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Reinvestigation of the structure of monensin A
phenylurethane sodium salt based on X-ray
crystallographic and spectroscopic studies, and its
activity against hospital strains of methicillin-resistant
S. epidermidis and S. aureus

Adam Huczyński1, Ma"gorzata Ratajczak-Sitarz1, Joanna Stefańska2, Andrzej Katrusiak1, Bogumil Brzezinski1 and
Franz Bartl3

Monensin A phenylurethane sodium salt (MON-UR1-Na) crystals were studied by the X-ray, NMR, FT-IR and PM5 semi-empirical

methods. The X-ray data show that the compound forms a pseudocyclic structure, stabilized by three intramolecular hydrogen

bonds, and the sodium cation coordinated by five oxygen atoms in the hydrophilic sphere. The NMR and FT-IR data demonstrate

that this pseudocyclic structure is also conserved in CH2Cl2 solution. This structure of MON-UR1-Na is significantly different

than the ones previously proposed by Westley et al. and Tanaka et al. The semi-empirical calculations of the MON-UR1-Na

structures indicate that the one of the crystal is the most energetically favorable one. Other parameters, such as the size,

chemical and biological nature of the urethane substituent, and especially the free carbonyl urethane group, may have a role in

the biological activity of MON-UR1-Na. The in vitro microbiological tests provide evidence that MON-UR1-Na shows higher

antibacterial activity against human pathogenic bacteria, including antibiotic-resistant Staphylococcus aureus and

Staphylococcus epidermidis than the parent unmodified antibiotic—Monensin A.
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INTRODUCTION

Semi-synthetic and synthetic urethanes (carbamates) have been sub-
jects of intensive studies because of their applications in the agro-
chemical industry as herbicides, fungicides and in medicine as
pharmaceuticals. They can be used as anticancer, antimicrobial and
antimalarial agents, and in many other areas.1,2 The chemistry of
urethanes as anticancer agents has mainly been used to develop the so-
called prodrugs. It was also shown that the presence of one urethane
residue in the compounds demonstrating biological activity improves
their pharmacological and pharmacokinetic properties.2

Several research groups have investigated the influence of urethane
residues in the respective derivatives of monensin A on their anti-
bacterial, anticoccidial, antiparasitic and antimalarial activity
(Scheme 1).3–9 It has been also shown that the series of urethane
derivatives of monensin A function as growth agents in ruminants.
Furthermore, these compounds have also antihypertensive and anti-
malarial activity, and were used in the treatment of swine dysentery.8,9

Monensin A (Scheme 1) isolated from Streptomyces cinnamonensis
is a typical representative of natural polyether ionophore antibiotics,
capable of forming pseudomacrocyclic complexes with metal
cations.10–18 The antimicrobial properties of monensin result from
its ability to transport metal cations through cellular and subcellular
membranes and disrupt the Na+/K+ ion balance, which finally leads to
the cell death.19–22 Actually, monensin A sodium salt (MON-Na) is
used in veterinary medicine as a growth-promoting agent and as a
coccidiostatic agent.
Westley et al.3,4,9 reported that several phenyl urethanes of mon-

ensin A exhibit higher antibacterial activity than pure monensin.
Literature provides several possible explanations of the differences in
biological activity between the (C-26) urethane derivatives of mon-
ensin A and the parent antibiotic.3–8 The study of monensin A has
shown that the C(26)OH group is essential for the remarkable stability
of the 1:1 sodium complex in the natural ionophore.3,4 Chemical
modifications of the C(26)OH moiety in monensin A affect the
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Na+/K+ selectivity and change its antibiotic activity.5–7 When the
C(26)OH hydroxyl group is transformed to an urethane group, the
efficiency of Na+ transport through the membrane decreases, whereas
that of K+ transport increases.5,6 A further explanation is that, in
contrast with monensin, the urethanes have the ability to transport
divalent metal cations. All these explications are linked to the structure
of the monensin A urethane complex with sodium cation.4 Up till
now, two different structures of such a complex have been proposed
(Scheme 2).3,4,7 The first structure of the monensin-urethane sodium
salt has been proposed by Westley et al.3,4 In this structure, the
carbonyl oxygen atom of urethane group is engaged in the coordina-
tion process of the sodium cation (Scheme 2a), enhancing the stability
of this complex. An alternative structure of the monensin urethane
sodium salt complex has been proposed by Tanaka et al.,7 who

postulated a head-to-tail pseudocyclic structure of the sodium com-
plex stabilized by two intramolecular hydrogen bonds. One hydrogen
bond is formed between N-H proton from the urethane group and the
O(2) oxygen atom of the carboxylate group, and a second one is
formed between the C(25)O-H proton and the O(1) oxygen atom of
the carboxylate group (Scheme 2b).
In this paper, C(26)-O-phenylurethane of MON-Na (MON-UR1-

