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This review article covers mainly the synthetic
approaches for nonproteinogenic heteroarylalanines and
therefore it does not include natural proteinogenic amino
acids like tryptophan, histidine and their derivatives.
There has been an increasing interest in this field as evi-
denced by many publications which were published dur-
ing the last decade.

Several review articles on nonproteinogenic amino
acids have already appeared in the literature; they include
the syntheses and transformations of amino acids substi-
tuted with heterocyclic rings as well as the amino acids
isolated from various plant sources and fungi [1-5]. To the
best of our knowledge no review article has appeared so
far covering the syntheses of heteroarylalanines.

The known synthetic methods for the preparation of B-
substituted alanines which are based either on conjugate
additions to dehydroalanine derivatives or on displace-
ment reactions of B-substituted alanines are neither effi-
cient nor stereospecific and are only partly suitable for the
syntheses of heteroarylalanines.

In this article, synthetic methods have been divided into
ten chapters. In addition, heteroarylalanines isolated from
natural sources, their biosyntheses and resolution methods
of their racemates are also reviewed. All synthetic and
natural heteroarylalanines described in literature are sum-
marized in the Tables accordingly to the heterocyclic

residue attached to the alanine side chain.

For the sake of simplicity, the formulas of amino acids
are represented in uncharged (non-dipolar) form; the lac-
tam groups in the Tables are represented in lactim form
and the stereochemistry of the alanine side chain is not
shown. When necessary, heteroarylalanines are through-
out described as R- or S-, although in the literature
descriptors D- and L- are often used. The alanine side
chain appears in the Tables abbreviated as A.

The biological activities of some heteroarylalanines
which have already found many applications, are only
briefly mentioned and are generally not covered in this
review article.

I. The Malonate Route.

This is the most widely employed synthetic approach
for heteroarylalanines. The reaction takes place between a
heterocyclic chloro- or bromomethyl compound (in spe-
cial cases also dialkylaminomethyl or methoxymethyl
derivatives were used) and diethyl acetamidomalonate. In
a few cases the use of either diethyl formamidomalonate
or ethyl acetamidocyanoacetate was found to be advanta-
geous. Hydrolysis of the substituted malonate was in gen-
eral performed in acidic solution, except in the case of
furan derivatives where alkali (or diluted acetic acid) was
used. Decarboxylation took place either simultaneously
after the hydrolysis or it was induced thermally. The final
products are racemates, if not stated otherwise (Scheme 1).
The heteroarylalanines prepared by this method are pre-
sented in the Tables [6]. Yields are generally good.

II. Syntheses via Reactive Methylene Compounds.

Many compounds with reactive methylene groups can
serve as synthons for constructing heteroarylalanines. The
majority of them are heterocyclic compounds such as
azlactones (oxazolinones), hydantoins (imidazolidine-2,5-
diones), imidazolinones, rhodanine, diketopiperazines or
oxazinones. The most frequently employed is hippuric
acid which is transformed with an aldehyde into the azlac-
tone (Erlenmeyer reaction) which upon reduction and
hydrolysis yields the amino acid (Method II-A, Scheme 2).

There are several methods for reductions and hydrolysis
of azlactones to the corresponding acylamino or amino
acids. These two steps can be combined by using reduc-
tive hydrolysis of a suspension of azlactone in alcoholic
ammonia over Raney nickel at elevated hydrogen pres-
sure and at room temperature [7].
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Scheme 1
Y 1
Het—CH,X + RCONH—-CH:COOE‘ — Het—CH,C—~COOE! — Het-CHzTH—COOH
NHCOR NH
2
X = Cl, Br, NRy, OMe
R = H, Me
Y = COOEt, CN
Scheme 2
0
Het—CH o _COOH
I-A Het—CHO + PhCONHCH,COOH —_— — Het—CH=CZ e
N=( NHCOPh
R
H
— Het-CH,CH—COOH —_—

On the other hand, the unsaturated acids obtained from
the hydrolysis of azlactones can also be catalytically
hydrogenated in the presence of neutral or cationic
rhodium 2,3-(0-isopropylidene)-2,3-dihydroxy-1,4-
[bis(diphenylphosphino)]butane complexes with e. e.
varying from 3-86% [8]. It has also been observed that
unsaturated acids with the heteroaryl moiety such as
2-pyridyl-, 4-pyridyl- or 4(5)-imidazolyl- underwent no
hydrogenation.

There are several examples of syntheses starting from
hydantoin (Method II-B, Scheme 3) or by alkylation of
lithium enolate of a commercially available imidazolinone
(Seebach approach) (Method II-C, Scheme 3) or rhoda-
nine (Method II-D, Scheme 4).

The diketopiperazine (Method II-E, Scheme 4) or 1,4-oxa-
zinone (Method II-F), (Scheme 4) were in certain cases
also employed as synthons for heteroarylalanines.

HeI-CHz(I‘H——COOH
NHCOPh NH,

A few cases of using the bis-lactim ether approach
(Schollkopf's method) (Method II-G, Scheme 5) for the
preparation of heteroarylalanines were also described in
the literature as well as the application of the Schollkopf-
Hartwig bis-lactim ether reagent for the asymmetric syn-
thesis of heteroarylalanines.

Protected glycine imines or amides or their cyclic
analogs were used for the preparation of some representa-
tives (Method II-H, Scheme 6). Protected glycine or ala-
nines were either esters of N-(diphenylmethylene)glycine,
(R,R)-pseudoephedrine glycinamide or methyl N-benzal-
alaninate.

Pseudoephedrine glycinamide was used for the synthe-
sis of a protected pyridoxamine coenzyme-amino acid
(183) which was incorporated into a polypeptide chain.
The starting compound was pyridoxamine, its hydroxy-
methyl side chain was brominated and the product treated

Scheme 3
X f
1-B Het—CHO & °§<_Y° — O =0 — Het—CH,CH—COOH
NH NH N
Het-CH g
v -
0N O™
I-C Het—CH,Cl + *(_ _—
N\ N\
BOC Het—CH; BOC
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Ri—ON R
\
R2 R!
Compound Method of Substituents Remarks References
No. Synthesis R R? R3
1 I A H H H as N-Cbz, poor yield with DAMM, 25% with EAMC [891
RS- and S-; N-Ac [90}
poor yield with DAMM or EAMC, good with DFAM, 91]
S-
II-A A H H H not suitable for large scale preparation [71, (8], [92]
II-B A H H H [93], (94
II-D, II-E A H H H not suitable for large scale preparation [95], [96]
v A H H H R-5-,>90%e. e. 97}
v A H H H R-, §- [98]
2 I A H COOH H with DFMM [991
3 v A H H Me R-, S- [98]
4 \Y A H H NO, R-, §- [98]
5 VII-B A H H 9-pyrenyl 10% yield [22]
6 v H A H H R-, §-,590% e.e. {97]

with the chiral auxiliary glycine derivative in the presence
of lithium diisopropylamide. Final steps include hydroly-
sis and deprotection [9].

A pyridone amino acid 178, isolated from a mushroom,
was synthesized from 6-hydroxynicotinic acid. This was
transformed into an aldehyde which reacted with Horner-
Emmons reagent (Method II-J) to give 287 which was
further transformed into the amino acid 178. The race-

mate obtained was resolved on chiral tlc plate into both
isomers (Scheme 7) [10].

The Horner-Emmons reagent was also used for the
preparation of a pyrrole amino acid 27. The starting com-
pound was 4-formyl-2-methoxycarbonylpyrrole [10,11].

