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Abstract 

The kinetic resolution of azlaetones by the Lewis-acid-mexfiated transfer of an isopropoxide ligand from the 
chiral ligand sphere of Ti-TADDOLate is described. The reactions proceed with in-situ racemization of the 
starting material to afford highly enantiomerieally enriched N-benzoyl-amino acid isopropylesters (er > 95:5 after 
recrystallization). The absolute configuration of the major enantiomer of N-benzoyl-phenylalanine isopropyl 
ester and its analogs with other aromatic substituents was shown to be (S)-(+) when the (R,R)-Ti-TADDOLate 
was employed. Only benzyl-substituted azlactones can be opened enantioselectively by the method described 
here. © 1998 Elsevier Science Ltd. All fights reserved. 
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Introduction 

Oxazol-5-(4H)-ones, also known as azlactones, are activated cyclic esters easily prepared 
from N-acyl-amino acids by dehydration [1-4]. They are suitable substrates for kinetic 
resolution with in-situ recycling of the substrate (so-called "dynamic kinetic resolution" [5-8] 
or "asymmetric transformation" [9]), because they react readily with nucleophiles and 
racemize spontaneously, under very mild conditions, via a resonance-stabilized tautomer. 
This behaviour has been known for long in peptide chemistry, the racemization in peptide 
couplings of N-acyl-amino acids being ascribed to azlactone intermediates [10, 11]. 
Kinetic resolutions of azlactones (see Scheme 1) with hydrolytic enzymes [12-16] and 
cyclodextrins [17, 18] were first studied, focussing on the properties of the intermediate 
catalyst-acyl complex. With new screening methods for enzymes, more powerful systems 
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were at hand to develop preparative applications of this method [19-22]. Non-enzymatic 
variants comprise mainly ring opening reactions of an azlactone with a stoichiometric 
amount of a chiral nucleophile to give diastereoisomeric products, from which the 
enantiomerically enriched amino acid derivative is set free after chromatographic separation 
[23-28]. A catalytic process [29] and a crystallization-induced kinetic resolution of azlactones 
[30] have been described as well. 

chiral nucleophile Aft Nu 
O , HN, R 

R or catalyst 

racemic non-racemic 

P~ ,,Ph 
MQ ,o~Ox ,/OCHMe2 

Ph Ph 

1 (Ti-TADDOLate) 

Scheme 1. a) Kinetic resolution with in-situ recycling of azlactones. The Ti-TADDOLate 1 is used for 
enantiomer-differentiating alkoxide transfer in the ring opening of azlactones. 

In model reactions, the effects of the substituents R and Aryl (see Scheme 1) on the rates of 
racemization and ring opening of azlactones have been investigated [31]. Azlactones from 
phenylalanine derivatives (see Scheme 1) were shown to exhibit an enhanced rate of 
racemization, whereas substituent R is more influential with respect to ring opening rates. 
Thus, judicious choice of the substituents should allow optimal conditions for a dynamic 
kinetic resolution, for which racemization has to be faster than ring opening. This is, for 
instance, the case for the azlactone derived from N-benzoyl-phenylalanine (Aryl = R = Ph), 
and, indeed, some of the best examples have been reported for this derivative [20, 21]. 
The Lewis-acid-mediated transfer of an alkoxide group from the chiral ligand sphere of Ti- 
TADDOLates to cyclic carboxylic acid derivatives has been described in preceding papers 
[32-36]. This alkoxide transfer can be realized by two approaches: by "desymmetrization" 
reactions of meso-compounds [32-34] or by kinetic resolutions of racemic substrates [35, 36]. 
A first TADDOLate-mediated ring opening of an azlactone (Aryl = R = Ph in Scheme 1) 
yielded, after a single recrystaUization, the resulting isopropylester in highly enantioenriched 
form (er 98:2, major enantiomer (S) with (R,R)-TADDOLate) [36]. 
In this paper we describe the investigation of substituent effects and the extension of the 
previously described methodology to various other azlactones, affording highly enriched 
N-protected amino acid esters (er > 95:5 after recrystallization). 
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P r e p a r a t i v e  R e s u l t s  

1. Preparation o f  the Substrates 

Based on o u r  previous work on the ring opening of azlactone 5a [36] we decided to  first 
investigate the analogous reaction of the related azlactones 5b-g which were easily prepared 
from the corresponding N-benzoylated amino acids 4b-g by dehydration with Ac20 [37] (see 
Scheme 2). Hydrogenation of the benzylidene azlactones 2 (using Pd/C [38, 39], PdC12 [40], 
PtO 2 (cf. [41]), or HI/P,~ [42]) afforded the corresponding oxazolones 5 in only moderate 
yields [43]. For amino acids which are not commercially available we therefore took the 
route via the corresponding cinnamic acid derivatives 3, which could be readily and cleanly 
transformed to the N-benzoylated amino acids 4 [44]. 

. " p t-o 

2b, c, e 

N 

Ph 

5a - g 

KOH, EtOH 1 I Ae20 

Ptr "N" "COOH H P N OOH H H2N" "COOH 

3b, c, e 4a - g 

I a b e d e f g 

Aryl Ph 4-Me-Ph 4-MeO-Ph 4-CI-Ph 1-Naphthyl 2-Thienyl 4-NO2-Ph 

Scheme 2. Preparation of azlactones 5a - g. 

2. Enantioselective Ring opening o f  Azlactones 

The ring opening of azlactones 5b-g (see Scheme 3) was carded out on a 1 mmolar scale 
with 1.2 equivalents of (R,R)-TADDOLate 1 in THF at -28°C (storage in a deep freezer for 
several days, as described previously [36]). 
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rac-5b - g 
1 (1.2 eq.) Arylf y ~OCHMo2 

I THF, -28°C HN.. Bz 
Aryt~~_- OCHMe2 

HN-.Bz 

Phv~oCHMe2 
HN-.Bz 

(major) 6 b  - g (minor )  

Ph~OEt  
HN-.Bz 

7 8 

Scheme 3. Ring opening reactions of azlactones 5 to isopropylesters 6 with diisopropoxy-Ti-TADDOLate 

(cf. Table 1, Bz = COPh). Specification ofb-g as in Scheme 2. Product 7 was obtained by TADDOLate- 

mediated ring opening of a homophenylalanine-derived aziactone, product 8 by ring opening of 5a with 

diethoxy- Ti- TAD DOLate. 

Table 1 

Conversion ofAzlactones 5 to Enantioenriched Phenylaianine Derivatives 6. - Standard conditions: 1.2 equiv, of Ti- 

TADDOLate 1 were used. Conversion was monitored by ~H-NMR, 75 % conversion was generally reached within 5 to 10 days, 

100 % within up to 20 days. Enantiomer ratios were determined by HPLC analysis of the product esters. Re.crystallizations from 

diisopropyl ether. 