Na) was synthesized and studied in the solid state by X-ray crystal-
lography, and in solution by NMR and FT-IR spectroscopic methods.
The structure of MON-UR1-Na was also visualized by the PM5
calculations.
Preliminary tests of the antimicrobial activity of MON-UR1-Na

showed that it was active against Gram-positive standard bacterial
strains.5,7 This result inspired us to test the antibacterial activity of
MON-UR1-Na on a series of clinical isolates of methicillin-resistant
Staphylococcus aureus and S. epidermidis. Staphylococci are very
troublesome pathogens in hospitals and other healthcare settings.
They represent a group of invasive, biofilm-forming microorganisms
responsible for the nosocomial infections. Increasing resistance of
staphylococci to antibiotics and other antimicrobials is the reason for
widespread search for new antimicrobial agents.23–25

RESULTS AND DISCUSSION

Chemistry
The structures of monensin A (MONA), MON-Na and C(26)-O-
MON-UR1-Na, together with the atom numbering are shown in
Scheme 1. The conversion of MON-Na to its phenylurethane was
carried under mild condition in a simple reaction between MON-Na
and phenyl isocyanate in CH2Cl2 as a solvent. This one-pot reaction
led to MON-UR1-Na with a good yield (65%). The product was easily
purified by column chromatography. The structure of the product was
determined using the elemental analysis and the X-ray, FT-IR, 1H and
13C NMR methods, and is discussed in detail below.

Crystal and molecular structures of MON-UR1-Na
The crystal structure of MON-UR1-Na at 293K was solved using
single-crystal X-ray diffraction (Tables 1–3, and Supplementary Tables
S1 and S2). The crystal is built of globular complex molecules with
relatively strong hydrogen bonds formed within them. The anion is
wrapped around the sodium cation, and the cation is fivefold
coordinated by three THF, one hydroxy and one carboxylate oxygen
atom (Figure 1, Table 2). The length of Na–O coordination bonds
varies from 2.315(4) Å for THF O(8) oxygen atom to 2.547(4) Å for
THF O(7) oxygen atom. There are three intramolecular hydrogen
bonds binding the terminal parts of the MON-UR1 anion, listed in
Table 3. In the crystal, there are no short intermolecular contacts,
except for van der Waals ones (Supplementary Figure S1). The
coordination in the MON-UR1-Na and MON-Na molecules is very
similar (Tables 2–4, Figure 2),15 except the etheric O(9) and hydroxyl
O(10) oxygen atom exchange in coordinating Na because of the
rotation of the tetrahydropyran ring.

FT-IR studies
In Figure 3a, the FT-IR spectra of crystalline MON-UR1-Na in nujol/
fluorolube mulls (solid line) and in CH2Cl2 solution (dashed line) are
compared. The same spectra with extended scales in the regions of the
n(OH) and n(NH), as well as n(C¼O) vibrations are shown in Figures
3b and c, respectively.
According to the crystallographic data of MON-UR1-Na, the

O(4)H, O(10)H and N(1)H protons are involved in the intramole-
cular hydrogen bonds with the carboxylate anion (Table 3). Two of

MeO
MeMeMe

H

OH

O

O

Me
Me Et

O(2)

O(4)

O(11)
5

7

13 17 21 25 26

272829

30-3132

33

35

O(3)

R
OOOOO

Me Me
OHHH

OR1
O

HH
O(1) O(5) O(7) O(9) O(10)

1
5

9
13 17 21 25 26

3436

R2

monensin A (MONA)  R1=H  R2=H

monensin A sodium salt (MON-Na)  R1=Na  R2=H

phenyl urethane of monensin A sodium salt (MON-UR1-Na)   R1=Na =
NH

C

O

37

38

43

O(12)

N(1)

39

40

41

42

43

O(6) O(8)

R2

Scheme 1 The structures of MONA, MON-Na and MON-UR1-Na.

OO

O O

O

OO

O

O

N

O

O

O O

O

O
O

O O O

O

ON

O

Me

Me
Me

Mea

b

16(7)(6)

(5)(3)

H

Me
Me

Me

CO2
H

-
20

7

12

1

(12)

(4)
(1,2)

Me

Me

Ph

26 25

H

(11)

(10) (9)

Me

Me

Me

Me Na+

Na+

7

12 16

(3)

(5)

(6)
(7)

Me

Me
Me

Me
C

H

H
H

-

1
20(1)

(2)

(4)
(8)

(9)

(10)

Me
Ph

25
26

(12)

(11)

Scheme 2 The conformation of the sodium salt complex of monensin

urethanes: (a) postulated by Westley et al.3,4 (b) postulated by Tanaka et al.7

The stereochemistry was omitted for clarity.