(R)-7-Azatryptophan (130) was prepared in a multistep
reaction sequence from 7-azaindole (pyrrolo[2,3-b]pyri-
dine) using (1R,4R)-camphorimine ester as a chiral tem-

R? R
\
R? R!
Compound Method of Substituents Remarks References
No. Synthesis R R! R? R}
7 1 A H H H N-BOC; §- [50]
I A H H H N-Bz {1005, [101]
II-A, II-H A H H H [8], [102]
\Y A H H H R-, 299% ¢. e.; RS-, >90% e. e. [97], [103],
[104]
VIII-D A H H H [24]
H-CH-COOH
8 X Al H H H Al= ? T [76]
OH NH,
9 VIII-B A H X H X = ferrocenyl-CH=CH- [21}
10 II-D A H H Me [105], [106]
VIII-A A H H Me N-Ac or N-BOC; Me or Bn -ester [20]
11 II-D A H H Et [105], [106)
12 1I-D A H H n-Pr [105], [106]
13 1-D A H H Cl [105], [106]
14 1 A H H Br with EAMC or DAMM [318]
15 VIII-B A H H m-0;N-CgHy [21]
16 VII-B A H H 2-thienyl [21)
17 1 H A H H N-Bz [101], [107],
[108]
II-A, II-H H A H H [8], (102}
\Y H A H H R-,§-,>90% e. e. 97}
\Y H A H H R- [104]
18 \ Br A H H [651



1070

II-D

II-F

II-H

P. Kolar, A. Petri¢ and M. Tisler

S 0
Het— CHO +
NH
(o)
H
N (¢)
Het—CHO + J/: :r
o N
H

Ph (¢} 0
Het—CH,X + I :r
Ph' N
(l:bz

N Bu-Li
Her—CHCI

Het—CH;Br  +  PhC=N—CH,COOR

}\{le
PhCH=N-—CH—COOMe

N NH—Cbz
MeOOC—CH—PO(OMe),

MeO.
U *
& CHO

————

B, Het—CH,Cl
——— i

Vol. 34

Scheme 4
Het— CHa S\ 20
—_—
j'NH
O
H
Het—CH N (0
—_— I :E —_— Het—CHz(iH—COOH
o) N CH—Het
H NH,
Ph (0] (0]
— XX
~ et
Ph rlz ‘/
Cbz
Scheme 5
N OMe

A
Jv\/ —— He“CHzTH— COOH
N Het
MeO' N NH,

Scheme 6

Ph,C=N —(IZH— COOR — Het-CH,CH—COOQH
CHj—Het NH,
I\lrie l\llle
Het—CHz—(IZ —COOMe e Het-—CHz—(IZ—COOH
N=CHPh NH,

Scheme 7

MeO N\ (o] ﬁ
— | — U
yZ ! NN,

Cbz—HN COOMe
287 178



Jul-Aug 1997 Heteroarylalanines 1071
R
|
Rée NV —R!
\ /
R3 R?
Compound Method of Substituents Remarks References
No. Synthesis Rl R R} R
19 IX A H H H H [27], (28]
20 IV-A, VII A tetrahydro S- [109], (110}
H-CH-COOMe
21 IV-B Al COOMe H H H Al= (11
OEt NH;,
22 1 H A H H H from 2-dimethylaminomethylpyrrole and [112]
DAMM or EAMC; not obtained pure
I H A H H H from 2-dimethylaminomethylpyrrole; [90}
N-Ac, N-BOC, N-CBz
VvV, X H A H H H >90% e. e. [75), 197
VI H A H H H reduced with Al/Hg; N-BOC [113]
X H A H H H [75]
23 I-A Me A H H H 8]
24 v BOC A H H H 97
25 v Ts A H H H . 971
26 VI H A H H COCF3 N-BOC, Et-ester [113)
27 11-J H H A H COOH (1)
28
R
i X H N-Cbz, COOBn (291, (30]
0 (0]
j’_j IX Me [291, [30]
A
29
30
R
Ovo X [29], [30)
A

plate [12]. Further examples of Method II-H involve
alkylation with an aziridine derivative (Scheme 8).
Alkylation afforded two isomeric protected products, the
N-1 and N-2 substituted 1,2,4-triazoles in the ratio of
about 2:1 [13]. A cyclic sulphamidate (prepared from ser-
ine) was also used as a source of reactive methylene
group for the preparation of 1-pyrazolylalanine (67)
(Scheme 9) [14].

R? Se_Rr
5T
R? R!
Compound Method of Substituents Remarks  References
No. Synthesis
R R! R? R3

31 1 A H H H [114]
v A H H H $-,85%yield [115]
X A H H H  33%yield [31]
32 I H A H H [114)
\Y H A H H §-,94%yield [115])

The heteroarylalanines obtained by these procedures are
presented in the Tables.

III. The Strecker Synthesis.

This classical approach for the amino acid syntheses
has been used mainly for the preparation of at the ring
substituted amino acids in the pyrimidine and purine
series. The starting N-heteroarylacetaldehydes were
obtained by alkylation of azines with 2-bromo-1,1-
diethoxyethane and they were converted into the corre-
sponding substituted acetaldehydes which were treated
with potassium cyanide and ammonia or ammonium chlo-
ride or benzylamine (Scheme 10) (for examples see
Tables).

IV. Addition of Secondary Amines to Unsaturated Sys-
tems or Addition of Ammonia to Unsaturated Side Chains
of Heterocycles.

Catalyzed or uncatalyzed conjugate additions of hetero-
cyclic secondary amino compounds or ammonia to unsat-
urated heterocyclic acids or esters is a limited synthetic
method for the preparation of heteroarvlalanines. 2-Acvl-
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Scheme 8
NHBn
COOMe
H B . NHBn (
~ MeO ~ MeO N
MeO N N N S O~¢ "N COOMe . “°~ N
\ AN - )
COOMe
Br Br Br
Scheme 9
SOsH
N—Bn NHBn
*C00—-Bu "C00—-Bu
02 H
/S\N Bn N\N N\N N\N
o =
\J/ * L/ - S - \_4
“co0—+-Bu
67
ST were prepared by asymmetric hydrogenation of (Z)-o-
amino-o,B-didehydroesters in the presence of various chi-
SLeleL ral phosphine-rhodium complexes (Scheme 12). In a spe-
CH(OR), CHO . . ) -
H ( r |/< NH; cial case of dibenzofurylalanine (126) cyclization to the
N

N

OO TO 7O

aminoacrylates (acetyl, trifluoroacetyl or phenylacetyl)
were generally used as unsaturated synthons (Method IV-A
Scheme 11). A special case of using methyl 3-ethoxy-2-
nitroacrylate (Method IV-B) is also described and the
nitro group was subsequently reduced. Ethyl o-bromo (or
chloro)acrylate (Method IV-C) was used in the following
manner. After addition the halogen atom was either
replaced directly with ammonia or transformed first into
an azido group which was then reduced. A special case
represents the Michael addition of a chiral nickel (2)-de-
hydroalanine complex to imidazole (Method IV-D).
Ammonia can also add to an unsaturated side chain of
heterocycles (Method IV-E) and, in a special case, 3-chloro-
2-(chloromethyl)-1-propene was used to connect two het-
erocyclic rings (compounds 149 and 263) (Method IV-F).

Heteroarylalanines prepared by the above methods are
presented in the Tables.

V. Hydrogenation of Heteroaryl Acylaminoacrylates.
Enantiomerically pure (R)- and (S)-heteroarylalanines

tricyclic compound was achieved in the last step.

It has been found [15] that the rate of hydrogenation
depends on the presence of additional non-complexing
acids which can protonate the basic nitrogen of the sub-
strate. This can otherwise interact with the rhodium in the
coordination sphere and retard or stop the reaction (for
compounds see the Tables).

VI. Syntheses from Methylheterocycles.

A number of racemic heteroarylalanines were prepared
from methylazines. These were treated with diethyl
oxalate in the presence of a base (Claisen condensation).
The pyruvates obtained after the condensation were
treated with hydroxylamine and upon reduction the
oximino group with tin(II) chloride the corresponding
amino acids were obtained (Scheme 13). The compounds
prepared are listed in the Tables.

VIL. The Use of B-Lactones for the Construction of the
Alanine Side Chain and Other N-Alkylations.

A great part of N-tert-butoxycarbonyl protected het-
eroarylalanines were synthesized in enantiomerically pure
form from fert-butoxycarbonyl-serine B-lactone (3-amino-
2-oxetanone) by using the method of Vederas [16]
(Scheme 14).