Entry Azlactone Enantiomer Ratio of 

6b-g 

1 5 b 80:20 

2 5e  77:23 

3 5d 82:18 

4 5e  77:23 

5 5 f  86:14 

6 5 g 80:20 

Yield of 6b-g Enantiomer Ratio of Yield of 6b-g after 

(%) 6b-g after Recrystallization 

Recr~stallization /%/ 

60 99:1 19 

65 95:5 31 

48 97:3 9 

67 96:4 9 

74 > 99:1 a) 15 

74 95:5 b) 16 

a) Obtained from the mother liquor; b) Recrystallized from ethanol. 

The results are shown in Table 1. Azlactones 5b-g are ring-opened with selectivities ranging 
from 77:23 to 84:16 to give isopropylesters 6b-g  in 48-74% yield. By a single 
recrystallization the enantiomer ratios could be raised to > 95:5 (entries 1-6). Neither 
structural nor electronic effects of the aromatic moiety seem to play a crucial role in the 
degree of selectivity. Thus, for the azlactones derived from amino acids with a benzylic side 
chain, this method seems to be generally applicable. 
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The method does not work with azlaetones with non-benzylic side chains. A homophenyl- 
alanine-derived azlactone was opened with a somewhat lower selectivity (er 68:32), and the 
isopropyl ester 7 was obtained, after recrystallization, with an er of only 86:14. Preliminary 
experiments have also been carried out with azlactones bearing aliphatic side chains, which 
showed no enantiomer differentiation at all. It is known that the ratio of ring opening v s .  

racemization rate is not optimal for the kinetic resolution of azlactones with non-benzylic 
side chains, but we have not determined whether this unfavorable ratio or poor enantiomer 
differentiation by the titanate is the reason for the lower selectivity in these cases. 
Figure 1 shows the X-ray structure of azlactone 5f .  The observed folding of the thienyl 
aromatic moiety over the azlactone ring is a characteristic feature of azlactone structures 
with benzylic side chains [45-49]. Such folding has also been reported for hydantoins [50] 
and for diketopiperazines [51] of phenylalanine derivatives and of peptides, and it was 
proposed that the conformation is stabilized by intramolecular dipole-dipole interactions. 
The importance of conformational effects on racemization rates of azlactones with benzylic 
side chains has been discussed extensively [31]. 

Figure 1. MacMoMo representation of the X-ray structure of azlactone 5 f  2 (the heterocyclic ring is disordered 

with respect to a 180 ° rotation around the C2(Thienyl)-CH2-bond, only one of  the two conformers is shown 

here). Structure determination by V. Gramlich, Laboratorium fiir Kristallographie, ETH Ziirich. 

Azlactones from phenylglycines are known to equilibrate with their mesoionic forms in 
polar solvents [52, 53], so that they are not suitable substrates for our investigations, and as 
expected, experiments to open such azlactones (derived from N-benzoyl- or N-trifluoro- 
acetyl-phenylglycine) with tetraisopropyltitanate failed. 

2 The atomic co-ordinates for this work are available on request from the Director of the Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, Lensfleld Road, Cambridge CB2 IEW. Any request should be accompanied by the full fiterature 
citation for this communication. 
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We were also interested in the ring opening of azlactones derived from a,a-disubstituted 
amino acids, which cannot racemize in situ but which can be suitable substrates for a so- 
called "simple" kinetic resolution [27, 28]. However, in a preliminary experiment with 
tetraisopropyltitanate, it was shown that even at room temperature, the reaction was too slow 
to be of synthetic utility (70% conversion after 14 days for the 4-methyl derivative of 5a). 
With an azlactone derived from N-pivaloyl- instead of N-benzoyl-phenylalanine (variation of 
the amino protecting group), a decrease of the reaction rate was observed: after 14 days at 
-28°C, the TADDOLate-mediated ring opening had reached a conversion of less than 5%. 
To study the effect of the variation of the nucleophile, diethoxy- and di-tert-butoxy-Ti- 
TADDOLate instead of the diisopropoxy compound 1 were tested in the ring opening of 
azlactone 5a. For the former, the reaction was complete after 10 days at -28°C and product 
8 was isolated in 75% yield, however, with an er of only 60:40. In the latter case, essentially 
no conversion was obtained after 14 days at -28°C. Similar effects of different nucleophiles 
have been observed in the ring opening of meso-anhydrides by Ti-TADDOLates [33]. 

The (S)-configuration of the major enantiomer of 6, formed in the ring opening of 
azlactones 5, as shown in Scheme 3, was assigned in the following way: (i) for the parent 
compound 6a, derived from phenylalanine, an optical comparison with an authentic material 
had been carried out [36]; (ii) for the thienyl-substituted product 6f, we were able to assign 
(S)-configuration by anomalous dispersion (see Figure 2). 

Figure 2. MacMoMo representation of the X-ray structure of isopropylester (S )-6f, confirming its absolute 

configuration (anomalous diffraction). Structure determination by W. B. Schweizer, Laboratorium far 

Organische Chemie, ETH Ziiriclt 
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For all other compounds 6 shown in Scheme 3 and Table 1, the (S)-configuration is assigned 
by analogy, based on the characteristic positive sign of the optical rotation, and based on the 
elution behaviour in HPL chromatography using a chiral stationary phase (the major isomer 
is always eluted first, see experimental section). 
Although the TADDOL could be recovered nearly quantitatively after hydrolysis and 
chromatography, a substoichiometric use of the Ti-TADDOLate in these reactions is 
desirable. One possible approach is the use of a stoichiometric amount of an achiral alkoxide 
source (generally free Ti(Oipr)4 [54-56] or Al(OiPr)3 [33]) in combination with a small 
amount of TADDOLate. By the so-called "cleansing effect" [57], the TADDOLate is recycled 
and the product is set free, in some reactions with even better selectivities than in the 
reaction with stoichiometric amounts of TADDOLate [54-56]. 
With azlactone 5a, the use of 0.7 equivalents of 1 together with 0.5 equivalents of Al(Oipr)3 
resulted in a lowering of reaction rate, but in no loss of selectivity, as compared to the 
reaction conducted with a stoichiometric amount of 1 (see Scheme 4). Smaller amounts of 
TADDOLate (0.5 or 0.25 equiv.) in combination with larger amounts of AI(O~Pr)3 (0.7 or 
0.95 equiv.) resulted in a dramatic decrease of the reaction rate (66 vs. ca. 5 % conversion 
after 40 d). 

1 (0.7 eq.) 

I1 ~ O " P OCHMe2 
p 0 Al(Oipr)3 (0.5 eq.) HN..Bz er  84:16 

5a 6a 

Scheme 4: Ring opening of azlactone 5a with a substoichiometric amount of Ti-TADDOLate 1. 

