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6-Polyamino-Substituted Quinolines: Synthesis and Multiple
Metal (Cu", Hg" and Zn") Monitoring in Aqueous Media

Anton S. Abel,** Alexei D. Averin,®® Andrey V. Cheprakov,’ Vitaly A. Roznyatovsky,® Franck Denat,®
Alla Bessmertnykh-Lemeune*© and Irina P. Beletskaya*a’b

Chemoselective palladium-catalyzed arylation of polyamines with 6-bromoquinoline has been explored to prepare
chelators for detection of metal cations in aqueous media. The introduction of a single aromatic moiety in non-protected
polyamine molecules was achieved using the commercially available Pd(dba),/BINAP precatalyst to afford nitrogen
chelators, in which aromatic signalling unit is directly attached to the polyamine residue. Water-soluble receptors were
then synthesized using N-alkylation of these polyamines by hydrophilic coordinating residues. By combining rich
photophysical properties of the 6-aminoquinoline unit with a high coordination affinity of chelating polyamines and a
hydrophilic character of carboxamido-substituted phosphonic acid diesters in a single molecular device, we synthesized
chemosensor 5 for selective double-channel (UV—vis and fluorescence spectroscopies) detection of cu" ions in aqueous
media at physiological levels. This receptor is suitable for the analysis of drinking water and fabrication of paper test strips
for the naked-eye detection of cu" ions under UV-light. By increasing the number of donor sites we also obtained
chemosensor 6 which is efficient for the detection of Hg” ions. Moreover, chemosensor 6 is also suitable for multiple
detection of metal ions because it chelates not only Hg” but also Cu" and zn" ions displaying different responces of

emission in the presence of these three cations.

Introduction

The development of sensitive and selective fluorescent
chemosensors for application in analytic chemistry, life sciences,
clinical diagnostics and environmental monitoring is an important
research target of chemical analysis.1 Besides the search for
efficient molecular probes for alkali and alkali-earth metal ions,
much attention has been focused on the design of small molecule
indicators for d-block metal ions which should allow their efficient
monitoring in industrial processes, medical analysis and toxicology,
environmental and household tests.

Among the targeted hazardous metal derivatives, inorganic
mercury(ll) species have attached particular attention due to their
high toxicity.2 Over the past hundred years, the amount of mercury
in the upper 100 m layer of the world ocean has doubled. The
mercury content in fish, human hair, and other biological specimens
around the world is regularly reported to exceed the permitted
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level. The prolonged exposure of humans to even very low
concentrations of HgII can lead to neurological diseases, various
cognitive and motion disorders, damage to the prenatal brain,
digestive system and kidney. The maximal level established by the
US Environment Protection Agency (EPA) for the content of this ion
in drinking water is as low as 2 ppb (0.01 uM).?

In turn, zinc(ll) and copper(ll) are vital trace elements, the
second and third most common in humans, respectively, and
detection and imaging of these ions in biosamples are of significant
interest. Zinc plays an indispensable role in various biological
processes such as gene transcription, regulation of metalloenzymes,
cell apoptosis, neural signal transmission, and insulin secretion, to
name a few.’ However, the level of zinc ions in the living system
should be carefully controlled because many severe neurological
diseases, including cerebral ischemia, Alzheimer's disease, and
epilepsy are associated with abnormal Zn" levels.’

Copper(ll) is also found in many metalloenzymes, as this metal
is involved in blood formation, synthesis of hemoglobin,
cytochrome, and gene expression. However, uncontrolled overloads
of this element can cause serious neurodegenerative diseases.®
Accordingly, this metal ion is also listed by EPA among toxic
substances, which should be controlled in drinking water, and its
action level is fixed at 1.3 ppm (20 uM).3

When released in the environment both zn" and Cu" become
harmful for most living organisms.7 For example, excess of Zn" ions
may reduce the soil microbial activity and cause phytotoxic effects.?

Therefore, many researches were focused on the synthesis of
sensors, which can detect and, in some cases, sequestrate these



three metal ions in different environment including solutions in
aqueous media under physiological conditions.’ Recently, the focus
was moved to the development of multi-signalling (multi-channel)
and/or multiple metal chemosensors which save time and effort for
By using
No combinations are

the synthesis of the sophisticated molecular probes.10

multi-modal signalling several Yes or
potentially possible leading to several signalling patterns. Different
giving a

possibility to multiple accumulation of information. Therefore,

analytes can switch on different signalling channel,
multi-modal receptors are expected to show an enhanced
selectivity and anti-interference ability, to increase the detection
reliability and simplify quantitative measurements. Using these
detectors should also provide an increase in a working range of
luminescent and

metal ion concentrations as chromogenic,

electrochemical signalling events are observed at different
the

molecular probes suffer from serious limitations, such as laborious

concentration levels of the analyte. However, reported
synthesis, low sensitivity, lack of selectivity, low water solubility,
operational complexity and difficulties in real-time monitoring.
Therefore, the development of optical detection methods, ranging
from simple semi-quantitative to highly precise and sensitive ones is
required for the efficient analysis of different metal cations under
real-life conditions.

The development of chemosensors is laborious and time-
consuming. Once the fluorophore unit has been chosen, a series of
molecular probes with different ionophores need be prepared
because solubility and coordination properties of the ligands are
difficult to predict. In such a case, synthetic methods allowing to
synthesize small libraries of molecular probes are useful. For
example, conventional click chemistry reactions were reported as a
We

have recently proposed an efficient synthetic strategy to obtain

rational synthetic approach to explore polymeric sensors.™

water-soluble optical chemosensors (Scheme 1).12

According to this approach, the libraries of chromogenic
polyamines can be synthesized from polyamines and aromatic
halides via the chemoselective palladium-catalyzed amination
reaction (Step 1) followed by the N-alkylation of the obtained
products with different alkyl halides bearing additional coordination
sites such as hydrophilic [(2-bromoacetylamino)methyl]phosphonic
acid diethyl ester (1) (Step 2). Taking into account a large substrate
scope of the catalytic and N-alkylation reactions, this strategy is
expected to be efficient for search of novel chemosensors involving
unusual fluoro- and ionophore units. In this work, we address the

Step 1: Selective arylation of polyamines

-
Aromatic .
chromogenic —Hal
unit

dba),/Ligand Aromanc

Pd(;
base e

ST =\ o m n=01,2

Step 2: N-alkylation of the polyamine unit

Aromatlc
chromogenlc —HN NH.

unit
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Hal =Cl, Br, |

Aromatlc

chromogenlc 7HN/_6 a’\
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+RBr*~

R = CH,C(O)NHCH,P(O)(OEt),
Scheme 1. Synthetic approach to polyamine chemosensors.
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synthesis and application of 6-aminoquinolines for double-channel
detection or signalling multiple metal ions.

Aminoquinolines have attracted considerable attention in
fluorescent sensing due to their rich photophysical properties,
photostability, non-toxicity for non-cancer cells and high membrane

permeability. "

Depending on the position of amino group in
quinoline rings, and structural parameters of the receptor unit,
these compounds can afford photochemical molecular devices,
which detect the presence of metal ions according to different
mechanisms such as photon-induced electron transfer (PET),14
internal charge transfer (ICT),15
transfer (FRET),™®
(EsiPT) ¥

to be well suited to develop multiple-metal and multi-modal

fluorescence resonance energy
excited-state intramolecular proton transfer
and excimer formation."®"® Thus, these compounds seem
chemosensors. Surprisingly, only 8—aminoquino|ines19 have been so
far widely investigated in this area, with most of the reported
studies being devoted to Zn" ions sensing.20 The potential of other
positional isomers of the aminoquinolines for sensing various
analytes scarcely explored and understood.>* %

In this work we chose to explore polar 6-aminoquinolines which
are interesting due to their ICT character (heterocyclic nitrogen
atom serves as an electron acceptor while the amino group is an
electron donor), the emission in visible region, low toxicity and
good photostability.22

aminoquinolines as fluorescent derivatization agents for the

Despite the long-lasting interest to 6-

analysis of mono- and oligosacharides23 and fatty acids,*

reagents for C—C bond formation®

signalling
or enzyme activity,26 the sensory
properties of these compounds are less investigated.

Shiff-base derivatives of 6-aminoquinoline have been found to
be  ratiometric prc»bes.27 6-

Aminoquinolines bearing carboxamide, urea or thiourea groups

fluorescent  pH-sensitive

were found to be efficient for monitoring inorganic anions and
. . 28

nucleoside triphosphates.

with various N-substituents were proposed as chemosensors for
22c

In turn, 2-methyl-6-aminoquinolines

diethylchlorophosphate, a nerve agent mimic.

Two recent examples of the detection of metal ions by 6-
aminoquinoline derivatives are of particular interest. Chemosensor
2 (Fig. 1) was proposed for highly sensitive detection of Al" and zn"
ions in aqueous media by UV-vis and fluorescence spectroscopies.
However, these ions can be distinguished only by absorption,
because the enhancement of the emission was rather similar for
both of them.'”
solutions exhibited different colour changes in the presence of HgII
or cu" ions.”®

A simple colorimetric receptor 3 in acetonitrile

Nevertheless, these ions also cannot be identified by
fluorescence spectroscopy because each of them lead to similar
emission quenching. The selectivity of the chemosensor 2 and 3
seems to be rather poor when both studied ions are present in the
same solution.

It is to be noted that 6-amino group was also introduced to
improve the optical response of 4-alkoxy and 4-aminoquinoline
derivatives.* Moreover, oxaazamacrocycles containing 4,6-
diaminoquinoline fragment demonstrated interesting changes of
selectivity when the structure of macrocycle was varied.®" The
compound 4 was identified as a selective chemosensor for cu" ions

in acetonitrile.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Chemosensors based on 6-aminoquinoline signalling
units: previously reported compounds 2—4 and receptors 5
and 6 investigated in this work.

In this work, we synthesized a novel type of 6-quinolyl
chemosensors with the electron-donor amino group directly
attached to the heterocycle and the second one separated from the
chromophore by the ethylene spacer (compounds 5 and 6, Fig. 1).
This structural organization of the receptor unit could be profitable
to combine PET and ICT processes within a single sensor system as
it was previously demonstrated for pH,32 anions® and metal ion®*
sensors bearing various fluorophores. Exploring sensory properties
of these compounds, we revealed that chemosensor 5 was suitable
for selective detection of cupric cations in aqueous medium under
physiological conditions by using both UV-vis and fluorescence
spectroscopies (a double-channel chemosensor). In contrast,
chemosensor 6 is useful for the fluorescent detection of HgII ions.
Moreover, this compound can fluorimetrically distinguish three
metal ions (Cu”, zn" and Hg”) in aqueous media (a three-metal
chemosensor). These are the first examples of 6-aminoquinolines
suitable for selective and sensitive detection of toxic metal ions in
physiological conditions.