Jul-Aug 1997 Heteroarylalanines 1073
R2 O\
w
R! R
Compound Method of Substituents Remarks References
No. Synthesis
R R! R?

33 IX H A OH N-Cbz, COOBn (64]
34 IX H A OAc N-Cbz, COOBn [64]

35 I OH A Me abbrev.: AMPA; X-ray of monohydrate [a} [116)-{118}
AMP labelled with 2H in Me group [119]

and o- to the COOH
N-Methyl-AMPA [120]
II-H OH A Me [121)
36 I OH A Et [122)
37 I OH A CH,-OH [123]
38 1 OH A cyclopropyl [124]
39 1 OH A -Bu abbrev.: ATPA [125]
40 I OH A CH,Br [126)
41 I OH A CF3 [127]
42 I OEt A Me [128]
43 I OCH,COOH A Me [130]
44 1 OCH,COOH A CF; [129]
45 X COOH A Me Ph [73]
46 X p-MeOCgH, Al H Al=  CH,-C-COOMe 771
NHCO-CgHypNO,

47 I Cl A Me [127]

48 ILIV-E OH H A homoibotenic acid (HIBO); 25% yield [118], [128]
X OH H A R-, §- [719]
49 II-H, I OH Me A [121]
50 1 OH n-C4Hgy A [132]
51 1 OH n-CgHjz A [132]
52 I OH CH,CH,0H A [132)
53 1 OH CH,CH,0OMe A [132)
54 1 OH Me Al Al= fH-GHCOOH [12s)

Me NH2
55 1 OH Br A (133}
56 LIV-E OMe H A 1-2% yield; with SnCl, added [118]
25% yield
57 X CH,COOH H A [731
58 X CH,CH,COOH H A [73)
59 X COOH H A [73]
60 X COOH Me A [73]
61 I Ci Me A 127}
62 IX Ph H A 4,5-dihydro derivative [34]
63 X COOH H A 25,5'R and 28,5'S; (17}
4,5-dihydro derivative
64 IX Al H CN 4,5-dihydro Al fH-?H-COOMe [60]
derivative; Me NH,

[a] Used as a standard reference for the characterization of neuroreceptors of the non-N-methyl-D-aspartic acid type.

The unprotected lactone, (S)-3-amino-2-oxetanone in
the form of its p-toluenesulfonate was also used in a par-
ticular case.

If, however, the benzyl ester of imidazole-4-carboxylic
acid was treated with N-Cbz-(S)-serine B-lactone, a mix-
ture of the stereoisomers was obtained in 11% and 18%

yield, respectively. After deprotection the (S)-isomer 85
was obtained in 8§1% yield [17]. Compounds prepared by
the above methods are listed in the Tables.

Synthetic quisqualic acid (89) was prepared by alkyla-
tion of 3,5-dioxo-1,2,4-oxazolidine with methyl 3-chloro-
2-benzoxycarbonylaminopropionate and subsequent



1074

P. Kolar, A. Petri¢ and M. Tisler

Vol. 34

Scheme 11

N r/K:NHCOR

N _COORI N
IV-A + CHy=C{ _—

NHCOR
COOR COOR
EtO EtO

H NO; NH,

N H NO N
IV-B + ScH=cl ' — - N

EtO COOR
COOR

H (/A:X

N _COOR N
IvV-C + CHp=C_ -

X
X=Cl, Br X = Cl, Br, N3, NH;

H H

s N NH N COOR
- —_—
C O coor <Y
NH;
S a a & N
IV-F 2 <;;7 + L\W/J — <;;7 (1;7 -
H;N_ _COOH

N

O

deprotection [18]. In a similar manner isoquisqualic acid
was prepared [19].

VIII. Metal-Catalyzed Coupling.

Different approaches of metal-catalyzed coupling as a
synthetic method for the preparation of heteroarylalanines
have been devised.

@
O

Protected 5-methyl-2-thienylalanines were synthesized
by palladium-catalyzed coupling of the corresponding
iodothiophene with 2-acetamidoacrylate under phase-
transfer conditions. The dehydroamino acid derivatives
obtained were hydrogenated in the presence of the
Wilkinson catalyst (Method VIII-A) [20]. Other thienyl-
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R? R!
Compound  Method of Substituents Remarks References
No. Synthesis
R! R?
65 IX A H H abbrev. BIA; §-, [32)
10% yield, 90% e. e.
IX A H H 45%yield, 80% e.e. [33]
66 IX H H A TAN-950A; X-ray {631
R
&\
R3
\ [
R2 R!
Compound Method of Substituents Remarks References
No. Synthesis
R R!' R? R}
67 I A H H H alsofrom2-YCDAMM [94] [134]
II-H AHH H N-Bn; 1-Bu ester [14]
I AHHH s- {135)
IV-A,IV-C A H H H {109], [136),
[137}
vil A HH H R-, §- [16), [138],
[139], {140]
68 Iv-C A HMe H [141]
69 1 HAH H from 2-4C DAMM  [94], {131],
[142]
70 I HH A H [142]
71 IX HH A OH N-Cbz, COOBn [64]
72 IX MeH A OH N-Cbz, COOBn [64]
RE— SN R
<
N
R!
Compound  Method of Substituents Remarks References
No. Synthesis
R R! R?
73 1 A H H 16% yield [143}
74 1 H A H [143]-[145]
I H A H §-, N-BOC [42],[146]
IX H A H N-BOC [42], [66]
75 X Me A H [66]
76 IX Ph A H {40]
77 1 NH, A H [147], [205}
X NH, A H alsoas N-BOC,  [40], [41],
Bn ester [66]
78 IX NHCbz A H Me ester [43]
79 I NH; A NO, [147], [205}
80 1 NH, A NH, [147), (205)
81 I NMe; A H [147]
82 I NMe; H NO; [147}
83 IX NHCbz H A Me ester [43)

Heteroarylalanines
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alanines were prepared from the corresponding (R)-
bromo-2-thienylalanines or a furylalanine by tandem cat-
alytic boronic acid coupling in the presence of palladium
acetate and tri-(o-tolyl)phosphine (Method VIII-B) [21].

Optically pure (R)- and (S)-3- and 4-pyridylalanines
were obtained by transition-metal assisted asymmetric
synthesis from the corresponding pyridylacrylates. For
coupling of bromopyridines with methyl 2-acetamido-
acrylate Pd,(dba); and tri-(o-tolyl)phosphine were used.
For catalytic hydrogenation a chiral rhodium catalyst was
used (Method VIII-C) [22]. The iodozinc reagent, pre-
pared from protected iodoalanine, was used in several
cases to react with bromo- or iodopyridines to give pro-
tected or deprotected heteroarylalanines (Method VIII-D)
[23-25].

All compounds prepared in the described manner are
presented in the Tables.

IX. Heteroarylalanines Prepared by Formation of the
Heterocyclic Part.

Several synthetic approaches are described in the litera-
ture where the heteroarylalanines are formed from com-
pounds already possessing an alanine side chain and the
heterocyclic moiety is formed by cyclization in a final
step of a particular reaction sequence. In addition, there
are cases where the starting heterocyclic compound is
rearranged or transformed in another way into a new het-
erocyclic ring with the alanine side chain.

A furan ring of benzofurylalanines 97-99 is formed
from protected 3,5-diiodo-(S)-tyrosine and various aryl-
acetylides [26].

There are several reports on the formation of a pyrrole
ring. N-Pyrrolo-(S)-alanine (19) was obtained from
N®-tosyl-(5)-o,B-diaminopropionic acid and 2,5-dieth-
oxytetrahydrofuran. The N-tosyl group was removed with
calcium in liquid ammonia [27,28].

Another pyrrole amino acid and its N-methyl derivative
(28, 29) were prepared in a multistep reaction sequence
from protected aspartic acid using the Barton method and
N-hydroxy-2-pyridinethione [29]. In the same manner the
protected amino acids were obtained [30] and could be
hydrogenated to give a mixture of diastereoisomers 30 in
the ratio of 1:1 which could be resolved [29].

