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Abstract

The dinuclear Zn(Il) complex of anthracene based tripodal tetramine Zn,L was
synthesized, and its sensing abilities towards anions was investigated using the
indicator displacement assay (IDA) approach with four complexometric indicators:
pyrocatechol violet (PV), bromopyrogallol red (BPG), methylthymol blue (MTB) and
xylenol orange (XO). UV-vis spectrophotometry results indicated that the Zn,L —-MTB
ensemble sensor could discriminate the pyrophosphate anion (PPi) from other
phosphate containing anions. 1H and 31P NMR spectroscopy as well as DFT
calculations confirmed that PPi bound to Zn,L in a 2 : 2 manner. Both NMR
spectroscopy and UV-vis spectrophotometry suggested that the two bulky tripodal
tetramine units in Zn,L played an important role to provide the ensemble cleft for MTB,
giving rise to an ensemble that could be displaced exclusively by PPi. The detection
limit of PPi for the reported IDA system was 0.3 UM in 20% (v/v) water—acetonitrile
buffered at pH 7.4 with HEPES.



The dinuclear complexes of Cu2+ and Zn2+ with p-tert-butylcalix[4]arenes based
ligands containing tripodal amine (L1 and L2), have been synthesized. Two copper(ll)
chloride complexes of ligand L1 (CuL1) and L2 (CuL2) can be obtained as the green
solid in 42 % and 58 % yields, respectively. The zinc(ll) perchlorate complexes of
ligand L1 (ZnL1) and L2 (ZnL2) can be synthesized and obtained as white solids in
71% and 67% vyields, respectively. The sensing applications of CuL1, CuL2, ZnL1 and

ZnL2 as M-IDA receptors for anions and Ol-amino acids have investigated in 80% (v/v)
CH3CN-H,O in 10 mM HEPES buffer pH 7.4 . Four complexometic indicators are
chosen as the reporting indicators; pyrocatechol violet (PV), pyrogallol red (PGR),
methythymol blue (MTB) and 4-(2-pyridylazoresorcinol) (PAR). From the screening test
results showed that only ZnL2 could be used as IDA receptors for PPi and His by
changing indicators. It was found that [ZnL2°PGR] ensemble could discriminate PPi
from the other phosphate containing anions in which PPi could replace the bound PGR
from the ensemble structure and form the adduct complex [ZnL2¢PPi]. Whereas
[ZnL2-2PV] ensemble could sense His selectively in which His could replace the
bound PV from the ensemble and pull out zinc(ll) ions from the ZnL2 giving the
[Zn(His),] species and liberating free L2 in the solution. In this research, there are four
influence factors to control the selective sensing of anionic guest molecules under IDAs
approach; (i) the nature of metal ions, (ii) spacer flexibility, (iii) topological structure of

indicators and (iv) the coordination chemistry of receptor and guest molecules.



The di-tripodal amine calix[4]arene, L1, was successfully synthesized and used
as an ion carrier in poly(vinyl chloride) (PVC) membrane electrodes. Compound L1
was employed to demonstrate a new concept in anion sensing by preparing an
allosteric PVC membrane that can respond selectively to a certain anion in the
presence of a metal effector. Membranes containing compounds L1 and potassium
tetrakis(p-chlorophenyl)borate (KTpCIPB) as an ionic additive showed Donnan
exclusion failure upon measuring the potential (EMF) responses of Cu2+ and responded
to the co-anion by giving negative EMF changes, while membranes containing
compound L2, an anthracene-based mono-tripodal amine ligand, gave positive
potentials to most metal ions. Upon preconditioning of the membranes containing L1
and 75 mol% KTpCIPB in CuCl,, the membranes showed the highest selectivity
towards thiocyanate with a near Nemnstian slope of -59.6 mV decade, a 10" to 10~
M linear range, and a detection limit of 4.4 x 10_6 M. The best allosteric membrane can
be used in the pH range 3-7 with good reversibility, and also applied to indirectly

. : 3+, .
determine the concentration of Fe in aqueous solution.

Keywords : lonophore, lon selective electrode, Indicator displacement assay,

pyrophosphate anion, histidine, thiocyanate
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' a { 1 (% v ad T W
Tagensuaazyialidiuanaranuldmsziimsga  uazmendsnuvesdanasou luiminu
Y [ A A 1 1% é’ [ 9 A a
naz IanlaasunmsgananuasiuanaenuIunuanyue Inseaivvesluana  Wehans
wlasunasIasead e Tuanavesansozdwaliinanmsulasumlasmmsganaunas  uaz
=Y A 1 4 1 H [~ a A 1
Ysnaumsganauues samdennuinvesd auvnariidwane@ndsing i Tasdnswan

o Y a A A
mldunmswasuulasanuennauvesdrs Ao

'
A o [

answanvlfinanmslasuntlaunad lasnyailv 2 dsznn aq

ko

'
=1

1. Bathochromic shift (red shift) fiv 8nFwani i luanagandunaeinnued
i X
AAUGIVY
. . . A a A d‘ o Y A d'
2. Hypsochromic shift (blue shift) 19 ’e)mwawﬂﬂﬂmaqa@ﬂﬂammmmmfm
A b
AAUAIAY
A a o { T g [ 1
wazanswanymlvimsnlasuudasanudud uuadlu 2 Usenn il
. A a A d‘ o Y A d’ d‘ 4‘
1. Hyperchromic effect Ao 9n5wanm 14 luianaganauaauiainanueInauy
& A A A 2
i lnlsnamsganauuaanunniuy
. A a A d' o Y A d' d‘ d‘
2. Hypochromic effect Ao dnFuaniln luanaganauaauuaanaueInay

& a A < o =
wuﬂuﬂimmmssﬂﬂﬂaummaﬂm LLEWN@NETJ‘V] 2.8
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Hyperchromic

Bathochromic
(Red shifted)

Hypsochromic
(Blue shifted)

Hypochromic

A
ANNIINAY (nm)

a P~ A A A a A
?i‘ll‘ﬂ 2.8 ﬂ'l'ilf]Jﬁﬂul!ﬂﬁﬁﬂﬂ’lllﬂW?ﬂauﬂ@jﬂﬂﬁullﬁ\‘l Llag‘]Jill?mﬂ’li@ﬂﬂﬁul!ﬁﬁﬂ’lﬂﬂ?i

wasunilaslnssadumaniivesluanavesdns
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Aav cid' %
2.2 NUIVSNINBIVOI
Min Su Han #@2 Dong H. Kim (Han, & Kim, 2002) lathasyseneu
Ia % a a J 1% I <3 Jd o [ @ -
Taeosamudusiialatiandosvesdanzaana) nlmiuSsunesdmsumiasivia HPO,”
Y a A a a o Ja A J . A <
ArmatianIgAUNUNUBIDUAINDS laalFauAiAmes pyrocatechol violet W3 PV 1)U
' Y o = A a o an o Y I
wielidyaa  nmsanwude PV masuasnsenuasdsznen ) Il
a g’u = ~ =) A a I
s [1-PV] Uudvesmsazatsszilasuanndiiaeswes PV lugidasznaaiu
A Yy a a0 a a a [
fsazaedaihveseuda vazimasnvesmsinaeusia (K) My (5.3 £ 0.2)
- 4 - 1 ° 4 ] I
x 10°M" wazdledl HPO, agluszuurzihlddvesmsazaendoundn lUiludmdowes
~ a A ' A a v ¥y
pv  luvaziweuloeouwtiady 9 luawsanasudvesansazaiels uaasliifiun
Aa A 4 A Y9y 2- A I @ A A ds!
duAAes PV dunsagnunuillaaie HPO,” TashansilsznouTaoosamdy (2) Mnadu

= 2- A A A = a
y @iWE‘T’JuﬂJ@QﬁﬁﬂigﬂﬁlU a : HPO4 AD 1 : 1 HASUAIAINANUEDYTUDINITINA

151529 U AU (11.2£0.8) x 10° M

1 PV

()
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[ = Y o 4
ao11113] 2007 Jae Han Lee tazaauz (Lee et al.,, 2007) ladunsizyiaisisznou
Ia o Q3 Y4 A (] ) 1
Taoosamdsy (3) MiluoyWusvesasdiznou (1) Tasmsinumgio luasiuau 4 nyjinl
o an g’; Y o [ U = [
g9 ln3auna 4 wazldhesdszrevudanan lddnvanuainsalunisasiaia
9 a Ja A 4 1 = (% = [
uou'looeu aramaiia IDA Tagldoudmmes PV ufedny mnmsanyImuNaIsazany
a A Y s 1 A ~ a a (Y
uda [3-PV] Havhuazianenanuanesvesmsinaeusida (K) 510U (1.4 +0.1)
Y
x10°M" wennnHdnuIeUsdandana AN gz lunsasIia PPi e
A a . 1 g’; . 9 A a o Y
idiodl PPi egluszuuiy PPi vzawnsow lunui PV lueumniiavazsildansazate
: I a 1 H
wasunnadhlududmiowwes Py lugldase uazlimmsfianuadesvesaslsznoy
(3) AU PPi AU (539 + 0.03) x 10° M &TAnnIAAInaANuadesueINsng
a31sznou (2) ioannaislszney 3) ansananusy lalasnunuesnduYI®BNTHAY
[ o gJJ [ Y} [ { o { A 2
¥o9 PPi 1@ Iaeldwyjio luana 4 ny dwndasasgln 2.9 Jehldasdsznovinauiinm

= A 2
[EADYTINNUU

Y I a o
51 2.9 Taseadraudnmsdvesasilsznou Tnoosamdu [3-PPi]
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Soon Young Kim #ag Jong-In Hong (Kim, & Hong, 2009) Tawauszuums
[ . d’ a d' (% 913‘/ d' =
a32938 PPi fidnsadaamsnldsundaswesdygra ldnsnmsnasunlad uazms
{ o 4 a I o a
wasunlasdyaurlgesisdsudalomaiin IDA Tagldmslsznoulnoosaususiia
a 4 4 I ] o A A 4
latinadesvosneihiles (1) (@) Hunmiredoniunaz19oudnmes PV 1ag fluoresceine
A I ' Y o a a0 A = [ Y
#30 FLR 1WunileIndygia Tageuauiavsd [4PV] UA1A9NANED05N10 1
(e a9 T A . ' ! A
1.01 x10°M " nazasazasazliafhusidion Ppi ogluszuuwundvesdrsazarenlasul
A A a 1 . ¥ = Y o o =
Wufivdeues PV daszuaasn PP awnsorin ldunud pv 18 dwmsulunsdives
Aa A 14 g’.z 1 a g’/ A o Y ) A A
duAIAKMos FLR HuWUI1 FLR lugddasziuieonmanssqualonaainnueninau
Y o oA A T A A '
495 nm ¥ Idyanageoasuann1ueInaY 514 nm uaoNaslsznoy (4) oglu

o o A 4 [ 1 a1 A
szuvazh Idanuduvesdyanuvgessdaudnanueinauasnaniinianas Tagh

y
2 A A

uNa [4-FLR] Minavulimasianuadesiny 5.83 x10'M ' iiell PPi ogluszuu

vouousuiasInaInuNANutuvesdyaugoosasuANANe1IAAY 514 nm
= g ] A o 1 . 9 a @ Ia v

nauliageuu Fuilunisgudun Pri aunsodn llinawuse Tnoosaua Tanaudany
9 d‘a a 4 o 1 d' =

aslszneu (@) 1dTasmsn llunundudmees FLR 91amMIfmuiamaInananuanes
Ia Y] 1 [ . 3‘, = 1T W 7 -1 R A

041315201 TADDTAUTUTLHING (4) NV PPi HUNWUNNAUNIND 3.93 x10' M &9dian

v 9
WINNMMAINYBINSINALUIUTANT 2 ¥ia

@ FLR
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Hyun Hye Jang HagA®E (Jang et al., 2009) ”lﬁ’ﬁﬂmaqammmsﬂizﬂw
A @» A A A ¢ o =~ {~ v o g a 4
Taoasamsuria latiuadesvesdang & (0 Mlleyiusvoweunsiduiludunua ) nld
I a I < o [ o A ya a 4 I 1 Y o
W1IFueesdmiuNIaIIa ATP Taemsiaenlsouaames PV iuniiglvdyg e
= oA a % an % Y3 a g’;
NAMsANEINUIIe PV inaduasnsnuasszney 5) Tailueusniia [5-PV] 1uag
! Yo ¢ = E o o =
dana lidyaurgessasudvesasllszney s 1ANE1INAU 426 nm UAaad1al Tasll
AmasianuEadesveImsnaeusanny 2.98 x10° M uazilioll ATP ogluszuuves
A o ' ' o 7 § o ' =
puiianinaMuNANNduYeIdyaago s mauANaNUEIATUAINA1INA DA
2 a4 Y &g Ao v a o sa s
uUIudnAse sutumssudua ATP  awsadn llinause Tneesamalaruaudny

a

a1ssznou (5) laTasman ldunundudimmes Py daaaslugili 2.10

NH,
N B
N
< J
N7 N
HOL _:
e
NH, HO™ =
o
N—"SN \ _O.__O._0O
< | ) _P /F{\ Pl
NN M Q.9 00 © =
O S N AT
NN " TN
o Ly Uk
/
o o on <D
HO/P\\ I,:)\\() F|)\\o Q
) 000 o
+

51 2.10 m3gnunuivesdudnmes PV Tuowaaida [5-PV] Tag ATP

U
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Sarayut Watchasit HazAse (Watchasit et al., 2010) Idiensilszaou
Ja W PN A s s v a /a3 o a
Taeosaudusiialatiandosvesnetes (1) AuaunuanilueynusuesnanG4]1o3u
9 I < J = o 1% o . 9 a A a a 4
6) lgiugurasmaualdmiuminivia PPi ddemalansgnununveduanmes
A A 4 I ] [ 1 4 a o an [
Taeldouammes PV Humiielvdyaia mnmsAnsmuInide PV maduasnsonny
9 v
msdszno (6) unazhld Fvesmsazarenldsuaindmaesves PV lusidasznatey
I a 1 1 a a [
FuaRervosaisazareeusuita  [6PV]  1aziananveansinaeusuiiaminy
4 -1 A A . [ A o 1 A o I
130 x 10' M 1iedl PPi ogluszunveueumianinan dsazarwszlasunaylihiy
= A A A A ] ~ =) Y Y
Fwideaves PV luvazineulosouriiadug luenuson/asudvesansazanela wanely

I~ ] a [ Ia d o {
iU PPi ansamanuse Iasosama laaudnuasiszaey () Tasn lunun

o

a a J 1 § a 1 o -
DUAIANDT PV LLﬁZﬁﬂ1ﬂﬂﬁﬂ’)1hlﬁaEJiGU’ENﬂ?ilﬂﬂﬁ15ﬂ3$ﬂ®°ﬂm1ﬂﬂ 5.2 % 105 M :

Cl,



UNN 3

N1INEIADdI

3.1 n3esiienazgunsci

1. giadmbamiln Tnsiimes (HP Hewlett Packard G1103A)
3.2 M3l
Acetonitrile CH,CN A.R.Grade (FLUKA)
Adenosine monophosphate (AMP) C, H,N.O.P A.R.Grade (ALDRICH)
Adenosine diphosphate (ADP) C,H,;N,O,P, A.R.Grade (ALDRICH)
Adenosine triphosphate (ATP) C,H,\N,O P, A.R.Grade (ALDRICH)
Bromopyrogallol red (BPG) C,,H,,Br,0,S A.R.Grade (FLUKA)

Hydroxyethyl piperazineethane sulfonic acid (HEPES) C,H,\N,O,S A.R.Grade (FLUKA)

Methylthymol blue (MTB) C,,H,,N,O,S AR.Grade (FLUKA)
Sodium phosphate NaH,PO, A R.Grade (ALDRICH)
Sodium acetate NaCH,CO, 30 NaOAc A .R.Grade (ALDRICH)
Sodium benzoate NaC H,CO, ¥30 NaOBz A .R.Grade (ALDRICH)
Sodium iodide Nal A.R.Grade (ALDRICH)
Sodium bromide NaBr A.R.Grade (ALDRICH)
Sodium chloride NacCl A.R.Grade (ALDRICH)
Sodium fluoride NaF A.R.Grade (ALDRICH)
Sterile water General Hospital Products Public Co., Ltd
Tetrasodium pyrophosphate Na,(P,0,) A.R.Grade (ALDRICH)

Xylenol orange (XO) C,H,,N,O,S AR.Grade (FLUKA)
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33 mamsanmsazaeiwived 8020 (%v/v) MeCN/H,0 lu 10 mM HEPES

pH 7.4
= Y Y =Y
3.3.1 msmsenalsazaie HEPES pH 7.4 a1 uuvu 10 mM  U311a5 1000
Hagaans
' Y ' .
%9 HEPES 2.3830 N3N azatealsiinavendauazylsy pH veasazalgauiin
Y
1A 7.4 Hadntuiasazalgadnaaelaviaialsuiasvuia 1000 Jaaans uay
@ =Y k) g @ = =K A =Y
Usuilsuasaisiinaueanaudsvavenilsuing
Y} d
3.3.2 mawssnamazawiivhwes 80/20 (%v/v) MeCN/H,0 14 10 mM HEPES
pH 7.4
A19815aza18 HEPES pH 7.4 ANMTNAY 10 mM (31099 3.3.1) 1311935 200
A aa 1 o = A aa [ = 9 a 4 =K A
Haaans laviatadSuiasvuia 1000 Haaans uazlSulSuasateezdlalulasd audea

vonlsuing

3.4 mammasiinnuadesvesmstaewesnbasy g Zn,L Aududames

BPG, MTB t1az X0 dgnnaiiagI-dddalnmstu
3.4.1 M3N3ENATAZAY Zn,L ANINTY 400 uM USanas 5 Hadans
3.4.1.1 MaM3aNaIsazal Zn,L anudndy 2 mM U3inas 5 laaans
¥4 Zn,L 13.40 Tadnsu azawazasdisasazarenauvetozdlaulasd
nazihndunia nnfinhasazaesanandeldvniafiinasviae s fadaas vazil$y
PinasaeezdinlulasdaudsliauenilSuas
3.4.1.2 M3E3ENAITAZAY Zn,L AINIY 400 pM USanas 5 Hadans
Tlaensazats Zn,L Anududu 2 mM (304 3.4.1.1) 51105 1 Hadans
Tavaataliuasvuia 5 dadans uazdlfulsuiasarearsazaretiviles 8020 (%viv)

MeCN/H,0 1 10 mM HEPES pH 7.4 audsiavenisuas

3.4.2 M3m3sna1sazaly BPG Anuuty 20 pM U31nas 50 Nadans
3.4.2.1 Mam3aNaIsazaie BPG aNuUnady 2 mM 153105 5 Naaans
Aa a o 9 %}

v ' Y
¥4 BPG 5.76 42Ny aza19aeu1nane1na 11nUuia15aza1eainann

1 1 ] =Y a Aaa (% = 9 g o = =R A =
aelaviadalsunsviuia 5 Jadans uazdsudSuasarsiinauenarudsvavendsuiag
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3.4.2.2 M3mssuasazale BPG anuandy 20 pM 133105 50 dadans

Ylaarsazars BPG anududu 2 mM (1099 3.42.1) U3u1a3 0.5
Aa Aaa 1 [ a Aa aa Y a 9 @ 4
Haaans laviadadSuasvuia 50 Hadans uazilsuilsuiasarearsazareivies 80/20

(%v/v) MeCN/H,O 1u 10 mM HEPES pH 7.4 audstaueni/5ins

3.4.3 MamssuaIsazals MTB aAnududy 20 pM 31105 50 Hadans
3.4.3.1 MsM3suaIsazals MTB ANuudy 2 mM U311as 5 Naaans
S a A 3 901 o g’./ o % !
%3 MTB 8.45 Haansu aza1saletiinaueia mniuiiasazaigdanaln
1 1 (Y] =Y A Aaa [ =) 9 % o =y =R A =Y
anelaviadalsuasvuie 5 daaaas tazdsudSuasaieiinaueRasunivavenlsung
3.4.3.2 MI3m3sNasazale MTB ANMINTH 20 pM 133105 50 aaans
~ Y an A [ = Yy 9 2
W3EUAIITASINUNITIATINAITAZA18 BPG ANMINIY 20 pM USuas

50 HaaanT (1NVD 3.4.2.2)

3.4.4 MIam3BNaITaza1g X0 ANy 20 pM Y3113 50 Hadans
3.4.4.1 M3M3BNTITATAIE XO ANNINIY 2 mM Y313 5 Nadans
: A a o ¥ 9 3 o o
%1 X0 7.61 §aansu azaredeiinauena 1niuasazaleaIna?
1 1 ] =Y a Aaa (% = 9 g o = =K A =
melaviadatsuasvue 5 dadaas tazdsudsuesaisiinauenaaunivavenliung
3.4.4.2 M3A3BNAITAZA1Y XO AINTH 20 pM YSans 50 Nadans
& 9 ax A @ G Yy 9 2
RTEUAIYITASINUNITIATINAITAZA18 BPG ANUINIY 20 pM USuas

50 HaaanT (1NUD 3.4.2.2)

3.4.5 IEMINAA0Y
a a a J =) a aa 1 a
Yuleaasazarsdudiames Aty 20 pM Usu1as 2 Jadans laasluaum
Y
nniuaAey 9 lamsadisazats Zn,L anuwudu 400 pM asluAumainain Taeld
A o ~ 1% 3’,; Y 9 o o [l A
P5mes awaaslumsed 3.1 vaanniuauasazareidnnu uazih l)damnsganau
A A S o 9 Ay Y 9 @ o J
HENNFIINNNEIAAY 250-900 nm nHwITeyan lauaFensluaasnNua WS
szrINmMMsganauaenuauenaun s luminaaswaz Muramangivensng

uydia Tasldlalsunsy SPECFIT (SPECFIT/32, 2004)
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MI197 3.1 401I2NIITNAADIEIHTUMINIAAINVOINSINAPUIELITATLHIN Zn,L A1

a a J a ~ aa Aa =
duAnIApS BPG, MTB 1oz X0 sigmatiagi-imdamilnInsalail

331015 Zn,L ]
1UHIM equivalent

(3anans)
V04 Zn,L
BPG MTB X0
1 0.00 0.00 0.00 0.0
2 0.01 0.01 0.01 0.1
3 0.02 0.02 0.02 0.2
4 0.03 0.03 0.03 0.3
5 0.04 0.04 0.04 0.4
6 0.05 0.05 0.05 0.5
7 0.06 0.06 0.06 0.6
8 0.07 0.07 0.07 0.7
9 0.08 0.08 0.08 0.8
10 0.09 0.09 0.09 0.9
11 0.10 0.10 0.10 1.0
12 0.11 0.11 0.11 1.1
13 0.12 0.12 0.12 1.2
14 0.13 0.13 0.13 1.3
15 0.14 0.14 1.4
16 0.15 0.15 1.5
17 0.16 1.6
18 0.17 1.7
19 0.18 1.8
20 0.19 1.9
21 0.20 2.0

22 0.22 2.2




24

35 msAanmanusumnzimzadumsiaenduiuseulessurtianisgues

Ul
351 Msm3analsazalsveso i losauriianiag Anadudu 1 mM J3ns
10 ¥aaans
= a 1 Yy v
3511 MswssnasazaIgvowou loeourian1eg ANMINTY 10 mM
133105 5 Aaaans
o A A 1 H o A ~
yunaevoaau lossursinaiag auiiminiuaasluaisei 3.2 azae
Y Y g ' ' [ o = A Aaa @
Merindauaia nmimihmsazatesananaelaviaiadsuansvuia 5 taaaas vazilsy
= v H < = = A a
suasdsinnaueaaaudvauensuing
3512 MawsanaIsazaIgveeuleaouriiameg AAINTY 1 mM
133105 10 Nadans
Tuaarsazareveuoulosoursianieg ANty 10 mM 170
=Y Aa Aaa 1 (% =Y a Aaa [ =Y 9
3.5.1.1) U51195 1 Hadaas laasluviatadsuiasvuia 10 Yadaas vazdsuilSuiasane

arsazanoiivles 80/20 (%v/v) MeCN/H,O lu 10 mM HEPES pH 7.4 audaliaueni/3uiag

3.5.2 Mam3aNaIsaza Zn,L anadudy 20 pM U3anas 100 Hadans

3.5.2.1 MsIAsENaITazaly Zn,L ANaudndy 2 mM 13303 5 Jaaans

¥4 Zn,L 13.40 Hadnsy azaredrvasazaronanvesesdialulasd uaz
hindueia vintfuhasazaredenanaielduanialiuinsvia s fadans tazsy
Pinassverdlalulasdoudliauenlsinng

3.5.2.2 M3M3aNaIsazal® Zn,L anudndu 20 pM 1311035 100 Hadans

Tlaensazats Zn,L Anududu 2 mM (304 3.5.2.1) 51105 1 ladans
TavaadalSuiasvuia 100 Hadans wazdivlsuasarearsazarvtiviles 80/20 (%viv)

MeCN/H,0 11 10 mM HEPES pH 7.4 audsiiavoniSuas
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3.5.3 msmasna1sazalg BPG aAnadady 400 pM 133105 10 aaans
3.5.3.1 M3msgNaIsaza1e BPG ANMINTY 4 mM U335 5 Naaans
Y a =) % % Q'J Z/ o (%3 1
%31 BPG 11.52 1182051 aza1edeuinanena aniuiiaisazaieninain
1 1 (Y] =Y A Aaa 1% =) 9 % o =S =R A =)
aelaviadadsuiasvuia 5 Haaans uazdsudsuiasalstinauenasuaIauendsuiag
3.5.3.2 m3mssnasazaie BPG ANty 400 pM Y3103 10 Nadans
Unlaensazare BPG ANuudu 4 mM (31099 3.5.3.1) YSu1as 1 iadans
1 Y] a A aa [ A Y] J
lauratadsuiasvuia 10 Hadans uazdsudSuasdlrsarsazaretinives 8020 (%v/iv)

MeCN/H,0 1u 10 mM HEPES pH 7.4 audsiaueni/siuias

3.5.4 M3M3gNa15azale MTB ANUNUH 400 pM 133105 10 adans
3.5.4.1 M3mssnasazare MTB ANuInty 4 mM U311as 5 laaans
S a a o H @ y o o '
%3 MTB 16.90 H0dn3u azaealeriinauenna miniuihesazaieainaln
1 1 [ =Y a Aaa [ =Y 9 % < = =S A =y
aelaviadalsunsvuia s adans uazdsuvdsuasareiinauenaaudslavendsuiag
3.5.4.2 M3A3suaIsazals MTB ANuUudy 400 pM 131105 10 Hadans
= Y axaa @ = 9y 9 2
HTENAIITIAYINUNTININA1TALA18 BPG ANUAINIY 400 pM UT1ag

10 Hadaas (190 3.5.3.2)

3.5.5 MsmssNaITaza1Ee X0 ANINTY 400 pM YSanas 10 Nadans
3.5.5.1 MaAsgNaITaza1y X0 ANudntu 4 mM Y3uas 5 Nadans
S A a o H @ Z o o '
1 X0 15.21 528NN azarealeiinaueia MntuasazalsaInan
1 1 @ =Y Aa Aaa (% = 9y % < =) =K A =Y
melaviadalsuasvune 5 dadaas tazdsudsuasaisiinauenaaudsvavendiuag
3.5.5.2 M3AsBNAITAZa1Y X0 ANINTY 400 pM Y331a5 10 Jadans
= Y axa @ = 9 9 2
WIGNABITIAYINUMIATONAI1TAZA18 BPG ANUANTU 400 pM UTuas

10 Hadaas (1090 3.5.3.2)
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3.5.6 35N INAADY

a Y 9 = a aa 1 a 21/

Yulaesazate Zn, L anuandu 20 pM U5u1a3 2 Haaaas laasluauim aniu
a a a 4 Y 9 =y a aa .
RUETALA1UVDIBUAANADS ANUTYNTY 400 M 133195 0.1 Hadans (1 equivalent) adl1/

a o 1 Y Y o o Y {1 4
TuAmasnan aumsazareliidnnu uazi lildaamsgandunasizrsnnuenaau
Y
250-900 nm WAIMNWMANAITazatevIuauleooU ANWELTY 1 mM USu1aT 0.2
Aa aa . a [ 1 Y Y o o [ '
10885 (4 equivalent adlluAinndsnan auarsazarelidinuuaziiildianins
A o ¥ A ¥ ] v o o ' ' A Aq v
ganauuas hdeyad lauadensmuaasanuduussznieannueaauilslums
NAAVINUAINITRANAUIAIVEIdITazaIBUITsITaddTe Touieuny d1sazalsusy
pUdatiomumsazatouou losouuaazyiia
a [ a Aa a 4 9/3’.1 Y] Y

Tumsnasannueu lesoustialasunsaununduamnss lauuaansadauna 1a

NnnmMslasumlasduesaisazargeula HazN1SNAITUII D ULFUITANANUIUNIL
A v a g’.: o Y o ' a

zadlumadensunuuou losousialaiu ason 1d lasdunaueuloosuriiala

mliinansulasunilasvesalnasunnige

d' ?_.,' o A a 1 ~ ~ < Aa
M1319N 3.2 umumﬂaamamau”laaausvuﬂmmw“l%’“lumsmaﬂmL‘}Jumiazmﬂmmm

Wy 10 mM US1as 5 Uadans

§1udi Voo U lovdu FHANADVDINOU Wiin (3laan3u)
looou
1 H,PO, NaH,PO, 6.90
2 AcO’ NaOAc 6.80
3 P,0," 1130 PPi Na,(P,0,) 13.30
4 BzO NaOBz 7.21
5 I Nal 7.47
6 Br NaBr 5.14
7 Cl NaCl 2.92
8 F NaF 2.10
9 AMP AMP 18.26
10 ADP ADP 22.06

11 ATP ATP 27.56
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H a da U
3.6 MavImaInaNadgsveamstnaa1sdszneulneosAIUTUIZ 19
da [y (Y] a
m1sisznevlneastiuiy zn,L o lwlswemviaueulosau (PP drenniin

N A A U
Q'J-'Jﬁ!ﬂa"l‘n!‘ni‘lfu
nlamsazats Zn,L anududu 20 pM (01090 3.5.2.2) Y5115 2 Taaans laas
Y
a 9 a a a 4 a2 A Aaa
TuAnmn NndANasaza1eduAames ANNITNTY 400 uM UTueT 0.1 Tadanas
(1 equivalent) a3 11/ lufmaana avensazarelidinnu wazihansazaielydianins
1 9
ganauualur19n1INe1INAY 250-900 nm MINUUTIINIS Inmsaasazate PPi A
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Investigation of the highly selective sensing of
pyrophosphate and histidine by tripodal tetramine-
calix[4]arene based dinuclear complexes under
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CHAPTER 1
INTRODUCTION

1.1 Statements and significance of the problems

The multifaceted role of anions and a-amino acids in biology and the
environment has led researchers to develop various means of detecting these species.
Anions play fundamental roles in many phenomena (James, 2005, p. 671;
Clarck,1980, p. 429; Gomez, Fabbrizzi, Licchelli, & Monzani, 2005, p. 1495),
including biological process such as the transport hormones, proteins biosynthesis,
DNA regulation, and the activity of enzymes. Amino acids are very important marker
(Bolin, Akerud, Hansson, & Akerud, 2011, p. 496) in biochemistry and molecular
biology, with a special regard to determinations which require both temporal and
spatial resolution (Czarnik, 1995, p. 423). Therefore, the important roles of those
anions and amino acids have inspired chemists to devote significant efforts toward the
designs of practical chemosensors for the detection of various anions and amino acids
in both qualitatively and quantitatively.

