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Abstract
Three novel N-(α-bromoacyl)-α-amino esters: methyl 2-(2-bromo-3-methylbutanamido)pentanoate (1), methyl 2-(2-

bromo-3-methylbutanamido)-2-phenylacetate (2) and methyl 2-(2-bromo-3-methylbutanamido)-3-phenylpropanoate

(3) were synthesized. Single crystal X-ray diffraction data are reported for compounds 1 and 2. The cytotoxicity, anti-

inflammatory and antibacterial activity of compounds 1–3 were investigated. Additionally, the physico-chemical pro-

perties of studied compounds were calculated and an in silico toxicological study of compounds 1–3 was performed.

The low level of cytotoxicity and absence of antibacterial and anti-inflammatory activity of 1–3 in tested concentrations

might be a beneficial prerequisite for their incorporation in prodrugs.

Keyword: N-(α-bromoacyl)-α-amino esters; X-ray structure; cytotoxicity; anti-inflammatory activity; antibacterial

activity.

1. Introduction
Searching for new potent drugs with enhanced

physiological performance, many studies have been focu-
sed on the design of dipeptide-based prodrugs of known
medications. The synthesis of dipeptide esters of acyclo-
vir (2-amino-9-(2-hydroxyethoxymethyl)-3H-purin-6-
one) (Fig. 1) and structurally related antiherpetic drugs
gancyclovir (2-amino-9-(1,3-dihydroxypropan-2-yloxy-
methyl)-3H-purin-6-one) and saquinavir ((2S)-N-[(2S,

3R ) -4 - [ (3S , 4aS , 8aS ) -3 - ( t e r t -bu ty lca rbamoyl ) -
3,4,4a,5,6,7,8,8a-octahydro-1H-isoquinolin-2-yl]-3-hy-
droxy-1-phenylbutan-2-yl]-2-(quinoline-2-carbonylami-
no)butanediamide), lead to the discovery of new analo-
gues with higher water-solubility at physiological pH and
improved membrane permeability.1–5 The same strategy
was also successfully applied in the development of new
prodrugs of floxuridine (5-fluoro-1-[(2R,4S,5R)-4-hy-
droxy-5-(hydroxymethyl)oxolan-2-yl]pyrimidine-2,4-
dione) and azidothymidine (1-[(2R,4S,5S)-4-azido-5-
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(hydroxymethyl)oxolan-2-yl]-5-methylpyrimidine-2,4-
dione) (Fig. 1) for anticancer therapy.6–9

Dipeptides represent attractive pro-moieties for ge-
nerating dipeptide prodrugs also of other drugs containing
hydroxyl-,10–12 thiol-4 and amino groups.13–15 Variation of
the dipeptide carrier structure allows fine adjustment of
the lipophilicity, prodrug stability and pharmacological
activity.

In different prodrug design strategies, drug functio-
nal groups are coupled to dipeptide moiety as esters via C-
terminal carboxylic group1–4,9,12,15 and side-chain hydroxy
residues,11 or amides via N-terminal amine group.8 The
peptide moiety of a prodrug could be further modified by
nucleophilic substitution if an α-haloacyl atom is introdu-
ced at the N-terminal end of the dipeptide.16,17 N-(α-
Haloacyl)-α-amino esters (Fig. 1) have been shown to re-
act readily with various amine nucleophiles in the stereo-
selective preparation of N-terminal functionalized dipepti-
de analogues.18,19

N-(α-Haloacyl)-α-amino esters are linear precursors
in the synthesis of cyclodepsipeptides which are known to

exhibit diverse biological effects, such as antimicro-
bial20–22 and immunomodulatory20,21,23 activity. Moreover,
cyclodidepsipeptides exhibit inhibitory activity towards
xanthine oxidase,24 acyl-CoA:cholesterol acyltransfera-
se25 and α-glucosidase26–28 as well as platelet aggregation
inhibition.29 For this reason, it was thought worthwhile to
synthesize and study the pharmacological activities of
three N-(α-bromoacyl)-α-amino esters. Valine (Val) was
selected as the N-terminal amino acid for the preparation
of N-(α-bromoacyl)-α-amino esters based on our previous
studies on the biological activities of valine-containing
cyclic didepsipeptides.20–22,24,30 At the C-terminal end of
the dipeptide, three amino esters with aliphatic (norvaline)
and aromatic (phenylglycine and phenylalanine) side
chains were positioned in order to exhibit different physi-
co-chemical properties. Cytotoxicity,31–33 anti-inflamma-
tory34 and antibacterial35 activity are some of the most
commonly investigated biological activities of new com-
pounds and therefore one of the aims of the present study
was to investigate the above-mentioned activities of three
synthesized N-(α-bromoacyl)-α-amino esters. Additio-
nally, the physico-chemical properties of studied com-
pounds were calculated using Molinspiration tool36 and an
in silico toxicological study was performed using the
OSIRIS Property Explorer.37

