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The synthesis of two new ligands constituted of a tris(2-aminoethyl)amine moiety linked to the 2,6 positions of a
pyridine spacer through methylene groups in which the hanging arm is further functionalized with a 2-pycolyl (L1) or
3-pycolyl (L2) group is presented. The protonation of L1 and L2 and formation of Cu?" complexes have been studied
using potentiometric, NMR, X-ray, and kinetic experiments. The results provide new information about the relevance of
molecular movements in the chemistry of this kind of so-called scorpiand ligand. The comparison between these two
ligands that only differ in the position of the substituent at the arm reveals important differences in both thermodynamic
and kinetic properties. The Cu®" complex with L1 is several orders of magnitude more stable than that with L2, surely
because in the latter case the pyridine nitrogen at the pendant arm is unable to coordinate to the metal ion with the
ligand acting as hexadentate, a possibility that occurs in the case of [CuL1]?*, as demonstrated by its crystal structure.
Significant differences are also found between both ligands in the kinetic studies of complex formation and
decomposition. For L1, those processes occur in a single kinetic step, whereas for L2 they occur with the formation
of a detectable reaction intermediate whose structure corresponds to that resulting from the movement typical of
scorpiands. Another interesting conclusion derived from kinetic studies on complex formation is that the reactive form
of the ligand is HsL®" for L1 and H,L** for L2. DFT calculations are also reported, and they allow a rationalization of
the kinetic results relative to the reactive forms of the ligands in the process of complex formation. In addition, they
provide a full picture of the mechanistic pathway leading to the formation of the first Cu—N bond, including outer-

y

sphere complexation, water dissociation, and reorganization of the outer-sphere complex.

Introduction

Organized molecular motions are at the heart of crucial
biological processes such as protein folding, transmission of
nerve impulses, etc.! In recent years, these motions have in-
spired the research of a number of groups that have prepared
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more or less structurally sophisticated molecules able to
perform movements and/or reorganizations controlled by
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external stimuli that can be of a chemical (pH gradients, pre-
sence of a metal ion, etc) or a physical nature (light irradiation,
flux of electrons, etc).” The preparation of the first catenanes
and rotaxanes, in which a molecule is either interlocked or
threaded with respect to another one, represented a real
breakthrough in this field of chemistry.> Another strategy
for achieving systems able to perform controlled molecular
motions consists of making molecules having a rigid and a
flexible unit, so that the latter unit can change its position
with respect to the former one responding to a given chemical
or physical impulse. Within this topic, Kaden and Lotz in
Basel and Fabbrizzi’s group in Pavia started several years ago
to prepare polyamines consisting of a fixed macrocyclic core
appended with a flexible arm, giving great impetus to this
topic.*> Since then, this field of chemistry has remarkably
expanded, and the discovery of many new compounds has
increased the size of the polyaza scorpiand family.®

Recently, we described a couple of new ligands belonging
to this category.’” These ligands were built up linking a tris-
(2-aminoethyl)amine unit to the 2,6 positions of a pyridine
spacer through methylene groups (L3), further functionaliz-
ing the hanging arm with a 1-methylnaphthyl unit (L4; see
Chart 1). We showed that in the case of L4, the folding
movement of the arm toward the macrocyclic core could be
achieved not only by the coordination of Cu®* but also by the
formation of internal hydrogen bonds in the mono- and
diprotonated forms of L4. Triprotonation of L4 produces the
breaking of the hydrogen bond network and the displace-
ment of the hanging arm far apart from the macrocyclic core
in order to minimize electrostatic repulsions between the
charged ammonium groups.

Here, we present the preparation of two L3 derivatives in
which the primary amino group of the tails has been function-
alized with 2-pycolyl or 3-pycolyl groups (compounds L1
and L2 in Chart 1). L1 has in its tail a potential double
anchoring moiety so that the encapsulated metal ions can
reach hexa-coordination by nitrogen atoms and can, there-
fore, display distinct thermodynamics and kinetics of forma-
tion from the related compounds L3 and L4. In contrast, the
disposition of the pyridinic nitrogen in L2 hinders its co-
ordination simultaneously with the other donors, so that
hexacoordination appears unlikely. We report here the pro-
tonation behavior of the ligands, the formation of Cu®"
complexes, and their dissociation and formation kinetics,
paying a particular attention to an analysis of the influence of
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the substitution of the pyridine rings on the acid—base and
coordination behaviors. Significant thermodynamic and kine-
tic differences are found between both systems. DFT calcula-
tions have allowed the rationalization of the kinetic results,
providing a full picture of the mechanistic pathway leading to
complex formation from aquated Cu®* and protonated ligands.
When compared with the previously reported L3 and L4
ligands, the Cu®* complexes with L1 and L2 also show signi-
ficant differences; whereas the chemistry of the Cu’ L1
system is dominated by a very stable hexacoordinate complex
not possible for L3 and L4, the chemistry of Cu®*—L2 resem-
bles more that of the L3 and L4 complexes, although the
presence of an additional pyridinic nitrogen in the side chain
allows for a faster initiation of the complex formation process.

Experimental Section

The synthesis of the ligands has been carried out followin%
the general procedure described for the preparation of L4,
which consists of the reaction of 6-(2-aminoethyl)-3,6,9-tri-
aza-1(2,6)-pyridinacyclodecaphane (LL3) and the correspond-
ing pyridine carbaldehyde in ethanol followed by reduction
with sodium borohydride.

Synthesis.  6-[2-(N-Methyl-2-pyridyl)ethylamino]-3,6,9-triaza-
1(2,6)-pyridinacyclodecaphane Hydrochloride (L.1-3HCI)). 6-(2-
Aminoethyl)- 3,6,9-triaza-1(2,6)-pyridinacyclodecaphane (0.58 g,
2.33 mmol) and pyridine-2-carbaldehyde (0.32 g, 2.96 mmol) are
dissolved in 100 mL of dry ethanol and stirred at room tempera-
ture for 2 h. Then, sodium borohydride (1.3 g, 34 mmol) is added,
and the bulk is stirred for 2 h more. Then, the solution is vacuum
evaporated and extracted with CHCl;/H,O (6 x 100). The organic
phase is taken to dryness and redissolved in dry ethanol. The
hydrochloride salt of the product is precipitated by adding a
concentrated hydrochloride acid solution. '"H NMR (D>0, 300
MHz): 613 2.93 (t, J = 5Hz,4H), 3.13 (t, /= 8 Hz, 2H), 3.28 (t, J =
5Hz, 4H), 3.45 (t, J = 8 Hz, 2H), 4.57 (s, 2H), 4.64 (s, 4H), 7.45 (d,
J=8Hz, 2H), 7.75 (ddd, J, = J, = 8 Hz, J3 = | Hz, IH), 7.83 (d,
J=8Hz 1H),7.96(t,J=8Hz, 1H),8.25(ddd, J, =J, =8 Hz, J3=
2 Hz, 1H), 8.72(dd, J, = 5Hz, J, = 1 Hz, 1H). *C NMR (D,0,
75.43MHz): 6c43.9,46.2,49.8, 50.0, 50.8, 51.2, 122.5, 126.5, 126.6,
140.1, 143.3, 146.8, 147.6, 149.2. Anal. Calcd. for C19H,gNg-3HCI:
C, 50.68; H, 6.94; N, 18.75. Found: C, 50.3, H, 7.1; N 18.5.

