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Abstract
A facile preparative method for introduction of lipophilic
alkoxy groups at positions 4 and 7 of a phenanthroline core is
developed. The syntheses of N,N'-diethyl-N,N'-di(4-nhexylphenyl) - 4,7-di-n-butoxy -1,10-phenanthroline-2,9-dicarbamide and its complex with lanthanum nitrate are described. A
structure of the resulting complex is elucidated by XRD. A high
solubility of the N,N',O,O'-tetradentate ligand in aliphatic
hydrocarbons offers ample opportunities for its application for
extraction of lanthanides and actinides into nonpolar organic
solvents.
Key words: N,N',O,O'-tetradentate ligands, 1,10-phenanthroline-2,9-dicarboxylic acid amides, complexes of lanthanum
nitrate, XRD.

Diamides of 1,10-phenanthroline-2,9-dicarboxylic acid
(PDCA) and its derivatives comprise a large class of N,N',O,O'tetradentate ligands that readily form complexes with transition
and post-transition metal cations. Over recent years, they have
assumed particular importance as promising extracting agents
for processing of highly radioactive nuclear wastes [1–3].
Owing to the rigid prearranged structures, the presence of
different coordination sites (hard amide oxygen and soft
heterocyclic nitrogen atoms according to the Pearson's acid–base
concept), and the high coordinating ability at relatively low
basicity, these compounds can efficiently extract actinides and
lanthanides from aqueous nitric acid solutions into organic
solvents. Important advantages of PDCAs are high oxidative and
hydrolytic stabilities. Furthermore, some of these compounds
exhibited high selectivity factors for separation of An/Ln [2, 4–
8] and Ln/Ln' [9] pairs. At the same time, the extensive use of
PDCA in extraction technologies is seriously restricted by the
tedious synthesis of compounds that have functional substituents
in a phenanthroline core and, in some cases, also by their low
stability under radiolysis conditions. For example, recent
investigations revealed that N,N'-diethyl-N,Nʹ-di(4-n-hexylphenyl)-4,7-dichloro-1,10-phenanthroline-2,9-dicarboxamide [5,
9] (compound 1, Fig. 1), which showed high selectivity for
separation of actinides and lanthanides, readily undergoes
hydrolysis/alcoholysis in a water–octanol medium under action
of γ-radiation [10]. An additional factor that restricts the use of
PDCAs in extraction technologies is their low solubility in
saturated hydrocarbons, which are widely used as the cheapest
solvents with appropriate technological characteristics. Our
studies [2, 3, 5, 9–11] and the results obtained by other research
groups [1, 4, 6–8, 12] indicate that the introduction of

substituents at different positions of PDCA and related N-donor
heterocyclic ligands allows one to significantly vary their
solubility and extracting properties. The introduction of
lipophilic alkyl substituents СnH2n+1 and alkoxy groups
ОСnH2n+1 (n ≥ 4) is often used to increase the solubility of
organic compounds in nonpolar solvents. Recently, Borisova et
al. [12] synthesized two PDCA derivatives with n-pentoxy
groups at positions 4 and 7 of a phenanthroline core; however,
no data were provided on their solubility in saturated
hydrocarbons. In this report, we describe an alternative method
for introduction of alkoxy groups at the mentioned positions of a
phenanthroline core, which is independently developed by our
research group and seems to be more facile than the previously
reported approach [12] from the preparative point of view.
Using the suggested method, we synthesized N,Nʹ-diethyl-N,Nʹdi(4-n-hexylphenyl)-4,7-di-n-butoxy-1,10-phenanthroline-2,9dicarboxamide (compound 2, Fig. 1) and its complex with
lanthanum nitrate. A structure of the latter was elucidated by
XRD.

