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Abstract—A new 2-(2-hydroxyethoxy)ethyl ester of monensin A (MON6) has been synthesized and its ability to form complexes with Li+,
Na+ and K+ cations has been studied by ESI-MS, 1H and 13C NMR, FTIR, and PM5 semiempirical methods. It is demonstrated that MON6 has
been able to form stable complexes of 1:1 stoichiometry with monovalent metal cations. The structures of the complexes are stabilized by
intramolecular hydrogen bonds in which the OH groups are always involved. In the structure of MON6 the oxygen atom of the C]O ester
group is involved in very weak bifurcated intramolecular hydrogen bonds with two hydroxyl groups whereas in the complexes of MON6 with
monovalent metal cations the C]O ester group is not engaged in any intramolecular hydrogen bonds. The structures of the MON6 and its
complexes with Li+, Na+ and K+ cations are visualized.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Monensin A isolated from Streptomyces cinnamonensis is
a well-known representative of natural polyether ionophore
antibiotics. It is able to form pseudomacrocyclic complexes
with mono and divalent cations and transport of the cations
across cell membranes.1–5 The pharmacological and biolog-
ical activity of monensin is based on its ability to disrupt the
Na+/K+ ion balance across cell membranes, which finally
leads to the cell death. Monensin is used commercially as
a coccidiostat for poultry and as a growth promoter for
ruminants.6–19

In our earlier papers the synthesis and the physicochemical
characterization of new esters of monensin A has been re-
ported.20–26 In these publications, the complexation of the
mono- and di-valent metal cations by the esters of monensin
A and the properties of these complexes have been described
in detail. Interestingly one of these esters, namely the methyl
ester of monensin A, has been shown to be able to form hy-
drates with three hydrogen-bonded water molecules inside
a pseudo-ring structure. By the self-assembly process this
hydrate species forms a proton channel in which the proton
can move within the whole channel.26

As a continuation of our earlier papers, we report here ESI-
MS, 1H and 13C NMR, FTIR, and PM5 studies of complexes
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between a new 2-(2-hydroxyethoxy)ethyl ester of monensin
A and biologically important monovalent cations such as
Li+, Na+ and K+. This new ester, in comparison with the
esters studied earlier, contains additionally one etheric and
one hydroxylic oxygen atom, which can influence the com-
plexation process. The structure of 2-(2-hydroxyethoxy)ethyl
ester of monensin A and its complexes with monovalent
cations are discussed in detail.

2. Results and discussion

The molecular structure of MON6 together with the atom
numbering is shown in Figure 1. In the present study, we syn-
thesized this ester by the condensation of monensin A with
diethylene glycol in the presence of 1,3-dicyclohexylcarbo-
diimide (DCC) under the addition of 4-pyrrolidinopyridine
(PPy) as a very effective acylation catalyst. It is interesting
to note that without the addition of PPy the respective ester
was not formed.
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Figure 1. The structures and atom numbering of MONA and MON6.
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2.1. Electrospray ionization mass spectrometry (ESI)
measurements

The main m/z signals in the ESI mass spectra of MON6 with
the Li+, Na+ and K+ cations used separately at various cone

Table 1. The main peaks in the ESI mass spectra of the complexes of MON6
with cations at various cone voltages

Cation Cone
voltage [V]

Main peaks m/z

Li+ 10 766
30 766
50 766, 748
70 766, 748, 734,
90 766, 748, 734, 269

110 766, 748, 734, 485,467, 445, 427, 269
130 485,467, 445, 427, 269

Na+ 10 782
30 782
50 782, 764
70 782, 764, 746
90 782, 764, 746, 501, 443, 285

110 782, 764, 746, 507, 501, 483, 461, 443, 285
130 782, 764, 746, 507, 501, 483, 461, 443, 285

K+ 10 798
30 798
50 798, 780, 762
70 798, 780, 762
90 798, 780, 762

110 798, 780, 762
130 (many peaks)
voltages (cv) are summarized in Table 1. According to the
data summarized in Table 1, with the cations used in
this study MON6 exclusively forms complexes of 1:1 stoi-
chiometry being very stable up to about cv¼30 V. Starting
from cv¼50 V the fragmentation of the respective com-
plexes is observed and it increases with increasing cv values.
The proposed fragmentation pathways starting from struc-
ture A are shown in Figure 2. The first step of the fragmen-
tation is the loss of one water molecule as a result of the
abstraction of the OIVH, OXH or OXIIIH hydroxyl groups
yielding the B, H or J cation structures, respectively. Further
fragmentation of cation B, of MON6 with Li+ and Na+ cat-
ions, is realized in three directions and other types of
complexes [(i) C, E and finally G; (ii) D, F and finally G;
or (iii) K] are formed. Cation C is formed from cation B
by the abstraction of the second water molecule. The forma-
tion of the D and E fragmentary complexes is achieved by
abstraction of the part of the molecule including the ester
group. Cations F and G can be formed from cations D and
E by abstraction of one C3H4 group. Additionally, cation
G can be formed by loss of one water molecule from cation
F. For the complex of MON6 with K+ cation, no abstraction
of the part of the molecule including the ester group was
detected.

