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The syntheses of 1,10-phenanthroline fluorophore-based chemosensor7 and its truncated analog9 are
reported. Interactions of these compounds with urea, thiourea, 1,3-dimethylurea, tetrahydropyrimidin-
2(1H)-one, imidazolidin-2-one, and selected uronium salts were assessed by three-dimensional excitation-
emission spectroscopy, UV-vis absorbance, and fluorescence titrations. Chemosensor7 was found to
be capable of distinguishing between neutral ureas and their salts, by producing a different optical response
for each type of compounds. The complexation of urea by7 was also studied by selective-NOE1H
NMR, 13C NMR (using13C-labeled guest), and MALDI-TOF mass spectrometry. In addition, we performed
DFT calculations (B3LYP 3-21g** level) for structures of complexes of7 with urea, imidazolidin-2-
one, and tetrahydropyrimidin-2(1H)-one. Development of chemosensor7-type compounds in conjunction
with differential excitation-emission spectroscopy represents an important step toward the development
of novel tools for ureas and their salts analysis.

Introduction

The development of supramolecular receptors for the binding
of urea,1 its salts,2 and derivatives3 including various cyclic
ureas, barbiturates, biotin, citrulline, uric acid, uracil, and others,
is an active field of research with great potential for environ-
mental and biomedical applications. Remarkably, development
of chemosensors for uronium salts, such as uronium nitrate
(UN), a powerful improvised explosive frequently used in acts
of terror,4 has received very little attention. In contrast to the
substantial number of reports on various chemosensors for urea
and its derivatives, only one paper has recently been published,
by Almog and co-workers, regarding chemical detection of UN.5

A chemosensor producing a different optical response to ureas
and their salts, thus being capable of distinguishing between
these analytes, is unprecedented and could be of considerable
importance.

Here we report the synthesis and evaluation of the new
ratiometric chemosensor7, capable of differential detection of

urea and UN. Chemosensor7 structure is composed of two 1,-
10-phenanthroline fluorophores, which also function as binding
“arms” (hydrogen-bond acceptors). These “arms” are bridged
by a 5-(2,5,8,11-tetraoxatridecan-13-yloxy)isophthalamidyl unit
(amide functional group-containing hydrogen bond donor),
which carries a methyltetraethyleneglycol moiety for improved
solubility in solvents that are better suited to urea/UN analysis.
For comparison and mode-of-binding studies, a truncated
derivative of chemosensor7 with a single 1,10-phenanthroline
“arm”, compound9, was prepared and evaluated by the same
methods as for7.

Results and Discussion

Synthesis.Synthesis of chemosensor7 included the construc-
tion of two key building blocks, namely, 2-amino-1,10-phenan-
throline 36 and 5-(2,5,8,11-tetraoxatridecan-13-yloxy)isophth-
aloyl dichloride 6 and their subsequent coupling (Figure 1).
Compound3 was synthesized by a new route in three steps,
starting with the oxidation of 1,10-phenanthroline monohydrate
by H2O2 in acetic acid, to produce 1,10-phenanthroline-N-oxide
1.7 This transformation was followed by conversion of com-
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pound1 to the corresponding 2-chloro-1,10-phenanthroline2,8

using POCl3 as a chlorination agent and DMF as the solvent.
Heating of the resultant compound2 with K2CO3 in acetamide
to 200°C led to formation of the first building block3.

The second key intermediate dichloride6 was prepared in
three steps, starting with a hydroxyalkylation reaction of
dimethyl-5-hydroxyisophthalate with 2,5,8,11-tetraoxa-tridecan-
13-yl-4-methylbenzene-sulfonate9 in refluxing CH3CN, using
K2CO3 as a base, to afford dimethyl-5-(2,5,8,11-tetraoxatridecan-
13-yloxy)isophthalate4 in a quantitative yield. Subsequent
hydrolysis of diester4 by 1.0 M NaOH in aqueous EtOH at 65

°C, followed by acidification, resulted in formation of the
corresponding 5-(2,5,8,11-tetraoxatridecan-13-yloxy)isophthalic
acid 5. The diacid 5 was quantitatively converted to the
diacylchloride6 by reaction with thionyl chloride in refluxing
THF. The target chemosensor7 was finally obtained in 48%
yield, by coupling of6 with a 2-fold excess of3 in CH2Cl2,
usingN,N′-diisopropylethylamine as the base.
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FIGURE 1. Synthesis of chemosensor7. Reagents and conditions: (i) H2O2, AcOH, 70°C; (ii) POCl3, NaCl, DMF, 100°C; (iii) K 2CO3, acetamide,
200 °C; (iv) K2CO3, 2,5,8,11-tetraoxatridecan-13-yl-4-methylbenzenesulfonate, CH3CN, reflux; (v) 1.0 M NaOH(aq), EtOH, 65 °C; (vi) SOCl2,
THF, reflux; (vii) N,N′-diisopropylethylamine, CH2Cl2, 0 °C.

FIGURE 2. Synthesis of9. Reagents and conditions: (viii) H2SO4

(catalyst), MeOH, THF, 65°C; (ix) HOBt, DCC, DMF, 0°C.
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Compound9 was prepared in two synthetic steps, using the
diacid 5 as the starting material (Figure 2). Sulfuric acid
catalyzed monoesterification of5 in MeOH/THF solution

afforded the 3-(2,5,8,11-tetraoxatridecan-13-yloxy)-5-(meth-
oxycarbonyl)-benzoic acid8. Subsequent DCC-mediated cou-
pling of 8 with the 2-amino-1,10-phenanthroline3 in DMF led
to the formation of the target compound9 in 70% yield.