6-[2-(N-Methyl-3-pyridyl)ethylamino]-3,6,9-triaza-1(2,6)-pyri-
dinacyclodecaphane Hydrochloride (L2 -3HCI). The same procedure
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applies for the synthesis of L1, but pyridine-3-carbaldehyde is used
instead of pyridine-2-carbaldehyde. "H NMR (D,0, 300 MHz): 0y
294 (t,J=5Hz,4H),3.11 (t,J = 7Hz,2H), 3.30 (t, / = 5 Hz, 4H),
3,48 (t, J =7 Hz, 2H), 4.64 (s, 4H), 4.62 (s, 2H), 7.45 (d, J = 8 Hz,
2H), 7.96 (t, J = 8 Hz, 1H), 8.20(dd, J; = 8 Hz, J, = 6 Hz, |H), 8.83
(d, J=8Hz, 1H), 891 (d, J= 6 Hz, 1H),9.05(d, J =2 Hz, IH). °C
NMR (D,0, 75.43 MHz): 6-43.9,45.8,47.7,49.5,50.4,50.8, 122.1,
128.0, 131.1, 142.5, 148.7, 148.8. Anal. Calcd. for C;9H»gNg- 3HCI:
C, 50.68; H, 6.94; N, 18.75. Found: C, 50.8, H, 7.0; N 18.8.

[CuL1](ClOy),. To an aqueous solution (5 mL) of L1-3HCI
(0.017 g,0.038 mmol) was added Cu(ClOy,),-6H,0 (0.011 g,0.03
mmol) in water (5 mL) dropwise with stirring. The pH of the
solution was adjusted to 7 by the addition of 0.5 M NaOH. After
the mixture was stirred for 2 h at room temperature, it was fil-
tered. Blue crystals were obtained in 50% yield by slow evapora-
tion of the solvent. Anal. Calcd. for C;9H,3N¢Cl,OgCu: C,
37.73; H,4.66; N, 13.88. Found: C, 37.5, H, 4.7; N 13.5. Caution!
Perchlorate salts of compounds containing organic ligands are
potentially explosive and should be handled with care.

Crystallographic Analysis. An analysis of single crystals of
[CuL1](ClO4), was carried out with an Enraf-Nonius KAPPA
CCD single-crystal diffractometer (A = 0.71073 A). The struc-
ture was solved using the program SHELXS-86.% Structural
refinement was performed by means of the program SHELXL-
97.° Molecular plots were Produced with either the program
MERCURY'? or ORTEP.!! Crystal data, data collection para-
meters, and results of the analysis are listed in Table S1, Suppor-
ting Information.

EMF Measurements. The potentiometric titrations were car-
ried outat298.1 £ 0.1 K using 0.15 M NaClO, as the supporting
electrolyte. The experimental procedure (buret, potentiometer,
cell, stirrer, microcomputer, etc.) has been fully described
elsewhere.!” The acquisition of the EMF data was performed
with the computer program PASAT.'? The reference electrode
was a Ag/AgCl electrode in saturated KCl solution. The glass
electrode was calibrated as a hydrogen-ion concentration probe
by the titration of previously standardized amounts of HCl with
CO,-free NaOH solutions and the equivalent point determined
by the Gran’s method,'*'®> which gives the standard potential,
E®, and the ionic product of water (pKy, = 13.73(1)).

The computer program HYPERQUAD'® was used to calcu-
late the protonation and stability constants. The pH range inves-
tigated was 2.5—11.0, and the concentration of the metal ion
and of the ligands ranged from 1 x 103 to 5x 10> mol-dm*
with M/L molar ratios varying from 2:1 to 1:2. The different tit-
ration curves for each system (at least two with over 50 experimental
data points) were treated either as a single set or as separated
curves without significant variations in the values of the stabi-
lity constants. Finally, the sets of data were merged together
and treated simultaneously to give the final stability constants.
In the case of the system Cu’'—L1, the high stability of the
CuL1?" complex formed prevented a significant enough com-
petition with the protonation processes. For a 1:1 molar ratio
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with [Cu®*] = [L1] = 1 x 107> M, 92% of the complex was
already formed at pH = 3 and 99% at pH = 3.5 (see distribution
diagram in the Supporting Information). Therefore, to check the
value obtained from the direct titrations, a competition titration
with L3 was also used. Namely, solutions containing Cu®", L1,
and L3 in equimolar amounts were titrated with a base. The
constants previously determined for the system Cu’>*—L3 were
taken as known parameters and those of the system Cu>*—L1
fitted with the HYPERQUAD program.'®

Kinetic Experiments. The kinetic experiments were carried
out at 298.1 £ 0.1 K with either a Cary 50-BIO spectrophoto-
meter or an Applied Photophysics SX17MV stopped-flow instru-
ment provided with a PDA-1 diode array detector. The ionic
strength was adjusted to 0.15 M for formation studies and 1.0 M
for decomposition studies by adding the required amount of
NaClOy. The kinetic work on complex decomposition were carried
out under pseudo-first-order conditions of acid excess, and the
solutions contained Cu®* and the corresponding ligand in a 1:1
molar ratio. The pH was adjusted with NaOH to values at which
the fomation of the CuL>" complexes in solution is maximized.
The kinetic experiments provided spectral changes with time
that were analyzed with the SPECFIT program.'’ For kinetic
studies on complex formation, a solution of the ligand whose pH
had been previously adjusted with HCIO4 and NaOH was mixed
in the stopped-flow instrument with a solution of the same pH
and containing the same concentration of Cu*".

Theoretical Calculations. Calculations were carried out with
the Gaussian 03 package'® and the unrestricted Becke three-
parameter hybrid functional combined with Lee—Yang—Parr
correlation functional (UB3LYP).'®! The double-£ pseudo-
orbital basis set LanL2DZ was employed for the copper atom,*
while the D95V basis set, augmented by a set of standard pand d
polarization fuctions (D95Vp) was used for all other atoms.>'
Optimizations were performed initially in the gas phase, and
subsequent reoptimizations were carried out in solution (water
solvent, ¢ = 78.39) by employing the CPCM method.?? Efforts
were made to find the lowest energy conformation by comparing
the structures optimized from different starting geometries.
Harmonic frequency calculations were performed to confirm
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Table 1. Stepwise Protonation Constants for L1 and L2 Determined at 298.1 K in
0.15 M NaClO,*

reaction” L1 L2 L3 L4
H+L=HL 10211 9.84(5  10.20(6)  10.01(1)
H + HL= H,L 8.84(1) 8.52(8) 9.18(3) 8.71(1)
H+ HL=HsL 7.39(2) 6.8(1) 7.84(4) 7.26(1)
H+ H;L S H,L 3.12(2) 3.4(1)

“The corresponding ones for L3 and L4 taken from ref 7 are also
included. ” Charges omitted. ¢ Values in parentheses are standard devia-
tions in the last significant figure.

that the calculated structures were minima. Due to problems caused
by the large number of vertices in the cavity surface during the
scan calculations, the OFAC=0.7 and Rmin= 0.5 options were
employed throughout these optimizations.