In a novel synthesis 2-selenienylalanine (31) was pre-
pared from an acetylenic compound and sodium hydro-
genselenide and the obtained N-acetyl compound was
then converted into 31 [31].

In the isoxazole series, 3-(5-oxo-2H-isoxazol-2-yl)ala-
nine (65), which was previously synthesized from isoxa-
zolidine-5-one in 10% yield and 90% e. e. [32] and also
isotopically labeled [33] was prepared in an improved
manner from (§)-serine. The multistep synthesis involved
ring closure of the isoxazolinone ring in the last step.
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Scheme 12
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Het—CH=CZ pp—_ Het-CH,CH—COOH
© NHCOR > g
NH,
Scheme 13
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3-(5-Oxo-2H-isoxazol-2-yl)alanine was thus prepared in
45% overall yield but with only 80% e. e. [33]. In a simi-
lar approach diethyl acetamidomalonate was treated with
propargyl bromide to give finally (62) [34]. (2S,5'R)- and
(28,5'S)-2-amino-3-(3-carboxy-2-isoxazolin-5-yl)propi-
onic acid (63) were obtained together with 2% of the
regioisomers from the reaction between protected (S)-allyl-
glycine and a nitrile oxide which was generated in situ
from methyl chloroximidoacetate. The cycloaddition
products were separated (33% and 36% respectively) and
hydrolyzed. The structures were determined chemically
and by nmr NOE experiments [17].

Condensation of ethyl hippurate with ethyl formate
gave an enolic compound which was transformed in a
multistep reaction sequence into quisqualic acid (89) in an
overall yield of 20% [35]. In a similar reaction sequence
amino acids containing an imidazole, 87 or a 1,2,4-tria-
zole ring, 94 could be prepared [35]. Benzimidazolylala-
nines were prepared from the corresponding ¢-amino-
nitrophenylalanines and after reduction of the nitro group
cyclization of the imidazole part to (122) and (123) was
achieved either with formic acid or with phosgene [36-38].
(6-Chloropurin-9-yl)alanine was prepared from 5-amino-
4,6-dichloropyrimidine and N-tosyl-a,B-diaminopropionic
acid followed by ring closure with triethylorthoformate to
give 133 [39].
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Several thiazolyl- or benzothiazolylalanines were pre-
pared by ring closure of the thiazole part. Thiourea or
thioamides were the standard reagents for this purpose.
From (S)-, (R)- or (R,S)-N-trifluoroacetyl-5-bromo-4-oxo-
norvaline and thioamides or thiourea the corresponding
optically active or racemic 76 was prepared [40]. In a
stmilar manner an o-chloroketone was prepared from pro-
tected aspartic acid to give after ring closure with thiourea
compound 77 [41].

N-tert-Butoxycarbonyl-3-(4-thiazolyl)-(S)-alanine (74)
was synthesized in a multistep reaction sequence from
Cbz-(S)-aspartic acid [42]). Two isomeric thiazolylala-
nines, 78 and 83, were prepared from the halogenated pre-
cursors and thiourea [43]. (R)- and (§)-aspartic acid were
used as the starting material for the preparation of either
benzothiazolyl-, benzimidazolyl- or benzoxazolylala-
nines. Mixed carbonic anhydride coupling was used fol-
lowed by treatment with either o-aminophenyl disulfide,
o-phenylenediamine or o-hydroxyaniline to give com-
pounds 113, 117 and 112 [44].

Pheomelanin, a red-brown pigment in the skin and hair
of fair-skinned humans is photolabile under physiologi-
cally relevant conditions. The monomeric part, obtained
upon degradation of the protein-free chromophore
afforded the amino acid 114. It was also synthesized from
4-bromomethyl-2-nitroanisole and diethyl acetamidomal-
onate, the nitro group was reduced and the ring closure of
the thiazole part was achieved by thiocyanation [45). In
another synthesis the isomeric amino acid 116 was pre-
pared from 4-acetoxy-7-bromomethylbenzothiazole fol-
lowing the malonate pathway [46].

An oxadiazolylalanine 95 was prepared from p-benzyl-
oxybenzamide oxime and N-protected (R,S)-asparagine
[47].

The (R)- and (S)-enantiomers of tetrazolylalanine (96)
were prepared from (R)- or (S)-methyl N-tert-butoxycar-
bonyl-2-amino-3-cyanopropanoate and azido tri-n-butyl
stannane in over 50% yield [48]. In a similar manner the
(8)-isomer was prepared with sodium azide in low yield
[49].

Several azoloazines with bridgehead nitrogen were syn-
thesized from N-trifluoroacetyl-3-formylalanine methyl
ester and various azinohydrazines, i. e. triazolopyridine
154 and triazolopyridazines 155, 156 [40]. On the other
hand, N-trifluoroacetyl-5-bromo-4-oxonorvaline yielded
with aminoazines the corresponding imidazopyridines
151, imidazopyrimidines 153 or imidazopyridazines 152
[40].

Quite a number of syntheses proceed by transforma-
tions of a heterocyclic system into another one to give
various heteroarylalanines.

Clavalanine (157), a new antibiotic from Strepromyces
clavuligerus [50-52] was synthesized from D-xylose via
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R R! R2
[148} 91 II-H A OMe Br 13]
[109), [149] 92 II-H A Br OMe [13]
93 I H A H [154], [155]
[150} A
(1101, [139}, 9% IX N (351

{1511 0 “NH

(17] HN

[152) 0

£35]

Ri—ON R
S
N-N
Compound Method of Substituents References

No. Synthesis
R R!

95 X A p-HO-C¢H, {47]

References
[153] K
" R\( \N

\

<) N4

Compound Method of Substituents Remarks References
No. Synthesis
R
96 X A S- RS- (48], [49]
an intermediate which was condensed with 4-acetoxy-2-
References azetidinone (Scheme 15) [53]. What is remarkable about
the structure of 157 is, that it possesses S-stereochemistry
[18] at the ring juncture. The R-isomer was also synthesized
1351, [54] [52].

[19) Quisqualic acid (89), an exceptionally potent antagonist
of the neurotransmitter (S)-glutamate was synthesized
from a 3-(S)-azetidinone derivative (Scheme 16). Isomeri-
zation to an oxazolidinone, reaction with ethoxycarbonyl
isocyanate to an urea derivative, alkaline ring opening,
treatment with trifluoroacetic acid and ion-exchange chro-
matography afforded the (S)-acid 89. When using the
starting (R)-azetidinone, (R)-quisqualic acid 89 was
obtained [54].

References (R,S)-Stizolobic acid (282) was synthesized in a bio-
mimetic fashion from 3,4-dihydroxy-5-methoxybenzalde-

[320]

hyde via a dehydrocaffeic acid derivative which formed a



1078

Scheme 15

COOBn

A
— ——
dy t NH—Cbz I
o HO  OH G

BOC—HN,
H_jr—‘
N\

HO CHO
HO' ;

OMe

HN_
- H
COOH
“H
157

P. Kolar, A. Petri¢ and M. Tisler

Vol. 34

butenolide (Scheme 17). This was rearranged in hot
hydrochloric acid into desaminostizolobic acid (R = H)
which after azidation (R = N3) and the reduction gave 282

[55]. Upon ammonolysis the pyridine analog, (R,S)-acro-
melobic acid (190) was obtained [55]. In a similar trans-
formation compound 190 was prepared directly from sti-
zolobic acid with aqueous ammonia [56].

The (R)- and (S)-deoxymimosines 214 were prepared in

two steps from tert-butoxycarbonyl-(R)- or ($)-aspara-
gine, respectively [57].

