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Summary. Non-prote inogenic  amino acids play an increasing role in 
oligopeptide chemistry. Their  pharmacological  and chemical properties,  
caused by D-configuration and "unnatural"  residues, are more  and more  used 
for drug design. Different  methods  of asymmetric  synthesis have been devel- 
oped during the last decade to prepare  "unusual"  amino acids. One of them, 
the asymmetric  hydrogenat ion of dehydroamino  aids catalyzed by chiral 
rhodium (I) complexes, will be described. A series of examples, D- and 
L-configured, like naphthyl-, thienyl-, furyl-, and pyridylalanines, as well 
as phenylalanines substituted by chlorine, fuor ine ,  p-nitro, p-methyl, 
p-trifluoromethyl,  p-isopropyl, and p-tert-butyl have been prepared and char- 
acterized. Some analytical data like melting points and values of optical 
rotat ion are summarized in tables. 

Keywords: Amino  acids - Non-proteinogenic  optically active amino acids - 
D- and L-enant iomers  - Dehydroamino  acids - Chiral rhodium catalysts - 
Asymmetr ic  hydrogenat ion 

Abbreviations: ( - )  - DIOP;  (4R,5R) - 4,5 - Bis(diphenylphosphinomethyl)  - 
2,2 - dimethyl - 1,3 - dioxolane; ( - )  - BPPM: (2S,4S) - N-  ter t-  Butoxycarbonyl-  
4 - diphenylphosphino - 2 - d iphenylphosphinomethyl  - pyrrolidine; Ph - [3 - glup: 
Phenyl  4,6 - O - (R) - benzylidene - 2,3 - O - bis(diphenylphosphino) -/3 - D -  glu- 
copyranoside,  DuPHOS:  1,2-bis-(phospholano)benzene; P R O P R A P H O S :  
2,3-O,N-bis (diphenylphosphino)- l -(naphthoxy)-2-hydroxy-3-isopropylamino 
propane; P I N D O P H O S :  2,3-O,N-bis(diphenylphosphino)-l-(4-indolyloxy)- 
2-hydroxy-3-isopropylamino propane 
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Introduction 

Non-proteinogenic amino acids have attracted the interest of many chemists 
since it is known that significant modifications of biological activity in a 
peptide can be effected by inversion of configuration at one or more chiral 
centers, or by replacement of one or more "natural" amino acids by "unnatu- 
ral" amino acids. Different denotations like non-proteinogenic, non-protein, 
non-coded, unnatural, and unusual have been introduced in the literature to 
underline that this type of amino acids differs from the 20 "standard" amino 
acids, the building stones of life. Today about 700 unnatural amino acids are 
known, most of them are recognized as secondary metabolites and therefore 
it is often very difficult to find out their origin (see Lubec and Rosenthal, 1990; 
Wagner and Musso, 1983; Seebach et al., 1989, 1991; Williams, 1989; Hunt, 
1991). As a representative of a natural product may be mentioned 
Cyclosporin A, a cyclic undecapeptide, produced as the main metabolite by 
the fungus Beauveria nivea. This peptide contains D-alanine at position 8 and 
is successfully applied particularly to prevent graft rejection in organ trans- 
plantation (Wenger, 1986). 

During the last years other unnatural amino acids have received much 
interest because of their anticipated pharmacological and chemical properties 
and their incorporation into synthetic peptides. Recently the ASTA-Medica 
AG published the LH-RH antagonist Cetrorelix to be a high effective 
antitumor agent in human hormon sensitive breast cancer and prostatic can- 
cer. The decapeptide contains five D-configured non-coded amino acids 
(Reissmann et al., 1994). Last results of a clinical study showed a clear supe- 
riority of the D-Cit 6 diastereomer over the L- and D,L-Cit 6 analogues (Pinski 
et al., 1995). D-Amino acids have been also used in enkephalin agonists 
(Morgan et al., 1977), somatostatin analogues (Wynants et al., 1988) and 
others. The role of structure modifications to conformational constrains has 
been reviewed (Hruby et al., 1990). 

Besides the enzymatic synthesis of non-proteinogenic amino acids, today 
used in many cases in an industrial scale, also the enantioselective synthesis 
offers a broad access to natural as well as unnatural amino acids. D. Seebach 
and coworkers (1989) offered a just as original as general entry to higher 
amino acids starting from chiral glycine building blocks, the so-called (R)- 
and (S)-BMI (tert-butyl 2-(tert-butyl)-3-methyl-4-oxo-l-imidazolidine car- 
boxylate). Both enantiomers are commercially available on a kg scale and 
have been used for the preparation of phenylalanine analogues, deuterated, 
carbocyclic and heterocyclic amino acids. Corey and Link (1992) published a 
very general approach to ~-amino acids based on the enantioselective reduc- 
tion of trichloromethyl ketones, the conversion of the resulting carbinols to 
(S)-azido acids and (S)-ct-amino acids. 

