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Abstract. In recent decades, the synthesis of amino acid —
triazole conjugates has become an emerging area. L- and D-
azidohomoalanine derivatives readily undergo copper(I)-
catalyzed azide-alkyne dipolar cycloaddition reaction. The
expected 4-substituted-1H-1,2,3-triazol-1-yl-homoalanines are
obtained in the reactions of either N- and O-protected or
protecting-group-free azidohomoalanines with various alkynes.
1,2,3-Triazole conjugate formation tolerates various functional
groups. The synthetic approach that uses N- and O-protected
starting materials relays on the standard chromatographic
purification of intermediates that are further deprotected by
hydrogenolysis. In this way, the purification of final products is
not required. The synthetic approach that uses protecting-group-
free azidohomoalanine is faster from a synthetic point of view as
it includes only one step. However, the purification of protecting-
group-free amino acid derivatives is laborious. Additionally, we
have shown that the chiral stationary phase CROWNPAK® CR(+),
which is based on chiral crown ether as a selector, is applicable
for direct chromatographic determination of enantiomeric ratio
of the title products.

Keywords: azidohomoalanine, 1,2,3-triazolyl homoalanines,
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I. INTRODUCTION

Triazoles belong to the class of privileged molecular motifs
that are often used to obtain certain biological activities.
Triazole containing compounds are known to possess
antibacterial, antihelmintic, antifungal and anticancer
properties [1]. When attached to a carbohydrate core, triazole
derivatives have found applications as antiviral drugs [2,3] and
inhibitors of glycosidases [4,5].

Since 2002, 1,2,3-triazoles are regioselectively assembled
in copper-catalyzed azide-alkyne cycloaddition reaction,
which was independently discovered by the research groups of
Meldal [6] and Sharpless [7].

Also in amino acid chemistry their conjugates with triazoles
have found notable applications. Thus, triazolyl amino acid
based multidentate chelating systems have been investigated
as potential diagnostic and therapeutic tools [8]. Triazoles
were used to prepare bis-amino acids that are useful as protein
crosslinkers [9]. Variable conjugates of amino acids were
made via triazole linkers. Those include triazole tethered
ferrocenyl-amino acids [10] and both C- and N-glycosyl a-
amino acids [11,12]. On the other hand, both azide- and
alkyne-modified amino acids were incorporated into pseudo-
natural peptides to gain site-specific recombinant infrared
probes [13,14]. These modified amino acid residues were also
used as bioorthogonal chemical reporters [15]. More recently,

metal-free  strain-promoted  azide-alkyne cycloaddition,
developed by Bertozzi [16], has evolved as an important
biological tool [17]. Also this approach requires the use of
azide-modified entities, including amino acids. The
aforementioned facts have aroused the interest in the synthesis
and transformations of azide-derivatized amino acids [18].
Despite the various applications, including a potential
biological activity, only a few series of simple amino acid -
triazole conjugates have been prepared. These are triazolyl
alanines 1 (Fig. 1) that have been studied as selective AMPA
receptor ligands [19] and substrates for neutral amino acid
transport protein SN1 [20]. Hence, we were intrigued to
develop the synthesis of -CH,- homologs of the reported
structures 1: namely 1,2,3-triazolyl homoalanines 2 (Fig. 1).
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Fig. 1. 1,2,3-Triazolyl alanines 1 versus 1,2,3-triazolyl homoalanines 2

II. RESULTS AND DISCUSSION

Here we report the synthesis and enantiomeric purity
analysis of 1,2,3-triazolyl-L-homoalanines 2 [21,22]. Both (S)-
((S)-3a) and (R)-4-azido-2-amino-butyric acid ((R)-3a) or L-
and D-azidohomoalanine (often abbreviated as Aha) are
commercially available in unprotected and variously protected
forms, but can be easily prepared from aspartic acid [23] (Fig.
2)).
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Fig. 2. L- and D-Azidohomoalanines

Our synthetic plan included two distinct approaches: 1) the
use of fully protected amino acid followed by deprotection as
the last step; 2) the use of unprotected amino acid. As
unprotected amino acids are usually difficult to purify, we
have started our research with fully protected amino acid (S)-
3c. The latter was synthesized from N-benzyloxycarbonyl-L-
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azidohomoalanine ((S)-3b) and CbzCl via decarboxylative
benzylation procedure in 69% yield (Scheme 1) [24].

Ny CbzCl NEt;
OH DMAP, DCM OBn
CbzNH CbzNH
(S)-3b (S)-3¢, 69%

Scheme 1. Synthesis of N-benzyloxycarbonyl-L-azidohomoalanine benzyl

ester ((S)-3¢)

With starting material (S)-3¢ in hand, we proceeded to
triazole formation. Various reaction conditions for copper-
catalyzed azide-alkyne cycloaddition reaction were screened,
including the well-established CuSO4*5H,0/sodium ascorbate
system, Cu’/CuSO, and Cul. Various solvent systems
(acetone/water, CH,Cl,/water, tert-butanol/water, THF) and
temperature regimes (20-80 °C) were also explored. A
compromise between slow reaction rates and possible
racemization at the o-carbon of the amino acid had to be
found. Thus, CuSO,*5H,0/sodium ascorbate catalytic system
in acetone/water as a reaction medium was chosen due its
mildness regardless of relatively long reaction times (up to 48
hours) (Scheme 2).

