withN-(bromoacetyl)piperiding?  or
allylboromide!®® were elaborated to§-x-methylaspartic acid. Moreover, allylation compounds of
chiral 2-cyanoesters have been transformed iNtBoc-(R)-x-allylamino acid amides, which are
suitable precursors for the synthesis of peptide isosteres and peptidomifi¢Baheme 72).

Asymmetric alkylation of chiral enamines obtained frfivketoesters and-valine tert-butyl ester
affords optically activex,x-disubstitutedd-ketoesters. The diastereofacial selectivity of this reaction
depends on the set of external ligand—toluene solvent systems, and complementary results are obtained by
the use of one equivalent of HMPA as a ligand and by the use of three equivalents of THF, trimethylamine
or dioxolane as a ligant?*~19 Enantiomerically purex,x-disubstitutedd-ketoesters are submitted to
Schmidt rearrangement followed by acidic hydrolysis, and this process allows the asymmetric synthesis
of (R)-a-methylphenylalanine,R)-x-(2-naphthylmethyl)alanine andR)-«-methylaspartic acid in ex-
cellent chemical yield$’ (Scheme 73).

Finally, Frutos et al?® have converted enantiomerically pusgx-disubstitutedd-ketoesters into
oximes, which have been submitted to Beckmann rearrangement, aftei\b&isglated, to afford chiral
N-acyl-o, x-disubstitutedx-aminoacid esters (Scheme 74).
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Scheme 72.
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Scheme 73.
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Scheme 74.

6. Chiral 2H-azirines and aziridines as building blocks

In recent years chiral azirines and aziridines have been used as intermediates for the synthesis of
«,x-dialkylamino acids. 3-Amino+a-azirines have proven to be valuable synthetic equivalents @f
dialkylamino acids in peptide synthesis as their reactions with carboxylic acids and amino acids give
«,x-dialkylamino acid derivatives. The acid-catalysed cyclisation of these derivatives affords 1,3-oxazol-
5(4H)-ones, which act as intermediates in a subsequent amino acid coupling. This is known as the
‘aziridine/oxazolone method’ and was developed by Heimgatfifer.

Although this reaction has been developed as a methodology for peptide synthesis, it can also be
regarded as an asymmetric synthesis ofotlee-dialkylamino acid moiety. To obtain starting compounds,
the authors developed a synthetic strategy based on the reaction between amide enolates and phosgene
followed by reaction with sodium azide. When chiral amig&9 derived from §)-2-(1-methoxy-1-
methylethyl)pyrrolidine and 2-methyl-3-phenylpropanoic acid, is used, a mixture of diastereoisomers
is obtained from which chiral synthons for botB)+ and R)-phenylalanine can be isolated by column
chromatography. Azirine ring opening witi-benzyloxycarbonyl--leucine affords the corresponding
dipeptidé® (Scheme 75).

o) HiO ©H
CgHsCH 1) COCI
& ZWC/U\N 2) DABCO 370
Ha
Haor 3) NaN
cr?sos T 2) MPLE . 9 CHgOH,Catls
3 CeHsCHz N Z-L-Leu-OH ~ SN N
— CHM S\"CH ” - H O
369 3 NCHSO o 3 (CH3)o,CHCH, CHSO“ -
3
371 372 CHs
Scheme 75.

(9-Ilva and R)-lva synthons have also been obtained in diastereomerically pure form and incor-
porated into small peptides by reaction wikhbenzyloxycarbonyl--leucyl-2-aminoisobutiric acid*
(Scheme 76).

Chiral 2-aziridine carboxylates are also very useful synthetic intermediates as their regioselective
ring opening leads to unusual amino acié&In order to obtainx-alkylamino acids, 2-alkyl-2-aziridine
carboxylates have to be used as starting compounds and several approaches have recently been described
for the synthesis of such compounds in enantiomerically pure form.
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Scheme 76.

From [R)-2-methylglycidol, Goodman et al. obtained benz$®-2-methyl-2-oxirane carboxylate.
Regioselective ring opening of this compound with sodium azide followed by treatment with triphenyl-
phosphine generated enantiomerically pure benR@2¢methyl-2-aziridine carboxylate in excellent
chemical yield. From this compound-methylcysteines were obtained by regioselective Lewis acid-
catalysed ring opening of the aziridine ring with 4-methaxyeluenethiot®® (Scheme 77).

CHs
~CHg 1) NalO,, RuCl ~CHs NaN ZCO,Bn
AWA 0L, | ) 4 8 N7>co.Bn —3 NS/\F
0 2) DCC, DMAP, BnOH o) 2
376 377 378
L£0,Bn
«C0O,Bn 2
AL R A BF3-Et,0 4-CH;OCgH,CHzS ™ =CHj
u 3 4-CH30CgH4CH,SH NH
379 380
Scheme 77.

From enantiomerically pure benzyN-benzyloxycarbonyl-2,3-dimethyl-2-aziridinecarboxylate
385 obtained from benzyl tiglat&81 in five consecutive stepsy,B-dimethyltryptophan andyx,3-
dimethylcysteine derivatives have been obtained in a similaf%&$cheme 78).

CH
CH O 3
CHy Sharpless AD gy, < " 1800KCCL O 1) NaN
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s CO,BN L COBN 5y NalOy/RuCls O CHC0BN 2) Hz0*
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CH CH
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CH3"\>Co,Bn Y CoaBn
Ng CO2 2) ZOSu b
384 385
4-CH30CgH,4CH,SH CHy; CHs
> COan
BFsELO 4 CH,0CeH,CH.S  NHZ
387
Scheme 78.

From commercially availableS§f-2-methylglycidol, Wipf et af%-2% optained theO-trityl deriva-
tive, which was submitted to ring opening with sodium azide followed by an in situ Staudinger
reaction and cyclisation to afford the corresponding aziridieSulfonylation of aziridine withf-
trimethylsilylethanesulfonyl chloride gives an activated aziridine that allows the smooth regioselective
ring opening with sodium benzyloxide. Subsequent conversion dDitréyl-protected primary alcohol
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to the carboxylic acid yields aN,O-bisprotected $)-x-methylserine derivative. From this derivative, the
x-methylamino acid was obtained in enantiomerically pure form after removal of the protecting groups
with fluoride anions and catalytic hydrogenolysis (Scheme 79).

CH
w~0H  PhsCCl ~~0CPhy 1) NaNg ~CHa SesCl ST
W WS — 3. OcPh OCPh
H ées
388 389 390 391
BnO BnO HO
CH CH
BnOH, NaH Sﬁ'ﬁ’ 1) TSOH Soon D (nBuNF B
—_— OCPhy oo™ 2 /PO
NHSes 2) Py-S03 NHSes 2) Ho/Pd(OH), NH,
3) NaCIO,
392 393 394
Scheme 79.

Pritchard®’ has also developed a synthetic strategy that allows the synthesis of chiral aziridines
from (§-2-methylglycidol. In this caseQ-tert-butyldiphenylsilylglycidol is transformed into &t-
butyldiphenylsilyloxy-2-methyN-tosylaziridine by nucleophilic ring opening with sodium azide fol-
lowed by a Staudinger reaction ahdtosylation withp-toluenesulfonyl chloride. Ring opening of the
activated aziridine occurs regioselectively atWhen nitrogen, sulfur and carbon nucleophiles, i.e. soft
nucleophiles, are used. This provides precursora-aiethylamino acids in good chemical yields. The
potential of this methodology has been demonstrated by the transformation of the product obtained in
the ring opening of the aziridine using a phenyl-organometallic reagent as the nucleophile, ©-give (
x-methylphenylalanine by removal of the silyl protecting group followed by oxidation of the primary
alcohol and acididN-tosyl cleavage (Scheme 80).

w—~ ‘\\C H 3 .\\C HS
~~QH 1) TBDPSCI L OtBOPS  _TSCl AR OTBDPS CeHsMgBr
o CHs 2) NaNg N N CUBF.S(CHg)s
3) PPhy H Ts
388 395 396
CgH CeHs CegHs
6 SpHa 1) (n-Bu)4NF ‘\Cg% H HBr K’;CH:;
OTBDPS 2) KaCrp07/HS0, 2 CO,H
NHTs NHTs NH,
397 398 399
Scheme 80.

