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ABSTRACT: The calcium metallacrown Ca(II)[15-
MCCU(H)N(TrPha)-S]“ was obtained by self-assembly of Ca',
Cu", and tryptophanhydroxamic acid. Its X-ray structure shows
that the core calcium ion is well-encapsulated in the five
oxygen cavity of the metallacrown scaffold. The kinetics of
Ca—Ln core metal substitution was studied by visible
spectrophotometry by addltlon of Ln™ nitrate to solutions of
Ca(ID[15- MCCu(H)N&TrPha) -5]** in methanol solution at pH 6.2
(L™ = 1" N Gd"™, Dy"™, Er™) to obtain the
corresponding Ln(III)[lS -MC ()N (Trpha)” -5]%* complexes on
the hours time scale. The reaction is first order in the two
reactants (second order overall) with different rate constants
across the lanthanide series. In particular, the rate for the Ca—

Ln substitution decreases from La™ to Gd™ and then increases slightly from Gd™ to Er
second order rate constants ranging from 0.1543(3) M~ min™"

Q

Ln3*

I This substitution reaction occurs with

for La™ to 0.0720(6) M~ min~" for Gd"™. By means of the

thermodynamic log K constants for the same reaction previously reported, the rate constants for the inverse Ln—Ca substitution
were also determined. In this study, we demonstrated that the substitution reaction proceeds through a direct metal substitution
and does not involve the disassembly of the MC scaffold. These observations in concert allow the proposition of a hypothesis
that the dimension of the core metals play the major role in determining the rate constants of the substitution reaction. In
particular, the largest lanthanides, which do not require complete encapsulation in the MC cavity, displace the Ca" ion faster,
whereas in the back reaction Ca" displaces the smaller lanthanides faster as they interact relatively weakly with the metallacrown

oxygen cavity.

B INTRODUCTION

Metallacrowns are the inorganic analogues of crown ethers,
and since their recognition in 1989,* they have been studied
for their interesting capabilities as hosts for cations and anions.
Metallacrowns generally have been shown to sequester ions
including LiL® Nal®~® KL% Mn™'® Cull'®7 and Nill'®'® as
12-MC-4 structures. Although 15- MC S complexes with
salicylhydroxamic acid could be prepared solely as mixed
valence manganese complexes,* the copper 15-metallacrowns-
S complexes of a-aminohydroxamic acids (Scheme 1) were
shown to be able to encapsulate a number of metal ions such as
Y2123 Nl 23 Ag123 Pyl 23 gll 23 Cyll 2425 Il 1-326-29
UOZVI.30 2 For the last three core cations it was established
that the order of stability of the corresponding 15-MC-5 is Ca''
< Lo < UQ, V1230732 Ag regards the Ln(IIT)[ 15- -MCoymna)
5]** complexes (L = Pheha, Trpha, Scheme 1), we have
recently determined their relative stability for different
lanthanides in methanolic solutlons through the study of the
Ca—Ln substitutition reactions.”* These investigations showed
that the 15-MC-5 with lighter, larger lanthanides are more
stable than those with smaller, heavier ones. More important,
those studies showed that for lighter lanthanides (Ln-Gd) the
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Scheme 1. Schematic Representation of a 15-MC-5 Complex
of Trpha (R = R;) and Pheha (R = R,)”
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“In this work, M = Ca", La™, Nd™, Gd™, Dy™, Er™ One
deprotonated ligand in the assembled metallacrown is depicted in blue.

stability of the Ln(III)[15-MCcyn)-S]*" complexes is very
similar, while there is a significant decrease in the log K of
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formation in the case of heavier lanthanides.”* The thermody-
namic selectivity in the formation of these complexes by
substitution of the core Ca" ion was explained by taking into
account the different dimension of the Ln™ ions, their
capabilit);4to interact with the MC cavity and their desolvation
energies.

Recently, the effect of the dimension of the central
lanthanide ion in Ln(III)[15- MCCU(H)N(pheha) -S]** complexes
in the solid state has been examined,” leading to the
conclusion that the fine structural features (planarity, cavity
dimension etc.) and likely the complexation capabilities of the
15-MC-S scaffold arise from a delicate balance of several
factors, among which the nature and dimension of the central
lanthanide are of paramount importance. In this paper, we
present the first kinetic investigation of central cation
substitution by examining Ca—Ln substitution for the metal-
lacrown Ca(II)[15- MCCu(H)N(ITrPha)I 5]** (1) with different
lanthanide(III) ions (La™, Nd"™, Gd™, Dy™, Er'™). The kinetics
for this reaction was studied by v151ble spectroscopy, and the
rate constants were correlated with the thermodynamic
parameter (log K) for the same reaction reported previously.”*
The aim of these studies is to understand more completely at a
molecular level the complexation of cations by metallacrowns
and to define a possible correlation between the kinetics of core
metal substitution in 15-MC-S complexes with the dimension
of the lanthanide ions. These data can be used together with
the thermodynamic behavior®** and the structural features>*’
in the solid state to devise new 15-MC-S based materials for the
selective encapsulation of lanthanides.