A typical experimental procedure for triazole (S)-4a-i
formation includes mixing of 1 equivalent of azide component
(5)-3¢ with 1.5 equivalents of alkyne component (R—=) in
acetone/water mixture followed by sequential addition of
aqueous solutions containing 10 mol% of copper(Il) sulfate
and 20 mol% of sodium ascorbate. After stirring of the
reaction mixture at ambient temperature for 48 h, the products
(S)-4a-i were isolated by an extractive work-up with CH,Cl,.
The yields of the products (S)-4a-i ranged from satisfactory
(44% for 4f) to excellent (84% for 4b) (Scheme 2, Table 1). It
should be mentioned that the lipophilic character of the
intermediate products (S)-4a-i allows their purifications by
classic silica gel column chromatography. On the contrary, the
purification of the target products (S)-2a-h is feasible only by
precipitation/crystallization techniques, ion exchange and
reverse phase chromatography. This fact prompted us to
choose N-Cbz and O-Bn protecting groups as the latter are
cleanly cleaved under catalytic hydrogenolysis and produce
only volatile side products (CO, and toluene). This allows
avoiding the extensive purification of the final products, if the
intermediates are properly purified. The aforementioned
approach is frequently used when the target products are
hydrophilic [25]. Thus, hydrogenolysis of (S)-4a-i in the
presence of catalytic amounts of palladium on activated
charcoal (10% palladium content) produced cleanly the
expected 4-substituted-1H-1,2,3-triazol-1-yl-L-homoalanines
(S)-2a-h (Scheme 2, Table 1). Somewhat lower yields of
products are explained by partial adsorption on activated
charcoal.
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Scheme 2. Synthesis of 1,2,3-triazolyl-L-homoalanines (S)-2a-h via N-Cbz-
O-Bn-protected intermediates (S)-4a-i

TABLE 1
SYNTHESIS OF PRODUCTS (5)-2a-h and (S)-4a-i ACCORDING TO SCHEME 2
Product Product
. (8)-2a-e and
Entry R (S)-.4a-l, (S)-2gh,
Yield Yield
Ny

1 \\/\/77{ 4a, 84% 2a, 63%

2 Ho/\/\;i 4b, 56% 2b, 15%
3 HO L~ 4c, 58% 2¢,36%
4 @—g- 4d, 74% 2d, 55%
5. @g- 4e, 65% 2e, 70%

4f, 44%

w0
OH
7 - 4g, 74% 2g, 45%
8 4h, 70% 2h, 49%
HO——¢-
9. D NG .54 4i, 80% *

* — experiment not performed

The latter fact prompted us to explore shortly the possibility
of target product synthesis without the use of protecting
groups (Scheme 3). Thus, hydrochloride (S)-3d was mixed
either with 5-hexynnitrile or with 3-butyn-1-ol in the presence
of catalytic systems containing Cu(I). Expected products (S)-
2a,c were isolated in 69% and 60% yield, respectively. The
isolated yields are attributed to highly pure compounds
(>98%) that were obtained after semi-preparative HPLC
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purification (C18 column Nihon Waters Ltd. 3.9 x 300 mm;
eluent system water — 10% MeOH in water in 8 min). Other
methods, such as filtration through activated charcoal, manual
column chromatography on reverse phase C18 silica gel and
ion exchange chromatography, did not provide sufficiently

pure material.
R/\g o)
= N e
cond. aorb ® 0

NH;

O
N3 \/\HkOH
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(S)-3d (S)-2a: R = -CH,CN, 69% [cond. a]
(S)-2¢: R = OH, 60% [cond. b]
conditions a: conditions b:

CuS0O4¢5H50, sodium ascorbate, Cul, DIPEA, THF/H,0, 70°C

acetone/H,0, ambient temp.

Scheme 3. Direct  synthesis  of  4-substituted-1H-1,2,3-triazol-1-yl-L-

homoalanines from L-azidohomoalanine

At this point, one can conclude that the direct synthesis of
triazolyl homoalanines (Scheme 3: 3d—2) is possible and
gives comparable or even better yields than a two-step
procedure (Scheme 2: 3d—4—2), but is not very effective due
to the laborious purification.

Finally, we turned to the analysis of the enantiomer
composition (enantiomeric purity) of the final compounds (S)-
2a-h. It is well accepted that the best methods for quantitation
of the presence of each of the enantiomers is chromatography
on chiral stationary phase [26]. For this reason, the reference
sample of (R)-2 was required to find the chromatographic
conditions. As a representative example, the analysis of (S)-2¢
and (R)-2¢ is described here. A sample of (R)-2¢ was
synthesized from (R)-3e (Scheme 4). In this case,
dicyclohexylammonium salt of N-Boc-D-homoalanine ((R)-3e)
was used. Copper(I) catalyzed azide-alkyne cycloaddition
provided intermediate (R)-5 in 80% yield. The cleavage of N-
Boc protection in water/trifluoroacetic acid followed by semi-
preparative HPLC (C18 column Nikhon Waters Ltd. 3.9 x 300
mm; eluent system water — 10% MeOH in water in 8 min)
provided the target product (R)-2¢ in 49% yield.
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Scheme 4. Synthesis of 1,2,3-triazolyl-D-homoalanine (R)-2¢

Mixing of equal amounts of (R)-2¢ and (S)-2¢ gave an
“artificial racemate” that was used to develop the

chromatographic analysis on chiral stationary phase. The best
results were achieved by CROWNPAK® CR(+) column,
which bears a chiral crown ether as a chiral selector coated
onto a Sum silica support (Fig. 3). It shows that the direct
synthesis of (S)-2¢ with Cul as the catalyst at +70 °C results in
partial racemization at a-carbon: isolated product possesses
enantiomeric purity of 95%. However, compound (R)-2¢
obtained at ambient temperature possesses enantiomeric purity
greater than 99.5%. Similarly, compounds (S)-2a-h (Table 1)
revealed excellent enantiomeric purity. In the case of
carbohydrate derivative 4f, the diastereomeric purity was
additionally proved by 'H- and "C-NMR as the spectra
revealed only one set of the signals.
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Fig. 3. A chromatogram of (S)-2¢ obtained in the process (S)-3d — (S)-2¢
representing e.r. 97.5 : 2.5 (95% ee). Conditions: CROWNPAK®
CR(+) column 4.6 x 150 mm; eluent: aqueous HC1O,, pH 1 in isocratic
mode; flow: 0.5 ml/min; DAD detector at 220 nm; sample conc.: 4
mg/mL; injection vol.: 10 pL.

III. CONCLUSIONS

A straightforward way to 4-substituted-1H-1,2,3-triazol-1-
yl-L-homoalanines is  designed  starting from L-
azidohomoalanine. The synthesis can be accomplished either
with or without protecting groups. The synthetic route that
includes the use of protecting groups uses well-established
laboratory scale purification techniques, such as silica gel
column chromatography, and is obviously longer. On the
contrary, the direct synthesis of triazolyl homoalanines is
possible and at first glance looks simpler. Nevertheless, it
requires laborious purification techniques, preferably
preparative HPLC. We have shown that chiral homoalanine
derivatives are rather resistant towards racemization under
given experimental conditions. However, care should be taken
when the reactions are performed at elevated temperatures and
prolonged reaction times. The developed method is useful for
a small scale synthesis of the aforementioned potentially
biologically active amino acid derivatives.