Davis et alk% obtained chiral 2-methyl-2-aziridinecarboxylic acid derivai\@l by a Darzens-type
condensation betweerg)tbenzylidenep-toluenesulfinamide and the lithium enolate generated from
methyl x-bromopropionate. The major compound, obtained with a 90% diastereomeric excess, has a
trans configuration. Acidic hydrolysis oN-sufinylaziridine under the appropriate reaction conditions
cleanly affords (R,3R)-a-methyl-phenylserine methyl ester. On the other hand, treatment-of
sufinylaziridine withmetachloroperbenzoic acid readily affords activateetosylaziridine, and hydro-
genation of this compound gives a quantitative yield of Ryr(-methylphenylalanine derivative from
which the free amino acid was isolated by acidic hydrolysis (Scheme 81).

N-Tosylaziridine 406 has been transformed into chiral methif){2H-azirin-2-carboxylate407 by
treatment with LDA. This compound adds Grignard reagents to afford more substituted aziridin-2-
carboxylates from which 2,3-dimethylphenylalanine has been obtained. In the last step of the synthesis,
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Scheme 81.

mixtures oferythroandthreocompounds are obtained and the stereoselectivity for the hydrogenolysis of
aziridines is highly dependent on the solvent and the substitution pattern of the sabs(Btheme 82).

H/,. ._\\COZR CSH5 .-“COZH
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a CHS CHQClg 67/33
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c 'Bu CH,Cl, 90/10
d 'Bu hexane 40/60

Scheme 82.

Finally, treatment of chiral 2-sulfinylaziridines withrt-butyllithium generates aziridinyllithiums that
react with electrophiles to afford 2-substituted aziridines. When ethyl chloroformate is used as the
electrophile, the aziridine obtained can be further elaborated,tedialkylamino acids. In this way
(S-N-phenylx-methylphenylalanine ethyl ester has been obtained in moderate?}feg{8sheme 83).

CSHS Iz ~CHs CsH5 7" \\CH3 CeHsCH» .\CHS
HT\ TSOCeH CH; —Bud _ 7 W CO-E Ha, Pd(OH), W‘CozEt
|} C|COzEt ] NHCGHs
Ph Ph
411 412 413
Scheme 83.

7. Sigmatropic rearrangements

The first synthesis of allylic amino acids by the Claisen rearrangement was described in 1975 by
Steglicit! and later by Barlett et af1? but the general application of this method to the synthesis of
y,8-unsaturated amino acid derivatives has been developed by Kazmaiét&t'4lTo this end, allylic
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esters oiN-protected amino acids are deprotonated with LDA in the presence of a metal salt to afford a
chelated enolate that, on heating, undergoes a Claisen rearrangementoteaffijdamino acids.

Although this methodology has been applied to the synthesis of a wide varietaléy/l-x-allylamino
acids with high control of the stereochemistry, there are only a few examples of its application to the
asymmetric synthesis of-alkylamino acids. To obtain these compounds in enantiomerically pure form,
allylic esters derived from chiral allylic alcohols have been used. When chiral allylic4&ltés used as
the starting compound, the rearrangement occurs with a high degree of chirality transfer, as one would
expect, giving rise tax-alkyl-x-allylamino acids with high diastereomeric excedseéScheme 84).

Entry R de%
a CHs 94
b CH3CH, 90

Scheme 84.

Larchevéque et &% have also developed a synthetic strategy based on a sigmatropic rearrangement.
Condensation of vinylalanes with chiral-alkoxyaldehydes gives chiral monoprotected diols in good
yields and with a high diastereoselectivity. Reaction of these compounds with trichloroacetonitrile in
the presence of base gives trichloroacetimidates, which on heating rearrange to allylic amines. The
oxidative cleavage of these amines allows access,todialkylamino acids with high enantiomeric
purity (Scheme 85).
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Scheme 85.
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8. Addition of nucleophiles to the C=N bond

The Strecker synthesis, which involves the addition of cyanide or its equivalent to an imine and
subsequent hydrolysis of the amino nitrile, is a well known and widely used procedure for the preparation
of «-amino acids. In spite of the well documented use of the Strecker synthesis for the synthesis of
chiral «-hydrogenamino acid®.’1217very little literature describes the asymmetric synthesisxof
alkylamino acids using this synthetic strategy, and the first examples in this field were reported by
Weinges et al. In this approach §85)-5-amino-2,2-dimethyl-4-phenyl-1,3-diox&t&21° and other
related compound®® were used as chiral amines to obtain chiral imines derived from methyl ketones.
These imines react smoothly with sodium cyanide, after addition of acetic acid, to afford the corre-
sponding x-methylamino nitriles in high yield and with excellent diastereoselectivity. Although the
stereoselectivity in the addition of cyanide is almost total, equilibrium mixtures of both possible dia-
stereoisomers are obtained on standing in solution due to a reversible Strecker reaction, and the ratio of
products depends on the substitution pattéfrf2!

Transformation of the amino nitrile into the corresponding amino acid is performed by treatment
with concentrated hydrochloric acid. This leads to hydrolysis of both the nitrile and the acetal group
and eventual cyclisation to a 2-oxomorpholine, which is followed by oxidative cleavage with sodium
hydroxide, air and Raney nickel. In this wag){x-methylphenylalanine,§)-x-methyltyrosine, §-«-
methyldopad!® and severalx-methylamino acids possesing aliphatic side cifafisave been obtained.
When methyl ketones with an even number of carbon atoms in the alkyl chain are used as starting
compounds, the final amino acids are®€onfiguration. However, ketones with an uneven number of
carbon atoms in the alkyl chain are synthetic precursorRpeifmethylamino acids (Scheme 86).

(9-Phenylethylamine has also been used as the chiral amine in the asymmetric Strecker synthesis of
«-methylamino nitriles from methyl ketoné& Once again the amino nitriles, on standing in solution,
afford equilibrium mixtures of both diastereocisomers. Fortunately, on cooling the mixture to 0°C, one
of the diastereoisomers crystallises from the solution and this allows its isolation in diastereomerically
pure form. The synthesis of the correspondignethylamino acid is then achieved by hydrolysis with
concentrated sulfuric acid followed by hydrogenolysis. The absolute configuration of the final amino acid
depends on the substitution pattern on the aromatic ring, which causes preferential crystallisatiéh of the
or Sdiastereoisomers; when Rnd R are hydrogen,R)-configured amino acids are obtained, whereas
one or two methoxy substituents on the aromatic ring leadS)tarfiino acids (Scheme 87).

By using ©)-phenylethylamine hydrochloride instead of the free amine in the synthesisradthyl-
phenylalanine from benzyl methyl ketone, Woodard éfahvoided the equilibration of diastereomeric
amino nitriles obtained in the addition of sodium cyanide to the chiral imine.

