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a b s t r a c t

The reaction between differently N-substituted benzaldimines and (2R)-Sch€ollkopf’s bislactim ether was
studied: the azaenolate addition to imines followed by hydrolysis of the resulting adducts gave syn-
(2S,3R) and anti-(2S,3S)-methyl 2,3-diamino-3-phenylpropanoate derivatives in good yields. The con-
figurations of the newly formed stereocenters of a,b-diamino acids were assigned on the basis of the 1H
NMR analysis and by comparison with known products. The diastereoisomeric ratios were explained
taking into account the effect of the substituent present on the imine nitrogen on the transition state
stability. This method represents a new approach for stereoselective synthesis of a,b-diamino acids.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Non-proteinogenic, optically active 2,3-diamino acids are key
structural units of numerous natural products, and they present
important biological properties and can be versatile building blocks
in organic synthesis. For example, (S)-2,3-diaminopropanoic acid is
present in several natural antibiotic cyclopeptides,1 and (2S,3R)-
2,3-diamino-3-phenylpropanoic acid has been utilized as an ana-
logue of the Taxol side chain improving the water solubility of this
antitumour compound.2 2,3-Diamino acids have also been in-
corporated into peptides, which are used to modulate secondary
and tertiary structural conformations.3 For these reasons they have
received a growing interest through the years.4 Accordingly, the
development of efficient and general methods in their preparation
has received considerable attention, especially as regards the syn-
thesis of enantiopure compounds.5 Among the various methods of
synthesis one of the most useful was the nucleophilic addition of
chiral glycinate derivatives to imines.6 Sch€ollkopf’s bislactim ether,
(i.e., (2R)- or (2S)-2,5-dihydro-3,6-dimethoxy-2-isopropylpyra
zine),7 is a particularly attractive chiral glycine equivalent because
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it has proved to be highly diastereoselective in aldol-type reactions
and is commercially available in both (R) and (S)-forms. For many
years our research group has studied the stereoselective synthesis
of new a-amino acids by means of the reaction between the
Sch€ollkopf’s bislactim ether and various electrophiles, such as alkyl
halides,8 heterocyclic-carbaldehydes,9 or ketones.10 In these two
latter cases, b-hydroxy-a-amino acids were obtained, with an
asymmetric, enantiomerically pure quaternary carbon in the b po-
sition when ketones were used.10

So we were interested in the possibility of obtaining enantio-
pure a,b-diamino acids derivatives by reacting Sch€ollkopf’s bislac-
tim ether with the electrophilic carbon of imines. An analysis of the
literature revealed that this reagent has been used with different
types of electrophiles, especially aldehydes, but it had never been
added to imines. Only in a publication of 1986, Sch€ollkopf reported
that the anion of the (2S)-2,5-dihydro-3,6-dimethoxy-2-isopropyl-
5-methylpyrazine initially reacted with the azomethine double
bond of 2-(benzylideneamino)ethylbromide affording, after an
intramolecular cyclization, an aziridine compound.11 The synthesis
of 2,3-diamino acids by ‘the bislactim ether method’ was also ac-
complished in 1991 by Mittendorf reacting the lithium azaenolate
of (2S)-5-alkyl-2,5-dihydro-3,6-dimethoxy-2-isopropyl-pyrazine
with dibromomethane followed by nucleophilic substitution of
bromide with sodium azide and final hydrolysis.12

Our interest in the stereoselective synthesis of enantiopure a-
amino acids, led us to report a novel and efficient method to obtain
enantiopure a,b-diamino acids by means of the reaction between
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the lithium enolate of (2R)-2,5-dihydro-3,6-dimethoxy-2-
isopropylpyrazine 1 and N-substituted imines. In order to obtain
differentlyN-protected diamino acids and also to evaluate the steric
and electronic effects of the nitrogen substituent on the diaster-
eoselectivity of the addition, we decided to conduct our in-
vestigation using variously N-substituted benzaldimines (E)-2aef,
bearing both electron withdrawing and electron donating groups.
This should enable us to obtain, after acid hydrolysis, differentlyNb-
protected a,b-diamino acids (Fig. 1).
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Fig. 1. Synthetic pathway for Nb-protected a,b-diamino acids.
2. Results and discussion