The development of selective colorimetric chemosensors for anions and a-
amino acids are traditionally based on a rational design and involves most often
multistep chemical synthesis and the subsequent evaluation of an individual
compound. This time-consuming process can be accelerated by using indicator
displacement assays or IDAs (Wiskur, Haddou, Lavigne, & Anslyn, 2001, p. 963;
Nguyen & Anslyn, 2006, p. 3118). IDAs have been used widely in analytical sciences
to detect various analytes. In the strategy, an indicator is bound non-covalently to a
receptor that can recognize and form a complex with an analyte of interest. The
analyte is then allowed to compete for the receptor with the signaling unit. The
successful displacement of the receptor-bound signaling unit by the analyte results in
displaying a spectral modulation that can be communicated spectroscopically. Thus,
the receptor should be chosen in such a way that it can bind both the signaling unit
and the analyte, and the spectrum of the indicator in the bound state should be

significantly from that of the indicator in a free form.
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We have previously reported that the dinuclear Cu*” complex, CuL1, was a
good M-IDA receptor for pyrophosphate anion (PPi) in HEPES aqueous acetronitrile
buffer at pH 7.4 using pyrocatechol violet (PV) as colorimetric indicator (Watchasit,
Kaowliew, Suksai, Tuntulani, Ngeontae, & Pakawatchai, 2010, p. 3389). Therefore,
we expected that CuL1 could be a good candidate as IDA receptor for a-amino acids.
In our continuing endeavor to develop assays for detecting anions and a-amino acids,
we decided to investigate whether our two IDA complexes ML1 and ML2, where
M = Cu”*" and Zn*", would be suitable for achieving the required selectivity for both
anions and a-amino acids. L1 and L2 are differed only in the spacer between the
narrow rim of calix[4]arenes and the binding site of metal ions. The spacer in L1 is
the benzylamine group, whereas the more flexible alkyl amide is the spacer in L2. In
this study, 4 commercial dyes, pyrocatechol violet (PV), pyrogallol red (PGR),
methylthymol blue (MTB) and 4-(2-pyridylazoresorcinol) (PAR), which were
complexometric indicators for the determination of metal ions were employed
(Benamor, Belhamel, & Draa, 2000, p. 1033; Ghasemi & Seifi, 2004, p. 751;
Steinberg, Lobnik, & Wolfbeis, 2003, p. 230). Hopefully, the sensing abilities towards
anions and o-amino acids would be tuned by the topological differences of ligand
spacers and indicator structures. The structures of complex receptors and indicators
employed in this work are presented in Figure 1-1. The benefits from this research
would be the fundamental knowledge for developing synthetic chemosensors for

anions and o-amino acids in the future.

1.2 Objectives
The goal of this work is to develop new receptors for anions and a-amino
acids under indicator displacement assay from p-tert-butylcalix[4]arene containing

tripodal amine L1 and tripodal amide L2.
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1.3 Contribution to knowledge

Obtained new dinuclear complexes of copper(Il) and zinc(Il) of
calix[4]arenes based receptors containing tripodal amine and tripodal amide as the
recognition unit. We expect that the complexes of the proposed molecules can be

employed as anions and a-amino acids receptors by indicator displacement strategy.

M = Cu?", Zn?"

MTB PAR

Figure 1-1 Structure of complex receptors and indicators employ in this work
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1.4 Scope of study

The purpose of this research is to synthesize and characterize Cu®" and Zn*"
complexes based on p-tert-butyl-calix[4]arenes containing tripodal amine (L1) and
tripodal amide (L2) and investigate their sensing capabilities towards anions and o-

amino acids under the indicator displacement approach.



CHAPTER 2
LITERATURE REVIEWS

2.1 Calix[4]arenes

Calix[n]arenes, a family of synthetic macrocyclic receptors consisting of
cyclic arrays of n phenol moieties linked by methylene groups, were chosen as the
putative hosts. This cyclic oligomer made up of phenols and formaldehydes provides
new fascinating platforms. The most famous calixarene is calix[4]arene because it is
easiest to prepare. The conventional synthesis of p-tert-butylcalix[4]arene is shown in
Scheme 2-1. This method requires the initial preparation of a precursor by melting
p-tert-butylphenol in the presence of formaldehyde under basic conditions then
dissolving the mixture in diphenyl ether (Gutsche & Bauer, 1985, p. 6052). The
reaction mixture is then heated under nitrogen to pyrolyse the precursor and the

product is isolated by precipitation from ethyl acetate.

OH ~«———— narrow rim

1.NaOH/H,0
D G
2.Diphenyl ether <—— widerim
3.ethylacetate

,,///

Scheme 2-1 Conventional p-tert-butylcalix[4]arene synthesis

Calix[4]arene can adopt 4 conformations: cone, partial cone, 1,2-alternate
and 1,3-alternate as shown in Figure 2-1. Cone conformation is the most stable due to
an array of hydrogen bonding between the phenolic-OH groups at the narrow rim of
the macrocycle. This conformation is particular useful because of its “bucket” shape
leading to the rigidified cavity. This cavity-containing molecule possess hydroxyl
groups on the lower rim and potentially free para position on the upper rim. The
hydroxyl group provides convenient points for attachment of various moieties, as

numerous other researchers have been demonstrated.
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?H OH C’)H HO

OH OH OH

cone partial cone

1,2-alternate 1,3-alternate

Figure 2-1 Four conformers of p-tert-butylcalix[4]arene

To distinguish between 4 isomers of calix[4]arene, 'H NMR is the useful
technique to convenient estimated by characteristic the splitting pattern of the Ar-
CH,-Ar methylene protons (Iwamoto & Shinkai, 1992, p. 7066). For example, the 'H
NMR spectrum of 4 conformers of p-tert-butylcalix[4]arene tetraethylester (1) are
presented in Figure 2-2. Generally, cone conformation of gave a pair of doublets with
a large chemical shift at 3.15 and 4.50 ppm as shown in Figure 2-2(a). For partial
conformation showed two pairs of doublets having a large chemical shift difference
and another pair of doublets with a small chemical shift difference (3.85 and 3.91
ppm) as shown in Figure 2-2(b). In difference the Ar-CH,-Ar methylene protons in
1,2-alternate structure of gave a pair of doublets with a large chemical shift difference
at 4.71 and 3.23 ppm, Figure 2-2(c). Finally, a singlet resonance in l,3-alternate
conformation gave a characteristic singlet resonance because of its high symmetry,

Figure 2-2(d).
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(@) cone

T J',hl l

(b) partial cone |

(c) 1,2-alternate

(d) 1,3-alternate [ 1

i
5.0 4.0
&/ ppm

Figure 2-2 Partial '"H NMR spectra of the four conformers of p-tert-butylcalix[4]
arenetetraethylester (1) (CDCl13, 25 °C, 400 MHz.); (a) cone, (b) partial
cone, (C) 1,2-alternate and (d) 1,3-alternate conformations. The filled

circles denote the Ar-CH,-Ar methylene protons of calix[4]arenes
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2.2 How important of pyrophosphate anion

Pyrophosphate (P,0;* or PPi) participates in ATP hydrolysis and is
involved in DNA or RNA polymerase reactions. For example, PPi is released in the
formation of phosphodiester bonds during DNA polymerization and 3',5'-cyclic
adenosine monophosphate (cyclic AMP, second messenger) synthesis and in the
formation of activated intermediates (aminoacyl-tRNA) during protein (Limpcombe,
& Strater, 1996, p. 2375; Nyrén, 1987, p. 235; Tabary, & Ju, 1992, p. 55). In
addition, patients with calcium pyrophosphate dihydrate (CPPD) crystals and
chondrocalcinosis have been shown to have high synovial fluid PPi levels (Doherty,
Belcher, Regan, Jones, & Ledingham, 1996,p. 432; Timms, Zhang, Russell, Brown,
2002, p. 725). Therefore, selective and sensitive detection of PPi is a prerequisite for
monitoring the above enzyme reactions and diagnostics of diseases related to the
release of certain levels of PPi. Interestingly, the ability to detect PPi has become
important in cancer research (Xu, et. al., 2001, p. 188). Moreover PPi, an
environment pollutant, is the most common cause of cultural eutrophication (Lund,

1974, p. 797). The structure of PPi is shown in Figure 2-3.

oo
P\ /P"'l// _

~ \ 0) \ 0O
O O

O

Figure 2-3 Structure of pyrophosphate (PPi)
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2.3 How important of amino acids

Amino acids, the key constituents of proteins, are small molecules with
various functional side chain groups, which result in different roles of amino acids in
physiological processes (Shahrokhian, 2001, p. 5972). In this family, lysine (Lys) is
closely related to the Krebs—Henseleit cycle and polyamine synthesis, and an
appropriate amount of lysine in the diet is essential for the metabolic functions and
weight gain of animals (Yoshida, Nakano, Koiso, Nohta, Ishida, & Yamaguchi, 2001,
p. 107); histidine (His) is essential for the growth and repair of tissue as well as for the
control of metal elements transmission in biological bases (Chen, Wu, Duan, & Chen,
1999, p. 319); tryptophan (Trp) plays a crucial part in biological processes such as
protein biosynthesis, animal growth, and plant development (Mackay et al., 2006, p.
30). In addition, the deficiency of some amino acids causes various abnormalities, for
example, deficiency of cysteine (Cys) results in slow growth, hair depigmentation,
edema, lethargy, liver damage, muscle and fat loss (Refsum, Ueland, Nygard, &
Vollset, 1989, p. 31). The structures of lysine, histidine, tryptophan and cysteine are

presented in Figure 2-4.

i
HZN—Q—c—OH
?Hz n H N—Ié—g—OH
CH, H,N—C—C—OH 2 o)
' ! H, H [l
CH, CH, HN=C—C—OH
?Hz N ¢ CH,
NH, AN HN SH
(@) (b) (c) (d)

Figure 2-4 Structures of (a) lysine, (b) histidine, (C) tryptophan and (d) cysteine

Histidine (His), an essential bioactive amino acid component of many
proteins, controls the transmission of metal elements in biological bases, and acts as a
neurotransmitter or neuromodulator in the mammalian central nervous system,
including the retina (Creighton, 1999, p. 1147 ; Chen, Wu, Duan, & Chen, 1999, p.
319; Kusakari, Nishikawa, Ishiguro, & Tamai, 1997, p. 600). Metabolism of His is
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very important in physiology. In the metabolism process of His, histamine (Hst),
imidazole acetic acid (Ima) and methyl imidazole acetic acid (Mic) are the main
intermediates and products and they are all biologically important compounds (Gajda,
Henry, & Delpuech, 1994, p. 157). Detection of histidine in serum and urine samples
is associated with the diagnosis of histidine metabolism disorders, particularly
‘histidinemia’ at elevated levels in physiological fluids, normal level: 130-2100 mM
in urine, (Kovach & Meyerhoff, 1982, p. 217). Other diseases like epilepsy,
Parkinson’s disease, and the failure of normal erythropoiesis develop upon reduction
of histidine to below the maintenance requirement (Rao, Stefan, Scheid, Kuttler, &
Froscher, 1993, p. 347). A deficiency of histidine in plasma may lead to an impaired
nutritional state in patients with chronic kidney disease (Watanabe et al., 2008, p.
1860). In many cases, metabolite analysis in urine is preferred because urine testing
is non-invasive and it often has higher concentrations of metabolites than blood
(Shojaei, Mirmohseni, & Farbodi, 2008, p. 2875). Thus, the rapid, sensitive and
selective detection of histidine in urine is of considerable importance and significant

interest.

2.4 Indicator displacement assay

Thus far, most of anions and amino acid chemosensors have been
synthesized based on the attachment of a dye, usually colorimetric and fluorescence
dye, to an anion-binding site due to the convenient visual “by eye” detection provided
by colorimetric assays and the high sensitivity of fluorescence spectroscopy
(Matinez & Sancenon, 2003, p. 4419; Suksai & Tuntulani, 2003, p. 192; Suksai &
Tuntulani, 2005, p. 163). However, this mechanism does not always work well.
Recently, indicator displacement assays (IDA) is employing fluorescence and
chromogenic indicators are becoming an increasingly popular method of detecting
various analytes. The dyes used in the development of IDA are depicted in Figure 2-5.
Many physiologically and environmentally important targets, such as phosphate
(Han & Kim, 2002, p. 3809; Hanshaw, Hilkert, Jiang, & Smith, 2004, p. 8721),
pyrophosphate (Fabbrizzi, Marcotte, Stomeo, & Taglietti, 2002, p. 3811; Lee, Park,
Lah, Chin, & Hong, 2007, p. 3729; Morgan, He, & Smith, 2007, p. 9262; Kim &
Hong, 2009, p. 1951; Tang, Li, Zhang, Guo, & Qian, 2009, p. 6844), citrate
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(McCleskey, Metzger, Simmons, & Anslyn, 2002, p. 621; Schmuck & Schwegmann,
2006, p. 836), carbonate (Fabbrizzi, Leone, & Taglietti, 2001, p. 3066), amino acids
(Alt-Haddou, Wiskur, Lynch, & Anslyn, 2001, p. 11296; Hortala, Fabbrizzi,
Marcotte, Stomeo, & Taglietti, 2003, p.20; Bonizzoni, Fabbrizzi, Piovani, &
Taglietti, 2004, p. 11159; Buryak & Severin, 2005, p. 3700; Folmer-Anderson,
Lynch, & Anslyn, 2005, p. 3700), and biological molecules, (Han & Kim, 2004, p.
1151; Jang, Yi, Kim, Kim, Lee, & Han, 2009, p. 6241), can now be detected and
quantified through indicator displacement assays. This approach is somehow
employed in displacement reactions in immunoassay protocols (Zhang & Anslyn,

2007, p. 1627).

(0]
HO\//S// Ns “ /k}
0 N I :]
HO
OH
(0)
(Pyrocatechol Violet, PV) (Pyrogallol Red, PGR) (Zincon, ZC)

(Methylthymol Blue, MTB) (Xylenol Orange, XO)

O (0] OH
COOH O‘O OHl/COOH
O \ N._COOH
HO O 0) 0o
(Fluorescein, FI) (Alizarine Complexone, AC)

Figure 2-5 Dyes employed in displacement assays for the chromogenic and

fluorogenic sensing of anions
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Traditionally, the selected receptor (usually a metallic complex) forms an
inclusion complex with a dye. Upon addition of the target anionic guest species, the
receptor binds to the anion and releases the dye to the solution. Perhaps the most
interesting feature of this approach is that the non-covalent anchoring of binding sites
and indicator groups allows testing a large number of combinations in order to obtain
tuned sensing systems. Additionally, most of the designed ensembles usually display
sensing features in water or mixed organic—aqueous solutions allowing the design of
realistic sensing protocols. For sensing anions and amino acids usually the metal
complexing IDA (M-IDA) are favorable. The advantages of a M-IDA are that it can
operate in highly polar and solvating solvents (aqueous ethanol or pure water), and
displays strong affinity toward anionic substrates (Kruppa & Konig, 2006, p. 3520).

As shown in Scheme 2-2, a receptor (R) with an affinity for a given analyte
forms a reversible complex ensemble with an indicator (I). Importantly, upon
complexation with the receptor, the spectral properties of the indicator undergo some
measurable changes for example fluorescence quenching and UV-Vis absorbance
decreases or shift in absorbance maximum. Treatment of this complex ensemble [Rel]
with the target analyte (T) results in displacement of the indicator from the receptor
and a restoration of the indicator’s original spectral properties. Therefore, a receptor
is designed to bind a target analyte with desired affinity, and an indicator must have a

weaker affinity with the receptor than the analyte.

B @® -

indicator
analyte
S S
+— +—
] \._J indicator
recepto receptor-indicator receptor-analyte

Scheme 2-2 Generalized representation of the signal transduction mechanism for

IDAs
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The IDA offers many advantages over traditional sensing assays. First, the
method does not require the indicator to be covalently attached to the receptor.
Second, because there are no covalent bonds between the receptor and the indicator,
one can employ several different indicators with the same receptor. Third, the assay
works well in both organic and aqueous media, and lastly, the assay is easily adapted
to different receptors and platforms for quick analysis. Therefore, the IDA strategy
has emerged as an attractive alternative to covalently tethered receptor-reporter

sensors and to differentiate various analyte by a single sensor.

2.5 Metal complexing indicator—displacement assays (M-1DA)

As we mentioned before, in M-IDA strategy an indicator (chromophore or
fluorophore) is allowed to coordinate with both the metal center and the receptor.
Addition of an analyte to the system causes the displacement of the indicator from the
metal and the receptor. This results in optical changes that can be measured to derive
binding affinity. The advantages of a M-IDA are that it can operate in highly polar
and solvating solvents (aqueous ethanol or pure water), and displays strong affinity
toward anionic substrates.

As we mentioned previously regarding metal complex-IDA strategy, an
indicator (chromophore or fluorophore) is allowed to coordinate with both the metal
center and the receptor. Herein, the following examples employ the traditional
displacement approach to detect anions, amino acids and biological molecules.

One of the pioneers of IDA strategy is the Fabbrizzi group has shown that
the ensemble system between dicopper (II) cryptate complex (2) and fluorescence
coumarin (3) indicator, possessed the high selectivity to carbonate anion in aqueous
solution (Fabbrizzi, Leone, & Taglietti, 2001, p. 3066). The carboxylate group of 3
is capable of bridging the two copper centers of 2. This coordination quenches the
fluorescence of 3. Addition of carbonate anion to the ensemble solution regenerated
the fluorescence due to the displacement of 3 from 2 by carbonate anion. In 2003, the
same group has shown that polyamine cage 2 can be successfully used to detect
glutamate (a neurotransmitter) in water at pH 7 wusing 6-carboxy-
tetramethylrhodamine (4) as fluorescence indicator (Hortala, Fabbrizzi, Marcotte,

Stomeo, & Taglietti, 2003, p. 20). In this system, the copper ion in 2 acts as a
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fluorophore quencher due to its partially filled 3d orbitals. When compared to other
amino acids (aspartate, glycine, alanine, aminobutyric acid), glutamate was bound
best to 2 because it has the right length between carboxylates. These characteristics

make the inclusion of glutamate in 2 more favorable than other amino acids.

&N’NH HNQN} 0]
i @ - cum o

glutamate

The same strategy was used by Fabbrizzi in the detection of PPi and His in
water (Fabbrizzi, Marcotte, Stomeo, & Taglietti, 2002, p. 3811). Pyrophosphate
anions play important roles in bioenergetic and metabolic processes. Receptor 5 was
designed to incorporate two copper ions to gain affinity for the analytes. Eosine Y (6)
was one of the indicators used in this study. Results from these studies showed that 5
binds to PPi better than monophosphate due to the ability of pyrophosphate to
coordinate the two copper centers. The same sensing ensemble [5¢6] was also able to
discriminate histidine from glycine, phenyl alanine, valine, leucine, and proline. This
is because histidine possesses an imidazole residue which coordinates to dicopper

centers resulting in higher selectivity.
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Interestingly, the dinuclear zinc phosphoesterase enzyme models have been
exploited as M-IDA receptors. Hanshaw, Hilkert, Jiang, and Smith (2004, p. 8721)
have used an ensemble of Zn**-dipicolylamine complex (7) and coumarin (6) as
anion sensor to detect both Pi and PPi under physiological conditions (pH 7.4, 5 mM
TES, 145 mM NaCl). It was found that the Zn—Zn distance in complex 6 is 3.0 A
which is less than that in phosphotriesterase enzyme (3.5 A), this may be the reason
why 7 can bind both Pi and PPi. Therefore, the Zn—Zn distance played a key role in

analyte preference.

,,Zn2+ Z ns__ |

Q
)

The dinuclear Zn®" complex, (8) and fluorescein (9) formed a selective
ensemble for PPi recognition in water at physiological pH (Tang, Li, Zhang, Guo, &
Qian, 2009, p. 6844). The fluorescence emission of [8¢9] ensemble solutions, that
were completely quenched in origin, was studied upon addition of C,0,, HSOy,
PO, AcO, I, Br, CI, F" and PPi. It was found that only PPi was able to displace

the indicator 9 from the ensemble and caused significant fluorescence revival.
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Watchasit , Kaowliew, Suksai, Tuntulani, Ngeontae, and Pakawatchai (2010,
p. 3398) have synthesized dinuclear Cu(Il) complexes of p-tert-butylcalix[4]arene
containing two tripodal aminen units (10) and exploited as PPi sensor by IDA
approach. It was found that the new ensemble between 10 and pyrocatechol violet
(PV, 11) showed the high selectivity to PPi than other anions in 80/20 (%v/v)
CH;CN/H,O  solution buffered with 10 mM HEPES at pH 6.4. The sensing
selectivity is ascribed to the tuning of the distance between donor atoms of anion
guests and their ability to encompass the Cu®"-Cu”" distance within the cleft of 10. In
addition, the preorganization of calix[4]arene in the cone conformation and steric
hindrance of two bulky tripodal amine moieties are important factors to control the

2+ 2+ 3:
Cu~"-Cu”" distance.
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Watchasit, Suktanarak, Suksai, Ruangpornvisuti, and Tuntulani (2004, p.
14701) showed that the ensemble formation between dinuclear Zn(II) complex of
anthracene based tripodal tetramine (12) with methylthymol blue (MTB, 13), [1213],
could discriminate PPi from other phosphate containing anions in 20% (v/v) water—
acetonitrile buffered at pH 7.4 with HEPES buffer. 'H and 3P NMR spectroscopy as
well as DFT calculations confirmed that PPi bound to 12 in a 2 : 2 manner. Both
NMR spectroscopy and UV-vis spectrophotometry suggested that the two bulky
tripodal tetramine units in 12 played an important role to provide the ensemble cleft

for MTB, giving rise to an ensemble that could be displaced exclusively by PPi.

Folmer-Andersen, Lynch, and Anslyn (2005, p. 5319) found that the
mononuclear copper(Il) complexes, (14) — (15), were found to discriminate His from
other zwitterionic a-amino acids by means of indicator-displacement assays using
5(6)-carboxyfluorescein (16) as an indicator in buffered methanol/water (3:1) solvent.
However, the colorimetric detection of His appears to a unique process involving
disruption of the host complex to form a 2:1 His/Cu*" complex rather than simple

indicator displacement.
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(14);R=H
(15) ; R=Me

The di-tripodal amine calix[4]arene (L2) was successfully synthesized and
used as an ion carrier in poly(vinyl chloride) (PVC) membrane electrodes (Kunthadee
et al., 2013). Compound L2 was employed to demonstrate a new concept in anion
sensing by preparing an allosteric PVC membrane that can respond selectively to a
certain anion in the presence of a metal effector. Membranes containing compounds
L2 and potassium tetrakis(p-chlorophenyl)borate (KTpCIPB) as an ionic additive
showed Donnan exclusion failure upon measuring the potential (EMF) responses of
Cu®" and responded to the co-anion by giving negative EMF changes, while
membranes containing compound 17, an anthracene-based mono-tripodal amine
ligand, gave positive potentials to most metal ions. Upon preconditioning of the
membranes containing L2 and 75 mol% KTpCIPB in CuCl,, the membranes showed
the highest selectivity towards thiocyanate with a near Nernstian slope of -59.6 mV
decade™, a 10” to 10> M linear range, and a detection limit of 4.4 x 10°® M. The best
allosteric membrane can be used in the pH range 3—7 with good reversibility, and also

applied to indirectly determine the concentration of Fe’* in aqueous solution.

Y 7N
=N >=N



CHAPTER 3
RESEARCH METHODOLOGY

3.1 Instruments

Nuclear Magnetic Resonance (NMR) spectra were recorded in CDCl; and
CDsCN on a 400 MHz Bruker Ultra Shield AVANCE 400 spectrometer. The UV—-Vis
spectra were measured on a Hewlett Packard UV—Vis 8453 spectrophotometer. The

ESI-MS mass spectra were recorded using a Bruker microTOF mass spectrometer.

3.2 Chemicals

All the chemicals and reagents were reagent grade form Merck, Fluka and
Aldrich. Solvents for synthesis (LABSCAN) were commercially purchased and
purified by distillation and stored over molecular sieves 3 or 4 A. CH;CN
(LABSCAN) was analytical grade and used as received. Column chromatography
operations were carried out on silica gel (Kieselegel 60, 0.063-0.200 nm, Merck) and

alumina (aluminium oxide 90, 0.063-0.200 nm, Merck).
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3.3 Synthesis and characterization of L1 and L2

3.3.1 Preparation of pyridin-2-ylmethypyridin-2-ylmethyleneamine (a)
(Incarvito et al., 2001, p. 3478)

MgSO
N = 4
O\/NH ' X | H @\/ ﬁ
N : N CH,CI, e NS
0
(a)

To a suspension of anhydrous MgSO4 (122 g, 183 mmol) in CH,Cl, (30
mL) was added 2-pyridinecarboxaldehyde (3.96 g, 37 mmol) and 2-(aminomethyl)
pyridine (4 g, 37 mmol). The mixture became warm and the color changed to yellow.
After being stirred for 3 h at room temperature under nitrogen atmosphere, the
suspension was filtered and washed with CH,Cl, (150 mL), and the solvent was

removed under vacuum. A yellow oil of (a) was obtained (7.3 g, 100%).

'H NMR (400 MHz, CDCls, ppm): 6 8.67 (d, 1H, J = 3.6 Hz, ArH), 8.58 (t, 2H, J =
3.6 Hz, ArH), 8.10 (d, 1H, J = 7.6 Hz, ArH), 7.76 (d, 1H, J = 1.6 Hz, ArH), 7.67 (m,
1H, ArH), 7.43 (d, 1H, J= 7.6 Hz, ArH), 7.34 (m, 1H, ArH), 7.19 (s, 1H, ArH), 5.03
(d, 2H, J= 0.8 Hz, -CH>-).

C NMR (100 MHz, CDCls, ppm): 5 163.94, 149.50, 149.37, 136.68, 136.55, 124.92,
122.38, 122.13, 121.49, 66.58.
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3.3.2 Preparation of bis-pyridin-2-ylmethylamine (b) (Incarvito et al.,
2001, p. 3478)

NaBH,

NSNSy EtOH NN
(2) (b)

The imine (a) (4.02 g, 20 mmol) was dissolved in CH3CN (45 mL) and was
cooled to -5 °C. Glacial acetic acid (1.47 mL, 25 mmol) was added in the portion. To
the resulting clear yellow solution was added NaBH4 (3.78 g, 100 mmol) and EtOH
(55 mL). After stirring for 18 h at room temperature, the reaction mixture was
quenched with 12 M HCI (28 mL, 80 mmol) and heated at 60 °C for 2 h. The white
precipitate was filtered. The filtrate was concentrated in vacuo and then redissolved in
water (15 mL). The resulting yellow aqueous solution was basified by addition of
solid NaOH pellets (12 g, 300 mmol) with efficient cooling. A red oil appeared
immediately. It was extracted with diethyl ether (3 x 200 mL). The ether extracts were
dried with anhydrous Na,SO4. After solvent removal, compound (b) was obtained

(3.98 g, 100%).

"H NMR (400 MHz, CDCls, ppm): 0 8.58 (m, 2H, ArH), 7.66 (m, 2H, ArH), 7.39 (d,
2H, J=17.6 Hz, ArH), 7.18 (m, 2H, ArH), 4.00 (s, 4H, -CH;-).