B EXPERIMENTAL SECTION

Materials. Lanthanide nitrates, copper acetate, calcium nitrate,
MES buffer, L-tryptophan-, and L-phenylalanine methyl ester hydro-
chloride were obtained from Sigma-Aldrich. Methanol was received
from Fisher Scientific and used without purification. L-Tryptophanhy-
droxamic acid and L-phenylalaninehydroxamic acid were synthesized as
previously reported in the literature.”* The purity of the ligands was
checked by NMR and elemental analysis. '"H NMR spectra were
collected on a Varian Inova 400 MHz or Bruker Avance 300 MHz
spectrometers. Elemental analyses (CHN) were carried out by a Carlo
Erba EA1108 microanalyzer.

Synthesis of {Ca(ll)[15-MCcyn(rrpha-3IHNO3); 5(CH30)g 5 (1).
This complex has been synthesized following the reported
procedure, as follows: L-tryptophanhydroxamic acid (0.10 g, 0.5S
mmol) and copper acetate dihydrate (0.11 g, 0.56 mmol) were
dissolved in 50 mL of methanol and stirred for 10 min. Calcium nitrate
tetrahydrate (0.026 g, 0.11 mmol) was added to green solution and the
color changed to brick red. The solution was stirred overnight and the
green insoluble impurities were filtered out. By slow evaporation, a
brown powder precipitated out. The product was filtered out and
recrystallized in a methanol/water mixture (99:1) to obtain brown red
crystals. The crystal was analyzed with X-ray diffraction method. Yield
= 24%. '"H NMR [CD,0D, 300 MHz]: 6 29.5 (br, SH, C,H), 10.2 (br,
SH, CzH), 9.5 (br, SH, C4H), 7.39 (br s, 10H, CgqH), 7.07 (br,
10H, Cj401H). ESI-MS: m/z 722 ({Ca(II)[15- MCCu(IDN(TrPha) 511,
1506 ({Ca(ID)[15-MCcy(myn(repha)-S]}(NO3)*). Anal. Caled for
Cs65H73CaCusN 6505550 C, 39.99; H, 4.34; N, 13.62. Found: C,
40.1; H, 44, N, 13.8.

Synthesis of {Ca(ll)[15-MCcy(i)n(Phena)-531H(CH3OH)-
(OH,);5(NO3), (2). This complex has been synthesized following
the reported procedure,** as follows: 1-phenylalaninehydroxamic acid
(0.123 g, 0.561 mmol), calcium nitrate tetrahydrate (0.026 g, 0.11
mmol), and copper acetate dihydrate (0.11 g, 0.56 mmol) were
dissolved in 30 mL of methanol. The solution was stirred for 24 h. The
solution was filtered to remove the green impurities and slowly
evaporated to obtain a reddish brown microcrystalline powder of the

complex. Yield 31%. 'H NMR [CD,0D, 300 MHz]: § 24.7 (br, SH,
C,H), 12.4 (br, SH, C;H), 7.9 (br, SH, C4H), 7.34 (br s, 15H, Ph),
7.0S (br s, 10H, Ph). ESI-MS: m/z 1504 ({Ca(II) [15-MCcy(mn(pheha)
5]}(NO,)*). Anal. Caled for C,HgCaCugN,,0,,5: C, 35.88; H, 4.52;
N, 10.91. Found: C, 35.7; H, 4.2, N, 10.8.

Spectrophotometric Measurements and Calculations. Visible
absorption spectra were collected on a Varian Cary 100 Bio
spectrophotometer using matched quartz cells of 1 cm of path length.
Temperature was kept constant to 293.16 K during all the
measurements, using an external thermostatting bath connected to
the cuvette holder. A stock solution of 1 (5 mM) was prepared by
weight in 50 mM MES buffer in methanol (pH 6.2). The samples for
the study of the order of reaction were prepared with fixed 1
concentration (2.1 mM) and Cgq = 10—30 mM, or at fixed Gd™
concentration (90 mM) and C; = 0.39—1.91 mM. A table with the
concentrations used for this experiment is given as a Supporting
Information. Samples of 1 (C; = 0.39 to 2.10 mM) were obtained by
dilution of the concentrated stock solution with buffer solution directly
in the cuvette, to obtain 3 mL samples. To start the reaction, solid
Gd" nitrate (13.6 to 122 mg) was added to the solutions in the
cuvette to obtain a Cgq = 10—90 mM, and the spectra registered every
30 min for 20 h, and then every 6—12 h for 4 days. The reaction rate
was calculated as the variation of the concentration of 1 as a function
of time ([1],), using the formula [1], = [1]o(4/°™ — A *°™)/
(AP0 ™ — A ¥ ™) where [1], is the initial concentration of 1, and
A, A and A, are the absorbance values at 490 nm at given time, initial
and at infinite time, respectively. The initial rates of reaction were
determined using the [1], values at t = 0, 30, 60, and 90 min where
they resulted in the linear regime. The calculation of the reaction rates
was performed by the SPSS 20 program.*® The determination of the
rate constants for the Ca—Ln substitution reaction was performed as
follows. Samples containing 1 at a 1.85 mM concentration were
obtained by dilution of the concentrated stock solution with buffer
solution directly into the cuvette, to obtain 3 mL samples. Solid Ln™
nitrate (ca. 25 mg) was added to the solution in the cuvette to obtain a
Cpr, = 18.5 mM, and the spectra registered every 30 min for 20 h, and
then every 6—12 h for 4—6 days. A second-order kinetic model was
used to treat the spectra in the 430—750 nm range up to 20 h after
reactants mixing. The calculation of the second order rate constants
for the Ca—Ln substitution reaction were performed treating the
visible spectra in the range 450—700 nm with the SPECFIT 32
program.>* The calculation of the activation energies has been
performed using the Eyring equation (see the Supporting
Information), assuming a transmission coefficient equal to unity.