Various experimental conditions and counter-ions were exam-
ined to optimize yields and evaluate the diastereoselectivity of the
reaction. In these experiments imine 2a was taken as reference. A
THF solution of imine was added to the anion of the bislactim ether
(2R)-1 generated by the addition of nBuLi in THF at T¼�78 �C. The
reaction mixture was then maintained at variable temperatures
and times (representative conditions are listed in Table 1, entries
1e4). In all cases the reaction gave mixtures of two di-
astereoisomeric adducts 3a/4a whose ratio was determined from
Table 1
Total yields and ratios of compounds 3/4

Entry Imine R Counter-ion T (�C) t (h) Total
yield (%)

3 (%) 4 (%)

1 2a Ph Liþ �78 8 72 53 47
2 2a Ph Liþ �20 6 56 45 55
3 2a Ph Liþ þ4 4 51 33 67
4 2a Ph Liþ þ4 16 55 42 58
5 2a Ph Zn2þ �20 6 d d d

6 2a Ph Ti4þ �20 6 d d d

7 2a Ph Sn4þ �20 6 34 40 60
8 2b Bn Liþ �78 8 Trace d d

9 2c tBu Liþ �78 8 Trace d d

10 2d Boc Liþ �78 8 65 41 59
11 2e Cbz Liþa �78 8 75 13 87
12 2f SO2Ph Liþ �78 8 70 38b 62

a The reported results were obtained using 2 equiv of LDA as base.
b Total ratio of three inseparable diastereoisomers.
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integration of the H-2 (4.35/4.56 d) or H-5 (3.59/3.10 d) signals in
the 1H NMR spectra of the crude reaction mixtures (Scheme 1).

The observed diastereoselectivity was generally poor, similarly
to that found in the case of ketones.10 Under experimental condi-
tions providing the best yield, the two adducts were formed in
almost the same amount (Table 1, entry 1). It was observed that
when conducted at higher temperatures (T¼�20 �C orþ4 �C rather
than �78 �C) the ratio between the two diastereoisomers was
inverted and the yield decreased (Table 1, entries 2e4). This was not
due to the reversibility of the addition as the two adducts were
found to be stable under the reaction conditions. In fact, after
having separated them, they were treated with nBuLi at tempera-
tures between �78 and þ4 �C for 24 h but they were recovered
unaffected. Generally, the observed diastereoselectivity could also
be influenced by the nature of the counter-ion. To assess this, the
lithium azaenolate was treated with ZnCl2, TiCl(OiPr)313 or SnCl4 to
give the corresponding transmetalated azaenolates before the ad-
dition of the imine (Table 1, entries 5e7): only in the last case did
the reaction afforded a mixture of 3a/4a at almost the same ratio
but in a lower yield.

The best experimental conditions reported in Table 1 entry 1,
were then applied to the reaction of (2R)-1with imines 2bef. In the
case of imines 2b, c the reaction led to unreacted reagents and
traces of products (Table 1, entries 8, 9). In particular, the treatment
of imine 2b with the anion of (2R)-1, produced an intense pink
colour due to the deprotonation of the benzylic carbon14 and ex-
tensive delocalization of the corresponding anion prevented the
addition.15 In the case of imine 1c, failure to obtain the products has
been attributed to the steric hindrance generated by the bulky tert-
butyl group, as already observed.16 On the contrary, the reaction of
the imines 2d, e afforded mixtures of the two diastereoisomeric
adducts 3d/4d and 3e/4e in good yields and, with imine 2e, also
with a better diastereoselectivity (Table 1, entries 10, 11). Only with
imine 2f the formation of all the four possible diastereoisomers was
observed but with a preference for adduct 4f (Table 1, entry 12).

