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Abstract

A sumber of 1,10-phenanthsoline derivatives such as 2,9-dialkyl phenanthroline derivatives,
biscrown derivatives which include crown ether moieties via amide groups at the 2 and 9
positions, and oligomethylene bridged phenanthrolines which work as ionophores have been
synthesized. Their properties not oaly as sensing agents for ion-selective electrodes (ISEs) ard
fluorometry, but also as agents for selective ion transport have been investigated. It has been
found that 2,9-dibutyl-1,10-phenanthroline is an excellent Li*-sensing agent for both ISEs
and fluorometry. 1,6-Bis(9-butyl-1,10-phenanthrolin-2-yl }hexane, which is one of the bridged
bisphenanthrolines, exhibits high sclectivity toward Li* among alkali and alkaline earth metal
ions in a liquid membrane system. The phenanthroline derivative with bis{benzo-15-crown-5)
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moteties functions as a highly selective K carrier. The relationship between their structure
and functions is also discussed.

Keywords: Keywords: Ionophores; 1,10-Phenanthroline; Alkali metals

1. Introduction

1,10-Phenanthroline and its derivatives have been known for a long time to be
color reagents for transition metal ions [1], and their selectivity for metal ions
largely depends on their substituents at the 2 and 9 positions. 1,10-Phenanthrolines
work as bidentate ligands for metal ions. For example, 2,9-dimethyl-1,10-
phenanthroline forms a 2:1 complex with many metal ions.

Recently, the rare earth metal ion complex of phenanthroline derivative 3,

HOS
‘ v COoH
7 o L:
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=
T

which has dicarboxyl groups at 2 and 9 positions, was reported to be availabie as a
fluorescent reagent for biological systems [2-4]. More recently, phenanthroline
derivatives were used as a DNA intercalator [5]. Sauvage’s group has studied the
synthesis of structurally interesting catenands, knot molecules 4 and 5,

[F2N

respectively by using a phenanthroline moiety as a building block [6]. Further,
macrocyclic compounds containing phenanthroline subunits (6, 7)
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were synthesized and the characteristics as ionophores were investigated [7-10].
One of the structural features of phenanthrolines is that two nitrogen atoms are
immobilized conformationaily and as a resuli they are entropically advantageous in
the metal ion complexation. Furthermore, in nucleophilic substitution reactions to
the phenanthroline ring, the 2 and 9 positions are more reactive than others so that
various substituents could introduce « to the nitrogen.

In this article, we mainly review our siudies on phenanthroline derivatives which
can be applied to separation and detection for some metal ions.

2. Preparation of 1,10-phenanthroline derivatives
2.1. Preparation of substituted 1, 10-phenanthrolines

Compounds baving a 1,10-phenanthroline skeletor can be synthesized by the
Skraup reaction from o-nitroaniline or o-phenylenediamine [ 11]. Substituted phe-
nanthrolines are prepared using substituted precursors [12] or direct introduction
of substituents into 1,16-phenanthrolines by substituiion or addition reactions. Some
direct substitution reactions to phenanthrolines are known, such as nitration at 5
position [13], suifonylation ai 3 and 5 positions [14], bromination at 5 and 6
positions {15].

The characteristics as a ligand for metal ions are known to be largely influenced
by the substituents at the 2 and 9 positions of 1,10-phenanthrolines, since these
positions are adjacent io ligating nitrogen atoms. However, in order to functionalize
the 2 and 9 positions, trihalogenation of 2,9-dimethyl-1,10-phenanthroline using N-
bromosuccinimide (NBS) or N-chiorosuccinimide (NCS) followed by hydrolysis
gives carboxylates which can be changed to a variety of carbonyl compounds [ 2,16].
The methyl groups at 2 and 9 positions can also be oxidized to aldehyde by selenium
dioxide [17]. The cyano group can also be iniroduced at the 2 position [18].
Digtrich-Biichecker et al. achieved direct alkylation or arylation of 1,10-
phenanthroline wusing alkyl or aryl lithium reagenis to give 2.9-disnbstituied
1,10-phenanthrolines in reasonable yield [19]. In this procedure, as is shown in
Scheme 1, addition occurs at 2 and 9 posiiions of nonsubsiituted 1,10-phenanthrotine,
followed by hydrolysis and rearomatization with manganese dioxide. They intro-
duced a p-methoxyphenyl group to phenanthroline, and after removal of the methyl
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Fig. 1. 29-Dialkyl-1,10-phenanthroline derivatives.