In the case of the MON6–Na complex the fragmentation of
cation B yields cation L, which after the abstraction of one
CO molecule forms cation M. Further, cation M undergoes
fragmentations typical of other metal cations with
O
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Figure 2. The proposed fragmentation pathways of MON6 complexes with monovalent cations.
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abstraction of water molecules in two steps yielding cations
F and G, respectively.

The ESI mass spectrum of the 1:1:1:3 mixture of Li+, Na+,
K+ cations with MON6 (data not shown), measured at
cv¼30 V, shows three characteristic signals at m/z¼764
(rel int. 20%), m/z¼782 (rel int. 100%), and m/z¼798
(rel int. 17%), which are assigned to the 1:1 complexes of
MON6 with Li+, Na+ and K+ cations, respectively. The
intensities of the signals of the MON6–Li+ and MON6–K+

complexes are comparable, but significantly lower than
that of the MON6–Na+ complex, demonstrating that
MON6 shows much lower affinity to Li+ and K+ cations.

2.2. 1H and 13C NMR measurements

The 1H and 13C NMR data of MON6 in CD3CN and its 1:1
complexes with Li+, Na+ and K+ cations, all in CD3CN, are
summarized in Tables 2 and 3, respectively. Unfortunately, in
contrast to the complexes described above, the respective
MON6 complexes with RbClO4 and CsClO4 are almost insol-
uble in acetonitrile. The 1H and 13C signals were assigned inde-
pendently using one- and two-dimensional (COSY, HETCOR)
spectra as well as after the addition of CD3OD to the probe.

In the 1H NMR spectra of MON6 and its 1:1 complexes with
Li+, Na+ and K+ cations (Table 2, Fig. 3) the signals assigned
to the protons of the four OH groups are separated. In the
spectrum of MON6 the OH proton signals are observed at
2.88, 3.90, 4.15, and 2.93 ppm, and are assigned to OXIH,
OXH, OIVH, and OXIIIH groups, respectively. In the spectra
of MON6 complexes with the Li+, Na+ and K+ cations these
signals are shifted in different directions depending on the na-
ture of the cation. This spectral feature demonstrates that de-
pending on the cation, the respective hydroxyl groups form
different hydrogen bonds related to formation of different
structures of the respective complexes. Figure 3 shows that
the most significantly shifted signal of the hydroxyl group
protons is found in the spectrum of MON6 with Li+ cation
at about 5.76 ppm. This signal is assigned to the OIVH proton,
which is involved in the strongest intramolecular hydrogen
bond in comparison with those made by all other hydroxyl
groups. It is interesting to note that in the spectra of MON6
complexes with Na+ and K+ cations, the signals of the
OIVH protons are shifted strongly toward lower ppm values
demonstrating the weakness of the participation of the
OIVH protons in the other types of hydrogen bonds and a prob-
able change of the respective structures of the complexes.

Other proton signals in the 1H NMR spectra of the 1:1 com-
plexes of MON6 with monovalent cations shift only slightly,
however, with some exceptions. The most interesting result
is the appearance of signals assigned to protons showing
double character, which indicates complex conformational
changes taking place on the complexation, especially with
Li+ and Na+ cations.

A comparison of the 13C NMR chemical shifts (Table 3) in
the spectra of the complexes studied with those observed
in the spectrum of MON6 suggests that not only the oxygen
atoms take part in the cations coordination but some more
complex conformation changes, evoked by the complexa-
tion process, also occur. For instance the Dd value of the
C20 atom for the complex of MON6 with Li+ cation is pos-
itive, whereas for the complex of MON6 with Na+ cation
it is negative and for the MON6–K+ complex it is close to
zero. This result indicates that the OVIII oxygen atom is prob-
ably involved in the coordination only in the complex of
MON6 with Na+ cation. The 13C NMR signal of the carbonyl
C1 atom of the ester group shifts with the complexation to-
ward higher ppm values, depending on the kind of the cation.
This result demonstrates that the intramolecular bifurcated
hydrogen bonds between the C1]O group and the hydroxyl