Scheme 16
(o}
(0] ~
j NR >
H 1
BOC—HN
R = H, —CONHCOOE1
(o]
_— 0* ~
HN
[0}
Scheme 17
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R R! R? R R* RS
97 I-A A Me H H H H (157
98 -A A Me H Me H H (157}
99 II-A A Me H H H Me [157], {158}
100 I-A A Me H H H «a (157
101 IX Ph H H A H I NHAc [26)
102 X p-MeO-CgH, H H A H 1 also as NHAc (26)
103 X 3-i-Pr-4-Me-CeH3 H H A H I NHAc [26]
R3
R4 S
/ R
R} -
RZ
Compound Method of Substituents Remarks References
No. Synthesis
R R! R2 R} R RS
104 I A H H H H H with DFMM [156]
105 I H A H H H H R-, 8- [110]
I-A H A H H H H [159], [160]
106 II-B H A H Me H H [160)
107 II-B H A H cl H H [160]
108 II-B H A H Br H H [160]
Q. 0
\Y
\s//
©/\/2 NHA (85)
109 X A ¢
R Numerous ¢-amino-(3-phosphonoalkyl-2-quinoxalin-3-
/ . .
N yl)alanines 271-280 and their benzolog 281 were synthe-
1 0 . o
Y sized [59]. They were prepared from o-diaminobenzenes
R? and 1,4-dibromo-2,3-butanedione. The obtained interme-
diates were phosphorylated by the Arbuzov reaction and
Compound Method of Substituents Remarks References . P ,p Y . y,
No. Synthesis the amino acid side chain was introduced by the malonate
1 2
S8 method. The compounds prepared were found to be
2-dimethyl- B o .
110 I H A Me fomZdimetyl 6 potent and selective ligands for the N-methyl-D-aspartic
aminomethylindole R
1t 1 Me A H from2-dimethyl  [162] acid receptor [59].

aminomethylindole

A pyrimidinylalanine derivative was synthesized from
B-aminocrotonamide and diethyl N-benzoylaspartate. The
structure, either an o-238 or B-alanine derivative has not
been firmly established [58].

There are several cases of rearrangements of heterocy-
cles into other heterocycles with an alanine side chain.

Thus, an isoxazole ring was formed in a [2+3] dipolar
cycloaddition of a nitrile oxide derivative (Scheme 18).
The initial pyrazine ring afforded upon ring opening the
methylalanine side chain of compound 64. An 1:1 mixture
of epimers was obtained [60].
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3-(5-Ox0-2H-isoxazol-2-yl)alanine (65), isolated from
roots of pea seedlings [61,62], was synthesized from a
B-lactam (Scheme 19). The later was converted into 4-fert-
butoxycarbonylaminoisoxazolidin-5-one which after ring
opening underwent a series of transformations and finally
a cyclization with formic acid took place to give 65 [32].

From pyroglutamic acid enantiomerically pure isoxa-
zole, pyrazole or isothiazole derivatives of alanine were
obtained (Scheme 21) [64,65].

An 1,3-oxazolidine derivative was used for the forma-
tion of a thiazole 77 or selenazole ring 88 in a Hantzsch
synthesis (Scheme 22). The starting compound was

Scheme 19

BOC—HN, NN
H"]:|N . T—/NH
\

O OH

An interesting example of a tautomeric amino acid is
the antifungal antibiotic 3-(5-oxo-2H-isoxazol-4-yl)ala-
nine (TAN-950) (66). It was synthesized from y-formyl-
N-tert-butoxycarbonyl-(S)-pyroglutamic acid methyl
ester, the product was treated with hydroxylamine,
hydrolyzed and deprotected (Scheme 20). When 66 was
isolated by cation-exchange chromatography, a mixture of
five compounds, 66a, b, ¢, d and e in the ratio of 2:1:2:1:2
was obtained. Their structures were elucidated on the
basis of spectral and X-ray analyses. If the equilibrium
mixture of the isoxazolone and rearranged pyrrole deriva-
tive was dissolved in 0.5 N sodium hydroxide the above
compounds were converted to 66a almost quantitatively
in one hour at 60° [63].

PMB
O _O
OH
—_— i —_—
. N—BOC
BOC—HN
NH,
0O _/<
—_— X N COOH

obtained from (R)- or (§)-aspartic acid using hexafluoro-
acetone as a protecting reagent [66].

(R,S)-5-Hydroxy-2-pyridylalanine (163) was prepared
in a multistep reaction sequence from kojic acid which
was first transformed into a pyridine derivative followed
by the malonate route and demethylation and/or dehalo-
genation to 163 (Scheme 23) [67]. In a similar manner the
(R,5)-4,5-dihydroxy analog 162 was prepared starting
from 2-chloromethyl-5-hydroxy-4-pyrone (chlorokojic
acid) via the malonate route [68].

The synthesis of mimosine (215) which was previously
reported [69] could not be repeated by the described
method and a new approach was delineated. The starting
compound was 3-benzyloxy-4-pyrone which was con-
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/)—R
Substituent Reference
R
A [44]
S,
/>—R
N
Substituents References

R? R3 R4

R K
e
A N

Method of

Synthesis

densed with (R,S)-B-amino-o-tosylaminopropionic acid
and after deprotection (R,S)-mimosine was obtained in
45% yield [70].

Compounds (S)-182 and (S)-191 which were isolated
from a poisonous mushroom, were synthesized from (S)-
stizolobinic and (S)-stizolobic acid, respectively, with
ammonia [71].

The enol ether derived from protected (S)-pyroglutamic
acid ester was transformed with amidines into pyrim-
idinylalanines 245-248 in 39-87% yield (Scheme 24) [65].
The enol ether did not react with 2-aminopyridine, but
after being transformed into an aldehyde it afforded a
pyrido[1,2-a]pyrimidinylalanine (286) [65].

An interesting transformation occurred with a pheomel-
anin precursor which upon irradiation with Pyrex-filtered
uv light in a buffered solution underwent a decarboxyla-
tive ring contraction giving a benzothiazinylalanine 115 in
about 60% yield (Scheme 25) [72]. It was anticipated that
the process is a homolytic one.

H H H [44)
Ho A H [45] X. Miscellaneous.
H A H {721
H HoA [46) A. Syntheses.
A 1,3-dipolar cycloaddition reaction was employed for
the preparation of several compounds, such as 45 and 57-60
(Scheme 26) [73].
R
R4 N
-
R? Al
Substituents Remarks References
R R! R? R? R¢ RS
H A H H H H (44]
H A H H H H 4,5,6,7-tetrahydro [44]
Me A H H H H [163]
H H H A H H 136}
H H H A OH H (371
H H H A OMe H [38]
In an Ugi reaction (a four component condensation)
(R,S)-isowillardiine (262) was prepared. A mixture of
1-(2-picolyl-1-oxide)-3-(formylmethyl)uracil and its
methyl hemiacetal (an 1:1 mixture as obtained from the
synthesis), cyclohexyl cyanide (or better 2-picolyliso-
cyanide 1-oxide) and acetic acid in methanol were reacted
at room temperature and an intermediate 288 was formed
in 83% yield. After deprotection and hydrolysis the amino
Substituents References acid 262 was obtained in 25% yield (Scheme 27) [74].
R Ethyl 2-(diphenylmethyleneamino)acrylate reacted in a
H (37}, [38] Lewis acid catalyzed addition in the presence of ethylalu-
OH {371, 1381 minium dichloride to give the pyrrole and after deprotec-
OMe 1371, [38] tion the free amino acid 22 in 60% yield [75].
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B-(2-Thienyl)serine (8) was synthesized from 2-thien-
aldehyde and glycine in 41% yield. (R,S)-threo stereo-
chemistry was anticipated [76].

A derivative of an isoxazolylalanine 46 was obtained by
the ring opening of the oxazolone ring of isoxazolylmeth-
yloxazolone [77].

A phosphorylated compound 242 was prepared in mod-
erate yield from 4,6-dimethyl-2-phenylpirimidine in a

multistep reaction sequence. The phosphonomethyl group
was introduced by treating a methyl group with lithium
diisopropylamide and thereafter with (EtO),POCI and the
amino acid side chain was prepared from the hydroxy-
methyl group [78].