Results and discussion
Ligand synthesis

The chemoselective palladium-catalyzed heterocoupling of
aromatic halides with non-protected linear polyamines, in which
only the primary amino groups are reactive, is a known
methodology (Scheme 1).>> When the reaction is carried out in the
presence of excess of polyamine, selective monoarylation of the
latter is observed. This reaction is useful for the synthesis of optical
chemosensors, because polyamines are excellent ionophores and
most of the known signalling units are derived from aromatic
compounds. However, recent studies have shown that the Pd-
catalyzed amination of azaheterocyclic halides is much more
complicated compared to the reaction of aryl halides due to
unfavorable coordination of the heterocyclic nitrogen atom to the
palladium centre which can result in catalyst inactivation.'**3¢
Fortunately, the (7) with

polyamines 8a—-f takes place smoothly under the standard

reaction of 6-bromoquinoline

conditions, in the presence of commercially available precatalyst
Pd(dba),/BINAP (4/4.5 mol %) and sodium tert-butoxide in 1,4-

This journal is © The Royal Society of Chemistry 20xx

Table 1. Synthesis of 6-quinolinyl-substituted polyamines 9a—f.”

@Br /fNHi—\ Pd(dba),/BINAP /fmﬁx
tBuONa
N + H,N NH,— - —— NH NH
N 2 n 2 dioxane, reflux @Q/ n 2
7 8a-f SN 9a-f

Entry Polyamine (equiv) Product Yield,” (%)
am\
/\ _ NH NH,
c HoN NH, |
1 N 75
8a (10) N
9a
Van CON Y
HN N NH, _ NH NH,
2 H | 62
8b X,
(3) N b
N
N N _ N H Y
3 NH, TP Rk, | HN 40
8c 3) SN HN._J
9c
= NH HN
4 HAN | NH o | > 45
8d (3) N HoN
od
N HoN
H,N N NHp I\
NH N
5 ] = ‘ «_ 57
HoN N NH,
8e (3) 9e
NH AN
NH HN H
. HzN/\[ :> _ NV[NH HN:>
6 NH HN \N| ~ 37
8f (1) of

@ Reaction conditions: 0.5 mmol of bromide 7, polyamine,
Pd(dba),/BINAP (4/4.5 mol%), sodium tert-butylate (0.75
mmol) were refluxed in dioxane (C(7) = 0.1 M) under argon. b
Isolated vyield. © The yield of the product was 28% when 6-
bromoquinoline was replaced by 6-chloroquinoline. d 8/9
mol% of Pd(dba),/BINAP were used.

dioxane on reflux (Table 1). To obtain N-(6-quinolyl)-1,2-
diaminoethane (9a) in 75% yield, the reaction of bromide 7 and 1,2-
diaminoethane (8a) was carried out using 10 equiv of the amine
(entry 1). 6-Chloroquinoline was less reactive compared to bromo
derivative and the product was isolated in only 28%. Linear
polyamines 8b and 8c bearing two or three diaminoethane moieties
afforded the monoarylated products 9b and 9c in lower yields, 62%
and 40%, respectively, with 3 equiv of polyamines employed
(entries 2 and 3). The increase of loading of compounds 8b and 8c
up to 10 equiv did not have any beneficial effect on the product
yield. When triamine 8d with longer alkyl chains was reacted with
bromide 7, the product was formed in 45% vyield (entry 4).
Interestingly, tris(2-aminoethyl)amine (8e), known as an excellent
afforded 6-
quinolinyl-substituted amine 9e in 57% vyield (entry 5), comparable
to that observed in the reaction of bis(2-aminoethyl)amine 8b

tetradentate chelator of transition-metal ions,

J. Name., 2013, 00, 1-3 | 3
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Scheme 2. Synthesis of chelators 5 and 6.

(entry 2). The arylation of azamacrocycle 8f bearing an external
primary amino group gave the product only in 37% yield even when
the Pd(dba),/BINAP catalyst loading was increased up to 8/9 mol%
presumably due to high metal-chelating affinity of the
tetraazamacrocycle (entry 6). To note, this reaction can be
conducted using a stoichiometric amount of the expensive amine 8f
because this polyamine molecule contains a single primary amino
group.

Accordingly, the scope of the reaction is quite broad and the
monoarylated products can be obtained in good yields which
sometimes exceeded 50 %. Cu-catalyzed reaction of non-protecting
polyamines with 6-bromoquinoline was reported previously,37 but
the selectivity of this coupling was found to be low and depend on
the structure of the amines presumably due to the complexation of
copper ions with polyamine chelators. In contrast, the Pd-catalyzed
approach is useful for the synthesis of novel molecular probes. For
example, compounds 9a-f are of particular interest for assaying
metal ions in aqueous solutions as nitrogen atoms of the polyamine
chain can be further modified in view of adjusting coordination
properties and enhancing sensors solubility in aqueous media.
Moreover, the high reactivity of primary and secondary amino
groups should provide a selective functionalization of these sites in
the presence of the less reactive bulky aromatic amino group and
the nitrogen atom of quinoline residue. In this work, the N-
alkylation reaction was investigated to prepare novel hydrophilic
multidentate chelators.

The parent polyamines 9a, 9b and 9e were first reacted with
diethyl ((bromoacetylamino)methyl)phosphonate (1) (Scheme 2). In
each reaction, we used as many equivalents of bromide 1 as
required for the transformation of all aliphatic amino groups into
tertary amine sites. However, classical N-alkylation reaction is well
known for low selectivity due to competing overalkylation
affording quarternary ammonium salts, which obviously lowered
the yields of the target derivatives. The simplicity of procedure and
ease of separation of side quarternary salts could outweigh this
drawback: When triamine 9b was reacted with bromide 1 (3.3

IS s
/_Q- HCI NN N
_ NH NH, ¢ N Z | N
| NS ~N
N - N \
N DIPEA, MeCN, KI =

9a reflux 10, 38%

Scheme 3. Synthesis of compound 10.
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Table 2. Photophysical data for compounds 5, 6 and 10.

H,0 (pH = 7.4) CH3CN
. Aabsr nm Aexr
ngand (E Cm-l M_l) nm Aemr oa Aem, oa
’ nm nm

5 285 (4900), 356 467, 0.012 430 0.30
356 (3200) 554

6 289 (5000), 356 467, 0.017 430 0.36
356 (3200) 554

10 288 (5600), 350 516 0.013 434  0.27
350 (3000)

# Quantum vyields were measured using qunine sulfate as a
standard.

® 0.03 M HEPES solution at pH=7.4

equiv) in boiling acetonitrile using K,COs as base, the target product
6 was isolated in only 26% vyield. After optimizing the reaction
conditions (use of DIPEA instead of potassium carbonate and
running the reaction in chloroform at 40 °C), the product yield
increased in this case to 42%. Under the similar conditions, the N-
alkylation of diamine 9a with bromide 1 (2.2 equiv) afforded
compound 5 in 50% vyield. However, the reaction of 1 (4.4 equiv)
with polyamine 9e bearing a tertiary amino group was too
complicated and led to an inseparable mixture of tri-, tetra- and
penta-functionalized derivatives.

Next, we obtained compound 10 containing two 2-picolyl
fragments. This reaction also suffered from side-reactions and
overalkylation. After optimization of the reaction conditions, the
best yield (38%) was obtained when the reaction was performed in
boiling acetonitrile in the presence of DIPEA and potassium iodide
as shown in Scheme 3.

All the new compounds were unambiguously characterized by
NMR, ESI-MS, IR spectra and obtained spectral data were in good
agreement with the assigned structures (see ESI).

Spectroscopic studies of ligands

Phosphonate-substituted derivatives 5 and 6 were soluble in
water at pH 1-12 and in 0.03 M HEPES solution under physiological
conditions (pH = 7.4). In contrast, quinoline 10 was insoluble in neat

—5
—6
10

1.4E+04

1.2E+04 -

1.0E+04 1

8.0E+03 4

g, mol-'’xcm-

6.0E+03 4

4.0E+03 A

2.0E+03 -

0.0E+00

250 300 350 400 450

Wavelength, nm

Figure 2. Electronic absorption spectrum of ligands 5, 6 and
10in 0.03 M HEPES solution at pH =7.4.

This journal is © The Royal Society of Chemistry 20xx



water. To obtain its aqueous solutions for spectroscopic
investigations, a stock solution of the ligand in methanol was
prepared and diluted by water or the HEPES buffer by up to 50
times (2 vol% of methanol remained in the final solutions).

The spectroscopic data of polyamines 5, 6 and 10 in 0.03 M
HEPES solution are summarized in Table 2.

The absorption spectra of compounds 5 and 6 were almost
identical and show bands characteristic of 6-aminoquinoline
chromophore with absorbance maxima at 288 and 350 nm (Fig.
2).223 The maximum of the low-energy band was blue-shifted in the
spectrum of compound 10 by 6 nm. We assumed that it is caused
by partial protonation of compound 10 in the studied solution that
was further proven by detailed studies of the ligand protonation
(see below).

The emission of 10> M aqueous solution of these compounds
was quite low and covered a wide spectral region from 400 to 600
nm. Two bands were observed in each spectrum being better
resolved in the spectrum of compound 5 (Fig. S1). The shape of
bands and quantum yields were not dependent on concentration
within the limits of experiment that is indicative of the absence of

aggregation phenomena and excimer formation.
Protonation of ligands

Polyamines are known as excellent chelators for metal ions, and
they are widely explored as ionophores in optical chemosensors."
However, due to rather high basicity polyamines undergo partial
protonation aqueous This process
sophisticates the interpretation of data on complexation of metal

when used in media.
ions, and should be explicitly taken into consideration.?* Thus,

providing of the balance between basicity and complexing ability of

Absorbance

300 350 400 450
Wavelength, nm

the chelator by “tuning” of the structure is quite important for
chemosensor development.

The protonation of ligands 5, 6 and 10 in aqueous solutions in a
range of pH values was investigated by UV-vis and fluorescence
spectroscopies. Titrations of compounds 5 and 6 were conducted in
water, while the addition of a small amount of methanol (up to 6
vol% of MeOH) was necessary in the measurements of compound
10 because of its limited solubility in neat water.

Both absorption and emission of studied
progressively changed on gradual addition of hydrochloric acid. The
spectral changes were rather similar for all compounds and
representative UV-vis and fluorescence-based titrations of
compound 5 are depicted in Fig. 3A and 3B, respectively. As shown
in Fig. 3A, a broad absorption band was observed in basic media
(Amax = 355 nm). The addition of hydrochloric acid results first in the
red shift of maximum to 411 nm until pH = 3.5, and then to smaller
blue shift to 395 nm at higher acidities, pH lower than 2.