protecting groups, they prepared catenanes and knots in a highly sophisticated
manner using Cu(l} as a template [ 20]. Porphyrines and pyrroles are also introduced
in a similar manner [21,227. We have prepared 2,9-disubstituted phenanthrolines to
investigate the relationship between their structure and functions as ionophores. The
compounds examined are shown in Fig. 1.

2.2. Preparation of bisphenanthroline derivatives

Recently, the preparation of ligands which contain two or more phenanthroline
units has been reported. Bisphenanthrolines bridged with an ethylene chain at 2,2’
or 4,4’ positions were prepared by coupling of two lithiated methy! phenanthrolines
[23]. The reaction between 2-(w-bromoalkyl)-1,10-phenanthroline and lithiated
2-methylphenanthroline also yields bridged phenanthroline. This method was
employed in the preparation of bridged trisphenanthrolines [24]. Recently, Cram
et al. reported the preparation of a 1,1'-binaphthy! bridged cyclic compound which
contains iwo phenanthroline wvnits [25]. If the method described in the previous
paragraph was used in the reaction between aw-dilithicalkane [26] and two phe-
nanthrolines, the formation of bisphenanthroline bridged with polymethylene at 2
and 2’ positions was expected, and the reaction proceeded as expected [27].
Bisphenanthrolines bridged with oligomethylenes from tetramethylene to octa-
methylene were prepared in a similar manner {Scheme 2) [28].

2.3, Preparation of biscrown type ionophores

Functional substituents at the 2 and 9 positions of 1,10-phenanthroline might
cooperate with each other and exhibit a new function, for the functional groups
are juxtaposed in the same direction. We have introduced crown ether moieties,
which are well-known units in host—guest chemistry, at the 2 and 9 positions of
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1,10-phenanthroline. Shono and Kimura et al. have reported that biscrown com-
pounds show good performance as sensing agents for ion-selective electrodes [29].

We prepared 4,7-diphenyl-1,10-phenanthroline-2,9-dicarboxylic acid from 29-
dimethyl-4,7-diphenyl-1,10-phenanthroline as a starting material {Scheme 3) [ 30].
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This compound is known to be a fluorescence reagent for detection of protein in
biological systems [ 2-47. Biscrown type compounds were obtained by the reactions
of the acid chloride of phenanthroline and aminobenzocrown ethers or azacrown
cthers.

3. Phenanthrolines as ion-sensing agents
3.1. Ionophores for ion-selective electrodes ( ISEs)

Ton-seiective electrodes (ISEs) have many advantages in the ion activity determin-
ing process, ie., direct and real time monitoring of samples is possible. One of the
most popular ISEs is a pH meter using a glass electrode. In these decades, the
development of liquid membrane ISEs based on ion exchange liquid or neuiral
carriers has been carried out [ 31-33]. Especially, after the development of polymer
supported liquid membrane electrodes based on natural ionophores, i.e., valinomycin
etc., the design and synthesis of neuiral carniers mimicking such natural ionophores
has become more important in the field of host—guest chemistry. Although a natural
ionophore for a lithium ion, the smaliest alkali metal ion in size, is unknown, the
preparation of artificial ionophores for a lithium ion has been reporied [34]. One
of the reasons is that lithium carbonate is wsed as a medicine to be taken orally for
the therapy of manic-depressive psychosis, and the effective concentration and the
hazardous concentration are very close in the human body. Therefore, a lithium
sensor with high selectivity is required, in order to dose it safely.