Photophysical Studies.All photophysical studies of chemosen-
sor 7 binding of urea and urea derivatives (which included
thiourea, 1,3-dimethylurea, tetrahydropyrimidin-2(1H)-one, and
imidazolidin-2-one) were conducted in CH3CN, due to sufficient
solubility of both chemosensor7 and the urea analytes in this
solvent. To establish optimal parameters for fluorescence-based
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FIGURE 3. Side and top view of (left column) EEM spectrum of free chemosensor7, (middle column) EEM spectrum obtained after addition of
100 equiv excess of urea to7 (complex10), and (right column) differential EEM spectrum obtained for free chemosensor7 and its interaction with
100 equiv excess of urea.

FIGURE 4. Fluorescence spectra (λEx ) 396 nm) measured for7 and
its interactions with excess of various urea derivatives.
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titration experiments of7 with the listed ureas, three-dimensional
excitation-emission (EEM) spectra10 of free chemosensor7 and
its complexes with the urea derivatives were measured. These
complexes were prepared by addition of 100-fold excess analyte
to a 4.6× 10-6 M solution of 7. Addition of analyte in larger
excess did not result in any further changes. Figure 3 shows
representative EEM spectra of7, its complex with urea (10),

and a differential EEM spectrum (the overall fluorescence
response of7 to binding of urea), which was calculated by
subtracting the EEM spectrum of10 from that of free chemosen-
sor 7. The fluorescence quantum efficiency values for the
chemosensor7 and its complex with urea were found to be 0.18
and 0.11, respectively (using quinine sulfate as a reference). A
commonly accepted mechanism for the phenanthroline quench-
ing phenomena involves an inversion between the strongly
emissive ππ* and the poorly emissive nπ* states of this
fluorophore. Such an inversion could result from a hydrogen
bond interaction of phenanthroline nitrogens with urea, which
leads to stabilization of the nπ* state with respect to theππ*
state and decrease in the fluorescence emission intensity.11

The results of the EEM experiments allowed us to unambigu-
ously establish that urea, thiourea, tetrahydropyrimidin-2(1H)-
one, and imidazolidin-2-one can form complexes with7, as

FIGURE 5. (Left) Results of fluorescence titration of7 with urea. (Left, insert) titration profile obtained for7 and urea, monitored atλmaxEm) 426
nm. (Right) Job’s plot obtained for7 and urea.

FIGURE 6. Side and top view of (left column) EEM spectrum obtained after addition of 100 equiv excess of UN to7 and (right column) differential
EEM spectrum obtained for free chemosensor7 and its interaction with 100 equiv excess of UN.

TABLE 1. Binding Constants of Chemosensor 7 with Various
Urea Derivatives and Their Binding Stoichiometry

guest
binding
constant

binding
stoichiometry

1 urea 3.0( 0.5× 104 1:1
2 thiourea 6.5( 1.0× 104 1:1
3 imidazolidin-2-one 3.0( 0.2× 103 1:1
4 tetrahydropyrimidin-2(1H)-one 5.0( 1.0× 103 1:1
5 1,3-dimethylurea 0.0 n/a
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reflected by substantial changes (quenching) in the fluorescence
spectrum of7 (Figure 4).

In contrast, addition of 1,3-dimethylurea did not produce any
measurable response, most probably as a result of its inability

to form a complex with chemosensor7 in CH3CN. From
analysis of the EEM experiments, we also established that for
all urea analytes the optimum wavelength of excitation (at which
the biggest absolute changes could be detected) is 396 nm with
a correspondingλmaxEm ) 426 nm.

On the basis of these findings, the next step of our evaluation
involved a series of fluorescence titration experiments with
chemosensor7 (at 5.2× 10-5 M) and all aforementioned ureas.
Representative results of titration of7 with (NH2)2CO are shown
in Figure 5.

Least-square analysis of the spectral titration data, using
Hyperquad software,12 allowed us to determine the binding
constants for the evaluated ureas and the binding stoichiometries
of their complexes with7. The binding stoichiometry for each
urea was also validated by continuous variation technique (Job’s
plot, Figure 5). Table 1 summarizes the results obtained for7
and all evaluated ureas.

The presented results clearly exhibit preferential binding of
certain ureas by chemosensor7 in CH3CN. Specifically, thiourea
was found to have a higher affinity to7 than urea, by a factor
of 2. These observations can be rationalized by the higher
basicity of urea’s oxygen relative to thiourea’s sulfur (as
reflected by pKa values of 0.1 and-1.0 for uronium and
thiouronium cations, respectively),13 allowing the urea to form
stronger hydrogen bonds with protons of the amide functional
groups of7 than thiourea. On the other hand, thiourea hydrogens
are more acidic (compared with hydrogens of urea)14 and thus
create stronger hydrogen bonds with nitrogens of phenanthroline
binding moieties of7,15 which seems to be the more dominant
factor in ureas’ binding to7. Although somewhat higher binding

(11) (a) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Borsari, L.; Danesi,
A.; Giorgi, C.; Lodeiro, C.; Mariani, P.; Pina, F.; Santarelli, S.; Tamayo,
A.; Valtancoli, B. Dalton Trans.2006, 4000. (b) Pina, F.; M. Bernardo,
A.; Garcı́a-Espan˜a, E.Eur. J. Inorg. Chem. 2000, 2143-2157.
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Heterocyclic Chemistry; Katritzky, A. R., Ed.; Academic Press: New York,
1963. (c)CRC Handbook of Biochemistry; Sober, H. A., Ed.; CRC Press:
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Merck Index, 12th ed.; Budavari, S., Ed.; Merck & Co.: Whitehouse Station,
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(15) (a) Oepen, G.; Voegtle, F.Lieb. Ann. Chem.1979, 12, 2114-2117.
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(12), 1249-1253.