ESI-MS Studies. ESI mass spectra were recorded on a single
quadrupole ZMD Mass Spectrometer (Micromass, Manchester, UK)
fitted with a pneumatically assisted electrospray probe. Data were
processed using the spectrometer software (MassLynx NT version
3.4). The measurements were performed on three solutions prepared
as follows. A 2.22 X 107> M solution of La™ was prepared dissolving
96.1 mg (0.222 mmol) of lanthanum(I1I) nitrate hexahydrate in 10 mL
of methanol. Two solutions containing 1 or 2 (ca. 1.7—1.8 X 107> M)
were prepared by weight dissolving the solid compounds in 5 mL of
methanol (1: 14.5 mg, 8.57 mmol; 2: 15.1 mg, 8.86 mmol). Two
aliquots of 1.5 mL of the two solutions were mixed to obtain two
samples (3 mL) containing equimolar concentrations of 1 and 2 (final
C, = C, = 8.9 X 107* M). One of the samples was added with 0.5 mL
of the La™ solution (0.0111 mmol) obtaining a solution containing a
La™/Ca" = 2.1:1 ratio. The two samples (in the presence and absence
of La™) were analyzed by ESI-MS after 72 h. A control solution was
prepared by dissolving lanthanum(III) nitrate pentahydrate (6.3 mg,
0.015S mmol), copper acetate monohydrate (9.0 mg, 0.045 mmol),
Trpha (11.3 mg, 0.052 mmol) and Pheha (8.6 mg, 0.048 mmol) in 10
mL of methanol. The solution was left to equilibrate for 72 h and
analyzed by ESI-MS. The solutions were analyzed by infusion through
an HPLC pump in positive ion mode using a 10 yL sample loop and a
10 mL/min flux of methanol as eluent. The conditions were: ES
capillary 3.0 kV; cone 60—120 V; extractor 4 V, source block
temperature 80 °C, desolvation temperature 150 °C.
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X-ray Crystal Determination. Brown red blocks of 1 were
crystallized from a water/methanol solution at 23 °C. A crystal of
dimensions 0.23 X 0.23 X 0.16 mm® was mounted on a standard
Bruker SMART APEX CCD-based X-ray diffractometer equipped with
a low-temperature device and fine-focus Mo-target X-ray tube (4 =
0.71073 A) operated at 1500 W power (50 kV, 30 mA). The X-ray
intensities were measured at 85(2) K; the detector was placed at a
distance 5.055 cm from the crystal. A total of 2420 frames were
collected with a scan width of 0.5° in @ and 0.45° in ® with an
exposure time of 60 s/frame. Indexing was performed by use of the
CELL_NOW program®® which indicated that the crystal was a two-
component, nonmerohedral twin. The frames were integrated with the
Bruker SAINT software package with a narrow frame algorithm.>® The
integration of the data yielded a total of 386389 reflections to a
maximum 26 value of 45.44°, of which 21 378 were independent and
17 093 were greater than 26(I). The final cell constants (Table 1) were

Table 1. Crystallographic Data of {Ca(II)[15-
MCcy(mn(Tepha)-51}(NO3) 1 s(CH;0)o s (1)

1
empirical formula Ci13 Hyy Ca, Cuyg Naz Oyy50
space group P2(1)2(1)2(1)
cryst syst orthorhombic
M 3394.19
a (A) 17.3716(11)

b (A) 23.8471(14)
¢ (A) 38.716(2)
a (deg) 90.00

p (deg) 90.00

7 (deg) 90.00

V (A% 16038.5(17)
z 4

Dot 1.406

abs. coeff. (mm™) 1.443

no. of reflns collected/unique 386389/21378
R(int) 0.0739
GOF 1.052
wR2[I > 26(D)] 0.1923
RI[I > 20(D)] 0.0692

wR2 (all data) 0.2038

R1 (all data) 0.0829

“WR2 = 1Y w(IF* — [FEP)/ Ylw(E )42 w = 1/[6*(F2) + (mP)* +
nP] and P = [max(F,%0) + 2F.*)]/3 (m and n are constants); ¢ =
[X[w(E2 = F2)?/(n — p)]% PR1 = YIIF,| — IFI/YIF,.

