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Graphical abstract

A Simple and Highly Selective 2,2-diferrocenylpropane-based Multi-channel Ion

Pair Receptor for Pb** and HSO4

Qian Wan®, Ji-Bin Zhuo®, Xiao-Xue Wang®, Cai-Xia Lin®" and Yao-Feng Yuan """

2,2-diferrocenylpropane-based multi-channel ion pair receptor 1 was designed and structurally
characterized. It was a “naked-eyes-detectable” chemosensor towards Pb>" and HSO, with
excellent selectivity and sensitivity.
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A Simple and Highly Selective 2,2-diferrocenylpropane-based Multi-channel Ion

Pair Receptor for Pb*" and HSO,

Qian Wan®, Ji-Bin Zhuo®, Xiao-Xue Wang®, Cai-Xia Lin*" and Yao-Feng Yuan*>""

Abstract:

Structurally simple, 2,2-diferrocenylpropane-based ion pair receptor 1 was synthesized and characterized by 'H NMR,
C NMR, HRMS, elemental analyses, and single-crystal X-ray diffraction. The ion pair receptor 1 showed excellent
selectivity and sensitivity towards Pb*" with multi-channel responses: fluorescence enhancement (more than 42-fold), a
notable color change from yellow to red, redox anodic shift (4E;, = 151 mV), while HSO,  promoted the fluorescence
enhancement when Pb>" or Zn*" were bounded to the cation binding-site. '"H NMR titration and density functional theory
were carried out to reveal the sensing mechanism based on photo-induced electron transfer (PET).

1. Introduction

Ion pair recognition is an emerging field of research in supramolecular chemistry, since ion pair receptors are capable of
binding concurrently both a cation and an anion and often display higher selectivity and affinity for specific ion pairs than
mono-topic receptors able of recognizing a cation or an anion only.'” So far, most reported ion pair receptors are
constructed on the basis of heteroditopoic system,*” which is consist of one cation binding domain such as crown ethers,’

12 e, Recently, it has been found

calixarenes’ and one anion binding site for instance pyrrole,g'9 indole, urea,10 amide,
that imidazole is capable of binding both a cation and an anion because it has basic nitrogen as well as acidic -NH group,
which converts the imidazole derivatives into excellent ion pair recep‘[ors.”'17 Terpyridylimidazole ligand reported by
Baitalik and coworkers was an effective triple-channel sensor for both Fe** and F ions in solution.'® Molina and coworkers
reported that ferrocene-imidazopyrene dyad behaved as a host-separated ion pair receptor able of recognizing Hg*" and
H,PO, concurrently.19

Ferrocene is a persistent interest for researchers for it playing a key role as a remarkable redox-signaling. In recent years,
mono-core ferrocene and its derivatives have been revealed to be very convenient building blocks for redox-active
receptors used for cations and anions recognition.””® For example, Molina and co-workers reported a ferrocene-based ion
pair receptor that only recognized HSO,™ anion in the presence of Pb?* or Zn**, whereas no affinity of the free receptor by

HSO, anion is observed.”” However, since ferrocene is a known fluorescence quenching group, receptors based on

. .. . 28-30 .
multi-core ferrocene recognizing ions by fluorescence enhancement have been rarely reported. 2,2-Diferrocenylpropane

Page 2 of 13



Page 3 of 13

Dalton Transactions

(DFP), readily synthesized from ferrocene and acetone, is one of the most important building blocks for the preparation of
multi-ferrocenyl derivatives. DFP has always attracted interest for its unique electrochemical property and present potential
applications in anion recognition and catalyzing the decomposition of ammonium perchlorate.’** Very recently, our group
has reported a multi-responsive ion receptor based on DFP and imidazole.** A multi-channel receptor may display excellent
selectivity and sensitivity for specific ion with chromogenic, fluorogenic and electrochemical responsive.” *>’ As far as we
know, the development of multi-channel chromogenic, fluorogenic and electrochemical ion pair receptor utilizing DFP as a
building block is still an unreported subject.

Herein, we demonstrated the synthesis, characterization and binding properties of one ion pair receptor 1 consist of DFP
and deazapurine, which exhibited enhancement of the fluorescence in the presence of HSO, when Pb*" or Zn®" were
bounded to the cation binding-site. Based on the evolution of '"H NMR titration and density functional theory, it can be

speculated that Pb>" and HSO, were combined to receptor 1 in different ways.

