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ARTICLE INFO ABSTRACT

Avrticle history A series of malonamides possessing two quinolinetes were synthesized anbaracterize
Received as fluoroionophores for the Znion. We focused on the relationship between thestitulnt:
Received in revised form introduced to the C2-position of the malonamided treir Zrf* ion-selectivity, exploiting th
Accepted structural effect of the substituents in the desi§the fluordgonophores with high selectivi
Available online The substituents introduced to the malonamides wéne methyl, benzyl, a

naphthalenylmethyl groups. In dimethyl sulfoxidelveat, all substituted bisquinoliny
malonamides showed excellent fluorescence sensinght Zf" ion, while unsubstitute
bisquinolinyl malonamidel displayed ratiometric sensing for the %don. N, N'-bis(8-

;rfzxvslgr:(-j:elective quinolyl)-2-methyl-2-naphthalenylmethyl malonamide exhibited the highest Zh ion-
fluoroionophore selectivity against the GHion. Although the substituents introduced into €®-position are
malonamide spatially distant from the quinoline recognition iety, this study indicated that theyeatly

influenced the ion selectivities of the bisquinglinmalonandes. Furthermore, it w
demonstrated that visible fluorescence analyselsl dmiperformed on malonamide

2009 Elsevier Ltd. All rights reserved

substituent effect
visible analysis

1. Introduction design and synthesis of Znion-selective fluoroionophores

) . based on the substituent effect. It was eviderdutin our work
In the last few decades, studies on molecular grelfech act  {hat the substituents introduced into the C2-pasitiof

as optical switches for the Zrion have greatly increaseduch  majonamides greatly influenced their ion seledtsit although
rapid development is derived from an understandine roles  he jnroduced substituents are spatially distaramf the

played by the Zfi ion in biological _processés]_’he Zn" ion is recognition moiety quinoline and do not participaiesctly in
the second most abundant transition metal in thaamubody ion-sensing.

behind iron, and its biological roles are diverse amportant.
Although most of the Zi ions in vivo are contained within 2. Resultsand discussion

peptides or proteins, the physiological roles @ flee ZA" ion .

have attracted much attention. Hence, there id teedetect the 2-1- Syntheses of malonamides and fluor escence responses
Zn* ion easily and selectively. However, it is stiltlhallenge to
develop simple and useful methods for the seleatatection of

L ; . X 4 :
the Zrf" ion against such interference ions as thé' @ since examined. The reaction of the unsubstituted malaiigthloride

qu _and Cd" ions have similar properties in their interaction with 8-aminoquinoline in toluene afforded the dediderivative
with ionophores. 1

Unsubstituted malonamidé was prepared by the synthetic
routes depicted in Fig. 1 and its fluorescence aesp was

Most of the fluoroionophores for cation sensing @mposed Fig. 2a shows the fluorescence spectra (excitation

. o . . 4
i o ognion sl i 2 Moresent il 70 waulongin., = 345 nm) f the insupstred mlonaie
Lo ; U ' ; (5.0 x 10° M) measured using dimethyl sulfoxide (DMSO)
de_rlvall_tlves_ (partlc;,lltahrly 8-Pt1ydro;<)/quL;|nollne tct)r mo&u:{;‘o solution in the absence or presence of 1 equieaoh respective
ggltggtlig?]) ';f Otrr:z Oz7ﬁ ?or:nlosln ufsaecg tlggre;;?;}in%quirnoli?]e cation. Malonamidﬁl itself sgows fluorescence at 408 nm. The
A ’ o - _ addition of the Zf" and Cd" ions to the solution led to a
derivative, N-(6-methoxy-8-quinolyl)p-toluenesulfonamide  yo. o456 in the fluorescence and the appearareceeof-shifted
.(TSQ.)’ IS ?OZT%T‘?rC'EgBI/ avr?llabledand mor;st wujfelyed:sfgr theh fluorescence at 529 nm. The fluorescence intersi§29 nm in
imaging. o ions.” In this study, we have focused on the 4,q presence of the Edions was stronger by 1.4-fold to that in

OCorresponding author. Tel.: +81-6-6954-4281; fef-6-6957-2135; e-mail: kawakami@chem.oit.ac.jpNibriuchi-Kawakami)
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the presence of the Znions Fcy/Fzn = 1.4). The addition of
the CG" ion strongly quenches the fluorescence at 408 ndh a
afforded a red-shifted fluorescence at 486 nm.Heuniore, the
fluorescence intensity at 486 nm in the presend@dfions was
stronger by 1.7-fold to that at 529 nm ovefZ{Fcy/Fz, = 1.7).
In contrast, the addition of other cations *(LNa’, K*, NH,",
Mg®, c&', A**, Mn®*, Ni#*, C#*, Ag") did not lead to the
appearance of red-shifted fluorescence, althoughesoations
somewhat decreased the fluorescence at 408 nm.

o 1) Na

1)NaOH
2)HCl R OH

Rl OEt in EtOH Rl in EtOH R OH

<S¢

(coch, .,

CsHeN R o CgHeN  RR
in CGHB Rl in CGHG

or toluene o) or toluene

1R'=H,R%=H

2 R'=Me, R?= Me
3 R =Me, R? = CH,~)

4 R! = Me, R? = CH,
NH, 9P
a0
o _ DMAP, EtN.
)J—u )L H
in toluene

Fig. 1. Syntheses of malonamide derivatiles4 and amidé.
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Fig. 2. Fluorescence spectraof malonamided— 4 (5 uM) in the presence of
1 equiv. of Lf, N&', K*, NH,", Mg, C&*, AlI*", Mn*', C&", Ni¥, C/#*, Zr?",
Cd?*, and Ag in DMSO (excitation wavelengthe, = 345 nm): alL, b)2, c)
3,d)4.

