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ABSTRACT: In this contribution we present two ligands based
on a do3a platform containing a picolinate group attached to the
fourth nitrogen atom of the cyclen unit, which are designed for
stable lanthanide complexation in aqueous solutions. Potentio-
metric measurements reveal that the thermodynamic stability of m h

the complexes is very high (log K = 21.2—23.5), being S MU\
comparable to that of the dota analogues. Luminescence life- 7~ $ 00 et Sub BEG TRE 7hE
time measurements performed on solutions of the Eu™

Eu(ll),

and i fnanm
Tb™ complexes indicate that the complexes are nine coordinate with no inner-sphere water molecules. A combination of density
functional theory (DFT) calculations and NMR measurements shows that for the complexes of the heaviest lanthanides there is a
major isomer in solution consisting of the enantiomeric pair A(0000) and A(AA41), which provides square antiprismatic
coordination (SAP) around the metal ion. Analysis of the Yb""-induced paramagnetic shifts unambiguously confirms that these
complexes have SAP coordination in aqueous solution. For the light lanthanide ions however both the SAP and twisted-square
antiprismatic (TSAP) isomers are present in solution. Inversion of the c;rclen ring appears to be the rate-determining step for the
A(0088) <> A(AAAA) enantiomerization process observed in the Lu' complexes. The energy barriers obtained from NMR
measurements for this dynamic process are in excellent agreement with those predicted by DFT calculations. The energy barriers
calculated for the arm-rotation process are considerably lower than those obtained for the ring-inversion path. Kinetic studies show
that replacement of an acetate arm of dota by a picolinate pendant results in a 3-fold increase in the formation rate of the
corresponding Eu"" complexes and a significant increase of the rates of acid-catalyzed dissociation of the complexes. However, these
rates are 1—2 orders of magnitude lower than those of do3a analogues, which shows that the complexes reported herein are

remarkably inert with respect to metal ion dissociation.

B INTRODUCTION

The successful biomedical application of lanthanide chelates
both in diagnostics' and in therapy” has promoted a fast
development of lanthanide coordination chemistry in aqueous
solution during the last two decades.® Furthermore, luminescent
lanthanide complexes offer exceptional photophysical properties
that find applications in different fields such as biomedical
analyses and imaging.* A Ln'""-based luminescent probe for
bioanalytical applications should fulfill a number of require-
ments: (i) water solubility; (ii) the presence of chromophoric
groups suitable for energy transfer to the metal ion of interest
(antenna effect);” (iii) a high thermodynamic and/or kinetic
stability under physiological conditions; (iv) protection of the
metal ion from the environment to minimize quenching pro-
cesses; (v) long excited state lifetimes suitable for time-resolved
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analysis; (vi) easy functionalization with groups suitable for
coupling to biological material.

Macrocyclic derivatives based on 1,4,7,10-tetraazacyclodode-
cane (cyclen) are among the most widely used ligands for stable
lanthanide complexation in water. The most important repre-
sentative of this family of ligands is Hydota [1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid, Chart 1], which forms
lanthanide complexes of exceéptionally high thermodynamic
stability and kinetic inertness.” Lanthanide complexes of the
heptadentate ligand Hsdo3a [1,4,7,10-tetraazacyclododecane-
1,4,7-triacetic acid, Chart 1] have been also extensively studied
due to their relatively high stability and kinetic inertness to metal
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Chart 1. Ligands Discussed in This Paper
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dissociation.”® Furthermore, Hydo3a can be easily functionalized
on its secondary amine nitrogen atom, which has led to wide-
spread use of Ln"'—do3a derivatives in molecular imaging,
generally as unsymmetrical substituted derivatives targeted with
biologically,” chemically,"’ or photochemically'"' active moieties.

It has been demonstrated that lanthanide complexes of
polydentate ligands containing picolinate pendants are of poten-
tial interest for application in time-resolved luminescence
imaging.12 Indeed, polydentate ligands containin% picolinate
moieties anchored on both linear'® and macrocyclic'* platforms
have been shown to IErovide remarkably high thermodynamic
stability to their Ln" complexes together with a relatively
efficient sensitization of ions that emit in the visible region of
the spectrum such as Eu"" and Tb"™. Furthermore, it has been
shown that picolinate and dipicolinate moieties may be easily
functionalized in the 4-position of the pyridine ring following
palladium-catalized coupling reactions™> and copper(I)-cata-
lyzed azide—alkyne cycloaddition reactions,'® thereby allowing
one to tune the photophysical properties and/or solubility of the
corresponding Ln"" complexes. These synthetic strategies are

also expected to allow functionalization of picolinate units with
groups suitable for coupling to biological material.

Zech et al. reported complex [Gd(L")]>” (Chart 1), which
contains a do3a cage attached to a biphenyl group that confers
the system a high affinity for human serum albumin.'” Pulsed "H
ENDOR spectroscopy demonstrated the absence of inner-
sphere water molecules coordinated to the metal ion in this
complex. Furthermore, while our work was in progress Maury
et al.'® reported the synthesis and photophysical properties of
Na[Eu(L")] (Chart 1). This compound was shown to exhibit
excellent photophysical properties and a high emission quantum
yield. The synthesis of related ligands containing hydroxymethyl
or 6-benzylaminocarbonyl groups as a substituent in the 6-posi-
tion of the pyridyl ring have been reported in the patent
literature.”” However, the coordinative properties of these
ligands were not explored further. Herein, we report ligands
H,do3a-pic and Hydo3a-picOMe (Chart 1), which contain a
do3a unit functionalized with a picolinate moiety and are
expected to provide good protection of the Ln"" ions from
coordination of water molecules. Ligand Hydo3a-picOMe, which
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Scheme 1. Synthetic Pathway for the Ligands Used in This Work
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contains a methoxy group in the 4-position of the picolinate unit,
was designed as a model for more complicated 4-substituted
derivatives with potential application in biomedical analyses. The
protonation constants of the ligands as well as the thermody-
namic stability constants of different Ln"" complexes were
determined usin% pH-potentiometry. The structure and dy-
namics of the Ln"" complexes were investigated by 'H and *C
NMR techniques in D,O solution. The luminescence properties
of the Eu™ and Tb"" complexes were investigated, allowing one
to determine the hydration number of the complexes in solution.
In addition, the complexes were characterized by density func-
tional theory (DFT) calculations carried out at the B3LYP level.
The structures established by these calculations for the Yb™
complexes were compared with the structural information ob-
tained in solution from paramagnetic NMR measurements
(Yb™-induced "H NMR shifts). DFT calculations were also used
to investigate the dynamic behavior of these complexes in
solution. We also followed the kinetics of formation of the Eu™"
complex of do3a-pic* ™ as well as the acid-catalyzed dissociation
of the [Ln(do3a-pic)] complexes (Ln = Ce, Gd, or Yb).

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Ligands and Their
Ln" Complexes. The synthetic procedure used for preparation
of ligands Hydo3a-pic and Hydo3a-picOMe is outlined in
Scheme 1. Synthesis of the ligands was achieved in five steps
from pyridine-2,6-dicarboxylic acid (1a) or 4-hydroxypyridine-
2,6-dicarboxylic acid (1b). Compounds 2a,b were prepared via
esterification reactions of la,b using H,SO, in methanol. As
expected, in the case of 1b esterification of the carboxylic acid
groups was accompanied by introduction of a methoxy substi-
tuent on the pyridine 4-position.”® The 6-chloromethylpyridine
derivatives 4a and 4b were prepared in good yield by partial
reduction of the methyl esters 2a,b followed by reaction of
the intermediate alcohol with SOCI,. N-Alkylation of do3a
(+Bu0);*" with 4a,b in refluxing acetonitrile in the presence
of Na,COj; gave compounds Sa,b in good yields (>80%). Full
deprotection of the methyl and tert-butyl esters of Sa,b was

cleanly achieved with 6 M HCI to give the desired ligands with
overall yields of 41% (H,do3a-pic) and 42% (H,do3a-picOMe)
as calculated from 1a and 1b, respectively. Reaction of ligands
H,do3a-pic or Hydo3a-picOMe with lanthanide triflates in the
presence of an excess of triethylamine resulted in formation of
compounds of formula (Et;NH)[Ln(L)] (L = do3a-pic or do3a-
picOMe; Ln = La, Eu, Gd, Tb, Yb, or Lu), which were isolated in
70—84% vyields. The high-resolution mass spectra (ESI-MS)
show peaks due to the [Ln(L)]™ entities, thereby confirming
formation of the desired compounds.

Ligand Protonation Constants and Stability Constants of
the Ln"' Complexes. The protonation constants of do3a-pic*~
as well as the stability constants of its metal complexes formed
with selected Ln'" ions were determined by pH-potentiometric
titrations; the constants and standard deviations are given in
Table 1, which also lists the protonation constants and stability
constants of Ln"" complexes formed with related ligands
(Chart 1). Owing to the relatively slow rates of complexation
often involving Ln™ ions and macrocyclic ligands, the stability
constants were determined with the use of the out-of-cell techni-
que. The ligand protonation constants are defined as in eq 1, and
the stability constants of the metal chelates and the protonation
constants of the complexes are expressed in eqs 2 and 3,
respectively.

H _ [HiL]
K= [H; _,L][H"] 2
B [ML]
Ko = ] ®
 [MHL]
Ky = W (3)

The data compared in Table 1 indicate that the first protonation
constant is lower in do3a-pic* ™ than in dota as a consequence of
the electron-withdrawing effect of the picolinate pendant arm.*®
Similar effects can be observed when the protonation constants
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Table 1. Protonation Constants of do3a-pic*” and Related Ligands and Stability Constants of their Ln"" Complexes (25 °C)*

do3a-pic*” dota*~
log K" 10.91(1);* 9.21(2)° 12.09; 12.6°
log K, 9.41(2);® 8.94(1)¢ 9.67;19.70°
log K3 4.89(3);" 4.82(2)° 4.55;% 4.50°
log K" 3.79(3);" 3.52(2)° 4.09;% 4.14°
log K™ 1.72(3);” 1.39(2)° 2.32°
Ylog K 30.73;" 27.88¢ 30.40;% 33.26°
log K1 21.17(4) 2286
log Ky amr, 2.55(9)
log Keer,
log Ky 23.46(2) 2345
log Kgyir 2.72(2)
log Kgar 23.31(4) 24.67; 25.3%
log Kgamr, 2.65(4)
log Kyp,
log K. 22.82(5) 2541
log Ky 2.48(6)

bal2c4* " bpl2c4” do3a®~
9.53 9.16 11.59; 11.55*
7.46 7.54 9.247 9.15*
2.11 3.76 4.43] 4.48"
2.79 348
19.1 2325 28.74
16.81
19.7%
18.62 20.69'
18.82 21.1; 22.02™
2,06
18.08
k
23.0

“ Standard deviations are shown in parentheses; AV = 0.0019, 0.00054, 0.0012, and 0.0016 cm? for the La, Eu, Gd, and Lu systems, respectively. br=
0.1 MKCLI=0.15MNaClL 47=0.1 MKC], ref22.°I= 1.0 M Me,NC], ref 23.” Reference 24. 8 Reference 7a." I = 0.1 MKC], ref 2. ' I= 0.1 MKCL, ref
14c.’I = 0.1 M Me,NC, ref 7a. *I = 0.1 M KCJ, ref 7a. 'Reference 26. ™I = 0.1 M Me,NCl, ref 27.

of Hybal2c4 and H,bpl2c4 ligands (or the analogues derived
from 15-crown-5”° and 18-crown-6°°) are compared, although in
these cases the decreases are less pronounced. The decrease is
even more important when 0.15 M NaCl is used as an ionic
background. This finding indicates that the do3a-pic*” ligand
forms noticeably stable complexes with the Na' ions. The
stability constant of the [Na(do3a-pic)] complex was also
calculated from the titration curve obtained in 0.15 NaCl. The
value obtained in this medium is slightly lower than that of
[Na(dota)] (log Knyr. — log Kip, = 3.73 and 4.23 for do3a-pic*™
and dota*” ligands, respectively). This is most likely a conse-
quence of the lower overall basicity of do3a-pic*”~ in comparison
to dota (approximately 3 log K units).>!

