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N,N’-Bis(acylvinylated) diaza-18-crown-6 ether
as a lanthanide-selective macrocyclic complex-forming agent
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Nucleophilic substitution in B-chlorovinyl phenyl ketone with diaza-18-crown-6 ether
resulting in displacement of the chlorine atom afforded N,N’-bis(3-oxo-3-phenylpropen-1-
yl)-1,10-diaza-18-crown-6 ether. The ability of the latter to form complexes with a number of
metal cations was studied. However, the complex formation occurs only with the rare-earth
cations Ln3" and Th**. This fact was demonstrated by UV and 'H NMR spectroscopy of
solutions, confirmed by isolations of glassy phases of composition L;M,(NOj3)¢-nH,0
(M = La, Y, n = 4—7), and supported by IR spectra of these phases in KBr pellets. The
formation of complexes with La3" and Y3* leads to an increase in fluorescence intensity of the
ligand. The stability constants of the 1 : 1 complexes in methanol were evaluated by spectro-
photometry. These constants increase with decreasing ionic radius of the cation.
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Chemistry of polyazamacrocyclic compounds is being
extensively studied because these compounds find use as
complex-forming agents.!=5 Cyclam, cyclen, and various
azacrown ether derivatives attract interest due to their
ability to coordinate metal cations by both the donor
centers (O, N) of the macrocycle and the functional groups
introduced at the nitrogen atom (pendant groups). In the
case of azacrown ethers, this opens up virtually unlimited
possibilities for varying the coordination properties of the
macrocyclic ligand, which enables one to perform its "fine
tuning,” thus achieving selectivity with respect to a par-
ticular cation or a group of metal cations.»3~14 The chemi-
cal nature and conformational flexibility of pendant groups
are of particular importance for selective binding of hard
lanthanide(i1) and actinide cations.5:10:15—17 We prepared
the bis-N-(B-acylvinyl) derivative of diaza-18-crown-6

ether by direct acylvinylation of the latter (S V-type re-
action!8). In the present study, we report on the ability of
this derivative to selectively bind rare-earth (REM)
cations.

N,N’-Bis(3-0xo0-3-phenylpropen-1-yl)-1,10-diaza-
18-crown-6 (1) was synthesized by the reaction of diaza-
18-crown-6 ether with B-chlorovinyl phenyl ketone in
the presence of triethylamine in THF at 20 °C. Since
Et;NHCI precipitated within a few seconds after the be-
ginning of the reaction and the mixture slightly warmed
up, the reaction was completed almost immediately
(Scheme 1).

The UV-Vis absorption spectrum of crown ether 1
(Fig. 1) shows an intense maximum at 342 nm
(e = 3.6 10%). The changes in the position and intensity of
the maximum were used as the primary criterion for com-
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Fig. 1. UV-Vis absorption spectrum of crown ether 1 (a solution
in methanol, / = 1 cm, C = 3-1073 mol L~!, curve I) and its
changes in the presence of (a) YbCls - 6H,0: [Yb3*] =8-1074(2),
21073 (3), 6-1073 (4), and 1.2-1072 mol L-! (5); and
(b) YB(NO;)5-6H,0: [YB3*] = 5-10~% (2), 1-1073 (3),
2-1073 (4), and 4- 103 mol L~ (5).

plexation. In the presence of rare-earth salts (La"™, Nd",
Y™, and Yb'"! nitrates and Yb"™, Lu', and Gd" chlorides),
a pronounced bathochromic shift of the absorption band
was observed (see Fig. 1). In the presence of rare-earth
chlorides (Fig. 1, a), the absorption band contour also
changed and a shoulder at 380 nm appeared. By con-
trast, the addition of potassium, lithium, barium, zinc,
cobalt(11), and indium(in) salts (~10~2 mol L~!) caused

no changes in the spectra. The appearance of the batho-
chromic shift was rather unexpected, because coordina-
tion of a cation in the cavity of azacrown ether is generally
accompanied by a hypsochromic shift of the absorption
band of the chromophoric group bound to the nitrogen
atom,19—24 which would be expected according to a sim-
plified model of electron transition accompanied by charge
transfer (Scheme 2).
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At a substantially higher concentration of the crown
ether (c ~10~! mol L—!) and in the presence of an equimo-
lar amount of rare-earth (La, Y) nitrate, the correspond-
ing complex was isolated from a solution as a yellowish
oil, which again dissolved upon the addition of one more
equivalent of the rare-earth salt. After separation from the
mother liquor and vacuum drying, the oil vitrified to form
a glassy phase. The REM : crown ether ratio in the glassy
phases was estimated by elemental analysis to be substan-
tially smaller than unity. The composition of the yttrium
"complex" rather closely corresponds to the L;Y,(NO3)¢*
+7H,0 formula (L is crown ether 1). The lanthanum
content in the sample is somewhat higher due apparently
to a smaller degree of hydration.

