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Synthesis, electronic spectra and conformational properties of some N-substituted
aza-crown ethers
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The preparation and the electronic (absorption and fluorescence) spectra of some newly synthesized N-substituted
C15 and C18 diaza-crown ethers are reported. Dynamic and conformational simulations at the semiempirical PM3 MO
level show relatively weak interactions of the small Mg** ions with the ether macrocycle as well as with the aromatic
chromophore. The PM3 calculations indicate a clear preference for this ion of the smaller C15-diazacrown cycle. The
calculated ring deformation energies, required to accommodate Mg*" by C18-diazacrowns, are about 25 kcal/mol higher
than by C15 rings. This result is in line with the known weak selectivity of C18-crowns for small divalent metal ions in
solution. Substituents at the N-atom affect the complexation properties not only through interaction with the charge
density of the metal cation, but also through hindering the access of metal cations to the ionophore cavity.
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INTRODUCTION

Macrocyclic organic molecules, containing
heteroatoms, are widely recognized as important
components of the rapidly increasing variety of
host—guest complexes. The simplest crown ethers
and their derivatives are used as ion selective
reagents in a number of separation and catalytic
processes and as model reagents for molecular
recognition [1]. Studies of ion complexation by
these reagents are most often carried out using
spectroscopic methods, among the latter electronic
spectroscopy [2—4]. Crown ethers with specific
chromophoric and/or fluorophoric substituents are
of particular interest in photophysical studies of ion
complexation. Data on the structure, spectral and
analytical properties of N-phenylaza-/5-crown-5
derivatives (A15C5 1, Scheme 1) with p-azomethine
substituents, as well as their complexes with
alkaline metal ions, with Be’" and Mg*" have been
reported in a series of earlier papers [5-11].

The dansyl (Dns, /-dimethylamino-5-naphtha-
lenesulfonyl) fluorophore is widely used as a label
in aminoacid and protein chemistry because of its
convenient attachment to amine functionalities.
Spectroscopic analyses of ion—macrocyclic inter-
actions of dansyl derivatives of monoaza A15C5
and A18C6 have been performed [4, 12]. Weak
binding of Li+, Na+, K+ to 3 has been discussed on
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the basis of the known solid state structure of the
free crown [4] pointing at the necessity of confor-
mational and/or molecular dynamics studies of
compound 3 [4] in order to understand its cation
binding properties. Solvent polarity dependence of
the position of the fluorescence emission maximum
of 3, Vinax vs. ET(30), has been reported as well [4].

Scheme 1. Structures and notation of bis-dansyl
aza-crown ethers
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In this paper we report the synthesis and
electronic spectra, and discuss the cation binding
properties of bis-dansyl derivatives of 4,13-diaza-
15-crown-5, 2, and 4,/3-diaza-18-crown-6, 3 [12]
(Scheme 1), as well as N-phenyl A15C5 crown
ether derivatives of barbituric acids 4 (Scheme 2).
The compounds 2 and 4 have not yet been
described, while the compound 3 is already known
[12].

Scheme 2. Structures and notation in
5-[4-(1,4,7,10-tetraoxa- 3-azacyclopentadec- 1 3-yl)-
benzylidene]-pyrimidine-2,4, 6-triones 4.

Table 1. Thermoanalytical data of compounds 2, 3 and 4.

METHODOLOGIES AND ANALYTICAL DATA

Synthesis of bis-Dns crown ethers 2 and 3: We
use a general procedure, in which to a solution of
1.39 mmol diaza-crown ether and 0.39 ml (2.78
mmol) dry triethylamine in 5 ml dry CH,Cl, we add
dropwise an excess of dansyl chloride (3.26 mmol,
0.85 g) solution in 7 ml CH,Cl,. The resulting
mixture is stirred for 24 hours at room temperature.
The reaction mixture is then washed with water,
reextracted with CH,Cl, and the combined organic
extracts are dried over Na,SO,4. The product is then
isolated by evaporation of the solvent and
recrystallised from ethylacetate. The purity of bis-
Dns derivatives is verified by thin layer
chromatography (TLC). The obtained thermo-
analytical data for 3, Table 1, are close to the results
reported earlier [4]. Our "H NMR data for 3 (Table
2) are similar to the known values [13] as well.
UV/Vis spectral data are given in Table 4.