Structural reinvestigation and activity of MON-UR1-Na
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these hydrogen bonds are clearly stronger than the one O(4)-
H?O(2). This situation leads to the formation of a complex band
with maxima at 3340 cm�1, 3238 cm�1, 3188 cm�1, 3130 cm�1 assigned
to protonic vibrations in these three different intramolecular hydrogen
bonds existing within the crystal structure. The parameters of those
hydrogen bonds are shown in Table 3.
Secondary urethanes absorb near 3450–3390 cm�1 because of the

N-H stretching vibration if hydrogen bonding is absent and about
3340 cm�1 if the N-H proton is involved in the hydrogen bond.26 In
the spectrum of MON-UR1-Na, no band in the 3450–3390 cm�1

range is observed, indicating that the N-H proton is hydrogen bonded.
In the FT-IR spectrum of crystalline MON-UR1-Na, the n(C¼O)

(amide I) band of urethane and the nas(COO–) band of the carboxylate
group are observed at 1735 and 1572 cm�1, respectively, (Figure 3c).
The nas(COO–) band is relatively broad because it overlaps with the
amide II band of the urethane group.
A comparison of the FT-IR spectra of MON-UR1-Na in the crystal

and the CH2Cl2 solution shows only small changes in the shape of the
band complex in the region over 3050 cm�1 (Figure 3b), indicating
that all the intramolecular hydrogen bonds and the structure observed
in the solid are conserved also in the solution. Only small spectral
changes are observed in the region between 1800 cm�1 and 1500 cm�1

(Figure 3c). In this region, the MON-UR1-Na spectrum in the solid
state (solid line) exhibits only one band at 1735 cm�1 assigned to the
n(C¼O) vibrations of C(37)¼O group. In the spectrum in solution,
this band becomes broadened and is slightly shifted to 1728 cm�1.
Also the amide II band becomes more pronounced showing a
maximum at 1557 cm�1. These spectral differences strongly suggest
that in the solution the electron distribution within the urethane

group is slightly different than in the solid, that is, the C(37)¼O group
in the solution becomes slightly more polar and the N-H proton
becomes slightly stronger hydrogen bonded with the carboxylate
group. The last observation can also explain the vanishing of the
shoulder, observed at 3340 cm�1 in the spectrum of the solid and
assigned to the n(N-H) vibrations, in the spectrum in the solution. It
is also in agreement with the previous spectroscopic studies of various
urethanes.27

Table 1 Crystal data and structure refinement

Empirical formula C43H66NO12Na

Formula weight 811.96

Temperature (K) 293 (2)

Wavelength 1.54178 Å

Crystal system, space group Triclinic, P1,

Unit cell dimensions a¼9.5794(12) Å

b¼10.8654(12) Å

c¼12.4681(15) Å

a¼107.478(10)1

b¼111.536(11)1

g¼95.335(9)1

Volume 1120.8(2) Å3

Z 1

Calculated density 1.203 g cm�3

Absorption coefficient 0.791 mm�1

F (000) 438

Crystal size 0.35�0.20�0.075 mm

y Range for data collection 4.09–76.871

Limiting indices �11php11, �13pkp13, �14plp15

Reflections collected/unique 8663/5566 Rint¼0.0219

Completeness to y¼76.87 96.4%

Refinement method Full-matrix least squares on F2

Data/restraints/parameters 5566/3/519

Goodness-of-fit on F2 1.089

Final R indices (I42s(I)) R1¼0.0553, wR2¼0.1528

R indices (all data) R1¼0.0754, wR2¼0.1768

Absolute structure parameter �0.02(15)

Extinction coefficient 0.0025(8)

Largest difference peak and hole 0.182 and �0.184 eÅ�3

Table 2 Selected bond lengths (Å) and angles (1) determined from

X-ray studies for MON-UR1-Na and MON-Na

MON-UR1-Naa MON-Nab

Na(1)-O(1) 2.340(5) 4.0804(14)

Na(1)-O(6) 2.350(4) 2.3276(13)

Na(1)-O(4) 2.365(5) 2.3411(15)

Na(1)-O(11) 4.069(5) 2.3832(14)

Na(1)-O(9) 3.532(4) 2.4090(13)

Na(1)-O(8) 2.315(4) 2.4501(13)

Na(1)-O(7) 2.547(4) 2.6033(14)

O(1)-C(1) 1.255(6) 1.261(2)

O(2)-C(1) 1.241(6) 1.245(2)

O(6)-Na(1)-O(4) 77.06(17) 76.20(5)

O(6)-Na(1)-O(8) 118.87(16) 111.12(5)

O(4)-Na(1)-O(8) 106.37(15) 105.38(5)

O(6)-Na(1)-O(7) 68.92(14) 69.55(4)

O(4)-Na(1)-O(7) 136.0(2) 139.21(5)