To determine apparent protonation constants, numerical data
fitting was performed using the Specfit program.38 The obtained
values are compiled in Table 3 together with the literature data for
11-13 involving

compounds

the earlier reported chemosensors similar
ionophore units (Fig. 4).

The best fits were obtained when the UV-vis titration curves
were processed with a 3-species model (L-LH™—LH,”") for
polyamines 5 and 6, and a 4-species model (L— LH'=LH,>"~LH;*>") for
picolyl-substituted compound 10. Titration curves and distribution
diagrams, simulated electronic absorption spectra of all studied
compounds and their protonated forms calculated using the Specfit

program are shown in Fig. $2-513 (ESIt).

Intensity, a.u.

500 420 470 520 570 620 670
Wavelength, nm

Figure 3. A) pH dependence of electronic absorption spectrum of polyamine 5; H,O, [5] =133 uM, | =0.1 M KCl, pH = 0.7-10.2;
B) pH dependence of fluorescence emission spectrum of polyamine 5; H,O [5] =27 uM, | = 0.1 M KCl, Ao, = 375 nm, pH = 0.5—

11.8.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Labelling scheme for
chemosencors 5, 6 and 10-13.

nitrogen atoms in

The protonation sequence can be unambiguously established
based on electronic absorption data (Schemes S1 and S2, Figs. S4
and S8). Moreover, the lower basicity of tertiary nitrogen atoms in
carboxyamide-substituted polyamines 11 and 12 was previously
reported.39 the protonation
sequence of compounds 5 and 6 starts from the quinoline nitrogen
atom (N,) that induces a large bathochromic shift of the absorption
maximum of compounds 5 and 6. The next proton is likely to go to

In agreement with these data,

the tertiary nitrogen atom (N,) bearing lesser number of electron-
withdrawing carbamoylmethyl substituents. This protonation step is
observed at significantly different pH for compounds 5 and 6, in full
agreement with higher basicity of nitrogen with a single electron-
withdrawing substituent, as compared to the atom bearing two of
such. However, spectral changes corresponding to this step are
small and similar for both compounds because the protonation of
nitrogen atoms remote from the chromophore very slightly affects
the absorption properties of the compounds.

The assignment of the protonation sites of ligand 6 was also
confirmed by 'y and 31P{lH} NMR experiments (Fig. S26 and S27).
First, the "W and 31P{lH} NMR spectra of 0.04 M solution of
polyamine 6 in a D,0/MeOH-d, mixture (5:1) were recorded, and all
proton signals were assigned. Then, this solution was acidified to pH
=2 and 'H and 31P{lH} NMR spectra were recorded again. Spectral
changes in proton and phosphorous chemical shifts were in a good

6 | J. Name., 2012, 00, 1-3

Table 3. Apparent stepwise protonation of polyamines 5, 6
and 10 and relevant compounds 11-13° reported in the

literature.
Ligand Method pKa(Ny) pKa(N,) pKa(N,)
5° (FL)® 5.60(5) 2.23(1) -
(UV-vis)  5.64(1) 2.26(4) -
6° (FL)® 6.2(1) 4.38(2) -
(Uv—vis)’  5.51(4) 4.4(1) -
10° (FL)® 5.18(6) 6.82(7) 3.91(3)
(UV-vis)  5.25(9) 6.8(2) 3.2(3)
11° (UV—vis)’ - 2.11(1) -
12° (UV-vis)' - 4.39(3) -
13¢ (PT)" - 6.96(1) 3.81(3)

@ Structures of the ligands and the labeling scheme of nitrogen
atoms are depicted in Fig. 4. Pl=0.1M KCl, T=298(2) °C

39 d 40 f .

¢ Ref. . ¢ Ref. € Fluorescence measurements. ' UV-vis

. h . .

spectrophotometric measurements. Potentiometric
measurements.

agreement with the structure of diprotonated species proposed
during the interpretation of UV-vis data (Scheme S2).
The calculated absorption spectra of polyamine 10 and its
monoprotonated form [10H]" are similar (Fig. $12). Thus, the first
proton should mainly reside on the tertiary nitrogen atom (N)
which is the most basic, being the most distant from 6-
aminoquinoline chromophore (Scheme S3). The second protonation
resulted in batochromic shifts and hyperchromic change of the
absorption band, suggesting protonation affecting the quinoline
nitrogen atom (Ng). In the third step, the pyridine nitrogen atoms
(Np) are protonated, leaving the chromophore almost unaffected as
evidenced by close resemblance of the absorption spectra of
[10H,]** and [10H;]*"

In the visible region of fluorescence spectra of ligands 5, 6 and
10, two very broad emission bands were observed under basic
conditions (Figs. 3B, S18 and S22). When pH was decreased from 11
to 7 by adding hydrochloric acid, the spectral changes were small.
However, acidification of the solution towards pH = 3-4 leads to a
disappearance of the higher-energy band (467 nm for 5) with
simultaneous increase of the intensity of the second band (554 nm
for 5). Then a blue shift of the emission band maxima (536 nm for 5)
was observed and the maximal degree of "turn-on" observed on
further acidification of the solution. Thus, the examination of pH
dependence of fluorescence spectra of these compounds showed
switching on of emission upon protonation of the side-chain amine
presumably as a result of thermodinamically less favorable PET
process involving the side nitrogen atom (N,) separated from
aminoquionline fragment by two methylene units.*> Moreover, the
shape of the emission spectrum and the positions of the maxima
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pH increase observed under UV (A = 356 nm) (A) and visible
(B) light.

change during the titration that presumably indicates a significant
contribution of the emission according to internal charge transfer
(ICT) mechanism. Excited species in this case are highly responsive
to protonation of the quinoline nitrogen atom and intramolecular
hydrogen bonding of the aromatic 6-amino group.

The respective apparent protonation constants were estimated
using the Specfit program (Figs. S18-5S25). As in the UV-vis
titrations, the 3-species model (L-LH'-LH,**) was used for
polyamines 5 and 6 and a 4-species model (L—LH'—LH,**~LH;>") for
picolyl-substituted derivative 10. The obtained values of the
constants are reported in Table 3. These values are in a good
agreement with those derived from spectrophotometric titrations.

As shown in Fig. 5 for compound 5, the colour of the ligand
solution changes at pH = 3-4 after the protonation of quinoline
nitrogen. This change can be observed by naked eye and is
particularly well visible under UV-light, when the colour of emission
serves as a backlit background for the observation of yellow tint of
solution.

ARTICLE

Thus, compounds 5, 6 and 10 can be regarded as suitable dyes
for spectroscopic monitoring of pH. Moreover, the protonation of
all studied chelators is observed only at pH < 8 due to electron-
withdrawing character of substituents attached to the aliphatic
amino groups. The lower basicity of these compounds is favourable
for the study of binding metal cations in aqueous media, in which
the competitive protonation of the ligand is an unfavourable
sophistication. From this point of view, the valuable property of the
carboxyamide substituent compared to the 2-pinacolyl fragment is
its ability to decrease the pK, values of the binding pockets thereby
extending the pH interval favourable for binding metal ions up to
physiological conditions.

Detection of metal cations

The sensing properties of receptors 5, 6 and 10 were evaluated
by UV-vis and fluorescence spectroscopy. The spectra were
recorded before and after addition of excess (5 equiv) of 15 metal
perchlorates to aqueous solutions of the ligands at pH = 7.4
maintained with HEPES buffer.

Ligand 10 in which the diamine chain is functionalized by two 2-
picolyl residues exhibits low respect to
environmentally-relevant metal ions. Remarkable absorbance
changes were observed after addition of Zn", Cd”, Cu", Cd”, Co" and
Ni" ions to the ligand solution (Fig. S28). Emission of the ligand also
changed in the presence of these cations (Fig S29). Our attempts to
increase the chelator selectivity by switching from HEPES to acetate
buffer (pH = 5.0) where 10 exists in protonated forms (Fig S13)
failed. In acetate buffer, the spectral response was observed for
nine different cations as shown in Fig. S30 and S31.

Sensing properties of diamine 5 differ from those of chelator
10. Spectral investigations of the solutions before and after addition
of 15 different metal perchlorates showed remarkable
hypsochromic shifts of absorption bands of chemosensor 5 only
after addition of Cu" ions (Fig. 6 and S32).

selectivity with
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0.25 1
Free Ligand,
Li' (Na"), K', ca'
0.20 Mgli', Ba', Alll, Mni,
Co', Ni', Zn', Cd",
Hgll' PbII' Agl
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Wavelength, nm
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Figure 6. A) UV—vis spectra of 5 ([5] = 27 uM, 0.03M HEPES buffer, pH=7.4) before and after addition of 5 equiv of metal
perchlorates. A) Fluorescence spectra of 5 ([5] = 27 uM, 0.03M HEPES buffer, pH=7.4, A., = 355 nm) before and after addition of

5 equiv of metal perchlorates.
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Figure 7. UV-vis (A, A = 318 nm) and fluorescence (B, A = 550 nm, As = 355 nm, intensity normalized to the ligand emission)
cross-selectivity studies of metal ion binding by ligand 5 ([5] = 27 uM) in 0.03M HEPES buffer (pH=7.4). The spectral
measurements were made for solution of ligand 5 (S1) without metal ions; (S2) after addition of cu' (1 equiv); (S3) after addition
of Li', Na!, K, Mg”, ca", Ba", A" (1 equiv of each metal ion); (S4) after addition of L', Na', K, Mg”, ca", Ba", Al" (1 equiv of each
metal ion) and Cu" (1 equiv); (S5) after addition of Mn", co", Ni", zn" (1 equiv of each metal ion); (S6) after addition of wmn", co",
Ni', zn' (1 equiv of each metal ion) and c' (1 equiv); (S7) after addition of Ag', Hg”, cd', P (1 equiv of each metal ion); (S8)

after addition of Ag', Hg”, cd', Pb" (1 equiv of each metal ion) and c'(a equiv).

Copper(ll) ions can also be distinguished from other metal
cations due to the fluorescence quenching which can be observed
either visually or using a laboratory fluorometer (Fig. 6B). Although
certain changes (less than 20%) of the emission intensity were
effected by many metal ions, a strong and readily observable
quenching of the emission (up to 80%) was noticed only in the
presence of copper(ll) ions. Competitive binding studies revealed
that Cu" could be effectively detected in the presence of other
metal ions including Ag', Hg”, cd", Pb", Ni", zn", cd" at least when
the concentration level of these metals is the same as that of Cu"
ions (Fig. 7). This selectivity can be explained by a higher affinity of
ligand 5 to copper(ll) ions compared to other metal ions because
the observed response is independent on time.

