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A new fluorescent probe for Zn?*, methylbenzimidazole-pen-
dant cyclen [LH: 1-(benzimidazol-2-ylmethyl)-1,4,7,10-tetra-
azacyclododecane] was designed and synthesized. The pro-
tonation constants of (benzimidazolylmethyl)cyclen and the
stability constants of the corresponding zinc complex were
determined by potentiometric titrations. The single-crystal
X-ray diffraction analysis showed that LH and Zn?* form a
1:1 complex [ZnLH]?*. The results of potentiometric, '"H NMR

and UV titrations indicated that above pH 8, [ZnLH]?** mainly
deprotonates into [ZnL]*. On addition of successive amounts
of Zn?* at pH 10.4 (2 X 1072 molL~! CAPS, 25 °C), the fluores-
cence emission of cyclen(methylbenzimidazole) increases
linearly by a factor of 3.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The design and synthesis of fluorescent chemosensors is
an active field of research and is of particular significance
in analytical chemistry since fluorimetric analysis offers a
simple method for detecting chemical species in solution.!]
Thus, the development of selective analytical reagents,
which allows the quantitative analysis of trace metal ions,
is very important for environmental and biological applica-
tions. Fluorescent chemosensors developed for the detec-
tion of pH and metal cations in aqueous solution generally
comprise a fluorophore covalently linked to an ionophore
that can bind H* or metal cations.>! The principle on
which the so-called fluoroionophore works is based on an
enhanced or quenched fluorescence of the system when the
ionophore units bind H* or metal ions. Among the metal
ions, the detection of biologically important divalent cat-
ions is of great importance to elucidate their physiological
roles. In particular, the detection of Zn?*, which is the sec-
ond most abundant transition metal, following iron, in bio-
logical systems, is of interest.[%71 The most important and
best-known role for zinc is as a structural cofactor in
metalloproteins. Many zinc proteins possessing one or more
zinc motifs have been identified.® In these different struc-
tures, the zinc environment is usually tetracoordinate {i.e.
[Zn(Cys)4], [Zn(Cys)s(His)], [Zn(Cys),(His),]}. A catalytic
role was also demonstrated for zinc, for instance, in car-
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bonic anhydrase or carboxypeptidase.”>!! The main differ-
ence in the coordination sphere of zinc when its catalytic
function is involved is the existence of a vacant coordina-
tion site. Recently, the neurological roles of zinc have at-
tracted much attention.!''l A disorder in the metabolism of
zinc is closely associated with neurological diseases such as
Alzheimer’s disease, amyotrophic lateral sclerosis, Parkin-
son’s disease and epilepsy. Thus, there is a great interest in
developing zinc sensors, and since, unlike biological metal
ions, Zn>* does not give any spectroscopic or magnetic sig-
nals (as a result of its d'° configuration), fluorescence spec-
troscopy stands out as a method of choice. Up to now, the
reported zinc sensors are chelation-enhanced fluorescent
probes.'>171 Among them, Zn-chelating macrocyclic com-
pounds such as cyclen (1,4,7,10-tetraazacyclododecane)
form stable Zn'' complexes in aqueous solution at neutral
pH. Moreover, by comparison with quinoline-based com-
pounds such as TSQ [6-methoxy-8-(p-toluenesulfonamido)-
quinoline] and zinquin,!'>!134] for which zinc complexation
at neutral pH is not stoichiometric (mixture of ZnL and
ZnL, complexes can be obtained), cyclen derivatives such
as anthracene-pendant cyclen,!'¥l dansylamide-pendant cy-
clen,!'! (anthrylmethylamino)ethyl cyclen,!'®! 2-[8-hydroxy-
5-(dimethylaminosulfonyl)quinolinyljmethyl cyclen!'”! com-
plex with almost 100% of Zn" to form ZnL under physio-
logical conditions (at pH 7.4, 10.7 <log K,,, [ZnL]<14.1,
where L represents the ligand and K,ppizar) = [ZnL}/
[LltreelZn]tree). The logKyppizn1y value depends whether
Zn?* is coordinated to the fluorescent unit. Furthermore,
from the fluorescent point of view, comparison of the effi-
ciency of the sensors indicates that coordination of the
fluorophore to the metal improves the signal.
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Therefore, on the basis of this analysis, we present here
a new fluorophore, LH (Scheme 1), in which the ionophore
unit is cyclen; according to the affinity for the imidazole of
histidine units in metalloenzymes of zinc, we have chosen a
benzimidazole moiety as the fluorophore. This paper de-
scribes the synthesis and the coordination properties of the
resulting (benzimidazolylmethyl)cyclen; protonation and
coordination properties towards Zn>* are studied. Spectro-
photometric and spectrofluorimetric investigations of the li-
gand in the presence of Zn>* are also reported in order,
first, to test whether the benzimidazole moiety is a good
candidate for the detection of zinc and, second, whether the
system is responsive in the biological pH window.

Results and Discussion

The ligand LH was prepared following the bisaminal
methodology.['®!