Another approach to the asymmetric synthesis of amino acids by the Strecker synthesis that allows the
synthesis ofx-methyl-hydroxyamino acids has recently been developed by Ohfune et al. Esterification
of «-hydroxyketones with chiraN-tert-butoxycarbonylamino acids leads to an intermediate that, after
removal of theN-Boc protecting group with trifluoroacetic acid and treatment of the resulting trifluoro-
acetate salt with sodium cyanide, gives a mixture of diastereomeric amino nitriles from which the major
diastereoisomer has been isolated. Starting from acetolSuidH(ert-butoxycarbonylphenylalanineSg
N-tert-butoxycarbonylvaline or§)-N-tert-butoxycarbonylalanine, cyclic amino nitriles were obtained
diastereoselectively in high yield. The diastereoselectivity of the reaction depends on the bulk of the
side chain of the amino acidSfamino acid acetol esters preferentially give cyclic amino nitriles
of 5S configuration. Treatment of the amino nitrile witkrt-butyl hypochlorite and triethylamine,
followed by hydrolysis with concentrated hydrochloric acid, leads Rp-methylserine. The use
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Scheme 87.

of (R)-valineacetol as the starting material allows the synthesis of the opposite enantiorxer of

methylseriné®*225(Scheme 88).
A mixture of two diastereomeric cyclic amino nitriles was obtained in the same way from racemic

acetoin and 9-N-tert-butoxycarbonylphenylalanine. Both compounds possess the sarmnfgura-

tion, and the major compound, obtained with 60% diastereomeric excess, w&isoenér. Prolonged

reaction times at room temperature led to an almost equimolecular mixture of both diastereocisomers

and under acidic conditions the mixture was further equilibrated to afford a 1/9 mixture ofRthe 6
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configured diastereoisomer. Removal of the phenylalanyl moiety from each of the diasterecisomers with
tert-butyl hypochlorite and triethylamine followed by hydrolysis with concentrated hydrochloric acid led
to (2R,39)-2-methylthreonine and 523R)-2-methyhlIothreonine respective??“'225(Scheme 89).
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CHs” “OH H” ~OH
438 439
Scheme 89.

Under similar reaction conditions a 16/1 diastereomeric mixtureSodrtd R cyclic amino nitriles
was obtained from phenylacetol an§-(N-tert-butoxycarbonylvaline. The major diastereocisomer was
converted into lR)-x-benzylserine as above. Oxidative degradation of the phenyl group, after protection

of the amino group, and final hydrolysis gave rise ®)-&-carboxymethylserineS enantiomers were
obtained usingR)-N-tert-butoxycarbonylvaling® (Scheme 90).
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Scheme 90.

Chiral N-carbobenzyloxyx-fluoroalkyl-B-sulfinylenamines445 also have been used as starting
materials in the asymmetric Strecker synthesis to affNrtdenzyloxycarbonyx-amino{3-sulfinyl
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nitriles in excellent yields, but with only modest diastereoselectivity in favour ofyheiasterecisomer,
without any influence of the geometry of the double bon®)-¢-Difluoromethylalanine has
been obtained from diastereomerically pure isolateRs,2R)-3-[(4-methylphenyl)sulfinyl]-2-
[N-(benzyloxycarbonyl)amino]-2-difluoromethyl propionitrile by basic hydrolysis followed by
desulfinylation by treatment with Raney nickel and hydrolysis of the hydaittojBcheme 91).
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f z TMSCN CF,H 70/30
g E TMSCN CFoH 70/30
h z KCN CF,Cl 55/45
Scheme 91.

Alternatively, diastereomerically pure isolated Rs(2R)-3-[(4-methylphenyl)sulfinyl]-24N-
(benzyloxycarbonyl)amino]-2-difluoromethylpropionitrile under trifluoroacetic anhydride-
promoted Pummerer reaction conditions undergoes a non-oxidative rearrangement to gwe an
trifluoroacetoxysulfenamide, which is transformed in®)-&-difluoromethylserine in two successive
steps (Scheme 92).

"\ ONC NHZ CHaCeHaS+ - Z
S.__X sym-collidine )\ N
CHSCGH4/ CFoH 1C
(CF4C0),0 CF302CCH;™ YCF,H
450 451
NHZ NH
D KeGOgH0 'CN 1) Ba(OH) /Qnéo H
HOCHy™ “CFyH HOCHy 2
2) NaBH, o 2) HCl CF,H
452 453
Scheme 92.

Stereoselective addition of organometallic reagents to tal Gond of chiral compounds constitutes
a recent methodology that has been applied to the asymmetric synthesislkflamino acids. In
this context, chiral sulfinimines, imines and oximes have been used as starting compounds. Hua et
al.2?8 have recently reported that chiral sulfinimid64, obtained by the addition of methyllithium to
triethoxyacetonitrile followed by treatment witRf-menthylp-toluenesulfinate, undergoes a completely
stereoselective addition reaction with allylmagnesium bromide. The obtained adduct, on hydrolysis of
the sulfinamide and orthoester moieties, affoigs2-amino-2-methylpentenoic acid in enantiomerically
pure form (Scheme 93).
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Scheme 93.

(5R)-5-Phenyl-3-methyl-3,4-dehydromorpholinone, obtained by direct condensation Rpf (
phenylglycinol with ethyl pyruvate, reacts with organomagnesium reagents in the presence of a
Lewis acid to afford imine addition compounds as single diastereoiscitfeksydrogenolysis of the
morpholinone with palladium hydroxide under a pressure of 5 atmospheres furnishes enantiomerically
pure x-methylamino acids (Scheme 94).

H
CH R' CH
CGHS‘[ :\[ 1) BFgELO_ CGHS“[ ® )HuPdOH, L
—————=—=> NHy” “COOH
HMgX 2) TFA, CH3OH
457 458 459
m B E de%
a CH3CH2 CchHQ > 98
b CHg3(CHy)s CHg(CHy)s >98
c (CHg),CH (CHg),CH >98
d (CH3)sC (CH3)sC >98
e (CHQ)ZcHCHg (CH3)2CHCH2 > 98
f CeH5CH, CgHsCH, > 98
g C6H5CEC CsHs(CHz)z >98

Scheme 94.

Suitably protected erythrulose reacts w@kbenzylhydroxylamine to afford an equimolecular mixture
of ketoxime ethers, which can be separated into geometrical isomers. Whereas addition of organolithium
reagents to the €N bond of Z-configured ketoximegl61 occurs with modest stereoselectivity, the
addition of the same reagents to ketoximes€eatonfiguration462 occurs quite stereoselectively and,
in most cases, the minor diastereoisomer is not detected by NMR spectré3téty(R)-x-Substituted
serines have been obtained in enantiomerically pure form from addition comp&¥rilts.this end,
O-benzylhydroxylaminegl63 are desilylated and converted into oxazolidinones by treatment with car-
bonyldiimidazole. Cleavage of the acetonide, two-step oxidation of the diol and esterification then yields
a 4-carboxymethyl-2-oxazolidinone that, upon hydrolysis and subsequent hydrogenolysis, furnishes the
x-alkylamino acid (Scheme 95).

Finally, diastereoselective addition of butyllithium to chire){O-[(R)-1-phenylbutyl]ketoxime, de-
rived from benzylidene acetone, affords the corresponding hydroxylamine in moderate yield and with
about 80% diastereomeric excess. Cleavage of the N—O bond and acylation with benzylchloroformate
gives theN-benzyloxycarbonyl-protected amid&’l, which is submitted to oxidative cleavage of the
double bond to affordR)-N-benzyloxycarbonyloxyx-methylnorleuciné®? (Scheme 96).

9. Enantioselective syntheses

In recent years there has been great progress in asymmetric synthesis employing a chiral organometal-
lic compound as a catalyst, so-called catalytic asymmetric synthesis, and this constitutes one of the most
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Scheme 96.

promising methods of obtaining an optically active compound since a small amount of chiral catalyst
can produce a large amount of chiral compound. Despite the great potential of this synthetic strategy
only a few examples have appeared in the literature dealing with the catalytic asymmetric synthesis of
a-alkylamino acids.