FIGURE 7. (Top) Results of fluorescence titration of7 with UN (at
λEx ) 297 nm). (Top, insert) Titration profile obtained for7 and UN,
monitored atλmaxEm) 478 nm (atλEx ) 297 nm). (Bottom) Results of
fluorescence titration of7 with UN (at λEx ) 396 nm). (Bottom, insert)
Titration profile obtained for7 and UN, monitored atλmaxEm ) 426
nm (atλEx ) 396 nm).

FIGURE 8. Fluorescence spectra of7 before (blue spectrum), after
the addition of 100 equiv excess of trifluoroacetic acid (red spectrum),
and after the addition of 100 equiv excess of UN (black spectrum),
monitored atλEx ) 297 nm.

FIGURE 9. Results of UV-vis absorbance titration of7 with UN.
Insert: titration profile obtained for7 with UN, monitored atλmaxAb )
286 nm (blue triangles) and 297 nm (red triangles).
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constants for urea complexes with other neutral organic hosts
have been reported,1 in most cases those results were obtained
in solvents less polar and competitive than CH3CN.

For the cyclic ureas, imidazolidin-2-one and tetrahydropyri-
midin-2(1H)-one, 1 order of magnitude lower binding constants
(relative to those of urea and thiourea) with host7 were
determined. These results could be partially explained by the
lower acidity of the cyclic ureas’ nitrogen protons, in comparison
to those of urea. Additional factors could be related to the size
of these cyclic ureas and their fitting into the binding cavity of
chemosensor7 (see computational results further on, in the
Supporting Information section). It is important to mention that
despite their bearing only two NH groups, the evaluated cyclic
ureas were still able to exhibit binding constants in a range of
several thousands, strongly suggesting that properly oriented
NH groups are still sufficient for complex formation with the
chemosensor7, on the one hand, and implying that mostly
“upper” aromatic nitrogens (ortho to the amide group) of 1,-
10-phenanthroline moieties are actually engaged in binding, on
the other. The lack of interaction between chemosensor7 and
1,3-dimethylurea could be explained by NH groups’ preferred
orientation,1i as the latter urea derivative is incapable of forming
proper “in-plane” interactions with both 1,10-phenanthroline
moieties of this chemosensor.

In addition to neutral urea ligands, we evaluated response of
chemosensor7 to the uronium cation, using uronium trifluo-
roacetate, and uronium hydrogensulfate and UN as representa-
tive analytes. As already described, in order to find optimized

parameters for titration experiments with UN, the EEM spectrum
of 7 (at concentration of 4.6× 10-6 M) with the addition of
about 100 equiv excess UN was measured (Figure 6). We
discovered that exposure of7 to the uronium salts produces a
fluorescent response completely different than that observed
when this chemosensor is exposed to neutral urea derivatives.
The overall shape of the resulting fluorescence signal changed
and its three maximum peaks atλEx/λmaxEm ) 315/410, 376/

FIGURE 10. Top view of (left) EEM spectrum of free compound9 and (right) EEM spectrum obtained after addition of 100 equiv excess of UN
to 9.

FIGURE 11. (Left) Results of fluorescence titration of9 with UN (at λEx ) 297 nm). (Left insert) Titration profile obtained for9 and UN,
monitored atλmaxEm) 422 nm (blue) and 482 nm (red) (atλEx ) 297 nm). (Right) Results of fluorescence titration of9 with UN (at λEx ) 396 nm).
(Right insert) Titration profile obtained for9 and UN, monitored atλmaxEm ) 426 nm (atλEx ) 396 nm).

FIGURE 12. Results of UV-vis absorbance titration of9 (at 3.2×
10-5 M) with UN. Insert: titration profile obtained for9 and UN,
monitored atλmaxAb ) 286 nm (blue) and 297 nm (red).
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426, and 396/426 nm were shifted toλEx/λmaxEm) 297/478 and
336/478 nm (Figure 6). These changes could be clearly seen in
the differential EEM spectrum, obtained from subtraction of
the EEM spectrum of7 with excess UN from the EEM spectrum
of free chemosensor7 (Figure 6).

Based on these EEM results, a series of fluorescence titration
experiments with chemosensor7 (at 4.6× 10-6 M) and UN
were performed atλEx ) 297 and 396 nm (Figure 7).

Very similar results were obtained upon titrating chemosensor
7 with trifluoroacetic acid (pKa ) 0.52), clearly indicating that
UN is acting as an acid, protonating rather than binding to the
1,10-phenanthroline moieties of7 (Figure 8). Note that other
investigators have also reported that upon acidification of 1,-
10-phenanthroline and its derivatives, fluorescent peaks of these
compounds shift by at least 50 nm to longer wavelengths.16

These conclusions were strongly supported by UV-vis ab-
sorption spectroscopy experiments. In contrast to all evaluated
neutral urea derivatives, the addition of which did not
result in any detectable changes in the UV-vis absorption
spectrum of7, substantial changes in this spectrum were
observed upon addition of the UN salt. The ratiometric response
of 7 (at 5.4× 10-4 M) to the presence of UN in solution was
evaluated by a titration experiment conducted in CH3CN, which
showed a gradual shift inλmax absorbance from 286 to 297 nm
(Figure 9).