Here, we exploited the structural effect of theditbents at
the C2-position of malonamides in the design of
fluoroionophores for the Zfion. One important factor in the ion
selectivity of bisquinolinyl malonamides is theertation of two
quinoline rings as the recognition moieties. Thdfedent
orientations of two quinoline rings will lead théfdrence of ion
selectivities of bisquinolinyl malonamides. We escigel the
orientations of two quinoline rings will vary witthe steric
hindrance of thesp® carbon in the C2-position of malonamides.
Therefore, in consideration of the steric hindrartbe methyl,
benzyl, and naphthalenylmethyl groups were selectedthe
substituents introduced to the C2-position of th&lamamides.
Disubstituted malonamides— 4 were prepared by the synthetic
routes depicted in Fig. 1. Malonic acid dichloridegere
synthesized by the reaction of corresponding malanids with
(COC}) in benzene or toluerfé. Subsequently, the reaction of
malonic acid dichlorides with 8-aminoquinoline ierizene or
toluene resulted in the desired malonamides— 4. The
fluorescence responses of the disubstituted malioes? — 4
were investigated in the absence or presence qlil.eof each
respective cation.

As shown in Fig. 2b, the fluorescence spectra dbnaamide
2 possessing two methyl substituents indicated tthataddition
of the zd" ion significantly decreased the fluorescence of
malonamide? itself at 405 nm along with the distinct appeasnc
of red-shifted fluorescence at 548 nm. The additddnother
cations, except the &dion, merely showed slight spectral
changes at 405 nm. The addition of thé'Gdn led to the slight
appearance of a red-shifted fluorescence at 548witim no
decrease in the fluorescence at 405 nm. The floernee
intensity at 548 nm in the presence of thé"Zans was stronger
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by 4.8-fold to that over Cd (Fzy/Fcq = 4.8). The introduction of
the substituents at the C2-position was effective the
recognition of the Z# ion with high selectivity. In the case of
malonamide3 possessing the methyl and benzyl groups as
substituents at the C2-position, the addition ef ZInf* ion, in a
likewise manner, markedly decreased the fluoreszené
malonamides itself at 407 nm and the clear appearance of a red
shifted fluorescence at 544 nm was observed (f€g.Fowever,
the fluorescence intensity at 544 nm in the presariche ZA"
ions was superior by 3.5-fold over the®Cibns Fz/Fcq = 3.5).

On the other hand, in the case of malonamig®ssessing the
methyl and naphthalenylmethyl groups, the additifnZn*
largely decreased the fluorescence of malonariideelf at 408
nm while the appearance of a sharp red-shifteddékeence was
observed at 542 nm (Fig. 2d). The fluorescencengite at 542
nm in the presence of the Zrions was stronger by 5.5-fold to
that over C&' (Fzo/Fcg = 5.5). The F,/Fcy values of the
fluorescence intensities in the presence of tHé ibns compared
with those over Cd increased in the order of malonamide< 3

< 2 < 4, as summarized in Table 1. The?Zron-selectivity
against the Cd ion of malonamide4 was the highest among
malonamidesl — 4. Hirata et al. demonstrated that malonamide
analogs with the benzyl substituent can selectiwsdiract the
CU*" ion into chloroform from an aqueous mixture oPGINI*,
Cd®* and Zr" ions® However, in this study, no selective
fluorescence performance of malonamides 4 to the C@" ion
was observed. Artaud et al. reported that the H#ubsts
introduced to the C2-position of malonamide analbgiermined
the cis or trans orientations of the complexes with the metal
ions’® Therefore, the difference in the substituents may
influence the fluorescence performances.

Tablel
lon-selective fluorescence performance of malonantides to Zrf* and
Cd?*in DMSO

(

)

Fluorescence intensity

—_
o
~

Fluorescence intensity

0 - 5 equiv.

T y
20V derivaiive 2]

450

500 550 600 850
wavelength/nm

—~
O
-~

Fluorescence intensity

544 nm

malonamide Fzn/ Fcd Rzn Red N
3 N [Zn ) [derivative 3]
1 0.7 (at 529 nm) 08&29’ F4o@ 0.91 FSZd F408) y 2 \
2 4.7 (at548 nm)  10.4F¢4d Fao9  0.30 Fsag Faon % %
3 3.5 (at544 nm)  7.98ad Fao7)  0.49 Fsad Fao?) =" : . :
400 450 500 550 600 650
4 55(at542nm)  5.88s4d Fa09  0.25 Fsyd Fa09 wavelength/nm

For comparison, derivativé possessing only one quinoline
moiety was also prepared by a similar method (E)gand the
fluorescence spectra of amiéewas measured using a DMSO
solution in the absence or presence of 1 equieach respective
cation. The fluorescence spectra of amiidshowed no change
with the addition of the investigated cations (F&L). These
results suggest that two quinolyl amide moietiesracessary for
ion recognition® and that a sandwich-type coordination has an
advantage in ion recognitidh.

Fluorescence titration experiments were performethgu
DMSO solutions to investigate the quantitative perfance for
the zrf* ion. In the fluorescence titration study, the flescence
intensities were measured in different concentnatiof the ZA"

—~
o
~

Fluorescence intensity

529 nm

1 2 3 4 5
[Z0>)/[derivative 4]

500 550 600 650
wavelength/nm

ion against standard M malonamidesl — 4. The intrinsic

fluorescence emissions of bisquinolinyl malonamidesa. 400
nm decreased and these were accompanied by treages in
fluorescence excitations at ca. 540 nm (Fig. 3 fhorescence
intensities at ca. 540 nm were linearly increasethé initial part
of the titration as shown in the insets of Fig. The results
revealed that there is an affinity between maloni@si — 4 and

the Zrf* ion.

Fig. 3. Fluorescence spectra of malonamides4 (5 uM) obtained during
titration by Zrf* ion (0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0, 4.0 equiv.) in
DMSO (excitation wavelengtixex = 345 nm): a)l, b) 2, ¢) 3, d) 4. Inset:
titration curves of the fluorescence intensities dsnctions of
[zn*)/[malonamide derivatives].

