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1. Introduction

Synthesis, metal binding and spectral properties
of novel bis-1,3-diketone calix[4]arenesF

Sergey N. Podyachev,*® Svetlana N. Sudakova,® Gulnaz Sh. Gimazetdinova,”
Nataliya A. Shamsutdinova,® Victor V. Syakaev,® Tatjiana A. Barsukova,®
Nobuhiko Iki,“ Dmitry V. Lapaev® and Asiya R. Mustafina®

New bis-1,3-diketone derivatives of calix[4]arene (3—5) have been synthesized with good yields by the addi-
tion of a sodium salt of acetylacetone, 1-benzoylacetone and dibenzoylmethane to 5,17-bis-(bromomethyl)-
25,26,27,28-tetrahydroxycalix[4larenes. The structural properties of the obtained compounds and their
complexes have been established by means of IR, UV-Vis, NMR spectroscopy and quantum-chemical
calculations. The complex ability of bis-1,3-diketones towards AI*, Ni?*, Cu®* and lanthanide ions
(Nd®*, Eu®*, Tb®") has been investigated by using a liquid—liquid extraction method. The UV-Vis data
indicate thermodynamically favorable 1:1 complex formation of the ligands with Tb>" in alkaline DMF,
although the time required for the equilibration reveals the difference between calix[4]arenes bearing
acetylaceton-, benzoylaceton- and dibenzoylmethane-substituents. The steric hindrance effect on keto—
enol transformation is the reason for the difference. The ligand-centered emissions of Gd®* complexes
with benzoylaceton- and acetylaceton-substituted calix[4]arenes reveal them both as more convenient
antennae for red and infra-red than for green lanthanide luminescence. Indeed, the benzoylaceton-
substituted counterpart sensitizes Yb®*-centered luminescence to a good extent. Nevertheless, the
luminescence of Tb®" is sensitized by the acetylaceton-substituted counterpart to a better extent than
that of Yb**, while only poor red Eu*" emission is observed under sensitization by both the ligands.

infrared (NIR) luminescence emitted by lanthanide ions due
to the significant antenna effect. The introduction of bulky and

Among various functional building blocks, 1,3-diketones have
found wide applications as key reagents for the design of a
variety of organic compounds™? and the synthesis of some drug
compounds.? Moreover, 1,3-diketone derivatives are known
as invaluable chelating ligands for many transition metals in
materials chemistry®® and can be potentially used in the synthesis
of extractants® and luminescent materials.”™" Luminescent
lanthanide complexes attract much attention due to their usage
in optical communications and solar energy conversion,">
as well as in fluoroimmunoassay, bio-medical diagnostics and
therapy.'®2° It has been well demonstrated that 1,3-diketones
are ideal candidates for the sensitization of visible and near
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fluoro-aliphatic substituents into 1,3-diketones can significantly
improve lanthanide luminescence.'"*" Therefore, the design and
synthesis of new 1,3-diketone ligands bearing various substituents
seems to be an exciting topic of current investigations.

Anchoring of functional groups on the suitable molecular
platforms is worth noting as a promising strategy for preparing
more advanced ligands with improved binding efficiency and
selectivity towards metal ions. This tendency has become a
challenging factor for the synthesis of poly-1,3-diketones.*>*??

Recently, we have shown”*?® that calix[4]arenes and calix[4]-
resorcines serve as very promising platforms for embedding four
1,3-diketone moieties. The synthesized compounds appeared to
be a rather effective antennae for Tb(ur)-centered luminescence.
The hydrophilic colloids prepared on the basis of Tb(m) and
Gd(m) tetra-1,3-diketonate complexes were found to be promising
candidates for biomedical applications as contrast agents due to
their high photophysical®* and magnetic relaxation®® parameters
correspondingly.

Despite the presence of four 1,3-diketone groups at the
upper rim of the above mentioned calix[4]arenes, the coordina-
tion with metal ions was realized only by means of two chelat-
ing groups of one molecule, which favors further formation of a
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ternary complex. This fact is obviously the main reason for the
luminescence response and realization of a sensing function of
polyelectrolyte-coated colloids based on Tb(u) complexes of the
calix[4]resorcinarene cavitand towards some of substrates in
aqueous solutions.”” From this point of view, the synthesis of
bis-1,3-diketone derivatives based on the calix[4]arene platform
is an attractive direction in the design of lanthanide complexes for
bio- and chemosensing. It is also worth noting that embedding
aromatic substituents to ligands is a widely applied route to
enhance the antenna-effect of the ligand and/or to make the ligand
more suitable for sensitizing red or near infra-red lanthanide-
centered luminescence.

Thus, herein, we report the synthesis of new bis-1,3-diketone
derivatives of calix[4Jarene bearing methyl and phenyl terminal
substituents in 1,3-diketone fragments. The lipophilicity of
calix[4]arene derivatives is the prerequisite for studying them
in liquid-liquid extraction of some metal ions (AI’**, Ni**, Cu®",
Nd**, Eu*", and Tb**). The spectroscopic properties of the new
calix[4]arene derivatives and the luminescence behaviour of their
Tb**, Gd**, Eu®" and Yb®*" complexes have been considered and
compared with the previously obtained data for the tetra-1,3-
acetylacetonyl analogue with an aim to highlight structure impact
in complex ability and the antenna effect of novel compounds.