IV. EXPERIMENTAL SECTION

Starting materials (S)-3b,d and (R)-3e were obtained from
Bapeks Ltd (Riga, Latvia). Other reagents were obtained from
Acros and used without further purification. Yields refer to
chromatographically homogeneous compounds. HPLC
analysis was performed on Agilent Technologies 1200 series
system with DAD detector and Agilent Zorbax SB C18, 4.6 x
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150 mm column. Chromatographic conditions (1 mL/ min) for
compounds (S)-3c¢ and (S)-4a-i: eluent A: aqueous 0.01 M
KH,PO, + 6% MeOH, pH 4.6; eluent B: MeOH; gradient: B
0%—B 50% in 10 min. Chromatographic conditions for
compound series (S)-2a-h: gradient: water 100 %—50%
MeOH in water in 10 min. For conditions of chromatography
on chiral stationary phase see Fig. 3 in the text of publication.
Preparative column chromatography was performed on Rocc
silica gel (40-63 um). Merck Silica gel 60 Fys4 plates were
used for TLC analysis of reaction mixtures; visualization was
done by UV light or by 1% ninhydrin in EtOH followed by
heating. Infrared spectra were performed on Perkin-Elmer FT-
IR system, 'H- and "C-NMR analysis were performed on
Bruker Ultra Shield apparatus at 300 MHz and 75.5 MHz,
respectively. The proton signals for residual non-deuterated
solvents (& 7.26 for CDCl;, 4.79 for D,O and & 2.50 for
DMSOy) and carbon signals (6 77.1 for CDCI; and 6 39.5 for
DMSOy6) were used as internal references for "H-NMR and
BC-NMR spectra, respectively. Coupling constants are
reported in Hz.

General procedure for the synthesis of 1,2,3-triazolyl-L-
homoalanines (S)-2a-h according to Scheme 2 and Table 1:
(S)-2-Amino-4(4-(3-cyanopropyl)-1H-1,2,3-triazol-1-
yDbutyric acid ((S)-2a). Hydrogen atmosphere at ambient
pressure was applied to a solution of (S)-4a (0.31 g, 0.67
mmol) in a mixture of MeOH (5 mL), THF (2 mL) and water
(0.5 mL) containing 10% Pd/C (30 mg) for 5 hours. The
resulting reaction mixture was filtered through a celite pad and
washed with MeOH (10 mL). The filtrate was evaporated to
dryness. The residue was dissolved in water and lyophilized.
Product (S)-2a (101 mg, 63%) was obtained as amorphous
white powder. IR (KBr): 3420, 3125, 3070, 2946, 2602, 1586,
1412, 1349, 1328, 1253, 1216, 1166, 1116, 1075, 1057, 1028.
'H-NMR (D0, 300 MHz): 7.87 (s, 1H, H-C(5")), 4.58 (t, 2H,
3J=17.4 Hz, H-C(4)), 3.69 (t, 1H, *J = 6.6 Hz, H-C(2)), 2.85 (t,
2H,°J = 7.2 Hz H-C(1°")), 2.46 (m, 4H, H-C(3); H-C(3™)),
2.00 (quint, 2H, *J = 7.2 Hz H-C(2’")). ®C-NMR (D,0, 75.5
MHz): 171.1, 144.2, 121.7, 119.1, 49.9, 44.3, 28.8, 22.0, 21.3,
13.4. Elem. Anal.: Calcd for CoH;(NsO, (237.26) C 50.62, H
6.37, N 29.52; Found C 50.31, H 6.55, N 29.27.

(S)-2-Amino-4(4-(3-hydroxypropyl)-1H-1,2,3-triazol-1-
yDbutyric acid ((S)-2b). IR (KBr): 3337, 3138, 2945, 2874,
2604, 1586, 1433, 1412, 1390, 1350, 1329, 1254, 1219, 1165,
1148, 1116, 1065, 1052, 1031, 1010. "H-NMR (DMSOy, 300
MHz): 7.85 (s, 1H, H-C(5)), 4.59 (t, 2H, °J = 7.4 Hz, H-
C(4)), 3.72 (t, 1H, *J = 6.6 Hz, H-C(2)), 3.63 (t, 2H,*J = 6.3
Hz H-C(3"")), 2.78 (t, 2H,°J = 7.4 Hz H-C(1"")), 2.73 (s, 1H,
OH), 2.47 (m, 2H, H- C(3)), 1.91 (quint, 2H,*J = 7.0 Hz, H-
C(2°")). PC-NMR (DMSOg, 75.5 MHz): 173.0, 147.6, 123.3,
60.9, 52.0,46.4, 31.0, 30.9, 20.9.

(S)-2-Amino-4(4-(2-hydroxyethyl)-1H-1,2,3-triazol-1-
yl)butyric acid ((S)-2¢). IR (KBr): 3133, 2932, 2600, 2091,
1598, 1462, 1411, 1391, 1350, 1329, 1254, 1219, 1073, 1052,
1025. "H-NMR (D,0, 300 MHz): 7.89 (s, 1H, H-C(5")), 4.61
(t, 2H, °J = 7.4 Hz, H-C(4)), 3.87 (t, 2H, °J = 6.3 Hz, H-
C(2°%)), 3.73 (t, 1H,°J = 6.6 Hz H-C(2)), 2.96 (t, 2H,J = 6.3
Hz, H-C(1°")), 2.47 (m, 2H, H-C(3)). "C-NMR (D,0, 75.5
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MHz): 173.2, 145.2, 124.0, 60.5, 52.0, 46.5, 34.0, 27.7.
HRMS (ESI-TOF): Calcd [CgH4N,O3+H]™ 215.1144; Found
215.1168.