On the fluorescence emission of fluoroionophoreth wihe
Zn®" ion, it is well-established that excited statesuting from
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complexes of zinc (ll) are typically ligand-centéré.C) in
nature, owing to the inability of thé metal center to participate
in low energy charge transfer or metal-centeredsitemns®**®
Malonamidesl — 4 and derivatived contain amino-substituted
quinolone moiety which are candidates for fluoramisowith
photo-induced electron transfer (PeT) mechartfsfhHowever,
derivatives1 — 4 and 5 fluoresced, respectively, without PeT
guenching pathway. Moreover, the derivatbvexhibited no new
emission band by adding the Znion or other metal ions.
Therefore, the new emission bands (ca. 540 nm)abdmamides
1 -4 by adding the Zfi ion would arise from two effects: first,
the binding of malonamidek — 4 to the ZA" ion, which occurs
with two aminoquinoline moieties through two aroratitrogen
atoms, will reduces the energy difference betweeand 1
orbital (internal charge transfer (ICT§)*® Second, the
aminoquinoline moiety, which is proximate with csother as a
consequence of the binding, may form tite— 1t stacking
interactions, resulting the fluorescence enhancelaenh the red-
shifted emission band$?®

2.2. Ratiometric responses

We further also examined the ratiometric fluoreseen
responses of bisquinolinyl malonamide derivativaglost
fluoroionophores for the Zhion can detect with an increase in
the emission intensityHowever, it is desirable to eliminate the
effects of these factors by using ratiometry sitioe emission
intensity is also dependent on various other fadforA
ratiometric fluoroionophore not only exhibits a spal shift, but
also provides ratiometric measurement in the epmssitensities
of two emission wavelengths.

The obtained spectral data indicated that malonaniid
selectively showed ratiometric fluorescence respdnsthe C&'
ion in DMSO (Fig. S2a). In fact, the fluorescenotensity ratios
(FagdFa09 at 486 nm to that at 408 nm wRs, = 30.9 on the
Co™" ion. Even the fluorescence intensity ratiBg,gFqs) at 529
nm to that at 408 nm on the €don (Re, = 15.7) was superior to
that on the Cd ion (Reg = 0.9). In contrast, the fluorescence
intensity ratios Fssg/F405) Of malonamide2 at 548 nm to that at
405 nm werdR,, = 10.4 on the Zii ion andR.y = 0.3 on the Cd
ion (Fig. S2b and Table 1). As shown in Table 15 ib the best
ratiometric fluorescence response to the?'Zion among

malonamided — 4. On the other hand, the fluorescence intensity

ratios Fssd/Fao7) Of malonamide3 at 544 nm to that at 407 nm
wereR,, = 8.0 on the Zfi ion andR.y = 0.5 on the Cd ion (Fig.
S2c and Table 1). The fluorescence intensity rafgs/F4o) Of
malonamide4 wereR;, = 5.9 on the Zfi ion andRey = 0.3 on
the Cd* ion (Fig. S2d and Table 1). THe,/Fcq values of the
fluorescence intensities in the presence df Zons as compared
with Cd™*increased in the order of malonamitie< 3 < 2 < 4,
while the R;/Rcy values for the ratiometric fluorescence
performance increased in the order of malonarhige 4 < 3 <

2. The ratiometric fluorescence performance of matoide4 in
the presence of Zhion was inferior to that of malonamide
since the additon of Zh did not entirely quench the
fluorescence of malonamideitself at 407 nm.

2.3. Solvent effects

Chen et al. investigated the fluorescence respooke
malonamide 1 in dimethylformamide (DMF) solution and
reported that malonamidel displayed superior Zh ion
selectivity against the Ph CU*, C&*, Ni#* ions®* We also
examined the fluorescence response of malonafnie4 using a

DMF solvent (excitation wavelength,, = 320 nm). In the case
of malonamidel, theF,/F¢4 value of the fluorescence intensities
for the Zrf* ion against the Gdlion was 1.7 Ezv/Feq = 1.7) and
malonamidel actually displayed favorable Znion selectivity.
In all of the malonamide$ — 4, the F,/Fc4 values determined
using a DMF solvent were superior to those usirgg EIMSO
solvent (Fig. S3). Unlike DMSO solvent, te/Fcq values of
the fluorescence intensities for the?Zion against the Gd ion
increased in the order of malonamie 2 < 3 < 4. However, the
favorable results were not always obtained, inipaler when the
concentration was large. Our further investigatided to the
result that the complexes between malonamides ren@if” ion
gradually form precipitates in the DMF solvent. ldtugh the
fluorescence response of malonamitlesing a CHCN/CHCL
solvent (9:1, v/v) (excitation wavelengths, = 319 nm) was also
examined, malonamidé displayed inferior Zf ion selectivity
against the Cd and C@" ions Fz/Fcq = 0.64 andFzy/Fc, =
0.76) (Fig. S4). We, therefore, employed DMSO as ghlvent
for further study.

2.4. Coordination and absorption properties

In order to investigate the coordination of maloidenl — 4
with the Zif*, Cd* and C&' ions, spectrophotometric titrations
were performed in DMSO solution. Upon the graduigon of
the metal ions (0.0 — 5.0 equiv.), all UV-vis spactof
malonamidesl — 4 showed isosbestic points and an increase in
the band at ca. 390 nm with no gradual shift (Big= 7). For
example, the UV-vis spectra of malonamiblevith the addition
of the Zrf* ion also exhibited isosbestic points at 288 arfl ri#
and an increase in the band at 385 nm (Fig. 48)pagh the
fluorescence response to the?Zfions of malonamidel was
inferior to that towards the &dand C4' ions.

