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ABSTRACT: The macrocyclic ligand (L), containing two
terpyridine (terpy) and two ethylenediamine (en) groups arranged
in a cyclic terpy-en-terpy-en sequence, forms a double-strand
helicate Cu,L*" complex made especially stable by the formation of
interstrand 7—7 stacking interactions involving opposite pyridine
rings. The crystal structure of this complex shows the Cu®* cations
in square pyramidal coordination environments defined by the
donor atoms of half ligand chain composed, in sequence, by one
pyridine ring, the connected ethylenediamine moiety and the two
adjacent pyridine rings of the successive terpyridine. In aqueous
solution, L forms both mono- and binuclear complexes with Cu?*.
The stability constants determined for these complexes evidence

the combined action of the two metal ions in the assembly of the very stable helicate species, the binding of the first metal ion
favoring the entrance of the second one. UV adsorption and emission spectra corroborate these equilibrium results. Furthermore,
the Cu,L*" complex shows a significant inertness toward dissociation in acidic solutions. Also Zn>* forms mono- and binuclear
complexes with L, although the Zn,L*" complex is much weaker than the Cu,L** helicate and gives rise to fast dissociation
reactions in acidic media. Experimental evidence allows neither to say that also the Zn>* complex has a helicate structure nor to

exclude it.

B INTRODUCTION

Until the late 1980s, terpyridine was an unusual tridentate
ligand mainly used for the colorimetric determination of metal
ions"* and for occasional coordination studies.’”> From the
successive decade, however, it was recognized as a pivotal
component for the construction of molecular devices®” and
supramolecular assemblies,® and accordingly it received a great
deal of interest. It was incorporated in a variety of sophisticated
derivatives and used for a wide number of applications. Just to
make a few examples, terpyridine groups were incorporated
into polymers, dendrimers, and nanotubes; they were used for
surface functionalization, for the construction of molecular
devices and machines, for the preparation of compounds with
antitumoral activity, and for applications in nuclear medicine
and magnetic resonance.” "’

The vast majority of terpyridine applications are related to its
binding properties toward transition metal ions. The most
typical coordination motif of this ligand is represented by the
[M(terpy),]™ complexes in which two almost planar
terpyridine molecules are nearly perpendicular to each other
around the metal center in a distorted octahedral geometry.
Commonly, terpyridine forms fairly stable [M(terpy),]™" metal
complexes, but in the case of transition metals that are
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particularly favored by the octahedral geometry, like Fe(II) that
undergoes high spin—low spin transition upon coordination of
the second ligand molecule, complex stability can be very high.
Furthermore, in contrast to bidentate ligands (L—L) that give
rise to chiral [M(L—L);]™ species, the [M(terpy),]"" motif is
achiral. Accordingly, coordination of two terpyridine derivatives
to a metal ion can afford a firm connection for the assembly of
extended structures giving rise, when the terpyridine derivatives
have symmetric structures, to single species instead of isomeric
mixtures. All these properties make terpyridine a predictable
building block for the design of metal-based architectures
endowed with chemical robustness, thermodynamic and kinetic
stability, fundamental characteristics that have been used for the
development of controlled molecular motion in rotaxanes,"' ™"
for the assembling of catenanes,'®"” molecular knots,'® doubly
threaded rotaxanes,'® for two-ring threading,20 and for the
preparation of several macrocyclic complexes used for a variety
of applications.”’~* Terpyridine was also employed in the
preparation of helicates** " although most of these complexes
were not based on the typical [M(terpy),]"* octahedral motif,

Received: September 25, 2014
Published: November 4, 2014

dx.doi.org/10.1021/ic502329s | Inorg. Chem. 2014, 53, 12215-12224


pubs.acs.org/IC

Inorganic Chemistry

but they involved Cu® or Ag" ions in lower coordination
numbers.*5! Interestingly, it was shown that combining
tridentate terpyridine (T) with bidentate bipyridine (B) units
affords TT and TB pairs suitable for selective assembling of
Zn*" and Fe** or Cu®" helicates, respectivelz, according to the
coordination preferences of the metal ion.***

A few years ago, we reported the synthesis of the macrocyclic
polyamine L (Figure la), its binding properties in solution
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Figure 1. (a) The L ligand. (b) A schematic representation of the
sequence of tridentate (T) and bidentate (B) binding sites. (c) A
hypothetical double-strand helicate arrangement achieved upon
coordination of two metal ions.

