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The synthesis of the macrocyclic ligand 4,40-(2,6,10,13,18-pentaaza[26])-2,20-bipyridylcylophane
(L), which contains a penta-amine chain linking the 4,40 positions of a 2,20-bipyridyl moiety, is
reported. The heteroaromatic nitrogens of L are located outside the macrocyclic cavity. Ligand
protonation, as well as Cu(II) and Ni(II) complexation by L, were studied by potentiometric
and UV-Vis techniques in aqueous solution. Only mononuclear complexes are formed.
In [CuL]2þ, the metal is encapsulated inside the cavity, not coordinated by the bipyridyl unit.
Protonation of the complex occurs on the aliphatic polyamine chain and gives rise to
translocation of the metal outside the cavity, bound to the heteroaromatic nitrogens.
Conversely, Ni(II) is always bound to the bipyridyl nitrogens in both protonated and
unprotonated complexes.

Keywords: Macrocycles; Bipyridyl moiety; Cu(II) complexes; Ni(II) complexes

1. Introduction

Macrocyclic polyamine ligands containing various binding functionalities are of current

interest due to their ability in selective binding, transformation, and transfer of a large

variety of substrates, from charged species [1–22] to neutral molecules [23]. Structural

factors, such as ligand rigidity, electron-donor properties of nitrogens and their

disposition within the cyclic framework, play significant roles in determining

the binding features of polyamine macrocycles toward metal cations [1–13].

Heteroaromatic groups, such as 2,20-bipyridine or 1,10-phenanthroline, are often

used as building blocks for assembly of host molecules [24, 25]. These units are rigid and

provide two aromatic nitrogens whose unshared electron pairs act cooperatively to bind

cations. Incorporation of these moieties into macrocyclic structures allows combination

within the same ligand, of the special complexation features of macrocycles with the

photophysical and photochemical properties displayed by metal complexes of

heterocycles.
We have synthesized the new macrocyclic ligand L (scheme 1) containing a 2,20-

bipyridine unit linked through its 4,40 positions in such a way that the heteroaromatic
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nitrogens point outside the cavity. The particular molecular architecture of L defines

two well-separated binding zones, the macrocyclic cavity and the external bipyridine

chelating unit. Since metal coordination is competitive with ligand protonation and

aliphatic nitrogens are usually more basic than heteroaromatic ones [26], we hoped that

a metal ion coordinated to L could change its coordination site upon protonation of the

aliphatic amine, moving from inside to outside the macrocyclic cavity, as previously

observed for an analogous ligand [27], as shown in scheme 2.
To elucidate the relationship between the structural features of L and its coordination

properties toward metal ions, we have carried out a potentiometric and spectro-

photometric (UV-Vis) study on the interaction of Cu(II) and Ni(II) in aqueous

solutions.
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Scheme 1. The macrocyclic ligand L.
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Scheme 2. pH-Controlled translocation of Cu(II) inside/outside the ligand cavity.
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2. Experimental

2.1. Synthesis

4,40-Bis(bromomethyl)-2,20-bipyridine [28] (1) and 1,5,9,13,17-pentakis( p-tolylsulfo-
nyl)-1,5,9,13,17-pentaazatridecane [28] (2) were synthesized as previously described.

2.1.1. 4,40-(2,6,10,13,18-Pentatosyl-2,6,10,13,18-pentaaza[19])-2,20-bipyridylophane (3). A
solution of 1 (6 g, 17.5mmol) in dry CH3CN (500 cm3) was added over a period of 4 h to
a refluxing and vigorously stirred suspension of 2 (17.8 g, 17.5mmol) and K2CO3 (28 g,
0.20mol) in CH3CN (1L). After the addition was completed, the solution was refluxed
for an additional 3 h. Then the suspension was filtered through celite, and the solution

was vacuum evaporated to yield a crude oil, which was purified by column
chromatography on neutral alumina with a ligroin : ethyl acetate 1 : 2 mixture. The
eluted fractions were collected and evaporated to dryness to afford 3 as a colorless solid.
Yield: 13.9 g (11.6mmol, 66.3%). El. Anal: found: C, 59.4; H, 5.7; N, 8.3. Calcd for
C59H69N7S5O10: C, 59.22; H, 5.81; N, 8.19. 1H NMR (CDCl3): �(ppm): 1.20 (m, 4H),
1.68 (t, 4H), 2.41 (s, 3H), 2.48 (s, 6H), 2.43 (s, 6H), 2.69 (t, 4H), 2.81 (t, 4H), 2.99 (t,

4H), 3.16 (t, 4H), 4.31 (s, 4H), 7.63–7.58 (m, 6H), 7.45-7.28 (m, 12H), 7.75 (m, 4H), 8.36
(s, 2H), 8.63 (d, 2H).