2. Experimental

2. 1. Chemistry

2. 1. 1. Materials

L-Phenylglycine methyl ester hydrochloride and
L-phenylalanine methyl ester hydrochloride were purc-
hased from Bachem AG. Dichloromethane and triethyla-
mine were purchased from Sigma-Aldrich. D-Norvaline
methyl ester hydrochloride was prepared from D-norva-
line (Bachem AG) by treatment with thionylchloride and
methanol. The (R,S)-2-bromo-3-methylbutanoyl chlori-
de was obtained using earlier reported experimental pro-
tocols.30,38

2. 1. 2. IR Spectra Measurements

The FT-IR spectra of 1–3 were measured in solid
state (in KBr) on a Brucker Tensor 27 FT spectrometer at
a resolution of 2 cm–1 and 64 scans. Commercially avai-
lable spectral quality CDCl3 and DMSO-d6 were emplo-
yed as solvents. The following sample cells were used:
0.6 mM NaCl for CDCl3 (0.1 M) solution; and 0.129 mM
CaF2 for DMSO-d6 (0.1 M) solution.

2. 1. 3. NMR Spectra Measurements

The NMR spectra were recorded on a Bruker
DRX250 spectrometer in solvent DMSO-d6 using TMS as

Figure 1. Dipeptide analogues of acyclovir and azidothymidine,

cyclodidepsipeptides and N-(α-haloacyl)-α-amino esters.
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internal standard. The structures of the investigated com-
pounds were elucidated with the help of 1D and 2D
(COSY, HMQC, HMBC) spectra. Standard Bruker pulse
sequences and software were used to record and process
the spectra.

2. 1. 4. Synthesis of Noncyclic Dipeptides 1–3 

The synthetic route for the preparation of N-(α-bro-
moacyl)-α-amino esters 1–3 is illustrated in Scheme 1.

General procedure: Amino acid methyl ester
hydrochloride (2 mmol) was dissolved in 25 mL dry
dichloromethane and 6 mmol of triethylamine was added.
The solution was cooled in ice bath, and 3 mmol of (R,S)-
2-bromo-acyl chloride was added dropwise. The mixture
was stirred for 2 h, and then the temperature was allowed
to rise to room temperature. The reaction mixture was
washed by 0.5 M HCl, 10% NaHCO3 and brine. The
combined organic layers were dried over sodium sulfate
and the solvent was removed under reduced pressure. 

Methyl 2-(2-Bromo-3-methylbutanamido)-pentanoate
(1)

After multiple recrystallization from methanol/wa-
ter (4:1) mixture, crystals as coloreless needles were ob-
tained. C11H20BrNO3 (M = 294.19); yield 65%; m.p.
97–98 oC; MS: m/z 293, 295 (M+); IR (KBr): cm–1 3296,
3086, 2962, 2933, 2874, 1744, 1653, 1562, 1555, 1467,
1437, 1382, 1347, 1325, 1303, 1273, 1235, 1219, 1196,
1149, 1111, 995, 938; 1H NMR (250 MHz, CDCl3): δ
(ppm) 6.89 (1H, d, J = 7.0 Hz, NHminor), 6.86 (1H, d, J =
7.5 Hz, NHmajor), 4.59 (2H, m, H-3major, H-3minor), 4.33
(1H, d, J = 4.5 Hz, H-6major), 4.32 (1H, d, J = 4.5 Hz, 
H-6minor), 3.78 (3H, s, OCH3-10minor), 3.77 (3H, s, 
OCH3-10major), 2.40 (2H, m, H-11major, H-11minor), 1.74 (4H,
m, CH2-14major, CH2-14minor), 1.39 (4H, m, CH2-15major,
CH2-15minor), 1.09 (3H, d, J = 6.5 Hz, CH3major), 1.08 (3H, d,
J = 6.5 Hz, CH3minor), 1.03 (3H, d, J = 6.5 Hz, CH3major),
1.01 (3H, d, J = 6.5 Hz, CH3minor), 0.96 (3H, t, J = 6.5 Hz,
CH3-16major), 0.95 (3H, t, J = 6.5 Hz, CH3-16minor). Appro-
ximately 1.3:1.0 mixture of two diastereomers as determi-
ned from the integrated intensity of the signals. 13C NMR

(62.5 MHz, CDCl3): δ (ppm) 172.5 (C-2major), 172.4 (C-
2minor), 168.0 (C-5major), 167.9 (C-5minor), 61.1 (C-6major),
61.0 (C-6minor), 52.63 (C-3minor), 52.60 (C-3major), 52.43
(C-10minor), 52.40 (C-10major), 34.3 (C-14minor), 34.1 (C-
14major), 32.6 (C-11major), 32.3 (C-11minor), 20.9 (2C,
CH3major,CH3minor), 18.6 (C-15major), 18.52 (C-15minor),
18.46 (CH3minor), 18.3 (CH3major), 13.6 (2C, C-16major, C-
16minor). 