@ | o

385 nm

o 1 2 a4 s
[Zn2*}/[derivative 1]

Absorbance
Y
Absorbance
2 2

o
2]

1 ' ' '
280 330 380 430 480 530 580 630 680

Wavelength/nm
(b) Fmax = 385 NM
06
L]
o) L]
(3] ]
g
0.4 [
£ .
2
< . *
0.2
° L]
0

0 01 02 03 04 05 06 07 08 08 1
[Zn2*)/[Zn?*]+[derivative 1]

Fig. 4. a) UV-vis absorption spectra and absorbance clsaae385 nm
(inset) of malonamidé (0.8 mM) obtained during titration by the Zrion (0

— 5.0 equiv.) in DMSO. b) Job’s plots of malonamidevith the Zrf* ion

according to the method for continuous variatiomsabsorption in DMSO
(total concentration of malonamideand the Z#' ion is 0.16 mM).
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Fig. 5. a) UV-vis absorption spectra and absorbance clsaage390 nm
(inset) of malonamid@ (0.8 mM) obtained during titration by the Ziion (0
— 5.0 equiv.) in DMSO. b) Job’s plots of malonamBlsvith the Zrf* ion
according to the method for continuous variatiomsbsorption in DMSO
(total concentration of malonami@eand the Z#" ion is 0.16 mM).
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Fig. 6. a) UV-vis absorption spectra and absorbance clsaage390 nm

(inset) of malonamid8 (0.8 mM) obtained during titration by the Zron (0

— 5.0 equiv.) in DMSO. b) Job's plots of malonamBlevith the Zrf* ion

according to the method for continuous variatiomsbsorption in DMSO

(total concentration of malonami@eand the Zf" ion is 0.16 mM).

0.8

o
ES

o
o
c
@ g 04
8
8 2
<
(72}
o -~ 390 nm
<
[] 1 2 3 4 5
[Zn?*)/[derivative 4]
0 : : ; : : :
280 330 380 430 480 530 580 630 680
Wavelength/nm
(b) Amax = 390 nm
L]
06
L]
L]
c
Boa ° .
2
3
o . .
<
02
L] L)
oe

' ' ' ' ' '
0 01 02 03 04 05 06 07 08 09 1

[Zn?*)[Zn?*+[derivative 4]

Fig. 7. a) UV-vis absorption spectra and absorbance clsaaye390 nm
(inset) of malonamidé (0.8 mM) obtained during titration by the Ziion (0,
0.2,0.4,0.6,0.8,1.0,1.2, 1.4, 1.6, 1.8, 2.0, 8.0, 5.0 equiv.) in DMSO. b)
Job’s plots of malonamidé with the Zri* ion according to the method for
continuous variations in absorption in DMSO (totedncentration of
malonamidet and the Z# ion is 0.16 mM).

On the other hand, upon the addition of thé*Zon, the UV-vis
spectra of malonamidé exhibited isosbestic points at 290 and
344 nm and an increase in the band at 390 nm {&Qg. These
results indicate that a new species is producedobpyplexation
with the Zrf*, Cf* and C8" ions during titration.

In order to understand the complexation of maloni@si — 4
with the Zif*, Cd™* and C8' ions, Job’s plots for the absorbance
were determined by keeping the sum of the initalaentrations
of the malonamides and metal ions constant at 116°%M and
changing the molar ratio of the metal ions y(X=
[MZ]/([M?"]+[derivative])) from O to ' Fig. 4b — 7b depict
Job's plots of malonamidek — 4 with the Zrf* ion. All of the
plots for the absorbance at ca. 390 nm versus tharmatio of
the metal ions ¥ (M* = zrn?*, Cdf* and C8") showed that the
absorbance value is highest at the molar fractibrceo 0.5,
indicating that a 1:1 stoichiometry is most prolealfbr the
binding mode of malonamidels— 4 to the ZA", Cd* and Cé"
ions.

Based on Job’s-plot determination of 1:1 binding
stoichiometry, the binding constants) (of malonamided —4 to
the zrf*, Cd™* and C68" ions were respectively calculated from
the titration data in UV-vis absorption (Fig. 4&@a-inset, Fig. S5,
Fig. S6) by means of a nonlinear least-squares adeffiable
2).% Al binding constants of malonamidés- 4 to the ZA"* ion
were superior to that of the &dion. Surprisingly, the highest
binding constants for malonamidés- 3, but not malonamidé,
were observed for the €oion as compared with the Znand
cd” ions. In particular, malonamide which exhibited excellent
ratiometric fluorescence response to thé'@n, had the highest
binding constant to the &oion. The values of the binding
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constants to the Zhion increased in the order of malonamtle The values of the dihedral angles between two djnieaings

< 1 <3< 4. In fluorescence spectrometry, the highest' Zon-

selectivity against the Gt and CG8" ions of malonamidet

among the other malonamide derivatives was probeduged by
the highly binding constant of malonamideto the ZA* ion as
compared with the Gland Cé" ions.

Table2
Stability constant& for complex formation between malonamides4 and
the Zrf*, Cd* and C8" ions in DMSO

malonamide  metal ion K (M1
1 Zn?* 1.22 A0
Cd* 5.89 10°

Co* 3.07 J10°

2 zn? 114 10
Cd?* 250 10°

ce* 215 ,10°

3 Zn?* 151 10
C* 3.28  10°

co? 239 ,10°

4 Zn?* 1.99 ,10°
C* 4.84 10

Co* 164 10°

2.5. Computational studies

In order to understand the structural effect of ghbstituents
introduced into malonamide2 — 4 on ion recognition,
conformational analysis of the free malonamides- 4 was
performed by the semi-empirical (PM3) metfdd® For the
semi-empirical molecular orbital calculations of ethfree
bisquinolinyl malonamides, the structure of maloides having
all four 8-quinolinyl N atoms directed inward towlarthe cavity
was employed as the starting geometries. Calcuktfor free

malonamidesl — 4 indicated that the dihedral angles between

two quinoline rings varied according to the introdd
substituents at the C2-position of the malonam(éés 8).

Fig. 8. Optimized conformations of malonamidks 4.

increased in the order of malonamBle 2 <4 < 1. These results
demonstrated that the substituents introduced ih C2-

position affect the dihedral angles between the twmoline

rings and greatly influenced the ion selectivitigsbisquinolinyl

malonamides although the introduced substituergsspatially
distant from the quinoline recognition moiety sphyi and do not
directly participate in ion-sensing. This C2-moctfiion method
of the bisquinolinyl malonamides seems to be applie to the
molecular design of various malonamide derivativas

recognition compounds. In fact, the difference bk tion-

selectivity was observed in the fluorescence respoof the
disubstituted malonamides having two pyrene rings.