Diastereoisomers 3a, d, e and 4a, def were easily isolated by
means of flash chromatography on silica gel, and their structures
were confirmed on the basis of analytical and spectroscopic data
(HSQC, COSY and NOESY experiments). The (2S)-configuration was
established using the 5JH2/H5 coupling constant value of approxi-
mately 3.5 Hz, which corresponds to a trans relationship between
the H-2 and H-5 protons of the pyrazine ring.17 The (R)- and (S)-
configuration were assigned to the C-10 of the adducts 3 and 4,
respectively, bymeans of comparisonwith each other and using the
data reported in the literature for the corresponding a,b-diamino
acids obtained after hydrolysis (see below).

The reactions of (2R)-1with aldehydes9,7b or ketones10,18 always
afforded mixtures of the two (2S)-epimers arising from the attack
of the azaenolateepyrazine from the less hindered side opposite
the isopropyl group, according to the ZimmermaneTraxler six-
membered ring model,19 and our present results confirm the 2,5-
trans-relationship in the adducts 3/4.
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Transition state models TS1 and TS2 can be proposed to ratio-
nalize the observed diastereoisomeric ratio for the reaction of (2R)-
1 with imine (E)-2a (Fig. 2). As in the case of aldehydes,3 in TS1 the
anion of (2R)-1 approaches the Si face of E-imine leading to (R)
configuration of the benzylic carbon, and this approach should be
the preferred one because the C-phenyl group is far from the
methoxy group. Owing to the E geometry of the imine, the co-
ordination of the metal with the nitrogen-imine lone pair is pre-
vented, but a stabilization of the TS1 could arise from an interaction
with the p system of the N-phenyl group. Actually, when R¼Ph,
both transition states seem to have approximately the same sta-
bility leading to a mixture about 50:50 of the two diastereoisomers.
On the contrary, when R¼Boc, Cbz or SO2Ph approach like TS2
becomes the predominant one leading to adducts 4. In this case the
coordination of the imine nitrogen lone pair with the metal allows
a more stable six-membered ring transition state.12
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Fig. 2. Proposed transition states.

Scheme 2.
Finally, the adducts 3a, 4a, 3d, 4d, 4e and 4f were hydrolysed
under controlled acidic conditions: they were treated with 3 equiv
of 0.1 N HCl in acetonitrile at room temperature for 54e72 h. In the
case of the N-phenyl derivatives 3a/4a the removal of the valine
chiral auxiliary lead to a complete degradation of the correspond-
ing a,b-diamino acids,20a as already noted by other authors.20b The
hydrolysis of the adduct 3d led to the a,b-diamino acid 5d in good
yield while with 4d the reaction afforded a mixture, separable by
chromatography, of the Nb-Boc-a,b-diamino acid 6d together with
the deprotected methyl 2,3-diamino-3-phenylpropanoate 7 with
a total yield of 60%. With similar yields the a,b-diamino acids 6e, f
were obtained from the corresponding compounds 4e, f
(Scheme 2).

By comparison with the data reported in the literature for
methyl (2R,3S)-2-amino-3-[(tert-butoxycarbonyl)amino]-3-phenyl
propanoate21 and for methyl (2S,3S)-2-amino-3-[(tert-butox-
ycarbonyl)amino]-3-phenylpropanoate21 it was possible to assign
the (3R) configuration to 5d and the (3S) configuration to the C-3 of
compounds 6d and 7. Moreover, the latter shows a great analogy
with its ethyl ester.22 Similarly, the same (3S) configuration has
been attributed to the Nb-phenylsulfonyl-a,b-diamino acid 6f
showing a 1H NMR spectrum in accordance with that of the en-
antiomer of the Nb-tosyl derivative.23 Finally, the same (3S)
configuration was assigned to compound 6e according to the
analogy between the NMR spectra of adducts 3e/4e and 3d/4d. In
fact all NMR spectra of products 3aef are similar to each other
likewise for the all NMR spectra of compounds 4aef (see
Experimental).