Methyl 2-(2-Bromo-3-methylbutanamido)-2-phenyla-
cetate (2)

After multiple recrystallization from methanol/wa-
ter (4:1) mixture, crystals as light yellow needles.
C14H18BrNO3 (M = 328.20); yield 61%; m.p. 121–122 °C;
MS: m/z 327, 329 (M+); IR (KBr): cm-1 3306, 3089, 3066,
3035, 2964, 2927, 2873, 2851, 1737, 1655, 1603, 1587,
1546, 1496, 1468, 1454, 1433, 1380, 1350, 1320, 1302,
1275, 1219, 1196, 1182, 1129, 1099, 1072, 1032, 989, 941,
778, 746, 723, 694, 670, 637, 615; 1H NMR (250 MHz,
DMSO-d6): δ (ppm) 9.12 (1H, d, J = 7.0 Hz, NHmajor), 9.06
(1H, d, J = 7.0 Hz, NHminor), 7.4–7.2 (10H, m, Ph), 5.46
(1H, J = 7.0 Hz, H-3major), 5.37 (1H, J = 7.0, H-3minor),
4.35 (2H, d, J = 9.0 Hz, H-6major, H-6minor), 3.64 (3H, s,
OCH3-10major), 3.62 (3H, s, OCH3-10minor), 2.01 (2H, m,
H-11major, H-11minor), 1.06 (3H, d, J = 6.5 Hz, CH3major),
1.01 (3H, d, J = 7.0 Hz, CH3minor), 0.98 (3H, d, J = 7.0 Hz,
CH3minor), 0.84 (3H, d, J = 6.5 Hz, CH3major). Mixture of
two diastereomers 2:1 as determined from the integrated
intensity of the signals. 13C NMR (62.5 MHz, DMSO-d6):
δ (ppm) 170.7 (C-2minor), 170.6 (C-2major), 168.4 (C-5minor),
168.1 (C-5major), 136.1 (C-imajor), 135.4 (C-iminor), 128.6
(C-mminor), 128.4 (C-mmajor), 127.9 (C-ominor), 127.6 
(C-omajor), 128.6 (C-pminor), 128.4 (C-pmajor), 56.7 (C-3mi-

nor), 56.63 (C-6major), 56.57 (C-6minor), 56.3 (C-3major), 52.4
(C-10major), 52.3 (C-10minor), 32.1 (C-11major, C-11minor),
20.4 (CH3minor), 20.3 (CH3major), 19.4 (2C, CH3major, 
CH3minor). 

Methyl 2-(2-Bromo-3-methylbutanamido)-3-phenyl-
propanoate (3)

After multiple recrystallization from metha-
nol/water (4:1) mixture, crystals as light yellow need-

Scheme 1. Synthesis of N-(α-bromoacyl)-α-amino esters 1–3.
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les. C15H20BrNO3 (M = 342.23); yield 67%; m.p. 94–95
°C; MS: m/z 341, 343 (M+); IR (KBr): cm–1 3336, 3247,
3077, 3065, 3030, 2971, 2953, 2941, 2873, 1744, 1654,
1604, 1585, 1557,1527, 1496, 1454, 1443, 1436, 1373,
1355, 1338, 1320, 1276, 1222, 1203, 1173, 1103, 1075,
1031, 997, 937, 819, 792, 771, 755, 729, 697, 668, 611;
1H NMR (250 MHz, DMSO-d6): δ (ppm) 8.70, 8.68
(2H, d, J = 8.0 Hz, NH), 7.2–6.9 (10H, m, Ph), 4.53,
4.47 (2H, m, 2H-3), 4.16, 4.59 (2H, d, J = 9.0 Hz, 
2H-6), 3.63, 3.59 (6H, s, 2OCH3-10), 3.00, 2.91 (2H,
m, 2H-14), 2.01, 1.94 (2H, m, 2H-11), 0.99 (3H, d, J =
6.5 Hz, CH3), 0.90 (3H, d, J = 7.0 Hz, CH3), 0.85 (3H,
d, J = 6.5 Hz, CH3), 0.67 (3H, d, J = 7.0 Hz, CH3). Mix-
ture of two diastereomers 1:1 as determined from the
integrated intensity of the signals. 13C NMR (62.5
MHz, DMSO-d6): δ (ppm) 171.7, 171.6 (2C-2), 168.5,
168.1 (2C-5), 137.1, 136.9 (2C-i), 129.2, 129.1 (2C-m),
128.4, 128.3 (2C-o), 126.7, 126.6 (2C-p), 57.2, 57.0
(2C-6), 53.8, 53.6 (2C-3), 52.1, 52.0 (2C-10), 36.6,
36.4 (2C-14), 32.1, 31.9 (2C-11), 20.3, 20.2, 19.4, 19.2
(4CH3).