Analysis of these results revealed that the interaction between
7 and UN occurs via a multistep process, as evidenced by the
lack of an exact isosbestic point in the absorbance and
fluorescence titrations of7 with UN (Figure 9). This could be
attributed to the presence of two 1,10-phenanthroline groups in
7, which most probably do not undergo simultaneous protonation
during UN addition. Similar changes in the absorption and
fluorescence spectra of 1,10-phenanthroline as a function of pH
have been described by de Melo and others.17

For comparison and to determine which functional group in
chemosensor7 is more important for ureas binding, we repeated
some of the above-described experiments with compound9. In

(16) (a) Sugiyasu, K.; Fujita, N.; Takeuchi, M.; Yamada, S.; Shinkai, S.
Org. Biomol. Chem. 2003, 1 (5), 895-899. (b) Yamada, M.; Kimura, M.;
Nishizawa, M.; Kuroda, S.; Shimao, I.Bull. Chem. Soc. Jpn.1991, 64 (6),
1821-1827. (c) Armaroli, N.; Ceroni, P.; Balzani, V.; Kern, J.-M.; Sauvage,
J.-P.; Weidmann, J.-L.J. Chem. Soc., Faraday Trans. 1997, 93 (23), 4145-
4150.

FIGURE 13. (A) 1H NMR spectra of7 in CD2Cl2. (B) 1H NMR spectra of the complex10 in CD2Cl2. (C) Results of1H NMR selective-NOE
experiment with10 in CD2Cl2 (when the amide protons at 10.80 ppm were irradiated).

FIGURE 14. (Top) 13C NMR spectra of complex10 with (NH2)2
13-

CO in CD2Cl2. (Bottom) 13C NMR spectra of (NH2)2
13CO in CD2Cl2.
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CH3CN, we were not able to detect any changes in the
fluorescence or absorbance spectra of9 upon addition of the
afore-listed neutral ureas. These results confirmed our previous
conclusion regarding the dominant and essential role of phenan-
throline moieties in the binding of various ureas.

The response of compound9 to the presence of UN was also
evaluated in the manner described for7. Thus, exposure of9

(at concentration of 4.9× 10-6 M) to 100 equiv excess of UN
produced a substantial fluorescence response, as shown in Figure
10. As in the case of chemosensor7 (which shares the same
fluorophore unit with9), the overall shape of the resulting
fluorescence signal of9 changed, and its three maximum peaks
at λEx/λmaxEm ) 315/410, 376/422, and 396/426 nm shifted to
λEx/λmaxEm ) 297/478 nm.

Based on the EEM results, a series of titration experiments
with 9 (at 4.9× 10-6 M) and UN was performed atλEx ) 297
and 396 nm (Figure 11).

Considerable similarity was found between the results of the
fluorescence and absorbance titrations (Figure 12) of9 with
UN and those of chemosensor7 with the same analyte in CH3-
CN. The major differences were related to the single-step transi-
tion from a neutral free9 to its corresponding monoprotonated
cation, as manifested by clear isosbestic points at 444 nm (in
fluorescence titration) and at 288, 312, 322, and 370 nm (in
absorbance titration), confirming our previous conclusions.

NMR Studies. In addition to photophysical studies, we
evaluated the formation of complex10 in a series of NMR
experiments conducted in CD2Cl2. It should be mentioned that
because of the very limited solubility of urea in dichloromethane,
titration of chemosensor7 could not be performed and therefore
its exact binding constants with this analyte to could not be
determined.

To measure the1H NMR of complex10, the compound was
prepared directly in deuterated solvent by sonicating a solution
of 7 in CD2Cl2 with 10-fold excess of solid urea. When the
transformation of7 to 10 was complete (as monitored by1H
NMR), the remaining excess of solid urea was filtered out.
Comparison of the1H NMR spectrum of the free chemosensor
7 to a spectrum of the resultant product revealed substantial
changes, undoubtedly indicating formation of a stable complex
between7 and urea (Figure 13). Specifically, a new peak,
assigned to the urea protons, appeared at 5.98 ppm. With respect
to the response of the host7, a chemical shift from 10.57 to
10.80 ppm (∆δ ) 0.23 ppm) was observed in its amide
functional groups. In contrast to reports by other investigators
for related complexes,1n,o in our case theperi proton of the
5-(2,5,8,11-tetraoxatridecan-13-yloxy)isophthalamidyl fragment

(17) (a) Pina, J.; Seixas de Melo, J.; Pina, F.; Lodeiro, C.; Lima, J. C.;
Parola, A. J.; Soriano, C.; Clares, M. P.; Albelda, M. T.; Aucejo, R.; Garcia-
Espana, E.Inorg. Chem. 2005, 44 (21), 7449-7458. (b) Kanzaki, R.;
Umebayashi, Y.; Maki, T.; Ishiguro, S.-I.J. Solution Chem. 2004, 33 (6/
7), 699-709. (c) Armaroli, N.; De Cola, L.; Balzani, V.; Sauvage, J.-P.;
Dietrich-Buchecker, C. O.; Kern, J.-M.J. Chem. Soc., Faraday Trans.1992,
88 (4), 553-556. (d) Henry, M. S.; Hoffman, M. Z.J. Phys. Chem. 1979,
83 (5), 618-625. (e) Winefordner, J. D.; Schulman, S. G.; Tidwell, P. T.;
Cetorelli, J. J.J. Am. Chem. Soc. 1971, 93 (13), 3179-3183. (f) Linnell,
R. H.; Kaczmarczyk, A.J. Phys. Chem.1961, 65, 1196-1200.