Results and Discussion

Acid—Base Behavior of L1 and L2. Table I collects the
stepwise protonation constants of L1 and L2 determined
in 0.15 M NaClO, at 298.1 K along with those we have
previously reported for the parent compound L3 and the
naphthalene aza scorpiand L4. The distribution diagrams
of L1 and L2 are collected in Figures 1 and S1 (Supporting
Information), respectively.

Both L1 and L2 present in the pH range of study (2.5—
11.0) three relatively high stepwise constants separated by
ca. 1.5 logarithmic units and a much lower fourth constant.
Interestingly, the first three stepwise basicity constants of
L1 and particularly of L2 are lower than the correspond-
ing ones of L3, which can be in part attributed to the elec-
tron withdrawing characteristics of the pyridine rings and
to the fact that L3 contains a primary amino group in
the tail that has more favorable hydration energy.’
"H and '*C NMR data can give indications of the proto-
nation sequence followed by polyamine ligands since it is
well-known that upon protonation, the hydrogen nuclei
bound to the a-carbon and the carbon nuclei in the § posi-
tion with respect to the nitrogen atoms bearing the proto-
nation processes are those experiencing, respectively,
the largest downfield and upfield shifts.>*

The variation of the 'H signals of protons H1 and H6
(for the labeling, see Chart 1), which are respectively placed
in the o position with respect to the secondary nitrogen
atoms of the macrocyclic core and of the tail, are parti-
cularly relevant in this respect (Figure 2, bottom). In the
case of L1, H1 undergoes, in correspondence with the first
two protonation steps (pH 11.35 down to pH 7.81), a much
larger downfield shift (H1, Ad = 0.56 ppm) than H6 (Ad =
0.13 ppm), suggesting that these two protonations occur
at a larger extent at the secondary amino groups of the
macrocyclic core. However, it has to be emphasized that
"H NMR reflects an average situation, and protonation

(23) (a) Bencini, A; Bianchi, A.; Garcia-Espana, E.; Micheloni, M.;
Ramirez, J. A. Coord. Chem. Rev. 1999, 188, 97-156. (b) Albelda, M. T,;
Garcia-Espana, E.; Jiménez, H. R.; Llinares, J. M.; Soriano, C.; Sornosa-Ten, A.;
Verdejo, B. Dalton Trans. 2006, 4474-4481. (c) Sarneski, J. E.; Surprenant,
H. L.; Molen, F. K.; Reilley, C. N. Anal. Chem. 1975, 47, 2116-2124.

(24) (a) Frassineti, C.; Ghelli, S.; Gans, P.; Sabatini, A.; Moruzzi, M. S.;
Vacca, A. Anal. Biochem. 1995, 231, 374-382. (b) Frassineti, C.; Alderighi, L.;
Gans, P.; Sabatini, A.; Vacca, A. Anal. Bioanal. Chem. 2003, 376, 1041-1052.
(c) Dagnall, S. P.; Hague, D. N.; McAdam, M. E.; Moreton, A. D. J. Chem. Soc.
Faraday Trans. 1985, 81, 1483-1494. (d) Hague, D. N.; Moreton, A. D. J. Chem.
Soc., Perkin Trans 2: Phys. Org. Chem. 1994, 2, 265-270.
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% formation relative to L

pH

Figure 1. Distribution diagram for receptor L1.

at some extent of the secondary nitrogen atom of the tail
should also be occurring.

The chemical shifts of H1 and H6 have opposite varia-
tions when the third protonation occurs; from pH 7.81 to
5.76, while a Ao of 0.41 ppm is found for proton H6, the
signal of proton H1 experiences a Ad of just 0.14 ppm
(Figure 2, bottom), indicating a preferential protonation
of the secondary nitrogen atom of the tail. These results
differ from those previously reported for L3, in which first
protonation occurred preferentially at the primary nitro-
gen of the tail. This can be attributed to the more favo-
rable solvation energy of the primary amino group in
water. However, the preferential protonation of the sec-
ondary nitrogen atoms of the macrocycle in L1 agrees
with the protonation pattern previously inferred using a
variety of techniques for L4, which contains a naphtyl-
methyl group in the tail.”

Protonation of the pyridine nitrogen is evidenced by the
shifts experienced by all of the 'H signals of the pyridine
ring of the tail in the pH range 5.8—1.8. While, in this pH
region, the doublet signal attributable to hydrogen atoms
py2 and the triplet signal of hydrogens py3 do not under-
go significant changes, all of the proton signals of the
pyridine ring at the tail bear significant downfield shifts
(Hpy3', A6 = 0.42 ppm; Hpy4’, Ao = 0.45 ppm; Hpy5’,
A6 = 0.42 ppm; Hpy6/, Ad = 0.32 ppm).

In the case of L2, the protonation constant of the pyri-
dine at the tail has also been inferred from UV spectros-
copy following the changes with pH of the band centered
at 260 nm. The value obtained with the HYPERQUAD
program'® (log K = 3.45(2)) agrees quite well with the value
of the last protonation step of L2 determined by pH-
metric titrations and supports the proposed protonation
pattern for this stage.

The analysis of the different NMR chemical shifts for
the receptor L2 shows a similar pattern to that of L1
(see Figure S2, Supporting Information). Therefore, both
macrocycles experience a similar average protonation
pattern in which first two protonations preferentially
occur at the secondary amino groups of the macrocycle;
the third protonation is produced at the secondary amino
group of the tails, with a fourth much lower protonation
occurring at the nitrogen of the pendant arm pyridine
ring. No protonation of the macrocycle pyridine ring is
observed in the covered pH interval, probably because its
protonation is severely hindered due to its participation in
hydrogen bonding with adjacent protonated nitrogens. In
any case, it must be emphasized that the conclusions
derived only refer to the average protonation sequences.
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Figure 2. Variation of the "H NMR spectra of L1 with pH in the ali-
phatic (bottom) and aromatic (top) regions: (A) pD = 1.85, (B) pD = 5.76,
(©)pD=17.2,(D)pD="7.81,(E)pD=28.6,(F)pD=9.42,(G) pD =10.42,
(H) pD = 11.35.

The complex structure of the ligands, with multiple proton-
ation sites and hydrogen bonding possibilities, will prob-
ably lead to the formation in solution of mixtures of
rapidly exchanging isomers with different protonation
sites for a given H,L*" species, and only those isomers
achieving larger concentrations contribute significantly
to the experimental NMR spectra.

Cu*" Complexation Studies. The formation of Cu*"
complexes with L1 and L2 was studied both in the solid
state and in solution, in the latter case by means of pote-
ntiometric titrations and UV —vis spectroscopy. With regard
to the solid state structure, crystals of suitable quality
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Figure 3. Space filling (A) and stick (B) representations of the [CuL1]*"
cation. Hydrogens are not shown.

could only be obtained for the complex of L1. However,
the analysis of the titration data provides useful informa-
tion about the differences in the coordination behavior of
both scorpiands.