The stability constant of cu" complex was determined by
spectrophotometric and fluorimetric titrations of 5 with copper(ll)
perchlorate (Fig. S34 and 37). When cu" amount was gradually
increased to 1.3 equiv, isobestic points were observed in the
titration curves suggesting that only one spectrally distinct complex
was formed in the studied solution. Numerical data processing was
performed with Specfit program and the best fit was obtained when
the titration curves were approximated by a 2-species (L—Cul)
model to afford the value of logKy; = 5.85. The calculated electronic

c(cu'),m

Figure 8. Left: filter paper used for preparation of test-stripes.
Right: Visual detection of cu' ions using test-stripes based on
ligand 5 under UV light.
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absorption spectra and distribution diagrams are displayed in
Figs. S35 and S36. A similar value of stability constant (logK;; = 5.57)
was obtained by using a fluorescence titration data. The calculated
emission spectra and distribution diagrams of the ligand 5 and the
complex are shown in Figs. S38 and S39.

The limit of detection (LOD) of cu" ions has been determined by
UV—-vis and fluorescence spectroscopies using the 3o method.*!
Using a laboratory fluorometer, up to 0.3 uM of cu" ions can be
detected what is  significantly lower compared to
spectrophotometric LOD which was found to be of 9 uM. The action
level of Cu" ions in drinking water is fixed at 20 uM by EPA. Thus,
ligand 5 is suitable for the analysis of drinking water by both optical
detection methods. The choice of the method for the analysis of a
real sample is determined by the concentration of the cu" ions and

Hgll

Free Ligand
Li!, (Na)), K', Md",
Call, Ball, A|III’ Mnll,
Co', Ni", Ad', Pb"

Intensity, a.u.

510 560
Wavelength, nm

Figure 9. Fluorescence spectra of 6 ([6] = 20 uM, 0.03M HEPES
buffer, pH=7.4, Ao, = 356 nm) before and after addition of 1
equiv of metal perchlorates.

410 610 660
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Figure 10. Fluorescence titration of ligand 6 ([6] = 20 uM,

0.03M HEPES buffer, pH=7.4, Ao, = 356 nm) upon addition of
Zn(ClO,), (03 equiv).

the presence of other ions and small molecules which can
perturbate the optical response of the chemosensor.

Chelator 5 appeared more sensitive and selective than the
sensor 3 which is the only 6-aminoquinoline-derivative reported
earlier for detection of Cu". Moreover, chelator 5 provides
detection in aquatic media at physiological pH while chemosensor 3
was reported for sensoring in acetonitrile.

We also prepared paper test-strips charged with the ligand 5 by
wetting of filter papers with a CH,Cl, solution of the ligand and
drying them on air. Under UV-light, these strips enable a fast semi-
quantitative determination of cu"ions at the ppm level and also can
be used for the analysis of drinking water (Fig. 8).

The presence of the additional tertiary amine group in the
molecule of the ligand 6 results in an increase of denticity and
basicity of the ligand compared to chelator 5. As a result, this ligand
strongly binds not only cu" but also HgII and Zn" cations, which is
evidenced by changes in absorption in the presence of these metals
(Fig. 9).

The ligand’s emission decreased 5-fold in the presence of cu"
ions (Figs. 9 and S43). When HgII ions (1 equiv) were added to the
ligand solution, the peak intensity of fluorescence increased by 3.6
times and the maxima of two emission bands exhibited a blue shift
(by 10 and 6 nm, respectively) (Figs. 9 and S45). In contrast, when
the zn"/chelator ratio was gradually increased from 0 to 3, the
isoemission point at 487 nm was observed (Fig. 10). Thus, ligand 6
can serve as a ratiometric fluorescent probe for Zn" ions. The
wavelengths of two maxima is convenient for the ratiometric
measurements. Such a different response of emissive properties of
ligand 6 in the presence of Hg”, cu" and zn" ions could be used for
identification of these ions.

These three metal ions can also be distinguished by using
electronic absorption spectroscopy (Fig. S41). Addition of Hg", cu"
and Zn" salts leads to remarkable changes in the UV-vis spectrum of
the chelator 6 being specific for each of them. Unfortunately,
addition of other metal ions such as Pb", Co" and Ni" also influences
the spectrum as shown in Fig. S41.

Next, the ligand 6 was titrated with Hg”, cu" and zn"
perchlorates to determine stability constants of their complexes by

This journal is © The Royal Society of Chemistry 20xx
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Figure 11. Fluorescence cross-selectivity studies of metal ion
binding by ligand 6 ([6] = 20 pM) in 0.03M HEPES buffer
(pH=7.4) at A = 550 nm (A, = 356 nm). The spectral
measurements were made for solution of ligand 6 (S1)
without metal ions; (S2) after addition of HgII (1 equiv); (S3)
after addition of zn" (1 equiv); (S4) 6 after addition of zn"
(1 equiv), and HgII (1 equiv); (S5) after addition of cu'
(1 equiv); (S6) after addition of cu (1 equiv) and HgII
(1 equiv); (S7) after addition of cd' (1 equiv); (S8) after
addition of cd" (1 equiv) and HgII (1 equiv;) (S9) after addition
of Pb" (1 equiv); (S10) after addition of Pb" (1 equiv) and HgII
(1 equiv); (S11) after addition of Ni" (1 equiv); (S12) after
addition of Ni" (1 equiv) and HgII (1 equiv); (S13) after
addition of Co" (1 equiv); (S14) after addition of co" (1 equiv)
and HgII (1 equiv); (S15) after addition of Mn" (1 equiv); (S16)
after addition of Mn" (1 equiv) and HgII (1 equiv);(S17) after
addition of AgI (1 equiv); (S18) after addition of AgI (1 equi\lll)

and HgII (1 equiv); (S19) after addition of L', Na!, K, Mg”, Ca,
1

Ba", Al (1 equiv of each metal ion); (S20) after addition of L'
Na', K, Mg”, ca", Ba", A" (1 equiv of each metal ion) and HgII
(1 equiv).

UV-vis and fluorescence spectroscopies (Figs. S3, 45 and S47).
Isosbestic points were observed in UV-vis titrations within the
whole range of concentrations of added ions. This indicates that the
only one spectrally distinct complex is formed in each of the studied
solutions. However, calculations of the stability constants were
successful only for [Zn(6)]2+ because stability constants of other
metal complexes were too high to be estimated by direct titration.*
The UV-vis- and fluorescence-based titration data for Zn" complex
were fitted to a 2-species (L—Zn”L) model and the stability constant
of [Zn(6)]Z+ was found to be logK;; = 5.1 and 4.78, respectively. The
data for these titration experiments are shown in Figs. S47-S52.
Job's plots based on UV-vis and fluorimetric data® of HgII and cu"
complexes showed maxima for 1:1 molar ratio, thus establishing
the 1:1 stoichiometry of complexes ratio in both experiments (Figs.
S43-546).

The investigations of the cross-selectivity of metal ion binding
by fluorescence spectroscopy demonstrated that mercury ions
could be determined in the presence of 14 different metals and
only cu" ions strongly interfered with the detection (Fig. 11).

J. Name., 2013, 00, 1-3 | 9



L

@ | \l“\ ll
CH2P —_ k -

HoH

% CH20 Me

P(O)(O—CH,—CH), (b)
CHaN o " caco h
CH2NA\\ CH2N I 1] 1!
H (c)J\_ N I'\M '\ M
—t e N I e

T

wH | HH e
Ha HsHﬁ)‘\N)QILH
NH

H
H3, N._P(O)(OE),
S N
P j}f (d)
H2 N H7 o u/\P(O)(OEl)z

H8

mi

]
\ I \
jMHﬂv 'Vﬂvu”\a\w\ ‘J"V“w‘ LA ,\‘1‘

LI R S B S S B B B B B T

4 3.5 ppm 3 2.5 15 ppm 1

LI B |

Figure 12. Aromatic (A) and aliphatic (B and C) regions of 'H NMR spectrum (400 MHz) of 6 in D,O-MeOD (5:1 v/v, [6] = 0.04 M)
at 298 K before (a) and after addition of 0.2 (b), 0.6 (c), 1.0 (d) and 2.0 (e) equiv of zinc(ll) perchlorate.

LOD of HgII ions was determined by using UV-vis and
fluorescence techniques according to the 30 method.*! In the UV-
vis measurements, LOD was found to be of 3.0 uM (600 ppb), which
can be significantly improved (40 nM, 8 ppb) using the emission
measurements. Switch from UV-vis to fluorescence techniques also
allows increase the working range of concentrations in which HgII
ions can be detected by using chemosensor 6.

It has to be noted, that LOD of HgII ions for colorimetric
molecular probe 3,
chemosensor reported previously for analysis of HgII ions in
acetonitrile, was much higher (360 ppb).

We also prepared paper test-strips based on the ligand 6 by
immersing filter papers into a 1.3 mM CH,Cl, solution of the ligand
6 and drying them on air. Under UV-light, aqueous solutions of Hg”,
cu" and zn" perchlorates induce slight but quite different hue of the
indicator fluorescence paper that can be used for qualitative
determination of these metal ions (Fig S53).

Finally, it is noteworthy that compounds 5 and 6 are likely to

the only one 6-aminoquinoline-based

serve as a useful alternative to the commonly used Schiff-base

chemosensors bearing aminoquinoline

10i

signalling groups, for
instance compound 2. The Schiff-base chemosensors are known
to be unstable under acidic and basic conditions. This instability
induces the necessity to work with freshly prepared solutions or
even more serious problems related to decomposition of
chemosensors during the analysis of real-life samples. The amino-

based chemosensors are more stable and allow avoid this problem.

Structural studies of complexes

Unfortunately, all our attempts to grow single crystals of
studied complexes for X-ray diffraction analysis were unsuccessful.
However, preliminary structural information on the nature of these
species can be derived from their UV-vis, FT-IR, "4 and 31P{lH}
NMR spectra. The most unambiguous information was obtained for
[Zn(6)]2+ complex by means of NMR spectroscopy, because the
signals of the aromatic protons in 6 remained sharp during stepwise
addition of zinc perchlorate allowing for accurate assignment of
signals (Fig. 12).