13C NMR (100 MHz, CDCls, ppm): 6 159.63, 149.31, 136.51, 122.34, 121.99, 54.74.
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3.3.3 Preparation of 2-[bis(2-pyridylmethyl)aminomethyl]nitrobenzene
(¢) (Burdette, Frederickson, Bu, & Lippard, 2003, p. 1778)

Br
O,N
N

H o N B

N/ N \N N /\O
KZCO 3/CH3CN | N
=

©

(b)

Amine (b) (3.86 g, 19.4 mmol), K,CO; (20.8 g, 150 mmol), 2-
nitrobenzylbromide (4.19 g, 419.4 mmol), and molecular sieves 3 A (3.05 g) were
mixed in 80 mL of CH3CN and stirred for 12 h under nitrogen atmosphere. The
reaction mixture was filtered through Celite. After solvent removal, a brown oil was
obtained. The oil was redissolved in CH,Cl, (200 mL), washed with water (3 x 300
mL) and the solvent was removed. A dark oil of compound (¢) was obtained (6.04 g,

93%).

'H NMR (400 MHz, CDCLs, ppm): J 8.52 (m, 2H, ArH), 7.77 (t, 1H, J = 6.8 Hz,
ArH), 7.71 (s, 1H, ArH), 7.65 (m, 1H, ArH), 7.64 (d, 1H, J=2 Hz, ArH), 7.51 (d, 1H,
J=1.6 Hz, AtH), 7.42 (d, 2H, J = 8 Hz, ArH), 7.16 (m, 2H, ArH), 4.09 (s, 2H, -CH>-
), 3.79 (s, 4H,-CHs-).

13C NMR (100 MHz, CDCLs, ppm): & 158.62, 148.92, 136.46, 134.38, 132.35, 131.39,
127.92, 124.31, 123.28, 122.13, 60.39, 55.87.
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3.3.4 Preparation of 2-[bis(2-pyridylmethyl)aminomethyl]aniline (d)
(Burdette et al., 2003, p. 1778)

Pd- C/H2 N
/\Q . b
MeOH |
(d)

Pd-C (0.3 g) and nitro compound (c) (3 g, 8.97 mmol) were mixed in 150 mL
of MeOH and stirred under a hydrogen atmosphere for 24 h. The reaction mixture was

filtered through Celite to give a dark oil of (d) after solvent removal (2.73 g, 100%).

'"H NMR (400 MHz, CDCLs, ppm): 6 8.55 (m, 2H, ArH), 7.63 (m, 2H, ArH), 7.39 (d,
2H, J=7.6 Hz, ArH), 7.15 (q, 2H, J = 5.2 Hz, AtH), 7.07 (m, 2H, ArH), 6.63 (t, 2H,
J=6.0 Hz, ArH), 3.80 (s, 4H, -CH>-), 3.66 (s, 2H, -CH>-).

>C NMR (100 MHz, CDCls, ppm): d 159.10, 149.01, 147.01, 136.45, 131.18, 128.50,
123.53, 122.07, 117.22, 115.45, 60.14, 57.92.
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3.3.5 Preparation of 2-(2-bromoethoxy)benzaldehyde (e) (Sundriyal
et al., 2008, p. 4959).

CHO CHO
OH K,CO, 0
©/ + N Br D \/\Br
Br
DMF,Reflux

(©

To a suspension of anhydrous K,COs (22.5 g, 163 mmol) in DMF (100 mL)
was added sequentially salicylaldehyde (6.4 mL, 82 mmol) and 1,4-dibromoethane
(21.2 mL, 246 mmol). The mixture was heated at 60 °C for 3 h under nitrogen
atmosphere. The reaction mixture was quenched with 2 M NaOH (100 mL) and the
mixture was extracted with ethyl acetate (3 x 250 mL). The organic phase was
combined, washed with water (5 x 250 mL) and dried over anhydrous Na,SO,. After
removing solvent, the crude product was then purified by column chromatography
(S10,) using 50% hexane in CH,Cl; as eluent. A colorless oil of (e) (8.28 g, 45%) was

obtained.

'H NMR (400 MHz, CDCl3, ppm): 0 10.57 (s, 1H, -CHO), 7.88 (m, 1H, ArH), 7.57
(m, 1H, ArH), 7.11 (m, 1H, ArH), 6.99 (d, 1H, J= 8.4 Hz, ArH), 4.44 (t, 2H,
J=6Hz, -CH,0-), 3.73 (t, 2H, J = 6 Hz, -CH,Br)

>C NMR (100 MHz, CDCls, ppm): J 189.44, 160.37, 135.99, 128.13, 125.04, 121.37,
112.83, 68.21, 29.30.
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3.3.6 Preparation of p-tert-butylcalix[4]arene (f) (Gutsche & Bauer, 1985,

p. 6052)

OH
1.NaOH/H,0

S
H H
2.Diphenyl ether
3.ethyl acetate

To a mixture of p-fert-butylphenol (25.82 g, 172 mmol) and 37%
formaldehyde (17 mL) was added a solution of NaOH (0.25 g, 6.25 mmol) in water 1
mL. The mixture was heated for 3 h to give a pale yellow solid. Subsequently, a
yellow solid was heated in diphenyl ether (250 mL) for 3 h with a dean-stark
equipment. After cooling at room temperature, ethyl acetate (200 mL) was added to
afford a white solid. It was filtered and washed with 50% ethyl acetate in glacial
acetic acid to yield (f) as a white solid (66.71 g, 60%).

'H NMR (400 MHz, CDCls, ppm): 6 10.36 (s, 4H, -OH), 7.12 (s, 8H, ArH), 4.29 (d,
4H, J = 13.2 Hz, Ar-CH,-Ar), 3.53 (d, 4H, J = 12.8 Hz, Ar-CH,-Ar), 1.28 (m, 36H,
-tert-butyl)
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3.3.7 Preparation of 25,27-(4,4’-bis(ethoxybenzaldehyde))-p-tert-butyl
calix[4]arene (g) (Navakun, Tuntulani, & Ruangpornvisuti, 2000, p. 113)

CHO
K,CO,
+ —_—  »
Q CH3CN, reflux
Br
@) © "

(€]

A mixture of p-tert-butylcalix[4]arene (f) (10.17 g, 15.73 mmol) and
anhydrous K,COs (21.74 g, 157.3 mmol) in CH3CN (300 mL) was refluxed for 30
min under nitrogen atmosphere. 2-(2-Bromoethoxy)benzaldehyde (e) (7.21 g, 31.46
mmol) in CH3CN (100 mL) was added drop wise and the mixture was refluxed for 53
h under nitrogen atmosphere. After cooling to room temperature, K,CO3 was removed
by filtration and washed with large mount of CH,Cl,. The filtrate was then evaporated
to yield a creamy caramel-like residue. The crude product was purified by column
chromatography (SiO,) using CH,Cl, as eluent. The product was precipitated in
hexane as a white solid (7.47 g, 50%).

'H NMR (400 MHz, CDCl3): § 10.52 (s, 2H, -CHO), 7.86 (m, 2H, ArH), 7.53 (t, 2H,
J =5 Hz, ArH), 7.46 (s, 2H, ArH), 7.06 (d, 4H, J = 2.8 Hz, ArH), 7.02 (s, 2H, ArH),
7.00 (s, 2H, ArH), 6.89 (s, 4H, ArH), 4.46 (t, 4H, J = 2.8 Hz, -CH,-0O-), 4.41 (t, 4H,
J=2.4Hz,-CH,-0-),4.36 (d, 4H, J = 13.2 Hz, Ar-CH,-Ar), 3.36 (d, 4H, J = 13.2 Hz,
Ar-CH,-Ar), 1.29 (s, 18H, -tert-butyl), 1.04 (s, 18H, -tert-butyl).

C NMR (100 MHz, CDCls, ppm): § 190.17, 160.85, 150.35, 149.84, 147.29, 141.67,
135.76, 132.58, 128.25, 127.75, 125.77, 125.21, 121.04, 112.46, 73.67, 67.55, 34.01,
33.84,31.67, 31.05.
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3.3.8 Preparation of 25,27-(4,4’-bis(2-((bis(pyridin-2-ylmethyl)amino)
methyl)-N-(2-ethoxybenzyl)aniline)-p-tert-butylcalix[4]arene (L.1) (Watchasit,

Suktanarak, Suksai, Ruangpornvisuti, & Tuntulani, 2004, p. 14701)

A mixture of di-aldehyde calix (g) (2.65 g, 2.8 mmol) in dry CH,Cl, (50
mL) was added to a suspension of anhydrous MgSOj4 (6.76 g, 56 mmol) in CH,Cl,
(70 mL) with tripodal amine (d) (2.13 g, 7 mmol). The reaction mixture was stirred

for 12 h under nitrogen atmosphere. Then solid MgSO, was removed by filtration.
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After solvent was removed, the bisimine product (h) was obtained as the dark solid
(quantitative yield). The crude imine was dissolved in MeOH (50 mL) and the
solution was cooled to -5 °C . Subsequently, NaBH, (2.12 g, 56 mmol) was added to
the brown solution and the mixture was refluxed for 12 h under nitrogen atmosphere.
After the mixture had cooled to room temperature, water (150 mL) was added and the
mixture was evaporated to remove MeOH. The residue was dissolved in CH,Cl, (150
mL) and the organic layer was washed with water (3 x 50 mL), dried with anhydrous
MgSO4 and evaporate. The resulting crude product was then purified by column
chromatography (Si0O,) using 20% MeOH : ethyl acetate giving the fraction of L1 as
the yellow oil. In addition, the solid of L1 obtained as white solid (0.85 g, 20%) after

recrystallization the crude fraction in diethyl ether.

For L1 : '"H NMR (400 MHz, CDCls): § 8.42 (d, 4H, J = 4 Hz, ArH), 7.91 (s, 2H,
ArOH), 7.65 (d, 2H, J = 2.4 Hz, ArH), 7.46 (m, 4H, ArH), 7.35 (d, J = 7.6 Hz, 2H,
ArH), 7.30 (s, 4H, ArH), 7.19 (m, 2H, ArH), 7.06 (m, 8H, ArH), 7.05 (m, 2H, ArH),
6.95 (d, 4H, J = 8.4 Hz, ArH), 6.89 (s, 4H, ArH) 6.86 (d, 2H, J= 7.2 Hz , AtH), 6.72
(s, 2H, -NH-), 6.54 (m, 2H, ArH), 6.44 (d, 2H, J= 8 Hz, ArH), 4.53 (d, 4H, J = 4.8
Hz, -CH,-NH-), 4.44 (d, 4H, J = 12.8 Hz, Ar-CH,-Ar), 4.35 (s, 8H, —CH,-0-), 3.80 (s,
8H, -CH»-), 3.68 (s, 4H, -CH>-), 3.33 (d, 4H, J = 13.2 Hz, Ar-CH,-Ar), 1.26 (s, 18H,
-tert-butyl), 1.03 (s, 18H, -tert-butyl).

13C NMR (100 MHz, CDCls, ppm):  159.23, 156.24, 150.35, 149.73, 149.07, 148.21,
147.34, 141.69, 136.29, 133.12, 130.97, 128.77, 128.56, 128.52, 127.93, 127.63,
125.72, 125.20, 123.20, 121.91, 121.55, 120.71, 115.35, 110.78, 110.32, 74.16, 66.65,
60.16, 58.47, 41.76, 34.04, 33.84, 31.83, 31.66, 31.10.

HRMS-ESI (positive mode, m/z) : [L1+H]+ Calcd for CigoH;12NgOs, 1521.8705;
Found, 1521.8698.
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3.3.9 Preparation of 25,27-(4,4’-bis(ethyl-3-butanoate))-p-tert-butyl
calix[4]arene (i) (Joseph, Ramanujam, Acharya, Khutia, & Chebrolu, 2008, p. 5745)

(,)H OH (I)HHO

A mixture of p-tert-butylcalix-[4]arene (10.0 g, 15.4 mmol), K,CO; (21.3 g,
154 mmol) and ethyl 4-bromobutyrate (88.2 ml, 0.616 mol) in 100 mL of acetone was
refluxed for 24 h. After evaporation of the solvent under vacuum, the residue was
dissolved in CH,Cl, and washed with 1 M HCI (3 x 100 mL) and brine (3 x 100 mL).
The organic phase was dried over anhydrous MgSO4 and concentrated in vacuo. The
crude product was subjected to chromatography on a silica gel column, using
petroleum hexane/CH,Cl; (50 : 50, v/v) as eluent, to give a white powder of

compound (i) (10.5 g, 78%).

'H NMR (400 MHz, CDCls, ppm) : & 7.77 d, 2H, Ar-OH), 7.09 (s, 4H, ArH), 6.90 (s,
4H, ArH), 4.29 (d, 4H, J = 13.2 Hz, Ar-CH,-Ar), 4.19 q, 4H, J = 14.4 Hz,-O-CH,-
CHj), 4.08 , 4H, J = 6Hz, -CH3), 3.36 d, 4H, J = 13.2 Hz, Ar-CH,-An), 2.91 (t, 4H,
J =172 Hz, -CH,-~), 2.36 t, 4H, J = 6.8 Hz, -CH>-), 1.30 (s, 18H, p-tert-butyl), 1.06 s,

18 H, p-tert-butyl).

>C NMR (100 MHz, CDCls, ppm): & 173.46, 150.78, 149.61, 147.00, 141.47, 132.75,
127.71, 125.60, 125.13, 75.14, 60.40, 32.51, 31.72, 30.76, 30.59, 25.49, 14.25.
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3.3.10 Preparation of 25,27-(4,4’-bis(butanoic acid))-p-tert-butyl
calix[4]arene (j) (Joseph, Ramanujam, Acharya, Khutia, & Chebrolu, 2008, p. 5745)

A mixture of diethyl ester calix[4]-arene, (i), (10.0 g, 11.4 mmol) and 15%
w/v NaOH in EtOH (500 mL) was stirred and heated at reflux for 24 h and the
reaction mixture was then evaporated under reduced pressure to yield a white residue.
Cold water (300 mL) was then added to the residue, and the pH was adjusted to 1
using 3 M HCI. The solid was filtered and washed with water to obtain compound (j)
as a white solid (1.87 g, 20%).

'"H NMR (400 MHz, CDCls, ppm) :6 7.07 s, 4H, ArH), 6.76 (s, 4H, ArH), 4.28 ,
4H, J = 12.8 Hz, Ar-CH,-An), 3.94 s, 4H, -CH>»-), 3.32 d, 4H, J = 13.2 Hz, -CH>-),
2.86 (s, 4H, -CH;-), 2.36 (s, 4H, -CH>-), 1.31 (s, 18H, p-tert-butyl), 0.96 (s,18H, p-tert-

butyl)

“C NMR (100 MHz, CDCls, ppm): & 179.92, 150.68, 149.69, 147.03, 132.74,
127.67, 125.58, 125.20, 74.87, 34.01, 33.84, 32.11, 30.65, 25.44.



73

3.3.11 Preparation of 25,27-(4,4’-bis(butanoyl chloride))-p-tert-butyl
calix[4]arene (k) (Joseph, Ramanujam, Acharya, Khutia, & Chebrolu, 2008, p. 5745)

SO Cl2 , Toluene

1Y)

To dry toluene (150 mL), p-tert-butylcalix[4]arene diacid, (j),(10.0 g, 1.2
mmol) and SOCI, (7 mL) were added and refluxed under nitrogen atmosphere for 4 h.
The solvent and residual SOCIl, were removed under reduced pressure, and this

yielded diacid chloride (k) as off white solid and was used in situ for the preparation

of L2.

3.3.12 Preparation of 25,27-(4,4’-bis(N-(2-((bis(pyridin-2-ylmethyl)
amino)methyl)phenyl)butyramide)-p-tert-butylcalix[4]arene (L2) (Kunthadee
etal., 2013, p. 4010)

L2
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A solution of tripodal amine (11.0 g, 36.0 mmol) and Et;N (6 mL, 36.2 mmol)
was stirred in dry CH,Cl, (100 mL) under nitrogen atmosphere. Diacid chloride, (k)
(10.0 g, 11.2 mmol) in dry CH,Cl, (50 mL) was added dropwise to this reaction
mixture. A white precipitate was formed and stirring was continued for 72 h at room
temperature. Filtered the white solid and then the filtrated was concentrated to
dryness. Dissolved the crude solid with CH,Cl, (200 mL), washed with water (3 X
200 mL) and then with brine (3 x 200 mL) and the organic layer was dried with
anhydrous MgSO,. Filtrate was concentrated to dryness. The crude product was
subjected to chromatography on silica gel, using 2% MeOH in CH,Cl, as eluent, to
give a white solid of L2 in 15 % (1.85 g).

'H NMR (400 MHz, CDCls, ppm) :5 10.75 (s, 2H, -NH-), 8.54 (d, 4H, J = 0.8 Hz,
ArH), 8.33 (d, 2H, J =8 Hz, ArH), 7.52 (m, 4H, ArH), 7.42 ( s, 2H, -OH), 7.22 (d, 6H,
J = 7.6Hz, ArH), 7.15 (d, 2H, J =7.2 Hz, ArH), 7.06 (m, 8H, ArH), 6.99 (m, 2H,
ArH), 6.79 (s, 4H, ArH), 4.33 (d, J = 12.8 Hz, 4H, Ar-CH»-Ar), 4.10 (t, J = 6.4 Hz,
4H, -CH»-), 3.76 (s, 12H, -CH>-), 3.31 (d, J = 12.8 Hz, 4H, Ar-CH»-Ar-), 2.92 (t, J =
7.2Hz, 4H, -CH>-), 2.44 (t, J = 6.8 Hz, 4H, -CH,-), 1.31 (s, 18H, p-tert-butyl), 0.97 (s,
18H, p-tert-butyl)

C NMR (100 MHz, CDCls, ppm): §171.32, 158.20, 150.66, 150.00, 149.22, 146.76,
141.47, 138.63, 136.51, 132.50,130.48, 128.33, 127.94, 126.11, 125.50, 125.13,
123.48, 123.11, 122.28, 121.33, 76.20, 59.78, 58.15, 33.92, 33.84, 33.80, 31.81,
31.75, 31.04,25.99

HRMS-ESI (positive mode, m/z) : [L2 + H]" Calcd for CooH;osNgOs, 1393.8079;
Found, 1393.8086.
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3.4 Synthesis and characterization of metal complexes of Cu(Il) and
Zn(11) with ligand L1 and L2
3.4.1 Preparation of CuCl, with L1 ; CulL1

/

b&

CuC12 2H20

MeOH

Cla

The methanolic solution of CuCl,.2H,0 (26 mg, 0.15 mmol) was added to
the methanolic suspension of L1 (110.9 mg, 0.07 mmol), the color of solution
changed to deep green immediately. After the green solution stand at room
temperature for 1 week the deep green solid are appeared. The green solid was filter

and washed with MeOH to obtained CuL.1 (111 mg, 42%)).

HRMS-ESI (positive mode, m/z) : [CuL1C13]+ Calcd for CipoH;12ClCusNgOe,
1751.6362; Found, 1751.6520.
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3.4.2 Preparation of CuCl, with L2 ; Cul.2

N X 27\ _N
/Cu N N Cu
ANYc) NH
0
CuCl,.2H,0 0
MeOH

Cly

L2

The methanolic solution of CuCl,.2H,0 (46.0 mg, 0.27 mmol) was added to
the methanolic suspension of L2 (125 mg, 0.09 mmol), the color of solution changed
to blue immediately. After the blue solution was left to stand at room temperature for
24 hours, the blue solid that precipitated was filtered and washed with MeOH to
yield complex CuL.2 (86.8 mg, 58%).

Elemental analysis calculated for CooH;0sClsCuaNsOs.4H,O: C, 62.31; H, 6.51; N,
6.46; found: C, 62.07; H, 6.12; N, 6.60.

HRMS-ESI (positive mode, m/z): [CuL2C13]+ calculated for CgooH;osCl3CusNgQOs,
1625.5839; found, m/z 1625.5339.
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3.4.3 Preparation of Zn(ClOy4), with L1 ; ZnL1

& 5@%

Zn(Cl0O,), 6H,0O
MeOH

A(CIO%)

The methanolic solution of Zn(ClO4),.6H,O (0.10 g, 0.27 mmol) was added
to the methanolic suspension of L1 (100 mg, 0.07 mmol). After stand the colorless
solution at room temperature for 24 hours the white solid are precipitated. Filtered and

washed the white solid with MeOH obtained ZnL1 in 71% (100 mg).

'H NMR (400 MHz, 40% CDCl3-CD;CN, ppm) :5 8.63 (s, 4H, ArH), 7.89 (t, J= 6.4
Hz, 4H, ArH), 7.50 (m, 4H, ArH), 7.29 (m, 4H, ArH), 7.13 (s, 4H, ArH), 7.08 (s, 4H,
ArH), 7.00 (t, J = 7.2 Hz, 4H, ArH), 6.93 (t, J = 7.2 Hz, 4H, ArH), 6.86 ( t, J = 6.0
Hz, 8H, -ArH), 6.72 (d, J= 8.0 Hz, 2H, ArH), 6.34 (d, 2H, J = 7.6 Hz, ArH), 5.42 (4,
2H, J = 8.4 Hz, -NH-), 4.22 (m, 16H, -CH>-), 3.97 (m, 8H, Ar-CH,-Ar + -CH,-), 3.74
(bs, 4H, -CH,-), 3.25 (s, 4H, Ar-CH,-Ar and CDs;CN), 1.24 (s, 18H, p-tert-butyl),
1.15 (s, 18H, p-tert-butyl)

C NMR (100 MHz, 40% CDCl3-CDsCN, ppm): & 156.72, 154.50, 149.83, 148.75,
148.32, 148.08, 143.35, 141.95, 141.36, 134.04, 132.95, 132.01, 130.60, 129.97,
128.97, 127.35, 126.64, 125.72, 125.14, 125.03, 124.05, 123.16, 122.00, 117.21,
111.34, 73.85, 66.95, 59.05, 58.63, 49.43, 31.34, 31.19, 30.88

HRMS-ESI (positive mode, m/z) : [ZnL1(ClO,);]" Caled for CiooH114C13NgO13Zn,,
1947.5900; Found, 1947.4626.
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3.4.4 Preparation of Zn(ClOy); with L2 ; ZnL2

Zn(CIO,),.6H,0 0

_— =

MeOH

_1 4c0,

L2 ZnlL2

The methanolic solution of Zn(ClO4),.6H,0O (0.13 g, 0.36 mmol) was added
to the methanolic suspension of L2 (125 mg, 0.09 mmol). After stand the colorless
solution at room temperature for 24 hours the white solid are appeared. Filtered and

washed the white solid with MeOH obtained ZnL2 in 67 % (120 mg).

'H NMR (400 MHz, CDsCN, ppm) :5 9.43 (s, 2H, -NH), 8.46 (d, 4H, J = 3.6 Hz,
ArH), 8.37 (s, 2H, -OH), 8.05 (t, J = 7.6 Hz, 4H, ArH), 7.53 ( d, J = 6.8 Hz, 8H, -
ArH), 7.23 (m, 14H, ArH), 7.04 (t, J = 6.8 Hz, 2H, ArH), 4.37 (d, /= 16.4 Hz, 4H, -
CH,-), 4.18 (d, J = 12.8 Hz, 4H, Ar-CH,-Ar), 4.10 (m, 8H, -CH,-), 3.95 (s, 4H, -
CH,-), 3.40 (d, J = 12.4 Hz, 4H, Ar-CH,-Ar), 2.93 (s, 4H, -CH;-), 2.32 (t,J = 5.6 Hz,
4H, -CH>-), 1.27 (s, 18H, p-tert-butyl), 1.20 (s, 18H, p-tert-butyl)

C NMR (100 MHz, CDCls, ppm): §176.08, 155.01, 149.47, 149.16, 148.56, 147.69,
143.33, 141.76, 134.12, 134.04, 132.99, 130.20, 129.79, 128.40, 128.03, 127.64,
125.90, 125.38, 125.04, 124.79, 75.20, 58.46, 56.30, 31.88, 30.94, 30.87, 30.50, 25.73

Elemental analysis calculated for CooH;¢sClaZn;NgOq,: C, 56.17; H, 5.65; N, 5.82;
found: C, 56.01; H, 5.69; N, 5.92.
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3.5 Screening test studies for anions and amino acids

For the colorimetric detection of anions and amino acids, a solution of each
indicator, 400 uM (0.1 mL) in 20% (v/v) water—acetonitrile solution buffered at pH
7.4 with 10 mM HEPES, was added into a solution of each complexes 20 uM (2 mL)
in the same solvent system. Subsequently, 0.3 mL of guest molecules (I mM) was
then added to the as-prepared ensemble. The resulting mixtures were allowed to stand
still for 5 min and then subjected to UV-vis spectroscopic measurements. Photographs

were taken using a digital camera (Canon EOS Kiss X5, Japan).

3.6 Ensemble formation studies between ZnL2 with PV and PGR

indicators

All experiments are performed in 20% (v/v) water—acetonitrile solution
buffered at pH 7.4 with 10 mM HEPES. Typically, a 2 x 10 M solution of each
indicators and a 4 x 10™ M solution of complex ZnL2 were prepared in volumetric
flask. Then 2 mL of each indicators solution was added to quartz cuvette and

aliquots of ZnL2 solution have been added into the cuvette.

3.7 Anion selectivity studies of ensemble [ZnL2ePGR] with anions

All experiments are performed in 20% (v/v) water—acetonitrile solution
buffered at pH 7.4 with 10 mM HEPES. An ensemble solution of [ZnL.2ePGR] was
prepared as described in 3.5 Subsequently, the 0.3 mL of 4 x 10 M solution of
various anion (3 equivalent as tetrabutylammonium salt) CI, Br, I', F, AcO’,

benzoate, PO4” and PPi (pyrophosphate) have been added to the ensemble solution.

3.8 UV-vis titration of the ensemble [ZnL2ePGR] with PPi

All experiments are performed in 20% (v/v) water—acetonitrile solution
buffered at pH 7.4 with 10 mM HEPES. An ensemble solution of 2 x 10° M
[ZnL2ePGR] was prepared as described in 3.5 A ligouts of 4 x 10* M of PPi

solution were added into the quartz cuvette containing 2 mL of an ensemble solution.
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3.9 Amino acids selectivity studies of ensemble [ZnL2ePV] with

amino acids

All experiments are performed in 20% (v/v) water—acetonitrile solution
buffered at pH 7.4 with 10 mM HEPES. An ensemble solution of [ZnL2ePV] was
prepared as described in 3.5. Subsequently, the 0.3 mL of 1 x 10 M solution of

various amino acids have been added to the ensemble solution.

3.10 UV-vis titration of the ensemble [ZnL2ePV] with His

All experiments are performed in 20% (v/v) water—acetonitrile solution
buffered at pH 7.4 with 10 mM HEPES. An ensemble solution of 2 x 10° M
[ZnL2ePV] was prepared as described in 3.5. Then, aliqouts of 1 x 10° M of His

solution were added into the quartz cuvette containing 2 mL of an ensemble solution.

3.11 '"H-NMR and *'P-NMR titrations studies

Generally, all reagents in the NMR titration experiments were prepared in
20% (v/v) D,O—CDsCN. An aliquot of PPi 0.05 M (5 puL) were added to the 0.5 mL
solution of ZnL2 (5 mM) using a syringe. Subsequently, *'P NMR spectra were

recorded.



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Synthesis and characterization of ligand L1

The synthesis of ligand L1 is given in Scheme 4-1. Firstly, p-tert-
butylcalix[4]arene was functionalized with 2-(2-bromoethoxy)benzaldehyde (e) in the
presence of K,CO; to obtain the dialdehyde-calix[4[arene (g) in 50 %. Then,
bisaldehyde (i) was reacted with 2.5 equiv of tripodal amine, giving bis-imine (k).
Reduction of bisimine with NaBH4 in MeOH at reflux gave symmetric L1 as a white
solid in 20%. Ligand L1 was characterized by 1D-NMR, 2D NMR and mass

spectrometry.

CHO
K,CO;

? CH3CN, reflux

Br

(©

20% )
(L1

Scheme 4-1 Synthesis route of preparation of ligand L1
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In accordance with the structure of L1, the 'H-NMR spectra showed two
symmetry singlet peaks of tert-butyl protons at chemical shift 1.01 and 1.25 ppm, as
shown in Figure 4-1. The methylenic protons of Ar-CHj-Ar exhibits two perfect
doublet peaks with an AB pattern at chemical shift 3.35 and 4.45 ppm in 1:1 ratio
with geminal coupling constants of 13.2 Hz and 12.8 Hz, respectively. The aromatic
protons of calix[4]arene appeared as two singlets of equal intensity at chemical shift
7.06 and 6.99 ppm. From these results we can deduce that a cone structure is the
major conformation of L1. A singlet peak for the —-OCH,CH,0O- group protons at
chemical shift 4.34 ppm shows that two ethylene bridges flanking the arene unit with
the tripodal group are oriented in the same direction (Talanov, Hwang, & Bartsch,
2001, p. 1103). The singlet peak at chemical shift 4.58 ppm belongs to —CH,NH-
group. The broad singlet peak at chemical shift around 6.7-6.8 ppm belongs to two —
NH- amine protons. Moreover, two hydroxyl protons of calix[4]arene are observed at
chemical shift 7.90 ppm. HRMS-ESI (positive mode) spectra feature a molecular ion
of L1 at m/z=1522.8724 correspond to [L1+H ], as shown in Figure 4-2.