3. Conclusions

A new methodology has been introduced for the asymmetric
synthesis of Nb-protected a,b-diamino acids, key structural units of
natural products. Our procedure involves addition of the anion of
the Sch€ollkopf’s reagent to imines followed by mild acidic hydro-
lysis. With electron-withdrawing imine-substituted the reaction
proceeds with good diastereoselectivity mainly providing the anti
isomers of enantiomerically pure Nb-protected 2,3-diamino esters.
The observed ratios seem to be influenced by the stereoelectronic
effects of the substituents of the imine nitrogen atom.

4. Experimental section

4.1. General

Melting points were determined on a B€uchi B-540 apparatus.
Elemental analyses were performed by the Microanalytical Labo-
ratory of the Department. 1H and 13C NMR spectra were recorded
using a Varian-Gemini 200 MHz spectrometer. Chemical shifts (d)
are given in parts per million in relation to TMS; the solvent was
CDCl3 unless otherwise specified. All of the coupling constants (J)
are in Hertz. TheMS spectrawere recorded with a Thermo-Finnigan
LCQ advantage AP electrospray/ion trap equipped instrument us-
ing a syringe pump device to directly inject sample solutions. The
optical rotation values were measured at 25 �C. The bislactim ether
(2R)-1 and imines 2a, b, f were commercially available, imines
2c,24 2d,25 and 2e26 were prepared following the reported
methods.

4.2. General procedure for the addition of bislactim ether
(2R)-1 azaenolate to imines

Butyl lithium (1.6 N solution in hexane, 1.05 equiv) was added to
a solution of (2R)-1 (1 equiv) in anhydrous THF (5 mL) cooled to
�78 �C, and the mixture was stirred for 45 min. Imine 2aef
(1 equiv) in THF (4 mL) was added, and the mixture was stirred at
�78 �C for 8 h. The reaction mixture was allowed to warm to
�10 �C, after which a pH¼7 phosphate buffer solution (10 mL) was
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added, and themixturewas extractedwith ethyl acetate (3�10mL).
The organic phase was separated and dried with Na2SO4, and the
solvent was evaporated in vacuo. Compounds 3, 4 were purified by
means of flash chromatography (SiO2, CH2Cl2/hexane¼40/60 for 3a
(Rf 0.2) and 4a (Rf 0.4); CH2Cl2/ethyl acetate¼95/5 for 3d (Rf 0.4) and
4d (Rf 0.5), 3e (Rf 0.5) and 4e (Rf 0.6); CH2Cl2/ethyl acetate¼98/2 for
4f (Rf 0.6)).

4.2.1. N-{(R)-[(2S,5R)-5-Isopropyl-3,6-dimethoxy-2,5-dihydropyrazin-
2-yl](phenyl)methyl}-N-phenylamine (3a). Colourless solid (138.7
mg, 38%); mp 89e91 �C (hexane). [a]D20þ92.3 (c 1.9, CHCl3). 1H NMR:
d 0.66, 0.98 (2d, J¼6.8, 6H, CH(CH3)2); 2.18 (m,1H, CH(CH3)2); 3.59 (t,
J¼3.5, 1H, H-5); 3.71 (s, 3H, OCH3); 3.73 (s, 3H, OCH3); 4.35 (t, J¼3.5,
1H, H-2); 4.55 (broad s, 1H, NH); 5.01 (d, J¼2.2, 1H, H-10); 6.54e6.66
(m, 3H, Ph); 7.05e7.35 (m, 7H, Ph). 13C NMR: d 16.7, 19.0 (CH(CH3)2);
31.7 (CH(CH3)2); 52.6 (3- and 6-OCH3); 59.1 (C-10); 60.6, 60.7 (C-2
and C-5); 113.8e129.0 (Ph); 140.4,146.9 (Ph); 161.3,165.9 (C-3 and C-
6). IR (Nujol): 3453 (vNH, NH), 1693 (vC]N, C]N). Anal. Calcd for
C22H27N3O2: C, 72.30; H, 7.45; N, 11.50. Found: C, 72.25; H 7.36; N,
11.33. MS-ESIþ (m/z): 366 [MþH]þ.