Data from the batch samples prepared for the Ln" ions were
fitted to an equilibrium model in which formation of parent
complexes with a 1:1 metal to ligand ratio (Ln:do3a-pic) was
assumed. However, the standard deviation values signifi-
cantly decreased when formation of protonated complexes
[Ln(Hdo3a-pic)] was also taken into account, which indicates
that protonated complexes are presumably formed under these
conditions. The log K, values of the [Ln(do3a-pic)]” com-
plexes along with data available in the literature for complexes of
structurally related ligands are listed in Table 1. Since the
stability data for the Ln"" complexes of bal2c4”” are not
available in the literature, the data of some [Ln(do3a)] com-
plexes are shown for comparative proposes.

The data presented in Table 1 show that the stability of Ln
complexes of do3a-pic’ " increases from the early lanthanides to
the middle of the series and then remains relatively constant with
a slight decrease for the heaviest lanthanides. In this respect, this
chelator is similar to bp12c42_, in contrast to most of the
macrocyclic poly(amino carboxylate) ligands, such as dota*~ or
do3a®”, and the most important open chain complexometric
reagent, edta’”, which form complexes of increasing stability all
across the lanthanide series because of the increase of charge
density on the metal ions. This suggests that the presence of a
relatively bulky picolinate unit in do3a-pic*™ causes some steric
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Figure 1. Absorption (dotted lines), excitation, and emission spectra of
[Ln(do3a-pic)]”~ complexes (Ln = Eu or Tb) as recorded in 2.0 x 10™*
M aqueous solutions (TRIS buffer, pH = 7.0).

hindrance for coordination of the ligand to the smaller Ln"" ions.
For the first half of the lanthanide series (La—Gd), the log Ky,
values determined for do3a-pic*” complexes show that their
stability is only slightly lower than that reported for the dota
analogues and 1.5—3.4 log K units higher than that of do3a®~
derivatives. However, due to the smooth decrease of the stability
constants of do3a-pic*” complexes along the second half of the
series, the stability of the Lu'" complex of do3a-pic*™ is some-
what lower than that of the dota*~ analogue and very similar to
that of the do3a>~ complex.

Photophysical Properties. The UV—vis absorption spectra
of the Eu™ and Tb™ complexes of do3a-pic*” and do3a-
picOMe* " are displayed in Figure 1 and Figure S1, Supporting
Information. The relevant spectroscopic data are also presented
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Table 2. Spectroscopic Properties of the Complexes of do3a-pic*~ and do3a-picOMe* " in Aqueous Solutions

Eu Tb
do3a-pic do3a-picOMe do3a-pic do3a-picOMe
absorption Amae/nm (/M eem™) 275 (3050) 271 (2500) 275 (3540) 276 (1600)
242 (4390) 242 (3740)

emission Dpis/% 24 9 56 58

Trpis/ms 1.20 1.10 322 3.00

Troo/ms 1.06 113 2.90 2.89

Tiao/ms 2.15 2.08 3.49 3.74

q" 0.2 0.1 0.1 0.2

sens/ %" quant. 45

Tr/ms” 5.28 5.36

Dy /%" 23 21

“ See Experimental Section and text for the details of the calculations.

in Table 2. The UV —vis absorption spectra of the complexes of
do3a-pic*™ display a broad absorption band with maximum at
275 nm corresponding to 5t — ¥ transitions centered on the
pyridyl carboxylate moieties.>* Introduction of the methoxy
group in the para position of the pyridyl ring resulted in a drastic
change of the absorption spectra with a very strong absorption
band appearing on the high-energy tail of the spectra (Figure S1,
Supporting Information). Introduction of the electron-donating
moiety probably resulted in a more important contribution of n
— 7r* transitions to the overall band envelope, the final spectrum
displaying two shoulders at ca. 242 and 276 nm.

Upon excitation into the UV absorption bands of the com-
plexes, the emission spectra displayed emission patterns char-
acteristic of the particular lanthanide ion.*> As an example,
Figure 1 displays the emission spectra of [Ln(do3a-pic)]~
complexes (Ln = Eu or Tb) in TRIS buffer at pH = 7.0. As
expected, the emission spectrum of the Eu"" complex is com-
posed of five regions corresponding to the *Dy — 7F] transitions
at 578 (J = 0), 585—603 (J = 1), 604—637 (J = 2), 646—658
(J=3),and 673—712 nm (J = 4). By monitoring the emission at
615 nm, the excitation spectrum of the complex perfectly fits with
its absorption spectrum, thereby evidencing the antenna effect
due to the energy transfer from the ligand to the lanthanide
cation.* It is to be noticed that the shapes of the emission spectra
of both Eu complexes are very similar, pointing to almost
identical coordination environments. Similarly, the emission
spectra of the Tb complexes (Figure 1) are composed of the
characteristic D, — 7F] transitions with maxima at 489 (J = 6),
542 (J=5), 586 (J = 4), and 620 nm (J = 3). Weaker emission
bands corresponding to the ] = 2—0 transitions can also be
observed around 652, 669, and 681 nm.

The measured luminescence lifetimes for both Eu'" and Tb™
complexes can be perfectly fitted with monoexponential decays,
in agreement with the presence of single-emitting species in
solution. Whatever the solvent (H,O, D,0O, TRIS buffer) the
measured lifetimes are very long, as a result of an excellent
shielding of the Ln"" cations from surrounding water molecules.
Using the methodology developed by Horrocks and other
groups™® it was possible to estimate the hydration numbers from
the luminescence lifetimes measured in water and heavy water
(for details see Experimental Section). The data unambiguously
pointed to a hydration number of almost zero, within experi-
mental error, for all complexes. This is in perfect agreement with
a coordination sphere saturated by the 9 heteroatoms of the

ligand (4 N atoms from the cyclen structure, 4 O atoms from the
carboxylate functions, and the N atom of the pyridine ring), as
observed for a similar ligand structure in which the carboxypyr-
idine moiety was replaced by a phenantroline one.*®

The overall luminescence quantum yields of the Tb™ com-
plexes are very good, and they remain nearly unaltered by the
presence of the methoxy substituent. In contrast, the methoxy
functionalization had a very large impact on the luminescence
quantum yield of the europium complexes, which dropped from
24% for [Bu(do3a-pic)] ™ to 9% for [Eu(do3a-picOMe)] .

Following the relationships developed by Werts et al.,>” it was
possible to calculate the metal-centered luminescence quantum
yield of the europium complexes, P, from their emission
spectra. According to this treatment, the radiative lifetime of
europium, Tg, can be calculated with eq 4 in which I, and Iy
are, respectively, the total area of the corrected emission spec-
trum and the area of the magnetic dipole-allowed Dy — 'F,
transition, 7 is the refractive index of the medium, and Ay g is
the spontaneous emission probability of this last transition,
theoretically calculated to be 14.65s™ .

1/tr = Anp, o1’ (Lot /In ) (4)

Values of Ty of 5.28 and 5.36 ms were, respectively, obtained for
[Eu(do3a-pic)] ™ and [Eu(do3a-picOMe)] ", which are in good
agreement with other values reported in the literature for water-
soluble Eu'™ complexes.37’38 Knowing 7, @, can be calculated
using eq S, leading to 23% and 21% for [Eu(do3a-pic)]” and
[Eu(do3a-picOMe)] ", respectively. Noteworthy, values of both
7 and Py, are very close for both com?lexes, reflecting the
similar coordination environment of Eu'" in both systems.
Finally, the sensitization efficiency, 7sens, corresponding to the
ability of the ligand to transfer energy to the europium cation can
be obtained using eq 6

q)Eu = Tobs/TR (5)

(I)OV = (I)Ell X Nsens (6)

where T, is the measured luminescence lifetime and @, is the
overall luminescence quantum yield, both obtained from the
spectroscopic measurements described above. For [Eu(do3a-
pic)], the sensitization efficiency was found to be quantitative,
within experimental uncertainty, and the overall luminescence
is governed by the metal-centered luminescence efficiency. In
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contrast, introduction of the methoxy group resulted in a
dramatic drop of the sensitization efficiency. This phenomenon
was already observed in the case of the europium complexes of
2,6-dipicolinic acid.*

Structure and Dynamics of the Complexes in Solution.
The 'H and ">C NMR spectra of the diamagnetic La"" and Lu™
complexes of do3a-pic*” and do3a-picOMe" ™ were obtained in
D,O solution at pD = 7.0. In the case of the La"" analogues the
"H NMR spectra recorded at room temperature show relatively
broad signals due to exchange phenomena (Figure S2, Support-
ing Information). Decreasing the temperature to 278 K did not
result in better resolved spectra, which prevented a detailed
assiﬁnment of the proton signals. By contrast, in the case of the
Lu"" complexes the "H spectra are well resolved at 298 K (Figure
S3, Supporting Information), while the proton signals broaden
only at h'lgher temperatures (see below). The proton spectra of
both Lu" complexes consist of 27 signals, which points to a C;
symmetry of the complexes in solution. Both the 'H and the *C
NMR spectra of Lu'" complexes indicate the presence ofa sin$le
major species in solution. In the case of the La""" analogues the "H
NMR spectra recorded in CD;0D solution at 298 K show two
sets of signals for the aromatic protons with a ca. 2:1 intensity
ratio, which indicates the presence of two complex species in
solution.

