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A chiral sensing platform based on a multi-
substituted ferrocene—cuprous ion complex for
the discrimination of electroactive amino acid
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An electrochemical chiral sensing platform based on a multi-substituted ferrocene—cuprous ion (Cu™)
complex is constructed for the discrimination of electroactive amino acid (AA) isomers. Due to the oppo-
site configurations of the AA isomers, the developed multi-substituted ferrocene—Cu* can preferably
combine with a right-handed AA (p-AA) isomer to form the ternary complex of multi-substituted ferro-
cene-Cu*-p-AA through n—n interactions, resulting in higher peak currents of p-AA. Therefore, the
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isomers of electroactive AA can be successfully discriminated. Among the tested electroactive AA isomers,
the chiral sensing platform exhibits higher discrimination capability toward the isomers of tryptophan (Trp)
than that of tyrosine (Tyr) and cysteine (Cys), which might be ascribed to the stronger n—= interactions
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Introduction

Chirality is ubiquitous in nature and plays a crucial role in a
variety of fields such as catalysis, medicine and food
science." For example, amino acids (AAs) are one kind of bio-
logically active chiral substance in living organisms, which are
the molecular building blocks of proteins.>> However, only
left-handed AAs (1-AA) are involved in the synthesis of proteins
while right-handed AAs (p-AA) do not participate in protein
synthesis and may even cause undesirable side-effects.®’
Therefore, the discrimination of chiral molecules such as AA
isomers and chiral drugs has attracted increasing attention in
recent years. Among the reported methods for chiral discrimi-
nation, electrochemical methods are especially attractive since
they can easily convert architectural variation into discernible
changes in electrochemical signals such as potential, current,
and impedance.®** However, no matter which electrochemical
method is used, it is necessary to build chiral sensing plat-
forms with enough discrimination capability.'®

Chiral selectors play a pivotal role in the construction of
chiral sensing platforms, which are usually composed of
organic ligands and metal ions.'”'® For instance, Tang et al."®
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between the benzene ring of the multi-substituted ferrocene and the indole ring of the Trp isomers.

reported the synthesis of (S)-BINAP-metal complexes as a
chiral selector for the enantioselective extraction of phenyl-
glycine isomers, and the addition of tetrakis(acetonitrile)copper(i)
hexafluorophosphate ([(CH;CN),Cu]PFs) not only provides
cuprous ions (Cu') but can also enhance the extraction
efficiency of the chiral selector toward phenylglycine isomers.
2R-1-[(S)-a-(Dimethylamino)-2-(diphenylphosphino)benzyl -
2-diphenylphosphino ferrocene (Taniaphos) is an important
multi-substituted ferrocene, which has been widely used as a
catalyst for asymmetric synthesis.>**' Similar to (S)-BINAP,
Taniaphos also possesses benzene rings in its molecule
(Fig. 1), and thus it might be a competent chiral ferrocene
ligand used for chiral separation and discrimination. For
example, Xiao et al.**> reported that Taniaphos-Cu® can be
employed as a chiral extractant to enantioseparate various

Taniaphos

(S)-BINAP
(A) (B)

Fig. 1 Chemical structures of (S)-BINAP (A) and Taniaphos (B).
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amino acid enantiomers. However, as far as we are aware,
Taniaphos and Taniaphos-metal complexes have never been
utilized in the construction of chiral sensing platforms for the
discrimination of AA isomers.

In this work, a complex of Taniaphos-Cu" was synthesized
and used as the chiral selector for the construction of an
electrochemical chiral sensing platform, which was utilized for
the chiral discrimination of electroactive AA isomers including
tryptophan (Trp), tyrosine (Tyr) and cysteine (Cys). The
Taniaphos-Cu’ complex-based chiral sensing platform could
preferably combine with p-AA to form the ternary complex
through n-r interactions, resulting in higher peak currents of
p-AA. Compared with the Taniaphos chiral selector, higher dis-
crimination capability, which was denoted by the peak current
ratio of p-AA to 1-AA (I,aa/l-as), could be achieved with the
Taniaphos-Cu" chiral selector. In addition, the developed chiral
sensing platform displayed higher discrimination capability
toward Trp isomers compared to Tyr and Cys isomers, which
might be ascribed to the stronger n-n interactions between the
benzene ring of Taniaphos and the indole ring of Trp.

