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Rational molecular design afforded fluorescent Cd>* sensors based on bisquinoline derivatives.
Introduction of three methoxy groups at the 5,6,7-positions of the quinoline rings of BQDMEN (N,N’-bis
(2-quinolylmethyl)-N,N’'-dimethylethylenediamine) resulted in the reversal of metal ion selectivity in fluor-
escence enhancement from zinc to cadmium. Introduction of bulky alkyl groups and an N,N-bis(2-quino-
lylmethyl)amine structure, as well as replacement of one of the two tertiary amine binding sites with an
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oxygen atom and the use of a 1,2-phenylene backbone significantly improved the Cd?* specificity. The
fluorescent cadmium ion selectivity could be explained by the differential binding with Cd?* and Zn?*,
and the formation of a bis(u-chloro) dinuclear cadmium complex in contrast to the mononuclear zinc
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1. Introduction

Detection and quantification of toxic heavy metal ions are cur-
rently important objectives in regulation of environmental pol-
lutants. Fluorescence sensing provides high selectivity and
sensitivity toward targeted metal ions via a rapid analytical
protocol using relatively inexpensive equipment. One of the
most important issues in the detection of toxic metal ions is
discrimination of Cd** from naturally abundant Zn**, both of
which are group 12 elements in the periodic table and exhibit
only a 21 pm difference in their ionic radii. Since recent
human activities in industry increase the exposure of
cadmium to air, water and soil, continuous development of
fluorescent probes for strict detection of cadmium, especially
in environmental water, is in high demand. Many research
groups have been investigating quinoline-based molecules for
this purpose considering that the long coordination distances
and softness of the quinoline nitrogen atom in comparison
with conventional pyridine ligands would be suitable for selec-
tive binding with Cd*".""® In this Frontier article, several
modifications of the molecular structure of BQDMEN (N,N'-bis
(2-quinolylmethyl)-N,N"-dimethylethylenediamine (1), Fig. 1)"*
for better Cd**-selectivity in the fluorescence response are dis-
cussed (Table 1). A preceding Frontier article by the present
author, dealing with a related hexadentate tetrakisquinoline
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ligand TQEN (N,N,N',N'-tetrakis(2-quinolylmethyl)ethylenedia-
mine, Fig. 1), contains other examples for fluorescence
sensing of Zn**, Cd**, Hg>* and phosphate species.'”

2. Polymethoxy substitution on the
quinoline ring

The BQDMEN 1 has been reported as a tetranitrogen ligand
supporting mononuclear and dinuclear metal complexes
including Fe*', Co**, Ni**, Pd**, cu*"*, Ru**, Cr° and Mn*"**
13720 Wwe utilized this skeleton for fluorescent Zn”*
sensors and improved the fluorescence quantum yield by
introducing a methoxy group to the quinoline rings."* The
fluorescence turn-on mechanism includes the inhibition of
photo-induced electron transfer (PeT) and chelation enhanced
fluorescence (CHEF).>'>® Thus-obtained 6-MeOBQDMEN (2)
(Fig. 1) exhibits sufficient fluorescence intensity and Zn**
selectivity (¢, = 0.28 and I,/Icq = 2.2 in DMF-H,0 (1:1)7) for
intracellular study. On the other hand, the unsubstituted
BQDMEN 1 exhibits dim fluorescence (¢z, = 0.017) but slightly
higher Zn”" selectivity (Izn/Icq = 3.9) than 2. Although we have
known that further methoxy substitution does not improve the
quantum yield from our study on TQEN derivatives,>* we
expected that the fluorescence metal ion selectivity could shift
(or even reverse) to the Cd>" side. This estimation is indeed
true, in which TriMeOBQDMEN 3 (Fig. 1) exhibits Cd** selecti-
vity (Izn/Icq = 0.22) with similar fluorescence quantum yield
(pca = 0.29) to the Zn>" complex with 2 (Table 1).*
Interestingly, the extension of the carbon chain in the mole-

centres.