The assignments of the proton and carbon signals of the Lu
complexes (Table S1, Supporting Information) were based upon
heteronuclear HSQC and HMBC experiments as well as 2D
homonuclear COSY, NOESY, and EXSY experiments. The
signals due to the CH, protons of the acetate pendant arms
(H10, H14, and H18, see Chart 1) show AB spin patterns, which
indicate a slow interconversion between the A and the A optical
isomers arising from the different orientation of the pendant
arms (see below). One of these AB spin patterns is observed at
particularly high field (2.86 and 1.97 for [Lu(do3a-pic)] and
2.89 and 2.09 for [Lu(do3a-picOMe)] ). Inspection of the
DFT-optimized structures described below shows that protons
H18 are directed toward the aromatic ring current of the pyridyl
ring of the neighbor pendant arm. On this basis, this AB spin
system was assigned to protons H18, as the ring current shift
effect provoked by the pyridyl unit is expected to cause a
shielding of any nuclei above or below that ring.*’

It is known from previous 'H NMR studies on Ln"" complexes
with macrocyclic ligands that the ring axial protons experience
strong coupling with the geminal protons and the vicinal axial
protons while the equatorial protons provide strong coupling with
the geminal protons only.*' Indeed, the *Ji;_1; coupling constants
characterizing the coupling between vicinal pairs of protons
(axial —axial, axial —equatorial, and equatorial —equatorial) follow
the Karplus equation [*J;_1; = 7 — cos ¢ + 5 cos 2¢, where
¢ represents the H—C—C—H dihedral angle and 3]H,H is given
in Hertz].* According to our DFT calculations (see below), the
¢ values involving axial—axial vicinal protons are close to 180°
(175.8—179.1°) while the dihedral angles defined by ax-
ial—equatorial and equatorial—equatorial vicinal protons fall
within the range 52.2—63.3°. Thus, the specific assignment
of the axial and equatorial protons could be achieved by observing
the cross-peaks in the COSY spectra, as axial protons are ex-
pected to give two strong (geminal and axial—axial) and one weak
(axial—equatorial) cross-peaks, whereas equatorial protons
should show one strong (geminal) and two weak (equa-
torial—equatorial and equatorial—axial) cross-peaks. The signals
due to ring axial proton nuclei positioned above the plane defined

11

Chart 2. Schematic Representation of the Conformation
Adopted by the [Lu(do3a-pic)] and [Lu(do3a-picOMe)] ™
Complexes Showing the Shielding Effect of the Aromatic Ring
Current of the Picolinate Moiety on the H20ax Proton

by the four amine nitrogen atoms (H8ax, H12ax, H16ax, and
H20ax) are observed at considerably higher fields than those of
ring axial proton nuclei placed below that plane (H9ax, H13ax,
H17ax, and H21ax). This is attributed to the diamagnetic shield-
ing effect on the chemical shifts of protons that lie below the plane
of the neighboring carbonyl (H8ax, H12ax, or H16ax) or pyridyl
(H20ax) groups (Chart 2).*

Luminescence lifetime measurements indicate that the Eu
and Tb™ complexes of do3a-pic*~ and do3a-picOMe*~ do not
contain inner-sphere water molecules (see above). Thus, to
obtain information on the solution structure of the Ln™ com-
plexes of these ligands we characterized the [Ln(do3a-pic)] ~ and
[Ln(do3a-picOMe)] (Ln = La, Gd, Yb, or Lu) systems by
means of DFT calculations (B3LYP model, see Computational
Methods). In our calculations solvent effects (water) were taken
into account using the polarizable continuum model (PCM).

It is well known that in nine-coordinate Ln"" dota-like com-
plexes the four ethylenediamine groups adopt gauche conforma-
tions giving rise to two macrocyclic ring conformations: (0000)
and (A444). Furthermore, there are two possible orientations of
the four pendant arms (absolute configuration A or A) resulting
in four possible steroisomers, existing as two enantiomeric
pairs.”® These stereoisomers differ by the layout of the four
acetate arms, adopting either a monocapped square-antipris-
matic (SAP) or a monocapped twisted square-antiprismatic
(TSAP) geometry.** Our calculations performed on the
[Ln(do3a-pic)]” and [Ln(do3a-picOMe)]  systems provide
the SAP and TSAP isomers as minimum energy conformations
(Figure S4, Supporting Information). The coordination polyhe-
dron around the lanthanide ion may be considered to be
comprised of two virtually parallel pseudo-planes: the four amine
nitrogen atoms define the lower plane (Pyy), while the three
oxygen atoms of the acetate groups coordinated to the metal ion
and the nitrogen atom of the pyridine unit define the upper plane
(Pno3)- The oxygen atom of the picolinate moiety involved in
coordination to the Ln"™ ion is capping the upper plane.
Calculated bond distances of the metal coordination environ-
ments are listed in Table S2 (Supporting Information). The
distances between the metal ions and the donor atoms of the
ligand decrease along the lanthanide series, as usually observed
for Ln™ complexes as a consequence of the lanthanide
contraction.” The average Ln—O distances obtained from

111
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Figure 2. "H NMR spectrum (300 MHz) of [Yb(do3a-picOMe)] ™
recorded in D,O solution at 298 K.

DFT calculations are in excellent agreement with those observed
in the solid state for Ln'" dota-like complexes.*® The mean twist
angles w*” between the two parallel squares range from ca. 32°
to 36° and —19° to —22° for the SAP and TSAP isomers,
respectively. These values are very similar to those observed in
the solid state for the respective isomers of dota complexes.*®

The binding of a ligand to a paramagnetic Ln"" ion generally
results in large NMR frequency shifts at the ligand nuclei, with
magnitudes and signs depending on both the nature of the
lanthanide ion and the location of the nucleus relative to the
metal center.*” For a given nucleus i, the isotropic paramagnetic
shift induced by a lanthanide ion j (0%™) is generally a
combination of the Fermi contact (0;™) and dipolar ((33“’)
contributions*’

ara e dia con di
oI = 6P — o = 6 4 ot (7)

where the diamagnetic contribution 08 is obtained by measur-
ing the chemical shifts for analogous diamagnetic complexes (the
Lu™ complexes in the present case). The hyperfine '"H NMR
shifts in Yb™ complexes are considered to be largely pseudo-
contact in origin,*® and we therefore initiated the analysis of the
paramagnetic shifts observed in the "H NMR spectra of the Yb™"
complexes of do3a-pic*™ and do3a-picOMe* ™ with the assump-
tion that they are dominated by dipolar contributions, as given by
the following equation

D13 cos> 0 — 1 b sin? 6 cos 2¢ (8)

3 2 3

dip _
o =
’

.
where r, 0, and ¢ are the sgherical coordinates of the observed
nucleus with respect to Ln I at the origin and D; and D, are
proportional, respectively, to the axial [}, — 1/3 () + Xy + Xz2) ]
and rhombic () — ¥,,) anisotropies of the magnetic susceptibility
tensor Y. In the special case of axial symmetry the second term of
eq 8 vanishes since D, = 0.

The "H NMR spectra of the [Yb(do3a-pic)]~ and [Yb(do3a-
picOMe)]™ complexes recorded in D,O solution are well
resolved (Figure 2). They consist of 27 signals, which points to
a C; symmetry of the complexes in solution. The assignments
of the proton signals (Table 3) were based on standard 2D
homonuclear COSY experiments, which gave strong cross-peaks

Table 3. 'H Shifts (ppm with respect to TMS) for the Yb'™"
Complexes of do3a-pic*~ and do3a-picOMe* ", and Com-
parison of Experimental (67*"*) and Calculated (0;"F) Para-
magnetic 'H Shifts (ppm)

do3a-pic*™ do3a-picOMe* ™~
6iexp 6iparaa 6;‘lipb 6xexp 6?ama 6;{ipb
H3 11.84 —3.90 —3.08 927  —1.83 —0.37
H4 3.52 4.61 4.05
HS —1.01 8.65 6.78 =511 12.23 10.23
H7ax  —4447  48.67 45.62  —4743 S1.50 49.10
H7eq 0.71 3.42 —0.59 —1.68 5.78 1.66

H8ax  —33.54 36.14 31.39 —26.90 29.85 24.33
H8eq 20.07 —17.47 —19.65 2438 —2143 —23.98
H9ax 7875 —75.22 74.54 8545 —81.94 —81.44
H9eq 1534 —12.36 —15.68 19.01 —1643 —19.52
H10ax —23.06 26.39 33.67 —27.38 30.71 37.82
H10eq —19.85  23.50 21.11 —18.50 22.14 19.69

Hl2ax  —9.30  12.04 8.56 —20.18 2291 19.30
Hl2eq 13.02 —10.16 —12.94 10.93 —8.07 —10.83
HI3ax 56.95 —53.52 —50.91 58.17  —54.75 —52.08
H13eq 1.12 1.35 —1.85 —2.74 5.19 1.96

Hl4ax —67.39  70.65 82.23 —71.06 74.31 85.73
Hl4eq —3049  34.07 31.23 —36.72 40.30 37.18
Hl6ax —71.59 7428 71.65 —69.56 7224 69.79

Hl6eq —14.71 17.40 13.37 —14.76 17.44 13.23
H17ax 61.50 —58.12 —58.62 66.55 —63.17 —64.40
Hl17eq 2.19 0.13 —3.88 4.77 —2.46 —6.35

H18ax —19.64 21.61 24.23 —23.85 25.94 28.90
H18eq —19.85 22.71 19.52 —18.70 21.59 18.61
H20ax 22.03 —19.64 —24.38 17.53 —14.87 —20.25
H20eq 28.67 —26.04 —28.53 29.82  —27.16 —29.89
H2lax 99.66 —96.09 —88.02 107.30 —103.75 —95.12
H2leq 38.07 —35.38 —36.54 40.00 —37.55 —38.33

—OMe 0.50 345 2.34
D —2747 —2972

D* —1955 —1589

AF¢ 0.1042 0.1012

j
“ Positive values correspond to shifts to higher fields. The diamagnetic
contribution was estimated from the shifts observed for the Lu™
analogue. " Values calculated by using eq 8 and the SAP conformations
of the complexes optimized in aqueous solution at the B3LYP/6-
31G(d) level. “In ppm-A~3. dAFj = [Z(05® — 6;“1)2/21-(6;"1’ e,
where 63F and (5,-Cjalc are represent the experimental and calculated values
of a nucleus i in a given Ln"™ complex j, respectively.

between the geminal CH, protons as well as between vicinal
axial—axial protons of the cyclen unit. A full assignment of the
proton spectra was achieved with the SHIFT ANALYSIS pro-
gram developed by Forsberg,®' which allows one to perform
random permutations of the observed dipolar shifts.

The SAP and TSAP geometries of [Yb(do3a-pic)]” and
[Yb(do3a-picOMe)]~ complexes obtained from DFT calcula-
tions were used to assess the agreement between the experi-
mental and the predicted Yb™-induced paramagnetic shifts with
the SHIFT ANALYSIS program.’’ The SHIFT ANALYSIS
program calculates the dipolar shifts defined by eq 8 in the
molecular coordinate system using a linear least-squares search
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that minimizes the difference between the experimental and the
calculated data. The agreement between the experimental and
the calculated isotropic shifts obtained using the TSAP isomers
were very poor [AF] ~ 0.27]. However, a much better agreement
factor between the experimental and the calculated paramagnetic
shifts is obtained when the SAP geometries are used [AF, =
0.1042 and 0.1012 for the do3a-pic*” and do3a-picOMe*~
complexes, respectively]. Table 3 shows the D; and D, values
providing the best fit of the experimental shift values as well as a
comparison of the experimental and calculated paramagnetic
shifts according to the dipolar model. As expected for nonaxial
systems, the calculated D; and D, values define a rhombic
magnetic susceptibility tensor.

The excellent agreement observed between the experimental
and the calculated Yb"-induced paramagnetic shifts unambigu-
ously proves that these complexes adopt a SAP geometry in
aqueous solution. As discussed above, the "H NMR spectra of the
La™" analogues point to the presence of two complex species in
solution at 298 K. Different NMR studies on Ln"" dota-like
complexes have shown that the abundance of the SAP isomer is
progressively increasing moving to the right across the lanthanide
series.”> Thus, we conclude that the [Ln(do3a-pic)]” and
[Ln(do3a-picOMe)]~ complexes adopt a SAP geometry for
the heaviest Ln™ ions, while for the large lanthanides an
equilibrium in solution exist involving both the SAP and the
TSAP isomers.