based on the xyz centroids of 9168 reflections above 105(I). Analysis
of the data showed negligible decay during data collection; the data
were processed with TWINABS and corrected for absorption.”” The
domains are related by a rotation of 179.7° about the reciprocal and
direct [1 0 0] axis. For this refinement, single and composite
reflections from the primary domain were used. Merging of the data
was performed in TWINABS and an HKLF 4 format file used for
refinement. The structure was solved and refined with the Bruker
SHELXTL (version 2008/3) software package,®® using the space
group P2(1)2(1)2(1) with Z = 4 for the formula
C113H146N300445Ca,Cuyy. All non-hydrogen atoms were refined
anisotropically with the hydrogen atoms placed in idealized positions.
Full-matrix least-squares refinement based on F* converged at R1 =
0.0692 and wR2 = 0.1923 [based on I > 26(I)], R1 = 0.0829 and wR2
= 0.2038 for all data. Additional details are presented in Table 1 and
are given as Supporting Information in a CIF file.

B RESULTS

Structural Description. The crystal structure of 1 (Figure
1), obtained from a methanol/water solution contains two

Figure 1. X-ray crystal structure of 1, top view. Lattice solvent/anions
have been omitted for clarity. Color scheme: gray = carbon; red =
oxygen; blue = nitrogen; orange = Cu'; green = Ca'. Thermal
ellipsoids displayed at 50% probability.

metallacrowns in one unit cell. The structure is typical for
copper(II) 15-MC-S complexes with a-aminohydroxamic acids
reported in the literature.”*>**** In both metallacrowns, the
core calcium ion has a coordination number of 7, where five
positions in the equatorial plane are occupied by the oxygens of
the MC cavity and the two axial positions (above and below the
cavity plane) are occupied by water molecules. In one of the
two metallacrowns, all five copper ions are square pyramidal.
For two of them, the fifth axial position is occupied by a water
molecule, while two bind to the oxygen of a monodentate
nitrate ion and the fifth copper coordinates a methoxide ion.
The second metallacrown has three square planar copper ions,
whereas the remaining two are square pyramidal with the fifth
axial position occupied by either a water molecule or the
oxygen of a third nitrate ion, which also provides for the fourth
negative charge for charge balance. The core calcium ion is
almost perfectly encapsulated into the MC cavity, with a
maximum deviation from the oxygens mean plane of only 0.06
A. Interestingly, the deviation from the oxygen mean plane is
smaller for Ca" than for Gd™ (8 coordinate) despite their
similar ionic radii (1.06 and 1.057 A, respectively).”>*°

As already observed for several Ln"™ MC complexes of
phenylalaninehydroxamic acid with nitrate as counter-
ion,*"?*"™* the side residues in this metallacrown do not
point toward the center of the MC scaffold but they are
oriented on the outside of the MC scaffold. As a consequence,
no hydrophobic cavity is observed on one side of the MC
plane, and the MC scaffolds orient in a parallel fashion in the
crystal packing. The metallacrowns planes are connected
through interactions that involve both the hydrophilic and
the hydrophobic faces of the metallacrown, generating a sort of
ladder almost aligned with the crystallographic a axis. Two
nonequivalent metallacrowns interact directly through their
hydrophilic faces by means of five hydrogen bonds. Among
these, three are given by the peripheral amino groups, which act
as donors toward one ring oxygen, one cavity hydroximato
oxygen, and a water molecule coordinated to a copper atom of
the adjacent metallacrown. Two additional hydrogen bonds
involve the water molecules coordinated to the central Ca"
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which interact with a ring oxygen of the adjacent MC scaffold.
On the contrary, the hydrophobic faces of adjacent metal-
lacrown scaffolds do not interact directly, but they rather do
through a network of hydrogen bonds, which involve two
nitrate ions and three non coordinated water molecules, one
water molecule coordinated to Ca™ and the methoxide ion. The
two nitrate ions also interact in one hydrogen bond with two
NH group of indole groups of adjadecent metallacrowns.

The tryptophan residues point away from the scaffold likely
as the result of the hydrogen bonds occurring between their
NH; 4ol fragments and oxygen atoms from adjacent MC
scaffolds, nitrate ions, or cocrystallized water molecules.
Surprisingly, despite the large number of aromatic groups, no
significant CH-7 or 7— interactions are observed between the
indolic groups, which rather prefer to orient in the space in the
way to give rise to the described hydrogen bonds. Solvation
water and methanol molecules (disordered) are also present in
the structure and are involved in a tight net of hydrogen bonds.
One single indole group in the structure is not involved in any
hydrogen bond through the NH,.4,. fragment because
surrounded by other aromatic group, resulting in a marked
fluxionality and in large thermal ellipsoids as shown in Figure 1.