Complexation with the diamagnetic La3* and Y3* cat-
ions in solution for the metal : crown ether ratio of 2 : 1
(C=2+10"2 mol L) was studied by 'H NMR spectro-
scopy. In the presence of an excess amount of KSCN, the
'H NMR spectrum of crown ether 1 remained unchanged,
whereas it is known25:26 that complexation of disubsti-
tuted diaza-18-crown-6 ethers with the potassium cation
is accompanied by noticeable shifts of the signals in the
'H NMR spectra.

The character of changes observed in the 'H NMR
spectrum of crown ether 1 (Table 1) argues against the

Table 1. Influence of the La(NO;);+6H,0 and Y(NOs);-6H,0 additives (2 equiv.) on the chemical shifts of protons in the 'H NMR
spectrum (5) of compound 1 (C = 2+ 10-2 mol L1, acetone-dg, 20 °C)

Additives H, H, H, H,, H, CH, groups of the macrocycle
Without additives 5.94 7.75 7.91 7.39 7.44 3.75, 3.65, 3.61
La(NOs);-6H,0 6.39 8.31 8.09 7.42 7.52 3.45—3.81

6.11 ~8.35 7.88 7.23 7.41
Y(NO;)5-6H,0 6.49 8.37 8.12 7.42 7.54 3.43—3.84
6.18 ~8.40 7.91 7.28 7.43
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symmetric coordination of the rare-earth cation in the
cavity of the macrocycle but, nevertheless, it provides
evidence for the occurrence of complexation. The changes
in the spectrum reflect primarily the breaking of the sym-
metry of the crown ether, resulting in the nonequivalence
of two PhC(O)CH=CH groups. The spectrum of the CH,
groups of the macrocycle also becomes more compli-
cated; however, the signals of the CH, groups are shifted
only slightly (see Table 1). By contrast, the signals for the
vinylic protons are shifted downfield by 0.15—0.6 ppm,
the largest shifts being observed for the protons of the
=CH—N fragment.

In our opinion, all the above-mentioned changes in
the '"H NMR spectrum are indicative of coordination of
the rare-earth cation by the carbonyl groups of the ligand
through the oxygen atoms. This gives an insight into the
nature of the bathochromic shift of the absorption band in
the UV-Vis spectrum observed upon complexation. The
electron transition in compound 1 is accompanied by
charge transfer. If coordination to the metal cation occurs
through the oxygen atom, the excited state is stabilized to
a larger extent, resulting in a decrease in the electron
transition energy (Scheme 3).27:28 This coordination mode
of the rare-carth cations through the oxygen atom of the
C=0 group is additionally supported by a comparison of
the IR spectra of the yttrium and lanthanum complexes
with the spectrum of free crown ether 1.

Scheme 3
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The spectrum of free crown ether 1 shows two intense
bands in the vibration region of the conjugated amino-
enone (NCH=CHCO) system at 1640 and 1540 cm™!
(Fig. 2), which is in good agreement with the published
data on the IR spectra of dialkylaminoenones (adopting
the s-cis conformation),? where the bands at 1640 and
1540 cm~! were assigned to vibrations of the conjugated
C=0 group and the enaminone CH=CH—N system, re-
spectively. However, quantum-mechanical calculations
of the vibrational spectrum* demonstrated that, in fact,
these vibrations are strongly coupled and more likely can
be characterized as v, (1640 cm~') and v, (1540 cm~!) of
the conjugated NCH=CHCO system. The much less in-
tense narrow band at 1580 cm™! is insensitive to complex-

* Calculations were carried out at the B3LYP/6-31G(d) level
for the model E-Ph(CO)CH=CHNR, compounds.
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Fig. 2. IR spectra of crown ether 1 (/) and its complexes with
lanthanum nitrate (2) and yttrium nitrate (3) (KBr).

ation and, apparently, belongs to pulse vibrations of the
aromatic ring.

As expected, the v, frequency in the IR spectra of the
complexes decreases to 1620—1625 cm~!, whereas the
second band, v, is unobservable against the background
of 8oy vibrations of the coordinated water molecules
and 8y ¢y vibrations of the CH, groups of the macrocycle
(1450—1490 cm™!). This is indicative either of a strong
(~50 cm~! or even larger) shift of vq(NCH=CHC=O0) or,
which is more probable, of a substantial decrease in its
intensity. The latter may be associated with disruption of
conjugation in the CH=CHC=O0 system due to rotation
about the =C—C= bond upon complexation. Disruption
of conjugation should even increase v(C=0) thus com-
pensating for its decrease through coordination with a
rare-earth cation. Apparently, the combined action of
these two factors is responsible for a relatively small de-
crease in the v, frequency (by 20—25 cm™!) in the spec-
tra of the complexes.

