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Fluorescence recognition of Zn2+ ion by 1,1′-
binaphthyl based on polyamine macrocycle
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Abstract
Chiral polyimine macrocycles were synthesized by the self-condensation of (R)-2,2'-dihydroxy-1,1'-
binaphthalene-3,3'-dicarbaldehyde and o-phenylenediamine derivatives under template-free conditions in
relatively high yields, and the corresponding polyamine macrocycles were obtained by the reduction of
the polyimine macrocycles. The complexation behaviors of the polyamine macrocycles with different
metal cations in ethanol were studied based on their UV-vis absorption spectra and �uorescence spectra.
No �uorescence was observed for the polyimine macrocycles (R,R)-1–(R,R)-3, however, (R,R)-1H and
(R,R)-2H exhibited a “turn-on” blue �uorescence (λem = 415 nm) that were observed upon the addition of

Zn2+. Especially, (R,R)-3H complexed with Zn2+ also produced a “turn-on” yellowish green �uorescence
(λem = 510 nm).

1. Introduction
Shape-persistent chiral macrocycles [1–3] have been studied for their applications in molecular
recognition, supramolecular architectures, and use as an asymmetric catalyst [4–6] and a novel
�uorescence responsive probe (chemosensor) [7–10].

Especially, the axially chiral 1,1'-binaphthyl skeleton has been widely investigated in the �eld of
asymmetric catalysis, molecular recognition, and optically-active molecules including polymers for the
past several decades [11–14]. The advantage of using the 1,1'-binaphthyl structure is that numerous
methods have been developed to selectively functionalize on the 1,1'-bi-2-naphthol (BINOL), which lead to
the design and synthesis of structurally unique derivatives. Novel macrocyclic Schiff base structures
based on 1,1'-binaphthyl and their application such as �uorescent chemosensors or colorimetric
molecular probes are of the great interest [15–17]. 

Brunner et al., reported the synthesis of the chiral bisbinaphthyl macrocycles (I in Chart 1) [18] and Pu et
al. then reported the enantioselective �uorescent recognition for a-hydroxycarboxylic acids using I [19].
Also, Pu et al. investigated that discrimination such as amino alcohols and amino acids using polyimine
macrocycles reduced from I was done [20]. Cheng et al. also investigated the turn-on and turn-off
�uorescent chemosensor for the Zn2+ ion and Cu2+ ion, respectively using the macrocycle derivatives (II in
Chart 1) [21, 22]. Recently, Pu et al. revisited the 1,1′-binaphthyl-based macrocycle and described a unique
response against the Hg2+ ion [23]. While there is a lot of research about �uorescent chemosensor using
acyclic Schiff base compounds [24–28], there is a limited number of Schiff base macrocycles [29–36]. 

Insert Chart 1 here

However, there is only one report using an achiral diamine, such as phenylenediamine (III in Chart 1)
[37], and the obtained chiral macrocycle showed an excellent chiroptical properties. However, there has
been no detailed investigation about the �uorescent response toward a variety of metal cations using this
macrocycle. Herein, we have reported the synthesis of conjugated and non-conjugated macrocycles
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consisting of bisbinaphthyl and o-phenylenediamine derivatives and examined the �uorescent behavior
of these macrocycles under the addition of the metal cations. 

2. Experimental Section
2.1. Materials

All the reagents were purchased from commercial suppliers (Wako Chemical) and used without any
further puri�cation. 

2.2. Measurements 

The 1H NMR and 13C NMR spectra were measured by a Bruker DPX-300 MHz spectrometer using
chloroform-d, DMSO-d6, and acetone- d6 as the solvents. The FT-IR spectra were obtained using a JEOL

JIR-WINSPEC50 (32 scans, 4000–400 cm-1, 4 cm-1 resolution). The UV-vis spectra were recorded by a
SHIMADZU (UV-2600) spectrophotometer. The �uorescence spectra were obtained by a JASCO FP-6500
spectrometer with the excitation and emission slit widths of both 3.0 nm. The optical rotations were
measured by a POLAX-2L (Atago Co., Ltd.) at ambient temperature.