Table 2. 1H NMR chemical shifts (ppm) of MON6 and its complexes in
CD3CN

No.
atom

Chemical shift (ppm) Differences (D)
between chemical

shifts (ppm)

MON6 MON6:Li+ MON6:Na+ MON6:K+ D1 D2 D3

1 — — — — — — —
2 2.63 2.64 2.71 2.67 0.01 0.08 0.04
3 3.58 3.66 3.64 3.52 0.08 0.06 �0.06
4 1.99 2.06 2.04 2.01 0.07 0.05 0.02
5 4.01 4.13 3.92 3.87 0.12 �0.09 �0.14
6 1.78 1.76 1.81 1.78 �0.02 0.03 0.00
7 3.67 3.98 3.91 3.82 0.31 0.24 0.15
8A 1.62 1.54 1.61 1.60 �0.08 �0.01 �0.02
8B 1.97 2.08 2.01 2.00 0.11 0.04 0.03
9 — — — — — — —
10A 1.92 1.84 1.80 1.76 �0.08 �0.12 �0.16
10B 1.92 2.05 2.00 1.89 0.13 0.08 �0.03
11A 1.70 1.57 1.80 1.77 �0.13 0.1 0.07
11B 1.94 2.05 1.99 1.88 0.11 0.05 �0.06
12 — — — — — — —
13 3.65 3.68 3.62 3.51 0.03 �0.03 �0.14
14A 1.58 1.57 1.47 1.43 �0.01 �0.11 �0.15
14B 1.77 1.90 1.90 1.77 0.13 0.13 0
15A 1.56 1.60 1.49 1.44 0.04 �0.07 �0.12
15B 2.09 2.15 2.24 2.20 0.06 0.15 0.11
16 — — — — — — —
17 3.87 4.38 3.96 3.95 0.51 0.09 0.08
18 2.27 2.46 2.30 2.35 0.19 0.03 0.08
19A 1.46 1.58 1.64 1.51 0.12 0.18 0.05
19B 2.15 2.32 2.16 2.22 0.17 0.01 0.07
20 4.19 4.41 4.41 4.37 0.22 0.22 0.18
21 3.61 3.83 3.73 3.64 0.22 0.12 0.03
22 1.32 1.37 1.47 1.31 0.05 0.15 �0.01
23A 1.44 1.32 1.46 1.32 �0.12 0.02 �0.12
23B 1.32 1.41 1.46 1.48 0.09 0.14 0.16
24 1.69 1.88 1.68 1.72 0.19 �0.01 0.03
25 — — — — — — —
26A 3.36 3.45 3.46 3.41 0.09 0.1 0.05
26B 3.36 3.45 3.68 3.62 0.09 0.32 0.26
27 0.84 0.87 0.85 0.84 0.03 0.01 0.00
28 0.86 0.85 0.88 0.86 �0.01 0.02 0.00
29 0.93 0.94 0.89 0.94 0.01 �0.04 0.01
30A 1.57 1.59 1.47 1.50 0.02 �0.1 �0.07
30B 1.57 1.65 1.72 1.70 0.08 0.15 0.13
31 0.89 0.91 0.91 0.92 0.02 0.02 0.03
32 1.35 1.56 1.47 1.46 0.21 0.12 0.11
33 0.90 0.87 0.92 0.89 �0.03 0.02 �0.01
34 0.97 0.98 1.00 0.99 0.01 0.03 0.02
35 3.30 3.33 3.32 3.31 0.03 0.02 0.01
36 1.14 1.18 1.17 1.17 0.04 0.03 0.03
10 4.21 4.23 4.18 4.21 0.02 �0.03 0.00
20 3.66 3.70 3.68 3.70 0.04 0.02 0.04
30 3.52 3.55 3.53 3.54 0.03 0.01 0.02
40 3.56 3.64 3.63 3.64 0.08 0.07 0.08
OXIH 2.88 3.10 4.04 3.26 0.22 1.16 0.38
OIVH 4.15 5.76 4.00 3.92 1.61 �0.15 �0.23
OXH 3.90 4.73 4.45 4.57 0.83 0.55 0.67
OXIIIH 2.93 4.03 3.03 3.50 1.10 0.10 0.57

D1¼ dMON6:LIþ �dMON6; D2¼ dMON6:Naþ �dMON6; D3¼ dMON6:Kþ �dMON6.
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groups in the structure of MON6 (Fig. 7) are broken in the
structures of the complexes.