Kinetics of Core Ca"—-Ln" Substitution. Upon addition
of an excess of Ln™ nitrates to a solution of Ca(II)[15-
MCcymn(repha)-5]>* (1) in methanol, the expected change of
color from brick red to blue-purple connected with the
formation of Ln(III)[15-MCc,(mn(riphe)-S]°" Was observed in
few hours, in accordance with the observations reported in the
literature for the same systems.”"***! The absorbance maxima
progressively changed from 530 nm (Ca(II)[15-
MCcy(mn(Tepha)-5]*") to ca. 575 nm (Ln(II)[15-
MCCU(II)N(TrPha)—5]3+) as reported in Figure 2a. The spectral
set exhibits a clear isosbestic point at ca. 570 nm for all
lanthanides except Nd™ (Figure 2a and the Supporting
Information), which is the result of the very similar absorption
maxima of the Ln(III)[15-MCcymn(trpha)-5]>" species for all
lanthanides (see below and ref 24). The differences in the
spectral set for Nd™ and Er'" are accounted for the intrinsic

£ 400

e (M’

- #};_;9-4)

Figure 2. (a) Visible molar absorption spectra of a 1.85 mM solution
of 1 in methanolic MES buffer (50 mM, pH 6.2, T = 293 K) added
with 10 equiv. of La'. Spectra were recorded every 30 min. (b):
Absorbance values at 490 nm as a function of time (same sample as in
panel a). The red line represents the absorbance values calculated

using the values for the rate constant k reported in Table 2 for La'™

absorption bands of these ions in the visible range. For the
same reasons, the isosbestic point in the spectra of Nd"-
containing samples do not present the clear isosbestic point as
this ion presents an absorption band at ca. 565 nm.

The absorbance values at 490 nm vs time for the reaction of
1 with La™ are reported in Figure 2b. For La™, Nd", and Gd",
the purple color of the final solutions remained unchanged for
up to two weeks. On the contrary, for Dy and Er'" the color
first changes from brick red to dark purple in ca. 20 h, to turn
then into green after an additional 5—10 h. This behavior has
been already observed for Ln(III)[15-MCCU(H)N(Pheha)—5]3+
complexes, and has been connected with the lower stability
of the MC with Ln'™ ions heavier than Er'.>"**

To establish the order of the reaction, we calculated the
initial rates of the reaction of Ca(II)[15—MCCH(H)N(TrPha)—5:|2+
with Gd" for different reactant concentrations, using the
absorbance at 490 nm of the spectra collected at ¢ = 0, 30, 60,
and 90 min after Gd"™ addition to the MC (1) solution. These
rates exhibited a linear dependence (first order) in both the
initial concentration of reactants 1 and Ln', and suggests a
kinetic law of the second order (see the Supporting
Information). The 490 nm wavelength has been chosen as
for this wavelength the maximum difference of molar
absorbance between tha Ca'! and Ln™ 15-MC-5 was observed.

The rate constants for the substitution reaction of the core
Ca" with Ln"™ for Ca(II)[1S-MCcyyn(repha)-S]*" were
determined under using samples with a 10-fold excess of
lanthanide(III) with respect to the metallacrown to accelerate
the substitution process. The absorbance spectra were treated
using a second-order reaction model, and the rate constants (k)
are reported in Table 2. Beause of the color changes observed
for heavier lanthanides after 30 h (see above), for all Ln™ ions
only the spectra collected up to 20 h after the beginning of the
reaction were used in the fitting procedures for the calculations
of the second order rate constants k, which are reported in
Table 2. The absorbance values at 490 nm as a function of time
(observed and calculated) are reported as Supporting
Information. As reported in Table 2 and Figure 3, the rate
constants k decrease from 0.1543 M~ min™" for La™ to 0.0720
M~ min~! for GA™ A small increase from Gd™ to Er™ was
observed (0.106 M™' min™!). At the Ln™ and MC
concentrations used for the determination of the kinetic
constants, (Cy,, = 18.5 mM; C; = 1.85 mM) the t,, are on the
order of 4—9 h. For the slowest reaction observed for Gd,
90% of Ca'' substitution is obtained in ca. 31 h. Table 2 reports
also the second order kinetic constants k;,, related to the
inverse Ln—Ca substitution, calculated using the stability
constants K for the same reaction as k,, = k/K. Although the
K values were determined in methanol:water 99:1, 50 mM
MES buffer and pH 6.5,>* these conditions are very close to
those used here for the determination of the rate constants.
The data treatment of the spectral set allowed for the
determination of the visible spectral parameters (.0 Emax)
for the Ln(TIT) [ 15-MCcy(myn(Tepha)-S)** complexes (reported as
the Supporting Information), which were highly consistent with
those obtained by the thermodynamic studies of the Ca—Ln
substitution reaction. Most important, these spectral data prove
that the final species obtained in these experiments are the
Ln(III)[1S-MCCH(IDI\I(Trpha)—S]3+ complexes. A discussion of the
trend for the 4, values can be found in refs 3 and 24, taking
into account the effect of the larger charge/radius ratio of the
central lanthanide on the ligand field of peripheral copper(II)
ions.
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Table 2. Second-Order Rate Constants (k) for the Ca(II)[15-MCcy(un(trpha)-S]**