2.1.2. 4,40-(2,6,10,13,18-Pentaaza[26])-2,20-bipyridylocyclophane hexahydrobromide

(L.6HBr). Compound 3 (2.85 g, 2.38mmol) and phenol (33 g, 0.350mol) were
dissolved in 33% HBr/CH3COOH (250 cm3). The reaction mixture was stirred at
90�C for 24 h until a precipitate formed. The solid was filtered out and washed
several times with CH2Cl2. The hexahydrobromide salt was recrystallized from
a EtOH :water 2 : 1 mixture. Yield 1.6 g (1.76mmol; 73.7%). El. Anal.: found: C,
31.4; H, 5.1; N, 11.1. Calcd for C24H45N7Br6: C, 31.64; H, 4.98; N, 10.76. 1H NMR

(D2O, pH¼ 4): �(ppm): 8.74 (d, 2H), 8.46 (s, 2H), 7.72 (d, 2H), 4.46 (s, 4H), 3.22-3.07
(m, 16H), 2.11–1.98 (m, 8H).

2.2. Potentiometric measurements

Equilibrium constants for protonation and complexation reactions with L were
determined by pH-metric measurements at 298.1� 0.1K in 0.1mol dm�3 NMe4Cl using
equipment that has been already described [29]. The combinated Ingold 405 S7/120

electrode was calibrated as a hydrogen concentration probe using known amounts of
HCl with CO2-free NaOH solutions and determining the equivalent point by Gran’s
method [30]. This allows one to determine the standard potential E� and the ionic
product of water (pKw¼ 13.83� 0.01). 1� 10�3–2� 10�3mol dm�3 ligand and metal
ion concentrations were employed in the potentiometric measurements, varying the
metal to ligand molar ratio from 0.5 : 1 to 2 : 1. Three titration experiments (about 100

data points each) were performed for each system. The computer program
HYPERQUAD [31] was used to calculate equilibrium constants from Electromotive
Force (e.m.f.) data.
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2.3. Spectrophotometric measurements

Absorption spectra were recorded on a Perkin–Elmer Lambda 6 spectrophotometer.
HCl and NaOH were used to adjust the pH values that were measured on a Metrohm
713 pH meter.

2.4. NMR and electronic spectroscopy

The 300.07MHz 1H spectra in D2O solutions at different pH values were recorded
at 298K in a Varian Unity 300MHz spectrometer. In order to adjust the pD,
small amounts of 0.01mol dm�3 NaOD or DCl solutions were added to solutions
containing L. The pH was calculated from the measured pD values using the
relationship: pH¼ pD� 0.40 [32].

3. Results and discussion

3.1. Ligand protonation

3.1.1. Solution studies. The protonation equilibria of L were studied by potentio-
metric measurements in aqueous solution (0.1mol dm�3 NMe4Cl, 298.1K) leading to
determination of the protonation constants reported in table 1.

Although L contains seven amine groups, only six protonation constants were
determined, the seventh protonation stage taking place at very low pH, outside the pH
range (2.5–11.5) useful for potentiometric measurements. Since bipyridine nitrogens are
characterized by far lower basicity than amine nitrogens, it is expected that at least the
first protonation steps of L take place on the polyamine chain. This hypothesis is
confirmed by analysis of the absorption spectra recorded on solutions containing L at
various pH values [figure 1(a) and (b)].

Protonation of the heteroaromatic nitrogens can be easily monitored by UV-Vis
spectrophotometric titrations, since protonation of bipyridine is accompanied by the
appearance of a band at ca 306 nm, red-shifted with respect to the typical band of
free bipyridine. According to figure 1, this occurs with formation of [H6L]

6þ,
i.e. protonation of the bipyridine nitrogen takes place only in the sixth protonation
step of L.

As can be seen from the values reported in table 1, the basicity of L decreases with
increasing positive charge on the molecules, the large difference between successive

Table 1. Protonation constants (logK) of L (0.1M NMe4Cl,
298.1K).

Reaction LogK

LþHþ¼ [LH]þ 10.51(3)
[LH]þþHþ¼ [LH2]

2þ 9.68(5)
[LH2]

2þ
þHþ¼ [LH3]

3þ 7.94(8)
[LH3]

3þ
þHþ¼ [LH4]

4þ 6.52(8)
[LH4]

4þ
þHþ¼ [LH5]

5þ 4.50(6)
[LH5]

5þ
þHþ¼ [LH6]

6þ 3.23(4)
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protonation constants being observed between the fourth and fifth protonation stages

due to the high-electrostatic repulsion experienced by the last proton binding the

polyamine chain.