Pioneering work in this field has been performed by Ito e*alwho have developed an enantio-
selective synthesis @f-alkylserines through a gold(l)-catalysed asymmetric aldol reaction of methyl
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isocyanocarboxylates with formaldehyde, using (aminoalkyl)ferrocenylphosphines as chiral ligands. The
reaction affords chiral methyl 4-alkyl-2-oxazoline-4-carboxylates with enantiomeric excesses varying
from 44 to 81% depending on the chiral ligand. Among the various chiral ligands tested, those bearing an
ethylamino or piperidino group at the terminal position of the ferrocene side chain were found to be more
effective. Acidic hydrolysis of chiral methyl 4-alkyl-2-oxazoline-4-carboxylates gives the corresponding
(9-a-alkylserine in nearly quantitative yield (Scheme 97).

R1,CO,CHy Ry cO.CH
'»( 2 2 3
R [Au (c-hex NC)I* BFgLT OH  NH,
473 474 475
Entry R-N-R Ry ee%
CH R a N(CH3)2 CH3 64
H,,| 3,% N b 1-piperidy! CH,3 63
@L N : ¢ NCHz),  CHiCH, 70
U= r PPh, d 1-piperidyl  CHsCHj 66
e N(CHj3), (CH3),CH 71
&S—Pph, f 1-piperidyl (CHg),CH 81
9 N(CHa)2 CeHs 67
Scheme 97.

This synthetic methodology has been applied to the synthesisnoéthylphenylalaninex-alkyl- -
phenylserines and-alkylthreonineg3® In these cases, methy-isocyanocarboxylates were condensed
with benzaldehyde and acetaldehyde to give a mixtur@sogdndtrans oxazolines whose ratio depends
on the substitution pattern of the startingisocyanocarboxylate. In the reaction with benzaldehyde,
the predominant stereoisomer, obtained with a high enantiomeric excessirhas geometry except
when thex-alkyl substituent is an isopropyl group. The reaction with acetaldehyde is less selective and
also less enantioselective with tbis stereoisomer, obtained with mediocre or poor enantiomeric excess,
being predominant in the mixture when non-equimolecular mixturegsaihdtransisomers are obtained
(Scheme 98).

Enantioenriched oxazolines have been conveniently elaborated to the corresparalidamino
acid. In this way, 5-phenyl substituted oxazolines have been submitted to palladium-catalysed hydrogen-
olysis to affordx-alkylphenylalanine derivatives. Moreover, enantioenriched oxazolines can be trans-
formed intox-alkylphenylserines and-alkylthreonines by acidic methanolysis (Scheme 99).

O’Donnell et al. have also developed an enantioselective routedtkylamino acids based on the
well known strategy developed by the authors and applied to the asymmetric synthesis of monoalkyl-
amino acidg3® Asymmetric synthesis ok-methylamino acids is performed by phase-transfer catalytic
alkylation, using cinchonine and cinchonidine as a chiral catalyst, of Schiff bases derived from aromatic
aldehydes and alanintert-butyl este?3’ Optimal results were obtained using KOHBO; as the
base and thg-chlorobenzaldehyde-derived imine as the substrate. Under these reaction conditions
alkylation with several alkyl halides gave the corresponding alkylation products in good yields and with
enantiomeric excesses in the range of 36-50% in favour of the enantiorRerooifiguration when the
cinchonine-derived chiral catalyst was used. With the ugesefidoenantiomericinchonidine-derived
catalyst, the corresponding enantiomerSafonfiguration is obtained as the major compound although
the enantiomeric excesses obtained are worse. Purification of the major enantiomer by crystallisation and
subsequent deprotection releasesdabe-dialkylamino acid (Scheme 100).
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Entry R-N-R By B, 477/478 ee% 477 ee% 478
a N(CHg), CHs CeHs 82/18 92 44
b NEt, CHg CgHs 77/23 82 26
c 1-piperidyl CHs CgHs 88/12 90 5
d 1-morpholyl  CHs CeHs 97/3 94 53
e N(CHs), (CH3),CH CgHs 50/50 88 48
f NEt, (CHg),CH CeHs 52/28 85 42
g 1-piperidyl  (CHg),CH CeHs 54/46 92 28
h 1-morpholyl  (CHj3),CH CeHs 62/38 88 17
i N(CHa)o CHs CHs 38/62 46 49
j 1-piperidyl CHg CHg 44/56 44 6
k 1-morpholyl  CHj CHgy 56/44 86 54
| 1-morpholyl ~ CH3CH, CHjy 54/46 87 66
m 1-piperidyl  (CHg),CH CHg 22/78 35 23
n 1-morpholyl  (CHj3),CH CHg 24/76 26 51
Scheme 98.
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T A CH3 R
CHg CHs
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R = 4-CICgH4CH,
- H Entry RBRX ee%
a 4'FCBH4CHQBI’ 50
Ccr b 4'CICGH4CHng 48
c 4-BrCGH4CHzBr 44
d CGHscHgBr 44
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f CHo=CHCH,Br 36

cinchonine-catalyst

Scheme 100.
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In a similar approach, Belokon’ et & performed C-alkylation of Schiff bases derived from
benzaldehyde and alanine esters under phase-transfer catalysis &5R)-@2-dimethyle, o, ¢’ -
tetraphenyl-1,3-dioxolane-4,5-dimethanol, TADDOL, as the chiral promoter. The alkylation reaction
proceeded with enantiomeric excesses varying from 24 to 82% and the best results were obtained when
a stoichiometric amount of TADDOL was used. Final deprotection of the alkylation compounds allows
the synthesis of enantioenrichd®){x-methylphenylalanine andR}-x-allylalanine (Scheme 101).

B.
CeHsCH=N._COoR; ————ooo . GgHsCH=N. COzR; —HOL ~ HaN  COM
he R,R-TADDOL/R,X 3 CH.R
CHa CH3 Re 32
486 487 488
Entry By RoX ase ee%
a CHQ CGHscHQBr NaH 70
b (CH3),CH CgHsCH,Br NaH 60
c (CH3)o.CH CH,=CHCH,Br NaH 75
d (CHg)ch CBHSCHQBT NaOH 82
e (CHs)zCH CGHSCHZBr KOH 24
f* (CHg)gC CGHscHQBr NaH 40
g* (CHg)gC CGHscHgBI' NaOH 38
*S-alanine

Scheme 101.

Allylation of azlactones derived fromN-benzoylamino acids with 3-acetoxycyclohexene using chiral
palladium catalysts generated in situ, triethylamine as the base and acetonitrile as solvent gave the
corresponding alkylation product in high yield, with a good stereoselectivity and a high enantioselectivity
for both the major and the minor diastereoisomers. Removal of the minor diastereocisomer by column
chromatography allowed the isolation of the major compound in enantiomerically pure form. As the size
of the side chain of the amino acid increases, the diastereomeric excess increases. Hydrogenation of
the double bond, followed by hydrolysis of azlactone gave the corresponginglialkylamino acid®
(Scheme 102).

2 3 . H o
Q . R{KO [(n®-CaHsPACIll L . HyO* COH
OAc N={ R = CHg CHg""

RY % __ 3
N NH
CGHS ‘—(CGHS 2
489 490 491 492
Entry R ee%

[e) B [e) a CHj 99
L= N N b CeHsCHa 99
H H c (CH3),CHCH, 99
PPh, PhoP d (CHg),CH 95

Scheme 102.