FIGURE 15. MALDI-TOF MS results obtained for complex10.

FIGURE 16. Top and side view of the Energy-minimized (DFT
B3LYP 3-21G** level) structure of complex10.
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shifted upfield from 8.75 to 8.66 ppm (∆δ ) 0.09 ppm). This
relatively small shift of theperi proton might result from
conformational changes in the structure of host7 upon com-
plexation of urea, resulting in turning the 5-(2,5,8,11-tetraox-
atridecan-13-yloxy)isophthalamidyl aromatic ring away from
urea’s oxygen (see computational results further on, in Figure
16). Additional support for this assumption could be found in
the significant downfield shift of two other aromatic ring protons
(H2) from 7.27 to 7.50 ppm (∆δ ) 0.23 ppm), even though
these protons are clearly not participating in the urea guest
binding. We estimate that this shift resulted not only from
changes in electron density on carbonyl oxygens of host7 after
complexation but also from changes in the distance and dihedral
angle between the protons H2 and these oxygens, as a
consequence of the 5-(2,5,8,11-tetraoxatridecan-13-yloxy)-
isophthalamidyl aromatic ring tilting. Measurable differences
in chemical shifts, upon complex10 formation, were found
between the “upper” and “lower” parts of the 1,10-phenanthro-
line moieties. While the protons of the “lower” part, H3 and
H5, were shifted downfield by just 0.08 and 0.03 ppm,
respectively (H5 protons did not show any response at all),
protons H8 and H9 of the “upper” part displayed a significant
downfield shift with ∆δ of 0.16 and 0.13 ppm, respectively.
These results strongly suggest that mostly the “upper” part of
the phenanthroline moieties is engaged in urea binding.

An 1H NMR selective-NOE experiment with complex10
further supported the proposed mode of urea binding by
chemosensor7 by displaying a clear correlation between the
amide protons at 10.80 ppm and the urea protons at 5.98 ppm;
no direct interactions between urea protons and other protons
was detected (Figure 13). An additional correlation was observed
inside the host between the amide protons and theperi proton
of the 5-(2,5,8,11-tetraoxatridecan-13-yloxy)isophthalamidyl
aromatic ring.

An additional technique for studying the interaction between
urea and its hosts is13C NMR, although until now13C NMR
has never been considered as a useful tool for the evaluation of
such complexes. For this purpose, preparation of complex10
was repeated, using13C-labeled urea. The reference experiment
included measurement of noncomplexed (NH2)2

13CO in CD2-
Cl2, which exhibited a peak at 158.18 ppm (Figure 14). Due to
the aforementioned low solubility of urea in this solvent, this
signal could only be observed after overnight acquisition of the
13C NMR spectrum. In contrast, complex10had good solubility
in dichloromethane and quickly showed a peak at 161.88 ppm
(downfield shift of∆δ ) 3.70 ppm) with an intensity that could

be assigned only to the carbonyl group of bound (NH2)2
13CO,

indicating the increased solubility of urea due to complexation
and providing unambiguous evidence for the formation of urea
complex with chemosensor7.

Mass Spectrometry Studies.MALDI-TOF MS analysis of
sample of complex10 afforded a high-resolution spectrum in
which the peak corresponding to the correct molecular mass of
this compound was present (M+ 1, m/z 787.3261, Figure 15).
To the best of our knowledge, prior to this work, the mass
spectrum of a noncovalent complex of urea with any of its
receptors has never been reported.

Molecular Modeling and Calculations. We studied the
structures of the chemosensor7 complexes with various ureas
by DFT calculations using Gaussian 03.18 After initial geometry
optimization, energy minimization at the B3LYP 3-21g** level
was performed for each calculated structure. All of the structures
were optimized without symmetry constrains. Figure 16 presents
the resultant structure of the complexe10, (structures of
complexes of imidazolidin-2-one and tetrahydropyrimidin-
2(1H)-one with chemosensor7, see in Supporting Information).

A comparison of calculated bond lengths in the bound urea
(complex 10) with the unbound urea (calculated and, for
reference, measured by microwave spectroscopy in the gas
phase19) is presented in Table 2. The subsequent trend could
be observed: following complexation, the urea’s carbonyl and
N-H1 bonds increased slightly in their lengths by 0.047 and
0.019 Å, respectively. In contrast, the urea’s N-H2 bond length
remained unchanged, as these hydrogens are most probably not
involved in binding with the host. The urea’s C-N bond length
decreased by 0.034 Å, probably due to a stronger interaction
between these atoms (more double-bond character) caused by
carbonyl bond weakening (Table 2). Similar results were also
obtained for cyclic urea ligands and they are consistent with
reports from other investigators.1

Examining distances and angles between the guest and host
in complex10 (Table 3), we found that in the “upper” part of
the complex their values are very close to the optimal lengths
and angles known for hydrogen bonds, whereas values for the
“lower” part of the complex are substantially different (too
distant and too bent), clearly indicating that no hydrogen bonds
are present in this part of the complex.