4.2.2. N-{(S)-[(2S,5R)-5-Isopropyl-3,6-dimethoxy-2,5-dihydropyrazin-
2-yl](phenyl)methyl}-N-phenylamine (4a). Amorphous solid (124.1
mg, 34%). [a]D20 þ61.8 (c 1.0, CHCl3). 1H NMR: d 0.60, 0.91 (2d, J¼6.9,
6H, CH(CH3)2); 2.11 (m,1H, CH(CH3)2); 3.10 (t, J¼3.5,1H, H-5); 3.73 (s,
3H, OCH3); 3.78 (s, 3H, OCH3); 4.56 (t, J¼3.5, 1H, H-2); 5.04 (d, J¼3.7,
1H, H-10); 6.58e6.64 (m, 3H, Ph); 7.06e7.25 (m, 7H, Ph); 7.55 (broad
s, 1H, NH). 13C NMR: d 16.7, 19.4 (CH(CH3)2); 31.2 (CH(CH3)2); 52.1,
52.5 (3- and 6-OCH3); 58.4 (C-10); 59.8, 60.0 (C-2 and C-5);
113.5e131.3 (Ph); 138.2, 146.7 (Ph); 160.3, 164.9 (C-3 and C-6). IR
(Nujol): 3428 (vNH, NH), 1696 (vC]N, C]N). Anal. Calcd for
C22H27N3O2: C, 72.30; H, 7.45; N, 11.50. Found: C, 72.20; H 7.33; N,
11.42. MS-ESIþ (m/z): 366 [MþH]þ.

4.2.3. tert-Butyl (R)-[(2S,5R)-5-isopropyl-3,6-dimethoxy-2,5-
dihydropyrazin-2-yl](phenyl)methylcarbamate (3d). Amorphous
solid (105.0 mg, 27%). [a]D20 þ20.5 (c 0.4, CHCl3). 1H NMR: d 0.63,
0.96 (2d, J¼6.8, 6H, CH(CH3)2); 1.41 (s, 9H, C(CH3)3); 2.17 (m, 1H,
CH(CH3)2); 3.64 (t, J¼3.3, 1H, H-5); 3.69 (s, 3H, OCH3); 3.75 (s, 3H,
OCH3); 4.29 (broad s, 1H, H-2); 5.22e5.35 (broad m, 2H, H-10, NH);
7.24e7.53 (m, 5H, Ph). 13C NMR: d 16.9, 19.2 (CH(CH3)2); 28.5
(C(CH3)3); 31.9 (CH(CH3)2); 52.9 (3- and 6-OCH3); 56.4 (C-10); 60.5,
60.9 (C-2 and C-5); 79.7 (C(CH3)3); 127.3e130.0 (Ph); 140.3 (Ph);
155.1 (CO); 161.5, 163.2 (C-3 and C-6). Anal. Calcd for C21H31N3O4: C,
64.76; H, 8.02; N, 10.79. Found: C, 64.55; H 7.87; N, 10.65. MS-ESIþ

(m/z): 390 [MþH]þ.