10 | J. Name., 2012, 00, 1-3

Metal binding resulted in substantial spectral
especially in the high field region. Two distinct sets of signals
corresponding to the free ligand 6 and complex [Zn(6)]2+ were
observed in the spectra. When 2 equiv of the metal salt were added
to the ligand solution, the 'Y and 31P{lH} NMR spectra revealed the
presence of only a single complex species (Figs. 12 and S$54-S60).
The proton signal assignment in this complex relies on 'H-"H cosy,
'"H-"H NOESY and various NMR experiments with heteronuclear
correlations (Table S1, Figs. S59-S67). To precise, using HSQC ' and
3¢ chemical shifts as well as Jpoc coupling constants were
established, TOCSY experiment was used for the assignment of the
signals in the triamine chain, NOESY helped to identify carbonyls in
amido groups and adjacent methylene groups, while LR-HSQMBC

was helpful in the correlation between phosphorus atoms and

changes,

attached chelators. Also the analogies with the reference spectra
for related polyamine-containing complexes were taken into
consideration.” The summary of these data are also depicted in Fig.
12. According to the proton chemical shifts and their splitting
pattern, the coordination environment of the zinc ion is formed by
chelate rings. The three nitrogen atoms of the polyamine backbone
together with the three amide groups are likely to be involved in
binding zn" ion.

Additional information on the coordinated amide groups was
gained from 1500-1700 em® region of FT-IR spectrum, where the
amide | (Voo = 1669 cm™) and amide Il (e = 1521cm™) bands of
the free ligand 6 were observed (Figs. S60). Vibration frequency vc-o
is diagnostic for the level of m-electron delocalization, and appear in
1615-1625 cm™"
atom of amide group.44 In contrast, the formation of a
deprotonated nitrogen-metal bands would result in a shift of v up
to 1580 cm_lpartially overlapping with the §cyy bending band.* In
the studied zinc complex the stretching vc.g band appeared at 1635

-1
cm

region for metal-coordinated carbonyl oxygen

indicating that the oxygen atom of the amide group was
coordinated to the metal atom.

To gain deeper insights into the structure of complex [Zn(G)]2+
and its electronic and photophysical properties DFT studies were
performed. The structure of complex was modelled performing DFT

This journal is © The Royal Society of Chemistry 20xx



calculations using Firefly quantum chemistry package,45 which is
partially based on the GAMESS (US)46 source code. The calculations
were performed using B3LYP functional with STO 6-31G(d,p) basis
set for all elements, at each step full optimization of geometry was
achieved, and the minima were confirmed by computation of
vibration frequencies. The modelling was started with computing
the geometry of N-(6-quinolyl)-1,2-diaminoethane complex with zn"
ion, and further, the other chelation centers were added one by
one. This procedure gave the expected 6-coordinated Zn complex,
in which Zn atom was bonded to three amine nitrogen atoms (one
aromatic and two aliphatic amine centers), and three oxygen atoms
of the amide groups. Two possible geometries were thus evaluated,
and Fig.13 shows the geometries of backbones of these complexes
omitting hydrogen atoms and phosphonate-substituted arms. The
complexes are deliberately displayed in a way revealing the close
similarity of coordination environments and chelate rings.

Both geometries are similar to be composed of five chelate
rings exhibiting no significant steric congestion in any part of the
complex; the quinoline residue is bent outward in both complexes
avoiding close contacts with the atoms of the polyamine scaffold.
The main difference of the obtained configurations is in the relative
positions of oxygen and nitrogen coordination centers. In the first
configuration each oxygen center is opposed by amine nitrogen
center in trans-geometry. In the second, there are trans-NN and
trans-00 pairs and a single trans-NO pair. As far as there is no
significant strain involved the difference between these complexes
is likely to be accounted for by these trans-interactions, making the
second complex marginally more stable (the difference between
computed enthalpies of formation is only 1 kcal/mole in favour of
the second complex) in agreement with slightly shorter bonds (e.g.
the distance between zn" and heteroarylamine nitrogen is 2.10 A vs
2.18 A, etc.) in the second configuration. Such a close similarity of
apparent
interactions, along with marginal difference of energies makes

geometries and lack of specific intramolecular

these both configurations practically indistinguishable by spectral
features, and we believe that both are formed in solutions under
study. Fig. 14 shows the optimized geometry of the second complex
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Figure 13. The geometries of model (hydrogen atoms and
phosphonate pendant arms are omitted) Zn complexes of
ligand 6 obtained by full geometry optimization at B3LYP/6-
31G(d,p) level. The bond lengths of Zn atom with ligand
centers are shown.
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involving all phosphonate groups, revealing that highly polar P-O
bonds are quite distant from the quinoline residue.

The elucidation of the coordination environment of HgII ions
was much more difficult due to labile character of the complexes.
Complex [Hg(6)]2+ was detected by ESI-HM analysis due to the
presence of intensive peak at 566.66049 m/z. Metal binding
produced also certain spectral changes in high and low field regions
of '"H NMR spectrum of the ligand 6 but all proton signals were
broadened when 40 mM solution of the free ligand in D,0/MeOH-
d4 (5:1) solvent mixture was titrated with the mercury(ll)
perchlorate (Fig. S60). The proton resonances from methyl groups
of diethoxyphosphoryl substituents were easily recognized due to
their characteristic chemical shifts. The increased number of methyl
signals compared to that observed in the spectrum of ligand 6 and
[Zn(G)]2+ that at least some of
diethoxyphosphoryl groups are bound to HgII ions. Upfield shift of

complex indicated
the resonance of the aromatic proton H-5 was consistent with a
coordination of the metal ion to the heteroarylamine nitrogen
atom.

31P{lH} NMR spectra afforded additional information on the
complexes (Fig S60). After addition of 1 equiv of HgII perchlorate,
three sets of phosphorous signals in approximate ratio of 2:2:1
were observed reflecting the presence of three different complexes
in the solution. Each sets of signals was composed of three equal
singlets. When the second equivalent of the mercury(ll) perchlorate
was added to the studied solution, the ratio of the complexes was
changed and two major species were observed in the solution. In
FT-IR spectrum of the evaporated solution (Hg”/G ratio is 2/1), a
very broad absorption band was observed at 1530-1660 cm! that
presumably could indicate that different coordination modes of
amide group are observed in these HgII complexes and not all of
them are coordinated to the metal centre.

It should be also noted, that only one complex was detected by
UV-vis and fluorescence spectroscopies in more dilute (20-30 uM)
solutions of chelator 6 after addition of the mercury(ll) perchlorate.
Thus, only one of three species detected by 31P{1H} NMR
spectroscopy in 0.04 M solution is sufficient stable to be observed
in more diluted solutions by optical methods. Unfortunately, the
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Figure 14. The optimized geometry (B3LYP/6-31G(d,p)) of
methyl analogue of Zn complex with ligand 6, all atoms except
hydrogens are shown.
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structure of this species cannot be determined by using NMR
spectroscopy due to its labile character.

Paramagnetic character of cu" ions also makes the structural
analysis of copper(ll) complexes formed with ligand 6 difficult. The
UV—-vis response on cu" binding should result from the binding of
cu" to the heterocyclic nitrogen atom or the aromatic amino group.
The blue shift of the absorption maximum presumably indicates
that the heteroarylamine nitrogen is coordinated to the metal
centre. In 1500-1700 cm™ region of FT-IR spectrum, the two
intensive bands are observed in the region of 1680-1600 cm™ They
were assigned to amide | bands of free (1653 cm'l) and coordinated
by the oxygen atom (1624 cm'l) amide groups. Based on a high
affinity of cu" ions to aliphatic amines and typical coordination
numbers of this metal ion, we can assume that three nitrogen
atoms of the polyamine chain are involved in the complex
formation and two amide groups complete the coordination sphere
of the pentacoordinated metal centre.

Detection of sulfide anions

In view of the known high affinity of sulfide to cu' ions, many

non-fluorescent copper complexes involving emissive ligands
exhibit the appearance of fluorescent response in the presence of
sulphides, which is quite useful for indirect detection of this anion
19847 The complex [Cu(5)]2+ can also be used for

in agueous media.
this purpose as shown in Fig. S76. Addition of excess (50 equiv) of
sulphide to the solution of [Cu(5)]2+in 0.03 M HEPES solution (pH =
7.4) led to a remarkable increase in the emission of the solution
(about 4.2 times) which can be observed visually under UV

irradiation of the solution.

Experimental

Materials and instruments

Unless otherwise noted, all chemicals and starting materials
were obtained commercially from Acros® or Aldrich® and used
without further purification. (1,4,7,10-Tetraazacyclotridecan-5-
yl)methanamine (2f) was kindly provided by CheMatech (France).
[(Bromoacetylamino)methyl]phosphonic acid diethyl ester (1) was
prepared according to published procedure.48 Pd(dba), was
synthesized according to a known method and used without
recrystallization.49 The solvents were dried according standard
procedures: dioxane was distilled successively over NaOH and
sodium under argon, CH,Cl, and CH3CN were distilled over CaH,,
chloroform was distilled over P,0s. All reactions were performed in
argon.

Column chromatography purification was carried out on silica
gel (40-60 um, Merck®).

UV-vis spectra Cary 60
spectrophotometer by using a rectangular quartz cell (Hellma, 111-

were obtained with Varian
QS, pathlength 10 mm, chamber volume: 3.5 mL). NMR spectra
were acquired using Bruker Avance 400 MHz and Agilent 400MR
spectrometers and referenced to solvent residual protons. MALDI-
TOF mass-spectra were obtained with Bruker Daltonics Autoflex Il
mass-spectrometer in positive ion mode with dithranol matrix and
polyethyleneglycols as internal standards. FT-IR spectra were
registered with FT-IR Nexus (Nicolet) and Bruker Vector 22
spectrophotometers with Micro-ATR accessory (Pike). Accurate
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mass measurements (HRMS ESI) were made using THERMO LTQ
Orbitrap Elite. Solutions in methanol were used for the analysis.
Fluorescence spectroscopic studies were performed with HORIBA
Jobin Yvon Fluoromax-2 spectrophotometer with a standard
fluorometer cell (Hellma, 111-QS, pathlength 10 mm, chamber
volume: 3.5 mL). Emission spectra were recorded after excitation at
the corresponding wavelength (excitation slit = 3 nm and emission
slit =3 nm).

Fluorescence quantum yields were measured at 25 °C by a
relative method using quinine sulfate in 0.05 M H,SO,4 (®f = 54%) as
a standard.®® The following equation was used to determine the
relative fluorescence quantum yield:

g FxASxn?
br = At
where A is the absorbance (in the range of 0.01-0.1 a.u.), F is the
area under the emission curve, n is the refractive index of the
solvents (at 25 °C) used for the measurements, and the subscript s
represents the standard. The following refractive index values are
used: 1.333 for water and 1.341 for CH3CN.