2. Results and discussion
2.1. Synthesis and characterization

The receptor 1 was prepared from formyl 2,2-diferrocenylpropane 2** and 2,3-diaminopyridine (Scheme 1). The
structure of 1 was characterized by 'H NMR, '*C NMR, HRMS, element analysis and X-ray diffraction. The single crystal
of 1 was obtained by recrystallizing from its DMSO solution in a NMR tube. The molecule of 1 crystallizes in monoclinic
system, space group P21/n. The molecule structure of 1 clearly shows a distorted tetrahedral structure of DFP, where two
planes of the mono-substituted Cp linked by methylene are almost in mutually vertical position (dihedral angles 85.18°).
The 1-deazapurine backbone and the Cp ring (C19-C23) are almost in a same plane (dihedral angles 1.75°), indicating that
there is a conjugation among them. The two Cp rings of Fcl unit are eclipsed (pseudo-torsion angle of C1-Cg-Cg-C6:
5.57°), while the two Cp rings of Fc2 unit are halfway between eclipsed and staggered (pseudo-torsion angle of
C14-Cg-Cg-C19: 11.05°).%® It indicates that the 1-deazapurine backbone has a great effect on Fc2 unit than Fcl unit. Quite
interestingly, N1-H32:--O (d n..0 = 1.80 A) and C22-H22---O (d cy..0 = 2.45 A) intermolecular hydrogen bonds between
the receptor 1 and a solvent molecule DMSO are observed. Crystallographic data, bond distances and angles of the

structure are summarized in Table S3 and S4.
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Scheme 1. Synthesis of receptor 1
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Fig. 1 Intermolecular hydrogen bonds between receptor 1 and solvent molecule DMSO. For more detailed ORTEP view

see Figures S4 (significant bond distances and angles in Tables S3, S4).

2.2. Optical response of receptor 1 towards ions

To test its selective detection for cations, the fluorescence spectra of receptor 1 (10 uM) in CH3CN towards various
metallic cations (namely, Na', K, Mg2+, Mn**, Co**, Ni*¥, Cu*, Cd*, Hg2+, Zn*" and Pb*" for perchlorate in aqueous
media) were first studied upon excited at 350 nm at room temperature. As shown in Fig. 2, free receptor 1 was
weak-emissive, on addition of 5.0 equiv. Pb>" to 1 resulted in a remarkable enhancement of the fluorescence at 420 nm
along with a notable color change from yellow to red (Fig. 3). Similarly, Zn*" also induced a little fluorescence
enhancement, while other metal ions had little impact on the fluorescence emission. Addition 5.0 equiv. of Pb*" and Zn*" to

receptor 1 induced 42- and 11- fold increases in the intensity of spectral changes (F—F,)/F,, respectively (Fig. S5).
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Fig. 2 Fluorescence spectra of 1 (10 uM) in CH;CN before and after addition of various metal ions, 5.0 equiv. of Pb**, Zn*',

Mg2+, Mn*", Co*, Ni**, Cu*', Cd*, Hg2+, Na" and K', excited at 350 nm at room temperature.
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Fig. 3 Visual features observed in CH;CN solutions of 1 (1. 0 X 10~ M) and 1-Pb*".

The fluorescence titration of 1 (10 pM) by gradually addition of Pb*>" (from 0 to 200 pM in H,0) was comprehensively
surveyed. As shown in Fig. 4, a red shift from 390 to 420 nm along with a gradual increase in the intensity of the emission
was observed. The red shift may be due to the intra-molecular excimer formation caused by the intermolecular hydrogen
bonds between two fluorophores when Pb*" was added.”” In addition, it is pertinent to mention that the increase in
fluorescence continued until the addition of 5.0 equiv. Pb*". The fluorescence intensity was proportional to the
concentration of Pb*" (from 2 to 40 uM) with a good linear correlation and the minimum detectable amount of Pb>" in this
case was calculated to be 4.4 X 1077 M (0.20 mg L) based on S/N = 3,***! which is lower than the maximum permitted
amount of Pb?* (10 mg L) in drinking water defined by the World Health Organization.** Job’s plot indicated a 1:1 binding
stoichiometry for 1 towards Pb*" or Zn®" (Fig. S7 and S8), and the association constant (K,) of 1 towards Pb’" and Zn**
determined by fluorescence based on the Benesi—Hildebrand method”™** were calculated to be 2.11 X 10* M ' and 1.21

X 10° M, respectively (Fig. S9 and S10).
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Fig. 4 Fluorescence emission spectra of 1 (10 pM) upon titration with Pb*" (from 0 to 200 pM), excited at 350 nm. Inset:

the plot of the fluorescence intensity (A, = 420 nm) versus the concentration of Pb*".