Apart from generally known synthetic routes to natural and unnatural 
amino acids, the asymmetric hydrogenation of dehydroamino acids according 
to reaction 1 catalyzed by heterogeneous and more favorably by homoge- 
neous catalysts proved to be an efficient way to achieve amino acids in high 
optical purity. 
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Catalyst* 
R - - C H : C - - C O O R 1  ~ R--CH2-CH~---COOR I ~ amino acid 

NHacyl H2 I NHacyl 

R = H, alkyl, aryl, heteroaryl; acyl : MeCO, PhCO, tert.BuOCO, PhCH2OCO; 
R1 = H, CH3 

Reaction 1 

The catalytic asymmetric hydrogenation is one of the most investigated reac- 
tions in the field of asymmetric synthesis and several reviews have been 
published (Halpern, 1985; Koenig, 1985; Fryzuk, et al., 1977; Takaya et al., 
1993; Noyori, 1994). For an excellent comprehensive work see H. Brunner 
and W. Zettlmeier (1993). 

Relatively few papers have been published dealing with the enantio- 
selective catalytic hydrogenation to prepare non-proteinogenic amino acids 
(see Cativiela et al., 1982, 1984; Miyazawa et al., 1982; Nagel et al., 1986; 
Bozell et al., 1991; Schmidt et al., 1992b). In 1993 a new type of chiral ligand, 
DuPHOS, was created, which displayed the highest enantioselectivities yet 
reported for the rhodium-catalyzed asymmetric hydrogenation of unsaturated 
amino acid precursors (Burk and coworkers, 1993, 1995). 

We would like to describe here our experiences in the application of 
two chiral rhodium complexes, both in the (R)- and (S)-configuration, for 
the synthesis of unnatural amino acids by asymmetric hydrogenation. The 
ligands presented here are based on industrial products and therefore readily 
available. 

The catalyst synthesis 

Among the great number of chiral ligands designed for the rhodium-catalyzed 
asymmetric hydrogenation of unsaturated amino acid precursors, amino- 
phosphine phosphinites have been established (Cesarotti et al., 1983; 
Pracejus, 1984; Mortreux et al., 1986; Karim et al., 1986; Pracejus et al., 1987; 
D6bler et al., 1988). Based on the corresponding optically active amino 
alcohols only one additional step, the reaction with P-chlorodiphenyl- 
phosphine, is necessary to prepare the ligands. In all cases, when the natural 
amino acid pool has been used as starting material, the stereogenic center of 
the amino alcohols is situated at the carbon atom bearing the amino group, 
and only the (S)-enantiomer is available. 

Some years ago we looked for an additional source of chiral 1.2-amino 
alcohols and found propranolol, well known as fi-adrenoreceptor antagonist 
(fi-blocker), to be suitable. In contrast to such amino alcohols derived from 
natural amino acids the chiral center is bonded to the OH-function. After 
resolution of the commercially available racemate the ligand synthesis of 
P R O P R A P H O S  (Krause et al., 1989) was readily realized as shown in 
Scheme 1. 
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Scheme 1 

The good experiences made  with P R O P R A P H O S - R h  prompted  us to look 
for a further 1.2-amino alcohol in the series of fi-blockers. We selected 
Pindolol,  which offers the possibility for additional derivatization at the nitro- 
gen atom of the indol unit, a target to be investigated in future. Following the 
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procedure for PROPRAPHOS, the enantiomers of PINDOPHOS could be 
isolated in a highly pure state (Kreuzfeld et al., 1996) and hence the rhodium 
complexes also (see Scheme 1). 

The dehydroamino acid synthesis 

For the preparation of the appropriate prochiral precursors, needed in 
the (Z)-configuration, excellent reviews have been published (Rao et al., 1975; 
Noda et al., 1983; Schmidt et al., 1979, 1988). Often the classical Erlenmeyer 
synthesis is used to obtain the N-acyl dehydroamino acids or their esters 
(Cativiela et al., 1982, 1983, 1984, 1985; Crawford et al., 1959; see Scheme 2). 
The condensation of aldehydes with alkyl acetamidomalonates has also been 
applied successfully (Hellmann et al., 1960; Hengartner et al., 1979). 

R1--CHO + R2--CONHCH2COOH 
CO---O 

' I R l HCm=q 
N ~ C - R  2 

R~C ~ H"C~C'COOCH3 
NHC£)--R 2 R 1/ \NHCO~R 2 

R 1 Aryl, substituted aryl, heteroaryl; R z = CH3, C6[-I 5 (z) 

Scheme 2 

During the last years the interest in synthetic, non-proteinogenic (>amino 
acids has increased sharply because of the emerging therapeutic possi- 
bilities. The incorporation into peptides required smoothly removable 
protecting groups in order to exclude partial racemization or splitting of 
the peptide bonds in the deprotection step. Therefore, we checked in a 
comparative investigation the N-Cbz and N-Boc protected derivatives 
of c~-aminocinnamic acid in the rhodium-catalyzed asymmetric hydrogenation 
applying PROPRAPHOS, BPPM, DIOP, and Ph-fi-GLUP as 
chiral ligands. Activity as well as enantioselectivity can be strongly dependent 
on the catalyst used. Only BPPM, PROPRAPHOS, and PINDOPHOS did 
tolerate the Cbz-and Boc-group without significant loss of efficiency. How- 
ever, a retarding influence on the hydrogenation rate was observed in all 
cases, especially when Cbz-protected substrates were used (Kreuzfeld et al., 
1993). 