Figure 1. 4,7-Disubstituted 1,10-phenanthroline-2,9-dicarboxamides.
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The previously reported synthetic approach for the related
diamide, namely, N,Nʹ-diethyl-N,Nʹ-diphenyl-4,7-di-n-pentoxy1,10-phenanthroline-2,9-dicarboxamide was based on a
nucleophilic substitution of the chlorine atoms in 4,7dichloroneocuproine, which was accomplished under action of
amyl alcohol in the presence of dimsyl sodium. Subsequent
oxidation of 4,7-di-n-pentoxyneocuproine with selenium dioxide
and nitric acid followed by the conventional conversion of
resulting 4,7-di-n-pentoxyphenanthroline-2,9-dicarboxylic acid
into the corresponding dicarboxamide allowed the authors to
isolate the target product in 25% overall yield.
The approach suggested by our research group avoids a
labor-consuming step of production of 4,7-dichloroneocuproine
from known heterocyclic precursor 3 [13, 14] under action of a
large excess of phosphoryl chloride. In our opinion, it seemed
more rational to accomplish the direct О-alkylation of ambident
dione 3 followed by the oxidation of resulting 4,7-di-nalkoxyneocuproine 4 into dicarboxylic acid 6 via the
intermediate formation of dicarboxaldehyde 5 (Scheme 1).
We found that the alkylation of both of the oxygen atoms in
dione 3 with n-butyl iodide proceeds selectively in a polar
aprotic medium and affords 4,7-di-n-butoxyneocuproine 4 in a
good yield. Note that in this case potassium carbonate, utilized
as a base, in the presence of a phase-transfer catalyst (TEBAC)
provides the same efficiency as conventionally used, but less
convenient sodium hydride [15–18]. The oxidation of 4 into
dicarboxaldehyde 5 under action of selenium dioxide can be
accomplished upon heating in a water–dioxane mixture. An
attempt to convert 5 to 4,7-di-n-butoxy-1,10-phenanthroline-2,9dicarboxylic acid 6 under action of nitric acid, which had been
used in the synthesis of the related 1,10-phenanthroline-2,9dicarboxylic acid [4, 19], led to the formation of a complex
mixture of products. However, this oxidation can be carried out
quantitatively upon treatment of dicarboxaldehyde 5 with
hydrogen peroxide in ethanol at room temperature. Furthermore,
compound 5 can be used without chromatographic purification
from selenium-containing admixtures, since they do not
interfere and, presumably, even catalyze the following
oxidation. Interestingly, under these conditions, the heterocyclic
nitrogen atoms remain intact, allowing one to avoid the potential
formation of N-oxides. The conversion of dicarboxylic acid 6 to

dicarboxamide 2 was carried out by the conventional method via
intermediate generation of dichloride 7. Product 2 was isolated
as a viscous oil and was characterized by IR and NMR spectra.
As it was expected, it readily mixes with aliphatic, aromatic and
chlorine-substituted hydrocarbons almost in any ratio.
The 1Н NMR spectrum of diamide 2 exhibits pronounced
temperature dependence. The signals in the spectrum of a
solution of 2 in deuterotoluene registered at room temperature
are very broad (Fig. 2а). A temperature rise to 80 °С leads to the
narrowing of the signals, which acquire the expected
multiplicities (Fig. 2b). This type of a temperature dependence
was already observed in the spectra of PDCA [6, 9] and the
related diamides of pyridine-2,6-dicarboxylic acid [11]. In
particular, they are observed in the 1H NMR spectrum of
diamide 1 [9]. These effects stem from the formation of diamide
associates in solutions, which decompose with a temperature
rise. This association is supposed to stem from π-stacking of
PDCA molecules, although there is no strong evidence. For
cyclic dilactams derived from pyridine-2,6-dicarboxylic acid, πstacking was detected in crystals [11].
Heating of equimolar amounts of 2 and La(NO3)3(H2O)6 in
acetonitrile afforded complex 8 with 1:1 composition in a yield
close to the quantitative one (Scheme 1). The resulting complex
is moderately soluble in acetonitrile and is readily crystallized at
room temperature as pale-yellow polyhedral crystals. The 1Н
and 13С{1Н} NMR spectra recorded at room temperature show a
characteristic set of narrow singlets and multiplets with wellresolved fine structures. This evidences the retention of an initial
planar symmetry of the ligand after binding with the metal ion.
The IR spectrum of the complex contains absorption bands
characteristic for the stretching vibrations of nitrate ions
coordinated by the metal ions, which are manifested as two very
intensive bands at 1467 and 1274 cm–1. The absorption band
associated with the C=O bond stretching vibrations is detected at
1615 cm–1 and is shifted to the lower frequencies compared to
the spectrum of the corresponding dicarboxamide, where it
appears at 1650 cm–1. This is typical for coordination by the
metal ion. The molecular structure of complex 8 obtained by
XRD is depicted in Fig. 3.
In a coordination sphere of the lanthanum ion (CN = 10),
tetradentate ligand 2 is almost symmetrically bound via two