Experimental
Reagents and apparatus

Taniaphos was purchased from Yien Chemical Technology
Co., Ltd (Shanghai, China). [(CH3CN),Cu]PFs, 1,2-dichloro-
ethane, 1-/p-Trp and 1-/p-Tyr were obtained from Aladdin
Chemistry Co., Ltd (Shanghai, China). 1-/p-Cys was obtained
from Saen Chemical Technology Co., Ltd (Shanghai, China).
Other reagents not mentioned were of analytical grade and
were purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). All aqueous solutions were prepared with
ultrapure water (18.2 MQ cm, Millipore).

Scanning electron microscopy (SEM) characterization of
Taniaphos and the Taniaphos-Cu’ complex was conducted
with a Supra55 field-emission scanning electron microscope
(Zeiss, Germany), and the Fourier transform infrared (FT-IR)
spectra of [(CH3CN),Cu]PF,, Taniaphos and Taniaphos-Cu’
were acquired with a Nicolet IS50 FT-IR spectrometer (Thermo
Fisher Scientific, USA). The X-ray photoelectron spectroscopy
(XPS) of the Taniaphos-Cu* complex was conducted by means
of an Axis Ultra DLD X-ray photoelectron spectrometer
(Shimadzu, Japan), and the water contact angles of stationary
water droplets (2.0 pL) on different samples were measured
with a DSA25 contact angle goniometer (Kruss GmbH,
Germany). The electrochemical measurements, including
cyclic voltammograms (CVs) and differential pulse voltammo-
grams (DPVs), and electrochemical impedance spectroscopy
(EIS), were carried out by using a CHI 660E electrochemical
workstation (Shanghai Chenhua Instruments Co. Ltd, China).

Construction of the chiral sensing platform

First, the Taniaphos-Cu’ complex was prepared by the pre-
viously reported method.>* Briefly, 68.7 mg of Taniaphos and
37.7 mg of [(CH;CN),Cu]PFg, which was used as the metal pre-
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cursor, were dissolved in 100 mL of 1,2-dichloroethane, and
the resulting orange solution of the Taniaphos-Cu' complex
was maintained at 4 °C for 12 h.

Next, 5.0 pL of the Taniaphos-Cu" complex solution
(1.0 mM) was cast onto the surface of a glassy carbon electrode
(GCE, 3 mm in diameter), which was polished with 0.05 pm
alumina slurry before use. After the solvent was dried in
ambient air, the chiral sensing platform (Taniaphos-Cu'/GCE)
was obtained. For control experiments, a Taniaphos-modified
GCE (Taniaphos/GCE) and a [(CH;CN),Cu]PFs-modified GCE
([(CH3CN),4Cu]PFs/GCE) were also prepared by the same pro-
cedure using Taniaphos or [(CH;CN),CulPF, instead of the
Taniaphos-Cu’ complex.

Electrochemical characterization

Electrochemical characterization studies of different samples
were carried out in a three-electrode cell consisting of the GCE
modified with different samples as the working electrode, a
platinum plate (10 x 5 mm) as the auxiliary electrode and an
Ag/AgCl electrode (with saturated KCl solution) as the refer-
ence electrode. The electrolyte used was 0.1 M KCI containing
5 mM [Fe(CN)s]*™*". The CVs were recorded at a scan rate of
100 mV s}, and the EIS of different electrodes was conducted
in the frequency range of 10> to 1.0 Hz at an open circuit
potential of 0.23 V.

Electrochemical chiral discrimination of Trp, Tyr and Cys
isomers

Unmodified GCE and GCE modified with [(CH;CN),Cu]PFs,
Taniaphos and Taniaphos-Cu’ complex were immersed in
20 mL of 0.1 M phosphate buffered saline (PBS, pH = 7.0) con-
taining 1.0 mM r-Trp and p-Trp, respectively. After incubation
at room temperature for 10 s, the DPVs of the Trp isomers
combined with the modified electrodes were recorded, respect-
ively, and the discrimination capability of different samples
was evaluated based on the peak current ratio of p-Trp to r-Trp
(Io-trp/L-rp)- The chiral discrimination of other electroactive AA
(Tyr, Cys) isomers was determined by the same procedures by
using Tyr or Cys instead of Trp. The construction of the chiral
sensing platform and its application in the electrochemical
chiral discrimination of the Trp isomers are depicted in Fig. 2.
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Fig. 2 Construction of the chiral sensing platform and its application in
the electrochemical chiral discrimination of the Trp isomers.
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Results and discussion
SEM images of Taniaphos and the Taniaphos-Cu* complex