2.6. Visual analyses

The adaptability of bisquinolinyl malonamides tosikle
analyses as the fluoroionophore for the*Zion was also
investigated. As mentioned above, thg/Fcy values of the
fluorescence intensities to the Znion against the Cd ion
increased in the order of malonamitle<< 3 < 2 < 4. Visual
analysis of malonamidé (F,/Fcq = 5.5) was carried out and, as
comparison, malonamide(F;/Fcq = 0.7) was also examined.

Fig. S7 shows digital images of the DMSO solutiafs
malonamided and4 obtained by black-light visualization (315 —
400 nm) in the absence or presence of 1 equivaoh ef the
Zn?*, Ni*" and C8", Cd*,C&* ions. The addition of the &dion
rather than the 7 ion induced a bright fluorescence of the
unsubstituted malonamidk (Fig. S7a). On the other hand, the
induced fluorescence of malonamideby the addition of the
Cd™* ions was significantly inhibited (Fig. S7b). THadrescence
of malonamide4 with the ZA* ions, however, was slightly
inferior to that of malonamidé with the Zi* ions. This was
supported by results showing that the quantum yiefd
malonamidet with the ZA* ion (@ = 0.168) was superior to that
of malonamidel with the Z* ion (@ = 0.188)%¢*°

In all of the malonamides — 4, the F,/Fc4 values using the
DMF solvent were superior to those using DMSO suiVEig.
S3). Thus, visual analyses by DMF solvent for mafoide 4
provided the best results over those by DMSO sol{€ig. 9b).
In contrast, visual analyses with DMF solvent foalomamidel
showed inferior results to those by DMSO solverng.(Ba).

(a)
) ' (i l ()
= -

1 2@ N2 Ccu? @' Ca?'

4 Zn* Ni¥ Cu*t Cd*tCa?t

Fig. 9. Digital images of malonamides & and b) 4 of black-light
visualization (315 — 400 nm) of (left to right): makmide, and malonamide
+ 1 equiv. of each of the Zi) Ni* and Cd*, Cd*, C&" ions. [malonamide] =
50uM in DMF.

In addition, malonamide4 was applied to fluorescence
imaging of the ZA ion in vegetable cells. As an essential
micronutrient, zinc is need for the normal growtbf plants,
animals and humans and the zinc-enriched cereglscoan
partially compensate zinc deficiency in human bddg to the
high consumption of cereal crops in developing countrfésa
layer of epidermal cells of a purple onion was equbto an
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aqueous solution of 5M Zn(CH,COO), for 4 h. After
sufficient washing with water and wiping dry, thayér was
exposed to a DMSO solution of %M malonamide4 for 4 h.
Then, after sufficient washing with DMSO and wipidgy, a
fluorescence micrograph of the vegetable cells taksn by an
optical microscope. According to the fluorescenvparties of

malonamidet, the optical windows at 360 + 40 nm (an excitation Shimazu

filter) and 535 + 50 nm (an emission filter) werdized for the

fluorescence imaging. Fig. 10b is obtained by supaosing the
fluorescence image on the bright-field image of. Fi@a. The
Zn®" ions taken from the aqueous solution was showrbeo
concentrated around the cell nuclei of the purphdom The

fluorescence image obtained could visually revhel éxistence
of intracellular zinc.

Fig. 10. a) Bright-field image and b) superimposed fluoreseeimage of
vegetable cells were taken after exposure to aeacusolution of 5QM
Zn(CH,COO), and a DMSO solution of 50M malonamidet, respectively.

3. Conclusion

In this study, malonamide$ — 4 possessing two quinoline

moieties were designed. The semi-empirical molecoldbital
calculations demonstrated that the substituent®doted into
the C2-position of malonamides affect the dihedaaigles
between two quinoline rings. Malonamidé without the
substituent, which has the widest dihedral angplayed C6"
ion selectivity in DMSO solvent. Among malonamides- 4,

only malonamide4 displayed the highest binding constant and

the highest fluorescence intensity in the preserficen®* ions as
compared with the Gdand C&" ions. However, malonamidz

which has a moderate dihedral angle, exhibited hhest
favorable ratiometric performance for the?Zrion since the

7
The'™H and**C NMR spectra were recorded at 300 and 75
MHz, respectively. Samples for NMR spectra werengrad in
CDCl; solutions at 25.0 °C on a Varian 300MHz NMR
spectrometer (XL-300). Chemical shifts are givendirfppm)
relative to deuterated solvent8@ NMR) or to TMS {H NMR)
as an internal standard. IR spectra were run in #iBcs on a
FTIR-8600 spectrometer. High-resolution gnas
(HRMS) spectra (positive mode of EI mass for 3, positive
mode of FAB mass fod) were recorded on a JEOL JMS-DX-
303. Fluorescence emission spectra were recordedStnimazu
RF-5300PC(S) Luminescence Spectrometer. UV-Vis tspec
were recorded on a Shimazu MPS-2000 Spectrophotomet
Fluorescence micrographs were recorded on a KeyBAe¢2000
Fluorescence Digital Microscope.

4.2. Preparation of malonamides

4.2.1. General procedure for the synthesis of nmaitidesl —
4 A series of bisquinolinyl malonamide derivatives wéasained
by the reaction of 8-aminoginoline with various orat acid
dichlorides. Disubstituted malonic acid dichloridevas
synthesized by the reaction of the correspondirsybditituted
malonic acid with (COC})in benzene or toluerfé.