2. Results and discussion

2.1. Synthesis and characterization of bis-1,3-diketone
calix[4]arenes 3-5

The synthetic procedures for the series of bis-1,3-diketones are
summarized in Scheme 1. The halogenmethylated derivatives
of calix[4]arenes can be successfully applied for the anchoring
of 1,3-diketone groups at the upper rim of calix[4]arenes. In the
case of tetra-hydroxy substituted calix[4]arenes, the halogen-
methylation is carried out in the presence of an excess of alkyl
chloromethyl ether and tin tetrachloride.*® The calix{4]arenes
can be also chloromethylated by using paraformaldehyde/HCl in
a dioxane/H;PO,/AcOH mixture.”*! The synthesis of tetrahydroxy-
tetrakis(halogenmethyl)calix[4]arene was previously performed
by the interaction of 1 with an excess of paraformaldehyde in
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the presence of Zn and HBr in glacial acetic acid.** It was
recently demonstrated that this reaction can be also applied for
obtaining bis-halogen derivatives of the calix[4]arene 2.>* We
have successfully synthesized compound 2 by using a slightly
modified literature procedure. The reaction was carried out at
room temperature for 5 days in the presence of 3 equivalents of
paraformaldehyde. The spectral parameters of the obtained
product 2 are in full agreement with the literature data.**

The synthesis of bis-1,3-diketone derivatives was fulfilled by
the addition of a sodium salt of the corresponding 1,3-diketone to
the 5,17-bis-(bromomethyl)-25,26,27,28-tetrahydroxycalix[4]arene
2 in anhydrous dioxane under vigorous stirring. It should be noted
that in all cases, the addition of sodium salt was accompanied
by an intense pink-violet color which gradually changed to
brownish yellow. A similar phenomenon was previously
reported for tetra-substituted analogue 6.>° This color can be
obviously explained by the formation of intermediate quinone
structures in the reaction mixture after addition of a basic salt
to compound 2.>***> A high reactability of this intermediate
brought about the target bis-1,3-diketones 3-5 with good yields
(52-60%) even without heating. The obtained novel compounds
were characterized by IR, '"H NMR, *C NMR and MALDI-MS
techniques.

The presence of a more broadened absorption band at
~1600 cm ™" in the IR spectrum of compound 3 in comparison
with 4 and 5 is probably caused by a considerable amount of the
enol form in the former compound. The strong hydrogen bond-
ing of the lower rim hydroxyl groups for 3-5 is evident from
broadened and intensive bands (OH) at ~3160-3193 cm™ " that
are substantially lower than 1{OH)g. ~3500-3600 cm™*.*®

Assignment of the signals in the NMR spectra of 3-5
(Table 1) was accomplished by means of 2D COSY, 'H-"*C
HSQC and 'H-"*C HMBC experiments. It is well known that
1,3-diketones can exist as keto-enol tautomers.?” In the case of
the bis-1,3-diketones, three main equilibrium forms can be
realized (Scheme 2). According to "H NMR data, the content of the
enol form in CDCl; solution amounts to 39% for 3 (C; = 30 mM),
which leads to the appearance of an additional set of signals in
the NMR spectra of the compound. However, it is difficult to
estimate the contribution of each form because of overlapping

dioxane,
24-48 h, r.t.

Scheme 1 Synthetic routes and structural formulae of the investigated compounds 1-8. A similar numbering system of atoms is used in Table 1.
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Table 1 *H and *C chemical shifts? (ppm) and spin—spin coupling constants (Hz) observed for the keto form® of calix[4]arenes 35 in CDCls
Compound
3 4 5
Atom H Bc H Bc H Bc
1 (16.80-16.83(0H)) 203.6 (192.0) (17.05(0OH)) 203.3 (17.1-17.3(OH)) 195.7
2 3.89 70.3 (108.5) 4.69 65.0 5.40 t, 3] = 6.7 59.2
3 196.2
4 2.91 (3.43) 34.2 (32.08) 3.10 34.2 3.19d,%=6.7 44.6
5 131.9 (135.1) 132.2 132.8
5/ 6.77t,°]=7.3 129.4 6.74t,°1=7.6 122.4 6.74 tr,’ ] =7.5 122.4
6 6.76 (6.71) 128.4 (122.4) 6.83 129.5 6.87 129.7
6’ 7.03d,%=7.3 129.2 7.07d,*/=7.6 129.2 7.07d,%=7.5 129.2
7 128.0 (127.9) 128.5 128.5
7' 122.4 128.4
8 10.0-10.3 149.0 (147.4) 10.2 (OH) 149.0 10.07 (OH) 147.5
8’ 147.7 147.5 10.20 (OH) 149.0
9 3.41 eq. 31.9 3.37 eq. 31.8 3.33 eq. d, ¥y =13.9 31.7
4.17 ax. 4.11 ax 4.07 ax. d, }J = 13.9
10 2.10 (2.00) 2.10 28.82
11 136.6 136.1
12 7.78 128.7 7.77d,%=7.6 128.6
13 7.22 128.8 7.20t,%=7.6 128.9
14 7.34 133.8 7.33t,%=76 133.6

¢ Numbering according to Scheme 1. ” The assignment for the enolic forms is given in parentheses.
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Scheme 2 Keto-enol tautomerization of bis-1,3-diketone calix[4]arenes.

of the signals. In the case of 4 and 5, the enol form content is
negligible (<0.1% for C; , = 30 mM).

Hydrogen atoms in the enol fragments participate in the
formation of strong hydrogen bonds (§ "H(OH) = 16.80-16.83 ppm
for 3). It is interesting to note that the amount of the enol form
realized in compound 3 is almost the same as in tetra-1,3-
diketone 6 (40%).>> This fact testifies a weak mutual influence
of 1,3-diketone groups on the keto-enol tautomerism in the
investigated calix[4]arene derivatives. It can be also supposed
that the substitutents in these compounds are turned out from
the calix[4]arene cavity.

For all synthesized compounds 3-5 only a single peak of
methylene-bridged carbon atoms is detected, which indicates a
cone or a 1,3-alternate isomer of calix[4]arenes. According to
the “de Mendoza rule”,*® the determined values of chemical
shifts for these atoms ((6 *C(9) = 31.9 ppm for 3, 31.8 ppm for 4
and 31.7 ppm for 5) testify undoubtedly the cone isomer form
for all investigated calix[4]arenes.