4.2.4. tert-Butyl (S)-[(2S,5R)-5-isopropyl-3,6-dimethoxy-2,5-
dihydropyrazin-2-yl](phenyl)methylcarbamate (4d). Amorphous
solid (147.8 mg, 38%). [a]D20 þ20.8 (c 0.5, CHCl3). 1H NMR: d 0.58,
0.89 (2d, J¼7.0, 6H, CH(CH3)2); 1.45 (s, 9H, C(CH3)3); 2.11 (m,
1H, CH(CH3)2); 3.19 (t, J¼3.3, 1H, H-5); 3.67 (s, 3H, OCH3); 3.76 (s,
3H, OCH3); 4.39 (t, J¼3.6, 1H, H-2); 5.32 (dd, J¼3.6, 8.8, 1H, H-10);
6.00 (broad d, J¼8.8, 1H, NH); 7.05e7.37 (m, 5H, Ph). 13C NMR:
d 16.6, 19.1 (CH(CH3)2); 28.5 (C(CH3)3); 31.6 (CH(CH3)2); 52.3, 52.8
(3- and 6-OCH3); 55.8 (C-10); 60.0, 60.4 (C-2 and C-5); 79.7
(C(CH3)3); 127.5e127.9 (Ph); 138.4 (Ph); 155.3 (CO); 160.4, 165.3
(C-3 and C-6). Anal. Calcd for C21H31N3O4: C, 64.76; H, 8.02; N,
10.79. Found: C, 64.61; H 7.92; N, 10.70. MS-ESIþ (m/z): 390
[MþH]þ.

4.2.5. Benzyl (R)-[(2S,5R)-5-isopropyl-3,6-dimethoxy-2,5-
dihydropyrazin-2-yl](phenyl)methylcarbamate (3e). Amorphous
solid (42.3 mg, 10%). 1H NMR: d 0.63, 0.96 (2d, J¼6.9, 6H,
CH(CH3)2); 2.13 (m, 1H, CH(CH3)2); 3.61 (t, J¼3.7, 1H, H-5); 3.68 (s,
3H, OCH3); 3.74 (s, 3H, OCH3); 4.29 (t, J¼3.3, 1H, H-2); 5.1 (AB
system, J¼12.1, 25.3, 2H, CH2); 5.55 (dd, J¼3.3, 9.5, 1H, H-10); 5.38
(d, J¼9.5, 1H, NH); 7.25e7.41 (m, 10H, Ph). MS-ESIþ (m/z): 424
[MþH]þ.

4.2.6. Benzyl (S)-[(2S,5R)-5-isopropyl-3,6-dimethoxy-2,5-
dihydropyrazin-2-yl](phenyl)methylcarbamate (4e). Amorphous
solid (275.0 mg, 65%). [a]D20 þ19.8 (c 0.3, CHCl3). 1H NMR: d 0.59, 0.91
(2d, J¼6.7, 6H, CH(CH3)2); 2.11 (m, 1H, CH(CH3)2); 3.24 (t, J¼3.3, 1H,
H-5); 3.68 (s, 3H, OCH3); 3.74 (s, 3H, OCH3); 4.42 (t, J¼3.6, 1H, H-2);
5.1 (AB system, J¼12.1, 25.3, 2H, CH2); 5.38 (dd, J¼3.6, 9.2, 1H, H-10);
6.31 (broad d, J¼9.2,1H, NH); 7.05e7.45 (m,10H, Ph). 13C NMR: d 16.7,
19.1 (CH(CH3)2); 31.6 (CH(CH3)2); 52.3, 52.8 (3- and 6-OCH3); 56.2 (C-
10); 59.8, 60.5 (C-2 and C-5); 67.1 (CH2); 127.6e129.9 (Ph); 136.7 (Ph);
138.1 (Ph); 155.8 (CO); 160.2, 165.5 (C-3 and C-6). Anal. Calcd for
C24H29N3O4: C, 68.06; H, 6.90; N, 9.92. Found: C, 67.89; H 6.85; N,
9.78. MS-ESIþ (m/z): 424 [MþH]þ.