Table 2 

Substoichiometric Use of Ti-TADDOLate I in the Ring opening of 5a with an Excess of Al(O~Pr)j. - 0.7 equiv, of 

Ti-TADDOLate 1 t were used in addition to 0.5 equiv, of AI(O Pr) 3 which was added together with the substrate. 

Entry Enantiomer ratio of 

6a 

1 86:14 

2 84:16 

3 84:16 

time (d) conversion 

7 58 

14 81 

21 100 

As shown in Table 2, the selectivity of the ring opening is not a function of conversion, 
which means that the i n - s i t u  racemization of the substrate is still faster than the reaction. 
With Ti(OiPr)4instead of Al(Oipr)3 this is not the case: after 74% conversion an er of 78:22 
is obtained, after 86% this ratio is 64:36, and after complete conversion it is only 60:40. 
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Experimental 

General Remarks 
1. Abbreviations: CC (column chromatography), FC (flash chromatography), HV (high 
vacuum, 0.01-0.1 Torr), Rt(retention time in rain), tic (thin layer chromatography). 
2. Reagents and Equipment: All reactions were carded out under an Ar or N 2 atmosphere in 
oven- or flame-dried glassware. Solvents used for reactions and crystallizations were 
purchased from Fluka (puriss.). Ti(Oipr)4 (Hills) was distilled under an Ar atmosphere; dry 
TI-IF and Et20 were freshly distilled from K or Na under an Ar atmosphere. Solvents used 
for extraction and flash chromatography were distilled as follows: AcOEt, CI-~CI 2 and 
toluene from Sikkon, Et20 from KOH/FeSO4. Solvents used for HPLC were purchased from 
Riedel-de Hahn (Chromosolv). 
Tic separations were run on Merck silica gel 60-F254 analytical plates; CC was performed on 
Merck silica gel 60 (0.063-0.200 mm); FC was performed on Fluka silica gel 60 (0.040- 
0.063 ram), pressure 0.2-0.4 bar. Melting points were determined on a Biichi-510 apparatus 
and are uncorrected. Optical rotations were measured with a Perkin-Elmer 241 polarimeter 
at room temperature (10 era, 1 ml cell). HPLC: Knauer HPLC system (pump type 64, 
integration system Eurochrom 2000, UV-detector (variable wavelength monitor)); column 
DNBPG, 4.6 x 250 mm, 5 ~tm (Baker), ~. = 254 nm, flow 1 ml/min. NMR spectra were 
recorded with TMS (5 = 0) as internal standard on Varian-Gemini 200 (200 MHz (1H), 50 
MHz (13C)), on Varian-Gemini 300 or Bruker AC 300 (300 MHz (1H), 75 MHz (13C)), or on 
Bruker AC 400 (400 MHz (~H), 100 MHz (~aC)) spectrometers. Chemical shifts are given in 
ppm. IR spectra: Perkin-Elmer-1600 FT-IR infrared spectrophotometer. Mass Spectra: 
Hitachi Perkin-EImer RMU-6M spectrometer (EI) and VG-Tribrid spectrometer (FAB), 
fragment ions in m/z with relative intensities (%) in parentheses. Elemental analyses were 
performed by .the Microanalytical Services of the Laboratorium ftir Organische Chemic 
(ETH). 

1. Preparation of  the Substrates 

Benzylidene azlactones 2b, c, e, prepared according to standard procedures [58], were 
hydrolyzed with KOH/EtOH to the cinnamic acid derivatives 3b, c, e [59, 60], which were 
hydrogenated to give the N-benzoylated amino acids 4b, e, e in analogy to a literature 
procedure [44]. Addition of THF (ca. 10 vol %) was necessary in the hydrogenation 
reactions to dissolve the starting material. N-benzoylated amino acids 4a, d, f and g were 
prepared by benzoylation of the corresponding commercially available amino acids with 
benzoyl chloride [61]. Azlactones 5a-g were prepared from N-benzoylated amino acids by 
dehydration with acetic anhydride [37]. If not otherwise noted, all products were 
recrystallized from EtOH. 
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4-Naphthalen-l-ylmethylene-2-phenyl-4H-oxazol-5-one (2e): Yield 71%; nap. 166°C, ([62]: 
rap. 1600C); ~H NMR (300 MHz, CDCI3): 8 = 9.04-9.01 (m, 1H), 8.31-8.28 (m, 1H), 8.21- 
8.18 (m, 2H), 8.11 (s, 1H), 7.97-7.88 (m, 2H), 7.66-7.50 (m, 6H). ~3C NMR (100 MHz, 
CDC13): 8 = 167.59, 163.95, 133.77, 133.60, 133.31, 132.36, 131.94, 131.85, 129.19, 
129.05, 128.87, 128.35, 127.36, 126.80, 126.15, 125.66, 125.52, 122.67. MS (EI): m/z = 
299 (100) [M÷], 166 (3), 139 (2), 105 (52), 77 (8). IR (CHC13): ~ = 3062w, 1792s, 1648s, 
1600w, 1589w, 1573m, 1555w, 1510w, 1491w, 1450w, 1338m, 1325m, 1297m, 1168m, 
ll12w, 1071w, 1041w, 1020w, 980m, 875m. 

2-Benzoylamino-3-p-tolyl-acrylic acid (3b): Yield 64%; mp. 227-228°C, ([63]: mp. 221- 
222°C); ~H NMR (400 MHz, D6-DMSO): 5 = 12.69 (s, 1H), 9.88 (s, 1H), 7.99-7.98 (m, 2H), 
7.61-7.43 (m, 6H), 7.20-7.18 (m, 2H), 2.29 (s, 3H). ~3C NMR (100 MHz, CDC13): 8 = 
166.34, 165.82, 139.09. 133.53, 133.17, 131.64, 130.87, 129.69, 129.08, 128.36, 127.56, 
126.44, 20.84. MS (FAB): m/z = 563 (6) [M2H+], 320 (20), 307 (17), 289 (11), 283 (21), 
282 (100) [MH+], 281 (43) [M÷], 264 (11), 192 (17), 107 (16), 106 (10), 105 (65), 91 (12), 
89 (13), 77 (18); IR (KBr): ~ = 3259m, 2962w, 1701s, 1643s, 1604w, 1581w, 1504m, 
1480m, 1427m, 1321w, 1292w, 1262m, 1189m, 1154m, 908m, 808m, 798w, 731m, 687m. 