The chemical shifts for hydroxyl protons localized at the low
rim of calix[4]arene molecules are not practically changed on going
from parent calix[4]arene 1 (10.19 ppm)*° to the calix[4]arenes 3-5
(6 "H(8) = 10.0-10.3 ppm). These data indicate the maintenance

1528 | New J. Chem., 2017, 41, 1526-1537

keto-enol form
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of the initial cone conformation for calix[4]arene derivatives 3-5,
stabilized by a circular hydrogen bond between hydroxyl groups
similar to the calix{4]arene 1.*°

2.2. Extraction of metal ions by bis-1,3-diketones 3-5

As it was mentioned above, 1,3-diketones are invaluable chelating
ligands for complex formation with various transition metal ions
and thus can extract metal ions from an aqueous phase to an
immiscible organic phase. However, the application of more simple
representatives of 1,3-diketones, such as acetylacetone or 1-benzoyl-
acetone, is rather complicated due to the fact that their metal
complexes are too hydrophilic to allow extraction into a nonpolar
organic phase.® Therefore, fixing of 1,3-diketone chelating groups
on the calix[4]arene platform should be a very promising way to
gain hydrophobicity and water insolubility, which can contribute
to further development of extracting agents.

The extractability of new bis-1,3-diketone calix[4]arenes 3-5
towards some industrially critical metal ions such as AI**, Ni*",
Cu”" and rare-earth ions (Nd**, Eu®*, Tb**) was estimated by
the competitive extraction of the cations from their aqueous
mixture into chloroform. The extraction was carried out during
24 hours to reach equilibrium conditions. The results shown in

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 1 Effect of pH on the extraction percentage for different metal ions
with (a) 3, (b) 4 and (c) 5. [Metal ion] = 0.1 mM; [Lz_s] = 0.5 mM.

Fig. 1 demonstrate that the extraction percentage for metal ions
goes up on going to higher pH, which can be explained by
easier ionization of 1,3-diketone groups under alkaline condi-
tions and hereby testifies that these cations are extracted due to
the ion-exchange process.

In the case of bis-1,3-acetylacetonyl derivative 3, notable
extraction of AI** and Cu®" was detected after pH 4.0, but
Nd**, Eu®" and Tb** metal ions were extracted by this com-
pound only at pH > 6. An almost quantitative extraction

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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(>90%) for the former metal ions was already observed at
PH 6, while the extraction of lanthanide ions reached a maximum
at pH 8. At the same time, a quite low extractability of the derivative
3 towards Ni** jons (E < 11%) was observed in the whole range of
pH values. In the case of bis-1,3-diketones 4 and 5, the extraction of
AP*" and Cu®* was detected only after pH 5 and 6, which is obviously
due to the lower acidity of these compounds in comparison with 3.
The results obtained earlier for the acidity of tris(1,3-diketones)
having similar substitutents and linked by the mesitylene spacer
support this assumption.”’ However, the extraction of lanthanide
ions by compounds 4 and 5 also begins after pH 6 and becomes
quantitative at pH 8, as well as for 3. The extraction efficiency for
the investigated bis-1,3-diketones 3-5 remains the same and
depends only slightly on the nature of the lanthanide ion.

It is worth noting that the presence of hydroxyl groups at the
low rim of calix[4]arene molecules makes their participation in
the coordination of metal ions possible. It was established,
however, that the unmodified “classical” p-tert-butylcalix[4]arene
only scarcely extracts transition metal ions (E% for Ni** and Cu®*
~1%) under similar experimental conditions.*” Therefore, a main
role in the binding of metal ions by compounds 3-5 belongs to
1,3-diketone groups fixed at the upper rim of the calix[4]arene
backbone.

Thus, we have shown here that bis-1,3-diketone calix{4]arenes
3-5 can act as rather effective pH-dependent extraction agents.
The selective extraction of Cu®* versus Ni** can be utilized for
analytical purposes. The lack of selectivity in the extraction
of Nd**, Eu®", and Tb*" reveals 3-5 as group extractants for
lanthanide ions.

2.3. Electronic absorption spectroscopy

UV-Vis spectroscopy is a powerful tool to study complex formation of
1,3-diketones with lanthanide ions. This method is of parti-
cular importance for 1,3-diketone derivatives of calix{4]Jarenes and
calix[4]resorcinarenes, since phenol and resorcinol moieties signifi-
cantly contribute to the spectral behavior of their derivatives.?***
The UV-Vis absorption spectra of the calix[4]arenes 1, 3-6, model
compound 7 as well as phenol 8 recorded in DMF are shown in
Fig. 2 and 3. Spectroscopic data are summarized in Table 2.
The absorption spectra of the investigated compounds demon-
strate rather high values of the molar extinction coefficients
(6max = 8.83 x 10> M™' cm ™" to 20.81 x 10° M~ ' em™') with
Amax i the range of 275 nm to 292 nm (Table 2) typical for n-n*
electron transitions. Additionally, it is worth noting the
shoulders at 310-340 nm in the spectra of the calix[4Jarenes 3-5.
A comparison of UV-Vis spectra for the model compounds 7
and 8 and the calix[4]arene molecules indicates that the
absorptions of phenol and 1,3-dikenone fragments incorpo-
rated on the calix[4]arene platform are practically independent
and additive. This tendency can be exemplified by the &pyax
values of phenol 8 (£max = 2.28 x 10° M~ ' cm™ " at 274 nm) and
calix[4]arene 1 (emax = 922 x 10> M™' em™' at 275 nm).
Similarly to this case, the absorption of bis-1,3-diketone 3
(émax = 13.42 x 10> M™" em™") can be approximated as the
sum of the absorptions of its structural blocks (caic = 2(¢7 + £5) =
11.98 x 10° M " em ™). Such additivity indicates the lack of any
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Fig. 2 UV-vis spectra of compounds 1, and 6—8 in DMF solution (C; = 0.1 mM,
Ce = 0.05mM, G; = 02 mM, Cg = 0.4 mM).

conjugation between the chromophoric units of 3. However, a
rather noticeable bathochromic shift (~10 nm) is observed for
6 in comparison with 7. The g, value for 6 (gnax (292 nm) =
20.81 x 10° M~ em ™) also deviates from ecaie (6cale = 487 =
14.84 x 10> M~ cm™"). This result points to an impact of
intramolecular interactions between four 1,3-diketone substitutents
fixed on the macrocyclic platform on the spatial structure and
spectral behavior of 6.