(S)-2-Amino-4(4-phenyl-1H-1,2,3-triazol-1-yl)butyric
acid ((S)-2d). IR (KBr): 3424, 3087, 2926, 1587, 1412, 1385,
1348, 1335, 1145, 1114, 1082. "H-NMR (DMSOys, 300 MHz):
8.40 (s, 1H, H-C(5")), 7.86 (dd, 2H, *J = 7.0 Hz,*J = 1.2 Hz,
H-C(Ph)), 7.57 (dd, 2H, *J = 7.0 Hz, *J = 1.2 Hz, H-C(Ph)),
4.49 (m, 1H, H-C(Ph)), 4.69 (t, 2H, *J = 7.8 Hz, H-C(4)), 3.73
(t, 1H, *J = 6.6 Hz, H-C(2)), 2.51 (m, 2H, H-C(3)).

(S)-2-Amino-4(4-(4-methylphenyl)-1H-1,2,3-triazol-1-
yD)butyric acid ((S)-2e). IR (KBr): 3409, 2924, 1581, 1456,
1385, 1150. '"H-NMR (DMSOg, 300 MHz): 8.35 (s, 1H, H-
C(5%), 7.75 (d, 2H, *J = 7.8 Hz, H-C(Ph)), 7.39 (d, 2H, *J =
7.4 Hz, H- C(Ph)), 4.69 (m, 2H, H-C(4)), 3.61 (t, 1H, *J = 6.3
Hz, H-C(2)), 2.51 (m, 2H, H-C(3)), 2.40 (s, 3H, Ph-CHs).

(S)-2-Amino-4(4-(1-hydroxycyclohexyl)-1H-1,2,3-triazol-
1-yl)butyric acid ((S)-2g). IR (KBr): 3257, 3135, 2931, 2858,
1631, 1557, 1454, 1440, 1404, 1352, 1333, 1184, 1168, 1130,
1078, 1058. '"H-NMR (DMSOg, 300 MHz): 8.00 (s, 1H, H-
C(5%)), 4.62 (t, 2H, °J = 7.4 Hz, H-C(4)), 3.73 (t, I1H, *J = 6.6
Hz, H-C(2)), 2.48 (m, 2H, H-C(3)), 2.10 (m, 2H, H-C(Cy)),
1.84 (m, 2H, H-C(Cy)), 1.69 (m, 2H, H- C(Cy)), 1.52 (m, 2H,
H- C(Cy)), 1.44 (m, 2H, H-C(Cy)). *C-NMR (DMSOg, 75.5
MHz): 173.0, 145.2, 122.8, 69.7, 52.0, 46.6, 36.9, 36.8, 31.0
(2C), 24.7, 21.8. HRMS (ESI-TOF): Calcd [C,H,0N,O5+H]"
269.1614; Found 269.1640.

(S)-2-Amino-4(4-(2-hydroxypropan-2-yl)-1H-1,2,3-
triazol-1-yl)butyric acid ((S)-2h). IR (KBr): 3272, 3123,
3076, 2985, 2761, 2599, 1609, 1557, 1539, 1472, 1442, 1417,
1385, 1369, 1353, 1323, 1303, 1221, 1161, 1144, 1050, 956.
'H-NMR (DMSOy, 300 MHz): 7.98 (s, 1H, H-C(5")), 4.62 (t,
2H, J = 7.0 Hz, H-C(4)), 3.79 (s, 1H, OH), 3.73 (t, 1H, *J =
6.6 Hz, H-C(2)), 2.47 (m, 2H, H-C(3)), 1.62 (s, 6H, CH;). *C-
NMR (DMSOQOg, 75.5 MHz): 173.2, 154.8, 121.9, 68.1, 52.0,
46.5, 30.9, 28.8. HRMS (ESI-TOF): Caled [CoH;¢N,O5+H]"
229.1301; Found 229.1311.

Synthesis of (S)-2-Amino-4(4-(3-cyanopropyl)-1H-1,2,3-
triazol-1-yl)butyric acid ((S)-2a) according to Scheme 3: 5-
Hexynnitrile (87 pL, 0.83 mmol) was added to a solution of
(5)-3d (100 mg, 0.55 mmol) in acetone (2 mL) at ambient
temperature followed by addition of a solution of
CuSO4*5H,0 (14 mg, 0.06 mmol) in water (1 mL) and a
solution of sodium ascorbate (22 mg, 0.11 mmol) in water (1
mL). The resulting reaction mixture was stirred at ambient
temperature for 48 hours. Then it was evaporated to dryness
and redissolved in 10% aqueous trifluoroacetic acid (2 mL).
The latter solution was passed through a pad of C18 reversed
phase silica gel and further eluted with water (25 mL) and
methanol (30 mL). The product-containing fractions were
evaporated and additionally purified by semi-preparative
HPLC purification (C18 column Nihon Waters Ltd. 3.9 x 300
mm; eluent system water — 10% MeOH in water in 8 min).
After lyophilisation (S)-2a (91 mg, 69%) was obtained as
white amorphous powder.

Synthesis of (S)-2-Amino-4(4-(2-hydroxyethyl)-1H-1,2,3-
triazol-1-yl)butyric acid ((S)-2¢) according to Scheme 3:
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Cul (20 mg, 0.11 mol) and DIPEA (38 pL, 0.22 mmol) were
added to a stirred solution of (S)-3d (190 mg, 1.05 mmol) and
3-butyn-1-ol (123 pL, 1.62 mmol) in a mixture of water (3
mL) and THF (1 mL). The resulting reaction mixture was
heated at 70 °C for 5 hours. The reaction mixture was
evaporated to dryness, redissolved in water (3 mL) and the
resulting solution was passed through a pad of activated
charcoal. The charcoal pad was further eluted with water (50
mL) and methanol (50 mL). The product-containing fractions
were evaporated and additionally purified by semi-preparative
HPLC purification (C18 column Nihon Waters Ltd. 3.9 x 300
mm; eluent system water — 10% MeOH in water in 8 min).
After lyophilisation (S)-2¢ (136 mg, 60%) was obtained as
white amorphous powder.