(R)- and (S)-Homoibotenic acids 48 were synthesized
by the use of chiral auxiliary (S)-tert-butoxycarbonyl-
phenylalanine. The key intermediate in this synthesis was
(R,S)-2-amino-3-(3-ethoxyisoxazol-5-yl)propionate which
was converted into a mixture of 289 and 290 which were
separated on preparative tlc plates and then deprotected to
give (R)- and (S)-48 (Scheme 28) [79].

B. Transformations.

In several publications the conventional methods for the
preparation of esters of various N-protected derivatives of
heteroarylalanines are described. Such derivatives are
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126 v A R-, by cyclization of the [164]
diaryl ether with Pd(OAc),
R
|
N
O
R2
Compound  Method of Substituents Remarks References
No. Synthesis
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127 I H A H {165]
128 I H H A [165]
129 Ii-A Et H A S- {166)
H
/N N
\ | Y4
R
Compound  Method of ~ Substituents Remarks References
No. Synthesis
R
130 I, I-H A from 3-dimethylamino- [12], [167]

methyl compound

mentioned in the Tables. Transformations of amino acids,
including heteroarylalanines into various heterocyclic sys-
tems, were also reviewed [80].

N-Protected nonproteinogenic amino acids were con-
densed with 1-aminoethylphosphonic acid to give phos-
phonopeptides which were investigated for antibacterial
activities [81,82].

A mild alkylation method was used to prepare com-
pounds 206 and 207 from protected (R)-3-pyridylalanine
by allowing to stand the amino acid and alkyl halide at
room temperature for five days [83].

I-Methoxypiridinium perchlorates 208-210 were pre-
pared from the corresponding pyridine derivatives with
dimethyl sulfate and perchloric acid. Compound 210
underwent ring opening under the influence of sodium
hydroxide and the ring was restored upon acidification [84].

Heteroarylalanines
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There is also a report on ring sulfur oxidation. N-Pro-
tected 3-(3-benzo[b]lthienyl)-(R,S)-alanine was oxidized
with hydrogen peroxide in acetic acid to give the 1-diox-
ide 109 in 25% yield [85].

Irradiation of (R,S)-(4-pyridyl)alanine yielded (R,S)-2-
decarboxybetalamic acid imine 291 in 86% yield. This
transformation probably takes place via a Dewar pyridine
intermediate [319].

Dehydrostizolobic acid and its derivatives 292 have
been prepared from N-acetylstizolobic acid ester via the
N-chloro derivative after dehalogenation with 1,4-diazabi-
cyclo[2.2.2]octane. The obtained Z-isomer was isomer-
ized into E-isomer in the presence of p-toluenesulfonic
acid [87].

Stizolobic acid (282) was detected among other prod-
ucts when the azide 293 was photolyzed and a mixture of
the unsaturated analogs obtained was hydrogenated [88].

XI. Heteroarylalanines Isolated from Natural Sources.

Many heteroarylalanines are found in nature and were
isolated from plants and microorganisms.

From the mushroom Licoperdon perlatum lycoperdic
acid (294) was isolated and its structure was determined
by X-ray analysis. The (S)-configuration at C-2 was deter-
mined by chemical methods [238,239].

Compound 295 was isolated from the mushroom
Phyllotopsis nidulans [240] and from Tricholomopsis ruti-
lans [241] and was found to possess the (S)-configuration.
An isomeric acid 296 was also isolated from Tricholomo-
psis rutilans [242].

(S)-Pyrazolyl-1-alanine (67) was first isolated from the
watermelon Citrullus vulgaris [243,244]. It was later
found in seeds of many species of Cucurbitaceae [245].

In the isoxazole series, compounds 65 and 297 were
isolated from Pisum sativum and from Lathyrus odoratus
seedlings [246,247] and their chemistry and biological
aspects have been reviewed [63]. The !'H and !3C nmr
spectra of 65 were recorded [248]. The isomeric amino
acid 66 [3-(5-oxo-2H-isoxazol-4-yl)alanine] was isolated
from culture filtrates of Streptomyces platensis A-136
[249]. Quisqualic acid (89) was isolated from the seeds of
Quisqualis indica [250] and its structure was elucidated
by X-ray analysis [251].

(R)-1-Histidinoalanine (298) is a constituent of an anti-
fungal bicyclic dodecapeptide theonellamide F and
theonegramide, isolated from the sponges of the genus
Theonella {252,253].

From a poisonous mushroom Clitocybe acromelalga
several heteroarylalanines have been isolated. Three of
them are pyridine derivatives 178, 182, 191 [10,254], and
another is a pyrrole derivative 27 [10,11,56].

Loss of hair in animals and in native women has been
ascribed to a toxic principle in the seeds of a tropical plant
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Leucaena glauca. The active compound leucenol was
found to be identical with the mimosine (215) from
Mimosa pudica [141,210,255]. The initially proposed
structure [256] was later revised to 215 [141,210,257-259].

Pyridinoline (299) and its deoxy derivative 300 are two
cross-links of collagen molecules [260-262].

(S)-Azatyrosine (163) was isolated from a fermentation
broth of Streptomyces chibaensis [191] and its 2-chloro
analog, kedarcidin (301), is an antitumor antibiotic
[263,264]. Whereas azatyrosine has the (S)-configuration,
kedarcidin is a (R)-stereoisomer as determined by nmr
[264].

There are two isomeric uracilylalanines, the 1-substi-
tuted (willardiine, 252) and a 3-substituted one (isowill-
ardiine, 262), which were both found in plants. Willardi-
ine (252) was first isolated from seeds of Acacia willar-
diana but it was later also found in other species of
Acacia, in Mimosa asperata and in Pisum sativum.
Isowillardiine (262) was isolated later from pea seedlings
{265] and the initially proposed structure was later reas-
signed.

The structure of willardiine was also confirmed by the
independent chemical synthesis [227]. The biosynthesis
of both amino acids was studied in vivo and in vitro [266].
The crystal structure of willardiine methyl ester was also
determined [267] and the 'H and 13C nmr spectra of both
amino acids were recorded [248].

From Lathyrus tingitanus lathyrine (243) was isolated
[268,269]. The isotope incorporation studies showed that
the precursor of the pyrimidine moiety is 2-aminopirimi-
dine-4-carboxylic acid which is simultaneously decar-
boxylated and alanylated by serine at position 4 of the
pyrimidine ring [270].

Scheme 26
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131 111 A H Me [168]
132 1 A H i-Pr {168}
133 VIl A H Cl S-, no details given [169]
X A H Cl (391
134 it A H NH, N-BOC, also Me ester [168], [170]-[173]
IvV-C A H NH, 4.7% yield [174]
viI A H NH, R-, §-; no details given [169]
135 111 A H NHMe [168]
136 1 A H NMe, [168)
137 ] A H NH(CHy);C1 [168]
138 IV-A A H NHCH;Ph [175)
139 II1, IX A H OH [39], [168]
140 11 A H SH [168}
141 11 A NH, NH, [176), [177]
142 I A NH; NMe; [176], [177)
143 m A NH; OH [176], 177
144 I A NH, SH {176}, [177)
145 m A NH, SMe [176], [177]
146 Vil A NH, Cl no details given [169)
147 I Me A H [178]
Me
lupinic acid [179]
HO.
\)ﬁ/\ NH
148 IV-A H 7z N low yield (180}
A
N \
A {181}
NH,
N
N d
149 IV-F :I S (182]
NN COOH
CH,
2 'NH,
9 A
1
Me\N N,
150 m | > [183]
-
Me

Stizolobic (282) and stizolobinic acid (302) were iso-
lated from seedlings of Stizolobium hassjo [271] and
hydrolysis of musca-aurins, the betalain pigments from
Amanita muscaria (fly agaric) gave among other amino
acids also both above mentioned amino acids [236].