2. 1. 5. Crystallographic Studies

Crystals of 1 and 2 were mounted on a glass capil-
lary and all geometric and intensity data were taken
from these crystals. Data collection was performed at
room temperature on an Agilent Dual Supernova dif-
fractometer with Cu-Kα radiation (λ = 1.54181 Å).
Unit cell and subsequent data reduction were perfor-
med using Agilent CrysalisPro package.39 The structu-
res were solved with SHELXS-9740 and refined using
full-matrix least-squares on F2 with the SHELXL-97
package.40

CCDC No 928665 and 928666 (for 1 and 2) contain
the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

2. 2. Biological Assays

2. 2. 1. Cells and Cell Culture
The human cervical adenocarcinoma cell line HeLa

was grown under standard cell culture conditions in Mini-
mum Essential Medium (MEM) supplemented with 10%
fetal calf serum (FCS), 2 mM L-glutamine and 1% non-
essential aminoacids (all from Biochrom). 

The mouse macrophage cell line RAW 264.741 was
cultured in RPMI-1640 medium supplemented with 10%
heat-inactivated FCS and 2 mM L-glutamine (all from
Biochrom). 

The human microvascular endothelial cell line
HMEC-142 was grown in endothelial cell growth medium
(ECGM) supplemented with 10% FCS, antibiotics and
supplements (all from Provitro).

2. 2. 2. Determination of Cell Viability by MTT
Assay

Cell viability was evaluated by MTT assays as des-
cribed.43 In brief, cells were seeded in 96-well plates at a
density of 9 × 103 per well for HeLa cells or 5 × 103 per
well for RAW264.7 cells, and cultured for 24 h. Then,
cells were incubated for another 24 h either with medium
only, medium supplemented with studied compounds or
corresponding solvent (ethanol) concentrations. After
treatment, medium was removed, 100 μL of MTT solution
(0.4 mg/mL in medium) were added to each well and cells
were incubated for another 3 h at 37 °C. Subsequently su-
pernatants were removed, 100 μL of a 10% SDS solution
were added to each well and formazan was allowed to dis-
solve overnight. Absorbance was determined at 560 nm
with a multiwell plate photometer (TiterTek).

2. 2. 3. Measurement of Nitrite Production 
by Griess Assay

The generation of nitric oxide (NO) by inducible
NO-synthase (iNOS) was determined by measuring the
accumulation of nitrite (NO2

–) in the cell culture me-
dium using a microplate assay method, based on the
Griess reaction and performed as described previ-
ously.44 Briefly, RAW264.7 cells were seeded in 
96-well plates at a density of 8 × 104 cells per well and
cultured for 24 h. Subsequently, the cells were treated
with lipopolysaccharide (LPS) (10 ng/mL in RPMI wit-
hout phenol red) from E. coli serotype 055:B5 (Sigma)
in order to induce NO production by iNOS and incuba-
ted for another 24 h either with medium only or medium
supplemented with studied compounds or correspon-
ding ethanol concentrations. A volume of 50 μL culture
supernatant was mixed with 50 μL Griess reagent (1%
sulfanilamide, 0.1% naphthylethylene-diamine dihy-
drochloride in 2% phosphoric acid) at room temperatu-
re. After 15 min incubation, the absorbance was deter-
mined at 560 nm. Nitrite content was determined by us-
ing sodium nitrite as standard. 

2. 2. 4. ICAM-1 Assay

Inhibition of the expression of the adhesion molecule
ICAM-1 was conducted as described in our previous pub-
lication.45 Confluent grown HMEC-1 cells were pretreated
either with test substances (100 μM), parthenolide (Cal-
biochem, purity ≥ 97%, 5 μM, positive control) or culture
medium as negative control in 24-well plates. 30 minutes
later, 10 ng/mL TNF-α (Sigma-Aldrich) were added to sti-
mulate ICAM-1-expression. After 24 h of incubation (New
Brunswick Scientific, 37 °C, 5% CO2), cells were washed
with PBS, removed from the plate with trypsin/EDTA and
fixed with formalin. After incubating with a FITC-labelled
mouse antibody against ICAM-1 (Biozol) for 20 min, the
fluorescence intensity was measured by FACS analysis
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(Becton Dickinson Facscalibur™). ICAM-1-expression of
cells treated with TNF-α only was set as 100%.