_—

ﬁ._d‘il\if_“. o _‘.\.,__ J |

e M. e e et e

Figure 4-1 'H NMR spectrum of L1 in CDCls, where ® is —OH protons, « is -NH
protons, A is -CH,NH protons, 4 is Ar-CH,-Ar protons and ¥ is tert-
butyl protons
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Figure 4-2 HRMS-ESI (positive mode) spectrum of L1

4.2 Synthesis and characterization of ligand L2

The receptor molecule, L2, was synthesized in four steps starting from
p-tert-butyl calix[4]arene as shown in Scheme 4-2. A reaction of p-tert-butyl
calix[4]arene with 4 equiv. of ethyl-4-bromobutyrate in the presence of K,COj; in
acetone yielded compound (j), the diethyl ester derivative, in 78% yield. Upon
addition of 15% w/v NaOH into the solution of compound (j), the diacid derivative (j)
was obtained in 20% yield. Compound (j) reacted with thionyl chloride and gave the
diacid chloride (k) in a quantitative yield. Finally, the diacid chloride (k) was further
reacted with tripodal amine resulted in ligand L2 in 58%yield. Ligand L2 was
characterized by 1D-NMR, 2D-NMR and mass spectrometry.
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Scheme 4-2 Synthesis route of preparation of ligand L2

In the '"H NMR spectrum, a typical AB splitting pattern of bridging
methylene protons (Ar-CHz-Ar) of calix[4]arene in L2 showed two pair of doublet
peaks at chemical shift 4.33 (4H, J = 12.8 Hz) and 3.31 ppm (4H, J = 12.8 Hz), Figure
4-3. These observations confirmed the cone conformation of ligand L2. Interestingly,
the -NH- amide protons appeared at the downfield region at 10.75 ppm as the one
singlet signal, presumably the intramolecular hydrogen bonds between -NH and
oxygen atom of carbonyl group at the opposite side chain are being formed and
identical in the CDCI; solution (Joseph, Ramanujam, Acharya, Khutia, & Rao, 2008,
p. 5745; Acharya, Ramanujam, Chinta, & Rao, 2011, p. 127). The methylene protons
of two butyl side chains are presented at chemical shift 4.10, 2.93 and 2.45 ppm. Two
OH groups of calix[4]arene was observed at chemical shift 7.42 ppm. Two symmetry
singlet peaks of tert-butyl protons at chemical shift 0.97 and 1.31 ppm are also

investigated. In addition, >C-NMR spectrum presented the carbon of carbonyl group
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at chemical shift 171.32 ppm, Figure A-6 in Appendix A. HRMS-ESI (positive mode)
spectra showed a molecular ion of L2 at m/z = 1416.7635 corresponding to [L2+Na']

species, as shown in Figure 4-4.
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Figure 4-3 'H NMR spectrum of L2 in CDCls, where ® is <OH protons, # is -NH
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4.3 Synthesis and characterization of Cul.1 and Cul.2

The green complexes of CulL1 and CulL2 were synthesized by addition of
methanolic solution of CuCl, to methanolic solution of L1 and L2 gave the green
solid of CuLll and CuL2 in 73% and 42% yields, respectively. The HRMS-ESI
spectrum of those two complexes in the positive ion mode are structurally
enlightening. For CulL1, HRMS-ESI mass spectra showed the parent peak at m/z
1755.6520 corresponding to the singly charged molecular ion of [CuL1Cls]’, as
presented in Figure 4-7(a). In addition, the doubly charges species of [CuL1CL]*"
was also observed at m/z 859.3282. In the case of CuL2, the parent peak at m/z
1625.5339 corresponds to the singly charged molecular ion of [CuL2Cl]’, as
presented in Figure 4-7(b).
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Figure 4-5 HRMS-ESI (positive mode) spectrum of (a) Cul.1 and (b) CuL.2
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4.4 Synthesis and characterization of ZnL1 and ZnL2

The white solid of ZnL1 and ZnL2 complexes are given by the reaction
between Zn(ClOy), with ligands L1 and L2 in 71% and 67 % yields, respectively.
HRMS-ESI mass spectra of ZnL1 showed the parent peak at m/z 1947.4626
corresponding to the singly charged molecular ion of [ZnL1(Cl04)3]", as presented in

Figure 4-6.
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Figure 4-6 HRMS-ESI (positive mode) spectra of ZnL1

"H-NMR spectrum of ZnL1 in 40% CDCI;-CD;CN showed the broaden
peaks, Figure 4-7. Interestingly, two NH amine protons were located at 5.42 ppm
upfield shift compared to the free ligand L1, suggesting that the breaking of
intramolecular hydrogen bonds (NH-N) between NH amine and tertiary nitrogen atom
of tripodal amine group upon complexation of Zn>" to ligand L1 (Watchasit, 2010).

These results confirmed that Zn*" coordinate to the tripodal amine in L1 structure.
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Figure 4-7 "H NMR spectrum of ZnL1 in 40% CDCIl;-CDs;CN, where o is —OH
protons, * is —NH protons and ¥ is tert-butyl protons

In the case of ZnL2, "H-NMR spectrum was recorded in CD;CN clearly
indicates the formation of a well-defined Zn(Il) complex, Figure 4-8. The NH amide
protons showed in the downfield region at 9.43 ppm. The singlet peak of two OH
protons located at 8.37 ppm. The methylenic protons of Ar-CHz-Ar presented in two
doublet peaks with an AB pattern at chemical shift 4.18 (4H) and 3.40 ppm (4H) with
geminal coupling constants of 12.8 Hz and 12.4 Hz, respectively. This indicated the
cone conformation of calix[4]arene skeleton. The methylene groups belonging to the
two butylate arms displayed three resonances at 2.32 (4H), 2.93 (4H) and 4.37 ppm
(4H). Finally, the two singlet peaks of tert-butyl protons at chemical shift 1.27 (18H)
and 1.20 ppm (18H) are also observed.
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4.5 Screening test results for a-amino acids

From the screening test results in Figure B-1 to B-4 in Appendix B, only PV
and PAR based ensembles with all of four complexes ZnL1, ZnL2, CuL1 and CuL2
could discriminate His from the other amino acids. Because of His could turn the
color of those two ensembles to the color of indicator PV or PAR in the free form, as
shown in Figure B-1 and B-4, respectively. Therefore, His could replace the bound
PV or PAR from the ensemble cavity. In contrast to what was observed in MTB and
PGR systems, the color of their ensembles did not change in the presence of any
amino acids. We can conclude that the ensemble formation constants of PV and PAR
with those four complexes are stronger than that of MTB and PGR ensembles, Figure
B-2 and B-3. According to the results above, the structure of indicators plays an

important role to control the selective sensing of His.

4.6 Screening test results for anions

From the screening test results in Figure B-7 in Appendix B, it is clearly
seen that only ensemble formations between ZnL2 and PGR could discriminate PPi
from other anions completely under displacement condition. We found that after the
addition of PPi to the ensemble solution the purple color of ensemble had turned to
the pink color of free PGR. Therefore, PPi could completely displace the bound PGR
from the ensemble cavity. However, the partial displacement of bound MTB in MTB-
based ensembles were observed, as shown in Figure B-6. All of phosphate containing
anions could replace the bound PV and PAR from the ensemble structures, as shown
in Figure B-5 and B-8. More importantly, from the screening test results we envisaged
that only ZnL2 can be employed as IDA receptor for PPi and His by changing
indicator from PGR and PV. Therefore, in the next topic we focus on understanding
the sensing phenomena of PGR and PV base ensembles with ZnL2 complex towards

PPi and His, respectively.
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4.7 Multi-analyte sensing using the dinuclear zinc(l1) complex

The results from screening test of PV and PGR-based ensembles with CulL1
and CuL2 complexes towards anions are depicted in Figure 4-9. It is clearly seen that
PV ensembles with CuL1 and CuL2, Figure 4-9(a) and 4-9(c), could not sense anions
selectively. Because, some of phosphate containing anions especially PPi and ATP
could replace the bound PV from the ensembles. Whereas in those two PGR systems,
Figure 4-9(b) and 4-9(d), any anions could not replace the bound PGR. These results
indicated that the ensemble formation constants of PV with CuLl and CulL2 are

lower than that of the ensemble formation constants of PGR with those two receptors.
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Figure 4-9 The color changes of the ensemble formation between CulL1l and CulL2
with PV and PGR indicators in the presence of anions (7.5 equivalents)
80% (v/v) CH3CN-H,0 in 10 mM HEPES buffer pH 7.4. Whereas (1)
= complex, (2) = indicator, (3) = ensemble, (4) = H,PO4', (5) = AcO’,
(6) = PPi, (7) =BzO, (8) =T, (9)=Br, (10)=CI, (11) =F, (12) =
AMP, (13) = ADP, (14) = ATP and (15) = CN°
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Considering in PGR ensembles, to obtain the selective sensing results for

anions under IDA the ensemble formation constants between PGR with the receptors

must be lower. After thinking of some candidates, we changed from the dinuclear

Cu® to dinuclear Zn**, ZnL1 and ZnL2. According to Irving-Williams series, the

complex formation constants of Zn>" is lower than that of Cu®". As we expected, the

ensemble of PGR with ZnL2 in Figure 4-10(d) could discriminate PPi from the

others anions obviously. We found that only PPi could change the purple of

ensemble to pink of free indicator PGR. This result indicates that the ensemble

formation between ZnL2 and PGR can serve as a “naked- eye” for PPi in the

aqueous solution.
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(d)
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Figure 4-10 The color changes of the ensemble formation between ZnL1 and

ZnL2 with PV and PGR indicators in the presence of anions

(7.5 equivalents) in 80% (v/v) CH3;CN-H,O in 10 mM HEPES buffer
pH 7.4. Whereas (1) = complex, (2) = indicators, (3) = ensemble,
(4) = H,PO4, (5) = AcO’, (6)= PPi, (7)=BzO’, (8)=TI, (9) =Br,
(10)=CI, (11) =F,, (12) = AMP, (13) = ADP, (14) = ATP and

(15) =CN°



93

In contrast to what was observed in ensemble formation between ZnL1 with
PGR, Figure 4-10(b), no anions could change the purple color of the ensemble.
Therefore, it could be expect that the ensemble formation constant between PGR with
ZnL1 is more stronger than that of ZnL2 that might be come from the more rigidity
of aromatic amine spacer in ZnL1 compare to alkyl amide spacer in ZnL2 leads to
the tight coordination of PGR to two Zn®" ions in ZnL1 structure. However, in PV
based ensembles still show the non-selective sensing. From Figure 4-8 and 4-9, it
should be noted that the nature of metal ions as well as the binding affinity of metal
ions to indicators and the structure of indicators are contribute to the enhance

selectivity of PPi sensing.

4.7.1 Ensemble formation studies between ZnL2 with PV and PGR
indicators

From the above results, the ensemble formation of ZnL2 with PV and PGR
indicators gave the different sensing abilities towards anion results. Therefore, we
used the UV-vis titration to study the interaction of ZnL2 with those two indicators.
After the addition of ZnL2 to the solution of PV, the absorption band at 430 nm of
free PV was decreased and the absorption band at 645 nm was increased resulting to
the color change from yellow to blue. The absorption band at 645 nm gradually
reached maxima at 1.0 eq. of ZnL2 as shown in Figure 4-11(a). The ensemble
formation constant (log f) of ZnL2 with PV was fitted in the 1:2 binding model of
ZnL2:PV and the value is calculated to be 11.38 =+ 0.16 correspond to the formation
of species [ZnL2:2PV] in the solution. The Job’s plot analysis established a 1:2
binding interaction between ZnL2 and PV indicator, Figure 4-11(b).
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Figure 4-11 (a) UV/vis spectra obtained by addition of ZnL2 (400 uM) to a
solution of PV (20 uM) and (b) Job’s plot analysis in HEPES
buffered pH 7.4 in 80/20 (% v/v) CH3CN-H,O solution

Similarly, when ZnL2 was added sequentially to a solution of PGR indicator,
the absorption band of free PGR at 550 nm was red shifted to 580 nm
concomitantly to the color change from pink to purple, Figure 4-12(a). The
absorbance at 580 nm was saturated at 1.0 eq. of ZnL2. The log S of ZnL2 with PGR

was calculated to be 5.22 =+ 0.32 corresponding to the formation of 1:1 species of

[ZnL2-PGR].
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Figure 4-12 UV/vis spectra obtained by addition of ZnL2 (400 uM) to a solution
of PGR (20 uM) in HEPES buftfered pH 7.4 in 80/20 (% v/v)
CH;CN-H,O solution
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As shown in Figure 4-13, the proposed binding models of ZnL2 with PV and
PGR indicators are different. This phenomenon could be possibly explained by the
structural different between PV and PGR. Due to the tetrahedral structure of PV,
therefore PV might not be comfortable enough to sit in the cavity between two Zn*"
ions in ZnL2 structure. Its preferred to form a 1:2 species of [ZnL2e2PV] ensemble.
Whereas PGR has more rigid structure than PV, therefore PV might be able to form
a stable 1:1 ensemble adduct of [ZnL2ePGR] ensemble. Moreover, if we compare the
structure of both ensembles with the screening test results above, the bound PV acts
as the bidentate ligand (Pugia, 2000, p. 142) therefore PV could be easily removed by
the multidentate phosphate containing ligands. Whereas, PGR behaves as tetradentate
ligand therefore PPi could replace the bound PGR from the ensemble cavity. But the
question is that why the other phosphate containing anions could not. Presumably, the
bound PGR in the ensemble cleft could control the dinuclear distant between two
Zn>" ions and allow only PPi to coordinate to Zn*" ions, whereas the other anions,
AMP, ADP and ATP, could not due to the steric hindrance from the moiety part of

ribose sugar and adenine in their structures.

[ZNL2e2PV] [ZNL2ePGR]

Figure 4-13 The proposed structure of the [ZNL2e2PV] and [ZnL2ePGR]

ensembles
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4.7.2 PPi sensing studies by [ZnL2ePGR] ensemble

Next, the sensing processes for the ensemble [ZNL2ePGR] to PPi were
investigated by UV-vis spectra, Figure 4-14. As expected, introduction PPi to the
ensemble induced spectral changes while the other anions did not. Upon incremental
addition of PPi to the purple color solution of [ZNnL2ePGR] the absorption band at
570 nm was decreased and also the absorption band at 549 nm gradually increased
with the color change to pink color of unbounded PGR. The apparent competitive
binding constant (log fapp) between [ZNL2ePGR] and PPi was calculated to be 5.67
+ 0.12 corresponding to the formation of the 1:1 adduct of [ZnL2ePPi] species. It
should be noted that log fapp 1s higher than that of the ensemble formation constant of
[ZnL2ePGRY]. Therefore, PPi could replace the coordinated PGR from the ensemble

binding unit.

Absorbance

380 430 480 330 580 630 630 730 780

Wavelength (nm)
Figure 4-14 UV/vis spectra obtained by addition of PPi (1 mM) to a solution of
[ZnL2ePGR] in HEPES buffered pH 7.4 in 80/20 (% v/v) CH3CN-H,O

solution

Moreover, the 1:1 complex formation between ZnL2 and PPi was
confirmed by high-resolution mass spectral analysis : observed m/z  1721.5278 ,
calculated 1721.5393 for [ZnL2ePPi] , Figure 4-15(a). The proposed structure of
the 1:1 adduct was shown in Figure 4-15(b). The detection limit (3o/k) of
[ZnL2ePGR] ensemble for the analysis of PPi was calculated to be 0.08 ppm.
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Figure 4-15 (a) HRMS-ESI (positive mode) spectrum of species [ZnL2ePPi]

and (b) the proposed structure of the 1:1 adduct of [ZnL2ePPi]

4.7.3 'H-NMR and *'P NMR titration studies
To study the interaction of ZnL2 with PPi, 'H and *'P NMR were carried
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out in 80/20 (% v/v) CD3;CN-D,0. Upon addition of PPi to the solution of ZnL2

solution '"H NMR  spectra showed that the complex formation is fast exchange in

NMR time scale, as presented in Figure 4-16. All the resulting host-guest complexes

[ZnL2ePPi] displayed a cone conformation with the coupling constant of Ar-CH,-Ar

at chemical shift 3.40 ppm and 4.26 ppm are 12.8 Hz. Owing to '"H-NMR titration

results, PPi did not pull out the Zn®" ions from the ZnL2 structure.
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Figure 4-16 Partial 'H-NMR titrations of ZnL2 with PPiin 80/20 (% v/v) CD;CN-
D,0, whereas ¢ is Ar-CHj-Ar protons

To further understand the mode of complexation between ZnL2 and PPi, *'P
NMR spectroscopy studies were undertaken. As shown in Figure 4-17, both P atoms
in PPi are magnetically equivalent and show a single signal at —8.3 ppm. However, on
binding with ZnL2, significant upfield shifts (Ad = 4.40 ppm) were observed for the
3! signal. The presence of a single *'P signal suggests that both P atoms in the metal
binded PPi are still magnetically equivalent and therefore, the two sets of oxygen
anions on each P atom of PPi are equally bound to the binuclear zinc complex (Yang,

Feng, & Williams, 2012, p. 5606; Liu, Ngo, Ge, Butler, & Jolliffe, 2013, p. 1680).

PPi + ZnL2 |

Figure 4-17 *'P-NMR titrations of PPi with ZnL2 in 80/20 (% v/v) CD;CN-D,0
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4.7.4 Interference studies with other anions

To explore the ability of [ZnL2ePGR] ensemble as a colorimetric sensor
for PPi in the presence of competing anions, competition experiments were performed
in the presence of PPi mixed with various anions. The coexistent anions had no
influence on the color change of PPIi, Figure 4-18. These results indicate that
[ZnL2ePGR] ensemble shows an excellent selectivity for PPi in the presence of other

anions, making it very useful in practical applications.
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Figure 4-18  Absorption response of [ZnL2ePGR] ensemble 20 uM to various
anions in HEPES buffer pH 7.4 in 80/20 (%v/v) CH3CN-H;O solution.
The blue bars represent the absorption of [ZnL2ePGR] ensemble in
the presence of anions 12.5 equiv. The red bars represent the change of
the absorption that occurs upon the subsequent addition of
PPi to the solution of [ZNL2ePGR] ensemble containing various
anions. The intensities were record at 570 nm. Whereas (1) = H,POy4,
(2) = PPi, (3) = ADP, (4) = AMP, (5) = ATP, (6) = SO.*, (7) =
SCN’, (8) =OH, (9) =NOs, (10)=F, (11) =CI, (12) = Br, (13) =T,
(14) = AcO-, (15) =BzO, (16) = CO;™, (17) = HCO; and (18) = CN"
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4.7.5 His sensing study by ZnL2 ensembles

We also investigated the sensing properties of ZnL2 ensembles with PV and
PGR towards 20 essential amino acids. In contrast to what was observed in PPi
sensing, the [ZnL2e2PV] ensemble showed the highly selective sensing for His over
other amino acids whereas the [ZnL2ePGR] ensemble did not, as shown in Figure
4-19. These results indicated His preferred to replace the bound bidentate PV
indicator not tetradentate PGR indicator. Ii should be noted that, by using ZnL2 as
IDA receptor for His, the structure of indicator plays an important role to control the

highly selective sensing.
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Figure 4-19 The color changes of the ensemble formation between ZnL2 with (a)
PV and (b) PGR indicators in the presence of anions (7.5 equivalents)
in 80% (v/v) CH3CN-H,O in 10 mM HEPES buffer pH 7.4. Whereas
(1) = ZnL2, (2) = indicators, (3) = ensemble, (4) = alanine, (5) =
arginine, (6) = asparagine, (7) = aspartic acid, (8) = glutamic acid, (9) =
glutamine, (10) = glycine, (11) = histidine, (12) = isoleucine, (13) =
leucine, (14) = lysine, (15) = methionine, (16) = phenylalanine, (17) =
proline, (18) = serine, (19) = threonine,  (20) = tryptophan, (21) =

tyrosine, (22) = valine and (23) = cysteine

Before we study the His sensing under displacement approach by using
[ZnL2e2PV] ensemble, we have investigated the interaction between ZnL2 with His.
As we aware, the complex formation constant of bis-histidinatozinc(Il) ion,
[Zn(His),]*, is log K = 12.8 (Martell & Smith, 1982, p. 2123). Therefore, His might

be replace the bound PV giving the yellow color of unbound PV and removed Zn*"
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ion from ZnL2 complex and also release L2 in the solution. In order to confirm the
sensing mechanism 'H NMR titration have used to study the interaction between
ZnL2 with His in 50% CD3;CN-D,0. We found that after the addition of His at 1.5 eq.
the solution become clouded and the white solid was observed in NMR tube. After
that the white solid was collected and characterized by "H NMR spectroscopy. It was
found that "H NMR spectrum of the white solid is similar to the '"H NMR spectrum of
L2 in the free form, Figure 4-20. It means that the added His could demetalate Zn*"

from the dinuclear ZnL2, possessing [Zn(His),] species, and release free L2.
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Figure 4-20 '"H-NMR spectra of (a) white solid from NMR and (b) ligand L2 in
CDCls

The colorimetric sensing of His by [ZnL2e2PV] was further investigated by
UV-vis titration. After the addition of His 10 eq. to the blue color of [ZnL2e2PV]
ensemble displayed a sharp variation in the absorption spectra in which the band at
645 nm was decreased gradually with a blue shift ~215 nm to appear at 430 nm. The
color of solution was changed from blue to yellow of free PV, Figure 4-21. The
calculated detection limit (36/k) of His by [ZnL2e2PV] ensemble was calculated to
be 0.5 uM.



102

04 l
X His

Absorbance

350 400 450 500 550 600 650 700 750

‘Wavelength (nm)

Figure 4-21 UV/vis spectra obtained by addition of PPi (1 mM) to a solution of
[ZnL2ePGR] Inset ; A plot of absorption against concentration of PPi
titrated in [ZNL2ePGR] ensemble in HEPES buffered pH 7.4 in 80/20
(% v/v) CH3CN-H,O solution

According to '"H NMR titration above, it could be concluded that the added
His could replace the bounded PV from the [ZnL2e2PV] ensemble with a color
change from blue to yellow and also snatch the Zn®" form the ZnL2 complex and
release free L2 in the solution as depicted in Scheme 4-3 (Andersen, Lynch, & Anslyn,

2005, p. 5319; Sun, Tu, & Yan, 2012, p. 2124).
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[ZnL2e2PV]

L2

Scheme 4-3 The proposed mechanism for His sensing by [ZnL2e2PV] ensemble

4.7.6 Interference studies with other amino acids

To evaluate the His-selective nature of [ZnL2e2PV] ensemble, possibly
absorption changes caused by other essential amino acids were studied. As shown in
Figure 4-22, amino acids other than His did not cause significant changes in the
absorption intensity. Thus, the selectivity profile for His over other amino acids was

remarkably high.



104

Absorbance (@ 645 nm

o o [=] [=] (=] [=]
= - i [ Lo o
[=] ] o w o w

e
=
L

o
=
IS]

ens Val Tyr Trp Thr Ser Pro Phe Met Lys Leu Iso His Gly Gln Glu Cys Asp Asn Arg Ala

Figure 4-22 Absorption response of [ZnL2e2PV] ensemble 20 uM to various
amino acids in HEPES buffer pH 7.4 in 80/20 (%v/v) CH;CN-H,O
solution.The blue bars represent the absorption of [ZnL2e2PV]
ensemble in the presence of amino acids 12.5 equiv. The red bars
represent the change of the absorption that occurs upon the subsequent
addition of His to the solution of [ZNnL2e2PV] ensemble containing

various amino acids. The intensities were record at 645 nm



CHAPTER 5
CONCLUSION

In conclusion, we have synthesized two ligands based on calix[4]arene
containing tripodal amine (L1) and tripodal amide (L2) as recognition unit for metal
ions in 20 % and 15 % vyields, respectively. The calix[4]arene skeleton in those two
ligands adopts a cone conformation which can be confirmed by their *H NMR spectra.
Two copper(ll) chloride complexes of ligand L1 (CulL1l) and L2 (CuL2) can be
obtained as green solids in 42 % and 58 % vyields, respectively. The zinc(ll)
perchlorate complexes of ligand L1 (ZnL1) and L2 (ZnL2) can be obtained as the
white solids in 71% and 67% yields, respectively.

The sensing applications of CulLl, CulL2, ZnL1 and ZnL2 as IDA
receptors for anions and o-amino acids have been investigated. Four complexometic
indicators are chosen to study; pyrocatechol violet (PV), pyrogallol red (PGR),
methythymol blue (MTB) and 4-(2-pyridylazoresorcinol) (PAR). From the screening
test results showed that only ZnL2 could be used as IDA receptors for PPi and His by
changing indicators. It was found that [ZnL2ePGR] ensemble could discriminate PPi
from the other phosphate containing anions in which PPi could replace the bound
PGR from the ensemble structure and form the adduct complex [ZnL2ePPi].
Whereas [ZnL2e2PV] ensemble could detect His selectively in which His could
replace the bound PV from the ensemble and pull out zinc(Il) ions from the ZnL2
giving the [Zn(His).] species and liberating free L2 in the solution.

From this research we can conclude that there are four influence factors to
control the selective sensing of anionic guest molecules under IDAs approach; (i) the
nature of metal ions, (ii) spacer flexibility, (iii) topological structure of indicators and

(iv) coordination chemistry of receptor and guest molecules.