Acidity Constants of LH Determined by Potentiometric pH,
UV and 'H NMR Titrations

Typical potentiometric pH titration curves of a mixture
of (LH) 2X 103 molL ! and (HNO;) 10 2 molL ! with I =
1 (KNO3) at 25 °C were analysed for acid—base equilibrium
[Equation (1)]. Four protonation constants were determined
for LH by using the PROTAF software (Table 1).'! The
LH macrocyclic cavity protonation assignment was made
on the basis of the variation in the cyclen protonation con-
stants upon N-functionalisation in relevant ligands L? and
L3(20211 (Table 1). Since the presence of electron-with-
drawing pendant groups results in the lowering of the cy-
clen protonation constants logKy;; and log Ky, one can
conclude that the second and the third protonations of LH
(logKy1» = 10.21 and log Ky;3 = 9.01) correspond to those
of the macrocycle. The fourth protonation constant

/N
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©
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log Kop1(25°C) = 12.75 123, 12,78 127)

Scheme 2.
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(log K14 = 4.55) cannot be associated to the cyclen moiety
but to the benzimidazole ring. Effectively, this log K value
has to be compared to the log K value determined for pro-
tonation of the pyrrole nitrogen atom in the benzimidazole
ring [logKy» (benzimidazole BIH & benzimidazolium
BIH,*) = 5.6, see Scheme 2].>23 Furthermore, this value is
close to that determined for the protonation of the exocyclic
pyridine or acridine nitrogen atom of L? and L3, respec-
tively (logKy;3 = 3.42 and 4.44, respectively, Table 1).?! In
order to get a more precise insight into the acid-base prop-
erties of LH before pH 6, the UV absorption changes that
take place upon protonation of the macrocyclic nitrogen
atoms and/or the benzimidazole moiety were investigated in
the 250-340 nm range (Figure 1). In this range and at pH
= 6, the electronic spectrum is characteristic of the benz-
imidazole moiety, and two main absorptions are centred at
273 and 280 nm.!** This absorption pattern ressembles that
of a substituted benzene derivative: two absorption bands
are observed in the near UV region that can be assigned to
the m*<n singlet-singlet transitions!>>)('L, « S, and 'L,
<~ S,, where 'L, and 'L, correspond to the two excited
states>>°l).  The extinction coefficients  (&max

6700 mol! Lem™ at 273 and 280 nm) are in agreement

Table 1. Ligand protonation constants log Kyy,.[!

LH®! Cyclenle L2d 130l
LU+ H*<=LH  logKy; 11.05(4) 10.97 10.6  10.32
LH + H* = LH, logKy, 10.21(8) 9.87 9.77 17.78
LH, + H* = LH; logKy s 9.01(5) <2 342 444
LH; + H* = LH, logKy, 4.5509) <2 <2 <2
LH; + H" = LHs logKys <2 - <2 <2
LHs + H* = LHg logKy,s <2 - - -

[a] The numbers in parentheses refer to the estimated standard de-
viations for the last significant digit (95% confidence). [b] Potentio-
metric titrations at 25.0(1) °C, I = 1 (KNOs) (this work). [c] Ref.[?]
[d] Ref.'a] [e] Ref > [f] For LH, the L species corresponds to the
anionic form of the ligand.

log Kon </ j@ logsz </ j@

BIH

BIH,"
log Koz (25°C) = 5.58 12%; 5,68 %]
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Figure 1. (a) Spectrophotometric titration of LH with KOH (0.1
molL): [LH] = 3X 10 molL ! in HCI (102 molL™"), T = 25°C,
path length = 1 cm; (b) £,75 (mol ! Lem ™) as a function of pH.
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with those obtained in bis(benzimidazole) macrocycles.!?>-2°]
Acidification of the medium down to pH = 6 induces per-
turbations in the spectra: the previous bands undergo a
slight blue shift (4 = 2 nm) similar to that observed for the
free benzimidazole under acidic conditions.*l This slight
shift is accompanied by a strong hyperchromic effect, which
results in an approximately 50% increase in the parent ex-
tinction coefficient (Figure 1b). This effect can be compared
to the hyperchromic effect observed under similar condi-
tions on the m*<«m transition of cyclen- and cyclam—pyr-
idine.?!3 This result is characteristic of the formation of a
benzimidazolium cation. This analysis can be consolidated
by the change in the 'H chemical shifts of H, and Hg of
the benzimidazole moiety (for the numbering see Scheme 1)
in the pH range 6.2-2.5 in D,O (Supporting Information
Figure S1). The decrease in pH is accompanied with a
downfield shift of the signals of the aromatic protons as
expected for protonation of the aromatic ring.>'* These
convergent observations imply that the log K value of 4.55
can be attributed to protonation of the benzimidazole
group.

Finally, the first protonation constant (log Ky;; = 11.05)
determined for (benzimidazolylmethyl)cyclen LH cannot be
attributed to the cyclen moiety but to the benzimidazole
ring. This is supported by UV and '"H NMR spectroscopic
experiments above pH 9. The increase in pH is ac-
companied by an upfield shift in the NMR spectrum of the
signals for the aromatic protons (Supporting Information,
Figure S1). Accordingly, in the range 250-290 nm in the ab-
sorption spectrum, a hypochromic effect is observed with a
slight red shift of the bands (Figure 1), and a low-energy
shoulder appears at 287 nm. These data are in agreement
with the formation of a benzimidazolate species
(Scheme 2).2*27I From the sigmoidal curve observed in the
plot of &,75 versus pH (Figure 1b), one can estimate the cor-
responding log K value to be 11, which agrees well with the
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log Ky;; value obtained from the potentiometric pH ti-
tration. On the basis of these results, the acid—base behav-
iour of LH is summarised in Scheme 3.