2.3. Synthesis of conjugated macrocycles (R,R)-1–(R,R)-3. 

A typical procedure for the synthesis of the conjugated macrocyclic polyimine (R,R)-1 was as follows: The
diformyl derivative 1 [37] (1.0038 g, 2.93 mmol) and o-phenylenediamine (2, 0.3174 g, 2.94 mmol) were
stirred in 128 mL of DMF at 80 °C for 24 h. The usual aqueous workup with hexane/ethyl acetate gave
the crude product as an orange solid. Treatment of the crude product with methanol gave the product as
a yellow solid after �ltration. 

(R,R)-1: Yield 81%. m.p. > 300 °C. 1H-NMR (300 MHz, CDCl3, TMS, Figure 1S in the Supporting
Information) δ (ppm) = 12.53 (s, 4H, OH), 8.76 (s, 4H, CH=N), 8.03 (s, 4H), 7.84–7.78 (m, 4H), 7.38–7.32
(m, 4H), 7.24–7.10 (m, 16H). FT-IR (KBr, cm-1): 3056 (νO-H), 1616 (νC=N). [α]D = –1692° (c = 0.065, CHCl3).

UV-vis (CHCl3) λmax (ε) = 266 (1.0×105), 314 (7.2×104), 370 (3.5×104). 

(R,R)-2: Yield 93%. m.p. > 300 °C. 1H-NMR (300 MHz, CDCl3, TMS, Figure 3S in the Supporting
Information) δ (ppm) = 12.65 (s, 1H, OH), 12.61 (s, 1H, OH), 12.58 (s, 1H, OH), 12.54 (s, 1H, OH), 8.74 (s,
2H, CH=N), 8.73 (s, 2H, CH=N), 8.01 (s, 4H), 8.05–7.95 (m, 4H), 7.85–7.75 (m, 4H), 7.20–7.08 (m, 10H),
7.02–6.98 (m, 2H), 6.91–6.89 (m, 2H), 2.42 (s, 6H, CH3). FT-IR (KBr, cm-1): 3055 (νO-H), 1616 (νC=N). [α]D =

–1604° (c = 0.235, CHCl3). UV-vis (CHCl3) λmax (ε) = 268 (1.1×105), 314 (7.0×104), 372 (3.8×104). 

(R,R)-3: Yield 95%. m.p. > 300 °C. 1H-NMR (300 MHz, CDCl3, TMS, Figure 5S in the Supporting
Information) δ (ppm) = 12.33 (s, 1H, OH), 12.31 (s, 1H, OH), 12.23 (s, 1H, OH), 12.21 (s, 1H, OH), 8.75–
8.70 (m, 4H, CH=N), 8.06–8.01 (m, 4H), 7.83–7.78 (m, 4H), 7.46 (dd, J = 2.0 Hz, 8.3 Hz, 2H), 7.28–7.20 (m,
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10H), 7.18–7.10 (m, 4H), 6.97 (dd, J = 1.8 Hz, 8.4 Hz, 2H). FT-IR (KBr, cm-1): 3055 (νO-H), 1616 (νC=N). [α]D

= –1550° (c = 0.235, CHCl3). UV-vis (CHCl3) λmax (ε) = 268 (1.0×105), 316 (7.7×104), 370 (4.0×104). 

2.4. Synthesis of non-conjugated macrocycles (R,R)-1H–(R,R)-3H.

A typical procedure for the synthesis of the non-conjugated macrocycle was as follows: A mixture of
(R,R)-1 (0.4207 g, 508 mmol) and NaBH4 (powder (after ground) 0.114 g, 3.0 mmol, 6 equiv) in ethanol
(80 mL) was re�uxed for 4 h. The mixture was cooled to RT with stirring for another 2 h after the addition
of ca. 1% HCl (62 mL) and CHCl3 (62 mL). The reaction mixture was neutralized with NaHCO3 aq.,
extracted with chloroform, washed with water, dried over Na2SO4, and evaporated to give the crude
product as an orange solid. The crude product was puri�ed by short column chromatography on silica
with chloroform/methanol (= 100:1) eluent to give the product as a pale-yellow solid (0.2542 g, 60%). 