Synthesis of (R)-2-Amino-4(4-(2-hydroxyethyl)-1H-1,2,3-
triazol-1-yl)butyric acid ((R)-2¢) according to Scheme 4: 3-
butyn-1-ol (31 puL, 0.43 mmol) was added to a solution of (R)-
3e (102 mg, 0.24 mmol) in acetone (2 mL) at ambient
temperature followed by addition of a solution of
CuSO45H,0 (8 mg, 0.03 mmol) in water (I mL) and a
solution of sodium ascorbate (12 mg, 0.06 mmol) in water (1
mL). The resulting reaction mixture was stirred at ambient
temperature for 20 hours. Then it was evaporated to dryness
and redissolved in 1M aqueous Na,SO, solution (10 mL)
acidified with NaHSO,4 to pH 2.5. The aqueous phase was
extracted with DCM (6 x 7 mL). The combined organic layer
was dried (Na,S0O,), filtered and evaporated. Silica gel column
chromatography provided (R)-5 (60 mg, 80%) as yellowish
oil. The latter was emulsified in a mixture consisting of water
(1 mL) and trifluoroacetic acid (100 pL) and stirred for 2
hours at ambient temperature. Then the reaction mixture was
evaporated to dryness. Water (2 mL) was added and the
evaporation was repeated until no trifluoroacetic acid could be
detected. The product was purified by semi-preparative HPLC
purification (C18 column Nikon Waters Ltd. 3.9 x 300 mm,;
eluent system water — 10% MeOH in water in 8 min). After
lyophilisation (R)-2¢ (20 mg, 49% [40% after 2 steps]) was
obtained as white amorphous powder.

(S)-Benzyl 4-azido-2-(benzyloxycarbonyl-
amino)butanoate ((S)-3c). CbzCl (1.28 mL, 8.98 mmol) was
slowly added to an ice-cold solution of (S)-3b (2.50 g, 8.98
mmol) and NEt; (1.38 mL, 9.88 mmol) in DCM (50 mL).
After 5 minutes DMAP (0.11 g, 0.90 mmol) was added at 0 °C
and the resulting mixture was stirred at ambient temperature
for 17 hours. Then it was transferred into a separatory funnel
and washed with saturated aqueous solution of NaHCO; (3x15
mL). Organic phase was additionally washed with 2% aqueous
HCI (3x15 mL) and brine (20 mL), dried (Na,SO,), filtered
and evaporated under reduced pressure. The residue was
purified by silica gel column chromatography (10% hexanes
in toluene). Product (S)-3¢ (2.30 g, 69%) was obtained as
colourless oil; HPLC purity 98% (tz = 3.23 min).

General procedure for the synthesis of 1,2,3-triazolyl-I-
homoalanines (S)-4a-i according to Scheme 2 and Table 1:
(S)-Benzyl 2-(benzyloxycarbonylamino)-4-(4-(3-
cyanopropyl)-1H-1,2,3-triazol-1-yl)butanoate ((S)-4a). 5-
Hexynnitrile (214 pL, 2.04 mmol) was added to a solution of

(5)-3¢ (501 mg, 1.36 mmol) in acetone (6 mL) at ambient
temperature followed by addition of a solution of
CuSO45H,0 (35 mg, 0.14 mmol) in water (1 mL) and a
solution of sodium ascorbate (55 mg, 0.28 mmol) in water (1
mL). The resulting reaction mixture was stirred at ambient
temperature for 48 hours and the acetone was evaporated
under reduced pressure. The residue was diluted with DCM
(15 mL) and the resulting biphasic mixture was transferred to
a separatory funnel. The layers were separated and the
aqueous layer was extracted with DCM (5 mL). The combined
organic layer was washed with brine (2 x 10 mL), dried
(Na,S0O,), filtered and evaporated. Silica gel column
chromatography provided (S)-4a (527 mg, 84%) as yellowish
oil. IR (KBr): 3335, 3141, 3035, 2954, 1722, 1530, 1499,
1455, 1381, 1382, 1268, 1216, 1054. '"H-NMR (CDCls, 300
MHz): 7.35 (m, 11H, H-C(Ph), H-C(5")), 5.65 (d, 1H, *J = 8.1
Hz, NH), 5.12, 5.11 (2s, 4H, O-CH,-Ph), 4.38 (m, 3H, H-C(4,
2)), 2.82 (t, 2H, *J = 7.2 Hz, H-C(1"")), 2.50-2.27 (m, 2H, H-
C(3)), 2.38 (t, 2H, *J = 7.4 Hz, H-C(3*")), 2.03 (quin, 2H, *J =
7.2 Hz H-C(2”)). "C-NMR (CDCl;, 75.5 MHz): 170.4, 155.6,
144.9, 135.4, 134.3 128.1, 128.0, 127.9, 127.7, 127.7, 127.5,
121.5,118.9, 67.0, 66.6, 51.0, 45.8, 32.2,24.2,23.5, 15.7.

(S)-Benzyl 2-(benzyloxycarbonylamino)-4-(4-(3-
hydroxypropyl)-1H-1,2,3-triazol-1-yl)butanoate  ((S)-4b).
IR (KBr): 3339, 3143, 3065, 3035, 2948, 1722, 1534, 1499,
1455, 1382, 1337, 1268, 1216, 1056. '"H-NMR (CDCls, 300
MHz): 7.30 (m, 11H, H-C(Ph), H-C(5")), 6.06 (d, 1H, *J= 8.1
Hz, HN), 5.09; 5.08 (2s, 4H, O-CH,-Ph), 4.34 (m, 3H, H-C(2),
H-C(4)), 3.63 (t, 2H, °J = 6.2 Hz, H-C(3’")), 3.31 (bs, 1H,
OH), 2.75 (t, 2H, *J = 7.4 Hz, H-C(1”")), 2.45-2.26 (m, 2H, H-
C(3)), 1.86 (quin, 2H, *J = 6.9 Hz, H-C(2"")). “C-NMR
(CDCls, 75.5 MHz): 171.0, 156.1, 147.3, 135.8, 134.7, 128.5,
128.4, 128.3, 128.1, 128.0, 127.8, 121.6, 67.3, 67.0, 61.2,
51.5,46.1,32.5,31.7,21.7.