Zinc(IT) Complex of LH

Synthesis and Solid-State Structure of [ ZnLH](CIOy),

[ZnLH]X,, where X = NOj and ClO,, were synthesised
by reacting one equivalent of the ligand and one equivalent
of the ZnX,-nH,0 salt in a methanolic solution. Colorless
single crystals were obtained only for [ZnLH](ClO,), by dif-
fusion of diethyl ether in an acetonitrile solution of
the complex. Selected geometrical parameters for
[ZnLH](ClOy), are given in Table 2. The X-ray structure of
[ZnLHJ*" shows that the metal ion lies inside a square-
based pyramid (Figure 2) and that the coordination sphere
of the zinc centre consists of the four macrocyclic nitrogen
atoms (N1-N4) and the imine nitrogen atom of the benz-
imidazole (Ni,). The Zn'' cation lies 0.781 A above the
macrocyclic nitrogen square in this distorted square-based
pyramid geometry. The Zn-N(secondary) bonds (2.104—
2.116 A) are shorter than the Zn-N(tertiary) bond
(2.236 A): tertiary nitrogen atoms are not as good donors
as secondary nitrogen atoms.”® 3% The N;,, atom is coordi-
nated to the zinc cation. This type of coordination in which
the imidazole is linked to the metal cation through the
imine nitrogen atom and the hydrogen atom of the secondary
amine nitrogen atom remains is well known for histidine
and nucleoside bases such as adenine and guanine.'” The
Zn-N,,, bond of 1.982 A is shorter than the Zn—N(cyclen)
bonds, which indicates a strong interaction between the Nj,,
and Zn" atoms. This feature has already been reported for a
Zn—guanidinyl cyclen complex in which the Zn-N(guanid-
yl) bondBU (1.95A) is shorter than the average Zn-—
N(cyclen) bonds (2.16 A). For [ZnLH]J** in the solid state,
an efficient five-membered chelate ring is formed, as the
Nin—Zn-N4 angle of 80.6° is noticeably smaller than the
other three N;,,—Zn-N angles (104.6-138.2°). This indicates
that electron donation from the imine nitrogen lone pair of
the benzimidazole moiety to the Zn'! ion is strong. Further-
more, comparison of the C-N bond lengths in the imid-
azole ring of [ZnLHJ** (C2-N;,: 1.324 A and C2-N,,:
1.347 A) and in free benzimidazole3?! (C2-N,,: 1.297 A
and C2-N,,.: 1.344 A) shows that the C2-N,,, distance is
elongated by coordination. This indicates an electronic de-
localisation through the imidazole ring,[**! which results in

Table 2. Selected bond lengths [A] and angles [°] for [ZnLHJ**.

Zn-N1 2.1049(15) N1-Zn-N2 83.25(6)
Zn-N2 2.1147(15) N1-Zn-N3 133.47(6)
Zn-N3 2.1163(16) N1-Zn-N4 81.22(6)
Zn-N4 2.2369(15) N1-Zn-Nj, 114.79(6)
Zn—Nj, 1.9829(15) N2-Zn-N3 83.42(6)
Nim—C2 1.324(2) N2-Zn-N4 141.03(6)
Nam—C2 1.347(7) N2-Zn-Nj, 138.19(6)

N3-Zn-N4 81.85(6)

N3-Zn-Nj, 104.64(6)

N4-Zn-Nj, 80.60(6)
5090 www.eurjic.org
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the reinforcement of the electronic density at the Nj,,, nitro-
gen atom (Scheme 4). The driving force of this phenomenon
is the Zn™' Lewis acidity. Finally, to ensure the cohesion
of the solid-state structure, hydrogen bonds between ClO,~
oxygen atoms and N1, N3 and N,, hydrogen atoms are
present.134

Figure 2. Schakal diagram of [ZnLH]J** (hydrogen atoms are omit-
ted for clarity, with the exception of the H atom of N,,).

H %

e N
O — {0
N NB'

) |

Zn™* Zn*

Scheme 4.

Thermodynamic Stability of the Zn"-LH Complex —
Potentiometric pH, UV and "H NMR Titrations

At first, direct pH titrations of LH in the presence of one
equivalent of Zn?* and a strong acid in excess were carried
out following a published procedure for similar com-
pounds.*3! By using this method with LH, we encountered
some problems because Zn>*complexation is very slow at
low pH. This can be attributed to the protonation of the
ligand nitrogen atoms (the macrocyclic nitrogen atoms and
the pyrrole nitrogen atom in the benzimidazole ring). In
order to counteract this drawback in acidic medium, the
“batch method”, which involves the preparation of LH/