+The DMF-H,O (1:1) was used as a solvent for spectroscopic measurements in
the first half (Sections 2 and 3) of this article.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Structure of BQDMEN derivatives 1-3 and TQEN.
Table 1 Fluorescence properties of Cd?* probes
/‘Lex (nm) Aem (nm) I(Jd/IO (eq) IZn/ICd (eq) Kd (metal iOl’l) (M) ¢Cd Ref.
TriMeOBQDMEN (3)“ 339 472 15 (1) 0.22 (1) ~1078 (Cd) 0.29 25
~1077 (zn)
3?° 335 458 25 (3) 0.24 (3) 3x1077 (Cd) — 29
3x107°(zn)
TriMeOBQDIEN (5)” 339 459 23 (20) 0.04 (20) 4%x107° (Cd) 0.37 26
5x107° (Zn)
TriMeOBQDBEN (6)“ 337 459 27 (3) 0.20 (3) ~1077 (Cd) 0.33 26
8 x107° (zn)
TriMeOBQDMPHEN (Q)b 341 467 51 (1) 0.26 (1) 8x1077 (Cd) 0.43 27
6 x107° (zn)
TriMeOBQDIPHEN (10)b 343 480 427 (40) 0.05 (40) 1x107° (Cd) — 27
4x107% (Zn)
TriMeO-N,0-BQMAE (11)b 338 470 10 (3) 0.34 (3) 1x107° (Cd) 0.28 29
8x107°(Cd)
TriMeO-N,N-BQMAE (12)b 340 465 12 (3) 0.26 (3) ~1077 (Cd) 0.23 29
2 x107° (2n)
TriMeOBQMOA (14)b 341 464 90 (5) 0.02 (5) 1x107° (Cd) 0.18 30

“In DMF-H,O (1:1).  In DMF-HEPES buffer (1: 1).

cular skeleton from ethylenediamine to propanediamine also
shifted the fluorescence response toward the Cd>* side.

The fluorescence titration revealed that TriMeOBQDMEN
(3) binds an equimolar amount of metal ions. The Cd>*
complex with 3 exhibits significantly long fluorescence lifetime
(r = ~30 ns) in comparison with the Zn>* complex (~20 ns),
indicating the different complex structure and/or fluorescence
pathway. X-ray crystallography revealed the structures of the
bis(p-chloro) dinuclear cadmium complex and mononuclear
zinc complex with BQDMEN (1) (Fig. 2). ESI-MS also confirmed
the formation of [(-Cl),Cd,(3),](Cl0O4)" species under the spec-
tral measurement conditions. The metal binding affinity of 3
is high enough to saturate the ligand in the presence of 1
equiv. of Cd*" and Zn>" under our experimental conditions
(Table 1). These observations clearly indicate that the
BQDMEN ligand discriminates Cd** and Zn** by differential
complexation, and the introduction of three methoxy groups
on the quinoline rings successfully highlights the difference in
the complex structure via fluorescence outputs. The next step
would be an improvement of the insufficient Cd** selectivity of
3. Several modifications of the molecular structure were
explored to selectively reduce the Zn>"-induced fluorescence
signal.

This journal is © The Royal Society of Chemistry 2025

3. Introduction of bulky alkyl groups

Two methyl groups of TriMeOBQDMEN (3) attached to the ali-
phatic nitrogen atoms were replaced with isopropyl groups
to afford TriMeOBQDIEN (N,N'-bis(5,6,7-trimethoxy-2-quinolyl-
methyl)-N,N'-diisopropylethylenediamine (5), Fig. 3).>° This
sterically hindered bisquinoline derivative exhibits weak metal
binding affinity (Table 1) and shows characteristic fluorescence
titration profiles responding to Cd>" and Zn>" (Fig. 4). The
highly fluorescent Cd>* complex with 5 (¢cq = 0.37) was formed
by the addition of ~5 equiv. of Cd** and was stable in the
excess amount of metal ions; however, the gradual addition of
Zn** to 5 exhibited small fluorescence enhancement around 5
equiv. of metal ions, and then, the fluorescence significantly
decreased in the presence of an excess amount of zinc salt, Zn
(ClO,),. The monomethoxy derivative (4) (Fig. 3) also exhibits
similar profiles. After careful investigations, this observation
was explained by the selective decomplexation of the zinc
complex by protons generated by excess Zn(ClO,), used in the
titration experiment. Cd(ClO,), did not drop the pH signifi-
cantly, and the use of Zn(NOj3), or DMF-HEPES buffer (1:1) as a
solvent did not disrupt the Zn**-induced fluorescence even in
the presence of a large amount of metal ions. Nevertheless, the