To prepare the substrates we applied a very effective and general proce- 
dure (Schmidt et al., 1992a; see Scheme 3). 
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O O O 
II rl 

(CH:~) )2P- -CH--COOCH3~ H2 (BochO II Pd-'ff7~ (CH30)2P--CH--COOCH3 ~ (CH30)2P--CH--COOCH3 / / r ' , , \  I I 
NI-ICOOCH2 ~ NH 2 NHBoc 

DBU R1-CHO DBU RI-CHO 

R I I ~  COOCH3 n'- c,'C°°CH3 
R1 / \ 

NI-~bz R 1 = Aryl, substituted aryl, heteroaryl NHBoc 

Scheme 3 

Thus the way was free to prepare a series of non-proteinogenic amino acids 
in both the D- or L-configuration, bearing Ac, Bz, Cbz or Boc protective 
groups, and different residues like naphthyl, heteroaryl (thiophene, furane, 
pyridine) or phenylalanines substituted by fluorine, chlorine, p-nitro, p- 
methyl, p-trifluoromethyl, p-isopropyl, and p-tert-butyl, often incorporated 
into oligopeptides instead of natural amino acids, (e.g. Reissmann et al., 1994; 
Pinski et al., 1995). 

The asymmetric hydrogenation 

The hydrogenations were performed in a standard apparatus described by H. 
B. Kagan (Kagan et al., 1972) under normal pressure at 25°C in methanolic 
solution. After the reaction was finished the solvent was evaporated under 
reduced pressure. The resulting oily or solid products were dissolved in some 
milliliters of benzene arid filtered on a small column of silica (Kieselgel 60, 
Merck) to remove the catalyst. After evaporation of the solvent solid, some- 
times oily, compounds were isolated. The described method to separate the 
catalyst fails, when amino acids were used instead of the esters. Therefore, 
when the carboxylic acids were needed in a preparative scale, they were 
isolated after saponification of the corresponding optically pure esters. The 
activity of the catalysts is in general given as t/2 (min.) a rough measure for 
comparison. That means the time needed for the uptake of 50% of the 
theoretical amount of hydrogen. We observed a strong dependence on the 
substrates and found 1-4 minutes for the acetyl- and benzoyl-derivatives and 
5-35 minutes for the Boc- and Cbz protected substrates. Generally 1.0mmol 
of substrate and 0.01 mmol of catalyst were used. The (R)-configured catalyst 
induces (S)-configuration in the hydrogenation product and vice versa. 

To check the productivity of the catalysts the substrate: catalyst ratio was 
enlarged using the standard substrate (Z)-a-acetamidocinnamic acid. Up to a 
ratio of 3000:1 (0.01 mmol of catalyst) the enantioselectivity and conversion 
are not significantly influenced. But, the hydrogenation rate drops to 1.0mmol 
Ha per minute (Kreuzfeld et al., 1996). 
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The enantiomeric excesses determined after the catalytic asymmetric 
hydrogenation were between 86 and 95% ee, depending on the substrates 
used. Higher optical purities are the result of further enrichment by 
fractionated crystallization. 

In conclusion, each method has advantages and limitations. We believe 
that the presented approach to non-proteinogenic amino acids by asymmetric 

Table 1. Phenylalanine derivatives I 

, COOR 2 
R~-CH2-C.HH / 

NH--R 3 

R 1 R 2 R 3 m.p. (°C) [a]D 25 ee (D, L) 

Q H COC6H5 

Q _ CH3 COC6H5 

F CH 3 Cbz 

-F CH 3 Boc 

F ~ _  H COC6H5 

~ --- CH3 COC6H 5 

F ~ . _  CH 3 Cbz 

~ H COC6H 5 

F - - @  CH3 COC6H5 

F ~  CH 3 Cbz 

F - - @  CH3 BOC 

F3C--@ H COC6H 5 

F3C__ @ CH 3 Cbz 

f 3 C - - @  CH3 Boc 

F~C-@- H Boc 

147-149 61.1 
(c 1, MeOH) 

111-112 64.6 
(c 1, MeOH 

64-66 21.1 
(c 1, EtOH) 

41-42 6.8 
(c 1, EtOH) 

135-137 43.0 
(c 1, MeOH 

79-80 56.5 
(c 1, MeOH 

42-47 18.2 
(c 1, EtOH) 