Synthesis

Synthesis of 8c. The solution of KOH (3.4 g, 61 mmol) in methanol
(25 mL) was added to the solution of 8ce2HCI (1.67 g, 7.62 mmol) in
methanol (25 mL). The mixture was stirred for 1 h at room
temperature, than 25 mL of dichloromethane was added to the
reaction mixture. The solution was filtered, the filtrate was
evaporated under reduced pressure and 50 mL of dichloromethane
was added to the residue. The solution was again filtered, the
filtrate was concentrated and dried under under reduced pressure
giving the product as colorless oil. Yield 900 mg (81%). "H NMR (400
MHz, CDCl5): § =1.37 (br. s, 6H, NH), 2.64 (t, / = 5.8 Hz, 4H, Cﬂ;NHZ),
2.71 (s, 4H, CH,NH), 2.77 (t, J = 5.8 Hz, 4H, CH,NH). **C NMR (100.6
MHz, CDCl3): 6 = 41.7 (2C, CH,NH,), 49.3 (2C, CH,NH), 52.4 (2C,
CH,NH).

Palladium-catalyzed amination of 6-bromoquinoline with
polyamines. General procedure. A flask flushed with dry argon and
equipped with a magnetic stirrer and condenser was charged with
6-bromoquinoline (0.5 mmol), Pd(dba), (4-8 mol%), the phosphine
ligand (4.5-9 mol%), the appropriate polyamine 2a—f (0.5-5 mmol),
and absolute 1,4-dioxane (5 mL). Sodium tert-butylate (0.75 mmol)
was added, and the mixture was stirred under reflux for 24 h, and
then cooled down to room temperature. Solvent was evaporated
under reduced pressure, and the residue was chromatographed
(silica gel, CH,Cl,, then CH,Cl,/MeOH, from 200:1 to 3:1, then
CH,Cl,/MeOH/NHs(aq), from 100:20:1 to 10:4:1 v/v).

N-(quinolin-6-yl)ethane-1,2-diamine (92!).51 Compound 9a was
obtained from 6-bromoquinoline (104 mg, 0.5 mmol) and 8a (300
mg, 5 mmol) in the presence of Pd(dba), (12 mg, 4 mol%) and
BINAP (14 mg, 4.5 mol%). Yield: 70 mg (75%); yellowish oil;
chromatography (silica gel, CH,Cl,/MeOH/NHs(aq), 100:20:1 v/v).
"4 NMR (400 MHz, CDCl5): 6 = 1.73 (br. s, 2H, NH,), 3.02 (t, / = 5.5
Hz, 2H, CﬂZNHZ), 3.28 (t, J = 5.5 Hz, 2H, CH,NQ), 4.46 (br. s, 1H,
NHQ), 6.70 (d, */ = 2.5 Hz, 1H, H5(Q)), 7.13 (dd, 1H, J = 9.0 Hz, *J =
2.5 Hz, 1H, H7(Q)), 7.25 (dd, J = 8.3 Hz, J = 4.2 Hz, 1H, H3(Q)), 7.86
(d, J = 9.0 Hz, 1H, H8(Q)), 7.90 (dd, J = 8.3 Hz, *J = 1.5 Hz, 1H, H4(Q)),
8.59 (dd, J = 4.3, J = 1.5 Hz, 1H, H2(Q)). CNMR (100.6 MHz,
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CDCl3): 6 = 40.5 (1C, CH,NH,;), 45.8 (1C, CH,NQ), 102.8 (1C, C7(Q)),
121.3 (1C, CH(Q)), 121.6 (1C, CH(Q)), 129.8 (1C, CH(Q)), 130.1 (1C,
C4a(Q)), 133.9 (1C, CH(Q)), 142.8 (1C, C6(Q)), 145.8 (1C, C2(Q)),
146.3 (1C, C8a(Q)). HRMS (ESI): m/z calc. for Ci;H14N3: 188.1188;
found: 231.1186 [M+H]".

N-[2-(quinolin-6-ylamino)ethyl]ethane-1,2-diamine (9b).
Compound 9b was obtained from 6-bromoquinoline (104 mg, 0.5
mmol) and 8b (155 mg, 1.5 mmol) in the presence of Pd(dba), (12
mg, 4 mol%) and BINAP (14 mg, 4.5 mol%). Yield: 71 mg (62%);
yellowish oil; chromatography (silica gel, CH,Cl,/MeOH/NH;(aq),
100:20:1 V/V). Vma/cm™ 3295br (NH), 3056m, 2939m, 2881w,
2849w, 2828w, 1657s, 1623s, 1509m, 1467m, 1436m, 1382m,
1361m, 1245m, 1180m, 1152m, 1124m, 1106m, 1025m, 830m,
791m, 768m, 648m, 624m, 474m. 'H NMR (400 MHz, CDCl3): & =
2.05 (3H, br.'s, NH, NH,), 2.71 (t, J = 5.7 Hz, 2H, CH,N), 2.82 (t, J =
5.7 Hz, 2H, CH,N), 2.93 (t, J = 5.7 Hz, 2H, CH,N), 3.28 (t, J = 5.7 Hz,
2H, CH,NQ), 4.64 (br. s, 1H, NHQ), 6.68 (d, *J = 2.5 Hz, 1H, H5(Q)),
7.12 (dd, 1H,J = 9.0 Hz, J = 2.5 Hz, 1H, H7(Q)), 7.23 (dd, J = 8.3 Hz, J
= 4.3 Hz, 1H, H3(Q)), 7.84 (d, J = 9.0 Hz, 1H, H8(Q)), 7.88 (d, J = 8.3
Hz, 1H, H4(Q)), 8.58 (d, J = 4.3, 1H, H2(Q)). >C NMR (100.6 MHz,
CDCl;): & = 41.4 (1C, CH,;NH,), 43.3 (1C, CH,NQ), 48.0 (1C,
CH,CH,NQ), 51.7 (1C, CH,CH,NH,), 102.7 (1C, C7(Q)), 121.2 (1C,
CH(Q)), 121.5 (1C, CH(Q)), 129.9 (1C, CH(Q)), 130.0 (1C, C4a(Q)),
133.6 (1C, CH(Q)), 143.0 (1C, C6(Q)), 145.8 (1C, C2(Q)), 146.2 (1C,
C8a(Q)). HRMS (MALDI-TOF): m/z calc. for Ci3H9N,4: 231.1610;
found: 231.1562 [M+H]".

N-(2-{[2-(quinolin-6-ylamino)ethyl]aminoethyl)ethane-1,2-
diamine (9c). Compound 9c was obtained from 6-bromoquinoline
(104 mg, 0.5 mmol) and 8c (220 mg, 1.5 mmol) in the presence of
Pd(dba), (12 mg, 4 mol%) and BINAP (14 mg, 4.5 mol%). Yield: 54
mg  (40%); yellowish oil; chromatography (silica gel,
CH,Cl,/MeOH/NHs(aq), 20:5:1 V/V). Vma/cm™ 3311br (NH), 2938m,
2825m, 1658s, 1624s, 1578m, 1509m, 1439m, 1382m, 1246m,
1180m, 1151m, 1125m, 1023s, 831s, 792m, 768m, 624m, 543m,
475m. "H NMR (400 MHz, CDCls): & = 2.21 (br. s, 4H, NH, NH,), 2.67
(t, J = 5.7 Hz, 2H, CH,N), 2.78 (br. s, 4H, CH,N), 2.80 (t, 3J =5.7 Hz,
2H, CH,N), 2.95 (t, J = 5.7 Hz, 2H, CH,N), 3.30 (t, J = 5.7 Hz, 2H,
CH,N), 4.72 (br. s, 1H, NHQ), 6.68 (d, *J = 2.5 Hz, 1H, H5(Q)), 7.13
(dd, 1H,J=9.1 Hz, 4J =2.5Hz, 1H, H7(Q)), 7.23 (dd, /= 8.2 Hz, /= 4.2
Hz, 1H, H3(Q)), 7.83 (d, J = 9.1 Hz, 1H, H8(Q)), 7.88 (d, J = 8.2 Hz, 1H,
H4(Q)), 8.58 (dd, J = 4.2, “J = 1.3 Hz, 1H, H2(Q)). **C NMR (100.6
MHz, CDCl3): 6§ = 41.4 (1C, CH,NH), 43.2 (1C, CH,NQ), 48.1 (1C,
CH;,N), 48.9 (2C, CH,N), 51.8 (1C, CH,CH,NH,), 102.8 (1C, C7(Q)),
121.3 (1C, CH(Q)), 121.6 (1C, CH(Q)), 130.1 (2C, CH(Q), C4a(Q)),
133.7 (1C, CH(Q)), 143.2 (1C, C6(Q)), 146.0 (1C, C2(Q)), 146.4 (1C,
C8a(Q)). HRMS (MALDI-TOF): m/z calc. for CisHpNs: 274.2032;
found: 274.2058 [M+H]".

N-[3-(quinolin-6-ylamino)propyl]propane-1,3-diamine (9d).
Compound 9d was obtained from 6-bromoquinoline (104 mg, 0.5
mmol) and 8d (197 mg, 1.5 mmol) in the presence of Pd(dba), (12
mg, 4 mol%) and BINAP (14 mg, 4.5 mol%). Yield: 58 mg (45%);
yellowish oil; chromatography (silica gel, CH,Cl,/MeOH/NH;(aq),
100:20:1 v/v). vmax/cm'1 3292br (NH), 2936m, 2823m, 1623m,
1531m, 1468m, 1438m, 1381m, 1323m, 1245m, 1179m, 1123m,
1025s, 931m, 829s, 767m, 622m, 747m. "H NMR (400 MHz, CDCl3):
6 = 1.67 (quint, J = 6.9 Hz, 2H, CH,CH,CH,), 1.86 (quint, J = 6.5 Hz,
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2H, CH,CH,CH,), 2.06 (br. s, 3H, NH, NH,), 2.71 (t, J = 6.9 Hz, 2H,
CH,N), 2.78 (t, J = 6.5 Hz, 4H, CH,N), 3.28 (t, J = 5.5 Hz, 2H, CH,NQ),
4.90 (br. s, 1H, NHQ), 6.65 (d, *J = 2.5 Hz, 1H, H5(Q)), 7.07 (dd, 1H, J
=9.1 Hz, ¥ = 2.5 Hz, 1H, H7(Q)), 7.24 (dd, J = 8.2 Hz, J = 4.2 Hz, 1H,
H3(Q)), 7.83 (d, J = 9.1 Hz, 1H, H8(Q)), 7.88 (d, J = 8.2 Hz, 1H, H4(Q)),
8.58 (dd, J = 4.2, J = 1.5 Hz, 1H, H2(Q)). *C NMR (100.6 MHz,
CDCl3): 6 = 28.8 (1C, CH,CH,NQ), 33.3 (1C, CH,CH,NH,), 40.4 (1C,
CH,NH,), 43.0 (1C, CH,NQ), 47.9 (1C, CH,NHCH,), 48.5 (1C,
CH,NHCH,), 102.4 (1C, €7(Q)), 121.3 (1C, CH(Q)), 121.5 (1C, CH(Q)),
130.1 (1C, CH(Q)), 130.2 (1C, C4a(Q)), 133.6 (1C, CH(Q)), 143.1 (1C,
€6(Q)), 145.8 (1C, C2(Q)), 146.5 (1C, C8a(Q)). HRMS (MALDI-TOF):
m/z calc. for CygHysNy: 259.1923; found: 259.1971 [M+H]".