Finally, asymmetric Michael addition betweercyanocarboxylates and vinylketones or acrolein,
catalysed by rhodium complexes with a diphosphine as a chiral ligand, affords optically active Michael
adducts in high yield and with enantiomeric excesses varying from 73 to 92% working at a temperature
of 3-5°C and using benzene as a solvéAThe Michael adduct obtained in the reaction of isoprapyl
cyanopropanoate with acrolein has been further elaborate){®-&mino-2-methyl-6-phenylhexanoic
acid by treatment with benzyltriphenylphosphonium ylide, subsequent hydrogenation of the Wittig
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olefination product and transformation of the ester moiety into the amino group through a Hofmann
rearrangement (Scheme 103).

o) o)
)v N NCYCOZRZ {RhH(CO)[PPhss} A COsR, 1) PhCH=PPhj
Ri I —— 1 R T ———
CHs L CH3 CN 2) Hp, Pd/C
R1=H
493 494 495
CeHs(CH2)4\<002CH(CH3)2 1) KOH  CgHs(CHa)g CONHy 1) Bry/NaOH  CeHs(CHz)a~ NH2
CHy CN 2) PCl CHy CN 2) Ca(OH), CH, COLH
3) NH,q
496 497 498
R, = (CHg),CH
Entry By Ry ee%
a H (CH3)CH 87
. PPh b H ('Pr);CH 92
'CHs c CH, CHj 73
e d CH, CH3CH, 81
T “ra Fo e CH3 (CHg)oCH 86
f CHs (CHg)sC 81
g CHs ('PrzCH 93
CHy “I’D’*;h h CH3CH, (FHa)ch 85
2 [ CH4CH, ('Pr)2CH 91
j CegHs (CH3).CH 83
k 4-CH30C6H4 (CH3)ZCH 89
I 2-CH30CgH,4 (CH3)CH 86
m 4-CICgH,4 (CHg3)oCH 85

Scheme 103.

The same research group has also described the asymmetric aldol réaeimhasymmetric allylic
alkylatior?*? of 2-cyanopropanoates to afford the corresponding aldol adduct and allylation compound
respectively. However, further elaboration of these compounds, which would allow the asymmetric
synthesis ofx-alkyl-B-hydroxyamino acids and-allyl amino acids, has not been described.

10. Resolution procedures

In addition to the procedures described above for the asymmetric synthesis of chiral non-racemic
«,x-dialkylamino acids by asymmetric synthesis using either chiral auxiliaries or asymmetric catalysts,
resolution procedures also allow their isolation in enantiomerically pure form from racemic mixtures
obtained by non-asymmetric procedures. The resolution into enantiomers of a racemic mixtuxre of
dialkylamino acids can be performed using two major types of resolution procedure: enzymatic resolution
of racemic amino acid derivatives or chemical resolution of diastereoisomers obtained from racemic
amino acids.

The resolution of racemic compounds by enzyme-catalysed reactions has become a powerful tool
in organic synthesi$**-246 Hydrolytic enzymes are the biocatalysts most commonly used in organic
synthesis and of particular interest among hydrolytic enzymes are amidases, proteases, esterases and
lipases. These enzymes catalyse the hydrolysis and formation of ester and amide bonds and have been
used extensively for the large-scale resolution of racemic mixturesarhino acid derivative$?’
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Despite the fact that the rate of enzymatic digestiorxak-dialkylamino acid derivatives is often
slow compared to the correspondilnghydrogenamino acid derivatives, it is possible to obtain these
compounds in enantiomerically pure from using hydrolytic enzymes.

One of the first examples that appeared in the literature was reported by Marshaft*&twdiq per-
formed the digestion oN-trifluoroacetylex-methylphenylalanine anl-trifluoroacetyle-methylvaline
using bovine carboxypeptidase £PA). Protected derivatives d®-configuration were separated from
the free §)-amino acids obtained in the reaction mixture by a simple extraction procedure. FiRglly, (
x-methylphenylalanine and=}-x-methylvaline were obtained from thei-trifluoroacetyl derivatives
by mild hydrolysis in 1 N NaOH (Scheme 104).

CHz R
- HZN/’(CozH
R CHs CPA 500
CFgCOHN™ "COH  gyiraction
R CH R CH
n:CGHsc?-lgz? (CH3)oCH - CF3COHN ? cng . HzN;(C:)zH
501 502
Scheme 104.

Racemid\-trifluoroacetyl«-trifluoromethylalanine has also been resolved into enantiomers by partial
hydrolysis with hog kidney aminoacylasdiA). In this case, theR)-amino acid derivative is selectively
hydrolysed with 98% enantioselectivity and the unreadtetlifluoroacetyl derivative has an optical
purity of 979¢4° (Scheme 105).

CHy OF 5
" HoN"~ >CO,H
CF3 CHs HKA 504
CF3COHN” “COH  chromatography |
503 CF3 CH Hel CF3 CHa

CF3COHN CO,H HoN CO,H
505 506
Scheme 105.

Although acylase |, isolated from porcine kidney, shows poor reactivity towardsdialkylamino
acid amides, Whitesides et &f have developed a new methodology to efficiently perform enzymatic
resolutions, the so-called membrane-enclosed enzymatic catalysis (MERR)t uses enzymes placed
in commercially available dialysis membranes. This methodology allows the use of large quantities of
protein in small reaction volumes and the recovery of the soluble enzyme. By using this technique,
x-methylmethioninex-methylphenylalanine and-methyltyrosine have been efficiently resolved with
membrane-enclosed acylase | (Scheme 106).

The enzymatic hydrolysis of,x-dialkylamino acid amides using aminopeptidase friviycobac-
terium neoaurunATCC 25795 has also been reported. This enzyme is capable of selectively hydrolysing
(9-amino acid amides of a wide variety afx-dialkylamino acids to give theR)-amide. Selectivity for
substrates with two small substituents is only moderate, but for substrates with sterically more demanding
substituents the enzyme is almost completely stereoselective. Separation of the two compounds can
be performed by solubility differences of th&){acid and the R)-amide in organic solver#®25°
(Scheme 107).
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Scheme 106.
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Entry Ry Ry ee %511 ee% 512
a CHs CH3CH» 80 73
b CH3 CH2=CHCH2 78 54
c CH, (CHg)CH >98 >98
d CH3 CHz(CH2)5 >99 89
e CHs CHy(CH,)s >99 99
f CH3 CeHsCHg > 99 99
g CHs CgH5CH=CHCH, >98 48
h CHs CeHs 95 86
i CchHz CeHsCHQ > 96 62
j CchHg CGHS 94 14
k CH2=CHCH2 C6H50H2 85 20
Scheme 107.

The amidase fromDchrobactrum anthropican resolve heavily substituted,x-dialkylamino acid
amides that could not be efficiently resolved ldycobacterium neoauruf?®—2°8 due to the fact that
it hydrolyses §)-amides selectively.

Roeske et af*® found that chymotrypsin hydrolyses thé&){somer of somex-methylamino
acids, having deacylated the amino group, and this method has allowed the enzymatic resolution
of «o-methylphenylalanine methyl esterx-methyltryptophan methyl ester andx-methyl-4-
fluorophenylalanine methyl ester (Scheme 108).

R CHs Chymotrypsin C"EE . R;(CH:;
HoN™ "CO,CH3z HoN™ "COoH HoN™ "CO,CHgz
514 515

513
R= 3-indonICH2, CeHsCHz, 4'FCSH4CH2
Scheme 108.

Candida lipolitica esterase GLE) efficiently resolvesx-methyl-x-benzylamino acid esters arid
acetamido derivatives, in most cases with the enantioselectivity of the recovered ester exceeding 98-99%
at 50% substrate conversf$f (Scheme 109).

Pig liver esteraseRLE) can be used for the resolution afx-dialkylamino acid esters. In this case,
the S enantiomer of the amino ester is preferentially hydrolysed and enantioselectivities are low except
for «-allyl-x-phenylglycine methyl ester and-butyl-x-phenylglycine methyl est&p3255.258

Humicola amino estera&® successfully catalyses the resolution of straight chain aliphafic
dialkylamino acid esters in which both chains are larger than methyl. This method is especially useful
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f (CH3),CHCH» Ac CH30H2 92

Scheme 109.

as these amino acids are difficult to resolve by chemical and biochemical means due to the flexibility of
the two large alkyl groups, which become indistinguishable to most resolving agents. Most of the amino
esters digested by this esterase are resolved R)tarfiino acids andS)-amino esters (Scheme 110).

