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Abstract

The crown ethers with electro- and photoactive azo moieties containing substituents with mobile protons such as in the —COOH groups of
histidine, show unique effect of pH switched on/off presence of the azo form. The differences observed for the electrochemical behavior of
azocrown ethers with N-acetylhistidine and imidazole moieties reveal the interference of a chemical reduction pathway in strongly acidified
solutions. This chemical reduction process leads to the formation of a hydrazine derivative which can be detected by its further electroreduction on
the electrode surface. The involvement of chemical reduction is seen clearly in the presence of mobile protons of the —-COOH group and mercury
as the electrode substrate. The behaviour of the N-acetylhistidine azomacrocyle is similar to that of compounds known to exist in quinone—

hydrazone tautomeric equilibria.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Renewed interest in the azocompounds is connected with
their applications in molecular switching, sensors and image
storage devices with fast response time [1-8]. Azocompounds
are used as photo- or redox active components of films
deposited on solid substrates by the self-assembly or Lang-
muir—Blodgett methods [5—17]. Modification of the macro-
cycle or incorporation of various substituents may change in a
controlled way the organization of the monolayers and tune the
electrochemical and complexing properties of these systems
[17-32]. The organization of the azocrown molecules in
monolayers was found to depend e.g. on the geometry around
the -N=N- moiety and on the presence of alkali metal cations
in the subphase. Transition from E- to Z-isomer occurred under
influence of UV-irradiation, while switching back from Z- to E-
isomer could be induced by reduction or by addition of
appropriate alkali metal cation forming a complex with the
azocrown ligand. Changes in the monolayer electrochemical
behavior are allowed to follow isomerization processes in the

* Corresponding author. Tel.: +48 22 8220211x345; fax: +48 22 8224889.
E-mail address: bilewicz@chem.uw.edu.pl (R. Bilewicz).

1567-5394/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2006.09.005

monolayer. In aqueous solutions, the diarylazo group is reduced
to diarylhydrazine compound and in alkaline solutions Z and E
isomers can be recognized by their different reduction potential
[29-34].

Heterocyclic residues form integral part of biological systems
[35-37]. The presence of histidine in active centers of enzymes
is frequently decisive for their catalytic activity. The role of
imidazole residue is often connected with hydrogen bond
formation with the substrate or with residues forming peptide
chains; imidazole also plays important role in transacylation
processes. The macrocyclic derivative of histidine (Scheme 1 —
compound 2) described in the present paper, has a more acidic
imidazole N-H residue due to the electron withdrawing
properties of azo substituents, that simultaneously decreases
electron density of the heterocyclic ring. Due to these properties
the compound 2-macrocyclic histidine derivative may compete
with peptide histidine residues and may be considered as a useful
tracer for peptides.

In the present paper, we describe the electrochemical
behaviour of imidazole and N-acetylhistidine azocrown ethers
[Scheme 1 — structures 1 and 2] adsorbed on the electrode
surface and explain the changes of the voltammograms observed
upon changing pH of the solution.
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2. Experimental
2.1. Electrochemistry

All materials were of analytical grade. Distilled water was
passed through a Milli-Q water purification system. The LiOH
obtained from Merck, HCIO4 and citric acid from PPH POCH
were used to prepare appropriate buffer solutions. The solutions
were prepared daily. Voltammetric experiments were carried out
in a three-electrode arrangement with saturated calomel reference
electrode, platinum foil counter electrode and static mercury drop
electrode, SMDE 1 (Laboratorni Pristroje) of 0.0015 cm?, used in
the hanging mode. The layers were adsorbed on mercury elec-
trode from the appropriate buffer solution containing 5x 10’ M
azocompound. Eco Chemie Autolab system was used as the
potentiostat.

2.2. Spectroscopy

Raman spectra were recorded using Jobin-Ivon T6400
spectrometer. The 514.5 nm line of an argon ion laser was
used for excitation. The 514.5 nm line, falling into absorption
band of both compounds, was chosen to take advantage of the
resonance Raman enhancement, which in turn enables study of
diluted solutions. The pH value of the studied solutions was
controlled by the pH-meter.

"H NMR spectra were recorded on Varian apparatus at
500 MHz; J are given in Hz. Mass spectra (EI) were taken on an
AMD-604 spectrometer. UV—Vis spectra were recorded in
water—DMF (4:1) on a Unicam UV-330 Spectrophotometer.
1 cm quartz cuvettes were used for spectroscopic measurements.
IR spectra were taken on Mattson Genesis II FTIR apparatus.