XII. Biosyntheses of Heteroarylalanines.

The biosynthetic pathways have been thoroughly stud-
ied in the case of on the endocyclic nitrogen subst:tuted

heteroarylalanines. Pyrazol-1-yl-(S)-alanine (19) is syn-
thesized in plants from pyrazole and O-acetyl-(S)-serine
[272-275]. Biosynthesis is achieved by overexpressed
cystein synthase [274,276] and the pyrazole part is
formed from 1,3-diaminopropane [272]. It was found that
biosynthesis can also occur in some microorganisms when
pyrazole is added [273].

O-Acetyl-(S)-serine is also involved in biosyntheses of
other heterarylalanines, i. e. 3-(5-oxo-2H-isoxazol-2-yl)-
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0. _O_ _COOMe 0. _O_ _COOMe
x x
NH NH AcHN Me0OC
Ph/j\’ : Ph/:[\' 2 N O
COOMe NHAc
0% “NH 0% “NH
. Z- 292 E-
HOOC o, Et00C* o,
N N
\_¢ \ ¢
OEt OEt
289 290 0 _O_ _COOMe
X
0s O
COOMe v~c00H
Ny~ “COOMe
AOn A _OL 293 294
N N
\ ¢ \ 4
OH OH
§— 48 R~
;01 @/COOH
A COOH A
alanine (65) [278-282], compound 297 [283], (S)-quis- 295 296

qualic acid (89) [278,284], compounds 303 [285,286] and
304 [277], willardiine (252) and isowillardiine (262) from
uracil [287], mimosine (215) [275], (S)-lupinic acid (148)
from zeatin [288] in 1.5% yield, compound 138 from 6-ben-
zylaminopurine [289-291] and compound 305 of which
biosynthesis was studied also by pyridoxal-5'-phosphate
catalysis [292,293].

Benzopyrazole is N-substituted with (S)-serine in the
presence of the tryptophan synthase complex from E. coli
giving the compound 306 [294]). A strain of Streptomyces
species was found to produce compound 93 [295] and
radio-labeling studies showed that stizolobic acid (282) is
biosynthesized from L-DOPA [296-298].
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Compound  Method of Compounds Remarks References Cl N\ A (o] (o] COOH
No. Synthesis y | P U
151 X £ F da [40] HO A
/
¥ .
152 IX f\fN A NHCOCF;, Me ester [40] 0
Qs
/N\r/N
153 X A {40] A
Q/N\/)— r!"N Mew O A
2 <N—/( \q
154 X G/ N {40] R 0
\ N\<
A 303 R=NH, 305
N 304 R=H
o0
155, 156 X o \N’N\/< 155: R=Cl;156: R=Ph  [40]
A
H NIA ph°
Q, R \ N
o v .
o] A OH
Compound Method of Substituents Remarks References 306 307
No. Synthesis R
157 X A RS- {52), (53]
XIII. Resolution of Racemates.

Synthetic heteroarylalanines were generally prepared as
racemates, except for enantioselective methods. Either
chemical methods, but for the most part the enzymatic
methods were employed for the resolution of racemates.

A The importance of preparing the single enantiomers can
N be emphasized in the case of heteroarylalanines which are
0er O, p-D-Gle &7 glutamate agonists and resolution revealed [299,300] that

*S_/N’ " o the (S)-isomer is the most potent agonist.
K = A Amines such as (+)-o-methylphenetylamine for
willardiine (252) [227] and a (thimin-1-yl)alanine (255)
297 298 were used for the chemical resolution [301]. (R,S)-3-(3-
Hydroxy-5-phenylisoxazol-4-yl)alanine (307) was
resolved using (R)- or (S)-1-phenylethylamine [302] and
tert-butoxycarbonyl-2-thienylalanine with the same

reagent [303].

{S)-Glutamic acid was used for a thiazolyl derivative 77

[304]. Chiral tlc plates were used to obtain (R)- and (S)-iso-

S T T (o e s mers of 178 [10] 'and.for homoiboten?c acic}, (48). [791. .
oI I For the determination of the enantiomeric purity of dif-
N : ferent heteroarylalanines in the form of their N-acetyl,
o | P\ (CHyyy— CH—COOH N-benzoyl derivatives or methyl esters by 1H nmr tri(3-
27 trifluoromethylhydroxymethylene-d-camphorato)euro-
A NH; pium(IIT) was used. A direct correlation between the con-
299 R=OH figuration and the chemical shift differences between the

300 R=H methyl singlets was observed [305].
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Compound
No.

158

159
160
161

162
163

164
165
166
167
168
169
170
171
172

173
174
175
176
177
178

179
180
181
182
183
184

Method of
Synthesis

II-A
II-B, II-E, II-H
VIII-C
v

—

IL-H, 1I-J
1
L II-H
I
IX
1I-H
1
I

1

[I-A, II-B, II-H
v
VI

VIII-C

Continued next page.

> > > B

ol o« -l - U e e - e e

Omz T X

j= =« s« ofia ofiia o

)

jo =ik« sfife offia niife o

> P P ILNIITIIIITIIEN X T ITTII

fe ol ol S i T e e e e i i i

I T TXTXxT T

P. Kolar, A. Petri¢ and M.

R4 N
=z
R? N
R?

Substituents

R? R3
H H
H H
H H
H H
H H
H H
H H

CN H
Cl OH
Cl OMe

OH OH
H OH
H OH
H OH
H OMe
H OH
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H
H H

CH;NHBOC 0-BOC

A H
A H
A H
A H
A H
A H
A H

=~
&

T LI T T

—~ LI ITIT T T ILITIT

rxxFCmgE

I T IXIXXTIT T

=

COOH

OH

q

COOH
Me

T

T TXxXxxT T

Tisler

Remarks

with phtalimidomalonic ester
with benzimidomalonic ester
R-, N-BOC
azlactone only from 2-pyridine
aldehyde acetal in 22% yield

N-BOC, benzyl ester

§-, azatyrosine

S-

R-, also N-BOC
with DEFMM

synthesis suitable only on larger scale

R-, §-
R,>99% e. e.

R-, §-

S-
N-Fmoc

with benzimidomalonic ester;
4% yield
R-, N-BOC

R-,99%e. e.

R-, §-

Vol. 34

References

[184], [185]
[186]
(1871
(188}
(189]

[102)
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[190], (68]
[67)
[68]
[25)
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{192]-{194]
[67}

{190}

1185}

[23)

(195
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(1951, {197]
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[8], [159), {189],
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{102}, [10)
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[185], [207], [208]
[187)
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(1891, [185], [102)
[15]
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Compound
No.

185
186
187
188
189
190
191

Compound  Method of

No.

192
193
194
195

Compound

No.

196
197
198
199
200
210
202
203

204
205

Compound

No.

206
207
208
209

210

Method of
Synthesis
R
I COOH
I Cl
I Br
1 OH
VIII-D CN
X COOH
X OH
R
N__R!
R2
R3
Substituents
Synthesis
R R! R? R3
IV-A A H H H
IV-A A H COOMe H
IV-A A H H COOMe
IV-A A COOMe H H
Method of
Synthesis
R R!
I, II-H A H
1 A H
I A H
1 A H
I, II-H H A
II-H H A
II-H H A
I, II-H, VI H H
1I-G H H
II-H H H
1I-H H H
Method of
Synthesis R
X Me
PhCH,
X OMe
1 OMe
X OMe

Heteroarylalanines 1089

Substituents Remarks References
R! R? R? R#
H A H H [204]
H A H H [196]
H A H H [196]
H A H H [195]
H A H H N-BOC, Bn ester [23]
H A H OH acromelobic acid [55]
H A H COOH s (713
For enzymatic resolution heteroarylalanines were trans-
formed into their N-acetyl derivatives or amides and
under the action of enzymes they afforded the correspond-
ing (S)-amino acids. The (R)-amides were separated and
hydrolyzed chemically into (R)-acids. Acylase I enzymes
from porcine kidney were used for kinetic resolution of
LSRR many heteroarylalanines. This was the case when the het-
erocyclic part was a furan ring [90,306,308,309] or a
(109] pyrazole [307], pyridine [206,310], thiophene [90}, uracil
[[1?;]] and adenine [311] or carbazole [166]. Immobilized
(109] aminoacylase was used in the case of isoxazoles
[299,300] and an acylase from Aspergillus oryzae for
pyrazoles [135,312].
-
R¢ /rll’f R
RN I R!
R2
Substituents Remarks References
R? R} Ré
H H H (2091, [102]
cl OH H [190]
H OH H [190]
H OH I [190]
H H H {209], [102)
H H a (102]
H H OH [102)
A H H {209}, [102]
A H mixture of N-BOC derivatives [211]
in 33% yield; S:R= 96:4
A H cl {102}
A H OH [102]
R, X
RA NG
jO!
AR
Substituents Remarks References
R! R? X~
A H I N-BOC (83]
A H Br N-BOC (83]
A COOH Cl0, [84]
A COOMe ClO, [84]
Al COOMe ClO, A1 - CH2=Q(COOMe), [84]

NHAc
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R!