2-Benzoylamino-3-(4-methoxy-phenyl)-acrylic acid (3e): Yield 75%; mp. 224°C ([64]: mp. 
229-2300C); ~H NMR (400 MHz, D6-DMSO): ~ = 12.60 (s, 1H), 9.84 (s, 1H), 8.01-7.99 (m, 
2H), 7.66-7.45 (m, 6H), 6.98-6.94 (m, 2H), 3.76 (s, 3H). 13C NMR (100 MHz, D6-DMSO): 

= 166.46, 165.82, 160.06, 133.59, 133.30, 131.61, 131.55, 128.36, 127.56, 126.11, 
124.90, 114.01, 55.14. MS (FAB): m/z = 892 (3) [Mall÷I, 633 (14), 617 (11), 596 (9), 595 
(22) [M2H÷], 336 (32), 320 (19), 307 (19), 298 (100) [MH+], 297 (70) [M÷], 289 (11), 280 
(20), 192 (28), 176 (18), 108 (15), 106 (10), 105 (52), 89 (12), 77 (17); IR (KBr): ~ = 
3283m, 2971w, 1694s, 1648s, 1605s, 1574w, 1505m, 1481m, 1433m, 1253s, 1173m, ll17w, 
1027m, 914m, 894w, 821m, 690m. 

2-Benzoylamino-3-naphthalen-l-yl-acrylic acid (3e): Yield 69%, mp. 212-214°C ([65]: mp. 
221°C); ~H NMR (400 MHz, CDaOD): ~ = 8.19 (s, 1H), 8.05-7.97 (m, 1H), 7.84-7.66 (m, 
5H), 7.52-7.35 (m, 6H); ~3C NMR (100 MHz, CDaOD): ~ -- 169.94, 168.00, 135.00, 134.85, 
133.61, 132.99, 132.66, 132.05, 130.60, 129.64, 129.61, 129.46, 128.64, 127.67, 127.65, 
127.13, 126.21, 125.15; MS (FAB): m/z = 952 (7) [Mail+I, 636 (26), 635 (51) [M2H+], 471 
(11), 460 (13), 346 (12), 319 (29), 318 (100) [MH+], 317 (44), 307 (30), 289 (12), 105 (19), 
77 (7); IR (KBr): ~, = 3228m, 3058m, 1685s, 1646s, 1602m, 1579m, 1513s, 1481s, 1139m, 
1340m, 1279s, 1209m, l151m, l l l l w ,  948m, 923m, 862w, 795m, 777m, 767m, 714s, 
698m, 687m, 620m. 

2-Benzoylamino-3-p-tolyl-propionic acid (4b): Yield 69%; mp. 177-178°C ([66]: mp. 179.5- 
180.5°C). For analytical and spectroscopic data see the literature [63]. 
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2-Benzoylamino-3-(4-methoxy-phenyl)-propionic acid (4c): Yield 87%; mp. 174-175°C 
([67]: mp. 175-176°C). For analytical and spectroscopic data see the literature [63]. 

2-Benzoylamino-3-naphthalen-l-yl-propionic acid (4e): Yield 75%; mp. 203-207°C ([68]: 
rap. 192-193°C; [69]: mp. 245-246°C). For analytical and spectroscopic data see the 
literature [63]. 

4-(4-Methyl-benzyl)-2-phenyl-4H-oxazol-5-one (5b): Yield 74%; mp. 75°C; ~H NMR (300 
MHz, CDC13): ~ = 7.95-7.92 (m, 2H), 7.58-7.43 (m, 3H), 7.18-7.06 (m, 4H), 4.69-4.65 (m, 
1H), 3.37-3.31 (m, 1H), 3.19-3.12 (m, 1H), 2.28 (s, 3H). ~3C NMR (75 MHz, CDC13): 5 = 
177.79, 161.77, 136.84, 132.73, 132.28, 129.51, 129.21, 128.79, 127.98, 125.97, 66.65, 
36.85, 20.91. MS (EI): m/z = 265 (3) [M+], 105 (100), 77 (21), 51 (6). IR (CHCI3): ~ = 
3008w, 2927w, 1818s, 1654s, 1580w, 1515m, 1496w, 1451m, 1324m, 1306m, l150w, 
1075m, 1048s, 1024m, 965m, 915m, 890m. Anal. calcd, for CI7H15NO2 (265.31): C 76.96, H 
5.70, N 5.28; found: C 77.02, H 5.84, N 5.27. 

4-(4-Methoxy-benzyl)-2-phenyl-oxazol-5-one (5c): Yield 85%; mp. 64°C; ~H NMR (200 
MHz, CDC13): 5 = 7.95-7.90 (m, 2H), 7.59-7.41 (m, 3H), 7.27-7.16 (m, 2H), 6.81-6.76 (m, 
2H), 4.69-4.63 (m, 1H), 3.75 (s, 3H), 3.40-3.10 (m, 2H); ~3C NMR (100 MHz, CDC13): 5 = 
177.64, 161.64, 158.71, 132.65, 130.65, 128.71, 127.86, 127.16, 125.82, 113.79, 66.76, 
55.14, 36.43; MS (EI): m/z = 281 (0.6) [M÷], 121 (100), 105 (6), 77 (11); IR (CHC13): ~ = 
3008w, 2838w, 1817s, 1655s, 1613m, 1581w, 1513s, 1452m, 1325m, 1302 m, 1048s, 890m, 
829m; Anal. calcd, for C17HlsNO3 (281.31): C 72.58, H 5.37, N 4.98; found: C 72.33, H 
5.54, N 4.98. 

4-(4-Chloro-benzyl)-2-phenyl-4H-oxazol-5-one (5d): Yield 77%; mp. 60-61°C; ~H NMR 
(300 MHz, CDCI3): ~ = 7.93-7.91 (m, 2H), 7.59-7.43 (m, 3H), 7.62-7.18 (m, 4H), 4.68-4.65 
(m, 1H), 3.38-3.32 (m, 2H), 3.19-3.12 (m, 2H); ~3C NMR (100 MHz, CDCI3): ~ = 177.30, 
161.95, 133.69, 133.20, 132.89, 130.97, 128.80, 128.60, 127.90, 125.59, 66.29, 36.53; MS 
(EI): m/z = 285 (5) [M*], 127 (31), 126 (7), 125 (100), 105 (22), 77 (21), IR (CHCI3): ~ = 
3008m, 1818s, 1654s, 16Olw, 1580w, 1494s, 1451m, 1410w, 1324m, 1300m, l150m, 
1093m, 1048s, 1024m, 968m, 915w, 890m, 826m. Anal. calcd, for C~6H~2NO2C1 (285.73): C 
67.26, H 4.23, N 4.90; found: C 67.12, H 4.34, N 4.84. 