Suggestions for future works

Try to obtain the single crystals of all of complexes, ensembles and the

product from the displacement conditions.
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APPENDIX A
1D NMR, 2D NMR SPECTRUM OF LIGAND L1 AND L2
1D NMR, 2D NMR SPECTRUM OF ZnL1 AND ZnL2
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Figure A-1 "H NMR spectrum of L1 in CDCls
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Figure B-1 PV-based ensembles with various amino acids, whereas (1) = complexes,
(2) = PV, (3) = ensemble, (4) = alanine, (5) = arginine, (6) = asparagine,
(7) = aspartic acid, (8) = glutamic acid, (9) = glutamine, (10) = glycine,
(11) = histidine, (12) = isoleucine, (13) = leucine, (14) = lysine, (15) =
methionine, (16) = phenylalanine, (17) = proline, (18) = serine, (19) =
threonine,  (20) = tryptophan, (21) = tyrosine, (22) = valine and (23) =

cysteine
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Figure B-2 MTB-based ensembles with amino acids, whereas (1) = complexes,
(2) = MTB, (3) = ensemble, (4) = alanine, (5) = arginine, (6) =
asparagine, (7) = aspartic acid, (8) = glutamic acid, (9) = glutamine, (10)
= glycine, (11) = histidine, (12) = isoleucine, (13) = leucine, (14) =
lysine, (15) = methionine, (16) = phenylalanine, (17) = proline, (18) =
serine, (19) = threonine,  (20) = tryptophan, (21) = tyrosine, (22) =

valine and (23) = cysteine
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Figure B-3 PGR-based ensembles with amino acids, whereas (1) = complexes, (2) =
PGR, (3) = ensemble, (4) = alanine, (5) = arginine, (6) = asparagine,
(7) = aspartic acid, (8) = glutamic acid, (9) = glutamine, (10) = glycine,
(11) = histidine, (12) = isoleucine, (13) = leucine, (14) = lysine, (15) =
methionine, (16) = phenylalanine, (17) = proline, (18) = serine, (19) =
threonine,  (20) = tryptophan, (21) = tyrosine, (22) = valine and (23) =

cysteine
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Figure B-4 PAR-based ensembles with amino acids, whereas (1) = complexes, (2) =
PAR, (3) = ensemble, (4) = alanine, (5) = arginine, (6) = asparagine,
(7) = aspartic acid, (8) = glutamic acid, (9) = glutamine, (10) = glycine,
(11) = histidine, (12) = isoleucine, (13) = leucine, (14) = lysine, (15) =
methionine, (16) = phenylalanine, (17) = proline, (18) = serine, (19) =
threonine, (20) = tryptophan, (21) = tyrosine, (22) = valine and (23) =

cysteine
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Figure B-5 PV-based ensembles with various anions, whereas (1) = complexes,
(2) =PV, (3) = ensemble, (4) = H,PO4, (5) = AcO’, (6) = PPi, (7) = BzO),
(8)=1,(9) =Br, (10) = CI', (11) = F, (12) = AMP, (13) = ADP, (14) =

ATP and (15) = CN'
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Figure B-6 MTB -based ensembles with various anions, whereas (1) = complexes,
(2) = MTB, (3) = ensemble, (4) = H,PO4, (5) = AcO, (6) = PPi,
(7) =BzO, (8) =1, (9) =Br, (10) =CI, (11) = F, (12) = AMP,
(13) = ADP, (14) = ATP and (15) = CN’
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Figure B-7 PGR-based ensembles with various anions, whereas (1) = complexes,
(2) = PGR, (3) = ensemble, (4) = H,PO4, (5) = AcO, (6) = PPi,
(7) =BzO, (8) =1, (9) =Br, (10) =CI, (11) = F, (12) = AMP,
(13) = ADP, (14) = ATP and (15) = CN’
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Figure B-8 PAR-based ensembles with various anions, whereas (1) = complexes,
(2) = PAR, (3) = ensemble, (4) = H,PO,', (5) = AcO’, (6) = PPIi,
(7)=BzO, (8) =1, (9) =Br, (10) =CI, (11) = F, (12) = AMP,
(13) = ADP, (14) = ATP and (15) = CN’
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auNWUTVa4 p-tert-butyl-calix[njarene Talutlagultansdsznay  p-tert-butyl-
. 7 o a & 1Y d @ ° o
calix[4]arene tetraethylester lannuiadusnmiaminmanialdidulelalunaidmsy
2 + . . a o a o o
MIATITHA Na (sodium ionphore X HRAAMHNVBILIHN FLUKA) uaﬂﬁnﬂakl,wuﬁmad
. o o ¢ ea 0 AaA o o ' .
cali{dlarene ud1ayNUTVIATNBITET  uAzpnUTiuz (antibiotics) @aBEIITH
. . 89 .10 A & Ave o a
valinomycin uaz nonactin - uazlalanavasfunuanduniannua 1gu 1,10-
. 1" . - 12 <A ° ° ° ')
phenanthroline W&z 2,2-bipyridine - nasniavidulelalunessnsvlesauwes
o . @ P —— A A o & A o o o A &
Tanzamaruns si8ianInsanasoulaaintalaluwasaun lNa1INILRILNITRA
% o o ) ' ™~ o 6 o ° o
"L@Qnuﬂﬂlmmlumumiwwﬁagluﬂﬁ]i}iuu Tavsasvadlalalunasdinsuniy
mwi“@vlaaamaﬂamuamvl,@i”@”agﬂﬁ1 fnsulalaluwasniuiltlunisiesey
"LaaauauffuiwLaqaﬁﬁwﬂ'}mLm%‘ﬁuVL@TLLrimiﬂizﬂauIﬂaa%ﬁmﬁ'u"ﬁﬁmm 9 T
ssUsznaulasasawmutuuad Rh(ll)  AUAWAKE bipyridine  waza3Usznavlaaasa

o v a . 14
WWTUWUaY Cd(ll) NUALNUALIZLAN Schiff-base
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sUn 1 lassedveslelelunasngninanlddwiunsanaialesauvaslans () p-

u

tert-butyl-calix[4]arene tetraethylester (9) valinomycin W& (@) nonactin

A A& AaA o [ & o
MILAsHNNLTHBLAN INTaNdanudmzianzanulesauiunszinldlay
myten talaluwasnasia A lauNaNAUNaaLINeS plasticizer LAz ion  exchanger
4 a cda A ) ) A o < & o A a
Fawadwasniouldaa poly(vinyl chloride) %38 PVC #8393 niu3asinusiusuiiasoy
lalddsznavnur Wwiaesoududianinsadnivltlunsasnaia  asnundlele
& L. v A Y oA A A A
Tuwasuas plasticizer dasdanuainsalunmsazansiindmniaianudulalasliin
_ - - . 4 e - ¥
(hydrophobic) ~ Aigswafazazasad ldluwaiusudiazlididninsafiaIouduani
a a A a o Aa A v~ Ao o a
anuafosuasllszAniamlunmiaeiand  Sadagmndeglunaeiouiuass
wWarhanldudidanlnsatudianisi lelalunasuas plasticizer Algianudulalas
A { ' 15 o <& 4 0o Aa (% ' v a a '
dnnldissna” aenullaidianinsaasnanunlganulunsienzransaqiagne
a A 1 @ o A Z’ & 6 A .. [ 1 A [
sdsagludrhazanafidutiiiu lalaluneinia plasticizer danafiazasaglwuy
v ‘é 1 v =) =)
LWIHAZENNITAREANLBENNT LG BIFINAlAUTLANTA W LeBasanuazanintived
A& [ 1 a A +~ % c.qf o 5 1 ) ™ [
diinlnsaainanfdidias ludvadudnsuidymidindrinszilasnisdsie ey
.. v g Al 16,17 Vo =
plasticizer wazlalalunaslvianuainisalumsazassinndas - wasedlsnanulu
% 6 - v a A A J < o a ~ &
MIFILATH plasticizer ldaNnudnlalaslidnnidntuiugsddymluinaansas

[ 3

MIFANzA asiunutludymainaniujanuaulaninmaisanadulalasiy
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ﬁﬂlﬁﬁﬂmaqamaﬂaiaiums’ Iﬂﬂmsé?ﬁmm:ﬂaiaiuwas’ﬁl,ﬁuakm”uﬁmaﬂmLaqaﬁﬁ
m’mLﬂuVLaImMﬁﬂﬁ@iauqﬂ@mﬁmumammﬂLﬁam”uﬁ'uvl,aaauﬁﬁaamﬁmﬂ:ﬁlﬂu
1 é IQ o v v Q
fnisznavaadlalalunas quLaqaﬁuﬂummlmﬂﬂmmmmaﬂmaﬂaiaiwla‘f
1w calix[njarene uwananimsRnantaaNudulalasluinlinulalalunesanis
é .Q Q. II g‘ v v 1
%uaﬁuwﬁamnwumgﬁﬁmmmmmiummzmUuwvlmuam L% &15U5zna L
& A A 18,19 A a 20 ' a
lalasasvansianiduwis  wiagsUsznavazlsuidn’ vaiu LaUNIITY
LLazLLuwﬂﬁﬁuLﬂTﬂvlﬂlquLaqamaa"LaIaIuWﬁ
ae AN vo a o ¢ A _ ¥ A Aa '
Twnwidpildhasdsnevniduaywiuizasandnd4uaIundnylnilnasaia

lud (L) LLaza’]iﬂizﬂa‘lJ‘UE]\‘lLLB%ﬂiﬂ%uﬁﬁ%y;vLﬂinaaLaﬁu (L2) Juasddszneu

% A& Aa o % 2+
mﬂlquLaqamlﬂummﬁoaLaﬂIm@mummmLwnm:aalumsmam@"laaau, Cu

@& u®
\N:|'|/N
N N N
N
O o /\/
N\I
N N
H
N
L1 L2

1.2 i’mqﬂszm@fmomﬁﬁ'ﬂ
A = o A o o 6
WWaAN ANzl TRanauny lasauvadlanzuaslalalunas

L1 uaz L2 Iumaunwan i wiudiuswd L annsa i Mi s mIuni11a31970 laaat

2aglang

1.3 VBULVAVDINITIVY
= o A [ % {qq;
anvanuinwizianzaslunisidanaunulaaauvaslavzaadlalalunasnisny

THAAINARALUNLLIUD LgﬂI‘ﬂiﬂﬁﬁﬂ’]’]&l‘ﬁﬂ NNZL2 IUNIATII0

1.4 Us=laninazlasuainnisioe
lalalaluwasrialninaruisni luwanwidudianIntandainusnizianzas

' o 2+
#aN130137970 lasauvadlane Cu
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UNN 2
= a o n‘ t:!' v
ﬂﬂﬂgttaz\‘n%’mﬂmﬂﬂ?wm

ad A )

2.1 NOHHNNLIVDY
a U a a S 21

2.1.1 NITILATIZH LD DA WAILNATAININUT LB LNS

MaRANIIATIIaMI lwinudlatunsidumafian lesuanuiaNidwagieuin
A a A9 en % l < ] U a e‘a'
b nLIdwnafan e A laa19310157  szanauy e bmanslunisiiasnsien
Tanunsuazanuwinid Snnslddasmianuiwguesdiiansiinniin ineila
Twinuglawninasiaiamedianlnsaringu (working electrode) NRAMNLRENTILANE
dalesauanaisunindidniniadiaanizleaau  (lon  Selective Electrode,  ISE)
SL&ﬂIﬂi@%’S’@Lawwzvl,aaauﬁl,ﬂuqﬂmniﬁlﬂumﬁLmﬁ:ﬁvl,aaaumaamiﬁaulfﬂfﬂz
AT I@Ummm@mm‘”@vlﬁmwnmiéﬁaﬂ'nﬁﬁﬂizfgwi"nﬁfu nannIvadnaiaiaz

s 1 1 et { a ; a a v A& q’v -
LN TIAFIANNANANENLAATWUSII HEIRINTIBLEN INTATIALANIZ laaaAuuny
81anlNIA81989 (reference electrode)

1 ai o s s v a a = v

fuliznaundmagrasmianaiamemnaialwinudlawnidsznaulleae
AN INTaTIANIZ ek BIANINTASNIAY LaLATDIIAMINNANANENRINITDIAAINY
dnvangluszauiaslaag muamlmﬂw 2.1 lasdianlnsasndsasniazlwane lunn
a7t aseatonaniltlumsta  AiEnlnsadsaanizlesaurninmidusidnlnge
¥nm  dasdenuamantolumadaninnizdanmsanatananiidauaslosaudiawlele
‘é > { o Qs a g U [ U v v
TeanwueNaanasdianInsaifomuninaauauad leadiniaisy  IWadeanutute
p.i % c.i v £ 2 v e/' p.i. A aA ) d'
fazaraiafindannn sannlinuldwinsziimnazasnduniedd ldvhaoasna:

eIGhe $‘VT LRI ﬂ"IVLSJI LN
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lon-selective electrode Reference electrode
Emf 5
1] Ag/AgCl
N —
Inner |~~~ Reference
electrolyte "\__ L electrolyte
L Frit
I lecit ™~ Bridge electrolyte
on-selective _|
membrane \F | Capilary
Sample = = —

31 2.1 usassiudsznavveanaiinlninuglowns

A ;:?u/ = o Qs A 1 u?:

alaninsadiatanz lasauldwlsznoudanfe  duvadulUsURBlszNay
ludeluananianuiumizianzaseissniimianaia (laleluWad) wazdrodagn
Twanusualunmsifeniuitneanvadlosas  (permselective  ion-conducting
materials) ﬁlﬁmﬂi:%’m@”ﬁazmﬁa]:"im‘mﬁaaﬂmﬂmsazmﬁﬁmsqvﬁ“mtﬂ,u
A& A A ' v A . N . A kg
flanlnsa wiatsunin esazaue19dsnelu (inner filing solution) TeUsznaveae

A A Aad A A A A a & 1o < o

msa:mwmwﬂmmﬂmmaovlaaamaammmLmﬁmaganwmzm"[ﬂmaammmuun
ﬁ]:vl,&iﬁgwgu laazanosinsaazangldpinuin waznudausinowan aaulsznavuvag
LamLmugnaaﬂLmumLwal‘mmmsm@ﬂﬂzﬂWWwaum@LuaammﬂmimamuLLﬂmLLaﬂ
3689 laaan lEa18NTZUIBANINLAAAINNINNIZLIZAI LAN AV ILNNLLTUAL
R1IAzANY W MItAansuaniasuloaaw nstAarTdedan MaAadussdsznay
Aazanglasn Duds NTLEIIRLNULLITUNA MRAINUINUNIZLINZAIRANITATIIIA LaB D%
mav‘h"lm“’[@ﬂn’mﬂﬁyumﬁwaai’a@gﬁmmﬁﬂmmmu %’%’:amfﬂLﬂﬁyquLaqamaa"LaIaIu
Was

a ¢ . 23

21.2 manﬁ[n]ta?u (calix[n]arene)

Aandin]ie3w (calix[njarene) tJuanstsznavuulasioafnilsznaualoniiag
vanyAuaaiuIn n wihaeudanudnaznwaTau (methylene bridge) ludumnibs
aaslsnunyAuadnlaasenduazasnalilasiasiivasadndiniaiuiitesivvagneluy

) A _ € a ' @ . A . i A | A
luanalassassasanfndnliein utiseanlaidu 2 du Aediu wide rim Fadudiud
P Y A | o . ! . A ! A
fngaridula 9 Ndeagiunsfuaaluduniawmimuszdiuzas narow rim fa &§uf

‘v\yjﬂuaﬁﬂvlamaﬂs’f'nﬁuaaﬁﬂiznau é‘dLLa@d‘Lugﬂﬁ 2.2



137

wide rim

narrow rim

/
OH OH OHHO

A

s 2.2 13981929 ANG[4]1851 URAIFIUVDS wide rim WAL narrow rim

wWTunesiBesdifnamang[4]e3u (p-tert-butyl-calix[4]arene) LIuaNRND[n]aI%
ﬁﬁ;\i}”ﬁwﬁnmﬁumn dasnnaanniedouldipannujsineawenatunes p-tert-
butyl-phenol  uazWosiadlad (formaldehyde) sn3UsznauenanTi4liosuilaseaien
wanananuranue 4 lalawad laud cone, partial cone, 1,2-alternate Waz 1,3-alternate
é’aLLamlugﬂﬁ 23 Tagfilassarsvaslalowesuuy cone aziulassasfiadiosann

A A A o ' ' a A '
3@ Luaaﬁnﬂm@wuﬁ:"laimwumUlquLaqmzwmwﬂuaaﬂvlamaﬂéﬁm 4 Wy

/
OH OH OHHO

cone partial cone R

1,2-alternate 1,3-alternate

s 2.3 lassasoiiadng 9 vasandnd4iaTn
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A % a 6 A & {0“: o
myfgailasaiivessasninddlioTuns 4 laloweinu swnsavldlas
% a 1 a aq: > ] Aa A ai dll

dumnaia  H-NMR T,@almiwmimnmnmazytyntwuaa‘[ﬂmaumamwmaummu
29Awaa (methylene bridge, Ar-CH,-Ar) LLaz¢in coupling constant (J) madiﬂi@auﬂladﬂg
AINET Lﬁaomﬂiﬂsmauﬁ'\mawamyj@?’\mm’ﬂﬂmaa‘%ﬁwaamﬁﬂsﬁ[4]l,a'§mz"|,&i
RUNNATTINULALNY  adnunnvadllsaauly  H-NMR  sunasuvasdsdanwasidn
doublet NLAina1NNT coupling ﬁ'umaﬂﬂmauﬁaaaaﬁaglw‘mmm equatorial LLaz axial

lasldsaaundunis axial luldsneunedlndnunylaasendisUnngiaves H, 7
@ chemical shift (O) luvnasunibs down field saulusaaufidunits equatorial Wua)
Inaannylaasend annnhdsldunngia He fd1 O lunadunis up field
. o y - & 1 Ca A A
dmiulasiaiiveslalmueiniduuuy cone uiazas H-NMR vangiufiaduiiiion
& oA o A A o .
2AREANI 4 wijaziianuwauziduuuy doublet S1uan 2 7a N O agfidunibalszunm
3.49 Az 4.26 ppm uazidd J agluﬁaoﬂi:mm 12.6 - 14 Hz @20819LTULUDNINTIAN
1 a .
H-NMR gilnesuuadsnssznay 5, 11, 17, 23-tetra-tert-butyl-25, 26, 27, 28-tetrakis-
((ethoxycarbonyl)methoxy)calix[4]arene NHlassaalonsnua 4 lalouas aduaadlu
ai 1 % (ai & 1 a A
3U7 2.5 wudlassadevadleloweiniduuuy cone thu llsaauvasngiufiadulsing
\duafidansudu doublet 2 70 lasfildsaauluduniis equatorial aztmngfien O
3.13 ppm uazlUsaauniduniy axial azngn 4.50 ppm saulassasrsvadlalowes
i < a Y ' ° A
LUL partial-cone wuialdsnauvasngainanazdangidu doublet $1wau 4 70 lao
A AA ' ) A A ! a
2 gauInazdTngfien O Ndduandnifiuanndan 3.05 uaz 4.50 ppm §Iudn 2 TAIE
Usngien O Adduandrinuosfan 3.85 uaz 3.91 ppm lusmelassasrsvaslals
\waiuuy 1,2-alternate Aalunauvasnyainaazdiingiduuuy doublet $1u3u 2 70
i AA Aao & A A | [ A A
uaz singlet 1 7@ lasfRanfianwuzidu doublet Wuazlidn O Auandrinuanndad
3.23 uaz 4.71 ppm snianidn singlet azUsngen O 4.10 ppm  Ensulasegis
vadlaloweiuuy 1,3-alternate WalUsneuvasuiaduiy 4 wijzdnngiduiaiben
. A A & o . a A I
LUL singlet 716 O Uszanmk 4.00 ppm  Lhesanlalmuaiasnandaninaiigs Javh

Iﬁ'[ﬂsmaumaa%yj’mﬁaﬁuagﬂuﬁa LIARANLALING
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cone

i

partial cone

1,2-alternate

1,3-alternate

R= tert-lf’uutyl
5.0

31U 2.4 1Wisuisy "H-NMR swnasulassasnsnas 5, 11, 17, 23-tetra-tert-butyl-25,
26, 27, 28-tetrakis-((ethoxycarbonyl)methoxy)calix[4]arene ‘ﬁ'ﬁvl,aismwaimu cone,

partial cone, 1,2-alternate Lz 1,3-alternate 2
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Ao a A ¥
2.2 LANAITHASINHIVLNLNYIVDY
. 6 2o .
Diamond uazans. basansUsenay p-tert-butyl-calix[4]arene tetraethylester (2)
a A& Aa ° ' o + o
VAT UULNULLTUALAN NI NTAMNIIUNIZLNZI08N1TAT2970 Na lasnmsinlalalu
% ' o ) . .. A
WasadananuNauny PVC uazls 2-nitrophenyloctyl ethyl (NPOE) 511t plasticizer 4
Vo o o + A -5 ¥ o '
NNNANMINARINUIIANTAIINAL24MIATIITA Na agl 107 M uananidanuin
A& A A & VA a ) A A& ~
aianlmanaisudwinlmiidanwly anuadivsuazengnislinuniginiadniniad
o a + { @ ' & '
JANUFUNIZLIN290Y Na ﬁﬁmﬂmamimagimmzuu daunlud w.e. 2543
. (12) v & o a & aa o o + &
Malinowska Lazamee  MONMWIUNNILIWALANINTANTANINNIZIIZAINY Na Unin
Ini lasmaheunusaaslalalunes (2) wvhdjisowediwelaaduny  isodecyl
acrylate (IDA) waz methyl metacrylate (MM) wwafazla lalalunas (3) Aidunadines
uaedl calix[4]arene tetraethylester (Juasdsznay nasanuuidailalaluwes (3) 7
~ o = A & A A ° ' @ + A
@383 LA NAS N T WU NUIWALAN INTANAANNINNIZIANZAIGaNITATIIA Na 09
ANNANIINAADINLIIANNIUNIZLNZIILAZFAN [128INTATITAVDIBLAN INTAN
wspnanlalalunad (3) fevlndidusnvdidniniafieIonldanlalalunas (2) udeny
o A& A o & A =< A Aa & ~
MIMIuYaI AN INIANLAToNARIN RURTAUINDS 7 16w IWUMENBEaNInIan

wspnanlalalunad (2) fengmslinudivg 2 dou

’
l,,

(2 3
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Gupta wazamiz” leiaunud 3 %ﬁ@ﬁlﬁﬁ’lm‘ﬁlﬂ’]ﬂﬁﬂﬁ’]iﬂ‘i:ﬂauL%d%ﬂ%ﬁgd
Aulasanvas cu”™ Gl acetylacetone (4) ethylacetoacetate (5) uaz salicyaldehyde
©) vndulelolunasuaziesondn  PVC-wausudEnnsafidanusimzianzaany
losaupas cu” lawld TBP 1w plasticizer anmsdnswuilalelunesnlduans
maaaﬁﬁﬁq@ﬁa TaTaluos (4) Taswuindianinsaasonduan lalolunadeina
sansolgouldlugae pH 2.6 - 6.0 JT9msiansAnlianuaun i wEwess
(linear working range) fa 2 x 10_6 491 x 10_1 M {61 Nernstian slope Winnu 29.3 mV
decade’ FTasnavasmiasiaialszanme 0.1 ppm uwazliongnsldnudszinm 3
don Fadianlnsafiiassuduiniianansninlldidy indicator electrode dm3umsvn
potentiometric titration 84 Cu”" AU EDTA wazuananigaaunsasiiluldamiaia
Ysanwes cu” Tuanmaasalaizuna

L S O
AN~
)

OH
@ ©)

. 26 [ g a ' .
Tuntulani  LRSADAY lagaanzilalalunassiialnifia  benzothiazole
calix4]arene (7) lavfdananianuaigefissosas 81 wazillaihlalaluwaiainanaly
Ww3sadudidnlniaaiia macro-electrode was micro-electrode MAANVIUNIZIANZA4
[ 1 a { J aq/’ a o % +
nulesauvadlars wudl BdnlnTaNiasuNdunizessiaianusiiwnizianzasny Ag
' . 1Y ] -1
lagfien Nernstian slope InalApsnuennInnuffa 59.7 + 0.8 mV decade  uaz 59.8
-1 o et . o Rt ' o o
+ 10 mV decade & 13U macro-electrode Was micro-electrode MNE1AL UATaING
o |d' -7 a a €d' % [ o 6 v .
2847130 7I9I08LN 5 x 107 M uaziitrmylianzinlianudunusiduduess (inear
) 6 2 . o a
working range) #a 10 — 10" M LLa:mmsnuﬂﬂﬂizqn@?ﬂummmezﬁgﬂLLuumoLﬂﬁ
A 6 Aa & 1a + A A
2g4aNTaTA U IUTALIET L8ENNTIATITAUSIN MUY Ag NLRRBLIUENTAZAIU L1
Fanasla  wazuananhdiaunsadienzdirmuSinaesfanaininua luasazasm
a =) =) v & =)
luganeildlasniseandladasazmowludaneians H0, Fswnludaaiazgn
a 6 + % < A o % a + A fl
sandladnaodu Ag wasniuisihnaniadianawes Ag- Negluasazay
v a { o g A % % ' N o ° % X %
ModLanlnIaN WMWY Faanmiaanaanlagnianwasnlgunuszuums

Aenzidiinmngleslumdaatnadae glucose biosensor
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27 v 6 a [ A o
Anthony uazame ladianziuasAgailanaiievasmadiznaulaseidud
A o ' v ° aana o A .
gaseatidas () Tessdsznavainaaionldainmsid JAsonuiunug  tris(2-
benzimidazolylmethy1)amine %38 NTB uacdunuaadnanilassasraduuuuinines
. e da X & n & .
nnndAnmwuiEslznevlaeaiautuniieiund s sieuudlansiived 2 uuy
A a 1 A . . . Aa &a
ﬂafliﬁm@gmmwmaw (trigonal bipyramid) wazluy pseudooctahedral lagdRunuan
whaifianuszlasasausuny lesauvasnathidasiudiuniin 5 uazr 6 uarmnua
las9a9289813UTENaLAINA athdlafianudunud  NBT  flaglulassainsvas
815U5znaulnoasaLUTUNg 5  whevudszwgdanduaaszianaadunuelasls
lulasiauns 4 ezaeuduazasudldiinasouunlesauvasaathes () @wlunud
o , A & A &a A & Aq o
ludunian 5 uaz 6 uu anadudunuanuiannuanlessusadinfanatidas(l) nls
WJusnsaddn @wu NO; way BF, wisanadusnsusznaudunisdnilasiginsauiaan
wazUsewnAanduiunue 1o 1 N-methylimidazole Uag Nj

trigonal-bipyramidal copper complex

NBT

;sﬂﬁ 2.5 LaAdlaTIRINIvaIRuNUe NBT uwazlasiaing trigonal-bipyramidal copper

complex NU Aunua NBT
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28 v o 2 A [% &a o
Volker uazami lavhnsdnmuasAgadlassainavesaadsznavlaseidus
+ 24 o a a ‘g
289 Cu ez Cu~ nunIlwaeadunud 2 sfiafa TMGstren (tetramethylguanidino-tren)
(8) uaz DMPGstren (dimethylpropyleneguanidino-tren) (9) I@Uﬁﬁl,l,ﬂuﬁﬁaaaaﬁ%y:ﬁ"sﬁ
a 1 6 = 1 A L
G 3 nyduasddsznaumululuana annsdnswudiansdsznavlaseifiutuues
2+ o A & [ a ' { . . .
cu” nufunudnimaseziilasiafraduuundndadauaunasy (trigonal bipyramid)
Fadunuandgasaandeengfanduinniziawaadunug  lagldazaauues  tertiary
lulasiauuazlulanaudn 3 ezaowvaswymilduns 3 wiiduazaeuyliBianavau
1 a o 1 dl v Qq: J 1 @ a A fd‘ v
sudunudludunibiniiuiuegnuriiavasuenlosauvaiinfazasnathdesnlgidu
& U A [ % + o a o’nq: & =) v
8130901 LwansNanIUsznoulnoasaiusuued Cu NUALAUANIFBIRY 2:d1ATIa319
Wuwlnslnuea (trigonal) lasn Aunuandsadiianuszlasasausuluanuue
= o o &a ™ 2+
W@eanunuanIlsznaulaeesaluguued Cu

\
~ AN
I/\N N N~ \ N \(J
\ N ) X N~ N
/N\< N— Ne N
N— N g

/ )\\N/ ~N N
‘ ©)
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3.1 gunanb

1. Potentiostat (Methrom)

3.2 §13La8
Tetrahydrofuran (Fluka)
Chloroform (Fluka)
High molecular weight PVC (Fluka)
o-nitrophenyl octyl ether (Fluka)
potassium tetrakis(p-chlorophenyl)borate (KTpCIPB) (Fluka)

3.2 mMIasaaaLuswataninsaanlalalunas L1 waz L2

WwisNdianlna lagnsazanetalalunas (10 Aadlua/ilansy) lesautanious
1985 NaTFPB %38 KTpCIPB wWanad a3 NPOE %3a DOS (66 wt.%) Waz PVC
(33 wt.%) b THF (2 Aaddas) mﬁﬂszﬂaumdam:maulﬁﬁﬁmﬁmauﬁ'mﬂu 220
JaanIv mmaowaumlmmuﬁuﬁuﬁ’;gﬂ’mﬂau ﬁﬁl,é'fmhugmﬁﬂma 30 Hadluas nald
ﬁ'qmﬁgﬁﬁauﬂunm 24 F1lug ieldaarhazans THE szweoanly daaiusuiuws
LLﬁ’ﬂﬁﬁmumﬁumuﬂuﬂﬂma 75 H8A1003 ussuTNUIBAGaaany luEnTazas
indaluasnvaslosaulansanuaudn 107 Twand Wwnar 1 @w niwshues
watwswildvuglussszasvasuanlossundanudutuvasuwanlassuiinu

v o -2 o o ° A &
[N 10 luans wiaan 3 T lusuaddinldsznaududianinga
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3.2 nMyiausstafan il
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Fig. 7 Reversibility of the optimized thiocyanate-ISEs for 102 and 1072 M of
thiocyanate.
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Intriguing sensing properties of a di-tripodal amine
calix[4]arene ionophore towards anions from Donnan
failure in ion-selective membranes induced by Cu®*t
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In this paper, di-tripodal amine calix[4]arene, L1, was successfully synthesized and used as an ion carrier
in poly(vinyl chloride) (PVC) membrane electrodes. Compound L1 was employed to demonstrate a new
concept in anion sensing by preparing an allosteric PVC membrane that can respond selectively to a
certain anion in the presence of a metal effector. Membranes containing compounds L1 and potassium
tetrakis(p-chlorophenyl)borate (KTpCIPB) as an ionic additive showed Donnan exclusion failure upon
measuring the potential (EMF) responses of Cu®* and responded to the co-anion by giving negative
EMF changes, while membranes containing compound L2, an anthracene-based mono-tripodal amine
ligand, gave positive potentials to most metal ions. Upon preconditioning of the membranes containing
L1 and 75 mol% KTpCIPB in CuCl,, the membranes showed the highest selectivity towards thiocyanate
with a near Nernstian slope of —59.6 mV decade™", a 107> to 1072 M linear range, and a detection
limit of 4.4 x 107° M. The best allosteric membrane can be used in the pH range 3-7 with good reversi-
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Introduction

Allosteric, the term used in biochemistry, can be described as
the regulation of an enzyme or a protein by binding an effector
molecule at the protein’s allosteric site. The enhancement or
decrease in the enzyme activity results from either structural or
charge changes in the allosteric site caused by the effector. The
development of supramolecular host-guest chemistry leads to
the design of allosteric receptors in which upon interacting
with the guest (similar to an effector in biochemistry) can either
enhance or decrease the binding or catalytic efficiency of the
molecule." Most recently, several examples of allosteric supra-
molecular receptors for metal ions and various organic guest
molecules have been reported.” Recently, our group has reported
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bility, and also applied to indirectly determine the concentration of Fe* in aqueous solution.

the heteroditopic ion receptors displaying the allosteric behavior
of the enhanced binding of anions in the presence of alkali
metal ions.>* We also developed the allosteric polymeric mem-
brane ion selective electrode using phenylboronic acid as an
allosteric site and fluoride as an effector.” This allosteric
membrane electrode can function as a potentiometric sensor
for Na" and a impedimetric sensor for F~.

It is well-known that the potentiometric selectivity of
poly(vinyl chloride) or PVC membranes correlates with their
transport selectivity and also the extraction selectivity. One of
the most important components in a polymeric membrane
electrode is the ion carrier or ionophore.® Neutral ionophores
can be used in either cation-selective electrodes or anion-
selective electrodes. In addition, charged ionophores can be
used in anion-selective electrodes.®” Another important com-
ponent in polymeric membrane electrodes is the ionic additive.
Normally, cation-selective membranes with neutral iono-
phores are composed of anionic additives such as potassium
tetrakis(p-chlorophenyl)borate (KTpCIPB), while anion-selective
membranes compose of either cationic additives such as tri-
dodecylmethylammonium chloride (TDMACI) or anionic addi-
tives.® The anionic site functions as a counter balance negative
charge for metal ions passing through the membrane and limits
the co-anions entering the membrane. If the ligand employed
binds to the metal ion too tightly, the co-extraction of co-anions

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013



increases and leads to a breakdown of the permselectivity of
the membrane and a phenomenon called “Donnan exclusion
failure”.>® Lindner and coworkers found that pH-sensitive
membrane electrodes from an aminated-PVC-based membrane
showed Donnan exclusion failure in low pH bathing solutions.’
The Donnan failure produces fixed positive sites that could be
used as an ideal anion sensor.