Dalton Trans., 2025, 54, 4848-4855 | 4849
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Fig. 2 Perspective view of (a) [(u-Cl)»,Cd(1),]?* (CSD refcode CIBKOR) and (b) [Zn(1)CLICIO,4 (CSD refcode CIBKUX). Reproduced from ref. 25 with

permission from the Royal Society of Chemistry.

R2
a2 OCHj
A% NS N/\/N SN R?
HsCO 7 R
RZ
R' = (CHg),CH-,R2=H  :6-MeOBQDIEN

R!'=CH,Ph,R2=0CH;  :TriMeOBQDBEN

(4)
R' = (CHg),CH-, R2 = OCH, : TriMeOBQDIEN (5)
(6)
R' = Ph, R2 = OCH, : TriMeOBQDPEN (7)

Fig. 3 Structure of BQDMEN derivatives 4-7.

excellent Cd** specificity in fluorescence enhancement achieved
in 5 (Izn/Icq = 4% in the presence of 20 equiv. of metal ions) in
DMF-H,0 (1:1) is of significant interest.
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Fig. 4 Fluorescence intensity plot of 5 with increasing amounts of (a) Cd?* and (b) Zn
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Although X-ray crystallography employing 4 afforded only
mononuclear Cd** complexes, the long fluorescence lifetime (z
= ~30 ns) for the Cd** complex with 5 suggested the possible
formation of bis(p-chloro) dicadmium species assembled in
the excited state even in the isopropyl derivative. The corres-
ponding benzyl (TriMeOBQDBEN (6)) and phenyl
(TriMeOBQDPEN (7)) derivatives (Fig. 3) resulted in similar
metal ion selectivity and fluorescence stability with 3 and an
extremely poor fluorescence response with any metal ions,
respectively.

4. Introduction of a benzene
skeleton

Instead of the introduction of bulky substituents, replacement
of an ethylenediamine backbone of BQDMEN (1) with a 1,2-
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Fig. 5 Structure of BQDMPHEN derivatives 8—10 and TQPHEN.
OCHjg
H3;CO OCHj4
OCHjs
_ OCH,4 Ne |
H N
5CO X N/\/O SN OCH;  HiCO Ny N
H
HaCO = CHs HCO ~ L_ocH,
OCH; 8

TriMeO-N,0-BQMAE (11)

Fig. 6 Structure of BQMAE derivatives 11 and 12.

phenylenediamine also reduces metal binding affinity
because the anilinic nitrogen atoms of BQDMPHEN (N,N'-bis
(2-quinolylmethyl)-N,N'-dimethyl-1,2-phenylenediamine (8),
Fig. 5) have weaker basicity than the aliphatic nitrogen
binding site of 1.>” This approach has been successful for the
TQEN-based tetrakisquinoline compound, TQPHEN (N,N,N/,
N'-tetrakis(2-quinolylmethyl)-1,2-phenylenediamine, Fig. 5),
which scarcely binds to Zn®" under the spectral measurement
conditions and therefore exhibits Cd**-specific fluorescence
enhancement.® Upon addition of metal ions in DMF-HEPES
buffer (1:1),f the ligand 8 exhibited similar fluorescence
enhancement with Cd*" and Zn** (In/Icq = 0.90 in the pres-
ence of 1 equiv. of metal ion), but apparent Cd*" selectivity
(Izn/Ica = 0.26 in the presence of 1 equiv. of metal ions) was
achieved in the trimethoxy derivative (TriMeOBQDMPHEN
(9), Fig. 5). The insufficient metal ion selectivity was further
improved by introducing isopropyl groups as discussed
above, affording high fluorescent Cd>" specificity in
TriMeOBQDIPHEN (10) (Iz,/Icq = 0.05 in the presence of 40
equiv. of metal ions) (Fig. 5).