4.2.2. N,N’-Bis(8-quinolyl)malonamidel)( 8-aminoquinoline
(2.12 g) was dissolved in dry toluene (200 mL).efhylamine
(2.1 mL) andN,N’-dimethyl-4-aminopyridine (DMAP) (2.19 g)
was added to the solution. In a dark room, the whiyene
solution (40 mL) of unsubstituted malonyl dichl@idl1.23 g)
was added dropwise to the solution and stirred4&ir at room
temperature. Deionized water (50 mL) and chlorof¢8® mL)
were added to the solution. The solution was etechavith
chloroform (100 x 3 mL) and washed with water (5@ xnL).
The organic layer was dried over anhydrous magnesiulfate,
filtrated and evaporated under reduced pressure pthfication
was performed by washing with acetone. Yield: 0206%;
white solid; mp 216.0-220.0 °C. IR(KBr): 1678.0 ¢mH NMR
(300MHz NMR, CDC}): 3.89 (s, 2H), 7.50 (dd, 2H,= 4.40 and
8.25 Hz), 7.54 (dd, 2H] = 3.60 and 7.80 Hz), 7.55 (dd, 2Hz=
5.40 and 7.80 Hz), 8.16 (dd, 2B= 1.65 and 8.25 Hz), 8.86 (dd,
2H,J = 3.60 and 5.40 Hz), 8.90 (dd, 2H= 1.65 and 4.40 Hz),
10.82 (br, 2H).*C NMR (75MHz NMR, CDCJ): 46.7, 117.1,
121.7, 122.1, 127.2, 127.9, 134.2, 136.2, 138.8.614165.1.

addition of the Zfi" ion quenched most of the fluorescence ofyrMS (EI+): m/z caled for GHiN,O, 356.1309, found
malonamide? itself. Although the substituents introduced into g5 1075 1o ' '

the C2-position are spatially distant from the gggtion moiety
quinoline, this study indicated that they greatiffuenced the ion
selectivities of bisquinolinyl malonamides.

4. Experimental section
4.1. Reagents and instruments

All reagents were commercially available in theh@gt grade
and used for the syntheses of malonamides as solgssu
otherwise specified. Ethyl alcohol and pyridine avelried over
molecular sieve 4 A. Benzene and toluene was dved sodium
and distilled. All reactions were carried out undey nitrogen.
Dimethyl sulfoxide (DMSO) and N,N’-dimethyl formade
(DMF) was supplied from Wako Pure Chemical Indestiitd in
the spectrochemical analysis grade for the abswrptind
fluorescence spectrometries. Metal cations wereecdth a
solution of a malonamide derivative as acetatessfit the
absorption and fluorescence spectrometries.

4.2.3. N,N’-Bis(8--quinolyl)-2,2-dimethylmalonamidg) 8-
aminoquinoline (2.2 g) and dry pyridine (2.5 mL)revelissolved
in dry benzene (200 mL). In a dark room, the drynZesme
solution (40 mL) of 2,2-dimethyl malonyl chlorid&.Q g) was
added dropwise to the solution and stirred for Hhroom
temperature. Deionized water (50 mL) and chlorof¢@8® mL)
were added to the solution. The solution was etechavith
chloroform (100 x 3 mL) and washed with water (5@ xnL).
The organic layer was dried over anhydrous magnesiulfate,
filtrated and evaporated under reduced pressuregldYD.39 g,
17%; white solid; mp 156.5-163.2 °C. IR(KBr): 168&ni*. *H
NMR (300MHz NMR, CDC}): 1.92 (s, 6H), 7.44 (dd, 2H, =
4.20 and 8.40 Hz), 7.51 (dd, 2Bi= 2.10 and 7.50 Hz), 7.52 (dd,
2H,J = 6.90 and 7.50 Hz), 8.14 (dd, 2H= 1.80 and 8.40 Hz),
8.83 (dd, 2HJ = 2.10 and 6.90 Hz), 8.86 (dd, 28i= 1.80 and
4.20 Hz), 10.94 (br, 2H}*C NMR (75MHz NMR, CDCJ): 24.1,
52.7, 116.7, 121.6, 121.9, 127.2, 127.9, 134.4,.113638.9,
148.5, 171.6. HRMS (El+): m/z calcd for48,,N,0, 384.1586,
found 384.1582.
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4.2.4. 2-benzyl-2-methyl-malony! dichloride f8rSodium
metal (9.8 g) was added to dry ethyl alcohol (509 at 0°C and
stirred for 2.5 h until sodium metal dissolved cdetgly to form
sodium ethoxide. Methylmalonic acid diethyl est#48.7 g) was
added dropwise over period of 2 h. The reactiontsni was
refluxed for 1h. Then benzyl chloride (31.6 g) wadded and
refluxed for 48 h. After concentration in vacuo foe removal of
the solvent, the residue was added by water (50. rifthe
solution was extracted with diethyl ether (100x3 )mhe
organic layer was dried over anhydrous magnesiuifatsu
filtrated and evaporated under reduced pressure puhfication
was performed by distillation under reduced presgargive 2-
benzyl-2-methyl-malonic acid diethyl ester. YieRI63 g, 4.2%;
pale yellow tough liquid; bp 77.0 °C (0.4 mmHJH NMR
(300MHz NMR, CDC}): 1.20 (t, 6H,J = 7.20 Hz), 1.33 (s, 3H),
3.22 (s, 2H), 4.15 (q, 4H] = 7.20 Hz), 7.07-7.33 (m, 5HYC
NMR (75MHz NMR, CDC}): 13.54, 19.22, 40.68, 54.34, 60.74,
126.43, 127.70, 129.78, 135.83, 171.30. Sodiumdxyde (10.3
g) was added to dry ethyl alcohol (250 mL) at raemperature
and stirred for 1.5 h until sodium hydroxide dissal
completely. The gained 2-benzyl-2-methyl-maloniddadiethyl
ester (13.7 g) was added dropwise over period of Tie
reaction solution was refluxed for 23 h. After tfilgration the
pale yellow solid was obtained and washed with etiyl
alcohol. After filtration, the precipitate was dtieinder reduced
pressure. The obtained solid was dissolved in wgit80 mL).