158-161 38.1 
(c 1, MeOH 

50.1 
(c 1, MeOH 

13.7 
(c 1, EtOH) 

3.2 
(c 1, EtOH) 

41.8 
(c 1, MeOH 

21.3 
(c 1, EtOH) 

8.1 
(c 1, MeOH) 

-12.2 
(c 1, EtOH) 

96-97 

40-48 

6%69 

167-168 

81-83 

77-79 

132-135 

99% (D) 
(GLO 
89% (D) 
(GLC) 
99.5% (D) 
(HPLC) 
95% (D) 
(HPLC) 

999'0 (D) 
(GLC) 

99% (D) 
(GLC) 

90% (D) 
(HPLC) 

99% (D) 
(GLC) 

88% (D) 
(GLC) 

89% (D) 
(HPLC) 

97% (D) 
(HPLC) 
92% (D) 
(GLC) 

95% (D) 
(HPLC) 

99% (D) 
(HPLC) 

97% (D) 
(HPLC) 

For further experimental and analytical details see Krause et al. (1992a, 1996), Kreuzfeld 
et al. (1996). 
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hydrogenat ion can be a helpful completion, when the catalyst acts highly 
active and enantioselective and can be readily synthesized in the (R)- as well 
as in the (S)-configuration. 

Analytical methods 

The optical rotat ion was measured on a G Y R O M A T - H P  polarimeter (Fa. Dr. 
Kernchen, Seelze). The enantiomeric excess (% ee) was determined by GLC 
on a Hewlett-Packard chromatograph HP 5880 A fitted with a 4.3 m capillary 
column XE-60 (N-L-valin-tert-butylamide) FID, split 1:60, 175°C, for the 

Table 2. Phenylalanine derivatives II 

RI_CH2_C~t jCOOR2 
NH--R 3 

R 1 R 2 R 3 m.p. (°C) [alp 25 ee (D, L) 

F-fl--~ CH3 Cbz 58-60 25.4 97% (D) 
(c 1, EtOH) (HPLC) 

F -~-"~ CH 3 Boc 50-51 8.4 99% (D) 
(c 1, EtOn) (HPLC) 

F ~ F  H COC6H 5 193-196 -56.1 86% (L) 
r (c 1, MeOH) (GLC) 

C l ~  H COC6H5 159-161 31.6 99% (D) 
(c 1, MeOH) (GLC) 

C 1 ~  CH 3 COC6H 5 98-99 51.9 96% (D) 
(c 1, MeOH) (GLC) 

cHso--f-'K- H COC6H5 128-130 33.4 97% (D) 
(c 1, MeOH) (GLC) 

cn3o--d'-X~ CH3 COC6Hs 82-84 37.3 93% (D) 
x , = / _  (c 1, MeOH) (GLC) 

O2N_~" ~ H COC6H 5 196-198 58.4 91% (D) 
(c 1, MeOH) (GLC) 

o2N_.d'--k__ CH3 C O C 6 H 5  154-155 73.2 91% (D) 
(c 1, MeOH) (GLC) 

o2~___d"-k_ H Cbz 118-120 5.8 92.5% (D) 
(c 0,5, EtOH) (HPLC) 

o2N_d'--k__ CH3 Cbz 86-88 26.7 93% (D) 
(c 1, EtOH) (HPLC) 

O2N_J'-- ~ C H  3 Boc 96-97 7.8 92.5% (D) 
X_--_/ (c 1, EtOH) (HPLC) 

Further details see Krause et al. (1992a, 1996), Taudien et al. (1993). 
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Table 3. Phenylalanine derivatives III 

, COOW 
RI_CH2_CH/" 

" 'NH__R 3 

R 1 R 2 R 3 m.p. (°C) [a]D 25 ee (D, L) 

c~3-d--~ H COC6H5 133-136 35.8 92% (D) 
(c 1, MeOH) (GLC) 

cn3-d--K- CH3 Boc 27-29 52.1 99% (L) 
(c 1, CHC13) (HPLC) 

-@cH H COC6H 5 164-166 69.7 92% (L) 
c~ (c 1, MeOH) (GLC) 

3 

cti3 - ~ -  CH3 COC6H5 94-96 -58.1 82% (L) 
3 (c 1, MeOH) (GLC) 

cn~,cn d-- ~ H COC6H 5 192-194 35.2 92% (D) 
cn; ~ (c 1, MeOU) (GLC) 

CH~,c. d-- ~ . ~  ~-- CH3 COC6H5 104 -49.2 99% (L) 
cn¢ ~ (c 1, MeOH) (GLC) 

cn~cH d--~ -x 7-- H Boc 80-83 -26.5 >99% (D) 
OH; " ~ '  (C 1, EtOH) (HPLC) 