Ry Ro Humicola Ry Re . Ro R
HoN™ "CO,CH,CHg H,N" ~CO,H HoN”~ ~CO,CH,CHg
519 520 521
Entry By By ee% 520 ee% 521
a CH3(CHy)g CH3CH, 91 -
b CHs(CHg)s CchHz 90 99
¢ CHs(CHy)s CHs(CHa)z 92 60
d CsHSCHz CchHg 85 -
e CeH5CHj CH3 32 88
f CHa(CHz)a CHQCHQ 92 -
g  CHsCH=CH CH4CH; 94 66
h CHg(CHg)g CHQCHQ 26 53
i CHa CHgCHg 36 100
Scheme 110.

Spero et af®? have described the use of lipase L in the synthesis-ofethyl-3-fluorophenylalanine
by enzymatic resolution of the ethyl ester or thiecetyl ethyl ester. Starting from the ethyl ester, he
enantiomer was hydrolysed to the acid and Rhenantiomer remained as the ester. Whereas the amino
ester can be easily isolated from the reaction by extraction, the amino acid had to be acetylated to achieve
their isolation. Starting from thé&-acetyl derivative the R)-acetylamino ester remained unreacted,
whereas the& enantiomer was saponified to the acid; in this case the isolation of both enantiomers was
easily performed in high yields (Scheme 111).

Belokon’ et al?®® have described the use of Schiff bases derived from amino acid esters as substrates
towards chymotrypsin and lipases. The procedure has the inherent advantage of the lability of the
N-protected group and the increased solubility in organic and aqueous—organic solvents and it has
been successfully applied to the resolutioncemethylphenylalanine. TheS-amino acid with a 98%
enantiomeric excess precipitated out from the solution as the reaction progressed and the liberated
aldehyde and unhydrolyseR)tester, with 29% enantiomeric excess, remained in solution (Scheme 112).

Lipase-mediated transesterification of 2-alkyl-2-benzoylamino-3-butenols using vinyl acetate as an
acyl donor preferentially acetylates one enantiomer of the subsffatenong the variety of enzymes
tested, lipase AK-20 appeared to be the most enantioselective catalyst and optimal results were obtained
working with water-saturated benzene as a cosolvent. Deacetylation of aé&dfetowed by oxida-
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Scheme 112.

tion of the hydroxymethyl side chain to acid and final acidic hydrolysis provides thextrgrylamino
acids (Scheme 113).

Pig liver esterase has been used to resolve cycketoesters bearing a quaternary carbon centre.
Enantiomerically pure unreactdttketoesters have been submitted to Beckmann rearrangement pro-
moted by silica gel through an intermediate tosylated oxime. The lactams, obtained in excellent yields
as enantiomerically pure compounds, B8oc protected and treated with a nucleophile to afford the
corresponding esters or aciéi3(Scheme 114).

Bjorkling et al?%% obtainedx-methylphenylalaninex-methyltyrosine andx-methyldopa by Curtius
rearrangement of enantiomerically pure methyix-dialkylmonomalonic esters obtained by enzyme-
catalysed hydrolysis of their corresponding dimethyl esters using pig liver est&baEg @r chymo-
trypsin. Enantioselectivity in the resolution procedure ugthdr is not total. The use of chymotrypsin
gives enantiomerically pure monoesters after incubation times of several weeks (Scheme 115).

Nagao et af®’ have recently reported a new synthesisoe$ubstituted serines based on enantio-
selective enzymatic hydrolysis of diethylalkyl-x-(benzyloxycarbonylamino)malonates using pig liver
esterase or rabbit liver esteragd_E). Subsequent reduction of the carboxy or the carbethoxy moiety of
the R)-ethyl x-alkyl-a-(benzyloxycarbonylamino)malonates obtained in this way allows the synthesis
of both enantiomers of the amino acid (Scheme 116).

Compoundb52has been further elaborated to give the longer chagubstituted serine derivati&bs
through ozonolysis of the allylic moiety and subsequent Horner—Wadsworth—-Emmons olefination of the
resulting aldehyde with methyl bis(trifluoroethyl)phosphonate (Scheme 117).
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Scheme 114.

On the other hand, the difunctional nature @fx-dialkylamino acids also allows their chemical
resolution through direct crystallisation of diastereomeric compounds obtained from the racemic amino
acid and a chiral resolving agent such as bruéfi&®® cinchonidings’® phenylethylaming/* 1,1 -
binaphthyl-2,2-diyl hydrogen phosphate (BNPPAY or the resolving agent chlocyph®s Neverthe-
less, these classical resolution procedures are often tedious and time consuming as diastereomerically
pure compounds are only obtained after several crystallisation cycles.
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R, R Rz
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Scheme 115.
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Scheme 117.

In certain cases it is possible to isolate both diastereomeric compounds obtained in the reaction of the
racemicx,x-dialkylamino acid with a chiral compound by using chromatographic techniques that are
nowadays more convenient. For examptemethylnorvaline andx-propyl-2-bromophenylalanine have
been resolved by simple column chromatography on silica gel through Schiff bases of their methyl esters
with 2-hydroxypinan-3-one. After column chromatography, acidic hydrolysis of the Schiff bases under
mild conditions provides the corresponding amino esters in enantiomerically puréf¢8oheme 118).
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Scheme 118.

x-Methylphenylalanine has been resolved by simple column chromatography of its diastereomeric
x-boroxazolidinoney-phenylethylamide oy-phenylethanolamide. The amino acid reacts with triethyl-
borane to afford quantitatively the corresponding boroxazolidinone derivative, which is coupled effi-
ciently with (R)-1-phenylethylamine with the reagent Brop. This compound is chromatographed on a
silica gel column to afford both isolated diastereoisomers in quantitative yield. The same procedure can
be applied to the corresponding amides derived fr&pphenylglycinol. Final hydrolysis to the free
amino acids is achieved after treatment with 6 N hydrochloric?aei®Gcheme 119).

o NH2OH EtsB CHSHZN’gEtZ Brop CHa n CHSHZN*g.EtZ
HO,C —>—+ HO,C _— e
0 CHs B NH, CeHs °©
562 563 564
CgHs
H H  CHg HN=BEL CHg NHj
CHg Neg HCI /\/(H/OH
> Y 1 HOZC
ion exchange CeHs O °
chromatography 565 566
HH CHJN=DFL N
— CHz & _N. <
S\r C HOzc
1" O
CgHsO o
567 568
Scheme 119.

Among the most recent studies on the chemical resolution of diastereomeric compounds derived
from racemicx,x-dialkylamino acids, it is worth mentioning the methodology developed by Obrech
et al. based on the easy separation of di- and tripeptides, containing a phenylalanine residue, derived
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from N-acyl-a,x-dialkylamino acids. 4,4-Disubstituted-2-phenyloxazolones can be obtained by
cyclisation of the correspondinly-benzoylamino acid by the action of an activating agent such as
N,N-dicyclohexylcarbodiimide or 1;icarbonyldiimidazole, or by alkylation of 4-monosubstituted-2-
phenyloxazolones with an electrophile in the presence of sodium hydfd@eeatment of this compound

with a chiral amide derived from phenylalanine provides diastereomeric dipeptides that can be easily
separated by crystallisation or column chromatograghihe most efficient and versatile of the chiral
amides used to resolwe,x-dialkylamino acid derivatives is the cyclohexylamide derived from phenyl-
alanine, which has allowed the isolation of both enantiomers-wfethylphenylalaninex-methylvaline,
a-methylphenylglycing/® 2-(aminomethyl)alanine, 2-(aminomethyl)leucif&, «-methylglutamic

acid, x-methylaspartic acid and-isobutylaspartic acf° (Scheme 120).