These calculated data were consistent with our spectroscopic
results, strongly supporting the proposed structure of10 and
related complexes with other ureas.

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.Gaussian
03, Revision B.05; Gaussian, Inc.: Wallingford, CT, 2004.

(19) Godfrey, P. D.; Brown, R. D.; Hunter, A. N.J. Mol. Struct. 1997,
413-414, 405-414.

TABLE 2. Comparison of Calculated and Measured19 Urea Bond
Lengths in Bound Urea (Complex 10) and Unbound Urea

bond

calculated bond
length in bound

urea [Å]

calculated bond
length in unbound

urea [Å]

measured bond
length in unbound

urea [Å]

CdO 1.286 1.239 1.221
C-N 1.352 1.386 1.378
N-H1 1.020 1.001 1.021
N-H2 1.001 1.001 0.998

TABLE 3. Calculated Distances and Angles for Complex 10

bond distance [Å] angle [deg]

Hamide‚‚‚Ourea 1.950( 0.002 173.16( 0.33 (Hamide‚‚‚OdCurea)
N1/phen‚‚‚H1/urea 1.950( 0.002 174.43( 1.58 (N1/phen‚‚‚H-Nurea)
N2/phen‚‚‚H1/urea 2.462( 0.003 104.71( 0.46 (N2/phen‚‚‚H-Nurea)
N2/phen‚‚‚H2/urea 2.555( 0.013 99.56( 0.60 (N2/phen‚‚‚H-Nurea)
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Conclusions

We prepared a multidentate receptor7, incorporating two 1,-
10-phenanthroline fluorophores as chelating/reporting subunits
attached to a central 5-(2,5,8,11-tetraoxatridecan-13-yloxy)-
isophthalamidyl moiety. This compound was found to be an
effective ratiometric and differential chemosensor for urea (and
some of its derivatives) and uronium nitrate, capable of
distinguishing between these analytes by producing a corre-
sponding optical response for each of them. Three-dimensional
excitation-emission spectroscopy was used for preliminary
functional evaluation of chemosensor7 and its truncated analog
9, enabling us to conveniently pinpoint all the spectral changes
taking place in the fluorescence of these compounds upon
addition of each analyte. Stability and binding mode of
chemosensor7 complex with urea and several urea derivatives
were evaluated by titrations and a series of spectroscopic
measurements, as well as by comparison to9. In the course of
these studies, we determined that the “upper” aromatic nitrogens
of the 1,10-phenanthroline subunits are mainly responsible for
the binding of urea ligands. In addition, the chemosensor7
complex with urea (complex10) was found to be stable enough
to sustain MALDI-TOF mass spectrometric analysis and showed
NOE enhancement between the bound host and guest and
changes in chemical shift in13C NMR of the bound13C-labeled
urea. We believe that this new chemosensor may represent an
important step toward the development of new chemistry for
ureas and their salts analysis.

Experimental Section

All operations with air- and moisture-sensitive compounds were
performed by Schlenk techniques under an argon atmosphere. All
solvents were of analytical grade or better; dry solvents were pur-
chased as anhydrous.1H and13C NMR signals are reported in ppm.
13C NMR spectra interpretations were supported by DEPT experi-
ments. Mass spectra were obtained on a spectrometer equipped with
CI, EI, and FAB probes, on s spectrometer equipped with an ESI
probe, or on a MALDI-TOF spectrometer. Progress of reactions
was monitored by TLC (SiO2) and visualized by UV light. Flash
chromatography was carried out on SiO2 (0.04-0.063 mm).

Dimethyl-5-(2,5,8,11-tetraoxatridecan-13-yloxy)isophtha-
late (4). To a solution of dimethyl-5-hydroxyisophthalate (2.44 g,
11.61 mmol) and 2,5,8,11-tetraoxatridecan-13-yl-4-methylbenzene-
sulfonate (4.42 g, 12.20 mmol) in an CH3CN (85 mL) was added
K2CO3 (1.77 g, 12.81 mmol) powder, and the mixture was refluxed
for 16 h. After cooling to room temperature, solids were filtered,
and the solvent was evaporated to afford pure4 as an oil (4.54 g,
98% yield).1H NMR (500 MHz, CD3CN): δ 8.17 (t,J ) 1.4 Hz,
1H), 7.76 (d,J ) 1.4 Hz, 2H), 4.24 (m, 2H), 3.93 (s, 6H), 3.84 (m,
2H), 3.66 (m, 2H), 3.61 (m, 2H), 3.57 (m, 6H), 3.48 (m, 2H), 3.31
(s, 3H). 13C NMR (125 MHz, CD3CN): δ 167.0, 160.5, 133.5,
123.5, 120.9, 72.9, 71.7, 71.5, 71.3, 70.4, 69.7, 59.1, 53.2. IR
(CHCl3): 3012, 2886, 2358, 1722, 1598, 1444, 1337, 1246, 1114
cm-1. HRMS (CI+): calcd for C19H29O9 401.1812, found 401.1816.
λmax (CHCl3): 247, 305 nm.