2. 2. 5. Antimicrobial Activity

The in vitro antimicrobial activity of samples 1–3
was tested against a panel of laboratory control strains be-
longing to American Type Culture Collection Maryland,
USA. Antimicrobial activity was evaluated against two
Gram-positive bacteria (Bacillus subtilis ATCC 6633 and
Staphylococcus aureus ATCC 6538), three Gram-negative
bacteria (Escherichia coli ATCC 8739, Pseudomonas ae-
ruginosa ATCC 9027 and Salmonella typhimurium ATCC
14028). 

The minimal inhibitory concentration (MIC) of
samples, against tested bacteria was determined by using
a broth microdilution method.46 After overnight cultiva-
tion, microbial suspensions were made in Mueller Hinton
broth and their turbidity was standardized to 0.5 McFar-
land. Dimethyl sulphoxide (10%, v/v aqueous solution)
was used to dissolve and to dilute the samples. A serial
double dilution of the samples was prepared in 96 well
microtiter plates, using the method of Sarker et al.47 The
lowest concentration of the sample that inhibited visible
growth was taken as the MIC value. One row was used as
a positive control and contained a broad-spectrum antibio-
tic (doxycycline in a serial dilution of 200–0.05 μg/mL) to
determine the sensitivity of Gram-negative and Gram-po-
sitive bacteria while the other row contained the solvent as
negative control. Tests were carried out in triplicate.

2. 2. 6. Statistical Analysis of the Biological Data

Results are presented as mean ± SD and refer to un-
treated control cells, which were set as 100% values. If
not mentioned otherwise, experiments were carried out
with three parallels and repeated independently at least
three times. Statistical analysis was performed using
GraphPad Prism 4 Software. Data were subjected to one-
way ANOVA followed by Dunnett’s multiple comparison
test. Levels of significance: p ≤ 0.05 (*), p ≤ 0.01 (**).

3. Results and Discussion

3. 1. Synthesis and Structure
The synthesis of N-(α-bromoacyl)-α-amino esters

1–3, containing valine as the N-terminal amino acid, is il-
lustrated in Scheme 1. Briefly, (R,S)-2-bromo-3-methyl-
butanoyl chloride reacted with appropriate hydrochlori-
des of amino acid esters in dichloromethane at 0 °C.
Methyl ester of D-norvaline was applied in order to ob-
tain a dipeptide derivative with two aliphatic side chains,
whereas the aromatic fragments were introduced by reac-
ting with methyl esters of L-phenylglycine and L-pheny-
lalanine. Excess of triethylamine was used to release the

free amino acid esters in the reaction mixture as well as
to ensure deprotonation of the amino group by capturing
the hydrogen chloride formed during the reaction. The
corresponding N-(α-bromo methylbutanoyl)-α-amino es-
ters 1–3 were obtained in moderate yields (61–67%), iso-
lated and purified by multiple recrystallization. To the
best of our knowledge this is the first report on the
synthesis of compounds 1–3. 

The structures of 1–3 were confirmed by IR, 1H
and 13C NMR spectral data. The formation of the amide
bond in 1–3 gives rise of several characteristic IR bands
in the solid state IR spectrum: broad bands for the N–H
stretching vibration of the hydrogen bonded amide
groups in the region 3340–3290 cm–1; very intense bands
for the corresponding amide C=O stretching vibration
(Amide I) at 1653–1655 cm–1; and strong bands for the
N–H deformation vibration (Amide II) between 1554
and 1527 cm–1. The ester groups are characterized by
very strong bands in the region 1744–1735 cm–1 for the
carbonyl stretching vibrations. The bands for the C–H
vibrations of the aliphatic and phenyl fragments appear
in their usual ranges.

The structures of the studied compounds 1–3 were
confirmed with the help of 1D and 2D NMR spectra. The
1H and 13C spectra indicated the presence of a mixture of
two diastereoisomers for all compounds. Having in mind
the starting (R,S) stereoconfiguration of 2-bromo-3-
methylbutanoyl chloride, C6 in the N-(α-bromoacyl)-α-
amino esters is also expected to be (R,S). The mechanism
of the amide group formation does not involve conversion
of the stereo configuration of the amino acid residues, the-
refore C3 is expected to remain (S) or (R) as initially pre-
sent in the amino acid ester.