Eur. J. Inorg. Chem. 2007, 5087-5097
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Zn**/HNOs/KOH mixtures at each pH value, was then
used.*®! This method was implemented up to pH 7, after
which carbonation cannot be avoided. Direct KOH ti-
trations of synthesised [ZnLH]*>* were also carried out in
the pH range 5-12. For comparison, similar titrations were
performed with pendantless cyclen. From the analysis of
the titration data, the speciation diagram of the Zn**/LH
system was obtained (Figure 3), and the values for the over-
all complexation constants of the 1:1 Zn! complex
(logp,un) calculated (Table 3). Firstly, the speciation dia-
gram indicates that there is no formation of the Zn" com-
plex with LH,** in acidic medium. This is confirmed by
spectroscopy: the UV (Figure 4) and/or "H NMR (Figure 5
and Supporting Information Figure S2) experiments show
that, under acidic conditions, the presence of the metal does
not affect the signal, since the ligand is the only species
detected. Secondly, the diagram indicates that at pH 3, the
[ZnLHJ** complex starts to form: this is confirmed by 'H
NMR spectroscopy, since in the 'H NMR spectrum, a sec-
ond set of signals at 6 = 7.64, 7.38 and 4.28 ppm increas-
ingly appears, while the signals for LH collapse (from pH
3.7). Comparison of the LH and cyclen affinities for Zn>*
before pH 4 (Supporting Information Figure S3) indicates,
moreover, that the presence of the benzimidazole moiety on
the cyclen framework promotes Zn>* complexation in
acidic medium. The speciation diagram highlights that the
1:1 Zn" complex is quantitatively obtained between pH 5—
7. In this pH range, the UV and '"H NMR spectra remain
unchanged. From the logf;;; value and the first proton-
ation constant, log Ky, of the ligand, the stepwise forma-
tion constant of the species [ZnLH]** was calculated to be
16.13 (Table 3). This value is higher than that of the cyclen
complex {log Kizn(cycieny = 14.20}. The affinity of LH for
Zn?* is greater than that of cyclen over the whole pH range
(Supporting Information Figure S3). Usually, the N-func-
tionalisation of the tetraazamacrocycle induces a decrease
in the stability of the complexes, which results mainly be-
cause of the poor o-donor ability of tertiary amines relative
to that of secondary amines.['®3%3%:3%1 Here, the enhanced

100

80+

60+

%Zn (-} and %L (- -)
E-N
7

ZnL(OH)

Figure 3. Speciation diagram of the Zn''/LH system as a function
of pH ([Zn"] = [LH] = 2X 103 molL"). The dashed line corre-
sponds to Zn?*.
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stability of [ZnLH]** must be due to the presence of an
additional stabilising interaction, probably between the
benzimidazole ring and the metal through a supplementary
five-membered ring chelate. This also suggests that the so-
lid-state structure remains in solution. Although lower, the
stability of [ZnLH]** compares well with that determined
for the [{(anthrylmethylamino)ethyl}cyclen]Zn™ complex
(logK = 17.6).1'91 This stability is even lower than that
of the [{8-hydroxy-5-(dimethylaminosulfonyl)quinolin-2-

Table 3. Stability constants for the Zn'/LH and Zn'Ycyclen sys-
tems.

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Equilibrium LH Cyclent
logﬁmlh logﬁmlh

Zn + L + H* = ZnLH 27.18(8)

Zn + L =ZnL 18.53(6) 14.20(8) (15.33%)

Zn + L = ZnL(OH) + H* 7.5(3) 6.3(1) (7.44837)
logK

Zn + LH = ZnLH 16.13

ZnLH = ZnL + H* -8.65

[a] Potentiometric titrations at 25.0(1) °C, I = 1 (KNOs) (this
work).
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Figure 4. Spectrophotometric titration of [ZnLH]** with KOH
(0.1molL™"): (a) [ZnLHP* = 3X10°molL! in HCI
(102 mol L"), pH range 2.6-6.1; (b) [ZnLH] >* = 3X 10> molL !,
pH range 7-12.2. T = 25 °C; path length = 1 cm.
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ylmethyl}cyclen]Zn™ complex (logK = 22.4).171 1t can be
assumed for the latter that the enhanced stability is due to
the fact that the metal ion is six-coordinate rather than five-
coordinate. Another way to compare the thermodynamic
behaviour of different systems is to calculate the apparent
complexation constant log K, at a given pH. The log K,
value is calculated from the potentiometric pH titration re-
sults, according to log K, = log([ZnLH}/[Zn]¢ree X [Llfree)

with [Llgee = 2[H,L]free (n = 04 for LH) and for an equi-

molar mixture of 5X 107 molL! LH and Zn*. At pH 7.4,
in the medium of the biological pH window, the
log K, ppiznLi Value is calculated to be 11.71. This value is
between those calculated under the same conditions
for  [{(anthrylmethylamino)ethyl}cyclen]Zn™  complex
(10g Kyppizory = 10.7)19 and for [{8-hydroxy-5-(dimethyl-
aminosulfonyl)quinolin-2-ylmethyl}cyclen]Zn" complex
(log Kappjzary = 14.1).17! Finally, above pH 8, the deproton-
ation of [ZnLHJ** was confirmed by 'H NMR and UV
spectroscopy. Thus, around pH 8.5, the 'H signals for Hy,
Hg and NgyenCH, are shifted upfield [Figure 5: A(0) =
0.15ppm for H, 0.25ppm for Hg and 0.3 ppm for
NeyeienCH>]. This shielding indicates a decrease in the over-
all charge of the complex. Accordingly, on increasing the
pH up to 12, the UV bands of the benzimidazole unit are
perturbed and undergo a slight red shift of about 5 nm
(Figure 4b). As indicated for the ligand, this is characteris-