5-(2,5,8,11-Tetraoxatridecan-13-yloxy)isophthalic Acid (5).To
a solution of4 (4.54 gr, 11.34 mmol) in ethanol (115 mL) was
added 1.0 M aqueous NaOH (46 mL), and the mixture was heated
to 65 °C for 8 h. After cooling to room temperature, the ethanol
was evaporated, and the resulting aqueous solution was cooled to
4 °C and acidified to pH 3.0 with 3.0 M HCl (about 15 mL),
affording a white precipitate, which was separated from liquids,
dried under vacuum, and redissolved in EtOAc (50 mL). The
resulting solution was filtered again and evaporated to afford pure
5 as a white wax (3.26 g, 77%).1H NMR (400 MHz, CDCl3): δ
9.93 (s, 2H), 8.04 (t,J ) 1.2 Hz, 1H), 7.57 (d,J ) 1.1 Hz, 2H),

4.15 (m, 2H), 3.90 (m, 2H), 3.80 (br s, 4H), 3.74 (m, 2H), 3.71
(m, 2H), 3.66 (m, 2H), 3.56 (m, 2H), 3.37 (s, 3H).13C NMR (100
MHz, CDCl3): δ 169.4, 158.5, 130.9, 123.8, 120.2, 71.8, 70.6, 70.5,
70.4, 69.6, 67.8, 58.9. IR (KBr): 3459, 2894, 2587, 2055, 1706,
1598, 1453, 1315, 1255, 1112, 942 cm-1. HRMS (MALDI-
TOF+): calcd for C17H25O9 373.1499, found 373.1512.λmax-
(CHCl3): 248, 309 nm.

5-(2,5,8,11-Tetraoxatridecan-13-yloxy)isophthaloyl Dichloride
(6). To a solution of5 (641 mg, 1.72 mmol) in THF (6 mL) was
added thionyl chloride (1.35 mL, 18.59 mmol) dropwise, and the
reaction mixture was heated to reflux for 3 h. Then, the liquids
were evaporated under vacuum to afford6 as yellow oil.1H NMR
(500 MHz, CDCl3): δ 8.33 (t,J ) 1.2 Hz, 1H), 7.85 (d,J ) 1.5
Hz, 2H), 4.20 (m, 2H), 3.85 (m, 2H), 3.58 (m, 12H), 3.29 (s, 3H).
13C NMR (125 MHz, CDCl3): δ 166.7, 159.5, 135.1, 125.7, 122.8,
71.7, 70.7, 70.4, 69.7, 69.2, 68.6, 58.7. This compound was used
without purification.

5-(2,5,8,11-Tetraoxatridecan-13-yloxy)-N1,N3-di(1,10-phenan-
throlin-2-yl)isophthalamide (7). To a solution of3 (706 mg, 3.62
mmol) in dryN,N-diisopropylethylamine (3.0 mL) and CH2Cl2 (15
mL) was added a solution of6 (705 mg, 1.72 mmol) in dry CH2-
Cl2 (5 mL) dropwise at 0°C, under inert atmosphere. After addition
was completed the solution was allowed to warm up to room
temperature and stirred for 10 h. Then, the liquids were evaporated,
and the residue was redissolved in CH2Cl2 (20 mL) and washed
with water (3× 15 mL). Solvent was evaporated, and the solid
residue was purified by flash chromatography (SiO2; 6:94, CH2-
Cl2/MeOH; Rf ) 0.15), which was followed by precipitation from
CH2Cl2/hexane solution to afford7 as a light yellow solid (600
mg, 48%).1H NMR (500 MHz, CD2Cl2): δ 10.57 (s, 1H), 8.75 (s,
1H), 8.69 (s, 2H), 8.31 (d,J ) 7.8 Hz, 2H), 8.19 (d,J ) 7.7 Hz,
2H), 8.05 (d,J ) 8.6 Hz, 2H), 7.68 (d,J ) 8.7 Hz, 2H), 7.65 (d,
J ) 8.7 Hz, 2H), 7.48 (dd,J ) 4.2 Hz,J ) 7.7 Hz, 2H), 7.27 (s,
2H), 4.14 (m, 2H), 3.91 (m, 2H), 3.79 (m, 2H), 3.74 (m, 2H), 3.67
(m, 2H), 3.63 (m, 2H), 3.58 (m, 2H), 3.49 (m, 2H), 3.32 (s, 3H).
13C NMR (100 MHz, CD2Cl2): δ 164.2, 164.1, 164.0, 158.6, 151.3,
149.1, 144.5, 143.7, 138.0, 135.7, 135.1, 128.6, 125.8, 125.4, 124.3,
122.8, 117.7, 116.7, 114.5, 71.8, 70.8, 70.5, 70.4, 70.3, 69.4, 67.8,
58.5. IR (KBr): 3376, 2876, 1685, 1577, 1536, 1506, 1484, 1387,
1317, 1257, 1099 cm-1. HRMS (MALDI-TOF+): calcd for
C41H39N6O7 727.2880, found 727.2883.λmax (CH3CN): 227 (ε )
69,150), 286 (ε ) 49,800), 336 (ε ) 13,350), 353 (ε ) 7,350),
376, 396 nm.