4-Naphthalen-l-ylmethyl-2-phenyl-4H-oxazol-5-one (5e): Yield 92%; mp. 92-93°C; ~H NMR 
(400 MHz, CDC13): 8 = 8.17-8.15 (m, 1H), 7.90-7.76 (m, 4H), 7.58-7.40 (m, 7H), 4.83-4.80 
(m, 1H), 3.86-3.50 (m, 2H); ~3C NMR (100 MHz, CDC13): 8 = 177.78, 161.69, 133.91, 
132.70, 131.92, 131.87, 128.84, 128.70, 128.14, 128.02, 127.91, 126.13, 125.80, 125.66, 
125.38, 123.77, 66.20, 34.74; MS (El): m/z = 301 (6) [M÷], 142 (12), 141 (100), 105 (6), 77 
(5); IR (CHC13): ~, = 3008w, 1814s, 1654s, 1599w, 1580w, 1512w, 1496w, 1451m, 1323m, 
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1307m, 1151m, 1076m, 1061m, 1041m, 1029m, 989w, 957w, 919m, 884m; Anal. calcd, for 
C~0H~sNO2 (301.34): C 79.72, H 5.02, N 4.65; found: C 79.72, H 5.18, N 4.56. 

2-Phenyl-4-thiophen-2-yImethyl-4H-oxazol-5-one (5t3: Yield 87% (crude product; after CC 
42%, after recrystallization from EtOH 33%); Rf= 0.49 (toluene:AcOEt 98:2); mp. 47°C; ~H 
NMR (300 MHz, CDCI3): ~5 = 7.99-7.94 (m, 2H), 7.73-7.43 (m, 3H), 7.14-7.11 (m, 1H), 
6.93-6.87 (m, 2H), 4.72-4.67 (m, 1H), 3.65-3.55 (m, 1H), 3.52-3.42 (m, 1H); 13C NMR (75 
MHz, CDCI3): 8 = 177.24, 162.57, 136.55, 132.93, 128.87, 128.09, 127.25, 126.93, 125.86, 
125.28, 66.24, 31.30; MS (El): m/z = 257 (6) [M÷], 105 (26), 98 (11), 97 (100), 77 (25); IR 
(CHC13): ~ = 3007w, 1818s, 1654s, 1580w, 1495w, 1452m, 1324m, 1309m, 1284w, 1155w, 
1132w, 1049m, 1022m, 956w, 889m; Anal. calcd, for C~4HHNO2S (257.31): C 65.35, H 
4.31, N 5.44; found: C 65.34, H 4.29, N 5.40. 

4-(4-Nitro-benzyl)-2-phenyl-4H-oxazol-5-one (5g): Yield 69%; mp. 147°C ([70]: mp. 147- 
148°C); ~H NMR (200 MHz, CDCI3): 8 = 8.17-8.14 (m, 2H), 7.96-7.90 (m, 2H), 7.62-7.43 
(m, 4H), 4.76-4.70 (m, 1H), 3.54-3.44 (m, 1H), 3.33-3.23 (m, 1H); 13C NMR (75 MHz, 
CDCI3): 8 = 177.13, 162.34, 147.41, 143.02, 133.19, 130.61, 128.95, 127.98, 125.39, 
123.71, 65.77, 36.77; MS (EI): m/z = 296 (4)[M÷], 160 (43), 106 (13), 105 (100), 77 (29), 
51 (6); IR (CHCI3): ~, = 3011m, 1816s, 1654s, 1602m, 1580w, 1523s, 1496w, 1452w, 
1349s, 1322m, 1298m, 1048m, 918w, 890w, 856w. 

2. Enantioselective Ring opening of Azlactones 

General Procedure for the Ti-TADDOLate Mediated Ring Opening of Azlactones (GP) 
Ti(OiPr)4 (0.350 ml, 1.19 mmol) was added to a solution of the tetraphenyl TADDOL 
(0.579 g, 1.24 mmol) in Et20 (10 ml) at room temperature under an Ar atmosphere. The 
resulting clear solution was stirred for 4 h, the solvent removed under reduced pressure 
(HV) and the resulting Ti-TADDOLate 1 dried for 1 h. A cooled solution (ca. -30°C) of an 
azlactone (5b-g, 1 mmol) in THF (5 ml) was added to a precooled solution (-30°C) of 1 
(1.19 mmol) in THF (20 ml). The resulting homogeneous solution was stirred at that 
temperature for 15 min. The reaction mixture was then allowed to stand at -28°C (freezer). 
The reaction was monitored by 1H NMR spectroscopy. After completion of the reaction, sat. 
NH4C1 soln. (5 ml) was added and the resulting colloidal precipitate was filtered off. The 
precipitate was resuspended in AcOEt and Et20 (10 ml each), stirred for 5 min and filtered 
off again. The fdtrates were extracted three times with CI-~C12 (20 ml). The combined 
organic layers were washed with sat. NaC1 soln., dried over Na2SO 4 and evaporated in vacuo. 
The remaining oil was subjected to FC (toluene:AcOEt 95:5 or 98:2), yielding the recovered 
TADDOL and the product ester 6b-g as colorless solids. The following analytical and 
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spectroscopic data refer to racemic (rac) and enantioenriched (en) esters 6. For other details 
(reaction time, yields, selectivities, recrystallization conditions) see Table 1. 
Diethoxy-Ti-TADDOLate and di-tert-butoxy-Ti-TADDOLate were prepared from 
TADDOL and Ti(OEt)4 or Ti(O~Bu)4 in analogy to GP. 
For the substoichiometric use of Ti-TADDOLate, 0.7 equiv, of Ti-TADDOLate 1 were 
prepared according to GP; 0.5 equiv, of Al(Oipr)3 were added together with the substrate 
5a, the reaction was conducted according to GP. 

2-Benzoylamino-3-p-tolyl-propionic acid isopropyl ester (6b): R t = 0.30 (toluene: AcOEt 
95:5); rap. 106-107°C (en); [t~]~ T =+79.5 (c =1, CHC13) (of a sample with er 99:1); R t 11.1 
(major), 12.9 (minor) (hexane:iprOH = 95:5); ~H NMR (300 MHz, CDC13): ~i = 7.74-7.72 
(m, 2H), 7.52-7.40 (m, 3H), 7.09-7.03 (m, 4H), 6.59 (d, J = 7.4 Hz, 1H), 5.08-4.98 (m, 2H), 
3.26-3.15 (m, 2H), 2.31 (s, 3H), 1.26 (d, J = 6.3 Hz, 6H); ~3C NMR (100 MHz, CDC13): ~ = 
171.20, 166.76, 136.67, 134.15, 132.77, 131.68, 129.38, 129.21, 128.60, 127.01, 69.51, 
53.63, 37.47, 21.83, 21.77, 21.07; MS (FAB): m/z = 327 (26), 326 (100) [M+], 284 (14), 238 
(22), 204 (11), 105 (52); IR (CHC13): ~ = 3432m, 3005m, 2984m, 2935w, 1728s, 1660s, 
1603m, 1581m, 1514s, 1446w, 1376s, 1342m, 1146m, l106s, 1022w, 918w, 894w, 844w, 
822w; Anal. calcd, for C20H23NO3 (325.41): C 73.82, H 7.12, N 4.30; found: C 73.65, H 
7.07, N 4.45. 