Ha
Hb "
>——CH, [ \
N/ \
Hb N HN
Ha ( j
NH HN
80 1 1 1 1 1 1
o oog Hu.
- .oy . P
7.5+ © © o] " L | e W
oo 0o . o o
[ ]
® ¢ o000
£ 7.0:: Hp L
& = =
— 4.50 -
7S}
v
4.25 Vi M L
v Ncyclen— CH2 -
4.00 T T T T T T T T M 'I v’ Y vI Y
2 4 6 8 10 12

pH

Figure 5. "H NMR chemical shifts plotted as a function of pH for
a mixture of LH (102 molL ") and Zn?** (10> mol L") in the pH
range 3.0-12.0 (7' = 25 °C, D>0). The filled symbols correspond to
the complex chemical shifts.
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tic of deprotonation at the imidazole ring.**! Moreover, a
new band appears at 282 nm from pH &, and up to pH 12,
the extinction coefficient of this band increases by about a
factor of six. From the logf,,;, values, one can calculate the
deprotonation constant of [ZnLH]** (log K = —8.65), which,
as suggested by the UV titration, corresponds to the ioni-
sation of the pyrrole hydrogen of the benzimidazole moiety.
This value is remarkably lower than that for the analogous
equilibrium in LH, which means that in the presence of
Zn'', the benzimidazole pyrrole hydrogen is 10%># times
more acidic. This is a consequence of the Lewis acidity of
the Zn" ion, which operates predominantly through an in-
ductive effect and strongly alters the benzimidazole acid-
ity.140l

Spectrofluorimetric Study of LH

The change in the fluorescent response of LH
(5%107 molL ) in the pH range 4-12 (I = 0.1 NaNO;) at
25 °C (excitation at 270 nm) is presented in Figure 6. In-
spection of the LH deprotonation sequence indicates that
the fully protonated species gives rise to the smallest emis-
sion intensity and that removal of the protons leads to an
increase in the fluorescence emission intensity. Thus, as the
pH is raised, emission at 301 nm increases following a sig-
moidal curve with an inflexion point at pH 9. The fluores-
cence curve follows the formation of all the species in solu-
tion at pH > 8, i.e. LH?>*, LH and L. It is concluded that
the break at pH 9 in Figure 6 denotes the pK,4 for LH5>*
s LH,*. The further increase in the fluorescence emission
(above pH 10.5) is due to deprotonation at the benzimid-
azole moiety. Consequently, the quantum yield @ of (benz-
imidazolylmethyl)cyclen increases with the pH from 0.21 at
pH 10.4 to 0.30 at pH 12. The enhanced effect of the fluo-
rescence emission can be explained in terms of an intramo-
lecular electron-transfer process from the macrocycle to the
excited benzimidazole (PET process).[*!] Such a mechanism
involves the deactivation of the excited state of the fluoro-
phore by addition of one electron to one of its excited-state
frontier orbitals. This leaves the fluorophore in a reduced,
nonemissive state. Among factors responsible for intramo-
lecular electron transfer, the overlap S between the electron
donor (macrocycle) and acceptor (benzimidazole) orbitals
is, of course, crucial, and it is obvious that S is optimum
when both parts of the fluoroionophore are in close prox-
imity and in a suitable orientation. In functionalised macro-
cycles, it has already been shown that protonated forms of
the macrocycle are stabilised by intramolecular hydrogen
bonds between the cavity and the pendant arm when the
latter has coordinating atoms.?'##? Furthermore, depro-
tonation at the cavity induces conformational modifications
in the ligand that lead to an outward orientation of the
pendant arm relative to the macrocyclic cavity. If we assume
that similar conformational changes occur during depro-
tonation of LH, in particular between the LH;*>*, LH," and
LH species, then an increase in the distance between the
cavity and the benzimidazole moiety results. One can then

Eur. J. Inorg. Chem. 2007, 5087-5097
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explain the fluorescence enhancement observed during the
deprotonation sequence by the reduced overlap of the orbit-
als of both parts of the fluoroionophore, which favours the
emissive deactivation of benzimidazole over the PET pro-
cess.

100

T T T

Emission Intensity / a. u.

T

Figure 6. Speciation diagram of the LH system as a function of
pH in the pH range 4.0-12.0, and the fluorescent response of LH
(5% 107 molL ™).

Fluorescence of [ZnLH]?>* and Titration of LH with Zn?*

The change in the fluorescence emission of the zinc com-
plex (5X 107 molL ") as a function of pH is presented in
Figure 7. The fluorescence curve follows the formation of
all the species in solution at pH >8, i.e. ZnL*, ZnL(OH).
The sensitivity of the fluorescence in the complex implicates
deprotonation at the benzimidazole moiety. This behaviour
should be compared with that of [(dansylamidoethyl)-
cyclen]Zn.'3! Moreover, the emission of LH increased by
about a factor of three with increasing [Zn>*] (quantum
yield @ 0.21—0.63). This chelation-enhanced fluorescence
can be explained as follows: the metal coordination induces
an energetic modification of the molecular orbitals between
the free macrocycle and the corresponding Zn'' complex
that leads to the stabilisation of the HOMO. Consequently,
the Zn-cyclen subunit is a less efficient donor towards the
benzimidazole fluorophore than the cyclen unit in LH
towards the same benzimidazole moiety. This makes PET-
type fluorescence quenching less probable, and the native
fluorescence of the fluorophore is thus restored. 3]