toward the nucleotide thymidine S’-triphosphate (H;TTP), and
the crystal structure of the [(H,L)HTTP] adduct.®' Since this
molecule contains four distinct donor sites, namely, two
terpyridine and two ethylenediamine units, L is a good
candidate for the formation of polynuclear complexes. As a
matter of fact, it has been shown that polyamine macrocycles
containing aromatic or heteroaromatic groups may give rise to
polynuclear complexes with special coordination features, even
when the ligand is small and contains a reduced number of
donor atoms.>*™>° Furthermore, the alternate arrangement
within the macrocyclic ring of tridentate terpyridine (T) and
bidentate ethylenediamine (B) units furnishes the correct
TBTB sequence of chelating units (Figure 1b) for the
assembling of an intramolecular double helicate binuclear
complex (Figure 1c). Taking into account the flexibility of the
ethylenediamine chains and the rotational freedom of
terpyridine rings, the achievement of a similar structure seemed
possible despite the relatively small dimension of the
macrocycle.

With this in mind, we studied the coordination properties of
L toward Cu* and Zn*" and, successfully, we observed the
formation of a very stable double helicate Cu,L*" complex, both
in solution and in the solid state, although the effective TBTB
sequence of chelating units appeared to be different from the
one shown in Figure 1. We report here the results of this study.

B EXPERIMENTAL SECTION

General Information. Unless otherwise specified, all starting
materials were purchased from commercial sources and used as
supplied. The ligand L was obtained as L-6HBr according to a
previously reported synthetic procedure.>’ The Cu,L(ClO,),
0.33DMS0-0.33[Na,0H(H,0)(ClO,),] complex (DMSO = dimeth-
yl sulfoxide) was obtained by mixing together a warm water solution of
L at pH 8, containing the minimum amount of DMSO required to
dissolve the ligand, with a warm solution containing the appropriate
amount of Cu(ClO,), in water. A gentle warming was maintained for a
few minutes, then the solution was allowed to cool to room
temperature, and its pH was again adjusted to 8 by using a dilute

NaOH solution. Deep blue crystals of the complex, suitable for X-ray
analysis, formed upon slow evaporation at room temperature. Caution!
Perchlorate salts of metal complexes are potentially explosive. Only a small
amount of material should be prepared, and should be handled with care.

Potentiometric Measurements. Potentiometric (pH-metric)
titrations, used to determine the complex stability constants, were
performed in 0.1 M NMe,Cl at 298.1 & 0.1 K by using an automated
apparatus and a procedure previously described.®® The combined
Metrohm 6.0262.100 electrode was calibrated as a hydrogen-ion
concentration probe by titration of previously standardized amounts of
HCI with CO,-free NaOH solutions and determining the equivalent
point by Gran’s method,”” which gives the standard potential E° and
the ionic product of water (pK,, = 13.83(1) in 0.1 M NMe,Cl at 298.1
K). The computer program HYPERQUAD®>® was used to calculate the
complex stability constants from the potentiometric data. Because of
the low competition between ligand protonation and metal ion
coordination, titrations were performed in the presence of ethyl-
enediaminetetraacetic acid (EDTA). The concentration of the ligand
was 5 X 10™* M, the concentration of the metal ion (M) was varied in
the range of [L] < [M] < 3.5[L], and the concentration of EDTA was
1.5[L]. The studied pH range was 2.5—11. Nevertheless, because of
the low solubility of L and HL", ligand precipitation was observed
above pH 7 for sample solutions with low concentration of metal ion,
but the acidic branches of these titrations were used for the
determination of the stability constants. Because of some slowness
observed in the attainment of equilibrium condition during Cu®*
complexation titrations, 10 min were allowed to elapse between titrant
additions for this metal ion. Longer times were demonstrated to be
superfluous. Four measurements were performed for both Cu®* and
Zn**. For each system, the titration curves were treated as a unique set
in the calculation of stability constants. The hydrolysis of metal ions
was taken into account in calculations. Ligand protonation constants
used in calculation were previously reported.*' Protonation and
complexation constants for EDTA were taken from the literature.>
Because of the low solubility of L and HL", the ligand was defined as
H,L* in calculations, and the equilibria involving the formation of
complexes with the ligand in lower protonation states were set as
deprotonation processes. Different equilibrium models for the complex
systems were generated by eliminating and introducing different
species. Only those models for which the HYPERQUAD program
furnished a variance of the residuals ¢ < 9 were considered
acceptable. Such condition was unambiguously met by a single model
for each system.