2-Benzoylamino-3-(4-methoxy-phenyl)-propionic acid isopropyl ester (6c): Rf = 0.22 
(toluene:AcOEt 95:5); rap. !12°C (rac) 108-110°C (en); [ct]~ ~ =+41.9 (c =1, CHC13) (of a 
sample with er 95:5); R t 17.8 (major), 19.l (minor) (hexane:iprOH = 95:5); ~H NMR (400 
MHz, CDC13): 5 = 7.75-7.72 (m, 2H), 7.53-7.40 (m, 3H), 7.08-7.05 (m, 2H), 6.83-6.80 (m, 
2H), 6.59 (d, J = 7.3 Hz, 1H), 5.10-4.97 (m, 2H), 3.77 (s, 3H), 3.25-3.14 (m, 2H), 1.265 (d, 
J = 6.3 Hz, 6H), 1.264 (d, J = 6.3 Hz, 6H); ~3C NMR (100 MHz, CDC13): 5 = 171.22, 166.74, 
158.73, 134.13, 131.70, 130.51,128.62, 127.89, 127.00, 113.94, 69.52, 55.23, 53.72, 37.04, 
21.83, 21.80; MS (FAB): m/z = 683 (14) [M2H+], 343 (33), 342 (86) [MH+], 300 (14), 254 
(32), 221 (17), 220 (66), 178 (10), 150 (14), 122 (19), 121 (45), 106 (19), 105 (100), 77 
(24); IR (CHC13): ~, = 3431w, 3008w, 1727s, 1660s, 1612m, 1581m, 1512s, 1485m, 1375m, 
l105m, 1036w; Anal. calcd, for C20Hz3NO4 (341.41): C 70.36, H 6.79, N 4.10; found: C 
70.37, H 6.89, N 4.06. 

2-Benzoylamino-3-(4-chloro-phenyl)-propionic acid isopropyl ester (6d): Rf= 0.30 (toluene: 
AcOEt 95:5); mp. 102-104°C (rac) 128°C (en); [a]~ =+91.5 (c =1.18, CHC13) (of a sample 
with er 97:3); Rt 11.1 (major), 13.1 (minor) (hexane:iprOH = 95:5); ~H NMR (400 MHz, 
CDC13): 5 = 7.76-7.76 (m, 2H), 7.54-7.50 (m, 1H), 7.46-7.41 (m, 2H), 7.27-7.23 (m, 2H), 
7.11-7.07 (m, 2H), 6.65 (d, J = 7.2 Hz, 1H), 5.08-4.98 (m, 2H), 3.30-3.16 (m, 2H), 1.262 (d, 
J = 6.3 Hz, 3H), 1.258 (d, J = 6.3 Hz, 3H); ~3C NMR (100 MHz, CDC13): 5 = 170.95, 166.77, 
134.55, 133.92, 133.03, 131.85, 130.86, 128.69, 128.63, 126.98, 69.82, 53.54, 37.30, 21.81, 
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21.78. MS (FAB): m/z = 348 (35), 347 (27), 346 (100) [M÷], 304 (21), 258 (13), 224 (6), 
106 (12), 105 (91); IR (CHCI3): ~ = 3430m, 2985m, 2939w, 2879w, 1728s, 1661s, 1602m, 
1580m, 1514s, 1486s, 1375s, 1342m, l105s, 1016m, 917w, 895w, 848w, 820w; Anal. calcd. 
for CI9H2oNO3CI (345.83): C 65.99, H 5.83, N 4.05; found: C 65.88, H 5.95, N 4.06. 

2-Benzoylamino-3-naphthalen-l-yl-propionic acid isopropyl ester (6e): Rf = 0.35 (toluene: 
AcOEt 95:5); mp. 131-132°C (rac); [ct]~ T =+5.9 (c = 1, CHC13) (of a sample with er 99:1); R t 
16.0 (major), 17.3 (minor) (hexane:iprOH = 95:5); IH NMR (400 MHz, CDC13): 8 = 8.23- 
8.18 (m, 1H), 7.86-7.84 (m, 1H), 7.78-7.76 (m, 1H), 7.68-7.65 (m, 2H), 7.54-7.31 (m, 7H), 
6.66 (d, J - 7.4 Hz, 1H), 5.18-5.16 (m, 1H), 4.94 (sept, J = 6.3 Hz, 1H) 3.76-3.61 (m, 2H), 
1.15 (d, J - 6.3 Hz, 6H), 1.04 (d, J = 6.3 Hz, 6H); ~3C NMR (100 MHz, CDC13): ~ = 171.50, 
166.96, 133.98, 133.88, 132.55, 132.41, 131.68, 128.77, 128.54, 127.96, 127.69, 127.02, 
126.38, 125.76, 125.23, 123.86, 69.55, 53.78, 35.56, 21.70, 21.46; MS (FAB): m/z = 723 
(11) [M2H+], 363 (39), 362 (94) [MH+], 348 (12), 320 (12), 241 (11), 240 (37), 141 (21), 106 
(19), 105 (100), 77 (23); IR (CHC13): ~ = 3430m, 3008m, 2985m, 1728s, 1659s, 1602w, 
1580w, 1514s, 1485s, 1377m, l105s, 1021w, 917w; Anal. calcd, for C23H23NO 3 (341.41): C 
76.43, H 6.41, N 3.88; found: C 76.25, H 6.28, N 3.91. 

2-Benzoylamino-3-thiophen-2-yl-propionic acid isopropyl ester (6f): Rf = 0.23 (toluene: 
AcOEt 98:2); rap. 104-107°C (en); [tx]~T=+64.3 (c =0.77, CHC13) (of a sample with er > 
99:1); R~ 12.8 (S), 13.4 (R) (hexane:iprOH = 95:5); 1H NMR (400 MHz, CDC13): 8 = 7.81- 
7.78 (m, 2H), 7.54-7.42 (m, 3H), 7.18-7.16 (m, 1H), 6.94-6.92 (m, 1H), 6.82-6.78 (m, 2H), 
5.10-5.00 (m, 2H), 3.57-3.46 (m, 2H), 1.30 (d, J = 6.3 Hz, 3H), 1.28 (d, J = 6.3 Hz, 3H); 
~3C NMR (100 MHz, CDCI3): 8 = 170.54, 166.83, 137.28, 134.06, 131.78, 128.64, 127.07, 
126.94, 126.93, 124.87, 69.88, 53.38, 32.08, 21.82, 21.81; MS (FAB): m/z = 635 (5) 
[M2H+], 319 (22), 318 (100) [M÷], 317 (6), 276 (20), 230 (13), 196 (17), 105 (53), 304 (21), 
258 (13), 224 (6), 106 (12), 105 (91); IR (CHC13): ~ = 3428w, 3014s, 2985m, 2340w, 
1731s, 1661s, 1603w, 1581w, 1515s, 1485s, 1436m, 1375s, 1340m, l105s, 892m; Anal. 
calcd, for C~TH~gNO3S (317.41): C 64.33, H 6.03, N 4.41; found: C 64.42, H 6.06, N 4.38. 