Due to the high lipophilicity of calix[4]arene, several calix[4]Jarene
derivatives, both neutral and charged including their metal com-
plexes, have been found to be selective ionophores towards a variety
of anions such as chloride, perchlorate, and thiocyanate.'®*>
Herein, we report the synthesis of a di-tripodal amine derivative
of calix[4]arene (L1) as an ionophore to prepare anion-selective
electrodes. Tripodal amine ligands form very stable complexes
with Cu®" ions in trigonal bipyramidal geometry.'®"® We
employed the Donnan failure in a polymeric membrane elec-
trode prepared from L1 and an anionic additive, potassium
tetrakis(p-chlorophenyl)borate (KTpCIPB) to fabricate an allo-
steric anion selective electrode using Cu”** as an effector. When
the prepared membrane surface interacts with metal ions such
as Cu®" in the solution, the Cu®* enters the membrane phase and
forms a complex with L1 with high stability. The membrane then
has an imbalance of positive charges and loses its permselec-
tivity toward the metal ions and extracts co-anion species
into the membrane phase. To emphasize the importance of
di-tripodal amine units in L1, the potential response of L2, the
anthracene-based ligand possessing only one tripodal amine
unit, towards metal ions was also studied. In addition, the
characteristics of the anion selective electrodes prepared from
L1, such as response slope, linear range, selectivity coefficients
and limit of detection are studied thoroughly, and the applica-
tion of the fabricated electrode to indirectly detect Fe** in
aqueous solution is demonstrated.

L1 L2

Structures of L1 and L2

Experimental
Reagents

Anthracene-based tripodal amine (L2) and tripodal amine (d) were
synthesized according to the previously published procedures.'*°

This journal is ©@ The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013

Tetrahydrofuran (THF), chloroform (CHCl;), high molecular
weight poly(vinyl chloride) (PVC), o-nitrophenyl octyl ether
(0-NPOE) and potassium tetrakis(p-chlorophenyl)borate (KTpCIPB)
were purchased from Fluka. Potassium and sodium salts of the
anions were of analytical grade obtained from BDH, Fluka,
Carlo Erba, and Merck. All solutions were prepared with ultra-
pure water from Milli-Q (Bedford, MA, USA) water purification
system (Millipore).

Synthesis of compound L1 and complex Cu,L1

Diethyl ester calix[4]arene (a). A mixture of p-tert-butylcalix-
[4]arene (10.0 g, 15.4 mmol), K,CO; (21.3 g, 154 mmol) and
ethyl 4-bromobutyrate (88.2 ml, 0.616 mol) in 100 mL of
acetone was refluxed for 24 h. After evaporation of the solvent
under vacuum, the residue was dissolved in CH,Cl, and washed
with 1 M HCI (3 x 100 mL) and brine (3 x 100 mL). The organic
phase was dried over anhydrous MgSO, and concentrated
in vacuo. The crude product was subjected to chromatography
on a silica gel column, using petroleum hexane/dichloro-
methane (50:50, v/v) as eluent, to give a white powder of
compound a (10.5 g, 78%). 'H-NMR (400 MHz, CDCl;, ppm):
0 7.77 (d, 2H, Ar-OH), 7.09 (s, 4H, ArH), 6.90 (s, 4H, ArH), 4.31
(d, 4H, ] = 13.2 Hz, Ar-CH,-Ar), 4.20 (q, 4H, ] = 14.4 Hz, -CH,~CH}),
4.09 (t, 4H, J = 6 Hz, -CH;), 3.39 (d, 4H, J = 13.2 Hz,
Ar-CH,-Ar), 2.91 (t, 4H, J = 7.2 Hz, -CH,-) 2.36 (t, 4H, J =
6.8 Hz, -CH,-), 1.32 (s, 18H, p-tert-butyl), 1.29 (t, 6H, J = 7.2 Hz,
-CHj3), 1.06 (s, 18H, p-tert-butyl). *C-NMR (100 MHz, CDCl;, ppm):
5 173.47, 150.78, 149.61, 147.01, 141.47, 132.76, 132.72, 127.71,
127.67, 125.61, 125.13, 75.15, 60.40, 34.01, 33.84, 31.85, 31.73,
31.08, 30.77, 25.50, 14.26.

Diacid calix[4]arene (b). A mixture of diethyl ester calix[4]-
arene, a, (10.0 g, 11.4 mmol) and 15% w/v sodium hydroxide in
ethanol (500 mL) was stirred and heated at reflux for 24 h and
the reaction mixture was then evaporated under reduced pres-
sure to yield a white residue. Cold water (300 mL) was then
added to the residue, and the pH was adjusted to 1 using 3 M
hydrochloric acid. The solid was filtered and washed with water
to obtain compound b as a white solid (1.87 g, 20%). "H-NMR
(400 MHz, CDCl3, ppm): ¢ 7.08 (s, 4H, ArH), 6.77 (s, 4H, ArH),
4.30 (d, 4H, J = 12.8 Hz, Ar-CH,-Ar), 3.94 (t, 4H, J = 5.2 Hz,
-CH,-), 3.34 (d, 4H, J = 13.2 Hz, -CH,-), 2.87 (t, 4H, J = 7.2 Hz,
-CH,-), 2.34 (t, 4H, J = 6.0 Hz, -CH,-), 1.31 (s, 18H, p-tert-butyl),
0.97 (s, 18H, p-tert-butyl). >*C-NMR (100 MHz, CDCl;, ppm):
§179.92, 150.68, 149.69, 147.03, 132.74, 127.67, 125.58, 125.20,
74.87, 34.01, 33.84, 32.11, 30.65, 25.44.

Diacid chloride calix[4]arene (c). To dry toluene (150 mL),
diacid calix[4]arene, b, (0.985 g, 1.20 mmol) and SOCI, (0.3 mL)
were added and refluxed under nitrogen for 4 hours. The
solvent and residual SOCIl, were removed under reduced pres-
sure. Diacid chloride calix[4]Jarene ¢ was obtained as an off-
white solid and was used immediately for the preparation of
ligand L1.

Ligand L1. A solution of tripodal amine, d, (1.10 g, 3.60 mmol)
and Et;N (0.5 mL, 3.60 mmol) was stirred in dry CH,Cl, (100 mL)
under nitrogen. Diacid chloride calix[4]arene (c) in dry CH,Cl,
(50 mL) was added dropwise to the reaction mixture. A white
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precipitate was formed and stirring was continued for 72 hours
at room temperature. The white solid was filtered, and the
filtrate was concentrated to dryness. The crude solid was dis-
solved in CH,Cl, (100 mL), washed with water (3 x 100 mL) and
then with brine (3 x 100 mL). The organic layer was dried with
anhydrous MgSO,. The filtrate was concentrated to dryness. The
crude product was subjected to chromatography on a silica gel
column using 2% MeOH in CH,Cl, as eluent to give a white solid
of L1 (0.251 g, 15%). "H-NMR (400 MHz, CDCl;, ppm): § 10.75
(s, 2H, -OH), 8.55 (d, 4H, J = 0.8 Hz, ArH), 8.33 (d, 2H, J = 8 Hz,
ArH), 7.52 (m, 4H, ArH), 7.42 (s, 2H, -NH), 7.23 (d, 6H, J = 7.6 Hz,
ArH), 7.15 (d, 2H, J = 7.2 Hz, ArH), 7.05 (m, 8H, ArH), 6.99 (m, 2H,
ArH), 6.79 (s, 4H, ArH), 4.35 (d, 4H, J = 12.8 Hz, Ar-CH,-Ar), 4.10
(t, 4H, J = 6.4 Hz, -CH,-), 3.76 (s, 12H, -CH,-), 3.33 (d, 4H,
J = 12.8 Hz, -CH,-), 2.93 (t, 4H, J = 7.2 Hz, -CH,-), 2.44 (t, 4H,
J = 6.8 Hz, -CH,-), 1.31 (s, 18H, p-tert-butyl), 0.97 (s, 18H, p-tert-
butyl). "*C-NMR (100 MHz, CDCl;, ppm): § 171.32, 158.20,
150.66, 150.00, 149.22, 146.76, 141.47, 138.63, 136.51, 132.50,
130.48, 128.33, 127.94, 126.11, 125.50, 125.13, 123.48, 123.11,
122.28, 121.33, 76.20, 59.78, 58.15, 33.92, 33.84, 33.80, 31.81,
31.75, 31.04, 25.99. Elemental analysis calculated for
CooH104N506-2CH;0H: C, 75.79; H, 7.74; N, 7.69; found: C,
76.13; H, 8.27; N, 7.52. ESI MS (positive mode, m/z): [L1 + Na]"
caled for CooH;94NgNaOg, 1415.80; found, 1416.79.

Complex Cu,L1. The methanolic solution of CuCl,-2H,0
(46.0 mg, 0.27 mmol) was added to the methanolic suspension
of L1 (125 mg, 0.09 mmol), the color of solution changed to
blue immediately. After the blue solution was left to stand at
room temperature for 24 hours, the blue solid that precipitated
was filtered and washed with MeOH to yield complex Cu,L1
(86.8 mg, 58%). Elemental analysis calculated for CgoH;04Cly-
Cu,NgOg-4H,0: C, 62.31; H, 6.51; N, 6.46; found: C, 62.07; H,
6.12; N, 6.60. HRMS-ESI (positive mode, m/z): [Cu,L1 — CIJ*
calculated for CyoH;04Cl3Cu,NgOg, 1623.5736; found, 1623.5339.

Membrane preparation

Polymeric membranes prepared for ISE measurements con-
sisted of ion carriers (10 mmol kg™'), various amounts of ion
exchangers (25, 50, and 75 mol% relative to the ionophore), and
PVC: o-NPOE plasticizer (1:2 w/w), with a total amount of
220 mg. All components were dissolved and stirred in 2.5 mL
of THF for an hour, except compound L1, which was dissolved
in a small volume of chloroform before mixing with the
solution of other components in THF, giving a transparent
homogeneous pale-blue cocktail solution. In the case of
complex Cu,L1, it could be dissolved together with other
components in THF. The resulting clear mixture was then cast
in a 30 mm-i.d. glass ring fixed on a glass plate. The solvent was
allowed to slowly evaporate overnight at room temperature to
give a transparent membrane (~0.2-0.3 mm thickness). The
membrane was punched into 7.5 mm-i.d. discs and precondi-
tioned before the measurements. To examine the cation
response, the membrane was bathed overnight in 107> M of
metal nitrate solution, whereas the membrane was bathed in
10~ M of Cu(n) solution overnight, followed with 10~> M of the
primary anion for 3 hours for investigating the anion response.
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Potential (EMF) measurements

The preconditioned membrane was attached to an electrode
body. The inner filling solutions (IFS) used for measuring the
membrane response towards metal cations were 10~ > M of
metal chlorides (for example, to examine Cu(u) salts, the
solution of CuCl, (107> M) was used as an inner filling
solution). For EMF measurements of the anion-selective elec-
trodes, a mixed solution of the primary anion (10> M) and
NaCl (10® M) was employed as an inner filling solution in
order to keep the internal potential constant. The potentials
that arose between the polymer membrane and aqueous sam-
ple solution were measured at ambient temperature with the
following galvanic cell:

Ag, AgCl/3 M KCl//1 M LiOAc//sample solution/membrane/
inner filling solution (IFS)/AgCl, Ag.

The reference electrode Ag/AgCl with a double junction
was used (type 6.0726.100, Metrohm AG, CH-9010 Herisau,
Switzerland) with 1 M LiOAc as the salt bridge electrolyte.
Continuous potential measurements were carried out with a
16-channel electrode monitor (Lawson Labs Inc., Malvern, PA
19355, USA) in a stirred solution in the concentration range
from 10”7 M to 10~ > M of analyte ions. The activity coefficients
of the anions in aqueous solution were calculated according to
the Debye-Hiickel approximation®' and then the calibration
curve plotted between EMF values and logarithm of ion activ-
ities was obtained.

Selectivity measurements

The selectivity of the proposed electrode towards primary ions (i)
with respect to other interfering anions (j) was considered from
the potentiometric selectivity coefficient (logKf})t) that describes
the ability of an ion-selective electrode to distinguish a particular
ion from others.® In this study, the so-called separate solution
method (SSM) was used to determine the selectivity coefficients
of the ISEs as recommended by the TUPAC.*** In SSM, the
potentiometric responses were measured in two separate solu-
tions, one containing interfering anions () at the concentration
range from 107 to 10~> M, followed by the other containing
primary anions (i) at the same concentration range. The selec-
tivity coefficient, logK';", is then calculated from the two
observed EMF values as illustrated in eqn (1).>?* In the experi-
ments, the membrane containing L1 and 75 mol% KTpCIPB was
preconditioned in 10~> M solutions of different Cu(n) salts, while
the membrane containing Cu,L1 and 25 mol% KTpCIPB was
preconditioned in the solution of the interfering anions (sodium
or potassium salt, 107> M) overnight. The mixed solution of the
same interfering anion (10~> M) and NaCl (10> M) was used as
an inner filling solution throughout the experiments.

tog k75 = 2P O gl fa (7] )

Impedance spectroscopy

A conventional three-electrode cell was used in the EIS studies:
the allosteric ISE as the working electrode, a Ag/AgCl reference

This journal is @ The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013



electrode, and a platinum counter electrode. All experiments
were conducted at room temperature. The membranes contain-
ing L1 and 75 mol% KTpCIPB were conditioned in 107> M
CuCl,, Cu(ClO,), and Cu(NO;), overnight, followed with 10> M
KSCN for 3 hours, then using 107> M KSCN as the inner
and outer electrolyte solution. Impedance measurements were
carried out using a potentiostat/galvanostat instrument (Auto-
lab PG STAT 30, Eco Chemie B.V., Utrecht, Netherlands)
monitored by Frequency Response Analyser. The spectra were
recorded within a frequency range 95-45 KHz with an AC
voltage amplitude of 0.01 V. The impedance data were analyzed
using the fitting program available in the Autolab software.

Effect of pH on membrane potentials

In order to explore the working pH range of the optimized
anion-selective electrodes that still exhibited a constant and
stable EMF signal, the experiments were carried out simulta-
neously over the pH range of 3.0-11.0 using thiocyanate concen-
trations of 10~* and 10> M. The pH was adjusted by introducing
small drops of 2% HCI followed by 0.01-0.10 M NaOH.

Membrane reversibility

The reversibility of the electrode represents the precision of the
detection. The EMF signals should be restored and stable at the
same concentration of the analyte ion in every measuring cycle.
In the experiments, the optimized thiocyanate electrode was
used to measure the EMF values of two different concentrations
of thiocyanate alternatively. The potential of the optimized ISE
was first recorded in a 10* M thiocyanate solution. Then, the
electrode was rinsed and immersed in a 10°> M thiocyanate
solution, and the potential was measured continually. The
measuring cycle was repeated four times to confirm the rever-
sibility of such an electrode.

Measurements of Fe** in aqueous solution

The optimized thiocyanate-ISE was employed for indirectly
determining the concentration of Fe(m) in the [FeSCN]*" sam-
ples. The standard calibration curve of the mixed solution
between 107> M SCN~ and different concentrations of Fe**
was established by recording their EMFs. Subsequently, the
samples prepared by spiking Fe*' into the controlled SCN™
solutions, to have the concentrations of 5.0 x 10~ and 1.0 x
10~* M, were examined. From the resulting EMF data, the
concentrations of Fe*" in the spiked samples were calculated
and the percentage recoveries were then obtained.

Results and discussion
Synthesis of compound L1

The receptor molecule, L1, was synthesized in four steps
starting from p-tert-butyl calix[4Jarene as shown in Scheme 1.
A reaction of p-tert-butyl calix[4]arene with 4 equiv. of ethyl
4-bromobutyrate in the presence of K,CO; in acetone yields
compound a, the diethyl ester derivative, in 78% yield. Upon
addition of 15% w/v NaOH into the solution of compound a,
the diacid derivative (b) was obtained in 20% yield. The diacid
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Scheme 1 Synthetic route to L1 and Cu,L1. Reagents and conditions: (i) ethyl
4-bromobutyrate, K,CO3, acetone, reflux; (ii) 15% w/v NaOH in EtOH, reflux; (iii)
SOCl,, toluene, reflux; (iv) tripodal amine d, NEts, CH,Cl5, RT, Ny; (v) CuCly-2H,0,
MeOH, RT.

chloride derivative (c) was synthesized by reacting the diacid
derivative (b) with SOCIl,, followed by coupling with tripodal
amine (d) to yield L1 in 15% yield. The methylenic protons of
the methylene bridge, Ar-CH,-Ar, exhibited two doublet peaks
with an AB pattern at 3.31 and 4.33 ppm with geminal coupling
constants of 12.8 Hz, indicating the cone conformation of the
calix[4]arene compartment. The sharp singlet peak at 10.75 ppm
belonged to two -NH- amide protons. The ESI (positive mode)
MS spectrum featured a molecular ion of L1 at m/z = 1416.79,
corresponding to [L1 + Na']. The addition of CuCl, in CH;0H to
the methanolic suspension of L1 gave a blue solution, which was
then left at room temperature for 24 hours. The blue solid of the
Cu,L1 complex was obtained in 58% yield. The HRMS-ESI
spectrum of Cu,L1 showed the parent peak at m/z = 1623.5339,
which was designated to the molecular ion of the dinuclear
complex [Cu,L1 — CI]'. The elemental analysis results also
agreed with the chemical formula of Cu,L1-4H,0.

Membrane preparation and potentiometric responses to metal
ions and anions

The polymeric membranes were prepared by controlling the
ratio of PVC:0-NPOE plasticizer at 1:2 by weight, and the
concentration of ion carriers (ionophores) at ca. 10 mmol kg .
In addition, potassium tetrakis(p-chlorophenyl)borate (KTpCIPB),
(25, 50 and 75 mol% compared to the mole of the ionophore)
was added to the membrane composition. The properties of
compounds L1 and L2 as ion carriers in PVC membranes were
evaluated by measuring their potentiometric responses towards
various metal ions. The EMF responses of the membranes
containing compounds L1 and L2 are shown in Fig. 1. Both
membranes were fabricated from L1 and L2 and responded to
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Fig. 1 Potentiometric cation responses of the membranes containing L1 (a) and
L2 (b) in the presence of 75 mol% of the anionic additive (KTpCIPB).

most cations, giving positive EMF responses. The most inter-
esting thing is that the membrane containing L1 responds
negatively to Cu®>" at concentrations from 10~” to 10~ M. This
behavior can be described as Donnan exclusion failure. When
Cu”* enters the membrane phase, it forms a very stable complex
with L1. Since L1 has two units of the tripodal amine receptor,
the complexation would result in the tremendous increase of
the positive charge in the membrane phase. As a result, the
membrane tries to keep its neutrality by extracting co-anions
into the membrane, causing the membrane to respond
negatively. However, the anthracene-based ionophore L2, pos-
sessing only one tripodal amine unit, does not give a negative
EMF response to Cu®". We also varied the amount of anionic
additive to 25 and 50 mol% compared to the ionophore, but
the membranes still gave responses to Cu®" ions, positively for
L2 and negatively for L1. This signifies the importance of
the two tripodal amine units in L1, which can bind with two
Cu(u) ions and can induce the Donnan failure in the PVC
membrane.

We also investigated the effect of co-anions on the EMF
response of Cu®". In this case, various salts of Cu** were
introduced as analytes and the inner filling solution was
controlled using CuCl,. The EMF responses of the membrane
L1 with 75% KTpCIPB are illustrated in Fig. 2. It was found that
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Fig. 2 Potentiometric responses of the membranes containing L1 + 75 mol%
KTpCIPB towards different copper(i) salts.

Cu(ClO,),, Cu(NO3), and CuCl, gave negative response slopes
near the Nernstian slope of —57.0, —52.3 and —53.0 mV
decade !, respectively while CuSO, did not give a Nernstian
response. We also compared the selectivity coefficients of these
anions using the separate solution method (SSM),>> which was
highly recommended if the electrode exhibited a Nernstian
response for the studied ions. The results showed that such a
membrane had a selectivity in the order of Cl0,~ > NO;~ >
Cl™, which corresponded to the lipophilicity of the anions in the
Hofmeister selectivity sequence:>**?* ClO,~ > SCN™ > I >
NO,~ > Br~ > NO,” > OAc™ ~ Cl” ~ F~ > H,PO,” > SO,>".

In order to develop a membrane that could selectively
respond to a certain anion with an anti-Hofmeister sequence,
we prepared cocktail solutions of the membrane by mixing
PVC, 0-NPOE and L1 in the presence of 25, 50 and 75 mol%
KTpCIPB, and preconditioned membranes in 10> M of Cu(ClO,),,
Cu(NO3), and CuCl, overnight. Importantly, we measured the EMF
changes upon adding a variety of sodium or potassium salts of the
anions: ClO, ,SCN—,1I,NO; ,Br ,NO, ,O0Ac,Cl,F ,H,PO,~
and SO,>~. We found that all membranes gave negative responses
to the anions. To preliminarily find the selectivity of the fabricated
membranes to a particular anion, we firstly employed the fixed
interference method (FIM)*' for competitive studies between two
different anions in the same solution by measuring the potentials
of the membrane with a solution of a constant concentration of
interfering ions and varied concentrations of the primary ion. The
results showed that all membranes gave the highest response
towards SCN, but with different response slopes, linear ranges
and detection limits depending on the membrane composition
and the type of bathing Cu(u) solution, as summarized in Table 1.

The best membrane should provide the slope of SCN™
response closest to the theoretical Nernstian slope (—59.2 mV
decade " at 25 °C) and also the lowest detection limit. Since
there was no significant difference between the detection limits
of our tested membranes, the best membrane from L1, con-
sidering from the results in Table 1, could be obtained when
using 75 mol% of anionic additive, KTpCIPB and precondition-
ing in 107> M CuCl,, with a detection limit of 4.4 x 107° M.
More importantly, our preliminary studies on the selectivity of
this membrane towards SCN~ was found to be better when
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Table 1

Membrane preparation and electrode response properties of L1 towards thiocyanate

Membrane composition

Conditioning solution Anionic additive

(x107> M) L1 (mg (mmol kg™")) (KTpCIPB) (mg (mol%)) Slope (mV decade™) Linear range (M) DL (x10~° M)
Cu(ClOy), 3.06 (10.0) 0.27 (24.7) —35.8 107° to 10> 4.8
3.07 (10.0) 0.53 (48.6) —40.4 107> to 107> 4.2
3.06 (10.0) 0.82 (75.1) —57.6 107° to 1072 3.7
Cu(NO,), 3.06 (10.0) 0.27 (24.7) —37.6 107°to 1072 3.2
3.07 (10.0) 0.53 (48.6) —56.3 107° to 1072 3.5
3.06 (10.0) 0.82 (75.1) —58.3 107° to 102 3.6
CucCl, 3.06 (10.0) 0.27 (24.7) —36.1 107> to 1072 2.7
3.07 (10.0) 0.53 (48.6) —41.4 107> to 10> 3.9
3.06 (10.0) 0.82 (75.1) —59.6 107° to 1072 4.4
preconditioning in CuCl,, compared to Cu(ClO,), and Cu(NO3), 1
(see Fig. S7, ESIf). This amount of the anionic additive is also 05 | — co;
suitable to extract more Cu”* into the membrane phase so that 5 ,”
. .o 0y — seNm--3t- SCN
the Donnan failure can occur and the membrane functions as =H /
7’
an anion selective membrane. Therefore, the PVC membrane 0.5 1 i
electrode containing L1 and 75 mol% KTpCIPB could be used A ," — 1
as an allosteric sensor for detecting thiocyanate ions in the AB — dogs
presence of the Cu®" effector. )
- 2 I ¥
Selectivity of the allosteric anion selective electrode 5 25
g 251 NOy
. . . — H,PO; =
We then carefully determined the selectivity coefficients of the = > — No,
. o . . 83 —_ Noy " H,PO,
optimal membranes, preconditioned in CuCl, solution, — Br
towards each anion by the SSM, the most common method bk — —a
for determining the selectivity coefficient of ISEs.>** We also -4 F = S0
confirmed the allosteric sensing property and the importance 45 —_ g“w £
of the Donnan failure of the membrane containing L1 and .
75 mol% KTpCIPB by comparing its selectivity coefficients —
(logkP7") towards each anion with those of the membrane 5.5 1 )
containing Cu,L1 complex and 25 mol% KTpCIPB.>® Complex % (@) (b)

Cu,L1 could be isolated from the reaction of CuCl, and L1, as
shown in Scheme 1. The results shown in Fig. 3 indicate that
the membrane prepared from L1 and preconditioned with
CuCl, gives the highest selectivity to SCN~ and shows the
anti-Hofmeister order for other anions while the membrane
prepared from complex Cu,L1 gives the highest selectivity
towards ClO,  and shows the Hofmeister sequence for other
anions, suggesting that Cu,L1 allows the transport of anions
through the membrane by the order of their lipophilicity or
the Hofmeister order, not by the role of the carrier. In contrast,
the membrane L1 bathing in CuCl, solutions shows the ability
of L1-Cu, complex in the membrane phase as an anion carrier.
A number of neutral selective ionophores for thiocyanate,
prepared in the form mononuclear and dinuclear complexes
of Cu(n), have been reported in the literature.>*™®

We have studied the transport of thiocyanate into the
membranes containing L1 and 75 mol% KTpCIPB precondi-
tioned in 10> M CuCl,, Cu(NO;), and Cu(ClO,), using electro-
chemical impedance spectroscopy. The results depicted in
Fig. 4 show the semi-circle Nyquist plots of all membranes,
giving the membrane resistance, Rm, of 35-47 KQ, suggesting
the preference of the membranes to allow thiocyanate to pass

This journal is ©@ The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013

Fig. 3 A comparison of the selectivity coefficients (log K,?ft) of the membranes
containing L1 and 75 mol% KTpCIPB (a) and of the membranes containing Cu,L1
and 25 mol% KTpCIPB (b).
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Fig. 4 EIS spectra of the membranes containing L1 and 75 mol% KTpCIPB
conditioned in different copper(i) salts using 1072 M KSCN as the inner and outer
solution.

through, especially the one bathing with CuCl, which gave the
lowest resistance. We have also obtained the impedance spectra
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of the membrane containing Cu,L1 and found out that its
membrane resistance is 1.2 MQ (Nyquist plot not shown),
which is tremendously different from that of allosteric mem-
branes. The EIS results agree very well with the results from the
potentiometric measurements.

Response time, working pH range, and reversibility of the
allosteric membranes prepared from compound L1

The response time of an electrode is also an important char-
acteristic of ISEs. The fabricated thiocyanate-ISEs incorporating
compound L1 and 75 mol% KTpCIPB preconditioned in 10 > M
CuCl, showed a very fast response time of less than 5 seconds
before reaching a stable EMF value for all the studied anions.
In addition, the potentials were very stable after changing the
concentration, which indicates the good property of the ISE.
The time trace line of the optimal ISE is shown in Fig. 5.

The working pH range of the proposed thiocyanate-selective
electrodes was explored by carrying out the EMF measurements
over the pH range of 3.0-11.0. The results shown in Fig. 6
indicate that the optimal membrane could perform well and
give constant signals in the pH range of about 3-7. However,
the membrane was unstable in higher concentrations of OH ™.
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Fig. 5 Time-dependent response of the membranes containing L1 and
75 mol% KTpCIPB conditioned in CuCl, towards thiocyanate.
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Fig. 6 pH effect on potentiometric responses of the optimized thiocyanate-ISEs
towards 1073 and 1072 M of thiocyanate.

4016 | NewJ. Chem., 2013, 37, 4010-4017

100 - 165 M

80 A 86 mV

EMF (mV)

60 -
102 M

40 -

20 | 36mv

0 T T T T T
0 5 10 15 20 25

Time (min)

Fig. 7 Reversibility of the optimized thiocyanate-ISEs for 107> and 1072 M of
thiocyanate.

The observed drift could be due to the interference of OH™ on
the complex formation between SCN™ and the allosteric iono-
phore.?® The constant EMF values at pH > 8 should mainly be
the potentiometric response of OH ™.

The reversibility of the electrode is another important factor
that represents the precision of the detection. In the experi-
ment, the electrodes containing L1 and 75 mol% KTpCIPB
preconditioned in 107> M CuCl, were used to measure the
EMF values of two different concentrations of thiocyanate
alternatively. As seen in Fig. 7, the EMF signals could be
restored at the same concentration in every measuring cycle.

Measurements of Fe*" in aqueous solution

The possibility of using our allosteric thiocyanate-ISE contain-
ing L1 and 75% KTpCIPB preconditioned in 10~> M CuCl, in
determining the amount of Fe’" in aqueous solution was
explored. The idea came from the reaction between Fe®" and
SCN™ according to eqn (2).

[Fe(H,0)s]*"(aq) + SCN™(aq) — [Fe(H,0)sSCN]**(aq) + H,0(])
(2)

The EMF changes of the thiocyanate solution (10> M) in the
presence of various concentrations of Fe*" were measured by
the optimized thiocyanate-ISE and the standard calibration
curve of this mixed solution was obtained. It was found that
the calibration curve gave a good linearity in the concentration
range of 10> to 10~ * M of Fe*". Then, samples were prepared
by spiking two concentrations of Fe** (5 x 10 >and 1 x 10™* M)
into the controlled SCN™
recorded. Experiments were done in three replicates. The Fe**
contents in the spiked samples were calculated from the calibra-
tion curve as well as the percentage recoveries are illustrated in
Table 2, suggesting that the fabricated thiocyanate-ISE could be

solutions and their EMFs were

Table 2 Indirect determination of Fe3* in [FeSCN]z"sampIes (n = 3) using the
fabricated thiocyanate ion selective electrode

Fe’* added Fe®" found Recovery
[SCN I (M) (x10°M) (x100°M +£SD) (% £SD) RSD (%)
1072 — n.d. — —
5.0 5.45 0.31 109 6 5.6
10 9.09 0.50 91 5 5.5
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used to determine the concentration of Fe’" in aqueous solution
with satisfactory results.