CH3cH ~-"~ ""K ~-" CH3 Boc Oil -42.1 99% (D) 
ell{ ~ (C 1, CHC13) (HPLC) 

cH3, ~ H Boc 50-53 -24.7 >99% (D) 
CH3 - C---( / \)-~ 
cn/ k ~ ,  (c 1, EtOH) (HPLC) 

c C ~ c ~  CH 3 Boc Oil -43.0 99% (D) 
cg~ ~ (c 1, CHCL3) (HPLC) 

CH 3 Cbz Oil 12.2 88% (D) 
(c 1, MeOH) (HPLC) 

CH 3 Boc 48-53 4.8 93% (D) 
(c 1, MeOH) (HPLC) 

H Cbz 145-152 - 11.2 98% (D) 
(c 1, EtOH) (HPLC) 

CH 3 Cbz 84-89 8.3 88% (D) 
(c 1, E tOn)  (HPLC) 

CH3 Boc 60-68 -6.4 89% (D) 
(c 1, CHC13) (HPLC) 

Further details see Kreuzfeld et al. (1993, 1996), Taudien et al. (1993), Krause et al. 
(1996). 



Table 4. Naphthylalanine derivatives 

, C O O R  2 

RI-CHz-CH j 
"--NH__R 3 

R j R 2 R 3 m.p. (°C) [a]D 25 ee (D, L) 

H COC6H 5 155-157 140.6 98% (D) 
(c 1, MeOH) (GLC) 

C ~  H COC6Hs 153-155 32.0 97% (D) 
(c 1, MeOH) (GLC) 

C ~  CH 3 COC6H 5 102-103 44.2 87% (D) 
(e 1, MeOH) (OLC) 

H Cbz 106-110 -18.7 91% (D) 
(c 1, EtOH) (HPLC) 

C ~  CH 3 Cbz 84-86 -1.24 92% (D) 
(c 1, MeOH) (HPLC) 

C ~  H Boc 98-102 -30.9 92% (D) 
(c 0.5, EtOH) (HPLC) 

C ~  CH3 Boc 83-85 -16.3 91% (D) 
(c 1, EtOH) (HPLC) 

Further details see Taudien et al. (1993), Krause et al. (1996). 

Table 8. Thienylalanine derivatives 

, COOW 
RI-CH2-CH / 

"~NH__R 3 

R 1 R 2 R 3 m.p. (°C) [R]D 25 ee (D, L) 

H COCH3 164-165 -42.3 >99% (D) 
(c 1, EtOH) (GLC) 

H C O C 6 H  5 100-102 -13.3 91% (L) 
(c 1, EtOH) (GLC) 

~ 0 /  C H  3 C O C H  3 112-114 -16.7 >99% (D) 
(c 1, EtOH) (GLC) 

/ CH3 COC6H5 72-74 -39.7 90% (L) 
(c 1, EtOH) (GLC) 

H C O C H  3 176-178 -46.2 >99% (D) 
(c 1, EtOH) (GLC) 

H COC6H 5 135 4.1 96% (D) 
(c 1, EtOH) (GLC) 

C H  3 C O C H  3 106-108 -14,6 98% (D) 
(c 1, EtOH) (GLC) 

CH3 COC6H5 85-86 35.2 93 % (D) 
(c 1, EtOH) (GLC) 

(s,,/ H H 246-258 31.8 >99% (D) 
(c 1, H20) (HPLC) 

~s~ H H 239-242 42.6 >99% (D) 
(c 1, H20) (HPLC) 

Further details see DObler et al. (1993), Furylalanine derivatives see Krause et al. (1992b). 
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acetyl- and benzoyl derivatives, by HPLC on a Hewlett-Packard 1090 
chromatograph Series II, fitted with 50 × 4.6 mm CHIRACEL OD and 250 × 
4.6mm CHIRACEL OD columns (eluent: n-hexane/isopropanol) for the 
Cbz- and Boc-derivatives and also for the deprotected compounds. Melting 
points were determined on a Galen TM III (Cambridge Instruments). 

Results 

The results of our investigations to prepare non-proteinogenic amino acids by 
catalytic asymmetric hydrogenation are summarized in the Tables 1-6. For 
more experimental details the corresponding references are given at the bot- 
tom of each table. For comparison see also references cited therein. 

Table 6. Pyridylalanine derivatives 

, C O O R  2 

RI-CH2-CH ~ 
"-NH__R 3 

W R 2 R 3 m.p.(°C) [a]aSD ee (D, L) 

NH4 + C O C H  3 181-183 -87.1 92% (D) 
(c 1, EtOH) (GLC) 

U CI-[ 3 C O C H  3 101-103 -103.4 >99% (D) 
(c 1, CHC13) (GLC) 

CH3 C O C 6 H 5  108-109 75.9 >99% (D) 
(c 1, MeOH) (GLC) 

N(~  NH4 ÷ C O C H  3 199-201 -92.4 >99% (D) 
(c 1, EtOH) (GLC) 

H COC6H 5 246-248 98.6 84% (D) 
(c 1, 1N HC1) (GLC) 

s ~  C H  3 C O C H  3 77-79 -99.8 >99% (D) 
(c 1, CHC13) (GLC) 

CI-t 3 C O C 6 H  5 Oil -84.3 86% (D) 
(c 1, CHC13) (GLC) 

H H 250-253 -24.6 >99% (D) 
(c 1, 1N, HC1) (HPLC) 

H H 246-248 -34.5 >99% (D) 
(c 1, 1N HCI) (HPLC) 

Further details see D6bler et al. (1996). 