2-Benzoylamino-3-(4-nitro-phenyl)-propionic acid isopropyl ester (6g): Rf = 0.16 (toluene: 
AcOEt 95:5); rap. 160°C (rac); [~]~T =+63.6 (c =1, CHC13) (of a sample with er 99:1); P~ 
24.3 (major), 29.7 (minor) (hexane:iprOH = 95:5); IH NMR (400 MHz, CDC13): 8 = 8.16- 
8.13 (m, 2H), 7.76-7.73 (m, 2H), 7.56-7.51 (m, 1H), 7.47-7.42 (m, 2H), 7.37-7.33 (m, 2H), 
6.72 (d, J = 7.0 Hz, 1H), 5.12-5.03 (m, 2H), 3.46-3.29 (m, 2H), 1.268 (d, J = 6.3 Hz, 6H), 
1.266 (d, J = 6.3 Hz, 6H); 13C NMR (100 MHz, CDC13): 8 = 170.64, 166.87, 147.21, 144.02, 
133.62, 132.06, 130.42, 128.78, 126.96, 123.63, 70.23, 53.41, 37.88, 21.81, 21.79; MS 
(FAB): m/z = 1069 (1) [M3H÷], 714 (15), 713 (37) [M2H+], 358 (30), 357 (100) [MH+], 315 
(11), 105 (40); IR (CHC13): ~ = 3427m, 2986w, 1730s, 1662s, 1603m, 1581w, 1523s, 
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1485m, 1376m, 1347s, 1104m, 895w, 858w; Anal. calcd, for CI9H20N20 5 (356.38): C 64.04, 
H 5.66, N 7.86; found: C 63.97, H 5.66, N 7.89. 

2-Benzoylamino-4-phenyl-butyric acid isopropyl ester (7): Re = 0.35 (toluene: AcOEt 95:5); 
mp. 103-104°C (en); [=]~T -- +24.8 (c =1, CHC13) (of a sample with er 87:13); P~ 13.0 
(major), 14.0 (minor) (hexane:iPrOH = 98:2); ~H NMR (400 MHz, CDC13): 8 = 7.75-7.72 
(m, 2I-I), 7.53-7.40 (m, 3H), 7.30-7.26 (m, 2H), 7.20-7.17 (m, 3H), 6.71 (d, J = 7.6 Hz, 1H), 
5.10 (sept, J - 6.3 Hz, 1H), 4.88-4.83 (m, 1H), 2.80-2.65 (m, 2H), 2.36-2.28 (m, 1H), 2.17- 
2.08 (m, 1H), 1.299 (d, J -- 6.3 Hz, 6H), 1.297 (d, J = 6.3 Hz, 6H); ~3C NMR (75 MHz, 
CDC13): 8 = 171.96, 166.96, 140.97, 134.03, 131.71, 128.58, 128.57, 128.42, 127.04, 
126.19, 69.48, 52.71, 34.24, 31.67, 21.81, 21.79; MS (FAB): m/z -- 651 (9) [IVI2I-F], 327 
(23), 326 (79) [MH÷], 284 (11), 221 (10), 134 (10), 122 (11), 117 (10), 105 (100), 91 (16), 
77 (20); IR (CHC13): ~ = 3433m, 3008m, 2984m, 1726s, 1662s, 1603w, 1581w, 1514s, 
1485m, 1454w, 1376m, l105s, 908w, 822w; Anal. calcd, for C20H23NO3 (325.41): C 73.82, 
H 7.12, N 4.30; found: C 73.55, H 7.30, N 4.38. 

Acknowledgements: We gratefully acknowledge the help of Dr. W. B. Schweizer and 
Dr. V. Gramlich for the X-ray analyses, of Dr. A. Studer for his careful and critical reading 
of the manuscript and of Dr. D. A. Chaplin and P. Vetterli for carrying out some of the 
experiments. The Hiils Aktiengesellschafl (D-Troisdorf) supplied us generously with 
tetralsopropyl- and tetraethyltitanate. 

References 

[1] Plt~ehl J. Ber. Dtsch. Chem. Ges. 1883;16:2815. 

[2] Erlenmeyer E. Justus Liebigs Ann. Chem. 1893;275:1. 

[3] Rao YS, Filler R. In: Turehi IJ, editor. Oxazoles. New York: Wiley, 1986:361. 

[4] MaryanoffBE. In: Turehi IJ, editor. Oxazoles. New York: Wiley, 1986:988. 

[5] Noyori R, Tokunaga M, Kitamura M. Bull. Chem. Soc. Jpn. 1995;68:36. 

[6] Ward RS. Tetrahedron: Asymmetry 1995;6:1475. 

[7] Caddick S, Jenkins K. Chem. Soc. Rev. 1996;25:447. 

[8] Steeher H, Faber K. Synthesis 1997:1. 

[9] Eliel E. Stereochemistry of Carbon Compounds. New York: McGraw-Hill, 1962. 

[10] Kemp DS. In: Gross E, Meienhofer J, editors. The Peptides. New York: Academic Press, 1979:315. 

[ 11] Benoiton NL. In: Gross E, Meienhofer J, editors. The Peptides. New York: Academic Press, 1983:218. 

[12] De Jersey J, Rurmegar MTC, Zemer B. Biochem. Biophys. Res. Commun. 1966;25:383. 

[13] De Jersey J, Zerner B. Biochemistry 1969;8:1967. 



K. Gottwaid, 1:). Seebach / Tetrahedron 55 (1999) 723-738 737 

[14] De Jersey J. Biochemistry 1970;8:1761. 

[15] Previero A, Coletti-Previero M-A. C. R. Acad.~Sci., Ser. D 1969;268:1798. 

[16] Coletti-previero M-A, Kraicsovits F, Previero A. FEBS Lett. 1973;37:93. 

[17] Daffe V, Fastrez J. J. Am. Chem. Soc. 1980;102:3601. 

[18] Daffe V, Fastrez J. J. Chem. Soc. Perkin Trans. 2 1983:789. 