2.3. FTIR studies

In Figure 4a the FTIR spectrum of water-free MON6 (solid
line) is compared with the corresponding spectra of its 1:1
complexes with Li+, Na+ and K+ cations, all recorded in ace-
tonitrile solution. The bands assigned to the n(OH) and
n(C]O) vibrations are shown in Figure 4b and c, in an
expanded scale, because according to the NMR data, the
most significant changes should be observed in these spec-
tral regions. Most characteristic in the FTIR spectrum of
water-free MON6 (Fig. 4b, solid line), are the bands as-
signed to the n(OH) vibrations of the OXH, OXIH and OXIIIH
groups at 3512 cm�1, and of the OIVH group at ca.
3323 cm�1 as well as the band assigned to the n(C]O)
vibration at 1732 cm�1. In the spectrum of the MON6–Li+

complex (Fig. 4b, dashed line) the intensity of the band at
3512 cm�1 decreases and a new one at 3379 cm�1 arises.
This indicates together with the 1H NMR results (Table 2

Table 3. 13C NMR chemical shifts (ppm) of MON6 and its complexes in
CD3CN

No.
atom

Chemical shift (ppm) Differences (D)
between chemical

shifts (ppm)

MON6 MON6:Li+ MON6:Na+ MON6:K+ D1 D2 D3

1 175.75 176.00 177.02 176.39 0.25 1.27 0.64
2 41.42 41.30 41.44 41.74 �0.12 0.02 0.32
3 81.99 81.79 81.76 81.75 �0.20 �0.23 �0.24
4 37.01 37.48 37.95 38.35 0.47 0.94 1.34
5 68.54 69.54 68.95 68.24 1.00 0.41 �0.30
6 36.81 36.42 36.94 36.78 �0.39 0.13 �0.03
7 71.82 70.05 70.74 70.70 �1.77 �1.08 �1.12
8 35.01 33.72 34.57 34.13 �1.29 �0.44 �0.88
9 108.31 108.00 108.32 107.81 �0.31 0.01 �0.50
10 39.68 39.62 39.86 39.97 �0.06 0.18 0.29
11 32.60 33.22 33.42 34.33 0.62 0.82 1.73
12 86.85 87.05 86.60 85.95 0.20 �0.25 �0.90
13 84.32 82.65 82.25 83.44 �1.67 �2.07 �0.88
14 28.40 27.59 27.30 28.30 �0.81 �1.10 �0.10
15 32.02 32.13 30.77 23.08 0.11 �1.25 �8.94
16 87.92 88.00 86.64 86.77 0.08 �1.28 �1.15
17 86.24 84.94 85.46 85.12 �1.30 �0.78 �1.12
18 35.86 34.08 35.03 35.56 �1.78 �0.83 �0.30
19 34.63 33.72 33.79 33.01 �0.91 �0.84 �1.62
20 77.91 79.50 76.93 78.00 1.59 �0.98 0.09
21 77.15 74.71 75.53 75.85 �2.44 �1.62 �1.30
22 33.98 33.30 32.20 32.91 �0.68 �1.78 �1.07
23 37.58 36.96 35.73 36.70 �0.62 �1.85 �0.88
24 37.58 34.69 36.24 35.70 �2.89 �1.34 �1.88
25 97.77 99.51 98.76 98.87 1.74 0.99 1.10
26 67.27 66.55 67.17 67.08 �0.72 �0.10 �0.19
27 16.44 15.99 16.31 17.30 �0.45 �0.13 0.86
28 17.83 17.43 16.64 16.52 �0.40 �1.19 �1.31
29 16.13 16.31 14.47 15.94 0.18 �1.66 �0.19
30 30.05 30.22 30.18 30.50 0.17 0.13 0.45
31 8.29 8.47 8.12 8.54 0.18 �0.17 0.25
32 26.29 28.42 28.27 27.98 2.13 1.98 1.69
33 11.29 10.76 10.92 10.81 �0.53 �0.37 �0.48
34 12.57 13.02 13.20 12.92 0.45 0.63 0.35
35 58.41 58.52 58.77 58.54 0.11 0.36 0.13
36 12.22 11.57 12.23 12.48 �0.65 0.01 0.26
10 64.45 64.70 64.78 64.71 0.25 0.33 0.26
20 69.40 69.54 69.52 69.56 0.14 0.12 0.16
30 73.16 72.93 73.15 73.07 �0.23 �0.01 �0.09
40 61.74 61.88 61.82 61.58 0.14 0.08 �0.16

D1¼ dMON6:LIþ �dMON6; D2¼ dMON6:Naþ �dMON6; D3¼ dMON6:Kþ �dMON6.
and Fig. 3b) that in the MON6–Li+ complex the hydrogen
bonds of the OXH and OXIIIH groups are slightly stronger
than those of OXIH groups and are unchanged if compared
to those of uncomplexed MON6. The stretching vibrations
of the OIVH group are no longer observed in the spectrum
at 3323 cm�1, indicating that the proton of this group is
also more strongly hydrogen-bonded.