Yield, % Formula (mol. mass) M.p., °C C, % H, % N, %
Calc. Found, Calc. Found Calc. Found
2 61 C33,HuuNLO-S, 168-169  59.65 59.99 6.48 6.66
(684)
3 46 C36H4sN4O5S, 170-171 59.30 59.28 6.59 6.83
(728)
4a 42 C,1Hy7N;04 212-213  58.19 57.65 6.28 6.30 9.70 9.55
(433.5)
4b 63 Cy3H;3 N0, 206-207  59.85 59.72 6.77 6.93 9.11 9.09
(461.5)
4c 71 C,5H35N306S 227-229  59.34 59.30 6.92 6.54 8.30 8.74
(505.6)

Table 2. 1H-NMR spectral data of compounds 2 and 3 in CDCl;. For atom notations, see Scheme 1.

N(CH;), O(CHy),-ab,de  O(CH,),—c 1-H, 4-H 2-H,5-H 3-H, 6-H

2 2.86(s, 6H) 3.42-3.66 3.54 7.15(dd,2H)  7.49 (dd2H)  8.29 (dt, 2H)
(m, 16H) (s, 4H) 8.13(dd,2H)  7.53(dd2H)  8.51 (dt 2H)

3 2.83(s, 6H) 3.59 3.48 7.18 (dd,2H)  7.51 (dd2H)  8.29 (dt, 2H)
(s, 16H) (s, 8H) 8.14 (dd,2H)  7.54(dd2H)  8.51 (dt, 2H)

Table 3. 'H-NMR data of compounds 4a—c in CDCI;. For atom notations, see Scheme 2.

R O(CH2)2*e O(CHz)ra,b,c,d 2H 3-H -CH=

4a® 10.93 (s, 1H) 3.50 3.53-3.58 6.80 8.41 8.14
11.06 (s, 1H) (s, 4H) (m, 8H) (m, 2H) (m, 2H) (s, TH)

3.69(s, SH)

4b 3.36 (s, 3H, CH3) 3.62 3.63-3.83 6.71 8.38 8.42
3.39 (s, 3H, CHy) (s, 4H) (m, 16H) (m, 2H) (m, 2H) (s, 1H)

4c 1.31 (t,3H, CH,) 3.66 3.70-3.84 6.74 8.40 8.41
1.32 (,3H, CHy) (s, 4H) (m, 16H) (m, 2H) (m, 2H) (s, 1H)

4.53-4.61 (m, 4H, CH,)

a- DMSO-d,
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Synthesis of 5-[4-(1,4,7,10-tetraoxa-13-azacyclo-
pentadec-13-yl)-benzylidene]-pyrimidine-2,4, 6-tri-
ones 4: Warm solutions of 0.4 g (1.24 mmol) of 4-
(1,4,7,10-tetraoxa-1 3-azacyclopentadec-/3-yl) benz-
aldehyde [13] in 5 ml glacial AcOH and 1.24 mmol
of the corresponding barbituric acid (/,3-H-1,3-
dimethyl-/,3-diethyl-2-thio) in 5 ml glacial AcOH
are mixed and then refluxed for 2 hours. The
product crystallizes upon cooling, and is purified by
recrystallisation from AcOH. The product purity is
verified by TLC. '"H NMR data are listed in Table 3
and UV/Vis spectral data in ethanol are given in
Table 4.

Table 4. UV-VIS absorption and fluorescence spectral
characteristics of the studied substituted aza-crown
compounds in ethanol.

-1 -1 -1
VAbs, CM VF, €M

Compound AVsiokes, €M
2 29600 18700 10900
4a 21500 19100 2400
4b 21400 18900 2500
4c 20100 17700 2400

Electronic spectra

The absorption and emission UV spectra of
compounds 2 and 4a—c have been recorded in
ethanol, respectively, on a Specord UV-VIS
spectrophotometer and a MPF-44 Perkin-Elmer
spectrofluorimeter (Table 4).