3-(2,5,8,11-Tetraoxatridecan-13-yloxy)-5-(methoxycarbonyl)-
benzoic Acid (8).To a solution of5 (1.30 g, 3.50 mmol) in MeOH
(4.0 mL) and THF (13.0 mL) was added concentrated H2SO4 (150
µL), and the reaction mixture was heated to 65°C for 4.5 h. After
cooling to room temperature, the liquids were evaporated, and the
crude residue was purified by flash chromatography (SiO2; 3:97,
MeOH/CH2Cl2; Rf ) 0.38) to afford8 as a yellow oil (471 mg,
35%).1H NMR (400 MHz, CD3CN): δ 8.16 (t, 1H,J ) 1.4 Hz),
7.75 (d, 2H,J ) 1.4 Hz), 4.23 (m, 2H), 3.91 (s, 3H), 3.82 (m, 2H),
3.65 (m, 2H), 3.59 (m, 2H), 3.56 (m, 6H), 3.47 (m, 2H), 3.30 (m,
3H). 13C NMR (100 MHz, CD3CN): δ 167.0, 166.5, 159.9, 132.8,
123.5, 120.5, 120.4, 72.5, 71.3, 71.1, 70.9, 70.0, 69.1, 58.8, 53.0.
IR (CH2Cl2): 3009, 2884, 1721, 1698, 1597, 1440, 1226 cm-1.
HRMS (MALDI-TOF+): calcd for C18H26O9 387.1577, found
387.1607.λmax (CH3CN): 245, 313 nm.

Methyl-3-(1,10-phenanthrolin-2-ylcarbamoyl)-5-(2,5,8,11-tet-
raoxatridecan-13-yloxy)benzoate (9).To a solution of3 (240 mg,
1.23 mmol),8 (450 mg, 1.16 mmol), and HOBt (188 mg, 1.23
mmol) in dry DMF (11.0 mL) was added a solution of DCC (266
mg, 1.29 mmol) in dry DMF (8.0 mL) dropwise at 0°C under
inert atmosphere. The reaction mixture was stirred for 1.5 h at 0
°C and then was allowed to warm up to room temperature and
stirred for an additional 20 h. Formed precipitate was filtered out,
and the solution was evaporated under vacuum. The crude residue
was purified by flash chromatography (SiO2; 1:5:94, NH4OH (25%)/
MeOH/EtOAc;Rf ) 0.35) to afford9 as a yellow wax (460 mg,
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70%).1H NMR (500 MHz, CDCl3): 9.47 (br s, 1H), 9.12 (d,J )
4.3, 1.5 Hz, 1H), 8.75 (d,J ) 8.7 Hz, 1H), 8.30 (d,J ) 8.8 Hz,
1H), 8.23 (d,J ) 7.9 Hz, 2H), 7.78 (s, 1H), 7.76 (d,J ) 9.1 Hz,
2H), 7.69 (d,J ) 8.7 Hz, 1H), 7.60 (dd,J ) 4.3, 8.0 Hz, 1H), 4.23
(m, 2H), 3.93 (br s, 3H), 3.87 (m, 2H), 3.73 (m, 2H), 3.64 (m,
9H), 3.50 (m, 2H), 3.32 (s, 3H).13C NMR (125 MHz, CDCl3): δ
167.8, 165.2, 159.2, 151.1, 149.9, 144.8, 144.1, 138.8, 136.3, 135.6,
131.9, 129.1, 126.3, 126.2, 125.0, 123.0, 120.3, 119.6, 118.3, 115.7,
71.8, 70.8, 70.5, 70.4, 69.4, 68.1, 58.9, 52.3. IR (CH2Cl2): 2886,
1724, 1682, 1597, 1483, 1318, 1265, 1107 cm-1. HRMS (MALDI-
TOF+): calcd for C30H34N3O8 564.2346, found 564.2300.λmax

(CH3CN): 228, 286, 313, 336, 352, 375, 395 nm.
5-(2,5,8,11-Tetraoxatridecan-13-yloxy)-N1,N3-di(1,10-phenan-

throlin-2-yl)isophthalamid Complex with Urea (10). To a solution
of 7 (50 mg, 6.88× 10-5 mole) in CD2Cl2 (2.0 mL) was added
solid (NH2)2CO (42 mg, 0.70 mmole) was added, and the mixture
was sonicated (with1H NMR monitoring) for about 20 min at room
temperature. Then, the excess of urea was filtered out, and the
solvent was evaporated to afford complex10 as a yellow solid.1H
NMR (500 MHz, CD2Cl2): δ 10.80 (s, 2H), 8.77 (s, 2H), 8.66 (s,
1H), 8.45 (d,J ) 8.4 Hz, 2H), 8.21 (d,J ) 7.9 Hz, 2H), 8.18 (d,
J ) 8.7 Hz, 2H), 7.75 (d,J ) 8.7 Hz, 2H), 7.70 (d,J ) 8.7 Hz,
2H), 7.50 (m, 4H), 5.97 (br s, 4H), 4.21 (m, 2H), 3.90 (m, 2H),

3.77 (m, 2H), 3.71 (m, 2H), 3.65 (m, 2H), 3.62 (m, 2H), 3.59 (m,
2H), 3.50 (m, 2H), 3.32 (s, 3H).13C NMR (100 MHz, CD2Cl2): δ
165.0, 162.5, 159.0, 151.7, 148.9, 145.0, 144.2, 138.0, 135.8, 135.3,
128.8, 126.0, 125.9, 124.5, 122.7, 118.3, 117.5, 115.8, 71.8, 70.8,
70.5, 70.4, 70.3, 69.4, 67.9, 58.5. IR (KBr): 3392, 2962, 1686,
1592, 1534, 1507, 1485, 1386, 1317, 1261, 1097 cm-1. HRMS
(MALDI-TOF+): calcd for C42H43N8O8 787.3204, found 787.3261.
λmax (CHCl3): 227, 286, 337, 353, 376, 396 nm.
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