2.3. Liquid chromatography

HPLC experiments were performed on a Merck-Hitachi
apparatus equipped with UV—Vis 4250 Detector, L-6200A
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Intelligent pump and D-2500 Chromato-Integrator; HPLC
column (150 mmx4.4 mm), support Nucleodur 100-5 C18,
flow rate of 1 mL/min, =420 nm and temperature of 25 °C.

2.4. Synthesis of compounds

The synthesis of unsubstituted imidazole crown ether 1 was
described elsewhere [38]. The synthesis and structure of compound
4 was described in [39]. Preparative chromatography was per-
formed on glass plates covered with silica gel (60 F,s4 MERCK).

2.5. Preparation of the N-acetyl-L-histidine crown ether
(sodium salt), 2

First, two solutions were prepared:

Solution A: A suspension of bis-amine 5 (0.58 g; 2 mmol)
[35,38,39], in 40 mL water was ice-cooled and acidified with
conc. hydrochloric acid (1 mL). The clear solution was diazotized
with sodium nitrite (0.28 g; 4.1 mmol) dissolved in 2 mL cold
water to give bis-diazonium salt 6.

Solution B. N-Acetyl-L-histidine 7 (0.2 g; 2 mmol) [40] and
sodium hydroxide (0.2 g; 5 mmol) were dissolved in 40 mL
water and ice-cooled.

The above cold solutions A and B were dropped with the
same speed during 45 min into 600 mL (high dilution
conditions) vigorously stirred ice-cooled water (pH about 11).
The temperature of aqueous medium was kept at 10 °C. Stirring
at 10° was continued for 1 h and then for 12 h at 25°. Afterwards
the mixture was cooled to 0—5° and pH was adjusted to 5—6 with
cold acetic acid (about 20 mL) to precipitate crude products.

The organic products were extracted using chloroform and
acetic acid (50:1) mixture. After evaporation of the solvent, the
residue was chromatographed on a column filled with silica gel 60
(63-200 um; Fluka). The crown ether was eluted from the
column using methylene chloride at the beginning, then with
methylene chloride/methanol mixture 100:1, and finally methy-
lene chloride/methanol 15:2 mixture to afford crown ether 2 (in
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Scheme 1. Structures of studied imidazole (tautomers 1a and 1b) and N-acetylhistidine (2) azocrowns, a model of open bisazo imidazole derivative (3) and tautomeric

forms of hydroxyazocrown ether (4a and 4b).
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form of sodium salt) (0.076 g, 15%), mp. 220-223 °C. TLC, Rg
0.49 (CH,Cl,:MeOH 15:2); Rg 0.34 (CH,Cly:acetone 2:1).
HPLC, eluent: methanol/water 1:4, retention time 1.37 min;
eluent methanol/water 1:1, retention time 3.70 min. UV-Vis,
Jmax (MeCN)/nm 326, 430 and 505 (e/dm>® mol ' cm™' 4870,
5600 and 7420); Apax (Wwater—DMF 4:1)/nm 333, 385 and 506
(e/dm’ mol ' em™ ! 8900, 10 000 and 11 000). vnay (nujol), 3337
(broad), 1588, 1301, 1243, 1160, 1111, 1061, 944, 756, 598. oy
(500 MHz; DMSO; Me,Si) 1.66 (3H, s, CH3); 3.19-3.22 (2H, m,
ArCH,); 3.80-4.00 (4H, m, CH,OCH,); 4.22-4.28 (1H, m,
CHCOO); 4.35-4.38 (4H, m, ArOCH,); 7.01-7.07 (2H, m,
ArH); 7.23 (1H, d, J, 5 8.2, ArH); 7.28—-7.34 (2H, m, ArH); 7.42
(IH,t,J,5 7.4, ArH); 7.45 (1H,d, J, 5 7.7, AtH); 7.68 (1H, d, J; 5
7.8, ArH). MS ESI: [M + H]" m/z 508.2; C,4H,5N,O¢ requires
507.2; [M + Na]"=530.2. HRMS ESI [M + Na]" m/z 530.1744;
C,4H,5N-0g requires 530.1758 (Scheme 2).

2.6. Preparation of the 2,4-bis(2-ethoxyphenylazo)imidazole,
compound 3

First two solutions were prepared:

Solution C: o-Ethoxyaniline (0.26 mL, 2 mmol) was
dissolved in 20 mL ice-cold water acidified with 1 mL conc.
hydrochloric acid. To this solution sodium nitrite (0.14 g,
2.1 mmol) solution in 2 mL cold water was added.