O(8)-Na(1)-O(7) 69.27(12) 68.76(4)

O(1)-Na(1)-O(7) 112.03(14) —

O(8)-Na(1)-O(1) 138.15(15) —

O(1)-Na(1)-O(4) 99.63(17) —

O(1)-Na(1)-O(6) 98.39(13) —

O(11)-Na(1)-O(8) — 123.06(5)

O(9)-Na(1)-O(8) — 66.50(4)

O(11)-Na(1)-O(7) — 101.71(5)

O(9)-Na(1)-O(7) — 114.13(5)

O(6)-Na(1)-O(11) — 117.28(5)

O(4)-Na(1)-O(11) — 113.50(5)

O(6)-Na(1)-O(9) — 173.25(5)

O(4)-Na(1)-O(9) — 98.14(5)

O(11)-Na(1)-O(9) — 68.17(4)

Abbreviations: MON-Na, monensin A sodium salt; MON-UR1-Na; phenyl urethane of monensin
A sodium salt.
aX-ray this work;
bReference15

Table 3 Dimensions of the hydrogen bonds (Å, 1) determined from

X-ray studies of MON-UR1-Na and MON-Na

D-HyA d(D-H) d(H?A) d(D?A) o(DHA)

MON-UR1-Naa

N(1)-H(1)?O(1) 0.86 1.92 2.773(5) 169

O(10)-H(10O)?O(2) 0.82 1.98 2.728(5) 152

O(4)-H(4O)?O(2) 0.77(6) 2.19(6) 2.902(7) 154

MON-Nab

O(10)-H(10O)?O(2) 0.82 1.89 2.683(2) 163

O(11)-H(11O)?O(1) 0.82 1.74 2.554(2) 173

Abbreviations: MON-Na, monensin A sodium salt; MON-UR1-Na; phenyl urethane of monensin
A sodium salt.
aX-ray this work;
bReference15
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A Huczyński et al

251

The Journal of Antibiotics



NMR studies
The 1H- and 13C NMR data of MON-UR1-Na in CD2Cl2 are
summarized in Table 5. The 1H- and 13C NMR signals were assigned
using one- and two-dimensional such as COSY, HETCOR, NOESY,
HMBC spectra shown in Supplementary Figures S2–S5, respectively,
(in the Supplementary Materials) as well as by the addition of CD3OD
to the sample (Figure 4). In the 1H NMR spectrum of MON-UR1-Na,

Figure 1 A perspective view of MON-UR1-Na in the crystal structure. The

Na–O coordination bonds have been shown as long dashed lines, and the

hydrogen bonds are indicated by short dashed lines.

Table 4 Selected torsion angles (1) determined from X-ray studies

of MON-UR1-Na and MON-Na

Parameters MON-UR1-Naa MON-Nab

O(2)-C(1)-C(2)-C(3) 58.2(6) 58.4(2)

C(1)-C(2)-C(3)-C(4) 69.4(5) 61.5(2)

C(2)-C(3)-C(4)-C(5) �68.7(5) �82.3(2)

C(3)-C(4)-C(5)-O(5) 169.1(4) �176.7(1)

O(5)-C(5)-C(6)-C(7) �63.6(6) �58.4(2)

O(6)-C(12)-C(13)-O(7) 64.1(6) 64.0(2)

O(7)-C(16)-C(17)-O(8) �65.9(5) �69.2(2)

O(8)-C(20)-C(21)-O(9) 69.4(5) 50.1(2)

O(9)-C(25)-C(26)-O(11) �55.5(4) �55.5(2)

O(7)-C(16)-C(30)-C(31) �52.8(13) 48.1(3)

Abbreviations: MON-Na, monensin A sodium salt; MON-UR1-Na; phenyl urethane of monensin
A sodium salt.
aX-ray this work.
bReference15

Figure 2 The comparison of crystal structure of: (a) MON-Na and (b) MON-UR1-Na.
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A Huczyński et al

252

The Journal of Antibiotics



the signals of the two OH and one NH protons are separate (Figure 4).
The signals observed at 3.81 and 7.81p.p.m., are assigned to the
O(4)H and O(10)H protons, respectively, and the N(1)H proton
signal is observed at 9.62 p.p.m.. The chemical shifts of these signals
indicate that this O(4)H group is involved in a very weak hydrogen
bond and O(10)H and especially the N(1)H groups are involved in
much stronger hydrogen bonds, which is in agreement with the X-ray
data discussed previously (Table 3) as well as with the FT-IR data
discussed above.

The crystallographic data show that coordination of the sodium
cation is realized in a pseudocyclic structure of the MON-UR1-Na
molecule. The existence of this head-to-tail pseudocyclic structure of
MON-UR1-Na in the solution is confirmed by the NMR NOESY
spectrum in which the coupling between the O(4)H and O(10)H
proton is observed, indicating clearly that these OH groups should be
relatively close in space. Thus, cyclic conformation present in the
crystal is conserved in the solution.