1) (@] O R] Ro NH o) O 1) %T—?SOOI-:{;H R; Ry
HZN?,_/lLNH I BzHN/QW ).,_)LNH 3 A

. . HoN~ >COLH
N R1 R2 H CHgCeHs O H CH2CGH5 2) HCI
/« /NMP 570 571
CeHs™ >0 0  2) recrystallisation or
chromatography Rs Ry o 1) CF3SOgH R R
£ NH CH30H 2y
569 —  BzHN 7 NH H.N CO.H
O H CH,CgHs 2) HCl 2 2
572 573
Entry R, Ry Bef.
a CHS CGH50H2 278
b CH, (CHg)»CH 278
[o] CH3 CGH5 278
d CHj NHBz 279
e (CH3),CHCH,  NHBz 279
f CHj CH,CH,CO,'Bu 280
g CHs CH,CO,' Bu 280
h (CH3)oCHCH,  CH,CO,'Bu 280
Scheme 120.

When the authors applied the same procedure to racemic 4-alkyl-4-iodomethyl-2-phenyloxazolone, a
diasteromeric mixture of oxazolines was obtained. Diastereoisomers were separated by flash chromatog-
raphy, after which they were transformed into dipeptides incorporating-alkylserine residué! 282
(Scheme 121).

Treatment of racemic azlacto®&7 with the cyclohexylamide derived from phenylalanine under the
same reaction conditions gave a separable mixture of diastereomeric succinimide derivatives. In this case
the resolved amino acid contains the side chains of aspartic acid and glutamfé ¢saheme 122).

«-Methyl-4-carboxyphenylglycine has been resolved into enantiomers by anion exchange chro-
matography through its dipeptide with the amino aci-leéucine?®® (S)-Leucyl-(S)-x-methyl-4-
carboxyphenylglycine was first eluted in a pure form in 35% yield and more than 99.5% diastereomeric
excess. Nevertheless, diastereomerically p8ydelicyl-(R)-x-methyl-4-carboxyphenylglycine was ob-
tained in only 3% yield unless the middle fraction containing both diastereoisomers was eluted again
(Scheme 123).

Other resolution procedures have been used to obtaitkylamino acids in enantiomerically pure
form. For examplex-methylcysteine has been obtained by preparative high performance liquid chro-
matography separation of racemic 4-ethoxycarbonyl-4-methyl-2-phenylthiazoline, obtained by methyl-



3584 C. Cativiela, M. D. Diaz-de-Villegas / Tetrahedroisymmetry9 (1998) 3517-3599

R o AL HNH
R
HzN))LNHO o/A\N N T O

2 ~
R H CH,CeHs Y
. CeH
CHyl j eHs
N INMP, Et( Pr),N 575
o

/
CeHs/Ao 2) chromatography e CHyCgHs
A
O?N H o
CeHs
576
Entry R Ref.
a CHj 281, 282
b CeHs 281, 282
c (CHg),CH 281, 282
d (CH3),CHCH; 281, 282
e CH,CO,'Bu 282
Scheme 121.
CH,CgHs

1) o tBuO,C
CO'BU  H,N O W)\ NH
NH O

BzHN
H CH,CoMs
CO,'Bu
/A 2 /NMP 578
CeHs

2) chromatography

| 1BuOC GH,CeHs
577 NH
BzHN O
Scheme 122.

H, CHCH,(CHg),

NH)/COZH HCl H,oN YCOZH

> H2N "
O CHj3 7 CH3 7
H CHS:2(0H3 ion exchange
HoN COzH chromatography CO,H CO,H
& CHy 581 582
H CHCHy,(CHg),
COLH N /‘QWNH COH HCI HoN_COH
580 o4 cH, CHj
CO,H COzH
583 584

Scheme 123.



C. Cativiela, M. D. Diaz-de-Villegas / Tetrahedroisymmetry9 (1998) 3517-3599 3585

ation of 4-ethoxycarbonyl-2-phenylthiazoline, using cellulose triacetate as a chiral stationary phase
followed by acidic hydrolysi#&4 (Scheme 124).

CO,CH,CH3 CO,CH,CHj4
N—CH 1) LDA N—CHs
A _NLOA g
CeHs™ s 2)CHyl  CgHs™ g
585 586
CO,CH,CH3 ; CHj3
N—cCHy preparative HPLC N—=CO,CH,CHs
) /
CGHs/ks CeHs/kS
587 588
1 HCI J HCI
CO,CH,CH3 CHs
HZN’.TCHS HzN’TCOzCHZCHa
CH,SH CH,SH
589 590
Scheme 124.

x-Methyl-4-carboxyphenylglycine has been resolved into enantiomers by auto-seeded programmed
polythermic preferential crystallisation, a variant of preferential crystallisation, of the hydantoin obtained
in the Blcherer—Bergs reaction of 4-methylacetophenone. This technique works due to the fact that 5-
methyl-5-(4-methylphenyl)hydantoin crystallises as a conglomerate. The technique is based on alternate
successive crystallisation of each enantiomer of the mixture from a supersaturated mother liquor con-
taining a slight excess of one enantiomer. After the hydantoin had been resolved, oxidatioparathe
methyl group and hydrolysis under basic conditions afforded the aminé®a¢@theme 125).

11. Miscellaneous

A number of synthetic methodologies have appeared in the literature that do not fit any of the groups
described above and these are discussed now.

Firstly, the chiral imidazolidinone derived from glycine and pivalaldehyde, developed by Seebach et
al. as a glycine building block for the synthesiscofamino acids and described at the beginning of this
review, has been converted into 5-carboxymethylimidazolidine essentially as a single diastereocisomer
with the trans-configuration as shown in Scheme 1868 Treatment of this compound with LDA gives
an enolate intermediate that adds different electrophiles with total stereoselectivity with the newly
introduced R group in &ans disposition with respect to thiert-butyl group. Sequential treatment of
the alkylated compounds with trifluoroacetic acid and sodium hydroxide, followed by ion exchange
chromatography, gives the correspondiglkyl-o,B-diamino acids (Scheme 126).

Cyano esters derived from $PR,4R)-10-dicyclohexylsulfamoylisoborneol, used by our group as
synthetic precursors fox,x-dialkylamino acids through asymmetric alkylation and subsequent rear-
rangement to the desired compounds, have also been submitted to electrophilic arifiatis use
of O-(diphenylphosphinyl)hydroxylamine as the amination reagent and lithium hexamethyldisilylamide
as a base led to-aminocyano esters in good yields and with acceptable diastereoselectivities. From
diastereomerically pure compoundsalkyl-«,B-diamino acids are easily obtained by hydrogenation of
the cyano group followed by basic hydrolysis (Scheme 127).
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Scheme 127.

Asymmetric epoxidation dE-allylic alcohols under Sharpless conditions yields optically active epoxy
alcohols in excellent yields and with optical purities ranging from 90 to 96% enantiomeric excess.
Swern oxidation to epoxy aldehydes followed by Wittig methylenation affords vinyl epogie&svhich
rearrange to aldehydes under mild conditions using boron trifluoride ethera®at for 2 min. With
substituted benzyl systems these reaction conditions give unsatisfactory yields of aldehyde and better
results are obtained with the use of 5 M LiGI@n refluxing ether. Aldehydes are oxidised to acids
and subsequently converted into ami@d®, which are then rearranged to carbamates by the action of
lead tetraacetate in the presence of benzyl alcohol. Finally, ozonolysis of the vinyl moiety followed by
reductive work-up, oxidation of the aldehyde with sodium chlorite and hydrogenolysis with palladium
on carbon gives)-x-methylphenylalanine an®)-x-methyldopd®® (Scheme 128).
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Scheme 128.