UV-Vis spectroscopy was applied to reveal the complex
formation properties of ligands 3-5. The spectral changes of 3
under its complex formation with Tb(m) (Fig. 3a) are similar to
those previously reported for its tetra-1,3-diketone counterpart 6.
The spectral changes of 4 (Fig. 3b) are much less pronounced than
those of 3 immediately after sample preparation, and tend to
increase with time on approaching the equilibrium conditions in
three days. A new intensive maximum at ~320 nm appears in
the spectrum of 4 when equilibrium conditions are attained. The
time dependence for ligand 5 is more pronounced than that for 4
(Fig. S1, ESIt). In particular, insignificant spectral changes of 5 are
observed within one day after the admixture of Tb** and TEA.
Moreover, four days of storage of the solutions is not obviously
enough for the achievement of equilibrium conditions for 5
(Fig. S1, ESIt). Moreover, the appearance of a new absorption
band at about 350 nm in alkalized DMF solutions of calix{4]arene
5 and Tb®" salt (Fig. 3c) is another difference between 5 and 4.
The reasons for the time consuming complex formation are
worth discussing.

Literature data highlight keto-enol tautomeric transformation
as the most time-consuming step in complex formation, which
is greatly affected by the substituent effect®”*>** and nature of
the solvent.?”** It is worth noting that the a-substituent effect
(o-position is designated in Scheme 2) is well documented in the
literature,®”*® although no significant retardation of keto-enol
transformation is observed for 3 (Fig. S1, ESIT) and its tetrakis-
1,3-diketone counterpart,® where acetylacetone moieties are
fixed at the calix[4]arene backbone through o-substitution by a
methylene linker. Nevertheless, in the case of the tetrakis-[(1,3-
acetylaceton-3-yl)] derivative of calix[4]resorcine cavitand, which
possesses a rather more rigid conformational structure, time
dependent complex formation was observed.**

1530 | New J. Chem., 2017, 41, 15261537
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Fig. 3 UV-Vis spectraof L (3 (a), 4 (b) and 5 (c)) (C, = 0.1 mM) in DMF (L); L
in alkalized DMF (Crga = 0.6 mM) (L-TEA (1:6)); L with Tb(NO3)3 (Crp°>" =
0.1 mM) (L-Tb (1:1)), and L with Tb(NOs)z in alkalized DMF (L-Tb-TEA
(1:1:6)). The spectra were recorded under equilibrium conditions.

Table 2 UV-Vis spectral data for compounds 1, and 3-8

;Lmax SI'l’]ﬁX ;Lmax Smax
Compound (nm) (10° M~* em™") Compound (nm) (10° M 'cm™)
1 275 9.22 6 292 20.81

282 8.83
3 288 13.42 7 282 3.71
4 282  13.25 8 274 2.28

280 1.86
5 283 13.33

Some differences between keto—enol tautomeric transforma-
tions under substitution of methyl-groups of acetylacetone to

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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phenyl moieties in dibenzoylmethane are highlighted in the
literature,*” although they cannot explain the above mentioned
difference in the complex formation for 3 and 5. Thus, the observed
tendency points to the impact of both o- and B-substituents on the
keto—enol tautomerism of 1,3-diketone derivatives of calix{4]arenes
3-5 under alkaline conditions. The above mentioned 'H NMR
data also reveal the insignificant contribution of the enolic form
for 4 and 5 in CDCl3, while both forms of 3 are in equilibrium
under similar conditions.

The stabilization of the enolic form in non-polar solvents is
well documented.?” On the other hand, the hydration is worth
noting as another factor shifting the keto-enol equilibrium.*"
These factors explain the lack of a detectable difference in the
complex formation behavior of compounds 3-5 at the water—
CHCI; interface after 24 hour exposition (Fig. 1). This result
indicates that the difference in keto-enol tautomerization
for 3-5 is negligible in the extraction process conditions due to
a greater rate of keto-enol transformation in the biphasic system.

In order to evaluate the stoichiometry of complex formation,
a Job plot analysis of the spectral measurements with a varied
L:Tb*" molar ratio and a constant L:TEA molar ratio in DMF
solutions has been performed. It can be clearly seen from Fig. 4 that
in all cases, the long-term storage of DMF solutions containing Tb>*
complexes of the investigated ligands 3, 4 and 5 results in the
maximum in the Job’s plot being at 0.5 molar ratio. This fact
apparently indicates that the Tb®* ion preferably forms complexes
of 1:1 stoichiometry with these compounds. It should be also
noticed that at the initial stage, complexes of n:1 (n > 1) stoichio-
metry are obviously accumulated, which is well demonstrated in
Fig. 4b for the ligand 4 after one day of solution storage (maximal
L:Tb*" ratio at 0.67). The observed tendency points to the
transformation of kinetically favorable complexes of n:1 stoi-
chiometry into more thermodynamically stable 1:1 complexes
after more prolonged time of storage (3 days).

To confirm the assumed stoichiometry of the thermodynami-
cally stable complexes we have accomplished a spectral titration
experiment for compounds 3-5 with 1:1 molar ratio of Tb: L and
varied L: TEA molar ratio in DMF solutions (Fig. 5). The obtained
data testify that the addition of an excess of TEA leads to
the deprotonation of two diketone groups from the molecule
of bis-1,3-diketone 3 (Fig. 5a). Only one proton is eliminated in
Tb(m)-containing alkaline solutions of 4 and 5 after one day of
storage, while storage for four days at least is required for the
second proton elimination (Fig. 5b and c). The results indicate
1:1 complex formation of Tb*" via two deprotonated 1,3-diketone
groups. Additionally, quantum-chemical calculations have been
accomplished to confirm the probability of this coordination mode.