Conclusions

Di-tripodal amine calix[4Jarene, L1, was successfully synthesized
and used as an ion carrier in polymeric membrane electrodes.
Membranes containing compounds L1 and KTpCIPB showed
Donnan failure upon measuring the EMF responses towards
Cu** by giving negative EMF changes, signifying the response to
anions, while compound L2 containing mono-tripodal amine
attached to anthracene gave positive potential responses to most
of the tested metal ions. Upon preconditioning in CuCl,, the
membranes containing L1 and 75 mol% KTpCIPB behaved as an
allosteric thiocyante-selective membrane using Cu®" as an effec-
tor. However, the membrane containing the dinuclear copper(n)
complex of L1 (Cu,L1) showed the highest selectivity coefficients
towards ClO, , obeying the Hofmeister sequence. The result
confirms the significance of the two tripodal amine units and
the Donnan failure in the presence of Cu®>" ions in the mem-
brane containing L1 and 75 mol% KTpCIPB, as the key element
to generate such an allosteric anion sensor. The fabricated
allosteric anion sensor can be used to detect thiocyanate in the
pH range 3-7 with good reversibility, and can also be applied to
indirectly determine the concentration of Fe*" in aqueous
solutions.
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Discriminate sensing of pyrophosphate using a
new tripodal tetramine-based dinuclear Zn(u)
complex under an indicator displacement assay
approacht

Sarayut Watchasit,? Pattira Suktanarak,” Chomchai Suksai,*®
Vithaya Ruangpornvisuti® and Thawatchai Tuntulani*®

In this research, the dinuclear Zn(i) complex of anthracene based tripodal tetramine Zn,L was synthesized,
and its sensing abilities towards anions was investigated using the indicator displacement assay (IDA)
approach with four complexometric indicators: pyrocatechol violet (PV), bromopyrogallol red (BPG),
methylthymol blue (MTB) and xylenol orange (XO). UV-vis spectrophotometry results indicated that the
Zn,L-MTB ensemble sensor could discriminate the pyrophosphate anion (PPi) from other phosphate
containing anions. 'H and %P NMR spectroscopy as well as DFT calculations confirmed that PPi bound to
Zn,L in a 2:2 manner. Both NMR spectroscopy and UV-vis spectrophotometry suggested that the two
bulky tripodal tetramine units in Zn,L played an important role to provide the ensemble cleft for MTB,
giving rise to an ensemble that could be displaced exclusively by PPi. The detection limit of PPi for the
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1. Introduction

Recently, artificial receptors for recognition and sensing of
phosphate anions have attracted chemists’ attention due to
their importance in living systems." Great attention has been
given to the design of chemical sensors for the pyrophosphate
anion, P,O,*~ or PPi.? Such an interest stems from the fact
that PPi plays an important role in many biological processes.
In particular, PPi participates in ATP hydrolysis and is involved
in DNA or RNA polymerase reactions.> Moreover, the amount
of PPi has recently been monitored in patients with calcium
pyrophosphate dihydrate (CCPD) crystal deposition disease
(also known as chondrocalcinosis), as the disease has been
shown to cause high synovial fluid PPi levels in patients.*
Therefore, discriminate sensing of PPi under physiological
conditions remains a significant challenge.
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reported IDA system was 0.3 pM in 20% (v/v) water—acetonitrile buffered at pH 7.4 with HEPES.

The indicator displacement assay (IDA) is the most simple,
convenient and increasingly popular approach for naked-eye
sensing of anions.” Recently, Zn(u)-dipicolyl amine (DPA) com-
plexes have been employed in anion recognition and sensing
of phosphate species.® However, most of the IDA systems
using dinuclear Zn(u)-DPA complexes show low selectivity
toward PPi’ or encounter interference from other phosphate
species such as PO,*” (Pi) and adenosine triphosphate (ATP).®
A few IDA receptors for discriminate sensing of PPi using
dinuclear Zn(u)-DPA complexes have been reported.’ Jolliffe
and coworkers have synthesized a library of anion receptors
comprising linear” and cyclic®® peptide scaffolds bearing
dinuclear Zn(u)-DPA units which could be located at different
positions on the cyclic peptide. The ensemble cleft of the
cyclic peptide receptors and indicators could be varied, and
the discrimination between PPi and other phosphate contain-
ing anions by the IDA approach was achieved.

Although the sensing ability of chemosensing ensembles
formed by the flexible scaffold could be easily tuned by appro-
priate indicators and may provide effective discrimination of
PPi from other anions, the coordination chemistry of the
dinuclear Zn(u) could play an important role in selective
sensing as well. Recently, Lippard and colleagues have shown
that a tripodal tetramine unit on the fluorescein scaffold can
be used successfully as a neuronal Zn** sensor and gives a
better sensing property than the precursor one containing DPA
binding units.’® We have prepared an IDA receptor for PPi

Dalton Trans., 2014, 43, 14701-14709 | 14701
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Bromopyrogallol Red (BPG)

Chart 1 Structures of Zn,L and indicators employed in the IDA studies.

from the dinuclear Cu(un) complexes of di-tripodal tetramine
units on the calix{4]arene scaffold."" In this paper, we syn-
thesize a new ligand (L) containing two tripodal tetramine
units linked to the anthracene scaffold and its dinuclear Zn(u)
complex (Zn,L). We explore the binding properties of Zn,L
with PPi and an indicator by using "H and *'P NMR spec-
troscopy. The structure of the complex between Zn,L and PPi
is calculated using DFT. The selective sensing ability of Zn,L
toward PPi in aqueous solution using the IDA approach is
established using UV-vis spectrophotometry and possible
species in the aqueous solution are analyzed from the UV-vis
spectra using the SPECFIT32 program.'”> The structures of
Zn,L and various commercially available indicators employed
in this study are presented in Chart 1.

2. Experimental
2.1 General method

All chemicals were of analytical grade and used without
further purification. Sterile water for injection was obtained
from General Hospital Products Public Co., Ltd. (Pathum
Thani, Thailand). Zn,L and indicator solutions were freshly
prepared'®™® just before the NMR and UV-vis experiments.
'H-, "*C- and *'P-NMR were carried out using the Bruker
AVANCE 400 MHz Ultra Shield spectrometer. All UV-vis absorp-
tion spectra were recorded using an Agilent 8453 UV-vis
spectrophotometer. Tripodal tetramine (a) was synthesized

according to the procedure reported previously.'>"?

2.2 Synthesis of L

A mixture of tripodal tetramine (a) (1.93 g, 6.34 mmol) and
9,10-diformylanthracene (b) (0.64 g, 2.73 mmol) was dissolved
in dry CH;CN (50 mL) (Scheme S1 in the ESIt). The reaction
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mixture was refluxed under nitrogen for 12 h. After the solvent
was removed, the product was obtained as a dark solid (quanti-
tative yield). The crude imine was dissolved in MeOH (100 mL)
and the solution was cooled to —5 °C. Subsequently, NaBH,
(4.18 g, 110 mmol) was added to the brown solution, and the
mixture was refluxed for 12 h under a nitrogen atmosphere.
After the mixture cooled to room temperature, water (150 mL)
was added and the mixture was evaporated to remove MeOH.
The residue was dissolved in CH,Cl, (150 mL) and the organic
layer was washed with water (3 x 100 mL), dried with anhy-
drous MgSO,, and the solvent was removed. The light yellow
solid of ligand L was obtained after recrystallization of the
crude product in MeOH (0.90 g, 41%). 'H-NMR (400 MHz,
CDCl;, ppm): § 8.45 (q,J = 3.6 Hz, 4H, ArH), 8.03 (d, J = 4.4 Hz,
4H, ArH), 7.58 (q, J = 3.6 Hz, 4H, ArH), 7.38 (t, J = 8 Hz, 2H,
ArH), 7.18 (d, J = 7.2 Hz, 2H, ArH), 7.10 (d, J = 8 Hz, 2H, ArH),
6.73 (m, 10H, ArH), 6.51 (d, J = 7.6 Hz, 4H, ArH), 6.33 (s, 2H,
-NH-), 5.28 (s, 4H, -CH,-), 3.59 (s, 4H, -CH,-), 3.52 (s, 8H,
-CH,-). "*C-NMR (100 MHz, CDCl;, ppm): 6 158.43, 148.58,
148.05, 135.79, 131.43, 131.01, 130.89, 129.00, 126.13, 125.51,
122.55, 122.24, 121.96, 121.44, 116.69, 109.63, 60.35, 58.50,
40.96. ESI-MS (positive mode); 811.4281 [M + H]'. Elemental
analysis calculated for Cs,HsoNg: C, 79.97; H, 6.21; N, 13.82;
found C, 79.89; H, 6.16; N, 13.87.

2.3 Synthesis of Zn,L

The ethanolic solution of Zn(ClO,),-6H,0 (37.2 mg, 0.1 mmol)
was added to the ethanolic suspension of L (24.3 mg,
0.03 mmol) (Scheme S1 in the ESIT), the color of the solution
changed to yellow immediately. Then, the yellow solution was
refluxed under nitrogen for 12 h. After cooling to room temp-
erature, the yellow solids precipitated, and were filtered and
washed with CH,Cl, and MeOH to obtain Zn,L (35.4 mg,

This journal is © The Royal Society of Chemistry 2014
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88%). "H-NMR (400 MHz, 20% (v/v) D,O-CD;CN, ppm): § 8.70
(bs, 4H, ArH), 7.87 (bm, 8H, ArH), 7.48 (bm, 4H, ArH), 7.34 (bs,
8H, ArH), 7.20 (d, J = 7.6 Hz, 2H, ArH-NH-), 6.75 (t, ] = 7.6 Hz,
2H, ArH-NH-), 6.25 (t, ] = 7.6 Hz, 2H, ArH-NH-), 5.27 (bd, J =
7.6 Hz, 2H, ArH-NH-) 4.98 (bs, 4H, Ar-NH-CH,-), 4.29 (m,
12H, Ar-CH,-). *C-NMR (100 MHz, 20% (v/v) D,0-CD;CN,
ppm): 5 154.76, 147.63, 141.88, 140.97, 133.37, 129.79, 129.09,
128.72, 127.15, 126.23, 125.80, 124.93, 124.56, 124.34,
124.00, 59.02, 27.84, 45.11. ESI-MS (positive mode);
1235.0554 [M + 3ClO,7]". Elemental analysis calculated for
Cs4Hs50ClNgO;6Zn,-H,0-CH,Cl,: C, 45.79; H, 3.77; N, 7.77;
found C, 45.66; H, 3.76; N, 7.93. Caution: perchlorate salts are
potentially hazardous and should be handled with care!

2.4 Screening tests of indicators for selective PPi sensing

For the colorimetric detection of PPi, a solution of each indi-
cator, 400 pM (0.2 mL) in 20% (v/v) water-acetonitrile solution
buffered at pH 7.4 with HEPES, was added into a solution of
Zn,L 20 pM (2 mL) in the same solvent system. Subsequently,
0.3 mL of the tetrabutylammonium salt of the anion (1 mM)
was then added to the as-prepared ensemble. The resulting
mixtures were allowed to stand still for 5 min and then sub-
jected to UV-vis spectroscopic measurements. Photographs
were taken using a digital camera (Canon EOS Kiss X5, Japan).

2.5 UV-vis titrations under the indicator displacement assay

All spectrometric titrations were performed in 20% (v/v) water—
acetonitrile solutions buffered at pH 7.4 with HEPES (10 mM)
in quartz cuvettes. Ensemble formation constants were deter-
mined by adding aliquots of 400 uM (10 pL) complex solution
to 20 pM (2 mL) of each indicator using a syringe. After each
addition, the absorption spectra of the indicator solution were
recorded. Similar titration experiments were performed with
PPi. In a typical titration, aliquots of the solution of PPi
400 pM (10 pL) were added to 20 pM (2 mL) of 1:1 or 1:2
ensemble solution of Zn,L-MTB. The ensemble formation
constants and the apparent competitive binding constants
were calculated using the SPECFIT32 program.'?

2.6 NMR titration experiment

Generally, all reagents in the NMR titration experiments were
prepared in 20% (v/v) D,O-CD;CN. For PPi titration, aliquots
of PPi 0.05 M (5 pL) were added to the 0.5 mL solution of Zn,L
(5 mM) using a syringe. For MTB titration, aliquots of MTB
0.05 M (5 pL) were added to the 0.5 mL solution of Zn,L
(5 mM) using a syringe. For MTB displacement titrations,
aliquots of PPi 0.05 M were added to the 0.5 mL solution of
1:1 and 1:2 ensemble (5 mM) solutions of Zn,L-MTB. Sub-
sequently, 'H or *'P NMR spectra were recorded.

3. Results and discussion
3.1 Synthesis of L and Zn,L

Ligand L was straightforwardly synthesized in a moderate yield
(41%) by a Schiff base condensation between tripodal tetra-

This journal is © The Royal Society of Chemistry 2014
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mine (a) and 9,10-diformylanthracene (b) in refluxing aceto-
nitrile followed by in situ reduction using NaBH, in refluxing
methanol (Scheme S1 in the ESIf). The dinuclear zinc(u)
complex, Zn,L, was readily obtained by refluxing
Zn(ClO,),-6H,0 with L in ethanol in 88% yield. Ligand L and
the Zn,L complex were characterized by standard analytical
methods (Fig. S1-S5 in the ESIf). The 'H NMR spectrum of
Zn,L in 20% D,0-CD;CN showed rather broad signals, com-
pared to that of the free ligand. A multiplet signal of methyl-
ene protons of the two pyridine groups and the amine group
appeared at 4.29 ppm. The aromatic protons of the aryl rings
connecting to the amine group appeared at more upfield posi-
tions compared to that of L, probably due to the coordination
of the N atom to the Zn(u) center. We proposed that L behaved
as a tetradentate ligand to coordinate Zn(1) using 4 N atoms of
the tripodal tetramine unit."’

3.2 Screening tests of indicators for selective PPi sensing

We first tested the anion sensing capabilities of the receptor
Zn,L by using an indicator displacement assay. In this study,
4 commercial dyes, pyrocatechol violet (PV), bromopyrogallol
red (BPG), methylthymol blue (MTB) and xylenol orange (XO),
which were complexometric indicators for the determination
of metal ions were employed."* We prepared both 1:1 and 1: 2
receptor to indicator ratios in 20% (v/v) water-acetonitrile solu-
tion buffered at pH 7.4 with HEPES to screen the sensing
abilities toward PPi over other anions.

After the addition of various anions (7.5 equivalents of
tetrabutylammonium salts) to four ensemble solutions, we
found that only the MTB based ensemble of Zn,L was able to
discriminate PPi from other anions as indicated by a color
change from blue to purple, shown in Fig. 1c. However, the
PV- and BPG-Zn,L ensembles responded to all phosphate con-
taining anions because the color of the corresponding ensem-
bles was converted to the color of the unbound indicators. In
the case of the XO-Zn,L ensemble, there were no significant
changes upon addition of all anions. Therefore, the anions
were not able to dislodge the XO indicator. Both MTB and XO
have a similar core structure, they differ only in the bulky sub-
stituents on the rings. We expect that the binding affinity of
the Zn,L-indicator ensemble must play an important role in
the displacement of the indicator by an anion. Compared to
dinuclear Zn(u)-DPA receptors which could undergo IDA using
the indicator PV,*'> our Zn,L needed a different indicator due
to the change in coordination chemistry around the Zn(u)
center. Therefore, the binding properties of Zn,L with PPi and
the 4 indicators were studied by "H and *'P NMR spectroscopy
as well as UV-vis spectrophotometry.

3.3 Binding studies of Zn,L with PPi by 'H and *'P NMR
spectroscopy

Upon adding portions of PPi (in 20% D,0-CD;CN) to the solu-
tion of Zn,L, the "H NMR spectrum of the Zn,L starts broaden
indicating a fluxional behaviour (Fig. 2). When 2 equiv. of
PPi is added, the spectrum becomes resolved. All protons
can be assigned by the HMQC technique. Interestingly, in the

Dalton Trans., 2014, 43, 14701-14709 | 14703
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Fig. 1 Color changes of the Zn,L-based (20 pM, 2 mL) ensembles with various indicators (400 pM, 0.2 mL) at a 1:2 receptor to indicator ratio
(a) PV, (b) BPG, (c) MTB and (d) XO in the presence of various anions (1 mM, 0.3 mL), where (1) = Zn,L, (2) = indicator, (3) = ensemble, (4) = HPO,%",
(5) = PPi, (6) = SO42~, (7) = NO3~, (8) = COs*", (9) = HCO5>", (10) = AcO™, (11) = BzO™, (12) = CN~, (13) = SCN™, (14) = OH", (15) = I, (16) = Br~, (17) =
Cl, (18) = F7, (19) = AMP. (20) = ADP and (21) = ATP, respectively in 20% (v/v) H,O-CHzCN buffered at pH 7.4 with HEPES.

VI a+itj+m h

d@Jb
Lé

L
L
I\
h

T T T T T T T T T T T T T T T T T 1
9.0 85 80 75 7.0 65 6.0 55 50 45 40 35 30 25 20 15 ppm

Fig. 2 'H NMR spectra of (I) free Zn,L, (Il) Zn,L + PPi 0.5 equiv., (Il)
Zn,L + PPi 1.0 equiv., (IV) Zn,L + PPi 1.5 equiv., (V) Zn,L + PPi 2.0 equiv.
and (V1) Zn,L + PPi 2.5 equiv. in 20% (v/v) D,O-CDzCN.

absence of PPi the aromatic proton a of the dinuclear complex
Zn,L is present in a higher magnetic field region, at § =
5.3 ppm, probably due to the shielding effect of the ring
current of the aromatic anthracene ring. Upon addition of PPi,
the proton a disappears from the NMR spectrum and
reappears in a more downfield region. The aromatic protons b
and ¢ move downfield and the methylene protons e and f
move upfield. Therefore, protons on the aromatic ring A gener-
ally move significantly while protons g, i, j and k on the
aromatic ring B move to a lesser extent. The proton h of the
methylene linkage between anthracene and the tripodal tetra-
mine unit, functioning as a pivot of the movement, stays sharp

14704 | Dalton Trans., 2014, 43, 14701-14709

upon addition of PPi. The results imply that the aromatic ring
A probably moves away from the anthracene moiety upon the
binding of PPi to the Zn(u) center.

*1P NMR titrations of Zn,L in 20% D,0-CH;CN with portions
of PPi were carried out and the spectra are shown in Fig. 3.
The free PPi has a signal at —6.0 ppm. It can be clearly seen
that adding up to 1.0 equiv. of PPi to the solution of Zn,L gave
a single broad peak at —3.0 ppm due to the formation of a
complex between an equivalent amount of Zn,L and PPi, conco-
mitant with the disappearance of the signal at —6.0 ppm. The
single peak at —3.00 ppm implied that the two P atoms in Zn,L-
bound PPi are magnetically equivalent. Upon adding more than
1 equiv. of PPi, a signal at a more upfield position appears in
the spectrum. After the addition of 4 equiv. of PPi, this peak
shifts to a more downfield position, close to that of the signal of
free PPi, and the signal at —3.0 ppm becomes more resolved.
The best way to obtain the exact structure of the Zn,L-PPi
complex is from the crystal structure determination. However,
we cannot obtain a suitable crystal of the complex for X-ray
crystallography, probably due to the mixed solvent system
(H,O-CH3CN) used in the preparation of the complex. Based
on the several binding modes of PPi toward the metal center
reported previously,'® the density functional theory (DFT)
calculations of a possible complex of Zn,L and PPi in 1:1 and
2 :2 fashions were carried out to find the most stable structure

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 *'P NMR spectra of Zn,L (5 mM) upon addition of various con-
centrations of PPi (0.05 M) in 20% (v/v) D,O-CD3CN.

instead. According to computer simulations, the 1:1 complex
model was not possible due to too much strain in the molecule
of the 1:1 PPi-bound Zn,L complex. However, six conformers
of dimeric 2:2 species represented as 2Zn,L-2PPi were found
and their energies were calculated (Table S1 and Fig. S6-S11 in
the ESIt). All optimized structures were obtained by DFT calcu-
lations using the B3LYP/LANL2DZ level of theory'” ™ per-
formed with the GAUSSIANO9 program.”® The most stable
structure of 2Zn,L-2PPi is shown in Fig. 4. The dimeric species
is composed of two Zn,L and two PPi units forming a tetranuc-
lear Zn(nn) complex with PPi as bridging ligands. Two oxygen
atoms on each phosphorus of PPi coordinated to one Zn>" ion,
the same as the structure reported by Hong et al.®” Interest-
ingly, the calculated structure showed a high symmetry struc-
ture of the PPi units. This agreed with the result from the *'P
NMR spectroscopy where the two phosphorous atoms in PPi
appeared as a singlet peak the in *'P-NMR spectrum. In
addition, the calculated structure is also relevant to the signals
that appeared in the '"H NMR spectrum shown in Fig. 2. The
calculated dimeric structure is similar to the structure of the
PPi bound-dinuclear Zn(i) complex reported by Lee et al.**

3.4 Binding studies of Zn,L with MTB and displacement
studies with PPi using "H NMR spectroscopy

Upon addition of portions of MTB (in 20% D,0-CD;CN) to the
solution of Zn,L (in 20% D,0-CD;CN), 'H NMR spectra were
obtained and are shown in Fig. 5. The 'H NMR spectrum of
Zn,L starts to broaden after adding portions of MTB and is too
complicated to assign each proton signal. However, it can be
clearly seen that upon adding more than 1 equiv. of MTB to
Zn,L, the peak due to free MTB emerges in the spectrum.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 The most stable DFT-calculated structure of the dimeric 2:2
species, 2Zn,L-2PPi complex.
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Fig. 5 H NMR titration spectra of () Zn,L (5 mM), (I) MTB, (lll)
Zn,L-MTB, (IV) Zn,L-2MTB, (V) Zn,L-MTB + 2.0 equiv. of PPi and (VI)
Zn,L-2MTB + 2.0 equiv. of PPi in 20% (v/v) D,O-CDsCN, where * is the
residue of free MTB present in the ensemble.
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Therefore, "H NMR titrations of 1:1 and 1:2 ensembles of
7Zn,L. and MTB with PPi were carried out in 20% D,0-CD;CN
(Fig. S12 and S13 in the ESIf). The spectra were too compli-
cated to clearly assign the signal to particular protons. Interest-
ingly, after more than 1 equiv. of PPi was added, the spectra of
both 1:1 and 1:2 ensembles became very similar and were
almost the same as those observed for the 1:1 species of
Zn,L-PPi shown in Fig. 2. *'P NMR titrations of the 1:1 and
1:2 ensembles of Zn,L and MTB with PPi in 20% D,0-CD;CN
(Fig. S14 and S15 in the ESI}) gave almost identical spectra to
the results shown in Fig. 3. These results confirm that MTB
can be replaced by PPi, and most of the final species are PPi-
bound Zn,L.

3.5 Studies of Zn,L-indicator ensembles by UV-vis
spectrophotometry

From the above results, we can clearly see that the new Zn,L
complex can be used to detect PPi selectively. Therefore, we
studied the binding behaviors in aqueous solution using UV-
vis spectrophotometry. To understand the sensing pheno-
menon of our ensembles, we had to determine the ensemble
formation constants (logp) by employing the SPECFIT32
program. Typically, an experiment was carried out by the titra-
tion of Zn,L to a solution of each indicator. The addition of
0-0.4 equiv. of Zn,L to a solution of MTB, resulted in a batho-
chromic shift of the absorption at 450 nm to 530 nm (Fig. 6a)

Abs. @ 600 nm
0.3

(a) o,
02 % .
* *
014 ¢ .
*
0 T ©
0.5 + 0 0.5 1
mole fraction of Zn,L
04 4 anL
" 150 pL
g
£
=l
3
=

T
300 350 400 450 500 550 600 650 700
‘Wavelength (nm)

@ (@) (i) Gv) (v) (vi) (viD) (vii)) (ix) (x) (xi)

Fig. 6 (a) UV-vis spectra obtained by the addition of Zn,L (400 uM) to a
solution of MTB (20 pM), inset: Job's plot analysis of the MTB-based
ensemble and (b) color changes upon increasing the amount of Zn,L
(400 pM) to the MTB (20 pM) solution: (i) free MTB, (ii) 0.1 eq., (iii) 0.2
eq., (iv) 0.3 eq., (v) 0.4 eq., (vi) 0.5 eq., (vii) 0.6 eq., (vii) 0.7 eq., (ix) 0.8
eq., (x) 0.9 eq. and (xi) 1.0 eq.
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Fig. 7 Concentration profiles of the species present at equilibrium in
the UV-vis titration of MTB-base ensemble, where % is referred to the
total concentration of MTB.

and the color changed from pale green to violet (Fig. 6b, vials
no. i-v), visible to the naked eye. Subsequently, increasing the
amount of Zn,L to the ensemble solutions, caused the batho-
chromic shift of the absorption at 530 nm to 600 nm and
finally the blue color was observed (Fig. 6b, vials no. vi-xi).
The UV-vis spectrum at 600 nm was completely saturated
around 1.3 equivalents of Zn,L. The results showed that two
species were formed during the titration. From the concen-
tration profile, upon addition of Zn,L to the MTB solution, a
complex of 1:2 species of Zn,L-2MTB was present in a
maximum abundance of 15% at 10 uM of Zn,L. On further
addition of Zn,L, a 1:1 species of Zn,L-MTB could form in
80% abundance, which was much higher than that of the
Zn,L-2MTB species, Fig. 7. The presence of two co-existing
ensemble species (1:1 and 1:2) agreed well with the Job’s
plot analysis of the ensembles (Fig. 6a inset) and the unre-
solved "H NMR spectra shown in Fig. 5.

Ensembles of Zn,L and PV, BPG as well as XO were also
studied by UV-vis spectrophotometry, and their absorption
spectra are shown in Fig. S16-S18 in the ESI.} Stepwise for-
mation constants of all ensembles calculated by SPECFIT32
are tabulated in Table 1. The results showed that two species
were formed during the titration. Upon addition of Zn,L to the
indicator (I) solution, the 1:2 Zn,L-2I species occurred
because the concentration of I was much higher than that of
Zn,L at the beginning of titration. Further addition of Zn,L
would yield the Zn,L-I species. Therefore, the Zn,L-I would
exist in high concentration at the end of titrations. The pres-
ence of two co-existing ensemble species of those three indi-
cators (1:1 and 1:2) agreed well with the Job’s plots (Fig. S16—
S18 in the ESI{).

Table 1 Stepwise ensemble formation constants (log ) between Zn,L
and the indicators

Logfy Logf,
PV 3.98 + 0.38 8.43 + 0.22
BPG 4.76 £ 0.26 9.14 £ 0.26
MTB 6.05 + 0.16 10.80 £ 0.32
XO 7.72 £0.18 13.48 £ 0.28
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XO showed the highest binding constant (logp;) to the
Zn,L receptor compared to PV, BPG and MTB suggesting that
XO could sit in the ensemble cleft with the strongest inter-
actions with Zn,L. The log #; of MTB to Zn,L was lower than
that of XO. Presumably, the two bulky isopropyl groups of
MTB, giving the more steric hindrance than XO, decreased the
binding affinity of MTB to the Zn>" metal ions. For PV and
BPG indicators, log f; values were smaller than that of XO and
MTB suggesting that their structural scaffolds were less suit-
able for coordinating to the two metal centers in Zn,L.

3.6 PPi sensing studies under the IDA approach

The screen test of our IDA system suggests that MTB was the
best indicator to be replaced solely by PPi. In addition, results
from the NMR and UV studies suggest that upon the addition
of excess MTB to Zn,L, both 1:1 and 1:2 Zn,L-MTB were
formed with the former most dominant in solution. To investi-
gate the sensing ability of PPi under IDA experiments, the chemo-
sensing ensembles were prepared by mixing Zn,L and the
MTB indicator in a 1:2 molar ratio in 20% (v/v) water-aceto-
nitrile solution buffered at pH 7.4 with HEPES. The displace-
ment of indicators by anions was carried out by the addition
of various anions to those ensemble solutions. Subsequently,
colorimetric changes as well as the UV-visible spectra changes
were examined. Upon addition of various anions (as tetrabutyl-
ammonium salts, 7.5 equivalents) to the MTB-Zn,L based
ensemble solutions, only PPi could turn the color from blue to
violet, while other anions did not give rise to either changes in
the UV-vis spectra or in color. These results suggest that those
anions did not interfere with the PPi sensing. Indeed, the lack
of interference may be due to the fact that the binding
affinities of the other anions with Zn,L are weaker than that of
MTB with Zn,L. The results suggested that MTB possessed an
appropriate affinity to Zn,L to facilitate such a selective
response to PPi.