The assumption that C=0 groups play the key role in
coordinating cations provides an insight into high selec-
tivity of acylvinylated crown ether 1 with respect to rare-
earth cations. The rare-earth cations are harder acids (in
terms of hard and soft acids and bases) than transition
metal cations and even alkaline-earth cations and should
exhibit high affinity for hard donor centers, such as the
C=0 group. It is well known3%:3! that rare-earth metals
can form stable complexes with carboxamides. Polydentate
aminocarboxylate ligands, including those containing
amide groups, are widely used for binding rare-earth
metals.515:16 Tt should be noted that the aminoenone
fragment in crown ether 1 is a vinylog of the amide
function.

Unfortunately, the role of the donor centers (O, N) of
the macrocycle in coordination of cations remains an
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open question. In this case, an approach based on analysis
of conformationally sensitive vibrations (vcoc, Venes €7c.)
in the IR spectra of complexes is inapplicable, because
the assignments of the corresponding vibrations in the
spectrum of free crown ether 1 are lacking. In this con-
nection, let us mention the structure of the complex of
the neodymium cation with bis-N, N -phosphorylated
diaza-18-crown-6 ether, in which (X-ray diffraction data)
the cation is coordinated only by the oxygen atoms of two
phosphoryl groups, whereas the donor N- and O-centers
remain uncoordinated.3?

The absorption bands in the IR spectra of the com-
plexes are broadened compared to the corresponding
bands in the spectrum of free crown ether 1, which is,
apparently, attributable to polymeric structures of the
complexes.

The stability constants of the rare-earth complexes
with crown ether 1 were determined spectrophotometri-
cally. The stability constant of the only representative of
the actinide group, viz., of Th" nitrate, which simulates,
to some extent, the behavior of Pu', was also measured.
To estimate the group selectivity of crown ether 1 with
respect to rare-earth metals, we carried out analogous
measurements for barium perchlorate, because it is
known3%? than many azacrown ethers containing pen-
dant groups at the nitrogen atom form the most stable
complexes with the BaZ" cation. Although the spectra did
not cease to change even at the maximum concentration
of the rare-earth salt (~10=2 mol L~!) and the well-de-
fined isobestic points were absent, which is additional
evidence for the complexity of equilibria occurring in
solution, the results of measurements show no significant
deviations (> 0.99) from a linear dependence in terms of
asimplified model (Eq. (1))20 of the formation of equimo-
lar complexes (L: M =1:1).

AL €L
= 1], 1
AL - 4; EL—SML(B[ML' ’ J M

where A; is the absorbance of the starting solution of the
ligand, 4; is the absorbance of the i-th solution containing
a metal salt at the concentration [M];, and B is the con-
centration stability constant of the complex.

In any case, the calculated stability constants B
(Table 2) with dimensionality of inverse concentration,
are convenient parameters for comparing with the pub-
lished data on other macrocycles and podands, which, as
arule, form 1 : 1 complexes.

Although stability of the complexes under consider-
ation is low, it is comparable, for example, with that of
complexes of many known chromoionophores based on
N-substituted monoazacrown ethers with alkali and alka-
line-earth metals.19:21:23.24 The stability constant of the
complexes increases as the ionic radius of the cation de-

Table 2. Stability constants (B/L mol~!) of the complexes of
compound 1 with the Ln3*, Th**, and Ba?* cations in methanol
at 20 °C

Metal salt? logp?®
Th(NO), 4.0
YbCly 3.0
Nd(NOs); 2.6
La(NOs); 22
Ba(ClO,), <0

@ Rare-carth salts were used as hexahydrates.

b The values of logp were calculated by averaging the results of
processing of the experimental data according to Eq. (1) at
several wavelengths in a range of 365—390 nm. The 95% confi-
dence intervals for logp are no larger than 0.2 log units.

creases in going from La3" (r.; = 1.22 A) to Yb3*
(ror = 1.04 A) and then to Th** (e = 0.98 A). The
bathochromic shift of the absorption band increases in
the same series.

The complex with the Ba?" cation is almost non-
existant: a very weak bathochromic shift of the absorption
band of crown ether 1 was observed only at very high
concentrations of barium perchlorate (0.1—1 mol L—1).

In conclusion, it should be noted that crown ether 1
not only exhibits the properties of a chromoionophore
selective with respect to rare-earth cations but also has
weak fluorescence (A, = 425 nm), the intensity of which
increases several times in the presence of lanthanum or
yttrium salts (Fig. 3).

Due to high electrophilicity of B-chlorovinyl ketones,
the CH=CHC(O)R fragment can easily be introduced
into various macrocyclic and acyclic compounds con-
taining N- or O-nucleophilic centers. Hence, crown
ether 1 can be considered as a prototype for the promising
class of chromo- and fluoroionophores selective with re-
spect to hard lanthanide and actinide cations.