1 The DMF-HEPES buffer (1:1, 50 mM HEPES, 0.1 M KCl, pH = 7.5) was used as
a solvent for spectroscopic measurements in the second half (Sections 4-6) of
this article, considering the pH change in the presence of large amount of metal
salts.

This journal is © The Royal Society of Chemistry 2025

OCH,

TriMeO-N,N-BQMAE (12)

Considering the extremely weak metal binding affinity of
the isopropyl ligand 10 (K4(Cd) = 1 x 10~> M), the methyl
counterpart 9 (K4(Cd) = 8 x 1077 M) is more suitable for practi-
cal use (Table 1). This high metal binding affinity causes
diminished Cd**/Zn*" selectivity estimated from the ratio of
binding constants (K4(Zn)/K4(Cd) = 8 and 32 for 9 and 10,
respectively); however, the high fluorescence quantum yield
(¢ca = 0.43) and wide pH window (pH = 4-10) of 9 are worth
exploring. The structures of Cd*>" and Zn*" complexes with 8
are both mononuclear but, here again, the long fluorescence
lifetime (z = ~30 ns) for Cd** complexes with 9 and 10 suggests
the excimer-like fluorescence mechanism including quino-
line-quinoline interactions in the excited state.

4. Replacement of a nitrogen atom
with an oxygen atom

Another strategy to reduce the metal binding affinity of the tet-
ranitrogen ligand TriMeOBQDMEN (3), aiming at the improve-
ment of fluorescent Cd>* selectivity, is the replacement of one
of the two aliphatic ethylenediamine nitrogen atoms of 3 with
an oxygen atom. Thus-designed 2-aminoethanol-based N301
ligand, TriMeO-N,0-BQMAE (N,O-bis(5,6,7-trimethoxy-2-quino-
lylmethyl)-2-methylaminoethanol (11), Fig. 6) exhibited two

Dalton Trans., 2025, 54, 4848-4855 | 4851
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order lower metal binding affinity and slightly decreased Cd**
preference in fluorescence enhancement in comparison with 3
(Izn/Icq = 0.34 and 0.24 for 11 and 3, respectively, in the pres-
ence of 3 equiv. of metal ions in DMF-HEPES buffer (1:1))
(Table 1).>° Interestingly, TriMeO-N,N-BQMAE (12) (Fig. 6), the
regioisomer of 11, in which both quinoline moieties are
attached to the same aliphatic nitrogen atom of the ami-
noethanol skeleton, exhibits one order higher metal binding
affinity than 11 and similar fluorescent Cd*" selectivity to 3
(Izn/Ica = 0.26 for 12). The fluorescence quantum yield of 12
(¢pca = 0.23) is slightly smaller in comparison with those of 3
(0.29) and 11 (0.28) under the same experimental conditions.
This difference is also reflected by the fluorescence lifetimes,
where long fluorescence lifetimes (z = ~30 ns) with a possible
intramolecular excimer emission for the Cd** complex were
observed only for 3 and 11. For the N,N-isomer 12, no differ-
ence in fluorescence lifetimes of Zn>* and Cd*>" complexes was
detected (r = ~18 ns), indicating the monomer emission for
both metal complexes with this ligand. The ligand structure of
12 strictly controls the metal binding affinity, possibly due to
the difference in the complex structures, affording the fluo-

R
R R
N |
R Ne~n
R _ OCHs
R
R=H :BQMOA(13)

R = OCHj : TiMeOBQMOA (14)

Fig. 7 Structure of BQMOA and BQDMPHEN derivatives 13-15.
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rescent Cd>" selectivity. It is important to note that the two
order difference in dissociation constants between Cd** and
Zn** complexes was achieved in the N,N-bisquinoline structure
of 12 (Table 1). The corresponding N,N-isomer for 3 has not
been examined due to problems in its synthesis.