Semi-empirical calculations
On the basis of the spectroscopic as well as X-ray results, the structure
of MON-UR-1 has been calculated by the MM3 molecular mechanics
and PM5 semi-empirical method and compared with the crystal
structure (Figure 5). The structure implied by the semi-empirical
calculations is similar to that obtained by the X-ray diffraction data.
The only difference between the crystallographic data and the respec-
tive calculations result from the fact that the data compared have been
obtained for two different phases: solid and gas, and from the lack of
interactions between the molecules of MON-UR1-Na.
The structures of MON-UR1-Na proposed by Westley et al.3,4 as

well as by Tanaka et al.7 (Figures 5b and c) have also been calculated.
The calculated heats of formation of these structures indicate
that the most stable complex in the gas phase has the structure
proposed by us in this paper, based on X-ray and spectroscopic studies
(heats of formation¼�642.3 kcalmol�1). The calculated heats of
formation values for structures proposed by Westley and Tanaka are
�614.5 kcalmol�1 and �603.2 kcalmol�1, respectively, demonstrating
that these structures are energetically unfavorable. This result is in
good agreement with the spectroscopic and crystallographic data
discussed above.

Antimicrobial activity
Preliminary tests of the antimicrobial activity of several urethanes of
monensin showed that it was active against Gram-positive standard
bacterial strains. It has been shown that several urethanes of monensin
exhibited higher antibacterial activity than pure monensin.3,4,9 This
result inspired us to verify in vitro the antibacterial activity of MON-
UR1-Na on typical Gram-positive cocci, Gram-negative rods and
yeast-like organisms, as well as on a series of clinical isolates of
Staphylococcus: methicillin-resistant S. aureus and methicillin-resistant
S. epidermidis. Hospital strains of methicillin-resistant Staphylococcus
were isolated from different biological materials of patients of the

Table 5 Assignments of 13C NMR and 1H NMR signals in the spectra

of MON-UR1-Na in CD2Cl2

Position dC (p.p.m.) dH (p.p.m.)

1 (C) 183.9 —

2 (CH) 44.8 2.55 (qd, J¼10.2, 5.5, 6.7Hz)

3 (CH) 83.5 3.26

4 (CH) 35.4 1.88

5 (CH) 68.3 4.45 (dd, J¼12.0, 1.4Hz)

6 (CH) 35.7 1.62

7 (CH) 71.5 3.91 (d, J¼4.7Hz)

8 (CH2) 35.7 2.23

9 (C) 108.6 —

10 (CH2) 39.1 2.05, 1.71

11 (CH2) 33.8 1.90, 1.65

12 (C) 85.8 —

13 (CH) 83.0 3.49 (dd, J¼10.2, 5.5Hz)

14 (CH2) 26.6 1.51, 1.75

15 (CH2) 32.9 2.30, 1.40

16 (C) 87.1 —

17 (CH) 84.7 3.91 (d, J¼4.7Hz)

18 (CH) 34.5 2.26

19 (CH2) 34.7 2.11, 1.67

20 (CH) 78.6 4.33 (ddd, J¼10.7, 5.5, 2.4Hz)

21 (CH) 74.5 3.89 (dd, J¼8.72, 3.4Hz)

22 (CH) 33.1 1.28

23 (CH2) 36.4 1.42, 1.66

24 (CH) 35.7 1.62

25 (C) 96.7 —

26 (CH2) 66.6 4.31 (d, J¼11.0Hz, 1H),

4.07 (d, J¼11.0Hz, 1H)

27 (CH3) 16.2 1.09 (d, J¼5.6Hz)

28 (CH3) 17.8 0.85 (d, J¼6.8Hz)

29 (CH3) 17.0 0.93 (d, J¼4.4Hz)

30 (CH2) 10.2 0.92 (d, J¼6.8Hz)

31 (CH3) 7.7 0.90 (dd, J¼6.9, 4.4Hz)

32 (CH3) 28.4 1.65 (s)

33 (CH3) 11.4 0.98 (d, J¼6.9Hz)

34 (CH3) 16.4 0.87 (d, J¼4.6Hz)

35 (CH3) 57.9 3.32 (s)

36 (CH3) 10.0 1.09 (d, J¼6.7Hz)

37 (C) 154.5 —

38 (C) 140.2 —

39 and 43 (CH) 118.3 7.52 (d, J¼8.3Hz)

40 and 42 (CH) 122.3 7.21 (t, J¼8.0Hz)

41 (CH) 129.0 6.92 (t, J¼7.4Hz)

O(4)H — 3.81 (s)

O(10)H — 7.81 (s)

N(1)H 9.62 (s)

Abbreviation: MON-UR1-Na; phenyl urethane of monensin A sodium salt.