The absorption spectrum of 2 consists of three
bands of diminishing intensity at 220, 253 and 338
nm. The observed similarity in shape and position of
the bands of both the absorption and fluorescence
spectra of 2 to those, reported for -
(dimethylamino)-5-naphthalenesulfonic acid [4, 23]
suggests absence of significant interaction between
the crown ether moiety and the basic dansyl
chromophore, as previously found in the case of
dansyl substituted monoaza crown ethers [4, 12].
The observed anomalous Stokes shift of 2, by
analogy to the basic dansyl fluorophore, I-
(dimethylamino)-5-naphthalenesulfonic acid, can be
interpreted in terms of large increase of the dipole
moment in polar solvents upon excitation, due to a
change of the emitting state upon increasing the
solvent polarity [17].

The absorption spectra of compounds 4a—c
consist of an intense CT band in the visible region
(see Table 4) and a series of low intensity bands at
shorter wavelengths.

Molecular modeling

The geometries of N-substituted aza-crown
ethers 2 and 3 have been optimized without
constraints using MOPAC 93 [18] and the PM3 [19]

hamiltonian as implemented in this program. In
addition, dynamic geometry changes of Dns-aza-
crownl5 2 have been calculated using the dynamic
reaction coordinate approach, DRC [20], and the
same PM3 semi-empirical MO approximation.

RESULTS AND DISCUSSION

Conformations of the studied crown ethers and
conformational changes upon binding metal ions:
Free crown ethers possess multiple conformational
minima, the preferred ones of which are those with
the heteroatoms as much apart as possible, as shown
both experimentally and by molecular mechanics
[21] and quantum chemical MO [22] calculations. In
contrast to it, in metal complexes of crown ethers
the heteroatoms are pointing to the inside of the ring
[21-23], as they are attracted more or less strongly
by the ion positive charge(s). The conformational
changes in case of metal ion coordination require
significant amounts of energy, which are part of the
ion — crown stabilization energy. In the case of aza-
crown ethers there is some uncertainty concerning
the preference of specific metal ions to oxygen or
nitrogen atoms of the ligand. Therefore, we attempt
to shed some light on this problem by MO
calculations of crown complexes.

According to the PM3 dynamic calculations
(Figure 1) the Dns-substituent in the aza-crown
ether does not drastically change the known features
of the macro-heterocycle.

A

500 fsec

J

Final configuration

116 fsec

Fig. 1. Molecular dynamics, with time marks,
of Dns-A15C5 2, PM3.
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However, a PM3 conformational analysis, per-
formed separately, shows that the dansyl fragment
in Dns-A15C5 2 rotates around the N-S(O,) bond
practically freely (barrier for rotation is not higher
than 3.5 kcal/mol), see Figure 2, and can hinder the
access of metal ions to the internal crown cavity.

The partial hindering of ionophore cavity by the
rotating dansyl moiety can be the reason for the
observed reduced interaction of monoaza crown
ethers carrying the dansyl fluorophore with alkaline
metal ions [4, 12]. Bis-dansyl crown ethers may be
expected to show more of this hindrance effect, even
though the rotation of fluorescent fragments in
Dns,-A18C6 3 is significantly limited by the
relatively broad zones of forbidden conformations
(see Figure 3).

Fig. 2. Energy profile for the dansyl rotation
in Dns-A15C5 2, PM3 calculation.

Fig. 3. Energy profile for the dansyl rotation
in Dns-A18C6 3, PM3 calculation.

The complex formation of aza-crown ethers with
divalent metal ions is studied by PM3 calculations
of the respective Mg*" complexes. The results, listed
in Table 5, indicate that the A15C5 crowns 4a and
4c form stronger complexes with the small
magnesium cation than the A18C6 crown 3.
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Compared to the known very stable magnesium
hexahydrate complex these complexes are, however,
significantly less stable. This result predicts a
negligible selectivity of the studied crown ethers
with respect to Mg®", even with the necessary
reservations against the used PM3 approximation in
present calculations. The conformation energy loss
by ring deformation is relatively small, ca. 20
kcal/mol — see column 4, entries 2, 4a and 4c¢ of
Table 5 (the 1SCF calculations).