The SEM images of Taniaphos and the Taniaphos-Cu"
complex are presented in Fig. 3. As can be seen, Taniaphos is
composed of coral-shaped nanosheets with a porous structure
(Fig. 3A), while the Taniaphos-Cu’ complex displays a block-
like structure (Fig. 3B). The quite different morphologies
between Taniaphos and the Taniaphos-Cu' complex might be
ascribed to the conversion of the agglomerated nanosheets of
free Taniaphos ligand into microcrystals upon the complexa-
tion with Cu” from the [(CH;CN),Cu]PF, metal precursor.*

FT-IR spectra of [(CH3CN),Cu]PFg, Taniaphos and the
Taniaphos-Cu’ complex

The FT-IR spectra of different samples are shown in Fig. 4. As
can be seen, [(CH;CN),Cu]PF, displays two strong peaks at 829
and 559 cm™ (curve a), which are related to PFs".>"*° The
peak located at 1651 cm™' on the spectrum of Taniaphos
(curve b) is due to the stretching of C=C from the cyclopenta-
dienyl group (CsHs) of ferrocene,”® which can also be
observed on the spectrum of the Taniaphos-Cu' complex
(curve c). In addition, a peak at 840 cm ™" related to the Cu-P
bond®>” appears on the spectrum of the Taniaphos-Cu®
complex, further confirming the successful synthesis of the
Taniaphos-Cu’ complex.

1 pm

Fig. 3 SEM images of Taniaphos (A) and the Taniaphos—Cu* complex
(B).

559

829
b

N\ / 1651

C

Transmittance / %

1651 840

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm’

Fig. 4 FT-IR spectra of [(CH3CN)4CulPFs (a), Taniaphos (b) and the
Taniaphos—Cu™ complex (c).
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XPS spectra of the Taniaphos-Cu" complex

The elemental composition and valence state of the
Taniaphos-Cu’ complex are investigated by XPS, and the
results are presented in Fig. 5. Besides C, N, P and Fe, the
element of Cu can be clearly observed at 923.9 eV on the XPS
survey spectra (Fig. 5A), suggesting successful introduction of
Cu' through the complexation with Taniaphos. Fig. 5B-F show
the high-resolution XPS spectra of C 1s, N 1s, P 2p, Fe 2p and
Cu 2p, respectively. The C 1s spectra display a single peak with
a binding energy of 284.9 eV (Fig. 5B), which is characteristic
of carbon in the CsHs™ group ligated to the iron cation in
ferrocene.”® The N 1s spectra can be deconvoluted into two
peaks at 399.7 and 402.0 eV (Fig. 5C), which are related to
C=N*’ originating from the metal precursor ([(CH;CN),Cul]
PFe) and C-N°° originating from Taniaphos, respectively. The
P 2p spectra can be divided into three peaks at 130.9, 132.4
and 136.1 eV (Fig. 5D), corresponding to Cu-P,>' C-P**> and P-
F,*® respectively. In particular, the appearance of Cu-P indi-
cates the complexation of Taniaphos with Cu" through coordi-
nation bonds. The two peaks at 708.0 and 720.9 eV on the Fe
2p spectra are assigned to Fe 2p;,, and Fe 2p,,, respectively
(Fig. 5E), which are typical of ferrocene.’**> The two peaks
located at 933.0 and 952.7 eV on the Cu 2p spectra can be
ascribed to Cu 2p;, and Cu 2p,,, corresponding to Cu-P
(Fig. 5F),*® further confirming the successful complexation of
Taniaphos with Cu".

Intensity / a.u.
Intensity / a.u.

0 200 400 600 800 1000 1200 280 285 290 295 300
Binding energy / eV Binding energy / eV

(D) P2p

Intensity / a.u.
Intensity / a.u.

393 396 399 402 405 408 o B2 35 38 4
Binding energy / eV Binding energy / eV

B |reny Fe2p

Culpy,

Intensity / a.u.
Intensity / a.u.