N(1)H O(10)H

O(4)H

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0

Figure 4 The 1H NMR spectra (p.p.m.) in the region of OH and NH proton

signals of MON-UR1-Na: (a) in CD2Cl2, (b) in CD2Cl2 after addition of drop

of CD3OD.
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Warsaw Medical University Hospital. Unfortunately, infections caused
by this organism are becoming more difficult to treat as further
evolution of drug resistance occurs within the pathogen.22–25,28,29

The data regarding the antimicrobial activity of the compounds are
summarized in Tables 6 and 7. MON-Na and MON-UR1-Na are very
active against Gram-positive bacteria. Phenyl urethane of monensin
shows higher antibacterial activity (MIC¼0.25–4mgml�1) in compar-
ison with that of MON-Na (MIC¼2.0–12.5mgml�1). It is interesting
to note that MON-UR1-Na exhibits relatively low antifungal activity
(MIC¼100mgml�1) against Candida, whereas MON-Na is inactive
against these fungi. Moreover, as expected, the cell walls of Gram-
negative bacteria do not permit the penetration of hydrophobic mole-
cules with high weights, and thus the microorganisms are not susceptible
to the action of monensin. The same theory applies to its urethane.

The antimicrobial activity results given in Table 7 demonstrate
that MON-UR1-Na shows higher antistaphylococcal activity in
comparison with that of MON-Na as well as higher in
comparison with that of monensin esters and amides.30–34 For most
isolates tested, the MIC values were about 0.5mgml�1. Only four
strains of MRSE and one of MRSE among the strains tested were
slightly more resistant to MON-UR1-Na, reaching a MIC value of
about 1mgml�1.
We provide evidence that phenyl urethane of monensin shows

higher antibacterial activity against human pathogenic bacteria,
including antibiotic-resistant S. aureus and S. epidermidis, than the
parent unmodified antibiotic. The results suggest that such a mod-
ification of monensin direction is appropriate and could give potential
drugs to combat staphylococcal infections.

Figure 5 The calculated structure of MON-UR1-Na: (a) based on X-ray and spectroscopic data; (b) based on the proposition by Westley et al.3,4 (c) based on

the proposition by Tanaka et al.7

Table 6 Antimicrobial activity of MON-Na and MON-UR1-Na

diameter of the GIZ (mm) and MIC (lgml�1) (47, 48)

MON-Na MON-UR1-Na

Tested strain GIZ MIC GIZ MIC

S. aureus NCTC 4163 22 2 26 1

S. aureus ATCC 25923 22 1 26 0.5

S. aureus ATCC 6538 20 2 24 0.5

S. aureus ATCC 29213 18 1 26 1

S. epidermidis ATCC 12228 15 2 27 0.5

B. subtilis ATCC 6633 22 1 30 0.25

B. cereus ATCC 11778 18 2 31 0.25

E. hirae ATCC 10541 — 12.5 20 4

M. luteus ATCC 9341 12 4 30 1

M. luteus ATCC 10240 12 2 29 0.5

E. coli ATCC 10538 — —

E. coli ATCC 25922 — —

E. coli NCTC 8196 — —

P. vulgaris NCTC 4635 — —

P. aeruginosa ATCC 15442 — —

P. aeruginosa NCTC 6749 — —

P. aeruginosa ATCC 27853 — —

B. bronchiseptica ATCC 4617 — —

C. albicans ATCC 10231 — 23 100

C. albicans ATCC 90028 — 19 100

C. parapsilosis ATCC 22019 — 15 100

Abbreviations: GIZ, growth inhibition zone; MON-Na, monensin A sodium salt; MON-UR1-Na;
phenyl urethane of monensin A sodium salt.
— denotes lack of the growth inhibition zone in disk-diffusion test.

Table 7 Antimicrobial activity of MON-Na and MON-UR1-Na against

hospital strains methicillin-resistant S. epidermidis and S. aureus

(MIC (lgml�1)) (47, 48)

MIC (mgml�1)