Crystal Structure of [CulL1](ClOy4),. The asymmetric
unit of the [CuL1](ClOy), structure includes one [CuL1]**
cation and two perchlorate counterions. Figure 3 shows
that the coordination geometry around the metal ion is
distorted octahedral with significant axial elongation.

The equatorial plane of the octahedron is defined by the
pyridine nitrogens of the macrocyclic framework and of
the pendant arm and the secondary amino group of the
tail, all three distances being close to 2 A, and the tertiary
nitrogen, which displays a slightly longer distance (Cu(1)—
N(3) = 2.126 A, see Table 2). The elongated axial posi-
tions are occupied by the secondary nitrogens of the macro-
cyclic framework, one of these distances being particularly
long (Cu(1)—N(4) = 2.376 A).

Interestingly, the angle in the axial direction departs signi-
ficantly from 180° (N(2)—Cu(1)—N(4) = 151.7°). The Cu>*
ion lies nicely in the equatorial plane with angles that are
in the range 81.5—99.1°. As can be seen in the space filling
representation of the cation [CuL1]*" (Figure 3A), the
copper atom is completely embedded within the cage-like
cavity formed by the macrocycle and the pendant arm
being completely isolated from the environment. An inte-
resting bit of data is the almost normal angle (99.1°) for-
med by the pyridine rings at the macrocyclic framework
and the tail.

Cu*" Speciation Studies. pH-metric titrations carried
out at 298.1 K in 0.15 M NaClO4 gave the model species
and stability constants collected in Table 3 for the systems
Cu?"—L1 and Cu®*"—L2. Table 3 also includes for com-
parative purposes the literature results for the systems
Cu**—L3 and Cu”"—L4.

Direct titrations of Cu®>" and H;L1-3HCI aqueous
solutions with a base gave a value of the stability con-
stants of the [CuL1]*" species of ca. 22.8(1) logarithmic
units. However, the stability of the complex is so high that
the fitting could only be performed with points belonging
to a very acidic region. A distribution diagram recorded
for a 1:1 Cu®"/L1 molar ratio ([Cu®*] = 10~ M) shows
that 92% of the [CuL1]*" is already formed at pH = 3, and
at pH = 3.5, [CuL1]*" is quantitatively formed. Therefore,
to check these results, a competition method in which
solutions containing Cu®" and both L1 and the parent
ligand L3 were titrated with base was performed. Treatment
of the mixed system with the HYPERQUAD program'®
taking the constants of the system Cu®*—L3 as fixed para-
meters gave a stability constant value of [CuL1]*" of 22.6(1)
(Table 3) logarithmic units, which is in good agreement
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Table 2. Selected Both Lengths (A) and Angles (deg) for Compound [CuL1](ClOy),

Bond Distances

Cu(1)—N(1) 2.025(9) Cu(1)—N(5) 1.976(10)

Cu(1)—N(6) 2.01509) Cu(1)—N(2) 2.20(3)

Cu(1)—-N(@3) 2.126(10) Cu(1)—N(4) 2.376(15)
Bond Angles

N(1)—Cu(1)—N(2) 80.4(9) N(2)—Cu(1)—N(5) 98.0(11)

N(1)=Cu(1)—N(3) 92.9(3)
N(1)—Cu(1)—=N(5) 178.2(12)

N(3)—Cu(1)—~N(4) 77.7(7)
N@3)—Cu(1)=N(5) 86.0(6)

N@®)—Cu()=N(11)  80.58)  N(@3)—Cu(1)=N(6)  168.0(4)
N(1)—Cu(1)—=N(6) 99.1(4)  N@)—Cu()-N(3)  102.9(10)
N(@2)—Cu(1)~N(4) 151.6(5)  N@)—Cu()-N(6)  104.2(8)
N(2)—Cu(1)~N(6) 97.8(10)  N(5—Cu(1)-N(6)  81.5(4)

Table 3. Logarithms of the Formation Constants of Cu** Complexes with L1 and
L2 Determined in 0.15 M NaClO, at 298.1 K

reaction L1 L2 L3¢ L4

Cu+2H + L= CuH,L 25.59(2)"
Cu+H + L= CuHL 2191(3)  24.28(2) 22.65(2)
Cu+L=CuL 22.6(1)  17.684)  20.43(3) 19.65(4)
Cu+L +H,0= 7.27(5) 9.42(3)

CuL(OH) + H
CuHL + H = CuH,L 3.68(4)
CulL + H= CuHL 4.23(5) 3.85(3)  3.00(2)
CulL + H,0= —10418) —11.01(3)

CuL(OH) + H

“Charges omitted. ” Values in parentheses are standard deviations in
the last significant figure. “ Taken from ref 7.

with the value obtained from the direct titrations. This
value of the stability constant is higher than those calcu-
lated for 1.2, L3, and L4 (Table 3) and supports the con-
clusion that the hexa-coordination observed in the crystal
structure is also attained in solution. The absence of any
hydroxylated species also gives sup?ort to the completion
of the coordination sphere of Cu”" by the six nitrogen
donor of the ligand.

In the case of the system Cu®"—L2, apart from obser-
ving a [CuL2]*" species of significantly lower stability
(Table 3), two protonated species ((CuHL2]** and [Cu-
H,L2]*") and a hydroxylated species ((CuL2(OH)]") are
also detected in the pH-metric titrations. These results
indicate that the position of the pyridine nitrogen in L2
prevents its coordination to the metal ion. Moreover, the
low value of the formation of [CuL2]** may even suggest
that the secondary nitrogen in the tail does not coordi-
nate, which could also explain the higher tendency of this
complex to become protonated with respect to the L1 ana-
logue. The protonation steps of [CuL2]*" can be ascribed
to the protonation of the pyridine nitrogen of the tail and
to the protonation of the secondary amino group of the
pendant arm; the former protonation could occur with-
out any disruption of the coordination sphere of the metal
ion. The remaining positions in the coordination sphere
of [CuL2]*" should be occupied by water molecules, which
could hydrolyze to give the [CuL2(OH)]" species

Kinetic Studies. To check the possible differences in the
kinetic properties of the metal complexes formed by L1
and L2, kinetic studies were carried out both on complex
formation and complex decomposition. In addition to the
complexation-decomplexation processes, those kinetic studies
were expected to provide also information about the possible
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occurrence in these complexes of the molecular move-
ment typical of scorpiands.

Kinetics of Decomposition of the Cu>" Complexes. As
occurs in general for metal—polyamine complexes, the addi-
tion of an excess of acid to a solution of the metal com-
plexes must result in complex decomposition with the
release of free Cu®" and the protonated ligand L1 or L2
according to eq 1.

[Cul* + H, — Cu** + H, L (1)

exc

Solutions containing Cu*" and the macrocycle in a 1:1
molar ratio with the pH adjusted to the value required for
complete formation of the corresponding [CuL]*" com-
plex were mixed with an excess of acid and the spectral
changes registered with either a stopped-flow instrument
or a conventional spectrophotometer. The results indi-
cate that the decomposition of the Cu®" complexes with
both ligands occurs with significantly different kinetics.