The interconversion between the TSAP and the SAP isomers
has been investigated for several [Ln(dota)(H,0)]~ comsplexes
and related systems by means of both experimental**** and
theoretical tools.***>> These studies have concluded that the
SAP <> TSAP interconversion process may proceed following
two different pathways: (i) inversion of the five-membered
chelate rings formed upon coordination of the cyclen moiety,
which leads to a (0000) <> (AAAA) conformational change; (ii)
rotation of the pendant arms, which results in a A < A
configurational change. Either process alone interconverts SAP
and TSAP geometries, while the combination of the two
processes exchanges enantiomeric pairs.>

As discussed above, the "H NMR spectra of the [Lu(do3a-
pic)]” and [Lu(do3a-picOMe)] ™~ complexes are well resolved at
298 K. Upon increasing the temperature the proton signals due
to the —CH,— protons of the ligand gradually broaden, reflect-
ing dynamic intramolecular exchange processes. This is the case,
for instance, of the signals due to the H7 protons of [Lu(do3a-
pic)] ™ at 4.20 and 4.13 ppm, which gradually broaden above
room temperature and finally coalesce at ca. 308 K (Figure S5,
Supporting Information). From the coalescence temperature of
these two signals, the barrier for the dynamic process responsible
for line broadening was estimated to be AG =70+£5 kJ-mol .
Furthermore, the proton signal due to H18ax protons of an
acetate arm at 1.97 ppm does not overlap with other "H NMR
signals, which allowed us to perform band-shape analysis. Indeed,
if it is assumed that the exchange process associated with the line
broadening (before coalescence) is slow on the actual NMR time
scale, then the exchange rate for this dynamic process (k) can be
calculated from Av, /,, the observed line widths at half-height: k=
w(Avy;, — Avy5(0)), where Av,/,(0) is the line width in the
absence of exchange. The Eyring plot (R* > 0.9991, Figure S5,
Supporting Information) of In(k/T) vs 1/T, where k is given in
eq 9 [y is the transmission coefficient assumed to be 1, kg is the
Boltzmann constant, T is the absolute temperature, k is the rate
constant, and AG¢, AH* ,and AS¥ are the activation free energy,
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Figure 3. Relative free energies of minima, intermediates (I), and
transition states (TS) involved in the ring-inversion process of
[Lu(do3a-picOMe)] ™. The minimum energy pathway is highlighted
by connecting the corresponding intermediates and transition states
with dotted lines.

enthalpy, and entropy, respectively] yields the following activa-

tion parameters: AG =65+ 5 kJ mol ', AH" =119 £ 2 kJ
mol ™, and AS* = 181 4+ 3 J K~ ! mol ! at 298 K.
k = y(ksT/h)exp(AS* /R — AH* /RT) (9)

The value obtained for AG' from this analysis is in good
agreement with that obtained from the coalescence temperature
of the signals due to H7 protons. In the case of [Lu(do3a-
picOMe)] ™ asimilar band shape analysis performed on the signal
attributed to H18ax protons at 2.09 ppm 1Provides the following
activation parameters (R* > 0.994): AG™ = 67 & 8 k] mol ™,
AH" =135+ 7k mol !, and AS* =226 + 13 JK ' mol ' at
298 K. The activation parameters obtained for the complexes
of both do3a-pic*™ and do3a-picOMe* " are very similar, point-
ing to a similar dynamic behavior in aqueous solution. For both
Lu™ complexes there is a dominant diastereoisomer in solution
consisting of the enantiomeric pair A(0000) and A(A114),
which provides a SAP coordination environment. The concen-
tration of the other enantiomeric pair [A(AAA4)/A(6000)] is
so low that its presence in solution could not be detected by
NMR. Thus, the dynamic process responsible for the broadening
of the proton signals must correspond to the A(0000) <
A(AAAA) enantiomerization, which involves both arm rotation
and ring-inversion paths.

Aiming to obtain a deeper understanding of the dynamic
processes occurring in this family of complexes, we performed a
detailed investigation of the arm rotation and cyclen inversion
processes in the La™ and Lu™ complexes of do3a-pic*” and
do3a-picOMe* . According to our results obtained on B3LYP/
6-31G(d)-optimized geometries in aqueous solution, inversion
of the cyclen moiety is a four-step process (Figure 3). This is in
line with previous computational studies performed on different
Ln"™ and Y"" dota-like complexes.>* *° In each of these steps one
five-membered chelate ring changes its configuration from 0 to 4,
passing through a transition state (TS) in which the chelate ring
adopts a nearly planar conformation with the NCCN moiety in
eclipsed disposition. As discussed in previous papers>* for a
molecule belonging to the C; point group the first step of the
ring-inversion process may proceed through any of the four five-
membered chelate rings of the cyclen moiety. Thus, inversion of
the first chelate ring leads to four possible intermediates through
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Table 4. Relative Free Energies (k) - mol '] of Minima,
Intermediates (I), and Transition States (TS) Involved in the
Ring-Inversion Process of [Ln(do3a-pic)]  and [Ln(do3a-
picOMe)]  Complexes (Ln = La or Lu)”

La Lu

do3a-pic do3a-picOMe do3a-pic do3a-picOMe

TSAP A(0800)  0.00 0.00
TSix A(00XS) 54.56 56.53
Le A(0018) 1933 16.32
TS;x A(OXAO) 6356 6335
Le  A(OMO) 2874 2975
TS A(OAAX) 60.63 60.96
Ly A(OAML) 2619 24.90
TS A(XAAA) 76.11 7611  A(AAAX) 62.80 6222
SAP A(MAA) 1782 1929  A(AAA)  53S 448

“ A nearly planar conformation with the NCCN moiety in the eclipsed
disposition is denoted as X; only the energies of minima and transition
states that provide the lowest energy path are given.

A(6600)  0.00 0.00
A(00X0) 55.77 53.05
A(662A0) 13.39 1247
A(OXAO) 5657 5640
AOIAO) 2322 2356
AGALY) 6192 62.63
A(AAAS) 1657 15.02
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Figure 4. Relative free energies of minima, intermediates (I), and
transition states (TS) involved in the arm-rotation process of

[La(do3a-pic)] .

four different transition states (TSs). Inversion of a second
chelate ring leads to formation of six potential intermediates.
However, there are up to 12 transition states connecting inter-
mediates I; and L. Inversion of a third chelate ring gives rise to
formation of four new intermediates (I3g, Figure 3) through 12
possible TSs. Finally, inversion of the fourth chelate ring converts
intermediates I3y into the A(AAA1) isomer. Assuming the rate-
determining step for the ring-inversion process to be passage
between I3z and the SAP isomer (Table 4), the barrier for the
ring-inversion path is the one associated to TS,g, which amounts
to 76 ([La(do3a-pic)]” and [La(do3a-picOMe)] ), 63
([Lu(do3a-pic)] "), and 62 kJ-mol " ([Lu(do3a-picOMe)]").

Table 5. Relative Free Energies (kJ-mol ") of Minima,
Intermediates (I), and Transition States (TS) Involved in the
Arm Rotation Process of [Ln(do3a-pic)]  and [Ln(do3a-
picOMe)]  Complexes (Ln = La or Lu)”

La Lu®
do3a-pic do3a-picOMe do3a-pic do3a-picOMe
TSAP 0.00 0.00 0.00 0.00
TSia 22.93 23.14 33.39 35.40
Lia 2021 20.63
TSsa 30.63 31.84
L 2632 2523
TS;3a 32.93 31.13
JEYN 19.12 16.78
TS4n 26.02 26.65
SAP 17.82 19.29 5.36 448

“The arm rotation process in the Lu™ analogues follows a one-step
process (see text).

Thus, the energy barriers calculated for the ring-inversion
process in do3a-pic*” and do3a-picOMe*~ complexes are very
similar. Furthermore, our calculations predict slightly higher
energy barriers for the ring-inversion process for the La™
complexes than for the Lu"" ones. Similar free energy barriers
have been obtained experimentally for Ln"™  dota-like
complexes.***

Our calculations on the [La(do3a-pic)]” and [La(do3a-
picOMe)] ™ systems indicate that the arm rotation process
responsible for the A(0000) <> A(00d9) interconversion is
also a four-step process involving stepwise rotation of each of the
four pendant arms of the ligand (Figure 4, Table S). According to
our calculations the lowest energy path for the arm rotation
process involves rotation of one of the acetate groups in the
vicinity of the picolinate moiety to give intermediate I, 5 through
transition state TS;,. Rotation of this acetate arm facilitates
rotation of the neighboring acetate arm to give intermediate I, .
Subsequent rotation of the remaining acetate group and the
picolinate moiety results in formation of the SAP isomer. In the
case of the Lu™ analogues our calculations indicate that the arm
rotation process is a single-step process involving the concerted
rotation of the four pendant arms of the ligand. Attempts to
search for different intermediates such as those calculated for the
La"™" analogues failed, geometry optimizations leading system-
atically to the SAP or TSAP forms of the complexes. Previous HF
and B3LYP calculations on the [Lu(dota)] ™ system revealed a
similar concerted mechanism.****>> Most likely the more com-
pact structure of the Lu"" complexes compared to the La™
analogues inhibits a stepwise rotation of the pendant arms due to
steric hindrance. Indeed, the energy difference between inter-
mediates and transition states involved in the stepwise arm
rotation of the La™" analogues is rather small (2.7—6.9kJ - mol *,
see Figure 4), which suggests that increased steric hindrance may
favor concerted rotation of the four pendant arms.

The barrier for the arm rotation path, as estimated from the
energy of the transition state with the highest energy, amounts to
33 ([La(do3a-pic)] ) and 32 ([La(do3a-picOMe)] ) kJ -mol '
(Table 5). In the case of the Lu™ analogues the free energy
barriers are 33 and 35 kJ - mol ~ for complexes of do3a-pic* ™~ and
do3a-picOMe*”, respectively. Thus, the free energy values
calculated for complexes of do3a-pic” and do3a-picOMe*~
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are very similar, indicating that introduction of the methoxy
group in the para position of the pyridine does not substantially
affect the arm rotation process. Furthermore, the energy barriers
calculated for the arm rotation process in La"™" and Lu™" com-
plexes do not differ substantially.