Hospital strains of S. epidermidis and S. aureus MON-Na MON-UR1-Na

S. epidermidis 289/08 MR 2 0.5

S. epidermidis 290/08 MR 2 0.5

S. epidermidis 291/08 MR 2 0.5

S. epidermidis 292/08 MR 2 1

S. epidermidis 293/08 MR 1 0.5

S. epidermidis 311/08 MR 1 0.5

S. epidermidis 315/08 MR 1 0.5

S. epidermidis 316/08 MR 1 1

S. epidermidis 317/08 MR 1 1

S. epidermidis 318/08 MR 4 1

S. aureus 307/08 MR 2 0.5

S. aureus 308/08 MR 2 1

S. aureus 309/08 MR 2 0.5

S. aureus 329/08 MR 2 0.5

S. aureus 330/08 MR 1 0.5

S. aureus 331/08 MR 1 0.5

S. aureus 332/08 MR 1 0.5

S. aureus 333/08 MR 1 0.5

S. aureus 334/08 MR 1 0.5

S. aureus 335/08 MR 1 0.5

Abbreviation: MON-UR1-Na; phenyl urethane of monensin A sodium salt.
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The highest antibacterial activity of MON-UR1-Na as well as the
slight antifungal activity of monensin urethane are probably related to
the presence of the urethane moiety, as it was previously observed that
various compounds containing this substituent show moderate anti-
bacterial and strong antifungal activities.1,2

Conclusions
The interactions between the etheric oxygen atoms of monensin and
its phenyl urethane with sodium cation lead to the formation of the
pseudocyclic structures, which are stabilized by different intramole-
cular hydrogen bonds (Figure 1, Table 3). By this investigation, we
have proved that the oxygen atom of the C¼O urethane group is not
engaged in the coordination of the sodium cations as postulated by
Westley et al.3,4 The X-ray and spectroscopic studies show clearly that
the system of intramolecular hydrogen bonds present in the molecular
structure of MON-UR1-Na is also different to that proposed by
Tanaka et al.7 Thus, differences in the biological activities between
monensin and its urethane derivative described here are not based on
a different capability of complex formation but on other parameters
such as size and chemical and biological nature of the urethane substi-
tuent, and especially on the stability of the complex in which the
carbonyl urethane group is not involved in the complexation process.

EXPERIMENTAL PROCEDURE

Preparation of C(26)-O-phenyl urethane of MON-UR1-Na
All precursors for the syntheses (MON-Na and phenyl isocyanate) and solvents

were obtained from Aldrich or Fluka (Poznan, Poland) and were used as

received without further purification. CD2Cl2 and CD2Cl2 spectral-grade

solvents were stored over 3 Å molecular sieves for several days. All manipula-

tions with the substances were performed in a carefully dried and CO2-free

glove box. TLC was carried out on precoated plates (TLC silica gel 60 F254,

Aluminum Plates Merck, Darmstadt, Germany), and spots were detected by

illumination with an UV lamp and visualized with iodine or by spraying 1%

Ce(SO4)2-10% H2SO4, followed by heating. All the solvent used in flash

chromatography was of HPLC grade (CHROMASOLV from Sigma-Aldrich,

Poznan, Poland) and were used as received. The elemental analysis of

MON-UR1-Na was carried out on Vario ELIII (Elementar, Hanau, Germany).

Synthesis
MON-Na (1 g, 1.49mmol) and phenyl isocyanate (215mg, 1.8mmol) were

dissolved in dry CH2Cl2 (30ml) and stirred at room temperature. The course of

the reaction was followed by silica gel TLC. After 2 weeks, the reaction appeared

complete and the reaction mixture was evaporated to dryness under reduced

pressure and purified using dry-column flash chromatography35,36 (Silica gel 60

from Fluka), first eluted with CH2Cl2 to separate the traces of phenyl isocyanate

and then with the CH2Cl2/CH3OH (from 100:1 to 10:1) solvent mixture as an

eluent, to give MON-UR1-Na (65% yield). The MON-UR1-Na was crystallized

from 1:1 mixture of CH2Cl2 and hexane. Elemental analysis: calculated for

C43H66NNaO12: C, 63.61%; H, 8.19%; N, 1.73%. Found: 63.43%; H, 8.24%;

and N, 1.55%.

X-ray measurements
The crystals selected for single-crystal X-ray diffraction measurements formed

colorless parallelepipeds with well-developed faces. They were stable under

normal conditions and the X-ray diffraction measurements were carried out on

an Oxford Diffraction Supernova diffractometer (Oxford Diffraction, Abingdon,

UK) using CuKa radiation at room temperature. The structure was solved by

direct methods37 and refined by full-matrix least squares.38 One H-atom at

O(4) was located from the difference Fourier maps and refined with isotropic

temperature factor. All other H atoms were located from the molecular

geometry (C-H 0.93 and 0.98, O-H 0.82, N-H 0.86 Å) and their Uiso’s were

related to the thermal vibrations of their carriers. Selected details about the

crystal structure, experiment, structure solution and refinement are given

in Table 1. The crystallographic information file has been deposited at the

Cambridge Crystallographic Database Center as a supplementary publication

no. CCDC 778665.