In order to test the response of LH in the presence of
Zn?*, it is then necessary to follow the fluorescence emis-
sionat pH 10.4 where, first, a significant alteration in the
signal intensity in response to the binding unit is expected,
and, second, the complexation kinetics is fast. The change
in fluorescence upon addition of Zn?* to (benzimidazolyl-
methyl)cyclen is presented in Figure 8. Upon excitation at
270 nm, an increase in emission is observed. The response
of the system at 301 nm is linear between 5X10% and
5X107molL!, until a 1:1 [LH}/[Zn?"] ratio is reached.
This implies that the increase in fluorescence is stoichiomet-
ric and is due to total formation of the [ZnL]* complex.
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Emission Intensity / a. u.

Figure 7. Speciation diagram of the LH/Zn>* system as a function
of pH in the pH range 7.0-12.0, and fluorescent response of LH/
Zn>*,

Moreover, once formed [ZnL]" is so stable that even at such
concentrations, the 1:1 complex does not dissociate and the
Zn**-dependent fluorescence is unaffected by excess
amounts of Zn?*.

Zn®' (equiv.)
1.2 i

Emission Intensity

280 300 320 340 360 380
A/ nm

3.5+ -

3.0 d -

2.5 3

2.0+ -

1.5+ -

1.0+ -

Relative Emission Intensity at 301 nm

00 02 04 06 08 10 12

Equiv. Number Zn"

Figure 8. Change in the fluorescent response of LH
(5%X107molL") upon addition of Zn?* at pH 10.4 [CAPS
(2X102molL "), I = 1 (NaClO,), T = 25°C, excitation at
270 nm].

5093

www.eurjic.org



FULL PAPER

A. El Majzoub, C. Cadiou, I. Déchamps-Olivier, F. Chuburu, M. Aplincourt

To determine whether LH works as a selective chemo-
sensor for Zn?*, the LH fluorescent spectra were recorded
in the presence of various metal ions at pH 10.4 (some first-
row transition metals, Cd'" and biologically relevant alkali
and alkaline earth ions, Figure 9). The fluorescent inten-
sities slightly increase by addition of ions that are found in
high concentrations in cells, such as K*, Mg?>* and Ca*".
The selectivity of Zn?* over alkali or alkaline earth cations
comes from the inherent binding properties of macrocyclic
polyamines. Addition of transition metals such as Mn>*
and Fe** does not significantly increase the fluorescent re-
sponse of (benzimidazolylmethyl)cyclen. This test also indi-
cates that the cadmium complex is less fluorescent than the
ligand (which allows Zn?>* and Cd** to be distinguished),
while the copper complex does not fluoresce at all. For
these two cations, the decrease in fluorescence is due to a
quenching mechanism.[“4

P
[4,] (=]
i i

ho
=]
L

-
[=]
i

=
o
i

Relative Emission Intensity (lan/oem)
(8]
i

=
(=]
|

LH KI Ca" Mg" Mn” Fe"l anl CU” Cd"

Figure 9. Relative fluorescence of LH at 301 nm responding to
1 equiv. of the metal ions at pH 10.4 [CAPS 2X 102 molL "), I =
1 (NaCl), T = 25 °C, excitation at 270 nm]. fyen) is the emission
intensity of LH (5X 107 mol L") at 301 nm in the absence of metal
ions.

In comparison with the results reported for cyclen flu-
orophores,'>17 the fluorimetric titration of Zn>* with LH
shows that LH does not respond to Zn>* at neutral pH,
which is a disadvantage. This point has to be improved in
order to envisage a use under biological conditions. For
that, the key mechanistic feature is the decoupling of
macrocyclic electron-donor nitrogen atoms from resonance
with the fluorophore. In light of the behaviour of the an-
thracene-pendant cyclen probe, which responds to Zn>* for
pH values >12,['4 and the {(anthrylmethylamino)ethyl}-
cyclen probe, which responds to Zn?* at neutral pH,['% the
introduction of an aminoethyl spacer between the macro-
cycle and the methylbenzimidazole moiety is to be studied.
The introduction of a supplementary amine function on the
spacer is expected to sufficiently change the electronic na-
ture of the ligand and complex structures at neutral pH to
be able to detect Zn>* under better conditions.

Conclusions

We have designed a new ligand LH for complexation
with Zn?* and that can be detected by fluorescence spec-
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troscopy. The zinc(II) complex is stable and quantitatively
formed at pH 5, which is comparable to zinc(Il) complexes
obtained from (dansylamidoethyl)cyclen!!> or {(anthryl-
methylamino)ethyl}cyclen.['® The complexation induces a
PET-retarded fluorescence, which is responsible for the
fluorescence enhancement in the presence of Zn>*. Thus, in
CAPS buffer and upon addition of increasing amounts of
Zn?*, the fluorescent emission of LH linearly increases. The
detection limit of LH (5X107molL™) is [Zn?'] =
5x 108 molL! at pH 10.4. The LH fluorescent response
to Zn>* has to be improved in order to allow Zn>* detection
at neutral pH. On the basis of the modification of the li-
gand already proposed by Aoki and al.,[' it is envisaged
that the introduction of an aminoethyl spacer between the
macrocycle and the methylbenzimidazole moiety will help
towards this end.