Interference experiments on other competitive metal ions to practical applicability of receptor 1 as a Pb*'-selective

fluorescence receptor were also conducted (Fig. 5). Most of the tested metal ions such as Cd*", Co*", Ni**, K*, Mg®", Mn?",
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Na" and Zn®" had little effect on the fluorescence intensity of 1 with or without Pb*", but addition of Cu®>* or Hg”" induced a
slight fluorescence quenching effect. However, compared to receptor 1 toward Cu®" and Hg®" in absence of Pb*', addition
of Cu*" and Hg”" to receptor 1 in presence of 5 equiv. Pb?" induced 32- and 18- fold increases in the intensity of spectral
changes, respectively. These results illustrated that 1 still could be a good sensor for Pb>" over various competing metal

ions.

. receptor with Ph(IT) B receptor without Ph(IT) I

Fluorescence intensity

Ph(IT) Cd(IT) Co(IT) Cu() Ni(I) Hg() k() Mg Mn(l) Na() 7Zn(IT)

Fig. 5 Fluorescence intensities of 1 (10 pM) in CH;CN towards 5 equiv. Pb*" and various interferences metal ions (5 equiv.)

at 420 nm, excited at 350 nm.

Due to containing an amphoteric imidazole ring in its structure, which is verified an excellent hydrogen bond donor in

2945 receptor 1 also has the ability to sense an anion. Thus, on the basis of testing metallic

many anion receptor systems
cations, ion pair recognition properties of receptor 1 towards a number of anions were studied. As shown in Fig. 6 and Fig.
S11, the fluorescence responses of anions F, ClI, Br, I, AcO, HSO,, H,PO; and OH in the form of their
corresponding tetrabutylammonium salts (TBA™) to complex 1-Pb*/1-Zn*" in CH,CN were investigated. It was worth
noting that only HSO, promoted fluorescence enhancement and gave 1.6-fold and 6.6-fold increases in the fluorescence
intensity for 1-Pb*" and 1-Zn>", while the other anions (F,Cl,Br, I, AcO, H,PO, and OH") quenched the fluorescence
emission of 1-Pb?" and 1-Zn*". In addition, HSO, can be very easily distinguished from other anions by the naked eye (Fig.
S12) that after the addition of anions except HSO, , the color of the complex 1-Pb*" changed from red into yellow. The
quenching of fluorescence and red-to-yellow color change of complex 1-Pb*" toward anions F, CI", Br, I, AcO ™, H,PO,”
and OH maybe ascribed for the dissociation of the complex 1-Pb*" to Pb(X), and free receptor 1. Moreover, addition of

HSO, and other anions (F, Cl', Br, I', AcO, H,PO, and OH) to free receptor 1 displayed absolutely no fluorescence

enhancement and showed almost no emission in the fluorescence spectra.
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Fig. 6 Emission intensity at 420 nm of complex 1-Pb>" (10 uM) in the presence of various anions (10 equiv.). Inset:

Fluorescence spectra of 1, 1-HSO,’, 1-Pb*" and 1-Pb*" with different anions (10 equiv.), excited at 350 nm.

A UV-Visible titration of 1 (25 pM) toward Pb** (from 0 to 3 equiv.) was performed and analyzed quantitatively. Free
receptor 1 displayed the featured 7-n* transition band centered at 311 nm (¢/dm’ mol™ ¢cm™ 25 870) and a broad band of
lower intensity at 451 nm (1197) attributed to Fe** — Cp transition.”> Changes achieved maxima at 1 equiv. of Pb>", the
absorption bands at 311 nm and 451 nm were red shifted to 320 nm and 489 nm, respectively (Fig. 7). Meanwhile, an
isosbestic point was observed at 318 nm, indicating that interconversion between two species for 1 after addition of Pb*"
was occurred. However, there were no significant changes in the absorption spectra of receptor 1 or complex 1-Pb*" after
addition of HSO, (Fig. S13). Absorption spectra of complex 1-Pb>* toward other anions such as F~ were also performed
and analyzed quantitatively (Fig. S14). We found that F can be used as a decomplexation agent for complex 1-Pb**, which
just proved the point that the fluorescence quenching of 1-Pb** towards anions X X=F,ClI,Br,I, AcO, H,PO, and