Then the solution was became pH 1 by the additibn o

hydrochloric acid to form the precipitate. Aftedtration, the
precipitate was dissolved in diethyl ether (100 ndyd the
filtrate was washed with diethyl ether (100 x 3 mhese
diethyl ether solution was washed with water (10D mL). The
organic layer was dried over anhydrous magnesiuifatsu
filtrated and evaporated under reduced pressure gamed solid
was washed with hexane to give 2-benzyl-2-methylbnia acid.
Further purification was performed by recrystaliiaa with
acetone. Yield: 8.67 g, 80%; pale yellow crystdf NMR
(300MHz NMR, CDC}): 1.46 (s, 3H), 3.29 (s, 2H), 7.18 (dd, 2H,
J = 1.80 and 2.40 Hz), 7.27 (d, 3B,= 7.20 Hz). 2-Benzyl-2-
methyl-malonic acid (3.49 g) and dry pyridine (2r8) were
added in dry benzene (65 mL) and stirred for 2hraim
temperature. In a dark room, oxalyl chloride (8.0)was added
dropwise and stirred for 22h. Then the reactiorutsmh was
refluxed for 24h outside a dark room. After concation in
vacuo for the removal of the solvent, the residwes wlistilled
under reduced pressure to give 2-benzyl-2-methylonyh
dichloride. Yield: 2.43 g, 59%; pale yellow liquithp 76.0 °C
(0.1 mmHg). IR (KBr): 1780, 943 ¢t

4.2.5. N,N’-Bis(8--quinolyl)-2-benzyl-2-methylmadonide @)
8-aminoquinoline (3.3 g) and dry pyridine (5.0 mbyjere
dissolved in dry benzene (200 mL). In a dark rodhg dry
benzene solution (40 mL) of 2-benzyl-2-methyl mglarhloride
(2.3 g) was added dropwise to the solution andestifor 18h at
room temperature. Deionized water (50 mL) and citom (80
mL) were added to the solution. The solution watsaexed with
chloroform (100 x 3 mL) and washed with water (5@ xnL).
The organic layer was dried over anhydrous magnesiulfate,
filtrated and evaporated under reduced pressurgdY.99 g,
46%); pale yellow solid; mp 150.1-155.7 °C. IR(KB1$68.3 cm
' 'H NMR (300MHz NMR, CDCJ): 1.79 (s, 3H), 3.65 (s, 2H),
7.16-7.30 (m, 5H), 7.44 (dd, 2H~= 4.20 and 8.40 Hz), 7.53 (dd,
2H,J = 2.10 and 8.40 Hz), 7.54 (dd, 2H= 6.75 and 8.40 Hz),
8.14 (dd, 2HJ = 1.80 and 8.40 Hz), 8.85 (dd, 28= 2.10 and
6.75 Hz), 8.85 (dd, 2H] = 1.80 and 4.20 Hz), 10.94 (br, 2HiC
NMR (75MHz NMR, CDC}): 18.5, 44.9, 57.4, 116.8, 121.6,
121.9, 126.9, 127.1, 127.8, 128.2, 130.2, 134.%.113136.4,

138.9, 148.5, 170.7. HRMS (EI+): m/z calcd fopg>sN4O,
460.1899, found 460.1894.

4.2.6. N,N'-Bis(8--quinolyl)-2-methyl-2-
naphthalenylmethylmalonamide 4 ( 2-metyl-2-
naphthalenylmethymalonyl dichloride was obtainetiofeing a
published procedure8-aminoquinoline (2.9 g) and dry pyridine
(5.0 mL) were dissolved in dry benzene (150 mL).alrdark
room, the dry benzene solution (30 mL) of 2-berzyhethyl
malonyl chloride (3.9 g) was added dropwise togbleition and
stirred for 72h at room temperature. 0.5 M hydrodhl acid
aqueous solution (30 mL) and chloroform (150 mLyevaedded
to the solution. The solution was extracted wittodform (50 x
5 mL) and washed with water (50 x 2 mL). The orgdaiyer
was dried over anhydrous magnesium sulfate, fttatnd
evaporated under reduced pressure. Yield: 1.6028p; Jale
yellow crystal; mp 160.1-163.9 °C. IR(KBr): 1691cn™. 'H
NMR (300MHz NMR, CDC}): 1.83 (s, 3H), 3.81 (s, 2H), 7.33-
7.46 (m, 3H), 7.42 (dd, 2H, = 4.20 and 8.40 Hz), 7.52 (dd, 2H,
J=1.80 and 8.40 Hz), 7.62-7.78 (m, 4H) , 7.56 @d,J = 7.20
and 8.40 Hz), 8.13 (dd, 2H,= 1.80 and 8.40 Hz), 8.81 (dd, 2H,
J=1.80 and 4.20 Hz), 8.91 (dd, 2H7 1.80 and 7.20 Hz), 11.11
(br, 2H). ®*C NMR (75MHz NMR, CDCJ): 18.5, 45.1, 57.5,
116.8, 121.6, 122.0, 125.5, 125.8, 127.1, 127.4,.612127.8,
127.8, 128.3, 129.1, 132.4, 133.3, 134.0, 134.%.113138.9,
148.6, 170.7. HRMS(FAB+): m/z calcd for 348,6N,O,
510.2056, found [M+H] 511.2142.

4.2.7. N-Mono(8-quinolyl)acetamidg5) 8-aminoquinoline
(2.7 g) was dissolved in dry toluene (200 mL). Thyéamine
(4.0 mL) andN,N'-dimethyl-4-aminopyridine (DMAP) (0.35 g)
was added to the solution. In a dark room, the whiyene
solution (40 mL) of acetyl chloride (2.10 g) waglad dropwise
to the solution and stirred for 18h at room tempem After
filtration for the removal of the solid, the sohuiwas washed by
water (100 x 5 mL). The organic layer was compietel
evaporated under reduced pressure. Yield: 1.9478p; Spale
yellow solid; mp 94.2-96.6 °C. IR(KBr): 1666.4 ¢m'H NMR
(300MHz NMR, CDC}): 2.35 (s, 3H), 7.43 (dd, 1H,= 4.20 and
8.40 Hz), 7.47 (dd, 1H] = 1.80 and 8.40 Hz), 7.52 (dd, 18z
8.10 and 8.10 Hz), 8.13 (dd, 18= 1.50 and 8.40 Hz), 8.77 (dd,
1H,J = 1.80 and 8.10 Hz), 8.78 (dd, 2H7 1.50 and 4.20 Hz),
9.78 (br, 1H).”*C NMR (75MHz NMR, CDC)): 25.3, 116.4,
121.4, 121.6, 127.4, 127.9, 134.5, 136.4, 138.8.114168.8.
HRMS (El+): m/z caled for GH;oN,O 186.0793, found
186.0797.