4.2.7. N-[(R)-[(2S,5R)-5-Isopropyl-3,6-dimethoxy-2,5-dihydropyrazin-
2-yl](phenyl)methyl]benzenesulfonamide (4f). Colourless solid (184.5
mg, 43%); mp 180e181 �C (ethanol). [a]D20 þ79.9 (c 0.4, CHCl3). 1H
NMR: d 0.60, 0.90 (2d, J¼6.9, 6H, CH(CH3)2); 2.10 (m, 1H, CH(CH3)2);
3.28 (t, J¼3.5,1H, H-5); 3.65 (s, 3H, OCH3); 3.77 (s, 3H, OCH3); 4.36 (t,
J¼3.9, 1H, H-2); 5.12 (dd, J¼3.9, 9.5, 1H, H-10); 6.21 (broad d, J¼9.5,
1H, NH); 6.91e7.44 (m, 8H, Ph); 7.72 (d, J¼7.6, 2H, Ph). 13C NMR:
d 16.4, 18.8 (CH(CH3)2); 31.5 (CH(CH3)2); 52.0, 52.8 (3- and 6-OCH3);
58.0 (C-10); 59.8, 60.4 (C-2 and C-5); 126.8e132.0 (Ph); 135.9 (Ph);
140.9 (Ph); 159.5,165.5 (C-3 and C-6). Anal. Calcd for C22H27N3O4S: C,
61.52; H, 6.34; N, 9.78. Found: C, 61.47; H 6.27; N, 9.64. MS-ESIþ (m/
z): 430 [MþH]þ.

4.3. General procedure for the hydrolysis of adducts 3, 4

Aqueous HCl 0.1 N (4.5 mL, 3 equiv) was added to a solution of
adduct 3, 4 (0.15mmol,1 equiv) in CH3CN (1.5mL). Themixturewas
stirred for 54e72 h at room temperature and then extracted with
diethyl ether in order to remove non-basic organic compounds. It
was then treated with 25% ammonia solution under stirring until
pH¼8e10, and extracted with AcOEt (4�5 mL). The combined or-
ganic layers were dried with Na2SO4, and the solvent was removed
in vacuo. Compounds 6d and 7 were separated by means of flash
chromatography (SiO2, toluene/ethanol¼2/1, developer: ninhy-
drin). Compounds 5d, 6e and f were purified by means of column
chromatography (SiO2, toluene/ethanol¼2/1 for 5d, AcOEt/meth-
anol¼95/5 for 6e and AcOEt/methanol¼98/2 for 6f, developer:
ninhydrin).

4.3.1. Methyl (2S,3R)-2-amino-3-[(tert-butoxycarbonyl)amino]-3-
phenylpropanoate (5d). Amorphous solid (26.0 mg, 59%). [a]D20

þ22.5 (c 0.2, CHCl3). Lit.21 for (2R,3S) derivate: [a]D20 �23.7 (c 1,
CHCl3). 1H NMR: d 1.40 (s, 9H, C(CH3)3); 2.55 (broad s, 2H, NH2);
3.76 (s, 3H, OCH3); 3.92 (d, J¼2.9, 1H, H-3); 5.23 (m, 1H, H-2); 5.81
(broad d, J¼8.8, 1H, NH); 7.22e7.35 (m, 5H, Ph). 13C NMR: d 28.5
(C(CH3)3); 52.7 (OCH3); 56.6 (C-3); 58.7 (C-2); 79.9 (C(CH3)3);
126.6e139.9 (Ph); 155.3 (CO); 173.0 (CO). IR (Nujol): 3415 (vNH,
NH2), 1734 (vC]O, C]O), 1692 (vC]O, C]O). Anal. Calcd for
C15H22N2O4: C, 61.21; H, 7.53; N, 9.52. Found: C, 61.05; H 7.48; N,
9.38. MS-ESIþ (m/z): 295 [MþH]þ.