The data reported in Tables 4 and S show that the energy
barrier associated to the arm rotation process is considerably
lower than that responsible for the ring-inversion path, which in
turn is very similar to those determined for different dota-like
complexes both computationally and experimentally.>**>> For
both Lu™ complexes of do3a-pic*~ and do3a-picOMe"* " there is
a dominant diastereoisomer in solution that provides a SAP
coordination environment. Thus, the energy barriers calculated
from NMR line-broadening data correspond to the A(0000) <>
A(AAAA) enantiomerization, which involves both arm rotation
and ring-inversion paths. According to our calculations the ring-
inversion path is the rate-determining step of the enantiomeriza-
tion process. The agreement between the experimental (65 and
66 kJ+mol " for [Lu(do3a-pic)]” and [Lu(do3a-picOMe)] ")
and the calculated (63 and 62 kJ-mol ', respectively) free
energy barriers for the enantiomerization process is excellent,
which supports the mechanism predicted by our calculations
being basically correct. The situation is different in the case of the
La™ analogues, as both the SAP and the TSAP diasteroisomers
appear to be present in aqueous solution. Thus, a low energy
barrier for the arm rotation process, which leads to a SAP <>
TSAP interconversion, appears to be responsible for the line
broadening observed in the NMR spectra of these complexes.
For the Lu"" complexes there is one major isomer in solution,
and therefore, the SAP <> TSAP interconversion is not expected
to provide a substantial contribution to the chemical exchange
and therefore to the line broadening, observed in the NMR
spectra.

Formation Kinetics of [Eu(do3a-pic)] . Formation of Ln
complexes of dota® and dota-like macrocyclic ligands such as
nota,”” do3a and its derivatives,” and trita®® was found by
several research groups to be slow. Data obtained by various
techniques (UV—vis, luminescence, NMR, etc.) evidenced two
consecutive reaction steps: fast formation of a di- or in some
cases monoprotonated intermediate, which converts to the
final complex in a slow rate-determining step. In the case of
Ln"™—dota complexes two different intermediate species were
identified.*” In the first one, which is formed instantaneously,
the lanthanide is bound to the four carboxylate groups of DOTA
and to five water molecules (g = S). This intermediate converts
relatively fast into a more stable diprotonated intermediate in
which two of the nitrogen atoms of the macrocycle are co-
ordinated to the lanthanide (g = 3). Considering the proton-
ation sequence of do3a-pic*~, the structure of the intermediate
is expected to be similar to the [Ln(H,dota)] " species suggested
for dota complexes and other diprotonated macrocyclic
intermediates.

In order to obtain preliminary information about the rate of
complex formation, the deo3a-1pic ligand (¢ =1.40 x 107" M)
was mixed with 3 equiv of Eu"" at pH = 4.34 and the UV —vis
spectral changes were recorded in the wavelength range of
220—310 nm every 30 s after the solutions were mixed (Figure
S6, Supporting Information). The spectrum of the ligand chan-
ged considerably when the Ln"" ion was added to the sample,
which is in a good agreement with rapid formation of an
intermediate complex in the initial step. The isosbestic points
at 235 and 275 nm obtained for the series of spectra recorded
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Figure 5. (Top) Pseudo-first-order rate constants, ko, as a function of
Eu™ concentration pH = 4.50 (0), 4.85 (O), 5.12 (2), 5.43 (M), and
5.76 (@) at 25 °C, 0.1 M KCl, ¢ = 149 x 10~* M. The solid lines
represent the simultaneous fit of the data at all pH values to eq 13.
(Bottom) Formation rate constants for [Eu(do3a-pic)] ™~ as a function of
1/[H"], 25 °C.

afterward indicate that the intermediate converts to the final
product in a relatively fast reaction, which was almost complete
in 300 s.

The nature of the intermediate formed in the course of the
complexation reaction is often studied by direct pH mea-
surement,®” that is, by measuring the pH change occurring in
lightly buffered solutions upon mixing of the ligand and the
metal ion. However, this method gives incorrect results when
the reaction of complex formation is fast (due to the relatively
long response time of the pH electrode) as well as in the case
when more than one intermediate is present in solution. Hence,
the indirect UV—vis method was used to approximate the
composition of the intermediate since the absorbance readouts
can be made considerably faster than the pH measurements.
Moreover, in the case of very fast complex formation the
absorbance changes during the reaction could be estimated
from the kinetics curves (Abs vs time) obtained during the
reaction (Ao and A, the absorbance readings at the beginning of
the reaction and at equilibrium). The composition of the
intermediate was determined by measuring the pH changes in
the samples being lightly buffered with the use of an acid—base
indicator (methyl orange at pH = 4.34 in the present case). The
results of these experiments indicated that the intermediate was
a diprotonated complex, as the number of protons released in
the second step was almost twice those released during the
initial step (at pH = 4.34 the ligand is in the form of H,L 18%,
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Table 6. Stability Constants of [Ln(H,L)*] Intermediates
(Kiin(azy+) and ko (M~ '-s™") Rate Constants Character-
izing the Rearrangement of the Intermediate to the LnL
Complexes, 25 °C (Ln = Eu™ or Gd™)

ligand Ln' log Kivn 21)] kon M *tsh ref
do3a-pic*” Eud™  3.8(5) (3.3(2)) x 107 this work
do3a®” Gd" 40 2.1 x 107 7c
peta®” Ed 31 1.7 x 10° 60
do3a-hp®~ Gd™ 3.9 12 x 107 7c
do3a-b>~ Ed" 25 4.8 x 10° 61
do3a-Nprop*™  Gd"™ 4.5 2.9 x 107 62
dota*~ Eu'" 44 L1 x 107 6b
trita*™ Gd"™ 39 2.6 x 107 58

“ Calculated from the conditional stability constant obtained at pH 4.26
and 4.28 for [Gd(do3a)] and [Gd(do3a-hp)] complexes, respectively;
published by Kumar et al.”®

H;L 64%, and H,L 18%, so altogether approximately 1 equiv of
protons gets released in the first step). The kinetic studies were
subsequently performed at different pH values using a similar
ligand concentration (e = 1.49 x 107*) and an excess of
Eu™ ions (10—40-fold excess of the metal ion). The reactions
were followed using the stopped-flow technique at 285 nm
(Figure S).

In the presence of Ln"" excess (pseudo-first-order conditions),
the rate of the formation reaction can be expressed according
to eq 10

d[LnL],
dt

= kobs [L]o (10)

where [L], is the total concentration of the free ligand and k,p is
a pseudo-first-order rate constant. By plotting the ks values vs
the metal ion concentration saturation curves are obtained for all
pH values investigated (Figure S). Assuming that the rate-
determining step of the reaction is the slow deprotonation of
the intermediate, the following expression can be applied

d[LnL],
dt

The total concentration of the ligand, [L]y, can be given as
[L]y = [LH(HZL)*] + [Llfree (K[Ln(HZL)*] = [LH(HZL)*]/
[Ln**][H,L]). The concentration of the free (uncomplexed)
ligand is a sum of concentrations for the different protonated
forms of the ligand ([L]gee = [HsL"] + [H,L] + [HL7] +
[H,L> ]+ [HL?> ] + [L*]). [L]ee can be expressed using the
protonation constants determined by pH-potentiometric titra-
tions

= kons[Lly = k[Ln(H,L)*] (11)

+1+K;'[HY]

L. = [H,L*™ ! !
[ ]free - [ 2 ] I{FK?[H+]2+K§I[H+}

+ KIKPHT + KKK [H+]3>

= [l ]-an, (12)

The concentrations of fully deprotonated and monoprotonated
forms of the ligand are very low in the pH range used to
investigate complex formation (4.50 — S5.78), and therefore,
the contribution of the first two terms within parentheses in

eq 12 can be neglected. If the sum displayed in parentheses is

denoted as Q,;, the following equation can derived for kops

Kin )+

k. Ln(H,L) [Ln3+]
Oy,

kops = (13)
]k *
] 4 —nEBL e

O, L

The pseudo-first-order rate constants were simultaneously fitted
to eq 13 at various pH values and metal ion concentrations
(Figure S), which allowed one to calculate the rate constants, k,,
and the stability constant of the diprotonated intermediate,
K{nmor+] (Table 6). The k, values obtained in this way were
found to be proportional to 1/[H"], as illustrated in Figure S.
This is consistent with a general base-catalyzed mechanism, as
found earlier for complexes of dota*™ and its derivatives.®””
Therefore, k, in eq 13 can be expressed in terms of the relative
contributions from various bases present in solution (eq 14)

kr == kHZO + kOH[OHi] (14)

where ko and kop are rate constants characterizing the
deprotonation involving a water-assisted (or other base) and
an OH -catalyzed deprotonation of the intermediate, respec-
tively. By comparing the kij;0 and koy rate constants it can be
concluded that the contribution of the pathway characterized by
kino (0.005 £ 0.002 s~ ') is about 10 orders of magnitude
smaller than the ko rate constant, and it can therefore be safely
neglected. The ko rate constants characterizing the OH ™ -ion-
catalyzed deprotonation of the intermediate are compared to
those obtained for dota and its derivatives in Table 6.

The stability constant of the [Eu(H,L)*] intermediate is
similar to those reported for the corresponding do3a, dota, and
dota derivatives, while the rate constants of the OH ™ -catalyzed
deprotonation step of the intermediate complex is slightly higher
for the complex of do3a-pic than for dota and dota-like analo-
gues. The data reported in Table 6 indicate that replacement of
one acetate arm of dota by a picolinate unit results in 3-fold
increase in the formation rate of Eu'"" complexes. This increase is
slightly higher than what was observed recently for the do3a-
Nprop ligand by E. T6th and co-workers,* which is very likely a
consequence of the presence of a somewhat more rigid picolinate
moiety.

Acid-Catalyzed Dissociation of [Ln(do3a-pic)]” Com-
plexes (Ln = Ce, Eu, and Yb). Dissociation of the complexes
in vivo may occur through one of the following pathways:** (1)
proton-independent dissociation characterized by the rate con-
stant kpn; (often referred as spontaneous dissociation and
denoted as ky), (2) proton-assisted dissociation characterized
with the protonation constants Kj, . and Ky, and rate
constants ki, and k™' (often marked as k; and k), (3)
ligand-assisted dissociation characterized by the stability con-
stant of mixed ligand complexes Kj .1 and rate constant ky 1,1+,
and (4) metal-ion-catalyzed dissociation characterized by the
stability of dinuclear complexes Ky, (where M = Zn, Cu, or
Eu) and rate constant ky , \ (often expressed as k"'5). Dissocia-
tion of complexes of dota-based macrocyclic ligands often occurs
very slowly because their tightly packed and highly rigid structure
results in high kinetic inertness of such complexes. As a con-
sequence, the rate constants ki, kipnrs and kp,m are often
very small, the acid-catalyzed process being the main dissociation
pathway for the complexes of this class.®
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Figure 6. Dissociation rates (kq) for [Ln(do3a-pic)] ™ complexes (Ln =
Ce (O),Eu (O),and Yb (A)) as a function of the H' concentration. The
solid lines represent the fits of the data to eq 16 (Eu™) or 17 (Ce™ and
Ybi),