Single crystals of 1 and 2 were obtained by slow
evaporation at room temperature, from a mixture of met-
hanol/water. Both compounds crystallize in the noncen-
trosymmetric orthorhombic group P212121 (SG 19) with
one molecule per asymmetric unit (Table 1). The ORTEP
plot with the atomic numbering system of 1 and 2 is
shown in Fig. 2 and selected bond distances and bond an-
gles are listed in the Supplementary Material. Compounds
1 and 2 possess identical core atoms (1 through 6) and
identical R2 substituents (Scheme 1), R1 substituents be-
ing the major difference. In addition, the unit cell parame-
ters of 1 and 2 are nearly identical with c value being a
little bit higher for 2. Thus, it is not surprising that the ma-
jor structural features of 1 and 2 are comparable: similar
bond lengths and angles (see Supplementary Material).
The X-ray single crystal analysis showed that both com-
pounds crystallized as diastereoisomeric mixtures with
(R,S) configuration at C6. The initial stereo configuration
of C3 in 1 and 2 is retained. The overlay of the molecules
present in the asymmetric unit of 1 and 2 (Fig. 3) further
supports the isotypical crystallization character of 1 and
2. Moreover, an identical disorder over two positions of
the bromomethylpropyl moiety is observed in the structu-
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Figure 2. ORTEP view of compounds 1 (a) and 2 (b) with the ato-

mic numbering scheme; ellipsoids are drawn at 40% probability,

hydrogen atoms are shown as small spheres of arbitrary radii. Only

the principal disorder component (C11A, C12A, C13A, Br9A) is

represented.

Figure 3. (a) Overlay of the core atoms of 1 (in green) and 2; the

phenyl and propyl moieties (R1 substituent, Scheme 1) are not used

in the overlay. The rms deviation between the atomic coordinate is

0.648 Å and (b) Hydrogen bonding interaction in 1 and 2.

a)

b)

a)

b)

Table 1. Important crystallographic and refinement details for 1 and 2.

Compound 1 2
Chemical formula C11H18BrNO3 C14H16BrNO3

MW 292.17 326.19
Crystal system, SG Orthorhombic, P212121 Orthorhombic, P212121

a, Å 4.8184(4) 4.8969(4)
b, Å 14.9219(12) 14.6562(11)
c, Å 20.4448(16) 21.8615(17)
V, Å3 1470.0(2) 1569.0(2)
Z 4 4
F000 600 664
Dx, Mg m–3 1.320 1.381
μ, mm–1 3.78 3.61
T, K 290 290
Measured reflections 
/ reflections with I > 2σ(I)

6090 / 1740 5032 / 1756

Independent reflections 2738 2421
Parameters 172 209
Rint 0.031 0.035
R[F2 > 2σ(F2)] 0.087 0.087
wR(F2) 0.321 0.272
GOF 1.05 1.05
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res of 1 and 2 (the principal component occupancy being
55% in both crystal structures). Finally, both structures
are stabilized through identical hydrogen bonding inte-
raction (N4-H4O8) building straight C1

1(4) chains along
a (Fig. 3b).

3. 2. Pharmacology

3. 2. 1. Cytotoxicity 
The influence of compounds 1–3 on the viability of

HeLa and RAW264.7 cells was tested by MTT assays
(Fig. 4). Only compounds 1 and 3 showed significant toxi-
city on HeLa cells in the highest concentration tested (100
μM). Compound 2 showed no cytotoxic effects on HeLa
cells at any used concentration (Fig. 4A). Viability of
RAW264.7 macrophage cells was not affected by com-
pound 1. Compound 2 significantly decreased viability at
100 μM about 23% and compound 3 showed some toxi-
city at the highest concentration tested.

3. 2. 2. Anti-inflammatory Activity 

Nitrite accumulation in the culture medium is an in-
dicator of NO synthesis, which is an important mediator
in the inflammation process. In this set of experiments we
found that exposure of RAW264.7 cells to increasing con-
centration of 1–3 was not able to induce a statistically sig-
nificant decrease of nitrite concentration (Fig. 5). Only
treatment with 100 μM of compound 2 resulted in a redu-
ced nitrite accumulation. However, this reduction is only
due to the reduced cell number, caused by cytotoxic ef-
fects that were already observed in the MTT viability as-
say (Fig. 4).

The anti-inflammatory activity of 1–3 was also mea-
sured in an in vitro ICAM-1 assay. None of the tested

Figure 4. Influence of compounds 1–3 on the viability of (A) HeLa and (B) RAW264.7 cells after 24 h incubation. Substances were tested at 1 μM

(dark grey bars), 10 μM (light grey bars) and 100 μM (white bars). Data is presented as mean percentage ±SD in comparison to control cells. n = 9

from three independent experiments.

Figure 5. Influence of compounds 1–3 on nitrite accumulation in

culture medium. Substances were tested at 1 μM (dark grey bars),

10 μM (light grey bars) and 100 μM (white bars). Data is presented

as mean percentage ±SD in comparison to control cells. n = 9 from

three independent experiments.

compounds was able to reduce the TNF-α induced
ICAM-1 expression in HMEC-1 cells at a concentration
of 100 μM (data not shown).