T T T T
702 708 714 720 726 931 938 945 952 939
Binding energy / eV Binding energy / eV

Fig. 5 XPS survey spectra (A) and high-resolution XPS spectra of C 1s
(B), N 1s (C), P 2p (D), Fe 2p (E) and Cu 2p (F) of the Taniaphos—Cu*
complex.
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Electrochemical behavior of different electrodes

The CVs of different electrodes in 0.1 M KCI containing 5 mM
[Fe(CN)e]* ™~ are shown in Fig. 6A. There is a pair of well-
defined redox peaks on the CV of the unmodified GCE (curve
a), which is due to the conversion between [Fe(CN)¢]*~ and
[Fe(CN)s]>~. Compared with the unmodified GCE, the peak cur-
rents decrease significantly at the [(CH3CN),Cu]PF¢/GCE owing
to the poor conductivity of the metal precursor (curve b). The
peak currents decrease further at the Taniaphos/GCE (curve c),
which might be ascribed to the electrostatic repulsions
between the two negatively charged CsHs~ groups of
Taniaphos and the [Fe(CN)s]*~*~ probe. Note that the pair of
redox peaks disappears almost completely at the Taniaphos—
Cu'/GCE (curve d), and the greatly inhibited electron transfer
might be caused by the block-like structure of the Taniaphos—
Cu' complex (Fig. 3B). Fig. 6B shows the Nyquist plots of
different electrodes in the same electrolyte. There is a sup-
pressed semicircle in the high frequency region for the four
electrodes, corresponding to the charge transfer resistance
(R.) at the electrode/solution interfaces.’” As can be seen, the
R, value of the Taniaphos-Cu'/GCE (curve d) is remarkably
larger than those of the unmodified GCE (curve a),
[(CH3CN),4Cu]PF¢/GCE (curve b) and Taniaphos/GCE (curve c),
agreeing well with the results of CV.

Electrochemical chiral discrimination of Trp isomers

Electrochemical chiral discrimination of the Trp isomers with
different electrodes was investigated. The DPVs of different
electrodes after incubation in 0.1 M PBS containing 1.0 mM
L-Trp and p-Trp are presented in Fig. 7. As can be seen, the
peak currents of the Trp isomers overlap almost completely at
the unmodified GCE (Fig. 7A) and the [(CH3;CN),Cu]PF4/GCE
(Fig. 7B), suggesting poor discrimination capabilities of the
two electrodes. The Trp isomers can be successfully discrimi-
nated at the Taniaphos/GCE since the value of I, /I, rp can
reach 1.56 (Fig. 7C). The higher peak currents of p-Trp at the
Taniaphos/GCE might be attributed to the fact that both
Taniaphos and the Trp isomers belong to aromatic systems
(Taniaphos, benzene rings; Trp: indole ring), and Taniaphos
preferably combines with bp-Trp through n-mn interactions,

s
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Fig. 6 Cyclic voltammograms (A) and Nyquist plots (B) of an unmo-
dified GCE (a), [(CH3zCN),4Cu]PFs/GCE (b), Taniaphos/GCE (c) and
Taniaphos—Cu*/GCE (d) in 0.1 M KCl containing 5 mM [Fe(CN)g]*~/3~.
Inset of (B): the equivalent circuit, where R, R.t, Wy and Q represent the
solution resistance, charge transfer resistance, Warburg resistance and
constant phase elements, respectively.
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Fig. 7 Differential pulse voltammograms of an unmodified GCE (A),
[(CH3CN),4CulPF¢/GCE (B), Taniaphos/GCE (C) and Taniaphos—Cu*/GCE
(D) after incubation in 0.1 M PBS containing 1.0 mM L-Trp and p-Trp.

which are prominent in aromatic systems*® due to the opposite
configurations of p-Trp and 1-Trp (Fig. 8A). Excitingly, the dis-
crimination capability is further enhanced at the Taniaphos-
Cu'/GCE (I-rep/L1rp = 2.45, Fig. 7D), and the greatly enhanced
discrimination capability might be ascribed to the shortened
distance and easier n—rn interactions between Taniaphos and
p-Trp resulting from the formation of the Taniaphos-Cu"-p-Trp
ternary complex (Fig. 8B).

Wettability analysis of different samples

To further understand the preference of Taniaphos-Cu’ for
p-Trp, the water contact angles of stationary water droplets on
different samples were measured and the results are presented
in Fig. 9. Compared with the Taniaphos/GCE (63.4°, Fig. 9A),
the water contact angle of the Taniaphos-Cu'/GCE is remark-
ably increased to 91.4° (Fig. 9B), and the decreased hydrophili-
city might be caused by the formation of the Taniaphos-Cu"
complex. After incubation in 0.1 M PBS containing 1.0 mM
L-Trp and p-Trp, the resultant ternary complexes (Taniaphos—
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Fig. 8 Schematic illustrations showing the discrimination mechanisms
of Taniaphos (A) and the Taniaphos—Cu* complex (B) toward the Trp
isomers.
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Fig. 9 Water contact angle values of the Taniaphos/GCE (A),
Taniaphos—-Cu*/GCE  (B), Taniaphos—Cu*-L-Trp/GCE  (C) and
Taniaphos—Cu*-p-Trp/GCE (D) with a representative picture.