Spectrophotometric and Spectrofluorimetric Measure-
ments. Absorption spectra were recorded at 298 K on a Jasco V-
670 spectrophotometer, and fluorescence emission spectra were
recorded on a PerkinElmer LS55 spectrofluorimeter. Kinetic measure-
ments involving the dissociation of the binuclear Cu** complex in
acidic solutions were performed at different pH by monitoring the
variation with time of the UV spectrum of the Cu,L* complex (2 x
107> M, pH 7) after addition of appropriate amounts of a concentrated
HClI solution. The initial rate (0.71—1.4 pH range) was measured as
the slope of the initial part of the kinetic trace. The correct pH of the
solutions was measured at the end of the dissociation experiments and
was assumed to be constant during the entire process due to the large
excess of H' ions relative to ligand concentration. Owing to these
pseudo-first-order conditions, the kinetic traces could be analyzed also
according to exponential functions (concentration = Ae™"%). The
exponential analysis is done provided that the absorbance versus time
signal is transformed into a complex concentration (conc) versus time
signal (t). The procedure uses the absorbance data at the end of the
kinetic process (spectra recorded 1 d after mixing) and the equation y
= (A — A,)/(&, — &), where g, is the initial molar extinction
coefficient of the undissociated complex (&, = A;,/C;) and &, is the
molar extinction coefficient of the totally dissociated complex (&4, =
A/ Cp). This procedure is done only in the cases where 100% of the
initial binuclear complex is supposed to dissociate to a unique
mononuclear form (0.71—1.0 pH range). The ionic strength of the
solutions was kept constant at 0.22 M by suitable addition of NaCl
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X-ray Structure Analyses. A summary of crystallographic data for
Cu,L(Cl0,),-0.33DMS0-0.33[Na,0H(H,0)(ClO,),] is reported in
Table 1. The integrated intensities were corrected for Lorentz and

Table 1. Crystal Data and Structure Refinement for
Cu,L(Cl0,),0.33DMS0-0.33[Na,OH(H,0)(ClO,),]

empirical formula CssHgoCls sCusN sNaOy; Sy 5

formula weight 1867.28

temperature (K) 100

space group C2/c

a (A) 36.131(2)

b (A) 20.2539(4)

¢ (A) 28.625(2)

B (deg) 137.78(1)

volume (A%) 14 075.8(1)

VA 8

independent reflections/R(int) 13 492/0.0475

u (mm™) 4.365 (Cu Ka)

R indices [I > 26(1)]¢ R1 = 0.0563
wR2 = 0.1489

R indices (all data)? R1 = 0.0762
wR2 = 0.1733

“R1 = ZIIF,| — IFIl/Z IE,] ; wR2 = [ Zw(F,? — E2)*/wF "

polarization effects, and empirical absorption correction was applied.”
The structures were solved by direct methods (SIR92).** Refinements
were performed by means of full-matrix least-squares using SHELX-97
program.® All non-hydrogen atoms were anisotropically refined, while
the hydrogen atoms linked to the carbon atoms and nitrogen atoms
were introduced in calculated positions, and their coordinates were
refined according to the linked atoms. The perchlorate anion bridging
the sodium ions, as well as the DMSO cocrystallized solvent, were
disordered and localized in two different positions treated with sight
occupation factor fixed at 0.5. Additional crystallographic data are
available in the Supporting Information.

B RESULTS AND DISCUSSION

Crystal Structure of the Helicate Complex. The crystal
structure of Cu,L(ClO,),-0.33DMS0-0.33[Na,OH(H,0)-
(ClO,),] is formed by Cu,L* cations, perchlorate anions,
disordered DMSO molecules, and Na,OH(H,0)(ClO,),
clusters featuring two Na* ions bridged by a disordered
perchlorate anion. The asymmetric unit is constituted by two
nonequivalent Cu,L* cations, one of which is located around a
2-fold crystallographic axis. The two Cu,L* ions are very
similar and show clear helical arrangements of the ligand
around a couple of coordinated metal ions. Figure 2 displays
the structures of the two Cu,L*' cations, in the following
indicated as A and B, the latter being the one featuring 2-fold
symmetry. Selected bond lengths and angles are listed in Table
2. Two Cu® ions are located at 3.257(2) and 3.219(1) A from
each other in A and B, respectively. The coordination spheres
can be described as highly distorted square pyramids, each
defined by the donor atoms of half ligand chain composed, in
sequence, of one pyridine ring, one ethylenediamine moiety,
and two pyridine rings of the other terpyridine group. The basal
sites of the coordination pyramids are occupied by three
pyridine and one ethylenediamine nitrogen atoms, which are
roughly coplanar, the maximum deviation from the mean
planes being found in the A complex (0.201(5) A for N1 and
0.220(7) A for N6 in the coordination environments of Cul
and Cu2, respectively). Moreover, Cul and Cu2 are more