OH") were owing to the dissociation of the complex 1-Pb** to Pb(X), and free receptor 1.
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Fig. 7 Absorption spectra of 1 (25 uM) towards Pb** from 0 to 3 equiv. Inset: Job’s plots for the binding of 1 with Pb*",

absorption at 311nm.
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The electrochemical behaviors of 1 toward various cations above-mentioned were determined by cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) in CH,Cl, solutions containing 0.1 M [(n-Bu)4N]CIO, as supporting
electrolyte. As expected, receptor 1 revealed two characteristic reversible redox waves for ferrocene derivatives in CV. The
first oxidation wave occured on Fcl unit at £y, = 469 mV, then the second redox wave of Fc2 unit emerged at £, = 714
mV.*** On stepwise addition of Pb** ion up to 1 equiv, a clear anodic shift (4E;, = 151 mV) happened in Fc2 can be
observed (Fig. 8), which is owing to the stronger electron withdrawing ability of pyridine after binding with Pb*". The
presence of Zn>" also induced similar shift (1E,, = 78 mV) (Fig. S15), while other metal cations had little effect on either
CV or DPV except Cu”" and Hg*". The accurate test for Cu>* or Hg*" could not be obtained since large precipitation was
formed. The precipitation may be due to high reduction potential for Cu**/Cu™ and Hg2+/Hg+ in CH;CN thus Cu*' or Hg2+
can act as an oxidant for ferrocene derivatives, which may be the cause of slight fluorescence quenching in interference

experiments.

0.4 0.6 0.8 i0
ai

FotentiaiiV’ FoteniiaiiV.

Fig. 8 Evolution of the CV (left) and DPV (right) of 1 (2.0 X 10 M) in CH,Cl, when Pb*" is added: from 0 to 1 equiv on
a conventional three-electrode configuration, glassy carbon as the working electrode, platinum electrode as counter
electrode, Ag/AgCl (3.0 M KCIl) as reference electrode and 0.1 M [(n-Bu),N]ClO, as supporting electrolyte at room

temperature (scan rate: 100 mV/s).

CV and DPV for receptor 1 and complex 1-Pb>* towards HSO, (from 0 to 10 equiv.) were also conducted. Changes
achieved maxima when 4 equiv. of HSO, was added to the CH,Cl, solutions of receptor 1. As shown in Fig. S16, the two
reduction peaks had cathodic shifts of 80 mV and 63 mV for Fcl unit and Fc2 unit, respectively, while the oxidation peak
was a small cathodic shift of 25 mV for Fc2 unit only. The electrochemical behaviors for complex 1-Pb** towards HSO,4
showed that small anodic shifts of 29 mV and 25 mV were observed on the oxidation peak and the reduction peak of Fc2
unit when 2 equiv. HSO4 was added, respectively. However, with the increase of HSO,’, the CV behavior had been
changing, intriguingly when the increment of HSO,” was 10 equivalents, varying degree of cathodic shifts on the two redox
waves were occurred (Fig. S17). From the above discussions, we can see that the electrochemical behaviors of the receptor

1 containing HSO,™ had a distinct response compared with that of involving Pb*".
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2.3. Binding modes of receptor 1 for Pb”" and HSO,~

In order to seek more detailed information of the binding modes in these recognition processes, 'H NMR experiments
were investigated. However, when CD;CN solutions were used as the solvent solubility problems were encountered, thus
the NMR experiments were studied in CDCl; solutions. In view of this, fluorescence spectra of 1 toward Pb*" and HSO, in
CHCI; were performed (Fig S18) and the result displayed absolutely no significant change compared with that in CH;CN.
As shown in Fig. 9, upon addition of Pb** (1.0 equiv.) to the solution of 1, the pyridine ring protons (H2, H3) are
downshifted by 0.14 ppm and 0.27 ppm respectively, thus H1 is upshifted by 0.12 ppm and moved into a multi peak
together with H3. Ha and Hf protons of the mono-substituted Cp adjacent to the imidazole ring are also downshifted by
0.20-0.30 ppm. However, addition of the HSO,4™ anion (1 equiv.) to receptor 1 induced an appreciable upshift by 0.25 ppm
and 0.13 ppm for the H1 and H2 protons, respectively, HP protons are also upshifted by 0.14 ppm whereas Ha protons are
downshifted by 0.02 ppm. The different displacement of Ha protons distinguished from other protons illustrated that Ha
protons involved in hydrogen binding. Job’s plot (Fig S19) indicated a 1:1 binding stoichiometry for complexes 1-HSO,’
and the association constant was calculated to be K, = 6.32 X 10> M. Likewise, addition of 1 equiv. Pb*" and 1 equiv.
HSO, to receptor 1 gave rise to a comprehensive change of not only pyridine ring protons but also ferrocenyl protons
compared with that towards Pb*" or HSO, only (Fig. 9). Evolution of the H2 proton monitored by 'H NMR titration
revealed that Pb”" and HSO,4” were coordinated to different binding sites of receptor 1, respectively (Fig. S20). Furthermore,
'H NMR experiments of complex 1-Pb*" toward F~ were performed and analyzed quantitatively (Fig. S21). The NMR shift
changes of F~ towards complex 1-Pb*" can prove once again that anions X (X=F , Cl, Br, I, AcO, H,PO, and OH)

dissociated the complex 1-Pb*" to Pb(X), and free receptor 1.
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Fig. 9 "HNMR spectra of 1 (9.45 X 107 M) in CDCl; (a), after addition of 1 equiv. of Pb(ClOy), (b), 1 equiv. of

[(n-BuyN)JHSOy (¢), 1 equiv. of [(n-BusN)]HSO,4 and 1 equiv. of Pb(C10,), (d).