In the spectrum of the MON5–Na+ complex (Fig. 4b, dotted
line) only one broad band with a maximum at ca. 3479 cm�1

was observed demonstrating that the hydrogen bonds
formed by the OXH, OXIH and OXIIIH groups become
slightly stronger and that of OIVH group slightly weaker.
This interpretation is consistent with the 1H NMR data
(Table 2 and Fig. 3c).

Also in the spectrum of MON6–K+ complex (Fig. 4b,
dashed-dotted line) only one band with a maximum at
3501 cm�1 is observed indicating that the hydrogen bonds,
in which the hydroxyl groups are involved, are weaker com-
pared to the Li+ and the Na+ complex and only slightly stron-
ger than in the uncomplexed MON6.

The position of the band assigned to the n(C]O) vibrations
at 1732 cm�1, in the spectrum of MON6 and its complex

ppm
3.03.54.04.55.05.5

(a)

(b)

(c)

(d)

OXIH

OXIH

OXIH

OXIH

OXH

OXH

OXH

OXH

OIVH

OIVH

OIVH

OIVH

OXIIIH

OXIIIH

OXIIIH

OXIIIH

Figure 3. 1H NMR spectra in the region of the OH proton signals of (a)
MON6, (b) MON6–Li+, (c) MON6–Na+, and (d) MON6–K+.



8835A. Huczy�nski et al. / Tetrahedron 63 (2007) 8831–8839
with K+ cation, is almost unchanged (Fig. 4c), whereas in the
case of MON6–Li+ complex it is slightly shifted toward
higher wavenumbers, demonstrating that the oxygen atoms
of the C]O ester groups are not engaged in the complexa-
tion of these cations. The shift of the band assigned to the
n(C]O) vibrations in the spectrum of MON6–Li+ complex
can be explained by the formation of a hydrogen bond in
which the OI oxygen atom is involved.

The spectrum of the MON6–Na+ complex is intriguing. Be-
sides the band at ca. 1732 cm�1 representing structure A
(Fig. 7a), in which the C]O ester group does not contribute
to the complexation process, a new less intense band at ca.
1705 cm�1 appears. This band can be assigned to the
n(C]O) vibrations in structure B of the MON6–Na+ com-
plex in which the carbonyl group interacts with the Na+ cat-
ion (Fig. 7b). The low intensity of this new band, however,
indicates that structure B is not predominant in acetonitrile
solution. The presence of these two bands suggests the exis-
tence of a dynamic equilibrium between structure A and
structure B of the MON6–Na+ complex. These two struc-
tures are only two extreme conformations among many
other conformations realized with different probabilities.
For the MON6–Na+ complex and in contrast to all other
complexes investigated here this leads to a gain of entropy.
This might explain that Na+ forms the most stable complexes
with MON6 as observed in the ESI experiments discussed
above.
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panded scale in the stretching vibrations region, (b) n(OH), and (c) n(C]O).
2.4. PM5 calculations

Taking into account the experimental findings, the heat of
formation (HOF) of the structures of MON6 and its com-
plexes with Li+, Na+ and K+ cations were calculated and
are summarized in Table 4. These data show that the most
stable complexes in the gas phase (under the experimental
conditions similar to those of ESI measurements) are formed
with the Na+[Li+w K+ cations. This result is in good
agreement with the ESI data discussed above. The DHOF
values show that the structures in which the carbonyl group
is involved in the complexation process are energetically less
favorable than those in which the carbonyl group is not in-
volved in the complexation process. This is especially signif-
icant in the case of MON6–K+ complexes.

The interatomic distances between the oxygen atoms of
MON6 and cations, and the partial charges at these atoms
are given in Table 5. Analysis of these values shows that
some oxygen atoms such as OIV, OVI, OVII, OIX, and OXI

are always involved in coordination irrespective of the kind
of the cation, whereas OI, OII,OIII, and OXII play no role in
this coordination process within the structures of A type,
which is in agreement with the 13C NMR data. Other oxygen
atoms can be involved in this process depending on the type
of cation and the structure A or B. The coordinating distances
and the number of coordinating oxygen atoms suggest that all
the cations studied can undergo fast fluctuations within the
structures of the complexes as it was demonstrated in the
complexes of crown ethers with monovalent cations.27

Furthermore, the lengths and angles of the hydrogen bonds
in which the OH groups are engaged are summarized in
Table 6. The calculated structure of MON6 indicates that
the OII oxygen atom from the C]O ester group is engaged
in the bifurcated intramolecular hydrogen bonds with
two OXH and OXIH hydroxyl groups. On formation of
MON6 complexes with cations, these hydrogen bonds
are always broken. For this reason, the 13C NMR signals
of the C1 carbon atoms are shifted toward higher ppm values
(Table 3).