Experimental Section

General Information: All solvents were HPLC grade. The metals
salts were purchased from Aldrich. The other reagents (highest
commercial quality) were used without further purification.

Ligand Synthesis: The ligand LH was synthesised according to a
published procedure!'®! by alkylation of the cyclen glyoxal ligand
(5.1 mmol, 1.00 g) with 2-(chloromethyl)benzimidazole (5.3 mmol,
0.89 g) in thf. The solution was stirred for 6 h, after which a pale
yellow precipitate forms, which corresponds to the alkylated bisam-
inal monosalt. This was separated from the mother solution by
filtration. This salt was then deprotected with hydrazine monohy-
drate for 3 h at 100 °C. After cooling, a brown oil precipitates,
which was collected by filtration and washed several times with
ethanol. The ligand LH was finally obtained after purification in
methanol in 53% yield (0.87 g). 3C NMR (62.9 MHz, D,0): § =
44.5, 454, 51.4, 52.8 and 73.7 (CH,N), 115.2, 123.2, 118.1 and
153.9 (Ca,) ppm. CisHo6Ng0.25CH;0H0.5H,0 (319.44): caled. C
61.10, H 8.84, N 26.31; found C 61.09, H 9.14, N 26.67%.

Preparation of the Zinc Complexes

[Zn(cyclen)(NO3),]: A methanolic solution of Zn(NOs3),-4H,O
(0.61 mmol, 0.16 g, 5 mL) was added dropwise to a solution of the
ligand (cyclen: 0.60 mmol, 0.11 g) in methanol (10 mL). The
colourless solution was heated at reflux for 4 h and concentrated
by evaporation. A white powder was precipitated by addition of
diethyl ether solution (0.16 g, 74%). CgH,0N4Zn(NO3), (361.67):
caled. C 26.57, H 5.57, N 23.24; found C 26.71, H 5.66, N, 23.39%.
ESI-MS: m/z calcd. for [Zn(CgH,oN4)(NO3)]* 298.1; found 298.0.

[ZnLH](NO3),: A methanolic solution of Zn(NOj3),4H,O
(0.68 mmol, 0.18 g, 5 mL) was added dropwise to a solution of the
ligand (LH: 0.66 mmol, 0.21 g) in methanol (10 mL). The colour-
less solution was heated at reflux for 4 h and concentrated by evap-
oration. A white powder was precipitated by addition of diethyl
ether solution (0.19 mg, 58%). '3C NMR (62.9 MHz, CD;0D): §
=45.1,42.3,47.4,52.2 and 53.9 (CH,N), 113.5, 118.5, 125.2, 125.8,
135.6, 139.3 and 153.3 (Ca,). CisH26N¢ZnN,0¢0.25CH;0H
(499.83): caled. C 39.05, H 5.44, N 22.42; found C 38.92, H 5.26,
N 22.49%.

[ZnLH](ClO4);: A methanolic solution of Zn(ClOy4),-6H,O
(0.41 mmol, 0.15 g, 5 mL) was added dropwise to a solution of the
ligand (LH: 0.35 mmol, 0.11 g) in methanol (5 mL). The colourless
solution was heated at reflux for 4 h and concentrated by evapora-
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tion. A white powder was precipitated by addition of diethyl ether
(0.10 g, 50%). C;sH,6NZnCl1,04°0.5H,0 (575.72): caled. C 33.38,
H 4.73, N 14.60; found C 33.62, H 4.76, N 14.42%. ESI-MS: m/z
caled. for [Zn(CsHa6Ng)(ClOy)]* 465.1; found 465.1. This solid
was further dissolved in acetonitrile, and after slow diffusion of
diethyl ether, white monocrystals of [ZnLH](ClO4),"CH;CN suit-
able for X-ray analysis were produced.

CAUTION: Perchlorate-containing complexes are potentially ex-
plosive and appropriate precautions should be in place for their
preparation, handling and storage.

Potentiometric Measurements: Potentiometric titrations were car-
ried out with an automatic titrator composed of a microprocessor
burette (Metrohm dosimat 665) and a pH meter (Metrohm 713)
connected to a computer. The titration procedure was fully auto-
mated.['"”) All measurements were performed within a thermoregu-
lated cell at 25.0 = 0.1 °C under an argon stream to avoid the dissol-
ution of carbon dioxide. The ionic strength was adjusted to 1 with
potassium nitrate. The combined Type “U” glass electrode (Met-
rohm) used had a very low alkaline error. The complex formation
constants were determined according to the “batch method”. Equi-
molar mixtures of Zn>* and ligand [2X 103 molL ! in 10> molL!
HNO; , 7 = 1 (KNO3;)] were prepared in 30 stoppered flasks at
different pH values by microaddition of KOH [10 ' molL !, I =1
(KNO3)]. These solutions were stored under argon and placed in a
thermoregulated enclosure at 40 °C for two, four or six weeks. Be-
fore pH measurements, these solutions were allowed to reach equi-
librium temperature (25 °C) for 48 h. The deprotonation of the
[(benzimidazolylmethyl)cyclen]zinc complex was determined by a
pH titration of a complex solution [2 X 1073 mol L™}, 7 = 1 (KNO3)]
prepared from the solid [ZnLH](NO3), monohydrate complex pre-
viously described.