(R,R)-1H: Yield 60%. 1H-NMR (300 MHz, CDCl3, TMS, Figure 2S in the Supporting Information) δ (ppm) =
7.80–7.74 (m, 8H), 7.28 (td, J = 1.6 Hz, 9.4 Hz, 4H), 7.18 (td, J = 1.7 Hz, 9.7 Hz, 4H), 7.02 (d, J = 8.4 Hz,
4H), 6.99–6.92 (m, 8H), 4.50–4.36 (m, 8H), 1.71 (br s, 4H, NH). FT-IR (KBr, cm-1): 3629, 3512 (νN-H), 3292

(νO-H). [α]D = +171° (c = 0.105, CHCl3). UV-vis (EtOH) λmax (ε) = 242 (1.5×105), 282 (4.1×104), 324

(2.6×104), 334 (2.8×104), 384 (3.8×104).

(R,R)-2H: Yield 93%. 1H-NMR (300 MHz, CDCl3, TMS, Figure 4S in the Supporting Information) δ (ppm) =
12.64–12.54 (m, 4H), 8.74–8.73 (m, 4H), 8.00 (s, 4H), 7.81–7.78 (m, 4H), 7.23–7.19 (m, 8H), 7.15–7.12
(m, 6H), 7.01–6.99 (m, 4H), 6.85 (s, 4H), 2.42 (s, 6H). [α]D = +170° (c = 0.182, CHCl3). UV-vis (CHCl3)

λmax (ε) = 266 (1.1×105). UV-vis (EtOH) λmax (ε) = 230 (3.3×105), 334 (4.1×104).

(R,R)-3H: Yield 91%. 1H-NMR (300 MHz, CDCl3, TMS, Figure 6S in the Supporting Information) δ (ppm) =
7.85–7.70 (m, 8H), 7.40–7.15 (m, 8H), 7.10–6.90 (m, 8H), 6.77 (d, J = 8.3 Hz, 2H), 4.45–4.25 (m, 8H,
CH2). FT-IR (KBr, cm-1): 3629, 3510 (νN-H), 3302 (νO-H). [α]D = +165° (c = 0.224, CHCl3). UV-vis (EtOH)

λmax (ε) = 230 (3.8×105), 338 (3.1×104).

3. Results And Discussion
The [2+2] polyimine macrocycles (R,R)-1–(R,R)-3 were selectively obtained by Schiff base formation
between the optically-active binaphthyl derivatives: (R)-3,3'-dialdehyde-BINOL (1) [35, 36] and achiral o-
phenylenediamine derivatives in DMF at 80 °C in good yields (80~90%, Scheme 1). The advantages of
these compounds are being obtained in high yield only by the addition of the crude reaction mixture into
methanol. The metal complexation of the chiral conjugated macrocycle obtained with various metal ions
was examined. A change in the absorption spectrum was observed after the addition of Co2+, Ni2+, Cu2+,
Zn2+, and Pd2+ other than Hg2+. However, no signi�cant change in �uorescence spectra was observed
for (R,R)-1–(R,R)-3. Therefore, the non-conjugated macrocycles were obtained through the NaBH4

reduction of (R,R)-1H–(R,R)-3H in moderate yields (~60%, Scheme 2). 
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Insert Scheme 1 here

The chiral nature of the obtained polyimine macrocycles were evaluated by the speci�c optical rotation
[α]D. [α]D values of (R,R)-1–(R,R)-3 that are ca. 6 fold higher accompanied with a change in the sign after
the formation of the cyclic structure compared to the precursor (R)-1. On the other hand, the
[α]D dramatically decreased after reduction of the imine and the sign of [α]D of (R,R)-1H–(R,R)-3H showed
the same sign as 1. 

The UV-vis and �uorescence spectra of (R,R)-1H at various concentrations in ethanol were examined.
Plots of the absorbance intensity versus the concentration of (R,R)-1H show that the linear relationship up
to the concentration of 2.5×10–5 M indicated that (R,R)-1H does not form ground state intermolecular
aggregates. However, the �uorescence intensity at 495 nm versus the concentration of (R,R)-1H show that
the deviation at a concentration greater than 2.0×10–5 M (Figure 1(a)). The absorption and �uorescence
spectra of (R,R)-2H (Figure 7S in the Supporting Information) and (R,R)-3H (Figure 1(b))  show a tendency
similar to (R,R)-1H (Figure 1(a)). For example, (R,R)-1H–(R,R)-3H emits at almost similar �uorescence
wavelengths, which are 495 nm, 485 nm, and 495 nm, respectively. No signi�cant substitution effects
were observed. 