Acknowledgement 

The authors are grateful to Prof. Dr. G. Oehme for helpful discussion, the Welding 
GmbH & Co., Hamburg for the generous gift of Pindolol, and the Fonds der Chemischen 
Industrie for financial support. 



280 H.J. Kreuzfeld et al. 

References 
Bozell JJ, Vogt CE, Gozum JJ (1991) Transition-metal-assisted asymmetric synthesis of 

amino acid analogues. A new synthesis of optically pure D- and L-pyridylalanines. 
J Ors Chem 56:2584-2587 

Brunner H, Zettlmeier W (1993) Handbook of enantioselective catalysis. VCH Verlags- 
gesellschaft, Weinheim 

Burk MJ, Feaster JE, Nugent WA, Harlow RL (1993) Preparation and use of C2- 
symmetric bis(phospholanes): production of ~x-amino acid derivatives via highly 
enantioselective hydrogenation reactions. J Am Chem Soc 115:10125-10138 

Burk JM, Gross MF, Martinez JP (1995) Asymmetric catalytic synthesis of p-branched 
amino acids via highly enantioselective hydrogenation reactions. J Am Chem Soc 117: 
9375-9376 

Cativiela C, Fernandez J, Mayoral JA, Melendez E, Uson R, Oro LA, Fernandez MJ 
(1982) Asymmetric hydrogenation of 2-benzamido(acetamido)-3-(2-thienyl)-2- 
propenoic acids catalyzed by rhodium-DIOP complexes. J Mol Catal 16:19-25 

Cativiela C, Diaz de Villegas MD, Mayoral JA, Melendez E (1983) Synthesis and 
stereospezific ring opening of the (Z)-(E)-isomers of 2-methyl(phenyl)-4- 
thienylmethylene)5(4H)-oxazolones. Synthesis: 899-902 

Cativiela C, Mayoral JA, Melendez E, Oro LA, Pinillos MT, Uson RJ (1984) Influence of 
the heterocyclic ring on the asymmetric synthesis of [3-hetarylalanines by homoge- 
neous catalytic hydrogenation. J Ors Chem 49:2502-2504 

Cativiela C, Diaz de Villegas MD, Garcia JI, Mayoral JA, Melendez E (1985) Sintesis 
estereoselectiva de acidos (Z)-2-acilamino-3-hetaril-2-propenoicos. An Quire 81: 56- 
61 

Cesarotti E, Chiesa A, Ciani G, Siroui A (1983) Asymmetric hydrogenation catalyzed by 
aminophosphine-phosphinite-rhodium complexes derived from natural aminoalcohols 
and X-ray crystal structure of (1,5-cyclooctadiene)-(S)-N-(diphenylphosphino)-2- 
diphenylphosphinoxymethylpyrrolidinerhodium(I) perchlorate. J Organomet Chem 
251:79-91 

Corey EJ, Link O (1992) A general, catalytic, and enantioselective synthesis of a-amino 
acids. J Am Chem Soc 114:1906-1908 

Crawford M, Little WT (1959) The Erlenmeyer reaction with aliphatic aldehydes, 2- 
phenyloxazol-5-one being used instead of hippuric acid. J Chem Soc: 729-731 

D6bler Chr, Kreuzfeld HJ, Pracejus H (1988) Chiral bicyclic O,N-bis (di- 
phenylphosphino)-aminoalkanols as ligands for enantioselective metal complex hy- 
drogenation catalysts. J Organomet Chem 344:89-92 

D6bler Chr, Kreuzfeld HJ, Krause HW, Michalik M (1993) Unusual amino acids IV. 
Asymmetric synthesis of thienylalanines. Tetrahedron: Asymmetry 4:1833-1842 

D6bler Chr, Kreuzfeld HJ, Michalik M, Krause HW (1996) Unusual amino acids VII. 
Asymmetric synthesis of 3- and 4-pyridylalanines. Tetrahedron: Asymmetry 7: 117- 
125 

Fryzuk MD, Bosnich B (1977) Asymmetric synthesis. Production of optically active 
amino acids by catalytic hydrogenation. J Am Chem Soc 99:6262-6267 

Halpern J (1985) Asymmetric catalytic hydrogenation: mechanism and origin of 
enantioselection. Asymmetric synthesis, vol 5. In: Morrison JD (ed) Academic Press, 
New York, pp 41-68 

Hellmann H, Piechota H (1960) Die Aldolreaktion aromatischer und heterocyclischer 
Aldehyde mit Acetaminomalonsfiure-monoestern. Liebigs Ann Chem 631: 175- 
179 