Decomposition of the complex with L1 occurs with a
single kinetic step in which the spectra show the disap-
pearance of the typical band of the complex centered
at 640 nm. The observed rate constants show a linear
dependence (Figure 4) with respect to the acid concentra-
tion, and the data can be fitted satisfactorily by eq 2 with
a=097+01)x10*M s

kobs = a[H] (2)

These results can be ecasily rationalized assuming the
mechanism proposed by Margerum et al. for the decom-
position of metal chelates,?® for which there is an initial
formation of an activated intermediate with an elongated
Cu—N bond. Although this intermediate is susceptible to
attack by the solvent or a proton, the absence of a nonzero
intercept in Figure 4 indicates that in this case the complex
decomposes exclusively through the proton-assisted path-
way. In this sense, it can be pointed out that the relative
importance of the H,O and H* pathways has been pro-
posed to depend on the type of chelate rings formed, the
H>O pathway being more important when six-member
chelate rings are formed.’

The kinetics of decomposition of the [CuL2]*" complex
are more complicated because when solutions of the com-
plex are mixed in the stopped-flow instrument with an
excess of acid, the spectrum recorded immediately upon
mixing does not show the band of the [CuL2]*" species
but a band centered at 690 nm, which corresponds with
the spectrum recorded for solutions containing [CuHL2]**
(see Figure 5). These results demonstrate that decomposi-
tion of the complex occurs with biphasic kinetics, as indi-
cated in eqs 3—5. The first step is too fast for its rate con-
stant (kqops) to be measured even with the stopped-flow
technique (mixing time of ca. 1.7 ms for the instrument used),
and it leads to the formation of a [CuHL2]* " intermediate
with absorption spectra similar to that of the [CuL]*" com-
plex of the related macrocyclic ligand lacking the pendant
arm, which indicates that dissociation of the amino group

(25) Gilli, P.; Pretto, L.; Bertolasi, V.; Gilli, G. Acc. Chem. Res. 2009, 42,
33-44.

(26) (a)Read, R.A.; Margerum, D. W. Inorg. Chem. 1981, 20, 3143-3149.
(b) Margerum, D. W.; Cayley, G. R.; Weatherburn, D. C.; Pagenkopf, G. K. ACS
Monography 1978, 174.

(27) Chen, L. H.; Chung, C. S. Inorg. Chem. 1989, 28, 1402-1405.
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Figure 4. Plot of the dependence on the acid concentration of the obser-
ved rate constant for the acid-promoted decomposition of the [CuL1]**
complex ([NaClO4] = 1.0 M, 298.1 £+ 0.1 K).
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Figure 5. Electronicspectra for aqueous solutions containing the [CuL2]* "

and [CuHL2]** complexes.

in the pendant arm is very rapid and is signaled by a mea-
surable shift in the absorption spectrum. Some attempts
were also made to obtain information about the kinetics
in the first step using pH-jump strategies, but those ex-
periments were unsuccessful because the process is too
fast for the stopped-flow technique under all the experi-
mental conditions tried. In contrast, the second step is
slow enough to be monitored with a conventional spectro-
photometer, and it leads to complete decomposition of
the complex. The spectral changes can be fitted satisfac-
torily by a single exponential to obtain kj.ps values that
show a second-order dependence with respect to the acid
concentration (see Figure 6), and the experimental points
can be fitted by eq 5 with ¢ = (8 £ 2) x 107> s~ ! and
b= (74 + 04)x10~* M2 s~'. Although most Cu—
polyamine complexes decompose with first-order kinetics
with respect to the acid concentrations, there are several
examples in the literature of second-order dependence,
which is usually interpreted as being a consequence of the
displacement of the rate determining step from the breaking
of the first Cu—N bond to the second one.?® 3* Regarding

(28) Basallote, M. G.; Duran, J.; Fernandez-Trujillo, M. J.; Manez, M. A.
J. Chem. Soc., Dalton Trans. 2002, 2074-2079.

(29) Curtis, N. F.; Osvath, S. R. Inorg. Chem. 1988, 27, 305-310.

(30) Hay, R. W.; Bembi, R.; Moodie, W. T.; Norman, P. R. J. Chem. Soc.,
Dalton Trans. 1982, 2131-2136.

(31) Hay, R. W.; Pujari, M. P.; McLaren, F. Inorg. Chem. 1984, 3033—
3035.

(32) Hay, R. W.; Tarafder, M. T. H.; Hassan, M. M. Polyhedron 1996,
725-732.
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Figure 6. Plot of the dependence on the acid concentration of the
observed rate constant for the acid-promoted decomposition of the
[CuHL2]*" complex ([NaClO4] = 1.0 M, 298.1 4 0.1 K).

the different kinetics of decomposition observed for the
complexes with L1 and L2, they appear to be associated
with the capability of the L2 complex to evolve rapidly to
a stable protonated intermediate upon acid attack, in
agreement with the results of the potentiometric studies.

[CuL]H + HY — CUHL3+§ klobs (3)

[CuHL]" + H, — Cu®" + H, L™ kaops  (4)

exc

kaops = ¢+ b[H*]? (5)

Kinetics of Formation of the Cu®>" Complexes. In order
to make complex formation slow enough to be measured
with the stopped-flow instrument, kinetic studies on com-
plex formation had to be carried out under non-pseudo-
first-order conditions, i.e., using stoichiometric concen-
trations of the metal ion and the ligand, and in moderately
acidic media (pH = 2—6) without adding buffer systems
to the solutions because the addition of buffers has been
shown to introduce some complications.*® Under these
conditions, Cu”" exists solely as the aqua complex, and
the kinetic data are not complicated by any contribution
from Cu”?" hydroxo complexes to the rate of reaction.
Moreover, as L1 and L2 are highly protonated at low pH,
this makes the equilibrium constants for the formation of
the outher-sphere complexes with Cu®" small enough to
make possible kinetic studies on the formation of Cu*"—L
complexes. However, the absence of buffers in the kinetic
measurements makes the H' concentration change dur-
ing complex formation. For this reason, the data were
fitted with the programs SPECFIT!” and Pro-Kineticist
I1* to take into account these changes in [H]" and to
analyze globally all measurements made at different start-
ing pH values. The data for an experiment at a given start-
ing pH value were initially fitted using the program SPECFIT,
and the results were then used to analyze globally with
Pro-Kineticist II the data corresponding to the whole set

(33) (a) Maeder, M.; Neuhold, Y. M.; Puxty, G.; King, P. Phys. Chem.
Chem. Phys. 2003, 5, 2836-2841. (b) Basallote, M. G.; Duran, J.; Fernandez-
Trujillo, M. J.; Manez, M. A.; Szpoganicz, B. J. Chem. Soc., Dalton Trans. 1999,
1093-1100.

(34) Puxty, G.; Maeder, M.; Neuhold, Y.-M.; King, P. Pro-Kineticist II,
Applied Photophysics, Ltd.: Leatherhead, England, 2001.