The protometric data were processed by using the PROTAF pro-
gram!'”! to obtain the best-fit chemical model and refined overall
constants, £,
mM + [L + hH+ = MleH/I

[M;,,LiHy]
ﬂmlh = NV T VLT
[M]"[L)TH"T

A negative / value refers to the hydroxide ion.

The stepwise protonation constants (K;,) related to equilibrium (1)
are defined by Equation (2) and are deduced from the refined fy,
values by Equation (3).

Kom
LHY " + ' —=LH 0
[LH;"]
" [LH " )[H"] )
11
IB 1: K i
oI L ol 3)

Spectroscopic Measurements: 'H and '*C NMR spectra were re-
corded with a Bruker DRX 500 spectrometer. '"H-'H and 'H-'3C
2D correlation experiments were performed to assign the signals.
In '"H NMR titrations, the pD was adjusted by additions of small
amounts of a 4-% diluted NaOD solution or a 3.5-% diluted DCI
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solution to D,O solutions containing the ligand LH (102 molL").
The pH was calculated from the measured pD values by using
Equation (4):2%

pH = pD - 0.40 “

For both ligands, NMR measurements were performed after an
equilibration time of one day. Mass spectra in methanol were re-
corded on a Micromass Q-TOF electrospray positive ionisation in-
strument. For both ligand and complex [ZnLH](ClO,4),'H,O
(3% 10°molL"), the UV spectrophotometric titrations were re-
corded at 25 °C in the range 200-400 nm with a thermoregulated
Shimadzu UV 2401 PC spectrophotometer. For the UV pH ti-
trations, the pH was adjusted by addition of small amounts of
KOH (10" to 103 molL") and HCI solutions (107" to
102 molL1).

Crystal Structure Determination: The crystal diffraction data were
collected at 120 K with a Kappa CCD diffractometer (Centre de
Diffractométrie X, Univ. Rennes, France) by using monochromated
Mo-K,, radiation (A = 0.71073 A). Data collection was performed
with the COLLECT program.[*’! Frame integration and data re-
duction procedures were realised with the DENZO and SCALE-
PACK programs of the KappaCCD software package, respec-
tively,[® for the [ZnLH] compound and with EVAL#”! and SAD-
ABSH8l programs, respectively. The structure was solved by using
the direct methods program SIR97.14! which revealed all non-hy-
drogen atoms. SHELXL970% was used to refine the structure. Fi-
nally, hydrogen atoms were placed geometrically and held in riding
mode in the least-squares refinement procedure. Final difference
maps revealed no significant maxima (Table 4). CCDC-648571 con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Table 4. Crystal data and details of the structure determination for
[ZnLH](C10,),*CH;CN.

[ZnLH](C10,),*CH;CN
Empirical formula C,gH»9C1,N,OgZn
Formula weight 607.75
Temperature [K] 100(2)
Crystal system monoclinic
Space group P21/c
colour colourless
a[A] 14.7457(4)
b [A] 9.2669(3)
c [A] 18.7281(6)
a [°] 90
B[] 106.5910(10)
v [° 90
Volume [A3] 2452.59(13)
zZ 4
Dcalcd. [g cm*3] 1.646
Absorption coefficient [mm '] 1.278
F1000] 1256
M(Mo-K,) [A] 0.71073
Largest diff peak/hole [e A3 0.639/-0.514
No. independent reflections 5614
No. reflections [I>2.0c(1)] 4962
R 0.0294
WR, 0.0768
Goodness-of-fit on F? 1.037

Spectrofluorimetric Measurements: Fluorescence emission spectra
were recorded at 25 °C with a Perkin—Elmer LS50B spectrofluorim-
eter equipped with a Hammamastu R928 photomultiplier. The lin-
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earity of the fluorescence emission versus the concentration was
checked in the concentration range 0 to 10°molL"!. Emission
spectra were normalised by the manufacturer-supplied correction
curves. Quantum yields were determined by comparison of the inte-
grated corrected emission spectrum of standard quinine sulfatel>!
[the quantum yield (@) is 0.55]. Spectrofluorimetric pH titrations
of the ligand and the complex were performed as follows: the stock
solutions of the ligand or the complex (ca. 3X 10> molL ') were
prepared by dissolving an appropriate amount of the ligand in a
50-mL volumetric flask and by diluting with degassed water under
an argon atmosphere. The titration solution {[LH] =
5% 1077 mol L'} was prepared by appropriate dilution of the stock
solution. The response of LH to increased amounts of Zn>* was
checked as follows: successive volumes of Zn(ClOy),:6H,O
(1.2X103molL") were added to ligand solutions
(3x 10> molL™") for a constant pH value [CAPS buffer solution
(2% 102 molL")]. These solutions were further diluted in CAPS
buffer in order to reach a LH concentration of 5X 107 molL .
The emission spectra of ligand and complex solutions were re-
corded after excitation at a wavelength of 4 = 270 nm in the range
275-400 nm (slit width of 5 nm).

Supporting Information (see footnote on the first page of this arti-
cle): The '"H NMR spectra of LH as well as the "TH NMR spectra
of a mixture of LH and Zn?* as a function of pH. A comparison
of the affinities of LH and cyclen for Zn'! is also reported.
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