Ca”" Reaction in Methanol (MES buffer, pH 6.2, 293 K)¢

+ Ln*" — Lo(II)[15-MCyun(rpha)-S)" +

L. aIII N dIII G dIII DYHI EI’IH
fonic radius (A) 1216 1.109 1.053 1.027 1.004
k (M~ min™") 0.1543(3) 0.1226(2) 0.0720(6) 0.090(6) 0.106(7)
ti/ (min)® 250(1) 314(1) 535(4) 430(30) 360(20)
Log K° 4.09(1) 4.05(3) 3.79(3) 3.42(5) 3.07(3)
iy (X 107 M™! min™") 1.25(3) 1.09(8) 1.16(8) 3.5(5) 9.1(9)

“The table also reports the values of the t;/, (half life) of the Ca(II)[15-MCcy(mn(Tipha)- S

species under the experimental conditions, the

thermodynamic constants for the substitution reactions (Log K), and the ionic radii for the different lanthanide ions. The second-order rate constant

for the inverse reaction (k;,,) calculated from K and k are also reported.
the initial concentrations. “Ref. 24.

The half-ife has been calculated using Cp,, = 18.5mM and C, = 1.85 mM as

Gj:% Laﬁ*

0.16

0.12

0° (M" min™)

0.08

k(M min™)
k_x1

v

0.04

=

100 1.05 110 115 120
lonic Radius (A)

o o]

o N A O

Figure 3. Plot of the values of the second-order rate constants for the
CQ(II)[IS MCCu(H)N(Trpha) S] + Ln3+ - Ln(III)[IS MCCu(H)N(Trpha)-
5]** + Ca®* reaction in methanol (MES buffer, pH 6.2, 293 K).
Forward reaction (k), @; inverse reaction (k,), O.

The slow kinetics of ligand exchange in 15-MC-5 complexes
allowed us to investigate if the core metal substitution process
occurs by disassembly reassembly of the MC scaffold, or by
direct metal substitution. To establish the mechanism, the
metallacrowns 1 and 2, which differ only by the aromatic
substituents on the peripheral chelating arm, were dissolved in
equimolar amounts in methanol and reacted with 1 equiv. of
La™. The brick red solution became purple in a few hours, and
it was analyzed after 72 h by ESI-MS. The ESI-MS spectrum
before the addition of La™ shows two separate multiplets in the
region m/z 1300—1550 (Figure 4a). These signals
correspond to the {Ca(H)[15—MCCu(H)N(L)—5] (NO;)}* ions
for Pheha (m/z = 1308) and Trpha (m/z = 1504), respectively.
Upon addition of La'™, two new multiplets appeared in addition
to the previous ones (Figure 4b), corresponding to the species
{La(III)[IS'MCCu(II)N(Ligand)'S](NO3)2}+ (m/z 1470 for
Pheha, 1665 for Trpha). A small signal corresponding to the
{La(IID) [15-MCy(mn(rephe)-S] (NO3) (CH;0)}* ion has been
also observed (m/z = 1634). Most important, the peaks
corresponding to the mixed-ligand Ln™ metallacrowns were
not observed. A control solution was also prepared by mixing
lanthanum(II1) nitrate, copper(Il) acetate and both Trpha and
Pheha ligands in equimolar amounts (La:Cu:Pheha:Trpha ca.
2:5:6:6). The solution, which was initially green, became purple
within few hours, and has been analyzed by ESI-MS 72 h after
sample preparation. The spectrum (see the Supporting
Information) showed the presence of four signals in the 1200
— 1750 region at m/z = 1509 (30%), 1548 (100%), 1587
(90%), 1626 (25%), corresponding to the mixed metallacrowns
{La(IH))[15'MCCu(II)N(Pheha)x(TrPha)y'5](NO3)2} T(xy=1-4x
+y=235).
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Figure 4. (a) ESI-MS spectra of a solution of 1 and 2 at equimolar
concentration in methanol (C, = C, = 8.9 x 107* M). (b) ESI-MS
spectra of the same solution added with 1 eq. of La™ (vs. total MC
species) collected 72 h after addition. {Ca(II)[15-MCcy(mn(pheha)-
(NO3)} *m/z=1309; {La(II)[15- MCCu(II)N(Pheha) -S](NO;),} * m
z = 1470); {Ca(I)[15-MCq,amn(repha)-S] NO3 * m/z = 1504;
{La(ITD)[15-MCoymn(rophe) 5](No3?’ CH,0)} * m/z = 1634; {La-
(mm[1s- -MCu()N(Trpha)” -5]J(NO;),} * m/z = 1665.