Article

Inorganic Chemistry, Vol. 49, No. 15,2010 7023

Table 4. Mechanistic Model and Rate Constants for the Formation of Cu** Complexes with L1 and L2

ligand (reactive species)

reactions leading to complex formation

rate constants

L1 (H;L*) H;L* + Cu®* — [(Cul)*]* + 3H™; kcumsLi
[(CuL)**T* — (CuL)**™ kacuri
L2 (H,L*") H,L** + Cu*™ — (Cul)y** + 2H™; key s

of different experiments. During the refinement process
all the protonation equilibria revealed by the potentiometric
measurements were considered with the corresponding
equilibrium constants fixed at the values shown in a pre-
vious section. The best fit of the whole set of experimental
data for each ligand was achieved with the models shown
in Table 4.

An important difference between both ligands is that
the only protonated ligand species that leads to formation
of the [CuL1]*" complex is H;L>", whereas for [CuL2]*"
it is H,L>". Although H4L*" exists in noticeable concen-
trations in the pH range covered in the kinetic studies, its
contribution to the observed rate constant is negligible.
It must also be stated that formation of the [CuL1]*"
complex occurs with the formation of a detectable reac-
tion intermediate whose calculated electronic spectrum is
shown in Figure 7, although its precise nature cannot be
established unequivocally because the quality of the fit of
kinetic data to models including two or three released
protons in the first step are similar. On the other hand, the
fact that the reaction of Cu®" with the triprotonated form
of L1 is faster than with diprotonated L2 is surprising
from an electrostatic point of view, but it must be
considered that the complex structure of the ligands can
lead to very different distributions of the positive charges,
which can result in rate constants that do not follow
the trends usually observed for simpler ligands. This point
will be addressed with more details in the DFT section
below.

With regard to the comparison of the present kinetic
results with those previously reported for the related L3
and L4 complexes, it must be pointed out that the rate of
complex formation between Cu®>" and the H;L1°" spe-
cies is 4 orders of magnitude higher than with the
corresponding species of L3 and L4. This finding can
be explained by the existence in L1 of one additional
nitrogen atom that facilitates the beginning of complex
formation. In contrast, H;L.3** and H3L4"* contain two
protons at the macrocycle, and the additional proton is
located on the amino group at the side chain,’ so that
there are not unprotonated nitrogen atoms not involved
in intramolecular hydrogen bondin% and with the ori-
entation required to interact with Cu”", thus resulting in
a slower reaction. On the other hand, the rate constant
for the reaction of Cu®>" with H,L2>" is almost an order
of magnitude higher than that observed for reaction with
the same protonated form of the macrocyclic ligand
lacking a side chain.” This modest acceleration can be
understood by considering that the higher rate result-
ing from the introduction of two additional potential
donors in the side chain will be partially balanced by the
higher steric hindrance in H,L2>" and by the possible
participation of those donors in the hydrogen bonding
network.

Regarding the mechanism of formation of the Cu*"—L
complexes, it is widely accepted that complexation of a

kcamsi = (6.70 £0.02) x 103 M 's7!
kacurr = (1.24 £0.05) x 107" M st
kewrors = (8.14£0.02) x 10°M 157!
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Figure 7. Electronic spectra calculated for the different species involved
in the formation of the [CuLl]zJr complex.

metal ion by a monodentate ligand in aqueous solution occurs
according to the Eigen—Wilkins mechanism (eqs 6—8).
M(H:0)" + L = {M(H,0)" L} i Koy (6)

0s?

{M(H20)¢™", L} s — {M(H,0)sL** + H,0}; Km-r20
(7)

Kobs ~ Kos X KM-HZO[L] (8)

The first step involves the interaction of the aquated
metal ion with the ligand to form an outer-sphere com-
plex in an essentially instantaneous equilibrium quantita-
tively defined by the outher-sphere stability constant K.
The second step is a ligand-exchange reaction where one
coordinated water molecule is replaced by the entering
ligand. The rate law for this mechanism is given by eq 8 if
the equilibrium in eq 6 is considered to be displaced to the
left-hand side, as occurs frequently in water solutions.
The values of the second-order rate constant are usually
in good agreement with the theoretical values calcula-
ted from the product K5 X knimoo (eq 8), where K is
obtained using the Fuoss equation and ky_p20 represents
the rate constant for solvent exchange.*>*® For polyden-
tate ligands, the mechanism can be more complicated
because complex formation involves several consecutive
substitutions and the rate-determining step can be dis-
placed to the formation of one of the subsequent bonds.
However, rate-determining formation of the first bond
followed by a subsequent rapid ring closure is the most

(35) Wilkins, R. G. Kinetics and Mechanism of Reactions of Transition
Metal Complexes, 2nd ed.; VCH Publications: Weinheim, Germany, 1991;
Chapter 4.

(36) Fuoss, R. M. J. Am. Chem. Soc. 1958, 80, 5059-5061.
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Table 5. Kinetic and Mechanistic Data for Formation of Cu®*—L Complexes

Blasco et al.

ligand reactive species kCu.HxL (M71 sil) KOS (Mil) ktheor (Milsil) kCu,HxL/ktheor Ptheor pexp
H,L1>* (6.70£0.02) x 10° 1.1x1073 8.7 % 10° 77%x1074 0.018—0.058 1.0x 1073
H,L2*" (8.14+0.08) x 10? 7.4%x107° 5.8 % 107 14x107° 0.036—0.064 1.8x 1073

“The meaning of the different parameters is defined in the text.

common situation for most polydentate ligands. The for- S ¢

mation of the second (or latter) bond rate-determining step 1,»-(.(

only occurs in cases where the first step is unusually rapid bt} ‘r_\

or when steric hindrance or strain inhibit ring closure. H

In the latter cases, accumulation of the intermediate with LA a !

the polydentate ligand acting monodentate is expected. L%x e

For the systems studied in the present work, kinetic experi-
ments indicate that the initial spectrum in the stopped-flow
experlments on complex formation coincides with that of
the Cu®" aqua complex, so that formation of the first
metal—ligand bond can be reasonably considered the rate-
determining step.

In that case, the rate constants for complex formation
with the H3L13+ and H,L2>* spec1es are expected to be
close to the values estimated by using eq 8, the Fuoss
treatment to estimate Kog,> > and the rate constant for
water exchange in the Cu”" aqua complex. The resulting
values (kiheor) are included in Table 5 together with the
corresponding experimental values (kcy px. = Kcun3Lis
kcun212) and the quotient between them. The values of
the kcy mxr/Kmeor ratio indicate that the rate constants for
complex formation are several orders of magnitude smal-
ler than the values predicted by eq 8. Although the Fuoss
treatment is probably an oversimplification because it
considers the metal ion and the ligand as charged points
and the size of reactants is only taken into account to estab-
lish the distance at the point of closest approach, these
differences cannot be ascribed to a general failure of the
model because Secco and co-workers have found good
agreement between experimental and theoretical values
for the formation of Cu®" complexes with different proto-
nated forms of several polydentate polyamine ligands.*®

An important limitation of this model is that the Fuoss
equation considers the species as a charged point without
considering the disposition of the donor atoms. To solve
this problem, Rorabacher proposed years ago a treatment
in which ligands are considered as “donor atoms with a
tail”, introducing a steric factor (p) whose values are
considered to be additive for the different potential donor
atoms available since complex formation can start with
the coordination of any of them. Table 5 includes theore-
tical values of the steric parameter (pg,eor) calculated by
the addition of the contributions corresponding to the
different ty es of donor nitrogens available in the H;L1"
and H,L2%" species.’** As there is some uncertainty
about the actual nature of the unprotonated groups in
those species, ranges of pg,.or values that cover the diffe-
rent possibilities are given in Table 5. Those theoretical

(37) Eigen, M.; Kruse, W.; Maass, G.; Demaeyer, L. Progr. React. Kinet.
Mech. 1964, 2, 285.