Cu'-p-Trp and Taniaphos-Cu'-1-Trp) display smaller water
contact angles than that of Taniaphos-Cu’, which might be
ascribed to the high hydrophilicity of the Trp isomers.*® Note
that the water contact angle of Taniaphos-Cu'-L-Trp (76.1°,
Fig. 9C) is larger than that of Taniaphos-Cu'-p-Trp (67.4°,
Fig. 9D), further confirming the preference of the Taniaphos-
Cu' complex for p-Trp.

Optimization of the pH

The pH of the PBS for the incubation of the Taniaphos-Cu"
complex is optimized. As shown in Fig. 10, the highest dis-
crimination capability is achieved at pH 7.0. In acidic media
(pH 5.0-6.5), Cu' in the Taniaphos-Cu' complex is easily dis-
proportionated into Cu®>" and Cu, resulting in low stability of
the complex and consequently decreased discrimination capa-
bility. In alkaline media (pH 7.5 and 8.0), the Trp isomers are
negatively charged since their isoelectric point is ~5.89.
Therefore, the electrostatic repulsions between the Trp
isomers and the negatively charged CsHs~ groups of
Taniaphos will partially inhibit the combination of the
Taniaphos-Cu’ complex and the Trp isomers, leading to a
remarkably decreased discrimination capability.
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Fig. 10 Influence of pH on the discrimination capability of the chiral
sensing platform.
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Fig. 11 Differential pulse voltammograms of the Taniaphos—Cu*/GCE
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Fig. 12 Chemical structures of Tyr, Cys and Trp.

Electrochemical chiral discrimination of other electroactive AA
isomers

Finally, the universality of the developed chiral sensing plat-
form is investigated by discriminating the isomers of other
electroactive AA including Tyr and Cys, and the results are pre-
sented in Fig. 11. As can be seen, the isomers of both Tyr
(Fig. 11A) and Cys (Fig. 11B) can be successfully discriminated
with the Taniaphos-Cu'/GCE. However, the discrimination
capability of the chiral sensing platform toward the isomers of
Trp (Irep/Ltep = 2.45) is far higher than those toward the
isomers of Tyr (I, qyr/Itye = 1.71) and Cys (I,.cys/li-cys = 1.31).
On the one hand, Trp and Tyr are aromatic AA while Cys is an
aliphatic AA (Fig. 12), and thus the n-n interactions between
Taniaphos and Cys are significantly weaker than those
between Taniaphos and Trp and Tyr, leading to the lowest dis-
crimination capability being toward the Cys isomers. On the
other hand, Trp possesses an indole ring while Tyr possesses a
benzene ring (Fig. 12), and therefore the n-n interactions
between Taniaphos and Trp are stronger than those between
Taniaphos and Tyr. As a result, the discrimination capability
of the chiral sensing platform toward the Trp isomers is more
pronounced than for the Tyr isomers (2.45 vs. 1.71).

Conclusions

A chiral sensing platform is constructed based on a
Taniaphos-Cu' complex. Since the Taniaphos-Cu' complex
can preferably combine with p-Trp to form the ternary complex
of Taniaphos-Cu'-p-Trp, Trp isomers can be successfully dis-
criminated with the developed chiral sensing platform.
Compared with the Taniaphos/GCE, the discrimination capa-
bility is further enhanced at the Taniaphos-Cu'/GCE owing to
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the shortened distance and easier n—n interactions between
Taniaphos and p-Trp through the formation of the ternary
complex. The preference of the chiral sensing platform for
p-Trp can be further confirmed by the measurements of water
contact angles of different samples. Besides, the Taniaphos-
Cu'/GCE can also be used for the chiral discrimination of
other electroactive AA isomers including Tyr and Cys. Among
the tested AA isomers, the highest discrimination capability is
achieved for the Trp isomers due to the unique indole ring of
Trp. The findings of this work indicate that the developed
chiral sensing platform based on the multi-substituted ferro-
cene-Cu’ complex might have great potential for chiral
analysis.
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