B DISCUSSION

The analysis of the initial rates of reaction for the Ca—Gd
substitution indicates that the reaction rate depends on both
the lanthanide and metallacrown concentration, and is first
order in both of these reactants (see Supporting Information).
To determine the second-order kinetic constants, we studied
the Ca—Ln substitution using Ln™ in 10-fold excess vs. 1 to
accelerate the reaction and to observe the significant changes in
the visible spectrum within 15—20 h after sample preparation.
The kinetic constants reported in Table 2 show that Ca"
substitution in the 15-MC-5 complex is fastest with La™, while
the slowest rates were observed with Gd™. Actually, the t,,
values are 4—9 h and show that the substitution reaction is
faster for lighter lanthanides (La, Nd), reaches a rate minimum
for Gd", and slightly increases again for heavier lanthanides
(Dy, Er). The thermodynamics of Ca—Ln substitution in both
Ca(ID[15- -MC ()N (Pheha)” -5]*" and Ca(II)[IS'MCCu(II)N(Trpha)'
5]** complexes has been recently examined by spectropho-
tometry, and these studies allowed us to establish that the
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substitution of core Ca' is spontaneous for all Ln™ ions in the

La—YDb series, most favored for La™ and decreasing along the
Ln series. The Ca" substitution by La", though spontaneous,
occurs however within hours along the entire La—Er series.
Interestingly, the kinetic constant for the inverse Ln—Ca
substitution reaction (k;,,) does not change significantly from
La" to Gd™ (Table 2). This is a consequence of the slight
decrease of the kinetic k constant along the La—Gd series,
which is compensated by a decrease in the thermodynamic K
parameter. On the contrary, in the Gd—Er series the ki,
increases as the result of a slight increase of the kinetic k
value and a marked decrease of the thermodynamic K
parameter (Table 2 and Figure 3). These three parameters
(k, kinyy and K) allowed also us to draw an activation energy

_ 74
e
La-=— <
72 E
-16
g
18T
Dy~ 20
Ca Ca.ln Ln La— o4
Reaction coordinate 3

Figure S. Plot of the free energy for the Ca(II) and Ln(III)[15-
MCC.,(H)N(TrPha)-S]ZJ’ species, and related transition states for the
reaction Ca(II)[15-MCeymn(tipha)-5)>" + Ln** — Ln(I)[15-
MCCu(H)N(TrPha)—S]3+ + Ca®* reaction in methanol (MES buffer, pH
6.2, 293 K), calculated from data reported in Table 2.

diagram, which is reported in Figure S. In this diagram, the free
energy change from Ca" to Ln"" along the reaction coordinate
(AG®) has been calculated through the van’t Hoff equation
using the Ca—Ln substitution K constants reported in the
literature.”* All the parameters used refer to 1 M concentrations
as the standard states.

As the 15-MC-5 are self-assembled complexes, the studies
presented so far in the literature could not define whether the
core metal substitution occurs by a disassembly reassembly
pathway of the MC scaffold, or by direct metal substitu-
tion.2> 72545 To establish the actual process, and to give an
interpretation of the kinetic behavior of the Ca—Ln substitution
reaction, we decided to study the possible mechanism of
substitution of the core metal through mass spectrometric
analyses of the products of the substitution reaction where two
Ca' metallacrowns with very similar ligands are involved. This
technique proved itself to be a very powerful approach to study
both the speciation and the reactivity of self-assembled
supramolecular complexes,**™* and in the field of metal-
lacrowns it allowed elucidation of the igeciation and the
integrity of complexes in solution.'>'”?*®~! The ESI-MS
spectrum of a solution containing both Ca(II)[15-
MCcu(II)N(Trpha)'5]2+ (1) and C"‘-(H)[15'MCCu(H)I\I(Pheha)'5]2+
(2) in methanol showed two separate multiplets related to
these two cations. No other peaks are present, ruling out the
occurrence of ligand exchange between the two macrocycles in
the initial solution. Addition of lanthanum(III) nitrate to the
solution resulted in the appearance of two main peaks, in
addition to the previous ones, related to the La(II[)[1S-
MCCu(II)N(Pheha)'5]3+ and La(IH)[IS'MCCU(II)N(Trpha)'5]3+ spe-
cies. Mixed-ligands Ln™ metallacrowns are, therefore, not
obtained starting from preassembled Ca" MC species, but they
are the main species when the metallacrowns are assembled

from initial components (ie., mixing Cal, Cul, Trpha and
Pheha). The absence of peaks corresponding to mixed-ligand
metallacrowns as products of the Ca—Ln substitution suggests
that this process proceeds through a direct Ca—Ln substitution
with no disassembly/reassembly of the metallacrown scaffold.
This observation actually accounts for the slow kinetics of the
substitution of Ca" by Ln'": although spontaneous, the removal
of Ca" from the cavity likely results very demanding in terms of
activation energy, as the calcium ion results very well
encapsulated in the MC scaffold as observed from the crystal
structure of 1.