N-(2-aminoethyl)-N-[2-(quinolin-6-ylamino)ethyl]ethane-1,2-
diamine (9e). Compound 9e was obtained from 6-bromoquinoline
(104 mg, 0.5 mmol) and 8e (220 mg, 1.5 mmol) in the presence of
Pd(dba), (12 mg, 4 mol%) and BINAP (14 mg, 4.5 mol%). Yield: 74
mg (57%); vyellowish oil; chromatography (silica gel,
CH,Cl,/MeOH/NHs(aq), 20:5:1 V/V). Via/cm™ 3296br (NH), 3049m,
2938m, 2822m, 1658m, 1623s, 1574m, 1516s, 1466m, 138ls,
1323m, 1294m, 1268m, 1244m, 1180m, 1150m, 1124m, 1026s,
934m, 830s, 789m, 768m, 732m, 699m, 648m, 624m, 548m, 474m,
404m, 375m. *H NMR (400 MHz, CDCl5): 6 = 2.59 (t, J = 5.7 Hz, 4H,
CH,N), 2.70-2.80 (m, 10H, CH,N, NH,), 3.22 (t, J = 5.7 Hz, 2H,
CH,NQ), 5.30 (br. s, 1H, NHQ), 6.65 (d, “J = 2.4 Hz, 1H, H5(Q)), 7.16
(dd, 1H,J =9.1 Hz, 4] =2.4 Hz, 1H, H7(Q)), 7.22 (dd, J=8.3 Hz, /= 4.3
Hz, 1H, H3(Q)), 7.82 (d, J = 9.1 Hz, 1H, H8(Q)), 7.87 (d, J = 8.3 Hz, 1H,
H4(Q)), 8.58 (dd, J = 4.3, “J = 1.5 Hz, 1H, H2(Q)). *°C NMR (100.6
MHz, CDCl;): 6 = 39.6 (2C, CH,NH,), 41.6 (1C, CH,NQ), 53.0 (1C,
CH,N), 56.7 (2C, CH,N), 102.7 (1C, C7(Q)), 121.3 (1C, CH(Q)), 121.6
(1C, CH(Q)), 130.1 (1C, CH(Q)), 130.2 (1C, C4a(Q)), 133.6 (1C,
CH(Q)), 143.1 (1C, C6(Q)), 145.3 (1C. C2(Q)), 146.6 (1C, C8a(Q)).
HRMS (MALDI-TOF): m/z calc. for CisHpNs: 274.2032; found:
274.1988 [M+H]"..

N-(1,4,7,10-tetraazacyclotridecan-5-ylmethyl)quinolin-6-amine
(9f). Compound 9f was obtained from 6-bromoquinoline (104 mg,
0.5 mmol) and 8f (108 mg, 0.5 mmol) in the presence of Pd(dba),
(24 mg, 8 mol%) and BINAP (28 mg, 9 mol%). Yield: 63 mg (37%);
yellowish oil; chromatography (silica gel, CH,Cl,/MeOH/NH;(aq),
20:5:1 v/v). vmax/cm'1 3279br (NH), 2932m, 2819m, 1659m, 1622s,
1592m, 1576m, 1537m, 1510m, 1493m, 1464m, 1436m, 1380m,
1327m, 1288m, 1269m, 1180m, 1123m, 1029s, 931m, 830s, 767m,
730m, 699m, 646m, 620m, 591m, 545m, 474m. 4 NMR (400 MHz,
CDCly): 6 = 1.65-1.76 (m, 2H, CH,CH,CH,), 2.55-2.90 (m, 18H,
CH,N), 2.90-2.98 (m, 1H, CHN), 3.20-3.30 (m, 2H, CH,NQ), 4.72 (br.
s, 1H, NHQ), 6.67 (d, *J = 2.6 Hz, 1H, H5(Q)), 7.13 (dd, 1H, J = 9.1 Hz,
4J = 2.6 Hz, 1H, H7(Q)), 7.24 (dd, J = 8.3 Hz, 3J = 4.3 Hz, 1H, H3(Q)),
7.83 (d, J = 9.1 Hz, 1H, H8(Q)), 7.89 (d, J = 8.3 Hz, 1H, H4(Q)), 8.59
(dd, J = 4.3, % = 1.5 Hz, 1H, H2(Q)). "*C NMR (100.6 MHz, CDCl5): & =
28.4 (1C, CH,CH,CH,), 45.3 (1C, CH,N), 45.7 (1C, CH,N), 47.3 (1C,
CH,N), 48.5 (1C, CH,N), 48.9 (1C, CH,N), 49.4 (1C, CH,N), 49.7 (1C,
CH,N), 51.0 (1C, CH,N), 55.8 (1C, CHN), 102.6 (1C, C7(Q)), 121.2 (1C,
CH(Q)), 121.6 (1C, CH(Q)), 130.0 (1C, CH(Q)), 130.1 (1C, Cc4a(Q)),
133.6 (1C, CH(Q)), 143.0 (1C, C6(Q)), 145.8 (1C, C2(Q)), 146.6 (1C,
C8a(Q)). HRMS (MALDI-TOF): m/ z calc. for Cy9H3;,Ng: 343.26; found:
343.28 [M+H]".
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Compound 5. A flask equipped with a magnetic stirrer and
[(2-
bromoacetylamino)methyl]phosphonic acid diethyl ester 1 (221 mg,
0.77 mmol) and chloroform (8.5 ml). DIPEA (150 mg, 1.16 mmol)
was added, and the mixture was stirred at 40°C for 48 h under

condenser was charged with 9a (65 mg, 0.35 mmol),

argon; the solution was evaporated under vacuum and the residue
was chromatographed (silica gel, CH,Cl,, then CH,Cl,/MeOH, 200:1
to 3:1 v/v). Yield: 105 mg (50%); yellowish oil; chromatography
(silica gel, CH,Cl,-MeOH, 10:1 v/v). vmax/cm'1 3269br (NH), 3048br,
2927br, 2849br, 1663m (C=0,amide 1), 1604s, 1588s, 1543m (NH,
amide 1), 1508m, 1475m, 1423m, 1409m, 1376m, 1340m,
1301m(CN, amide Ill), 1272m, 1251m (P=0), 1202m, 1173w, 1139w,
1114w, 1102w, 1034m (POC), 977m (POC), 860m, 830m, 814m,
730m, 701m. *H NMR (400 MHz, CDCl3): 6 = 1.25 (t, J = 6.8 Hz, 12H,
CH3), 2.85-2.88 (m, 2H, CH;N), 3.25 (br. s, 6H, CH,NQ, CH,C(0)),
3.54 (dd, 2Jpy = 11.5 Hz, J = 6.2 Hz, 4H, CH,P(0)), 4.03 (dq, *Jor = Iy
= 6.8 Hz, 8H, CH,0P), 5.79 (br. s., 1H, NHQ), 6.62 (d, 4J =2.4 Hz, 1H,
H5(Q)), 7.20 (dd, 1H, J = 4.3 Hz, J = 8.2 Hz, 1H, H3(Q)), 7.36 (dd, J =
9.1 Hz, 4J = 2.4 Hz, 1H, H7(Q)), 7.80 (d, J/ = 9.1 Hz, 1H, H8(Q)), 7.84
(d, J = 8.2 Hz, 1H, H4(Q)), 8.05 (br. m, 2H, NHC(0)), 8.59 (dd, J = 4.3,
1H, H2(Q)). *C NMR (100.6 MHz, CDCl3): 6 = 16.4 (d, *Jpc = 6.0 Hz,
4C, CHs), 34.4 (d, lJpc = 155.9 Hz, 2C, CH,P(0)), 41.3 (1C, CH,NQ),
54.7 (1C, CH;N), 59.4 (2C, CH,C(0)), 62.6 (d, ZJPC = 6.4 Hz, 4C,
CH,OP), 102.4 (1C, C7(Q)), 121.2 (1C, CH(Q)), 122.1 (1C, CH(Q)),
129.8 (1C, CH(Q)), 129.9 (1C, C4a(Q)), 133.7 (1C, CH(Q)), 142.9 (1C,
C6(Q)), 145.8 (1C, C2(Q)), 146.4 (1C, C8a(Q)), 170.1 (1C, C(O)).
*1p{'H} NMR (162.5 MHz, CDCly): & = 23.8 (2P). HRMS (MALDI TOF):
m/z calc. for CosHgaNsOgP,: 602.2507; found: 602.2515 [M+H]".