[19] Bevinakatti HS, Newadkar RV, Banerji AA. J. Chem. Soc. Chem. Commun. 1990:1091; Bevinakatti HS, 

Banerji AA, Newadkar RV, Mokashi AA. Tetrahedron: Asymmetry 1992;3:1505. 

[20] Gu R-L, l ee  I-S, Sih CJ. Tetrahedron Lett. 1992;33:1953. 

[21] Crich JZ, Brieva R, Marquart P, Gu R-L, Hemming S, Sih CJ. J. Org. Chem. 1993;58:3252. 

[22] Turner NJ, Winterman JR, McCague R, Parratt JS, Taylor SJC. Tetrahedron Lett. 1995;36:1113. 

[23] Steglich W, Weygand F, Barocio de la Lama X. Tetrahedron Suppl. 1966;8:9 

[24] Steglich W, Frauendoffer E, Weygand F. Chem. Ber. 1971;104:687. 

[25] Tomida I, Senda S, Kuwabara T, Katayama K. Agr. Biol. Chem. 1976;40:2033. 

[26] Miyazawa T, Otomatsu T, Higashi K, Yamada T, Kuwata S. Bull. Chem. Soc. Jpn. 1988;61:4161. 

[27] Obrecht D, Spiegler C, SchSnholzer P, MOiler K. Helv. Chim. Acta 1992;75:1666. 

[28] Obrecht D, Bohdal U, Broger C, Bur D, Lehmann C, Ruffieux R, Sch6nholzer P, Spiegler C, MOiler K. 

Helv. Claim. Acta 1995;78:563. 

[29] Liang J, Ruble JC, Fu GC. J. Org. Chem. 1998;63:3154. 

[30] Stock HT, Turner NJ. Tetrahedron Lett. 1996;37:6575. 

[31] Slebioda M, St-Amand MA, Chen FMF, Benoiton NL. Can. J. Chem. 1988;66:2540. 

[32] Seebach D, Jaeschke G, Wang YM. Angew. Chem. 1995;107:2605; Angew. Chem. Int. Ed. Engl. 

1995;34:2395. 

[33] Jaeschke G, Seebach D, J. Org. Chem. 1998;63:1190. 

[34] Ramon DJ, Guillena G, Seebach D. Heir. Chim. Acta 1996;79:875. 

[35] Narasaka K, Kanai F, Okudo M, Miyoshi N. Chem. Lett. 1989:1187. 

[36] Seebach D, Jaeschke G, Gottwald K, Matsuda K, Formisano R, Chaplin DA, Breuning M, Bringmann G. 

Tetrahedron 1997;53:7539. 

[37] Goodman M, Glaser CB. J. Org. Chem. 1970;35:1954. 

[38] Cornforth JW. In: Clarke HT, Johnson JR, Robinson R, editors. The Chemistry of Penicillin. Princeton, 

New Jersey: Princeton University Press, 1949:688. 

[39] Meyer RF, Nicolaides El:), Tinney FJ, Lunney EA, Holmes A, Hoefle ML. J. Med. Chem. 1981;24:964. 

[40] Godunova LF, Levitina ES, Karpeiskaya EI, Klabunovskii EI, Yagupol'skii YL, Kolycheva MT. Bull. 

Acad. Sci. USSR Div. Chem. Sci. (Engl. Transl.) 1989;38:351. 

[41] Carter HE, Handler P, Melville DE. J. Biol. Chem. 1939;129:359. 

[42] Lamb J, Robson W. Bioehem. J. 1931;25:1231. 

[43] Similar problems have been discussed in the literature: Ali M, Khan Nit, Siddiqui AA. Synth. Commun. 

1976;6:227. 

[44] Wong HNC, Xu ZL, Chang HM, Lee CM. Synthesis 1992:793. 

[45] Siemion IZ, Baran G. Bull. Acad. Pol. Sci. 1975;23:317. 

[46] Chert FMF, Benoiton NL. Int. J. Peptide Protein Res. 1987;30:683. 



738 K. Gottwald, D. Seebach / Tetrahedron 55 (1999) 723-738 

[47] Toniolo C, Valle G, Fonnaggio F, Crisma M, Boesten Wig, Polinelli S, Schoemaker HE, Kamphuis J. 

J. Chem. Soc. Perkin Trans. 1 1991:3386. 

[48] VaUe G, Crisma M, Pantano M, Formaggio F, Toniolo C, Kamphuis J. Zeit. Kristallogr. 1993,208:259. 

[49] Crisma M, Valle G, Moretto V, Formaggio F, Toniolo C. Peptide Research 1995;8:187. 

[50] Fujiwara H, Van der Veen JM. J. Chem. Soc. Perkin 2 1979:659. 

[51] Madison V, Young PE, Blout ER. J. Am. Chem. Soc. 1976;98:5358. 

[52] Gotthardt H, Huisgen R, Bayer HO. J. Am. Chem. Soc. 1970;92:4340. 

[53] Hoefle G, Steglich W, Daniel H. Chem. Ber. 1976;109:2648. 

[54] Schmidt B, Seebach D. Angew. Chem. 1991;103:100; Angew. Chem. Int. Ed. Engl. 1991;30:99. 

[55] Schmidt B, Seebach D. Angew. Chem. 1991;103:1383; Angew. Chem. Int. Ed. Engl. 1991;30:1321. 

[56] Seebach D, Beck AK, Schmidt B, Wang YM. Tetrahedron 1994;50:4363. 

[57] Seebach D, Plattner DA, Beck AK, Wang YM, Hunziker D, Petter W. Helv. Chim. Acta 1992;75:2171. 

[58] Carter HE. Org. React. 1946;3:198. 

[59] Griffith RK, Harwood HJ. J. Org. Chem. 1964;29:2658. 

[60] Tripathy PK, Mukerjee AK. Synthesis 1984:418. 

[61] Greenstein J]3, Winitz MW. Chemistry of the Amino Acids. New York: Wiley, 1961;1267. 

[62] Rao YS. J. Org. Chem. 1976;41:722. 

[63] Taudien S, Schinkowski K, Krause H-W. Tetrahedron: Asymmetry 1993;4:73. 

[64] Thondorf I, Strube M. Z. Chem. 1988;28:330. 

[65] Mustafa A, Sallam MMM. J. Org. Chem. 1962;27:2406. 

[66] Devasia GM, Pillai CR. Tetrahedron Lett. 1975;16:4051. 

[67] Badshah A, Khan NH, Kidwai AR. J. Org. Chem. 1972;37:2916. 

[68] Kikkoji T. Biochem. Z. 1911;35:57. 

[69] Ali M, Khan NH, Siddiqui AA. Synth. Commun. 1976;6:227. 

[70] Kolb M, Barth 3, Neises B. Tetrahedron Lett. 1986;27:1579. 