3. 2. 3. Antibacterial Activity

According to the literature data48 a compound is
considered as weak antimicrobial agent when its MIC va-
lue is above 1.50 mg/mL. Therefore, we decided to exami-
ne compounds 1–3 as potential antimicrobial agents, star-
ting with a concentration of 2 mg/mL. The compound 1
was tested with initial 2 mg/mL, while the solubility of
compounds 2 and 3 in 10% dimethyl sulphoxide was limi-

a) b)
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ted by the presence of phenyl groups in their structures, so
the initial concentration for them was 1 mg/mL. Com-
pounds 1–3 showed no antibacterial activity in tested con-
centrations.

The results of our recent study of antibacterial acti-
vity of two cyclodidepsipeptides, 3,6-di(propan-2-yl)-4-
methyl-morpholine-2,5-dione and 3-(2-methylpropyl)-6-
(propan-2-yl)-4-methyl-morpholine-2,5-dione, indicated
that MIC values against tested strains ranged between 2
and 25 mg/mL.20 The 6-(propan-2-yl)-3-methyl-morpho-
line-2,5-dione showed antimicrobial activity against four
of five tested bacterial strains, being the most effective
against Escherichia coli.22 The cyclic didepsipeptide
structure can be important for the antibacterial activity.

3. 3. Physico-chemical Properties and 
in silico Toxicological Study of Studied 
Compounds
In view of future medical application, estimation of

molecular physico-chemical properties such as lipophili-

city, molecular size, flexibility and presence of hydrogen
donors and acceptors is useful and considerably facilitates
the development of new drug analogues with higher wa-
ter-solubility at physiological pH and improved membra-
ne permeability. 

In order to estimate the potential of 1–3 for incorpo-
ration in prodrugs of acyclovir, their physico-chemical
properties were calculated using Molinspiration tool,
along with the properties of the hypothetical products of
their coupling to acyclovir 4–6 (structures in Fig. 6). The
results are summarized in Table 2. For comparison, the
corresponding values of acyclovir (ACV) and two pro-
drugs of acyclovir (Val-ACV and Val-Val-ACV) were al-
so calculated and included in Table 2. 

The miLogP values of 1–3 increase with increasing
the size of the alkyl chains present in the amino acid resi-
dues, while the topological polar surface area (TPSA) is
not changing. TPSA is a sum of the surface areas occu-
pied by the oxygen and nitrogen atoms and the hydrogens
attached to them. It represents the hydrogen bonding ca-
pacity of the molecules. As could be seen in Table 1, the

Figure 6. Hypothetical products of the coupling of 1–3 to acyclovir.

Table 2. Calculated physico-chemical properties of compounds 1–6.

Compd. No. milogPa TPSAb Natoms
c MWd NON

e NOHNH
f Nrotb.

g Volh

1 1.80 55 14 266 4 1 6 206

2 1.96 55 17 300 4 1 5 228

3 2.17 55 18 314 4 1 6 244

4 1.16 154 30 487 11 4 12 390

5 1.32 154 33 521 11 4 11 411

6 1.52 154 34 535 11 4 12 428

Val-Val-ACV –1.01 180 30 423 12 6 11 383

Val-ACV –1.22 151 23 324 10 5 8 285

ACV –1.61 119 16 225 8 4 4 187

a octanol–water partition coefficient, calculated by the methodology developed by Molinspiration; b polar surface area; c number of nonhydrogen

atoms; d molecular weight; e number of hydrogen-bond acceptors (O and N atoms); f number of hydrogen-bond donors (OH and NH groups); g

number of rotatable bonds; h molecular volume
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hypothetical products of the coupling to acyclovir also
show increasing lipophilicity with constant TPSA. The
ACV derivatives 4–6 having larger alkyl chains are more
lipophilic than ACV, Val-ACV and Val-Val-ACV. The
therapeutic effect of ACV is limited due to its poor solubi-
lity in water49 and low oral, intravenous and corneal bioa-
vailabilities.50–52 Val-ACV and Val-Val-ACV show im-
proved antiviral efficacy against herpes infections and sig-
nificantly lower cytotoxicity.53,54 The advantage of the
amino acid and dipeptide prodrugs of ACV is attributed to
their better water solubility at physiological pH and their
enhanced transepithelial and transcorneal permeabilities
mediated by hPEPT1 oligopeptide transporters.55 milogP
values of ACV derivatives 4–6 suggest that incorporation
of n-alkyl and aryl side chains in the dipeptide carrier al-
lows gradual adjustment of the lipophilicity to the desired
level. 