3.1.2. Cu(II) coordination in aqueous solution. Cu(II) coordination by L in aqueous

solutions was studied by potentiometric measurements, leading to determination of the

complex stability constants listed in table 2. Data in table 2 outline two main

complexation features. First, the ligand forms only mononuclear Cu(II) complexes in
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(b)

Figure 1. (a) pH dependence of the absorption spectra of L ([L]¼ 8.35� 10�5M, I¼ 0.1M; (b) absorbance
at 306 nm (.) superimposed to the distribution diagram of the protonated species of L (dashed lines).

Table 2. LogK for the Cu(II) and Ni(II) complexes with L (0.1M NMe4Cl,
298.1K).

Reaction

LogK

Cu2þ Ni2þ

LþM2þ
¼ [ML]2þ 8.87(6) 8.68(6)

[ML]2þþHþ¼ [MLH]3þ 9.11(7)
[ML]2þþ 2Hþ¼ [MLH2]

4þ 18.26(4)
[MLH]3þþHþ¼ [MLH2]

4þ 8.30(7)
[MLH2]

4þ
þHþ¼ [MLH3]

5þ 7.01(4) 7.09(6)
[MLH3]

5þ
þHþ¼ [MLH4]

6þ 6.39(5) 6.42(5)
[MLH4]

6þ
þHþ¼ [MLH5]

7þ 5.62(5) 5.00(4)
[ML]2þþ 2OH�¼ [ML(OH)2] 7.46(9) 9.90(8)
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aqueous solutions. Second, the Cu(II) complex is able to bear extensive protonation up

to formation of the pentaprotonated [CuLH5]
7þ species. Consequently, protonated

species of the complexes are present in solution from acidic to alkaline pH values,
as shown in figure 2.

L contains two well-separated binding units for the metal ion, i.e., the external

bipyridine nitrogens and the macrocyclic cavity where five nitrogen donors are

potentially available for metal coordination. As previously anticipated, the [CuL]2þ

complex displays a high tendency to form protonated species, forming up to

a pentaprotonated species. Since aliphatic amine groups are by far more basic

than heteroaromatic nitrogen atoms and protonation constants of the [CuL]2þ

complex (table 2) are remarkably higher than that reported for free 2,20-bipyridine

(logK¼ 4.39) [33], it seems likely that all five protonation steps of [CuL]2þ occur on the

polyamine chain. Accordingly, in the protonated Cu(II) complexes the metal ion would

be located outside the cavity, coordinated by the heteroaromatic nitrogen donor

atoms of bipyridine, as already found for a previous ligand with similar molecular

architecture [27]. In that case, the ligand containing ethylenic chains displayed higher

stability constants for formation of [CuL]2þ (logK¼ 13.91) [27] according to the
greater stability of five-membered chelate rings with respect to six-membered ones,

while it showed a lower tendency to protonation due to its lower basicity.
To shed further light on the role played by the bipyridine unit in metal binding, we

carried out an UV-Vis spectrophotometric study on solutions containing equimolar

amounts of Cu(II) and L at different pH values. L has a band at 285 nm in the UV

spectrum. Similarly to bipyridine protonation, Cu(II) coordination to the heteroaro-

matic unit gives rise to marked changes in the absorption spectra of the ligand with the
appearance of new structured red-shifted absorption band at 300 nm on passing from

the alkaline pH region, where [CuL]2þ and [CuL(OH)2] are predominant, to acidic pH,

where protonated forms of the complex are present in solution (figure 3). This new band

can be used as a diagnostic tool to prove involvement of bipyridine nitrogens in metal

binding. As shown by figure 3(b), where the variation of the 300 nm absorbance with

pH has been superimposed to the distribution diagram of the species formed in the

system Cu(II)/L, the 300 nm absorbance decreases with increasing pH in very acidic

2 4 6 8 10

pH

0

20

40

60

80

100

%

LH6
6+

LH5
5+

CuLH5
7+

CuLH4
6+

CuLH3
5+

CuLH2
4+

CuLH3+

CuL2+

CuL(OH)2

Figure 2. Species distribution diagrams for the systems Cu(II)/L in 1 : 1 molar ratio ([L]¼ [Cu(II)]¼
1� 10�3M NMe4Cl 0.1M, 298K).
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solution (pH53.5). In this pH range the highly protonated species of the ligand are

prevalent and the absorbance decrease is mainly due to bipyridine deprotonation

occurring on passing from [H6L]
6þ to [H5L]

5þ, as already observed in the spectro-

photometric titration of the free ligand. Above pH 6, the 300 nm absorbance increases

with formation of the [CuLH3]
5þ, [CuLH2]