Solution D: Imidazole (0.069 g, 1 mmol) and sodium
hydroxide (0.2 g, 5 mmol) was dissolved in 150 mL water.

Both solutions were cooled (4 °C), and then solution C was
added dropwise to a vigorously stirred solution D. The
temperature was maintained below 10° for 1 h and later at
room temperature for 12 h. Afterwards the reaction mixture was
extracted three times with chloroform—acetic acid—toluene
mixture (6:1:1). Product 3 was isolated using preparative TLC
plates (0.022 g, 6%). Mp 137-142°. Rg 0.9 (methylene
chloride—acetone 1:1) and 0.5 (methylene chloride—acetone
10:1). Amax (wWater—DMF 4:1)/nm 355 (e/dm® mol ' cm ™'
5000). vy (film) 3118, 2982, 2826, 1590, 1487, 1471, 1397,
1308, 1281, 1237, 1159, 1116, 1040, 923, 754. oy (CDCls;
500 MHz; Me,4Si) 1.56 (6H, t, J, 5 6.8, CH;); 4.24 (4H, q, J, 3
6.8, ArOCH,); 7.02 (2H, t, J, 5 7.8, ArtH); 7.09 (2H, t, J; 5 6.3,
ArH); 743 (1H, t, J,5 7.3, AtH); 7.49 (1H, t, J, 5 7.3, AtH);
7.78 (1H, d, J, 3 7.8, ArH); 7.94 (1H, d, J, 5 8.3, ArH); 8.08
(1H, s, ArH); —NH (out of sight); 6;; (DMSO; 500 MHz; Me,Si)
1.41-1.46 (6H, m, O—CH,CHj;); 4.23-4.32 (4H, m, O—
CH-CH3); 7.01 (1H, t, J,5 7.5, ArH); 7.07 (1H, t, J;5 7.5,
ArH); 7.24 (1H, d, J, 5 8.2, ArH); 7.30 (1H, d, J, 5 8.2, ArH);
7.46 (1H, t, J, 3 6.8, AtH); 7.51-7.58 (3H, m, ArH); 8.01 (1H,
s, ArH); 13.51 (1H, s, NH).
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Fig. 1. Voltammograms for 5-10"’ M compound 1 (A) and 2 (B) recorded in
0.1 M citric acid—LiOH buffer solution, v=0.1 V/s, Z,gsorption =2 min. at pH 12.0
(A, B) and pH 3 (A’, B’).

MS (EI): M"=364; C;oH,oNgO, requires 364. HRMS (EI):
M"=364.16444; calculated 364.16477.

2.7. Spectral properties of azocrown ether 1

Jmax (Water—-DMF 4:1)/nm 381, 420-500 (broad) (e/dm’
mol 'em™ ' 3580, ~ 2900).

2.8. Spectral properties of compound (4)

Jmax (Water—DMF 4:1)/nm 459 (e/dm® mol 'em™ ' 4400).
3. Results and discussion
3.1. Electrochemistry

The compounds 1 and 2 (Scheme 1) were adsorbed for 2 min
on the electrode surface from a diluted 5-10° M solution of

oCH

7 pH 11-12 ,

7

Scheme 2. Synthesis route leading to macrocyclic N-acetylhistidine derivative.
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Fig. 2. A. Voltammograms for 5- 10”7 M compound 1 recorded in 0.1 M citric
acid—LiOH buffer solution of decreasing pH from 7.0 to 2.0, v=0.1 V/s, ¢
adsorption=2 Mmin. B. Voltammograms for 5- 107 M compound 2 recorded in
0.1 M citric acid—LiOH buffer solution of decreasing pH from 7.6 to 4.4,
v=0.1 V/8, tagsorption=2 min. Inset — E,.; vs. pH plot.

azocrown. The voltammograms recorded in alkaline solution,
pH 12, for the imidazole derivative (compound 1) are shown in
Fig. 1A and for the histidine one (compound 2) — in Fig. 1B.
At pH 12, the electrode processes of both compounds are
similar. Two reduction peaks correspond to a 2e reduction to
disubstituted hydrazine form (peak c1) and next to the diamine
(peak c2).

In acidified solutions of compound 1 the peak cl (Fig. 1A) is
shifted towards more positive potentials and smaller than in
alkaline media (Fig. 4A) while for compound 2 it disappears
completely (Fig 1B”). Under these conditions (pH 2) mercury is
oxidized at + 0.2 V.