We have been engaged in the development of artificial ionophores, especially with
the lithium ion, the smallest ion among alkali metal ions, as a target. We found that
29-dialkylsubstituted 1i,10-phenanthrolines show very high lithium-ion selectivity
among alkali metal ions and alkaline earth metal ions [35]. We have investigated
the relationship between the structure and selectivity [ 36].

The performance of ISEs (see Fig. 2) was estimated by determining their selectivity
using the following Nicolsky-Eisenman equation by the separate solution method
(SSM) and/or the fixed interference ion method (FIM).

E=E,+{23RT/Z,F log (ay;+ ) KIgh ay'/?™)

where R, a, T, Z and F denote the gas constant, ion activities, absolute iemperature,
charge of the interfering ion, and Faraday constant, respectively. The selectivity
coefficients estimated by SSM are listed in Fig 3. The response of the electrode
based on 9 is shown in Fig. 4. As is shown in Fig. 4(b), in the presence of interfering
tons which exist in blood serum, such as sodium and calcium, the electrode showed
excellent selectivity. However, this ISE responds to hydrogen ion concentration
sensitively, for imide nitrogen atoms tend te be protonated. Therefore, the measure-
ment must be carried out over pH 5. Both with and without phenyl substitutents at
the 4 and 7 positions of 1,10-phenanthrolines, the electrodes based on 2,9-dimethyl
(2) or 2,9-di-n-butyl phenanthroline {9, 12) exhibited high lithium selectivity, while
the electrodes based on 2,9-di-sec-buiyl (10} or 2,9-di-tert-butyl phenanthroline (11)
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Fig. 3. Sefectivity coefficients of the PVC-matrix membrane electrodes based on 1,10-phenanthroline
derivatives.

did not show appreciable electromotive response or selectivity. These low responses
are due to the steric hindrance of bulky substituents at the 2 and 9 positions of
phenanthroline in complexation with lithinin ions. The NMR titration showed that
2,9-dimethyl-i,10-phenanthroline and 2,9-di-n-butyl-1,10-phenanthroline form com-
plexes in 2:1 stoichiometry with lithium perchlorate [36], and the structures of the
complexes were defermined by X-ray crystallography, showing the nitrogen atoms
of the 1,10-phenanthrolines to be apices of a tetrahedron surrounding a lithium ion,
as shown in Fig. 5, while in the case of sec-butyl or tert-butyl substituted phenanthro-
lines, these substitutents prevent the phenanthroline nitrogen atorns from coming
close to each other; consequently, the electrode based on these compounds showed
only low responses.
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Fig. 4. Calibration curves for the electrode based on 9. {a) separate solution metkods {SSMY); {b) fixed
interference method (FIM).

Fig. 5. Schematic representation of 2:  comples of 9 with Li*.

Thus, phenanthrolines having methyl or n-butyl groups at the 2 and 9 positions
were proven to form 2:1 complexes with lithium ions. From this result, we have
designed new types of compound which are composed of two phenanthroline units
bridged with an oligomethylene chain, expecting an improvement in both complexing
ability and selectivity for lithium ions. For this purpose, we prepared several novel
bisphenanthrolines with different oligomethylene chain lengths. As a result, the ion
sensing electrode based on the 9-n-butyl substituted phenanthrolines bridged with
oligomethylene at the 2 positions (15) showed almost the same selectivity as that
based on 9.

As described above, 2,9-di-n-butyl-1,10-phenanthroline (9) and bis(9-n-butyl-1,10-
phenanthrolin-2-yi}hexane {15) showed the highest lithium ion-selectivity reported
s0 far.
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3.2. Phenanthrolines as fluorophores and chromophores

Ionophores which demonsirate fluorescence spectrum or UV-visible spectrum
changes upon complexation with ions are called fluorophores and chromophores,
respectively. Both are expected to be new probes for optical sensors toward ions
[37]. Upon addition of alkali and alkaline metal ions into aprotic solution, ie.,
acetonitrile, 1,4-dioxane etc, of 1,10-phenantiroline derivatives, an increase of the
fluorescence intensity was observed only upon the addition of lithium ions [387].
The change of fiuorescence intensity upon addition of alkali metal 1ons is shown
in Fig. 6.