(S)-Benzyl 2-(benzyloxycarbonylamino)-4-(4-(2-
hydroxyethyl)-1H-1,2,3-triazol-1-yl)butanoate ((S)-4c). IR
(KBr): 3308, 3145, 3065, 3035, 2953, 1721, 1535, 1499, 1455,
1381, 1336, 1268, 1216, 1054. "H-NMR (CDCl;, 300 MHz):
7.41 (bs, 1H, H-C(5%)), 7.33 (m, 10H, H-C(Ph)), 5.74 (d, 1H,
3J=17.9 Hz, NH), 5.10, 5.09 (2s, 4H, O-CH,-Ph), 4.36 (m, 3H,
H-C(2), H-C(4)), 3.89 (bs, 1H, OH), 2.89 (m, 2H, H-C(1"")),
2.73 (m, 2H, H-C(2"")), 2.49-2.28 (2m, 2H, H-C(3)). "*C-
NMR (CDCls, 75.5 MHz): 171.4, 156.5, 148.5, 136.2, 135.1,
134.1, 128.9, 128.8, 128.7, 128.6, 128.5, 128.3, 67.8, 67.4,
61.7,51.8,46.7,31.0, 29.0.

(S)-Benzyl 2-(benzyloxycarbonylamino)-4-(4-phenyl-1H-
1,2,3-triazol-1-yl)butanoate ((S)-4d). IR (KBr): 3394, 3135,
3092, 3063, 3031, 2945, 1725, 1713, 1500, 1463, 1455, 1430,
1289, 1274, 1215, 1049. '"H-NMR (CDCl;, 300 MHz): 7.81 (d,
2H, °J = 7.2 Hz, H-C(Ph)), 7.80 (s, 1H, H-C(5")), 7.44 (d, 2H,
3J = 7.2 Hz, H-C(Ph)), 7.42 (m, 1H, H-C(Ph)) 7.34 (m, 10H,
H-C(Ph)), 5.53 (d, 1H, *J = 8.1 Hz, NH), 5.12, 5.11 (2s, 4H,
O-CH,-Ph), 4.46 (m, 3H, H-C(2;4)), 2.52-2.35 (2m, 2H, H-
C(3)). C-NMR (CDCl;, 75.5 MHz): 170.9, 156.1, 147.6,
135.9, 134.7, 130.4, 128.7, 128.6, 128.6, 128.5, 128.4, 128.2,
128.1, 128.0, 125.6, 120.3, 67.6, 67.2, 51.6, 46.5, 32.9.
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(S)-Benzyl 2-(benzyloxycarbonylamino)-4-(4-(4-
methylphenyl)-1H-1,2,3-triazol-1-yl)butanoate ((S)-4e). IR
(KBr): 3393, 2924, 1711, 1458, 1376, 1303, 1155, 1051. 'H-
NMR (CDCl;, 300 MHz): 7.74 (s, 1H, H-C(57)), 7.69 (d, 2H,
3J = 8.1 Hz H-C(Ph)), 7.35 (m, 10H, H-C(Ph)), 7.21 (m, 2H,
H-C(Ph)), 5.51 (d, 1H, *J = 7.4 Hz, NH), 5.12, 5.11 (2s, 4H,
O-CH,-Ph), 4.45 (m, 3H, H-C(2,4)), 2.57-2.33 (2m, 2H, H-
C(3)), 2.38 (s, 3H, Ph-CH;)). "C-NMR (CDCls, 75.5 MHz):
170.5, 155.6, 147.4, 137.6 (2C), 134.3 (2C), 129.0, 128.3,
128.1, 128.0, 127.9, 127.7, 127.2, 125.2, 119.5, 67.3, 66.9,
51.3,46.0, 32.8, 20.8.

L-homoalanine -  1,2:5,6-di-O-isopropylidene-a-D-
glucofuranose conjugate ((S)-4f). IR (KBr): 3386, 3339,
3143, 3111, 3091, 3066, 3035, 2938, 2988, 2102, 1960, 1881,
1725, 1609, 1587, 1525, 1455, 1383, 1327, 1265, 1215, 1164,
1122, 1082. 'H-NMR (CDCl;, 300 MHz): 7.63 (s, 1H, H-
C(5%)), 7.34 (m, 10H, H-C(Ph)), 5.84 (d, 1H, *J = 3.6 Hz, H-
C(1)), 5.59 (d, 1H, *J = 7.9 Hz, NH), 5.12, 5.11 (2s, 4H, O-
CH,-Ph), 4.77 (2d, 2H, AB syst, *J = 12.6 Hz, H-C(1 ")), 4.59
(d, 1H, *J = 3.8 Hz, H-C(2")), 4.40 (m, 3H, H-C(2); H-C(4)),
431 (m, 1H, H-C(4*), 4.13 — 3.97 (m, 3H, H-C(3"’), H-
C(5”%), H-C(6”)), 2.52, 2.30 (2m, 2H, H-C(3)), 1.48 (s, 3H,
CH3), 1.41 (s, 3H, CH3), 1.34 (s, 3H, CH3), 1.29 (s, 3H,
CH3). “C-NMR (CDCls, 75.5 MHz): 170.8, 155.8, 134.7,
128.7, 128.6, 128.5, 128.4, 128.4, 128.3, 128.1, 111.8, 109.0,
105.1, 82.6, 81.7, 81.0, 73.3, 68.4, 67.7, 67.3, 63.9, 51.6, 46.5,
33.1,30.9, 26.8, 26.7, 26.6, 26.1, 25 4.

(S)-Benzyl 2-(benzyloxycarbonylamino)-4-(4-(1-
hydroxycyclohexyl)-1H-1,2,3-triazol-1-yl)butanoate  ((S)-
4g). IR (KBr): 3344, 3150, 3089, 3063, 3036, 2927, 2855,
1737, 1691, 1534, 1497, 1455, 1385, 1338, 1286, 1263, 1217,
1185, 1140, 1084, 1054, 1037, 1001. '"H-NMR (CDCls, 300
MHz): 7.35 (m, 11H, H-C(Ph), H-C(5°)), 5.51 (d, 1H, >J=6.8
Hz, NH), 5.13, 5.11 (2s, 4H, O-CH,-Ph), 4.39 (m, 3H, H-C(2);
H-C( 4)), 2.52 (bs, 1H, OH), 2.40-1.16 (m, 12H, H-C(3); Cy).
BC-NMR (CDCls, 75.5 MHz): 170.5, 155.6, 146.2, 135.5,
134.4, 128.3, 128.2, 128.1, 128.0, 127.9, 127.7, 121.1, 67.2,
66.8 (20), 51.3,46.2,37.7, 36.8, 32.5 (2C), 24.9, 21.5.