300 | 7
200F 0 a4

100

T

400 500 600 A/nm
Fig. 3. Fluorescence spectra of crown ether 1 (C = 1-107
mol L=, Ay = 344 nm, methanol, 20 °C) without additives (/)
and in the presence of Y(NOs); (2, 3) and La(NO3); (4, 5) at
concentrations of 6+ 1074 (2, 4) and 6-10~3 mol L~! (3, 5).
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Experimental

Diaza-18-crown-6 ether* was additionally purified by
vacuum sublimation (102 Torr). p-Chlorovinyl phenyl ketone
was synthesized by Kondakov's reaction.33 Rare-earth nitrates
and chlorides were used as hexahydrates.

The 'H NMR spectra (400 MHz) were recorded on a Varian
VXR-400 spectrometer. The IR spectra were measured on
UR-20 and Thermo Nicolet IR-200 spectrophotometers in KBr
pellets. The UV-Vis absorption spectra were recorded on a
Hewlett—Packard-8452A spectrophotometer in methanol, in
which salts of various metals are readily soluble. The fluores-
cence spectra were measured in methanol on a Shimadzu
RF-5301PC spectrofluorometer.

N,N’-Bis(3-0x0-3-phenylpropen-1-yl)-1,10-diaza-18-
crown-6 ether (1). Triethylamine (101 mg, 1 mmol) was added
to a solution of diaza-18-crown-6 ether (131 mg, 0.50 mmol) in
THF (2 mL) and then a solution of B-chlorovinyl phenyl ketone
(267 mg, 1 mmol) in THF (0.5 mL) was added dropwise for
5 min. The reaction solution was filtered off from the triethyl-
ammonium chloride precipitate, the precipitate was washed with
benzene, the filtrate was evaporated, and the residue was
chromatographed on a column with silica gel (Merck, 40/63)
using a mixture of benzene, acetone, and light petroleum
(5 :3: 1) as the eluent. The yield was 80%. Compound 1 was
additionally purified by precipitation from a benzene solution
with light petroleum. M.p. 117—119 °C. Found (%): C, 68.54;
H, 7.36; N, 5.41. C;3)H;3N,04. Calculated (%): C, 68.94;
H, 7.33; N, 5.36. The 'H NMR spectroscopic data are given in
Table 1. The IR spectrum is shown in Fig. 2.

Complexes of crown ether 1 with rare-earth nitrates were
prepared by the addition of a solution of rare-earth nitrate
hexahydrate (0.06 mmol) in methanol (0.2 mL) to a solution of
crown ether 1 (30 mg, 0.057 mmol) in acetone (0.5 mL). After
several minutes, the yellow oil that formed was separated by
decantation and dried in vacuo (10~2 Torr) to prepare a yellow-
ish glassy substance.

Complex with lanthanum (i) nitrate. Found (%): C, 47.13;
H, 5.62; N, 7.37; La, 13.07. CggH 5,La,N,04q (L3La,(NO3)4-
+4H,0). Calculated (%): C, 47.21; H, 5.37; N, 7.34; La, 12.13.

Complex with yttrium(imr) nitrate. Found (%): C, 48.20;
H, 5.83; N, 7.90; Y, 7.96. CogH 25N ,043Y, (L3Y,(NO3)4-
-7H,0). Calculated (%): C, 48.18; H, 5.75; N, 7.49; Y, 7.92.
The IR spectra of the complexes are shown in Fig. 2.

Determination of the stability constants of complexes of crown
ether 1 with metal cations in methanol was performed in a series
of spectrophotometric experiments, in which the concentration
of a metal salt was gradually increased, while the concentration
of the crown ether was kept constant. Working solutions were
prepared as follows: a solution (3 g) of crown ether 1 (5.7 103
mol L) and a weighed sample of the corresponding metal salt
were placed in a 10-mL measuring flask and methanol was added
to the mark. In all experiments, an excess amount (5—10°-fold)
of the metal salt was used. Therefore, it can be assumed that
[Mliotar = [M]free (IM]io1a1 is the total concentration of the metal,
and [M]g,.. is the concentration of the metal, which is not in-

* Diaza-18-crown-6 ether was kindly supplied by Yu. G.
Gorbunova (N. S. Kurnakov Institute of General and Inorganic
Chemistry, Russian Academy of Sciences).

volved in the complex with crown ether), which is a necessary
condition for experimental data processing by Eq. (1). Calcula-
tions were carried out with the use of the data obtained in a
wavelength range of 365—390 nm, where rather large, both rela-
tive and absolute, changes in the absorbance are observed upon
complexation.
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