The acid-catalyzed dissociation rates of [Ln(do3a-pic)]  com-
plexes (Ln = Ce"", Eu™ and Yb™) have been studied with the use
of acid solutions (0.1—2.0 M HCI). Under these conditions the
complexes are thermodynamically unstable and dissociate com-
pletely. The rates of dissociation can be expressed by eq 15

d|LnL

—% = kq[LnL], (15)
Plots of the obtained ky values vs H' concentration for the
different complexes are shown in Figure 6. In general, two types of
curves are observed when the rate constants are plotted against
the acid concentration. For the Ce'" and Yb"' complexes the rates
show saturation curves, while for the Eu™" complex the plot
indicates a quadratic dependence with proton concentration
(with a small contribution from k). The saturation behavior of
the curves can be explained by the presence of an intermediate,
a protonated complex, forming rapidly at the beginning of the
reaction. This behavior has also been observed for the
[Eu(dota)] ™ complex® as well as for the Ln"" complexes of the
rigidified macrocyclic petaligand.*° The quadratic dependence on
acid concentration has been observed fewer times for complexes
of macrocyclic ligands but more often occurs for complexes of
open chain dtpa (diethylenetriamine pentaacetic acid) deriva-
tives. However, the acid-catalyzed dissociation of [Ce(dota)]
and the Ce™ complex of the structurally similar ligand H,bp12c4
show this behavior.**'* A quadratic dependence with proton
indicates that dissociation might take place by both the proton-
independent (characterized by ko) and the proton-assisted path-
ways, presumably with formation and dissociation of mono- and
diprotonated complexes (characterized by k; and k), re-
spectively). Thus, the observed first-order dissociation rate con-
stants were fitted to eq 16 (Eu™) or 17 (Ce™ and Yb™)

ki = ko + ki [H'] + [H'] (16)

b ko + kK, H[HT)
T I K HHT

(17)

The ko values obtained from the least-squares fit of the rate
constants have been found to be either small negative values (the

Table 7. Comparison of Acid-Assisted Dissociation Rate
Constants (k;, M~ "+s ") for [Ln(do3a-pic)]~ Complexes (I=
0.1 M KCI, 25 °C) (data for related systems provided for
comparison)

ligand Ce™ Eu™ Gd" b

do3a-pic*™ 2.40(6) x 107> 1.56(7) x 10~
do3a®™* 112 x 107"

2.79(3) x 107
27x107% 28x107

117 x 10724
52 %107
peta®”  96x107%  s1x107* L1x 10 ¥ 39x10*
28 x 107 %
dota*' 8 x10Y 1.4 x 10 20 x 10
8.4 x 107"

“ Calculated from saturation kinetics. ” Second-order dependence on
H ion concentration with third-order rate constant (4.8 & 0.8) x
107* M2 57! was also observed. ¢ From ref 65. ¢ From ref 66. ¢ Data
corresponding to the Y™ complex. /From ref 60. ¢ Calculated from
saturation kinetics obtained in a wide acid concentration range. " Sec-
ond-order dependence on H" ijon concentration with third-order rate
constant 5.7 £ 0.4 x 10> M > s ! was also observed. ' From ref 7b.
J Second-order dependence on H' ion concentration with third-order
rate constant 2.0 X 107> M 2 s~ * was also observed in ref 64. * From
ref 6b. ' At 37 °C, ref 6b. ™ Reference 6a

case of Ce™ and Eum) or, in the case of Yb™, a small positive
value with a large error (6 times larger than ky itself (k, = 1.1 £
6.7 x 107 % s~ ")). However, this is not very surprising since
under our experimental conditions the acid-independent disso-
ciation is not a major dissociation pathway and hence can be
neglected, as dissociation mainly occurs through the acid-cata-
lyzed pathway. The results obtained from the fittings are
summarized in Table 7.

As it can be seen from Table 7 replacement of one acetate
moiety in dota by a picolinate side arm resulted in a significant
increase in the rates of acid-catalyzed dissociation. This can be
explained by the presence of an extra donor atom that can be
easily protonated (for [Ln(do3a-pic)] stable protonated com-
plexes were observed with log K, values ranging from 2.48 to
2.72). However, these rates are 1—2 orders of magnitude lower
than those of the identical do3a analogues and 3 orders of
magnitude lower than those observed for the Ln™ complexes
of Hybp12c4. Thus, the do3a-pic*” complexes are remarkably
inert with respect to metal ion dissociation.

Bl CONCLUSIONS

In this work we have shown that the Ln™ complexes of do3a-
pic*” have a number of interesting properties that include (i) a
high thermodynamic stability, which for the large lanthanides is
comparable to that of the dota analogues, (i) relatively fast
kinetics of complexation in comparison to the dota derivatives,
(iii) remarkable inertness with respect to metal ion dissociation,
and (iv) high luminescence quantum yields of the Eu""' and Tb™"
complexes due to an efficient shielding of the metal ions from the
surrounding water molecules.

A detailed investigation of the structure and dynamics of the
complexes in solution shows that the complexes of the light
Ln" jons exist in solution as a mixture of the SAP and TSAP
isomers, while for the heaviest lanthanides the SAP form could
be detected in solution. Analysis of the Yb"-induced paramag-
netic shifts unambiguously demonstrates that this complex
has SAP coordination in solution. For the heaviest Ln"' ions

jits
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the rate-determining step for the A(0009) <> A(A141) en-
antiomerization corresponds to the ring-inversion pathway, the
arm rotation process possessing lower activation barriers. A
low-energy barrier for the arm rotation process, which leads to
a SAP <> TSAP interconversion, appears to be responsible for the
line broadening observed in the NMR spectra of the La™
complexes.

Introduction of a methoxy group in the 4 position of the
pyrididyl unit of do3a-pic*~ does not have an important effect on
the structure and dynamics of the corresponding Ln'" complexes
in solution. However, the photophysical properties of the com-
plexes are dramatically affected, the luminescence quantum yield
of the europium complexes dropping from 24% for [Eu(do3a-
pic)]” to 9% for [Eu(do3a-picOMe)] . These results show that
the photophysical properties of the Eu'"' complexes can be tuned
by changing the substituents attached to the 4 position of the
pyridyl unit. On the basis of these data, do3a-pic*”~ seems to be an
attractive structural platform for constructing Ln"'-based lumi-
nescent probes.

B EXPERIMENTAL SECTION

General Methods. Elemental analyses were carried out on a Carlo
Erba 1108 elemental analyzer. High-resolution ESI-TOF mass spectra
were recorded using a LC-Q-q-TOF Applied Biosystems QSTAR Elite
spectrometer in the negative mode. IR spectra were recorded using a
Bruker Vector 22 spectrophotometer equipped with a Golden Gate
Attenuated Total Reflectance (ATR) accessory (Specac). 'H and *C
NMR spectra were recorded at 25 °C on Bruker Avance 300 and Bruker
Avance 500 MHz spectrometers. For measurements in D,0, tert-butyl
alcohol was used as an internal standard with the methyl signal calibrated
at 0 =1.2 ("H) and 31.2 ppm (**C). Spectral assignments were based in
part on two-dimensional COSY, EXSY, HSQC, and HMBC
experiments.

Absorption and Emission Spectra. UV—vis absorption spectra
were recorded on a Specord 205 (Analytikjena) spectrometer. Emission
and excitation spectra were recorded on a Horiba Jobin Yvon Fluorolog
3 spectrometer equipped with a continuous 450 W Xe lamp and
corrected for variations of the lamp intensity and for the wavelength
dependence of the photomultiplier response. Luminescence decays
were obtained on the same instrument with an “ozone-free” Xe flash
lamp over temporal windows covering at least five decay times.
Luminescence quantum yields were measured according to conven-
tional procedures,”” with diluted solutions (optical density <0.05), using
[Ru(bipy)s]Cl, in nondegassed water (® = 2.8%)* and rhodamine 6G
in water (P = 76% at A, = 488 nm),® with an estimated error of £15%.
Hydration numbers, g, were obtained using eq 18, where 7y; o and 7p o,
respectively, refer to the measured luminescence decay lifetime (in
milliseconds) in water or deuterated water. Given values are the average
of values obtained with A = 1.11 and B = 0.31*** and A = 1.2 and B =
0.25%for Euand with A = S and B = 0.06>“ and A = 4.2 and B = 0°*" for
Tb (estimated error £0.5 water molecules)

q = Ax|[(1/tg,0 — 1/tp,0) — B] (18)

Potentiometric Measurements. The stock solutions of LnCl;
(Ln = La, Ce, Eu, Gd, Yb, and Lu) were prepared by dissolving
lanthanide(I1I) oxides in concentrated HCI (taken in a slight excess).
The excess HCI acid was removed by repeated evaporation to dryness
until the pH of the solution was no longer very acidic (pH = 4.0—5.5).
The concentrations of the stock solutions were determined by com-
plexometric titration using a standardized Na,H,EDTA solution in the
presence of xylenol orange as an indicator. The Na,H,EDTA solution

was standardized with a ZnCl, stock solution (prepared by dissolving
metallic Zn (99.9%, Merck) in diluted HCI solution and using erio-
chromeblack T indicator). The stock solution of the do3a-pic ligand was
prepared by dissolving m = 0.4663 g of the ligand in 50.0 mL of double-
distilled water and subsequent filtration through membrane filter (0.45
uM) due to the slight opalescence of the stock solution. The concentra-
tion of the ligand in the stock solution as well as the amount of the excess
of acid in the sample (Cyy;/Cr) was determined by pH-potentiometric
titration. For concentration determinations, solutions of the ligand were
titrated with 0.2152 M KOH in the absence and presence of a large
excess of Ca"" (Cc,"/Cy, ratio was approximately 50), when all dissoci-
able protons dissociate. The pH of the sample solutions were set to
about 1.75—1.80 before the pH-potentiometric titrations with a mea-
sured volume of strong acid (HCI) of known concentration. The
protonation constants of the ligand were calculated from the data
obtained by titrating 1.4 and 2.8 mM ligand samples (total 660 data
pairs) with standardized KOH solution (0.2152 M) in the absence of
Ca" over the pH range of 1.75—11.80.

The pH-potentimetric titrations were carried out with the Methrohm
785 DMP Titrino system using a Metrohm combination microelectrode
(6.0234.100) in a vessel being mechanically stirred and thermostatted at
25.0 °C. Autoburet of 5 mL capacity was used for base additions. The
ionic strength in the samples was set to 0.1 M using KCI. All equilibrium
measurements (direct titrations) were carried out in 6.00 mL sample
volumes. During the titrations, N, gas was bubbled through samples to
maintain the cell free of CO,. Standard buffers (0.01 M borax, pH =
9.180 and 0.05 M KH—phthalate, pH = 4.007) were used to calibrate the
electrode. The titrant, a carbonate-free KOH solution, was standardized
against 0.05 M KH—phthalate solution by pH-potentiometric method.
The method proposed by Irving et al.”® was used to obtain H' ion
concentrations from the measured pH values; therefore, “stoichio-
metric” constants were determined. The ionic product of water, pK,,
was also calculated from these titration data and found to be 13.798.

Owning to the relatively slow rates of complexation involving Ln
ions and macrocyclic ligands, the stability constants were determined
with the use of the “out-of-cell” (also known as the batch method)
technique (pH-potentiometry). Fourteen 1.5 mL samples containing
known amounts of ligand and Ln™ were prepared with known and
varying added acid concentration, so that the pH was adjusted to a range
where complexation could be expected to take place. The samples were
sealed under a blanket of N, and kept in an incubator at 25 °C for 2—3
weeks. The latter (or required minimum) time period to reach equilib-
rium was established by preliminary spectrophotometric studies on
duplicates of the most acidic and most basic samples kept together with
the rest of the “out-of-cell” samples. The samples were then opened, and
the equilibrium pH was measured with the use of a Radimeter PHM 93
pH meter equipped with a Metrohm combined microelectrode
(6.0234.100). The software PSEQUAD”' was used to process the
titration data, i.e., to calculate the protonation and stability constants
expressed by eqs 1—3. The reliability of the constants are characterized
by the calculated standard deviation values shown in parentheses and the
fitting of parameter values (AV, which is the difference between the
experimental and the calculated titration curves expressed in milliliters of
the titrant).