Goodman et &% have developed a synthetic route demethylthreonine derivatives starting from
benzyl tiglate. The Sharpless epoxidation of this compound gives the corresponding diol with excellent
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optical purity. The homochiral diol was transformed into a cyclic sulfite and oxidised to cyclic sBf#ate

and this compound was submitted to nucleophilic substitution. Depending on the nucleophile and the sub-
sequent reaction sequence to the final amino acid, the four stereoisoretsrobutoxycarbonylamino-
x-methylthreonine can be obtained (Scheme 129).

HO CH H CH
1) NaNg I 3 1) Hy, Pd-C OI ®
2 + "2) Boc,O CHg";
)HSO CH3 N3 COan 2) Boc,O Boc?—IN COgH
0. O~ CHa 617 618
'S —
0"\,
©cHgozen CH CH
HO HO
383 1) LiBr I N 1) NaNg I s
2) HzO* CHA" 2) Hp, Pd-C BocHN',
3 3 Br COan 3) BOCgO CH3 COQH
619 620
Scheme 129.

Hatakeyama et &B° obtained chiralx-methylserine from 2-methyl-2,3-epoxytrichloroacetylimidates
synthesised from R)-methylglycidol. Diethylaluminium chloride-promoted cyclisation of
trichloroacetylimidate and subsequent pivaloylation gave the corresponding oxazoline, which was
hydrolysed to theN-Boc protected amino alcoh@23 From this compound, a divergent synthesis to
both enantiomers dfi-tert-butoxycarbonylaminax-methylserine methyl ester has been developed and
this is shown in Scheme 130.
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626 627 628

Scheme 130.

Mycestericin D has been synthesised frgrbenzyloxybutanal in several steff8.The aldehyde has
been condensed with glycine in the presence-direonine aldolase to afford a mixture o§3R and
25 3S compounds. Under kinetically controlled reaction conditions t88R compound predominates
in the mixture whereas under thermodynamically controlled conditions $852somer is the major
compound. Thex-amino{f-hydroxy acids obtained in this way alkeacetylated and isolated by chro-
matography. Compoun@32 is then hydrolysed and treated with benzimidate to afford an oxazoline
derivative which is stereoselectiveGralkylated by treatment with formaldehyde in the presence of DBU
with retention of configuration. Mycestericin 687 was obtained from this compound in several steps
according to Scheme 131.
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Scheme 131.

Chiral epoxy silyl ethers smoothly rearrangebtsilyloxy aldehydes by the action of methylaluminum
bis(4-bromo-2,6-dtert-butylphenoxide) (MABR). Oxidation of the aldehydes to carboxylic acids and
subsequent Curtius rearrangement yield the corresponding isocyanates, which can be further elaborated
to (9)-ax-methylphenylglycine, §)-x-pentylalanine andR)-x-methylseriné®! (Scheme 132).

Finally, stereochemically homogenedtans-dimenthylcyclopropane-1,2-dicarboxylate has been con-
verted into chiral 2-substituted-2-amino-2-(2-carboxycyclopropyl)glycines according to Scherfi& 133.
Selective hydrolysis to the acid-ester followed by acid chloride formation and palladium-mediated
coupling with an organozincate affords non-racemic ketones that are transformed into an equimolecular
mixture of hydantoins. These hydantoins can be separated into diastereoisomers by chromatography and
further elaborated to enantiomerically pure amino acids.

12. Concluding remarks

o,oi-Dialkylamino acids are an important class of non-proteinogenic amino acids that play an impor-
tant role in the inhibition of enzyme activities and in the design of conformationally modified bioactive
peptides. Their extensive use is only limited by the availability of enantiomerically pure compounds in
large quantities.
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As we have shown in this article, a wide variety of synthetic approaches to these compounds has been
developed, most which are based on stereoselective syntheses using chiral auxiliaries. Such an approach
allows the synthesis of almost any imaginable compound on a laboratory scale.

The use of enzymes for the resolution of racemic compounds is an attractive approach to the synthesis
of compounds on a large scale that, combined with racemisation to recycle the undesired enantiomer, has
been applied to the synthesis @fhydrogenamino acids. Although in some cases enzymes can resolve
«,x-dialkylamino acids, this type of process is generally slow and less stereoselective and the undesired
enantiomer cannot be racemised, which is a significant drawback when only one of the stereoisomers is
required.

Enantioselective synthesis using chiral catalysts would allow the synthesis of large quantities of
optically active compounds using only small amounts of optically active catalysts. However, this
technique has not been extensively used in the syntlhesigdialkylamino acids in enantiomerically
pure form. Nevertheless, the usefulness of this methodology makes its exploitation a worthwhile pursuit
and, in our opinion, this technique offers excellent prospects for the future.
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Appendix A. Abbreviations

Ac = CHsCO

Aib = 2-aminoisobutyric acid

Alloc = CH,=CHCH,0CO

Bn = CgHsCH>

BNPPA = 1,1-binaphthyl-2,2-diylhnydrogen phosphate
Boc = (CHs)3COCO

Brop = bromotris(dimethylamino)phosphonium hexafluorophosphate
BTEAC = benzyltriethylammonium chloride
Bu = CHsCH,CH,CH;,

'Bu = (CHg)sC

Bz = GH5CO

CAN = ceric ammonium nitrate

CDI = carbonyldiimidazole

CLE = Candida lipoliticaesterase

Cp = cyclopentadienyl

CPA= bovine carboxypeptidase A

DABCO = 1,4-diazabicyclo[2.2.2]octane
DAST = diethylaminosulfur trifluoride

DCC = dicyclohexylcarbodiimide

DIPT = diisopropyl tartrate

DMAP = dimethylaminopyridine

DMPU = N,N’-dimethylpropyleneurea
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DMSO = dimethylsulfoxide

de = diastereomeric excess

dppe = 1,2-bis(diphenylphosphino)etane

dppp = 1,3-bis(diphenylphosphino)propane

dr = diastereomeric ratio

ee = enantiomeric excess

EDA = ethylenediamine

Et = CHsCH;

c-Hex = cyclohexyl

HKA = hog kidney aminoacylase

HMPT = hexamethylphosphorous triamide

HPLC = high performance liquid chromatography
KHMDS = potassium hexamethyldisilylamide

Iva = isovaline

LDA = lithium diisopropylamide

LDEA = lithium diethylamide

Leu—OH = leucine

LHMDS = lithium hexamethyldisilylamide

LTMP = lithium 2,2,6,6-tetramethylpiperidine
MABR = methylaluminum bis(4-bromo-2,6-dért-butylphenoxide)
MCPBA = m-chloroperoxybenzoic acid

MEEC = membrane enclosed enzymatic catalysis
MOM = methoxymethyl

MPLC = medium pressure liquid chromatography
Ms = CHzSO,

NMP = N-methylpirrolidone

PCC = pyridinium chlorochromate

PDC = pyridinium dichromate

Ph = GHs

PhtN = phthalimidoyl

PLE = pig liver esterase

PPTS = pyridiniunp-toluenesulfonate

'Pr = (CHs).CH
PTC = phase transfer catalyst
Py = pyridine

RLE = rabbit liver esterase

SDMP = (§-1-dimethoxymethyl-2-methoxymethylpyrrolidine
Ses =B-trimethylsilylethanesulfonyl

TADDOL = (4R,5R)-2,2-dimethylet,ox,” ,’ -tetraphenyl-1,3-dioxolane-4,5-dimethanol
TBAB = tetrabutylammonium bromide

TBAF = tetrabutylammonium fluoride

TBAI = tetrabutylammonium iodide

TBDMS = tert-butyldimethylsilyl

TBDPS =tert-butyldiphenylsilyl

TEMPO = tetramethylpiperidind-oxyl

Tf = CRSO;,
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TFA = trifluoroacetic acid

TMDEA = tetramethylethylenediamine

TMS = trimethylsilyl

Ts =p-toluenesulfonyl

Z = CgHsCH,OCO

Z-OSu =N-(benzyloxycarbonyloxy)succinimide
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