Insert Figure 1 here

(R,R)-1H in ethanol solution was treated with 2 equiv. of various metal cations and both the absorption
and �uorescence response were recorded. An absorption spectrum change was observed after the
addition of the metal cations such as Co2+, Ni2+, Cu2+, Zn2+, and Hg2+. Also, the �uorescence spectra of
(R,R)-1H with Co2+, Ni2+, Cu2+, and Hg2+ ions weakened the emission intensity, while only the Zn2+ ion
leads to a pronounced �uorescence enhancement at 405 nm (Figure 2(a)). By applying a commercially-
available UV lamp (lmax = 365 nm), signi�cant color changes (blue emission) were observed upon the

addition of Zn2+ over the other metal ions (Figure 2(b)). In the case of (R,R)-2H, the absorption and
emission behavior was similar to (R,R)-1H after complexation of the metal ions. However, (R,R)-3H also
shows quenching by the addition of Co2+, Ni2+ and Cu2+, and in the case of Zn2+ and Hg2+, the emission
intensity decreased, but the ratio of the decrease was small for Zn2+, indicating a yellowish green
�uorescence. The reason for the �uorescence enhancement after Zn2+ addition to receptor (R,R)-1H–
(R,R)-3H is based on the inhibition of photo-induced-electron-transfer (PET) process. The lone pair of
electrons on the nitrogen atom cannot contribute to PET process, electron attracting ability is lower than
other metal ions (Co2+, Ni2+ and Cu2+), which provide the �uorescence enhancement [9, 10, 21, 38]. 

Insert Figure 2 here

The absorption spectral variation of (R,R)-1H upon the gradual addition of Zn2+ ions is shown in Figure 3.
The absorption spectrum of (R,R)-1H itself exhibits 230 nm and 334 nm in ethanol. Upon the gradual
addition of Zn2+, the absorbance at 230 nm gradually decreased, and concomitantly, the new absorption
bands at 246 nm and 350 nm gradually increased. Two isosbestic points at 240 nm and 334 nm were



Page 6/18

observed. Besides, the newly observed absorbance at 350 nm �nally reached a plateau after 2.0 equiv
amounts of Zn2+ were added (Inset in Figure 3). 

Insert Figure 3 here

The Job’s plot (Figure 4) showed a maximum mole fraction of (R,R)-1H about 0.3 at 405 nm. This clearly
indicated a 1:2 (R,R)-1H–Zn2+ stoichiometry. 

Insert Figure 4 here

The association for the (R,R)-1H–Zn2+ stoichiometry was also con�rmed by the Benesi–Hildebrand
analysis (Figure 5) [39–41]. 

F0 is the emission intensity of (R,R)-1H without metal ions. F is the emission intensity in the presence of

Zn2+, Fmax is the emission intensity obtained with an excess amount of Zn2+, [Zn2+] is the concentration

of Zn2+, and K is the association constant between (R,R)-1H and Zn2+. Based on the plot of 1/(F–F0)

versus 1/[Zn2+]2, it shows a linear relationship, indicating that (R,R)-1H associates with Zn2+ in a 1:2
stoichiometry. The association constant, K, between (R,R)-1H and the two Zn2+ ions, was estimated to be
4.4 × 109 M–2. The observed high K value clearly indicated the strong a�nity of Zn2+ toward (R,R)-1H. 

Insert Figure 5 here

1H-NMR titration experiments were carried out in DMSO-d6 in order to gain further information about the

coordination behavior under the addition of Zn2+. The signal shifts in spectrum were observed until the
addition of 2.0 equiv Zn2+ as shown in Figure 6. A hydroxyl signal at 8.68 ppm disappeared with a weak
broad peak appearance around 12 ppm, which could be attributed to the hydroxyl group. Also, the broad
peak could be assigned to the amino group around and 6.1 and 4.7 ppm could be down�eld shifted and
observed. Additionally, the signals of the aromatic and aliphatic (–CH2–) are broader than those in the

absence of Zn2+. No change was observed after the further addition of Zn2+, indicating the coordination
of the additional Zn2+ to form the 1:2 complex. Also, the binol hydroxyl groups in (R,R)-1H were involved
in the coordination of the Zn2+ ions accompanied with the amino group. Based on these spectral results,
a 1:2 complex of (R,R)-1H and Zn2+ was proposed as depicted in Figure 6. 