Table 4. Heat of formation (kcal/mol) of MON6 and its complexes with the
cations without (A) and with (B) the engagement of carbonyl group in
coordination process calculated by PM5 method (WinMopac 2003)

Complex HOF (kcal/mol) DHOF (kcal/mol)

MON6 �650.40 —
MON6+Li+uncomplexed(A) �520.92 �174.77
MON6+Li+complexed(A) �695.69
MON6+Li+uncomplexed(B) �520.92 �111.48
MON6+Li+complexed(B) �632.40
MON6+Na+

uncomplexed (A) �501.28 �254.79
MON6+Na+

complexed (A) �756.07
MON6+Na+

uncomplexed(B) �501.28 �219.36
MON6+Na+

complexed (B) �720.64
MON6+K+

uncomplexed(A) �492.50 �161.12
MON6+K+

complexed(A) �653.62
MON6+K+

uncomplexed (B) �492.50 �79.08
MON6+K+

complexed (B) �571.58

DHOF¼HOFMON6+M+complexed�HOFMON6+M+uncomplexed, where M¼
monovalent metal cation. (A)—structure of MON6 complex in which
the C1]O group is not involved in coordination of the metal cation.
(B)—structure of MON6 complex in which the C1]O group is involved
in coordination of the metal cation.
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The strongest hydrogen bonds within the calculated structure
of MON6–Li+ complex are OIVH/OIX and OXH/OIV in-
tramolecular hydrogen bonds. These results as well as other
calculated parameters of the hydrogen bonds are in very good
agreement with the NMR and FTIR observations.

The calculated structures of MON6 and its complexes with
Li+, Na+ and K+ cations are visualized in Figures 5–8. The
hydrogen bonds and the coordination bonds are marked by
dots. A comparison of all the calculated structures indicates
that only for the MON6 complex with Na+ cation does the

Table 5. The interatomic distances (Å) and partial charges for O atoms of
MON6 coordinating metal cations in complexes structures calculated by
PM5 method

Complex with
monovalent
cation

Monovalent
cation partial
charge

Coordinating
atom

Coordinating
atom partial
charge

Distances (Å)
coordinating
atom/cation

MON6: Li+

(A)
+0.434 OI — —

OII — —
OIII — —
OIVH �0.372 2.00
OV — —
OVI �0.395 2.14
OVII �0.377 2.04
OVIII — —
OIX �0.384 2.08
OX — —
OXI �0.397 2.16
OXII — —
OXIII �0.388 2.09

MON6: Na+

(A)
+0.297 OI — —

OII — —
OIII — —
OIVH �0.402 2.27
OV — —
OVI �0.408 2.30
OVII �0.401 2.26
OVIII �0.397 2.21
OIX �0.416 2.32
OX — —
OXI �0.400 2.21
OXII — —
OXIII — —

MON6: Na+

(B)
+0.329 OI — —

OII �0.513 2.37
OIII — —
OIVH �0.408 2.29
OV — —
OVI �0.409 2.31
OVII �0.513 2.37
OVIII �0.402 2.25
OIX �0.415 2.32
OX — —
OXI �0.410 2.31
OXII — —
OXIII — —

MON6:K+

(A)
+0.468 OI — —

OII — —
OIII — —
OIVH �0.420 2.77
OV �0.434 2.81
OVI �0.413 2.64
OVII �0.438 2.88
OVIII — —
OIX �0.435 2.82
OX — —
OXI �0.416 2.72
OXII — —
OXIII �0.418 2.75
molecule form a pseudo-crown ether structure and therefore,
the affinity of MON6 toward Na+ is higher than that toward
other cations.

Figure 5. The structure of MON6 calculated by PM5 method (WinMopac
2003).