2.4. The quantum-chemical calculations

Our previous report® highlighted that only two 1,3-diketonate
groups of 6 participate in the coordination of one lanthanide
ion. Moreover, efficient coordination of lanthanide ions can be
realized for all possible conformations of the calix[4]arene
backbone. This fact is of particular importance under alkaline
conditions, where deprotonation of the phenolic lower rim is the
reason for conformation shift from cone to 1,2- or 1,3-alternates.
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Fig. 4 The Job plot profiles of DMF solutions at varied L:Tb** molar
ratios: (a) 4 = 320 nm, [Tb>*] + [3] = 0.1 mM, L:TEA (1:6) and time of
solution storage 1 day; (b) 2 = 320 nm, [Tb®"] + [4] = 0.2 mM, L: TEA (1:6)
and times of solution storage 1 day and 5 days; (c) 2 = 340 nm, [Tb>*] + [5] =
0.2 mM, L:TEA (1:10) and time of solution storage 5 days.

Taking into account these tendencies, the efficiency of coordina-
tion of bis-1,3-diketone-derivatives 3-5 with lanthanide ions also
can be realized in different conformations of the calix[4]arene
backbone, including cone, partial cone and 1,3-alternate.
Relative heat of formations for conformers of calix[4]arene 3
and their complexes [Tb*"L"* "] were obtained using MOPAC 2012
(Table 3). The structures obtained after SPARKLE/PM7 optimiza-
tions are presented in Fig. 6. The theoretically predicted stability
order for 3 is cone > partial cone > 1,3-alternate (Table 3),
which correlates with the number of hydrogen bonds between
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Table 3 Relative heat of formations calculated for conformers of
calix[4larene 3 and its complexes [Tb**L""]

AH3y, (keal mol™!)

Compound Cone Partial cone 1,3-Alternate
L 0 17.38 22.48
[Tb*L*7] 0 13.47 27.33
[Tb*1?7] 0 13.69 29.37

the OH groups at the calix[4]arene lower rim. This tendency is
in agreement with the previous reports about the same stability
order for conformers of calix[4]arene without any upper-rim
substituents.*®*® The same tendency is revealed for Tb*" com-
plexes of 3, where the most energy gain is in cone conforma-
tion. In particular, the cone conformer of 3 is most favorable for
both [Tb*'L>"] and [Tb*'L*"], where two 1,3-diketone groups
are deprotonated. It is also worth noting that deprotonation of
the phenolic lower rim of calix[4]arene 3 insignificantly influ-
ences the energy gap between the conformers (Table 3).

2.5. Photoluminescence spectroscopy

UV-Vis spectral data reveal similarity in complex formation for bis-(3)
and tetrakis-1,3-diketone 6, which is confirmed by the similarity in
the spectra of Tb*"-centered steady-state luminescence for the Tb*"
complexes of 3 and 6 (Fig. 7a, corresponding excitation spectra are
shown in Fig. S2a, ESIT). At the same time, the sensitizing effects of
ligands 4 and 5 on Tb*'-centered luminescence are insignificant.
The steady state spectra point to some difference in the antenna-
effects of ligands 3 and 6 on Tb>*-centered luminescence.

The time-resolved luminescence measurements (see Fig. S3
in the ESI}) reveal the longer excited state lifetime for the
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Th>"-centered luminescence in complexes with ligand 3
(0.127 + 0.004 ms) than that for its tetra-1,3-diketone counter-
part 6 (0.053 £ 0.002 ms). This fact confirms coordination of
Tb*" ions by 1,3-diketonate groups of 3 as the dominant
coordination mode under alkaline conditions (see Fig. 6). The
longer lifetime of the Tb(m) complex with 3 compared with 6
points to either less non-radiative de-activation or less back
transfer, or both. The interfering effect of 1,3-diketone groups
of 6 not participating in coordination with Tb*" ions can be
assumed as a reason for more energy stock from the excited
Th*" state to the vibrational levels of the ligand in comparison
with 3. It is worth noting that the above mentioned peculiarity
in the spectral behavior of 6, which is a bathochromic shift and
adsorption non-additivity (see Section 2.3), correlates with the
interfering effect of four 1,3-diketone groups embedded to the
calix[4]arene backbone.

Literature results highlight the effect of aromatic or aliphatic
substituents in 1,3-diketones on both the energy of singlet and
triplet excited state levels and the intersystem crossing, which
in turn affects their ability to sensitize lanthanide-centered
luminescence.>® Dibenzoylmethane is well documented for its
good antenna effect on near infra-red lanthanide-centered
luminescence.’* Thus, Tb*'-, Eu*'- and Yb**-centered lumines-
cence measured for 1:1 complexes of ligands 3, 4, 5 and 6 is
presented in Fig. 7 along with ligand-centered luminescence of
the Gd*" complex with 3-5. The corresponding excitation spectra
are presented in Fig. S2 in the ESIL.¥ The luminescence spectra of
Gd(m) complexes are commonly applied in measuring the triplet
level energy of the ligands in their lanthanide complexes due
to Gd(m)-enhanced intersystem crossing.>> The luminescence
spectra of Gd(m) complexes presented in Fig. 7b were recorded
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Fig. 7 Luminescence spectra of alkalized DMF solutions of ligands L = 3—=5 with Ln®* = Tb*" (a); Gd®* (b), Eu®* (c) and Yb** (d). /ey = (a) 327 nm (3),
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numbers. Luminescence spectra of Gd(i) complexes were recorded with 20 ps delay time.
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with a pronounced (20 ps) delay time in order to minimize the
contribution of singlet level derived emission. Fig. S3 in the
ESIT represents the ligand-centered luminescence for Gd(m)
complexes recorded with the delay time varying within 1-20 ps.