Scheme 1. Synthetic route to 4,7-di-n-butoxy-1,10-phenathroline-2,9-dicarboxamide 2 and its complex 8. Reagents and conditions: (i) nBuI, K2CO3,
TEBAC, DMF, 80 °C, 12 h (76%); (ii) SeO2, 1,4-dioxane/H2O, , 1.5 h (78%); (iii) H2O2, EtOH, r.t., 12 h (99%); (iv) SOCl2, DMF, r.t., 12 h; (v) 4(EtNH)C6H4nHex, Et3N, THF, r.t., 12 h (64%); (vi) La(NO3)3(H2O)6, MeCN, , 2 h (93%).
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Figure 2. Aromatic part of the 1Н NMR spectrum of 0.05 M solution of 4,7-di-n-butoxy-N,N'-diethyl-N,N'-di(4-n-hexylphenyl)-1,10-phenanthroline2,9-dicarboxamide 2 in toluene-d8 at 19 °C (a) and 80 °C (b). Asterisks (*) indicate residual proton signals of the solvent.

Figure 3. Molecular structure of complex 8 (thermal ellipsoids are
presented at 50% probability level; the hydrogen atoms are omitted for
clarity). Selected bond distances (Å) and angles (deg) La(1)–N(1)
2.6899(18), La(1)–N(2) 2.6990(17), La(1)–O(1) 2.5689(15), La(1)–O(2)
2.5314(15), La(1)–O(1N) 2.6078(17), La(1)–O(2N) 2.6166(17), La(1)–
O(4N) 2.6321(17), La(1)–O(5N) 2.6484(17), La(1)–O(7N) 2.5661(18),
La(1)–O(8N) 2.5808(18), O(2)–La(1)–O(1) 168.54(5), N(1)–La(1)–N(2)
59.49(5).

oxygen atoms of the amide groups and two nitrogen atoms of
the phenanthroline moiety. The nitrate anions serve as bidentate
ligands. The more bulky aryl substituents at the amide nitrogen
atoms adopt anti-positions relative to the metal ion. O(1) and
O(2) amide oxygen atoms significantly deviate from a mean
plane of the phenanthroline ligand towards the metal ion (the
corresponding distances compose 0.53 and 0.88 Å,
respectively). Consequently, the metal atom appeared to be
below the same plane by 0.45 Å. A reason for these deviations,
which are typical for PDCA complexes with lanthanides and
actinides, was elucidated earlier by our research group upon
quantum chemical investigation of structures of the related
complexes [9, 20]. The gas-phase calculations showed that
winding of the amide groups towards the metal ion interrupts
their conjugation with the electron-deficient phenanthroline
core, which leads to an increase in the negative charge on the

oxygen atoms. The metal–oxygen coordination bond has
predominantly an ionic electrostatic nature; therefore, this
winding affords its strengthening and general stabilization of the
complex. This structural effect was also detected for the
complexes of pyridine-2,6-dicarboxylic acid diamides with
lanthanides and actinides [3, 20, 21].
In crystals, the molecules of complex 8 are assembled into
centrosymmetric dimers (Electronic supplementary information
(ESI), Fig. S1) with an insignificant overlapping of polycyclic
systems of the phenanthroline ligands.
In general, the structure of compound 8 is analogous to those
of the previously described complexes (PDCA)M(NO3)3 (M =
La, Eu [12], Nd, and Gd [6]) and the geometry around the metal
center is close to those of the above-mentioned complexes and
[(PDCA)2La(NO3)2](NO3) [6] (ESI, Table S1).
Hence, in this report we suggested a facile method for
introduction of alkoxy groups at positions 4 and 7 of a
phenanthroline core, which opens the way to a wide range of
new functionalized phenanthroline derivatives, including
diamides of 4,7-dialkoxy-1,10-phenanthroline-2,9-dicarboxylic
acid. We synthesized N,Nʹ-diethyl-N,Nʹ-di(4-n-hexylphenyl)4,7-di-n-butoxy-1,10-phenanthroline-2,9-dicarboxamide 2 that
features a higher solubility in aliphatic hydrocarbons than other
PDCA derivatives, which are deprived of lipophilic groups at
positions 4 and 7. The investigation of extracting properties of
compound 2 is currently under way in our laboratory, and the
results obtained will be published in due course.
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