Hengartner U, Valentine Jr D, Johnson KK, Larscheid ME, Pigott F, Scheidl F, Scott JW, 
Sun RS, Townsend JM, Williams TH (1979) Synthesis of (R)-6-methyltryptophan via 
enantioselective catalytic hydrogenation. J Org Chem 44:3741-3747 

Hruby VJ, A1-Obeidi F, Kazmierski W (1990) Emerging approaches in the molecular 
design of receptor-selective peptide ligands: conformational, topographical and 
dynamic considerations. Biochem J 268:249-262 



Synthesis of non-proteinogenic (D)- or (L)-amino acids 281 

Hunt S (1992) Non-protein amino acids. In: Rogers LJ (ed) Amino acids, proteins and 
nucleic acids, ch. 1. Academic Press, London New York, pp 1-52 (In: Dey PM, 
Harborne JB (eds) Methods in plant biochemistry, vol 5) 

Kagan HB, Dang TP (1972) Asymmetric catalytic reduction with Transition metal 
complexes. I. A catalytic system of rhodium(I) with (-)-2,3-O-isopropylidene-2,3- 
dihydroxy-l,4-bis(diphenylphosphino)butane, a new chiral diphosphine. J Am Chem 
Soc 94:6429-6433 

Karim A, Mortreux A, Petit F (1986) Hydrogenation asymmetrique des 
deshydroaminoacides catalyses par des complexes rhodium-aminophosphine 
phosphinite. Influence de la structure des chelates. J Organomet Chem 312: 375-- 
381 

Koenig MD (1985) The applicability of asymmetric homogeneous catalytic hydrogena- 
tion in asymmetric synthesis, vol 5, ch 3. In: Morrison JD (ed) Academic Press, New 
York, pp 71-98 

Krause HW, Foken H, Pracejus H (1989) Aminophosphine phosphinites of propranolol 
as ligands for rhodimn catalyzed asymmetric hydrogenation of dehydroamino acids. 
New J Chem 13:615-620 

Krause HW, Kreuzfeld H J, D6bler Chr (1992a) Asymmetric synthesis of fluorine contain- 
ing phenylalanines. Tetrahedron: Asymmetry 3:555-566 

Krause HW, Wilcke FW, Kreuzfeld HJ, D/Sbler Chr (1992b) Unusual amino acids I. 
Asymmetric synthesis of furylalanine derivatives. Chirality 4:110-115 

Krause HW, Kreuzfeld HJ, Schmidt U, D{3bler Chr, Michalik M, Taudien S, Fischer Chr 
(1996) Unusual amino acids VI. Substituted arylamino acids by asymmetric hydro- 
genation of N-Cbz and N-Boc protected dehydroamino acid derivatives. Chirality 8: 
173-188 

Kreuzfeld HJ, D6bler Chr, Krause HW, Facklam Chr (1993) Unusual amino acids V. 
Asymmetric hydrogenation of (Z)-N-acylamidocinnamic acid derivatives bearing 
different protective groups. Tetrahedron: Asymmetry 4:2047-2051 

Kreuzfeld H J, Schmidt U, D6bler Chr, Krause HW (1996) Enantioselective hydrogena- 
tion of dehydroamino acid derivatives using PINDOPHOS-rhodium as chiral catalyst. 
Tetrahedron: Asymmetry 7:1011-1018 

Lubec G, Rosenthal GA (1990) Amino acids, chemistry, biology and medicine. ESCOM, 
Leiden, pp 3-29 

Miyazawa T, Takashima K, Yamada T, Kuwata S, Watanabe H (1982) Studies of unusual 
amino acids and their peptides. XIV. The asymmetric hydrogenation of the 
phenylhydrazone of methyl N-(3,3-dimethyl-2-oxobutanoyl)-L-valinate. Bull Chem 
Soc Jpn 55:341-342 

Morgan BA, Bower JD, Guest KP, Handa BK, Metcald G, Smith CFC (1977) Structure- 
activity relationship of enkephalin analogs. In: Goodman M, Meienhofer J (eds) 
Wiley, New York (Pept Proc Am Pept Syrup, 5th: 111-113) 

Mortreux A, Petit F, Bruno G, Pfeiffer G, Siv C (1986) Synthesis of chiral 
aminophosphine phosphinites. Use in catalytic asymmetric reduction. J Organomet 
Chem 317:93-104 

Nagel, U, Kinzel E, Andrade I, Prescher G (1986) Synthese N-substituierter (R,R)-3,4- 
Bis(diphenylphosphino)-pyrrolidine und Anwendung ihrer Rhodiumkomplexe zur 
asymmetrischen Hydrierung von c,-(Acylamino)acrylsfiure-Derivaten. Chem Ber 119: 
3326-3343 

Noda K, Shimohigashi Y, Izumiya N (1983) a,fi-Dehydroamino acids and peptides. 
Peptides (N.Y.) 5:285-339 