Insert Figure 6 here

To prove how the diamine unit moiety affects the emissions of the complex, (R,R)-1H–(R,R)-3H was
chosen to discuss. (R,R)-1H–(R,R)-3H emits almost similar �uorescence wavelength which were 495 nm,
485 nm, and 495 nm. On the other hand, as shown in Figure 7, the �uorescence emissions of the complex
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of (R,R)-1H–(R,R)-3H with Zn2+ appeared at 405 nm, 415 nm, and 510 nm. The bromide-substituted non-
conjugated macrocycle (R,R)-3H emission dramatically changed to a longer wavelength, which implied
the substituent effect was clearly observed. 

In the �uorescence measurement of (R,R)-1H–(R,R)-3H, a decrease in the �uorescence intensity was
observed at concentrations of more than 20 μM. In the case of (R,R)-1H and (R,R)-2H after the addition of
zinc, the linearity of the relationship between the intensity and the concentration was maintained up to 50
μM and 30 μM, respectively. However, in the case of (R,R)-3H, no decrease in the �uorescence intensity
was con�rmed in the measured concentration range and it showed a good linearity. Furthermore, the
emission of the zinc complex of (R,R)-3H was yellowish green, (R,R)-2H, while the zinc complex of
(R,R)-2H is blue, which is easy to distinguish.

Insert Figure 7 here

4. Conclusions

We obtained three conjugated macrocycles by the [2+2] self-condensation of diformyl bisbinaphthyl and
1,2-diaminobenzene derivatives, and the reduction of the obtained conjugated macrocycles using NaBH4

which lead to the corresponding non-conjugated macrocycles were achieved. The �uorescent behavior of
(R,R)-1H–(R,R)-3H itself in ethanol with no-substituent or substitution with a electron donating (methyl)
group or electron accepting group (bromo group) show almost similar �uorescences. However, the
�uorescent behavior of these macrocycles upon the addition of Zn2+ showed a “turn-on” response with
the different emission wavelengths. (R,R)-1H and (R,R)-2H complexed with Zn2+ exhibited blue emission,
on contrary, the bromo-substituted (R,R)-3H complexed with Zn2+ also detected “turn-on” yellowish green
�uorescence (λem = 510 nm). Although (R,R)-1H–(R,R)-3H is the simple [2+2] polyamine macrocycle
structure, development of extended shape-persistent macrocycles based on BINOL framework may
contribute to the and more e�cient and more useful chemosensors. Furthermore, we are currently
investigating the novel chiroptical property such as the circular polarized luminescence (CPL) using these
metal complexes 
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Figure 1

Fluorescence spectra (a) (R,R)-1H and (b) (R,R)-3H at various concentrations in ethanol solution. Inset: the
relationship between concentration ([C]) of macrocycle and �uorescence intensity at 495 nm.
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Figure 2

(a) Fluorescence spectra of (R,R)-1H (10 μM, λex = 290 nm) in the absence and presence of 2.0 equiv of
various metal ions in EtOH. (b) Fluorescence photographs of a solution of (R,R)-1H in the absence and
presence of 2.0 equiv of various metal ions excited by a commercially-available UV lamp (λex = 365 nm).
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Figure 3

Changes in UV-vis spectra of (R,R)-1H upon the addition of Zn2+ ion (0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
1.8, 2.0, 2.5, 3.0, 5.0, and 10 equiv Zn2+). Inset: plots of absorbance at 350 nm versus value of
C(Zn2+)/C((R,R)-1H), C((R,R)-1H) = 10 μM.
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Figure 4

Job's plot for absorption intensity response of complexation of (R,R)-1H with Zn2+ at 354 nm.
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Figure 6

1H NMR spectra of (a) (R,R)-1H; (b) addition of 0.5 equiv of Zn2+; (c) addition of 1.0 equiv of Zn2+; (d)
addition of 1.5 equiv of Zn2+; (e) addition of 2.0 equiv of Zn2+; and (f) addition of 3.0 equiv of Zn2+.
CHCl3 impurity is labeled by an asterisk.
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Figure 7

Fluorescence emission spectra (a), photographs under UV lamp (λex =365 nm) (b), and plot of intensity
change (c) versus concentration in ethanol (1–100 μM, λex = 340 nm) of (R,R)-2H (left side) and (R,R)-3H
(right side) in the presence of Zn2+.
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