Fluorescence intensity vs. concentration of alkali metal ions from 107% M to 10°
mol dm ™3 (=M) are plotied in Fig. 7. Under the concentration range of lithium ion
where the fluorescence intensity changes, no interference from added sodium or
potassiwm ion was observed. Therefore compound 9 is a lithium specific fluorophore
[39]. The bisphenanthroline with 9-n-butyl substituted, bridged with oligomethylene
at the 2 positions, showed a similar tendency to nonbridged ones. The complexation
constant of 1,6-bis{9-butyl-1,10-phenanthrolin-2-yl}hexane in acetoniirile solution
was estimated to be 1.7x 108 M ™1,

We aiso developed lithinm lon selective chromogenic ionophores composed of
2.9-disubstituted phenanthroline derivatives, Upon addition of lithium ion to the
1,4-dioxane sojuticn of this type of compound, the color of the soiution changed
from yellow to dark brown [40]. Complexation with lithium ion made the N-H
proton of 19 more acidic, which allowed deprotonation under the experimeatal
conditions.
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Fig. 6. Effect of the addition of metal ions (0.5 mmoi dm™?) on the fiuorescent spectra of 9 (0.1 mmol
dm ~?¥in MeCN. Emission spectra excited at 289 nm {23°Ch A, 92nd 9+ Na";B, 9+ Li*;and C, 94+ K.

4. 1,10-Phenanthrotines as ion transport agents in lignid membrane systems
4.1. 1,10-Phenanthrolines as lithium ionophores

Lithium has become more and more important as a material and as an energy
resource in the fusion reaction. It is known that tritium, which is a reactant for
nuclear fusion, is obtained by irradiation of lithium (atomic weight =6) by neutrons,
and lithium is also vwsed as a coolant for air conditioners or as a coolani for nuclear
reactors, as material for batteries, and as a component of an alloy for high perior-
mance materials. While inorganic absorbents for lithium harvesting have been stodied
intensively, we bave been trying to develop organic materials for selective lithium
ion separation.

We have reported noncyclic polyether carboxylic acid type ionophores as selective
lithium ion transporting agents in proton driven wuphill transport through liguid
membranes. We have also found that several 1,3-bis{quinolyloxy)propane derivatives
exhibit appreciable lithium ion selectivity [41,42]. Recently, several phenanthroline
derivatives were found to exhibit much better selectivity compared to the lithium
ionophores reported so far. Thus, among 1,10-phenanthroline derivatives, 2,9-di-n-
butyi-1,10-phenanthroline exhibits excellent lithivm selectivity compared with non-
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substituted or methyl subsiituted phenanthrolines. From the results of crystallo-
graphic data for 2,9-dimethyl or 29-di-n-butyl-1,10-phenanthroline, we designed
molecules containing two phenanthroline units, which could include a lithium ion
in one molecule to form a 1:1 complex with a lithium ion. The compounds with
various lengths of bridging oligomethylene were prepared by the reaction path
indicated in Scheme 2 [281].

An ion transport experiment through a liquid membrane was carried out using a
U-shaped cell. Initial transport conditions were as follows; (source phase) 1.0 mol
dm™* of each of LiCl, NaSCN and KSCN in 15 ml of water/{chloroform phase)}
0.15 mmol of carrier (0.30 mmol for 9) in 30 ml of CHCL, f{receiving phase) 15 mi of
deionized water; the temperature of the three phases is kept at 25°C.