The measured spectra indicate that Tb**-centered lumines-
cence is the highest for the complexes with 3 versus those with 4
and 5 (Fig. 7a). The Eu**-centered luminescence is very weak for
all measured complexes (Fig. 7c). The Yb**-centered lumines-
cence is the highest for the complexes with 4 versus those with 5
and 3. It is worth noting that the different kinetic conditions
designated in the previous section were taken into account in the
measurements of lanthanide-centered luminescence. Nevertheless,
storage for three days is enough for the completed complex
formation with lanthanides for 4, while the complex formation is
still incomplete for 5 under the same conditions. Thus, the data
obtained for 5 is greatly affected by the kinetic retardation of
complex formation, while the kinetic effect is negligible for 4.

The luminescence spectra presented in Fig. 7a indicate that
ligand 4 provides a worse antenna effect on Th**-centered
luminescence than 3 and 6. The opposite tendency is observed
for Yb**-centered luminescence (Fig. 7d), where ligand 4 sensi-
tizes Yb®>" luminescence to a better extent than 3, while rather
weak emission bands at 614 nm are observed for Eu**-centered
luminescence for all ligands. The spectral pattern of Yb®*
complexes (Fig. 7d) reveals emission at 976 nm, which corresponds
to the 0-phonon component of the *F;;, — °F transition with
additional transitions at lower energy assigned to transitions to
other crystal field sublevels of the ground state and/or to vibronic
contribution. Thus, ligand 4 can be considered as an antenna for
Yb**-centered NIR-luminescence, but not for green Th*"- and red
Eu**-centered luminescence.

Since a ligand-to-metal energy transfer is of great impact in
lanthanide-centered luminescence, the ligand-centered emission
of Gd** complexes with ligands 3 and 4 (Fig. 7b) should correlate
with the experimentally observed sensitizing effects of the
ligands on the emission of their lanthanide complexes (Fig. 7a,
c and d). The data (Fig. 7b) reveal similar bands at 480-490 nm,
while the emission of the Gd(m) complex with 5 is characterized
by a band at shorter wavelengths (~420 nm). A shoulder at the
shorter wavelengths is also revealed for the Gd(ur) complex with 4.
The emission at 480-500 nm tends to enhance under the longer
delay time (Fig. S3 in the ESIt). The decay measurements at
475-500 nm reveal rather long excited state lifetimes (3.5-4.0 ps),
which confirms the triplet derived emission at these wavelengths.
The phosphorescence emission at 480-500 nm is in good
confirmation with the literature results on triplet level energies
measured at 77 K for benzoyl-substituted 1,3-diketonate Gd(u)
complexes.’® The emission at 400-430 nm characterized by the
excited lifetime in the range of 3.2-3.3 ps should be assigned to
1,3-diketone derived emission.”® Thus, the data presented in
Fig. 7b indicate the great contribution of the 1,3-diketone form
for the complexes with ligand 5, and the small or negligible
contributions of its enol forms complexed with Gd(u). This
spectral behavior of the complex with 5 is in good agreement
with the above mentioned incomplete complex formation of
this ligand. It is also worth noting that the spectral behavior of
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Gd(ur) complexes with 3 and 4 reveals them both as better
antennae for red Eu**- and infra-red Yb**-centered luminescence
versus green Tb**-centered emission. Thus, the poor Eu**-centered
luminescence (Fig. 7c) points to efficient quenching processes
peculiar for Eu(m) complexes.>® Moreover, both Tb**- and Yb**-
centered luminescence (Fig. 7a and d) reveal the difference
between ligands 3 and 4, which indicates that further studies
are required to reveal the reasons for the difference.

3. Conclusions

The present work represents the synthesis of novel bis-1,3-diketone
derivatives of calix[4]arene with (acetylaceton-3-yl)methyl-,
(benzoylaceton-3-yl)methyl- and (dibenzoylmethan-3-yl)methyl-
moieties as promising ligands for complex formation with
lanthanide ions. The pH-dependent extraction of metal ions at
the water-CHC]; interface indicates efficient complex formation
of differently substituted ligands with metal ions, including
lanthanides under the equilibrium conditions, while no differ-
ence in complex formation with lanthanides is revealed for
differently substituted ligands under these conditions.

The great difference between the ligands is revealed from
their complex formation with Tb(m) ions in alkaline DMF
solutions. The difference results from the retardation of keto-
enol transformation in the series of studied calix[4]arenes,
which results from bulky B-substituents for the a-substituted
1,3-diketones. In particular, efficient complex formation with
Tb*" ions with quick equilibration is observed for the bis-
(acetylaceton-3-yl)methyl-acetylacetonate derivative of calix[4Jarene
in DMF. The substitution of one or two methyl groups in
1,3-diketone fragments by phenyl ones significantly increases
the time for the establishment of equilibrium conditions. The
Job plot analysis revealed 1:1 complex stoichiometry accompa-
nied by the deprotonation of both the 1,3-diketone groups for
the ligands under the equilibrium conditions. The quantum-
chemical calculations (Sparkle/PM?7) point to the cone conforma-
tion of calix[4]arene as the most stable one for both free ligand 3
and its deprotonated forms in the Tb**complexes.

The photophysical properties of the complexes with Tb*",
Eu**, Yb** and Gd*" were analyzed with the aim of revealing
sensitizing effects of the ligands. The calix[4]arene disubsti-
tuted by (acetylaceton-3-yl)methyl-moieties is highlighted for its
better antenna effect on Tb>* centered luminescence than the
tetra-substituted counterpart. The ligand-centered emission of
Gd*" complexes with (benzoylaceton-3-yl)methyl- and (acetylaceton-
3-yl)methyl-substituted calix[4]arenes reveals them both as more
convenient antennae for red and infra-red than for green lantha-
nide luminescence, while the data on the (dibenzoylmethan-3-
yl)methyl-substituted ligand confirm its incomplete complex
formation with lanthanides. Nevertheless, Yb*'-centered lumi-
nescence is sensitized to a better extent by a benzoyl-substituted
ligand versus its acetyl-substituted counterpart, while Th*" lumi-
nescence is sensitized by an acetyl-substituted ligand, not by
its benzoyl-substituted counterpart. Moreover, only poor red
Eu®" emission is observed under sensitization by both ligands.
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Thus, the observed tendency points to the importance of
quenching mechanisms along with ligand-to-metal energy
transfer on lanthanide-centered luminescence in the complexes
with (benzoylaceton-3-yl)methyl- and (acetylaceton-3-yl)methyl-
substituted calix[4]arenes.