Compound 6. A flask equipped with a magnetic stirrer and
[(2-
bromoacetylamino)methyl]phosphonic acid diethyl ester 1 (209 mg,
0.73 mmol) and chloroform (6.7 ml). DIPEA (128 mg, 0.99 mmol)
was added, and the mixture was stirred at at 40°C for 48 h under

condenser was charged with 9b (51 mg, 0.22 mmol),

argon; the solution was evaporated under vacuum and the residue
was chromatographed (silica gel, CH,Cl,, then CH,Cl,/MeOH, 200:1
to 3:1 v/v). Yield: 79 mg (42%); yellowish oil; chromatography (silica
gel, CH,Cl,/MeOH, 10:1 v/v). vmax/cm'1 3305br (NH), 3056vw ,
2981w, 2929w, 2906w, 2831vw, 1669m (C=0, amid 1), 1653m,
1623m, 1576w, 1533m (NH, amide 1), 1521m, 1506m, 1456w,
1436w, 1387m, 1381m, 1368w, 1300w (CN, amidelll), 1219m (P=0),
1161m, 1123m, 1097m, 1045m, 1019s (POC), 972s (POC), 829m,
804m, 768m, 731m, 679m, 668s, 649m, 617m. 'H NMR (400 MHz,
CDCl3): 6 =1.30 (t, J = 6.8 Hz, 12H, CH3), 1.31 (t, J = 6.8 Hz, 6H, CH3),
2.72-2.81 (m, 6H, CH,N), 3.13 (br. s., 6H, CH,C(0)), 3.22-3.24 (m,
2H, CH,NQ), 3.70-3.84 (m, 6H, CH,P(0)), 4.07-4.18 (m, 12H,
CH,0P), 5.69 (br. s, 1H, NHQ), 6.63 (d, 4J = 2.5 Hz, 1H, H5(Q)), 7.28
(dd, 1H, J=4.3 Hz, J = 8.4 Hz, 1H, H3(Q)), 7.49 (dd, J = 9.1 Hz, 4J =25
Hz, 1H, H7(Q)), 7.86 (d, J = 9.1 Hz, 1H, H8(Q)), 7.85 (d, J = 8.4 Hz, 1H,
H4(Q)), 8.54-8.59 (m, 4H, H2(Q), NHC(0)). *C NMR (100.6 MHz,
CDCly): 6 = 16.4 (d, *Jpc = 6.0 Hz, 6C, CH3), 34.2 (d, Jpc = 156.0 Hz,
1C, CH,P(0)), 34.5 (d, 1Jpc = 156.0 Hz, 2C, CH,P(0)), 40.6 (1C,
CH,NQ), 52.1 (1C, CH,N), 53.2 (1C, CH,N), 54.2 (1C, CH,N), 57.1 (1C,
CH,C(0)), 58.5 (2C, CH,C(0)), 62.6 (d, “Jpc = 6.6 Hz, 4C, CH,0P), 62.8
(d, Ypc = 6.6 Hz, 2C, CH,0P), 102.1 (1C, C7(Q)), 121.3 (1C, CH(Q)),
122.8 (1C, CH(Q)), 128.7 (1C, CH(Q)), 130.4 (1C, C4a(Q)), 134.6 (1C,
CH(Q)), 140.3 (1C, C8a(Q)), 144.7 (1C, C6(Q)), 147.1 (1C, C2(Q)),
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189.9 (3C, C(0)). **P{*"H} NMR (162.5 MHz, CDCl3): & = 23.5 (2P),
23.6 (1P) HRMS (MALDl TOF) m/Z calc. for C34H61N7012P3:
852.3591; found: 852.3539 [M+H]".

N,N-bis(pyridin-2-ylmethyl)-N'-quinolin-6-ylethane-1,2-diamine
(10). A flask equipped with a magnetic stirrer and condenser was
charged with 9a (65 mg, 0.35 mmol), 2-(chloromethyl)pyridine
hydrochloride (138 mg, 0.84 mmol), potassium iodide (4 mg, 0.02
mmol) and acetonitrile (2 mL). DIPEA (220 mg, 1.7 mmol) was
added, and the mixture was stirred under reflux for 12 h under
argon, and then cooled down to r.t.; 30 ml of CH,Cl, was added, the
solution was washed with water (2 x20 ml), the organic layer was
dried over Na,SO,, evaporated under vacuum, and the residue was
chromatographed (silica gel, CH,Cl,, then CH,Cl,/MeOH, 200:1 to
3:1 v/v). Yield: 49 mg (38%); yellow oil; chromatography (silica gel,
CH,Cl,-MeOH, 35:1 V/v). Vima/cm™* 3330br (N-H), 3290w, 3052w,
3009w, 2923w, 2848w, 1671m, 1623m, 1589m, 1569m, 1510m,
1472m, 1433m, 1379m, 1265m, 1246m, 1179m, 1148m, 1122,
1032m, 994m, 931m, 829m, 763m, 633m, 473m, 404s. 'H NMR
(400 MHz, CDCl3): 6 = 2.94 (t, J = 5.5 Hz, 2H, CH,N), 3.24 (t, J = 5.5
Hz, 2H, CH,;NQ), 3.91 (s, 4H, CH,Py), 6.56 (d, ‘=25 Hz, 1H, H5(Q)),
7.10-7.16 (m, 3H, H7(Q), H5(Py)), 7.23 (dd, J = 8.3 Hz, J = 4.3 Hz, 1H,
H3(Q)), 7.39 (d, J = 9.0 Hz, 1H, H3(Py)), 7.59 (td, J = 7.5 Hz, 4J =15
Hz, 1H, H4(Py))), 7.84-7.86 (m, 2H, H8(Q), H4(Q)), 8.56 (m, 3H,
H2(Q), H6(Py)) (NH proton was not unambiguously assigned). B3¢
NMR (100.6 MHz, CDCl5): & = 41.3 (1C, CH,N), 52.3 (1C, CH,NQ),
60.2 (2C, CH,Py), 102.4 (1C, C7(Q)), 121.2 (1C, CH(Q)), 121.8 (1C,
CH(Q)), 122.2 (2C, CH(Py)), 123.2 (2C, CH(Py)), 129.8 (1C, CH(Q)),
130.2 (1C, C4a(Q)), 133.7 (1C, CH(Q)), 136.5 (2C, CH(Py)), 142.8 (1C,
C6(Q)), 145.8 (1C, C2(Q)), 146.6 (1C, C8a(Q)), 149.1 (2C, C6(Py)),
159.0 (2C, C2(Py)). HRMS (MALDI TOF): m/z calc. for Cy3HyuNs
370.2032; found: 370.1990 [M+H]".

Spectroscopic measurements

All the solutions were prepared with double-deionized high-
purity water (18.2 MQ cm) obtained from a «Millipore Simplicity»
apparatus. All metal salts used were perchlorates of general
M(ClO,4),xH,0 formula. CAUTION! Although no problems were
experienced, perchlorate salts are potentially explosive when
combined with organic ligands and should be manipulated with
care and used only in very small quantities. The 102-10° M
aqueous solutions of all perchlorates except Hg(ClO,), were
prepared in order to prevent the influence of dilution on the
recorded spectra. Hg(ClO4), was used as a 10 M solution in
acetonitrile to avoid the hydrolysis of the salt. 0.03 M HEPES buffer
(pH = 7.4) was prepared in beaker by the addition of 10 M NaOH
solution by droplets to 0.03 M standard solution of HEPES under pH
control until pH achieved 7.4.

Spectrophotometric titrations

Determination of protonation constants. pH measurements
were carried out using «Mettler Toledo» apparatus with combined
electrode LE438. The electrode was calibrated with commercial
buffers (pH = 4.01 and 7.00). Protonation studies were conducted in
a glass beaker, equipped with magnetic stirrer and pH-electrode.
Aliquots of acid or base were added manually through LLG-digital
micropipette to polyamines 5, 6 and 10 solutions of appropriate
concentrations and containing potassium chloride (KCI, C = 0.1 M).
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Experimental details for each experiment are detailed in the
captions for the figures. The entire multiwavelength data sets
comprising at least 20 spectra were decomposed into their principal
components by factor analysis before adjusting the equilibrium
constants and calculations of extinction coefficients or normalized
fluorescence spectra by nonlinear least-squares analysis with the
Specfit/32 program.*®*?

Determination of stability constants of complexes. Aliquots of
metal salts were added manually with the help of a Hamilton
syringe to solutions of the chelators 5 and 6 of appropriate
concentrations. Experimental details for each experiment are
detailed in the captions of the figures. The spectra were recorded at
pH = 7.4 (0.03 M HEPES buffer). The entire multiwavelength data
sets comprising at least 20 spectra were decomposed into their
principal components by factor analysis before adjusting the
equilibrium constants and calculations of extinction coefficients or
normalized fluorescence spectra by nonlinear least-squares analysis

with the Specfit/32 program.38’SZ The calculation of stability
constant were performed taken into account the stability constants

for the hydrolysed metal ion species.
Preparation of test-strips

The stripes were performed from filtrate paper (GOST 12026-76,
Russia) in size 10 x 50 mm. The stripe was dipped into the test-tube
with the solution of the ligand (C = 1.3 mM) for 1 min, that dried on
air. The droplets of different solutions were placed on the stripe,
than the stripe was shown under UV-light lamp (365 nm).

Conclusions

A convenient synthetic approach to polyamines bearing
chromogenic quinolin-6-yl residue has been developed. Being
conducted in the presence of a relatively cheap and commercially
available palladium precatalyst, chemoselective arylation of non-
with afforded
monoarylated derivatives when the reaction was performed with

protected polyamines 6-bromoquinoline
polyamines taken in excess. In contrast to previously reported
copper-catalyzed with

polyamines, the scope of this chemoselective reaction is quite large

heterocoupling of 6-bromoquinoline
and target products can be obtained in good yields (up to 75%).
Polyamines bearing quinolin-6-yl residue are of interest for
development of chemosensors for environmental analysis and
clinical diagnostics. The protonation or coordination of metal ions
by such chelators may induce large changes of their absorptive and
emissive properties because the signaling aromatic unit is directly
attached to the polyamine ionophore. In addition, further N-
functionalization of the polyamine unit can be used to turn
solubility and sensing properties of 6-polyaminoquinolines with
respect to toxic metal ions. This synthetic route is convenient for
the preparation of small libraries of molecular probes in which both
in the
substituents at the nitrogen atoms can be varied. Proof of this

the polyamine unit and the additional donor sites
concept is the synthesis of novel chemosensors for selective
detection of Cu" and HgII ions under physiological conditions.

All obtained compounds 5, 6 and 10 act as pH sensitive sensors
responsing to pH changes by the evolution of absorption and
emission of their solutions. However, the nature of the substituent

This journal is © The Royal Society of Chemistry 20xx

at aliphatic amino groups is the key parameter for tuning solubility
and sensing properties of 6-polyaminoquinolines with respect to
toxic metal ions. Chelator 10 bearing 2-pinacolyl residues is
insoluble in pure water and produces optical response for many
metal ions in agueous media. In contrast, chemosensor 5 containing
carboxyamide moieties are suitable for selective double-channel
detection of Cu" ions under biologically and environmentally
relevant conditions (aqueous media at pH = 7.4). This compound
demonstrates low LOD of cupric ions and is suitable for the analysis
of drinking water.

Increasing the number of donor sites in the polyamine
ionophore, the selectivity of amidophosphonate-substituted 6-
polyaminoquinolines towards toxic metal ions can be turned.
Chemosensor 6 is useful for a sensitive detection of HgII ions under
physiological conditions. Among 15 different metal ions, only cu"
ions strongly disturbs the analysis of mercury(ll) cations. Moreover,
chemosensor 6 is a rare receptor able to produce three different
fluorescence responses on the presence of Hg”, cu" and zn" ions in
aqueous solution. Such chemosensors are of particular interest for
a complex analysis of industrial wastes and environmental samples
coming from contaminated regions.
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