Fig. 4. Mg** .2H,0 complexes of bis-dansyl crown ethers
C15A2 (top) and C18A2 (bottom), PM3 calculations.
The structure of the free compound 3 is given for
comparison, with the heteroatoms as shaded circles.

As it was expected, the PM3 calculations show
that the complexes of the larger A18C6 crown 3
with Mg”" are even less stable than those of 2, 4a
and 4c¢, and indeed compared to Mg* (H,0)s. The
latter result is evidently due to the larger cavity size
of 3, as is the resulting larger loss of conformational
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energy upon metal ion binding, almost 50 kcal/mol
versus 21-26 kcal/mol for the C15 ligands (see
Table 5). Indeed, the absolute values of the
calculated PM3 stabilization energies of the studied
aza-crown-Mg”" complexes are of little significance
due to the strong exaggeration of Mg~
interaction energies by the used valence electron
MO approximation. However, the calculated order
of macrocycle deformation energies is in line with
the preference of 15-membered crown ethers for
smaller mono and divalent main group metal ions
known from experimental data. Moreover, the
results clearly indicate, that crown ethers 4a—c are
expected to form much stronger complexes with
Mg”" than the widely studied dansyl derivatives of
crown ethers. The PM3 calculations additionally
indicate preference of Mg®" ions for oxygen rather
than nitrogen atoms of crown ligands (see Figure 4).
This result is in line with the known preference of
“hard” Mg”" ions for oxygen rather than nitrogen
atoms in protein complexes [24]. In addition,
calculations (as well as the X-ray data) show that
the traditional symmetric formulae of crown ethers
and their metal complexes do not present correctly
their  structures. In fact, the symmetric
configurations of studied diaza-crowns ethers 2 and
3, and their metal complexes are not stationary
points on the respective potential energy surfaces.

Table 5. PM3 heats of formation H; in kcal/mol of
substituted aza-crown ethers and complexes with Mg”".
Reference heats of formation are: Mg2+, 555.1; H,O,
-53.4; Mg2+(H20)6, —68.9, AH; = -303.6 kcal/mol, PM3.

Aza- Free +Mg> —Mg"/ —Mg¥/ +Mg2'+
crown crown AHf 1SCF opt 2H,0
ether AHf AHf AHf
2 -1499 2904 1232 —147.8 67.9
-114.8 26.7 2.1 -230.5
3 -184.7  207.5 -139.5 -182.8 21.8
-162.9 45.2 0.5 —241.8
4a 2295 1326  -208.1 —227.7 -29.6
-193.0 21.4 1.8 —248.4
4c¢ 1574 2064 1358 —158.2 442
-191.3 21.6 -0.8 —246.7

As regarding the “approximately perpendicular”
orientation of dansyl fragments against the macro-
cyclic aza-ether, observed in the solid state X-ray
studies of 3 [4], the PM3 calculations indicate that
these conformations are well within the broad zones
of free rotation around N—S bonds and could only be
limited by inversion processes of aza-nitrogen atoms
and the macrocycle (see Figure 5). We did not try to
calculate barriers to these processes, but found that
energy differences between some of the possible
conformers were again within a few kcal.mol .
Thus, the observed crystal structures [4] can well be

30

the result of crystal lattice interactions beyond the
scope of our study.

-182.8

-186.4

4

-183.8

Fig. 5. PM3 Heats of formation of rotamers arising from
dansyl rotation around the axial sulfamide bond N-S, the
dihedral rotation angle defined as < C—N—S— O. Exo- and
endo-axial dansyl substituents of Dns,-A18C6 3 are
shown at the top. “Perpendicular conformers” with
diequatorial dansyl substituents are shown at the bottom.
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CONCLUSIONS

A number of factors are commonly recognized in
the literature to affect the binding ability and
selectivity of crown ether ligands to metal ions.
Among them the size of the crown ether cavity and
the size and charge density of the metal ion are
recognized as the most important ones, most often
the size match being considered the key factor.
Substituents in the crown ether have also been
considered in some cases to affect the complexation
properties through interaction with the charge
density of the metal cation.