Figure 2. Ball and stick (A, B) drawings of the Cu,L** double-strand
helicate complex cations observed in the crystal structure of
Cu,L(Cl0,),-0.33DMS0-0.33[Na,0H(H,0)(ClO,),]. (C) Spacefill
representation of complex B. ORTEP drawings are available as
Supporting Information, Figure S1.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for the Helicate Dinuclear Cu®>* Complex

complex A complex B
Bond Lengths

Cu3—-N11’ 2.189(3)° Cul-N1 1.924(4) Cu2—-N3 2.005(3)

Cu3—NI12 2.006(4) Cul-N2 2.143(4) Cu2—N4 2.212(8)

Cu3—N13 2.185(7) Cul—N8 1.994(5) Cu2—-NS5 2.063(4)

Cu3—N14 2.079(3) Cul—-N9 2.209(5) Cu2-N6 1.937(4)

Cu3—NI15 1.929(4) Cul-N10 2.064(S) Cu2—-N7 2.128(4)

complex A complex B
Bond Angles
NI11'—Cu3-N12 102.7(1) NI-Cul-N2 80.2(2) N3-Cu2—N4 79.3(2)
N11'—Cu3—N13 98.0(2) N1-Cul—N8 161.0(2) N3-Cu2—NS$ 96.4(2)
NI11'—Cu3—N14 158.(1) NI-Cul-N9 118.0(2) N3—-Cu2-N6 161.6(2)
N11'—Cu3—-N15 78.4(1) N1-Cul—N10 80.2(2) N3—-Cu2-N7 104.5(2)
N12—Cu3—-N13 78.9(2) N2—Cul—N8 105.0(2) N4—Cu2—NS$ 85.4(2)
N12—-Cu3-N14 99.1(2) N2—Cul-N9 100.3(1) N4—Cu2—-N6 118.1(2)
N12—Cu3-N15 172.7(2) N2—Cul—N10 159.6(1) N4—Cu2—N7 98.1(2)
N13-Cu3—-N14 85.7(2) N8—Cul—N9 79.5(2) NS—Cu2—-Né6 80.3(2)
N13—-Cu3-N1$§ 108.1(2) N8—Cul—N10 95.4(2) NS—Cu2—N7 159.1(2)
N14—Cu3-N1S 80.0(2) N9—Cul-N10 84.3(1) N6—Cu2—N7 79.9(2)
“Values in parentheses are standard deviation on the last significant figures.
shifted from their own basal planes than Cu3, being located H/—\H B

0.1378(8), 0.133(1), and 0.045(1) A, respectively, for Cul,
Cu2, and Cu3 out of the respective planes. The apical bond of
each coordination pyramid is not at 90° from the
corresponding basal plane, as it should be in an ideal square
pyramid, but is tilted by 70.2(2)°, 71.3(2)°, and 74.8(2)° for
Cul, Cu2, and Cu3, respectively, due to the short bite of the
ethylenediamine chelating unit. Each terpyridine group uses
two contiguous pyridine rings to bind one Cu®* ion, while the
third ring is coordinated to the other metal ion of the Cu,L*"
complex. The two pyridine rings connected to the same metal
center are twisted by 18.8(7)°, 18.2(8)°, and 17.42(7)°, while
the remaining pyridine ring forms large dihedral angles of
47.6(7)°, 41.8(8)°, and 40.8(7)° (values referred to Cul, Cu2,
and Cu3, respectively). The double-strand helicate arrangement
of the two complexes gives rise to compact structures (Figure
2), which are further stabilized by interstrand 7—z stacking
interactions involving two pairs (aa’ and bb’ in Figure 2A,B) of
terpyridine rings pertaining to different terpyridine groups. The
rings forming the stacked pairs are almost parallel (dihedral
angles of 6° for aa” and 12° for bb’ in complex A and 15° for aa’
and 10° for bb’ in complex B), with ring centroid—ring
centroid distance of 3.73(1) and 3.407(7) A for aa’ and bb’,
respectively, in A and 3.71(1) and 3.480(7) A for aa’ and bb’,
respectively, in B.

In conclusion, the ligand is able to form a compact double-
strand helicate dinuclear complex with Cu** by using a TBTB
sequence of chelating units, but the definition of the tridentate
(T) and bidentate (B) units is operatively different (Figure 3)
from the one that was tentatively proposed before these crystal
structures were resolved (Figure 1b). The ethylenic chains of
the ethylenediamine moieties are more flexible connections
than the methylenic ones for the ligand that wraps around the
pair of Cu’* ions forming the double helix.

Formation of Cu?* and Zn?* Complexes in Solution. As
noted in the Experimental Section, L and HL" are characterized
by low solubility. Nevertheless, Cu** and Zn** (in particular
Cu®") start binding the ligand in very acidic solutions, when it is
in higher protonation state, and accordingly, it was possible to
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Figure 3. A schematic representation of the effective sequence of
tridentate and bidentate binding sites observed in the crystal structure
of the double-strand helicate complex.

perform the speciation of the complex systems over the pH
range of 2.5—11 and to determine the relevant stability
constants listed in Table 3.