R?

Compound Method of Substituents

P. Kolar, A. Petri¢ and M. Tisler

References

(192}
[206)
(1921

References

[571

[69), [70],

[210]

X

o siita e e ot

OMe

=]

No. Synthesis Rl R? R
211 I H A H OH
212 I H H A H
213 1 OH H H A
R
|
N
(L.
0
Compound Method of  Substituents Remarks
No. Synthesis
R!
214 IX A H R-, §-; N-BOC
215 IV-A, IX A OH mimosine (leucenol);
4% yield; from
3-methoxy-4-pyridone
25% yield
Compound Method of Substituents
No. Synthesis
R R! R2 R3
216 II-C A H H H
217 LII-A H A H H
218 1 OH A H H
219 II-A, VI H H A H
220 LII-G OH H A H
221 VI H H A H
222 I OH H A H
223 I OH H A H
224 1 OH H H A
225 I H H H H

RS

R3

b=

I I IIIIT T

Vol. 34

Aminopeptidase from Pseudomonas putida was used in
the case of lupinic acid [181]. Carboxypeptidase and a
papaia extract (papain) were used for thienylalanine
[106,313,314], alkaline protease or alcalase for the bipyri-
dine and furan derivatives [235,315].

The 2-chloroethyl ester of (Z)-4-thienylalanine was
converted into enantiomerically enriched (Z)-amino acid
by lipases from Aspergillus niger (94% e. e.), Pseudomonas
Sfluorescens (710% e. e.) or Candida cylindracea (43% e. e.).
The (S)-enantiomer was hydrolyzed preferentially [316].

Chymotrypsin was also used in some cases, as for
(R,S)-3-(3-hydroxy-5-methylisoxazol-4-yl)alanine (35)
[317], pyridine [198] or pyridine-1-oxide derivatives
[207] and a thiazole [42].

Subtilisin was used for a thiazole [42], pyridine
{110,200}, benzothiophene [110] or quinoline derivatives
(55,213].

N, R
X
Z R
R?
Remarks References
RS
H S-, 98% e. e. using commercially available (5)-2-1- [212]
butyloxycarbonyl-3-methyl-4-imidazolinone
H R-, §-; N-BOC [213], [8]
H [214])
H [215}, [208]
H R- S [214}, [216], [219}
H [208]
H {217
OH {217
H [214]
H RS [218}
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Compound
No.

226
227
228
229

230
231

Compound
No.

234
235

Compound
No.

236
237
238

239
240
241
242
243

245
246
247
248
249
250
251

Method of
Synthesis

— ettt el et

Method of
Synthesis

VI
Vi

Method of
Synthesis

V1
1
IX

V1
VI

VI
I, VI
IX
X
IX
IX

VI

R
N (0]
=
R!
Substituents References Compound
No.
R R!
Me A {214 232
Et A [214] 233
n-CqHy A [214]
CH,=CHCH, A [214]
CH=CCH, A [214]
PhCH;, A [214]
/N\N
|
N R
Rl
Substituents References
R RI
A H [86]
H A [86]
R N R
z
g
RN
R!
Substituents
R R! R2 R3
A H H H
A OH H H
A OH H Me
A OH OH H
A OH H OH
H A H H
Ph A H CH,PO(OH),
NH, A H H
H H A H
H OH A H
Me OH A H
Ph OH A H
NH2 OH A H
OH NH, A H
OH OH A H
OH OH H A

Heteroarylalanines

NHCOPh; or alternative
structure:

ZT

(6]
Ri
R 'H
Method of Substituents

Synthesis

R R!

1 A H

1 H A

Remarks

4 = SH-CHCOOH
NHCOPh

lathyrine

with diethyl N-(carbobenzoylamino)malonate (method I)

1091

References

[214]
[214)

References

[86]
[220]
[58]

221
[222}
[86]
[78)
(223]
[86)
[65]
[65]
[65]
[65]
[224]
[222]
(222]
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Compound
No.

252
253

254
255
256
257
258
259
260
261

262

263

264

Compound
No.

265

Compound
No.

266
267
268

269

Method of
Synthesis

111, VII
1
Vil
11
1
VII
I
41
111
ur
111

IV-F

il

Method of
Synthesis

Method of
Synthesis

II-H
II-H
II-H

II-C

=

L e e i e

cy

Substituents
R

A

I T >» =

=

P. Kolar, A. Petri¢ and M. Tisler

&
R NYO
PN
R!
Substituents
R! R2
OH H
NH, H
NH2 H
NHCH,-COOH H
OH Me
OH Me
OH NO,
OH N(CH,CH,Cl),
OH F
OH Cl
OH Br
H
NYO
A
R
(o]
Me,
— COOH
(e} N—
N—< NH,
0 /2
A
(0]
| NH
(6}
Remarks References
S- [231]
N N
7\
R* R3
Substituents
R! R? R3 R4
H H H H
A H H H
H A H H
AN
H H 5:H—cx-2/
A

/\Rl

Remarks

§-, willardine
also Me ester
§-, no details given

also as N-BOC, Me ester
S-, no details given [169]

Vol. 34

References

[225]-[2271, [168)
[170]. (171}, [228), [229]
(169]

(229}
[160]. [170]. [172)
(1681, [228], [229]

[230]
[230]
[228], (2291
[228], 1229}
X-ray of racemate [228], [229)
isowillardine [74]
[182}
low yield [172]
Remarks References
§-,>99% e. e. [232]-[234)
[235]
[235]
S-, using commercially available (S)-2-t-butyl-1-t- [213]

butyloxycarbonyl-3-methyl-4-imidazolinone
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CH,PO(OH),
CH,PO(OH);
CH,PO(OH),
CH,PO(OH),
CH,PO(OH),
CH,PO(OH),
CH,PO(CH);
CH,PO(OH),
(CH2),PO(OH),;
CH=CHPO(OH),

CH,PO(OH),

Remarks

R!

Compound Method of
No. Synthesis
270 II-C
27 IX
272 IX
273 IX
274 IX
275 IX
276 IX
277 IX
278 IX
279 IX
280 IX
281 IX
0, [0}
U
R!
Compound Method of Substituents
No. Synthesis
282 I COOH

Compound  Method of Remarks
No. Synthesis
A
|
N
284 IV-A, VII [ j
o
Vi Me
€ O Q
285 DH | N s >09%e e
O =
A
N
286 X 7Y l
N
X A

A stizolobic acid

Heteroarylalanines

RS
R4 N R
¢
-~
R} N R!
R2

Substituents

R! R? R3 R4
H H H H
A H H H
A H Cl H
A H H Cl
A H Me Me
A H F F
A H Cl Cl
A H OMe OMe
A Cl H H
A H H H
A H H - H

2
D

References Compound
No.
[55], [236] 283
References
[110], [109]
[237]
[65}

RS

T

ITOnTTITxIT T

Remarks
§-, using commercially available
(5)-2-t-butyl-1-¢-butyloxycarbonyl-
3-methyl-4-imidazolinone
R-, S-
0 R
R!
(o}
Method of Substituents
Synthesis
R R!
II-H A OH
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[59]
[59]
[59]
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[59]
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