In the present study we observe all the mentioned
effects. The calculated order of macrocycle defor-
mation energies is in line with the preference of 15-
membered crown ethers for smaller mono and
divalent main group metal ions, compared to the 18-
membered crown known from experimental data.
The compounds 4 form more stable complexes with
Mg®" than the compounds 2 and 3, presumably for
two reasons: first, because the p-substituted benzy-
lidene-pyrimidine moiety is more sensitive to the
high charge density of Mg®" than the dansyl
fragment, and second, because the p-substituted
benzylidene-pyrimidyl fragment does not hinder the
access of metal cations to the ionophore cavity.
Both reasons originate from the capability of p-
substituted benzylidene-pyrimidyl to participate in
n-electron conjugation, a property that the dansyl
fragment does not possess. Our results confirm the
suggested participation of the dansyl fluorescent
label in hindering the access of metal ions to the
ionophore cavity — an additional factor, which ought
to be considered in interpretations of experimental
data concerning ligands bearing flexibly bound
indicator fragments.

REFERENCES

1. R. M. Izatt, K. Pawlak, J. S. Bradshaw, Chem. Rev.,
91, 1721 (1991).

2. B. Valeur, in: Chemosensors of Ion and Molecule
Recognition (NATO ASI Ser., Vol. 492, Ser. C), J.-
P. Desvergne, A. W. Czarnik, (Eds.), Kluwer,
Dordrecht, 1997, p. 195.

3. F. Vogtle, Supramolekulare Chemie,
Stuttgart, 1989, p. 82

Teubner,

250

4

5.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. M. Mitewa,

. N. Mateeva,

E. S. Meadows, S. L. De Wall, P. W. Salama, E.
Abel, G. W. Gokel, Supramol. Chem., 10, 163 (1999).
N. Mateeva, T. Deligeorgiev, M. Mitewa, S. Simova,
Dyes Pigm., 20,271 (1992).

N. Mateeva, T. Deligeorgiev, M. Mitewa, S. Simova,
I. Dimov, J. Incl. Phenom. Mol. Recog. Chem., 17,
81 (1994).

N. Mateeva, L. Antonov, T.
Deligeorgiev, Dyes Pigm., 27,219 (1995).

L. Antonov, N. Mateeva, Talanta, 41, 1489 (1994).
V. Enchev, L. Antonov, T.
Deligeorgiev, M. Mitewa, J. Incl. Phenom. Mol.
Recog. Chem., 20, 323 (1995).

M. Mitewa, N. Mateeva, L. Antonov, Quim. Anal.,
16, 153 (1997).

L. Antonov, M. Vladimirova, E. Stanoeva, W. M. F.
Fabian, L. Ballester, M. Mitewa, J. Incl. Phenom.
Macrocycl. Chem., 40, 23 (2001).

H. Warmke, W. Wiczk, T. Ossowski, Talanta, 52,
449 (2000).

J. P. Dix, F. Vogtle, Chem. Ber., 113, 638 (1980).

A. J. Pearson, W. Xiao, J. Org. Chem., 68, 5361
(2003).

A. J. Pearson, W. Xiao, J. Org. Chem., 68, 5369
(2003).

C. M. Cardona, J. Alvarez, A. E. Kaifer, T. D.
McCarley, S. Pandey, G. A. Baker, N. J. Bonzagni,
F. V. Bright, J. Am. Chem. Soc., 122, 6139 (2000).
Y.-H. Li, L.-M. Chan, L. Tyer, R. T. Moody, C. M.
Himel, D. M. Hercules, J. Am. Chem. Soc., 97, 3118
(1975).

MOPAC 93: J. J. P. Stewart, Fujitsu Ltd., 1993;
MOPAC 7: Linux Public Domain:
http://www.webmo.net/download/mopac7.tar.z; L.
Cserny, ftp://esca.atomki.hu.