It was also noted that ligand protonation offers a low
competition with metal coordination in acidic solution. As a
matter of fact, only six amine groups of the ligand undergo
protonation above pH 2.5.>' The presence of two poorly basic

Table 3. Stability Constants of the Complexes Formed by L
with Cu(II) and Zn(II)

log K

reaction” Cu?t Zn*
M + H,L* = MH,L" 16.24(4)" 14.31(5)
M* + HyL** = MH,L™ 11.45(6) 10.16(7)
ML* + H* = MHL* 10.21(7) 10.11(7)
MHL* + H* = MH,L* 8.68(7) 7.10(8)
MH,L* + H* = MH,L* 2.90(7) 3.54(8)
2M?* 4+ H,L** = M,H,L%* 19.01(5)
ML* + M** = M,L* 18.32(8) 7.06(7)
M,L* + H* = M,HL 3.58(8) 9.29(7)
MHL* + H* = M,H,L** 5.56(9)
M,L* + OH™ = M,L(OH)** 4.53(8)

“Reaction conditions: 0.1 M NMe,Cl, 298.1 + 0.1 K. “Values in
parentheses are standard deviation on the last significant figures.
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terpyridine moieties in close proximity to each other makes
some pyridine groups resistant to protonation even in very
acidic media. For this reason, EDTA was used as an auxiliary
competing ligand to determine the equilibrium constants for
Cu* and Zn* complexation. Although in the presence of
EDTA no evidence of species other than those reported in
Table 3 was found in the pH range (2.5-11) of our
potentiometric measurements, the high stability of EDTA
complexes in very acidic solution (pH < 2) could have covered
the formation of complexes by L. Therefore, the possibility that
L might be able to coordinate Cu®* and Zn*" in very acidic
solution in the absence of EDTA was investigated by means of
UV—vis spectra recorded upon addition of increasing amounts
of metal ion to ligand solutions. While addition of Zn*" did not
affect the spectrum of the ligand at pH 1, indicating that no
complexation occurs at such pH, in the case of Cu** a new set
of spectra was generated, according to the formation of a 1:1
metal-to-ligand complex (Figure 4). Reasonably, this complex is
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Figure 4. Spectral variations upon addition of Cu* to a ligand
aqueous solution at pH 1. [L] = 2 X 107> M. (inset) Variation of the
molar absorptivity at 315 nm with the equivalents of added Cu®*.

expected to be a mononuclear species with the ligand in a
protonation state higher than CuH;L’*, which is the most
protonated mononuclear complex detected in our potentio-
metric measurements (pH > 2.5).

Despite the peculiar ability of L to bind Cu®* in very acidic
solutions, the most striking result disclosed by the equilibrium
study is the remarkable ability of L to form binuclear Cu?*
complexes, in particular, the double-strand helicate Cu,L*
complex. As a matter of fact, although the equilibrium constant
(log K = 16.24) for the binding of Cu®*" by the diprotonated
H,L*" ligand form accounts for the formation of a very stable
CuH,L* complex, the equilibrium constant for the coordina-
tion of the second Cu’* ion is even greater (log K = 18.32 for
CuL* + Cu** = Cu,L*), despite the fact that H,1** and CuL**
have the same positive charge but Cul?* contains a lower
number of donor atoms available for coordination than H,L**.
As shown by the distribution diagram of the complexes formed
as a function of pH in Figure Sa, in the presence of equimolar
amounts of ligand and metal ion, the binuclear Cu,HL*" and
Cu,L*" complexes are the predominant species around pH 2
and 9.5, respectively. The predisposition of L to form binuclear
Cu’* complexes is so high that even in solution containing less
than equimolar amount of Cu®', the binuclear species are still

100

100

Figure S. Distribution diagrams of the complex species formed in the
system L/Cu®*. (a) [L] = [Cu®*] =1 X 10 M; (b) [L] =1 X 107° M,
[Cu™] = 2[L]. Percentages are referred to metal ion concentration.

formed in considerable amount. For example, in a solution with
a concentration of L twice that of Cu** ([L] = 2[Cu**], [L] = 1
X 107 M) at pH 9.5, ~60% of metal is still involved in the
formation of Cu,L**, which is the most abundant species under
such conditions (Supporting Information, Figure S2).