4. Experimental section

4.1. Reagents and materials

Acetylacetone was distilled before use. 1,4-Dioxane and toluene
were purified by distillation over metallic sodium. N,N-Dimethyl-
formamide (DMF) (Acros Organics) was distilled over P,Os. CDCl,
(99.8% isotopic purity) from Aldrich was used for NMR spectro-
scopy. Terbium nitrate (Tb(NO3);-xH,0) (Alfa Aesar), europium
nitrate Eu(NO3)3-6H,0 and triethylamine (TEA) (Acros Organics),
neodymium(m) nitrate hexahydrate (Nd(NO;);-6H,0) (Aldrich),
copper(n) chloride dehydrate (CuCl,2H,0), nickel(u) chloride hex-
ahydrate (NiCl,6H,0) and aluminum(ur) chloride hexahydrate
(AIC136H,0) (Fluca) were used as commercially received without
further purification. Stock solutions of metal ions were prepared
by dissolving salts in deionized water. All these solutions were
standardized by titration using EDTA solution. HI-7004L/C pH
4.01 buffer solution (HANNA), Mes (2-(N-morpholino)ethane-
sulfonicacid (Sigma-Aldrich) and Tris (tris(hydroxymethyl)amino-
methane) (Sigma-Aldrich) were used for pH 4.0, pH 5.0-7.0 and
PH 8.0, respectively.

4.2. Synthesis

4.2.1. General remarks. The synthetic routes, structural for-
mulae and numbering of atoms of the investigated compounds
are shown in Scheme 1. The calix[4]Jarene 1*° and 1,3-diketone 7°°
were obtained as described in the literature. The synthesis of 5,17-
bis(bromomethyl) derivative 2 has been performed by applying a
slightly modified procedure.>® The sodium salt of acetylacetone
(NaAA) was synthesized by the addition of an excess of Na (metal
plates) to the acetylacetone in absolute toluene. After stirring
the mixture at 50 °C for 4 h, the precipitate was decanted from
the residues of unreacted sodium, washed with diethyl ether,
and dried in vacuo at 80 °C for 1 hour. Tgecomp:(NaAA) > 198 °C.
The sodium salts of 1-benzoylacetone (NaBA) and dibenzoyl-
methane (NaDBM) were prepared in a similar manner applying
equimolar amounts of NaH (60%). Tqecomp'(NaBA) > 194 °C
and Tyecomp'(NaDBM) > 240 °C.

4.2.2. 5,17-Bis[(acetylaceton-3-yl)methyl)]-25,26,27,28-tetra-
hydroxy-calix[4]arene (3). To a solution of 5,17-bis-(bromo-
methyl)-25,26,27,28-tetrahydroxycalix[4]arene 2 (1.0 g, 1.64 mmol)
in anhydrous dioxane (100 mL), NaAA (0.81g, 6.55 mmol) was
added under stirring. The addition of Na salt to the reaction
mixture was accompanied (~ 0.5 h) by an intense pink-violet color
which gradually changed to brownish yellow. After stirring the
reaction mixture at room temperature for 1 day, the dioxane was
distilled off under reduced pressure. The residue was acidified by
1 M HCI (100 mL) and diluted with CH,Cl, (100 mL). The mixture
was vigorously stirred until a clear solution formed. The organic
layer was separated, washed three times with water, dried over
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MgSO, and concentrated by distillation at 80 °C in vacuo. The
crude product was dissolved in a minor amount of benzene and
then precipitated by the hexane. After trituration in hexane and
evaporation of solvent, the target product 3 was obtained as a
straw colored powder (0.55 g) with a yield of 52%. Mp. 164-165 °C.
IR (nujol, em™%): v = 3193 (vbr, 1{OH)), 1726, 1699 ({C=O0)), 1605
({C=0) and {C—C)), 1463 (1{Ph)), 1377, 1358, 1245, 1225, 1150
(vas(CCC)), 953 (v5(CCC)). Anal. caled for CuoH,00s (648.74):
C, 74.06; H, 6.21. Found: C, 73.88; H, 6.15. Mass spectrum
(MALDI-TOF): m/z = 649.3 [M + H|', 671.2 [M + Na]".

4.2.3. 5,17-Bis[(benzoylaceton-3-yl)methyl)]-25,26,27,28-tetra-
hydroxy-calix[4]arene (4). To a solution of 5,17-bis-(bromo-
methyl)-25,26,27,28-tetrahydroxycalix[4]arene 2 (0.61 g, 1 mmol)
in anhydrous dioxane (50 mL), NaBA (0.41 g, 2.2 mmol) was
added. The mixture was vigorously stirred. The addition of Na
salt (~0.5 h) to the reaction mixture resulted in the appearance
of a deep pink-violet color which gradually changed to brownish
yellow, similarly to the case with compound 3. After stirring the
reaction mixture at room temperature for 2 days, dioxane was
distilled off under reduced pressure. The residue was acidified
by 1 M HCI (50 mL) and diluted with CH,Cl, (50 mL). The
mixture was vigorously stirred until a clear solution formed. The
organic layer was separated, washed several times with water,
dried over MgSO, and concentrated by distillation. Solvent
residues were removed at 80 °C in vacuo. Thereafter, the crude
product was stirred in EtOH (20 mL) at 60 °C for half an hour.
The matured precipitate was filtered off and dried under reduced
pressure at 80 °C. The target product 4 was obtained (0.47 g) with
a yield of 60%. Mp. 148-150 °C. IR (nujol, cm™"): v = 3167 (vbr,
1(OH)), 1720, 1674 (1(C=0)), 1596, 1580 (1(C—O0) and (C—C)),
1464 (1(Ph)), 1377, 1358, 1247, 1222, 1152 (1,s(CCC)), 1077,
970 (v5(CCC)). Anal. caled for CsoH,,0s (772.88): C, 77.70;
H, 5.74. Found: C, 77.88; H, 6.02. Mass spectrum (MALDI-TOF):
miz=773.3 [M + HJ', 795.3 [M + Na]".