Hydrogen bonding capacity of 1–3 was assessed
also by the number of H-bond donors and acceptors.
Compounds 1–3 possess four H-bond acceptor sites and
one H-bond donor site. The number of H-bond acceptors
in the ACV derivatives 4–6 is more than 10–the limit re-
commended by the »Rule of 5« of Lipinski.56 Another
indicator for the oral bioavailability as well as the effi-
cient bonding of receptors and channels is the conforma-
tional flexibility of the molecules described by the num-
ber of rotatable bonds.57 Sufficient oral bioavailability is
expected for molecules with 10 rotatable bonds or fewer.
The ACV derivatives 6–8 show slightly higher number
of rotatable bonds (11–12). However, this should not
hinder the possible application of these compounds as
ACV prodrugs as it is known that substrates for biologi-
cal transporters are exceptions to the »Rule of 5«.55 Val-
Val-ACV itself illustrates this exception with 12 H-bond
acceptor sites, 6 H-bond donor sites and 11 rotatable
bonds.

Summarizing the physico-chemical properties of
cyclodidepsipeptides in our recent review,58 we conclu-
ded that they obey the »Rule of 5« and meet all criteria
for good solubility and permeability in such a way that
they allow further structural modifications for achieving
desired pharmacological properties by introduction of
particularly interesting structural motives. Based on the
physico-chemical properties of 1–3, and their hypotheti-
cal ACV derivatives 4–6, it could be suggested that the
design of dipeptide carriers with aliphatic (Nva) and aro-
matic (Phg and Phe) side chains represents a promising
strategy for adjustment of the lipophilicity, prodrug stabi-
lity and pharmacological activity of dipeptide prodrugs
of acyclovir, and also of other drugs containing hydroxy,
thiol and amino groups. The potential of 1–3 for incorpo-
ration in prodrugs is supported also by the low level of
cytotoxicity revealed by our studies on HeLa and
RAW264.7 cells. Having that prerequisite, the modifica-
tion of the drug properties will be provided without lea-
ding to undesired cytotoxicity. 

In order to obtain a complete picture of the toxicity
of the three studied N-(α-bromoacyl)-α-amino esters con-
taining valyl moiety, we calculated toxicity properties of
compounds 1–3 using the OSIRIS Property Explorer.37

The data thus obtained indicate that structures of com-
pounds 1–3 are supposed to be non-mutagenic, non-tumo-
rigenic, non-irritating and with no reproductive effects.

4. Conclusions

Three novel N-(α-haloacyl)-α-amino esters: methyl
2-(2-bromo-3-methylbutanamido)pentanoate (1), methyl
2-(2-bromo-3-methylbutanamido)-2-phenylacetate (2)
and methyl 2-(2-bromo-3-methylbutanamido)-3-phenyl-
propanoate (3) were synthesized. Single crystals of 1 and
2 were elucidated by X-ray diffraction. 

Only at the highest concentration tested (100 μM)
the studied noncyclic dipeptides 1–3 showed some signs
of cytotoxicity on HeLa cells and/or RAW264.7 cells. Ho-
wever, the compounds showed neither influence on LPS-
induced NO-formation nor on ICAM-1 expression. Com-
pounds 1–3 showed no antibacterial activity in tested con-
centrations. The results obtained in this study are in accor-
dance with suggestion given in previous reports59,60 and
review61 on cyclodepsipeptides that the ring form is requi-
red for biological activity.

The low level of cytotoxicity of 1–3 established by
our studies on HeLa and RAW264.7 cells, and in silico to-
xicological study using the OSIRIS Property Explorer37 as
well as the absence of antibacterial and anti-inflammatory
activity, might be a beneficial prerequisite for their incor-
poration in prodrugs which would allow modification of
the drug properties without inducing undesired cytotoxi-
city and antimicrobial activity. Aliphatic and aromatic si-
de chains incorporated in the dipeptide carrier would al-
low a gradual adjustment of the lipophilicity, prodrug sta-
bility and pharmacological activity of dipeptide prodrugs
of acyclovir, and also of other drugs containing hydroxy,
thiol and amino groups.
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Povzetek
Pripravili smo tri nove N-(α-bromoacil)-α-amino estre: metil 2-(2-bromo-3-metilbutanamido)pentanoat (1), metil 2-(2-

bromo-3-metilbutanamido)-2-fenilacetat (2) in metil 2-(2-bromo-3-metilbutanamido)-3-fenilpropanoat (3). Objavljamo

rezultate rentgenske difrakcije analize monokristalov spojin 1 in 2. Raziskali smo tudi citotoksi~nost, anti-inflamatorno

in antibakterijsko aktivnost spojin 1–3. Dodatno smo izra~unali fizikalno-kemijske lastnosti teh spojin ter zanje izvedli

in silico toksikolo{ko {tudijo. Nizka raven citotoksi~nosti in odsotnost antibakterijske in anti-inflamatorne aktivnosti za

spojine 1–3 v okviru testiranih koncentracij bi lahko bila dobrodo{la lasnost za njihovo morebitno vgrajevanje v pro-

zdravila.