The binuclear helicate complex is also very resistant to ligand
protonation, being able to form in very acidic solutions. At pH
2, for instance, in a solution containing Cu** and L in 2:1 molar
ratio, the Cu,HL®" complex is present in 80%, while, at the
same pH, Cu,L*" starts being formed to become the unique
species above pH 4 (Figure Sb). As shown by the structure
observed in the solid phase (Figure 2), the double-strand
Cu,L* helicate is stabilized by the formation of strong
intramolecular 7—7 stacking interactions. Considering the
compact structure of this complex (Figure 2C) and the
hydrophobic nature of terpyridine groups, it seems very likely
that such interactions are maintained in water, contributing to
the high stability of the helicate complex. The effect of 7—x
stacking interactions in stabilizing the double-strand helicate
structures of copper helicates was early evidenced for 2:2 and
3:2 metal-to-ligand Cu" complexes with oligobipyridine ligands
containing, respectively, two and three 2,2'-bipyridine sub-
units,®® and for 2:2 complexes of Cu?* with quinquepyridine.**

Noticeably, along with its high thermodynamic stability, the
double-strand helicate complex gives rise to a slow dissociation
process in acidic media. At pH 0.71, for instance, it can be
evaluated that the time constant for dissociation 1/7 is (4.33 +
0.01) X 107 s™" (Figure 6a). Thus, even under such extreme
condition, the complex needs more than 10 min to dissociate.

dx.doi.org/10.1021/ic502329s | Inorg. Chem. 2014, 53, 12215-12224
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Figure 6. Kinetic analysis of Cu,L** dissociation at I = 0.22 M (HCI),
298.1 + 0.1 K. (a) Kinetic trace related to absorbance variations in
time upon addition of H* to a preformed binuclear Cu** complex; pH
0.71, 330 nm, the continuous line is the monoexponential fit of the
curve. (b) Dilogarithmic plot for the determination of the reaction
order with respect to [H']; slope = 1.9 & 0.1. (c) Dependence of the
reciprocal time constant, 1/7, on the [H*] content; the continuous line
is the data fit according to a 1/7 = k[H*]* function.

The analysis of the initial rates (V;,) is shown in Figure 6b. The
slope of the dilogarithmic log V;, versus log[H*] plot is 1.9 +
0.1, indicating that the reaction order for dissociation with
respect to H is two. The monoexponential analysis of the
kinetic experiments (0.7—1.0 pH range) confirms this result.
Inspection of the 1/7 dependence on [H*] (Figure 6c) shows
that this is higher than first order, as a linear trend (first-order
kinetics) would yield negative intercepts (negative reaction
rates). On this basis, and taking into account the species
distribution under the conditions of experiments (Figure S) and
that at pH 1 L forms a protonated mononuclear complex even
in the presence of two equivalents of Cu** (Figure 4), the
following dissociation mechanism is proposed.

Cu,L™ + H* - Cu,HL? (1)
Cu,HLC' + 2H' - CuH, Ut + Cu** @)
CuH,I’* + nH' — CuH,, 1°*"* 3)

Here, steps ( 1) and (3), concerning protonation processes, are
supposed to be very fast, whereas (2) represents the rate-
determining copper dissociation step. The kinetic data are thus
referred to step (2), and the 1/7 versus [H*] plot (Figure 6c)
can be interpolated according to the eq 1/7 = k[H*]* yielding k
=0.12 + 0.01 M2 5™, where k is the rate constant of step (2)
of the above mechanism. Control spectrophotometric experi-
ments carried out at pH = 4, where step (1) only is supposed to
take place, do not display any kinetic trace, confirming the
hypothesis that this step is very fast. Kinetic experiments carried
out in the 1 < pH < 1.4 range display some deviations from the
monoexponential trend that become more significant as the pH
increases. This finding is in agreement with the hypothesis that
step (2) should occur through the formation of an intermediate
species. Note also that additional alternative zero- or first-order
dissociation steps cannot be totally ruled out from the reaction
mechanism; however, the data indicate that these are at least
minor.

In contrast to the great stability and robustness of the
binuclear Cu** complexes, Zn** is not very prone to form
analogous species. As observed for Cu*", also the stability of the
mononuclear Zn** complexes is fairly high (see for instance log
K = 14.31 for Zn** + H,L** = ZnH,L*, Table 3), but the
propensity of the mononuclear complex to add a second metal
ion is dramatically lower (log K = 7.06 for ZnL** + Zn*" =
Zn,L*) than in the case of Cu®* (Table 3). Accordingly, the
binuclear complexes of Zn** become important species in
solution only when Zn*" exceeds the concentration of L (Figure
7), but it is not greater than 1.8[L]; otherwise, precipitation of
Zn** hydroxide occurs in the alkaline zone. That is, L is not able
to completely bind 2 equiv of Zn*" in water. Furthermore, the
equilibrium constant for protonation of Zn,L* to form
Zn,HL> (log K = 9.29, Table 3) is high enough to justify
the presence in Zn,L*" of an aliphatic nitrogen not involved in
metal coordination, and even the equilibrium constant for the
second protonation step is rather high (log K = 5.56).
Moreover, Zn** complexes are less resistant than Cu®" species
to acidic conditions, being completely dissociated at pH 1, and
give rise to fast dissociation reactions.