(S)-Benzyl 2-(benzyloxycarbonylamino)-4-(4-(2-
hydroxypropan-2-yl)-1H-1,2,3-triazol-1-yl)butanoate ((S)-
4h). IR (KBr): 3332, 3160, 3090, 3068, 3035, 2971, 2931,
1690, 1537, 1497, 1456, 1382, 1284, 1262, 1206, 1175, 1148,
1087, 1052. 'H-NMR (CDCls;, 300 MHz): 7.48 (bs, 1H, H-
C(5%)), 7.35 (m, 10H, H-C(Ph)), 5.55 (d, 1H, *J = 7.7 Hz, NH),
5.13,5.11 (2s, 4H, O-CH,-Ph), 4.38 (m, 3H, H-C(4); H-C(2)),
2.52,2.31 (2m, 2H, H-C(3)), 1.62(s, 6H, H-C(1°"); H-C(3"")).
BC-NMR (CDCls, 75.5 MHz): 170.9, 156.1, 147.9, 135.9,
134.8, 128.7 (20), 128.5, 128.4, 128.3, 128.1 (2C), 67.7, 67.3
(2C), 51.7, 46.5, 33.0, 30.4.

(S)-Benzyl 2-(benzyloxycarbonylamino)-4-(4-hexyl-1H-
1,2,3-triazol-1-yl)butanoate ((S)-4i). IR (KBr): 3366, 3125,
3069, 3031, 2957, 2927, 1744, 1698, 1514, 1454, 1378, 1351,
1294, 1259, 1239, 1062, 1025. "H-NMR (CDCl;, 300 MHz):
7.35 (m, 11H, H-C(Ph), H-C(5)), 5.50 (d, 1H, *J = 7.5 Hz,
NH), 5.12, 5.11 (2s, 4H, O-CH,-Ph), 4.40 (m, 2H, H-C(2)),
2.68 (m, 2H, H-C(1")), 2.50 (m, 1H, H-C(4)), 2.30 (m, 2H,
H-C(3)), 1.65 (m, 2H, H-C(2*")), 1.31 (m, 6H, H-C(3"’); H-
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C(4>); H-C(5”")), 0.88 (t, 3H, *J = 6.4 Hz H-C(6”")). “C-
NMR (CDCls, 75.5 MHz): 170.7, 156.1, 148.1, 135.9, 134.8,
128.7, 128.7, 128.6, 128.4, 128.3, 128.1 (2C), 67.7, 67.2, 51.7,
33.2,31.6,29.7,29.3, 28.9, 25.6, 22.5, 14.0.
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Maris Turks, Natalja Strelpikova, Viktors Kumpins, Udo Kalgjs. Enantioméri bagatinatu homoalaninu 1,2,3-triazolilatvasinajumu
sinteze

Dabasvielu, to skaita aminoskabju, konjugati ar triazoliem ieguvusi TIpaSu uzmanibu p&d&ja desmitgade, kop$ klik kimijas koncepta attistibas.
Komerciali pieejamie L- un D-azidohomoalanina (4-azido-2-amino-butanskabes) atvasinajumi viegli stajas vara(l) katalizetas azidu alkinu
dipolarajas cikopievienoSanas reakcijas ar dazadiem terminalajiem alkiniem. Pie C(4)-aizvietoti 1H-1,2,3-triazol-1-il-homoalanini ieglistami
gan no neaizsargitiem enantioméri tiriem homoalaniniem, piem&ram, no attieciga hidrohlorida, gan no N- un O-aizsargatam izejvielam. Saja
konteksta darba lietoti N-Cbz-O-Bn-L-homoalanins un N-Boc-D-homoalanina dicikloheksilamonija sals. 1,2,3-Triazolu konjugatu sintéze toleré
dazadas funkcionalas grupas: iegiiti cikloadukti no 5-heksinnitrila, 3-butin-1-ola, 4-pentin-1-ola, fenilacetiléna, tolilacetiléna, 3-O-propagil-
1,2:5,6-di-O-izopropilidén-a-D-glikofuranozes, 1-etinil-1-cikloheksanola, 2-metil-3-butin-2-ola un 1-oktina. N- un O-aizsarggrupu lietoSana
atvieglo starpproduktu attiri§anu, kurai var lietot silikaggla kolonnu hromatografiju. Sadi attiritus triazola ciklu saturo$us starpproduktus
iesp&jams katalitiski hidrogengt, tadgjadi ieglistot praktiski tirus galaproduktus, jo aizsarggrupu noskel$anas blakusprodukti ir toluols un CO,.
N-Cbz-O-Bn-L-homoalanina gadijuma triazolu sint€z€ sasniegti iznakumi lidz 84% un aizsargrupu noskelSana Iidz 70%. A1 1H-1,2,3-triazol-
1-il-homoalanini, kas iegiiti no N-Boc-D-homoalanina dicikloheksilaminija sals, ir attirami ar tie$as fazes hromatografijas palidzibu. P&c citas
picejas iesp&jams lietot neaizsargdtu aminoskabi tas hidrohlorida veida. ST metode, biidama Tsdka no sintétiska viedokla, raksturojama ar
darbietilpigu attiriSanu — puspreparativo AESH. Citas aminoskabju kimija raksturigas attiri$anas metodes — jonapmainas hromatografija un
manuala kolonnu hromatografija uz C18 apgrieztas fazes — nedeva vélamos rezultatus. Paradits, ka pie C(4)-aizvietotu 1H-1,2,3-triazol-1-il-
homoalaninu enantioméru attiecibas tieSai AESH analizei pielietojama CROWNPAK® CR(+) stacionara faze, kas veidota no hirala krauna
Stera selektora. Iegiitajiem hiralajiem L- un D-homoalanina triazolu konjugatiem noteikts to enantioméerais parakums, kas svarstijas no 95% lidz
>99.5%. Produkti ar augstu enantioméro tiribu iegiti sintéz€s, kas veiktas 20-25 °C temperatiira katalitiskas sisttémas CuSO,/natrija askorbats
klatieng. Reakcijas maisijuma sildiSana lidz 70 °C vara(]) katalizatora un tre$&jo aminu klatiené induc€ dal&ju produktu racemizaciju Iidz 95%
ee.
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Mapuc Typke, Hataaba CrpeabHukoBa, Bukrope Kymnunbsm, Yo Kaneiic. CuHTe3 3HAHTHOMEPHO 000ralllecHHBLIX NPOM3BOJAHBIX
1,2,3-Tpua3zoaunjaromoajaHuHa