J. J. P. Stewart, J. Comput. Chem., 10, 209 (1989);
ibid., 12,320 (1991).

MOPAC 5.09mn by James J. P. Stewart, Ivan Rossi,
Wei-Ping Hu, Gillian C. Lynch, Yi-Ping Liu, Yao-
Yuan Chuang, Jiabo Li, Christopher J. Cramer,
Patton L. Fast, and Donald G. Truhlar: Minnesota
Supercomputer Institute, 1999.

S. Lee, T. Wyttenbach, G. von Helden, M. T.
Bowers, J. Am. Chem. Soc., 117, 10159 (1994).

O. A. Raevsky, V. P. Solov’ev, A. F. Solotnov, H.-J.
Schneider, V. Ridiger, J. Org. Chem., 61, 8113
(1996).

E. D. Glendening, D. Feller, M. A. Thompson, J. Am.
Chem. Soc., 116, 10657 (1994).

T. Dudev, C. Lim, Chem. Rev., 103, 773 (2003).



EJIEKTPOHHH CIIEKTPU 1 KOHOOPMALIMOHHU Cl}OﬁCTBA HA HAKOHN N-3AMECTEHU
A3A-KOPOHHU ETEPU U TEXHU KOMIUIEKCHU C MOHN HA AJIKAJIO3EMHU METAJIN

C. M. Baxasnosa', M. I1. Bragumuposa’, E. Cranoesa”, M. Muresa®, X. Kaneru'*

1
HUnemumym no opeanuuna xumusi ¢ yenmwp no gumodgpumus, bvreapcka akademus na naykume,
yia. ,,akao. I'. Bonues”, 6nok 9, 1113 Cogus
2 Xumuuecku ¢axyimem, CY ,, Ce. Knumenm Oxpudcku”, oyxa. ,, Hocetime Bayuep” Ne 1, Coghus

Hocrenuna wa 17 nHoemspu 2003 1., IIpepaborena Ha 19 suyapu 2004 T.

(Pesrome)

OnmcaHn ca CHHTE3BT W CIEKTPOHHHUTE a0COpPOIMOHHM W  (IIyOpPEeCHECHTHH EMHCHOHHH CIEKTpU Ha
HOBOcHHTe3npann N-mamsmin-3amecteHn C15 wuw  CI18 a3a-xkopoHHH erepu. VI3BBpHIeHO € AWHAMHYHO U
KOH(OPMaMOHHO MozenpaHe Ha noryemnupudao PM3 MO HUBO, KOETO COYM OTHOCHUTEITHO cIa0u B3anMOJICHCTBUSA
Ha MaJIKusl ABYBAJIEHTEH HOH Mg2+ KaKTO C €TepHHsI MAKPOLMKBII, Taka 1 ¢ apomatHus ¢uyopodop. CriomeHarute PM3
MIPECMATaHUS COYaT SICHO NMPEANOYNTaHNE Ha MarHE3NEBUTE HOHU KbM Mo-MankuTe C15 OT n3cieaBaHUTE MAaKPOLUKIH.
Wzuncnenure enepruu 3a nedopmanus Ha Makporukbia C18 mpu oOpazyBaHe Ha M3CiIeBaHUTE HOHHH KOMIUIEKCH ca
OT MOPAABKA HA 25 KKaJI/MOJ M ¢a MO-HEU3rOJHU OT ChOoTBeTHHUTE cToMHOCTH 3a C15. To3u pe3ynrar € B ChOTBETCTBUE
c u3BecTHaTa ciaba cenexTuBHOCT Ha C18 KpayH eTepu KbM MaJIKU JIBYBaJCHTHH HOHU B Pa3TBOP. 3aMECTHTEIUTE IPU
A30THHS aTOM BJIMAST BBPXY KOMILIEKCOOOpa3yBaHETO HE CaMo uYpe3 B3aMMOJCHCTBHE ChC 3aps0oBaTa ILTBTHOCT HA
METaJHUS KaTHOH, HO M TIOCPE/ICTBOM 3allpeuyBaHe Ha JJOCThIIA Ha METAIHM HOHM JI0 KyXHHaTa Ha HoHodopa.
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