To get further information on these complexation equilibria,
we recorded the UV spectra at various pH values of aqueous
solution containing L and the metal ions, in 1:1 and 1:2 molar
ratios for Cu®*, in 1:1 and 1:1.5 molar ratios for Zn>*. As
mentioned previously, the 1:2 molar ratio for Zn** would cause
metal hydroxide precipitation in alkaline solution. In the case of
Cu*, however, the spectra are not very informative. The most
relevant features are a red shift of ~10 nm, observed for the
binuclear complexes relative to mononuclear ones, and the
formation of a small peak at 282 nm on increasing the pH in
the presence of L and Cu®" in 1:2 molar ratio (Supporting
Information, Figure S3).

In the case of Zn**, due to the weakness of the complexes in
acidic solution, the spectral variation with pH evidences the
formation of complexes with disappearance of the 280 nm
band, typical of the protonated species of the ligand
(Supporting Information, Figure S4), and formation of a
band at about 315 nm typical of the complex. Such spectra
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Figure 7. Distribution diagrams of the complex species formed in the
system L/Zn*". (a) [L] = [Zn™*] =1 x 107 M; (b) [L] =1 X 107° M,
[Zn**] = 1.5[L]. Percentages refer to metal ion concentration.

recorded in the acidic region are shown in Figure 8a and
Supporting Information, Figure SS for 1:1 and 1:1.5 ligand-to-
metal molar ratios, respectively. In this pH region, the spectral
variations are similar for both molar ratios, since the complex
species involved are the same in both systems, although they
are formed in different proportions, and because the complex
absorption band at 315 nm is not very sensible to the formation
of mono- or binuclear complexes (Figure 8). The largest
variation in complex spectra is observed for 1:1.5 ligand-to-
metal molar ratio at ~290 nm, where a small peak emerges in a
limited pH range and at ~340 nm. A plot of the 290 and 340
nm absorbances versus pH (inset of Figure 8) shows a transient
increase in the pH range of 6—10. Since a similar spectral
feature was not observed for 1:1 ligand-to-metal molar ratio,
such transient increase of absorbance must be due to the
transient formation of a binuclear complex in the same pH
range, the only option being Zn,HL*>" (Figure 7). Apparently,
protonation of Zn,L* to form Zn,HL®* affects the overall
interaction of the terpyridine groups with the pair of metal ions,
while the successive protonation giving rise to Zn,H,L®*
restores the original situation.

More spectroscopic information was obtained by using an
organic solvent to follow the complexation equilibria, thus
eliminating all complications arising from the low solubility of L
and from the formation of zinc hydroxide occurring in water for
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Figure 8. UV spectra, recorded at different pH, of aqueous solutions
containing L and Zn*" in 1:1 (a) and 1:1.5 (b, c) molar ratios. [L] = 2
X 1075 M. (inset) Variation of the 290 and 340 nm absorbances with
pH.

1:2 ligand-to-metal molar ratio. The choice of the solvent, a
DMSO/CHCI,; 9:1 (v/v) mixture, was a compromise between
the use of a solvent (DMSO) able to dissolve the highly
charged M,L*" complexes and a solvent (CHCl;) able to
dissolve L. As shown in Figure 9a, the addition of increasing
amounts of Cu®* to a solution of L in this solvent produces a
decrease of the UV absorption band centered at 274 nm and a
simultaneous increase of the 320 nm peak. The profiles of the
274 and 320 nm absorbances variations with the equivalents of
added metal ion (for the 320 nm absorbance see inset of Figure
9a), characterized by two net changes of slope, accounts for two
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Figure 9. UV spectra of L (9.67 X 107° M) upon addition of
increasing amounts of Cu** (a) and Zn*" (b). (a, inset) Variation of
the 320 nm molar absorptivity (¢) with increasing Cu®*. (b, inset)
Variation of the 334 nm molar absorptivity (¢) with the equivalents of
added Zn**. Solvent: DMSO/CHCI, 9:1 (v/v).

consecutive complexation stages occurring with the formation
of very stable complexes with 1:1 and 2:1 metal-to-ligand
stoichiometries. The appearance and continuous growth of the
320 nm peak since the first additions of metal ion indicates that
terpyridine rings are involved in both complexation stages,
although a larger involvement is observed in the second one
when the helicate Cu,L* is formed.