According to the above discussions, intermolecular hydrogen bonds between the receptor 1 and a solvent molecule
DMSO N1-H32:--0 (d nu..o = 1.80 A) and C22-H22---O (d ¢...o = 2.45 A) are responsible for the proposed mechanism of
receptor 1 towards HSO,, thus we proposed the plausible structure of the complex for 1 towards Pb*" and HSO, (Fig. 10).

8
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This result has also been confirmed by ESI-MS, where a peak at m/z 879.01 corresponding to the complex

[1-Pb*"-HSO, *HCO,H] is observed (HCO,H was the residue mobile phase, Fig. S22).

Weak Fiuorescence

Fig. 10 Proposed sensing mechanism for receptor 1 towards Pb** and HSO,".

2.4. Theoretical calculations

In order to explain the electronic spectra above-mentioned, theoretical calculation for the geometrical optimization of
receptor 1 and complex 1-Pb”" was performed at the density functional theory (DFT) level using the B3LYP hybrid
functional. The 6-31G and 6-31G(d) basis sets were employed for H and C atoms, aug-cc-pVTZ for N atom and LANL2DZ
with effective core potential for Fe and Pb atom, respectively. After obtaining the optimized structure, the further
time-dependent density functional theory (TD-DFT) calculation was performed to investigate the excited states of receptor
1. All calculations were performed using the Gaussian 09 package.*® As shown in Fig. $23, the HOMO orbital is located
completely on the Fcl unit of 1 while the LUMO orbital is located almost on the heterocyclic ring system. A low intensity
broad band at 451 nm in UV-vis absorption spectrum of 1 has a major contribution from the ferrocene based
HOMO-3—LUMO+1 transition as deduced from the Gaussian, which is assigned as a Fe**—Cp transition. Further, the
strong absorption band at 311 nm has the main contribution from the HOMO-2—LUMO transition, with relatively little
contribution from the HOMO-2—LUMO+2 transition. Weak-emissive of receptor 1 may attributes to either electron
transfer or energy transfer from the DFP group that act as an electron-donor, to the excited state of the heterocyclic ring
system, acting as an electron-acceptor unit. It can be seen that the weak emissive of 1 is attributed to the rich electronic
properties of DFP quenching the emission of fluorophore via PET. When Pb*" is coordinated to the receptor 1, HOMO and
LUMO states of 1-Pb*" are located mainly on the Pb*" as well as Fc1 unit, which leads to its smaller HOMO—LUMO gap.
The smaller HOMO—LUMO gap of complex 1-Pb*" is more conducive to electronic transitions so that leading to

fluorescence emission.



Page 11 of 13

Dalton Transactions

Fig. 11 HOMO-LUMO energy levels of 1 and its complex form with Pb*".

3. Conclusions

In conclusion, we demonstrated a Pb** and HSO,™ concurrently responsive ion pair receptor 1 based on DFP, which was
integrated with 1-deazapurine unit as the cation and anion binding sites. The structure of 1 was detected by single-crystal
X-ray diffraction, and interestingly the intermolecular hydrogen bonds between receptor 1 and solvent molecule DMSO
reflected the way HSO, bond to 1. Receptor 1 showed excellent selectivity and sensitivity for recognizing Pb*" and HSO,4
concurrently, accompanying significant fluorescence enhancement (more than 42-fold), obvious color change and apparent
redox anodic/cathodic shift. The remarkable responses and selectivity exhibited by the ion pair receptor 1 illustrated that it
could be used as a naked-eyes-detectable Pb*" and HSO, concurrently responsive chemosensor for applications in the
surroundings. The 1:1 coordination modes of the receptor 1 towards Pb*" or HSO, were proposed based on Job’s plot.
Furthermore, according to the results of "H NMR titration and density functional theory, we proposed that the sensing
mechanism as based on photo-induced electron transfer (PET). Additionally, further investigations on DFP-based ion pair

receptors and towards enhancing their selectivity and sensitivity are currently ongoing in our laboratory.
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