5. Use of a benzene skeleton with an
oxygen binding site

Finally, the N301 ligand with a 1,2-phenylene skeleton was
explored. Considering the synthetic accessibility, only the N,N-
isomer was examined here. Thus-designed TriMeOBQMOA (N,
N-bis(5,6,7-trimethoxy-2-quinolylmethyl)-2-methoxyaniline

(14), Fig. 7) exhibits excellent Cd>* specificity in fluorescence
enhancement (Iz,/Icq = 0.02 in the presence of 5 equiv. of
metal ions) with moderate metal binding affinity (Kgq(Cd) = 1 x
10" M) and fluorescence quantum yield (pcq = 0.18)
(Table 1).>° The binding affinity of 14 with Zn** is extremely
weak. The LOD (limit of detection) for Cd*" was estimated to

OCHj
HaCO OCHj
N |
\S
HyCO Ne N
H,CO _ N(CHg),
OCHj

TriMeO-N,N-BQDMPHEN (15)

Fig. 8 Perspective view of (a) [(u-Cl),Cd(13),]2* (CSD refcode YOMQOK) and (b) [Zn(13)Cl,] (CSD refcode YOMQUQ). Adapted from ref. 30 with

permission from American Chemical Society, copyright 2024.
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be 25 nM, which is lower than the environmental limit of
water in Japan (3 ppb, 27 nM).

Both Cd** and Zn** complexes with BQMOA (13) (Fig. 7)
were structurally characterized by X-ray crystallography (Fig. 8)
where the bis(p-chloro) dinuclear cadmium complex ([(p-
Cl1),Cd»(13),]**) and mononuclear zinc complex ([Zn(13)Cl,])
with an uncoordinated quinoline moiety were revealed. These
complex structures clearly explain the reason for the short fluo-

rescence lifetime (z = ~13 ns) for the Cd** and Zn>* complexes

—~ 350 - .
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with 14 because of the lack of interquinoline stacking inter-
action even in the bis(p-chloro) dicadmium complex. The fluo-
rescent Cd** specificity is a result of the extremely weak
binding affinity of this ligand with Zn**.

The importance of chloride ions in HEPES buffer was also
disclosed in this study. As shown in Fig. 9, chloride ions exclu-
sively enhance the fluorescence intensity of 14 in the presence
of Cd** via enhanced complexation, but no such effect was
observed for Zn®>* with 14 and dimethylamino derivative

_350 - .
= (b) at 467 nm
< 300
>~
= 250
n
g 200
= -@
i=
o 150
9
§
g 100 —e—Cd
% 50 —— Zn
=
0!
0 0.02 0.04 0.06 0.08 0.1
KCI (M)

Fig. 9 Fluorescence intensity plot of (a) 14 and (b) 15 in the presence of Cd?* (blue) or Zn?* (red) with increasing amount of KCl. Adapted from ref.

30 with permission from American Chemical Society, copyright 2024.
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Fig. 10 Summary of the structural modifications of Cd?* probes.
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TriMeOBQMOA (14)
Izn/lcq = 0.02 (5 equiv.)¥

+ In DMF-HEPES buffer (1:1).
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TriMeO-N,N-BQDMPHEN (N,N-bis(5,6,7-trimethoxy-2-quinolyl-
methyl)-N',N-dimethyl-1,2-phenylenediamine (15), Fig. 7) with
Cd** and Zn**. Not only the moderate metal binding affinity
but also the appropriate size and coordination environment of
the metal binding cavity of the methoxy derivative 14 in the
presence of chloride ions are necessary for fluorescence dis-
crimination of Cd** from Zn*",

6. Conclusions

Based on the structure of BQDMEN (1), a set of fluorescent
Cd** sensors were rationally designed (Fig. 10). The extensive
use of polymethoxy-substituted quinolines as a metal binding
motif and chromophore provides several unique character-
istics suitable for strict discrimination of Cd** from Zn>* via
fluorescence signals. Unprecedented fluorescence enhance-
ment mechanisms including intramolecular excimer emission
from the bis(p-chloro) dinuclear cadmium complex were clari-
fied by X-ray crystallography. Tiny changes in the molecular
structure of the fluorescent probe largely affect the structure
and stability of the resulting metal complexes, affording sig-
nificant improvement in fluorescent metal ion selectivity and
optical properties. In particular, the size and flexibility of the
metal binding pocket with a carefully organized coordination
geometry are crucial for selective accommodation of the target
metal ion. This Frontier article may provide a useful dataset
for future molecular design of new fluorescent sensors target-
ing a wide variety of metal ions.
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