Also the addition of Zn*" to a solution of L in the organic
solvent produces a decrease of the 274 nm band, while a new
structured band, typical of Zn>* complexes with terpyridine
ligands, appears with a maximum at 334 nm (Figure 9b). A plot
of the 334 nm absorbance as a function of the equivalents of
added Zn?* (the same behavior is shown by the 274 nm band)
shows that the formation of a stable complex with 1:1
stoichiometry is followed by the weaker coordination of a
second metal ion (inset of Figure 9b) in agreement with the
results obtained in water. Interestingly, the addition of the first
equivalent of Zn*" gives rise to modest modifications of the 334
nm absorbance, which is very sensible to terpyridine complex-
ation, revealing that the terpyridine groups are less involved in
the binding of the metal ion in the ZnL** complex. Conversely,
the binding of the second Zn®** ion to form Zn,L* is
accompanied by a large absorbance increase (inset of Figure
9b) accounting for an intense involvement of terpyridine
groups.

The fluorescence spectrum of L, obtained upon excitation of
the ligand at 313 nm in the same organic solvent, is
characterized by a weak emission band with a maximum at
340 nm (Figure 10). As previously observed for other
polyamine ligands containing terpyridine groups,'® the aliphatic
nitrogen atoms can operate, through their lone pairs, a
photoinduced electron transfer (PET) toward the excited
terpyridine chromophore quenching its emission. This is the

200+
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| 80 |
sece®
1004 40
o 1 2 3 4
Eq. of Zn**
504
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35 400 450 500

Figure 10. Fluorescence emission spectra recorded upon excitation at
313 nm of a solution containing L (9.67 X 107 M,) and increasing
amounts of Zn>* in a DMSO/CHCI, 9:1 mixture. The green spectrum
was recorded in the absence of metal. (inset) Variation of the 351 nm

emission intensity with the equivalents of added Zn**. Intensities are in
arbitrary unit. Solvent: DMSO/CHClI; 9:1 (v/v).

reason why L is poorly emissive. When the lone pairs of these
aliphatic nitrogen atoms are involved in proton or metal ion
binding, they are no longer available for the PET process, and
the terpyridine groups can manifest their emissive properties.
Accordingly, L displays a significant enhancement of emission
upon coordination to Zn** (Figure 10). This enhancement,
however, is modest upon addition of the first equivalent of
Zn**, while it becomes much larger as the second equivalent is
added. This means that after the coordination of the first Zn**
ion, the ZnL*" complex still contains enough uncoordinated
aliphatic amine groups to perform an efficient PET process.
Then, on the basis of fluorescence emission and absorption
spectra, we can conclude that in the ZnL** complex the metal
ion should be coordinated to an ethylenediamine group and
few terpyridine rings, while in the binuclear Zn,L*" complex all
or about all the donor atoms should be involved.

Emission spectra recorded upon addition of increasing
amounts of Cu’* to a solution of L in the organic solvent
showed a progressive quenching of the fluorescence emission as
expected for this metal ion (Supporting Information, Figure
$6).%°

In conclusion, the macrocyclic ligand L, despite its relatively
small ring dimensions, is able to assemble, upon coordination
to two Cu*" ions, a compact double-strand macrocyclic helicate
complex®® characterized by high thermodynamic stability and
significant inertness toward acid-promoted demetalation
processes. Intramolecular 77—z stacking of pyridine rings,
already observed in the structure of the H,L*" metal-free
cation,! plays an important role in the stabilization of the
double helix and favors its spontaneous assembly from the
components. Self-organization of these components occurs
through the combined action of coordinative and stacking
interactions, the Cu®' ions holding together the two intra-
molecular stacked strands of L as hydrogen bonding of stacked
base-pairs maintains the double helix in nucleic acids. The
relevance of intramolecular stacking interactions for the
formation of the helicate Cu,L*" complex is highlighted by
the occurrence that the completely aliphatic polyamine
macrocycle 1,4,7,10,13,16,19,21,24,27,30-decaazacyclotetrade-
cane ([30]aneN,), which is similar to L regarding number of
nitrogen donors and ring size, forms stable binuclear M,L*"
complexes with several metal ions (M = Cu**, Zn**, Cd*", Ni*")
that do not display any tendency to assume a helicate
conformation.

Thermodynamic and kinetic information about the Zn**
complexes do not show any of the characteristic found for
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the Cu’" ones, although no experimental evidence was found
that can exclude a double-strand helicate structure for the
binuclear Zn,L*" complex.
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