4þ and [CuLH]3þ species to successively

decrease in alkaline solutions when the protonated complexes disappear. These data

account for the involvement of the bipyridine unit in metal coordination in the

protonated forms of the Cu(II) complexes. In other words, in the protonated

complexes, the metal is lodged outside the cavity, coordinated by the heteroaromatic

nitrogen atoms, while the acidic protons are bound by the polyamine chain (scheme 2).
The most interesting finding, however, is the sharp decrease of the absorbance

occurring in alkaline solution upon formation of the [CuL]2þ complex and its

dihydroxo derivatives. Such behavior implies that in the non-protonated forms of the

complex the bipyridine unit is not involved in metal coordination and Cu(II) is inside

the macrocyclic cavity. The particular molecular topology of this ligand gives rise to

a pH-controlled change of binding site for the metal, which translocates from inside to

outside the cavity upon complex protonation.
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pH = 5.32

pH = 7.02

pH = 8.62

pH = 9.14

Figure 3. (a) Absorption spectra of L in the presence of Cu(II) (1 : 1 molar ratio) in aqueous solution at
various pH values ([L]¼ [Cu(II)] 8.85� 10�5M); (b) Absorbance at 300 nm (.) superimposed to the
distribution diagram of the protonated and complexed species of L (dashed lines).
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3.1.3. Ni(II) coordination in aqueous solution. The complexation features of L toward

Ni(II) are rather different from those observed for Cu(II), despite the fact that the

stoichiometry of the species formed is practically the same (table 2). The main difference

was revealed by the absorption spectra of the Ni(II) complex.
The UV absorption spectrum of the Ni(II) complex displays a structured band with

maxima at 298 and 306 nm (figure 4). As discussed above, these spectral features

account for metal coordination to the bipyridine unit. As shown in figure 4(b), the

spectrum is independent of pH, indicating that different from Cu(II), Ni(II) is always

bound to the bipyridine moiety, outside the macrocyclic cavity, in all complex species.

It is known that Ni(II) complexation can be affected by kinetic inertness, in particular

with sterically hindered ligands. Therefore, the process of Ni(II) encapsulation may be

extremely slow at room temperature and Ni(II) coordination occurs at the less hindered

binding site, namely the external bipyridine nitrogen atoms. It is to be noted that

prolonged (up to seven days) heating in water (100�C, pH 10.5) does not lead to

significant changes in bipyridine absorption bands, indicating that the metal does not

move inside the macrocyclic cavity even in drastic conditions.
However, coordination of Ni(II) by bipyridine nitrogens, outside the cavity, could be

also favored from a thermodynamic point of view. It is to be noted that Ni(II) has

270 280 290 300 310 320 330 340 

0.2
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0.8
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Figure 4. (a) Species distribution diagrams for the system Ni(II)/L in 1 : 1 molar ratio [L]¼ 1� 10�3M,
NMe4Cl 0.1M, 298K; (b) Absorption spectra of L in the presence of Ni(II) [Ni(II)]¼ [L]¼ 8.85� 10�5M in
aqueous solution at various pH values.
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a marked tendency to impose its own geometry to ligands. At the same time, the
presence of a rigid bipyridine moiety leads to an overall ligand stiffening and to reduced

ability of the ‘‘intra-cavity’’ L amine donors to adapt themselves to the rather strict
stereochemical requirements of Ni(II). This could thermodynamically favor Ni(II)
complexation by bipyridine nitrogens, outside the cavity. These data are consistent with

those already found for Ni(II) complexes of a similar ligand containing ethylenic chains
instead of propylenic ones [27]. It is to be noted that the stability constants of the

[NiL]2þ complex with the previous ligand (logK¼ 5.71) [27] is significantly lower than
that determined for [NiL]2þ (logK¼ 8.68, table 2), which is slightly higher than the
stability constant of the Ni(II) complex with 2,20-bipyridine (logK¼ 7.04) [34]. It seems

reasonable that in the case of the complex with the more flexible ligand L, some
participation of aliphatic amine groups in the coordination to the metal ion bound by

the bipyridine moiety outside the cavity might be possible.

4. Conclusions

Ligand L contains two well-separated binding moieties. This particular molecular

architecture gives rise to different coordination behaviors toward Cu(II) and Ni(II) in
aqueous solutions. In the [CuL]2þ complex, the metal is coordinated inside the
macrocyclic cavity, not bound by the heteroaromatic moiety. Protonation of the

complex takes place on the more basic aliphatic amine groups and leads to
translocation of the metal from inside to outside the cavity. Therefore, in the

[CuLHn]
2þn complexes, the metal is coordinated to the heteroaromatic nitrogens. On

the contrary, in Ni(II) complexes the metal is always coordinated to the bipyridine
nitrogens, outside the cavity. Thermodynamic and kinetic factors can account for the

different coordination modes.
Both [CuL]2þ and [NiL]2þ complexes display a ‘‘metal-free’’ binding unit (the

bipyridine nitrogen atoms in [CuL]2þ and the polyamine chain in [NiL]2þ) as a potential
coordination site for different metal cations. Therefore, it can be of interest in future

studies to explore the ability of these mononuclear complexes to add a second metal,
yielding heterodinuclear metal complexes.
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