4.3.2. Methyl (2S,3S)-2-amino-3-[(tert-butoxycarbonyl)amino]-3-
phenylpropanoate (6d). Amorphous solid (18.5 mg, 42%). [a]D20

þ24.9 (c 0.4, CHCl3). Lit.21 [a]D20 þ26.7 (c 1, CHCl3). 1H NMR: d 1.40 (s,
9H, C(CH3)3); 1.55 (broad s, 2H, NH2); 3.68 (s, 3H, OCH3); 3.85 (d,
J¼4.3, 1H, H-3); 5.11 (broad s, 1H, H-2); 5.86 (broad d, J¼7.2, 1H,
NH); 7.20e7.40 (m, 5H, Ph). 13C NMR: d 28.6 (C(CH3)3); 52.3 (OCH3);
56.4 (C-3); 58.8 (C-2); 80.0 (C(CH3)3); 126.9e138.0 (Ph); 155.4 (CO);
173.8 (CO). IR (Nujol): 3376 (vNH, NH2), 1726 (vC]O, C]O), 1698
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(vC]O, C]O). Anal. Calcd for C15H22N2O4: C, 61.21; H, 7.53; N, 9.52.
Found: C, 61.11; H 7.46; N, 9.44. MS-ESIþ (m/z): 295 [MþH]þ.

4 .3 .3 . Methyl (2S ,3S)-2 ,3-d iamino-3-phenylpropanoate
(7). Amorphous solid (5.5 mg, 18%). [a]D20 þ20.6 (c 0.1, CHCl3). 1H
NMR: d 1.95 (broad s, 4H, NH2); 3.68 (s, 3H, OCH3); 3.70 (d, J¼5.9,
1H, H-3); 4.24 (d, J¼5.9, 1H, H-2); 7.20e7.40 (m, 5H, Ph). 13C NMR:
d 52.1 (OCH3); 58.9 (C-3); 60.8 (C-2); 126.9e128.7 (Ph); 141.6 (Ph);
174.5 (CO). Anal. Calcd for C10H14N2O2: C, 61.84; H, 7.27; N, 14.42.
Found: C, 61.79; H 7.18; N, 14.35. MS-ESIþ (m/z): 195 [MþH]þ.

4.3.4. Methyl (2S,3S)-2-amino-3-{[(benzyloxy)carbonyl]amino}3-
phenylpropanoate (6e). Amorphous solid (28.5 mg, 58%). [a]D20

þ10.1 (c 1.4, CHCl3). 1H NMR: d 1.58 (broad s, 2H, NH2); 3.69 (s, 3H,
OCH3); 3.83 (d, J¼4.4, 1H, H-3); 5.08 (AB system, J¼12.1, 18.8, 2H,
CH2); 5.21 (broad dd, J¼4.4, 8.6 1H, H-2); 6.18 (broad d, J¼8.6, 1H,
NH); 7.18e7.40 (m, 10H, Ph). 13C NMR: d 52.6 (OCH3); 56.8 (C-3);
58.6 (C-2); 67.1 (CH2); 126.6e128.9 (Ph); 136.7 (Ph); 137.9 (Ph);
155.8 (CO); 173.6 (CO). Anal. Calcd for C18H20N2O4: C, 65.84; H, 6.14;
N, 8.53. Found: C, 65.76; H 6.04; N, 8.45. MS-ESIþ (m/z): 329
[MþH]þ.

4.3.5. Methyl (2S,3S)-2-amino-3-phenyl-3-[(phenylsulfonyl)amino]
propanoate (6f). Amorphous solid (30.1mg, 60%). [a]D20þ28.6 (c 0.8,
CHCl3). 1H NMR: d 1.61 (broad s, 2H, NH2); 3.61 (s, 3H, OCH3); 3.76
(d, J¼4.4, 1H, H-3); 4.90 (broad s, 1H, H-2); 6.20 (broad s, 1H, NH);
6.93e7.41 (m, 8H, Ph); 7.63 (d, J¼7.3, 2H, Ph). 13C NMR: d 52.3
(OCH3); 58.7 (C-3); 59.0 (C-2); 125.5e132.4 (Ph); 135.8 (Ph); 140.9
(Ph); 173.0 (CO). Anal. Calcd for C16H18N2O4S: C, 57.47; H, 5.43; N,
8.38. Found: C, 57.39; H 5.38; N, 8.30. MS-ESIþ (m/z): 335 [MþH]þ.
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