For the imidazole azocrown, below pH 4 the charge of the
peak cl is approximately constant (Fig. 2A).

The slope of the cathodic peak cl potential vs. pH plot is
60 mV in the range 2.5 to 11.5 indicating that 1 proton is
consumed in the rate determining step. The peak c2 is shifted by
74 mV with a unit increase in pH.

Above pH 6 the charge of the peak ¢, is however twice that
of the peak in acidified solutions. This means that above this pH
all azogroups are reduced while in acidic solution only part of
them is available for electroreduction on the electrode surface.

In case of the histidine derivative (compound 2), the situation
is different — no cl peak is found below pH 4.0 (Fig. 2B).
Above this pH, the charge increases and attains approximately

constant value in alkaline solution. Thus below pH 4.0 no azo
moiety is present on the electrode for the histidine derivative. As
shown in Fig 1B’, the voltammogram recorded in solution of pH
3 contains only one signal — ¢2, corresponding to the respective
hydrazine form reduction. Thus acidified solutions promote
chemical reduction of the azo bond to the hydrazine form and
this process is facilitated by the presence of substituents
containing mobile protons in the adsorbed molecule. In contrary
to peak cl, the peak c2 has almost constant charge over the
whole pH range for all derivatives studied. Its width is pH and
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Fig. 3. Voltammograms for 5-10" 7 M compound 3 recorded in 0.1 M citric
acid—LiOH buffer solution, v=0.1 V/s, fagsorption =2 min. at pH 12.0 (A) and pH
3 (B). (C) UV-Vis spectrum of compound 3 in water—DMF (4:1) at different pH
(lithium citrate buffer).
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supporting electrolyte dependent. In acidified perchlorates it is
lower and wider indicating some repulsion in the layer. The
influence of pH on the magnitude of the c1 peak is much smaller
for the open compound 3 as shown in Fig. 3 and both c1 and c2
peaks are present in the whole pH range.

Protonation of compound 3 in the solution (Fig. 3C)
proceeds easier as compared to compound 1. Again dissociation
of imidazole proton is seen at higher pH values.

Several cases of tautomerism have been reported for
azophenol compounds. We described such azophenol=quinone
monohydrazone tautomeric equilibria for macrocyclic com-
pounds in a recent review [40] and in [35] for compound 4.
Compound 4 also undergoes adsorption on Hg but peak cl is

i/ uA
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Fig. 4. Voltammograms for 5-10" 7 M compound 4 recorded in 0.1 M citric
acid—LiOH buffer solution, v=0.1 V/s, fagsorption =2 min. at pH 12.0 (A) and pH
3 (B). (C) UV—Vis spectra in water—DMF (4:1) solution at different pH (lithium
citrate buffer).
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Fig. 5. Raman spectra of: A) imidazole (compound 1) and B) histidine derivative
(compound 2) of azocrown recorded in the basic solution, pH 12. Excitation line
514.5 nm.

hardly seen in alkaline solutions (Fig. 4A) and fully disappears
at low pH (Fig. 4B).

This indicates that equilibrium for the compounds 4a=4b
(Scheme 1) is so strongly shifted to the left side that practically
no azo form is present at the electrode surface.

3.2. Raman spectra of the imidazole and histidine derivatives
of azocrowns in aqueous solutions

In aqueous alkaline solution of pH 12, the N=N bands for
the imidazole and N-acetylhistidine azocrown molecules are
similar and appear at 1410 cm™'. Fig. 5 presents the Raman
spectra of the compounds 1 and 2 [Scheme 1] studied.
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T T T T T
1000 1100 1200 1300 1400 1500 1600
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Fig. 6. Raman spectra of: A) imidazole (compound 1) and B) histidine derivative
(compound 2) of azocrown recorded in the acidic solution, pH 3. Excitation line
514.5 nm.
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In acidified solution, pH 3 (Fig. 6) the N=N bands for both
compounds appear at lower wavenumbers due to possible
protonation of azo groups.

Interestingly, for the imidazole derivative (compound 1) the
band appears at 1401 cm™ ' while for the histidine derivative
(compound 2) it occurs at distinctly lower (1378 cm™ ')
wavelength, indicating larger charge delocalization for histidine
derivative in comparison to the imidazole containing com-
pound. Furthermore, spectra of the imidazole and acetylhisti-
dine substituted compounds reveal significant differences in
relative band intensities in the 1100-1300 cm ' range,
comprising imidazole ring deformation modes. Such differ-
ences may also originate from differences in charge distribution,
which in turn influence the resonance Raman intensities. These
results may point to intramolecular hydrogen bonding between
the carboxylic group and the azo group.