Formation and Dissociation Kinetics of Some [Ln(do3a-
pic)]” Complexes. Formation rates of [Eu(do3a-pic)]” (Amax =
285 nm) were determined at 25 °C and 0.1 M KCl ionic strength by
spectrophotometry using either a Varian Cary 1E UV—vis spectro-
photometer (conventional method for the samples with pH < 4.8)
equipped with thermostatted cell holders and semimicro quartz cells
(Hellma, optical path length 1 cm) or a stopped-flow method with an
Applied Photophysics DX-17MV instrument. All reactions were per-
formed under pseudo-first-order conditions where the metal ion was in
10—40-fold excess and the concentration of the ligand was set to 1.49 x

11

4137 dx.doi.org/10.1021/ic2001915 |Inorg. Chem. 2011, 50, 4125-4141



Inorganic Chemistry

10~ * M. Formation kinetic studies were carried out with noncoordinat-
ing buffers, N-ethylpiperazine (NEP, log K," = 5.55) and dimethylpi-
perazine (DMP, log K2H =4.72) at 0.025 M concentration to maintain
constant pH in the pH range of 4.50—5.76.

Absorbance data recorded as a function of time were fitted to eq 19 to
evaluate the first-order rate constants with Scientist (Micromath) soft-
ware using a standard least-squares procedure (A, A, and A; are the
absorbance values measured at the start of the reaction (t = 0), at
equilibrium condition, and at time ¢, respectively)

Ay = Ao+ (Ag — Ag) el —FY (19)

The relative error for fitting of the absorbance vs time data was less than
1%, while the calculated first-order rate constants (ko) were repro-
duced to within 2—3% error as determined in 4—6 parallel experiments
(each point in Figure S reflects an average of 4—6 kinetic runs obtained
under identical conditions).

Proton-assisted dissociation kinetics were studied under pseudo-first-
order conditions in acidic solutions (0.05—2.0 M HCI) at 25 °C and 2.0
M ionic strength provided by (K* + H")Cl™ in samples where the
concentration of complexes was 0.139 (Ce), 0.139 (Eu), and 0.141
(Yb) mM. Under these conditions the complexes are not stable and
dissociate fully. The decrease in absorbance was measured periodically at
285 nm by following the changes in the 77 — 77* transition of the ligand
chromophore (i.e., the picolinate moiety). Throughout the time period
elapsed for the mixing of the reactants (usually S—6 s) no evidence of
significant amplitude loss was observed. The changes in the absorbance
were followed until 100% conversion (complete) was reached, and the
kinetic curves were fitted to eq 19 (i.e., single-exponential decay) with
excellent confidence.

Chemicals and Starting Materials. 6-Chloromethylpyridine-
2-carboxylic acid methyl esther (4a) was prepared according to the
literature method."* All other chemicals were purchased from com-
mercial sources and used without further purification, unless otherwise
stated. Silica gel (Fluka 60, 0.063—0.2 mm) and neutral AL,O; (Fluka,
0.05—0.15 mm) were used for preparative column chromatography.

Dimethyl 4-Methoxypyridine-2,6-dicarboxylate (2b). This
compound was prepared using a slight modification of the literature
procedure.” 4-Hydroxypyridine-2,6-dicarboxylic acid (15.0 g, 81.9
mmol) was dissolved in methanol (300 mL), and 25 mL of concentrated
H,SO, was added. The mixture was heated to reflux with stirring for a
period of 24 h and then allowed to cool to room temperature. A
saturated NaHCOj solution was added (200 mL), and the mixture was
extracted with CH,Cl, (§ x 300 mL). The combined organic extracts
were dried over MgSO, and evaporated to dryness. The crude product
was purified by column chromatography on SiO, with a CH,Cl,/
MeOH 10% mixture as the eluent to give 14.6 g of 2b as a white solid.
Yield 79%. Anal. Calcd for C;oH;;NOs: C, 53.33; H, 4.92; N, 6.22.
Found: C, 53.05; H, 482; N, 613. MS (ESI'): m/z 226
([C1oH1,NO] ). IR (ATR, ecm™1): v 1713 (C=0), 1602 (C=N).
'H NMR (CDCls, 500 MHz, 20 °C, TMS): 6 7.82 (d, 2H, py), 4.01
(s, 6H, —COOCHj;), 3.98 (s, 3H, py, —OCH,). *C NMR (CDCl,,
125.8 MHz, 20 °C, TMS): 0 167.6, 165.1, 149.8, 114.1, 56.0, 53.2.

Methyl 6-(Hydroxymethyl)-4-methoxypicolinate (3b).
NaBH, (9.1 g, 0.24 mol) was added in small portions over a period
of 0.5 h to a stirred solution of 2b (14.6 g, 64.8 mmol) in MeOH
(500 mL) at 0 °C. The mixture was stirred at 0 °C for 3 h, and then a
saturated NaHCO; aqueous solution (200 mL) was added. The
resulting solution was extracted with CH,Cl, ($ X 200 mL), and the
combined organic extracts were dried over Na,SO,4 and evaporated to
give 9.6 g of 3b as a white solid. Yield 75%. Anal. Calcd for
CoH,;;NO,: C, 54.82; H, 5.62; N, 7.10. Found: C, 54.67; H, 5.80;
N, 7.15. MS (ESI"): m/z 198 ([CoH;,NO,] ). IR (ATR, cm™'):
v 1739 (C=0), 1600 (C=N). "H NMR (CDCl;, 500 MHz, 20 °C,
TMS): 6 7.53 (d, 1H, py, *J = 2.4 Hz), 7.06 (d, 1H, py, *J = 2.4 Hz),

4.79 (s, 2H, py, CH,OH), 3.96 (s, 3H, —COOCH3;), 3.90 (s, 3H,
—OCHS;). '*C NMR (CDCl;, 125.8 MHz, 20 °C, TMS): 0 167.2,
165.5, 162.3, 148.5, 110.6, 109.2, 64.6, 55.6, 52.9.

Methyl 6-(Chloromethyl)-4-methoxypicolinate (4b). SOCI,
(S mL) was added over 3b (1.00 g, 5.07 mmol) at 0 °C under an inert
atmosphere (Ar). The mixture was stirred at 0 °C for 4 h, and the excess
of SOCI, was removed under reduced pressure. The residue was
dissolved in toluene (50 mL), and the organic solution was washed
with a 1 M NaHCO; aqueous solution. The organic extract was
evaporated, and the resulting oily residue was purified by column
chromatography on SiO, with a hexane/AcOEt 3:2 mixture as the
eluent to give 0.93 g of 4b as a yellow solid. Yield 85%. Anal. Calcd for
CoH,(CINOs;: C, 50.13; H, 4.67; N, 6.50. Found: C, 50.05; H, 4.52; N,
6.48. MS (ESIT): m/z 216 ([CoH,;CINO;]™). IR (ATR, cm™'):
v 1714 (C=0), 1597 (C=N). '"H NMR (CDCl;, 500 MHz, 20 °C,
TMS): 8 7.60 (d, 1H, py, *J = 2.4 Hz), 7.22 (d, 1H, py, /= 2.4 Hz), 4.72
(s, 2H, CH,Cl), 4.00 (s, 3H, —COOCH3;), 3.94 (s, 3H, —OCHj;). *C
NMR (CDCl,, 125.8 MHz, 20 °C, TMS): 0 167.5, 165.3, 158.7, 149.0,
111.8, 110.8, 55.7, $3.1, 46.2.

Tri-tert-butyl 2,2/,2”-(10-((6-(Methoxycarbonyl)pyridin-
2-yl)methyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)tria-
cetate (5a). Compound 4a (0.210 g, 1.13 mmol) and Na,CO; (0.60 g,
5.65 mmol) were added to a solution of do3a(t-BuO); (0.580 g, 1.13
mmol) in acetonitrile (25 mL). The mixture was heated to reflux with
stirring for a period of 24 h, and then the excess of Na,COj; was filtered
off. The filtrate was concentrated to dryness, and the yellow residue was
extracted with 10 mL of a H,O and CH,Cl, (1:3) mixture. The organic
phase was evaporated to dryness to give an oily residue that was purified
by column chromatography on Al,O; with a CH,Cl,/MeOH 5% mixture
as the eluent to give 0.71 g of Sa as a yellow oil. Yield 84%. Anal. Calcd for
C34H-NOg+ CH,Cly: C, 56.14; H, 7.94; N, 9.35. Found: C, 55.85; H,
7.78;N,9.13.MS (ESI"): m/z 664 ([C54HssNsOg] 7). IR (ATR, cm ™ ):
v 1720 (C=0), 1591 (C=N). 'H NMR (CDCl;, 500 MHz, 20 °C,
TMS): 8 7.99 (d, 1H, py, *J = 7.7 Hz), 7.92 (m, 1H, py), 7.56 (d, 1H, py,
3] = 7.7 Hz), 5.29 (s, CH,Cl,), 3.89 (s, 3H, —OCHj), 3.18—2.37 (m,
24H, —CH,—), 1.47 (s,9H, +-BuO—), 1.31 (s, 18H, +-BuO—). ">*CNMR
(CDCls, 125.8 MHz, 20 °C, TMS): 6 172.1, 171.1, 165.2, 159.1, 146.4,
138.3, 127.2, 123.5, 82.1, 81.8, 59.1, 56.1, 55.8, 53.4, 52.7, 51.2, 50.4,
28.0, 27.9.

Tri-tert-butyl  2,2/,2”-(10-((4-Methoxy-6-(methoxycar-
bonyl)pyridin-2-yl)methyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl)triacetate (5b). The synthesis of this compound followed
the same procedure described for Sa but using 4b (0.250 g, 1.16 mmol)
instead of 4a. Yield 0.81 g, 90%. Anal. Calcd for C35HsoNsOg - CH,Cl,: C,
55.52; H, 7.89; N, 8.99. Found: C, 55.65; H, 7.67; N, 9.15. MS (ESI™):
m/z 716 ([C3sHsoNsNaOy] 1), IR (ATR, cm ™ '): v 1722 (C=0), 1600
(C=N). 'H NMR (CDCl;, 500 MHz, 20 °C, TMS): 6 7.50 (d, 1H, py,
*T=2.4Hz),7.14 (d, 1H, py, ] = 2.4 Hz), 5.29 (s, CH,Cl,), 3.96 (s, 3H,
—COOCH,), 3.89 (s, 3H, OCH3), 3.17—2.04 (m, 24H, —CH,—), 1.48
(s, 9H, £BuO—), 1.34 (s, 18H, +-BuO—). *C NMR (CDCls, 125.8 MHz,
20 °C, TMS): 0 172.1, 171.3, 167.4, 165.1, 160.8, 147.9, 110.9, 110.8,
82.1, 81.8, 56.0, 55.8, 55.6, 53.4, 52.4, 51.6, 50.2, 50.0, 28.0, 27.9.