The results are shown in Fig. § and Table 1. As was expected, a remarkable increase
of ion transport raie and ion selectivity was observed for 13-17 compared with
2,6-dibutyl-1,10-phenanthroline 9. Among the various bridge lengths of bisphe-
nanthrolines, tetramethylene to octamethylene, selectivities and transport rates
largely depend on the bridge length, and the hexamethylene bridged form showed
the highest selectivity for Li* /Na* =1850. This value is extremely high for a liquid
membrane ion transport system. Carriers 13 and 14 with a short oligomethylene
chain compared with 15 might be unfavorable te form a 1:1 Li*-complex, thus
reducing their Li*-gelectivity. On the contrary, 16 and 17 with a long oligomethylene
chain compared with 15 also gave decreased selectiviiy, probably because of excessive
flexibility for the complexation. Although there was little difference in selectivity
between the elecirode based on 2,9-dibutyl-1,10-phenanthroline and that based on
1,6-bis(9-buiyl-1,10-phenanthrolin-2-ylYhexane, there appeared to be a large differ-
ence in lon transport selectivity. These results might be explained as follows. While
the relative difference of stability reflected the selectivity in ISE, the stability constant
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Fig. 8. Plots of amount of Li* transported by 9, 13-17 vs. time.

Table 1
Rates of ion iransport through chloroform liquid membrane

Phenantbroline Transport rate (pmol b~ cm ™~ %) Selectivity
derivative
Li Na x 10? K x 107 Li/Na LK
9 197 0.33 G.17 600 1160
13 9.19 219 0.73 430 1260
14 8.38 8318 216 200 5590
15 i7.6 095 0.36 1850 4550
16 11.3 Q.80 G.80 1410 1416
17 5.90 .50 0.13 1180 1540

Initial transpori conditions (25°C): (source phase} 1.0 mol dm 2 of each of LiC), NaSCN and KSCN
in 15 ml water/{chloroform phase) 0.15 mmol of carier {0.30 mmol for 9) in 30 ml of CHCl,/(recziving
phase} 15 ml of deionized water.

of the complex itself reflecied the ion transport rate. The difference should be revealed
from a mechanistic point of view.

Bisphenanthroline without substituents showed Mg?™ selectivity in its spectro-
scopic behavior. This is important, since only a few Mg®* selective ionophores have
been reported so far.

As shown above, the ion-seleciivity varies depending on the structure of substitu-
ents on phenanthrolines and the length of the bridging oligomethylene chain.
Phenanthrolines are promising candidates for various applications.

4.2, Biscrown type ionophores

In the field of crown ether chemistry, in which cations are captured depending on
the sizes of ions and crown ethers, a great deal of work has been done in both
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fundamental and applicational fields [43]. Compounds which possess two crown
ether moieties show excellent properties in their selectivity and ion capturing features
compared with monocrown derivatives. For example, bis(14-crown-4)s 20 {29] and
bis(15-crown-5)s teported by Shono and Kimura showed sodium and potassiom
selectivity, respectively, and are useful as ion sensing agents for ion-selective electrodes
[44]. In their compounds, the degree of freedom in the rotation of the bridging
chain between two crown moieties is relatively large, while our compounds have a
restricted degree of freedom because of the rigid structure of phenanthroline as a
bridging unii, Le., two crown ether moieties are juxtaposed in the same direction.
Ton transport properties were investigated using compounds 21-23. Compound 22,
which containes benzo-15-crown-5 as cation binding unit, showed good potassinm
ion selectivity [30] (Fig. 9), while 21 and 23, which bear benzo-12-crown-4 and
benzo-18-crown-6, respectively, did not show an appreciable difference in selectivity.
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5. Concluding remarks

We reviewed here our study of phenanthroline derivatives, which we have investi-
gated for several years. 1,10-Phenanthrolines not only with 2,9-alkyl groups but also
with 2,9-amide groups have been synthesized and applied to ion-separation and ion-
detection. As a sensing reagent, 2,9-di-n-butyl-1,10-phenanthroline was found to
exhibit excellent selectivity for lithium ion among alkali and alkaline earth metai
ions, not only as ion-selective electrodes but also in fluorimetry. As a carrier for ion-
separation through liquid membranes, oligomethylene-bridged bisphenanthroline 15
can fransport lithium ion with high selectivity.

Thus, we designed and synthesized highly functional phenanthroline molecules,
investigating the relationship between their structure and functions.
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