Konbrorars! mpupoJHbIX BELIECTB, B TOM YHCJIE€ aMHHOKHUCIIOT, U TPUA30JI0B TOMYYHIN 0c000€ BHUMAHUE B MPOIIEAIIee AESCITUIETHE TTOCTe
OTKPBITHS KOHIICTIMH KIMK-XUMUH. KoMMepuecku IOCTyHHbIE NPOM3BOIAHbIE D- M L-a3ujoromoanaHuHa (4-a3upo-2-aMHHOOYTaHOBas
KHCJIOTa) pEarupyloT C Ppa3IdYHbIMH TEPMHUHANBHBIMH alKWHaMH B Katanu3upyemblx Mensio(I) peakmusax 1,3-aunonspHoro
LOUKJIONIPHCOCANHEHHA. 3aMemeHnbie 1H-1,2,3-Tpra3on-1-mi-roMoanaHiHbl MOMy4YaroT KaK M3 SHAHTHOMEPHO YHCTHIX TOMOAIAHWHOB, K
MIPUMeEpY, U3 COOTBETCTBYIOIIEr0 THAPOXIOPHA, TaK U u3 N- 1 O-3aIIUIICHHBIX HCXOJHBIX BelecTB. B nanHo# pabote ncnons3oBansl N-Cbz-
O-Bn-L-roMoanaHvH W JUOUKIOTeKCHIIaMMOHHEBas coib N-Boc-D-romoananmHa. CuaTe3 1,2,3-TpHa3oioB MO3BOJISET HCIOIB30BATH
pasnuuHble (YHKIHMOHAJIBHBIC TPYNIBI, Onaromapst dYeMy IIOJIyYeHBI aJIyKThl S-TeKCHMHHUTpWIA, 3-OyTwH-1-oma, 4-meHTHH-1-0I1a,
(eHMIaneTMIIeHa, N-TONMIANeTIWIeHa, 3-O-nponaprui-1,2:5,6-1u-O-130IponuiInAeH-0-D-TIIIOKO(pYPaHO3bl, 1-9THHUI-1-IUKIOreKcaHona, u
1-oxtuHa. Ucnone3oBanne N- m O-3alIUTHBIX TPYNIT OOJNErdaeT MPOLECC OYUCTKH INPOMEXKYTOYHBIX IPOAYKTOB, JUII KOTOPOTO MOXKHO
HCIIOJIb30BaTh KOJOHHYIO XpoMmartorpaduro Ha cuiankarene. OUHIIEeHHbIE TAKUM 00pa3oM TPUA30JIbl MOXKHO KaTaJIMTHYECKU THAPOTeHUPOBATh
C LIENBIO MOJTYYCHHUS TPAKTHYECKH YHCTHIX MIPOIYKTOB, BE/lb B PE3yJIbTaTe CHATHS 3aLUNUTHBIX IPYII BBICIISIOTCS TOIYOI M YIIICKUCIBIN ra3. B
CHHTE3aX MPOLYKTOB IuKiIonpucoeaunerus N-Cbz-O-Bn-L-romoanannna BbIXozpl focTuranu 84%, a B peakIUaX CHATUS 3aI[UTHBIX TPYTIT —
70%. IIpomyKTsl, MOMy4eHHBIE M3 IMIMKIOTeKCHIaMMOHHEBOH conmu N-Boc-D-romoanaHuHa, Takke MOTYT OBITh OYMINEHBI MPU TOMOIIM
KOJIOHHOM XpomaTorpaduu Ha npsimoii ¢ase. J[pyroit moaxox HeoOX0IUM IPH UCIIOIB30BAHMH THAPOXIOPH/A FrOMOalaHuHa. B TakoMm ciydae,
IIPU MEHBIIEH CHHTETHYEeCKOH paboTe, I OYNCTKH HCIOIB3yeTcs paboToeMKasl MOIyHpenapaTUBHAS BBICOKOA((EKTHBHAS XKHUAKOCTHAS
xpomatorpadus. [Ipyriue MeToapl OYUCTKH aMUHOKHCIIOT — HOHOOMEHHAs! XpoMaTorpadus u KOJOHHAs Xpomarorpadust Ha oOpaTHOH ¢aze —
HE JajH JKelaeMoro pe3yibraTta. [loka3aHo, 4To IJIs aHaidW3a SHaHTHOMepHOro cocrtaBa mpu C(4)-3amemenHsix 1H-1,2,3-tpuazon-1-mmn-
TOMOAJaHHHOB MOJET OBITh HCIIOJIb30BaHA XHUpalbHas CTalMOHapHas (a3a CROWNPAK® CR(+), cocrosmasi u3 XHpaJIbHOTO KpayH-3Gupa.
JUIs OJTyYeHHBIX XUPAIBHBIX KOHBIOTATOB D- M L-TOMOQJIAHUHOB ONpeJelIeH N30bITOK SHAHTHOMEpa, KOTOpbIi konebaics oT 95% mo 99,5%.
IIponykTbl ¢ BBICOKOH SHAHTHOMEPHOH YHCTOTOH HONydeHbl B peakuusx npu 20-25 °C ¢ UCNOIb30BaHHEM KaTaIMTUYECKOH CHCTEMBI
CuSOy/ackopbat Hatpus. HarpeBanune peakunonsnoi cmecu 10 70 °C B npucytctBun Meau(l) ¥ TpeTHYHBIX aMMHOB IIPUBOAUT K YaCTHYHOW
pauemusanuu npoaykra ao 95% s.u.
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