Noyori R (1994) Asymmetric catalysis in organic synthesis, ch 2. Wiley and Sons, New 
York, pp 16-94 

Pinski J, Schally AV, Yano T, Groot K, Srkalovic G, Serfozo P, Reissmann Th, Bernd M, 
Deger W, Kutscher B, Engel J (1995) Evaluation of the in vitro and in vivo activity of 
the L-, D,L- and D-Cit 6 forms of the LH-RH antagonist Cetrorelix (SB-75). Int J 
Peptide Protein Res 45:410-417 



282 H. J. Kreuzfeld et al.: Synthesis of non-proteinogenic (D)- or (L)-amino acids 

Pracejus G, Pracejus H (1984) Chiral O,N-bis(diphenylphosphino)aminoalkanols as 
ligands for enantioselective metal complex hydrogenation catalysts. J Mol Catal 24: 
227-230 

Pracejus H, Pracejus G, Costisella B (1987) O,N-Bis(diphenylphosphino)derivatives of 
chiral trans- and cis-2-aminocyclohexanols: synthesis and enantioselective behaviour 
as ligands in Rh-based homogeneous hydrogenation catalysts. J Prakt Chem 329: 235- 
245 

Rao YS, Filler R (1975) Geometric isomers of 2-aryl(aralkyl)-4-arylidene(alkylidene)- 
5(4H)-oxazolones. Synthesis: 749-764 

Reissmann Th, Engel J, Kutscher B, Bernd M, Hilgard P, Peukert M, Szelenyi I, Reichert 
S, Gonzales-Barcena D, Nieschiag E, Comaru-Schally AM, Schally AV (1994) 
Cetrorelix (SB-75) LH-RH antagonist. Drugs of the Future 19:228-237 

Schmidt U, Hfiusler J, Oehler E (1979) Dehydroamino acids. 2-Hydroxy-2-amoino acids 
and 2-mercapto-2-amino acids. Fortschr Chem Org Naturst 37:251-327 

Schmidt U, Lieberknecht A, Wild J (1988) Didehydroamino acids (DDAA) and 
didehydropeptides (DDP). Synthesis: 159-172 

Schmidt U, Griesser H, Leitenberger V, Lieberknecht A, Mangold R, Meyer R, Riedl B 
(1992a) Diastereoselective formation of (Z)-didehydroamino acid esters. Synthesis: 
487-490 

Schmidt U, Meyer R, Leitenberger V, Griesser H, Lieberknecht A (1992b) Amino acids 
and peptides. 84. Synthesis of biologically active cyclopeptides. 24. Total synthesis of 
the biphenomycins. III. Synthesis of biphenomycin B. Synthesis: 1025-1030 

Seebach D, Dziadulewicz E, Behrendt L, Cantoreggi S, Fitzi R (1989) Synthesis of 
nonproteinogenic (R)- or (S)-amino acids; analogues of phenylalanine, isotopically 
labelled and cyclic amino acids from tert-butyl-2-(tert-butyl)-3-methyl-4-oxo-1- 
imidazolidine carboxylate. Liebigs Ann Chem: 1215-1232 

Seebach D, Btirger HM, Schickli CP (1991) Stereoselektive Umsetzungen von rac-, 
(R)- oder (S)-5-Alkyliden-2-t-butyl-3-methoxy-4-oxo-l-imidazolidincarbons~iure- 
t-butylestern (chirale 2,3-Dehydroaminosfiure-Derivate) und Herstellung einiger 
nichtproteinogener Aminos~iuren. Liebigs Ann Chem: 669-684 

Takaya H, Ohta T, Noyori R (1993) Asymmetric hydrogenation, in catalytic asymmetric 
synthesis, ch. 1 (and ref. therein) In: Ojima I (ed) VCH Verlagsgesellschaft, Weinheim 

Taudien S, Schinkowski K, Krause HW (1993) Unusual amino acids III. Asymmetric 
synthesis of 3-arylalanines. Tetrahedron: Asymmetry 4:73-84 

Wagner I, Musso H (1993) Nattirliche Aminos~iuren. Angew Chem 95:827-839 
Wenger RM (1986) Cyclosporine and analogs. Isolation and synthesis. Mechanism of 

action and structural requirements for pharmacological activity. Progress Chem Org 
Nat Prods 50:123 

Williams RM (1989) Synthesis of optically active c~-amino acids. Pergamon Press, Oxford 
Wynants C, Coy DH, van Binst G (1988) Conformational study of super-active analogues 

of Somatostatin with reduced ring size by 1HNMR. Tetrahedron 44:941-973 

Authors' address: Dr. H.-J. Kreuzfeld, Institut ftir Organische Katalyseforschung an der 
Universitfit Rostock e.V., Buchbinderstrage 5-6, D-18055 Rostock, Federal Republic of 
Germany. 

Received January 26, 1996 