Table 6. The length (Å) and angle (�) of the hydrogen bond for MON6 com-
plexes calculated by PM5 method (WinMopac 2003)

Compound O-atom Hydrogen bond length (Å)
[hydrogen bond angle (�)]

OIVH OXH OXIH OXIIIIH

MON6 OII — 2.92
[147.4]

2.94
[136.7]

—

OIX 2.72
[160.9]

— — —

OIII — — — 2.96
[143.7]

MON6:Li+

(A)
OIV — 2.55

[158.1]
— —

OIII — — — —
OI — — 2.94

[160.8]
2.46
[121.7]

OIX 2.45
[145.3]

— — —

MON6:Na+

(A)
OIV — 2.66

[162.7]
— —

OIII — — 2.72
[159.3]

—

OX — — — 2.79
[128.2]

MON6:Na+

(B)
OIV — 2.65

[148.9]
— —

OXII — — 2.70
[142.8]

—

OX — — — 2.81
[144.8]

MON6:K+

(A)
OI — 2.62

[151.8]
— —

OX — — — 2.78
[147.5]

OIII — — 2.75
[139.5]

—
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Figure 7. The structures of two types of MON6–Na+ complexes: (a) without
the engagement of the C1]O carbonyl group in coordination of the cat-
ion—type A, (b) with the engagement of the C1]O carbonyl group in co-
ordination of the cation—type B calculated by PM5 method (WinMopac
2003).

Figure 6. The structure of MON6–Li+ complex calculated by PM5 method
(WinMopac 2003).
3. Conclusions

The monensin A ester with diethylene glycol has been syn-
thesized by a new method and its ability to form complexes
with Li+, Na+ and K+ cations has been studied. It has been
demonstrated that MON6 preferentially forms a complex
with Na+ cations. The formation of stable complexes of
1:1 stoichiometry up to cv¼30 V is indicated by the electro-
spray ionization mass spectra. With increasing cone voltage
value the fragmentation of the respective complexes is
detected and is connected primarily with the dehydration
process. The formation of the complexes as well as the intra-
molecular hydrogen bonds stabilizing their structures is
demonstrated by 1H and 13C NMR, FTIR spectra and PM5
semiempirical calculations. It is shown that in the structure
of MON6 the oxygen atom of the C]O ester group is in-
volved in very weak bifurcated hydrogen bonds with two hy-
droxyl groups. Within the complexes of MON6 with Na+

cations (type A), the C]O ester group is not hydrogen-
bonded, whereas in the structures of type B it coordinates
the Na+ cations. Such structures are, however, not dominant.
It is demonstrated that the strongest intramolecular hydrogen
bonds are formed within structure of the MON6–Li+ com-
plex. Despite this fact, the formation of a pseudo-crown
ring structure in the MON6 complex with Na+ cations deter-
mines its highest stability from among all complexes
studied.

4. Experimental

4.1. Chemical reagents

The monensin A sodium salt was purchased from Sigma
(90–95%). The perchlorates LiClO4, NaClO4 and KClO4

were commercial products of Sigma and were used without
any further purification. The salts were hydrates, and it was
necessary to dehydrate them by several (6–10 times) evapo-
ration steps from a 1:5 mixture of acetonitrile and absolute
ethanol. The dehydration of the perchlorates was followed
by FTIR spectroscopy in acetonitrile.

Figure 8. The structure of MON6–K+ complex calculated by PM5 method
(WinMopac 2003).
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CD3CN and CH3CN 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.

4.2. Synthesis of 2-(2-hydroxyethoxy)ethyl ester of
monensin A (MON6)

Monensin A sodium salt was dissolved in dichloromethane
and stirred vigorously with a layer of aqueous sulfuric acid
(pH¼1.5). The organic layer containing MONA was washed
with distilled water, and dichloromethane was evaporated
under reduced pressure to dryness.

A solution of MONA (500 mg, 0.75 mmol), 1,3-dicyclohex-
ylcarbodiimide (140 mg, 0.90 mmol), 4-pyrrolidinopyridine
(50 mg, 0.33 mmol), diethylene glycol (795 mg, 7.5 mmol)
in dichloromethane (15 mL) was stirred at a temperature
below 0 �C for 24 h. After this time the reaction mixture
was stirred at room temperature for 24 h, diluted with
H2O, and extracted with CH2Cl2. The extract was evapo-
rated under reduced pressure to dryness. The residue was
suspended in hexane and filtered off. The filtrate was evap-
orated under reduced pressure and purified by chromato-
graphy on silica gel (Fluka type 60, dichloromethane/
acetone¼10:1) to give MON6 (400 mg, 70% yield) as a col-
orless oil showing tendency to form a glass state. Elemen-
tary analysis: Calcd: C, 63.30%; H, 9.30%. Found: C,
63.20%; H, 9.35%.

4.3. Preparation of MON6 complexes with monovalent
cations

The solutions (0.07 M) of 1:1 complexes of MON6 with
monovalent cations (Li+, Na+, and K+) were obtained by
adding an equimolar amount of MClO4 salt (M¼Li, Na,
K) dissolved in acetonitrile to MON6 dissolved in acetoni-
trile. The solvent was evaporated under reduced pressure
to dryness and the oil residue was dissolved in the respective
volume of dry CH3CN or CD3CN.