Spectroscopic measurements
The 1H, 13C and 15N NMR spectra were recorded on a Bruker Avance DRX

600 spectrometer (Bruker, Karlsruhe, Germany). 1H NMR measurements of

MON-UR1-Na (0.07mol dm�3) in CD2Cl2 were carried out at the operating

frequency of 600.055MHz; flip angle¼451; spectral width¼4500Hz; acquisi-

tion time¼2.0 s; relaxation delay¼1.0 s; T¼293.0K and using TMS as the

internal standard. No window function or zero filling was used. Digital

resolution was 0.2Hz per point. The error of the chemical shift value was

0.01p.p.m. The 13C NMR spectra were recorded at the operating frequency

150.899MHz; flip angle¼601; spectral width¼19000Hz; acquisition

time¼1.8 s; relaxation delay¼1.0 s; T¼293.0K and TMS as the internal stan-

dard. Line-broadening parameters were 0.5 or 1Hz. The error of chemical shift

value was 0.1 p.p.m. All spectra were locked to deuterium resonance of CD2Cl2.

The 1H and 13C NMR signals were assigned using 2-D (COSY, HETCOR,

NOESYand HMBC) spectra shown in the Supplementary Materials. 2-D spectra

were recorded using standard pulse sequences from Bruker pulse-sequence libraries.

In the mid-infrared region, the FT-IR spectra of MON-UR1-Na were

recorded in CH2Cl2 solution, nujol/fluorolube mulls. A cell with silicon

windows and wedge-shaped layers was used to avoid interferences (mean layer

thickness, 170mm). The spectra were taken with an IFS 113v FT-IR spectro-

photometer (Bruker) equipped with a DTGS detector; resolution 2 cm–1,

NSS¼64. The Happ–Genzel apodization function was used.

Semi-empirical calculations
The PM5 quantum calculations were performed using the Win Mopac 2003

program at the semi-empirical level (Cache Work System Pro Version 5.04,

Fujitsu, Beaverton, OR, USA). For MON-UR1-Na, the initial optimization of

the structures was carried out using the molecular mechanics, extensive global

minimum energy conformation search, with the Conflex/MM3 from WinMo-

pac 2003 program. For the calculated, energetically the most favorable,

structures of conformers corresponding with the global minimum points,

further calculation of heat of formation was carried out using the PM5

quantum semi-empirical method.39

Microbiological analysis
Microorganisms used in this study were as follows: Gram-positive cocci:

Staphylococcus aureus NCTC 4163, S. aureus ATCC 25923, S. aureus ATCC

6538, S. aureus ATCC 29213, Staphylococcus epidermidis ATCC 12228, Bacillus

subtilis ATCC 6633, Bacillus cereus ATCC 11778, Enterococcus hirae ATCC

10541, Micrococcus luteus ATCC 9341, M. luteus ATCC 10240; Gram-negative

rods: Escherichia coli ATCC 10538, E. coli ATCC 25922, E. coli NCTC 8196,

Proteus vulgaris NCTC 4635, Pseudomonas aeruginosa ATCC 15442, P. aerugi-

nosa NCTC 6749, P. aeruginosa ATCC 27863, Bordetella bronchiseptica ATCC

4617 and yeasts: Candida albicans ATCC 10231, C. albicans ATCC 90028,

Candida parapsilosis ATCC 22019.

Hospital strains of S. aureus were isolated from different biological materials

of patients of the Warsaw Medical University Hospital. Ten of these strains were

methicillin-resistant S. aureus and ten other strains were methicillin-resistant S.

epidermidis(. Owing to this resistance, these strains were tested for their

sensitivity to the MONA and MON-UR1-Na. The other microorganisms used

here were provided by the Department of Pharmaceutical Microbiology,

Medical University of Warsaw, Poland.

Antimicrobial activity was examined by the disk-diffusion method under

standard conditions using Mueller-Hinton II agar medium (Becton Dickinson,

Heidelberg, Germany) for bacteria and RPMI agar with 2% glucose (Sigma),

according to the Clinical and Laboratory Standards Institute (previously NCCLS)

guidelines.40

Sterile filter paper disks (9mm diameter, Whatman no. 3 chromatography

paper) were dripped with tested compound solutions (in MeOH or MeOH/

DMSO 1:1) to load 400mg of a given compound per disk. Dry disks were

placed on the surface of appropriate agar medium. The results (diameter of the

growth inhibition zone) were read after 18h of incubation at 35 1C. Com-

pounds with recognized activity in disk-diffusion tests were examined by the
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agar dilution method to determine their MIC (Clinical and Laboratory

Standards Institute).41 Concentrations of the agents tested in solid medium

ranged from 3.125 to 400mgml�1. The final inoculum of all studied organisms

was 104CFUml�1, except the final inoculum for E. hirae ATCC 10541, which

was 105CFUml�1. The MIC values were read after 18h of incubation at 35 1C.

The data regarding the antimicrobial activity of the compounds are summar-

ized in Tables 6 and 7.
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