The addition of PPi 0-3 equiv. to the 1:2 base ensemble of
Zn,L-2MTB led to the hypsochromic shift corresponding to
the disappearance of the absorption band of the ensemble at
600 nm and the appearance of a new absorption band around
530 nm. The UV-vis spectrum at 530 nm was completely satu-
rated at 3 equiv. of PPi (Fig. 8a). In addition, the color of the
ensemble turned from blue to violet. The apparent competitive
binding constants of PPi with Zn,L-MTB in the displacement
assay were determined by SPECFIT32 to be log 5, = 8.97 + 0.28
and logf, = 10.79 + 0.28 corresponding to [Zn,L-2PPi] and
[2Zn,L-2PPi], respectively (Fig. 8b). The presence of the
[2Zn,L-2PPi] species at the end of titration agreed well with the
most stable structure shown in Fig. 4 obtained from DFT calcu-
lations. It should be noted that, the observed violet color in
the PPi competition experiments was similar to the color
observed in the ensemble formation experiments (see Fig. 6b,
vial no. iii).

3.7 Studies of interferences and limit of detection

To further explore the effective applications of the Zn,L-MTB
ensemble, the competition experiments were also measured.

This journal is © The Royal Society of Chemistry 2014
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Fig. 8 (a) UV-vis spectra obtained for the addition of PPi (1 mM) to a

1:2 ensemble solution of Zn,L and MTB (20 uM) and (b) concentration
profiles of the species present at equilibrium in the UV-vis titration of
PPi displaced [Zn,L-MTB] ensemble.

A/Ay @ 600 nm
1.4 -
1.2 4

14
0.8 4
0.6 A

0.4 -

1 2 3 45 6 7 8 9 1011 121314 1516 17 18 19

Fig. 9 Sensing of PPi in the presence of competitive anions (7.5 equiva-
lents) in 20% (v/v) water—acetonitrile solution buffered at pH 7.4 with
10 mM HEPES; (1) = Zn,L-MTB ensemble + PPi, (2) = (1) + AcO~, (3) =
(1) + AMP, (4) = (1) + ADP, (5) = (1) + ATP, (6) = (1) + Br~, (7) = (1) + CL,
8)=@1)+F,(9=(1+1,(10)=(1)+BzO", (11) = (1) + CN~, (12) = (1) +
COs%, (13) = (1) + HaPO,4™, (14) = (1) + HCO3?", (15) = (1) + PO4*", (16) =
(1) + NOs~, (17) = (1) + OH~, (18) = (1) + SCN~ and (19) = (1) + SO4*".

As shown in Fig. 9, even in the presence of a large excess of
other competitive anions, no obvious interference with the
detection of PPi was observed. These results clearly indicated
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that the Zn,L-MTB ensemble was useful for selectively sensing
PPi even under competition from other related anions, which
would fulfill the purpose of real-time monitoring. In addition,
the detection limit of the absorption changes calculated on
the basis of 36/K was 0.3 uM (Fig. $20, ESI{).>?

4. Conclusions

We demonstrated for the first time that the tripodal tetramine
dinuclear Zn(u) complex Zn,L could be used to discriminate
PPi from other phosphate containing anions under the indi-
cator displacement assay using MTB as the indicator. Based on
DFT calculations and NMR data, the binding mode of PPi to
Zn,L was the 2 :2 complex species. It was found that the MTB
indicator possessed suitable binding affinities with Zn,L com-
pared to the previously reported PV indicator found in dinuc-
lear Zn(u)-DPA systems resulting in the high discrimination
between PPi and other phosphate containing anions. There-
fore, the new Zn,L-MTB ensemble system could be used to
detect PPi selectively with the detection limit of 0.3 uM in 20%
(v/v) water-acetonitrile solution buffered at pH 7.4 with
HEPES.
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Abstract

The formation of the ensembles between dinuclear copper (I) complexes of anthracene derivative ligands,
Cu,L1 and Cu,L2, with fluorescence indicator Eosin Y was studied, aiming to employ the ensembles to detect
histidine (His) by using an indicator displacement assay approach (IDAs). Experiments were carried out in 80/20
(%v/v) MeCN/H,O in the presence of 0.01 M HEPES buffer at pH 7.4. The ensemble formation constants (log K) of
Cu,L1 and Cu,L2 with Eosin Y were calculated to be 3.82 + 0.25 and 4.91 + 0.33, respectively. Interestingly, it was
found that only Cu,L2 ensemble could detect His selectively, whereas the Cu,L1 ensemble could respond to other
amino acids. Thus, Cu,L2 can be used as a receptor to determine His with fluorescence indicator Eosin Y as

a signaling unit under an indicator displacement assay approach.

Keywords : dinuclear copper (Il) complexes, indicator displacement assay, anthracene derivative ligands,

histidine amino acid, fluorescence sensor
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¥

nIvadpnInasilugannusontuianadugeiniaaiiduasineedumatinnisgnunuinaesdusiaines (Indicator

IS

displacement assay) (Wiskur et al., 2001) Tng lfansilsenevineasfudusinlaiandesuesnatides (1) fuawnus

'
aa

Adl G5 o & = -Q;d ] a a = a o‘d‘ | o & a 1 o
niluayiusassueunsduninylanladauediu (CuL1) uardunusniilueyiufassuaunsduninglnsinga
wailu (Cu,L2) lulnianasilined uazldvgessaiiusausiainas Eosin Y iluniseliidrynyraulunisnsadn

FelaseairaesTuianaildlusnuiddeiuanalfsanng 1
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— N
AN %R @ N/\
— -G [
SR /\)3 . ch\
Ny
- k@ o

Cu,l1 Cu,lL2

(0}

/I\I OH
ST

HN 2

EosinY Histidine

v a

il 1 lassasaesanssynavlaesiaudulatianadsiaasaatiles (1) Muaunusniduayiusaasueunsdu

nivsflaitadauaiiu (Cu,L1) uazlnsinAaueiiu (Cu,L2) BumAnes Eosin Y uaznsnaziludanaw (His)

AEALUUN5IAE
1. §15LAN

nraarilunanfurinuaant 20 ahauas HEPES 1iWwas a1n1i3m Aldrich, EtOH, MeOH, MeCN wag

CH,Cl, AnLi38 Fluka, Eosin Y A1n13Hm Aldrich, #n4a1 a1n1i38 General Hospital Products Public Co., Ltd,

2. ainsaluaziAsadiia

1
a v

Hanasiunnuinslauuudainlnsives 8ife Bruker $u AVANCE 400 uazngaatsaiiusanninglnin

'
v

a3 Evie Agilent §u Cary Eclipse

3. AEN19NARDY

3.1 msdapsaunuaniluayiuirauaunsdunaivglailadauaiiy

arane 9,10-bis(chloromethyl)anthracene 3.01 n¥N iy Dipicolylamine (Incarvito et al., 2001) wag K,CO,
5.05 N3N W DMF 30 Aadans WAdARE 7 neAdsazane Ki1.80 niu T DMF 10 Hadans udanwilunan 1 alia
anntfufin 1 M HCI aunssiaansazaneilunga udaadados Ethyl acetate vidutinLAL 4 M NaOH aunseia
A1 pH unang wdavinnnsanafefie ansazatenan Ethyl acetate : THF (1:1 vAv) udnrinenfussinazanaduieg
g uazindmtieeniag Mgsoﬁﬂaﬁﬁmmfﬁ thansazanelszmefinazae lngAtessziefainazane
LLARANL AL A AR L eman Rt ma FnnanaanEat CH,CI, : diethyl ether : MeOH (1:1:1 viv) a1

NAR T AN A NARITDE A IDIHAR TN L 82
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"H-NMR (400 MHz, CDCl,, ppm): 0 8.43 (d, J = 5.2 Hz, 4H, ArH), 8.40 (dd, J = 3.2, 3.6 Hz, 4H, ArH), 7.49-7.52 (m,
4H, ArH), 7.43 (dd, J = 3.2, 7.4 Hz, 4H, ArH), 7.28 (d, J = 8.0 Hz, 4H, ArH), 7.03 (dd, J = 5.2, 6.0 Hz, 4H, ArH), 4.64
(s, 4H, -CH,-), 3.87 (s, 8H, -CH,-)

N/
=~ "N X
A ! N
CH,CI
2 _ _ K,COg, KI
+ | H | —
X N X
N N DMF
CH.CI NE
AN N~
| N
L1
82 %

DINT 2 LNUANNLEASITNIIAILATIZIALNLS L1

o ca P o o Ao ' @ a
3.2 medaAszraunuariuayWuirawauns duniny nslnaauwaiiu
azanadnslsznauinsinsiaunaiy 1.93 nFu Aae MeCN N1s1AaN1n 50 RadanNs aNntWAdLAN 9,10-

v &

diformylanthracene 0.64 n¥u asluansazanamanane nnssnandansazaranaunieliussanniauialuinsia

1
A o o

Hlunan 12 alus vasanniiuildszveininazana laetesitasrzmeiamazanauunanaaus uansiom
Hureaman@inmaunt MnnsazateanTuaRfusTAINanaan MeOH 100 Aadans thansazananauutili
WHuasiiguund -5 °C mmfuﬁfam@u NaBH, 4.18 n§ asluansazananan Nn1ssnandansazaianannie’ls
usstnmiaufalulnnawfiunan 12 $alus ideasunathasasansuvhliduasiioumgiviesuasifiuth 150 fadans
asluansavanefingn thansavanenauanszie MeOH TntiAtequriasssvesininazansiuuanAa sy a1t
thdauivdesnanaag CH,CI, bnefnerinaiens 100 RadAans 3 A% waziindy CH,CI, uRndaTAne MgSO,
fiulsnAanniin dransavaresauiiliunsyive CH,CL, TatiAteqirteessine MinazaNtLILARATNNAL WaziINTg
ANNANKAE CH,OH : diethyl ether (1:1 v/v) azlinandmaniiuassude@inaes Seaazaondniuafvingy 41

(Watchasit et al., 2014)
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'H-NMR (400 MHz, CDCl,, ppm): O 8.45 (q, J = 3.6 Hz, 4H, ArH), 8.03 (d, J = 4.4 Hz, 4H, ArH), 7.58 (q, J = 3.6 Hz,
4H, ArH), 7.38 (t, J = 8 Hz, 2H, ArH), 7.18 (d, J = 7.2 Hz, 2H, ArH), 7.10 (d, J = 8 Hz, 2H, ArH), 6.73 (m, 10H, ArH),
6.51 (d, J = 7.6 Hz, 4H, ArH), 6.33 (s, 2H, -NH-), 5.28 (s, 4H, -CH2-), 3.59 (s, 4H, -CH,-), 3.52 (s, 8H, -CH,-).
ESI-MS (positive mode); 811.4281 [M+H]".

e

a “ CHO dry CH3CN O
X N X , reflux
Ao B O
&
/
N

/ \

NaBH4\ dry MeOH

, reflux
e,

s

\ooe
z ﬂé

41%

DT 3 LNUANWLEASITNIIAILATIZIALNUA L2

3.3 N1sRILATIERAsUsznauTraasAududialatiataaasuas Cu(ll) ﬁuaunuﬁﬁﬁﬂu@yﬁ’uémm
LLauwsﬁ%uﬁ'ﬁuﬁlmﬁTﬂﬁaLL'aﬁu (Cu,L1)

nnnsazatgaslsneudunus L1 dsnnnd 0.5 n¥u i EtOH 20 Aaddns mmfwﬁi@m NUAGNTATANE
Cu(ClO,),.6H,0 fiavanelu EtOH 20 fiadans asluansazarafanans ansazanauasd ¥ ldvinnnsinandnne 1
ussenauialulnnawiuing 12 9alus ieasazanafuasiigningifiesaslfndniusiifunsneudidan vianns

nsasnanineinlAuazdnsdion CH,CL, uaz EtOH azlfinauisdilisnsouazaesnanimaivingy 78

ESI-MS (positive mode); 1025.39 [I\/|+3CIOA]+.
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3.4 n1sAATIEa1sUsenaulAaasAudutialafiairaasuas Cu(ll) ﬁ'uﬁunuﬁﬁﬁ]uaqﬁ'uémm
Lmumﬁ%uﬁ'ﬁug'lm‘iwé’aLmﬁu (Cu,L2)

N1n1razanaanslsznauaunud L2 3u1nd 0.5 N 1w MeOH 20 fadans mmfm@m UELRLRERHRE
Cu(ClO,),.6H,0 fiazaneilu MeOH 20 fiaaans avluansazarafanas ihansazaranasildlinnissnandnnels
ussennaufalulasaudunan 12 9alug Lﬁ;@mmm’mLﬁu@qﬁfqmuqﬁﬁ@q%ﬁmﬁmﬁmsﬁlﬂummLL*ﬁ\‘iZﬁm NN"3

NIRNARATWIN IAuaza9Fag CH,CL, ez MeOH lhvasuidilansoazaainaninsiviniy 62
ESI-MS (positive mode, m/z): [M + 3C|O4:|+ = 1235.0554

3.5 MsmANAIAALATgsTaIngIAAauaaIiasEuiInsduRALALAaZ Eosin Y Auansilsznau
TAaadRiudu Cu,Ll1 uaz Cu,l2 Amrawmalangaaisaidun lninsdu

Tulnansazareduniamaes Eosin Y Adsidindiu 1 pM 1innms 2 Hadans ldasludsion mmfuﬁ@m Tnmsm
asazangresdssznauineadnudulsasain mnudindu 20 pM asluAanasnanfneluiasldias s
puansazanslidniu hatsazarewadad 1K1 dnr panadauas g Lm?;m%lzg‘@mm dudaninstninimes
ﬁ’]mﬁwmaﬁmumw‘ﬁﬂ'ﬁmm%m@m”tytymw%@@Limsﬁuﬁmﬁ' ﬁw%ﬂgaﬁ”lﬁmm’éwﬂmwLL@mmmzﬁ“uﬁuﬁwdw
ﬂ'ﬂmwLfﬁmmﬁmmmmeLmuﬁuﬁ‘fﬁurafmmmqraﬁu wazA I AAsiesn ninewdalaedlsunsy

SPECFIT (Binstead et al., 2000)

3.6 NMFANEIAMNANNIZIAIZALUNITAANAUNUNTADT N IUTUARTN ] TRILDULENLLIA

Thilpansazangdumiames Eosin Y Acuidindu 1 uM fsunms 2 adans laasluAaim anthildansavans
Treasfiudundazainfifaonudindy 20 uM d3u1ms 200 Tulasams auansazatelidndunazinaisazane
L@ul,snmLﬁ@ﬁm@'miﬂq‘fmrﬁhmmL%um@qﬁmmﬁmwQ@@LﬁmLsﬁuﬁmmfuim’mmmmuﬁﬁmmuﬁsﬁu 0.1 mM 13:1m3
400 nlns@ms @ﬂuﬁqmm‘ﬁ'ﬁmmxmﬂL@umuLﬁ@@fgjm”\immfuﬂummzmﬂlﬁL%ﬁuLLz’n’qﬁﬂﬂ{mrﬁhmmL%Nﬁﬂ@q
Aounyroungeaisaidud LL@:ﬁﬁmiwmmﬁﬁ”’]mﬁuﬁ”ﬁumm@xmumﬂmﬁluj mmfuﬁﬁfasﬂ@ﬁiﬁm@%m‘mﬂwme
ANANNUATENINIAIA NN RATY U U g RaLeE dudiuauennan nsfia1saninsneziluaialaganansn
WA Eosin Y uaznsfiansondniewmdalafiaossmnzianzasunisidenduiunsaesilugiialatis anunsarin
iﬁfmﬁqmmdﬁmmﬂzﬁimﬁmimﬁﬂﬁﬁmmﬂ,ﬂa‘ﬂuuﬂmmmmmmL%mmzﬁ“r:ymﬁmmu@@L?msnuﬁﬁmmmqmﬁlu

545 nm duflusndtyauungesisaciudues Eosin Y lugiaass

3.7 nsAnuIauRsAsENduRauNIsuNURaas His fusislsznavrasautgaidadiiinenn
asilsznaularaaiMudu Cu,l2 nudUALALAAS Eosin Y

thinarsazanafuaiamas Eosin Y Adnadindw 1 M U5unms 2 Hadans laaslu@aianm anntiutlle
anstsznaulanaffiudis Cul2 Arruidindiu 20 pM n1ms 200 Tulasans laasluAaiamaanan Auasazaieli

indu dhansazanasenannlilinfraanudinaesdrynnmgesisadusd vasaniufnasazaaaes His Aaudindu
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0.1 mM a5eaz 10 luTasdns asluAalanaanan augnsazaalidindy wazirlddnrrpoudinaesdyyin

]
=

Wagaaisatius uazindeyanldunairananuansaouduiusszudnedinonuiinsesdyyurgaaisans usd

AUANENIAAY LATANLIUNNANAININNTNATe98N9Usneu Inee fATwine 15T sunsn SPECFIT

NANISIAELAZIANTHA
1. NIFUIATAINAMNLADESURINITNALAULEN LT ATEUIN9DUALALARS Eosin Y nudisUsznau
a [~1 s
Cu,L1 wag Cu,L2 snamAliagaatsaidunlninsdu

AMNNIINARBINLINENTazA8BUALALADT Eosin Y HAMANdinTesdtynyungessaifusigeqnaiinain
8M9AAY 545 nm (A, = 525 nm) uaziienINsnmsnasazatsaeaslsznaulaes Shdurasaatliled (1) insu

o

Audindunuiuauathlfiasazaudumamaifianans wudnAraudinaesdynyiungeasadusaesdusiamed

1% '
o A

lugildasvazildranaailasainaatules (1) laeswiluda quencher 7R (Liu et al., 2011) AsiieduALALAa3 Eosin
Y Ansusclaeefmuduniuaeiuled (1) luasdsznaulaaainudy asinlianudinaesdrynyiungonsaidus
219398uALAMES Eosin Y HA1anas uasantiutideyanliainnisiingaasaid ud nnsdunnauaumaiasiinoig
= a = v

@nes (log K) 1asniaiiaeuauialae 1Eisunsu SPECFIT

AINNNA 4-n aziiiuléidn Weres o IANAIazaNE89a1TLszneL CuLt avlitansazauvesuminmed
Eosin Y lugidasvaziinliinnudinaesdtyounovgeaisadusinannue1onau 545 nm ananasuazidarindeyai i
TalAuanimnean log K wuanfAwingu 3.82 + 0.25 Teaanadeaniun1aifanesalldd [Cu,l 1-Eosin Y] luninuasimeanis
QNN 4-9 azudinléidn ares o IRNANTAza18T8IATLIzNeY Cu,L2 adlilivansazansesBumnmes Eosin Y

o v v o < rd‘ d‘ a 1 al o d' °o v d‘ %

aziiannudinaesdyniungeasadusnaciuanapan 545 nm dAranasiduinsaiuuaziiatiniayan 16l

ANUIUMIAT log K WUANEANWINAL 4.91 + 0.33 Tedana&esriuniaiin1esaldd [Cu,L2-Eosin Y]

800 800

700

o~ 600 ~ 600
> o]
5 500 5 500 Cu,l2 0 eq.
£ 400 2 400
2 7]
@ 300 G 300
+ +—
< 200 £
200 Cu,l2 3.5 eq.
100 100
0 0
530 555 580 605 630 655 680 530 555 580 605 630 655 680
Wavelength (nm) Wavelength (nm)

(n) (1)
NINA 4 vxlzgmmméﬁum“lw WmetuanAINIzdNaUuALALAaT Eosin Y LAy (n) @19lsznad Cu,L1 (1) a19isznau

Cu,L2 luansazanel 0.01 M HEPES pH 7.4 1w 80/20 (%v/v) CH,CN/H,0 (A, = 525 nm)
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v
o

Tasaaseniluldldveseumnidansaaandndldlunng 5 aziiulfd1ausiamas Eosin Y MMaandian
1= ! 3 v o ca & 2+ ' v
2 avpanIenyAlauLazyueanages lun1sasviuselneadiiunlaoauiiu Cu” uiazaznanlulaseai1eaes

ansudsenavlnaadfiudiu (Zhang & Yoshida, 2011)

(n) (1)

2 5 Tanaasaiflull e aeumndasewdng (M) Cu,L1 uag Eosin Y fiu (1) Cu,L2 Way Eosin Y

2. NMSANEIAMNAILNIZLANZAT I UNISIAENAUNLNS ARz Nl UEL AR o) TadauLgNLda

aNNMsANEIAINAINIzIANzatluNsaendunsae: Aiuatnsie o 1eaieuNiia [Cu,L1-Eosin Y] uay
[Cu,L2-Eosin Y] sauanslunndt 6 wudndifiecianissida [Cu,L2-Eosin Y] wnifuiflannadmnzianzaslunasg
n39an His 1 fluetned Inananimeaeuansliiiuindedinanes iy His atfluszuuazinliinaudnvesdnynn
WgeeLsaliunedaunAmad Eosin Y ‘lugﬂ%mxﬁmmmm?{u 545 nm RAnfisTuethadiulddaan luansiiszuy
padieuaniia [Cu,L1-Eosin Y] liflanuatmizianzaslunisnsadansnasiluusatngle dlesaniinsnezilu
Tiladu y fummmﬁﬂﬁmwL%mmﬁtyﬁyﬂmﬂ/\l@u@mmLs‘ﬁuﬁ?{iwmmmummﬁ@ [Cu,L1-Eosin Y] fiAanuenanan
Yananadlenfindusa

600 600

500 Ens. + His

)

@&— Ens. + His

3 4 ~
s 00 3 400
©
2300 ~Z 300
@ 2
o = q #3l
£ 200 Ens. + nsnavily qc) 200 Ens. + nnazUlU
- yilpdug € TUADU
100 ~ 100
0 T T T — (R T - 0 T T |7 T T —
530 555 580 605 630 655 680 530 555 580 605 630 655 680
Wavelength (nm) Wavelength (nm)
(n) (1)

M 6 (n) Ngeawaiudainainvesaisazaiaiewdsiiia [Cu,L1-Eosin Y] Tuaninziinaneziluaiingg
2 equivalents ag/luszuy (1) aasisaidusainninresasazaneieuimailia [Cu,L2-Eosin Y]

Tuanmaeninsnesiluaiinging <) 4 equivalents agfluszuy
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AN 7 azuiulian WWa et 7 AN His alldiansazaraieniania [Cul2-Eosin Y] azasnaliinanu

Y% o @ oa d' A a & 2 & PR . ' [
dinduesdyaunamgeaisadiusinanuanonau 545 nm Ainau fstiaadniluaaiidassnann His aglussuulfidin
lunuf Eosin Y lulaseadsiawaniiia [Cu,L2-Eosin Y] uazvinliiduaianas Eosin Y ugnaanuiaglugilaasy

dsnaliinnudinaesdynnnmgeasaiufuasduniames Eosin Y Tugiaassnaaueananai 545 nm JAANTY

600

500 Ens. + His 22.5 eq. £ 500

)

u
o B
=} o
S S

Intensity (a.
N
8

Ens. + His 0 eq.

-
o
o

0 T T T T T 1
530 555 580 605 630 655 680 0 5 10 15 20 25

Wavelength (nm) Equiv. of His
(n) ()

NN 7 () WQ@@LiaLeﬁuﬁmeﬁu waz (1) NamuanIANdNTuisEnIA Nl tesdty N gaasaius

ARANNENIARL 545 nm LRI equivalent 1849 His

3. NMFANENAUATNZLITURAUNITUNUTIURY His NuAIsUsznauvasaudniia [Cu,L2-Eosin Y]

AINNUASEIURY Folmer-Andersen WarAnLE (Folmer-Andersen et al., 2005) AN1L91 His 811190 LNUTN

BuRLALEeS 5(6)-carboxyfluorescein warauNuFNdusyiuiaealnsAu Mafluaisdsenau [CusHis,] luansazane

(2 '

feluanuiddeinudlenes o Ana1sarans His aslldtansazaavesanstsznaulneeifudu Cul2 Windu 1 mMm

b

wudnHreuidimaeainiuluansazay nasaniunsesaauisiliuaziildngallassainefoamaiin 'H-NMR

o

WU91 'H-NMR ailnainaesaasudannsesfianynzmilowiu 'H-NMR ailnaiuaesdaunus L2 luglaase Inaiien
d‘ | 1 a a d‘ o 1 U dl 3| ' a a dl o 1
O 7 3.52 ppm lullsnaureaginiiaau Aaundihlsnew 1 A1 O 91 3.59 ppm ulilsnavaesmsjiuiiaay Neun
Tismou 2 A1 O 1 5.28 ppm lulisnauaasmyuiiadu Naulilsnan 3 uazan O 71 6.33 ppm Lulilsnanaams]
waiufmuusllsnau 4 nan1smaaeenInataudnedn His arunsadinldunui Eosin Y aunus L2 uazlfansilsenay
[CueHis,] (log K = 18.1) iAnTuluasazaeidulhaaiueudsaaas Anderson uanannfiganuanilatinansazanad 1f
@ A :// Q’j % A v & Ay o :/I = =1 o 1 o
anninsedienaesids@mansaan ldunmeniald 1 Avazlfaaaudedin nasanniiuasnsesaesudsmanaiauaziinld
=l

Agadienanwnificamatiauusalninamyianud iniian miz gagaaenniaumis 404.1112 daduiminluana

99614 [CusHis, + H'] Aauamaluning o-n
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(1)

o AL L - &

T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 ppm

1

' [

29 8 'H-NMR awdnaiuaes (n) awnud L2 lugl@aszuas (1) 2edudaniintuainnisingjisensendns

A131l9na1 Cu,L2 uaznInazilu His

pauAsanusnagliddinalnlunisnaadn His Tnaldfiewmsnia [Cu,L2-Eosin Y] 1iu His azidinllunui
BuRLAwmas Eosin Y inlidtynrungessadusiaasdudinmalugidasyianisduuazuanainil His Sadinliunui
aunus L2 uazifafluanstsznanlpeeffiudu [CusHis,] Nazanainlfegluaisazary Aviuasainnsnaglnig

AadfFanisunuiizes His Auanaliluning 10

Intens. +MS, 1.1-1.2min #(70-76
(n) 50001
40001 [CUHiSz + H]+
30001
20004
10004
[¢] T T T — ey T r
200 250 300 350 ann ask0 500 5R0 miz
N
O, /J
(on) O HZN\\ !
Cu-~..
' "NH, O
rNH \
Ns ©

M 9 (n) uuadinaiuaessldd [Cu-His, + H]" uaz (@) IaseaireniulilifaasansUsznay [CusHis,]
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anlanaieaasanstlsznay  [Cu-His,] azwiulfdufe His a5 wusclreaftiunlaoausiiuloaauy
patliles (1) wiaazinldililaseaieAanitaneniziiung 6 waen (six-membered rings) asdsualiianstszney
TraasAuduiiinduiinauiaiusgs (Wada & Fernando, 1971) anmsuasinaaawinli His auisowdinliunud

AuALALRS Eosin Y uazdunus L2 Tulaseadrsaesinwaniia [Cul,-Eosin Y] 14

/j‘ YA TN
\ HN _N =N N= 9 HOOC
\ N
O HaN-_ Br X Br
Cu ’ N H H N + ‘ O
i NH, O N. g N 0 ¢}
NH \ Br Br
[/)_7_<o @) ‘ CJ

Mwi 10 dunauniIunuRiaes His nuanstlscnaugsseuguiiafifaainanslsenaulpnaafhudis Cul2

AUBUALALADS Eosin Y

a71nans3e

annnsansailulliflunisasadansnasdlugaiau (His) ﬁfmmmﬁﬂmigmmuﬁmmﬁuﬁme'a%
Tnel$ieumndansauainansszneulneaiaudusinlaiunae fuesnatlilas () ﬁuﬁunuﬁﬁﬁugimmmam@ﬁu
Cu,L1 Lmzmﬂmiwﬁmmﬁu Cu,L2 HluasAdsznauiuaunianad Eosin Y luansazaiaiininad 80/20 (%v/iv)
CH,CN/H,0 'l 0.01 M HEPES pH 7.4 annsAnsnsRaeusidazesasliznenlneesauduisgesiingos
WAilANgenLId s Ininadu wudnsdeninisnimenansazansanstlsznenineeimudulafonassuesnetules (1)

aslielansazane Eosin Y azinlidnynynungaaisamusinaaiugnand 545 nm daAnasaniiiasanasililas (1)

' ¥
aAa o o A a

lanauiiluga quencher 1 AafuiiaduniaLned Eosin Y iianuseineaifmdudiunathled (1) Tuaislszney
A linanuidinaesdyiungeesasuiassduaaned Eosin Y daAtasan lngarsazataiauauiiaszmngng
a7tsznaulnaaifiugy Cu,l1 iy Eosin Y fiAnAsfinuatiasesnafaeuauia (log K) [Cu,L1+Eosin Y] &#in
Winriu 3.82 £ 0.25 gaudsazanaauianiiaszuineanstsznaulaaaifiudu Cu,L2 i Eosin Y #AN log K 999013

\Asaetuida [Cu,l2+Eosin Y] Wil 4.91 + 0.33 a0 log K 1asnsiiatewaiidanaasaziiulidnduanimed
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Eosin Y iiadumsisaniulaaauaes Cu’ lulassairenasansilsznan Cul2 lHudsusandiansisznay Cu,l1
iHeaannlulnsaainares Cu,L1 ﬁuﬁm’mﬁmmjwmmimm’éwmﬂﬂdn Cu,L2 ?ﬁ'qLﬂum@mmﬂmaﬁﬁgimﬁiﬂa@Lmﬁu
Hpanuingneiiasnda (steric effect) wy nsTnaanadiu Awinlilaseas9ae9a1stlsznay Cul2 Haanuudausqans
TAsead19aunnndnanslozney Cull dsnaliianuisnasupuszazingszudngleaaunathilad (1) 1Handn
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