4.4. Mass spectrometry

The ESI (electrospray ionization) mass spectra were re-
corded on a Waters/Micromass (Manchester, UK) ZQ
mass spectrometer equipped with a Harvard Apparatus sy-
ringe pump. All samples were prepared in acetonitrile. The
measurements were performed with two types of samples;
solutions of MON6 (5�10�5 mol dm�3) with (a) each of
the cations Li+, Na+, and K+ (2.5�10�4 mol dm�3) taken
separately and (b) the cations Li+, Na+, and K+ (5�10�5/
3 mol dm�3) taken together. The samples were infused into
the ESI source using a Harvard pump at a flow rate of
20 mL min�1. The ESI source potentials were capillary
3 kV, lens 0.5 kV, extractor 4 V. The standard ESI mass spec-
tra were recorded at cone voltages: 10, 30, 50, 70, 90, 110,
and 130 V. The source temperature was 120 �C and the
desolvation temperature was 300 �C. Nitrogen was used as the
nebulizing and desolvation gas at flow rates of 100 and
300 dm3 h�1, respectively. Mass spectra were acquired in
the positive ion detection mode with unit mass resolution
at a step size of 1 m/z unit. The mass range for ESI experi-
ments was from m/z¼200 to 1000.
4.5. Spectroscopic measurements

The FTIR spectra of MON6 and its 1:1 complexes
(0.07 mol dm�3) with LiClO4, NaClO4, and KClO4 were
recorded in the mid infrared region in acetonitrile solutions
using a Bruker IFS 113v spectrometer.

A cell with Si windows and wedge-shaped layers was used to
avoid interferences (mean layer thickness 170 mm). The
spectra were taken with an IFS 113v FTIR spectrophoto-
meter (Bruker, Karlsruhe) equipped with a DTGS detector;
resolution 2 cm�1. The Happ-Genzel apodization function
was used. All manipulations with the compounds were per-
formed in a carefully dried and CO2-free glove box.

The NMR spectra of MON6 and its 1:1 complexes
(0.07 mol dm�3) with LiClO4, NaClO4 and KClO4 were re-
corded in CD3CN solutions using a Varian Gemini 300 MHz
spectrometer. All spectra were locked to the deuterium
resonance of CD3CN.

The 1H NMR measurements in CD3CN were carried out
at the operating frequency 300.075 MHz; flip angle,
pw¼45�; spectral width, sw¼4500 Hz; acquisition time,
at¼2.0 s; relaxation delay, d1¼1.0 s; T¼293.0 K and using
TMS as the internal standard. No window function or zero
filling was used. Digital resolution was 0.2 Hz per point.
The error of chemical shift value was 0.01 ppm.

13C NMR spectra were recorded at the operating frequency
75.454 MHz; pw¼60�; sw¼19,000 Hz; at¼1.8 s; d1¼1.0 s;
T¼293.0 K and TMS as the internal standard. Line broaden-
ing parameters were 0.5 or 1 Hz. The error of chemical shift
value was 0.01 ppm.

The 1H and 13C NMR signals were assigned independently
for each species using one or two-dimensional (COSY, HET-
COR) spectra.

4.6. PM5 calculations

PM5 quantum calculations were performed using the Win-
Mopac 2003 program at the semiempirical level (Cache
Work System Pro Version 5.04—Fujitsu).28–32 PM5 quan-
tum semiempirical method uses the Schr€odinger equation
to determine bond strengths, atomic hybridizations, partial
charges, and orbitals from the positions of the atoms and
the net charge.

For MON6 and its complexes the initial optimization of the
structures was carried out using the molecular mechanics—
extensive global minimum energy conformation search with
the Conflex/MM3 from WinMopac 2003 program. Global
optimization runs were carried out for all the MON6 com-
plexes using about 4500 local minimizations in each global
optimization. The calculated energetically the most favor-
able structures of conformers corresponding the global min-
imum points were further optimized by the PM5 quantum
semiempirical method with the energy gradient not exceed-
ing 10 kcal mol�1 in one step. In all cases full geometry
optimization of MON6 and its complexes was carried out
without any symmetry constraints. The semiempirical calcu-
lations were performed using a computer equipped with an
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AMD Athlon 1.26 GHz processor and 2GB operating
memory.

4.7. Elemental analysis

The elemental analysis of MON6 was carried out on Vario
ELIII (Elementar, Germany).
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