(38) Biver, T.; Secco, F.; Tine, M. R.; Venturini, M. Polyhedron 2001, 20,
1953-1959.

(39) Rorabacher, D. B.; Melendez-Cepeda, C. A. J. Am. Chem. Soc. 1971,
93, 6071-6076.

(40) Ambundo, E. A.; Deydier, M. V.; Ochryowycz, L. A.; Rorabacher,
D. B. Inorg. Chem. 2000, 39, 1171-1179.
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Figure 8. Optimized geometries for the conformations of the proto-
nated forms of L1 and L2 ligands leading to complex formation.

values can be compared with those calculated from the
experimental values (pexp) Of the rate constants usingeq 9.
k:%KostMfHZOXP )

This comparison reveals that the experimental values
are still 1—3 orders of magnitude smaller than the theore-
tical ones. Although this can be interpreted as being indi-
cative of a change in the rate-determining step from the
formation of the first metal—ligand bond to the formation
of one of the subsequent bonds, conformational changes
must also be taken into account because they can play an
important role in the process of complex formation. In
general, the treatment of ligands as “donor atoms with a
tail” seems to be too simple for species as structurally
complex as scorpiands, in which extensive intramolecular
hydrogen bonding is expected, and it should lead to a
reduction in the number of free donor atoms available for
complex formation.” To obtain additional information
about the effect of the conformation of the ligands in com-
plex formation, some DFT studies were carried out, and
they proved to be very useful to understand the kinetic
results for complex formation and to confirm the impor-
tant role in those processes of the formation of intra-
molecular hydrogen bonds. Those studies also provided
some information about another interesting point in the
mechanism of formation of these kinds of complexes, i.e.,
the role of donor atoms in the pendant arm of the scorpiand.
DFT Calculations. Since the experimental data in pre-
vious sections indicate that the reactive protonated form
in complex formation is HyL>" for L1 and H,L*" for L2,
the theoretical DFT calculations were focused on these
species. However, the H4L*" species were also studied
because they are also major species in solution in the pH
range covered in the kinetics studies. For determining
the possible conformations that L1 and L2 can adopt
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Figure 9. Geometries optimized in water solution for the outer-sphere and inner-sphere complexes with a sin§le Cu—N bond found for the formation of

Cu?" complexes with the H;L13" and H,L2%" species. The energy values are relative to the separated Cu(H,O)s
species. Color code: Cu (turquoise); O (red); N (blue); C (orange); H (white).

depending on the protonation state, multiple optimizations
were carried out, and the results are commented upon in more
detail in the Supporting Information. In summary, it must
be stated that the results of those calculations are in full
agreement with the kinetic data. Thus, the calculations
indicate that complex formation is not possible directly
from the H4L*" species of either ligand because of the
lack of available nitrogen atoms. In the case of L1, the
analysis of the most stable conformations for the di- and
triprotonated species reveals that complex formation is
not possible from the most stable conformations of H,L1>,
and so, complexation is expected to occur through reac-
tion of the species labeled H;L1**—A (see geometry in
Figure 8). In contrast, the diprotonated species labeled
H,L2?"—A in Figure 8 contains an unprotonated nitro-
gen at the pyridine ring which is not involved in intra-
molecular hydrogen bonding, and so it is able to react with
Cu”". It is also interesting to note that the only nitrogen
atoms available for coordinating Cu”" in both structures
of Figure 8 are located in the pendant arms of both ligands,
so that complex formation must start at those positions
and incorporation to the macrocyclic ring must occur at a
later stage. Of particular relevance is the case of the pyridine
nitrogen at the side chain of L2: although its orientation
hinders simultaneous coordination with the donors at the
macrocyclic subunit, it allows for the initial interaction with
the metal ion, so that this donor group acts as bridgehead
for complexation, which should be completed through a
molecular reorganization process in which Cu®" is trans-
ferred from that pyridine group to the macrocycle.

Once established the most stable conformations of
the protonated forms of the ligands that lead to complex
formation, calculations were also made to obtain infor-
mation about the details of the reaction pathway leading
to complex formation. Because complete formation of the
[CuL1]*" and [CuL2]** complexes is exceedingly compli-
cated to model, the calculations focused on the formation
of the first Cu—N bond. However, some comment must
be made at this point on the limitations of the DFT

(41) Rotzinger, F. P. J. Phys. Chem. B 2005, 109, 1510-1527.

" and the corresponding protonated ligand
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Figure 10. Energy profiles for the formation of inner-sphere complexes
with the L1 and L2 ligands obtained from scan calculations in water
solution.

methodology used.**~** Thus, the energy values for the
different Cu-containing species must be considered only
approximate because the B3LYP functional favors lower
coordination numbers by typically 10—55 kJ/mol, thus
favoring the I4/D substitution mechanisms over 1,/4.*’ In
fact, recent studies on the water exchange reaction between
coordination shells around metal ions in aqueous solution
have highlighted that the employed methodology can lead
to different results.** %7 A representative example of the
current difficulties is the absence of agreement on the
coordination number of Cu®" in water solution.*®™
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Figure 11. Geometries for the maxima found in the scan calculations for the formation of inner-sphere complexes with the L1 (left) and L2 (right) ligands.

Color code: Cu (turquoise); O (red); N (blue); C (orange); H (white).
Persson et al.*® have reported experimental evidence from
an EXAFS study that this ion is six-coordinated in
aqueous solution, but these results are not consistent with
a study carried out by Merbach et al. in which they pro-
vide experimental (neutron diffraction)* and theoretical
results (CPMD calculations), >3 indicating a coordina-
tion number of five. In the present calculations on the
formation of the L1 and L2 complexes, penta-coordinated
copper has been employed as a model of aqueous Cu®",
and the calculations determined the viability of reaction
pathways involving the H;L1*"—A and H,L2*"—A spe-
cies in Figure 8. Nevertheless, alternative reaction path-
ways involving other conformers cannot be ruled out.

Optimization of H;L1*"—A and H,L2*"—A with the
[Cu(H,0)s]*" ion placed in the vicinity of the HOMO of
these species leads to the outer-sphere complexes L1-oscl
and L2-osc1 (Figure 9a and d, respectively). In both cases,
the electron pair at the nitrogen atom is pointing at one of
the hydrogen atoms of a coordinated water molecule,
thus leading to a hydrogen-bonding interaction. The rela-
tive energies of these adducts with respect to the separate
reagents are —9.67 and —7.54 kcal mol ™', in agreement
with the formation of a typical hydrogen bond.”