The direct core metal substitution for a metallamacrocycle
complex at the mechanistic limits may be either dissociative or
associative as found, for instance, for the Na* self-exchange
reaction in its complex with benzo-15-C-5.°*°% In the
dissociative mechanism, a slow dissociation step of the
encapsulated cation leads to an intermediate vacant macrocycle,
which then reacts quickly with a free cation to give the product.
In contrast, in the associative mechanism (including the
interchange associative (I,) processes) the incoming cation
interacts with the metal-macrocycle species, promoting the
cation removal from the cavity (e.g., by electrostatic repulsion)
with formation of the product. In particular, it has been found
that the conformational flexibility of the macrocycle controls
the rate of the associative mechanism, while the solvation
effects on the leaving cation control the rate of the dissociative
mechanism.>*”>* The kinetic law for the Ca—Ln substitution
reaction for Ca(II)[15-MCcymn(riphe)-S)>* is second order
overall and this likely rules out the occurrence of a dissociative
mechanism (which should be first order in 1) in favor of an
associative process. A dissociative pathway would in fact go
through the formation of an intermediate vacant 15-MC-5
containing five negative oxygen atoms in the cavity that are not
bound to a core metal. This species, although found for Ni",*°
has never been observed with Cu" and it is likely a high-energy
species for this metal. "> The dissociative mechanism results,
therefore, in a high activation energy, which makes the
associative (or interchange associative) pathway preferred
over a dissociative substitution. Finally, the quite slow reaction
rates for the Ca—Ln substitution reaction find an explanation in
the favorable Ca" encapsulation as suggested above, and in the
rigidity of the 15-MC-S scaffold, which possesses a limited
conformational flexibility.

Although the present data eliminate only the dissociative
mechanism and do not fully describe the nature of the
interactions between the cations and the MC scaffold along the
reaction coordinate, the structural and thermodynamic data
available in the literature on these complexes allows us to
account for the trends in the kinetic parameters reported in
Table 2 and Figure 3. The crystal structures of La™ and Nd™
15-MC-S reported in the literature showed that these two large
core metals are not completely encapsulated in the cavity, as for
them the interaction with the oxygens of the cavity is optimal
when the ions are slightly off the mean oxygens plane.”*"*
This structural feature explains the faster Ca" substitution
observed for larger lanthanides. In the transition state these
ions likely interact side-on with the metallacrown cavity, and
this in turn results in a lower activation energy and a faster
reaction. On the other hand, the smaller dimensions of Dym
and Er'" compared to Gd" account for a slightly faster Ca—Ln
substitution as the result of their higher charge density. While
approaching the MC scaffold, the smaller Ln™ ions interact
more favorably than the ligher lanthanides with the negatively
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charged region of the MC scaffold (ie., the oxygen atoms in the
cav}ltly) resulting in faster rate constants compared to that of
Gd™.

As regards the inverse reaction, La™ Nd™ and Gd™ possess
similar low k,,, rate constants. In contrast, the smaller
lanthanides (Dy", Er'"") possess remarkably higher ki,,. We
believe that the faster removal of Dy™ and Er'' by Ca' is
related to the smaller dimension of the heavier lanthanides,
which interact relatively weakly with the oxygens of the cavity
(lower stability as encapsulated ions), resulting in a lower
energy demand for their displacement and a higher reaction
rate.

B CONCLUSION

In this paper, we presented a kinetic and mechanistic study of
the reaction of core Ca substitution by lanthanide(III) ions in
methanolic solution. The results were compared to the
thermodynamic parameters for the same reaction. Lighter
lanthanides show a kinetic rate which significantly decreases
along the lanthanide series to Gd™, whereas a small increase is
observed for heavier lanthanides. On the basis of the
thermodynamic log K for the same reaction the inverse Ln—
Ca substitution reaction could be also calculated, showing that
the displacement of lanthanides by Ca" is faster for heavier
ions, while no differences are observed for Gd™ and the lighter
lanthanides. These kinetic and thermodynamic effects were
interpreted on the basis of the capability of the core metal ions
to interact with the cavity.

The main conclusions of these studies can be summarized as
follows: (1) While a thermodynamic selectivity for the Ca—Ln
substitution (i.e., marked differences in K values) was observed
for heavier lanthanides, quite the opposite is found for the
kinetic parameters. In terms of reaction rates, in fact, the largest
differences were observed for the lighter lanthanides,
demonstrating a slight kinetic selectivity for these ions. 2) A
marked kinetic selectivity is observed for the inverse Ln—Ca
substitution reaction with heavier lanthanides, while no
differences are observed for lighter ones. (3) The optimal
interaction of the core ions with the five oxygens of the cavity is
the basis of the observed trends for the reaction rates, as the
energies connected with this interaction sums up to the cation
desolvation energies. Because Ca' is well encapsulated in the
MC cavity, the highest Ca—Ln substitution rates were observed
for the larger lathanides which do not required complete
encapsulation. On the other hand, the inverse Ln—Ca
substitution process are faster when the optimal Ln—oxygen
interaction is lost, as observed for smaller, heavier lanthanides

ions (Dy™, Er'™).
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X-ray crystallographic information of the X-ray structure in CIF
format (CCDC 888604). Additional figures of structural details,
experimental visible spectra, results of data treatment. This
material is available free of charge via the Internet at http://
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