3.3. NMR experiments in nonaqueous solutions
The 'H NMR (d-DMSO; 500 MHz) NOE experiments show

that the imidazole proton —NH (6 10.56 ppm) is close to the
imidazole —CH indicating that structure 1a dominates [Scheme 1].
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Fig. 7. A. Spectra of compound 1 dissolved in water: DMF (4:1) mixture. Crown
ether concentration 7.4 10~° mol-dm™>. The spectra were registered at pH 2.39
(citric acid, 1 mol-dm™?), pH 7.88 (lithium citrate 1 mol-dm *) and at pH 11.94
(lithium citrate adjusted with LiOH). B. Spectra of compound 2 dissolved in
water:DMF (4:1) mixture. Crown ether concentration 7.1-10~° mol-dm™>. The
spectra were registered at pH 1.70 (citric acid 1 mol-dm™ %), pH 8.12 (lithium
citrate 1 mol-dm™*) and at pH 10.94 (lithium citrate adjusted with LiOH).

Following 100-fold magnification of the spectrum also a weak
signal from —NH is seen at ca. 14 ppm, indicating the contribution
of form 1b. The equilibrium of the prototropic tautomerism is,
however, strongly shifted towards the formation of tautomer la
with an “outer” location of the —NH group. In N-acetylhistidine
crown ether due to lack of NOE effect the structure corresponds to
formula 2.

3.4. UV=Vis experiments in water—DMF solutions

UV-Vis spectra of the compounds 1-4 were recorded in
water—DMF (4:1) solutions of different pH (Figs. 3C, 4C and 7).

The absorption of compound 1 is not changed with changes
fromacidic to slightly basic conditions. However, at pH ~ 12 the
band at around 500 nm increases with simultaneous batochro-
mic shift indicating imidazole NH proton abstraction. This is in
agreement with pK, value (~10) assessed by analogy to
phenylazoimidazole derivatives [41]. In the spectra of N-
acetylhistidine azocrown ether 2 (Fig. 7B) the absorption bands
are stronger and shifted to longer wavelengths; the release of
one proton occurs under slightly alkaline conditions (pH 8) and
the imidazole proton dissociation is visible at pH 11. At low pH
protonation of the quinone—hydrazone form is indicated by
increase of spectral band at 470 nm. At high pH the presence of
azo group is indicated by distinct band at around 400 nm.

"H and '*C NMR, and UV—-Vis spectra of compound 4 in
methanol, chloroform and in acetonitrile confirm existence of
only form 4a (Scheme 1). For acetonitrile solution A=
434 nm, €m,=2.3110% [38]. This confirms that equilibrium
for the compounds 4a 4b (Scheme 1) is strongly shifted to the
left side.

4. Conclusions

The system of voltammetric peaks cl/al corresponding to
reaction:

—N = N- + 2e + 2H" = [-NH-NH-]

was found to diminish under certain conditions for azocrown
ethers containing substituents with mobile protons. For N-
acetylhistidine azomacrocycle 2 as well as for the azophenol
derivative 4, the first step of reduction disappears below pH 4.0
showing that no azo moiety is present at the electrode, while the
second step remains unaffected. This behavior shows that the azo
form of these compounds undergoes transformation to the
hydrazine form not by means of an electrode process but
following a chemical pathway. Under these conditions mercury
may play the role of reducing agent in the chemical reaction
pathway. The two pathways lead to the formation of same
hydrazine derivative which remains at the electrode surface and
undergoes further reduction according to equation:

[-NH-NH-] + 2¢ 4+ 2H* = [-NH, NH,-]

Protonation of azo residue(s) or their involvement in hydrogen
bonding was confirmed by the Raman and UV—Vis spectra in
solution. Above pH 4, when the —COOH group of histidine
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undergoes dissociation both steps of the electroreduction are
observed indicating that the compound is present on the electrode
surface in its original electrochemically reducible azo form. The
proton transfer reaction described here leading to the disappear-
ance of the first step of the electrode process on mercury
electrode is unique in that it is connected with substituents
possessing labile protons. This has to be kept in mind when thin
films of molecules with redox- and photoactive azo moieties are
used in acidified solutions.
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