The next step in Cu—N bond formation must be the
substitution by the organic ligand of one axial water mole-
cule through a transition state that connects it with the
final products.®®>® However, all attempts to find that tran-
sition state for the direct replacement were unsuccessful.
On the other hand, as previous results by Rotzinger*'**
on first row transition metals indicate that the dissociative
pathway is the only possible one for water exchange in the
case of Cu®", the possibility of such a mechanism was
tested for the present systems. In this way, the most stable
structures found after dissociation of a water molecule in
L1-oscl and L2-oscl are L1-0sc2 and L.2-osc2 (Figure 9b
and e, respectively). These structures show that dissocia-
tion of the axial water molecule is the most energetically
favorable dissociative process, in agreement with the com-
monly assumed mechanism.*®>® These outer-sphere spe-
cies can be considered square-planar [Cu(H,0)4*" com-
plexes which are hydrogen-bonded to the dissociated

(54) Pasquarello, A.; Laasonen, K.; Car, R.; Lee, C.; Vanderbilt, D. Phys.
Rev. Lett. 1992, 69, 1982-1985.

(55) Laasonen, K.; Pasquarello, A.; Car, R.; Lee, C.; Vanderblit, D. Phys.
Rev. B. 1993, 47, 10142-10153.

(56) Moss, D. B.; Lin, C.-T.; Rorabacher, D. B. J. Am. Chem. Soc. 1973,
95, 5179-5185.

water molecule and the corresponding organic ligand.
These adducts are slightly more stable than the corres-
ponding penta-coordinated ones, 0.94 and 3.05 kcal mol '
for the L1 and L2 ligands, respectively, therefore showing
that dissociation of a coordinated water molecule to form
a hydrogen-bonding network with the primary solvation
shell is thermodynamically favored. These results are also
in good agreement with theoretical calculations carried
out by Zie§ler et al. on the solvation of Cu(H,0),>" and
Cu(NH3),,” (n = 3—8) species by static DFT and ab initio
molecular dynamics simulations, where they found that
as the number of solvent molecules increases to more than
four, the additional ligands prefer to be hydrogen-bonded
to the planar tetragonal primary hydration shell of [Cu-
(solvent),]*" instead of filling a vacant axial position.*

Following the process of complex formation, for both
ligands it was possible to obtain final substitution pro-
ducts with a Cu—N bond. Regarding the structures of
these inner sphere complexes, it must be pointed out that
optimizations with a square pyramidal structure, i.e.
[(CuL(H,0),)- - - (H,0)]"*, and an octahedral geometry,
i.e. [CuL(H,0)s]*", indicated that the square pyramidal
structures are favored by 6.39 and 4.21 kcal/mol for L1
and L2, respectively. Therefore, they were considered as
the final products (see Figure 9c and f), and it also allows
one to keep the 5-fold coordination number of the copper
atom as a constant. The relative energies of the substitu-
tion products with respect to the separated reacting
species are —5.59 and —12.23 kcal mol ™', respectively,
which indicates that the formation of these inner-sphere
complexes with a single Cu—N bond is also thermo-
dynamically favored.

Unfortunately, optimization in solvent with the CPCM
method did not lead to transition states that connect the
L1-0sc2 and L2-0sc2 complexes with their respective final
products. For this reason, relaxed scan calculations in
solvent were performed on both systems (see the Experi-
mental Section). The reaction coordinate was chosen as
the angle between the oxygen atom of the water molecule
which is initially hydrogen-bonded to the organic ligand,
the copper atom, and the hydrogen-bonded nitrogen
atom of the organic ligand. As during the substitution
process the selected reaction coordinate changes from
a value of 30° in the adducts to ca. 110° in the final pro-
ducts, several points along the reaction profile could be
calculated, and the energy values are shown in Figure 10.
Although there are some differences between both scan
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calculations, an overall view indicates that the less stable
point along the reaction pathway is close to an angle of
60° for both systems. The geometries corresponding to
the maxima in both scans are included in Figure 11; the
Cu—N distances corresponding to the bond that is being
formed are 2.75 and 2.67 A for L1 and L2, respectively.
On the other hand, the energy barriers for ligand sub-
stitution are relatively high and show a large difference
between both ligands (17.1 and 31.1 kcal mol~' for L1
and L2, respectively), but it must be pointed out again
that these barriers are surely overestimated by the DFT
methodology employed. Nevertheless, the calculations
indicate that despite the higher positive charge, complex
formation from H;L1°" is faster than from H,L2*", in
agreement with the kinetic results.

Conclusions

The results obtained for ligands L1 and L2, which only
differ in the position of the substituent at the pendant arm,
reveal important differences both in the thermodynamic and
kinetic properties, thus providing new information about the
relevance of molecular movements in the chemistry of Cu**
complexes with this kind of scorpiand ligand. Thus, in the
case of the L2 ligand, the pyridine ring at the side chain is
unable to undergo simultaneous coordination with the macro-
cyclic donors. This behavior is similar to that the previously
reported for scorpiands L3 and L4, which lack the pyridine
ring at the side chain. In contrast, the chemistry of the
Cu”"—L1 system is dominated by a very stable hexacoordi-
nate complex whose structure has been solved by X-ray
methods. With regard to the kinetic properties, significant
differences are also found between both ligands in the
processes of complex formation and complex decomposition.
Whereas decomposition of the Cu®*—L1 complex occurs in a
single kinetic step, for the L2 complex, there are two resolved
kinetic steps with the formation of a detectable reaction
intermediate which corresponds to the structure resulting
from the movement typical of scorpiands. Surprisingly,
complex formation in moderately acidic solutions occurs
through the reaction of aqueous Cu>* with the H;L*" species
in the case of L1 and with H,L>" in the case of L2, the
reaction with H3L1°" being faster than that with H,L2*"
despite the higher positive charge. This finding has been
rationalized by carrying out DFT calculations, which reveal
that the reactive forms of the ligands in the process of
complex formation change because the different orientation
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of the pyridine ring at the side chain makes it act as a
bridgehead for complex formation only in the case of the
H,L*" species of L2. The related H,L1*" species lacks
unprotonated nitrogen donors with an orientation adequate
for interacting with the metal ion, and so, complex formation
is forced to occur through reaction with H;L1*", which
shows an “open-tail” conformation in which the secondary
amine group at the side arm can interact with Cu’>". In
addition, DFT calculations also provide a full picture of the
mechanistic pathway leading to complex formation from
those protonated ligand species, in particular the formation
of the first Cu—N bond through outer-sphere complexation
followed by water dissociation to yield new outer-sphere
complexes with the geometries adequate for evolving to
inner-sphere metal complexes. Nevertheless, formation of
outer-sphere complexes with other conformations of the
ligand, with the same or different protonation state, cannot
be ruled out. If the ligand conformation in those species
hinders the formation of Cu—N bonds, they will represent
dead ends in the reaction mechanism, and consequently, their
formation will result in a decrease in the overall rate of com-
plex formation that will be more important as the number
and stability of those outer-sphere complexes with geometries
inadequate for complex formation increase. Thus, significant
deviations from the estimations of the rate constants for
the Eigen—Wilkins mechanism must be expected both for the
simple approach using the Fuoss equation and for the more
elaborate one including Rorabacher’s steric factors. Those
deviations will be different for each particular ligand, and
they are expected to become more important as the structural
complexity of the ligand increases.
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