4.2.4. 5,17-Bis[(dibenzoylmethan-3-yl)methyl)}-25,26,27,28-tetra-
hydroxy-calix[4]arene (5). Compound 5 was prepared similarly to
compound 3 using NaDBA (0.55g, 2.2 mmol). The target product 5
was obtained (0.5 g) with a yield of 55%. Mp. 140-142 °C. IR (nujol,
em™Y): v = 3160 (vbr, {OH)), 1697, 1668 ({C—O0)), 1596, 1580
({C=0) and {C=C)), 1465, 1449 ({Ph)), 1377, 1340, 1268, 1229,
1199, 1180 (v,5(CCC)), 1077, 942 (v(CCC)). Anal. caled for C¢oHy505
(897.02): C, 80.34; H, 5.39. Found: C, 80.48; H, 5.15. Mass spectrum
(MALDI-TOF): m/z = 897.3 [M + H]', 919.3 [M + Na]".

4.3. Methods

4.3.1. General remarks. Microanalyses of C and H were
carried out using a EuroVector CHNS-O Elemental Analyser
EA3000. The melting points of the compounds were measured
using a Boetius hotstage apparatus. MALDI mass spectra
were detected on a Bruker Ultraflex III MALDI-TOF/TOF mass
spectrometer. NMR experiments were performed on a Bruker
AVANCE-600 spectrometer at 303 K equipped with a 5 mm
diameter broadband probe head working at 600.13 MHz in
"H and 150.864 MHz in >C experiments. Chemical shifts in the
"H and '*C spectra were reported relative to the solvent as an
internal standard (CDCl; §(*H) 7.27 ppm, §(**C) 77.2 ppm).
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Assignment of signals of the NMR spectra was accomplished by
means of 2D COSY, "H-"*C HSQC and "H-"*C HMBC experiments.
The pulse programs of the COSY, HSQC and HMBC experiments
were taken from Bruker software library. IR absorption spectra
were recorded on a Vector-22 Bruker FT-IR spectrophotometer
with a resolution of 4 cm™" as Nujol emulsions and KBr pellets
of compounds.

UV-VIS absorption spectra have been recorded on a Lambda
35 spectrophotometer (Perkin-Elmer) in 10 mm quartz cuvettes.
The Job plotting and spectrometric titration were done from
monitoring of absorbance (4;).

The steady-state luminescence spectra have been recorded
on a spectrofluorometer FL3-221-NIR (Jobin Yvon) with a SPEX
FL-1042 phosphorimeter in 10 mm quartz cuvettes. Excitation of
the samples was performed at the wavelength values designated
in the figure captions and emission detected at 545 nm for Tb(ur)
with 6/6 nm excitation and emission slits. Time-resolved measure-
ments have been performed on a spectrofluorometer FL3-221-NIR
(Jobin Yvon) using the following parameters: time per flash
49.00 ms, flash count 200 ms, initial delay 0.02 ms and sample
window 2 ms. The excitation and luminescence spectra of the
Gd(m) and Eu(m) complexes were measured with 14/14 nm excita-
tion and emission slits at the wavelength values designated in the
figure captions. The Yb(u)-centered excitation and luminescence
spectra were measured with 6/6 nm excitation and emission slits
at the wavelength values designated in the figure captions.

The time-resolved luminescence spectra and the decay
curves were recorded using an optical spectrometer based on
an MDR-23 grating monochromator (LOMO, Saint Petersburg,
Russia) coupled to a FEU-100 photomultiplier tube.’® The
luminescence was excited by an LGI-21 pulsed nitrogen laser
(337 nm wavelength, 2.1 mW laser pulse average output power,
10 ns pulse duration, 100 Hz repetition rate). The average
output power of the laser near the samples was 1.7 mW. The
exposed surface areas of the samples were 7 mm?.

All measurements were performed at room temperature
under aerated conditions.

4.3.2. Quantum-chemical computations. Structural modeling
of the complexes was performed using MOPAC 2012 software.””
The PM7 semiempirical method was applied by using Sparkle/
PM7 Lanthanide Parameters®® for the Modeling of the Tb(m)
complex which allowed computational time and resources to
be maximized and the accuracy comparable to non-empirical
approaches to be maintained.

4.3.3. Competitive solvent extraction. An aqueous solution
(10 mL) containing a mixture of metal salts ([Metal ion] =
0.1 mM) was buffered (50 mM) at pH 4-8 and extracted with
a chloroform solution containing a receptor (5.0 x 10™* M,
10 mL) at 20 °C. HI-7004L/C pH 4.01 buffer solution (HANNA)
for pH 4.0, Mes (2-(N-morpholino)ethanesulfonic acid) (Sigma-
Aldrich) for pH 5.0-7.0 and Tris (tris(hydroxymethyl)amino-
methane) (Sigma-Aldrich) for pH 8.0. The mixture was shaken
at 230 strokes/min for 24 h. A blank analysis without a receptor
was also performed with an aqueous solution of metal salts
(0.1 mM, 10.0 mL) and 10.0 mL of chloroform. The residual
concentrations of the metal ions determined in the aqueous
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phase after extraction by compounds 3-5 and after the blank
experiments were measured by an atomic emission spectro-
meter with inductively coupled plasma (ICP-AES, Thermo
Scientific, US). The extraction percentage (%E) for the metal
salts was calculated using the formula %E = ([Metal]aq.init —
[Metallaq)/[Metal]ag.init x 100, where ([Metallaq.init is the
concentration of metal ions in the aqueous buffer solution in
the blank analysis, and [Metal]aq is the concentration of metal
ions remaining in the aqueous solution after their extraction by
the investigated ligands. All data were obtained from three
independent experiments with a precision of +3%.
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