2,2/,2"-(10-((6-Carboxypyridin-2-yl)methyl)-1,4,7,10-tet-
raazacyclododecane-1,4,7-triyl)triacetic Acid (H,do3a-pic).
A solution of compound 5a (0.710 g, 0.95 mmol) in 6 M HCI (20 mL)
was heated to reflux for 24 h, and then the solvent was removed in a
rotary evaporator to give a yellow oil. A small amount of MeOH was
added (~10 mL) and the mixture evaporated to dryness. This process
was repeated once with addition of MeOH and twice with addition of
diethyl ether (~10 mL) to give 0.610 g of the desired ligand as a pale
yellow solid. Yield 87%. Anal. Calcd for C,;H3;NsOg - SHCI-4H,0: C,
34.28; H, 6.03; N, 9.52. Found: C, 34.50; H, 5.43; N, 9.47. MS (ESI"):
m/z 482 ([C21H3,N50g] ). IR (ATR, em™'): v 1721 (C=0), 1617
(C=N). '"H NMR (D,0, pD 7.0, 500 MHz, 20 °C, TMS): 0 7.92
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(m, 2H, py), 7.85 (m, 1H, py), 3.99—2.91 (m, 24H, CH,). *C NMR
(D,0, pD 7.0, 125.8 MHz, 20 °C, TMS): 6 177.9, 173.3, 171.2, 156.9,
153.5, 142.4, 128.7, 124.9, 59.4, 57.8, 56.5, 53.1, 52.1, 49.7, 49.5.

2,2',2"-(10-((6-Carboxy-4-methoxypyridin-2-yl)methyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic Acid
(Hsdo3a-picOMe). A solution of compound 5b (0.810 g, 1.04 mmol)
in 6 M HCI (20 mL) was heated to reflux for 24 h, and then the solvent
was removed in a rotary evaporator to give a yellow oil. A small amount of
MeOH was added (~10 mL) and the mixture evaporated to dryness.
This process was repeated once with addition of MeOH and twice with
addition of diethyl ether (~10 mL) to give 0.720 g of the desired ligand as
a pale yellow solid. Yield 93%. Anal. Calcd for C,,H;33N5Og-SHCI-3
H,0: C, 35.33; H, 5.93; N, 9.36. Found: C, 35.57; H, 5.46; N, 9.16. MS
(ESIY): m/z 512 ([C1,H3,N5Oo] 7). IR (ATR, ecm™): v 1723 (C=0),
1620 (C=N). '"H NMR (D0, pD 7.0, 500 MHz, 20 °C, TMS): 6 7.64
(m, 1H, py), 7.54 (m, 1H, py), 4.03 (s, 3H, -OCH3), 4.02—2.94 (m, 24H,
CH,). “C NMR (D,0O, pD 7.0, 125.8 MHz, 20 °C, TMS): & 1782,
172.9,171.0,168.9,155.8,152.4,115.4,113.1, 59.0, 57.8, 56.9, 56.8, 53.2,
51.9,49.7, 49.6.

General Procedure for Preparation of (EtsNH)[Ln(do3a-pic)]
Complex Salts. A mixture of do3a-pic+ SHCI-4H,0O (0.100 g, 0.136
mmol), triethylamine (0.138 g, 1.36 mmol), and Ln(OTf); (0.136 mmol,
Ln =La, Eu, Gd, Tb, Yb, or Lu) in 2-propanol (15 mL) was heated to reflux
for 24 h. The reaction was allowed to cool to room temperature and then
concentrated to dryness. Addition of THF (S mL) resulted in formation of
a white precipitate, which was isolated by filtration. The solid was then
suspended in 10 mL of THF and stirred at room temperature for 24 h. The
solid was isolated by filtration, washed with THF and diethyl ether, and
dried under vacuum.

(EtsNH)[La(do3a-pic)]. Yield 0.078 g, 80%. Anal. Calcd for C,,Hy;-
LaN4Og: C, 45.13; H, 6.03; N, 11.70. Found: C, 45.02; H, 5.89; N,
11.57. HS-MS (ESI™): m/z 616.0924; calcd for [C,;H,;LaNsOg] ™
616.0928. IR (ATR, cm ™ '): v 1582 (C=0).

(EtsNH)[Eu(do3a-pic)]. Yield 0.071 g, 71%. Anal. Calcd for C,,H ;-
EuNgOg: C, 44.32; H, 5.92; N, 11.49. Found: C, 44.53; H, 6.13; N,
11.72. HS-MS (ESI"): m/z 630.1054; caled for [Cp H,,EuNsOg] ™
630.1077. IR (ATR, cm ™ '): v 1596 (C=0).

(Et;NH)[Gd(do3a-pic)]. Yield 0.073 g, 73%. Anal. Calcd for
CyH,3GANGOg: C, 44.01; H, 5.88; N, 11.40. Found: C, 43.94; H,
5.79; N, 11.57. HS-MS (ESI"): m/z 635.1124; calcd for
[Cs1Hy,GAN;Og] ™ 635.1106. IR (ATR, cm ™ ): » 1595 (C=0).

(EtsNH)[Tb(do3a-pic)]. Yield 0.075 g, 75%. Anal. Calcd for Cp,Hy;-
NgOgTh: C, 43.91; H, 5.87; N, 11.38. Found: C, 43.83; H, 5.65; N,
11.52. HS-MS (ESI"): m/z 636.1093; caled for [C,,H,,NsOgTbh]™
636.1118. IR (ATR, cm ™ '): v 1595 (C=0).

(EtsNH)[Yb(do3a-pic)]. Yield 0.084 g, 82%. Anal. Calcd for C,,Hy;-
NgOgYb: C, 43.08; H, 5.76; N, 11.17. Found: C, 43.22; H, 5.94; N,
10.98. HS-MS (ESI ): m/z 651.1257; caled for [Cy1H, NsOgYb] ™
651.1253. IR (ATR, cm™'): v 1596 (C=0).

(EtsNH)[Lu(do3a-pic)]. Yield 0.077 g, 75%. Anal. Calcd for C,,H,;-
LuNgOg: C, 42.97; H, 5.74; N, 11.14. Found: C, 43.23; H, 5.79; N,
11.03. HS-MS (ESI"): m/z 652.1293; calcd for [C,H,,LuNsOg]
652.1272. IR (ATR, cm™'): v 1596 (C=0).

General Procedure for Preparation of (Et;NH)[Ln(do3a-
picOMe)] Complex Salts. The same procedure used for the do3a-pic
analogues was followed using do3a-picOMe-SHCI-3H,0O (0.100 g,
0.133 mmol), triethylamine (0.136 g, 1.34 mmol), and Ln(OTf); (0.134
mmol, Ln = La, Eu, Gd, Tb, Yb, or Lu) in 2-propanol (15 mL).

(EtsNH)[La(do3a-picOMe)]. Yield 0.078 g, 77%. Anal. Calcd for C,gH,s-
LaN¢Oq: C, 44.92; H, 6.06; N, 11.23. Found: C, 44.76; H, 5.91; N, 11.45.
HS-MS (ESI ™ ): m/z 646.1039; calcd for [C,H,0LaNsOg] ~ 646.1034. IR
(ATR, em™"): v 1582 (C=0).

(EtsNH)[Eu(do3a-picOMe)]. Yield 0.076 g, 74%. Anal. Calcd for C,gH,s-
EuNgOy: C, 44.15; H, 5.96; N, 11.03. Found: C, 44.04; H, 5.86; N, 11.24.

HS-MS (ESI): m/z 660.1157; calcd for [CpH,0EuNsOp] ™ 660.1183. IR
(ATR, cm™"): v 1599 (C=0).

(EtsNH)[Gd(do3a-picOMe)]. Yield 0.072 g, 70%. Anal. Calcd for CpgH,s-
GdN.Oy: C, 43.85; H, 591; N, 10.96. Found: C, 42.71; H, 5.77; N, 11.07.
HS-MS (ESI): m/z 665.1214; caled for [CorHagGdNSO,] ™ 665.1211. IR
(ATR, cm™): v 1599 (C=0).

(EtsNH)[Tb(do3a-picOMe)]. Yield 0.079 g, 76%. Anal. Calcd for CpgH,s-
NeOoTh: C, 43.75; H, 5.90; N, 10.93. Found: C, 43.53; H, 5.69; N, 11.22.
HS-MS (ESI): m/z 666.1235; calcd for [CyyHaoNOoTh] ™ 666.1224. IR
(ATR, cm™"): v 1600 (C=0).

(EtsNH)[Yb(do3a-picOMe)]. Yield 0.089 g, 84%. Anal. Calcd for CpgH,s-
NOoYb: C, 42.96; H, 5.79; N, 10.74. Found: C, 42.74; H, 5.53; N, 10.96.
HS-MS (ESI™): m/z 681.1384; calcd for [CpH,oNsOgYb] ™ 681.1359. IR
(ATR, cm™"): v 1600 (C=0).

(EtsNH)[Lu(do3a-picOMe)]. Yield 0.075 g, 71%. Anal. Calcd for CpgH,s-
LuNgOo: C, 42.86; H, 5.78; N, 10.71. Found: C, 42.80; H, 5.77; N, 10.98.
HS-MS (ESI™): m/z 682.1404; calcd for [Co,H,oLuNsOy] ™ 682.1378. IR
(ATR, cm™"): v 1599 (C=0).

Computational Methods. All calculations were performed em-
ploying hybrid DFT with the B3LYP exchange-correlation functional ">
and the Gaussian 09 package (Revision A.02).”* Full geometry optimiza-
tions of the [Ln(do3a-pic)]” and [Ln(do3a-picOMe)]~ (Ln = La, Gd,
Yb, or Lu) systems were performed in aqueous solution using the effective
core potential (ECP) of Dolg et al. and the related [ Ss4p3d]-GTO valence
basis set for the lanthanides’” and the 6-31G(d) basis set for C, H, N, and
O atoms. No symmetry constraints have been imposed during the
optimizations. The default values for the integration grid (“fine”) and
the SCF energy convergence criteria (107°) were used. The stationary
points found on the potential-energy surfaces as a result of the geometry
optimizations have been tested to represent energy minima rather than
saddle points via frequency analysis. Solvent effects were evaluated using
the polarizable continuum model (PCM), in which the solute cavity is
built as an envelope of spheres centered on atoms or atomic groups with
appropriate radii. In particular, we used the integral equation formalism
(IEFPCM) variant as implemented in Gaussian 09.”® The relative free
energies of the SAP and TSAP conformations were calculated in aqueous
solution at the B3LYP/6-31G(d) level, including non-potential-energy
contributions (zero-point energies and thermal terms) obtained through
frequency analysis. The interconversion between the SAP and the TSAP
conformations of the [Ln(do3a-pic)] and [Ln(do3a-picOMe)] com-
plexes (Ln = La or Lu) was investigated by means of the synchronous
transit-guided quasi-Newton method.”” The nature of the saddle points
and intermediates was characterized by frequency analysis. The free
energy barriers include non-potential-energy contributions (that is,
zero-point energies and thermal terms) obtained by frequency analysis.
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emission spectra of [Ln(do3a-picOMe)] ™ complexes (Ln = Eu
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metal coordination environments (B3LYP), PSEQUAD output
files used for determination of stability constants, and optimized
Cartesian coordinates for [Ln(do3a-pic)]” and [Ln(do3a-
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