4.3. Fluor escence spectr oscopy

Fluorescence emission spectra were recorded at room
temperature. A’ 1 cm x 1 cm quartz cuvette was deedhe
spectroscopic analysis. Stock solutions of fluanojghores in
DMSO (160 pM) or DMF (200 uM) were prepared for
fluorescence detections and diluted to a final eatration of 5.0
MM or 2.0 uM by mixing 500uM stock solutions of inorganic
acetates (CECOOLi, CHCOONa, CHCOOK, CHCOONH,,
Mg(CH;COO), Ca(CHCOOQ), Al(CH;COO), Mn(CH,COOY),
Co(CH,COO), Ni(CH;COO), Cu(CHCOO), Zn(CHCOOY),
Cd(CH,COOQO), and CHCOOAQg). The excitation wavelengths
were 345 nm (for DMSO) and 320 nm (for DMF) and the
emission spectra from ca. 320 to 700 nm were dekkfevery 2
nm). Excitation and emission slits width were 5 nm.

Likewise, for the investigation of solvent effects)0 uM
stock solutions of fluoroionophores and inorgarecchlorates in
CH;CN/CHCL (9:1, viv) were prepared. inorganic perchlorates
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(LiClO4, NaClQ,, KCIO,;, NH,CIO,;, Mg(CIOy),, Ca(ClQ),, The semi-empirical calculations were performed gigine
Al(CIO,)s;, MN(CIG,),  Co(ClQ),, Ni(ClO,),,  Cu(ClQy),, program SPARTAN '06 for windows (version 1.1.0)
Zn(Cl0Oy,),, Cd(CIQ),, and AgCIQ. The excitation wavelength SEMIEMPIRICAL PROGRAM®* Geometries and heats of
was 319 nm (for CECN/CHCL) and the emission spectra from formations were evaluated by the PM3 semi-empirical
ca. 320 to 700 nm were collected (every 2 nm). tafich and calculations**®
emission slits width were 5 nm.

For fluorescence titration measurements, a masskstoSupplementaryMaIerlaJ

solutions of fluoroionophores —4 and Zn(CHCOOQO), in DMSO . ) . .
was freshly prepared. 50uM DMSO solution of Supplementary data associated with this article mifiound

; ; i he online version at
fluoroionophoresl — 4 was added to each measuring flask and 4" ) _t . ! .
DMSO solution of Zn(CHCOO), was added to each flask that%ﬂtp.//dx.dm.org/10.1016/J.tet.2012.11.094. Thedata include

corresponded to 0 — 5 equiv. of zinc. The flasksevtien filled  the fluorescence and absorption spectrometries.
up with DMSO to give 5 puM DMSO solution of
fluoroionophored —4 including 0 — 5 equiv. of zinc.
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Experimental

Fluor escence and absor ption spectrometries

All reagents were commercially available in the haigt grade for the absorption and fluorescence
spectrometries. Dimethyl sulfoxide (DMSO) and Ngdiirrethyl formamide (DMF) was supplied from
Wako Pure Chemical Industries Ltd. A malonamidévagive was dissolved in DMSO at 1.6 x“1® or
DMF at 2.0 x 1d M for the absorption spectrometries. A malonanidevative was dissolved in DMSO
at 5.0 x 10 M or DMF at 2.0 x 18 M for the fluorescence spectrometries. Metal catiovere added to a

solution of a malonamide derivative as acetate salt



Figure S1. Fluorescence spectra of amif€5 uM) in the presence of 1 equiv. of various metal
ions in DMSO (excitation wavelengthg, = 345 nm).
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Figure S2. Fluorescence ratiometric response performance tdrramides2 — 4 (5 uM) in the
presence of 1 equiv. of LiNa', K*, NH,", Mg®*, C&"*, Al**, Mn**, C&*, Ni?*, C/#*, zr?*, Cd*, and
Ag® in DMSO (excitation wavelengthy, = 345 nm): @)1 (FssdFaog), b) 2 (FssgFaos), C) 3
(Fs44Fa07), d)4 (FsadFaog).
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Figure S3. Fluorescence intensity ratids/Fcq of malonamidesl — 4 in the presence of the
Zn**and Cd" ions in DMF (gray bar: 1M of malonamide with 10 equiv. metal iok,, = 320 nm)
and DMSO (black bar: M of malonamide with 1 equiv. metal idn, = 345 nm).
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Figure S4. Fluorescence spectra of malonamidés (10 uM) in the presence of 1 equiof Li",
NH.", Mg*, C&*, Mn**, Cd**, Ni**, CU*, Zr?*, Cd*, and Ad in CHsCN/CHCE (9:1, v/v)
(excitation wavelengthkg, = 319 nm).
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Figure S5. UV-vis absorbance changes of malonamide§, &) 2, c) 3, d) 4 (0.8 mM) obtained
during titrations by the Cdlion in DMSO.
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Figure S6. UV-vis absorbance changes of malonamides, &) 2, c) 3, d) 4 (0.8 mM) obtained
during titrations by the Cbdion in DMSO.
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Figure S7. Digital images of malonamides &)and b)4 of black-light visualization (315 — 400 nm) of
(left to right): malonamide, and malonamide + liegaf each of the 7, Ni** and C&*, Cdf*,C&* ions.

[malonamide] = 2uM in DMSO.
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